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Derived from Rice Husk for Supercapacitor Electrode Materials
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ABSTRACT: Grain processing generates vast amounts of agricultural
byproducts, and biomass porous carbon electrode materials based on this
have attracted broad research interests. Rice husk (RH) is one of the

promising feedstocks owing to its good abundance and cheap price. Here,a =~ “¥&5° . '
RH-based porous carbon (RHPC) material was successfully prepared using " ® RE-baseeporous carban
first-step carbonization and second-step decalcification. The influence of

carbonization temperature and decalcification treatment on the structure | g T Rircat
and electrochemical properties of the RH-based carbon materials were 1 §w g f“ﬂ \
investigated. Thermogravimetric analysis, hydrogen element analysis, | } ie

scanning electron microscopy, X-ray diffraction, and electrochemical | Su £ \\\-
performance tests were used to characterize and analyze the prepared S

RH-based carbon materials. After carbonization at 1000 °C (RH-1000) and N e T L T

decalcification treatment, RHPC-1000 showed the highest specific surface

area of 643.48 m*/g and the largest pore volume of 0.52 cm?/g, which were about 1.8 times and 2.5 times that of RH-1000,
respectively. RHPC-1000 also possessed a high capacitance retention capability of 97.2% after 10 000 charge—discharge cycles. The
results demonstrated the excellent capacitive behavior and superior electrochemical performance of RHPC-1000. In summary, this
study reveals a simple and effective preparation method of biomass porous carbon for supercapacitor electrode materials and
provides new insight into the high-value utilization of waste biomass resources.

1. INTRODUCTION attributed to their composition and properties. RH contains
abundant cellulose, hemicellulose, and lignin, and it can be
used as an important natural source of multifunctional carbon
materials after pyrolysis.”” About 20% of amorphous silica is

With the rapid development of modern society, human beings
have become highly dependent on electricity. However, the
excessive use of nonrenewable fossil fuels not only faces an

energy crisis' but also causes environmental pollution and the distributed in the cell and intercellular layer of RH, and it can
greenhouse effect.” It is urgent to reduce the use of fossil fuels be used as a natural template of mesoporous carbon materials
and develop new energy technologies. In recent years, biomass with multilayer pore structures for the enhancement of the
energy has been widely developed, largely because of its clean, specific surface area and electrochemical performance of
renewable, and low-carbon properties.3 Biomass materials carbon materials.”> Most studies so far have focused on the
mainly include forest residues, wood waste, poultry waste, reduction, modification, and activation of RH using catalysts
agricultural and food byproducts, and so on.*~® The carbon and the synthesis of RH-based composite materials.”* 2 Lv et
materials derived from these biomasses have adjustable al. synthesized rice husk-based activated carbon through
physical and chemical activity and can be used as electrodes pyrolysis and simultaneous KOH-activation and EDTA-4Na-
of electrochemical energy storage equipment in super- modification, and the as-prepared carbon materials exhibited

capacitors and batteries, reducing the consumption of fossil
fuels and contributing to global environmental and climate
problems.” ™"

Rice husk (RH) is not only a typical agricultural byproduct
but also a rich, sustainable, and high-quality biomass resource.
RH-based carbon materials can be employed for multiple uses,
including biological adsorbent for dyes, heavy metal and
pesticide residues,''~"® mortar and concrete additives in
building materials,"*™'® biological composite with starch,'”
etc. In particular, RH-based carbon materials showed
promising applications in electrochemistry,'*™*' mainly

high surface areas and rich functional groups as well as good
adsorption performance for phenol.”’ Zhang et al. prepared
rice husk-based magnetic porous carbon via the pyrolysis of
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pretreated rice husk with FeCl; and ZnCl,, and found that as-
obtained magnetic porous carbon showed high porosity and
magnetization.28 It is a complicated process and ignores
research on the properties and functions of RH. Hence, there is
a need for the direct investigation of pure RH-based carbon
materials.

In this study, we introduced a simple method for preparing
RH-based porous carbon (RHPC) and investigated the impact
of carbonization temperature on the structure and electro-
chemical performance of porous carbon. The structure of the
prepared carbon materials was characterized by thermogravi-
metric analysis, hydrogen elemental analysis, scanning electron
microscopy, and X-ray diffraction. The electrochemical
performance of the RH-based carbon materials was evaluated
by cyclic voltammetry, galvanostatic charge—discharge, and
electrochemical impedance spectroscopy measurements.
Supercapacitor electrode materials, obtained with a carbon-
ization temperature of 1000 °C and decalcification treatment,
showed an abundant microporous structure, a large specific
surface area, a uniform pore size, and a superior electro-
chemical performance. Generally, this research is expected to
enrich the application of RH in the electrode material of
biomass porous carbon supercapacitors and provide new
insight into the high-value utilization of other waste biomass
resources.

