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Lithium-sulfur (Li—S) batteries are promising battery systems that provide high capacity and energy density
using abundant materials, but they have a significant drawback known as the shuttle effect, which restricts their
capacity, increases their internal resistance, and results in poor cyclability. Therefore, several efforts are being
focused on overcoming this drawback, including the development of novel cathode materials based on carbo-
naceous hosts to adsorb lithium polysulfides (LiPS) and inhibit the shuttle effect, which is a challenging task. In
this context, this study investigates the use of silicon oxycarbide (SiOC) as the sulfur host for Li—S systems with
outstanding electrochemical performance. SiIOC powder has been synthesized by pyrolysis process at 800 °C,
using 1,3,5-trivinyl-1,1,3,5,5-pentamethyltrisiloxane (TPTS) as the precursor. The sulfur loading procedure
consists of a melt-diffusion process conducted at 150 °C, which successfully diffused sulfur into the SiOC porous
structure. Then, the S-SiOC composite material morphology and structure have been investigated by several
techniques, which confirmed the efficacy of the sulfur loading process. The S-SiOC composite cathode provides a
stable capacity, presenting a reversible charge capacity of 711 mAh g; ! (= 50.3 % of its initial capacity) after 50
cycles at a current density of 83.75 mA g5 ! (0.05C, considering 1C = 1675 mA g5 1), indicating that this com-
posite is a promising material for Li—S batteries.

Porous structure
Shuttle effect

1. Introduction

The increasing demands for energy and renewable resources and the
simultaneous need to decrease fossil fuel consumption necessitate the
investigation of novel, high-performance energy storage systems.
Although lithium-ion batteries (LIBs) have been widely employed in
various fields, especially portable electronics, there is still a demand for
novel battery systems with low-cost, high energy density, and high ca-
pacity. Among alternative systems, Li—S batteries are conversion bat-
teries that use sulfur as the active cathode material, a material abundant
on the earth's crust [1]. Li—S batteries have received significant atten-
tion due to their energy density of 2600 Wh kg ! and sulfur's theoretical
capacity of 1675 mAh g~* [2]. Also, Li—S cells present an overall low
cost, which is suitable for the fabrication of pouch cells, and further
provide affordable commercial batteries [3].
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The study of Li—S batteries started when sulfur was initially inves-
tigated as a cathode material by Herbert Danuta and Ulam Juliusz, and
this electrochemical system was patented in 1962 [4]. However, the
insulating nature of sulfur, the extreme volume change (= 80 %) during
the conversion reactions, and the high solubility of LiPS in the electro-
lytes have hindered the practical realization of Li—S batteries [1]. These
disadvantages have also created considerable challenges for the devel-
opment of a reversible, efficient, and stable sulfur cathode [5]. However,
one of the major contributions to overcoming these disadvantages of
Li—S batteries was presented in 2009 by Ji, Lee, and Nazar, who
introduced a carbon-sulfur composite cathode (70 wt% S), capable of
adsorbing LiPS during redox reactions, reaching capacity values up to
1320 mAh g™}, which was approximately three times higher than the
capacity of traditional LIBs [6].

After the study presented by Ji, Lee, and Nazar [6], several
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carbonaceous materials have been investigated as the sulfur host of
Li—S batteries' cathode in order to identify materials that can efficiently
adsorb LiPS dissolved in the electrolyte, and provide high capacity
retention, such as carbon nanotubes [7], graphene [8], reduced gra-
phene oxide [9], activated carbon [10], and carbon nanofibers [11].
However, in many cases involving carbon-host material, the sulfur
cathode suffered capacity degradation or low energy density due to
weak physical adsorption of LiPS in the carbon host [1]. Therefore, to
overcome this challenge and reduce the shuttle effect, polar compounds
such as metal oxides nanoparticles [12], metal sulfides [13], and metal-
organic frameworks [14], including a recent study involving vapor silica
[15], have been proposed as alternative hosts for sulfur cathode because
the strong chemical adsorption capability of these polar compounds
helps to immobilize LiPS. Nonetheless, there is a need to design mate-
rials that can efficiently adsorb LiPS, which requires the investigation of
new materials with high specific surface area (SSA) and porosity, aiming
to inhibit the shuttle effect and provide a long cyclability [16].

Silicon (Si)-based polymer-derived ceramics (PDCs), such as SiOC,
are achieved by thermal degradation of polymer precursors comprised
of polar silica domains that offer adsorption sites for LiPS and a
free-carbon domain network that improves the electrical conductivity of
the SiOC. Consequently, PDCs have an appropriate matrix for hosting
sulfur once they present a porous amorphous structure, high conduc-
tivity, and resistance against high temperature and corrosion [17,18].
PDCs have also been extensively studied as an anode material for LIBs,
particularly SiOC, which has shown electrochemical capacity signifi-
cantly higher than the capacity of a conventional graphite electrode, and
has been studied using different polymer precursors and composites
[19,20]. However, PDCs have been rarely investigated as the sulfur hosts
for the cathodes of Li—S batteries; and the recent investigations of SiCN
[21,22] and SiOCN [23] have demonstrated high electrochemical sta-
bility due to the confinement of LiPS via physical and chemical
adsorption through Li—N bonds and polar silica domains of the PDC
materials. In addition, Weinberger et al. [24] investigated carbon
derived from SiOC (SiOCDC) as a sulfur host for Li—S batteries, which
demonstrated a reversible capacity of 241 mAh g™! after 100 cycles.
Thus, other PDC compositions derived from low-cost and readily
available polysiloxanes that yield SixOyC, or C-rich SiOC upon pyrolysis
may be equally or more effective sulfur-hosts, given the similarities with
SiCN in the microstructure. However, these compositions have still not
been studied.

