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A B S T R A C T

Binderless supercapacitor electrode monoliths (BSEM), prepared via the carbonization and activation of
green monoliths from (a) self-adhesive carbon grains (SACG) from oil palm empty fruit bunch fibers, (b)
SACG mixed with KOH, and (c) mixtures of SACG, KOH, and varying percentages of carbon nanotubes
(CNTs), were characterized and evaluated in symmetrical supercapacitor cells. The porosity and the
structural and microstructural characteristics of the electrodes are influenced by KOH and CNTs. The
electrodes containing CNTs have a relatively lower specific capacitance but exhibit lower equivalent
series resistance values and hence can sustain or improve the specific power of the cells, suggesting the
need to optimize the quantity of CNTs used to sustain higher specific capacitance above 100 F/g. This
innovative process uses inexpensive SACG with relatively small quantities of CNTs and KOH with no
binder, and it directly combines both chemical (KOH) and physical (CO2) activation during the production
of BSEM.

ã 2014 Published by Elsevier Ltd.
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1. Introduction

Supercapacitors are electrochemical storage devices whose
ranges of energy and power densities lie between those of batteries
and conventional dielectric capacitors. Supercapacitors can deliver
higher power than batteries and can store more energy, but they
have lower power than conventional capacitors. These capabilities
allow supercapacitors to be used as a complimentary or back-up
power source in a wide range of electronic devices or systems. A
supercapacitor stores its energy at the interface between the
electrode and electrolyte. The commonly use electrodes are
activated carbon [1,2], metal oxide [3,4], and electronically
conducting polymer [5]. For activated-carbon-based supercapaci-
tors, the energy is stored in electrostatic charges (ionic charges
from the electrolyte and electronic charges from the electrode)
formed at the activated carbon/electrolyte double layer interface,
and high capacitance can be achieved because of the high specific
surface area of the porous activated-carbon electrode.

Carbon-based supercapacitors are widely developed and well
established because of their low cost, large capacitance, and long
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life-cycles; however, active research to improve the deliverable
power still continues because activated carbon itself does not have
high enough electronic conductivity (or low resistance). These
limitations are particularly applicable when the activated carbon
has a very high surface area, thereby preventing the aim of
producing supercapacitors with a very low equivalent series
resistance (ESR). The power of a supercapacitor is inversely
proportional to its ESR. CNTs have been widely used to produce
composite CNT/activated carbon supercapacitor electrodes with
improved ESR values because of their excellent electronic
conductivity and other beneficial properties, such as hollow tube
structure, nanometer dimensions, and reasonably high surface
area [6,7]. The specific capacitance of CNTs was found to be lower
than that of activated carbon; therefore, physical/chemical
activation was used prior to or during composite electrode
preparation to increase the resultant specific capacitance [8]. It
has also been reported that the use of a binding agent with CNTs
and activated carbon may obstruct pores, reducing the resulting
specific capacitance of the composite electrode [9]. Therefore, a
number of solutions have been proposed to overcome this
drawback associated with binder usage [10,11].

The present study proposes a new method to prepare
electrodes for supercapacitor application without using any binder.
The activated carbon composite monoliths (ACM) were prepared
from the carbonization (N2) and activation (CO2) of the binderless
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Fig. 1. Raman spectra of MWCNTs.
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green monoliths containing (1) SACG from EFB fibers, (2) a mixture
of SACG and KOH, and (3) a mixture of SACG, KOH, and a varying
amount of CNTs. The binderless method offers advantages such as
omission of binder, the use of inexpensive SACG, and a very small
quantity of CNTs; this method also employs a direct combination of
both chemical (KOH) and physical (CO2) activation processes. The
objective of the present study is to observe the effect of varying
CNT content on the physical and electrochemical properties of the
ACM electrodes, and, more specifically, the supercapacitive
performance of the cells fabricated using these ACM electrodes.
The physical properties of the ACM electrodes were investigated
using field emission scanning electron microscope (FESEM), X-ray
diffraction (XRD), and nitrogen adsorption–desorption isotherm
methods. Symmetrical supercapacitor cells were fabricated using
these ACM electrodes, and their electrochemical performance was
evaluated using electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV), and galvanostatic charge–discharge
(GCD) methods.