2. EXPERIMENTAL SECTION

2.1. Materials. Rice husk (RH) was purchased from
Alibaba Co., Ltd. (China). Hydrochloric acid (36—38%, HCI),
sodium hydroxide (NaOH), and potassium hydroxide (KOH)
were provided by Sinopharm Chemical Reagents Co., Ltd.
(China). All chemicals were analytical-grade reagents.
Deionized water was used throughout the research work
(Millipore).

2.2. Preparation of RH-Based Porous Carbon Materi-
als. RH was washed with deionized water and dried in an oven
at 100 °C for 10 h. The dried RH was carbonized at different
temperatures (400, 600, 800, 900, and 1000 °C) for 2 h under
nitrogen (N,) protection with a temperature rate of 4 °C/min.
The as-prepared carbon materials were designated as RH-400,
RH-600, RH-800, RH-900, and RH-1000, respectively.

The carbonized samples were soaked with 10% HCI for 3 h
to remove Ca, K, and other inorganic salts and then washed
with deionized water until the solutions were neutral. The
samples were subsequently refluxed with NaOH (2 mol/L) at
80 °C for 2 h to clear SiO,. The decalcified samples were
labeled as RHPC-400, RHPC-600, RHPC-800, RHPC-900,
and RHPC-1000, respectively.

2.3. Preparation of Working Electrodes. Nickel foam (1
cm X 2 cm) was sonicated in acetone and deionized water for
10 min and left to dry at room temperature. The RH-based
carbon material (0.08 g), carbon black (0.015 g), and
poly(vinylidene fluoride) (PVDF, 0.005 g) were successively
added into a mortar and ground to homogeneity with a pestle,
and then N-methyl pyrrolidone (NMP) was added dropwise
until a homogeneous slurry was formed. This slurry was
pressed uniformly on a foam nickel current collector and dried
at 80 °C to obtain the RH-based carbon material working
electrode.

2.4. Material Characterization. Thermogravimetric anal-
ysis (TGA) was performed to test the thermal stability of RH
using a TGA/DSC 1/1100SF instrument (Mettler Toledo,
Switzerland). The heating rate was 10 °C/min from room
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temperature to 1000 °C under a N, atmosphere. The hydrogen
content of the carbonized RH was determined by a Vario EL
Cube elemental analyzer (Elementar, Germany). The
morphology of samples was observed using a S-3000N
scanning electron microscope (SEM, Hitachi, Japan). The
crystal structure of the as-prepared materials was characterized
by a X-ray diffractometer (PANalytical Empyrean) equipped
with Cu Ka radiation. N, adsorption—desorption isotherms
were determined at 77.3 K using a JW-BK112 surface area and
pore size analyzer, and the specific surface area and pore
volume of the samples were calculated with the Brunauer—
Emmett—Teller (BET) methods.

2.5. Electrochemical Characterization. Cyclic voltam-
mograms (CV), galvanostatic charge—discharge curves
(GCD), and electrochemical impedance spectroscopy (EIS)
data were recorded using a CHI 760E electrochemical
workstation (Shanghai Chenhua, China). In a typical three-
electrode system, the RH-based carbon material was used as
the working electrode, a platinum foil Pt plate was used as the
counter electrode, and saturated Hg/HgO (6 M KOH) was
used as the reference electrode.

2.6. Statistical Analysis. All experiments were performed
independently in triplicate, with results presented as mean =+
standard deviation (SD).

3. RESULTS AND DISCUSSION

3.1. Thermogravimetric Analysis. The thermogravimet-
ric analysis (TGA) curve of RH following increasing
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Figure 1. TGA profile of RH.
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Figure 2. Hydrogen element analysis of RH-based carbon materials.

temperatures is illustrated in Figure 1. It was seen that there
was a slight weight loss of the RH before 200 °C, which can be
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Figure 3. SEM images of (a) the outer surface and (b) inner surface
of RH and (c) the outer surface and (d) inner surface of carbonized
RH without grinding.

