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Phosphorous - Containing Activated Carbon Derived From
Natural Honeydew Peel Powers Aqueous Supercapacitors

Manickam Minakshi,*® Achini Samayamanthry,” Jonathan Whale,” Rob Aughterson,®
Pragati A. Shinde,@ Katsuhiko Ariga,“® and Lok Kumar Shrestha*!

The introduction of phosphorous (P), and oxygen (O) heter-
oatoms in the natural honeydew chemical structure is one of
the most effective, and practical approaches to synthesizing
activated carbon for possible high-performance energy storage
applications. The performance metrics of supercapacitors
depend on surface functional groups and high-surface-area
electrodes that can play a dominant role in areas that require
high-power applications. Here, we report a phosphorous and
oxygen co-doped honeydew peel-derived activated carbon
(HDP-AQ) electrode with low surface area for supercapacitor via
Hs;PO, activation. This activator forms phosphorylation with
cellulose fibers in the HDP. The formation of heteroatoms
stabilizes the cellulose structure by preventing the formation of
levoglucosan (C¢H,,0;), a cellulose combustion product, which
would otherwise offer a pathway for a substantial degradation
of cellulose into volatile products. Therefore, heteroatom
doping has proved effective, in improving the electrochemical
properties of AC-based electrodes for supercapacitors. The

Introduction

Energy plays a pivotal role in human development, with its
demand escalating alongside population growth, economic
expansion, and technological progress, particularly evident
since the onset of the Industrial Revolution.™ Moreover, human
activities are affecting the climate, and global emissions during
the past years have risen, leading to global warming due to the
greenhouse effect. Globally, climate change is a complex
intergovernmental issue with many biological, environmental,
sociopolitical, and socioeconomic aspects.” These aspects must
be addressed to achieve a sustainable energy future with
minimal environmental impact.®™ Employing renewable energy
sources and technology vastly and efficiently can combat

specific capacitance of HDP-AC exhibits greatly improved
performance with increasing carbon-to-H;PO, ratio, especially in
energy density and power density. The improved performance
is attributed to the high phosphorous doping with a hierarch-
ical porous structure, which enables the transportation of ions
at higher current rates. The high specific capacitance of 486,
and 478 F/g at 0.6, and 1.3 A/g in 1 M H,SO, electrolyte with a
prominent retention of 98.5% is observed for 2 M H;PO, having
an impregnation ratio of 1:4. The higher yield of HDP-AC could
only be obtained at an activation temperature of 500 °C with an
optimized amount of H;PO, ratio. The findings suggest that the
concentration of heteroatoms as surface functional groups in
the synthesized HDP-AC depends on the chosen biomass
precursor and the processing conditions. This work opens new
avenues for utilizing biomass-derived materials in energy
storage, emphasizing the importance of sustainable practices in
addressing environmental challenges and advancing toward a
greener future.

climate change and the energy crisis”) According to the

International Renewable Energy Agency’s (IRENA) 1.5°C scenar-
io, the share of global energy from renewable sources needs to
increase from 16% in 2020 to 77 % by 2050.”' However, due to
their variable and intermittent nature, integrating renewable
sources like wind and solar energy is challenging.*™ Energy
storage has been identified as a flexible, sustainable, and cost-
effective solution for storing excessive renewable energy and
using it during times of demand.”® If countries continue to
double the proportion of renewable energy in the global
energy grid, the total energy storage capacity is expected to
triple by 2030.!

Energy storage technologies available for large-scale appli-
cations can be categorized into thermal, electrochemical,
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kinetic, and mechanical’¥ Among the available storage tech-
nologies, in order to meet the increasing demand for flexible,
lightweight, and compact electronic devices, extensive research
has been conducted on electrochemical energy storage.”
Supercapacitors show great promise for applications in sta-
tionary large-scale electrochemical energy storage systems,
portable devices, and electric vehicles due to their unique
characteristics of having high specific power, long cycle life
with excellent storage retention, and fast charge and discharge.
In general, two types of storage mechanisms exist for super-
capacitors, one involves an electrochemical double-layer capaci-
tor (EDLC) based on charge absorption and desorption at the
carbon electrode/aqueous electrolyte interface and does not
exhibit a Faradic reaction over the potential range of operation,
whereas, the other is based on the pseudocapacitor principle in
which the energy stored is based on surface redox processes /
faradaic charge transfer reactions between transition metal
oxides or hydroxides and aqueous electrolyte.”'” Regardless of
the mechanism, however, electrode materials play a pivotal role
in determining electrochemical performance. The electrochem-
ical storage depends on the electrode’s effective surface area,
pore size, conductivity, and surface functional groups."" Due to
this, significant efforts are being made to develop high-
performance electrode materials to meet the increasing
demands of emerging technologies. Among the high-perform-
ance electrodes, carbon-based materials have gained great
attention due to their low cost, superior conductivity, high
chemical and thermal stabilities, and cycling stability.'*" The
widespread use of carbon materials, however, stems from
expensive fossil fuel-based precursors (coal, lignite, petroleum
coke, and asphalt) and requires an energy-intensive synthesis
process that eventually results in marginal performance metrics.

To address these issues, different types of biomass have
recently been widely researched and reported as viable feed-
stocks in the synthesis of carbon materials due to their
sustainable, green resource, cost, tunable porosity, and renew-
able nature.”” The biomass-derived carbon can inherit the
structure by tuning the functional surfaces during the carbon-
ization process resulting in the product (activated carbon)
delivering high capacitance and long-term stability at low cost.
The obtained electrochemical performance is often correlated
with the physicochemical properties of the chosen carbon
precursors. The synthesis of biomass-derived carbon involves
carbonization followed by activation. Among the various
activation types, chemical activation is preferred as this
facilitates the effective conversion of the precursor to activated
carbon. Chemical activating agents such as NaOH, KOH, ZnCl,,
and H,PO, are commonly used,"'®*% in which the activating
agents will be introduced into the interior of the biomass
precursor particles during the impregnation step that hinders
the contraction of the particles while also reducing the release
of volatile compounds.***! The pore size distribution of the
activated carbon is reported to depend on the ratio of a
biomass precursor chemical to activator (termed “impregnation
ratio”).?”) Nevertheless, all these agents give rise to a porous
structure with some differences seen between them. The overall
number of micropores and mesopores is altered by acidic
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activation using phosphoric acid (H;PO,), a more cost-effective
approach that can produce a significant percentage of yields at
the optimum amount.”*?” The H,PO, agent helps to obtain the
cross-linked structure of carbonaceous material and promotes
the pyrolytic transformation of the starting material. Table 1
outlines the materials®®*>? used as precursors for synthesizing
activated carbon where H;PO, acid has been used as an
activating agent in the chemical activation process. The table
illustrates the processing conditions and impact of phosphoric
acid on the activation process of biomass carbon materials.
Based on this outlook, we have demonstrated the ability to
tune the structure having heteroatoms doping.

