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Matrimid and metal-organic polyhedra—18 (MOP-18) electrospun composite nanofibers were utilized to
fabricate free-standing, electrically conducting, and high-energy density hybrid supercapacitor
electrodes. Electrospinning multiple compositions of Matrimid and MOP-18 mixture followed by
carbonization and activation with CO, resulted in C/Cu/Cu,O nanocomposite fibers that exhibited an
energy density of up to 12.69 W h kg™ and a specific capacitance of 253.4 F gt at 1 A g~ current
density in 6 M KOH electrolyte. The high energy density of the material can be attributed to the uniform
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Accepted 22nd March 2024 precursor. The thermal decomposition of MOP-18 during carbonization produced volatile species that
increase the surface area and porosity of the resultant carbon allowing for better access of electrolyte
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Introduction

The need for efficient and cost-effective electrical energy storage
systems is projected to increase in the near future as a result of a
shift toward renewable energy and electric transportation.’?
A synergistic combination of electrochemical double-layer capa-
citors (EDLC) and pseudocapacitors (PC) known as hybrid super-
capacitors promises to be a viable alternative for current and
future energy storage needs. They are relatively safe, low-cost,
long-lasting, and sustainable electrical energy storage systems
compared to other available methods.>” Li-ion batteries, cur-
rently the most widely used energy storage for consumer electro-
nics and electric vehicles, have been significantly improved in
recent years, particularly in terms of energy density and asso-
ciated cost.®”® Nevertheless, the operating temperature range,
low power density, relatively short cyclability, and significant fire
hazard compared to other storage methods have inspired efforts
to develop alternatives.'®* EDLCs have been studied for this
purpose as they have higher power density and longer cycle life
compared to Li-ion batteries but their energy density is lower by
several orders of magnitude."**® PCs based on conducting
polymers and redox-active metal oxides have also been studied
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composite electrodes, consistent with increased graphitization.

because they have better energy density than EDLCs. However,
PCs have poor cyclability or low electrical conductivity which
limits their utility."®'°* Hybrid supercapacitors have the
potential to bring a well-balanced synergistic combination of
both EDLC and pseudocapacitors to simultaneously afford
superior energy density, power density, and cyclability.**"°

Hybrid supercapacitor electrodes generally consist of a
composite/physical mixture of carbon-based EDLC components
along with a metal/metal oxide or conducting polymer pseudo-
capacitive component.***> The EDLC part of the electrode
mainly contributes conductivity and power density while pseu-
docapacitive materials add energy density.* Combining EDLCs
and PCs in a way that enhances the other is the major challenge
in designing hybrid supercapacitor electrodes. The interface
between these two components plays an important role in
dictating the performance and usability of the electrode
material.*® Redox-active pseudocapacitive materials need high
effective surface area, access to the electrolyte, and sufficient
electrical conductivity to perform at full potential.’” A physical
mixture of carbon and redox-active materials often fails to
provide the redox-active species with all these necessities.
Special structures like core-shell, 1D and 2D hybrids, intimate
contact composites, and superior mixing techniques like in situ
dispersion are necessary for both components to work effi-
ciently and effectively.***!

Numerous metal nanoparticles and metal oxides including
copper have been incorporated into hybrid supercapacitors to

Energy Adv., 2024, 3, 883-893 | 883


https://orcid.org/0000-0002-7322-430X
https://orcid.org/0000-0001-5048-8663
https://orcid.org/0000-0003-1142-3837
https://orcid.org/0000-0002-3225-0093
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ya00537b&domain=pdf&date_stamp=2024-04-01
https://doi.org/10.1039/d3ya00537b
https://doi.org/10.1039/d3ya00537b
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00537b
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA003004

Open Access Article. Published on 26 March 2024. Downloaded on 8/13/2025 4:06:52 AM.

