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Abstract: Silicon-carbon (Si/C) composites are promising
high-capacity anode materials for next-generation lithium-
ion batteries, but their commercialization is hindered by their
severe volume expansion during cycling. We report a chem-
ical vapor deposition method using the pyrolysis of silane, in
which ultrafine nano-Si enters a porous carbon framework to
produce kilogram-scale Si/C composites. The carbon frame- /
work with abundant micropores (~ 1.9 nm), confines the SiH,—Si+H, C,H,—C+H,
amorphous silicon and accommodates the volume changes 'Si ®C H - SiH , -e-e C,H,
of nano-Si during both lithiation and de-lithiation. The res- :
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ulting Si/C composites have a 56.76% Si content and have a

specific capacity of 2179 mAh g, a high initial Coulombic
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efficiency (ICE) of 93.5%, and a low specific surface area

(1.32 m* g "). In addition to the nanoconfinement effect, the
median particle size (Ds,, 7.3-13.0 um) of the carbon framework was shown to control the mechanical strength, coating uni-
formity and Li" transport. A Dy, of 8.2 um endows the Si/C composites with outstanding comprehensive properties. They have
an excellent rate performance with a 97.0% retention at 3 C relative to 0.1 C, show only minor variations in ICE difference at
60 °C/-20 °C compared with room temperature, and have a low expansion of 35.8% from the delithiated to the lithiated state.
The composite was then mixed with graphite to prepare the anode, which was then paired with an NCM523 cathode to as-
semble pouch cells. The pouch cell retained 87.46% of its initial capacity after 1000 cycles at 1 C. Because of the low expan-
sion of the electrode, the material avoids structural degradation during cycling and thus has an excellent long-term stability.
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phase, and its low lithiation potential (< 0.5 V vs.

Li‘/Li)" . Despite these advantages, the practical ap-
To meet the growing demand for high-energy- ) P vantag p p

density lithium-ion batteries (LIBs) in electric plication of silicon anodes is hindered by 2 major

vehicles and portable electronic devices, it is urgent to challenges. First, silicon undergoes a dramatic volume

develop advanced anode materials with capacities ex- expansion of approximately 300% during lithiation,

ceeding that of traditional graphite, which possesses a leading to particle pulverization, electrode structural
—1[1-2]
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ceptionally high theoretical capacity of 3579 mAh g,
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corresponding to the formation of the Li Si, alloy
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degradation, and rapid capacity fading. Second, its in-
trinsically low electronic conductivity (~ 107 S cm™")
and sluggish lithium-ion diffusion coefficient (~ 10"

rate
chal-

lenges is essential for the large-scale commercializa-

em’ s') limit reaction kinetics and

performance’ ). Therefore, addressing these

tion of silicon-based anodes in next-generation high-
energy-density LIBs.

At present, structural engineering is widely re-
garded as one of the most effective strategies for ad-
dressing the challenges associated with silicon-based
anode materials, particularly through the develop-
ment of nanoscale silicon architectures. The particle
size of nano-silicon is a critical factor governing its

[9-101 During lithiation,

electrochemical performance
the substantial volume expansion of silicon can in-
duce severe mechanical stress, leading to particle frac-
ture and structural degradation. Reducing the particle
size below the critical fracture threshold (typically
<150 nm) can effectively alleviate stress accumula-
tion and suppress pulverization by accommodating
volume changes more uniformly. However, excess-
ively small nanoparticles possess a significantly in-
creased specific surface area, which not only deterior-
ates slurry processability during electrode fabrication
but also intensifies undesirable interfacial side reac-
tions with the electrolyte, resulting in excessive solid
electrolyte interphase (SEI) formation and reduced
Coulombic efficiency!' ™" Therefore, it is crucial to
achieve a balance between volume buffering and in-
terfacial stability through structural design' . A com-
prehensive review systematically articulated that car-
bon-silicon hybridization could obviously improve sil-
icon anodes, relying on well-designed dimensions and
synergistic coupling of both components'™'*. Optimiz-
ing Si/C composite structures focuses on building sec-
ondary structures characterized by “nano-scale build-
ing blocks, micron-scale integration” that incorporate
nano-sized silicon particle units into a carbon matrix

to form micron-scale particles with controlled

size!"™""l. This design retains the kinetic advantages of
the nanoscale while reducing the specific surface area,

enhancing mechanical stability, increasing tap density,
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and improving electrode machinability through an in-
tegrated micron-scale structure. Micron-scale second-
ary particles have also been confirmed to effectively
balance swelling buffering, interfacial stability and
ion transport! "'l In particular, based on the funda-
mental work of Magasinski et al.””), Group 14 Tech-
nologies prepared Si/C composites through a silane
pyrolysis route, in which ultra-fine nanoparticles in-
filtrated into a micron-sized carbon framework matrix,
achieving a capacity of over 1800 mAh g™ and an
ICE of over 91%. Through strategies such as employ-
ing amorphous silicon and implementing nanoscale
confinement within the carbon framework, this meth-
od effectively produces nanostructured Si/C  struc-
tures that alleviate diffusion-induced stress and crack,
thereby enhancing cycle stability by directly alleviat-
ing swelling®™""" ",

