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Hierarchical ZIF-67@NiS grown on nickel foam as
a high-performance binder-free electrode for

electrochemical capacitors
Fowzia S. Alamro,® Mahmoud A. Hefnawy, (2 ** Hoda A. Ahmed®
and Shymaa S. Medany (2 *°

Hierarchical ZIF-67@NiS grown on nickel foam (ZIF-67@NiS-NiF) was successfully synthesized and
evaluated as a binder-free electrode for electrochemical capacitor applications. The hybrid architecture
integrates the high surface area and redox activity of ZIF-67 with the good electrical conductivity of NiS
and the three-dimensional porous framework of Ni foam, facilitating fast charge transfer and efficient ion
diffusion. Structural and surface analyses, including XRD, FT-IR, UV-Vis spectroscopy, thermal analysis,
SEM, EDXA, and contact angle measurements, confirmed the successful formation, uniform elemental
distribution, and enhanced wettability of the composite electrode. Electrochemical studies demonstrated
a high specific capacitance of 912 F gt at 1 A g™, good rate capability with 74.6% capacitance retention
at 10 A g% and excellent cycling stability, retaining 89% of its initial capacitance after 10 000 charge-
discharge cycles. Kinetic investigations based on electrochemical impedance spectroscopy showed
a low charge-transfer resistance and reduced ion-diffusion resistance, while scan-rate-dependent cyclic
voltammetry analysis indicated a dominant capacitive-controlled process with fast redox kinetics. The
superior capacitive performance is attributed to the synergistic interaction between ZIF-67 and NiS and
the interconnected porous structure of the Ni foam substrate, highlighting the strong potential of ZIF-
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1 Introduction

Energy is the foundation of modern society, driving economic
growth, technological advancement, and improved quality of
life."* However, increasing energy demand, depletion of fossil
fuels, and environmental impacts pose serious global chal-
lenges.** Transitioning to sustainable and renewable energy
sources is essential to ensure energy security and mitigate
climate change.® Renewable energy is derived from natural
resources such as sunlight, wind, water, and biomass that are
continuously replenished.”® It offers a clean and sustainable
alternative to fossil fuels, reducing greenhouse gas emissions
and environmental pollution. Expanding renewable energy
technologies is crucial for achieving long-term energy security
and sustainable development.®**

Energy storage plays a vital role in balancing energy supply
and demand, especially for intermittent renewable sources.
Technologies such as batteries, supercapacitors, and hydrogen
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67@NiS-NiF for high-performance energy storage applications.

storage enable efficient utilization of generated energy.
Advanced energy storage systems are essential for grid stability
and a sustainable energy future.'>®

Capacitors are classified into several types, including ceramic,
electrolytic, tantalum, film, and supercapacitors, based on their
dielectric materials and structure. Each type differs in capacitance
range, voltage rating, and application.'”*® The selection of a capac-
itor depends on performance requirements such as energy density,
stability, and lifetime." Electrochemical capacitors, also known as
supercapacitors, store energy through charge separation and fast
surface redox reactions at the electrode-electrolyte interface. They
offer high power density, rapid charge-discharge capability, and
long cycle life compared to conventional capacitors.***

Zeolitic imidazolate frameworks (ZIFs) are promising mate-
rials for electrochemical capacitors due to their high surface area
and porous structure, which enhance charge storage.*** ZIFs and
their derived carbon or metal oxide materials show improved
capacitance, fast ion transport, and good cycling stability.*

Hosseinian et al. synthesized an rGO/ZIF-67 nanocomposite
via a simple ultrasonic method, showing enhanced electro-
chemical performance with a specific capacitance of 210 F g~*
and improved conductivity compared to ZIF-67. The composite
also exhibited excellent cycling stability (80% after 1000 cycles),
making it a promising electrode for supercapacitor
applications.*
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Reddy et al developed a phase-controlled CoS,@gC/rGO
nanocomposite via a sacrificial ZIF-67 template, achieving
a high specific capacitance of 1188 F g~ ' and excellent coulombic
efficiency. An all-solid-state asymmetric supercapacitor using this
material delivered high energy and power densities with good
long-term cycling stability, highlighting its practical potential.*®

Nickel sulfide (NiS) coated on nickel foam combines the high
conductivity and porous 3D structure of Ni foam with the
pseudocapacitive behavior of NiS, leading to enhanced charge
storage performance.*”*® This integrated architecture provides
a large active surface area, efficient electron transport, and
improved capacitance with good cycling stability for electro-
chemical capacitor applications.>*

Nandhini et al. synthesized NiS nanostructures using micro-
wave, hydrothermal, and combined microwave-hydrothermal
methods, with the MH sample exhibiting the highest specific
capacitance of 964 F g~ ' and a low charge transfer resistance. A
symmetric supercapacitor using MH exhibited good energy and
power densities along with excellent cycling stability, demon-
strating its potential as a supercapacitor electrode.**

Asghar et al. synthesized NiS, ZnS, and NiS/ZnS composites
via a surfactant-assisted hydrothermal method, with the NiS/
ZnS composite exhibiting the highest specific capacitance of
1594.68 F g '. The composite also demonstrated excellent
cycling stability (95.4% after 3000 cycles), indicating its promise
as a pseudocapacitor electrode.*

In this study, nickel foam was first functionalized with sulfur
atoms to form NiS. Subsequently, the NiS surface was modified
with ZIF-67 to enhance its electrochemical activity for capacitor
applications. The prepared materials were characterized using
various analytical techniques, and their electrochemical
performance was systematically evaluated using different
electrochemical methods to assess their suitability as electrodes
for electrochemical capacitors.

