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A B S T R A C T

In this study, we present a microwave-assisted synthesis to produce NiO, MWCNT@NiO, and rGO@NiO hybrid 
nanostructures efficiently. Comprehensive characterizations, including XRD, FTIR, FESEM, TEM, EDX, and BET 
confirmed the formation and structural integrity of MWCNT@NiO and rGO@NiO nanostructures. The nano
structures’ electrochemical efficiency was examined in a 2 M KOH electrolyte. The specific capacitance of the 
rGO@NiO nanostructure is found to be the highest, with 491F/g at a current density of 1 A/g, compared to pure 
NiO (255F/g) and MWCNT@NiO (370F/g). This greater performance comes from the collaborative properties of 
the reduced graphene oxide, providing better ion diffusion, charge transfer efficiency, and active surface area 
with exemplary stability of capacitance of 91 % after 5000 cycles, which is much better cycling and mechanical 
stability than that of MWCNT@NiO and pure NiO. Furthermore, the electrochemical performance of the 
rGO@NiO ASC device was assessed using 1 M KOH as the electrolyte throughout a potential range of 0 to 1.2 V. 
At a current density of 1A/g, the device provided 31.92 Wh/kg energy density and 599.96 W/kg power density. 
The ASC device demonstrated good charge–discharge behavior, indicating superior capacitance properties and 
efficient ion transport. Thus, the rGO@NiO hybrid nanostructure can be a potential material for supercapacitor 
applications.

Introduction

Environmental concerns are pushing the rise in renewable energy 
sources, emphasizing the need for efficient energy storage solutions. 
Recent research focuses on improving energy generation and storage for 
a sustainable future [1]. More efficient energy storage systems have 

been developed, including fuel cells, supercapacitors and batteries 
[2–4]. As a result of extremely rapid charge and discharge cycles, long 
cycle life, more reliable than any other energy-storing system, and high 
power density, supercapacitors have emerged as promising electro
chemical devices for energy storage [5,6]. Since electrode materials are 
the most crucial constituents in supercapacitor design, they also play an 
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important role in affecting the performance and, therefore, in deter
mining the supercapacitor’s energy storage capacity and power delivery 
[7,8]. In recent years, the development of advanced electrode materials 
with high specific capacitance, excellent rate capability, and long cycle 
stability has gained significant attention in the field of electrochemical 
energy storage. Moreover, achieving high energy density while main
taining rate performance and durability remains a considerable chal
lenge. This led to many works focusing on developing new electrode 
materials that depict enhanced specific capacitances based on efficient 
charge storage mechanisms such as pseudocapacitance and interfacial 
redox activity. Nanostructured transition metal oxides, conducting 
polymers, and hybrid materials with carbonaceous supports have 
recently been in the spotlight for investigation. MXene/polymer hybrid 
materials have shown extraordinary performances for fast charge 
transport flexible AC-filtering electrochemical capacitors [9]. On the 
other hand, analysing molecular-level aspects for the surface redox 
mechanism of oxidized black phosphorus nanosheets demonstrated 
nearly in ideal pseudocapacitive behaviours, with 99 % capacitive 
contribution at 2,000 mV s-1 and much better long-term cycling stability 
[10]. These recent strategies highlight the crucial role of interfacial 
engineering, heterostructure design, and nanostructuring for fabricating 
advanced next-generation supercapacitor electrodes.

Transition metal oxides, such as NiO, Co3O4, and MnO2, have been 
extensively explored due to their multiple redox states and high theo
retical capacitance. Among different transition metal oxides, NiO ex
hibits cost-effectiveness, excellent electrical conductivity, and the 
impressive versatility in oxidation states, which render them valid 
candidates for supercapacitor electrodes [11–13]. Additionally, various 
synthesis methods allow for tailored morphologies that optimize per
formance [14–18]. Poor electrical conductivity is always limiting their 
practical performance. To solve this problem, hybridization with carbon 
nanomaterials emerges as a promising strategy. Metal oxides and 
carbon-based composites make good supercapacitor electrodes due to 
metal oxides’ high redox activity, which combines with the superior 
conductivity and surface area exhibited by carbon materials to generate 
better capacitance, rate performance, and long-term stability [19–23]. 
Hence, carbon material integration with NiO considerably raises elec
trochemical properties, reliability, and the cost effectiveness of super
capacitor electrodes [24,25]. Xu et al. reported hydrothermal synthesis 
of NiO/rGO nanocomposites and found these to have higher specific 
capacitance than pure NiO because of conductivity and electrochemical 
efficiency improvements [26]. Gund et al. prepared a flexible electrode 
using NiO/MWCNT nanocomposite, achieving the highest specific 
capacitance compared to pure NiO [27]. The enhanced electrical 
mobility and remarkable transport of carriers of rGO and MWCNTs 
provide them with suitable materials for supercapacitors, while their 
combined structures with metal oxides enhance electrochemical prop
erties attributed to the collaborative effects of the different components 
[28,29].

