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ABSTRACT: Si represents a promising anode material to
complement graphite in commercial lithium-ion batteries (LIBs).
Whereas, its practical implementation is still hampered by
unsatisfactory cyclability, primarily caused by the lithiation/
delithiation-induced large volume variation. One-dimensional
(1D) Si-based nanostructures offer effective volumetric change
accommodation, yet their facile fabrication remains challenging.
Herein, we develop a facile sol—gel method to synthesize 1D
coaxial core@shell structured CNT@Si/SiO, nanowires. The
material features a CNT core and a Si/SiO, composite shell, in
which sub-5 nm Si grains (3—5 nm) are uniformly embedded in an
SiO, matrix. The design achieves a high reversible capacity (1078
mAh g”' at 0.1 A g™'), high-rate capability (540 mAh g~' at 10 A
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g™"), and decent cyclability (867 mAh g™" after 200 cycles at 2 A g™'). This contribution provides a scalable strategy for designing

stable, high-capacity Si anodes.
KEYWORDS: nanowires, SiO,, Si-based anode, core@shell structure,

B INTRODUCTION

The surging market for electric vehicles and the accelerating
adoption of portable electronic devices have created an urgent
need for lithium-ion batteries (LIBs) that deliver superior
energy density, longer service life, and lower manufacturing
costs. Since conventional graphite anodes are currently
nearing their theoretical capacity ceiling, the exploration of
alternative high-capacity anode materials has become imper-
ative. Among these, silicon-based anodes—encompassing both
elemental Si and silicon suboxides (SiO,)—stand out as
premier candidates, offering a compelling combination of
ultrahigh theoretical capacity, natural abundance, environ-
mental sustainability, and cost-effectiveness.”® Nevertheless,
the repeated volume fluctuations during lithiation/delithiation
often result in continuous thickening of the solid-electrolyte
interphase (SEI), particle cracking, and detachment of active
mass from the current collector.’ "' To address these
obstacles, efforts have been dedicated to rational micro-
structure design,'””"" crystallinity control,'*™'® and Si
oxidation state modulation.'”""~*!

One-dimensional (1D) nanostructures with continuous
electron transport paths and short ion diffusion paths
demonstrate great potential in energy storage.zz_25 Various
1D nanostructured materials, including oxides,”**” sul-
fides,”**’ and nitrides,””*" have been constructed and applied
in energy storage. For silicon-based anodes that suffer from
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undesirable volume expansion and unsatisfactory conductivity,
the 1D nanostructure could provide unique merits such as free
space for volume fluctuation accommodation and strain
relaxation, as well as short lengths for Li* transmission.”” "
Despite these benefits, the synthesis of 1D silicon-based
nanostructures usually requires special synthesis equipment,
harsh conditions, high production costs, or cumbersome
processes, making large-scale production challenging.*> ™
Herein, we construct 1D coaxial CNT@Si/SiO, core@shell
nanowires (NWs) via a facile, scalable, and cost-effective sol—
gel process using triethoxysilane ((C,H;O);SiH) as the
precursor and highly conductive carbon nanotubes (CNTs)
as the backbone. In the obtained CNT@Si/SiO, NWs, sub-5
nm Si grains are uniformly embedded in the SiO,, matrix within
the Si/SiO, composite shell with a thickness of ~20 nm. The
sub-5 nm Si grains and SiO,, possess high reactivity toward Li;
the highly conductive CNT backbone wires the whole
composite; the thin Si/SiO, composite shell shortens the Li*
transport distance; and the rich internanowire porosity enables
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Figure 1. Schematic synthetic process of CNT@Si/SiO, NWs.
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efficient electrolyte accessibility and volume fluctuation
accommodation. With such rational structure design, the
obtained CNT@Si/SiO, NWs demonstrate high capacity and
stable cycling, as well as decent rate capability.

B EXPERIMENTAL SECTION

Material Synthesis

One milliliter portion of CNT dispersion (3 wt %) was first dispersed
into 100 mL of H,O. Subsequently, 0.1 mL of concentrated HCI and
1 mL of triethoxysilane ((C,H;O),SiH, 99.8% were sequentially
introduced into the mixture under vigorous stirring. Following a S-h
reaction period at ambient temperature, the resulting hydrogen
silsesquioxane (HSiO, 5, HSQ)-coated CNT nanowires (CNT@HSQ
NWs) were harvested via centrifugation and vacuum-dried at 60 °C.
Lastly, the dried precursor underwent annealing at 1000 °C under Ar/
H, flow for 1 h (ramp rate: 20 °C min™").

