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Metal—-organic frameworks (MOFs) have garnered substantial attention as promising candidates for
electrode materials due to their intriguing electrochemical properties. However, the quest for enhanced
energy density and electrical conductivity persists. Manipulating surface morphology emerges as
a pivotal strategy to modulate these attributes and unlock the full potential of MOFs in electrochemical
applications. This research delves into a pioneering exploration of copper metal-organic framework
synthesis employing pyridine-4-carboxylic acid via hydrothermal and sonochemical routes, focusing on
sculpting its surface morphology. Through meticulous comparative analysis, we unveil the distinct
morphological features between the bulk and thin flakes crafted via each method. Notably, our findings
highlight the remarkable superiority of the sonochemical approach in delivering refined outcomes (594.2
Cgltatl1Ag?tto 3310 Cg*tati16 A g™ over its hydrothermal counterpart. Furthermore, the
application of the sono-synthesized sample in an asymmetric device reveals a specific energy of

iicc::gtee% 9;&?:3;23}85:12024 7492 W h kg™t at 850 W kg2, while it sustains an exceptional 13765 W kg™, maintaining a noteworthy
specific energy of 34.4 W h kg™%. The pursuit of refining surface morphology stands as a critical avenue

DOI: 10.1039/d4ra05790b in the ongoing endeavor to optimize the electrochemical performance of MOFs, paving the way for their
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1. Introduction

The intense focus on energy conversion and storage devices has
surged, driven by mounting concerns regarding the persistent
energy crisis linked to conventional fossil fuels." The growing
demand for eco-friendly and sustainable energy solutions has
significantly directed attention toward storage device technol-
ogies.” In the realm of electrochemical energy storage, batteries
and supercapacitors (SCs) stand out as promising technolo-
gies.® SCs are regarded as one of the best choices for the next-
generation of power sources because of their exceptional
stability, high power density, and low cost.* Their high elec-
trochemical performance, quick charging, and long lifespan
have attracted considerable attention.® The storage process
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widespread utilization in advanced energy storage technologies.

depends on ionic adsorption/desorption (EDLC) and redox
reaction at the surface (pseudocapacitors).® Carbon-rich mate-
rials like graphite, carbon nanotubes, graphene, activated
carbon, and carbon black are frequently utilized in EDLC
applications. Materials exhibiting pseudocapacitive properties
have been reported for pseudocapacitors, such as metal oxides
(MnO,, V,0s, Ru0O,-xH,0, NiO, Co;0,) and conductive poly-
mers (PANI, PPy, PTh, PEDOT).” Despite their impressive elec-
trochemical qualities, SCs still have a long way to go to achieve
stable, significant specific energy, which hinders their ability to
address modern energy storage challenges.® Rechargeable
battery storage depends heavily on significant redox activities,
especially at certain potentials.” In light of their diminished
specific power and cycle potential, these entities find rein-
forcement in their exceptional energy density attributes owing
to the storage chemistry. Integrating both redox-dominant and
electrostatic technologies into a single architecture, hybrid
storage devices, also called battery-supercapacitor hybrids, have
notably mitigated the concerns faced.' Their ability to combine
the advantages of both batteries and supercapacitors has made
them promising candidates for various applications, including
portable electronics, electric vehicles, and renewable energy
storage systems."