A previous study conducted by Mujib et al. [25] investigated the
performance of SiyOyC, fibers obtained from three distinct polymer
precursors: 1,5-divinyl-3,3-diphenyl-1,1,5,5-tetramethyltrisiloxane
(DDTS); 1,3-divinyltetramethyldisiloxane (DTDS); and TPTS. Results
showed that the hollow structure of TPTS-derived SiOC material was
advantageous due to the high SSA and high free-carbon content of TPTS-
SiOC [25]. These results prompted the current investigation of the use of
TPTS-SiOC as a conducting sulfur host for Li—S batteries.

Herein, this research article presents the first report on the applica-
tion of SiOC powder derived from TPTS precursor, as the sulfur host for a
Li—S battery that was pyrolyzed at 800 °C. The SiOC ceramic powder
has efficiently loaded sulfur in its structure, presenting stable electro-
chemical performance and inhibiting the shuttle effect. Electrochemical
tests were performed to study the Li—S battery with the S-SiOC cathode,
and the S-SiOC electrode was characterized by ex-situ and post-cycling
morphological and structural analysis. The S-SiOC cathode presented a
reversible charge capacity of 711 mAh g5' (= 50.3 % of its initial ca-
pacity) after 50 cycles at a current density of 83.75 mA g; ! (i.e., 0.05C,
considering 1C = 1675 mA g3}), which is a significant capacity retention
once the system presented a stable result, and most of the capacity loss
was observed in the initial cycles. Furthermore, the S-SiOC cathode
provided significant capacity retention for the current density of 167.5
mA g;! (0.1C, considering 1C = 1675 mA g;'), and presented a revers-
ible capacity of 398 mAh g5 ! (~ 34.25 % of its initial capacity) after 300
cycles and 203 mAh g5! (= 17.47 % of its initial capacity) after 500

cycles.
2. Materials and methods
2.1. Electrode fabrication

This study used TPTS, purchased from Gelest, Inc. (Pennsylvania,
USA), as the precursor of the SiOC ceramic. The precursor was mixed
with 1 wt% dicumyl peroxide (DCP), purchased from Sigma-Aldrich
(Missouri, USA). The cross-linking process was conducted at 160 °C
for 12 h inside a glove box filled with ultrahigh purity (99.99 %) argon
(Ar) supplied by Matheson (Kansas, USA). The powder was then pyro-
lyzed in an alumina tube furnace under Ar flow at 800 °C for 30 min,
with a heating rate of 2 °C/min, resulting in the SiOC powder. To create
a sulfur-SiOC (S-SiOC) composite, 70 wt% sulfur (Sg) powder (Sigma-
Aldrich) was mixed with 30 wt% SiOC inside a Teflon vessel (inlet) and
positioned inside an autoclave that was heated at 150 °C for ~ 16 h to
enable the melt-diffusion process. Next, the powders were removed from
the Teflon vessel and ground using a mortar pestle until they became a
homogeneous powder, resulting in an S-SiOC composite (the process is
summarized in Fig. 1).

2.2. Li—S cell preparation

The S-SiOC composite electrode was prepared from a slurry con-
taining 80 wt% S-SiOC composite powder (S:SiOC, 70:30 wt. %), 10 wt%
carbon black (Alfa Aesar, Massachusetts, USA) as the conducting agent,
and 10 wt% polyvinylidene fluoride (PVDF) (Sigma-Aldrich) as a binder.
S-SiOC powder, carbon black, and PVDF were ground for 30 min using a
mortar pestle, and then drops of N-methyl 2 pyrrolidone (NMP) (Alfa
Aesar) were added to form a slurry (i.e., S-SiOC). The slurry was coated
over an aluminum foil via a doctor blading method, and heated at 80 °C
overnight.

After the drying process, discs with a diameter of 9/16" (14.2875
mm) were punched out of the aluminum foil and used as the cathodes of
the Li—S cells. The S-SiOC composite electrodes presented an average
sulfur loading of ~ 0.65-0.7 mgs cm 2. Although some studies presented
in the literature have reported cathodes for Li—S batteries with sulfur
loading higher than 4 mgs cm™2, aiming to achieve the highest possible
energy density [26,27], other studies have investigated the fundamen-
tals of novel sulfur hosts by using electrodes with lower values of sulfur
loading (i.e., lower than 2 mg; cm~2) [23,28,29]. The main focus of this
work was to understand the electrochemical behavior of SiOC as a sulfur
host in the S-SiOC composite as a cathode for Li—S batteries.

To prepare the electrolyte, 1 M LiTFSI (Sigma-Aldrich) was dissolved
into 1,3-dioxolane (DOL) (Sigma-Aldrich) and 1,2-dimethoxyethane
(DME) (Sigma-Aldrich) (v/v, 1:1), with 1 wt% LiNO3 (Sigma-Aldrich)
as the additive, which is an efficient electrolyte composition for forming
the passivation layer over the lithium metal anode, providing electro-
chemical stability to Li—S batteries, and controlling the shuttle effect
[30,31]. The separator used was a glass fiber membrane with a diameter
of approximately 19 mm and a thickness of 25 ym (GE, USA). The
counter electrode was a pure lithium metal disc with a diameter of 14.3
mm and a thickness of 75 pm (Alfa Aesar). Li—S cells were assembled
using LIR 2032 coin cells inside an Ar-filled glovebox, and the electro-
lyte volume added in the separator was ~ 88 pL.

