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a  b  s  t  r  a  c  t

We  have  successfully  applied  rice  husk  activated  carbon  (RHAC)  as  an  active  material  for  the  electric
double  layer  capacitor  using  a three-dimensional  (3D)  porous  current  collector.  The  capacity  and  cycle
stability  were  evaluated  in  a 1.0  mol  dm−3 tetraethylammonium  tetrafluoroborate/propylene  carbonate
solution  in  the  range  of  0–2.5  V.  The  specific  capacity  of  the  RHAC  was  about  14  mAh  g−1 at  the  50  mA  g−1
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discharge  rate,  corresponding  to 19  F  g−1 under  the  present  conditions.  The  RHAC  cell  using  the  3D  porous
current  collector  possessed  a lower  internal  resistance  and  better  high-rate  discharge  properties  than  the
RHAC  cell  using  a conventional  aluminum  (Al)  foil collector.  After  5000  cycles  of charging  and  discharging,
the  RHAC  cell  with  the  3D  current  collector  maintained  95%  of  its  initial  capacity,  while  the  capacity  of
the one  with  the  Al foil collector  dropped  to only  30%.
nternal resistance

. Introduction

Rice grain, when threshed, leaves 20% of its weight as the husk, a
ajor agricultural waste in the world [1].  On average, the rice husk

s composed of 22% lignin, 38% cellulose, 18% hemicelluloses, 2%
xtractive, and 20% ash [2].  Unlike other grains, the husk of grami-
eous plants, to which rice belongs, is characterized by this high
sh content. The ash, most of which is silica, renders the rice husk
nsuitable as a raw material for animal feed. It is also not useful for
oil improvement because of the lignin content that defies biologi-
al degradation. Due to its low-value applications in the agricultural
rea, more than 120 million metric tons of rice husks are dumped
s waste every year around the world [3].

In order to beneficially make use of the rice husk, attempts have
een made to process the rice husk into industrial carbon materials
4–8]. Industrial carbon materials, such as high thermal conduc-
ive carbon fibers [9,10],  carbon electrodes [11–13] and activated
arbon fibers [14–16],  are usually produced from petroleum pitch,

 typical non-renewable fossil fuel resource. On the other hand,
ice husk is a renewable and abundant biomass resource available

round the world. Facing rising oil prices and the volatile availabil-
ty of fossil resources, we can consider rice husk as a viable option
o create carbon materials.

∗ Corresponding authors. Tel.: +81 72 751 9943; fax: +81 72 751 9623.
E-mail addresses: k-kuratani@aist.go.jp (K. Kuratani), tetsuo-sakai@aist.go.jp
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In this study, we  focused on the rice husk activated carbon
(RHAC) as an active electrode material for capacitors. The silica
component contained in the RHAC increases from 20% to 50% of
the total mass during the activation process [17], resulting in poor
electrochemical properties such as a low electronic conductivity.
Guo et al. reported that the electrochemical performance of RHAC
was  improved when the silica was removed from the rice husk,
though at the expense of a laborious removal process [18].

The aim of this study is to improve the poor electrochemi-
cal performance of the RHAC without removing the silica. We
applied the methodology proposed by Yao et al. who had previ-
ously revealed that the three-dimensional (3D) current collector
improved the power output properties in an electric double layer
capacitor (EDLC) based on a pitch-based activated carbon [19]. We
examined the rate performance and cycle stability of the EDLC
made of the 3D current collector and RHAC.

2. Experimental

The RHAC used in this study was  prepared by Associate
Professor Seiji Kumagai (Akita Prefecture University) using the CO2-
activation method [17]. The RHAC consists of 50 wt% carbon and
50 wt% silica. The specific surface area of the RHAC is 770 m2 g−1.

As the 3D current collectors, two types of Celmet® (Sumitomo
Electric Industries, Ltd.), a nickel–chromium substrate and a foam
nickel substrate, were used for the positive and negative electrodes,
respectively. The weight per geometric area, thickness, porosity and

dx.doi.org/10.1016/j.jpowsour.2011.09.001
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ig. 1. The discharge curves of the 3D cell (––: at 50 mA  g−1, · · ·: at 1000 mA g−1)
nd  Al foil cell (—:  at 50 mA g−1, -·-: at 1000 mA  g−1).

pecific surface area of the nickel–chromium Celmet are 450 g m−2,
.4 mm,  96% and 0.2 m2 g−1, respectively [19]. Those of the nickel
elmet are 420 g m−2, 1.4 mm,  97% and 0.19 m2 g−1, respectively
20].

