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Abstract. Self-adhesive carbon grains (SACG) was prepared from fibers of oil palm empty fruit bunches. The SACG 
green monoliths were carbonized in N2 environment at 400, 500, 600 and 700°C to produce carbon monoliths labeled as 
CM1, CM2, CM3 and CM4 respectively. The CMs were activated in CO2 surrounding at 800°C for 1 hour to produce 
activated carbon monolith electrodes (ACM1, ACM2, ACM3 and ACM4). The physical properties of the CMs and 
ACMs were investigated using X-ray diffraction, field emission scanning electron microscopy (FESEM) and N2 
adsorption-desorption isotherm techniques. ACMs were used as electrode to fabricate symmetry supercapacitor cells and 
the cells’ performances were investigated using electrochemical impedance spectroscopy (EIS), cyclic voltammetry 
(CV) and galvanostatic charge-discharge (GCD) standard techniques. In this paper we report the physical and 
electrochemical properties of the ACM electrodes by analyzing the influence of the carbonization temperature on these 
properties. 

Keywords:  Activated carbon monoliths, Supercapacitor, Electrochemical properties, Porosity, Microstructure.
PACS: 81.05.U-, 82.47.Uv, 92.60.hv, 68.43.-h, 84.37.+q

INTRODUCTION

 Supercapacitor is a device which can store energy 
based on the electrostatic charge storage mechanism 
involving electrical double layer formed at the 
interface between electrode and electrolyte [1]. This 
double layer is formed by ionic charges from 
electrolyte and electronic charges from electrode. A 
very small distance (a few nm depending on the 
diameter of the ion of electrolyte solution used) 
between ionic and electronic charges, and a large 
electrode surface area are the important factors that 
make supercapacitor having larger energy storage 
capability compared to conventional capacitor [2]. 
However, its energy storage capability is still inferior 
compared to that of the batteries. Supercapacitor is 
being widely used in electric/hybrid vehicles, 
telecommunication devices, digital communication 
systems, digital cameras and laser pulse technique 
[3,4]. 

A large electrode surface area can be achieved by 
having a large quantities of micropores in electrode 
material and this is very important because large 
surface area will allow a larger amount of charges to 
accumulate and hence give rise to higher capacitance 

or energy values [1,4].  An appropriate selection of the 
supercapacitor carbon electrode with desired 
characteristics can be obtained from an activated 
carbon produced from a variety of low cost biomass 
[5]. Activated carbon is a porous material whose pore 
size in the nanometer scale can be controlled by both 
physical and chemical treatments during its 
production. The physical treatment involves two major 
steps processes (i) the carbonization process (CP), and 
followed by (ii) activation process (AP) under certain 
conditions such as sample environment condition (for 
example in CO2 environment), activation temperature 
and activation time [2]. 

In the present study, the green monoliths (GM) of 
self-adhesive carbon grain (SACG) were prepared 
from fibers of oil palm empty fruit bunches (EFB) and 
converted into carbon monolith by  carbonization 
process up to four different carbonization temperatures 
(400, 500, 600, 700oC) prior to activation with CO2 to 
produce activated carbon electrodes for supercapacitor 
application. Structural, microstructure, porosity and 
electrochemical properties of electrodes were studied 
in terms of their dependence on the carbonization 
temperature. 
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EXPERIMENTAL 
 

EFB (Ecofibre Technology Sdn. Bhd.) was 
converted into SACG with particle size  53 μm by 
low temperature pre-carbonization (280oC), grinding, 
milling and sieving based on the method reported 
earlier [6]. SACG was then pelletized into monolith 
shape and carbonized at four different temperatures 
400, 500, 600 and 700°C in N2 environment (1.5 
l/min). Carbonized monoliths were activated in CO2 
(1.0 l/min) environment at 800oC for 1 h to produce 
activated carbon monoliths (ACMs) with a dimension 
of 14.92 to 15.27 mm diameter, 1.5467 to 1.63 mm 
thickness and 0.26617 to 2.9970 g mass. The ACMs 
were polished to produce electrodes with thickness of 
~0.4 mm. 

