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oporous carbon from banana peels
with silica gel 60 as the hard templates†

Dinda P. N. Nahda,a Afiten R. Sanjaya, a Fitria Rahmawati,b Anne Zulfia,c

Afriyanti Sumbodja, d Respati K. Pramadewandaru, e Yuni K. Krisnandi, a

Zico A. Akbar*a and Tribidasari A. Ivandini *a

The synthesis of mesoporous carbon was successfully performed through solid–solid phase reaction

employing banana peel powder as the carbon source and silica gel 60 (SG-60) as the hard template. The

synthesis was initiated by hydrothermal heating to introduce the banana powder to SG-60 surface,

followed by the carbonization process to form the mesoporous carbon. FTIR, Raman, XRF, and XRD

characterization confirmed the success of the carbonization step, while N2 physisorption and TEM

characterization confirmed the mesoporous structure formation of the synthesized carbon with the

template. At an optimum carbon-to-silica precursor ratio of 3 : 1, the synthesized carbon with SG-60

templates proceeds to a specific surface area of 476.97 m2 g−1, which is around 55-fold higher than the

one synthesized without any template. Furthermore, evaluation of the capacitance performances was done

by creating composite electrodes with nickel foam as the support and polyvinylidene difluoride as the

binder. The evaluation was carried out using cyclic voltammetry in 3.0 M KOH, galvanic charge–discharge,

and electrochemical impedance spectroscopy confirming a high correlation between the specific surface

area and the specific capacitance. The banana peels-derived mesoporous carbon demonstrates a specific

capacitance value of 23.1 F g−1, measured using the cyclic voltammetry method. Good stability of the

prepared electrode over 2500 voltammetric cycles was also demonstrated, indicating that the use of SG-

60 as the hard template is suitable for synthesizing carbon with mesoporous structure from biomass.
Introduction

Porous carbon materials have been established as a common
material for many applications, including pollutant adsor-
bents,1,2 supporting catalysts,3 and electrode materials4,5 due to
their high surface area, good electrical conductivity, high
chemical and physical stability as well as their versatility.6 To
date, various types of porous carbon materials such as powders,
bers, and tubes have been reported,7 and extensive methods
have been developed to produce these types of materials.8
matics and Natural Sciences, Universitas

: zicoalaia@sci.ui.ac.id; ivandini.tri@sci.

& Catalysis, Department of Chemistry,

nces, Universitas Sebelas Maret, Jl. Ir.

ndonesia

ls Engineering, Faculty of Engineering,

sia

rch Group, Faculty of Mechanical and

andung, Jl. Ganesha 10, Bandung 40132,

Engineering, INDSYS, Sepuluh Nopember

11, Indonesia

tion (ESI) available. See DOI:
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Meantime, mesoporous carbon attracts great attention due to its
advantage in high specic surface and porous volume, providing
low-resistant pathways for the ions through the porous particles.8

This property is very useful to increase the performance of
carbon as adsorbents, catalysts, or electrodes.Moreover, the pore
structure of mesoporous carbon is uniform and can be
controlled depending on the applications. The optimum pore
structures are supposed to possess smaller pores interconnected
with larger sets of pores, which could achieve high surface area
and efficient ion diffusion pathways simultaneously.9

Furthermore, the use of a hard template is one of the
promising strategies to produce a mesoporous structure. The
high stability and good space-conned effect of the hard
template can produce the structure of the nal target materials
to perfectly replicate the morphology of the template.10 A
common example of a hard template for mesoporous carbon
synthesis is silica-based materials, such as SBA-15,11 MCM-41,12

and MCM-48.13 These silica templates are popular because of
their well-dened and tuneable pore structures, which can be
replicated in the carbon structure. Meanwhile, some efforts to
use more economical hard templates to synthesize mesoporous
carbon have been reported, such as zeolites, clays, and calcium
carbonate.14–16 Notably, the use of silica gel 60 (SG-60) as a hard
template to synthesize the mesoporous carbon with sucrose as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the carbon source can produce a high specic area and pore
volume.17 SG-60 refers to a specic grade of silica gel commonly
used in thin-layer chromatography and column chromatog-
raphy. It is a form of amorphous silicon dioxide with a high
surface area and uniform particle size. The number 60 refers to
the pore size or particle mesh size, typically in angstroms, or in
some cases, the mesh size in microns.

On the other hand, biomass materials (i.e. paper, food waste,
leaves, wood, and leather products) generally abundant, renew-
able, inexpensive, and environmentally benign are potentially
used as precursors to construct high quality carbon materials.
Bananas are themost widely consumed fruits in the world. Based
on data from the Food and Agriculture Organization (FAO) in
2021, India, China, and Indonesia are the countries where the
highest bananas are produced and consumed. During banana
production and consumption, approximately 40% of the total
banana fruit, in the form of banana peels, is discarded.18 Banana
peels are rich in nutrients, such as carbohydrates, protein, ber,
and fat. Apart from that, banana peels also contain various
minerals, such as phosphorus, sodium, calcium, iron, magne-
sium, and potassium.19 The high carbon content in banana peels
has the potential to produce porous carbon materials.

