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The energy storage capabilities of a supercapacitor are critically determined by the choice of electrode

materials, electrolytes, and synthesis methods, making their appropriate selection indispensable for

improving the electrochemical performance. This study presents the synthesis of nickel oxide (NiO)

nanoparticles (NPs) by a low-cost, straightforward, and one-step anodization approach. FESEM, HRTEM,
XRD, XPS, BET analysis, FTIR, and Raman spectroscopy were performed to determine the morphology,
crystal structure, oxidation states, specific surface area, functional groups, and vibrational and rotational

states of NiO NPs. The fabricated electrode was investigated for capacitive application in 1 M KOH,

Na,SO,4 and hybrid electrolytes. The electrode showed an enhanced capacitance of 1748 F g™t at
2.0 A g7t in the hybrid electrolyte compared to 1116 F g~ in KOH and 816 F g™ in Na,SO,4. The
fabricated asymmetric supercapacitor device (NiO//AC) achieved a specific capacitance of 172 F g~* at
2 A gt with an energy density of 34.4 Wh kg™! at a power density of 900 W kg~. Notably, the device

Received 16th September 2025
Accepted 6th November 2025

retained 94% capacitance after 8000 cycles at 5 A g% The improved performance can be attributed to

the high surface area of NiO NPs, enhanced conductivity, and improved charge kinetics in the hybrid
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1 Introduction

The energy storage devices, especially supercapacitors (SCs),
have attracted a lot of attention due to the increasing demand
for efficient, sustainable, and high-power energy storage
devices. SCs have several important features including high
power density, rapid charge-discharge capability, and high
cycling stability."” The SCs are classified into electric double-
layer capacitors and pseudocapacitors based on the charge
storage mechanism. The electrode stores charges on the surface
in electric double layers using carbon-based materials such as
graphite, graphene, and CNTs, while the pseudocapacitor stores
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electrolyte. This result demonstrates the potential of anodic NiO NPs as efficient materials in hybrid
electrolytes for supercapacitor applications.

charges faradaically via redox reactions on the surface as well as
at the electrode interface by transition metal oxides.? Although
they show great promise, the SCs suffer from major challenges
such as limited energy density and high self-discharge rate,
which hamper their practical applications. Lithium-ion
batteries (LiBs) usually exhibit high energy density but lower
power density in comparison with SCs. To bridge the gap
between these two technologies, most of the researchers focus
to develop innovative strategies to overcome these limitations.
In this regard, effective design of electrode materials and
selection of electrolytes play a vital role for better energy and
power densities of SCs.

The selection of the electrode material is decisive for
defining the capacitance, conductivity, and stability of SCs by
providing multiple active sites for charge storage. Similarly, the
selection of electrolytes influences the ionic transport and
voltage window, which has great impact on the performance of
the SCs. These factors necessitate cost-effective, scalable elec-
trode materials, and suitable electrolyte selection for the
optimal SC performance.* Most of the reports show that carbon-
based electric double-layer capacitors have limited energy
density and specific capacitance which is replaced by transition
metal oxides (TMOs) having high energy density and stability.>®
To date, various TMOs including V,05, MnO,, TiO,, NiO, and
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CuO have been explored as electrode materials for high-
performance supercapacitor applications.””*® Compared to
other TMOs, nickel oxide (NiO) has shown promising perfor-
mance as a SC because of high theoretical capacitance (~2584 F
g ),"* low cost, environmental sustainability, and multiple
oxidation states conducive to fast redox reactions.’> These
characteristics allow efficient charge storage through reversible
faradaic redox reaction at the interface and robust structural
stability, making it a potential option for charge storage appli-
cation.”>™* Effective utilization of the abovementioned proper-
ties required suitable synthesis procedures that precisely
control the morphology and surface characteristics of NiO NPs.
Different techniques have been described for the synthesis of
NiO NPs including hydrothermal,** chemical capping,'® and sol
gel methods.”” However, these methods have high risks of
impurity incorporation besides complex processing, high
temperature, and limited morphology control. Anodization has
emerged as a simple approach to produce NiO NPs, allowing
precise control of particle size, porosity, and surface area. These
parameters are essential for improving the electrochemical
performance in supercapacitor application.*®

Complementing the role of NiO NPs, the choice of electrolyte
significantly affects the electrochemical performance of SCs by
modulating the ionic transport dynamics and accessible
potential range. To evaluate the influence of diverse electrolytes
on the performance of SCs based on anodic NiO NPs, we used
three types of electrolytes: potassium hydroxide (KOH), sodium
sulfate (Na,SO,), and their combination to form a hybrid elec-
trolyte. We found that the hybrid electrolyte demonstrated
superior performance compared to the two electrolytes, which
is attributed to the synergistic impact that improves ionic
mobility and electrochemical activity at the electrode-electro-
lyte interface.

