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In this work, we report a sustainable, binder-free, and current-collector-free anode architecture based on

a cotton-derived three-dimensional nanoarchitectured carbon framework decorated with silicon

nanoparticles (3D-CC@Si). The as-prepared 3D carbon scaffold serves simultaneously as the active

material, conductive network, and mechanically robust support, enabling direct coin-cell assembly

without polymer binders, current collectors, or toxic solvent processing. Structural and morphological

characterization results reveal that spherical Si nanoparticles are uniformly anchored and tightly

embedded within the porous carbon network, while a conformal amorphous carbon coating is formed

on the Si surface, providing effective electrical contact and interfacial stabilization. Benefiting from the

synergistic effects of the conductive 3D carbon framework and the carbon-coated Si nanoparticles, the

3D-CC@Si anode exhibits enhanced electrochemical accessibility, improved structural integrity, and

excellent electrochemical performance. This work demonstrates a simple, scalable, and environmentally

benign strategy for constructing high-performance Si-based anodes, offering a promising pathway

toward practical lithium-ion batteries with high energy density.
1. Introduction

Lithium-ion batteries (LIBs) have become the dominant energy
storage technology, supporting a wide range of applications
from portable electronic devices to electric vehicles (EVs) and
large-scale grid energy storage. Their success is due to their high
energy density, long cycle life, and good efficiency in compar-
ison to other rechargeable batteries. However, the rapid
expansion of markets such as EVs and the widespread integra-
tion of renewable energy has placed unprecedented demands
on battery power, especially in terms of energy density, safety,
and sustainability. Consequently, the rational design and
improvement of electrode materials remains a key strategy for
enhancing overall battery performance. Among the two elec-
trodes in LIBs, the anode plays a crucial role in determining
both capacity and cycling stability. Commercial graphite, which
is widely used as an anode material, has a theoretical capacity of
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only 372 mAh g−1.1,2 Although graphite offers good electrical
conductivity and cycling stability, its limited capacity restricts
the achievable energy density of LIBs, thereby hindering their
application in next-generation high-energy systems. To over-
come this issue, extensive research has focused on the devel-
opment of alternative anode materials with higher specic
capacity.

Silicon (Si) has emerged as one of the most promising
candidates due to its high theoretical specic capacity of 4200
mAh g−1, which is about ten times higher than that of
conventional graphite. Furthermore, Si has a relatively low
lithiation potential (<0.5 V), most abundant element on the
Earth's crust.3,4 These advantages make Si highly attractive for
integration into advanced LIB anodes. Despite these merits,
however, the commercialization of Si anodes remains severely
restricted by intrinsic material limitations. Notably, Si
undergoes extreme volume expansion of more than 300%
during lithiation, which causes mechanical stress, pulveriza-
tion, and loss of electrical contact.5,6 Moreover, its low electrical
conductivity and the formation of an unstable solid–electrolyte
interphase (SEI) layer during cycling, result in rapid capacity
fading and low coulombic efficiency.7,8 Consequently, strategies
that can effectively mitigate these issues are urgently needed to
unlock the practical potential of Si-based anodes.
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One widely accepted approach to address the challenges of Si
is to design composite materials by integrating Si nanoparticles
(SiNPs) into conductive and robust matrices. Such frameworks
can mitigate volume changes of Si, maintain structural integ-
rity, and enhance electrical conductivity, thus improving
electrochemical performance. In this context, various types of
carbon, such as graphene, carbon nanotubes (CNTs), graphite
and amorphous carbon, have been employed to construct Si–C
composite matrix.3,9–12 Although these materials have shown
remarkable improvements in performance, their relatively high
cost and complex fabrication processes prevent their wide-
spread use in practice.

