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applications†
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Guoqing Guan, d Nieves López-Salasc and Ahmed S. G. Khalil *ef

Green pea peel (GPP) is a waste, and it is abundant and available to be used for biochar synthesis. GPP-

derived biochar (GP) is used vastly in wastewater treatment. Moreover, heteroatom co-doping of GP

could be better than its single-doped and undoped in enhancement of active sites and conductivity, and

in developing electrodes for supercapacitor applications. However, uncontrolled heteroatom co-doping

clogs the pores in the biochar and stops the electrolyte from penetrating the porous structure, which

results in reduced capacitance and higher resistance in the biochar. This study presented the controlled

synthesis of GP, nitrogen (N)-doped biochar (NGP), and N and sulfur (S) ex situ co-doped GP (NSGP)

through carbonization and chemical activation. As revealed by the characterization techniques, the

synthesized GP, NGP, and NSGP are nanosheets with amorphous structures and defective structures.

The specific capacitance of the NSGP-based electrode material, as determined by electrochemical

characterizations, is 257.01 F g−1, more than the 230.22 F g−1 and 208.78 F g−1 of NGP and GP at

1 A g−1, respectively. The assembled NSGP//NSGP supercapacitor device has an 80.25 F g−1 specific

capacitance at 1 A g−1, an energy density of 13.87 W h kg−1, and a 500 W kg−1 power density with

a 99.46% capacity retention after 5000 cycles at 5 A g−1. It demonstrates that NSGP has better

electrochemical performance than NGP and GP because of the improved active sites and conductivity.
1. Introduction

The rise in world population leads to an increase in energy
demand, which causes greater reliance on fossil fuels that cause
carbon dioxide emission to the atmosphere. The emission of
fossil fuels causes the depletion of the ozone layer and leads to
climate change,1–3 which is an issue for the world and needs
necessary measures to reduce its effect on human beings and
the ecosystem. It shows that the only alternative to the usage of
fossil fuels is renewable energy, which is affordable and avail-
able but lacks efficient conversion and storage. An efficient
energy storage device is needed to utilize green energy and
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decrease the reliance on fossil fuels for energy production.4–6

Supercapacitors (SC) are energy storage devices with lengthy life
cycles, quick charge/discharge rates, and high power density.7

Electrochemical double-layer capacitors (EDLCs) are one of the
types of supercapacitors, and EDLC electrodes are oen carbon-
made materials due to their surface area, conductivity, and
cost.8–10

Moreover, biochar is one of themost inexpensive and effective
carbon-based materials available today.11,12 It could be synthe-
sized using the appropriate technique from different biomass
precursors, and it is applicable in several industrial processes
such as fuel cells, batteries, supercapacitors, dyes removal, heavy
metals removal, etc. Plant wastes such as rice straw,13 peanut
shell,4 rice husk,14 banana peel,15 GPP,16 etc., are among the
biomass precursors used to produce biochar through carbon-
ization and activation processes. GPP is a green pea waste (Pisum
sativum L.), and its annual world production is 11.7 metric
tonnes.17,18 Lately, it has emerged as a precursor for the synthesis
of GP because of its abundance and availability, and nowadays, it
is vastly used in water treatment applications. For instance, El-
Nemr et al.19 synthesized GP via carbonization of GPP with
ZnCl2 at 800, 700, and 600 °C for 1 h in a CO2 environment. The
GP achieved by El-Nemr was applied to remove AY 11 dye from
water with a 99.10% removal efficiency when using a 1.0 g L−1 of
GP and AY 11 dye concentration of 100 mg L−1.
RSC Adv., 2025, 15, 15819–15831 | 15819
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Rubangakene et al.20 also synthesized GP by carbonizing
sodium carbonate-impregnated GPP at 700 °C. The synthesized
GP and its composite with iron oxide were used to adsorb
methylene blue from the dye water. The GP's adsorption
capacity was 217.40 mg g−1, but that of iron oxide/GP was
175.44 mg g−1. In another report by Rubangakene et al.,21 GP
and ZnO/GP were used to absorb Congo red dye from water. The
ZnO/GP and GP showed Congo red dye removal percentages of
98% and 90% and absorption capacities of 62.11 mg g−1 and
114.94 mg g−1, respectively.