This study presents a novel approach for the synthesis of NiO
NPs via green, simple and cost-effective, one-step anodization
method. We systematically explore the influence of various
electrolytic solutions (KOH, Na,SO,, and hybrid) on the
performance of NiO NP-based SCs. The results demonstrate
that the NiO electrode showed an improved specific capacitance
of 1748 F g~ " in the hybrid electrolyte. Moreover, the fabricated
asymmetric SCs device showed a fascinating electrochemical
performance with an enhanced energy density of 34.4 Wh kg .
The results highlight the synergistic role of NiO NPs in the
hybrid electrolyte for the advancement of future high-
performance energy storage supercapacitors.

2 Experimental procedure

2.1. Materials and chemicals

A nickel (Ni) sheet (0.1 mm thickness, 99.99% purity) was
acquired from Goodfellow England, UK. Reagent-grade sodium
chloride (NaCl, 99.99% purity), potassium hydroxide (KOH,
99.99% purity), sodium sulfate (Na,SO4, 99.99% purity), and
sulfuric acid (H,SO,4, 98%) were acquired from Merck, Germany.
Ethanol and acetone were all analytical reagents purchased
from Sigma Aldrich, USA. Ni foam and Al foils were also
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obtained from Goodfellow, England, UK. Deionized (DI) water
was used as the electrolyte.

2.2. Anodization of Ni sheets

Prior to anodization, Ni sheets were cleaned by sonicating in
ethanol and acetone for 5 min each, followed by rinsing with DI
water, and drying in an oven at 60 °C. The anodization process
was carried out in a homemade two-electrode setup, where
a platinum plate (15 x 25 x 0.2 mm?®) served as the cathode and
a Ni sheet as the anode, as shown in the schematic (Fig. S1).
Anodization was conducted at a fix voltage (10 V) in a 1 M NaCl
aqueous electrolyte at room temperature using a DC power
supply (Tektronix PWS 4305, USA). When the power supply was
switched on, the electrolytic solution turned light greenish as
the Ni sheet (anode) starts to dissolve to form oxide precipitates,
accompanied by significant hydrogen gas (H,) evolution on the
cathode surface. Over anodizing time (20-30 minutes), the
entire Ni sheet was converted into solid-oxide precipitates,
which are settled down at the bottom of the beaker. The
precipitates were then dispersed and sonicated in DI water for
5 min using an ultrasonic bath (Elma E60H, Germany), and
then collected using a centrifuge machine to remove the
impurities if incorporated into the material. This cyclic process
was repeated several times to ensure the complete removal of
the salt. The precipitates were then dried overnight in an oven at
70 °C, ground into powder, and collected. The resulting powder
was annealed at 450 °C for 2 h and then cooled down at natural
room temperature.

The specific anodic and cathodic reaction for the anodiza-
tion of the Ni sheet is as follows:

At the anode:

Ni — Ni** + 2¢”
The produced Ni** ions react with hydroxide ions formed in
the electrolyte to produce nickel hydroxide.
Ni?* + 20H~ — Ni (OH),
The annealing process transformed Ni(OH) , into NiO via the
following reaction:
Ni(OH), — NiO + 2H,0
At the cathode:
The evolution of hydrogen gas (H,) occurs at the cathode.

2H20 + 2 — H2 + 20H™

The overall anodic and cathodic reaction is given as follows:

Ni + 2H,0 — Ni(OH), + H,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3. Preparation of electrodes

Initially, a Ni foam was activated by sonication in 6 M H,SO, for
30 minutes, followed by sonication in ethanol and DI water for
15 minutes each. Then, active materials (NiO NPs and Ni(OH),
nanoflowers used separately along with carbon black and
poly(vinylidenefluoride-hexafluoropropylene) (PVDF-HFP) used
as a binder) were combined in a percentage ratio of 70:20: 10,
and an appropriate amount of N-methylpyrrolidone (NMP) that
serves as a solvent was added. The mixture was stirred for 24
hours (h) to form a uniform and homogeneous slurry. The
slurry (~1.0 mg) was then pasted onto a Ni foam (with an active
area of ~0.5 cm”) and dried in a vacuum oven at 60 °C for 24 h.
Fig. S2 shows the schematic diagram of the whole process from
the synthesis of NiO NPs to the electrochemical properties
measurements.

