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This work employs a non-corrosive and non-toxic molten salt combination of NaCl and KCl as an activation
agent in an air environment to synthesize nitrogen-doped hierarchical porous carbon from plantain peels at
800 °C for supercapacitor application. Due to the synergistic effect of nitrogen doping, the synthesized nitro-
gen-doped activated unripe porous carbon (AUPN) has a hierarchical (micro-meso-macropores) porous struc-
ture and a high surface area of 959 m2/g, providing sufficient active sites for charge storage, rapid electrolyte
and ionic mobility. X-ray diffraction and Raman spectroscopy analysis revealed the formation of a carbon pro-
duct with a limited degree of graphitization and the crystallite size (La), which is valuable for evaluating the
defects caused by nitrogen doping. In a three-electrode cell with a 6 M KOH electrolyte, AUPN recorded a speci-
fic capacitance of 550 F/g at 1 A/g. After 1000 cycles, capacitance retention was 99% at 4 A/g. Compared to
other reported porous carbon materials, the overall electrochemical performance of AUPN is superior. This is
due to the abundant nitrogen-doping, which introduces pseudocapacitance and increases the surface wettabil-
ity of the porous carbon, resulting in a decrease in ionic-transport resistance.
These findings indicate that this green and scalable technique is a potential synthesis method for producing

porous carbon materials for energy storage applications.
1. Introduction

To meet modern society's energy concerns, clean, sustainable
energy, as well as effective energy storage technologies, are necessary
[1,2]. Energy storage technologies have become of paramount impor-
tance because of the intermittent nature of different renewable energy
sources. Hence, investment in energy storage technologies such as
supercapacitors and batteries are advancing. Supercapacitors have
played an essential part in the energy storage sector due to their
high-power capability, fast charge–discharge rate, and long cycle life
[3,4]. Because of its exceptional properties such as tailorable pore
structures, excellent electrical conductivity, high active surface areas,
and strong thermal/chemical stabilities, porous carbon materials are
regarded as the ideal electrode materials for supercapacitors [5]. They
are mostly used in portable electronics, electric vehicles, and uninter-
ruptible power supply, among others [6]. The significant difficulty,
however, lies in their low specific energy. As a result, there has been
an increase in research interest in improving the performance of super-
capacitors using various approaches, such as using inexpensive elec-
trode materials, modifying the textural properties of carbons, using
various electrolytes, and developing novel, highly efficient energy
storage devices [7].

Porous carbon (PC) for energy storage has been widely researched
[8–11]. On the other hand, electrodes used in energy storage systems
are mostly made from non-renewable resources such as coal, peat pet-
roleum coke, and so on [7,12]. Biomass is sustainable and high in car-
bon content, and it has attracted much interest in recent years as a
source of porous carbon for a variety of uses. Researchers have looked
at using different biomass carbon precursors for the production of por-
ous carbon via a variety of synthesis methods and using them as elec-
trodes in energy storage applications [13–15]. Various biomass
precursors, such as ginger [16], wheat straw [17], lotus leaf [18],
kitchen waste residue [19], onion [5], clover [1], bamboo shells
[20], human hair [13,21], and albizia flowers [15], have been used
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to prepare hierarchical porous carbon for supercapacitor electrode
material. Compared to non-renewable carbon resources, biomass can
be a sustainable resource for producing hierarchical porous carbons
for energy applications. Chemical activation techniques typically uti-
lize corrosive and toxic chemicals such as KOH and ZnCl2 to produce
porous carbon materials. The use of these poisonous and corrosive
activation chemicals, on the other hand, renders the production pro-
cess unsustainable, particularly for industrial applications. Further-
more, the end products of chemical activation with KOH include a
lot of micropores, a few mesopores, and no macropores. This slows
the diffusion rate and reduces the electrode material's overall perfor-
mance. Furthermore, inert atmospheres (such as Ar and N2) are the
primary processing environment employed during the synthesis of por-
ous carbon, which raises production costs and impedes commercial
production. In light of these concerns, it is critical to develop a sustain-
able and cost-effective synthesis technique for producing porous car-
bon with abundant and interconnected pores (micro, meso, macro) to
improve the electrode material's diffusion rate and overall perfor-
mance for supercapacitor applications [1,10]. Arthi et al. [16] pro-
duced hierarchical porous thin carbon nanosheets from ginger as
carbon precursor, employing a non-toxic NaCl/KCl salt combination
as activation media. At 0.3 A/g, the porous carbon electrode has a high
specific capacitance of 456 F/g. It also has high cyclic stability of 95%
after 10,000 cycles [16]. Wang et al. [1] also synthesized highly por-
ous carbon sheets from fresh clover stem in an air atmosphere using
a simple potassium chloride salt-etching technique. When used as
supercapacitor electrodes, they exhibit a high specific capacitance of
436 F/g at 1 A/g and an excellent rate capacity with capacitance
remaining 290 F/g at 50 A/g [1]. Results obtained from this study
using a molten salt medium and an air atmosphere are similar to
results reported in literature that employ this green and scalable tech-
nique [1,12,19,22].

