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ABSTRACT

In this work, we report an innovative and facile UV light-assisted synthesis of a nanocompo-
site based on silicon oxycarbide (SiOC) and tin nanoparticles. SiOC ceramic matrix, contain-
ing a conductive free carbon phase, participates in lithium-ion storage, and buffers the vol-
ume changes of Li-alloying/de-alloying material. The reported synthesis procedure through a
polymer-derived ceramic route involves the preparation of a single-source precursor by UV
crosslinking of a preceramic polymer in the presence of a tin precursor. Pyrolysis of this start-
ing precursor at 1000°C leads to a homogenous distribution of tin nanoparticles (25-35 nm)
within the SiOC ceramic matrix, which is crucial for electrochemical stability of the material.
S10C/Sn nanocomposite tested as an anode for Li-ion battery exhibits high reversible capaci-
ty values (603 mAh g! at the current density of 74.4 mA g™'), outstanding rate capability (524
mAh g at 2232 mA g), and superior stability (494 mAh g after 250 charge/discharge cy-
cles).

1. Introduction

The demand for high-performance lithium-ion batteries and the limitations of the most
commonly used anode material, graphite, draw attention to the development of high-capacity
alternatives. Tin is considered as one of the most promising materials owing to its excellent
properties, such as i) the high gravimetric capacity of 994 mAh g!, ii) one of the highest vol-
umetric capacities of ~2111 mAh cm™ (in the fully lithiated state), arising from creating vari-
ous binary phases, up to Li»xSns [1,2], and iii) relatively low lithiation potential of 0.6 V vs
Li/Li* [3]. However, due to considerable volume changes upon lithiation/delithiation pro-
cesses (>260%), tin has to be utilized in the form of nanoparticles or as dispersed in a matrix,
which prevents agglomeration and maintains electrical contact upon volumetric changes
[3,4]. Considering those criteria, various nano-tin composites have been tested, based on i)
inactive-matrices like Fe [5], Cu [6] or LixO [7], ii) active-matrices, e.g. Sb [8], Al [9], poly-
mer-derived ceramics [10,11] and iii) carbon [12—-19] i.e. amorphous carbon [12], carbon
coating [13,14], porous carbon [15], Sn/C encapsulated carbon nanofibers [16], Sn-filled car-
bon nanotubes [17]. Creating composites with tin nanoparticles overcomes, to some extent,
the problem of volume expansion. However, composites often suffer from limited cycling
stability, resulting in a fast capacity drop, relatively low capacity because of limited lithium
diffusion or poor rate capability [5,15,18]. Among carbon-based composites, hollow carbon
fibers or CNTs filled with tin nanoparticles exhibit outstanding electrochemical performance;
unfortunately, the price of these composites is a serious obstacle. Also, the practice of a mul-
ti-stage synthesis route requires sophisticated equipment, making it too complicated for an
industrial application [18].

Encapsulation of tin nanoparticles within a silicon oxycarbide (SiOC) ceramic matrix is an
attractive and economical option for the realization of high capacities and cycling stabilities
[10,11,20]. Polymer-derived SiOC ceramics are amorphous structures consisting of mixed
bonds of silicon tetrahedra and carbon (SiOxCy (Xx,y = 0-4)), along with a free carbon phase
interlacing the ceramic part, providing sufficient electrical conductivity [21-25]. SiOC is an
attractive matrix for alloying nanoparticles due to its electrochemical activity towards Li-
ions, providing high capacity values (500-600 mAh g") [26,27], chemical stability and low
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volume changes of the ceramic upon lithiation [28]. Moreover, the interconnected free carbon
phase leads to softening of SiOC, which helps to accommodate volume changes upon the
creation of Li-alloys [11,29-31]. SiOCs can be prepared by simple liquid routes, such as sol-
gel or hydrosilylation, which enable the facile addition of new components. Composition and
microstructure of SiOC can be easily tailored by appropriate selection of starting polymer
precursors as well as synthesis and processing conditions [32—39].

SiOCs have already been tested as a matrix for tin nanoparticles. Tolosa et al. [40] created
SiOC/Sn fiber mat by electrospinning the mixture of preceramic precursor and tin acetate
with high initial capacity, but the capacity faded with prolonged cycles. Kaspar et al. [11]
tested SiOCs with different carbon content as a potential matrix for tin nanoparticles. They
reported composites with high capacity and stability, but these materials had reduced rate ca-
pability. Recently, Dubey et al. [10] made progress in terms of preceramic and tin precursor
matching, achieving high capacity, good rate capability and good cycling stability.

