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Carbonaceous materials are attractive active materials for the manufacture of flexible electrochemical
double-layer capacitors (EDLCs) because of their high electrical conductivity, large surface area, and
inherent resilience against deformation. However, compared to pseudocapacitors, which store
electrochemical energy via faradaic redox reactions, EDLCs generally exhibit inferior energy density. One
potential approach to addressing this issue is to incorporate highly porous and electrically conductive
materials into carbonaceous material-based EDLCs. In this paper, we present a hybrid electrode
consisting of a conductive metal-organic framework (c-MOF) with high electrical conductivity and
unique porous structure combined with a mat of aligned carbon nanofibers (ACNFs). Its highly ordered
structure facilitates electronic/ionic transport, increasing the areal capacitance by up to 3.9 times
compared to randomly-oriented carbon nanofibers (RCNFs). An additional increase in areal capacitance
(+64%) is achieved by introducing c-MOF (RCNFs: 25.4 mF cm~%; ACNFs: 98.7 mF cm~2; c-MOF/ACNF:

161.8 mF cm™2). Additionally, an ACNF mat exhibits excellent mechanical flexibility and electrochemical
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optimizing the electrochemical performance of c-MOF/ACNF and its suitability for utilization in flexible

DOI: 10.1035/d3na00695f energy storage systems, this study presents a promising avenue for the practical implementation of c-
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1 Introduction

Flexible supercapacitors have attracted attention as promising
options for the manufacture of next-generation wearable energy
storage systems due to their high power density and high
electrochemical reliability under deformation conditions.'”
Carbonaceous materials, such as reduced graphene oxide,
carbon nanotubes, carbon nanoboxes, MOF (metal-organic
frameworks)-driven nanoporous carbon, and carbon black, are
widely employed as active materials for the construction of
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electrochemical double-layer capacitors (EDLCs) because of
their high electrical conductivity, large surface area, and
inherent resilience against deformation.*® Nonfaradaic reac-
tions in these carbonaceous materials, which store electro-
chemical energy by arranging ions at the interface between the
electrolyte and the carbonaceous material itself, exhibit high
electrochemical reliability and power density.®™ However,
EDLCs are generally characterized by lower energy density than
pseudocapacitors, which store electrochemical energy via fara-
daic reactions.’***

One potential approach to increasing the energy density of
carbonaceous material-based EDLCs is to incorporate in them
highly porous and electrically conductive materials. Conductive
metal-organic frameworks (c-MOFs), which are composed of
inorganic clusters linked by organic ligands, are characterized
by unique two-dimensional, nanosheet-like, and exceptionally
porous structures. c-MOFs have been investigated as potential
ideal active materials in the manufacture of energy storage
systems, such as supercapacitors and batteries, because of their
large specific surface area (1000-3000 m”> g '),**** high ion
adsorption efficiency, and high electrical conductivity
(~5000 S cm ').**22 The tunability of the ¢-MOFs’ porous
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structure and highly ordered few-nanometer-sized pore arrays
facilitate ion desolvation and enhance capacitance.*** Never-
theless, the introduction of c-MOF crystals as electrode mate-
rials is commonly conducted with insulated polymeric binders,
whose presence inevitably hinders the material's ability to
interact with ions present in the medium. Moreover, the
delamination of c-MOFs from the surface of the electrode also
limits their applicability to the construction of flexible and
scalable energy storage systems.>*’

As a way to get around the described shortcomings, the
direct synthesis of c-MOFs on the electrode substrate has been
suggested as a strategy not only to increase the c-MOFs’ elec-
trical conductivity and the accessibility of their active sites but
also to improve the materials’ mechanical adhesion properties.
The choice of support materials is also essential for construct-
ing composite electrodes characterized by satisfactory electro-
chemical activity and durability, as well as mechanical
flexibility. Among the various support candidates,
dimensional, freestanding materials, such as carbonaceous
fibers, cloth, textiles, and polyaniline, can be ideal supports for
realizing ¢-MOF composite-based flexible supercapacitors.>*-*
Electrospun carbon nanofibers (CNFs) are also deemed highly
suitable flexible support candidates because of their high aspect
ratio, high tunabilities of their pore size and porosity, excellent
electronic/ionic transport characteristics, and high compati-
bility with functional nanomaterials.**** In particular, the
technological advances affording the regulation of the
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alignment of electrospun nanofibers have enormously
expanded the potential area of applicability of these materials
in various fields.**?” Furthermore, because of their unique
structures, aligned CNFs (ACNFs) have recently been reported to
exhibit high electrical and ionic conductivity and afford an
enhancement of the electrochemical properties of
supercapacitors.*

