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Abstract. This research conducted a molecular simulation of single N and double N/S doping into a carbon network. The simulation aimed to explain
the effect of N and N/S doping, which was investigated experimentally by our previous research, and to prove the hypothesis that N and/or S replace
anormal C site within the carbon crystal structure. Experimental data agree with the simulation result, as shown by the increasing ID/IG ratio in the
Raman spectrum, which indicates defect formation after doping. Meanwhile, the XRD patterns of the doped carbon are similar to those of the undoped
carbon. It suggests that the dopants N and/or S diffused and replaced the C atom from its normal site in the carbon crystal structure without forming
new N and/or S-based compounds. The result is consistent with different dispersants investigated in this research, i.e., deionized water and ethanol.
However, ethanol provided better dispersibility than water, resulting in a modified N/S carbon material with ethanol dispersant, NSCE, with a higher
electrical conductivity of 23.74 x 107! Scm™! than the N/S-modified carbon with water dispersion, NSCW, i.e., 5.97 x 10"! Scm™. The presence of defects
increases the number of sites for charge carriers to migrate within the carbon network, making it a good electrode material for an LFP battery, with
an initial charging capacity of 349.94 + 79.04 mAh/g and an initial discharge capacity of 113.41 £ 12.59 mAh/g. The results reveal N/S-doped carbon
as a sustainable candidate for lithium-ion batteries and other advanced energy storage technologies.
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1. Introduction Some researchers have employed elemental doping of

carbon networks or compositing with metal oxide to enhance
the electrochemical properties of the carbon. Some elements,
such as N, S, B, and P, have been doped into carbon (Y. Li et al,
2016; Munir et al., 2023; Qie et al., 2012; Rahmawati et al., 2011,
2014; Ridassepri et al., 2024). The dopant is estimated to replace
C atoms within a carbon unit cell, producing crystal defects due
to the difference in oxidation numbers between the C atom and
the dopant (Cheng et al., 2019; X. Wu et al.,, 2019; Xiong et al.,
2018). The replacement alters the electron distribution within
the C crystal network due to changes in valence electrons and
the formation of vacant sites.

Our previous research on double-doping N/S into a carbon
structure produced from bagasse, a solid waste of sugar
production, was conducted using thiourea as a dopant precursor
and ethanol as a solvent (Rahmawati et al., 2023; Ridassepri et
al., 2024). The research found an increase in defect formation

Amorphous or hard carbon is well known as a promising anode
material for secondary batteries, whether for Lithium-Ion
Batteries (LIBs) or Sodium-lon Batteries (SIBs), for its good
chemical stability, high surface area, and good thermal stability
(Chairunnisa et al., 2021; Tang et al,, 2017; Wang, Hu, et al,
2019; Xiong et al., 2018). The partial-graphitic structure of hard
carbon can accommodate Li*/ Na* ions either between layers,
interlayers, or within carbon pores (Duan et al.,, 2020; Khosravi
etal., 2014; Xiong et al., 2018). Our previous research found that
a double N/S doping to carbon produced from bagasse, a solid
waste of sugarcane production, shows good electrode
performance for a sodium-ion battery by delivering initial
charge-discharge capacity of 720 mAhg! and 570 mAhg?,
respectively, at 0.07 Ag’!, with capacity retention of 57% after
50 cycles (Rahmawati et al., 2024).
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due to N/S doping, as confirmed by the rise in the Raman ID-
to-IG ratio from 0.92 to 1.15, indicating defect formation due to
C replacement by the dopants N/S. However, it is hard to
understand the doping mechanism from single N and S doping
because simultaneous double N/S doping was used. Therefore,
to address this critical knowledge gap, the current research
further investigated the effects of single-N and double-N/S
doping. Urea was used as a single N precursor, whereas
thiourea was a double N/S precursor. To understand the
possibility of water as a doping dispersant instead of ethanol,
which is less environmentally considerate, this research also
experimented by using both water and ethanol dispersants and
compared the results. It is known that water and ethanol exhibit
different dispersion properties due to their polarities. Ethanol is
less polar than water, with respective dipole moments of 1.69 D
and 1.85 D (Romero-Anaya et al., 2015). The dispersion
capabilities influence doping mechanisms and the properties of
the resulting material, an aspect that previous studies have not
explored, underscoring the novelty of this work.