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

(cc)

Paper

improve energy density.””™*® The problem of dispersion of
redox particles, control of particle size, and prevention of side
reactions like crosslinking between carbon and metal phases
has slowed the advancement of this approach. Additionally, the
introduction of redox particles often reduces the available
surface area of the carbon counterpart which hinders overall
performance. To achieve high energy density through pseudo-
capacitance in carbon-based supercapacitor electrodes
Cu0,”™* Cus,*® and other copper compounds and complexes
have been previously studied.>** The difficulty of controlling
particle size, especially for copper metal nanoparticles, disper-
sion, and integration of redox-active species has limited the
desired outcome from these electrode systems. Often metal-
organic frameworks (MOF) have been studied to solve this issue,
but MOFs lack solubility for uniform particle dispersion.*?
Metal-organic polyhedra (MOP) with long carbon chains
attached to their outer shell are soluble in organic solvents
and hence they can be utilized to disperse redox active metal
nanoparticles.** Additionally, thermal decomposition of MOP
structures creates porosity in the electrode enhancing the sur-
face area and electrolyte accessibility after carbonization. Metal-
organic polyhedra-18 (MOP-18) was used in this study as a PC
precursor and to the best of our knowledge, this work presents
the first hybrid supercapacitor based on a metal-organic poly-
hedra derived PC component. In the outer shell, MOP-18 con-
tains 24 dodecyl alkane chains, and in the inner core, it consists
of 24 copper atoms in 12 paddle-wheel units.>®>® The long
carbon chains attached to the structure render MOP-18 highly
soluble in a variety of organic solvents which aided mixing with
Matrimid polymer during electrospinning. MOP-18 was uni-
formly dispersed in the composite nanofiber, which afforded
small copper and copper oxide nanoparticles after carboniza-
tion. The metal-organic structure of MOP-18 ensured a compo-
site of Cu/Cu,O with low internal resistance. While carbonizing
the electrode, the MOP-18 structure decomposed to introduce
micropores which increased the electrolyte accessibility of the
redox particle as well. The carbonized and CO, activated com-
posite of Matrimid and MOP-18 at a current density of 1 A g~*
delivers a specific capacitance of 253.3 F g~ and an energy
density of 12.69 W h kg™ in a 6 M KOH electrolyte solution.

Experimental
Materials

Matrimid 5218 was sourced and used without further purifica-
tion from Ciba Specialty Chemicals. Potassium hydroxide
was purchased from Fisher Scientific. Sodium bicarbonate,
5-hydroxyisophthalic acid, 1-iodododecane, ethyl acetate, acet-
onitrile, methanol, copper acetate monohydrate, tetrachlor-
oethane, and chloroform for MOP-18 synthesis were
purchased and used without farther purification from Sigma-
Aldrich with more than 97% purity. Dimethylformamide (DMF)
and dimethylacetamide (DMAc) solvents of 99.8% purity were
purchased from Sigma-Aldrich and Millipore Corporation,
respectively.
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MOP-18 synthesis

A published procedure was used to synthesize MOP-18.>° 5-
Dodecoxyisophthalic acid, the linker for MOP-18 synthesis was
prepared by esterification of 5-hydroxyisophthalic with ethanol,
alkylating the diester’s hydroxyl group followed by hydrolysis.
2.7 g of the synthesized linker were dissolved in 100 mL of DMF
at 80 °C while stirring until the solution was clear. 1.5 g of
copper acetate was dissolved at room temperature in 50 mL of
DMF. The two solutions were mixed, and 100 mL of methanol
was added to initiate precipitation. The solid precipitate was
left to crystallize for 24 h at room temperature and then washed
repeatedly with methanol at room temperature.”® The blue
solid was dried at 60 °C for 24 h. The product MOP-18 crystals
were characterized by powder XRD (Fig. S1, ESIT).

