Published on 13 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:33 PM.

INORGANIC CHEMISTRY

CHINESE
CHEMICAL
SOCIETY

FRONTIERS

RESEARCH ARTICLE

Cite this: DOI: 10.1039/d5qi01345c¢

Received 20th June 2025,
Accepted 12th August 2025

DOI: 10.1039/d5¢i01345¢

rsc.li/frontiers-inorganic

1. Introduction

View Article Online

View Journal

Interfacial regulation for constructing a robust
grapevine-like conductive network within a
silicon-based anode for high-performance
lithium-ion batteries

Chuhan Zhou, Xiangxiang Wang, Kun Wang, Siying Li, Xingyu Sun, Zhouying Wu,
Lina Wang, Chengdu Liang and Min Ling (= *

Silicon-based anodes hold significant promise for the development of next-generation lithium-ion bat-
teries, attracting global attention due to their high theoretical capacity. However, silicon-based anodes
undergo substantial volume expansion and high mechanical stress, which could disrupt conventional
Super P (SP)-based conductive networks within the electrode, leading to capacity degradation.
Furthermore, SP tends to agglomerate in agueous solvents, which limits its conductive effectiveness. To
address these challenges, we developed a composite material based on carbonized bacterial cellulose
(CBC) and sodium carboxymethyl cellulose (CMC). This novel material enables uniform dispersion of SP,
thereby constructing a robust grapevine-like structured conductive network. This network mimics the
structure of a vine with grape clusters. The “grape clusters” consist of uniformly dispersed SP particles that
serve as highly efficient conductive nodes. The “vine" structure, acting as a flexible and robust framework,
enhances the mechanical properties of the electrode, thereby maintaining the structural integrity of the
electrode during cycling. Consequently, the SiO,@CBC-CMC electrode exhibits impressive cycling and
rate performances. Specifically, the electrode displays almost no capacity decay after 300 cycles at 0.5C,
and its average discharge specific capacity is as high as 535 mAh g~* at 2C. This work designed a novel
conductive enhancement network, offering a promising pathway to overcome the conductivity limitations
of silicon-based anodes.

interphase (SEI) layer and a defective conductive network, lim-
iting the commercial application of silicon-based anodes.*?

Given the growing demand for higher energy density, extended
cycling lifespan, and enhanced safety, silicon-based anodes
have become a global focus.” However, the large volume vari-
ations cause a compressive stress as high as 0.5 GPa and a
tensile stress reaching up to 2 GPa,” both of which could break
the traditional Super P (SP)-based conductive network.®® Due
to the high surface area of SP (>60 m” g™*), the strong van der
Waals forces between SP particles readily induce their aggrega-
tion, making them difficult to disperse uniformly."® Moreover,
the compatibility of SP is particularly problematic in aqueous
solvents, where agglomeration is more pronounced.'>*? The
breakage of silicon-based active materials and aggregation of
SP within the electrode result in an unstable solid electrolyte
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To construct a more efficient and stable conductive network
within the electrode, researchers have explored several
approaches: (1) conductive agents with higher spatial dimen-
sionality: high-dimensional conductive agents can signifi-
cantly improve the performance of the conductive
network.'*'> For instance, the volume electrical conductivity
of carbon nanotubes (one-dimensional, 1D)'**®'” and gra-
phene (two-dimensional, 2D)'® is approximately 100 times
higher than that of SP (zero-dimensional, 0D). However, these
high-dimensional conductive agents come with higher costs
and significantly greater challenges in achieving uniform dis-
persion."® (2) Modification of conductive agents: various modi-
fication strategies have been explored to enhance the perform-
ance of conductive properties. Cao et al. reported a surface
modification method to increase the specific surface area of
the conductive agent using H,SO,, thereby achieving superior
cycling and rate performances.”® Marinaro et al. loaded copper
nanoparticles onto SP to serve as a conductive additive for
lithium-ion batteries. Anodes using the Cu/SP additive exhibi-
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ted excellent cycling stability at temperatures as low as
—30 °C.>' However, the modification of SP often involves
complex procedures, higher costs, and the introduction of
impurities, which limit its practical application. (3)
Modification of silicon-based materials to stabilize conductive
networks: Manj et al. engineered carbon-coated SiNPs (SiC)
and MXene-based hybrid structured active materials to effec-
tively suppress volume expansion and stabilize conductive net-
works.?” Li et al. controlled the crystallinity of SiO, to stabilize
the electrode architecture, thereby maintaining electrical
contact between active materials.>® However, the modification
of active materials faces multiple challenges including cost,
environmental impact, and processing complexities.

