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Abstract   Silicon-based anodes are promising candidates for next-generation lithium-ion owing to their high theoretical specific capacity. How-

ever, their practical application is limited by their severe volume expansion and poor electronic conductivity during cycling, which results in rapid

capacity fading. To address these challenges, a novel polymer-derived ceramic (PDC) precursor, PSZ/PAN, was designed and synthesized by inte-

grating polysilazane (PSZ) with polyacrylonitrile (PAN). The synthesis involved an initial free-radical polymerization of PSZ to form a crosslinked

network, followed by in situ introduction and polymerization of acrylonitrile, yielding a PSZ/PAN hybrid with an interpenetrating network struc-

ture at the molecular level. Upon pyrolysis, the resulting SiCNO/C hybrid anode exhibited a high reversible specific capacity of 1050.1 mAh·g–1 at

500 mA·g–1 and excellent cycling stability, retaining 73.2% of its initial capacity after 600 cycles. This molecular-level interpenetrating design of

polymer-derived ceramics provides a promising strategy for the development of high-performance anode materials for lithium-ion batteries.
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INTRODUCTION

The  growing  energy  demands  of  portable  electronics,  electric
vehicles, and grid-scale energy storage have driven intensive re-
search  into  next-generation  lithium-ion  batteries  (LIBs)  with
higher energy density,  longer cycle life,  and improved safety.[1]

The anode material has become a central focus as a critical com-
ponent  governing  overall  battery  performance.  Although
graphite  anodes  dominate  the  commercial  market  because  of
their low cost and stable cycling performance, their limited the-
oretical specific capacity (372 mAh·g–1) is insufficient for emerg-
ing  high-energy-density  applications.[2] This  limitation  has
prompted  the  exploration  of  alternative  anode  materials,  in-
cluding silicon,  transition metal  oxides,  and various  organic-in-
organic composites.[3−6]

Among  these  candidates,  silicon-based  materials  have  at-
tracted particular  interest  owing to their  high theoretical  ca-
pacity (about 4200 mAh·g–1) and suitable operating voltage.[7]

However,  their  practical  implementation  is  hindered  by  two
intrinsic  drawbacks:  massive  volume  changes  (>300%)  dur-
ing  lithiation/delithiation,  which  lead  to  electrode  pulveriza-
tion and rapid capacity decay, and low intrinsic electrical con-
ductivity,  which  limits  the  rate  performance.[8] To  mitigate
these  issues,  strategies  such  as  nanostructuring,[9] carbon
coating,[10] and  dispersion  within  active  or  inactive
matrices[11] have  been  explored.  Nevertheless,  these  ap-
proaches  often  involve  complex  syntheses  or  fail  to  ensure
long-term  cycling  stability,  highlighting  the  need  for  novel
materials with rationally designed architectures.

Polymer-derived  ceramics  (PDCs)  have  emerged  as  a
promising  class  of  materials  owing  to  their  unique  structure
and  excellent  electrochemical  properties.[12,13] In  particular,
polysilazanes  can  be  converted  into  silicon-carbon-nitrogen
(SiCN) ceramics through high-temperature pyrolysis, yielding
amorphous  materials  with  chemical  stability  and  tunable
compositions.  The free-carbon phase in SiCN provides abun-
dant  lithium  storage  sites,  enabling  high  capacities.  Under
optimized  conditions,  polysilazane-derived  SiCN  anodes  can
achieve  reversible  capacities  exceeding  500  mAh·g–1,  sub-
stantially higher than those of graphite.[14]

Despite  their  potential,  the  direct  application  of  polysi-
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lazane-derived SiCN ceramics remains a challenge. Pure SiCN
suffers  from  low  electronic  conductivity  and  significant  vol-
ume  variation  during  lithiation/delithiation,  leading  to  poor
cycling  stability.  To  address  these  limitations,  polysilazanes
have  been  combined  with  carbon  materials  and  conductive
polymers  to  enhance  their  electrochemical  perfor-
mance.[15−17] Among  these,  polyacrylonitrile  (PAN),  a  widely
used  carbon  precursor,  can  generate  a  conductive  carbon
network upon pyrolysis, making it an attractive candidate for
constructing composite anodes.[18] Previous studies have em-
ployed  electrospinning  to  fabricate  polysilazane/PAN  com-
posite  fibers,  which  can  be  converted  into  SiCN/C  materials
with  improved  electrochemical  properties  after  pyrolysis.
However,  these  approaches  are  typically  based  on  physical
blending, resulting in limited interfacial interactions between
the polysilazane and PAN. Consequently, issues such as inho-
mogeneous phase distribution and weak interfacial adhesion
may  arise,  ultimately  restricting  overall  electrochemical  per-
formance.

In  this  study,  we  report  a  straightforward  and  effective
strategy  for  the  construction  of  a  novel  polymer-derived  ce-
ramic  precursor,  polysilazane-acrylonitrile  (PSZ/PAN).  The
synthesis involves a two-step sequential polymerization. First,
polysilazane undergoes free-radical polymerization to form a
crosslinked  network,  followed  by in  situ polymerization  of
acrylonitrile within the PSZ matrix. This approach ensures inti-
mate  molecular-level  mixing  and  strong  interfacial  interac-
tions  between  the  ceramic  framework  (PSZ)  and  the  carbon
source (PAN). Upon pyrolysis, the resulting SiCNO/C compos-
ite combines the advantages of both components, providing
a  mechanically  stable  scaffold  that  mitigates  volume  expan-
sion during cycling, whereas the embedded PAN-derived car-
bon forms a continuous conductive pathway and contributes
additional  electrochemically  active  sites  for  lithium  storage.
As  an  anode  for  LIBs,  the  SiCNO/C  electrode  demonstrated
high  reversible  capacity,  excellent  rate  capability,  and  long-
term  cycling  stability.  These  results  highlight  the  molecular-
level  design  of  polymer-derived  ceramics  as  a  promising
strategy  for  the  next-generation  high-performance  anode
materials.

