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Metal—-organic frameworks have received increasing attention as promising electrode materials in super-
capacitors. In this study, we synthesized a nickel-metal-organic framework (Ni-MOF) by a simple and
low-cost reflux condensation technique using non-hazardous trimesic acid as an organic ligand. The
structures and morphologies of the Ni-MOF material were characterized by X-ray diffraction, Fourier-
transform infrared spectroscopy, and scanning electron microscopy techniques. The prepared Ni-MOF
was found to have a rod-like morphology and these morphologies can provide beneficial paths for
electrolyte ion penetration, obtaining an enlarged contact area between the active material and
electrolyte. The Ni-MOF had a considerable specific surface area of 398.4 m? g~*. Further, its highly
porous structure offered excellent supercapacitor performance. The charge-storage mechanism of the
electrodes was investigated by cyclic voltammetry, charge-discharge cycling, and electrochemical
impedance spectroscopy using 2 M KOH as an electrolyte in a three-electrode assembly. The specific
capacitance of the Ni-MOF was found to be 1956.3 F g™* at a current density of 5 mA cm~2 by GCD
studies and it retained 81.13% of its initial capacitance even after 3000 GCD cycles at a 35 mA cm™2
current density. An as-fabricated Ni-MOF//activated carbon hybrid supercapacitor (HSC) exhibited a
specific energy of 98.15 W h kg™ at a specific power of 1253.47 W kg™ and excellent capacity retention
of 99.29% over 3000 cycles. The results of this study imply a great potential of the Ni-MOF for
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Introduction

In the 21st century, the production of energy from different
sources has tremendously increased, and its transformation is
also increasing day by day in different ways with the ever-
increasing demands from industry, buildings, utilities, and
transportation." The increasing demand for energy and fuel
due to the ever-increasing world population has become one of
the important worries for all the global prime economies.
Today there is an urgent need for environmentally friendly
renewable energy resources to solve the problems related to the
dwindling reserves of fossil fuels.” In this regard, energy-
conversion and -storage technologies have acquired significant
attention to support the future use of renewable energy sources.
Many researchers from around the globe are devoted to devel-
oping sustainable energy sources, like wind, solar, hydropower,
and tidal energy, to address the shortage of fossil fuels and to

Analytical Chemistry and Materials Science Research Laboratory, Department of
Chemistry, Shivaji University, Kolhapur 416 004, India.
E-mail: sskolekar@gmail.com

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

application in efficient and sustainable energy-storage devices.