Molecular simulations have been conducted to elucidate the
atomic-level mechanisms of N and N/S doping in C networks,
including predicting optimized structural configurations and
mapping electrostatic potentials (ESP). Computational
calculations provide detailed insights into dopant incorporation
patterns and electronic-structure modifications, clarifying
mechanisms that extend beyond the scope of prior empirical
studies. Nitrogen doping occurs primarily through carbon
substitution, forming graphitic N, pyridine N, and pyrrolic N. N-
pyridine and N-pyrrolic donate electrons into the T-conjugate
system of carbon, providing active sites and defects for
additional reservoirs of lithium (Li*) or sodium (Na*) ions, as
each can adsorb up to two Na* or Li* ions (Cheng et al., 2019;
Romero-Anaya et al, 2015; X. Wu et al, 2019). On the other
hand, S doping, due to its larger atomic radius (102 pm) than
carbon (77 pm), increases carbon interlayer spacing, generating
additional active sites and facilitating Na* or Li* ion diffusion
(Cheng et al., 2019; Rahmawati et al., 2024). As a result, the N/S
heteroatom doping is expected to produce a synergistic effect,
significantly enhancing electronegativity, interlayer spacing,
and overall electrochemical performance of carbon materials.

Finally, a practical test was conducted on optimized carbon
materials, based on theoretical predictions and experimental
results, to investigate the visibility of the prepared N/S Carbon
derived from the solid waste of sugarcane production. In
summary, the current study employs a comprehensive
approach, bridging theoretical molecular simulation and
experimental synthesis to differentiate the effects of single- and
double-N/S doping, evaluates water as an environmentally
friendly dispersant, and provides novel structural predictions,
significantly advancing the understanding and development of
doped carbon materials for energy storage applications.

2. Experimental

2.1 Preparation of Carbon and Its Activation

Bagasse, a byproduct of sugarcane production, was
procured from a sugarcane industry in Kudus, a city in central
Java Province, Indonesia. The bagasse was immersed in
deionized water for 24 hours, and then the water was removed.
The remaining wet bagasse was dried in an oven at 120°C for
24 hours. The dry-cleaned bagasse was then carbonized at
600°C for 30 min under N2 gas flow. The carbonized char was
then activated in a furnace at 700 °C for 1 hour under steam
flow. The detailed scheme of the activation reactor can be
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Table 1
Sample names based on the dopant and the solvent used.

Sample Dopant Solvent used for doping
AC (Activated- - -
carbon)
NCW N Distilled-water
NCE N Ethanol
NSCW N/S Distilled-water
NSCE N/S Ethanol

checked in our previous (Ridassepri et al., 2020). The activation
result was then analyzed using X-ray diffraction (Rigaku
Miniflex 600), FTIR (Shimadzu IR Prestige-2), SEM/EDX (JEOL
JSM-6510 LA), and surface area analysis (Quantachrome
Instruments Nova 1200e).

2.2 Nitrogen and Nitrogen /Sulfur Co-doping into Hard Carbon

The hard carbon was ground into a homogeneous powder with
a 100-mesh size. The powder was then mixed with urea (p.a.,
Merck) for N doping and with thiourea (p.a., Merck) for N/S co-
doping, using a mass ratio in grams (g) of 1:1 carbon-to-dopant
precursor ratio for each. 30 mL of ethanol or distilled water was
added to the mixture, followed by 2 hours of stirring at room
temperature to obtain a homogeneous carbon dispersion. The
dispersion was then heated in an oven at 80 °C for 6 h. The
result was a solid deposit at the bottom of the flask. The deposit
was isolated and then calcined at 850°C for 2 hours with a
temperature ramp of 24.9 °C/min. The -calcination was
conducted under an N2 gas flow at a rate of 20 mL/min. The
powder was then cooled at room temperature and was ready
for analysis. Each product was named based on the dopant and
the solvent used for doping. Details are provided in Table 1. The
schematic illustration of the doping process in this research is
based on simulation calculations using the Gaussian16 package
(Frisch et al., 2016). All the resulting products were analyzed and
compared with the undoped carbon.

