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Abstract: Although silicon-based anodes have been identified as a potential alternative to
conventional graphite anodes, the huge volume change (approximately 300%) that occurs
in silicon while cycling still impedes this system from practical applications. In the case of
silicon-suboxide (5iOy)-based anode materials, both Li;O and LiSiO, are formed during
the initial lithiation processes and act as a natural volume buffer matrix to accommodate
volume changes and the formation of a stable SEI layer, which improves the cyclability
and capacity retention. In this study, a series of SiOx/Si/C-based electrodes composed of
different amorphous SiOy, Si, and graphitic carbon contents were prepared. Among the var-
ious investigated compositions, the electrode with a ratio of SiOx-5i-C equal to 70:12.5:12.5
was found to be optimal in terms of discharge capacity. This promising electrode was pre-
lithiated prior to cycling. Finally, 2032-type lithium—sulfur (Li-S) coin cells composed of a
5-C/SiOx-Si-C (pre-lithiated) configuration were assembled and their cycling performances
are reported.

Keywords: silicon sub-oxides; discharge capacity; pre-lithiation; lithium-sulfur batteries;
solid electrolyte interphase

1. Introduction

The implementation of electric vehicles, depletion of fossil fuels, and the demand
for large-scale electrochemical energy storage devices have triggered the requirement
for long cycle lives and high-energy-density rechargeable batteries with better safety
and reliability [1,2]. Owing to their unique characteristics, such as their low cost, high
abundance of elemental sulfur, lower toxicity, and high theoretical capacity (1672 mAh g~ 1)
and specific energy (2600 Wh kg’l), lithium—sulfur (Li-S) batteries have been identified
as a possible next-generation energy storage technology [3,4]. However, the undesirable
issues such as self-discharge, the transport of lithium polysulfides between the electrodes,
and the intrinsic insulating nature of elemental sulfur (5 x 1073 S ecm~! at 25 °C) hamper
Li-S batteries from immediate commercialization [5-7]. The engineering of novel electrode
materials, such as composite sulfur cathodes, modification of liquid electrolytes with
different additives and lithium salt, and protection of the lithium anode (artificial solid
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electrolyte interphase—SEI) can appreciably enhance the electrochemical performances of
Li-S batteries [8]. The unhindered formation of lithium dendrites as a result of irregular
deposition and stripping processes while cycling is another major issue of Li-S batteries,
which results in poor Columbic efficiency [7]. More importantly, when the composite sulfur
cathode is coupled with a lithium metal anode, the deposition of lithium polysulfides on
lithium corrodes its surface and eventually reduces the cycle life of Li-S batteries [9,10].
To address these challenges, a variety of metal alloy anodes has been examined. In this
regard, group IVA elements such as silicon, germanium, and tin are considered as potential
candidates for next-generation batteries [11,12]. Among them, silicon has been considered
the most attractive anode material due to its appealing features, such as its high theoretical
capacity (4200 mAh g~! for Liy4Si), abundance, low cost, and favorable working volt-
age [13]. However, silicon anodes possess undesirable issues such as huge volume changes
(300%) during lithium-ion insertion/extraction processes, low electrical conductivity, and
an unstable SEI, resulting in mechanical stresses and fracture of the electrode as well poor
cycling performances [14]. Volume changes cause silicon particles to pulverize, which
consumes a significant amount of electrolyte in the process of creating a new SEI layer,
and increased cell impedance, which further reduces battery performance [15]. Various
strategies have been explored to overcome these challenges, including (i) the adoption of
different nanostructures [15,16], such as silicon nanowires, nanotubes, and nanoparticles;
(ii) mesopore designs; and (iii) the use of electrolyte additives [17] and (iv) bi-functional
binders [18]. Recently, silicon suboxides (SiOx, 0 < x < 2) were proposed as potential anode
materials due to their abundant reserves, ability to operate at favorably lower potentials,
low cost, facile synthesis, and environmental friendliness. In addition, these materials
offer a theoretical capacity of 2615 mAh g~! and improved cycling capability compared
to silicon, with smaller volume changes (~160%) upon electrochemical cycling [19]. The
non-stoichiometric SiOx can be mass-produced through a vapor deposition method by
combining SiO, with gaseous SiO formed by heating SiO, at high temperatures [20]. The
formation of Li;O and LiSiO4 during the initial lithiation process is due to the reaction of
lithium ions with SiOy, which decreases the specific capacity. Nevertheless, the formed
LiO and LiSiO, act as natural volume buffer matrices and accommodate volume variations,
which promotes the cyclability and capacity retention [21]. Even though the formation
of Li;O and LiSiOy is advantageous to prevent pulverization of SiOx complexes, several
crucial issues, such as an inadequate rate capability, low Coulombic efficiency, and an
extremely short cycling life at elevated current rates, occur due to the low electrical conduc-
tivity (6.7 x 107#Sem~1) and poor lithium-ion diffusion and must be resolved [22,23]. To
alleviate these issues, combining SiOy with conductive layers of carbon or a carbon matrix
provides high conductivity and can significantly improve the charge transfer capability.
Tang et al. studied the electrochemical properties of amorphous SiOx by varying
the oxygen content [24]. The authors found that SiOy with a low oxygen concentration
had improved reversibility and initial Coulombic efficiency (ICE), but decreased capacity
retention after cycling. Yan et al. created a SiOx/SiOy rolled-up bi-layer nano-membrane
anode in order to combine the benefits of the two parts. The central silicon-rich SiOy layer
(v = 0.5) has a large volume for lithium-ion storage provided by the electrochemically
active silicon domains, and the outer oxygen-rich SiOx layer (x = 1.85) acts as a strain
buffer/mechanical support layer for volume change accommodation [25]. Sun et al. used
a straightforward argon/hydrogen reduction process to create a low-cost, high-capacity
5i0y /C@graphite (SCG) composites from oat husks. The authors also investigated the
impact of graphite on the electrochemical properties of SCG composites. The SCG-1
composite (where 1 signifies a 1:1 ratio) showed a particular ability of 809.5 mAh g~!
at 0.5 A g1, even after the 250th cycle, along with a high-rate ability of 479.7 mAh g~!
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at1 A g’l after the 200th cycle in lithium-ion batteries [26]. Hagen and co-workers [27]
prevented the formation of lithium dendrites in Li-S batteries using pre-lithiated silicon
nanowires. The achieved an energy density of about 300 Wh kg ! with a silicon anode and
a sulfur cathode, which was found to be higher than that of commercialized systems.

