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Activated carbon materials are widely used as high-performance electrodes for supercapacitors because they
allow improving the electrochemical performance of these devices. The development of high surface areas and
high porosity contributes to the energy storage by double electric layer, whereas the content of different func-

Pseudfmapamance tional groups on their surface to the pseudocapacitive storage. In addition, they can be obtained from ligno-
Electric double layer . ‘s . .

Supercapacitor cellulosic wastes providing a novel and economic perspective for the development of carbon-based electrodes. In
Electrodes this work, activated carbons were synthesized from cocoa husks using KOH as activating agent. The materials

were obtained at three impregnation ratios (1:1, 3:1, 5:1) and three carbonization temperatures (500, 650, and
800 °C), optimizing the best conditions to obtain materials with high surface areas and porosity together with
surface functional groups to improve energy storage. The results show that the 800 °C synthesized material with
3:1 impregnation ratio presents a capacitance of 120 F/g at 1 A/g, with a retention capacity of 93 % after 12,000
cycles, being the best electrochemical behavior among the carbons prepared. This is attributed to the adequate

micro-mesoporosity, content of surface oxygenated functional groups and high surface area (1444 m2/g).

1. Introduction

The significant demands of energy have increased the production of
clean and renewable energies from sunlight and wind, requiring the
development of storage systems that allow taking advantage of the
whole generated energy [1-3]. Electrochemical double-layer capacitors
(EDLCs) or supercapacitors are devices that could store electrical energy
in an electrochemical double-layer [4,5]. They have a higher power
density than conventional capacitors, enabling good storage systems,
[6] but suffer drawbacks mainly related to energy density. A latent
alternative is the development of new materials with high specific sur-
face areas and different surface functional groups that can be used to
manufacture electrodes [7-9].

Carbonaceous materials are the most used materials for electrodes
manufacture, and 80 % of commercially available supercapacitors are
made of carbon [10]. Carbon nanotubes [11] mixed carbon aerogels,
xerogels [12] and graphene materials [13,14] are commonly employed.

* Corresponding author.

Nevertheless, their production costs are high, representing a disadvan-
tage for their application. Recently, active carbons obtained from
lignocellulosic biomass have been studied, taking advantage of their
high availability, low cost and low environmental impact [15,16].

Cocoa husk is a lignocellulosic material obtained after roasting the
beans, representing between 12 %-20 % of cocoa beans, and is consid-
ered an industrial by-product or even a residue of the chocolate industry
[17,18]. According to the International Cocoa Organization, the pro-
duction of cocoa beans in 2021-2022 was about 4890 thousand tonnes,
estimating a minimum coca shell production of around 617 thousand
tons per year [19]. Thanks to its high carbon and low ashes contents
[20], it could be a raw material for the obtention of suitable activated
carbons for supercapacitor electrodes.

The main characteristics of activated carbons required for super-
capacitor electrodes fabrication have been widely studied [21]. They are
related to their high surface area (up to 1000 m?/g), good electrolyte
accessibility achieved by a well-developed pore-size distribution and
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good conductivity. These properties allow adapting the size of the
electrolyte ions and good physicochemical stability, providing materials
with promising behavior as supercapacitors [22].

Different preparation methods are implemented to produce activated
carbons with good textural properties and designed surface chemistry
based on the activating agent and the synthesis conditions. Among the
different methods, the chemical activation with different chemical
agents, such as ZnCl,, H3PO4, and KOH [23-28] are used. The activation
using potassium hydroxide (KOH) as an oxidizing agent exhibits
important advantages, since it implies lower activation energy, shorter
activation times, and higher process yield. Moreover, activated carbons
with well-developed microporosity and high surface area are obtained
[29].

Several authors have reported different synthesis conditions and
precursors, using temperatures between 500-800 °C and impregnation
ratios from 0.25:1 to 5:1 (weight of KOH: weight of biomass) [30-36],
concluding that it is necessary to tune the impregnation ratio and acti-
vation temperature. For instance, in the case of tobacco stems, an
impregnation ratio of 0.5:1 (weight of KOH: weight of biomass) at an
activation temperature of 600 °C allowed a maximum BET surface area
of 500 m2.g ! [37]. In the case of Bambusa vulgaris striata, the activation
through a two-step process started with pyrolysis at 500 °C followed by
impregnation using a 1:3 ratio (weight of KOH: weight of biomass) and a
final activation at 800 °C, producing the highest surface area (980
m?g™1) [38]. The effect of activation temperature and impregnation
ratio on the structural properties (surface area and porosity develop-
ment) allow to obtain specific capacitances in the 178-355 F g~ ! range.

Recently, Karakehya [39] evaluated two methodologies using KOH
chemical activation to produce activated carbons from spores of Lyco-
podium Clavatum for energy storage. In this work was found that the
synthesis method affects the electrochemical performance, which is
directly related with well-developed micro-mesoporosity and high sur-
face area. Jiang et al [40] used a two-step process involving pre-
carbonization at 380 °C in air, followed by KOH activation at 700 °C
to produce an optimum material with a specific surface area of 2372
m?g~! and an ultra-high capacitance of 290 Fg~! at 1 Ag™! in a two-
electrode device with exceptional holding capacity.