Different methods, including hydrothermal process, chemical vapour 
deposition, microwave process and sol–gel methods, have been widely 
used to prepare the hybrid nanostructures [30–34]. Nevertheless, the 
microwave-assisted method is a facile and rapid approach to preparing 
nanoparticles with controlled morphologies. This technique has been 
found to enhance reaction kinetics, thus speeding up the synthesis of 
hybrid nanostructures [35]. The microwave-assisted synthesis benefits 
from fast synthesis, enhanced phase purity, even distribution of particle 
sizes, and morphology control [36]. Polyethylene glycol (PEG) further 
aids in directing the synthesis toward specific nanostructures and en
hances surface properties due to its adjustable molecular weight, flexible 
structure, and structural flexibility [37]. It is recognized for its surfac
tant and stabilising properties, which assist in the fine formation of 
MWCNT@NiO and rGO@NiO hybrid nanostructures with enhanced 
electrochemical performance. In this work, we propose a facile method 
for rapid microwave synthesis of rGO@NiO and MWCNT@NiO hybrid 
nanostructures. These hybrids provide a synergistic effect that combines 

the pseudocapacitance of NiO with the electrical conductivity and sur
face area of the carbon-based materials. This synergistic action effec
tively promotes charge transport, ion diffusion, and cycling stability. 
Among all the synthesised materials, rGO@NiO exhibits outstanding 
electrochemical performance compared to NiO and MWCNT@NiO alone 
and hence represents a quite interesting step toward developing high- 
performance electrode materials for future-generation supercapacitors.

Experimental procedure

Synthesis

NiO-based hybrid nanostructures were prepared using a very simple 
microwave-assisted technique. Ni(NO3)2⋅6H2O was dissolved in de- 
ionized water (100 ml) and then 0.05 M PEG was added to this by 
vigorous mixing at room temperature. The pH of the reaction mixture 
was increased to 11 using ammonia to get a precipitate. The obtained 
precipitation was then irradiated with 700 W microwave power for 10 
min. After cooling, ageing was performed for 24 h. Then, the precipitate 
was obtained from the reaction mixture through successive ethanol 
washes and centrifugation. Then, it was subsequently dried at 120 ◦C for 
8 h. Finally, the dried product was heated at 400 ◦C in a muffle furnace 
to enhance crystallinity and achieve the desired NiO nanostructure. A 
similar procedure was employed to produce rGO@NiO and 
MWCNT@NiO hybrid nanostructures by adding 0.1 g of rGO and 
MWCNTs into the reaction mixture during the precipitation stage. 
Accordingly, the three samples were prepared and labelled as NiO, 
rGO@NiO, and MWCNT@NiO nanostructures for reference throughout 
the study. The schematic of the synthesis of rGO@NiO and 
MWCNT@NiO hybrid nanostructures is shown in Fig. 1.

Characterization

The structural analysis was conducted using Cu Kα X-ray source in 
the Rigaku MiniFlex diffractometer. Functional groups in the prepared 
samples were analyzed through a Nicolet Summit FTIR spectrometer. 
Particle size and shape were investigated via FESEM (Carl Zeiss- Sigma 
300 & Carl Zeiss SUPRA 55) and TEM (FEI Tecnai G220 S-TWIN TEM). 
SmartEDX system integrated in ZEISS Sigma 300 FESEM system was 
used to analyze the elemental composition of the samples via Energy 
Dispersive X-ray Spectroscopy (EDX). N2 adsorption/desorption profile 
were analyzed via Quantachrome Instruments, Autosorb IQ series and 
the BJH method was employed to determine the pore characteristics 
[38].

Electrochemical test

Supercapacitance characteristics of the prepared samples was 
investigated using a CH Instruments electrochemical tester with a three- 
electrode. Working electrodes were prepared by slurry-coating 80 wt% 
synthesized composites, 15 wt% conductive carbon, and 5 wt% PTFE in 
1-methyl-2-pyrrolidinone, applied onto nickel foam (1 × 1 cm2) and de- 
hydrated for 12 h at 80 ◦C. Working electrodes with NiO, MWCNT@NiO, 
and rGO@NiO were analyzed in 2 M KOH using Ag/AgCl and Pt 
electrodes.

The asymmetric supercapacitor (ASC) device was fabricated by 
combining the anode and cathode with active material coated in a 1:5 
ratio on an alumina substrate. Both electrodes were depositing equal 
surface areas (1 × 1 cm2) of the rGO@NiO hybrid nanostructure. A 
Whatman filter paper pre-soaked in 1 M KOH electrolyte was employed 
as a separator to avoid direct contact between the electrodes while 
enabling ionic conduction. The fabricated ASC device was then tightly 
sealed with insulating tape to preserve structural integrity and reduce 
electrolyte evaporation.
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Results and discussion

Fig. 2 depicts the XRD patterns of NiO, MWCNT@NiO, and rGO@
NiO hybrid nanostructures, revealed peaks at 2θ = 36.96◦ (111), 43.08◦

