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Abstract: Silicon-carbon composites prepared by
chemical vapor deposition (CVD) are highly
promising anode materials for high-energy-dens-
ity lithium-ion batteries. However, the influence of
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the pore structure of the porous carbon (PC) carri-
er on the silicon deposition behavior, as well as
the influence of surface silicon on its outer sur-
face on cycling stability, remain unclear, which
severely hinders the development and practical ap-
plication of these anodes. Nitrogen adsorption-de-
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sorption analysis, X-ray photoelectron spectroscopy, and thermogravimetric analysis were used to investigate the effect of the
pore structure of the porous carbon on the silicon deposition, especially the formation of surface silicon. Research shows that
too much surface silicon hinders lithium-ion diffusion kinetics and decreases the stability of the solid electrolyte interphase lay-
er, thereby leading to decreased cycling stability of the anode. Porous carbon with an increased mesopore content allows silic-

on to deposit deeper into the pores, thereby reducing the formation of surface silicon and extending the cycle life. Electrochem-

ical results show that the optimized silicon-carbon composite maintains a high specific capacity of 693.1 mAh/g after 150

cycles at 0.5 C (900 mA/g). This work provides new insights into the development and failure mechanisms of CVD-derived sil-

icon-carbon composite anodes.

Key words: Chemical vapor deposition; Silicon deposition behavior; Silicon-carbon anode; Floating silicon; Lithium-ion
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Driven by the demand for extended driving range
in new energy vehicles, lithium-ion batteries (LIBs)
are currently evolving toward high energy density and
long cycle life!". However, graphite anodes, with their
limited theoretical specific capacity (372 mAh/g), can
hardly meet such heightened requirements'”’. Owing to
their abundant resources, low operating potential, and
high theoretical capacity (3579 mAh/g), silicon anode
has emerged as one of the promising alternatives to
graphite anodes'’. However, pure silicon anodes can
hardly be directly used in LIBs due to their draw-
backs of low electronic conductivity and significant
volume expansion (up to 300%)'. Currently, modific-

ation strategies such as silicon nanosizing!”, graphite
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blending' and silicon-carbon compositing!” are com-
monly employed. Among these, silicon-carbon anode
materials prepared by chemical vapor deposition
(CVD) have emerged as promising candidates for
next-generation high-capacity anodes, owing to their
high electronic conductivity and effective buffering
for volume expansion'’.

The preparation of silicon-carbon anode materi-
als by CVD is based on delivering silane gas to a car-

bon substrate (typically including graphite'”, porous
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hard carbon!"”

, etc.). At elevated temperatures, the sil-
ane undergoes pyrolysis to form silicon and hydrogen,
after which silicon deposits onto the carbon substrate,
yielding a silicon-carbon composite. Among them,
porous carbon rich in micropores has thus become a
prominent focus in silicon-carbon composite research,
owing to its robust mechanical strength, abundant
pore structure that provides ample accommodation
space for silicon vapor deposition, and excellent abil-
ity to suppress volume expansion''"’. For instance, Mu
et al.'"”! prepared porous carbon rich in micropores by
CO, etching of phenolic resin-based carbon micro-
spheres, deposited silicon through CVD into the
pores, and then conducted carbon coating through
acetylene cracking. The resulting Si/ASC composite
exhibited a capacity retention of 93.3% after 800
cycles in half-cells and a capacity retention of 46.7%
after 500 cycles in full-cells. Currently, modification
strategies for CVD-derived silicon-carbon materials
are primarily focused on tailoring the porous carbon
substrate. The pore structure of porous carbon is one
of the most critical factors influencing silicon depos-
ition behavior and the electrochemical performance of
the resulting silicon-carbon composites. For example,
Yang et al.'’! obtained porous carbons with distinct
pore-size distributions by employing different pre-
cursors. Their results indicated that, due to the
stronger physisorption force in micropores compared
to mesopores or the material surface, the deposition
rate of silicon from silane is faster within micropores.
While larger mesopores can facilitate higher silicon
loading, they may also lead to the formation of local-
ized crystalline silicon domains. Furthermore, studies
have revealed that both the micropore/mesopore
ratiol' and the total pore volume! " of porous carbon
significantly influence silicon deposition behavior,
thereby altering the rate capability and cycling per-
formance of the resulting silicon-carbon composites.
These studies indicate that the pore structure of por-
ous carbon is one of the most critical factors influen-
cing both the silicon deposition behavior and the elec-
trochemical performance of silicon-carbon compos-

ites.
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However, CVD-derived silicon cannot be fully
deposited within the internal pores of porous carbon.
A portion of the silicon inevitably deposits on the ex-
ternal surface of the porous carbon, forming so-called

U9 Current studies indicate

surface floating silicon
that such surface floating silicon significantly affects
the cycling performance of CVD-derived silicon-car-
bon composite anodes. For example, Guo et al.'' ! sug-
gested that floating silicon significantly amplifies the
kinetic hysteresis within the 0.01-0.8 V window,
thereby effectively suppressing deep lithiation of Si
and contributing positively to cycling stability. In con-
trast, Yu et al."' argued that the presence of surface
floating silicon results in excessive electrode expan-
sion, which is detrimental to cycling stability.
However, the influence of the pore structure of por-
ous carbon on the formation of such floating silicon
remains unclear. Therefore, there is an urgent need to
further investigate the influence of the porous
carbon’s pore structure on silicon deposition behavior
and the influence of surface floating silicon on cyc-
ling failure mechanisms, in order to improve the cycle
life of CVD-derived silicon-carbon composite anodes.