In this work, a scalable kilogram-scale synthesis
route was established for the production of high-per-
formance Si/C composites. The composites were fab-
ricated by depositing silicon into a porous carbon
(PSC) framework by a silane-based chemical vapor
deposition (CVD) process. The PSC framework, char-
acterized by a high specific surface area (2203 m* g'),
large pore volume (1.04 mL g '), and an average pore
size of approximately 1.9 nm, enables the deposition
of amorphous silicon into its internal pores while ef-
fectively restricting silicon growth. The resulting Si/C
composites exhibited an ultra-high specific capacity
(> 2050 mAh g "), a high initial Coulombic efficiency
(> 93%), and a low specific surface area (< 1.6 m’
g ). Furthermore, the effect of micron-scale particle
size engineering of the carbon framework was system-
atically investigated. After optimization of the carbon
framework size, the Si/C composite demonstrated ex-
cellent rate capability, retaining approximately 97.0%
of its capacity at 3 C relative to 0.1 C, as well as ro-
bust cycling stability with 80% capacity retention
after 100 cycles. More importantly, when assembled
into a practical 879 mAh pouch cell using a 550 mAh
gfl
NCM523 cathode, the composite delivered fast elec-

trochemical kinetics, maintaining 87% of its capacity

Si/C-graphite mixture anode paired with an
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at 3 C relative to 1 C. It also exhibited excellent long-
term durability (87.46% capacity retention after 1000
cycles at 1 C), and excellent low expansion character-
istics (<< 8% expansion after 1000 cycles). The syner-
gistic integration of nanoscale confinement, silicon
amorphization, and micro-scale size control in this
work is a key factor for simultaneously achieving high
capacity, stable cycling, and low expansion, while
also establishing a scalable and industrially viable

pathway for large-scale production.

Pulverization and classification of PSC frame-
work: the PSC raw material was pulverized using an
air classifier (Q100-2 from Sichuan Shichuang Micro-
Nano Technology Co., Ltd.). During the pulverizing
process, fine particles smaller than 2 um are removed
by adjusting the parameters, while simultaneously
PSC framework materials with D, particle sizes of
7.3, 8.2, 10.3, and 13.0 pum were obtained (Table S1),
and the pulverized products were sequentially named
PS1C, PS2C, PS3C and PS4C.

Preparation of Si/C precursors: 1.5 kg of PS1C
was adding into the kilogram-scale fluidized bed
chemical vapor deposition (FBCVD) reactor. Under
N, atmosphere, the FBCVD reactor was then heated at
a rate of 5 °C min'. When the temperature reached
490 °C, the silane (SiH,) gas was fed into the FB-
CVD reactor for deposition of Si in the PSIC carbon
framework. After 14.7 hours of deposition, the supply
of SiH, was stopped, with the ratio of SiH, volume to
PS1C mass reaching 1100 L kg '. After that, the FB-
CVD reactor was heated up to 580 °C at a rate of 2 °C
min ', Then, the acetylene (C,H,) gas was then intro-
duced for 1.5 hours to perform carbon coating treat-
ment, with the ratio of C,H, volume to PS1C mass be-
ing 184.7 L kg . Finally, the final products was ob-
tained 3.7 kg and named PS1C/Si. By replacing PS1C
framework with PS2C, PS3C and PS4C in sequence
and repeating the above process, the corresponding
materials PS2C/Si, PS3C/Si and PS4C/Si were ob-
tained respectively. The PS2C/Si, PS3C/Si, and
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PS4C/Si samples were all controlled to an output mass
of ~3.7 kg.

Secondary carbon coating: The PS1C/Si power
with a mass of 2 kg was transferred into a kilogram-
scale CVD batch furnace. Under N, atmosphere, the
furnace was heated at a rate of 5 °C min ', until the
temperature rose to 580 °C. Then C,H, gas was fed
for 5 h for secondary carbon coating, at which the ra-
tio of the volume of C,H, to the mass of PS1C/Si
reached 225 L kg'. After natural cooling, the ob-
tained Si/C anode material was discharged and named
PS1SC. Following the same coating procedure, by re-
placing PS1C/Si with PS2C/Si, PS3C/Si and PS4C/Si
in sequence, the corresponding PS2SC, PS3SC and
PS4SC were prepared, respectively. After the second-
ary carbon coating, the mass of the obtained products
are approximately 1.9 kg owe to the tendency of fine

powder to be blown away.

The particle size of the materials was measured
using a Mastersize 3000. The powder resistivity of the
samples was determined with a MODEL FZ-2010. X-
ray diffraction (XRD) patterns were recorded on a
Bruker D8 ADVANCE diffractometer (4 = 1.5418 A).
The individual crushing force of the materials was
tested via an SPFT1000. Raman spectra were collec-
ted using an XploRA Plus spectrometer. The morpho-
logy and structure of the materials were characterized
by high-resolution Thermo Scientific Helios 5 CX and
high-resolution Apreo 2C HiVac scanning electron
microscope (SEM). The crystal plane information of
the samples was acquired using a JEOL JEM-2100F
transmission electron microscope (TEM). Nitrogen
adsorption-desorption experiments were conducted on
a BSD-660M. The pore size distribution of the
samples was determined by the nonlocal density func-
tional theory (NLDFT) method, and the specific sur-
face area was calculated according to the Brunauer-
Emmett-Teller method. The cross-sectional morpho-
logy of porous carbon and Si/C composites were char-
acterized using a Hitachi IM4000II ion milling sys-
tem and SU3800SE SEM.

