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A B S T R A C T

Here, a unique heteroatom-doped spongy carbonaceous material from dwarf banana peel has been
synthesized successfully using the one-step hydrothermal method. The discarded banana peel was
reused as a carbon source for the formation of heteroatom-doped porous carbon. This biowaste-derived
heteroatom-doped porous carbonaceous material (BH-PCM) has plenty of interconnected pores with an
acceptable surface area of 213 m2g�1. Thoroughly characterized BH-PCM has been used as electrode
material for supercapacitor using a three-electrode system with an aqueous 1 M H2SO4 solution. The as-
synthesized BH-PCM holds an excellent specific capacitance of 137 F g�1 at 0.5 A g�1 and an impressive
rate performance with a capacitance enduring 51 F g�1 at 5.0 A g�1. After 10,000 galvanostatic charge–
discharge cycles, an initial capacitance of 94% was maintained. To show the practical applicability of the
BH-PCM, the symmetrical two-electrode cell was fabricated and delivered the gravimetric specific
capacitances of 87 F g�1 at 1 A g�1. The excellent electrochemical performance of BH-PCM towards
supercapacitor was due to their high surface area, reasonable heteroatom doping rate, and a suitable
degree of graphitization. This study offers a green approach for the development of environmental-
friendly potential carbon-based electrode, by converting biowaste to clean/green energy.
© 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

We are in urgent indeed of portable high-performance energy-
storage devices because of the energy crisis and environmental
pollution [1–4]. Among the energy-storage devices, supercapa-
citors have attracted researchers because of their outstanding
properties including high power density, fast charge–discharge,
prolonged cycle stability life, safety, and environmentally friendly
[5–9]. Usually, supercapacitors are classified as pseudocapacitors
and electrochemical double-layer capacitors (EDLCs) through

their energy-storage mechanisms [10–12]. Electrode materials
are one of the most important components for the super-
capacitors that affect performance and large-scale applications.
Hence, the researcher focusing the appropriate electrode
materials for the high-performance supercapacitors. Generally,
transition metal oxides, conducting polymeric materials, and
carbonaceous materials were used as electrode materials [13]. At
present, in supercapacitors, carbonaceous materials such as
fullerenes, carbon nanotubes, graphene, carbon nanofibers,
carbon aerogels, and porous carbon are widely used as electrode
materials [14,15]. While they have unique features such as
inexpensive, abundant in nature, high surface area, enrich in pore
structure, easy surface modification, excellent chemical stability,
and the operating mechanism of EDLC [16–21]. In the EDLC
mechanism, the specific capacitance (Cs) value of the super-

$ Supporting information: materials, instrumentation methods, fabrication of
working electrode, electrochemical measurements, XRD pattern, XPS survey
spectrum, surface area analysis, and electrochemical performance of the synthe-
sized BH-PCM.
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nterfaces [24]. Among the various carbonaceous materials
entioned above, carbonaceous materials derived from the
iowaste/biomass attained great attention among researchers.
iowaste is renewable and is the most abundant resource on the
arth. Further, they are cost-effective and are environmentally
riendly as compared to coal and petroleum-derived carbon
aterials [3,25–30]. But, these carbon-based supercapacitors
ndure lower energy-storage and rate capability. Thus the
idespread research works have shown that the performances
f energy-storage for carbonaceous materials derived from
iomass are strongly leaned on their structures [31]. The porous
aterials show promising results and therefore, biowaste/
iomass-derived porous carbonaceous materials may be an
ption to achieve effective surface area, for heteroatom doping,
nd surface/structure morphology for high energy-storage
evices [32].
Herein, we have developed heteroatom-doped porous carbo-