Numerous studies have been focused on exploring the
utilization of non-carbonaceous (battery-grade) materials as
electrode components in hybrid configurations. A broad range
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of materials are included in this class comprising metal
hydroxides (Zn(OH), Co(OH),, and Ni(OH),), oxides (NiO, Fe30y,,
and TiO,), sulfides (Cu,S, CoS,, NiS, and WS,), phosphates
(FePO4, NaMnPO,, and LiCoPO,), and MOFs."* Metal-organic
frameworks (MOFs) are emerging as a viable option to satisfy
the requirements of next-generation energy storage systems.
MOFs belong to a category of porous substances consisting of
metallics nodes and organic linkers.” Their modular charac-
teristics enable extensive synthesis adaptability, providing
opportunities for precise chemical adjustments as well as
structural controls. Attributes including porosity, stability,
conductivity, and particle shape can be optimized for specific
uses via creative synthetic design. MOFs store charge via various
mechanisms, including capacitive and redox reactions,
contingent upon the specific organic framework used to
accommodate the metal ions." The porous structure enables
the creation of an electrostatic double layer at the electrode-
electrolyte interface, thus facilitating the reversible adsorption/
desorption of electrolyte ions.'” Specific MOFs demonstrate
a quality comparable to batteries, engaging in faradaic charge
storage mechanisms rooted in reversible redox reactions.
However, all the redox-active sites are not as readily available to
electrolyte ions, causing the experimentally observed results to
be much below the expected values.'® Passivation layers, surface
reactions and other surface phenomena that impede ion
transport are mostly to blame for the slow reaction kinetics that
prevent the expected electrochemical outcomes.'” Additionally,
problems like structural and surface imperfections leading to
pore blocking that result in diffusion limitations cause the
performance to further impede. Many efforts have been intro-
duced to address these challenges. Y. Zhang synthesized MOF/
CNT gels-infused configuration, resulting in 431.6 F g~ ' storage
capability. However, in Li-ion hybrid capacitor configuration, it
could only gain a maximum specific energy of 20.2 W h kg™"
while preserving 89.4% capacitance (8000 cycles).'® Controllable
multicomponent ZnO-ZnCo/MOF-PANI composites were re-
ported by C. Yang with an energy density of 26 W h kg * and
75.3% retention after 5000 cycles."” However, metal-organic
frameworks (MOFs) are still in an early stage of development
and require further advancement to narrow the disparity
between demand and capabilities. The optimal selection of
linkers and metal nodes from a diverse array remains a puzzle
yet to be fully investigated.>® A comprehensive understanding of
the charge storage mechanisms inherent to the respective
complexes, along with strategies to mitigate the associated
challenges, is imperative for elucidating the optimal utilization
pathways within electrochemical systems.*® MOFs are usually
fabricated using a variety of methods, including hydrothermal,
solvothermal, hydrogel, sol-gel, chemical vapor deposition,
microwave-assisted, and sonochemical processes. The choice of
synthesis techniques significantly influences the morphology of
the resulting sample, which has a significant influence on the
final sample's morphology, including its size, shape, surface
properties, and overall microscopic visual qualities.”” The final
morphology of the sample is shaped by a number of critical
parameters, including nucleation, growth rate, and surface
contacts, all of which are influenced by the synthesis process
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selected. Refining the surface morphology can mitigate the
abovementioned constraints.*® Surface modification can give
MOF surfaces, and enhanced wettability promotes better elec-
trolyte infiltration into the MOF pores, leading to improved ion
accessibility and higher capacitance. This also reduces internal
resistance and enables faster charge/discharge rates. This
modification can alter the pseudocapacitive behavior in MOF
electrodes, enabling additional charge storage mechanisms
beyond diffusive insertions.** Besides, surface modification can
optimize pore size distribution, pore connectivity, and tortu-
osity, facilitating efficient ion transport within the MOF struc-
ture and improving the rate capability. By strategically choosing
the synthesis approaches, the surface morphology of electrode
materials can be tailored to meet the requirements of super-
capacitor applications and the optimize performance metrics,
ultimately advancing their potential for energy storage
applications.

In this investigation, we delve into the synthesis of a copper
metal-organic framework (Cu-MOF) employing pyridine-4-
carboxylic acid via the hydrothermal and sonochemical
routes, with a focus on shaping its surface morphology.
Through meticulous comparative analysis, we unveil the
distinct morphological nuances between the bulk flakes and
thin flakes crafted via each method. Notably, our findings
highlight the remarkable superiority of the sonochemical
approach in delivering refined outcomes over its hydrothermal
counterpart. Furthermore, the application of the sonochemi-
cally synthesized sample in an asymmetric device reveals
unprecedented advancements in energy and power density
characteristics.

