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Here, we use cotton as a biomass material, MgO as a templating agent, and ZnCl 2 as an activator to
prepare a biomass-based porous carbon material. As a pore generator, MgO is incorporated into cotton
carbon by absorbing a solution of Mg(NO3)2 in cellulose fibers, subsequent drying and carbonization
processes. After removing the MgO template by acid leaching, a biomass-based porous carbon material
having a low cost and a high specific surface area is prepared. ZnCl2 has the functions of dehydroxylation
and dehydration during the activation process, so that hydrogen and oxygen in the raw material are
released in the form of water vapor to form a porous structure. Moreover, ZnCl2 is transferred to ZnO
during the activating process. The ZnO particles in the obtained material are removed by acid washing,
and then these remained voids contribute additional porosity in internal structure. The experimental
results show that the activated carbon material prepared by using MgO as the template agent ZnCl 2 as
the activator has a specific surface area of up to 1990 m2 g-1. In the three-electrode system test, the current
density is 1 A g-1 and the capacitance is 240 F g-1. When the current density is 20 A g-1, the specific
capacitance is 173 F g-1, and the capacitance retention rate is 71%. In addition, the assembled symmetric
supercapacitors were tested in 6M KOH aqueous solution and 1M Na2SO4 aqueous solution,
respectively. The energy density in the alkaline system is 5.7 Wh kg-1. The energy density in the neutral
electrolyte is 12.5 Wh kg-1 and the cycle stability is 89%.

Keywords: Biomass-based porous carbon, MgO template method, ZnCl2 activation method,
supercapacitor
1. INTRODUCTION
Nowadays, due to over-exploitation of fossil energy, energy shortage and environmental
degradation, energy storage devices are needed to reduce the consumption of natural energy [1].
Supercapacitor is a form of green high-efficiency energy storage device, which is widely used in highpower energy storage systems such as hybrid electric vehicles and load balancing equipment [2].
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Compared with other energy storage devices, it has the advantages of high power density, fast charge
and discharge speed, and high cycle stability [3]. Electrode materials are an important part of
supercapacitors, mainly including carbon materials [4], metal oxides [5], conductive polymers [6],
conductive polymers and mental oxides have been used to increase the specific capacitance via a variety
of reversible oxidation states for highly efficient redox charge transfer [7]. But the practical application
of the pseudocapacitive material is constrained by its high price, instability of circulation and low
electrical conductivity [8]. In contrast, carbon materials have the advantages of excellent electrical
properties, good cycle stability, and high specific surface area, and are therefore one of the most
commonly used electrode materials [9]. Carbon electrode materials include activated carbon [10], carbon
fiber [11], and carbon nanotubes [12]. Among them, activated carbon materials have become the main
material for the fabrication of supercapacitor storage electrodes due to their low-cost production process
[13]. Precursors for the preparation of carbon materials are quite extensive, such as coal [14], but due to
the shortage of fossil energy, a low-cost and sustainable raw material is needed as a precursor [15].
Therefore, the development of biomass as a precursor of carbon materials with structurally controllable
high-performance carbon materials has received extensive attention [16].
So far, scholars have carried on an extensive research of carbon materials in nature, a potential
electrode materials for supercapacitors. Lotus stems [17], wild rice stem [18], fungus [19], and cotonier
strobili [20] are regarded as potential precursors for the synthesis of activated carbons. It is well known
that Cotton, one of the most significant agricultural commodities, is cultivated and produced widely [21].
Cellulose is a major component of cotton. Cellulose contains a large amount of carbon and is sintered at
high temperature to carbon under nitrogen protection [22, 23]. The addition of a template agent during
the carbon burning process can make the arrangement of the pores of the carbon material more orderly,
increase the number of pores, increase the specific surface area of the carbon material, and thereby cause
accelerate the rate of movement of anions and cations from the positive to the negative electrodes in the
electrolyte [24]. Thereby improving the electrochemical performance. The addition of an activator can
increase the number of pores of the carbon material, and the increase in the number of pores can also
cause the migration of anions and cations to both electrodes more quickly, increase the charge transfer
rate, and thus have better conductivity [25, 26].
At present, Chunyu Zhu, used cotton to prepare a porous carbon material with a specific surface
area of 1260 m2 g-1 by using the MgO template method and applied it to a lithium ion battery [27]. In
this paper, cotton fiber is used as carbon source, MgO is used as template and ZnCl2 is used as activator.
Cotton-based porous activated carbon is prepared by simple chemical activation one-step method. For
comparison, the dried absorbent cotton was directly carbonized and the material immersed only in the
ZnCl2 solution and only immersed in Mg(NO3)2 was carbonized and comparatively analyzed.
2. EXPERIMENTAL
2.1 Preparation of activated carbon materials
Taking the absorbent cotton in the laboratory as raw material, weighing a certain amount of
absorbent cotton and immerse it in distilled water for a period of time, filtering it and drying it at 60°C
for 5 h. 15 mmol of Mg(NO3)2 and 4.5 g of ZnCl2 were dissolved in 10 mL of deionized water, 1.5 g of
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dried absorbent cotton was dipped into target solution. The cotton completely absorbed the solution, and
dry the sample in vacuum space for 24 h and heated it for 2h in a tube furnace of N2 at 800°C. After it
is cooled down to room temperature, grind black sample into powder and wash it with a large amount of
dilute hydrochloric acid to remove residual impurities, washed several times with deionized water, and
finally dried at 80°C for 12 h. For comparison, the dried absorbent cotton was directly carbonized or the
material immersed only in the ZnCl2 solution and only immersed in Mg(NO3)2 was carbonized and
comparatively analyzed.