Herein, we developed a composite material based on carbo-
nized bacterial cellulose and carboxymethyl cellulose sodium
(CBC-CMC) through dispersing and hydrothermally carboniz-
ing (HTC) bacterial cellulose (BC). CBC-CMC enables uniform
dispersion of SP, which facilitates the formation of a robust
grapevine-like conductive network structure in SiO,@CBC-
CMC electrodes. This structure with multiple conductive path-
ways could construct a highly efficient and stable conductive
network, thereby maintaining electrical contact during lithia-
tion/delithiation.'>**?*> Under the same applied voltage, the
average current of the SiO,@CBC-CMC electrode (35.1 nA) is
4.4 times higher than that of the SiO,@PAA electrode (8.0 nA).
Based on hierarchical structure research®® and fiber-reinforced
material theory,”” the “vine” network®® formed by CBC-CMC,
which possesses a high aspect ratio and high mechanical
strength,*® can effectively enhance the mechanical properties
of the electrode. The DMT modulus of the SiO,@CBC-CMC
electrode increased by 58.4% and the volume expansion rate
reduced by 70.9%. Additionally, CBC-CMC possesses a porous
structure and is rich in oxygen-containing functional
groups,*®*" exhibiting better compatibility with both SP and
active materials SiO,. Scheme 1 vividly depicts the advantages
of CBC-CMC: (a) forming a highly efficient conductive
network with a grape-like chain structure by guiding the
uniform distribution of SP; (b) enhancing the mechanical pro-
perties of the electrode due to the “vine” structure; and (c)
exhibiting better compatibility with SiO, through initiating
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Scheme 1 Schematic illustration of the SiO, anode with SP and CBC—
CMC.
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hydrogen bonding. This innovative application of bacterial
cellulose provides a micro-SiO, electrode with an efficient con-
ductive network and impressive mechanical properties. The
SiO,@CBC-CMC electrode demonstrates better cycling per-
formance and rate capability compared to the SiO,@PAA elec-
trode. Simultaneously, the high-loading SiO,@CBC-CMC elec-
trode (2 mg cm™?) maintains a capacity of 1031 mAh g~ after
100 cycles at 0.2C, with a capacity retention of 88.6%.

2. Experimental
2.1. Materials

Bacterial cellulose was purchased from Guilin Qihong
Technology Co., Ltd. The bacterial cellulose dispersion has a
solid content of 0.8%, with bacterial cellulose fibers measur-
ing 50-100 nm in diameter and approximately 20 pm in
length. Poly(acrylic acid) (PAA, MW = 1250 000) was obtained
from Sigma-Aldrich. The SiO, material was supplied by Wynca
Chemical Group Co., Ltd. Super P (SP) was procured from
Guangdong Canrd New Energy Technology Co., Ltd.
Carboxymethyl cellulose sodium (CMC) was obtained from
Aladdin Biochemical Technology Co., Ltd.

2.2. Treatment of bacterial cellulose

The BC aqueous dispersion (0.8 wt% solid content) was sealed
in an autoclave and carbonized at 200 °C for 900 minutes
under self-generated pressure. The resulting carbonized bac-
terial cellulose was named carbonized bacterial cellulose
(CBC). Furthermore, carboxymethyl cellulose sodium (CMC)
was added to the BC dispersion at a 1:1 mass ratio
(BC:CMC). The mixture was stirred at 500 rpm for 10 min at
room temperature to obtain a homogeneous solution with a
total solid content of 0.8 wt%. The mixed solution was then
placed into an autoclave reactor and heated at 200 °C for
900 minutes. The resulting material was named carbonized
bacterial cellulose-carboxymethyl cellulose sodium (CBC-
CMC), exhibiting a three-dimensional porous structure.

2.3. Preparation of electrodes

The SiO,@CBC-CMC electrode was prepared through a series
of steps. CBC-CMC was separately dispersed in a 2 wt% poly-
acrylic acid (PAA) aqueous solution at a fixed PAA-to-CBC-CMC
weight ratio of 9: 1, followed by stirring at 2000 rpm for 5 min.
The electrode slurry was prepared by mixing 80 wt% SiO,,
10 wt% Super P conductive carbon, and 10 wt% PAA-CBC-
CMC. (The described material addition sequence represents
just one viable processing route, as alternative addition orders
can also be effectively implemented.) The slurry was homogen-
ized using a planetary mixer at 2000 rpm for 15 min, then
coated onto copper foil current collectors and dried under
dynamic vacuum at 100 °C for 12 h. The fabrication process of
the SiO,@PAA, SiO,@CBC, and SiO,@BC electrodes was iden-
tical to that of the SiO,@CBC-CMC electrode. Two sets of elec-
trodes were prepared with SiO, areal mass loadings of ~1.0 mg
cm~? and ~2.0 mg cm™2,
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2.4. Cell assembly and electrochemical measurements