2. Materials and methods

Copper chloride, pyridine-4-carboxylic acid, deionized water,
ethanol, methanol, activated carbon, nickel foam, N-methyl-2-
pyrrolidone, KOH, and PVDF were obtained from Sigma-
Aldrich, all of which were of analytical grade, ensuring their
suitability for high-precision experimental work.

Cu-MOF was successfully synthesized using both hydro-
thermal and sonochemical techniques. Firstly, Cu-MOF was
synthesized by the hydrothermal technique with pyridine-4-
carboxylic acid serving as the organic ligand. The following is
an overview of the synthesis process. In 10 mL of methanol,
separate 0.1 M solutions of copper chloride (CuCl,) were made.
A 0.1 M solution of pyridine-4-carboxylic acid was prepared by
dissolving it in deionized (DI) water. To achieve homogeneity,
the pyridine-4-carboxylic acid solution and the CuCl, solution
were extensively mixed and blended, resulting in a colloidal
combination. After carefully pouring the colloidal liquid into
a Teflon container, the container was put into an autoclave. For
12 hours, the autoclave containing the colloidal mixture was
subjected to hydrothermal conditions in a furnace that was
heated to 180 °C. The obtained Cu-MOF was purified after the
hydrothermal reaction to get rid of any remaining contami-
nants. After that, the refined Cu-MOF was obtained. To elimi-
nate any remaining solvent, the Cu-MOF underwent a drying
procedure that involving vacuum drying or low heating and was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ready for use as an active material after drying, demonstrating
its adaptability for a range of uses, most notably as an electrode
material (denoted as Q1).

Sonochemical synthesis was also used to create Cu-MOF
using an organic linker of pyridine-4-carboxylic acid. A
precursor solution was created by first dissolving 0.50 mol of
CuCl, and 0.50 mol of the organic linker in 100 milliliters of
deionized water. The previously mentioned pyridine-4-
carboxylic acid solution was added drop by drop and soni-
cated for 45 minutes. The synthesis was performed utilizing
40% amplitude and power of 600 Watts. The temperature was
kept at 30 °C. The process was performed for 45 min with the
condition of 2 s active and 1 s non-active sonication.

After centrifuging the colloidal solution to extract the
synthesized material, it was repeatedly washed with ethanol and
DI water and then allowed to dry overnight at 80 °C (denoted as
Q2). Both synthesis approaches are schematically illustrated in
Fig. 1.

2.1. Electrode characterization/fabrication

A mixture consisting of 80% synthesized Cu-MOF, 10% acety-
lene black, and 10% PVDF binder was used, with NMP (N-
methyl-2-pyrrolidone) as the solvent to create a slurry. This
slurry was stirred for 6 hours and then coated onto a 1 cm” area
of nickel foam that had been thoroughly cleaned and prepared
as both the substrate and current collector. The electrode was
then dried at 60 °C for 6 hours before undergoing electro-
chemical analyses.

A 1 M KOH solution was used as the electrolyte in all elec-
trochemical experiments. The specific capacity (Q,) in C g~ * was
determined as follows.>

QS:LJszde )

mv Jy,

I x At
T oom

0y (2)

Here, m represents the active mass (g) deposited, v is the
potential sweep rate (V s™'), I is the current obtained, and At is

45 minutes
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the discharge time. The specific power (P;) and specific energy
(Es) were determined as follows.>®

O xAV

E=5776 (3)
E, x 3600

Po= = — (4)