(200), 62.56◦ (220), 74.92◦ (311), and 78.72◦ (222) which were well 
matched with standard XRD data (JCPDS card No. 47-1049) of NiO 
having fcc structure [26,39,40]. In the XRD pattern of rGO@NiO and 
MWCNT@NiO nanostructures, a prominent carbon hump was observed 
compared to pure NiO, confirming the successful incorporation of rGO 
and MWCNT into the NiO matrix. The absence of other peaks confirms 
the purity of the prepared samples. Due to enhanced crystallinity or 
preferred orientation of NiO with MWCNT, NiO peaks in the 
MWCNT@NiO composite are of much higher intensity than those of 
rGO@NiO. The tubular structure of MWCNTs offers a more uniform and 
stable platform for NiO nucleation and growth, yielding sharper and 
more intense diffraction peaks. On the contrary, the wrinkled and flex
ible nature of rGO may be responsible for less ordered NiO crystallites, 
thus reducing the intensity of peaks in XRD. Fig. 2(d) and (e) shows the 
XRD patterns of pure rGO and MWCNTs, revealing broad diffraction 

humps near 2θ ≈ 25◦, which are indicative of the typical (002) 
diffraction of rGO and MWCNTs, reflecting their less ordered or amor
phous carbon structures.

Fig. 3 shows the FTIR vibrational spectrum of pure NiO, 
MWCNT@NiO, and rGO@NiO hybrid nanostructures, revealing various 
peaks representing their functional groups’ vibrations. The peak at 574 
cm− 1 in pure NiO is attributed to stretching Ni-O vibrations, showing 
formation of NiO. The wide band located at 3445 cm− 1 owing to 
stretching O–H vibrations, indicates the presence of H2O molecules 
[41]. The oxygen-containing functional groups on the MWCNT frame
work are identified by the peaks 385 cm− 1 and 1108 cm− 1 in the 
MWCNT@NiO spectra, which correspond to C–O and C=O stretching 
vibrations. In MWCNTs, the asymmetric and symmetrical extension vi
brations of C–H bonds are characterized by the peaks at 2926 cm− 1 and 
2850 cm− 1 [42]. Additionally, the peak at 1640 cm− 1 in the rGO@NiO 
spectra revealed C=O stretching vibration. The peaks at 1385 cm− 1 and 
1108 cm− 1 indicate the C-O and C-O-C stretching vibrations of rGO in 
the composite structure [43]. The observed carbon-related peaks 
demonstrate a strong interaction between NiO and rGO, resulting in a 

Fig. 1. The steps involved in the preparation of rGO@NiO, and MWCNT@NiO hybrid nanostructures.

Fig. 2. XRD pattern of (a) NiO, (b) MWCNT@NiO, (c) rGO@NiO hybrid 
nanostructures, (d) MWCNT, (e) rGO.

Fig. 3. FTIR vibrational spectrum of NiO, MWCNT@NiO, and rGO@NiO hybrid 
nanostructures.
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well-integrated composite structure.
The Raman spectrum of pure NiO shown in Fig. 4(a) has peaks 

around 300–600 cm− 1 and 1050–1100 cm− 1, indicating one-phonon 
and two-phonon LO modes owing to Ni-O vibrations in the fcc lattice. 
In the NiO-rGO composite (Fig. 4(b)), additional peaks at 1350 cm− 1 (D 
band) and 1580 cm− 1 (G band) were observed, revealing disordered and 
graphitic carbon structures of reduced graphene oxide. For NiO-MWCNT 
composite (Fig. 4(c)), along with NiO vibrations, D and G bands coupled 
with a sharp 2D band (~2700 cm− 1) were observed, corroborating the 
presence of MWCNTs. The rGO or MWCNT imparts strong carbon fea
tures and slightly shifts NiO peaks because of the interfacial action and 
associated strain on NiO lattice, indicating the formation of a hybrid 
successfully.

Fig. 5 shows FESEM pictures of NiO, rGO@NiO, and MWCNT@NiO 
hybrid 2D nanostructures. Fig. 5(a) and (b) show the flake-like 
morphology of pure NiO, highly agglomerated in nature, and uniform 
in shape and size. The NiO nanoflakes possess a distinct and porous 
architecture, suitable for maximising the surface area and enhancing the 
electrochemical performance. FESEM pictures of MWCNT@NiO nano
structures, shown in Fig. 5(c) and (d), clearly demonstrate that MWCNTs 
are well integrated with NiO nanoflakes to form a hybrid composite. 
MWCNTs help impart mechanical stability to NiO nanoflakes, prevent
ing them from agglomerating and maintaining their high surface area. 
FESEM images of rGO@NiO nanostructure at different magnifications 
(Fig. 5e) and f)) revealed strong integration of rGO and NiO, corrobo
rating the hybrid composite formations.

