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A B S T R A C T

A facile method for fabricating a silicon nanoparticle–silicon oxycarbide composite anode material for lithium- 
ion batteries is developed using the polymer-derived ceramic (PDC) route. A cellular structure has first been 
printed via fused filament fabrication (FFF) using a Si nanoparticle-loaded thermoplastic polyurethane (TPU) 
filament, and subsequently infiltrated with a preceramic polymer, crosslinked at 160 ◦C, and pyrolyzed at 900 ◦C 
under nitrogen. For comparison, a pure SiOC ceramic has also been fabricated under identical conditions using 
commercial TPU filament. X-ray diffraction confirms the dispersion of Si nanoparticles within an amorphous 
SiOC matrix, while thermogravimetric analysis reveals free carbon contents of 39 wt% (SiOC) and 24 wt% 
(SiNPs/SiOC). Incorporation of Si nanoparticles into the SiOC matrix leads to improved reversible capacity, 
cyclic stability, and rate capability. The SiNPs/SiOC composite delivers initial reversible capacities of 990, 800, 
and 740 mAh g⁻¹ at current densities of C/20, C/10, and C/5, respectively.

1. Introduction

Li-Ion batteries, LIB, are widely used as an energy device for all kinds 
of portable electronics. Their relevance is quickly expanding with the 
electrification of the automotive industry, with a volume growth of 
about x10 in the last 5 years [1] There is still a need for devices with 
higher energy and power density, such as power sources for electrically 
driven cars or large-scale stationary energy storage. As a result, new 
high-capacity electrode materials need to be found. Graphite is the most 
widely used anode material in lithium-ion batteries (LIBs), owing to its 
high electrical conductivity, excellent rechargeability, and low volume 
expansion [2]. However, graphite possesses a relatively low theoretical 
capacity (372 mAh g⁻¹) and poses safety concerns at high charging rates 
[3,4]. The most studied anode materials to replace graphite are Si and Sn 
[5] Silicon, in particular, is a promising contender due to its excep
tionally high theoretical capacity of 3600 mAh g⁻¹, but large volume 
changes during lithiation and delithiation limit its uses [6] Sn presents a 

similar drawback with the theoretical lithiation capacity of 994 mAh g⁻¹ 
[7]

Recently, various Si-based polymer-derived ceramics (PDCs), such as 
SiCN and SiOC, have been investigated as potential substitutes for 
graphite in LIBs due to their excellent electrochemical properties, 
including high reversible capacities of up to 1300 mAh g⁻¹ [4,8–18] In 
particular, carbon-rich SiOC ceramics, having an amorphous structure, 
which include mixed silicon oxycarbide units, clusters of free carbon, 
and microporosity, demonstrate excellent Li storage in comparison to 
graphite [19,20]. Building on these achievements, many researchers 
have explored the synergistic combination of Si and SiOC to develop 
new anode materials with enhanced lithium storage capacity [21–26]. 
Moreover, the use of silicon oxycarbide ceramics as a host matrix for Si 
nanoparticles is especially promising: the low elastic modulus of the 
high Cfree oxycarbide network [27] effectively buffers the volume 
expansion of Si particles during lithiation, preventing the buildup of 
high stresses and ultimately reducing capacity fading.
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The present work contributes to this line of research by employing an 
innovative and straightforward 3D printing approach, [28] previously 
used to process SiC/SiOC composite materials and structures, [29] to 
obtain SiNPs/SiOC composites. Specifically, a silicon nano
particle/thermoplastic polyurethane (SiNPs/TPU) filament was 
3D-printed via fused filament fabrication (FFF) into a cellular structure, 
which was subsequently impregnated with a preceramic polymer (pol
ysilazane) and pyrolyzed at 900 ◦C under a nitrogen flow. The resulting 
material is a cellular SiNPs/SiOC composite. In this study, although the 
material was obtained in the form of a cellular structure, it was ground 
into powder to evaluate the electrochemical performance of the material 
as an anode for lithium-ion storage. It is important to emphasize that the 
3D printing approach offers significant potential for the fabrication of 
tailored anodic architectures with high areal energy and power densities 
[30,31]

2. Experimental

2.1. Synthesis of sinps/sioc

Thermoplastic polyurethane (TPU, Ninjaflex) filament and silicon 
nanoparticles (Si, 99.9 %, 100 nm) were purchased from NinjaTek 
(Lititz, PA, USA) and SkySpring Nanomaterials, Inc. (Houston, TX, USA), 
respectively. The polysilazane precursor Durazane® 1800 was obtained 
from Merck (Darmstadt, Germany).

