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Abstract To address the critical issue of volume expansion in silicon-based anode materials and enhance battery performance, a novel method
for synthesizing microsized silicon carbonitride (SICNO) ceramic particles was presented as a high-performance anode material for lithium-ion
batteries. SICNO ceramic microspheres were prepared via high-temperature pyrolysis of organopolysilazane microspheres (OPSZ MPs), which
were synthesized via free radical polymerization of silazane oligomers initiated by azobisisobutyronitrile (AIBN). The SICNO microspheres, serve
as the active materials in lithium-ion batteries anode, demonstrated excellent electrochemical performance with an initial discharge-specific ca-
pacity of 1663.3 mAh-g~' and 622.9 mAh-g~" after 400 cycles at 1 A-g™". These microspheres exhibited superior structural stability during the lithia-
tion and delithiation processes, with a volume expansion of 25.46% during cycling. The enhanced performance can be attributed to their regular
spherical structures and larger specific surface area, which improve the ion/electron transport and stress distribution. This study highlights the
potential of synthesizing and regulating the morphology of SiCNO particles to improve the performance of anode materials for lithium-ion bat-

teries, providing a balance between high electrochemical activity and structural stability.

Keywords Lithium-ion batteries; Silicon/Carbon composite anode; Micro-sized particles; Polysilazane

Citation: Xia, X; Zhang, Z. P; Wang, D. S, Li, Y. H.; Sun, J. J; He, J. J,; Wang, Q. F,; Zhao, W. Micro-sized silicon carbonitride prepared by radical
polymerization as a high-performance anode material for lithium-ion batteries. Chinese J. Polym. Sci. 2026, 44, 2659-2669.

INTRODUCTION

The design and synthesis of advanced anode materials are cru-
cial for addressing the limitations of conventional lithium-ion
batteries. Silicon-based anodes are highly promising because of
their exceptional theoretical capacity (about 4200 mAh-g™")."
However, their practical application is hindered by significant
volume expansion (about 300%) during lithiation,>?! which
leads to electrode degradation and rapid capacity fading. Poly-
mer-derived ceramics (PDCs), particularly those derived from
organosilicon precursors with Si—C or Si—N frameworks, offer
a promising solution owing to their adjustable molecular struc-
tures and stability after pyrolysis.

Recent progress in preceramic polymer chemistry, such as
using polysiloxanes, polycarbosilanes, and polysilazanes, has
facilitated the development of SiCO and SiCN ceramic materi-
als with enhanced lithium storage properties. Among these,
polysilazanes, featuring a Si—N backbone, are especially ad-
vantageous for synthesizing Si—C—N ceramics. Neverthe-
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less, the fabrication of uniform discrete PDC particles (e.g., mi-
crospheres) remains a challenge. To address this, free-radical
polymerization has been employed to produce monodis-
perse polymer microspheres with excellent dispersibility. Key
parameters, such as monomer concentration, initiator ratio,
temperature, and stirring rate, critically influence the micro-
sphere size and morphology.>¢! For instance, Zhang et al.””}
used an emulsion method with an inert fluorinated solvent
(FC-70) and UV-initiated radical polymerization to synthesize
vinylsilazane-derived nanoparticles. When combined with
graphene oxide, these ceramic SiCNO nanoparticles demon-
strated that higher active material loading leads to better
lithium storage, underscoring the importance of controlled
synthesis in optimizing the electrochemical performance.

In this study, monodisperse organic polysilazane micro-
spheres (OPSZ MPs) were synthesized by homogeneous free
radical polymerization using azodiisobutyronitrile (AIBN) as
the initiator, enabling precise particle size control and effi-
cient solvent processing. Subsequent pyrolysis yielded SiC-
NO ceramic microspheres (SICNO MPs) with a uniform mor-
phology and superior dispersibility. Radical polymerization
was successfully introduced into the morphology synthesis of
polymer-derived ceramics (PDC), which realized the "bridge"
construction from organic polymers to inorganic ceramics.
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Compared to their bulk-polymerized counterparts (SiCNO
HT), the SICNO MPs were micron-sized solid spheres that ef-
fectively resisted internal stresses during lithium insertion/
deintercalation processes, while simultaneously suppressing
particle pulverization. Micron spheres exhibited a higher tap
density, improved packing behavior, mitigated parasitic side
reactions, and enhanced volumetric capacity. As Li-ion bat-
tery anodes, the SICNO MPs delivered outstanding cycling
stability, retaining a reversible capacity of 622.9 mAh-g-! after
400 cycles at 1 A-g~". These findings highlight the pivotal role
of synthesis engineering in tailoring the microstructure and
electrochemical properties of PDC-based materials for next-
generation energy-storage applications.

