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Carbon-monolith electrodes for supercapacitors were prepared from GMs (green monoliths) made from
pre-carbonized fibers of oil palm EFB (empty fruit bunches) and GMs of pre-carbonized EFB fibers
exposed to gamma radiation at 5 kGy, 15 kGy, and 20 kGy. GMs and irradiated GMs were carbonized and
activated to prepare ACM (activated-carbon-monolith) electrodes. The gamma radiation affected the
pore structure of the ACM electrodes and the electrochemical performance of the supercapacitors;
irradiation doses of 0 kGy, 5 kGy, 15 kGy and 20 kGy produced specific capacitances of 121 F g™,
196 Fg~' 11 Fg~!, and 12 F g, respectively. The irradiation dose of 5 kGy appears to be optimum and
produces a specific power and specific energy of 236 W kg~! and 5.45 W h kg, respectively, repre-
senting 34% and 60% increases over ACM electrodes prepared from non-irradiated GMs.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Supercapacitors, also known as EDLCs (electrochemical double-
layer capacitors), operate in the energy range that lies between
conventional capacitors and batteries. They have been widely used
as an energy storage device that can store and release energy. Their
delivery (charge—discharge) performance is better than commer-
cial rechargeable batteries, and they also have a longer cycle life [1].
Supercapacitor applications as high power energy storage devices
are mainly found in electronic and military devices, space flight
technology, automotive and public transportation, and as low-
power energy storage devices; they can be found in, for example,
portable media players, game consoles, photographic flash, and
printers [2]. Recently, supercapacitors have been critically analyzed
for use in public transportation; specifically, they show promise in
improving the performance of hybrid bus powertrain systems
achieving both optimal size and good energy management [3].

The electrode is one of the major supercapacitor components.
The other components are the electrolyte, current collector and

* Corresponding author.
E-mail addresses:
(M. Deraman).

madra@ukm.edu.my, mderaman113@gmail.com

http://dx.doi.org/10.1016/j.energy.2014.11.002

separator. The energy storage process that occurs at the electro-
de—electrolyte interface involves the formation of an electric
double layer via the migration of ionic charges in the electrolyte
and electronic charges in the electrode. While many materials,
such as graphene [4—7], CNTs (carbon nanotubes) [8,9], con-
ducting polymers [10,11], triblock copolymers [12], metal oxides
[13—16], carbon aerogels [17], activated carbons [18—21], and
composites [22—24| have been widely developed as electrodes
materials for supercapacitor, activated carbon is still the best
porous electrode material for supercapacitors because of its high
surface area, chemical stability, wide availability, and the simple
and low cost preparation methods compared to other carbon-
based materials, such as carbon nanotubes, carbon aerogels, and
graphene. Significant effort has been dedicated to improving the
properties of the activated carbon electrodes used in super-
capacitors, such as studies on pore structure and surface chem-
istry because of the electrode's influence on the performance of
supercapacitors [25,26].

Various methods, such as modifying the properties of the
organic precursors or the pre-carbonized organic precursors used
to produce carbon electrodes, have been applied prior to
carbonizing the electrodes because the electrode properties, such
as the pore structure and surface chemistry, are determined partly
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by the properties of the precursors. This modification can be
performed chemically using an activating agent, such as KOH [27],
H,S04 [28], H3PO4 [29], K2CO3 [30], or ZnCl; [31]; physically using
a gas, such as CO, [32] or steam [33,34]; by a combination of
physical and chemical methods [35—37]; or by microwave irra-
diation [38]. Additionally, this modification can be performed by
mixing the organic precursor or pre-carbonized material with an
additive, such as a metal oxide [39], conducting polymer [40],
CNTs [41,42], graphene [43], graphene oxide [44], petroleum coke
[45], or carbon fibers [46]. The purpose of these modifications is to
improve the electrochemical performance of the supercapacitor.
In the present study, a gamma irradiation technique is used to
modify the properties of the pre-carbonized organic precursor,
i.e., SACG (self-adhesive carbon grain) prepared from fibers from
oil palm EFB (empty fruit bunches), which contain partially
decomposed hemicellulose, cellulose and lignin. These macro-
molecules were sensitive to the y-irradiation treatment [47—49],
and the effect of the y-irradiation was found to be strongly
dependent on its dosage level. In the present study, the dosage
applied to green monoliths of SACG was varied from 5 kGy to
20 kGy. The objective of the present study was to observe the
effects of varying the y-radiation dose on the properties of the
carbon monolith electrodes produced from these green monoliths
and correlate these effects with the performances of super-
capacitors fabricated using these electrodes.