Ninjaflex TPU and Si nanoparticles (SiNPs) were compounded at a 
85/15 wt % ratio using a Thermo Haake Rheomix 600 mixer (Thermo 
Fisher Scientific, USA). The resulting compound was extruded into fil
aments with a final diameter of approximately 1.75 mm. Further details 
of the compounding and extrusion procedures are reported elsewhere 
[29].

The TPU/SiNP filament was used to fabricate cellular components 
(15 × 15 × 5 mm³) via fused filament fabrication (FFF) using a 0.25 mm 
nozzle. The printed scaffolds were immersed in an acetone solution 
containing a Pt catalyst for 15 min to promote swelling and catalyst 
absorption. Subsequently, the samples were infiltrated with the pre
ceramic polymer Durazane for 6 h, allowing fully infiltration of the 

scaffolds and interaction with the platinum catalyst. The infiltrated 
structures were then air-dried for 48 h.

Pyrolysis was performed in an alumina tube furnace under an inert 
N₂ atmosphere. The furnace was purged with nitrogen for 2 h prior to 
heating. A heating rate of 2 ◦C min⁻¹ was applied up to 160 ◦C, followed 
by a 3-hour dwell to enhance crosslinking. The temperature was then 
increased at 0.5 ◦C min⁻¹ to 800 ◦C to minimize deformation during 
polyurethane decomposition and ceramization. After reaching 800 ◦C, 
the heating rate was raised to 2 ◦C min⁻¹ up to 900 ◦C, with a 1-hour 
hold, followed by natural cooling.

This optimized thermal profile, derived from previous work on SiOC 
ceramics with varying wall thicknesses for bio-applications [32], yielded 
cellular SiNPs/SiOC composite structures. An analogous procedure was 
conducted using pure Ninjaflex filament to produce TPU scaffolds, 
which were subsequently infiltrated with Durazane and pyrolyzed to 
obtain reference SiOC structures. Finally, both SiNPs/SiOC and SiOC 
cellular samples were milled into powders for electrochemical 
characterization.

A schematic representation of the process leading to the SiNPs/SiOC 
composite material is reported in Fig. 1.

2.2. Electrode preparation

The 3D-printed ceramic samples (SiNPs/SiOC and SiOC) were first 
ground and then further milled using a Retsch MM 400 mixer mill at a 
frequency of 30 s⁻¹ for 1 h. The milled powder was sieved to particle 
sizes ≤40 μm using a vibratory sieve shaker (Retsch VS 1000).

Electrodes were prepared by mixing 85 wt % SiNPs/SiOC or SiOC 
powders as the active material, 10 wt % binder (a 1:1 wt ratio of car
boxymethyl cellulose (CMC) and styrene–butadiene rubber (SBR)), and 
5 wt % carbon black as a conductive additive in deionized water using 
an IKA T25 digital ULTRA-TURRAX mixer for 30 min. The resulting 
slurry was cast onto copper foil with a doctor blade set to a 120 μm gap. 
The coated electrodes were dried at 40 ◦C for 12 h under ambient con
ditions, after which 10 mm diameter electrode disks were punched from 
the sheet.

The active mass of each electrode was determined by subtracting the 

Fig. 1. Schematic representation of the synthesis of SiNPs/SiOC composite from SiNPs-PU filaments via polysilazane impregnation.
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average mass of the blank Cu foil. The electrodes were then further dried 
in a Büchi glass oven (B-585) under vacuum at 80 ◦C for 24 h and 
directly transferred into an Ar-filled glovebox (O₂ and H₂O levels <0.1 
ppm) for cell assembly.

Half-cells were assembled in a Swagelok-type configuration using 
lithium metal as the counter electrode (99.9 %, 0.75 mm thickness), 
quartz microfiber filters (QMA, Whatman) as the separator, and a 
custom electrolyte (VP1745) (see Fig. 2).

