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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Joong Lee In this study, to enhance the electrochemical performance of graphene-based anodes for Li-ion batteries (LIBs),
we synthesized an all-carbonaceous N/S co-doped nanocomposite of graphene oxide (GO) and graphene-like
small organic molecules (GOM) using a mild, eco-friendly, one-step hydrothermal method with thiourea
(CH4N2S) (denoted as h-N/S-GO/GOM). The thiourea facilitated N/S co-doping and n—n bonding, which
improved the interaction between hydrophilic GO and hydrophobic GOM in aqueous solution. Notably, the
formation of n—n bonds between GO and GOM created pathways that enhanced electron transfer, thereby
promoting efficient Li-ion transport from the electrolyte through the channels during rapid charge-discharge
cycles. Additionally, the functional groups resulting from N/S co-doping increased the number of active sites
within the nanocomposite. Consequently, the h-N/S-GO/GOM anode demonstrated superior electrochemical
performance, achieving an average reversible capacity of 1265 mAh g~ at 0.1 A g~ and retaining 83.0 % of its
capacity after 200 cycles. Furthermore, the nanocomposite exhibited excellent long-term cycling stability,
maintaining a capacity of 688 mAh g~! even after 1000 cycles at a high current density of 1.0 A g~'. The hi-
erarchical network structure of the all-carbonaceous h-N/S-GO/GOM anode facilitated efficient charge transfer
between the electrode and electrolyte through shorter diffusion paths for Li-ion transport and provided addi-
tional active sites, contributing to its outstanding electrical performance. The h-N/S-GO/GOM nanocomposite
represents a promising alternative to traditional graphite-based anodes, offering a path toward high-
performance, eco-friendly LIBs suitable for applications such as electric vehicles and energy storage systems.
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energy and power densities within a limited electrode area [2,3].
Graphite, a carbon material with a stacked two-dimensional (2D)

1. Introduction

Recently, the demand for Li-ion batteries (LIBs) has been on the rise
owing to their widespread use in portable power devices and various
transportation applications, including electric vehicles (EVs), hybrid
EVs, and plug-in hybrid EVs [1]. As large-scale industries such as EVs
and energy storage systems (ESSs) experience substantial growth,
considerable attention has been directed toward developing environ-
mentally friendly and cost-effective electrode materials with high

layered structure, has garnered significant interest in LIB anode research
due to its high reversible capacity based on intercalation and
de-intercalation processes and excellent cycle stability. However,
graphite has a relatively low theoretical capacity (372 mA h g™1), which
is insufficient to meet the requirements of large-scale applications for
high energy densities [4-6]. Graphene, with its 2D monolayer structure,
is expected to be a promising alternative to graphite as an anode
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material, offering high energy and power densities due to its good
chemical stability, excellent electronic transport properties, high spe-
cific surface area (SSA), and flexibility. Despite the superior electro-
chemical properties of graphene, challenges such as low rate capability,
large voltage hysteresis, and the potential risk of Li dendrite growth
remain [1,6-8]. To address these issues, graphene derivatives such as
graphene oxide (GO), reduced GO (rGO), N-doped rGO, and GO-based
composites have been extensively investigated. These approaches
include: 1) introducing spacers between graphene nanosheets to miti-
gate restacking and enhance SSA, 2) constructing three-dimensional
(3D) architectures and introducing pores into the graphene-based
structure to facilitate ion transport, and 3) doping with heteroatoms
and functionalizing with metal oxides or conducting polymers to
amplify capacitance [9-15]. These derivatives exhibit key attributes
such as porous structures with high SSA and rapid electron transport,
contributing to short Li-ion diffusion distances. These features make
graphene-based composites desirable for high energy and power den-
sities, enhancing the rate capability by enabling faster kinetics at the
electrode/electrolyte interfaces.

Among graphene derivatives, small organic molecular electrodes
fabricated using redox-active processes with environmentally friendly
chemical compositions, such as C, O, N, and H, have gained significant
attention as promising candidates for LIBs due to their eco-friendly,
sustainable, and inexpensive properties, as well as their unique flex-
ible structures [16-18]. However, these small organic molecules tend to
dissolve in non-aqueous electrolytes, leading to a sharp decrease in their
electrochemical capacity due to low electrical conductivity and poor
cycling stability [5,19]. Recently, Park et al. reported the use of con-
torted polycyclic aromatic hydrocarbon molecules, such as contorted
hexabenzocoronene (¢-HBC), in LIB anode materials [5]. The ¢-HBC
crystal was transformed into a new polymorph through specific solvent
and thermal annealing treatments, achieving capacities of 265 mAh g .
Additionally, they found that c-HBC facilitated easy access of Li-ions to
the anode materials through nanopore channels, resulting in excellent
storage stability. In this study, we selected graphene-like small organic
molecules (GOM) for their unique properties that enhance the electro-
chemical performance of GO-based anodes in LIBs. Similar to c-HBC,
GOM are twisted polycyclic aromatic hydrocarbons known to form
molecular wires through =n-n interactions, greatly improving charge
transport efficiency. This structure supports rapid electron mobility,
which is essential for efficient charge-discharge cycles in energy stor-
age. Previous studies have shown that this structure creates nanopore
channels, enhancing Li-ion access and storage stability during cycling
[5]. Furthermore, the conjugated aromatic structure of GOM prevents
electrolyte dissolution, a common issue with other organic molecules,
thus supporting long-term cycling stability. GOM can also be doped with
heteroatoms, such as F, which enhances Li-ion accessibility, rate per-
formance, and long-term stability [20]. This doped structure improves
both conductivity and ion diffusion, providing GOM with a distinct
advantage over other organic electrode materials. Unlike other organic
molecules, such as conducting polymers, which may offer high elec-
tronic properties but often suffer from poor cycling stability due to
electrolyte solubility, GOM provide an optimal combination of high
conductivity, structural stability, and chemical flexibility through
doping [21]. The n-conjugated structures and heteroatom doping po-
tential make GOM promising candidates as high-rate-performance and
stable structures in LIB applications.

