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Highlights

e Activated carbon derived from Cocoa pod husk is synthesized via tube furnace with
KOH as activating agent.

e 25M KNO3 1M NaxSO4, and 1 M NaNOs are examined as potential neutral
electrolytes.

e A specific capacitance of ~168 F g™! is recorded for ACC 600 °C at 0.5 Ag' in2.5M
KNOs.

e The material's unique stability and energy density display its efficacy as electrode for
energy storage applications.

Abstract

Biomass waste of cocoa pod husks is adopted as starting material to synthesize Activated
carbon (ACC) using a tube furnace via KOH activation with temperature ranging from 500 °C
to 800 °C. The activated carbon prepared at 600 °C (ACC 600 °C) shows improved qualities
than the other prepared samples, according to the physico-chemical analyses. A sponge-like
morphology, amorphous structure, and microporous and mesoporous carbon are observed in
the synthesized material. Trasatti approach is adopted to verify the storage mechanism of the
activated carbon material (ACC 600 °C) with the percentage contribution of capacitive and
diffusion-controlled effect as 92.4732% and 7.5268% for positive electrode while the negative
electrode possesses 75.565% and 24.435% at scan rate of 50 mVs™!. A symmetric device is
fabricated from the ACC 600 °C, which gives a maximum specific energy (S.E.) of 19 Whkg™!
with a corresponding specific power (S.P.) of 453 W kg™ ! at a specific current of 0.5 A g! in
2.5 M KNOs solution. The coulombic efficiency of the device is 99.6% after 10000 cycles with
72% capacitance retention. The obtained results suggest that the activated carbon derived from
cocoa pod husks could be used as a promising material for supercapacitor's application.
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1. Introduction

The ever-increasing demand of the use of energy storage devices across the globe is worth
searching for a cheap or possibly free (waste) biomass material to replace some of expensive
electrode materials for fabrication of electrodes for supercapacitors. Roughly 10% of the
energy utilized worldwide is made up of biomass, which comes from a wide variety of
agricultural leftovers [1]. To find materials for energy applications that are plentiful, renewable,
and sustainable, one must go in this direction [2]. It has been determined that using fossil fuels,
among other things, is not sustainable over the long term, particularly considering the primary
threat that global warming poses to life as we know it due to greenhouse gas emissions [3].
Because of its detrimental effects on the environment, research is being done to find new, safe,
dependable, and clean alternative energy sources [4]. A lot of interests have been shown in the
creation of novel, scalable and adaptable energy storage systems, such as battery-type charge
storage, pseudocapacitive charge storage, and double-layer charge storage, to meet the
challenges for rising needs of energy storage materials [5]. Of these storage mechanisms,
electrochemical double layer capacitors (EDLCs) have the most potential for use in a variety
of applications, such as hybrid electric vehicles, regenerative braking systems, portable
electronics, load levelling, uninterruptible power sources, and so on because of their quick
charging and discharging mechanism, exceptional long-life cycle, and high-power density
[6,7].

