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In present study, porous conducting functional carbon material was prepared from Madhuca longifolia leaves by hydrothermal and direct |
pyrolysis techniques. Further, the prepared carbon materials from different techniques were activated to enhance their physico-chemical, |
morphological and electrochemical properties. The synthesized conductive carbon materials were characterized by X-ray diffraction
studies, energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy, Fourier-transform infrared spectroscopy (FTIR), Brunauer- |
Emmett-Teller (BET), field emission scanning electron microscopy (FESEM) and transmission electron microscope (TEM) techniques. |
To evaluate the electrochemical performance of the prepared carbon material, cyclic voltammetry and galvanostatic charge-discharge |
studies were carried out in 1 M H,SO, aqueous electrolyte in a three-electrode system. Compared to carbon material synthesized via the |
hydrothermal process (82.85 F/g), the capacitance of 173.75 F/g found in the Madhuca longifolia biowaste precursor obtained via direct |
pyrolysis is quite satisfactory. Thus, Madhuca longifolia derived functional carbon can be used as green, low-cost electrode materials for
supercapacitors. I
|
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INTRODUCTION

Biomass materials were commonly used to refer to plant
materials, but it also relates to products and waste from animal
husbandry, food processing and preparation and residential
organic wastes [1]. The energy crisis, pollution and global
warming were all critical issues causing widespread worry
worldwide. The development of carbon materials that will be
applicable in vast electrochemical sectors has growing research
among researchers [2]. The development of electrical devices
as energy and power storage device from renewable biomass
sources has been sparked by growing global concerns about
depletion in the energy supply. Electrochemical capacitors,
among several possibilities have the more significant potential
to recover biomass to energy-supplying storage devices [3,4].
Further advances in material properties and electrolyte modifi-
cations were required to meet the increased demands of future
energy storage systems. Reduction in the cost of these bio-derived
materials will also be a critical factor in their widespread comm-
ercialization [5]. Energy storage supercapacitors with distinctive

energy and power will become increasingly popular in constr-
ucting low-emission vehicles. Many efforts are made to reduce
environmental contamination [6].

The supercapacitors also called ultracapacitors were
divided into three categories based on energy storage methods
for example, electric double-layer capacitors (EDLC), pseudo-
capacitors and hybrid supercapacitors. Among these types,
EDLC has a long life, high energy and power density. They
were non-toxic and environmentally friendly. The EDLC holds
a prime position in the commercial world, while the pseudo-
capacitors use composites like RuO,, Fe;O4, MnO, and stored
charge by a Faradaic redox reaction at the interface of electr-
olyte and electrode [7].

Various researchers investigated the energy storage prop-
erties of biomass-derived carbon material without and with
chemical activation. European deciduous tree [8], poplar catkins
[9], celery [10], carbonized wood cell chamber [11], Ficus
religiosa [12], starch [13], honeyvine milkweed [14], carrot [ 15],
pine saw dust [16], chicken feather biopolymer [17], Laminaria
Jjaponica [18], natural bamboo [19], pine cone [20], corncobs
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[21], kapok fibers [22], tree bark [23] and tremella (white fungus)
[24] exhibits the specific capacitance of 24, 251, 245, 288,
3.4, 250, 215, 161, 175.6, 181, 192, 293, 137, 319, 144, 114
and 53.5 F/g, respectively. Madhuca longifolia (L.) J.F. Macbr,
also known as the Mahua or the Indian butter tree is a member
of the Sapotaceae family with a socio-economic value that
grows throughout the Indian subcontinent’s tropical and sub-
tropical geographic areas [25]. To the best of our knowledge,
no reports of biocarbon materials derived from M. longifolia
leaves being used in the supercapacitor electrode applications
have been found. In this study, the biomass source Madhuca
longifolia leaves were chosen as the biomass precursor for
fabricating sustainable, efficient and eco-friendly carbon-based
electrode materials for supercapacitor applications.