In this regard, plantain peels are an underused renewable, low-cost,
and environmentally friendly resource composed mostly of functional
groups such as amino acids, hydroxyl etc. Plantain peels may be a sev-
ere disposal issue in locations where plantains are grown and con-
sumed in large quantities. If this resource can be transformed into
carbon materials for energy storage applications, it will give a value-
added product for different uses while also assisting with waste man-
agement. It is composed of cellulose, hemicellulose, hydrocarbons, and
chlorophyll pigment. Porous carbon derived from plantain peels has
been investigated for a variety of applications including transesterifi-
cation [23], antimicrobial activity [24], adsorption [25] and heteroge-
neous catalysis [26]. As far as we know, no previous research has
investigated the conversion of plantain peels using the molten salt
technique for supercapacitor application.

Herein, the current study made use of a green synthesis approach.
The use of molten salt activation in an air environment resulted in a
significant improvement in overall electrochemical performance. Plan-
tain peels were used as the carbon precursor, ammonium chloride
(NH4Cl) as the N source, and a low cost and a non-toxic salt mixture
of potassium chloride (KCl) and sodium chloride (NaCl) were used
as dual function agents for activation of the precursor to achieve high
specific surface area by building hierarchical porous structures during
one-step carbonization and protection of the generated porous carbon
structure from being destroyed by air at high temperatures. As a result,
the as-obtained porous carbon has an interconnected porous carbon
structure with a large surface area of 959 m2/g, which can provide
plentiful storage sites and promote charge and mass transmission
[9,27]. Furthermore, the incorporation of heteroatom doping
(N = 7.98%) in the porous carbon structure improves electrochemical
performance by increasing electrochemical reactivity and electronic
conductivity, reducing ion diffusion and charge transfer resistance,
and improving capacitive performance [13,28]. The developed hierar-
chical porous carbon has impressive structural properties that make it
appropriate for supercapacitor applications. As a result, the hierarchi-
2

cal porous carbon exhibits a high specific capacitance of 550 F/g at
1 A/g in a three-electrode system as a supercapacitor electrode. After
1000 cycles at 4 A/g, the material retains 99% of its capacitance, indi-
cating its remarkable cyclability and rate capacity. The synthesized
hierarchical porous carbon exhibits superior electrochemical perfor-
mance in terms of specific capacitance and cycle stability. When com-
pared to previously reported biomass produced porous carbons, the
obtained overall electrochemical performance is better [1,2,14,29,30].
2. Materials and methods

2.1. Materials

Plantain peels were obtained from a canteen around Ayeduase,
Kumasi, Ghana. Sigma Aldrich provided ammonium chloride (NH4Cl,
>99.5%), hydrochloric acid (HCl, >30%), potassium hydroxide
(KOH, >85%), potassium chloride (KCl, >99%), polyvinyl alcohol
(PVA, 99+% hydrolysed) and sodium chloride (NaCl, 100%).
Throughout the experiment, deionized water (DI) was utilized.

2.2. Synthesis of activated porous carbon

The synthesis of porous carbon was based on the molten salt tech-
nique proposed by [10]. Ripe and unripe plantain peels (RPP and UPP)
were collected from a canteen around Ayeduase. The samples were
thoroughly washed and dried at 105 °C for 24 h using deionized water.
The dried samples were crushed using a ceramic mortar and pestle and
sieved to 125 μm particle size. NaCl/KCl salt combination (1:1) was
submerged in 200 mL deionized water and slowly heated and agitated.
Using a carbon precursor: NaCl/KCl ratio of 1:3, RPP and UPP powders
were mixed with the salt, stirred overnight, and then dried at 105 °C
for 6 h. Finally, the salt-treated-RPP and salt-treated UPP were acti-
vated. The activation was carried out as follows: The salt-treated-
RPP and salt-treated UPP were put in separate 100 mL porcelain cru-
cibles with a lid and placed in a furnace. Using a heating rate of 10 °
C/min, the samples were heated at 800 °C in an air environment for
3 h. After allowing the muffle furnace to cool to ambient temperature,
the resultant products were washed multiple times with 1 M HCl solu-
tion and distilled water until a pH of 7.0 was obtained. The samples
were dried at 105 °C for 12 h in an oven. The two different porous car-
bon produced were labeled as activated ripe porous carbon (ARPP)
and activated unripe porous carbon (AUPP).

