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Supercapacitors (SCs) are garnering significant attention owing to their remarkable power density.

Transition-metal-based MOFs have abundant valence states, which contribute to their superior stability,

high energy density, and high power density. In this study, monometallic Fe-BDC MOF and bimetallic

NiFe-BDC MOFs were synthesized with different molar ratios and examined for their application in

supercapacitors. SEM-coupled EDX, BET, and XRD analyses were performed to determine their

morphologies and microstructures. The electrodes were evaluated through cyclic voltammetry (CV),

galvanostatic  charge/discharge

(GCD), and electrochemical impedance spectroscopy (EIS)

measurements in a 1 M KOH aqueous electrolyte. The NijgFe;-BDC MOF electrode exhibited the highest
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capacitance (918.75 F g™1) at 4 A g~ due to its fast ion transport and low electrical resistance, resulting

from its spherical structure. The NijgFe;-BDC MOF//NijgFe;-BDC MOF symmetric supercapacitor
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rsc.li/nanoscale-advances

1 Introduction

Over the years, fossil fuels (for example, coal, natural gas, and
petroleum oil) have been the sole source of energy for industrial
and domestic purposes. However, currently, the world faces
significant environmental issues due to the excessive usage of
fossil fuels that depend on carbon and subsequently release
greenhouse gases, mainly CO,, which causes environmental
pollution; therefore, the development of sustainable clean
energy sources is an effective and particularly urgent solution to
solve these issues."® Among the sustainable clean energy
sources and devices, supercapacitors (SCs), also named ultra-
capacitors or electrochemical capacitors, have prompted
significant interest owing to their high long cyclic stability and
coulombic efficiency and outstanding power density.>* Electric
double-layer capacitors (EDLCs), pseudo-capacitors (PCs), and
battery-type capacitors (BTCs) are supercapacitor types in
accordance with their energy storage mechanism.* PCs and
BTCs offer higher specific capacities and energy densities than
EDLCs due to the redox reactions of electrode materials'
surface-active substances and faradaic charge transfer at
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accomplished a high energy density of 106.42 Wh kg™! at a power density of 3720 W kg~! and exhibited
a high rate capability of 137.73% after 2000 cycles, indicating its potential in supercapacitor applications.

electroactive sites' surfaces or reversible chemical interaction
between electrode materials and ions of electrolyte in both PCs
and BTCs, compared to the electrostatic physical charge trans-
fer, without electrochemical reaction in EDLCs.®

Metal-organic frameworks (MOFs) are a type of porous inor-
ganic-organic hybrid crystals composed of metal ions (clusters)
bonded to organic linkers (ligands) through coordinate bonds.
They have been used in different fields, such as sensors, catalysis,
wastewater treatment, gas adsorption, biomedicine, drug delivery,
water splitting, batteries, and supercapacitors, because of their
fascinating characteristics.*” MOFs are useful for electrochemical
energy storage in supercapacitors due to their high surface area,
possible pseudocapacitive redox centers, structural and functional
flexibility, tunable pore size, and controllable micro-pore struc-
tures.” MOFs can be used as precursors to prepare other materials,
such as metal oxides, metal nitrides, metal phosphides, carbon
materials, or composites.®

Ni-Fe-based materials have drawn a lot of interest because of
their high theoretical capacitance and promising electro-
catalytic performance owing to the different oxidation states
and the synergistic effect between Ni and Fe, which favors
faradaic reactions that result in the enhanced electrochemical
performance of the electrode active material.*® Zhao et al
synthesized a NiFe,O, material through a hydrothermal
process, formed a paste on nickel foam (NF), and obtained
a specific capacitance of ~100 F g~ at a current density of
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1 A g . In addition, they improved the specific capacitance of
NiFe,O, by fabricating the Coz;0,/NiFe,O, hybrid material,
which attained a specific capacitance of ~225 F g~ in a 3 M
KOH electrolyte.” Kumar et al. prepared Ni;;,Fe;-LDH from
NiFe-coordination polymer (NiFe-CPs) precursors and achieved
a specific capacitance of 702 F ¢! at 0.25 A g ' in a 3 M KOH
electrolyte.” Choi and his group synthesized sulfur-doped
nickel-iron nanostructures, S-doped NiFe-oxide nanoflowers
(NFs) and macroparticles (MPs) via co-precipitation and
hydrothermal-sulfurization approaches, respectively. They ob-
tained specific capacitance values of 605 F g~ ' for NiFeS-NFs
and 515 F g~ ' for NiFeS-MPs at 1 A g ' in an aqueous 3 M
KOH electrolyte using NF as the substrate. Weng et al
synthesized NiFe-MOFs by a simple solvothermal approach
directly on the NF substrate for different reaction times: 4, 8,
and 12 h. They found that the best sample was NiFe-MOF-8,
which offered 5964 mF cm 2, the largest areal capacitance at
2 mA cm™” in a potential window of 0-0.34 V in the presence of
a 1 M KOH aqueous electrolyte.* Dong and his co-workers
synthesized ultrathin nanosheets of NiFe-MOF through a one-
step solvothermal method directly on an NF substrate using
various molar ratios of Ni/Fe precursors. They obtained 11.0 F
em 2 (2750 F g~ ) capacitance at 5 mA cm ™ for the NiFe-MOF-
3:2 sample in a 1 M KOH aqueous solution.”” Nivetha et al.
fabricated a NiFe-MOF by a simple solvothermal method, which
exhibited a capacitance of 1190.88 Fg 'at 1 mVs 'ina2 M
KOH electrolyte.” Zhang and his group prepared a NiFe-MOF
using benzene tricarboxylic acid as the organic linker through
a solvothermal method on an NF substrate, obtaining ~450 F
g~ " capacitance at 0.5 A g~ ' current density. They improved the
specific capacitance of NiFe-MOF through the fabrication of
NiFe-MOF@NiFeTe composites using different amounts of
Na,TeO; as the Te source; NiFe-MOF@NiFeTe-2 delivered
~1650 F ¢~ capacitance at 0.5 A g ' in a 1 M KOH solution.™
Patil et al. prepared MOF-derived NiFe,O, at different annealing
temperatures (460, 500, and 550 °C) for 6 h, prepared the
working electrode using a homogeneous slurry on a stainless
steel (SS) substrate, and obtained the highest capacitance of 833
Fg 'at0.25A g ' for the MOF-derived NFO500 sample in 1 M
KOH." Zhang et al. synthesized NiFe-LDH with different Ni: Fe
molar ratios via a hydrothermal method. They fabricated the
working electrode in the form of a viscous paste on NF and
obtained the highest capacity of 114.4 mA h g~ for the NisFe,-
LDH sample in a 6 M KOH solution."®

