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Supercapacitors (SCs) have emerged as attractive energy storage devices due to their rapid charge/
discharge rates, long cycle life, and high-power density. However, the development of innovative
electrode materials to achieve high-performance remains crucial to meet future requirements in
supercapacitor technology. In this work, we have explored the potential of a microwave-engineered
NiZrOzs@GNP composite as a promising electrode material for SCs. A microwave assisted hydrothermal
approach was adopted for the fabrication of the NiZrOs@GNP nanocomposite. Structural and
morphological investigations showed its structural richness and its chemical compositions. When applied
as a SC electrode, this innovative combination exhibits battery-like behaviour with higher specific
capacity (577.63 C g~1) with good cyclic stability, and good performance. We have assembled an
asymmetric-type two-electrode SC device and analysed its electrochemical features. This NiZrOs@GNP
device exhibits the specific capacity of 47 C g~* with capacitance retention of 70% after 2000 charge—
discharge cycles. Further research on optimizing the synthesis process and exploring different device
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1. Introduction

Supercapacitors (SCs) have emerged as a promising energy
storage technology with the potential to revolutionize the
energy industry. Unlike traditional batteries, which store energy
through chemical reactions, SCs store energy through the
separation of charges at the interface between two electrodes,
resulting in a much faster charge-discharge process." This
unique characteristic makes them highly suitable for applica-
tions that require high power density, fast charge, and
discharge rates, and a long cycle life, such as electric vehicles,
grid-level energy storage, and portable electronics.> In recent
years, there has been a growing interest in developing super-
capacitor technology for various applications, including
renewable energy integration, regenerative braking systems,
and portable electronic devices.* The advantages of SCs over
traditional batteries, such as high-power density, rapid
charging and discharging, and long cycle life, make them
a highly attractive option for energy storage. Additionally, SCs
have the potential to overcome some of the major challenges
associated with battery technology, such as safety concerns,
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configurations could pave the way for even higher-performance supercapacitors in the future.

limited cycle life, and environmental impact.> As a result,
research in the field of supercapacitors has gained significant
momentum, with many studies focusing on developing novel
materials and designs that can further enhance their perfor-
mance and efficiency.

Presently, with researchers focusing on the utilization of
renewable energy sources and energy conservation for
a sustainable and eco-conscious environment, SCs are
garnering significant attention owing to their substantial
advantages. A huge range of energy storage devices have been
developed, from batteries to multi-modal energy storage
systems (Pumped Hydro Storage, Compressed Air Energy
Storage, Thermal Energy Storage, Hydrogen Storage, Supercrit-
ical CO, Energy Storage, Molten Salt Energy Storage, Hydraulic
Accumulators, and Capacitive Deionization). However, these
come with several drawbacks like cost ineffectiveness, low
energy density, reduced power density, less efficiency, poor
shelf life, etc. SCs are energy storage devices that store energy as
charges.* They are more advantageous due to high power and
energy density, longevity with respect to shelf life, and cyclic
stability. SCs are being used in various industrial equipment,
electronic gadgets, electric vehicles and several other major
applications. Since the proposal of the Helmholtz concept of
capacitive performance of the electrical double layer formed at
the electrode-electrolyte interface, followed by Becker's first
application of it to electrolytic capacitors, supercapacitors, also
called electrical double layer capacitors or ultracapacitors, have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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undergone various advances to increase the efficiency by
increasing their energy storage capacity.®

Supercapacitors are of different types: electrochemical
double-layer capacitor (EDLC), pseudocapacitor, and hybrid
capacitor. Electrochemical double-layer capacitors involve the
accumulation of charges at the electrode surface.® They exhibit
rapid charge-discharge cycles along with high power density
but suffer from aging, especially when subjected to high voltage
and temperatures over a period of time.”® Hybrid capacitors
combine the characteristics of SCs and batteries with one
electrode being a faradaic electrode and the other a capacitive
electrode.” However, the high energy and power performances
are decoupled and do not compete with the conventional
lithium-ion batteries.*

SCs store energy by faradaic electron transfer of metal ions
and EDLC capacitance through surface reactions at the elec-
trode.™ SCs have exceptional power density and cycle stability
and are anticipated to a good competitors against batteries.
However, lesser energy density and capacity fading hamper its
commercial application.” The effectiveness of SCs relies on the
innovative features of the electrode and electrolyte materials, as
well as the mechanism for storing electric charge.* A 2 M KOH
solution served as the electrolyte, where the highly mobile OH™
ions facilitated efficient charge transport within the super-
capacitor, enhancing its power density.”® The superior ionic
conductivity of 2 M KOH, coupled with the exceptional charge
storage and robust composite structure of NiZrO;/NiZrO;@GNP
electrodes, paves the way for efficient energy storage and rapid
delivery. This synergy is further bolstered by NiZrO;'s inherent
stability, ensuring long-lasting performance.

