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Addressing the global energy crisis needs advanced materials capable of both high-capacity energy storage
and efficient electrocatalytic water splitting. Current technologies face challenges related to the low energy
density of supercapacitors and sluggish reaction kinetics of the hydrogen evolution reaction and oxygen
evolution reaction in water splitting. We hydrothermally synthesized a novel ternary Ni-Co-Mn metal—
organic framework using 2,6-pyridine dicarboxylic acid as the organic ligand. As an electrocatalyst, the

material achieves lower overpotentials of 47 mV for the hydrogen evolution reaction and 61 mV for the

2 1

oxygen evolution reaction at a current density of 10 mA cm™*, along with a Tafel slope of 60 mV dec™.

For energy storage, it delivers specific capacitances of 1070 F g~* (CV, 2 mV s™%) and 840 F g~* (GCD,

0.5 A g} as well as a specific capacity of 420 C g~ The fabricated hybrid supercapacitor device
Received 3rd August 2025 1

Accepted 29th October 2025 and an energy density of 45 Wh kgfl. Moreover, it showed

exhibits a power density of 475 W kg

a coulombic efficiency of 99.88% and stability of 79.01% after 5000 charge—discharge cycles. This work

DOI: 10.1038/d5ra05650k introduces a successful material design strategy by integrating high-capacity charge storage and superior
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1. Introduction

The escalating global energy crisis, which was previously met
through fossil fuels, has triggered severe environmental
degradation and gradual resource depletion."” Sustainable
alternatives like solar and wind energy offer minimal or no
carbon footprints but suffer from inherent intermittency.* Solar
irradiation is limited to daylight hours and wind patterns fluc-
tuate seasonally, creating significant gaps in energy storage.**
Therefore, this underscores the urgent need for integrated
systems capable of both efficient energy storage and on-demand
production at basic and technological levels.®® Among multiple
emerging solutions, electrocatalytic water splitting represents
a transformative solution.” Electrocatalytic water splitting
utilizes renewable electricity to split water and produces
hydrogen, a facile energy carrier.'**> However, this process is
impeded by the kinetically sluggish, four-electron oxygen
evolution reaction (OER), alongside the two-electron hydrogen
evolution reaction (HER)."'* As such, the OER is considered
a performance-limiting factor for the water-splitting
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electrocatalysis within a single MOF framework.

reaction.**"

7 Therefore, a catalyst must be developed that
significantly improves the reaction mechanisms by overcoming
the sluggish kinetics. While noble metals like ruthenium (Ru),
iridium (Ir) and platinum (Pt) are benchmark catalysts and play
important roles in significantly improving the electrocatalyst
efficiency, their limited availability and high cost hinder their
scalability."®* Considering these aspects, it is increasingly
important to further investigate alternative transition metal-
based electrocatalysts that are cost-effective, more readily
available, environmentally friendly, and demonstrate high
stability and activity.”>** Transition metal-based materials are at
the forefront of today's research, showing outstanding perfor-
mance in terms of the HER and OER.*

Effectively tackling the intermittency of renewable energy
sources requires high-performance energy storage beyond effi-
cient energy production. A perpetual desire for energy storage
has provoked significant research in the field of supercapacitors
due to their remarkable advantages.”® The benefits include
exceptional cyclic stability, fast charge and discharge capabil-
ities, and superior power density in comparison with secondary
batteries.>»** Supercapacitors have extensive applications in
portable electronic devices, power backup, and electric vehicles
because of their higher power density.”**** However, super-
capacitors undoubtedly show superior power density, but are
limited by a comparatively lower energy density when compared
to batteries and fuel cells.?®" According to the energy storage
process, an electrochemical supercapacitor classified as an
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electrical double-layer capacitor (EDLC) uses a carbon-based
material that stores energy at the interface of the electrode
and electrolyte through a non-faradaic process.**> Subse-
quently, pseudo capacitors (PCs) utilize faradaic mechanisms
for charge storage because they are based on metals that cause
redox reactions.**** On the other hand, a hybrid supercapacitor
uses both faradaic and non-faradic mechanisms for charge
storage.***® Advanced supercapacitors with high energy density
(E) and uncompromised power density (P) are essential for
future energy storage needs. Their energy density depends on
specific capacitance and the potential window.*” To store energy
in a supercapacitor at high voltage without compromising the
specific capacitance, the exploration of new electrode materials
is required.’® Among various material options, transition metal-
based electrodes are promising for supercapacitors due to their
abundance, eco-friendliness, stability, electrochemical perfor-
mance, and cost-effectiveness.*

The transition metal-based metal organic framework is
considered the premier electrode material, which uniquely
addresses two critical technologies: electrocatalytic water split-
ting and supercapacitors.*>*' MOFs belong to the class of highly
porous crystalline hybrid materials, which are formed by link-
ing metal nodes with organic linkers through coordination
bonds to create rigid, modular frameworks.**** Their superi-
ority stems from the atomic-level tunability of redox-active sites,
high surface area, and nano-porosity that not only enables high-
capacity energy storage, but also electrocatalytic HER/OER
kinetics.**** The unique architecture of MOFs offers advan-
tages, allowing them to serve as attractive solutions for various
applications across multiple fields, including electrocatalytic
water splitting, energy storage, gas separation, sensing, and
absorption.”” The customizable microstructure exhibited by
MOFs attained via synthesis techniques helps in the precise
control of their porosity.”® The obtained MOF crystal displays
open and extensive porous channels, extending over several
microns. The porous cavity serves an essential function as
a reservoir for cations and anions during the GCD charge-
discharge process when employed as an electrode material in
a supercapacitor.*® Similarly, porous cavities play crucial roles
during the redox process in the HER and OER when used as
electrocatalysts for electrocatalytic water splitting processes.*~*
The unique characteristics of this porous cavity facilitate ion
retention and diffusion, leading to enhanced electrochemical
efficiency for supercapacitors and electrocatalytic water split-
ting.®»** The selection of organic linkers is pivotal to the
modulation of MOF properties; pyridine dicarboxylate (PDC) is
particularly appealing due to its geometrically flexible yet rigid
coordination, allowing for the synthesis of stable MOFs with
modulable electrochemical activity.”® Monometallic MOFs
(i.e., CO-ZIF-67) are simple to synthesize and exhibit uniform
active sites but suffer from limited active site availability,
restricted redox chemistry, and poor conductivity, which result
in lower energy storage capacities in supercapacitors as well as
increased catalytic overpotential in electrocatalytic water split-
ting. In many cases, monometallic MOFs cannot exhibit ideal
behavior in electrochemical applications. Bimetallic MOFs
(i.e., Ni-Co-HMT) involve the incorporation of two metals in the
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framework during synthesis, resulting in superior performance
when compared to monometallic MOFs, owing to the improved
conductivity and the introduction of dual redox activity through
charge transfer between heteroatoms.* Bimetallic catalysts still
face some limitations, such as insufficient active site tunability
in cases of complex reactions (i.e., simultaneously for HER/
OER) and sluggish kinetics in multi-electron transfer
processes.* In contrast, ternary MOFs show a paradigm shift in
the material design through synergistic multifunctionality by
overcoming the fundamental limitation of mono- and bi-
metallic MOFs.*® Ternary MOFs (i.e., Ni-Co-Mn-TPA), which
feature three different metals, not only stabilize redox reactions,
enabling electron transfer for ultrahigh specific capacitance in
hybrid supercapacitors, but also expose abundantly unsatu-
rated active sites that accelerate reaction kinetics by lowering
the overpotential in the case of electrocatalytic water splitting.>”
The ability of the ternary system not only avoids disorder phases
through precisely controlled synthesis, but also integrates the
complementary functionality of different transition metals like
the conductivity of nickel, oxygen affinity of cobalt, and struc-
tural stability of manganese within the single crystalline
framework.

