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Abstract

Due to its abundant availability, eco-friendliness, and high sustainability, biomass-derived activat-
ed carbon has captured more attention in recent years. In this study, activated carbon was derived
from Palmyra palm flowers (PPF) using a conventional chemical activation process and carbo-
nization at different ambient temperatures, viz. 700, 800, and 900 °C. The carbonized PPF was
chemically activated using 1 wt.% potassium hydroxide to increase the microporosity and specific
surface. The experimental data were analyzed using X-ray diffractometer (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectrometer (EDX), Raman spectroscopy and Fourier
transform infrared spectroscopy (FT-IR). The nitrogen adsorption/desorption isotherm curve for
activated carbon synthesized at the activation temperature of 900 °C indicated type IV with a
hysteresis loop associated with mesopores formation and a specific surface area of 950 m?g™. The
supercapacitor electrodes made with PPF-derived carbon were evaluated for their electrochemical
performance by electrochemical impedance spectroscopy, cyclic voltammetry, and galvanostatic
charge/discharge measurements. In the aqueous electrolyte (3 M KOH), electrochemical
experiments showed that PPF-900 electrode has a specific capacitance of 155 Fgtat 1 A g* and
significant cyclic stability (97.3 % capacitance retention over 5000 cycles at 10 A g), while energy
and power densities were estimated as 15.1 Wh kg and 100.6 W kg™. This study suggests that
biowaste products could be transformed into activated carbon materials to improve the
performance of energy storage materials, and it adheres to the 'waste to treasure' principle.
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Introduction

There has been an urgent need in recent years for energy storage devices with quick charging/dis-
charging, high energy density, and long-term cyclability [1]. Based on their charge storage mecha-
nisms, electrochemical capacitors are categorized into two types, viz. electrochemical double-layer
capacitors (EDLCs) and pseudocapacitors. The EDLC has distinct advantages such as rapid charging
time, operational safety, pulse power supply, and outstanding service life [2]. It stores the charge
electrostatically at the electro-active material surface via reversible ion adsorption and desorption (a
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non-faradaic process). In comparison, the primary charge storage mechanism in pseudocapacitors is
a quick and reversible redox reaction (faradaic process). Owing to its excellent cycle stability, greater
power capability, inexpensive, simple manufacture, and nontoxicity, the main commercially available
supercapacitors, i.e., EDLCs, utilize several carbon-based materials as active electrode materials [3].
Supercapacitors are the substitutional power sources for conventional batteries for applications
including energy harvesting systems, electrical vehicles, and portable electronic devices. Hence, there
is increasing attention towards research in new electrode materials with high performance, high
stability, cost-effectiveness, and eco-friendliness. Activated carbon with abundant pore structures is
researched extensively for energy storage devices, particularly supercapacitors, over the last ten years
[4]. Researchers have begun to focus on newly activated carbon precursors, which are of relatively
low cost, chemically stable, highly electrically conductive, of high specific surface area, and well-built
hierarchical pore structure [5]. Because of their renewable nature, accessibility, and availability,
biomass wastes are currently being employed as precursors for the preparation of activated carbon.
Agro-industrial by-products and residues can be transformed into activated carbon. Being a precursor
for producing activated carbon, almost any carbon-containing material can be utilized [6]. Several
studies have considered the possibility of synthesizing activated carbon from biowaste products like
chestnut shell [7], Xanthoceras sorbifolia seed coats [8], tea seed shell [9], pine sawdust [10], dead
neem leaves [11], rice husk [12,13], pomelo peels [14], etc. In general, physical and chemical activation
procedures can convert these raw materials to activated carbon. The use of activation gas, such as
CO,, steam, or a combination of gases, is followed to prepare the activated carbon by a physical
activation process. During the process of chemical activation, the carbon precursor is combined with
chemicals like KOH, NaOH, H3POas, H,SO4 and ZnCl,. KOH was reported as the most effective agent for
activation, able to suppress tar formation, reduce the temperature of the activating reaction, and
expedite the exclusion of non-carbon components, apart from boosting the pyrolysis efficiency [15].