In the present work, in order to identify a safe and reliable lithium metal-free anode
for Li-S full cells, a series of electrodes were prepared with different amounts of amorphous
510y, silicon (5i), and graphitic carbon (as a conductive additive). Silicon nanoparticles are
expected to accommodate the huge volume change that occurs during lithium alloying
and de-alloying processes. Among the various investigated compositions, the electrode
composed of a ratio of S5iOx-5i-C at 70:12.5:12.5 was found to be optimal in terms of
discharge capacity with a lithium half-cell configuration. This promising electrode was
finally pre-lithiated using the direct contact method prior to cycling. Finally, CR2032-type
coin cells composed of a S-C/SiO«-Si-C (pre-lithiated) configuration were assembled and
their cycling performances are reported.

2. Experimental
2.1. Materials

Silicon suboxide (SiOx with a particle size of 5 pm; Japan’s Osaka Titanium Cor-
poration), silicon (particle size of 10 nm; Alfa Aesar, Leicestershire, UK), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and polyacrylic acid (PAA, Mw ~4,000,000;
Sigma-Aldrich, St. Louis, MO, USA) were used as obtained without further purification.
A liquid electrolyte, that was not watery, containing LiTFSI 1 M in battery-grade diluters
like 1,3-dioxolane (Spectrochem, Mumbeai, India) and tetraethylene glycol dimethyl ether
(Spectrochem), at a ratio of 1:1 (v/v), and fluoroethylene carbonate (Sigma-Aldrich) 5 wt%
was formulated. Graphitic carbon (Alfa Aesar, UK) was used as a conductive carbon source.
The sulfur—carbon (S5-C) composite cathode was prepared using elemental sulfur (Sigma-
Aldrich, USA) and multi-walled carbon nanotubes (MWCNTs; Sigma-Aldrich, USA). For
the 5-C/SiO4-Si-C full-cell studies, the non-aqueous liquid electrolyte was enriched with
1% LiNQOj; as an additive.