The use of banana peels as the carbon source for producing
activated carbon has been reported to yield a specic surface
area of 1928 m2 g−1 aer activation process using ZnCl2 and
FeCl2.4 Meanwhile, the synthesis of porous carbon from banana
peels, producing a hierarchical material consists of micropores
and mesopores, is reported to yield a specic area of 1362 m2

g−1 aer activation process using KOH and ZnCl2.20 However,
there are limited reports specically combining biomass with
hard templates for mesoporous carbon synthesis as this
synthesis involving solid–solid phase reaction. No record shows
the synthesis using hard templates with banana peels as the
carbon source, while studies using similar biomass sources,
such as coconut shells or rice husks, are available.21,22

Carbonmaterials have been studied for various applications,
including applications in supercapacitors. Numerous publica-
tions have reported the development of carbon-based materials
for this purpose. The synthesis of porous carbon material is
reported to achieve a specic capacitance of 74 F g−1.23

However, the modication of carbon materials, such as mixing
with cerium-doped NiO nanocomposite and with MnO2 nano-
particles can provide signicant enhancement of the specic
capacitance to be comparable with conductive polymer, such as
polyaniline (PANI) or metal-based materials, such as NiMoO4

nanorods.24–27 This remains a strong demand for the develop-
ment of carbon-based supercapacitors, particularly those
derived from environmentally friendly precursors, such as
biomass waste like banana peels.

In this research, mesoporous carbon was synthesized from
banana peel powder using SG-60 as the hard template. The
synthesis was performed by hydrothermal reaction of banana
peel powder suspension in the presence of SG-60 to introduce
the banana peel powder to the SG-60 surface. Aerward, the
banana peel powder-coated SG-60 was carbonized to obtain the
graphitic phase of carbon. Characterization aer removing the
hard template carried out using FTIR, Raman, XRD, and XRF
© 2025 The Author(s). Published by the Royal Society of Chemistry
conrmed the formation of graphitic carbon, while TEM and
N2-physisorption analyses indicated that the mesoporous
carbon structure was successfully formed. Without any addi-
tional activation, a specic surface area of 476.97 m2 g−1 and
a total pore volume of 0.67 cm3 g−1 was achieved, representing
an approximately 55-fold increase compared to the synthesized
carbon performed without any template. Furthermore, the
electrochemical capacitive performance of the synthesized
mesoporous was investigated by using cyclic voltammetry (CV),
galvanostatic charge–discharge (GCD), and electrochemical
impedance spectroscopy (EIS). The result showed that consis-
tent with its higher surface area, the template-used synthesized
mesoporous carbon provides a signicantly higher specic
capacitance than the carbon synthesized without a template.
Moreover, good stability of the specic capacitance value was
observed. The results suggest that the synthesis of porous
carbon materials from biomass with economical hard
templates is promising to be developed.
Experimental
Materials

The banana peels (Musa paradisiacal sp.) used in this research
were collected from fried banana sellers in Depok, West Java,
Indonesia. To synthesize the mesoporous carbon, silica gel 60
(SG-60), sulfuric acid (H2SO4), and ethanol were used, while to
perform the electrochemical analysis, polyvinylidene diuoride
(PVDF), dimethylacetamide (DMAc), and potassium hydroxide
(KOH) were used. Commercial mesoporous carbon was applied
to compare the characteristics and performances of synthesized
mesoporous carbon as a supercapacitor. All these chemicals
were purchased from Merck and used without any purication.
Milli-Q water with 18.2 MU cm was used to prepare the solution.

The synthesizedmesoporous carbon was characterized using
N2 adsorption and desorption isotherm at 77 K on a Quantach-
rome Quadrasorb-Evo Surface Area and Pore Size Analyzer. The
surface areas were calculated using the Brunauer–Emmett–
Teller (BET) method, and the pore size distributions were
determined using the Barrett–Joyner–Halenda (BJH) method
from the desorption data. X-ray diffraction (XRD) spectra of the
samples were obtained using a benchtop X-ray diffractometer
(Aeris 600 W with GI-XRD or Heating Stage). Fourier transform
infrared (FTIR) spectra were recorded on a Bruker Alpha II FTIR
Spectrometer, with samples ground with KBr and pressed into
thin wafers. Transmission electron microscopy (TEM) images
were acquired on an FEI Tecnai G2 20 S-Twin electron micro-
scope, equipped with a eld emission gun at an acceleration
voltage of 200 keV using a LaB6 lament and an Eagle™ CCD
camera. The Raman spectra were performed using a HORIBA
LabRAM HR Evolution Raman Microscope with a 532 nm laser
beam and 1800 g mm−1 grating.
Synthesis mesoporous carbon

The banana peels were cleaned and washed with water before
dried under the sun. Then, the banana peels were cut into small
pieces and pulverized into powder. The powder was ltered
RSC Adv., 2025, 15, 4536–4545 | 4537
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using a 300 mm mesh sieve and ready for the synthesis of
mesoporous carbon.