MOP-18 and matrimid fiber preparation

Matrimid (0.6 g) was dissolved in 3.63 mL of DMAc at room
temperature to produce a 15% solution by weight. Separate
solutions of MOP-18 were prepared by dissolving 0.3 g, 0.6 g,
and 1.2 g of MOP-18 in 1.7 mL, 3.4 mL, and 6.8 mL of DMAc
respectively at room temperature to obtain a 15 wt% solution of
MOP-18. Then the Matrimid solution and MOP-18 solution
were mixed to produce 2:1, 1:1, and 1:2 dry w/w ratios of
Matrimid/MOP-18. The mixtures were stirred for 24 hours at
room temperature to ensure uniformity. The resulting solution
was then electrospun using a custom-built electrospinning
setup. The uniformly mixed polymer solution was charged at
a rate of 0.5 mL h™'. The 20 Ga blunt tip needle connected to
the 10 mL syringe had a positive potential of 20 kV and had a
translation motion during spinning. A rotating collecting drum
covered with aluminium foil had a negative potential of 5 kV
and was rotated at 300 rpm. The distance between the needle
tip to the collector was maintained at 15 cm. As-spun fibers
were collected and dried under vacuum at 150 °C for 24 h.
To carbonize and activate the e-spun fibers, the mat was heated
at 800 °C using a 5 °C min~" heating rate and held there for
60 min under a constant N,(g) flow rate of 200 SCCM. Then
CO,(g) was passed over the fibers for an additional 30 min at
800 °C in a 3:1 N, to CO, ratio at a constant flow rate of 240
SCCM to activate the fibers (Fig. 1).

Characterization

Numerous characterization techniques were utilized to under-
stand the physical structure and electrochemical performance
of the synthesized Matrimid/MOP-18 hybrid electrodes. The
Powder X-ray diffraction patterns were collected using a Rigaku
Ultima IV diffractometer (Cu Ko radiation). A Thermo Scientific
DXR Raman microscope with a laser excitation wavelength of
532 nm was used to obtain the Raman spectra. X-ray photo-
electron spectroscopy (XPS) measurements using a PHI Versa
Probe II determined the composition of the surface elements.
A monochromatic Al Ko radiation (hv = 1486.6 eV) was used to
generate the photoelectrons and the spectra were collected in a
hemispherical analyzer at 0.2 eV step size and a pass energy of
11 eV for survey and 23.5 eV for analysis. Fiber morphology

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration showing the preparation process of Cu/CuO carbon fiber composite.

after carbonization and activation was characterized by high-
resolution transmission electron microscopy (HRTEM) JEOL
JEM-2100 TEM at 200 kV. A Zeiss SUPRA 40 SEM instrument
was used to collect micrographs of carbonized samples. Micro-
meritics ASAP 2020 was used to collect nitrogen and carbon
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Signal A= InLens
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dioxide adsorption-desorption isotherms at 77 K and 273 K
respectively. The Brunauer-Emmett-Teller (BET) method was
used to determine the specific surface area after carbonization
and activation. The two-dimensional nonlinear density func-
tional theory (2D NLDFT) method was used to determine the
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Fig. 2 SEM images of carbonized fiber from (a) Matrimid (b) 2: 1 Matrimid/MOP-18 (c) 1:1 Matrimid/MOP-18 and (d) 1:2 Matrimid/MOP-18.
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pore size distribution from the gas adsorption-desorption
isotherm.”” The conductivity of carbonized and activated com-
posite electrode materials was measured using a DP03 Alessi 4-
point probe instrument paired with a QuadTech LR2000 digital
milliohmmeter.

Results and discussion

The SEM images in Fig. 2 show the Matrimid/MOP-18 compo-
site fibers after carbonization and activation. Carbonized Matri-
mid fibers in Fig. 2(a) have a relatively smooth surface with an
average diameter of about 300 nm. Copper nanoparticles are
visible in Fig. 2(b-d) on the surface of the carbonized fibers that
contained MOP-18. Upon carbonization, MOP-18 decomposes,
producing metallic copper particles. During CO, activation the
trace amounts of oxidizing gases produced from decomposing
polymer chains create an oxide layer on a portion of the
particles preventing their melting and recrystallization. On
the other hand, unoxidized particles undergo Ostwald ripening
during the high-temperature carbonization process and grow.
The 2:1 Matrimid/MOP-18 composite in Fig. 2(b) shows a
particle-decorated carbon fiber that has a fiber diameter of
around 400 nm with particles on the surface that are around
100 nm. Additionally, from SEM of 1:1 and 1:2 Matrimid/
MOP-18 samples in Fig. 2(c) and (d) respectively, redox-active

ﬁio
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View Article Online

Energy Advances

copper and copper(i) oxide particles are visible indicating
electrolyte accessibility.