In this study, we propose a new synergistic GO-based nanocomposite
anode material combined with organic molecules to address issues such
as the dissolution of organic molecules and the insufficient electro-
chemical performance of graphene-based materials. Notably, the
organic molecules, which feature 13 benzene rings similar to the gra-
phene structure, act as spacers between the graphene nanosheets,
effectively promoting charge transfer via n—n stacking within the
nanocomposite [5,21]. Moreover, utilizing thiourea (CH4N»S), known
for its strong binding affinity between compounds, enhances the
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bonding strength between GO and organic molecules while improving
the electrochemical performance of graphene-based nanocomposites by
generating active sites through heteroatom co-doping of N and S.
Several studies have demonstrated that co-doping with two highly
interacting heteroatoms (N and S) in a carbon matrix can induce a
synergistic effect to enhance electrochemical performance [10,22-25].
Doping graphene with heteroatoms (B, N, F, S, or P) disrupts its inert
structure, enhancing its specific capacity and rate performance. N/S
co-doping is particularly effective, as N introduces free electrons and S
creates defects that promote electron transport through n—x interactions,
improving charge mobility and generating more active sites for Li
electroactivity [26,27]. Recent studies, such as that by Ren et al., have
shown that co-doping with multiple heteroatoms further boosts con-
ductivity and electrochemical performance, making it a powerful
strategy for optimizing graphene-based electrodes [10,21-25,28].

Therefore, we report a nanocomposite comprising N/S co-doped GO
and GOM as an all-carbonaceous LIB anode material. The N/S co-doped
GO/GOM nanocomposite was prepared via a facile hydrothermal
method under eco-friendly and mild conditions. Notably, this all-
carbonaceous nanocomposite, composed solely of graphene derivative
materials, demonstrated significantly superior electrochemical perfor-
mance, with an average reversible capacity of 1265mAh g ' at0.1Ag~!
and retained 83.0 % of its capacity after 200 cycles. These results
highlight enhanced electrochemical performance within a constrained
anode area, attributed to the synergistic effects of fast charge transfer
through cross-linked networks, active chemical reactions due to co-
doping, and the formation of nanopores via GOM. This provides prom-
ising prospects for carbon material electrodes in high-energy/power
LIBs.

2. Materials and methods
2.1. Preparation of GO-based nanocomposites

GO (average lateral size of 3-4 pm, Grapheneall Co., Ltd., Korea) and
thiourea powder (ACS reagent, 99.0 %, Sigma-Aldrich, Germany) were
purchased from their respective suppliers. GOM were prepared as pre-
viously reported: synthesized by reacting 6,13-pentacenequinone
(Ca2H1202) with tetrabromomethane (CBry) and triphenylphosphine
(P(CeHs)3), followed by a reaction with phenylboronic acid (CgHsB
(OH)y), tripotassium phosphate (KsPO.), and a palladium catalyst.
Following purification, the product underwent cyclization with iodine
(Iy) and propylene oxide (C3HgO) under UV light, followed by a second
cyclization with iron chloride (FeCls) and nitromethane (CH3NO>), and
a final purification [5]. All reagents used for the preparation of GOM
were purchased from Sigma-Aldrich (Germany).

The N/S co-doped GO/GOM nanocomposite was prepared using a
hydrothermal method. GO (50 mg) was first dispersed in deionized (DI)
water (50 mL) via bath sonication for 2 h. GOM (12.5 mg) were then
added to the GO solution and sonicated for 1 h. Thiourea powder (200
mg) was subsequently mixed with the GO/GOM solution and sonicated
for 2 h. The mixed solution was transferred to a Teflon-lined stainless-
steel autoclave, sealed, and maintained at 150 °C for 4 h. The resulting
black nanocomposite was rinsed with DI water and ethanol, and
centrifuged at 8000 rpm for 10 min. This rinsing step was repeated
thrice to remove any residual ions. After centrifugation and freeze-
drying, an N/S co-doped GO/GOM nanocomposite was successfully
obtained (h-N/S-GO/GOM).

To elucidate the role of thiourea in the h-N/S-GO/GOM nano-
composite, three types of nanocomposites (GO and GOM, with and
without hydrothermal treatment) were prepared using equal quantities
of GO, GOM, thiourea powder, and DI water as follows: (a) a nano-
composite of GO and GOM was obtained by mixing GO and GOM in DI
water and freeze-drying without hydrothermal treatment (m-GO/GOM);
(b) a hydrothermal reaction was performed on a mixture of GO and GOM
in DI water without adding thiourea under the same conditions as for h-
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N/S-GO/GOM (h-GO/GOM); and (c) to investigate the effect of GOM on
the electrochemical performance of the h-N/S-GO/GOM nano-
composite, N/S co-doped GO was prepared using a hydrothermal pro-
cess without GOM under the same conditions (h-N/S-GO).

2.2. Characterization

The surface chemical structures were confirmed using X-ray photo-
electron spectroscopy (XPS; K-Alpha, Thermo Fisher Scientific, USA).
The crystalline structures were analyzed with X-ray diffraction (XRD;
Rigaku SmartLab, Japan) using Cu-K, radiation (1 = 0.154 nm) over a 260
range of 5°-80°. Structural properties were characterized by Raman
spectroscopy with an excitation laser wavelength of 514 nm (Horiba,
Japan). Morphologies and elemental distributions were investigated
using field-emission scanning electron microscopy (FESEM) with
energy-dispersive X-ray spectroscopy (EDS; Verios 460L, FEI, USA) and
high-resolution transmission electron microscopy (HRTEM; Tecnai G2
F20, FEI, USA) at 200 kV. SSAs were evaluated using N» adsorption/
desorption isotherms measured at 77 K with volumetric adsorption
equipment (BELSORP-max, MicrotracBEL, Japan), following pre-
evacuation to a base pressure of 10™* Pa at 150 °C for 2 h and
applying the Brunauer-Emmett-Teller (BET) method. Electrical con-
ductivities were estimated as functions of pressure using a powder re-
sistivity measurement system (HPRM-M2, Hantech, Korea). The powder
samples were compressed in a cylindrical mold with an area of 3.8 cm?
at room temperature.

