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Core-Shell Si@SiOC Particles Synthesized Using
Supercritical Carbon Dioxide Fluid for Superior Li-lon

Storage Performance

Rahmandhika Firdauzha Hary Hernandha, Bharath Umesh, Jagabandhu Patra,

Chun-Yen Chen, Ju Li, and Jeng-Kuei Chang*

A supercritical carbon dioxide (SCCO,) fluid, characterized by gas-like
diffusivity, near-zero surface tension, and excellent mass transfer properties,
is used as a precursor to produce silicon oxycarbide (SiOC) coating. SCCO,
disperses and reacts with Si particles to form an interfacial layer consisting of
Si, O, and C. After an 850 °C annealing process, a conformal SiOC coating
layer forms, resulting in core-shell Si@SiOC particles. High-resolution
transmission electron microscopy and its X-ray line-scan spectroscopy, X-ray
photoelectron spectroscopy, Fourier-transform infrared spectroscopy, and
Raman spectroscopy, are used to examine the SiOC formation mechanism.
Effects of SCCO, interaction time on the SiOC properties are investigated.
The SiOC layer connects the Si@SiOC particles, improving electron and Lit
transport. Cyclic voltammetry, galvanostatic intermittent titration technique,
and electrochemical impedance spectroscopy are employed to examine the
role of SiIOC during charging/discharging. Operando X-ray diffraction data
reveal that the SiOC coating reduces crystal size of the formed Li;;Si, and
increases its formation/elimination reversibility during cycling. The Si@SiOC
electrode shows a capacitiy of 2250 mAh g~' at 0.2 A g~". After 500 cycles, the
capacity retention is 72% with Coulombic efficiency above 99.8%. A full cell
consisting of Si@SiOC anode and LiNi, 3Co, ; Mn, ;0, cathode is
constructed, and its performance is evaluated.

large quantity of electrical power needed for
various applications, high energy density
is a major focus of LIB development.!!]
However, conventional graphite neg-
ative electrodes have limited capacity
(372 mAh g™'), and thus a higher-capacity
electroactive material is required.’! In
this context, Si-based negative electrodes
are of great interest. In addition to its
abundance (28% of Earth’s crust by mass),
low cost, and nontoxicity, Si has a high
theoretical capacity of ~3579 mAh g!
and a desirable lithiation/delithiation
potential.®]  Nevertheless, Si electrodes
usually suffer from large volume expan-
sion/contraction during cycling, which
leads to electrode pulverization/collapse, !
repeated solid-electrolyte interphase (SEI)
breakdown/reformation, electrolyte con-
sumption, and cyclable Li* loss, which
limit the electrode lifespan.’] Numerous Si
nanostructures have been developed to re-
lease the induced stress and overcome the
above problems.[®’] However, these nanos-
tructures decrease the electrode volumetric
density and lower the initial Coulombic
efficiency (CE). The preservation of some

1. Introduction

Increasing demand for mobile electronic products, electric vehi-
cles, and large-scale energy storage systems has stimulated the
improvements in Li-ion battery (LIB) technology. Because of the

empty buffer space within the electrode to accommodate the Si
volume change has also been proposed.l®?] However, the voids
introduced reduce the Si mass loading and, thus, the electrode
energy density, making this approach impractical. An attractive
alternative approach is to apply a surface carbon coating onto Si.
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Unfortunately, coated carbon materials have low specific capac-
ities and can be brittle.'®!] A more effective coating/buffering
material is thus needed to improve Si electrode cyclability.

Silicon oxycarbide (SiOC) typically has an amorphous struc-
ture with mixed Si, C, and O atoms, and its chemical composi-
tion can be generally described as SiO,;_,C, +y Cge.'*"*! Basi-
cally, SiOC is composed of Si/O/C repeated tetrahedral units as
a primary framework, a free carbon phase, and some voids.!"
In a tetrahedral unit, silicon is simultaneously bonded with car-
bon and oxygen and can be denoted as [C, SiO, ], where x =1, 2,
or 3.1 The incorporated carbon, which can be four-coordinated,
in the silicate structure partially replaces some oxygen, which is
two-coordinated."! This increased bonding number per anion
can strengthen the molecular structure of the glass network, lead-
ing to enhanced thermal and mechanical properties.!'®”] This
primary network provides an adequate Li* storage capacity!'®]
(i.e., the Li* ions can alloy with Si atoms, bond with O atoms,
and stay in the voids near C atoms!'®?% and a unique flexible
characteristic).[?! The latter feature is especially important for Si-
based anodes for LIBs. A resilient material is essential for reduc-
ing the damage associated with the significant volume change
during cycling. In addition, the free carbon phase and voids
in SiOC provide conductivity and a buffer zone for volume ex-
pansion, respectively, both of which are beneficial for electrode
cyclability.1+22]

Some studies have attempted to incorporate SiOC into
Si-based anodes.2¢l Kaspar et al. separately mixed nano-
crystalline and nano-amorphous Si particles with poly-
organosiloxane in acetone.!?! After pyrolysis at 1100 °C under Ar,
SiOC/Si,ysatiine @0d SIOC/Si,ynorpn0us COMPposites were obtained.
The former electrode had an initial capacity of ~#800 mAh g™
and a CE value of 75% and the latter electrode had an initial
capacity of ~600 mAh g~! and a CE value of 63%. Choi et al.
developed an aerosol-assisted chemical vapor deposition process
using phenyltriethoxysilane solution,?* After a heat treatment
at 800 °C in an Ar atmosphere, an SiOC glass coating was
created on Si particles. An electrode based on these particles
had an initial capacity of 2093 mAh g~ (with an initial CE of
72%). In another work, poly-phenylsilsesquioxane nanospheres
were used to produce an SiOC skeleton (via pyrolysis), which
served as both a mechanically robust buffer to accommodate
the volume expansion of Si and an effective electron conductor
in the electrode.l”] The obtained Si/SiOC composite exhibited
reversible capacities of ~800 and ~600 mAh g=! at current
densities of 100 and 500 mA g1, respectively. With the addition
of cetrimonium bromide as a surfactant during the interaction
between silicone oil and Si nanoparticles, Jang et al. fabricated
an Si/SiOC composite.[?] The obtained anode material exhibited
a good reversible capacity of 1649 mAh g=! (with an initial CE of
~78%) and decent cycling stability (1312 mAh g=! at the 100th
cycle at 0.5 A g!). These studies show that the synthesis of
SiOC is complex and usually requires the use of various sol-
vents, silicone oil, siloxane, silane, and other Si/O/C-containing
polymeric-based precursors.[2*26] This leads to a high environ-
mental impact and a complicated process that is both costly and
time-consuming. In addition, most of the previous syntheses
using polymer precursors resulted in SiOC particles with a large
size and relatively low uniformity.?”2/ Furthermore, due to
the amorphous nature of SiOC, which allows high freedom in
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chemical composition, the preparation method can affect the
physicochemical properties and electrochemical performance
of SiOC. Our goal is to develop a green, effective, and scalable
method for applying an appropriate SiOC coating onto individual
Sinanoparticles and optimize the charge-discharge performance
and cyclability of the obtained anodes.