For the half-cell evaluation, 2025-type coin cells were
assembled using a SiO, electrode, a lithium metal counter
electrode, and a Celgard 2325 membrane separator.
Galvanostatic charge-discharge cycling tests were performed
using a LAND battery cycler within a voltage range of 0.005-1.5
V. Galvanostatic intermittent titration technique (GITT) tests
were performed using the LAND battery cycler within a voltage
range of 0.005-1.5 V. The tests employed a pulse period of
10 minutes and a relaxation period of 30 minutes.
Electrochemical impedance spectroscopy (EIS) measurements
were carried out using a CHI760E instrument over a frequency
range of 0.01 Hz to 100 kHz, with an amplitude of 5 mV. All
experiments were conducted at an ambient temperature of
25 °C.

2.5. Materials characterization

The microstructures of the aforementioned materials were
characterized using a field-emission scanning electron micro-
scope (FE-SEM, Hitachi SU-8010) and a high-resolution trans-
mission electron microscope (HR-TEM, Hitachi HT-7700).
Energy dispersive spectroscopy (EDS) was used to analyze the
elemental distribution. Fourier-transform infrared spec-
trometry (FTIR) measurements were conducted using a Nicolet
iS50 spectrophotometer within a wavenumber range of 4000 to
400 cm™'. X-ray photoelectron spectroscopy (XPS) was per-
formed with a Thermo Scientific K-Alpha instrument, utilizing
an Al Ka radiation source. Raman spectroscopy tests on
various bacterial cellulose samples were conducted using a
spectrometer (Horiba LabRAM HR Evolution), in the range of
50-4000 cm™'. Zeta potential measurements were conducted
using a zeta potential analyzer (Malvern Zetasizer Nano-ZS).
The contact angles between materials were measured using
the sessile drop method with a video-based, contact angle
measuring device (Dataphysics OCA 20). PeakForce QNM
(Quantitative ~Nanomechanical Mapping) atomic force
microscopy (AFM) experiments were performed using a Bruker
Dimension Icon instrument to evaluate the adhesion, DMT
modulus, and height sensor of various electrodes (peak force
frequency was 2000 Hz, used RTESPA-525). The conductivity of
various electrodes was tested using PeakForce TUNA (tunnel-
ing atomic force microscopy) experiments with an applied
voltage of 100 mV. The resistivity of various electrode slurries
was tested using a slurry resistivity meter (BSR2300) from IEST
(Initial Energy Science & Technology (Xiamen) Co., Ltd).

3. Results and discussion

3.1. Bacterial cellulose constructs a stable conductive
network

The highly efficient grapevine-like conductive network was
achieved through the incorporation of BC and CMC, and the
morphology evolution during the incorporation was recorded
as shown in Fig. 1. In Fig. 1a-f, untreated BC exhibits a fibrous
morphology with a high aspect ratio, featuring diameters of
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50-100 nm and lengths of approximately 20 pm. Multiple
fibers form a uniform network structure. The fibrous mor-
phology of carbonized bacterial cellulose (CBC) is partially dis-
rupted, with larger carbon dots appearing on the fiber
network, which affects the material’s uniformity. By combin-
ing steric hindrance and electrostatic adsorption, CMC effec-
tively disperses BC,**> and subsequent hydrothermal carboniz-
ation of the dispersion yields CBC-CMC (Fig. S1). CBC-CMC
largely retains the fibrous morphology of BC, with small
carbon particles formed from the carbonization of CMC
coating (Fig. S2) and adhering to the bacterial cellulose, result-
ing in a uniform network structure. When the BC: SP ratio is
1:10 (Fig. S3), SP is uniformly distributed on BC, constructing
an efficient conductive network (Fig. 1g). BC possesses an
extremely high specific surface area as a nanoscale material,
which enhances van der Waals force with other materials.*
This strengthens the adsorption of other particles and facili-
tates the formation of a relatively stable structure.®*
Furthermore, CBC-CMC enables more effective dispersion of
SP within the fibrous network, forming a conductive network
with a grape-like chain structure (Fig. 1h). CBC-CMC preserves
the intrinsic nanofiber architecture while demonstrating
enhanced compatibility with SP, enabling the formation of a
grapevine-like conductive network comprising branched struc-
tures and nano-sized conductive carbon particles. Notably, the
grapevine-like network structures formed by SP under the gui-
dance of CBC-CMC are observed in the electrodes both before
and after cycling (Fig. S4).