Bimetallic MOFs can give higher theoretical capacitance
than single metallic MOFs because of the synergistic effects of
the two metal cations and more abundant redox active sites,
which improve the electronic conductivity and charge storage
ability.>'>"” Moreover, bimetallic MOFs exhibit better cycle
stability than single metallic MOFs." In addition, MOFs based
on Ni, Co, and Fe can be employed as bifunctional electrode
materials due to the presence of d-band electrons and abundant
valence changes. Moreover, MOFs synthesized without addi-
tional annealing are still not commonly used as electrode
materials in supercapacitors (SCs), water electrolysis, and
electrochemical sensing.*
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Herein, we fabricated a series of Fe-BDC MOF and NiFe-BDC
MOFs in different precursor ratios through a simple sol-
vothermal method without any complicated or energy-consuming
processes like annealing, and they were employed as promising
materials for supercapacitor applications. The results reveal that
the optimized NiFe-BDC MOF exhibited a high specific areal
capacitance along with good cycle stability. Our work reveals that
the study of bimetallic MOFs which have strong coordination
ability is an effective strategy to enhance the cycle stability of MOFs
along with boosting the specific capacitance.

2 Experimental section

2.1. Materials and chemicals

Iron nitrate nonahydrate (Fe(NO3);-9H,0) was acquired from
Sigma-Aldrich; nickel chloride hexahydrate (NiCl,-6H,0) was
bought from LOBA Chemie; benzene dicarboxylic acid (BDC)
was obtained from Central Drug House (P) Ltd; N,N-dimethyl
formamide (DMF) was purchased from CARLO ERBA; ethanol
and potassium hydroxide pellets (KOH) were purchased from
ISOLAB chemicals; the Nafion-117 solution was purchased from
Sigma-Aldrich.

2.2. Synthesis of NiFe-BDC MOF

The NiFe-BDC MOFs were synthesized using a simple sol-
vothermal method. First, 2.73 mmol NiCl,-6H,0 and 0.27 mmol
Fe(NO;);-9H,O0 (at an Ni: Fe molar ratio 10: 1) were dissolved in
10 mL N,N-dimethyl formamide (DMF) individually, stirred, then
mixed with each other under stirring for 10 min to form solution A.
Then, 3 mmol benzene dicarboxylic acid (BDC) was dissolved in
20 mL DMF and stirred for 10 min to form solution B. Next,
solution B was added to the mixed solution of metal salts (solution
A) dropwise, stirred for 10 min, and then ultrasonicated for 60 min
at ambient temperature. Finally, the mixture was transferred into
a 60 mL stainless steel autoclaved kettle lined with Teflon for 22 h
at 150 °C. The obtained sample was collected through filter paper,
washed three times using DMF and dissolved in methanol under
stirring for 1 h. Finally, the precipitate was dried at 80 °C overnight.
Moreover, NiFe-BDC MOFs with different Ni: Fe precursor molar
ratios (0:1, 5:1, 15: 1, and 20 : 1) were also synthesized using the
same experimental procedure and named Fe-BDC MOF, NisFe;-
BDC MOF, Ni;sFe;-BDC MOF, and Ni,Fe;-BDC MOF, respectively.
The total molar amount of metal ions was kept a constant.

2.3. Characterization

The morphologies of the prepared materials were characterized
using scanning electron microscopy (SEM, JEOL Ltd, JSM-IT200,
Tokyo, Japan). In addition, the elemental compositions were
examined using EDX coupled with SEM. Powder X-ray diffrac-
tion (PXRD) was performed on an X-ray diffractometer (JSX-
60PA, Japan) using Cu Ko radiation with a wavelength of
1.5418 A for examining the crystalline structure of the prepared
substances. The surface areas and pore-size distributions of the
samples were studied using the Brunauer-Emmett-Teller (BET)
method based on N, adsorption-desorption isotherms recor-
ded on a Tri-Star II 3020 (Micromeritics, USA) analyzer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEMimages of the (a and al) Fe-BDC MOF, (b and bl) NisFe;-BDC MOF, (c and c1) Ni;gFe;-BDC MOF, (d and d1) NijsFe;-BDC MOF, and (e

and el) NiygFe;-BDC MOF materials at different magnifications.