aceous material from the waste banana peel (biowaste) by the
arbonization method. The resulting biowaste-derived heteroat-
m-doped porous carbonaceous material (BH-PCM) has been
horoughly characterized using nitrogen physisorption isotherms,
eld emission scanning electron microscopy (FESEM) with energy-
ispersive X-ray spectroscopy (EDS), transmission electron mi-
roscopy (TEM), High-resolution TEM (HRTEM), X-ray photoelec-
ron spectroscopy (XPS), attenuated total reflectance Fourier
ransform infrared (ATR-FTIR) spectroscopy, Raman spectroscopy,
nd X-ray diffraction (XRD) techniques. This novel BH-PCM was
mployed as an active electrode material for supercapacitors
hich showed an outstanding electrochemical double-layer
apacitance (EDLC) with prolonged cycling stability. Promising
lectrochemical performances of the BH-PCM were owing to the
oping of heteroatom (nitrogen and oxygen) and the large surface
rea of BH-PCM with mesoporous nature. The present work has
een compared with recent reports about carbon-based materials
or supercapacitors to determine the superiority of the synthesized
H-PCM. Moreover, this work proposes an economical and simple
ethod to transform the biowaste into a heteroatom-doped
orous carbon composite for environmentally friendly energy-
torage applications.

xperimental

ynthesis of BH-PCM

Dwarf banana peels were collected in wet-condition (food-
aste/biowaste) and cut into small pieces subsequently, dried at
oom temperature for 2 days (48 h) under ambient condition. In

 simple horizontal tubular furnace gas flow control units, dried
aste banana peels were charred in the argon atmosphere at
00 �C for 2 h. In a typical growth experiment, ca. 5 g dried waste
anana peel was placed in a quartz boat inside a quartz tube
Length and diameter of the tube are around 1000 mm and
0 mm, respectively). The dried waste banana peel was purged
y argon with a flow rate of 200 mL min–1 up to 800 �C with a
amp rate of 5 �C min–1 and then maintained at 800 �C for 2 h to
arbonize the reactant (dried waste banana peel). Subsequently,
he furnace was allowed to cool to room temperature under the
rgon atmosphere. The obtained black carbon flakes were well-
rounded using agate mortar and pestle to make a homogeneous
ne powder. Further, the synthesized BH-PCM was examined

Results and discussion

Physicochemical characterization of BH-PCM

The morphology of BH-PCM from dwarf banana peel was
illustrated by FESEM. The FESEM images with different magnifi-
cations of the BH-PCM (Fig. 1(a–i)) showed a three-dimensional
aerogel network structure of smooth surface with disordered
pores. Such pore structures are favorable for the successive
electrochemical applications due to the high internal permeability
of electrolytes into the porous structure of BH-PCM. Fig. 2(a–e)
displays the FESEM images and the corresponding elemental
mapping of the BH-PCM. Fig. 2(b–e) reveals the elemental
mapping images of BH-PCM with carbon, oxygen, potassium,
and nitrogen elements. The oxygen, nitrogen, and potassium were
distributed evenly in the carbon framework. Fig. 2(f) depicts the
EDS analysis which further confirms the elemental composition of
BH-PCM. Also, the morphology of the BH-PCM was confirmed by
TEM and HRTEM measurements. In Fig. 3(a–c), TEM images of BH-
PCM displayed the disordered porous structure which contains
several interconnected mesopores and micropores. These abun-
dant micropores and mesopores in the BH-PCM material from the
dwarf banana peel are expected to give enough space for quick
access of electrolyte. Also shorten the pathways for ions to diffuse
from the mesopores to the micropores [33,34]. The HRTEM images
of BH-PCM (Fig. 3(d–f)) confirm the lattice fringes at the edge of the
porous carbon which means the acceptable degree of graphitiza-
tion of BH-PCM and thus improves the electrical conductivity.

