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1. Introduction

An ultrasonic-assisted synthesis of rice-straw-
based porous carbon with high performance
symmetric supercapacitorst

*ab Zechun Sun,? Xiaoliang Gao,? Fengxia Zhu
*bc

Guolang Zhou,? Jingzhou Yin
Pusu Zhao,? Rongging Li* and Jiaying Xu

Biomass porous carbon materials are ideal supercapacitor electrode materials due to their low price, rich
source of raw materials and environmental friendliness. In this study, an ultrasonic-assisted method was
applied to synthesize the rice-straw-based porous carbon (UPC). The obtained UPC exhibited a two-
dimensional structure and high specific surface area. In addition, the electrochemical test results showed
that the UPC with a 1 hour ultrasonic treatment and lower activation temperature of 600 °C (UPC-600)
demonstrated optimal performance: high specific capacitances of 420 F gt at 1.0 Ag~tand 314 F gt at
a high current of 10 A g~ Significantly, the symmetric supercapacitors showed a high energy density of
11.1 W h kg™ and power density of 500 W kg™. After 10 000 cycles, 99.8% of the specific capacitance
was retained at 20 A g 1. These results indicate that UPC-600 is a promising candidate for
supercapacitor electrode materials.

pore size can greatly affect the performance of biomass-

With the increase in the consumption of fossil fuels and envi-
ronmental pollution, renewable and clean energy sources have
attracted great attention."™ However, since renewable and clean
energy sources (for example, solar and wind energy) depend
heavily on weather, the development of safe, cheap and efficient
energy storage and conversion devices is urgently needed. In
recent years, supercapacitors have attracted extensive attention
owing to their environmental friendliness, long service life,
high power density and short charging time.>® Supercapacitors
can be classified as electrochemical double layer capacitors and
pseudocapacitors.” Many electrode materials of pseudocapaci-
tors have been synthesized, such as metal oxides,'>"" hydrox-
ides," and conductive polymers.*

Carbon materials with large specific surface areas, good
conductivity and high stability are considered the best electrode
materials in electrochemical double layer capacitors."*>*
Among them, biomass-activated carbon has been widely
studied due to its wide source of raw materials, sustainability
and environmental friendliness.”>>* The specific surface and
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activated carbon. At present, the main preparation methods of
biomass-activated carbon include direct heating carbonization,
hydrothermal carbonization and carbonization-activation.>**’
The biomass-activated carbon prepared by direct thermal
carbonization or hydrothermal carbonization has small specific
surface area, small pore diameter and low capacitance, which
are not suitable for the preparation of high-performance elec-
trode materials for double-layer supercapacitors. However, the
carbonization activation method of pre-carbonization and
subsequent activation by adding an activator can effectively
solve the problems.”® In order to obtain high performance
activated carbon, the activation process usually requires an
ultra-high temperature, which consumes a lot of energy. It is
important to study how to reduce the activation temperature
and enhance the performance. Rice straw comes from the stalk
of ripened rice crops. In rural areas, a large amount of accu-
mulated straw occupies cultivated land, which will pollute the
environment if burned.* Thus, the secondary utilization of rice
straw is very important for agriculture and environment.****
Rice straw has a large amount of lignin, crude fiber and inor-
ganic salt, which can produce a large number of pores in the
process of thermal carbonization and chemical activation. In
addition, the low price provides a rich source of raw materials
for high-performance activated carbon.

Ultrasound is a type of sound wave with a frequency higher
than 20 000 Hz. When the ultrasound propagates in the reac-
tion system, many ultrasonic effects including the acoustic
cavitation effect, heating and chemical effects, and mechanical
effects can affect the reaction process. Ultrasonic treatment can

This journal is © The Royal Society of Chemistry 2020
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enhance the solid-liquid heterogeneous reaction rate by mixing
the reactants uniformly and accelerating the spread of reactants
and products.*** Compared with relevant published literature,
there are few available reports on the use of the ultrasonic-
assisted method for the synthesis of biochar. The activation
temperature is usually above 700 °C.* It is necessary to employ
a new process to lower the activation temperature for saving
energy.

