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This study examines the influence of electrolytes and the molarity-dependent electrochemical evaluation

of Co-MOF-based electrodes for supercapacitor applications. The synthesized Co-MOF was analyzed

using XRD, FTIR and FE-SEM techniques, which collectively confirmed the successful formation of the

material. The electrochemical performance was evaluated using CV, GCD and EIS in alkaline electrolytes

of different molarities. Co-MOF exhibited a Csp of 379.31 F g−1 and 852.5 F g−1 in KOH and NaOH,

respectively, at a scan rate of 2 mV s−1, indicating superior response in NaOH. Similarly, GCD

measurements revealed an enhanced Csp of 1147.2 F g−1 at 0.5 A g−1 in NaOH, compared with 317.86 F

g−1 in KOH. The molarity of the electrolyte was varied (1 M NaOH, 3 M NaOH and 5 M NaOH), and 1 M

NaOH displayed optimal performance, while maintaining a ∼98% of the capacitance retention after 10

000 cycles. A symmetric Co-MOF Swagelok supercapacitor utilizing 1 M NaOH showed a Csp of 37.7 F

g−1 (CV) and 14.9 F g−1 (GCD) at 0.25 A g−1 with a maximum Ed of 3.73 W h kg−1 at a Pd of 118.75 W kg−1

and ∼43.96% retention after 10 000 cycles. Similarly, at a scan rate of 2 mV s−1, the Co-MOF pouch cell

exhibited a Csp value of 21.42 F g−1 from CV and a peak capacitance of 1.68 F g−1 when evaluated at

0.25 A g−1 for GCD. Ragone analysis revealed that the device delivered an Ed of 0.22 W h kg−1 at

a corresponding Pd measured at 43.75 W kg−1. The results underscore the importance of concentration

and electrolyte selection as critical parameters for Co-MOF supercapacitor performance.
1. Introduction

Since the Industrial Revolution, fossil fuels have long been the
main source of energy, supporting economic development.
However, their extensive use has caused signicant global
environmental problems, including air pollution, the green-
house effect, and photochemical smog.1–4 As the global pop-
ulation rises, the energy demand is expected to increase,
potentially triggering an energy crisis.5,6 As a result, super-
capacitors are gaining signicant research interest for energy
storage because of their excellent rate capability, delivering high
power densities upto 10 kW kg−1, and prolonged operational
lifespans.7–9 In contrast to batteries, they display higher specic
capacitance (Csp) and simultaneously lower internal resistance.
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Supercapacitors offer considerable potential for advanced
applications, including fuel cells and electric vehicles, and are
also widely employed in medical devices and consumer
electronics.10–13 Based on the storage mechanism, super-
capacitors are primarily categorized into two main types: elec-
tric double-layer capacitors (EDLCs) and pseudocapacitors. In
EDLCs, charge is stored by the electrostatic accumulation of
ions at the interface between the electrode and electrolyte, and
these devices are mainly composed of carbon-based materials,
such as carbon nanotubes (CNTs) and activated carbon (AC),
which provide a high surface area for charge storage.14,15 In
contrast, pseudocapacitors involve reversible redox reactions
and commonly utilize materials such as conductive polymers,
metal suldes/oxides/phosphides, and metal hydroxides.16,17

Due to the faradaic process, pseudo-capacitors exhibit higher
capacitance, while EDLC materials offer greater conductivity
and stability.18–20 Current research efforts are focused on
achieving high energy density in supercapacitors, with two
main areas: synthesizing electrode materials with higher
surface area, and developing newer electrode materials that
offer higher capacitance and a broader potential window.

Over the past few years, researchers have tested several
materials for their suitability in supercapacitors, including
RSC Adv., 2026, 16, 19851–19869 | 19851
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graphene, metal oxides, CNTs, MXenes, carbon nitride, and
metal–organic frameworks (MOFs).21–27 Among these, MOFs
have received considerable research interest due to their
extensive large surface area, ordered crystalline frameworks,
tunable pore dimensions and chemically versatile struc-
tures.28,29 They are comprised of metal ions bridged by organic
ligands (linkers), forming well-dened one-, two-, or three-
dimensional networks. In addition, their abundance of active
sites enhances ion transport and redox activity, making MOFs
highly suitable for boosting charge storage and improving the
overall performance of supercapacitor devices.30,31

MOFs can be utilized for electrode fabrication in super-
capacitor devices by two distinct methods. Firstly, Pristine
MOFs are capable of storing electrical energy on their internal
surfaces, exhibiting both bi-layer and pseudocapacitive behav-
iour arising from redox-active metal sites, and on the other
hand, can be employed as precursors to synthesize diverse
functional products, such as metal oxides, metal-based
hydroxides, composite metal oxides, metal hydroxide
compounds, porous carbon compounds and suldes.32–34 Pris-
tine MOFs are viable candidates for supercapacitor electrode
materials and are also utilized directly as electrode materials,
exhibiting pseudocapacitive characteristics owing to their metal
centers. However, one signicant drawback of these materials is
their low conductivity and limited ion transport.32 These draw-
backs can be overcome by pairing the right metal centers with
organic linkers to enhance the overall framework.30 Recent
advances in MOFs, where metal nodes are coupled with p-
conjugated linkers, have signicantly enhanced charge trans-
port within the structure.35,36 Organic linkers are especially
important as they have tunable porosity, redox activity, and ion
diffusion.37 For instance, trimesic acid, also known as 1,3,5-
benzenetricarboxylic acid, with its three carboxyl groups,
enables the construction of multidimensional frameworks
through hydrogen bonds, coordination bonds, and p–p inter-
actions. By adjusting their linker chemistry, MOFs can be
engineered to feature shorter diffusion pathways and abundant
electroactive sites, thereby improving their electrochemical
behavior.38–40

Many studies have highlighted the efficiency of MOFs in
supercapacitor applications, with specic emphasis on those
involving Ni, Zn, Cu, Mn, Cd, and Fe.41–46 Recently, Co-based
MOFs have been gaining attention among researchers owing to
their higher capacities and sufficient structure stability during
repeated cycles.47 Co provides abundant active sites, exhibits
multivalency and excellent redox properties, facilitating electron
transfer during the conversion reaction.47,48 Co-MOFs possess
a large surface area and strong structural stability, facilitating the
effective movement of ions and electron transfer through the
charge–discharge process.49,50 For instance, in 2018, Zhu et al.
developed a Co-MOF supported on nickel foam as an electrode,
which achieved a substantial areal capacitance, reaching 13.6 F
cm−2 when evaluated with 2 M KOH, and retained 79.4% of its
capacitance aer the current density (Id) was elevated to 20 mA
cm−2.51Recently, in 2025, Snowlin et al. reported a Co-basedMOF
synthesized via the solvothermal method, exhibiting high Csp

and long-term cycling stability, even over 5000 cycles (92.15%
19852 | RSC Adv., 2026, 16, 19851–19869
retention).52 Despite these studies, the electrochemical efficiency
of the Co-based MOF remains limited due to its low electrical
conductivity and single energy storage mechanism. Interestingly,
theMOF performance depends not only on thematerial itself but
also on several factors, including temperature, pressure, and
electrolytic stability.53,54 Among these, the molarity of the elec-
trolyte profoundly affects the performance of the MOF,
enhancing the charge storagemechanism and thereby improving
capacitive performance.55,56 As such, several factors must be
considered, such as conductivity, stability under consistent
operating conditions, ion mobility, and viscosity, since each
electrolyte offers its own advantages and limitations. Among the
most commonly used liquid electrolytes, organic and ionic elec-
trolytes offer a broader working potential window, resulting in
higher energy density.57,58 Despite these advantages, their inher-
ently low electrical conductivity and high viscosity yieldmoderate
capacitance and sub-optimal electrochemical performance. In
contrast, aqueous electrolytes are cost-effective and environ-
mentally benign, offering high ionic conductivity, low viscosity
and efficient charge transport with superior performance.59,60