The TEM images in Fig. 3 of carbonized composite fibers
show a bimodal distribution of Cu and Cu,O particles. A
histogram of particle size distribution is also presented in the
ESIt in Fig. S3. More than 80% of the particles are 5-20 nm in
size among which more than 60% are 10-15 nm. Particles
greater than 40 nm in size account for less than 2%. All three
carbonized fibers of varying composition in Fig. 3 show that
both sets of particles are well dispersed in carbon.

HRTEM images of carbonized 1:1 Matrimid/MOP-18 compo-
sites are shown in Fig. 4(a-c). The presence of particles ranging
from 10 nm in diameter to 100 nm with their corresponding
lattice fringes is visible in the HRTEM images. The p-spacing of
0.38 nm of carbon (002) plane in Fig. 4(a) shows the graphite has
a slightly expanded interlayer spacing due to the presence of
turbostratic disorder.>® Additionally, the p-spacing of 0.21 nm of
copper (111) plane and 0.24 nm of copper(1) oxide (111) plane is
visible from HRTEM images in Fig. 4(b) and (c) respectively.”**
HRTEM reveals the presence of both copper and copper(i) oxide
particles in the system with an indication of particles close to
10 nm in size predominantly being copper(i) oxide.

The X-ray diffraction (XRD) patterns of the carbonized
Matrimid/MOP-18 composites show peaks associated with both
Cu and Cu,O after carbonization and activation at 800 °C. Fig. 5
shows copper metal particles exhibiting peaks at 43.5°, 50.4°,

Fig. 3 TEM images of carbonized fiber from (a) Matrimid (b) 2 : 1 Matrimid/MOP-18 (c) and (d) 1: 1 Matrimid/MOP-18 and (e) and (f) 1: 2 Matrimid/MOP-

18.
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C(002)

Fig. 4 (a)-(c) HRTEM images of carbonized 1:1 Matrimid/MOP-18.

and 74.2° which are associated with the (111), (200), and (220)
planes (JCPDS No. 003-1018).®" For the Cu,O crystals, peaks
shown at 36.3°, 42.4°, and 61.6° correspond to the (111), (200),
and (220) peaks (JCPDS No. 05-0667).°> Partially crystalline
carbon exhibited a broad peak around 24° corresponding to
the (002) plane of graphene which is slightly shifted from the
ideal graphite peak at 26.1° due to a turbostratic disorder.*>**
Peaks associated with Cu,O are significantly broader than
peaks associated with Cu planes indicating oxide particles are
smaller than metal particles.

Raman spectroscopy was used to characterize the carbon
component after the carbonization and activation procedure.
Fig. 6 shows the fitted Raman spectrum of the carbon fibers
obtained from 1:1 Matrimid/MOP-18. The D1-band at 1350 cm™*
is associated with amorphous carbon materials and G-band at
1580 cm ™! represents graphitized carbon.®® The Raman spectra
are deconvoluted into D1, D3, D4, and G band.®® Sp2-sp3
carbon bonds are represented by the D4 peak in the 1180-
1290 region. The D3 peak is associated with the semicircle
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stretch of benzene rings in amorphous carbon.®” The deconvo-
luted Ip/Is ratio by height is a representation of the degree of
graphitization and is related to the conductivity of synthesized
carbon. Ip/Ig ratios of carbonized and activated 2:1, 1:1, and
1:2 Matrimid/MOP-18 were 0.9, 0.78, and 0.86, respectively
(Fig. S5 and S6, ESIT) whereas carbonized and activated Matri-
mid has an Ip/l; ratio of 1.1 (Fig. S4, ESIt) which indicates
enhanced graphitization due to the catalytic effect of present
copper nanoparticles.®®*°