This paper is organized as follows: Section 2 presents the
preparation and characterization procedures of electrodes from
non-irradiated and y-irradiated green monoliths of pre-carbonized
oil palm fibers. Section 3 reports the results and discussion of
physical and electrochemical data characterizing non-irradiated
and y-irradiated electrodes. Section 4 presents the conclusions of
this study.

2. Materials and methods
2.1. Electrode preparation and cell fabrication

EFB fibers were supplied by Sabutek Sdn. Bhd. SACGs with an
average particle size less than 106 um were prepared from EFB fi-
bers by pre-carbonization (Furnace CTMSB46), milling for 36 h (ball
mill AC Motor BS 500-110) and sieving (Matest 24030 Brembate
Sopra (BG)) [50]. A 30 g sample of SACG powder was poured into
300 ml of boiling water, stirred for 1 h, and dried in an oven at
100 °C for 48 h. Approximately 10 g of the dried mixture was milled
for 20 min to obtain a homogeneous SACG powder. Following this
step, 0.75 g of the mixture was placed inside a mold with a diam-
eter of 20 mm and converted into GMs (green monoliths) using a
press pelletizing machine (VISITEC 2009-Malaysia).

The GMs were sent for y-irradiation treatment at dosages of 5,
15, and 20 kGy to produce the irradiated samples GM-5, GM-15 and
GM-20, respectively, using a 60co y-irradiation source (Gammacell
220 Excel). The non-irradiated and irradiated GMs were carbonized
in a carbonization furnace (Vulcan Box Furnace 3-1750) under a
1.5 L min~! flow of N, gas, at 800 °C using our previous multi-step
heating profile [51] to produce CMs (carbon monoliths). These
carbon monoliths were activated using CO, (1.0 L min~!) at 800 °C
with a multi-step heating profile [45,52,53] for 3 h at a heating rate
of 5 °C min~! to produce ACMs (activated carbon monoliths),
labeled ACM-0, ACM-5, ACM-15 and ACM-20, respectively. After
being polished to a thickness of 0.4 mm, the polished ACM-0 and
other ACMs were used as electrodes in symmetrical supercapacitor
cells using 316 L stainless steel (0.02 mm thick) as the current
collector 1 M H,SO4 as the electrolyte and a Celgard separator
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2.2. Physical characterizations

The dimensions (Mitutoyo 193-253) and masses (Mettler Toledo
AB204) of the monoliths were measured to determine the density
of the GMs, CMs and ACM:s. Fourier Transform Infrared Spectros-
copy (FTIR, Perkin EImer Spectrum 400 FT-IR) was used to study the
chemical structures of the ACMs. A field emission scanning electron
microscope (FESEM, Zeiss SUPRA 55 VP) was used to study the
microstructures of the ACMs. An X-ray diffractometer (Bruker AXS:
model D8 Advance, wavelength of 1.5406 A for CuK, line from
Copper X-ray sources) was used to record the XRD (X-ray diffrac-
tion) patterns of the ACMs. The liquid nitrogen (77 K) adsorp-
tion—desorption isotherm experiments were conducted to
characterize the porosity of the ACMs using an instrument
(Micromeretic ASAP 2010) equipped with software that can
calculate the pore structure parameters of the samples, i.e., the BET
surface area (Spgr), micropore surface area (Smicro), Mmesopore sur-
face area (Smeso), micropore volume (Vpicro), mesopore volume
(Vmeso) and average pore diameter (D). Raman spectra were recor-
ded over a 200 cm™! to 3200 cm~! Raman shift range from the
ACMs using a Renishaw inVia Raman Microscope (Raman micro-
scope enclosure RE 04) employing a 514 nm laser beam.

2.3. Electrochemical characterization

The performances of the supercapacitor cells with ACMs as their
electrodes were studied using EIS (electrochemical impedance
spectroscopy), CV (cyclic voltammetry) and GCD (galvanostatic
charge—discharge) methods on an electrochemical instrument-
interface (Solartron SI 1286 and Solartron 1255HF Frequency
Response Analyzer). All of the measurements were carried out at
room temperature (25 °C).

Using the EIS data, the Csp of the electrodes was determined
using equation (1):

1
Cop = ——r— 1
sP TElel m (1)
where f is the lowest frequency, Z” is the imaginary impedance at f
and m is the weight of electrode. The EIS data as functions of the
frequency were analyzed using equations (2)—(4):

C(w) = C'(w) — jC'(w) (2)
C'(w) = Z'(w) / wlZ(w)2 3)
C(w) = /w\Z ou)|2 (4)

where Z(w) is equal to 1/jo((w), C'(w) is the real capacitance, C"(w) is
the imaginary capacitance, Z'(w) is the real impedance and Z”(w) is
the imaginary impedance [54].

