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In this study, five parts of Nelumbo nucifera (the lotus stem, lotus leaf, lotus seedpod, lotus seed and
lotus root) were used to prepare super activated carbon with an ultra-high specific surface area. All five
activated carbons were assembled into button-type supercapacitors as the electrode material. Constant
current charge and discharge tests showed that under the same current density and charge/discharge
voltage, the activated carbon prepared with the lotus stem has a relatively high specific capacitance of
238.52 F/g, a specific energy density of 13.7 Wh/kg and a voltage drop of less than 30 mV. After 1000
cycles, the specific capacitance remains at 89%, and the energy charge efficiency is 81%. Moreover,
different MnO- contents (mass fractions) were loaded on the activated carbon of the lotus stem to
fabricate electrode materials for a supercapacitor. The test revealed that among the tested
supercapacitors, the supercapacitor with 10% MnO2-loaded activated carbon from the lotus stem as an
electrode material has the highest specific capacitance (323.66 F/g), which is 46.23% higher than that
of a pure carbon supercapacitor, and the material resistance of this load ratio is small. The electrode
prepared with a lotus stem as the carbon source has good electrochemical performance and is expected
to become a new source of carbon materials for supercapacitors and low-cost energy storage devices.
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1. INTRODUCTION

Supercapacitors, which are also known as electrochemical capacitors, are a new type of energy
storage device. They have a high power density, good reversibility, and long life cycles [1-5]. The
selection of good electrode materials is a key factor to improve the capacitance of supercapacitors [6].

Carbon-based materials such as graphene [7], carbon nanotubes [8], and activated carbon have
become the first choice for electric double-layer capacitor (EDLC) electrodes due to their good pore
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size distribution, high specific surface area, and physical as well as chemical stability [9-10]. Choosing
activated carbon as the electrode material for EDLCs has obvious advantages including its high
porosity, large specific surface area, good corrosion resistance, low cost and accessibility for largescale
commercial use [11].

At present, most commercial activated carbons are produced from petroleum and coal [12],
which makes them expensive and harmful to the environment. However, biomass materials are
becoming increasingly less expensive due to their low cost, renewability, ready availability, and
porous structure, and they are beneficial to the environment [13]. In recent years, the use of biomass
materials as the precursors of activated carbon to prepare EDLCs has satisfactory electrochemical
performance and has attracted widespread attention. In particular, plant biomass, such as oil palm from
empty fruit branches [14], coffee bean waste [15], sugar cane bagasse [16], willow catkin [17], tobacco
[18], cotton stalks [19], pomelo peel [20], tea leaf waste [21], and broad beans, is used [22]. Plant
biomass precursors are of great interest, because of their wide availability, low cost, and rich contents
of various heteroatoms and functional groups, which can reduce the charge transfer resistance and
improve the wettability. Therefore, these precursors can improve the capacitor performance [23].

Nelumbo nucifera is a renewable precursor of plant biomass material [24]. Lotus is a type of
seed plant. Seed plants have many organs such as roots, leaves, stems, flowers, fruits and seeds.
Nelumbo nucifera is an aquatic herb that has grown for many years. Each part of the lotus has a unique
structure and rich porous structure, which is well developed for absorbing nutrients and ions. Using
each part of a lotus as an activated carbon will have a high specific surface area and more pores for
adsorbing ions [25].

Previous studies have found that the pore size distribution of biomass activated carbon highly
depends on the original form of the plant organs [26], and activated carbon prepared with more
micropores, mesopores or macropores as precursors has excellent electrochemical properties [27]. The
five parts of the Nelumbo nucifera (the lotus root, lotus stem, lotus leaf, lotus seedpod, and lotus seeds)
were directly pyrolysed, activated, and assembled into a button-type supercapacitor for electrochemical
testing. The lotus stem was found to be the most excellent electrode material precursor among the five
parts of Nelumbo nucifera.