The introduction of metallic tin nanoparticles into the ceramic material is typically per-
formed through the mixing of a liquid preceramic polymer with tin-precursors [10,11,40].
The material is initially crosslinked to obtain a green body, and later pyrolyzed at elevated
temperatures to get the final ceramic nanocomposite. During the pyrolysis, polymer-to-
ceramic transformation and the carbothermal reduction of tin oxide (derived from tin precur-
sor) leads to the generation and uniform distribution of tin nanoparticles within the ceramic
matrix. However, carbothermal reduction consumes a part of free carbon, vital to provide suf-
ficient conductivity and material softness. Thus, to achieve excellent electrochemical perfor-
mance of SIOC/Sn composite, it is necessary to go for a preceramic polymer that leads to a
carbon-rich ceramic composite [10,11].

One of the highest free carbon content in these ceramics, over 80 mol%, was reported for
RD-684 polymer [11,39,41-43]. The RD-684 is a methylvinylphenyl polysiloxane resin, cur-
rently commercially available from Starfire Systems as SPR-684 Polyramic®. The resin can
be cured in multiple ways, including thermal crosslinking [39,44,45], hydrosilylation [46,47],
and photocrosslinking [41,48]. The last one is often realized by a simple UV (365 nm) irradi-
ation process. In contrast to other methods, photocuring is very fast, single step and can be
easily scaled up. In addition, it allows for the formation of dense and crack-free parts of vari-
ous sizes and shapes [41,48]. Thus, applying the photocrosslinking method for producing
SPR-684/Sn anodes may be an interesting option for modern high-performance Li-ion batter-
ies. However, correct matching between the resin, photoinitiator, tin source, and other addi-
tives has to be made beforehand to ensure the generation and uniform distribution of metal
nanoparticles within the matrix [49].

In this work, we explored the potential of SIOC/Sn composite derived from a combination
of methylvinylphenyl polysiloxane and tin octoate precursors using photocrosslinking meth-
od for Li-ion battery's anode application. In our system, tin octoate (Sn(Oct)2) is used as a tin
source for two reasons: it mixes well with SPR-684 resin and other components, and its UV
absorption maxima are in the range of 200-254 nm [50], which does not interfere with our
UV source (365 nm). Furthermore, we added 1,4-butanediol diacrylate in order to: i) increase
the crosslinking degree [51], ii) add an extra source of carbon, and ii7) lower the viscosity of
the synthesis mixture. The obtained SiOC/Sn nanocomposite exhibited a high capacity of 950
mAh g in 5 mV-3 V potential range (600 mAh g™ for 5 mV-1.5 V), excellent stability and
good rate capability.
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2. Materials and Methods

Reagents:  Polyramic®  SPR-684  polymer  ([-Si(CsHs)20-]3[-Si(CH3)(H)O-]2[-
Si(CH3)(CH=CH»)O-]») was obtained from Starfire Systems, Inc (USA). Photoinitiator
Genocure* LTM was obtained from Rahn AG (Switzerland). 1,4-Butanediol diacrylate
(BDDA) and tin octoate were purchased from Sigma Aldrich (Switzerland). All materials
were used as received.

SiOC/Sn composite synthesis: First, the preceramic mixture was prepared by combining 3.4
g of SPR-684 with 0.6 g of 1,4-butanediol diacrylate (85 : 15 wt% ratio). After a couple of
minutes of mixing, 0.08 g photoinitiator and 2.67 g tin (II) ethylhexanoate were added to
preceramic mixture (2 and 40 wt% of preceramic mixture, respectively). The mixture was
stirred for 15 min at 400 rpm to obtain a homogeneous solution. Afterwards, the solution was
uniformly distributed onto a Petri dish and crosslinked under a UV light (UV curing chamber,
365 nm) for 30 min. Then, the material was removed from the Petri dish, washed using ace-
tone and ethanol and finally dried in an oven at 80°C for 48 h.

