Open Access Article. Published on 13 March 2026. Downloaded on 4/5/2026 10:02:56 PM.

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

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Adv., 2026, 16, 14054

Received 15th December 2025
Accepted 21st February 2026

DOI: 10.1039/d5ra09485b

Unleashing the redox-active mediator effect on the
Ni-MOF electrode with a flower-like structure
employed for supercapacitor applications
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Improving the energy density and performance of a supercapacitor necessitates the use of novel electrode
materials and electrolytes that possess long-term stability. The high energy density, pseudocapacitance,
and specific capacitance may be conferred by superior electrodes and redox mediator electrolytes used
in the practical application of supercapacitors. In this work, the Ni-BDC MOF was synthesized using
a solvothermal method, and its potential for use in supercapacitor applications was examined. Its
morphology, microstructure, crystalline phase, and functional groups were determined using SEM
coupled with EDX, XRD, and FTIR analyses, respectively. In addition, Brunauer—Emmett—Teller analysis
was performed to estimate the catalyst's BET surface area and distribution of pore size. The Ni-BDC
MOF electrodes’ electrochemical performances were estimated using CV, GCD, and EIS techniques in
various aqueous electrolytes (1 M KOH, 1 M H,SOy4, and 1 M Na,SO4) and a redox electrolyte (1 M H,SO4
+ 0.1 M KI). The Ni-BDC MOF electrode exhibited a high specific capacitance (capacity) of 1569.98 F g~*
(852.5 C g7 at 10 A g~ current density in a 1 M H,SO4 + 0.1 M Kl electrolyte, with a maximum energy
density of 64.29 Wh kg™, maximum power density of 11600 W kg™, and remarkable capacitance
retention of 125.49% after 1500 GCD cycles at 80 A g~ current density. Its performance was superior to
that in the Kl redox electrolyte and conventional KOH, H,SO4, and Nay,SO4 electrolytes. The admirable
electrochemical performance of the Ni-BDC MOF in the 1 M H,SO4 + 0.1 M Kl electrolyte was attributed
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1. Introduction

Increasing pollution levels and the growing demand for energy
are the two main issues related to the burning of fossil fuels on
a global scale. Therefore, to overcome the challenges that may
arise due to the energy crisis and solve the aforementioned
concerns, scientists have made many efforts to develop effective
technologies and environmentally friendly, renewable, and
sustainable energy sources."” Batteries, fuel cells, and super-
capacitors are examples of energy storage devices (ESDs).
Supercapacitors (SCs) are a very important example of sustain-
able and clean energy sources and devices. Supercapacitors are
also called electrochemical capacitors and ultracapacitors. They
have attracted considerable interest owing to their high cyclic
stability, high coulombic efficiency, outstanding power density,
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to the small mass of hydrogen ions (H+).

and tunable energy density."**"* They can be used in several
applications, such as automobiles, braking systems, cellphones,
tiny renewable energy devices, solar cells, and wind turbines,
because of their aforementioned properties.* Depending on the
energy storage mechanism, supercapacitors can be categorized
into electric double-layer capacitors (EDLC), pseudocapacitors
(PCs), and battery-type hybrid capacitors (BTCs).'**** EDLC
storage devices store energy in an electrostatic manner via the
reversible adsorption of electrolyte ions on the large surface area
of electrochemically stable active materials. However, PCs and
BTCs store energy through the redox reaction of active surface
substances on electrode materials, and Faradaic charge transfer
occurs at the electroactive sites on the surface, or a reversible
chemical reaction occurs between electrode materials and elec-
trolyte ions; hence, they deliver a higher capacitance, capacity,
and energy density than EDLCs.>'>*

Metal-organic frameworks (MOFs) are a novel type of porous
inorganic-organic hybrid crystalline material comprising metal
ions connected to organic linkers or ligands through coordinate
bonds. They have fascinating characteristics and are employed in
many different fields, for example, sensors, drug delivery,
wastewater treatment, catalysis, gas adsorption, biomedicine,
batteries, water splitting, and supercapacitors.*****®* MOFs are
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effective for electrochemical energy storage in supercapacitors
owing to their high surface area, controllable micropore struc-
ture, structural and functional flexibility, tunable pore size, and
possible pseudocapacitive redox centers."**'*'” MOFs can be
used as precursors to prepare other materials such as carbon
materials, metal oxides, metal phosphides, metal nitrides, and
composites.*?