Therefore, several studies have examined the impact of various
electrolyte on the performance of Co-MOF's, with the goal of
improving the storage capacity of the material. In 2018, Xuan
et al. evaluated the capacitive storage characteristics of Co-MOF
in 3 M KOH, demonstrating excellent redox behavior and deliv-
ering the highest Csp value, reaching more than 950 F g−1 when
tested at a current density of 0.5 A g−1.61 In 2023, Gurav et al.
reported that Co-MOF's/FSS, when tested in a 2 M LiOH elec-
trolyte, delivered a Csp value reaching 650 F g−1. The electrode
also maintained 71% of its initial performance over 5000 GCD
cycles at an Id of 10 mA cm−2.62 Despite these advancements,
a systematic understanding of the effect of electrolyte concen-
tration on Csp remains limited for Co-based MOFs. In addition,
reports of practical device fabrication for Co-based MOF remain
notably scarce.

Herein, we focus on examining Co-MOF's as electrode
materials with an emphasis on understanding how the elec-
trolyte and molarity impact supercapacitor performance. The
electrochemical performance of Co-MOF was systematically
evaluated using CV, GCD, and EIS analyses in alkaline electro-
lytes (NaOH and KOH) at different molarities (1, 3 and 5 M).
This enabled the investigation of electrolyte concentration on
supercapacitor behavior and stability, facilitating the identi-
cation of optimal operating conditions. The practical applica-
bility of the synthesized material was assessed via the
fabrication of a symmetric supercapacitor device, including
a Swagelok-type device and a pouch cell conguration. Overall,
in this study, we aim to bridge the gap between electrolyte
concentration, material performance and device implementa-
tion of Co-based MOFs for supercapacitor application.

2. Experimental details
2.1 Materials

All chemicals used in this study were of analytical grade and
employed without any further purication. Cobalt nitrate
hexahydrate (Co(NO3)2$6H2O) (Molychem (99% purity)) and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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1,3,5-benzenetricarboxylic acid (BTC) (SRL (98% purity)) were
utilized as precursor materials for the synthesis. Di-
methylformamide (DMF) (SRL (99.9% purity)), along with
ethanol and deionized water, served as solvents. For electrode
fabrication, polyvinylidene uoride (PVDF) and AC were used as
binder and conductive material, respectively, followed by
electrochemical analysis.63–65
2.2 Synthesis procedure for Co-MOF

The Co-based MOF was prepared using the hydrothermal
method, with BTC serving as the organic linker. Initially, 4.8 g of
(Co(NO3)2$6H2O) was dissolved in a total volume of 80 mL of
DMF, ethanol and water, and 1.2 g of BTC as an organic linker
was then carefully introduced into the mixture. Aer stirring the
solution for 2 h to ensure homogeneity, it was kept in a PTFE-
stainless steel hydrothermal autoclave and heated at 120 °C
for 26 h under hydrothermal conditions. Thereaer, the
resulting solution was centrifuged and repeatedly washed with
ethanol and DMF to remove any residual reactants or solvents.
The obtained solid product was dried at 70 °C in a hot air oven
overnight, leading to the synthesis of Co-MOF. The preparation
procedure of the Co-MOF is presented in Fig. 1(a).
Fig. 1 (A) Illustration of the hydrothermal synthesis of Co-MOF. (B) Sche
analysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
2.3 The method for preparing the working electrode

The electrochemical behaviour of Co-MOF was investigated
using a standard three-electrode conguration in 1 M KOH and
1 M NaOH aqueous electrolyte solutions and was tested in 3 M
and 5 M NaOH solutions. To prepare the working electrode,
8 mg of the synthesized material was combined with 1 g of AC
serving as the conductive additive and 1 g of PVDF as the binder
in the ratio of 8 : 1 : 1.66–68 This mixture was carefully ground in
a mortar by adding 3 to 4 drops of N-methyl pyrrolidone (NMP)
to obtain a homogeneous suspension. Thereaer, the homog-
enized paste was deposited onto a nickel foam substrate with
dimensions of 2 cm × 1 cm and a mass loading of 1 mg, then
kept at 80 °C in a hot air oven for overnight, as presented in
Fig. 1(b).

2.4 Electrode fabrication for a symmetric supercapacitor
(Swagelok cell)

The electrode was fabricated using a simple drop-casting
approach, with the active material mixed with the PVDF
binder and AC in an 80 : 10 : 10 mass ratio to enhance the
mechanical stability and facilitate efficient charge transport.
Aerwards, NMP solvent was incorporated into the mixture and
stirred thoroughly to obtain a homogeneous slurry. Aerwards,
matic of the fabrication of the Co-MOF electrode for electrochemical

RSC Adv., 2026, 16, 19851–19869 | 19853
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the prepared slurry was carefully drop cast on a circular piece of
graphitic paper current collector with a total mass loading of
2 mg to fabricate the electrode. Following this, it was dried at
80 °C in a hot air oven for overnight to remove the residual
solvent. Finally, the device was assembled using a Swagelok-
type cell with a Whatman lter paper serving as a separator.
Prior to assembly, the separator was soaked in 1 M NaOH
aqueous electrolyte. The assembled device was denoted as the
Co-MOF symmetric supercapacitor.
2.5 Electrode fabrication for symmetric supercapacitor
(pouch cell)

The fabricated pouch cell electrode was assembled following
the same approach; however, in this case, the slurry was applied
to a rectangular graphitic paper. A polyvinyl NaOH (PVA–NaOH)
gel electrolyte was employed as both a gel electrolyte and
a separator. For gel electrolyte preparation, 4.5 g of PVA and
4.5 g of NaOH were introduced into 40 mL of DI water while
being continuously stirred at 80 °C for 9 h to facilitate the
dissolution of PVA. The uniform solution was carefully placed in
a Petridish and the amount was regulated to produce a sepa-
rator of the required thickness. The cast solution was kept
under ambient conditions overnight, resulting in the formation
of a solidied gel electrolyte.