Leveraging the promise of these transition metal-based
frameworks, we focus here on nickel, cobalt, and manganese
to exploit their potential for electrocatalytic water splitting and
supercapacitor applications. Nickel MOFs are highly efficient
among transition metal-based MOFs, owing to nickel's natural
conductivity, earth abundance, cost-effectiveness, electro-
catalytic properties, and strong energy storage capacity.* In this
case study, Khan et al.*® synthesized Ni-Mn MOF, exhibiting
excellent bifunctional performance with low OER (407 mV) and
HER (196 mV) overpotentials at 10 mA cm >, Furthermore, in
supercapacitors, the reversible (Ni** to Ni**) transition enables
long cycling stability and outstanding pseudocapacitance (789 F
g ' at1Ag ). Such dual functionality renders Ni-based MOFs
economical alternatives for renewable energy systems. Simi-
larly, cobalt MOFs also excel in both supercapacitor and
electrocatalytic water splitting because cobalt atoms show
a natural shift in oxidation from Co®" to Co®", which enables
efficient energy storage through rapid electron transfer.>
Additionally, the cobalt MOFs porous structure creates vast
amounts of surface area packed with active cobalt sites that
easily interact with water molecules and speed up the HER and
OER for hydrogen and oxygen evolutions, respectively. Khan
et al.*® synthesized Co-MOF using 2,6-pyridine dicarboxylic acid
as a ligand, demonstrating exceptional catalytic performance
with overpotentials of 180 mV for the oxygen (O,) evolution
reaction mechanism (OER) and 151.7 mV for the hydrogen (H,)
evolution reaction (HER) mechanism, respectively. In energy
storage, Marwat et al.* synthesized nickel cobalt manganese and
silver citrate-based MOFs through a solvothermal approach,
demonstrating an excellent energy density of 61 Wh kg™", an
ultra-high specific capacity of 762 C g~', and remarkable cyclic
stability of 101% after 4000 cycles.

In this work, we hydrothermally synthesized ternary Ni-Co-
Mn-PDC MOFs by integrating metal centers of nickel, cobalt,
and manganese within the 2,6-pyridine dicarboxylic acid linker.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The fabricated materials were analyzed using physical charac-
terization techniques, including (SEM) for morphology, (XRD)
for crystallinity, (EDX) for elemental composition, and (FTIR)
for identifying functional groups. To investigate the electro-
chemical properties, we constructed both two- and three-
electrode assemblies. This material achieved an overpotential
of 47 mV for (HER) and 60 mV for (OER) at a current density of
10 mA cm > with a Tafel slope of 60 mV dec™ ', which rivals that
of noble metal benchmarks. For energy storage, it delivered
a specific capacitance of 840 F g”" at 0.5 A g ' and a specific
capacity of 420 C g '. The hybrid device (Ni-Co-Mn-PDC
MOF]||AC) exhibited an energy density of 45 Wh kg™ and power
density of 475 W kg™ ' with 99.8% coulombic efficiency after
5000 cycles. The synergistic effect of Ni, Co, and Mn within the
2,6-pyridine dicarboxylic acid framework overcomes the slug-
gish OER/HER kinetics, thereby boosting the supercapacitor
energy density.

2. Methodology
2.1 Chemicals

All chemicals were employed as obtained (purity = 99.99%,
Sigma-Aldrich & Alfa Aesar) without further purification: nick-
el(u) nitrate in hexahydrate crystalline form (Ni(NOj;),-6H,0),
manganese(un) nitrate with variable hydration (Mn(NOj3),-
-xH,0), and cobalt(u) nitrate with six coordinated water mole-
cules (Co(NO3),-6H,0) as the metal precursors, while pyridine-
2,5-dicarboxylic acid (PDC) was used as the organic linker to
synthesize the trimetallic MOF. N-Methyl-2-pyrrolidone (NMP)
and ethanol were used as solvents, and deionized (DI) water was
used throughout the synthesis. Acetylene black (conductive
additive), polyvinylidene fluoride (binder, PVDF), and activated
carbon or carbon black (AC) were used for the fabrication of the
electrode, in addition to nickel foam (NF) as the current
collector. Potassium hydroxide (KOH) pellets were dissolved in
DI water to create the (1 M KOH) solution of alkaline electrolyte.
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Table 1 Ratio optimization of Mn within S;—-S4 MOFs

MOF Name Mn (%) Ni(g) Co(g) Mn(g) PDC(g)
NiCoMng ,5-PDC S, 25 178 170 028 1
NiCoMn, gs-PDC S, 5 1.78 1.70  0.05 1
NiCoMng -5-PDC S, 75 178 170 0.84 1
NiCoMn,;-PDC S4 100 1.78 1.70 1.13 1

2.2 MOF synthesis

The trimetallic Ni-Co-Mn-MOF was prepared with the help of
the hydrothermal method, through systematic optimization of
Ni-Co-Mn-PDC MOFs with high metal stoichiometric accuracy
(S1-S4) (Fig- 1 and Table 1). The first step is the preparation of
the precursor solution, in which the organic linker pyridine-2,5-
dicarboxylic acid (PDC, 1 g) is dissolved in a mixed solvent
(10 mL H,0, 5 mL ethanol, 2.5 mL DMF) under stirring (30 min)
to prepare solution A. Then, solution B is obtained by dissolving
a stoichiometric amount of Mn(NOj),-xH,O (0.28 g),
Ni(NO3),-6H,0 (1.78 g), and Co(NO3),-6H,0 (1.70 g) in 15 mL
DI water (30 min stirring). Following the precursor preparation,
both solutions were mixed for 1 hour and then ultrasonicated
for 20 minutes. They were subsequently hydrothermally treated
within a Teflon-lined autoclave for 24 hours at 180 °C. The
product was cooled, centrifuged, sequentially washed with ethyl
alcohol, acetone, and deionized (DI) water, and then dried at
70 °C for 12 hours in a laboratory oven to achieve the final MOF
powder sample. Furthermore, the compositional tuning main-
tained the fixed ratios of the organic linker (PDC), nickel, and
cobalt (PDC:Ni:Co = 1:1.78:1.70) with variation in the Mn
content (0.25-1.13 g) in compositions S;-S,. The reproducible
method gives atomic-level control of Mn incorporation without
losing crystallinity. The approach provides a roadmap for
tailoring ternary metal-organic frameworks (MOFs) with
customized redox properties for energy applications. While this
study focused on tuning the Mn content, future investigations
on varying Ni and Co ratios could further elucidate their
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Fig. 1 Schematic of the hydrothermal method used to prepare Sy, S,, Sz and S, MOF compositions.
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individual and synergistic contributions to the performance of
ternary MOFs.

2.3 Electrode preparation

Nickel foam (1 x 1 cm?) substrates were sequentially pretreated
in 3 M HCI, ethanol, and acetone to erase surface oxides and
organic contamination, and then thermally dried at 60 °C. The
slurry was prepared by mixing the following components in an
80:10:10 wt% ratio of NiCoMn-PDC MOF powder, acetyl-
ene(carbon) black, and poly-vinylidene fluoride (PVDF,
a binder) in a solvent of 1-methyl-2-pyrrolidone (NMP), with
intensive magnetic agitation for 8 hours to maintain colloidal
uniformity. The final slurry was deposited on pre-cleaned nickel
foam substrates, and then dried out at 70 °C for 8 hours to
produce working electrodes.

