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Nanoporous activated carbon material was produced from the waste rice husks (RHs) by precarbonizing RHs and activating with
KOH.The morphology, structure, and specific surface area were investigated. The nanoporous carbon has the average pore size of
2.2 nm and high specific area of 2523.4m2 g−1. The specific capacitance of the nanoporous carbon is calculated to be 250 F g−1 at
the current density of 1 A g−1 and remains 80% for 198 F g−1 at the current density of 20A g−1. The nanoporous carbon electrode
exhibits long-term cycle life and could keep stable capacitance till 10,000 cycles. The consistently high specific capacitance, rate
capacity, and long-term cycle life ability makes it a potential candidate as electrode material for supercapacitor.

1. Introduction

The increasing market for portable electronic devices (PED)
and hybrid vehicles (HV) leads to demand for high per-
formance electrochemical capacitors [1]. Currently commer-
cially available electrochemical supercapacitors (SC) are of
electrical double-layer capacitors (EDLCs) for their long-
term cycle life (more than 100,000 cycles) and high power
density [2]. Due to the high specific surface area, good con-
ductivity, and low cost, porous carbon materials are widely
used as electrode materials for EDLCs [3]. Transformation
of low cost renewable biomass into porous carbon provides
a green, low cost, and facile method for carbon electrode
of EDLCs, which is of significant research and commercial
interest. Up to date, some natural biomass materials such as
cassava peel waste, chicken eggshell, seed shell, rubber wood
sawdust, wood, peanut kernel, and sugar have been exploited
as precursors for the production of porous carbons for SC and
lithium ion secondary batteries electrodes [4–7].

Rice husks (RHs), as a common form of agricultural
biomass, are the major by-product in the rice milling indus-
try. The global rice production is about 600 million tons per
year andmore than 100 million tons of RHs, as the RHsmake

up about 20% of the rice paddy weight. This huge amount
of waste by-product is an environmental nuisance; hence,
developing uses for this waste resource is in accord with the
global paradigm shift towards sustainable development. The
major contents of the RHs are cellulose (38%), hemicellulose
(18%), lignin (22%), and inorganic silica. The overall carbon
element content in RHs is more than 37% by weight [8]. One
promising application of RHs utilization is to the generation
of sustainable carbon materials for SCs. Very recently, Chen
et al. fabricated porous carbon derived from RHs, which
showed a high capacitance of 368 F g−1 at scan rate of 2mV s−1
[9]. However, the detailed supercapacitive properties such
as rate performance and long-term cycle life of the carbon
materials derived from RHs have not been investigated,
which is very important for the application of RHs in
electrochemical energy storage. Thus it is the motivation
of the work presented here, and this approach can also be
applied to other biomasses.

In this work, the nanoporous carbon was produced
from RHs by first carbonizing at 550∘C for 4 h, which was
then followed by alkali hydroxide activation at 800∘C. The
nanoporous carbon has the average pore size of 2.2 nm and
high specific area of 2523.4m2 g−1. The specific capacitance
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of the nanoporous carbon is calculated to be 250 F g−1 at
the current density of 1 A g−1 and remains 198 F g−1 (about
80% of 250 F g−1) when current density increased to 20 times
(at the current density of 20A g−1), indicating excellent rate
performance. The nanoporous carbon electrode from RHs
also exhibits good long-term cycle life and the capacitance
remains more than 90% after the first ∼100 cycles and keeps
stable till 10,000 cycles. The high capacitance, good rate
performance, and long-term cycle life of the nanoporous
carbon from RHs suggest the promising applications as SC
electrode.

2. Experiments

2.1. Sample Preparation. All the chemicals are of analytical
reagent and without further purification. RHs obtained from
a local rice mill were firstly washed thoroughly with distilled
water to remove soil and then boiled with HCl solution
(2mol L−1) for 2 hours to get rid of the metallic oxide
within RHs. The HCl treated RHs were annealed in a tube
furnace at 550∘C for 4 hours under N

2
to remove small

organic molecules. After that, the precarbonized carbon was
mixed with KOH with the mass ratio of 4 : 1 and further
heated to 800∘C for 1 hour under N

2
. The product was

washed with water for several times and then dried at 100∘C.
Finally, nanoporous activated carbon was produced. For
comparison, the nonporous carbon was prepared with the
similar procedures but without KOH activation during the
heating process.