EXPERIMENTAL

Material
Dichloromethylsilane  (98%),  dichloromethylvinylsilane  (97%),
and  3-aminopropyltriethoxysilane  (99%)  were  purchased  from
Sigma-Aldrich  (Shanghai,  China). n-Hexane  and  anhydrous
ethanol  were  obtained  from  Sinopharm  Chemical  Reagent
(Shanghai,  China).  Azodiisobutyronitrile (AIBN) and 1,4-dioxane
were supplied by Sun Chemical  Technology (Shanghai,  China).
Acrylonitrile was purchased from Adamas (Shanghai, China). All
the  chemicals  were  used  as  received  without  further  purifica-
tion.

Synthesis of Organopolysilazane Oligomer OPSZ
In a 2 L three-necked round-bottom flask equipped with a me-
chanical  stirrer,  thermometer,  and  dry  ice/isopropanol  con-
denser,  600  mL  of n-hexane  was  added.  Methylhy-
drodichlorosilane  (0.24  mol),  methylvinyldichlorosilane  (0.06
mol),  and  3-aminopropyltriethoxysilane  (0.6  mol)  were  added

sequentially  under stirring.  The reaction mixture was cooled in
an ice bath and maintained at approximately 20 °C for 2 h. Am-
monia  gas  was  then  slowly  introduced  over  2  h,  and  the  tem-
perature at 20 °C by adjusting the gas flow rate. After the com-
pletion of ammonolysis, the resulting ammonium chloride pre-
cipitate  was  removed  by  filtration,  and  the  filter  cake  was
washed three times with 100 mL of n-hexane. The combined fil-
trate  was  subjected  to  vacuum  distillation  at  40  °C  to  remove
residual ammonia and solvent, yielding the liquid organopolysi-
lazane oligomer (OPSZ).

Synthesis of PSZ/PAN
The synthesis of PSZ/PAN was performed as follows: 400 mg of
organic polysilazane oligomer OPSZ (0.8 mmol) was dissolved in
40 mL of  1,4-dioxane in  a  reaction tube.  Azobisisobutyronitrile
(0.008  mmol)  was  added  to  facilitate  complete  dissolution.  To
remove  oxygen,  the  system  underwent  three  freeze–pump–
thaw cycles, after which the reaction was conducted at 70 °C for
8 h under an argon atmosphere. Upon completion of the initial
reaction, acrylonitrile (AN, 4 mmol) and AIBN (0.04 mmol) were
added  to  the  reaction  mixture.  The  system  was  again  deoxy-
genated via a  freeze-pump-thaw  cycle,  followed  by  the  injec-
tion  of  the  monomer  solution  under  argon.  The  second  poly-
merization  was  carried  out  at  70  °C  for  8  h.  After  the  reaction,
the  mixture  was  centrifuged  at  8000  r·min–1 for  10  min  to  re-
move  excess  solvent  and  unreacted  monomers.  The  resulting
precipitate  was  resuspended  in  anhydrous  ethanol,  ultrasoni-
cated for 10 min, and washed three times by repeated centrifu-
gation. Finally, the purified PSZ/PAN product was vacuum-dried
at 80 °C for 12 h to obtain the desired PSZ/PAN hybrid material.

Preparation of SiCNO/C and SiCNO
The PSZ/PAN precursor obtained was placed in a tube furnace
and pyrolyzed under  a  nitrogen atmosphere.  The temperature
was increased to 1000 °C at a rate of 10 °C·min–1, maintained at
1000 °C for 3 h, and then allowed to cool naturally to room tem-
perature,  yielding  a  SiCNO/C  hybrid  material.  For  comparison,
the  control  sample,  consisting  of  an  organic  polysilazane
oligomer (OPSZ), was cured in a vacuum oven at 80 °C for 24 h.
The cured solid was coarsely ground using an agate mortar and
milled at 300 r·min–1 for 6 h to obtain a uniform fine powder.
This  powder  was  then  pyrolyzed  under  nitrogen  under  the
same conditions—heated to 1000 °C at 10 °C·min–1, held for 3
h, and cooled naturallyto produce the pure SiCNO ceramic ma-
terial.

Preparation of Half-cell
The  SiCNO/C  and  SiCNO  materials  obtained  by  pyrolysis  were
used as the active materials for the preparation of the working
electrodes. Sodium carboxymethyl cellulose (CMC) and styrene-
butadiene rubber (SBR) emulsions served as binders, while con-
ductive carbon black (Super P) was used as the conductive addi-
tive. The components were mixed at a mass ratio of active ma-
terial: Super  P:CMC:SBR=  6:2:1.2:0.8.  An  appropriate  amount  of
deionized water was added as the dispersion medium and the
mixture was thoroughly stirred to form a uniform electrode slur-
ry. The slurry was evenly coated onto copper foil current collec-
tors by using a scraper and allowed to rest at room temperature
for 2 h. The coated electrodes were then dried in a vacuum oven
at 80 °C for 12 h to remove residual moisture. After drying, elec-
trode  sheets  were  rolled,  cut,  and  stored  for  subsequent  use.
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The electrodes  were assembled into 2032-type coin  cells  in  an
argon-filled glove box (H2O and O2 < 0.01 cm3/m3),  using lithi-
um  metal  (16  mm  diameter,  0.6  mm  thickness)  as  the  counter
electrode. The electrolyte consisted of 1 mol·L–1 LiPF6 dissolved
in  a  1:1  (V:V)  mixture  of  dimethyl  carbonate  and  ethylene  car-
bonate. A Celgard 2500 separator (25 μm thick, 18 mm diame-
ter)  was  placed  between  the  electrodes.  After  assembly,  the
cells were sealed, allowed to stand at room temperature for 12 h
to  ensure  thorough  electrolyte  penetration,  and  subjected  to
electrochemical testing.