For the fabrication of a pouch cell, gel electrolyte served as
a separator and was placed between the two electrodes to form
the Co-MOF pouch cell with dimensions of 2.5 cm × 1.5 cm,
maintaining a total mass loading of 4 mg as shown in Fig. S1,
which was then electrochemically evaluated using a two-
electrode setup through CV, GCD and EIS analysis.
2.6 Characterization of Co-MOF

Powder X-ray diffraction (XRD) analysis was carried out to
investigate the sample crystal structure using a Bruker D8
Advance EcoPro diffractometer equipped with copper Ka radi-
ation (l = 1.5406 Å). To identify the chemical bonds and func-
tional groups present in the materials, Fourier transform
infrared spectroscopy (FTIR) measurements were carried out
using a PerkinElmer spectrometer. The surface chemical
composition and elemental oxidation states were determined
through X-ray photoelectron spectroscopy (XPS) using a Kratos
Analytical AXIS SUPRA+ with a monochromatic Al Ka X-ray
source at 225 Watts. For examining the morphology and struc-
tural features, a JEOL JSM-7900F eld-emission scanning elec-
tron microscopy (FESEM) instrument was employed. To assess
the textural properties of the sample, BET analysis was per-
formed via nitrogen adsorption–desorption experiments at 77 K
using an Anton Paar Autosorb 6100 FKM MP-AG instrument. It
provided detailed information about the total specic surface
area and pore size accessible within the sample. The CorrTest
(CS2350M) electrochemical workstation was employed to
conduct a systematic examination of the electrochemical char-
acteristics of the synthesized electrodes.
19854 | RSC Adv., 2026, 16, 19851–19869
2.7 Electrochemical analysis

The experimental setup utilized a three-electrode conguration,
with Co-MOF on a nickel substrate as the working electrode, Ag/
AgCl electrode as the reference electrode, and a platinum wire
as the counter electrode, and 1 M KOH and 1 M NaOH aqueous
electrolyte solution. Electrochemical analyses, including CV,
GCD and EIS, were conducted. For the CV measurements,
a voltage window of 0 V to 0.8 V was used and the materials were
tested at scan rates up to 100 mV s−1. The GCD experiments
were conducted over a range of Id, up to 10 A g−1, to evaluate
performance under different conditions. The EIS measure-
ments were performed by sweeping the frequency from 100 kHz
down to 10 mHz. Therefore, the values of Csp, Ed and Pd were
evaluated based on the following electrochemical relations:69

CV : Csp ¼
ðVf

Vi

IðVÞdV
2�m� DV � n

; (1)

GCD : Csp ¼ I � Dt

m� DV
; (2)

Ed ¼ Csp � DV 2

2� 3:6
; (3)

Pd ¼ Ed � 3600

Dt
: (4)

In these expressions, Csp (F g−1) denotes the specic capaci-
tance and DV corresponds to the voltage range. The termÐ Vf
Vi

IðVÞdV denotes the area integrated from the CV prole,

while I indicates the applied current, and m represents the total
weight of the active material. Additionally, n corresponds to the
scan rate, Dt represents discharge duration, and Pd and Ed
denote the power and energy density, respectively.70

The electrochemical parameters of the symmetric super-
capacitor, including Ccell, Ecell (W h kg−1) and Pcell (W kg−1),
were calculated using the following formulas:71,72

CV : Ccell ¼
ðVf

Vi

IðVÞdV
m� DV � n

; (5)

GCD : Ccell ¼ 2� I � Dt

m� DV
; (6)

Ecell ¼ Ccell � DV 2

4� 3:6
; (7)

Pcell ¼ Ecell � 3600

Dt
: (8)

3. Results and discussion
3.1 Characterization of the powder sample

The crystallinity and phase purity of the Co-MOF were evaluated
through PXRD analysis, as presented in Fig. 2(a), demonstrating
that the structure was highly crystalline. The peaks for Co-MOF
appeared at 16.27°, 17.49°, 18.70°, 21.95°, 28.63°, 29.39°, and
35.4°, corresponding to planes (022), (013), (222), (114), (334),
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) PXRD pattern of Co-MOF. (b) FTIR spectrum of Co-MOF. (c) UV-vis spectrum of Co-MOF. (d) Eg plot of Co-MOF.
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(244) and (011), respectively.73 The XRD patterns of Co-MOF
showed two main peaks at 17.49° and 18.70°, which correspond
to a standard reference pattern, conrming that the observed
diffraction peaks of the synthesized Co-MOF matched the
previously reported MOF (CCDC no. 245714).73 These results
show that the synthesized Co-MOF was successfully prepared
without any impurity.

To examine the functional groups within the Co-MOF, the
material was analyzed via FT-IR analysis and is shown in
Fig. 2(b). The absorption band at 3400 cm−1 corresponds to the
O–H stretching, suggesting the presence of hydroxide func-
tional groups associated with the ligands and linker molecules
within the Co-MOF framework. Moreover, the peak at
2429 cm−1 indicates the hydroxyl functional groups, which can
be due to absorbed moisture bonded to the MOF surface. Peaks
at 1620 cm−1 and 1402 cm−1 were attributed to the asymmetric
and symmetric vibrations of the carboxylate functional group.
The observed band at 1055.81 cm−1 shows the C–O stretching
vibration, which means that carbonyl groups (C]O) are
present. The absorption peaks observed at 618–771 cm−1 were
assigned to C–H bending in the MOF structure. The prominent
absorption peak observed around 717 cm−1 was attributed to
Co–O stretching vibrations, conrming coordination between
the cobalt ions and the organic linker within the framework.

The optical characteristics of the synthesized Co-MOF were
assessed through ultraviolet-visible diffuse reectance spec-
troscopy (UV-DRS) analysis. The absorption spectrum in
Fig. 2(c) shows two prominent peaks at ∼328.9 nm and
627.4 nm, corresponding to ligand-to-metal charge transfer
© 2026 The Author(s). Published by the Royal Society of Chemistry
(LMCT) and d–d transitions of Co(II) centers, respectively, in
alignment with the previous literature. A small absorption peak
around 280 nm can be associated with the p–p* electronic
transition. Similarly, the band gap value can be determined
using the Tauc equation as follows:

(ahn)n = b(hn − Eg). (9)

Here, a represents the absorption coefficient, b denotes
a constant in the Tauc relation, hn signies the energy of the
photon involved in the absorption process, Eg indicates the
band gap energy, where n corresponds to 2 and 0.5 for direct
and indirect allowed transitions, respectively. The direct Eg of
the Co-MOFwas evaluated to be 2.86 eV, as displayed in Fig. 2(d)
via the plot of (ahn)n versus hn, indicating the potential for
optical applications.

The FE-SEM images in Fig. 3(a) and (b) show that the as-
synthesized Co-MOF consists of irregularly shaped micro-
aggregates with a rough morphology. The micrographs di-
splayed densely packed granular formations made of inter-
connected nanoscale crystallites. In various regions, ake and
plate-like structures were observed, signifying non-uniform
crystal development. This morphology indicates heteroge-
neous nucleation and growth during synthesis, resulting in
a porous and loosely packed structure that could enhance
electrolyte access and electrochemical activity.

