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ABSTRACT: Transition-metal oxide has been identified as an
auspicious material for supercapacitors due to its exceptional
capacity. The inadequate electrochemical characteristics, such as
prolonged cycle stability, can be ascribed to factors, such as low
electrical conductivity, sluggish reaction kinetics, and a deficiency
of active sites. The transition-metal oxides derived from the MOF
materials offer a larger surface area with enriched active sites and a
faster reaction rate along with good electrical conductivity. The
manganese (Mn)-based metal−organic framework (MOF)-derived
materials were produced using the pyrolysis method. Zeolitic
imidazolate frameworks (ZIF-67) were fabricated in water at
ambient temperature with the aid of triethylamine. Multiple
techniques were used to examine the characteristics of the
fabricated electrode materials. The influence of the electrolyte on the electrochemical activity of the Mn3O4@N-doped C electrode
materials was determined in KOH, NaOH, and LiOH. For manufacturing of “Mn3O4@N-doped C”, ZIF-67 was used as a precursor.
The capacitive performance of the Mn3O4@N-doped C electrode increased as a result of nitrogen-doped carbon; after 5000th cycles,
the electrode retained an excellent rate capability and a high specific capacitance (Cs) of 980 F g−1 at 1 A g−1 under 2.0 KOH
electrolyte in a three electrode system. The carbonized manganese oxide displays also had a high Cs of 686 F g−1 in two electrode
systems in 2.0 M KOH. Materials made from MOFs show promise as capacitive materials for applications in energy conversion
storage owing to their straightforward synthesis and strong electrochemical performance.

1. INTRODUCTION
Transition-metal oxides (TMOs) have larger theoretical
capacitances because of the many oxidation states of transition
metals (TMs). Therefore, several types of TMOs have been
employed as potent electrocatalysts for supercapacitor (SC)
electrodes.1−3 These include binary metal oxides, Co3O4,

4

RuO2,
5 NiO,6 ZnO,7 Mn2O3,

8 Fe2O3,
9 and Cu2O.

10 Of these
TMOs, Mn3O4 has garnered the greatest attention due to its
extraordinarily high theoretical capacitance.11−14 Due to its
low electrical conductivity, Mn3O4 is not useful in practical
settings. This makes it challenging to harness the material’s
electrochemical potential.15,16 Adding carbon nanofibers,17

graphene,18 carbon nanotubes,19 or amorphous carbon to
Mn3O4 electrodes has been shown to improve electron and ion
mobility. High electron and ion-transfer efficiencies may be
achieved by fabricating nanostructured Mn3O4 materials,
which improves electrochemical performance.20−23 The
majority of published ways to combine carbon with Mn3O4,
however, need either lengthy processes or expensive carbon
sources.24−26

Interesting porous coordination polymers called zeolitic
imidazolate frameworks (ZIFs) combine metal cations with

organic linkers (metal−organic frameworks or MOFs).27,28

The framework architecture surface area and pore size may be
readily controlled by an organic linker and metal positive
ion.29−32 The MOFs have been reported in a number of fields,
such as CO2 gas conversion,33 water purification34 and
photocatalysis,35 electronics and biomedicine,36 and electro-
chemical biosensors.37

The excellent capacitive performance of MOx and MOFs
made from MOFs depends on their uniform nanostructure, N2
doping, high porosity, or rich carbon hybrids. To create porous
Mn3O4 structures, Mn-based MOFs (Mn-MOFs) have been
shown to be intriguing substrates.38,39 Mixed-valence man-
ganese (i.e., Mn3O4) is a potent candidate for SCs due to
greater theoretical capacitance, simplicity in production and
abundance of redox processes.40 Various researchers have
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synthesized MOF-derived metal oxides, such as Ruoyu Wang
et al.41 which developed the Mn3O4@C/rGO nanocomposite
and analyzed their potential capability for energy-saving
applications. The results revealed that the Mn3O4@C/rGO
exhibited 328.6 F cm−2 high Cs, revealing the efficiency for
supercapacitor applications. Zhao et al.42 used a simple
carbonization of Mn-MOFs with poly(styrene-co-AA) spheres
to develop a Mn3O4@N-doped C/graphene nanocomposite.
In a 1.0 M Na2SO4 electrolyte solution, the Mn3O4@N-doped
C/graphene (MCG) exhibits exceptional electrochemical
capabilities, with maximal specific capacitances of 456 and
246 F g−1 @ 1 and 20 A g−1. Additionally, the Mn3O4@N-
doped C/graphene exhibits excellent cycling life, 98.1% of the
capacitance @ 5 A g−1 after 2000 cycles. Babak Rezaei et al.43