Patil et al.22 synthesized green pea-derived biochar using
KOH activation. The peas were rst heated at 800 °C for 2 hours
under nitrogen. Then, the biochar was activated at 800 °C for 2
hours using KOH to generate an activated biochar. The specic
capacitance of the biochar is 255.06 F g−1 at 1 mA cm−2. In
another study by Patil et al.,23 polyaniline and green pea-derived
activated biochar composite was synthesized for supercapacitor
applications, which shows the specic capacitances of 446 and
517 F g−1 on stainless steel and stainless steel mesh, respec-
tively, at 5 mV s−1 scan rate. However, green peas are nutritional
food. Therefore, GP can be used for supercapacitor applications
due to its excellent adsorptive properties.

The biochar structure is enhanced by the creation of defec-
tiveness in it, which is through heteroatom doping.15,24 Studies
oen address heteroatom doping of biochar because doped
biochar exhibits enhanced characteristics over undoped ones,
such as increased conductivity and larger active sites.25,26 Nazir
et al.27 developed an N and S in situ co-doped and KOH-activated
banana peel-derived biochar at 800 °C for supercapacitor
applications, which showed a specic capacitance of 175 F g−1

at 1 A g−1, greater than S-doped (123 F g−1) and N-doped (115 F
g−1) samples. Currently, heteroatom co-doping is much better
than single-atom doping due to the existence of diatomic
elements in the carbon network to enhance its pore structure,
active sites, and conductivity.28,29 On the other hand, uncon-
trolled heteroatom doping causes the biochar's pores to ll and
hinders electrolytes from penetrating the porous structure,
reducing capacitance and increasing resistance. Then, using
a controlled ex situ co-doping synthesis technique with precise
heteroatom sources and amounts could lead to an excellent
pore structure, a high specic capacitance, and good conduc-
tivity of electrode materials for effective electrochemical
behavior in supercapacitor devices.

Thus, GP was synthesized by carbonizing GPP at 600 °C and
chemically activated with KOH at 900 °C. NGP and NSGP were
synthesized here at 400 °C using melamine and melamine/
thiourea as the doping source and co-doping sources for super-
capacitor applications. To the best of our knowledge, it is the rst
report on GP in this eld. The electrochemical performances of
the GP, NGP, and NSGP were investigated at rst, and then, an
NSGP//NSGP supercapacitor device was assembled and tested.

2. Experimental procedures
2.1 Materials

GPP was collected at a farm in Alexandria, Egypt. Thermo Fisher
Scientic, Germany, provided 99.8% graphite foil. Sigma
15820 | RSC Adv., 2025, 15, 15819–15831
Aldrich of supplied carbon black, sulfuric acid (H2SO4, 95–
97%), and polyvinylidene diuoride (PVDF). Suvchem Labora-
tory Chemicals in Egypt supplied the hydrochloric acid (HCl,
37%). Thiourea was purchased from Advent Chembio Private
Limited in India. Loba Chemie supplied 98% N-methyl-2-
pyrrolidone (NMP), melamine (extra pure), and potassium
hydroxide pellets (85–100.5%).

2.2 Biochar synthesis

The GPP was rst washed with deionized water to remove dirt
from it. Then, the GPP was oven-dried for 12 hours at 80 °C. The
sample was pulverized using a grinder and sieved with a 106 mm
sieve to achieve a uniform precursor size. The sieved GPP was
heated in a furnace at 10 °C min−1 to 600 °C, held for 2 hours,
and cooled at the same rate under an N2 environment. Then, the
biochar was mixed with KOH (ratio 1 : 3) with 5 ml deionized
water to obtain a slurry. The slurry was oven-dried at 80 °C for 12
hours and pyrolyzed at a heating rate of 10 °C min−1 to 900 °C,
held for 2 hours, and cooled at 10 °C min−1. The activated
biochar was washed with 1 M HCl to eliminate any unreacted
contaminant and then washed with deionized water until the
biochar had a pH of 7. The biochar was ltered and oven-dried
for 12 hours at 80 °C to become an activated GPP-derived bio-
char denoted as GP.

2.3 N and S co-doped biochar synthesis

The GP doping technique with thiourea as an N and S source
and melamine as an N source is also displayed in Fig. 1. To
produce an approximate ratio (10 : 1 : 1) for GP : N : S in 5 ml of
deionized water, 1 g of GP was combined with 123 mg of
melamine and 231 mg of thiourea in a mortar. Subsequently,
the slurry was heated at 10 °C min−1 in a muffle furnace to 400 °
C, held for an hour, and cooled at the same rate. Deionized
water was used to wash the sample until its pH was neutral. The
nal sample was ltered and oven-dried at 80 °C for 12 hours to
generate S and N co-doped GP, abbreviated as NSGP. The same
procedure was done on an N-doped GP (NGP) with 123 mg of
melamine only to establish the supremacy of co-doping.