reduce carbon emissions and global warming. Hence, from
various points of view, electrochemical energy-storage devices
(EESDs), like rechargeable batteries, supercapacitors, fuel cells,
and hybrid devices, have an important part to play in strategies
to produce various amounts of energy and power density to
meet the demands from different application scenarios.*™
Supercapacitors (SCs), also known as electrochemical capa-
citors, offer the advantages of batteries as well as conventional
capacitors, and have consequently become extraordinary
energy-storage devices for large power output applications.”®
SCs generally offer a fast charging-discharging process (1-10 s),
large power density (500-10 000 W kg™ '), high cycling stability
(>500000 h), and easy operation. However, current SCs have a
low energy density (1-10 W h kg™ '), which remains a prime
challenge in the development of SC technologies. To conquer
the drawback of their low energy density, there is a need for the
development of high-performance electrode materials for SCs.”"°
Due to their profitable features, such as high power density,
excellent cycling stability, exceptional rate capability, and eco-
friendliness, SCs have become key components in many fields,
such as aerospace, electronic communications, and electric
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transport, and thus have attracted increasing attention, but still,
there is a need for further advancements in SCs to meet the
excessive energy demand of modern society.'" A supercapacitor is
like a battery, which means it stores and releases electricity, but
instead of storing energy in the form of chemicals, supercapaci-
tors store electricity in a static state, making them better at
rapidly charging and discharging energy. Supercapacitors can
be mainly divided into two types based on the charge-storage
mechanism. The first type is electric double-layer supercapacitors
(EDLCs). In EDLCs, the capacitance is obtained from the electro-
static charge assembled at the electrode/electrolyte interface;
hence, it is completely dependent on the surface area of the
electrode materials that is available to electrolyte ions. The other
type is pseudocapacitors, in which the capacitance comes from
the reversible redox reactions between the electrolyte and electro-
active species on the surface of the electrodes under the applied
potential.">™** The electrochemical performance of a supercapa-
citor device depends on numerous parameters, like choosing its
constituents, the synthesis route used for the electrode materials,
the potential window of the electrodes, the choice of electrolytes,
and the type of current collectors, binders, and separators.'>'®
Metal-organic frameworks (MOFs) are attractive materials to
fulfil the requirement for next-generation energy-storage technol-
ogies because of their extraordinary properties, such as high
porosity, many accessible active sites, high surface area, extraor-
dinary stability, vast structural and chemical tunability, tailorable
pore size, and pre-and post-synthesis structural modifiability. Also,
MOFs are a unique type of nanoporous materials formed by
coordinated metal nodes and organic linkers. MOF-based materi-
als have been utilized in many applications, including energy
storage and conversion, catalysis, gas separation, drug delivery,
hydrogen storage, gas adsorption, and purification."”° Concur-
rently, due to the strong coordination capability of transition
metals (TMs), TMs are often used as the metal centres of MOFs,
and they also offer the advantages of possessing variable valences
and good electrochemical properties, which means they can work
as pseudocapacitive redox centres.”’ MOFs can be feasibly
included in a supercapacitor by two strategies: by directly utilizing
the MOF as an electrode material for supercapacitors or by
utilizing MOF-derived materials, like nanoporous carbon, oxides,
sulfides, ferrites, which can be evolved and then utilized as
electrode materials, such as the Ni, Co, Zn, Cu, and Fe-based
MOFs, which have been reported previously to possess good
supercapacitive performance.”>' However, the current, MOFs
show poor electrical conductivity; therefore, scientists have taken
efforts to increase the electrical conductivity through different
strategies, such as through developing composite MOFs with
different conductive materials, like metal oxides,** metals,* con-
ductive polymers,** carbon nanotubes,*® and graphene.*® Wang
et al. proposed a surfactant-free and solvent-assisted solvothermal
method to synthesize microflower Ni-MOF, which exhibited a high
specific capacitance of 1093 F ¢ ' at 1 A g ' with good rate
capability, which were attributed to the fast ion transport and low
electrical resistance emerging from its microflower-like structure
and the specific capacitance resulting from the incorporation of
nickel hydroxide species.”” Wu et al investigated nanosheet-
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stacked flower-like Ni-MOF via a solvothermal method using
anionic surfactants. The usage of the static sealing effect among
the negatively charged anionic surfactant head groups and metal
ions suppressed the growth of crystals on the crystal surface.
Their study revealed that the electrochemical performance of Ni-
MOF with the surfactant was superior to that of Ni-MOF without
the surfactant, whereby it possessed a specific capacitance of
1030 F g ' at a current density of 1 A g~* with a capacitance
retention of 50% after even 3000 cycles. Further, they assembled
an asymmetric supercapacitor by using Ni-MOF as a positive
electrode and activated carbon as a negative electrode.*® Gao
et al. reported the cuboid Ni-MOF by a simple one-step hydro-
thermal method, which showed a loosely stacked layer-cuboid
structure with plentiful mesopores, which were useful for the
charge transfer and ion transport for supercapacitors. It also
exhibited an exceptional specific capacitance of 804 F g™ ' at a
current density of 1 A g™, with a retention of 302 F g™ " after 5000
cycles. Additionally, they fabricated an asymmetric supercapacitor
using Ni-MOF and activated carbon as the positive and negative
electrodes, respectively.>® Zhang et al. prepared Ni-MOF using a
mixed-ligand approach, using trimesic acid as a modulator to
partially replace the terephthalic acid. Replacing the terephthalic
acid with trimesic acid influenced the formation of an albizia
flower-like spheres@nanosheets structure, which helped the
adsorption of OH™ ions on the surface. Also, the electrochemical
performance was increased due to the synergistic effect of the
surface property and its unique structure. It exhibited an excellent
specific capacitance of 920 F ¢~ " at a current density of 1 A g™ " In
addition, they constructed an asymmetric supercapacitor with the
help of Ni-MOF as a positive electrode and activated carbon as a
negative electrode, which showed a high energy density of
42.4 W h kg™ ' at a power density of 0.8 kW kg™ *.*°

In the present work, we used an unprecedented simple and
scalable method, i.e. a reflux condensation method, to prepare
a nanorod-like nickel-based metal-organic framework (Ni-
MOF), in a controlled high temperature. The as-synthesized
Ni-MOF revealed a one-dimensional (1D) nanorod-like mor-
phology with a high specific surface area 398.4 m> ¢! and
highly nanoporous structure, which could produce more electroche-
mical sites, which increased the consumption of the electroactive
material. In addition, for the fabrication of the electrode we used a
stainless steel mesh substrate, which has not been reported to date,
which is easily available and low cost compared to other reported
substrates. Because of the abundant active sites and extremely
porous nature of the material, the penetration of electrolyte ions
into the material was increased, resulting in an enhancement of the
specific capacitance of the material. Also, we constructed a hand-
made asymmetric supercapacitor device, which could get a red LED
to glow for almost 105 s after charging for only 15 s.