In this study, porous carbons with different pore
structures are prepared using KOH activators at vary-
ing mass ratios (1.75 : 1, 2.00 : 1, 2.25 : 1). Nano-
silicon and a carbon coating are deposited into the
porous carbons via CVD, yielding CVD-derived silic-
on-carbon materials with different contents of surface
floating silicon. N, adsorption-desorption analysis is
employed to investigate the influence of pore struc-
ture on silicon deposition behavior. Further character-
ization, including conductivity measurements, X-ray
photoelectron spectroscopy (XPS) analysis, and ther-
mogravimetry analysis, is conducted to evaluate the
relative amount of surface floating silicon. Finally, the
electrochemical performance and post-cycling elec-
trode morphology of the 3 materials (PC, ,;@Si@C,
PC, ,,@Si@C and PC,,,@Si@C) are compared. The
results reveal that surface floating silicon hinders ion
diffusion kinetics and deteriorates the stability of the
solid electrolyte interphase (SEI), thereby leading to

degradation of cycling stability of the silicon-carbon
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anode. Porous carbon with lower porosity or a moder-
ately higher mesopore proportion can reduce the
formation of surface floating silicon, thus extending
cycle life. These findings provide new insights into
the failure mechanisms and structural optimization of

CVD-derived silicon-carbon anodes.

A predetermined amount of resin-based carbon
microspheres (obtained from the Key Laboratory of
Carbon Materials, Institute of Coal Chemistry,
Chinese Academy of Sciences) is mixed with KOH at
different mass ratios (1.75 : 1, 2.00 : 1, 2.25 : 1) and
ball milled for 30 min to ensure homogeneity. The
mixed powder is placed in a tubular furnace, heated to
800 °C at 2 °C/min under an argon atmosphere, and
held for 2 h. After activation, the powder is washed
three times with deionized water and dried to remove
residual ions. The dried powder is then transferred
again to the tubular furnace, heated to 900 °C at
2 °C/min and maintained for 2 h to remove most oxy-
gen-containing functional groups. The resulting ma-
terial is designated as PC,, where x denotes the mass
ratio of carbon microspheres to KOH.

Approximately 1 kg of PC, is placed in a fluid-
ized-bed reactor, purged with argon to clean the in-
ternal atmosphere, and then heated to 470 °C at
2 °C/min. To investigate the effects of total pore
volume on silicon loading and the formation of sur-
face floating silicon, silane is introduced into PC, .,
and PC,, at flow rates of 850 and 950 L/kg, respect-
ively, with a volume ratio of carrier gas (argon) to sil-
ane of 5 : 1 (different silane volumes are used to fully
utilize the nano pores and avoid the formation of a
surface silicon shell). To explore the effect of an in-
creased mesopore proportion under high microporos-
ity on surface floating silicon, the same amount of sil-
ane (950 L/kg) is introduced into PC, .5 and PC, , to
ensure identical silicon loading. A small amount of
carbon is deposited on the surface using acetylene as
the carbon source to prevent silicon from coming into

contact with air and causing danger. The resulting
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product after deposition is labeled PC @Si. Then the
PC @Si material is transferred to a rotating furnace,
where an equal amount of acetylene is introduced at
600 °C to deposit a uniform carbon coating. The final
coated product is designated as PC @Si@C.

The silicon-carbon material (PC @Si@C) pre-
pared by CVD is used as the active material. A slurry
is prepared by uniformly mixing the PC @Si@C, con-
ductive additive (Super P), and lithium polyacrylate
(PAA-Li, 4%) binder in a mass ratio of 8 : 1 : 1. The
slurry is then cast onto carbon-coated copper foil and
dried under vacuum at 80 °C for 12 h. After drying,
the electrode is cut into circular discs with a diameter
of 10 mm to serve as working electrodes, with an act-
ive material loading of approximately 1.0 mg/cm’.
CR2032 coin-type cells are assembled in an argon-
filled glove box (¢o, < 0.01 x 107, @y < 0.01 x
107%) for electrochemical evaluation. In a half-cell
configuration, lithium metal foil is used as the counter
electrode, and a polypropylene (PP) separator is
placed between the working and counter electrodes.
The electrolyte consists of 1 mol L™ LiPF, in a mix-
ture of ethylene carbonate (EC), ethyl methyl carbon-
ate (EMC), and dimethyl carbonate (DEC) (volume
ratio 3 : 4 : 3), with 5% (mass fraction) fluoroethyl-
ene carbonate (FEC) as an additive. All cells are res-
ted for 12 h after assembly and tested at room temper-
ature (25 °C).

Galvanostatic charge/discharge (GCD) and gal-
vanostatic intermittent titration technique (GITT)
measurements are conducted on a LAND battery test
system (LAND, Wuhan, China) over a voltage range
of 0.01-2.0 V (vs. Li/Li"). Prior to cycling, all cells
are activated for 2 cycles at a current density of 0.05 C
before proceeding with constant-current charge/dis-
charge cycles at other rates (1 C = 1800 mA/g). The
trapped active lithium content is determined by hold-
ing the cell at 1.5 V for 12 h, and the amount of lithi-
um extracted during this step corresponds to the
trapped active lithium content!”. For the GITT test,

the pulse duration is 30 min followed by a relaxation
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period of 1 h. Cyclic voltammetry (CV) is performed
between 0.01 and 2.0 V at scan rates ranging from 0.1
to 1.0 mV/s. Electrochemical impedance spectro-
scopy (EIS) is carried out over a frequency range of
100 kHz to 10 mHz with an alternating current per-
turbation amplitude of 5 mV. Both EIS and CV tests
are conducted using a Bio-Logic VSP electrochemic-
al workstation. Cycle counting starts from first cycle

after the pre-cycling.