To obtain the final ceramic composite, the preceramic green body was pyrolyzed in a tubu-
lar furnace (Type 16-610, Carbolite GmbH, Germany) under controlled argon atmosphere us-
ing the following program: ramping to 250°C with a rate of 100°C h™!, dwell at 250°C for 2 h,
ramping to 1000°C with a rate of 150°C h'!, dwell at 1000°C for 1 h, cooling to room tem-
perature with a rate of 60°C h'. A schematic representation of the synthesis procedure is
shown in Figure S1 in Electronic Supplementary Information (ESI). The reference sample -
pure SiOC ceramic - was also prepared using a similar method, but without addition of tin
precursor.

Material characterization: The elemental contents of Sn, C and O in the samples (crushed
into powders) were determined by elemental analysis performed by the company Mikroana-
lytisches Labor Pascher (Remagen-Bandorf, Germany). The content of Si was estimated as
the difference between the total amount of all elements (100 wt%) and the sum of Sn, C and
O contents, assuming a negligible amount of hydrogen in the samples. Thermal gravimetric
analysis conjugated with differential scanning calorimetry (TGA-DSC) was performed on a
Netzsch STA449 F3 Jupiter instrument under an argon atmosphere. Micro-Raman spectra in
the range of 100-3200 cm™ were obtained using a confocal micro-Raman spectrometer (In-
Via, Renishaw, Wotton-under-Edge, UK) with an argon ion laser (514 nm). The spectra were
analyzed with the aid of OriginPro2016 software. First, the background was subtracted using
custom settings, then bands were fitted using Lorentzian peaks for D1, D2, D4, and G bands
and Gaussian peak for D3 band, according to Sadezky et al. [52] Magic angle spinning nucle-
ar magnetic resonance (MAS NMR) measurements for silicon *°Si was performed on the
Bruker Avance Ultrashield 500 MHz spectrometer with the following parameters: single
pulse sequence, 2°Si frequency: 139.11 MHz, n/8 pulse length: 2.5 ms, recycle delay: 100s, 1
k scans, external secondary reference: DSS. 3.2 mm zirconia rotors filled with samples were
spun at 8 kHz under air flow. 2°Si NMR spectra were analyzed and deconvoluted using Top-
Spin software. FT-IR spectra were obtained from a Tensor 27, Bruker (Massachusetts, USA)
using a Golden-Gate ATR. X-ray diffraction reflexes were recorded using X Pert Pro MPD,
PANalytical (Netherlands).The morphology and selected area electron diffraction (SAED)
were characterized by transmission electron microscope (TEM by FEI, G2 F20X-Twin 200
kV, FEG). Energy-dispersive X-ray spectroscopy (EDS) by EDAX, RTEM model SN9577,
134 eV and parallel electron energy loss spectroscopy (PEELS) by Gatan Image Filter (GIF)
spectra were recorded in order to identify the chemical elements and to show maps of ele-
ments in the selected areas. Measurements were performed in TEM mode (bright-field) and
STEM mode (HAADF and EDX detectors). The samples were prepared for TEM measure-
ments with the following procedure: a few milligrams of the sample were dispersed in etha-
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nol (99.8% anhydrous) with the aid of ultrasonic dispersion for 5 s, then a drop of the disper-
sion (5 puL) was applied on carbon-coated copper mesh (Lacey type Cu 400 mesh, Plano) and
left at room temperature for evaporation of the solvent.

Electrochemical measurements: Pyrolysed materials were initially ground in agate mortar
to obtain median particle size D90 below 40 um. Active materials (SiOC 85 wt%, carbon
black (CB, Super P, TIMCAL, Switzerland), 7.5 wt%) were ball-milled in a planetary ball-
mill at 350 rpm for 30 min. 7.5 wt% of carboxymethyl cellulose (CMC, SUNROSE MAC
500LC, Nippon Paper Group) was added to the SiOC/carbon black mixture, and the mixture
was subjected to planetary ball-milling at 350 rpm for 1 h. The obtained slurry was coated on
a Cu-foil using a doctor-blade and later dried overnight in a vacuum oven at 120°C. Electrode
material loadings were in the range of 2-3 mg cm 2. Test cells were assembled using stain-
less-steel coin-type cells (CR2025) in a glovebox under an inert Ar atmosphere (<0.1 ppm
H>0/0») with a glass microfiber separator and 130 pL of 1 M LiPFs (battery grade, Novolyte
Technologies), in 1:1 by weight mixture of EC:DMC (ethylene carbonate (EC, battery grade,
BASF), dimethyl carbonate (DMC (battery grade, BASF)) with 3 wt% FEC (fluoroethylene
carbonate (FEC, >98%, TCI Chemicals)). The diameter of the electrodes was 12 mm. The
coin cells were electrochemically cycled using a multichannel electrochemical workstation
(Astrol BAT-Flex) after a waiting time of 2 h.