Generally, XRD analysis is used to confirm the degree of
graphitization and the crystallinity of carbon-based materials. XRD
pattern of the synthesized BH-PCM is shown in Fig. S1. There are
four diffraction peaks around 25, 42, 44 and 54� corresponds to the
sp2-hybridization of carbon (002), (100), (101), and (004) planes,
respectively which are nearly close to the typical graphite/
graphene patterns (JCPDS Card No.: 41-1487) [35–38]. The sp2-
hybridization of carbon (002) planes of BH-PCM slightly shifted
towards lower 2u values, suggesting a slight amorphous nature of
BH-PCM. In addition, the peaks around 28.5, 40.6, 50.3, 58.7, 66.4,
and 73.8� are corresponding to the potassium elements [39]. The
peak intensity of potassium phases is higher than that of carbon
phases due to high crystallinity and doping of potassium in the
carbon structure. This supports the moderate crystallinity of the
synthesized BH-PCM. Compared with high crystalline materials,
materials with reasonable crystallinity lead to extra transportation
channels which improve the electrochemical performance [40].
Further characterization of the degree of graphitization and the
structural defects of BH-PCM was determined by Raman spectros-
copy. As illustrated in Fig. 4(a), the BH-PCM exhibits two
prominent Raman peaks locating at 1345 cm–1 (D-band) and
1590 (G-band) which are assigned to the typical graphitic
carbonaceous materials [41–43]. The intense D-band is responsible

Scheme 1. Illustrate the formation of BH-PCM from the dwarf banana peel through
a simple one-step carbonization method.
horoughly by numerous physicochemical characterization
echniques (Kindly refer to supporting information for the
nstrumentation detailed description). Scheme 1 shows the
llustration of the detailed synthesis procedure of the BH-PCM
rom the dwarf banana peel through a simple one-step
arbonization method.
30
for the disordered carbon (sp3) sites on the graphitic carbon planes
[44]. G-band is generated by the tensile movement of all sp2

hybridization carbons in the aromatic rings. The intensity ratio of
the D- to G-band (ID/IG) is advised about the disorder quantity of
the carbon materials [45]. The ID/IG value of the BH-PCM is slightly
greater than one (1.1), reflects the defects of BH-PCM. The defects
9
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are due to the doping of heteroatoms over the porous carbon
structure [46,47]. However, these heteroatoms enhance the
electrochemical performances of the prepared BH-PCM. In
addition, the area of D-band to G-band is considered as the
disorder degree of the carbon material, typically expressed as AD/
AG. The obtained peaks in the region of 1000�2000 cm�1 were
deconvoluted to determine the comparative content of the area of
D-band (disordered part) to the area of G-band (ordered part) in

3346 cm�1 is ascribed to the stretching vibration band of the ��OH
group, which might be due to the physically adsorbed H2O
molecules or ��OH groups originate from the phenolic structure
over the synthesized materials. The absorption peaks at around
3267 and 2924 cm�1 were assigned to the N��H stretching and
asymmetric C��H stretching vibration bands, respectively [48,49].
The shoulder peak at 1650 cm�1 is an indication of the presence of
undissociated carbonyl groups [50]. The absorption peaks at 1580

Fig. 1. (a–i) FESEM images with different magnifications of synthesized BH-PCM.

Fig. 2. (a) FESEM image, and corresponding elemental mapping of (b) carbon, (c) oxygen, (d) potassium, and (e) nitrogen for the synthesized BH-PCM. (f) EDS spectrum of
synthesized BH-PCM.
the BH-PCM and presented as inset Fig. 4(a). The large area of D-
band compared to G-band suggesting a moderate degree of
graphitization. XRD and Raman results suggest the moderate
graphitic nature of the prepared BH-PCM.