Ni-MOFs have been employed as supercapacitor electrode
materials and have demonstrated effective long-term cycling
stability, excellent capacitance, and high rate capability. Wang
et al. synthesized 3D Ni-MOF microflowers via a facile method
in a DMF/water/alcohol mixed solvent. The prepared electrode
exhibited a maximum capacitance of 1093 Fg " at 1 Ag ' using
1 M KOH as an aqueous electrolyte and a nickel foam as
a working electrode and maintained 625 F ¢ ' at 5 A g,
signifying its excellent rate capability owing to its large surface
area and hierarchical superstructure.”® S. Kumar et al. fabri-
cated a Ni-MOF on a Cu foam and achieved 534 Fg 'ina3 M
KOH electrolyte at 3 A g~ '. Moreover, its performance was
enhanced through the preparation of a core-shell-structured
CuO@Ni-MOF material that exhibited a 1455.74 F g~ specific
capacitance.” Xiao and his coworkers synthesized a Ni-MOF
and achieved a 606.8 F ¢~ capacitance in a 3 M KOH solution
at 1 A g~ ". They also constructed GM-LEG@Ni-MOF to improve
the obtained capacitance and achieved a 913.9 F g~ " capaci-
tance with 85.6% capacity retention after 3000 cycles.*® Geng Li
et al. used a carbon cloth substrate to directly prepare Ni-MOF
nanosheets and achieved a capacity of 87.6 mAh g 'ina2 M
KOH aqueous electrolyte at 2 mA cm 2. They also loaded Ni-
MOF nanosheets onto NiCo,0, nanowires to form core-shell
hybrid NiCo,0,@Ni-MOF arrays, which delivered a specific
capacity of 208.8 mA h g at 2 mA em™ 22! Bao and his group
synthesized rGO/Ni-MOF. The working electrode was made by
coating the prepared slurry on a titanium mesh substrate, and it
delivered a capacitance of 160.7 Fg~ " in 1 M H,S0,ata 0.2 Ag ™"
current density. Moreover, the capacitance was enhanced
through the preparation of rGO/Ni-MOF/PANI, which achieved
197.5 F g~ . Raje et al. fabricated Ni-MOFs with different molar
ratios of Ni and p-benzene dicarboxylic acid (PTA), as a ligand,
at different temperatures and times. They achieved a capaci-
tance of 853 Fg " at 10 Ag~ 'in a 1 M KOH electrolyte ata 1:1
ratio and a capacitance of 1668.47 F g at a 3:1 ratio, along
with 79% capacitance retention after 10 000 cycles at 100 mV
s~ 1.2 Edris Jamshidi et al. prepared the CoAl-LDH and nickel
core-shell-structured nanocomposite (Ni@CoAl-LDH). They
achieved capacitances of 341.75 F g~ for CoAI-LDH and 792.5 F
g~ ! for the Ni@CoAI-LDH nanocomposite at 1 Ag 'ina1 M
KOH electrolyte using a nickel foam substrate.*

The employment of a redox-additive substance in a standard
electrolyte, for example, H,SO,, KOH, and Na,SO,, at the ideal
concentration is one of the key strategies to enhance the
supercapacitor performance through quick reversible redox
reaction which leads to increasing capacitance and energy
density. Redox additive electrolytes can be organic, such as
hydroquinone,*?® or inorganic, such as potassium iodide
(K1),**” potassium bromide (KBr),*® potassium ferricyanide
(K3[Fe(CN)g]),>*® potassium ferrocyanide (Ky[Fe(CN)g]),**
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sodium sulphides (Na,S),** thiourea,*® sodium molybdate
(Na,Mo00,),* vanadyl sulfate (VOSO,),** and ammonium meta-
vanadate (NH,VO;),*® and they have already been tested by
many researchers to enhance the capacitance and energy
density of electrodes. Jiang et al. enhanced the CuZnNi-MOF
electrode’s capacitance using a 3 M KOH + 0.05 M K,Fe(CN)s
mixed electrolyte and achieved a 112.5 mA h g ' specific
capacity (837 F g~ ").** Sandhiya et al. enhanced the capacitance
of SSG carbon-based supercapacitors from 375 F g " to 658 F
g’1 at 3 A g~ through the addition of NH,VO; to the H,SO,
electrolyte.>® Abbasi and coworkers prepared nitrogen-doped
porous carbon spheres (N-PCS) and achieved a capacitance of
775.5Fg tat1Ag 'in 1 M H,SO, + 50 mM KI.*” Senthilkumar
et al. prepared biomass-derived activated carbon using complex
steps such as cutting of Eichhornia crassipes into small pieces,
drying in sunlight, grinding, preheating to remove moisture,
activation using ZnCl, for 24 h, carbonization at different
temperatures in an Ar atmosphere, washing with distilled water,
and finally overnight drying. They used it as a supercapacitor
electrode in a 1 M H,SO, solution, which delivered a 472 F g~*
specific capacitance at 2 mA cm 2, and an enhanced capaci-
tance of 912 F g~ ' was achieved by adding 0.08 M KI to the 1 M
H,S0, aqueous electrolyte, but the obtained energy density was
19.04 Wh kg~ ', which was not desirable.*®