Activated carbon derived from a range of biomass
precursors!'®161820-22331 55 sypercapacitor electrodes with their
characteristics are tabulated in Table 2. Besides, various other
types of biomass materials have also been used as the
precursors, ranging from botanic-derived, algae-derived to
animal-derived biomass such as soybean, catkin stems, micro-
algae, seaweeds, egg white (chicken), crab and shrimp shells,
human hair, honey, etc**? A significant gap in the current
research landscape lies in the lack of exploration into honeydew
as a potential precursor for activated carbon in supercapacitor
applications. Honeydew is a popular fruit worldwide (Cucumis
melo Inodorous group), which is a member of the Cucurbitaceae
family,®¥ and its non-edible part (rind) is discarded in more
significant amounts (around 10 million tonnes of waste per year
worldwide) without proper use. HDP precursors have a low
lignin content (8.2%), cellulose (25.42%), and hemicellulose
(36.85%). As a result, only low acid concentration and mild
carbonization temperature are required to synthesize AC.
Despite the promising results exhibited by watermelon-derived
activated carbon®” (having a surface area of 2277 m%*/g and
gravimetric specific capacitance of 333.42 F/g), to the best of
our knowledge, no study has been reported on HDP except
scant work done on rockmelon fruit peel as natural waste. A
few works have been conducted on the synthesis of HDP-
derived AC as an absorbent and its performance in the
elimination of harmful chemicals but no reports for super-
capacitor applications."*** Interestingly, the honeydew fruit
contains several elements including phosphorous, which may
enhance the carbon material's electron-transfer properties,
making it a potential electrode for supercapacitors. Therefore,
these results inspired the authors to map HDP as a waste-to-
wealth-based approach to have a cost-effective electrode.

Experimental

Materials

The honeydew melon-type fruit was purchased from the local
market in Subiaco, Western Australia. The following materials:
H;PO, acid, polyvinylidene fluoride (PVDF), carbon black, N-methyl-
2-pyrrolidone (NMP), and graphite carbon collector (0.25 mm thick-
ness) were obtained from the ChemSupply. The reagent used was
analytical grade, and used as received. The peeled outer skin (rind)
of the honeydew fruit was used as a precursor to prepare the
activated carbon.
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Table 1. Various chemically activated biomass-derived AC using acid activator H;PO, reported in the literature.
Biomass Carbonization Activation Electrolyte Specific Specific
precursors Surface capacitance
[Ref.] Area F/g
(SSA) m*/
9
Olive Carbonized with acid impregnation 1:4 ratio for following concentrations, H;PO, 3°C/ - Not reported
stone®® min 500°C for 2 h, N, 200 mL/min for supercapa-
H,PO, Wt% = 60 citors
H,PO, Wt% =70
H,PO, wt% =80
Cow dung® 400°C for 4 h (Muffle furnace using a clay- Activated with H,PO, acid impregna- 6 M KOH
sealed graphite crucible to create vacuum tion 1:4, for following temperatures
environmental conditions) 2 hrs in a muffle furnace
600°C 489 148 @ 5 mV/s
700°C 984 215@ 5 mV/s
800°C 1860 294 @ 5 mV/s
900°C 2457 347 @ 5 mV/s
Polyaniline®™  Carbonization after acid impregnation 4 h in N2 with H,PO, for following 6 M KOH
temperatures at a heating rate of
5°C min
700°C 173.4 137.2
800°C 353.0 154.4
900°C 260.8 129.1
Olive 300°C for 2 h, N2 (300 cm*/min) 1:4 ratio with H;PO,, 300°C for 2 h, N, 1 M H,SO, 771 176 @ 250 mA/
residues®” and followed by at 700°C 2 h, N, g
™ 130 @ 250 mA/
Na,SO, g
Rose Carbonization after acid impregnation: mixed 1:3 H;P0, 450°C at a rate 5 C/min for ™ 1803 178 @ 0.2 A/g
Branch®" with 9% H,PO,. Carbonize at 210°C for 2 h. 1 h, N, 50 ml/min Na,SO,
Carbonization with water impregnation. Car- 1:3 H;PO, for 450°C 1 h 5 C/min, N2 1079 154 @ 0.2 A/g
bonize at 210°C for 2 h 50 ml/min
Carbonization without acid impregnation 1:3 H;PO, for 450°C 1 h 5 C/min, N2 1221 136 @ 0.2 A/g
Carbonize 210°C for 2 h. 50 ml/min
Hazelnut Carbonization after acid impregnation 1:1 ratio H;PO, heated at 600°C for 6 M KOH 966 338@0.2A/g
shell®? 1.5 h 3°C/min, N2 200 ml/min
Table 2. Summary of biomass-derived AC materials as SCs in aqueous electrolytes.
Biomass precursors Carbonization Activation Electrolyte SSA Specific Capacitance
[Ref.] m?/g F/g
Coffee grounds® - 1:1 ratio ZnCl, 5 K/min 1173 K for 1 h, in 1 M H,SO, 1019 368 @ 0.05 A/g
N,
Apricot shell®” 500°C 1:2 ratio NaOH 700°C for 1 h, in N, 6 M KOH 2074 336 @ 1 mV/s
Rice husk"® - 1:4 ratio ZnCl, 1123 K 5 K/min, for 1 h, in 6 M KOH 1768 245 @ 0.05 A/g
N,
Poplar wood®* 900°C for 6 h, in N, 1:8 ratio HNO,, 8 h 2 M KOH 416 234 @ 5 mA/cm?
Lotus calyx®” 750°C 10°C/min for 3 h, in 1:2 ratio KOH simultaneous 6 M KOH 798 223 @ 1A/g
N,
Mango seed"” 600°C, 5°C/min for 3 h, in 1:3 ratio KOH 1100°C 5°C/min for 1 h,in 2 M NaOH 194375 135 @ 5 mA/cm?
N, N,
Coffee waste® - Physical activation in N, 0.5 ml/min ™ 585- 72@1A/g
Na,SO, 981
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Methodology