2 Experiments section
2.1 Preparation of NiS-NiF

Nickel sulfide (NiS) was synthesized on nickel foam (Ni foam)
via a reflux method using thiourea as the sulfur source with
well-defined quantities. Typically, a piece of Ni foam (2 x 3 cm?,
thickness ~1.6 mm) was first cleaned by ultrasonication in
1.0 M HCI for 15 min, followed by ethanol and deionized water
for 10 min each. For the sulfurization process, 0.76 g of thiourea
(10 mmol) was dissolved in 50 mL of deionized water under
stirring to form a clear solution. The cleaned Ni foam was then
immersed in the solution, and the mixture was heated under
reflux at ~120 °C for 4 h. During reflux, thiourea decomposed
gradually, releasing S*~ ions that reacted with surface Ni to
form NiS directly on the foam. After cooling to room tempera-
ture, the NiS/NiF electrode was removed, washed thoroughly
with deionized water and ethanol, and dried at 60 °C for 6 h.

2.2 Preparation of ZIF-67

ZIF-67 was prepared using a hydrothermal method by reacting
cobalt nitrate with 2-methylimidazole in a sealed autoclave.
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Typically, 1.46 g of Co(NO3),-6H,0 (5 mmol) was dissolved in
40 mL of deionized water or methanol to form solution A, while
3.28 g of 2-methylimidazole (40 mmol) was dissolved in 40 mL
of the same solvent to form solution B. Solution B was added
slowly to solution A under stirring for 20 min to obtain
a homogeneous mixture, which was then transferred into
a Teflon-lined stainless-steel autoclave and heated at 120 °C for
6 h. After naturally cooling to room temperature, the obtained
purple ZIF-67 crystals were collected by centrifugation, washed
several times with methanol and deionized water to remove
residual reactants, and dried at 60 °C for 12 h. The hydro-
thermal route promotes improved crystallinity and controlled
crystal growth of ZIF-67, making it suitable for advanced cata-
Iytic and electrochemical applications.

2.3 Preparation ZIF-67 @NiS-NiF

ZIF-67 was grown onto the NiS-modified nickel foam (NiS-NiF)
via a suspension-based functionalization approach to form
a ZIF-67@NiS-NiF composite electrode. In a typical procedure,
the as-prepared NiS-NiF was first ultrasonically cleaned in
ethanol and deionized water to ensure a clean and activated
surface. Separately, ZIF-67 particles were synthesized and then
dispersed in methanol to form a stable suspension under
ultrasonication. The NiS-NiF substrate was immersed in the
ZIF-67 suspension and gently stirred for several hours, allowing
the ZIF-67 crystals to uniformly anchor onto the NiS surface
through interfacial interactions. After functionalization, the
ZIF-67 @NiS-NiF electrode was removed from the suspension,
thoroughly rinsed with methanol to eliminate weakly attached
particles, and dried at 60 °C. This suspension-assisted func-
tionalization strategy enables uniform loading of ZIF-67 on the
conductive NiS-Ni foam framework, providing abundant
exposed active sites and enhanced charge-transfer pathways
suitable for electrochemical applications.

2.4 Electrochemical measurement

Electrochemical measurements were carried out using an
AUTOLAB PGSTAT128N potentiostat/galvanostat in a conven-
tional three-electrode configuration. The as-prepared ZIF-
67@NiS-NiF electrode was directly used as the working elec-
trode without any binder or conductive additive. A platinum
wire served as the auxiliary (counter) electrode, while an Ag/
AgCl electrode (3.0 M KCl) was employed as the reference
electrode. All electrochemical tests were conducted at room
temperature, and the potential reported in this work are refer-
enced to the Ag/AgCl electrode unless otherwise specified. This
configuration ensures reliable evaluation of the intrinsic
electrochemical behavior of the ZIF-67@NiS-NiF electrode.

3 Results and discussion
3.1 Structural and surface characterization

The X-ray diffraction (XRD) patterns of pristine nickel foam
(NiF), NiS-modified Ni foam (NiS-NiF), ZIF-67 grown on NiS-NiF
(ZIF-67@NiS-NiF), and pure ZIF-67 are presented in Fig. 1a. For
the pristine Ni foam, characteristic peaks appear at 26 = 44.26°,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD of different prepared materials, (b) thermal analysis of ZIF-67, (c) FT-IR of ZIF-67 and 2 methylimidazole, (d) UV-Vis of ZIF-67.