2.3 Impedance Analysis

The prepared carbon was mixed with acetylene black (AB;
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Fig.1 Schematic illustration of the single N or N/S co-doped
carbon in this research. Activated carbon is mixed with urea or
thiourea using 30 mL of methanol or distilled water as solvents,
followed by stirring (2 hours), heating at 80°C (6 hours), and
calcination at 850°C (6 hours) under N, gas flow.
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KGC Saintifik Indonesia) and ground in an agate mortar until
homogeneous. The mixture was then dried in an oven
(Memmert UN30-1060 E7086) at 60°C for 45 min. Another step
was to dissolve PVDF (KGC Saintifik Indonesia) in N-Methyl-2-
Pyrrolidone (NMP) (KGC Saintifik Indonesia) by gradually
adding the NMP dispersant while stirring. The AB and carbon
mixture was gradually poured into the PVDF/NMP solution
under stirring conditions, and the slurry was stirred for 4 h to
ensure homogeneity and remove air. The AB:PVDF:NMP ratio
was 7:2:1, according to another research (Xiong et al., 2018). The
carbon slurry was then cast onto Cu foil using the tape-casting
method and dried in a vacuum oven (B-One Vacuum Oven VOV-
50, 220V/1400W) at 80 °C for 12 h. For comparison, a similar
preparation was also conducted with commercial mesocarbon
microbeads, MCMB. All electrode films were then prepared for
impedance measurements.

The carbon/Cu film was cut by an electrode cutter. Two
silver wires were connected to the carbon/Cu film using silver
paste, and the film was then dried in an oven at 70°C for 30
minutes. The area of the silver paste should be accurately
measured as the area of the active electrode (A, cm?), and the
distance between the silver wire should also be calculated as /
(cm). The detailed scheme of the prepared sample for
impedance measurement is depicted in Figure 2. Impedance
analysis was conducted over the frequency range of 20 Hz — 500
kHz (LCR meter, EUCOL, 20 Hz - 5 MHz).

2.4 Battery Fabrication and Measurement

The NSCE powder was used as anode material by mixing
94.5 wt% of NSCE powder with acetylene black (1 wt%),
carboxymethyl cellulose (2.25 wt%), and styrene-butadiene
rubber (2.25 wt%), which were used as binders. At the same
time, deionized water functioned as the solvent. The mixture
was then stirred until a homogenous slurry was obtained. A
doctor blade cast the homogeneous paste on Cu foil (MSK-AFA
IT). The anode thickness was 100 um and heated at 120 °C for
24 h (Natalia et al, 2019). Meanwhile, the LFP slurry was
formulated by blending 90.2 wt% LFP powder with PVDF (3.7
wt%), acetylene black (1.5 wt%), KS-6 (4.6 wt%), and N-methyl-
2-pyrrolidone (NMP) solvent. The mixture was stirred until
homogeneous, cast on Aluminum foil at 250 um, and dried at
120°C overnight in a vacuum oven. The battery was assembled
in a cylinder case within an Ar glove box. The electrolyte
composition consisted of 1 M LiPFs in EC/DMC, with a
polypropylene membrane serving as the separator (Natalia et
al., 2019).

2.5 Simulation Works

All quantum mechanical computations were conducted
using the Gaussian16 package (Frisch et al., 2016), employing
first-principles approaches grounded in Density Functional
Theory (DFT). The pristine graphene layer consists of 54 C
atoms and 18 H atoms (CssHis). The model is a finite cell
containing an edge-passivated C atom bound to an H atom. All
models were computed utilizing Becke’s three-parameter
hybrid method approach in combination with Lee-Yang—Parr
exchange-correlation energy functional (B3LYP) (Stephens et
al., 1994) in combination with the 6-31G(d,p) basis set with gas
phase, employing open boundary conditions. This model used
the Restricted Kohn-Sham (RKS) theory for calculations and
employed spin pairing for closed-shell singlets, yielding zero
spin contamination. Vibrational frequency calculations were
performed to confirm the absence of imaginary frequencies
across all models.
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Fig. 2. Scheme of the prepared sample for impedance measurement.

3. Result and Discussion

XRD analysis was conducted on the steam-activated carbon and
the doped carbons. All prepared carbon shows a similar
characteristic peak, as depicted in Figure 3. The peaks lie
broadly at approximately 20 = 25° and 20 = 44°, which
correspond to the (002) and (100) planes of graphitic carbon, as
referenced in the standard diffraction data for graphitic carbon,
JCPDS #41-1487, and supported by previous studies (Elkholy et
al., 2023; Shahcheragh et al., 2023; Shi et al., 2016). The broad
peaks indicate the amorphousness of the prepared carbon
(Wang, Hu, et al,, 2019).