Experimental section
Reagents

Nickel nitrate hexahydrate, N,N-dimethylformamide (DMF),
and potassium hydroxide (KOH) were purchased from Loba
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Fig. 1 Schematic of the synthesis of Ni-MOF nanorods via a wet chemical
route.

Chemie (India). Benzene-1,3,5-tricarboxylic acid (H3BTC), car-
bon black, polyvinylidene difluoride (PVDF), and N-methyl-2-
pyrrolidone (NMP) were purchased from Sigma Aldrich (USA).
All the reagents were of analytical grade and used as received
without any further purification.

Preparation of nickel-based metal-organic framework
(Ni-MOF)

Ni-MOF was synthesized by a method reported elsewhere*' with
slight modification. The reflux method was used for the synth-
esis of Ni-MOF, which also helped to lower the reaction time of
Ni-MOF compared to that reported in the literature. First,
0.15 M of H3BTC was dissolved in 10 mL of DMF with
continuous stirring at room temperature; this mixture was
denoted as H3BTC solution. Then, the H3BTC solution was
transferred to a 50 mL round-bottom flask and heated up to
100 °C using an oil bath with constant stirring. Thereafter,
0.3 M aqueous nickel nitrate (20 mL) solution was added drop
by drop into the H3BTC solution. The reaction mixture was
stirred for 24 h at 100 °C. After cooling, the resulting precipitate
was washed with alcohol several times and finally, a pale-green
coloured precipitate was obtained and then dried at 80 °C for
12 h. Fig. 1 shows a schematic of the preparation of the Ni-
MOF.

Material characterization

The phase and crystallinity of the Ni-MOF sample were inves-
tigated by X-ray diffractometry (XRD) (Bruker D8 Phaser X-ray
diffractometer) with Cu Ko radiation (1 = 1.541 A). The func-
tional groups and types of bonding were confirmed by Fourier-
transform infrared (FT-IR) spectroscopy (Bruker Alpha-100508
spectrometer) and the microstructure and surface topography
of the Ni-MOF sample were studied by scanning electron
microscopy (SEM, JEOL-JSM 6360, Japan). Raman spectroscopy
(Lab RAM HR Evolution Confocal Raman Microscope, France)
was used for the point group analysis. The chemical composi-
tion and elemental valence states of the as-prepared Ni-MOF
were evaluated by X-ray photoelectron spectroscopy (XPS,
JPS 9030, JEOL ASIA PTE LTD.). In addition, N, isotherms and
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pore-size distribution data were collected using a surface area
and pore volume analyzer (NOVA1000e Quantachrome, USA).

Evaluation of the electrode materials and electrochemical
studies

All the electrochemical experiments were performed on a
CHI608 electrochemical analyzer using a conventional three-
electrode system in 2 M KOH electrolyte at room temperature,
with graphite employed as the counter electrode, saturated Ag/
AgCl as the reference electrode, and Ni-MOF loaded stainless
steel mesh as the working electrode. The working electrode was
prepared by making a slurry of 80 wt% Ni-MOF (active mate-
rial), 10 wt% polyvinylidene fluoride (PVDF), and 10 wt%
carbon black (Super P) in NMP solvent. This slurry was coated
on the stainless steel mesh (1 cm x 1 cm), followed by vacuum
drying at 80 °C for 12 h.

The electrochemical tests included cyclic voltammetry (CV),
galvanostatic charging-discharging (GCD) profiles, and electro-
chemical impedance spectroscopy (EIS) measurements. A solid-
state hybrid supercapacitor (Ni-MOF//AC) was fabricated using
Ni-MOF as the positive electrode and activated carbon as the
negative electrode. As a separator, cellulose filter paper was
used as a sandwich between two electrodes, with the separator
and PVA-KOH gel loaded between the two electrodes and
assembled on opposite sides. The device was kept at room
temperature overnight for natural drying. The PVA-KOH gel
electrolyte was prepared according to a literature report.*” In a
typical procedure, 1 g of polyvinyl alcohol (PVA) was dissolved
in 20 mL distilled water keeping the temperature of the bath
solution at 80 °C for 30 min. The aqueous KOH solution was
then added dropwise to the PVA solution and heated at 80 °C
for 30 min to give a viscous gel electrolyte.