2.3. Structural characterization

The skeletal density (ρs) was measured using an Ultrapyc 5000 gas 
pycnometer (Anton Paar GmbH, Graz, Austria) at 20 ◦C with helium as 
the displacement gas.

Nitrogen physisorption isotherms for both samples were measured 
using a Quantachrome instrument (Anton Paar, USA) with nitrogen as 
the adsorbate at 77 K. Prior to analysis, the samples were degassed at 
300 ◦C for 7 h to remove adsorbed species and ensure clean pore sur
faces. The specific surface area was calculated using the BET (Brunauer, 
Emmett, and Teller) method, while the total pore volume and pore size 
distribution were determined using the BJH (Barrett-Joyner-Halenda) 
model.

Fourier transform infrared (FTIR) spectra were obtained in trans
mission mode with a Thermo Optics Avatar 330 spectrometer (Thermo 
Fisher Scientific, Waltham, MA, USA) using KBr pellets. Spectra were 
recorded in the 4000–400 cm⁻¹ range with 64 scans at 4 cm⁻¹ resolution.

X-ray diffraction (XRD) patterns were collected on powder samples 
using an IPD 3000 diffractometer (Italstructures, Italy) with a Cu anode 
(40 kV, 30 mA) and a multilayer monochromator (Goebel mirror). Data 
were acquired over a 2θ range of 10–120◦, with a 0.02◦ step size and 
1200 s acquisition time, using a Dectris Mythen 1 K hybrid pixel 
detector.

Scanning electron microscopy (SEM) imaging, along with elemental 
mapping of silicon (Si), carbon (C), and oxygen (O) for the SiNP/SiOC 
composite, was performed on fracture surfaces. The samples were 
mounted on conductive carbon tape and coated with a thin layer of Pt/ 
Pd (80:20) via sputter deposition to minimize charging effects. The 
analyses were carried out using a SEM (JEOL JSM-IT300LV, Tokyo, 
Japan) operated at an accelerating voltage of 20 kV and equipped with 
an energy-dispersive X-ray spectroscopy (EDS) microprobe (Bruker 
XFlash 630 M detector, Germany).

2.4. Thermal analysis

Simultaneous thermal analysis (STA 449 F3 Jupiter, Netzsch- 
Geratebau GmbH, Selb, Germany) was conducted on SiOC and SiNPs/ 
SiOC samples to investigate the oxidation of free carbon and silicon 
nanoparticles. Prior to the measurements, a blank run was performed 

under identical experimental conditions to create a correction curve and 
account for buoyancy effects. The analysis was carried out using 
approximately 25 mg of sample placed in an alumina crucible under 
purified air at a flow rate of 50 cm³ min⁻¹. The samples were heated from 
30 ◦C to 1450 ◦C at 10 ◦C min⁻¹, followed by a 2 h isotherm at 1450 ◦C to 
ensure complete oxidation. The TGA-DSC data were evaluated using 
Proteus software, while the FTIR spectra were synchronized with Bruker 
OPUS software, facilitating the identification of evolved gases from the 
integrated spectral libraries. The gases were continuously directed into a 
heated FTIR gas cell, maintained at 200 ◦C. Finally, all mass change, 
heat flow, and FTIR spectral data were recorded simultaneously as a 
function of time and temperature, enabling real-time identification of 
gaseous products over specified temperature ranges.

2.5. Electrochemical characterization

All electrochemical tests were performed on a Biologic Potentiostat 
instrument (VMP multipotentiostat, France) with an active mass loading 
of 2.0 - 3.5 mg cm− 2. Before each measurement, the system was stabi
lized under open-circuit conditions for 24 h. Galvanostatic charge- 
discharge cycling with potential limitation (GCPL) was conducted at 
74.4 and 372 mA g− 1, in a potential window of 0.005 to 3.0 V. The rate 
capability tests were performed in the same voltage range using different 
C-rates, and the current was adjusted accordingly: 0.1C (3 cycles), 0.2C 
(5 cycles), 0.5C (10 cycles), 1C (10 cycles), 2C (10 cycles), 3C (10 cy
cles), and then back to 0.1C (3 cycles). Cyclic voltammetry (CV) mea
surements were carried out at a scan rate of 50 μV s− 1 within the same 
potential range.

Fig. 2. Schematic representation of the electrode preparation from SiOC or SiNPs/SiOC powder.