To investigate the effect of CBC-CMC addition on the dis-
persion uniformity of electrode materials, comprehensive
material characterization studies were conducted, including
Raman spectroscopy, contact angle measurements, Fourier-
transform infrared spectroscopy (FTIR), and zeta potential ana-
lysis. As shown in Fig. 2a, Raman spectroscopy revealed that
the Ip/I; ratios for CBC-CMC (Fig. 2b) and CBC (Fig. 2d) were
1.03 and 1.46, respectively. The higher the Ip/I; value of a
material, the more disordered its microstructure and the lower
its degree of graphitization.***® This indicates that CBC-CMC
has a higher degree of graphitization. According to the prin-
ciple of like dissolves like,*”*® CBC-CMC exhibits better com-
patibility with SP. Moreover, the enhanced graphitization
degree of CBC-CMC contributes to improved intrinsic conduc-
tivity of the material.>® T. Young proposes that a smaller
contact angle correlates with a higher solid-liquid interfacial
energy, indicating enhanced compatibility between the two
materials.”® As shown in Fig. S5, the contact angles of BC,
CBC, and CBC-CMC (water solvent) with SP were 138.7°,
117.5°, and 93.8°, respectively. Both tests demonstrate that the
compatibility of BC with SP improves after hydrothermal car-
bonization, and CBC-CMC exhibits better compatibility with
SP than CBC.

Additionally, CBC-CMC also exhibits excellent compatibil-
ity with SiO, and PAA, which helps maintain the stability of
the conductive network and enhances the overall performance
of the electrode. FTIR results confirmed that the chemical
functional groups of BC and CBC-CMC remain largely
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Fig.1 (a—c) TEM images and (d—f) SEM images of BC, CBC and CBC-CMC. (g) SEM images of BC and SP (BC : SP = 1:10). (h) SEM images of CBC—

CMC and SP (CBC-CMC:SP =1:10).

unchanged, with CBC-CMC retaining a significant number of
oxygen-containing groups (Fig. S6). CBC-CMC could form
hydrogen bonding with PAA (Fig. S7) and SiO, (Fig. S8), indi-
cating good compatibility with SiO, and the binder PAA.*" The
absolute values of the zeta potentials in both the SP dispersion
and electrode slurry were higher than those without CBC-CMC
(Fig. 2c). A higher absolute zeta potential indicates greater
system stability, demonstrating that CBC-CMC promotes the
stable dispersion of the electrode slurry. Sedimentation tests
of the different slurries provide further evidence for this con-
clusion (Fig. S9 and S10). Furthermore, contact angle measure-
ments between the electrodes and the electrolyte demonstrate
that the SiO,@CBC-CMC electrode also possesses favorable
interfacial compatibility with the electrolyte (Fig. S11). In
summary, CBC-CMC exhibits superior compatibility with SP
and demonstrates excellent interfacial affinity with both SiO,
and PAA, contributing to enhanced slurry stability and homo-
geneous electrode formulation.

3.2. Conductive networks and conductivity

To investigate the effects of BC and CBC-CMC on the conduc-
tive network and electronic conductivity of the electrode,
PeakForce TUNA (tunneling atomic force microscopy) and the
resistivity and conductivity tests were performed on different

Inorg. Chem. Front.

SiO, electrodes. A bias of 100 mV was applied to each sample,
and the resulting response current was used to assess the elec-
trode’s conductivity and to map the distribution of conductive
materials. Fig. 3a reveals that the current distribution of the
SiO,@PAA electrode is highly non-uniform, attributed to poor
dispersion and agglomeration of SP within the electrode.
Fig. 3b shows that the current distribution of the SiO,@BC
electrode is improved, indicating that BC promotes a more
uniform distribution of SP in the electrode. Nevertheless, the
average current of the SiO,@BC electrode decreases due to the
inherently low conductivity of BC. Fig. 3¢ demonstrates that
the SiO,@CBC-CMC electrode exhibits a highly uniform
current distribution, along with a significant increase in
average current compared to the SiO,@PAA electrode. This
indicates that CBC-CMC effectively guides the uniform distri-
bution of SP within the electrode while enhancing the elec-
tronic conductivity of the electrode. Specifically, the average
currents of the SiO,@PAA, SiO,@BC, and SiO,@CBC-CMC
electrodes were 8.0 nA, 4.3 nA, and 35.1 nA, respectively
(Fig. 3d).