Fig. 6(a) and (b) shows TEM images revealed pure NiO has a flakes- 
like morphology with a mesoporous structure. The microwave treatment 
is a powerful way to improve and speed up the growth of NiO nano
structures by quickly heating reaction mixture, ensuring uniform 
nucleation and controlled growth of crystals. Hence well-defined 
nanoflakes with size uniformity were achieved [44]. As expected, the 
EDS spectrum shown in Fig. 6(c) revealed Ni and O as the most abundant 
components. Ni and O compositions were 78.85 wt% and 21.15 wt%, 
respectively. Fig. 6(d) and (e) revealed the elemental mapping indicates 
that O and Ni have a uniform distribution throughout the 
nanostructures.

Fig. 7(a) and (b) shows the TEM analysis of MWCNT@NiO nano
structure at different magnifications. MWCNTs can be distinctly seen 
mixed with NiO, forming a strong interfacial contact. The EDS spectrum 
in Fig. 7(c) showed the presence of C, O, and Ni at 9.81 wt%, 27.56 wt%, 
and 62.63 wt%, respectively, proving the successful formation of the 
nanostructure. Elemental mapping images are shown in Fig. 7(d–f) 
revealed the uniform distribution of oxygen, nickel, and carbon. This 

indicates that MWCNT is firmly integrated with the NiO matrix.
The TEM images of the rGO@NiO nanostructure is shown in Fig. 8(a) 

and (b). It revealed the integration of rGO sheets with NiO nanoflakes. 
The EDS spectra confirm the occurrence of C, O, and Ni with 11.82 wt%, 
22.14 wt%, and 66.04 wt% composition (Fig. 8c). Fig. 8(d–f) demon
strates elemental mapping images of a uniform distribution of C, O, and 
Ni, indicating that rGO and NiO are dispersed throughout the sample. 
This uniformity is essential for enhancing the electrochemical func
tionalities of the nanostructure, as it enables efficient electron transport 
and provides a large surface area for energy storage applications, mak
ing it an attractive possibility for supercapacitors.

Specific surface area (SSA) and pore characteristics are essential 
characteristics of the material for making supercapacitor electrode 
[45,46]. The N2 adsorption–desorption and pore characteristics curve in 
Fig. 9 revealed the textural properties of pure NiO, MWCNTs@NiO and 
rGO@NiO nanostructures. N2 adsorption–desorption isotherm of all 
samples exhibits Type IV characteristics with a hysteresis curve, indi
cating the presence of mesoporous structures in all samples. Pure NiO 
(Fig. 9a) shows adsorption potential in the moderate range. Adding 
MWCNTs (Fig. 9c) enhances the surface area and thus improves the 
adsorption behaviour. A higher adsorption capacity is exhibited by the 
rGO@NiO hybrid nanostructure (Fig. 9e), suggesting better porosity and 
structural integration. The pore size distribution plots (Fig. 9b, d, and f) 
confirm mesoporosity, with the dominant pores with diameters of less 
than 20 nm in NiO and MWCNT@NiO. On the other hand, rGO@NiO has 
a broader pore size distribution that reaches 40 nm. These observations 
highlight the importance of carbon-based materials in improving the 
textural and adsorption characteristics of NiO. The findings indicate that 
the rGO@NiO nanostructures exhibit sufficiently large surface area, 
which is essential for appropriate, quick transport pathways for elec
trolyte ions that greatly enhance the capacitive properties of the nano
structures [47,48]. Table 1 shows the SSA and pore diameters of the 
prepared samples.

Fig. 10(a) compares CV curves for the three electrodes at 100 mV/s. 
The redox peaks correspond to the Ni(II)/Ni(III) redox transitions in 
KOH solution [49]. The CV measurements also observed a small 
contribution from the nickel foam. Among the tested electrodes, the 
rGO@NiO nanostructure showed the largest curve area, indicating the 
highest specific capacitance compared to MWCNT@NiO and pure NiO 
electrodes. Fig. 10(b–d) displays the CV curves of pure NiO, 
MWCNT@NiO, and rGO@NiO nanostructures. The rectangular CV 
curve with a small redox peak results from combining a double electric 
layer and pseudocapacitance characteristics [50]. The rGO@NiO 
nanostructure shows a large enclosed area in CV curves, revealing its 
good capacitance [51]. The high efficiency of rGO@NiO owing to the 
large surface area and good conductivity of rGO. These features allow 
for effective ion diffusion and charge transfer. The extensive surface area 
of rGO provides multiple active sites for redox reactions, which boosts 
its specific capacitance. NiO delivers pseudocapacitance through 
reversible Faradaic redox reactions at the electrode–electrolyte inter
face, mainly involving the Ni2+/Ni3+ redox couple: 

