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In this work, three distinct synthetic procedures—step-by-step (CC-1), single-step (CC-2), and simple
mixing (CC-3)—were utilized to investigate their effects on the formation of heterostructures in
bimetallic Cu/Co-MOFs. The resulting MOF crystal structures revealed a 1:1 ratio of Co to Cu metal
ions, and compared their electrochemical activities with a simple mixture of individual MOFs. To
maximize the benefits of these synthesis approaches for supercapacitor uses, electrochemical analyses
were conducted. Results revealed that the capacitance of CC-1 was 438 F gt at 1 A g%, which was 1.14
times and 2.76 times higher than those of the CC-2 and CC-3 samples, respectively. This notable
performance was attributed to the synergistic contributions from each 2D material component and the

formation of a stable heterostructure that resulted from an optimal metal-ion loading. The best-
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devices. AD demonstrated an energy density (ED) of 40.4 W h kg™t through a power density (PD) of
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1. Introduction

The urgent need to improve energy storage systems and tech-
nologies is driven by growing environmental concerns. Addi-
tionally, there is an escalating demand for advanced power
solutions in smart grids and electric vehicles. Supercapacitors
(SCs), as a new type of large-capacity energy storage device, have
demonstrated significant potential in this regard owing to their
impressive power density and exceptional cycle life." These
attributes make them particularly well-suited to meet the energy
storage needs of industrial equipment, transportation, and
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electronic devices. However, their relatively low ED poses
a challenge for high-energy and high-power applications. Elec-
trostatic mechanisms facilitate charge storage in conventional
electrical double-layer capacitors (EDLCs) via rapid ion
adsorption onto the electrode surfaces.”> However, this ion
adsorption process imposes a fundamental constraint on the
achievable capacitance, primarily owing to the inherent limi-
tations associated with the electrochemical double layer
formation and the finite ionic mobility at the electrode/
electrolyte interface. Conversely, pseudocapacitive (PC) mate-
rials, including transition metal compounds, activated carbons,
MOFs, and conductive polymers, provide high specific capaci-
tance by storing electrical energy through redox reactions.>”
However, they face significant limitations in cycle stability.
Hybrid supercapacitors (HSs), which integrate EDLC-type
anodes with battery-type cathodes, have shown notable bene-
fits in terms of their operating voltage range and ED.° To further
advance the development of HSs, the creation of new high-
performance electrode materials is essential. Recently, hybrid
supercapacitors have attracted significant interest as a viable
alternative to EDLCs or PCs.® Hybrid SCs can function across
a wider voltage range and offer higher capacitance owing to
their combination of a carbon-based capacitive electrode with
a battery-like electrode made from transition metals. These
improvements address some of the limitations of conventional
EDLCs and make hybrid supercapacitors a compelling option
for advanced energy storage solutions.
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MOFs represent an innovative class of hybrid materials with
potential applications in carbon capture and storage, sensing,
separation, and catalysis. Typically, MOFs are synthesized at the
laboratory scale using organic solvent-based methods. However,
this method poses significant environmental concerns and
incurs high operational costs, hindering the large-scale
production and applications of MOFs. A more sustainable and
cost-effective alternative is the aqueous synthesis of MOFs,
which avoids the use of organic solvents and mitigates these
issues.” MOFs have garnered considerable attention as elec-
trode materials for energy conversion and storage due to their
high porosity and exceptional structural flexibility. These
characteristics make MOFs increasingly interesting for a variety
of energy-related applications. However, despite some MOFs
achieving high operating voltages, their practical use is often
restricted by their comparatively small capacitance. Recent
research studies have shown the promise of MOF-M (where M
can be metal ions such as Mg**, Mn**, Ni**, Co**, Zn*", Cu™,
etc.) in synthesizing composite materials, owing to the presence
of one or more metal centers within the framework.'*** More-
over, progress has been made in the direct carbonization of
bimetallic MOFs, resulting in the formation of mixed oxides
within a nanoporous carbon framework. This technique can be
viewed as an alternative method for generating metal oxides.
However, the extended preparation process of MOF-derived
materials hampers their practical utility. Additionally, the
calcination process unavoidably disrupts the MOF framework
to some extent and diminishes the number of redox-active
spots, thereby lowering the pseudocapacitive feature. MOFs
have the potential to serve as electrodes by incorporating elec-
trochemical redox sites. However, their inferior conductivity
and stability currently limit their direct use as supercapacitor
electrodes, preventing them from realizing their full potential.