Fig. 7(a) shows the deconvoluted XPS spectra of carbon in
the carbonized 1:1 Matrimid/MOP-18 composite. Peaks appear
at 284.5, 285.2, 286.3, 288.4, and 291 eV representing C—C,
C-C, C-0O-C, C=0, and the carbon n-n* satellite, respectively.
The presence of the n-n* satellite peak indicates electrically
conducting graphitic carbon materials as it arises from deloca-
lized m-bond electrons. XPS spectra of copper show the
presence of copper (0) and copper (i) 2ps,, and 2pq,, peaks at
932.6 and 952.5 eV.*""%"" The absence of any strong satellite
peak indicates that no CuO is present in the system.”*
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(a) XRD of carbonized and activated fiber from Matrimid/MOP-18 composites. (b) XRD pattern of CO, activated and non-activated 1: 1 carbonized
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Fig. 8(a) shows the N, adsorption-desorption isotherm of
carbonized Matrimid and three Matrimid/MOP-18 composites.
The isotherms show a type IV hysteresis with substantial gas
adsorption in the low-pressure region indicating the presence
of both mesopores and micropores. The CO, adsorption iso-
therm was also collected for all the samples as shown in ESI}
Fig. S7. The corresponding pore size distribution obtained by
the 2D NLDFT method combining both the N, and CO,
adsorption-desorption isotherms is shown in Fig. 8(b). There
is mesoporosity in the samples but most of the porosity for all
the composites lies in the microporous region (<20 A). The
specific surface area of carbonized and activated Matrimid was
found to be 377 m”> g~' which increased with the addition
of MOP-18 to 444 m” g~ ' in the case of 1:1 Matrimid/MOP-18.
The surface area of the electrode materials increased after

View Article Online
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adding MOP-18 due to porosity generated by the decomposition
of MOP-18 at high temperatures.”®”*” The surface areas for
2:1 and 1:2 carbonized and activated Matrimid/MOP-18 were
268 m* g~ and 564 m> g, respectively. Fig. 8(b) shows the
total amount of microporosity increases with the increasing
amount of MOP-18 in the composite. The pore size distribution
shows a set of pores at 3.8 A and another set of pores at 5.6 A.
Carbonized Matrimid had the smallest amount of porosity at
3.8 A and did not have any at 5.6 A. The increase in the surface
area and microporosity demonstrates the benefit of adding
redox particles in the form of metal-organic polyhedral pre-
cursors. The pore sizes and distribution in the synthesized
composites are compatible with the smaller sized electrolyte
ions present in aqueous KOH solution.”®

Fig. 9 shows the thermogravimetric analysis (TGA) of Matri-
mid and Matrimid/MOP-18 composites fibers under nitrogen
gas. MOP-18 starts to degrade around 300 °C and Matrimid
starts to lose mass around 450 °C. Matrimid carbonizes com-
pletely before 900 °C after losing 45% of its mass. As MOP-18
loses about 80% of its mass before reaching 500 °C, the char
yield of composite fibers is less than Matrimid-only fibers. The
carbonized mass of the composite fibers is 55%, 42%, 39%, and
33.5% of the original mass of Matrimid and 2:1,1:1,and 1:2
Matrimid/MOP composite fibers, respectively after heating
them to 800 °C under N,.

All the electrode materials are characterized in electroche-
mical tests by fabricating T-cells where Matrimid/MOP-18 com-
posite electrode materials are used as a working electrode. A
carbonized and CO,-activated 4:1 PAN/PMMA fiber mat was
used as the counter electrode to fabricate asymmetric cells. 6 M
KOH was used as an electrolyte and a PTFE membrane was
used as the separator during cell fabrication. Fig. 10 shows that
the 1:1 Matrimid/MOP-18 shows the highest energy density
versus power density. Carbonized Matrimid shows the lowest
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Fig. 7 XPS spectra of carbon (a) and copper (b) present in carbonized 1:1 Matrimid/MOP-18 composite.
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Fig. 9 Thermogravimetric analysis of Matrimid and Matrimid/MOP-18
composite fibers under nitrogen.

performance among all the composites in most test conditions
except 1:2 Matrimid/MOP-18 composite at higher power
density.

Fig. 11(a) shows multiple scanning starting from a potential
of -1 V to a higher potential of 0 V to 0.5 V successively in a
three-electrode setup where the reference electrode is Ag/AgCl
in a saturated KCI solution. The purpose of the study was to
find where the redox activity occurs and how many oxidation-
state changes the redox-active particles are going through
during each cycle. It shows the neutral copper particles oxidize
to a (+1) oxidation state at —0.3 V and further oxidize to a
(+2) oxidation state at 0.15 V. During the reversed cycling
potential, the particles reduce back to (+1) at a voltage of
—0.3 V and further reduce to an oxidation state of (0) at
—0.65 V. Metal particles go through these successive faradaic
transitions according to the mechanism presented in reference
No. 55.777%
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Fig. 10 Power density vs energy density graph from two electrode
galvanostatic charge—discharge experiment of carbonized and activated
Matrimid and 2:1, 1:1 and 1:2 Matrimid/MOP-18 composites.