For preparation of the electrodes, RHAC as the active mate-
ial, ketchen black as the conductive additive, and polyvinylidene
uoride (PVdF) as the binder were mixed in the weight ratio of
4:10:6 in N-methyl-2-pyrrolidone (NMP). The obtained slurry was

oaded into the Celmet 3D current collectors, which were then
ried at 80 ◦C and roll pressed, yielding an electrode with a 170-
m thickness. For comparison, we prepared a conventional thin
lm electrode with an aluminum foil current collector using the
ame slurry (electrode thickness: 80 �m).  The amounts of RHAC
n the 3D current collector and on the Al foil were 7.6 and 4.2 mg
er square centimeter of geometrical area of the electrode, respec-
ively. In this paper, we denote the cell prepared using the 3D
urrent collector and the Al foil current collector as the 3D cell and
he Al foil cell.

Two-electrode cells of 2 cm × 1.5 cm were assembled for
he electrochemical tests. A cellulose-type nonwoven cloth
ith a 60-�m thickness was used as the separator. The

ell was sealed after adding the electrolyte, 1.0 mol  dm−3

etraethylammonium tetrafluoroborate in propylene carbonate.
he charge–discharge tests were performed using a computer-
ontrolled charge/discharge system (BSL series, Keisokuki Center
o., Ltd.) between 0 and 2.5 V. In the present study, the mass appear-

ng in the denominator of the current density “mA  g−1” or the
nergy density “mAh g−1” is defined by the mass of carbon con-
ent in the RHAC, i.e., the mass of RHAC subtracted by the mass of
ilica. The cells were charged at a current density of 200 mA  g−1 and
ischarged at current densities ranging from 50 to 2500 mA g−1. All
easurements were performed at 25 ◦C.

. Results and discussion

Fig. 1 shows the discharge curves of the 3D cell and the Al foil
ell measured at two current densities, i.e., 50 and 1000 mA  g−1. At

he discharge current density of 50 mA  g−1, the RHAC in either cell
howed a similar discharge capacity, 14 mAh  g−1, which indicated
hat the difference in the current collector had no significant influ-
nce on the specific capacity of RHAC at this low discharge current
Fig. 2. The discharge current density dependence of the specific capacity for the 3D
cell (––�––) and Al foil cell (–�–).

density. The specific capacity of 14 mAh  g−1, which corresponds to
19 F g−1 under the present conditions, is about a half the capacity of
the pitch-based activated carbon electrode prepared in a manner
similar to the present study [19]. This observation can be explained
by the fact that the surface area per mass of carbon content in the
RHAC, which is about 1500 m2 g−1, is also about half that of the
pitch-based activated carbons. In other words, the electrochemical
capacity of the RHAC is comparable to that of the pitch-based acti-
vated carbons, if evaluated in terms of specific surface area or mass
of carbon in the RHAC.

During the 1000 mA g−1-discharging of the Al foil cell, a large
ohmic loss was  observed from which the internal resistance was
estimated to be 1.1 � g, or in terms of area of electrode 262 � cm2.
In contrast, based on the discharge curve of the 3D cell, the internal
resistance was about 5.2 × 10−2 � g (6.8 � cm2), indicating that the
internal resistance of the cell can be drastically reduced using the
3D collector.

The dependence of the specific capacity on the discharge current
density for the 3D cell and the Al foil cell is presented in Fig. 2. At
the current density of 1000 mA  g−1, whereas the capacity of the Al
foil cell significantly decreased to merely 4.5 mAh g−1, the 3D cell
generated a capacity of 12 mAh  g−1, which is 86% of the capacity
observed at 50 mA g−1, i.e., 14 mAh  g−1. Even at the current density
of 2500 mA g−1, the 3D cell still delivered 10 mAh  g−1 or 71% of
14 mAh  g−1.

To obtain a cell with large capacity, it is effective to prepare
thick electrodes containing a large amount of active materials. To
do this, however, the amount of binder to fix the active mate-
rials on the current collector becomes large compared with a
thin electrode. The addition of the binder can cause the increase
in the internal resistance of the electrodes because the binder
is an electrically resistive component. In our case, the internal
resistance of the 3D cell is much lower than that of the Al foil
cell, despite the twofold thicker electrode in the former than
in the latter. Several groups have succeeded in decreasing the
internal resistance by increasing the contact area between the
active material and the electron conductive path [21,22]. For
example, Portet et al. prepared a carbon nanotube (CNT)-coated

Al foil to increase the contact area and used it as a current
collector for the EDLC [22]. They achieved a 25% decrease in
the internal resistance of the cell compared to the cell assem-
bled using the Al foil collector without the CNT coating. In our
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ig. 3. The relationship between the retention of the 3D cell (�), Al foil cell (�) and
ycle number.

ase, the 3D current collector has an order of magnitude higher
urface area than the Al foil collector, which should lead to the
igher contact area with the active material, and consequently,
educe the internal resistance in the 3D cell to a twentieth of that
f the Al foil cell (5.2 × 10−2 vs. 1.1 � g).

The result of the 5000-cycle test for the 3D cell and the Al foil cell
s shown in Fig. 3. The charge–discharge test was carried out using
he fixing current per the geometrical electrode area (1 mA cm−2).