Addressing the aforementioned issues, the most straight-
forward approach involves incorporating a secondary compo-
nent to fabricate composite materials. This strategy enhances
the electrical conductance and stability of the electrode by
leveraging the synergetic interaction between the two constitu-
ents. For instance, Gholipour-Ranjbar et al.'® described the
development of a Ni-Co MOF using terephthalic acid and pyr-
azine as ligands via a hydrothermal method. This represents the
first instance of this bimetallic MOF material being directly
utilized as an electrode for SCs. The structure revealed that the
metal centers were composed of Co®" and Ni** ions. The specific
capacitance of the Ni-Co MOF reached 1049 F g™, with the
capacitance retaining 97.4% of its original value over 5000
trials. This result demonstrates the potential of bimetallic
MOFs as candidates for supercapacitor applications. In another
study, Zaka et al.'” developed a Fe-Mg MOF using a step-wise
synthetic procedure, followed by a hydrothermal process. The
Fe-Mg MOF achieved a capacitance of 1825 Cg 'at 1.2 Ag ",
which is 1.59 and 1.31 times higher than that for the individual
Fe and Mg MOFs, respectively. This electrode-based asymmetric
device possesses the highest ED (57 W h kg™') and PD (2393 W
kg™ '), which is credited to the synergetic effect of the DM-MOFs.
Wang et al.*® developed a single-step solvothermal process to
create a Ni-MOF prototype for making a flower-like Ni-Co MOF
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through an in situ etching process. This electrode delivered
a large capacity of 108.5 mA h g™ " at 0.5 A g~ ". The assembled
asymmetric device achieved an ED of 45.7 W h kg ™" at a PD of
450.6 W kg with a capacity retention of 84.3% over 6500 runs.
This remarkable electrochemical activity is credited to the
multi-stacked nanowire flower morphologies. Wang et al.*®
devised a hydrothermal method to fabricate combined 1D/3D
cuboids of the Ni-Co MOF. This electrode showed the highest
capacitance of 991 F g~ ' at 1 A g™, alongside reduced intrinsic
resistance and ion diffusion impedance, indicating its superior
charge storage capability and enhanced electrochemical
performance. Liang et al*® synthesized a Ni-Co MOF hydro-
thermally, featuring a layer/channel structure, which displayed
commendable capacitive performance. This electrode revealed
a capacitance of 1333 F g~ " at 2 A g~ ', with 83% of the original
capacitance retained at 10 A g . The constructed asymmetric
devices achieved an ED of 28 W h kg ' at 444 W kg™ ' for an
optimized Ni/Co ratio of 1:1. These findings underscore the
enhanced stability and performance of bimetallic MOFs,
attributed to the distinctive “interactions” or “dual-functional
mechanism” arising from the interaction between the two
distinct metal elements.

The construction of MOFs starts with selecting a synthesis
procedure suitable for the envisioned use. MOFs are created by
combining a metal salt with an organic ligand, characteristically
composed of metal nodes and organic linkers under specific
forms to attain the anticipated structure. In this study, we
examined the influence of different synthetic procedures on the
formation of heterostructures in bimetallic Cu/Co-MOFs and
their electrochemical storage performance. Three distinct
synthetic techniques, including step-by-step, single-step, and
simple mixing, were employed to assess their impact. We found
that the step-by-step synthesis method was more favorable for
forming core-shell heterostructures compared to the single-
step or simple mixing procedures. The CC-1 electrode demon-
strated superior electrochemical performance compared to
samples derived from other approaches. Leveraging these
results, we assembled and compared the electrochemical
storage properties of asymmetric and symmetric coin cell
devices. As anticipated, the asymmetric supercapacitor device
exhibited higher energy and power storage properties than the
symmetric device.

2. Experimental details

In the step-by-step process, the linker solution was prepared by
dissolving 4 grams of 2-methyl imidazole in 240 mL of methanol
as the buffer solution, and the mixture was stirred continuously
at 50 °C. A cobalt nitrate solution was prepared by dissolving
3.5 g of Co(NOj3),-6H,0 in 240 mL ethanol. This was slowly
added dropwise and mixed thoroughly with the above linker
solution. Similarly, a copper nitrate solution was prepared with
4.5 g of Cu(NO;)3-3H,0 in 240 mL methanol. This too was
added dropwise to the above solution, resulting in a cobalt
linker solution. The final solution was mixed thoroughly for
120 min, and then washed with methanol. The black color
precipitates were obtained in the wet form after discarding the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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retentate. A dry powder was obtained after overnight drying at
80 °C; this step-by-step approach was labeled as CC-1. In the
simple mixing process, 500 mL of linker solution was prepared
and kept under stirring conditions. Cobalt and copper solutions
were added dropwise simultaneously into the linker solution at
50 °C. The resultant solution was centrifuged, and the dried
solid part was labeled as CC-2 MOF. Finally, the synthesized
cobalt and copper MOFs were mixed in equal proportion, and
ground with a stone mortar as a part of simple mixing process.
The subsequent mixture was maintained at 200 °C for over 12 h,
and the final product was denoted as CC-3 MOF. Details of the
samples testing and electrochemical testing procedures are
presented in the ESI file.t