Supercritical CO, (SCCO,) synthesis could be an attrac-
tive strategy for producing SiOC. SCCO, fluid is characterized
by extremely low viscosity, gas-like diffusivity, and exceptional
mass transfer properties.[??! Its near-zero surface tension allows
SCCO, to infiltrate the framework and separate the reactant Si
particles. Then, SCCO, could interact with the particles to create
a coating layer. Temperature and pressure can be tuned to alter
the physicochemical properties of SCCO,, such as density, vis-
cosity, and the dielectric constant.33! Thus, the characteristics
of coating layers can be controlled. Moreover, SCCO, is stable,
nonflammable, nontoxic, and inexpensive, making the synthe-
sis process eco-friendly and scalable.*2] SCCO, fluid has been
used for extraction since 1950. Large-scale extraction appara-
tuses are used in various process plants worldwide.l**3* SCCO,
is also used for drying and cleaning in microelectromechani-
cal systems!®! and for dye modification treatment in the textile
industry.’®! For battery material and electrochemistry applica-
tions, SCCO, has been used to exfoliate layered materials,3738
disperse nanostructure materials,[*! carry precursors for various
material syntheses,!***2] and as a precursor in producing porous
carbonate nanocomposites.[**] Recently, SCCO, fluid has been
employed to carry carbohydrate precursors for carbon coating
on Si and Li,Ti;O,, particles.*#*! To the best of our knowledge,
SCCO, has not been previously used as a precursor to synthesize
an SiOC layer on Si particles. We believe this technique is worth
developing.

In the present work, core-shell Si@SiOC nanoparticles are
synthesized via a facile combined SCCO, and annealing process,
as shown in Scheme 1. The reaction time between SCCO, and
Si particles is adjusted to optimize the SiOC properties. Samples
subjected to only SCCO,, or annealing treatment are also pre-
pared for comparison. The microstructure, crystallinity, chemi-
cal composition, SEI chemistry, charge—discharge performance,
impedance characteristics, and Li* transport properties of vari-
ous electrodes are systematically studied. In addition, operando
X-ray diffraction (XRD) is used to examine the effects of the SiOC
coating on electrode lithiation/delithiation behavior. In addition
to a half-cell investigation, full cells using LiNi;4Co,;Mn, 0,
cathodes are constructed and their energy density and cycle life
are evaluated. It is shown that the SiOC layer created via the
SCCO, /annealing process significantly improves the rate capa-
bility, Li* transport kinetics, phase transition reversibility, and
cyclability of the electrode, which is crucial for next-generation
LIBs.

2. Results and Discussion

The crystallinity of the pristine Si, S1, HT, SIHT, S3HT, and
S5HT samples (S1, S3, and S5 stand for reaction with SCCO,
for 1, 3, and 5 h, respectively; HT stands for 850 °C treatment for
5 h. See Section 4.1 for details.) was examined using XRD; the
obtained diffraction patterns are shown in Figure 1a. The peaks
at 28.4°, 47.4°,56.1°, 69.2°, and 76.3° belong to the (111), (220),
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Scheme 1. Schematic illustration of combined SCCO, and annealing process for fabrication of core-shell Si@SiOC composite particles.

(311), (400), and (331) plane diffraction, respectively, of cubic-
structure Si (JCPDS 27-1402). No signals related to other com-
pounds were detected, indicating that there was no long-range-
ordering crystalline phase formation after the various treatments.
Figure 1b shows the obtained Raman spectra of the samples. The
peaks at ~300, 520, and 960 cm™! are associated with the vibra-
tion bands of polycrystalline Si.[*?] It is noted that the S1, STHT,
S3HT, and S5HT samples exhibit a D-band signal at #1340 cm™!
and a G-band signal at #1605 cm™!, which are associated with
the existence of a carbon phase. The former signal is related to
defective carbon bonding and the latter results from the Raman-
allowed in-plane vibration of sp? carbon bonding.[*’! The D-to-
G-band intensity ratio (I/I;) of the S1 sample is ~1.1. The ra-
tios of the STHT, S3HT, and SS5HT decrease to ~1.02, reflecting
that the ordering of carbon atoms was improved after anneal-
ing. Figure 1c shows the thermogravimetric analysis (TGA) data,
which quantitatively determine the carbon content of the sam-
ples. The observed weight loss at #550—650 °C is related to the
burnout of the carbon phase.[*®] The results indicate that the car-
bon content levels of S1, SIHT, S3HT, and S5HT are ~3 wt.%,
3 wt.%, 4 wt.%, and 2 wt.%, respectively.

Figure 1d—i shows the morphology and particle size distribu-
tion of various samples examined using scanning electron mi-
croscopy (SEM) and dynamic light scattering (DLS), respectively.
Due to the mechanical milling, irregular particle shapes were ob-
served. However, there was no significant difference in the mor-
phology between the samples. As shown, the D, values for the
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pristine Si, S1, HT, SIHT, S3HT, and SSHT powders are 132, 138,
140, 143, 146, and 140 nm, respectively. After the various treat-
ments, the diameters of the Si particles generally increased, es-
pecially after the combined SCCO, and heat treatment (S+HT).
This suggests that some reaction products formed on the par-
ticle surface. The tap densities of these powders were found to
be ~0.28, 0.45, 0.66, 0.73, 0.78, and 0.71 g cm™>, respectively.
Although the particle sizes are similar, the S+HT process effec-
tively reduced the electrostatic repulsion between the Si particles,
leading to an increased tap density. It is noted that the density of
S3HT is higher than those of most silicon-based nanoparticles
reported in the literature.[**3] A dense material is essential for
making a compact electrode, which is crucial for electrode volu-
metric performance.l>*