2. EXPERIMENTAL

2.1 Material and Preparation of Activated Carbon

Nelumbo nucifera was obtained from Jiangxi Province in China, along with hydrochloric acid
(AR), potassium hydroxide (AR), and ethanol (AR). The battery shell and separator paper were
provided by the Zhong Sheng (Chang Xing) Lithium Battery Material Co., Ltd., China. Nickel foam
was provided by the Yong Chang Shuo (Xia Men) Electronic Technology Co., Ltd., China.

Activated carbon was prepared by carbonization and KOH activation. The dry, clean, and
sheared biological materials were carbonized at 300°C. Then, solid potassium hydroxide was added to
the carbonized biological material in a ratio of 1:3 and placed in a muffle furnace (840° C, 10
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minutes), where it was activated [28]. It was washed with 1:9 HCI several times to remove inorganic
salts and subsequently washed with distillation to a neutral pH of 6~7. Finally, the activated carbon
was dried overnight in a vacuum drying oven at 120°C to obtain an activated carbon material using
Nelumbo nucifera as the carbon source [29]. AC derived from different parts of Nelumbo nucifera
were denoted as ACis, ACu, ACisp, ACis and ACy, respectively. Finally, a certain amount of
manganese dioxide is loaded into the best part of Nelumbo nucifera . MnO.-loaded activated carbon
from the lotus stem is donated as MnO2/AC;s.

2.2 Structure and Characterization

The microscopic morphology and structure were observed by a field-emission scanning
electron microscope (FESEM, EVO-18). Nitrogen adsorption and desorption isotherms were obtained
at 77 K on the micromeritics ASAP analyser. The Brunauer-Emmett-Teller model was performed to
determine the specific surface area. The pore volume was estimated from the adsorbed amount at a
relative pressure P/P0=0.99. The pore size distribution (PSD) was analysed by a non-local density
functional theory (NLDFT) model assuming the cylindrical pore geometry of the adsorption data.

2.3 Preparation of the Supercapacitor and Electrochemical Measurements

The supercapacitor was prepared as follows: acetylene black, the activated carbon material and
PTFE fine powder were mixed in a certain proportion and subsequently air dried on round nickel foam
[29]. Then, the electrode plate preparation was complete. An appropriate amount of electrolyte (6
mol/L KOH) was added to the electrode plate, and the membrane was immersed in the electrolyte for
several minutes. The excess electrolyte was then dried. The plate-membrane-plate was pressed into the
battery box, and the tablet was pressed with a certain pressure to complete the preparation of the
supercapacitor [28].

The electrochemical measurement of each supercapacitor was performed on an electrochemical
workstation (CHI600d, Shanghai, China) using a 3-electrode system (the (Hg/HgO) electrode was the
reference electrode, platinum foil was the counter electrode, and Nelumbo nucifera activated carbon in
each part was the working electrode) in 6 mol/L KOH as the electrolyte at room temperature. The
electrochemical performance was characterized by cyclic voltammetry (CV), constant-current charge
and discharge and electrochemical impedance spectroscopy (EIS). The cyclic voltammetry curve was
obtained at a scan rate of 5-10 mV/s, and the electrochemical impedance spectroscopy was originally
measured at a frequency of 10 mHz - 10 kHz when the alternating current amplitude was 5 mV. The
specific capacitance of the electrodes was calculated based on the constant-current charge/discharge
test as follows:
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where m (g) is the mass of AC in both electrodes; AV (V) is the voltage change excluding the
IR drop (V) within the discharge process; I (A) is the current density; and At (s) is the discharge time

[30].
The energy density (E, Wh/kg) and power density (P, W/kg) of the 3-electrode test were

calculated as follows:

(2 Electrodes) (2)

E—lc AV?2 ! 3
2 3.6 (3)
b E-3600 A
At (4)

where E (Wh/kg) is the specific energy; C (F/g) is the specific capacitance based on each part
of active material in both electrodes; AV (V) is the voltage change excluding the IR drop (V) in the
discharge process; and At (s) is the discharge time [31].

