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1 | INTRODUCTION

| Magdalena Graczyk-Zajac>*

Abstract

In this work, we present the electrochemical behavior and microstructural analy-
sis of silicon oxycarbide (SiOC) ceramics influenced by an addition of polystyrene
(PS). Polymer-derived ceramics were obtained by pyrolysis (1000°C, Ar atmo-
sphere) of different polysiloxanes prepared by sol-gel synthesis. This method is
very effective to obtain desired composition of final ceramic. Two alkoxysilanes
phenylthriethoxysilane and diphenyldimethoxysilane were used as precursors.
Before pyrolysis polysiloxanes were mixed with PS using toluene as a solvent.
Blending with PS affects the microstructure and free carbon content in the final
ceramic material. Free carbon phase has been confirmed to be a major lithium
storage host. Nevertheless, we demonstrate here that capacity does not increase
linearly with increasing carbon content. We show that the amount of SiO, units
in the SiOC microstructure increases the initial capacity but decreases the cycling
stability and rate capability of the material. Furthermore, the microstructure of
the free carbon influences the electrochemical performance of the ceramic: More
ordered graphitic clusters favor better rate capability performance.
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to replace graphite due to its super high theoretical capac-
ity of ~3600 mA h g~!, which is almost 10 times higher

Lithium-ion batteries are widely used in all aspects of our
modern life from portable electronic devices to electric
vehicles and even to military and space applications due
to its high energy density, high voltage, low self-discharge
rate, and no memory effect. Currently graphite with a the-
oretical capacity of 372 mA h g~! is used as anode in most
commercial lithium-ion batteries. The capacity and the
charge rate capability of graphite are nevertheless far from
meeting the demand for high-performance lithium-ion
batteries.! Silicon appears to be a promising candidate

compared with graphite anode, low discharge potential
(.5 V vs. Li/Li"), and abundant reserves. Nevertheless,
~300% volume expansion of silicon during lithiation and
accompanying phase transformation causes a pulveriza-
tion of the material and delamination of the electrode,
thus leading to a fast fading of capacity and low Coulom-
bic efficiency. Although many solutions for enhancing
electrochemical performance of Si-based anode such as
nanosizing of Si and Si-conductive coating composites
have been addressed, from a commercial and practical
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point of view, only anodes with a fraction of elemental
silicon (up to 10-15 wt.%) present a stable electrochemi-
cal behavior*® (refer to Tesla announcement September
2020).

Si-based polymer-derived ceramics (PDCs) like sili-
con oxycarbide (SiOC) and silicon carbontride (SiCN)
gained extensive attention as potential anode materi-
als for LIB due to their unique temperature-dependent
amorphous microstructure at relatively low pyrolysis tem-
peratures (~up to 1100°C for SiOC and ~up to 1300°C
for SiCN) under an inert or reactive atmosphere. Crys-
tallization up to around 1300-1500°C can be resisted due
to the graphene-like sp? bonded carbon network atoms
located at the boundary of tetrahedral nanodomains of
silicon. This character results in an excellent chemical
and thermodynamic stability, elevated electrical conduc-
tivity (6 x 107> S cm™'), as well as robust mechanical
properties. Moreover, a remarkable number of works have
demonstrated that PDCs materials can reversibly store Li
with high electrochemical capacities up to 650 mA h g
and with Coulombic efficiencies over 99%. All these ben-
efits make PDCs materials possible to be anodes for LIB.
Besides, all previous properties, including porosity, can
easily be adjusted by chemical modification and tunable
parameters, which makes it easier to meet the requirement
as people wish.” 10

In 1994, Wilson et al. reported for the first time on
electrochemical properties of a polymer-derived SiOC
pyrolyzed from siloxane in terms of a reversible lithium
intercalation. This work revealed that SiOC ceramics
accept lithium ions at potential lower than 1 V with a
high specific capacity close to 600 mA h g—!. The study
of the effect of processing temperature on a cycle stabil-
ity of SiOC anode demonstrates the lowest first cycle loss
and highest reversible capacity for samples pyrolyzed at
1000°C." The further works of Dahn’s group focused on
the effect of chemical concentrations on electrochemical
performance by over 60 different SiOC materials, with
the composition 14% Si and 80% C revealing the best
electrochemical performance.”” Although those works
focused on the impact of the elemental composition on
the electrochemical behavior, they did not address the
mechanism of lithium storage and lithium transport.'>-!’
The works of Saha et al. and Ahn et al. claimed that
the major lithiation site is the mixed bond configuration
(tetrahedrally coordinated silicon from SiC, via SiC;0,
SiC,0,, and SiCO; to Si0,)."*2° On contrary to these find-
ings, Fukui et al.,”?> Graczyk-Zajac,”> Dibandjo,”* and
Pradeep”>? demonstrated that the free carbon phase is
the major Li-ion storage host site due to the interstitial
and defect sites, edges of graphene sheets, porosity, and
interfacial adsorption on the interface of graphite nano-
crystallites, which result in effective storage of Li ions in