The specific capacitance was calculated according to eqn (1),

IAt
T mAV M

where C is the specific capacity (F g~ '), I is the current density
(A), At is the discharging time (s), m is the mass (g) of the active
electrode materials, and AV is the potential window of the
discharge process (V).

Using eqn (2) and (3), the specific energy and specific power
of the hybrid supercapacitor were calculated, respectively,*

_05x CxAV?

E 2
3.6 )
E x 3600
p="""""
A7 (3)

where E and P are the specific energy (W h kg™') and specific
power (W kg™ '), respectively, AV is the discharging voltage (V),
and At is the discharging time in seconds.

Results and discussion

The phase purity and crystallinity of the Ni-MOF sample were
investigated by XRD. The obtained XRD pattern of the prepared

New J. Chem., 2023, 47, 6749-6758 | 6751
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Ni-MOF together with the data of JCPDS card no. 00-028-1734
are shown in Fig. 2(a). The prepared Ni-MOF data were in close
agreement with the given JCPDS card,** ™ revealing that the Ni-
MOF had a polycrystalline nature. Some of the major peaks
obtained were in good agreement with the corresponding
angles as reported earlier for Ni-MOF. Furthermore, using
Debye-Scherrer’s formula (eqn (4)), the crystallite size was
calculated for the major characteristic peak of Ni-MOF,

0.9
- pcost (4)

where D is the average crystallite size, 4 is the wavelength of the
X-rays, f is the full-width at half maxima, and 0 is Bragg’s
diffraction angle. The average crystallite size derived from the
(110) plane was 6.89 nm.

Investigation of the chemical structure and functional
groups of Ni-MOF was carried out by FT-IR. The FT-IR spectrum
of the Ni-MOF sample is shown in Fig. 2(b). In the spectrum,
the strong absorption peak at 1349 cm ™' was assigned to the
C-H stretching vibrations, while the peaks at 3081 and
3399 cm™ ' could be indexed to the O-H stretching vibrations
of water molecules, showing that water molecules existed
within the Ni-MOF structure. Additionally, the peaks observed
at 1506 and 1608 cm™" were attributed to the symmetric and
asymmetric vibrations of carboxyl groups (-COO™), related to
the BTC linkers.””*® Another intense peak was observed at
715 cm™ ', confirming the presence of the Ni-O bond.

Raman spectroscopy was used to confirm the crystallogra-
phy of the prepared Ni-MOF samples. Also, the inelastic scat-
tering of the Ni-MOF samples was confirmed by Raman
spectroscopy. The Raman spectrum of the Ni-MOF and the
specified peaks of the prepared sample are shown in Fig. 3. The
peaks of Ni-MOF at 816 and 1007 cm ™" could be associated to
the plane deformation of the C-H in the aromatic ring and C-O
stretching of the trimesic ligand, respectively. Also, D and G
bands were observed at 1456 and 1613 cm ™ due to the in-plane
vibration mode of the benzene ring.*® The peak at 222 cm™*
could be attributed to H-O-H. All these peaks revealed the
crystallography and structure of the Ni-MOF sample.

The surface morphology of the Ni-MOF was investigated
by SEM, and the SEM images of Ni-MOF with different magni-
fications are shown in Fig. 4. The SEM images showed a

Reflux synthesized Ni-MOF

JCPDS card No. 00-028-1734

Intensity (a.u.)

% Transmission

3081 em™
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Fig. 2 (a) XRD pattern of Ni-MOF and JCPDS card. (b) FTIR spectra of Ni-
MOF.
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Fig. 3 Raman spectrum of Ni-MOF.

nanorod-like morphology and porous nature of the Ni-MOF,
which was responsible for the increased surface area of the Ni-
MOF and also for the increase in the specific capacitance. The
average length of the nanorods was about 19.09 nm.

The different lengths and diameters of the nanorods indi-
cated an increase in the aspect ratio of the nanorods. Also, the
porous nanorods were interconnected to each other, which
provides more active sites for the transportation of the charging
kinetics and decreases the diffusion length of the electrolyte,
which is helpful for improvement of the energy storage and
high rate capability. Again, a birds-eye view of the SEM images
showed that the small and large sized nanorods overlapped
with each other and between these two nanorods there were
some voids, which in turn would support the enhanced adsorp-
tion of electrolyte ions, which would help to increase the
specific capacitance of the Ni-MOF. The porous and 1D mor-
phology was favourable for ion diffusion and hence contributed
to an increase in the specific capacitance of the Ni-MOF.