In this study, an ultrasonic-assisted method was used to
convert cheap rice straw into high-performing activated carbon
at a lower activation temperature. The obtained UPC exhibited
ultra-stability for symmetric supercapacitors, with 99.8%
retention of its specific capacitance after 10 000 cycles of
charging and discharging at 20 A g~ .

2. Experimental section
2.1 Materials

Rice straw was collected from a farmland in Huai'an, Jiangsu
Province, China. Phosphoric acid (30%) and sodium hydroxide
were purchased from Aladdin Chemical Reagent Co., Ltd and
used without further purification.

2.2 Synthesis

Pre-carbonation: the rice straw was first washed, dried, crushed,
screened through a mesh of size 80, and then heated under
a nitrogen atmosphere at a heating rate of 10 °C min " at 500 °C
for 2 h. After naturally cooling to room temperature, the pre-
carbonized product (labeled as PSC) was obtained.

Alkali activation: first, 0.2 g of PSC and 0.4 g of NaOH were
mixed in 100 mL of deionized water under ultrasound treat-
ment (40 W) for different periods of time. The resulting samples
were then dried at 100 °C for 6 h. The dried samples were
calcined under nitrogen atmosphere for 2 h at a heating rate of
10 °C min~". The final products were washed using diluted
phosphoric acid to neutral and dried at 100 °C for 6 h. The
samples with different calcination temperatures of 500 °C,
600 °C and 700 °C were labeled as UPC-500, UPC-600 and UPC-
700, respectively.

2.3 Characterization

The crystalline phase of the UPC samples were characterized via
X-ray diffraction (XRD, X'Pert3 Powder). The sample
morphology was studied using a scanning electron microscope
(SEM, FEI Quanta 450). Nitrogen adsorption and desorption
isotherms were tested on a Micrometrics ASAP 2020 Plus
analyzer with the specific surface area and pore size distribution
determined via the Brunauer-Emmett-Teller (BET) method and
Barrett-Joyner-Halenda (BJH) model (desorption branch of the
isotherms), respectively. Raman spectra were recorded on
a Raman microscope (Thermo Fisher Scientific, DXR). X-ray
photoelectron spectroscopy (XPS) was performed on a Multi-
lab 2000 XPS system. Micromeritic ASAP 2420 was used to
obtain the nitrogen adsorption-desorption isotherms.

This journal is © The Royal Society of Chemistry 2020
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2.4 Electrochemical measurements

The electrode was prepared by the following procedure: the as-
prepared UPC samples, acetylene black and polytetrafluoro-
ethylene were blended in an agate mortar in a mass ratio of
8:1:1,and then a few drops of ethanol were added and ground
to form a paste. The paste was uniformly coated on a 10 mm x
10 mm nickel foam sheet. After vacuum drying at 70 °C, the
electrode was kept at 10 MPa pressure for 3 min, and then
pressed into a thin slice electrode. The UPC electrode was used
as the working electrode, a Pt electrode as the counter electrode
and a saturated calomel electrode as the reference electrode.
The electrochemical performance was tested on a CHI660E
electrochemical station using a three-electrode system with an
electrolyte of 6 M KOH. For the three-electrode system, the
specific capacitance was calculated using the following
formula:*®

Celectrode = IAtImAYV [1)

where I, m, AV, At and Cejectrode represent the discharge current,
mass of UPC, potential window, discharge time, and the single
electrode specific capacitance, respectively. The frequency
range of the electrochemical impedance spectroscopy (EIS) was
from 0.01 to 100 kHz.

A two-electrode test method was used for the symmetrical
supercapacitor assembled in a CR2032 stainless coin-type cell.
Cyclic voltammetry (CV) curves and galvanostatic charge/
discharge (GCD) data were obtained under the voltage window
of 0-1.0 V in 6 M KOH at different current densities. For a two-
electrode system, the specific capacitance was calculated using

eqn (2):
Caevice = 4IAtIMAV (2)

where I is the discharge current, At is the discharge time, m (g)
is the total mass of the two electroactive materials and AV is the
discharge voltage change after the IR drop.