The X-ray diffraction measurement over an angular 
range of 2  from 10o to 70o with a step size of 0.025o 
were conducted on ACMs using a diffractometer 
(Bruker AXS : model D8 Advance, which employed 
Cu anode with the K 1 of 1.5406 Å wavelength). The 
microcrystallites parameters, i.e. stack height (Lc) and 
width (La) of microcrystallites of the ACMs were 
determined from the diffraction peaks (002) and (100) 
using equations stated in [7] and the interlayer spacing 
(d) of the ACMs were calculated using the Bragg’s 
Law from the (002) and (100) diffraction peaks. 
Microstructure of the ACMs was investigated using 
field emission scanning electron microscopy (FESEM) 
(Supra PV 55 model). Porosity parameters (BET 
surface area (SBET), surface area of micropore (SMicro), 
surface area of micropore (SMeso), mesopore volume 
(VMeso), micropore volume (VMicro) and average pore 
diameter (D)) were obtained from N2 adsorption-
desorption isotherm measurements at 77 K using 
accelerated surface area and porosimeter system 
(ASAP 2010 Micromeretics). 

Symmetrical supercapacitor cells were fabricated 
using ACMs electrodes,  a pair of current collectors 
(stainless steel 316L), sulfuric acid (1M) as an 
electrolyte and teflon of thickness 0.2 mm as a 
separator. Characterization of the performance of 
supercapacitor cell was carried out using 
electrochemical impedance spectroscopy (EIS), cyclic 
voltammetry (CV) and galvanic charge-discharge 
(GCD) methods. The instrument used was a Solartron 
1286 electrochemical interface and Solartron 1255HF 
frequency response analyzer. The specific capacitance 
of the electrode can be calculated using expression (1) 
to (3) from the EIS, CV and GCD data, respectively 
[9] 

 
   (1)  

 
                            (2) 

 

             (3) 

 
where f is the frequency, Z” is the imaginary 
impedance, i is the electric current, S is the scan rate, 

V is the voltage different, t is the discharge period, 
i’ is the current density and m  is the mass. The 
specific energy and specific power were calculated 
from GCD data and calculated using equations (4) and 
(5), respectively 
 

        (4) 

        (5) 

where V is the voltage, i is the current and t is the 
time. 
 

RESULTS AND DISCUSSIONS 
X-ray diffractogram (Figure 1) of each ACM has 

two broad peaks at 2  of about 23o-24o and 43o-44o 
respectively, corresponding to the diffraction peaks 
(002) and (100) which indicates that all ACM have 
turbostratic structure [7,8]. The values of 
microcrystallite parameters, Lc, La, the ratio Lc/La, and 
d correspond to the diffraction peaks (002) and (100) 
respectively, calculated from the X-ray data, are listed 
in Table 1. The ratio of Lc/La has been reported to be 
proportional to the value of specific capacitance [10]. 

FIGURE 1. X-ray diffractogram for all ACMs. 

FESEM micrographs with the magnification of 
100kX for the fractured surface of ACMs sample with 
the electrodes have a very porous microstructure but 
the fractured surface of ACM1 and ACM2 seem to be 
more rough than the other two samples, indicating the 
effect of changing the carbonization temperature on 
the microstructure of the electrodes. 

030005-2 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

103.10.169.198 On: Mon, 20 Apr 2015 03:49:22



TABLE 1. 

Carboniza
temperatu

400 
500 
600 
700 

 
Figure 

desorption
the ACMs
common 
(based on
hysteresis 
samples w
clear diff
desorption
of carboni
electrode 
analysed f
(SBET) and
the Brunau
method. T
it can be e
the carbon
reported o
temperatur
at 800oC 
[13]. 