2.3. Electrochemical measurements

The assembled cells were investigated using a multichannel BT2000
Arbin test system (Texas, USA) between 1.7 and 2.7 V vs. Li*, a voltage
range that permitted the observation of characteristic voltage plateaus
of Li—S batteries [32,33]. The electrochemical behavior of the S-SiOC
cathode was investigated by a galvanostatic charge-discharge (GCD)
technique, which has been conducted at different C-rates in the range of
0.05t0 2.0 C(1C=1675mA g 1). Electrochemical impedance spectra
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Fig. 1. Fabrication route of the SiOC and S-SiOC powders, depicting the cross-linking, pyrolysis, melt diffusion, grinding, and coating processes.

(EIS) measurements were conducted from 100 mHz to 100 kHz at an AC
amplitude of 5 mV using an electrochemical workstation (CH In-
struments, USA).

2.4. Materials characterization

The structural changes during the fabrication process of the SiOC and

S-SiOC powders was investigated by Fourier transform infrared (FTIR)
spectroscopy analysis, which was conducted using an infrared spec-
trometer model Spectrum 400 (PerkinElmer, Inc.) equipped with a
deuterated triglycine sulfate (DTGS) detector for the mid-infrared range.
The analysis was conducted in the attenuated total reflectance (ATR)
mode using a reflectance accessory model GladiATR (Pike Inc.)
comprising a diamond prism, and presenting a spectra resolution of 4
cm .
The SSA and the pore volume of the SiOC power were investigated by
Brunauer-Emmett-Teller (BET) surface area analyzer, which was
determined by N adsorption at 77 K using a Micromeritics 3Flex 5.03
analyzer model. The sulfur melt-diffusion process of the S-SiOC, and the
crystallinity of the S-SiOC electrodes have been confirmed by Raman
spectroscopy, conducted under the HeNe laser source with a wavelength
of 632.8 nm (=~ 1.96 eV), using a confocal micro-Raman microscope
model LabRAM ARAMIS (Horiba Jobin Yvon Inc.). Spectra were ac-
quired using five accumulations, an acquisition time of 10 s, and a 10 x
lens. Raman spectroscopy has also been conducted under a laser source
with a wavelength of 785 nm (= 1.58 eV), using a micro-Raman spec-
trometer model in Renishaw inVia, at room temperature.

Furthermore, the presence of sulfur in the S-SiOC powder was also
confirmed by X-ray diffraction (XRD), using PANalytical Empyrean
model with 45 kV, 40 mA power setting, and a step size of 0.02° with a
scan speed of 1°/min. The composition of the SiOC and S-SiOC powders
was also analyzed by X-ray photoelectron spectroscopy (XPS), through a
scanning microprobe spectrometer with a beam energy of 1486.7 eV
(PHI Quantera SXM). The post-cycled S-SiOC electrode was also
analyzed by use of XPS, through a spectrometer with a beam energy of
1486.6 eV (Thermo Scientific Al K-alpha+ XPS/UPS system, USA). The
sulfur ratio of the S-SiOC powder was evidenced by thermogravimetric
analysis (TGA), conducted using a TG 209 F1 Libra (NETZSCH) system,
under Ny gas flowing, with a flow rate of 50 ml/min, heating rate of

10 °C/min, resolution of 0.1 pg, and temperature range of 22-800 °C.

Scanning electron microscopy was used to study the morphology of
the powders using a Carl Zeiss EVO MA10 microscope (New York, USA)
with 5-30 kV impinging voltage to characterize powder materials. After
the casting process, the morphology of the S-SiOC electrode coated on
aluminum foil was studied using an FEI Nova NanoSEM 450 scanning
electron microscope (SEM) that was also used to study the S-SiOC
elemental mapping analysis via energy dispersive X-ray (EDX)
spectroscopy.

2.5. LiySe solution preparation and UV-vis adsorption test

A visualized adsorption test was conducted by adding SiOC powder
in a LisSe solution, which was further analyzed by ultraviolet-visible
(UV-Vis) spectroscopy. The preparation of the Li»Se solution consisted
in mixing LisS (Sigma Aldrich) and Sg (Sigma Aldrich) with a stoichio-
metric ratio of 5:1 in the electrolyte previously detailed, which was
stirred and heated at 60 °C for 24 h. To conduct the visualized test, 70
mg of SiOC powder was added to 3 ml of the LisSg solution. Then, after
the adsorption tests, the solutions were placed into a quartz cuvette and
were analyzed by UV-Vis spectroscopy using an AGILENT 8453 UV-VIS
spectrophotometer model, in absorbance mode, with run interval (1) of
190 nm to 1100 nm. The radiation source consisted of a combination of
two lamps: deuterium and tungsten.

3. Results and discussion

3.1. Morphological and structural analyses of the SiOC and S-SiOC
composite powders

The structural changes between the precursor (TPTS) and the PDC
electrode (SiOC) obtained after the pyrolysis procedure, and the com-
posite material (S-SiOC) were revealed by FTIR spectroscopy (Fig. S1).
The FTIR spectra of the TPTS and the cross-linked TPTS showed several
bands that have previously been detailed [25], while the spectrum of the
SiOC powder showed bands assigned to Si—O stretching and Si—C
stretching vibration bonds, respectively positioned at 1035 and 785
cm L. These bands were also present after the sulfur loading process,
and a decrease in band intensity and a downshift were observed. For
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example, Si—O and Si—C bands were positioned at 992 and 759 cm™!
(Fig. S1) [34,35], and were of lower intensity likely due to the infrared
inactivity of sulfur [36].