2.3. Synthesis of N-doped porous carbon

Nitrogen-doped porous carbon was produced using ammonium
chloride (NH4Cl) as nitrogen source. First, ammonium chloride was
thoroughly mixed with RPP and NaCl/KCl using a mass ratio of RPP:
NaCl/KCl: NH4Cl = 1:3:1, then the obtained mixture was directly trea-
ted at 800 °C in an air induced atmosphere for 3 h. The resulting pro-
duct was then neutralized with 1 M HCl and DI water before drying for
12 h at 105 °C. ARPN was employed as a marker for the produced N-
doped porous carbon. The same method was used with UPP, and the
resulting product was labeled as AUPN. The carbon yields of the sam-
ples are summarized in Table S1.

2.4. Characterization

FESEM, JEOL-7600F was used to analyse the morphology of the
produced porous carbons. The crystal structure was determined using
an X-ray diffractometer (Bruker AXS D8 Advance) outfitted with Cu-Kα

(λ = 1.5418 Å). The Raman spectra were recorded using a Renishaw
inVia Raman spectrometer with a laser excitation energy of 532 nm.
FTIR spectra were acquired using a Bruker R 200-L. Micromeritics
ASAP 2020 analyzer is used to determine the surface area (Bru-
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nauer–Emmett–Teller (BET)) and the pore size distribution (Barrett-
Joyner-Halenda (BJH)) at 77 K. Vario EL III was used to determine
the elemental composition of the samples.

2.5. Electrochemical analysis

The working electrodes for three-electrode electrochemical experi-
ments were prepared by combining the as-prepared porous carbons
(90%) with PVA (10%) and adding a few drops of water to produce
a slurry. The slurry was then coated onto carbon foam and oven-dried
overnight at 60 °C. Each electrode has a coated electrode area of 1 cm2

and a mass loading of ∼3 mg. Aqueous KOH (6 M) was used as an elec-
trolyte, and Corrtest Electrochemical Workstation (Wuhan, China) was
used for the electrochemical analysis. Ag/AgCl and graphite rod were
used as reference and counter electrodes, respectively. At various scan
rates and current densities, cyclic voltammetry (CV) and galvanostatic
charging-discharging (GCD) studies were carried out using a potential
window ranging from 1.2 to 0.2 V (vs Ag/AgCl). With an amplitude of
5 mV, Electrochemical Impedance Spectroscopy (EIS) was performed
within a frequency range of 0.01 Hz to 100 kHz.

The discharge curves were used to compute the specific capaci-
tance of each electrode in a three-electrode system using the equation:

C ¼ IΔt
mΔV

ð1Þ

where I(A) is the discharge current, ΔtðsÞ the discharging time, m(g) the
mass of the electro-active material and ΔV is the potential change
within the discharge time Δt.

3. Results and discussion

Elemental analysis is used to determine the elemental composition
of the samples and the findings are displayed in the Supplementary
Information (SI) Table S1. C (43.89%), N (0.86%), H (8.55%) and S
(3.37%) are found in the unripe plantain peel precursor, whereas C
(40.98%), N (0.57%), H (8.19%) and S (2.55%) are found in the ripe
plantain peel precursor. The Sulphur element is reduced to zero after
high-temperature molten salt activation of the doped samples (ARPN
and AUPN), while the nitrogen and carbon content increases. These
findings show that nitrogen can be effectively doped into carbon
through the molten salt activation process. When compared with sam-
ples generated without doping (ARPP and AUPP), the carbon and
nitrogen content of the raw samples (RPP and UPP) is much lower,
showing that the activation process promotes decomposition [31].
The initial feedstock composition is an important factor that affects
the overall performance of the synthesized porous carbons. Plantain
peels were chosen as the primary carbon source because they are a rich
biomass resource with several carboxyl and hydroxyl groups that play
essential roles in energy storage applications. Because of its large frac-
tion of amino functionalities, ammonium chloride (NH4Cl) was also
used to increase the nitrogen content, resulting in increased pseudoca-
pacitance. A proposed process for the synthesis of the hierarchical por-
ous carbons is described. In the entire process, the KCl/NaCl salt
combination serves as a protective agent, preventing the decomposi-
tion of the carbon structure and nitrogen element by a sealing action
that reduces the contact between the carbon structure and O2