KOH-treated activated carbons are prepared by combusting activated carbon precursors in an
oxygen-free environment. They have wider pore sizes and volumes and higher specific surface area
than activated carbon precursors that have not been KOH treated. The activated carbon precursor
and the carbon products acquired by potassium hydroxide chemical activation may differ
significantly in surface topography compared to physical activation approaches such as CO, and
steam. The specific surface area and characteristic pore structure of carbon materials are essential
for electrochemical energy storage applications. To improve the capacitive ability, surface functional
groups combining nitrogen, oxygen, and sulphur can produce pseudocapacitive behavior and
promote wettability. As a result, new and low-cost, environmentally sustainable biowaste products
with the role of facilitating economic development for energy and environmental domains have
attracted a great deal of attention. Liu et al. [16] used KOH-based chemical activation to create
activated carbon from soybean pod biomass as electrode materials for supercapacitors. The carbon
exhibited good electrochemical properties, with a specific capacitance of 321 F gtat 1 A g’ current
density attributed to the high specific surface area (2245 m? g1), distribution of pore sizes, and
structural features rich in oxygen and nitrogen [16]. Taking this into consideration, this work is
focused on the investigation of the Palmyra palm flowers (PPF) based activated carbon. Palmyra
palm (Borassus flabellifer L.) is a well-known member of the Arecaceae family with its origin from
India, the Philippines, Laos, Bangladesh, Malaysia, Thailand, Cambodia, Burma, Sri Lanka, Vietnam,
and Indonesia. It is discarded as a waste material that gets degraded without being used effectively.
Because of its low cost and abundant availability, it could be a feasible biological renewable resource
and a promising carbon precursor for obtaining activated carbon.
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Experimental

Materials and chemicals

The Palmyra palm flowers were collected on a local agricultural farm in Vellore district, Tamil
Nadu, India. The collected palm flowers, which were dry, dark brown and of stick-like elongated
structures, were cut into small pieces. These pieces were thoroughly washed with DI water to
eliminate dirt particles and dried for 24 hours at 80 °C before being crushed into powder. The
powdered samples were stored in a desiccator for further study.

The carbon (graphitized carbon black, 99.95 %) and polyvinylidene fluoride (PVDF), and carbon
foil (0.2 mm thick, 99.8 %) were procured from Alfa Aesar. All solvents, including potassium
hydroxide (KOH), N-methyl-2-pyrrolidone (NMP), and ethanol (CHsCH,OH, 99 %), were procured
from Sigma Aldrich. Hydrochloric acid (30 %) was procured from SD Fine-Chem Limited, India.
Throughout the experiments, deionized water (DI) was used.

Preparation of porous activated carbon

The powdered Palmyra palm flowers were carbonized for 3 hours at 400 °C. The heating rate was
5 °C min! under a nitrogen atmosphere before being cooled to ambient temperature. After
carbonization, the Palmyra palm flowers were mixed with potassium hydroxide at wt.% of 1:1. To
produce activated carbon at three different temperatures, viz. 700, 800, and 900 °C, the mixture
was subjected to activation in a nitrogen atmosphere for 1 hour at a rate of 5 °C min%. The obtained
activated carbon samples were allowed to reach room temperature and washed with hydrochloric
acid solution and distilled water to maintain a neutral pH. Finally, the washed activated carbon
samples were kept overnight in a hot oven at 60 °C for drying and designated as PPF-X. Here, X
indicates different activation temperatures (700, 800, and 900 °C). The steps followed in the syn-
thesis procedure of Palmyra palm flower-derived activated carbon are depicted in Scheme 1.
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Scheme 1. Schematic of the synthesis of Palmyra palm flower-derived activated carbon
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Characterization

The crystallinity of porous activated carbon was investigated using powder X-ray diffraction
(Bruker D8 ADVANCE diffractometer, Germany) with Cu Ka (15.406 nm) radiation. Raman spectra
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were analyzed using a HORIBA Jobin Yvon LabRAM ARAMIS excited at 633 nm. The morphology and
elements of the sample were evaluated using SEM and energy dispersive X-ray analysis (EDX), ZEISS
Neon 40 SEM microscope. The surface functional groups of the synthesized PPF-derived activated
carbon were characterized using a Fourier Transform Infrared (FT-IR) spectrometer (Bruker, TENSOR
27 spectrometer). N2 adsorption/desorption isotherms were measured (Beishide 3H-2000PS2) to
determine the surface area, pore size, and pore volume of the prepared activated carbon samples.