However, this study used TPTS-derived SiOC powder instead of the
TPTS-derived SiOC fiber that presented a hollow structure, as reported
by Mujib et al. [25]. Therefore, nitrogen adsorption-desorption analysis
(Fig. S2) was conducted to evaluate the SSA and the pore size distri-
bution of the TPTS-SiOC powder. The high SSA of the SiOC, proved by
BET, indicated a value of 235 m? g~?, consistent with SiOC materials
prepared under similar conditions as reported in the past [37,38].

Furthermore, after the sulfur diffusion into the SiOC structure,
Raman spectroscopy was conducted to characterize the carbon vibra-
tional modes of the S-SiOC composite powder. Raman analyses were
conducted using laser beams with wavelengths of 632.8 nm (HeNe
source) and 785 nm, and both spectra displayed sulfur bands, confirm-
ing the melt-diffusion process. However, the HeNe laser source (632.8
nm) caused fluorescence during the analysis, and the Raman spectrum of
the SiOC powder (Fig. S3) has not displayed the carbon bands, while the
Raman spectrum of the S-SiOC powder inhibited some features of the
sulfur bands (Fig. S4). On the other hand, the Raman spectroscopy an-
alyses under the 785 nm laser source (Fig. 2a) clearly evidenced bands
corresponding to sulfur [39,40] and carbon [25].

The Raman spectrum of the SiOC (Fig. S5a) and S-SiOC (Fig. S5b)
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powders, under the laser with the wavelength of 785 nm, efficiently
evidenced carbon bands, particularly the D band, assigned to disordered
aromatic rings, and the G band, attributed to sp>hybridized carbon
atoms [41]. Moreover, the deconvolution displayed bands beyond the D
and G bands, which consists of the D* band, assigned to disordered
graphitic lattices, D" band, assigned to amorphous phases, and D’ band,
which is associated with a single-phonon intravalley scattering process
[42]. After the deconvolution process, the Raman spectrum of the SiOC
powder presented an Ip/Ig ratio of 1.63 and an I(Ap)/I(Ag) ratio of 4.4
(see Table S1 to observe the peak parameters). The crystallite sizes of the
SiOC powder were calculated by Eq. (1), proposed by Cancado et al. [43]
(Eq. (1)), and considering the I(Ap)/I(Ag) as conducted by Kaspar et al.
[44], indicating that the material has crystallite sizes (L,) of ~ 20.5 nm.
After the melt-diffusion process, the S-SiOC composite powder presented
an Ip/Ig ratio of 1.84 and an I(Ap)/I(Ag) ratio of 4.94 (see Table S2 to
observe the peak parameters), which are slightly higher than the results
from the SiOC powder, indicating an increase in the disordered structure
of the S-SiOC after the melt-diffusion process.
I(Ap)

i)

Furthermore, the presence of sulfur in the S-SiOC composite was also
probed by XRD, as the resulting patterns displayed the crystallographic
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Fig. 2. (a) Raman spectra of the SiOC and S-SiOC powders. Laser wavelength: 785 nm (1.58 eV), Exposure time: 20 s, accumulations: 2, laser power: 5 %, lens: 50 x.
(b) XRD patterns, and (c) XPS survey spectra of the SiOC and S-SiOC powders. (d) TGA of the S-SiOC powder.
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structures of the SiOC and the S-SiOC powders, and clearly evidenced
peaks attributed to sulfur in the pattern of the S-SiOC powder (Fig. 2b).
The XRD pattern of the SiOC powder presented a common result for
amorphous materials, displaying a broad peak at 21°, associated with a
combination between the silica matrix and carbon [45]. Furthermore,
the XRD pattern of the S-SiOC composite presented peaks attributed to
sulfur, particularly the ones displayed at 23°, 25.8°, ad 27.7°, which are
respectively assigned to the (222), (026), and (040) reflections of sulfur
(Fig. 2b) [46].

The presence of sulfur in the composition of the S-SiOC powder was
also evidenced by XPS spectroscopy, which can be observed in the XPS
survey spectra of the SiOC and S-SiOC powders (Fig. 2¢). The survey XPS
spectrum of the SiOC powder displayed the Cis, O1s, and Sia, peaks
(Fig. 2c), while the survey XPS spectrum of the S-SiOC powder also
displayed the presence of the Sy, peak. The XPS survey spectrum of the
S-SiOC powder also detected a minimal amount of fluorine (F;s) that was
assumed to have resulted from the use of a Teflon vessel during the melt-
diffusion process. TGA analysis also confirmed the sulfur-loading pro-
cess in the S-SiOC powder and quantified the amount of sulfur by
monitoring the weight loss of the sample during the heating process. The
TGA curve showed a mass decrease of 60-65 %, indicating that nearly all
the sulfur evaporated from the S-SiOC structure, while part of the sulfur
may have bonded to the carbon in the SiOC (Fig. 2d).