Figure 2 shows the high-resolution transmission electron mi-
croscopy (TEM) images of all tested samples. The high crys-
tallinity of the pristine Si is confirmed by the lattice image and
electron diffraction pattern shown in the insets of Figure 2a.
The other samples are covered by amorphous surface layers after
the various treatments. As shown in Figure 2b,c, an SiO phase
(JCPDS 30-1127), in addition to the Si phase, is dispersed in
the S1 and HT samples, reflecting partial oxidation of Si parti-
cles during either the SCCO, or annealing process. Figure 2d—f
shows the TEM micrographs of the SITHT, S3HT, and S5HT sam-
ples, respectively. The lattice images shown in the insets con-
firm the existence of crystalline SiO, (JCPDS 89-3435). This in-
dicates that further oxidation occurred with the combined S+HT
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Figure 1. a) XRD, b) Raman, c)TGA, and d—-i) SEM/DLS data for pristine Si,

process. The SiO, nanocrystals are thought to be dispersed in the
amorphous SiOC phase.

Figure 3 shows the energy-dispersive X-ray spectroscopy (EDS)
line-scan data for various samples. Figure 3a reveals that the pris-
tine Si has no surface coating layer. The observed oxygen sig-
nals across the particle are attributed to the surface native oxide.
As shown in Figure 3b, after SCCO, treatment, the Si oxidized.
A deposited carbon layer was found on the top of the S1 parti-
cle. Of note, the carbon concentration in the Si core is consid-
erable. This implies that the carbon from high-pressure SCCO,
dissolved in the Si lattice and formed a metastable Si,_,C, solid-
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solution phase.[®! Figure 3c shows the data for the HT sample,
on which a clear surface oxidation layer formed during anneal-
ing. The carbon signal intensity for this sample is negligible.
This confirms that the detected carbon in Figure 3b was intro-
duced by SCCO,. The EDS line-scan data for SIHT, S3HT, and
S5HT, respectively shown in Figure 3d—f, indicate the formation
of SiOC layers on the Si cores. After annealing, further oxida-
tion occurred (since the oxygen concentration on the particles
had increased compared to that of S1) and the carbon distri-
bution changed. At high temperatures, the dissolved carbon in
the metastable Si;_,C, is thermodynamically unstable and thus

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1T1D) 3| [dde au Aq peuienob ae Ssppie YO ‘8sn JO SNl 10} Ariq1T 8UIUO A8]1M UO (SUOHIPUOD-PUR-SULBIALIO" A 1M ARIq Ul |UO//SdNY) SUORIPUOD Pue W8 | 8y} 88S *[202/80/0E] U0 Areiqi8uluO A8|IM ‘Ojouyds | Jo aiisu| shesnydesse|N Aq 0SETOKZ0Z SAPR/Z00T OT/I0p/Woo A8 | imAreiq1jpuljuo//sdiy wolj pepeoiumod ‘TE ‘4202 ‘Yr8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED ADVANGER

SCIENCE NEWS —_—
www.advancedsciencenews.com www.advancedscience.com

Si (111) s\ Si0 (220) .; Si (111)

N R N V////////
A8 '{\m) i0 (220)
R N %” /// \\\\\\\\\ \ l

Si0; (220)

I
I

Figure 3. EDS line-scan data for a) pristine Si, b) S1, ¢) HT, d) STHT, e) S3HT, and f) S5HT samples.
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Figure 4. FTIR data for pristine Si, S1, HT, STHT, S3HT, and S5HT sam-
ples.

expelled, leading to the formation of surface SiOC layers upon
oxidation.

According to the TEM images in Figure 2 and Figure 3, the
SiOC layer thickness of SSHT is smaller than that of S3HT. The
prolonged SCCO, treatment seems to be detrimental to the de-
velopment of SiOC. To clarify the cause, commercial SiO, pow-
der was dispersed in SCCO, fluid for various periods of time.
Figure S1 (Supporting Information) shows clear weight loss and
a particle size reduction of the SiO, upon long exposure to
SCCO,. The pressure-induced chemical reaction between SiO,
and CO, has been documented in the literature.l>®! The remark-
able affinity between these two substances leads to the formation
of silicon carbonate, which could be dissolved or peeled off in
SCCO,, leading to the observed material loss.

The functional groups of various samples were evaluated us-
ing Fourier-transform infrared spectroscopy (FTIR); the obtained
data are shown in Figure 4. Compared to pristine Si, the S1
sample has elevated peaks of C = C, Si-CHj;, and Si-O, indicat-
ing the deposition of carbon and the partial oxidation of Si. The
ethanol (used as a co-solvent with SCCO,) may react with Si to
form Si-CH,.’7%] The Si-O-C peak is weak, whereas the peak
corresponding to the Si-C bond is strong, which supports the
presence of the Si,_ C, phase (as indicated by the EDS line-scan
data). For HT, the Si-O is the major species on the particle sur-
face. For the S+HT samples, Si-O-C signals clearly appear at 875
and 1175 cm™, confirming the evolution of the surface SiOC
layers.[5*0] The 1175 cm™! signal can be also attributed to Si-O-
Si,[61] which is associated with the TEM results in Figure 2. The
decreased Si-O-C intensity of the SSHT sample is in line with the
reduced SiOC layer thickness found in the TEM observation. The
small signal located at #1230 cm™ can be ascribed to the C =0
group.l%?] Moreover, the strong C-O peak of S5HT is associated
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Figure 5. XPS data for a) pristine Si, b) S1, ¢) HT, d) STHT, e) S3HT, and
f) S5HT samples.

with the noticeable affinity of SCCO, toward the Si oxide surface
after extended interaction.

Figure 5 shows the X-ray photoelectron spectroscopy (XPS)
data for various samples. As shown, the Si 2p spectra can be
deconvoluted into several components. The characteristic peaks
at 99.2 and 103.3 eV are associated with Si-Si and Si-O species,
respectively.[%3%4] The signal centered at #101.8 eV is ascribed to
the non-stoichiometric SiOC.[®>%] The S1 sample shows higher
Si-O intensity than that of the pristine Si, indicating oxidation
due to the oxidative atmosphere of SCCO,. A possible oxidation
mechanism is as follows.[*>:¢]

2SCCO, = Oy +2COy, (1)

Sig+*/,0, = SiO, 2)
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Figure 6. a,b) Charge—discharge curves of S3HT electrode. c) Comparative rate performance and d) EIS spectra of various electrodes. Quasi-equilibrium
potential and D;* values of S3HT electrode measured using GITT during e) lithiation and f) delithiation.

