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Abstract. Advanced lithium iron phosphate battery systems demand anode materials with higher capacity, better
rate capability, and stronger structural stability than conventional graphite. This study investigates the
electrochemical performance of functionalized reduced graphene oxide (rGO) as a potential anode material,
focusing on sulfur (S), nitrogen (N), and fluorine (F) heteroatom doping. The materials were synthesized through
controlled hydrothermal and thermal treatment methods and characterized using X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), and energy-dispersive X-ray (EDX) spectroscopy. Structural
analysis showed that sulfur doping increased interlayer spacing and introduced more active defect sites, while
nitrogen and fluorine doping enhanced graphitic alignment, as indicated by a sharper (002) peak near 26°, which
corresponds to reduced interlayer spacing. Electrochemical properties were evaluated using cyclic voltammetry
(CV) within a potential range of 0.01-3.0 V (vs. Li/Li"). Among all samples, sulfur-doped rGO exhibited the
strongest electrochemical performance, with the largest CV curve area and an apparent capacitance of 492.32 F
g, corresponding to a specific capacity of 408.90 mAh g'. Pristine rGO achieved 417.66 F g* (346.89 mAh
g '), whereas nitrogen-doped and fluorine-doped samples showed lower values of 278.39 F g* (231.21 mAh g™)
and 223.07 F g! (185.27 mAh g™!), respectively. The results indicate that charge storage is mainly governed by
pseudocapacitive surface reactions rather than bulk intercalation. Overall, sulfur-doped rGO demonstrated
superior charge storage capability, highlighting its potential as an advanced anode material for next-generation
LiFePOs-based lithium-ion batteries.
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1. INTRODUCTION

The rapid expansion of electric vehicles, renewable energy systems, and portable electronic
devices has significantly increased the global demand for high-performance lithium-ion batteries (LIBs)
[1,2]. Key requirements for next-generation LIBs include high energy density, long cycle life, and
excellent rate capability. However, conventional graphite anodes, despite their commercial maturity,
suffer from limited theoretical capacity (372 mAh g') and moderate rate performance, which restrict
further improvements in overall battery performance [3]. To overcome these limitations, extensive
research has focused on advanced carbon-based materials. Among them, reduced graphene oxide (rGO)
has attracted considerable attention due to its high electrical conductivity, large specific surface area,
and tunable surface chemistry [4,5]. The two-dimensional layered structure of rGO facilitates efficient
electron transport and short lithium-ion diffusion pathways, making it a promising candidate for high-
performance anode applications.

Various strategies have been explored to enhance the electrochemical properties of rGO,
including composite formation with metal oxides and structural engineering approaches [6-8]. Although
such hybrid systems often exhibit improved capacity and rate performance, their synthesis procedures
can be relatively complex and may involve structural instability during repeated cycling due to
volumetric changes of active components. Heteroatom doping has emerged as a simpler and more
controllable method to tailor the physicochemical and electrochemical characteristics of graphene-
based materials [4]. Incorporation of heteroatoms such as nitrogen, sulfur, and fluorine can modify the
electronic structure, introduce defect sites, and alter interlayer spacing, thereby influencing lithium
storage behavior and charge transfer kinetics. Nitrogen doping generally enhances electrical
conductivity and creates electrochemically active sites, while sulfur doping can introduce redox-active
functionalities and promote surface-dominated charge storage.

Fluorine incorporation, on the other hand, is often associated with improved structural stability
and interfacial properties, although excessive fluorination may affect electronic conductivity [9].
Mechanistically, the incorporation of these heteroatoms alters the physicochemical landscape of
graphene in distinct ways. Nitrogen doping shifts the Fermi level and increases localized electron
density, thereby enhancing the Li* adsorption energy, particularly at pyridinic and pyrrolic active sites.
Sulfur, possessing a larger atomic radius than carbon, physically expands the graphitic interlayer
spacing, which lowers the energy barrier for lithium-ion diffusion pathways while creating distinct
charge distribution imbalances that serve as redox-active sites. Conversely, the high electronegativity
of fluorine induces strong localized C—F dipole moments that can firmly anchor Li* and stabilize the
solid-electrolyte interphase, though excessive fluorination risks disrupting the delocalized sp? network
and impeding bulk electronic conductivity.