EXPERIMENTAL

Materials

Dichloromethylsilane (98%), dichloromethylvinylsilane (97%),
aminopropyltriethoxysilane (99%) (all purchased from Sigma-
Aldrich, Shanghai), n-hexane (Sinopharm Chemical Reagent,
Shanghai, China), azodiisobutyronitrile (AIBN), anhydrous ace-
tonitrile (Energy Chemical, Shanghai), and anhydrous ethanol
(Sinopharm Chemical Reagent, Shanghai, China) were used.

Synthesis of Organopolysilazane Oligomer OPSZ

1001

To a 2 L three-necked round-bottom flask equipped with a stir-
rer, thermometer, and dry ice/isopropanol condenser, 600 mL of
hexane was added. Then, methyltrichlorosilane (0.24 mol, 27.6
g) and methylvinyldichlorosilane (0.06 mol, 8.4 g) were sequen-
tially added to the reactor, followed by the addition of 3-amino-
propyltriethoxysilane (0.3 mol, 66.42 g). The mixture was cooled
to approximately 20 °C in an ice bath and stirred for 2 h. Ammo-
nia vapor was slowly introduced into the reactor and the tem-
perature was maintained at approximately 20 °C for 2 h. Upon
completion of the ammonolysis reaction, the ammonium chlo-
ride precipitate was removed via filtration. Subsequently, the
precipitate was extracted thrice with n-hexane (100 mL). Finally,
excess ammonia and solvent were removed by evaporation un-
der reduced pressure at 40 °C, affording a liquid organopolysi-
lazane oligomer (OPSZ 1001).

Preparation of OPSZ MPs

The organopolysilane oligomer (OPSZ 1001) was dissolved in 10
mL of anhydrous acetonitrile, and then the initiator AIBN was
added to dissolve rapidly. Oxygen was removed from the reac-
tion system through freeze-pump-thaw cycles and the reaction
was carried out at 60 °C under argon protection. After 8 h, the
reaction solution was removed and centrifuged at 8000 r-min~'
for 10 min, and the excess solvent and unreacted monomers
were removed. The precipitate was redispersed in anhydrous
ethanol and ultrasonicated for 10 min. Centrifugation and rins-
ing were repeated three times, and the OPSZ MPs were vacuum
dried at 80 °Cfor 12 h.

Preparation of SIiCNO MPs and SiCNO HT

SiCNO MPs were prepared by pyrolyzing OPSZ MPs under a ni-
trogen atmosphere at a heating rate of 10 °C-min~" up to 1000
°C, followed by a dwell time of 3 h at this temperature. SIiCNO
ceramic powder (denoted as SICNO HT) was obtained by pyrol-
ysis of a high-temperature-cured organopolysilazane (OPSZ HT).

This process involved first curing OPSZ 1001 at 80 °C for 24 h.
Subsequently, the cured product was ground into a powder us-
ing an agate mortar and subjected to ball milling at 300 rmin~'
for 6 h to yield OPSZ HT. Finally, SICNO HT was obtained by py-
rolyzing OPSZ HT at 1000 °C under a nitrogen atmosphere, em-
ploying a heating rate of 10 °C:min~" and a dwell time of 3 h.

Structural Characterization

The structure of OPSZ1001 was analyzed by Fourier transform
infrared spectroscopy (FTIR) using a Bruker VERTEX70 instru-
ment. The morphologies of the OPSZ and SiCNO MPs were
characterized by transmission electron microscopy (TEM,
JEM2100) and scanning electron microscopy (SEM, JSM7500F),
and the samples were centrifuged using a benchtop high-speed
centrifuge (TG16-WS). X-ray diffraction (XRD) patterns were
recorded using a Rigaku D/MAX/2500PC X-ray diffractometer.
The surface chemical states of the elements in the ceramic com-
posites were determined using X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher, ESCALAB XI+).

Half-cell Assemble and Electrochemical Studies
Ceramic SiCNO MPs and SiCNO HT prepared by pyrolysis of OP-
SZ MPs and OPSZ HT were used as the active anode materials
for lithium-ion batteries. Carboxymethyl cellulose (CMC) and
styrene-butadiene latex (SBR) were used as binders, and con-
ductive carbon black super p was used as the conductive agent,
which was uniformly dispersed in H,0 to form a homogeneous
slurry according to the formula SiNCO:super p:CMC:SBR=
6:2:1.2:0.8. Then, the slurry was scraped and coated on top of a
copper foil with a thickness of 150 ym. After standing for 2 h,
the coating was then dried in a vacuum oven at 80 °C for 12 h.
The SiCNO ceramic working electrode and lithium metal sheet
(diameter 16 mm, thickness 0.6 mm) were assembled into a
2032 button battery, with the lithium metal sheet serving as the
negative counter electrode. All operations were performed in an
argon-filled glove box (H,O and O, content < 0.01 cm3/m3). The
electrolyte was a 1 mol-L™! LiPFg solution in a mixed solution of
dimethyl carbonate and ethylene carbonate (volume ratio 1:1).
The electrodes were separated using a Celgard 2500 separator
(thickness, 25 pm; diameter, 18 mm). The electrochemical per-
formance of the battery was tested on the Land 3002A battery
testing system (Wuhan Dadi Electronics Co., Ltd., China Wuhan)
under room temperature and constant current density condi-
tions, with a cutoff voltage of 0.01-2.0 V (versus Li/Li*). All the
specific capacities were calculated based on the mass of the SiC-
NO ceramic.