Fig. 3. XRD pattern of the SiNPs, SiOC ceramic and SiNPs/SiOC composite.
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3. Results and discussion

Fig. 3 shows the XRD patterns of the SiOC and SiNPs/SiOC ceramic 
composite. The spectrum of the SiOC sample shows a main broad peak 
centered at ≈ 24◦ in the range from ≈ 21◦ (silica/silicon oxycarbide)[33,
34] to 26.5◦ (graphitic carbon), suggesting the formation of a disordered 
SiOC and free C. The presence of Cfree is also supported by the small and 
broad hump in the range 40 – 45◦ [35]

The XRD spectrum of the as-received SiNPs shows peaks at 2θ =
28.4◦, 47.3◦, 56.1◦, and 76.4◦, which are assigned (JCPDS file 27–1402) 
to the (111), (220), (311), and (331) planes of cubic Si, respectively. 
From the line broading an average crystallite size of 44 nm is estimated. 
A broad hump centered at ca 2θ = 21◦ evidence that the Si powders are 
partially oxidized into silica. The spectrum of the SiNPs/SiOC composite 
confirms the successful incorporation of Si nanocrystals into the SiOC 
matrix.

FTIR spectra for both SiOC and SiNPs/SiOC powders are presented in 
Fig. 4. For comparison, the spectrum of the preceramic polymer, Dura
zane, is also included.

Almost all Si-N and Si-NH bonds present in the pre-ceramic precursor 
disappear during the pyrolysis and are largely replaced by Si-O bonds as 
shown by the FTIR spectra in Fig. 4. The spectra of the pyrolyzed sam
ples show characteristic bands corresponding to Si-O-Si asymmetric 
stretching at ≈ 1070 cm⁻¹ with a shoulder at 1200 cm⁻¹, Si-C stretching 
at 800 cm⁻¹, δ(Si-O) at 460 cm− 1 and C = C vibrations centered at 1580 
cm⁻¹, which are typical features of polymer-derived inorganic SiOC ce
ramics [36] The formation of Si-O bonds is largely attributed to re
actions with gaseous by-products (CO and CO₂),[37,38] released from 
PU decomposition during pyrolysis.

Fig. 5 shows the thermal oxidation behavior of the SiOC and SiNPs/ 
SiOC samples in air up to 1450 ◦C, with an isothermal hold at the 
maximum temperature for 2 h.

Below 200 ◦C, both samples exhibit a minor weight loss, (≈ 3.0 wt %) 
due to evaporation of residual solvent and moisture, followed by a 
substantial mass loss between roughly 400–800 ◦C. This mass loss is 
primarily attributed to the oxidation of the excess (free) carbon phase of 
the SiOC matrix, according to the reaction: 

Cfree + O2 → CO2 (1) 

This weight loss can be used to estimate the fraction of free carbon 
present in the pyrolyzed ceramic materials. It should be noted, however, 
that this represents only a rough estimate, as an exact value can be 
obtained only if the following conditions are met: (i) complete oxidation 
of the free carbon phase (i.e., 100 % oxidation), and (ii) no oxidation of 
carbon incorporated within the silicon oxycarbide network. With this 
caveat, the minimum amount of free carbon in the two samples is esti
mated to be 39.2 wt % for SiOC and 24.4 wt % for SiNPs/SiOC.

Above 800 ◦C, the SiNPs/SiOC composite sample exhibits a weight 
gain of about 6.0 wt %, which is attributed to the oxidation of Si 
nanoparticles according to the reaction: 

Si + O2 → SiO2 (2) 

For this reaction, the theoretical weight increase is 113.9 %, which 
suggests a minimum Si content in the SiNPs/SiOC composite of 5.3 wt %.