In this study, we realized for the first time the direct growth
of ultrathin ¢-MOFs on electrospun ACNFs and investigated the
electrochemical performance as a hybrid electrode for flexible
supercapacitors. Notably, the ACNFs were synthesized via
a process that started with the electrospinning of aligned
polyacrylonitrile (PAN) nanofibers using a high-speed (2000
rpm) rotary collector, which was followed by the implementa-
tion of a high-temperature carbonization step. A hybrid elec-
trode was then prepared via the in situ growth of a Ni-based c-
MOF, Niz(HITP), (HITP =  2,3,6,7,10,11-hexamino-
triphenylene), on the as-synthesized ACNFs in the precursor
solution. By conducting electrochemical measurements, we
demonstrated that the ordered structure of the CNFs enhances
the electronic and ionic transport properties. Particularly, the
measured b-values supported the notion that the introduction
of ¢-MOF onto the CNFs adjusted the obtained material's elec-
trochemical properties so that an ideal capacitive-controlled
behavior would be approached. Finally, we fabricated a flex-
ible supercapacitor with a c-MOF/ACNF electrode that was
characterized by high capacitance retention during cycle tests,
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Fig. 1 Schematic representation of the fabrication procedure and highlights of a c-MOF/ACNF hybrid electrode to be used in flexible super-
capacitors. c-MOF: conductive metal-organic framework; ACNFs: aligned carbon nanofibers; HITP: 2,3,6,7,10,11-hexaminotriphenylene; c-

MOF/ACNF: hybrid material consisting of c-MOF grown on ACNFs.
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(a, b) Scanning electron microscopy images, (c) cyclic voltammograms, and (d) Nyquist plots obtained for randomly-oriented carbon

nanofibers (RCNFs) and aligned carbon nanofibers (ACNFs). (e) Current densities measured in RCNFs and ACNFs at a given value for the applied
fixed voltage. (f) b-Values of RCNFs and ACNFs at different values for the voltage.

even under bending conditions. Our findings suggest an effec-
tive pathway for the practical use of these materials as flexible
supercapacitors.

2 Results and discussion

The overall process for the fabrication of the c-MOF/ACNF
electrode is illustrated in Fig. 1. ACNFs were prepared by

1902 | Nanoscale Adv, 2024, 6, 1900-1908

electrospinning a PAN solution under high voltage (12.5 kV)
using a high-speed rotary collector (2000 rpm). This approach
facilitates a high degree of nanofiber alignment by increasing
the speed of the collector, thereby reducing the time during
which the charged fibers are randomly arranged on the surface
of the drum collector. Subsequently, a stabilization step and
a carbonization step were implemented. The as-spun aligned
PAN nanofibers turned brown after stabilization, and finally

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Scanning electron microscopy images of the c-MOF/ACNF composite material. (b) X-ray diffraction patterns of ACNFs, c-MOF, and c-

MOF/ACNF composite material. c-MOF: conductive metal-organic framework; ACNFs: aligned carbon nanofibers; c-MOF/ACNF: c-MOF/

ACNF: hybrid material consisting of c-MOF grown on ACNFs.

black-colored ACNFs were obtained (Fig. S11). We found that
the surface of ACNFs appears shiny due to the light scattering
caused by its high degree of alignment. Subsequently, the ACNF
surface was treated with O, plasma to introduce hydroxyl
groups, which served as binding sites for c-MOF seeding layers.
The plasma-treated c-MOF was then immersed in Ni(NOj),-
-6H,0 to incorporate Ni(OH),, which would act as a metal ion
source, on the ACNF surface; subsequently, a HITP-6HCI solu-
tion was added as an organic source while O, was made to flow;
finally, the ACNF surface was simultaneously decorated with the
¢-MOF implementing an in situ growth process that lasted for
4 h to establish strong adhesion between the c-MOF and ACNFs
(Fig. S27).