ATR-FTIR spectroscopy was used to determine the functional
groups present in the BH-PCM. As shown in Fig. 4(b), the peak at
310
and 1510 cm�1 were ascribed for the C¼C and C��N/N��H bonds,
respectively [37,51]. The vibration peaks at 1380 and 1220 cm�1 are
accredited to the bending band of the C��H and C��OH groups,
respectively. A strong band at 995 cm�1 and a shoulder band at
1083 cm�1 were caused by the functional group of C��O��C epoxy
groups in the aromatic carbon rings [52,53]. The absorption peaks
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t 820 and 695 cm�1 are due to the strong wagging of the hydrogen
toms in the aromatic ring with a¼C��H/CH¼CH groups [48]. ATR-
TIR spectrum indicates the presence of nitrogen- and oxygen-
ontaining functional groups in BH-PCM. This shows a consistent
esult with the EDS result. XPS spectroscopy is a powerful
echnique to understand and to quantify the chemical composition
f the BH-PCM. As shown in the XPS survey spectrum (Fig. S2), the
H-PCM has carbon, nitrogen, oxygen, and potassium atoms which
onfirm the presence of heteroatoms in the prepared BH-PCM
tructure. Fig. 4(c) represents the deconvolution spectra of C 1s
eak which showed five peaks at 284.5, 285.4, 286.4, 288.1, and
89.1 eV corresponding to the C��H (hydrogen-bonded carbon
ings)/C¼C (sp2 aromatic rings)/C��C (sp3 hybridized carbon), the
xygen-based functional groups, such as C��OH/C��N��C (hy-
roxyl group/nitrogen singly bonded to aromatic carbon), C��O��C
oxygen singly bonded to aromatic carbon), C¼O/C¼N (oxygen/
itrogen doubly bonded to aromatic carbon), and HO��C¼O
oxygen singly and doubly bonded to aromatic carbon), respec-
ively [54–56]. Deconvolution of the K 2p peak (Fig. 4(d)) revealed
wo peaks appeared at 293.3 and 296.1 eV corresponding to K 2p3/2

nd K 2p1/2, respectively. The high-resolution N 1s spectrum
Fig. 4(e)) of BH-PCM was deconvoluted into three individual peaks
ppeared at 398.2, 399.8 and 401.7 eV corresponds to C��N��C,
��N��H and (C)3��N bonds, respectively, confirm the presence of
itrogen moieties over the carbon framework [57–59]. Deconvo-
ution of the O 1s peaks (Fig. 4(f)) result in three peaks which are
esponsible for the oxygen functionalities such as C¼O/C��OH
531.2 eV), C��O��C (532.5 eV), and OH��C¼O (533.8 eV) groups on
he surface of the BH-PCM [60–62]. ATR-FTIR, EDS, elemental
apping, XRD, Raman, and XPS analyses confirm the existence of
eteroatoms on the surface of the BH-PCM.
The porous nature including specific surface area and pore

iameter of BH-PCM material was determined by nitrogen

existence of a smaller amount of macrospores which might
originate from the voids between the mesoporous carbon entities.
According to the IUPAC classification, the overall isotherms of BH-
PCM belonged to the typical IV-type with the mixture of H1 and
H3-type hysteresis loops [63]. The Brunauer–Emmett–Teller (BET)
specific surface area of the BH-PCM was calculated to be 213 m2g�1

from the nitrogen adsorption isotherm. Further, the pore size
distribution (Fig. S3(b)) of the BH-PCM was obtained through the
Barrett–Joyner–Halenda (BJH) method. The pore sizes of the BH-
PCM were below 10 nm. The presence of major mesopores affords a
large surface area for the active materials/molecules to quickly
penetrate the electrolyte. From the BET measurement and pore size
distribution analysis, the BH-PCM is estimated to progress the ion
transportation for the proficient redox reactions and meet the
requirement for supercapacitor applications [64].

Electrochemical behavior of BH-PCM

The synthesized BH-PCM with heteroatoms (nitrogen and
oxygen)-doped enhances the surface wettability, gives more active
sites, mesopore structure, and provides high surface area. These
are more favorable for larger mass loading and electrolyte
transport. In addition, the heteroatom improves electron transport
in the BH-PCM during the electrochemical reaction. All these
characteristics will pave the way for the improvement of
electrochemical properties. Hence, the electrochemical perfor-
mance of the BH-PCM was examined by cyclic voltammetry (CV),
galvanostatic charge–discharge (GCD), and electrochemical im-
pedance spectroscopy (EIS) measurements using a three-electrode
configuration with 1 M H2SO4, and the outcome is displayed as
Fig. 5. The CV curves of BH-PCM at different scan rates from 5 to
100 mV s�1 with voltages between �0.1 and 0.6 V as shown in
Fig. 5(a). All the CV curves display a relatively symmetric