[4,19,32].
Fig. 1 depicts the schematic representation of the synthesis process

in molten salt under an air environment. Carbonization of the biomass
precursor at high temperatures would result in a continuous change
from sp3 C-X (X: e.g., C, H, O) bonds to aromatic sp2 CAC, which
would form the skeleton of the desired carbon structure and graphite
microcrystals. Reduced sp3 C-X might result in the release of the gra-
phite microcrystals because sp3 C-X assisted in crosslinking and limited
the graphite microcrystals. The salt crystals and particles of various
sizes were removed after washing with deionized water, leaving an
3

interconnected pore structure. The traces of O2 would also etch the
carbon skeleton, forming more pores and promoting the formation
of an interconnected porous structure [19,33].

The two raw bio-waste samples (UPP and RPP), their hierarchically
activated (AUPP and ARPP) and nitrogen-doped porous carbons
(AUPN and ARPN) were analyzed using FTIR. From the FTIR spectra
in Fig. S1, UPP and RPP showed numerous bands. The C A H stretch-
ing is shown by the peak at about 3000 cm−1. The aliphatic C A N
stretch is approximately around 1020 cm−1

– 1220 cm−1, while the
aromatic C A N stretch is around 1250 cm−1

– 1360 cm−1. Further-
more, the peaks between 1665 cm−1

– 1760 cm−1 suggest carboxylic
acids (COOH). C@C stretch may be found between 1600 cm−1

–

1680 cm−1 [12]. The C A H bending is seen by the absorption band
between 1650 and 2000 cm−1. The O A H stretch is recognized as a
band between 2500 and 3500 cm−1. Most of the functional groups dis-
appeared as a result of carbonization and activation. This is because
decomposition and dehydration occur at high temperatures, resulting
in the disappearance of the peaks for the hierarchical porous carbons
(AUPP and ARPP) [28]. After doping with NH4Cl, the appearance of
a weak absorption peak around 1020 cm−1

– 1250 cm−1 indicates
CAN stretch and the weak absorption peak around 1500 cm−1

–

1550 cm−1 is ascribed to NAO stretching. The appearance of these
two peaks for the N-doped samples (AUPN and ARPN) confirms that
the synthesized porous carbon has been successfully doped with nitro-
gen [34].

Fig. 2(a) shows the X-ray diffraction (XRD) peaks for the samples
AUPP, ARPP, ARPN and AUPN. Two broad peaks are observed around
23°–25° corresponding to the (0 0 2) plane and 44°–45° range corre-
sponding to the (1 0 0) plane of graphite, indicating the formation
of the carbon product with a limited degree of graphitization
[10,30]. The phase angle for the (0 0 2) plane is 25.1°, 23.2°, 24.7°
and 23.1° for AUPP, ARPP, ARPN and AUPN, respectively. Further-
more, the high peak intensity in the low-angle region indicates the for-
mation of a highly developed interconnected porous structure with
low crystallization [4,35]. Thus, charges can be stored in the devel-
oped interconnected pores due to the presence of random graphene
layers in amorphous carbon [12,29]. The decreased intensity of the
(0 0 2) peak, especially for the nitrogen-doped carbons (ARPN and
AUPN), indicates an increase in structural disorder due to gas escape
from NH4Cl during high-temperature activation [11,17].

Raman spectroscopy was used to further analyze the degree of
graphitization, as seen in Fig. 2(b). The disordered (D) and ordered
graphitic (G) carbon features are shown by the peaks at 1348 cm−1

and 1590 cm−1, respectively. The D band represents the disorder in
amorphous and nanocrystalline carbon due to defects or tiny crystal-
lite sizes. The first-order Raman scattering relates the G band to the
graphitic structure [36–38]. The D band's intensity ratio to the G
band's intensity (ID/IG) indicates the degree of graphitization. AUPP,
ARPP, ARPN, and AUPN have ID/IG values of 0.91, 0.98, 1.05, and
1.12, respectively. With the addition of the nitrogen dopant, the
degree of disorder and defects rises, suggesting that pore creation
and nitrogen doping increase the disorder and defects in the materials.
Thus, a higher degree of graphitization can improve electrical conduc-
tivity while also increasing specific capacitance [39–41]. The crystal-
lite size (La) of the synthesized porous carbon materials was
calculated using equation (2):

La ¼ 4:4
ðID=IGÞ

ð2Þ

where La is the crystallite size of the synthesized porous carbon materi-
als and ID and IG are the D and G peaks, respectively.