2. Experimental

2.1. Sample preparation

SACGs with particle size less than 106 microns were prepared
from EFB fibers (Ecofibre Technology Sdn. Bhd.) by pre-carboniza-
tion (Furnace CTMSB46), milling for 36 h (ball mill AC Motor BS
500-110), and sieving (Matest 24030 Brembate Sopra (BG)) [12].
Three types (designated as 1, 2, and 3) of green monoliths (GMs)
were prepared according to the composition shown in Table 1. For
convenience, the carbon monoliths (CMs) and ACMs were labeled
by their batch number, type, and CNT content, as shown in column
6 of Table 1. The first, second, third, fourth and fifth refer the
experimental batches carried out on the respective samples. Type
1, type 2 and type 3 refer to the GMs with 100 wt% SACG, 95%
SACG + 5 wt% KOH, 90 wt% SACG + 5 wt% KOH + 5 wt% CNT,
respectively. It should be noted here that all type 2 samples in
all batches are identical in terms of weight percentage
composition. A similar rule was applied for all type 3 samples in
all batches. The CNTs used in this study was multi-walled CNTs
(MWCNTs), with 50–100 nm in diameter, 5–10 mm in length and a
surface area of approximately 40 m2g�1 (Nano Amor Nanostruc-
tured & Amorphous Materials, Inc. TX, USA, manufactured on
February 19th, 2009). Fig. 1 shows a Raman spectra of MWCNTs
recorded between 500 and 2000 cm�1, which shows typical D band
at 1344 cm�1 and G band at 1568 cm�1 for this material.

For the type 1 and type 2 GMs, 30 g of SACG and 28.5 g of SACG
mixed with 1.5 g of KOH (5 wt%) were each poured into 300 ml of
boiling water, stirred for 1 h, and dried in an oven at 100 �C for 48 h.
For milling, 10 g of the dried SACG and 10 g of the SACG and 5 wt%
KOH mixture, respectively, were milled for 20 min to obtain
homogeneous powder samples. For the type 3 GMs, a dry mixture
Table 1
Compositions of green monoliths and label for all the monoliths.

Batch Type Composition (% by weight) 

SACG KOH 

1 1 100 0 

2 95 5 

2 2 95 5 

3 92 5 

3 2 95 5 

3 91 5 

4 2 95 5 

3 90 5 

5 2 95 5 

3 89 5 
of SACG, KOH, and CNTs based on the weight-percentage in
Table 1 was also prepared using similar steps. Finally, 0.75 g of the
powder from each GM type was poured into a 20 mm-diameter
mold and pressed using a pelletizing machine (VISITEC 2009-
Malaysia) to convert the powders into GMs without using any
binders.

Five sets of GMs were carbonized separately, according to the
batches shown in Table 1, into their respective CMs in a
carbonization furnace (Vulcan Box Furnace 3-1750) under a
1.5 l/min flow of N2 gas and heated to 800 �C using our previous
multi-step heating profile [13,14]. The samples were then activated
with CO2 (1.5 l/min) at 800 �C for 3 h with a heating rate of 5 �C per
minute to produce five batches of ACMs. After being polished to a
thickness of 0.4 mm, the ACMs were used as electrodes in
symmetrical supercapacitor cells using 316L-stainless steel as
the current collector, H2SO4 (1 Molar) as the electrolyte, and a
Teflon ring (0.1 mm thick) as the separator. All five sets of prepared
cells were labeled as Cell 110, Cell 120, etc., based on the label
designated for the ACM precursor.

2.2. Characterization

The weight (measuring tool: Mettler Toledo AB204), thickness
and diameter (measuring tool: Mitutoyo 193-253) of the monoliths
were measured to determine the density of the GMs, CMs, and
ACMs. FESEM (Zeiss SUPRA 55VP) was used to study the
microstructures of the CMs and ACMs. XRD (Bruker AXS: model
D8 Advance, 1.5406 Å wave length of incident beam, generated
from a CuKa of X-ray sources) was used to record the XRD patterns
of the ACMs. The nitrogen adsorption–desorption isotherm
Monoliths label

CNTs GMs CMs ACMs

0 GM110 CM110 ACM110
0 GM120 CM120 ACM120
0 GM220 CM220 ACM220
3 GM233 CM233 ACM233
0 GM320 CM320 ACM320
4 GM334 CM334 ACM334
0 GM420 CM420 ACM420
5 GM435 CM435 ACM435
0 GM520 CM520 ACM520
6 GM536 CM536 ACM536
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analysis (Micromeretic ASAP 2010) was conducted at 77 K to
characterize the porosity of the ACMs.