Compa
the cells s
affected 
electrodes 
another. T
ranges of 
Hz) -a se
resistance 
(1k<f <0.0
45o angle
resistance 
pores and 
of ions i
(0.25119<
represents 
layer syste
the electr
surface of
the entry 
frequencie
axis interc
electrolyte
collector, 
intrinsic re
seen in T
carbonizat

Interlayer spacin

ation 
ures (oC) 

X-R

2
23.6
23.8
23.6
23.7

3 shows th
n isotherm mea
s electrodes. A
adsorption-des

n IUPAC ch
loop at P/Po>0

with micropore
ferent in the 
n capacity. Thi
ization temper
porosity durin

further by calc
d the micro po
uer-Emmett-Te

The results obta
xpected that th
nization tempe

on carbon from
re selected fro
produced SBET

arison of Nyqu
show that the 
the electroch
since plot pr

This plot can b
frequency (i) h
emicircle that 

in the cell, 
0631 Hz) -a str
 to the horiz
caused by the
increase capac
into the pore

<f <0.01 Hz) -a
the capacitan

em of ionic ch
ronic charge 
f the micropor

of ions into 
es. Semicircle p
cept, Rs, which 
e and interface 
while the seco
esistance of th
Table 3, Rp 
tion temperatu

ng and microcry

Ray data 

002(deg.) 2
687 43.
821 44.
697 44.
732 44.

he results of 
asurements at 
All of the ele
sorption profi
haracterization 
0.4 which has 
es and mesopo

level of th
is indicates a s
rature on the 
ng activation. 
culating the B
ore surface are
eller (BET) equ
ained are show
he pore charact
erature. A sim

m corncob, whe
m 300 to 800o

T value from 

uist plots in Fig
carbonization 
hemical prop
rofile details d
be interpreted 
high frequency

represents a 
(ii) medium-

raight line with
zontal plane o
e entry of ions
citance by incr
es, and (iii) 
an almost verti
nce resulted fr
harge from the
from the ele
es due to the 

the pores in
portion begins 
is the resistanc
between electr

ond x-axis inte
e electrode [10
is more dep

ure, which i

ystallite paramete

100(deg.) d002
887 3.7
814 3.7
766 3.7
384 3.7

N2 adsorptio
77 K for all 

ectrodes show 
ile of type I

[11]) with 
characteristic 

ores [12], with
heir adsorptio
significant effe
development 
The data we

ET surface ar
ea (Smicro) usin
uation and t-pl
n in Table 2 an
teristic vary wi
milar study w
ere carbonizatio
oC for activatio
728 - 986 m2

gure 4 among a
temperature h

perties of th
differ from on
based on thr

y (100k<f<79.4
domination 

-high frequenc
h approximate
or the Warbu
s into the mic
reasing the ent

low frequenc
ical straight lin

rom  the doub
e electrolyte an
ectrodes on th
effectiveness 

n this range 
with the first 

ce caused by th
rode and curre
ercept, Rp is th
0,14]. As can b
pendent on th
is an expecte

ers values for all

2(Å) d100(
7536 2.06
7328 2.02
7520 2.02
7455 2.04

n-
of 
a 

IV 
a 

of 
h a 

n-
ect 
of 

ere 
ea 
ng 
lot 
nd 
ith 

was 
on 
on 
2/g 

all 
has 
he 
ne 
ee 
43 
of 
cy 

ely 
urg 
ro 

try 
cy 
ne 

ble 
nd 
he 
of 
of 
x-
he 

ent 
he 
be 
he 
ed 

behavi
is hig
electro
signifi
temper
ACM2
specifi
(1)). 

F

FIGUR
ACMs.
 