A two-stage process was followed to prepare the activated carbon
from the HDP precursor. The carbonization stage was the first, and
then followed by the chemical activation stage. The HDP was cut
into small pieces (as shown in Scheme 1), and washed with
deionized water to remove dust and other impurities. Then, the
HDP was dried in the shade and transferred to the oven to dry at
80°C overnight to reduce moisture content. The dried HDP was
ground into small particles using a kitchen blender and screened
through a mesh sieve 250 um (Sample A1). Then, the powdered
sample was put into the muffle furnace to reach 300°C with a
heating rate of 2.5°C/min for 4 h. This was labeled as a Honeydew
peel-derived carbonized sample (Sample A2).

In the subsequent stage, chemical activation is performed. This is
carried out by thermal treatment of the carbonized material mixed
with the dehydrating agent. As the chemical activating agent
(H5PO, in our work) and activation temperature determine the yield
of the final product (i.e.) activated carbon, we varied the
impregnation ratio and the activation temperature during the
synthesis. Carbonized sample and H;PO, (85%, chem Supply) ratios
at different concentrations were intimately mixed in a solution. The
prepared HDP-AC samples under various conditions are tabulated
in Table 3. The slurry was oven-dried and finally put into the muffle
furnace at 500°C at a heating rate of 2.5°C/min for 1 h. After the
activation, the samples were cooled to room temperature. The
sample was washed to remove the excess acid with deionized
water until the pH value became neutral. Then, the HDP-AC sample
was oven-dried at 60°C for 12 h.

Physical Characterization of HDP-AC

The structural determination of the synthesized HDP-AC samples
for different carbonised HDP to H;PO, ratios (shown in Table 3) at
synthesis temperatures of 500°C was carried out by X-ray
diffraction (Rigaku, Japan) using Cu Ko radiation. The Fourier-
transform infrared (FT-IR) method with a NICOLET iS20 instrument
(Thermo-Fisher Scientific, Waltham, MA, USA), and Raman Spectro-
scopy with an NRS-3100 (JASCO, Tokyo, Japan) instrument at the
excitation wavelength of neon laser 532.09 nm, were used for
identifying the surface functional groups and nature of carbon

Oven-dried Peel
_—

Washed Honeydew Peel Pimﬁ/d

Honeydew

SEM images
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present in the bulk and surface of the samples. Each sample was
analyzed on at least three different surface locations at a depth of
3 um. A colorimetric method is used for the determination of
phosphorous (P) and nitrogen (N) in the selected compositions of
HDP-AC samples. The samples are digested in the optimized
molarity of H,SO, and the required elements are determined by a
photoelectric colorimeter type cell of a dilute aliquot of the sample
digest. The morphology and elemental composition on the surface
of the synthesized HDP-AC were analyzed using Field Emission
Scanning Electron Microscopy (FESEM, Zeiss NEON 40EsB). Trans-
mission electron microscopy (TEM) images were collected using a
JEOL 2200FS TEM operated at 200 kV. TEM specimens were
prepared by grinding a small amount of HDP-AC powder under
ethanol in an agate mortar and pestle and dispensing via pipette
onto a holey carbon film supported on a TEM copper mesh grid.
Elemental maps were collected in scanning TEM (STEM) mode via
X-ray energy dispersive spectroscopy (EDS) using an Oxford X-Max
80 mm? detector interfaced with Oxford INCA, version 4.15, micro-
analysis software. The surface area and pore analysis (SAPA) of the
samples were carried out by N, adsorption-desorption isotherms at
77 K. The obtained specific surface area was calculated by the
Brunauer—Emmett-Teller (BET) method.

Electrochemical Characterization of HDP-AC

For electrochemical measurement, the electrode was prepared by
mixing either HDP-AC (75 wt%), carbon black (15 wt%), and
polyvinylidene difluoride PVDF (10 wt%) with 0.4 mL of N-Methyl-2-
pyrrolidone (NMP) to make a slurry. This was coated on a small
piece of graphite sheet (area of coating, 1 cm?). The loaded active
material was around 2 mg in each case. In three-electrode tests, a
platinum wire of 10 cm in length and 1 mm diameter in dimension
and mercury-mercuric oxide (Hg/HgO) served as the counter and
reference electrodes, respectively. In single-electrode tests, HDP-AC
served as the working electrode. The cyclic voltammetry and
galvanostatic charge-discharge studies of the composites were
carried out using SP-150, Bio-Logic Science instruments in 1M
H,SO, electrolyte at room temperature. The chosen H,SO, electro-
lyte has higher conductivity (35 mSm*mol) and ionic radius (2.80 A
for H"), as opposed to the KOH counterpart, which has the lowest
conductivity (5 mSm*mol) and ionic radius of 3.31A for K.

Carbonized Sample

Grounded Peel

|

Activated Carbon

Scheme 1. Schematic synthetic route of activated carbon derived from the honeydew peel (HDP-AC) involving carbonization, and activated process at

different synthesis conditions tabulated in Table 3.
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Table 3. Chemically treated HDP samples.
Biomass precursors [Ref.] Voltage Electrolyte Current den- Specific capacitance Energy density Power density (W/
) sity (F/g) (Wh/kg) kg)
Lotus calyx®” 1 6 M KOH 1A/g 223 66.8 800
Mango seed"” 1 2 M NaOH 5 mA/cm? 135 19 1077
Groundnut Shell®® 1 6 M KOH 0.5 A/g 220.6 7.64 275
1.8 05M 0.5 A/g 150.4 16.92 451.2
Na,SO,
Corn Starch®”! 1 6 M KOH 0.625 A/g 144 19.9 311
Kusha grass (Desmostachya 0.8 6 M KOH 0.7 A/lg 218 193 277.92
bipinnata)®®
Neem (azadirachta indica)® 2 1 M LiClo, 1 mA/cm? 74.41 10.33 4660
Sunflower Stalk'®” 1 6 M KOH 0.5 A/g 263 35.7 989
Rockmelon Peel®” 1 1 M KOH 1A/g 404 29.3 279.78
Bamboo®! 1 6 M KOH 0.1 A/g 258 >2 >2000
Pine Cone®®? 2 ™ 0.1A/g 137 19 100
Na,SO,
Borassus flabellifer flower'® 0.6 1 M KOH 1A/g 238.2 - -
Camellia oleifera shell®” 1 1 M H,SO, 0.2 A/g 374 - -
1 6 M KOH 0.2 A/g 266 - -
Lentinus edodes™®” 1 1M H,SO, 0.2A/g 389 54.03 -
Peanut shell’*® 1 1 M H,S0, 0.5A/g 340 10.8 106.9
Tamarindus indica Fruit Shell®” 0.78 1 M KOH 1A/g 285 - -
Oil palm empty fruit bunches®®® 1 1 M H,S0, - 150 43 1733
Rice Straw 1 6 M KOH 0.5 A/g 178 - -