A wide range of nanostructured materials containing carbon, including activated carbon (AC)
[8], carbon nanotubes (CNTs) [9,10], carbide-derived carbons (CDCs) [11], onion-like carbons
(OLCs) [12,13], and graphene [14,15] are available in different shapes and can be used as
electrode materials for the upcoming generation of supercapacitors. A lot of literatures had
been reported earlier in the synthesis of porous carbon from agricultural biomass for the
fabrication of symmetric and asymmetric devices [[16], [17], [18]]. For example, using KOH
and ZnCl?2 as activating agents, activated carbon was synthesized by V. Subramanian et al. [19]
using banana fibres that had better porosity. After testing the material in 1 M Na2SOs within a
1 V potential window, a specific capacitance of 74 F ¢! was measured. Zhang et al. used KOH
and rice husk as activating agent and precursor, respectively, to prepare porous carbon with
352 F g! specific capacitance at 1 A g”!' [20] Ramzi et al. used KOH/NaOH to activate olive
husks and the synthesized hierarchical porous carbons manifested a specific capacitance of
549 F g ' at 0.5 A g 7' [21,22]. Also, Venkatesan et al. reported that raw leather trimming waste
derived nitrogen self-doped activated carbon was prepared by chemical activation using KOH
and it showed a high specific surface area with a micro/mesoporous nature. The resulting
porous texture helps with the penetration of electrolyte improved the rate performance and
yielded good cycle stability of 91 % over 10,000 cycles at 10 A g™'. The fabricated symmetric
pouch cell in an aqueous electrolyte revealed extraordinary energy and power densities of
3.7 Wh kg at 0.5 A g”! and the power density of 4968 W kg™' at 10 A g”' [23]. In a more
recent development, X. He and colleagues also employed rice husks as a precursor material to
create high-performance porous carbons for SCs [24]. For their investigation, a material with
a specific surface area of 1442 m? g~! was acquired, and it was tested in 6 M KOH aqueous
electrolyte. At a specific current of 2 A g!, the material demonstrated up to 95.1% capacitance
retention of its initial capacitance. Other comparisons of various agricultural waste derived
activated carbon materials were reported in literature and as presented in Table 1.



Table 1. Physical properties of ACC samples.

Samples SSA (m%/g) | PV (cc/g)
ACC 500°C | 300 0.163
ACC 600°C | 585 0.648
ACC 700°C | 836 0.571
ACC 800°C | 747 0.433

Table 2. Comparing the current study's findings with electrodes made from biomass carbon.

Origin of Electrolyte Specific S.E S.P (W | Type of Reference
electrode Current (Whkg™") | kg™) device
materials (Ag™h
Sunflower seed 3 M KOH 0.5 4.8 240 Symmetric [47]
shell cell
Oil palm empty 6 M KOH 0.5 5.11 230 Symmetric [48]
fruits bunch cell
Rice straw 1 M H,S04 0.5 7.8 150 Symmetric [49]
cell
Coconut shell Polymer gel 0.5 11 325 Symmetric [50]
electrolyte cell
Banana peels 1 M NaNOs 0.5 18.6 485 Symmetric [34]
cell
Bean seedpod 1 M KOH 0.5 10.58 720 Symmetric [51]
cell
Marula nutshell | 2.5 M KNO; 0.5 17.2 448.7 Symmetric [52]
cell
Cocoa pod husks | 2.5 M KNO; 0.5 19 453 Symmetric | This work
cell

In this work, a novel sponge-like and porous carbon has been synthesized from cocoa pod
husks, of which its electrochemical properties were investigated and reported in a symmetric
device using suitable neutral electrolyte (2.5 M KNO3) in both three and two-electrode
configurations. In recent years, cocoa pod husks and other agricultural waste had been
converted into activated carbon majorly for energy storage [25,26] and water treatment [[27],
[28], [29]], which had been previously reported in the literature. Herein, cocoa pod husks
precursor was initially pre-carbonized in an oven in a low acidic medium. The hydrochar was
ground and activated with (Potassium hydroxide) KOH in a ratio of 1:1 and later carbonized at
temperature variation of 500-800 °C (ACC 500°C, ACC 600°C, ACC 700°C and ACC 800 °C)
using a tube furnace. Analyses of the samples revealed that the ACC 600 °C exhibited novel
properties such as sponge-like morphology, porous and improved -electrochemical
performances compared to the other ACC samples. The prepared activated carbon had earlier
been reported as negative electrodes for asymmetric devices in some of our recently published
works [17,[30], [31], [32], [33]]. Hence, this work basically presents physico and
electrochemical properties of the material and its symmetrical arrangement as a potential
electrode for supercapacitor's application.