The SiOx material used in this work was purchased, but it can be synthesized using
two main methods: (i) the sol-gel process that involves the hydrolysis and condensation
of silicon alkoxides in the presence of water and a catalyst, leading to the formation of a
colloidal suspension (sol) that transitions into a gel; this approach allows for precise control
over the particle size and morphology of the SiOy materials [28] and (ii) precipitation
methods, where SiOy nanoparticles are produced by inducing the precipitation of silica
from a solution containing silicon precursors. Factors such as temperature, pH, and reactant
concentrations play crucial roles in determining the characteristics of the resulting SiOx
particles [29]. A further process is named the Stéber method, which is a specific type of
sol-gel method that enables the synthesis of monodisperse, spherical SiOy particles through
the controlled hydrolysis of TEOS in an alcoholic medium with ammonia as a catalyst; this
technique is well known for producing uniform SiOy particles with tunable sizes [30].

The combined effects of morphology and composition play a crucial role in the lithi-
ation performance of SiOx-based anodes. Morphology influences lithium-ion diffusion,
mechanical stability, and electrode—electrolyte interactions, while the composition de-
termines the electrochemical characteristics, such as capacity, conductivity, and volume
expansion management.

2.2. Preparation and Electrochemical Characterization of the Electrodes

The slurry for the working electrode was prepared with different amounts of SiOx,
silicon, and graphitic carbon, as shown in Table 1. Lithiated PAA (Li-PAA) was used as a
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binder, using deionized water to make an emulsion. The electrodes were made by applying
the slurry onto copper foil and drying it for 12 h at 100 °C. The S-C composite cathode
was prepared with elemental sulfur and MWCNTs at a mass ratio of 70:30, and then it was
ground for 1 h. The composite was maintained at 155 °C for 12 h under a N, atmosphere.
Regarding the choice of the binder, the reader can refer to our former manuscript, where
we investigated SiOx-Si-C electrodes based on different binders (i.e., PAA, carboxyl methyl
cellulose, and their blends) [31].

Table 1. Formulations containing different amounts of SiOy, Si, and graphitic carbon. Binder was
used to bring the total % up to 100%.

Formulation SiOy (wt.%) Si (wt.%) Graphitic Carbon (wt.%)

a 85 0.0 10.0
b 75 10 10.0
c 70 12.5 12.5
d 65 20 10.0
e 10 75 10.0
f 0.0 85 10.0
g 10 10 75

For electrochemical measurements, these electrodes were assembled into CR2032-type
coin cells using a Celgard 2320 separator (Bangalore, India) and lithium foil Sigma Aldrich)
as the counter electrode. The liquid electrolyte detailed in the experimental section was
adjusted to form a stable SEI layer [32]. The electrochemical cells were assembled in a
glove box filled with high-purity argon (99.9995%). Using a VSP3 Biologic (Seyssinet-
Pariset, France) electrochemical workstation, measurements of electrochemical impedance
spectroscopy (EIS) were performed in the frequency range of 1 MHz to 100 MHz. The
battery cycle life tester was used for galvanostatic charge—discharge studies in the potential
range of 0.005-2.5 V at a rate of 0.1C.

Between the pure and cycled electrodes, the change in electrode morphology was
examined (100 cycles) using scanning electron microscopy (SEM; TESCAN VEGA3; USA)
with an accelerating voltage of 15 kV. X-ray photoelectron spectroscopy (XPS; Thermo
Scientific, Waltham, MA, USA) analysis of the cycled samples was carried out using an
Al-Ko X-ray radiation source (photon energy 1486.7 eV) with an emission angle of 45°.
CASA was used for additional analyses after Thermo Advantage V5.9925 software was
used to collect the data. The C—C peak at 284.4 eV was used to calibrate the data to calculate
the binding energies of each of the current elements. Peak shapes of 10% Lorentzian and
90% Gaussian Voigt were used to fit the curves. To neutralize the charge, an electron flood
gun was used. The change in morphology of the electrode was studied on pristine and
pre-lithiated samples using field emission scanning electron microscopy (FESEM; SUPRA
55VP; Berlin, Germany) with an accelerating voltage of 5 kV. High-resolution transmission
electron microscopy (HR-TEM; Thermo Scientific FEI Tecnai G2 F20) was employed to
examine the structural alterations that occurred inside the SiOx-Si anodes during lithiation.