These materials were dissolved in N-methyl-2-pyrrolidone
(NMP) in a weight ratio of 80:15:5 and the resulting slurry
was coated onto a graphite sheet with a surface area of 1 cm’.
The slurry was dried in a vacuum oven at 100 °C for 24 h to allow
the solvent to evaporate after it was thoroughly mixed. To test
the functional carbon materials, a three-electrode system was
used with 1 M H,SO, as electrolyte. The synthesized carbon
electrode active material of ML-derived carbon, a saturated
calomel electrode (SCE) and a platinum rod were used as the
working electrode, reference electrode and counter electrode,
respectively. The functional carbon materials were tested using
cyclic voltammetry (CV) and galvanostatic charge/discharge
(GCD) analysis with CH Instrument, Model CHI608E, USA.

RESULTS AND DISCUSSION

EXPERIMENTAL

The blown-down, dried leaves of Madhuca longifolia
(Mahua tree) were collected, powdered and pre heated in hot
air oven at 60 °C for 24 h. The analytical-grade urea, potassium
hydroxide, hydrochloric acid and sulphuric acid were procured
from Sigma-Aldrich, USA and used as such.

Synthesis of carbon material: Dried Madhuca longifolia
leaves (5 g) were mixed with KOH in a 3:1 ratio, transferred
into a 10 mL Teflon-lined autoclave and subjected to a tempera-
ture of 180 °C for 4 h in muffle furnace. The obtained carbon
was then acidified, dried at 90 °C for 12 h and kept in a dry place
[26]. The obtained sample has been named as HTC-MLAC.
Dried powdered leaves (10 g) were heated at different tempera-
tures (600, 800 and 1000 °C) in an argon atmosphere using an
alumina crucible in tubular furnace for 5 h. The resulting black
powder was then washed with 5 M HCl and left to dry at 60 °C
overnight. These carbonized materials were later identified as
MLC-600, MLC-800 and MLC-1000. The carbonized sample
at 800 °C was chemically activated using KOH as an activator
in 1:3 ratio [27]. The carbon material and the activator were
subjected to pyrolysis under an inert argon atmosphere for 5 h
at 800 °C. The resulting activated carbon was rinsed using
5 M HCl and washed with deionized water till the supernatant
became neutral pH. The resulting substance was then dried in
an oven for 12 h at 60 °C [28]. The sample obtained was named
as MLAC.

Characterization: The synthesized biocarbon material
and activated carbon material were analyzed using various scien-
tific instruments. The Perkin-Elmer FT-IR spectrophotometer
with the software OPUS version 6.5 was used for physico-
chemical characterization, along with the ULTIMA IV Model
X-ray diffractometer with CuKo radiation (o = 1.5406 10\) in
the range of 10-90° with count time (0.2 s) at 0.02 steps and
Confocal Raman Microscope with AFM imaging (WiTec alpha
300, Germany). TESCAN MIRA3 XMU Field emission scan-
ning electron microscope and Transmission electron microscopy
(TEM, 120 kV, FEI Tecnai G2) were also analyzed for the surface
characterization.

Electrochemical characterization: The electrochemical
properties of the newly prepared conductive carbon electrodes
were studied using active materials, Super-P as a carbon condu-
ctive additive and polytetrafluoroethylene (PTFE) as a binder.

XRD studies: To explore the surface properties of the
carbon materials, the XRD analysis was performed. The MLC-
600, MLC-800 and MLC-1000 unveiled peaks around 28.5°
and 40.7° correspond to the stacks of graphitic amorphous carbon
of the material and all the prepared material exhibits specific
peak around 28.5° reveals the presence of SiO,inorganic comp-
ound (Fig. 1), which is present in the selected biomass prec-
ursor [29]. The MLAC and HTC-MLAC displays peak around
24° and 28° represents the amorphous nature [30].

