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Abstract

Supercapacitors are promising energy storage devices due to their high power density, long cycle life,
and structural simplicity. Metal-organic frameworks (MOFs) are attractive electrode materials, offering
three-dimensional porous structures, high surface area, chemical tunability, ionic permeability, and
thermal stability, making them suitable for flexible electronics. In this work, for the first time, a previously
reported cobalt-based MOF, TMU-12 (TMU: Tarbiat Modares University), is introduced as an active
material for flexible supercapacitor electrodes. The TMU-12 MOF, synthesized via a solvothermal method
using Co(NO,),'6H,0, 4,4-oxibisbenzoic acid (H,oba), and pyrazine, is employed without any
modification. The fabricated TMU-12/CF electrode delivers a specific capacitance of 206.93 F-g-' at
0.005 V-s~' in 3.0 M KOH, with outstanding capacitance retention of 90.85% after 2000 cycles,
demonstrating excellent electrochemical stability. Notably, compared with other cobalt-based MOF
electrodes, TMU-12/CF offers competitive capacitance while exhibiting significantly superior cycling
stability, ranking among the most stable cobalt-MOF systems reported. This remarkable combination of
high performance, exceptional durability, and flexibility highlights TMU-12 as a promising candidate for
next-generation flexible supercapacitors, paving the way for utilizing existing MOFs in advanced energy
storage applications.

1. Introduction

The growing global population, depletion of fossil fuels, and global warming resulting from greenhouse
gas emissions have significantly increased the demand for sustainable energy sources, such as wind,
hydrogen, and solar energy. Unfortunately, these sources of energy are not always available and are
completely affected by natural conditions [1, 2]. Consequently, energy storage systems, including
supercapacitors and batteries, can significantly impact sustainable energy sources and attract
considerable attention [3—-6]. Compared to other storage systems, supercapacitors have presented
remarkable potential for energy storage technology due to their remarkable properties, including high
power capability, high energy density, structural simplicity, and long-term durability [7, 8].
Supercapacitors fill the energy gap between batteries and conventional electrochemical capacitors. They
have been utilized in various fields, including electronic communication, electric transportation, and
aerospace, due to their effective performance in energy storage. Although they have been theoretically
recognized as a source of acceptable energy storage systems and have been utilized in various
applications, their performance still needs to be further improved to address the ever-increasing energy
needs of modern societies [9]. The materials used to make the electrodes in supercapacitors have a
significant impact on their electrochemical performance. Metal-organic frameworks (MOFs) are a group
of practical compounds with outstanding features, including controllable morphology, adjustable
chemical composition, and high porosity, which are known as acceptable precursors for the fabrication
of porous nanostructure materials [10—-12]. Compared to porous materials, such as metal complex
hydrides, zeolites, and activated carbon, MOFs are known for their advantages, including simple
synthesis, high temperature resistance, low density, a large internal surface area, and a distinct regular
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structure. MOFs are practical suggestions for supercapacitor electrode materials due to their
outstanding properties, including 3D porous architecture, structural tunability, large surface area,
permeability to external elements, simple synthesis, and high temperature resistance[13—-16]. Despite
the successful developments in the fabrication of MOFs, controlling the morphological structure in MOF
materials still presents challenges. To produce active materials with a high specific surface area
acceptable for electrochemical applications, the development of MOF derivatives is important [17].
MOFs are known as organic-mineral hybrid materials that can be fabricated by selecting appropriate
organic ligands and inorganic secondary building units. MOFs are synthesized by reinforcing bonds
between transition metals and O/N with organic ligands [18, 19]. These organic ligands typically involve
heteroatoms, such as P and N, and contain a significant amount of carbon. MOFs can be fabricated in
different 1D, 2D, and 3D forms, depending on the structure of their organic and inorganic units used in
their