2. Experimental details
2.1. Synthesis of activated carbon from cocoa pod husks
Scheme 1 shows the synthesis process of activated carbon from cocoa pod husk waste that was

sourced from agricultural farm at Obafemi Awolowo University, Ile-Ife, Nigeria. The
methodology adopted is like the work earlier reported [34]. In summary, 100 ml of distilled
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water (D.W) combined with 0.5 M H2SO4 (10 ml), was added to crushed cocoa pod husks in a
120 ml autoclave and pre-carbonized in an oven for 12 h at 160 °C. By-product was filtered
and dried in an oven at 60 °C for 48 h. Afterwards, 10 g of the by-product was then mixed with
potassium hydroxide pellet (1:1 mass ratio) in an agate mortal and carbonized in a tube furnace
at 600 °C, 5 °C/min under argon gas atmosphere for 1 h. Thereafter, the recovered activated
sample was soaked overnight in a 3 M HCI solution to neutralize any residual KOH in the
sample, then followed by washing several times with de-ionized water until a pH of 7 was
attained. The sample was then allowed to dry overnight at 60 °C in an ambient oven. The same
procedure was repeated at temperatures ranging from 500 to 800 °C.

Precursor+ KOH
(1:1)

Scheme 1. Schematic representation for the synthesis of activated carbon from cocoa pod husks.
2.2. Characterization of activated carbon from cocoa pod husks

The morphologies of the carbon materials were examined using a field emission scanning
electron microscope (FESEM) (Zeiss Ultra Plus 55 field emission) running at 2.0 kV. The
detailed morphology was determined by using transmission electron microscopy (TEM) (JEOL
JEM-2100F microscope) at 200 kV. The sample (ACC 600 °C) with novel property was
dissolved in 99% ethanol and put onto on a lacey copper grid for analysis. An Ulm, Germany-
based WITec confocal Raman microscope (WITec alpha 300 RAS+) with a laser wavelength
of 523 nm, laser power of 4 mW, and spectrum acquisition time of 120 s was also used to
determine defects and graphitization in the samples. A PANalytical BV, Netherlands, XPERT-
PR. O diffractometer (XRD) running with A =1.789 A at 35kV and 50 mA was used to
characterize the structural characteristics of ACC samples. However, each of the prepared
samples was vacuum-degassed for nearly 12 h at 100 °C before being measured using
Quantachrome (NOVAtouch NT 2LX-1, Volts 220, USA), which ran Quantachrome Tourch
Win Software Version: 1.22, to determine the pore size distribution and specific surface area
of the ACC samples.

2.3. Measurement of electrochemistry

A multichannel VMP300 potentiostat (Bio-Logic, France) was used to conduct the
electrochemical measurements at room temperature. 80 wt percent of the active ingredient,
10 wt percent polyvinylidene fluoride (PVDF), and 10 wt percent carbon black were blended
in a few drops of N-methyl-2-pyrrolidone (NMP) and coated on a 1 x 1 cm? and 16 mm
(diameter) nickel foam for three and two electrode measurements, respectively. The generated
electrode was subsequently vacuum-dried for 12 h at 80 °C in an electric oven to ensure
complete NMP evaporation. For the electrochemical testing of the ACC electrodes in three
different electrolytes (1 M NaNO3, 1 M Na2SOs4, and 2.5 M KNO3), glassy carbon plate served
as the counter electrode and Ag/AgCl (3 M KCl) as the reference electrode. For all three
electrode samples, the mass loading of each electrode was kept at around 2.8 mg/cm?, and for
the full device, it was 4.5 mg/cm?.



The symmetric device was put together in CR2032-type coin cells with two electrodes spaced
apart by 0.18 um filter paper. The device's galvanostatic charge-discharge (GCD) and cyclic
voltammetry (CV) measurements were recorded at different scan rates and particular currents
within a cell potential spanning from 0 to 1.8 V. Electrochemical impedance spectroscopy
(EIS) studies in an open circuit potential and frequency range of 100 kHz to 0.01 Hz were
carried out using a sinusoidal signal of 5 mV.