The electrochemical behavior of lignocellulosic residues-derived
materials can be also related to surface chemistry. For instance, capac-
itance values of 225 Fg~!, 279 Fgland 187 Fg™! have been reported for
rapeseed [41], willow catkins [32], and walnut shells [42], and have
been related to the presence of surface oxygen heteroatoms. Oxygen
improves the electrolyte wettability and favors their pseudocapacitance
[32]. However, not all oxygenated functional groups contribute to the
electrochemical response improvement. Martinez-Casillas et al (2019)
found that oxygen functional groups that release CO upon decomposi-
tion favor the storage, while CO; releasing functional groups do not
allow the delocalization of the electrons and reduce electrical conduc-
tivity and consequently the capacitance [43].

The procedure, synthesis parameters (temperature, activating agent
and impregnation ratios) and lignocellulosic source have direct influ-
ence in the surface chemistry and electrochemical performance.
Therefore, this work explores the use of cocoa husk (exploring a new raw
material) as a precursor for the elaboration of active carbons and their
use as electrodes for supercapacitors. This study aimed to prepare acti-
vated carbons from cocoa shells produced in high quantities in Colombia
and evaluate their electrochemical performance. It is known that acti-
vating agents and pyrolysis temperature could affect the activation
process and consequently the properties of the final activated carbon.
The selection of interval of temperature and impregnation ratios were
based on values reported in the literature for lignocellulosic waste, since
the cocoa husk has not yet been explored as electrodes in super-
capacitors. Low temperature combined with different impregnation ra-
tios allow to obtain appropriate chemical — physical properties, as well
as an increase in temperature combined with different impregnation
ratios, should be considered to improve properties such as surface area,

Journal of Electroanalytical Chemistry 963 (2024) 118325

porosity, and surface chemical composition. Therefore, three tempera-
tures ranging from 500 °C to 850 °C and varying KOH/material
impregnation ratios from 1:1 to 1:5 are investigated. Special attention is
paid to the impact that these synthesis conditions have on the surface
chemistry of the activated carbons. The prepared materials were char-
acterized to establish the relation between chemical-physical properties
and the electrochemical response.

2. Experimental
2.1. Preparation of activated carbons

The cocoa husk was collected after the roasting process of the dried
fruit generated by Nacional de Chocolates S.A.S company (Colombia).
The cocoa husk was washed with deionized water, dried at 60 °C until
constant weight and finally milled and sieved to achieve a particle size of
1 mm.

Cocoa husk was mixed with KOH at mass impregnation ratios (KOH:
precursorwaste) of 1:1, 3:1 and 5:1 for 2 h at 45 °C. Afterward, the
samples were pyrolyzed in a tube furnace under N; flow (50 ml/min) at
5 °C/min to the final temperature of 550, 650 or 800 °C, keeping this
temperature for one hour. Finally, the prepared activated carbons were
washed with HCl (1 M) and deionized water until 7pH and until no
chloride ions were detected in the washing water (using a silver nitrate
solution) and dried at 100 °C for 24 h. The samples prepared were
named CC-X-Y, where X and Y denote samples pyrolysis temperature
and impregnation ratio, respectively.

2.2. Physical-chemical characterization

The textural characterization for materials prepared was assessed by
the adsorption of N3 (—196 °C) and CO, (°C) in a Quantachrome
Autosorb device. The samples were degassed at 110 °C for 8 h under
vacuum (10'6 mbar). The results were processed through the Brunauer-
Emmett-Teller (BET) equation to determine the BET surface area and
micropore volume (Wp) and Dubinin Radushkevich (DR) for narrow
volume micropore (Lo). Density-functional theory (DFT) model was
employed to determine porous distribution. The mesopores volume was
calculated as the difference between the amount of N, adsorbed at 0.95
(Vo.95) and the volume of micropores.

Raman spectroscopy was used to determine the grade of order and
disorder in the materials. The test was carried out on FT-Raman
dispersive spectrometer (model Bruker RFS/100) with a coupled mi-
croscope. It has a laser excitation source in the near-infrared (1064 nm,
Nd_YAG). The moisture, volatile matter, fixed carbon, and ash contents
were determined by proximate analysis.

The surface chemistry was determined through two characterization
techniques. First, temperature-programmed decomposition (TPD) on a
thermogravimetric analyzer (TG) coupled to a mass spectrophotometer,
where the signals of CO and CO5 were recorded. The experiments were
programmed with a heating ramp of 10 °C/min up to 120 °C and another
of 20 °C/min from 120 to 950 °C under a helium atmosphere. Second, X-
ray photoelectron spectroscopy (XPS) carried out on VG-Microtech
Mutilab 3000, equipped with a hemispherical electron analyzer with 9
channels (power of 2 to 200 Ev) and an X-ray radiation source with Mg
and Al anodes, the radiation source was Mg-Ka (1253, 6 eV).

