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ARTICLE INFO ABSTRACT

Keywords: In this study, one-step pyrolysis technique and NaOH chemical activation method were used to synthesize hi-

R‘C? husk ) erarchical porous biochar from rice husk. The existence of carbonaceous structure in biochar samples was

?cm;at«?d biochar confirmed by X-ray diffraction, field-emission scanning electron microscopy, elemental mapping, Raman spec-
yrolysis

troscopy, Brunauer-Emmett-Teller surface area, and X-ray photoelectron spectroscopy analysis. Activation of
NaOH in rice husk biochar (ARB) sample suggested seven-fold enhancement of BET specific surface area (307.42
m? g’l) as compared to rice husk biochar (RB). The NaOH activation also provides the enhancement of specific
capacitance in RB. The boosting of supercapacitors (SCs) performance of ARB was proved by a larger loop in
cyclic voltammetry and triangular shape along with a longer discharge time in galvanostatic charge-discharge
curves as compared to RB. The electrode revealed excellent cyclic stability up to 4000 cycles with 94% reten-
tion. Furthermore, electrochemical impedance spectroscopy and galvanostatic charge-discharge curves showed
evidence of electrode stability. The mechanisms related NaOH activation and enhancement of supercapacitor
performance were well explained. These results suggest that NaOH treated RB could be promising low-cost

Porous carbon
Supercapacitor

electrode material for SCs application.

1. Introduction

Nowadays, supercapacitors (SCs) have attracted significant attention
for the storage of clean and renewable energy to meet the global energy
demands due to their excellent power density, fast charge/discharge
rate, long cycle-life, reversibility, and high coulombic efficiency [1-5].
In this regard, electric double layer capacitance properties of porous
carbon-based materials are promising SCs electrodes due to their
excellent physicochemical stability, high surface area, good electrical
conductivity, natural abundancy, and low cost [3,6]. The
biomass-derived carbon materials (rice husk, tea leaves, Madhuca
longifolia leaves, Solanum lycopersicum leaves, bamboo, saw dust,
corncob, wastepaper, and flower etc.) are perfect options for SCs elec-
trode because of several advantages such as biodegradability, control-
lable surface area/pore size, renewability, eco-friendly, and non-toxic
[1,3,5,7-10].

Rice husk is one of the more abundant sources of biomass carbon
materials. About 150 million tons of rice husk are produced during rice
processing which is over 96% of rice husks annually worldwide [11,12].

* Corresponding authors.

The transformation of rice husk into biochar as a SCs electrode via py-
rolysis technique helps the reduction of environmental pollution and
disposal issues [3,13]. Rice husk biochar is porous, powdery, and
lightweight [14]. It contains abundant oxygenated functional groups
(-OH, C=0, and COOH) that can enhance the specific capacitance by
increasing the wettability of carbon electrode [3]. Furthermore, the
specific capacitance of rice husk biochar can be improved by chemical
activation. It enhances the porosity and specific surface area that may
associate with improvement of charging-discharging process or SCs
performance via electric double layer mechanism [1,15]. Recently,
biochar has been activated by several activating agents (KOH, NaOH,
H3PO4, HF, and ZnCl; etc.) for enhancing the performance of SCs
[15-18]. Among these agents, KOH is commonly used for biochar acti-
vation [10,17]. However, NaOH activated rice husk biochar for SCs
application is hardly reported in literature. NaOH provides intercalation
of metallic sodium that causes the generation of micropores or high
energy sites via separation of carbon layers during activation reaction
for improving the SCs performance [19]. So, the fabrication of
NaOH-activated porous carbon from rice husk is good option for
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improving the SCs performance.

Herein, we reported the fabrication of rice husk biochar and NaOH
activated biochar by pyrolysis technique. All the biochar samples were
well characterized by X-ray diffraction (XRD), field-emission scanning
electron microscopy (FESEM), elemental mapping, Raman spectros-
copy, Brunauer-Emmett-Teller (BET) surface area analyzer, pore vol-
ume, and X-ray photoelectron spectroscopy (XPS) analysis. In addition,
the electrochemical performance of biochar samples was investigated by
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), elec-
tron impedance spectroscopy (EIS), and cyclic stability. The mechanism
related enhancement of SCs performance of NaOH activated rice husk
biochar was explained.

2. Materials and methods
2.1. Chemicals and reagents

Sodium hydroxide (NaOH) and potassium hydroxide (KOH) were
purchased from Sigma-Aldrich (NaOH reagent grade: >98%, and KOH
reagent grade: >85%). In addition, hydrochloric acid (HCl) was ob-
tained from Sigma Aldrich (ACS reagent, 37%). Polyvinylidene fluoride
(PVDF) was taken from Thermo Fisher scientific. All the chemicals were
used in experiment without any further purification.