2.4. Fabrication of the NiO//Activated carbon asymmetric
supercapacitor device

For the asymmetric SC device fabrication, NiO NPs was coated
over one piece of Ni foam and activated carbon (containing
75 wt% activated carbon and 25 wt% PVDF-HFP) on another
piece of Ni foam, which served as an anode and cathode,
respectively. Whatman filter paper and hybrid electrolyte (1: 1,
KOH : Na,S0,) were used as separator and conduction media,
respectively, between these electrodes for the SC device. The
size of the synthesized device was (1 x 1) cm? which was
applied to glow the commercial LEDs.

2.5. Characterizations

The crystal structure and phase purity of the prepared samples
were studied using an XRD (Rigaku, 2500 V diffractor, Japan)
with Cu Ka radiation (A = 1.5418 A) at 40 kV. The surface
morphology of the prepared materials was investigated using an
FESEM (UHR-SEM Magellan 400, FEI, USA) and a HRTEM
(Techni G2 F30, FEI, USA). The composition of samples was
determined using an energy-dispersive X-ray (EDX) spectrom-
eter equipped with an FESEM. The selected area electron
diffraction (SAED) patterns were obtained using a TEM. Surface
area was measured by the Brunauer-Emmett-Teller (BET)
method, and the pore size distribution was determined by the
Barrett-Joyner-Halenda (BJH) method. Fourier-transform
infrared (FTIR) spectroscopy was performed using a Nicolet
iS50 FTIR spectrometer in the range of 4000-400 cm™'. Raman
spectra were recorded using a high-resolution dispersive Raman
spectrometer (Lab RAM HR, Horiba Jobin Yvon, France). A He-
Ne laser producing 514 nm was used as the excitation source for
the Raman spectrometry. X-ray photoelectron spectroscopy
(XPS) analysis was carried out using a spectrometer (Sigma
Probe, Thermo VG Scientific) with an Al Ko excitation source
operating at 15 kV and 7 mA. The binding energies were cali-
brated using the C 1s peak (~285.5 €V).

2.6. Electrochemical measurements

The cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performed using an electrochemical workstation (Biologic, VSP-
300, France) in aqueous electrolytes of 1 M KOH, 1 M Na,SO,,
and 1 M hybrid. A three-electrode system was used where the
prepared material coated on a Ni foam serves as the working
electrode, a platinum electrode as the cathode, and a Hg/HgCl,
electrode as the reference electrode. The CV measurements
were carried out at different scan rates (10 to 60 mV s~ ') with
voltage window of —0.2 to 0.8 V. The GCD measurements were
performed at current density in the range of 2-5 A g~ with
voltage window of 0 to 0.5 V. The EIS measurements were
conducted in the frequency range of 0.1 Hz to 100 kHz. All the
electrochemical measurements were recorded at room
temperature. The CV and GCD of the SC device were performed
in the potential window of 0 to 1.2 V in the 1 M hybrid elec-
trolyte using a two-electrode system. The EIS measurement of
the fabricated SC device was conducted in the frequency range
of 0.1 Hz to 140 kHz.

Furthermore, the specific capacitance (Cg), energy density
(E), and power density (P) of the assembled asymmetric super-
capacitor device were calculated using eqn (1)-(3):

I < At
i=— 1
G mx AV ()
e Cy x AV? )
- 7.2
3600E
P = N (3)

where “AV” and “t” are the discharge voltage and discharge time
of the fabricated device, respectively.

3 Results and discussion

3.1. Structural, morphological and compositional analyses

The structural and phase-related properties of the prepared
samples were investigated by XRD, as shown in Fig. 1. For the
as-prepared sample, i.e., Ni(OH),, the peaks observed at ~19.2°,
33°, 38.5°, 39°, 52.1°, 59°, 62.7°, 69.3°, and 72.7° can be

(200) .
—— NiO
——Ni(OH),
(111)

(220)

(311)

L ” (222)
(101)
(001) (100) 110)  (200)
(002) (102)( %11 1) (201)

10 20 30 40 50 60 70 80 920
20 (Degree)

Intensity (a.u)