The energy density and power density were calculated
through the following equations:*~*°

E=0.5x% (0.25 X CeviceA V))/3.6 (3)

P = 3600E/A¢ (4)

3. Results and discussion
3.1 Material characterization

The SEM images of the UPC samples are shown in Fig. 1. The
samples prepared at different temperatures all contained sheet-
like structures with rough surfaces and macropores. The surface
roughness of the porous carbon increased with the increase in
temperature. The XRD patterns of the three UPC samples
prepared at different activation temperatures are shown in
Fig. 2a. All XRD patterns of the three samples showed no sharp
peaks, indicating the weak crystallization of the three samples.
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Weak peaks at 23° and 42° correspond to the (002) and (100)
planes of graphitic carbon, respectively.*® The obvious intensity
in the low angle area indicates the presence of a large number of
micropores.**

Raman spectra of the obtained materials are displayed in
Fig. 2b. The two prominent peaks at about 1340 cm " (D band,
disordered carbon) and 1590 cm™ ' (G band, graphitic carbon)
indicate the disordered and graphitic structure of the carbon
materials, respectively. The Ip/I; values (the intensity ratio of D
band and G band) were different with different activation
temperatures, and the Ip/Ig value of UPC-600 (1.11) was the
highest (the I,/I; values of UPC-500 and UPC-700 were 1.09 and
1.044, respectively), indicating that the sample UPC-600 has
more disordered defect structures.*>**

The specific surface and pore diameter distribution of UPC
are analyzed by N, adsorption and desorption isotherms (Fig. 3a
and b). As can be seen from Fig. 3a, the adsorption-desorption
isotherm of UPC-700 increased sharply when the relative pres-
sure (P/P,) was less than 0.2, while the adsorption-desorption
isotherms of UPC-600 and UPC-500 gradually became stable. A
significant desorption hysteresis loop occurred between 0.5 and
0.7 relative pressure (P/P,). According to IUPAC classification,
these curves belong to the type IV isotherm, indicating that the
active carbon mainly contained micropores and mesopores,**
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which were conducive to improving the performance of the
supercapacitors.”® As can be seen from Table S1,f the BET
specific surface area of the sample increased with the increase
in the activation temperature. Although the specific surface area
of the sample UPC-700 was larger than those of UPC-500 and
UPC-600, the average pore diameter (2.19 nm) of UPC-600 was
higher than those of UPC-500 and UPC-700. The average pore
size of UPC-600 was 2.19 nm, which contained micropores and
mesopores. Both micropores and mesopores are important for
electrode applications because they have different roles with
respect to fast charge transfer and the double layer formation of
electrolyte ions in the networks of electrode pores.*® The
diameter of 2.19 nm was a suitable pore diameter for electrolyte
ions to enter the electrode material. Simultaneously, the
microporous area also reached the maximum value at 600 °C.
One possible reason is that the micropores can be destroyed
easily at higher temperatures, and not yet fully formed at lower
temperatures. The large micropore area increases the active
sites, which is beneficial for improving the performance of the
supercapacitor.

XPS is an important means to study the element composition
on the material surface. As displayed in Fig. 4a, the three UPC
products all showed strong C 1s and weak O 1s signals. The XPS
results show that the sample was mainly carbon with a small

Fig. 1

3248 | RSC Adv, 2020, 10, 3246-3255

SEM images of the obtained products (a, b) UPC-500, (c, d) UPC-600, and (e, f) UPC-700.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XRD patterns and (b) Raman spectra of UPC-500, UPC-600 and UPC-700.