2.2 Physical performance test
The degree of graphitization of the material was tested by X-ray diffraction (X'Pert Pro,
PANalytical BV) and Raman spectroscopy (Renishaw). A scanning electron microscope (S3400N-I,
Hitachi Limite) was used to characterize the microstructure of the sample. The Brunauer-Emmett-Teller
(BET) surface area (SBET) of the samples were analyzed by nitrogen adsorption in a Micromeritics ASAP
2020 nitrogen adsorption apparatus (U.S.A.).

2.3 Electrochemical performance analysis
All electrochemical performance were performed at room temperature using the CHI660E
electrochemical workstation. Electrochemical measurements were performed in a three-electrode and
two-electrode system, respectively. A mixture of the active material, carbon black and
polytetrafluoroethylene (PTFE) binder in a mass ratio of 75:15:10 was coated on foamed nickel (having
a size of about 1cm2) and dried at 100°C. The material was kept in a vacuum oven for 10 hours at 90 °C.
It was nearly 2 mg cm-2 that the loading mass of the electrode. In the syetem of three-electrode, take the
samples prepared as working electrode and platinum gauze electrode respectively. The Hg / HgO
electrode worked as counter and reference electrodes. Make a test of the cyclic voltammetry (CV),
constant current charge/discharge and electrochemical impedance spectroscopy (EIS) in a 6 M solution
of KOH. Assembling a symmetrical two-electrode supercapacitor using two electrodes of identical mass.
Electrochemical measurements were carried out in aqueous solutions of 6 M KOH and 1 M Na2SO4,
respectively, with potential windows of 0-1 V and 0-1.6 V, respectively.
A calculation of the specific capacitance of the electrode can be got through the charge/discharge
curve:
CSP=IΔt / mΔV
CSP (F g-1) is the specific capacitance of the supercapacitor mass; I (A) is a constant charge /
discharge current density; Δt (s) is the charging time; ΔV (V) is the charging voltage; m (g) is the mass
of the active material of the electrode.
The energy density (E) and power density (P) were calculated based on the following equations:
E=CV2 / 2
P=E /Δt
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C (F g-1) represents the specific capacitance of a symmetric supercapacitor. V (V) represents the
discharge voltage. Δt (s) represents the discharge time, E (Wh kg-1) represents the energy density and P
(W kg-1) represents the power density.

3. RESULTS AND DISCUSSION
3.1 X-ray diffraction and Roman spectroscopy
X-ray diffraction and Raman spectroscopy are commonly used test methods for studying the
degree of graphitization of materials Fig. 1(a) shows that the apparent diffuse diffraction peaks of all
carbon materials near the 22.5° diffraction angle are caused by the disordered microcrystalline surface
(002), indicating the presence of a large number of amorphous structures in the base carbon compound.
A weak diffraction peak near the 45° angle is caused by the (100) crystal plane, indicating the presence
of a small amount of graphitized crystal plane in the base carbon compound.