The performance of the supercapacitor cells fabricated using
ACMs as the active electrodes was studied by EIS, CV, and GCD
methods using an electrochemical interface (Solatron 1286)
device.

3. Results and discussion

3.1. Weight, dimension and density

Table 2 shows the average weight, thickness, diameter, and
density of the GMs, CMs and ACMs. Carbonization of the GMs to
CMs induced a weight reduction of approximately 52.05%–60.27%,
and activation of the CMs to ACMs led to a weight reduction of
approximately 3.33%–22.58%. The shrinkage of the GMs could be
observed via the reductions in thickness and diameter of
14.52%–35.86% and 22.19%–28.39%, respectively, after carboniza-
tion. The thickness and diameter of the CMs after activation were
further reduced by 0.52%–9.0% and 1.15%–3.77%, respectively. The
release of non-carbon elements together with the rearrangement
of carbon atoms throughout the activation and carbonization
processes contributed to the weight loss and volume shrinkages
[15,16]. A slight decrease in the degree of weight loss and shrinkage
reduction in the thickness and diameter of the samples occurred as
the percentage of CNTs increased, as can be observed from the data
in Table 2. This trend can be explained by the fact that during
carbonization and activation, only SACG experienced losses in
mass, while the mass of the CNTs remained nearly unchanged;
therefore, samples with less CNT content had less of a decrease in
the post-processing weight reduction.

The data in Table 2 clearly demonstrate that there is a slight
reduction in the density of the GMs after carbonization, as
indicated by the weight and dimensional changes after carboniza-
tion. Further reduction of the density after activation is revealed by
Table 2
Averages weight (w), thickness (t), diameter (d) and density (r) for GMs, CMs and ACM

Monoliths w (g) t (m

GM110 0.74 2.33
GM120 0.75 2.27
GM220 0.75 2.27
GM233 0.76 2.23
GM320 0.73 2.31
GM334 0.73 2.36
GM420 0.73 2.37
GM435 0.75 2.45
GM520 0.76 2.4 

GM536 0.75 2.41
CM110 0.3 1.8 

CM120 0.31 1.78
CM220 0.31 1.78
CM233 0.34 1.78
CM320 0.34 1.79
CM334 0.35 1.92
CM420 0.29 1.52
CM435 0.32 1.6 

CM520 0.35 1.92
CM536 0.37 2.06
ACM110 0.29 1.79
ACM120 0.24 1.69
ACM220 0.24 1.69
ACM233 0.27 1.62
ACM320 0.3 1.77
ACM334 0.3 1.89
ACM420 0.26 1.49
ACM435 0.29 1.56
ACM520 0.3 1.91
ACM536 0.33 2.02
the data and is expected because there was an additional release of
carbon atoms from the CMs during the three hour activation
process. Correspondingly, the densities of all ACMs after activation
are lower than those of the CMs. The reduction in density is smaller
for the samples with lower percentages of SACG or higher
percentages of CNTs.

3.2. Porosity

Fig. 2(a) shows the nitrogen adsorption–desorption isotherm
curves for the ACM220, ACM233, ACM334, ACM435, and
ACM536 electrodes. As indicated by the isotherms, all of the
samples exhibited a similar trend resulting from a combination of
type I and IV patterns, as designated by the IUPAC classification
[17]. Thus, it can be concluded that all of the electrodes consist of
carbon material with high porosity that derives from both the
mesopores and micropores. Fig. 2(a) shows that the ACM220,
ACM435, and ACM536 has an isotherm curve shape that is typical
of microporous materials, indicating that the porosity of these
materials is dominated by micropores [17–19]. Conversely, the
ACM233 and ACM334 electrodes are dominated by mesopores. The
presence of CNTs in the activated carbon composite electrode
made by mixing CNT and activated carbon using binder led to the
development of an open mesoporous network in which electrodes
with 3 wt% CNTs exhibited the highest mesoporosity [7]. The
adsorption–desorption capacities of nearly all electrodes varied,
but the ACM220 and ACM233 electrodes displayed nearly the same
adsorption–desorption capacities. The adsorption–desorption
capacities at higher CNT percentages exhibited a decreasing trend,
indicating a decrease in the porosity of the samples; this behavior
serves as direct evidence that the addition of CNTs to the samples
plays a significant role in the growth of graphitic-like micro-
crystallites and that these crystals are key components that dictate
the formation of the porous structured network developed in the
electrodes during carbonization and activation. The quantity of
s.