amount of oxygen. In addition to a large amount of C and O, the
UPC samples also contained a small amount of Si, N and S. The
contents of C, O, Si, N and S elements in the UPC samples are
shown in Table S2.1 After heat treatment, strong alkali activa-
tion at high temperatures and acid washing, most of the silica
and other impurities in the samples were almost removed or
converted to carbon. The contents of C and O were both close to
98% (atomic%) in the UPC-600 sample. In order to study the
state of the carbon element in the materials, the C 1s region was
fitted (Fig. 4b), and the results showed that there were three
binding modes of carbon atoms, namely, C-C (284.7 eV), C-N
(285.36 eV) and C-O (286.5 eV), in which C-C and C-O were the
main existing forms. In order to further study the functional
groups of oxygen, the fitting of the O 1s region (Fig. 4c) showed
that oxygen mainly existed in three forms, C-O (532.2 eV), C=0
(533.2 eV) and COOH (534.3 eV). The existence of these oxygen-
bearing structures can enhance the surface wettability of the
activated carbon and increase the contact between the electro-
lyte and electrode materials. Simultaneously, these oxygen-
containing functional groups will also have a redox reaction
in the charging and discharging process, further enhancing the
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capacitance performance.*®*® Fig. 4d shows the Si 2p peak at
104 eV, corresponding to the Si-O bond.*

3.2 The process of the ultrasonic treatment

The scheme of the ultrasonic treatment mechanism in the
formation of the porous carbon is shown in Scheme 1. Under
ultrasound irradiation, the dissolved NaOH can easily diffuse
into the micropores or the deeper of the pre-carbonized rice
straw. As the temperature increases, NaOH would react with
carbon more efficiently to create mesopores or micropores, and
finally form porous carbon with a high surface area. The
controlled experiments were done to investigate the effects of
ultrasonic treatment on the performance of the UPC samples at
600 °C. Fig. 5 shows the specific capacitance of UPC-600 with
different sonication times at various currents. The electro-
chemical test results show that the sample under the ultrasonic
treatment for 1 h exhibits the optimal performance. The result
shows that the ultrasonic treatment is an effective way to
improve the electrochemical performance of the UPC samples.
The longer or shorter time is adverse to improving the electro-
chemical performance. One possible reason is that extra NaOH
diffused into the interior of the pre-carbonized particles, and

o) 4.0

% 3,51([) —a+— UPC-700
£ 304 ~—e— UPC-600
£ 25l —=—UPC-500
=

S 201

>

o 1.54

S

£ 1.04

A 054

20 0.04

T .0.5 +——r——p——r—p—r————
> 0 3 6 9 12 15
-

Pore size/nm

(a) Pore-size distributions and (b) N, adsorption—desorption isotherms of UPC-500, UPC-600 and UPC-700.
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Scheme 1 Schematic illustrating the mechanism of the formation of
porous carbon via ultrasonic-assisted method.

that the formed pores were destroyed by the extra NaOH from
etching at high temperatures.*

3.3 Electrochemical properties (three electrode system)

The performance of the UPC products obtained at different
temperatures for the supercapacitor electrode was studied by
CV, GCD (—1.0 to 0 V) and EIS. Fig. 6a shows the CV curves of
the three UPC products at a scan rate of 100 mV s~ . The area
enclosed by the CV curves can reflect the size of the specific
capacitance. The area of the UPC-600 CV curves is significantly
larger than that of the UPC-500 and UPC-700 samples, indi-
cating the highest specific capacitance of the UPC-600 sample.
This result can be further confirmed by the GCD results at
1.0 A g~ ' (Fig. 6b). According to eqn (1), the specific capaci-
tances of the UPC-500, UPC-600 and UPC-700 samples were 311,

3250 | RSC Adv, 2020, 10, 3246-3255
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Fig. 5 The specific capacitance of the UPC samples under different
ultrasonic treatment time periods with current densities ranging from 1
to 20 AgL.

420 and 370 F g~ " at 1.0 A g™, respectively. UPC-600 exhibited
the longest discharge time and the highest specific capacitance.
The GCD curves of the UPC-600 sample under different current
densities are shown in Fig. 6¢c. The specific capacitances of the
UPC-600 electrode were 420, 375, 344, 322, 314, 306, 299, 297
and 293 F g~ ! at current densities of 1, 2, 4, 8, 10, 12, 15, 18 and
20 A g, respectively. Cejectroqe Maintained 70% of the capaci-
tance at 1 A g~ ' after a 20-fold increase in the current density,
demonstrating a good rate capability of the UPC electrode. The

This journal is © The Royal Society of Chemistry 2020
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Fig.6 (a) The CV curves of the three UPC samples at a scan rate of 100 mV s~1. (b) The charge and discharge curves of the three UPC samples at