The surface area and porosity of the Ni-MOF were obtained
by using the BET technique and measuring nitrogen adsorp-
tion-desorption isotherm of the samples at 77 K. Here, the
prepared sample was degassed at 150 °C under a nitrogen
atmosphere for 4 h before the measurements. The surface area
and pore-size distribution of the sample were calculated by the
Brunauer-Emmett-Teller (BET) equation and NLDFT method.
The BET measurement results are presented in Fig. 5. The

Fig. 4 SEM images of Ni-MOF.
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calculated surface area of the Ni-MOF sample was found to be
398.4 m* g '. Based on the literature, it has been observed that
the larger the pore radius, then the higher porosity a sample
will show in nature. Also, the pore-size distribution for Ni-MOF
was estimated using the NLDFT method to establish the correct
distribution of pores in the material, as shown in Fig. 5(c).”>""
The half pore width measured by DFT was 1.585 nm, with a
micropore volume of 0.831 cc g~ ', confirming the extremely
mesoporous nature and hierarchical pore-size distribution.
According to the literature, Ni-MOF shows a type II isotherm
with plenty of mesopores in the material.>® This massive
amount of mesopores in the structure boosts the permeation
of electrolyte ions into the electrode, hence increasing the
specific capacitance of the material. Such a high specific sur-
face area and mesoporous structure could produce more elec-
trochemical reaction sites, which increases the consumption of
the electroactive material.

XPS was used to examine the surface elemental composition
and valence states of Ni-MOF. The presence of Ni, C, and O
elements was confirmed by the survey spectrum in Fig. 6(a). Ni
2p12 and 2pz), displayed two significant peaks at 873.6 and
856.2 eV, respectively, with two satellite peaks at 878.7 and
861.0 eV, implying the presence of Ni in a divalent state
(Fig. 6(b)). The peak at 284.5 eV in the C 1s area (Fig. 6(c)) is
a typical outcome for specimens charging using C 1s as the
reference. The peak at 288.2 eV was associated with the O—
C-OH, whereas the peak at 285.4 eV was associated with the
aryl carbon from the benzene ring. The spectrum of O 1s
(Fig. 6(d)) could be separated into two peaks. Carbonyl dis-
played a peak at 531.5 eV, and the -OH group from the
adsorbed H,0 molecules had a peak at 532.8 eV.>*>*

The electrochemical performance of the as-prepared Ni-
MOF electrode was evaluated by using the three-electrode
system in 2 M KOH electrolyte and the results are presented
in Fig. 7. As shown in Fig. 7(a), cyclic voltammetry (CV) was
carried out in the potential range from 0 to 0.3 V at scan rates
from 10 to 100 mV s~ ". It could be observed that the area under
the CV curve of the Ni-MOF electrode was higher and the redox
current density also increased, leading to a greater capacitive
behaviour compared to the literature (Table 1). All the CV
curves revealed well-defined redox pairs, which specified the
change in the oxidation states of the Ni**/Ni**, redox reactions,
and intercalation-deintercalation of the K™ ion in the porous
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Fig. 7 (a) CV profile of Ni-MOF at different scan rates operated from
0 to 0.3 V. (b) GCD profiles for Ni-MOF at different current rates
(5-35 mA cm™2). (c) Nyquist plot of the Ni-MOF. (d) Plot of the specific
capacitance vs. current density. (e) Cyclic durability test at a high current of
35 mA cm~2 over 3000 GCD cycles; insets show the first and last five
cycles. (f) Coulombic efficiency as a function of the current density.

structure during the electrochemical reactions, due to the
pseudocapacitive behaviour of the prepared Ni-MOF.>>® This
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Table 1 Comparison of the specific capacitances of Ni-MOF in different studies

Electrode material Substrate used Electrolyte Current density Specific capacitance Ref.
Ni-MOF Nickel foam 3 M KOH 5Ag" 12246 Fg ' 58
Ni-MOF Nickel foam 3 M KOH 5Ag" 612.25 Fg " 59
Ni-MOF Nickel foam 6 M KOH 5Ag" 430Ccg! 60
Ni-MOF Nickel foam 3 M KOH 5Ag7" 95Fg ! 61
Ni-MOF Platinum plate 2 M KOH 5 mA cm > 47F gt 62
Ni-MOF Stainless steel mesh 2 M KOH 5 mA cm > 1956.3 F g This work

could be due to a shift in the valence states of nickel ions,
specifying that the pseudocapacitance was mostly driven by
surface oxidation generated by the reduction reaction. Addi-
tionally, the diffusion of OH™ ions also contributed to the redox
reaction, and the diffusion might be because of the impurity
ions in the aqueous electrolyte. The redox peaks of Ni-MOF in
aqueous electrolytes were caused by the reversible redox
between Ni**/Ni*", and the reaction can be explained by the
possible charge-discharge mechanism of Ni-MOF as follows,

Ni(u)s + OH™ < Ni(u)(OH)aq + €~

Ni()(OH),q + OH™ <> Ni(m)(OH)ag + €

With increasing the scanning speed, the curve area and peak
current rose, demonstrating a good capacitive behaviour and
charge-storage capabilities.