However, based on the amount of as-received SiNPs which we added 
to the starting TPU (≈15 wt %) and considering the amount of 
impregnated Durazane as well as the weight loss during pyrolysis, we 
estimate the SiNPs content in the SiOC matrix to be approximately 15 wt 
% (details of the calculation procedure are provided elsewhere [29] It 
should be noted that, as revealed by the XRD analysis (Fig. 3), the 
starting SiNPs are partially oxidized; therefore, the estimated 15 wt % 
should be regarded as a maximum value. Indeed, a TGA experiment 
performed in air on the starting SiNPs (Fig. SI 2) showed, in the tem
perature range 800 – 1200 ◦C, a weight increase of 53.5 wt %, suggesting 
that the actual nano-Si content in the as-received SiNPs is approximately 
only 46.9 wt %. Accordingly, the SiNP content in the final composite can 
be estimated as: 46.9

100 15 = 7.0 wt.% in reasonable agreement with the 
value (5.3 wt %) estimated from TGA analysis. In conclusion, the actual 
amount of SiNPs in the SiOC matrix should be comprised in the range 5.3 
– 7.0 wt %.

The skeletal density of the SiOC ceramics and the SiNPs/SiOC com
posite is reported in Table 1. The skeletal density of the SiNPs/SiOC 
composite is similar to that of the SiOC sample.

Fig. 6 presents the N₂ adsorption–desorption isotherms and corre
sponding pore size distributions of both samples. The isotherms exhibit a 
Type II behavior, which is characteristic of non-porous or macroporous 
systems. The neat SiOC shows a BET specific surface area of 31.9 m² g⁻¹, 
whereas the SiNP/SiOC composite exhibits a slightly lower value of 26.4 
m² g⁻¹. Importantly, the total pore volume of the composite is approxi
mately four times higher than that of neat SiOC, indicating that the 
incorporation of Si nanoparticles induces the formation of a certain 
amount of macropores. Moreover, this moderate hierarchical porosity is 
highly beneficial for lithium storage, as it enhances electrolyte infiltra
tion, facilitates Li-ion transport by reducing diffusion pathways, and 

Fig. 4. FTIR spectra of the: preceramic polysilazane (Durazane); Ceramic SiOC 
and SiNPs/SiOC composite pyrolyzed at 900 ◦C.

Fig. 5. TGA analysis of SiOC and SiNPs/SiOC composite samples in air at a 
heating rate of 10 ◦C min⁻¹ up to 1450 ◦C, with an isothermal hold for 2 h at the 
maximum temperature.

Table 1 
Skeletal density of SiOC and SiNPs/SiOC composite.

ρs g cm⁻³

SiOC 2.19 ± 0.05
SiNPs/SiOC 2.16 ± 0.04
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provides sufficient void space to accommodate the volume change of Si 
during lithiation/delithiation.

Fig. 7 presents the SEM image and EDS analysis of the SiNP/SiOC 
composite. The SEM image, combined with EDS elemental mapping, 
indicates a uniform distribution of silicon nanoparticles within the SiOC 
network, with no evidence of significant agglomeration (see Fig. 7a and 
SI 3). The bright Si spots in the Si map align with high-contrast regions in 

the SEM image, whereas the C and O maps show an almost uniform 
background with only slight intensity dips at the Si sites. Additionally, 
the EDS maps validate the colocalization of silicon, carbon, and oxygen 
elements, which aligns with the formation of a SiNP/SiOC composite.

Galvanostatic cycling with potential limitation (GCPL) was con
ducted at various current densities to assess the specific capacity, sta
bility, and rate capability of the electrodes. Fig. 8 illustrates the initial 
charge-discharge capacities of both samples measured at 74 mA g⁻¹ 
(0.2C). The reversible capacities for the first cycle were notably high: 
675 mAh g⁻¹ for SiOC ceramic and 742 mAh g⁻¹ for SiNPs/SiOC com
posite. The charge–discharge profiles of the studied materials are 
consistent with those reported in the literature for silicon oxycarbide [8,

Fig. 6. Nitrogen physisorption isotherms of the SiOC and SiNPs/SiOC samples. 
The inset presents the pore size distribution of both materials, calculated using 
the BJH model. The SiOC shows a total pore volume of 0.10 cm³ g⁻¹, whereas 
the SiNPs/SiOC exhibits a relatively higher pore volume of 0.46 cm³ g⁻⁻¹.

Fig. 7. SEM image and EDS analysis of SiNP/SiOC composite (a), and EDS mapping of (b) silicon, (c) carbon, and (d) oxygen elements.