3. Results and Discussion
3.1. Charge—Discharge Studies

Figure Sla—g displays the galvanostatic charge-discharge curves of Li/SiOx-Si-C
lithium cells with varying SiOy, silicon, and carbon contents at a rate of 0.1C. The voltage
profiles that correspond to the initial discharge (lithiation) of SiO4-5Si-C were consistent
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regardless of the electrode composition. This suggests that, through the alloying and de-
alloying processes, the composition had no discernible impact on the formation of the SEI
layer. Li/SiOx-Si-C cells with 85, 75, 70, 65, and 10% SiOx had an irreversible capacity loss
of 40, 30, 19, 32, and 18%, respectively. The discharge capacity vs. number of cycle Li/SiOx-
S5i-C cells for the different compositions and their corresponding Coulombic efficiency are
shown in Figure S4a-g, respectively. The Li/SiOx-Si-C electrode in a lithium cell with
70% SiOy offered the highest discharge capacity among the cells with different contents
of silicon and graphitic carbon. The Li/SiO4-Si-C cell containing 85% SiOx provided a
capacity for an initial discharge of 1272 and 129 mAh g~! on the 100th cycle, with almost
99% Coulombic efficiency (Figure S4a). The discharge capacity exponentially decreased
when the content of SiOx was reduced to 10%. Figure 1 shows the data recorded at the 1st
and 100th cycles.
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Figure 1. Charge—discharge profiles of Li/SiOx-Si-C cells with different compositions (a-g), the
details of which are shown in Table 1. Panel (a) shows the data for the 1st cycle and panel (b) shows
the data for the 100th cycle.

A Li/SiOx-Si-C cell with 75% silicon (sample e) offered the highest discharge capacity
of 2323 mAh g’1 on its first cycle, and a drastic reduction was observed after 100 cycles,
when it reached 85 mAh g~!. This observation was attributed to the huge volume change
that typically occurs in silicon-based anode materials. A similar result was observed when
the content of silicon was further increased to 85% (sample £, Figure 1). The Li/SiOx-Si-C
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cell with 10% silicon and 75% graphitic carbon (sample b) showed a discharge capacity of
588 mAh g~!. The observed higher values were due to the added SiOx and Si particles.
At the end of 100th cycle, the Li/SiO4-5i-C cell was able to deliver 169 mAh g_1 with 99%
Coulombic efficiency. Accordingly, variations in the chemical compositions (both organic
and inorganic) of the SEI layer, which differed with the material formulations, may be the
cause for the variations in the cell cycling performance. In order to provide more insight
into the geometrical and structural characteristics, the cycled electrodes were disassembled
into a glove box filled with argon and analyzed using FESEM and XPS.

3.2. Morphological Characterization

Figures 2 and 3 show FESEM images that reveal the surface morphologies of the SiOy-
Si-C electrodes with different compositions. The surface morphologies of the electrodes
varied based on the composition of the electrodes. The as-prepared composite electrodes
with a high amount of SiOy dispersed with acetylene black and silicon particles exhibited
a rough surface with large voids (Figure 2a—d). On the other hand, a smooth surface
morphology with fewer voids were observed for the samples with higher contents of Si
and C particles (Figure 2e,f). A similar surface morphology was observed for the sample
with 75% graphite (Figure 2g). Upon cycling, the voids in the electrodes disappeared,
and the surfaces became dense and remained intact; however, cracks were detected on
their surfaces. For the samples with larger amounts of graphite (Figure 3g), no significant
changes were observed in surface morphology, indicating that the graphite samples did not
undergo any noticeable volume change in the first 100 cycles. It is worth mentioning that
the samples with 70, 75, and 85% SiOx showed cracks on their surfaces and the formation
of discontinuous islands. A huge reduction in the discharge capacity values upon cycling
was observed and can be attributed to the volume changes that occurred on the electrode
surface. In addition to this, the reduction in the values of the discharge capacity can
be presumably related to more irreversible phase transitions that occurred, namely the

formation of lithium silicate and its subsequent volume expansion and accumulation of
510y /C particles [33].

