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The selection of appropriate carbon and loading materials and their corresponding preparation methods
is necessary for obtaining high-quality supercapacitors. This paper used loofah as a raw material to
prepare a kind of super activated carbon with a large specific surface area. Manganese dioxide was
precipitated on the super activated carbon of the loofah using a solution precipitation method to
prepare a manganese dioxide/super activated carbon composite electrode material. Scanning electron
microscopy and X-ray diffraction were used to characterize the composite electrode materials. It was
found that the loofah activated carbon had a porous composite structure, and manganese dioxide was
loaded on the activated carbon as an amorphous structure. Cyclic voltammetry (CV), constant current
charge and discharge (GCD), and AC impedance methods were used to study the electrochemical
behaviour of the prepared composite electrode materials in KOH and Li.SOs electrolytes. The
manganese dioxide/super activated carbon composite electrode material was used to assemble a
supercapacitor, and its specific energy and specific power were measured by constant current charge
and discharge. The electrochemical stability was tested by the application of multiple cycles of high
current charge and discharge. When the electrolyte was a 6.0 mol/L potassium hydroxide solution, the
current density was 1.25 A/g, and the measured specific capacitance was as high as 472.66 F/g.

Keywords: supercapacitors; activated carbon; manganese oxide; composite materials; electrochemical
properties

1. INTRODUCTION

Supercapacitors are used as energy storage in many fields, such as cars, trains, tanks, ships,
toys, satellites, and power storage, due to their high power density, fast charge and discharge, excellent
working conditions at low temperatures, long cycle life, and environmental friendliness [1-3]. The
main components of practical supercapacitors are the case, electrolyte, separator and electrode
materials. The quality of the electrode material is directly related to the capacitance of the capacitor,
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the charge and discharge characteristics, and the cycle life. The electrode materials that have been
developed so far are mainly carbon materials [4-7] or the loading of metal oxides, hydroxides [8-10] or
conductive polymers [11-13] on carbon materials. Pure carbon materials constitute supercapacitors,
and activated carbon loaded with metal oxides, hydroxides or conductive polymers is used to form
pseudocapacitors [14]. There are abundant sources of carbon materials for preparing supercapacitors.
Coconut shells [15], durian shells [16], straw [17], corn cobs [18], and raw mineral materials such as
coal tar and coal powder have been studied. There have also been reports on the use of graphene [19],
carbon nanotubes [20], carbon nanofibres [21], and carbon nanoparticles [22] to prepare
supercapacitors. Plant-derived carbon materials have the advantages of a large specific surface area
and long cycle life, along with being easily available at a low price. They have been extensively
studied and applied in the energy storage of supercapacitors [23-25]. Loofah has a unique structure and
an abundance of pore channels. The use of loofah as a raw material for the preparation of loofah
activated carbon takes advantage of its wide range of sources, low price, and convenient preparation,
which can effectively reduce the cost of supercapacitor production. More importantly, activated carbon
made from loofah has a large specific surface area. In the preparation of pseudocapacitors composed of
rubidium oxide, ruthenium oxide and vanadium oxide, they have a high unit gravimetric capacity but
are expensive. If manganese dioxide is supported on loofah activated carbon, because of the rich
source of manganese dioxide, it becomes possible to obtain a cost-effective supercapacitor that still
demonstrates a satisfactory specific capacitance [26, 27]. This article uses loofah as a raw material to
prepare super activated carbon and then manganese dioxide is loaded on its surface. The hope is to
provide a reference example for research of supercapacitors with high specific capacitance, low cost
and high stability.

2. MATERIALS AND METHODS

2.1 Materials and Apparatus

A tablet machine, an electrochemical workstation, a battery tester, a muffle furnace, a vacuum
drying oven, a magnetometer, and an electronic balance were used [28]. Ethanol (analysis), fine PTFE
powder, potassium hydroxide (analysis), sodium hydroxide, potassium permanganate (analysis),
manganese sulfate monohydrate (analysis) and homemade activated carbon powder were obtained and
used.

