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Abstract: The severe volumetric expansion of silicon nanoparticles (~400 %) limits their practical application as
an anode material for next-generation lithium—ion battery (LIB). Here, we describe the fabrication and
characterization of conformal polydopamine carbon shell encapsulating rattle-type silica@silicon nanoparticles
(PDA-PEI@PVP-SiO2@Si) with tunable void structure prepared following a dual SiO: template using (3—
aminopropyl)triethoxysilane (APTES) as a self-catalytic, structure-directing agent to tetraethyl orthosilicate
(TEOS) pretreated with polyvinylpyrrolidone (PVP K30) via modified Stober process. Polyethylene imine (PEI)
crosslinking facilitated the construction of interconnected three-dimensional bubble wrap-like carbon matrix
structure through hydrothermal treatment, pyrolysis, and subsequent surface-protected etching. The
composite anode material delivered 539 mAh-g™! capacity after 100 cycles at 0.1 A-g™, and 453 mAh-g™! rate
performance at 5 A-g™'. The satisfactory electrochemical performance of the PDA-PEI@PVP-SiO:@Si was
attributed to the following: the rattle-type structure providing void space for Si volume expansion, PVP K30-
pretreated APTES/TEOS SiO: seeds via catalyst-free, hydrothermal-assisted Stober protecting Si/C spheres
upon etching, carbon coating strategy increasing Si conductivity while stabilizing the solid electrolyte interface
(SEI), and PEI carbon crosslinks providing continuous conductive pathways across the electrode structure. The
present work realizes a promising strategy to synthesize the tunable yolk—shell C@void@Si composite anode
materials for high power/energy-density LIB applications.

Keywords: lithium—ion battery; silicon anode; carbon nanomaterials; silica coating;
yolk—shell structure; surface protected etching; template method; polydopamine coating

1. Introduction

Global environmental key issues stemming from elevated greenhouse gasses, especially carbon
dioxide, induced climate change and its adverse effects triggering species endangerment, and ozone
depletion, including catastrophic effects to biodiversity, pose a significant threat to human survival
at a highly alarming rate [1]. International treaties, such as the Paris Agreement [2], and international
federations, such as the United Nations (UN) and European Union (EU), have adopted tactical
approaches to regulate and promote the transition from a fossil fuel reliant economy to a carbon
neutral economy to mitigate climate change [3,4]. In 2022, 91 % of energy generation continues to rely
on fossil fuel, while CO2 emission from the transportation sector grew to approximately 8 Gt COz, 3
% higher than in 2021 emission. To achieve the Net Zero Emission (NZE) scenario in the
transportation sector by 2050, global environmental policies focused on enabling low- and zero-
emission vehicle operations and promoting transportation de-carbonization are intensifying [5].
Major economies have adopted lithium—ion battery (LIB) technology for the electrification of road
vehicles, with electric vehicles (EV) continuing to gain momentum starting from 2022; however, the
mismatch between supply demands for critical materials for such advanced applications presents an
apparent material scarcity [6].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Due to its simplified cell chemistry, LIB technology has been the dominating technology
powering most commercial electronic devices [7,8]. Moreover, the LIB system operates within wide
range operating voltages with minimal self-discharge and memory defects, with low maintenance
requirements [9]. Despite high structural stability, current graphite anodes with only 372 mAh-g-! of
gravimetric capacity used in commercial LIB have long been regarded as unsuitable for high-energy
and high-energy density applications, such as in EV and grid scale operations [10]. The search for
new battery materials capable of delivering both high energy density and other desirable features,
such as fast charging functions [11], longer driving range on a single charge [12], relatively less
expensive active materials with reduced amounts of critical metals, such as nickel (Ni) and lithium
(Li) [13], battery stability, even in extreme temperature conditions [14], and in general, longer battery
life, are key factors that battery manufacturers need to consider during material selection. These
critical conditions must all be satisfied to successfully transition into pure electric or hybrid electric
vehicles.

Since the current LIB technology requires a dramatic boost in specific capacity for advanced EV
applications, the use of silicon (Si) as an alternative to graphite has been widely investigated. Aside
from the obvious advantage of excellent theoretical capacity (4,200 mAh-g for LixSis), Si operates
within a moderate onset voltage potential of (0.3 — 0.4) V above Li/Li*, hence minimizing the
occurrence of undesirable Li plating side reactions [15-17]. Being the second most abundant element
in the Earth’s crust after oxygen, coupled with environment-friendliness, Si as an active anode
material presents great potential to power EVs, offering lower production costs that are advantageous
for market values [18,19]. Aside from the cheap cost of Si due to its natural abundance partnered with
the high theoretical capacity expected to improve driving range, its fast-charging capability and
stable cycling performance in extremely low temperature conditions mean that it offers great
potential for powering future LIB applications [20].