2.4 Material characterization

We characterized the prepared Ni-Co-Mn-PDC MOF by
applying a scanning electron microscopy system (SEM, ZEISS
EVO, UK), operating at 15 kV, to analyze its surface morphology.
Subsequently, the elemental composition was validated
through energy (E) dispersive X-ray spectroscopy analysis (EDX).
Furthermore, the structural properties of the synthesized MOFs
were characterized through X-ray diffraction (XRD) using
a diffractometer (AXRD LPD, proto, UK) equipped with a copper
Ka radiation source (1 = 1.5418 A). The data were acquired over
a continuous 26 angular range of 5° to 80° as the equipment
operated in 6-260 configuration. During scanning, the diffrac-
tion angle (26) was incrementally increased while recording the
X-ray diffraction intensity at each angular position, generating
intensity vs. angle profiles that characterize the structural
features of the samples. Likewise, identifications of the chem-
ical bonding arrangements and functional groups were exam-
ined by Fourier (F) transform infrared spectroscopy (FTIR),
spanning the mid-infrared range (400-4000 cm™ '), to confirm
molecular coordination in the MOF structure. This study used
a potentiostat (Galvanostat, Gamry Instruments, Reference
3000, United States) to assess the electrochemical performance
in energy storage and water-splitting applications. This analysis
includes methods such as linear sweep voltammetry (LSV),
assessment of device cyclic stability, galvanostatic charge-
discharge (GCD) and cyclic voltammetry (CV). A three-electrode
(3E) configuration was employed, utilizing Hg/HgO as the
reference electrode, a platinum (Pt) wire as the counter elec-
trode, and a nickel foam as the substrate drop-cast with the
active MOF material as the working electrode.

2.5 Electrochemical analysis

2.5.1 Water splitting analysis. We studied the performance
of the synthesized electrode for the (HER) and (OER) in a typical
three-electrode (3E) system by applying a potentiostat (Gamry
Instrument, Reference 3000, United States). The catalyst mate-
rial was utilized as the working electrode, while a typical Hg/
HgO electrode served as the reference electrode and a plat-
inum wire functioned as the counter electrode. All experiments
were conducted in a one molar (1 M) KOH electrolyte solution.

46280 | RSC Adv, 2025, 15, 46277-46296
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Linear sweep voltammetry (LSV) was performed at 5 mV s,
from 0 to —1.5 V for the hydrogen evolution reaction (HER) and
from 0 to 1 V for the oxygen evolution reaction, with the
potential measured relative to the reversible hydrogen (H)
electrode (RHE). In this assessment, all potentials transformed
into potential relatives to the reversible hydrogen electrode
(RHE) using eqn (1), which is the Nernst equation.®

E(RHE) = EHg/HgO + EO + 0.059 x PH (1)

We used impedance spectroscopy (EIS) to examine the
resistance in charge transfer with a 5 mV AC amplitude over
a frequency-spectrum range of (0.1 Hz to 100 kHz).

The ECSA was calculated from the double-layer capacitance
(Cdl) measured through cyclic voltammetry (CV) conducted
at various scan rates. A plot of the non-faradic current density
(A7) at 0.05 potential against the scan sweeps was made, and
the slope provided the Cdl used for estimating the electro-
chemical surface area. The stability of the material was evalu-
ated through chronopotentiometry or frequent cycles of cyclic
voltammetry.

2.5.2 Energy storage analysis. The electrochemical
(galvanic) analysis of NiCoMn-MOF was executed applying
a potentiostat (Gamry Instruments, Reference 3000, United
States) in a three-electrode (3E) assembly in 1 M KOH. This
three-electrode (3E) configuration included Pt wire as the
counter electrode, (Hg/HgO) as the reference electrode, and
MOFs composition (S;-S;) as the working electrode. Three
approaches were utilized for electrochemical investigations:
galvanostatic charge-discharge (GCD) at 0.5 and 10 Ag ™", cyclic
voltammetry (CV) swept from 5 to 100 mV s~ ', and impedance
spectroscopy (EIS) from 0.1 Hz to 100 kHz. The specific capac-
itance (Cs) of the electrode was calculated from cyclic voltam-
mograms using the formula presented in eqn (2).*

.Vf

I xdv

Jv,
s = ; 2
G mxvxAV 2)

The symbol (V) represents the potential scan rate, which is
quantified in millivolts per second (mV s '). The small (m)
denotes the mass of the active material measured in grams, Cg
signifies the specific capacitance expressed in (F g~'), and the
integral function illustrates the area (m”) under the CV curve.
The discharge curves facilitate the calculation of the specific
capacity through eqn (3).%

(I x Ar)

Qs = (3)

In this context, A¢ represents the discharge time, m denotes
the electrode material mass, and I indicates the current. Simi-
larly, eqn (4) was applied to find out the specific capacitance
from the GCD curve.**

9

RN (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Eqn (5) and (6) were used to find out the power density and
energy density of the device, expressed in (W kg™') and
(Wh kg™ 1), respectively.®

3600 x E

P x (5)
C, x V?
E= 3.6 x2 ©)

here, V represents the operational voltage, while At denotes the
duration of discharge. They both assess how the material
performs at the device level.

3. Results and discussion
3.1 Structural and morphological characterization

3.1.1 XRD analysis. The phase purity and crystallinity of the
hydrothermally synthesized NiCoMn-PDC MOF were evidenced
by X-ray diffraction (XRD), which showed peaks at 6.5°, 9.8°,
11.2°, 14.6°, 16.4°, 18.5°, 22.9°, 26.2°, 27.1°, and 30.5°
(Fig. 2(a)). The NiO displayed characteristic peaks at 18.56°
(102), 20.32° (112), 22.98° (013), and 26.25° (311). These peaks
were matched by the literature, corresponding to JCPDS No. 25-
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Fig. 2 (a) XRD patterns of the as-prepared trimetallic MOFs. (b) FTIR
spectra of the trimetallic MOFs.
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0901.%° Meanwhile, cobalt displayed intense reflections at 11.1°
(100), 16.4° (010), and 27.1° (210), which matched with the
literature, corresponding to JCPDS No. 43-1003.*° The contri-
butions of manganese were found at 6.5° (509), 14.6° (161), and
30.5° (111), which have the high-crystallinity sharp peak profiles
confirmed by the literature pattern.®” These peaks confirm the
coexistence of Co, Mn and Ni oxide/hydroxide phases within the
MOF framework.

3.1.2 FTIR analysis. The FTIR spectra of the hydrothermally
prepared Ni-Co-Mn-PDC MOF (Fig. 2(b)) shows characteristic
vibrations that confirm the successful coordination of the 2,6-
pyridine dicarboxylic acid ligand with metal ions. The FTIR
spectra revealed a metal-ligand bonding environment, in which
peaks were identified for carboxylate (COO ™) at 1382 cm ™, O-H
at 3420 cm ™!, C-H at 3219, C=O0 at 1645 cm ', and pyridinic
(C-C/C-N at 1515 cm ™', and 1429 cm '), confirming the pres-
ence of the organic linker. Similarly, peaks corresponding to the
metal sites Mn-N were located at 864 cm ™!, Ni-N at 549 cm ™ ?,
and M-O-M/M-O (where M = Co and Ni) at 660 cm ™, verifying
the creation of a dual-functional well-coordinated trimetallic
MOF structure.®**® The conductive framework in super-
capacitors enables swift charge transfer, reversible redox
(oxidation and reduction) reactions (Co®>*/Co®" and Ni*"/Ni*"),
and achieves a high specific capacitance (Cs) of 1070 F g~ * (CV,
2mVs ')and 840 F g~ (GCD, 0.5 A g~ '). The unsaturated metal
sites and M-O-M bridges collaborate to reduce kinetic barriers
in water splitting, thereby effectively catalyzing the oxygen and
hydrogen evolution reactions. This results in ultra-low over-
potentials (n) of 61 mV for the OER and 47 mV for the HER at
a current density (j;0) of 10 mA cm™>.