From the voltammograms, the Cs, of the electrodes was deter-
mined using equation (5):

Csp = Sim (5)
where i is the electric current, S is the scan rate and m is the weight
of electrode.

From the GCD data (charge—discharge curve) recorded at a
selected current density, the Csp of the electrode was determined
using equation (6):
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where i is the discharge current, AV is the voltage and At is the
discharge time [55—57]. The values of the specific power (P) and
specific energy (E) were also calculated from the GCD data using
equations (7) and (8), respectively:

(6)

Cp =

Vi

= 7
Vit

E=<n ®)

where i is the discharge current, V is the voltage (excluding the iR
drop occurring at the beginning of the discharge) and t is time [58].

3. Results and discussion
3.1. FTIR analysis

The FTIR spectra in the range of wavenumbers from 400 to
4000 cm™~! for GM and vy-irradiated GM samples are shown in Fig. 1.
The patterns of prominent peaks or bands in Fig. 1 for non-
irradiated GMs are typical for lignocellulosic materials and are
similar to those in the FTIR spectra reported for EFB [59,60], dried
date pits [61] and jute fibers [62]. Assignments of these bands to
their corresponding functional groups were reported in Refs.
[63—65] for EFB samples, and in general, the bands involved C—O
and C—H bonds in the macromolecules found in the EFB. Some
differences between the FTIR spectra of the non-irradiated GMs and
the precursors in Refs. [63—65] can be detected because the GMs
were prepared from pre-carbonized EFB whose hemicellulose was
almost fully decomposed, and the lignin and cellulose were
partially decomposed during pre-carbonization. Comparison of the
FTIR spectra of GM-0 and GM-5 shows that irradiation at 5 kGy can
slightly change some of the band intensities, shapes and positions,
and also produce new bands. Based on the GM-15 and GM-20
spectra, further increases in the dosage may cause further
changes in the spectra. A band at ~2160 cm~! was found to be
unaffected by the irradiation. This band is associated with C=C
(alkynes) and triple bonds, which are not easily broken by the
energy of the irradiation used here [66]. Despite these unchanged
bands, the other spectral changes shown in Fig. 1 (GM-0—GM-20)

Transmittance (%)

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm)

Fig. 1. FTIR spectra for non-irradiated and y-irradiated GMs at different y-radiation
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are strong evidence that irradiation above 5 kGy can significantly
alter the lignocellulosic structure in the GMs, which means that the
already weak chemical links between the macromolecules in the
GMs, due to pre-carbonization, were further weakened by the
irradiation.

3.2. Physical characterization results

Fig. 2 compares the XRD data of all of the ACMs from the non-
irradiated and irradiated GMs. These data show that all of the
ACMs have a turbostratic structure, which implies that the building
blocks of the ACMs are composed of graphitic-like microcrystallites
that are randomly oriented and distributed throughout the samples
[45,67,68]. All of the ACMs shows a similar diffraction pattern with
two broad peaks at diffraction angles of 25° and 41.6°, corre-
sponding to the (002) and (100) peaks, respectively. From these
broad peaks, the values of the structural parameters, such as the
interlayer spacing, (dpo2 and d1po) and microcrystallite dimensions
[Lc (stack height) and L, (stack width)], were determined. The
values of dgg2 and dipo were calculated using Bragg's equation:
nA = 2dsind, where n = 1, 1 is the wavelength (1.5406 A) of the X-ray
radiation and £ is the Bragg angle representing the position of the
(002) and (100) diffraction peaks. The values of L., determined from
the (002) peak, and L, determined from the (100) peak, were
calculated using the Debye—Scherrer equation: Lc; = KA/ca cosd,
where K is the shape factor equal to 0.89 and 1.84 for L. and L,,
respectively, and (., is the full width at half maximum of the
symmetrically shaped diffraction peaks.