The morphology and elemental composition of
the samples are characterized using a scanning elec-
tron microscope (SEM, FEI Phenom) equipped with
energy-dispersive spectroscopy (EDS). The micro-
structure of the sample is analyzed with a high-resolu-
tion transmission electron microscope (HRTEM,
JEM-2100F) equipped with EDS. The particle size
distribution is evaluated with a laser diffraction
particle size analyzer (Bettersize 2600). The average
electrical conductivity is measured using a powder
resistivity meter (Suzhou Jingge, China, ST2742). The
crystal structure and phase composition are examined
by X-ray diffraction (XRD, MiniFlex) with Cu Ka ra-
diation (1 =1.54 A). Raman spectroscopy is per-
formed on a Raman spectrometer (Japan, Horiba Lab-
RAM HR Evolution) with a 532 nm laser. The relat-
ive silicon content in the samples is calculated from
the mass difference before and after oxygen combus-
tion at 900 °C. Nitrogen adsorption-desorption experi-
ments are carried out on a gas physisorption analyzer
(BEL SORP-MAX) to determine the specific surface
area and pore structure parameters. The oxygen com-
bustion behavior and relative silicon content of the sil-
icon-carbon composite are evaluated by a simultan-
eous thermal analyzer (TGA, Mettler TGA/DSC 3+).
The surface elemental states are characterized by X-
ray photoelectron spectroscopy (XPS, Thermo Sci-
entific K-Alpha). Possible functional groups are iden-
tified using Fourier-transform infrared spectroscopy
(FT-IR, Bruker TENSOR 27). After cycling, the cells
are disassembled in an argon-filled glove box. The
electrodes are rinsed three times with dimethyl car-

bonate (DMC) and dried before characterization.
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Cross-sections of the electrodes are prepared by frac-
turing in liquid nitrogen with a blade, with minimal

exposure to air throughout the process.

Fig. la illustrates the preparation process of the
CVD-derived silicon-carbon anode. First, resin-based
carbon microspheres are activated using KOH at dif-
ferent mass ratios. To eliminate the influence of sur-
face functional groups, the material is further carbon-
ized at 900 °C to remove oxygen-containing function-
al groups, thereby obtaining porous carbon materials
with distinct pore structures (PC,). Then, nano-silicon
is deposited through silane pyrolysis onto the PC, sub-
strates, yielding the PC @Si materials (Equation S1).
The PC @Si material is then placed in a rotary fur-
nace, where a uniform carbon coating is deposited by
acetylene pyrolysis (Equation S2), ultimately yielding
the PC @Si@C composite. The protective carbon lay-
er serves a dual purpose: on one hand, it minimizes
direct contact between silicon and the electrolyte,
thereby mitigating excessive SEI growth. On the oth-
er hand, it also provides a degree of buffering against
silicon expansion. Fig. 1b—d and Fig. S1 show the
SEM images of PC, PC@Si and PC.@Si@C re-
spectively. SEM images reveal that all three PC_ ma-
terials exhibit spherical morphology. After silicon de-
position and carbon coating, the overall spherical
shape remains largely intact, but the surface pores of
the porous carbon become less discernible following
deposition. Moreover, no discernible nanoparticles are
observed on the surface of PC @Si, indicating the ab-
sence of substantial silicon particle deposition (Fig.
S2). Table S1 presents the variation in median particle
size (D50) before and after silicon deposition. As the
KOH ratio increases, the particle size of PC, gradu-
ally decreases, which may be attributed to more ex-
tensive carbon etching by KOH. The particle size of
PC . @Si@C increases slightly, likely due to the depos-
ited carbon coating. Fig. le shows the XRD patterns
of PC,. The broad diffraction peak appearing around
43° corresponds to the (100) crystal plane of hard car-
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bon"". These broad and low-intensity diffraction fea-
tures indicate that all three porous carbons possess a
disordered structure!”. The peak appearing around
26° is attributed to the (002) crystal plane of hard car-
bon. However, this peak is often overshadowed by the
intense low-angle diffraction caused by the micropore
structure, making it difficult to identify clearly!"l.
Compared with PC,,, and PC,,;, PC, ;s exhibits a
stronger and sharper (100) diffraction peak. This in-
dicates that PC, 5 possesses longer graphene-like do-
mains and a higher degree of structural ordering,
which is more favorable for electrical conductivity.
This evolution in microcrystalline structure arises be-
cause increasing KOH concentration accelerates the
etching rate of carbon layers, preferentially thinning
and fragmenting them into smaller graphene-like

sheets"”']. It should be noted that, considering that an

(a)

excessively high KOH ratio would cause excessive
pore etching and thus be detrimental to mechanical
strength, a higher KOH ratio was not adopted in this
study””' . Elemental analysis (Fig. 1f) shows that the
chemical compositions of the 3 porous carbons (PC))
are similar, consisting primarily of carbon with trace
amounts of oxygen. Additionally, the conductivities of
PC,,;, PC,,, and PC,,; are 20.68, 19.99 and
20.58 S/cm, respectively (Fig. 1g). The minor differ-
ences in conductivity likely originate from variations
in their microcrystalline and pore structures. In sum-
mary, the similar morphology and chemical structure
of the 3 porous carbon materials do not interfere with

silicon deposition.