SEM was also used to investigate the morphologies of the SiOC
powder before the melt-diffusion process (Fig. 3ai), commercial sulfur
powder (Fig. 3aii), and S-SiOC composite powder, after the sulfur melt-
diffusion process (Fig. 3aiii), evidencing the presence of sulfur in the
composite S-SiOC powder. Furthermore, after the electrode coating
process, the presence of sulfur in the active S-SiOC electrode on the
aluminum foil was confirmed by SEM images under different

100 pm | S

[ —

magnitudes (Fig. 3bi-iii), and the homogenous distribution of sulfur in
the S-SiOC structure was proved by EDX elemental mapping, showing
the efficiency of the sulfur-melting diffusion procedure (Fig. 3c). The
EDX spectrum of the S-SiOC powder (Fig. S6a) also confirmed the
presence of sulfur in the S-SiOC electrode. The EDX spectrum also was in
accordance with a previous EDX spectrum of TPTS-derived SiOC fiber in
a previous study [25], except for the presence of sulfur.

The high-resolution XPS spectra of the SiOC powder, displayed in
Fig. S7, details the bonding of the SiOC powder pyrolyzed at 800 °C, and
the curve fitting process has been done for the Siz, C15, and Os; orbitals.
The curve fitting of the Siy;, unraveled the presence of SiCO3 (102.5 eV)
and SiO4 (102.4 eV) [47], the Cy5 peak indicated as the presence of C—Si
(283.8 eV), C=C (284.5 eV), and C=0 (288 eV), and the Ols peak
displayed Si—O (532 eV) and C—O (532.4 eV) bonds, which is in
accordance with other SiOC materials previously investigated [25,48].

Furthermore, the high-resolution XPS spectra of the S-SiOC powder
evidenced peaks assigned to Sy, (Fig. 4a), Siap (Fig. 4b), Cy5 (Fig. 4c), and
Oys (Fig. 4d) orbitals. The high-resolution XPS spectra of the Siy,
(Fig. 4b), Cq5 (Fig. 4c¢), and O15 (Fig. 4d) peaks evidenced the same bonds
previously observed in the high-resolution XPS spectra of the SiOC
powder (Fig. S7). The high-resolution spectrum of the S, peak (Fig. 4a)
confirmed the sulfur loading on the SiOC powder and the efficiency of
the melt-diffusion process (Fig. 1). The peaks from the Sy, orbital was
deconvoluted into Sz,3/2 and Szp1 /2 doublets, with an intensity and area
ratio of 2:1 (Sap3/2:S2p1/2), and an energy separation of ~ 1.2 eV between
these bands (see Table S3), which is in accordance with previous results
from the literature [49,50]. The deconvolution details the C—S bond,
which has been deconvoluted into two bands, particularly the Sy,3,2 and
S2p1/2 doublet, respectively positioned at 161.4 eV and 162.6 eV, which
is consistent with previous results from the literature [36,51,52]. The

100 pm
Jrm———

Fig. 3. (a) SEM images of the (i) SiOC powder, (ii) commercial sulfur powder, and (iii) S-SiOC composite powder. (b) SEM images of the S-SiOC electrode coated on
aluminum foil under different magnifications, as displayed by the scale bars with (i) 100 pm, (i) 10 pm, and (iii) 5 pm. (c) Elemental mapping of the S-SiOC
composite electrode, confirming the presence of sulfur in the structure of the composite electrode. (d) High-resolution XPS spectra of the S-SiOC composite powder.
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Fig. 4. High-resolution XPS spectra of the S-SiOC powder, displaying the (a) Szp, (b) Sizp, (c) Cys, and (d) O, orbitals.

S2p high-resolution spectrum also displays bands assigned to oxidized
sulfur species [53], positioned at 164.7 eV and 165.5 eV.

3.2. Electrochemical results

A galvanostatic charge-discharge test was performed at a gravimetric
current of 83.75 mA g; !, i.e., 0.05C (considering 1C = 1675 mA g™1).
The electrochemical analyses, displayed in Fig. 5, were normalized by
mass of sulfur in the electrode. The initial cycle of the Li—S batteries
(Fig. 5a) produced two plateaus, respectively positioned at ~ 2.32 V and
~ 2.2 V in the charge and discharge profiles, in accordance with the
transition oxidation states of sulfur (Fig. 5a). The first plateau was
attributed to the reduction of elemental sulfur (Sg) to high-order LiPS
(LiaSp, 6 < n < 8) as a reaction between the ring-opened sulfur and
lithium, while the second plateau was attributed to the reduction of low-
order LiPS (Li2Sy, 2 < n < 6). The charging process also showed the same
two plateaus (at ~ 2.21 V and ~ 2.24 V), in accordance with the tran-
sition states [1].

The cyclability test at the C-rate of 0.05C (Fig. 5a and b) followed a
current value close to a previous study conducted by Qu et al., which
investigated SiCN as a sulfur host for Li—S batteries at a current density
of 83.5 mA g~!. The study conducted by Qu et al. investigated SiCN
pyrolyzed at different temperatures, including 800 °C [22], same py-
rolysis temperature as that used in the present study.

Based on the sulfur content of 56 wt% in the specimen, sulfur areal
loading of 0.663 mg cm 2 and the first cycle's gravimetric discharge
capacity of ~ 1420 mAh g;! at 0.05C, the specific energy and power
densities of the Li—S cell with the S-SiOC cathode were found to be

1384 Wh kg~ 'and 81.65 W Kg !, respectively using Egs. (S1) and (52)
(see the parameters in Table S4, and the comparison with theoretical
Li—S system in Table S5). These values are comparable to previously
published works [54,55].