Figure 2. FESEM images of SiOx-Si-C electrodes with different compositions (a—g), the details of
which are shown in Table 1, before being cycled.
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Figure 3. FESEM images of SiOx-Si-C electrodes with different compositions (a-g), the details of
which are shown in Table 1, after being cycled 100 times.

3.3. Cyclic Voltammetry Studies

The successive cyclic voltammograms of Li/SiOx-5i-C half-cells with electrodes with
the different compositions are shown in Figure S3a—g. These cyclic voltammograms of
the Li/SiOx-5i-C cells make it clear that the processes of alloying and de-alloying lithium-—
silicon (Li-Si) are entirely reversible. The Li-Si alloying reactions were attributed to the
current peaks that were seen at 0.16 and 0.03 V on the initial cathodic sweep [34]. The
Li-5i de-alloying process corresponded to the anodic current peaks, which emerged at 0.46
and 0.30 V, respectively. The peak at 0.35 V for the 85% Si Li/SiOx-Si-C cell vanished in
the ensuing cycles, signifying an irreversible process that transformed elemental silicon
into lithium silicates (Li»SipOs, LipSiO3, and LisSiO4) [34]. In contrast, the peaks were
unaltered for the Li/SiOy -Si-C cell possessing 85% SiOx. For the Li/SiOx -Si-C cell with
75% graphitic carbon, anodic peaks appeared at 0.19, 0.34, 1.2, and 1.48 V (Figure S3g),
representing the typical characteristics of carbon. The magnitude of the voltammetry peaks
increased and decreased when the SiOy content was high, while a dissimilar trend was
observed for higher silicon contents. The pulverizing and amorphization of silicon upon
cycling was identified as the cause for the rise in the number of oxidation and reduction
peaks as a function of cycles for the electrodes with a higher content of silicon [35].

3.4. Impedance Analysis

It is commonly known that EIS is a potential tool for examining the many intricated
mechanisms of both Li-S and Li-ion batteries while cycling [36,37]. EIS is commonly
used for probing Li-S battery electrolyte compositions [38,39] and their performances [40].
The semicircles of the Nyquist plots are well developed at lower potentials. The high-to-
medium frequency range relates to charge transfer resistance; conversely, low-frequency
lines become extremely steep and describe the features of the electrode/electrolyte interface.
The morphologies of silicon-based anode components are generally more complex, and it
is time-consuming to determine the semicircles with precision [41].

The low frequency signal portrays the diffusion processes, such as the solid-state
diffusion of lithium ions into silicon, whereas the high frequency signal depicts the surface
chemistry of the silicon-based anode. The impedance of these electrodes displayed a
capacitive characteristic at very low frequencies because of the Li-Si alloy’s potential
dependency on the lithium concentration. The Nyquist plots of the Li/SiOx-Si-C half-cells
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with different amounts of 5iOy, silicon, and graphitic carbon before cycling and after 50 and
100 cycles are shown in Figure 4a—g. The Li/SiOx-5i-C cell with 85% SiOy offered the lowest
R values of 4, 6, and 5 () before, and after 50 and 100 cycles with corresponding R values
of 20, 5, and 8 (), respectively. As a result of cycling, the gradient reduced, suggesting
that lithium ions were diffusing throughout the active substance [42]. Additionally, the
resistance of the recently created SEI layer (RSEI) is represented by the semicircle diameter
in the medium-frequency region [42]. Of all the systems that were studied, the total
resistance (R + Ret + Rggp) of the Li/SiO«-Si-C cell with 85% SiOx was the lowest, i.e.,
18 () after 100 cycles. In contrast, the Li/SiOx-Si-C cell with 85% silicon and 75% graphite
showed values of 137 and 21 (), respectively, after 100 cycles. The higher Rggy values after
100 cycles were attributed to the massive increase in the silicon-based electrode volume,
which resulted in cracking of the electrode surface and poor cycling performance of the
silicon-based anodes (see Table S2). These results are in agreement with the FESEM images
(Figures 2 and 3) and with the charge—discharge study results (Figure 1).
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Figure 4. Nyquist plots of Li/SiOx-5i-C cells with different compositions (a-g), the details of which
are shown in Table 1, after different numbers of cycles. (h) Equivalent circuit used for data fitting.