The O, represents the interstitial oxygen molecule within the
oxide. The Si-O-C peak intensity of the S1 sample is weak, reveal-
ing that the SiOC phase was not well developed before anneal-
ing. For the HT sample, the Si-O peak is strong and there is no
Si-O-C signal, as expected. After the combined S+HT process,
the Si-O peak grows, and the Si-O-C signal becomes pronounced.
The S3HT sample has the highest Si-O-C intensity among the
tested samples, which is consistent with the TEM and FTIR data.
As shown in Figure 5, the XPS C 1s spectra are composed of
five constituents. In addition to the C-C peak at 284.7 eV, Si-O-
C, C-0, C =0, and O-C = O signals at 282.7, 286.2, 287.1, and
288.7 eV, respectively, appear.[*%7% Of note, the Si-O-C and O-C
= O species are found only for the samples that underwent the
SCCO, process. It is also found that the oxygen-containing func-
tional group concentration on the S1 sample is much lower than
those of the other samples. This suggests that there is a carbon-
rich deposit on the S1 sample, rather than the SiOC layers ob-
served on the S+HT samples. The O 1s spectra can be decon-
voluted into O-C, Si-O-C, and O-Si signals at 532.0, 532.5, and
533.0 eV, respectively.”!l The data reveal that only the SCCO,-
treated samples have the Si-O-C compound, whose content is
highest in the S3HT sample. This is the first work to produce
a SiOC compound using CO,; a unique core-shell Si@SiOC an-
ode material was synthesized using a green and scalable SCCO,
process.

The measured electronic conductivity values of the pristine Si,
S1,HT, S1HT, S3HT, and SSHT samples are 0.89, 1.01, 0.80, 1.25,
1.48,and 1.19 X 107! S cm™!, respectively. The samples that un-
derwent the S+HT process have relatively high conductivity. The
S3HT sample had the best conductivity because it had the thick-
est SiOC coating. The electronic conductivity values of SiOC re-
ported in the literature are in a range of 1073-10° S cm™!, de-
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pending on the synthesis conditions and composition.[’273] The
SiOC layer formed in this study clearly increases the conductivity
of the pristine Si.

Cyclic voltammetry (CV) measurements were performed to
examine the electrochemical properties of various electrodes.
Figure S2 (Supporting Information) shows the CV curves of the
pristine Si, S1, HT, STHT, S3HT, and S5HT electrodes recorded
at 0.1 mV s~!. During the first negative scan, cathodic peaks ap-
peared at ~1.2 and ~0.1 V for all electrodes. The former peak can
be assigned to electrolyte decomposition and SEI formation.!”]
The latter peak is ascribed to the lithiation of the Si phase and
the evolution of various Li-Si alloys.l””) Upon the positive scan,
two distinct anodic peaks emerged at x0.35 and ~0.52 V, which
corresponded to the phase transition from Li,Si, to amorphous
Li,Si and that from amorphous Li Si to Si, respectively.[’®! Be-
cause the surface coating layers were quite thin, they did not sig-
nificantly affect the CV behavior. In the subsequent cycles, the
CV shapes varied due to the electro-activation process.[”’] Specif-
ically, the cathodic alloying reactions were promoted to less nega-
tive potentials, and both the cathodic and anodic current densities
increased. It is noted that the S+H electrodes seem to need fewer
CV scan numbers to reach the saturation current; the pristine Si,
S1, and HT electrodes showed increasing CV current even at the
fifth scan. These results reflect the superior electronic and ionic
conductivity of the S+H electrodes, which leads to a shorter acti-
vation course.

Figure 6a and S3 (Supporting Information) show the initial
three charge-discharge curves of various electrodes measured at
a current rate of 0.2 A g~!. The first-cycle CE values for the pris-
tine Si, S1, HT, STHT, S3HT, and SSHT electrodes are 70%, 70%,
68%, 74%, 80%, and 71%, respectively. The S3HT sample has the
highest initial CE, which can be attributed to it having the highest
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Table 1. Reversible specific capacities of pristine Si, S1, HT, STHT, S3HT, and S5HT electrodes measured at various current rates.

Current rate (Ag™") Pristine Si (mAh g~") S1 (mAhg™) HT (mAh g™") STHT (mAh g71) S3HT (mAh g71) SSHT (mAh g7)
0.2 2280 2295 2259 2201 2250 2230
0.5 1459 1539 1512 1769 1880 1572
1 1136 1301 1234 1497 1666 1382
2 792 882 831 1184 1254 1091
3 566 630 606 1070 1134 817
5 136 275 272 814 1013 668
High rate retention” 6% 12% 12% 37% 45% 30%

*a comparison between reversible capacities at 5 and 0.2 A g~'.

electronic conductivity among the samples. Moreover, the surface
SiOC layer could maintain particle integrity (minimizing me-
chanical breakdown). Both factors promote reaction reversibility,
enhancing CE. The initial CE for HT is relatively low, which is
associated with the irreversible conversion reaction of SiO, upon
first lithiation.l”8] With the aid of the S+HT-derived SiOC, the
first-cycle CE of S3HT is among the highest values reported in
the literature, as shown in Table S1 (Supporting Information).
The carbon incorporation not only reduced the oxygen portion
(and thus the irreversible conversion reaction) in the SiOC layer
but also created electron-conducting pathways. The initial CE
was thus improved. A high initial CE is crucial for Si-based an-
odes and determines their practical applicability.[”®! Figure 6b and
Figure S4 (Supporting Information) show the charge-discharge
profiles of the electrodes measured at various current rates af-
ter two conditioning cycles. The reversible capacities obtained at
0.2 A g! are 2280, 2295, 2259, 2201, 2250, and 2230 mAh g-!
for the pristine Si, S1, HT, S1HT, S3HT, and S5HT electrodes,
respectively. With increasing current rate, the specific capacities
decreased, as shown in Figure 6¢ and Table 1. The capacity val-
ues of these electrodes reduced to 136, 275, 272, 814, 1013, and
668 mAh g1, respectively, at a specific current of 5 A g1, cor-
responding to 6%, 12%, 12%, 37%, 45%, and 30% of the capac-
ities measured at 0.2 A g~!. SCCO, fluid disperses the Si parti-
cles well, forming an effective SiOC conducting network in be-
tween. Moreover, the thin and conformal SiOC coating makes
the particles closely connected (as indicated by the tap density
data), which benefits electron and Li* transport. As a result, supe-
rior high-rate performance of the S+H electrodes was achieved.
However, prolonged SCCO, reaction time reduced the SiOC
thickness and electronic conductivity, decreasing the electrode
rate capability.