However, when used in pristine conditions, Si tends to undergo repetitive volumetric expansion,
triggering the formation of a mechanically unstable solid electrolyte interface (SEI) layer. Continuous
volume expansion and contraction of the Si morphology exposes more bare Si particles that are
vulnerable to electrolyte decomposition, excessively consuming finite Li* ions in the process, forming
a thicker SEI film, eventually deteriorating reversible capacity, and further drying the entire cell
[21,22]. In addition, issues regarding the inferior electronic conductivity of Si (Si = 102 S-cm™)
compared to graphite and activated carbons (C ~ 1 S-cm™), the severe Si particle aggregation due to
high surface energy, and the native oxide layer of the as-received Si that adds to the challenge of
dispersion stability, often lead to the uneven distribution of active materials within the anode
structure. This triggers particle isolation, crack formation, and pulverization during prolonged
lithiation/delithiation cycles [23].

Various morphologies of Si ranging from nanostructuring into nanoparticle [24], nanowires [25],
nanotubes [26], nanospheres [27], and nanoporous structures [28] to 3D microstructures [29] have
been explored, and techniques to enhance the electrochemical performances of Si have been
developed. For example, our group has incorporated diverse carbon nanomaterials, such as carbon
nanofibers [31,32], carbon nanotubes [33,34], graphene [35,36], and graphene quantum dots [34,37] to
improve the electronic conductivity of Si, while offering protection against parasitic electrolyte
decomposition reactions and detrimental volume changes. While the use of highly functional carbon
nanomaterials seems promising, high-temperature thermal processing [38], costly precursor
materials [39,40], low material yield [41], and exhaustive synthetic routes requiring multiple organic
reactions and purifications at intermediate steps [42,43] continue to present major barriers for EV
applications. There is an urgent need for battery manufacturers and their subsidiaries to develop a
low-cost yet efficient synthetic route to manufacture LIBs with advanced features for EV applications
that maximize the advantageous features of Si, while considering methods to address its severe
volume expansion and low conductivity.

As upon cycling, Si tends to repeatedly expand and contract, a straightforward synthetic
approach of incorporating a hollow, void space between Si and the carbon coating layer, as reported
in particular in Si/SiOx hybrids [44], 3D-Si@SiO:/C [45], and yolk-shell structured Si/C
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nanocomposite anodes [46], has exhibited interesting improvements in terms of stability and
electrochemical performance that are attributed to the extra void space that is capable of absorbing
internal Si volume changes. The use of hard templates, such as silica (5i0z2) [47], typically synthesized
via a Stober route [48], which involves the hydrolysis and condensation reaction of silicon alkoxides
(e.g., tetraethyl orthosilicate (TEOS)) in an alcohol solvent (e.g., ethyl alcohol (EtOH)) in the presence
of water and a base catalyst (e.g., ammonia) [49], have been widely used to fabricate yolk—shell
structures. Removing the SiO:z patterning substrate to achieve yolk—shell structure will require either
a reactive ion etching (RIE) process [50], or a solution-phase chemical etching using either a strong
acid (e.g., (45-48) % hydrofluoric acid (HF) or in diluted form, as in buffered HF (BHF)) [51],
sometimes in combination with inorganic fluorides (e.g., sodium fluoride (NaF) and ammonium
fluoride (NH4F)), as in a buffered oxide etch (BOE) [52], or the use of high concentrations of a strong
base (e.g., sodium hydroxide (NaOH) at boiling temperatures [53].

Despite the simplicity of the SiO:z coating process via the Stdber route, challenges are presented
that are related to the utilization of SiO2 hard template and safety concerns of the handling of highly
corrosive and highly toxic HF during template removal. First, the tunability of the HF-assisted
chemical etching of SiO: is extremely challenging, due to high etching rates, even at dilute
concentrations (1,000 A-min-! in industry-standard 10:1 BHF) [54]. Second, using TEOS as a SiO:
precursor has been reported to produce a continuous, dense, and rigid SiO: coating to Si that is
susceptible to mechanical stress during cycling [55]. Third, although techniques, such as the surface-
protected etching initially reported by Zhang et al., have demonstrated significant improvement to
the tunability of etching SiO2 shells by coating poly(vinylpyrrolidone) (PVP K15) polymers [56], it
should be noted that the numerous refluxes of SiO2 hydrolysis, followed by the subsequent PVP
surface protection required to employ such protected etching, suggests a tedious synthetic process
[57]. Therefore, the utilization of an alternative longer PVP K30 chain with greater molecular mass to
improve the stability of polymer chains protecting SiO: shells in a simplified, one-pot technique
provides a promising alternative strategy to improve harsh etching conditions, and therefore prevent
the total dissolution of Si active materials in yolk-shell Si/C composites.