RESULTS AND DISCUSSION

In this study, polysilazane microspheres (OPSZ MPs) were syn-
thesized via free-radical polymerization in a homogeneous solu-
tion of vinyl dichlorosilane and dimethyldichlorosilane co-am-
monolysis products using AIBN as the initiator. Acetonitrile was
selected as the solvent because of its good solubility, chemical
inertness, and compatibility with the free-radical polymeriza-
tion system, which is helpful for achieving uniform monomer
dissolution and controllable microsphere formation. By system-
atically optimizing the reaction parameters, including the time,
temperature, initiator concentration, and monomer ratio, we
developed a controllable method to produce highly uniform
and well-dispersed microspheres. The resulting OPSZ MPs ex-
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hibited excellent potential as preceramic precursors for ad-
vanced ceramics and energy storage applications. Electrochem-
ical evaluations in half-cell configurations revealed their promis-
ing performance as anode materials for lithium-ion batteries, of-
fering high energy density and exceptional cycling stability.
These properties stem from the uniform morphology of the mi-
crospheres and their tailored chemical composition, which miti-
gates structural degradation during cycling. This study high-
lights the critical role of precise synthesis control in the devel-
opment of high-performance polymer-derived ceramic materi-
als for next-generation battery technologies.

Synthesis and Characterization of
Organopolysilazane Oligomers (OPSZ 1001)

OPSZ 1001 was synthesized via ammonolysis of methy-
Ivinyldichlorosilane, methyldichlorosilane, and aminopropyltri-
ethoxysilane. The chemical structure of the obtained oligomer
was characterized by proton nuclear magnetic resonance ('H-
NMR) and Fourier transform infrared (FTIR) spectroscopy. 'H-
NMR spectroscopy (Fig. S1 in the electronic supplementary in-
formaiton, ESI) showed the presence of —Si—CH=CH,
(6.23-5.63 ppm), —Si—H (4.86—4.31 ppm), and —Si—CH;
(0.34-0.07 ppm) groups, which was in agreement with the FTIR
spectroscopy results. FTIR provided complementary structural
information, as shown in Fig. S2 (in ESI). The following charac-
teristic absorption peaks were observed in the spectrum: the
C—H stretching vibrations of the vinylsiloxane group
(—Si—CH=CH,) appeared at 3053 and 2974 cm™, and the
C=C stretching vibration peak was located at 1598 cm™. A
prominent absorption peak corresponding to the —Si—H bond
is observed at 2140 cm™. The absorption peaks assigned to the
—Si—NH—Si structure included the N—H stretching vibration
at 3394 cm™' and the Si—N vibration at 953 cm™'. Additionally,
the —Si—CH; group exhibited a characteristic absorption peak
at 1251 cm™', accompanied by C—H stretching vibrations at
2931 and 2885 cm™'. The concordance of these spectroscopic
analyses confirmed the successful synthesis and structural in-
tegrity of organopolysilazane oligomers.

Preparation of Organopolysilazane Microspheres
(OPSZ MPs) by Free Radical Polymerization and
Particle Size Regulation

The OPSZ MPs were prepared via free-radical polymerization.
The preparation process is illustrated in Fig. 1. The morphology,
particle size, and particle size distribution of the OPSZ MPs can
be effectively controlled by adjusting the concentration, reac-
tion temperature, and initiator dosage of OPSZ 1001 during
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polymerization.

First, under certain conditions (OPSZ 1001 concentration:
0.05 mol-L™, initiator AIBN: 1%, reaction temperature: 50 °C),
the effects of different reaction times on the size and particle
size distribution of nanoparticles were investigated. As shown
in Fig. S3 (in ESI), the particle size of the OPSZ MPs increased
with increasing reaction time, the microspheres became ir-
regular, and the particle size distribution was uneven after 12
h. At 8 h, the particle size distribution was the most uniform,
with regular spherical shapes, and an average particle size of
approximately 1.3 pm. Therefore, an optimal reaction time of
8 h was selected for the follow-up study.