3. Results and discussion

The methodology utilized for synthesizing CC-1, CC-2, and CC-3
MOFs, detailing the sequential and mechanistic steps in their
formation, is outlined in Fig. 1. Subsequent to the hydrothermal
synthesis, the resultant solid precipitates were systematically
harvested through filtration. These samples were synthesized
successfully, employing a sequential series of steps to attain
distinct morphologies, facilitated by the 2-methylimidazole
ligand. The XRD characteristic peaks observed in the diffraction
patterns of the bare Cu MOF, Co MOF, and bimetallic CC-1, CC-
2 and CC-3 samples are shown in Fig. 2. The Cu MOF showed
a prominent XRD diffraction peak at 11.64°, corresponding to
the (222) plane, which indicates a high level of crystallinity and
matches CCDC-112954." Likewise, the Co MOF displayed sharp
diffraction peaks corresponding to CCDC-921721, demon-
strating its crystalline structure.”® In the case of hybrid samples,
all these samples exhibit a prominent characteristic peak at
12.84° with high intensity, along with additional peaks at
25.76°, 35.4°, and 42.18°. While each sample exhibits

(1) Linker solution (4) Co MOF (C)
(@] (2) Cobalt precursor  (5) Cu MOF
(3) Copper precursor  (6) CC-1
(7) CC-2
o ) (8) CC-3

Fig. 1 Schematic of the material synthesis of (a) CC-1, (b) CC-2, and
(c) CC-3.
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Fig. 2 XRD spectrum of Co MOF, Cu MOF, CC-1, CC-2, and CC-3.

a superposition of Co and Cu diffraction peaks, CC-1 MOF
displays more pronounced intensities, suggesting a more
defined crystalline structure. The observed (011), (022), (023),
(—20-2), (—133), (—153), (—311), and (035) diffraction planes
correspond to cobalt, while the (120), (—121), (—123), and (222)
planes are attributed to copper, thereby confirming the effective
integration of both materials. The deviation of the peaks from
those of the pure constituents indicates the absence of isolated
Cu MOF or Co MOF phases within the composite, further
emphasizing the formation of a novel hybrid material.

Fig. 3 presents the FTIR spectra for the bare Cu MOF, Co
MOF, and CC-1, CC-2, and CC-3 samples, and all samples were

/

) 1
3x10° 2x10° 1x10°

Wavenumber (cm™)

4x10’

Fig. 3 FTIR spectra of Co MOF, Cu MOF, CC-1, CC-2, and CC-3.
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synthesized using a 1:1 molar ratio of metal ions. For both Cu
MOF and Co MOF, the C-H stretching modes are attributed to
the relatively weak absorption bands between 2750 and
3100 cm ™, while a broad O-H peak is observed in the 3100-
3600 cm ' range. Strong absorption knocks linked to the
asymmetric and symmetric vibrations of C=0 bonds appear in
the 1530-1700 cm ' region. Also, bands in the 400-600 cm "
range are attributed to Co-O and Cu-O interactions.”* These
peaks indicate the effective integration of the ligand into the
MOF structure. Additionally, the bands appearing between 1250
and 1500 cm ™" are associated with the carboxylic acid groups of
the metallic ions, confirming the coordination of the metal ions
within the MOF framework."**' The interaction between the
metal ions and water molecules is evident from the strong

500 pm
bl

Fig. 4 SEM images of (a—d) CC-1, (e-h) CC-2, and (i-l) CC-3.
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vibrational bands observed in the 3300-3500 cm ™' range, as
well as between 700-770 cm™'. These bands are consistent
across all samples, suggesting that the coordination of the
metal ions with water molecules is a common feature in the
synthesized MOFs. The spectral similarities among CC-1, CC-2,
and CC-3 reflect the consistency in their structural composition,
despite any variations in synthesis conditions. This consistency
in the FTIR spectra supports the hypothesis that the key struc-
tural features of these MOFs are preserved across different
samples, which is critical for ensuring reproducibility and
reliability in their electrochemical performance.