Electrochemical measurements were performed on a multichannel workstation (MPG-2,
Bio-Logic SAS) and on the Biologic Potentiostat SP200 (BioLogic Science Instruments,
Seyssinet-Pariset, France). Galvanostatic charge/discharge was performed in the potential
range of 0.005 V and 1.5 V vs. Li/Li" at various currents (the same for charge and discharge
Lcharge = ldischarge). Cyclic voltammetry was recorded within the same potential range with the
scan rate of 0.1 and 1 mV s™. Electrochemical impedance spectroscopy measurements were
performed in the frequency range from 100 kHz to 10 mHz with the amplitude equal to 5
mV. EIS spectra were recorded at a rest potential equal to 3 V for the fresh (not lithiated)
electrode and 0.15 V for the lithiated electrodes.

3. Results and Discussion

The results of elemental analysis of SIOC and SiOC/Sn samples are presented in Table 1.
The elemental composition of pure SiOC ceramic is similar to the previously reported values
[11,39,41-43]. The pure ceramic contains 48 wt% of carbon, which classifies this SiOC into
C-rich category. The weight ratio between ceramic and free carbon phase in SPR-684 based
SiOC was determined as 56:44, which is an optimal value to achieve good electrochemical
performance [10,27,53]. In the SIOC/Sn composite, the amount of carbon is significantly
lower (22.6 vs. 48.3 wt% in pure SiOC) due to carbothermal reduction of tin oxides (created
upon decomposition of tin precursor) at elevated temperature, which generates metallic tin
(20.7 wt%). Ceramic matrix content is slightly higher in SiOC/Sn composite (60.7 wt% com-
pared to 56 wt% for pure SiOC). The Si:O ratio changes from 1.33 for SiOC to 1.24 for
SiOC/Sn. Higher amounts of oxygen in SiOC/Sn composite may be explained by consump-
tion of carbon and possible oxidation of Si during the carbothermal reduction process [40].

Table 1. Elemental composition of SIOC/Sn and SiOC samples.

Elemental content (wt%)

Sample SICO,,y Che WNOC, . Wi%SiOC Wt% Sn

Si C O Sn
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SiOC/Sn 3139 22.61 2530 20.70 SiC ,,0,,, 139  18.64 60.66 20.70

SiOC  29.56 48.34 22.10

The crosslinking process of the pure precursor and the precursor mixed with the tin source
was tracked by means of FT IR spectroscopy. Figure 1a shows FT IR spectra for SPR-684
precursor and the green body samples before pyrolysis (denoted as SiOC-Pre and SiOC/Sn-
Pre).
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E Pre-SiOC overlapping 80 _-l\,’ -------- \“ Si0C/sn _——0.25 ;;D
[<F] =] "\
S B R _ --0.5 g
© i -~ L
£ 2 707 L 075 E
= SPR-684 S =
@ A 60 - @)
c C-H 12
© J
= 50 1 -1.25

1 I h T -

— T T T T T T T T &l ?R S'I i T 40 v T v T v T v T v -1.5

4000 3500 3000 2500 2000 1500 1000 50 200 400 600 800 1000

Wavenumber (cm™?) Temperature (°C)

Figure 1. a) FTIR of the preceramic precursor SPR-684, and the green bodies of the pure
preceramic (SiOC-Pre) and nanocomposite (SiIOC/Sn-Pre) samples; b) TGA and DSC of
SiOC and SiOC/Sn samples.