La is useful for studying the defects generated by nitrogen doping
since fewer defects imply a higher La and more defects imply a lower
La. With the addition of nitrogen dopant, smaller La with more defects
signifies a drop in crystallite size [37,42,43]. Table S2 displays the ID/
IG values and average crystallite sizes of the porous carbon samples.



Fig. 1. Schematic illustration of the synthesis process of porous carbon and N-doped porous carbon in air.

Fig. 2. (a) XRD patterns and (b) Raman spectra of AUPP, ARPP, ARPN and AUPN.
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The nitrogen adsorption/desorption isotherms of AUPN, ARPN,
ARPP, and AUPP are shown in Fig. 3(a). All four samples correspond
4

to the I/IV-type adsorption/desorption isotherm, indicating the pres-
ence of many micropores and mesopores [44]. Within the low P/P0



Fig. 3. (a) Nitrogen adsorption/desorption isotherms and (b) BJH pore size distribution of AUPN, ARPN, ARPP and AUPP.
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region, there is a rapid upward trend indicating the presence of abun-
dant micropores within AUPN, giving rise to the obvious higher nitro-
gen uptake than ARPN, ARPP, and AUPP. Also, around P/P0 > 0.4, a
characteristic hysteresis loop is formed, indicating the presence of sig-
nificant mesopores. Within the high P/P0 region, a steady rise indi-
cates the presence of mesopores and macropores – these findings
support the formation of an interconnected porous structure within
the samples [1,10]. The samples' specific surface area (SSA) was deter-
mined using Brunauer-Emmett-Teller (BET), and the related pore vol-
ume is shown in Table 1.

AUPN has an SSA of 959 m2/g and a pore volume of 0.53 cm3/g,
which is reportedly greater than ARPN (774 m2/g, 0.41 cm3/g), ARPP
(726 m2/g, 0.35 cm3/g), and AUPP (588 m2/g, 0.29 cm3/g). The large
specific surface area of AUPN is due to NH4Cl doping, which produces
additional defects in the carbon structure after activation. Because of
the large specific surface area, suitable electrode/electrolyte interfaces
may be provided for ion or charge buildup [45,46]. Fig. 3(b) depicts
the BJH pore size distribution of the samples mentioned above, indi-
cating that AUPN has a superior pore distribution in the region of
micropores and mesopores. The results indicate that using a molten
salt combination (KCl/NaCl) and nitrogen doping (NH4Cl) to synthe-
size a hierarchical porous structure based on plantain peels biomass
is advantageous. At high carbonization temperature, the emission of
various non-carbon and carbon components and the amplification of
the burn-off of plantain peels precursor will cause many nearby micro-
pores to collapse or form mesopores and macropores [14,18].

Photographs and FESEM images in Fig. 4 depict plantain peels (ripe
and unripe). From Fig. 4(c, d), the plantain peels are composed of well-
aligned planar substructures with thin walls that are segregated from
one another, allowing molten salt KCl/NaCl to permeate easily. Mean-
while, the thin walls can be exfoliated into carbon sheets by molten
salt and trace oxygen in the air [10,16]. The FESEM examination also
determined the morphologies of the synthesized hierarchical porous
carbons. The FESEM images in Fig. 5 show that the produced porous
Table 1
Textural characteristics of as-synthesized hierarchical porous carbons.

Sample SBET (m2/g) SMicro (m2/g) SMeso (m2/g) Vt

AUPN 959 651 307 0.
ARPN 774 567 207 0.
ARPP 726 569 157 0.
AUPP 588 475 113 0.

SBET = total BET surface area; Smeso = mesopore surface area; Smicro = micropo
Vmicro = micropore volume. Daverage = average pore diameter.