New Carbon Materials



B BATEL (FPEsC)

Research article

To achieve spatial nanoconfinement, a highly mi-
croporous-rich carbon framework was employed as
the host material. To attain high capacity, a substan-
tial silicon loading was targeted, thereby requiring a
high pore volume to accommodate silicon incorpora-
tion"”". Consequently, a resin-derived PSC raw mater-
ial with high pore volume was selected. As shown in
Fig. S1, the porous carbon before broken exhibits
rough spherical particles ranging from 50 to 130 pm
in diameter, with finer spheres fused within the struc-
ture. To investigate the effect of micron-scale size on
the performance of Si/C anodes, sphere-shaped PSC
raw material was jet-milled to obtain 4 variants with
distinct particle sizes. Based on the particle-size distri-
butions (Fig. S2) and the data summarized in Table
S1, the Dy, values of the 4 porous carbons are tuned to
the values of ~ 7.3,8.2, 10.3 and 13.0 um, corres-
ponding to PS1C, PS2C, PS3C and PS4C carbon
frameworks, respectively. Notably, although all four
porous carbons exhibited unimodal particle-size distri-
butions, particles smaller than 2 pm were intention-
ally removed to minimize agglomeration and ensure
stable fluidization during the subsequent fluidized-bed
silicon deposition process. The N, adsorption-desorp-
tion isotherms and pore-size distributions (Fig. S3) re-
veal that these PS1C, PS2C, PS3C and PS4C carbon
frameworks exhibit Type-I isotherms, indicating a
predominantly microporous structure. Moreover, these
materials possess similarly high pore volumes (1.0-
1.05 mL g ') and specific surface areas (2200-2230 m’
g ") (Table S2). The high surface energy facilitates the
adsorption of SiH, molecules and heterogeneous nuc-
leation, and these structural characteristics of high
pore volume provide abundant accessible pore sites
for Si loading"”. Importantly, these samples maintain
a consistent average pore width of 1.82—1.89 nm and a
high micropore ratio of 88.2%—91.5%, ensuring ef-
fective nanoconfinement during Si deposition and res-
ulting in ultra-fine Si particle sizes, which is condu-

cive to reducing Si particle expansion during the lithi-
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ation process”“ . Notably, only pores larger than the
kinetic diameter of SiH, molecules ( ~ 0.408 nm) are
accessible for SiH, diffusion, which indicates that the
pore structure in the selected PSC meets this require-
ment. Overall, the four porous carbon frameworks ex-
hibit significant differences in particle size, while
maintaining comparable pore characteristics. This
controlled variation enables a systematic study of how
micron-scale particle size influences material per-
formance, isolating it as the primary variable for op-
timization.

To evaluate the impact of particle size, these four
composites were processed under identical fluidized-
bed conditions, with the same feed amount and oper-
ating parameters. The synthesis of the Si/C compos-
ites is illustrated in Fig. 1a. PSC framework was first
subjected to silicon deposition by FBCVD reactor at
490 °C (SiH, — Si + H,). The resulting material was
then initially carbon-coated in a FBCVD reactor at
580 °C via using C,H, gas as the carbon source, yield-
ing intermediate products. Subsequently, these inter-
mediates underwent a secondary carbon coating in a
rotary furnace at 580 °C via using C,H, gas as the car-
bon source. Finally, four Si/C composites were pre-
pared and named PS1SC, PS2SC, PS3SC and PS4SC,
and the D, particle size of Si/C composites are 7.5,
8.4, 10.9 and 13.4 pm (Fig. 1b), respectively. The
particle sizes match the trend of the original PSC
framework, together with a slight increase. Although
the resulting Si/C material has a weight increase of
about 147% compared to PSC, Fig. 1b shows that the
particle size of the Si/C composite is only slightly in-
creased, still maintaining a particle size close to that
ofthe PSC framework, indicating that Si

particles are deposited within the pores rather than on

nano-

the outer surface.

The synthesized PS1SC, PS2SC, PS3SC and
PS4SC composites were characterized by XRD
(Fig. 1c). Notably, this series of broad diffraction
humps at ~ 28° which correspond to the (111) plane
of Si (PDF#27-1402), indicate that the nano-Si in the
highly microporous-rich PSC frameworks is predom-

inantly amorphous'*!. Compared with crystalline silic-
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Fig. 1

(a) Schematic diagram of the synthesis process for Si/C composites. (b) Particle size curves of PS1SC, PS2SC, PS3SC and PS4SC. (c) X-ray diffrac-

tion spectra of PS1SC, PS2SC, PS3SC and PS4SC. (d) Force-displacement curves of PS1SC, PS2SC, PS3SC and PS4SC. (e) Pressure crushing strength of
PS1SC, PS2SC, PS3SC and PS4SC. (f) Powder resistivity of PS1SC, PS2SC, PS3SC and PS4SC material and its corresponding porous carbon. (g) N, adsorp-
tion-desorption isotherm curves and pore size distributions of PS2SC. (h) Gas production of PS1SC, PS2SC, PS3SC and PS4SC placed at 60 °C for 24 h (inset

shows photos of Si/C materials placed in the mold before and after gas production)