SiOC ceramics. 'Li MAS NMR spectra (nuclear magnetic
resonance) measurements were applied to confirm that
carbon phase is the host site for lithium storage by Fukui
et al.”? and Haaks et al.** The Riedel’s group investigated
polyorganosiloxane-derived SiOC anode pyrolyzed at tem-
peratures from 900 to 2000°C by and demonstrated that
the reversible capacity decreases with the rise of pyroly-
sis temperature and crystalline SiC is formed when the
processed temperature over 1200°C (660 mA h g=! for
900°C to 80 mA h g~! for 2000°C).>* The effect of elec-
trical conductivity on capacity of SiOC was also addressed
in the following work of the same group, revealing that
low carbon content exhibits high initially capacities but
fades rapidly in following cycling, and over 20-wt.% car-
bon content is beneficial for the conductivity and cycling
stability.*

Porous SiOC materials have also been investigated as
promising materials for Li-ion battery. Dibandjo et al. stud-
ied the difference between dense and porous SiOC anodes
and found that the porous sample exhibits more stable
electrochemical performance.*® Pradeep et al. synthesized
a linear polysiloxane cross-linked with divinylbenzene by
hydrosilylation reaction catalyzed by Pt. After pyrolysis
at 1000°C under argon, the obtained porous SiOC with
180 m? g~! of specific surface area exhibits a high specific
capacity over 600 mA h g~! due to the porous structure
providing enough fast ionic transport paths and accom-
modating the structural changes.”” Fukui et al. developed
a microporous SiOC composite material by pyrolyzing a
blend of polysilane at 1000°C, which shows a remarkable
capacity of 600 mA h g~! and a good cycle stability.”’” Xia
etal. studied the impact of etching SiOC by KOH and found
an improved specific area of the material and enhanced the
performance of the anode.

In the present work, we investigate the impact of poly-
mer blending with polystyrene (PS) on the microstructural
and electrochemical properties of the final ceramic.

2 | EXPERIMENTAL SECTION

2.1 | Synthesis of the materials

SiOC samples were obtained by the pyrolysis of
polysiloxanes synthesized by a sol-gel method.
The synthesis procedure was as follows: High
purity phenyltriethoxysilane (Sigma-Aldrich, Ger-
many) (sample phenylthriethoxysilane [PhTEOS]) or
diphenyldimethoxysilane (DPhDMOS) (Sigma-Aldrich,
Germany) (sample DPhDMOS) was mixed with alcohol
(Avantor Performance Materials Poland S.A.) (EtOH in
the case of PhTEOS and MeOH in the case of DPhDMOS)
(alcohol/Si = 2) and co-hydrolyzed with acidic water
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(pH = 4.5, acidified with HCl [Avantor Performance
Materials Poland S.A.]) using its stoichiometric amount
(1 mol of H*/H,O per 1 alkoxy group, namely, 3 mol of
H*/H,0 per 1 mol of PhTEOS, and 2 mol of H*/H,0
per 1 mol of DPhDMOS). The acidic water was added
dropwise to the alkoxysilane/alcohol solution. Then, the
mixture was heated to the boiling point and refluxed for
1 h. The resulting sols were cooled to the room temper-
ature, transferred to the polypropylene test tubes, and
left for gelation and drying processes (2 days at room
temperature, 2 days at 40°C, 2 days at 60°C, 2 days at
80°C, 2 days at 100°C, and 2 days at 120°C). To obtain
the final ceramics, the dried gels were pyrolyzed under
argon atmosphere with the heating rate of 100°C h™~! from
a room temperature to the final temperature (1000°C,
dwell time 1 h), and cooling with the same rate to a room
temperature. To obtain the samples with PS addition,
the dried gels (PhTEOS, DPhDMOS) were dissolved in
toluene (Avantor Performance Materials Poland S.A.)
and mixed with PS (Sigma-Aldrich, Germany) in the 1:1
weight ratio (samples PhTEOS:PS, DPhDMOS:PS). Then,
the toluene was evaporated, and the gels were dried (2
days at 100°C, 2 days at 120°C). The dried polysiloxane/PS
blends were pyrolyzed with the same parameters as the
pure polysiloxanes.