Fig. 5(a) displays the charge-discharge profiles at 0.05C, displaying
the 1%, 274, 39 10™ and 50™ cycles. The voltage-capacity profiles are
quite similar during the constant-current charging process, owing to the
formation of long-chain LiPS. The discharge curves followed the same
pattern, with all profiles exhibiting similar reducing LiPS plateaus. Upon
examining the more advanced cycles, it is noted that the difference in
the charge capacity between the 10™ and 50™ cycles is not significant,
indicating that the S-SiOC electrode underwent the passivation process
and considerable reduction in its cyclability was during the initial cy-
cles, which is expected for Li—S batteries. This phenomenon probably
occurs due to the shuttle effect, which reduces the active area of the
sulfur electrode [1]. However, the system soon exhibits remarkable
stability for the remaining battery cycles, providing a reversible capacity
of 711 mAh gs~! after 50 cycles (Fig. 5a and b), still retaining 50.3 % of
its initial capacity, which indicates a small capacity loss after the five
initial cycles.

However, a fast capacity loss was observed in the initial five cycles,
resulting in a charge capacity of 718 mAh g;! in the sixth cycle,
retaining 50.8 % of the initial capacity. This capacity loss in the initial
cycles has been previously reported in the literature, indicating that
active sulfur has been consumed in the initial cycles, while the capacity
results of the next cycles results have resulted from the conversion re-
actions of the sulfur present into the porous electrode [56]. Despite the
initial cycles, the S-SiOC electrode provided a stable cycling process in
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Fig. 5. Charge-Discharge performance of the S-SiOC composite as the cathode of Li—S cells. (a) Voltage profile of the 1%, 274, 3/, 10 and 50 cycles at 0.05 C, (b)
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% of LiNOs. 1C = 1675 mA g; *

comparison to the SiCN host material pyrolyzed at the same temperature
reported elsewhere [22] (see Fig. S8).

During the discharging process, long chains of soluble LiPS pass
through the separator, form short chains of LiPS, and reach the lithium
anode. During the charging process, these short chains of LiPS migrate
back to the cathode and are re-oxidized, forming long chains of LiPS.
Then, coulombic efficiency values higher than 100 % have probably
resulted from the diffusion of soluble LiPS [22]. The S-SiOC electrode
provided an initial coulombic efficiency of ~ 99.5 %, presenting
significantly higher values for the following cycles, reaching the effi-
ciency of &~ 125.3 % in the 8th cycle. Then, the efficiency was slightly
decreased and presented a stable result, reaching the efficiency of ~

118.7 % after 50 cycles at 0.05C (Fig. 5b). Therefore, it is possible to
conclude that the increase of the coulombic efficiency for the initial
cycles is associated with the higher presence of LiPS in the electrolyte,
probably culminating from the cathode sulfur loss during the initial
cycles (Fig. 5b), resulting in a longer charging process. Otherwise, the
next cycles presented a stable coulombic efficiency, which may indicate
a reduced presence of LiPS dissolved into the electrolyte, implying that
the SiOC host was efficient in adsorbing LiPS.

Furthermore, present study also performed the rate capability test at
C-rate values of 0.1C, 0.3C, 0.5C, 1C, and 2C (considering 1C = 1675 mA
gs D), totaling 10 cycles for each C-rate. The voltage profile of the initial
cycles for each C-rate value showed the same plateaus assigned to the
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transition states (Fig. 5c), except for the voltage profile for the high C-
rate of 2 C, which showed an extremely low capacity and coulombic
efficiency. This study also monitored the recovery capacity by repro-
ducing the C-rate test previously detailed but in reverse order (from 2 C
to 0.1 C), proving that the capacity was successfully recovered at 0.1 C.

This Li—S system comprising the S-SiOC electrode was investigated
at different C-rate values, and they have shown that the S-SiOC is more
appropriate for being applied in systems that operate under low current
density (e.g., 0.1C; see Fig. 5d). Furthermore, a cyclability test was
performed to investigate the reversible capacity of the same cell at the C-
rate of 0.1C for the following 400 cycles (Fig. 5e). The initial charge
capacity provided by the $-SiOC cathode was 1162 mAh g; ! at 0.1C,
followed by a decrease after the five initial cycles, reaching a charge
capacity of 545 mAh g;! for the sixth cycle, retaining ~ 46.7 % of its
initial capacity. The coulombic efficiency provided by the S-SiOC cath-
ode during the cycling process at 0.1C presented a stable result until the
~ 150" cycle, indicating a higher intensity of the shuttle effect, which is
in accordance with the capacity decrease. However, the charge capacity
was slightly decreased, presenting values higher than 500 mAh g;! (at
0.1C) until the 204™ cycle. Then, the capacity was continuously
decreased, leading to a reversible charge capacity of 3908 mAh g5 (at
0.1C) in the 300" cycle, retaining ~ 34.25 % of its initial capacity, and
finally presenting a reversible capacity of 203 mAh g;! (at 0.1C) after
500 cycles, corresponding to &~ 17.47 % of its initial capacity (Fig. 5e).
These results have also been compared with another Li—S cell
comprising an SiOC-free cathode (also identified as S electrode), con-
taining only sulfur as its active material, to compare the efficiency of the
S-SiOC electrode. However, the SiOC-free electrode presented a lower
initial capacity and fast capacity fade, retaining ~ 33.2 % of its initial
capacity in the 200%™ cycle, and only = 6.3 % of its initial capacity for the
300" cycle (see Fig. S9).