Fig
depend
on the 
seems 
freque
indicat
temper
curve
freque

l ACMs 
Micr
param

(Å) Lc(Å
62 10.84
21 10.91
23 11.40
40 10.44

ior because the
hly related to

odes. Similarly
cant variati
rature, with th
2 electrode, th
ic capacitance 

FIGURE 2. FES

RE 3. N2 ads

gures 5 (a) an
dence of real a
frequency am
to be superior 
ncy range and 
ting the existe
rature (~500 o

consists of 
ncy, fp, which 

ocrystallite 
meters 
) La(Å) 
4 46.21 
1 22.79 
0 32.90 
4 34.77 

e intrinsic resi
o the pore ch
y for the Z” 
on with t
he lowest valu
hat is corresp

value (calcula

SEM micrograph

orption-desorpti

nd (b) respec
and imaginary 

mong all the cel
than other cel
is highly depe

ence of an opti
oC). For the im
peak associat
is the maximu

Lc/La 

0.235
0.379
0.347
0.300

istance of elect
haracteristic o
value, it sho

the carboniz
ue exhibited b
ponding the h
ated using equ

hs for all ACMs.

ion isotherm f

ctively compar
parts of capac
lls. The ACM2
ls throughout a

endent on frequ
imum carboniz
maginary part,
ted with the 
um frequency c

trodes 
of the 
ows a 
zation 

by the 
ighest 
uation 

. 

for all 

re the 
itance 

2 cells 
all the 
uency, 
zation 
, each 

peak 
can be 

030005-3 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

103.10.169.198 On: Mon, 20 Apr 2015 03:49:22



sustained by the dominance capacitive behavior [14]. 
The relaxation time ( o) can give an estimation of 
power capacity because the power inversely 
proportional to the ( o) [16]. The values of ( o) in 
Table 3 are in agreement with the power capacity 
shown in Ragone plot (Figure 8).

TABLE 2. Porosity parameters values obtained from N2 
adsorption-desorption for all ACMs 

Sample ACM1 ACM2 ACM3 ACM4 
SBET (m2g-1) 459 465 420 481 
SMeso (m2g-1) 27 42 44 39 
SMicro (m2g-1) 431 424 375 442 
VMeso (cm3g-1) 0.019 0.027 0.021 0.023 
VMicro (cm3g-1) 0.203 0.199 0.175 0.208 
D (Å) 19.2 19.5 19 19.2 

 

 
FIGURE 4. Nyquist plot for ACM1 to ACM4 cells. 

 

 
 
FIGURE 5. Capacitance of the (a) real part and (b) 
imaginary part dependence on frequencies for ACM1 to 
ACM4 cells. 
 
       Cyclic voltammogram for each cell with different 
carbonization temperatures over a potential range of 0-
1 V and scan rate of 1 mV/s are shown in Figure 6. 
Scan rate of 1 mV/s was choosen because it can 
provide sufficient time for ions to enter the pores 
completely compared to larger scan rate [17,18]. Each 
cell exhibit a similar window with a parallelogram 
like-shaped, indicating that each cell has a similar 
characteristic of double-layer capacitor has a highly 
reversible property, pure electrostatic and non-faradaic 
reaction mechanism (non-pseudocapacitance) and 
stability in acidic solution [19]. Although all the 
window have a similar shape but their area are 

different, which is an evident of the effect arising from 
the different in carbonization temperature. The largest 
area is shown by the cell ACM2 and hence its specific 
capacitance value, calculated using equation (2), is 
higher compared to the other cells (Table 4). 

TABLE 3. Values of Rs, Rp, fp and o for ACM1 to ACM4 
cells 

Sample Rs(ohm) Rp(ohm) fp (Hz)  o (s) 
ACM1 0.5372 1.1256 0.1585 6.301 
ACM2 0.5688 1.0422 0.0316 31.63 
ACM3 0.5465 0.9179 0.1 10 
ACM4 0.5621 1.2769 0.0631 16.39 

 

FIGURE 6. Cyclic voltammetry (CV) for ACM1 to ACM4 
cells. 

