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ABSTRACT

To address the unstable characteristics of high-content Si anodes for lithium-ion batteries (LIBs), a novel
approach is developed for creating a porous silicon@carbon (p-Si@C) composite using a fusible polyacrylonitrile
copolymer (co-PAN). The p-Si@C composite is synthesized through a melt-extrusion process combined with
microwave-assisted carbothermal shock. Prior to melt-extrusion, micro-sized Si (m-Si) and fusible co-PAN
powders are blended in a blade mill. Following this, the mixture is subjected to carbothermal shock under mi-
crowave irradiation. Interestingly, the resulting composite features a porous structure where nano-sized Si (n-Si)
particles are embedded within a porous carbon framework derived from the thermal decomposition of co-PAN.
The n-Si content in the composite is estimated at 63.8 wt%, enabling a high reversible capacity (1891.6 mAh
g™ 1. For practical application, the p-Si@C composite (10 wt%) is physically blended with commercial graphite
(90 wt%), delivering a reversible capacity of 535.1 mAh g~!, approximately 1.5 times higher than commercial
graphite. Moreover, it exhibits stable cycling performance, maintaining approximately 84.3 % of its capacity
after 100 cycles. This porous architecture effectively accommodates the volume variation of n-Si particles and
suppresses the unstable solid electrolyte interphase (SEI) formation, leading to enhanced structural durability
during cycling.

1. Introduction

This significant expansion induces mechanical stress, leading to Si par-
ticle pulverization and abnormal growth of the solid electrolyte inter-

As the leading energy storage technology, lithium-ion batteries
(LIBs) are the commercial choice for electric vehicles (EVs) owing to
their superior energy density and operational efficiency. To further
improve EV driving performance, there is a strong demand for advanced
materials that can increase the practical energy density of LIBs [1,2].
The development of high-capacity anodes is therefore crucial to replace
commercial graphite with a low theoretical capacity (~372 mAh g~!)
[3,4]. In this regard, silicon (Si) is a potential candidate, thanks to its
exceptionally high capacity (~3580 mAh g1, Li;5Sis), about 10 times
greater than graphite [5-7]. Si reacts with Li* through electrochemical
alloying/de-alloying, enabling the formation/decomposition of Li,Si
alloys at ~0.4 V vs. Li/Li* [8-10]. Despite these advantages, Si anodes
experience over 300 % volume expansion when fully charged [11-13].

* Corresponding authors.

phase (SEI), resulting in the continuous loss of reversible capacity during
cycling [14-16]. To address this challenge, various structural engi-
neering strategies have been proposed to suppress volume expansion
and ensure cycling stability of Si-based anodes.

Chan et al. demonstrated that reducing the particle size of Si effec-
tively mitigates undesirable particle pulverization during cycling by
relieving mechanical strain [17]. In practice, Si particles smaller than
150 nm exhibited stable cycling performance without pulverization
[18,19]. Unfortunately, the increased surface area of nano-sized Si (n-Si)
particles promoted unstable SEI formation and irreversible Li* con-
sumption during cycling [20-22]. Alternatively, structural engineering
with conductive carbonaceous materials has been shown to enhance the
cycling stability of Si-based anodes. Various Si@C composites hold great
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potential for enhancing the practical energy density of LIBs by
increasing reversible capacity and ensuring cycling stability. This
improvement is due to the functionalities of carbonaceous materials to
accommodate the volume variations of Si and maintain conductive
pathways for Lit and electrons [23-25]. Nevertheless, the dimensional
changes in Si@C composites at the electrode level do not yet meet
rigorous industrial requirements.

As part of ongoing efforts to develop highly reliable Si@C compos-
ites, PAN-derived porous carbon structure attracted significant attention
to ensure the dimensional stability of Si@C composites. During the
carbonization process of PAN, its low carbon yield leads to the formation
of a porous structure, which accommodates volume change effectively
with improved cycle stability [26,27]. The free spaces or voids act as
buffers, accommodating the large volume variations of Si and relieving
mechanical strain, thereby minimizing dimensional changes at the
electrode level during cycling [27,28]. Moreover, the cyclization of
nitrile groups in PAN facilitates the development of n-nt conjugation,
which provides sufficient pathways for electrolyte penetration, and
ensures uniform Li" transport throughout the electrode [29-32]. How-
ever, current synthesis processes for porous Si@C composites are often
complex and time-consuming, making it critical to develop more cost-
effective processes suitable for mass production.