To analyze the influence of the pore structure of

porous carbons on silicon deposition behavior, nitro-
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gen adsorption-desorption measurements are — per-
formed on the PC_, PC @Si, and PC @Si@C samples.
Fig. 2a shows the adsorption-desorption isotherms of
the 3 PC, materials. All nitrogen adsorption-desorp-
tion isotherms conform to Type I isotherms, indicat-
ing that the pore structure of the 3 porous carbons is
predominantly composed of micropores. Table S2
summarizes the specific surface area and pore struc-
ture parameters of PC.. As the KOH ratio increases,
both the specific surface area and total pore volume of
PC, increase. The change from PC,.,; to PC,,, is
primarily attributed to an increase in micropores,
which is likely due to the higher KOH ratio providing
more activation sites for pore etching. The significant
overlap of interaction potentials between the pore

walls in micropores typically results in a stronger

physical adsorption force compared to mesopores or
the material surface, thereby favoring a higher silicon

deposition rate!'”

. From PC,,, to PC,,,, the specific
surface area changes only slightly while the total pore
volume increases further. This may be attributed to
excessive KOH etching causing the breakdown of mi-
cropore walls, which subsequently merge to form
more mesopores. The mesopores with larger pore
volumes may facilitate the loading of silicon into the

pores! !

. Fig. 2b presents the nitrogen adsorption-de-
sorption isotherms of the PC @Si materials. After sil-
icon deposition, the isotherms remain Type I, but the
adsorption quantity decreases, indicating that silicon
primarily deposits into the micropores of the porous
carbon without completely filling them (Table S3).

Following carbon coating on the surface of PC @Si,
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the isotherms shift to Type Il (Fig. 2c), suggesting that
the carbon layer covers the surface of PC @Si and
blocks the remaining pores (Table S4).

To investigate the relationship between Si depos-
ition behavior and the pore structure of porous carbon,
the micropore size distribution, mesopore size distri-
bution, and full pore size distribution of the materials
before and after Si deposition were analyzed using the
Horvath-Kawazoe (HK) model, the Barrett-Joyner-
Halenda (BJH) model, and non-local density function-
al theory (NLDFT), respectively (Fig. 2d—i). The pore
size distribution of PC, is concentrated mainly within
0.7-3 nm (Table S5). Since silicon does not form a
silicon shell layer on the surface, constrained by the
micro/mesopores, the deposited silicon can be con-
sidered predominantly nanoscale silicon particles or
clusters (< 3 nm). Table S3 presents the specific sur-
face area and pore structure parameters of PC @Si.
After silicon deposition, the total pore volume of the
porous carbon decreases while a certain pore struc-
ture remains, indicating that silicon primarily deposits
into the micropores. Moreover, compared to PC, ,, a
larger volume of silane is introduced for PC, ,, result-
ing in more nanoscale silicon deposition in PC, ,,@Si
and a correspondingly greater reduction in its total
pore volume. To examine the effect of mesopores on
silane deposition, PC, ,; is subjected to the same sil-
ane volume as PC, .. Fig. 2¢-1 and Table S3 show that
the increased proportion of mesopores in the porous
carbon leads to a higher specific surface area and pore
volume in PC,,@Si. This may be because PC,,s,
which has more mesopores, causes silicon to deposit
deeper inside the pore channels, leaving greater ac-
cessible pore volume.

In Fig. 3a, the XRD patterns of PC @Si indicate
that PC, ;545 PC,00@Si and PC, ,5@Si primarily de-
posit amorphous or small-sized crystalline silicon.
The attenuation of the low-angle peak further con-
firms that the
micropores’' . The retention of the (002) and (100)

peaks demonstrates that the carbon matrix retains its

silicon mainly deposits into

microcrystalline structure after deposition. To further

investigate the deposition location of silicon, HRTEM
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and HRTEM-EDS were employed to analyze the edge
of PC @Si. As shown in Fig. S3 and S4, no silicon
shell layer is formed on the external surface of PC,
further demonstrating that silicon is deposited within
the pores of the porous carbon. Fig. 3b shows the FT-
IR spectra of PC @Si. The absorption peak at 1110
cm' is attributed to the stretching vibration of Si—O
bonds"”, while the peak at 762 cm™' corresponds to
amorphous Si—C bonds""" . The FT-IR results in-
dicate that the chemical bonding at the silicon-carbon
interface is similar after silicon deposition. Fig. 3c
shows the Raman spectra of PC, ,;@Si, PC, ,,@Si and
PC,,s@Si. Typically, the Raman peak around 520
cm ' corresponds to crystalline silicon, while the peak
near 480 cm ' is attributed to amorphous silicon. The
silicon peaks for all 3 materials appear near 480 cm ',
further confirming that the deposited nano-silicon is
primarily amorphous'”. Compared with PC,..@Si
and PC, ,@Si, PC,,;@Si exhibits a weaker silicon
signal and a stronger carbon signal. This may be at-
tributed to the increased proportion of mesopores,
which facilitates the transport and deposition of silic-
on into deeper micropores, thereby reducing the silic-
on signal detected from the surface while enhancing
the carbon signal. The oxidation behavior and approx-
imate silicon content of PC @Si were analyzed by
TGA in an oxygen atmosphere (Fig. 3d). The identic-
al weight change behavior of PC, ,,@Si and PC, ,@Si
confirms their similar chemical structures. The lower
final mass of PC, ,s@Si is attributed to its lower silic-
on content.