3.5. XPS Studies

The electrochemical performance of Li-S batteries is largely dependent on the surface
properties of both the anode and cathode. In order to analyze the surface properties of
cycled SiOx-Si-C electrodes, the cells were carefully disassembled in an argon-filled glove
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(

-
N’

box and were subsequently washed with solvents and vacuum-dried to eliminate any
residual LiTFSI. In the present work, the S5iO4-5i-C composite electrodes with 75% Si and
75% SiOx were analyzed and the results are depicted in Figures 5 and 5S4, respectively.
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Figure 5. XPS spectra of sample ‘e’ (75% Si + 10% SiOx + 10% C) after 100 cycles: C 1s (a), F 1s (b), Li
1s (c), N 1s (d), O 1s (e), S 2p ().

In our earlier report [32], we analyzed the surface films formed on SiOy (70%)-based
electrodes; however, no discernible changes could be seen when the SiOx content was
increased to 75% (Figure S5). The XPS spectra relative to the C 1s, O 1s, and Li 1s signals for
an SiO-Si-C electrode with 75% Si are depicted in Figure 5. The C 1s signals observed at
284.4,286.21, and 289.43 eV remained attributed to C-C, C-O, and C=0 bonds, respectively.
Higher C-O and C=0 concentrations were seen in the deconvoluted C 1 s spectra for
the electrolytes containing carbonate. The production of C-F is represented by the peak
detected at 292.35 eV (i.e., —CF;) [43—48].

Regardless the compositions, the emergence of F 1 s peaks at 684.3 eV and 688.3 eV
were seen, which indicate the formation of organic fluorides (C-F bonds) and metal fluorides
(LiF) on the electrode surface, respectively. For the electrode with 75% SiOy, an additional
peak at 689.09 eV was seen (Figure S5), signifying the formation of —CF;. In Figure 5, the
Li 1 s spectrum shows a broad peak at 54.9 eV, which was attributed to the formation of
lithium hydroxide or alkoxide. The peak observed at 398.87 eV represents the formation of
Si3Ny. The Ols spectrum of the SiOx-Si-C composite electrode cycled with 75% Si and SiOx
shows deconvoluted peaks at 531.3 and 532.62 eV, which were assigned to metal carbonate
and carbonyl, or organic C=0 bonds [49]. The peaks observed at 166.68 and 168.42 eV
indicate lithium sulfate (Li;SO3) and metal sulfate, respectively.

3.6. Pre-Lithiation Studies

In general, pre-lithiated electrodes have a superior rate capability compared to un-
pre-lithiated ones, and this is attributed to the reduction in the impedance values [50]. In
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particular, pre-lithiation (PRL) of silicon-based anodes can result in pre-volume expansion,
which lessens the proportional change of the silicon during cycling. This will further reduce
the cracking or pulverizing of silicon particles and may improve the electrode mechanical
stability [51,52]. Winter et al. [53] extensively reviewed the different techniques that are
widely employed for the PRL of silicon anode materials, including electrochemical tech-
niques, direct contact with lithium metal, or PRL using electrode additives like stabilized
lithium metal powders and superionic conductors.

In the present work, we used the direct contact method, as it is easy to perform
and inexpensive. For comparison, the SiOx-Si-C electrode was also pre-lithiated using
an electrochemical method and its cycling performance was evaluated. As previously
noted [53], a longer lithiation time, besides improving the quantity of lithium in the silicon
powdered form, results in poor cyclability [52-54]. However, despite the fact that the
lithiation of the silicon anode for 30 min had less lithiation than the sample treated for
60 min, using this contact duration still achieved the theoretical sulfur cathode capacity of
a Li-S full cell. As a result, in the present work, the SiO4-Si-C electrode was lithiated for
30 min for the full-cell investigations.

The XRD patterns of lithiated SiO4-Si-C anodes in a LiTFSI 1 M solution of electrolyte
in close contact (direct contact method) with lithium foil without a separator are displayed
in Figure 6a [50,55]. The diffraction peaks at 27°, 43.7°, and 51° represent the Cu current
of the anode, while the peaks at 48° and 56° corresponded to silicon. However, the peak
at 27° was insignificant due to the overlapping of the copper and Si (111) planes. The
appearance of a peak at 26 = 33.5° indicates that the lithiated composite anode retained its
crystal structure even after lithiation, and it also exhibited the formation of a LixSi alloy
(circled in Figure 6a) [52].