51.56°, and 76.22°, corresponding to the (111), (200), and (220)
planes of face-centered cubic (fcc) nickel (JCPDS No. 04-0850).
These sharp and intense peaks indicate a highly crystalline Ni
framework, which serves as an excellent conductive substrate
for further modifications.*® Upon deposition of NiS onto the Ni
foam (NiS-NiF), additional diffraction peaks emerge at 26 =
30.9°, 35.1°, and 46.6°, which can be indexed to the (100), (101),
and (102) planes of hexagonal NiS (JCPDS No. 02-1280). The Ni
peaks remain visible, confirming that the underlying Ni foam
maintains its crystalline structure after sulfide growth.** The
growth of ZIF-67 on NiS-NiF (ZIF-67@NiS-NiF) introduces new
peaks characteristic of the Co-based zeolitic imidazolate
framework, observed at 260 = 7.8°, 10.12°, 13.14°and 18.4°,
corresponding to the (011), (002), (112), and (222) planes of ZIF-
67.%>3¢ These reflections indicate successful integration of the
ZIF-67 crystals on the NiS-coated foam, while the Ni and NiS
peaks remain detectable, confirming that the substrate and
sulfide layer are still intact.

Thermogravimetric (TGA) and derivative thermogravimetric
(DrTGA) analyses were performed to evaluate the thermal
stability and decomposition behavior of the ZIF-67 sample, as
represented in Fig. 1b. The TGA/DrTGA curves reveal three
distinct weight-loss stages. The first DrTGA peak appears at

© 2026 The Author(s). Published by the Royal Society of Chemistry

approximately 49.6 °C, with a slight mass loss of about 3%,
which is attributed to the removal of physically adsorbed water
and residual solvent molecules weakly held within the porous
framework.*”” The second weight-loss step occurs in the
temperature range of 90-164 °C, showing a more pronounced
mass decrease of nearly 21%, which can be assigned to the
release of strongly confined guest molecules and the initial
decomposition of the organic 2-methylimidazolate ligands. The
third and major DrTGA peak is observed between 344 and 385 ©
C, accompanied by a substantial weight loss of approximately
48%, corresponding to the complete decomposition of the
organic framework and the collapse of the ZIF-67 structure.
Beyond this temperature range, the remaining mass is associ-
ated with thermally stable cobalt-containing residues, con-
firming the thermal decomposition pathway of ZIF-67.3%%

Fig. 1c shows the FT-IR spectrum of 2-methylimidazole with
characteristic bands confirming its molecular structure. The
broad band at 3100-3400 cm " is assigned to N-H stretching,
while the weak bands at 2920-2850 cm " correspond to C-H
stretching of the methyl group. A strong band observed at 1580-
1620 cm ™ is attributed to the C=N stretching vibration of the
imidazole ring. The absorption bands in the 1100-1250 cm ™"
region are related to C-N stretching, and the peaks appearing at

RSC Adv, 2026, 16, 19499-19510 | 19501
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Fig. 2 SEM of surfaces (a) pristine Ni foam, (b) NiS-NiF, (c)ZIF-67@NiS-NiF, (d) pristine ZIF-67.

700-900 cm ™" are associated with out-of-plane bending vibra-
tions, confirming the aromatic heterocyclic nature of 2-m-
ethylimidazole. Overall, the spectrum in Fig. 1c agrees well with
reported data, verifying the successful identification of 2-m-
ethylimidazole as an organic linker.***>

The FT-IR spectrum of ZIF-67, which presented in Fig. 1c,
confirms the successful formation of the metal-organic
framework. The characteristic bands of the imidazolate linker
are retained, with the C=N stretching vibration appearing
around 1580-1600 cm ™', indicating the preservation of the
imidazole ring after coordination. The absorption bands in the
1100-1250 cm ™" region are attributed to C-N stretching vibra-
tions, further supporting the presence of the organic linker
within the framework.****

Compared with free 2-methylimidazole, the slight shift and
reduced intensity of the N-H band in the 3100-3400 cm™"

(b)

region indicate deprotonation and coordination of nitrogen
atoms with Co®" ions. A new absorption band observed in the
420-450 cm ™" region is assigned to the Co-N stretching vibra-
tion, providing direct evidence for metal-ligand bond forma-
tion. Additionally, the bands at 2920-2850 cm ™" correspond to
C-H stretching of the methyl groups, confirming the structural
integrity of the linker.