2.4. Electrochemical measurements

The electrochemical measurements of the prepared samples
were carried out using a three-electrode setup, in which a plat-
inum wire was the counter electrode, Ag/AgCl was used as the
reference electrode, and a graphite sheet was the working
electrode (WE) in a 1 M KOH electrolyte. The WE (graphite sheet
current collector) had a 1 cm?® active surface area and was
prepared by dispersing 1 mg of the prepared materials in 200 pL
of a mixed solvent of 1 : 2 (v/v) isopropanol/water (comprising 10
pL Nafion-117 solution) under sonication at ambient tempera-
ture to form a homogenous ink, which was dropped onto the
graphite WE and dried at a temperature of 60 °C. A potentiostat/
galvanostat (AUTOLAB PGSTAT 302N, Metrohm, Switzerland)
with NOVA 1.11 software was employed to perform all the
electrochemical measurements. The electrochemical perfor-
mance of the as-prepared electrodes was explored by cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD)

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

methods in a voltage range of —0.4 to 0.6 V for CV and —0.2 to
0.5V for GCD. A frequency range of 0.01 Hz to 100 kHz was used
for electrochemical impedance spectroscopy (EIS) measure-
ments at an AC amplitude of 10 mV.

The specific capacitances of the electrodes were estimated
from the CV curves using eqn (1):'%2°

C, = ([idV)(2mvAY) )

where Cs is the specific capacitance (F g~ '), [idV is the inte-
grated area of the CV curve (AV), m is the active material mass
(g), v is the scan rate (Vs ), and AV is the potential window (V).

The gravimetric specific capacitance (C), areal capacitance
(Ca), and specific capacity (Qs) of the as-prepared electrodes
were computed from the GCD curves using eqn (2)-(4),
respectively:'®>">

C, = IDimAY) @

Nanoscale Adv.
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Fig. 2 EDX spectra of the (a)
materials.
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Fe-BDC MOF, (b) NisFe;-BDC MOF, (c) NijgFe;-BDC MOF, (d) NijsFe;-BDC MOF, and (e) NiyoFe;-BDC MOF
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Table 1 Atomic percentages of the constituent elements of Fe-BDC
MOF and NiFe-BDC MOFs obtained from the EDX analysis

Element composition (at%)

Material Ni Fe C (0]
Fe-BDC MOF — 4.08 49.61 46.31
NisFe;-BDC MOF 2.41 0.39 54.42 42.78
Ni;oFe;-BDC MOF 6.92 0.29 47.33 45.46
Ni,sFe;-BDC MOF 8.43 0.40 47.52 43.64
Ni,oFe,;-BDC MOF 38.43 0.98 39.63 20.96
Ca = (ID/(AAV) 3)
Os = Itlm (4)

where C is the gravimetric specific capacitance (F g~ '), C, is the
areal capacitance (F cm "), Q is the specific capacity (C g™ "), I'is
the current (A), the discharge time is ¢ (s), m is the active
material mass (g), the potential change during the discharge
process (V) (excluding the IR drop) is AV and 4 is electrode
active area (cm?).

2.4.1. Two-electrode system. The symmetrical super-
capacitor was fabricated with a two-electrode configuration using
two identical Ni; oFe;-BDC MOF electrodes in a 1 M KOH aqueous
electrolyte. The working electrodes were prepared using the same
procedure as those in the three-electrode system. 1 mg of Ni;oFe;-
BDC MOF was dispersed in 200 pL of a mixed solvent of 1: 2 (v/v)
isopropanol/water (containing 10 pL Nafion-117 solution) and
drop-casted on each graphite sheet with an active area of 1 x 1
cm’. The specific capacitance of the symmetric cell was
computed using eqn (5). The specific capacitance (Cs, F g~ ') of
a single electrode was calculated from the CV data using eqn (5)
or (6).2*** In addition, the gravimetric specific capacitance (Cs, F
g~ 1) from the GCD data was calculated using eqn (7) or (8),2°%2®
while the specific capacity (Qs) was calculated using eqn (9). The
energy density (E) and power density (P) were estimated accord-
ing to eqn (10) and (11), respectively.?*>?
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Cy = 4Couy = 4([IAV)I2MVAY) (5)
Co = (JIdV)(mvAY) (6)

Cy = 4Coan = 4(IDI(MAV) (7)
C, = 2(In)/(mAYV) (8)

O, = 4IIM = 2Itlm (9)

E = (CAVHIQ2 x 3.6) (10)

P = 3600E/At (11)

where C. is the specific capacitance of the cell (F g™ %), Cs is the
specific capacitance of the single electrode (F g~'), I is the
current (A), ¢ is the discharge time (s), M is the combined mass
of the two electrode-active substances (g), which equals 2 m as
the mass of both electrodes are the same in the symmetric
supercapacitor cell, m is the active material mass of single
electrode (g), AV is the potential variation during the discharge
process (V) (excluding the IR drop), E stands for energy density
(Wh kg ) and P stands for power density (W kg™ ).

3 Results and discussion

3.1. Structural characterization

3.1.1. Scanning electron microscopy (SEM). The micro-
structure and morphology of the prepared samples were char-
acterized using scanning electron microscopy (SEM) at different
magnifications. The Fe-BDC MOF (Fig. 1a and a1) consisted of
layer-by-layer stacking of flakes that formed large particles.
However, the incorporation of Ni to form bimetallic MOFs
changed the morphology of the two-dimensional structure of
the Fe-BDC MOF particles, as displayed in Fig. 1b—e1. The NiFe-
BDC MOFs consisted of interwoven reticular nanosheets or
fibers that were notably thinner and placed in closer positions,
resulting in an increase in the growth rate of the NiFe-MOFs
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(@) XRD patterns of the Fe-BDC MOF and NiFe-BDC MOF materials with different Ni: Fe ratios. (b) N, adsorption—desorption isotherms