To further optimize the synthesis parameters, the effects of
monomer concentration, initiator dosage, and reaction tem-
perature on the particle morphology and size distribution
were systematically studied, as summarized in Table 1.

The reaction temperature played a critical role in determin-
ing the particle morphology and size distribution. As evi-
denced by SEM analysis (Fig. S4 in ESI), microspheres synthe-
sized at 55-60 °C displayed optimal uniformity in both size
and shape. At lower temperatures, the reduced polymeriza-
tion rate resulted in irregular particle formation, whereas ele-
vated temperature (>60 °C) promoted excessive AIBN decom-
position. This leads to an uncontrolled increase in the free
radical concentration, causing rapid polymerization kinetics
and, consequently, broader particle size distributions.[® Sys-
tematic evaluation of these thermal effects established 55-60
°C as the optimal temperature range for producing monodis-
perse microspheres with well-defined morphologies.

Subsequently, the effect of initiator concentration on the
morphology and size distribution of the OPSZ MPs was sys-
tematically investigated. As shown in Table 1 and Fig. S5 (in
ESI), the diameter of the OPSZ MPs gradually increased with
increasing initiator content, resulting in inhomogeneous par-
ticles. This phenomenon can be attributed to the increased
radical formation at elevated initiator levels, which promotes
excessive grafting of vinylsilane monomers onto particle sur-
faces and consequently results in uncontrolled particle
growth. Optimal uniformity was achieved at an AIBN:OPSZ
1001 molar ratio of 1:100 (1% initiator), yielding monodis-
perse microspheres with a diameter of 1.6 ym (Fig. S5f in ESI).

Finally, the influence of the OPSZ 1001 concentration was
assessed. SEM images in Fig. S6 (in ESI) revealed that an OPSZ
1001 concentration of 0.01 mol-L-' produced microspheres
with optimal size uniformity. Increasing the monomer con-
centration resulted in larger particle diameters and broader

ol on \\/\S' I7Q
/.‘ ‘.' I\C\ ] \SI —C— SITC
) ) ) _6 \l S| \ \
+S| N}—SI N*{SI Ni‘ AIBN R1-s| R1 _[,N_ %N—&—[N— % R I'\Q N /N\C/SI‘
\/\f 1—5‘ *  Carbonization \/ C_' -y \C ,g\
ME%I Sl Me \I,Sl\c,N\S N—&IF— -\ \2*
Radical solution H R —J- ° DI Nwgt, P'S
_______ ( ollmeris:tilon Rzﬂ P ¢ P 5'1N R R 1000°¢ s S"\S' N\}N—Si\ SI\\‘
| oPSZ r. oG poly AL @ AT
. - c/ -\
o 78 "o A
I_/:?\-/___\_—_/l Et Et C
m, n=Monomer composition (%), m+n=1
Ry, Ry= CH3,CH=CH,, H OPSZ MPs SiCNO MPs

Fig. 1

Schematic representation of SICNO ceramic microparticles prepared using free radical polymerization.
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Table 1 Summary of OPSZ MPs synthesized by free radical
polymerization under different conditions.

Entry OPSZ 1001 (mol-L™")  AIBN content (%) Temperature (°C)

1 0.05 1 45

0.05 1 50

3 0.05 1 55

4 0.05 1 60
5 0.05 1 65

6 0.05 0.5 60
7 0.05 1 60

8 0.05 2 60
9 0.05 4 60
10 0.05 8 60
11 0.01 1 60
12 0.05 1 60
13 0.1 1 60
14 0.15 1 60
15 0.2 1 60

size distributions accompanied by observable polymer ag-
glomeration. This concentration-dependent behavior stems
from enhanced polymerization kinetics at elevated monomer
levels, which promotes (1) excessive radical generation and
(2) non-uniform particle growth rates.

Characterisation of Morphology, Structure and
Composition of Organopolysilazane Microspheres
(OPSZ MPs)