5

carbons are very porous. The pores formed are a mix of small and large
pores. Some big pores may have been generated during porous carbon
synthesis due to the expansion of tiny pores at high temperatures dur-
ing the activation step [47,48]. The carbon materials used as elec-
trodes must have an interconnected porous network so that ionic
diffusion happens quickly during the electron transfer operations
[49,50]. Furthermore, the increased surface area of electrode materials
gives more sites for electrolyte solution across the electrode/elec-
trolyte interface and aids in creating an electrical double layer
[51–53].

Fig. 5(c, d) depicts the AUPN surface as an interconnected and dis-
tributed microporous and mesoporous architecture with randomly
deposited carbon layers. This morphology might be explained by mol-
ten salt activation and doping with KCl/NaCl and NH4Cl [5,16]. This
hierarchical porous structure is responsible for AUPN's superior elec-
trochemical performance compared to other materials. Thus, the net-
work of macropores and mesopores acts as a solution buffering
reservoir, reducing diffusion distance and promoting mass movement
while also reducing volume change during charge/discharge cycling,
providing good cycling performance [10,22]. In contrast, the meso-
porous/microporous network enhances the specific surface area by
providing abundant adsorption sites for electrolyte ions [54,55]. The
ARPN structure in Fig. 5(g, h) is also porous with few variations com-
pared to AUPN. ARPN displays an interconnected mesoporous archi-
tecture constructed by numerous randomly distributed agglomerated
mesopores. Due to the layer stripping effect of the gas produced by
the reaction, which generates pores, NaCl/KCl during the activation
phase assists in forming the linked carbon structure. Nitrogen doping
induces defects in the carbon network, resulting in a more porous
microstructure and more easily accessible active sites [10,20]. The for-
mation of the porous structure might be linked to synergistic actions
such as etching, intercalation effect, and the generated NaCl/KCl tem-
plate, which has the potential to produce a hierarchical morphology.
For the electrode material used in supercapacitors, the numerous
otal (cm3/g) VMicro (cm3/g) VMeso (cm3/g) Daverage (nm)

53 0.26 0.27 3.87
41 0.22 0.19 4.15
35 0.22 0.13 3.62
29 0.18 0.11 4.63

re surface area; Vtotal = total pore volume; Vmeso = mesopore volume; and



Fig. 4. (a) Photograph of ripe plantain peels, (b) photograph of unripe plantain peels and (c) FESEM image of ripe plantain peels, (d) FESEM image of unripe
plantain peels.
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micropores and homogenous mesoporous structures are more benefi-
cial for charge storage and electrolyte transfer [28,56].

It can be deduced that; carbon materials can be activated with a
molten salt combination (KCl/NaCl) to form unique pore architecture.
Activation of AUPP (Fig. 5(a, b)) and ARPP (Fig. 5(e, f)) was accom-
plished using NaCl/KCl without doping with NH4Cl. Thus, without
doping with NH4Cl, ARPP and AUPP demonstrate more microporous
morphologies. This provides both samples with a less porous structure
in a carbon matrix and conforms with their less surface area, as
reported above [57]. Furthermore, by accelerating the thermal decom-
position of precursors and producing extra defects that serve as charge
storage sites, NH4Cl plays an important role in forming highly devel-
oped hierarchical porous structures. As a result, NH4Cl promotes the
formation of many mesopores and macropores [29,58].

The electrochemical performances of the samples in a 6 M KOH
aqueous solution were tested using a three-electrode setup. The cyclic
voltammetry (CV) curves of all samples are shown in Fig. 6(a) at a scan
rate of 10 mV/s from −1.2 to 0.2 V. All samples have a desirable rect-
angular shape, which indicates that they have good electric double-
layer capacitance behavior and high stability in a 6 M KOH electrolyte
[8]. ARPN and AUPN show weak humps due to a mix of normal EDLC
behavior and limited faradic reaction caused by nitrogen doping.
AUPN has the largest area, corresponding to its highest specific capac-
itance due to better surface area and nitrogen doping, whereas AUPP
has the lowest. Fig. 6(b) shows the corresponding GCD curves for all
four samples at a current density of 1 A/g. All of the samples are linear
and symmetrical, with minor humps, showing that double-layer capac-
itance has good capacitive behavior with low pseudocapacitance and
minimum equivalent series resistance (iR drop) [16,59]. Compared
6

to other samples, AUPN has the longest charge and discharge duration,
showing superior capacitive performance. The calculated specific
capacitance of AUPN from the GCD curves is 550 F/g at 1 A/g, which
is better than the specific capacitances of ARPN (348 F/g), ARPP
(180 F/g), and AUPP (175 F/g) at the same current density.