Additionally, the resistivity and conductivity of different
slurries and electrode solid powders were measured. As shown
in Fig. 3e and f, the conductivity of the SiO,@BC slurry
decreased compared to that of SiO,@PAA. Although BC

This journal is © the Partner Organisations 2025
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Fig. 2 (a) Raman spectra of different bacterial cellulose materials. (b) Raman spectra of CBC-CMC. (c) Zeta potentials of the SP dispersion and elec-
trode slurry before and after the addition of CBC—CMC. (d) Raman spectra of CMC.
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Fig. 3 PeakForce TUNA images of the (a) SiO,@PAA electrode, (b) SiO,@BC electrode and (c) SiO,@CBC—-CMC electrode. (d) The average currents
of different SiO, electrodes. The (e) resistivity and (f) conductivity of different electrode slurries.

improves the dispersion of SP in the slurry, it reduces the
slurry conductivity due to its high resistivity. In contrast, the
conductivity of the SiO,@CBC-CMC slurry increased com-
pared to that of SiO,@PAA, indicating that CBC-CMC
enhances the electronic conductivity of the electrode slurry.
The conductivity measurements of the solid powders were con-

This journal is © the Partner Organisations 2025

sistent with those of the slurries (Fig. S12). These results
further macroscopically demonstrate that CBC-CMC not only
efficiently guides the uniform distribution of SP but also posi-
tively impacts the electronic conductivity of the electrode.
Overall, while BC enables uniform distribution of SP within
the electrode, it imposes certain limitations on electronic
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conductivity. In contrast, the CBC-CMC composite not only
achieves more efficient and homogeneous SP dispersion but
also significantly enhances the conductivity of the electrode.

3.3. Analysis of mechanical properties, adhesion and surface
roughness

To investigate the effects of BC and CBC-CMC incorporation
on the mechanical properties, adhesion strength, and surface
roughness of electrodes, a comprehensive evaluation was con-
ducted using an atomic force microscope (AFM), combined
with the Derjaguin-Muller-Toporov (DMT) model, 180° peel
tests and folding tests. The average DMT modulus of
SiO,@PAA is 5.91 GPa, while the average DMT modulus of
Si0,@BC and SiO,@CBC-CMC is 9.24 GPa and 9.22 GPa,
respectively (Fig. 4a—c). Multiple parallel experiments (Fig. S13)
confirmed that the SiO,@CBC-CMC electrode (10.28 GPa)
exhibits a 58.4% higher average DMT modulus compared to
the SiO,@PAA electrode (6.49 GPa), demonstrating signifi-
cantly enhanced mechanical robustness. The incorporation of
BC and CBC-CMC significantly enhances the overall DMT
modulus of the electrode, enabling it to withstand the substan-
tial mechanical stresses induced by rapid volume changes
under high current densities.

As shown in Fig. 4e-g, the average adhesion of the
SiO,@BC (64.5 nN) and SiO,@CBC-CMC electrodes (61.7 nN)
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is higher than that of the SiO,@PAA electrode (47.4 nN). The
added BC improves the overall adhesion of the electrode,
which is conducive to reducing the flaking of active materials
and SP from the electrode. Furthermore, 180° peel test results
also demonstrate that the incorporation of CBC-CMC signifi-
cantly enhances the adhesive strength of the electrode
(Fig. S14), and the electrode maintained structural integrity
after the peel tests (Fig. S15). The results of the folding tests
corroborate this conclusion (Fig. S16). The elevated DMT
modulus and peel strength stem from synergistic chemical
and physical effects. Chemically, carbonized CBC-CMC retains
abundant oxygenated groups (Fig. S6) that form H-bonds with
PAA (Fig. S7) and SiO, (Fig. S8), and exhibits “like-dissolves-
like” compatibility with SP (Fig. S5, Fig. 2), generating robust
interfacial cohesion. Physically, high-aspect-ratio CBC-CMC
nanofibers create a stiff, continuous network that redistributes
shear stresses during peeling and establishes mechanical brid-
ging within the electrode (Fig. S4).

Notably, the root-mean-square roughness (rq) of the
Si0,@CBC-CMC electrode is 16.6 nm, which is smaller than
the rq of the SiO,@PAA (31.8 nm) and SiO,@BC (25.7 nm)
electrodes (Fig. 4g-i). CBC-CMC reduces the agglomeration of
SP due to the good compatibility of CBC-CMC with the con-
ductive agent and the active material, resulting in a more
uniform distribution of SP within the electrode. This improve-

Height Sensor

C

100.0 nN
100nm

100.0 nm

0.0 > -100.0 nm
31.8nm
100.0 nN 100.0 nm
0.0 7 -100.0 nm
25.7nm  wm
i
100.0 nm
100.0 nN 100nm
0
0.0 PRl -100.0 nm

16.6nm

Fig. 4 (a) DMT modulus, (b) adhesion and (c) height sensor mappings of the SiO,@PAA electrode. (d) DMT modulus, (e) adhesion and (f) height
sensor mappings of the SiO,@BC electrode. (g) DMT modulus, (h) adhesion and (i) height sensor mappings of the SiO,@CBC—-CMC electrode.
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ment mitigates the roughness of the electrode surface to some
extent, leading to a smoother and flatter surface of the elec-
trode sheet, thereby enhancing the overall performance of the
electrode. BC and CBC-CMC materials within electrodes
enhance the mechanical strength of the electrode through
fiber reinforcement (56% improvement), enabling the SiO,
electrode to withstand the significant mechanical stress
caused by rapid volume changes under high current densities.
These also improve the overall adhesion of the electrode, redu-
cing the flaking of SP and SiO, during cycling. Additionally,
CBC-CMC promotes a more uniform distribution of SP within
the electrode, resulting in a smoother and more intact surface
of the electrode.