Herein, we propose an innovative and cost-effective synthesis
method for a porous Si@C composite for realizing high-energy LIBs. A
robust p-Si@C composite can be fabricated through a melt-extrusion
process of micro-sized Si (m-Si) and fusible polyacrylonitrile copol-
ymer (co-PAN) powders, followed by a microwave-assisted carbo-
thermal shock. During the carbothermal shock process, m-Si particles
are pulverized into n-Si particles, while the fusible co-PAN, with its low
carbonization yield, forms a porous carbon framework encapsulating the
n-Si particles. This unique structural configuration is expected to
enhance both reversible capacity and dimensional stability of the p-
Si@C composite, while providing excellent cycling performance. We
believe that this approach offers greater design flexibility for high-
capacity anodes, addressing key challenges in the development of
advanced LIBs.

2. Experimental details
2.1. Materials preparation

The polyacrylonitrile copolymer (co-PAN, synthesized at Deca Ma-
terial Co., Korea, M,, = 220,000) was homogeneously blended with
micro-sized Si (m-Si) particles. A mixture comprising 46 wt% m-Si and
54 wt% fusible co-PAN was extruded using a single-screw extruder at
temperatures exceeding the melting point of 180 °C. Following extru-
sion, the resulting composite was stabilized at 280 °C with air blowing,
followed by a carbonization process. To prepare the p-Si@C composite,
a carbothermal shock process was employed, utilizing microwave irra-
diation (2.4-2.5 GHz) at a power of 3.1 kW [33-37]. For comparative
purposes, an n-Si@C composite was also synthesized with n-Si particles
and coal-tar pitch by carbonization at 1000 °C for 2 h in an Ar flow. The
content of n-Si particles was meticulously controlled, taking into ac-
count the carbonization yield of the coal-tar pitch.

2.2. Structural characterization

For morphological investigations, a field-emission scanning electron
microscope (FESEM, Carl Zeiss) was utilized. Microstructural charac-
terizations were conducted using a transmission electron microscope
(TEM, ARM—200F). Structural characteristics were analyzed through
Raman spectroscopy (Olympus, BX 43) and X-ray diffraction (XRD,
Empyrean). Surface chemistry and chemical bonding were examined via
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-alpha).
Compositional analysis was performed using thermogravimetric anal-
ysis (TGA, PerkinElmer). The particle size distribution was assessed with
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a particle size analyzer (PSA, NPA252). Additionally, surface area and
pore volume were measured using a surface area and porosity analyzer
(Micromeritics, Tristar 3020) based on the Brunauer-Emmett-Teller
(BET) method.

2.3. Electrochemical measurement

The active materials (90 wt%) were homogeneously mixed with a
conductive agent (Super-P, 5 wt%) and a polyvinylidene fluoride (PVDF,
5 wt%) binder in an N-methyl-2-pyrrolidone (NMP) solvent. The
resulting slurry was cast onto copper foil (10 pm). The anodes were
designed with a loading level of 4.0 mg cm 2 and an electrode density of
1.5 g cm . Using a polyethylene (PE) membrane and Li metal foil, half-
cells were assembled. The electrolyte, 1 M LiPFg dissolved in a solvent
mixture composed of ethylene carbonate (EC), ethyl methyl carbonate
(EMCQ), and dimethyl carbonate (DMC) (3:5:2 v/v), was added with 5 wt
% fluoroethylene carbonate (FEC). Electrochemical performance was
evaluated between 0.01 and 1.5 V vs. Li/Li™ at various current densities
(0.2-3.0Q). For full-cell assembly, cathodes were fabricated by casting a
slurry of LiNiggCog1Mng 102 (NCM, 96 wt%), Super-P (2 wt%), and
PVDF (2 wt%) onto aluminum foil (15 pm). Full-cells were designed to
achieve an areal capacity of 2.2 mAh cm~2 (N/P ratio = 1.1), and cycled
between 2.5 and 4.2 V at 0.5C.

3. Results and discussion

The m-Si and fusible co-PAN powders were utilized as starting ma-
terials to develop a porous p-Si@C composite. The unique physico-
chemical properties of co-PAN facilitate the spontaneous formation of a
porous carbon matrix during carbonization, induced by microwave-
assisted carbothermal shock (Fig. S1). Differential scanning calorim-
etry (DSC) and TGA curves of homopolymer polyacrylonitrile (homo-
PAN) and fusible co-PAN (Fig. S2) indicate that co-PAN exhibits melting
behavior between 80 and 159 °C, with a cyclization reaction tempera-
ture of 80 °C, while homo-PAN shows no melting behavior. This suggests
that co-PAN is fusible and possesses lower thermal stability compared to
homo-PAN. These distinct thermal properties imply that fusible co-PAN
experiences significant mass loss during carbonization, resulting in a
porous carbon framework above the cyclization temperature.