Fig. 8. First-cycle galvanostatic charge–discharge profiles of the SiOC ceramic 
and SiNPs/SiOC composite at a current density of 74 mA g⁻¹ (C/5).
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39], as well as for other Si/SiOC composites [22,40,41] However, direct 
comparison is not always straightforward, since in some studies the 
amount of added Si is not reported[40], while in others, the declared Si 
content in the SiOC matrix is significantly higher than in our materials, 
thereby preventing a direct comparison. For example, Wu et al. syn
thesized Si/SiOC nanocomposites containing 8.7–27.8 wt % Si nano
particles, with the sample containing 22.2 wt % Si exhibiting the best 
cyclic performance, delivering a reversible capacity of approximately 
800 mAh g⁻¹ after 100 cycles at 100 mA g⁻¹ current density [22] In any 
case, by comparing the synthesis processes, we can conclude that the 
approach presented in this work is significantly simpler, straightfor
ward, and cost-effective, which facilitates its implementation at a large 
scale compared to more complex methods reported in the literature for 
the fabrication of Si/SiOC composite materials.

Fig. 9 presents the first GCPL charging-discharging profiles recorded 
at 19 (C/20), 37 (C/10), and 74 (C/5) mA g⁻¹ current density. The 
SiNPs/SiOC electrode exhibited very high first-charging capacities of 
1630, 1257, and 1190 mAh g⁻¹, with corresponding discharge capacities 
of 990, 896, and 742 mAh g⁻¹ at C/20, C/10, and C/5 ratings, 
respectively.

Fig. 10a displays the specific capacities and coulombic efficiencies of 
the SiOC and SiNPs/SiOC composite electrodes at a current density of 74 
mA g⁻¹. The SiOC ceramic has an initial reversible capacity of 675 mAh 
g⁻¹, with 69 % capacity retention after 36 cycles. In contrast, the SiNPs/ 
SiOC composite, which contains approximately 5.3 wt % nanosized Si 
nanoparticles, exhibited improved initial reversible capacity and cycling 
stability, reaching 742 mAh g⁻¹ with 87 % retention after 36 cycles, 
respectively. Notably, all samples show an initial coulombic efficiency 
(ICE) of slightly above 60 % (see Table 2).

Table 2 summarizes the charge-discharge capacities and initial 
coulombic efficiencies of the SiOC and SiNPs/SiOC electrodes at various 
applied current densities. No significant difference in terms of ICE was 
observed between the electrodes. At C/10 and C/5 C-rating, both sam
ples exhibited an ICE of approximately 63 %. However, when the current 
density increased to 1C, the ICE decreased slightly to approximately 50 
%. Overall, the reversible capacity of the SiNPs/SiOC composite elec
trode increased by 38 % (after 36 cycles) and 93 % (after 100 cycles, see 
Fig. 10b) relative to the pure SiOC ceramic when measured at C/5 and 
1C, respectively.

The GCPL tests were then extended to a higher current density of 372 
mA g⁻¹ to evaluate long-term stability and reversible capacity (Fig. 10b). 
For the SiOC ceramic, reversible capacities decreased notably over the 
first 5 cycles, from 342 mAh g⁻¹ to 307 mAh g⁻¹, to stabilize at approximately 280 mAh g⁻¹ after 20 cycles. SiNPs/SiOC composite 

exhibited markedly different charge-discharge behavior: its discharge 
capacity increased from 290 mAh g⁻¹ to 530 mAh g⁻¹ over 36 cycles and 
stabilized at around 550 mAh g⁻¹ by 50 cycles, with no further capacity 
fading. A similar behavior has been reported for other Si/SiOC com
posite materials,[22,42] and it likely arises from initially hindered 
lithium diffusion through the active materials. Of course, this phenom
enon is typically observed when the electrochemical performance is 
measured at higher current density. In dense or large-particle structures, 
limited lithium diffusion and poor electrolyte infiltration initially 
restrict full lithiation. Upon repeated cycling, the volumetric expansion 
of Si induces particle cracking and pulverization, which shortens 
lithium-ion diffusion paths, increases accessible active material, and 
improves electrolyte penetration. This mechanical refinement enhances 
reaction kinetics and progressive capacity release until a stable, fully 
activated state is achieved.