For three-electrode measurements, the gravimetric capacitance was calculated as stated in
equation (1):

Cl _ Iﬂtr
I.l'zi mavY (1)

The gravimetric capacitance (F g™!) for two-electrode was also calculated according to equation

2):

_ 4LAt
Cy = M AV )

in two-electrode configuration, the charge is equally divided over two capacitors in series, is
accounted for by the factor of 4.

Equation (3) provides an estimate of the device's specific energy (S.E), Es (Wh/kg):

- olavy
Es = =53 (3)

While the corresponding specific power (S.P), Ps (W/kg) was deduced in line with equation
(4):

P, = 3600

E,
At 4

Using the charge-discharge curve, the coulombic efficiency (C.E.) was calculated by equation

(5):
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where AV is working potential (V), I, is applied current (mA), m (mg) is the total mass of the
active material, Mr is the total mass of the device's positive and negative electrodes, and At (s)
is discharge time.

The mechanism of energy storage of the electrode material (ACC 600 °C) is further studied
according to the CV curves at different scan rates via the electrochemical reactions by
examining the relation of the current (z) with scanning rate (v), according to power law [35,36]

i = av’ (6)



log (1) = log (a) + blog (v) %)

Where a and b are parameters which could be extracted through the linear relationship from
equation (7). Equation (7) can also be compared with equation graph

In addition, the contribution proportion of capacitive and diffusion-controlled effect is also
determined by using Trasatti approach.

_ ke
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Where k is a constant, v is the scan rate, C is the capacitance of the electrode at a given scan
rate and Cyis the capacitance of EDLC

Taking the reciprocal of Equation (8),

i — a1 1
5 = kyv+ C. )
-1
1
r—n - C
('f) g (10)

Where Cr is the total capacitance of the electrode at a given scan rate

% Capacitive — controlled effect = E—T X %U (10

% Diffusion — controlled effect = 100 — % Capacitive — controlled effect (12)

At lower magnification, Fig. 1(a—d) shows the morphologies of activated carbon synthesized
from wasted cocoa pod husks at different temperatures ranging from 500 to 800 °C. In Fig. 1a,
the micrograph depicted that the surface of the sample prepared at 500 °C was partially
activated and rough, indicating that the material was not completely activated. As the
temperature increased, the surface of the activated carbon prepared at 600 °C (Fig. 1b) gave a
remarkable morphology that was sponge-like in nature with cavities. Also Fig. lc showed
similar surface with less cavities and Fig. 1d showed mutilated flakes, confirming low quality
of activated carbon present.
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Fig. 1. SEM images of activated carbon derived from cocoa pods husk (ACC) carbonized at different temperature:
(a) 500 °C (b) 600 °C (c) 700 °C and (d) 800 °C (e) TEM image of porous activated carbon derived from cocoa
pod husks at temperature 600 °C.

The ACC materials' SEM images are displayed in Fig. 1. It is evident from the figure that the
KOH activation causes cavities to form, and that these cavities contain a significant number of
pores that are closely linked within the structures of the materials in a three-dimensional
manner. At higher activation temperatures, a deformed fine structure was seen (Fig. 1(c and
d)). At higher magnification, TEM image (1(e)) depicted a network of interconnected 3D
hollows that overlap, which could be advantageous for applications involving energy storage.
Fig. S1 also showed the surface of the activated carbon at a very high magnification. Figure S2
(a —c) reveals the elemental mapping of Activated Carbon sample (ACC 600 °C) displaying
the uniform distribution of carbon, oxygen, and silicon, respectively. Figure S2 (d) indicates
the percentage of these elements composition which are 89.7, 10.1, 0.2, respectively. The
presence of silicon could come from ashes in the activated carbon sample, though it is very