on, amorphous silicon exhibits significant ultrafine
particle size (lower than the pore size of the porous
carbon framework) and isotropic expansion behavior,
which will all help mitigate volume changes during
cycling, thereby enhancing the cycle stability of the
material”” " . The carbon content of these 4 Si/C
composites was measured using a muffle furnace at
980 °C, and the silicon content was calculated. As de-
scribed in the Experimental Section, the Si/C compos-
ite is fabricated by high-temperature silane pyrolysis
in a fluidized bed to deposit silicon inside porous car-
bon, followed by primary carbon coating in the fluid-
ized bed and secondary carbon coating in a rotary fur-

nace. After primary coating, the Si content (Si con-
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tent measured in mass percentage) of PS1C/Si,
PS2C/Si, PS3C/Si and PS4C/Si are 55.28%, 57.37%,
55.34% and 57.69%, respectively (Fig. S4a). After
secondary carbon modification, the Si contents of
PS1SC, PS2SC, PS3SC and PS4SC decrease to
54.08%, 56.76%, 53.52% and 56.15% (Fig. S4b), with
a reduction of 1.20%, 0.61%, 1.82% and 1.54%. For
PS2SC composites, the low reduction of 0.61% indic-
ates a lower acetylene conversion rate and a slower
carbon layer growth rate during carbon coating, which
may be conducive to a more uniform carbon coating.
The mechanical strength of the Si/C composites
directly affects the compressibility of the Si/C com-

posites and its ability to resist expansion during lithi-
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um intercalation process, which are closely linked to
their compaction density and long-term cycling per-
formance. The mechanical strength of these Si/C com-
posites with different particle sizes was measured by a
single particle crush tester. In Fig. 1d and e, the sharp
rise in displacement indicates particle fracture, and the
compressive strength is calculated from the force at
failure and the corresponding effective bearing
areal’’l. The crushing strengths of PS1C, PS2C, PS3C
and PS4C were measured to be 270, 236, 195 and 133
MPa, respectively (Fig. S5a and b), confirming that
particle size has a negative correlation with crushing
strength. After Si deposition and carbon coating, the
strengths were determined to be 416, 430, 409 and
331 MPa, respectively (Fig. 1d,e). The higher crush-
ing strength was observed for both PS2C and corres-
ponding Si/C composites at ~ 8 um, whereas deterior-
ated strength was exhibited for both PS4C and corres-
ponding Si/C composites at ~ 13 pum. Therefore, both
the particle size of initial porous carbon and the pre-
paration process of Si/C composites have a certain in-
fluence on the crushing strength. Among these materi-
als, PS2SC showed the highest crushing strength (430
MPa), indicating its more excellent mechanical stabil-
ity and deformation resistance.

The powder resistivity of different carbon frame-
work and corresponding Si/C composites was tested
and compared. In Fig. 1f, the powder resistivity of the
carbon framework ranges from 0.56 to 0.64 Q-cm.
After Si deposition and carbon coating, the corres-
ponding composites of PS1SC, PS2SC, PS3SC and
PS4SC exhibited significantly higher values of 34.1,
29.9,23.4 and 31.9 Q-cm, respectively. This signific-
ant increase confirms the successful Si nanoparticle
deposition. Furthermore, all powder resistivity values
of Si/C composites remained below 1000 Q-cm, in-
dicating that most Si nanoparticles were located with-
in the micropores of the carbon framework!’”. The tap
density values of these Si/C composites were meas-
ured using a tap densitometer (Fig. S6) and reached
1.02, 0.99, 0.99, 1.00 g cm, thus ensuring good
slurry processability during stirring!” . The N, adsorp-
tion-desorption isotherms (Fig. 1g) and pore-size dis-
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tributions (Fig. S7) of the Si-C composites indicate a
Type-IV mesoporous structure. With the size increase
from PS1SC to PS4SC, the specific surface areas and
pore volumes decrease gradually to 1.58, 1.32, 1.07,
0.95m’ g, and to 0.0033, 0.0030, 0.0025, 0.0024 mL
g ', respectively. This sharp reduction in the specific
surface area and pore volume from the PSC frame-
work to the Si/C composite confirms that the Si nano-
particles and carbon layers have filled the internal mi-
cropores of the PSC framework, leaving negligible ex-
ternal mesopores. The resulting ultra-low surface area
(<2 m’ g ") benefits slurry processing by reducing gas
evolution (Si + 3H,0 — 2H,1 + H,SiO,) and en-
hances electrochemical stability by minimizing sur-
face side reactions. To evaluate the integrity of the
carbon coating, the slurry of Si-C composites was
sealed in an aluminum foil bag and stored at 60 °C for
24 h for gas-evolution testing” . In Fig. 1h, the foil
bag did not show obvious expansion, indicating that
the surface gas production of the 4 materials was less,
showing a good carbon coating effect of Si/C compos-
ites. The gas generation calculated from the density
change of the aluminum foil bag measured by a solid
densitometer was 5.16, 5.17,9.92 and 91.1 pL g, re-
spectively, which are far below the processability
standard of the Si/C composites (150 pL g'). This
shows that the gas production of Si/C materials with
larger particle size will slightly increase under the
same material synthesis process conditions, and the
smaller particle size also means better carbon layer
coating.