ascribed to the physical effect of water evaporation.”” RH
showed a swift mass loss of ~53.4% in the temperature range
of 200—380 °C, corresponding to the decomposition of natural
fats, hemicellulose, and waxy substances, accompanied by the
escape of volatile matters.’® At temperatures higher than 380
°C, a further mass loss of ~17.2% occurred because of the
thermal decomposition of lignin in the RH.”" A total mass loss
of 78% was observed in the studied temperature range after the
above three decomposition stages. The residual mass was
approximately 22%, consistent with other recent ﬁndings.32
3.2. Hydrogen Element Analysis. From the hydrogen
(H) element analysis of RH-based carbon materials in Figure
2, it was found that the H content in RH-based carbon
materials decreased markedly with increasing carbonization
temperature (from ~1.9% at 400 °C to 0.06% at 1000 °C).
During carbonization, cellulose and hemicellulose in RH were
dehydrated to produce alcohols, ketones, and phenols, and
lignin was pyrolyzed to produce oxygenated aliphatic and
aromatic components, and the formed gas products such as
H,0, CO, CO, and H, escaped, thus resulting in the
promotion of H reduction.””** It was concluded that cellulose,

hemicellulose, and lignin in RH were maximally degraded at
1000 °C.*

3.3. Morphology of the RH-Based Carbon Material.
The inner and outer surface morphologies of the RH before
and after the carbonization process were visualized by scanning
electron microscopy (SEM). It is clearly observed that the
outer surface of the RH had orderly convex structures (Figure
3a), while the inner surface presented a dense structure with a
smooth surface (Figure 3b). After carbonization, the outer
surface of the RH-based carbon material (Figure 3c) appeared
to have obvious cracks and became very rough, while the inner
surface (Figure 3d) showed a layered structure, which was
associated with the pyrolysis of organic molecules during the
carbonization process.’® At higher carbonization temperatures,
a large number of cellulose and hemicellulose in RH were
pyrolyzed into volatile small molecules such as H,O, H,, and
CO and escaped from the surface, which led to an obvious
increase in the surface area. This finding is consistent with the
reported work.”>’

The microstructures of the carbonized samples at different
temperatures are shown in Figure 4. Little change in the overall
macrostructure of the RH-based carbon material was observed,
which was related to the RH raw material itself.>®* However, the
carbonization temperature had some influence on the micro-
morphology of the RH-based carbon material. With the
temperature increasing, the organic components in the RH
were pyrolyzed, and the released low-molecular volatiles
facilitated the formation of the pore structure, resulting in a
noticeable rough morphology with cracks.””*’
carbonization temperature, the RH-based carbon material
showed an uneven surface morphology owing to the loss of
water and incomplete decomposition of biomass in the RH.*”
When the carbonization temperature was above 900 °C,
crystallization occurred in the RH, and the structure became
clear and orderly arranged. When the carbonization temper-
ature reached 1000 °C, according to the previous thermogravi-
metric analysis and hydrogen element analysis, the cellulose,
hemicellulose, and lignin in the RH were basically decom-
posed, and thus the obtained RH-based carbon material
showed a highly uniform pore size and a relatively high specific
surface area and pore volume.*'

At a lower

Figure 4. SEM micrographs of the RH-based carbon materials carbonized at different temperatures: (a) 400 °C, (b) 600 °C, (c) 800 °C, (d) 900

°C, and (e) 1000 °C.
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Figure 5. SEM micrographs of the decalcified RH-based carbon materials carbonized at different temperatures: (a) 400 °C, (b) 600 °C, (c) 800

°C, (d) 900 °C, and (e) 1000 °C.
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Figure 6. XRD patterns of RHPCs carbonized at different
temperatures: (a) 400 °C, (b) 600 °C, (c) 800 °C, (d) 900 °C,

and (e) 1000 °C.

40

specific surface

material area (m*/g)
RH-400 6.56
RH-600 18.57
RH-800 30.26
RH-900 289.41
RH-1000 356.22
RHPC-400 10.78
RHPC-600 163.63
RHPC-800 159.65
RHPC-900 530.20
RHPC-1000 643.48

pore volume
(em?/g)
0.03
0.04
0.05
0.18
021
0.04
0.22
0.24
0.45
0.52

Table 1. Specific Surface Areas, Pore Volumes, and Average
Adsorption Pore Sizes of RH-Based Carbon Materials

average adsorption
pore size (nm)
17.77
8.50
6.57
235
2.28
12.58
5.33
5.95
3.34
321

3.4. Morphology of RHPC. Figure S shows the micro-

scopic morphology of the RH-based carbon materials after
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Figure 8. (a) CV curves, (b) galvanostatic charge—discharge (GCD)
curves, and (c) EIS patterns of RHs carbonized at different
temperatures.

decalcification treatment at different carbonization temper-
atures. It could be seen that there were obvious differences in
the microstructure of the deashing RHPCs after being
carbonized at various temperatures, which might be attributed
to the different degrees of residual substances after
decomposition, such as inorganic salts (like calcium and
potassium) and silicon dioxide. It was also shown that RHPC-
1000 had the highest porosity and the largest specific surface
area among other RHPCs.