To overcome these limitations, biomass-derived carbons
have recently received growing attention as sustainable, low-
cost, and scalable alternatives for energy storage materials.13–15

Natural biomass is abundant, renewable, and oen contains
hierarchical porous structures and enriched surface functional
groups, which are highly advantageous for electrochemical
applications. For example, He et al., embed silicon in natural
grape stem biomass-derived porous carbon framework and
used it as high performance anode of LIBs. The composite
showed an excellent lithium storage performance with
a reversible capacity of 891 mAh g−1 aer 400 cycles at 0.2 A g−1,
corresponding to a capacity retention of 88.6%.15 Meng et al.,
developed a low-cost anode based on silicon/biomass carbon
composite for LIBs. The composite anode could deliver a high
reversible specic capacity of 318.4 mAh g−1 aer 100 cycles at
200 mA g−1.16

Recently, cotton, a cellulose-rich biomass, easily carbonized
into porous carbon frameworks have receivedmuch attention. The
inherent brous structure of cotton can be tailored to form
interconnected conductive networks with large surface areas,
which facilitates electrolyte penetration and ion transport. More-
over, cotton-derived carbon can provide sufficient void space to
accommodate the volume changes of SiNPs during lithiation/
delithiation cycle, thereby reducing mechanical degradation and
improving cycling stability. Despite these advantages, relatively
few studies have systematically investigated the integration of
SiNPs with cotton-derived carbon frameworks.

In this work, the development of a sustainable, binder-free,
and current-collector-free anode architecture is highly desir-
able for realizing the intrinsic advantages of Si while over-
coming the limitations of conventional slurry-based electrode
fabrication. Herein, we introduce a cotton-derived 3D nano-
architectured carbon framework decorated with Si nano-
particles (3D-CC@Si) that serves simultaneously as the active
material and the mechanically robust, conductive framework.
This integrated, self-supporting architecture enables the direct
assembly of lithium-ion coin cells without the use of polymeric
binders, metal current collectors, or environmentally unfriendly
solvent-based processing. Such a simplied and solvent-free
manufacturing route not only reduces the complexity and cost
of electrode preparation but also enhances structural stability
and electrochemical accessibility of the Si active sites. The
proposed 3D-CC@Si composite anode thus provides a prom-
ising and scalable pathway toward practical, high-performance
Si-based lithium-ion batteries.
18094 | RSC Adv., 2026, 16, 18093–18103
2. Experiment
2.1 Materials

Bach Tuyet absorbent cotton (100% natural cotton ber, used
for personal hygiene and medical care) was purchased from
Bach Tuyet company (Vietnam). Silicon power (99%, 200 mesh)
was supplied by Macklin company. Sodium deoxycholate (SDC)
surfactant was sourced from Fujilm company (Japan).

2.2 The preparation of SiNPs

Silicon nanoparticles (SiNPs) were nanonized and sphericalized
by using the DC thermal plasma system model M-DC10. A
thermal plasma jet was produced via ionizing the nitrogen (N2)
passing through the cathode and anode torches. The voltage
and current between the cathode and anode were 220 V and 80
A, respectively. The Si source was injected into the center of the
plasma zone through the feeder. The torch gas ow rate was set
at 80 lpm (liters per minute) via a using a mass ow controller,
while the carrier gas from the powder feeder to the reactor was
xed at 4 lpm. The total feeding rate of the precursor was set at 5
g min−1. A ring blower was utilized to sustain a pressure of 625
torr in the system during the experiment, ensuring that only the
nanonized particles traversed the system and reached the lter.

2.3 The preparation of 3D-CC@Si composite

0.1 g sodium deoxycholate (SDC) surfactant was weighted and
dissolved in 50 ml alcohol. Then, different amount of silicon
nanoparticles was dispersed into the solution by ultra-
sonication for 30 min. And then, the cotton was immersed into
the solution. Then, the sample was dried gradually. Finally, the
sample was loaded into the center of the furnace for 30 min at
800 °C under a mixture of argon and hydrogen to form the
composite (Fig. 1).

2.4 The characterization of materials

The surface morphologies of the samples were examized using
eld emission scanning electron microscopy (FE-SEM, Hitachi S-
4800, Japan) at an accelerating voltage of 5 kV, and transmission
electron microscopy (TEM, JEM 2100, Joel, Japan) at an acceler-
ating voltage of 200 kV. The crystal structures of the samples were
analyzed using Raman spectroscopy at an excitation wavelength of
532 nm. The energy dispersive X-ray spectrum (EDS) mapping of
the materials was performed using a scanning electron micro-
scope (SEM) (JSM-IT800, Joel, Japan).