Figure 6d shows the electrochemical impedance spectroscopy
(EIS) data for various electrodes acquired after two conditioning
cycles. The Nyquist spectra consist of a semicircle at high fre-
quency followed by a sloping line at low frequency, which can
be characterized by the equivalent circuit shown in the figure in-
set, where R,, R, CPE, and W represent the electrolyte resis-
tance, charge transfer resistance, interfacial constant-phase el-
ement, and Warburg impedance associated with Li* diffusion
within the electrode, respectively.[*!! As shown in Table 2, the R,
values are 40, 36, 35, 28, 26, and 30 Q for the pristine Si, S1, HT,
S1HT, S3HT, and S5HT electrodes, respectively. S3HT having the
lowest R, can be attributed to its superior SiOC layer quantity
and optimal electronic conductivity. The galvanostatic intermit-
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Table 2. R, and Dy;* values of pristine Si, S1, HT, STHT, S3HT, and S5HT
electrodes.

Sample R., after conditioning R, after 300 Lithiation/Delithiation
cycles (Q) cycles (Q) Dt (x 10719 cm? s71)

Pristine Si 40 77 1.4/1.9

S1 36 69 2.8/3.0

HT 35 65 2.6/2.9

STHT 28 47 6.8/7.2

S3HT 26 43 7.6/8.1

SSHT 30 53 5.7/6.4

tent titration technique (GITT) was used to evaluate the Li* trans-
port properties of the electrodes. Figure 6e,f show the obtained
lithiation and delithiation data for the S3HT electrode; the data
for the other electrodes are shown in Figure S5 (Supporting In-
formation). The calculated average D,;* values are summarized
in Table 2. The S3HT electrode has the highest D;* values (i.e.,
7.6 and 8.1 x 1071% cm? s~ for lithiation and delithiation, respec-
tively), followed by the SIHT, SSHT, HT, S1, and then pristine Si
electrodes. The R, and D;* data explain the rate capability vari-
ation between the electrodes.

Figure 7a shows the cycling stability data for various electrodes
measured at 0.5 A g™'. The pristine Si and S1 cells showed al-
most no capacity after 300 cycles and the HT cell failed after 400
cycles. In contrast, after 500 charge-discharge cycles, the SIHT,
S3HT, and S5HT electrodes retained 50%, 72%, and 36% of their
initial capacities, respectively. As compared in Table S1 (Support-
ing Information), the cycling stability of the S3HT electrode is
among the best reported for Si/SiOC composite anodes. Even un-
der harsh conditions (a capacity of 1880 mAh g~! and a rate of
0.5 A g7!), where substantial and fast electrode volume change
occurred, satisfactory cyclability was achieved for the S3HT elec-
trode, which showed a steady CE of >99.8% up to 500 cycles. Note
that we did not optimize the binder and electrolyte recipes and
did not use any sophisticated electrode architectures to maximize
cycle life. Therefore, further improvement in electrode cycling
stability using additional strategies is expected. Figure 7b shows
the EIS spectra of the electrodes after 300 charge-discharge cy-
cles. The Nyquist circles clearly evolve upon cycling. As shown
in Table 2, the R, values increase to 77, 69, 65, 47, 43, and 53 Q
for the pristine Si, S1, HT, SIHT, S3HT, and S5HT electrodes,
respectively, after 300 cycles. The relatively large increase of R,
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Figure 7. a) Cycling stability data for various electrodes measured at 0.5 A g~ b) EIS spectra of various electrodes acquired after 300 charge—discharge
cycles. c) Variation of R values of various electrodes with respect to charge-discharge cycle number. d—i) Postmortem SEM images of various electrodes

taken after 300 charge—discharge cycles.

for the pristine Si, S1, and HT electrodes (shown in Figure 7c)
can be rationalized based on the postmortem SEM images shown
in Figure 7d—f. The morphologies of these electrodes are signifi-
cantly distorted compared to those of the original electrodes (see
Figure 1). The Si particles greatly expanded and agglomerated.
Moreover, their surfaces were covered by thick SEI layers. There-
fore, the charge transfer reactions were hindered. In contrast, the
structures of the S+HT electrodes were highly preserved after cy-
cling (Figure 7g-i), explaining the superior R, and capacity sta-
bility.
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The corrosion resistance of the pristine Si and S3HT samples
to HF, a corrosive species that is usually present in a battery, was
evaluated. Both kinds of powder were immersed in 25 mM HF
solution at 25 °C for 1 h.[%l The weight and particle size variations
were measured; the data are shown in Figure S6 (Supporting In-
formation). It was confirmed that the dissolution rate of S3HT is
significantly lower than that of pristine Si due to the existence of
the SiOC protection layer.

Figure 8a,b show the operando XRD data for the pristine
Si and S3HT electrodes, respectively, during the initial two
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Figure 8. Operando XRD data for a) pristine Si and b) S3HT electrodes during initial two charge—discharge cycles. Relative Si and Li;sSi, peak intensity
versus state of charge for c) pristine Si and (d) S3HT electrodes. Crystal size variations of Si and LiysSi, phases for e) pristine Si and f) S3HT electrodes.
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charge-discharge cycles. In addition to the Cu substrate peaks,
signals associated with Si and Li Si, phases were observed. In
general, the intensity of the crystalline Si phase continuously di-
minished due to the amorphization during lithiation.[®] The for-
mation and elimination of the Li;;Si, phase were observed upon
lithiation and delithiation processes, respectively. As shown in
Figure 8c, for the pristine Si electrode, after delithiation (or dis-
charge), the Li,;Si, phase was preserved. This indicates that the
reversibility was not complete. Moreover, the Li;;Si, intensity in
the second cycle is considerably higher than that in the first cy-
cle, indicating crystal growth and agglomeration. As shown in
Figure 8d, much better reversibility of Li; Si, formation and dis-
solution upon cycling was found for the S3HT electrode. Basi-
cally, the Li;;Si, formed during lithiation was completely elimi-
nated during delithiation. Of note, the Li;<Si, crystalline orienta-
tion is different in the two electrodes (Figure 8a,b). For the pris-
tine Si electrode, both (332) and (431) peaks of Li,sSi, appear,
whereas the S3HT electrode shows only a (332) diffraction peak.
This can be attributed to the existence of the surface SiOC layer,
which alters the Li* flux and Li;;Si, nucleation characteristics. It
was reported!®!] that a part of SiO, units of SiIOC can be reversibly
converted to Li, SiO; during charging/discharging, while the oth-
ers are irreversibly transformed to Li,SiO,. Besides, the SiOC,
units are totally irreversible; they disappear in the first lithia-
tion process and lead to the formation of SiC, units. These new
species could affect the crystalline orientation of the Li;Si, phase
during the charge-discharge process. In addition, the residual
carbon dissolved in the Si phase (caused by SCCO,) may alter the
physicochemical properties of Si, which changes Li;Si, phase
formation behavior. Further mechanistic studies are needed. The
effect of the Li;;Si, crystalline orientation on the electrochemical
properties also deserves future investigation.