Fig. 3. (a–c) TEM images and (d–f) HRTEM images with different magnifications of the synthesized BH-PCM.
hysisorption study. Nitrogen physisorption isotherms
adsorption–desorption) and the pore size spreading graph of
he BH-PCM are shown in Fig. S3. The steep uptakes of nitrogen at
he lower relative pressure (P/P0< 0.1) were ascribed to micro-
ores and mesoporous in BH-PCM. In addition, a small hysteresis
oop in the higher relative pressure (P/P0> 0.9), representing the
31
rectangular shape and display a good current response, signifying
the BH-PCM owns the energy-storage mechanism of electrochem-
ical double-layer capacitance (EDLC) behavior. The physical
phenomena of electrostatic storage occurring at the electrode-
electrolyte interface. The nearly rectangular shape of CV also
suggesting reversible electrochemical performance. The distortion
1
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of the CV curves has no noticeable difference even at a higher
scanning rate (Fig. S4), demonstrating that the system of electrodes
has lower resistance and a more desirable electrochemical
behavior [65]. Fig. 5(b) shows the GCD curves of BH-PCM between
�0.1 and 0.6 V at various current densities (CUDs) from 0.5 to
5 A g�1. In correspondence with CV curves, the BH-PCM is close to
the shape of an isosceles triangle which owing to the idyllic EDLC
behavior of electroactive material. EDLC depends on the rapid and
reversible ion adsorption–desorption process without limitation
by the electrochemical kinetics, which eventually leads to forming
EDLC as illustrated in the inset of Fig. 5(e). The Cs of the BH-PCM

38% suggesting that the synthesized BH-PCM having acceptable
capacitance retentions. Moreover, the BH-PCM possesses out-
standing capacitive performance even at high CUD. This excellent
performance of BH-PCM is because of its acceptable degree of
graphitization, and wettable surface (the wettable surface
obtained due to the doping of heteroatom), which ensures that
the electrolyte ions have sufficient time to distribute into the
greatly established microporous/mesoporous structure. To show
the greater activity of the synthesized BH-PCM, the obtained
values were compared with the reports related to carbonaceous
materials (Table 1 [5,18,29,63,66–70]). The present work (synthe-

Fig. 4. (a) Raman spectrum and (b) ATR-FTIR spectrum of the synthesized BH-PCM. XPS high-resolution spectra of (c) C 1s, (d) K 2p, (e) N 1s, and (f) O 1s for the synthesized
BH-PCM.
were calculated (refer to equation (S1) in Supplementary
information) to be 137, 112, 85, 69, 57, and 51 F g�1 at the various
CUDs of 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 A g�1, respectively. The
relationship between Cs and CUD of samples is revealed by the GCD
test in the range of 0.5–5.0 A g�1 as summarized in Fig. 5(c). The Cs

of BH-PCM gradually decreased with increasing CUDs but it retains
312
sized BH-PCM) displays favorably higher Cs value with prolonged
stability than the other carbonaceous materials. The excellent
electrochemical performances of synthesized BH-PCM are might
due to the electrochemically stable carbon structure of BH-PCM.

Further, the EIS study was performed to determine the
electrochemical behavior of the BH-PCM and was used to test
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he resistance of the supercapacitors. The impedances result of
H-PCM in 1 M H2SO4 electrolyte in the frequency range of

the ion-diffusion resistance in the electrolyte and the mass
capacitance with leakage resistance in parallel combination [11].