Previous research works have achieved fairly good results,
but some of them use complicated methods for the preparation
of the electrode active material, which consume a lot of time
and energy; hence, they are not desirable. Moreover, MOFs
synthesized without any additional annealing process are still
not widely employed as electrode materials in supercapacitors
(SCs).” Thus, in this study, we provide a simple solvothermal
technique for the effective preparation of the Ni-BDC MOF by
utilizing the organic ligand 1,4-benzenedicarboxylic acid (BDC)
at a low reaction temperature without any subsequent compli-
cated processes and with a low energy-consuming annealing
process. The as-prepared Ni-BDC MOF is characterized by SEM,
EDX, XRD, BET, and FTIR analyses. The pseudo and battery-like
materials are electrolyte-dependent as they are only electro-
chemically active in specific electrolytes; hence, the electro-
chemical properties of the Ni-BDC MOF electrode are studied
using the cyclic voltammetry (CV) technique, galvanostatic
charge/discharge (GCD) method, and electrochemical imped-
ance spectroscopy (EIS) method in various conventional elec-
trolytes (1 M KOH, 1 M H,SO,, and 1 M Na,SO, electrolytes).
Furthermore, iodide ions are very promising redox mediators
because they have several redox states (for example, I, I;~ and
10;7), which are formed during the charge/discharge process
and readily enter the micropores and/or tiny mesopores on the
electrode's surface because of their small ionic size, leading to
the appearance of redox peaks in CV, a large faradaic plateau in
charge-discharge profiles, and hence an enhancement in the
ionic conductivity of the electrolyte. Moreover, this is the first
report on using the Ni-BDC MOF as a supercapacitor electrode
in a H,SO, conventional electrolyte with a KI redox additive
electrolyte. The Ni-BDC MOF electrode delivers a maximum
specific capacitance of 1569.98 F g~ ' at a current density of
10 A g " in the 1 M H,SO, + 0.1 M KI electrolyte, an excellent
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cycling stability of 125.49% at 80 A g~ ' after 1500 GCD cycles,
a maximum power density of 11 600 W kg™ ', and a maximum
energy density of 64.29 Wh kg™ .

This work is inspired by the urgent need to develop high-
performance, low-cost, and facilely synthesized electrode
materials for next-generation supercapacitors. Although Ni-
based metal-organic frameworks (Ni-MOFs) have shown
promising electrochemical properties, many reported
approaches rely on complicated synthesis routes, post-
treatments, or composite formation, which increase the cost,
time, and energy consumption while limiting practical scal-
ability. In addition, the electrochemical performance of MOF
electrodes is strongly dependent on the electrolyte system, and
the role of redox-mediator electrolytes in enhancing charge
storage mechanisms remains insufficiently explored, particu-
larly in acidic media.

Therefore, this study aims to (i) synthesize a flower-like Ni-
BDC MOF using a simple solvothermal method without any
postannealing or complex processing, (ii) systematically inves-
tigate its electrochemical behavior in different conventional
aqueous electrolytes, and (iii) explore the redox-mediator effect
of KI in the H,SO, electrolyte to significantly enhance the
capacitance, energy density, and cycling stability. This work
seeks to provide a practical strategy for improving MOF-based
supercapacitor electrodes through simultaneous material
design and electrolyte engineering.

2. Experimental section

2.1. Materials and chemicals

Nickel chloride hexahydrate (NiCl,-6H,0) was bought from
LOBA Chemie. Benzene dicarboxylic acid (BDC) was obtained
from Central Drug House (P) Ltd. N,N-Dimethyl formamide
(DMF) was purchased from CARLO ERBA. Ethanol (C,H;0H)
and potassium hydroxide pellets (KOH) were purchased from
ISOLAB Chemicals. Sodium sulphate (Na,SO,) was purchased
from POWER CHEMICAL. Sulphuric acid (H,SO,) was
purchased from Pio Chem. Potassium iodide (KI) was obtained
from TECHNO PHARMCHEM (TPC), and a Nafion 117 solution
was purchased from Sigma-Aldrich.

2.2. Synthesis of the Ni-BDC MOF

The Ni-BDC MOF was made through a simple solvothermal
process. First, 0.7131 g of NiCl,-6H,0 and 0.498 g of benzene
dicarboxylic acid (BDC) were separately dissolved in 20 mL of
N,N-dimethyl formamide (DMF) and then stirred. Second, the
BDC solution was added to the nickel chloride solution drop-
wise, stirred for 10 min, and ultrasonicated for 1 h at ambient
temperature. Finally, the mixture was poured into a 60 mL
Teflon-lined stainless-steel autoclave kettle for 22 h at 150 °C.
The obtained sample was collected on a filter paper and washed
three times with DMF and methanol under stirring for 60
minutes. Finally, the precipitate was dried at 80 °C overnight.

14056 | RSC Adv, 2026, 16, 14054-14069
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2.3. Characterization

The Ni-BDC MOF material's morphology was characterized using
scanning electron microscopy analysis (SEM, JEOL Ltd, JSM-
IT200, Tokyo, Japan). Moreover, the Ni-BDC MOF material's
elemental composition was investigated via EDX coupled with
SEM. Powder X-ray diffraction (PXRD) was performed using an X-
ray diffractometer (JSX-60 PA, Japan) with a wavelength of 1.5418
A and Cu Ka radiation to explore the crystalline structure of the
prepared material. Using a Tri-Star II 3020 (Micromeritics, USA)
analyzer, the Ni-BDC MOF material's surface area and pore size
distribution were investigated through N, adsorption-desorption
isotherms using the Brunauer-Emmett-Teller (BET) method.
The Fourier transform infrared (FTIR) spectrum of the Ni-BDC
MOF material was recorded using a Vertex 70 (Bruker, Ger-
many) spectrometer in the wavenumber range of 4000-400 cm ™
to verify the synthesis of the Ni-BDC MOF and determine the
present functional groups.