synthesized the three-dimensional pyrolytic carbon/Mn3O4
nanostructure via wet chemical deposition for energy
conversion devices. The use of MOF-derived materials as
effective sacrificial templates or precursors for producing
different porous carbon, metal compounds, and composites
have been studied.44−48 The novelty of the work includes the
material made from MOFs to maintain the morphology and
form of the original MOFs. Carbon, nitrogen-doped carbon,
porous metal oxides, and nanohybrid may all be produced by
the heating method. The electrochemical performance of
electrodes made of Mn3O4 may be improved by carbon
doping.49,50 Moreover, the electrochemical features of
prepared samples were also investigated by using three
different electrolytes (KOH, NaOH, and LiOH), and better
results were obtained by using the KOH electrolyte because of
its smaller hydration sphere which causes increase in the
migration rate of ions. The fabricated materials exhibited very
good retention capacitance and longer life stability of >92%.
All of the ascribed information suggests that MOF-derived
metal oxide exhibited high Cs and other fascinating electrical
features inspired to develop MOF-derived MOx for super-
capacitor applications.
Herein, triethylamine (TEA) was used to help create the

porous construction of ZIF-67, which contains meso- and
microporous regimes. Mn3O4 embedded in N-doped carbon
was prepared using the fabricated product as a precursor
(Mn3O4@N-doped carbon). At ambient temperature, H2O is
used as a solvent during the fabrication process. The
supercapacitor’s electrode material was Mn3O4@N-doped
carbon and measured its electrochemical applications in
different basic electrolytes, such as NaOH, LiOH, and KOH.
The electrochemical result revealed that the MOF-derived
electrocatalyst exhibited the high Cs in KOH than other basic
electrolytes. Furthermore, the longer life cycles also indicate
the longer stability of the fabricated electrode compared to
other reported materials.

2. EXPERIMENTAL SECTION
2.1. Fabrication of ZIF-67 and Mn3O4@N-doped C. All

of the reagents used in the ZIF-67 and Mn3O4@N-doped C
fabrication were purchased from Sigma-Aldrich. The TEA
(Sigma-Aldrich, ≥99.5%)-assisted approach was used to
complete the ZIF-67 synthesis procedure. In a nutshell, 6.9
mmol of 2-methyl imidazole (Hmim, Sigma-Aldrich, 99%) as a
source of nitrogen was added after 7.4 mmol of TEA (1 mL)
was inserted to 0.68 mmol of manganese nitrate under the
vigorous stirring for 60 min. The precipitates were separated
and then washed several times with H2O and absolute
C2H5OH (Sigma-Aldrich, 99.99%) solution. The material

was dehydrated in an electric oven set to 85 °C naturally.
Mn3O4@N-doped C was created by using ZIF-67. The
material was heated to 700 °C in a crucible for 4 h in a
muffle oven. The Mn3O4@N-doped C was rinsed twice, once
with H2O and once with C2H5OH (each 20 mL wash). The
schematic procedure for the fabrication of carbonized metal
oxide and ZIF-67 is illustrated in Scheme 1. The
physiochemical and electrochemical studies of the synthesized
material are provided in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Physiochemical Evaluation. X-ray diffraction (XRD)

of fabricated ZIF-67 is well consistent with the simulated XRD
for ZIF MOFs (CSD no.: GITTOT02), space group of I43m
(217), and cell parameter of α = β = γ = 90° and a = b = c =
16.9077 Å and is well matched with the previous report,51

suggesting that the pure phase was synthesized without any
additional peaks for any unwanted phases, as illustrated in
Figure 1a. Furthermore, Figure 1b displays the Braggs angles of
successful formation of 28.76, 32.34, 35.87, 37.81, 44.55, 50.74,
58.35, 59.95, and 64.55° corresponds to hkl indexes of (112),
(103), (211), (004), (213), (105), (321), (215), and (323),
respectively, which are well consistent with the JCPDS no. 01-
080-0382. The crystallographic parameter of Mn3O4@N-
doped C exhibited a tetragonal crystal system, space group
of 141/amd, and space group number of 141 with a crystal
parameter of a = 5.76, b = 5.76, and c = 9.44 Å. The presence
of all the peaks confirms the effective synthesis of Mn3O4@N-
doped C and the presence or absence of peaks confirm the
pureness of the materials. The lack of a significant band for “C”
indicates the low concentration or amorphous state of carbon
in the final product following carbonization.
The structural analysis and surface functionalities of ZIF-67