3.1.3 SEM and EDX analysis. A detailed SEM-EDX study of
the compositions S, S,, S; and S, discloses the composition-
controlled morphological evolution controlling the electro-
chemical performance (Fig. 3). S; shows disordered nanostrips
with low interconnectivity (Fig. 3(a) and (b)), indicating low
crystallinity due to the unoptimized Mn content reducing the
conductivity and stability. Elemental mapping verifies the
homogeneous Ni/Co/Mn/O distribution despite structural flaws
(Fig. 3(c1)—(c4)). The best-performing sample, S,, consists of
ultrathin serrated nanostrips with an average diameter of
7.9 nm, as shown in (see Fig. S5), forming a hybrid nano-
structure characterized by sawtooth-like edges (Fig. 3(d) and
(e)). The ultrathin diameter, together with the increased
porosity, ensures facile electrolyte accessibility. Meanwhile, the
serrated edges provide abundant catalytic sites, further sup-
ported by the homogeneous elemental dispersion
(Fig. 3(f1)—(f4)). Inclusion of more Mn to form S; produces
partially aligned nanostrips (Fig. 3(g), (h) and (i1)-(i4)) with
some residual stacking, comparatively modestly enhancing di-
spersibility when compared to S, aggregated nanostrips
(Fig. 3(j), (k) and (11)-(14)) where too much Mn encourages
intralayer coordination at the cost of interlayer spacing. The
morphological advantage of S, stems from the (i) optimal metal
stoichiometry, achieving structural integrity and exposing active
sites; (ii) hierarchical porosity, facilitating effective mass/charge
transport; and (iii) serrated nanostrips morphology, avoiding
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Fig. 3 SEM images and EDX elemental mappings of compositions S;, S,, Sz and S,4. SEM micrographs for S; at (a) small and (b) large-magnifi-
cation, and its elemental area mapping using EDX (c1)—-(c4). SEM micrographs and EDX mapping of S, (d), (e) and (f1)-(f4). SEM micrographs and
EDX mapping (), (h) and (i1)—(i4) for Ss. SEM micrographs and EDX mapping for S, (j), (k) and (11)-(l4).

fragmentation and too much stacking, essential for super-
capacitor and electrocatalytic activity.

3.1.4 BET surface area and porosity analysis. Nitrogen
adsorption-desorption isotherms were recorded at 77 K to
investigate the surface and textural properties of the catalysts
(see Fig. S10(a) ). All samples (S;-S,) display Type IV isotherms
with H3-type hysteresis loops, characteristic of mesoporous
materials. The adsorption volume increases gradually with
relative pressure (P/P,), indicating multilayer adsorption and
pore-filling behavior. Among the samples, S, shows the highest
nitrogen uptake, signifying a larger accessible surface area and
enhanced porosity compared to the others. Similarly, the
porosity index (see Fig. S10(b), calculated as the ratio of the total
pore volume (cm® g~ ') to the BET surface area (m” g~ '), provides

46282 | RSC Adv,, 2025, 15, 46277-46296

a comparative measure of the overall porosity. The values follow
the order S, > S; > S, > S3, with S, exhibiting the maximum index
(8.75 x 107%), further confirming its well-developed pore
structure. These metrics highlight the enhanced textural prop-
erties of S,, which facilitate greater active site availability and
ion diffusion, correlating directly with its superior performance
in water splitting (e.g:, lower overpotentials) and supercapacitor
applications (e.g., higher specific capacitance).

3.1.5 XPS analysis and valence state investigation of
Ni-Co-Mn-PDC MOFs. To gain deeper insight into the oxida-
tion states and electronic environments of the metal centers,
detailed X-ray photoelectron spectroscopy (XPS) analyses were
conducted for all four Ni-Co-Mn-PDC MOF compositions
(S4-S4), as presented in Fig. S11-S15. The Ni 2p spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S11) exhibit well-defined peaks at binding energies around
855.6 eV and 873.4 eV, corresponding to Ni 2p;/, and Ni 2p,,,
respectively, along with distinct satellite peaks, confirming the
coexistence of Ni*" and Ni*" species across all samples. Simi-
larly, the Co 2p spectra (Fig. S12) show characteristic doublets
for Co 2p;3/, (~780.2 eV) and Co 2p4,, (~795.3 eV), accompanied
by shake-up satellite peaks, signifying the presence of both Co**
and Co®" oxidation states. The Mn 2p spectra (Fig. S13) further
reveal multiple oxidation states, with Mn 2p;, and Mn 2p,,
peaks observed near 641.8 eV and 653.3 eV, respectively, indi-
cating a mixture of Mn>* and Mn®" species. This multivalence is
critical for enabling fast redox transitions and efficient charge
transfer during electrochemical processes. Notably, a compara-
tive analysis of S;-S, demonstrates that the S, composition
exhibits a balanced ratio of mixed-valence species for all three
metals, suggesting an optimized redox environment that
promotes synergistic electron exchange. This observation aligns
with the superior electrocatalytic and energy storage perfor-
mance of S, reported in the main text. In addition, the O 1s
spectra (Fig. S14) display two major components centered at
approximately 531.3 eV and 533.4 eV, corresponding to lattice
oxygen (oxygen vacancies) and surface-adsorbed oxygen species
(0-C=0), respectively. Among all samples, S, exhibits the
highest intensity of oxygen vacancy-related peaks, indicating
abundant defect sites that enhance the electrical conductivity
and facilitate rapid ion diffusion. Collectively, these XPS results
confirm the presence of multiple oxidation states (Ni**/Ni*",
Co**/Co*", Mn**/Mn®") and oxygen vacancies across all
compositions, with S, demonstrating the most favorable elec-
tronic structure and defect chemistry for efficient redox
kinetics, thereby validating its optimized performance in both
water splitting and hybrid supercapacitor applications.

3.2 Electrochemical characterization

3.2.1 Electrocatalytic water splitting

3.2.1.1 LSV and Tafel analysis. The performances of the HER
and OER for the NiCoMn-PDC MOF/NF electrodes were
comprehensively investigated in 1 M KOH using a three-
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RSC Advances

electrode assembly (Fig. 4). To analyze the electrocatalytic
properties of the synthesized materials, the overpotential was
defined as the potential necessary to achieve current densities
(j10) of 10 mA cm 2. The overpotential, determined relative to
the RHE applying the Nernst equation, is a crucial criterion that
reduces the energy barrier and promotes chemical processes.
For the HER (Fig. 5(a)), sample S, exhibited better outcomes
with a remarkable low recorded overpotential (n) of 47 mV at
current densities (jyo) of 10 mA cm ™2, exceedingly far from those
of the S; (64 mV), S; (57 mV), and S, (165 mV) counterparts.
Composition S, exhibited a significantly lower overpotential
than the other compositions, indicating superior performance
for hydrogen evolution. Using the following eqn (7), we can gain
more insight into the catalyst rapid kinetics and efficiency by
calculating its Tafel slopes from polarization curves.®

n = a + blog()) (7)

In this context, b shows the importance of the Tafel slope,
while j represents the current density. Among the studied
compositions, S, exhibits the lowest Tafel slope (351 mV dec™*)
when compared with that for S;, S;, and S,, which show 1009,
913, and 595 mV dec ™, respectively (Fig. 5(c)). Although these
absolute values are higher than those typically observed for the
state-of-the-art HER catalysts, the relative decrease for S,
suggests comparatively enhanced ion/charge transfer kinetics
within this series, thereby indicating the improved electro-
catalytic activity of the NiCoMn-MOF material. The Tafel
parameters provide mechanistic insight into whether the HER
progresses via the discharge ion stage or the combination
pathway. In an alkaline medium, the HER can arise in three
ways.*

Tafel reaction mechanism (30 mV dec™', combination step):
H(ads) + H(ads) - H2

Mechanism of the Volmer reaction
(120 mV dec™!, discharge step): H,O + e — OH™ + Huaqs)

Potentiostat

OER
Catalyst

KOH solution

Fig. 4 Three-electrode setup used for electrocatalytic water splitting.