FT-IR studies: FT-IR spectroscopy of the ML-derived
carbon materials are shown in Fig. 2a-b. The surface of all three
carbon materials exhibited the oxygen containing functional
groups, as indicated by their spectra. Specifically, the absorption
peaks at around 3363 and 3364 cm™ for MLC-600, MLC-
800, MLC-1000 and MLAC were attributed to the stretching
vibrations of surface hydroxyl groups (-OH) [31]. Additionally,
the presence of various oxygen-containing functional groups,
including C=0 carbonyl stretching vibration, was indicated
by the peaks observed around 1380 and 1065 cm™ [32]. Similar
peaks were observed for HTC-MLAC, suggesting the presence
of OH, C=0 and C-O groups on the surface of the synthesized
material. Table-1 infers the key peak assignment and functional
groups present in the MLC derived carbon materials.

TABLE-1
FT-IR SPECTRAL ASSIGNMENT OF THE
CARBON MATERIALS DERIVED FROM
Madhuca longifolia LEAVES PRECURSOR

Peak assignment

Precursor (cm) Functional groups
MLC-600 3363, 1380, 1055 OH, C=0, C-O stretching
MLC-800 3364, 1380, 1051 OH, C=0, C-O stretching
MLC-1000 3363, 1385, 1058 OH, C=0, C-O stretching
MLAC 3364, 1376, 1068 OH, C=0, C-O stretching
HTC-MLAC 3364, 1376, 1068 OH, C=0, C-O stretching

Raman studies: To evaluate the level of functionalization
in carbon materials derived from biomass, Raman spectroscopy
can be utilized. The ratio of the intensities of the D and G
band signals on the carbon surface provides insight into the
degree of graphitization and the prevalence of imperfections.
Specifically, the presence of defects and graphitization in the
MLC-800 can be detected through the appearance of peaks at
1358 cm™ (D band) and 1597 cm™ (G band) [14] and the corres-



Vol. 35, No. 4 (2023)

Comparison of Porous Carbon Electrodes Derived from Madhuca longifolia Leaves 1039

Ll L} Ll 3 L) I L] l L] ] L I L l L] l L] I LJ l L]
330 = | 570 =
220 = uﬁ
L ) MLC-1000 380 =
10 | M\L‘“‘ [
360 |- 190 F HTC-MLC
270 b . _
! > (0}
El MLC-800 <
s 180} ., >
z
@ 2 -
§ 90 b € 450
IS ! -
400 =
00 300 [
300 | ! |
150 b J | MLAC
ool MLC-600 M | L‘L
L \"'\\,n_.y"* 'l | N
100 o "N'lh"'-MJ'M‘M-.n
i o0k
PR PR B P BT RPN B PR
O i i i i i i i
0 20 20 50 20 0O 10 20 30 40 50 60 70 80 90
26 (°) 20 (°)
Fig. 1. XRD pattern of ML derived carbon from HTC and direct pyrolysis technique
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ponding Ip/Is value was 1.18 and on activation, the D band
occurred around 1354 cm™ and the G band was increased to
1617 cm™, which infers the higher degree of graphitization in
the MLAC [33]. Raman spectra of MLC-800 and MLAC are
depicted in Fig. 3.

Morphological studies: The porous nature and surface
morphology of the prepared MLC-800 and MLAC furnishes
the porous morphology that confirms the effective carboni-
zation of the biomass materials in the inert atmosphere. A well-

developed interconnected porous networks with relatively thick
rod like porous structures are formed in MLAC [34] and the
TEM image confirms this porous morphology which are in good
agreement with X-ray diffraction studies and FESEM results.
Intertwined spherical morphology in the carbon matrix in con-
firmed in both MLC-800 and MLAC [35]. The FESEM and
TEM images of MLC-800 and MLAC are shown in Fig. 4. EDS
analysis (Table-2) indicated the presence of major amount of
carbon and oxygen in MLC-800 and MLAC samples.
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TABLE-2
EDS ANALYSIS OF MLC-800 AND MLAC
Samples C (%) O (%) N (%) Mg (%) Fe (%)
MLC-800 66.97 17.66 13.48 0.85 0.11
MLAC 68.48 15.08 14.96 0.87 0.08