2.5 Electrochemical measurements

The electrochemical measurements were performed through an
assembled CR2032-type coin cell (half-cell). The composite was
cut into circular electrodes with a diameter of 15 mm. The coin
cells were then assembled in a high-purity argon glove box (MTI
company, H2O, O2 < 1 ppm) using Celgard 2300 as the sepa-
rator, lithium foil as the counter electrode and 1 M LiPF6 in the
solution of 1 : 1 vol ratio of ethylene carbonate (EC) and diethyl
carbonate (DEC) as the electrolyte. Aer assembling, the cyclic
voltammetry (CV) curve was performed at scanning rates of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic diagram for preparation of the 3D-CC@Si composite.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 3
:4

8:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
0.01 mV s−1 over a potential window of 0.01–3 V using SP-300/
240 electrochemical workstation (Bio-Logic SAS, France).
Charge–discharge measurements were performed on a multi-
channel battery testing system (Neware BTS-5V10 mA, Neware
Technology Co., Ltd, China) under different C-rate with the
applied voltage ranging from 0.01 to 3 V. The C-rate was
calculated based on the theoretical capacity of Si and the
theoretical capacity of mesoporous carbon as shown in SI
(Table S1).
3. Results and discussion

Fig. 2a displays the SEM picture of raw micro-sized silicon
powder, illustrating irregularly shaped particles with a wide size
variation from several micrometers to about 100 mm. Aer DC
Fig. 2 SEM image of (a) raw micro-sized silicon, (b) As-fabricated silicon

© 2026 The Author(s). Published by the Royal Society of Chemistry
plasma synthesis, the resulting silicon nanoparticles exhibit
a spherical morphology with a diameter in a range of few ten
nanometer (nm) to ∼800 nm, as illustrated in Fig. 2b.

Fig. 3a is a digital photo of as-received cotton materials. To
provide more information on the surface morphology of raw
cotton material, SEM was employed. SEM image (Fig. 3c) shows
that pristine cotton material is composed of cotton bers with
a typical twisted ribbon-like structure, smooth surfaces (Inset in
Fig. 3c), and a relatively uniform width along their length. The
bers are loosely entangled, forming an interconnected
network with abundant voids between them. Aer carboniza-
tion process, the white of cotton was turned to black (Fig. 3b). In
SEM observations, carbonized bers appear slightly smaller and
more brittle, indicating partial shrinkage due to removal of
volatile constituents. The formation of a continuous and
nanoparticles (SiNPs).

RSC Adv., 2026, 16, 18093–18103 | 18095
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Fig. 3 Digital photo and SEM image of as-received cotton (a and c) and 3D-CC@Si (b and d), Inset in (c) and (d) are the zoomed-in image of
pristine cotton fiber and 3D-CC@Si, (e and f) TEM image of 3D-CC@Si.
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conductive carbon framework is apparent, while the inter-
connected structure remains intact (Fig. 3d). This 3D carbon
network is expected to facilitate rapid electron transfer and
provide mechanical strength, which makes it an ideal frame-
work for integrating active materials into lithium ion battery
composite anodes. Besides, numerous Si nanoparticles are
homogeneously anchored on the carbonized cotton framework,
as clearly shown in the inset of Fig. 3d. The TEM images in
Fig. 3e conrm that silicon nanoparticles (SiNPs) are success-
fully deposited onto the cotton-derived carbon framework. The
anchoring of Si nanoparticles onto the three-dimensional
carbon framework is mainly attributed to physical conne-
ment and interfacial interactions because carbonized cotton
possesses a porous and defect-rich surface with abundant edge
sites, which enables the effective immobilization of Si
18096 | RSC Adv., 2026, 16, 18093–18103
nanoparticles within the interconnected brous network. In
addition, the carbonization of SDC surfactant on both the
carbonized cotton and SiNPs lead to the formation of an outer
carbon coating. The HRTEM image (Fig. 3f) further shows the
presence of an amorphous carbon coating layer, enveloping the
SiNPs. This outer carbon shell is expected to act as an interfacial
stabilizer, effectively reducing the direct contact between silicon
and the electrolyte, thereby mitigating excessive solid–electro-
lyte interphase (SEI) formation. Inset in Fig. 3f reveals lattice
fringes with a spacing of 0.31 nm, which corresponds to the
(111) plane of Si. Moreover, the carbon coating enhances elec-
trical conductivity and provides a exible mechanical buffer,
which helps accommodate volume changes of Si and maintain
the structural integrity of the electrode during long-term
cycling. This close interfacial contact between SiNPs and the
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10046a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 3
:4

8:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
three-dimensional carbon network enhances the overall elec-
trical conductivity and promotes efficient electron and ion
transport during the charge–discharge cycles. This result was
conrmed by a change in resistance of the samples, as shown in
Fig. S1 (SI).

Fig. 4 presents the elemental distribution mapping (EDS) of
the 3D nanoarchitectured cotton-derived carbon scaffold deco-
rated with SiNPs. The mapping images clearly demonstrate the
uniform distribution of Si throughout the carbon framework,
conrming the effective anchoring of SiNPs on the carbonized
cotton bers. The carbon signal (C) is continuously distributed
along the brous network, while the Si signal appears as nely
dispersed spots, indicating that the surfactant-assisted
synthesis successfully prevent Si aggregation. In Fig. 4, the
apparent discrepancy between the SEM image (Fig. 4a) and the
corresponding EDS Si mapping (Fig. 4c) may arise from the
different contrast mechanisms and sampling depths of these
techniques. The contrast in SEM image is mainly governed by
surface topography and local conductivity. Therefore, darker
regions may correspond to recessed or porous areas rather than
the absence of material. In addition, when the microscope is
focused on a specic region to obtain a sharp image, the regions
located at lower heights or deeper positions may appear darker
Fig. 4 (a) SEM- EDS mapping of 3D- CC@Si composite. (b–d) EDS map

© 2026 The Author(s). Published by the Royal Society of Chemistry
due to defocusing effects and reduced electron signal intensity.
In contrast, EDS detects X-rays from a relatively large electron–
matter interaction volume beneath the surface, allowing Si
signals to be detected even in areas that appear dark in the SEM
image. The oxygen (O) element observed in the mapping likely
originates from residual surface oxides on SiNPs or partially
oxidized carbon species. These results provide strong evidence
of the homogeneous elemental composition and well-
integrated Si-carbon structure, which are expected to
contribute to improved electrical contact and structural stability
during electrochemical cycling.

To further characterize the materials, the samples were
assessed by employing Raman spectroscopy. In Fig. 5a (black
curve), the sharp peak at ∼520 cm−1 is assigned to the Si–Si
stretching mode originating from optical phonons in crystalline
silicon.17,18 In the Raman spectrum of pristine cotton ber
(Fig. 5b, red curve), distinct vibrational bands appear at char-
acteristic positions. 330, 377, 433, 454, 897, and 1095, 1120,
1150, 1337, 1379, 1476, 2896. The peaks at 454 and 433 are
arised from C–C–O ring deformation modes while those at 373
and 330 are assigned C–O–C glycosidic link deformation and
C–C–C ring deformation vibrations, respectively. The 1150 cm−1

band is ascribed to C–C ring asymmetric stretching vibrations
ping for C, Si, and O elements.