Rice Straw - N doped™®” 324 @N-doped - -
Cotton” 1 6 M KOH 0.5 A/g 270 18 250
Ginkgo leaves”" 1 1M H,SO, 0.5 A/g 374 459 221
Pomelo Peel”” 1.7 1 M NaNO, 0.5 A/g 435 17.1 420
Sugar cane bagasse'” 1 1 M H,SO, 0.25 A/g -~300 5.9 10000
Honeydew Peel HDP (This work) 1 1M H,SO, 0.6 A/g 480 66.5 662

Therefore, H,S0O, is one of the widely examined aqueous electro-
lytes. For HDP-AC, the working electrode was cycled between 0 and
—1.0V in 1 M H,SO, electrolyte. The frequency range for electro-
chemical impedance spectroscopy (EIS) was 10 MHz to 40 MHz with
a 5 mV bias voltage.

The specific capacitance was computed from the following
equations (from cyclic voltammetry; 1a), and (from charge-
discharge; 1b).

cs :/ ivdv/2 um AV (1a)

where C; is the specific capacitance in (F/g), i and v are the current
and potential in the cyclic voltammetry (CV) test expressed in (A),
and (V), respectively, | ivdv is the integrated area under the CV
curve, u is the scan rate (mV/s), m is the mass of the active material
(g), and AV is the potential window of CV curve.

i x At
S =XV =m (F/9) (1b)

where i is current in (mA), At is the discharging time (s), m is the
mass of the active material loaded (mg) and AV is the potential

Chem Asian J. 2024, 19, €202400622 (5 of 19)

window of charge/discharge (V). The energy and power density of
the device were calculated using the formulas in equations (2-3).

1 _AV?
E x 3600
) E)

where E and P denote the energy density (Wh/Kg), and power
density (W/Kg) of the device. The coulombic efficiency of the
electrode is calculated by the ratio of the charge delivered from the
electrode during discharge to the charge stored on the electrode
during charge in the same cycle and the current densities.

Results and Discussion
Physico-Chemical Characterization of HDP-AC

The X-ray diffraction pattern of the HDP-AC selective samples is
presented in Figure 1. The raw (pre-carbonized; A1) HDP in
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Figure 1. X-ray diffraction patterns for the samples derived from the honeydew peel (HDP-AC) (a) pre-carbonized (A1), carbonized (A2), and (b) activated at

different synthesis conditions.

Figure 1a shows two broad peaks at 26 values 21.4° and 34.5°,
which corresponds to the characteristic disordered carbon.?
For the carbonized HDP sample (A2), surprisingly, there is an
evolution of five prominent peaks at 20 values 28°, 40°, 50°, 58°,
and 66° corresponding to the formation of crystalline potassium
chloride (KCl). During carbonization, HDP undergoes depolyme-
rization of lignin and other components, followed by dehydra-
tion and condensation, leading to the removal of volatiles, and
aromatization, with some cross-linking.”” Honeydew melon is
rich in potassium, chloride, and high levels of phosphorous
resulting in fruits with thinner and smoother rinds.®® For
carbonized HDP at 300°C, the decomposition of cellulosic and
hemicellulosic components releases the volatile gas with the

Chem Asian J. 2024, 19, e202400622 (6 of 19)

yield of carbon composites having KCI. In the subsequent stage,
for the chemical activation process, the acid activator (H;PO,) is
intimately mixed with carbonized HDP and heat treated at
500°C. Above this temperature, the breakdown of phosphate
groups resulting in a lower phosphorous content may lead to
HDP-AC with reduced porosity. The activation process begins
with cellulose depolymerization followed by biopolymer dehy-
dration to produce aromatic rings, leading to the activation of
carbon resulting in HDP-AC. During activation, the water-
soluble KCI salt might react with HDP under heat treatment,
and Cl is released as a gaseous phase while K is melted in solid
carbon material producing a porous graphitic carbon.®” The
XRD patterns for all the chemically activated samples, invariable
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to the concentration of H;PO, and their impregnation ratios
(samples S3, S5, and S6), shown in Figure 1b, and reveal typical
disorder structure by having broad peaks at 20 values shifted to
a higher angle at 24.3° and 42.5°. These peaks correspond to
the Miller indices (002) and (101) representing graphitic carbon
with an amorphous structure.*® After chemical activation, the
20 values and peak broadening were not altered. Figure S1
shows the XRD patterns for the lower concentration of
activators (samples S1, S2, and S4) which is quite consistent
with the diffraction pattern shown in Figure 1, except for
shoulder peaks in samples ST and S2, which could be the traces
of KCl residue.
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To identify the chemical bonding, and surface functional
groups of the synthesized HDP-AC, the selected activated
samples were characterized by FT-IR technique. The obtained
FT-IR spectra (shown in Figure 2a) of the samples synthesized at
higher concentrations (S5 and S6) are more prominent and
have similar features with higher intensities than the samples at
lower concentrations (53 and S4). This suggests more oxygen-
containing functional groups were formed in the higher
concentration of samples S5 and S6, which could absorb less
moisture in the available pores of the activated carbon. The
consequence of these effects could enhance surface wettability
by promoting ion transfer and providing additional storage
performance. The absence of any visible bands around the
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Figure 2. (a) FT-IR, and (b) Raman spectra for the activated carbon samples derived from the honeydew peel (HDP-AC) at different synthesis conditions.
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near-IR region (in Figure 2a) indicates there are no O-H
functional groups of lignin, and other adsorbed water mole-
cules present on HDP-ACs. Likewise, bands around 2700 cm™
corresponding to C—H stretching vibrations are also less
pronounced. The carbonyl group on the HDP-AC exhibits an
intense peak observed at 1550 cm™' due to C=C stretching
while at 1210cm™' is due to P=O groups, suggesting the
presence of P-heteroatoms coming from the H;P0, " This
could lead to surface functionalized carbon. Further, the strong
peak at 1000 cm™' is related to C—O—C stretching that may be
present in ethers in HDP. The H;PO, reacts with HDP to create
phosphate bonds leading to the formation of functional groups
like C—O—PQ,.*? This group promotes the porous surface and
enhances surface functional groups. Therefore, it can be
concluded that ion exchange takes place during the synthesis
and secure P doping at a stronger concentration of 2 M H;PO,
and impregnation ratio 1:4 (56 in Table 3). To determine the
presence of phosphorous and quantify, a spectrophotometric
colorimetric analysis has been performed on the selected HDP-
AC samples. The spectrophotometric method is chosen over
spectrometric due to its sensitivity and reliability to analyze
small amounts of samples. To avoid any inaccuracies leading to
an understated content of elements present, HDP-AC samples
are fully digested in the 1 M H,SO, reagent before analysis. The
extent of the amount of phosphorous present in the sample
shown in Figure S2 is significantly higher for S5 and S6 samples
corresponding to 120 mg/g, and 170 mg/g, respectively. Where-
as, the presence of nitrogen appears to be fairly constant for S5
and S6 samples. This illustrates the higher amount of activator
(HsPO,) in S5 and S6 influences phosphorylation and is found to
be effective for stabilizing the material.