3. RESULTS AND DISCUSSION
3.1 Selecting the Best Carbon Source in Nelumbo nucifera

3.1.1 Constant-current charge/discharge test
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Figure 1. Constant current charge and discharge of supercapacitors made of each part of Nelumbo
nucifera
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Fig. 1 shows the constant-current charge/discharge test for the following 5 parts: ACis, ACy,
ACisp, ACis and ACy. The constant-current charge discharge of the supercapacitors with 6 mol/L KOH
as the electrolyte at current densities of 0.1A/g. The curve of each part of the electrode has a similar
shape, which indicates a nearly symmetrical characteristic due to the nearly equal charging and
discharging times [32]. However, the curves have different charge and discharge times; a wider bottom
of the curve indicates that more electrons and electrolyte ions are charged and discharged, and a
greater capacitance is generated [33]. The supercapacitors with the lotus stem as the carbon source has
the widest bottom of the curve, longest discharge time, and largest specific capacitance [34].
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Figure 2. (a) Specific capacitance of each part at 1.2 VV and 0.1 mA,; (b) schematic of the voltage drop
of each part at 1.2 V and 0.1 mA,; and (c) specific capacitance of each partat 1.2V and 0.1 mA
of the manganese dioxide/activated carbon composites.

Figure 2a shows the average specific capacitances of the five Nelumbo nucifera parts (ACis,
ACy, ACisp, ACis and ACy), which are 278.316 F/g, 164.832 F/g, 217.146 Flg, 132.334 F/g, and
243.581 F/g; the supercapacitor with the lotus stem as the carbon source has the largest capacitance.
Figure 2b shows the voltage drop graph of each part; the lotus stem has the lowest voltage drop, and
the average pressure drop of the lotus stem is 28.125 mV, which is significantly better than those of the
other parts. Compared with those prepared by other biomass materials, Yu et al. [35] prepared
electrode materials from corn stalks, it only exhibited the maximum specific capacitance of 140F/g,
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PACA4[36] exhibited specific capacitance value 185 F/g, the specific capacitance of the GGAC [37]
reaches to 178 F/g, the specific capacitance of each part of Nelumbo nucifera is larger.
The specific energy should not be ignored in selecting the perfect electrode material. The
formula for calculating the specific energy is as follows:
1 1
E==C-AV?-—
2 3.6
where the E (Wh/kg) is the specific energy; C (F/g) is the specific capacitance based on each
part of the active materials in both electrodes; and AV (V) is the voltage change excluding the IR drop
(V) in the discharge process [31]. Figure 2c shows that the supercapacitor composed of the lotus stem
as the carbon source has the largest average specific energy density, which is 13.7 Wh/kg. L.et al
synthesized HLPC exhibited a high specific capacitance of 342 F/g at 0.2 A/g, but HLPC delivered a
maximum energy density of 9.4 Wh/kg in the same KOH electrolyte [20].

3.1.2 Comparison with other biomass-derived electrodes
3.1.2 Comparison with other biomass-derived electrodes

Table 1. Comparison of the electrochemical performance and Sget 0f biomass-derived electrodes

Material Electrolyte SBET Specific Energy Capacity retention (%) Cell Reference
(m?/g) capacitance  density configuration
(F/9) (Wh/kg)
waste tea KOH 2245 ~ 330 — 92% over 2000 cycles 3E [21]
leaves 2841
tobacco rods KOH 1866~ 286.6 31.3 96% over 1000 cycles 3E [18]
2115
sugar cane KOH 145~805 270 — Almost 100% over 1000 3E [16]
bagasse cycles
waste stiff KOH 2523 235 7.9 94.5% over 4000 2E [33]
silkworm cycles
shiitake KOH 2988 306 — 95.7% over 15000 3E [39]
mushroom cycles
willow KOH 1533~ 298 — 98% over 1000 cycles 3E [17]
catkin 1936
pomelo peel KOH 2725 342 — 98% over 1000 cycles 3E [20]
Camellia KOH 1935 266.374 — 91.3% over 5000 3E [25]
oleifera shell H2S04 cycles
lotus stem KOH 2389.7 278.316 13.7 89% over 1000 cycles 3E This work