Recent studies on heteroatom-modified graphene materials have demonstrated promising
electrochemical performance and improved structural durability in lithium-ion systems [10-13].
However, evaluating the true comparative advantages of these dopants is challenging because existing
literature largely investigates them in isolation under vastly different synthesis parameters. For example,
independent studies show that hydrothermal nitrogen doping enhances planar conductivity and thermal
fluorine doping improves interfacial stability, the use of different precursors, temperatures, and
reduction times in these separate works obscures their relative electrochemical contributions. Without
a baseline comparison under controlled, comparable synthesis conditions, it is difficult to determine
whether variations in capacity and stability are driven by the specific heteroatom itself or by the distinct
thermal and chemical environments used during its synthesis. Nevertheless, systematic comparisons
between different dopants synthesized under comparable conditions remain limited. In particular, the
relative influence of sulfur, nitrogen, and fluorine incorporation on crystallinity, defect chemistry, and
electrochemical response requires further clarification.

While prior comparative studies often focus on co-doping synergies or rely on complex
hierarchical composites, the specific research gap addressed here is the lack of an isolated, standardized
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evaluation of individual S, N, and F dopants on graphene's structural evolution and half-cell
electrochemical behavior. The novelty of this work lies in utilizing a unified, comparable synthetic
framework to directly correlate each distinct heteroatom's structural impact, such as sulfur-induced
active defect generation versus fluorine-induced planarization, to their resulting pseudocapacitive
charge storage metrics, thereby establishing a fundamental baseline for rational anode design.
Therefore, this study systematically investigates sulfur-, nitrogen-, and fluorine-functionalized rGO
synthesized via scalable hydrothermal and thermal approaches as a preliminary screening study.
Structural and morphological characteristics were examined using X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), and energy-dispersive X-ray spectroscopy (EDX).
Electrochemical performance was evaluated through cyclic voltammetry in a half-cell configuration
within the voltage window of 0.01-3.0 V (vs. Li/Li") to establish an initial baseline of their comparative
charge storage behaviors prior to future extensive long-term cycling evaluations. This work provides
comparative insights into the role of different heteroatom dopants in tailoring graphene-based anodes
and highlights their potential application in lithium iron phosphate battery systems.

2. MATERIALS AND METHODS

All chemicals used in this study were of analytical grade. Sodium thiosulfate pentahydrate
(NazS205-5H20, >97 %), hydrochloric acid (HCI, reagent-grade), ethanol (>99.5 %), and ammonia
solution (25 wt.% NHs in H20) were sourced from Merck (Germany). The fluorine precursor, 1-butyl-
3-methylimidazolium hexafluorophosphate (BMIM-PFs, >97 %), was obtained from Sigma-Aldrich.
Deionized (DI) water with resistivity >1 MQ-cm was used throughout (Emsure® Type II), and reduced
graphene oxide (rGO), used as the base material, was lab-grade and procured from IESB, Malaysia. All
reagents were selected for their high purity to ensure consistency and reproducibility in material
synthesis and characterization. All functionalized rGO materials were synthesized via hydrothermal
methods, as schematically illustrated in Figure 1.
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Figure 1: Simplified schematic of the hydrothermal synthesis process for functionalized reduced
graphene oxide (rGO), including mixing, stirring, sonication, autoclave treatment, centrifugation,
and drying. The procedure is tailored based on the dopant type (e.g., sulfur, nitrogen, fluorine)
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While the core synthesis technique remained constant, the specific chemical agents introduced
varied depending on the desired functional group (sulfur, nitrogen, or fluorine). The synthesis
conditions and reagents for each functionalization pathway are described in subsections 2.1, 2.2, and
2.3.

2.1 Synthesis of Sulfur-Functionalized rGO (S-rGO)

To prepare sulfur-functionalized rGO, 5 mg of rGO was first dispersed in 5 mL of DI water
under 30 minutes of ultrasonication to form a uniform colloidal suspension. Subsequently, 5 mL of 5 M
sodium thiosulfate and 3 mL of 1 M hydrochloric acid were added dropwise while stirring. The mixture
underwent further ultrasonication for 2 hours at 100 W and 40 kHz. This dispersion was then transferred
into a 20 mL Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment at 180 °C
for 12 hours. Upon cooling to room temperature, the solid product was isolated by centrifugation at
10,000 x g, rinsed with DI water and ethanol three times each, and dried in a vacuum oven at 80 °C for
24 hours. This process facilitated sulfur atom incorporation via chemical self-assembly mechanisms,
enhancing electrical conductivity and functional surface sites.