We further investigated the structural evolution of fusible co-PAN
during the microwave-assisted carbothermal shock (Fig. S3). After this
process, the crystalline (100) peak of the co-PAN polymer shifted to a
higher Bragg angle at 20 = 43.7°, indicating the formation of more or-
dered carbon structures [38]. The increased intensities of the crystalline
(002) and (100) peaks at 26 = 25.5° and 43.7°, respectively, further
confirm that microwave-assisted carbothermal shock promotes the
crystallization of the carbon phase derived from co-PAN [39]. This
process effectively transforms co-PAN into a well-ordered carbon
structure, contributing to the spontaneous formation of the porous
carbon matrix.

Fig. 1a describes a schematic of the p-Si@C composite obtained by a
microwave-assisted carbothermal shock method using m-Si and co-PAN
powders. A blend of m-Si and co-PAN powders was extruded through a
single-screw extruder, followed by microwave-induced carbothermal
shock. Fig. 1b displays the spherical morphology of the resulting p-Si@C
composite (~20 pm), with n-Si particles (~100 nm) successfully
embedded and uniformly dispersed in an amorphous carbon matrix
(Fig. 1c). During the carbothermal shock, the m-Si particles (~5 pm)
fractured into n-Si particles (~ 50 nm), which were uniformly encap-
sulated by the porous carbon matrix derived from co-PAN (Fig. S4).
Cross-sectional SEM images confirm the formation of abundant internal
pores (~7.7 nm in size) within the p-Si@C composite, resulting from the
thermal decomposition of co-PAN under microwave-assisted carbo-
thermal shock (Fig. 1d). For comparison, a non-porous n-Si@C com-
posite having a similar morphology and Si content was also prepared
(Fig. S5).
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Carbothermal
Shock

Fig. 1. (a) Synthesis process of the p-Si@C composite via carbothermal shock through microwave induction. (b-c) FESEM images of the p-Si@C composite at
different magnifications. (d) Cross-sectional FESEM image of the p-Si@C composite.

Carbon

Fig. 2. (a) Bright-field TEM image of the p-Si@C composite. (b) HRTEM image of the p-Si@C composite. (c) d-spacing measurements of n-Si particles within the p-
Si@C composite. (d) Dark-field TEM image of the p-Si@C composite with EDS elemental mappings for silicon (magenta) and carbon (yellow). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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TEM observations in Figs. 2a-b further confirm the successful
embedding of n-Si particles into the porous carbon matrix derived from
co-PAN. High-resolution TEM reveals crystalline n-Si particles (~50 nm)
encapsulated by an amorphous carbon phase (Fig. 2b). Note that the n-Si
particles exhibit a lattice structure with a d-spacing of 0.31 nm, corre-
sponding to the interplanar distance of the (111) plane in crystalline Si
(Fig. 2¢) [40]. Elemental mappings from EDS (Fig. 2d) support the
compositional arrangement of Si (magenta) and C (yellow) within the p-
Si@C composite.

Fig. 3a compares the powder XRD patterns of both p-Si@C and n-
Si@C composites prepared by different synthesis processes. In the case
of n-Si@C composite, typical reflections of crystalline Si (JCPDS
27-1402) were evident [41]. In contrast, the p-Si@C composite has
additional peaks at 20 = 35.7°, 41.5°, 60.1°, and 72.0°, corresponding to
the crystalline p-SiC phase (JCPDS 75-0254) [42]. The Raman spectra
(Fig. 3b) indicate that the p-Si@C composite has a higher Ip/I; intensity
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ratio of 1.25 compared to the n-Si@C composite (1.06), calculated from
the D-band (1350 cm_l) and G-band (1590 cm_l), suggesting a higher
degree of crystallinity in the porous carbon matrix resulting from the
microwave-assisted carbothermal shock [43]. Additionally, the forma-
tion of crystalline $-SiC is further examined by comparing the XPS Si 2p
spectra after deconvolution based on C 1s (284.5 eV). Unlike the n-Si@C
composite, a noticeable signal for Si—C chemical bond is observed at
100.7 eV after the microwave-assisted carbothermal shock (Fig. 3c)
[44]. The growth of the p-SiC phase is primarily attributed to the high
thermal energy generated during the carbothermal shock, which pro-
motes the chemical reaction of n-Si particles with amorphous carbon in
the p-Si@C composite. From a structural perspective, the presence of the
B-SiC phase is expected to enhance the adhesion of n-Si particles to the
porous carbon matrix, effectively accommodating the volume variation
of n-Si particles and thereby improving the dimensional stability upon
repeated cycling. On the other hand, the electrical conductivities of both
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Fig. 3. (a) Powder XRD patterns of n-Si@C and p-Si@C composites. (b) Raman spectra of n-Si@C and p-Si@C composites. (c) XPS profiles of Si 2p spectra for n-Si@C
and p-Si@C composites. (d) Electrical conductivities of n-Si@C and p-Si@C composites at various applied pressures. () TGA curves of n-Si@C and p-Si@C com-
posites measured under a flow of O, gas, with corresponding derivative thermogravimetry (DTG) profiles in the inset. (f) N adsorption-desorption isotherms of n-