The equivalent and similar CV curves obtained at different
scan rates showed a shift in the redox peaks and specified the
pseudocapacitive behaviour of the material, as shown in
Fig. 7(a). The area under the CV curve increased with the
increase in the scan rate, whereas the specific capacitance
decreased as the scan rate increased. This is due to the fact
that at slower scan rates, electrolyte ions are completely dif-
fused within the electrode material. As a result, the complete
active surface of the electrode material can be used to store
charge. At higher scan rates, however, diffusion restricts the
movement of electrolyte ions, and only the outer active surface
is employed for charge storage.”” The outstanding performance
of the Ni-MOF electrode could be assigned to the good crystal-
linity and porous nanorod-like structure, which could success-
fully boost the intercalation/deintercalation of OH™ ions within
the Ni-MOF electrode. One of the important tools for assessing
the electrochemical properties of an electrode is the charge-
discharge measurement. Fig. 7(b) presents the charge-dis-
charge curves of the Ni-MOF electrode in aqueous 2 M KOH
electrolyte. The charging and discharging times were directly in
tune with the charge-storage capacity of the active material. The
impact of different current densities (5-35 mA cm ) on
the charge-discharge curve was also studied. The natures of
the curves were identical to each other, which supported the
pseudocapacitive properties of the Ni-MOF nanorods. The
specific capacitance of the Ni-MOF was calculated using
the discharging curve and eqn (1).

A maximum specific capacitance of 1956.3 F g~ ' at a
5 mA cm > current density was obtained. This specific
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capacitance value is higher than those reported earlier
(Table 1). Due to the plentiful active sites and highly porous
nature, the penetration of electrolyte ions into the material
increased, which supported the enhancement of the specific
capacitance of the material. One of the important factors for
supercapacitor electrodes is the electrical resistance, which can
be determined from electrochemical impedance spectroscopy
(EIS) measurements. EIS tests were thus carried out to investi-
gate the electroconductibility and reaction kinetics of the Ni-
MOF electrode, as shown in Fig. 7(c). The electrode’s charge-
transfer resistance (R.) could be obtained from the diameter of
a semicircle in the high-frequency area. It was demonstrated
that the Ni-MOF had a small diameter and thus a smaller
charge-transfer resistance, while the slope of the lines in the
low-frequency area represents the ion-diffusion resistance. The
Nyquist plot had a high slope, which showed that the as-
prepared Ni-MOF was beneficial to ion transport and electrolyte
diffusion because of its typical structure, which meant it
possessed a high specific surface area and could support rich
ion transportation. The straight line in the low-frequency
region was due to Warburg resistance. Based on the preceding
results, it can be concluded that the Ni-MOF had a higher
conductivity. Hence, the smaller charge-transfer resistance
(0.5 Q) confirmed that the prepared Ni-MOF porous nanorods
had highly pseudocapacitive properties. The specific capaci-
tance decreased from 1756.3, 1338.4, 1043.8, 761.5, 473.8, and
142.2 F ¢~ ' with the increase in the current density to 10, 15, 20,
25, 30, and 35 mA cm ™2, respectively, as shown in Fig. 7(d). The
specific capacitance decreased as the current density increased
because at higher current density the electrolyte ions partici-
pate in the bulk surface for the electrochemical reaction, and
due to this there is a restriction in the ion transport, so the
value of the specific capacitance decreases, and considering the
low current density, the electrolyte ions have enough time to
move across the inner pores of the electrode material, resulting
in a higher specific capacitance value. The Ni-MOF showed a
longer discharging time, which clearly indicated that the por-
ous nanorods structure of the Ni-MOF possessed more surface
active sites for the efficient charge-discharge process and increased
the energy-storage ability of the Ni-MOF electrode. The cyclic
stability of the electrode was explored by galvanostatic charge-
discharge (GCD) persistence tests at 35 mA cm™ 2 current density
for 3000 cycles, as shown in Fig. 7(e). It could be seen that the
specific capacitance was retained at over 81.13% after 3000 cycles
for the Ni-MOF electrode, which suggested its good electrochemical
reversibility during the charge-discharge process.
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The Coulombic efficiency (n%), another important para-
meter to examine the interfacial stability of Ni-MOF electrode
as a function of charge-discharge cycles, is shown in Fig. 7(f).
Eqn (5) was used to calculate the Coulombic efficiency for the
Ni-MOF electrode at different current densities,®*

la
(%) = - % 100 (5)

Cc

where ?3 and t. are the discharging and charging times in
seconds, respectively.