and (c) pore size distributions of the Fe-BDC MOF and NijoFe;-BDC MOF materials.
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Fig. 4 Cyclic voltammetry (CV) measurements. (a) CV curves of all the fabricated electrode materials at 20 mV s, (b) CV of the NiyoFe;-BDC
MOF electrode at different scan rates, (c) specific capacitance (F g~?) of all the electrodes measured as a function of the scan rate, (d) logarithmic
plots of anodic peak current density (log ipa) versus scan rate (log ») of the Fe-BDC MOF and different NiFe-BDC MOF electrodes, and (e) log-
arithmic relationship between the anodic and cathodic peak current densities (log i) of the NijgFe;-BDC MOF electrode at different scan rates
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with increasing Ni** content. Furthermore, the morphology
completely changed to a flower-like structure with increasing
nickel ion concentrations. The flower consisted of nanosheets
that were vertically aligned and crossed each other, leading to
the formation of gaps between them and also among individual
petals, signifying electrolyte accessibility several routes for easy
ion transport and electron transfer, thus enhancing the
electrochemical performance of the materials for energy storage
device applications. The distinctive nanostructures ensure
sufficient space between the nanosheets, which improves elec-
trolyte ion adsorption and desorption during the charge/
discharge process and allows the maximum utilization of
active materials, hence increasing the charge storage capacity.

Nanoscale Adv.

Furthermore, the EDX analysis was performed to validate the
specific elemental compositions of the five studied electrode
materials, as demonstrated in Fig. 2. The analysis results imply
that the sample Fe-BDC MOF (Fig. 2a) was composed of C, O
and Fe, while the other NiFe-BDC MOFs materials were
composed of C, O, Fe and Ni elements at different atomic
percents, as shown in Table 1.

3.1.2. Powder X-ray diffraction. The catalyst compositions
were investigated by powder X-ray diffraction. The XRD patterns
of Fe-BDC MOF and NiFe-BDC MOFs are shown in Fig. 3. The
Fe-BDC MOF crystal structure could not be correctly identified.
It is often difficult to identify the crystalline phase of MOFs
based on iron and terephthalic acid ligand, as they can

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Galvanostatic charge—discharge (GCD) curves of all the fabricated electrode materials at a current density of 5A g2, (b) GCD curves of
the Nijo—Fe; BDC MOF electrode at different current densities, (c) specific capacitance (F g™ and specific capacity (C g~2) of Fe-BDC MOF and
NiFe-BDC MOFs versus different current densities, (d) cycling stability of the Fe-BDC MOF and NijoFe;-BDC MOF electrodes at 12 A g~ for 2000
GCD cycles, (e) coulombic efficiency of the Fe-BDC MOF and NiygFe;-BDC MOF electrodes at 12 A g~ for 2000 cycles, and (f) Nyquist plots of
Fe-BDC MOF and NiFe-BDC MOFs (the inset shows the equivalent circuit diagram).

crystallize in a variety of ways according to the synthesis
conditions (temperature, time, solvent polarity, etc.).>*** The Fe-
BDC MOF sample showed characteristic peaks located at 20 =
9.4°, 12°, 18.2°, 20.2°, 24.8°, and 29°, related to (002), (101),
(103), (200), (202), and (211) planes, respectively.*=*> Further-
more, the peaks present at 33.2°, 36°, 41°, 49.4°, 54.2°, 57.6°,
62.8°, 64.4°, 72.2° and 75.6° and attributed to (104), (110), (113),
(024), (116), (018), (214), (030), (620) and (622) planes, respec-
tively, could be assigned to hematite (Fe,0;) and/or magnetite
(Fe30,4).22%%3* After the addition of Ni, the crystallinity of the
NiFe-MOFs increased compared with that of the Fe-BDC MOF.
They showed a characteristic peak at 9.2° related to the (100)
plane, which demonstrated that the NiFe-BDC MOF was
successfully synthesized (JCPDS no. 35-1677).***¢ Moreover, the
intensity of this peak in the Ni,oFe;-BDC MOF sample was

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

higher than those of Ni;sFe;-BDC MOF and other samples,
indicating an increase in the concentration of nickel due to the
addition of more nickel salt. The PXRD patterns of the NiFe-
BDC MOFs were similar to those reported in the
literature.””™**” The peak at 260 = 17° matched with simulated
MOF@DMF (CCDC no. 613596)."* Furthermore, the peaks
located at 26 = 33°, 41° agree with those previously reported for
NiFe-BDC MOF." The prepared Ni;oFe;-BDC MOF material
showed the lowest crystallinity among the prepared NiFe-BDC
MOFs, indicating an amorphous structure, which facilitates
the diffusion of electrolyte ions; thus, its electrochemical
performance is the highest among the prepared samples.*
3.1.3. Brunauer-Emmett-Teller (BET) analysis. Nitrogen
adsorption and desorption isotherms were used to evaluate the
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BET surface area and pore size distributions of the synthesized
Fe-BDC MOF and Ni, Fe;-BDC MOF materials.

The N, adsorption/desorption isotherm measurements
revealed how surface area and porosity changed from Fe-BDC
MOF to Ni;oFe;-BDC MOF materials. As displayed in Fig. 3b,
both samples exhibited typical type-IV hysteresis loops, veri-
fying the mesoporous structure of both samples with meso-
pores in the 2-50 nm diameter range.”***** The pore size
distribution curves in Fig. 3c also prove the above results.
Furthermore, the pristine Fe-BDC MOF material showed
a specific surface area of 1.9621 m”> g ', a pore volume of
0.008805 cm® g, and a pore size of 179.5058 A, which were
smaller than those of Ni;oFe;-BDC MOF (2.2965 m®> g *,
0.014827 cm® g™, and 258.2522 A, respectively). The increase in
surface area and porosity in Ni;oFe;-BDC MOF provides more
active sites and sufficient space for electron transfer and
accessible transportation bridges for ion diffusion, hence
improving the electrochemical performance. The distribution
of pore size was calculated from the branch of adsorption.
Fig. 3c reveals the presence of mesopores with diameters of
4.66, 5.43, 6.34, and 8.63 nm in Fe-BDC MOF, as well as pores
with diameters of 4, 4.66, 5.43, 6.34, and 8.63 nm in Ni;,Fe;-
BDC MOF.