Electrochemical studies: The electrochemical studies
were carried out for performance evaluation of synthesized
carbon materials as electrodes for the energy storage super-
capacitors. The cyclic voltammetry studies were conducted in
a three-electrode system consisting of a prepared carbon
material as the working electrode, a saturated calomel electrode
as the reference electrode and a platinum wire as the counter
electrode. The studies aimed to investigate the electrochemical
capacitive properties of the systemin a 1 M H,SO, electrolyte,
using various scan rates ranging from 10 to 50 mV/s within a
potential range of 0.8 to -0.2 V. Fig. 5 illustrates the CV profiles
of MLC-600, MLC-800, MLC-1000 and MLAC. All the
carbonized samples implied the quasi-rectangles between the
positive and negative scan rates with deformations in the lower
sweep rates indicating the existence of EDLC type behaviour.

Various galvanostatic charge discharge experiments were
conducted using current densities ranging from 1.5 to4 A/g to
evaluate the CD profiles of MLC carbon materials, which were
depicted in Fig. 6. The specific capacitance for single-step
activation of Madhuca longifolia was determined to be 82.85,
76.52, 68.59, 63.87, 57.52 and 53.92 F/g at current densities
0f0.5,2,2.5,3,3.5 and 4 A/g, respectively. The specific capaci-
tance of MLC-600 was calculated to be 154.85 F/g at 1.5 A/g
and decreased gradually with increasing current density to 2,
2.5,3,3.5and 4 A/g were 130.85, 123.53, 114.11, 110.83 and

105.16 F/g, respectively. The MLC-800 sample exhibited a
higher specific capacitance than carbon obtained through direct
pyrolysis at 600 °C, with a greater capacitance of 173.75 F/g
at 1.5 A/g and decreasing to 157.41, 144.13, 128.82, 115.86
and 90.13 F/gat2,2.5, 3, 3.5 and 4 A/g, respectively. Whereas
the MLC-1000 sample showed a relatively lower capacitance
than MLC-600 and MLC-800, with capacitance values of
148.96, 137.26, 128.29, 120.72, 101.89 and 93.47 F/g at
current densities of 1.5, 2, 2.5, 3, 3.5 and 4 A/g, respectively.
Finally, MLAC exhibited the highest capacitance of 216.6 F/g
at 1.5 A/g, which reduced to 194.24, 176.27, 142.01, 127.35
and 103.28 F/g at current densities of 2, 2.5, 3, 3.5 and 4 A/g,
respectively.

Table-3 specifies the specific capacitance of MLC derived
carbon materials and Fig. 7 depicts the current density vs.
specific capacitance curve. From the GCD results, it was revealed
that MLAC obtained from direct pyrolysis technique imparts
comparably higher capacitance that the HTC-MLAC obtained
from hydrothermal technique.

Table-4 summarizes the specific capacitance achieved by
various researchers with and without activation. From the table,
the carbon material derived from Madhuca longifolia biowaste
precursor affords the capacitance of about 216.6 F/g by direct
pyrolysis technique with chemical activation, which were on
par with the other waste materials derived from carbon materials
like rice husk, pistachio shell [36], fir wood [36], banana fibers
[37], waste newspaper [38] and seaweed biopolymer [39]. The
MLC carbon materials from dry leaves of Madhuca longifolia
acts as suitable low-cost electrodes for the supercapacitor
devices.