The calculated values of the structural parameters are shown in
Table 1. Small changes in the dgg2 and dgg; values do not indicate a
systematic trend that can be correlated with the change in dosage.
However, the microcrystallite dimensions (L. and L,) in the ACMs
seem to change significantly with the dosage. These results could
be further analyzed in terms of the ratios of L./dgo2 and L¢/L,. The
former ratio represents the mean number of planes in the micro-
crystallites (Np), while the latter ratio represents the relative den-
sity of edge and basal planes in the microcrystallites. The relative
density of edge and basal planes is a measure of the edge orien-
tation of the microcrystallites. The values of Nj, (L¢/dog2) in Table 1
clearly indicate that increasing the dosage up to 5 kGy causes the
microcrystallites in the ACMs to have higher N, values, and above
this dosage level, the N, values begin to decrease with increasing
dosage. The values of the latter ratio seem to increase significantly
for 5 kGy dosage and started to decrease as the dosage increased.
The values of this ratio for carbon samples produced under other
experimental conditions using a coffee endocarp precursor [69] for

S
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<
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Fig. 2. XRD pattern for the ACMs from non-irradiated and y-irradiated GMs at
different y-radiation dosage.
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Table 1

Interlayer spacing, crystallite dimension, and ratios of L./L, and L./doo> for all ACMs.
ACMs dooz (A) dioo (A) Lc (A) L. (A) Le/La Le/doo2
ACM-0 3.574 2.057 11.183 48.465 0.230 3.128
ACM-5 3.639 2.054 13.078 46.383 0.281 3.593
ACM-15 3.667 2.049 11.357 55.044 0.206 3.097
ACM-20 3.635 2.050 10.677 57.188 0.186 2.937

the supercapacitor electrodes have been reported to be within the
range of 0.32—0.67, and a carbon-based electrode produced using
the same experimental conditions, excluding the <y-radiation
exposure, and oil palm empty fruit bunches [53] reported values for
the latter ratio between 0.22 and 0.74, which are similar to the L./L,
values listed in Table 1.

3.3. FESEM micrographs

FESEM micrographs of the fractured surface of ACM-0, ACM-5,
ACM-15 and ACM-20 samples recorded at low magnification
(1.00 K x) are shown in Fig. 3(a)—(d), respectively. All of the mi-
crographs, which show the rough surfaces of the grains, rough
grain boundaries and smooth surfaces, indicate the porous char-
acteristics of the samples made of microstructures with a network
of open pores. The microstructure shown in Fig. 3(a) is nearly the
same as those in Fig. 3(b)—(d), indicating that the y-irradiation
applied to the green monolith did not lead to the changes in the
ACM (and activated to prepare activated-carbon-monolith) micro-
structure on this scale. FESEM micrographs of the fractured surfaces
of all of the samples recorded at higher magnification (15 K x) are
shown in Fig. 4(a)—(d), respectively. These high magnification mi-
crographs show the microporous microstructure of the ACMs with
open pores network distributed evenly throughout the samples.
The effects of y-irradiation are still not visible in these micrographs
at this scale as all of them look nearly identical. It is possible that
the differences between the micrograph shown in Fig. 4(a) and the
others could only be observed in micrographs produced at much

higher magnifications, which is beyond ability of the instrument
used.

3.4. N adsorption/desorption isotherms characterization

The N, adsorption/desorption isotherms for all ACMs prepared
in this work are shown in Fig. 5 and have shapes that are typical for
activated carbon samples [70,71]. All plots exhibit a very similar
shape, and this shape has the characteristics of both type I and type
IV isotherms as defined by the IUPAC classification scheme [72,73].
These types of isotherm curves indicate that all of the ACMs are
porous samples consisting of micropores and mesopores. Although
all of the plots show a similar shape or pattern, noticeable differ-
ences in their ‘knee’ shapes, hysteresis loops and levels of adsorp-
tion could be observed. These behaviors result from the different
doses of y radiation applied to the GMs. Quantitatively, these effects
could be represented in terms of the values of the pore structure
parameters shown in Table 2. The results in this table clearly show
that excessive irradiation dosages applied to GMs can cause the
ACMs to experience significant losses in their surface areas and
porosities. The ACM-5 sample seems to have the largest volume
and surface area contributions from mesopores, which are needed
to transport electrolyte ions into the micropores during charging
and discharging.

3.5. Raman spectroscopy

Fig. 6 shows the Raman spectra of the ACMs, revealing that all
exhibited two sharp bands in the 1100—1800 cm~! region and a
broad band in the 2400—3200 cm ™! region; these are typical bands
for the activated carbon [74]. The band intensity of the ACMs from
irradiated GMs was less than that of non-irradiated GMs. Note that,
for structurally higher ordered graphite, only one band appeared, in
the 1100—1700 cm~! region. The D band at ~1350 cm™! represents
disordered carbon, and the G band at ~1580 cm™! represents or-
dered (graphitic) carbon [75]. The degree of ordering or disordering
in the samples is represented by the ratio of the intensities of the D
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CM-15 and (d) ACM-20 at low magnification (1.00 K x).
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Fig. 4. FESEM micrographs for (a) ACM-0, (b) ACM-5, (c) ACM-15 and (d) ACM-20 at higher magnification (15 K x).

band and G bands (Ip/Ig). The calculated Ip/I¢ values from Fig. 6
were 0.925, 0.934, 0.933, and 0.917 for ACM-0, ACM-5, ACM-15,
and ACM-20, respectively. These results indicate that an appro-
priate irradiation dosage applied to the GMs induces the greatest
disordering in the electrodes, as shown by the highest Ip/I ratio for
the ACM-5 electrode.