3. Structural and surface morphology

The phase purity and crystallinity of the synthesized material
were determined using X-ray diffraction (XRD). The findings
and simulated XRD patterns (CCDC no. 226294) are also pre-
sented in Fig. 2(a). The lower strength of the peaks in the
spectrum from the Q2 sample suggests that the generated
material is amorphous as compared to Q1. This feature
improves the electrochemical performance. The peaks are
noted at 14.2, 18.7, 29.2, 44.7, 61.1, 68.9, and 79.3°, which
correspond to (110), (200), (311), (400), (511), (420), and (600),
respectively.”” The Q2 XRD spectrum reveals additional peaks at
8.4, 21.1, 27.5, 34.9, and 44.5°. It suggests that the additional
sonochemical treatment of the MOF matrix caused the creation
of an additional phase. The XRD results of both the samples
exhibit a strong correlation with the simulated diffraction
patterns, indicating that the experimental data closely matches
the theoretical prediction of synthesis of Cu-MOFs.

The impact of employing different synthesis approaches on
the morphology of the surface was examined using SEM.
Fig. 2(b-e) demonstrates the results of Q1 and Q2 MOF at
parallel resolutions and the results disclose noteworthy trans-
formation. The bulky asymmetric flakes with a rough and
coarse surface are obvious for Q1, leading to limited surface
area and possible poor electrolyte accessibility (Fig. 2(b) and
(¢)).*® This can hinder the infiltration and diffusion of electro-
Iyte ions inside the material, leading to slower ion transport
kinetics and higher internal resistance.*® Long ion diffusion
pathways, mechanical stresses during cycling (cause material
degradation), particle agglomeration, and electrode

pyridine-4-carboxylic acid

g

—
S
(CuCl,)

12 hours

HibroTheomd)

Fig. 1 Synthesis approach of Cu-MOF through the hydrothermal and sonochemical approach.
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Fig. 2

(a) XRD analysis with multiple peaks demonstrating the crystallinity of Cu-MOF synthesized via the hydrothermal and sonochemical

approach, respectively, (b and c) SEM results unveiling the morphology of Q1 and (d and e) for Q2.

delamination, which lead to performance degradation and
reduced cycle life, are the properties of this bulk morphology.*
However, the incorporation of the sonochemical approach
yielded a prominent transformation. Fig. 2(d) and (e) reveals
a distinctive thin flake morphology, stacked in a radial
arrangement, introducing a less textured and smoother surface.
The alteration in the surface morphology entails notable rami-
fications for the electrochemical functionalities as an electrode
material. The presence of a flaky structure results in an
augmented surface area, casing potentially enhanced storage
kinetics and ions accessibility.** The increased surface area
facilitates a greater abundance of active sites conducive to
charge storage and electrochemical reactions at the interface
(pseudocapacitive insertions). Moreover, the presence of flakes
mitigates constraints linked with concentration polarization
through the reduction of the diffusion path length, thereby

33944 | RSC Adv, 2024, 14, 33941-33951

resulting in enhanced ion transport efficiency and superior
electrochemical performance.*> Enhanced electrolyte infiltra-
tion additionally diminishes internal impedance, thereby
promoting superior ion transport and increasing the power
output along with significant enhancement in the energy
density.*® In brief, the implementation of the introductory
sonochemical technique lead to a change in the surface
morphology, thereby facilitating enhanced electrochemical
efficacy, rendering it a favorable contender for diverse energy
storage applications. Additionally, Q1 synthesis involves high
temperature and pressure, which leads to more extensive crystal
growth and the formation of bulk structures. The extended
reaction time and elevated temperature accelerates the diffu-
sion of reactants, promoting the growth of larger crystals. The
fewer, more intense peaks in the XRD pattern also suggest well-
defined, larger, and more ordered crystalline domains. Q2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mapping of Cu hydrothermal and sonochemical approach.

synthesis uses ultrasonic waves to induce the rapid nucleation
and growth of particles. The intense acoustic cavitation creates
localized high temperatures and pressures, leading to the
formation of smaller, thinner flakes. The shorter reaction times
typically result in a more uniform and finer morphology. The
XRD pattern showing multiple peaks with lower intensity also
indicates a less crystalline material or smaller crystal sizes.