Fig. 11(b) shows a two-electrode cyclic voltammogram of 1: 1
Matrimid/MOP-18 at scan rates of 10, 25, 50, and 75 mV s .
The voltammograms display a nearly box-like shape overlaid
with broad peaks from redox activity. Three-electrode cyclic
voltammogram in Fig. 11(a) shows the redox active particles
present in the electrode participate in faradaic reaction at a
negative potential vs. Ag/AgCl reference electrode. Hence, the
redox-active working electrode is used as the negative electrode
in the experiment, and a mostly negative potential window is
chosen to allow them to contribute to the current response.””
Since peaks resulting from redox activity visible in the CVs
complicate the calculation of capacitance, energy density, and
power density, galvanostatic charge-discharge experiments
were utilized to calculate these performance metrics.

Fig. 11(c) shows a 2-electrode galvanostatic charge-dis-
charge (GCD) of 1:1 Matrimid/MOP-18 from 1-10 A g~ ' current
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Fig. 11 (a) Scanning of redox activity of 1: 1 Matrimid/MOP-18 composite at 5mV s~ from -1Vto 0V, 0.1V, 0.2V, 0.3V, 0.4V, and 0.5 V against Ag/
AgCl reference electrode. (b) Cyclic voltammetry (2-electrode) at 10, 25, 50, and 75 mV s~* scan rate of 1: 1 Matrimid/MOP-18. (c) Galvanostatic charge—
discharge of 1:1 Matrimid/MOP-18. (d) Galvanostatic charge—discharge comparison of 2:1, 1:1and 1: 2 Matrimid/MOP-18 at 1 A g~* current density. (e)
Electrochemical impedance spectroscopy of 2:1, 1:1and 1: 2 Matrimid/MOP-18 (f) Cyclability test of 1: 1 Matrimid/MOP-18 composite electrode in 6 M

KOH electrolyte at 5 A g~* current density.

density. The working electrode was used as a negative electrode
in an asymmetric cell to allow redox reactions in the negative
potential region evident from CV. The GCD shows deviation
from linearity caused by redox activity at low current density
in the low voltage region. Voltage drop in the GCD is relatively
low compared to other reported copper metal and oxide and

890 | Energy Adv, 2024, 3, 883-893

carbon-based electrodes except 1: 2 carbonized Matrimid/MOP-
18 composite.®***!

Fig. 11(d) shows a comparison of galvanostatic discharge
between all three composites at 1 A g~" current density. From
this study, it is seen that the 1:1 Matrimid/MOP-18 composite

holds the most amount of charge at this current density, taking

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Electrochemical performance comparison of carbonized 1:1 Matrimid/MOP-18 supercapacitor electrodes with other reported studies

Voltage Energy density =~ Power density

Material Electrolyte Specific capacitance window (W h kg™ (W kg™ Cyclic stability =~ Ref.
ZIF-8/PAN PVA: 1M H,S0, 640Fg lat1Ag™! 0-1.0 7.9 219 90% (10 000) 82

ZIF-8, BDBA 6 M KOH 242Fg lat1Ag ! 0-1.0 8.4 500 99.7% (8000) 83
CNF/Ni-CAT 2 M KOH 68.58 F g71 at 0.5 A gf1 0-1.4 18.67 297.12 106% (5000) 84
ZIF-67/thiourea  PVA: 1 M H,SO, 103 Fg 'at0.5Ag " 0-1.0 14.3 250 107% (3000) 85

C0;0, 2 M KOH 150 Fgat1Ag™ 0-0.5 — — 106% (3000) 86
MOP-18/CNF 6 M KOH 2534Fg lat1Ag! 0-1.2 12.69 600 85.6% (20000)  This work

the longest time to discharge from 1.2 Vto 0 Vat1Ag ' current
density. The 2:1 Matrimid/MOP-18 discharges twice as fast
since it does not have as much redox capability as the 1:1
composite. Even though the 1: 2 Matrimid/MOP-18 should have
the highest amount of redox capability, its high impedance
visible from EIS limits its electrochemical performance.