Recent research has focused on the use of carbon mate-
rials," molecular organic frameworks," different structured
metal oxides (spinel, perovskite, corundum, ilmenite, wurtzite,
rutile, etc.),'* chalcogenides,” conducting polymers*® and
different kinds of composites. Considering all the above
concerns, we have prepared an attractive electrode combination
of NiZrO; on GNP using a fast and cost-effective microwave
approach. Microwave (MW) heating presents a compelling
alternative to traditional thermal heating methodologies,
offering distinct advantages such as rapid and uniform heating,
cost-effectiveness, and reduced energy consumption. Unlike
conventional methods that rely on conductive heat transfer
from the exterior, MW heating leverages its volumetric nature to
achieve uniform heating throughout the material's volume.
This is accomplished through direct radiation that penetrates
the material's molecules, ensuring consistent thermal distri-
bution.” Also the MW method facilitates fast synthesis of
samples. This unique heating mechanism presents a promising
avenue for potentially enhancing the mechanical strength and
morphology of materials compared to conventional techniques.
The structural and morphological properties of the samples
were analysed using different analytical tools. Further, the
synthesized samples were explored towards supercapacitor
electrode applications. As an SC electrode, this new combina-
tion exhibits higher capacitance, better rate performance, and
good cyclic stability.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental details
2.1 Materials

Zirconyl chloride(wv) octahydrate (ZrOCl,-8H,0) (98% purity),
nickel(u) nitrate hexahydrate (Ni(NOj),-6H,0) (98% purity),
graphite expandable (EG) and sodium hydroxide (NaOH) were
used as the starting materials. All the metal salts were obtained
from Merck, India (analytical grade) and were used without
further purification. Trigonella foenum-graecum seeds were
collected from the local fields in Chennai, Tamil Nadu, India.

2.2 Synthesis of NiZrO; (NZ)

Firstly, 6.04 g of nickel nitrate (Ni (NO3),-6H,0) and 8.10 g of
zirconyl chloride (ZrOCl,) were dissolved separately in double
distilled water (DDW). 20 mL of each solution was taken and
stirred for about 1 h.*® Both the solutions were mixed and kept for
stirring to obtain a homogenous clear solution and kept as
solution A. 10 mL of Trigonella foenum-graecum seed extract was
used as a gelling agent and it was mixed with the obtained
homogenous solution with constant stirring at room temperature
and kept as solution B. The molar ratio of Ni/Zr was kept constant
at1:1. The pH was maintained at 10 by the addition of NaOH. In
the temperature range of 60-70 °C, the reaction mixture was
heated under constant stirring to obtain a gel. The gel was kept
under microwave irradiation (800 W) for 15 minutes for
a combustion reaction. The obtained powder was calcinated at
600 °C for about 2 h to get NiZrO; powder. Fig. 1 depicts sche-
matic illustration of synthesis of NiZrO; (NZ).

2.3 Preparation of Trigonella foenum-graecum seed extracts

Around 25 g of Trigonella foenum-graecum seeds were finely
ground. About 2-3 g of the obtained powder was dissolved in
50 mL of double distilled water. The combination was stirred
thoroughly using a magnetic stirrer at room temperature to get
a homogenous solution. The obtained solution was filtered and
used as a gelling agent.