1A gt (c) The charge and discharge curves of UPC-600 at different current densities. (d) The specific capacitances of the three UPC samples at
different current densities. (e) The Nyquist plot of impedance from 0.01 Hz to 100 kHz of the three UPC samples. (f) Cycling stability of UPC-600
at20 Ag™L

GCD curves showed a symmetrical isosceles triangle shape. No shows the specific capacitance of the three UPC products at
charging and discharging plateaus are observed, indicating that various current densities. The specific capacitance presented
the curves mainly represented double-layer capacitors. Fig. 6d the following relationship, UPC-600 > UPC-700 > UPC-500,

Table 1 A comparison of the activation temperatures and specific capacitances (Celectrode) Of pOrous carbons derived from various biomass
sources

Biomass source Activating agent Activating temperature (°C) Ceiectrode (F 271 Measurement conditions (A g™*) Ref.
Bamboo KOH 900 293 0.5 39
Tobacco waste KOH 800 148 0.5 48
Fish gill KOH 800 334 2.0 49
Albizia flowers KOH 900 406 0.5 4
Corn stalk core KOH 700 140 1.0 22
Baobab fruit shells H;PO, 800 355.8 1.0 50
Cotonier strobili KOH 800 346.1 1.0 51
Ginkgo leaves KOH 900 374 0.5 40
Peanut shell ZnCl,/FeCl; 800 247.28 1.0 52
Tea powder KOH 1200 167 1.0 53
Loofah sponge KOH 800 309.6 1.0 28
Willow catkins KOH 600 340 1.0 54
Sakura KOH 750 265.8 0.2 55
Rice-straw NaOH 600 420 1.0 This work

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 3246-3255 | 3251
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The charge and discharge curves of samples at a current density of 1 A g~2. (d) The specific capacitance of samples at different current densities.

which is consistent with the test results shown in Fig. 6b. In
general, a higher surface area is beneficial to improving the
electrochemical properties of the UPC samples. The specific
capacitance of the UPC samples is also influenced by other
factors, such as the pore diameter, surface structure and surface
composition. Although the UPC-700 sample has a higher
surface area, the carbon content on the surface is lower than
that of UPC-600 (Table S2+t). This is the possible reason for UPC-
700 having a larger surface, but a lower specific capacitance.
Furthermore, the electrochemical impedance spectra of the

three UPC electrodes are shown in Fig. 6e. In addition, the
equivalent circuit used to fit the impedance spectra is shown in
the set of Fig. 6e. The slope of UPC-600 in the low frequency
region is greater than that of UPC-700 and UPC-500. The higher
slope of the line indicates the lower ionic diffusion resistance in
the active material. Therefore, the ion diffusion resistance in
UPC-600 was lower, which may have caused the larger average
pore size of UPC-600. This would provide a convenient channel
for ion diffusion, while the high pore area could provide a larger
active site.
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(a) Energy and power densities for UPC-600 under different current densities. The inserted picture is a LED powered by a symmetric

supercapacitor. (b) Cycling performance for 10 000 cycles loaded at 20 A g~. The inserted picture is the first 10 (I) and the last 10 times (II).
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Table 2 A comparison of the cycling stability of porous carbons
derived from various biomass sources

Current density

Biomass source (Ag™h Cycling stability (%) Ref.
Bamboo 1.0 91.8%/10 000 39
Loofah sponge 1.0 81.3/10 000 28
Tea powder 4.0 96/16 000 53
Ginkgo leaves 4.0 77/2000 40
Cotonier strobili 1.0 84.21/10 000 51
Baobab fruit shells 5.0 96.9/1000 50
Corncob 5.0 91/10 000 56
Xanthoceras seed 10 86/5000 57
Lentinus edodes 5.0 90.3/10 000 27
Bamboo bagasse 10.0 89/10 000 58
Rice straw 20.0 99.8/10 000 This work