Its higher resistance is also evident from the IR drop visible
in the galvanostatic charge-discharge experiment. At 1 A g ", the
1:1 Matrimid/MOP-18 composite shows a specific capacitance of
253.3 F g7, an energy density of 12.69 W h kg™', and a power
density of 600 W kg™ ". 1: 2 Matrimid/MOP-18 composite however
at the same condition shows a capacitance of 108.2 F g ' and an
energy density of 5.4 at a power density of 600 W kg™ *. 2:1
Matrimid/MOP-18, on the other hand, shows a specific capaci-
tance of 120.5 F ¢~ ' and an energy density of 6 W h kg™" at a
power density of 600 W kg™ .

Electrochemical impedance spectroscopy (EIS) overlays of all
three composites are shown in Fig. 11(e) from 100 kHz to 0.01 Hz
frequency with a focused high-frequency region in the inset. The
Randles Cell circuit model was employed to fit the impedance
spectra of the electrode composites, incorporating an equivalent
resistance or solution resistance (R;), a double-layer capacitor
(Cay), a charge-transfer resistance (R.;) which is proportional to
the diameter of the semicircle at the intermediate frequency
region on a Nyquist plot, and a Warburg component, which
represents the diffusion driven impedance for faradaic pro-
cesses. The R, Cq;, and R values of all three carbonized and
activated Matrimid/MOP-18 composites are given in Table 2.

The 1:1 Matrimid/MOP-18 composite exhibited the smallest
semicircle on the Nyquist plot and had the lowest R value. In
contrast, the 1:2 Matrimid/MOP-18 composite demonstrated both
the highest Ry and R, values. Consequently, despite having the
highest relative amounts of redox-active particles by mass, its
performance was inferior to the 1:1 Matrimid/MOP-18 composite.
This observation underscores the importance of optimizing the ratio
of components in the composite to achieve superior performance.

Table 2 Equivalent resistance, capacitance, and charge transfer resis-
tance of carbonized and activated Matrimid/MOP-18 composites from
impedance spectroscopy

2:1 Matrimid/ 1:1 Matrimid/ 1:2 Matrimid/

MOP-18 MOP-18 MOP-18
R, 0.43445 0.69 0.98

Ca 2.86 x 10°° 6.02 x 10°° 5.83 x 10°°
R 0.81955 0.27571 1.32158

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

Fig. 11(f) shows capacitance retention with cycle numbers
for the 1:1 Matrimid/MOP-18 composite. The experiment was
done at 5 A g~ ' current density and the cell was charged and
discharged between 1.2 V to 0.6 V repeatedly. The cycling
stability test shows the 1:1 composite has a retention of more
than 85% capacitance after 20 000 cycles. The electrode mate-
rial shows higher cyclability compared to relevant other studies
referred to here.®>%%5%87 A comparison of electrochemical
performance metrics between previously reported similar com-
posite electrodes and those of this work for hybrid super-
capacitors is presented in Table 1.°%®° Two-electrode and
three-electrode cyclic voltammograms and galvanostatic
charge-discharge plots of studied composites and Matrimid
electrodes after carbonization and activation are also presented
in Fig. S9-S15 with performance metrics in Tables S1-S4 (ESIT).

Conclusions

In summary, C/Cu/Cu,O nanofiber composites were synthesized by
electrospinning and carbonizing Matrimid/MOP-18 solutions. CO,
activation was used to increase the surface area of synthesized
electrode materials. Using MOP-18 instead of other copper pre-
cursors helped to ensure uniform dispersion of nanoparticles of
small dimensions. This aided in the enhanced utilization of
present redox particles in the electrode materials. Also, MOP-18
helped to improve the surface area of the composite as its thermal
decomposition introduces pores in the composite for better elec-
trolyte accessibility. The energy density of 12.69 W h kg™ " at a
current density of 1 A g~ was achieved in the study in a 6 M KOH
electrolyte. The method used in the study successfully illustrates
the potential of materials like metal-organic polyhedra as precur-
sors for redox-active particles to be used in electrical energy storage.
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