As the S-SiOC cathode provided low-capacity values under high C-
rates (e.g., 0.5C, 1C, and 2C), this material is appropriate for applica-
tions that require high cyclability (see Fig. 5d and Fig. 5e), as it has
demonstrated outstanding performance for long-term cycling applica-
tions, which most Li—S batteries have struggled to achieve [2]. Conse-
quently, the S-SiOC composite is a suitable alternative for the
development of novel cathodes for Li—S systems due to the long-term
cyclability it offers.

EIS analysis has been conducted before the cycling process, using an
LIR 2032 coin cell comprising S-SiOC as the cathode, under the same
configuration of the cells assembled for the C-rate and cyclability tests
(Fig. 5). In the Nyquist plot (Fig. S10), the interception of the semicircle
with the real axis is assigned to the equivalent series resistance (R.), the
semicircle is assigned to the charge-transfer resistance (R¢t), and the
inclined line at low frequency is attributed to the diffusion of electro-
active species in the electrode [57]. The equivalent circuit model used to
fit the EIS data consisted of the Randles circuit [58] with an open War-
burg (W,) representing the diffusion of LiPS and a constant phase
element (CPE) assigned to the double-layer capacitance (inset of
Fig. S10). The fitting with the Randles circuit presented an equivalent
series resistance (Re) of 14 Q and a charge-transfer resistance (Rt) of 44
Q (the parameters are displayed in Table S6), which are in accordance
with previous EIS results for Li—S batteries available in the literature
[23,59].

3.3. Post-cycling analyses of the S-SiOC cathode

Post-cycling analyses were conducted to monitor structural and
morphological changes in the S-SiOC cathode after completing 50 cycles
at 0.05C (Fig. 5b). The Li—S battery cells were disassembled in a glove
box under Ar atmosphere, and repeatedly rinsed with dimethyl car-
bonate (DMC) to remove surface contaminants, such as the glass fiber
separator and its remaining fibers, and then dried overnight at 60 °C
inside an Ar-filled glove box.

The sulfur loss was observed via post-cycling analyses of the S-SiOC

electrode after 50 cycles at the C-rate of 0.05C. SEM images of the S-
SiOC powder showed the morphology of the composite cathode surface
without significant changes from the pristine electrode morphology
(Fig. 3b), despite some remaining glass fibers on its surface (Fig. 6a).
Furthermore, the elemental mapping (Fig. 6b) and the EDX spectrum
(Fig. S6b) of the post-cycling electrode indicated a significant decrease
of sulfur on the cathode composition. However, the cyclability test at
0.05C (Fig. 5b) showed a significant capacity decrease in the initial
cycles, and the capacity results stabilized after the sixth cycle, demon-
strating reversible capacity values higher than 700 mAh g5 !, indicating
that the most of the sulfur loss occurred in the initial five cycles.

The results from Raman spectroscopy evidenced a lower intensity of
the sulfur bands for both the pristine S-SiOC electrode and the S-SiOC
electrode after 50 cycles at the C-rate of 0.05C (Fig. S11) in comparison
to the result from the S-SiOC powder (Fig. S4), under the HeNe laser
source (632.8 nm), probably because of the addition of PVDF and carbon
black during the electrode fabrication. Unlike the spectrum of the S-
SiOC powder that presented fluorescence under the HeNe laser source
(632.8 nm), the spectrum of the pristine S-SiOC (Fig. S11a) electrode
coated on aluminum foil displayed carbon bands, likely due to the added
PVDF and carbon black during electrode fabrication. The deconvolution
of this spectrum displayed the D and G bands [31,32,60], as well as D%,
D', and D" bands [42]. The Raman spectrum of the post-cycling S-SiOC
electrode (Fig. S11b) also displayed bands assigned to carbon, likewise
the pristine S-SiOC electrode (Fig. S11a). This spectrum presented an Ip/
I ratio of 1.52, while the S-SiOC electrode presented an Ip/Ig ratio of
1.49 (the peak parameters of the deconvolution of the Raman spectra of
the pristine and post-cycling S-SiOC electrodes are available in
Table S7), which shows a low decrease of the crystallinity, indicating
that the amount of defects in the sulfur host has not significantly
increased after the conversion reactions. The difference of the Ip/Ig of
the S-SiOC electrodes in comparison to the S-SiOC powder are probably
because of the addition of PVDF and carbon black during the electrode
fabrication.

The elemental composition and chemical bonds of the post-cycling S-
SiOC electrode have also been investigated by XPS. The survey XPS
spectrum detailed the same peaks as those observed in S-SiOC powder
with some changes; a significant increase in the peaks assigned to oxy-
gen (Oq5) and fluorine (Fi5) in comparison to the XPS results of the S-
SiOC powder was observed, probably because of the addition of PVDF
duringt fabrication of the electrode, and the appearance of a peak
assigned to Lijs (Fig. S12).