Fig. 3(c) presents the HR-TEM micrograph of the Co-MOF,
while Fig. 3(d) displays the SAED pattern of the Co-MOF, where
distinct diffraction rings were observed. Fig. 3(e) shows
RSC Adv., 2026, 16, 19851–19869 | 19855
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Fig. 3 (a and b) FE-SEM images of Co-MOF. (c) HR-TEM image of Co-MOF. (d) SAED pattern of Co-MOF. (e) FFT patterns of Co-MOF.
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a magnied view of the same image, which was used to deter-
mine the interplanar spacing d. The HR-TEM analysis revealed
clear lattice fringes, indicating that the (011) plane of the Co-
MOF exhibited a d-spacing of approximately 0.23 nm. These
ndings conrmed the crystalline nature and structural
framework of the Co-MOF.74–77

To further analyze the decomposition characteristics and
thermal stability of the Co-MOF precursor, thermogravimetric
analysis (TGA) was conducted with the data presented in
19856 | RSC Adv., 2026, 16, 19851–19869
Fig. 4(a). The thermal conversion of Co-MOF occurs through
several stages of weight loss. An initial mass loss of approxi-
mately 5% below 141.3 °C was attributed to the removal of
physically adsorbed moisture, with any remaining DMF solvent
trapped within the structure. A further 15% weight loss around
228.2 °C was observed, associated with the loss of lattice-bound
water molecules. An additional decrease of approximately 18%
took place between 228.2 °C and 350 °C, attributed to the
gradual evaporation and decomposition of coordinated BTC.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The most substantial weight loss, about 29%, observed in the
range of 350 °C and 555.4 °C, corresponds to the collapse of the
Co-MOF structure and its transformation into cobalt oxide.
Beyond 555.4 °C, negligible mass change was observed, signi-
fying the completion of the MOF to oxide transformation.78

Nitrogen adsorption–desorption analyses were also con-
ducted to assess the porosity and surface area of the Co-MOF
sample. As illustrated in Fig. 4(b), the resulting isotherm
exhibited a characteristic type-4 prole accompanied by an H4-
type hysteresis pattern, indicating the presence of mesopores.78

BET analysis revealed that the sample displayed a specic
surface area measuring 5.452 m2 g−1, while the average pore
diameter was found to be 52.8 Å, as shown in Fig. 4(c); a higher
pore volume signicantly improves the electrochemical perfor-
mance by providing a larger surface area for interaction with the
electrolyte.79–81 This also creates more accessible sites for ion
intercalation, enabling smoother charge transport and ulti-
mately enhancing the overall electrochemical behaviour.
However, maintaining a moderate surface area can reduce
unwanted reactions with the electrolyte, thus enhancing the
stable electrochemical performance.82
Fig. 4 (a) TGA analysis of Co-MOF. (b) BET isotherm analysis of Co-MO

© 2026 The Author(s). Published by the Royal Society of Chemistry
XPS analysis was subsequently employed to evaluate the
elemental composition and respective oxidation states present
in the Co-MOF. The survey spectrum depicted in Fig. 5(a) clearly
indicates that Co-MOF predominantly consists of Co, O, and C
elements. The C 1s spectrum shown in Fig. 5(b) displays three
peaks at binding energies (B.E.) of 284.6, 286.2, and 289.1 eV,
which correspond to C–C, C–O, and, C]O, functional groups,
respectively. Furthermore, the peaks observed at 285.5 eV and
288.3 eV were associated with satellite features. The high-
resolution Co 2p spectrum was characterized by two domi-
nant peaks located at B.E. of 781.6 eV and 797.5 eV, which were
attributed to the Co 2p3/2 and Co 2p1/2 spin–spin orbitals,
respectively. The observed spin–orbit separation of 15.9 eV was
consistent with the electronic structure of cobalt species as
shown in Fig. 5(c). In addition, the separation of peaks indicates
that Co predominantly exists in the +2 oxidation state within the
Co-MOF. The slightly elevated B.E. compared to previously re-
ported values is attributed to strong coordination interactions
between Co2+ ions and carboxylate (–COO−) ligands in the MOF
structure.82 The O 1s exhibited two distinct peaks, as shown in
Fig. 5(d), indicating that oxygen exists in different chemical
F. (c) Pore size distribution analysis of Co-MOF.

RSC Adv., 2026, 16, 19851–19869 | 19857
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Fig. 5 XPS analysis of Co-MOF: (a) survey scan spectrum and high-resolution (b) C 1s spectrum, (c) Co 2p spectrum, and (d) O 1s spectrum.
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environments. The observed peak centered at the B.E. of
531.6 eV is associated with the carboxylate (O–Co) functional
group, while the peak located at 532.7 eV conrms metal–ligand
bonding, i.e., the coordination between oxygen and cobalt
atoms.
3.2 Electrochemical evaluation of Co-MOF using a three-
electrode setup

The Co-MOF was systematically investigated in 1 M KOH and
1 M NaOH electrolytes to evaluate its electrochemical behav-
iour. The CV proles of Co-MOF electrodes fabricated in these
respective electrolytes are presented in Fig. 6(a) and (b). The
measurements were performed in the voltage range between
0 and 0.8 V and sweep rates between 5 to 100 mV s−1. The Co-
MOF electrodes were typically performed over a wider potential
range to display redox peaks due to Co centers in the MOF
undergoing reversible oxidation–reduction reactions associated
with the reversible faradaic transition and pseudocapacitive
behaviour. Even at higher scan rates, the CV proles exhibited
minimal distortion and retained their characteristic shape,
demonstrating excellent capacitive performance resulting from
rapid ion diffusion within the composite.83 The effect of elec-
trolyte cations on the electrochemical performance of the active
material was further investigated using two separate aqueous
electrolytes, KOH and NaOH. Fig. 6(c) compares the CV
responses of the electrodes in two different electrolytes at
19858 | RSC Adv., 2026, 16, 19851–19869
a potential sweep rate of 25 mV s−1. The Co-MOF electrode
showed the highest Csp of 852.5 F g−1 at a potential sweep rate of
2 mV s−1 in 1 M NaOH, while in 1 M KOH, it reached 379.31 F
g−1 at the same scan rate. The CV curve of the Co-MOF electrode
measured in 1 M NaOH and 1 M KOH exhibited distinct varia-
tions, with a distinct pattern, along with a signicantly larger
CV area observed in NaOH relative to KOH. These results signify
enhanced charge storage performance in the NaOH electrolyte
when compared with KOH, as presented in Fig. 6(d). A
comprehensive overview of Csp as a function of scan rate is
tabulated in Table 1. The comparative CV analysis revealed that
NaOH was the most suitable electrolyte, delivering maximum
efficiency. This behaviour can be attributed to the effects of
electrolyte cations on electrochemical performance, observed
by examining the hydrated ionic radii and ionic dimensions as
essential parameters. In this context, the comparison of
hydrated ionic radii showed that K+ ions (∼0.3 nm) are smaller
than Na+ ions (∼0.4 nm), which inuences their mobility and
interaction with the electrode. The variations in hydrated ionic
radii directly inuenced ion diffusion kinetics and conse-
quently, the overall charge storage characteristics of the active
material. Therefore, KOH exhibited a lower Csp than NaOH.
This difference can be further explained by examining the
intrinsic ionic radii of the electrolyte cations, which also
signicantly inuence charge transport. The K+ ion exhibits
a larger ionic radius of 0.138 nm compared to the Na+ ion,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 CV curves ofCo-MOF in (a) 1 M KOH and (b) 1 MNaOH. (c) Comparison graphs of the CV analysis ofCo-MOF in 1 M KOH and 1MNaOH at
25 mV s−1. (d) Csp vs. scan rate plot for Co-MOF in 1 M KOH and 1 M NaOH.