3.4. The electrochemical performance of SiO, anode-based
batteries

The electrochemical performance of different SiO, electrodes
was systematically evaluated through galvanostatic charge-dis-
charge tests to validate the effectiveness of CBC-CMC. To
ensure data reliability, three parallel experiments were con-
ducted for each group. The SiO,@CBC-CMC electrode main-
tains a high discharge specific capacity of 1288 mAh g™ after
100 cycles at 0.2C, with a capacity retention rate of 91.3%. In
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comparison, the SiO,@PAA, SiO,@BC, and SiO,@CBC electro-
des exhibit lower discharge specific capacities of 958 mAh g%,
1094 mAh g', and 1072 mAh g%, respectively (Fig. 5a).
Notably, in higher loading tests (2 mg cm™?), SiO,@CBC-CMC
still maintained a superior capacity (1031 mAh g™') and
cycling stability (88.6% capacity retention), attributed to the
formation of a robust conductive network preventing the for-
mation of “isolated SiO,” (Fig. 5b).

To gain further insights into the performance of CBC-
CMC, extended cycling tests were conducted. Under restricted
capacity (600 mAh g™) at 1 A g™ (to avoid the excessive expan-
sion of SiO,), the SiO,@CBC-CMC electrode sustained over
500 cycles, far exceeding SiO,@PAA (260 cycles), and main-
tained 986 mAh g™* over 300 cycles at 0.5C, versus 269 mAh
g~ for SiO,@PAA (Fig. 5¢ and d), with smaller error bars indi-
cating improved reproducibility. Charge-discharge profiles
(Fig. 5e and f) further demonstrate the better cycling stability
of the SiO,@CBC-CMC electrode. The results indicate that
CBC-CMC can construct an efficient and stable conductive
network within the electrode, thereby achieving enhanced
cycling stability during long-term cycling.

Notably, according to the initial coulombic efficiency (ICE)
shown in Fig. 5g, the SiO,@CBC-CMC electrodes exhibited
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SiO, electrodes (b) at 0.2C (1C = 1600 mA g™3). (c) Cycling performance of different SiO, electrodes with a limited discharge capacity of 600 mAh
g tat1A g™ (d) The cycling performance of different SiO, electrodes at 0.5C. The charge—discharge profiles of the SiO,@PAA electrode (e) and
SiO0,@CBC-CMC electrode (f) at 0.5C. (g) The ICE of different electrodes under various cycling conditions. (h) The rate performance of various elec-

trodes. (i) The charge—discharge curves of the different SiO, electrodes.
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higher ICE values under all conditions, suggesting that CBC-
CMC can stabilize the electrode/electrolyte interface. Rate
capability tests (Fig. 5h) showed that SiO,@CBC-CMC
achieved discharge capacities of 1333 mAh g™, 1152 mAh g,
1021 mAh g™, 774 mAh g7, and 535 mAh ¢! at 0.1C, 0.2C,
0.5C, 1C, and 2C, respectively, with 93.3% recovery when
returned to 0.1C. The charge-discharge curves at different
rates (Fig. 5i) demonstrate that the SiO,@CBC-CMC electrode
exhibits significantly superior rate performance and reduced
electrochemical and concentration polarization. Overall, the
superior cycling and rate performance of SiO,@CBC-CMC are
ascribed to the following: (1) the efficient grapevine-like con-
ductive network formed by uniformly distributed SP enabled
by CBC-CMC; (2) enhanced mechanical resilience maintaining
structural integrity; and (3) a stabilized electrode/electrolyte
interface, reflected by the higher ICE.