3.6. Electrochemical properties

3.6.1. Electrochemical impedance spectroscopy

The EIS data were recorded as Nyquist plots over the frequency
range of 10~ to 10° Hz for the ACM-based supercapacitor cells, and
these plots are shown in Fig. 7(a). The effects of the dosage on the
small semicircle (first segment), Warburg diffusion line (second
segment) and capacitive line (third segment) can be clearly

280

260
240

Ads./Des. Volume (cm?3 g STP)

100 # T T T T 1
0 0.2 0.4 0.6 0.8 1

Relative Pressure (P/P,)

Fig. 5. Nitrogen adsorption—desorption isotherms for ACMs from non-irradiated and

observed in Fig. 7(a). In the high frequency region, there is a small
semicircle that represents the dominant resistive nature of the
supercapacitor consisting of an electrode/electrolyte/current-
collector system. The left-intercept of the semicircle (Z” value on
the Z' axis) represents the resistance (R;) of the electrolyte in

Table 2
Pore characteristic parameter values for ACMs from non-irradiated and y-irradiated
GMs.

ACMs ACM-0 ACM-5 ACM-15 ACM-20
Sger (m? g~ 1) 802 768 552 615
Smeso (M” g7") 108 163 68 83
Smicro (M? g7 1) 694 605 484 583
Vimeso (cm® g~ 1) 0.066 0.081 0.061 0.063
Vimiero (cm® g7 1) 0.325 0.286 0.228 0.274
D (nm) 1.986 1.989 2.066 2.027

Raman Intensity (a.u.)

200 700 1200 1700 2200 2700 3200
Raman Shift (cm™)

Fig. 6. Raman spectra for ACMs from non-irradiated and y-irradiated GMs at different
gamma radiation dosage.
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Fig. 7. (a) Nyquist plot and (b) Specific capacitance vs. frequency for all cell.

contact with the current collector and electrode. The right-
intercept of the semicircle (Z” value at the Z’ axis) represents the
internal resistance (Rp) of the electrode. The ESR (equivalent series
resistance) value is given by the diameter of the semicircle (R,—Rs).
The values of Rs, R, and ESR for the cells obtained from the plot in
Fig. 7(a) are listed in Table 3. These results indicate no specific
dependency of ESR on the dosage. A similar trend appeared in the
resistance or resistivity of electrodes determined by a four-point
probe technique; these data were 0.275 Q (or 11.7 Q cm), 0.492 Q
(or 19.8 Q cm), 0.308 Q (or 12.4 Q cm), and 0.217 Q (or 8.73 Q cm)
for ACM-0, ACM-5, ACM-15, and ACM-20, respectively. The mag-
nitudes of these ESR and resistance values are near the typical
range of ESR values for carbon-based supercapacitors. For example,
Kim et al. (2006) have reported ESR values of 0.134—1.149 Q for
bamboo-based activated carbon electrodes [76]. Porous carbon
microspheres derived from porous starch had ESR values of
0.17—-0.2 Q, as reported by Du et al. (2013) [77]. Deng et al. (2013)
reported ESR values of 0.31-0.38 Q using multiwalled carbon
nanotube/cellulose composite nanofibers [42]. ESR values from
0.31 to 0.40 Q have been obtained from carbon-nanotube-seaweed-
based electrodes reported by Raymundo et al., 2011 [78].

Table 3

The values of R, R, ESR (EIS), fo, and 7, for all cells.
Cell Rs (Q) Ry (Q) ESR () (EIS) fo (Hz) To ()
ACM-0 0.298 0.806 0.507 0.050 19.952
ACM-5 0.350 0.523 0.173 0.063 15.848
ACM-15 0.199 10.772 10.572 0.020 50.125
ACM-20 0.269 0.372 0.102 7.943 0.126

In the middle frequency region, the second segment (straight
line with a slope of approximately 45°) represents the combination
of resistive and capacitive behaviors of the ions penetrating into the
electrode pores. The length, slope and position of this segment
appear to change with the dosage. A steep slope was found in
carbon electrodes that efficiently permit ions to penetrate their
pores [79].