2.2 Synthesis of Nitrogen-Functionalized rGO (N-rGO)

For nitrogen doping, 50 mg of rGO was dispersed in 50 mL of DI water and sonicated for 2
hours to form a homogeneous dispersion. Then, 20 mL of ammonia solution (25 wt.%) was slowly
introduced under constant stirring. The resultant mixture was transferred to an autoclave and treated at
200 °C for 24 hours. This hydrothermal condition enabled simultaneous nitrogen incorporation and
reduction of oxygen-containing groups on the graphene sheets. After natural cooling, the product was
recovered via centrifugation, followed by thorough washing with DI water and ethanol, and vacuum-
dried at 80 °C for 24 hours. The nitrogen dopant levels and bonding states were later confirmed using
Energy-Dispersive X-ray Spectroscopy (EDX).

2.3 Synthesis of Fluorine-Functionalized rGO (F-rGO)

To synthesize fluorinated rGO, 50 mg of rGO was dispersed in 50 mL of DI water and
ultrasonicated for 2 hours. Following this, 200 mg of BMIM-PFs was added and stirred for 1 hour to
ensure sufficient interaction with rGO sheets. The suspension was transferred into a ceramic crucible
and subjected to thermal treatment in a tube furnace at 200 °C for 24 hours under a nitrogen atmosphere.
The fluorine atoms from the decomposition of BMIM-PFs were incorporated into the graphene lattice,
enhancing its conductivity and chemical stability. The product was cooled, centrifuged, washed with
DI water and ethanol, and vacuum-dried at 80 °C for 24 hours.

2.4 Electrode Fabrication

To evaluate the electrochemical performance, the synthesized functionalized rGO powders
were fabricated into working electrodes. The electrode slurry was prepared by mixing the active
material (functionalized rGO), a conductive additive (Super P), and a polymeric binder (polyvinylidene
fluoride (PVDF)) in a weight ratio of 80:10:10. The mixture was dispersed in N-methyl-2-pyrrolidone
(NMP) solvent and magnetically stirred to form homogeneous slurry. This slurry was then uniformly
coated onto a copper foil current collector using a film coater. The coated electrodes were dried in a
vacuum oven at 80 °C for 12 hours to remove residual solvent. Finally, the electrodes were punched
into circular disks, with an average active material mass loading of approximately 1.0 mg cm™ per
electrode.

2.5 Material Characterization
The synthesized functionalized rGO materials (S-rGO, N-rGO, and F-rGO) were characterized

structurally, morphologically, and electrochemically. X-ray diffraction (XRD) using a Rigaku MiniFlex
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X-ray Diffractometer (Cu Ka, A=1.5406 A) was employed to assess crystallinity and interlayer
spacing, post-functionalization. The XRD patterns were recorded over a 26 scan range of 10° to 60°
with a step size of 0.01° and a scan rate of 1° min™'. The degree of crystallinity (X.) for each sample
was quantitatively determined from the XRD data by peak deconvolution. The calculation was
performed using the standard ratio of the integrated area of the crystalline peaks (Ac) to the total
integrated area, which encompasses both the crystalline and amorphous (As) components, according to
the following equation:

Ac
Ag+Ac

X (%) = X 100 (1)

Peak fitting and area integration were conducted using OriginPro software.

Morphological features were examined via Field Emission Scanning Electron Microscopy
(FESEM, Hitachi Schottky FESEM SU5000), while elemental composition and dopant distribution
were confirmed through Energy-Dispersive X-ray Spectroscopy (EDX). For electrochemical
evaluation, cyclic voltammetry (CV) tests were performed in CR2032 coin cells using a Wonatech
WMPG1000 potentiostat/galvanostat multichannel system. The CR2032 half-cells were assembled in
an argon-filled glovebox. A polypropylene membrane was used as the separator. The electrolyte
consisted of 2.0 M lithium hexafluorophosphate (LiPFs) dissolved in a 1:1 volume ratio of ethylene
carbonate (EC) and dimethyl carbonate (DMC). CV was conducted at 0.2 mV/s within 0.01-3.0 V (vs.
Li/Li*). The apparent specific capacitance (C, F g') of the electrodes was calculated from the CV curves
using the following standard equation:

_ Jrav
T 2mvAv (2)

where [IdV is the integrated area of the cyclic voltammogram (A V), m is the mass of the active material
in the electrode (g), v is the scan rate (V s'), and AV is the operational potential window (V). These
analyses provided comprehensive insight into the structural integrity and electrochemical performance
of the functionalized rGO anodes in LFP battery systems. To ensure the reliability and reproducibility
of the experimental results, all electrochemical measurements were performed on a minimum of three
independent CR2032 coin cells for each material variant (pristine rGO, S-rGO, N-rGO, and F-rGO).
The reported cyclic voltammetry (CV) curves represent the typical, stable electrochemical behavior
observed across the replicates. Furthermore, the calculated apparent capacitance values and their
corresponding specific capacities represent the average reproducible performance, with an estimated
relative error of less than = 3 % across the tested samples.

3. RESULTS AND DISCUSSION
3.1 Materials Properties

The X-ray diffraction (XRD) analysis as depicted in Figure 2 provides valuable insight into the
crystalline and structural ordering of the graphene materials. Quantitative crystallinity analysis reveals
distinct values across samples: rGO (33 %), F-rGO (47 %), N-rGO (54 %), and S-rGO (62 %). In the
pristine reduced graphene oxide sample, the (002) diffraction peak appears broadly between 20° and
26°, indicating partial restoration of the sp*hybridized carbon framework but retaining significant
disorder and layer misalignment. Similar results were reported, showing that thermally reduced GO
retained disordered interlayer stacking with limited crystallite alignment [14]. Both nitrogen-doped
(N-rGO) and fluorine-doped (F-rGO) samples exhibit a pronounced sharpening and increased intensity
of the (002) peak at approximately 26°, signifying enhanced graphitic ordering and reduced interlayer
spacings. The quantitative structural parameters extracted from the (002) diffraction peaks, including
the precise 20 positions, full width at half maximum (FWHM), calculated d-spacing, and degree of
crystallinity for all samples, are summarized in Table 1. Such improvements in crystallinity are
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consistent with established findings, where nitrogen incorporation facilitates planar sp? reinforcement,
thereby enhancing electrical conductivity. For instance, Tasdemir et al. [6] reported enhanced
conductivity and stacking order in N-doped graphene derived from thermal treatment.

The sulfur-doped sample presents a more intricate diffraction profile. While the broad (002)
peak confirms the presence of the graphitic structure, additional sharp peaks are evident at 20 = 23.1°,
25.8°, 26.7°, and 27.7°. These peaks are distinctly indexed to the [222], [026], [206] and [026]
crystallographic planes of elemental orthorhombic sulfur (Ss), perfectly matching the standard reference
data JCPDS card no. 08-0247. Literature reports have documented that sulfur doping can introduce
ordered sulfur-rich phases, leading to supplementary diffraction features in XRD patterns. Notably,
recent studies in catalytic contexts confirmed that, at moderate sulfur loadings, these secondary phases
remain undetectable in XRD, implying sulfur exists either in amorphous form or as sub-nanocrystalline
dispersed species where similar behavior was observed [15]. The appearance of extra peaks in our
S-rGO sample thus likely reflects moderate sulfur aggregation, sufficient to create XRD-visible
crystallinity without accumulating detectable large-scale sulfur crystals.

Normalized counts

60

20 ()

Figure 2: X-ray diffraction (XRD) patterns of pristine rGO and heteroatom-doped functionalized
rGO samples (S-rGO, N-rGO, and F-rGO)

Table 1: Quantitative structural parameters of the synthesized functionalized rGO samples
extracted from XRD analysis

Sample 20 position (°) of FWHM d-spacing (nm) Crystallite Crystallinity

[002] plane size, Lc (nm) (%)

rGO 24.4 7.65587 0.365 11.0838 33
F-rGO 26.4 0.40917 0.337 208.2075 47
N-rGO 26.5 0.44313 0.336 192.2906 54
S-rGO 26.5 0.48967 0.336 174.0146 62

Sulfur doping appears to disrupt lattice coherence but introduces functional groups that may
enhance redox activity, whereas nitrogen and fluorine doping significantly improve graphitic
crystallinity, which supports better electrical conductivity and structural stability [16]. The XRD
patterns highlight how different dopants affect graphene ordering, with nitrogen and fluorine promoting
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defect healing and planar alignment, while sulfur creates structural complexity that could enhance
electrochemical reactivity but may also lead to reduced stability. Further studies correlating these
structural features with electrochemical performance are necessary to determine whether ordered
graphitic domains or dopant-induced functionalities offer greater benefits for anode applications.