2.4 Synthesis of graphene nanoplatelets (GNP)

Commercial expandable graphite (EG) was obtained, characterized
by intercalations with chemicals such as sulfates and nitrates. The
EG sample was placed inside a microwave oven. The microwave
power setting was optimized at 800 W. The EG was heated rapidly
using the microwave until it reached an activation temperature of
130 °C within seconds. The swift heating caused the intercalated
molecules between the graphite layers to vaporize and move away,
resulting in thermal expansion.
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Fig. 1 Schematic representation of NiZrOz (NZ) synthesis.
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2.5 Synthesis of NiZrO;@GNP (NG) composite

NiZrO; and GNP were taken at 10:1 ratio and dissolved in
a beaker using dimethylsulfoxide (DMSO) as solvent. The
mixture was sonicated for 30 minutes at room temperature.
Then the mixture was heated at 70 °C then it undergoes auto
combustion. Then dried powder was obtained as NiZrO;@GNP
(NG) composite.

2.6 Material characterization

The synthesised NiZrO; and NiZrO;@GNP powder samples
were analysed by X-Ray Diffractometer (XRD) using BRUKER
USA D8 Advance, Davinci. Surface morphology was analysed by
Scanning Electron Microscopy (SEM) using EVO 15-CARL ZEISS,
Germany which is connected with smart EDX (Energy Disper-
sive X-ray Analysis) for EDX analysis. In addition, the band gap
was analysed by UV-Visible Diffuse Reflectance Spectropho-
tometer (DRS) using Thermo Fisher Scientific (DRA-EV-300).

2.7 Electrochemical investigations

The working electrode was prepared by mixing 85 wt% of active
material, polytetrafluoroethylene, and 10 wt% of activated
carbon along with ethanol as solvent (a few drops). All the
chemicals were purchased from Sigma-Aldrich. Paste like
blended material was formed with these materials and was
pasted on a nickel foam (1 x 1 cm?) with a mass loading of
1.0 mg cm 2. Then the coated electrode was dried overnight in
a hot air oven at 80 °C which was used as the working electrode.
To measure the electrochemical properties of NiZrO; and
NiZrO;@GNP an electrochemical workstation (CHI 660C, USA)
was deployed. All the electrochemical measurements were
conducted at room temperature. This electrochemical work-
station is having three electrode setup having KOH (2 M)
aqueous as electrolyte solution in which active material coated
on nickel foam was taken as the working electrode and plat-
inum wire was utilized as counter the electrode and Ag/AgCl as
a reference electrode. The CV measurements obtained between
—0.1 to 1.0 V potential and at various scan rates which are
deployed to evaluate the capacitance values of the active mate-
rial which is based on the equation given below

C = ([Idv)2my (C g ") (1)

in this equation, I is the current density (mA), v is the potential
(V), and m is the active mass (g) of the material.

From GCD evaluations, the capacitance values were calcu-
lated using the following equation given below:

C = 2Ifvdn)l(m x v) 2)

in this equation, I is the current density (mA), ¢ is discharge time
(s), m is the mass of the active material (g) and v is the potential

range (V).

2.8 Asymmetric supercapacitor device

The practicability of the NG material as device was assessed by
fabrication of an asymmetric type supercapacitor cell in an
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electrode configuration.”* The activated carbon and NG nano-
composite were constructed as anode and cathode corre-
spondingly.®® The slurry of active material (NG), PVDF, and
carbon black in the ratio of 80:5:15 was prepared and coated
on the electrode which is used as anode. Activated carbon and
PVDF were mixed in the ratio of 95 : 5 which is used as cathode.

3. Results and discussion
3.1 Morphological analysis

The structural modifications and phase variations of the NiZrO;
and NiZrO;@GNP were scrutinized by XRD analysis which is
shown in Fig. 2. It was observed that all the reflection peaks of the
synthesized NiZrO; samples at 26 = 30.1615, 31.6918, 36.8464,
45.2385, 50.4659, 59.436, 60.236, 64.654 and 67.021 and can be
indexed with (101), (111), (111), (202), (220), (311), (220) and (311)
planes of the NiZrOj; respectively. All the detectable peaks in the
XRD patterns could be matched with the standard JCPDS data of
(81-1314) and (89-7131). The addition of GNP onto NZ broadens
the peak at 30°, 51° and 63° and this may be due to the presence
of GNP can induce strain in the NZ lattice. The presence of a new
peak around 26 = 26°, indicates its presence in the composite
material.*® The observed peak broadening and the presence of
a new peak indicate that GNP is incorporated into the NiZrO,
lattice and potentially interacts with it. The lower intensities of
the NiZrO; peaks suggest a decrease in NZ content or X-ray
scattering effects from GNP. The evaluation of the average crys-
tallite size of nickel zirconate is calculated by using the Debye-
Scherrer formula as given below

D = 0.94/(8 cos ) (3)

where K is the constant (0.9), A - X-ray wavelength, § - the full
width at half, maximum (FWHM), § - Bragg's diffraction angle.
The average crystallite size of nickel zirconate was found to be
24 nm, which was calculated from fullwidth at half maximum of
the NZ diffraction peak.