2.2 Preparation of Activated Carbon Powder

Sheared biomaterials were cleaned, dried, and carbonized at 400°C. Solid hydroxide was then
added to the carbonized biomaterial in a 1:3 ratio and placed in a muffle furnace (840°C, 10 minutes),
where it was activated. The activated carbon powder was obtained by immersing the biochar into a
solution of dilute hydrochloric acid, which was followed by pumping and washing until it was neutral,
then, the sample was dried [28].
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2.3 Preparation of the MnO./Activated Carbon Composite Material

Briefly, 0.150 g of potassium permanganate and 0.240 g of manganese sulfate monohydrate
were weighed to make solutions; additionally, 0.500 g of activated carbon powder was weighed. The
activated carbon powder was added to the potassium permanganate solution and stirred to make the
activated carbon powder uniformly dispersed. Then, the solution was added to the manganese sulfate
solution with stirring. The addition of manganese sulfate solution was controlled to 5-8 minutes. After
the addition, stirring was continued for 30 minutes to obtain a manganese oxide/activated carbon
composite material, which was suction filtered and washed to neutrality. The MnOz/activated carbon
composite material was obtained through negative pressure filtration, water washing to neutrality, and
drying [28].

2.4 Preparation of the Electrode

A round nickel foam was weighed. Then, a mixture of the composite material, acetylene black
and fine PTFE powder at a ratio of 8:1:1 was prepared and applied to the round nickel foam nickel.
The material was air dried. This was the prepared electrode plate [28].

3. RESULTS AND DISCUSSION

3.1. SEM Analysis Test

(1) SEM Analysis Test of the Activated Carbon Material

Scanning electron microscopy is an intuitive method to observe the surface characteristics of
objects. In this experiment, an s-3400 high-resolution scanning electron microscope was used to scan
the appearance of the activated carbon material, and the experimental voltage was 15 kV. Figs. 1A and
1B are shown below [28]:

$3400-JYY1 15.0kV 4.3mm x500 SE

(a) (b)

Figure 1. SEM characterization of the loofah activated carbon.
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It can be clearly seen that the activated carbon has many microporous structures.
(2) SEM Analysis Test of the Manganese Dioxide/Activated Carbon Composites

Figure 2. SEM characterization of the manganese dioxide/activated carbon composites.

From Fig. 2, manganese oxide particles adhered to the surface of the activated carbon and
around the pores. Thus, MnO> was successfully supported on the activated carbon.

3.2 X-ray Diffraction Analysis
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Figure 3. XRD curve of the MnOa/activated carbon composite material.
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The diffraction pattern of the MnO./activated carbon composite material is shown below in
Fig. 3. It can be seen that the peak corresponding to manganese oxide is not very sharp, and there are a
few scattered peaks. The generated manganese oxide should have an amorphous structure, but the

amorphous structure is conducive to the entry and exit of ions and energy storage. The capacitance is
relatively large [28].

3.3 Two-Electrode System Test

The charge value is expressed as I, At is the selected time period, m is the mass of the
composite material, and AV is the voltage difference between the start time and the end time [24]. The

formula for the electrode material is shown as (1):
[- At

N m - Al (1)

By changing the current value, we determined the difference in electrochemical performance
between different currents. Then, the constant current charging and discharging charts at currents of 2
mA and 9 mA are listed. From Fig. 4 and Fig. 5, the specific capacitance was 171.03 F/g, 103.56 F/g,
328.26 F/g, 268.18 F/g. Compared with Fig. 4(a) and Fig. 4(b), we can see that the larger the current,
the smaller the specific capacitance. As the current increases, the charge transfer speed will increase,
but the charge on the surface and the channel of the activated carbon will decrease; additionally, the
specific capacitance will decrease. We observed that the charge-discharge curve is not very smooth.
This is due to the increase in the specific capacitance due to the occurrence of a redox reaction and the
generation of false capacitance. After comparing the figures and values of 1.0 mol/L lithium sulfate

and 6.0 mol/L potassium hydroxide, the latter has greater specific capacitance when used as an
electrolyte [28].
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Figure 4. Constant current charge and discharge diagram of the supercapacitors made of manganese
dioxide/activated carbon composite materials in a 1.0 mol/L lithium sulfate electrolyte: (a)

charge and discharge curve at a current of 2 mA and (b) charge and discharge curve at a current
of 9 mA.
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Figure 5. Constant current charge and discharge diagram of the supercapacitors made of manganese
dioxide/activated carbon composite materials in a 6.0 mol/L potassium hydroxide electrolyte:
(@) charge and discharge curve at a current of 2 mA and (b) charge and discharge curve at a

current of 9 mA.