As depicted in Fig. 4, the CC-1 sample exhibits a core-shell
flower-like structure, characterized by a Co core enveloped by
blended petals arranged in a flower shape. In contrast, the CC-2

Fig. 5 (a—e) HR-TEM images of CC-1 and (f) SAED pattern.
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Fig. 6 HR-TEM images of (a—c) CC-2 and (d-f) CC-3.

and CC-3 samples feature irregular sheet-like shaped lamellar
stacking structures. This stands in contrast to CC-1, which
showcases octahedral crystals with minimal surface defects.
Fig. 5 displays the HRTEM images of the CC-1 sample, while the
HRTEM images of the CC-2 and CC-3 samples are illustrated in
Fig. 6. The CC-1 samples showcase a core-shell flower-like
structure characterized by curved petals with relatively high
crystallinity. The lattice fringes of CC-1 are notably distinct
compared to those of CC-2 and CC-3. Furthermore, the SAED
pattern of CC-1 consists of a partial ring and dot pattern, sug-
gesting the semi-crystalline nature of the core-shell structure.
In contrast, CC-2 and CC-3 exhibit relatively low crystallinity due
to their synthetic procedures. These findings indicate that the
step-by-step approach (CC-1) yields attractive morphologies,
potentially facilitating rapid ion transport due to the abundance
of active edge sites.

Based on the preceding analysis, CC-3 was excluded from
further consideration. Instead, the focus was shifted to a more
detailed investigation of CC-2 and CC-1. This investigation
involved examining their surface areas and pore size distribu-
tions using BET/BJH methods. The resulting data for these
analyses are depicted in Fig. 7(a) and (b). Fig. 7a displays the
BET isotherms for both CC-1 and CC-2, which are characterized
as type IV isotherms. This categorization signifies that the
materials are mesoporous, with pore diameters ranging from 2
to 50 nanometers. The BJH pore size distribution, illustrated in
Fig. 7b, corroborates this classification by showing a similar
range of pore sizes. In terms of quantitative surface area, CC-1
exhibits a higher value at 15.36 m®> g~' compared to CC-2,
which has a surface area of 14.49 m> g~'. This difference in
surface area suggests that CC-1 may have superior performance
characteristics relative to CC-2, potentially due to the larger
available surface area for interactions. Based on the results from
the BET-BJH analysis, further investigations focused solely on
CC-1. HRTEM mapping (Fig. 7c-h) reveals the occurrence of Co,

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

Cu, G, O, and N constituents in CC-1, providing strong evidence
for the formation of a mixed phase of Co-Cu MOF. These
findings confirm that the CC-1 materials contain both Co and
Cu elements. The incorporation of Cu into the Co MOF
arrangement effectively hinders the crystal progression of Co
MOF, leading to the formation of a unique microstructure in
this bimetallic MOF system. The coexistence of core-shell
flowers composed of curved petal-like lamellar structures in CC-
1 potentially results in a more loosely packed stacking structure.
This characteristic may be advantageous for the energy storage
process. The estimated elemental concentration of Cu, Co and
O is 38.26 wt%, 42.49 wt% and 19.23 wt%, respectively.

XPS testing was also conducted to explore the elemental
configuration and valence state of the as-prepared CC-1. In the
XPS complete spectra (Fig. 8a), characteristic peaks corre-
sponding to Co, Cu, O, N, and C elements are observed. More-
over, the energy bands of Cu 2p, Co 2p, O 1s, N 1s, and C 1s were
analyzed using the Gaussian system. The Co 2p peak is decon-
voluted into 4 peaks (Fig. 8b), with dual peaks at 781.13 eV and
796.95 eV attributed to the 2p** and 2p*? of Co®', respectively,
signifying the bivalent state of the Co component in the CC-1
system.” The two additional peaks may represent satellite
peaks of CC-1. The Cu 2p peak of CC-1 potentially exhibits four
peaks, among which the sharp spikes at 954.56 eV and
934.59 eV correspond to the 2p** and 2p*? of Cu**,** respec-
tively, indicating the bivalent state of the Cu component in CC-1
(Fig. 8c). These outcomes indicate that the Co and Cu compo-
nents together preserve a bivalent state, while a complex inter-
face amid Co**/Cu®" and 2MI occurs in the CC-1 system. The C
1s peak of CC-1 was deconvoluted into three peaks at 288.11 eV,
285.88 €V, and 284.54 eV, matching to C-N, C=N, and C=C
characteristic peaks, respectively (Fig. 8d).>* The attendance of
oxygen (O) in the graph is likely due to material oxidation upon
exposure to air (Fig. 8e). The peak at 406.65 eV indicates the N 1s
state of nitrogen (Fig. 8f).”” The peaks observed in Fig. 8(d-f)

Nanoscale Adv., 2025, 7, 2585-2598 | 2589
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Fig. 7
elemental mapping of CC-1.

confirm the presence of C, O, and N in their 1s state. This
finding is consistent with the results from the elemental
mapping, which are illustrated in Fig. 7(f-h). The elemental
mapping clearly shows the distribution of these elements,
further validating their co-existence within the material.