The UV-Vis absorption spectrum of ZIF-67 shows a single
prominent absorption band centered around ~600 nm, which
is attributed to the d-d electronic transitions of Co®" ions in
a tetrahedral coordination environment within the ZIF-67
framework (see Fig. 1d). This characteristic peak confirms the
successful coordination of cobalt ions with the 2-methyl-
imidazolate ligands and the formation of the ZIF-67 structure.*

Fig. 2 illustrates the morphological evolution of the electrode
surface at different preparation stages, highlighting changes in
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Fig. 3 EDAX of prepared materials (a) NiF, (b) NiS-NiF, (c) ZIF-67@NiS-NiF.
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Fig. 4 Contact angle of surfaces (a) NiF, (b) NiS-NiF, (c) ZIF-67@NiS-NiF.

surface area, texture, and particle distribution. Fig. 2a shows the
SEM image of pristine Ni foam, which exhibits a typical three-
dimensional porous network composed of interconnected
nickel ligaments with smooth surfaces. This open macroporous
structure provides a large geometric surface area and efficient
pathways for electrolyte penetration and electron transport,
making Ni foam an ideal current collector for electrochemical
applications.

After sulfurization, the SEM image of NiS-NiF (see Fig. 2b)
reveals a significant change in surface morphology. The origi-
nally smooth Ni ligaments become roughened and uniformly
covered with a dense NiS layer, forming nanoscale features
distributed over the foam skeleton. This rough and textured
surface markedly increases the effective surface area and
generates abundant exposed active sites, while the conformal
growth of NiS ensures intimate contact with the conductive Ni
foam substrate.

Fig. 2c represents the SEM image of ZIF-67@NiS-NiF, where
ZIF-67 particles are clearly observed to be homogeneously
distributed on the NiS-coated Ni foam surface. The ZIF-67
crystals are well anchored onto the NiS layer without severe
agglomeration, indicating successful functionalization via
suspension deposition. The hierarchical architecture,
combining the porous Ni foam backbone, the rough NiS inter-
layer, and the uniformly dispersed ZIF-67 particles, greatly
enhances the accessible surface area and facilitates efficient
electrolyte diffusion. This uniform particle distribution also
promotes effective charge transfer across the interfaces.

For comparison, Fig. 2d shows the SEM image of pristine
ZIF-67, which displays well-defined polyhedral crystals with
relatively uniform size and smooth facets. While ZIF-67 alone
possesses intrinsic microporosity and high surface area, its
integration onto the NiS-NiF framework prevents particle
aggregation and maximizes the utilization of its active surface.

Fig. 3 presents the EDAX results confirming the elemental
composition and successful stepwise modification of the elec-
trode surface. Fig. 3a shows the EDAX spectrum of pristine Ni
foam, which is dominated by a strong Ni signal, indicating the
high purity of the nickel substrate, with only minor signals of
oxygen attributed to surface oxidation and atmospheric expo-
sure. This result confirms that the Ni foam serves as a clean and
conductive current collector.

As shown in Fig. 3b, the EDAX spectrum of NiS-NiF reveals
the clear presence of sulfur in addition to nickel, confirming the
successful sulfurization of the Ni foam surface and the

© 2026 The Author(s). Published by the Royal Society of Chemistry

formation of NiS. The relatively uniform Ni and S signals
suggest a homogeneous distribution of NiS across the foam
framework, while the slight oxygen signal can be ascribed to
surface oxidation or adsorbed species.

Fig. 3c displays the EDAX spectrum of ZIF-67@NiS-NiF,
where, in addition to Ni and S, distinct Co, C, and N signals
are observed. The appearance of cobalt confirms the successful
incorporation of ZIF-67 onto the NiS-modified Ni foam, while
the carbon and nitrogen signals originate from the 2-methyl-
imidazole organic linker of ZIF-67. The simultaneous detection
of Ni, S, Co, C, and N verifies the formation of a composite
architecture and indicates that ZIF-67 is well anchored on the
NiS-NiF surface, supporting the SEM observations of uniform
particle distribution and effective surface functionalization.

Fig. 4 illustrates the contact angle measurements used to
evaluate the surface wettability of the electrodes at different
modification stages and its impact on electrochemical perfor-
mance. As shown in Fig. 4a, pristine Ni foam exhibits a high
contact angle of 132.6°, indicating a highly hydrophobic
surface. Such poor wettability limits electrolyte penetration into
the porous structure, thereby reducing the effective electro-
chemically active surface area.

After sulfurization, the NiS-NiF (Fig. 4b) shows a markedly
reduced contact angle of 88.5°, reflecting a significant
improvement in surface hydrophilicity. This behavior can be
attributed to the formation of polar Ni-S bonds and the
increased surface roughness induced by the NiS layer, which
together enhance the affinity of the surface toward the aqueous
electrolyte. Improved wettability facilitates faster electrolyte
diffusion and more efficient ion transport to the active sites,
which is highly beneficial for charge storage processes in
electrochemical capacitors.

Following ZIF-67 functionalization, the contact angle slightly
increases to 100.67° (Fig. 4c), indicating a moderate reduction
in hydrophilicity compared to NiS-NiF. This change is associ-
ated with the presence of organic 2-methylimidazole linkers in
ZIF-67, which introduce relatively hydrophobic components to
the surface. Nevertheless, the contact angle remains substan-
tially lower than that of pristine Ni foam, suggesting that the
composite electrode still maintains acceptable wettability.
Importantly, the hierarchical porous structure of ZIF-67@NiS-
Ni foam provides abundant ion-accessible channels and
a large interfacial area, compensating for the slight decrease in
hydrophilicity.