m) d (mm) r (g/cm3)

 20.25 0.99
 20.22 1.03
 20.22 1.03
 20.2 1.06

 20.15 0.99
 20.16 0.97

 20.12 0.97
 20.12 0.96

20.16 0.99
 20.19 0.97

14.97 0.95
 14.84 1.01
 14.84 1.01
 15.24 1.05
 14.43 1.16
 15.38 0.98
 14.5 1.16

15.24 1.1
 14.98 1.03

 15.71 0.93
 14.62 0.97
 14.28 0.89
 14.28 0.89
 14.8 0.97
 14.26 1.06
 15.15 0.88
 14.14 1.11
 14.92 1.06

 14.67 0.93
 15.53 0.86



Fig. 2. (a) Adsorption–desorption isotherm capacity versus relative pressure for the
ACM220, ACM233, ACM334, ACM435, and ACM536 electrodes; (b) surface area
(BET, meso, and micro values) for the ACM220, ACM233, ACM334, ACM435, and
ACM536 electrodes; (c) correlation between structure and surface area of the
electrodes containing varying amounts of CNTs.
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CNTs added to the green monoliths was very small, but their effect
on the pore structure of the electrodes during activation was quite
pronounced. One possible explanation for this pronounced effect is
that the CNTs act as nuclei that can induce carbon atoms from SACG
to participate in the growth of the microcrystallites during the
carbonization and activation processes [15,20]. However, this
growth can only enhance porosity if it occurs in such a way that the
stack height of the microcrystallite is significantly higher than its
stack width and if the number of graphitic layer formed in the
microcrystallite increases. This condition is explained in reference
[21].

Another feature clearly visible in the data shown in Fig. 2(a) is
that the tail region of relative pressure near unity of the
ACM220 sample isotherm is more horizontally oriented and thin,
whereas the tails of the ACM233, ACM334, ACM435, and
ACM536 samples are broader and point upward. These results
are direct effects stemming from the incorporation of CNTs in the
samples. According to reference [22], this type of broad and
upward tail appears when the activation reaction occurs rapidly.

Quantitative information from the data in Fig. 2(a) was obtained
using a standard procedure [17] that calculated the corresponding
pore parameters such as Brunauer–Emmet–Teller surface area
(SBET), surface area of the mesopores (Smeso) and micropores
(Smicro), volume of the mesopores (Vmeso) and micropores (Vmicro),
and the average pore diameter (Dp). The results obtained for the
ACM220, ACM233, ACM334, ACM435, and ACM536 electrodes are
shown in Table 3, and the surface area results are graphically
presented in Fig. 2(b). The surface area results clearly show that the
SBET values for the electrodes with CNTs content greater than 3% are
smaller than those of the other two electrodes (ACM220 and
ACM233). However, the SBET values between the ACM220 and
ACM233 electrodes are nearly identical, but their Smeso/Smicro ratios
are notably different, an effect that is attributed to the influence of
the CNTs. Similar changes in the Smeso/Smicro ratios of the other
electrodes containing different percentages of CNTs can also be
seen in Fig. 2(c). The Smeso/Smicro ratio plotted against the CNT
percentage, shown in Fig. 2(c), clearly shows a decreasing trend
after reaching an optimal value. It should be noted that several
studies have related this ratio to the capacitive performance of the
electrode [23,24].

3.3. Structure

XRD patterns for the ACM220, ACM233, ACM334, ACM435, and
ACM536 electrodes are shown in Fig. 3(a). All of the ACMs exhibit a
turbostratic structure [25] with major and minor peaks at 25–26�

and 42–43� that can be indexed to the (0 0 2) and (10 0) planes,
respectively. Qualitative interpretation of the XRD patterns for
multi-walled nanotube/carbon composites, similar to the ACMs
fabricated in this study, also indicated similar peaks at these
angular ranges [26]. The positions and broadening of these peaks
were affected by the chemical or physical activation processes
[20,27]. The microcrystallite dimensions of the electrodes, the
width (La) and height (Lc), were calculated from the broadening of
the (0 0 2) and (10 0) diffraction peaks, respectively, using the
Scherer equation: La(orc) = Kl/bc,a cosu; where K is the shape factor,
which is equal to 0.89 and 1.84 for Lc and La, respectively, and bc,a is
the full width at half maximum of the corresponding diffraction
peaks. The interlayer spacings of the microcrystallite, d10 0 and
d0 0 2, were calculated from the peak positions of the 10 0 and
0 0 2 diffraction peaks, respectively, using the Bragg equation:
dhkl = nl = 2dsinu, where n = 1, l is the incident X-ray wave length
(1.5406 Å), and u is the Bragg angle representing the position of the
0 0 2 and 10 0 diffraction peaks.