2.4. Electrochemical measurements

The Ni-BDC MOF electrodes' electrochemical properties were
investigated using a three-electrode setup, in which the counter
electrode was a platinum wire, the reference electrode was Ag/
AgCl, and a graphite sheet current collector was the working
electrode (WE). They were tested using various electrolytes, such
as 1 M KOH (basic), 1 M H,SO, (acidic), and 1 M Na,SO,
(neutral), and a redox additive 1 M H,SO, + 0.1 M KI electrolyte.
The graphite sheet working electrodes (WEs) with a 1 cm? active
surface area were prepared by diffusing 1 mg of the prepared
material in 200 pL of a mixed solvent of isopropanol/water (1 : 2
v/v) (containing 10 pL of the Nafion 117 solution), followed by
sonication at an ambient temperature to create a homogenous
ink, which was dropped onto the graphite WE and dried at
a temperature of 60 °C. A potentiostat/galvanostat (AUTOLAB
PGSTAT 302N, Metrohm, Switzerland) with NOVA 1.11 software
was used to perform the Ni-BDC MOF electrodes' electro-
chemical measurements, such as cyclic voltammetry (CV) and
galvanostatic charge/discharge (GCD), within a potential
window suitable for each electrolyte. Electrochemical imped-
ance spectroscopy (EIS) was performed in the frequency range
of 0.01 Hz to 100 kHz with an amplitude of 10 mV AC.

The Ni-BDC MOF electrodes' specific gravimetric capaci-
tances were calculated from the CV curves by applying eqn
(1),>** and its specific capacities (Qs) were calculated using eqn

(@)
C, = ([idV)I2muAY) (1)
0, = (JidV)/(2mv) )

where C, represents the specific capacitance (F g~ '), Qs repre-
sents the specific capacity (C g '), [idV is the CV curve inte-
gration area (AV), m represents the active material's mass (g), v
represents the scan rate (V s*), and AV denotes the potential
window (V).

The Ni-BDC MOF electrodes’ gravimetric specific capaci-
tances (Cs) and specific capacities (Qs) were computed from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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GCD curves using eqn (3) and (4), respectively.*>**™** The energy
and power densities of the Ni-BDC MOF electrode were calcu-
lated according to eqn (5) and (6), respectively.***>:1¢

C, = (In/(mAY) 3)

Qs = Itlm @)

E = (CAVHI2 x 3.6) (5)
P = 3600E/At (6)

here, C, denotes the specific capacitance (F g '), Q, represents
the specific capacity (C g '), I represents the current (A), ¢
represents the discharge time (s), m is the active material's mass
(g), with excluding the IR drop, AV is the potential change
during the discharge process (V) with excluding the IR drop, E is
the energy density (Wh kg ') and P is the power density
(W kg ™).
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3. Results and discussions

3.1. Structural characterization

3.1.1. Scanning electron microscopy (SEM). The
morphology of the Ni-BDC MOF was characterized by SEM at
different magnifications and is displayed in Fig. 1a and b. The
Ni-BDC MOF material has a flower-like morphology with
a hydrangea-like microspherical structure. Fig. 1b presents the
high-magnification SEM image and shows that the flowers are
composed of nanosheets that are vertically aligned and cross
each other, leading to the presence of gaps between them.
These gaps can hold a significant volume of electrolyte, allowing
it to sufficiently permeate the interior of the nanospheres,
facilitating the transport of electrolyte ions and electrons, which
enhances the Ni-BDC MOF material's electrochemical perfor-
mance for application in various energy storage devices. More-
over, the EDX spectrum was measured to determine the Ni-BDC
MOF material's elemental composition. The analysis results
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Fig. 1 SEM images (a and b) of the Ni-BDC MOF material at different magnifications and (c) EDX analysis of the Ni-BDC MOF material and its

elemental composition.
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suggest that C, O, and Ni elements are present in the sample, as
displayed in Fig. 1c.

3.1.2. Powder X-ray diffraction (PXRD). The crystalline
structure of the Ni-BDC MOF catalyst and its composition were
examined through powder X-ray diffraction and are shown in
Fig. 2a. The material shows a peak at 26 = 8.6°, which is char-
acteristic of MOFs with BDC ligands (CCDC no. 690314).*7
Furthermore, the PXRD pattern of the Ni-BDC MOF is similar to
the simulated pattern of the Ni-MOF reported in the
literature**~*® and also to those of Ni-MOFs prepared in previous
studies.*®*>*” The peaks at 26 = 8.6°, 16° and 17.2° are corre-
lated to the (100), (010), and (101) planes, respectively, and
match completely with the [Niz(OH),(CsH,0,),(H20)4]-2H,0
(CCDC no. 638866) single-crystal data. Moreover, the (100)
plane of the studied sample is detected as the largest exposed
plane.*®* The peaks at 26 = 44.44°, 51.9°, and 76.5° are corre-
lated to the (111), (200), and (220) Ni planes (JCPDS no. 89-
7128), respectively.®**

3.1.3. Brunauer-Emmet-Teller (BET). The Ni-BDC MOF
material's surface area and porosity were determined through
the BET technique, in addition to performing nitrogen