The Raman analysis of the samples S3-S6 (in Figure 2b)
exhibited two intense peaks located at regions 1375 and
1600 cm ™' corresponding to the D (disorder) and G (graphitic)
peaks, respectively. The distortion of the graphitic structure
leads to the evolution of the D-peak. The ratio of the intensities
for the D and G peaks (Ip/lg) was seen to be approximately unity
in the S5 (0.95) and S6 (0.96) implying a stronger degree of
graphitization while creating more disordered structures favor-
ing the electron transfer process. As reported by Qian et al.,™
the higher Ip/l; ratio indicates a higher amount of heteroatom
doping for sample S6. The Raman analysis confirms the
chemical activation caused disorder by forming defects from
the breakage of the sp® configuration, possibly due to the
formation of functional groups.*¥ This could aid the electro-
chemical activity of the HDP-AC samples.

The incorporation of heteroatom (O, and P) between the
cellulose chains, and other functional groups was further
visualized by field-emission scanning electron microscopic (FE-
SEM) images associated with the elemental dispersive spectra
(EDS) technique. The FE-SEM and STEM images of HDP-ACs are
shown in Figures 3-5. The pre-carbonized HDP (A1) sample
shows an aggregated particle of 10 um (Figure 3A), having
wrinkled layers with irregular surfaces (Figure 3B). The carbon-
ized HDP (A2) shows an evolution of pores on the rough surface
of the HDP particle (Figure 3C), forming a round-shaped
crystalline-like particle with a size of 2 um (Figure 3D). The
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corresponding EDS image shows the crystalline particles are KCI
(Figure 6). This is in agreement with the XRD results showing a
crystalline pattern for sample A2. H;PO,-activated samples at
lower concentrations (S3 and S4) exhibit hierarchical porous
patterns like egg cartons (Figures 3E-F) and honeycombs
(Figures 3G-H) with numerous cavities and canals. These short
pits can limit the transportation of ions from the electrolyte. At
higher concentrations (S5 and S6) a more compact porous
structure is viewed with a smaller surface area, which can
provide a feasible pathway for ion transfer. The abundantly
available macroporous open structure (Figures 31-K) can act as
buffer space for fast ion transportation and be suitable for high-
rate capability.“? Figure 5 shows transmission electron micro-
scopy (TEM) micrographs (A—C) that further highlight the
porous structure, which consists of predominantly amorphous
regions. The STEM mapping showed the region consists of P, O,
and C. Samples S5 and S6 had a generally similar structure
shown in TEM micrographs (Figures4 and 5), though a
crystalline material is found in S6. For sample S6, a corn-shaped
porous structure is viewed in Figure 3L. On the surface, rose
flower-shaped particles are cascaded into a long chain on the
base porous HDP material (Figures 3M-N). Through EDS analysis
shown in Figure 7, these cascaded crystal particles are found to
be phosphorous. This microstructure with P-heteroatoms was
promoted to build high-performance HDP-AC electrodes for
supercapacitors. The O/P atomic ratio in the EDS spectra
suggests that P and O are co-doped in the carbonaceous
matrix. The observed results are similar to those reported for
multi-heteroatom-doped ultrathin carbon nanosheets.*! While
comparing S5 and S6, we observe not only the heteroatoms are
present but also the constructive pore walls developed in the
S6 sample. This developed pore wall resulted in a high yield of
sample, whereas, concentrations of H;PO, above the optimum
concentration (>S6) resulted in a significantly lower yield
because a large part of the cellulosic structure has been
degraded.**™! The proposed reactions for H;PO, activation
during the optimum temperature of 500 °C are given in Eqs (4-
6).

nH;PO, — H,,P,03,,; + (n—1)H,0 (4)
Hni2PnOsniy — P40y + H,0O (5)
P,O,+2C —P,04 + 2CO, (6)

Dehydration of H;PO, releases H,O, and the resulting
phosphorous pentoxide (P,0,0), a strong active oxidant, inter-
acts with carbon to create new pores and widen existing ones,
releasing CO, gas.”**® This phosphorylation of cellulose is the
heteroatom visualized in the SEM images (Figure 3L-N) and the
EDS spectra support this argument. Due to these reasons, the
activated samples showed a low surface area of 3 m%g. The
nitrogen sorption isotherms of HDP-AC samples (S4-S6) are
shown in Figure 8. The isotherms for S4 exhibit type Il with a
hysteresis loop at a relative pressure between 0.4 and 0.7. The
isotherm for S4 is characterized by a less sharp increase in
volume at low relative pressure indicating the presence of
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Figure 3. FE-SEM images of (A-B) A1, (C-D) A2, (E-F) S3, (G-H) S4, (I-K) S5, and (L-N) S6 HDP-AC samples synthesized at various conditions.
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Figure 4. Transmission electron micrographs (TEM) of the HDP-AC S5 sample showing amorphous porous regions. Images (A-C) are scanning TEM (STEM)
images, with (D-F) showing corresponding X-ray energy dispersive spectroscopy (EDS) maps (phosphorus, oxygen, and carbon) from regions of interest in (C).