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

~
L H.AH: Catalyst

In an alkaline Solution
OER 40H - 0,+ 2H,0 +4e” E°=-0.40V
HER 4H,0 +4e »2H,+40H E°=-0.83V

Overall 2H,0 -» 2H, + 20, E°=-1.23V
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catalysts. (c) HER Tafel plots. (d) OER Tafel slopes.

Mechanism of the Heyrovsky reaction (40 mV dec™

H(ads) + H20 +e — Hz + OH™

When the Tafel slope is less than or equal to 30 mV dec™ ",

1

, ion step):

1

the hydrogen evolution reaction responses may result in the
Tafel-step mechanism pathway. Similarly, if the value is 40 mV

dec

a slope beyond 40 mV dec’

~', it may indicate the Heyrovsky-step mechanism, while
suggests the Volmer-step
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(a) Polarization curves of the Ni-Co—Mn—-PDC MOF for the HER. (b) LSV curves for the oxygen (O,) evolution response of the as-prepared

mechanism, along with the rate-finding steps. The NiCoMn-
MOF exhibits extraordinary behavior towards the HER mecha-
nism. The organic linker (pyridine dicarboxylic acid) is
primarily responsible for the unusual behavior of NiCoMn-
MOFs compared to other materials. As illustrated in Table 2,
the diverse connecting groups give MOFs their varied electro-
catalytic characteristics. The inclusion of nitrogen in the pyri-
dine ring of the PDC linker accelerates the chemical kinetics,
leading to efficient hydrogen evolution. The carboxylic acid

Table 2 OER and HER performance comparison of different MOF-based catalysts

Tafel slope

(HER/OER) (mV dec™ ")

Overpotential
(HER/OER) (mV)

MOF electrocatalyst HER OER HER OER Current density (mA cm ™ ?) Substrate References
NiCo-HMT MOF/NF 76 86 274 330 30 NF 68
NiCo-PDC MOF/NF 89 73 263 420 30 NF 69
Co-bilinker with PDC 44.4 73.3 151.7 180 10 NF 60
NC@CoO/NF — 139 290 10 NF 70
Co(Ni)O,@CoP,_; 19.12 108.42 97 309 10 NF 71
Mn-doped NiCo-MOF 89 53 86 220 10 — 72
NiCoMn-PDC MOF/NF 595 60 47 61 10 NF This work
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group serves as both a proton donor and acceptor, playing
a crucial role in proton reduction processes. The active
involvement of carboxylic acid enhances the overall efficiency of
the Ni-Co-Mn-PDC MOF.

In addition to the hydrogen (H,) evolution reaction, all
compositions were evaluated for oxygen (O,) evolution reactions
in an alkaline medium. The OER characterization (Fig. 5(b))
revealed that S, operates at current density (j;0) and over-
potential of only 61 mV with a Tafel slope of 60 mV dec™ ', as
shown (Fig. 5(d)), competing with noble metal standards. The
peak at ~1.2 V vs. RHE supports Ni*>*/Ni*" redox changes. To put
the electrocatalytic activity of our Ni-Co-Mn -catalyst into
perspective, benchmarking against widely accepted reference
catalysts was performed using literature-reported values for Pt/
C (HER) and IrO,/RuO, (OER). The comparison is summarized
Fig. S2. Pt/C displays an overpotential of ~24 mV for the HER at
10 mA cm 2, highlighting its well-known superior activity. For
OER, IrO, and RuO, exhibit overpotentials of ~398 mV and
~247 mvV, respectively. In contrast, our Ni-Co-Mn catalyst
requires only 47 mV for the HER and 61 mV for the OER at the
same current density. These results clearly demonstrate that the
Ni—Co-Mn catalyst not only approaches the performance of Pt/C
in HER, but also significantly outperforms IrO, and RuO, in
OER, indicating its strong potential as a cost-effective and
highly efficient bifunctional electrocatalyst. In addition, to
ensure an accurate assessment free from the contribution of
non-faradaic oxidation peaks present in the forward scan, the
LSV curves were recorded in reverse scan mode. The resulting
LSV curves are presented in Fig. S1, where the overpotential ()
is plotted against the current density. The overpotential
required to achieve a current density of 10 mA cm™> was
determined from these reverse scans. The values for samples S;,
S,, S3, and S, were found to be 119 mV, 305 mV, 112 mV, and
130 mV, respectively. Similarly, for the HER and OER study, this
improved performance of the trimetallic Ni-Co-Mn-PDC MOF
is attributed to the following electrocatalyst properties: (1)
abundance of active sites attributed to the presence of ternary
metals (Ni, Co and Mn), (2) accelerated electron and kinetics of
charge transfer, (3) extensive surface area (m”) and enhanced
porosity, and (4) a synergistic effect arising from the interaction
of various metals within the synthesized electrocatalyst. Thus,
by optimizing the manganese ratio, the compositional tuning of
the material improves the electrocatalytic performance of the
as-prepared Ni-Co-Mn-PDC MOF.

3.2.1.2 EIS, CV and Cdl analysis. We employed electro-
chemical impedance spectroscopy (EIS) over a frequency range
from (0.1 Hz to 100 kHz) to evaluate the charge transfer kinetics
and storage capabilities of the S;, S,, Sz, and S, electrodes. EIS
serves as a widely used method for examining the interactions
that occur among electrode materials and electrolyte ions. It
provides data about the characteristics of the electrolyte-elec-
trode interface, double-layer capacitance (Cdl), encompassing
ion-transfer kinetics, and interface resistance. A small semi-
circle was observed in the Nyquist plots within the higher-
frequency domain (Fig. 6(a) and (b)), indicating a low charge-
transfer resistance, which demonstrates the high conductivity
of our materials. The interaction points along the x-axis in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EIS spectrum bands in the high-frequency region reveal the
sample equivalent series resistance (ESR), providing insights
into the resistance between the electrolyte and electrode. The
ESR values, which are essential for determining the electron
transport efficiency, varied with composition (i.e., ESR value 1.0
Q for composition S3, 1.5 Q for Sy, 2.9 Q for S,, and 3.6 Q for S,).
These results demonstrate that S; achieves the lowest ESR due
to optimal Ni/Co/Mn stoichiometry, indicating superior charge-
transfer kinetics.

Experimentally, the electrochemical active surface area
(ECSA) was found from the double-layer capacitance (Cdl). To
analyze the double-layer capacitance (Cdl) for the HER, we
performed cyclic voltammetry (CV) on NiCoMn-MOF.
Subsequently, the measurements spanned scan sweeps of
20-120 mV s~ ' with 20 mV s~ increments within the capacitive
potential window of —0.8 to —1.0 V vs. RHE for the HER, as
illustrated in Fig. 6(c). Similarly, to measure the double-layer
capacitance (Cdl) for the OER mechanism, a positive window
of 0.1 V to 0.3 V was chosen, as illustrated in Fig. 6(d).

The Cdl data in Fig. 6(e) for the HER show 7, 2, 1, and 3 mF
cm 2 for compositions Sy, S,, Sy, and S;, respectively, confirm-
ing their excellent electrocatalytic performance for hydrogen
production. Similarly, the Cdl values in Fig. 6(f) for the OER
show 11, 50, 37 and 38 mF cm > for compositions Sy, S,, S; and
S4, respectively, confirming their remarkable electrocatalytic
performance for the oxygen evolution reaction. The ESCA was
obtained from the cyclic voltammetry results by calculating the
double-layer capacitance rate, Cdl, using the following eqn (8).”