View Article Online
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adsorption-desorption isotherm analysis, as demonstrated in
Fig. 2b (the inset is the graph of the pore size distribution). The
N, adsorption-desorption isotherm of the Ni-BDC MOF
exhibited a type-IV adsorption isotherm and a H3 hysteresis
loop, verifying that the Ni-BDC MOF catalyst had a mesoporous
structure (mesopore diameter = 2-50 nm).***” The Ni-BDC MOF
material had an average pore size of 13.25404 nm and a pore
volume of 0.397440 cm® g~ '. The Ni-BDC MOF material's
calculated BET surface area was found to be 119.9454 m” g~ %,
which is higher than that of the majority of previously docu-
mented porous Ni-MOFs.'>?*%*¢ This large surface area offers
a large contact area and highly reactive sites at the electrolyte—
electrode interface, which facilitate quick ion transport, provide
space for electrons, and afford the electrode material high
electrochemical performance.**® The pore size distribution of
the Ni-BDC MOF material, determined via the BJH method, is
presented in the inset of Fig. 2b. The presence of pores with
diameters 3.43, 6.34, and 8.63 nm, which signify a mesoporous-
type structure, was evident. The mesopores offer pathways and
channels for the diffusion and movement of ions and electrons,
which enhances the electrochemical performance.®
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3.1.4.

Fourier transform infrared (FTIR) spectroscopy. The

Fourier transform infrared (FTIR) spectrum of the Ni-BDC MOF
material is displayed in Fig. 2c. The peaks at 1586 and
1372 cm™ " were ascribed to the asymmetric and symmetric
stretching vibrations of the -COO™ group, respectively, which
implied the coordination of this group of the H,BDC bidentate
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ion.?*®%% The peaks at 1094 and 1145 cm ™ *

were related to C-C stretching vibrations.”” The presence of
coordinated water molecules in the Ni-BDC MOF material was
proven by the presence of stretching vibration bands at 3195,

3391, 3527, and

3590 cm ' (a broad band at 3600-

3000 cm™1),2%%%5-70 which were also related to the overlapped
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stretching vibrations of various oxygen functional groups such
as -H,O, -OH, or -COOH and their molecular hydrogen
bonding.” The peaks at 1020 and 739 cm ™' were attributed to
C-0 and C-H stretching vibrations, respectively, while the peak
at 550 cm™ ' was attributed to the stretching vibration of the Ni-
O bond, which confirmed the existence of Ni ions in the
material.’* The peak at 1501 cm™ ' represented the vibrational
stretching of the para-aromatic C-H group,*”® and that at
825 cm ™" was assigned to the out-of-plane C-H bending of the
para-substituted benzene ring, which confirmed the structure
of the H,BDC ligand, which was used in the preparation of
MOFs. Furthermore, the absence of a peak at 1670 cm™*
confirmed the absence of the free H,BDC ligand in the analyzed
MOF material.”*