Raman analysis was also conducted on all prepared carbons
to assess the effects of N and N/S doping on the activated
carbon. All prepared carbon shows two broad peaks at 1350 and
1590 cm! (Figure 4). Those two broad peaks are in line with
other research on hard carbon, which defines the peaks as D
and G bands(Xiong et al., 2018). The D band is revealed by
structural distortion induced by N and N/S doping. The N or
N/S doping resulted in vacant sites as predicted by Kroger-Vink
notation in equations (1) and (2),

Cs + 4N > Cc+ 4Nc + Vc**** (1)
Cs+ 2N + S > 2Cc + 2Nc'+ Sc'+ Ve (2)

in which the ¢ sign refers to a negative charge relative to the
initial, and the ° sign refers to a positive charge relative to the
previous condition. C replacement by N and C would change
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=
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Fig.3 XRD patterns of the prepared carbon.
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Table 2
Ip to I ratio of the prepared carbon.
Sample Ratio of In/I¢
Activated-carbon 0.91
NCW 1.07
NCE 1.10
NSCW 1.12
NSCE 1.16

the electron distribution within the C crystal structure, and
vacancy formation (VCees) would increase charge transport,
whether of ions or electrons. Meanwhile, the G band refers to
the C atom under sp? hybridization, which indicates the
presence of graphitic carbon within the prepared material (Wan
& Hu, 2019). The ratio of D intensity, Ip, to G intensity, I, is used
to determine the defect within the carbon structure. The In/Ic
ratio of each prepared carbon is listed in Table 2.

Table 2 shows that doping to carbon increases Ip/Ig,
representing the increase in structure distortion due to defect
formation. N/S co-doping shows a higher Ip/I¢ value, indicating
more structure distortion due to 2 N atoms and one S atom
could produce carbon vacancy, Vc**** (Eq.2). Meanwhile, 4
single N dopants were required to produce Vc**** (Eq.1). A
higher value of In/I¢ also indicates that the produced carbon is
more amorphous (Wang et al., 2019). The atomic size of S is 102
pm, much larger than the sizes of N and C, which are 75 pm and
77 pm, respectively (Yuan et al., 2020). Therefore, C substitution
with S increased the interlayer distance between carbon
networks, thereby izZZmproving electrode performance. For
example, suppose the prepared carbon is used in a LIB or SIB.
In that case, it will enable Li* or Na* ions in the battery
electrolyte to intercalate and deintercalate between carbon
layers during battery charging and discharging. It will increase
the electrochemical activity and capacitive storage of the device
(Wan & Hu, 2019; Wang, Hu, et al., 2019; Xiong et al., 2018).

FTIR analysis of the prepared carbon () reveals O-H
vibration at 3446 cm®, C-H vibration at 2884 cm’!, C=C
vibration at 1570 cm™!, and C-O vibration at 1092 cm!. The N-
doped-C and N/S-doped-C spectra show a broad vibrational
band around 3400 cm-1, corresponding to the C-OH vibration.
The broad peak of the O-H vibration ensures the polarity and

D G

AC

Intensity (a.u)

L 1 L 1 L 1 L 1 L 1 L
800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Fig. 4 Raman spectrum of the prepared carbon.
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high hydrophilicity of the doped carbon (Luo et al.,, 2018). A
vibration at 1048 cm! for NCE and 1066 cm! for NCW indicates
the presence of C-N stretching (Xu et al., 2014). Meanwhile, N/S
doped-carbon, whether NSCW or NSCE, shows vibration at
1083 cm? and 1084 cm, respectively, according to the
presence of C-N stretching and/or C-S stretching (Luo et al.,
2018; Rochman et al., 2019). The vibration at 1500 cm™ belongs
to C=N stretching and C=C stretching (D. Li et al, 2026;
Rochman et al., 2019). The presence of C=N and C-N vibration
indicates the bonding formation of C with the N dopant.
Meanwhile, C-S vibration refers to the formation of a C-S bond.