Electrochemical measurements

Electrochemical analyses were carried out on a CHI 660C electrochemical workstation, with cyclic
voltammetry, charge-discharge, and electrochemical impedance spectroscopy performed in
3M KOH aqueous solution as the electrolyte. Platinum foil and Ag/AgCl (saturated KCl) served as the
counter and reference electrodes in the three-electrode system. The active materials (85 %),
polyvinylidene fluoride (5 %), and carbon black (10 %) were mixed in N-methyl-2-pyrrolidone solvent
(few drops) to get the active electrode ink and further employed as the working electrode. The
obtained mixture was coated on a graphite foil substrate (1 cm?) and subjected to drying in an oven
at 80 °C for 12 hours. The coated electrode was used as a supercapacitor electrode and tested with
various tests to analyze its efficiency. The active material mass loading for each electrode was
approximately 0.002 g. Cyclic voltammetry and galvanostatic charge/discharge (GCD) measure-
ments were carried out at 0to 0.4 V (potential window) at different scan rates and current densities.
The CV measurements were performed in a three-electrode cell system, and the specific
capacitance is calculated using the equation (1):
A
2mkAV

(1)

S

where C; is specific capacitance (F g1), A is the area of CV curve, m is total mass of active material (g),
k is scan rate and AV is potential window (V).
Equation (2) was used to calculate the specific capacitance of the supercapacitor electrode from
charge/discharge curves:
_ At

" mAV @

S

where | is imposed constant current (A), and t is discharge time (s).
The energy density (Ep) and power density (Pp) values were calculated from galvanostatic
charge/discharge measurements according to:

1
E,==CAV? (3)
2
E
P =-2 4
° At (4)

Electrochemical impedance spectroscopic analyses of PPF electrodes were recorded at 0.3 V in
the frequency range of 100 kHz to 0.1 Hz, with an amplitude of 0.005 V of AC voltage. Impedance
(2) was expressed as the real (Z') and imaginary (-Z") components.

Results and discussion

Figure 1a depicts the X-ray diffraction patterns of the activated carbon prepared at different
temperatures. All three activated porous carbon samples didn’t show any sharp peaks, indicating
that they are weakly crystallized. Less intense peaks at 23 and 42° correspond to graphitic carbon
planes (002) and (100), indicating the presence of amorphous carbon. The broad diffraction peak
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with low peak intensity centered at 28 = 23° could be indexed as highly disordered graphite [17].
The reduced intensity of the diffraction peak with KOH activation is attributed to the turbostratic
carbon structure in PPF with randomly oriented graphene layers. Raman spectra further confirmed
the presence of a graphitic phase as observed in Figure 1b, where the D-band represents the
disordered carbon layer structure and defects in the carbon material, whereas G-band represents
the vibration of sp? hybridized carbon atoms in the graphite sheet structure [18]. It denotes the
carbon phases of diamond (D) and graphite (G) at 1353 and 1597 cm™, respectively. The term Ip/ls
(the ratio of D band to G band intensity) is commonly used to describe the degree of carbon disorder.
The intensity of the G band is slightly greater than the intensity of the D band, indicating that the
prepared samples contain more structurally ordered graphite. The higher Ip/ls value of the PPF-
900 indicated that the PPF-900 had more defective (amorphous) carbon structures than other
synthesized at the other two temperatures, which was induced by KOH activation.
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Figure 1. (a) XRD patterns and (b) Raman spectra of PPF-700, PPF-800, and PPF-900 activated carbon

The values of Ip/Is (the intensity ratio of D band to G band) varied with activation temperature,
with PPF-900 having the highest Ip/Is value of 0.89 and PPF-700 and PPF-800 gave Ip/Is values of
0.86 and 0.82, respectively, indicating that the defect structures in sample PPF-900 are more
disordered. As the activation temperature was raised, the Ip/Is ratio gradually increased, implying
that the order of the graphitic structure was destructed and that high-temperature activation
increased the presence of defects in PPF-900. Results showed that a significant KOH ratio (1:1)
inhibits graphitization and increases the disorder of the material microstructure, which is consistent
with the XRD results. To further evaluate the properties of the surface and chemical composition of
the carbonized sample, viz. PPF-700, PPF-800, and PPF-900, the materials were investigated using
FTIR (Figure 2).