2.4 Samples characterization

Transmission electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDS) mapping were conducted with a Japa-
nese-made JEOL JEM-2100 F (URP) to study the GP, NGP, and
NSGP samples' microstructure and elemental composition
distribution at voltage 200 kV, probe current 1 nA, energy range
0–40 eV, and live time of 180 s. Scanning electron microscopy
(SEM) Carl ZEISS Sigma 500 VP with 2 kV accelerating voltage
was used to investigate the morphology of the synthesized
samples. X-ray diffraction (XRD) Panalytical Xpert3 powder
model was used to investigate the samples' crystal structure
with Cu Ka radiation at voltage 40 kV, current 30 mA, receiving
slit 0.3 mm, scan speed 12° min−1, and scan range 5–80°.
Raman spectroscopy was performed with a Witeck alpha 300 RA
Raman microscope to determine the graphitization degrees of
GP, NGP, and NSGP with a 532 nm laser at room temperature.
The nitrogen gas (N2) adsorption and desorption at 77.35 K were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Syntheses of GP, NGP, and NSGP.
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conducted with a NOVA touch 4LX device to examine the
textural properties of the samples. Specic surface areas were
determined using the Brunauer–Emmet–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH) models and pore size distributions
were derived from the non-local density functional theory
(NLDFT) model. Surface functional groups were determined
using Fourier transform infrared spectroscopy (FTIR) with
Bruker Vertex 70, KBr pellet method, sample to KBr (1 : 100),
and spectra range of 500–4000 cm−1. An X-ray photoelectron
spectroscopy (XPS) was done with a K-Alpha and mono-
chromatic X-ray light of 1350 eV (Thermo Fisher Scientic, USA)
to identify the elemental content of the sample.
2.5 Analysis of the electrochemical properties of the samples

An electrochemical investigation was conducted using a three-
electrode conguration and the VersaSTAT4 workstation. For
precise measurements, a uniform mixture was created by
combining and sonicating the synthesized samples, carbon
black, and PVDF in a specic ratio (80 : 10 : 10) with 1 ml NMP
solvent for 1 hour. Aer preparing the mixture, it was carefully
applied onto a graphite foil measuring 1 cm by 1 cm. The
mixture was then oven-dried under vacuum for 11 hours at 120 °
C. The mass of the biochar-based electrode was determined by
subtracting its post-casting mass from its pre-casting mass,
resulting in a value of 3 mg cm−2. For the three-electrode elec-
trochemical experiment, we utilized a biochar-based electrode,
a counter electrode made of platinum, a reference electrode
consisting of Ag/AgCl (3 M KCl), and a 1 MH2SO4 electrolyte. CV
tests were conducted between 0–1 V potential window and scan
rates between 5–100 mV s−1. In addition, a series of galvano-
metric charge and discharge (GCD) tests were done at different
current densities, ranging from 1–10 A g−1, and within 0–1 V.
Eqn (1) (ref. 30) and (2) (ref. 31) were utilized to calculate the
specic capacitance of the samples by analyzing the GCD and
CV values obtained from the tests.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Cs ¼
Ð
idV

vmDV
(1)

Cs ¼ iDt

DV
(2)

The integration of the curve is denoted by
Ð
idV . It involves

various parameters such as the scan rate (v) in mV s−1,
discharge time (Dt) in s, electrode material mass (m) in grams,
potential window (DV) in volts, current density (i) in A g−1, and
specic capacitance (Cs) in F g−1.

In addition, a Swagelok cell was assembled to create
a symmetric NSGP//NSGP supercapacitor device. The aqueous
electrolyte had a concentration of 1 M H2SO4. A graphite sheet
with a diameter of 8 mm served as the current collector, while
the separator consisted of a glass ber. The NSGP-based elec-
trode materials were cast on a graphite sheet and then oven-
dried for 12 hours at 120 °C, resulting in a mass of 1 mg
cm−2. The energy and power densities of the device were
determined by eqn (3) (ref. 30) and (4),31 respectively.