Fig. S1a shows that the three samples exhibited typical type-IV
hysteresis loops, verifying their mesoporous structure (meso-
pores with 2-50 nm diameter). The pore size distribution curves
in Fig. S1b also prove the above results. Furthermore, the specific
surface areas were 16.9784 m* g~ ', 26.8457 m> g~ !, and 34.6821
m? g™, while the pore volumes were 0.079477 cm® g™, 0.080370
em?® g7, and 0.112733 cm® g7, and the pore sizes were 187.2438
A, 119.7510 A, and 130.0190 A for NisFe,-BDC MOF, Ni;sFe;-BDC
MOF, and Ni,oFe;-BDC MOF materials, respectively.

3.2. Electrochemical performance studies

3.2.1. Three-electrode electrochemical performance study.
The electrochemical performance of the as-prepared Fe-BDC
MOF, NisFe;-BDC MOF, Ni,Fe;-BDC MOF, Ni,sFe;-BDC MOF,
and Ni,oFe;-BDC MOF electrodes was studied in a three-
electrode configuration using cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS) tests in a 1 M KOH aqueous electrolyte.
Fig. 4a displays the CV curves of the studied electrodes at a scan
rate of 20 mV s~ ' in a —0.4 to 0.6 V potential window; all CV
curves display a pair of redox peaks originating from the fara-
daic redox reactions between Fe**/Fe** and Ni**/Ni*", indicating
the redox behavior and faradaic battery-type features of the
materials. The enhancement of the integrated CV areas of the
NiFe-BDC MOF samples compared with that of the Fe-BDC MOF
is most likely because of the synergistic effect of the Ni and Fe,
which aids in the battery-type performance of the NiFe-BDC
MOFs. In addition, the CV integral area and peak current
response of the Nij Fe;-BDC MOF sample were the largest
among the NiFe-BDC MOF materials, suggesting the highest
electrochemical performance, which was additionally verified
by the longest discharge time observed in the galvanostatic
charge/discharge (GCD) curves. The CV curves of the Ni;oFe;-
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BDC MOF electrode at different scan rates are detailed in
Fig. 4b. Upon increasing the scan rate from 5 to 150 mV s~ ', the
peak currents and the integrated area increase, indicating the
sufficiently fast transfer rates of electrons and ions because of
the reversible redox reactions between the electrode and the
electrolyte. Moreover, the anodic peaks shift towards more
positive voltages, while the cathodic peaks move to negative
potentials, signifying the electrode’'s polarization effect and the
fast charge/discharge rate of the electrode materials’ redox
reversibility. The diffusion-controlled battery-type behavior of
all studied materials is proven by the disappearance of the
oxidation peak at high scan rates.*” The CV curves of other
measured electrodes also displayed similar results and are
represented in Fig. S2. The probable electrochemical reactions
are as follows:"

Ni** + 20H™ — Ni(OH), (12)
Ni(OH), + OH™ — Ni(OOH) + H,O + ¢~ (13)
Fe>* + 20H™ — Fe(OH), (14)
Fe(OH), + OH™ — Fe(OOH) + H,O + e~ (15)

Fig. 4c represents the specific capacitance of all measured
electrodes at different scan rates. It is obvious that the NiFe-
BDC MOFs had a specific capacitance higher than that of the
Fe-BDC MOF, indicating the synergistic effect between Ni and
Fe. In addition, the Ni,,Fe;-BDC MOF electrode showed the
highest capacitance among the NiFe-BDC MOFs. Moreover,
with increasing scan rates, the capacitance decreased owing to
the lack of time for the electrolyte ions to enter deep into the
inner layers of the electrodes at high scan rates; therefore, only
the outer active surface is involved in the redox reactions.

With the aim of analyzing the mechanism of charge storage,
the relationship between the current density (7, A g~ ') and scan
rate (v, mV s~ ') was evaluated using the following equation:*>*

i=a (16)

logi=1loga + blogwv (17)
where a and b are constants. Particularly, diffusion regulates
charge storage when b is equal to 0.5. On the other hand, the
surface capacitance mostly controls charge storage when
b equals 1. In addition, when the b value is between 0.5 and 1,
both diffusion and surface capacitance regulate charge storage.
Logarithmic calculations based on the cathodic currents of the
studied electrodes are illustrated in Fig. 4d. The b values were
obtained from the slope of the linearly fitted log i versus logv
curves. The figure illustrates that b values calculated from the
anodic peak current of all studied electrodes are less than 0.5 (b
< 0.5), suggesting that the charge storage is dominated by
diffusion control, as indicated by the linearity of the graphs.*
Fig. 4e displays the data analysis of the Ni;,Fe;-BDC MOF
electrode's anodic and cathodic peaks. The anodic and cathodic
b-values are 0.4332 and 0.488, respectively, which indicate that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the energy storage mechanism is a diffusion-controlled process,
which also matches with the disappearance of the oxidation
peak at high scan rates.*