RSC Adv., 2026, 16, 18093–18103 | 18097
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Fig. 5 (a) Raman spectra and (b) XRD patterns of SiNPs, pristine-cotton, 3D-CC, 3D-CC@Si composite.
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while the 1095 and 1120 cm−1 corresponds to the C–O–C
stretching modes of the b-(1 / 4)-glycosidic linkages in the
cellulose backbone respectively. Notably, the strong peak at
1095 cm−1 is a ngerprint of cellulose crystallinity. Additional
bands at around 1337, 1376 cm−1 and 1470 cm−1 arise from CH
and CH2 deformation vibrations, while broader signals in the
2897 cm−1, originate from C–H stretching in the cellulose
chain.19 The absence of D and G bands, which are typically
observed in carbon-based materials, conrms that the pristine
cotton retains its organic, non-carbonized nature. When the
cotton is carbonized, these cellulose peaks disappear and are
replaced by D band (∼1340 cm−1, disordered (sp3) carbon), and
G band (∼1580 cm−1, graphitic (sp2) carbon), indicating trans-
formation from organic cellulose to carbonaceous structure, as
shown in Fig. 4c (blue).17,20 The calculated intensity ratio (ID < IG)
of about 0.9 suggests the presence of a moderately disordered
graphitic structure, which is favorable for enhancing ion
diffusion and providing additional electrochemical active sites.
The Raman spectrum of the 3D-CC@Si sample exhibits distinct
Si-related peaks along with the typical peaks of carbon, con-
rming the successful incorporation of Si into the carbon
framework.

To further conrm structural characterization, X-ray
diffraction (XRD) analysis is conducted. Fig. 5b shows XRD
patterns of SiNPs (black), pristine-cotton (red), 3D-CC (blue),
and the 3D-CC@Si composite (dark green). The diffraction
peaks of the 3D-CC@Si composite located at ∼28.4°, ∼47.3°,
∼56.3°, and ∼69.1° coincide with those of s-SiNPs (black curve
and JCPDS No. 27-1402), which indicates the existence of the Si
crystal in the composite. Simultaneously, the 3D-CC@Si
composite with a broaden peak appeared at ∼23.6° is
ascribed to the carbonized cotton (blue curve).21

To evaluate the electrochemical performance, the cyclic
voltammetry (CV) curves of materials were performed at scan-
ning rates of 0.1 mV s−1 within a voltage range of 0.01–3.0 V. In
the CV curves of the pure Si (Fig. 6a), the broad peak at 0.6–0.7 V
is attributed to the side reaction related to the formation of
a solid electrolyte interphase (SEI) layer22,23 which disappeared
18098 | RSC Adv., 2026, 16, 18093–18103
in the subsequent discharge process. The reduction peaks at
0.17 V can be assigned to the conversion of crystalline Si to
amorphous (LixSi) phases during the lithiation of silicon and
the formation of amorphous LixSi phases, which is consistent
with the voltage plateau observed in the discharge curve.24 The
anodic scan shows a broad peak around 0.35–0.52 V, is attrib-
uted to the dealloying process of LixSi, corresponding well to the
charge plateau in the galvanostatic charge–discharge proles.25

In Fig. 6b, the 3D-CC anode matches to the typical character-
istics of amorphous carbon materials. During the rst cathodic
scan, apparent peak at ∼0.35 V was observed, which can be
attributed to the formation of a solid electrolyte interphase (SEI)
layer and the initial lithiation of amorphous carbon sites.26,27

The peak observed at ∼1.5 V might be due to interactions
between lithium ions and the functional groups on the
carbonized cotton ber, as shown in previous reports.26,28 In the
subsequent cycles, CV proles become more stable and overlap
well, indicating the good reversibility of the lithium insertion/
extraction processes. Moreover, the relatively high current
density observed in the CV curves indicates strong electro-
chemical activity and efficient charge-transfer kinetics within
the composite anode. This behavior suggests that the 3D-CC
anode provides excellent electrical conductivity and abundant
active sites for Li+ storage, facilitating rapid lithiation/
delithiation processes. As shown in Fig. 6c, the CV curves of
the 3D-CC@Si anode with 20 wt% Si display distinct cathodic
peaks associated with both the Si component and the 3D carbon
framework during the initial cycle, indicating the simultaneous
contribution of lithium alloying with Si and lithium storage
within the carbon matrix. In subsequent cycles, the CV proles
become more stable and exhibit better overlap compared with
those of the pure Si electrode, suggesting improved reversibility
of the lithiation/delithiation processes. This behavior can be
attributed to the synergistic effect between Si nanoparticles and
the conductive three-dimensional carbon scaffold, which
enhances electronic conductivity, facilitates Li+ transport, and
effectively mitigates the volume expansion of Si during
cycling.25
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 CV curves for pure Si (a) 3D-CC (b) and 3D-CC@Si (c) electrode at a scanning rate of 0.1 mV s−1 within a voltage range of 0.01–3.0 V.