Energy-dispersive X-ray (EDX) spectroscopy was used to
determine the elemental configuration of Cu-MOF (Fig. 3(a) and
(b)), which reveals the existence of Cu, C, N, and O in both the
synthesized samples, as expected for the synthesized MOF, thus
confirming its successful synthesis. No additional peaks
confirm the elemental purity of the synthesized samples. The
elemental composition results obtained from the EDX analysis
are presented in Table 1.

EDX color-mapping elemental analysis was also performed
to scrutinize the presence of Cu on the MOF surface. The
analysis offers valuable insights into the structural and
compositional differences between the two synthesis methods.
Fig. 3(c) corresponds to the Q1 sample. The slower kinetics of
this process compared to Q2 led to changes in the morphology

Table 1 Elemental composition

Q1 Q2

Element Weight (%) Element Weight (%)
Copper (Cu) 33.73% Copper (Cu) 39.70%
Carbon (C) 18.60% Carbon (C) 16.72%
Oxygen (O) 24.57% Oxygen (O) 25.68%
Nitrogen (N) 23.10% Nitrogen (N) 17.90%

© 2024 The Author(s). Published by the Royal Society of Chemistry

CuK_ROI (9)

CuK_ROI (9)

(a and b) EDX outcomes to depict the elemental analysis of hydrothermal and sonochemical approaches, respectively, (c and d) Color-

as well as Cu (the redox center) concentration on the surface.
Fig. 3(d) represents the EDX color-mapping outcomes obtained
for the Q2 sample. The sonochemical approach leads to the
rapid and efficient nucleation and growth of MOF crystals due
to the cavitation effect induced by ultrasound waves. This
resulted in a greater concentration of Cu on the surface of the
electrode material, elucidating its potential redox behavior.**
Additionally, the uniformity in distribution is another factor
supporting the significant electrochemical attributes. The
analysis indicates that the sonochemically synthesized Cu-
MOF, characterized by its thin, flaky morphology and higher
surface concentration of copper compared to the bulkier
hydrothermal counterpart, is a dominant contender for elec-
trochemical applications.

The nitrogen adsorption-desorption isotherm of the Cu-
MOF measured at 77 K is presented in Fig. S1. The isotherm
exhibits a characteristic type I loop indicative of the porous
material. The BET calculated surface area from the isotherm is
1750 and 2100 m* g%, and the pore size distribution analysis
confirms the presence of mesopores with a pore volume of 0.8
and 1.0 ecm® g~ ! for Q1 and Q2, respectively.

4. Three-electrode configurations

Cyclic voltammetry (CV) tests were performed with a three-
electrode setup to assess the electrochemical effectiveness of
the synthesized nanomaterials. In the electrochemical setup,
the working electrode, Cu-MOF, was submerged in an electro-
Iyte solution of 1 M KOH. The CV scan was carried out in
a specified potential range from 0 to 0.7 V at room temperature
using different sweep rates. Fig. 4(a) and (b) show the CV curves

RSC Adv, 2024, 14, 33941-33951 | 33945
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Fig. 4 (aand b) CV curves of Q1 and Q2 bare electrode, (c) CV comparison at 3 mV s, (d) Qs at different scan rates, (e) b-value fitting, and (f)

diffusive contribution at multiple scan rates.