For comparison, the Si/SiO, nanoparticles were obtained by a
similar procedure without the addition of a CNT suspension.

Battery Fabrication

CR2016-type coin half-cells were constructed in a glovebox
maintained under an argon atmosphere. The synthesized samples
were utilized as the working electrode, and lithium foils functioned as
the reference electrode, separated by Whatman glass fiber membranes
(GF/A). To prepare the working electrodes, a homogeneous slurry
was obtained by dispersing the active material, acetylene black, and
sodium alginate binder (weight ratio = 70:20:10) in deionized water.
This paste was subsequently applied onto a copper foil substrate and
dried under vacuum at 60 °C overnight. The mass loading of the
active material was maintained at approximately 1.0—1.5 mg cm™
The electrolyte employed in this study consisted of 1.0 M LiPFg
dissolved in a binary solvent of ethylene carbonate (EC) and diethyl
carbonate (DEC) (1:1 by volume), supplemented with S vol %
fluoroethylene carbonate (FEC). To assemble the full cells, the as-
prepared CNT@Si/SiO,, anode was coupled with a LiFePO, cathode.
The cathode fabrication involved casting a mixture of LiFePO, (70 wt
%), acetylene black (20 wt %), and polyvinylidene fluoride (PVDF, 10
wt %) in N-methyl-2-pyrrolidone (NMP) onto an aluminum foil
current collector, followed by vacuum drying at 60 °C. The
fabrication of CNT@Si/SiO,lILiFePO, full cells was conducted in
an argon-filled glovebox. A Celgard-2400 membrane was used as the
separator, while the electrolyte was prepared by dissolving 1.0 M
LiPF4 in EC/DEC/DMC (1:1:1 by volume).

Electrochemical Measurements

Galvanostatic charge—discharge (GCD) measurements were per-
formed on a Neware CT4008 battery test system. For half-cell
measurements, the voltage window was set between 0.01-2.0 V.

Electrochemical impedance spectroscopy (EIS) measurements
spanned a frequency range of 100 kHz to 10 mHz. Cyclic
voltammetry (CV) data were collected by using an Autolab PGSTAT
302N workstation. Prior to full-cell integration, the CNT@Si/SiO,,
anodes underwent a prelithiation process in half-cells for 3 cycles at
0.1 A g™'. The anode-to-cathode capacity ratio (N/P ratio) was
maintained at approximately 1.1. Full-cell cycling was performed at 1
C (1 C =170 mA g') within a 2.2—4.0 V range, with specific
capacities normalized to the cathode mass.

Sample Characterizations

To determine the crystallographic phases via X-ray diffraction (XRD),
a Bruker D8 Discover diffractometer (Cu Ka radiation source) was
utilized. Microstructural and morphological investigations were
carried out by employing a JEOL-7100F scanning electron micro-
scope (SEM). Further detailed structural and elemental analyses were
acquired via transmission electron microscopy (TEM)—including
high-resolution (HRTEM) and high-angle annular dark-field scanning
(HAADF-STEM) modes——coupled with energy-dispersive X-ray
spectroscopy (EDS). The surface chemical compositions and
elemental oxidation states were probed by using a PerkinElmer
PHI-5000C ESCA X-ray photoelectron spectrometer (XPS). Carbon
content was quantified using an SDT-Q600 instrument via
thermogravimetric analysis (TGA) from ambient temperature to
1200 °C in an air atmosphere. The specific surface area was evaluated
by the Brunauer—Emmett—Teller (BET) method using nitrogen
adsorption—desorption isotherms measured on a Micromeritics 3Flex
system.