The data reported in Fig. 2 provide information on the
morphology and electrochemical properties of CNFs, catego-
rized according to their ordered or disordered structures. As can
be evinced from Fig. 2a and S3a,7 the RCNFs, which were
prepared by electrospinning at a low rotational speed (100 rpm),
exhibited a disordered structure. By contrast, the ACNFs, which
were manufactured by electrospinning at high rotational speed
(2000 rpm), exhibited a quasi-ordered one-directional structure
(Fig. 2b and S3bf). The structural alignment of the carbona-
ceous materials was expected to facilitate electron movement by
providing a more efficient pathway in one direction. In partic-
ular, the aligned CNFs have lager distance between adjacent
nanofiber compared to the disordered structure;***° further-
more, as the rotary speed increases during the alignment
process, the nanofibers receive a greater pulling force from the
collector surface, resulting in a smaller average diameter and
consequently higher porosity.*® Through mercury intrusion
porosimetry experiments, we determined that the average pore
diameter of ACNFs was almost twice as high (60.962 um) as that
of RCNFs (32.169 um). Furthermore, the porosity of ACNFs was
determined to have a value of 86.91%, which is also higher than
the corresponding parameter measured for RCNFs, 62.83%
(Fig. S4t1). To better understand the relationship between
structure and porosity, we employed capillary flow porometers.
The results substantiated a significant association between the
structure of CNFs and the pore diameter (Fig. S51). The fact that

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

ACNFs exhibited larger and more numerous pores than RCNFs
can be attributed to the one-directional alignment process that
characterizes the former, which results in it displaying greater
internal porosity than RCNFs. The higher porosity of ACNFs is
expected in turn to increase the surface area of the fibers within
the mat exposed to the electrolyte, so that ion accessibility is
enhanced. In particular, for electrodes based on carbonaceous
materials such as CNFs, the pore volume, alongside the surface
area, is a critical factor in determining the electrodes’ specific
capacitance, as it corresponds to the ion adsorption sites.

To determine the effectiveness of the alignment of CNFs, we
conducted electrochemical experiments in 3 M KCI solution
using a three-electrode system whereby ACNFs or RCNFs with
a Pt plate electrode holder, a 3 M KCl-filled Ag/AgCl electrode,
and Pt mesh were used as the working electrode, reference
electrode, and counter electrode, respectively (Fig. S61). As
made evident by the cyclic voltammetry (CV) curves recorded at
10 mV s~ scan rate, ACNFs exhibited a higher specific capaci-
tance than RCNFs (Fig. 2c); notably, this difference can be
attributed to the greater surface area and pore volume of ACNFs.
Also, as the scan rate increased, each electrode exhibited EDLC
behavior (Fig. S7t). Furthermore, the Nyquist plots presented in
Fig. 2d indicate that ACNFs were characterized by lower internal
resistance than RCNFs. Because of their lower resistance,
ACNFs achieved a current density that was almost twice as high
as that achieved by RCNFs under the same applied voltage
(Fig. 2e). Similarly, the results of the 4-point probe analysis
indicate a notably higher electrical conductivity in ACNFs
compared to RCNFs (Fig. S87).