2.2. Sample Characterization. The samples were character-
ized by SEM (FE-SEM, FEI Nova Nano SEM 450), X-
ray diffraction (XRD, Philips X’ Pert Pro) with Cu K𝛼
radiation of wavelength of 0.15416 nm at the range of 10∼
90∘. The specific surface area of the sample was measured
by the Brunauer-Emmett-Teller (BET) method with an auto-
mated chemisorption/physisorption surface area analyzer
(Micromeritics ASAP 2020) at 77 K. The single point total
pore volume was obtained from the amount of nitrogen
adsorbed at a relative pressure around 0.97. The pore size
distribution was derived from the adsorption branches of the
isotherms by the density functional theory (DFT) method.
FT-IR spectrum was tested by Perkin Elmer 1600.

2.3. Electrode Preparation and Electrochemical Evaluation.
The nanoporous carbon from RH and polytetrafluoroethy-
lene (PTFE) binder with the mass ratio of 9 : 1 were mixed
thoroughly with ethanol as dispersant. The electrode film
was fabricated by the doctor-blade technique on Ni foam
with the area of about 1 × 1 cm2. The loading amount of
the active material was about 3.5mg cm−2. Electrochemical
properties of nanoporous and nonporous carbon were mea-
sured based on three-electrode method using a CHI 660C
instrument. The carbon coated on Ni foam (1 × 1 cm2) acted
as working electrode, a saturated calomel electrode (SCE)
as the reference electrode, and a 2 × 2 cm2 platinum plate
as the counter electrode. KOH solution (6M) served as

the electrolyte. The cyclic voltammetry (CV) was performed
from −1 to −0.2 V (versus SCE) at different scan rates (10–
500mV s−1). The electrochemical impedance spectroscopy
(EIS) data was tested at the open circuit potential (OCP).
Galvanostatic charge/discharge curves were measured at
different current densities over the potential range between−1
and −0.2 V (versus SCE). Cycling stability performance was
conducted with a charge/discharge tester (Land CT2001A,
Wuhan LAND Electronics Co., Ltd., China).

3. Results and Discussion

Figure 1 shows the FE-SEM images of the nonporous carbon
(a) and nanoporous carbon (b), which illustrates that the
sample activated by KOHhas rough surface, while the sample
without KOH activated has a massive appearance with a
smooth surface. The wrinkle structure shown in Figure 1(b)
indicates that the nanoporous carbonmayhave a high specific
surface area which should be beneficial for ion adsorption,
resulting in high specific capacitance. In order to investi-
gate the nanoporosity of the carbon after KOH activation,
N
2
adsorption-desorption isotherms and the corresponding

pore size distribution were investigated. The BET adsorp-
tion and desorption isotherms of N

2
measured at 77K on

nonporous and nanoporous carbon are shown in Figure 2(a).
The nanoporous carbon displayed type I desorption isotherm
[10]; the amount ofN

2
adsorbedwas found to increase rapidly

before relative pressure achieves 0.4 and then slow down after
a relative pressure higher than 0.4 due to the nanoporous
holes induced capillary condensation, meaning the carbon
activated with KOH is microporous structure, while the
isotherm for nonporous carbon has no characteristic of
microporous structure. The nanoporous carbon indicates a
high specific surface area of 2523.4m2 g−1 and a narrow
pore size distribution centered at 2.2 nm (Figure 2(b)). The
pore volume is as high as 1.36 cm3 g−1, suggesting potential
application as high performance electrode for SCs.

XRD patterns of the nonporous carbon and the
nanoporous carbon are shown in Figure 3. The diffraction
patterns show broad but weak (002) reflection, indicating
their disordered nature. The (002) reflection and a weak
(100) reflection located at 43∘ suggest small islands of
coherent and parallel stacked graphene sheets. Further
FT-IR spectrum investigation shown in Figure 4 indicates
the presence of carboxylic and hydroxyl groups located at
1560 and 3254 cm−1 band, respectively, which are reported
to be able to produce extra pseudocapacitance for carbon
materials [11, 12]. A high degree of turbostratic stacking
of hexagonal graphene layers and the rich carboxylic and
hydroxyl groups at the surface make the nanoporous C
have excellent supercapacitive properties as in the detailed
discussion in the following part.

The electrochemical impedance spectroscopy (EIS) was
investigated to understand the resistance of the electrode
assembled by the nonporous carbon and nanoporous carbon
from RH, as shown in Figure 5. The nonporous carbon
electrode without activating with KOH has the resistance of
1.7 ohm, and the nanoporous carbon electrode activated by
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Figure 1: FE-SEM images for the nonporous carbon (a) and the nanoporous carbon (b).
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Figure 2: (a) Adsorption and desorption isotherms of N
2
measured at 77K on nonporous and nanoporous carbon. (b) Pore-size distribution

profiles for the nonporous carbon and the nanoporous carbon. The inset is the enlarged view of nanoporous carbon in the pore diameter
range of 0∼10 nm.