SEM analysis was employed to conduct morphological
observations, including the examination of shape, size, and
agglomeration, for the prepared nanomaterial powders. The
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Fig. 2 XRD pattern of NZ and NG.
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obtained results are presented in Fig. 3(a) and (b). The SEM
image of NZ display nanoparticles are well dispersed, spheri-
cally shaped particles with an average size of 45 nm and

1um EHT = 20,00 kV
WD = 7.86 mm

Signal A = SE1
Mag= B0.00KX

Date: 14 Dec 2023
Tma: 14:11:29

EHT = 20.00kV
WO = 7.86 mm
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Mag= 30.00KX

Date’ 14 Dsc 2023
Time: 14:00:58

(a) and (b) SEM micrographs of NZ, (c) and (d) SEM micrographs

Fig. 3
of NG.
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a reasonably narrow size distribution in the range of 40 to
69 nm, SEM images of NG nanocomposite reveal that spherical
shaped NZ material dispersed onto GNP surface.*** GNPs
exhibited crumpled and wrinkled morphology.*® Additionally,
the particles appear to be well-dispersed, as evident from their
distribution and absence of significant agglomeration. The
improved dispersion of NZ on NG nanocomposite is particularly
noteworthy. The rougher surface texture and potential graphene
presence in the NG image suggest a higher effective surface area
compared to pure NZ. This increased surface area can provide
more active sites for electrolyte interaction, potentially leading
to higher capacitance in a supercapacitor.

The chemical composition of NZ and NG nano composite
has been determined by EDX analysis which is displayed in
Fig. 4(a) and (b). From the results of NZ material, the spectrum
distinctly reveals prominent peaks corresponding to three
elements: nickel (Ni), zirconium (Zr), and oxygen (O). This
alignment is consistent with the anticipated composition of
NiZrO;. Notably, there are no discernible peaks for any other
elements, suggesting a lack of significant impurities or
contamination in the sample. This attests to the purity and
reliability of the analysed material, bolstering confidence in its
compositional integrity. NG spectrum additionally shows
a clear peak for carbon (C), indicating the presence of the
successful incorporation of graphene.

Optical properties of the NZ and NG nanocomposites were
studied through UV-DRS analysis which is shown in Fig. 5(a)
and (b) respectively. The optical band gap energy value has been
determined by means of the Kubelka-Munk function (Tauc
plot).”” The graph represents [F(R)av]’ vs. kv plots, where F(R) is
denoted as Kubelka function F(R) = (1 — R)*/2R and R is denoted
as reflectance in UV-visible spectra. From the Tauc plot, the
estimated band gap values are 1.48 and 1.70 eV for NZ and NG
respectively. The bandgap of NG (1.70 eV) is slightly higher than
that of pure NZ (1.48 eV), suggesting a modification in the
electronic structure due to GNP incorporation.
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Fig. 4 Energy dispersive X-ray spectroscopy analysis of (a) NZ (b) NG.
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Fig. 5 (a) Tauc plot of NZ and (b) Tauc plot of NG.