e
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Figure 5. Transmission electron micrographs (TEM) of the HDP-AC S6 sample showing amorphous structure having crystalline regions. Images (A-C) are
scanning TEM (STEM) images, with (d-f) showing corresponding X-ray energy dispersive spectroscopy (EDS) maps (phosphorus, oxygen, and carbon) from
regions of interest in (C).

macropores.”? The slow but continuous increase over a wide  while a flat curve without any hysteresis loop was observed for
range of P/Po with a less defined hysteresis was observed for S5  the S6 sample corresponding to isotherm type Ib and la,
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Figure 6. FE-SEM image of the HDP-AC sample A2 showing regions with KCl and the corresponding EDS images confirm the presence of K and Cl.
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Figure 7. FE-SEM image of the HDP-AC sample S5 with the region focussed (spectrum 15), and the crystals seen for sample S6 in Fig. 3 (M—N) showing regions
with phosphate cluster and the corresponding EDS images confirm the presence of K.
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Figure 8. Nitrogen adsorption-desorption curves for the activated carbon samples derived from the honeydew peel (HDP-AC) at different synthesis conditions

respectively. The barely defined knee and long plateau which
extends to P/Po=1.0 indicate microporous powders with no or
fewer mesopores.*” The increasing concentration and ratio of
H;PO, impregnation shifts the isotherms downward to lower
surface area values with a less-defined hysteresis loop. The
quantity of adsorption is also relatively very low, due to the
HDP-AC sample’s low surface area. The BET (Brunauer-Emmet-
Teller) surface area (Sge) of the selected HDP-AC samples listed
in Table S1 is not high compared with the values reported in
Tables 1 and 2 for various biomass precursors. However, it
should be noted that most of the surface area values reported
in Tables 1 and 2 are synthesized at different conditions and
higher temperatures. Due to this, the tabulated specific surface
area (SSA) values and our values cannot be compared. In our
work, we cannot find a correlation between the Sgr of HDP-AC
powders and the obtained specific capacitance values.

Table S1 shows that both the Sg:r and average pore volume
for sample S1 are relatively higher than those of HDP-AC
samples at other higher concentrations of activator (S3, S5, and
S6). Specifically, S1 has a BET surface area of 224.4539 m*/g and
a pore volume of 0.076194 cm®/g while S6 has a much lower
BET surface area of 3.0049 m*’’g and a pore volume of
0.000867 cm?/g. However, the specific capacitance value for S6
is the best-performed sample as detailed in the following
section (electrochemical characterization). Our experimental
results suggest that increased concentrations of activator
(sample S6) result in materials with micropores (<2 nm)
containing heteroatom residues, leading to defects and the
formation of turbostratic carbons. The introduction of heter-
oatoms results in functional groups on the carbon surface of S6,

Chem Asian J. 2024, 19, €202400622 (13 of 19)

which could have altered the surface properties and reduced
nitrogen adsorption. Hence, the formation of turbostratic
carbon led to a disordered structure, in which the surface area
is not high.

Electrochemical Characterization of HDP-AC
Acid vs. Alkaline Electrolytes

To mitigate safety concerns, aqueous electrolytes are the
natural choice in the energy storage field. Water is much
cheaper than organic solvents, exhibits high conductivity, is
easier to purify, and has fewer recycling/disposal issues.”’
Aqueous supercapacitors featuring low-cost, non-flammable,
safe, and sustainable water-based electrolytes provide reliability
and cost advantages over competing organic chemistries, as
they do not require complex storage management systems. The
electrochemical performance of HDP-AC is verified in acid (1 M
H,SO,) and alkaline (1 M KOH) electrolytes.

The preliminary cyclic voltammetry (CV) curves are shown in
Figure 9. Both CV curves are characterized by an electro-
chemical double layer (EDLC) behavior in a 1V window, but the
acid in the positive potential is slightly distorted with the
pseudocapacitive response while the alkaline in the negative
region is ideal capacitive behavior. The higher conductivity and
large ionic mobility of H* in acid H,SO, aid in fast charge
transfer during the electrochemical redox reactions, and the
smaller hydration sphere radius of H* between water molecules
by hydrogen bond supports more ion adsorption at the
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Figure 9. Cyclic voltammetric (CV) curves for the activated carbon sample (S6) derived from the honeydew peel (HDP-AC) tested at 1 M KOH and 1 M H,SO,

aqueous electrolytes.

electrolyte/electrode interface to enhance the Faraday
reaction.®” Therefore, due to the smallest hydrated ions and
highest acidic conductivity and ionic mobility, the supercapaci-
tor with H,SO, as the electrolyte shows the largest specific
capacitance over the counterpart of the alkaline KOH electro-
lyte. Comparing the electrolyte anions (OH™ and SO,>),
hydroxide ions show higher conductivity (~200 cm?Qmol™)
and ionic mobility (2x107° cm?S~'v™") than sulfate ions.”’ The
anionic size of SO,2” ions (1.49 A) is larger compared to OH™
ions (1.10 A). However, the destruction caused by the large-size
cation such as K™ insertion and extraction (or adsorption and
desorption) into/from the HDP-AC electrodes during the redox
reactions is greater than the H*. Nevertheless, the faradaic
interactions between the ions in the chosen electrolytes and
surface functional groups of the HDP-AC give rise to almost
similar behavior. Compared with the capacitances of the HDP-
AC electrodes using these two electrolytes with the same
concentration, the maximum current response and specific
capacitance are obtained when using the H,SO, electrolytes.
Based on this preliminary electrochemical work, the acid H,SO,
electrolyte is chosen for all the chemically activated samples
HDP-AC (51-56).