E ¼ CsðDVÞ2
2� 3:6

(3)

P ¼ 3600� E

Dt
(4)
3. Results and discussion
3.1 Analysis of GP, NGP, and NSGPmorphological structures

The biochar's TEM images of GP, NGP, and NSGP with
numerous nanosheet layers and porous structures at different
magnications of 50, 100, and 200 nm are displayed in Fig. 2a–
c, d–f, and g–i, respectively. The TEM images indicate the
presence of hierarchical pore structures, which could promote
RSC Adv., 2025, 15, 15819–15831 | 15821
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Fig. 2 TEM images to show the morphological structure of (a)–(c) GP, (d)–(f) NGP, and (g)–(i) NSGP, EDX of (j) NGP, and (k) NSGP to show the
distribution of heteroatom.
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charge transfer, offer large surface area, and boost electrolyte
adsorption for supercapacitor applications. Fig. S1† displays the
EDX mappings of GP, which exhibits the dispersion of the C, O,
and N in its structure. The EDXmappings of NGP in Fig. 2j show
the uniform dispersion of C, O, and N in the NGP structure.
Fig. 2k also displays the homogeneous distributions of C, N,
and S in the NSGP structure, which shows the effect of co-
doping. The atomic percentages of the elements in GP, NGP,
and NSGP are displayed in Table 1. The table shows the atomic
percentage of N increases to 2.77% in NGP from 1.65% in GP to
show the effect of N doping but there is a decrease in the atomic
percentage of O in NGP from 19.94% in GP to 18% due to the
surface emission of some O contents during the doping
procedure, which lead to small increase in the atomic
Table 1 The atomic percentages of elements in GP, NGP, and NSGP
using EDX mapping

Sample

Element (atom%)

C O N S

GP 78.41 19.94 1.65 —
NGP 79.23 18.00 2.77 —
NSGP 81.46 16.23 1.93 0.38

15822 | RSC Adv., 2025, 15, 15819–15831
percentage of C in NGP to 79.23% from 78.41% in GP. The
atomic percentage of N in NSGP increases to 1.93% from 1.65%
in GP but the increment is lower compared to that of NGP due to
the S surface disruption of some N during co-doping. Moreover,
the atomic percentage decrease in O content from 19.94% in GP
to 16.23% in NSGP is higher compared to that of NGP because
of the surface reaction between S and O to form emission gases
such as SO2, which allows an increase in the atomic percentage
of C in NSGP to 81.46% from 78.41% in GP. The atomic
percentage of S in NSGP is 0.38% to the effect of S in N and S co-
doping. The compositional percentages by a mass of elements
in the GP, NGP, and NSGP samples are displayed in Table S1,†
which also follows almost the same trend in Table 1. The value
of N content in NGP is more than that of GP due to N doping,
while S content is seen in the NSGP due to S doping. The
uniform distribution of N and S in NSGP suggests that its active
sites and conductivity will be enhanced.24,32

SEM images of GP, NGP, and NSGP are shown in Fig. 3a, b,
and c, respectively, in which porous structures can be observed.
The effect of the KOH activator's etching causes irregular pore
networks on the biochar's surface. As KOH activates the carbon
in the biochar to create pores in the material, carbon dioxide,
and carbon monoxide gasses are released during the activation
process.33–35 At around 762 °C, potassium, hydrogen gas, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) GP, (b) NGP, and (c) NSGP.
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potassium bicarbonate are released from the breakdown of
KOH. More heating causes potassium bicarbonate to break
down into potassium and carbon dioxide, increasing the
number of pores in the structure.36 For high-performance
supercapacitors, these pores provide a high surface area,
promoting electrolyte adsorption, and boosting the charge
transfer rate.37 Fig. 3a shows the visible pore structure of GP,
and it facilitates the adsorption of electrolyte ions. Fig. 3b
displays a pore arrangement different from GP to show the
Fig. 4 (a) XRD graph, (b) Raman spectroscopy, (c) N2 adsorption and de

© 2025 The Author(s). Published by the Royal Society of Chemistry
effect of N doping. One can see the doping effect of thiourea and
melamine in NSGP with enhanced pores in Fig. 3c.20

Fig. 4a displays the XRD plots of GP, NGP, and NSGP with
broad diffraction peaks at around 24.42° and 44.54° in the (002)
and (100) planes.38,39 The diffraction peaks, which are broad and
dull, suggest that the GP, NGP, and NSGP samples possess
amorphous structures.40,41 The peaks of NGP are higher than the
peaks of GP and there is a small shi in the planes to indicate
new crystalline structure and phase formation, which shows the
sorption isotherms at 77 K, and (d) the FTIR of GP, NGP, and NSGP.