2.2 | Electrochemical cells preparation
The investigated SiOC samples were milled in the ball mill
(MM200, Retsch, Germany) to obtain powder with median
particle size of 10 um and D90 below 40 um. The compos-
ite electrodes were obtained from the slurry comprising
85 wt.% of active material (SiOC sample), 10 wt.% of binder
polyvinylidene fluoride (Solef 6020, Solvay, Germany) dis-
solved in N-methyl 2-pyrrolidone (BASF, Germany) and
5 wt.% of conductive additive Carbon Black Super P
(Imerys Graphite & Carbon, Switzerland), and ~1-1.2 g of
NMP to adjust viscosity. The slurry was casted on a copper
foil (10 um, Copper SE-Cu58 Schlenk Metallfolien GmbH&
Co. KG, Germany) using a doctor blade technique. The
obtained electrode layers were then dried at 80°C for 24 h,
cut into circles of 10 mm in diameter, weighted, dried
under vacuum at 80°C for 24 h, and transferred into glove
box (Mbraun Glove Box Systems, Ar atmosphere, below
.5 ppm of H,0, below .5 ppm of O,) without contact with
air.

For electrochemical tests, Swagelok type two-electrode
cells were assembled with SiOC samples as working
electrodes and lithium foil (Sigma-Aldrich, Germany) as
counter/reference electrode. The electrolyte was 1-M LiPF¢
in ethylene carbonate:dimethyl carbonate (1:1 v/v, Sigma-
Aldrich, Germany). A quartz filter paper (GF-2, 45-um

thick, Macherey-Nagel GmbH & Co. KG, Germany) was
used as a separator.

2.3 | Electrochemical measurements

Galvanostatic cycling was performed using multichan-
nel battery tester (Atlas 0961, Atlas-Sollich, Poland), and
potentiostat-galvanostat (SP200, BioLogic Science Instru-
ments, France). The potentials were set between 3.0 and
.005 V at different current rates, charge currents were the
same as discharge currents C = D (C/20 = 18.6 mA g7},
C/10=372mA g}, C/5=744mA g™}, C/2=186mA g},
C =372mA g7}, and 2C = 744 mA g™!). The current rates
and capacities were calculated per mass of active material.

3 | RESULTS AND DISCUSSION

Figure 1 shows a schematic of the preparation of ceramic
material, pristine and blended with PS. Two alkoxysilanes
each containing a different amount of phenyl group in
the structure are used as ceramic precursors: PhnTEOS and
DPhDMOS. To increase the amount of free carbon and
to modify the morphology of the final ceramic material,
PS has been blended with the xerogel using toluene as a
solvent. Four ceramic materials have been chosen for the
further study: Pristine material derived from PhTEOS and
its blend 1:1 in wt.% with PS, PhTEOS:PS; and pristine
material derived from DPhDMOS, and its blend 1:1 with
PS, DPhDMOS:PS.

Phenyltriethoxysilane was selected, based on our pre-
vious studies, because of high carbon content and good
electrochemical performance of the PhTES-based SiOC
ceramic.’’ The aim of our studies is to find correlation
between organic functional groups attached to the prece-
ramic polymer chains and the microstructure, chemical
composition, and the resulting electrochemical perfor-
mance of the ceramic samples. Polysiloxanes obtained
from DPhDMOS have a low ceramic yield (see TGA in
Figure S1). However, this precursor was investigated due
to two carbon-rich organic groups attached to one silicon
atom, and therefore, expected high share of mixed bonds
silicon tetrahedra, and high carbon content in the final
ceramic. The results of the elemental analysis are gathered
in Table 1. As a result of the PS addition, the amount of free
carbon increases in the final ceramic of about 2-3 wt.%.
PS decomposes above 400°C; therefore, it does not con-
tribute much to the carbon content. However, PS in the
preceramic polymer blend may influence the structure and
porosity of the final ceramic product.*

Microstructural evolution of the ceramic material in
the presence of graphite has been evaluated using Raman
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Hydrolysis and
condensation

l Gelation

Wet gel
l Drying: up to 120°C,
in air
Xerogel
Mixing with PS;
100°C, toluene
Gel:PS 1:1
(by weight)
Pyrolysis: 1000°C,
Ar atmosphere
Ceramic

FIGURE 1 Schematic representation of the synthesis of
pristine ceramics and ceramic—polystyrene (PS) composites