 
Figure 7 shows that each cell shows a typical shape 

of GCD curves recorded at 10 mA/cm2 current density 
from carbon based supercapacitor but their charge-
discharge period differ for different carbonization 
temperatures. ACM2 cell recorded the longest charge-
discharge periods and obviously produced the highest 
specific capacitance, as shown by the results 
calculated from GCD data using equation (3) in Table 
4. 

The specific energy and the specific power for each 
cell, calculated using equations (4) and (5) 
respectively, are shown as Ragone plot in Figure 8. It 
is clearly shown that the change in carbonization 
temperature causes a significant change in the specific 
energy-specific power relationship. Comparing to 
other cells, ACM2 cell seems to have a significantly 
larger maximum specific energy whereas its maximum 
specific power seem to be relatively close to other. 
The relaxation time ( o) results obtained earlier was 
used to analyze the maximum specific energy and 
power of the cells and a consistent result was 
observed. A similar result was observed on 
supercapacitor using different type of carbon electrode 
[20,21]. 
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FIGURE 7. GCD curves at 10 mA/cm2 current densities for 
ACM1 to ACM4 cells. 
 

 
FIGURE 8. Specific power against specific energy or 
Ragone plot for each cell. 
 
TABLE 4. Values of specific capacitance calculated from 
EISx, CVy and GCDz data 

Sample Csp
x 

(F/g) 
Csp

y 
(F/g) 

Csp
z 

(F/g) 
Ez 

(Wh/kg) 
P z 

(W/kg) 
ACM1 17 36 26 0.6743 158.87 
ACM2 71 112 108 2.5825 152.52 
ACM3 26 62 49 1.1866 151.78 
ACM4 19 50 40 0.8811 155.67 

 
CONCLUSION 

Carbon electrodes for supercapacitor application 
were prepared from pre-carbonized fiber of oil palm 
empty fruit bunches by carbonization at (400-700oC) 
and followed by CO2 activation at 800oC. The change 
in carbonization temperature was found to affect the 
physical and electrochemical properties of the 
electrodes. Characterization by EIS, CV and GCD 
methods consistently show that electrode prepared via 
500oC carbonization temperature exhibit superior 
performance compared to those prepared with other 
carbonization temperatures. 

ACKNOWLEDGMENTS 

The authors acknowledge the research university 
grants (UKM-GUP-2011-216, UKM-DLP-2012-022 
and UKM-DLP-2012-023), Centre for Research and 

Innovation Management (CRIM UKM) and the 
assistant of Mr. Saini Sain.  

REFERENCES 

1. A. G. Pandolfo and A. F. Hollenkamp, J. Power 
Sources 157, 11-27 (2006). 

2. J. I. Kim, K. Y. Rhee and S. J. Park, J. Coll. Sci. Interf. 
Sci 377, 307-312 (2012). 

3. A. Burke, J. Power Sources 91, 37-50 (2000). 
4. A.B.Fuertes, G.Lota, T.A. Centeno and E. Frackowiak, 

Electrochim. Acta 50, 2799-2805 (2005). 
5.  E. Taer, M. Deraman, I. A. Talib, Awitdrus, S. A. 

Hashmi, and A. A. Umar, Int. J. Electrochem. Sci 6, 
3301-3315 (2011). 

6. M. Deraman, S. Zakaria, R. Omar and A.A. Aziz, Jpn. 
J. Appl. Phys 39, L1236-L1238 (2000). 

7. Awitdrus, M. Deraman, I. A. Talib, R. Omar, M. H. H. 
Jumali, E. Taer, and M. M. Saman, Sains Malays.
39(1), 83-86 (2010). 