B RESULTS AND DISCUSSION

The construction of core@shell structured CNT@Si/SiO,
NWs involves the sol—gel reaction of triethoxysilane and
subsequent pyrolysis (Figure 1). Hydrophilic CNT is
employed as the backbone material. The hydrolysis and
condensation of triethoxysilane lead to the growth of HSQ on
CNT, yielding coaxial CNT@HSQ NWs. With subsequent
high-temperature treatment in H,/Ar, HSQ undergoes a
disproportionation reaction to form Si/SiO,, in which sub-5
nm Si nanocrystals are uniformly embedded within an
amorphous SiO, matrix. Importantly, the rigid Si—O network
of HSQ spatially confines Si nucleation and suppresses grain
growth during the annealing process, thereby enabling the
formation and homogeneous dispersion of ultrasmall Si
nanocrystals.’®*” Eventually, CNT@S$i/SiO, NWs are
achieved. Structurally, the coaxial core@shell geometry offers
distinct advantages over noncoaxial or randomly mixed
architectures: (I) the CNT core serves as a continuous
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Figure 2. a) SEM and b—d) TEM images of CNT@Si/SiO, NWs; e) HAADF-STEM image and corresponding EDS elemental mappings of
CNT@Si/SiO, NWs; f) HRTEM image of CNT@Si/SiO, NWs; g) XRD patterns of CNT, Si/SiO,, and CNT@Si/SiO, NWs; h) C 1s XPS

spectrum of CNTs; and i) Si 2p XPS spectrum of CNT@Si/SiO, NWs.

electron-transport highway that wires the entire active shell;
(II) the conformal Si/SiO, shell with uniform thickness
promotes homogeneous stress distribution during lithiation/
delithiation; and (III) the intimate core—shell contact
mitigates shell delamination and particle isolation, thereby
preserving electrical percolation upon cycling.

The CNT@HSQ precursor (Figure S1) presents a coaxial
core@shell nanowire structure with lengths up to micrometers,
in which the HSQ layer is uniformly and conformally coated
on the CNT backbone. After high-temperature pyrolysis, the
obtained CNT@Si/SiO,, presents a similar coaxial nanowire
structure with a uniform diameter of ~60 nm (Figure 2a,b).
The CNT is completely covered by Si/SiO,, and there is no
exposure of bare CNT. Under higher magnifications, a bundle
of CNTs can be observed in the TEM image of CNT@Si/SiO,
NWs (Figure 2d). The diameter of the CNT bundle is ~10 nm
(Figure S2) and the thickness of the Si/SiO, shell is measured
to be ~20 nm. A number of tiny black particles are present in
the shell of CNT@Si/SiO, NWs (Figure 2c,d), which can be
ascribed to the Si nanocrystals.”® A statistical analysis based on
the TEM image indicates that these Si nanocrystals exhibit a

narrow size distribution mainly in the range of ~3—5 nm
(Figure S3), suggesting their uniform embedding within the
SiO, matrix. HAADF-STEM and EDS elemental maps (Figure
2e) distinctly localize the Si and O signals within the exterior
shell, whereas the C signal is predominantly confined to the
core, corroborating the coaxial configuration. HRTEM clearly
shows that the crystalline Si nanodots with sizes of 3—5 nm are
embedded in an amorphous SiO, matrix (Figure 2f). The Si
nanodots show d spacings of ~3.1 A, corresponding to the
(111) planes of elemental Si.*”*" Without the CNT backbone,
the Si/SiO, particles show a size of 50—200 nm (Figure S4).
Such uniformly confined ultrasmall Si nanocrystals within a
conformal thin shell are expected to homogenize stress
distribution and shorten Li* transport distance, which
underpins the enhanced mechanical integrity and charge-
transport kinetics discussed below.

XRD patterns (Figure 2g) of Si/SiO, and CNT@Si/SiO,
NWs show a broad peak at 21.8°, a hallmark feature of
amorphous SiO,.*>** The absence of diffraction peaks from
crystalline Si is due to the low crystallinity, small particle size,
relatively low content of Si nanodots, and the dominant
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Figure 3. Lithium storage capabilities of Si/SiO, and CNT@Si/SiO, NWs. a) GCD profiles of CNT@Si/SiO, NWs at 0.1 A g™'; b) cycling
performance of Si/SiO, and CNT@Si/SiO, NWs at 0.1 A g'; ¢) GCD profiles of CNT@Si/SiO, NWs at different current densities; d) rate
capability of Si/SiO, and CNT@Si/SiO, NWs; e) GCD profiles of CNT@5i/SiO, NWs at 0.5 A ¢! and f) corresponding cycling performance;
and g) GCD profiles of CNT@Si/SiO, NWs at 2 A ¢! and h) corresponding cycling performance. For f and h, the electrodes are activated at 0.1 A

g™! for 5 cycles.