Table 1 Comparison of the Csp values at different scan rates for the
electrodes tested in aqueous 1 M NaOH and 1 M KOH solutions

Electrolyte

Specic capacitance (F g−1) values at different scan rates
(mV s−1)

2 5 10 25 50 75 100

1 M NaOH 852.5 710.75 586.5 422.32 299.62 228.59 181.9
1 M KOH 379.31 295.49 255.54 209.01 165.19 139.26 123.36
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which has a radius of 0.102 nm, resulting in K+ ions diffusing
less effectively towards the electrode. Consequently, the syner-
gistic impact of the hydrated ionic radii and ionic dimensions
resulted in the enhanced efficacy of NaOH relative to KOH.

Furthermore, the electrode Csp properties were assessed by
employing the GCD method. The charge–discharge proles
presented in Fig. 7(a) and (b) display non-linear variations,
which reect the pseudocapacitive characteristics of the elec-
trode material, aligning with the GCD results for both 1 M KOH
and 1MNaOH. The data were obtained over the voltage range of
0–0.5 V, employing varying Id, ranging from 0.5 to 10 A g−1 in
both electrolytes. The GCD measurements were carried out
within a narrower potential window to avoid undesirable side
reactions, such as electrolyte decomposition or structural
degradation of the electrode, which occur at higher potentials
under constant current conditions. Additionally, in extended
© 2026 The Author(s). Published by the Royal Society of Chemistry
voltage ranges, iR drop and polarization effects appear more
clearly in GCD, which distort the charge–discharge proles and
affect the accuracy of capacitance calculations. Fig. 7(c)
compares the discharge times at 0.5 A g−1, demonstrating that
maximum discharge duration occurs with 1MNaOH, signifying
higher Csp. The Csp determined from the GCD measurements
using eqn (11) is plotted against Id in Fig. 7(d). The Co-MOF
electrode achieved a peak Csp of 1147.2 F g−1 when tested at
0.5 A g−1 in 1 M NaOH, highlighting its superior electro-
chemical behaviour in NaOH relative to KOH electrolyte. Among
the electrolytes investigated, the Co-MOF electrode operating in
1MNaOH demonstrated the highest performance, achieving an
Ed of 39.83 W h kg−1, while the Pd of 125 W kg−1 was obtained
using eqn (3) and (4). The values considerably exceed those
observed for KOH, which delivered an Ed of 11.04 W h kg−1 and
Pd of 125 W kg−1, as shown in Fig. 8(a) and (b).

Following the GCD analysis, EIS was conducted to analyze
the charge mobility characteristics and interfacial kinetics of
the Co-MOF electrodes. EIS is particularly valuable for under-
standing resistance contributions and ion diffusion behaviour,
which are essential factors inuencing the power performance
of supercapacitor electrodes. The intersection of the semi-
circular loop with the x-axis in a Nyquist plot demonstrates
the ohmic resistance at the electrode and the electrolyte
junction.84
RSC Adv., 2026, 16, 19851–19869 | 19859
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Fig. 7 GCD curves of Co-MOF in (a) 1 M KOH and (b) 1 M NaOH. (c) Comparison graphs of the GCD analysis of Co-MOF in 1 M KOH and 1 M
NaOH at 0.5 A g−1. (d) Csp vs. Id graphs of Co-MOF in 1 M KOH and 1 M NaOH.

Fig. 8 Ragone plots of Co-MOF in (a) 1 M KOH and (b) 1 M NaOH. EIS graphs of Co-MOF in (c) 1 M KOH and (d) 1 M NaOH.

19860 | RSC Adv., 2026, 16, 19851–19869 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Consequently, Nyquist plots were obtained for Co-MOF
electrodes tested in both KOH and NaOH electrolytes and
examined from 100 kHz to 0.01 Hz, as shown in Fig. 8(c) and (d).
Two characteristic regions were observed, consisting of a semi-
circular loop in the high-frequency range and a sloped line
appearing at low frequencies. The rst corresponds to interfa-
cial charge transfer processes occurring during the redox reac-
tion between the electrolyte/electrode interface; the second
indicates the mobility of ions and capacitive charge storage
within the electrode. The point where the high-frequency
intersects the real axis corresponds to the solution resistance
(Rs), while the width of the semicircle indicates the charge-
transfer resistance (Rct). The Co-MOF electrode demonstrated
Rs of 3.05 U in 1 M NaOH, which was slightly higher than the
2.28 U observed in 1 M KOH. However, Rct in 1 M NaOH (10.41
U) was signicantly lower than that measured in 1 M KOH
(158.08 U). This suggests that 1 M NaOH electrolyte facilitates
a more efficient Rct at the electrode–electrolyte interface, despite
a minor difference in Rs. Furthermore, the more prominent
inclined linear response observed in the low-frequency region
signies improved capacitive performance resulting from
effective ion accumulation and diffusion. Overall, the lower
solution and charge transfer resistances in NaOH accounted for
its superior electrochemical and capacitive performance
compared to KOH.
3.3 Electrochemical behaviour of Co-MOF in three-electrode
setups for varying molarities

Since the Co-MOF demonstrated the best performance with
NaOH as the electrolyte, its concentration was subsequently
Fig. 9 CV profiles ofCo-MOF in (a) 1 M NaOH, (b) 3 MNaOH, and (c) 5 M
5 M NaOH at 25 mV s−1. (e) Csp vs. scan rate plots of Co-MOF in 1 M Na

© 2026 The Author(s). Published by the Royal Society of Chemistry
varied to 1 M, 3 M and 5 M, as shown in Fig. 9(a)–(c). A
comparative analysis of all the electrolyte concentrations was
carried out using CV, where the responses obtained at a poten-
tial sweep rate of 25 mV s−1 are presented in Fig. 9(d). The Co-
MOF electrode evaluated in 1 M NaOH exhibited a signicantly
higher peak current compared to those measured in electrolytes
of different molarities (3 M and 5 M NaOH). This improved
current response was demonstrated by the larger area enclosed
within the CV curves, which corresponds to increased Csp

values. The Co-MOF electrode exhibited Csp of 852.5 F g−1,
784.68 F g−1 and 740.87 F g−1 in 1 M, 3 M and 5 M NaOH,
respectively, as shown in Fig. 9(e). Additionally, Dunn's method
was used to provide a comprehensive analysis to understand the
mechanisms of charge storage in the Co-MOF with various
electrolytes. Alkaline KOH and NaOH electrolytes were analyzed
to differentiate between charge storage arising from ion diffu-
sion within the bulk material occurring at the electrode surface.
The b-values were derived from CV data by examining the
variation of current (I) with scan rate (n), utilizing eqn (10) and
(11) as follows:85

I = Ic + Id = anb, (10)

log I = b log n + log a. (11)