MOF and carbonized-doped manganese oxide nanoarray were
further confirmed by Fourier transform infrared (FT-IR) of
4000 to 500 cm−1, as represented in Figure 2a. The
transmittance band that appeared at 3010−3714 cm−1 in
both fabricated materials is related to the hydroxyl stretching
vibration mode of H2O that are adsorbed on interfaces of

Scheme 1. Fabrication of ZIF-67 and Mn3O4@Nitrogen-
Doped C
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electrocatalyst. The FT-IR spectrum of ZIF-67 display
reflection bands in the range of 2909.96 cm−1 are owing to
the C−H stretching band in the aliphatic chain and aromatic
structure in 2-methylimidazole. The distinct transmittance
bands at 1597.43, 1392.34, and 1076.54 cm−1 are owed to the
imidazole ring and 723.68 cm−1 corresponds to a carbon
nitrogen double bond in ligand 2-methylimidazole.52 The
FTIR peak detected at 430.72 cm−1 is related to the Mn−N
bond.53 The existence of distinctive peaks confirms the
successful fabrication of ZIF-67 MOF. The Mn3O4@N-
doped C display the characteristic peaks at 1614.77, 1392.66,
and 1106.54 cm−1 are associated with nitrogen and carbon
stretching bonds like C−N, C�C, and C−C, and the bands
appeared below 1000 cm−1 are characteristic peaks of metal
oxide (Mn−O) stretching bands. Their analysis is well
consistent with the XRD analysis with no extra peaks revealing
the purity of the fabricated materials. Figure 2b illustrates the
thermogravimetric analysis (TGA) curve of fabricated ZIF
MOFs measured under a nitrogen environment. The
preliminary stages of mass reduction of 38% below the 250
°C and 16% from 490 °C are attributed to the elimination of
potential guest species, such as solvents, nitrates, surface
moisture, and physically attached linker species, respectively.
The last phase found at 490 °C can be measured by the
pyrolysis of organic groups and ZIF-67 nanostructure.
Scanning electron microscopy (SEM) microanalysis was

employed to examine the morphology of both synthesized

material at 500 nm. The SEM analysis of ZIF-67 revealed the
rhombic dodecahedron morphology are displayed in Figure 3a.
The present morphology of ZIF-67 also confirms the
successful formation of ZIF-67 MOF. The Mn3O4@N-doped
C exhibited an irregular spherical morphology, as represented
in Figure 3b. The irregular shape Mn3O4@N-doped C
exhibited a greater number of active regions that are more
desirable for supercapacitive applications. The internal
morphology of synthesized ZIF-67- and Mn3O4@N-doped C
was investigated with transmission electron microscopy
(TEM) analysis at 300 nm. The results revealed that ZIF-67-
and Mn3O4@N-doped C exhibited the rhombic dodecahedron
and nanoparticles, respectively, labeled with a yellow mark, as
illustrated in Figure 3c,d. ZIF-67 and Mn3O4@N-doped C
nanoarrays were employed to determined N2 sorption
isotherms, BET specific surface area (SSA), and the character-
istic parameter of porous features. This work is illustrated
Figure 3e,f, which suggests the type I−IV hybrid isotherms
related to IUPAC classification and demonstrates the
coexistence of porous states.54 The obtained SSA values
were 615 and 160 m2 g−1 for ZIF MOFs and carbonized
manganese oxide, respectively. Furthermore, the Barrett,
Joyner, and Halenda technique was employed to investigate
the size of pores of 1.45 and 6.45 nm for ZIF MOFs and
carbonized manganese oxide, respectively.
In order to better understand the material’s properties, the

electronic states and chemicals of the structure were measured

Figure 1. XRD of (a) ZIF-67 and (b) Mn3O4@N-doped C.