2.3. LIB assembly and electrochemical measurements

LIB anode slurries were prepared by homogeneously mixing 80 wt%
h-N/S-GO/GOM or comparative samples (active material), 15 wt%
Super-P (conductive agent), and 5 wt% polyvinylidene fluoride (binder)
in N-methyl-2-pyrrolidone (NMP; CsHgNO). The slurries were then
coated onto Cu foil and dried in a vacuum oven at 80 °C for 12 h to
evaporate the NMP solvent. After drying, the films were cut into discs of
diameter 15 mm and used as anodes. The loading of active materials was
approximately 0.45 mg cm 2. The anodes were assembled into 2032-
type coin cells with Li metal as the counter/reference electrodes, a
porous polyethylene membrane as the separator, and a mixed solution of
1 M Li hexafluorophosphate (LiPFg) dissolved in ethylene carbonate
(C3H403)/dimethyl carbonate ((CH30)2CO) (1:1 in volume) as the
electrolyte, all within an Ar-filled glove box. The electrochemical per-
formance of the h-N/S-GO/GOM and comparative samples was
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measured using a battery test system (WBCS3000, Won-A Tech, Korea).
Cyclic voltammetry (CV) measurements were conducted over a potential
window of 0.005-3.0 V vs. Li/Li" at various scan rates. Galvanostatic
charge/discharge (GCD) measurements were performed at different
current densities. Electrochemical impedance spectroscopy (EIS) mea-
surements were conducted in the frequency range of 100 kHz to 10 MHz
using an electrochemical workstation (ZIVE SP2, Won-A Tech, Korea).

3. Results and discussion

Fig. 1 illustrates the preparation process of a 2D graphene-based
nanocomposite comprising GO and GOM, denoted as h-N/S-GO/GOM.
This nanocomposite was synthesized using a hydrothermal method for
N/S co-doping with thiourea. The addition of thiourea improved the
miscibility of GO and GOM in DI water, enhancing network formation
and N/S co-doping effects [29,30]. The resulting cross-linked structures,
combined with the n-electron-conjugated GOM, facilitated effective
electron transfer. The h-N/S-GO/GOM nanocomposite, with its conju-
gated network and N/S co-doping, provided multiple pathways for
efficient Li-ion transport through n—= interactions and robust chemical
reactions. Consequently, the structural synergy of the h-N/S-GO/GOM
nanocomposite enhanced its electrical conductivity, resulting in supe-
rior electrochemical performance. For comparison, we also prepared
m-GO/GOM, h-GO/GOM, and h-N/S-GO using simple solution mixing or
hydrothermal methods, with or without thiourea, to examine the impact
of thiourea and GOM incorporation on their electrochemical properties.

The morphology and microstructure of the h-N/S-GO/GOM nano-
composite were analyzed using FESEM and HRTEM, and compared with
m-GO/GOM and h-GO/GOM (Fig. 2). Unlike the pristine GO nanosheets,
which exhibit ripples and wrinkles (Figs. S1a and b), the m-GO/GOM
nanocomposite displayed a morphology influenced by GOM incorpora-
tion, with GOM agglomerating at the edges of the GO nanosheets due to
the poor dispersibility of hydrophobic GOM in aqueous solution (Fig. 2a
and d). In contrast, the h-GO/GOM nanocomposite, synthesized without
thiourea via hydrothermal processing, presented a more crumpled and
contracted morphology compared to m-GO/GOM, owing to the reduc-
tion of GO nanosheets during the hydrothermal process (Fig. 2b and e),
with aggregated GOM positioned between the wrinkles. In comparison,
the h-N/S-GO/GOM nanocomposite exhibited a uniform distribution of
GOM on the GO nanosheets, differing from m-GO/GOM and h-GO/GOM.
Notably, the h-N/S-GO/GOM nanocomposite features a cross-linked
honeycomb structure with pores of varying sizes, presenting a prom-
ising design for efficient Li-ion transport through n—r interactions and

Graphene Oxide
(GO)

——

(GOM)

Hydrothermal
Graphene-like Small i
raphene-like Sma i
Organic Molecules N/S Co-doping

h-N/S-GO/GOM Nanocomposite

Fig. 1. Schematic of the h-N/S-GO/GOM nanocomposite preparation process.
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Fig. 2. FESEM and HRTEM images of (a, d) m-GO/GOM, (b, e) h-GO/GOM, and (c, f) h-N/S-GO/GOM nanocomposites, and (g) EDS elemental mapping images of the

h-N/S-GO/GOM nanocomposite.

active chemical reactions. These morphological improvements are
attributed to the enhanced miscibility and chemical bonding between
GO nanosheets and GOM facilitated by thiourea (Fig. 2¢ and f) [30-32].
Moreover, EDS elemental mapping confirmed that in the h-N/S-GO/-
GOM nanocomposite, thiourea provided N and S, resulting in a uniform
distribution of C, O, N, and S throughout the graphene-based structure
(Fig. 2g).

To investigate the chemical bonding in the h-N/S-GO/GOM nano-
composite resulting from N/S co-doping with thiourea, XPS analysis was

performed on h-N/S-GO/GOM and comparative samples (Fig. 3). The
XPS survey revealed atomic ratios of C to O (C/O) of 1.98, 11.82, 2.17,
5.17, and 7.37 for GO, GOM, m-GO/GOM, h-GO/GOM, and h-N/S-GO/
GOM, respectively (Fig. 3a—c, Figs. S2a and b, Table 1). The C content in
the nanocomposites increased with the incorporation of GOM, while the
O-containing functional groups in the GO nanosheets were partially
removed through partial reduction during the hydrothermal process.
Consequently, the h-N/S-GO/GOM nanocomposite exhibited the highest
C/0 ratio, serving as a reliable indicator of the high quality of the
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the h-N/S-GO/GOM nanocomposite.
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graphene-based nanocomposite. The presence of N (2.5 at%) and S (0.5
at%), along with C (85.5 at%) and O (11.6 at%), in the h-N/S-GO/GOM
nanocomposite was confirmed (Table 1), validating the successful N/S
co-doping with thiourea.