for Q1 and Q2, respectively. The CV profile distinctly shows
oxidation and reduction peaks, which are suggestive of faradaic
processes involving the electrolyte species and the active elec-
trode. These findings offer substantial evidence that the elec-
trode is appropriate for use in battery-grade systems. The
oxidation peaks gradually move to a higher potential range as
the scan rates increase, and this is followed by an increase in the
current. This modification can be ascribed to both faster reac-
tion kinetics and the restricted accessibility of the electrolyte
ions in the electrode materials. A stable state pattern in the CV
spectrum, even at high scan rates, highlights the mechanism's
reversibility and the electrode's excellent rate capabilities. The
CV curves for Q1 and Q2, recorded at a scan rate of 3 mV s~ ', are
presented in Fig. 4(c) to facilitate a comparative analysis. With
greater peak current and surface area under the CV scan graph,
the dominant behavior of Q2 MOF is obvious. This is because of
the predominant surface morphological aspects that are
advantageous for the electrochemical activities. Eqn (1) was
used to compute the electrode’s specific capacity or its capacity
to store charge. The synthesized MOF using the hydrothermal
approach shows a specific capacity of 511.6 C ¢~ ' at a scan rate
of 3 mV s~', which was boosted to a promising 695.7 C g~ " after
tuning the surface morphology through the sonochemical
approach (Fig. 4(d)). The depiction of storage chemistry behind
the obtained outcomes was also carried out. A fitting approach
(the b-value fitting) was used to support the battery-grade
attributes regarding the observed redox peaks, as shown in
Fig. 4(e). The battery-grade characteristics of the resultant
materials were validated by the measured b-values of 0.50 and
0.47 obtained for Q1 and Q2, respectively. Separating the
capacitive (faster kinetics) and diffusion-driven (slower kinetics)
processes that contribute to charge storage chemistry has
significantly deepened our understanding. The obtained

33946 | RSC Adv, 2024, 14, 33941-3395]

current is the result of either a capacitive or diffusive current.
The resulting current (v) is the sum of these faster kinetics (Z.(v))
and slower (I4(v)) phenomena.’

() = 1(v) + 1a(v) (5)
(v) = kyv + kpv'? (6)

where k; and k, are constant that drive the capacitive and
diffusive mechanisms, respectively. k,v'? characterizes the
diffusion-controlled process, whereas k;v is related with the
capacitive process. 7.0% percent faster kinetics were found to be
contributing in the bulk material (Q1) while in the case of Q2, it
was observed at a value of 15.6% at 3 mV s~ '. This increase in
the capacitive attributes is because of the pseudocapacitive
contribution coming from the surface of flakes obtained
through the sonochemical approach. Diffusion surpassed the
physical interpolation of electrolyte ions at varying scan speeds,
but the capacitive rate is higher in the Q2 electrode as compared
to Q1 (Fig. 4(f)).

Galvanostatic charge/discharge (GCD) characterization was
carried out using a 1 M KOH electrolyte to fully assess the
electrochemical performance of the developed Cu-MOF over
a variety of current densities. Fig. 5(a) and (b) demonstrates the
GCD profiles for Q1 and Q2 conducted at varying current
densities while maintaining a constant voltage range of 0.6 V.
Pointing to similarities with battery-type materials, the non-
linear GCD curves in both scenarios were obtained. An in-
depth evaluation of the relative performance of the two elec-
trodes while charging and discharging at a rate of 2.0 A g~*
given in Fig. 5(c). Q2 exhibits greater durability over a compa-
rable period at 1 A g7, signifying improved storage capacity.
From the GCD curves, the specific capacity was calculated using
eqn (2). Based on the discharge patterns of both, a comparison