The crystal size (L) of the Si and Li;s Si, phases at various states
of charge can be estimated using Scherrer’s formula:[8?]

Kx A
L = 3
B cosf ()

where K is the Scherrer constant (0.94 is adopted in this study),
A is the X-ray wavelength, and B is the full width at half maxi-
mum of the XRD peak at a diffraction angle of 26. The calcula-
tion results for the pristine Si and S3HT electrodes are shown
in Figure 8e,f, respectively. While the crystal size of the Si phase
monotonously reduces, fluctuation of the L value for Li;Si, is
noted. As shown, with the incorporation of the SiOC layer, the
crystal size of Li;; Si, becomes markedly smaller, and its variation
upon lithiation and delithiation becomes more reversible. This
explains the enhanced cyclability of the S3HT electrode com-
pared to that of the pristine Si electrode.

Figure 9 shows the structure evolutions of the pristine Si and
S3HT electrodes upon cycling. The former electrode has low elec-
tronic conductivity and loose interparticle connectivity. The large
volume variation of the Si particles during lithiation/delithiation
causes serious mechanical degradation. The repeated breakdown
and reformation of the SEI lead to an increase in its thickness,
which could isolate the Si particles and hinder Li* transport, re-
sulting in rapid electrode performance deterioration. In contrast,
for S3HT, with the aid of SCCO,, the Si particles are well dis-
persed and uniformly coated by a SiOC layer. The conformal
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Figure 9. Schematic illustration of structure evolution of pristine Si and
S3HT electrodes after charge-discharge cycling.

and continuous SiOC not only forms an electronic conducting
network within the electrode but also ensures a close connec-
tion of the Si particles, which enhances Li* conduction. More-
over, this resilient SiOC layer can buffer the Si volume change
and wrap the particles to prevent their pulverization.[?!! Conse-
quently, the interfacial SEI can be stabilized and good cyclability
can be achieved. Figure S7 (Supporting Information) compares
the cross-section SEM images of the pristine Si and S3HT elec-
trodes before and after 50 charge-discharge cycles. Much less ir-
reversible volume expansion and better electrode integrity are
found for the S3HT electrode. Figure S8 (Supporting Informa-
tion) compares the XPS data for the S3HT electrode after two
conditioning cycles and those after 300 charge—discharge cycles.
As shown, the SEI consists of Li, SiO,, LiF, Li,CO;, Li-O, C-F, and
Li,PO,F, species. It is found that the two sets (acquired after the
2nd and 300th cycles) of XPS data are close to each other. This
indicates that the SEI layer on the S3HT electrode is robust and
stable against long cycling.

Pristine Si||LiNi,¢Co,;Mn,,0, and S3HT]|LiNi,¢Co,;Mn,,
O, full cells were constructed with an anode-to-cathode capac-
ity ratio of 1.15. The negative electrode was prelithiated to 10%
capacity in a half cell prior to the full-cell assembly. Figure 10a,b
show the charge-discharge profiles measured at various current
rates after two conditioning cycles performed at 0.1 C (1 C =
200 mA g! for LiNi, 4Co, ,Mn, ;0,). As shown in Table S2 (Sup-
porting Information), the reversible specific capacities (based on
both the anode and cathode masses) of the latter cell are 182, 176,
166, and 165 mAh g at 0.1, 0.2, 0.5, and 1 C, respectively, which
are clearly higher than those of the former cell. The gravimetric
energy density of the S3HT]|LiNi,4Co,,Mn, 0, cell calculated
based on the discharge profile at 0.1 C is ~#600 Wh kg™', where
the kg includes the weights of the cathode and anode active ma-
terials, but not the electrolyte, current collectors, binders, con-
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Figure 10. Charge-discharge profiles of a) pristine Si||LiNig s Cog 1Mng 10, and b) S3HT]|LiNij gCoq ;Mng O, full cells measured at various current rates
after two conditioning cycles. c) Cycling stability of the two cells measured at 0.5 C.

ductive agents, or the separator used. The superior energy den-
sity indicates the merit of the proposed S3HT anode. Figure 10c
shows the cycling stability of the two cells measured at 0.5 C. The
Si||LiNi, ¢Coy;Mn, O, cell has little capacity after ~#120 cycles,
whereas the S3HT]||LiNi,3Co,;Mn,,;0, cell retains more than
80% capacity after 300 charge-discharge cycles. The Si particles
with an SCCO,-derived SiOC coating have great electrochemical
stability for high-energy-density LIB applications.