Figure 1. XRD patterns (a) and Raman spectra (b) of the synthesized samples.
Compared with other materials, the carbonized material impregnated in ZnCl2 and Mg(NO3)2 at
the (002) peak broadens and the strength weakens, indicating that the interlayer spacing becomes large
and there is chaotic carbon. The reason for this phenomenon is Mg(NO3)2 will generate MgO during
heat treatment. The generated MgO is used as a template agent as a pore generating agent. After removal
with acid, a porous structure is formed [27]. As an activator, ZnCl2 has the functions of dehydroxylation
and dehydration, so that hydrogen and oxygen in the raw material are released in the form of water vapor
in the process of high temperature to form a porous structure, thereby increasing the disorder of the
material [28]. Fig. 1(b) is a Raman spectrum and the two peaks correspond to G (1350 cm-1) and D (1586
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cm-1), respectively. The intensity ratio of D and G peaks is often used as an important indicator of the
proportion of the amorphous content. The ratio of the material ID/IG of the carbonized cotton immersed
in ZnCl2 and Mg(NO3)2 is the largest, indicating that the material has the highest amorphous content.
From the above discussion, the conclusion can be arrived that high amorphous content leads to good
conduction which was in line with the conclusion drawn from the XRD patterns.

3.2 SEM analysis
In order to see the shape of the material more clearly. Fig. 2(a) shows a carbon material prepared
by direct carbonization of absorbent cotton, having a highly twisted rod-like structure on the surface and
a slight wrinkle on the surface without significant pores. Fig. 2(b) shows the carbonization of absorbent
cotton immersed in ZnCl2, and the surface morphology of the carbon sample changes, showing a small
pore structure. Fig. 2(c) shows the pore structure caused by the accumulated wrinkles when the
Mg(NO3)2 treatment is added. Fig. 2(d) shows the carbonization of absorbent cotton impregnated in
ZnCl2 and Mg(NO3)2 solutions. The Figure shows a rich pore structure and a porous structure formed by
a large number of pleats, so that the number of pores is improved. The abundant pore structure
contributes to the accumulation of charge and the adsorption and transport of electrolyte ions [29-31],
which in turn improves the electrochemical performance of the material. These results indicate that
ZnCl2 and Mg(NO3)2 are two vital roles in the process of forming a porous structure during
carbonization.

Figure 2. (a) Scanning electron micrograph of direct carbonization of absorbent cotton; (b) Scanning
electron micrograph of carbonization of absorbent cotton immersed in ZnCl2; (c) Scanning
electron micrograph of carbonization of absorbent cotton immersed in Mg(NO3)2; (d) Scanning
electron micrograph of carbonization of absorbent cotton impregnated in ZnCl2 and Mg(NO3)2.
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3.3 Porosity analysis
To further evaluate the pore properties of in order to evaluate the pore structure of different
materials, nitrogen absorption–desorption isothermal analysis were employed. Nitrogen adsorptiondesorption isotherms of carbonized materials impregnated with ZnCl2 and Mg(NO3)2 as shown in the
black square line in Fig.3 (a), Presented as type IV. A hysteresis loop exists in the range between 0.400.99P / P0 relative pressure. This indicates that the material has a mesoporous structure [32]. Meanwhile,
at low relative pressure (P / P0 < 0.40), the adsorption isotherm is rapidly saturated, indicating that it has
a microporous structure [33]. The pore size distributions were estimated according to the density
functional theory (DFT) method.Fig.3b shows the pore size distribution curves of different materials. It
can be seen that the absorbent cotton carbonized material immersed in ZnCl2 and Mg(NO3)2 has a small
amount of micropores and a large number of mesopores. As we all know that the micropores were
beneficial the to charges accumulation while mesopores were helpful to the adsorption and transport of
electrolyte ions [34-36]. Table1 shows the pore structure parameters of different samples. Compared
with other materials, the specific surface area and total pore volume of the carbonized material of the
absorbent cotton immersed in ZnCl2 and Mg(NO3)2 were 1990 m2g-1 and 1.23 cm3 g-1, respectively. The
high specific surface area and high pore volume of the material facilitate ion transfer and charge storage
of the supercapacitor.