The morphological and compositional features of reduced graphene oxide (rGO) and its
heteroatom-doped derivatives were analyzed using Field Emission Scanning Electron Microscopy
(FESEM) coupled with Energy-Dispersive X-ray Spectroscopy (EDX), as shown in Figures 3 and
4. FESEM imaging of pristine rGO (Figure 3(a)) reveals loosely stacked, wrinkled sheets typical of
partially reduced graphene structures. This morphology offers a high surface area but also indicates
structural disorder. Upon sulfur doping (S-rGO, Figure 3(b)), morphology transforms into denser
aggregates with rougher textures, suggesting the formation of sulfur-functionalized domains or
embedded sulfur clusters. EDX analysis confirms the successful incorporation of sulfur with a weight
percentage of 6.4 percent and an atomic percentage of 2.6 percent (Figure 4(a)). Recent reports have
indicated that sulfur species introduce active defect sites, which enhance lithium-ion transport and
promote surface-controlled redox reactions, thereby improving the overall charge storage behavior as
reported previously [10].

Figure 3: FESEM images of (a) rGO, (b) S-rGO, (¢) N-rGO, and (d) F-rGO. All images are
presented with consistent, clarified scale bars of 10 um

Nitrogen-doped rGO (N-rGO, Figure 3(c)) shows a crumpled, fragmented morphology,
indicating higher edge density and increased defect concentration. This is favorable for electrochemical
activity due to enhanced electrolyte contact and ion diffusion. The EDX profile (Figure 4(b)) confirms
nitrogen presence at 1.7 percent by weight and 1.4 percent by atomic content. Such crumpled and defect-
rich morphology is consistent with previous findings, where nitrogen-doped reduced graphene oxide
with higher edge-site density demonstrated enhanced electrolyte accessibility and improved lithium-ion
diffusion kinetics as anode materials [6]. In contrast, fluorine-doped rGO (F-rGO, Figure 3 (d)) exhibits
a more compact and smoother sheet morphology, indicating reduced defect density and more orderly
stacking. The EDX data (Figure 4(c)) confirms the successful doping with fluorine, measured at 1.8
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percent by weight and 1.2 percent by atomic percentage. Fluorine, being highly electronegative, tends
to stabilize the graphene structure and can enhance its hydrophobicity and chemical resistance, which
are beneficial for improving electrode durability under electrochemical cycling. Prior research
confirmed that F-doping reduces structural disorder and enhances electrode stability under repeated
cycling as found in previous work [9].

eZAF Quant Result - Analysis Uncertainty:
8.85 %

Element Weight% Atomic%

C 85.5 91.1
O 7.6 6.1
F 0.2 0.2
Al 0.2 0.1
S 6.4 2.6

eZAF Quant Result - Analysis Uncertainty:
7.92 %

Element Weight% Atomic%

C 92.9 94.4
N 1.7 1.4
(@] 5.5 4.2

eZAF Quant Result - Analysis Uncertainty:
7.14 %

Element Weight% Atomic%

C RS 93.5
N 0.8 0.7
(@) 6.0 4.6
F 1.8 1.2

Figure 4: EDX spectra of functionalized rGO samples: (a) S-rGO, (b) N-rGO, and (c¢) F-rGO

The combined FESEM and EDX analyses confirm that the hydrothermal and thermal doping
strategies effectively alter both the morphology and elemental composition of rGO. Sulfur and nitrogen
doping introduce more defects and crumpled features favorable for high reactivity, whereas fluorine
doping promotes planarization and structural integrity. These variations are crucial for tuning the
electrochemical behavior of rGO-based anodes in lithium-ion battery applications.

3.2 Electrochemical Performance

Figure 5 shows the cyclic voltammetry (CV) profiles of pristine reduced graphene oxide (rGO)
and its heteroatom-doped derivatives, including nitrogen-doped (N-rGO), fluorine-doped (F-rGO), and
sulfur-doped (S-rGO). All electrodes were evaluated in a half-cell configuration using lithium metal as
both the counter and reference electrode within a potential window of 0.01-3.0 V (vs. Li/Li*). The CV
curves exhibit pronounced differences in current response and enclosed area, reflecting variations in
electrochemical activity and charge storage behavior induced by different heteroatom dopants. Notably,
S-rGO displays a significantly larger CV-integrated area compared to the other samples, indicating an
enhanced charge storage capability with substantial surface-controlled contributions. Based on
quantitative analysis of the CV data, the apparent capacitance values were estimated to be 492.32 F g™*