The synthesis of porous carbon was carried out without
a template, whereas the synthesis of mesoporous carbon was
conducted using a silica gel template with three different
precursor-to-template ratios, including 1 : 1, 2 : 1, and 3 : 1 (w/w)
and labelled as MC-S-1, MC-S-2, and MC-S-3, respectively. The
synthesis without a template was conducted by carbonizing the
banana peel powder in a tubular furnace at 800 °C for 3 hours.
Meanwhile, the synthesis using a template involved the addi-
tion of 250 mg SG-60 powder into a suspension of carbon
precursor in H2SO4 (98 wt%).18,28 This suspension was varied to
synthesize MC-S-1, MC-S-2, andMC-S-3 with various amounts of
banana peel carbon precursors (250 mg, 500 mg, and 750 mg,
respectively) and various amounts of H2SO4 (25 mg, 50 mg, and
75 mg, respectively). The mixture was placed in a 100 mL PTFE
autoclave and heated in an oven at 100 °C for 6 hours. The
temperature was then increased to 160 °C for an additional 6
hours. Finally, the mixture was carbonized in a tubular furnace
at 800 °C for 3 hours in an N2 atmosphere. To remove the
templates, the composite was stirred in a reux system with
4.0 M NH4F for 5 hours at 120 °C, then washed with 80 °C
distilled water. The synthesized mesoporous carbon was dried
overnight in an oven and characterized using XRD, XRF,
Raman, BET, FTIR, and TEM.
Electrochemical study

The electrochemical study was carried out using a three-
electrode system. The prepared mesoporous carbon coated on
nickel foam (NF) was used as the working electrode, while the Pt
spiral and Ag/AgCl system were used as the counter and the
reference electrodes, respectively. The working electrodes were
prepared by mixing the synthesized mesoporous carbon with
polyvinylidene diuoride (PVDF) in a 9 : 1 ratio and dimethyla-
cetamide (DMAc) as a solvent. The obtained slurry was coated
on the NF surface and oven-dried at 70 °C for 12 hours. The
electrochemical system used an electrolyte of 3.0 M KOH. This
is further supported by the data in Fig. S1,† which compares the
use of Na2SO4 and KOH solutions as electrolytes. A signicant
different in their specic capacitance is observed, with the
highest capacitance generated by the use of 3 M KOH as the
electrolyte.

The capacitive performance of prepared working electrodes
was then studied using cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD), and electrochemical impedance
spectroscopy (EIS) with Autolab PGSTAT-204 (Metrohm). Addi-
tionally, the stability of the performance was measured with CV
and GCD over 2500 cycles.
Fig. 1 FTIR spectra of the synthesized mesoporous carbon with
a carbon-to-silica ratio of 1 : 1, 2 : 1, and 3 : 1, before and after
carbonization steps as well as after removing the hard template.
Experimental result
The synthesis and the characterization of porous and
mesoporous carbon

Two different types of samples were prepared, including porous
carbon without an SG-60 template (PC), and carbon with SG-60
as a template with different carbon to SG-60 ratios (MC-S-1, MC-
4538 | RSC Adv., 2025, 15, 4536–4545
S-2, MC-S-3 in which the C-to-Si precursor ratio are 1 : 1, 2 : 1, 3 :
1, respectively). FTIR spectroscopy was used to characterize the
synthesized mesoporous carbon with and without the SG-60
template before and aer carbonization. The FTIR spectrum
of mesoporous carbon typically reects a mix of surface func-
tional groups such as hydroxyls (–OH), aliphatic C–H groups,
carbonyls (C]O), and graphitic C]C bonds.29 Fig. 1 shows that
aer carbonization, similar IR peak patterns were observed for
all carbon types, showing the absence of the absorbance peaks
at the wave numbers of 3400–3600 cm−1, 2800–3000 cm−1, and
1600–1000 cm−1, correspond to the OH− stretching vibration of
hydroxyl groups, C–H stretching vibrations of aliphatic hydro-
carbons, and C]O stretching vibration of carbonyl groups,
respectively. The disappearance of these functional groups is
reasonable as they are commonly available on the surface due to
water absorption or residual organic carbon from incomplete
carbonization. Meanwhile, the peaks of the C–H bending, C–O
stretching, and graphitic carbon remained at around 600–
900 cm−1, 100–1300 cm−1, and 1500–1600 cm−1, respectively,
conrming the formation of graphitic carbon. In addition, the
absorbance peaks at 1100–1150 cm−1, 950–970 cm−1 and 780–
820 cm−1 were observed related to the asymmetric stretching
vibrations of Si–O–Si, symmetric stretching vibration of Si–O
groups on Si–O–H, and symmetric stretching vibration of the
group Si–O–Si, respectively.30–32 Although the carbonization step
decreased the silica-related peaks, the FTIR indicated that the
functional groups containing silica cannot be completely
degraded with the carbonization step. Accordingly, the carbon
product was then cleaned by using a reux system in 4.0 M
NH4F to dissolve the silica in the template. Aer removing the
template, lower absorbance peaks of the silica groups were
detected in the spectrum, especially for MC-S-2 and MC-S-3.