HDP-AC in 1 M H,SO, Aqueous Electrolyte

The CV technique was used to assess all the samples (S1-S6)
and the profiles are shown in Figure 10 for different sweep rates
ranging from 5-100 mV/s. The CV curves of the HDP-AC sample
(S1) impregnated with a low ratio and lower concentrations of
H;PO, did not exhibit a high current response, this might be
due to the insufficient pores developed for the activation
process to occur. The shape of the CV curve is partly elliptical

Chem Asian J. 2024, 19, €202400622 (14 of 19)

due to the characteristic nature of the synthesized carbon.
However, samples (S2-S3) showed an increase in the current
response while retaining the shape of the EDLC curve at high
potential scan rates, revealing their good rate performances in
acid electrolytes. All curves exhibit the typical rectangular shape
indicating the capacitive performance.®” For higher concen-
trations with high ratios (54-S6), the current response was
significantly increased with a well-defined rectangular shape
with a small hump during the oxidation. Among all the six
samples analyzed and shown in Figure 10, obviously, the CV
curve of the S6 electrode displays the largest area under the
curve, which implies the highest current response led to the
highest capacitance. The CV shapes even at higher sweep rates
up to 100 mV/s still retain the shape indicating excellent
electrochemical capacitive properties. The higher content of
C—O—P heteroatom in the S6 HDP-AC electrode could enhance
the defects and active sites,*™ which contributes to the
observed higher specific capacitance. The CV curves of the
samples (S5-S6) with higher concentration also showed
pseudocapacitive behaviour with a slightly distorted rectangu-
lar curve. This could be due to the presence of both oxygen
functionalities and C—P groups influencing the surface-control-
ling process, resulting in pseudo-capacitive behavior.®? The
introduction of heteroatoms into the HDP-AC can form a
protective oxide layer on the surface that inhibits the formation
of any unstable surface groups enabling cycling performance.
In the potential window of 1.0V, the best-performed sample S6
with a higher concentration ratio showed the highest capaci-
tance of 612, 572, 527, 490, 480, 455, and 412 F/g at the
respective scan rates 5, 10, 20, 40, 60, 80, and 100 mV/s. The
capacitance obtained from the cyclic voltammetric curves is
calculated using Eq. 1a. The highest capacitance is achieved for
the S6 sample with the lowest surface area. It is quite a
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Figure 10. Cyclic voltammetric (CV) curves for the activated carbon sample derived from the honeydew peel (HDP-AC) tested in TMH,SO,.

common practice not to compare the specific capacitance
values obtained from the different techniques such as CV and
charge-discharge (CD) curves. However, it is an overall
indication that the S6 sample shows improved electrochemical
behavior.

The galvanostatic charge-discharge curves for samples (S1-
S6) are shown in Figure 11. The symmetric charge-discharge is
seen for samples (S1-S3) and the quasi-triangular curve is seen
for samples (S4-S6) at various current densities indicating a
pseudocapacitive (charge transfer) behavior and overall good
reversibility is observed in H,SO, electrolyte. The symmetric
shape characterized by EDLC behavior does not require very
high ion mobility while the quasi-triangular shape requires fast
transfer of ions for quick redox processes at the electrode/
electrolyte interface. The presence of H™ with a high mobility
enhanced rapid and efficient charge propagation resulting in
improved capacitance. The specific discharge capacitance for
S1, S2, S3, S4, S5, and S6 are found to be 45, 90, 75, 180, 188,
and 486 F/g, respectively at 1.3 A/g. The specific capacitance of
sample S6 was 480, 485, 450, and 425F/g at the current
densities of 0.6, 1.3, 6.6, and 13.3 A/g. The best capacitance
value is obtained for 1.3 A/g (i.e. 485 F/g), however, to test its
suitability for high-power applications without compromising
the capacitance, the median value of 3.3 A/g is chosen for long-
term cycling. The high capacitance and excellent rate capability
were achieved for sample S6. Based on the performance
metrics, the samples can be categorized into three tiers (in
Figure 12a), S1-S3 fall in the first tier while the S4-S5 and S6 fall
into the second and third tier, respectively. Interestingly, the
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values obtained for S6 are remarkable as seen in Figure 12a.
With the increase in current rate, the obtained discharge
capacitance is quite constant without much loss. This is due to
the high utilization of the surface and fast ion transportation
along with the formation of the surface functionalized groups
with heteroatoms (P and O) resulting in surface wettability and
pseudo-capacitance.”® This is also further confirmed by the
Nyquist plots shown in Figure 12b, and the insets show the
magnified high-frequency region and the equivalent circuit. The
equivalent series resistance (ESR) of the S6 electrode is as low
as 0.4 Q and there is no visible diameter of the semicircle at
high frequencies, which confirms the lower resistance of the
charge transport at the electrode surface. The magnified high-
frequency region shows a very distorted image with a low
charge transfer resistance giving the electrode and current
collector interface (Ri) and its corresponding capacitance
represented by Ci. Rs represents the electrolyte solution
resistance. A short 45° line transitioning into the bent line of
the imaginary part of the impedance in the low-frequency
region represents a capacitive behavior (C). The particular
feature of the Bode frequency plot (Figure S4(A)) shows the
variation of impedance exponentially to the frequency. The
observed lower impedance showed that the conductivity of
sample S6 is high, resulting in the observed high capacitance
values. Figure S4(B) shows the Bode plot for sample S6, it is
observed that the phase angle is approximately —30° at 1 Hz,
which deviates from the ideal EDLC behavior angle of —90° at
low frequencies. This is also evidenced in the CV and CD curves,
due to the pseudocapacitive in nature. The HDP-AC samples
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Figure 11. Charge-discharge (CD) curves for the activated carbon sample derived from the honeydew peel (HDP-AC) tested in 1TMH,SO,, at various current
densities shown in the respective figures.
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demonstrated a non-ideal capacitive performance as seen in
both the Nyquist and Bode plots. The effect of the impregna-
tion ratio and activation temperature™® determines the yield of
HDP-AC, and its pseudocapacitive behavior in sample S6
exhibiting the best performance. The coulombic efficiency of
the cell is between 90-98% tested at various current densities
(shown in Figure S3), which indicates the electrochemical
stability of the HDP-AC-derived sample S6. Based on this, the
median value of 3.3 A/g has been chosen for the long-term
cycling test to maximize the performance without any deterio-
ration in the charge-transfer processes at the interfaces. The
chosen value is a trade-off between the coulombic efficiency
and the capacitance retention.