Characterization
The  chemical  structure  of  OPSZ  was  analyzed  using 1H-NMR
spectroscopy.  The  functional  groups  were  characterized  using
Fourier-transform  infrared  spectroscopy  (FTIR,  BRUKER  VERTEX
70). Prior to FTIR analysis, the OPSZ sample was centrifuged us-
ing a  high-speed desktop centrifuge (TG16-WS)  to  remove im-
purities. The microstructures of the samples were examined by
scanning electron microscopy (SEM, JSM7500F), and the crystal
structure  was  determined  by  X-ray  diffraction  (XRD,  Rigaku
D/MAX/2500 PC) using Cu Kα radiation (λ=0.15418 nm) over the
2θ range  of  5°–90°.  The  molecular  composition  and  structure
were  further  analyzed  by  confocal  micro-Raman  spectroscopy
(Raman, INVIA), whereas the surface elemental composition and
chemical  states  were  characterized  by  X-ray  photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB XI+). Thermal stabil-
ity  and  decomposition  behavior  were  evaluated  by  thermo-
gravimetric analysis (TGA, TG209F1-JRIS) in air at a heating rate
of  20  °C/min  from  room  temperature  to  800  °C.  The  electro-
chemical performance of the assembled button cells was mea-
sured using a LAND CT3002A battery test system (Wuhan Landi-
an  Electronics  Co.,  Ltd.).  Galvanostatic  charge-discharge  tests
were conducted at room temperature within a voltage window
of 0.01–2.0 V (versus Li+/Li).  All  the specific capacities were cal-
culated based on the mass of  the active material  (SiCNO/C hy-
brid or pure SiCNO).

RESULTS AND DISCUSSION

Traditional emulsion and template methods for the preparation
of  polysiloxane-based  nanomaterials  often  suffer  from  severe
particle  agglomeration  and  poor  dispersion.  In  this  study,  a
molecular  design  approach  was  employed  to  construct
PSZ/PAN hybrid precursors via free-radical polymerization com-
bined with an in situ acrylonitrile injection strategy, followed by
pyrolysis  to  obtain  SiCNO/C  composite  anode  materials.  The
abundant reactive groups (Si―H, Si―N) in the PSZ facilitate hy-
bridization, while the in situ polymerization of PAN enables uni-
form interpenetration of the two phases at the molecular level,
effectively  preventing  macroscopic  phase  separation.  The  re-
sulting SiCNO/C hybrid exhibits several advantages: (i) the PAN-
derived  carbon  network  forms  a  continuous  conductive  path-
way and buffers volume expansion during cycling; and (ii) nitro-
gen-doped  sites  and  the  amorphous  SiCNO  matrix  provide
abundant lithium storage active centers. This simple and con-
trollable  molecular  engineering  strategy—polymerization
first,  injection  later,  followed  by  pyrolysis—offers  a  new  ap-
proach to  overcoming the nanoparticle  agglomeration com-
mon in  traditional  methods.  The prepared materials  demon-
strated  promising  potential  as  anodes  for  lithium-ion  batter-
ies (Scheme 1).

Synthesis and Characterization of
Organopolysilazane Oligomers (OPSZ)
The  organic  polysilazane  oligomer  (OPSZ)  was  synthesized via
the  aminolysis  of  methylhydrodichlorosilane,
methylvinyldichlorosilane,  and  3-aminopropyltriethoxysilane.
The  chemical  structure  of  the  product  was  confirmed  by 1H-
NMR and Fourier transform infrared spectroscopy (FTIR).  In the
1H-NMR  spectrum  (Fig.  S1  in  the  electronic  supplementary  in-
formation,  ESI),  signals  corresponding  to  Si―CH＝CH2

(6.12–5.77  ppm),  Si―H  (about  4.66  ppm),  and  Si―CH3

(0.34–0.07 ppm) were clearly observed, consistent with the FTIR
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Scheme 1    Synthesis of SiCNO/C and its application as a ceramic anode in lithium-ion batteries.
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results. FTIR analysis (Fig. S2 in ESI) further verified the chemical
structure of the OPSZ. The absorption bands at 3053 and 2974
cm–1 were  assigned  to  C―H  stretching  of  the  vinyl  siloxane
group  (Si―CH＝CH2),  and  the  C＝C  stretching  vibration  ap-
peared at about 1590 cm–1. The band at 2140 cm–1 correspond-
ed  to  the  Si―H  stretching  vibration.  The  presence  of  the
Si―NH―Si  unit  was  confirmed  by  N―H  stretching  at  3394
cm–1 and Si―N vibration at 953 cm–1. Additionally, the Si―CH3

group  exhibited  a  characteristic  absorption  at  1251  cm–1,  ac-
companied by C―H stretching at 2931 and 2885 cm–1.[19]

Characterization of Morphology, Structure and
Composition of PSZ/PAN Hybrid Materials
The preparation of PSZ/PAN hybrid materials was performed in
two steps. First, OPSZ underwent free radical polymerization to
form  a  cross-linked  polysilazane  network  (denoted  as  C-PSZ).
Next, acrylonitrile (AN) was added for copolymerization or in situ
polymerization  to  yield  a  polysilazane-polyacrylonitrile  hybrid
precursor  (PSZ/PAN).  The  precursor  was  subsequently  py-
rolyzed  at  1000  °C  under  a  nitrogen  atmosphere  to  produce  a
SiCNO/C composite ceramic material.