The C 1s spectrum of the h-N/S-GO/GOM nanocomposite revealed
peaks at 284.5, 285.0, 285.5, 286.2, and 288.2 eV, corresponding to the
C-C/C=C, C-S, C-N, C=0, and O-C=0 functional groups, respectively
(Fig. 3d) [33]. The deconvoluted N 1s spectrum showed peaks at 398.6,
399.7, and 401.2 eV, representing pyridinic, pyrrolic, and graphitic N,
respectively (Fig. 3e) [25]. Additionally, the S 2p spectrum displayed
peaks at 162.8 and 164.1 eV for S 2p3/5 and S 2p; /5 in C-S bonding,
respectively, and a peak at 169.0 eV corresponding to S atoms bonded
with O atoms (Fig. 3f) [25,34,35]. These results indicate that S atoms
formed chemical bonds with O atoms in the GO nanosheets. Overall, the
XPS analysis demonstrated that the h-N/S-GO/GOM nanocomposite was
effectively synthesized, exhibiting the formation of chemical bonds,
including hydrogen and conjugated bonds, as a result of N/S co-doping.

The XRD pattern of the h-N/S-GO/GOM nanocomposite was
compared with those of GO, GOM, m-GO/GOM, and h-GO/GOM
(Fig. 4a). The XRD pattern of the h-N/S-GO/GOM nanocomposite
exhibited a broad peak at 20—30° and a smaller peak near 43°, corre-
sponding to the (002) and (100) planes of multilayer graphene,
respectively [36]. Additionally, four distinct peaks at 9.8°, 18.7°, 23.0°,
and 26.3° were attributed to the (101), (003), (113), and (104) planes,
respectively, due to the GOM component [5]. The observed narrowing
and shifting of the characteristic graphite diffraction peak from 24.5° to
24.7° indicate a reduction in the interlayer distance of the stacked
graphene sheets. The interlayer d-spacing of the h-N/S-GO/GOM
nanocomposite (0.35 nm) was significantly smaller than that of the GO
nanosheets (0.75 nm) and the m-GO/GOM nanocomposite (0.79 nm),
suggesting that O-containing functional groups were partially removed
from the GO nanosheets owing to the partial reduction of GO nanosheets
during the hydrothermal process for N/S co-doping (Table 1) [37]. To
illustrate this reduction effect, we have included the C 1s XPS spectra of
m-GO/GOM and h-GO/GOM (Fig. S3) [38]. Furthermore, the interlayer
d-spacing of the h-N/S-GO/GOM nanocomposite was slightly smaller
than that of h-GO/GOM, due to the denser structure and chemical
bonding between the distributed GOM and GO nanosheets, contrasting
with the h-GO/GOM nanocomposite which exhibited poorer dis-
persibility [39]. The N, adsorption isotherms for GO, GOM, m-GO/GOM,
h-GO/GOM, and h-N/S-GO/GOM are shown in Fig. S4. The Ny adsorp-
tion isotherm of the h-N/S-GO/GOM nanocomposite exhibited an in-
termediate shape between types II and IV, with a pronounced hysteresis
loop at high P/P,. The BET SSA of the h-N/S-GO/GOM nanocomposite
was calculated to be 68 m? g!, notably lower than that of the
h-GO/GOM nanocomposite (113 m? g_l) (Table 1). This decrease is
consistent with the reduction in interlayer spacing observed in the XRD
results, indicating that the chemical bonding between GOM and GO
nanosheets contributes to this effect (Table 1). In graphene materials,
XRD peak positions are influenced by interlayer d-spacing, while peak
width is largely determined by the size of graphitic domains, which are
separated laterally by grain boundaries and longitudinally by sp?/sp®
domain boundaries. The crystallite size (D), representing the vertical
dimension of maintained graphitic ordering, can be calculated using the

Table 1
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Debye—Scherrer formula [36,40]:

ka

:ﬂ cos 0 M

where k represents Scherrer’s constant, f is the full-width at half
maximum (FWHM), A denotes the wavelength of the radiation, and 6
signifies Bragg’s angle. Here, k is a constant related to the crystallite
shape, typically assumed to be 0.89 for a spherical crystal with a cubic
unit cell. The values calculated for the samples are presented in Table 1.
The D values tended to increase in the presence of GOM (similar to the
graphene structure). In particular, synergistic interfacial interactions,
such as hydrogen bonding, electrostatic attraction, and n-n stacking
inside the h-N/S-GO/GOM nanocomposite, can enhance the crystallite
size [41]. As the crystallite size increases, the free path of carriers in-
creases and the diffusion distance of Li-ions decreases, thereby
enhancing electrical conductivity [42,43].

Raman analysis was performed to further verify the structure and
quality of the graphene-based composites, as shown in Fig. 4b. Two
prominent peaks at approximately 1350 cm™! (D-band) and 1590 cm ™!
(G-band) were observed, associated with disordered and graphitic
structures, respectively (Table S1). In the h-N/S-GO/GOM nano-
composite, the G-band displayed a red shift to 1583.10 cm ™! compared
to the other samples, indicating structural distortions that tighten the
sp? carbon network and increase vibrational frequency through n-m in-
teractions between adjacent layers or within the nanocomposite. Addi-
tionally, doping elements such as N and S modify the electron density
and create defects, further contributing to this shift. The combined ef-
fects of doping and n-n interactions strengthen the carbon structure,
enhancing both rigidity and charge migration [44,45]. Moreover, the
Ip/Ig ratio (i.e., the integrated intensity ratio between the D- and
G-bands) is a crucial parameter for determining the degree of defects in
the carbon structure. The h-N/S-GO/GOM nanocomposite exhibited the
highest Ip/I ratio of 1.72, indicating increased defect concentration due
to the introduction of small-sized GOM and chemical doping, compared
to GO, m-GO/GOM, and h-GO/GOM [46,47].