RSC Adv, 2026, 16, 19499-19510 | 19503
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behavior in 1.0 M NaOH solution.

3.2 Electrochemical capacitance of ZIF-67@NiS-NiF

Fig. 5 presents the cyclic voltammograms (CVs) of bare nickel
foam (NiF), NiS-modified nickel foam (NiS-NiF), and ZIF-
67@NIiS-NiF electrodes recorded in 1.0 M NaOH at a scan rate
of 20 mV s~ . All CV curves exhibit a pair of well-defined redox
peaks, which are characteristic of the reversible faradaic reac-
tions associated with the Ni(u)/Ni(ur) redox couple, confirming
the pseudocapacitive behavior of the investigated electrodes.

The anodic peak corresponds to the oxidation of Ni(u) to
Ni(m), while the cathodic peak is attributed to the reverse
reduction process. These redox reactions can be described by
the following equation:

Ni(OH), + OH™ = NiOOH + H,O + ¢~ 1)

Among the three electrodes, bare NiF shows the lowest
current response and smallest enclosed CV area, indicating
limited electroactive surface area and sluggish redox kinetics.
Upon sulfurization, the NiS-NiF electrode exhibits a significant
increase in both anodic and cathodic peak currents, which can
be attributed to the improved electrical conductivity and
enhanced electrochemical activity introduced by the NiS layer.

Additionally, the ZIF-67@NiS-NiF electrode demonstrates
the highest redox peak currents and the largest CV enclosed
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Paper

area, reflecting its superior charge storage capability. This
enhancement arises from the synergistic effect between ZIF-67
and NiS, where the porous ZIF-67 framework provides abun-
dant electroactive sites and facilitates electrolyte penetration,
while NiS ensures efficient electron transport. Additionally, the
hierarchical architecture grown on the three-dimensional Ni
foam promotes rapid ion diffusion and accelerates the Ni(u)/
Ni(m) redox transitions.

Fig. 6a presents the cyclic voltammograms (CVs) of the ZIF-
67@NiS-NiF electrode recorded in 1.0 M NaOH at different
scan rates ranging from 2 to 60 mV s '. As the scan rate
increases, a pronounced increase in both anodic and cathodic
current responses is observed, indicating enhanced electro-
chemical activity and efficient utilization of electroactive sites at
higher sweep rates. The well-defined redox peaks appearing in
all CV curves confirm the dominance of faradaic redox reactions
associated with the Ni**/Ni*" redox couple, which plays a key
role in the charge-storage process. With an increasing scan rate,
the anodic peak potential gradually shifts toward more positive
values, while the cathodic peak potential shifts toward more
negative values, reflecting increased polarization and internal
resistance effects at higher sweep rates. This peak separation
suggests that the redox process is quasi-reversible rather than
ideally reversible, as the system requires additional over-
potential to drive the electron-transfer reaction at faster scan
rates. Nevertheless, the retention of the redox peak shapes and
their proportional current increase across the entire scan rate
range indicate good electrochemical reversibility and fast
reaction kinetics.

The charge-storage mechanism of the ZIF-67@NiS-NiF elec-
trode was further elucidated using the Trasatti method, which
enables the quantitative separation of surface-controlled and
diffusion-controlled charge contributions. According to the
Trasatti relation:

4=qu+a® (2)

The linear dependence of the voltametric charge (g) on
v~ %confirms the coexistence of two distinct charge-storage
processes (see Fig. 6b). Here, g.represents the charge associ-
ated with the outer, electrochemically accessible surface, while
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the second term corresponds to diffusion-controlled charge
originating from inner active sites. From the linear fitting,
a gwvalue of 0.276 C was obtained, indicating a substantial
contribution from fast surface redox reactions. This behavior
highlights the efficient utilization of both outer and inner
electroactive sites, confirming a mixed charge-storage
mechanism.

As illustrated in Fig. 6¢, further validating this analysis, the
Trasatti method was also applied using the inverse relationship:

lg = g, + bv*> (3)

where g, denotes the total charge stored at infinitely slow scan
rates. The linear variation of 1/q with »*° confirms the reliability
of the Trasatti approach for the present system. From the
intercept of the linear fit, a total charge value of g, = 2.48 C was
obtained. Using these values, the contribution of diffusion-
controlled charge can be estimated as gqifr = ¢+ — G, yielding
approximately 2.2 C, which corresponds to about 88.87% of the
total stored charge. Therefore, the percentage of the outer
(surface faradaic and EDLCs) to the inner (bulk faradaic) is
11.13%. These findings are in excellent agreement with the b-
value analysis, scan-rate dependence, and diffusion coefficient
results, further confirming the highly efficient, mixed-charge-
storage behavior of the electrode for electrochemical capacitor
applications.