To quantitatively analyze the relative silicon con-
tent, the PC @Si are subjected to combustion in a
muffle furnace at 900 °C under an oxygen atmo-
sphere!'”), The relative silicon content is calculated us-
ing Equation S3—S5 based on the mass change before
and after combustion. As can be observed in Fig. 3e,
PC, ,,@Si exhibits the highest silicon content. Com-
pared with PC, ,;@Si, this difference may be attrib-
uted to the greater abundance of micropores in PC,
which provide stronger adsorption capacity for silane,
thereby promoting more extensive silane pyrolysis

and deposition. The relative silicon content of
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PC,,;@Si is similar to that of PC,,@S$i, indicating
that the slightly increased proportion of mesopores
does not enhance silane pyrolysis and deposition.
Since silane cannot enter all micropores and prema-
ture pyrolysis may block pore channels, CVD-silicon
deposition inevitably leaves a portion of the internal
pore space in porous carbon incompletely utilized. To
analyze the utilization efficiency of the pore volume
by deposited silicon, the pore volume occupancy and
the silicon-volume occupancy are calculated using the
volumetric method (Equation S6) and the gravimetric
method (Equations S7-S8), respectively. The differ-
ence between these 2 occupancy values represents the
proportion of internally unoccupied pores (Equation
S9). As shown in Fig. 3f, PC,, ,@Si exhibits the
largest fraction of unoccupied internal pores. This

suggests that silicon in PC,,@Siis deposited pre-
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dominantly in the outer and middle regions of the pore
channels. Compared with PC,,@Si, PC, ,,@Si pos-
sesses a similar silicon content but a higher propor-
tion of unoccupied pores, implying that some silicon
may not be deposited within the pores.

Indeed, in current CVD processes for depositing
nano-silicon, it is impossible to entirely avoid partial
deposition of silane on the external surface of the por-
ous carbon, which inevitably results in a certain
amount of floating silicon on the surface of the silic-

on-carbon composite!

. The surface atomic composi-
tion of PC @Si is analyzed by XPS. As shown in
Fig. 3¢ and Table S6, PC, ,,@Si exhibits the highest
relative atomic percentage of silicon on its surface,
confirming a greater amount of surface floating silic-
on compared to PC, ,;@Si and PC, ,;@Si. The Si 2p

XPS spectra (Fig. S5) indicate that silicon on the sur-
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face of PC @Si exists primarily as Si—Si bonds. The
presence of Si—C bonds demonstrates successful
composite formation between the deposited silicon
and the porous carbon. The appearance of Si—O
bonds is attributed to inevitable surface oxidation oc-
curring during material preparation and storage' .
Fig. 3h presents the powder conductivity of PC @Si
after nano-silicon deposition. The average conductiv-
ity values of PC, .,@Si, PC, ,,@Si and PC,,,@Si are
4.08 S/cm, 3.47 S/cm and 3.58 S/cm, respectively. A
lower powder conductivity corresponds to a higher
number of exposed silicon particles on the surface of
the silicon-carbon material. Therefore, the lowest con-
ductivity of PC, ,,@Si further confirms its higher con-
tent of surface floating silicon''”'. In Fig. S4, the silic-
on signals at the edges of PC, ,;@Si and PC, ,;@Si are
relatively weaker, while that of PC,,@Siis relat-
ively stronger. This further proves that PC, ,,@Si has
more surface floating silicon. Regrettably, the actual
content of surface floating silicon has not been pre-
cisely quantified.

In summary, as shown in Fig. 3i, nano-silicon
generated from silane pyrolysis primarily deposits in
the form of amorphous silicon within the micropores
of porous carbon, yet it cannot fully utilize the intern-
al micropores. An increase in the micropores of por-
ous carbon enhances its adsorption capacity for silane,
thereby enabling the deposition of a higher relative
content of nano-silicon. However, the increased sil-
ane supply also prolongs the exposure of the external
surface to silane, further leading to the formation of
more floating silicon. Increasing the proportion of
mesopores in porous carbon with high microporosity
facilitates deposition of silicon into the deeper pores,
reduces the proportion of unoccupied internal pores,
and thus decreases the formation of surface floating
silicon.

To minimize direct contact between silicon and
the electrolyte, a carbon coating is deposited onto
PC . @Si. Fig. S6 further shows the XRD patterns after
carbon deposition. The results indicate that the car-
bon deposition does not significantly alter the crystal-
line form of silicon. Fig. 2c and Table S4 present the

pore structure parameters of PC @Si@C after carbon
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coating. The comparable specific surface area and
pore volume indicate that the carbon layer covers the
residual pores of PC @Si. The chemical structure of
the surface coating is analyzed by XPS (Fig. S7 and
Table S7). The study reveals that the surface chemic-
of PC,;@Si@C, PC,,@Si@C,
PC,,;@Si@C are similar. Notably, compared with
PC,@Si, the relative content of Si—C bonds on the
surface of PC @Si@C exceeds that of Si—Si bonds,
confirming the successful formation of the carbon

al states and

coating. Given the similar specific surface areas of the
three materials, the influence of the coating structure

on initial SEI formation is largely minimized.