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of their specific capacities is shown in Fig. 5(d). As it is
consistent with the corresponding current densities, this
method is considered more reliable for practical applications.
Remarkably, the MOF produced by the sonochemical approach
(Q2) showed a higher specific capacity of 594.2 C g~ than the
one obtained by the hydrothermal method (Q1), which
produced a specific capacity of 462.0 C g~ . The shortened time
available for electrolyte ions to interact with the electrode
material is the reason for the drop in the specific capacity (Qs)
with higher specific current levels. However, the Q2 electrode
was able to sustain 55.70% of maximum storage capability even
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at 10 A g~ *. This confirms that the strong rate capability of the
Q2 electrode is driven by the improved surface morphology.
Electrochemical impedance spectroscopy (EIS) was per-
formed to investigate the processes of interface and charge
transfer resistance between the electrode and the electrolyte. A
frequency ranges of 0 to 0.1 MHz and an amplitude of 10
millivolts were used in the measurement. The EIS measure-
ments obtained for both are displayed in the Nyquist plot
shown in Fig. 6. The high-frequency regions are shown in
Fig. 6(b) as the zoomed part. The intercept aids as a measure of
the ESR. The resistance at the current collector interface
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(a) Nyquist plot of EIS. (b) Zoomed part of the high-frequency region.
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resistance, electrode resistance, electrolyte-electrode interface,
and electrolytes are the several parts that make up the ESR. The
ESR value of 0.78 Q for Q2 indicates higher conductivity than
that of the Q1 electrode, which is 0.98 Q. As seen in Fig. 6(a), the
slight semicircular pattern in the high-frequency zone points to
low charge transfer resistances (R.) for sonochemical
approaches. Additionally, the low-frequency region's spectral
line magnitude is directly correlated with the active materials’
ion transport channel. The Q2-reformed surface morphology
lowers the ion diffusion path, which speeds up the material's
ability to transport electrolyte ions. It shows better electrical
conductivity. The EIS measurement results are consistent with
the GCD and CV analysis results, indicating that the Q2 elec-
trode in the three-electrode assembly performs superiorly
overall.

5. Battery-supercapacitor hybrid
configuration

To scrutinize the real-time performance, the sono-electrode
underwent testing in a hybrid configuration combining
battery (Q2) and supercapacitor elements (activated carbon) in
order to examine the asymmetric device performance. To allow
ions to go through the channel it formed, a thin, porous
membrane called a polymeric separator was positioned in
between the two electrodes. A schematic representation of each
component used in the device's design can be seen in Fig. 7(a).
The ability of the capacitive electrode to promote electrolyte ion
absorption and desorption is mostly in a negative potential
range from 0 to —1 V. The voltage range from 0 to 0.7 V is ideal
for the best operation of the Q2 electrode. This suggests 0 to
1.7 V as the operational potential range for the real device. The

Cu : Pyridine-4-carboxylic acid

1<

Separators

Electrolyte ions

Activated Carbon

View Article Online
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device was subjected to CV, with the potential sweep rates varied
between 3 and 100 mV s ' while keeping the designated
potential window. The final results are shown in Fig. 7(b); the
semi-rectangular shape including humps implies that both
electrostatic and faradaic phenomena are involved in the
storage mechanism. Moreover, the CV curve forms remain
consistent at increasing scan rates, particularly up to 100 mV
s~'. This finding highlights the system's exceptional potential
for stability and rate capacity. The device was subjected to GCD
testing over a similar potential range, covering current densities
ranging from 1.0 A g ' to 16 A g~ '. The discharge curves that
originated using the acquired GCD results are shown in
Fig. 7(c). The non-linear and analogous symmetry displayed by
the GCD profiles emphasizes the device's hybrid and reversible
charge storage. The consistency of the GCD curve suggests that
the designed device is stable when operated at different current
densities.