The high-resolution XPS spectra of the post-cycled S-SiOC electrode
displays the Sy}, (Fig. 7a), Sip (Fig. 7b), Cys (Fig. 7c), and Oy (Fig. 7d)
orbitals. However, changes were observed, particularly in the Sy,
orbital, in comparison to the results of the S-SiOC powder (Fig. 4a). As
expected, the SiOC host material efficiently adsorbed LiPS, as evidenced
by the high-resolution XPS spectrum of the Sp. The high resolution S,
spectrum of the post-cycled S-SiOC electrode (Fig. 7a) was also decon-
voluted into Syp3/2 and Sap; /2 doublets, with an intensity and area ratio
of 2:1 (S2p3/2:S2p1/2), and energy separation of ~ 1.2 eV between these
bands (see Table S3), which is in accordance with previous results from
the literature [49,50]. The deconvolution of this peak indicated the
presence of Li—S bonds (160.5 and 161.7 eV), C—S bonds (162.1 and
163.3 eV), and S—S bonds (163.5 and 164.7 eV) [61]. The presence of
thiosulfate (167.3 and 168.5 eV) and polythionate (169.4 and 170.6 eV)
in the post-cycled cathode could be a result of the strong interaction
between the oxygen-rich surface of the S-SiOC electrode and the sulfur
from the LiPS [62]. The high-resolution Sy, spectrum confirmed that the
SiOC host material chemically adsorbs LiPS and inhibits the shuttle ef-
fect, as previously observed using SIOCN ceramic as the host material for
positive electrodes of Li—S batteries reported elsewhere [23]. It was
observed a shift of the SiCO3 band in the high-resolution XPS spectrum
of the Siyp peak (Fig. 7b), in comparison to the Siz, XPS spectrum of the
S-SiOC powder (Fig. 4b). The high-resolution XPS spectrum of the Cyg
peak (Fig. 7c) revealed an increased intensity of the peak assigned to
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Fig. 6. Post-cycling (a) SEM images and (b) elemental mapping. The analyses were conducted after 50 cycles at 0.05C.
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Fig. 7. High-resolution XPS spectra of the post-cycling S-SiOC electrode, displaying the (a) Sap, (b) Siap, (c) Cis, and (d) Oy peaks.

C—O bond in the post-cycled S-SiOC cathode, which could be associated the interaction between the SiOC powder and the LiPS. To conduct this

with the formation of Li,COs, resulting from the interaction between Li™ test, a blank Li;Sg solution was prepared, which initially presented a
ions and the —(CO3)- groups of the SiOC, or from the formation of the yellow color (Fig. 8ai), and after the addition of 70 mg of SiOC powder
solid-electrolyte interphase (SEI) layer [63]. into 3 ml of the LiySg solution, it immediately turned black (Fig. 8aii).

Furthermore, a visualized adsorption test was conducted to analyze Then, the solution started to become transparent with time, showing a
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Fig. 8. (a) Digital photographs displaying the (i) Li»Se pristine solution, (ii)
immediately after the addition of the SiOC powder, (iii) after 20 min, and (iv)
after 90 min. (b) UV-Vis spectrum of (i) 0.005 M Li,S¢ dissolved into an elec-
trolyte solution (1 LiTFSI +1 % wt. LiNO3 dissolved into DOL:DME - 1:1); (ii)
after 20 min, and (iii) after 90 min of the addition of 70 mg of SiOC in the
Li»Sg solution.

translucent shade after 20 min (Fig. 8aiii) and presenting an almost
transparent shade after 90 min (Fig. 8aiv). Furthermore, UV-Vis spec-
troscopy has also demonstrated the efficiency of the SiOC in adsorbing
LiPS. The UV-Vis spectrum of the blank LisSg solution (Fig. 8bi) dis-
played a band centered at 361 cm™!, assigned to S¢~, which has been
previously reported in the literature [64,65]. After the addition of SiOC
powder, it was observed that the S~ band was significantly decreased
after 20 min (Fig. 8bii), and fully disappeared after 90 min (Fig. 8biii),
confirming the ability of the SiOC in adsorbing LiPS.

Also, FTIR spectroscopy was used to investigate the pristine S-SiOC
electrode and the post-cycled S-SiOC electrode, revealing bands
assigned to G—H stretching bond [25] at 1326 cm ™!, =0 asymmetric
and S—=O symmetric stretching bonds [66], respectively positioned at
1192 and 1124 cm’l, and Si—O stretching bond [25] at 1003 cm ! (see
Fig. S13), which are summarized in Table S8. The results have shown a
significant increase in the intensity of the bands assigned to the S=0
asymmetric and symmetric stretching bonds, probably due to the
adsorption of LiPS by the oxygen-rich S-SiOC electrode, as suggested by
the XPS results.

4. Conclusion

In summary, SiOC powder synthesized via a polymer pyrolysis pro-
cess was used to fabricate a novel sulfur melt-infiltrated SiOC composite
as stable cathode material for Li—S batteries. The morphology and
structure of the S-SiOC powder and the S-SiOC electrode were investi-
gated by the use of microscopic and spectroscopic techniques confirming
the successful loading of sulfur (=~ 70 wt%) in the SiOC host material.
The electrochemical analysis indicated that the S-SiOC composite elec-
trode efficiently adsorbed LiPS and exhibited a stable performance after
some capacity loss in the initial five cycles. A charge capacity of 711
mAh g; ! after 50 cycles at 0.05C, retaining ~ 50.3 % of its initial ca-
pacity was observed, which is considerably higher than other PDCs
sulfur host materials for cathodes of Li—S batteries. Results from a test
conducted at a C-rate of 0.1C revealed a reversible charge capacity of
398 mAh g; ! after 300 cycles (~ 34.25 % of its initial capacity) and 203
mAh g5 ! after 500 cycles (=~ 17.47 % of its initial capacity). Therefore,
this study demonstrates that polymer-derived SiOC ceramics should be
further investigated as a sulfur host material for Li—S batteries because
of the significant capacity retention, mainly under low C-rates (e.g.,
0.05C and 0.1C).
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