This paper describes the fabrication of polydopamine (PDA)-coated and poly(ethyleneimine)
(PEI)-crosslinked rattle-type SiO:@Si nanoparticles prepared using a dual template strategy using
TEOS and (3-aminopropyl)triethoxysilane (APTES) pretreated with PVP K30 as a SiO: sacrificial
template via a hydrothermally-assisted Stober process, followed by subsequent carbonization by
pyrolysis and surface-protected NaOH etching. To evaluate the design of a yolk-shell structure, a
composite material prepared with the same process was fabricated with core-shell structure. The
fabricated hybrid composites were employed as an anode material for the LIB, and the
electrochemical performances were evaluated. The representative yolk—shell composite material
(PDA-PEI@PVP-5i02@5i) delivered an initial capacity of 719 mAh-g!, and maintained 539 mAh-g!
after 100 cycles at 0.1 A-g™'. At5 A-g™, 453 mAh-g' of capacity was sustained, which was relatively
higher, compared to its core—shell composite counterparts.

2. Materials and Methods

2.1. Materials and Reagents

The reagents employed in the study were of analytical grade, and were used as obtained, with
no further purification. Sulfuric acid (H2504, 98.0 %), hydrogen peroxide (H20:, 30.0 %), and PVP
K30 were obtained from Daejung Chemical & Metals. The Si nanoparticles (powder, APS < 50 nm,
98.0 %) were purchased from Alfa Aesar. TEOS (> 99.0 %), dopamine hydrochloride for PDA coating
(CsH12CINO2), and PEI solution (MW ~ 750,000; 50 wt.% in H20) were purchased from Sigma-
Aldrich. APTES (= 99.0 %) was purchased from AcroSeal™, Thermo Scientific Chemicals. EtOH
(C2H50H, 94.5 %) was purchased from Samchun Pure Chemical Co., Ltd. NaOH was supplied by
Duksan Pure Chemicals. The high-purity industrial argon (Ar, 99.0 %) gas used for pyrolysis was
supplied by PSG Corp, Korea. All aqueous solutions were prepared and washed with deionized (DI)
water.

doi:10.20944/preprints202311.1792.v1
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2.2. Fabrication of Yolk-Shell and Core—Shell PDA-PEI@PVP-S5i0.@Si Composites

Figure 1 illustrates the one-pot hydrothermal synthesis of yolk—shell composite materials via the
Stober process. The fabrication process is described as follows. The hydrophilicity of the as-received
Si nanoparticles was increased following a typical piranha solution pre-treatment, which made
available abundant surface —OH groups to Si (5i-OH), described in previous work of our group [37].

(CH.)y—NII,

ol
NH,
jon HC\ L- ot APTES, TEOS \ I f
(H! EHY] in C,H;OH:DI 4:1 [ }’\T K30
— 10 | —
H0°C, 6k Stirring 12 b, 25 °C / sumng °c,12h
1t ot LN
OH -

.| PVP-SiO:@Si PDA-PEI@PVP-SIOx@Si

S,
HCHC— o/(l)\o_cn:(-u1
(l‘ﬂ.f‘lh Hvﬂmlbrlmnll

SiNP Si-OH

Treatment
APTES/TEOS@Si

h OI Etching Carbontzation
A —
o 1,90°C Sh800°C, Ar gas

Bubble wrap-like Yolk shell PDA-PEI@. Core shell PDA-PEI@
PVP-SiO2@Si *

24, 140°C

. e 27 Michnel resction HT-PDA-PEL@
EYE-SICHgsE PVP-SiO@si

Figure 1. Schematic of the fabrication process of the core-shell and yolk—shell PDA-PEI@PVP-SiO.@Si
composites.