NiO + OH− ↔ NiOOH + e−

This reaction occurs near alkaline electrolytes (KOH) surface, lead
ing to high specific capacitance. At the same time, rGO and MWCNTs 
add electric double-layer capacitance (EDLC) by physically adsorbing 
ions on their high-surface-area conductive surfaces, which is explained 
by the non-Faradaic mechanism. Further, a capacitance contribution 
analysis was conducted to differentiate between EDLC and pseudoca
pacitive behaviour. This was performed using two approaches. First, the 
power-law relationship between peak current (i) and scan rate (v), 
expressed as i = avb, was used to determine the b-value from the slope of 
the log(i) vs. log(v) plot [52]. A b-value close to 1 indicates a capacitive 
process, while a value near 0.5 suggests diffusion-controlled behavior. 
log(i) vs. log(v) plot for NiO, MWCNT@NiO, and rGO@NiO electrodes is Fig. 4. Raman spectrum of NiO, MWCNT@NiO, and rGO@NiO hybrid 

nanostructures.
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Fig. 5. FESEM pictures of the (a & b) pure NiO, (c & d) MWCNT@NiO, (e & f) rGO@NiO hybrid nanostructures.

Fig. 6. (a & b) TEM images, (c) EDS spectra, (d & e) elemental imaging of pure NiO.
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shown Fig. S1. The b-values for the NiO, MWCNT@NiO, and rGO@NiO 
electrodes are 0.7418, 0.6755, and 0.6374, respectively. This indicates a 
mixed charge storage mechanism in all three systems. Since these b- 
values fall between 0.5 and 1.0, they suggest that the electrochemical 
behavior comes from a mix of capacitive (surface-controlled) and 
diffusion-controlled (faradaic) processes. The NiO electrode shows the 
highest b-value at 0.7418, which means it has a greater contribution 
from surface-controlled pseudocapacitive behaviour. In contrast, the b- 
values for MWCNT@NiO at 0.6755 and rGO@NiO at 0.6374 are slightly 
lower. This indicates a stronger effect of diffusion-controlled redox re
actions, likely due to the improved porosity and conductivity from the 
MWCNT and rGO networks. These values confirm that adding carbon 
materials helps ion diffusion and electron transport and brings more 
diffusion-limited contributions to the overall charge storage process. 
Second, Dunn’s method was applied using the equation i(V) = k1v +

k1v
1
2, where k1v corresponds to the capacitive contribution and k1v

1
2, to 

the diffusion-controlled contribution [53,54]. The Dunn’s method 
analysis shown in Fig. S2 differentiates the charge storage mechanisms 
of NiO, MWCNT@NiO, and rGO@NiO electrodes. It offers essential in
sights into how these electrodes store charge at different scan rates. For 
the pure NiO electrode, the current response at low scan rates, like 5 and 
20 mV/s, is mainly controlled by diffusion, contributing about 82 % and 
69 %, respectively. This indicates battery-type behaviour driven by 
Faradaic redox processes that involve ion intercalation and bulk diffu
sion. As the scan rate increases, the capacitive contribution becomes 
more significant. At 100 mV/s, the contributions from both capacitive 
and diffusion-controlled mechanisms are nearly equal. At 200 mV/s, the 
capacitive behaviour takes over, accounting for about 58 %. This change 
indicates that NiO shows a mixed charge storage mechanism: diffusion- 
controlled at low rates and capacitive at high rates. This makes it a 

Fig. 7. (a & b) TEM images, (c) EDS spectra, (d–f) elemental imaging of MWCNT@NiO nanostructure.

Fig. 8. (a & b) TEM images, (c) EDS spectra, (d–f) elemental imaging of rGO@NiO nanostructure.
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Fig. 9. The N2 adsorption–desorption profile and pore characteristics of (a & b) pure NiO, (c & d) MWCNT@NiO, (e & f) rGO@NiO hybrid nanostructures.
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potential electrode material for energy storage. In contrast, the 
MWCNTs@NiO electrode shows strong capacitive dominance at all scan 
rates. Even at 5 mV/s, the capacitive contribution is notable at around 
54 %, quickly rising to about 88 % at 200 mV/s. This strong capacitive 
behaviour is due MWCNTs, which improve electrical conductivity, in
crease the electrochemically active surface area, and enable fast trans
port of electrons and ions. These characteristics make MWCNTs@NiO a 
good candidate for supercapacitor applications, especially for high- 
power and rapid cycling tasks. The rGO@NiO electrode displays an in
termediate behaviour, transitioning smoothly from diffusion-dominated 
to capacitive-dominated mechanisms as the scan rate increases. At 5 
mV/s, diffusion controls the contribution at around 79 %, showing 
strong Faradaic interactions. The capacitive component gradually rises 
with the scan rate, reaching about 63 % at 200 mV/s. This trend dem
onstrates how reduced graphene oxide (rGO) improves surface- 

controlled processes. rGO enhances charge transfer kinetics and helps 
accommodate quick ion diffusion, thereby improving capacitive per
formance. These findings show how combining NiO with carbon-based 
nanostructures like MWCNTs and rGO can effectively adjust the 
charge storage mechanism. While pure NiO is better for energy-dense 
systems due to its battery-like behavior, MWCNTs@NiO offers excel
lent rate performance suited for power-intensive applications. rGO@
NiO presents a balanced hybrid profile, making it a strong candidate for 
next-generation supercapacitors requiring high energy and power 
densities.