2.3. Electrochemical characterizations

2.3.1. Electrochemical tests in a three-electrode cell

The electrochemical characterization was performed at room tem-
perature in a standard three-electrode cell system using a potentiostat
(Biologic VMP-300) and H3SO4 (1 M) as electrolyte with a typical Ag/
AgCl reference electrode and Pt wire as the counter electrode. The
working electrode is a graphite sheet loaded with a homogeneous
mixture of finely ground activated carbon synthesized and binder
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Fig. 1. N, adsorption—desorption isotherms at —196 °C of carbonized samples at different temperature. a) 800 °C; b) 650 °C and c) 500 °C.

(polytetrafluoroethylene, PTFE). The activated carbon-binder mixture
was prepared mixing PTFE (60 % suspension in water) and activated
carbon at a mass ratio of 90:10 (45 mg active carbon: 5 mg PTFE), and
the paste was dried at 100 °C for 12 h. The pasted sample was deposited
on a graphite sheet and impregnated with HSO4 (1 M) for 48 h before
being used for the electrochemical measurements, in order to ensure a
better diffusion of the electrolyte ions in the pores of material.

Cyclic voltammograms (CV) tests were obtained at scan rates of 0.5,
5, 10, 20, and 30 mV/s within the range of —0.3 and 0.9 V (to avoid
electrolysis of the water). The gravimetric capacitance Ccy (F/g) was
calculated from CV curves by the following Eq. (1):

Y |1jA-Ar

= - 1
2mA-AV =

cv
Where Y |I|At is the area under the curve of current (A) vs time (s), m the
mass of carbon material in the electrode (g), and AV the potential
window (V).
Chronopotentiograms were carried out at a current loading between
125 and 2000 mA/g in a potential interval of —0.3 to 0.9 V. The

gravimetric capacitance from these measurements Cgp (F/g), was
calculated by the following Eq. (2):

@

Where 1, is discharge current (A), At the discharge time (s), AV potential
interval (V).

The electrochemical impedance spectroscopy (EIS) measurements
were carried out from a frequency of 1 mHz to 100 kHz with a sinusoidal
signal amplitude of 10 mV. The graphical analysis of these data was
represented by means of Nyquist Plots.

2.3.2. Electrochemical tests in a two-electrode cell

The last electrochemical study was carried out in a two-electrode
configuration. HySO4 (1 M) and a glassy fibrous material were used as
electrolyte and separator, respectively. The same procedure used in the
three-electrode system was followed in the working electrode, only

differing in the use of a graphite disk and in the amount of material
deposited (5 mg of paste). Galvanotatic charge/discharge cycles was
performed at different current densities (0.125 to 7 A/g) with a potential
window of 0 to 1.2 V. Cycling/aging tests were carried out at 1 Ag~! over
12,500 charge-discharge cycles. The gravimetric capacitance was
calculated from chronopotentiograms following Eq. (3):
_LAAr

= A4
mA-AV

CGD (3)

Where I; is discharge current (A), At the discharge time (s), AV potential
interval (V), and the factor 4 indicated the relation between the
capacitance of the single electrode in a three-electrode system and the
capacitance of the electrode in a two-electrode system.

Based on the galvanotactic charge/discharge data, specific energy
E (Whkg™') and power density P(Wkg™!) were calculated at different
current densities using the Ragone plot. The Egs. (4) and (5) were used:

-
5 _ CopA-AV 4)
8A-3.6
1 IAAV
P= 3 X o ®)

Where I is density current (A), AV potential interval (V), and m the mass
of carbon material in the electrode (kg).

3. Results and discussion
3.1. Physicochemical characterization

3.1.1. Textural characterization

The nitrogen adsorption-desorption isotherms at —196 °C of samples
synthesized from the cocoa husk are shown in Fig. 1, and three type of
carbons can be distinguished: (i) CC-800-3, CC-650-5, CC-800-1 have
type I-b isotherm, typical of wide microporous materials in accordance
with IUPAC classification [44], (ii))CC-650-1, CC-500-5 y CC-500-3 have
type Il isotherm, indicating non-porous materials and (iii) CC-500-1, CC-

Table 1

Textural proprieties of materials.
Sample SBET m?/g Wy (No) em®/g Wy (CO,) em®/g Lo nm (Ny) Lo nm (CO3) V.05 cm®/g Vmeso cm®/g Vmicro/Vtotal
CC-800-1 1032 0.46 0.15 1.71 1.57 0.50 0.05 0.91
CC-800-3 1444 0.79 0.12 2.97 1.81 0.90 0.18 0.88
CC-800-5 447 0.27 0.05 4.71 1.73 0.32 0.09 0.84
CC-650-1 16 0.01 0.08 2.94 1.23 0.03 0.02 0.19
CC-650-3 145 0.07 0.15 2.85 1.38 0.11 0.04 0.63
CC-650-5 1633 0.76 0.24 2.23 1.54 0.83 0.08 0.91
CC-500-1 53 0.00 0.05 4.18 1.37 0.01 0.01 0.19
CC-500-3 8 0.01 0.05 7.65 1.37 0.02 0.01 0.35
CC-500-5 5 0.03 0.10 5.12 1.47 0.07 0.04 0.43
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Fig. 2. Pore distribution of the CC-800-1, CC-650-5, CC-800-3 samples.