179



Mohamad Taufig Mohamad Alias et al. / Malaysian Journal of Microscopy 2026 22(1) 172-184

for S-r1GO, 417.66 F g! for rGO, 278.39 F g! for N-rGO, and 223.07 F g! for F-rGO. Because standard
lithium-ion battery performance is typically evaluated in terms of capacity, these apparent capacitance
values were mathematically converted to CV-derived specific capacities using the formula Capacity =
(C x AV) / 3.6, where AV is the operational voltage window (2.99 V). Consequently, the estimated
specific capacities are 408.90 mAh g! for S-rGO, 346.89 mAh g for rGO, 231.21 mAh g! for N-
rGO, and 185.27 mAh g for F-rGO. While future galvanostatic charge-discharge (GCD) testing will
be required to comprehensively evaluate long-term cycling stability, these CV-derived capacities
provide a standard comparative metric for battery applications.

The enhanced electrochemical performance of S-rGO is hypothesized to be associated with the
incorporation of sulfur-containing functional groups, such as C—S—C and SOy species, which potentially
introduce electrochemically active defect sites. While the significantly enlarged CV-integrated area
suggests possible surface-dominated Faradaic contributions, detailed kinetic analyses at multiple scan
rates are required in future studies to definitively confirm the pseudocapacitive charge storage
mechanisms. Interestingly, while sulfur doping reduces the interlayer d-spacing to 0.336 nm (compared
to 0.365 nm for pristine rGO), it simultaneously yields the highest crystallinity (62 %). The enhanced
electrochemical performance of S-rGO which yielding the highest apparent capacitance of 492.32 F g!
(408.90 mAh g') is therefore predominantly driven by its rich defect chemistry rather than expanded
diffusion pathways. The abundant electrochemically active sulfur-containing functional groups (such
as C—S—C and SOx species) facilitate surface-dominated Faradaic reactions that overcome the reduced
interlayer spacing, enhancing the overall pseudocapacitive charge storage behavior. These findings are
in good agreement with previous studies reporting that sulfur-doped graphene-based materials exhibit
superior charge storage characteristics owing to their rich defect chemistry, redox activity, and
improved ionic transport pathways. Furthermore, recent studies have demonstrated that sulfur-enriched
interphases and scaffolded architecture contribute to enhanced ionic transport and improved long-term
electrochemical performance in lithium-based energy storage systems. This aligns with recent
mechanistic insights by Song et al. [17] who demonstrated that sulfur-enriched interphases facilitate
rapid ion transport; similarly, in our system, the incorporated sulfur species act as active defect sites
that visibly accelerate interfacial kinetics, resulting in our highest observed apparent capacitance of
49232 Fg'.

0.008

0.006 =

0.004 =

0.002 =

Current (mA)

0.000 =

_0002 '] '] '] 1L L '] ']
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Figure 5: Cyclic voltammetry (CV) curves of rGO and heteroatom-doped rGO (N-rGO, F-rGO,
S-rGO) anodes measured in half-cell configuration versus Li metal at a scan rate of 0.2 mV/s within
the voltage window of 0.01-3.0 V (vs. Li/Li"). All tested electrodes were formulated with a
uniform active material mass loading of 1.0 mg cm™ to ensure accurate and reliable cross-sample
comparison
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The undoped rGO sample also exhibited relatively high capacitance, which can be attributed to
its large surface area, high electrical conductivity, and the presence of oxygen-containing groups that
support electric double-layer capacitance. This result confirms the suitability of well-reduced graphene
oxide as a base anode material for lithium-ion systems. In the case of N-rGO, the moderate CV-derived
apparent capacitance indicates that while nitrogen doping can enhance electrical conductivity and
introduce electrochemically active sites such as pyridinic and graphitic nitrogen, the overall
electrochemical improvement is strongly dependent on the dopant configuration and concentration.
Excessive defect formation or a reduction in accessible surface area resulting from inappropriate
nitrogen incorporation may limit its contribution to surface-controlled charge storage behavior. For F-
rGO, the lowest apparent capacitance of 223.07 F g™! (185.27 mAh g™') quantitatively aligns with its
structural consolidation. The reduction in the interlayer d-spacing to 0.337 nm, combined with a
relatively low crystallinity of 47 %, physically restricts the ion accessibility within the layers.
Furthermore, the formation of highly polar C—F bonds disrupt the delocalized m-electron system of
graphene, leading to reduced electronic conductivity and hindered lithium-ion transport. Although
fluorine doping can improve surface wettability and structural stability, it may simultaneously introduce
unfavorable electronic and structural effects that suppress charge storage performance. This
interpretation is consistent with recent findings by Das et al., [18] who demonstrated that highly polar
catalytic interfaces drastically alter redox dynamics; in our case, the highly electronegative C—F bonds
appear to restrict the desired surface-dominated charge storage, yielding the lowest capacitance of
223.07F g™.