small. Structurally, Fig. 2(a & b) shows Raman and X-ray diffraction spectra of activated
carbon derived from cocoa pod husks at different carbonization temperature ranging from 500
to 800 °C. The Raman spectra for all four samples were compared with signatory D- and G-
peaks centered at a wavenumber of 1341 and 1589 cm™' respectively (see Fig. 2a). This
confirms a high structurally disordered 3D carbon material created from the biomass raw
material [[37], [38], [39], [40], [41], [42]]. The D and G peaks are attributed to defect and
graphitization of the sample, respectively. The shown 2D peaks in the range of 2500—
3500 cm™! for the samples indicate the presence of ordered sp? carbon regions, which is due to
the presence of graphitic microdomains within the amorphous matrix as a result of high
temperatures adopted in the activation of the samples. To determine the density of flaws or the
degree of crystallization in carbon materials, the intensity ratio D peak to G peak (In/Ig) is used.
The estimated Ip/Ig for the ACC 500, ACC 600, ACC 700, and ACC 800 samples are 0.99,
0.99, 1.00, and 0.99, respectively, indicating that the as-prepared samples are amorphous in
nature [43]. Structurally, the samples had diffraction peaks at high magnification (700 and
800 °C) that do not correspond to the graphite ICSD card 31170 with a space-group of P63mc
but a notable broader peak at roughly 30.5° was seen at low carbonization temperatures
(600 °C). This suggests a high degree of disorder in the ACC materials, which translating to
high degree of amorphous state in the sample. The starting temperature (500 °C) gave a similar
structure, but carbon peak was not clearly prominent in the sample. This could be as a result of
partial and incomplete carbonization that occurred during the sample preparation as seen in
Fig. 2b. XRD confirmed structural analysis of carbonaceous materials. The observed enhanced
sharpness of the 30.5° peak in the amorphous ACC700 and ACC800 activated carbon,
respectively, indicates the presence of ordered graphitic domains, within the amorphous matrix.
These regions are larger and less strained compared to the rest of the materials, leading to
sharper diffraction peaks.
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Fig. 2. (a) Raman and (b)X-ray diffraction spectra of activated carbon derived from cocoa pod husks (ACC) at
temperatures ranging from 500 to 800 °C.



Fig. 3a,b shows the pore size distribution and N2 adsorption/desorption isotherms of the
carbonized ACC samples. As seen in Fig. 3a, all isotherms at high relative pressure (P/P0)
present type-II behavior with H4 hysteresis loop indicating complex material containing both
micropores and mesopores [2]. At 500, 600, 700, and 800 °C, the specific surface areas (SSA)
and pore volume (PV) of the carbonized materials were measured, and their details are shown
in Table 1. In Fig. 3a, the SSA was observed to increase with increasing temperature except at
ACC 800 °C. Peaks in all the samples showed the presence of micro-pores and mesopores and
that were clearly visible in Fig. 3b. In Fig. 3¢, the sample ACC 600 °C with SSA of 585 m? g™
and pore volume 0.648 cc/g is preferable for supercapacitor's application. From the data in
Tables 1 and it is seen that the specific surface area values initially increase with increasing
carbonization temperature from 500 to 700 °C but decrease as the temperature further increases
to 800 °C. This is linked to average pore size enlargement effect shown in the average pore
diameter values reported from the BET results in Table 1. This strange behavior had been
observed and reported in our previous works [43,44]. By physical inspection of the
micrographs in Fig. 1 (b), the sample prepared at 600 °C possessed visible cavities that look
like sponge which could be responsible for high pore volume as recorded by Braunner Emmett
Teller result and which may translate to better electrochemical performance of the sample.
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Fig. 3. (a) N, physisorption of activated carbon derived from cocoa pod husks (ACC) at different
temperature, ranging from 500 to 800 °C (b) The plot of pore size distribution, and (c) pore volume and
specific surface area against temperature for the ACC samples.