Fig.1 XRD pattern of the Ni(OH), nanoflowers and NiO NPs prepared
via anodization in 1 M aqueous NaCl electrolyte.
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assigned to the (001), (100), (101), (002), (102), (110), (111), (200),
and (201) planes of hexagonal phase of Ni(OH),, respectively
(ICDD card # 14-0117). This result shows that Ni(OH), produced
via anodization have adequate crystallinity even without
thermal treatment. This fact has also been observed when
various anodic metal-oxide NPs showed good crystallinity in the
their as-anodized forms as reported in our previous article.'®
However, crystallinity after annealing in air for 2 h at 450 °C of
the NiO NPs has increased tremendously with the emergence of
new diffraction peaks located at ~37.2°, 43.2°, 62.8°, 75.4°, and
79.4° correspond to the (111), (200), (220), (311), and (222)
planes of the cubic NiO respectively (ICDD card # 47-1049). It is
known that Ni(OH), is an intermediate phase and transforms
into a stable phase of NiO, when calcined at a temperature
range of 400-600 °C." We found that calcination at 450 °C for
2 h results in the transformation of hexagonal Ni(OH), nano-
flowers into the cubic phase of NiO NPs (ICDD card # 47-1049),
as given in the XRD patterns of the annealed sample.” No extra
peak was found in the diffraction pattern, which confirms the
high purity of NiO NPs produced via the anodization process.
The morphological study of the as-anodized and annealed
samples was explored by FESEM and HRTEM along with EDX
analysis. Fig. 2a depicts the FESEM image of Ni(OH), revealing
the formation of nanoflower-like morphology obtained as
a result of Ni sheet anodization in 1 M NaCl electrolyte at room
temperature. This type of morphology is reported on the surface
of Fe-sheet when anodization was carried out in an ethylene
glycol-based electrolyte.”® The low-magnification image (Fig. 2a)
exhibits the formation of a nanostructure comprising small

50 nm

Fig. 2
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nanoflowers, which agglomerate in such a way that it generated
a large flower. This can be attributed to the continuous forma-
tion of small nanoflowers, which combined together to generate
large flowers due to temperature increase observed during
anodization. The diameter of the nanoflowers is in the range of
~2-6 um. The high-magnification image of the single nano-
flower is shown in Fig. 2b. These nanoflowers are not well
interconnected to eachother like reported in our articles.”>*
Previously, we have produced nanoflower- and hierarchical
nanosheet-like morphologies in the form of thin film as a result
of Fe and Mg sheet anodization in ethylene glycol-based elec-
trolytes, respectively. While in the present case, the anode (Ni
sheet) is dissolved completely in 1 M NaCl electrolyte with
anodization time contrary to Fe and Mg anodes (sheets), which
remained stable during anodization in an ethylene glycol-based
electrolyte. The EDX spectrum of nickel hydroxide nanoflowers
(Fig. 2c) exhibits Ni and O peaks along with a very small peak of
Cl incorporated from the electrolyte solution. Fig. 2d shows the
low-resolution TEM image of the as-prepared sample, which
also confirms the origin of Ni(OH), nanoflowers, thus further
verifying the FESEM results. The single nanoflower was depic-
ted in the high-resolution TEM image of Ni(OH), in Fig. 2d. A
large amount of crystallites can be observed throughout the
sheet, corroborating the XRD results.

Interestingly, the FESEM image of the annealed sample at
low magnifications (Fig. 3a) reveals the formation of NPs, which
can be ascribed to the calcination process at 450 °C for 2 h in
air. It is important to mention that the annealing process
completely changed the morphology from nanoflowers into

Intensity (a.u)

N Au c'
e )

0.0 0.5 1.0 15 20 25 3.0 35 4.0
Energy (keV)

(a) FESEM image of the as-prepared anodic Ni(OH), showing the formation of nanoflowers, (b) high-magnification image of a single

nanoflower, (c) EDX spectrum showing the composition of Ni(OH), nanoflowers, (d) low-resolution TEM image, and (e) HRTEM image of the

Ni(OH), nanoflowers.
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(a) FESEM images of the annealed anodic NiO, showing the formation of NPs, (b) high-magnification image, (c) EDX spectrum of NiO NPs,

(d) low-resolution TEM image of the NiO NPs, (e) HRTEM image of the NiO NPs, and (f) SAED pattern indicating the polycrystalline nature of the

anodic NiO NPs.

spherical NPs. This kind of morphological change has been
observed in our previous work on Fe-anodization.*® These NPs
are homogeneous with uniform diameters. The average size of
the NP is around 20 nm, as can be seen in the high-
magnification SEM image (Fig. 3b) without the formation of
any agglomerates. The purity of the annealed NiO NPs has been
confirmed from the EDX analysis (Fig. 3c), which shows the
peak of Ni and O only without any impurity which is in good
agreement with the XRD result. The small CI peak in the EDX
spectrum of Ni(OH), is not detected after calcination, which is
most probably evaporated as Cl,.

It can be seen from the TEM image of NiO (Fig. 3d) that after
annealing, the nanoflower morphology of Ni(OH), is completely
transformed into homogeneous and uniform NiO NPs. More-
over, the NPs are spherical in shape with clear boundaries and
each particle can be identified and distinguished easily. Fig. 2e
displays the HRTEM image of NiO NPs with a fringe of 0.24 nm
corresponding to the (111) plane of NiO and in good agreement
with the XRD result. The morphological evolution from nano-
flowers arrangement of Ni(OH), to the spherical NiO NPs upon
annealing is highly beneficial for electrochemical applications
due to enhanced crystallinity and high surface area. The
annealed NiO NPs offers a larger active surface area, which
improves ionic diffusion, contributing to the enhanced charge
storage capacity and cycling stability in supercapacitor devices.