To investigate the effects of silicon deposition in
porous carbons with different pore structures on elec-
trochemical performance, half-cells of PC, ;;@Si@C,
PC, (@Si@C, and PC,,;@Si@C are assembled and
tested. Fig. 4a shows the initial charge/discharge
curves of PC @Si@C. The first-cycle discharge spe-
cific capacities of PC, ,;@Si@C, PC, ,,@Si@C, and
PC,,;@Si@C are 1747.93, 1846.81 and 1798.70
mAh/g, respectively, with corresponding initial Cou-
lombic efficiencies (ICE) of 89.74%, 90.27% and
89.76%. The highest initial discharge capacity and
slightly superior ICE of PC, ,,@Si@C can be attrib-
uted to its highest relative silicon content””". Fig. 4b
presents the differential capacity (dQ/dV) curves of
PC.@Si@C at 0.05 C. The similar reaction peaks in-
dicate that PC,,@Si@C, PC, ,@Si@C,
PC,,;@Si@C share identical electrochemical
tion pathways during the initial charge/discharge.

and

reac-

Fig. 4c and 4d show the cycling performance of
PC. @Si@C at 0.1 and 0.5 C, respectively. It is evid-
ent that PC, ,,@Si@C exhibits the poorest cycling sta-
bility, delivering a remaining capacity of 446.2 mAh/g
after 150 cycles at 0.5 C. In contrast, PC, .;@Si@C
and PC,,;@Si@C demonstrate relatively superior
cycling stability, with remaining capacities of 606.6
and 693.1 mAh/g, respectively, after 150 cycles at 0.5
C. Compared with other silicon-carbon anodes pre-
pared by the CVD method, PC,,;@Si@C exhibits
comparable initial discharge capacity, ICE, and cyc-
stability ~ (Table S8).

ling Compared  with
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PC, (@Si@C, the relatively higher cycling stability
of PC, ,;@Si@C may be attributed to its lower silicon
content and lower amount of surface floating silicon,
as both factors facilitate the carbon framework in buf-
fering volume changes during lithiation/delithiation.
Compared to PC,,@Si@C, since both have the same
silicon content, the inferior stability of PC, (,@Si@C
is likely related to its higher surface floating silicon
content. Surface floating silicon is only partially con-
strained by the carbon coating, which is less effective
than the carbon framework in suppressing volume ex-
pansion during cycling. Furthermore, the lower sur-
face floating silicon content in PC, ,;@Si@C contrib-
utes to higher conductivity, promoting more efficient
ion/electron transport. Fig. 4e and Fig. 4f display the
differential capacity (dQ/dV) curves before and after
cycling at a rate of 0.5 C. At the initial stage of cyc-

ling, PC, ,s@Si@C exhibits the highest low-potential
lithiation capacity. Its lower silicon content and longer
graphene-like microcrystalline domains result in high-
er conductivity, which is more favorable for lithium-
ion diffusion into the bulk phase. The lower lithiation
capacities of PC,,,@Si@C and PC,,@Si@C are
likely due to their higher silicon content leading to rel-
atively lower charge transfer ability compared to
PC, ,s@Si@C, thus hindering the lithium-ion diffu-
sion within the bulk material. Compared with
PC, ,,@Si@C, PC, ,;@Si@C shows a relatively lower
low-potential lithiation capacity. This may be attrib-
uted to the greater amount of surface floating silicon
in PC, ,@Si@C, which facilitates the formation of
more Li,;Si,l'", thereby contributing to its higher dif-
ferential capacity in the low-potential region. After

150 cycles, both the high-potential and low-potential
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Fig. 4 Electrochemical performance analysis of PC @Si@C in half-cells. (a) Initial charge/discharge curves. (b) First-cycle differential capacity (dQ/dV)

curves at 0.05 C. (c) Cycling performance at 0.1 C. (d) Cycling performance at 0.5 C. (e) Differential capacity (dQ/d¥V) curves for the first cycle at 0.5 C.
(f) Differential capacity (dQ/dV) curve for the 150" cycle at 0.5 C. (g) Rate capability of PC @Si@C. (h) Content of trapped active lithium in the
first cycle at 0.5 C. (i) Content of trapped active lithium in the 50" cycle at 0.5 C
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peaks show significant attenuation, indicating that the

trapped active lithium may occupy a portion of the

active sites”™”.

Fig. 4g and Fig. S8 present the capacity reten-
of PC,@Si@C, PC,,@Si@C,

PC,,;@Si@C at different current rates. It can be ob-

served that the capacity retention among the three ma-

tion and

terials is comparable at low rates, while at high rates,
PC, ,;@Si@C and PC,,;@Si@C exhibit superior ca-
pacity retention compared to PC, ,,@Si@C. The best
rate performance of PC, ,;@Si@C is likely attributed
to its lower silicon loading. A lower silicon loading
not only prevents uncontrolled volume expansion as-
sociated with excessive silicon but also leverages the
higher conductivity of the silicon-carbon matrix for
more efficient electron transport. Compared to
PC, ,(@Si@C, the reduced surface floating silicon in
PC,,;@Si@C likely facilitates ion transport, thereby
contributing to its better rate capability. To investig-
ate changes in ion transport behavior, the content of
captured active lithium at different cycle numbers is
further analyzed. As shown in Fig. 4h and Fig. 41,
PC, ,(@Si@C exhibits the highest amount of trapped
active lithium, and this amount increases more rap-
idly with cycling. The accumulation of trapped active
lithium is associated with sluggish kinetics in silicon-
based anodes"””. This indicates that PC, ,@Si@C suf-
fers from inferior kinetics, and its kinetic degradation
progresses faster than that of PC,.,@Si@C and