3.5. X-ray Diffraction (XRD) Analysis. Figure 6 illustrates
the XRD patterns of RHPCs prepared at 400, 600, 800, 900,
and 1000 °C. RHPC is composed of crystals and also
semicrystals. Two broad peaks at approximately 22.3 and 43.5°
are attributed to the typical (002) and (100) reflections of the
disordered carbon layer, respectively.”® The existence of the
obvious diffraction peaks on the (002) and (100) crystal planes
revealed that there were numerous graphite microcrystalline
structures in RHPCs prepared at 600—1000 °C. The (002)
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reflections between 20 and 30° become gradually narrowing
and strong with increasing carbonization temperature,
indicating that a high temperature could enhance the electric
conductivity of carbon materials.*” This is related to the
increased graphitization degree of carbon materials, as
previously reported.*’

3.6. BET Analysis. The adsorption—desorption isotherm,
pore size distribution, and corresponding specific surface area
of RH-based carbon materials under different treatment
conditions before and after decalcification were measured
using the BET method (Figure 7). Figure 7ab show the
adsorption—desorption curves and pore size distributions of
the five RH-based carbon materials before decalcification. The
isotherms of RH-400, RH-600, and RH-800 showed typical
type II curves, while the isotherms of RH-900 and RH-1000
exhibited typical type I curves, which were associated with
micropores in samples. For temperatures < 800 °C, the tar
compound formed in the carbonization process blocked the
pores, resulting in a decrease in the specific surface area. For
temperatures > 900 °C, the specific surface area of RH and
RHPC increased significantly, mainly owing to the fact that the
water molecules under high-temperature conditions can
behave as an activator, promoting the reaction in the surface
of carbon materials and the formation of micropores.** Figure
7c¢ reveals that all of the isotherms of RHPC had typical type II
curves, except for the isotherm of RHPC-400 with a type I
curve. Figure 7d suggests that appropriate heat treatment
temperature contributed to the formation of macropores in
RHPC.” The results presented in Table 1 demonstrate that
RH-1000 and RHPC-1000 had the highest specific surface
areas, the largest pore volumes, and appropriate pore size
distribution. During the process of decalcification, the removal
of tar compounds and the dissolution of some inorganic salts
and silica led to the formation of micropores in the carbon
material, which significantly increased its specific surface
area.*® Therefore, the specific surface area for RHPC-1000
stands out among other samples.

3.7. Electrochemical Performance of the RH-Based
Carbon Material. Figure 8a presents the cyclic voltammetry
(CV) curves of the RH-based carbon material under different
carbonization temperatures at a scanning rate of 20 mV/s. The
CV curves of all samples exhibit a good rectangular shape with
typical electric double-layer capacitance, suggesting fast charge
and discharge characteristics.”> It was obvious that RH-1000
had the highest CV area and specific capacitance and exhibited
more excellent capacitive behavior compared with other RH-
based carbon materials. Figure 8b displays the galvanostatic
charge—discharge (GCD) curves of RH samples at a current
density of 0.5 A/g. The RH-based carbon materials carbonized
at higher temperatures showed higher specific surface areas and
pore volumes; thus, the discharge time of RH-1000 was
markedly longer than that of other RH-based carbon materials
at the same current density. These indicated that RH-1000
provided greater capacitance, consistent with the results of the
CV test. The electrochemical impedance spectroscopy (EIS)
curve was performed to characterize the ion transfer behavior
and resistance of the electrode material (Figure 8c). In the
high-frequency region, the intersection of the semicircle and
the abscissa and its diameter represent the equivalent series
resistance and charge transfer resistance, respectively.'” The
larger the semicircle diameter, the greater the charge transfer
resistance. In the low-frequency region, the larger slope
indicates the ideal capacitive behavior of the carbon
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Figure 9. (a) CV curves, (b) GCD curves, and (c) EIS patterns of RHPCs carbonized at different temperatures. (d) Cycling stability of RHPC-

1000 for 10 000 charge—discharge cycles.