3. Conclusions

A unique combined SCCO, and annealing process was devel-
oped to synthesize core-shell Si@SiOC particles. During the
SCCO, process, in addition to SiO formation, the carbon dis-
solves in the Si lattice and becomes deposited on the Si parti-
cles. Upon annealing, further oxidation occurs and the dissolved
carbon in the metastable Si;_,C, is expelled, leading to the de-
velopment of an amorphous SiOC shell at high temperature. An
SCCO, reaction time of 3 h was found to be appropriate. Prolong-
ing the reaction time reduces the SiOC layer thickness, probably
due to the formation of silicon carbonate, which dissolves or peels
off in SCCO,. The conducting SiOC layer brings the Si@SiOC
particles closer together, benefiting electron and Li* transport.
In addition, the buffering SiOC layer can accommodate the Si
volume change during lithiation/delithiation. Of note, the pro-
tective SiOC layer provides high corrosion resistance to HF. As a
consequence, the Si@SiOC electrode shows specific capacities of
2250 and 1013 mAh g~! at 0.2 and 5 A g1, respectively. After 500
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charge—discharge cycles at 0.5 A g1, the capacity retention was
72% (with a CE of above 99.8%). Operando XRD data indicate
that the crystal size and orientation of the lithiated Li,;Si, phase
were altered by the presence of SiOC, which promoted phase
transition reversibility during cycling. Much less irreversible vol-
ume expansion and better electrode integrity after cycling were
confirmed by the postmortem cross-section SEM analysis of the
S3HT electrode compared to those of the pristine Si electrode.
Moreover, the XPS data for the S3HT electrode revealed that the
SEI is stable after long cycling. The S3HT]||LiNi,3Co,;Mn,;0,
full cell showed a promising energy density of ~600 Wh kg™
(based on anode and cathode active materials) with satisfac-
tory cyclability. The proposed SCCO, synthesis process is eco-
friendly, cost-effective, and scalable. The obtained Si@ SiOC an-
ode material has great potential for high-energy-density and high-
reliability LIB applications.

4. Experimental Section

Creation of SiOC Shell on Si Particles: Micrometer-size Si powder (Ds:
1.8 um; purity > 99.9%) was provided by Super Energy Material Inc., Tai-
wan. Planetary ball milling was conducted for 24 h to reduce the D5 value
to 130 nm. The Si powder was then dispersed in an anhydrous ethanol
solution and transferred into an SCCO, reactor. Ethanol, which is miscible
with SCCO,, was used as a co-solvent to facilitate the handling and collec-
tion of the powdery samples. The chamber was pressurized with CO, up to
8 MPa at &55 °C, at which point the CO, reached a supercritical state. The
system was stirred vigorously for 1, 3, and 5 h, respectively, before depres-
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surization. The resulting powder was dried at 65 °C overnight. Afterward,
the powder was heated at 850 °C under an Ar flow for 5 h. The synthesis
procedures are shown in Scheme 1. The obtained samples are denoted as
STHT, S3HT, and S5HT, respectively. For comparison, samples subjected
to only 1-h SCCO, treatment (without annealing) and only 850 °C heat
treatment (without the SCCO, process) were fabricated; they are denoted
as S1and HT, respectively.

Cell Assembly:  The anode active material, conducting Super P, and
sodium polyacrylate binder were mixed in an 80:10:10 weight ratio in
deionized water. This slurry was cast onto Cu foil using a doctor blade and
vacuum-dried at 100 °C for 8 h. The obtained electrodes were punched
to match the required dimensions of a CR2032 coin cell. The active ma-
terial mass loading was ~2 mg cm~2. Li foil and a glass fiber mem-
brane were used as the counter electrode and separator, respectively.
For full-cell assembly, the S3HT negative electrode was paired with a
LiNig gMng 1Cog 10, (NMC-811) positive electrode with a capacity ratio
of 1.15:1. The anode was prelithiated to 10% capacity in a half cell prior to
the full-cell assembly. An electrolyte composed of 1 M LiPFg salt, ethylene
carbonate/diethyl carbonate mixed solvent (1:1 by volume), and 10 wt.%
fluoroethylene carbonate was adopted. The coin cells were assembled in
an Ar-filled glove box (Vigor Tech. Co. Ltd.), where the moisture and oxygen
content levels were maintained at ~0.1 ppm.

Material and Electrochemical Characterizations: The crystallinity of the
samples was characterized using XRD (Bruker D2 Phaser). The Raman
spectra were collected using a spectrometer (LabRAM HR 800) with an
excitation laser wavelength of 633 nm. TGA (TA Instruments Q500) was
conducted under air with a heating rate of 5 °C min~'. The morphology,
microstructure, and chemical composition of the samples were examined
using scanning electron microscopy (SEM; JEOL JSM7800F Prime), TEM
(JEOL F200), and their auxiliary EDS. The functional groups on the sam-
ples were analyzed using FTIR (PerkinElmer Spectrum 100). XPS (Thermo
Fisher Scientific ESCALAB Xi*) was employed to analyze the surface chem-
istry. Al K, radiation (1486.6 eV) was adopted as the X-ray excitation
source. The C Ts signal at 284.7 eV was used for binding energy calibra-
tion. The data fitting was done using the software XPSPEAK 4.1. The parti-
cle size of the samples was estimated using DLS (Otsuka ELSZ-2000), in
which ethanol was used as a dispersant. CV (BioLogic BCS-810) was per-
formed in a range of 0.01-2.0 V (versus Li/Li*) with a potential scan rate
of 0.1mV s~'. EIS was conducted within a frequency range of 108~1072 Hz
using a potential perturbation amplitude of 10 mV. The charge-discharge
properties, such as capacity, rate capability, and cycling stability, of vari-
ous cells were evaluated using a battery tester (Arbin BT-2043) at 25 °C.
GITT was used to assess the apparent Lit diffusion coefficient (D;*) of
various electrodes. For operando XRD analyses, the cells were subjected
to synchrotron X-ray examination during charging/discharging at a rate
of 0.5 A g71. These analyses were performed at Beamline TPS-19A of the
National Synchrotron Radiation Research Center, Taiwan.

Statistical Analysis:  The CV, EIS, GITT, and charge—discharge measure-
ments of various electrodes were repeated at least three times to ensure
validity. The data deviation was typically within 3% and the reported val-
ues are the medians. All the XPS spectra were calibrated with the binding
energy of C 1s peak at 284.7 eV. The data fitting was done using XPSPEAK
4.1 software. For XRD data, the background subtraction and phase identi-
fication were conducted using the EVA and TOPAS programs provided in
the Bruker software package. The Origin software was used for data anal-
ysis and processing.
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Table S1. Performance comparison of S3HT electrode with various Si/SiOC composite

anodes reported in the literature.

Initial Capacit
delithiation (m Aph 71}; /
Materials Synthesis method Electrolyte capacity g Ref.
I cycle number/
(mAh g™)/ retention (%)
CE (%)
Mixing Si  NPs with triethoxysilane and
diethoxymethylsilane. Add diethyl benzene and
SE phenylsubstituted polysiloxane (1:1 weight ratio). | 1 M LiPFs in
f(l)/ril N Hydrolyze with distilled water (H20/OR = 1; pH = | EC/DEC | 1371.6/78 | 2°¥ 3%73,1()@0'05 [1]
P 4), add 1 ppm chloroplatinic acid for gelation and | (1:1 vol%) &
cross-linking. Pyrolyze at 1100 °C for 1 hour in H,
atmosphere.