The surface area of the synthesized Ni(OH), nanoflowers and
NiO nanoparticles were assessed through nitrogen adsorption—
desorption analysis performed at 77 K. Fig. 4a and b illustrates

© 2025 The Author(s). Published by the Royal Society of Chemistry

that the isotherm corresponds to the type IV adsorption curve
for NiO and Ni(OH),, featuring a distinct hysteresis loop that
indicates the mesoporous structure of NiO nanoparticles. The
specific surface area of the NiO NPs, determined using the
Brunauer-Emmett-Teller (BET) model, was calculated to be 38
m” ¢! in contrast to Ni(OH),, which measured 20 m> g™ .
Furthermore, the Barrett-Joyner-Halenda (BJH) analysis of NiO
NPs reveals an average pore diameter of approximately 4.5 nm
in contrast to the 38 nm observed in Ni(OH), nanoflowers, as
illustrated in Fig. 4c. NiO NPs demonstrated a high surface area
compared to Ni(OH), nanoflowers. The high surface area can be
related to the thermal transformation of Ni(OH), nanoflowers
into NiO NPs, which re-arranged the structure and removed the
lattice bound water. The higher surface area coupled with
enhanced crystallinity of NiO NPs can provide a rapid ionic
transport and facilitate abundant active sites for redox reac-
tions, which is beneficial for energy storage applications.****
The FTIR spectra of the as-prepared Ni(OH), nanoflowers
and annealed NiO NPs are shown in Fig. S3. The absorption
bands of Ni(OH), nanoflowers positioned at 450, 532, and
640 cm ' correspond to Ni-O and Ni-OH bending and
stretching vibrations within the layered structure of Ni(OH),.**
While the bands at 1376 cm™ ' and 1620 cm ™ * originate from the
bending vibrations of adsorbed carbonate and water, respec-
tively, the bands at 3415 cm ™" and 3640 cm ™" are attributed to
the stretching vibration of O-H and adsorbed water.”> The
weaker band at 2345 cm ™! results from the adsorption of CO,
from atmosphere.”® In contrast, the removal of hydroxyl groups

RSC Adv, 2025, 15, 45665-45677 | 45669
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Fig. 4 N, adsorption—desorption isotherm of the (a) NiO NPs, (b) Ni(OH), nanoflowers, and (c) distribution of the pore size behavior of both

samples.

after annealing confirms the transformation of the Ni(OH),
phase into NiO NPs. Notably, at the same time, the emergence
of a new band at 430 cm ™" and 485 cm™ ' demonstrate the Ni-O
stretching vibration in the cubic NiO structure.*”

To examine the structural features and phase transformation
from Ni(OH), nanoflowers to NiO NPs, Raman spectroscopy was
further employed, as shown in Fig. 5. In the case of Ni(OH),, the
low-frequency peaks at 197 cm™ " and 373 cm ™" are related to
the bending mode of the Ni-O bond and the stretching vibra-
tion of the O-H bond in Ni(OH),. The most intense peak at
560 cm ' corresponds to the stretching vibrations of the Ni-OH
bond, whereas the small band at 684 cm ™" may be related to
overtone or combination modes associated with the layered
hydroxide lattice.?® The Raman peak at 1060 cm ™" in Ni(OH), is
primarily attributed to the symmetric stretching of Ni-O bonds
within the Ni(OH), structure. In contrast, after thermal treat-
ment, the Raman spectrum of NiO shows the characteristic
peaks of cubic NiO. The most prominent peak in the Raman
spectrum appeared at 517 cm ™' corresponding to the first-order
longitudinal optical (LO) phonon mode of nano-crystalline
NiO.> A weaker peak for transverse optical (TO) at 382 cm ™"

——Ni(OH),
517 — NiO
382 |
f 684 1060
E)
s 560
2
@
g | 197 573
£ } }
150 300 450 600 750 900 1050 1200 1350

Raman shift (cm™)