2.2. Synthesis of rice husk biochar and activated rice husk biochar

The activated rice husk biochar was synthesized by using two steps
(Fig. 1). In the 1st step, rice husk biochar was synthesized by pyrolysis
technique. In this process, the rice husk was collected from a local
market and washed with deionized water (DI) to remove impurities. It
was dried in the oven at 105 °C for 24 h. Then, it was pulverized. 5 g of
pulverized rice husk was put into an alumina boat and inserted into a
tube furnace. The tube furnace was heated at 700° (10 °C/min, 0.5 L/
min flow rate of carbon, 2 h carbonized, and anoxic condition). After
that, it was cooled naturally and washed with 1 M HCI. After this
treatment, it was dried in an oven (80 °C/12 h) and stored at room
temperature. After a few hours, it was filtered (less than 100 mesh
carbon) and washed with DI water to eliminate acid impurities. Finally,
it was dried and grounded. This carbonized material was named as RB.

In the 2nd step, NaOH activation of rice husk biochar was performed.
During NaOH activation, RB was mixed with NaOH with a mass ratio of
4:1. Then, the mixture was placed in an alumina boat and activated for
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2 h N, flow at 700 °C. After cooling slowly to environmental tempera-
ture and washed with 1 M HCI. Furthermore, it was washed with water
to remove excessive NaOH. It was dried in an oven at 105 °C for 24 h.
The sample was named as ARB.

2.3. Material characterization

The X-ray diffraction (XRD) patterns of the samples were investi-
gated using a powder X-ray diffractometer (Rigaku, Miniflex 600). The
surface microstructure of as-prepared samples was determined using
field-emission scanning electron microscopy (FESEM, JEOL, JSM-
IT800). X-ray photoelectron spectroscopy (XPS) of the samples was
carried out by Sigma Probe (Thermo scientific, Al K-alpha, and 200 eV).
The specific Brunauer-Emmett-Teller (BET) surface areas and pore vol-
ume of the samples were recorded on a Micromeritics (TriStar II 3020).
Raman spectrometer (DXR2xi, Thermo scientific, USA) was used to
measure Raman spectra of the samples. The pyrolysis process was car-
ried out on OTF-1200X (MTI CORPORATION). The electrochemical
measurements were carried out on electrochemical analyzer (Versa
STAT 4).

2.4. Electrochemical tests

For the preparation of biochar electrode, a piece of nickel foam was
washed with 2 M HCI, water, and ethanol to remove the impurities. The
working electrode (4 mg) was fabricated by mixing as-synthesized bio-
char samples, acetylene black, and polyvinylidene fluoride (PVDF)
along with the mass ratio 80:10:10 in N-methyl-2-pyrrolidone (NMP).
After that, the slurry was deposited on nickel foam using a micropipette
and dried in an oven at 60 °C for 12 h. The electrochemical measure-
ments (CV, GCD, EIS, and stability) were investigated by using a three-
electrode system at room temperature in a 6 M KOH solution using
Versastat3. The biochar loaded nickel foam (1 x1) was used as a
working electrode whereas Ag/AgCl and Pt wire were applied as refer-
ence and counter electrodes, respectively. The specific capacitance of
the electrode material was calculated from GCD curves using the
following equation [4,20,21].

C 1.At
S =
m.AV

where ‘Cs’, ‘I, ‘At’, ‘m’, and AV represent the specific capacitance (F/
g), charge/discharge current (A), discharge time (s), mass of the
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Fig. 1. A sketch of the synthesis procedure for NaOH activated rice husk biochar.
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material (g), and potential window (V), respectively.
3. Results and discussion

Fig. 2a. shows the XRD patterns of the as-prepared RB and ARB
samples. The XRD peak at 26 = 20°— 30° indicates (002) graphite plane
that suggests the stacking structure of the aromatic layer in samples. In
addition, the graphite crystallite plane (100) at 26 = 43.31° reveals the
decomposition of cellulose in the raw material at high pyrolysis tem-
perature into carbon structure. [22,23]. The remaining peaks in samples
may indicate the presence of miscellaneous inorganic compounds. Also,
the XRD peaks show the presence of heterogenous surface. These results
indicate no change in XRD patterns even after the activation of RB by
NaOH. Moreover, micro-graphitic structures in biochar samples facili-
tate electron transfer which is beneficial for SCs performance [24].