synthesis [20]. In particular, compared to 1D and 2D MOF-based structures, 3D MOF structures exhibit
several advantages, including a high surface area and a significant aspect ratio, i.e., a high surface-to-
volume ratio. These features of 3D MOFs decrease the diffusion path of ions, thereby enhancing the
specific capacity and rate capability of these types of MOF structures [21]. Because MOFs are
designable and readily available for functionalization, they are highly practical for applications such as
drug delivery, sensing, ion exchange, gas storage/separation, and catalysis [22, 23]. Additionally, MOFs
are suitable candidates for achieving the improved electrochemical performances required in
supercapacitors. As previously mentioned, MOFs have a large surface area, some tunable properties,
abundant micropores, and variable sites for redox reactions, making them acceptable for various energy
applications [24, 25]. The use of MOFs in the construction of supercapacitors is divided into three
groups. Pristine MOFs are the first group that stores energy via reversible redox reactions at the metal
centers or through the physical adsorption of electrolyte ions on their inner surfaces [26]. Electrodes
based on MOF-derived metal oxides are known as the second group, which can store energy through
charge transfer between the electrolyte ions and the electrode. The third group includes the use of MOF-
derived porous carbons, which are created through the pyrolysis of the MOF template [26-28]. The
different porous MOFs have been fabricated recently. Various methods, depending on the desired
properties and the targeted final structures for MOFs, have been used to synthesize MOFs. These
methods include microwave heating/ultrasound irradiation, hydrothermal/solvothermal, electrochemical,
mechanochemical, and reaction-diffusion methods [29-37]. The hydrothermal method has been widely
used. It is generally performed in the temperature range from 80 to 250°C. This method has garnered
significant attention due to its capability for large-scale industrial production. Co8-MOF-5 was reported
as the first pristine MOF to fabricate a supercapacitor electrode [38]. Due to its low electrical
conductivity, this electrode showed a low specific capacitance. MIL-47, Co-MOF-71, and MIL-100(Fe) are
other pristine MOFs utilized to fabricate supercapacitor electrodes [39-41].

In this research, a 3D porous cobalt-based metal-organic framework,
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[Cog(oba)5(0) (Py)q 5l 4DMF-Py (TMU-12) was fabricated using a simple solvothermal procedure by
mixing Co(NO3 ),-6H,0, 4,4-Oxibis benzoic acid (H,0ba), and pyrazine [42, 43]. Different techniques, such
as Field emission scanning electron microscopy (FESEM), FT-IR, energy-dispersive X-ray spectroscopy
(EDX), and X-ray diffraction (XRD) analyses, were used to characterize the morphology and structure of
the TMU-12 material.

In this study, a flexible supercapacitor electrode was fabricated for the first time using the TMU-12
compound. The flexible electrode was simply prepared using carbon felt (CF) as the substrate. The
electrochemical behaviors of the introduced flexible electrode (TMU-12/CF) were examined using a
potentiostat/galvanostat device (PGSTAT-302 N, Eco Chemie, Netherlands) through cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS). Some
initial optimizations were examined. The TMU-12 /CF electrode indicated an acceptable Cgp value of

206.93F. g "atl=0.005V.s”'. Moreover, the

TMU-12 /CF electrode exhibited a specific capacitance retention of 90.85% after recording 2000 cycles
in the 3.0 M KOH electrolyte solution, demonstrating its significant stability. In this work, a symmetric
supercapacitor device (two-electrode system) was prepared using the same electrode for the anode and

cathode. For the designed supercapacitor, amounts of 7.93 Wh. kg™ ! and

3.2 kW. Kg~ ! were obtained for energy density (E) and
power density (P), respectively.

2. Experimental section
2.1. Materials

Ferric chloride (97%), sodium chloride (99%), hydrochloric acid (37%), cobalt (Il) nitrate trihydrate (99%),
4,4-Oxibis benzoic acid (H,0ba, 99%), N, N-dimethylformamide (DMF, 99.8%), methanol (98%), and
ethanol (99%) were purchased from Merck Company (Darmstadt, Germany).

2.2. Synthesis of TMU-12

TMU-12 was synthesized by mixing pyrazine (0.5 mm), oba = 4,4-oxybisbenzoic acid) (0.5 mm), and
Co(N0O,),.6H,0 (1 mm) in organic solvent (DMF 30 mL) in a Teflon-lined autoclave at 140 "C for 48 h. The

acquired powder was separated using centrifugation, washed with solvent several times, and dried [42].