Si@C and p-Si@C composites, with surface area in the inset.
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composites were measured using a power-resistivity measurement sys-
tem. Notably, the p-Si@C composite exhibited higher electrical con-
ductivity (380.7 S em™ D) compared to the n-Si@C composite (333.9 S
cm™!) under an applied pressure of 20 kN (Fig. 3d).

The n-Si fractions of the n-Si@C and p-Si@C composites were veri-
fied through TGA/DTG analyses (Fig. 3e). In principle, the weight loss
(350-600 °C) corresponds to the oxidation of C to CO», while the weight
gain (700-800 °C) indicates the oxidation of Si to SiO, [45]. The carbon
oxidation temperature in the p-Si@C composite is relatively higher than
that in the n-Si@C composite (Fig. S6). From the DTG and TGA profiles,
we estimated the content of n-Si to be 67.8 wt% in the p-Si@C composite
and 69.6 wt% for the n-Si@C composite. The higher oxidation temper-
ature and electrical conductivity of the p-Si@C composite are attributed
to the increased crystallinity of the porous carbon matrix.

According to the N isotherms (Fig. 3f), the p-Si@C composite has a
surface area of 49.8 m? g~* and a total pore volume of 0.08 cm® g™},
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both of which are greater than those of the n-Si@C composite (25.7 m>
g_1 and 0.04 cm® g_l). From the Barrett-Joyner-Halenda (BJH) curves
(Fig. S7), we observed that the p-Si@C composite contains a higher
fraction of internal micropores (<2 nm) compared to the n-Si@C com-
posite. This indicates that the p-Si@C composite developed abundant
internal pores during the carbonization process, facilitated by the
microwave-assisted carbothermal shock, thereby contributing to its
increased surface area and porosity.

The electrochemical performance of the p-Si@C anode was evalu-
ated over a voltage range of 0.01-1.5 V vs. Li/Li". As compared in
Fig. S8a, the p-Si@C anode exhibited electrochemical behavior similar
to that of the n-Si@C anode. It offered a high reversible capacity of
1891.6 mAh g~! and the initial coulombic efficiency was estimated to be
75.6 % during the first cycle. For practical application, we prepared a
blended anode composed of the p-Si@C composite (10 wt%) and
graphite (90 wt%), denoted as p-Si@C-G. The blended p-Si@C-G anode
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Fig. 4. Electrochemical performances of half-cells assembled with n-Si@C-G and p-Si@C-G anodes: (a) Galvanostatic voltage profiles recorded at a charging current
density of 0.05C (1C = 535 mA g~ ') and (b) corresponding differential voltage (dQ/dV) profiles during the first cycle. (c) Comparison of rate capabilities at various
charging C-rates of 0.2, 0.5, 1, 2, 3, 4, 5, and 6C. (d) Cyclic performance at 0.5C charging and 0.5C discharging for 200 cycles. Nyquist plots with equivalent circuit
models (insets) for n-Si@C and p-Si@C anodes at (e) open circuit voltage (OCV) and (f) 50 % state of charge (SOC).
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demonstrated a reversible capacity of 535.1 mAh g}, approximately 1.5
times higher than graphite anode (Fig. 4a). Fig. 4b displays the corre-
sponding differential voltage profiles, revealing two distinct plateaus:
one at around 0.4 V vs. Li/Li", representing the alloying/de-alloying
reactions of n-Si, and another at about 0.2 V vs. Li/Li* for the
intercalation/de-intercalation reactions of graphite. The second plateau
was extended by increasing the fraction of p-Si@C composite, due to the
additional contribution of n-Si (Fig. S8b).