To investigate the effect of fiber alignment on ion adsorp-
tion, the electrochemical behavior of the CNFs was analyzed by
determining their b-values (Fig. 2f). Importantly, the b-value can
be used as an indicator of how close the electrochemical
behavior of the active material is to the ideal capacitive-
controlled behavior; specifically, a b-value of 1.0 indicates
ideal EDLC behavior, while a value of 0.5 indicates a diffusion-
controlled electrochemical reaction. The b-value can be calcu-
lated from eqn (1):

Nanoscale Adv., 2024, 6, 1900-1908 | 1903
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Fig. 4 Data reflecting the electrochemical performance of the prepared samples. (a) Cyclic voltammograms, (b) Nyquist plots, and (c) plots of
the areal capacitance versus the scan rate of ACNFs, c-MOF/RCNF, and c-MOF/ACNF electrodes. (d) b-Values of ACNFs and c-MOF/ACNF
electrodes at values for the applied voltage. (e) Cyclic voltammograms and (f) galvanostatic and charge—discharge curves obtained for the c-
MOF/ACNF electrode. c-MOF conductive metal-organic framework; ACNFs: aligned carbon nanofibers; RNCFs: randomly-oriented carbon
nanofibers; c-MOF/ACNF: hybrid material consisting of c-MOF grown on ACNFs; c-MOF/RCNF: hybrid material consisting of c-MOF grown on

RCNFs.

i=a’ (1)

where v, i, and b are the scan rate of the experiment, peak
current value, and electrochemical behavior, respectively. The
electrochemical behavior of both CNFs (RNCFs and ANCFs) was
observed to approach the ideal behavior of an EDLC because of
the EDLC properties of carbon-based materials; nevertheless,
neither material exhibited a fully ideal capacitive-controlled

behavior. However, these results confirmed that the

1904 | Nanoscale Adv,, 2024, 6, 1900-1908

electrochemical behavior of ACNFs was closer to the ideal
capacitive-controlled behavior than that of RCNFs, indicating
that ion adsorption occurs more easily on ACNFs than on
RCNFs, because of the former being characterized by higher
porosity and larger pore sizes; furthermore, ACNFs afford effi-
cient electron transport along the directional pathway.

In Fig. 3a and S9,} the scanning electron microscopy (SEM)
micrograph of the as-synthesized ¢-MOF/ACNF composite is
reported. The plate-like particles decorating the surface of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ACNFs are similar in morphology to the previously reported
Ni3(HITP), particles.** To confirm the formation of ¢c-MOF on
the mat of ACNFs, X-ray diffractometry (XRD) analysis was
performed (Fig. 3b). The XRD pattern of the c-MOF/ACNF
composite was compared to those of ACNFs and c-MOF. The
XRD pattern of ACNFs included broad peaks, while the powder
XRD pattern obtained for ¢-MOF included distinct peaks at
~4.7°,9.5°, and 27.5° values for 26, which corresponded to the
(100), (200), and (001) planes, respectively.>"*>** When the
surface of ACNFs was decorated with the c-MOF, the XRD
diffraction peaks exhibited a slight shift toward higher 26
values, indicating a reduction in d-spacing of each crystallo-
graphic plane of the c-MOF grown on ACNFs. Additionally, the
presence of residual peaks suggests the presence of unreacted
Ni(OH), that was not used for the synthesis of c-MOF.**

To estimate the synergistic combination of ¢-MOF and
ACNF, we compared the electrochemical performance of the c-
MOF/ACNF electrode to that of the ACNFs electrode. As can be
evinced from Fig. 4a, the closed area of the CV curves increased
in size and exhibited quasi-rectangular shape following the
growth of ¢c-MOF on the surface of ACNFs, indicating an
increase in the specific areal capacitance due to the high EDLC
properties of c-MOF. Additionally, the high electrical conduc-
tivity of c-MOFs resulted in the c-MOF/ACNF electrode exhibit-
ing a lower internal resistance than its precursor ACNFs
(Fig. 4b).

Based on the obtained results, the areal capacitance of each
electrode material was determined at different scan rates using

eqn (2):
ivdy

€= J ANV )

where i/A, v, u, and AV are the areal current density, electro-
chemical potential, scan rate (V s ), and potential window,
respectively.

Based on this equation, the data reported in Fig. 4c were
calculated, according to which the areal capacitance of the c-
MOF/ACNF electrode had the values of 161.8, 130.4, 117,

Q
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107.9, and 98.4 mF cm ™2 at the scan rates of 10, 30, 50, 70, and
100 mV s, respectively. Similarly, the areal capacitance of
ACNFs was calculated at the above scan rates; the relevant
values were 98.7, 79.8, 66.7, 56.7, and 46 mF cm ™2, respectively.
Overall, therefore, the areal capacitance of ACNFs increased by
~164%, 163%, 175%, 190%, and 214% at the various scan rates,
respectively, because of the electrochemical and surface prop-
erties of c-MOF.