650-3, CC-800-5 samples have a hysteresis cycle (type IV-a) related to
mesopores presence.

The isotherms shape displays some differences, in particular the
width knee, which are related to micropore - mesopore structure. At
relative pressures (P/Pg) about 0.01, sample CC-800-1 shows a sharp
knee, and the plateau is nearly horizontal, indicating that the sample is
primarily microporous with a narrow pore size distribution. On the
contrary, both the knee and the slope of plateau in the CC-650-5 and CC-
800-3 samples increase indicating that, in addition to microporosity,
these samples may contain narrow mesopores.

Textural characterization with N and CO-, (Table 1) reveals an effect
of the carbonization temperature and KOH ratio. At the lowest tem-
perature, the samples show a lower BET surface area and absence of
microporosity and mesoporous structure for all KOH ratios. When the
temperature and KOH ratio increase, exits an effect in the modification
of textural properties. However, high values of temperature and KOH
ratio produce the destruction of microporosity and mesoporous struc-
ture. It manifests that the increase in the temperature and amount of
KOH plays a more important role in the formation of microstructure. It is
noting the importance of the effect between temperature and KOH ratio.

Some highlights show the influence of the activation parameters on
the pore development of the material. The samples pyrolyzed at a lower
temperature (500 °C) shows surface areas lower than 60 mz/g, indi-
cating that this temperature does not favor thermodynamically the re-
action between the KOH and the cocoa husk. This phenomenon can be
related to the change of free Gibbs energy, which is negative at tem-
peratures higher than 570 °C [45]. Therefore, 500 °C is not enough to
develop significant porosity in the materials (keeping in mind that the
textural properties do not depend only on the activation parameters, but
also on the raw material).

The KOH activation process generates activated carbon with a higher
surface area. Among the prepared activated carbon, the maximum BET
surface area was 1633 m2/g, for the sample pyrolyzed at 650 °C, using
the highest impregnation ratio (5:1), while at the other impregnation
ratios the surface area was low.

Materials pyrolyzed at 800 °C indicated an increase in the surface
area with a rise of the temperature for the impregnation ratios of 1:1 and
3:1 compared with the samples obtained at 650 °C; being the last
impregnation ratio (3:1) the optimal at this temperature. Hence,

material prepared with an impregnation ratio of 1:1 shown it is neces-
sary for a major active agent proportion, however, when the impreg-
nation ratio increased to 5:1, the microporosity of the material
decreased indicating the collapse of porosity produced by the combi-
nation of a high impregnation ratio with an elevated pyrolysis
temperature.

The data of CO5 adsorption (Table 1) allow determining the micro-
pore volume with narrow microporosity, with prose size smaller than
0.7 nm. The CC-800-1, CC-800-3, CC-800-5, and CC-650-5 samples
present a Wy(Ng) > W(CO3), and therefore, these materials have a
greater amount of micropores higher at 0.7 nm than narrow micropores,
indicating the absence of N diffusional restrictions and a high activa-
tion degree [46]. On the contrary, The CC-650-1, CC-650-3, CC-500-1,
CC-500-3 and CC-500-5 samples developed narrower microporosity
(Wo(N2) < Wy (COy)), showing a low activation degree.

The narrow porosity probably cannot contribute to the formation of
the double layer, since it restricts the access of electrolyte ions to the
carbon surface. It is better to obtain a greater amount of micropores with
diameters higher than 0.7 nm and a high surface area [47,48]. Ac-
cording to these criteria, the CC-800-1, CC-800-3 y CC-650-5 samples
are selected to evaluate their electrochemical performance and deep
analysis of their physical-chemical properties.

Fig. 2 shows the pore size distribution of the selected samples, and
Table 1 shows the proportion of micropore volume with respect to the
total pore volume. The CC-650-5, CC-800-1, and CC-800-3 carbonaceous
materials have pores located principally in the microporosity range from
0.8 nm to 1.7 nm and micropores ratios (Vimjcro/Viota) of 0.91, 0.91, and
0.88 respectively. The CC-800-3 material has a higher amount of narrow
mesoporosity than the materials CC-800-1 and CC-650-5. The micro-
porosity presented in the samples are expected to allow the access of H™
and SOZ ions to the carbon surface, since the diameters of bare/solvated
are 0.2/0.6 nm and 0.6/0.8 nm, [49] respectively. These physical
characteristics allow ions adsorption in the electrolyte/electrode inter-
face and the formation of the electrochemical double layer [50], while
mesopores allow the diffusion of the electrolyte towards the micropores
[51]. These characteristics in the pore size distribution can maximize the
specific capacitance, which is very interesting for electrochemical
applications.
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Fig. 3. Raman spectra of the porous carbons.