Surface morphology images, as described in Fig. 6. The
prepared carbon exhibits an irregular form. Furthermore, EDS
analysis informs the presence of C and O within N-doped
carbon and the presence of C, O, and S within the N/S doped-
carbon. EDS mapping result can be seen in Fig. 6. Light element
detection, such as Nk« can be decreased significantly due to the
presence of carbon because carbon has a high mass absorption
coefficient at around 25500 cm?g™! to the X-ray line. In addition,
the X-ray detector window experiences decreased transmission
at deficient X-ray line energy (Liao, 2006).

The EDS map (Fig. 6) shows an even distribution of the S
element on the carbon surface, with a higher S content in doped
carbon prepared from an ethanol solution (1.61 %) than in that
prepared from a distilled water solution (0.88 %). Naturally,
sulfur is not soluble in water but is slightly soluble in ethanol
(Mokhatab et al., 2015; Steudel, 2020). Therefore, ethanol could
disperse S in carbon better than water.

An XPS analysis of the NSCE from previous results
(Rahmawati et al., 2024) provided a detailed discussion of the
chemical bonding detected in the doped materials, further
confirming the structural modifications caused by N/S doping.
The combination of XPS and Raman analyses underscores the
significant role of heteroatom doping in increasing structural
defects and enhancing electronic properties.

Surface area analysis of the prepared carbon shows the
isotherm of adsorption-desorption, as depicted in Fig. 7. All the
prepared-carbon type A isotherms indicate micro- and
mesoporous materials (Yanbin et al., 2008). BET surface area,
as listed in Table 3, shows that carbon prepared using ethanol
has a higher surface area than that prepared using distilled
water. The pore size of all prepared carbon lies between 1.89 —
1.90 nm (7(b)), suggesting that defects in the carbon structure
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Fig. 6 Surface morphology or SEM Images of (a) NCW, (b) NCE, (c) NSCW, (b) NSCE and EDX mapping of NCW, NCE, NSCW, and NSCE.

Table 3
Surface area of the prepared carbons.
Materials BET Specific Surface Area Total Pore’s Volume Average Pore Size
(m?/g) (cc/g) (nm)
Steam activated-carbon 396.41 0.33 1.672
NCW 123.61 0.04 1.897
NCE 405.83 0.20 1.901
NSCA 174.85 0.06 1.892
NSCE 337.86 0.11 1.903

caused by N or N/S doping contribute to homogenizing the pore
size of the carbons.

However, doped carbon prepared using an ethanol solvent
exhibits a higher pore volume than that prepared with distilled
water, and is higher than steam-activated carbon. This indicates
that ethanol contributes to pore formation, resulting in deeper
pores and a higher specific surface area. The activated carbon

250

—m Ads AC 1 DesAC
—=— Ads NCW —0- Des NCW
—a— Ads NCE -+ Des NCE
—#- Ads NSCW  —O— Des NSCW

200

™ AdsNSCE  —T Des NSCE

1304

100

Adsorbed-Volume at STP (cc/g)

Relative Pressure (P/Po)

exhibits a higher total pore volume than N-doped carbon
despite having a smaller specific surface area, indicating the
presence of larger mesopores or macropores in the activated
carbon, which dominate the pore volume contribution. In
contrast, N-doped carbon shows a higher BET surface area,
likely due to a higher proportion of smaller mesopores or
micropores, which provide more surface area but contribute
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Fig. 7 Adsorption isotherm of the prepared carbon and pore distribution of the prepared carbon.
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Table 4
Electric resistance and electric conductivity of the prepared carbon.

Int. J. Renew. Energy Dev 2026, 15(5), 923-932
| 928

Resistance (Q)

Conductivity (S/cm)

Materials

f=20 Hz f=200 kHz f=20 Hz f =200 kHz
Activated-carbon 42.80 33.84 2.42x 101 3.06 x 10!
Commercial-mcmb 25.60 25.56 3.50x 10! 3.50x 10!
NCW 14.17 14.22 5.40 x 10! 5.38x 10!
NCE 13.53 13.56 5.43 x 10! 5.41x 10!
NSCA 6.98 7.00 5.98 x 107! 5.97 x 10!
NSCE 4.49 4.50 23.74x 107! 23.70x 107!

less to the total pore volume, as illustrated in Fig. . The
combination of uniform pores, high pore volume, and high
surface area supported the material's performance as an
electrode. These characteristics allow the high-surface-area
material to accommodate Li+ or Na+ ions during the charge-
discharge process (Duan et al., 2020; Herndndez-rentero et al.,
2020; Ma et al., 2018; Xiong et al., 2018).