We define the cycle stability by

ycle stability (%) = Cn

C1
× 100

here Cn and C1 are the capacities observed at the nth and 1st
ycles, respectively. The Al foil cell using a pitch-based activated
arbon prepared by Yao et al. exhibited a cycle stability similar to
he 3D cell, i.e., both cells retained 92% after 1000 cycles [19]. For
he RHAC, on the other hand, while the capacity of the Al foil cell
ropped to 30% after 5000 cycles, the 3D cell achieved greater than

 95% cycle stability. The presence of silica in the RHAC probably

ives rise to the fragility of the Al foil electrode made with RHAC, of
hich the detailed mechanism is still under investigation. The 3D

urrent collector is remarkably effective in avoiding the otherwise
oor cycle stability of the RHAC capacitor.

[

[
[

urces 196 (2011) 10788– 10790

4. Conclusion

We proved the viability of using a 3D porous current collector
to overcome the poor rate properties and short cycle life of the
RHAC as the active materials of an EDLC. The 3D porous current
collector produced a low cell internal resistance, which is the rea-
son for maintaining a high discharge capacity of the cell at a high
current density discharging. The electrodes were able to withstand
thousands of cycles using the 3D porous current collector. The 3D
porous current collector will be applicable to cover up the infe-
rior properties of the active materials for electrodes other than the
RHAC.

Acknowledgements

The authors are grateful to Associate Professor Seiji Kumagai
(Akita Prefecture University) for providing rice husk activated car-
bon.

References

[1] S. Chandrasekhar, K.G. Satyanarayana, P.N. Pramada, P. Raghavan, T.N. Gupta,
J.  Mater. Sci. 38 (2003) 3159–3168.

[2] T.H. Usmani, T.W. Ahmad, A.H.K. Yousufzai, Bioresour. Technol. 48 (1994)
31–35.

[3] J. Umeda, K. Kondoh, Ind. Crops Prod. 32 (2010) 539–544.
[4] L.C. Lau, K.T. Lee, A.R. Mohamed, J. Hazard. Mater. 183 (2010) 738–745.
[5]  H. Katsuki, S. Furuta, T. Watari, S. Komarneni, Micropor. Mesopor. Mater. 86

(2005) 145–151.
[6] Y. Guo, D.A. Rockstraw, Micropor. Mesopor. Mater. 100 (2007) 12–19.
[7] K. Mohanty, J.T. Naidu, B.C. Meikap, M.N. Biswas, Ind. Eng. Chem. Res. 45 (2006)

5165–5171.
[8] C.-Y. Lu, M.-Y. Wey, K.-H. Chuang, Appl. Catal. B 90 (2009) 652–661.
[9] M.E. Beauharnois, D.D. Edie, M.C. Thies, Carbon 39 (2001) 2101–2111.
10] J.G. Lavin, D.R. Boyington, J. Lahijani, B. Nysten, J.-P. Issi, Carbon 31 (1993)

1001–1002.
11] P.P. Andonoglou, A.D. Jannakoudakis, P.D. Jannakoudakis, E. Theodoridou, Elec-

trochim. Acta 44 (1998) 1455–1465.
12] N. Takami, A. Satoh, M.  Hara, T. Ohsaki, J. Electrochem. Soc. 142 (1995)

2564–2571.
13] M.  Morita, N. Nishimura, Y. Matsuda, Electrochim. Acta 38 (1993) 1721–1726.
14] F. Derbyshire1, R. Andrews, D. Jacques, M.  Jagtoyen, G. Kimber, T. Rantell, Fuel

80  (2001) 345–356.
15] I. Mochida, S. Kawano, Ind. Eng. Chem. Res. 30 (1991) 2322–2327.
16] K. Christ, K.J. Hüttinger, Carbon 31 (1993) 731–750.
17] S. Kumagai, K. Sasaki, Y. Shimizu, K. Takeda, Sep. Purif. Technol. 61 (2008)

398–403.
18] Y. Guo, J. Qi, Y. Jiang, S. Yang, Z. Wang, H. Xu, Mater. Chem. Phys. 80 (2003)

704–709.
19] M.  Yao, K. Okuno, T. Iwaki, T. Awazu, T. Sakai, J. Power Sources 195 (2010)

2077–2081.

20] M.  Yao, K. Okuno, T. Iwaki, M.  Kato, S. Tanase, K. Emura, T. Sakai, Electrochem.

Solid-State Lett. 10 (2007) A245–A249.
21] M.-S. Park, S.-H. Hyun, S.-C. Nam, J. Electroceram. 17 (2006) 651–655.
22] C. Portet, P.L. Taberna, P. Simon, E. Flahaut, J. Electrochem. Soc. 153 (2006)

A649–A653.


	Converting rice husk activated carbon into active material for capacitor using three-dimensional porous current collector
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusion
	Acknowledgements
	References