2.3. Fabrication of the flexible supercapacitor electrode

The flexible supercapacitor electrode was assembled in a simple way. In order to fabricate the
supercapacitor electrode, a slurry of synthesized TMU-12 was prepared by mixing electrode active
material (90%) and PTFE (polytetrafluoroethylene) (10%) in ethanol, and then dispersing for 5 minutes.
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The electrode substrate, carbon felt (CF), was soaked in this slurry and finally dried at ambient
temperature.

2.4. Characterization

A Field-emission scanning electron microscopy (FESEM, Tescan MIRA 4|) was employed to characterize
the surface morphology and the elemental analysis of the sample. A Thermo Scientific Nicolet IR100
(Madison, WI, USA) Fourier Transform Infrared (FT-IR) Spectroscopy was utilized to confirm the prepared
compound. A Philips X'pert diffractometer (Cu Ka radiation) was employed to measure X-ray diffraction
(PXRD).

2.5. Electrochemical measurements

The electrochemical behavior of the introduced flexible electrode was assayed by a three-electrode
system in the presence of an electrolyte solution (3.0 M KOH). The working electrode was fabricated
according to section (2.3). Ag/AgCl was employed as the reference electrode, and the Pt was utilized as
a counter electrode. All electrochemical techniques, CV, GCD, and EIS, were recorded using a
potentiostat/galvanostat device (PGSTAT-302 N, Eco Chemie, Netherlands). The following are some of
the equations used to perform the necessary calculations:

The specific capacitance (Cgp) of the developed supercapacitor is estimated by Eq. (1) for CV
measurement:

Cgp = 1 fXjI (V)dV Eq. (1)

\varvecv m( Vy,—Vj)

The specific capacitance value for supercapacitor electrodes in the charge-discharge plots was
calculated by Eq. (2):

Csp _ I\varvecA t Eq. (2)

m)\varvecA V

The specific energy density (E, Wh kg™ ') and power density (P, W kg™ ") values for a supercapacitor
device are acquired by equations (3) and (4), respectively:

E =% Cgp (AV)? Equation. (3)
P = E /At Equation. (4)

In these equations, v is the scan rate (V. s™ 1), Cgp is the specific capacitance (F. g™ '), AV is the potential
window (V), m is the mass of the electroactive material (g), | is the applied current (A), and At is the
discharging time (s) [44-46].

3. Results and discussion
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3.1. Morphology and structure

Figure 1A indicates the FESEM image for the synthesized TMU-12. The FESEM image of the TMU-12 at a
1 um scale shows its surface morphology. TMU-12 has a uniform and almost hexagonal rod
morphology. According to SEM images, the average size of TMU-12 is around

66 nm. EDX analysis (Fig. 1B) was employed for the elemental analysis or chemical characterization of
the synthesized TMU-12. It shows that Co, O, C, and N elements are present in the fabricated compound.

The FT-IR spectra for TMU-12 are illustrated in Fig. 1C. From this figure, it is evident that the recorded

peaks for TMU-12 include the framework vibrations of the C-H bending of the benzene ring at 2750 cm™'

and 2850 cm™ ', the benzene ring at 1386 cm™ ' and 1573 cm™ ', as well as the C = O absorption of the
carboxylic acid group at 1615 cm™ " and the C-O stretching of the carboxylic acid group at 1380 cm™ .
These peaks well verify the existence of organic ligand functional groups in the TMU-12 compound.
Figure 1D indicates the XRD pattern of the TMU-12. The experimental PXRD of the prepared TMU-12 is
exactly comparable in pattern to the simulated one [43].

Insert Fig. 1

3.2. Electrochemical measurements of the prepared
electrode

The electrochemical measurements of the electrode material were done in the presence of a 3.0 M KOH
electrolyte. The CF (bare electrode) and TMU-12/CF electrodes were investigated in the potential range
from 0.0 V to 0.35 V. The recorded voltammograms show that the TMU-12/CF has a larger CV area in
comparison to the CF electrode, suggesting that the TMU-12/CF electrode has superior specific
capacitance (Fig. 2A). The Nyquist plot drawn based on data obtained from electrochemical impedance
spectroscopy (EIS) (Fig. 2B) indicates the impedance curve of the CF and TMU-12/CF. It can be seen that
in the high frequency region in the Nyquist plot, the diameter of the semicircular curve for TMU-12/CF is
less than that of CF, which indicates that TMU-12/CF has a lower charge transfer resistance (Rq7) and, as