Figure 2. (a) FT-IR analysis of the ZIF MOF and carbonized manganese oxide and (b) TGA curve of the ZIF MOF.
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using XPS. The compilation of all the elements found in
Mn3O4@N-doped C from the overall scan is shown in Figure
4a. Using a Gaussian model, high-resolution scans of the
component element peaks are represented in Figure 4b−d.
The carbon spectrum Figure 4b displays the three peaks for
C−C, O−C, and O−C�O related to 284.03, 285.5, and
288.38 eV, correspondingly. The N 1s display the XPS peaks at
399.42, 401.77, 403.45, and 407.06 cm−1 are corresponding to
−N�C−, −N−, −HN−C−, and −HN−C�O, correspond-
ingly. The oxygen 1s spectrum exhibited the XPS band at
528.74 and 531.2 eV owing to Mn−O and C�O and are
displayed in Figure 4d. Mn 2p (Figure 4e) represents the two
deconvoluted curves at 654.4 and 649.9 eV owing to Mn 2p1/2
and Mn 2p3/2, correspondingly. Further, the presence of no
other peaks confirms the purity of the materials.
3.2. Electrochemical Evaluation for Supercapacitive

Application. Mn3O4@N-doped C and ZIF-67 was subjected
to a wide range of electrochemical studies to investigate the
electrochemical performance in different electrolytes. Cyclic
voltammetry (CV) analysis may be used to get a qualitative

understanding of the electrochemical application taking place
in the material and whether or not they are faradic in nature.
First, it is important to make sure the electrode and electrolyte
are compatible before investigating the material’s electro-
chemical behavior. Capacitance changes as electrolyte ions are
either removed from or absorbed by the electrode substance.
Functionality of an electrolyte is significantly affected by the
diffusion rate and the size of the solvated ions present.
The electrochemical characteristics of the carbonized

manganese oxide electrode (thickness = 1.7 mm) have been
investigated using a three-electrode configuration (CHI660e).
Figure 5a−c displays the CV peak of Mn3O4@N-doped C in
three distinct electrolyte media, such as 2.0 M lithium
hydroxide, sodium hydroxide, and potassium hydroxide at
different sweeping speeds (5−30 mV s−1). Mn3O4@N-doped
C exhibits a pair of redox curve in all electrolytes, which help
to explain the pseudocapacitive nature.55 These redox curves
are brought on by the reduction and oxidation processes. Peak
potentials for reduction and oxidation in a potassium
hydroxide solution are similar to those in carbonized

Figure 3. SEM micrograph of (a) ZIF MOF and (b) carbonized manganese oxide, TEM analysis of (c) ZIF MOF, (d) carbonized manganese
oxide, and BET of (e) ZIF MOF and (f) Mn3O4@N-doped C.
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manganese oxide electrolytes. The reaction of metal oxide in
the electrolyte ion is represented in eq 1.

+ + +Mn O OH H O MnOOH e3 4 2 (1)

Figure 4. XPS spectra of (a) width survey, (b) carbon 1s, (c) nitrogen 1s, (d) oxygen 1s, and (e) Mn 2p spectrum.

Figure 5. CV curve of Mn3O4@N-doped C in a variety of electrolytes (a) KOH, (b) sodium hydroxide, and (c) LiOH.
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The reduction of Mn3+ to Mn/Mn2+ metal and the oxidation
of metal Mn/Mn2+ to Mn3+, correspondingly, are responsible
for the reduction peaks appearing at approximately 0.083 V
and the oxidation band at 0.28 V at 5 mV s−1 in the potassium
hydroxide electrolyte. All curves that deviate from the perfectly
rectangular form are said to exhibit pseudocapacitive behavior.
As can be observed in Figure 5, the cathodic and anodic peaks
move to lower and higher potentials, respectively, as a result of
the scan rate rising, which is a result of the restricted ion
movement during oxidation reduction processes. The CV
peaks for carbonized materials in the 0.0−0.5 V in alkaline
electrolytes are shown in Figure 5 at different scanning rates.
Compared to the carbonized manganese oxide in potassium
hydroxide, lithium hydroxide, and sodium hydroxide electro-
lytes, the capacitance of the carbonized manganese oxide in the
KOH electrolyte is bigger because of the stronger redox
characteristics and CV polygonal area. The current responsive-
ness of carbonized manganese oxide declines in different
electrolytes in the sequence of KOH < NaOH < LiOH.
According to the reported research, the cations (Na+, Li+,