The galvanostatic charge-discharge (GCD) method was
employed to determine the specific capacitance of the as-
prepared electrodes at different current densities and within
a potential range of —0.2 to 0.5 V. Fig. 5a displays a comparison
of the GCD curves of the five studied samples at 5 A g~ ' current
density; the Ni;pFe;-BDC MOF electrode has the longest
discharge time among the electrodes, suggesting its highest
specific capacitance. The GCD curves display nonlinear
behavior, which confirms the redox peaks present in the CV
curves. Nickel (Ni) has a significant effect on the supercapacitor

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

performance; therefore, as the Ni content increases, the specific
capacitance of the NiFe-BDC MOFs increases because of the
better redox behavior of Ni rather than Fe. Furthermore, the
Ni;oFe;-BDC MOF has a superior amorphous structure over
other samples, allowing for improved electrolyte ion intercala-
tion and deintercalation and hence resulting in the highest
specific capacitance. However, in the samples with higher
content of Ni, the capacitance decreases because of increasing
crystallinity, which affects electrolyte ion diffusion and, in turn,
hampers the electrochemical performance.”

As shown in Fig. 5b, the GCD graphs of the Ni;,-Fe; BDC
MOF electrode displayed a nonlinear behaviour. Additionally,
the discharge time decreased as the current density increased

Nanoscale Adv.
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Fig.7 (a) Cycling stability performance and coulombic efficiency of the symmetric supercapacitor cell at 8 A g2, (b) first and last five GCD cycles
of the symmetric supercapacitor cell at 8 A g~2, (c) electrochemical impedance spectroscopy (EIS) before and after the stability test, and (d)
Ragone plot of the NijgFe;-BDC MOF//NijpFe;-BDC MOF symmetric supercapacitor cell.

because of the inadequate faradaic reaction of the active
materials in a limited time (lack of time for the occurrence of
redox reactions), enlarged resistance, and the involvement of
only the outer active surface of the electrode in the redox reac-
tion at elevated current densities.*> The GCD graphs of the other
electrode materials at different current densities are displayed
in Fig. S3. Fig. 5¢ shows the specific capacitances and capacities
estimated from the GCD curves of the samples at different
current densities using eqn (2) and (4), respectively. The Ni;o-
Fe; BDC MOF electrode gave the highest specific capacitance of
918.75 F g ' (615.56 C g™ ') in contrast to 503.28 F g~ (337.2 C
g~ ") for the Nis-Fe; BDC MOF electrode, 503.25 F g~ (331.64 C
g~ ") for the Ni;;—Fe; BDC MOF electrode, 340.99 F g~ " (226.76 C
g’l) for the Ni,,-Fe; BDC MOF electrode, and 196.24 F g’1
(123.04 C g~ ") for the Fe-BDC MOF electrode at 4 A g~ current
density. Moreover, the capacitance and capacity decreased with
increasing current density because of the involvement of only
the outer active surface of the electrode in the redox reactions at
elevated current densities. The superior capacity of the Ni;,-Fe;
BDC MOF is due to the synergistic effect and the optimal ratio of
Ni and Fe ions, and its amorphous structure.

The cycling stability of the synthesized Fe-BDC MOF and
Ni;oFe;-BDC MOF materials was analyzed in a three-electrode
system for 2000 GCD cycles at 12 A g~ current density in
a 1 M KOH electrolyte, as displayed in Fig. 5d; the inset of the
figure is the first and last five cycles of the Fe-BDC MOF and
Ni;oFe;-BDC MOF materials. 72.22% of the initial capacitance

Nanoscale Adv.

of Ni,oFe;-BDC MOF electrode was retained after 2000 GCD
cycles, which is superior to that of the Fe-BDC MOF electrode
(36.88%). The initial increase in the capacitance of the Ni;,Fe;-
BDC MOF electrode is related to the exposure of active sites to
the electrolyte ions with rising cycle numbers, while the initial
decrease in the capacitance of the Fe-BDC MOF electrode is
ascribed to the structural destruction and instability.** In
addition, the shape of the last 5 cycles of the Ni,,Fe;-BDC MOF
remained almost the same compared with that of the first 5
cycles, indicating exceptional electrochemical performance due
to the presence of both Ni and Fe species, which contribute
synergistically and provide multiple valence states. Further-
more, after 2000 GCD cycles, the coulombic efficiency of
Ni, Fe;-BDC MOF was maintained at 78.7%, which was better
than that of the Fe-BDC MOF electrode (54.35%), as presented
in Fig. 5e. A comparison of the specific capacitances, electro-
Iytes, cyclic stabilities, and morphologies of the Ni-Fe BDC MOF
electrode with those of the previously reported three-electrode
systems are presented in Table S1.

The electrochemical properties and resistance of the studied
electrodes were examined using electrochemical impedance
spectroscopy (EIS). Fig. 5f demonstrates the Nyquist plots, and
the inset gives the equivalent circuit (EC) used to fit the EIS
spectra to measure parameters, such as internal resistance (Ry),
charge transfer resistance (R.), constant phase element (CPE),
and Warburg impedance (W). Generally. Similar shapes were
seen in the Nyquist plots, with a spike in the lower-frequency

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NijgFe;-BDC MOF//NijgFe;-BDC MOF symmetric cell's total capacitance.

area. The spike corresponds to the transport of electrolyte ions
to the electrode surface (Warburg resistance, W,). In addition,
the straight line in Z;,, which is ascribed to capacitive behavior,
was obvious for all studied electrodes. Furthermore, the
internal resistance of the electrochemical system (R;), which
comprises the intrinsic resistance of the electroactive material,
electrolyte resistance, and contact resistance of the electrode/
electrolyte interface, is designated by the intersection with the
real axis in the high-frequency region. Additionally, in the high-
frequency region, all the electrodes showed non-obvious semi-
circles, which signify quick electron transport kinetics and
insignificant charge transfer resistance at the electrode/
electrolyte interface.”” The parameters calculated from EC are
presented in Table S2. As seen in Fig. 5f and Table S2, the
Ni;oFe;-BDC MOF electrode showed a vertical line inclined
more to the imaginary axis as well as lower values for Rg, R and
W than the other electrodes, indicating less resistance, high
electrical conductivity, fast rates of electron transfer and ion
diffusion at the electrode/electrolyte interface, which contribute
to improving the supercapacitor electrochemical performance.