All carbon samples prepared from Palmyra palm flowers have functional groups on their surfaces,
confirming the presence of oxygen. O—H stretching vibrations were assigned to broadband in the
region of 3157 cm™ [19]. The presence of O—H and carboxyl groups has been figured out to improve
electrode wettability and electrochemical performance. C=N stretching vibrations are assigned for
the peak at 2085 cm [20]. C-C vibration in aromatic rings and C-O stretching could be assigned to
the 1521 cm™ and 1062 cm™ bands, respectively [21,22]. The presence of surface functional groups
in activated carbon derived from PPF could be attributed to potassium hydroxide activation.
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Figure 2. FTIR spectra of PPF-700, PPF-800, and PPF-900-activated carbon

Figure 3(a-c) shows SEM images of activated porous carbon samples synthesized at three
temperatures and the respective EDAX. After carbonization, all samples exhibited a significant
porous structure, which is necessary for active ion transport and higher surface area, and thereby
the efficient storage of charge. The surfaces of PPF-700, PPF-800, and PPF-900 confirm the

formation of disordered carbon structure due to the release of volatile compounds during the
carbonization procedure.

15

Energy, keV 7

Figure 3. (a-c) SEM images of PPF-700, PPF-800, and PPF-900 based activated carbon at magnification
20,000 x; (d) EDAX analysis of PPF-900

The chemical treatment created large pores, which aided in the activation of the carbon particle
internal surfaces. For supercapacitor electrodes, the porous structure of activated carbon creates
an ideal surface environment for ion diffusion during the charge-discharge process [23].
Furthermore, EDAX was used to examine the elements of the Palmyra palm flower-derived activated
carbon. The EDAX spectrum of PPF-900 activated carbon presented in Figure 3d shows that it
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consists of 88.81 % of carbon weight and 9.65 % of oxygen weight. The high carbon content indicates
that most of the PPF-900's got volatilized, and non-carbon content was removed during the
activation process, resulting in much higher carbon content.

The nitrogen adsorption/desorption isotherms from BET isotherms are given in Figure 4a. The
Palmyra palm flower-derived carbon isotherm at PPF-900 is classified as type IV because it is
horizontal and parallel throughout the (p/po) range. The internal surface area is represented by the
BET surface area, which is generally in two forms, such as micropores and mesopores. The
micropores surface area identifies the percentage of microporous activated carbon [24]. The PPF-
900 gave a surface area of 950 m? g'! as a result of different types of pores formed during chemical
activation. The steep growth at low pressure and narrow hysteresis loop indicates the presence of
micropores. An increased activation temperature has increased specific surface area and pore
volume. As an activator, KOH significantly affects pore development [25]. Increasing the
carbonization temperature to 900 °C causes the precursor to release more volatile compounds,
resulting in an increased pore development and the formation of new pores. Further, as observed
from the pore size distribution curve (Figure 4b), the average pore size was calculated to be 1.7 nm,
revealing that the obtained activated carbon exhibits a microporous structure.
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Figure 4. (a) N, adsorption-desorption isotherms (STP - standard temperature and pressure);
(b) pore size distribution of PPF-900

The porous structures were obtained through the chemical etching reactions during the KOH
activation process and as a result, micropores are the most potential sites where charges are held at
electrolyte/electrode double-layer interfaces. In brief, the specific surface area of PPF-900 and hier-
archical micropore distribution can promote electrolyte ion penetration and diffusion and provide
significant surface area that is electrochemically active for double-layer charging/discharging.