The Raman spectrum of the PRL SiOx-Si-C composite anode is depicted in Figure 6b.
The intensity of the peak at 517.6 cm ™!, which is a characteristic of crystalline silicon, was
reduced upon lithiation. In agreement with the XRD data, the SiO4-5i-C composite anode
that was lithiated for 30 min exhibited a lower peak intensity than un-pre-lithiated anode,
which suggests a change of the crystalline phase into an amorphous phase [52]. Figure 6c—e
shows the FESEM images of the S5iOx-Si-C composite anodes before and after PRL for 30
and 45 min, respectively. As seen in Figure 6d,e, the images demonstrate that the lithiated
SiOx-Si-C composition anodes’ surface shape was preserved even after lithiation. The
insertion of lithium ions caused volume expansion, which resulted in a small increase in
the mean diameter of the lithiated silicon particles from 100 nm to 400 nm following the
PRL process [50,56].

Further investigation of the internal structural alterations in the SiOx-Si particles
during lithiation was conducted using HR-TEM. The pristine silicon nanopowders covered
with carbon were completely crystalline and had smooth surfaces (Figure 7a). The size of
the carbon-coated silicon particles was calculated to be 90 nm, despite the fact that their
thickness was more or less uniform. The selected area electron diffraction (SAED) patterns
in the HR-TEM images were in agreement with the XRD data for the Si (111), (220), and
(311) planes (Figure 7b,c). These results are in accordance with earlier reports [35,57-59].
Upon lithiation, the surface of the coated area slightly changed with the formation of the
SEl layer (Figure 7d). The electrode after PRL also showed the presence of the Si (111), (220),
and (311) planes (Figure 7e,f). The existence of carbon, nitrogen, oxygen, fluorine, silicon,
and sulfur in the electrode after PRL was identified from elemental mapping (Figure 7g).
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Figure 6. (a) XRD and (b) Raman spectra of SiOx-5i-C electrodes before and after lithiation. Surface
morphology of SiOx-Si-C electrodes (c) before lithiation, (d) 30 min after lithiation, and (e) 45 min
after lithiation.

In order to further examine the cycling performance of the Li-S full cells with pre-
lithiated SiOx-Si-C composite anodes, a Li-S half-cell with lithium metal anode was eval-
uated. The S-C cathode was prepared with 60% sulfur. Figure S2a—c, respectively, depict
the XRD patterns of the elemental sulfur, MWCNTs, and sulfur-impregnated MWCNTs.
The disappearance of peaks of elemental sulfur in Figure S2c confirmed the confinement of
elemental sulfur within the MWCNTs, and the amount of elemental sulfur was calculated to
be 60% according to the TG analysis (Figure S2d). The areal loading of sulfur was calculated
to be 2.5 mg cm 2. The amount of non-aqueous liquid electrolyte was 6 mL/cm? of sulfur.
The galvanostatic charge—discharge profiles were studied for up to 20 cycles and are shown
in Figure 8a. The upper plateau region that appeared between 2.3 and 2.5 V illustrates
the conversion of active materials from cyclic Sg to soluble polysulfides (LiySn, 4 <n < 8),
while the second lower plateau represents the further reduction of LiySg to LiyS; or LisS.
Subsequently, during the charging process, Li;S was delithated to form LiyS4 and finally Sg.
The plateaus were very flat and had relatively low polarization at the present current rate
(0.1C), which indicates a kinetically efficient reaction.
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Figure 7. HR-TEM micrographs of samples (a—c) before and (d-f) after PRL; (g) elemental mapping
after lithiation for 30 min using a direct contact method.

The Li-S cell delivered a discharge capacity of 795 and 765 mAh g~ on its 1st and
20th cycles, respectively, with a capacity fade per cycle equal to 1.5 mAh g~!. The cycling
performance of a Li-5iO4-Si-C composite electrode (pre-lithiated for 30 min by direct con-
tact) is shown in Figure 8b. The cell offered a discharge capacity of 1359 and 752 mAh g !
on its 1st and 20th cycles, respectively, with a fade in capacity per cycle of 30 mAh g~ 1.
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Figure 8. Charge—discharge profiles of (a) Li-S half-cell, (b) Li-SiOx-Si-C half-cell, (c) S-C/SiOx-5i-C
full cell (after direct PRL), and (d) S-C/SiOx-Si-C full cell (after electrochemical PRL).