3.1.2. Raman spectroscopy

Raman spectra are presented in Fig. 3 for CC-800-1, CC-650-5 and
CC-800-3 samples, showing two characteristic carbon bands. The first
band, named D, oscillates between 1340 cm ™! to 1350 cm™! and is
related to the defects and disorder in the graphite structure of carbons.
The second band, named G, is related to the stretching of the sz bond
between carbons in graphite configuration, this band varies between
1590 em™ to 1601 cm ™.

The intensity of the D band has the lowest value for the CC-650-5
material, and the increase of temperature to 800 °C increases the in-
tensity in the C-800-1 and CC-800-3 samples, which could decrease the
electrical conductivity in these materials with respect to sample CC-650-
5 [52].

The ratio between the intensities of D band (Ip) with respect to G
band (Ig) provides information about the degree of graphitization of the
different carbons and the Ip/Ig values obtained for CC-800-1, CC-800-3,
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and CC-650-5 are 1.00, 0.98, and 0.88 respectively. These results sug-
gest that the use of a lower temperature can promote higher crystal-
linity/graphitization during activation with KOH without significantly
altering the carbon structural order as occurred in samples treated at
higher temperatures.

In general, considering that activated carbons have high structural
defects caused by the activation process [53], Ip/Ig was low within the
values obtained for this type of material, in addition, a distinctive third
peak corresponding to the 2D band characteristic of graphite is promi-
nently present, indicating a high degree of graphitization in the samples
[54]. These parameters indicate those materials with a higher degree of
graphitization conduct better the electricity, which can be related with
the intricate and inherent hierarchical structure of lignocellulosic ma-
terials like cocoa husk and the activation treatment with KOH.
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Table 2
Surface chemistry of active carbons.
Sample co COy Orpp % Oxps % Cco/ o/C Carbonyl, Quinone Phenol Carboxyl Lactone Anhydride
(pmol/g) (pmol/g) wt wt CO, (umol/g) (pmol/g) (pmol/g) (pmol/g) (pmol/g)
CC-800- 2716 1762 10.0 9.5 1.54 0.44 2316 359 130 1223 449
1
CC-800- 2926 1153 8.4 9.0 2.54 0.08 2246 502 648 142 541
3
CC-650- 4060 1679 11.9 12.1 2.42 0.14 2705 1325 651 279 779
5
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Fig. 5. Ols spectra of a) CC-800-1; b) CC-800-3 and c¢) CC-650-5.

3.1.3. Surface chemistry (TPD and XPS analysis

The surface functional groups of the samples was studied by
temperature-programmed desorption coupled to mass spectrometry
(TPD-Ms), since the surface oxygen groups decompose producing CO
and CO; upon heating under inert gas in certain temperature ranges.
Fig. 4 shows the CO and CO; profiles for samples CC-800-5, CC-800-3,
and CC-650-5.

The CO profile (Fig. 4a) has a peak between 600 and 700 °C,
attributed to phenolic groups decomposition, and the carbonyl, quinone
and ether groups are decomposed at temperatures from 700 to 1000 °C.
Small peaks around 400 to 600 °C K are also observed, corresponding to
decomposition of anhydride compounds [55]. The CO3 profile (Fig. 4b)
has two main peaks, the first around 150 to 400 °C corresponding to
carboxyl groups and the second around 650-725 °C matches with
lactone groups. The CO and CO;, profile were deconvoluted with PeakFit
4.12 software (see, Supplementary Material) and the results obtained
allow quantitative comparison of the oxygenated groups. The results are
summarized in Table 2.

CC-650-5 delivers the highest amount of CO during the decomposi-
tion, and this CO is principally associated with the presence of carbonyl
and quinone groups (around 66 % of CO release) and phenolic groups
(around 32 %). This outcome can be linked to the synthesis conditions of
the materials, characterized by a substantial KOH proportion, promoting
the formation of surface oxygenated groups. The use of a moderate
carbonization temperature (650 °C) effectively prevented the decom-
position of functional groups during the pyrolysis treatment, such as
carbonyl, quinone, and phenolic groups. In contrast, the samples CC-

800-1 and CC-800-3 exhibited lower proportions of groups associated
with CO release, particularly in the case of phenolic groups being 13 %
and 17 % respectively. This decrease can be attributed to the utilization
of higher pyrolysis temperature, which partially decompose these
groups.

CC-800-1 exhibited the highest CO; release, mainly by the contri-
bution of the lactone functional groups (around 69 %), and carboxyl
groups (around 39 %) are the main contribution for CC-650-5. The high
content of O on these samples can explain the decrease in BET surface
area, that is, CC-800-1 and CC-650-5 show a decrease in micro-
mesopores structure, and a major concentration of groups related to
COq release compared with CC-800-1 sample. This trend can be also
observed in the CO/CO, ratio, which is lower for CC-800-1 than for
samples CC-800-3 and CC-650-5 since the amount of COs-evolving
groups, such as lactones, is greater in this sample [56].