amorphous SiO, matrix, which produces a strong background
signal.”® The C Ls XPS spectrum of hydrophilic CNTs (Figure
2h) presents a strong peak for the C—O component (286.34
eV), indicating the existence of rich hydroxyl groups on
CNTs.** After organosilica coating and pyrolysis, the intensity
of the C—O component weakens significantly (Figure SS).
Deconvolution of the Si 2p spectra for CNT@Si/SiO, NWs
(Figure 2i) and Si/SiO, (Figure S6) reveals five distinct
oxidation states: Si° (99.31 eV), Si'* (100.36 V), Si** (101.65
eV), Si** (103.11 eV), and Si** (104.09 eV).**** For both
samples, Si*" represents the dominant component. The
emergence of Si’ species confirms the formation of the Si

21948

nanodots. TGA (Figure S7) reveals a CNT content of 5.21 wt
% for the CNT@Si/SiO, NWs. The observed mass gain at
temperatures exceeding 600 °C is attributed to the oxidation of
Si/SiO,. N, sorption measurements reveal relatively (Figure
S8) low specific surface areas: 34.87 m* ¢! for CNT@Si/SiO,
NWs and 11.48 m*g™" for Si/SiO,. Despite the moderate BET
value, the internanowire porous network enables efficient
electrolyte access and short Li* diffusion paths, while the
relatively low surface area mitigates excessive SEI growth.
The electrochemical properties of the CNT@Si/SiO, NWs
were systematically evaluated and compared with Si/SiO,. As
depicted in Figures 3a and S9, the GCD profiles are at 0.1 A
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Figure 4. CV curves of: a) CNT@Si/SiO, NWs and b) Si/SiO, at 0.1 mV s™'; c) enlarged CV curves of the CNT@Si/SiO, NWs at 0.1 mV s™'; d)
CV curves of CNT@Si/SiO, NWs at various scan rates; e) log(i) versus log(v) plots and the corresponding linear fits of CNT@Si/SiO,; f)
capacitive contribution ratios at various scan rates; g) CV curve at 1 mV s~ and the calculated capacitive contribution; and EIS plots of h) CNT@

Si/SiO, NWs and i) Si/SiO, before and after cycling.

g~! for both materials. A distinct discharge plateau is evident
near 0.2 V, followed by a charge plateau at approximately 0.4
V. Notably, CNT@Si/SiO, NWs demonstrate an initial
discharge capacity of 1957 mAh g~', corresponding to an
initial Coulombic efficiency (CE) of 46.1%. Despite its larger
specific surface area leading to a lower initial CE (46.1% vs
57.4% for Si/SiO,), the CNT@Si/SiO, NWs exhibit superior
cyclability. Specifically, the reversible capacity remains at 1006
mAh g™! after SO cycles and at 946 mAh g~ after 120 cycles.
From the second to the 120th cycle, the capacity undergoes
only a minor decay from 1078 to 946 mAh ¢! (Figure 3b),
equating to a retention of 87.8%. Conversely, the Si/SiO,
counterpart suffers from rapid degradation, retaining only 549
mAh g~! by the 120th cycle (58.7% retention). At elevated
current densities of 2, 5, and 10 A g™, reversible capacities of
774, 660, and 540 mAh g™' are achieved (Figure 3c,d), much
higher than those of Si/SiO, (547, 471, and 299 mAh ¢ ')
(Figure S10). Notably, the characteristic voltage plateaus of Si
still exist, even under high-rate cycling conditions. Upon
returning to 0.1 A g~ (Figure 3d), the capacity of CNT@Si/
SiO, NWs is recovered to 975 mAh g~

The cycling performances of the CNT@Si/SiO, NWs at 0.5
and 2 A g™! are also evaluated (Figure 3e—h). Interestingly, the