(a) (b) o,
2 -—_——— ——RH-1000
’ e - _ - —— RHPC-1000
e , f SEYE
2] T T T e e J )
N2
z ! ' Z 02
Z 0 4 =
2 -7y @
I - - Z 041
E [ - £
g ! - $ 0.6
s 24 -7 s 061
9 - I
L — — RH-1000 08
31 — — RHPC-1000 081
10 08 06 04 02 0.0 02 0 50 100 150 200 250 300 350 400
Potential vs Hg/HgO (V) Time (s)
© ()
60
—RH-1000 801 —=—RH-1000
T RAPC-1000 | o ] —*—RHPC-1000
15 E
a
g 40 12 g 609
£ g £ o
£os g7
H H & 40
E 506 S
H ] H 30
N 20 ¥ os &
g 204
0.0
05 07 09 11 13 15 2 0]
Z'real (@)
0 . . . . . . . 0
0 10 20 30 40 S50 60 70 80 0 5 10 15 20 25 30
Z'real (Q) Current Density (A/g)

Figure 10. (a) CV curves, (b) GCD curves, and (c) EIS patterns of RH-1000 and RHPC-1000. (d) Comparison of the specific capacitance of RH-

1000 and RHPC-1000 at different current densities.

materials.*® It was found that RH-1000 had the smallest charge
transfer resistance among the five carbon materials, revealing
the relatively higher conductivity and electron transfer rate.*’

3.8. Electrochemical Performance of RHPC. Figure 9a,b
show the CV and GCD plots of RH-based carbon materials
after decalcification under the same test conditions. The results
showed that the materials after decalcification retained the
nonpseudo-capacitance characteristics. All RHPCs showed
rectangle-shaped CV curves, exhibiting a typical electro-
chemical double-layer capacitance behavior.”>' The con-
ductivity of RHPCs increased with increasing carbonization
temperature, which was associated with the corresponding
specific surface area. RHPC-1000 had the highest specific
surface area (643.48 m’/g), resulting in high immigration of
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the electrolyte ions into the electrode during charging and
discharging and leading to the highest specific capacitance
(78.70 F/g) in the GCD test.” It was found that RHPC-1000
showed relatively small charge transfer resistance and the
lowest equivalent series resistance among porous carbon
samples (Figure 9¢c). Figure 9d shows the cycling stability of
RHPC-1000 for 10000 charge—discharge cycles under 200
mV/s extreme scanning, and the CV plots of the Ist and
10 000th cycles were compared in the middle chart. It could be
seen that the CV area of the 10 000th cycle was slightly smaller
than that of the 1st cycle. It was demonstrated that the specific
capacitance decreased gradually in the first 2000 cycles and
then remained stable until the end of 1000 cycles, and it
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decreased by 2.8% after 10 000 cycles, indicating the excellent
cycling stability of RHPC-1000.

3.9. Electrochemical Performance of RH-1000 and
RHPC-1000. As shown in Figure 10a, RHPC-1000 exhibited a
much higher specific capacitance compared with RH-1000.
The corresponding GCD curves presented an almost sym-
metrical triangle with slight nonlinearities (Figure 10b),
demonstrating the fast transmission of ions in the hierarchically
porous structure and good electrochemical reversibility.
RHPC-1000 had a much longer charge—discharge time than
RH-1000, implying the superior rate capability of RHPC-1000,
which could be related to the more abundant microporous
structure in RHPC-1000, which provided electrolyte channels
to enhance the ion transport properties.”> RHPC-1000 also
showed a much smaller equivalent series resistance and charge
transfer resistance, compared with RH-1000, indicating a
better conductivity and electron transfer rate (Figure 10c). As
demonstrated in Figure 10d, RHPC-1000 exhibited much
higher specific capacitance and much better rate capability than
RH-1000, confirming the excellent electrochemical perform-
ance of RHPC-1000.

4. CONCLUSIONS

In this work, we successfully prepared RH-based porous
carbon (RHPC) materials by first-step carbonization and
second-step decalcification with the use of rice husk (RH).
Carbonization temperature and decalcification treatment were
found to have implications for the structure, pore size
distribution, and specific surface area of carbon materials. It
was shown that increasing carbonization temperature resulted
in an increase in the specific surface area and pore volume and
the formation of a more uniform pore size in RH-based carbon
materials. RH-1000 possessed a specific surface area of 356.22
m®/g and a pore volume of 0.21 cm®/g. After decalcification
treatment, residual silica, some inorganic salts, and tar
compounds in the carbon surface and pores were removed,
leading to an increase in the amount of micropores of RHPC.
RHPC-1000 showed the highest specific surface area (643.48
m®/g) and pore volume (0.52 cm’/g). After 10 000 charge—
discharge cycles, it maintained an excellent capacitance
retention rate (97.2%). RHPC-1000 also exhibited the best
electrochemical performance including small transfer resist-
ance, outstanding specific capacitance, and excellent cycling
stability. Overall, this study provides a new strategy for the
development of supercapacitor electrode materials and sets a
solid foundation for the further practical application of RH-
based porous carbon.
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