Figure 3. (a) Nitrogen adsorption desorption isotherms of different materials (b) The pore size
distribution of different materials
Table 1. The Pore structure parameters of the samples.
SBET[a]
S micro[a]
2 -1
(m g )
(cm3 g-1)
Cotton
127
80
Cotton+ZnCl2
663
569
Cotton+Mg(NO3)2
1288
30
Cotton+ZnCl2+Mg(NO3)2
1990
128
[a]Specific surface area from multiple BET method
[b]Total pore volume at P/P0=0.99
Samples

Pore volume[b]
(cm3 g-1)
0.1
0.34
0.98
1.23
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3.4 Electrochemical performance analysis
3.4.1 Analysis of electrochemical performance under three-electrode system
Fig.4 is tested under a three-electrode system. The electrolyte is a KOH solution. The materials
are direct carbonization of absorbent cotton, carbonization of absorbent cotton immersed in ZnCl2,
carbonization of absorbent cotton immersed in Mg(NO3)2, carbonization of absorbent cotton immersed
in ZnCl2 and Mg(NO3)2. Fig. 4(a) demonstrates the CV curves of different materials (at a scan rate of
100 mV s-1). In the comparison with other materials, the CV curve of the absorbent cotton carbonized
material immersed in ZnCl2 and Mg(NO3)2 is more rectangular and the enclosed area is larger, resulting
in a larger specific capacitance. Therefore, the material has a faster charge transfer rate and better
electrochemical performance. Fig. 4(b) shows the charge-discharge curves of different electrode
materials at a current density of 1 A g-1. It can be seen from the Figure that the charge-discharge curve
maintains basic symmetry. Compared with other materials, the electrode material immersed in absorbent
cotton in ZnCl2 and Mg(NO3)2 has a longer discharge time. As a supercapacitor electrode material, the
performance is better than other materials. In addition to the fast charge transfer rate of the material, the
rate of electromigration, diffusion, and mass transfer of the particles in the electrolyte also increases,
demonstrating the reason for this phenomenon due to the porous structure of the material and the high
specific surface area. Fig. 4(c) shows CV curves of the electrode material of carbonized absorbent cotton
immersed in ZnCl2 and Mg(NO3)2 at scan rates of 10 mV s-1, 20 mV s-1, 50 mV s-1, 100 mV s-1, 200 mV
s-1, and 500 mV s-1. This material exhibits the highest specific capacitance. The phenomenon that the
rectangular shape still remained even at the scan rate of 500 mV s-1 gives an evidence to the conclusion
that the transport and diffusion of charge and electrolyte ion are quick among the samples of electrode.
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Figure 4. (a) Cycle voltammetry (CV) curves of different materials at a scan rate of 100 mV s -1. (b)
Charge and discharge curves of different electrode materials at a current density of 1 A g-1. (c) is
an electrode material for carbonization of absorbent cotton immersed in ZnCl2 and Mg(NO3)2 at
scan rates of 10 mV s-1, 20 mV s-1, 50 mV s-1, 100 mV s-1, 200 mV s-1, 500 mV s-1 Cyclic
voltammetry curve.(d) Electrode materials immersed in absorbent cotton in ZnCl2 and Mg(NO3)2
at current densities of 1 A g-1, 2 A g-1, 3 A g-1, 5 A g-1, 10 A g-1,20 A g-1 Charge and discharge
curve. (e) The value of the specific capacitance of the electrode material immersed in absorbent
cotton in ZnCl2 and Mg(NO3)2 at different current densities. (f) Electrochemical impedance
spectroscopy (EIS) of different electrode materials.