Fig. 7(a, b) and (c, d) depict how the change in scan rate
(5–100 mV/s) and current density (1–5 A/g) affect the specific capac-
itance of AUPP and AUPN, respectively. All of the samples' CV curves
are quasi-rectangular in shape [60]. As predicted, the specific capaci-
tance falls as the scan rate increases. Even at a high scan rate of
100 mV/s, there are no sudden changes, indicating excellent capaci-
tive performance. At high scan rates, electrolyte ions do not have
enough time to diffuse and utilize all active sites for charge storage
[61]. The triangular form is still preserved for all samples at higher
current densities, suggesting excellent reversibility during the GCD
process. A similar trend is observed in Fig. 8 (a, b)- (c, d) for the ARPP
and ARPN samples.

The specific capacitance of all four samples at varied current densi-
ties (1–5 A/g) is shown in Fig. 9(b). When current density increases,
the specific capacitance drops, which is connected to the rise in diffu-
sion restriction. Electrolyte ions could not easily penetrate into pores
at high current densities, resulting in effective ion attachment occur-
ring only at the electrode's surface [10,62]. However, electrolyte ions
could quickly move and diffuse into the pores when the current den-
sity was reduced. As a result, the capacitance was higher at low current
density than at high current density [63–65]. For example, AUPN,
ARPN, ARPP, and AUPP specific capacitances were 255 F/g, 117 F/
g, 26 F/g, and 15 F/g, respectively, at a current density of 5 A/g.



Fig. 5. FESEM images of (a, b) AUPP, (c, d) AUPN, (e, f) ARPP and (g, h) ARPN.

Fig. 6. AUPN, ARPN, ARPP, and AUPP electrochemical performance in a three-electrode system utilizing 6 M KOH aqueous solution (a) CV curves at 10 mV/s and
(b) GCD curves at 1 A/g.
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The specific capacitance of this doped sample (AUPN) improved
more than the other samples, owing to the nitrogen's enhanced con-
ductivity, surface wettability, and charge transfer efficiency [66,67].
Because of the hierarchical pore structure and nitrogen doping impact
of the AUPN electrode, AUPN shows a combined characteristic of elec-
trical double-layer capacitance and pseudocapacitance. The capaci-
tance control process for AUPN comprises ion adsorption/desorption
and surface redox reactions, demonstrating a combined contribution
of diffusion-controlled and capacitance-controlled processes. As a
7

result, the electrode exhibits battery- and supercapacitor-like charac-
teristics [29,37,39]. The contribution of double-layer capacitance
and pseudocapacitance highlights the AUPN electrode's rapid electro-
chemical kinetics and remarkable capacity [19].

EIS analysis was used to examine transport kinetics and the mech-
anism of electrolyte ion diffusion. The Nyquist plots for AUPN, ARPN,
ARPP, and AUPP are shown in Fig. 9(a). The samples display a nearly
vertical line along the Z”-axis in the low-frequency region, demonstrat-
ing appropriate capacitive behavior and minimal ion diffusion resis-



Fig. 7. CV curves at different scan rates and GCD curves at different current densities of AUPP (a,b), CV curves at different scan rates and GCD curves at different
current densities of AUPN (c,d).
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tance in the electrode materials. Warburg impedance was detected in
the medium frequency range, where the electrolyte ion entered into
the depth of the micro/mesoporous network of the electrode materials.
The charge transfer resistance is responsible for the semi-circular
behavior observed at high-frequencies [68]. The inset shows that
AUPN has the smallest semicircle in the high-frequency area, meaning
that it has superior conductivity and charge transfer properties com-
pared to the other materials [9]. Additionally, AUPN possesses plenti-
ful mesopores, which can provide abundant transport channels,
shorten the ion diffusion path and reduce charge transfer resistance,
thus resulting in the enhanced conductivity and the lowest charge
transfer resistance [69]. The equivalent series resistance is shown by
the first intersection point of the Nyquist plots on the real axis
(ESR). The ESR comprises three components: the ionic resistance of
the KOH electrolyte, the intrinsic resistance of the electrode material
and the contact resistance at the current collector-active material inter-
face [8,45,52].