3.2.2. Two-electrode electrochemical performance study
(symmetric supercapacitor). To investigate the practical

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

applicability of the Ni;,Fe;-BDC MOF electrode, a symmetric
supercapacitor cell (SSC) was tested using 1 M KOH as the
electrolyte. The electrodes were fabricated using Ni;oFe;-BDC
MOF material. Since the electrodes were symmetric, there was
no need to balance the charges. Firstly, the potential window
was studied, similar to the three-electrode system, from —0.4 to
0.6 V, as shown in Fig. S4. However, the obtained capacitance
was very low, and therefore, the potential range was varied from
1 to 2 V by checking the CV curves at 50 mV s~ ' scan rate, as
displayed in Fig. 6a. The curves showed leaf-like shapes with
aredox peak. The progressive elevation of the maximum current
as the maximum voltage increased may be due to the redox
processes occurring at the positive and negative electrodes. The
CV curves retained their leaf-like shapes, with a redox peak even
at 2 V; hence, the potential window was enlarged to 2 V
(optimum maximum potential of the SSC was 2 V), which
resulted in an excellent improvement in capacitance and hence
energy density, as presented in Fig. 6b. The specific capacitance
(Cs) increased from 43.82 F g~ " at the 1 V potential window to
73.51 F g~ " at the 2 V potential window, leading to an energy
density 6.71 times higher than that at the 1 V potential window
due to the direct relationship between them (E = CV?/7.2).
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Fig. 6¢ shows the CV curves of the Ni;oFe;-BDC MOF//Ni,Fe;-
BDC MOF symmetric cell at different sweep rates and fixed
potential windows from 0 to 2 V. The curves retained leaf-like
shapes, with a redox peak even at a longer scan sweep, indi-
cating a reliable electrochemical behavior and the reversibility
of the system. Furthermore, the current density improved with
increasing sweep rates due to the speedy movement of electro-
lyte ions at high scan rates. The graphs in Fig. 6d display the
GCD curves under different current densities of 1, 2, 3, 4, 5, 6, 8,
10, 12, and 15 A g~ *. The curves display linear non-triangular
shapes. The excellent coulombic efficiency and optimal capac-
itive characteristics of the electrodes are confirmed by the
symmetrical curves. The specific capacitances (Cs) and capac-
ities (Qs) were calculated at various current densities using eqn
(7) or (8) and (9), respectively, and are displayed in Fig. 6e. The
obtained value of capacitance (C;) was 221.48 F g~ ' (411.96 C
per g capacity) at a current density of 1 A g and 21.36 F g *
(28.2 C per g capacity) at 15 A g~". Besides, the energy density
(Eq) and power density (P4) were calculated using eqn (10) and
(11), respectively. Moreover, the symmetric cell displayed
a robust Eq of 106.42 Wh kg™ at a P4 of 3720 W kg™ " and
1 A g7', while demonstrating a Py of 39 600 W kg™ * at 5.17 Wh
kg ' Eqand 15 Ag . Fig. 6f demonstrates the relationship of Eq
and P4 of the symmetric supercapacitor with current density.
The energy density decreased as the current density increased,
along with increasing the power density.

For supercapacitor applications, cycling capability is crucial.
The capacitance retention of the SSC was investigated by using
the GCD technique at 8 A g~ current density for 2000 consec-
utive charge/discharge cycles (Fig. 7a). The -capacitance
progressively increased until 137.73% of its original capacitance
was accomplished after 2000 cycles, perhaps because of the
active site exposure to the electrolyte ions leading to the acti-
vation of the electrode through gradual penetration of the
electrolyte deeply through the pores, indicating the good
stability of the electrodes. In addition, 78.01% of the initial
coulombic efficiency was retained after 2000 GCD cycles.
Furthermore, a comparison of the first and last five cycles of the
entire cycling test is shown in Fig. 7b. The figures do not reveal
any distinct changes in shape, verifying the stability of the
electrodes. Furthermore, the last five cycles consumed more
time than the first ones, confirming the improvement in
performance and the good stability of the symmetric super-
capacitor cell. To acquire additional information about the
electrochemical properties, EIS measurements of the Ni;oFe;-
BDC MOF//Ni;oFe;-BDC MOF symmetric cell were further per-
formed prior to and after the stability test, as presented in
Fig. 7c. The electrochemical equivalent circuit (EC) used to fit
the experimental data was the same one used for the three-
electrode system. The Nyquist plots prior to and after 2000
cycles of charge and discharge (GCD) had the same shapes, with
very slight variation in the values of EC parameters, suggesting
the good cycling stability of the Ni;,Fe;-BDC MOF//Ni,oFe;-BDC
MOF symmetric cell. The Ry value increased from 4.982 Q to
6.490 Q, and charge transfer resistance (R.) increased from
102.5 Q to 120.7 Q for R.; and from 3.937 Q to 13.61 Q for R,
which can result from the accumulation of electrolyte ions.
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As displayed in the Ragone plot, the Ni;,Fe;-BDC MOF//
Ni;oFe;-BDC MOF symmetric supercapacitor cell displayed an
extreme Eq of 106.42 Wh kg™ " at 3720 W kg~ " P4. Even when the
P4 increased to 39 600 W kg ', the Eq was maintained at 5.17
Wh kg (Fig. 7d). This performance is significantly better than
that of many reported symmetric supercapacitors, including
Ni-Zn MOF//Ni-Zn MOF SC-SD (33.25 Wh kg ' at 900 W kg 1),*®
MIL(Fe)-C-800//MIL(Fe)-C-800 SSC (1.13 Wh kg ' at 400 W
kg™ "),* LaFeO; derived from MOF SSC (34 Wh kg~ " at 900 W
kg 1), C0304/Fe,0;//Co50,4/Fe,0; derived from MOF SSC
(35.15 Wh kg ' at 1125 W kg ),>* Mn/Ni-MOF@MWCNTSs//Mn/
Ni-MOF@MWCNTSs SSC (33.2 Wh kg™ " at 1198 W kg™ ')*> and
NiFe,0,//NiFe,O, symmetric supercapacitor (47 Wh kg ' at
333 Wkg ).