To assess the beneficial effects of N/S co-doping in graphene-based
nanocomposites as LIB anodes, the electrochemical properties of the h-
N/S-GO/GOM and comparative (GO, GOM, m-GO/GOM, and h-GO/
GOM) anodes were investigated in a coin-type half-cell configuration.
Fig. 5a illustrates the CV curves of the h-N/S-GO/GOM nanocomposite
at a scan rate of 0.1 mV s~!. During the first discharge cycle, two
cathodic plateaus were observed at approximately 1.60 and 0.65 V,
which disappear in subsequent cycles. These results are attributed to the
formation of a solid—electrolyte interface (SEI) film, an irreversible side
reaction associated with electrolyte decomposition [25,48]. The CV
curves exhibited good overlap without significant changes after the
initial scan, indicating the structural stability of the h-N/S-GO/GOM
nanocomposite during subsequent cycles due to its densely connected
networks with chemical bonding.

The charge and discharge curves of the h-N/S-GO/GOM nano-
composite were examined at a current density of 0.1 A g~ in the voltage
range 0.05-3.00 V (Fig. 5b). Two plateaus at approximately 1.60 and
0.65 V were observed during the first discharge process, signifying SEI
layer formation and electrolyte decomposition, consistent with the CV

XPS, XRD, and BET SSA analyses of the h-N/S-GO/GOM nanocomposite and comparative samples (GO, GOM, m-GO/GOM, and h-GO/GOM).

Samples XPS (at%) XRD N, adsorption
C N (0] S C/0 20 FWHM Interlayer d-spacing (d, nm) Crystallite BET SSA (m%g™1)
size (D, nm)
GO 66.4 0.0 33.6 0.0 1.98 11.75 1.50 0.75 5.27 12
GOM 92.2 0.0 7.8 0.0 11.82 18.50 0.40 0.48 19.91 7
m-GO/GOM 68.4 0.0 31.6 0.0 2.17 11.15 1.90 0.79 4.15 57
h-GO/GOM 83.8 0.0 16.2 0.0 5.17 24.60 13.83 0.36 0.58 113
h-N/S-GO/GOM 85.5 2.5 11.6 0.5 7.37 24.83 13.00 0.35 0.62 68
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Fig. 4. (a) XRD patterns and (b) Raman spectra of the h-N/S-GO/GOM nanocomposite and comparative samples (GO, GOM, m-GO/GOM, and h-GO/GOM).

results. The first discharge and charge capacities of the h-N/S-GO/GOM
nanocomposite anode were 2036 and 1104 mAh g}, respectively,
resulting in a Coulombic efficiency of 54.2 %. This initial low Coulombic
efficiency can be attributed to the formation of SEI layers on the surface
of the electrode material, involving electrolyte decomposition and
irreversible Li-ion insertion into the active materials. This process is
particularly prevalent in the early cycles, resulting in an initial loss of Li-
ions [49]. Additionally, the relatively low initial Coulombic efficiency of
the h-N/S-GO/GOM nanocomposite anode can be attributed to the
passivation of highly active carbon atoms due to N/S co-doping. While
this doping strategy enhances reversibility and reduces irreversible
surface reactions between graphene and the electrolyte, Li-ion con-
sumption still occurs due to SEI formation during the initial cycles.
However, the passivation effect from N/S co-doping helps to suppress
further irreversible reactions, minimizing Li-ion consumption and
improving overall electrochemical performance in subsequent cycles
[50]. Notably, the Coulombic efficiency of the h-N/S-GO/GOM nano-
composite anode gradually increased in subsequent cycles and stabilized
at over 95.0 % after 10 cycles, demonstrating the effectiveness of N/S
co-doping in enhancing the long-term cycling stability and efficiency of
the anode material.

Fig. 5c illustrates the rate performance of the h-N/S-GO/GOM and
comparative (GO, GOM, m-GO/GOM, and h-GO/GOM) anodes, evalu-
ated at various current densities ranging from 0.1 to 10.0 A g~'. The
average reversible capacities are summarized in Table S2. The h-N/S-
GO/GOM anode exhibited average reversible capacities of 1265, 976,
763, 619, 495, 340, and 221 mAh g_l at current densities of 0.1, 0.2, 0.5,
1.0, 2.0, 5.0, and 10.0 A g}, respectively. Fig. S5 illustrates the
consistent rate performance of h-N/S-GO/GOM, with error bars from
multiple measurements confirming the reproducibility and reliability of
the results despite minor fluctuations [19,51]. These capacities were
significantly higher than those of GO, GOM, m-GO/GOM, and
h-GO/GOM. This enhancement is attributed to the cross-linked structure
with N/S co-doping, which facilitates rapid charge transfer and active
chemical reactions, thereby improving electrochemical performance. In
contrast, m-GO/GOM and h-GO/GOM exhibited poor charge mobility
due to immiscible interfacial interactions between hydrophilic GO
nanosheets and hydrophobic GOM, leading to lower electrical conduc-
tivity and inferior electrochemical performance [52]. Furthermore, the
GO anode showed a higher initial reversible capacity compared to
m-GO/GOM and h-GO/GOM anodes due to the presence of abundant
O-containing functional groups, such as -COOH and -OH, which can
store more Li-ions [53]. The GOM anode exhibited poor electrochemical
performance due to insufficient electrical conductivity, although it
exhibited better cycling stability than other anodes due to its conjugated
structure and good chemical stability (Fig. S6) [54]. Notably, when the
current density decreased from 10 to 0.1 A g~! after 70 cycles, the