ig. 5. (a) CV curves at various scan rates and (b) GCD curves at various CUDs of the synthesized BH-PCM. (c) CUD-dependent Cs, (d) EIS spectrum with a fitted equivalent
ircuit, and (e) prolong stability up to 10,000 cycles of synthesized BH-PCM. (f) CV curves, (g) GCD curves, and (h) Nyquist plots of the synthesized BH-PCM before and after
0,000 cycles.
.01–100,000 Hz is presented in Fig. 5(d). Nyquist plots (EIS) of BH-
CM contain two different times constant, a small distorted
emicircle at high-frequency regions that correspond to the charge
ransfer resistance (Rct) at interfaces and this reveals the kinetics of
lectrochemical reaction necessarily [71]. Then, a slanting/almost
ertical (inclined) line at a low-frequency region corresponds to
31
The EIS is fitted using an equivalent circuit of R1 + Q2/R2 + Q3/R3 by
Z-View software and their equivalent electric circuit is displayed in
the inset of Fig. 5(d). The solution resistance (R1, 1.661 V cm�2),
charge–transfer resistance (R2, 2.517 V cm�2), and the coating
resistance (R3, 791 V cm�2) are calculated from the fitted Nyquist
plots. The capacitances including Q2 and Q3 of BH-PCM are
3
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calculated as 2.361 and 1.232 F cm�2, respectively. The cycle
stability of the BH-PCM is shown in Fig. 5(e), The GCD cycles
were performed up to 10,000 cycles at 5 A g�1, and the Cs retention
rate was as high as 94% after 10,000 cycles, which confirmed the
extremely high GCD cycle strength of this material and great
potential for employment as a supercapacitor. The CV, GCD, and EIS
analyses were conducted after prolonged stability of BH-PCM and
compared to initial studies and corresponding results are shown in
Fig. 5(f), (g), and (h), respectively. After prolonged stability of the
CV, GCD, and EIS curves nearly similar to that of initial curves of the
CV, GCD, and EIS suggesting the BH-PCM possess excellent stability
towards supercapacitor performance in 1 M H2SO4 solution.
Overall, the BH-PCM had a high surface area with a vast number
of mesopores which could accelerate ion transportations into inner
channels of pore and afford abundant surface regions for ion
accruals. The surface heteroatoms including nitrogen and oxygen
in the BH-PCM are responsible to increase Cs.

To show the practical applicability of the synthesized BH-PCM,
the symmetrical two-electrode cell was fabricated using the
synthesized BH-PCM over carbon cloth. The fabricated two-
electrode cell was examined by CV and GCD measurements in a
1 M aqueous H2SO4 solution. Fig. 6(a) displays the CV curves of the

two-electrode cell at different scan rates (5–100 mV s�1) with the
potential window of 0–1.5 V. It is obvious that all the CV curves
nearly rectangular shapes without any redox-peaks, which confirm
the double layer ideal capacitive response of BH-PCM in 1 M
aqueous H2SO4 solution. Noticeably, well rectangular shapes were
observed at a slow scan rate (<50 mV s �1) compared to a fast scan
rate (>50 mV s �1). This is because, at a slow scan rate, a vast
number of electrolyte ions access the electrode surface. Besides,
the total current area of the CV curves is gradually increased from 5
to 300 mV s �1 (Fig. S5 and Fig. 6(a)). Fig. 6(b) represents the GCD
curves of the synthesized BH-PCM at different CUDs from 1 to 5
A g�1 in a two-electrode system. The figure shows near triangular-
shaped GCD curves, which demonstrate the linear dependence of
stored charge under the applied potential window. This result
revealed that the charge storage behavior of the fabricated two-
electrode system is completely based on the electrostatic
accumulation of ions present in the electrolyte on the porous
double-layer structures of the electroactive BH-PCM. The calculat-
ed gravimetric specific capacitances (Cgs) of electroactive BH-PCM
is around 87, 66, 56, 50, and 40 F g�1 at the applied CUDs of 1, 2, 3, 4,
and 5 A g�1, respectively (Fig. 6(c)) using the equation (S2) (Kindly
refer the Supporting information). Based on Cgs, the energy density

Table 1
Comparison of present work with the previously reported literature on biomass carbon-based composites for supercapacitors.

Electrode materials Aqueous electrolyte Synthesis method Cs (F g�1)/CD (A g�1) Cycle/retention (%) Reference