These obtained structural parameters are shown in Fig. 3(b),
where it can be seen that the addition of CNTs induced a small
change in the interlayer spacing and microcrystallite widths but a
large change in the microcrystallite height. These results reveal
that the microcrystallites in the CNT-containing electrodes are
significantly thicker than those in the electrodes without CNTs,
which have widths that vary slightly. To observe the correlation
between the change in the microcrystallite dimensions and the
surface area of the electrodes, the Lc/La and Smeso/Smicro values were
plotted against the percentage of CNT additive, the results of which
are shown in Fig. 2(c). This figure clearly shows that these two



Table 3
Porosity data for ACM220, ACM233, ACM334, ACM435 and ACM536 electrodes.

Monoliths SBET(m2/g) Smeso(m2/g) Smicro(m2/g) Vmeso(cm3/g) Vmicro(cm3/g) Dp(Å)

ACM220 1592 656.18 935.82 0.31 0.45 20.66
ACM233 1596 1094.55 509.26 0.64 0.25 23.34
ACM334 1151 862.53 288.09 0.55 0.15 25.37
ACM435 987 278.81 708.46 0.13 0.38 22.36
ACM536 1001 394.83 606.42 0.2 0.33 23.98
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quantities display a nearly common trend, indicating that the
microcrystallite geometry and surface area characteristics are
strongly correlated due to the influence of the addition of CNTs.

3.4. Microstructure

For comparison of the porosity characteristics, micrographs of
the ACM220, ACM233, and ACM536 fractured electrode surfaces
were obtained at 20,000� magnification, as shown in Fig. 4(a)–(c),
respectively. These micrographs clearly show that all of the
samples are extremely porous with macropores of different sizes
and shapes between the carbon grains, which also have different
sizes and shapes. The smooth surfaces are fractured grains, and the
rough surfaces are porous grain boundaries. These results reveal
that fracture along the ACM surfaces occurs across both grains and
grain boundaries.
Fig. 3. (a) X-ray diffraction patterns for the ACM220, ACM233, ACM334, ACM435,
and ACM536 electrodes; (b) variation in the structural parameter values with CNT
percentage.
As shown in Fig. 4(b) and (c), CNTs are not present in the grains
and instead occupy pores that exist at grain boundaries. The results
from these figures indicate that the CNTs were not collectively
combined with atoms from the SACG to form graphitic-like
structures, which are a basic unit of microcrystallites, and that the
CNTs were not trapped between microcrystallites within the grains
during carbonization and activation. It should be noted that, in
general, carbon grains are made of many microcrystallites that are
randomly oriented within the grains [26]; in this study, the
microcrystallites were too small to be visible in the FESEM
micrographs at the set magnification. It was found that the CNTs
were not present in the grains; therefore, the pores within the
grains of all type 3 electrodes are not occupied with CNTs. This
finding suggests that the CNTs occupy pores outside the grains or at
grains surfaces/boundaries and are responsible for blocking
electrolyte ions from entering the internal pores.

3.5. Electrochemical properties

3.5.1. EIS results
Fig. 5(a) and (b) compares the Nyquist plots for the ACM220,

ACM233, ACM334, ACM435, and ACM536 cells measured in the
frequency ranging from 0.01 Hz to 1 �106Hz. A noticeable
variation in the detailed profile of the curves for the type 2 and
3 electrodes can be observed from these figures and is a result of
the addition of CNTs. As shown in this figure, all plots show a
typical curve shape for carbon-based supercapacitors and consist
of three sections: (i) a relatively large semicircle in the high-
frequency region (125,900–200 Hz), (ii) a straight line region
(Warburg line) with a slope of approximately 45� in the
intermediate frequency range (200–0.32 Hz), and (iii) a steeper
straight line region as the data approach the low-frequency region
(0.32–0.01 Hz). The shape of the curve indicates that all of the cells
exhibit a satisfactory capacitive behavior.