This is ascribed to its higher cyclic voltametric curve and shorter diffusion length as compared
to other samples in 2.5 M KNOs electrolyte (see Fig. 4).
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Fig. 4. (a) CV plots of the activated carbon of cocoa pod husks at different temperature (b) associated EIS of the
samples (inset shows an enlarge image of high frequency region in Fig. 4(b)), (¢) GCD plots of various ACC
electrodes at 0.5 Ag! and (d) CV of the best sample (ACC 600°C) at both potential windows tested in three
different neutral electrolytes.(e) equivalent circuit of EIS analysis for three electrode configurations of the best
sample (ACC 600°C).

Fig. 4 (a) shows plots of CV curves at 25 mV s™! for ACC materials, which were synthesized
between the temperature of 500 °C and 800 °C and tested in the same neutral electrolyte (2.5 M
KNOs3). Amongst the carbonization temperature, the temperature at 600 °C exhibits higher
current response at negative potential of 0.9V than other temperatures as shown in Fig. 4 (a).
For the ACC materials evaluated in neutral electrolytes, the CV rectangular shapes demonstrate
excellent capacitive behavior, suggesting that all the samples showed electric double-layer
storage mechanism. The carbonization temperature significantly influences the
electrochemical behavior of electrode materials, and the appropriate electrolyte used [28]. To
further investigate best and improved sample among the four ACC materials, corresponding
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EIS was also carried out on each sample as shown in Fig. 4 (b). Equivalent series resistances
(ESRs) of the ACC materials were measured in 2.5 M KNOs giving the values of 2.72 Q,
1.34Q, 2.02 Q, and 3.14 Q for ACC 500°C, ACC 600°C, ACC 700°C and ACC 800 °C,
respectively. The ACC 600 °C electrode was noted to show the lowest ESR, indicating the
electrode's higher conductivity compared to others. The electrode's total power performance
and energy efficiency are limited by the ESR's magnitude [5]. The ACC 600 °C electrode's
shorter ion diffusion path within the electrolyte accounts for its better electrochemical
performance [2] when compared to the other electrodes. This agrees with Fig. 4a which shows
a highest current response as indication of good interaction between the electrolyte and
electrode at the electrolyte/electrode interface. It is to be noteworthy that the physical properties
such as sponge-like surface with cavities revealed by FESEM and a network of interconnected
3D hollows as clearly shown in TEM, amorphous structure from XRD indicating quality
activated carbon, presence of defect and graphitization in Raman spectrum, and high pore
volume of N2 physisorption measurement, are all pointing to the fact that the sample ACC
600 °C possesses unique properties that are novel, which could be responsible for the better
electrochemical performance of the electrode as shown in Fig. 4(a and b). Fig. 4c further shows
the GCD curves of various electrodes at specific current of 0.5 A/g. It is evident that ACC
600 °C sample exhibits longer discharge time than other electrodes. The fact that ACC 600 °C
sample shows superior electrochemical results led us to investigate the electrode in different
neutral electrolytes as ACC electrode can respond differently in different electrolytes. Hence,
this is to establish which neutral electrolyte our best will perform. Therefore, Fig. 4d displays
the capability of (ACC 600 °C) electrode material in three (2.5 M KNOs3, 1 M NaxSO4, and 1 M
NaNOs3) neutral electrolytes, to elucidate its possibility to work in positive and negative
potentials and determine the most appropriate neutral electrolyte for symmetric device. It is
shown that 2.5 M KNOs electrolyte, shows a higher current response in both positive and
negative potential windows as clearly shown in Fig. 4 (d) as compared to other electrolytes.
Fig. 4 (e) shows the Nyquist plot of three-electrode measurement and inset shows its equivalent
circuit with ESR (R1) and Rct values of 1.34 Q and 0.296 Q respectively by using ZFIT fitting
programme v11.02. The circuit diagram presents the solution resistance R in series with a
branch that consists real capacitance Q1 that is in parallel with charge transfer resistance R2 and
in parallel with a branch that consists of additional capacitance Cs that is parallel with load
Resistance R3. Figure S3 (a-d) shows the plots of GCD curves of various electrodes for negative
potentials in three-electrode measurement, the same approach was also adopted for various
electrodes, tested in positive potentials as shown in Figure S4 (a-d). Figure S5 (a,b) displays
specific capacitance against specific current of the various electrodes for negative and positive
potentials in 2.5 M KNOs electrolyte solution. Figure S6 (a-d) shows the detailed cyclic
voltammetry (CV) and galvanostatic charge discharge (GCD) plots of ACC 600 °C sample,
tested in 2.5 M KNOs electrolyte in both positive and negative potential windows at different
scan rates and specific currents. The material obviously shows rectangular CV and triangular
GCD at both potential windows (positive and negative) in 2.5 M KNOs electrolyte. Previous
research had indicated that the conductivity, electrolyte pH value, ionic mobility and hydration
sphere radius of KNOs3 are unique qualities that are responsible for the good EDLC response
[45,46]. Fig. S6. (e) shows the plot of specific capacitance against specific current in 2.5 M
KNOs neutral electrolytes for both negative and positive potentials. The positive and negative
values of capacitance at 0.5 Ag™' were found to be 96 and 180 F g™! respectively using equation
(1). As the specific current increased to 5 Ag!, the specific capacitances were found to be still
high with values of 67 and 150 F g! for positive and negative potential window, respectively.
This behavior further indicated that the synthesized material possesses a good rate capability
in 2.5 M KNOs neutral electrolyte. Hence, a symmetric device was fabricated with the neutral
electrolyte.
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Fig. 5. (a,b) The linear relation curves between the response current and scan rates, (c,¢) The linear relation curves
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of the capacitive and diffusion-controlled process at 50 mV s™! and (h,i) CV curves at a scan rate of 50 mV s™' for
positive and negative electrode.