The variation of anodic and cathodic peak current densities
with scan rate for the ZIF-67@NiS-NiF electrode exhibits a clear
linear relationship, as illustrated in Fig. 7a, confirming that the
redox process is predominantly surface-controlled rather than
diffusion-limited. This behavior indicates that the electroactive
species are strongly confined to the electrode surface and
actively contribute to charge storage. For a surface-confined
process, the peak current density (j,) is related to the scan
rate (v) by the following equation:*®

Jjp = "’F°TvI4RT (4)

Based on the linear fitting of the anodic and cathodic current
density versus scan rate plots shown in Fig. 6a, the surface
coverage (I') values were calculated separately from the corre-
sponding slopes, and an average surface coverage was then
determined to provide a more reliable representation of the
electrochemically active sites. The averaged surface coverage
was found to be 1.65 x 10”7 mol em 2, indicating a high density
of accessible redox-active sites on the ZIF-67@NiS-NiF surface.
This high I value can be attributed to the synergistic integration
of the porous ZIF-67 framework with the conductive NiS layer
supported on three-dimensional nickel foam, which enhances
surface accessibility, electrical conductivity, and charge-transfer
kinetics. Consequently, the high average surface coverage
explains the pronounced capacitive behavior and confirms the
suitability of the ZIF-67@NiS-NiF electrode for high-
performance electrochemical capacitor applications.

The relationship between the anodic and cathodic peak
current densities and the square root of scan rate (v'?) for the
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ZIF-67@NiS-NiF electrode shows a clear linear dependence, as
presented in Fig. 7b, indicating that the redox process is gov-
erned by a diffusion-controlled mechanism. This behavior
suggests that, in addition to surface-confined contributions, ion
diffusion within the porous electrode structure plays an
important role in the electrochemical response. The diffusion
coefficient (D) was estimated using the Randles-Sevéik equation
for a reversible system expressed in terms of current density:*”**

Jp = 2.69 x 10° n*2D'"2Cv'? (5)

where n is the number of electrons transferred (n = 1), Cis the
electrolyte concentration, and is the scan rate. From the linear
fitting of the anodic and cathodic plots in Fig. 7b, a slope was
obtained. Assuming an electrolyte concentration of 1.0 M, the
diffusion coefficient was calculated to be approximately 2.05 x
107° cm® s . This relatively high diffusion coefficient reflects
efficient ion transport within the hierarchical ZIF-67@NiS-NiF
architecture, which benefits from the porous ZIF-67 frame-
work, the conductive NiS layer, and the three-dimensional
nickel foam substrate. The enhanced diffusion kinetics,
together with the high surface coverage discussed previously,
explain the electrode's superior electrochemical performance
and further confirm its suitability for high-performance
electrochemical capacitor applications.

The electrochemical evidence for a mixed charge-storage
mechanism in the ZIF-67@NiS-NiF electrode was further eval-
uated by analyzing the relationship between the logarithm of
peak current density and the logarithm of the scan rate, as
shown in Fig. 7c. This analysis is based on the power-law
equation:

I=a’ (6)

where parameter b provides insight into the dominant charge-
storage process. A b value close to 0.5 is characteristic of
a diffusion-controlled process, whereas a value approaching 1.0
indicates a surface-controlled (capacitive) mechanism. From
the linear fitting of the log(j) versus log(v) plot in Fig. éc,
a b value of 0.508 was obtained, which is very close to the
theoretical value of 0.5. This result clearly suggests that the
electrochemical behavior of the ZIF-67@NiS-NiF electrode is
predominantly diffusion-controlled, while still maintaining
a contribution from surface-confined redox reactions. The
coexistence of these two mechanisms confirms a mixed charge-
storage behavior, arising from fast surface redox reactions at the
ZIF-67/NiS interface and ion diffusion within the porous elec-
trode matrix. This finding is consistent with the results from the
scan-rate dependence and Randles-Sevéik analysis (Fig. 7a and
b) and highlights the synergistic role of the porous ZIF-67
structure, the conductive NiS layer, and the three-dimensional
nickel foam in enabling efficient ion transport and charge
storage.

The dependence of the anodic and cathodic peak potentials
on the logarithm of scan rate for the ZIF-67@NiS-NiF electrode
is illustrated in Fig. 7d and provides valuable insight into the
charge-transfer kinetics and reversibility of the electrochemical

RSC Adv, 2026, 16, 19499-19510 | 19505


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01220e

Open Access Article. Published on 14 April 2026. Downloaded on 4/17/2026 1:09:43 PM.