PC,,@Si@C"",

To further analyze the kinetic behavior of
PC,,;@Si@C, PC, ,,@Si@C and PC,,,@Si@C, CV
measurements were performed. Fig. 5a displays the
first-cycle CV curves at a scan rate of 0.1 mV/s. The
peak observed at 0.9-1.5 V appears only in the first
cycle and disappears in subsequent cycles (Fig. S9),
thus it is ascribed to electrolyte decomposition and the
formation of the SEI"”\. The similar peak currents for
SEI  formation suggest that PC,.,@Si@C,
PC, ,(@Si@C and PC,,@Si@C exhibit comparable
SEI-formation kinetics in the initial cycle, which may

be related to their similar specific surface areas and
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surface chemical structures. The reduction and oxida-
tion peaks correspond to the lithiation and delithiation
processes of PC @Si@C, respectively. Generally, the
lower the oxidation peak potential and the higher the
reduction peak potential, the more favorable it is for
electrode kinetics'"”. The CV results demonstrate that
PC,,;@Si@C possesses the most favorable electro-
chemical kinetics among the 3 materials. As the scan
rate increases, the peak currents gradually rise, and the
reduction/oxidation peaks show a slight shift in poten-
tial (Fig. 5b-d). To quantify the kinetic contributions,
the power-law relationship between the peak current
(i) and the scan rate (v) can be expressed by the fol-
lowing Equation (1):
i=aV’ (9]
where a and b are adjustable parameters. The b value
close to 0.5 indicates diffusion-controlled behavior,
while b value close to 1 suggests capacitive (surface-
controlled) behavior.”"! The b value can be fitted us-
ing Equation (2):
logi=loga + blogy 2)
Fig. 5e presents the b value fitting for the delithi-
ation peak. The results show that the b values for
PC, ;;@Si@C, PC,,@Si@C and PC,,;@Si@C are
0.62, 0.60 and 0.59, respectively. All values are close
to 0.5, indicating that the delithiation process in all
three materials involves a mixed mechanism of diffu-
sion and pseudocapacitance, but remains predomin-
antly diffusion-controlled. For the lithiation peak, the
b values are 0.59, 0.58 and 0.60 for PC,,@Si@C,
PC, ,(@Si@C and PC,,@Si@C, respectively (Fig.
S10), consistent with the delithiation peaks and con-
firming diffusion-dominated lithiation behavior. The
CV results demonstrate that the primary limitation for
the lithiation/delithiation reactions in these materials
is the diffusion of ions within the bulk phase!’”.
Fig. 5f presents the Nyquist plots of the 3 silicon-car-
bon materials after pre-cycling. In these plots, the in-
tercept of the EIS plot with the real axis corresponds
to the internal resistance (R,); the first semicircle cor-
responds to the SEI resistance (Rgg;); the second semi-
circle represents the charge transfer resistance (R.p),
the line reflects the diffusion

and sloping
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Fig. 5 Kinetic analysis of PC @Si@C. (a) First-cycle CV curves at a scan rate of 0.1 mV/s, with the inset showing a magnified view of the 0.95-1.5 V region;
(b—d) CV curves of PC, ,s@Si@C, PC, ,,@Si@C, and PC, ,;@Si@C, respectively, at various scan rates (0.1-1.0 mV/s). (e) b-value fitting for the delithiation
peak of PC @Si@C. (f) Nyquist plots of PC. @Si@C. (g) EIS resistances of PC @Si@C in the first cycle. (h) Lithium-ion diffusion coefficients during the dis-
charge process of PC @Si@C. (i) Lithium-ion diffusion coefficients during the charge process of PC, @Si@C

impedance' . The values of R, Ry and R, are ob-
tained by fitting the data using the equivalent circuit.
As shown in Fig. 5g, the Ry and R, values of
PC, ,;@Si@C, PC,,,@Si@C, and PC,,@Si@C are
similar, which may be attributed to their comparable
SEI formation. The lowest R value of PC, ,;@Si@C
is likely related to its higher electrical conductivity.
Compared with PC,,@Si@C, the lower R.; of
PC, ,(@Si@C may be associated with its higher con-
tent of trapped active lithium.

To further investigate the ion diffusion kinetics
lithiation/delithiation in PC,.,;@Si@C,
PC, ,,@Si@C, and PC,,@Si@C electrodes, GITT

measurements were performed. The lithium-ion diffu-

during

sion coefficient (D,;") is determined using Equation
3):
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AE,
AE,

Li*

2 2
) o
where 7 is the relaxation time constant, My and V), are
the molar mass and molar volume of the active mater-
ial, my is the mass of the active material, 4 is the elec-
trochemically active surface area of the electrode, AE,
is the steady-state voltage change after the current
pulse, and AE, is the voltage change during the pulse
after removing the iR drop'”. Fig. S11 presents the po-
tential-time profile obtained from the GITT measure-
ment. Fig. 5h and Fig. 51 show the lithium-ion diffu-
sion coefficients during the discharge and charge pro-
cesses, respectively. It can be observed that both
PC,,;@Si@C and PC,,s@Si@C exhibit higher D"
values than PC, ,,@Si@C during both lithiation and
delithiation, indicating the poorest ion diffusion kinet-
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ics for PC, ,,@Si@C. This can be attributed to 2 main
factors: First, its higher silicon content inherently
slows ion transport' . Second, the lower intrinsic con-
ductivity of silicon, combined with the greater amount
of surface floating silicon in PC, (,@Si@C, results in
reduced overall conductivity, which further hinders

U¥1 The inferior ion diffusion

lithium-ion diffusion
kinetics of PC, (,@Si@C limits its lithiation/delithi-
ation behavior at high rates, consequently leading to
increased accumulation of trapped active lithium that
occupies active sites and reduces reversible capacity.
In summary, the lithiation/delithiation behavior

of all three materials is diffusion-controlled. In the ini-

tial cycles, their Ry, values are similar, which is con-
sistent with their comparable surface chemical struc-
tures. The gradually increasing R.; values, however,
show an opposite trend to the cycling performance, in-
dicating that R.; is not the primary limiting factor.
However, PC, ,,@Si@C, which possesses the highest
surface floating silicon content, exhibits the lowest
lithium-ion diffusion coefficient. This suggests that a
high content of surface floating silicon likely hinders
bulk ion-diffusion kinetics.