Fig. 5 Raman spectra of the Ni(OH), nanoflowers and NiO NPs
prepared via anodization in 1 M aqueous NaCl electrolyte.
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can be ascribed to the disorder-induced scattering commonly
reported in the NiO nanostructure.*® Furthermore, the peaks
around 684 cm™ ' and 1060 cm ™' are attributed to the combi-
nation of the second-order phonon mode involving 2TO and
210, respectively.**** The disappearance of the intense Ni-OH
stretching mode (~560 cm™') and other hydroxide-related
peaks alongside the emergence of the new characteristic Ni-O
lattice mode at ~517 cm™' in NiO clearly confirmed the
successful thermal decomposition of Ni(OH), nanoflowers into
NiO NPs. Therefore, Raman measurements further justify the
XRD results. Additionally, the elemental composition and
valence state of NiO NPs were investigated by X-ray photoelec-
tron spectroscopy (XPS). The deconvoluted spectra of Ni 2p are
shown in Fig. 6a, with two major noticeable peaks at 852.4 eV
and 870 eV and a minor peak at about 860 eV that corresponds
to Ni 2p;/,, Ni 2py),, and satellite peak of Ni 2p, respectively.*?
Moreover, the high-scan spectrum of oxygen (Fig. 6b) has
a single main peak at ~532 eV, which is due to the Ni-O bond
that is beneficial for capacitance improvement.*

3.2. Electrochemical behavior of the NiO electrode in KOH

The electrochemical performance of the NiO NP-based elec-
trode was evaluated in the presence of 1 M KOH. Fig. 7a pres-
ents the CV response of the NiO electrode recorded at different
scan rates from 10 to 60 mV s~ . It exhibits a distinct redox peak
which demonstrates a purely pseudocapacitor nature. The
overall shape of the CV curves remains the same even at high
scan rates, which shows the excellent stability and reversibility
of the NiO electrode. Fig. 7b shows the GCD curves of the NiO
electrode at different current densities ranging from 2 to
5 A g " The corresponding values of specific capacitance
calculated from the GCD curves at different current densities
are presented in Fig. 7c. The maximum specific capacitance
obtained in a KOH electrolyte is ~1116 F g " at 2 A g~ . The
redox mechanism responsible for charge storage at the NiO
electrode arises from the following reactions:

NiO + OH™ — NiOOH + ¢~ (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 High-scan XPS spectrum of (a) Ni 2p and (b) oxygen O 1s of the NiO NPs prepared via anodization in a 1 M aqueous NaCl electrolyte.

3.3. Electrochemical behavior of the NiO electrode in
Na,S0,

The electrochemical behavior of the NiO electrode was also
investigated in 1 M Na,SO,. Fig. 7d depicts the CV response of
the NiO electrode under different voltage scans ranging from 10
to 60 mV s~ . The figure indicates the absence of a strong redox
peak in a neutral electrolyte, which can be attributed to Na* and
SO*~ adsorbed on the surface of the electrode. In the neutral
electrolyte such as Na,SOy, the high concentration of SO,>~ ions
with a large radius results in the surface faradaic reaction

instead of intercalation, which usually occurred in OH™ with
arelatively small radius. Therefore, the nearly rectangular shape
with the absence of strong redox peaks in the CV is due to the
surface dominant redox process.* It can be seen that even at
a high scan potential, the CV curves remain unchanged, which
reveals the stability of the NiO electrode. Fig. 7e represents the
GCD curves of the NiO NP electrode at different current densi-
ties ranging from 2 to 5 A g~ '. The specific capacitance at
different current densities was also calculated, and is shown in
Fig. 7f. The maximum specific capacitance achieved in a Na,SO,
electrolyte is ~816 F g ' at2 Ag .
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Fig.7 Electrochemical performance of the NiO electrode in a1 M KOH electrolyte: (a) CV response, (b) GCD curves and (c) specific capacitance
at different current densities. Electrochemical performance of the NiO electrode in a 1 M Na,SO4 electrolyte, (d) CV response, (e) GCD behavior

and (f) specific capacitance at different current densities.
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3.4. Electrochemical performance of the NiO electrode in
the hybrid electrolyte

Fig. 8 represents the electrochemical behavior of Ni(OH), nano-
flowers and NiO NP electrodes in the hybrid electrolyte (1: 1 KOH
and Na,SO,). Fig. 8a shows the CV response of the NiO NP elec-
trode at different sweep rates from 10 to 60 mV s~ in a voltage
window of —0.2 to 0.8 V. The CV results reveal the pseudo-
capacitive behavior of the electrode. All CV curves have anodic
and cathodic peaks that represent the reversible redox reactions of
Ni** and Ni*" in NiO.** The duck-like shape of the CV curves is
maintained even at high sweep rates, demonstrating that the NiO
NP electrode has outstanding rate performance and reversibility.
Furthermore, the capacitive properties of the electrodes were
determined by the GCD curves. Fig. 8b shows the comparison of
the GCD curves of Ni(OH), and NiO electrodes at 2 Ag™ . It can be
seen that the NiO electrode has a longer discharge duration/charge
retention than that of the Ni(OH), electrode. Fig. 8c shows the
GCD curves of NiO electrodes at different current densities (2—
5 A g~ "). The specific capacitance calculated from the GCD curves
at different current densities from 2 to 5 A g~ was approximately
1748, 1540, 1506, 1486, and 1330 F g, respectively. Moreover, the
trend of energy density and specific capacitance of both the elec-
trodes with respect to current density is given in Fig. 8d and e,
respectively. The considerably higher capacitance performance
and high energy density of NiO compared to the Ni(OH), electrode
can be attributed to its high surface area, enhanced crystallinity,
and good electronic conductivity, which significantly improve the
charge transfer kinetics. It is noted that our fabricated NiO elec-
trode has an outstanding performance in comparison to the