Table 1 compares the electrochemical performances of biomass-derived electrodes in previous
reports. Compared to other biomass electrode materials, the capacitance and energy density of the lotus
stem biomass electrode are 278.316 F/g and 13.7Wh/kg, which are in the forefront. The lotus leaf [38]
biomass material has been previously studied, but the capacitance density per unit volume of lotus leaf



Int. J. Electrochem. Sci., 16 (2021) Article ID: 21065 7

Is not as large as that of lotus stem, and the lotus leaf has a smaller energy density. Nelumbo nucifera is
a perennial aquatic herbaceous flower native to China. Its entire body is treasured. The lotus seeds and
lotus roots have edible value, and the lotus stems, lotus leaves and other parts have medicinal value.
Thus, it is planted in large areas in China and has a long history of cultivation. As an excellent biomass
activated carbon material, the lotus stem can reduce cost.

The specific surface area of the lotus stem activated carbon material was 2389.7 m?/g, which is
higher than normal biomass activated carbon [17-25], the pore size was 2.0848 nm. The mesoporous
pore size is in the range of 2.0 ~ 3.3 nm, it indicates that a large number of mesoporous, mesoporous
and macroporous exist in the activated carbon. It is generally believed that mesopores and macropores
provide ion transport channels and diffusion channels in electrolyte, and micropores provide space for
ion storage energy. Therefore, the prepared activated carbon should have high specific capacitance and
rate capacity when used as electrode material in supercapacitors.

In summary, the supercapacitor made with the lotus stem as the activated carbon source has the
largest specific energy and the largest specific capacitance. The lotus stem is the most suitable part
among the above five parts as the carbon source of activated carbon electrode materials.

3.2 SEM Test

3.2.1 SEM test of ACys

(d) «

Figure 3. SEM diagram of the ACjs



Int. J. Electrochem. Sci., 16 (2021) Article ID: 21065 8

Figure 3 shows the electron microscope pictures of ACis with magnifications of 5000, 2000,
500 and 100, from which we can clearly observe the structure and morphology of ACs.
Macroscopically, the loading bar has a rich pore structure; after crushing, carbonization and activation,
the micropore structure remains very developed. Therefore, ACis has many pore channels of different
sizes, which leads to its large specific surface area and strong adsorption performance. It can be loaded
with metal compounds such as manganese dioxide.

3.2.2 SEM test of MnO,/ACis

Figure 4. SEM diagram of MnO./ ACis

Figure 4 shows the electron microscope pictures of MnO2/ACjs composites with magnifications
of 5000, 2000, 500 and 100. In Figure 4a, we clearly observe that manganese dioxide powder is
successfully attached to the surface and pore channels of the rod-loaded activated carbon. In Figures
4b and 4c, the cross-section of the rod-loaded activated carbon is a bundle tube structure, and its
surface is uneven, which increases the effective contact area. In Figure 4 d, the particle size of the
material is small and relatively uniform. According to the above analysis, the AC prepared from the
MnO2/AC;s has good adsorption, and the composite material will make an excellent electrode.
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3.3 GCD Test

3.3.1 GCD test of ACs
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Figure 5. GCD diagram when the current density is (a) 0.1 A/g, (b) 0.3 A/g, and (c) 0.5 A/g