According to Fig. 2b, the Raman spectra of samples demonstrate the
two intense peaks, D and G bands [25,26]. The D band at 1357.79 cm !
indicates the defects in graphite structures in samples. It also informs the
existence of aromatic systems with linked aromatic rings which is
equivalent to graphite sheet [27]. The G band at 1582.12 cm™! suggests
the vibrations of pure graphite. These results give the evidence of
carbonaceous structure in the samples [28]. The Ny adsorption/de-
sorption graphs appeared tailing that demonstrates the significant in-
crease in adsorption capacity (Fig. 3a) with type H4 hysteresis loop. It
may associate with capillary condensation of mesopores/micropores in
the samples [29,30]. The BET specific surface area of RB and ARB was
44.82 and 307.42 m? g~1. The specific surface area of ARB was about 7
times higher than the RB. Also, Fig. 3b suggested the presence of porous
structure in biochar samples. The development of a narrow pore range in
the NaOH-activated RB sample was observed. The use of NaOH as the
activator significantly increases the specific surface area and porosity
that is beneficial for electrochemical charge storage.

The mechanism-related porosity can be observed by the etching re-
action between the carbon atoms and melted NaOH. During the acti-
vation process, molten NaOH is first contacted with the carbon
precursor. NaOH may be transformed into NapO and HyO by dehydra-
tion reaction with the increase in temperature. In addition, redox re-
actions can occur between NaOH and biochar to form Na;COs3, NasO,
and Hs. Also, carbon atoms may interact with NaOH to produce CO and
Ha. NayCO3 decomposes into NapO and HyO. Furthermore, carbon atoms
could react with NaoO and NayCOs to form CO and Na. The metallic Na
atom becomes vapor at a high temperature (700 °C) and intercalate/
diffuse into the carbon lattice of biochar and the development of pore
occurs [24,31].

The evidence of pore was also supported by the FESEM micrographs
of RB and ARB samples (Fig. 4). The agglomerated heterogenous
morphology, with particles ranging a few micrometers, was observed
(Figs. 4a and 4c). According to Figs. 4b and 4d, the hierarchical porous
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structure of RB and ARB samples was clearly indicated by the presence
of pores (~1 um) with several open cavities (5-10 pm). In addition, a
large number of pores were found in ARB than in RB. In ARB, a great
number of 3D architectures as well as interconnected network-like
structures were found as compared to RB. These results indicate that
activation of RB provides the enhancement of macro- and microporosity,
which is extremely useful for strong performance in energy storage ap-
plications [6].

The XPS spectra of the biochar samples were used to analyze the
chemical composition and chemical state of the elements and the results
were presented in Fig. 5. The C 1 s spectra of the samples can be divided
into two peaks. The peaks, 284.79 eV (RB) and 284.72 eV (ARB)
represent the C—=C/C-C of graphitic or amorphous carbon. In addition,
the presence of sp2 carbon (C=0) was observed in RB and ARB samples
at 285.48 eV and 285.39 eV, respectively (Figs. 5a and 5¢) [32]. The O
1 s peak could be deconvoluted into two different peaks, assigning to
C=0 (RB: 532.79 eV and ARB: 532.46 eV) and C-O ether like bond in
hydroxyl group (RB: 534.08 eV and ARB: 534.02 eV) (Figs. 5b and 5d)
[33]. Furthermore, the survey spectra indicates the presence of carbon
and oxygen in samples (Fig. 5e).

The electrochemical performance of the as-synthesized biochar
samples was analyzed using CV, GCD, and EIS measurements, based on a
three-electrode system. Fig. 6a shows the CV curves of the as-
synthesized RB and ARB samples in 6 M KOH solution at a scan rate of
10 mV/s. The CV curves of electrodes reveal a rectangular-like shape
without a hump, suggesting a typical electrical double-layer capacitive
nature. In addition, the ARB electrode demonstrates a larger area under
the CV curve than that of RB electrode providing evidence of higher
specific capacitance [34]. The CV of ARB electrode at different scan rates
(10 mV/s- 100 mV/s) in a potential window of 0.0 V to — 1.0 V is given
in Fig. 6b. As seen in Fig. 6b, the ARB electrode presented a rectangular
shape, even at a high scan rate of 100 mV/s, suggesting a good rate
characteristic. It suggests the highly graphitized structure with several
pores in the sample that can facilitate the fast ion transport for
enhancement of SCs performance [31]. This CV results showed the
excellent rate capability of the ARB electrode. The possible reasons may
be associated with enhancement of adsorption and desorption process
with increase in porosity and surface area [5].

Galvanostatic charge-discharge (GCD) curves were measured to
further investigate the electrochemical behavior of the as-prepared
samples (Figs. 6¢ and 6d). The comparison of GCD graphs for RB and
ARB electrodes is presented in Fig. 6¢. The nature of the GCD curve was
well matched with CV curves. In both cases, the GCD curves showed a
triangular curve, suggesting a double-layer capacitor. The longer
discharge time in the case of ARB than that of RB indicates a higher
capacitance. GCD curves of ARB electrode at different current densities
(0.25,0.5,1,2,3,4,5,8,and 10 A/g) are given in Fig. 6d. These curves
showed the symmetric triangular shape without obvious IR drops as an
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Fig. 2. (a) XRD patterns and (b) Raman spectra of samples.
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Fig. 3. (a) N, adsorption-desorption isotherms and (b) pore size distribution of biochar samples. of samples.