3.2 Electrochemical analysis

The Cyclic Voltammogram (CV) of pristine NZ and NG
composite electrodes are depicted in Fig. 6(a). The CV
measurements were exhibited to ascertain the charge storage
mechanism, applicable potential window, and electrochemical
reversibility of the NZ and NG. The CV curves were measured
with a potential window of —0.1 to 0.1 V with different scan
rates from 2 mV s~ to 100 mV s~ ". The CV curves of NZ reveal
distinctive redox peaks that represent reversible redox reactions
that arise on the surface of the electrode. The present magni-
tude expands correspondingly with the scan rate in response to
the applied potential difference. Evidently, from the CV curves
of NZ, a high-rate faradaic charge storage mechanism domi-
nates in NZ, and its capacitance hinges on the pseudocapaci-
tance originating from the reversible electrochemical reactions
involving Ni-O-ZrO,. In redox reactions, typically electron
transfer process relies on the surface characteristics of the
electrode material and the density of the electronic states.”®
Owing to the synergistic effect of GNP on the surface NZ
demonstrates enhanced electron transport between the elec-
trode and surface of the NZ. Merely a little inclusion of gra-
phene nanoplatelets substantially boosted the supercapacitor's
performance and consequently, the area of NZ increased as
depicted in Fig. 6(a), which implies enhanced electron
conduction. The observed increase in peak separation suggests
the presence of mass transport limitations within the electrode
material. During electrochemical reactions, the reaction rate is
often governed by the rate of ion diffusion.” The introduction of
NGPs may have occluded some of the pre-existing pores in the
NZ material, potentially leading to a decrease in overall porosity
within the NG. This decrease in porosity could hinder ion
diffusion, resulting in the observed increase in peak separation
for NG compared to NZ.

The management of charges between the electrodes is
greatly influenced by 2 M KOH solution and a combination of
its low viscosity and elevated conductivity in KOH, results in
a more pronounced current response from the electrode. The
area under the CV was used to evaluate the specific capacity of
the active material NZ and NG. Those capacitance values are
1254, 830, 625, and 466 C g ' for NZ and 1921.60, 1310.66,
907.49, and 636.59 C g~ ' for NG which were recorded at the scan
rate of 2, 5, 10, 20 mV s *. According to the aforementioned
findings, following a scan rate of 20 mV s !, NZ and NG,
respectively, preserved 37.21% and 33.13% capacitance. This
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could be due to the limited interaction of the electrolyte solu-
tion with the surface of the active material. Also, it is valid to
indicate the presence of GNP in NZ nanocomposite effectively
enhances conductivity leading the higher capacitance.

Then Dunn's method was used to evaluate the electro-
chemical kinetics of NZ and NG.** Understanding the charge
storage mechanisms of SCs is aided by the distinction made by
Dunn's method between surface-controlled (capacitive) and
diffusion-controlled processes.*® Hence total charge quantity
(Qr) stored in an electrode during electrochemical performance
is the sum of surface capacitive charges (Qs) and diffusion-
controlled charges (Qp).

Or = Qs + Op™ (4)

While diffusion-controlled charges (Qp) were slowly stored
using a semi-indefinite diffusion controlled redox process
which is influenced by the reciprocal of the square root of the
scan rate (v~ '/?) whereas surface capacitive charges (Qs) accu-
mulated rapidly through an electric double layer process which
is independent of scan rate (v).**** This can be depicted as
follows

Ot = Qs + constant 1/(\/v) (5)

Diffusion-controlled charges (Qp) are determined by sub-
tracting surface-controlled charges (Qs) which is the intercept
value obtained from an extrapolated line from a linear plot of
QT versus the inverse square root of scan rates which is shown
in Fig. 6(b) (plot of square root of scan rate vs. total charge (Qr)).

The obtained Qs values for are 70.88 C g ' and 104.82 C g
for the NG and NZ respectively. Therefore, the diffusion-
controlled charge contribution is calculated by deducting the
surface contribution from the total charges (Qr). Fig. 6(c) and
(d) depicts the percentage of surface and diffusion charges that
to the overall charge (Qr) in the electrode materials NZ and NG
respectively. From this analysis, it is apparent that the diffusion-
controlled process contributes more in lower scan rates and
surface contributes less so it may undergo intercalative process
during charge storage mechanism. Fig. 6(e) depicts the energy
storage device for characterization by determining the slope
value using linear fit. As the slope values lies on 0.5466 and
0.4776 for NZ and NG respectively, which indicates that NZ
behave like supercapacitor and NG behave like capacitor type.**
This may be due to the agglomeration found in SEM images that
may clogged the pores in the NZ pores.