Cyclic stability is one of the important indices to evaluate the
performance of supercapacitors. The cyclic stability of the UPC-
600 sample was tested at 20 A g~ '. Fig. 6f shows the cyclic
stability of UPC-600. The specific capacitance of the product
decreased sharply in the first 1000 cycles. It stabilized and
remained constant after 1000 cycles. The specific capacitance
remained at 89.5% after 5000 cycles. These results show that the
cyclic stability of UPC-600 is excellent. In order to analyze the
cause of the decrease in the specific capacitance, the imped-
ances of the sample UPC-600 before and after cycling were
tested. As shown in Fig. S1,f the slope in the low-frequency
region clearly decreased after cycling, indicating that the
diffusion resistance increased. This may occur because the
micro-pores of the electrode material collapse as the cycle
progresses. This would result in the difficulty of the electrolyte
ions entering the electrode material, and thus result in the
reduction of the specific capacitance. Compared with other
biomass-derived activated carbon, UPC-600 has a higher
specific capacitance and lower activation temperature. Table 1
shows the specific capacitance and activation temperature of
sample UPC-600 and other biomass-derived activated carbon
reported in recent years. The results showed that the ultrasonic
treatment could reduce the activation temperature and obtain
UPC with a high specific surface area.

3.4 Electrochemical properties (two electrode system)

In practical applications, the electrochemical properties of the
UPC products were estimated on a two-electrode system using
UPC as both electrodes. The CV curves (Fig. 7a) of the UPC-600
sample exhibit quasi-rectangular shapes at a scan rate range
from 5 to 200 mV s~ *. The GCD curves of the UPC-600 product
under different current densities are illustrated in Fig. 7b. The
triangular shapes with good symmetry indicate the character-
istics of a typical double-layer. Fig. 7c shows the GCD curves of
the three UPC products at 1 A g~ '. The charging and discharg-
ing time of UPC-600 is longer than those of UPC-500 and UPC-
700. In addition, Fig. 7d shows the specific capacitance of the
three UPC products under different current densities. Accord-
ing to eqn (2), when the current densities are 1, 2, 4, 8, 10, 12, 15,
18 and 20 A g™, the specific capacitances are 320, 288.8, 260.8,

This journal is © The Royal Society of Chemistry 2020
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228.4, 216, 205.2, 198.6, 182 and 176.8 F g~ ', respectively. The
specific capacitances of UPC-500 and UPC-700 are close to each
other under different current densities. The above results
illustrate that the UPC-600 sample exhibits good capacitance
performance under different current densities.

From the GCD curve, the power density and energy density
were further calculated, according to eqn (2)-(4). From Fig. 8a,
when the power density was 500 W kg™ ', the energy density
reached 11.1 W h kg™, according to eqn (3) and (4). In the
illustration in Fig. 8a, we successfully lit the LED with a UPC-
600-based symmetric supercapacitor. Simultaneously, the
specific capacitance of the symmetric supercapacitor barely
decayed (retaining 99.8% of the initial capacitance) after 10 000
cycles at 20 A g~ (Fig. 8b), indicating that UPC-600 had a high
practical application value. The illustration showed that the
shape of the curve did not change after the last 10 cycles.

Table 2 shows the specific capacitance and cyclic stability of
various biomass-based activated carbons measured with a two-
electrode cell. Owing to the porous structure formed by ultra-
sonic activation, UPC-600 has ultra-high cycle stability
compared with other UPC samples.

4. Conclusions

In summary, rice-straw-based porous carbon was successfully
prepared via an ultrasonic-assisted method at a relatively low
activation temperature. The obtained UPC-600 with a 1 hour
ultrasonic treatment exhibited a high surface area of 1820.2 m>
¢ ', high specific capacitance (420 F ¢ ') at 1.0 A g * and
superior rate performance of 314 F g~ ' at 10 A g~ . Significantly,
the ultra-stable symmetric supercapacitor showed a high energy
density of 11.1 W h kg™ " and power density of 500 W kg~ *. After
10 000 cycles of charging and discharging, the specific capaci-
tance retained 99.8% at a high current density of 20 Ag~". These
results show that the ultrasonic-assisted method is an effective
way to lower the activation temperature and synthesize ultra-
stable materials for symmetric supercapacitors.
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