The  FTIR  analysis  revealed  the  reaction  mechanism.  As
shown in Fig. S2 (in ESI), the C―H stretching vibration peaks
(2974  cm–1 and  3053  cm–1)  in  the  Si―CH＝CH2 groups  and
the  C＝C  stretching  vibration  peak  (1598  cm–1)  in  C-PSZ  ex-
hibited  attenuation,  indicating  free  radical  polymerization.
The disappearance of N―H and Si―H bonds suggests dehy-
drogenation reactions between the Si―H and N―H groups.
Fig.1 illustrates  the  reaction  mechanism  between  C-PSZ  and
acrylonitrile. In the PSZ/PAN system, a C≡N stretching vibra-
tion peak appeared at 2270 cm–1, while the C―H bands (2974
and 3053 cm–1) and C＝C bands (1598 cm–1) on Si―CH＝CH2

were nearly absent, confirming the successful acrylonitrile in-
corporation. After 1000 °C pyrolysis, the corresponding peaks
of ―Si―CH3 (1267  cm–1)  and ―CH2― (2927  cm–1)  disap-
peared,  while  Si―O  (1076  cm–1)  and  Si―C  (821  cm–1)  re-
mained,  confirming  the  precursor's  conversion  into  ceramic
material.[20]

Fig. 2(a) shows the XRD spectrum of the SiCNO/C compos-
ite, exhibiting distinct broad diffraction peaks around 23° and
43°,  indicating  that  the  SiCNO  ceramic  exhibits  an  amor-
phous  structure  with  SiCNO  predominantly  in  an
amorphous/low-crystallinity  state.[21] Fig.  2(b)  shows  the  Ra-

man  spectrum  of  SiCNO/C,  exhibiting  the  characteristic  D
(about 1350 cm–1)  and G (about 1580 cm–1)  bands of carbon
materials.  The relatively low ID/IG ratio suggests  an increased
degree of  graphitization,  which can be attributed to the for-
mation  of  graphitic  domains  during  carbonization  of  PAN,
thereby enhancing the electrical conductivity of the compos-
ite. The presence of a pronounced D band indicated that the
SiCNO/C  structure  retained  abundant  carbon  defects.  These
defects, together with heteroatom doping sites, provide addi-
tional active sites for lithium storage and help buffer volume
changes  during  cycling,  ultimately  contributing  to  the  im-
proved capacity and cycling stability.[22]

Figs.  3(a)  and  3(b)  show  the  EDS  surface  mapping  of  PSZ
and PSZ/PAN, respectively, and the corresponding elemental
compositions are summarized in Table S1 (in ESI).  Compared
with PSZ, PSZ/PAN exhibited a significant increase in the car-
bon  signal  intensity  and  carbon  content,  directly  confirming
the successful  incorporation of  polyacrylonitrile.  Concurrent-
ly, the relative silicon and oxygen contents decreased, reflect-
ing the “dilution” effect of acrylonitrile-derived organic chains
on  the  polysilazane  framework.  This  elemental  composition
adjustment provides a favorable basis for subsequent pyroly-
sis  to  produce  SiCNO-based  anode  materials  with  high  car-
bon content and conductivity, which is expected to enhance
the electrochemical performance in lithium-ion batteries. Fig.
S3  (in  ESI)  shows  the  thermogravimetric  analysis  results  of
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Fig. 2    (a) XRD pattern of SiCNO/C; (b) Raman scattering spectrum of SiCNO/C.
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PSZ and PSZ/PAN in air. The residual weight of PSZ from room
temperature  to  800 °C  was  51.81%,  whereas  PSZ/PAN  re-
tained only 36.02%, indicating a lower ceramic yield because
of the more easily oxidized and decomposable organic poly-
acrylonitrile segments,  further confirming their  successful  in-
corporation. Furthermore, the effect of the OPSZ:AN molar ra-
tio on the thermal decomposition behavior of the precursors
was  investigated,  as  shown  in  Fig.  S4  (in  ESI).  With  an  in-
crease in AN content, the ceramic yield at 800 °C progressive-
ly  declined  from  61.77%  to  40.14%.  This  decrease  was  at-
tributed  to  the  more  pronounced  decomposition  of  the  or-
ganic species originating from PAN. This  result  confirms that
the  ratio  of  OPSZ  to  AN  can  effectively  regulate  the  carbon
content and ceramic yield of  the resulting SiCNO/C compos-
ite, thereby providing a basis for compositional optimization.