To investigate the impact of ¢c-MOF as an active material for
EDLCs, the electrochemical behavior of the ACNFs and ¢-MOF/
ACNF electrodes was investigated, and the results of the rele-
vant experiments are presented in Fig. 4d. As can be evinced
from this figure, the c-MOF/ACNF electrode exhibited
a behavior closer to ideal capacitive control than ACNFs.
Furthermore, a deconvolution analysis was conducted to
determine the percentage of the peak current associated with
each behavior, based on eqn (3):

i(v) = kyv + kpv'? (3)

where v represents the scan rate, while the terms v and v*? are
related to ideal capacitive control and ideal diffusion control
behaviors, respectively. As can be evinced from the data re-
ported in Fig. S10, the electrochemical behavior of the c-MOF/
ACNF electrode exhibited an increase in the portion of
capacitive-controlled behavior compared to the ACNFs elec-
trode. This finding indicates that c-MOF exhibits a more
capacitance-controlled behavior than ACNFs. These results
confirm that ¢-MOF acts as an EDLC material so that its addi-
tion to the CNFs enhances the overall electrochemical proper-
ties of the CNF-based electrode for supercapacitors. Moreover,
the CV curves of the c-MOF/ACNF electrode, measured at
various scan rates ranging from 10 to 100 mV s~ ' in the 0.0-
0.8 V potential window exhibited a quasi-rectangular shape,
indicating excellent charge storage characteristics (Fig. 4e). In
Fig. 4f are reported the galvanostatic charge-discharge (GCD)
curves of the c-MOF/ACNF electrode. The symmetric triangular
shapes observed for the GCD curves are typical of an
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Fig. 5 Capacitance retention of a c-MOF/ACNF-based flexible supercapacitor (a) at different bending angles (inset: photograph of a c-MOF/
ACNF-based flexible supercapacitor), and (b) after conducting cycling tests. c-MOF conductive metal-organic framework; ACNFs: aligned
carbon nanofibers; c-MOF/ACNF: hybrid material consisting of c-MOF grown on ACNFs.
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electrochemical capacitive behavior. Moreover, the c-MOF/
ACNF electrode exhibit outstanding cycle stability in GCD over
5000 cycles (Fig. S117).

Finally, we demonstrated the feasibility of the use of the c-
MOF/ACNF electrode in a flexible supercapacitor by fabri-
cating a pouch-type device and subjecting it to a bending test.
Despite undergoing bending (ranging from 0° to 180°), the
supercapacitor exhibits only a marginal decrease (~8.2%) in
capacitance at a high bending angle, indicating its remarkable
mechanical flexibility and stability (Fig. 5a). Furthermore, the
data presented in Fig. 5b indicates that the capacitance of the c-
MOF/ACNF electrode initially increased over 5000 cycles due to
the gradual activation of the surface and exhibited excellent
durability thereafter. After the cycling tests, the ¢c-MOF/ACNF
electrode exhibited an almost unchanged morphology,
whereby the c¢-MOF adhered well to the surface of ACNFs

(Figure S127).

3 Conclusions

In this study, we proposed the rational design of c-MOF/ACNF
hybrid electrodes for high-performance flexible super-
capacitors. c-MOF/ACNF electrodes were successfully fabricated
by implementing the electrospinning technique using a high-
speed rotary collector followed by the in situ synthesis of c-
MOF. The well-ordered structure of ACNFs promoted an effi-
cient electron transfer and effective ion diffusion, resulting in
an enhanced electrochemical performance compared to the
randomly-ordered CNFs. Furthermore, the synergistic effects of
the structural and electrochemical properties of ACNFs and c-
MOF, which was demonstrated to have an almost ideal
capacitive-controlled behavior, afforded a significant enhance-
ment of the supercapacitor performance (capacitance: 161.8 mF
cm 2 at a scan rate of10 mV s~ *). Additionally, the c-MOF/ACNF-
based supercapacitor that was manufactured exhibited high
mechanical flexibility and electrochemical stability. Our find-
ings demonstrate that the rational design of c¢-MOF/ACNF
electrodes can afford the construction of high-performance
flexible supercapacitors and provides an effective strategy for
designing power sources for next-generation flexible
electronics.