Fig. 7 Charge–discharge profiles and cycling performance of (a and d) pure SiNPs, (b and e) 3D-CC and (c and f) 3D-CC@Si (20wt% Si)
electrodes.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 18093–18103 | 18099
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The charge–discharge curves of the samples were investi-
gated in coin-type half cells. Fig. 7a displays the typical charge–
discharge proles of the Si anode at different cycles within
a voltage window of 0.01–3 V. The electrode delivers an initial
discharge capacity of ∼1800 mAh g−1 and a corresponding
charge capacity of ∼799 mAh g−1. However, the capacity
decreases rapidly upon cycling, which is consistent with previ-
ously reported behavior for Si-based anodes.29

For the 3D-CC sample (Fig. 7b), the electrode delivers an
initial charge/discharge capacity of∼220 mAh g−1 and 862 mAh
g−1 at a current density of 0.25 C. The initial Coulombic effi-
ciency (ICE) was also estimated ∼24.6% (Fig. 7e). The relatively
low ICEmay be attributed to the following reasons. Firstly, a 3D-
Fig. 8 Effect of SiNP loading on the electrochemical performance of 3
SiNP contents of (a) 0%, (b) 10%, (c) 20%, (d) 30%, and (e) 40%.

18100 | RSC Adv., 2026, 16, 18093–18103
CC sample with large surface areas, reactive functional groups
andmore defects can offer a variety sites for insertion of lithium
ions.26 Secondly, the large initial discharge capacity and irre-
versible capacity of the 3D-CC electrode mainly originate from
lithium consumption during SEI formation and electrolyte
decomposition in the rst discharge cycle, as reported in
previous research.30 Thirdly, some lithium ions inserted into the
deeply inner sites of the carbon structure become irreversibly
trapped and cannot be extracted during subsequent delithia-
tion,26 leading to a reduced rst-charge capacity. From 2nd
cycle, however, the coulombic efficiency rapidly stabilizes to
∼99% (red curve in Fig. 7e), indicating highly reversible lithium
insertion and extraction reactions. These results demonstrate
D-CC@Si anodes: galvanostatic charge–discharge curves at different

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that the 3D interconnected carbon framework derived from
natural cotton provides a robust conductive network and effi-
cient ion diffusion channels, ensuring structural integrity
during repeated charge–discharge processes.

The 3D-CC@Si (20 wt% Si) electrode (Fig. 7c) exhibits
a markedly enhanced reversible capacity in the range of 800–
900 mAh g−1 under the same testing conditions. This signi-
cant improvement can be attributed to the high theoretical
lithium-storage capacity of Si and its uniform distribution
within the carbon matrix. The stable coulombic efficiency
∼99.8% over extended cycling further conrms the good
reversibility and stability of the 3D-CC@Si composite (Fig. 7f).
The obtained results implied that the carbon framework not
only enhances electronic conductivity but also effectively
buffers the large volume changes of Si during lithiation/
delithiation, preventing particle pulverization and loss of elec-
trical contact. These results clearly highlight the synergistic
effect between Si nanoparticles and the cotton-derived carbon
framework, which together contribute to both high capacity and
long-term electrochemical stability.

The electrochemical properties of 3D-CC@Si composite
further examined by assessing rate performances at different
rates ranging from 0.25 C to 1 C over 10 cycles (Fig. S2). The 3D-
CC@Si electrode demonstrates signicantly elevated discharge
capacities of 972, 886, 756, and 665 mAh g−1 at the identical
rate, respectively. The capacity has subsequently restored to 953
mAh g−1 as the current density returns to 0.25 C. In addition,
the electrode was further tested at higher current densities of 2
C and 3 C for 100 cycles, as shown in Fig. S3 in the SI. The
obtained rate performance of the 3D-CC@Si electrode conrm
the structural robustness under high-rate operation.