ESCA = Cdl/C, 8)

The electrode surface specific capacitance is labelled as Ci.
In alkaline media, its value is equal to 0.04 mF cm 2. As a result,
the ESCA values for the compositions Sy, S,, S; and S; are 175,
50, 25, and 75 cm? for the HER and 950 cm?, 1200 cm?, 275 cm?
and 925 cm? for the OER, respectively. The higher the ESCA, the
better the electrocatalyst performance in HER/OER, as it
promotes charge kinetics, adds more active sites, optimizes
material deposition, and provides synergistic benefits. In
electrochemical processes, reactions occur on the surface of the
electrode. The availability of the active sites increases for the
reactant molecules to engage with upon increasing the ECSA,
thereby accelerating the total reaction rate. The presence of
carbon contributes to an additional active site, contributing to
an improved ESCA. However, not every carbon active site for the
oxygen and hydrogen evolution reactions is catalytically active.
The limited catalytic activity of carbon sites supports the
hypothesis that metal centers are the primary active sites for the
HER and OER.

3.2.1.3 IR compensation, reproducibility with error bar and NF
control analysis. The fully corrected kinetic overpotentials of
47 mV for the HER and 61 mV for the OER on composition S,
were obtained using the iR-compensation method, as defined

by eqn (9)—(11).

E(measured) = n(kin) + iR (Q) 9)

RSC Adv, 2025, 15, 46277-46296 | 46285
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E(corrected) = E(measured) — 8 x iR (Q)

E(corrected, full) = E(measured) — iR (Q)
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(10)

(11)

The uncompensated solution resistance was measured by
EIS (~2.9 Q), giving an ohmic drop of ~29 mV at 10 mA cm >
For the optimized S, sample, the raw measured overpotentials

were 76 mV for the HER and 90 mV for the OER. After 90% iR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correction, the values decreased to 49.9 mV (HER) and 63.9 mV
(OER), and the fully corrected kinetic overpotentials were 47 mV
(HER) and 61 mV (OER), as illustrated in Fig. S6. These results
confirm that the excellent catalytic activity of S, originates from
its intrinsic properties, rather than measurement artifacts.

To ensure reproducibility and statistical reliability of the
electrochemical performance, four independent NiCoMn-PDC
MOF electrodes were fabricated and tested under identical
conditions for both the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER). The measured overpotential
values (at the target current density) were 203, 209, 196, and
158 mV for HER, and 250, 99, 67, and 306 mV for OER. The
corresponding mean overpotentials were 191.5 £ 22.95 mV
(HER) and 180.5 + 115.62 mV (OER). These results, represented
as bar graphs with error bars in Fig. S7, demonstrate the
consistency of the catalytic performance across multiple elec-
trodes. Overall, these findings confirm the statistical repro-
ducibility and robust electrocatalytic performance of the
NiCoMn-PDC MOF system.

To evaluate the intrinsic catalytic activity and establish
a reliable control, additional hydrogen and oxygen evolution
reaction (HER and OER) measurements were performed using
bare Ni foam (NF) under identical experimental conditions. The
corresponding linear sweep voltammetry (LSV) curves for all
four samples (S;-S;) and NF are shown in Fig. S8(a) and (b),
respectively. For the HER, the overpotentials required to achieve
a current density of 10 mA em ™2 are 64 mV (S;), 47 mV (S,),
57 mV (S3), 165 mV (S4), and 179 mV (NF). Meanwhile, for the
OER, the values are 93 mV (S;), 61 mV (S,), 101 mV (S;), 95 mV
(S4), and 99 mV (NF). The LSV curves clearly indicate that all
modified samples exhibit lower overpotentials and higher
current responses than bare NF, demonstrating their improved
electrocatalytic activity. Among them, S, shows the lowest
overpotentials for both the HER and OER, confirming its
superior bifunctional catalytic performance relative to the NF
control.

3.2.1.4 Stability and durability analysis. To further evaluate
the long-term stability and durability of the NiCoMn-PDC MOF
as a bifunctional electrocatalyst, chronoamperometry tests were
conducted for 14 hours in 1 M KOH electrolyte. For the HER, the
test was performed at a constant potential of —0.47 V vs. RHE,
corresponding to an initial current density of approximately
—10 mA c¢cm % As shown in Fig. S9(a), the current density
exhibited a slight initial fluctuation before stabilizing, retaining
nearly 100% of its initial value after 14 hours of continuous
operation, as indicated by the arrow. This minimal decay
underscores the robust structural integrity of the trimetallic
MOF framework, likely attributed to the synergistic Ni-Co-Mn
coordination and the rigid PDC linker, which prevent signifi-
cant dissolution or morphological changes under reductive
conditions.

Similarly, for the OER, chronoamperometry was carried out
at 0.61 Vvs. RHE, achieving an initial current density of around
10 mA cm 2. The profile in Fig. S9(c) reveals excellent retention,
with the current density maintaining approximately 100% of its
starting value over the 14 hours period, demonstrating superior
tolerance to oxidative environments. The negligible degradation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highlights the catalyst's ability to sustain active sites for multi-
electron transfer processes, outperforming many reported
monometallic and bimetallic MOFs that suffer from faster
deactivation due to phase transformations or metal leaching.

To corroborate these findings, LSV polarization curves were
recorded before and after the 14 hours stability tests. For the
HER (Fig. S9(b)), the curves before and after chro-
noamperometry nearly overlap, with only a marginal shift in the
overpotential (less than 10 mV at 10 mA cm ™ %), confirming that
the electrocatalytic activity remains largely intact. In the case of
the OER (Fig. S9(d)), the pre- and post-stability LSV curves show
even closer alignment, with no significant increase in the
overpotential, further validating the catalyst's durability. This
exceptional long-term performance can be ascribed to the high
electrochemical active surface area (ECSA) and the favorable
electron transfer kinetics facilitated by the 3D nanostructure of
the NiCoMn-PDC MOF, as previously evidenced by the low Tafel
slopes (595 mV dec ™" for the HER and 60 mV dec ™' for the OER)
and substantial double-layer capacitances (2 mF cm™> for the
HER and 50 mF cm? for the OER). Such stability is crucial for
practical applications in alkaline water electrolysis, where pro-
longed operation under high current densities is essential for
efficient hydrogen production. Overall, these results position
NiCoMn-PDC MOF as a promising, cost-effective alternative to
noble metal-based catalysts for sustainable energy conversion.

3.2.2 Energy storage analysis

3.2.2.1 Cyclic voltammetry (CV) analysis. We performed
cyclic voltammetry in a one molar (1 M) KOH solution over
a potential of 0-0.7 V, with a scan sweep varying from 2 to 50 mV
s~' in a three-electrode (3E) assembly. The CV profiles of the
compositions exhibit distinct redox peaks, as seen in
Fig. 7(a)~(d). The redox peaks, as shown by faradaic processes in
M-0-ON/M-O (where M = Mn, Co, or Ni; N = H or K), indicate
pseudocapacitive behavior. The specific capacitance decreases,
but the current increases when the scan rate increases from 2 to
5 mV s, a trend that was observed for all the compositions.
This behavior is linked to the inadequate time for the electrolyte
ions to interact effectively with the electrode material. The CV
responses of the composition (S;) with unoptimized manganese
content, as shown in Fig. 7(a), exhibit the smallest area (m?)
under the curve as verified from the lowest specific capacitance
(Cs) of 350 F g '. Similarly, the composition (S;), with
a moderate Mn amount, shows a better area under the CV curve
but a limited specific capacitance (Cs) value of 366 F g~ *, indi-
cating inefficient ion kinetics as seen in Fig. 5(b). In contrast,
the composition (S,) with the highest manganese content, as
shown in Fig. 7(c), displays a greater specific capacitance (Cs) of
727 F g ' in comparison to S; and S, as indicated by the
increase in the CV area. Remarkably, the best composition (S,),
as shown in Fig. 5(b), displays the highest specific capacitance
(Cs) of 1070 F g~" because of its expanded CV area and inten-
sified redox peaks facilitated by the optimization of the Mn
content.