To confirm that the reaction between PSZ and AN proceed-
ed via copolymerization rather than simple physical blending,
the  resulting  PSZ/PAN  product  was  subjected  to  solubility
and 1H-NMR analyses using N,N-dimethylformamide (DMF) as
the testing solvent. DMF is an excellent solvent for PAN; thus,
in a physical blend of PSZ and PAN, DMF selectively dissolves
the PAN component to form a homogeneous solution. In con-
trast,  successful copolymerization leads to chemical bonding
between  PSZ  and  PAN,  altering  the  molecular  structure  and
solubility of the product, rendering it insoluble in DMF. Solu-
bility  tests  (Fig.  S5 in  ESI)  showed that  the PSZ/PAN samples
remained insoluble in DMF and maintained a heterogeneous
state,  which  preliminarily  supported  the  formation  of  a
copolymer structure.  Further 1H nuclear  magnetic  resonance
characterization of the DMF supernatant from sample S5 (Fig.
S6  in  ESI)  revealed  only  signals  corresponding  to  DMF-de-
rived  CHO  (7.76  ppm)  and  methyl  groups  (2.49–2.87  ppm),

with no characteristic signals associated with the PAN or PSZ
components,  confirming  the  absence  of  soluble  polymers  in
the DMF phase.  Collectively,  these results  rule out  the possi-
bility of physical blending and conclusively demonstrate that
copolymerization occurs between PSZ and acrylonitrile, yield-
ing a  PSZ/PAN copolymer that  remains completely  insoluble
in DMF.

The microstructures  of  the  PSZ/PAN precursor  and the  re-
sulting pyrolyzed SiCNO/C ceramic are shown in Figs. 4(a) and
4(b),  respectively.  The  PSZ/PAN  precursor  exhibited  a  loose,
nanoscale aggregate structure comprising adherent particles
that formed porous fluffy clusters. Following pyrolysis at 1000
°C, these nanoclusters underwent sintering into dense submi-
cron ceramic particles, which coalesced to form a continuous
ceramic network. This densification was expected to enhance
the mechanical integrity and electrochemical cycling stability
of the material.

Fig.  5 shows  the  results  of  X-ray  photoelectron  spec-
troscopy  (XPS)  to  investigate  the  changes  in  the  surface
chemical  bonding  states  before  and  after  pyrolysis.  In  the
Si2p  spectrum,  the  main  peak  shifted  from  102.5  eV  in
PSZ/PAN  to  101.9  eV  in  SiCNO/C,  indicating  a  significant
change  in  the  silicon  chemical  environment  due  to  Si―O
bond  cleavage  and  the  formation  of  new  Si―C  bonds.  The
O 1s spectrum showed a marked reduction in the intensity of
Si―O peaks at 531.4 and 531.8 eV after pyrolysis, further con-
firming deoxygenation. The C 1s spectrum of SiCNO/C exhib-
ited peaks at  283.5  eV and 284.8  eV,  corresponding to C―Si
and C―C/C＝C bonds, respectively, along with a C―O/C―N
component  at  286.8  eV,  confirming  nitrogen  incorporation
into the carbon network. Notably, the C＝C bonds present in
the OPSZ were consumed during polymerization, and the in-
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Fig. 3    (a) SEM image and corresponding EDS spectra of C, O, N and Si in PSZ; (b) SEM image and corresponding EDS spectra of C, O, N and Si in
PSZ/PAN.
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Fig. 4    SEM images of (a) PSZ/PAN and (b) SiCNO/C.
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creased  intensity  of  the  C―Si  peak  after  pyrolysis  indicates
extensive  Si―C  formation.  The  N  1s  spectrum  displayed  a
dominant peak at 399.4 eV, which could be further deconvo-
luted into N―Si (398.8 eV) and N―C (400.4 eV) components,
confirming that nitrogen is covalently bonded to both silicon

and  carbon.  Collectively,  these  results  demonstrate  that  py-
rolysis  transforms the  PSZ/PAN precursor  into  a  SiCNO/C ce-
ramic with a chemically bonded Si―C―N network and nitro-
gen-doped  carbon,  which  is  consistent  with  the  observed
structural and functional properties.
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Fig. 5    High-resolution XPS spectra of PSZ/PAN and SiCNO/C in (a) Si 2p, (b) O 1s, (c) C 1s, (d) N 1s.
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In  addition  to  structural  and  compositional  analyses,  the
specific surface area and pore structure characteristics of SiC-
NO and SiCNO/C were evaluated using N2 adsorption-desorp-
tion measurements. As shown in Fig. S7 and Table S2 (in ESI),
SiCNO exhibited an extremely low nitrogen uptake on its ad-
sorption  isotherm,  corresponding  to  a  BET  specific  surface
area of only 0.18 m2·g–1.  This indicates that SiCNOs possess a
dense, nonporous ceramic structure. In contrast, the BET spe-
cific  surface  area  of  SiCNO/C  significantly  increases  to  14.77
m2·g–1, confirming that the incorporation of PAN-derived car-
bon effectively  enhances  the availability  of  surface sites.  No-
tably,  neither  sample  displayed  hysteresis  loops  in  its
isotherms, suggesting the absence of open mesopores (2–50
nm) in either material. Consequently, the SiCNO/C composite
exhibited  a  unique  structural  configuration,  with  a  relatively
high specific  surface area arising primarily  from external  sur-
face  exposure  and/or  narrow  micropores,  without  the  pres-
ence  of  mesoporous  channels  that  typically  promote  elec-
trolyte  decomposition  and  irreversible  lithium  consumption.
This  combination of  mesopore-free  yet  surface-rich  architec-
ture  is  particularly  advantageous  for  lithium-ion  battery  an-
odes,  as  it  achieves  an  optimal  balance  between  providing
sufficient  active  sites  and  suppressing  adverse  side
reactions.[23]