As study on Si/C composite-based anode materials, the mass
ratio between silicon and carbon is a critical parameter for
Fig. 9 Schematic illustration of the proposed 3D-CC@Si electrode arch
dimensional carbon framework derived from cotton fibers. The conductiv
and efficient Li+ diffusion channels, while the porous structure acco
processes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
balancing specic capacity and cycling stability. In Fig. 8, the
inuence of silicon (Si) loading on the electrochemical perfor-
mance of the 3D-CC@Si composite anode was investigated by
varying the Si content from 0% to 40%wt with a step of 10%wt.
The 3D-CC electrode (0% Si) exhibits a stable but low reversible
capacity of∼220mAh g−1. When a small amount of Si (∼10%) is
deposited, the capacity markedly increases to about 620 mAh
g−1, reecting the effective contribution of nanosized Si to Li+

storage while maintaining acceptable structural stability. At
higher Si loadings content of 20–30%, the specic capacity still
increases proportionally with the Si loading, while the cycling
stability remains well maintained. However, when the Si
content is further increased to 40%, the specic capacity can
exceed to 2000 mAh g−1 during the initial cycles, but a notice-
able capacity fading is subsequently observed in the following
cycles. Aer 100 cycles, the capacity retention drops from about
83% for the low-loading sample to only ∼52% for the highest-
loading one. This degradation is primarily attributed to the
drastic volume expansion of Si (∼300%) during lithiation,
which induces particle pulverization, disruption of the
conductive network, and unstable formation/decomposition of
the solid–electrolyte interphase (SEI) and SiNPs aggregation.
Therefore, the medium Si loading content (∼30%) yields the
most balanced performance, offering both high capacity and
good retention. This behavior highlights the buffering role of
the three-dimensional carbon framework derived from cotton
bers. The interconnected porous carbon structure accommo-
dates the volumetric expansion of Si, maintains electrical
continuity, and facilitates Li+ transport pathways. Overall, these
ndings demonstrate that a moderate Si incorporation into
a resilient 3D carbon scaffold provides an effective design
strategy for developing high-capacity and durable Si-based
anodes for next-generation lithium-ion batteries.
itecture. SiNPs are uniformly anchored on the interconnected three-
e carbon network provides 3D continuous electron transport pathways
mmodates the volume expansion of Si during lithiation/delithiation
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To further clarify the structural design and the underlying
mechanisms responsible for the improved electrochemical
performance, a schematic illustration of the proposed 3D-
CC@Si electrode architecture is presented in Fig. 9. In this
structure, SiNPs are uniformly distributed and immobilized on
the interconnected 3D-carbon framework derived from
carbonized cotton bers. The conductive carbon network forms
a three-dimensional continuous electron transport pathway and
facilitates rapid Li+ diffusion throughout the electrode. Mean-
while, the porous and exible carbon scaffold not only effec-
tively accommodates the large volume changes of Si during the
lithiation/delithiation processes, but also allows the electrolyte
to readily penetrate into the internal structure, thereby main-
taining structural integrity and stable electrical contact. As
a result, this synergistic structural design leads to enhanced
electrochemical activity, improved charge-transfer kinetics, and
superior cycling stability of the 3D-CC@Si composite electrode.

4. Conclusions

In summary, a sustainable and self-supporting 3D-CC@Si
composite anode has been successfully developed using
natural cotton as a carbon precursor and silicon nanoparticles
as the high-capacity active component. The cotton-derived
three-dimensional carbon framework provides a continuous
conductive network and mechanical robustness, while
uniformly anchored and carbon-coated Si nanoparticles ensure
efficient charge transport and stable electrode–electrolyte
interfaces. This integrated architecture enables binder-free and
current-collector-free electrode fabrication, signicantly
simplifying the manufacturing process and eliminating the
need for environmentally harmful solvents. The synergistic
interaction between the 3D carbon scaffold and Si nanoparticles
effectively mitigates the volume expansion of Si, suppresses
excessive SEI formation, and preserves structural integrity
during repeated lithiation/delithiation process. As a result, the
3D-CC@Si anode delivers improved electrochemical perfor-
mance and cycling stability, highlighting its potential as a scal-
able and eco-friendly anode design for next-generation high-
energy lithium-ion batteries.
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