a result, has better conductivity [47]. It is also observed that in the high frequency region, the line slope is
very steep, which indicates that the ion transport capacity is great. These results confirm that the proper
pore structure enhances the ion transport capacity of the electrode and the capacitive behavior [48, 49].
These results demonstrate the appropriate performance of the TMU-12 as an electroactive material for
electrode fabrication as a result of its special structure, which achieves an extensive range of
electrochemically active sites for oxidation-reduction reactions and enhances electron-ion transport. The
TMU-12/CF electrode is utilized as a work electrode (WE), and electrochemical experiments are carried

out using the three-electrode system to examine the electrochemical behavior. The CV plots of the TMU-

12/CF electrode were tested at varied scan rates from 0.005V.s™ 't0 0.2 V.s™

in the presence of 3.0 M
KOH electrolyte. As the scan rate increased from 0.005 V.s™ ' t0 0.2 V.s™ !, no remarkable change in the
voltammogram shape was seen, indicating that the TMU-12/CF electrode has good electrochemical
reversibility and enhances mass transfer in electrolyte solution. The same shapes without obvious
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change indicate good reversibility and acceptable rate capability (Fig. 2C). Voltammograms do not show
observable redox peaks, and also at high scan rates, curves show a tilted shape. This reveals that the
charge transports have a resistive behavior. The Cgp values were calculated using Eq. 1 for various

applied scan rates. They are 206.93F. g™ ',112.603F. g" ', 101.902F. g ',98.2F. g ',85.74F. g ', 75.2

F.g ',66.96 F.g ' 60.43F. g ',41.91F g ! for different applied scan rates from 0.005V.s™ ' t0 0.2 V.s~
1 respectively. These amounts are presented in Fig. 2D and 2E. The highest Cgp value for TMU-12/CF

electrode is 206.93 F. g" " at 1 = 0.005 V. s . It can be clearly seen that the value of Cgp reduces with an

increase in the scan rate. This phenomenon can be explained as follows: at lower scan rates, electrolyte
ions have sufficient time to go through the available pores in the compound, resulting in a more efficient
oxidation/reduction reaction and a higher capacitance [5]. Using potential scan rate data, the kinetics of
charge storage can be investigated. Faradic or non-Faradic behavior of TMU-12/CF electrode can be
examined by plotting the logarithm of the peak current (log i) versus the logarithm of the scan rate (log
(X)) according to this equation: (log i =b log (¥) + log (a)). Where “a” and “b” are constants. Using the
value of b (estimated from the slope of this graph), the charge-storage characteristics of the electrode
material are determined. When b = 0.5, the process is a diffusion-controlled faradaic reaction; when b =1,
the process is capacitive. The b value for the TMU-12/CF electrode was obtained 0.44 (Fig. 2F), showing

that the charge storage mechanism for the TMU-12/CF electrode is a diffusion-controlled process.
Insert Fig. 2

The electrochemical behavior of the introduced flexible electrode (TMU-12/CF) was further examined
using the GCD method in 3.0 M KOH. GCD plots of the TMU-12/CF electrode at varied current densities,

6.0Ag 'to 20 Ag ", are observed in Fig. 3A. The GCD plots of the TMU-12/CF presents symmetrical
shape, confirming the cceptable coulombic efficiency during the charge/discharge process (Fig. 3A).
Based on the charge/discharge curves at different current densities, the Cgp values can be calculated by
as shown in Fig. 3B, and 3C. TMU-12/CF exhibits a Cgp value of 53.31 Fg" ' at 6.0 A g~ '. The specific

capacitance plots manifest that TMU-12/CF indicates relatively good rate capability. Particularly, the
specific capacitance value of

TMU-12/CF decreases from 53.31F g™ " (at 6.0 Ag™ ") t023.41Fg ' (at 20 Ag™ "), and 56.09% of the
initial specific capacitance value is maintained. It should be mentioned that TMU-12/CF shows excellent
cycling stability after recording 2000 cycles in the presence of an aqueous electrolyte solution (KOH 3.0
M) at the scan rate of 0.04 V. s . TMU-12/CF presents a specific capacitance value that was retained
90.85% after recording 2000 cycles (Fig. 3D). The stability of the TMU-12/CF electrodes even at a high
scan rate makes it clearly an efficient choice for applications when fast charging is essential.