3.4 Three-Electrode System Test

When performing a three-electrode constant current charge and discharge test, the
measurement is from a small current of 3 mA to a large current of 10 mA, and the graphs of the small
current of 3 mA and the large current of 10 mA are shown in the following figures:
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Figure 6. Constant current charge and discharge diagram of the supercapacitors made of manganese
dioxide/activated carbon composite materials in a 1.0 mol/L lithium sulfate electrolyte: (a)
charge and discharge curve at a current of 3 mA and (b) charge and discharge curve at a current

of 10 mA.
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Figure 7. Constant current charge and discharge diagram of the supercapacitors made of manganese
dioxide/activated carbon composite materials in a 6.0 mol/L potassium hydroxide electrolyte:
(@) charge and discharge curve at a current of 3 mA and (b) charge and discharge curve at a
current of 10 mA.

Fig. 7(b) shows that there is an approximate plateau. This is because a redox reaction has
occurred, and charge transfer and storage results in a pseudocapacitance, which improves the specific
capacitance. After processing the data, the maximum specific capacitance measured when the
electrolyte is 6.0 mol/L potassium hydroxide and the current density is 1.25 A/g is 472.66 F/g; when
the electrolyte is 1.0 mol/L lithium sulfate, the current density is 1.14 A/g. The maximum specific
capacitance measured is 172.19 F/g. The reason is because the lithium sulfate solution is a neutral
solution, which is not conducive to the reversibility of the redox reaction, so the specific capacitance is
not high; the potassium hydroxide solution is an alkaline solution, which is conducive to the
reversibility of the redox reaction, so the process occurs. The degree of redox reaction is stronger in the
latter than the former, and the specific capacitance is also higher. The equations of the reaction
mechanism in an alkaline solution may appear as the following (1), 2), 3), (4))[29-31]:

MnO, + H,0 + e~ = MnO(OH)+ OH~ €

MnO, + 2H,0 + 2e~ = Mn(0H),+ 0H~  (2)

MnO(OH) + H,0 +e~ 2 Mn(OH),+ 0H~ (3)

MnO, + 40H™ S 2e™ + Mn0~ +2H,0 (®

3.5 Cyclic Voltammetry Test

Different curves were obtained by changing the scan rate. The integrated area is S, m is the
mass of the electrode material, AE is the voltage difference, and V is the scan rate [32]. The formula
for the specific capacitance through the use of an integral method can be expressed as (2):

5
C=srs (2)
2-m-V-AE

Li>SO4 solution (1 mol/L) and KOH solution (6.0 mol/L) are used as the electrolytes, and the
scanning rate is gradually increased from 5 mV/s to 10 mV/s. Fig. 8(a) and Fig. 8(b) show that as the
scan rate increases, the capacitance of the supercapacitor decreases. The reason is because when the

current increases, the charge transfer speed also increases. Thus, the charge storage on the surface of
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the activated carbon and in the pores decreases, and the specific capacitance also decreases. Moreover,
it can be observed that the charge-discharge curve is no longer a straight line, especially the discharge
curve. The obvious curve becomes flattened, indicating that a redox reaction has occurred, so
pseudocapacitance behaviour has been generated, and thus, the specific capacitance has also increased
[28].
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Figure 8. Frequency distribution of the cyclic voltammetry curves with various scanning rates: (a) 1
mol/L Li>SO; electrolyte and (b) 6.0 mol/L KOH electrolyte.

3.6. Impedance Test

An increase in impedance directly leads to the failure of the capacitor [33]. The following is the
impedance diagram tested by the three-electrode system, which is composed of nickel foam as the
working electrode, a calomel electrode as the reference electrode and a platinum electrode as the
auxiliary electrode.