3.2. Electrochemical performance study

The Ni-BDC MOF electrodes’ electrochemical performances
were analyzed in a three-electrode system using the cyclic vol-
tammetry (CV) technique, galvanostatic charge/discharge (GCD)
method, and electrochemical impedance spectroscopy (EIS),
which were performed in various electrolytes such as 1 M KOH,
1 M H,S0,4, 1 M Na,SO, and 1 M H,SO, + 0.1 M KI electrolytes.
Fig. 3a displays the Ni-BDC MOF electrodes’ CV curves at
a 10 mV s ' scan rate in various electrolytes and different
potential windows suitable for each electrolyte. The potential
was increased until a sharp rise in the current was seen in the
CV curve, which clearly indicated that the electrolyte was
breaking down. The potential window for the Ni-BDC MOF
electrode was obtained in the 1 M KOH electrolyte (—0.4 V to 0.6
V) and compared to thatin 1 M H,SO, (0 V to 0.8 V), 1 M Na,SO,
(0Vt00.8V),and 1 M H,SO, +0.1 MKI (0V to 0.8 V) electrolytes.
Clearly, all CV curves revealed a redox peak pair originating
from the faradaic redox reactions between Ni*' and Ni*",
demonstrating the redox behavior and faradaic battery-type
features of the studied material. Furthermore, the integrated
CV curve area and maximum current in the H,SO, electrolyte
were larger than those in KOH and Na,SO, electrolytes, sug-
gesting the highest electrochemical performance and hence
expected capacitance, which is also supported by the longer
discharge times in the GCD curves. The Ni-BDC MOF electrode
exhibited the best performance and the highest capacitance in
the H,SO, electrolyte owing to the lower mass of hydrogen ions
(H") compared to the higher mass of potassium and sodium
ions (K" and Na"), which lowered diffusion kinetics and resis-
tance in the H,SO, electrolyte compared to KOH and Na,SO,
electrolytes. We added the KI redox additive electrolyte to the
main electrolyte, H,SO,, owing to its good performance
compared with that of KOH and Na,SO, electrolytes. The
addition of KI redox additive electrolyte results in very obvious
redox peaks compared to the conventional H,SO, electrolyte,
and also the highest integrated area due to the additional
multiple redox reactions of 31" /I; ™, 21 /1,, 213 /I,, I,/I0;~ redox
pairs leading to the highest electrochemical performance
compared to other electrolytes. The Ni-BDC MOF electrodes' CV
curves in H,SO, and 1 M H,SO, + 0.1 M KI electrolytes at
different scan rates are shown in Fig. 3b and c, while those in
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KOH and Na,SO, electrolytes are displayed in Fig. S1, respec-
tively. As the sweep rate increased from 5 to 100 mV s, the
peak current and integrated area increased, demonstrating the
fast transfer rates of electrons and ions as a result of the
reversible redox reactions occurring between the Ni-BDC MOF
electrode and electrolyte. Furthermore, anodic peaks moved to
higher positive voltages, while the cathodic peaks moved to
negative potentials, indicating the electrode's polarization
effect and the quick charge/discharge rate of the reversible
redox reactions of Ni-BDC MOF electrode material. The
diffusion-controlled battery-type behavior of any material can
be verified through the disappearance of the oxidation peak at
high scan rates in various electrolytes,” while the maintenance
of the CV curve's shape in the case of the redox additive at high
scan rates signified the great capacity, small resistance, and
high stability of the electrode.” The Ni-BDC MOF electrodes’
specific capacitances and capacities were calculated at different
scan rates in all studied electrolytes using eqn (1) and (2),
respectively, as presented in Fig. 3d and e. It is clearly observed
that the H,SO, electrolyte afforded a higher specific capacitance
and capacity than KOH, which was higher than those in the
Na,SO, electrolyte thanks to the lower mass of hydrogen ions
(H") than that of potassium and sodium ions (K* and Na‘),
which resulted in lower diffusion kinetics and resistance in the
H,S0, electrolyte. Moreover, the addition of the redox electro-
Iyte increased the capacitance and capacity compared to other
electrolytes. At a 5 mV s~ scan rate, the Ni-BDC MOF electrode
delivered specific capacitances (capacities) of 244.32 F g '
(244.32 Cg ),393.86 Fg ' (315.1 Cg '), 90.94 Fg ' (72.75 C
g "), and 1074.61 F g~ " (859.69 C g~ ') in KOH, H,S04, N2a,SO,,
and H,SO, + KI electrolytes, respectively. Furthermore, the
capacitance decreased with increasing sweep rate due to the
insufficiency of time for the deep penetration of electrolyte ions
into the inner layers of the electrode at high scan rates. As
a result, redox reactions only happened on the electrode’s active
outer surface. The possible electrochemical redox reactions that
occurred in the case of the KI redox additive electrolyte are as
follows:**3773

37 o 137 + 2 (7)
27 o I+ 2e” (8)
2137 « 312 + 2e” (9)

I, + 6H,0 < 2105~ + 12H* + 10e~ (10)

To evaluate the charge storage mechanism of the Ni-BDC MOF
electrode in different studied electrolytes, the relationship
between the current density (i, A ¢ ') and scan rate (v, mV s )
was studied according to the following equations:

i=a® (11)

logi =1loga + blogv (12)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where a and b represent constants. Specifically, when the
b value is 0.5, the diffusion process is predominantly respon-
sible for controlling charge storage. Conversely, surface capac-
itance generally regulates charge storage when b = 1. Moreover,
when b is between 0.5 and 1, both surface capacitance and
diffusion processes control charge storage. Logarithmic
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calculations established from the cathodic and anodic currents
of the studied electrode in different electrolytes are shown in
Fig. 3f. The b values were obtained from the slope of the log i,
linear fit curves against log v. From the figure, it is evident that
b values calculated from both anodic (b,) and cathodic (b.) peak
currents in the various studied electrolytes were lower than 0.5
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(a) Galvanostatic charge—discharge (GCD) curves of the Ni-BDC MOF electrodes in different electrolytes (1 M KOH, 1 M H,SO4, 1 M

NazSOy, and 1 M H,SO4 + 0.1 MKI) at a current density of 10 A g*1 (inset is the GCD curve in a1 M Na,SOy4 electrolyte), (b) GCD curves at different
current densities in 1 M H,SO4, (c) GCD curves at different current densities in a 1 M H,SO,4 + 0.1 M Kl electrolyte, (d) specific capacitance (F g%

versus current densities, (e) specific capacity (C g~
H>SO4 + Kl electrolytes.
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(b < 0.5), signifying that the diffusion-controlled process
dominated charge storage, which was suggested by the linearity
of the graphs.”