Here, I denotes the total current response, and Ic and Id corre-
spond to the current arising from surface-controlled and
diffusion-controlled mechanisms. The slope of the line was
obtained by constructing a plot of log(I) and log(n), which
corresponds to the value of b and provides insight into whether
the charge storage in the electrode is controlled predominantly
NaOH. (d) Comparison graphs ofCo-MOF in 1 M NaOH, 3 MNaOH, and
OH, 3 M NaOH and 5 M NaOH.
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by ion diffusion. In this context, a value of b approaching 1
suggests capacitive behaviour, while a value close to 0.5
suggests diffusion-controlled behaviour.85 Intermediate b-
values imply the simultaneous occurrence of both processes;
the respective log(I)–log(n) plots for the Co-MOF electrodes in
KOH, NaOH and their variousmolarities are shown in Fig. S2(a).
At a concentration of 1 M KOH and NaOH, the calculated b-
values were 0.61 and 0.63, respectively; for 3 M and 5 M NaOH,
they were 0.65 and 0.61, respectively. Since all these values lie
between 0.5 and 1, this indicates that the charge storage
mechanism is governed by synergistic contributions from
diffusion-controlled faradaic reactions and surface-controlled
capacitive processes. To gain deeper insight into the charge
storage behaviour at the electrode–electrolyte interface, the
current values at peak potentials were extracted from the CV
curves recorded at different scan rates. This approach shows the
individual contributions to the overall charge storage. The
relative contributions of surface and diffusion processes to the
total capacitance vary with scan rate. With an increase in scan
rate, the diffusion-controlled contribution gradually decreased,
while the surface-controlled redox processes became more
dominant for Co-MOF in KOH and NaOH and their varied
molarity, as illustrated in Fig. S2(b)–(e). This behaviour suggests
that ion transport was more effective at the electrode surface at
higher scan rates, highlighting that charge storage occurred due
to both mechanisms, which ultimately inuences the overall
electrochemical performance of the electrode.55 Subsequently,
GCD measured under different molarities were analyzed for
various NaOH molarities as shown in Fig. 10(a)–(c). Among
these, the 1 M NaOH electrolyte demonstrated the longest
Fig. 10 GCD curves of Co-MOF in (a) 1 M NaOH, (b) 3 M NaOH, and (c)
and 5 M NaOH at 0.5 A g−1. (e) Csp vs. Id plots of Co-MOF in 1 M NaOH

19862 | RSC Adv., 2026, 16, 19851–19869
discharge duration, indicating superior charge storage perfor-
mance relative to the electrolytes with higher molarities. This
improved performance can be due to enhanced ion mobility
and effective use of electroactive sites at an optimal electrolyte
concentration, thereby enabling faster and more reversible
redox reactions as illustrated in Fig. 10(d), comparison graph
between different molarities at 0.5 A g−1 Id. This trend was
further validated by GCD analysis conducted across a range of
applied Id's as displayed in Fig. 10(e), where the corresponding
Csp of 1147 F g−1, 714 F g−1 and 677 F g−1 were observed for 1 M,
3 M, and 5 M NaOH, respectively.

Subsequently, the charge storage processes and the kinetics
of the interfacial charge transfer characteristics of the Co-MOF
electrodes were studied using EIS. Nyquist plots were obtained
in 1 M, 3 M and 5 M NaOH as depicted in Fig. 11(a)–(c). Among
the electrolytes examined, the Co-MOF electrode in 1 M NaOH
demonstrated the smallest semi-circular arc at high frequen-
cies, signifying the lowest overall impedance and more effective
movement of charge across the interface of the electrolyte and
electrode. Quantitative analysis of the impedance spectra indi-
cated that the electrode in 1 M NaOH exhibited a Rs of 3.05 U

and Rct of 10.41 U, both of which were signicantly lower than
those observed in 3 MNaOH (Rs= 2.54 U and Rct= 48.90 U) and
5 M NaOH (Rs = 2.85 U and Rct = 70.72 U). The signicantly
decreased Rct in 1 M NaOH could be due to enhanced ionic
mobility and efficient electrolyte penetration within the porous
Co-MOF framework, promoting rapid electron and ion trans-
port during electrochemical processes. Conversely, higher
electrolyte concentrations tend to promote enhanced ion–ion
interactions and viscosity effects, which hinder ion diffusion
5 M NaOH. (d) Comparison graph of Co-MOF in 1 M NaOH, 3 M NaOH
, 3 M NaOH and 5 M NaOH.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Fitted EIS graphs of Co-MOF in (a) 1 M NaOH, (b) 3 M NaOH, and (c) 5 M NaOH.

Table 2 Effects of the molarity of the NaOH electrolyte (1 M, 3 M and 5 M) on CV, GCD, and EIS analyses

Electrolyte molarity (NaOH) CV (at 2 mV s−1) GCD (at 0.5 A g−1)

Resistance

Rs Rct

1 M 852.5 F g−1 1147 F g−1 3.05 U 10.41 U

3 M 784.68 F g−1 714 F g−1 2.54 U 48.90 U

5 M 740.87 F g−1 677 F g−1 2.85 U 70.72 U
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and decrease interfacial charge transfer. Therefore, the
improved impedance characteristics observed in 1 M NaOH
promoted enhanced electrochemical performance and faster
charge transfer kinetics for the Co-MOF electrode. Moreover,
the cycling stability of the Co-MOF electrode demonstrated
exceptional durability in 1 M NaOH, with a coulombic efficiency
of approximately 98% aer 10 000 cycles. Table 2 presents
a comparative analysis of CV, GCD and EIS characteristics ob-
tained using NaOH electrolytes of varying molarities (1 M, 3 M
and 5 M).

Table 3 compares the electrochemical performance of this
study with previously published literature, highlighting the
current ndings.
3.4 Electrochemical evaluation of the Co-MOF symmetric
supercapacitor

Aer conrming the electrochemical performance of the Co-
MOF electrode in 1 M NaOH electrolyte using a three-electrode
© 2026 The Author(s). Published by the Royal Society of Chemistry
conguration, its practical applicability was further evaluated
by assembling a symmetric supercapacitor device in a Swagelok-
type cell. The supercapacitor device consisted of a pair of
identical Co-MOF electrodes with a separator positioned
between them. The fabricated device was systematically evalu-
ated for its electrochemical characteristics in 1 M NaOH
through CV and GCD analysis. The operating voltage window of
the Co-MOF Swagelok cell was determined to be 1.9 V from CV
measurements in different potential windows with a sweep rate
of 100 mV s−1, as displayed in Fig. 12(a). The CV responses of
the Co-MOF-based symmetric supercapacitor device measured
at scan rates varied from 2 to 100 mV s−1 showed a quasi-
rectangular prole with noticeable curves at higher potentials.
It broadened gradually with increasing scan rates, accompanied
by a systematic rise in Id, indicating enhanced charge storage
capability and efficient electrochemical behaviour. Although
the curves did not display prominent redox peaks, the deviation
from an ideal rectangular shape indicated the occurrence of
RSC Adv., 2026, 16, 19851–19869 | 19863
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Table 3 Reported electrochemical performances of Co-MOF-based electrodes with different synthesis routes and electrolyte molarities

S. no. Material Electrolyte molarity Synthesis Specic capacitance Cyclic stability Ref.

1 Co-based MOF 1 M KOH Solvothermal 980 F g−1 72.38% aer 2000 cycles 88
2 ZIF-67 MOF 3 M KOH Electrodeposition 105 mF cm−2 >80% aer 10 000 cycles 89
3 ZIF-67 6 M KOH — 1068.62 F g−1 84.98% aer 6000 cycles 90
4 CTNBMs 1 M NaOH Hydrothermal 472.8 F g−1 85.9% aer 6000 cycles 91
5 Co-MOF 6 M KOH — 316 F g−1 — 92
6 Co-MOF 1 M KOH Solvothermal 571.73 F g−1 96.87% aer 5000 cycles 52
7 Co-MOF 2 M KOH Hydrothermal 261.27 F g−1 84% aer 2000 cycles 93
8 Co-MOF 1 M NaOH Hydrothermal 1147 F g−1 98% aer 10 000 cycles This work
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surface-controlled faradaic reactions alongside the electric
double-layer capacitance, as shown in Fig. 12(b). The Csp values
were calculated from the graph in Fig. 12(c), which displays the
Csp of 37.7 F g−1 achieved at a scan rate of 2 mV s−1. As the scan
rate increased, the Csp gradually decreased to 30 F g−1 at 5 mV
s−1 and subsequently to 24.78 F g−1, 18.33 F g−1, 14.15 F g−1,
12.07 F g−1 and 10.78 F g−1 at scan rates of 10 mV s−1, 25 mV
s−1, 50 mV s−1, 75 mV s−1 and 100 mV s−1, respectively. This
Fig. 12 (a) Operating voltage optimization analysis using CV. (b) CV profi
MOF. (d) Operating voltage optimization analysis using GCD. (e) GCD plot
analysis of the Co-MOF Swagelok device; inset: LED illumination by the
Swagelok device.