3.5. Electrochemical and kinetic analysis

To investigate the underlying reasons for the superior electro-
chemical performance of the SiO,@CBC-CMC electrode,
electrochemical impedance spectroscopy (EIS) and galvano-
static intermittent titration technique (GITT) tests were per-
formed on both SiO,@PAA and SiO,@CBC-CMC electrodes.
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After electrode activation, the high-frequency semicircle, mid-
frequency semicircle, and low-frequency slope correspond to
the solid electrolyte interphase (SEI) resistance (Rgsgj), charge
transfer resistance (Rcr), and Warburg impedance, respectively
(Fig. 6a and b). The Rsg;, Rer and lithium-ion diffusion coeffi-
cient (Dy;:) values were calculated by fitting the EIS data (Note
S1 and Fig. S17), and the results are shown in Fig. 6¢c-f. The
Rgg; values of the SiO,@CBC-CMC electrode after 10, 30 and
90 cycles were 10.9 Q, 10.9 Q and 10.1 Q, respectively.
Analogously, the fitted Rcr were 6.5 Q, 7.0 Q and 7.6 Q,
respectively. The Rgg; and Rer values of the SiO,@CBC-CMC
electrode demonstrated remarkable stability. In contrast, the
SiO,@PAA electrode exhibited higher Rgsg; and Ror values
during cycling and significant increases after 90 cycles (Rggr
was 59.2 Q, Rcr was 13.8 Q). This could be attributed to the
fact that the network structure of CBC-CMC effectively miti-
gates volume expansion in the electrode and stabilizes the SEI
layer. Furthermore, CBC-CMC enhances electrical contact
between active materials and improves charge transfer
efficiency. After 90 cycles, the Dy;. values for the SiO,@CBC-
CMC and SiO,@PAA electrodes were 11.44 x 10~ ecm? s™* and
1.97 x 10~ cm? s, respectively. These results indicate that
CBC-CMC enables the maintenance of electrode structural
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integrity and ensures efficient ion contact between electrode
materials, thereby enhancing lithium-ion diffusion kinetics
within the electrode.

The Li* diffusion kinetics of the SiO,@CBC-CMC electrode
were investigated by the GITT test and calculated based on
Note S2. As shown in Fig. 6g-i, the SiO,@CBC-CMC electrode
exhibits higher D;;. values across different SOCs compared to
the SiO,@PAA electrode during both discharge and charge
processes. As previously discussed, CBC-CMC not only facili-
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tates the formation of a stable SEI layer on the electrode but
also enhances the dispersion of SP within the electrode,
increasing the specific surface area of the conductive network.
This promotes electrolyte adsorption and improves ionic con-
ductivity. Consequently, the SiO,@CBC-CMC electrode
demonstrates significantly greater Dy;..

The nanostructure of CBC-CMC can shorten the Li* trans-
port distance,*” reduce polarization, and enhance the contact
area with the electrolyte.”> Moreover, CBC-CMC could
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Fig. 7 XPS spectra of the C 1s, O 1s and F 1s peaks of (a—c) the SiO,@CBC-CMC electrode and (d—f) the SiO,@PAA electrode before cycling, after
50 cycles, and after 100 cycles.
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enhance the mechanical properties of electrodes, preserving
structural integrity and safeguarding Li* transport pathways.**
These improve the utilization of active Li* and the kinetics of
the alloying process. The two nanomaterials, SP and CBC-
CMC, construct an efficient and stable conductive network
within the electrode, which enhances interfacial current
density, promotes charge transfer, and suppresses interfacial
polarization.*®> The results from EIS and GITT further confirm
that the SiO,@CBC-CMC electrode possesses a more efficient
and stable grapevine-like conductive network, facilitating
improved lithium-ion transport efficiency and SEI layer stabi-
lity, thereby achieving superior electrochemical performance.

3.6. Post-cycling electrode analysis

The role of CBC-CMC in stabilizing the SEI layer was eluci-
dated through XPS analysis. Fig. 7 presents the XPS results of
SiO,@CBC-CMC and SiO,@PAA electrodes before cycling,
after 50 and after 100 cycles at 0.5C. In the C 1s (near 289.1 eV)
and O 1s (near 532.9 eV and 531.6 eV) spectra of the different
electrodes, peaks corresponding to ROCO,Li and Li,CO; indi-

SiO,@PAA

Uncycled

S50pm

50th

17.8pm

Si0,@BC
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cate electrolyte decomposition and then participation in SEI
layer formation.*® After 100 cycles, the peak areas in the C 1s
and O 1s spectra of the SiO,@PAA electrode significantly
increase, while the SiO,@CBC-CMC electrode shows minimal
changes. This suggested that CBC-CMC helps restrict the dis-
placement of SP and volume changes of SiOy, thereby reducing
the exposure of fresh electrode surfaces and stabilizing the SEI
layer composition. For the F 1s spectrum, the SiO,@CBC-CMC
electrode exhibits a significantly larger LiF peak area (near
684.9 eV)"’ compared to the SiO,@PAA electrode after 50
cycles. After 100 cycles, the LiF peak area of the SiO,@PAA
electrode decreases markedly, while that of the SiO,@CBC-
CMC electrode remains largely unchanged. The changes in
surface atomic composition of different SiO, electrodes further
elucidate that the SiO,@CBC-CMC electrode formed a stable
and LiF-rich SEI layer (Fig. S18). In a previous study, a
mechanically robust, LiF-rich SEI layer could accommodate
the volume changes of SiO,, enhance lithium-ion transport,
and reduce electrolyte decomposition at the interface, thereby
stabilizing the SEI layer composition.*®*° Li,CO; and ROCO,Li
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Fig. 8 Top-view SEM images of different electrodes (a—c) before cycling and (d—f) after 50 cycles at 0.5C. Cross-sectional SEM images of different