3.5 Electrode failure analysis

To further investigate the results of PC @Si@C
with different structures on the cycled electrodes, cells

(9
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First cycling

T
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floating
Si

.

)
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n’ o

SEl film
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cycling
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Fig. 6 Cycling failure mechanism of PC @Si@C. (a—c) Thickness comparison of fresh and cycled electrodes for PC, ,s@Si@C, PC, ,,@Si@C, and
PC,,@Si@C, respectively. The upper images show fresh electrodes, and the lower images show electrodes after 50 cycles. (d—f) Top-view comparison of fresh
and cycled electrodes for PC, ,s@Si@C, PC, ,@Si@C, and PC, ,@Si@C, respectively. The upper images show fresh electrodes, and the lower images show
electrodes after 150 cycles. (g) Schematic diagram of the cycling failure mechanism of PC,@Si@C
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after 50 and 150 cycles were disassembled for analys-
is. Fig. 6a-c show cross-sectional SEM images of the
PC, s;@Si@C, PC, ,,@Si@C, and PC, ,;@Si@C elec-
trodes after 50 cycles, respectively. The electrode
thicknesses after 50 cycles are 34.0, 40.0 and 34.3 pum,
respectively. Compared with the pristine electrodes,
all three materials exhibit a certain degree of volume
expansion, and PC, ,,@Si@C shows the highest ex-
pansion ratio. This is likely related to the expansion of
surface floating silicon and excessive growth of the
SEI layer. Fig. 6d—f present top-view SEM images of
the PC,,;@Si@C, PC,,@Si@C and PC,,@Si@C
electrodes after 150 cycles, respectively. Compared
with the uniform and relatively smooth pristine elec-
trodes, all 3 cycled electrodes display uneven sur-
faces with localized rough regions, and some active
material has even detached from the current collector.
This effect is most pronounced for the PC, ,,@Si@C
electrode, likely due to deteriorated electrode adhe-
sion caused by SEI growth. Furthermore, EIS meas-
urements are performed on cells after 150 cycles (Fig.
S12). The EIS results show that the Ry values for
PC, ,s;@Si@C, PC, ,,@Si@C, and PC,,@Si@C after
150 cycles are 5.43, 7.97 and 4.01 Q, respectively.
Compared with the cells at the beginning of the cycle,
all 3 exhibit an increase in Rgg;, confirming continu-
ous SEI growth. PC,,@Si@C shows the highest
growth rate, indicating the faster growth of SEI layer
that is more detrimental to ion/electron transport.

Fig. 6g illustrates the cycling failure mechanism
of PC.@Si@C electrodes. After pre-cycling, similar
SEI layers form on all 3 electrodes. During cycling,
silicon confined within the pores is strongly con-
strained by the porous carbon matrix, whereas surface
floating silicon is only covered by a relatively thin
carbon coating and experiences less restriction. Con-
sequently, surface floating silicon undergoes signific-
ant expansion, which may even fracture the carbon
coating. This repeated expansion and contraction of
the floating silicon leads to continuous disruption and
re-formation of the SEI, promoting further electrolyte
decomposition and additional SEI growth. The com-

bined effects of excessive SEI growth and the expan-
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sion of surface floating silicon cause overall electrode
swelling, which deteriorates electrode adhesion and
results in active-material detachment. Moreover, sur-
face floating silicon hinders ion-diffusion kinetics,
leading to increased accumulation of captured active
lithium that occupies active sites and reduces revers-

ible capacity.

This study prepares porous carbons with differ-
ent pore structures by varying the KOH activator ra-
tios, investigating the influence of pore architecture on
silicon deposition behavior and reaction kinetics, and
further exploring the impact mechanism of surface
floating silicon on cycling failure. The results indic-
ate that an increased micropore volume facilitates a
higher silicon mass loading. However, the correspond-
ing larger silane amount increases its exposure to the
external carbon surface, thereby elevating the content
of surface floating silicon. Moderately increasing
mesopores in high-microporosity porous carbon pro-
motes deeper deposition of silicon into the pore chan-
nels, thereby reducing the formation of surface float-
ing silicon. Excessive surface floating silicon hinders
lithium-ion diffusion kinetics, leading to increased ac-
cumulation of captured active lithium, which occu-
pies active sites and accelerates capacity fading. Fur-
thermore, excessive surface floating silicon causes
severe electrode expansion, accelerates SEI growth,
promotes active material detachment, and ultimately
accelerates electrode degradation. This study suggests
that future performance improvements may be
achieved by optimizing the pore structure and silane
deposition duration to alleviate floating silicon forma-
tion, or by employing more effective binders to sup-
press volume expansion. These conclusions provide
valuable insights for the future research and develop-
ment of CVD-derived silicon-carbon composite an-
odes.
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