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Abstract:

Biomass straws are often regarding as agricultural waste, usually burned off in rural areas, which results in severe resource waste and
air pollution. In this work, biomass-based porous carbon material with a lamellar microstructure is obtained via simple hydrothermal
and subsequent KOH activation, the optimum activate process is determined by the proportion of activator. Scanning electron
microscopy (SEM) and nitrogen adsorption techniques are conducted to investigate the physical properties of the materials. Cyclic
voltammetry and constant current discharge/charge in the three-electrode system and symmetrical double-layer capacitors results
indicate the best electrochemical performance of SCA-1.5 electrode material, with a capacity of 250.0 F g at 1.0 A g"'. And notably,

high recycling stability at a high cycling rate of 1.0 A g after 18,000 cycles.
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1. Introduction

The continuous consumption of fossil fuels has caused severe
globally environmental pollution and resource depletion.
Thus, research and development of renewable energy has
attracted world-wide attention . Many clean energy
resources such as solar energy, tidal energy, wind energy
are readily available and inexhaustible. Still, they possess
low conversion efficiency, unbalanced power output, and
hard to move and storage, which limited their applications
in vehicles, portable devices, and other areas dramatically.
Therefore, developing clean energy storage devices is of
vital importance to potentially solve the problems. Feature
of high energy density and fast discharge/charge rate,
supercapacitors, has attracted worldwide attention 714,
The carbon-based supercapacitors also can be called the
double electric layer capacitor. Such a device is potentially
applied in energy storage devices because the capacity is
significantly higher than traditional capacitors, and the
output voltage is more stable than pseudocapacitors > ¢,
The mechanism of electric double-layer capacitors is mostly
based on the Herm Holtz principle!'”"\. An ideal capacitor
material often needs a specific surface area as large as
possible to serve a high capacity and conductivity, such as
carbon nanotubes, graphene, carbon-based aerogels, etc.

In the industrial producing process, the cost of raw
materials is an essential point for practical application. The
raw materials from carbon nanotubes, graphene, carbon-
based aerogels are not economically friendly, which limited
the mass production of the related products 22!, This
project selected agricultural wastes (biomass straw) as raw
materials, produced high capacity and stability carbon-
based electrode materials via simple hydrothermal and
subsequent KOH activation method. Such a template-free
and the surfactant-free process are potentially applicable
for industrial constructing.

2. Experimental Section

2.1. Materials synthesis

Selected the air-dried bio-straw, separated the skin and
transferred the core into a 100 mL Teflon-lined stainless
steel autoclave, raised the temperature to 200°C and kept
for 2 h. After cooled down to room temperature, the
pre-carbonized materials were divided into five parts (2
g per part, approximately), added into solid KOH with
the proportion by mass in 1:0.0, 1:0.5, 1:1.0, 1:1.5, 1:2.0,
respectively. Then mixed in agate mortars thoroughly,
transfer the mixture into the tubular furnace at a heating
rate of 5 'C min™ to 900 C in nitrogen atmosphere and
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kept 2 h for activation. Cleaned the activated materials to
neutral with deionized water and dried with air-dried oven
to obtain the bio-straw-based carbon material. According
to the proportion of activator, the five parts of materials are
denoted as SCA-0, SCA-0.5, SCA-1.0, SCA-1.5, SCA-2.0,
respectively.

2.2. Physical characterization

The micromorphology of the material was characterized by
SEM (JSM-7500f), and the specific surface area and pore
diameter of the materials were detected by the surface area
analyzer (NOVA 2200e).

2.3. Electrochemical Measurements

The capacitors were assembled by using active materials,
carbonblackand PVDFataproportion of 8:1:1 (respectively,
by mass), respectively. Mixed and separated those materials
in agate mortars, then applied in nickel foams and dried
the nickel foam in a bake oven at 80°C for 2h. Cyclic
voltammogram (CV) and discharge/charge measurements
via a three-electrode system by electrochemical workstation
were conducted to investigate the electrode activity. In the
three-electrode system, saturated calomel electrode (SCE),
carbon rod electrode, and 3 M KOH solution were served
as reference electrode, counter electrode, and electrolyte,
respectively.

3. Results and discussion

3.1. Structure and morphology analysis

Figure 1 presents the SEM image of SCA-0 and SCA-1.5.
Without KOH activation, the smooth lamellar structure
of SCA-0 (Figure la-b) can provide a large specific surface
area. After KOH activated, the smooth surface turns rough,
which indicates the active region was enlarged, the porous
microstructure (Figure 1c-d) makes the electrolyte access
into the pores easier. According to the discussion above, the
KOH activator does not change the micromorphology of
the materials significantly; thus, the activation process will
not cast down the electrochemical stability as well.