The reason for this phenomenon may be caused by the synergistic effect of the porosity and
electrode/electrolyte wettability due to the atoms attached to the surface of porous carbon [37-39]. Fig.
4(d) charge-discharge curves of the electrode material of the carbonized absorbent cotton immersed in
ZnCl2 and Mg(NO3)2 at current densities of 1 A g-1, 2 A g-1, 3 A g-1, 5 A g-1, 10 A g-1, 20 A g-1. The
shape of the charge and discharge curve is triangular at different current densities and all curves have
good symmetry at different current densities. This means that the material has good capacitance and
electrochemical reversibility. Fig. 4(e) is the specific capacitance of the electrode material of carbonized
in ZnCl2 and Mg(NO3)2 at different current densities, it can be seen that the specific capacitance at a
current density of 1 A g-1 is 240 F g-1, the specific capacitance at a current density of 20 A g-1 is 173 F
g-1, and the capacitance retention rate is 71%, indicating that the material has good capacitance retention.
Fig. 4(f) is an EIS curve for different electrode materials. The kinetic behavior of ion and electron
transport was investigated by EIS measurements. The kinetic behavior of ion and electron transport was
investigated by EIS measurements [40]. The Nyquist diagram is divided into three areas, including high
frequency, intermediate frequency and low frequency curve segments. A semicircle with a smaller
diameter means a lower charge transfer resistance [41]. In addition, The intersection of the semicircle
and the abscissa reflects the equivalent series internal resistance. [28]. As shown in Fig. 4(f) the electrode
material carbonized by defatted cotton in ZnCl2 and Mg(NO3)2 has the smallest semicircular diameter
due to low charge transmission resistance and has the maximum inclination at low frequencies. These
values indicate that the material has lower ion mobility and ideal capacitor behavior than other electrode
materials. The results may be due to the high specific surface area of the material and a certain degree
of graphitization and increased material disorder.
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3.4.2 Supercapacitor assembly and performance testing
Figure 5 is an electrochemical test of an assembled symmetric supercapacitor in a KOH
electrolyte solution with a potential window of 0-1V. However, in order to expand the potential window
and allow the material to have better electrochemical performance in the assembled supercapacitor, a
symmetric supercapacitor was tested under a neutral electrolyte. Figure 6 shows the electrochemical test
of an assembled symmetric supercapacitor in a Na2SO4 electrolyte solution with a potential window of
0-1.6V. The reason why the neutral electrolyte can enlarge the potential window is that the alkali metal
sulfate aqueous solution has a balanced hydrogen ion, a strong solvent ratio of the hydroxide ion and the
alkali metal cation to the sulfate anion, and the decomposition voltage is higher than the water pressure
[28, 42].

Figure 5. (a) CV curves of different scanning rates with a potential window of 1 V; (b) The current
density is a charge-discharge curve of 1 A g-1, 2 A g-1, 3 A g-1, 5 A g-1 , 10 A g-1 ,and 20 A g-1;
(c) EIS curve; (d) The energy density and power density curves of current densities of 1 A g-1, 2
A g-1 , 3 A g-1 , 5 A g-1 , 10 A g-1 , and 20 A g-1
In order to evaluate the practical application of electrode materials immersed in absorbent cotton
in ZnCl2 and Mg(NO3)2, we assembled and studied symmetric supercapacitors in 6 M KOH aqueous
solution. Fig. 5(a) shows the CV curve at different scan rates for the potential window at 0-1V. All CV
curves exhibit an approximately rectangular shape at different scan rates, which means good rate
performance and double layer capacitance effects. The reason for this phenomenon is due to the high
specific surface area of the material, which facilitates the rapid diffusion and conversion of electrolyte
ions. Fig. 5 (b) shows the charge and discharge curves for different current densities. The shape of the
charge and discharge curve is triangular at different current densities and all curves have good symmetry
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at different current densities, which means that the material has good capacitance and electrochemical
reversibility. Fig. 5(c) shows the impedance curve, which is said to show a relatively low equivalent
series resistance (ESR) and a shorter Warburg region. Fig. 5(d) is a graph of energy density and power
density. At a power density of 499.9 W kg-1, the energy density is 5.7 Wh kg-1, while the energy density
drops to 3.6 Wh kg-1 and the power density is 10000 W kg-1.
To further evaluate the practical application of electrode materials immersed in absorbent cotton
in ZnCl2 and Mg(NO3)2, we assembled a symmetrical supercapacitor and tested it in a 1 M Na2SO4
aqueous solution. Fig. 6(a) is a cyclic voltammetry curve of an electrode material immersed in absorbent
cotton in ZnCl2 and Mg(NO3)2 at different potential windows at a scanning rate of 50 mV s-1. When the
potential window is low, the shape of the CV curve is close to a rectangle. When the voltage window is
large, the capacitor current increases sharply and the CV curve is distorted. It is benefited from the
decomposition of the electrolyte that the electrode material at high potential polarized [28, 42]. Fig. 6(b)
shows the CV curves for the potential window at different scan rates at 0-1.6V. All CV curves exhibit
an approximately rectangular shape at different scan rates. This means good rate performance and double
layer capacitance. This result is caused by high specific surface area of the material, which facilitates the
rapid diffusion and conversion of electrolyte ions. Fig. 6(c) is a charge and discharge curve of different
current densities. The current charge and discharge curve shows a slightly deformed triangular shape at
a low current density, and the current charge and discharge curve shows a slightly deformed triangular
shape at a low current density, revealing EDLC and the coexistence of pseudocapacitive.
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Figure 6. (a) Cyclic voltammetry curves for different potential windows for electrode materials
impregnated in ZnCl2 and Mg(NO3)2 at a scan rate of 50 mV s-1; (b) CV curves of different
scanning rates with a potential window of 1.6 V; (c)The charge and discharge curves at different
current densities; (d) Curves of Energy density and Power density at current density of 1A g-1, 2
A g-1, 3A g-1, 5A g-1, 10A g-1, 20A g-1, respectively; (e) EIS curve; (f) Cyclic stability curve (scan
rate is 200mV s-1 for 2500 cycles);