The galvanostatic charge-discharge (GCD) technique was
used to estimate the Ni-BDC MOF electrodes' specific capaci-
tances and capacities in various electrolytes at different current
densities. Fig. 4a displays a comparison of the Ni-BDC elec-
trodes’ GCD curves at 10 A g~ ' in different electrolytes. The
electrode exhibited a longer discharge time in the H,SO, elec-
trolyte than in KOH and Na,SO, electrolytes, signifying the
highest specific capacitance in the H,SO, solution. Moreover,
after the addition of the KI redox additive to the H,SO, solution,
the discharge time increased due to additional redox reactions,
signifying the highest capacitance among them. The charge/
discharge (GCD) curves displayed a nonlinear behavior, which
established the presence of redox peaks in CV curves. The GCD
curves of the Ni-BDC MOF electrode in H,SO, and H,SO, + KI
electrolytes at different current densities are presented in
Fig. 4b and c, respectively, and those in the presence of KOH
and Na,SO, electrolytes are presented in Fig. S2. As exhibited by
Fig. 4b and ¢, the GCD graphs displayed a nonlinear behavior.
The time consumed (e.g., at 10 A g~ %) in the case of the H,SO, +
KI electrolyte was higher than that in the H,SO, electrolyte,
indicating the better performance and hence the better capac-
itance in the presence of the redox additive. In addition, the
discharge time decreased with increasing current density owing
to the inadequate faradaic reaction of active materials within
a limited time (insufficient time for the redox reactions), the
increased resistance, and the involvement of only the elec-
trode's active outer surface in the redox reaction at high current
densities.”” Fig. 4d and e exhibit the Ni-BDC MOF electrodes’
specific capacitances and capacities in different electrolytes,
which were estimated from GCD curves at different current
densities according to eqn (3) and (4), respectively. Ni-BDC MOF
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electrodes exhibited capacitances (capacities) of 114.49 F g *
(711 Cg "), 21534 Fg ' (110.9Cg "), 3.03Fg ' (0.9 C g™,
and 1569.98 F ¢~ ' (852.5 C g~ ') at 10 A g~ ' in the presence of
KOH, H,S0,4, Na,S0,, and H,SO, + KI electrolytes, respectively.
Moreover, the maximum calculated specific capacitance
(capacity) values of Ni-BDC MOF electrode materials in the
presence of H,SO, + KI electrolyte are 1569.98 F g~ ' (852.5 C
g )at10Ag ", 671.25Fg ' (392.68 Cg ") at4 Ag ' for H,SO,
electrolyte, 234.28 F g ' (158.37 Cg ") at 3 Ag " in KOH elec-
trolyte, and 158.11 F g~* (95.5 C g ") at 1 A g~ for Na,SO,
electrolyte. Both capacitances and capacities were high at low
current densities owing to the existence of micropores and/or
mesopores for ion transport and charge storage.®> Further-
more, the values of capacitances and capacities decreased with
increasing current density because only the electrode's active
outer surface participated in the redox reaction at high current
densities. In addition, the different studied electrolytes had
different capacitance retentions owing to the different ionic
masses for each electrolyte, and the electrolyte ions did not have
sufficient time to fully enter the active electrode material's
internal pores at higher current densities. Additionally, the Ni-
BDC MOF electrodes’ energy densities (EDs) and power densi-
ties (PDs) in the H,SO, solution and H,SO, + KI redox electrolyte
were calculated using eqn (5) and (6), respectively. As displayed
in Fig. 4f, the Ni-BDC MOF electrode exhibited a maximum ED
of 64.29 Wh kg™ at 2715 W kg~' PD while demonstrating
amaximum PD of 11 600 W kg™ at an ED of 4.29 Wh kg™ " in the
H,SO, + KI redox electrolyte, compared to 31.91 Wh kg™ ' at
1170 W kg~ ' and 0.39 Wh kg™ ' at 3990 W kg™ ' in the H,SO,
electrolyte. The specific capacitance or capacity, cyclic stability,
energy density, power density, electrolyte, used ligand, and
morphology of the as-prepared Ni-BDC MOF electrode were
compared to those of some previously reported electrode
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(a) Nyquist plots of the Ni-BDC MOF electrodes in different electrolytes (the inset is the equivalent circuit diagram fitted for data obtained

from all electrolytes except the redox electrolyte) and (b) magnified view of the Nyquist plots (inset shows the Nyquist plots of the Ni-BDC MOF

electrodes in H,SO,4 and H,SO4 + Kl electrolytes).
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materials using a threeelectrode system, as exhibited in Table
1‘15,29,31,65,66,69,78783