The long-term cycling performance of the HDP-AC was
conducted using charge-discharge measurements at a current
density of 3.3 A/g. Figure 12c shows the specific capacitance
retention versus cycle number for the HDP-AC S6 sample. The
specific capacitance is stable, with an excellent retention of
98.5% of its initial value. This high-performance behavior is
attributed to physicochemical characteristics such as the

CHEMISTRY

AN ASIAN JOURNAL

presence of heteroatoms containing groups of HDP-derived
activated carbon. During the thermal decomposition of HDP
under ambient synthesis conditions, heteroatoms played a key
role in effectively blocking the formation of levoglucosan
(CsH10s, a highly volatile).®*>* This stabilized the HDP-AC
electrode to accommodate ions reversibly and enable long-
term cycling performance.

The performance metrics of the activated carbon synthe-
sized from various biomass precursors have been compared.
From Table 4, for activated carbon derived from various
biomass precursors, the specific capacitance obtained for our
current work in HDP in 1 M H,SO, acid electrolyte is significantly
higher at 480 Fg™' than those in reported other precursors in
various aqueous electrolytes>?**>**73 at an energy density of
66.5 Wh/kg and a maximum power density of 662 W/kg.
Previous studies have also shown there is a relationship
between the specific capacitance of the activated carbons and
the chosen electrolyte.”*® This can be understood by consider-
ing the ion mobility which is closely related to the electrolyte
conductivity.”””® For EDLCs with a strong acid electrolyte such

Table 4. Summary of the performance metrics of biomass-derived AC materials as SCs in aqueous electrolytes.
Biomass precursors [Ref.] Voltage Electrolyte Current Specific capaci- Energy density Power density
V) density tance (Wh/kg) (W/kg)
(F/9)
Lotus calyx®” 1 6 M KOH 1A/g 223 66.8 800
Mango seed"” 1 2 M NaOH 5 mA/ 135 19 1077
cm?
Groundnut Shell®® 1 6 M KOH 05 A/g 2206 7.64 275
1.8 05M 0.5A/g 150.4 16.92 451.2
Na,SO,
Corn Starch®” 1 6 M KOH 0.625 A/g 144 19.9 311
Kusha grass (Desmostachya 0.8 6 M KOH 0.7 A/g 218 19.3 277.92
bipinnata)®®
Neem (azadirachta indica)®” 2 1 M LiClo, 1 mA/ 74.41 1033 4660
cm?
Sunflower Stalk'®” 1 6 M KOH 0.5 A/g 263 35.7 989
Rockmelon Peel®® 1 1M KOH 1A/g 404 29.3 279.78
Bamboo®" 1 6 M KOH 0.1 A/g 258 >2 > 2000
Pine Cone®®? 2 1 M Na,SO, 0.1A/g 137 19 100
Borassus flabellifer flower®® 0.6 1 M KOH 1A/g 238.2 - -
Camellia oleifera shell®” 1 1 M H,SO, 02A/g 374 - -
1 6 M KOH 0.2 A/g 266 - -
Lentinus edodes®” 1 1M H,SO, 0.2 A/g 389 54.03 -
Peanut shell®*® 1 1 M H,SO, 0.5 A/g 340 10.8 106.9
Tamarindus indica Fruit Shell®”! 0.78 1 M KOH 1A/g 285 - -
il palm empty fruit bunches®® 1 1 M H,S0, - 150 43 1733
Rice Straw 1 6 M KOH 0.5A/g 178 - -

Rice Straw — N doped™® 324 @N-doped - -
Cotton™ 1 6 M KOH 0.5 A/g 270 18 250
Ginkgo leaves”" 1 1M H,SO, 0.5 A/g 374 459 221
Pomelo Peel” 1.7 1 M NaNO, 0.5 A/g 435 17.1 420
Sugar cane bagasse"”” 1 1 M H,SO, 0.25A/g -~300 5.9 10 000
Honeydew Peel HDP (This work) 1 1M H,SO, 0.6 A/g 480 66.5 662
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as H,SO,, the reported specific capacitances in Table 4 are
mainly in the range between 150 and 350 Fg™', which are
generally lower than those obtained for our work in HDP-AC
electrodes.

The power and energy trade-off for the various composi-
tions of HDP-AC samples (51-S6) is captured in the so-called
“Ragone plot”, shown in Figure 12d. The HDP-AC samples
overall pushed the limits of the power density to the lower
right-hand corner of the plot but interestingly, the best-
performed sample S6 achieved the purpose of this work on
moving the supercapacitor performance to the upper right-
hand corner of this plot. This implies the heteroatom dopant
aids in expanding the Ragone plot. This sort of high-power
capacitive storage 6850 W/Kg at 59 Wh/kg delivered by sample
S6 could be used to impel the vehicle during acceleration at a
longer range, for which high-power operation is essential. This
characteristic makes HDP-AC a promising candidate for applica-
tions where energy density is crucial.

Conclusions

A low-cost, high-quality activated carbon material derived from
the natural honeydew peel (HDP) biomass is achievable
through the appropriate selection of synthesis conditions. The
honeydew (Cucumis melo Inodorous group) fruit peel-derived
activated carbon (HDP-AC) had been successfully prepared at
the optimal combination of carbonized HDP to H;PO, ratio
(1:4) and activation temperature of 500 °C. The introduction of
heteroatoms (P) and oxygen surface functionalities into the
cellulose allows for the tuning of electrochemical performance
in supercapacitors. The various factors including the concen-
tration of the acid activator phosphoric acid (H;PO,), its
impregnation ratio, and activation temperature greatly influ-
enced the HDP-AC yield and its pores. The HDP-AC sample
tested in the KOH electrolyte showed electric double-layer
capacitance while the H,SO, electrolyte under identical con-
ditions showed pseudo-faradaic reactions involving the surface
functional groups in the activated carbon electrode. Further
optimizations to HDP and H;PO, ratios along with temperature
can provide opportunities to continuously enhance the per-
formance metrics of supercapacitors. The single electrode
configuration of HDP-AC was able to exhibit a specific
capacitance of 480 F/g at an energy density of 66.5 Wh/kg and
a maximum power density of 662 W/kg.
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