KOH has a similar resistance of 1.3 ohm from the Nyquist
plot, suggesting that the nanoporous carbon will have out-
standing rate performance.

CV was performed to study the electrochemical prop-
erties of the nanoporous carbon electrode in 6M KOH
solution. As displayed in Figure 6(a), CV curves with scan
rate of 10mV s−1 of nonporous carbon and nanoporous
carbon are markedly different. The area of CV curve of
the nanoporous carbon electrode is much bigger than the
nonporous carbon electrode indicatingmuch higher capacity
due to the nanoporosity and larger specific surface area
produced from the activating process of KOH [13]. The CV
curve of nanoporous carbon electrode exhibits a rectangular
shape which is typical electric double-layer capacitance like
other carbon material electrodes such as carbon nanotube
and graphene [14, 15]. The deviation from rectangle at the

bottom of two CV curves may attribute to ion-sieving effects
caused by ultrafine pores which are not accessible in the N

2

adsorption [5, 16]. Figure 6(b) shows the charge/discharge
curves with the current density of 1 A g−1 of nonporous
carbon and nanoporous carbon electrodes. The capacitance
of nanoporous carbon reaches 250 F g−1, while the nonporous
carbon only has the capacitance of 25 F g−1. The nanoporous
carbon activated by KOH shows the specific capacitance
improved by∼10 times comparedwith nonporous carbon and
the high capacitance of nanoporous C could be attributed
to high specific area, large pore volume, and nanoporous
structures, resulting in rich ion adsorption. Figure 6(c) shows
the CV curves of nanoporous carbon electrode measured at
scan rates of 10, 20, 50, 100, 200, and 500mV s−1, respectively.
All the CV curves performed similar shape of rectangle even
at a high scan rate of 200mV s−1, resulting from the high
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Figure 3: XRD patterns for the nonporous carbon (1) and the
nanoporous carbon (2).
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Figure 4: FT-IR spectrumof the nonporous carbon andnanoporous
carbon.

conductivity and stable porous structure of the nanoporous
carbon.The charge/discharge curves with the potential range
of −1∼−0.2V (versus SCE) of the nanoporous carbon under
current densities of 1, 2, 5, 10, 15, and 20A g−1 are shown
in Figure 6(d). The specific capacitance of the nanoporous
carbon should be calculated according to the formula as
follows [17]:

𝐶

𝑚
=

𝐶

𝑚

=

𝐼 × Δ𝑡

𝑚 × Δ𝑉

, (1)

where 𝐶
𝑚

(F g−1) is the specific capacitance, 𝐼 (A) is
charge/discharge current density, Δ𝑡 (s) is the discharge time,
Δ𝑉 (V) is the potential range, and 𝑚 (g) denotes weight of
the active material on the electrode. The specific capacitance
of nanoporous carbon was calculated to be 250, 239, 226,
214, 206, and 198 F g−1 at a current densities of 1, 2, 5, 10,
15, and 20A g−1, respectively, as shown in Figure 6(e). From
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Figure 5: Nyquist plot of the nonporous carbon and the nanoporous
carbon at the OCP in 6M KOH solution.

the results, the specific capacitance of nanoporous carbon
is much higher than that of nonporous carbon because of
the porous structure and large specific surface area of the
nanoporous carbon. The specific capacitance is higher than
most of carbon based materials such as active carbon, CNT,
or graphene [18–21]. In addition, it should be noted that the
specific capacitance of nanoporous carbon still retains about
80% when the current density increases even up to 20 times
(at 20A g−1), compared to the specific capacitance measured
at 1 A g−1. The high specific capacitance and excellent rate
capability result from high conductivity and stable porous
structure of nanoporous carbon.

For the electrochemical SCs, the two most important
parameters are energy density and power density which are
calculated from the following equations:

𝐸 =

1

2

𝐶𝑉

2
,

𝑃 =

𝐸

Δ𝑡

,

(2)

where 𝑃 (Wkg −1) is the power density, 𝐶 (F kg−1) is specific
capacitance, Δ𝑉 (V) is potential range, Δ𝑡 (h) is discharge
time, and𝐸 (Wh kg−1) is the energy density. In terms of power
density and energy density, our result (Figure 6(f)) shows
that, at a power density of 0.4 kWkg−1, an energy density
of 22.2Wh kg−1 can be obtained. When the power density
is increased to 8 kWkg−1, an energy density of 17.6Wh kg−1
can be retained. These results indicate that the nanoporous
carbon electrode could act as an excellent candidate that
provides high power density with little loss in energy density
for SCs.