TABLE 1 Elemental composition of the investigated ceramic
materials
Si* (0) C Cqee Empirical
Material wt.% formula
PhTEOS 3.3 291 396 372 Si0;4Coo
PhTEOS:PS 297 270 433 406  SiO;5Css
DPhDMOS 259 232 509 486  SiO,5Cic
DPhDMOS:PS 244 230 526 50.8  SiO;4Csos

Abbreviations: DPhDMOS, diphenyldimethoxysilane; PhTEOS, phenylthri-
ethoxysilane; PS, polystyrene.

spectroscopy (Figure 2). The spectra of all investigated
samples reveal two characteristic bands: The D band,
at around 1329 + 1 cm™!, originating from disordered
graphene layers and the G band at around 1590 + 10 cm ™%,
which corresponds to ideal graphitic lattice [ref]. Bands
around 2685 + 20 and 2900 + 20 cm~' represent

overtones of D mode and combination of D + G bands,
respectively.’*** In order to get more insights into the
microstructural features of the investigated samples,
the first-order spectra have been deconvoluted.***> The
deconvolution reveals one additional bands D3 related
to amorphous carbon.** The example of a deconvoluted
spectrum is shown in the inset in Figure 2. Moreover,
the details such as bands positions, intensity, area, and
intensity ratio Ip;/Ig obtained from the fitting of the
Raman spectra of the investigated samples are gathered
in Table 2. The analysis of the deconvoluted Raman
spectra reveals a decrease of I/l from 5.2 to 4.6 for
PhTEOS and DPhDMOS and from 5.4 to 3.9 for PhATEOS:PS
and DPhDMOS:PS, respectively. This is attributed to the
increasing intensity of G band due to the increasing share
of ordered graphitic clusters in the carbon phase, possi-
bly originating from increased amount of the free carbon
phase.

29Si MAS NMR spectra of PhATEOS and DPhDMOS
derived ceramic and their blend with PS are shown in
Figure 3, whereas the results of the spectra deconvolu-
tion are summarized in Table 3. Surprisingly, blending
with PS leads to a decrease of SiO,4 units in the PhTEOS-
derived material (from 76% to 70.4%), whereas in the case
of DPhDMOS, initially containing much lower amount of
SiO,4 units, its percentage increases from 47.8% to 65.7%,
whereas the amount of SiO;C and SiO,C, diminishes. Note
that in both materials, PhnTMOS and DPhDMOS, blend-
ing with PS leads to the increase of the amount of the free
carbon phase of ca. 2%.

3.1 | Electrochemical performance
Figure 4A,B shows the first lithiation-delithiation curves
and a discharge capacity versus cycle number of SiOC
electrodes recorded at different current rates, respectively.
In the first cycle of PhTEOS, the longest plateau is found
at .4 V, whereas for other samples the plateau is more
“sloping.” In parallel, PhTEOS-derived ceramic reveals
the lowest reversible capacity of 652 mA h g~!. This is
rationalized by the highest percentage of SiO, units, as
revealed by 2°Si ssNMR, compare Table 3. The more silica-
rich the material is, the more pronounced the plateau,
which we attribute to a hardly reversible storage of lithium
ions in the proximity of oxygen in a silica-rich environ-
ment. As Li-O interaction is strong,’® Li ions remain
in the silica-rich environment and the capacity tends to
fade. A similar plateau at ~.25 V was observed, when
inserting lithium ions into SiOx-based electrodes,” which
confirms this hypothesis. The highest first cycle Coulom-
bic efficiency is found for DPhDMOS material, namely,
61.6%; however, no significant difference is found in the
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FIGURE 2 Raman spectra of the investigated ceramics, in the inset an example of the spectrum deconvolution
TABLE 2 Position of D1, D3, and G peaks in Raman spectra of analyzed samples and calculated relative areas of these peaks and the
corresponding ratio of I, /I peak areas
Peak area (%)
Sample D1 (cm™1) D3 (cm™1) G (cm™) D1 D3 G I, /I
PhTEOS 1329 1536 1598 71.4 14.9 13.8 52
PhTEOS:PS 1328 1528 1598 74.7 9.5 15.8 5.4
DPhDMOS 1330 1531 1599 73.1 10.9 159 4.6
DPhDMOS:PS 1328 1503 1589 74.1 6.8 19.1 3.9
Abbreviations: DPhDMOS, diphenyldimethoxysilane; PhTEOS, phenylthriethoxysilane; PS, polystyrene.
TABLE 3 Results of a deconvolution of the 29Si MAS NMR spectra
Si site (%)
Sample Sio, S (ppm) Sio;C é (ppm) Sio,C, S (ppm)
PhTEOS* 76 —104.6 16.4 —69.9 .6 —22.1
7.1 —38.2
PhTEOS:PS 1:1 70.4 —110 18.2 =76 11.4 -39
DPhDMOS 47.8 =111 331 =76 19.1 —37
DPhDMOS:PS 1:1 65.7 —106 25.8 —74 8.5 —43