The SPR-684 polymer spectra reveal a number of bands, which may be attributed to the vi-
bration of the following bonds: ~2950 (m) cm™ (C-H), ~2150 (m-s) cm™ (Si-H), ~1730 (s)
cm’! (C=0), ~1592 (s) ecm™ (C=C), ~1024 (vs) cm™ (Si-OR), and ~892 (m-s) cm™ (Si-C
and/or Si-H) [32,54]. Crosslinking of the SPR-684 polymer with BDDA (SiOC-Pre sample)
occurs via reactions between C=C groups as well as between Si-H and C=C bonds [41]. Pho-
tocrosslinked Pre-SiOC sample exhibits: i) the increase of the absorption at ~1730 cm™,
which is directly related to the introduction of new C=0 bonds coming from BDDA, ii) the
decrease of the band at ~1592 cm™ related -C=C— bonds, and iii) the decrease of the band
corresponding to Si-H. These changes confirm the creation of crosslinks between SPR-684
chains and BDDA [51]. In the case of SiOC/Sn-Pre sample, additional bands in the range of
2800-2995 cm™ and 1750-1100 cm™ appeared, which is directly related to the introduction of
tin (II) octoate [55]. Deformation vibrations of Si—H bonds, coming from the SPR-684 poly-
mer, disappeared in the spectrum of the blend with tin precursor (SiOC/Sn-Pre), which sug-
gests that the presence of metal (from tin (II) octoate) may catalyze reactions between Si—H
and —C=C- such as dehydrocoupling and/or hydrosilylation as reported in the literature [56—
58].

The pyrolysis process was examined through TGA-DSC analysis (Figure 1b). For the
SiOC/Sn sample, mass loss started at a lower temperature (approx. 80°C compared to 140°C
for pure SiOC). These slow gradual losses at lower temperatures can be related to the evapo-
ration of unreacted substrates (e.g. BDDA in the case of SiOC sample and BDDA and tin oc-
toate in the case of SiOC/Sn sample) or residues of solvents after washing procedures [59].
The starting small mass loss at low temperatures is more pronounced for the composite, be-
cause the molecular mass of tin octoate is much higher than BDDA (405.12 vs 198.22 g mol

0 SiC,0, 347  43.96 56.04 0.00
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1. Above 230°C, a substantial mass loss is noticed for SiOC/Sn, which is connected with the
decomposition of tin octoate. The DSC peak at ~290 °C, corresponding to the thermal degra-
dation of tin octoate, confirms the release of volatile products from the sample. At higher
temperatures, the weight loss may be assigned to the carbothermal reduction of tin octoate in
SiOC/Sn sample as well as the decomposition and removal of organic functional groups and
Si-bonds rearranging in both samples [59,60]. The temperatures of the thermal conversion of
the preceramic polymer are also confirmed by TGA of the pure SPR-684 polymer, (Figure
S2 in ESI), which reveals a substantial mass loss in the temperature range of 400 — 600°C.
The DSC peak at ~394°C, observed only for the SIOC sample, may be related to the thermal
decomposition of acrylates [61] and/or thermal degradation of poorly crosslinked polysilox-
anes [62]. The lack of this peak for the SiOC/Sn nanocomposite may be rationalized by a
higher crosslinking degree compared to the pure SiOC as indicated by chances of metal cata-
lyzed crosslinking of polymer networks (FTIR). This may be another reason, besides the high
molecular mass of tin, of a lower weight loss for SiIOC/Sn sample (47%) compared to SiOC
(56%). The TGA results show that the polymer to ceramic conversion occurs at lower tem-
peratures for SiOC/Sn nanocomposite (up to approx. 500°C) compared to the pure SiOC
(~600°C).

To track the completion of the carbothermal reduction, XRD measurements were conduct-
ed. XRD spectra for SIOC and SiOC/Sn samples are presented in Figure 2. The pure SiOC
sample exhibits a characteristic halo at around 23° and a broad peak at 43°. Such a broad halo
is typical for amorphous silica [63] as well as amorphous structure of SiOC [64,65]. The peak
detected at around 43° is typical for dispersed graphene layers creating amorphous structure
[39,66]. All the peaks registered for pure SiOC are very broad and non-distinctive. In con-
trast, SIOC/Sn composite exhibits a series of sharp, well-defined peaks, all related to the
presence of tin with a tetragonal crystallographic structure, which in the literature [67,68] oc-
curs as f-Sn with unit cell parameters of 0.595, 0.595, 0.321 nm. No peaks related to SnO»
were recorded, suggesting the completion of carbothermal reduction.
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Figure 2. X-ray diffractograms of SiOC and SiOC/Sn samples. The powder diffraction file
(PDF) reference f-Sn (00-004-0673) is given in the bottom.