RSC Adv., 2025, 15, 15819–15831 | 15823

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01262g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
02

5 
8:

46
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
effect of nitrogen doping in the GP's structure. The peak of
NSGP, however, slightly shis from GP's peak and forms a new
structure and phase because the sulfur atom has a larger
diameter than carbon, which disturbs the carbon by establish-
ing distortions that function as redox reaction sites.26,27 The
amorphous structure offers a disorderly carbon structure that
enhances ion diffusion and adsorption, potentially improving
electrochemical performance, which is benecial for super-
capacitor applications.28 The Raman spectroscopy's nding that
the structures of GP, NGP, and NSGP are amorphous is sup-
ported by the XRD study. Fig. 4b shows the defective (D) and
graphitic (G) bands' peaks in the Raman spectroscopies of GP,
NGP, and NSGP at approximately 1331.45 and 1589.26 cm−1

Raman shis, respectively, to determine each sample's degree
of graphitization. These peaks indicate the defective and
graphitic properties of the structures of the biochar.22 The
quotients of D bands' intensities of GP, NGP, and NSGP by their
respective G band intensities (ID/IG) are 0.88, 0.90, and 0.91. The
difference in the degree of graphitization of the three samples is
small and insignicant to indicate the effect of defectiveness by
doping. The two-phonon vibrations of the GP, NGP, and NSGP
lattices are displayed by the characteristic peak at 2868.6 cm−1

Raman shi (2D band).23

The N2 adsorption and desorption isotherms at 77 K of GP,
NGP, and NSGP are displayed in Fig. 4c. The samples' isotherms
show type II and IV shapes with type H4 hysteresis loops in the
desorption branch. Mesoporous of the samples indicates by the
type H4 hysteresis loop between the isotherms.42,43 The
isotherm clearly shows a sharp increase in adsorption at low
relative pressure, suggesting the presence of rich micropores.
The textural information for the GP, NGP, and NSGP samples is
summarized in Table 2. The GP possesses a BET surface area
(SBET) of 1454 m2 g−1. Compared to NSGP and NGP, GP has
a lower Vt and SBET. The increase in SBET of NGP is caused by
the N doping to introduce pores in the biochar structure.42,44,45

NSGP's SBET is lower than that of NGP's SBET because S disrupts
some structures during doping.46,47 The ndings show that
melamine and thiourea doping of NSGP guarantees active sites
in the sample. Multiple unique peaks in the samples' FTIR
spectra are displayed in Fig. 4d. The existence of an OH peak at
3460 cm−1 implies hydroxyl groups on the carbon structure.
NSGP has a higher area under the OH peak than the areas of
NGP and GP. It indicates that NSGP has the best adsorption
capacity and electrode surface's wettability for electrolyte and
electrode interactions among the samples, which could improve
the capacitive performance of supercapacitors. The peak at
Table 2 The GP, NGP, and NSGP textural dataa

Sample SBET (m2 g−1) Vmic (cm
3 g−1)

GP 1454 0.67
NGP 1944 0.86
NSGP 1691 1.71

a The BET surface area is SBET. The volume ofmicropore (Vmic) is subtractio
determined by BJH. Macropore volume (Vmac) = (Vt – DFT pore volume). T

15824 | RSC Adv., 2025, 15, 15819–15831
1386 cm−1 links to the alkane C–H group, while the C]O peak,
located at 1641 cm−1, originates from the carbonyl groups.29

The area of C]O in NSGP is the largest and contributes pseu-
docapacitance to the electrode materials. The characteristic
peaks at 1101 and 2929 cm−1 indicate the presence of C–O
(alcohol or ether) groups and CH stretching, respectively, in GP,
NGP, and NSGP.30

The XPS survey spectrum of NSGP is in Fig. 5a. These spectra
show the presence of four peaks in NSGP, S 2p at 168.12 eV, C 1s
at 284.71 eV, N 1s at 399.71 eV, and O 1s at 534.71 eV. The effect
of thiourea and melamine co-doping is the peaks of N and S in
the NSGP spectrum. The S 2p spectrum of NSGP in Fig. 5b
decomposed into four peaks related to oxidized S at 169.73 and
171.92 eV, signifying the C–SOx–C bond and S 2p1/2 and S 2p3/2
of the C–S–C bond at 164.91 and 164.15 eV, respectively.48