To conrm the graphitic levels on the synthesized PC, MC-S-
1, MC-S-2, and MC-S-3, Raman characterization was performed
aer the template removal as displayed in the spectrum in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of the synthesized PC, MC-S-1, MC-S-2, and
MC-S-3 is shown in (a) the Raman spectrum and (b) the XRD patterns.
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Fig. 2. The spectra show that all the synthesized carbon
produces strong Raman peaks at around 1350 cm−1 and
1590 cm−1 corresponding to the D band and G band of the
spectrum, respectively. The intensity of the D and G bands in
the Raman spectrum was generally used to express the ordered
structure and the graphitization levels of the carbon material by
analysing the ratio of ID/IG. The lower ID/IG ratio in the spectrum
indicates higher graphitization levels and conductivity of the
carbon material.33 The intensities of D and G bands of the
synthesized PC without template shows the ID/IG ratio of 0.83,
while interestingly the ID/IG ratio of the synthesized MC-S-1,
MC-S-2, and MC-S-3 were 0.69, 0.70 and 0.73, respectively.
This result conrms that the use of SG-60 template not only
increases the ordered structure of the mesoporous carbon but
also enhances the C]C sp2 bond formation leading to higher
graphitization levels of the carbon materials.

The analysis of the elemental composition in the synthesized
carbon aer removing the template was performed using XRF
as presented in Table 1. The analysis results show that carbon is
the main element in the synthesized carbon with 91.52, 96.43,
96.16, and 95.59% content in PC, MC-S-1, MC-S-2, and MC-S-3
samples, respectively. The silica content was found to be
exceptionally low (less than 0.2%), indicating that the reux
step was effective. However, all the synthesized carbon mate-
rials exhibit lower carbon content compared to the commercial
mesoporous carbon (99%). The lower carbon content in the
synthesized carbon from banana peels is probably due to the
presence of several minerals in the banana peel precursor, such
as potassium and manganese, while other minerals including
silica, sulfur, and calcium were introduced from the SG-60
Table 1 Elemental compositions measured by XRF in the synthesized
PC, MC-S-1, MC-S-2, andMC-S-3 in comparisonwith the commercial
mesoporous carbon

Materials

Element composition (%wt)

Total (%)Si S K Ca Mn O C

PC 0.14 0.01 5.73 0 0.07 2.54 91.52 100.00
MC-S-1 0.08 0.64 0.18 1.09 0.02 1.56 96.43 100.00
MC-S-2 0.07 1.84 0.25 1.06 0.04 1.70 96.16 100.00
MC-S-3 0.19 2.16 0.45 0.93 0.04 1.99 95.59 100.00
MC-commercial 0 0 0 0.03 0 0.02 99.95 100.00

© 2025 The Author(s). Published by the Royal Society of Chemistry
template during the carbonization process. It is interesting to
note that the potassium content of PC (5.73%) is noticeably
higher than the mesoporous samples, which contain only less
than 0.5% potassium, while it is completely undetected in the
commercial mesoporous carbon. Instead of potassium, sulfur,
and calcium content were observed in the MC-S samples. It
seems the formation of the mesoporous structure in the
synthesized MC facilitates the dissolution process of potassium
ions from the carbon matrix, while it causes less effect on sulfur
and calcium.

The XRD patterns of the synthesized PC and MC-S from
banana peels are shown in Fig. 2(b). The analysis of the XRD
pattern indicated that all the synthesized carbon materials were
in an amorphous state, as evidenced by the broad peak features
at 2q angles around 24 and 45°. These peaks are indexed as (002)
and (101) planes of the graphitic carbon, conrming the success
of the carbonization step.34 However, the XRD patterns of all the
synthesized materials also show sharper peaks with relatively
high intensity at several 2q angles, indicating the presence of
elements with crystalline structures within the amorphous
carbon material. These peaks were observed at 2q angles of 28.5
and 47.1°, corresponding to JCPDS 00-027-1402 and indicating
the presence of cubic silica crystals indexed to the (111) and
(220) planes that cannot dissolve with the reuxing process.