Insert Fig. 3

To examine the feasibility of using the prepared electrode, the symmetric supercapacitor devices were
fabricated using the TMU-12/CF electrode in a 3.0 M KOH electrolyte. All recorded voltammograms at a
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series of scan rates, 0005V.s™ ' - 0.1 V. s™ ', are indicated in Fig. 4A. It can be observed that the
potential window has expanded to a wider range up to 1.6 V. The CV curves maintained their shape at
higher scan rates, indicating that the prepared device has excellent rate capability, good reversibility, and
proper electron transfer kinetics. Figure 4B and 4C indicate the amounts of calculated specific
capacitances versus different scan rates. The highest specific capacitance amount for the assembled

device was obtained 165.9 F. g™ ! at an applied scan rate of 0.005 V. s™'. The GCD curves at a series of
current densities from 8.0 Ag™"to 10 A g™ ' are nearly symmetric, showing high reversibility (Fig. 4D). It
can be seen that with the increment of current density from 8.0 Ag™'to 10 A g™ ', the Cqp value of the

introduced symmetric device reduces from 89.15F g™ ' to 55.37 F g™ ', exhibiting a rate capability of

61.01% (Fig. 4E, and 4F). This suggested system shows an energy density (E) of 7.93 Wh kg~ " along with
a power density (P) of

3.2 kW kg~ . These parameters are calculated using
equations 1 and 2, respectively.

Insert Fig. 4

Table 1. Compares the supercapacitor electrode fabricated in this work with other works. This work
indicates better specific capacitance value compared to some reported works based on Co-MOF, such
as CoBDC (DMF), [Cos (2,6-NDC)4(bipy) 5] and [Co(bpdc)(H,0),]H,0 MOFs with capacitance value of

131.8F g ', 147.3F g 'and 179.2 F g" ', respectively at the scan rate of 0.01 V s~ ' [50], Co-
MOF/polyaniline-based electrode with electrochemical capacitance
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Table 1

Comparison of supercapacitor electrode made based on cobalt MOF (TMU-12/CF) with other works.

Electrode Specific
capacitance(F g~ ")
CoBDC (DMF) 131.8at0.01Vs™’
[Cos (2,6-NDC)5(bipy)- sl 147.3at0.01Vs™'
[Co(bpdc)(H20),] H20 179.2at0.01 Vs’
Co-MOF/polyaniline 193F g~ 'at0.01V
51
Co-MOF film 154.5F g~ " at 0.01
Vs!
Co-MOF 980 F g 'at1mA
cm™2
Self-supported hierarchical Co-MOF 13.6 Fem-2at 2
mA cm™ 2
Benzene-1,3,5-tricarboxylic acid-cobalt -1 -
phosphate MOF (MOFCOP@rGO,) hybrid 1501 9 at1Agd
electrode

Cobalt based inclined polycatenated MOF 446 8 F g™ T at 1.2
Ag'

TMU-12/CF 206.93F. g ' at
0.005V.s™!

Capacitance
retention %

94.3% after 1000
cycles

95.8% after 1000
cycles

77.4% after 1000
cycles

82% after 3000
cycles

98.5% after 1000
cycles

72.38% after
2000 cycles

69.7% after 2000
cycles

95% after 1000
cycles

88.37% after 800
cycles

90.85% after
2000 cycles

References

[50]

[50]

[50]

[51]

[39]

[52]

[53]

[54]

[55]

This work

of 193 F g~ 'at 0.01 V s~ ' [51], and Co-MOF film with specific capacitance value of 154.5F g~ at 0.01 V

s 1[39]. This work has better stability compared to some Co MOF compounds, such as Co MOF with
72.38% capacitance retention after 2000 cycles [52], a self-supported hierarchical Co MOF with 69.7%
retention after 2000 cycles [53], benzene-1,3,5-tricarboxylic acid-cobalt phosphate MOF hybrid electrode
with 95% retention after 1000 cycles [54], a cobalt based inclined polycatenated with capacitance
retention of 88.37% after 800 cycles [55] and a Co MOF film with 98.5% capacitance retention after 1000
cycles [39]. Therefore, the introduced TMU-12 MOF is an acceptable material to fabricate a flexible

supercapacitor electrode with significant electrochemical properties.