As expected, the p-Si@C-G anode demonstrated superior rate capa-
bility (Fig. 4c), showing improved capacity retention across current
densities ranging from 0.2 to 6C. In practice, the p-Si@C-G anode
retained 77.4 % of its reversible capacity at 6C relative to 0.2C, whereas
the n-Si@C-G anode showed only 68.2 % under the same conditions.
This can be mainly attributed to the porous structural features of the p-
Si@C composite, which effectively accommodate the volume changes of
n-Si particles while maintaining stable conduction pathways for Li" and
electrons during cycling. Furthermore, the capacity retention of the
blended p-Si@C-G anode was estimated to be 84.3 % after 100 cycles
and continued to exhibit stable cycling performance over 200 cycles at
0.5C (Fig. 4d). However, the n-Si@C-G anode experienced significant
capacity loss due to irreversible Li* consumption from particle pulver-
ization and continuous SEI formation during the initial 30 cycles.
Compared with previous studies (Table S1), the p-Si@G-C anode
demonstrated superior electrochemical performance, highlighting
remarkable advancements.

Nyquist plots of the p-Si@C and n-Si@C anodes were recorded at
different states of charge (SOCs). At open circuit voltage (OCV), both
anodes exhibited a semi-circle in the low-frequency region (Fig. 4e).
Compared to the n-Si@C anode, the p-Si@C anode demonstrated rela-
tively smaller contact resistance (Rp) and charge transfer resistance
(Rep). This is because the p-Si@C anode has a larger electrochemical
active surface area arising from its porous architecture. At 50 % SOC
(Fig. 4f), an additional semi-circle appeared in the low-frequency region,
indicating film resistance (R¢) associated with SEI formation, alongside a
decrease in R values [46,47]. Remarkably, the p-Si@C anode showed a

C1s
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294 202 290 288 286 284 282 280
Binding energy (eV)
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smaller R value (7.8 Q) compared to the n-Si@C anode (8.8 Q).

We performed a post-mortem analysis to examine the structural
changes of the p-Si@C composite. After cycling, the surface of the n-
Si@C-G anode was roughened due to the particle pulverization of n-Si
particles after 100 cycles (Fig. 5a). This structural degradation reduces
particle contact and leads to a loss of conductivity, resulting in contin-
uous capacity fading during cycling. In contrast, the p-Si@C-G anode
still maintained a relatively clean surface even after 100 cycles (Fig. 5b).

XPS analysis was also conducted to further investigate the chemical
composition and fraction of the SEI layers onto the anodes after cycling.
The C 1s spectra revealed the presence of Li2COs and ROCO:-Li as com-
mon SEI components. Comparing the p-Si@C-G (Fig. 5¢) and n-Si@C-G
(Fig. 5d) anodes, we found that the p-Si@C-G anode possesses a rela-
tively lower fraction of SEI layer, as the porous carbon matrix encap-
sulates the n-Si particles, preventing their direct exposure to the
electrolyte. These observations are supported by the Nyquist plots of
both blended anodes, which reflect the influence of the SEI layer
(Fig. S9). Before cycling, the p-Si@C-G anode had a lower Ry, value than
the n-Si@C-G anode due to its higher specific surface area. Interestingly,
the p-Si@C-G anode showed a lower R¢ value compared to the n-Si@C-G
anode after 100 cycles, indicating less formation of SEI components,
which is consistent with the suppression of continuous SEI layer growth
in the p-Si@C-G anode.

For comparative purposes, full-cells assembled with an NCM cathode
were cycled in a voltage range of 2.5-4.2 V at 0.5C (1C = 195 mA g™ 1).
Fig. 6a compares the voltage profiles of both n-Si@C-G and p-Si@C-G
full-cells, showing similar electrochemical behaviors. As illustrated in
Fig. 6b, the reversible capacity of the p-Si@C-G full-cell was comparable
to the n-Si@C-G full-cell. Although the initial coulombic efficiency of the
p-Si@C-G full-cell was slightly reduced due to the porous architecture of
the p-Si@C composite, it did not significantly compromise the practical
energy density. In practice, the p-Si@C-G full-cell exhibited improved
coulombic efficiencies and maintained stable cycling performance
(Fig. 6¢). While the n-Si@C-G full-cell showed noticeable capacity
reduction, the p-Si@C-G full-cell achieved about 80.3 % capacity

p-SiI@C-G C1s

Counts (a.u.)