electrodes (g—i) before cycling and (j—1) after 50 cycles at 0.5C.
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on the surface of the SiO,@CBC-CMC electrode are relatively
low, while LiF is relatively high, indicating that CBC-CMC can
prevent excessive consumption of the electrolyte.

To directly observe the morphology and composition of the
SEI layer, we performed TEM and EDS characterization studies
on different electrodes. As revealed by TEM characterization
(Fig. S19), the SiO,@CBC-CMC electrode demonstrates a sig-
nificantly thinner (10-15 nm), more uniform, and densely
compacted SEI layer compared to the SiO,@PAA electrode
(20-50 nm). The reduced thickness and enhanced structural
homogeneity of the SEI layer suggest improved interfacial
stability and more efficient ion transport properties. EDS
shows a more uniform and densely distributed F profile in the
Si0,@CBC-CMC electrode (Fig. S20), indicating the formation
of a LiF-rich SEI layer. LiF is known to facilitate rapid Li" trans-
port due to its high ionic conductivity and electrochemical
stability, thereby promoting enhanced Li* diffusion kinetics.>°

To evaluate the role of BC and CBC-CMC in maintaining
electrode structural stability, this study employed SEM to
observe the surface morphology and cross-sectional thickness
changes of different SiO, electrodes before and after cycling.
As shown in Fig. 8a-f, all electrodes exhibited smooth surfaces
without any cracks before cycling. After 50 cycles at 0.5C, the
SiO,@PAA electrode showed significant cracking, whereas the
SiO,@BC and SiO,@CBC-CMC electrodes maintained rela-
tively intact surfaces. Furthermore, the SiO,@CBC-CMC elec-
trode maintained a more uniform, smooth, and crack-free
surface, further demonstrating that CBC-CMC could maintain
electrode structural stability during cycling. Fig. 8g-1 present
cross-sectional SEM images of different SiO, electrodes before
and after cycling. All SiO, electrodes exhibited similar thick-
nesses, ranging from 15.5 pm to 17.8 pm before cycling. After
cycling, the thickness of the SiO,@PAA electrode increased by
approximately 13 pm (a swelling of 85.2%), and significant
cracks were observed in the cross-section. In contrast, the
thicknesses of the SiO,@BC and SiO,@CBC-CMC electrodes
increased by only 18.0% and 21.6%, respectively, with almost
no cracks in their cross-sections. Parallel multi-region testing
revealed that (Fig. S21) the SiO,@CBC-CMC electrode (27.8%)
exhibits a 70.9% reduction in average volumetric expansion
rate compared to the SiO,@PAA electrode (98.7%). By compar-
ing the surface and cross-sectional SEM images, it is evident
that the electrodes with bacterial cellulose maintain structural
integrity. These results further corroborate that BC and CBC-
CMC can impart high mechanical strength and excellent
cycling stability to the electrode, enabling it to accommodate
the volume changes of SiO, during repeated cycling, thereby
maintaining electrode structural stability.

4. Conclusions

In conclusion, the introduction of CBC-CMC has successfully
established an efficient conductive enhancement network with
a grapevine-like structure within the electrode. On the one
hand, CBC-CMC effectively facilitates the uniform distribution
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View Article Online

Research Article

of SP, expanding the conductive pathways while maintaining
the stability of the conductive network during charge-dis-
charge cycles, thereby enhancing the capacity and cycling
stability of the electrode. On the other hand, the network
structure formed by the high aspect ratio CBC-CMC reinforces
the mechanical properties of the electrode, ensuring its struc-
tural integrity after prolonged cycling. Additionally, CBC-CMC
exhibits better compatibility with SP, SiO, and PAA, further
optimizing the overall electrode performance. Based on these
mechanisms, the SiO,@CBC-CMC electrode exhibits impress-
ive cycling and rate performances, demonstrating a notable
capacity retention of 91.3% after 100 cycles and exhibiting an
average capacity retention of 93.3% when the current density
is restored to 0.1C. This work provides insights into the appli-
cation of bacterial cellulose in conductive networks, thus
inspiring further conductive network engineering in practical
LMBs.
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