As seen in Fig. 9a-c, the CV graphs of CC-1, CC-2, and CC-3
were obtained at different scan rates. Each CV curve demon-
strations a pair of distinct redox peaks, indicating that the
capacitive property of the Co-Cu MOF electrode is typical
pseudo capacitance. As the sweep rates increase from 1 to 20 mV
s, the intensity of the redox spikes in all CV graphs of CC-1
and CC-3 increases while maintaining good shape. These
peaks change to more positive and negative potentials, likely
due to the interior resistance of the electrodes. For the CC-1
sample, two redox peaks appear at specific voltages (0.337 V
and 0.476 V), similar to those observed in the CC-3 sample.
However, the oxidation peak positions in CC-1 are shifted to
higher values compared to CC-3, which can be attributed to the
incorporation of Cu ions into the Co MOF. Fig. 9d compares the

2590 | Nanoscale Adv,, 2025, 7, 2585-2598
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(a) BET nitrogen adsorption—desorption isotherm, (b) BJH pore size distribution curve for CC-1 and CC-2, and (c—h) compositional

CV graphs of the bare Cu MOF, Co MOF, and CC-1, CC-2, and
CC-3 electrodes at a particular scan rate (20 mV s~ ). All elec-
trodes display a couple of distinctly divided faradaic redox
peaks in the potential range of 0-0.6 V, indicating the incidence
of reversible faradaic redox responses. Of all the electrodes, the
CC-1 electrode exhibits the highest current density, indicating
stronger pseudocapacitive properties compared to the bare Cu
MOF and Co MOF electrodes. This indicates a lower degree of
polarization and a high rate of ion transport at the surface
compared to the other electrodes.”® This is further supported by
the calculated b value in the subsequent charge storage mech-
anism analysis. With the greatest integrated curve area and
maximum current values, the CC-1 electrode achieves superior
areal capacitance.

To further explore the electrochemical performance of CC-1,
CC-2, and CC-3, GCD assessments at adjustable CDs were
conducted, as shown in Fig. 10a-c. Even at high CDs, the GCD
curves preserve a good shape, demonstrating the excellent rate
capability. In alignment with the CV curve results, the GCD data

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and (d) the comparison of the CV curves @ 20 mV s,
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for the bare Cu MOF, Co MOF, and CC-1, CC-2, and CC-3 elec-
trodes, shown in Fig. 10d, demonstrate that CC-1 delivers
a longer discharge time at 1 A g~ ' compared to the other elec-
trodes. Thus, the specific capacitance of the electrodes follows
the order of CC-1 > CC-2 > CC-3. The gradually decreasing
discharge graph, reflecting the broad redox peaks in the CV
curves, further proves the pseudocapacitive characteristics of
the CC-1 electrode.

Fig. 11a illustrates the capacitance versus CD for the CC-1
electrode. At CD of 1, 1.5, 2, 3, 4, and 5 A g%, the specific
capacitance of CC-1 reaches 438, 395, 371, 338, 320, and 300 F
g, respectively. Fig. 11b displays the cycling stability of the CC-
1 electrode, revealing an impressive capacitance retention rate
of 82.5% over 10000 runs. This underscores the exceptional
electrochemical performance of the CC-1 electrode, which is
attributed to its distinctive core-shell, flower-like structure and
high crystallinity, supporting the efficient ion transport and
boosted pseudocapacitive features. The incorporation of Cu
ions into the Co MOF framework plays a key role by restricting
crystal growth and generating a loosely packed structure, which
is advantageous for energy storage.