The surface composition of samples was analyzed by XPS (Fig. 5),
which provided information regarding the electronic states and chemi-
cal environment of carbon (C) and oxygen (O) surface atoms. The sur-
face percentage of oxygen and O/C ratio obtained from XPS are
displayed in Table 2. The CC-800-1 sample shows the highest amount of
oxygen, followed CC-650-5 and CC-800-3 sample, and these values are
in accordance with TPD data.

The O1s spectra (Fig. 5) allow identifying the type of bonds in the
oxygenated functional groups, and three representative peaks are
observed in the deconvolution. The peak at 531.0-531.8 eV is related to
C=O0 bonds, the peak at 532.3 eV represents C—O bonds, and the peak
at 533.8 eV corresponds to C-OH bond [55,36]. Each type of bond
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Fig. 6. Exploration of the operating windows in aqueous electrolyte (1 M H2SO,) in a two-electrode system: a) CC-800-1; b) CC-800-3; ¢) CC-650-5.
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Fig. 7. Cyclic voltammograms of activated carbons using a three-electrode cell in 1 M H,SOy4 at different scan rate: (a) CC-800-1, (b) CC-800-3, (c) CC-650-5.

Table 3
Capacitances contribution from voltammograms at 0.5 mV/s using a three-
electrode cell in 1 M H5SOj,.

Sample Cvc (F/g) Cdl (F/g) Cps (F/g)
CC-800-1 191 186 5
CC-800-3 207 195 12
CC-650-5 222 192 30

identified in the spectra can be related to oxygenated functional group.
The C=O bond is present in groups such as carboxyls, lactones car-
bonyls, anhydrides, and quinones, while C—O and C-OH bonds come
from carboxyl groups and phenols. The results of the obtained bonds
coincide with the oxygenated functional groups identified by TPD
characterization.

An appropriate level of oxygenated functional groups on the carbon
surface is important because provides polarity and improves interaction
with the aqueous electrolytes. Carbons with low oxygen content are
hydrophilic, hindering the wettability of the electrode, while an excess
of oxygen could cause resistance of electrolyte ions, affecting in both
cases the electrochemical performance [57,58]. In addition, some
oxygenated groups can improve the capacitance of the electrode since
they favor the pseudocapacitance, which allows the redox reactions to
occur and favor a greater energy storage [32].

3.2. Electrochemical characterization

3.2.1. Cyclic voltammetry (CV)

The electrochemical performance was evaluated by means of CV
using HoSO4 1 M as electrolyte. The CVs were obtained for two and three
electrode systems. The two-electrode configuration allowed deter-
mining the optimal potential window to evaluate the electrochemical
capacity of the symmetrical supercapacitor device. In Fig. 6 is displayed
the results at a scan rate of 5mv/s for different operating windows. The
maximum value is limited to 1.2 V to avoid the decomposition of water,
a common phenomenon in aqueous electrolytes, which starts at around
1.23 V [59]. The voltammograms remain stable at voltages near 1.23 V.

One reason for this behavior could be that the materials employed

are not selective to the reduction or oxidation reactions of water. This is
consistent with findings of Lin and et al [60], who tested the same po-
tential window (0 to 1.2 V) and employed 0.5 M H3SO4 aqueous elec-
trolyte, and did not observe the generation of hydrogen nor oxygen
products. This window was chosen for assessments of the symmetric
supercapacitor device (two - electrode system).

Fig. 7 depicts cyclic voltagrams (CV) of all the samples at different
rates between 0.5 and 30 mV/s using a three-electrode system and 1 M
H3SO4 as electrolyte. The three samples show cuasi-rectangular volta-
grams indicating the contribution of the electrical double layer. The
faradic peaks are identified in a potential range between 0.2 to 0.4 V (vs
Ag/AgCl), which related to the pseudofaradic redox reactions of the
oxygenated functional groups that contributed to the
pseudocapacitance.

CC-800-1 and CC-800-3 samples exhibited similar voltagrams
whereas CC-650-5 sample displayed noticeable differences in CV curve
shape. This behavior is due to these pseudo-faradic peaks, that produces
a higher capacitance (Table 3). Nevertheless, as the scan rate increased,
the CC-650-5 voltammograms lose their shape, showing more pro-
nounced diffusion problems compared to CC-800-3 and CC-800-5 sam-
ples, which maintain their shape even at scan rates of up to 30 mV/s.

The capacitance of the materials prepared can be understood by two
contribution, electrical double layer and pseudo-faradic contribution.
These phenomena were quantified and the store capacity (Cdl), pseu-
dofaradic contribution (Cps) and total capacitance (Cvc) values were
calculated and compiled in Table 3. It is assumed that, in the cyclic
voltammograms, the electrical double layer manifests itself as a rect-
angular shape, which allows to determine the storage capacity in this
region, Cdl. Deviations from this rectangular shape, such as the peaks
illustrated in Fig. 8, are due to pseudofaradic contribution, Cps.