Electrochemical Performances of SiCNO/C as Anode
for Lithium-ion Batteries
The lithium-ion insertion/deintercalation behavior of the SiCNO
and SiCNO/C composite materials was investigated using cyclic
voltammetry (CV). Fig. 6 shows the CV curves of the first five cy-
cles of both electrodes at a scan rate of 0.1 mV·s–1 within a volt-
age range of 0–2.5 V. For the SiCNO/C electrode, a broad reduc-
tion peak appears at approximately 0.7 V during the initial scan,
which  gradually  weakens  and  eventually  disappears  in  subse-
quent cycles. This behavior was attributed to the irreversible for-
mation and stabilization of  the solid  electrolyte  interfacial  (SEI)
film. The reduction peak observed in the 1.0–1.75 V range corre-
sponds to the formation of irreversible products such as lithium
silicate  (Li4SiO4,  Li2Si2O5)  and  Li2O.[24] In  subsequent  cycles,  a
new reduction peak emerges near 0.2 V, indicative of lithium al-
loying with amorphous silicon, while a broad oxidation peak ap-
pears around 0.6 V, associated with the deintercalation process
of  silicon-lithium  alloys.[25] Furthermore,  the  SiCNO/C  compos-

ite  electrode  exhibited  a  higher  response  current  intensity,  re-
flecting  its  superior  electrochemical  activity.  In  contrast,  the
pure  SiCNO  electrode  exhibited  no  distinct  redox  peaks  under
identical  testing  conditions  and  maintained  consistently  low
current responses, suggesting sluggish lithiation/delithiation ki-
netics, limited reversible capacity, and poor lithium storage per-
formance. These results demonstrate that the SiCNO/C compos-
ites  possess  a  significantly  enhanced  lithium-ion  storage  capa-
bility compared to pure SiCNO.

The  lithium-ion  diffusion  kinetics  of  the  SiCNO/C  compos-
ite electrode were evaluated using the constant-current inter-
mittent titration technique (GITT). Fig. S8(a) (in ESI) shows the
voltage-time curves during the discharge/charge cycles. Dur-
ing discharge, the voltage decreases from 3.0 V to 0 V, with a
distinct  voltage  plateau  observed  in  the  0.01–0.3  V  range  of
the  silicon-lithium  alloyation  reaction.[26] The  initial  charging
voltage  of  0.5  V  indicates  the  presence  of  a  delamination
lag.[27] Fig.  S8(b)  (in  ESI)  shows  the  lg(DLi+)-voltage  curve.  In
the early discharge phase (3.0–1.0 V), lg(DLi+) rapidly declines
from –9.4  to –10.5;  it  reaches  a  minimum  of  approximately
–11.5  (DLi+ =  3×10–12 cm2·s–1)  in  the 0.01–0.3  V  alloyation re-
gion,  reflecting  the  high  diffusion  barrier  for  lithium  ions
within the amorphous SiCNO matrix. During charging, lg(DLi+)
slowly increases from 0.5 V to 1.5 V, followed by an inflection
point around 2.0 V, which is attributed to the rapid release of
interfacial  charge.  The GITT results  demonstrate  that  despite
the inherently high diffusion barrier of the SiCNO matrix, the
incorporated  carbon  structure  significantly  enhanced  the
high-rate performance of the electrode by shortening the ion
migration path within the low-diffusion region.[28,29]

Fig.  7 comprehensively  evaluates  the electrochemical  per-
formance of the SiCNO/C composite in comparison with that
of  the  pristine  SiCNO.  The  initial  galvanostatic  charge-dis-
charge profiles (Fig. 7a) at 100 mA·g–1 reveal that the SiCNO/C
electrode  delivers  a  higher  discharge  capacity  (2749.0
mAh·g–1)  and charge capacity  (1950.0  mAh·g–1),  correspond-
ing to an initial  Coulombic efficiency (ICE)  of  71.0%, which is
markedly  improved  relative  to  SiCNO  (59.0%).  This  improve-
ment  indicates  a  reduced  irreversible  lithium  consumption
and enhanced initial  reversibility,  which can be attributed to
the  optimized  electrode/electrolyte  interface.  The  carbon
coating  effectively  suppressed  the  direct  contact  between
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Fig. 6    Cyclic voltammetry curves of (a) SiCNO and (b) SiCNO/C.
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SiCNO and the electrolyte, thereby mitigating excessive elec-
trolyte  decomposition and promoting the formation of  thin-
ner  and more stable  SEI  films.  Meanwhile,  the carbon matrix
provides  mechanical  flexibility  to  accommodate  volume  ex-
pansion  during  lithiation,  prevent  particle  pulverization,  and
maintain electrode integrity.[30]

Fig.  7(b)  compares  the  cycling  performance  and  Coulom-
bic  efficiency  of  the  SiCNO/C  electrodes  with  those  of  pure
SiCNO  electrodes  at  a  current  density  of  100  mA·g–1.  During
the  initial  20  cycles,  both  electrodes  exhibited  rapid  irre-
versible capacity decay caused by the intense formation and
reorganization  of  SEI  films,  structural  pulverization  induced
by volume effects of the active material, and loss of electrical
contact.[31] As cycling progressed, the SEI  films gradually sta-
bilized,  and  the  material  structures  along  with  the  conduc-
tive networks underwent adaptive restructuring, leading to a
significant  reduction  in  irreversible  lithium  consumption,
slower  capacity  decay,  and  stabilized  capacity  retention.
Throughout the cycling process, the SiCNO/C electrodes con-
sistently  delivered  higher  charge-discharge  specific  capaci-
ties and Coulombic efficiencies compared to the pure SiCNO
electrodes.  After  100  cycles,  the  SiCNO/C  electrodes  main-
tained  a  discharge  specific  capacity  of  1091.6  mAh·g–1,
Coulombic efficiency of 99.8%, and capacity retention rate of
50.0%.  These  results  indicate  that  carbon  coating  modifica-

tion  not  only  endows  SiCNO/C  electrodes  with  highly  re-
versible  electrochemical  behavior  during  lithiation/delithia-
tion  processes,  but  also  promotes  robust  SEI  film  formation,
effectively  suppressing  electrolyte  side  reactions  with  the
electrolyte. In contrast, under identical testing conditions, the
pure SiCNO electrodes exhibited pronounced capacity decay,
retaining only 628.5 mAh·g–1 with a capacity retention rate of
only 39.9%.