Figure 2 exhibits the nitrogen adsorption-desorption
curves (BET) of materials with different activator
proportions. All four materials have hysteresis rings in the
range of P/P =0.5~0.8. Among them, SCA-1.5 is the most
obvious, indicates the material has an excellent mesoporous
structure. Table 1 shows the specific surface area and pore
size distribution of the four materials from the BET test, in
which SCA-1.5 has the highest specific surface area (177.0
m? g'), much higher than the other three materials. The
relative lower specific surface area of SCA-0.5 and SCA-
1.0 may be attributed to insufficient KOH activator. SCA-
2.0 loses the original structure, perhaps attributed to the
excessive KOH activator caused over-activation. From the
pore size distribution, the average pore size of SCA-1.5 is
3.1 nm, which is smaller than the other three materials.
It indicates that the KOH activator constructed micro-
holes successfully in the lamellar carbon materials, which
is consistent with the conclusion of SEM analysis. The
detailed KOH activation mechanism is as follows?®*#!;

6KOH +2C > 2K + 3H, + 2K CO, 1)
K,CO, > KO +CO, )
CO, +C»2CO (3)
K,CO, +2C > 2K + 3CO (4)
K,0 +C 2K + CO (5)

Figure 1 (a-b) SEM images of SCA-0 with step-by-step
magnify; (c¢) SEM image of SCA-1.5 and the magnification
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Figure 2 The N, desorption curves of the four activat-
ed materials.

Tablel Surface area and pore size distribution of the
four different active materials.

Samples ZS q .Pore
(m°g") Size (nm)
SCA-0.5 33.7 35
SCA-1.0 44.0 3.5
SCA-1.5 177.0 3.1
SCA-2.0 73.3 3.5




3.2. Electrochemical Performance

Figure 3a exhibits the CV curves of each activated electrode
material in a 3 M KOH solution with a scanning rate at 50
mV s'. The electrode of SCA-1.5 material has the largest
double electric layer capacity, and the CV curves exhibit
a rectangular shape in the voltage of -1.0-0.2 V, which is
close to the shape of ideal double electric layer capacitors.
In comparison, the electrode of SCA-0 material has a lower
double layer capacity in the potential range of -0.4-0.2 V,
indicating that the activation process significantly enlarged
the materials’ surface area. The electrode of SCA-0, SCA-
0.5, SCA-1.0, SCA-1.5 and SCA-2.0 materials contains
36.0, 100.2, 128.4, 141.0 and 83.8 F g, respectively (Figure
3b). Therefore, the electrode of SCA-1.5 material has the
optimal activator proportion for the biomass carbon-based
materials. The CV curves with different scanning rates were
exhibited in Figure 3c. When the scanning rate above 200
mV s, the material almost remains a regular rectangular
shape, whichindicates the material hasa good rate capability.
The capacitance line chart (Figure 3d) processed from the
CV curve showed that with the scanning rate increases, the
capacitance of SCA-1.5 material decreased significantly but
remains 120.0 F g at a scan rate of 200 mV s, primarily
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Figure 3 (a) CV curves of different activated materials,
scan rate at 50 mV s” and the corresponding line chart of
capacity (b); (c) CV curves of SAC-1.5 material at different
scan rates and the corresponding line chart of capacity (d)

4. Conclusions

This project adopted the hydrothermal method-KOH
activation process, for a biomass-based carbon material
with a lamellar porous microstructure. The optimized
activation process was conducted by adjusts the activator
proportion. SCA-1.5 has the best electrochemical
performance, the specific capacitance at 250.0 F g, with

indicates the excellent capacitance performance.

Figure 4a exhibits the discharge/charge performance
of four electrode materials with different activator
proportions. SAC-1.5 has the best discharge duration with
a 1.2 V potential window. The corresponding line chart of
capacity (Figure 4b) demonstrates that SAC-1.5 material
possesses a capacity of 311 F g, which is much higher than
SAC-0.5(212fg"), SAC-1.0 (247 Fg') and SAC-2.0 (183 F
g') and consistent with the CV curve analysis.

Considering the electrochemical behavior is often
different from the ideal conditions, we assembled a
symmetrical double-layer capacitor based on SAC-1.5
material and tested the electrochemical performance.
Figure 4c exhibits the initial capacitance of the capacitor
is 65 F g' at the discharge/charge rate of 1 A g'. After
2000 cycles activation, the capacity increased to 77 F g
After 18000 cycles, the capacity remains stable, indicates
that the SCA-1.5 based double-layer capacitor possesses
excellent discharge/charge stability. Besides, this biomass-
based supercapacitor lighted up a 2.2 V LED series, which
combined with 28 bulbs successfully, proves the bio-straw
based carbon materials are potentially applicable in the
energy storage devices.
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Figure 4 (a) Discharge/charge curves of different ac-
tivated materials at current density of 1 A g and the cor-
responding line chart of capacity (b); (c) Discharge/charge
curves of SAC-1.5 based supercapacitor device at 1 A g
(d) Lighting LED series powered by SAC-1.5 based super-
capacitor device.

the current density at 1.0 A g'. Besides, such electrode
remained stable even after 18000 cycles at a high cycling
rate of 1.0 A g'e. The raw material of this project is cheap
and easy to access, which potentially applied in the energy
storage devices and for mass production. With an excellent
electrochemical activity and stability, proves that the bio-
straw based supercapacitors have a promising prospective
application.
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