21949

discharge capacity gradually increases at the early cycling stage,
which is referred to “activation” process in the literature.”>***”
This activation behavior can be mainly attributed to (I) the
gradual electrochemical activation of Si nanocrystals/domains
generated from the SiO, matrix during the initial conversion/
alloying processes; (II) progressive stabilization/optimization
of the SEI layer; and (III) improved electrode wetting and
interfacial contact upon cycling. As a result, the reaction
kinetics become more favorable, and a higher reversible
capacity is progressively released in the early cycles. In general,
as the current density increases, a greater number of cycles are
required to achieve complete capacity release from the active
materials. Following 200 cycles, the electrode delivers
substantial reversible capacities of 932 mAh g™' at 0.5 A g™
(Figure 3e-f) and 867 mAh g~' at 2.0 A g~' (Figure 3gh).
Moreover, the CNT@Si/SiO, NWs sustain average CEs of
99.57% and 99.82% at these respective current densities. A
comprehensive comparison with reported SiO,-based anodes
(Table S1) confirms that the CNT@Si/SiO, NWs offer
competitive metrics in terms of capacity, rate response, and
long-term cyclability.

To understand the electrochemical reactions, CV measure-
ments are performed for the CNT@Si/SiO,, and Si/SiO, NWs
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Figure S. Top-view SEM images of a) Si/SiO, electrode before and b) after cycling; ¢) CNT@Si/SiO, electrode before and d) after cycling; cross-
sectional SEM images of e) Si/SiO, electrode before and f) after cycling; g) CNT@Si/SiO,, electrode before and h) after cycling; (i) TEM image;
j) HAADF-STEM image of CNT@Si/SiO, NWs after cycling; and k—n) the corresponding elemental mappings.

(Figure 4a,b). In the first lithiation process, the broad
reduction peak around 1.18 V is attributed to the irreversible
decomposition of the fluoroethylene carbonate (FEC)
additive.*® The pronounced reduction signal detected at 0.81
V corresponds to two key electrochemical processes (Figure
4a,b): primarily the growth of the SEI and the lithiation of the
SiO, matrix.***’ The latter process generates elemental Si,
Li,O, and various lithium silicates.’>" Both cathodic peaks
diminish in subsequent cycles, indicating their irreversibility.
With further lithiation, a classic crossover of curves occurs in
both CNT@Si/SiO, NWs and Si/SiO, (Figure 4c and S11).
This characteristic phenomenon indicates the lithium inter-
calation behavior of crystalline Si, which is consistent with
previous literatures.”™>> From the second cycle onward, a
cathodic peak appears at around 0.16 V and strengthens. This
peak is associated with the lithiation of Si, which generates
amorphous Li,Si. During the initial delithiation, two broad
peaks are observed at 0.36 and 0.47 V, mainly attributed to the
delithiation from Li,Si to amorphous Si.

To study the electrochemical kinetics of CNT@Si/SiO,
NWs and Si/SiO,, CVs are collected at different scan rates
(Figures 4d and S12). The relationship between peak current
(i) and scan rate (v) is quantitatively analyzed using the power-
law equation:

log(i) = log(a) + blog(v)

The fitted b values (0.92 for Peak O and 0.88 for Peak R) of
CNT@Si/SiO, NWs are higher than those of Si/SiO, (0.83
for Peak O and 0.81 for Peak R) (Figure 4e and S13). The
high b values (close to 1) suggest that the charge storage
mechanism of CNT@Si/SiO, NWs mainly involves a
capacitive process with fast kinetics.

To quantitatively determine the charge storage mechanisms
at a specific scan rate, the current (i) is analyzed according to
the equation:

i=kyv+ kzvl/2

Herein, the former term (k,v) represents the surface-
controlled capacitance, and the latter (k,v'/?) represents
diffusion-controlled behavior (Figure 4f).*>* At each scan
rate, CNT@Si/SiO, demonstrates a higher capacitive con-
tribution than Si/SiO,. At 0.1 mV s', the capacitive
contributions are 43.56% and 65.35% for Si/SiO, and
CNT@Si/SiO,, respectively. With the increase of the scan
rate to 1.0 mV s™', the capacitive contribution reaches 90.71%
for CNT@Si/SiO, NWs (Figure 4g), while that of Si/SiO, is
only 71.13% (Figure S14).