The sample was analysed with GCD to evaluate capacitive
behaviour and real time application of the sample after the CV.
Fig. 7 depicts the performance of GCD with varying current
densities ranging from 2 to 20 A g~ " with the operating potential
window of —0.15 to 0.5 mV. This study was evaluated by the
discharge time of the electrode material and from this study,
longer discharge time will contribute to the greater specific
capacity of the material which proves that energy storage will
directly be influenced by the electrochemical redox process. The
specific capacity was calculated using the eqn (6). The evaluated
specific capacity was 577, 355, 274, and 136 C g’1 at a specific

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 GCD profiles of (a) NZ and (b) NG.

current of 2, 5, 10, and 20 A g~ " respectively for NZ. The specific
capacity of NG was calculated by the same above-mentioned
method and evaluated specific capacitance (coulombic effi-
ciency) were 1996, 1777, 796, and 398 C g~ " which were recorded
at the specific current of 2, 5, 10, and 20 A g~ " respectively. Due
to the synergistic effect of the GNP, obtained better results for
NG when compared to NZ. At higher specific current, ions
present in the electrolyte solution have reduced time to diffuse
into ions in the electrode material. So less pushing of charges
results in decreased specific capacity at the higher specific
current.**%”

2 [vde
- Mele

Os (Cg") (6)

An AC impedance analysis was utilized to elucidate the
reaction kinetics and impedance in our electrochemical system
of NZ of NG which is associated with the diffusion of ions at the
boundary between electrode and electrolyte interface. The
analysis was conducted employing an AC signal with an
amplitude of 5 mV across the frequency range of 10 mHz to 100
kHz. Nyquist plot depicted in Fig. 8(a) shows the impedance
which is fitted on the modified Randle’s circuit. Randle's circuit
encompassing solution resistance (Rs), charge transfer resis-
tance (Rcr), double layer capacitance (Cq), and Warburg
impedance (Zy).***
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The high-frequency region of the plot displays a semicircular
shape, implying that the rate of charge transfer is the dominant
factor governing the electrochemical process. At lower

120

100

80

S
N 60+
40
20
04
T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Z(Q)
22
= NG ] (b)
o NZ log |Z'| = 1.4978+ log (1/0)
2.1 4| — Linear fit of NG
— Linear fit of NZ
2.0
1.9
N
g
— 1.8
174 log |Z'] = 1.2539 + log (1/e)
1.6
1.5 4+— T T T T T T T T
04 05 06 07 08 09 10 11 12 13
Log (1/®)
180
= NZ C
® NG ( )
—— Linear fit of NG
160 - Linear fit of NZ
slope, oy, ~ 30.39
140
g
N

120

slope, o, ~ 22.65
100

1.0 1.5 2.0 25 3.0 3.5 4.0

w2 (rad s-1) -1/2

- Phase angle (deg)
S 8 8
. ! !
(
L
e . B

°
4
L]
1o k
04
T T T T T T T
0.01 0.1 1 10 100 1000 10000 100000

log f

Fig. 8 (a) Nyquist plot. (b) Plot of log(1/w) vs. log|Z”|. (c) Plot of w2
(rad s™Y)*2 vs. Z'. (d) Plot of log f vs. —phase angle ().

8184 | RSC Adv, 2024, 14, 8178-8187

View Article Online

Paper

frequencies, the plot transitions to an inclined line, suggesting
that the diffusion of electrolyte ions becomes the primary factor
influencing the storage of electrical energy. The slight leftward
shift of the semicircle’'s center suggests that the electrode
resistance plays a more significant role compared to the elec-
trolyte resistance.*® This could be due to factors like the contact
resistance between the electrode material and the nickel foam
current collector, or possibly due to the intrinsic resistance of
NZ itself.

The electrolyte solution resistance yielded from the inter-
ception of X in the semicircle is 1.44 Q which is obtained from
high frequency region, while its diameter indicates charge
transfer resistance of 44.62 Q and 59.18 Q for NZ and NG
respectively. In a similar vein, the inclined linear portion of the
low-frequency region indicates that the electrochemical process
is primarily driven by the diffusion of electrolyte ions. The
electrochemical kinetics of the NZ electrode in KOH electrolyte
can be further investigated under ac perturbation and the
system behaves as follows: the CV analysis and GCD profiles
exposed faradaic reaction of the NZ electrode, OH™ ions trans-
ported through diffusion process onto the surface of the elec-
trode is dominant. Faradaic impedance can be attributed
mathematically by the sum of charge transfer resistance and
diffusion controlled process (Zg(w) = Rer + Zw(w)). In the limit
of w — 0, the electrochemical behavior transitions to diffusion-
controlled, characterized by a linear response with a slope of 45°
in the low-frequency region of the impedance spectrum.