The charge storage mechanism of the Ni;oFe;-BDC MOF//
Ni;oFe;-BDC MOF symmetric cell was analyzed using eqn (17) by
plotting log i, versus log scan rate (logv) for both anodic and
cathodic currents, as shown in Fig. 8a. The b values derived from
the anodic and cathodic currents were clearly between 0.5 and 1
(0.5481 for the anodic current and 0.5118 for the cathodic
current), proving that charge storage occurs through both
surface-controlled processes (contributed by electric-double layer
capacitance) and diffusion-controlled processes; besides, the
predominant behaviour was pseudocapacitance. Additionally,
the Trasatti method was employed to more clearly determine the
quantitative analysis of charge distribution and the percentage
contributions of both pseudocapacitance (Cpc) and electric
double-layer capacitance (Cgpy) to the overall specific capaci-
tance. The relationship between the change in total capacitance
(Cr) and scan rate (v) in this approach is as follows:****

1

1
K -
1\/17+CT

- (1)

C=K, \/L; + CepL
where K; and K, are arbitrary constants. First, the inverse of the
specific capacitance (C~') was plotted against the square root of
scan rate (v/v), as illustrated in Fig. 8b. The total specific
capacitance (Crp) of electrode materials was determined from
the inverse of the y-intercept by extending the linearly fitted line
in the low scan-rate region, according to eqn (18). In addition,
Cepr, was computed by plotting the specific capacitance (C)
against the inverse square root of the scan rate (1/./¥), as
presented in Fig. 8c. The Cgp;, of the electrode material was
obtained from the y-intercept by extending the linearly fitted
line in the high scan-rate region (v — ), according to eqn (19).
Furthermore, the pseudocapacitance (Cpseudo) Values of the
electrode materials were calculated by subtracting the electrical
double layer capacitance (Cgpy,) from the total capacitance (Cry).
As demonstrated in Fig. 8b and c, the values of Cry, Cgpr, and
Cpseudo Were estimated as 680.27, 6.3293, and 673.94, respec-
tively. The percentage contribution of pseudocapacitance
(Cpseudo) and electrical double layer capacitance (Cgpy) in the
Ni,oFe;-BDC MOF//Ni;oFe;-BDC MOF symmetric cell is shown
in Fig. 8d. Therefore, the ratio of pseudocapacitance was

(19)
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obtained as about 99.069% while that of Cgp;, was only 0.93%
with respect to total capacitance (Cr).

4 Conclusion

In brief, we synthesized monometallic (Fe-BDC MOF) and
bimetallic (NiFe-BDC MOFs) metal-organic frameworks with
varying molar ratios and morphologies using a solvothermal
method and investigated them as supercapacitor electrode
materials. According to the SEM results, the NiFe-BDC MOFs
were smaller than the Fe-BDC MOF particles, with an improve-
ment in the number of electroactive sites and electrolyte ion
movement through the electrode. The synthesis of the Fe-BDC
MOF and NiFe-BDC MOFs was successfully verified by the XRD
data. The specific surface area of Ni;oFe;-BDC MOF was further
calculated by BET analysis as 2.2965 m* g, with an adsorption-
averaged pore radius of 258.2522 A. The electrochemical char-
acteristics of the prepared materials were assessed through the
application of CV, GCD, and EIS methodologies. A maximum
specific capacitance of 918.75 F g~ was achieved for the Ni;oFe;-
BDC MOF electrode, while 196.24 F g~ ' was achieved for the Fe-
BDC MOF electrode at 4 A g’1 current density. The Ni; Fe;-BDC
MOF electrode demonstrated capacitance retention of 72.22%
after 2000 GCD cycles at 12 A g~ compared with 36.88% for the
Fe-BDC MOF electrode. The EIS analysis proved the higher
electrochemical performance of the Ni,;oFe;-BDC MOF electrode
than that of other samples based on the low values of Warburg
resistance and charge-transfer resistance (4.076 Q) between the
interface of the electrode and the electrolyte. The symmetric
supercapacitor (SSC) composed of Ni,,Fe;-BDC MOF electrodes
exhibited a 2 V potential window, a maximum energy density of
106.42 Wh kg™ ' at a 3720 W kg™ ' power density, a 137.73%
capacitance retention, and 78.01% coulombic efficiency after
2000 charge/discharge cycles. The outcomes indicate that the
Ni;oFe;-BDC MOF is a suitable high-performance electrode
material for supercapacitor applications.
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