Insert Table 1
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4. Conclusions

MOFs are practical materials for supercapacitor electrodes due to their outstanding advantages,
including 3D porous architecture, large surface area, and permeability to external elements, simple
synthesis, and high-temperature resistance. Most studies on MOFs have been based on the utilization of
synthetic materials involving a single linker and one metal. Nevertheless, the latest studies in this field
have focused on the construction of novel MOFs using a similar metal with various oxidation states or
two various metals or linkers, which lead to MOFs with higher catalytic activity than MOFs with a single
linker or metal. This work is an excellent example of the performance of a mixed linker-synthesized MOF.
In this work, the 3D porous MOF TMU-12 was used for the first time in the fabrication of a flexible
supercapacitor electrode. The TMU-12/CF electrode was utilized as the working electrode, and different
electrochemical techniques were performed to evaluate its electrochemical performance. The specific
capacitance value for the TMU-12/CF electrode obtained CSP =206.93 F. g-' at i = 0.005 V. s~ in the
presence of an aqueous electrolyte solution. The highest specific capacitance for the assembled device
(symmetric supercapacitor) was obtained 165.9 F. g at i = 0.005 V. s~' in a large potential window, 0.0
V-1.6 V. An E value of 7.93 Wh. kg-" and a P value of 3.2 kW. kg~' acquired for the supercapacitor device.
According to the obtained results, MOFs are promising materials for constructing flexible supercapacitor
electrodes owing to their unique properties and adjustable structures. Therefore, the synthesis and
introduction of new MOFs are promising for the further development of supercapacitor electrode
materials.
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(A) FESEM analysis, (B) EDX analysis, (C) FT-IR results, and (D) XRD patterns for TMU-12 MOF.
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Figure 2

(A) Compare the electrochemical behavior of electrodes, (1) CF, and (2) TMU-12/CF in KOH electrolyte
(3.0 M) at the potential region 0.0 V to 0.35 V. (B) Comparing Nyquist plot for (1) CF, and (2) TMU-12/CF.
(C) Cyclic voltammograms at various scan rates from 0.005 V.s™ to 0.2 V.s™!, (D) plot of calculated Csp
versus different scan rates, (E) the calculated Cgp for different scan rates. (F) Investigation of charge-
storage characteristic for TMU-12/CF electrode.

Page 17/20



0.5 v
A bad -]
&70
04 =
> b4 4 2 604
Pt . - o
FO030Ag" T a £ 50! ‘e,
b— ]
c 6A.g" (o]
D02 8 %40 ‘._
& O 30 ‘e,
0.1 i 20 “Slag
© *e b
@ 10 .
0.04 . . . . : 2 : . . . : .
0 10 20 30 40 50 60 2] 5 10 15 20 25 30
Times (s) Current Density (A. g")
7 % E
L 60+ L 88-
3 50- % 86
c c
< 404 S 84
[&] Q
8 30 S 82+ [20.85% Rtention|
3] 1] 80 H
O 29. © :
) Qo Y
= 10 = 0 [9.15% Reduction
Q [+]
@ D 76
2. o . . . '
w 5 10 15 20 30 v 9 500 1000 1500 2000
Current Density (A. g™") Cycle Number

Figure 3

(A) GCD curves in various current densities for TMU-12/CF in KOH electrolyte (3.0 M) at the potential
region 0.0 V to 0.35V, and (B) plot of calculated Cgp versus current densities. (C) The calculated Cgp in

various current densities. (D) Investigation of stability for TMU-12/CF electrode in KOH electrolyte (3.0
M) at scan rate of 0.04 V. s™.
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Examination of the electrochemical behavior (two-electrode system) for TMU-12/CF electrode, in KOH
electrolyte (3.0 M) at the potential region 0.0 V to 1.6 V: (A) Cyclic voltammograms at different scan

rates from 0.005 V.s to 0.1 V.s™!, (B) plot of calculated Cgp versus different scan rates, (C) the calculated

Csp amount for different scan rates, (D) GCD curves in various current densities from 8.0 Ag"' t0 30 A g’

1, and (E) plot of calculated Cgp versus the applied current densities, (F) the calculated Cgp for various

current densities.
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