The equivalent resistance can be obtained by intersecting the line with the axis. Fig. 9 (a) is the
impedance measured when the electrolyte is 1.0 mol/L lithium sulfate, and Fig. 9 (b) is the impedance
measured when the electrolyte is 6.0 mol/L potassium hydroxide. It can be seen from the figure that
the equivalent internal resistance of Fig. 9(a) is approximately 11.80 Q, and the equivalent internal
resistance of Fig. 9(b) is approximately 12.13 Q. The main reason is that the electrode materials and
electrolytes have intrinsic internal resistance and contact resistance, that can be affected by temperature
and storage time. To reduce the internal resistance, the electrode material must be optimized, and a
suitable electrolyte should be selected.



Int. J. Electrochem. Sci., Vol. 15, 2020 8249

254 25

20 20 |
/

-Z"fohm
>
-Z"fohm

(@) (b)

Figure 9. Impedance test: (a) 1 mol/L Li>SO4 electrolyte and (b) 6.0 mol/L KOH electrolyte.

3.7. Cycle Life Test

3.7.1 Assembly of the Supercapacitors

An appropriate amount of electrolyte is added to the electrode plate. The electrolyte prepared in
this experiment is a 6.0 mol/L potassium hydroxide solution. The membrane is immersed in the
electrolyte for several minutes, and the excess electrolyte is dried [8]. A plate-film-plate structure is
then pressed into a battery housing with the use of a tablet machine at a pressure of 10 KPa [28].

To test the stability of the button cell, a charge-discharge experiment of 1,000 cycles was
performed. As shown in Fig. 10, the supercapacitor has stable performance and a long cycle life. The
specific capacitance of 100, 300, 600, 800, and 1000 cycles was 114.6 F/g, 111.3 F/g, 111.5 F/g, 110.2
F/g, and 111.1 F/g, respectively; furthermore, the 96.95% of the initial capacitance is retained.
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Figure 10. Frequency distribution of the specific capacitance over an increasing number of cycles.
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3.8. Comparison with other similar supercapacitors

Manganese has several stable oxides, such as MnO;, Mn3O4, which has diverse crystal
structures, defect chemistry, morphology, porosity and textures. They possess rich electrochemical
properties, and are highly recommended to use for supercapacitor electrodes [34]. To visualize the
electrochemical properties of manganese oxides fabricated materials, the comparison of specific
capacitance and cycle life of supercapacitors using MnO./ Mn3O4-based electrodes is shown.
Impressively, MnO,/Loofah-Activated Carbon in this work outperforms many MnO./ Mn3zOs-based
electrode materials in recently reports, such as the ones listed in Table 1.

Table 1. Comparison of the properties of our sample with other similar supercapacitors

Specific Number Capacity
Samples Electrolyte References
capacitance | of cycles | retention (%)
248 Fe gt
L-AC@MnO; 6 M KOH 3000 79.3 [35]
(1A+g™)
a-MnO,; NWs@d- 2769 F-g?
6 M KOH 10000 98.1 [36]
MnO, NSs (1A-g™)
320 F-g!
Graphene/ MnO, 1 M NazSO4 2000 84 [37]
(0.5A-g™)
Rice
210.3F-g?
husks/Hierarchically | 0.5M NazSO4 5000 80.2 [38]
(0.5 Ag?)
porous MnO-
Mn3O4 351 Fe 971
1M NaxSO4 10000 80.1 [39]
nanoflakes/rGO (0.5A-g?)
cobalt-doped 397 Feg!
1 M Na,SO, 4000 97.5 [40]
MnO2/GO (0.5A-g?)
472.66
MnO./Loofah-
6M KOH Fegt? 1000 96.95 This work
Activated Carbon
(1.25 A g
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4. CONCLUSIONS

Activated carbon is obtained from loofah, which is a biological material, and a MnO3/activated
carbon composite is produced by direct precipitation. Compared with 1.0 mol/L lithium sulfate, the 6.0
mol/L potassium hydroxide has a higher specific capacitance when used as an electrolyte at a current
density of 1.25 A/g; specifically, the capacitance is as high as 472.66 F/g, and 96.95% of the initial
specific capacitance is retained after 1000 cycles. The prepared supercapacitors have the characteristics
of environmental friendliness, high charge and discharge efficiency, and long cycle life; thus, they
have broad application prospects.
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