When compared to rGO-metal oxide composites, which often report higher apparent
capacitance values (typically 500—700 F g'), largely arising from bulk redox processes, the doped-rGO
materials offer several practical advantages [19]. Metal oxide-based composites derive their capacitance
primarily from bulk redox reactions but often suffer from poor structural stability and capacity fading
due to mechanical stress from volumetric expansion during cycling. Additionally, the synthesis of such
composites is usually more complex and less environmentally sustainable. In contrast, heteroatom-
doped rGO materials maintain excellent electrical conductivity and structural integrity, highlighting
their potential as viable anode materials, though further long-term cycling studies are required to fully
validate their performance. Their synthesis is relatively straight forward and can be achieved using
simple thermal or hydrothermal treatments with dopant precursors such as urea, thiourea, or fluorinated
salts. Furthermore, when benchmarked against recent state-of-the-art heteroatom-doped graphene and
carbon-based anodes, which typically exhibit apparent capacitances in the range of 300 to 450 F g™!
depending on the dopant configuration [20], the optimized S-rGO synthesized in this study (492.32 F
g7') demonstrates highly competitive electrochemical performance. This indicates that our simplified
synthesis route successfully maximizes the active defect chemistry without requiring complex hybrid
architectures. Overall, these findings demonstrate that heteroatom doping can significantly tailor the
electrochemical behavior of graphene-based anode materials. Among the samples investigated, S-tGO
displayed the most promising performance, followed by pristine rGO, N-rGO, and F-rGO. The results
suggest that sulfur doping offers the most beneficial effect in enhancing surface-dominated charge
storage behavior and lithium-ion storage, thereby supporting the potential of functionalized graphene
materials as effective anodes for lithium iron phosphate battery systems. This agrees with insights from
light-assisted and sulfur-anchoring strategies where dopant synergy and layered hybrid scaffolds lead
to long-term stability and rate performance improvements [21].

4. CONCLUSIONS

Heteroatom doping has proven to be an effective strategy for enhancing the electrochemical
performance of reduced graphene oxide as a potential anode material for lithium iron phosphate battery
systems. Among the investigated samples, sulfur-doped rGO exhibited the most pronounced
electrochemical response, as reflected by the largest CV-enclosed area, corresponding to the highest
CV-derived apparent capacitance value of 492.32 F g~!. Structural and morphological analyses revealed
that sulfur and nitrogen dopants introduced increased surface roughness and defect density, which
promoted electrochemically active sites and enhanced surface-controlled charge storage behavior. In
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contrast, fluorine doping improved the compactness and structural stability of the graphene layers, albeit
at the expense of reduced electrochemical activity. These variations in performance are closely
correlated with the nature of the dopant and its influence on the electronic structure and defect chemistry
of rGO. Compared to more complex metal oxide composites, heteroatom-doped rGO materials offer a
structurally tailorable and environmentally benign approach while maintaining competitive initial
electrochemical characteristics. While the current structural evaluations provide a robust macroscopic
foundation, future studies will incorporate high-resolution transmission electron microscopy (HRTEM)
to provide deeper atomic-level validation of the dopant-induced lattice structures and defect
distributions. Furthermore, subsequent investigations will incorporate X-ray photoelectron
spectroscopy (XPS) to definitively resolve the specific dopant bonding configurations (e.g., pyridinic-
N, thiophene-S, and C-F bonds) and quantitatively link these distinct functional states to the
fundamental charge storage kinetics. Also, future work will focus on extensive GCD, EIS, and long-
term cycling stability tests in full-cell configurations. Overall, the findings provide a viable pathway for
the development of high-performance, functionalized graphene-based anode materials that can address
the growing demands for energy-dense, stable, and efficient lithium-ion battery technologies.
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