Mathematically, the impedance (ZW) at an angular
frequency (w) can be expressed using the Warburg coefficient
(0), the imaginary unit (j), and the transfer coefficient («) and
which can be written as

_ - " 1 11 :
Zy(w) = E(l —Jj) or log}Z ’ =logo+a log<w—). This
equation can also be written in logarithmic form. A value of 0.5
for a signifies diffusion-controlled behavior. This relationship
can be expressed in both complex and logarithmic forms.
Fig. 8(b) depicts log(1/w) vs. log|Z"|. The slope of a logarithmic
plot of absolute impedance versus inverse frequency provides
the transfer coefficient, with a value of 0.5248 for NG and 0.6374
for NGZ indicating diffusion-dominant behavior enhanced by
the addition of GNP. The hydroxyl ion diffusion (o) coefficient is
estimated using the following equation,*
R*T?
= S EAFC (7)
24%n* F4 Craw?

where D, diffusion coefficient; R, gas constant (8.314 J mol !
K™'); T, temperature (295 K for room temperature); A, surface
area (1 cm?®); n, no of transferred electrons (1); F, Faraday
constant (96 485 C mol "), the molar concentration of OH ™ ions
(2 x 107* mol cm* for three electrode setup) and oy, Warburg
coefficient (~22.65 for NZ and ~30.39 for NG) respectively and

these values are obtained from the slope of

w% (rad)_?1 vs. Z (Q) plot as shown in Fig. 8(c).** Based on the
above equation, the calculated diffusion coefficient is 2.45 X
107" 57" for NZ and 9.39 x 10~ "> s™' for NG material. These
results indicate that NG material exhibits a significantly higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diffusion coefficient than NZ, so the addition of GNP enhances
NG allows OH™ ions for faster diffusion. The Bode phase angle
plot of NZ and NG are depicted in Fig. 8(d). Purely capacitive
systems usually have a low-frequency phase angle in a Bode
diagram that approaches —90°.** On the other hand, the Bode
phase angle plots of NZ and NG show outstanding redox
performance, with the latter showing an intercept at low
frequency around a phase angle of —40 and —45° respectively.
Better charge storage efficiency and faster ion diffusion are
associated with smaller phase angles.*> The centre frequency
region of the Bode phase angle plot shows a single time
constant, indicating the double layer capacitance mechanism.**

3.3 Two electrode system: asymmetric supercapacitor

An asymmetric supercapacitor device was assembled and used to
examine the NG electrode’'s application in practice.*® As prepared
NG sample and activated carbon was utilized as electrodes for
assembling two electrode system. The CV curves of this NG based
device was presented in Fig. 9(a) with a potential window of 0 to
1.6 V in a 2 M KOH solution. The device's behaviour was
demonstrated by the quasi-rectangular nature of the curve with
visible peaks showing the influence of redox reactions.

As demonstrated in Fig. 9(b), the device's estimated specific
capacity based on the GCD profiles is found to start decreasing
with an increase in current density, i.e., 47.10, 36.6, 25.44, and
19.2Cg 'at2,4,6,and 8 Ag ', respectively. At higher currents,
the electrolyte ions struggle to reach deeper pores or active
regions, resulting in incomplete utilization of the electrode's
full capacity. This translates to a lower apparent specific
capacity. We estimate the specific energy and power of the
system using eqn (8) and (9) (ref. 37) and display the results in
a Ragone plot as depicted in Fig. 9(c).

I [v(r)de
B = e X 63 (8)
Ps = % x 3600 (9)

where Ej is specific energy (W h kg™'); I - applied current (A);
me1e — mass of the loaded active material; [v(¢)d¢ - area (leaving
out the discharge area of bare Ni foam under the region of
discharge curve (V s)).*” The estimated energy densities are 4.08,
3.17,2.21, and 1.27 (W h kg™ ') at powder density of 1022, 2007,
2409, and 2555 (W h kg ), respectively. The solution resistance
(Rs) of 4.78 Q and charge-transfer resistance (Rcy) of 18.74 Q
obtained from the x-intercept and diameter of the semicircle as
depicted in Fig. 9(d).*> (Nyquist plot which was fitted on Ran-
dle's circuit). The stability of the NG electrode based super-
capacitor device was analysed up to 2000 charge/discharge
cycles at a current rate of 10 mA cm ™. Fig. 9(e) shows that the
electrode maintained good capacity retention. After normali-
zation to its initial capacity (following electrode activation), it
retained ~70% of its initial value even after undergoing cycling.
This initial rise in capacitance could be attributed to surface
activation processes. This activation process could lead to an
increase in the accessible surface area and active sites, conse-
quently boosting the initial capacitance.*® However, a decrease