The CC-650-5 sample exhibits a more substantial pseudocardiac
contribution (see, Fig. 8), and this phenomenon could be attributed to
the elevated oxygen content present on the surface of the material, as
revealed by the TPD and XPS results. The oxygen presence facilitates
Faradic reactions leading to more pronounced oxidation-reduction
peaks in comparison to the CC-800-1 and CC-800-3 samples, which
possess less oxygen groups.
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Fig. 8. Pseudofaradic and electrical double layer contributions (VCs at 0.5 mV/s) in 1 M aqueous H,SO4 using a three electrode system.
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Fig. 9. Chronopotentiograms of activated carbons using a three-electrode cell in 1 M H,SO4 at 125 mA/g. Influence of current loading on Cgp gravimetric
capacitance of activated carbons.

Table 4

Electrochemical performance: Gravimetric capacitance from chronopotentio-
grams (Cgp) and resistance to charge transfer (Rcr), internal resistance (Ry) from

capacitance decreases as the current density increases, and this behavior
is expected since at high current intensities the formation of the elec-
trical double layer becomes more difficult. The CC-650-5 retention ca-
pacity is lowest, despite having high capacitance at the beginning.
This behavior may be associated with its structure and surface
chemistry, which is consistent with the results observed in the CV
curves. These results again suggest the discussion of two important
points: i) the contribution of the double layer in the specific capacitance,
considering that depends exclusively on the surface area, volume, and
distribution of the micro-mesopores of the materials, ii) the influence of
the redox reactions on the capacitance, which depend on the surface

EIS.
Sample Ccep (F/g) Cep (F/ Ccep (F/ %Cep Rer Ry
at 125 g)atl g)at7A/  retention @) Q)
mA/g A/g g
CC-800- 211 161 115 60 2.6 1.3
1
CC-800- 226 169 136 72 1.13 1.28
3
CC-650- 258 182 122 57 0.31 2.45 groups present.
5

3.2.2. Galvanostatic charge-discharge (GCD)

The chronoamperometries results are plotted in Fig. 9a, at a current
density of 125 mA g~. It is observed that they have quasi-triangular
shapes and are nonlinear in the charge-discharge zone, indicating
typical double layer and pseudocapacitive behavior. Capacitances were
calculated for different current densities from 125 mA g ' to 7 A g~*

(Table 4) and their variations were plotted with
density in Fig. 9b. For the three samples, it is

50

respect to current
observed that the

3.2.3. Relationship between electrochemical performance and structural
properties

It is known that supercapacitors are devices that can store energy
through the adsorption of charge that accumulates electrostatically, a
mechanism called electrical double layer. Therefore, the surface specify
area is crucial for charge adsorption [61]. At low current density, the
materials used as electrodes show a direct relationship between the
surface area and the capacitance, however, when current density in-
creases this tendency changes. This behavior is related to pore

50

[JCO [ECO2 -o-RCT —+-RI

Fig. 10. Nyquist plot: a) CC-800-1, b) CC-800-3, c¢) CC-650-5, and d) variation of the Ry and Rcr with total CO and CO, content.
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3 sample using 1 M H,SO4 as electrolyte.

distribution since the high surface area is not the only factor to guar-
antee good electrochemical performance. In the case of the CC-800-3
sample, it was previously identified that, in addition to have micropo-
rosity, it also has a greater amount of mesoporosity, which reduces the
diffusion problems of the electrolyte ions serving as channels for the
rapid transport to micropores. This explains why, at high current den-
sities, this sample specifically obtained a higher retention capacity
[54,62]. The CC-650-5 sample shows a lower retention capacity due to
its limited mesoporosity, being difficult for the electrolyte to reach
micropores.

3.2.4. Relationship between electrochemical performance and surface
oxygenated groups

Surface oxygenated functional groups can play two important roles
in the electrochemical performance of materials. First, they increase
polarity, thus improving the interaction of the carbon materials with
aqueous electrolytes. Second, their contribution increases in overall
capacitance through redox reactions that promote pseudocapacitance
[63]. However, not all oxygenated functional groups contribute to the
improvement of the electrochemical response. Previous studies have
reported that the functional groups related to CO release in thermal
decomposition improve the capacitance of the electrode [64], since the
quinone, carbonyl and phenol groups, have bonds such as C-OH and
C=0O0, which allow good wettability of carbonaceous materials and also
promote the pseudocapacity due to these types of bonds are involved in
electron transfer reactions [65]. Therefore, by applying a voltage for
charging and discharging the electrodes, these groups provide better
stability. On the contrary, the functional groups related to CO; release
do not allow the delocalization of electrons, since they have a strong
electron-withdrawing nature, thus reducing the electrical conductivity
and the capacitance [66].

As previously observed, the CC-650-5 sample obtained a greater
amount of functional groups related to CO release, allowing the
improvement in the wettability of the material with the electrolyte. This
behaviour was verified by the electrochemical impedance spectroscopy
(EIS), which allow to study the kinetic and diffusional behavior of ions at
the electrode/electrolyte interface. The results are represented in a
Nyquist plot (Fig. 10a-c). This representation can be divided into two
regions. At low and medium frequencies correspond to the kinetic
control region and high to Warburg region.