The comparative analysis of the CV profiles in Fig. 7(e) for all
samples provides a direct illustration of the charge storage
performance, clearly differentiating the electrodes, where S,
exhibits the largest integrated area, followed by S,, S;, and

RSC Adv, 2025, 15, 46277-46296 | 46287
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Fig.7 CV of all compositions: (a) S; with the lowest Mn content, (b) S, with the best composition, (c) Sz containing a moderate amount of Mn,
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capacitance from CV.

finally S; with the smallest area. The largest CV area, as clarified
by specific capacitance values plotted in Fig. 7(f), reveals the S,
superior specific capacitance (Cs) of 1070 F g~ ' compared to
those of S,, Sz, and S;. The expanded CV area intensified the
redox peaks, and the outstanding specific capacitance of S,

46288 | RSC Adv, 2025, 15, 46277-46296

verified the optimized manganese content within the Ni-Co-
Mn-MOF structure. This metal optimization not only maximizes
the synergistic interplay between metals, but also leads to active
site exposure, which increases the redox activity and charge
transfer kinetics.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2.2.2 Galvanostatic charge-discharge (GCD) analysis. GCD
measurements were performed on each of the four electrodes to
examine the charge-discharge behavior. The discharge profile
of the electrode material was recorded within the potential
window from 0 to 0.5 V, exhibiting a progressive decrease in
discharge duration as the current density (f; ) varied from 0.5 to

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

6 A g7 ', as shown in Fig. 8(a) to (d). The common trend of
decreasing discharge time as current density increases arises
from insufficient ion diffusion kinetics at higher densities,
a characteristic limitation commonly observed in energy
storage devices. This behavior is characteristic of energy storage
systems, where ionic mobility is restricted upon an increase in
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the current density, resulting in a shorter discharge duration.
Consequently, during redox processes, charge storage becomes
confined to the electrode surface layer. The specific capacity (C
g 1) is the most direct performance indicator derived from the
GCD discharge curve at a given current density. A higher
specific capacity of the electrode material indicates a higher
charge storage capability. The specific capacity (Qs) values of the
electrode materials Si, S,, S;, and S, confirm the strong
dependence on the manganese (Mn) content within Ni-Co-Mn-
MOF. Composition S;, as shown in Fig. 8(a), contains the
unoptimized Mn content, which exhibits the lowest specific
capacity of 62 C g~ '. This not only indicate a minimal charge
storage capability, but also suggest insufficient redox-active
material or poor conductivity. Similarly, as seen in Fig. 8(c),
composition (S;) with moderate Mn content displays a modestly
improved specific capacity of 95 C g~ ' compared with S;, sug-
gesting the beneficial redox contribution from Mn. Likewise,
composition (S,) with the highest Mn content, as illustrated in
Fig. 8(d), delivers a higher specific capacity of 255 C g~ " than S,
and S;, demonstrating the critical role of Mn in providing
significant redox activity in terms of pseudocapacitance for
charge storage. Notably, as shown in Fig. 8(b), the optimal
composition (S,) achieves the peak outcome with a specific
capacity (Qs) of 420 C g~ ', which even exceeds that of S,. This
highlights that there is an optimal Mn content within Ni-Co-
Mn-MOF that maximizes charge storage.

The GCD discharge curves comparison, as shown in Fig. 8(e)
for compositions S;-S,, provides a direct analysis of their charge
storage capabilities at a given current density. The specific
capacitance values, as illustrated in Fig. 8(f), quantify the
outcome of the electrode because a higher specific capacitance
indicates greater energy storage capabilities. A higher specific
capacitance of 840 F g~ ' was observed for composition (S,)
compared with S; (126 F g7'), S3(190 F g™ "), and S, (513 F g™ )
and also with recent literature (Table 3). This confirmed its
status as the best electrode material as a result of its optimized
Mn loading, which not only maximizes the density of accessible
and electrochemically active redox sites but also electronic
conductivity throughout the electrode structure.

View Article Online
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Table4 Comparative analysis of EIS for compositions Sy, Sy, Sz, and S4
across various parameters and for the hybrid supercapacitor device
before and after five thousand cycles

Material Name R, (Q) R (Q) Zw (Q)
NiCoMn, ,5-PDC S, 3.641 12.47 262.2
NiCoMn, s~PDC S, 2.668 27.49 0.00000029
NiCoMn,_,5-PDC S, 3.538 10.66 0.0000068
NiCoMn,;-PDC S4 2.916 9.99 0.000000074
Before stability Before 1.375 12.71 0.00000012
After stability After 1.633 13.34 0.000000013

3.2.2.3 Electrochemical impedance spectroscopy (EIS) charac-
terization. The Nyquist plot is used for analyzing the electro-
chemical impedance (EIS) characteristics of working electrode
materials (S;-S,) across a range of frequencies. The examination
of the plot facilitates an understanding of the Warburg resistance
(Zw), charge transfer resistance (R.), and solution resistance (Rs)
associated with supercapacitor electrodes. ESR means equivalent
series resistance, which reveals the total resistance within
a system, encompassing the resistance of the electrolyte, the
contact resistance between the current collector and the elec-
trodes, and the resistance of the materials involved. Analysis of
Nyquist plots enhances our understanding of the operational
behavior of electrode materials and impedance characteristics.
Fig. 6(a) shows the Nyquist plots for compositions Sy, S, S3, and
S, over the tested frequencies from 0.1 Hz to 100 kHz. The plot in
Fig. 6(b) enabled us to obtain exact values of ESR: 1.0 Q for S, 1.5
QforS,, 2.9 Qfor S,, and 3.6 Q for S,. Similarly, through software,
Rs, R, and Zy values were calculated for every electrode, as
summarized in Table 4. The values of R, 3.641 Q, 2.668 Q, 3.538
Q, and 2.916 Q were determined for electrodes S;, S,, S3, and S,,
respectively. Accordingly, the best composition (S,) with the
smallest R, (2.668 Q) indicates better electrolyte accessibility and
contact at the electrode-electrolyte interface to achieve high
rates. Consequently, the material reaches the highest capacitance
(840 F g ') due to reduced resistance. Electrodes made by

Table 3 Comparison of the charge storage performance obtained in this work with those of the previously reported works

3E-Specific capacitance Energy density ~ Power density
Materials Electrolyte  (F g~') at current density (Ag™") (Wh kg™%) (W kg™ Cyclic stability (%)  References
NiCoCu LDH 1 M KOH 807 at 0.5 22.4 1275 95% after 4000 63
MWCNT/MOF-67 1 M KOH 464 at 0.5 13.14 616 89% after 7000 74
NiCoMn-MOF 3 M KOH 1905 at 1 61.52 6945.4 97% after 15 000 75
Ni,COg-sMng,s-MOFs 3 MKOH 1428 at 1 38.10 884.38 83.5% after 3000 76
Cu(Co-Ni),S, NTs/Ni 1M KOH 382.1 at 2 0.27 21.75 95.8% after 5000 77
NiCoMn-OH 1 M KOH 2098.2 at 1 50 850 73.6% after 6000 78
Ni-Co-Cu-OH 6 M KOH 1122.97 at 1 52.66 7500 92.2% after 10 000 79
NiCo-MOF 6 M KOH 1234 at 1.0 — — 91% after 5000 64
NiO/CuO-MOF 6 M KOH 735 at 0.5 — — — 80
Co-Ni-MOF@rGO 1 M KOH 1260.8 at 1 319.21 64.29 98.3% after 7000 81
CoNi-MOF 1M H,SO, 2154.0at1 138.0 800.0 76.7% after 10 000 82
Ni-Co MOF 6 M KOH 318 at1 — — 60% after 10 000 83
NiCo-MOF 1 M KOH 1333 at 2 28 444 83% after 2000 84
Cu/Co-MOF 2 M KOH 3150 at 1 73.19 849.94 96.74% after 10000 85
NiCoMn-PDC MOF/NF 1 M KOH 840 at 0.5 45 475 79% after 5000 This work
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NiCoMn-PDC MOFs exhibit low resistance (Ry), enabling their
effective use in supercapacitors applications.