The reaction rates for the energy storage system were further
investigated using CV graphs based on the power law. As pre-
sented in Fig. 11c, the b value for CC-1 is approximately 0.86,
which falls within the range of 0.5 to 1.0. This indicates that
both surface-controlled and diffusion-controlled processes
influence the reaction kinetics, suggesting that the CC-1 elec-
trode exhibits a combination of pseudocapacitive behavior. The
core-shell structure of CC-1 significantly enhances the surface-
controlled influence on the charge storage progression, which
in turn enables improved rate performance. Fig. 11d presents
the CV curves separating the capacitive and diffusive contribu-
tions for CC-1. The data reveal that the capacitive influence is
more dominant than the diffusive-controlled influence,
emphasizing that the primary storage mechanism is based on
pseudo-capacitance. This dominance of the capacitive behavior
suggests that the core-shell architecture of CC-1, with its
extraordinary surface area and abundant active centers, plays
avital role in the efficient and rapid charge storage progression.
Moreover, the structural attributes of CC-1, such as its core—
shell flower-like morphology and high crystallinity, contribute
to the enhanced electrochemical performance. These features
not only deliver a larger vigorous surface area for redox reac-
tions but also ensure better ion diffusion pathways, thereby
improving the overall energy storage efficiency. The incorpora-
tion of Cu ions into the Co MOF-framework constrains excessive
crystal growth, ensuring a more loosely packed structure that is
beneficial for energy storage. The combination of these factors
(i.e., unique morphology, high crystallinity, and synergy effects
of the bimetallic composition) positions CC-1 as a superior
electrode material with excellent rate capability and enhanced
pseudocapacitive behavior. These attributes make it a capable
candidate for high-performance energy storage uses, offering
significant advantages over other materials tested in this study.

For the CC-1 electrode, the influence from surface/
capacitive-controlled capacity rises with the sweep rate, as
shown in Fig. 1le. As the sweep rate rises, the diffusion-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organized intercalation/de-intercalation contribution
decreases. This indicates that at higher scan rates, the total
capacity is controlled by surface capacitance, which is likely due
to the rapid charge-discharge developments. Similar behavior
has been observed in other studies involving bimetallic MOFs,
demonstrating that the scan rate significantly impacts the
charge storage process. To further analyze the charge transport
kinetics of the CC-1, CC-2, and CC-3 electrodes, EIS was con-
ducted. The EIS results, depicted in Fig. 11f, show the imped-
ance curves with varying grades in the small-frequency zone,
indicating the diffusive actions of the electrolytes. Consistent
with its huge capacitance, CC-1 reveals a low solution resistance
(Rs) value of 0.275 Q, suggesting efficient ion transport to the
electrode. In contrast, the CC-2 and CC-3 electrodes have higher
R, values of 0.93 Q and 0.98 Q, respectively, indicating more
resistance to ion transport. Moreover, the Nyquist plots for CC-1
feature an incomplete semicircle. This signifies that the elec-
trolyte and electrode are very wettable, and that the electron
transport across the interface is rapid during electrochemical
progressions. This fast electron transfer rate contributes to the
advanced electrochemical activity of CC-1, as it enhances the
efficiency of the charge storage and retrieval processes. The
enhanced performance of CC-1 can be ascribed to its unique
core-shell flower-like structure, which offers an enormous
active surface area and ample active centers for redox reactions.
This structure not only facilitates rapid ion diffusion, but also
ensures a more efficient charge storage mechanism dominated
by surface capacitance at higher scan rates. The combination of
low R, values, fast interfacial electron transfer, and a structure
that promotes rapid ion diffusion underscores the advantages
of the CC-1 electrode. These features make it a highly promising
candidate for high-performance energy storage uses, out-
performing CC-2 and CC-3 in terms of capacitance, charge
transport kinetics, and overall electrochemical behavior. The
superior electrochemical performance of CC-1 compared to
other samples can be credited to several factors. Firstly, the
optimized concentration ratio of 1:1 for Co and Cu plays
a significant role in enhancing the material's properties.
Secondly, the unique core-shell flower-like morphology of CC-1
offers a superior surface area and further energetic sites, which
facilitates better ion transport and electron conductivity. Lastly,
the high activity of the open metal centers further boosts the
material's electrochemical performance. These combined
effects result in a remarkable synergy that enhances the overall
efficiency and effectiveness of the CC-1 electrode in energy
storage applications. The high electrochemical performance of
the CC-1 supercapacitor electrode is credited to its synergistic
bimetallic Co/Cu-based redox reactions, which enhance the
charge storage through pseudocapacitive behavior and efficient
ion transport, mainly:

Co*" + 20H™ = Co(OH), + 2¢~ (1)
Cu**+e” = Cu* (2)

In summary, the enhanced electrochemical performance of
CC-1, compared to CC-2 and CC-3, can be explained by the
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following factors: (i) the CC-1 electrode ensures a balanced
redox reaction, preventing excessive crystal growth and main-
taining a highly active electrode surface, (ii) the unique hierar-
chical structure of CC-1 provides a large electroactive surface
area, refining the electrolyte penetration and reducing charge
diffusion resistance, (iii) the incorporation of Cu within the Co-
MOF structure modulates crystallization, leading to a more
open porous structure that boosts ion transport and charge
storage, and (iv) the electrical chemical results indicate that CC-
1 exhibits dominant pseudocapacitive behavior, with fast
surface-controlled charge storage at high scan rates.