In the low-frequency region, the third segment (straight,
sharply increasing lines) represents dominance of capacitive
behavior that results from the formation of the electric double layer
system at the electrolyte/electrode interface; in this region, the ions
can more easily diffuse into the micropores [79—82]. The third
segment line begins at the knee frequency (f;), and its corre-
sponding resistance (Ry) is given by Z'y. The f, values are given in
Table 3. These results indicate that the dosage may shift the
capacitive regions of the cells to lower or higher resistive ranges.
This straight line is shorter for ACM-5, and it leans more towards
the vertical Z” axis than the other three cells, indicating that the
ACM-5 cell has better capacitive performance. The values of Csp for
all cells, calculated from the EIS data using equation (1), are shown
in Table 4 and reveal that the ACM-5 cell has the highest Csp. In
Fig. 7(b), the Csp calculated using equation (1) strongly depends on
the frequency in the frequency region below 1 Hz, particularly for
the ACM-5 cell, which shows a higher Csp throughout the entire
frequency region.

Fig. 8(a)—(d) show the Bode plot for the imaginary (Z”) and real
(Z') resistive portions of the ACM cells calculated using equations
(3) and (4) as functions of the frequency. The Z’ and Z”intercepts in
Fig. 8 give the peak frequency value (f,), which is associated with
the relaxation time constant, 7,, which defines the boundary be-
tween the regions of capacitive and resistive behaviors for the
supercapacitor. It is well known that higher power delivery requires
lower values of 7, [83].

Based on the f, values in Fig. 8, the values of 7,, estimated using
the equation 7, = 1/f,, are shown in Table 3. These calculated 7,
values seem to be in the same order of magnitude as those reported
by Garcia-Gomes et al. (2010): 3.8—62 s for CM electrodes based on
a different precursor [84]. Other studies showed values of 7, in the
range of 3—68 s for carbon electrodes prepared from micro/meso-
porous carbon C(MoC) [85]. 7, values in the range of 0.52—1.37 s
for carbon electrodes made from Ginkgo shells were reported by
Jiang et al. (2013) [86]. 7, values of 1 s were reported by Huang et al.
(2012) for partially graphitic nanostructures made of porous carbon
[87].

3.6.2. Cyclic voltammetry

The supercapacitive performances of the ACMs cells were
analyzed using voltammograms recorded at room temperature
over the potential range from O to 1 V and a scan rate of
1-100 mV s~ ! Fig. 9(a) shows the measured cyclic voltammograms

Table 4

Specific capacitance values from the EIS, CV and GCD methods for all cells.
Cell Csp (Fg™)

EIS cv GCD

ACM-0 91 121 118
ACM-5 137 196 186
ACM-15 17.58 11.02 3.38
ACM-20 1.94 11.70 4.66
Ref. [92] 175—-376 - 60—287
Ref. [93] - 78—-99 68—-245
Ref. [94] 158 — —
Ref. [95] - - 61-104
Ref. [96] — 47-122 —
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Fig. 8. Bode plot for all cells (a) ACM-0, (b) ACM-5, (c) ACM-15 and (d) ACM-20.

recorded at 1 mV s~! for the ACMs cells. The voltammograms are
nearly rectangular for all of the cells, which is a typical for electric
double-layer capacitance [88]. Comparisons between the voltam-
mograms in Fig. 9(a) show that the ACM-5 cell has a broader vol-
tammogram area. These results indicate that the ACM-5 cell
exhibits a better cycle reversibility and higher electric double-layer
capacitance stability during the charge and discharge processes
compared with the other cells, as revealed by its higher Csp value.
The Csp of ACMs cells calculated using equation (5) from the vol-
tammograms (Fig. 9(a)) are shown in Table 4, and these results are
in good agreement with the EIS results.

It can also be observed that the voltammograms in Fig. 9(a) do
not have any peaks, indicating that the supercapacitive behavior is

(a)

free from redox reactions or is purely based on an electrostatic
mechanism. Similar features were observed in all of the voltam-
mograms when the scan rate was performed at five different scan
rates (1, 5, 25, 50, and 100 mV s~ 1), as shown in Fig. 10. This figure
shows that the current response increased with the scan rate.
When the scan rate was greater than 5 mV s, the voltammogram
‘window’ tilted toward the vertical axis and turn into a quasi-
rectangle shape. This result indicates that, at lower scan rates,
double layer formation dominates the energy storage process.