204 292 290 288 286 284 282 280
Binding energy (eV)

Fig. 5. Top view FESEM images of (a) n-Si@C-G and (b) p-Si@C-G anodes after 100 cycles. XPS C 1s profiles of (c) n-Si@C-G and (d) p-Si@C-G anodes after

100 cycles.



C.-H. Cho et al.

Journal of Energy Storage 107 (2025) 114983

(@ 4s (b) 400 100
T 82.3 81.7 S
4.0 o el
< 3001 9 —9 L80 2
ey [
< 351 E S
. o
> %’ 200 - -60 %
3 3.0 P Q
o Q
= \ S =
5] — n-Si@C-G (Formation) © 1004 195.1 1935 40 2
1 --- n-Si@C-G (First cycle) S 3
—_ p—S!@C—G (Fprmation) Q O
201 p-SI‘@C-G (lflrst cycltle) . N 0 20
0 50 100 150 200 250
(c) Specific capacity (mAh g™
‘;\ 250 —~
= =0 g
< , P
£ 2001 oy
~ [
2 150 3
£ ] Q
g k3
100 o
o £
g) 50/ °° n-S?@C-G g8 O
S e o p-SI@QC-G 0.5 C charge/ 0.5 C discharge 3
@2 9 . : ' . . 85 o
o 0 50 100 150 200 250 300

Cycle number

[o}

)

D —

Fig. 6. Electrochemical performances of full-cells assembled with n-Si@C-G and p-Si@C-G anodes, each with an areal capacity of 2.2 mAh cm ™2 (a) Galvanostatic
voltage profiles in the voltage range of 2.5-4.2 V at selected cycles. (b) Comparisons of specific capacity and coulombic efficiency during the first cycle. (c) Cycle
performance at 0.5C charging and discharging over 300 cycles. Cross-sectional FESEM images of (d) n-Si@C-G and (e) p-Si@C-G anodes after 100 cycles in full-cells.

retention even after 300 cycles, without significant capacity loss. This
improvement is attributed to the porous carbon matrix, which effec-
tively encloses the n-Si particles, suppressing particle pulverization and
continuous SEI formation during cycling. These results support that the
p-Si@C composite can be practically utilized to enhance the reversible
capacity as well as cycling stability of high-energy LIBs.

The dimensional stability of the p-Si@C-G anode was also investi-
gated by comparing the electrode thickness after cycling. The thickness
of the n-Si@C-G anode increased to 73.1 pm, indicating a 91 % expan-
sion (Fig. 6d), while the p-Si@C-G anode maintained a thickness of 64.7
pm even after cycling (Fig. 6e). Furthermore, the n-Si particles remained
encapsulated by the porous carbon matrix in the p-Si@C composite
without pulverization. However, the n-Si particles were observed to
extrude from the carbon layer and become exposed in the n-Si@C
composite. As expected, the porous architecture of the p-Si@C com-
posite enhances dimensional stability by accommodating volume

changes and effectively relaxing the strain of the n-Si particles, resulting
in superior cycling performance with minimal loss of reversible capacity
during cycling.

4. Conclusions

In this study, we proposed a facile synthesis of a porous p-Si@C
composite through carbothermal shock using microwave irradiation for
practical use in high-energy LIBs. This innovative and cost-effective
synthesis strategy is more suitable for mass production than conven-
tional approaches. To develop the porous p-Si@C composite, m-Si and
fusible co-PAN was mixed and extruded using a single-screw extruder,
ensuring homogeneous mixing and enhancing contact between the m-Si
and co-PAN above the melting temperature of 180 °C. During the
microwave-assisted carbothermal shock, fusible co-PAN melted and
decomposed, subsequently crystallizing while facilitating the
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pulverization of m-Si into n-Si particles. The resulting p-Si@C composite
contains n-Si particles (63.8 wt%) encapsulated by a porous carbon
matrix (36.2 wt%) derived from co-PAN. In practice, the p-Si@C anode
demonstrated a high reversible capacity of 1891.6 mAh g~'. The feasi-
bility of the p-Si@C composite was further examined by blending it with
graphite (1:9 by weight), resulting in a blended p-Si@C-G anode that
showed excellent cycling stability. Moreover, the p-Si@C-G full-cell
achieved about 80.3 % capacity retention even after 300 cycles. It
demonstrated remarkable dimensional stability, with minimal particle
pulverization and electrode expansion after cycling. Our approach
provides a practical guideline for developing high-content silicon an-
odes for advanced LIBs.
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