8. M. Deraman, S. Zakaria, and J.A. Murshidi, Jpn. J. 
Appl. Phys., Part 1 40,3311-3314 (2001). 

9. C. Portet, P.L. Taberna, P. Simon, E. Flahaut and C. 
Laberty-Robert, Electrochim. Acta 50, 4174-4181 
(2005). 

10. J. M. Boyea, R. E. Camacho, S. P. Turano, and W. J. 
Ready, Nanotech L & Bus 4(1), 585-593 (2007). 

11. Z. Ryu, J. Zheng, M. Wang, and B. Zhang, Carbon 37, 
1257-1264 (1999). 

12. M. P. Bichat, E. R. Pinero, and F. Beguin, Carbon 48, 
4351-4361 (2010). 

13. A. Aworn, P. Thiravetyan, and W. Nakbanpote, 
Colloid. Surface A  333, 19-25 (2009). 

14. X. M. Liu, R. Zhang, L. Zhan, D. H. Long, W. M. 
Qiao, H. H. Yang, and L. C. Ling, New Carbon Mater. 
22, 153-158 (2007). 

15. H. Yu, J. Wu, L. Fan, K. Xu, X. Zhong, Y. Lin, and J. 
Lin, Electrochim. Acta 56, 6881-6886 (2011). 

16. D. Pech, M. Brunet, H. Durou, P. Huang, V. Mochalin, 
Y. Gogotsi, P. L. Taberna, and P. Simon, Nature 
Nanotech 162, 651 (2010). 

17. A. Awitdrus, M. Deraman, I.A. Talib. R. Farma, R. 
Omar, M. M. Ishak, N. H. Basri, and B. N. D. Dolah, 
Adv. Mat. Res. 501, 13-18 (2012). 

18. W-C. Chen, T-C. Wen, and H. Teng, Electrochim. 
Acta 48, 641-649 (2003). 

19. E. Taer, M. Deraman, I.A. Talib, A.A. Umar, M. 
Oyama, and R. M. Yunus, Curr. Appl Phys 10 (4) 
1071-1075 (2010). 

20. M. O-Marin, J. A. Fernandez, M. J. Lazaro, C. F-
Gonzalez, A. M-Garcia, V. G-Serrano, F. Stoeckli, and  
T. A. Centeno, Mater. Chem. Phys 114, 323-327 
(2009). 

21.  E. Taer, M. Deraman, I.A. Talib, S.A. Hashmi and 
A.A. Umar, Electrochem. Acta 6, 3301-3305 (2011). 

030005-5 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

103.10.169.198 On: Mon, 20 Apr 2015 03:49:22

http://dx.doi.org/10.1016/j.jpowsour.2006.02.065
http://dx.doi.org/10.1016/j.jpowsour.2006.02.065
http://dx.doi.org/10.1016/j.jcis.2012.02.050
http://dx.doi.org/10.1016/j.jcis.2012.02.050
http://dx.doi.org/10.1016/S0378-7753(00)00485-7
http://dx.doi.org/10.1016/j.electacta.2004.11.027
http://dx.doi.org/10.1143/JJAP.39.L1236
http://dx.doi.org/10.1143/JJAP.39.L1236
http://dx.doi.org/10.1143/JJAP.40.3311
http://dx.doi.org/10.1143/JJAP.40.3311
http://dx.doi.org/10.1016/j.electacta.2005.01.038
http://dx.doi.org/10.1016/S0008-6223(98)00322-4
http://dx.doi.org/10.1016/j.carbon.2010.07.049
http://dx.doi.org/10.1016/j.colsurfa.2008.09.021
http://dx.doi.org/10.1016/S1872-5805(07)60015-8
http://dx.doi.org/10.1016/j.electacta.2011.06.039
http://dx.doi.org/10.1038/nnano.2010.162
http://dx.doi.org/10.1038/nnano.2010.162
http://dx.doi.org/10.4028/www.scientific.net/AMR.501.13
http://dx.doi.org/10.1016/S0013-4686(02)00734-X
http://dx.doi.org/10.1016/S0013-4686(02)00734-X
http://dx.doi.org/10.1016/j.cap.2009.12.044
http://dx.doi.org/10.1016/j.matchemphys.2008.09.010