In Fig. 2a, Raman spectra of these Si/C compos-
ites display a peak at ~ 450 cm ' corresponding to
amorphous silicon, with no detectable signal near 510
cm’', further confirming the amorphous feature of the
Si nanoparticles”!. The characteristic D and G bands
of carbon appear at 1326 and 1591 cm ™', inversely re-
lated to graphitization and defect density. Among
them, PS2SC has the lowest 1,/ value of 0.826, in-
dicating that its defect density is low and its structural
order is high, which will help to improve its charge
and discharge efficiency and cycle structural stability.
The 2D Raman diagram (Fig. 2b-d, S8) shows the
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Fig.2 (a) Raman spectra of PS1SC, PS2SC, PS3SC and PS4SC. (b-d) D bond signal, G bond signal and 7,/I; Raman mapping spectra of PS2SC. (e,f) SEM
images of PS2SC at low voltage. (g-i) TEM, HRTEM, and SAED images of PS2SC. (j) TEM image of PS2SC and corresponding EDS element mapping im-

ages of Si, C and O elements

minimum spatial variation of /,//; signal in the whole
PS2SC sample, reflecting the absence of agglomera-
in the Si/C

material”’’!. Accordingly, the specific surface areas of

tion or segregation phenomenon
these Si/C composites are controlled below 2 m” g,
proving that the carbon layer can effectively encapsu-
late silicon particles. Meanwhile, the lower I,,/1; value
of 0.826 and the limited gas evolution further verify
that the PS2SC composites possess a dense carbon
coating and fewer structural defects.

The morphologies of the four materials are
shown in the SEM images of Fig. S9. PS1SC, PS2SC,
PS3SC and PS4SC exhibited similar irregular block-
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like structures, and the micro-scale size was from
small to large, which is consistent with the particle
size test. To resolve the finer surface details of the
carbon coating, a low-voltage SEM was used, provid-
ing higher resolution and minimizing sample damage.
As shown in Fig. 2e and 2f, the surface of PS2SC is
uniformly covered with a dense, island-like carbon
layer. These island-like carbon, merely several tens of
nanometers in size, are densely packed to effectively
seal the residual pores. This carbon coating enhances
electrical conductivity and isolates direct contact
between silicon and electrolyte, thus effectively redu-

cing side reactions!”.
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To investigate the internal structural and compos-
itional changes of Si/C composites before and after
silicon deposition, the PS2C porous carbon and Si/C
composites were bonded with conductive adhesive
and processed by argon ion polishing to obtain intact
cross-sections. Fig. S10a-b present the cross-sectional
SEM images and corresponding element mapping of
PS2C porous carbon. The PS2C exhibits densely and
uniformly distributed internal structure. Although
PS2C exhibits a high pore volume of 1.04 mL g ', no
obvious pore structures can be observed in the SEM
images. This is attributed to the predominance of mi-
cropores, whose dimensions are below the resolution
limit of conventional SEM. As shown in Fig. S10c-f,
elemental mapping reveals strong C and O signals,
while no silicon signal is detected. The abundant mi-
croporous structure provides a favorable framework
for the subsequent deposition and confinement of sil-
icon species. Fig. Slla-c display that PS2SC main-
tains the original cross-sectional structural character-
istics of PS2C. Corresponding cross-sectional ele-
ment mappings (Fig. S11d-h) further verify that Si
element is uniformly dispersed throughout the entire
particle cross-section. No surface enrichment of Si or
continuous Si core is observed. Therefore, amorphous
Si nanoparticles deposit uniformly inside the internal
pores of porous carbon, rather than just adsorbing on
the particle surface or forming a macroscopic core-
shell structure. In addition, Fig. S11c shows a carbon
coating layer with a thickness of 44—76 nm on the sur-
face of PS2SC. This layer not only provides structural
confinement and physical buffering for the Si-C com-
posites, but also effectively isolates nano-Si from dir-
ect contact with air.

Fig. 2g shows the TEM image of the PS2SC ma-
terial. It can be seen that the surface of the material is
a carbon layer structure, which isolates the internal
Si/C composite from the external environment, so that
the internal nano-Si will not directly react with the ex-
ternal air. In Fig. S11(e—f), Si and C elements are uni-
formly distributed within the interior of PS2SC
particles, the non-particulate carbon signal originates

from the conductive adhesive used during argon ion
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polishing, which further confirms the integrated Si/C
composite structure in the interior of PS2SC. Mean-
while, the outer region shows an intense carbon sig-
nal and a weak Si signal, verifying the successful sur-
face carbon coating. Accordingly, PS2SC possesses
an internal Si/C composite structure and an external
carbon layer. No obvious long-range ordered atomic
arrangement in the material was observed in the
HRTEM image of Fig. 2h, where the atoms were ran-
domly distributed without

Moreover,

obvious periodicity.
the selected area electron diffraction
(SAED) pattern also shows a set of scattered ring
structures (Fig. 21). All these confirm that nano-Si ex-
ist in amorphous structure in the material, which are
consistent with the results of XRD and Raman test.
The element distribution results in Fig. 2j show that
the Si, C and O elements in the material are uni-
formly distributed, indicating that the material pro-
gresses uniformly during silicon deposition and car-
bon coating without segregation.

Overall, based on the same PSC framework with
different particle sizes, all have abundant micropor-
ous structures to accommodate high Si loading and
spatially constrain the deposited nanosilicon. The four
Si/C composites synthesized by the same process of
silane and acetylene pyrolysis all have similar charac-
teristics, such as high silicon content, low specific sur-
face area, and amorphous silicon carbon confinement.
It is worth noting that the PS2SC material shows bet-
ter mechanical strength and coating effect, which is
the result of the size difference of porous carbon raw

materials.