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

0.004

0.003

0.002

Current density (Ag”)
S o o
g8 8 8

-0.002 4

-0.003 4

00 02 04 06 08 10 12 14 16
Potential (V)

Potential (V)

5 0 15 20 25 30 3
Time (sec)

2600
(©
2400 .
2200
>
2
= 2000 .
2
£ 1800
5
Q 1600
g,
£ 1400
[
1200
1000+ .

800

1 2 3 B
Energy Density (Wh kg'")

—— Device (d)

N 1504

0 50 100 150
7

120 —— NG device
100 ©

80 C~70%

Capacitance retension (%)

4 500 1000 1500 2000
No. of. cycles

—*— NG Device ®

110

3
8

Columbic Efficiency % (n)
8 8
. .

\‘
3
L

Current Density (Ag™)
Fig. 9 (a) CV curves of NG Device. (b) GCD profile of NG device. (c)
Ragone plot of NG device. (d) Nyquist plot of NG Device. (e) Cycle test
of NG device. (f) Plot of coulombic efficiency (%) vs. current density (A
—1
g

RSC Adv, 2024, 14, 8178-8187 | 8185


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00621f

Open Access Article. Published on 11 March 2024. Downloaded on 3/21/2026 10:54:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

0.06

0.04 4

0.02

Current density (Ag™
: o

S

h

o

Q

)
L

-0.04

0.0 0.1 0.2 0.3 0.4 0.5

NG

—2mv b
0.08 " ®)

0.06
0.04
0.02
0.00 A

-0.02

Current density (Ag™)

-0.04

-0.06

0.0 0.1 0.2 0.3 0.4 0.5
Potential (V)

Fig. 10 (a) CV curve of NZ. (b) CV curve of NG.

in stability performance was observed after 600 cycles, poten-
tially due to mechanical stress induced by ion intercalation/
deintercalation and the associated loss of active material.
Furthermore, higher scan rates and current densities are likely
to limit ion transport within the electrode, resulting in dimin-
ished specific capacitance.

The coulombic efficiency (n%) is evaluated from n = T4/T. X
100 (Tq and T. represent the discharging and charging time
respectively) from the GCD curves.* The calculated coulombic
efficiency (%) is 66.12, 92.06, 95.08 and 97.42 respectively for 2,
4,6 and 8 A g " as plotted in Fig. 9(f). The low coulombic effi-
ciency at low current density is due to the morphology of the
electrode material and the shorter charging/discharging times
and lower charge loss at high current densities. The spherical-
shaped surface is evenly dispersed with metal oxide on the
graphene nanoplatelets that facilitate the electron/ions inter-
calation at high current densities. They provide adequate
opportunities for OH™ ions to make contact with electrode
active sites, thus enabling the transfer of electrons and ions at
higher current densities.

4. Conclusion

NiZrO;@GNP (NG) composite was designed using microwave
assisted synthesis procedure and exploited its usefulness for SC
electrode material. The presence of GNP with NiZrO; showing
a synergistic effect in terms of enhancement of electrochemical
features. GNP blended NiZrO; showing a higher capacitance of
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577.63 C g ' with better cyclic stability. The supercapacitor
features of NiZrO;@GNP composite are higher than the bare
NiZrO; due to the presence of highly conductive GNP. The
asymmetric supercapacitor fabricated with NG as the positive
electrode demonstrates an impressive maximum energy density
of 4.08 W h kg™ and remarkable cyclability, retaining 70% of its
initial capacity after 2000 cycles. This study paves the way for
further advancements in supercapacitor technology, potentially
accelerating the development of efficient and sustainable
energy storage solutions for future applications (Fig. 10).
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