The semicircle in Fig. 5(b) is attributed to the responses of both
the major resistive and minor capacitive effects at the
electrode/electrolyte interface. The major resistive response may
arise from several effects, such as the electronic resistance of the
electrode, interfacial resistance between the electrode and the
current collector, the composition of the electrolyte solution, or the
diffusion of ions moving throughout the pores. The magnitudes of
these resistive effects are given by the diameter of the semicircle
from the impedance spectra, as shown in Fig. 5(b); the diameters
for the type 2 and type 3 electrodes differed due to the varying
amount of CNTs. It will be demonstrated later, based on CV results,
that the supercapacitor cells being investigated here were free
from redox effects. Therefore, the resistive effect associated with
the semicircle in Fig. 5(a) is free from charge transfer resistance
caused by faradaic phenomena [28].

To observe the variation in semicircle diameter or resistive
effects with respect to the CNT content in the electrodes, Fig. 5b(i)
presents the Nyquist plots for the 220 and 233 cells in the resistive
and Warburg regions. It can be clearly seen in this figure that the
CNTs reduce the diameter of the semicircle and alter its position
along the Z0 axis; these results reveal that there is a significant
reduction in resistance or a significant improvement in both the
ionic and electronic conductivities of the 233 cell. Similar changes



Fig. 4. FESEM micrographs for the (a) ACM220, (b) ACM233, and (c) ACM536 electrodes at 20,000� magnification.
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can also be seen in the Nyquist plots for other cells, as shown in
Fig. 5b(ii) and (iii). The analysis of these figures in terms of the ESR
ratio (ESRCNT/ESRnoCNT) is shown in Fig. 5(c), which clearly shows
that the cells with electrodes containing CNTs have lower ESR
values compared to those without for all cases. Also shown in
Fig. 5(c), increases in the ESR value as a result of KOH treatment
seem to be reduced by the presence of CNTs; the plot of Smeso/Smicro

is also included to show the correlation between these ratios. The
behavior in the Smeso/Smicro plot suggests that there is an optimum
region in the Smeso/Smicro ratio that corresponds to a relatively
lower ESR value, and this optimum could be regarded as a
precondition that allow mesopores to provide efficient ionic
charge transport into the microporous network throughout the
electrodes.

The minor capacitive effect observed in the semicircle region is
considered minimal because the response due to the
charge/discharge process that occurs in the interfacial region only
occurs on the external surface of the electrode material. While the
interfacial surface is more exposed and easily accessible to ions from
the electrolyte or redox species from a faradaic process, the surface is
relatively small compared to that of the internal pores of the
electrodes. Consequently, such a response produces a very small
capacitance compared to the maximum capacitance generated by
the entire pore surface area of the porous carbon electrodes.

The Warburg line in the intermediate frequency region of the
Nyquist plot in Fig. 5(b) is commonly found in Nyquist plots of cells
using microporous carbon electrodes. This segment results from
both the ion migration resistance and the progressive increase in the
capacitive effect inside the micropores of the electrodes. As shown in
Fig. 5(b), the Warburg lines for all of the cells appear differ in length
and slope, indicating that the CNTs influence the ion migration
accessibility into the electrode micropores over this intermediate
frequency range. In general, a Warburg line segment with shorter
length andsteeperslopeindicatesthatthe capacitivephenomenon is
dominant, whilea longerandgraduallysloped segmentisdominated
by the resistive effect because the real component of the impedance
continues to increase while the imaginary component continues to
deviate strongly from an ideal vertical impedance line. A similar
effect to the Warburg line was observed in electrodes prepared from
CNTs and activated carbon [29].