Fig. 6(d) is a plot of energy density versus power density with an energy density of 12.5 Wh kg1
at a power density of 799.9 W kg-1 and an energy density of 8 Wh kg-1 with a power density of 14400
W kg-1. Fig. 6(e) shows the Nyquist plot of the symmetric cell. The inset is the well-fitted equivalent
circuit, which comprises the following several parts: Rs (the solution resistance), Rct (the charge-transfer
resistance), W (the Warburg impedance), Cdl (the double-layer capacitance) and CPE (the constant phase
element) [43]. It can be shown that the internal resistance is low due to the small diameter of the
semicircle in high frequency region, which can meet the demands of industrial application [44]. Fig. 6(f)
shows a symmetrical supercapacitor exhibiting an initial capacitance retention of 89% in a cycle of 2500
cycles and a scan rate of 200 mV s-1.
Table 2. Comparison of activating agent, specific surface area and specific capacitance of different
materials
Carbon source
Absorbent cotton
cotton stalk
cotton fibers
cotton stalk
Cow dung
Peanut shell
Rice husk
Yogurt
Willow leaves
Firewood

Activating
SBET
agent
(m2 g-1)
ZnCl2
1900
KOH
1877
NaOH
584
H3PO4
1481
KOH
1984
ZnCl2
1552
H3PO4
1490
KOH
1300
ZnCl2
1031
Na2CO3 K2CO3 818

Specific capacitance Electrolyte
(F g-1)
240
6 M KOH
180
1 M Et4NBF4/AN
198
6 M KOH
114
1 M Et4NBF4
117
1 M Et4NBF4
184
6 M KOH
112
1 M Na2SO4
225
1 M H2SO4
216
6 M KOH
189
1 M H2SO4

Ref
This work
45
46
47
48
49
50
51
52
53
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Table 2 uses biomass as a raw material to prepare a biomass-based porous carbon material,
wherein the experiment and 45, 46, and 47 carbon materials prepared by using cotton as a raw material
under different activator conditions. Compared with other materials, it can be seen that the specific
surface area and specific capacitance of the carbon material prepared by using ZnCl2 as an activator are
larger. In addition, this work and 49, 52 biomass-based porous carbon materials prepared by using ZnCl2
as an activator for different biomass materials, carbon materials prepared from absorbent cotton as
compared to other materials have a larger specific surface area and specific capacitance.

4. CONCLUSION
A porous carbon material was prepared using cotton as a raw material ZnCl2 as an activator and
MgO as a template. The material as an electrode material has a specific capacitance of 240 F g-1 at a
current density of 1 A g-1 in a three-electrode system, and a capacitance retention of 71%. In addition, a
symmetric electrode supercapacitor is assembled from the material. The maximum energy density of the
current density of 1 A g-1 under alkaline electrolyte is 5.7 Wh kg-1. The maximum energy density at a
current density of 1 A g-1 under a neutral electrolyte was 12.5 Wh kg-1, and the cycle stability was 89%.
The reason is mainly due to the interconnected porous structure, high surface area (1990 m 2 g-1), which
will promote rapid charge transfer, rapid charge and discharge. Therefore, this material is promising for
the synthesis of low cost and sustainable supercapacitor electrode materials.
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