The R? value of 0.997 was revealed for both the anodic and cathodic processes in the i-v''? plot,
which is very close to 1 and suggests excellent electrochemical reversibility and capacitive
characteristics of the as-synthesized material (see Fig. 5 (a & b)). The b values of negative and
positive electrodes were calculated to be 0.94 and 0.81 respectively. The estimated b-values
were close to 1, suggesting that the capacitive controlled process was dominant in both negative
and positive electrodes which described the mechanism of energy storage of activated carbon
materials as non-faradaic reaction. However, when the value of b was close to 0.5, it indicated
that the diffusion-controlled Faraday process was the main electrochemical reaction
mechanism for generating capacitance [36]. The EDLC capacitances of negative and positive
electrode were determined from the intercept of graphs (see Fig. 5(c—€)) as 127 F ¢! and
90.66 F ¢! respectively. The total capacitances of the negative and positive electrodes were
determined from the reciprocal of the intercept of the graphs (see Fig. 5(d—f)) as 168 F g”! and
98 F g ! respectively. Hence, the percentage contribution of capacitive and diffusion-controlled
effect as 92.4732% and 7.5268% for positive electrode while the negative electrode possesses
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75.565% and 24.435% at scan rate of 50 mVs~!. The electrochemical mechanism of the
electrodes is fully represented in Fig. 5(h—i). It was observed that the percentage contribution
of diffusion-controlled effect in Fig. 5i is higher at negative electrode than positive electrode
in Fig. 5h, which advantageously contributed to the generated capacitance of the electrode.
During the testing of electrode in three electrode configurations by using 2.5 M KNOs neutral
electrolyte, K™ moves towards the negative electrode while NO3;~ accumulates ion towards
positive electrode. However, the hydrated ion size of K"(3.31 A) is smaller than NO3™ (3.35 A).
Thus, K* can move faster than NO3™~ towards electrode with less resistance, storing more charge
[34]. The contribution of Alkali metal (Potassium (K")) in the electrolyte gives rise to high
pseudocapacitive value in the negative potential during electrochemical testing.