reversible capacity of the h-N/S-GO/GOM anode recovered to 1038 mAh
g1, retaining approximately 82.0 % of its initial capacity (Fig. 5d). This
indicates excellent stability of the nanocomposite at high current charge
and discharge rates. For comparative anodes (GO, GOM, m-GO/GOM,
and h-GO/GOM), capacity retention rates when the current density
returned from 10.0 to 0.1 A g'1 were 52.6 %, 89.8 %, 63.9 %, and 85.6
%, respectively (Fig. 5d). The h-N/S-GO/GOM and h-GO/GOM anodes
exhibited relatively stable electrochemical performances even after 70
cycles. This remarkable stability is attributed to their C=C conjugated
structure, which imparts superior rate capability and cycling stability
[55]. Previous research by Zhengwei et al. reported that the C—=C bond
is crucial for rate performance and stability, while O-containing func-
tional groups improve reversible charge capacity [56]. Therefore, the
relatively lower content of O-containing bonds in h-N/S-GO/GOM
compared to h-GO/GOM contributes to its enhanced rate performance
and stability.

Additionally, we compared the rate performance of the h-N/S-GO
anode with that of the GO and h-N/S-GO/GOM anodes at various current
densities ranging from 0.1 to 10.0 A g~! to evaluate the effect of GOM
incorporation on electrochemical performance (Fig. S7). The average
reversible capacities of the h-N/S-GO anode were 587, 416, 338, 287,
240,177, and 127 mAh g_l at current densities of 0.1, 0.2, 0.5, 1.0, 2.0,
5.0, and 10.0 A g™}, respectively, which were significantly lower than
those of the h-N/S-GO/GOM anode. The hydrothermal treatment with
GOM enhanced n—n interactions and introduced additional bonding
mechanisms, such as hydrogen bonding. These interactions improve
charge transfer pathways and strengthen the structural integrity,
thereby boosting the rate performance of the h-N/S-GO/GOM anode
compared to the h-N/S-GO anode. GO initially exhibited a higher ca-
pacity due to O-containing functional groups contributing to surface
charge storage. However, its capacity sharply decreased at higher cur-
rent densities because of limited surface storage. In contrast, the h-N/S-
GO anode retained a higher capacity at elevated current densities,
benefiting from improved conductivity and ion diffusion provided by N/
S co-doping and the partial reduction of GO. When the current density
was decreased from 10.0 to 0.1 A g~! after 70 cycles, the h-N/S-GO
anode retained a reversible capacity of 535 mAh g’1 (91.2 %). However,
the h-N/S-GO anode exhibited unstable reversible capacity after 70 cy-
cles, likely due to the presence of functional groups introduced through
N/S co-doping.

The cyclic stability of the h-N/S-GO/GOM anode was evaluated for
200 cycles at a current density of 0.1 A g~* (Fig. 5€). The introduction of
GOM and N/S co-doping into GO nanosheets enhances electrolyte ion
accessibility and facilitates efficient Li-ion transport during rapid char-
ge—discharge processes. Consequently, the h-N/S-GO/GOM anode
exhibited a higher reversible capacity of 1050 mAh g~! (83.0 %) after
200 cycles, surpassing the capacities of GO (358 mAh g~1), m-GO/GOM
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(139 mAh g™ 1), and h-GO/GOM (297 mAh g~ ') anodes. Additionally,
the h-N/S-GO/GOM anode demonstrated a gradual increase in revers-
ible capacity during prolonged cycling, suggesting the promotion of
active site growth through interactions between Li-ions and functional
groups in the nanocomposite [1,5]. A cycling test at a high current
density of 1.0 A g~! was conducted to evaluate the long-term stability of
the h-N/S-GO/GOM and comparative anodes (Fig. 5f). Graphene-based
composites exhibited good cycling stability across all anodes [57,58].
Specifically, the h-N/S-GO/GOM anode (688 mAh g~!) exhibited
remarkable capacity retention even after 1000 cycles, attributed to its
well-developed interconnected conductive network. The gradual in-
crease in capacity observed during cycling can be attributed to the
improved accessibility of Li-ions to the inner structure of the N/S
co-doped nanocomposite (h-N/S-GO/GOM) [26]. As cycling progresses,
the ability of the anode material to accommodate Li-ions increases,

leading to enhanced performance. This effect has been frequently re-
ported in previous studies on graphene-based materials, where capacity
increases were associated with gradual electrochemical activation of
N/S co-doped anode materials [59]. With repeated cycling, more active
sites are exposed, and the internal structure becomes increasingly
accessible, enabling greater Li-ion storage and improving overall ca-
pacity. Notably, the reversible capacity of the h-N/S-GO/GOM anode
exceeded that of most previously reported rGO-based anode materials
(Fig. S8) [60-71]. These results underscore the potential of the
h-N/S-GO/GOM anode as a promising graphene-based material with
high reversible capacity, exceptional rate performance, and excellent
cycling stability.

To explain the enhanced electrochemical performance of the h-N/S-
GO/GOM anode compared to the GO, GOM, m-GO/GOM, and h-GO/
GOM anodes, EIS measurements were conducted before and after 200
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cycles at a current density of 0.1 A g~! (Fig. 6a). The impedance data
were fitted using equivalent electrical circuit models (inset images in
Fig. 6a and b), with the fitting data listed in Table 2. Nyquist plots of the
h-N/S-GO/GOM and comparative anodes before cycling showed a
semicircle in the high-frequency region, corresponding to the solution
resistance (R;) and charge transfer resistance (R.y), and a straight line in
the low-frequency region, indicating the Warburg resistance (Z,,) of the
electrode (Fig. 6a) [70]. The h-N/S-GO/GOM anode exhibited lower Rg
(2.60 Q) and R; (20.97 Q) values than the m-GO/GOM and h-GO/GOM
anodes. Its hierarchical network structure facilitates charge transfer
between the electrode and electrolyte, resulting in a shorter Li-ion
diffusion path and more active sites, contributing to its superior elec-
trical performance [5,22,69,72,73].