The piranha pre-treated Si-OH (0.5 g) was dispersed in EtOH (480 mL) mixed with DI (120 mL)
solution via sonication for 2 h. After cooling, TEOS (7 mL) and APTES (2 mL) were added in
succession to the dispersed Si-OH solution in a drop-wise manner (~0.5 mL-min') under rigorous
stirring (300 rpm), to prevent aggregation. PVP K30 (0.5 g) was dissolved in DI (10 mL), before adding
to the solution. The solution was mechanically stirred at room temperature (RT) overnight to ensure
the completion of hydrolysis and condensation reactions. Afterwards, PDA (0.5 g) and PEI solution
(2.5 mL) were successively added to the solution, and further kept overnight under constant stirring,
until a viscous solution was observed. To obtain SiO: shells with uniform size, facilitate PVP K30
loading into SiO2 shells, and enhance PDA-PEI carbon coating, the resultant solution was transferred
into a Teflon-lined container, and reacted for 24 h at 140 °C. After the hydrothermal treatment, the
products were collected via filtration with washing with large amounts of EtOH and DI, and
subsequent overnight drying in a vacuum oven at 80 °C. Carbonization of polymer coatings was
carried out by pyrolysis in a tube furnace at 800 °C for 5 h in Ar gas.

At this stage, core-shell PDA-PEI@PVP-5i02@Si composite was collected after the pyrolysis.
Meanwhile, representative yolk-shell PDA-PEI@PVP-5iO:@Si composite was obtained after an
additional chemical etching process using NaOH (2.5 M) were carried out at 90 °C, followed by DI
washing and collected as a black powder by oven-drying overnight at 80 °C. To elucidate the effect
of adding APTES in SiO: synthesis, yolk—shell and core-shell composite materials with only TEOS-
derived SiO: shells were alternatively fabricated (PDA-PEI@-TEOS@Si). Similarly, a PEIl-free
composite material (PDA@PVP-Si0:2@Si) was also synthesized to further study the PDA-PEI coating
efficiency, while the effect of surface-protected etching was elucidated by fabricating SiO: shells
without PVP K30 (PDA-PEI@SiO:@Si). Finally, the effect of hydrothermal treatment
(HT-PDA-PEI@PVP-SiO2@Si) in the overall composite fabrication was studied against composites
obtained via the traditional Stober process and carbon coating performed at RT
(RT-PDA-PEI@PVP-Si0:@Si).

2.3. Materials Characterization

The structural and morphological characteristics of the fabricated composites were examined by
field-emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Tokyo, Japan) at 100 kV,
while the high-resolution transmission electron microscopy provided insights into the internal yolk—
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shell structures (TEM, JEM-2100, JEOL, Tokyo, Japan). Energy dispersive X-ray (EDS, ARL-3460,
Thermo Fischer Scientific, Waltham, MA, USA) mapping was used to determine qualitative and
quantitative microanalyses of the elements in the sample composites. The crystalline compositions
were characterized using powder X-ray diffraction (XRD) measurements using Cu—Ka radiation (K
=1.5418 A) at 26 = (2-90)° in a 2 kW Ultima IV (Rigaku, Tokyo, Japan) instrument. Raman spectra
were obtained within (500-3,000) cm~! wavelength using a Jobin-Yvon LabRAM HR-800 (Horiba,
Kyoto, Japan) with laser light irradiation (A = 514 nm). Fourier-transform infrared spectroscopy
(FTIR) analysis was conducted within the (400-4,000) cm™" frequency range, using potassium bromide
(KBr) pellets on a Nicolet 6700 spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA).
Al-Ka twin-anode X-ray photoelectron spectroscopy (XPS, Multilab-2000, Thermo Fischer Scientific,
Waltham, MA, USA) was used to evaluate the chemical bonding states in the composite materials.
The mass loadings of Si, SiOx, and carbonaceous materials present in the composites samples were
extrapolated from thermogravimetric analysis (TGA) coupled with differential thermal analysis
(DTA), and the derivative thermogravimetric (DTG) curves in percent mass loss per degree Celsius)
were collected using a Diamond TG/DTA system (PerkinElmer, Waltham, MA, USA) from (20-900)
°C at a heating rate of 10 °C-min-! in a nitrogen-protected environment, to prevent the rapid oxidation
of Si into SiOa.