A homogeneous material with an amorphous structure was observed in the TEM images of
the SiOC sample (Figure 3a-c). These observations are confirmed by the diffraction pattern
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(Figure 3d), characteristic of samples with a disordered structure. In the case of SiOC/Sn
nanocomposite, two structures were observed in the subsequent TEM images (Figure 3e-g).
The first is amorphous, the same as in the case of pure SiOC (Figure 3a-c), the second is
crystalline, in the form of black spherical nanoparticles with a diameter of about 15 nm (Fig-
ure 3g). Both structures are confirmed by the diffraction pattern (Figure 3h), which shows
white reflections symmetrically arranged on a circle. Based on the distances between the
pairs of these reflections, the interplanar distances were determined to be 0.2764 and 0.2000
nm. Both values match into a tetragonal tin structure (see Table S2 in ESI for distances {101}
and {220}) and confirm the presence of highly crystalline f-Sn nanoparticles [10,68,69]

The STEM images of SiOC/Sn show bright areas surrounded by a darker material. (Figure
4a-b). The properties of the HAADF detector show that the round, brighter areas contain el-
ements with a greater atomic number than the surroundings. These observations are con-
firmed by maps of the distribution of elements: carbon, oxygen, silicon, and tin. The presence
of C, O, Si in the SiOC sample and additionally Sn in the SIOC/Sn nanocomposite was iden-
tified by this method. EDX spectra of these samples are presented in Figure 4c-f and in Fig-
ure S3 (in ESI). Additional information on the Sn chemical state can be seen in the PEELS
spectra presented for the SIOC/Sn nanocomposite (Figure 4g and Figure S4 in ESI). The
shape of the PEELS spectrum for tin with two peaks at 9 and 18 eV suggest that tin in the
composite occurs only in the metallic form [70,71]. The results are consistent with XRD pat-
tern (Figure 2), which exhibits Bragg peaks only for f-Sn.

SiOC/Sn SiOC/Sn

(101)

(220)

4]
5.00 nM™ 4101 0.276 nm
— d(220) = 0.200 nm

Figure 3. TEM images of SiOC (a-c) and SiOC/Sn (e-g) and the corresponding SAED pat-
terns g) for SiOC and h) for SiOC/Sn.
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Figure 4. (a,b) HAADF-STEM image and (c-f) STEM-EDX mapping of SiOC/Sn samples,
g) STEM-PEELS of SiOC/Sn nanocomposite.

The size distribution of tin nanoparticles is presented in Figure S5 (in ESI). The distribu-
tion was made based on measurements of ~100 nanoparticles of tin. Their mean size was es-
timated as 30.35 + 10.82 nm.

29Si MAS NMR spectra of SiOC and SiOC/Sn samples (Figure 5) show the structure of the
ceramic part. Pronounced changes are identified in the share of the silicon tetrahedra (SiOs,
Si03C, Si02C,, Si0Cs and SiC4) between the pure ceramic and the nanocomposite with tin, as
presented in Table 2. SiOC/Sn samples exhibit a significantly lower share of mixed silicon
bonds, namely (SiO3;C, Si0,C,, SiOC;3, SiCs), and higher content of amorphous silica (SiOa).
This may be explained by carbothermal reduction of SnO to metallic tin leading to oxidation
of carbon and to some extent, also silicon atoms [40].
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Figure 5. Si MAS NMR spectra of a) SiOC and b) SiOC/Sn samples.

Table 2. Data from the deconvolution of 29S1 MAS NMR spectra of SiOC/Sn and SiOC
samples.

Si04 Si0sC S10.C Si10C3 SiCs4

Sample
o/ ppm % &/ ppm % &/ ppm % &/ ppm % d/ppm %

Si0C 976 224 -662 318 -303 290 -l1.6 123 -17.0 5.1

SiOC/Sn = -99.8 609 -68.2 260 -30.8 6.8 0.9 52 -16.7 1.1

To get information about free carbon phase evolution after addition of tin source, Raman
spectra of the pyrolysed materials were acquired. Figure 6a shows Raman spectra of SiOC
and SiOC/Sn samples. Both spectra overlap almost ideally, and their deconvolutions (Figure
6b and c, and Table S1 in ESI) show minor changes in the component peaks. The deconvo-
lution was performed according to Sadezky et al. [52] The results confirm that there are no
significant differences in carbon structure between both materials. This suggests that the car-
bothermal reduction process does not disturb the structure of the free carbon phase, although
it consumes carbon atoms in mixed bond silicon tetrahedra, as shown in 2°Si NMR spectra
(Figure 5). The Raman spectra of SiOC/Sn exhibits a bit higher noise than the pure SiOC
sample. This could be rationalized by a lower carbon content, as shown by elemental analy-
Sis.
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Figure 6. a) Comparison of Raman spectra of SiOC/Sn and SiOC samples; deconvolution of
b) SiOC and ¢) SiOC/Sn Raman spectra.