After 200 cycles, the h-N/S-GO/GOM anode exhibited two distinct
semicircles in the EIS diagram. In contrast, comparison samples such as
GO/GOM and GOM showed a merged semicircle in the EIS diagram,
likely due to the high reactivity of organic components, rapid surface
reactions, or complex interactions between the electrolyte and active
material [74]. To address this, we applied an equivalent circuit model to
separate the merged semicircle into two individual components,
enabling a more detailed analysis of SEI formation and charge-transfer
processes (Fig. S9). The first semicircle in the high-frequency region
and the second semicircle in the middle-frequency region correspond to
the resistances of the SEI layer (Rgei) and R, respectively (Fig. 6b) [70].
In the m-GO/GOM and h-GO/GOM anodes, the R values increased after
cycling due to poor interfacial contact between the electrode materials
[71]. Conversely, the cross-linked structure of the GO nanosheets and
GOM in the h-N/S-GO/GOM anode induced a more stable and rigid SEI
layer. The conjugated bonds formed a stable SEI film that minimized the
surface area and stabilized the film [75]. Thus, the h-N/S-GO/GOM
anode exhibited Rgej and Rt values of 8.04 and 18.03 Q, respectively,
which were considerably lower than those of the m-GO/GOM and
h-GO/GOM anodes. Additionally, the R.¢ value at the interface between
the electrode and electrolyte decreased after cycling, as the N/S
co-doping provided more active sites. However, the R; of the
h-N/S-GO/GOM anode was 13.17 Q after 200 cycles, which was higher
than that of the other comparative anodes (Table 2). This suggests that
the pore size decreased due to the formation of a stable SEI layer and
abundant O-containing functional groups [76,77]. Moreover, the
h-N/S-GO/GOM powder exhibited the highest electrical conductivity of
413 x 1075 S cm™! at a pressure of 100 kgf, consistent with the EIS
results (Table 2).

FESEM images of the surface morphology of the h-N/S-GO/GOM and
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comparative (GO, m-GO/GOM, and h-GO/GOM) anodes before and after
200 cycles are shown in Fig. 7 and Fig. S10. After 200 lithiation/deli-
thiation cycles, the h-N/S-GO/GOM anode, with its conjugated bonds
and N/S co-doping, displayed a relatively smoother surface due to stable
SEI growth, compared to the comparative anodes (Fig. 7f). In contrast,
the GO, m-GO/GOM, and h-GO/GOM anodes exhibited highly rough
topologies due to immiscibility and poor interface interactions, consis-
tent with the EIS results (Fig. 7d and e, Fig. S10b). The balanced SEI
layer growth on the electrode surface of the h-N/S-GO/GOM anode
prevented structural cracking, contributing to its excellent and stable
electrochemical performance [78].

To further understand the superior electrochemical performance of
the h-N/S-GO/GOM anode, its Li-ion storage kinetics were investigated
using CV measurements. Fig. 8a displays the CV curves of the h-N/S-GO/
GOM anode from 0.1 to 2.0 mV s~ .. As the scan rate increased, the CV
curves maintained a similar shape, with the anodic peaks shifting
slightly to higher potentials and the cathodic peaks shifting to lower
potentials due to electrode polarization effects [79]. The degree of the
capacitive effect can be qualitatively analyzed using the relationship
between the measured current (i) and the scan rate (v) from the CV
curves [80].

i=a’ @)

where a denotes an adjustable parameter, and b denotes the slope of the
log(v)-log(i) plot. The log(v)-log(i) plots and b-values of the h-N/S-GO/
GOM anode at various scan rates are shown in Fig. 8b. Energy storage
modes can be classified into two types: diffusion-controlled and
capacitance-controlled processes. A b-value close to 1.0 corresponds to
an ideal capacitance-controlled process, while a b-value close to 0.5
indicates diffusion-controlled processes [70]. The b-values for the four
peaks were calculated as 0.73 (I, 0.5 V), 0.79 (II, 1.0 V), 0.83 (II, 1.75
V), and 0.74 (IV, 2.0 V), respectively. Thus, all b-values represent
capacitive charge-storage kinetics. To quantitatively determine the
capacitive contribution, the current response i (V) at the corresponding
potential was separated into capacitance- and diffusion-controlled
contributions (k;v and kyv'/2, respectively) using the following equa-
tion [81]:

i(V)=kyv+kov'/2 ©)

The capacitive contribution ratios of GO, m-GO/GOM, h-GO/GOM,
and h-N/S-GO/GOM anodes, obtained from their CV curves at scan rates
from 0.1 to 2.0 mV s~ (Fig. 8a and S11), are shown in Fig. 8c, d, and
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Fig. 6. Nyquist plots of the h-N/S-GO/GOM and comparative (GO, GOM, m-GO/GOM, and h-GO/GOM) anodes: (a) before and (b) after 200 cycles, with equivalent

circuits shown in the insets.
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Table 2

Composites Part B 291 (2025) 111994

Resistance values calculated from Nyquist plots for the h-N/S-GO/GOM and comparative (GO, GOM, m-GO/GOM, and h-GO/GOM) anodes. Electrical conductivity
values of the h-N/S-GO/GOM and comparative (GO, GOM, m-GO/GOM, and h-GO/GOM) powders.

Samples Solution resistance, Resistance of SEI layer, Charge transfer resistance, Electrical conductivity (S cm™!)
Rs (Q) Reei (Q) Ree ()
Before After 200 cycles Before After 200 cycles Before After 200 cycles

GO 1.78 4.18 - 8.46 74.42 14.43 1.19 x 107

GOM 1.83 3.70 - 15.88 151.60 24.19 3.45 x 107°

m-GO/GOM 5.52 2.24 - 16.19 118.90 266.60 1.73 x 107

h-GO/GOM 291 1.38 - 25.57 26.41 137.60 3.75 x 107°

h-N/S-GO/GOM 2.60 13.17 - 8.04 20.97 18.03 413 x10°°

Fig. 7. FESEM images of (a, d) m-GO/GOM, (b, e) h-GO/GOM, and (c, f) h-N/S-GO/GOM anodes: (a—c) before and (d-f) after 200 cycles at a current density of 0.1 A

¢! (high-magnification FESEM images are shown in the insets).