Long-term cycle life performance is another important
issue for SC. Cycling test of nanoporous carbon electrode was
carried out at a current density of 1 A g−1 in 6MKOHsolution
with the potential range between −1 and −0.2V (versus SCE).



Journal of Nanomaterials 5

0

1

2

3

4
Cu

rr
en

t d
en

sit
y 

(A
/g

)

Potential versus SCE (V)

Nonporous
Nanoporous

−1.0 −0.8 −0.6 −0.4 −0.2

−4

−3

−2

−1

(a)

0 100 200 300 400

0.0

Po
te

nt
ia

l v
er

su
s S

CE
 (V

)

Time (s)

Nonporous
Nanoporous

−1.0

−0.8

−0.6

−0.4

−0.2

(b)

0

30

60

90

Cu
rr

en
t d

en
sit

y 
(A

/g
)

Potential versus SCE (V)

−120

−90

−60

−30

10mV/s
20mV/s
50mV/s

100mV/s
200mV/s
500mV/s

−1.0 −0.8 −0.6 −0.4 −0.2

(c)

0 50 100 150 200 250 300 350 400

0.0

Po
te

nt
ia

l v
er

su
s S

CE
 (V

)

Time (s)

1A g−1

2A g−1

5A g−1

10A g−1

15A g−1

20A g−1

−1.0

−0.8

−0.6

−0.4

−0.2

(d)

0 5 10 15 20
0

50

100

150

200

250

Sp
ec

ifi
c c

ap
ac

ita
nc

e (
F/

g)

Current density (A/g)

(e)

0 1500 3000 4500 6000 7500 9000
0

5

10

15

20

25

En
er

gy
 d

en
sit

y 
(W

h/
kg

)

Power density (W/kg)

(f)

Figure 6: CV (a) and charge/discharge (b) curves for nonporous carbon and nanoporous carbon at the scan rate of 10mV s−1 and current
density of 1 A g−1. (c) CV curves of the nanoporous carbon with different scan rate of 10, 20, 50, 100, 200, and 500mV s−1, respectively.
(d) Charge/discharge curves of the nanoporous carbon with different current density of 1, 2, 5, 10, 15, and 20A g−1, respectively. (e) Rate
performance of the nanoporous carbon electrode. (f)The relationship between energy density and power density for the nanoporous carbon.
The electrolyte is 6M KOH solution.
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Figure 7: Cycle life performance for the nanoporous carbon of
10,000 cycles in the electrolyte of 6M KOH solution at the current
density of 1 A g−1. The inset is the first 300 cycles of 10,000 cycles.

The curve of capacitance changes with the cycle number is
shown in Figure 7. In the beginning ∼100 cycles, the capac-
itance decreased ∼8% and became quite stable after that till
10,000 cycles.This decreased capacitance in the first 100 cycles
results from the removal of carboxylic and hydroxyl groups
within the nanoporous structure and the disappearance of
pseudocapacitance produced by these functional groups [22].
Thehigh specific capacitance, excellent rate performance, and
good cycle stability as well as low cost and facile preparation
method indicate that the nanoporous carbon is an excellent
electrode material for SCs.

4. Conclusions

The nanoporous activated carbon with large specific area
of 2523.4m2 g−1 was obtained from RHs by precarbonizing
at 550∘C and activating with KOH at 800∘C. It contains
the average pore volume of 1.36 cm3 g−1 and pore size of
2.2 nm. The as-prepared nanoporous carbon performs high
specific of 250 F g−1 at the current density of 1 A g−1 in 6M
KOH solution electrolyte. Moreover, it also has an attractive
rate performance that the specific capacitance remains 80%
(198 F g−1) at the current density of 20A g−1 compared to the
low current density of 1 A g−1 (250 F g−1). The nanoporous
activated carbon electrode also expresses amazing long-term
cycle life performance that it maintains more than 90%
after the first ∼300 cycles and then keeps stable till 10,000
cycles. The superior capacitive performance and the low cost
and facile fabrication method of the nanoporous activated
carbon electrode make it a very promising candidate for SCs
applications.
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