Abbreviations: DPhDMOS, diphenyldimethoxysilane; PhTEOS, phenylthriethoxysilane; PS, polystyrene.

first insertion/extraction capacities among the investigated
materials (compare Table 4).
The rate capability performance of the PATEOS ceramic

is also the lowest among the investigated materials with
165 mA h g7! recovered with 2C rate. This test reveals
significant differences in the performance of ceramics.
Namely, the best results are registered for high carbon

materials DPhDMOS and DPhDMOS:PS with the stable
241 and 219 mA h g~! recovered at 2C rate and much lower
capacities recovered by PhTEOS:PS with 193 mA h g~!
(40.6-Wt.% Cpree) and 165 mA h g=! by PhTEOS sample
containing 37.2 wt.% of free carbon.

Nevertheless, the enhanced electrochemical perfor-
mance of DPhDMOS-derived materials cannot only be
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TABLE 4 Irreversible capacities Cj,.,, first cycle efficiencies, and average discharge capacities obtained at different current rates
140th Average discharge capacity
First cycle Cp, (mAhg™) cycle (mAhg)

Material Chegy C/20 Efficiency (%) C/20 C/2 (o) 2C
PhTEOS 422 652 60.7 495 299 232 165
PhTEOS:PS 451 719 61.4 552 410 305 193
DPhDMOS 412 663 61.6 577 436 349 241
DPhDMOS:PS 472 680 59.0 533 400 320 219

Abbreviations: DPhDMOS, diphenyldimethoxysilane; PhTEOS, phenylthriethoxysilane; PS, polystyrene.

PhTEOS:PS
_ ——PhTEOS
Si0,  —— DPhDMOS:PS
. —— DPhDMOS
sio,c, S19C
3
©
Py
‘@
[
§)
£
T T T T T T T T T 1
50 0 -50 -100 -150 -200
o/ ppm
FIGURE 3 %Si MAS NMR spectra of all silicon oxycarbide
(SiOC) samples

rationalized by the amount of the free carbon phase.
Note that the Ip;/I; ratio for the best performing mate-
rials is significantly lower than the one calculated for
PhTEOS-derived materials. The lower Ip;/Ig signifies
an increasing share of ordered graphitic clusters in the
carbon phase, which possibly leads to a better electro-
chemical performance of the materials. Moreover, both
the DPhDMOS-derived samples exhibit higher amount
of mixed bonds silicon tetrahedra (SiO;C and SiO,C,)
compared to PhTES-based materials. These observations
suggest a noticeable influence of microstructure on the
reversible lithium insertion of the materials.

4 | CONCLUSIONS

Within this work, we evaluate sol-gel-derived PhTOES
and DPhDMOS-derived ceramics and their composites
with PS for potential application as anodes in lithium-ion
batteries. The focus of the work is on identifying how the
change of the ceramic microstructure induced by blending

(A) 307 I PhTEOS:PS
1 I ——PhTEOS
1 .
25 i - - - DPhDMOS:PS
; - - - DPhDMOS
1

E (vs LiLi"y / V

T T T T T T T T T T T 1
0 200 400 600 800 1000 1200
Capacity / mAh g

(B)
900 - PhTEOS:PS 800
{ = PhTEOS
800 4 DPhDMOS:PS 1700
{1 v DPhDMOS
- 700+ 4 600
o |
£ 600
< ] g 4500 _
£ 5001 {
> 1 4 400 E
'g 400 =
1 4300
& 300
© 1 200
200 )
»]00_- - 100
0 T T d T T T T T 0

T T T T T T
0 20 40 60 80 100 120 140
Cycle number

FIGURE 4 Firstlithiation/delithiation cycle of silicon
oxycarbide (SiOC) electrodes (A) and discharge capacity versus (B)
cycle number of SiOC electrodes recorded at different current rates

with PS affects the storage of lithium ions. The material
with a lower carbon content and a high percentage of SiO,4
units shows initially fair capacities comparable to ceram-
ics with a higher carbon content; however, it performs
much worse during a rate capability tests. For a stable
and reversible lithium storing performance, both at high
and low currents, ceramics containing more than 40 wt.%
of a free carbon phase show advantageous behavior. The
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ordering of graphitic clusters and high share of mixed
bonds silicon tetrahedra seem to enhance the performance
of ceramics at higher currents.
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