To assess the practical applications of the CC-1 electrode, the
electrochemical progression of the built CC-1//AC and CC-1//
CC-1 devices was investigated. Fig. 12a shows the individual
CV graphs of two electrodes at 20 mV s, indicating that the
voltage windows of CC-1 and AC are 0-0.6 V and —1.0-0 V,
respectively. To learn more about the CC-1//AC device's optimal
operating voltage range, CV graphs were obtained across diverse

View Article Online
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prospective windows from 0.4 to 1.4 V at 50 mV s~ !, as pre-
sented in Fig. 12b. The CV graphs preserve a decent shape up to
a voltage of 1.4 V, indicating the stability of the CC-1 electrode.
Consequently, an operating voltage of 1.4 V was selected for
subsequent electrochemical tests of the CC-1//AC device.

Fig. 12c shows the CV graphs of the CC-1//AC device at 2 to
400 mV s~ !, exhibiting a leaf-like shape that indicates good
capacitive behavior. The resultant GCD graphs of the CC-1//AC
device are shown in Fig. 12d, which demonstrates the charge-
discharge characteristics of the device. Fig. 12e illustrates the
specific capacitance versus current density of the CC-1//AC
device. The CC-1//AC device brought a capacitance of 149.37 F
g 'at1Ag ', outperforming previously reported devices such
as Ni-CoMOF//rGO (113 F g~ '), Ni-CoMOF//AC (97 F g~ ' @
0.5 A g 1),* and Ni-CoMOF//AC (59 F g ' at 1 A g ").** The
Ragone graph of the CC-1//AC device, as shown in Fig. 12f,
demonstrates an ED of 40.4 W h kg™ ' at 302.37 W kg™ *. This
performance surpasses previously reported devices such as NiO/

(b)
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NiMOF//AC, which delivered 39.2 W h kg™ " at 700 W kg™ *,* Co
MOF//AC with 34.4 W h kg™ @ 375.3 W kg *,3* Mo-NiMOF//AC
achieving 59 W h kg™ " at 802.1 W kg *,** and Co-MnMOF//AC
with a performance of 30 W h kg™' at 685 W kg 1.3 The
enhanced performance of the CC-1//AC device can be attributed
to its unique core-shell flower-like structure, which facilitates
efficient ion transport and electron conductivity, resulting in
improved energy and power densities. This exceptional perfor-
mance highlights the potential of the CC-1 electrode in devel-
oping high-efficiency energy storage systems. Thus, the superior
performance of the CC-1//AC device can be ascribed to the
distinctive core-shell flower-like assembly of the CC-1 electrode.
This distinctive morphology enhances the ion transport and
electron conductivity, significantly improving both energy and
power densities. More electrochemical reaction sites and
a bigger surface area are both provided by the core-shell
arrangement, facilitating faster ion diffusion and better charge
storage. Additionally, the flower-like design helps to reduce the
internal resistance, contributing to the overall efficiency of the
device. This exceptional performance underscores the potential
of the CC-1 electrode in developing high-efficiency energy
storing systems, making it a capable candidate for future
applications in advanced supercapacitors. The CC-1//AC device
also demonstrated superior cycling stability (Fig. 12g), retaining
as much as 75% of the initial capacitance after 10 000 prolonged
cycles at a 12 A g~ '. This excellent electrochemical activity can
be accredited to the unique core-shell flower-like structure of
the CC-1 electrode, which delivers an enormous surface area
and numerous active centers for redox reactions. The high
crystallinity of CC-1 enhances the ion diffusion and electron

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

transport, contributing to its high specific capacitance and
exceptional cycling stability.

The impressive electrochemical performance of CC-1 in the
three-electrode system paves the way for constructing a fully
symmetrical supercapacitor cell. In this study, we assembled
a symmetrical cell using two equally weighted CC-1 electrodes,
separated by a gel electrolyte composed of KOH and PVA. The
polymer gel electrolyte prevents the device from leaking by
acting as both an electrolyte and a separator. Using a constant
scan rate of 50 mV s, we conducted CV analysis at several
potential windows to find the ideal operating potential window.
Fig. 13a displays the CV curves for various potential windows.
The greatest current was obtained within the range of 0.4 to
1.4 V, similar to the CC-1//AC device. Fig. 13b displays the CV
graphs in the range of 2 to 400 mV s~ ', showing a slight devi-
ation from the non-rectangular form due to the pseudocapaci-
tive nature of CC-1 observed in the three-electrode system.
Fig. 13c presents the GCD graphs of the CC-1//CC-1 device,
revealing a remarkable capacitance of 58.12 F g " at 1 A g *
(Fig. 13d). This corresponds to ED of 15.7 W h kg™" at PD of
346.7 W kg™ ', as presented in the Ragone graph in Fig. 13e.