In Fig. 3a, the half cell was assembled to evalu-
ate the effect of particle size on the electrochemical
performance of 4 Si/C composites. A four-step dis-
charge protocol (discharged to 5 mV at rates of 0.1 C,
0.05 C, 0.025 C and 0.01 C, respectively) was applied
during the discharge process to ensure the full lithi-
ation of active material, then charged to 2 V at a cur-
rent density of 0.1 C. In Fig. 3b, the first-cycle specif-
ic capacities of PS1SC, PS2SC, PS3SC and PS4SC
were 2102, 2179, 2069 and 2165 mAh g', which cor-
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relate positively with ultra-high silicon content
(55.5% + 1.5% for these Si/C composites). The
PS1SC, PS2SC, PS3SC and PS4SC electrodes dis-
plays ultra-high ICE values of 93.5%, 93.5%, 92.6%
and 93.4%, which is attributed to the well-controlled
deposition and effective CVD coating, which reduces
specific surface area and surface oxidation. These res-
ults suggest that particle size has little impact on ICE
values.

The initial discharge-charge capacity was differ-
entiated to the amount of voltage to obtain the corres-
ponding dQ/dV-V curves (Fig. 3¢, 3d and S12). In
Fig. 3¢, during the initial lithiation process of these
four Si/C electrodes, characteristic redox peaks reveal
the phase evolution of silicon. In the lithiation pro-
cess, a series of peaks at ~ 0.17 V correspond to the
transformation from Si to amorphous Li-Si alloy, and
the reduction peaks at ~ 0.06 V correspond to the
transition from amorphous Li-Si alloy to crystalline
Li, ,sSi. Correspondingly, the delithiation dQ/dV-V
curves in Fig. 3d exhibits the peaks near 0.26 and 0.46

V, which are attributed to the reversal transforma-
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tions of amorphous Li,,,,sSi and crystalline Li, ,5Si
back to the amorphous Li-Si alloy, respectively. Not-
ably, the wide peaks at 0.46 V for these Si/C compos-
ites, is clearly linked to the low crystallinity observed
before lithiation" "\, To compare the polarization of
the four samples with different particle sizes, we also
compared the peak shifts of dQ/dV-V curves during
delithiation and lithiation. It can be seen that as the
particle size of Si/C composites increases from 7.5 to
13.4 um, the reduction peaks gradually shift to a lower
voltage and the oxidation peaks gradually shifts to a
higher voltage, indicating that the larger particle size
of Si/C composites is detrimental to the fast
lithiation/delithiation kinetics and aggravates elec-
trode polarization.

For further evaluate the effect of particles size on
lithiation/delithiation kinetics of Si/C anodes, the
PS1SC, PS2SC, PS3SC and PS4SC composites were
each blended with graphite (Fig. S13) to achieve sim-
ilar specific capacities of 920 + 30 mAh g (Fig.
S14a), named PS1SC&Gr, PS2SC&Gr, PS3SC&Gr,
PS4SC&Gr electrodes, respectively. The similar spe-
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cific capacities contribute to evaluate their respective
effects on delithiation/lithiation kinetics, high-temper-
ature side reactions, and low-temperature kinetic per-
formance. The PS1SC&Gr and PS2SC&Gr

trodes exhibit significantly higher capacity retention

elec-

rates under high-rate charging, and their capacities are
912 and 915 mAh g ' at a current of 0.1 C as shown in
Fig. S14b, respectively, 97.97% and 97.35% at a cur-
rent of 1 C, and can still reach 97.21% and 96.95% at
a current of 3 C as shown in Fig. 4a. In contrast, the
capacity retention rate of PS4SC&Gr electrode with
larger particles is only 95.43% when the current is 3
C. To further demonstrate the differences between the
electrode sheets, we conducted a comparative analys-

is of the average de-lithiation voltage (the ratio of de-

lithiation energy to capacity) at different rates for
PS1SC&Gr and PS2SC&Gr electrodes, as shown in
Fig. 4b. At de-lithiation of 0.1 C rate, the differences
were not significant. Even as the discharge rate pro-
gressively increased from 0.1 C to 3 C, the average
potential of PS1SC and PS2SC&Gr electrodes
mained at a relatively low level. At 1 C and 3 C, the
potential increase of PS1SC&Gr and PS2SC&Gr elec-
trodes compared to 0.1 C was 0.05V/0.14V and
0.05V/0.15V, which is notably lower than that of
PS3SC (0.07V/0.17V) and PS4SC (0.08V/0.18V).The