The silazane oligomers (OPSZ 1001) were polymerized by free
radicals to form organosilazane networks. In the spectral band
of OPSZ 1001 (Fig. 2a), absorption peaks attributed to —Si—H
can be observed at 2140 ¢cm™'. The bands associated with
Si—NH—Si included N—H stretching at 3394 cm™' and Si—N
vibrations at 953 cm™. The energy bands for vinyl
(Si—CH=CH,) were C—H stretching vibrations at 2974 and
3053 cm™, respectively, and a C=C stretching vibration was
observed at 1598 cm™'. The characteristic band of the Si—CH,
group was located at 1251 cm™'. The weakening of the —Si—H
and N—H peaks during the free radical polymerization of the
silazane oligomers is due to dehydrogenation between the
—Si—H and —N—H groups or the addition of hydrosilanes to
the C=C bond.”'% The SiCNO ceramic MPs were produced by
pyrolysis of OPSZ MPs at 1000 °C. The transformation from poly-
mer to ceramic was confirmed by FTIR spectra of the micro-
spheres. During pyrolysis at 1000 °C under nitrogen, C—Si and
Si—O bonds exhibited greater stability compared to C—H
bonds. In polysilazane, the peaks assigned to the —Si—CH;
(about 1259 cm™') and —CH,— (about 2972 cm™) groups dis-
appeared, whereas peaks attributed to Si—O (about 1076 cm™)
and —Si—C— (about 821 cm™) bonds emerged after
pyrolysis.'""'2 Simultaneously, in the XRD spectra of Fig. 2(b),
there are broad diffraction peaks at about 23° and about 43°, in-
dicating that the SiCNO microspheres are amorphous after de-
composition at 1000 °C. As shown in Fig. 2(c), the Raman spec-
tra of the SICNO sample show typical peaks at 1358 and 1598
cm™, indicating that free carbon was also formed during the
carbonization of SICNO.!I'3!

There was a significant difference between the OPSZ ob-
tained by bulk polymerization and free-radical polymeriza-
tion. OPSZ HT shows an uneven block structure (Fig. 2d),
while OPSZ MPs show a uniform spherical appearance; after

the ceramic process, they still maintain a good spherical mor-
phology and dispersion. Scanning electron microscopy (SEM)
and the corresponding elemental mapping spectrogram
(EDS) plots show the distribution of Si, C, N, and O in the OP-
SZ MPs (Fig. 2g) and SiCNO MPs (Fig. 2h), indicating that Si, C,
N, and O are uniformly distributed on the surface of the
spherical particles. The distribution of C in the elemental
mapping images of the ceramicist particles was slightly differ-
ent from that of the other three elements, which may be due
to the generation of free carbon during the carbonization
process.

The X-ray photoelectron spectroscopy (XPS) analysis of the
Si 2p peak demonstrates a shift from the binding energy peak
center of OPSZ MPs at 102.6 eV to 101.7 eV in SiCNO, indicat-
ing a change in the silicon valence state after Si—O bond
fracture during pyrolysis. Specifically, the silicon band (Si 2p)
of OPSZ MPs was deconvoluted into two peaks at 102.2 and
101.4 eV, which correspond to Si—O and Si—C, respectively.
(Fig. S7a in ESI). This decrease in the SiO, phase indicated that
the Si—O bond was broken during the pyrolysis process. The
oxygen bands (O 1s) of Si—O and SiO, peak at 531.2 and
531.6 eV, respectively, with the change in O 1s peak intensity
confirming Si—O bond fracture during pyrolysis (Fig. S7b in
ESI). In the C 1s spectrum, SiCNO MPs exhibited peaks at 283.4
and 284.8 eV, which correspond to the C—Si bond and
C—C/C=C bonds, respectively. Notably, the C=C bonds
present in the OPSZ MPs were completely consumed during
the polymerization process. As shown in Fig. S7(c) (in ESI), the
increase in the C—Si peak intensity following pyrolysis sug-
gests a reaction between carbon and silicon, resulting in the
formation of additional C—Si phases at 1000 °C. This observa-
tion was also supported by the Si 2p band. Additionally,
C—0O/C—N component at 286.8 eV confirms the nitrogen
doping.['#151 The N1s peak at 399.4 eV shown in Fig. S7(d) (in
ESI) indicates successful nitrogen doping, with contributions
from N—Si and N—C molecules observed at 398.8 and 400.4
eV, respectively.

Electrochemical Performances as Anode for Lithium-
ion Batteries

The SiCNO MPs and SiCNO HT were studied using cyclic voltam-
metry (CV) to examine their lithium-ion insertion/extraction be-
havior. Fig. 3 shows the CV curve of the SiCNO electrode over
the first five cycles at a scan rate of 0.1 mV-s™'. The SiCNO MPs
electrode exhibited a broad reduction peak at approximately
0.76 V, which disappeared in subsequent cycles, indicating the
formation of a stable SEI film on the material surface.l'” In addi-
tion, the reduction peak observed between 1-1.5 V was associ-
ated with irreversible reactions involving lithium silicate (Li;SiO,,
Li,Si,Os) and Li,O. In subsequent cycles, a new reduction peak
appears around 0.1V, related to the lithiation of amorphous sili-
con, and an oxidation peak near 0.53 V, corresponding to the
delithiation process of lithium-silicon alloy.'”? In contrast, the
SICNO HT electrode did not exhibit any noticeable reduction or
oxidation peaks in the CV curve, and the corresponding current
values were quite low. This observation suggests that the SiC-
NO HT electrode material exhibits relatively poor lithium stor-
age performance. The differences in the electrochemical behav-
ior between the two materials highlight the superior lithium-ion
storage capabilities of the SICNO MPs compared to the SiCNO
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Fig.3 Cyclic voltammetry curves of (a) SiCNO MPs and (b) SICNO HT.
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HT electrode.