The cycling stability of the CC-1//CC-1 device was evaluated
over 10 000 cycles at 12 A g~ ', as shown in Fig. 13f. The device
preserves 88% of its preliminary capacitance over 10 000 runs,
indicating its potential for real-world applications. The perfor-
mance of the CC-1//CC-1 device was compared to various
symmetrical DM-MOFs, such as Ni-ZnMOF//Ni-ZnMOF
(33.25 W h kg™ * at 900 W kg~ ')** and Cu-MOF/rGO//Cu-MOF/
rGO (30.56 W h kg™ at 600 W kg~ ').” The CC-1//CC-1 device
exhibits superior performance, showcasing its potential for

Nanoscale Adv., 2025, 7, 2585-2598 | 2595
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Fig. 14 Real-time power application of asymmetric devices coupled in series. lllumination of a red LED (a); green LED (b); yellow LED (c);
simultaneous illumination of yellow and red LEDs (d); one-time illumination of red, green, and yellow LEDs (e).

high-efficiency energy storage systems. Furthermore, the prac-
tical application of the invented coin cell devices was demon-
strated by powering red, green, and yellow LEDs. After being
partially recharged, the devices showed an ultra-stable oper-
ating potential of 1.6 V. For the demonstration, two asymmetric
devices were coupled in series to light the LEDs. Each LED was
successfully illuminated for over 4 minutes, 2 minutes, and 1
minute for the red, green, and yellow LEDs, respectively. The
testing continued with red and yellow LEDs connected in
parallel, both of which also lit up successfully. Encouraged by
these results, an attempt was made to light all three LEDs
simultaneously. The successful operation of all three LEDs was
documented and is presented in Fig. 14. The FESEM images of
CC-1 (Fig. S17) after the electrochemical stability test reveal that
the electrode retains its initial morphological characteristics
even after prolonged cyclic operations. The core-shell flower-
like structure remains well-preserved, signifying the robust-
ness of the material under repeated charge-discharge cycles. No
significant structural degradation, fragmentation, or collapse of
the porous framework is detected, demonstrating the high
mechanical and electrochemical stability of CC-1. The inter-
connected porous network remains intact, certifying efficient
ion transport and maintaining the electrode's performance over
extended usage. These findings confirm the structural dura-
bility of CC-1, making it a reliable material for long-term
supercapacitor uses.

4. Conclusion

In this study, we have explored various synthesis techniques
and electrochemical behaviour of bimetallic MOFs with a focus
on their application in supercapacitors. Specifically, the CC-1,
CC-2, and CC-3 samples were synthesized using different
methodologies, with CC-1 demonstrating superior performance
due to its unique core-shell flower-like morphology and opti-
mized concentration ratio of 1:1 for Co and Cu. The synthetic
procedure for CC-1 involved a step-by-step approach that
resulted in a distinctive morphology with high crystallinity, as
evidenced by HRTEM and XRD analyses. The high crystallinity

2596 | Nanoscale Adv, 2025, 7, 2585-2598

and unique structure of CC-1 facilitated enhanced ion transport
and electron conductivity, contributing to its outstanding elec-
trochemical performance. XPS analysis confirmed the success-
ful integration of Co and Cu in the MOF structure, with both
metals maintaining their bivalent states. The incorporation of
Cu into the Co MOF system inhibited crystallization progress,
leading to a loose stacking structure that was beneficial for
energy storage. Electrochemical tests highlighted the pseudo-
capacitive behavior of CC-1, with redox peaks indicating the
good capacitive properties. The GCD tests showed that CC-1
exhibited an extended discharge time and superior specific
capacitance compared to CC-2 and CC-3, with excellent rate
capability and cycling stability. Further analysis of the reaction
kinetics revealed that the charge storage mechanism of CC-1 is
controlled by surface-capacitive processes at high scan rates
and efficient ion transport. The practical application of CC-1
was demonstrated by assembling a CC-1//AC device that
exhibited high capacitance (341 F g '), excellent ED@PD
(40.4 W h kg™ @ 302.3 W kg™ "), and superior cycling stability
(75%) compared to the CC-1//CC-1 device (58.2 Fg ', 15.7 W h
Kg ' @346.7 W kg™ ). The unique core-shell flower-like struc-
ture of CC-1 was crucial in achieving these remarkable perfor-
mance metrics.
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