lower de-lithiation potential under high current condi-

Ire-

tions indicates superior de-lithiation kinetics.
By analyzing the proportion of the high-current
step capacity to the total four-step discharge capacity
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(01/(01+Q2+03+04)) at different current densities,
the lithiumation capability of the material can be de-
termined. As shown in Fig. 4c and S14c, the high-cur-
rent capacity of PS1SC&Gr and PS2SC&Gr elec-
trodes at a 3 C current density was 553.37 and 520.45
mAh g, respectively, accounting for 65.24% and
61.36% of the total discharge capacity. These values
were significantly higher than those of PS3SC&Gr
and PS4SC&Gr electrodes. The anode material is
more prone to undergo side reactions with the electro-
lyte under high-temperature testing, leading to the
thickening of SEI membrane and increase of internal
resistance, which ultimately results in a decrease in
specific capacity and ICE"". Fig. 4d displays the
charge-discharge tests of PS1SC&Gr, PS2SC&Gr,
PS3SC&Gr and PS4S&Gr electrodes in a 60 °C envir-
onment. The ICE values of charge-discharge tests of
PS1SC&Gr, PS2SC&Gr, PS3SC&Gr and PS4SC&Gr
electrodes were found to be 90.18%, 90.24%, 90.08%
and 89.71%, respectively. By contrast, the ICE values
of these electrodes at room temperature remain above
93.0% (Fig. S14a). The ICE values at 60 °C test show
a significant decay of ~ 3%, indicating a general in-
crease in side reactions. It is evident that PS1SC&Gr
and PS2S&Gr electrodes exhibit slightly higher ICE
which that stable

electrode/electrolyte interface, which will effectively

values, suggests more
improve the cycle life and safety of the battery.
Simultaneously, the low-temperature delithiation
kinetics of these electrodes were compared by dis-
charging at room temperature and then charging at
=20 °C. In Fig. 4e, the corresponding ICE values of
PS1SC&Gr, PS2SC&Gr, PS3SC&Gr and PS4S&Gr
electrodes at —20 °C were 89.22%, 87.58%, 87.45%
and 85.63%, respectively. The Fig. S14a and 4e show
that the discharge process was maintained at room
temperature to ensure sufficient lithiation, while the
charge curves at —20 °C exhibited significantly high-
er potentials and pronounced polarization compared
with the charge curves at room temperature, which
hindered adequate delithiation and led to a substantial
deterioration in ICE. Nevertheless, the extent of de-

terioration varied among the samples. Compared to
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their  initial room-temperature ICE  values,
PS1SC&Gr, PS2SC&Gr, PS3SC&Gr and PS4S&Gr
electrodes show deteriorations of 4.46%, 5.62%,
6.15% and 7.73%, respectively. Regarding particle
size effects, particles with a diameter of 7.5 um
demonstrated the best kinetic performance, while
those of 8.4 and 10.9 um exhibited comparable res-
ults. However, when the particle size increased to 13.4
um, the ICE deteriorated sharply, indicating that silic-
on particles reaching 13.4 um significantly impair
low-temperature performance.

Fig. 4f and Table S4 show the expansion rate of
PS1SC&Gr, PS2SC&Gr, PS3SC&Gr and PS4SC&Gr
electrodes after lithium intercalation. The electrode
swelling rates were 74.52%, 71.20%, 77.89% and
79.56% in the fully lithiated state of 5 mV, respect-
ively. The expansion rates of the electrode were
27.05%, 35.40%, 28.56% and 23.31% in the state of
complete delithiation at 2 mV, respectively. The dif-
ference in the expansion rate between the lithiated
state (5 mV) and the delithiated state (2 V) represents
the true expansion rate of the electrode in the lithiated
which are 47.48%, 35.80%, 49.33%
56.25%, respectively. It can be seen that the expan-
sion rate of PS2SC&Gr electrode is smaller than that
of PS1SC&Gr, PS3SC&Gr and PS4SC&Gr

trodes, which shows that the particle size of 8.4 um is

state, and

elec-

beneficial to reduce the volume change of Si/C mater-
ial during lithiation process. This helps the maintain
the integrity of the Si/C composites during cycling.

To explore the electrochemical behavior of elec-
trodes made of Si/C materials with different particle
sizes more deeply, we evaluated the long-term cyc-
ling stability of PS1SC&Gr, PS2SC&Gr, PS3SC&Gr
and PS4SC&Gr electrodes at higher current of 0.5 C.
In Fig. 4g and 4h, it can be seen that the capacity re-
tention rate of PS3SC&Gr and PS4SC&Gr electrodes
with larger particle size is only 65.93% and 58.03%
after 100 cycles, and the capacity decay of the battery
is extremely fast. Especially, PS4SC&Gr electrode ex-
perienced a drop in Coulombic efficiency below 99%
after 62 cycles, accompanied by an increase in irre-

versible side reactions, leading to the fastest perform-
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ance degradation among all samples. In contrast,
PS1SC&Gr and PS2SC&Gr electrodes with smaller
particle size can still reach 77.41% and 79.75% capa-
city retention after 100 cycles, and Coulombic effi-
ciency is near 99.5%, showing excellent cycling per-
formance. This excellent cycling performance can be
attributed to the low swelling ability and faster elec-
trochemical kinetics caused by the smaller particle
size of PS1SC and PS2SC.

Overall, following a comprehensive evaluation of
physical properties, lithium-intercalation/deintercala-
tion kinetics, high-temperature side reactions, low-
temperature kinetics, expansion rate and cycling sta-
bility, the 8.4 um PS2SC demonstrated the most bal-
anced and optimal overall performance.