2.4. Electrochemical Testing

The fabricated yolk-shell and core-shell composites were used as an active anode material in a
two-electrode battery system. To evaluate the electrochemical performance of the resultant composite
materials, a conventional slurry mixture was obtained by mechanically mixing 80 wt.% of the active
composite materials with 10 wt.% of binder and 10 wt.% of Super P as a conductive agent cast on a
copper (Cu) foil as the current collector. Circular disks of 14 mm diameter were punched from the
electrode plate with ~1 mg-cm average load density to obtain working electrodes from the fabricated
core—shell and yolk-shell composites. Depending on the coating efficiency of the slurry mixture onto
the electrode plate after vacuum drying at 80 °C for 24 h, carboxymethyl cellulose (CMC) binder in
DI water solvent and polyvinylidene fluoride (PVDF) dissolved in N-Methyl-2-pyrrolidone (NMP)
organic solvent were employed as the binder material during slurry preparation.

Coin-type cells (2032) were assembled inside an Ar-filled glove box using the working electrodes
from the fabricated composites, a metal Li foil as the counter/reference electrode, and a standard
polyethylene membrane (Celgard 2600) as the separator soaked in the electrolyte. The electrolyte
employed was 1.0 M of LiPF6 in 3:7 w/w ethylene carbonate (EC) / ethyl methyl carbonate (EMC)
with 7 wt.% of fluoroethylene carbonate (FEC) to increase the solvation and improve cycling stability.
Cycling voltammetry (CV) conducted at a scan rate of 0.1 mV-s at voltages of (0.01 - 1.5) V at 25 °C
and electrochemical impedance spectroscopy (EIS) measurements at frequencies of (100 kHz to 10
mHz) and amplitude of 5 mV were conducted on a Chi 660F electrochemical analysis instrument (CH
Instruments, Inc. Shanghai, China). Cycling test, high-rate loading tests and galvanostatic
charge/discharge profile measurements were performed using a battery tester (Neware Co., Ltd.
Shenzhen, China) at voltages of (0.01 — 1.5) V (vs. Li/Li*). The specific capacity was computed based
on the mass loading of the anode material in the working electrode disks.

3. Results and Discussion

3.1. Role of APTES in the Synthesis of SiO:@Si Shells

Figure 2 compares the SEM images of the TEOS- and APTES/TEOS-derived SiO: shells
precursors:
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Figure 2. FE-SEM images of the (a) TEOS-derived SiO2@Si and (b) APTES/TEOS-derived SiO2@Si via
catalyst-free Stober route synthesis at RT.

Figure S1 of the Supplementary Information (SI) presents the FE-SEM image and the FT-IR
spectra of Si into Si-OH after the piranha pre-treatment. A thick and uneven coating from the TEOS-
derived SiO:2 shell can be observed in Figure 2a. In contrast, the APTES/TEOS-derived SiO: presented
in Figure 2b exhibits a relatively more uniform SiO: coating, with less agglomeration of Si-OH
nanoparticles. Additionally, a conformal spherical morphology can be observed with particle average
diameter of approximately 60 nm. This result is attributed to the self-catalytic activity of APTES
regarding the sol-gel SiO2 particle formation, wherein the formation of siloxane bonds with the
abundant silanol groups of Si-OH takes place, even without the presence of an alkali catalyst [55].

Evidence supporting the self-catalyzing role of APTES in facilitating SiO: growth and the
successful coating on Si—-OH is further supplied by the TEM results of Figure 3. Notable particle
agglomeration of the TEOS-S5i02@Si with no structural organization can be observed in Figure 3a. An
isolated TEOS-5i02@Si particle shown in Figure 3b portrays an approximately 50 nm Si nanoparticle
encircled by a thick SiO2 coating with evident aggregation characterized by dark patches scattered in
the background. The in-plane lattice fringe highlighted in Figure 3c reveals a 0.3096 nm ordered
lattice spacing, which is attributed to the (111) plane of Si [37]. The inset in Figure 3d shows that after
the SiO:z sol-gel coating process using TEOS, a corresponding fast Fourier transform (FFT) pattern
verified Si crystallinity was sustained.

On the other hand, the role of APTES as a structure-directing agent is highlighted in Figure 3e,
which depicts the APTES/TEOS-derived SiO:@Si with no visible aggregation of particles, and with
uniform spherical morphology. A thin, conformal SiO: coating (~8 nm) was observed in an isolated
APTES/TEOS-5i02@Si nanoparticle shown in Figure 3f. Two distinct crystal lattice spacings were
detected in Figure 3g, namely (0.3112 and 0.1993) nm, in good agreement with the (111) and (220)
planes, respectively, of Si [31,37]. Notable bright spots are shown in the inset image in Figure 3h,
indicating that the inherent crystallinity of Si is maintained.
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Figure 3. TEM images of the (a—d) TEOS-derived SiO:@Si and (e-h) APTES/TEOS-derived SiO:@Si
nanoparticles, after a catalyst-free, sol-gel synthesis at RT.