Electrochemical investigations

The CV and GCD curves of PPF-700, PPF-800, and PPF-900 samples were evaluated in a three-
electrode system using 3 M KOH as the electrolyte, in order to analyze the influence of activation
temperature on the electrochemical performance of the electrode material derived from Palmyra
palm flowers. All CV curves in the voltage range of 0 - 0.4 V have an approximately quasi-rectangular
voltammogram shape, as given in Figure 5a, indicating good charge propagation without significant
redox peaks. The rate of ion transport/diffusion in carbon material can be determined by the shape
of the CV curve [26]. Among three PPF electrodes activated at different temperatures, the PPF-900
electrode has the largest area as observed from the CV curve, indicating higher specific capacitance
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than for other electrodes. Specific capacitance values calculated using Eq. (1) for PPF-700, PPF-800,
and PPF-900 electrodes were 13, 29 and 76 F g%, respectively. The shape of the CV curves changes
as the activation temperature rises, resulting in an enhancement in the CV curve area and current
density. Despite a high scan rate (100 mV s), the PPF-900 maintained symmetric and rectangular
CV curves. This could be due to the electrode material surface area, large microporosity, and low
internal resistance. PPF-900 has the largest integrated area and the longest charge-discharge time,
indicating the highest specific capacitance. Figure 5b depicts the GCD curves of electrodes with
active material formed at various temperatures, measured at a current density of 1 A g*. The curves
are linear and unsymmetrical, confirming that PPF-700, PPF-800, and PPF-900 electrodes are almost
reversible. The slope of the electrode discharge curve decreased slightly as the activation tempe-
rature increased, indicating an increase in specific capacitance. Figure 5¢c shows specific capacitance
for PPF-700, PPF-800, and PPF-900, calculated from the GCD curves using Eq. (2). It is clear that PPF-
900 exhibited higher specific capacitance than PPF-700 and PPF-800 at all current density values
applied (1-10 A g1). At a current density of 1 A g1, the specific capacitances of PPF-700, PPF-800,
and PPF-900 are 100, 138 and 155 F g}, respectively. The specific capacitance values obtained by
GCD were higher than that obtained by CVs, which might be attributed to different current densities
(1-10 Aglin GCD and 0.01-0.02 A g in CV) in two different techniques. Supercapacitors are power
sources operating at higher currents, and in order to check the performance and stability of
prepared electrodes, GCD measurements were performed at higher current densities [27].

EIS results of all three electrodes, developed from activated carbons synthesized at different
temperatures, are shown in Figure 5d. At high frequencies, the Nyquist plot is a depressed
semicircle, followed by a more or less visible sloping line in the high to the middle-frequency region
and a prominent inclined vertical tail at low frequencies [28]. Such a shape of Nyquist plots is
characteristic of the impedance response of highly porous capacitive electrodes, where an inclined
vertical line at low frequencies is directly attributed to a non-ideal capacitive response of electrode
material [29]. The semicircle response at higher frequencies can be associated with surface
properties of porous active material, charge transfer of some possible pseudocapacitive reaction
(such of surface functionalities), and/or contact impedance generated between active material and
current collector. The impedance seen as a linear sloping line at high to medium frequencies is
characteristic for diffusion of electrolyte ions within a porous material. Resistive components of all
these impedances contribute to the internal electrode resistance value, which is generally
determined by the electronic resistance of activated carbon particles, electronic resistance of the
current collector to the active material and ionic resistance of electrolyte distributed within the
pores. In a Nyquist plot, internal electrode resistance can be roughly defined by two impedance
curve intercepts at Z' axis, i.e., of the semicircle at high frequencies and the capacitive line at low
frequencies [30,31].

The vertical line represents the non-Faradaic, i.e., purely capacitive impedance of a porous
activated carbon electrode, where specific capacitance in F/g can be determined from Z” value at
some low frequency where 72" >> 7’, according to:

Cs=(2nfZ’m)? (5)

In Eq. (5), Z” is the imaginary part of impedance (Q2) measured at the frequency f (Hz), and m is
the mass of active electrode material (g). From EIS, the specific capacitance calculated for PPF-700,
PPF-800, and PPF-900 at f = 0.1 Hz, are 6.9, 7.8 and 10 F g}, respectively. Due to the steady-state in
EIS measurements, the values of Cs are rather small. Although at f= 0.1 Hz, the condition 2"’ >> 7’
was not strictly fulfilled (Figure 5d), the order of Cs values can be considered reliable. Thus, the
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surface area and the improved electrolyte transport in the electrodes.
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Figure 5. Electrochemical performance of PPF-700, PPF-800, and PPF-900 activated carbon electrodes:
(a) cyclic voltammetry at scan rate of 100 mV s; (b) galvanostatic charge-discharge curves at current
density of 1 A g%; (c) specific capacitance at different current densities; (d) Nyquist plots measured at 0.3 V
in the frequency range from 100 MHz to 0.1 Hz in 3 M KOH

Figure 6a shows CV curves of the PPF-900 sample at scan rates ranging from 10 to 100 mV s, while
Figure 6b shows GCD curves of PPF-900 at various current densities ranging from 1 to 10 A g*. Fur-
thermore, as current density increases, charge-discharge time decreases significantly because elec-
trolyte ions have much time to enter and diffuse into the porous structures at reduced current
densities [32].