Fig. 9(b) shows the Csp, values at different scan rates for all the
ACM cells determined from the voltammogram in Fig. 9(a) using
equation (5). All cells exhibit a similar decreasing trend in the Csp
values with increasing scan rate. At very low scan rates, the Csp
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Fig. 10. Voltammograms for 1-100 mV s~ for all cells, (a) ACM-0, (b) ACM-5, (c) ACM-15 and (d) ACM-20.

values are known to be higher because the ions have more time to
penetrate and reside in all the available electrode pores and form
electric double layers, which are needed to generate higher ca-
pacitances. The ACM-5 cell shows higher Csp values over the entire
scan region, indicating its superiority over the other three cells. This
result agrees well with the EIS results discussed in the previous
section. For the scan rate region above 10 mV s71 the Csp for all of
the cells continue to decrease and become very small as the scan
rate increases due to the increasing diffusion resistance towards the
ionic motion into the electrode pores. This resistance seems to be
non-linear with respect to the change in dosage. This non-linear
effect was also observed in the dependency of the electrode Csp
values on the quantity of binder used during the electrode prepa-
ration [89].

3.6.3. Galvanostatic charge—discharge

The GCD curves for all the ACMs cells recorded over the po-
tential range of 0—1V at a current density of 10 mA cm 2 are shown
in Fig. 11(a). It was found that all of the cells show a similar sym-
metrical triangular curve with a nearly linear variation in the
voltage as a function of time during charge and discharge. This
shape is typical for carbon-based supercapacitors; however, the
data show that the ACM-0 and ACM-5 cells have superior super-
capacitive performances compared to the other two cells, particu-
larly the ACM-5 cell, which shows the highest charge and discharge
times, as shown in Fig. 11(a). These results indicate that a larger
number of electrons and electrolyte ions are involved in the charge
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other electrodes. This result is consistent with the EIS and CV re-
sults that the optimum dosage can enhance electrode performance,
suggesting that insufficient and excessive dosage levels must be
avoided during electrode preparation.

A sharp drop in the initial voltage of the discharge curve in
Fig. 11(a) was found for all cells, and this drop resulted from the
diffusion-limited mobility of the electrolyte ions in the electrode
pores. This limitation is associated with the ESR (equivalent series
resistance) of the supercapacitor cells, which can be calculated
from this voltage drop using the equation ESR = iRqyop/2i. The
calculated ESR values for the ACM-0, ACM-5, ACM-15 and ACM-20
cells were 1.247, 0.898, 16.648 and 9.784 Q, respectively, indicating
a strong dependency of the ESR on the dosage. These ESR values are
comparable with the other reported ESR values, which range from
9.7 to 16.7 Q for carbon electrodes derived from activated carbon
powder [90] and 1.17-3.69 Q for carbon electrode mixtures
composed of activated carbon, graphite and PTFE (polytetra-
fluoroethylene) [91] and also with the values listed in Table 5. Re-
ports that ESR values derived from GCD data are higher than those
derived from the EIS data are commonly found in the literature.
Additionally, our results seem to exhibit a similar trend.

The Csp values of the ACMs cells were calculated from the data in
Fig. 11(a) using equation (6) and are shown in Table 4. As expected,
these values support the trend in the Csp values calculated from the
EIS and CV data, i.e., an overall similar dependence of the Csp on
dosage. For comparison, Table 4 lists some of the Csp values re-
ported in the literature for other types of carbon electrodes used in
supercapacitors [92—96].
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Fig. 11. (a) GCD curves and (b) Ragone plot for all ACMs cells.

3.6.4. Specific energy and power

The specific power and specific energy of the ACM cells were
calculated from the GCD curves in Fig. 11(a) using equations (7) and
(8), respectively [97]. The results are shown as Ragone plots in

Table 5

The values of ESR (GCD), specific power (P), and specific energy (E) for all cells
compared to the values reported in other works (*Present study, Yaqueous electro-
lyte, “organic electrolyte).

Precursor ESR(Q) YP(Wkg ) YVE(Whkg™") “P(Wkeg") %E

(GCD) (Whkeg1)

*ACM-0 1.247 80—177 05 x 103-3.41 — -
XACM-5 0.898 110-236 0.7 x 1073-5.45 — -
*ACM-15 16.648 47-101 0.3 x 1073-0.04 — -
XACM-20 9.784 50—124 3x1073-008 — -

[36] 0.57 650—1070 4.6—10.2 — —
[52] 0.018—-0.34 275-288 2.5-3.3 - -
(53] 2.44-485 90-161 0.5-2.2 — -
[83] 0.99-594 133-198  0.43—3.82 - -
[97] — 700-1200 3.5-5.5 1000—5500 14—18
[98] 1.008—1.645 171-173  3.2—4.3 — —
[99] 026-1.46 159-160 2.4-3.9 - -
[100] 0.77-125 177-179  3.42-4.27 - —
[101] — 1400—2400 2.7-4.8 - -
[102] — 571-3600 5-7 —

[103]  0.01-0.075 52 10 286 39

[104] - 828-2000 3.5-6.5 2590—-7000 20-28
[105] 0.01-0.03 - - 2800-7700 19-40
11061 2000-2250 2.25-3.45 - -
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Fig. 11(b), representing a correlation between the specific power
and specific energy of the supercapacitor.