The coin-cell data indicate that the PS2SC anode
exhibits the highest cycling retention and the lowest
volume expansion among comparable materials. To
evaluate its practical viability, a composite anode
(550 mAh g ') was prepared by blending PS2SC with
commercial graphite,
NCMS523 cathode, and assembled into a laminated
punch cell (Model 235 065, Fig. 5a). In Figure 5b, the
formation steps (Step I, II and III) and the capacity

paired with a high-load

grading steps (Step IV and V) are presented. The
pouch cell shows a charge capacity of 1028 mAh and
a discharge capacity of 879 mAh, corresponding to an
ICE wvalue of 85.5%. In the rate-charging tests
(Fig. 5c—d), the charging current was progressively in-
creased from 0.2 to 3 C under constant-current mode.
Once the voltage reached 4.2 V at each respective cur-
rent rate, constant-voltage charging was applied and
maintained at 4.2 V until the designated cutoff current
was reached, the resulting CC/(CC+CV) ratios were
98.4%, 95.7%, 90.16%, 83.8% and 80.7%, respect-
ively, with 80.7% of capacity delivered in the con-
stant-current phase at 3 C, reflecting the fast lithiation
kinetics of PS2SC. Similarly, during rate-discharge
testing (Fig. 5e and 5f), capacity retentions reached
95.4% at 1 C, 92.4% at 2 C, and 91.2% at 3 C. Even at
3 C, over 90% of the capacity was retained, and the
median discharge voltage shifted only 0.183 V (from
3.548 V at 0.2 C to 3.365 V at 3 C), confirming rapid
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delithiation capability!” . The assembled punch cell
was subjected to cycle testing at high currents of 1 C
and 3 C, respectively (Fig. 5g-j). The test found that
under the condition of 1 C current cycling (Fig. 5g),
the punch cell still maintains a Coulombic efficiency
of near 100% and a capacity retention rate of 87.46%
after 1000 cycles. After 1000 cycles, the punch cell
exhibited only 7.83% expansion (Fig. 5h). The low
expansion combined with high capacity retention
demonstrates excellent structural stability over long-
term cycling. To further evaluate the fast kinetics of
the Si/C composite, the charge-discharge rate was in-
creased to 3 C (Fig. 51). Under this condition, the
punch cell still maintains a Coulombic efficiency near
100% and 81.49% capacity retention after 1000
cycles, with a minimal expansion rate of 9.02%
(Fig. 5j). These results confirm that the material pre-
serves high structural integrity and cycling endurance
even during rapid (de)lithiation processes. Notably,
the pouch cell exhibits much better cycling stability
than coin cells, which may be attributed to the follow-
ing factors: (1) The pouch cell avoids lithium metal
side reactions, such as lithium dendrite growth and
dead lithium formation. (2) The pouch cell possesses
much lower internal resistance (mQ level vs. Q level
in coin cells). (3) The slurry preparation process of
pouch cells is significantly superior to that of coin
cells, ensuring a more stable conductive network. (4)
The designed anode specific capacity of the pouch cell
is 550 mAh g ', which is far lower than that of coin
cells and reduces silicon-induced volume expansion.
(5) The limited operating potential window and N/P
ratio above 1 could restrict the (de)lithiation depth,
thus alleviating the structural degradation of Si/C
composites.

Overall, the particle size of Si/C materials is crit-
ical to their performance. A suitable particle size can
not only effectively accelerate the reaction kinetics of
the battery, but also significantly reduce the occur-
rence of side reactions in the battery. In addition, ef-
fectively controlling the particle size of porous car-
bon in experiments and commercial production can

inhibit the volume expansion of vapor-phase Si/C an-
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Fig. 5 (a) Photograph of the pouch cell. (b) Formation, capacity separation, and first-charge profile of the pouch cell. (c) Rate-charge curves of the pouch cell
employing the PS2SC material. (d) Capacity retention of the pouch cell based on PS2SC material. (e) Pouch cell rate discharge curve of PS2SC material. (f)

Rate discharge galvanostatic capacity retention curve of punch cell with PS2SC material. (g, h) are 1000 cycles and expansion performance curves of the

PS2SC material after assembling as a full cell at 1 C current, respectively. (i, j) 1000 cycles and expansion performance curves of the PS2SC material after as-

sembling as a full cell at 3 C current, respectively.

ode materials to a certain extent, and the correspond-
ing Si/C materials can also have excellent cycle stabil-

ity.
4 Conclusion

In summary, this work proposes a scalable kilo-
gram-scale synthetic route for the synthesis of high-
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performance Si/C composite anodes via silane-based
CVD on resin-based porous carbon framework. The
abundant micropores (~ 1.9 nm) inside the PCS
framework effectively nano-confined the amorphous
silicon growth region, resulting in materials with ul-
tra-high capacity (2179 mAhg "), high ICE (93.5%),

and low surface area (1.32 m® g "). In addition, the mi-
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cron-scale optimization of the carbon framework fur-
ther enhances the reaction kinetics and integrity of the
Si/C electrode, providing balanced rate performance
(97.0% retention rate at 3 C vs. 0.1 C) and cycle sta-
bility (80% retention rate in 100 cycles). When integ-
rated into a practical 879 mAh pouch (550 mAh g
graphite hybrid anode paired with NCM523), the an-
ode exhibited fast kinetics and excellent long-term
durability (87.46% retention after 1000 cycles at 1 C).
Moreover, the battery expansion rate after 1000 cycles
is lower than 8%, showing extraordinary practicality.
The synergistic combination of nanoscale confine-
ment, amorphous silicon, and micron-scale structural
control provides a scalable strategy for the develop-
ment of next-generation Si/C anodes for lithium-ion

batteries.
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