The obtained N2-physisorption information was analysed
using BET, t-plot, and BJHmethods. The isotherm graphs of PC,
MC-S-1, MC-S-2, and MC-S-3 are shown in Fig. 3(a). The
synthesized PC from the carbonization of banana peel powder
without a template shows a Type I isotherm, indicating that PC
is dominated by a signicant amount of micropores (<1 nm in
diameter). On the other hand, all the synthesized mesoporous
carbon (MC-S) gives a Type IV isotherm with a hysteresis loop at
p/p0 > 0.4, indicating capillary condensation in the mesopores
and conrming the formation of mesoporous structure in MC-
S-1, MC-S-2, andMC-S-3. Furthermore, the t-plot method is used
to evaluate the specic surface area and pore volume of meso-
pores and micropores as the high specic surface area is
advantageous for enhancing the number of active sites during
interfacial chemical reactions, such as electrochemical double
layer specic capacitance and catalytic activity. The result
summarized in Table 2 shows that the synthesis with SG-60
template signicantly increases the specic surface areas of
the synthesized carbon (SBET and Smeso), especially for the MC-S-
Fig. 3 Characterization of the synthesized PC, MC-S-1, MC-S-2, and
MC-S-3, shown in (a) the nitrogen adsorption–desorption isotherm
graph at 77 K, and (b) its related pore diameter graph calculated based
on the BJH method.

RSC Adv., 2025, 15, 4536–4545 | 4539
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Table 2 Surface analysis of the synthesized porous andmesoporous carbon in comparison with the SG-60 as the hard template of the synthesis

Materials

N2 physisorption

SBET
a

(m2 g−1)
Smicro

b

(m2 g−1)
Smeso

b

(m2 g−1)
Vtotal

b

(cm3 g−1)
Vmicro

b

(cm3 g−1)
Vmeso

b

(cm3 g−1)
SBET

a

(m2 g−1) Avg. pore diameterc (nm)

PC 8.38 2.15 6.23 0.01 0.00 0.01 8.38 3.16; 3.87; 4.82; 6.22
MC-S-1 320.56 33.58 286.98 0.57 0.02 0.55 320.56 3.87; 18.62
MC-S-2 300.62 64.54 236.08 0.46 0.03 0.43 300.62 3.87; 5.45; 7.24; 18.62
MC-S-3 476.97 82.04 394.93 0.67 0.04 0.63 476.97 3.87; 8.56; 18.62
Silica gel
60

337.21 8.47 328.74 0.71 0.00 0.71 337.21 6.24

a Analysed using the BET method. b Analysed using the t-plot method. c Analyzed using the BJH method.
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3 samples, which shows ∼55-fold increase of SBET (476 m2 g−1)
compared to that of PC samples (8 m2 g−1). Considering that the
SG-60 template has a surface area of 337.21 m2 g−1, higher
surface area of the MC-S-3 with C-to-Si ratio of 3 : 1 was probably
due to the contribution of the microporous structure that has
been opened by the formation of the mesoporous structure.
Meanwhile, the increasing amount of SG-60 template in the
synthesis of MC-S-1 and MC-S-2 (C-to-Si precursor ratios of 1 : 1
and 2 : 1) was found to reduce the specic surface area to be
around 300 m2 g−1, which is relatively similar to that of the
template. This result demonstrates the effectiveness of the hard
template method using SG-60 to provide a controlled synthesis
of mesoporous carbon from banana peel powder.

Moreover, the pore diameters of the synthesized carbon were
determined based on the BJHmethod as shown in Fig. 3(b). The
SG-60-templated mesoporous carbons (MC-S) show larger
average pore diameters (3.87–18.62 nm) than the non-template
porous carbon (PC) (3.16–6.22 nm). A wide distribution of pore
diameters was exhibited by the MC-S samples, which differs
from those of the PC and SG-60 with a pore diameter of around
3–6 nm. It seems the pores in PC were formed during the
carbonization process due to the loss of some functional groups
in the carbon precursor, while the pores formation in MC-S was
also inuenced by the structure defects during the carboniza-
tion process with the pore formation being driven by the
templates.

A comparison of the reported specic surface areas of the
porous carbon from banana peels synthesized against different
methods is presented in Table 3. Referring to the above state-
ment, all the synthesis methods were commonly done by using
so templates, such as KOH, ZnCl2, and zinc complexes, while
the report of the synthesis using hard templates has not been
found. In addition, a step for activating the carbon has been
commonly added, resulting in a signicant specic surface
area.8,23,36,38 A remarkable specic surface area was achieved due
to its hierarchical structure.40 As the synthesis was carried out
using the hard template, a lower specic surface area was ex-
pected. However, comparable specic surface area with others
in literature could be obtained in this work. The observed
slightly lower specic area can be resolved with an additional
4540 | RSC Adv., 2025, 15, 4536–4545
step to activate the carbon to signicantly increase the specic
surface area.