Fig. 11 presents the rate performance of the SiOC ceramic and the 
SiNPs/SiOC composite electrode under various current densities ranging 
from C/10 to 3C. At a low current density (C/10), the SiNPs/SiOC 
composite exhibited significantly higher reversible capacities (785 mAh 
g⁻¹) compared to the pure SiOC sample (620 mAh g⁻¹), owing to the 
contribution of nanosized Si particles. As the current density increased, 
both electrodes showed a decrease in capacity due to increased kinetic Fig. 9. First cycle galvanostatic charge–discharge curves of the SiNPs/SiOC 

composite recorded at different current densities.

Fig. 10. Specific capacity of the SiOC ceramic and SiNPs/SiOC composite as a 
function of cycle number at current densities of (a) 74 mA g⁻¹ and (b) 372 
mA g⁻¹.

Table 2 
Initial charge capacity (QC), discharge capacity (QD), and initial coulombic 
efficiency (ICE) of the electrodes at applied current densities of 37, 74, and 372 
mA g⁻¹.

Sample QC [mAh g⁻¹] QD [mAh g⁻¹] ICE [ %]

37 74 372 37 74 372 37 74 372

SiOC 1027 1075 745 664 675 342 65 63 51
SiNPs/SiOC 1257 1190 615 796 742 288 63 62 47
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limitations. However, the SiNPs/SiOC composite maintained a much 
higher capacity than the SiOC ceramic. Upon returning to C/10, the 
SiNPs/SiOC electrode recovered 86 % of its initial capacity, indicating 
good structural reversibility. In contrast, the pure SiOC sample showed a 
relatively lower capacity recovery of approximately 72 %. The 
coulombic efficiencies at current densities above C/5 were approxi
mately 99.0–100 % for both electrodes, except for the first cycle at each 
applied current, which was about 95 %. These results highlight the 
enhanced rate capability and robustness of the SiNPs/SiOC composite 
compared to the pure SiOC ceramic.

Fig. 12 presents the cyclic voltammetry (CV) curves of the SiOC and 
SiNPs/SiOC samples. The SiOC electrode showed no distinct peaks 
during charging and discharging. In contrast, the SiNPs/SiOC electrode 
exhibited a shoulder around 0.20 V during lithiation starting in the third 
cycle and a peak at 0.45 V during delithiation starting in the second 
cycle. The intensity of these peaks gradually increases with cycling, 
indicating progressive electrode activation, in agreement with the ca
pacity increase reported in Fig. 8b Similar evolution of the CV curves has 
been reported for other Si-containing SiOC anodes [22] It appears that 
all the samples exhibit a similar profile during the initial cycle. However, 
the SiNPs/SiOC composite shows a broad cathodic shoulder at 0.20 V 
and another anodic peak at 0.45 V in the fifth cycle. These peaks were 
assigned to Li-Si alloying/dealloying.

4. Conclusion

In conclusion, a simple and efficient strategy for the fabrication of a 
SiNPs/SiOC composite anode for lithium-ion batteries is successfully 
demonstrated via the polymer-derived ceramic (PDC) route. The com
bination of fused filament fabrication (FFF) using a Si nanoparticle- 
loaded TPU filament with subsequent polymer infiltration and pyroly
sis enables the production of a tailored cellular SiNPs/SiOC architecture. 
This approach offers a straightforward and versatile pathway for the 
design of structured SiNPs/SiOC composite electrodes, with potential 
advantages in terms of process simplicity and scalability compared to 
more complex routes reported in the literature.

The SiOC and SiNPs/SiOC electrodes demonstrate high reversible 
capacities of 675 mAh g⁻¹ and 742 mAh g⁻¹ at a C/5 rate, respectively. 
However, the SiOC system exhibits a larger capacity fading, whereas the 
incorporation of Si nanoparticles in the SiOC matrix results in improved 
cyclic stability up to 36 cycles. Furthermore, SiNPs/SiOC composite 
delivers a capacity of 536 mAh g⁻¹, approximately double that of SiOC 
(277 mAh g⁻¹), measured at 1C after 100 cycles. Regarding rate per
formance, both electrodes were evaluated across various C-ratings after 
51 cycles, with the SiNPs/SiOC retaining 86 % of its capacity compared 
to 72 % for the SiOC. Consequently, the SiNPs/SiOC composite exhibits 
enhanced capacity, along with improved cycling stability and superior 
rate capability compared to SiOC alone, highlighting its potential as a 
promising anode material for next-generation lithium-ion batteries.
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