S12. The overall capacitive contributions at various scan rates were
determined by calculating k; and K,. The h-N/S-GO/GOM anode
exhibited a capacitive contribution of 95.7 % at 2.0 mV s~ ' (Fig. 8c).
Moreover, the capacitive contribution increased from 83.3 % to 95.7 %
as the scan rate increased (Fig. 8d). Notably, the GO anode, with
abundant O-containing functional groups, primarily exhibited a surface
capacitive behavior (94.1 % at 2.0 mV sh (Fig. 8d and Fig. S12a). The
m-GO/GOM anode displayed a slightly decreased capacitive contribu-
tion compared to the GO anode (90.5 % at 2.0 mV s’l) (Fig. 8d and
Fig. S12b). The h-GO/GOM anode showed a high level of diffusive
contribution, which could be attributed to the more porous structure
resulting from the additional hydrothermal process (Fig. 8d and
Fig. S12¢), as supported by the BET SSA results (Table 1). The h-N/S-
GO/GOM anode exhibited a significantly enhanced capacitive contri-
bution compared to the h-GO/GOM anode, due to N/S co-doping. The
highest capacitive contribution ratio of the h-N/S-GO/GOM anode was
attributed to its excellent electrical conductivity, stable surface chem-
istry, and improved redox reaction kinetics [80,81].

4. Conclusions

In this study, we successfully synthesized an all-carbonaceous gra-
phene-based nanocomposite, h-N/S-GO/GOM, with a hierarchical
interconnected network through a mild hydrothermal method incorpo-
rating GOM onto GO nanosheets. This process facilitated the generation
of N/S co-doping and cross-linked bonding, effectively enhancing the
interaction between hydrophilic GO and hydrophobic GOM in aqueous
solution. The resulting nanocomposite exhibited rapid electron transfer,
providing efficient charge transfer pathways, numerous active sites, and

Li-ion channels, leading to a high reversible specific capacity of 1050
mA h g! after 200 cycles at 0.1 A g-!. Furthermore, it demonstrated
excellent rate capability, retaining a high capacity of 688 mA h g-! even
after 1000 cycles at 1.0 A g-'. The capacity increase in h-N/S-GO/GOM
nanocomposites can be attributed to n-n bonding, which enhances the
structural integrity of the nanocomposite and enables more efficient Li-
ion diffusion. The hierarchical interconnected network, supported by
n-7 interactions and hydrogen bonding, resulted in the observed im-
provements in charge and ion transport within the h-N/S-GO/GOM
nanocomposite. Thus, the outstanding Li storage performance of the h-
N/S-GO/GOM anode as a 2D graphene-based material enables high
capacity at limited electrode densities. Overall, the h-N/S-GO/GOM
anode presents a promising solution to the challenges associated with
traditional graphite-based anodes, paving the way for the development
of high-performance, environmentally friendly LIBs for various appli-
cations, including EVs and ESSs.

CRediT authorship contribution statement

Wooree Jang: Writing — original draft, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Jongmin Kim:
Methodology, Investigation, Data curation. Seoyun Lee: Methodology,
Investigation. Seokhoon Ahn: Methodology, Investigation, Conceptu-
alization. Hyeyoung Koo: Supervision, Methodology, Investigation,
Conceptualization. Cheol-Min Yang: Writing — review & editing, Su-
pervision, Resources, Project administration, Methodology, Investiga-
tion, Funding acquisition, Conceptualization.



W. Jang et al.

(a)

1.0
0.5 v
P
E 0.0}
— I
€ — 01mVs'
g — 05mVs"
; -LOf — 1.0mV s’
@) — 15mVs’
-L.5F ——20mVs"
_2'0 L L A A A A L
0.0 0.5 1.0 1.5 2.0 25 3.0
Potential (V vs Li+/Li)
(©)
1.0
o5k
7~
T oo
N’
ot
=05}
2 Capacitive area
‘5_1_0 i 95.7 %
o
154 R
. 2.0mV s’
20l i . . . .

0.5 1.

0 1.5 2.0 2.5
Potential (V vs Lit+/Li)

0.0 3.0

Composites Part B 291 (2025) 111994

?

o

\b/n ..... e mI (=073

S-20F & ® II (b=0.79)

- A I (b=0.83)
25F v IV (6=0.74)
3.0 L L L L L L 1 L

-12 -1.0 -08 -06 -04 -02 0.0 02 04

Log (v, mV s)

1-N/S-GO/GOM [__ | Diffusive /7] Capacitive

7~
e
?E 140} 1-GO/GOM [__] iffusive 7] Capacitive
e m-GO/GOM EDiﬁusive V77 Capacitive
o 120 GO Diffusive /) Capacitive
)
]
S 100
n T B |
= | il 7 27 7 o 17
g ¥ ?I anin i
b~ 2% 9 a1 adl |/
s oo} 7 TR RN
2% A% 2 9Ul 1/
= 2% A% g gy
= A 27 0
S 4op A7 0 il o
s U )
2% 21% AN A
S 2l O 7 0
e 2% A i d
%1% % AN AN
O A% 2 ddy iy g
0.1 0.5 1.0 1.5 2.0
-1
Scan rate (mV s )

Fig. 8. (a) CV curves at different scan rates of 0.1-1.0 mV s, (b) plots of log(scan rate) against log(peak current), (c) capacitive contribution in CV curve at 2.0 mV
s~ ! of the h-N/S-GO/GOM anode, and (d) capacitive and diffusive contribution ratios at different scan rates for the h-N/S-GO/GOM and comparative (GO, m-GO/

GOM, and h-GO/GOM) anodes.
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