Furthermore, four peaks used in the deconvolution of the GP
sample C 1s spectrum in Fig. S3f:† C]C at 285.27 eV, C]C/C–N
at 284.64 eV, C]N at 283.97 eV, and O–C]O at 287.6 eV,
respectively.49,50 Four peaks are in the NGP sample's C 1s spectra
breakdown in Fig. S3b:† 284.69 eV for C]C, 285.07 eV for C–C/
C–N, 286.8 for C]N, and 288.2 eV for O–C]O,51,52 but the
NSGP's C 1s spectra deconvoluted at 284.68 eV for C]C/C–C,
285.01 eV for C–N, 286.42 eV for C]O, and 288.78 eV for C–S/C–
O in Fig. 5c.48,53 In Fig. S3h,† GP's O 1s spectrum deconvolution
displays peaks of C–O (531.8), O–C]O (533.1), and C]O
(534.19).50 The O 1s spectra deconvolution of the NGP sample in
Fig. S3d† displays three peaks, C–O at 531.25 eV, C]O at
533.28, and O–C]O at 534.87 eV, respectively.51 Three peaks at
531.34, 534.03, and 534.6 eV in the O 1s spectra deconvolution
of NSGP are designated C–O, C]O, and O–C]O, respectively,
as shown in Fig. S2.†53 These peaks correspond to pyridinic,
pyrrolic, and graphitic of N at 392.62, 400.05, and 405.06 eV,
respectively, which can be found in the NSGP's N 1s spectra in
Fig. 5d. Two peaks correspond to pyrrolic N and graphitic N at
399.7 and 404.92 eV, respectively, for NGP in Fig. S3c,† and
pyrrolic N of GP at 400.08 eV in Fig. S3g.† The pyrrolic N and
pyridinic N result in pseudocapacitance behaviors.54 Pyrrolic N
is formed by N atoms bonded to two C atoms within a ve-
member ring in all three samples. It contributes two p-
electrons of the N atoms to the samples, resulting in an intro-
duction of holes that could enhance conductivity.55 Graphitic N
is in NSGP and NGP due to the N doping and is formed by an N
atom replacing a C atom. It is in the C lattice at 405.06 eV in
NSGP and 404.92 eV in NGP. It introduces n-type doping
properties in NSGP and NGP, resulting in a free electron that
could increase conductivity.56 Meanwhile, pyridinic N is in
Vmes (cm
3 g−1) Vmac (cm

3 g−1) Vt (cm
3 g−1)

0.18 0.05 0.89
0.39 0.07 1.33
0.18 0.11 2.00

n of mesopore volume fromDFT pore volume. Mesopore volume (Vmes) is
otal pore volume (Vt) is determined at 0.99 relative pressure.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01262g


Fig. 5 (a) The NSGP survey spectra, the deconvolution of NSGP spectra of (b) S 2p, (c) C 1s, and (d) N 1s.
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NSGP, formed by N atoms bonded to two C atoms in a six-
membered ring. It contributes one p-electron of the N atoms
to NSGP.57 Then, the formation of pyrrolic, graphitic, and pyr-
idinic congurations in NSGP could give a higher conductivity
due to acquired properties by the stored electrons and holes in
the sample. The column and label chart from the peak area of
the samples' spectra in Fig. S4,† displays the elemental
percentage compositions by atoms of the samples. The differ-
ence in N content between NSGP (2.4%) and NGP (2.72%)
indicates that some N atoms evolve with S during the co-doping
procedure from the sample.46
3.2 Analysis of the electrochemical performance of the
samples