19864 | RSC Adv., 2026, 16, 19851–19869
decline in capacitance, observed at increased scan rates, could
be caused by kinetic limitations, whereby electrolyte ions were
unable to thoroughly penetrate the internal porous structure of
the Co-MOF, thereby limiting charge storage mainly to surface-
accessible active sites. The consistent CV proles observed
across all scan rates indicated the good rate capability and
electrochemical stability of the Co-MOF electrode in the
symmetric Swagelok cell. To determine the optimal potential
les of the Co-MOF Swagelok device. (c) Csp vs. scan rate graph of Co-
s of theCo-MOF Swagelok device. (f) Variation ofCsp with Id. (g) Ragone
Co-MOF Swagelok device. (h) Cyclic stability analysis of the Co-MOF
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window, the GCD of the Co-MOF Swagelok cell was performed
in the voltage window range of 0.0–1.9 V, as shown in Fig. 12(d).
The GCD proles obtained at different Id's within the range of
0.25–5 A g−1 over the same operating potential window as the
CV measurements are shown in Fig. 12(e). The quasi-symmetric
triangular prole conrmed the effective charge storage and
highly reversible electrochemical behaviour of the device. The
Csp values calculated using the eqn (7) reached a peak Csp of
14.9 F g−1 measured at an Id of 0.25 A g−1, as depicted in
Fig. 12(f). The comparatively low coulombic efficiency noted at
an Id 0.25 A g−1 was due to side reactions occurring at lower Id.
The extended charge–discharge period at low Id facilitated
electrolyte decomposition and potential gas evolution in the
aqueous medium. Furthermore, the prolonged ion diffusion
duration may have caused partial irreversibility in faradaic
reactions and charge trapping within the electrode structure.
These factors collectively resulted in reduced charge recovery
and lower coulombic efficiency. With increasing Id, a noticeable
decrease in capacitance was observed. Specically, the capaci-
tance values were measured at 0.5 A g−1, 1 A g−1, 1.5 A g−1,
2 A g−1, 2.5 A g−1, 3 A g−1 and 3.75 A g−1 and 5 A g−1, showing
a progressive decline as the Id increased. This reduction in
capacitive behaviour at increased Ids is likely due to increased
internal resistance and limited duration for ions to penetrate
Fig. 13 (a) Operating voltage optimization analysis using CV. (b) CV cur
Operating voltage optimization analysis using GCD. (e) GCD plots of the C
the Co-MOF pouch cell; inset: Co-MOF pouch cell. (h) Cyclic stability a

© 2026 The Author(s). Published by the Royal Society of Chemistry
the electroactive sites, thereby limiting the charge storage
efficiency.86

This was further evaluated by calculating Ed and Pd using
Ragone analysis, as shown in Fig. 12(g). A maximum Pd peak of
118.75 W kg−1 was achieved along with an Ed of 3.73 W h kg−1

by the Swagelok cell. To demonstrate practical applicability, the
assembled Swagelok supercapacitor device was effectively
employed to power a red LED, which remained illuminated for
approximately 2 minutes as illustrated in inset image of Fig.
12(g), highlighting the potential of the Co-MOF electrode for
practical energy storage devices. The cycling stability of the Co-
MOF electrode was assessed and subjected to 10 000 continuous
cycles at 1 A g−1 with the corresponding coulombic efficiency of
98.66% and retention of 43.96%, as illustrated in Fig. 12(h). A
gradual decrease in capacitance over prolonged cycling can be
attributed to factors such as the partial irreversibility of redox
reactions, electrolyte degradation, loss of active material and
thermal effects, which collectively restrict ion transport and
reduce the electrochemically active surface area.87 Nevertheless,
the device demonstrated consistent cycling performance.

Similarly, the electrochemical performance of the Co-MOF
pouch cell was evaluated using CV, GCD, and cycling stability
tests in a two-electrode setup. The operating voltage limits of
the device were examined by performing CV at 50 mV s−1, with
a gradually applied potential from 0 V to 1.4 V, as shown in
ves of the Co-MOF pouch cell device. (c) Csp vs. scan rate graph. (d)
o-MOF pouch cell device. (f) Variation of Csp with Id. (g) Ragone plot of
nalysis of the Co-MOF pouch cell.
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Fig. 13(a). Therefore, voltage limits of 0.2 V, 0.4 V, 0.8 V, 1 V,
1.2 V, and 1.4 V were selected as the working potential windows
for all further measurements. As shown in Fig. 13(b), the CV
measurements were carried out over the specied optimal
potential window at scan rates between 2 and 100 mV s−1. At
2 mV s−1, the Co-MOF pouch cell delivered a substantial Csp of
21.42 F g−1, as depicted in Fig. 13(c). Rapid charge propagation
and characteristic capacitive behaviour of the Co-MOF-based
device were conrmed by the steady enhancement in current
response observed at higher scan rates.

The pouch cell GCD behaviour was analyzed over Id varied
from 0.25 A g−1 to 0.87 A g−1 in the optimized voltage window,
as displayed in Fig. 13(d) and (e). The GCD curves showed
a capacitive prole with reversible charge–discharge behaviour
and the corresponding Csp values derived from the curves are
shown in Fig. 13(e). The notable iR drop in the discharge curve
originated from the internal resistance of the device. This
included the intrinsic low electrical conductivity of the Co-MOF
electrode, which restricted efficient electron transport, along
with contact resistance between the active material and current
collector. Ion diffusion limitations within the porous MOF
structure and incomplete electrolyte penetration further led to
increased resistance and polarization effects. The higher mass
loading, electrode thickness and possible imperfect interfacial
contact of the pouch cell conguration also contributed to the
overall resistive losses. The highest Csp of 1.68 F g−1 was
measured at an Id of 0.25 A g−1 while stable capacitive behaviour
was sustained, suggesting good rate capability as shown in
Fig. 13(f). This signicant difference in Csp between the three-
electrode setup and the symmetric device was due to the
fundamental differences in measurement conditions. The
three-electrode setup demonstrated the inherent characteristics
Fig. 14 Bending tests of the Co-MOF pouch cell at (a) 0°, (b) 45°, and (c) 9
i.e., 0°, 45° and 90°. (e) Csp vs. bending angle graph of the Co-MOF pou