Fig. 4. FESEM images of samples. (a) RB, (b) magnified part of RB, (c) ARB, and (d) maginified of ARB.

evidence of the supercapacitive properties of porous carbons. It also
suggests the great capacitive reversibility with excellent charge-
discharge efficiency of the sample [6,34].

The specific capacitance graph of RB and ARB electrodes was pre-
sented in Fig. 7a. The specific capacitance of RB electrode was 60, 53,
45, 30, 21, 12, and 10 F/g at 0.25, 0.5, 1, 2, 3, 4, and 5 A/g current
densities, respectively. Furthermore, the specific capacitance of ARB
electrode revealed 112, 104, 95, 86, 76, 65, 58, 43, 36, and 30 F/g at
0.25,0.5,1, 2, 3, 4,5, 8,10, and 12 A/g current densities, respectively.
These results demonstrate the improvement of specific capacitance of
rice husk biochar by NaOH activation. The improved electrochemical
properties in the case of ARB are mainly attributed to its porous
morphology. The highly graphitized structure with several pores in
sample that can facilitate the fast ion transport for enhancement of SCs
performance [5,31]. Compared to RB, the ARB possesses well-arranged
3D architecture along with interconnected network. This unique com-
bination of microporous and mesoporous properties shortens the ion

transportation path and allows easy and fast movement of ions, resulting
in enhanced capacitance.

The retention capacities of RB and ARB electrodes are shown in
Fig. 7b. The ARB and RB electrodes retained 94% and 91% of their initial
capacitance, respectively after 4000 cycles, suggesting excellent cyclic
stability. The slight decrease in specific capacitance after 4000 cycles is
attributed to the swelling of pore network, gradual penetration of
electrolyte ions into active sites of electrode materials, and continuous
interaction of pores with the electrolyte during charging-discharging
cycles [1]. To further confirm the stability of the electrode material,
we compared the EIS and GCD of the ARB electrodes before and after the
stability test. Fig. 7c shows the EIS spectrum of ARB before and after
stability tests. ARB electrode showed a slightly larger arc radius at the
high frequency region after stability test, suggesting a slight reduction in
the conductivity of the material. Also, there is no significant change in
electron transfer process after 4000 cycles. The GCD curve given in
Fig. 7d also verifies the results obtained from the stability test. This
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remarkable cyclic stability demonstrated that NaOH activated rice husk
biochar could be considered as a low-cost electrode material for SCs.
Furthermore, our results were compared with other published research
works related with NaOH/KOH activated rice husk biochar in Table 1.
According this table, our ARB presented superior porous structure, great

Table 1
Comparison of specific capacitance of alkali activated rice husk biochar.

Activating Synthesis Electrolyte  Specific Stability Ref.

agent /activation capacitance
method

KOH Carbonization: KOH (6 M) 250 F/g at 80% [35]
550 °C /4 h and 1A/g after
activation: 10,000
800°C/1h cycles

KOH Carbonization: KOH (6 M) 224 F/g at 86%/ [36]
400 °C /3 h and 0.5A/g after
activation: 10,000
800 °C/0.5h cycles

KOH Carbonization: H2S04 113.5F/g 95% [37]
600 °C/2h (0.1 M) after

1000
cycles

KOH Carbonization: SPVA- 80.2 F/g at - [38]
500 °C /5° HRG 0.05A/g
min~!

NaOH Carbonization: KOH (6 M) 51.4F/g at 99.6% [39]
600 °C /1 h and 0.5A/g after
activation: 20,000
750°C/1h cycles

NaOH Carbonization: KOH (6 M) 86 F/gat 78% [40]
800°C /2 h and 1A/8 after
activation: 5000
100°C/2h cycles

NaOH Carbonization: KOH (6 M) 112 F/g at 94% Our
700°C /2 h and 0.5A/g after work
activation: 4000
700°C/2h cycles

stability, and good specific capacitance as compared to other published
litertaures. The superior features suggest that ARB is a promising elec-
trode material for supercapacitor.

4. Conclusions

In summary, NaOH-activated biochar sample was synthesized by the
pyrolysis technique. The biochar materials were well characterized by
XRD, FESEM, elemental mapping, Raman, BET, and XPS. The electro-
chemical properties of samples were analyzed by CV, EIS, GCD, and
cyclic stability measurements. The results clearly reveal the enhance-
ment of surface area and porosity by activating RB by NaOH that can
boost the specific capacitance, rate capability, and long-term stability
with superior retention capability. This study provides a simple and
efficient strategy to synthesize the NaOH-activated rice husk biochar
from rice husk waste for excellent and stable supercapacitor perfor-
mance that may develop a low-cost energy storage device in the future.
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