4 Experimental section

Materials

PAN (M,: ~150 000) and nickel nitrate hexahydrate [Ni(NO;),—
6H,0] were purchased from Sigma-Aldrich, HITP was
purchased from Tensus Biotech, ammonium hydroxide
(NH,OH) was purchased from Dejung, and N,N-dime-
thylformamide (DMF; =99.8%) was purchased from Daejung.

Fabrication of RCNFs and ACNFs

RCNFs and ACNFs were prepared by electrospinning followed
by carbonization. In detail, 1 g of PAN powder was added to 6 g
of DMF, and the mixture thus obtained was vigorously stirred at
80 °C for 6 h to produce a homogeneous solution. The as-
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prepared solution was transferred into a syringe with a 25 GA
metal needle and electrospun on the drum collector applying
different rotating speeds depending on the target material
(100 rpm for RCNFs and 2000 rpm for ACNFs). Notably, the as-
prepared electrospun PAN fibers were first stabilized at 250 °C
for 2 h in the air. After stabilization, the fiber mats were
carbonized at 900 °C for 2 h in Ar atmosphere to obtain RCNFs
and ACNFs.

In situ synthesis of c-MOF onto RCNFs and ACNFs

Firstly, the as-prepared RCNFs and ACNFs were treated using an
O, plasma apparatus to introduce hydroxyl groups on the
surfaces of the two CNFs. Subsequently, each sample was
immersed in a nickel solution obtained dissolving 46 mg of
Ni(NO3),-6H,0 in 40 mL of deionized water. Notably, the two
obtained mixtures were heated to 80 °C for 1 h, and
a HITP-6HCI solution (108 mg) was added dropwise to each of
them. Before turning on the flow of O,, 4 mL of NH,OH was
added to each reaction mixture. O, was made to flow through
the reaction flask for 2 h under vigorous stirring at 80 °C.
Finally, after the O, flow was turned off, the solution was stirred
overnight at 80 °C. After it was prepared, the c-MOF/ACNF
composite was washed with deionized water and dried at 60 °©
C under vacuum conditions overnight.

Material characterizations

The microstructures of each electrode material were investi-
gated using SEM. Moreover, crystallographic analysis was per-
formed on the prepared samples in the 4-70° 26 range using
high-resolution XRD with Cu-Ka1 radiation and a Ge (111)
monochromator. Mercury intrusion porosimetry (AutoPore IV
9500; Micromeritics Instrument Co., USA) experiments were
conducted to measure the density and porosity of RCNFs and
ACNFs.

Electrochemical characterization

The current densities in RCNFs and ACNFs following the
application of a fixed voltage were determined using a Model
8009 Resistivity Test Fixture (Keithley). Electrochemical anal-
yses were conducted using a conventional three-electrode setup
where aqueous 3 M KCI was used as the electrolyte. The refer-
ence electrode and counter electrode used were an Ag/AgCl
electrode and platinum mesh, respectively. As to the working
electrodes, 1 x 1 cm?® of RCNFs, ACNFsS, c-MOF/RCNF
composite material, and c-MOF/ACNF composite material
were fabricated without the use of conductive materials and
binders. CV and GCD curves were recorded on a ZIVE MP1
(WonATech) within the 0.0-0.8 V voltage range. The overall
description of the computational processes is provided in the
manuscript.

Fabrication of a flexible supercapacitor

A symmetric flexible supercapacitor was fabricated by preparing
a sandwich structure composed of a separator impregnated
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with KCI electrolyte and two pieces of identical c-MOF/ACNF
electrodes (7.5 cm x 3.5 cm).
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