The various synthesized porous carbons were characterized
using TEM. The TEM images with the samemagnications were
then analysed to thoroughly investigate the inuence of the
hard template in the formation of the meso-sized pores in the
synthesized carbon. Fig. 4 shows that the TEM images of all the
materials exhibit a light–dark pattern, revealing the porous
characteristics of the substance.41 The porous carbon synthe-
sized without a silica gel template exhibits an amorphous phase
with smaller and irregular pores than other synthesized carbons
as shown in Fig. 4(a). This result is in conformance with the N2-
physisorption measurements as summarized in Table 2, in
which remarkably low surface area and pore volume are shown.
The micropores predominantly formed in the absence of
a templating agent are responsible for this outcome.42

Fig. 4(b–d) show TEM images of the synthesized mesoporous
carbons using the silica gel 60 template. The use of the template
signicantly inuenced the morphology of the porous struc-
ture. All three materials exhibited similar diffraction patterns
characterized by well-ordered pore structures and visible
parallel stripes.43 The pore size observed in the TEM images also
decreased with the addition of silica as the pore-directing agent.
This is consistent with the N2 adsorption–desorption results,
showing that the specic surface area of the carbon increases.
As the amount of silica impregnation in the materials MC-S-1,
MC-S-2, and MC-S-3 gradually decreases (50%, 33%, and
25%), the formation of well-ordered porosity becomes more
evident. In the inset of Fig. 4(d), carbon material shows packed
within the pore space of the silica template, forming nanorod-
like 2-D carbon structures with interconnected networks.44
Electrochemical study of the synthesized carbon

To further demonstrate the application of mesoporous carbon
derived from banana peels, all the synthesized carbon mate-
rials, including the non-template PC and the SG-60 template
MC-S, were decorated on the surface of Ni foam by using PVDF
as the binder. The prepared electrodes were used as the working
electrodes in a three-electrodes electrochemical system and
labelled as PC@NF, MC-S-1@NF, MC-S-2@NF, and MC-S-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the specific surface areas of the banana-derived carbons provided by different synthesized methods

Electrodes Synthesis methods SBET (m2 g−1) Specic capacitance (F g−1) Ref.

Activated carbon Banana ber activated in
KOH at 110 °C for 5 days and
pyrolysis at 800 °C for 1 h
under N2 atmosphere

686 74 23

Activated carbon in sheet
form

Banana peel slurry dried in
the mold became paper
sheets and carbonized at 500
°C

581 68 35

Activated carbon Banana peels are carbonized
at 600 °C and activated in
KOH 25% at 700 °C

540 73 36

Activated carbon Banana peels are
hydrothermally processed at
200 °C for 24 h and
precipitated as porous
carbon

294 199 37

Hierarchical porous carbon
foam

Banana peel marinated in
zinc nitrate solution for 7
days at 70 °C, mixed with
furfural and 2-aminophenol,
then carbonized at 1000 °C
for 8 h

1650 206 8

Mesoporous carbon Banana peels are
hydrothermally processed at
190 °C for 12 h with colloidal
SiO2 and graphene oxide and
carbonized at 1000 °C for 3 h

312 — 38

Porous carbon nanospheres Porous carbon nanospheres
prepared using amino acid–
urea based on deep eutectic
system, PAN, and K2CO3 in
solid-phase stirring and
carbonization at 700 °C

1277 297 39

Mesoporous carbon Banana peel powder was
introduced to silica gel 60
surface and hydrothermally
processed at 100 °C and
160 °C for 6 h each, then
carbonized at 800 °C under
N2 ow

476.97 23.1 This work
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2@NF. Fig. 5(a) shows their related voltammograms in 3.0 M
KOH solution applied in the potential range of 0–0.6 V (vs. Ag/
AgCl). The voltammograms show a typical oxidation–reduc-
tion peak pair at a potential around +0.5 V and +0.2 V (vs. Ag/
AgCl), respectively, corresponding to the oxidation reaction of
Ni(II) to Ni(III) and the reduction reaction of Ni(III) to Ni(II).40,45,46