19866 | RSC Adv., 2026, 16, 19851–19869
of an individual electrode under ideal conditions, with minimal
inuence from the counter and reference electrodes. However,
the symmetric device was limited by combined electrode effects,
internal resistance and reduced active material utilization. As
a result, the device exhibited signicantly lower capacitance
values. The Co-MOF pouch cell was further evaluated by
calculating its Ed and Pd using Ragone analysis, as indicated in
Fig. 13(g). A maximum Ed of 0.22 W h kg−1, accompanied by Pd
of 43.75 W kg−1, was achieved by the pouch cell. The Co-MOF
pouch cell was tested over 10 000 repeated charge–discharge
cycles with the corresponding coulombic efficiency to deter-
mine the operational stability of the device. The device deliv-
ered superior cycling stability, maintaining approximately
41.2% of its original capacitance aer 10 000 repeated charge–
discharge cycles with a coulombic efficiency of 87%, as depicted
in Fig. 13(h). Table S1 shows the comparison of the electro-
chemical behaviour of the Swagelok and the pouch cell device.
To assess its practical applicability, the pouch cell was further
employed to power a red LED. Although successful illumination
was attained, the device maintained emission for merely 25–30
seconds. Therefore, upon comparing the two setups, the pouch
cell exhibited a signicantly lower Csp than the Swagelok cell.
This difference was mainly due to the variations in the elec-
trode–electrolyte interface. The liquid electrolyte in the Swage-
lok cell ensured better ionic conductivity and effective
penetration of ions into the Co-MOF structure, which enabled
improved charge transfer. Also, the gel electrolyte used in the
pouch cell showed comparatively lower ionic mobility and
limited electrode wetting, which led to higher internal resis-
tance and restricted ion transport. As a result, the decreased
accessibility of active sites and slower electrochemical reactions
led to the reduced efficiency of the pouch cell. Despite this,
0°. (d) Comparison graph of the CV curves at different bending angles,
ch cell.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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these ndings highlight the signicance of the Co-MOF elec-
trodes for supercapacitor applications, owing to their excellent
electrochemical behaviour and enduring stability. The
mechanical exibility of the symmetric cell conguration was
assessed through the observation of CV proles at various
bending angles of 0°, 45° and 90°, as illustrated in Fig. 14(a)–(c).
The CV curves recorded at 200 mV s−1, maintained their overall
features and shape without signicant distortion, thereby
demonstrating exceptional electrochemical stability at different
bending angles. Furthermore, the Csp increased from 3.17 F g−1

at 0° to 5.64 F g−1 at 45° and subsequently to 11.35 F g−1 at 90°,
as presented in Table S2, indicating enhanced charge storage
performance upon bending, as demonstrated in Fig. 14(d) and
(e). The obtained results conrm the robust mechanical
stability and efficient electrochemical performance of the
device, thus highlighting its promise for application in devices,
specically in exible and wearable electronics.

4. Conclusion

Herein, a Co-MOF was synthesized through a hydrothermal
route and then integrated onto nickel foam to examine its
electrochemical properties for supercapacitor applications.
Structural analysis using XRD veried the synthesis of a highly
crystalline and well-structured Co-MOF, with specic diffrac-
tion peaks corresponding to its characteristic crystal planes.
Prominent peaks at 17.49° and 18.70° align with the standard
diffraction pattern of the Co-MOF, indicating that it exhibits
high crystallinity and phase purity. Morphological analysis via
FE-SEM demonstrated irregularly shaped, spherical grains
exhibiting a rod-like structure. XPS revealed the coexistence of
Co2+ and Co3+ oxidation states, which is advantageous for redox-
active charge storage. The electrochemical behaviour of the Co-
MOF electrode was comprehensively assessed through CV,
GCD, and EIS in KOH and NaOH electrolytes. Among the
investigated electrolytes, 1 M NaOH emerged as the most
effective medium, exhibiting superior electrochemical behav-
iour relative to KOH and higher NaOH concentrations. The
highest Csp of 1147.2 F g−1 was achieved by the Co-MOF at
0.5 A g−1 during GCD and 852.5 F g−1 at a sweep rate of 2 mV s−1

during CV in 1 M NaOH. This was followed by 3 M and 5 M
NaOH, which produced Csp values of 714 F g−1 and 677 F g−1,
respectively, highlighting the importance of optimized electro-
lyte concentration. Cycling stability measurements demon-
strated excellent durability with approximately 98% coulombic
efficiency even aer 10 000 cycles in 1 M NaOH. EIS further
conrmed favourable kinetics in the electrolyte, as demon-
strated by the lowest Rs of 3.05 U and improved ion transport
performance. Furthermore, a symmetric supercapacitor device
assembled with the Co-MOF electrode and 1 M NaOH electro-
lyte exhibited a Csp value of 37.7 F g−1 from CV measurements
and 14.9 F g−1 based on GCD measurements. An Ed of
3.73 W h kg−1 was recorded for the assembled device with
a corresponding Pd of 118.75 W kg−1, maintaining 98.66%
coulombic efficiency with 43.96% retention aer 10 000
repeated cycling tests. Similarly, the Co-MOF pouch cell
demonstrated a Csp of 21.42 F g−1 at 2 mV s−1 for CV and
© 2026 The Author(s). Published by the Royal Society of Chemistry
a maximum of 1.68 F g−1 when evaluated at 0.25 A g−1 for GCD.
Ragone analysis indicated an Ed value of 0.22 W h kg−1 at
a corresponding Pd of 43.75 W kg−1. The device also maintained
about 87% coulombic efficiency with 41.2% retention aer
undergoing 10 000 continuous cycling tests. Overall, the
observations indicate that electrolyte preference and concen-
tration are key factors in determining the overall electro-
chemical behaviour of Co-MOF electrodes, highlighting their
prospects for efficient energy storage devices.
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87 E. Pameté, L. Köps, F. A. Kreth, S. Pohlmann, A. Varzi,
T. Brousse, A. Balducci and V. Presser, Adv. Energy Mater.,
2023, 13, 2301008.

88 A. A. Bhoite, V. B. Hubale, V. A. Sawant and N. L. Tarwal, J.
Mater. Sci., 2024, 59, 6807–6819.

89 J. Cao, Y. Li, L. Wang, Y. Qiao, J. Li, L. Zhu, S. Zhang, X. Yan
and H. Xie, J. Alloys Compd., 2023, 936, 168262.

90 V. Siva, S. Sanjana, A. Murugan, A. Shameem,
R. O. M. U. Jauhar and S. Babu, J. Mater. Sci.: Mater.
Electron., 2024, 35, 75.

91 H. Zhang, J. Li, Z. Li, Y. Song, S. Zhu, J. Wang, Y. Sun,
X. Zhang and B. Lin, J. Phys. Chem. Solids, 2022, 160, 110336.

92 M. Azadfalah, A. Sedghi, H. Hosseini and S. S. Mirhosseini, J.
Energy Storage, 2021, 44, 103248.

93 A. Navarrete, C. Manquian, L. Vivas, D. Serani and
D. P. Singh, Mater. Chem. Phys., 2024, 317, 129142.
RSC Adv., 2026, 16, 19851–19869 | 19869

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra01795a

	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors

	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors

	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors
	Electrolyte-driven modulation of charge storage mechanisms in Co metaltnqh_x2013organic frameworks for advanced supercapacitors