In the kinetic control region, point A denotes the system resistance

(Rs), which includes the collective resistances between the electrolyte,
working electrode, and current collector [67]. The semicircle stretching
from point A to point B displays the resistance to electron transfer (Rcr).
In the Warburg region, showcases control and mass transfer. The non-
vertical line in this area is related to the formation of the electric dou-
ble layer. Their slopes can suggest if the charging process was directed
by the electric double layer formation (slope greater than 45°) or limited
by ion diffusion (slope less than 45°) [68,69].

Fig. 10d shows that CC-650-5 sample has the lowest resistance to
electron transfer (Rcr), indicating that the significant presence of CO-
related functional groups, such as quinones and carbonyl groups,
which are active at acidic pH [70] and can promote electron transfer and
reduce resistance. CC-800-3 and CC-800-1 samples contain fewer of
these functional groups. CC-800-1 sample has a significantly higher Rcr
resistance, which may be due to its higher content of oxygenated func-
tional groups associated with COx. As a result, electron transfer becomes
less effective, leading to lower electrical conductivity and, in turn,
increased R¢r. In summary, the hierarchy of Rey resistance is as follows:
CC-800-1 > CC-800-3 > CC-650-5.

The calculation of internal resistance (Ry) was performed to measure
the impedance against the movement of ions and electrons within the
electrode structure (see, Table 4). CC-650-5 sample exhibits higher
resistance Ry compared to the other two samples, although having a
lower Rer due to its high content of CO groups. This could be due to its
significant microporosity with limited mesoporosity, which limits the
transport of electrolyte ions through the electrode pores. This is evi-
denced by the small slope of the non-vertical line in the Warburg zone of
the Nyquist plot (Fig. 10a-b), indicating diffusion process. CC-800-3 and
CC-800-3 samples show non-vertical lines in the Warburg zone with
slopes exceeding 45 °C. This suggests that the charging process was
dominated by the formation of the electrical double layer [1].

The CC-800-3 sample exhibited superior electrochemical perfor-
mance in comparison to the other samples, which can be attributed to
several key factors: i) an optimal microporosity, ensuring a substantial
surface area available for ion adsorption which lead to higher capaci-
tance, ii) effective mesoporosity, facilitating the efficient transport of the
electrolyte into micropores. This attribute translated into superior
charge-holding capacity, particularly at high current densities and, iii) a
favorable balance of oxygenated CO-related surface groups while
maintaining lower levels of COq-related groups. This unique surface
chemistry improved the material wettability, reducing charge resistance
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Fig. 12. a) Galvanostatic charge/discharge of activated carbons using a two-electrode cell in 1 M H,SO, at different current densities. b) Ragone plot.

and promoting redox reactions, to
pseudocapacitance.

Due to these remarkable characteristics, the CC-800-3 sample
emerged as the preferred electrode for assessing its electrochemical
performance within a two-electrode system, as depicted in Fig. 11a. The
stability of this sample was subjected to rigorous testing, including an
exhaustive 12,000 cycles of charge-discharge at 1A/g. The sample
demonstrated exceptional stability throughout the entire duration of the
test, displaying a capacitance retention rate of 93 % even after the
demanding 12,000 cycles as is illustrated in Fig. 11b.

It can be observed in Fig. 12a that the galvanostatic charge/
discharge curves maintained a consistent shape, even when subjected to
high current densities. These results underscore the reliability and
suitability of materials prepared for demanding applications. In Fig. 12b,
a comprehensive overview of its performance using a Ragone plot. It can
be observed an energy density of 6.43 Wh/Kg at a power density of 148

W/kg for the CC-800-3 sample in the two-electrode system.

thereby  contributing

4. Conclusions

The textural and chemical properties of activated carbons derived
from cocoa husk are influenced by synthesis conditions such as tem-
perature and the ratio of potassium hydroxide (KOH). It is established
that the activated carbons synthesized under optimum conditions
(temperature and alkali ratio) are mainly microporous materials with
high surface area and pore volumes. The electrochemical performance of
activated carbons used as electrodes was found to be related to their
textural and chemical characteristics. It was crucial to have a combi-
nation of micro- and mesopores in the material to improve both
capacitance and holding capacity at high current densities.

The presence of oxygen significantly affected the electrochemical
properties. CO-related functional groups demonstrated a beneficial
impact in reducing electron passage resistance, which enhanced the
pseudofaradaic contribution. Conversely, CO5-related functional groups
amplified the resistance, compromising the electrode performance. The
sample carbonized at 800 °C and impregnated with a 3:1 ratio shows the
best chemical and textural properties. The best performance corre-
sponds to the CC-800-3 sample with a lower resistance to charge transfer
and a high capacitance attributed by the double electric layer and redox
reactions that gave rise to the pseudocapacitance.
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