and K+) tend to form hydrated ions in water containing
electrolytes. When a larger ion is hydrated, a wider variety of
hydrated ions is commonly produced, but a higher quantity of
hydrated ions is frequently produced when a smaller ion is
hydrated. The larger K+ and Na+ cations produce lesser
hydrated ions with radii of 3.31 and 3.58 nm, correspondingly,
while the lesser Li+ cation produces a greater hydrated ion with
a radius of 3.82 nm. That is why the specific capacitance is

greater when 2.0 M KOH is used as the electrolyte rather than
NaOH or LiOH.56 The reported conductivity of K+ ions at 25
°C is larger than that of sodium ions at 50 °C and Li+ ions at
38 °C, suggesting that K+ would have a higher ion mobility.
Improved electrochemical performance is the consequence of
greater ionic mobility and contact with the electrode material
due to the K+ ions’ reduced hydration radius. The fact that K+

ions gained a small charge density, indicating poor solvation
attraction with H2O species, allows for improved polarization
during the desolvation processes. This is an additional
advantage of K+ ions. In redox processes, this enables K+

ions to readily enter the electrode. The results mentioned
above show that cations play a crucial function in electro-
chemical processes.
The CV comparison with the effect of different electrolytes

on carbonized manganese oxide are displayed in Figure 6a.
The comparative analysis revealed that the Mn3O4@N-doped
carbon exhibited a high current density in KOH with a larger
polygonal area than LiOH and NaOH. The variations in Cs
values with sweeping speed for various electrolytes are
illustrated in Figure 6b. The material capacitance reduces
with increased scan speed, which may be due to a reduction in
the greater number of active regions engaged in oxidation and
reduction processes. This relationship demonstrates the total
number of active redox reaction sites. The greater number of
reduction and oxidation regions participating at smaller
sweeping rates is greater than at larger scan rates. Low scan
rates would provide the ions sufficient time to reach the

Figure 6. Comparative analysis of (a) CV and (b) Cs plots in a variety of electrolyte.

Figure 7. (a) CV of ZIF MOF and (b) comparison between the ZIF MOF and carbonized manganese oxide.
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electrode interface, enabling the deep penetration of electrolyte
ions on the active site of interface materials. Only the surface
adsorption process happens at a faster sweeping speed because
the electrolyte ions do not have sufficient time to adsorb the
substance. The 2.0 M potassium hydroxide electrolyte has the
largest capacitance compared to the sodium hydroxide and
lithium hydroxide electrolytes because K+ ions may easily
access the inner surface of the electrocatalyst materials.
For comparison purposes, the CV analysis of ZIF-67 was

conducted under the same electrochemical conditions in 2.0 M
KOH as described for Mn3O4@N-doped C at 5−30 mV s−1.
The ZIF-67 exhibited the Cs of 432.16, 303.96, 171.92, and
143.27 F g−1 for 5−30 mV s−1 calculated with eq. S1.
Furthermore, the ZIF-67 displays a maximum current of 0.177
A for 30 mV s−1, as represented in Figure 7a. The comparison

between the CV curve of ZIF MOF and carbonized manganese
oxide is displayed in Figure 7b. The comparative analysis
suggests that the ZIF-67 exhibited a small polygonal area and
smaller current compared to Mn3O4@N-doped C resulting in
small Cs. The redox peak indicates the pseudocapacitive
behavior of the synthesized material. The redox peak was
responsible for the transition of Mn2+/Mn3+.57

Studies of charge−discharge behavior in 2.0 M KOH, LiOH,
and NaOH electrolytes are employed to understand more
about the electrochemical features of the Mn3O4@N-doped C
material, which works best in the 2.0 M KOH electrolyte
concerning capacitance. The galvanostatic charge−discharge
(GCD) of carbonized manganese oxide is illustrated in Figure
8a−c at different current densities, such as 1, 2, and 3 A g−1.
The electrochemical reaction is driven by a redox mechanism,