Fig. 11(a) shows the GCD profile of the prepared sample as the 
electrode at 3 A/g. The rGO@NiO nanostructure lasts longer during 
discharge than pure NiO and MWCNT@NiO, indicating better energy 
storage capability. A larger surface area of rGO allows more ion 
adsorption, significantly boosting its capacitive performance [55]. The 
GCD curves for pure NiO, MWCNT@NiO, and rGO@NiO at different 
current densities are illustrated in Fig. 11(b–d). As current density in
creases, the discharge times for all nanostructures decrease, a typical 
behaviour for supercapacitor materials [56,57]. The electrode’s specific 
capacitance (C, F/g) was estimated using the equation, 

C = I.Δt/m.ΔV (1) 

Table 1 
The SSA and pore characteristics of the prepared hybrid nanostructures.

Materials SSA (m2 g− 1) Pore size (nm) Pore volume (cm3g− 1)

Pure NiO 91.935 7.095 0.196
MWCNT@NiO 103.034 3.864 0.316
rGO@NiO 114.933 9.572 0.559

Fig. 10. (a) Comparative CV curves of the electrodes recorded at a scan rate of 100 mV/s. CV curves of (b) pure NiO, (c) MWCNT@NiO, and (d) rGO@NiO hybrid 
nanostructures.
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where I is the impressed current, m is the mass of each electrode, Δt is 
the scan time interval, and ΔV is the voltage range of each scan.

The specific capacitance of pure NiO, MWCNT@NiO, and rGO@NiO 
hybrid nanostructures is shown in Fig. 12(a) and Table 2. At a current 
density of 1 A/g, the rGO@NiO electrode has a specific capacitance of 
491F/g. This is higher than MWCNT@NiO (370F/g) and NiO (255F/g). 
Nickel oxide undergoes fast redox reactions and can store charge. NiO 
nanoparticles improve the accessibility of electrolyte ions in rGO@NiO 
electrodes. This reduces ion diffusion resistance and migration barriers 
by improving the interfacial contact through interaction with rGO [58]. 
The potential of rGO to provide a higher surface area increases adequate 
charge storage, which boosts performance [59]. Additionally, the better 
electrical conductivity of rGO improves electron transport and overall 
electrochemical performance. Moreover, MWCNT@NiO has a higher 
specific capacitance than pure NiO due to the conductivity of the 
MWCNTs, which enhances the overall electrochemical properties [60]. 
However, the rGO@NiO electrode still has the highest capacitance 
values, showing its significance in improving supercapacitor 
performance.

Fig. 12(b) shows the capacitance retention which was calculated 
using below equation: 

CapacitanceRetention(%) = 100 ×
Final Capacitance
Initial Capacitance

(2) 

The capacity retained for the rGO@NiO nanostructure electrode was 
91 %. In contrast, the MWCNT@NiO and pure NiO nanostructure elec
trodes showed 84 % and 79 % retention, respectively. The rGO@NiO 
nanostructure proved very stable for long-term energy storage applica
tions, as demonstrated by its high specific capacitance even after 5000 
GCD cycles. The better retention is due to the strong interaction between 

rGO and NiO, which effectively absorbs volume changes during repeated 
charge and discharge cycles. This helps keep the electrode’s structure 
intact. Table 3 compares the specific capacitance of the samples in this 
study with previously reported results.

The EIS spectra cover the range from 1 MHz to 0.1 Hz is shown in 
Fig. 12(c,d). The semi-circle at higher frequencies reflects the charge 
transfer resistance (Rct1). This information helps us understand the 
electron transfer limitations between the platinum counter electrode 
and the electrolyte. Next, the second semi-circle appears in the mid- 
frequency section, representing the charge transport resistance across 
the sample and electrolyte (Rct2). This allows us to consider how charge 
carriers move through the electrode material. In the Nyquist plot, the 
axis intersects at the equivalent series resistance (Rs). Rs includes the 
series resistance from the electrolyte, the electrodes’ resistance, and the 
intrinsic electrical contacts. The semi-circle in the Nyquist plot measures 
the charge transfer resistance (Rct), which influences how fast electro
chemical reactions occur. These frequency limits extend into the low- 
frequency area, showing linear growth in the Nyquist plot, which re
lates to the Warburg Impedance (Zw). Warburg impedance indicates the 
resistance to mass diffusion of ions within the electrode pores and 
electrolyte. A steeper slope in this region generally suggests improved 
ion diffusion, leading to better electrochemical performance. The Rs 
values for pure NiO, MWCNT@NiO, and rGO@NiO are 0.45 Ω, 0.77 Ω, 
and 0.98 Ω, respectively. rGO@NiO has a lower Rs than both 
MWCNT@NiO and pure NiO, indicating better conductivity and ion 
transport within the electrolyte. It has good electrochemical conduc
tivity and low internal resistance, resulting in a fast charge transmission 
rate. Integrating reduced graphene oxide in the NiO matrix provides two 
benefits. It lowers charge resistance, which boosts the material’s elec
trochemical performance [69,70]. It also increases the overall charge 

Fig. 11. (a) Comparative GCD profiles of the prepared samples as a electrode at 3 A/g. GCD profiles at various current densities for (b) NiO, (c) MWCNT@NiO, and 
(d) rGO@NiO hybrid nanostructures.
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storage capacity, leading to more efficient energy storage. rGO@NiO 
shows promise as an electrode for improved energy storage solutions 
due to its high charge capacity and low internal resistance.