Electrochemical impedance spectroscopy (EIS) is an effective
method for determining the electrochemical behavior and
resistance of the studied electrode in different electrolytes.
Fig. 5a demonstrates the corresponding Nyquist plots of the Ni-
BDC MOF electrode in various electrolytes, and the inset shows
the equivalent circuit (EC) applied to fit the EIS spectra in all
electrolytes, except the H,SO, + KI redox electrolyte. We used
the EC to determine electrochemical parameters such as
internal resistance (R;), charge transfer resistance (R.),
constant phase element (CPE) and Warburg impedance (W),
respectively, as presented in Table S1. Fig. 5b presents
a magnified view of Nyquist plots in the high-frequency region,
and the inset shows the Nyquist plots obtained in H,SO, and
H,SO, + KI electrolytes. Generally, in the high-frequency region,
the Nyquist plots showed similar shapes without a noticeable
semicircle, indicating quick electron transport kinetics and very
small charge transfer resistance of the electrode/electrolyte
interface.>** Nyquist plots also showed a spike in the lower-
frequency region, which denotes the electrolyte ions' diffusion
to the surface of the electrode (Warburg resistance, W). Addi-
tionally, R, comprising the electrolyte resistance, the contact
resistance of the electrode/electrolyte interface, and the
intrinsic resistance of the electroactive substance, was deter-
mined by crossing with the real axis in the high-frequency
region. The Ry and R, values vary with the used electrolyte.
The R, was determined to be 2.247 Q, 1.399 Q, and 2.975 Q and
the Rp (Rr = R + Rerp) was computed to be 917.73 Q, 79.28 Q,
and 4740.157 Q in KOH, H,SO,, and Na,SO, electrolytes,
respectively. The lowest Ry and Ry values of the Ni-BDC MOF
material in the H,SO, electrolyte indicated low resistance, high
electrical conductivity, quicker electron transfer and a high ion
diffusion rate at the electrode/electrolyte interface thanks to the
smallest size of the H' ion, which contributes to the super-
capacitor's improved electrochemical performance. Further-
more, the equivalent circuit (EC) used to fit the EIS spectrum in
the presence of the redox additive electrolyte is displayed in the
inset of Fig. 6¢c. The shape of the Nyquist plot for the Ni-BDC
MOF electrode in the H,SO, + KI redox electrolyte was
different from that in other studied electrolytes, and conse-
quently, the electrochemical equivalent circuit also changed.
The values of R; and Ry were 1.486 Q and 45.696 Q, respectively.
The total charge transfer resistance (Ry) was less than that ob-
tained in the conventional H,SO, electrolyte due to the increase
in the electrolyte's ionic conductivity and the consequent
decrease in the resistivity when the redox additive (KI) was
added to the conventional H,SO, electrolyte.*®

The Ni-BDC MOF electrode's cycling stability was analyzed in
a three-electrode configuration in the 1 M H,SO, + 0.1 M KI
electrolyte at 80 A g~ for 1500 galvanostatic charge-discharge
(GCD) cycles, as displayed in Fig. 6a. The capacitance progres-
sively increased, achieving a retention of 125.49% of its initial
capacitance value after 1500 GCD cycles, possibly because of the
exposure of active sites to electrolyte ions and additional redox
reactions from the redox additive electrolyte, and leading to
electrode activation through the gradual penetration of the
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Fig. 6 (a) Cycling stability and coulombic efficiency of the Ni-BDC
MOF electrode in a H,SO,4 + Kl redox electrolyte at 80 A g~ for 1500
GCD cycles, (b) first and last five GCD cycles of the Ni-BDC MOF
electrode at 80 A g%, and (c) Nyquist plots of the Ni-BDC MOF
electrode in a H,SO4 + Kl redox electrolyte before and after stability
tests (inset is the equivalent circuit diagram).

electrolyte ions into the material's pores. This demonstrates the
good stability and excellent long-term durability of the electrode
even at high current density.*>® The capacitance retention of
our material exceeded that of other previously documented
materials, as displayed in Table 1. Moreover, the coulombic
efficiency remained 70.35% after 1500 GCD cycles. Further-
more, a comparison of the first and last five cycles of the entire
cycling test is shown in Fig. 6b. The shape of the last 5 cycles
remained almost the same as that of the first five cycles, veri-
fying the exceptional electrochemical performance and stability
of the electrode. Additionally, the last five cycles consumed
more time than the first five cycles, confirming the improve-
ment in performance and capacitance retention and good
stability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To learn more about the electrochemical properties, EIS
measurements of the Ni-BDC MOF electrode were carried out
before and after 1500 GCD cycles in the 1 M H,SO, + 0.1 M KI
electrolyte, as shown in Fig. 6c, and the inset shows the
electrochemical equivalent circuit (EC) fitted to the data. The
Nyquist plots before and after the cycling stability test had the
same shapes with a slight variation in the parameter values
obtained from EC, implying the good cycling stability of the
electrode. The R; value increased slightly from 1.486 Q to 1.516
Q. Moreover, the Ry (Rr = Rey + Rep) value increased from
45.696 Q to 80.96 Q, implying the accumulation of electrolyte
ions during the stability test.

4. Conclusion

In brief, a facile solvothermal method for the preparation of the
Ni-BDC MOF as a supercapacitor electrode material in different
electrolytes was presented. The synthesis of the Ni-BDC MOF
flower-like material was successfully verified using the XRD and
FTIR data. The Ni-BDC MOF material's BET surface area,
average pore size and pore volume were 119.9454 m* g 7,
13.25404 nm, and 0.397440 cm® g~ ', respectively. The electro-
chemical characteristics of the Ni-BDC MOF material were
evaluated through CV, GCD, and EIS techniques. Compared to
the other electrolyte solutions (1 M KOH and 1 M Na,S0,), the
1 M H,SO, electrolyte delivered a superior capacitance of 671.25
Fg 'at 4 Ag " The highest specific capacitance of 1569.98 F
g ' was achieved for the studied redox additive electrolyte (1 M
H,S0,+0.1 MKI)at 10 Ag ', along with a 125.49% capacitance
retention at 80 A g~ ' after 1500 GCD cycles. Additionally,
a maximum energy density of 64.29 Wh kg™ was achieved at
a power density of 2715 W kg '. The findings indicate that the
Ni-BDC MOF is a suitable electrode material for high-
performance supercapacitors. It is expected that the simple
synthesis method presented here would open an avenue for
creating various MOF-based materials with superior electro-
chemical properties for energy conversion and storage
applications.
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