The Coulombic efficiencies of the Ni-MOF electrode were
90.37%, 81.92%, 87.98%, 89.11%, 92.00%, 84.88%, and 98.45%
at different current densities of 5, 10, 15, 20, 25, 30, and
35 mA em >, respectively. The Coulombic efficiency of the Ni-
MOF electrode rose and the specific capacitance decreased with
the increase in current density, which might be assigned to the
electrodes inner active sites, which were not capable of sup-
porting the redox reactions at high current density.

A promising electrochemical stability and excellent reversi-
bility of Ni-MOF electrodes were observed for up to the 3000
GCD cycles. The Ni-MOF samples showed that the orchestrat-
ing effects of the 1D morphology, surface area, and porosity led
to their excellent application potential in terms of specific
capacitance, energy density, power density, and cyclic stability.

To understand the practical ability of the Ni-MOF electrode
in functional devices, a hybrid supercapacitor device was
assembled using the as-prepared Ni-MOF as a positive electrode
and activated carbon as the negative electrode, as shown in
Fig. 8. Both electrodes were prepared by the slurry coating
method. In short, the slurry was prepared by mixing the active
material (Ni-MOF or AC) (80 mg), polyvinylidene fluoride
(10 mg), and carbon black (10 mg) in 0.5 mL of methyl-2-
pyrrolidone (NMP) solvent. Then, the required volume of the
slurry was dispersed onto a stainless steel mesh with an area of
2 cm x 2 cm and dried at 60 °C overnight. Primarily, the side
borders of the electrodes were formed as non-conducting
through insertion of a band to avoid electrical contact. The
PVA-KOH gel was pasted on one side of the electrodes and
created one side of the electrical contact. Later, both electrodes
were patched together like a sandwich, with the gel-pasted
sides facing each other. The fabricated device was kept under
1 ton pressure for 12 h, to acquire a good connection within the

a)
Ni-MOF AC
+ Rod like structure y * Highsurface area
+ Highsurface area / * High conductivity
* Tunable porosity * Highstability
+ Faradaic charge + EDLC charge storage
storage mechanism ‘mechanism

Fig. 8 (a) Schematic illustration of a hybrid supercapacitor with Ni-MOF
as a positive electrode and activated carbon as a negative electrode in
KOH aqueous electrolyte. (b) Digital photograph of the Ni-MOF//AC HSC
device.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

View Article Online

Paper

electrodes and gel electrolyte and also to remove the air gap.
Afterwards, the device was used for assessment of the electro-
chemical performance. Hybrid supercapacitor devices have
advantages, like high energy density, high specific capacitance,
long cycle stability, and large potential window, over symmetric
supercapacitors. The performance of the assembled hybrid
device was studied using CV, GCD, and EIS measurements.
Primarily, CV tests were performed to understand the elec-
trochemical performance of the Ni-MOF//AC hybrid supercapa-
citor (HSC) at different scan rates, as shown in Fig. 9(a). The
Ni-MOF//AC hybrid SC exhibited a symmetric rectangular CV
curve and a large area enclosed under the CV curve at up to
0-0.9 V. With the increase in scan rate from 10 to 100 mV s~ %,
the increase in area under the CV curves revealed the excellent
reversibility of the Ni-MOF. Additionally, GCD curves were
obtained at different current densities from the hybrid device,
indicating the ideal capacitive behaviour of the device, as
shown in Fig. 8(b). The Nyquist plots of the Ni-MOF//AC HSC
device are shown in Fig. 9(c), indicating that the fabricated
device had an R value of 0.36 Q. According to the EIS studies,
the fabricated Ni-MOF//AC HSC device had good electrical
conductivity with a low ionic resistance. However, the specific
capacitance decreased from 195.76, 94.79, 60.0, 42.70, and
31.67 F g~ ' with the increase in the current density from 2, 3,
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Fig. 9 (a) CV profile of HSC cell at different scan rates operated from
0 to 0.9 V. (b) GCD profiles for the HSC cell at different current rates
(2-6 mA cm™2). (c) Nyquist plot of the HSC device. (d) Plot of the specific
capacitance vs. current density. (e) Ragone plot for the HSC cell. (f) Cyclic
durability test at a high current of 6 mA cm™~2 over 3000 GCD cycles; insets
show the first and last five cycles.
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Fig. 10 The handmade asymmetric supercapacitor device was charged
for 15 s and caused a red LED to glow for almost 105 s (i.e. charging time
15 s and discharging time 105 s).