View Article Online
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reported work, as given in Table 1. Additionally, for comparison,
the electrochemical performance of the Ni(OH), electrode in the
hybrid electrolyte is also given in Fig. S4(a-c), which is reflected by
the CV response (10-60 mV s~ '), GCD (2-5 A g™ "), and specific
capacitance of Ni(OH), nanoflowers at different current densities
correspondingly.

To determine the kinetic parameters of the fabricated elec-
trodes, EIS is also measured in the hybrid electrolyte. Fig. 8f
represents the comparison of Nyquist plots of both the electrodes.
It can be seen that the semi-circle of the NiO electrode is smaller
than that of Ni(OH), which exhibits a decrease in the charge
transfer resistance (R, at the electrode-electrolyte interface. The
slope line in the low-frequency region is related to the Warburg
impedance (Zy) associated with the ion diffusion mechanism. An
equivalent AC circuit model was used to evaluate the kinetic
parameter, which was fitted using the Z-view software, as shown
in the inset of Fig. 8f. The fitting parameters of R.. and solution
resistance R, are presented in Table S1. The comparatively smaller
R value of the NiO electrode indicates the improved kinetics of
the electrode. The enhanced performance of the NiO electrode is
due to the fast ionic conductivity of Ni**/Ni** involved in the
faradaic redox reaction, which is best for the charge storage
capacity. The improved ionic transport in the hybrid electrolyte
(KOH + Na,S0,) is due to the dual ionic species in the electrolyte,
which produces synergistic effects and causes an easy ionic
transport at the electrode-electrolyte interface. The KOH
enhanced the redox properties while the Na,SO, stabilized the
electrode-electrolyte interface during the charge storage mecha-
nism.* The faradaic behavior of the hybrid electrolyte boosts the
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Fig. 8 Electrochemical performance of the NiO NPs in the hybrid electrolyte: (a) CV response of the NiO electrode in the hybrid electrolyte at
different scan rates, (b) comparative analysis of the GCD curve of Ni(OH), and NiO electrodes at 2 A g%, (c) GCD curves of the NiO electrode at
different current densities, (d) current density vs. energy densities of Ni(OH), and NiO, (e) specific capacitance of Ni(OH), and NiO electrodes at
different current densities, and (f) Nyquist plots of both the electrodes (inset shows the kinetic parameters of the electrodes).
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Table 1 Comparison of the fabricated electrode with those reported in the literature

Material Method Specific capacitance (F g ") Electrolyte References
NiO Hydrothermal 132 1 M KOH 38
NiO NPs Solvothermal 1386 1 M KOH 39
NiO Sonochemical 449 1 M KOH 40
NiO NPs Hydrothermal 1358 3 M KOH 41
NiO nanocrystal Hydrothermal 200 1 M Na,SO, 42
NiO NPs Anodization 1748 Hybrid electrolyte This work

charge storage capacity of the NiO electrode. In the hybrid elec-
trolyte, Na" and K" participate in redox reactions and their ionic
sizes are 0.95 A and 1.33 A.* The small ionic sizes of Na" and K"
contribute easily to the faradaic reaction during intercalation and
de-intercalation between the electrode-electrolyte interfaces. The
hybrid electrolyte maintains the charge storage mechanism by
reducing the voltage fluctuations and improving the overall
performance during charging and discharging phenomena.

3.5. Specific capacitance from CV in hybrid, KOH and
Na,S0, electrolytes

The specific capacitance vs. scan rate for all electrolytes, ob-
tained from the CV curves, is presented in Fig. 9a. It can be seen
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that the hybrid electrolyte exhibits the highest specific capaci-
tance of 1490 F g~ " at 0.01 V s, followed by KOH (1011 F g™ )
and Na,SO, (725 F g~ ') (Cs: hybrid > KOH > Na,S0O,). The
superior capacitance in the hybrid system is due to the syner-
gistic effect of dual ionic species (K" and Na'), which enhances
charge storage at the electrode-electrolyte interface.