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

(cc)

RSC Advances

0.12 - (a)
0.08 -
0.04 -
f @ Anodic
R 0.00 - [ ] Cathodic
-0.04 -
-0.08 -
0 10 20 30 40 50 60 70
v(mV s
-0.8
101 (©)
Q -1.2 1
Z -14 1
)
=)
’q -1.6 7 .
-1.8
'2.0 T T T T
0.0 0.4 0.8 1.2 1.6 2.0
Log (v/ mV s'l)

Fig. 7

View Article Online

Paper

0.12
000 { (b)
0.06 -

003 @ Anodic

© Cathodic

il A

0.00 -

-0.03 -

-0.06 -

-0.09 T . . . . . :

Ep(V)

0.3 . :

0.8 1.2 1.6

Log (v/mV s'l)

0.0 2.0

(a) Relation between scan rate vs. current for anodic and cathodic processes, (b) relation between the square root of scan rate vs. current

for anodic and cathodic processes, (c) relation between the logarithm of scan rate vs. the logarithm of current, (d) relation between logarithm of

scan rate versus peak potential.

process. The linear variation of peak potential with log(v) indi-
cates a quasi-reversible redox behavior, in which both electron-
transfer kinetics and mass transport contribute to the overall
electrochemical response. With increasing scan rate, the anodic
peak potential shifts toward more positive values, while the
cathodic peak shifts toward more negative potentials, reflecting
increased polarization and ohmic resistance within the elec-
trode. Such behavior is characteristic of kinetically limited
faradaic reactions occurring in porous and nanostructured
electrodes. According to Laviron's theory, the linear E,-log(v)
relationship observed in Fig. 6d confirms that the electro-
chemical reaction is governed by charge-transfer kinetics at the
ZIF-67@NiS-NiF surface. This observation is fully consistent
with the mixed charge-storage mechanism revealed by the scan-
rate dependence of current (Fig. 7a-c), where both surface-
confined redox reactions and diffusion-controlled ion trans-
port coexist.

Fig. 8a shows the GCD curves of the ZIF-67@NiS-NiF elec-
trode measured in 1.0 M NaOH within a 0.5 V potential window
at current densities from 1 to 5 A g~ *. The curves display nearly

19506 | RSC Adv, 2026, 16, 19499-19510

symmetric charge-discharge profiles, indicating good revers-
ibility and high coulombic efficiency.

The non-linear GCD shapes confirm a dominant pseudo-
capacitive behavior arising from Ni-based redox reactions. At
1 A g, a longer discharge time is observed due to efficient
utilization of electroactive sites. Increasing the current density
to 5 A g ' shortens the discharge time because of limited ion
diffusion and increased polarization. Notably, the curves
maintain similar shapes with a small IR drop, reflecting low
internal resistance and good rate capability. These results
demonstrate the favorable charge-storage kinetics and electro-
chemical stability of the ZIF-67@NiS-NiF electrode.

Fig. 8b shows that the specific capacitance of the ZIF-
67@NiS-NiF electrode decreases from 912 to 680 F g™ as the
current density increases from 1 to 5 A g~ *. This trend is typical
of pseudocapacitive materials and is primarily due to limited
ion diffusion and a shortened discharge time at higher current
densities, which restricts the utilization of inner electroactive
sites. A comparison between ZIF-67@NiS-NiF and other
surfaces reported in the literature is presented in Table 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) GCD of the modified ZIF-67@NiS-NiF, (b) relation between current and specific capacitance, (c) region plot, (d) capacitance retention

of modified electrode for 10 000 cycles, (e) EIS of the modified electrode at 0.4 V.

At low current density, sufficient time is available for elec-
trolyte ions to access the porous ZIF-67 structure and the redox-
active NiS-NiF centers, resulting in high capacitance. At higher
current densities, charge storage is dominated by surface
reactions, leading to a gradual decline in capacitance. Notably,
the electrode retains 74.6% of its initial capacitance at 5 A g™ %,
indicating good rate capability. This performance reflects the
synergistic effect of the porous ZIF-67 framework and the
conductive NiS-NiF network, confirming the suitability of ZIF-
67@NiS-NiF  for  high-rate capacitor
applications.

The Ragone plot of the ZIF-67@NiS-NiF electrode, shown in
Fig. 8c, illustrates the relationship between energy density and
power density at different current densities. At a low current
density of 1 A g™, the electrode delivers a high energy density of
31.7 Wh kg™ " at a power density of 250 W kg™, reflecting effi-
cient charge storage and full utilization of electroactive sites.
With increasing power density, a gradual decrease in energy

electrochemical

Table 1 Comparison of surface performance for capacitor applications

density is observed, attributed to restricted ion diffusion and
reduced discharge time at high rates.

Importantly, as depicted in Fig. 8c, the ZIF-67@NiS-NiF
electrode maintains a considerable energy density of 23.6 Wh
kg " even at a high-power density of 1149 W kg™', demon-
strating excellent rate capability and rapid charge-discharge
behavior. This outstanding performance is primarily attributed
to the synergistic effect between the porous ZIF-67-derived
structure and the conductive NiS-modified nickel foam, which
enhances electron transport, facilitates electrolyte penetration,
and provides numerous accessible redox-active sites.