N-CS 1 M H2SO4 Carbonization 191.9/0.1 10,000/110 [66]
N-Py-700 1 M H2SO4 Carbonization 374/0.1 15,000/96 [67]
N-GCSs 1 M H2SO4 Hydrothermal 70/0.5 2000/120 [68]
NR 1 M Na2SO4 Carbonization 137/0.5 5000/82 [5]
PAN/PVDF 6 M KOH Carbonization 265/0.05 2000/81 [18]
HPI 6 M KOH Carbonization 211.3/0.5 10,000/99.9 [63]
HSCCA 6 M KOH Carbonization 148.6/0.25 – [69]
N-CNG 1 M H2SO4 Carbonization 81/0.5 10,000/95 [70]
WS-AC 1 M H2SO4 Carbonization 110/0.5 1000/180 [29]
BH-PCM 1 M H2SO4 Carbonization 137/0.5 10,000/94 This work
Fig. 6. (a) CV curves at different scan rates and (b) GCD curves at different CUDs of the synthesized BH-PCM. (c) Cgs at different CUDs, and (d) Ragone plots (ED vs PD) of the
synthesized BH-PCM.
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ED) and power density (PD) of the synthesized electroactive BH-
CM were calculated as 27.17, 20.35, 17.25, 15.34, 12.5 Wh kg�1 and
500, 3000, 4500, 6000, and 7500 W kg�1, respectively using the
quations (S3) and (S4) (Kindly refer the Supporting information)
nd the results presented in Ragone plots as Fig. 6(d). The two-
lectrode studies revealed that the synthesized electroactive BH-
CM can be applied as the symmetric electrode for supercapacitor
evices. These excellent electrochemical properties of the synthe-
ized electroactive BH-PCM is due to the porous structure with an
cceptable graphitic nature.

The structural morphology of the bare conducting substrate
(carbon cloth-CC) and BH-PCM coated conducting substrate were
analyzed by FESEM. The FESEM images of the BH-PCM coated
conducting substrate (working electrode) before and after the
electrochemical performance (the GCD, CV, and EIS analyses) were
compared to determine the structural strength of the prepared BH-
PCM (Fig. 7). Fig. 7(a–c) displays the FESEM images of bare CC
which reveals the twill weave structure in the low magnification.
Besides, in the high magnification images, the carbon fibers were
smooth surface (Fig. 7(a–c)) [72]. The BH-PCM is evenly distributed
ig. 7. (a–c) FESEM images of the bare CC, (d–i) FESEM images of the BH-PCM coated CC before the electrochemical performance, and (j–o) FESEM images of the BH-PCM
oated CC after the electrochemical performance.

315



A. Raji, J.I.E. Thomas Nesakumar, S. Mani et al. Journal of Industrial and Engineering Chemistry 98 (2021) 308–317
on the CC before the electrochemical measurements (Fig. 7(d–i)).
After all the electrochemical measurements, the BH-PCM (Fig. 7
(j–o)) displays that there is no noticeable collapse including
structural changes and detachment of the BH-PCM from the CC
substrate. The images confirm the electroactive BH-PCM coated
very well on the conducting substrate. Interestingly, porous
smooth morphology retained well even after all the electrochemi-
cal studies including prolonging stability up to 10,000 GCD cycles.
Thus, the synthesized BH-PCM is suitable for electrochemical
energy-storage applications.

Conclusions

A novel BH-PCM was synthesized successfully from waste
dwarf banana peel by the facile one-step carbonization for
energy-storage applications. The structural characterization and
chemical composition analysis indicates that the BH-PCM
possesses a microporous/mesoporous structure with a reasonable
BET surface area, acceptable heteroatom doping, and a suitable
degree of graphitization/crystallization. The as-synthesized
BH-PCM displays a high Cs of 137 F g�1 at the CUD of 0.5 A g�1

in an aqueous 1 M H2SO4 solution. Excellent Cs retention of 94%
was also demonstrated after 10,000 GCD cycles. In order to show
the practical applicability of the synthesized BH-PCM, the
symmetrical two-electrode cell was fabricated which delivered
a high Cgs of 87 F g�1 at the CUD of 1 A g�1 in a two-electrode
system. FESEM images of before and after electrochemical
measurement suggest the excellent stability of BH-PCM on
conducting substrate. Overall results confirmed that the BH-
PCM derived from waste banana peel might serve as renewable,
economical, and high-performance electroactive material for
energy-storage devices (supercapacitors). Moreover, this work
demonstrates a successful example of turning discarded bosh into
valuable energy-storage material as well as estimated to provide
advantageous tipoffs for the disposal of biowaste/biomass and
contributes to environmental cleaning.
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