To evaluate the electrochemical activity of tin nanoparticles in the ceramic matrix, cyclic
voltammetry (CV) measurements were performed. Figures 7a and b present CV curves of
pure SiOC and SiOC/Sn nanocomposite, respectively. On the cathodic site, pure SiOC ce-
ramic exhibits gradual current rise starting at around 0.9 V, which represents the insertion of
the lithium into the ceramic, while on the anodic side a broad halo, typical for carbon-rich
SiOC, is observed [72]. SiOC/Sn nanocomposite in the first CV cycle presents gradual cur-
rent rise on the cathodic site and two small broad peaks at 0.68 and 0.86 V on the anodic site.
In the following cycles, two distinct reduction peaks appear, first around 0.56 V representing
the creation of LixSns and second at around 0.25 V, which corresponds to various tin lithia-
tion stages [11,73]. On the anodic side, two peaks become much more pronounced and slight-
ly shifted towards higher potentials upon cycling. This gradual increase of oxidation and re-
duction currents suggests that the nanocomposite is slowly activated over the first few cycles,
which may be connected with the creation of diffusion paths for lithium ions in the ceramic
matrix. The redox peaks are more distinct for the slower scan rates, as presented in Figure
S7a (in ESI).
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Figure 7. Cyclic voltammetry curves of a) pure SiOC and b) SiOC/Sn nanocomposite; scan
rate 1 mV s, electrolyte 1 M LiPFs (EC:DMC 1:1 v/v), half-cell configuration, Li-
counter/reference electrode. Charge-discharge profiles for selected cycles of ¢) SiOC and d)
SiOC/Sn samples, at 372 mA g\

Galvanostatic charge-discharge profiles of the selected cycles for pure SiIOC and SiOC/Sn
are presented in Figure 7c¢ and d, respectively. During the first lithiation step (solid line), the
SiOC sample exhibits a rapid potential decrease followed by a long, smooth plateau-like
curve, starting from approx. 0.5 V. This plateau indicates a gradual insertion of lithium ions,
typical for SiOC ceramics, and corresponds well with the CV curve. Irreversibility of this
plateau is connected with the creation of solid-electrolyte interphase (SEI) and irreversible
bonding of lithium ions in oxygen-rich silicon tetrahedra [74]. In the case of SiOC/Sn sam-
ples, small and blurred plateaus on the lithiation and delithiation curves are observed between
0.9-0.4 V. These plateaus correspond to redox peaks in the CV curve and are related to alloy-
ing steps for tin nanoparticles [73]. The first delithiation capacity of the pure SiOC is equal to
546 mAh g!, and is slightly fading over subsequent cycles. The SiOC/Sn composite exhibits
a higher initial reversible capacity of 603 mAh g and better cycling stability as presented in
Table 3 and Figure 8a.

For the cycling stability tests, the materials were initially cycled once at 18.6 mA g cur-
rent rate to create a stable solid electrolyte interphase. The following cycles were recorded at
372 mA g (1C in terms of graphite). The SiOC/Sn nanocomposite exhibits better capacity
retention (82%) (calculated as a ratio between the 250™ cycle reversible capacity (Crev) to 1
cycle reversible capacity) compared to the pure SiOC (73%). Electrochemical impedance
spectroscopy measurements performed during cycling test support the better stability of the
composite compared to the pure ceramic. The Nyquist plots of the fresh (not lithiated), and
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after 1%, 50™, 150" and 250™ lithiation for SiOC and SiOC/Sn samples are presented in Fig-
ure S6 (in ESI). The impedance spectra of the fresh sample, recorded at 3 V (vs Li/Li"), ex-
hibit a semicircle and straight capacitive line. The shapes are the same for both samples, the
difference is in the value of charge transfer resistance, which is lower for the SIOC/Sn com-
posite (approx. 35 Q compared to ~55 Q for the SIOC sample) due to the presence of metallic
tin, which increases conductivity. After the first lithiation, the semicircle is higher than after
the repetitive cycling, which means that the charge transfer resistance decreases upon cycling
due to creation of lithium ion diffusion paths. This is the evidence of the good stability of
both samples. In the case of SIOC/Sn sample the value of charge transfer resistance stabilizes
after 50 cycle, whereas for SiOC slightly increases between 50" and 250" cycle. These re-
sults show that besides the repetitive alloying and de-alloying processes occurring in
SiOC/Sn sample, it shows better stability than the pure SiOC.
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Figure. 8. a) Cycling performance of SiOC and SiOC/Sn samples at 372 mA g and the
corresponding Coulombic efficiency of each cycle, b) rate capability of SiOC and SiOC/Sn
samples, current rates in the range of 18.6 and 2232 mA g and the corresponding charge-
discharge profiles of ¢) SiOC and d) SiOC/Sn.