We built an ASC device to explore the possible uses of the rGO@NiO 
electrodes. This device included negative and positive electrodes made 
of activated carbon (AC) and rGO@NiO. A separator separated these 
electrodes in a 1 M KOH solution, which served as the electrolyte. The 
schematic of the ASC device is shown in Fig. 13(a). Fig. 13(b) displays 
the CV curves of the rGO@NiO ASC device, taken at various scan speeds 
from 5 to 100 mV/s within a potential range of 0 to 1.2 V in the 1 M KOH 
electrolyte. The CV curves have a quasi-rectangular shape with strong 
redox peaks, indicating that the rGO@NiO electrode shows pseudoca
pacitive behavior. Additionally, the general shape of the CV curves stays 
consistent even at higher scan rates, showing little distortion. This 
behaviour suggests that the electrode material has excellent 

electrochemical reversibility and quick ion transport, indicating a good 
rate capability for applications that need high power. Fig. 13(c) presents 
the GCD curves of the rGO@NiO ASC device at different current den
sities ranging from 1 to 10 A/g within a 1.2 V voltage range. The sym
metric and nearly linear triangular profiles suggest EDLC behaviour, 
which implies a capacitive charge storage mechanism primarily driven 
by electrostatic ion adsorption. The slight deviations from perfect line
arity at higher current densities may reflect slight pseudocapacitive ef
fects. The minor voltage drop (IR drop) observed at the beginning of 
each discharge curve shows that the rGO@NiO ASC device has low in
ternal resistance.

Fig. 13(d) illustrates that the specific capacitance of the rGO@NiO 
ASC device varies with the current density. The specific capacitance was 
determined using the discharge curves. At current densities of 1, 2, 3, 4, 
5, and 10 A/g, the device exhibits maximum specific capacitances of 
159, 148, 78, 44, 33, and 26F/g, respectively. As the current density 
rises, the particular capacitance gradually decreases, which can be 
attributed to restricted ion diffusion and lower utilization of active sites 
at higher current rates [70]. Fig. 13(e) displays the cycling stability of 
the rGO@NiO ASC device after 5000 continuous charge–discharge cy
cles at a current density of 10 A/g. The specific capacitance dropped 
more during the first few cycles but stayed relatively stable throughout 
the experiment. After 5000 cycles, the device kept 94.3 % of its initial 
capacitance. This strong result highlights the durability and reversibility 
of the rGO@NiO electrode material during high-rate cycling. This 
demonstrates the device’s efficiency and reversible charge storage ca
pacity even after prolonged use. Fig. S3. (a) shows an AC impedance 
map for a rGO@NiO ASC device, with a frequency range of 0.01 to 100 

Fig. 12. (a) Specific capacitance at various current densities (b) Capacitance retention (5000 cycles at 10 A/g). (c) Nyquist plot with equivalent circuit and (d) 
Expanded Nyquist plots of the prepared samples as the working electrode.

Table 2 
The specific capacitance of the prepared samples as the electrode at various 
current density.

Current density 
(A/g)

Specific capacitances Csp (F/g)

pure NiO MWCNT@NiO rGO@NiO

1 255 370 491
2 226 293 441
3 163 230 395
4 119 182 351
5 89 149 312
10 43 66 186
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kHz and an amplitude of 5 mV. The rGO@NiO ASC device clearly 
demonstrates supercapacitor impedance characteristics. The equivalent 
series resistance (Rs) is measured at 1.05 Ω, indicating low internal 
resistance in the device. This low Rs value suggests excellent ionic 
conductivity of the electrolyte, good electrical contact between the 
active material and current collector, and high intrinsic conductivity of 
the rGO@NiO symmetric supercapacitor. Fig. S3. (b) also presents the 
Nyquist plots. The high-frequency region features a depressed semi
circle, and a slightly curved transition area indicates low charge transfer 
resistance (Rct). This implies quick redox kinetics at the electro
de–electrolyte interface, supported by the combined effect of rGO and 
NiO [78]. The rGO creates a conductive network, while NiO provides 
high pseudocapacitance through redox processes. Additionally, this 
image makes a 45◦ angle with the horizontal axis at low frequencies, 
indicating the involvement of diffusion-controlled charge storage [79]. 
Moreover, the XRD pattern of rGO@NiO on nickel foam after electro
chemical tests, as shown in Fig. S4, demonstrates the structural integrity 
of the electrode material. The main diffraction peaks at 44.5◦, 51.8◦, and 
76.4◦ (2θ) correspond to metallic nickel, linked to the nickel foam 
substrate below. NiO peaks at 37.2◦, 43.3◦, and 62.4◦, representing 
(111), (200), and (220) planes, were also noted, confirming the pres
ence of an fcc NiO phase. Moreover, rGO is likely absent due to its 
inferior crystalline structure or low concentration. When magnifying the 
2θ angle from 35◦ to 70◦, it can be seen that the NiO peaks appear with 
lower intensities compared to the Ni substrate peak but emerge after 
electrochemical cycling, providing evidence of NiO crystallinity and 
structural stability.