The electrochemical charge/discharge behavior of the SiC-
NO ceramics at a current density of 100 mA-g~' is illustrated
by the curves in Fig. 4(a). The initial cycle revealed discharge
and charge capacities of 1663.3 and 1123.0 mAh-.g~! for SiC-
NO MPs, corresponding to a first-cycle Coulombic efficiency
(CE) of 67.5%. Compared to SiCNO MPs, SiCNO HT exhibited a
higher initial discharge capacity (1824.7 mAh-g~') yet a signifi-
cantly lower charge capacity (910.1 mAh-g-'), which was re-
flected in its much lower first-cycle CE of 49.9%. The reason
for the low initial coulombic efficiency of these two materials
is that the SEI film is formed on the electrode surface during
the first charge (lithium intercalation) process, which con-
sumes lithium ions and solvents/salts in the electrolyte, there-
by reducing ICE. Second, SiCNO has a high specific surface
area, which is conducive to ion transport; however, it also in-
creases the contact area between the electrode and the elec-
trolyte, aggravates the overgrowth and side reactions of the
SEl film, and reduces the ICE. Third, SiCNO materials are often
amorphous, and their disordered structure may lead to irreg-
ular lithium ion insertion/extraction paths. Some lithium ions
are 'captured' and are difficult to extract inside the material,
resulting in irreversible capacity loss. Compared with the ir-
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regular bulk SiCNO HT, the spherical and monodisperse mi-
crospheres had a more uniform surface chemical state and
fewer defect sites. This helps form a more uniform, possibly
thinner, and more stable SEI film, thereby reducing the irre-
versible lithium consumption caused by SEI overgrowth and
uneven rupture/reconstruction during the first cycle.['8]

The charge/discharge cycling performances of the SICNO
MPs and SiCNO HT electrodes at a current density of 100
mA-g~! are shown in Fig. 4(b). The SiCNO MPs electrodes
demonstrated excellent electrochemical performance, ex-
hibiting a relatively high specific capacity and coulombic effi-
ciency during charge/discharge cycles. Specifically, after 100
cycles, the SiCNO MPs maintained a discharge-specific capaci-
ty of 633.9 mAh-g~! with a high CE of 99.6%. In contrast, the
SiICNO HT electrode showed a lower cycling performance,
with a discharge-specific capacity of only 449.6 mAh-g~'. The
superior cycling performance of the SICNO MPs electrode can
be attributed to its spherical structure, which allows for uni-
form stress distribution during volume expansion. The rate
performance and corresponding Coulombic efficiency of the
composites containing SICNO MPs and SiCNO HT measured
at various current densities are illustrated in Fig. 4(c). When
the current density was restored to 100 mA-g~" in cycles 31 to
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(a) First cycle voltage profiles of SICNO MPs and SiCNO HT; (b) Cycling performance and coulombic efficiency of SICNO MPs and SiCNO HT at

a current density of 100 mA-g~'; (c) Rate performance of SiCNO MPs and SiCNO HT; (d) Long-cycle performance of SiCNO MPs and SiCNO HTs at a

current density of 1 A-g™".
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35, the charge capacity of all electrodes returned to approxi-
mately the same level as in Cycle 5. This recovery suggests
that the samples retain their structural integrity even under
high-rate lithiation/delithiation, with no significant damage.
By contrast, the capacity of the SICNO HTs remained below
200 mAh-g~! at current densities above 1500 mAh-g-1. This
difference indicates that the spherical SiCNO microspheres
exhibit superior rate performance and stability.

Fig. 4(d) shows the long-term performance of the SiCNO
MPs and SiCNO HT electrodes. The electrodes were initially
activated for three cycles at 100 mA-g-'. Subsequently, their
long-term cycling stability was evaluated over 400 symmetri-
cal discharge/charge cycles at a high current density of 1
A-g~1. The capacity of the SiCNO MPs after 400 cycles is 622.9
mAh-g-1. Although both the SiICNO MPs and SiCNO HT
showed good cycling stability and Coulombic efficiency, the
initial specific capacity and Coulombic efficiency of the SiC-
NO MPs electrodes were significantly higher than those of the
SiCNO HT electrode. During the entire long-term test, the SiC-
NO MPs maintained a coulombic efficiency of approximately
98% and demonstrated excellent cycling stability. This high
efficiency indicates that only a slight structural degradation
occurred over 400 cycles. Compared with other anode materi-
als (Table S2 in ESI), the SICNO NPs exhibited a superior cy-
cling performance at high current densities. This was attribut-
ed to the structural stability caused by the optimal carbon
content.