3.2.1 Electrochemical analysis using three-electrode set-
up. The CV curves for the GP, NGP, and NSGP-based electrodes
between 0–1 V are displayed in Fig. S5a–c,† respectively. The
three samples' CV curves are quasi-rectangular, which points to
an EDLC with a minor pseudocapacitor. Fig. 6a shows the CV
© 2025 The Author(s). Published by the Royal Society of Chemistry
curves for the GP, NGP, and NSGP at 50 mV s−1. The CV curve
for the NSGP is the largest, which shows the effect of N and S co-
doping. The computed CV-specic capacitances of the NSGP,
NGP, and GP samples using eqn (1) versus different scan rates
from 5–100 mV s−1 are displayed in Fig. 6b. The NGP and GP
electrodes display specic capacitances of 229.87 and 206.47 F
g−1 at 5 mV s−1, respectively, as the NSGP electrode has a higher
specic capacitance of 260.86 F g−1 at 5 mV s−1. The quasi-
triangular-shaped GCD curves for the GP, NGP, and NSGP-
based electrodes are shown in Fig. S6a–c,† respectively. These
curves are shown within a 0–1 V potential window. The shape of
the CV curves and the quasi-triangular shape of the GCD curves
both point to the biochar-based electrode's EDLC and pseudo-
capacitor characteristics. Fig. 6c shows the GCD curves for the
GP, NGP, and NSGP at 1 A g−1. The GCD curve for the NSGP has
the longest discharge curve among the curves, which shows the
effect of more active sites due to co-doping. Specic capaci-
tances against different current densities are shown in Fig. 6d
for the three samples. The specic capacitance of NSGP at
RSC Adv., 2025, 15, 15819–15831 | 15825
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Fig. 6 (a) CV curves of GP, NGP, andNSGP at 50mV s−1 and (b) CV-specific capacitances of GP, NGP, and NSGP, (c) GCD curves of GP, NGP, and
NSGP at 1 A g−1, and (d) specific capacitances of GP, NGP, and NSGP in a three-electrode configuration.

Fig. 7 Nyquist plots with fitting of GP, NGP, and NSGP-based
electrodes.

15826 | RSC Adv., 2025, 15, 15819–15831
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1 A g−1 is 257.01 F g−1, while the specic capacitances of the GP
and NGP are 230.22 and 208.78 F g−1, respectively. The N and S
co-doping improved the active sites in the NSGP electrode
material, leading to the enhanced performance of the electrode.

Diffusion of ions and the kinetics of the NSGP, NGP, and GP-
based electrodes were investigated by EIS. The Nyquist plot's
equivalent circuit and the Nyquist plots of NSGP, NGP, and GP-
based electrodes are shown in Fig. 7. The pseudocapacitor
behavior is shown by the Nyquist plot, which shows the devia-
tion of a lean line from the imaginary impedance axis at low
frequency. The resistance of charge transfer (R2) is indicated by
Table 3 The 3-electrode EIS equivalent circuit and fitting parameters
for GP, NGP, and NSGP electrodes

Sample R1 (U) R2 (U) Q2 (F sa−1) Q3 (F sa−1)

GP 0.74221 9.636 0.1536 × 10−3 0.055
NGP 0.3835 4.453 0.1047 × 10−3 0.03616
NSGP 0.3218 1.874 0.3784 × 10−3 0.05392

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The electrochemical performance of NSGP//NSGP supercapacitor device: (a) CV curves, (b) GCD curves, (c) specific capacitance of GCD,
(d) Ragone plot, (e) EIS diagram and fitting plot, and (f) cyclic stability plot of NSGP//NSGP for 5000 cycles at 5 A g−1.
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semicircles that form between the high and middle frequencies
on the graphs because the biochar's surface contains hetero-
atoms. The analogous circuit's tting parameters for the GP,
© 2025 The Author(s). Published by the Royal Society of Chemistry
NGP, and NSGP electrodes are displayed in Table 3. Plots and
tting parameters demonstrate that the lowest R2 (1.874 U) of
the NSGP-based electrode can be attributed to the biochar's S
RSC Adv., 2025, 15, 15819–15831 | 15827
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Table 4 Comparison of performances of GP, NGP, and NSGP with some reported data relating to biochar-based electrodes

Precursor Electrode material (mg cm−2) Electrolyte Cs (F g−1) Current density (A g−1) Reference

Rice husk 4 6 M KOH 112 0.25 58
Bamboo 4–6 6 M KOH 187 1 59
Onion peels Nil 3 M KNO3 77 1 60
Peanut shells Nil 2.5 M KNO3 167 1 51
Peanut shells 3 6 M KOH 179.9 0.5 61
NS-APSB 3 1 M H2SO4 224 1 4
Banana peels Nil 1 M KOH 199 0.5 62
GP 3 1 M H2SO4 208.78 1 This study
NGP 3 1 M H2SO4 230.22 1 This study
NSGP 3 1 M H2SO4 257.01 1 This study
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and N co-doping, which facilitates rapid movement of ions to
the electrode/electrolyte interface. Compared to GP (9.636 U),
NGP has a lower R2 (4.453 U). NSGP's R1 is 0.3218 U, compar-
atively lower than NGP's R1 (0.3835 U) and GP's R1 (0.74221 U).
The reduced resistance of the NSGP electrode material in
comparison to the other two samples contributes to its superior
electrochemical performance.