The second straight line segment in the low frequency region
(Fig. 5(a)) serves as evidence that the electrically charged
electrode/electrolyte interface in the cells exhibits an increasing
capacitive behavior. In this low frequency region, a greater number
of ionic charges from the electrolyte solution can occupy the
porous structure of the electrodes because the charges have
sufficient time to penetrate and then reside in the pores to form an
electric double layer at the electrode/electrolyte interface. The
accumulation of these charges at the electrode/electrolyte
interface may help the cell achieve its maximum electrical
capacitance. The capacitance is higher if this second segment line
is shorter and has a slope that approaches infinity. A comparison



Fig. 5. (a) Nyquist plots for the (i) ACM220 and ACM233, (ii) ACM420 and ACM435, and (iii) ACM520 and ACM536 cells; (b) Nyquist plots (resistive and Warburg regions) for
the (i) ACM220 and ACM233, (ii) ACM420 and ACM435, and (iii) ACM520 and ACM536 cells; (c) ratios of ESR(CNTs)/ESR(no CNTs) against the CNT percentage; (d) Csp for the (i)
ACM220 and ACM233, (ii) ACM420 and ACM435, and (iii) ACM520 and ACM536 cells; (e) Imaginary (C00) and real (C0) capacitances versus frequency for the (i) ACM220 and
ACM233, (ii) ACM420 and ACM435, and (iii) ACM520 and ACM536 cells.
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Fig. 6. (a) CV curves recorded at a scan rate of 1 mV s�1 for the (i) ACM220 and ACM233, (ii) ACM420 and ACM435, and (iii) ACM520 and ACM536 cells and (b) specific
capacitance at different scan rate for the (i) ACM220 and ACM233, (ii) ACM420 and ACM435, and (iii) ACM520 and ACM536 cells.
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between this second segment for the type 2 and 3 cells indicates
that the presence of CNTs in the electrodes may influence the
penetration of the ionic species into the pores of the electrodes.

The ionic penetration into and accumulation of charges at the
available internal surface of the porous electrode structure is a
time dependent process because there is deviation from an ideal
vertical impedance line; thus, these results serve as direct evidence
that the capacitance is a time dependent parameter. Therefore, the
specific capacitance (Csp) and its constituent imaginary (C00) and
real (C0) parts are widely evaluated as a function of the frequency
and can be calculated from the Nyquist plot using the following
equations: Csp = �1/f Z00m, C00 = Z0(v)/vZ(v)2 and C0 = �Z00(v)/vZ
(v)2; where f is the lowest frequency, Z00 is the imaginary
impedance at f,m is the weight of electrode, C(v) is the
C0(v) � jC00(v), Z(v) is the 1/jvC(v), C0(v) is the real capacitance,
C00(v) is the imaginary capacitance, Z0(v) is the real impedance, and
Z00(v) is the imaginary impedance [30].

The calculated Csp values as a function of frequency, as shown in
Fig. 5(d), exhibit a strong dependence on frequency in the region
below 1 Hz. Beyond this frequency range, all of the curves become
less frequency dependent and overlap, particularly in the very high
frequency region. The behavior of these curves seems to be affected
by the addition of CNTs in the electrodes. The calculated C00 and C0

values for all of the ACM220, ACM233, ACM334, ACM435, and
ACM536 cells are shown in Fig. 5(e). As exhibited by the Csp, a
similar effect related to the addition of CNTs can expectedly be seen
in the C0 and C00 plots in Fig. 5(e). In the C00 plot, a peak is present at a
certain frequency value (fp), and the peak position and height seem
to vary with the CNT percentage in the electrodes. The relaxation
time constant, to, which defines the boundary between the regions
of capacitive and resistive supercapacitor behaviors, can be
estimated from the equation to = 1/fp. The calculated to values
for all of the cells show a systematic dependence on the CNT
percentage. It has been reported that high power delivery
corresponds to lower to values [31]. In the present study, the to
values are comparable to those reported elsewhere [9,32,33],
suggesting that the electrodes containing CNTs are suitable
materials for high power delivery.
3.5.2. CV results
The electrochemical performance of the prepared cells was also

observed using CV. It was determined that the cyclic voltammo-
grams recorded between potential values ranging from 0.1 V to
1.0 V and at a scan rate of 1 mV s�1 for all cells exhibit a typical
rectangular shape, indicating that the performance of carbon based
supercapacitor cells is good. The absence of redox peaks indicates
that no redox or faradaic reactions occurred during the charging
and discharging processes. A slight difference is observed between
the CV curves of the ACM220 and ACM233 cells, indicating that
3 wt% CNTs is too small to affect the cell behavior. However, as the
CNT percentage increases to 5 wt% it is evident that the addition of
the CNTs reduces the rectangular area, as shown in Fig. 6(a),
corresponding to a lower capacitance value for the cell. A similar
behavior is shown in a previously conducted study [6] focusing on
electrode materials prepared from activated carbon with varied
weight percentages of CNTs. This previous study also suggested
that a CNT weight percentage of 5% correspondingly yields the
highest specific capacitance, which is in agreement with the
results of the present study. However, these findings contrast a
similar investigation [34], in which it was found that 1.5 wt% CNTs
is the optimal quantity. The Csp values, determined from the CV
curves using the equation Csp = 2i/(sm) over the range of the scan
rate, where i is the current, s is the scan rate, and m is the mass of
the electrode, are shown in Fig. 6(b). From this figure it is apparent
that there is a noticeable decrease in the Csp that accompanies
incremental increases in CNT content.