Previous literature citing the co-condensation of TEOS and APTES in EtOH and DI have
generally incorporated APTES as a surface-modifier in a post-modification or grafting of amino
groups to Si [35], as a precursor material to SiO:z [55], such as in soft-hard template strategies [47],
often with other surfactants (e.g., cetyl trimethyl ammonium bromide, CTAB) [58]. Figure S2 of the
SI illustrates the crucial role of APTES as a self-catalytic, structure-directing agent to TEOS, the
hydrolysis and condensation reaction mechanism, and the formation of siloxane networks from
APTES and TEOS. Note that although the pristine Si nanoparticles inherently possess a native oxide
layer due to inevitable surface oxidation during manufacturing, pre-treatment with piranha solution
is generally preferred to optimize the number of surface hydroxyl groups to form bonds with the
silanol groups of APTES and TEOS. The -OH groups of piranha-pre-treated Si-OH energetically
favored the formation of siloxane bonds in a condensation reaction, resulting in a well-ordered silane
layer on the surface of Si in the APTES/TEOS, even without the presence of an alkali catalyst.

Figure 4 shows the results of XPS analysis conducted to confirm the changes in the elemental
composition during SiO: synthesis from the two precursors, and subsequent coating with Si
nanoparticles. The high-resolution Si 2p spectra of the TEOS-derived SiO:@Si in Figure 4a reveals
three peaks at 102.71 eV that are attributed to the Si-O-5Si band, 100.59 eV related to Si-OH, and a
small peak at 98.86 eV corresponding to Si. These peaks also appear in the O 1s scan in Figure 4b,
revealing peaks at 531.98 eV for the S5i-O-5i and 530.67 eV for the Si-OH [59]. The high relative
intensities of the Si-O-Si peak at both Si 2p and O 1s scans suggest that the majority of the TEOS
silane precursor was successfully converted into SiO2. The trace amounts of Si-OH are assumed to
be from the unreacted hydroxyl groups from piranha pre-treatment. The occurrence of a small Si
peak suggests that the SiO2 coating derived from TEOS precursor resulted in inefficient coating, with
bare Si nanoparticles remaining. The C 1s spectra in Figure 4c reveal peaks corresponding to the
different chemical environments of carbon within the organic groups of TEOS: 283.1 for sp>C-C, 285.1
eV for the C-COO sub-peak due to the chemical shift of the carbon bonded to an adjacent ester group,
the ester group C-O at 286.94 eV, and the ester group sub-peak O-C=0 at 288.8 eV, and Si—C peak at
281.84 eV. Furthermore, C 1s scan also identified the O 1s peaks at 532.59 eV for O-C=0 and 533.99
eV for O-C=0 showing different bonding environment of the O atoms in the ester groups [60].
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Figure 4. XPS high resolution (a,d) Si 2p, (b,e) O 1s, and (c,f) C 1s scans of the (a—c) TEOS-SiO.@Si
and (d—f) APTES/TEOS-SiO2@Si samples. The insets of (c,f) show the Si—C peaks within the respective
samples.
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Meanwhile, Figure 4d reveals that neither the Si-OH nor pure Si peaks were detected in the Si
2p scans of the APTES/TEOS-derived SiO@Si nanoparticles. This observation indicates that all the
Si-OH was successfully condensed into an SiO: layer after the reaction. The Si 2p scans reveal that
the Si-O-Si peak with relatively high intensity shifts to a higher binding energy of 105.04 eV, due to
the generation of a particle charge on the deposited SiO: coating. A shift to higher binding energy
was observed in the silicon oxides while the non-oxidized chemical species exhibited no shift [59,61].
In other reports, the Si 2p peak at 105.04 eV signifies that the Si obtained after APTES/TEOS-5iO:
coating is in the 4+ oxidation state, while the broad peaks at (103.27 and 105.83) eV are ascribed to the
Siz* and Si** oxidation states, respectively, of the amorphous SiOx [62]. The relatively small peak of
Si-OH at 101.84 eV further supports the construction of SiO: coating on Si. Apart from the major peak
shifted to 533.7 eV relating to the Si-O-Si band, the O 1s peaks in Figure 4e that are detected at (532.17,
531.22, and 534.11) eV for C-O-5i, N-C=0, and C-O-C, respectively [63], align well with the C 1s
scans in Figure 4f, with peaks centered at (284.63, 286.18, 288.17, 283.95, and 289.61) eV for the sp2
C=C, C-N, O-C=0, sp? C-C, and C-O, respectively [62,64]. A negligible peak detected at 536 eV was
due to the trace amounts of adsorbed H20 molecules, presumably during sample analysis [65].
Additionally, the N 1s peaks at 400.07 eV ascribed to C-N confirmed the successful SiO: modification
into an amino-functionalized SiO: coating, due to the chemical composition of APTES [63].