3.2.2 Electrochemical analysis using two-electrode setup.
To examine the real application of this study, the NSGP elec-
trode is used for the NSGP//NSGP supercapacitor device due to
its outstanding electrochemical performance in a three-
electrode conguration. Fig. 8a shows the CV curve of the
NSGP/NSGP supercapacitor device running at 1 V working
voltage at different scan rates between 5–100 mV s−1. It is
evident from the quasi-rectangular CV curves that the pseudo-
capacitor and EDLC are both in operation. The NSGP/NSGP
supercapacitor's GCD curves are exhibited in Fig. 8b at
a voltage of 1 V. The data do not display an ideal triangular form
indicating the pseudocapacitive contribution of N and S surface
functionalities. The specic capacitances of the NSGP/NSGP
supercapacitor device at different current densities are plotted
in Fig. 8c. The specic capacitance results are 60.74 F g−1 at
10 A g−1 and 99.84 F g−1 at 1 A g−1. Fig. 8d displays the NSGP//
NSGP supercapacitor's Ragone plot, which shows a power
density of 500 W kg−1 and an energy density of 13.87 W h kg−1,
respectively.

Moreover, the ions kinetics and diffusion in the NSGP//NSGP
supercapacitor can be examined using EIS. Fig. 8e shows the
equivalent circuit's tting and Nyquist plots of the NSGP//NSGP
supercapacitor. The NSGP/NSGP supercapacitor has a reduced
R2 value of 1.866 U and an R1 value of 0.3215 U, which points to
strong electrolyte ion mobility. Fig. 8f displays the cyclic
stability graph of the NSGP//NSGP supercapacitor device. The
capacitance retention of the device is 99.46% at 5 A g−1 aer
5000 cycles in 1 M H2SO4 electrolyte. This shows the high long-
life cycle of the electrode materials in supercapacitor applica-
tions. Table 4 presents a comparison between the published
biochar-based electrodes from other sources and samples'
results in the electrochemical conguration using the three-
electrode system and highlights the better electrochemical
behavior demonstrated by the samples of the current work.
15828 | RSC Adv., 2025, 15, 15819–15831
4. Conclusion

GP was synthesized effectively from GPP via carbonization and
chemical activation. NGP and NSGP were synthesized by doping
and co-doping GP with melamine and melamine/thiourea,
respectively. The pore structure and active sites of NSGP were
enhanced by the dopants, thereby facilitating the electrolyte ion
migration and charge transfer into the electrolyte interface.
Better electrochemical performance was seen at 1 A g−1 in the
NSGP material due to its improved pore structure and active
sites, with a specic capacitance of 257.01 F g−1 whilst 230.22 F
g−1 and 208.78 F g−1 in the NGP and GP-based materials,
respectively. Furthermore, the built NSGP//NSGP super-
capacitor device obtained remarkable energy and power densi-
ties of 13.87 W h kg−1 and 500W kg−1, respectively, with a cyclic
stability of 99.46% aer 5000 cycles at 5 A g−1. This study
demonstrates the utilization of GP in developing electrodes for
supercapacitor applications, contributes to waste valorization,
and agrees with the existing knowledge that controlled hetero-
atom co-doping is better than single doping.
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López-Salas: supervision, writing – review & editing. Ying Pan:
investigation, formal analysis. Ahmed S. G. Khalil: supervision,
Writing – review & editing, project administration,
conceptualization.
Conflicts of interest

The authors declare that no competing interest or individual
connection may have inuenced any of the work mentioned in
this paper.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01262g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
02

5 
8:

46
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Acknowledgements

We acknowledge the nancial support of the Egyptian and
Japanese governments through the TICAD7 scholarship
program at the Egypt-Japan University of Science and Tech-
nology (E-JUST). We acknowledge the nancial support of DAAD
from the fund of BMZ through the We-AFRICA project No.
57708984. We are also grateful for the additional support
provided by AfriGer-SDG DAAD project.

References

1 J. Wang and W. Azam, Natural resource scarcity, fossil fuel
energy consumption, and total greenhouse gas emissions
in top emitting countries, Geosci. Front., 2024, 15, 101757.
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