3.6. Charge storage mechanism in supercapacitors using b-
values

To further clarify the charge-storage behavior, the relationship
between the peak current density and scan rate is shown in
Fig. 9(b-d). The slope value “b” from the log(i)-(v) plot
demonstrates the charge storage mechanism, with the obtained
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(a) Graph of specific capacitance vs. scan rate in different electrolytes and (b—d) charge storage behavior in different electrolytes using b-
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Fig. 10 Electrochemical performance of the NiO NPs//AC device: (a) schematic of the assembled NiO device, (b) CV response at different scan
rates of the NiO//AC electrode, (c) GCD curve at different current densities, (d) Ragone plot of the fabricated device, (e) Nyquist plot of the device
and inset show the LED, and (f) cycling stability of the NiO NPs//AC device (inset shows the charge—discharge for the first 10 cycles).

values of b = 0.47 (KOH), 0.77 (Na,SO,), and 0.65 (hybrid). The
b-value close to 0.5 for KOH indicates a diffusion-controlled
process, while the higher value (~0.77) for Na,SO, suggests
a predominantly surface-controlled redox process. The inter-
mediate b-value (0.5 < b < 1) in the hybrid electrolyte (0.65)
confirms the co-existence of both surface and diffusion-
controlled charge-storage mechanism. Therefore, the presence
of both surface and intercalation redox mechanisms in the
hybrid electrolyte enhances the charge-storage capacity of the
NiO electrode.

3.7. Electrochemical performance of the asymmetric
supercapacitor ASC (NiO//AC) device

To evaluate the practical use of the NiO electrode, the SC device
is assembled with NiO NPs as the positive electrode, activated
carbon (AC) as the negative electrode, and separator in between
the electrodes with the hybrid electrolyte. Fig. 10a depicts the
schematic diagram of the internal mechanism that occurred
inside the SC device. Fig. 10b displays the CV response of the
ASC device measured at different scan rates (10 to 70 mVs™ ") in
the potential window from 0 to 1.2 V in the hybrid electrolyte. It
can be noted that at high scan rates, the CV retains its original
shape, demonstrating the stability and excellent capacitive
behavior of the fabricated device.* Moreover, the charge-
discharge behavior can be seen from the GCD curve, in which
the device achieved a maximum specific capacitance of 170 F
g ' at a current density of 1.5 A ¢~ and maintained up to 87 F
g 'at5Ag ', as shown in Fig. 10c. The specific capacitance of

45674 | RSC Adv, 2025, 15, 45665-45677

the ASC device with different current densities is given in Table
S2. The Ragone plot of the ASC device is indicated in Fig. 10d.
Interestingly, the device delivered a higher energy density (34.4
Wh kg ') in comparison with the previously reported NiO-based
SC devices, such as NiO NPs (~25 Wh kg™ '),** honeycomb-like
NiO (23.25 Wh kg "),** NiO/Ni-MOF-25 (31.3 Wh kg '),*® and
1% Ce : NiO (26.27 Wh kg™ ')*” due to the synergistic effect of the
hybrid electrolyte. Fig. 10e represents the Nyquist plot of the
fabricated device, which demonstrates improved kinetic
parameters, while the inset shows the glowing LED via our
fabricated ASC device. The cyclic stability of any device is the
most important consideration when investigating its practical
application. Therefore, the charge-discharge cycle was repeated
8000 times at a current density of 5 A g~ ', with 94% capacitance
retention (Fig. 10f). The inset shows cycling stability of the first
10 cycles.

4 Conclusion

In this study, Ni(OH), nanoflowers were produced by the green
anodization process, which were successfully transformed into
NiO NPs via annealing and evaluated for supercapacitor appli-
cations. The electrochemical performance of NiO NPs was
investigated using several aqueous electrolytic solutions such as
KOH, Na,S0O,, and their combination (hybrid). NiO NPs deliv-
ered an enhanced capacitance in the hybrid (1 M KOH: 1 M
Na,S0,) electrolyte. The fabricated NiO NP-based electrode
delivered a high capacitance of 1748 F g~ " at 2 A g~ compared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the Ni(OH), nanoflower-based electrode, which is 428 F g~ .
The fabricated asymmetric device attains an energy density of
34.4 Wh kg™ " at a power density of 900 W kg~ '. Furthermore,
the device maintains a capacitance retention of 94% after 8000
cycles. The significantly improved performance of NiO NPs is
due to its high surface area, enhanced crystallinity, and the
synergistic effect of the hybrid electrolyte.
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