Fig. 5(a) shows the electrochemical impedance spectra
(EIS) of the SiICNO MPs and SiCNO HT before the charge and
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discharge cycles. The specific values of the curves before and
after cycling were fitted to further compare the reaction ki-
netic parameters of the two samples, as detailed in Table S1
(in ESI). The fitting circuit diagram is shown in Fig. 5(b). Figs.
5(c) and 5(d) indicate a decrease in the charge transfer resis-
tance (R.) after cycling compared with uncycled batteries.
This reduction in R, can be attributed to activation of the
negative electrode material.'”! R, remained relatively un-
changed during the subsequent 50 cycles but increased after
100 cycles. However, the SiCNO MPs exhibited a lower charge
transfer impedance than the SiCNO HT electrode material.
This can be explained by the regular spherical structure of the
microspheres, which facilitates charge transfer by providing a
short charge-diffusion path within the material. In contrast,
the bulk structure of the SICNO HT is irregular in shape, with
poor dimensional uniformity, resulting in a longer diffusion
path, lower conductivity, and therefore higher impedance.

To elucidate the lithium storage mechanism of the SiCNO
MPs anode, CV measurements were performed at scan rates
ranging from 0.1 mV:s~' to 1.0 mV-s~1 (Fig. 6a). The CV profiles
retained similar shapes across all scan rates, whereas the peak
currents increased proportionally with sweep rate. This be-
havior was quantified by the power-law relationship be-
tween the peak current (i) and sweep rate (v).

i=a/ (1)
where a is a tunable value, and b can be derived from the fitted
slope of the Ig(v)-Ig(i) plot. The b-value indicates the kinetics of
charge storage and reveals the corresponding electrode stor-

age mechanism.?? As depicted in Fig. 6(b), for the cathode/an-
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(a) Nyquist diagram of SICNO MPs and SiCNO HT electrode before cycling; (b) Equivalent circuit diagram before and after cycling; Nyquist
plots of (c) SICNO MPs and (d) SiCNO HT electrodes before and after cycling.
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ode peaks, the calculated b-value was 0.54/0.79, suggesting that
the total capacity consisted of both capacitive and diffusion-
controlled processes simultaneously. Furthermore, at a given
scan rate (v), the total measured current (i) originated from two
distinct contributions: a surface-dominated pseudocapacitive
process (k;v) and a bulk diffusion-controlled process (k,v'’?). This
can be expressed quantitatively by the following relationship:

i(v):k1v+k2v1/2 (2)

The increase in the pseudocapacitance contribution with
increasing scan rate and the corresponding decrease in the
diffusion contribution indicate that the pseudocapacitance
control process has a significant impact on the total elec-
trode capacity, especially at higher scan rates (Fig. 6¢). In ad-
dition, it is possible to calculate the k; and k, values, allowing
for the distinction between the percentage contributions of
the capacitance-controlled and diffusion-controlled mecha-
nisms. According to the analysis, the surface pseudo capaci-
tance contribution of SICNO MPs electrodes at 0.1 mV-s~' is
about 29.3% (Fig. 6d).

SEM was used to examine the morphology of the two elec-
trodes after 100 lithiation/delithiation cycles to further evalu-
ate the structural stability of the SiCNO HT and MP compos-
ites. The SEM images reveal significant differences between
the two materials. After 100 charge/discharge cycles, the SiC-
NO MPs electrodes maintained their structural integrity, as

evidenced by the relatively smooth and flat surface that was
free of significant cracks or degradation. (Figs. 7a and 7b).
This suggests that the structural integrity of the material was
preserved during cycling. In contrast, the SiICNO HT elec-
trodes exhibited significant morphological changes after 100
charge/discharge cycles. The surface became rough, exhibit-
ing visible delamination and cracking (Figs. 7c and 7d, respec-
tively). These changes suggest that the material underwent
structural degradation during cycling. This reflects the
change in volume expansion before and after the cycle. The
volume expansion rate can be approximated as the rate of in-
crease in the thickness. This can be expressed quantitatively
by the following relationship:

Vi -V, t—t
Volume expension rate (%) = %MOO% x %MOO% (3)

i i
where V; and V; represent the volume of the electrode before
and after 100 cycles, respectively, and t; and ¢ denote the thick-
nesses of the electrode before and after 100 cycles, respectively.
The thickness increased substantially for both materials: SICNO
MPs grew from 26.5 ym to 49.2 um, and SiCNO HT from 25.8 pm
to 53.1 pm, with the latter exhibiting a more pronounced in-
crease. (Figs. 7e=7h). The smaller increase in thickness and bet-
ter structural retention in the SiCNO MPs are attributed to the
higher dispersion of spherical particles in the electrode material,
ensuring full contact with the conductive substrate. This im-

https://doi.org/10.1007/510118-026-3659-9


https://doi.org/10.1007/s10118-026-3659-9
https://doi.org/10.1007/s10118-026-3659-9
https://doi.org/10.1007/s10118-026-3659-9
https://doi.org/10.1007/s10118-026-3659-9
https://doi.org/10.1007/s10118-026-3659-9
https://doi.org/10.1007/s10118-026-3659-9
https://doi.org/10.1007/s10118-026-3659-9

Xia, X. et al./ Chinese J. Polym. Sci. 2026, 44, 2659-2669 2667

Fig.7 SEM images of SiCNO MPs electrode (a, b) and SiCNO HT electrode (c, d) before and after 100 charge-discharge cycles. Corresponding cross-
sectional SEM images of the SiCNO MPs electrode (e, f) and SiCNO HT electrode (g, h) before and after 100 charge-discharge cycles.

proved the electrical connectivity and mitigated the volume ex-
pansion stress in the entire electrode. The spherical geometry of
the SiCNO MPs provided isotropy, allowing for uniform volume
changes in all directions during cycling. This isotropy allows for
uniform volume changes in all the directions during cycling.
This isotropy reduces the likelihood of comminution and frag-
mentation, contributing to the material-enhanced cycling sta-
bility compared with the irregularly shaped SiICNO HT.2" This
analysis underscores the superior structural stability of SICNO
MPs over SiCNO, making it a more reliable material for long-
term lithium-ion battery applications.

To further explore the lithium-ion storage mechanism of
the SICNO materials, XPS characterization was performed on
the electrode materials in different charging and discharging
states, as shown in Fig. S8 (in ESI). The XPS spectra of Si 2p
showed that during discharge to 0.01 V, the binding energy
of Si 2p shifted to a lower value. Upon charged to 2.5V, the
binding energy shifted back to a higher position. This shift in-
dicates a redox reaction between the SiCNO and Li ions dur-
ing the cycling process. When discharged to 0.01 V, there are
three peaks of Si—O—Si bonding around 101.2 eV,
Si—Si/Si—O—Li bonding (about 100.6 eV, and Li—Si bond-
ing (about 99.9 eV).[?21 At charging to 2.5V, it can be seen that
the peak strength of the Li—Si bond is greatly reduced, but
the peak strength of the Si—Si bond is significantly increased,
indicating that most of the Li,Si is converted back to Si dur-
ing the delithiation process, with some irreversible products
such as Li,SiO, remaining.”s] The peak strength of the
Si—O—Si bond is approximately 100.6 eV and that of the
Si—Si/Si—O—Li bond is approximately 99.9 eV. The pres-
ence of a small number of Li—Si bonds even after charging to
2.5 V suggests incomplete delithiation, which may contribute
to capacity loss over cycles.[24

CONCLUSIONS

In this study, organopolysilazane microspheres (OPSZ MPs)
were synthesized via the free radical polymerization of silazane
oligomers initiated by azobisisobutyronitrile (AIBN). By varying
the reaction conditions, such as the concentration of the
silazane oligomer, amount of initiator content, reaction temper-

ature, and reaction time, the particle size and distribution of the
microspheres were controlled, resulting in well-dispersed OPSZ
MPs. These OPSZ MPs were then pyrolyzed at high tempera-
tures to form SiCNO ceramic microspheres (SiCNO MPs), which
were used as active materials for anodes in lithium-ion batteries.
Compared to SiCNO HT (prepared by high-temperature curing),
SiICNO MPs have a regular spherical structure with a large spe-
cific surface area, which can shorten the ion/electron transport
paths and upgrade their cycling and multiplicity performance.
The spherical structure also helped in the better dispersion of
stress from volume expansion, thus suppressing the extent of
expansion. Therefore, the SICNO microspheres exhibited an ini-
tial discharge-specific capacity of 1663.3 mAh-g~'. After 100
charge/discharge cycles at a current density of 100 mAh-g™', the
MPs retained a capacity of 633.9 mAh-g™". Even after 400 cycles
at a high multiplication rate of 1 A-g~!, the reversible capacity re-
mained at 622.9 mAh-g™". The SICNO MPs exhibited superior
structural stability during lithiation/delithiation, with a volume
expansion of 85.66% during cycling.
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