EIS spectra of CNT@Si/SiO, NWs and Si/SiO, (Figure
4h,i) have been collected in their pristine state and after 3
cycles at 0.1 A g”' (fully discharged). After cycling, the charge
transfer resistance (semicircles at high frequency) of both
electrodes decreases. Meanwhile, the low-frequency slope
increases owing to electrochemical activation and SEI
formation. The CNT@Si/SiO, demonstrates a lower charge
transfer resistance and greater slope than the Si/SiO, before
and after cycling, proving that the 1D core@shell structure
with a CNT backbone could promote charge transfer and ionic
diffusion. The reduced charge transfer resistance after the
initial cycling is consistent with the activation process observed
in Figure 3e—h. The EIS results experimentally corroborate the
role of the coaxial CNT core in providing a continuous
conductive pathway and the conformal shell in facilitating fast
interfacial charge transfer and Li" diffusion.

To study the benefits of the 1D nanostructure in buffering
volume expansion, top-view and cross-sectional SEM (Figure
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Sa—h) are used to monitor the Si/SiO, and CNT@Si/SiO,
electrodes before and after 120 cycles (at the lithiated state).
Both electrodes present a uniform, crack-free surface before
cycling (Figure Sa and c). Following the cycling process, the
Si/SiO, electrode exhibits severe surface fracturing (Figure
Sb), accompanied by a substantial thickness increase of 47.1%
(Figure Se and f). The results illustrate that the Si/SiO,
electrode shows a large volume expansion and poor integrity
during cycling. In contrast, the CNT@Si/SiO, -electrode
presents a relatively compact, crack-free surface after cycling
(Figure Sd). The thickness of the CNT@Si/SiO, electrode
increases from 27.4 to 30.6 ym, showing a thickness expansion
rate of only 11.7% (Figure Sg and h). The markedly reduced
electrode swelling and crack-free morphology further verify
that the conformal core@shell geometry homogenizes stress
and prevents shell delamination/particle isolation during
cycling, thereby maintaining electrical integrity. The relatively
low expansion ratio originates from the interconnected 1D
nanowire network with rich internanowire porosity for volume
variation accommodation. Notably, after long-term cycling,
distinct crystalline Si domains are not clearly observed in the
postcycling TEM analysis (Figure Si), which is commonly
attributed to the conversion of Si/SiO, into amorphous Li,Si
and lithium silicates during repeated lithiation/delithiation.
Meanwhile, the coaxial CNT@Si/SiO, nanowire framework
remains well-preserved without noticeable aggregation or
pulverization, indicating robust structural integrity upon
prolonged cycling. The F element, which comes from the
electrolyte and participates in SEI formation, distributes
homogeneously on the cycled CNT@Si/SiO, core@shell
NWs, as shown in the EDS mappings (Figure Sj—n).

Full cells are constructed by employing the CNT@Si/SiO,,
anode and LiFePO, (LFP) cathode (Figure S15). At 1.0 C, the
LFP cathode displays a discharge platform at ~3.4 V,
corresponding to a capacity of 119.5 mAh g~' (Figure S16).
The CNT@Si/SiOILFP full cell demonstrates a mean
working voltage of ~3.2 V and delivers 112.4 mAh ¢! (Figure
S17). Furthermore, 80.1% of the initial capacity is retained
after 100 cycles.

Opverall, the decent electrochemical properties of CNT@Si/
SiO, NWs originate from the following factors: (I) Both the
sub-5 nm Si grains and the SiO, phase provide high
electrochemical activity. (II) The highly conductive CNT
backbone wires the whole composite material. (III) The thin
Si/SiO, shell shortens the solid-state Li* transfer distances.
(IV) The 1D CNT@Si/SiO, NWs provide rich internanowire
porosity, buffering the volume variation of Si and SiO,, as well
as enabling electrolyte accessibility.

B CONCLUSIONS

In summary, we demonstrate a facile, efficient approach to
construct 1D core@shell-structured CNT @Si/SiO, nanowires.
The CNT backbone is encapsulated by an ~20 nm thick Si/
SiO, layer, in which Si nanocrystals (sub-5 nm) are
homogeneously distributed throughout the oxide matrix. The
1D core@shell structure possesses multiple structural merits
for lithium storage, such as high electrochemical activity, high
electrical conductivity, short Li* diffusion lengths, and rich
porosity. Consequently, the rationally designed 1D core@shell
CNT@Si/SiO, NWs demonstrate a comprehensively high
electrochemical performance. The contribution would provide
insights into the rational design of high-performance Si anodes.
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