Figure 8. GCD analysis of 2.0 M (a) KOH, (b) NaOH, (c) LiOH, (d) Cs plot profile, and (e) Ragone plot profile of carbonized manganese oxide
in different electrolytes.
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as suggested by the nonlinearity of the discharge curve, which
agrees with the cyclic voltametric results. A smaller current
density results in a slower discharge of the material, whereas a
higher current density results in a faster discharge, as shown by
the graph. The Cs increases in proportion to the square of the
discharge period. As a result, the Cs grows at a small current
density (C.D.) and is reduced at high densities. According to
the discharge curve’s nonlinear nature, a redox mechanism
drives the electrochemical reaction, which is in line with the
CV findings. The graph shows that while the C.D is low, the
material discharges more slowly, and as the current density
rises, the material discharges more quickly. As the discharge
time increases, the Cs rise. The Cs thus increases at smaller
C.D. and less as C.D increases.
Mn3O4@N-doped C exhibits nonlinear discharge and

asymmetrical behavior. Pseudocapacitance was due to
reversible interactions between electrolyte ions and rich
surface heteroatoms, as shown by deviations from triangular
shapes in the GCD curves. Cs values for carbonized carbon in
potassium hydroxide, lithium hydroxide, and sodium hydroxide
@ of 1, 2, and 3 A g−1 are 980.64, 721.55, and 584.90 F g−1,
451.22, 319.47, and 146.47 F g−1 and 602.65, 474.72, and
241.22 F g−1, respectively, as measured in eq S2, and their
comparison with the reported literature is given in Table 1.

Furthermore, a comparative analysis among the Cs of Mn3O4@
N-doped C in the different electrolytes is given in Figure 8d.
Specific capacitance is observed to be smaller with increasing
C.D. This is linked to increased ionic resistance and decreased
charge diffusion into the inner active sites. The main factor for
the reduction at higher current densities is an increased voltage
(IR) drop, which often occurs in transition-metal oxides. The
capacitance decreases with increasing current density, which
may be explained by the sample’s delayed response to abrupt
changes in current and potential. At 1 A g−1, the diffusion of
electrolyte ions can reach the whole interface of the electrode

material, resulting in an increase in the Cs. Increases in current
density cause a decrease in capacitance because they lessen the
effective intercalation between the electrode and electrolyte
ions. The Ragone plot was used to display the relationship
among the energy density (Ed) and power density (Pd) in
Figure 8e and measured with the help of eqs S3 and S4.
The GCD curve of ZIF-67 GCD in 2.0 M potassium

hydroxide solutions with C.D of 1, 2, and 3 is illustrated in
Figure 9a. The Cs of ZIF-67 is observed in the range of 519.88,
410.66, and 257 F g−1 @ 1, 2, and 3 A g−1. The GCD curves of
both ZIF MOF and carbonized manganese oxide are displayed
in Figure 9b, suggesting that the doped material displays a
longer discharge time than the MOF. The result revealed that
the carbonized manganese oxide has a greater discharge time
than the ZIF MOF, resulting in higher Cs. “N” different atoms,
which improve the gravimetric efficiency of carbon-based
supercapacitors, may be the cause for the rise in Cs.
Capacitance and rate performance of energy storage devices
have both increased dramatically as a consequence of improved
electrolyte accessibility and carbon wettability, as well as
enhanced pseudocapacitance given by “N” doping. Figure 9c
displays the comparison between the GCD profile of Mn3O4@
N-doped C in the different electrolytes. The results suggest
that the N-doped material exhibited the 2.0 M KOH having
the longest discharge curve compared to that of another
alkaline electrolyte that gives high Cs.
The electrochemical impedance spectroscopy (EIS) Nyquist