Figures 5a, b and ¢ show the constant-current charge discharge diagrams of the supercapacitors
with 6 mol/L KOH as the electrolyte at current densities of 0.1 A/g, 0.3 A/g and 0.5 A/g, respectively.
After data processing, the specific capacitances in Figures 5a, 5b and 5c are 209.79 F/g, 200.80 F/g,
and 186.03 F/g, respectively. The average specific capacitance of the pure carbon supercapacitor under
different current densities is approximately 200.62 F/g. In addition, the data and images show that the
specific capacitance decreases with the increase in current density, and the discharge voltage drop
increases with the increase in current density. The reasons for this phenomenon are as follows: with the
increase in current density, the charging and discharging time is shortened, and the electrochemical
reaction rate lags behind the electron transmission rate. Therefore, the voltage reaches the set value
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before the capacity value is reached; subsequently, the charging/discharging is stopped, and the next
cycle is started. Then, the specific capacitance decreases, and the voltage drop increases.

3.3.2 GCD test of MNO2/ACis

Figures 6a, b, c, d, e and f show the constant-current charge/discharge diagrams with 6 mol/L
KOH solution as the electrolyte and manganese dioxide contents (mass fractions) of 5%, 10%, 20%,

30%, 40% and 50%, respectively.
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Figure 6. GCD diagram of ACjs loaded with (a) 5% MnOg, (b) 10% MnO, (c) 20% MnO2, (d) 30%
MnO., (e) 40% MnOz, and (f) 50% MnO:..

The 30% and 40% MnO samples have similar AC specific capacitances, and the 10% MnO;
sample has the highest AC specific capacitance (323.66 F/g, which is 46.23% higher than that of
EDLC made from lotus stem activated carbon without MnO3), which greatly improves the capacity
performance of pure-carbon-based EDLC. However, with the increase in the load ratio, the specific
capacitance is not proportional to the load ratio.

The experimental results show that when the load ratio exceeds 40%, the specific capacitance
of EDLC obviously and rapidly decreases, and the voltage drop sharply increases. In general, the
specific capacitance first increases and subsequently decreases, which is related to the special energy
storage principle of the pseudo capacitor: when the pseudo capacitor is charged and discharged, both a
redox reaction and electric double-layer capacitance occur, which can increase the specific
capacitance. However, when the load ratio exceeds a certain range, the specific surface area decreases,
and the energy storage effect of the electric double-layer capacitor is weakened.

3.4 CLT Test

3.4.1CLT test of ACys

The specific capacitance retention rate is shown in Figure 7, the number of charge/discharge
cycles is set to 1000, the energy efficiency is maintained above 81% at 10 A/g in 6 M KOH, and the
specific capacitance retention rate is above 89%. These results indicate that the lotus stem-derived
activated carbon has good cycle stability and high reversibility in KOH electrolytes [40]. Compared
other similar biomass materials [41, 42], specific capacitances still is well retained. It indicates that
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ACjs exhibit long-term cycle stability and good electrochemical reproducibility due to the excellent
electrical conductivity.

-
N

i R
S-p g m-p-m-m_
250 EE-E-m-a-"-m-m-m-a

200 4
150

100

Specific capacitance/ (F/g)-

50 4

T u T T T T T T T
200 400 600 800 1000

o -

Cycles.

Figure 7. Frequency distribution of the specific capacitance of variable cycles

3.4.2 CLT test of MnO2/ACs

The assembled button battery was charged and discharged 1000 times with a high current on
the tester (BTS4000).
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Figure 8 shows that the 0% MnO. samples have the best stability, and the specific capacitance
retention rate reaches 95.7% after 1000 cycles at 10 A /g in 6 M KOH. The stabilities of the 5% and
10% MnO. samples are also relatively good. After 1000 charge discharge cycles, the specific
capacitance retention rate still exceeds 80%. When the load ratio is 40% or exceeds 50%, the stability
of EDLC sharply decreases.

When the load ratio is 50%, the specific capacitance of EDLC is only 64.47%. It is very
important to find the best load ratio that can improve the EDLC performance and save resources.