Impedance analysis was conducted to investigate the
electrical conductivity of each prepared carbon. The
measurement was performed over 20 Hz-500 kHz, considering
the electronic conduction properties of carbon, which typically
dominate impedance responses at low frequencies. The plot of
resistance to the applied frequency is described in Fig. 8.
Meanwhile, resistance values at 20 Hz and 200 kHz are listed in
Table 4 Along with electric conductivity ¢ (Scm™), values that
were calculated by equation (3),

og=-- (3)

In which Ris resistance (Q), /is the distance between two active
electrodes (cm), and A is the active area of the electrode (cm?).
The R values were measured at low frequencies (20 Hz) and at
200 kHz.

The result (Fig. 8) shows that single N- and N/S co-doping
into carbon significantly decreases the resistance from 42.80 to
4.49 at 20 Hz after N/S doping with ethanol as the solvent. The
resistance drop was more pronounced when N/S co-doping

50
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Fig. 8 Resistance at various frequency measurement of the
prepared-carbon compared to the commercial-mcmb.

was performed in ethanol than in distilled water. Furthermore,
N/S co-doping yields a larger decrease in resistance than single
N doping. Reducing resistance improves conductivity, with
ethanol providing higher carbon conductivity than distilled
water. Carbon doped under ethanol solvent exhibits superior
physicochemical properties as an electrode compared to carbon
doped under water. This is attributed to the improved
dispersion of hard carbon in ethanol, as shown in Fig. 9, which
facilitates a more optimal doping process by increasing the
interfacial area between carbon and the N dopant precursors
(urea) and the N/S dopant precursor (thiourea). Carbon powder
disperses better in ethanol, as shown by Fig.9(b), than in water,
because ethanol is moderately polar with a dipole moment of
~1.69 Debye (Book, 2023). which is lower than the water dipole
moment, ~1.89 Debye (Zhu & Voorhis, 2021), which is
categorized as highly polar. Meanwhile, solid carbon is a
nonpolar molecule that would interact less with highly polar
molecules than with moderately polar molecules.

Table 4 also shows that N/S co-doping yields a higher
electrical conductivity of carbon than single N doping. This can
be attributed to the higher electronegativity of N (3.04) and S
(2.58) compared to C (2.55), which increases the negative
charge density within the carbon network (Liu et al,, 2018). As a
result, resistance decreased (Fig. 8) while conductivity
improved (Table 4). The conductivity of N/S-doped carbon
even surpasses that of commercial MCMB, demonstrating the
strong potential of steam-activated carbon derived from
sugarcane waste as a raw material for electrode fabrication.

Theoretical calculations were employed to investigate the
impact of single N and N/S co-doping into the carbon structure.
The optimized structures of pristine graphene, single N-doped
carbon, and N/S co-doped carbon are illustrated in Fig. 10. All
structures show no imaginary frequency, suggesting that all
models proposed in this research are stable. The models of
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200 um 200 um
Fig. 9 Digital microscope images showing the interaction between
hard carbon and different solvents: (a) deionized water and (b)
ethanol.
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Fig. 10 Molecular structure top (upper) and side views (bottom) of (a) pure graphene, (b) single N-doped carbon, and N/S co-doped carbon.
single-N-doped carbon and N/S co-doped carbon were N/S co-doping leads to greater structural distortion,

examined and compared with pristine graphene. The carbon
structure in this study is considered to consist of graphene
layers. The pristine graphene model (undoped) used in this
study consists of 54 carbon (C) atoms and 18 hydrogen (H)
atoms, i.e., CssHis, as shown in Fig. 10(a). Each carbon atom
forms a bond with a hydrogen atom.