3.2.3 Two-electrode supercapacitor device
analysis

3.2.3.1 Device CV, GCD, specific capacitance and Ragone plot
analysis. We conducted a research study to investigate the
potential applications of the optimized MOF composition (S,).
We assembled a hybrid supercapacitor using a manufactured
cell with a negative electrode made from activated carbon (AC),
while the positive electrode from the best material composition
(S,)- A filter paper was placed between the two electrodes to
facilitate the passage of ions. The high porosity promotes ionic
transport, while its mechanical strength and chemical inertness
assure stability and compatibility with the system (refer to
Fig. 9). Voltage allocation was calculated using the two electrode
capacitance values. To maximize the performance of the active
material in a hybrid supercapacitor device, it is crucial to
establish a uniform allocation of potential and optimize the
mass of material utilized in both electrodes. In this work, both
electrodes were assembled with equal mass loadings (12 mg
cm %) using the mass balance relation (m"C*AV" = m C AV "),
which provided reasonable charge balance and stable perfor-
mance to further enhance the energy efficiency.®® Fig. 10(a)
illustrates the CV curves obtained for AC at the potential
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window of —1 to 0 and CV curves for S, at the potential window
of 0 to 0.7 in a two-electrode (2E) system when scanning at
10 mV s '. A quasirectangular voltammogram for AC
confirmed that it behaves as an EDLC. On the other hand, the
voltammogram for S, revealed redox peaks, indicating that this
material participates in both cathodic and anodic reactions,
a characteristic of pseudocapacitive behavior. This two-
electrode assembly exhibits hybrid behavior. CV was per-
formed on the hybrid device over various voltage ranges at
a scan sweep of 30 mV s, as illustrated in Fig. 10(b). We
repeated the CV at a fixed potential window of 0-1.9 V to
investigate the device behavior, as depicted in Fig. 10(c), at scan
seeps from 2-100 mV s~ '. We reduced the scan speed and then
a quasi-rectangular curve was obtained, indicating that the AC
electrode EDLC was the primary charge-storage process. As the
scan rate increased, the curve exhibited pseudocapacitive
behavior of the S, electrode, restricting EDLC to low potential
levels. At 40 mV s, the curve was rectangular up to (0.9 V).
However, at (100 mV s~ '), it was confined to 0.8 V, accurately
predicting the device hybrid charge storage behavior. We eval-
uated the hybrid supercapacitor energy and power storage
capability using the GCD test. The potential window was
0-1.9 V, with the current density ranging from 0.5-10 A g .
Fig. 10(d) illustrates a consistent decline in voltage over time,
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Fig. 11 (a) Specific capacitance with varying current densities, (b) Ragone plot, (c) coulombic efficiency and cyclic stability at 4 A g~ of the hybrid
supercapacitor device (AC//S,), (d) EIS spectra demonstrating the device conductivity via plot.
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with a little shift in the slope before reaching zero. That resembles
hybrid behavior, which is consistent with the CV curves. Eqn (3)
calculates the device-specific capacity (see Fig. 11(a)) based on
discharge cycles. The device exhibited a specific capacity of 89.4 C
g 'ata current density of 0.5 A g™ ", The power density and energy
density of the hybrid supercapacitor are determined using eqn (5)
and (6), respectively, with the results illustrated in the Ragone plot
(Fig. 11(b)). The hybrid supercapacitor demonstrates an impres-
sive power density of 475 W kg™ and energy density of 44.86 Wh
kg™ ! at a current density of 0.5 A g~ . For clarity, these values are
benchmarked against representative MOF-based and hybrid
supercapacitors in the literature, as summarized in Table 3. The
hybrid supercapacitor device shows a significantly high-power
density of 9500 W kg™ " at a high current density of 10 A g™ ".

3.2.3.2 Stability, efficiency, impedance analysis and structural
characterization of device. The hybrid supercapacitor device
stability was evaluated at a current density of 4 A g~ ' over 5000
GCD cycles. The capacitance of the hybrid device increased to
~170% by cycle 1700, which we attribute to progressive elec-
trode activation and improved electrolyte penetration/
wettability, leading to the exposure of additional active sites.
After this activation phase, a moderate degradation trend was
observed, with retention decreasing to 83% at cycle 3000,
recovering to 94% at cycle 4000, and finally stabilizing at 79% by
cycle 5000, as shown in Fig. 11(c). This decline is consistent with
partial structural rearrangement and a slight increase in the
charge-transfer resistance, as evidenced by the Nyquist plots
(Fig. 11(d)). The charge transfer resistance increased from 12.71
Qt013.34 Q (Table 4) and ESR from 0.75 Q to 0.85 Q, suggesting
extended ion/electron transport pathways and minor pore
blockage. Despite these changes, the device retained stable
performance with an ultrahigh coulombic efficiency of 99.8%,
confirming robust electrochemical reversibility.

To evaluate the structural stability, XRD analysis was con-
ducted on the electrode material in both the pre-cycling and
post-cycling states. As shown in Fig. S3, the diffraction peaks
before and after 5000 charge-discharge cycles are well preserved
without any shifts, broadening, or appearance of new peaks.
This indicates that the crystalline framework of the electrode
remains stable during long-term cycling. The retention of the
structural integrity, combined with the observed electro-
chemical performance, confirms the stability of the electrode
material under repeated cycling conditions.

Similarly, SEM and EDX confirm stability after 5000 cycles, as
shown in Fig. S4. Pristine SEM (Fig. S4(a and b)) shows the
uniform MOF deposition on NF; the post-cycling images (Fig. S4(d
and e)) show that the structure is retained without cracking. EDX
pre-cycling Fig. S4(c): C 13%, O 12%, F 10%, Co 6%, others like-
wise; post-cycling Fig. S4(f): O 19%, C 7%, F 8%, others similar.
Minor shifts suggest limited surface changes, aligning with
a coulombic efficiency of 99.8% and retention of 79% by 5000
cycles, highlighting the MOF robustness for supercapacitors.

4. Conclusions

In this research, we highlighted Ni-Co-Mn-PDC MOF as a novel
material that offers a promising response to the challenges

© 2025 The Author(s). Published by the Royal Society of Chemistry
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arising from the reaction kinetics of electrocatalytic water
splitting and energy density of the supercapacitor. Our study
focused on the synthesis of transition metal-based ternary
MOFs through the hydrothermal method, utilizing 2,6-pyridine
dicarboxylic acid as the organic linker. This unique combina-
tion overcomes sluggish water-splitting Kkinetics while
enhancing supercapacitor energy density, distinguishing our
work from previous studies. The electrochemical analysis indi-
cates a significant enhancement in electrocatalytic performance
and charge storage capabilities. Notably, significant achieve-
ments include a supercapacitor specific capacitance of 1070 F
g 'at2mvVs ' from CV, 840 Fg ' at 0.5 A g~ ' from GCD, and
a specific capacity of 420 C g~'. Analogously, electrocatalytic
water splitting results in overpotentials of 61 mV for the OER
and 47 mV for the HER at 10 mA cm ™2, with a Tafel slope of
60 mV s '. Furthermore, the hybrid supercapacitor device
exhibits a power density of 9500 W kg™ ' at 10 A g ', an energy
density of 44.86 Wh kg™ " at 0.5 A g~ " with a coulombic efficiency
of 99.88%, and cyclic stability of 79% after 5000 charge-
discharge cycles. This finding establishes Ni-Co-Mn-PDC MOF
as a highly viable energy material that combines high energy
storage with efficient electrocatalysis, due to its low cost, envi-
ronmentally friendly nature, and favorable electrochemical
performance.
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