SiOC/nSiamorphous | MiXing - nano-amorphous (~36 nm) and nano- |\ pp G| ~600/~63 &53%?%8%
crystalline (30-50 nm) silicon particles, separately EC/DMC : g 2]
with polyorganosiloxane in acetone and heat-treated ~130/100/<17

SiOC/nSicrystatiin 1100 °C (I:Tvol%) | 800/~75

eystalline | - at : (@0.074 A g™
Aerosol-assisted ~ chemical  vapor  deposition | 1 M LiPFs in
S, mechanism in phenyltriethoxysilane solution at EC/DEC ~1500/200/92

SEp L 800 °C and heat-treated at 800 °C for 1 h under Ar | (1:1 vol%)+ | 209372 (@2 A o) 3]
atmosphere. 5 wt% FEC
Synthesis Si/C: fructose as carbon precursor ~2000/100/>100*
dissolved into water-ethanol solution and heat treated | 1 M LiPFs in (@0.072 A g™

Si/C/SiOC at 1100 °C. Then, continuing by mixing the Si/C EC/DMC ~2000/~60 *the capacity is [4]
with preceramic organosilicon polymer in acetone, | (1:1 vol%) increasing from 1%
the 2" heat treatment is conducted at 1100 °C in Ar. to 50
Wet chemical mixing used fructose as a C-precursor ~575/50/108*

3D Si/C/SiOC and heat treated at Ar at 1100 °C. For SiOC coating, | 1 M LiPF¢ in (@0.072 A g™h

. nanostructured Si coated with carbon were dispersed EC/DMC 533/61 *the capacity is [5]
nanocomposites

in the commercial polysiloxane with acetone,
evaporated, and pyrolyzed under Ar at 1100 °C.

(1:1 vol%)

increasing from 1
to 50

1




WILEY-VCH

Started ~ with  synthesize = of  poly-phenyl- | 1 M LiPF¢in
Si.6/S10 silsesquioxane  nanospheres by  hydrolysis— EC/DEC 980/~63 ~600/500/~80 [6]
composite condensation process, mixed with SiNPs and direct | (3:7 vol%) + (@0.5A g™
pyrolysis. 5 wt% FEC
In situ crosslinking of poly(triethoxysilyl propyl 1 M LiPF. in
Si/SiOC methacrylate) in the solvent via evaporation, EC/DE é 529/500/73 (@5 A
nanosheets following by carbonization at 800 °C for 3 h under (1:1 vol%) + 1461/58 ) [7]
air, and magnesiothermic reduction at 300 °C for 20 5' ny F;E C &
h under Ar. Finally, washed in HCI overnight. wtze
Si NPs mixed with cetrimonium bromide as 1.3 M LiPFe
s surfactant in ethanol, the silicone oil was slowly | .’
Sgﬁ%jéswc poured into the solution under vigorous stirring in (11n' IE S(ﬂz/E)(i 1649/~78.3 (1@3@102?20/?19) [8]
p 80 °C for 2 h. Obtained precursor were heat treated 5 .wt‘V F;E C ’ &
at 900 °C and ball milled. ’
Amorphous silicon and SiOC films were prepared by
radio frequency magnetron sputtering and deposited | 1 M LiPFs in
e . on Cu foils. The commercial Si, C, and SiO; targets EC/DEC ~1400/100/~70
SO (hin i with diameters of 50.8 mm and thicknesses of 5 mm | (1:1 vol%) + Rt (@0.05 C) [9]
were used. The final thickness is approximately 100 2% VC
nm.
Mixing hydrocarbon resin, Si powder, and
Si/Si04-SiOC/C polyacrylic acid followed by a ball milling process N/A 1846/~81 1402/100/76 (@1 [10]
composite and heat treatment at temperatures ranging from O)
600 °C to 900 °C.
Thermal polymerization of the composite containing .
Si/SI0C/C Si NPs, vinyl terminated PDMS, and Bis-GMA, then | ™" Ct‘gl 452/57.7 (3@7(7)/ éo/g/ 8,31')4 [1]
calcination treatment. y ’ &
Started with the dopamine polymerization chemistry
at pH 8.5 and heat treatment at 800 °C to achieve C- | M LiPFe in
. . coating, further, it was introduced in an aqueous 1017/775/>92
SVC/SIOC dispersion of acetylene black and CoH»3NO;Si (]15_(1:/‘]?0}?5 ) 937133.6 (@0.75A g™ [12]
solution for a night and heat treated at 1000 °C for ’ °
10 h at nitrogen ambiance.
S ~1690/100/90;
Core-Shell Single step supercritical carbon dioxide-assisted . 11\€4CI711)I)§ ém ~1500/200/80; This
Si@SioC reaction with miscible absolute ethanol as co-solvent (1:1 vol%) + 2411/80 ~1410/300/75; work
and heat treated under Ar at 850 °C for 5 h. ) 0' W% FOE C ~1355/500/72
’ (@0.5A g™
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Table S2. Reversible specific capacities (based on both the anode and cathode masses) of
pristine Si||LiNio.8Co0.1Mno.102 and S3HT]||LiNio.8Coo.1Mno.1O> full cells measured at various

C rates.

Pristine Si||LiNio.8Co0.1Mng.102 S3HT]|LiNio.8C00.1Mno.102
Current rate (C)
Reversible capacity (mAh g™!) Reversible capacity (mAh g™!)
0.1 151 182
0.2 144 176
0.5 123 166
1.0 88 155
High rate 58% 85%
retention

* a comparison between reversible capacities at 1.0 and 0.1 C.
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Figure S1. (a) Weight loss of commercial SiO> powder after immersion in SCCO> fluid for
various times. Particle size of commercial SiO; powder after immersion in SCCO; fluid for

()0, (c) 1,(d) 3, and (e) 5 h.
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Figure S2. CV curves of (a) pristine Si, (b) S1, (c) HT, (d) STHT, (e) S3HT, and (f) SSHT

electrodes recorded with potential scan rate of 0.1 mV s™! for 5 cycles.
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Figure S5. GITT measurements of (a,b) pristine Si, (c,d) S1, (e,f) HT, (g,h) SITHT, and (i,j)

SSHT electrodes during lithiation and delithiation processes.
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