According to the Kroger-Vink notation, the doping
mechanisms can be described by the reactions in Equations (1)
and (2). In the N-doped carbon model, replacing a C atom with
an N atom introduces N substitutional defects (Nc') and creates
vacancies (Vceee*) in the lattice. The substitution of 8 N atoms
results in 2 C atom vacancies. The single N-doped carbon model
includes structures with pyridinic-N, pyrrolic-N, and graphitic-N
doping configurations (Liu et al, 2018), as displayed in Fig.
10(b). Meanwhile, in the N/S-doped carbon model, the
substitution of 2 S atoms and 4 N atoms results in both N (N¢')
and S (Sc") substitutional defects, along with 2 C vacancies
(Vceees). The N/S-doped carbon structure comprises pyridinic-
N, pyrrolic-N, graphitic-N, and thiophene-S configurations (Fig.
10(c)) (Liu et al, 2018). Even though this study used a finite
CssHis cluster for simulation, the result shows similar defect
formation and the position of N and S as expected by
stoichiometric solid-state reaction defined in equations (1) and
(2), and similar to our previous result on XPS analysis of N/S
doped-C. The presence of pyrrolic-N as observed at 402.4 eV
peak, and thiophene-S at 171.95 eV was proven by XPS analysis
(Rahmawati et al., 2024), which aligns with the electrochemical
properties of the NSCE electrode, because the defect provided
a negative charge area, as shown by Fig.11, that interacts
strongly with Li* as an active ion in a lithium-ion battery.

According to the side views of all models in Fig. 10, doping
carbon with N atoms induces minor distortions in the carbon
structure, resulting in a slight surface curvature. Meanwhile,
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significantly increasing surface curvature. The N/S co-doped
carbon exhibits more defects and irregularities in the carbon
lattice, consistent with the Raman results in Fig. . These defects
provide additional active sites that facilitate the intercalation of
mobile ions within the carbon network, leading to increased
conductivity and enhanced electrochemical reactions during
the charge-discharge process.

Fig. 11 compares the electrostatic potential profile of
pristine graphene, N-doped carbon, and N/S-doped carbon,
providing significant insights into the charge distribution within
the carbon structure. The electrostatic potential of pristine
graphene is relatively uniform, indicating a balanced charge
distribution across the C atoms with mostly green-yellow
surface, suggesting a slightly negative charge distribution. Fig
11 shows that N doping results in a red area around 4 N atoms
that replaced C, which is defined as N/ by equation (1), bearing
anegative charge because the 5 valence electrons of the N atom
have replaced the 4 valence electrons of the C atom. As
compensation, a defect C lattice was created at the edge as a
blue area in the electrostatic potential surface (Fig 11(b))
representing the positive charge of the vacancy defect, V7***, as
a result of one 4-valence-electron C leaving the atom. The
simulation result (Fig. 11(b)) clearly confirms the stoichiometric
solid-state reaction given by equation (1). The nucleophilic
behavior of N(serves as an active site for the Li*/Na*
intercalation-deintercalation process (Berenjaghi et al, 2021;
Sood et al., 2018), because the negative charge of pyridinic-N
possesses the capability of adsorbing two Li*/Na*ions (Yuan et
al., 2020; Zheng et al., 2014).

In the N/S-doped carbon models (Fig 11(c)), the thiophene-
S dopant (the yellow dot) that replaces a 4 valence C atom
results in S/ as predicted by equation (2), bearing a negative
charge as confirmed by the red area. Meanwhile, N dopant has

R
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J
_J

& : Catom

& : Hatom
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Fig. 11 Electrostatic potential surface at an isovalue of 0.001 au of (a) pristine graphene, (b) single N-doped carbon, and (c) N/S co-doped
carbon. Red indicates negative values (-2.00 x 10" au), while blue indicates positive values (+2.00 x 10" au).
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Coulombic efficiency and specific charge/discharge capacities of the NSCE over five cycles.

Cycle- Specific Charge Capacity (mAh/g) Specific Discharge Capacity Coloumbic Efficiency (%)
(mAh/g)
1 349.94 £ 79.04 113.41 £12.59 32.14
2 122.83 £40.01 105.05 £22.31 85.52
3 110.04 +24.38 97.15+ 17.63 88.28
4 103.65 £ 15.21 92.69 + 11.58 89.43
5 95.79 £ 12.52 86.89 + 10.41 90.70

replaced the C atom, resulting in two N, that bears a negative
charge, as confirmed by the red area around the two blue dots
(Fig. 11(c)). The negative surface charge resulting in
simultaneous N/S doping required compensation to maintain
the neutral charge of the whole pristine structure by removing a
C atom, resulting in a vacancy V7 *** bearing a negative surface
charge, as shown by the blue area at the edge of the pristine
graphene (Fig 11(c)). The negative charge regions created by
pyridinic-N and thiophene-S doping enhance the electrode
materials' ability to interact with Li+/Na+ ions, facilitating their
intercalation during charge-discharge cycles.