The energy and power densities of an rGO@NiO ASC device were 
calculated using below relations 

E =
1

2 × 3.6
CV2 (3) 

P =
E
Δt

× 3600 (4) 

where V is the applied voltage, C is the specific capacitance obtained 
from GCD, and Δt is the discharge time at the given current density. 
Fig. 13(f) shows the Ragone plot of the fabricated device’s energy 
density (E) vs power density (P). The rGO@NiO ASC device achieved 
impressive energy densities of 31.92, 29.64, 15.618, 8.992, 6.606, and 
5.208 Wh/kg, with power densities of 599.96, 1200.16, 1800.34, 
2399.82, 3002.72, and 60009.23 W/kg. These values surpass those of 
previously published NiO-based supercapacitor systems, including 
NiO@Ni(OH)2-a-MoO3 (24 Wh/kg at 3100 W/kg) [71], NiO NSAs// 
graphene− CNT (8.8 Wh/kg at 4500 W/kg) [72], CNT@NiO//PCPs 
(25.4 Wh/kg at 400 W/kg) [73], NiO//AC (14.6 Wh/kg at 118 W/kg) 
[74], NiO-dots/Gh//AC (27.3 Wh/kg at 1562.6 W/kg) [75], NiO//AC 

(52.4 Wh/kg at 800 W/kg) [76], and rGO@NiO symmetric super
capacitor (47.8 Wh/kg at 545 W/kg) [77]. In addition, as shown in the 
inset of Fig. 13(f), two rGO@NiO ASC devices coupled in series can 
effectively light a green LED (3.0 V), indicating the practical feasibility 
of the fabricated rGO@NiO ASC device in energy storage applications.

Conclusion

We have successfully synthesized pure NiO, MWCNT@NiO, and 
rGO@NiO hybrid nanostructures via facile microwave-assisted synthe
sis. The electrochemical efficiency of the NiO was substantially 
enhanced by the addition of MWCNTs and rGO. The rGO@NiO nano
structures had a more active surface than pure NiO and MWCNT@NiO 
nanostructures, resulting in improved interface interaction within the 
material. rGO@NiO exhibited an exceptional cycling stability, retaining 
91 % of its capacitance after 5000 cycles, and a remarkable specific 
capacitance of 491F/g at a current density of 1 A/g. This performance 
surpasses that of pure NiO and MWCNT@NiO. This can be attributed to 
the combined effects of the more active surface and high conductivity of 
rGO, along with NiO’s electrochemical activity. Moreover, the rGO@
NiO ASC device showed excellent energy and power density while 
maintaining stability during long-term cycling. These results suggest 
that rGO@NiO could be a promising option for practical energy storage 
in next-generation supercapacitor devices.
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Summarizes the electrochemical measurements of nio/carbon electrodes published in previous research.
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Cycle life Ref.

NiO-AC Electrospinning 6 M KOH 1 248 98.2 % after 1000 cycles [61]
NiO nanoflakes Hydrothermal synthesis 2 M KOH 0.2 137.7 91.6 % after 1000 cycles [62]
Porous MWCNTs–NiO composite Soft template 2 M KOH 0.1 206 89 % after 200 cycles [63]
NiO/CNTs Microwave irradiation method 2 M KOH 1 258 86 % after 2500 cycles [64]
RGO/CNT/NiO Solvothermal process 6 M KOH 1 367 94 % after 1000 cycles [65]
Porous nickel oxide–carbon 

nanotubes
Sonication 1 M KOH 1.11 245 64.3 % retention after 300 

cycles
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NiO nanoflakes/ graphene Hydrothermal method 6 M KOH 5 240 100 % retention after 1500 
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NiO/rGO composite one-pot chemical reduction 
method

6 M KOH 0.21 461 75 % retention after 5000 
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Fig. 13. (a) Schematic representation of the fabricated asymmetric supercapacitor. (b) CV curves of the asymmetric supercapacitor with various scan rates. (c) GCD 
curves of the asymmetric supercapacitor at different current densities. (d) variation of specific capacitance at different current densities. (e) Cycling stability at 10A/g 
(inset shows the last twenty-five cycles of the charge–discharge curves). (f) Ragone plots of the rGO@NiO asymmetric supercapacitor (Inset shows a photograph of 
the lighted LED by two asymmetric supercapacitors in series).
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