The specific capacity under various current density settings,
as determined by the GCD results, is displayed in Fig. 8(a). At
1 A g, the device reached its maximal specific capacity (Q,) of
317.3 C g . The slow decline in the specific capacity that is seen
at higher current densities can be explained by the little time
that the electrolyte ions have to interact with the material when
kinetics are fast. Particularly, the device maintains 145.7 C g~
at a high current density of 16 A g '. This remarkable preser-
vation is the consequence of ions interaction with maximum
active sites and rapid diffusion, made possible by the tuned
morphological aspects. In Fig. 8(b), the device's energy density
at the corresponding power density is displayed for comparison
with previously published research. The hybrid device exhibits
a striking specific energy of 74.9 W h kg™ " as well as outstanding
power characteristics, with 850 W kg™ " at 1 Ag™". In addition, it
sustains an exceptional specific power of 13765 W kg ' at
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Fig. 7 (a) Fabricated hybrid supercapacitor, (b) CV at 3-100 mV s ?, (c) GCD results.
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a current density of 16 A g~ while maintaining a noteworthy
specific energy of 34.4 W h kg™ . The reduced diffusion path
length and improved conductivity along with pseudocapacitive
involvement via morphology tuning have made it possible for
device to boost the specific power to about 16 times while
sustaining 45.91% specific energy. Increased electrolyte pene-
tration facilitated more effective ion transport by further
lowering the internal resistance. These results show a notable
improvement over previously published results in the literature
on batteries and supercapacitors. To scrutinize the device
potential for its practical utilization, it was tested for 5000
consecutive GCD cycles at 16 A g '. An exceptional 97.95%
capacity retention was observed at the end of the test, showing
excellent stability and durability (Fig. 8(c)). The Nyquist plot
obtained from EIS measurements carried out before and after,

followed by a stability test, is shown in Fig. 8(d). Before and after
the stability evaluation, the X-intercepts showed an equivalent
series resistance (ESR) value of 0.41 Q and 0.42 Q, respectively
(inset). The slight decline in the slope of the EIS spectrum
suggests a decrease in the Warburg resistance. This is because
consecutive charge discharge activated the maximum redox
channels, leading to efficient ion transport. The EIS spectra
show no discernible changes, which shows that the device is
reliable under the testing circumstances and retains its elec-
trical properties. The equivalent electric circuit used for EIS
fitting is also presented in the inset. R defines the combined
series resistance and R, is the charge transfer resistance. W is
the Warburg component while CP¢ and CPp, correspond to the
constant phase element capacitive and diffusive storage,
respectively.

Table 2 Comparative analysis of the obtained outcomes with the reported literature

Sample Synthesis route S. energy (W h kg™ S. power (W kg™) Ref

Cu-Co-MOF/rGO Hydrothermal 45.2 2495.5 35

CNT interwoven Cu-MOF Solvothermal 27.7 1640 36

M (Fe, Cu, Co and Ni)-MOF@MXene In situ synthesis 48.2 750 37
15000

Li-Cu-MOF Hydrothermal 36.1 5100 38

This work Hydrothermal 74.9 13765

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The performance of the fabricated device is also presented in
Table 2 in comparison with similar reported literature.

Morphology-driven better electrochemical yields overall,
longer lifespans, enhanced durability, and greater efficiency are
all attributed to the superior conductive qualities of Cu-MOF for
high-performance energy storage applications.

6. Conclusion

In conclusion, our research has demonstrated the potential of
Cu-MOF as electrode materials in electrochemical applications,
with a particular focus on enhancing the energy density and
electrical conductivity through the manipulation of surface
morphology. By synthesizing copper MOFs using pyridine-4-
carboxylic acid via both hydrothermal and sonochemical
methods, we elucidated the distinct morphological variations
from bulk flakes to thin flakes. Significantly, our findings
underscore the superior performance of the sonochemical
method, yielding refined outcomes surpassing those of the
hydrothermal route. Remarkably, it showed a higher specific
capacity of 594.2 C g ! than the one obtained by the hydro-
thermal method, which produced a specific capacity of 462.0 C
g~ '. The sonochemical electrode was also able to sustain
55.70% of the maximum storage capability even at 10 A g~
Additionally, it exhibited a notable specific energy of
74.9 W h kg™" at 850 W kg~ ', along with an exceptional power
density of 13765 W kg~ ', maintaining a noteworthy specific
energy of 344 W h kg™ ' when subjected to a battery-
supercapacitor hybrid configuration. Besides, the exceptional
97.95% capacity conservation was observed after 5k cycles. Our
study underscores the importance of refining the surface
morphology to optimize the electrochemical performance of
MOFs, thereby opening avenues for their widespread utilization
in advanced energy storage technologies.
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