The doped samples, particularly AUPN, have comparatively low
ESR, which may be attributed to the nitrogen doping's good surface
wetting ability. This results in a decreased ESR, suggesting improved
electrode conductivity. Because the electrolyte was the same for all
electrode materials during the electrochemical investigation, the ionic
resistance of the KOH electrolyte should be constant. The difference in
ESR is most likely due to the varying resistances of the various carbon
electrode materials [11,27]. Furthermore, a cyclic stability test at 4 A/
g was carried out to assess how stable the electrode materials are dur-
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ing continual charge–discharge cycles, as shown in Fig. 9 (c). After
1000 cycles, 99%, 97%, 93%, and 84% of specific capacitance were
preserved for AUPN, ARPN, ARPP, and AUPP, respectively, indicating
high cycling stability. Because of its vast, accessible active sites for ion
interaction and partly graphitic nature of carbon, AUPN has the supe-
rior capacitance retention [55,70].

The following reasons contribute to AUPN's superior capacitive per-
formance over other capacitors:

1. The high specific area coupled with the large pore volume provides
more electrolyte active sites, improving charge storage density.

2. Nitrogen doping improved wettability and electrical conductivity
while simultaneously introducing pseudocapacitance.

3. The increased mesopore ratio for AUPN enhances electrolyte ion
transport in the porous structure at high current densities

The electrochemical performance of the synthesized hierarchical
porous carbons is compared to that of other biomass-derived porous
carbons in Table 2.
4. Conclusion

Hierarchical porous carbons were successfully synthesized from
plantain peels using a non-toxic molten salt combination of KCl/NaCl
as activation medium and NH4Cl as nitrogen source. The activation
was carried out at 800 °C in an air environment. Using a non-toxic mol-



Fig. 8. CV curves at different scan rates and GCD curves at different current densities of ARPP (a,b), CV curves at different scan rates and GCD curves at different
current densities of ARPN (c,d).
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ten salt mixture in an air atmosphere is more convenient and cost-
effective than traditional strategies of synthesizing porous carbon that
require the usage of toxic chemicals such as KOH and ZnCl2 and an
inert atmosphere, making the whole process expensive and environ-
mentally unfriendly. The obtained hierarchical porous carbons, partic-
ularly AUPN, possess excellent properties such, as a thin
interconnected porous structure that allows for rapid ion mobility,
an efficient double layer for adequate charge storage, high diffusion
rates, and nitrogen doping that improves the electrochemical proper-
ties by enhancing the wettability of the carbon surface and creating
defect sites for charge storage. At 1 A/g, AUPN has the maximum
specific capacitance of 550.43 F/g when measured using a three-elec-
trode setup. Also, after 10,000 cycles at 4 A/g, AUPN still had the high-
est capacitance retention of 99%. This demonstrates its high-rate
capabilities and cyclic stability.

These findings also demonstrate that this green and scalable pro-
cess has the potential to produce porous carbon materials for a wide
range of applications.
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Fig. 9. Nyquist plots for AUPN, ARPN, ARPP, and AUPP in a three-electrode system (a), specific capacitance at various current densities (b) and up to 1,000 cycles
of cyclic stability at 4 A/g (c).

Table 2
The electrochemical performance of the synthesized hierarchical porous carbon compared to that of other biomass-derived porous carbons.

Carbon precursor Activation agent Heteroatom Specific capacitance (F/g) Cell setup Electrolyte Ref

Cornstalk NaCl/KCl O 407 (1 A/g) 3 electrodes 1 M H2SO4 [10]
Cashmere KOH N, O 460 (0.5 A/g) 3 electrodes 1 M H2SO4 [44]
Rose multiflora KOH N, O 340 (0.5 A/g) 3 electrodes 6 M KOH [71]
Human hair KOH N, O, S 999 (1 A/g) 3 electrodes 6 M KOH [13]
Graphite 271 (2.5 A/g) 3 electrodes 0.1 M KOH [69]
Starch KHCO3 O 55.8 (0.5 A/g) 2 electrodes 6 M KOH [30]
Wool fibre LiCl/KCl/KNO3 N 318.2 (0.25 A/g) 3 electrodes 6 M KOH [12]
Kitchen waste residue NaCl/KCl N, O, S 142 (0.2 A/g) 2 electrodes 2 M KOH [19]
Coal tar pitch

K2CO3-KCl
N, O 309.5 (0.25 A/g) 3 electrodes 6 M KOH [29]

Human hair KOH N, O, S 491 (1 A/g) 2 electrodes egg white gel/1 M NaCl [21]
Plantain peels NaCl/KCl N, O 550 (1 A/g) 3 electrodes 6 M KOH This work
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