The specific power linearly decreases with increasing specific
energy for all of the cells; less energy is released at higher power
outputs. However, a strong influence of the dosage can be observed
in Fig. 11(b), the power—energy relationships for the ACM-0 and
ACM-5 cells are much better than those of the other two cells,
demonstrating that an optimum dosage may improve the perfor-
mance of the ACM electrodes for supercapacitor application (as
shown by the EIS and CV data in the preceding sections). The
maximum specific energy and specific power determined for all
cells are shown in Table 5. As can be seen in this table, these results
are comparable to the typical ranges of specific energy and specific
power values reported for supercapacitor electrodes prepared from
other types of biomass precursors, i.e., walnut shells [36], rubber-
wood sawdust [52], cherry stones [97], oil palm empty fruit bunch
fibers [53,83,98—100], sunflower seed shells [101], sugarcane
bagasse [102], pistachio nutshell [103], birch wood [104], hemp
bast fiber [105] and bamboo [106].

It is interesting to examine further the Epax and Ppax values in
Table 5.1t is convenient to observe the plot of Pax value arranged in
ascending order against their corresponding Epax values as shown
in Fig. 12(a) and (b) for supercapacitor using aqueous and organic
electrolytes respectively. Fig. 12(a) shows that the trend of Pp,ax or
Emax values obtained by independent effort of those researchers do
not establish an ‘ideal’ desired trend that the effort to increase the
Pmax values must be followed by the increase in the Emax values.
This figure shows there has been one order of magnitude increase
in Ppax. However, there has not been similar increase in the Eqax.
Fig. 12(b) shows that the energy data for the organics electrolyte is
expectedly significantly higher than that of the aqueous electrolyte
because of its higher working potential, but the data still exhibit the
same trend as observed in Fig. 12(a). Moreover the Py values has
reached a plateau. Without fulfilling such an ideal trend, the goal to
bring the energy density capability of the supercapacitor with
higher power density closer to that of the battery could not be
achieved. This analysis seems to suggest that developing carbon
based supercapacitor with the approach that employing the
electrode-electrolyte materials which can generate capacitance
only through non-faradaic process needs reassessment because it
does not actually lead to the improved trend in the effort of
developing supercapacitor with higher power and energy density.
Therefore, it can be noticed in the literature that there have been
also concerted effort to exploit both non-faradaic (electrostatic
double layer capacitance) and faradaic (pseudocapacitance) pro-
cesses to generate higher resultant capacitance in developing
supercapacitor with higher power and energy density. Their aim is
to fully utilize the advantages of the electrostatic capacitance and
pseudocapacitance as well as to minimize their relative disadvan-
tages. This is done by fabricating hybrid supercapacitor using
different types of the electrode configurations, namely composite,
asymmetric and battery-types [107].

4. Conclusions

GMs (Green monoliths) of self-adhesive carbon grains from fi-
bers of o0il palm empty fruit bunches and GMs irradiated with 5, 15
and 20 kGy dosages of y-radiation were carbonized and activated to
produce activated carbon monoliths (ACMs) for supercapacitor
electrode applications. Low doses (5 kGy) and higher doses (above
5 kGy) induced minor and major changes in the chemical structure
of the GMs, respectively, which affected the porosity and network
of pores produced in the ACMs during carbonization and activation.
A low dosage was found to be optimum for enhancing the perfor-
mance of supercapacitors and can produce a specific capacitance of
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196 F g1, corresponding to a specific power of 236 W kg~! and
specific energy of 5.45 W h kg™, which represent 60%—90%, 30%—
50% and 60%—100% percents or greater improvement compared
with the values recorded for supercapacitor cells using ACMs from
non-irradiated GMs and y-irradiated GMs at higher dosages. This
study contributes to the continuing research and development on
using renewable materials such as oil palm empty fruit bunches as
precursors to produce electrodes for energy-storage devices. It also
promotes the use of the y-irradiation method, a simple but effective
approach useful for modifying the precursor in producing a higher
quality electrode for energy storage devices.
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