3.2. Multifaceted Effects of the Proposed Modified Stober via Hydrothermal Treatment

It has been established that (1) the Si active material needs to be coated uniformly with a thin
carbon layer, providing a physical barrier of protection from direct electrolyte contact. Since
inevitable Si volume expansion is expected, it is crucial for the SiO2 sacrificial layer to be effectively
etched during template removal, to allow the formation of an internal void space. Moreover, the rigid
structure of SiO:2 coupled with its amorphous character presents another condition that needs to be
satisfied. (2) The void space provided by yolk-shell structure is not just for the absorption of Si
volume expansion but is also crucial to prevent the formation of cracks in the carbon shell from
repetitive volume fluctuations. Furthermore, (3) the carbon coating should be able to withstand the
etching process without damage to its mechanical structure. To achieve all three conditions above,
PVP K30 polymer was loaded to the APTES/TEOS-5i0:@Si, followed by subsequent PDA carbon
coating and PEI crosslinking via the proposed hydrothermal treatment. A control sample was
fabricated following the same procedures at RT.

The importance of a hydrothermal treatment in increasing the efficiency and stability of PDA
carbon shells has been reported, even after 40 wt.% HF etching for 2 h [66]. Building on this idea, a
stable PDA coating to Si can be constructed with satisfactory structural integrity. It is also important
for the proposed fabrication process to not alter the inherent crystallinity of the Si active material
during template removal. Therefore, the crystallinity of the Si active material was evaluated during
the entire composite fabrication process via XRD analysis; Figure 5 presents the results verifying the
Si crystallinity.
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Figure 5. XRD patterns of the core-shell and yolk-shell PDA-PEI@PVP-5iO:@Si composites
fabricated from the hydrothermally-assisted modified Stober (HT) process, compared with the control
group fabricated conventional sol-gel reaction at room temperature (RT), before and after pyrolysis,
and after the NaOH etching processes.

The crystallinity of the Si active material during the composite fabrication process was
monitored via XRD analysis. For comparison, Figure S3 of the SI presents the XRD patterns of the
pristine Si nanoparticles, TEOS-Si0:@Si, and APTES/TEOS-SiO2@Si. As shown in Figure 5, the
crystallinity of Si is well maintained in both synthetic routes. Apart from the broad peak centered at
26 =26.0° that is attributed to the (002) plane of graphitic carbon materials due to the PDA-PEI
carbonization, intense diffraction peaks at 26 = (28.4, 47.3, and 56.1)° were well-indexed to the (111),
(220), and (311) facets, respectively, of a typical face-centered cubic Si crystal (Reference code 98-065-
2265), presented in Figure 54 of the SI. Representative Si peaks were all observed in the composites
with or without the hydrothermal treatment, even after high-temperature pyrolysis. However, after
the composite samples without hydrothermal treatment have undergone the etching process, these
peaks have disappeared, and multiple intense peaks at various diffraction angles are detected. In
contrast, the composite samples synthesized via the proposed hydrothermal route present Si peaks,
even after NaOH etching. The XRD results verify the positive effect of hydrothermal treatment in
fabricating yolk—shell composites, without altering the Si crystallinity upon template removal.

Aside from maintaining Si crystallinity against harsh etching conditions, positive effect on the
coating efficiency was also observed in the sample composites prepared via hydrothermal treatment,
as compared in Figure 6:
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Figure 6. FE-SEM images of the (a,c,e) composite samples prepared via RT, and (b,d,f) HT, before and
after pyrolysis and NaOH etching of the SiOz template.