The rate performance (Fig. 7c) further demonstrates the ki-
netic  advantages  of  SiCNO/C.  The  composite  electrode  con-
sistently delivered higher capacities than SiCNO across all cur-
rent  densities.  Notably,  when  the  current  density  was  re-
turned to 100 mA·g–1, the capacity nearly recovered to its ini-
tial  level,  indicating  excellent  structural  robustness  and  re-
versibility under high-rate cycling conditions.

Fig. 7(d) compares the long-term cycling performance and
Coulombic efficiency of the SiCNO/C electrodes with those of
the  pristine  SiCNO  electrodes.  After  the  initial  three  activa-
tion  cycles  at  a  current  density  of  100  mA·g–1,  both  elec-
trodes were subjected to 600 cycling tests at a higher current
density of 500 mA·g–1. The results demonstrated that the SiC-
NO/C electrodes exhibited excellent long-term stability, main-
taining  a  high  reversible  specific  capacity  of  1050.1  mAh·g–1

after 600 cycles, corresponding to a capacity retention rate of
73.2%. Although both electrodes maintained a relatively sta-
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Fig. 7    (a) First cycle voltage profiles of SiCNO/C and SiCNO; (b) Cycling performance and Coulombic efficiency of SiCNO/C and SiCNO at a current
density of 100 mA·g–1; (c) Rate performance of SiCNO/C and SiCNO; (d) Long-cycle performance of SiCNO/C and SiCNO at a current density of 500
mA·g–1.
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ble  Coulombic  efficiency  throughout  cycling,  the  SiCNO/C
electrodes not only delivered significantly higher specific  ca-
pacities  but  also  showed  superior  initial  reversibility.  Their
Coulombic  efficiency  remained  at  around  99%,  indicating
highly  reversible  electrochemical  reactions  and  robust  elec-
trode/electrolyte  interface  stability.  Notably,  a  gradual  in-
crease  in  the  specific  capacity  was  observed  after  approxi-
mately  200  cycles,  which  can  be  attributed  to  the  electro-
chemical activation of the electrode material.  Structural rear-
rangements  induced  by  prolonged  cycling,  along  with  pro-
gressive  electrolyte  penetration,  continuously  expose  new
lithium  storage  sites  such  as  defects  and  interfaces.  In
SiCNO/C  electrodes,  the  additional  free  carbon  phase  intro-
duces a higher density of edge/heteroatom defects as well as
ceramic/carbon  interfaces,  thereby  enhancing  the  activation
effect.  Simultaneously,  the  flexible  carbon  network  main-
tained excellent conductivity and structural integrity, facilitat-
ing  the  reversible  contribution  of  surface  adsorption  and  in-
terfacial  lithium  storage.  Consequently,  the  SiCNO/C  elec-
trodes  exhibited  a  more  pronounced  capacity  increase  than
their pristine counterparts.[15,32]

The  superior  performance  of  the  SiCNO/C  originates  from
its  rationally  engineered  composite  structure  (Fig.  8).  The
PAN-derived carbon layer serves as a multifunctional compo-
nent,  simultaneously  enhancing  the  electrical  conductivity,
facilitating lithium-ion transport, and buffering volume varia-
tions  during  repeated  lithiation/delithiation.  In  addition,  ni-
trogen doping and defect-rich carbon domains provide abun-
dant  active sites  for  Li  storage.  Collectively,  these synergistic
effects  stabilize  the  electrode/electrolyte  interface,  suppress
structural degradation, and enable the concurrent realization
of a high capacity, excellent rate capability, and long-term cy-
cling stability.

Electrochemical  impedance spectroscopy (EIS)  further  elu-
cidated the effect of the PAN-derived carbon modification on
the reaction kinetics (Fig. 9). As shown in Fig. 9(a), the charge
transfer  resistance (Rct)  of  SiCNO/C before cycling is  117.1 Ω,
which is significantly lower than that of pristine SiCNO (137.5
Ω),  indicating  that  the  incorporation  of  PAN-derived  carbon
effectively  reduces  the  interfacial  charge  transfer  barrier.[33]

This improvement facilitates faster electron transport and en-
hances  the  lithium-ion  kinetics.  The  impedance  spectra  be-
fore and after cycling were fitted using the equivalent circuit
model  (Fig.  9b);  the fitted parameters  are summarized in Ta-
ble  S3.  As  shown  in Figs.  9(c)  and  9(d),  the Rct values  de-
creased after the initial cycle owing to electrode activation,[34]

remained  relatively  stable  over  50  cycles,  and  slightly  in-
creased after prolonged cycling (100 cycles), which can be at-
tributed to gradual  structural  degradation and accumulation
of  interfacial  by-products.  Notably,  the  SiCNO/C  electrode
consistently exhibited a lower Rct than SiCNO throughout cy-
cling,  reflecting  the  formation  of  a  continuous  three-dimen-
sional conductive network derived from PAN carbonization.