plot displays the association among the imaginary and real
parts of impedance (Z′ and Z″) in the range of 0.1 to 100 000
Hz. The starting frequency of EIS is 0.1 Hz and ending
frequency is 100 000 Hz. The Mn3O4@N-doped C Nyquist
curve in different alkaline electrolytes is given in Figure 10a. All
electrolytes have a characteristic impedance profile known as
Warburg impedance, which consists of a linear region with a
depressed circle in the greater frequency range. The slope line
present in the low-frequency region of Nyquist plot indicates
Warburg impedance displaying the diffusion process and the
slope line toward 45° indicates the faster diffusion of
electrolyte ions.65,66 However, the slope line of KOH in
Mn3O4@N-doped C toward 45° indicates the more capacitive
nature and faster diffusion of OH− electrolyte ions on the
electrode surfaces than the other electrolyte solution. The
small depressed circle shows the charge-transfer resistance
(Rct) of the electrocatalytic materials. The measured Rct values
for Mn3O4@N-doped C in potassium hydroxide, sodium
hydroxide, and lithium hydroxide are 2.35 , 5.63 , and 8.31 Ω,
respectively. The results suggest that KOH exhibited a small
Rct value than NaOH and LiOH, which might be attributed to
the conductive nature and diverse morphology of Mn-doped
material than the carbonaceous MOFs.
The chronoamperometry analysis (Figure 10b) was used to

examine the stable behavior of Mn-doped material in
potassium hydroxide at 0.75 V. The results revealed that the
Mn-doped material showed a very small decline in the current
density in the first few hours, and then they showed a straight
line up to 50 h. The slight decline was due to the activation of
active sites, and a straight line indicates stable behavior than
the benchmark (RuO2). To determine the electrochemical
stability of carbonized manganese oxide, galvanostatic charge−
discharge studies are performed. Mn3O4@N-doped C was
evaluated @ 1 A g−1 for 5000th cycles, and the analysis is
displayed in Figure 10c. Mn3O4@N-doped C also shows the
retention capacitances of 97.77, 95.54, and 88.41% in the

Table 1. Comparative Analysis among the Published MOF-
Derived and -Synthesized Materials

Sr
no materials

specific
capacitance
(F g−1)

current
density
(A g−1) electrolyte ref

1 ZIF-derived N-
doped porous
carbon-ZS

285.8 0.1 6.0 M
KOH

58

2 RhB@ZIF-8-
derived ZnO@C

1200 1.0 2.0 M
KOH

27

3 ZIF-derived ZnS/
CoS

1646 1.0 6.0 M
KOH

59

4 ZIF-8-derived
ZnO/C@f-
MWCNT

650 1.0 3.0 M
KOH

60

5 ZIF-8 derived
ZnS@C

145.7 2.0 1.0 M
Na2SO4

61

6 ZIF-8 derived N-
doped PC-CNTs

250 0.1 6.0 M
KOH

62

7 HPZIF-67-derived
Co3O4@N-
doped C

709 1.0 2.0 M
KOH

20

8 MOF-derived
ZnMn2O4/C

589 1.0 1.0 M
Na2SO4

63

10 ZIF-8-based
carbon@MnO2

247.9 0.5 2.0 M
Na2SO4

64

11 ZIF-67 MOF-
derived Mn3O4@
N doped C

980 1 2.0 M
KOH

this
work
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electrolyte of KOH, NaOH, and LiOH. The high-rate
capability of N-doped carbon facilitates ion transport in a
large number of porous states. The cycling stability of doped
material materials was determined with CV analysis under a
KOH solution, as represented in Figure 10d. The CV analysis
shows the very small change in the current density of indicates
the cyclic stability of the synthesized products.67,68 The
structural stability of the Mn3O4@N-doped C was evaluated
with XRD analysis to confirm the lattice property of the
materials. The XRD pattern (Figure 10e) of doped materials
displays reduction in intensity, and the absence of some
diffraction peaks is attributed to blockage of some active zones
and destruction of some active sites that cannot perform the
catalytic activity.
3.3. Two-Electrode Evaluation. The real-time potential

capability of Mn-doped materials as supercapacitor electrodes
was evaluated with two electrode systems with GCD and CV
profile analyses in a potassium hydroxide solution. Figure 11a
displays the CV curve having a more significant current of 0.10
A with a different sweep speed of 5−30 mV s−1. All of the CV
peaks show the quasi-symmetrical shape at a larger scanning
speed at 30 mV s−1, displaying good retention capacitance and
ideal capacitive behavior. The analysis revealed that the current
rises with the rise of sweeping speed, as it is directly linearly
proportional to the sweeping rate. Figure 11b displays the Cs
profile obtained from CV analysis, which suggests that the Cs
values of the obtained materials declined with the increase in
sweeping speed. The highest Cs was obtained in a small