This oxidation–reduction peak pair indicates pseudocapacitive
properties due to the faradaic reaction of nickel oxidation–
reduction, in contrast to the properties of carbon material that
exhibits non-faradaic behaviour by forming an electrostatic
double layer capacitive (EDLC) rather than undergoing electron
transfer reaction. The carbon-modied Ni foam electrodes can
be classied as hybrid supercapacitors, which combine the
characteristics of EDLC and pseudocapacitors. Although mes-
oporous carbon does not impart EDLC properties to the elec-
trode, Fig. 5(a) shows that the presence of mesoporous carbon
slightly increases the peak currents in the voltammograms. All
© 2025 The Author(s). Published by the Royal Society of Chemistry
the synthesized mesoporous carbon shows comparable capac-
itance. On the contrary, the synthesized carbon without
a template (PC) seems to hinder the electron transfer, resulting
in EDLC-like voltammograms. It appears that the synthesized
mesoporous carbon gives a signicant contribution to electron
storage sites in supercapacitor systems, resulting in a greater
number of electrons participating in oxidation–reduction
reactions.

The specic capacitance values of each synthesized carbon
were analysed based on CV measurements with the following
equation:

Csp ¼
Ð
IdV

2�m� n� DV
(1)

where
Ð
IdV is the area of the voltammogram curve, m is the

mass of active substance in the electrode (gram), n is the applied
scan rate (V s−1), and DV is the potential range in the
RSC Adv., 2025, 15, 4536–4545 | 4541
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Fig. 4 TEM images of the synthesized (a) PC, (b) MC-S-1, (c) MC-S-2,
and (d) MC-S-3.
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voltammogram.47 The resulting specic capacitance values are
presented in Table 4. The table indicates that the modication
of Ni foam with the synthesized MC-S increases the specic
Fig. 5 Performance of all the synthesized carbon materials coated on th
comparisonwith the unmodifiedNi foam and the commercial mesoporou
rate of 100 mV s−1, (b) galvanostatic charging–discharging (GCD) curv
capacitance value calculated from voltammetry and GCD data in (a) and
curves at various current applied, (e) Nyquist plots from EIS measure
magnification of the Nyquist plots at high frequencies shown in the ins
performance of MC-S-3.

4542 | RSC Adv., 2025, 15, 4536–4545
capacitance as shown by the remarkably higher currents of all
the modied Ni foam than the unmodied one. This is
reasonable as the presence of the modifying particle, in this
case, the mesoporous carbon increases the active sites of the Ni
foam.

Similar behaviour was also observed when the Ni foam was
modied with commercial mesoporous carbon. Furthermore,
although the modication with PC increases the capacitance
value, the increase is not as high as the modication with MC-S.
This behaviour is consistent with the specic surface area data
previously presented in Table 2, showing a notably higher
specic area of PC than those of MCs. Furthermore, the elec-
trodemodied with the synthesized carbon at C-to-Si ratio of 3 :
1 (MC-S-3@NF) produces the highest specic capacitance at
23.1 F g−1.

The specic capacitance values of the electrodes were also
characterized from the GCD curves (Fig. 5(b)), showing the
dependence of the currents versus the charging and the dis-
charging times. The specic capacitance values were calculated
using the following equation:

Csp ¼ I � Dt

m� DV
(2)

where I is the current during the discharge process (A), Dt is the
discharging time (s),m is themass of the active material (g), and
DV is the potential range of GCD measurement. Table 3
e nickel foam used as the working electrodes in 3.0 M KOH solution in
s carbon-coated Ni foam shown in (a) voltammograms an applied scan
es at current densities of 0.05 A g−1, (c) comparison of the specific
(b), (d) energy and power density of MC-S-3 extrapolated from GCD

ments with the equivalent circuit model of supercapacitors and the
ets, and (f) diffusion and capacitive contributions to the capacitance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of the specific capacitance, energy, and power density of the synthesized mesoporous carbon-modified Ni foam electrodes,
extracted from the voltammograms and GCD curves in Fig. 5 and 6, respectively, together with the Rs and Rct calculated from Nyquist plots in
Fig. 5(e). A solution of 3.0 M KOH was used as the electrolyte for all measurements

Electrode
Csp (F g−1)
at 100 mV s−1

Csp (F g−1)
at 0.05 A g−1

Csp (F g−1)
at 1 A g−1

Energy density at
0.05 A g−1 (W h kg−1)

Power density at
0.05 A g−1 (kW kg−1) Rs (U) Rct (U)

NF 6.09 1.49 0.57 0.11 0.01 4.27 9.81
PC@NF 11.21 3.57 1.67 0.27 0.01 4.67 10.19
MC-S-1@NF 21.40 3.91 1.52 0.30 0.01 3.34 7.78
MC-S-2@NF 22.11 6.27 2.21 0.48 0.01 3.46 6.20
MC-S-3@NF 23.14 7.91 2.46 0.60 0.01 3.29 4.25
MC-Com@NF 22.01 7.50 5.78 0.57 0.01 2.08 35.80

Fig. 6 The stability of the capacitive performance of the synthesized
mesoporous carbon is shown in (a) the voltammograms of 3.0 M KOH
at the first and the 2500th cycle, and (b) its related oxidation peak
current plots for 2500 cycles. The working electrode was MC-S-3@NF
with a scan rate of 100 mV s−1.
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summarizes the charging–discharging times as well as the
calculated specic capacitance values for each modied
electrode.