The  lithium-ion  diffusion  coefficient  (DLi+ )  was  calculated
based on the Warburg impedance (Fig. S9 in ESI) according to
Eq. (1):

DLi+ = R2T2

2A2n4F4C2σ2
(1)

where R is the ideal gas constant, T is the absolute temperature,
A is  the  electrode  surface  area, n is  the  number  of  electrons
transferred per mole of the substance, F is the Faraday constant,
C is the molar concentration of Li+ in the electrode material, and
σ is the Warburg impedance coefficient.

The  calculated DLi+ value  for  SiCNO/C  is  7.2×10–15 cm2·s–1,
which  is  significantly  higher  than  that  of  SiCNO  (2.3×10–15
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Fig.  8    Schematic  illustration  of  the  synergistic  effect  between  the  SiCNO  ceramic  matrix  and  the  conductive  carbon  network,  highlighting
enhanced electron transport, buffered volume change, and improved lithium-ion diffusion in the SiCNO/C anode.
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cm2·s–1),  indicating  accelerated  lithium-ion  diffusion  kinetics.
This  enhancement  originates  from  the  synergistic  effect  of
the  PAN-derived  carbon  network,  which  not  only  improves
the electronic conductivity, but also provides interconnected
pathways for ion transport.  Consequently, the SiCNO/C com-
posite exhibited reduced polarization, faster reaction kinetics,
and improved electrochemical stability.

Fig.  10 presents  cross-sectional  SEM  images  of  the  elec-
trodes before and after cycling, with panels (a, b) correspond-
ing  to  SiCNO  and  panels  (c,  d)  to  SiCNO/C  after  100  cycles.
Both electrodes exhibited noticeable thickness increases ow-
ing  to  the  volume  expansion  during  lithiation.  Specifically,
the  thickness  of  the  SiCNO  electrode  increases  significantly
from  28.9  µm  to  79.4  µm,  whereas  the  SiCNO/C  electrode
shows a much smaller change from 25.4 µm to 40.4 µm. The
substantially  suppressed  expansion  of  SiCNO/C  provided  di-
rect  evidence  of  its  enhanced  structural  stability.  This  im-
provement  originates  from  the  homogeneous  incorporation
of PAN-derived carbon within the SiCNO matrix, which forms
a continuous  conductive  network.  Such a  carbon framework
not  only  imparts  mechanical  flexibility  to  accommodate  vol-
ume  fluctuations  during  repeated  lithiation/delithiation  but
also maintains electrode integrity by preventing particle pul-
verization  and  interfacial  delamination.  As  a  result,  the  SiC-
NO/C electrode preserved its structural coherence during cy-

cling,  which is  critical  for  sustaining a  stable  electrochemical
performance and long-term cycling durability.

To  elucidate  the  lithiation  mechanism  of  the  SiCNO/C  an-
ode  material,  XRD  and  XPS  analyses  were  performed  on  the
working  electrode  before  and  after  the  cycling.  The  XRD  re-
sults  in  Fig.  S10(a)  (in  ESI)  reveal  three new diffraction peaks
after  cycling at  2θ angles  of  approximately  21°,  38°,  and 45°.
The peak at 38° corresponds to the formation of a silicon-lithi-
um  alloy  phase,  while  the  peak  at  45°  indicates  the  genera-
tion of lithium nitride (Li3N), suggesting that a nitridation re-
action occurs during lithiation. The peak at approximately 43°
is attributed to amorphous carbon, and its increased intensi-
ty after cycling implies lithium-ion intercalation into the free-
carbon  phase.  Additionally,  the  broad  Si―O  peak  centered
around 23° before cycling shifted slightly to 21° after cycling,
implying the formation of an O―Si―O structure during lithi-
ation.[35,36] Fig. S10(b) (in ESI) shows the XPS spectrum of Si 2p
after lithiation, where the binding energy of Si decreases from
103.1 eV to 101.8 eV, indicating an alloying reaction between
Si and Li.[37] In summary, the lithiation mechanism of the SiC-
NO/C anode involves  a  synergistic  interplay  of  alloying reac-
tions, carbon layer intercalation, and lithium adsorption at de-
fect  sites  and  nitrogen-doped  sites.  This  multimode  storage
mechanism endows the material with excellent structural sta-
bility and superior kinetic performance.
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CONCLUSIONS

In  this  study,  a  novel  polysilazane-acrylonitrile  (PSZ/PAN)  com-
posite precursor was rationally designed to construct high-per-
formance SiCNO/C anodes via high-temperature  pyrolysis.  The
combination  of  radical  polymerization  and in  situ acrylonitrile
incorporation  enabled  molecular-level  interpenetration  be-
tween the polysilazane network and PAN segments, effectively
suppressing  phase  separation  and  establishing  a  robust  struc-
tural framework.

The derived SiCNO/C composite integrates the advantages
of both components: the SiCNO ceramic matrix provides me-
chanical robustness to buffer volume variations, whereas the
PAN-derived carbon forms a continuous conductive network
that  enhances  electron  transport  and  introduces  abundant
active sites. As a result, the SiCNO/C electrode delivers a high
initial  discharge  capacity  of  2749.0  mAh·g–1,  retains  1091.6
mAh·g–1 after 100 cycles at 100 mA·g–1, and maintains 1050.1
mAh·g–1 after  600  cycles  at  500  mA·g–1.  Moreover,  the  low
volume expansion of  60.0% confirmed its  superior  structural
stability during cycling.

These results highlight that molecular-level structural engi-
neering  of  polymer-derived  ceramics  is  an  effective  strategy
for  simultaneously  achieving  high  capacity,  enhanced  con-
ductivity,  and  long-term  stability,  offering  promising
prospects for advanced lithium-ion battery anodes.
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