3.5.3. GCD results
The GCD curves were collected over the potential range from

0–1 V and at current densities of 10 mA cm�2 for the ACM220 and
ACM233 cells; these curves are shown in Fig. 7a(i). Both of the
curves show nearly linear behavior for the charge and discharge
potentials, with a sharp drop in voltage at the beginning of the
discharge process. Other cells using electrodes containing higher
CNT content also exhibited similar behavior, as shown in Fig. 7a(ii)
and (iii). A sharp drop in the voltage at the beginning of the
discharge process is associated with the ESR of the supercapacitor



Fig. 7. (a) GCD curves for the (i) ACM220 and ACM233, (ii) ACM420 and ACM435, and (iii) ACM520 and ACM536 cells; (b) Ragone plots for the (i) ACM220 and ACM233, (ii)
ACM420 and ACM435, and (iii) ACM520 and ACM536 cells.

Table 4
Csp and ESR values for the ACM cells.

Cells Csp (F/g) ESR (ohm)

CELL220 104 1.44
CELL233 109 1.28
CELL420 135 0.44
CELL435 111 0.26
CELL520 103 1.16
CELL536 86 1.46
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cells, and the ESR values calculated from the GCD curves are listed
in Table 4. These results clearly show the effect of CNTs in reducing
the ESR values and that it occurs only if the CNT content does not
exceed 5%. The Csp values of the cells were calculated from the
discharge curves using the equation Csp = (2IDt)/(mDV), where I is
the discharge current, Dt is the discharge time, DV is the voltage,
and m is the mass of the active material (electrode). These results
reveal that a CNT content that is too low does not affect the Csp
value; however, as the CNT content increases to 4 and 5%, the Csp
values decrease.

The specific power (P) and specific energy (E) of ACMs cells
were calculated from the GCD curves (Fig. 7(a)) using the equations
P = Vi/m and E = Vit/m, respectively, where i is the discharge current,
V the voltage, t the time in hour, and m the mass [20,33,35]. Ragone
plots, P versus E, in Fig. 7b(i), (ii), and (iii) clearly show that the type
2 cells offer a much better P–E relationship than that of the type
3 cells, which is attributed to the addition of CNTs in the electrodes.
These results clearly show that a higher the percentage of CNTs
mixed with activated carbon leads to a lower attained E value.

4. Conclusions

Three types (1, 2, and 3) of binderless supercapacitor electrodes
were synthesized via the carbonization and activation of three
different GMs of (1) SACG, (2) SACG mixed with 5 wt% KOH, and (3)
mixtures of SACG, KOH (5 wt%), and CNT (with varying
percentages: 3, 4, 5, and 6%). The microstructural, structural,
and porosity characteristics of the type-2 electrodes revealed that
they were more porous than the type-1 and type-3 electrodes;
these results attest to the roles of KOH and CNTs in enhancing and
reducing the porosity of the electrodes, respectively. A decrease in
the porosity caused the supercapacitor cell (type-3 electrode) to
have diminished specific capacitance; however, the optimal
addition of CNTs can reduce the ESR values of the cells, thereby
improving the specific power of the cells. Increasing the CNT
content in the electrodes was determined to be beneficial as it can
further reduce the ESR values; however, the specific capacitance
decreased further, thereby suggesting the need to optimize the
quantity of added CNTs. These results demonstrate that SACG could
be processed with CNTs to produce binderless supercapacitor
electrodes with satisfactory performance; this process can be
considered innovative because of its advantages, such as the low
cost of the SACG precursor, does not use binding agent, relatively
small proportion of CNTs (3.5 wt%) and processing chemicals
(KOH) required, and novelty of employing a direct combination of
both chemical and physical activation processes.
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