0.015
0.020 e 5 MV/S 0.025 4
~==5mV/s 10 mV/s ~—5mV/s
0.015 ~=10 mV/s 0.0104 ===20mV/s 0.020 4 =10 mV/s
e 20 mV;s ’ 30 mV/s w20 mV;s /
0.010 30 mv/s = 40 mV/s 0.015 30 mV/s
z ~40 mV/s E 0.005 4 _ ~ 40 mV/s ‘
E 0005 £ < 00101 j
= @ 3
e 5o £ 0.0051 = __.r
3 £ . P — /:
-0.005 0.0054 o
-0.010 ( ) (b) 0.005 1
a -0.0104 0.010
-0015 ol ol w . 2 o . . (C)
—0.'2 6 0_'2 0T4 0.6 0'.8 -0.2 0 0.2 , 0.4 0.6 0.8 0.015 Y . 0v2 o 0'6 )
. Potential (V) : : i : :
Potential (V) Potential (V)
w50 MV/s ]
30 4 | l—5mvs
w40 mV/s 0.008q |__ 10 mV/s
=30 mV/s s 20 MV/s
209 ——20mvss 0.0044 |~ 30 mV/s
“==10mV/s e 40 MV/s |
—~ 104
< 0.002 4
E z
T 04 E
2 < 04
3 [
© 104 3
-0.002 4
-20 +
-0.004 4
d e
304 (d) (e)
r r r r r r T -0.006 v v - r v T
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 -0.2 0 0.2 0.4 0.6 0.8
Potential (V) Potential (V)

Fig. 5. Cyclic voltamagrams of MLC-600 (a), MLC-800 (b), MLC-1000 (c), MLAC (d) and HTC-MLAC (e)
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TABLE-3

SPECIFIC CAPACITANCE FOR HTC-MLAC, MLC AT VARIOUS PYROLYSIS TEMPERATURE AND ACTIVATED MLC

Carbon materials

Specific capacitance (F/g) at

1.5 2.0 2.5 3.0 3.5 4.0
HTC-MLAC 82.85 76.52 68.59 63.87 57.52 53.92
MLC-600 154.85 130.85 123.53 114.11 110.83 105.16
MLC-800 173.75 157.41 144.13 128.82 115.86 90.13
MLC-1000 148.96 137.26 128.29 120.72 101.89 93.47
MLAC 216.60 194.24 176.27 142.01 127.35 103.28

TABLE-4
ELECTROCHEMICAL PERFORMANCE COMPARISON OF VARIOUS BIOMASS
BASED ACTIVATED CARBON REPORTED IN LITERATURE vs. MLC AND MEC
Precursor With/without activation Activation agent Specific capacitance Ref
Pistachio shell With activation KOH 120 [36]
Firwood With activation KOH 180 [36]
Banana fibers With activation ZnCl, 74 [37]
Waste news paper With activation KOH 180 [38]
Seaweed bio polymer Without activation = 198 [39]
Rice husk With activation NaOH 210 [40]
Sugarcane bagasse With activation NaOH 109 [41]
Sugarcane baggase Without activation = 20 [41]
Sugarcane baggase With activation ZnCl, 230 [41]
Coffee shells With activation ZnCl, 150 [41]
HTC-MLAC With activation KOH 82.85 This work
MLC-600 Without activation - 154.85 This work
MLC-800 Without activation - 173.75 This work
MLC-1000 Without activation - 148.96 This work
MLAC With activation KOH 216.6 This work
Conclusion rich functional groups on the surface of the synthesized materials

Madhuca longifolia derived carbon material prepared by
single step hydrothermal carbonization and direct pyrolysis
techniques revealed the amorphous nature from XRD studies.
The FT-1R studies confirmed the presence of oxygen and carbon

and also corroborated by the EDS analysis. The amorphous

nature was further confirmed with high degree of graphitization
inferred from Raman studies. FESEM and TEM analysis of
an MLAC sample confirms its porous shape. All the prepared
materials shows electrical double layer behaviour in cyclic
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voltammetry and MLAC exhibits greater capacitance of 216.6
F/g obtained through direct pyrolysis procedure. Based on the
results, the studied plant precursor affords the greater capacitance
in direct pyrolysis technique. Therefore, these waste leaves could
be used as electrodes in charge-storage supercapacitors.
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