3.5 CV Test

In this test, 1 mol/L KOH solution was used as the electrolyte. The scanning rates were 5mV/s,
6 mV/s, 7 mV/s, 8 mV/s, 9 mV/s, and 10 mV/s, and the voltage range was -0.2 to 0.6 V.
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Figure 9. Cyclic voltammetry diagrams of the electrode materials with (a) ACisas the carbon source,
and (b) 10% MnO2/AC;s as the carbon source at different scan rates

The ability of the supercapacitor to store charge can be analysed by the cyclic voltammetry
generated in a certain scan rate range. The results indicate the CV of the lotus stem electrode has an
asymmetrical quasi-rectangular shape due to the charge resistance of the electrode in the potential
range of —0.2 V to 0.6 V. Although the CV of the lotus stem electrode is asymmetric, its shape is well
retained, which is consistent with the increase in the scan rate, and the electrode retains its
considerable capacitance even at a high scan rate of 10 mV/s. This phenomenon is attributed to the
ohmic effect resistance of electrolyte movement in porous carbon, where storage charge has been
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confirmed as double layer formation mechanism [21, 43]. More importantly, the electrode exhibits
typical capacitance characteristics with good reversibility and high stability.

In Figure 9b, the CV has a rectangular shape. With the increase in scanning rate, the shape of
the figure is basically maintained. Due to the addition of manganese dioxide, there are two types of
capacitance effects, and the symmetry of the measured figure is poor. However, the cyclic
voltammetry curve of the 10% MnO2/ACis does not show obvious oxidation and reduction peaks, and
thus, the double-layer capacitance occupies the dominant position in the total capacitance value.

3.6 EIS Test

Using the 3-electrode system and 1 mol/L KOH aqueous solution as the electrolyte, we
measured the impedance spectra and resistance of ACisand 10% MnQO2/AC;s.

Impedance spectroscopy Impedance spectroscopy
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Figure 10. Impedance diagram of the electrode material with (a) ACisand (b) 10% MnO2/ACis

From the EIS data, the specific capacitance and impedance of the electrode are determined by
the following formulas [36].

1

C=— - 5
2m-f-Z m (5)
72=7+j-Z (6)

where m is the weight of the electrode; f is the frequency; Z” is the real impedance; and Z"" is
the imaginary impedance.
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The semicircle in the curve in Figure 11a is due to the ion migration resistance in the electrode
micropores or the increase in capacitance, which may occur in the micropores. The intersection of the
extension line of the arc portion and the horizontal axis is taken as the resistance of the electrode
material. A smaller resistance corresponds to a better electrical performance of the electrode material,
Also the vertical lines close to 90° at low frequencies indicate the pure capacitance and rapid transfer
ability of electrolyte ions in the electrode material [44, 45]. The impedance of the electrode material in
Figure 10a is 2.37 ohms, which is very small compared to the amount of electrode material in the 3-
electrode system, which fully illustrates that the lotus stem is an ideal carbon source for the activated
carbon electrode material. With manganese oxide, the impedance of the electrode material in Figure
11b is 2.21 ohms, the mass transfer and diffusion resistance of the material are small, and the
conductivity is good. Therefore, the material presented herein is an ideal electrode material for EDLCs.

4. CONCLUSIONS

By comparing the constant current charge/discharge test results of the supercapacitors made
with the lotus stem, lotus leaf, lotus seedpod, lotus seed, and lotus root as the carbon sources, we found
through calculations that the supercapacitors made with lotus stem had the smallest resistance and
largest capacitance. The results of the cyclic voltammetry test, impedance test and cycle life test show
that the supercapacitors with the lotus stem as the carbon source have excellent energy density,
stability and other electrochemical performances. The BET and SEM results show that the activated
carbon made with the lotus stem source has suitable physical properties such as surface junctions for
an electrode material. In summary, among the five parts of Nelumbo nucifera (the lotus stem, lotus
leaf, lotus seedpod, lotus seed and lotus root), the lotus stem is the most suitable part as a carbon
source for the electrode material of supercapacitors.
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