sweeping speed of 432.16 @ 5 mV s−1. It was attributed to the
short time available at a high scan rate for the intercalation of
KOH ions to the surface of the electrocatalyst. The GCD
profile analysis of Mn-doped material displays the nonlinear
curve, as demonstrated in Figure 11c. The outcomes revealed
that the Mn-doped material at 1 A g−1 exhibited a more
significant discharge curve, indicating the good capacitive
properties of the material at a small current density. Further,
GCD analysis (Figure 11d) was employed to investigate the Cs
with eq S2, which was found in the range of 686.27, 523.80,
and 367.5 F g−1 @ 1, 2, and 3 A g−1 and the relationship
between the Cs and current density. The gradual decline in the
Cs of Mn-doped material with rising current density was due to
less time for electrolyte ions to penetrate the depth of the
electrode materials. Based on our experimental results, the
produced Mn3O4 @ N-doped C nanostructures constitute a
promising electrocatalytic nanostructure for a more significant-
performance symmetrical electrode materials, with higher
capacitive performance than previously published electrodes.
This research focuses on supercapacitor properties with two
and three electrodes. The three-electrode system outperformed
the two-electrode technique in terms of the electrochemical
efficiency. Mobile electrolyte ions have unrestricted access to
the electrode material during a charge storage process,
resulting in a very high Cs response, which may result from
an electrode being exposed to an excessive quantity of
potassium hydroxide solution. A three-electrode chemical cell
architecture, while theoretically conceivable, is unsuitable for

Figure 9. (a) GCD curve of ZIF-67, (b) comparison between the ZIF MOF and carbonized manganese oxide, and (c) comparison of Mn3O4@N-
doped C among the different electrolytes.
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real-world applications because commercial supercapacitors are
built using a two-electrode structure. By using only two
electrodes, we can reduce the volume of electrolyte ions,
allowing for the low-cost mass production of supercapacitors.
The Cs of Mn3O4 @ N-doped C is observed to be lower (686
F g−1) in a two-electrode system as compared to the three-
electrode system (980 F g−1) due to the polarization of the
symmetric electrode. The combined effects of Mn3O4 and N-
doped C and high surface area all contribute to excellent
electrochemical performance.

4. CONCLUSIONS
The fabrication of a porous ZIF MOF was made with a TEA-
assisted technique. The fabricated ZIF-67 was employed as a
precursor to generate carbonized manganese oxide via a

pyrolysis of one-step carbonization. The effect of the different
electrolytes, such as potassium hydroxide, lithium hydroxide,
and sodium hydroxide on the capacitive properties of the
Mn3O4@N-doped C was also investigated in this study. Their
electrochemical analysis revealed that Mn3O4@N-doped C
displays a high electrochemical efficiency of 980 F g−1 in
potassium hydroxide, which is larger than the other basic
electrolyte solution. Further, the comparative analysis was
conducted with ZIF-67 and Mn3O4@N-doped C in 2.0 M
KOH solution, and their electrochemical analysis suggested
that Mn3O4@N-doped C exhibited higher Cs of 980 F g−1 than
ZIF-67 (686 F g−1). The EIS results display the smaller Rct
value of 2.35 Ω for Mn3O4@N-doped C in KOH, which
further confirms the good electrochemical behavior of other
electrolyte solutions. The Mn3O4@N-doped C exhibited
higher cycling stability in KOH at a rate capability of 97.77%

Figure 10. (a) EIS profile of carbonized manganese oxide in different electrolytes, (b) chronoamperometry analysis in KOH, (c) GCD rate
capability comparative analysis in different electrolytes, (d) cyclic stability in KOH, and (e) XRD of Mn3O4@N-doped C.
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compared to other electrolyte solutions. To determine the real
potential capability of the carbonized doped manganese oxide,
an electrode system was conducted in KOH. The Mn3O4@ N-
doped C displays a high Cs of 519 F g−1, smaller than the three-
electrode system. In light of the above found results,
carbonized doped manganese oxide exhibited a higher
electrochemical efficiency in KOH than another basic
electrolytes. It was attributed to the higher ionic mobility,
reduced hydration sphere of K+, and low charge density. Our
work shows that Mn3O4@ N-doped C is a suitable
pseudocapacitive material for high-performance supercapaci-
tors, in addition to verifying the practicality of rational design
of enhanced integrated electrode materials.
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