A typical double-layer response is characterized by triangular shapes with excellent symmetry.
The discharge time of PPF-900 was significantly longer than that of PPF-700 and PPF-800 activated
carbon at high current densities, indicating that the PPF-900 has a significantly greater charge-
storage ability, which is in accordance with CV experiment results. Due to the high surface area,
well-distributed micropores, and thick pore walls in PPF-900, it delivered a capacitance of 120 F g*
at 10 A g%, indicating good stability in electrochemical studies.

As given in Figure 6¢, the Ragone plot calculated from GCD experiments showed that PPF-900
symmetric supercapacitor would have a maximum energy density of 15.1 W h kg and retained

power density of 100.6 W kg in 3 M KOH electrolyte, indicating that the as-prepared electrodes
have an excellent rate capability.
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Figure 6. Electrochemical characteristics of PPF-900: (a) cyclic voltammograms at scan rates from
10to 100 mV s%; (b) GCD curves at different current densities (1 to 10 A g2);
(c) Ragone plot of PPF-900; (d) cyclic stability of the electrode at 10 A g* for 5000 cycles

The capacitive performance of PPF-900 was considerably higher than that of other activated
carbon materials derived from biomass (Table 1).

Table 1. Comparison of the capacitive performance of supercapacitor electrode of biomass-derived porous
activated carbon from different precursors with the reported work

Biomass Activating agent  Specific capacitance, F g Current density, Ag? Electrolyte Reference
Red cedar HNO3 115 0.5 H2SO4 [33]
Rotten carrot ZnCly 135 0.5 KOH [34]
Cassava peel waste KOH 153 10.0 H2S04 [26]
Sago waste KOH 64 0.1 H2SO4 [35]
Banana fiber ZnCly 74 0.1 Na2S04 [36]
Coffee shells ZnCly 150 0.5 KOH [37]
Rice husk KOH 80 0.1 KOH [12]
Tobacco waste KOH 148 0.5 KOH [38]
Waste tire H3PO4 106 1.0 KOH [39]

Palmyra palm flower KOH 155 1.0 KOH This work

The long cycling stability of PPF-900 was tested using GCD at a current density of 10 A g1, as given
in Figure 6d. The capacitance remained at 97.3 % after 5000 cycles despite a slight change in the shapes of
the charge and discharge curves. The capacitance value was observed to increase in the first 500 cycles
and thereafter decreased, owing to an increase in wettability of the electrode material over a
precise number of cycles. These findings confirmed that the electrode based on PPF-900 was highly
reversible and stable. Thus, Palmyra palm flower activated at 900 °C exhibited good electrochemical
performance, which can be attributed to high specific surface area facilitating the development of
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electrochemical double layers and appropriate pore size that facilitates quick ion transport, resulting
in an effective improvement in the charge-discharge process.

Conclusions

In this work, porous activated carbon was developed by chemically activating Palmyra palm
flowers in KOH and subsequent carbonization at different temperatures for perceiving the effect of
temperature on the intrinsic properties of the obtained activated carbon. Palmyra palm flower-
derived activated carbon demonstrated good EDLC behavior in 3 M KOH electrolytes, with high
specific capacitance and remarkable reversibility. The porous carbons activated at 900 °C, among
other activation temperatures, have a high specific surface area of 950 m? g'* with a maximum
specific capacitance of 155 F gl at 1 A g'l. Furthermore, the electrodes have an energy density of
15.1 Wh kg, a power density of 100.6 W kg%, and stable cycle life of over 5000 at 10 A g. These
results demonstrated the interesting nature of using biomass waste to develop cost-effective
electrode materials for supercapacitors with high performance.
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