Figure 8c,d illustrate the cycling performance of S-C and S-C/SiO-5i-C composite
electrode full cells pre-lithiated using direct contact and electrochemical methods, respec-
tively. The open circuit voltages of the S-C/SiO4-5i-C composite with pre-lithiated anodes
were 2.19 and 2.1V, respectively. Figure 9 shows the discharge capacity vs. cycle number for
5-C/SiOx-Si-C composite anode full cells. It is clear from Figure 8c,d that the S-C/SiO4-5i-C
full cell with an electrochemically pre-lithiated SiOx-Si-C composite anode offered a higher
discharge capacity than the anode pre-lithiated using the direct contact method. The S-
C/5i0«-5i-C full cell with an electrode pre-lithiated using direct contact offered a discharge
capacity of 281 and 169 mAh g~! on its 1st and 20th cycles, respectively, with a capacity
fade per cycle of 5.6 mAh g~!. On the other hand, the S-C/SiOx-Si-C full-cell pre-lithiated
electrode produced by an electrochemical method delivered a discharge capacity of 300
and 189 mAh g~! on its 1st and 20th cycles, respectively, with a capacity fade per cycle of
5.6 mAh g~ 1. Although few variations in the discharge capacity were seen in both meth-
ods, the Columbic efficiency for the S-C/SiOx-Si-C full cell with an electrode pre-lithiated
using a direct contact method was higher than that with an electrochemically pre-lithiated
electrode, as shown in Figure 8. The lower discharge capacity of the S-C/SiO4-Si-C full
cell was attributed to an inappropriate balance between the anode and composite sulfur
cathode without any catalyst and with non-optimized amounts of liquid electrolytes.
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Figure 9. Discharge capacity and Coulombic efficiency vs. cycle number.

4. Conclusions

In summary, SiOx-Si-C composite electrodes were prepared with different amounts
of SiOy, Si, and C. The composite electrode with a composition of SiOx:Si:C of 70:12.5:12.5
was optimal and delivered a maximum discharge capacity of 698 mAh g~!, even after
100 cycles. The SEM analyses additionally demonstrated a uniform and unbroken surface
morphology at a 75% graphitic carbon content. In contrast, when the silicon content was
high, the surface morphology of the electrode was fractured. On the other hand, the
XPS spectra showed no additional peaks, except one at 689.09 eV, which represents the
formation of —CF;. Further, pre-lithiation of SiOx-Si-C electrodes was performed using
both electrochemical and direct contact methods. The S-C/SiO-Si-C full-cell studies with
5i0x-5i-C composite anodes pre-lithiated using an electrochemical method offered a higher
discharge capacity than the anodes pre-lithiated using the direct contact method. The
areal loading of sulfur in the cathode was 2.5 mg cm~2. The poor discharge capacity of
S-C/SiO4-Si-C full cells was attributed to the imbalance in active materials in the cathode
and anode, which is being studied in our laboratory and the results will be communicated
in due course.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma18051053/s1. Figure S1. Charge-discharge profiles of Li/SiOx-
Si-C cells with different compositions (a—g), the details of which are shown in Table S1. Figure S2. XRD
spectra of (a) elemental sulfur, (b) sulfur and MWCNT composite heated at 155 °C/12 h, (c) sulfur
and MWCNT composite heated at 300 °C/12 h. (d) TG analysis of sulfur and MWCNT composite
(S:MWCNT) melt-diffused at 300 °C for 12 h under N; atmosphere. Figure S3. Cyclic voltammograms
of Li/SiOx-Si-C cells with different compositions at 0.05 mV s~!. Figure S4. Discharge capacity as a
function of cycle number at 0.1C rate with different compositions. Figure S5. XPS spectra of sample b
(75% SiOx + 10% Si + 10% C) after 100 cycles. Table S1. Electrochemical performance of SiO-Si-C
with different compositions. Table S2. EIS parameters obtained for SiO,-Si-C samples with different
compositions.
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