Fig. 6(a—f) shows the electrochemical properties of symmetric device. In Fig. 6 (a), cyclic
voltammetric curves of symmetric (ACC 600°C) device were measured at various scan rates
between 5 and 100 mV s™! with cell potential of 1.8 V. Fig. 6 (b) shows GCD profiles of the
full device at various specific currents. The discharge time obtained via the area under the GCD
curves was used to determine gravimetric capacitance of the single electrode using equation
(2). At specific current 0.5 A g”!, the gravimetric capacitance was reported as 168 F g¢™! and
still retained about one third (67 F g") of its original value when higher specific current of
10 A g! was applied. It is noticed that the GCD and CV curves are triangular and rectangular,
respectively, which is consistent with the electrical double layer capacitor (EDLC) feature of
symmetric activated carbon devices [5,15]. Ragone plot of electrodes made from biomass
carbon found in previously published reports as shown in Fig. 6 (¢) at different current
densities, and this work produced maximum specific energy and power of 19 W hkg™! and
453 W kg ! respectively as compared to others. Fig. 6 (d) shows the Nyquist plot of the device,
and inset shows an enlarge image of high frequency region of experimental line in Fig. 6d with
ESR and Rct values of 2.09 Q and 0.718 Q respectively. With the comparable circuit displayed
in the inset of Fig. 6e, estimated values of ESR and Rct in the Nyquist plot was 2.095 Q and
0.925 Q respectively. A representative circuit diagram for the device is presented in the inset
of Fig. 6 (e). The circuit diagram presents the solution resistance R1 in series with a branch that
consists real capacitance Qi that is in parallel with charge transfer resistance Rz and in parallel
with a branch that consists of additional real capacitance Q2 that is parallel with load Resistance
R3 and mass capacitance Q3. The two final branches signify the middle and low frequency
region, respectively. Fig. 6 (f) shows a coulombic efficiency (equation (5)) and capacitance
retention of the activated carbon after 10000 cycles. The coulombic efficiency of the device is
99.6% after 10000 cycles with 72% capacitance retention. This validates the good stability of
the activated carbon in neutral electrolyte (2.5 M KNOs). Plate 1 shows the test of symmetric
device for practical application.
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Fig. 6. (a) plots of CV at different scan rates, (b) plot of GCD at different specific currents, respectively, (c)
Ragone plot of electrodes made from biomass carbon found in previously published reports as shown in Table 2.
(d) Nyquist plot and inset of Fig. 6d at higher frequency (e) equivalent circuit used to fit the EIS data in Fig. 6(d)
and () plot of coulombic efficiency and capacitance retention against cycles at 5 A g

14



Plate 1. Test of symmetric device for practical application.

4. Conclusion

Summarily, sponge-like, amorphous and porous activated carbon is synthesized from a
common waste biomass material (cocoa pod husks) at a low temperature of 600 °C. Trasatti
method is adopted to verify the storage mechanism of the activated carbon material (ACC
600 °C) with the percentage contribution of capacitive and diffusion-controlled effect as
92.4732% and 7.5268% for positive electrode while the negative electrode possesses 75.565%
and 24.435% at scan rate of 50 mVs™!. The ACC 600°C device exhibits higher specific
capacitance values of 168 Fg! with corresponding S.E and S.P of 19 Wh kg! and of
453 W kg! at 0.5 A g”!, which shows a better S.E and moderate S.P. Most importantly, the
device is still stable in 2.5 M KNOs aqueous electrolyte despite being subjected to 10000
cycles. However, the results obtained in this work provide a mild route with cheap and
abundant waste material (Cocoa pod husks) to synthesize high quality activated carbon and
design a much stable device, by using less toxic electrolyte and electrode (waste) materials.
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