The long-term cycling stability of the ZIF-67@NiS-NiF elec-
trode was evaluated by repeated charge-discharge measure-
ments at a current density of 1 mA g~ ' for 10000 cycles, as
shown in Fig. 8d. The electrode exhibits a capacitance retention
of 89%, indicating good electrochemical durability under
continuous cycling conditions. The gradual decrease in capac-
itance can be attributed to partial structural deformation,

Surface Potential window (V) Capacitance (F g~') Rate capability Durability References
ZIF-67@NiS-NiF 0.5 9I12@1Ag" 74.6% (1to 5 A g™ ")  89% (10000 cycles at 5A g ')  This work
CNFs/MnO, 1.0 151.1@1A¢ " 76.2% (1-8 Ag™ ) 90% (8000@ 2 A g™ 1) 49
Ni-Co double hydroxide 0.45 1246 Fg ' (1Ag ") 91.8% (1to 10 Ag™ ") 80.1% (1000 cycles at 10 Ag ™) 50
CoNiFe-layered double hydroxide 0.4 1203Fg ' (1Ag™") 77.1% (1to 10 Ag™") 94% (1000 cycles at 20 Ag™") 51
GC/NiFe,0,@CNT 0.4 1169 (at 5A g ") 62.4% (5t0 17 Ag™") 90.1% (2000 cycles at 10 Ag ') 52
CF/NiMn,0, 0.65 301l@1Ag " 69% (1-6 mA cm™ ) 85% (2000 @5 mA cm %) 53

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dissolution of active species, or volume changes associated with
repeated Faradaic redox reactions in the alkaline electrolyte.
Nevertheless, the relatively high retention after prolonged
cycling demonstrates strong interfacial adhesion between ZIF-
67, NiS, and the Ni foam substrate, effectively mitigating
detachment of the active material. Moreover, the porous
architecture of ZIF-67, combined with the conductive NiS
framework, facilitates maintaining efficient diffusion and elec-
tron transport throughout cycling. These results confirm that
the ZIF-67@NiS-NiF electrode possesses acceptable long-term
stability, supporting its potential application in practical
electrochemical capacitor devices.

Fig. 8e shows the electrochemical impedance spectroscopy
(EIS) response of the ZIF-67@NiS-NiF modified electrode
measured at an applied potential of 0.4 V. The experimental
data were well fitted by an equivalent circuit consisting of the
solution resistance (R;) in series with a parallel combination of
the charge transfer resistance (R.) and capacitance (C), followed
by a Warburg diffusion element (W) in series with R.. This
circuit appropriately describes the interfacial charge-transfer
and ion-diffusion processes occurring at the electrode-electro-
lyte interface.

The fitted R value of 2 Q indicates low electrolyte and
intrinsic electrode resistance, reflecting good ionic conductivity
of the 1.0 M NaOH electrolyte and effective electrical contact
between the active material and the Ni foam substrate. The
relatively small charge-transfer resistance (R. = 14 Q) suggests
fast electron-transfer kinetics at the ZIF-67@NiS-NiF/electrolyte
interface, which can be attributed to the conductive NiS phase
and to the intimate integration of the active layer with the three-
dimensional Ni foam.

The capacitance value (C = 4.78 x 10 * F) confirms the
electrode's capacitive nature, associated with surface redox
reactions and interfacial charge accumulation. Moreover, the
presence of a Warburg element with a low coefficient (W = 1.45
x 10~ %) indicates minimal diffusion resistance and efficient ion
transport within the porous ZIF-67 framework. The series
connection of R, and W highlights that ion diffusion accom-
panies the charge-transfer process, particularly at lower
frequencies.

The low Ry and R. values, together with the small Warburg
impedance, demonstrate favorable charge-transfer kinetics and
rapid ion diffusion for the ZIF-67@NiS-NiF electrode. These EIS
results, as shown in Fig. 8e, are consistent with the excellent
rate capability and high specific capacitance observed in GCD
and CV measurements, confirming the suitability of the modi-
fied electrode for high-performance electrochemical capacitor
applications.

4 Conclusion

In summary, a hierarchical ZIF-67@NiS-NiF binder-free elec-
trode was successfully developed, demonstrating outstanding
electrochemical capacitor performance. The rational integra-
tion of ZIF-67 with NiS on a three-dimensional nickel foam
substrate provided abundant electroactive sites, enhanced
electrical conductivity, and facilitated rapid ion transport.

19508 | RSC Adv, 2026, 16, 19499-19510
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Comprehensive structural and surface characterizations
confirmed the successful fabrication and favorable physico-
chemical properties of the composite electrode. Electro-
chemical evaluations revealed high specific capacitance, good
rate capability, and excellent long-term cycling stability,
underscoring the effectiveness of the synergistic ZIF-67/NiS
architecture. These results indicate that ZIF-67@NiS-NiF is
a promising electrode material for advanced electrochemical
energy storage systems and offers a viable strategy for designing
high-performance, binder-free supercapacitor electrodes.
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