The charge-discharge evaluation was conducted as a
feasibility study to investigate the potential of NSCE as a lithium-
ion battery electrode. A LIB was then prepared with an NSCE
anode and a LiFePO. cathode. Fig. 12 shows the charge-
discharge analysis over five cycles at a current density of 15.89
mA/g. Table 5 found that the battery provides initial charging
and discharging capacities of 349+79.04 mAh/g and
113.41+12.59 mAh/g, respectively, with a Coulombic efficiency
of 32.14%. The low Coulombic efficiency of NSCE at the first
cycle is attributed to the formation of a Solid Electrolyte
Interphase (SEI) on its electrode surface. The SEI layer is
formed due to the decomposition of the electrolyte and the
irreversible reaction between the surface functional group and
Li ions (Tang et al., 2017; J. Wu et al., 2021; Xiong et al., 2018;
Zhao et al., 2020; Zhou et al., 2022), which is common in high-
surface-area carbon material (Tang et al., 2017). The issue of low
first-cycle Coulombic efficiency (%) due to the irreversible
capacity loss can be overcome by several strategies, such as
optimizing the binder (Su et al,, 2024) or pre-lithiation (Han et
al., 2024).

The Coulombic efficiency increases steadily across
subsequent cycles, from 32.14% in the first cycle to 85.52%,
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Fig. 12 Charge-discharge curve of NSCE-LiPF¢-LFP battery.

88.28%, 89.43%, and 90.70% in the fifth cycle, demonstrating
electrode stabilization. The consistent increase in Coulombic
efficiency highlights NSCE's ability to stabilize after initial side
reactions. It suggests the potential of the N/S-doped carbon
derived from sugarcane waste factories. However, further
optimization is required to enhance its performance for practical
applications.

The electrochemical activity of the NSCE was compared to
that of commercial activated carbon and biomass-derived
carbon, as reported in previous studies. For instance,
commercial activated carbon provides a specific capacity of
approximately 50 mAh/g (Ahmed et al., 2023), while activated
carbon sourced from olive pomace biomass delivers a 56
mAh/g capacity at a current density of 25 mA/g (Alouiz et al.,
2025). In contrast, this study's N/S-doped carbon derived from
bagasse waste material demonstrates a significantly higher
specific capacity of 113.41+12.19 mAh/g at 15.89 mA/g at the
first discharge. This improvement is attributed to the enhanced
conductivity and structural modifications introduced by N/S
doping, which optimize the carbon framework for Li-ion
storage. The enhancement of electrochemical properties is
attributed to the negatively charged region formed after doping
(Fig. 11(b) and (c)), which increases interactions between the
electrode material and Li* ions. Even though the simulation was
conducted on a finite pristine graphene layer as a model, the
simulation result is in agreement with our previous study in XPS
analysis to a bulk sample NSCE (Rahmawati et al., 2024). The
findings highlight the potential of N/S-doped carbons derived
from sugarcane waste as superior alternatives to conventional
activated carbons in energy storage applications. Beyond LIB
applications, the N/S-doped carbon materials show potential for
other energy storage systems. For instance, in supercapacitors,
the high surface area and heteroatom doping could enhance
charge storage by improving ion adsorption at the electrode
interface.

4. Conclusion

Steam-activated carbon prepared from sugarcane waste
holds significant potential as a sustainable raw material for
electrode preparation. N and N/S co-doping were successfully
achieved, as evidenced by the increasing ID/IG ratio in the
Raman spectrum, indicating defect formation within the C
crystal structure. The existence of C-N, C-S, and C=N vibrations
in FTIR spectra further confirms successful doping. N and N/S
co-doping effectively reduces the resistance of the materials,
with N/S co-doping yielding a more pronounced decrease,
thereby enhancing electronic conductivity. The electronic
conductivity is even higher than the commercial, and the result
increases significantly from 2.42 x 10! Scm™! before doping to
23.74 x 107 Scm! after N/S doping. Simulation shows a
synergistic effect of N and S atoms as dopants that promotes the
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electrochemical process. A lithium battery with LFP and NSCE
as electrodes also performs well, delivering an initial discharge
capacity of 113.41+12.59 mAh/g. The N/S-doped carbon has
a higher specific capacity than the commercial activated carbon
from the previous study. The N/S-doped carbon appears to be
a promising, sustainable candidate for advanced energy storage
applications.
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