It can be seen from the gure that the modication of Ni
foam with carbon signicantly increases the discharging time.
It is found that the mesoporous carbon electrode synthesized
using SG-60 template particularly exhibited relatively longer
discharging times than PC. While the discharging time of
PC@NF is 28 s at a current density of 0.05 A g−1, MC-S-3@NF
can provide discharging time of 62 s.

Theoretically, since the specic capacitance was calculated
using eqn (2), a longer discharge time corresponds to a higher
capacitance value. Consistent with this statement, the
outstandingly higher capacitance value of MC-S-3@NF (7.91 F
g−1, at a current density of 0.05 A g−1) than that of PC@NF was
observed. This result is also in alignment with the voltammo-
gram results in Fig. 5(a), in which the MC-S-3@NF demon-
strated the highest specic capacitance value. A comparison of
the resulting specic capacitances from the voltammograms
and the GCD curves is shown in Fig. 5(c), displaying a similar
tendency of the capacitive performance. This behaviour is
greatly correlated to the specic surface area of the synthesized
mesoporous carbon, conrming the main contribution of the
specic surface area to the value of specic capacitance. It is
interesting to note that the banana-derived mesoporous
carbons synthesized using silica gel 60 exhibit a relatively
comparable surface area and specic capacitance when
compared to other banana-derived carbon materials in Table 3.
The lower specic capacitance of banana-derived mesoporous
carbons synthesized using silica gel 60 is likely due to the low
surface area. The banana-derived carbons are synthesized using
silica gel 60 produce a mesoporous feature which can be
benecial for reducing ion diffusion resistance of super-
capacitor electrolytes.48

EIS is used to analyse the internal impedance of the system
at alternating current frequencies.49 Nyquist plot in Fig. 5(e)
shows the analysis results for various electrodes modied with
the synthesized mesoporous carbon. The measured data on the
Nyquist plot, such as series resistance (Rs) and charge transfer
resistance (Rct), are simulated using an equivalent circuit as
shown in Fig. 5(e), and each value is presented in Table 3. As the
Rct values represent the resistance measured during the faradaic
reaction, a lower measured Rct indicates a larger contact area at
the electrode–electrolyte interface, signifying higher
© 2025 The Author(s). Published by the Royal Society of Chemistry
conductivity of the materials. In line with the previous results
about the specic capacitance, the data in Table 3 shows the
MC-S-3@NF electrode has the lowest Rct value of 6.43 U.

The stability of the material was investigated Fig. 6(a) shows
the comparison of the voltammograms of MC-S-3@NF in 3.0 M
KOH solution at the 1st and the 2500th cycles, while Fig. 6(b)
shows the plots of the oxidation peak currents of the voltam-
mograms over 2500 cycles. This gure clearly shows that the
peak current gradually increases during the cycles. The prob-
able reason is due to the adsorption of hydroxyl or metal ions in
the porous carbon during the cycles causes the increase of the
active sites at the porous carbon. It was reported that activation
of porous carbon by ion adsorption technique can increase the
electrochemical surface area, resulting in an increase of
capacitive current.4,20 As shown in the Fig. S2,† the Nyquist plot
from electrochemical impedance spectroscopy decreases aer
2500 cycles. From the tting, charge transfer resistance (Rct) in
the rst cycle is 65.3 U and decreases to 32.9 U aer 2500 cycle
of stability test, this is probably due to increase active sites
during stability test as previously discussed.50,51 Nevertheless,
the results indicate that the MC-S-3@NF electrode can be
employed without any fouling in the materials over 2500 cycles.
Conclusions

Mesoporous carbon has been successfully synthesized from
banana peel powder using Silica Gel 60 as a hard template. The
formation of the graphitic carbon was conrmed by using FTIR,
RSC Adv., 2025, 15, 4536–4545 | 4543
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Raman, XRF, and XRD. Based on N2-physisorption and TEM
characterization, the synthesis using the template showed the
formation of mesoporous structure, while it was not observed in
the product without the template. Additionally, the use of hard
template enhanced the specic surface area of the carbon to
around 55 times higher than without template. The meso-
porous carbon synthesized with a C-to-Si ratio of 3 : 1 exhibited
the highest specic area and consistency to this, the electrode
prepared with this mesoporous carbon exhibited the highest
specic capacitance of 23.14 F g−1 based on cyclic voltammetry
performance in 100 mV s−1 with good stability.
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