Table 3. Trreversible capacity (Cirev) of the 1% cycle (calculated as the difference between the
first lithiation capacity and the first delithiation capacity), reversible delithiation capacity
(Crev) of the 1%t and 250" cycle, Coulombic efficiency of the 1% cycle (17) and capacity reten-
tion of SiIOC and SiOC/Sn samples. The capacity retention was calculated as a quotient of the
250" cycle Crey to the 1% cycle Crev (%)

Material 1%t cycle 1%t cycle 250M cycle  n/%  Capacity
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Cirev/mAh g! Crev/mAh g! Crev/mAh g! retention / %

SiOC 386 546 397 59 73
SiOC/Sn 537 603 494 53 82

One of the key parameters for commercial applications is a good rate capability of elec-
trode materials. A comparison of the rate capability of the pure SiOC ceramic and the
SiOC/Sn nanocomposite in the 5 mV - 1.5 V potential range (commercially useful region) is
presented in Figure 8b. The corresponding charge-discharge profiles for each of the applied
current rates are shown in Figure 8¢ and d for SiOC and SiOC/Sn, respectively. The
SiOC/Sn nanocomposite shows a much smaller capacity decrease with increasing polariza-
tion current compared to the pure ceramic. The capacity regained at 2232 mA g is equal to
450 and 524 mAh g for SiOC and SiOC/Sn, respectively. This implies that the nanocompo-
site at 6C rate preserves 92% of the capacity achieved at C/5, while the pure SiOC retains
83%. After reducing the current rate back to the low values (74.4 mA g™), the capacity of
both materials is almost fully recovered. Much higher capacity values, excellent capacity re-
covery at high current rates (Figure S7b in ESI) and good stability upon prolonged cycling
(Figure S7c and d in ESI) was obtained in the full potential range (5 mV - 3 V). The capaci-
ty at 74.4 and 2232 mA g current rate recorded for SiOC/Sn sample is over 1050 and 800
mAh g, respectively. To give a perspective, Liang et al. [75] recently published a review
paper presenting a general development of tin-based anodes. Comparing obtained capacity
results to representative findings in various groups of tin-based materials (nano-, micro-tin al-
loys, tin oxides, tin/carbonaceous composites, contact type materials, elemental tin, etc.) our
composite material exhibits one of the highest cyclic stability and rate capability. Still, the re-
sults must be treated with caution, since electrochemical response may vary depending on
multiple conditions [76]. Nevertheless, considering high capacity values, excellent cyclic sta-
bility and rate capability together with relatively easy and cheap preparation process, our
SiOC/Sn nanocomposite is a prospective anode Li-ion battery.

4. Conclusions

In this work, we present a new method for the synthesis of SiOC/Sn composite as anode
material for Li-ion batteries. The composite was prepared from a commercially available pol-
ysiloxane resin and a tin precursor by a simple UV-irradiation process followed by pyrolysis
under an inert atmosphere at 1000°C. We show that UV-irradiation process in the presence of
tin octoate leads to a dual photocuring-dehydrocoupling/hydrosilylation crosslinking mecha-
nism resulting in a lower weight loss during pyrolysis and better preservation of ceramic ma-
trix. The described process leads to a homogenous distribution of metallic tin in the form of
nanoparticles (25-35 nm) within the ceramic matrix. The utilization of carbon-rich preceram-
ic precursor allowed for the preservation of sufficient amount of free carbon, necessary to
achieve high stability and good conductivity. The obtained SiOC/Sn nanocomposite exhibits
high capacity of 494 mAh g after 250 charge/discharge cycles and excellent rate capability
with capacity of 524 mAh g at 2.3 A g, all values measured in the 0-1.5 V potential range.
Outstanding electrochemical performance and simple preparation procedure give a high po-
tential for this SiOC/Sn nanocomposite material in Li-ion battery applications.
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