4, 5, and 6 mA cm 2, respectively, as shown in Fig. 9(d). The
Ragone plot of the as-constructed HSC, expressing the relation-
ship between the energy density (E) and power density (P), was
obtained based on the galvanostatic charge-discharge curves
(Fig. 9(e)). The cycling stability of the assembled hybrid super-
capacitor device was investigated systematically. The device
showed 99.29% capacitance retention over 3000 cycles, indicat-
ing its excellent cycle stability. The specific capacitance was
constant over 2500 cycles and later it slightly decreased. The
insets of Fig. 9(f) show the first and last five charge-discharge
cycles of the device in 2 M KOH electrolyte. The Coulombic
efficiencies of the asymmetric supercapacitor device were
84.15%, 65.00%, 68.57%, 74.54%, and 80.00% at various cur-
rent densities of 2, 3, 4, 5, and 6 mA cm ™ >, respectively (eqn (5)).

The device’s energy density and power density were calcu-
lated using eqn (2) and (3). The HSC device exhibited a
maximum energy density of 79.5 W h kg~ * at a higher power
density of 1015.3 W kg~ !, which was comparable to or even
higher than recent literature values (Table 1) for hybrid
supercapacitors.

The fabricated device could light a red-light-emitting diode
(LED) for over 105 s when charged for 15 s due to the device’s
high energy density and maximum operational potential of
0.9V, as shown in Fig. 10. It can be seen that the dazzling light
was obvious at first, and then the brightness change is shown
over time. After 105 s, we can see that the red light was still
faintly glowing, confirming that the Ni-MOF//AC HSC device
had an amazing ability to store charge. The good performance
could be attributed to Ni-MOF’s rod-like structure and pore-size
distribution. The study discovered that the encouraging results
may pave the way for the development of new electrode
materials for supercapacitors and other energy-storage devices.

The study of the electrochemical parameters at different
current densities of the chemically synthesized Ni-MOF is
concluded in the radar graph shown in Fig. 11. The different
apexes reveal the various parameters, such as specific capaci-
tance, energy density, power density, and Coulombic efficiency,
of the Ni-MOF. As seen in Fig. 11, this report contains the script
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-@-10 mA cm?
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n ~@-35mA cm?

C.D. - Current Density (mA cm?)
Csp — Specific Capacitance (F g')
E.D. — Energy Density (Wh kg'!)
P.D. — Power Density (W kg'!)

n, - Coulombic Efficiency (%)
E.D. P.D.

Fig. 11 Radar plot for Ni-MOF based on its supercapacitive properties.

for the Ni-MOF-based supercapacitor. These results indicate
that the Ni-MOF has much better electrochemical performance
than that of other reported MOFs due to its high specific
capacitance, high energy density, large power density, and good
Coulombic efficiency.

Conclusions

In summary, we successfully prepared Ni-MOF by using the
reflux condensation technique. The structural properties and
electrochemical performance of the Ni-MOF were studied sys-
tematically using various advanced tools. The porous and
nanorod-like morphology, as confirmed by SEM analysis, pro-
vided both faster and more electroactive sites. An as-prepared
Ni-MOF sample exhibited a high surface area of 398.4 m” g~ .
Furthermore, In a three-electrode system with 2 M KOH aqu-
eous electrolyte, the synthesized Ni-MOF porous nanorods
showed a high specific capacitance of 1956.3 F g~ ! at a current
density of 5 mA cm™?, and more stability for 3000 cycles with
81.13% retention. When assessed as a positive electrode for a
flexible hybrid supercapacitor (HSC) device in combination
with activated carbon as a negative electrode, the HSC cell
exhibited a superhigh electrochemical behaviour. The device
also exhibited a high charge-storage capacity of 195.76 F g~
at a current density of 2 mA cm ?, super-specific energy
(98.15 W h kg™ "), and excellent power density (1253.47 W kg™ ),
including long-term stability of 3000 cycles with 99.29% capacity
retention. The extraordinary energy-storage properties of the Ni-
MOF electrode are attributed to its nanorod-like structure and
higher surface area. This study provides a new platform for super-
capacitors and other energy-storage devices.
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