A thin, sheet-like structure enveloping spherical SiO2@Si nanoparticles that were aggregated to
a large extent was obtained in a one-pot synthetic route at RT, as shown in Figure 6a. Meanwhile, the
composites obtained via the hydrothermal treatment Stober route illustrated in Figure 6b exhibit
well-dispersed SiO: shells coated with PDA-PEI in a uniform manner, with less aggregation. The
dramatic difference between the carbon coating efficiency through both routes is evident in
comparing Figures 6¢ and 6d after pyrolysis. The uneven carbon coating of RT-composite samples
demonstrate exposed APTES/TEOS-Si0:@Si nanoparticles lumped together above sheet-like
PDA-PEI carbon structures. Even with PVP-surface protection during NaOH etching, the composites
without hydrothermal treatment exhibit severe damage to the carbon network structure, as shown in
Figure 6e, wherein the PDA-PEI carbon coating and crosslinking structure were compromised as the
SiOz2 template was removed. On the other hand, the composite samples prepared with hydrothermal
treatment were able to maintain distinguishable PDA carbon coatings with almost no damage to the
structure, as shown in Figure 6f. The TEM images in Figure S5 of the SI provide a visual insight into
the effect of hydrothermal treatment, which resulted in a more complete PDA carbon coating and PEI
crosslinking to the APTES/TEOS-5i0.@Si nanoparticles.

3.3. Significance of PVP K30 Surface Protection during NaOH Etching

The direct loading of the PVP K30 polymer was studied by comparing the chemical bonds
present in the composite samples during the entire fabrication process. FTIR analysis was conducted
to verify the successful loading of the PVP K30, and Figure 7 presents the resultant spectra:
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Figure 7. FTIR spectra of the APTES/TEOS-SiO2@Si, PVP-5iO2@Si, HT-PDA-PEI@PVP-SiO.@Si, core—
shell PDA-PEI@PVP-SiO2@Si, and yolk-shell PDA-PEI@PVP-SiO2@Si samples with PVP K30-surface
protection.

The abundant surficial -OH groups previously detected at ~3,400 cm™ after piranha pre-
treatment disappeared completely from all sample spectra, which can be interpreted as a result of the
successful condensation reactions of the APTES/TEOS. An adsorption band at 1,544 cm™
corresponding to ~NHa groups is attributed to the amino groups present in the APTES precursor
solution [31]. The weak absorption band at 1,348 cm™! is attributed to the C-H bending vibration of
the unhydrolyzed —OEt groups detected on the APTES/TEOS-SiO2@Si, which when the PVP K30 is
loaded to yield PVP-Si0:@Si, further reduce in intensity. This observation is attributed to the
formation of hydrogen bonds with the SiO:z surface. Additional vibration peaks detected at 2,925 cm™,
assigned to the —CH: stretching modes in the pyrrolidone ring, C=O stretching band at 1,703 cm™,
and C=C bond at the PVP polymer backbone at 1,645 cm™!, provide further evidence of the successful
PVP loading into the SiO2 shells [56]. An increase in the C=C peak can be attributed to the formation
of a graphitic carbon structure during hydrothermal treatment, which is due to the polymerization
and crosslinking reactions of PDA and PEI polymers. Meanwhile, a broad and intense absorption
band in the range (788-1,095) cm™ corresponding to the symmetric and asymmetric stretching of Si—
O-Si bands and Si—-OH peak at 947 cm™ both present for all samples further verifies the complete
condensation of APTES/TEOS precursor, and the formation of SiO2 shell [44].

Note also that the intensity of the Si-O-Si bands follows a decreasing trend from sol-gel coating
to etching. The decrease in Si-O-5i band after PVP K30 is added can be ascribed to the formation of
PVP-treated SiO: shells. Further decrease in the peak intensity is observed after PDA-PEI is added to
form a carbon shell to the SiO:, aligned with the occurrence of a strong C=C peak. The thermal
treatment at 800 °C increases the SiO: stability, which is characterized by a slight increase in the Si—
O-5i band intensity. Finally, after NaOH etching, the Si-O-5i band intensity is significantly reduced,
dissolving the SiO: template.

The TEM analysis results shown in Figure 8 comparing sample composites with and without a
PVP K30 surface protection highlight the integrity of carbon coating, and whether the spherical
morphologies are maintained after etching. The PVP K30-surface protected composites samples
shown in Figures 8a and 8b exhibit excellent stability, with no damage to the PDA-PEI carbon
network structure, even after NaOH etching. However, a contrasting difference in the morphologies
of the composite samples without PVP K30 protection can be observed in Figures 8c and 8d, with the
majority of PDA carbon shells destroyed, and the sheet-like PEI carbon networks torn apart.
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Figure 8. TEM images of the composite samples fabricated via the hydrothermal treatment of
APTES/TEOS-SiO2@Si seeds (a,b) with, and (c,d) without, PVP K30 surface protection after NaOH
etching.

The successful loading of PVP K30 polymer into APTES/TEOS-5i0:@5i is also verified by the
XPS analysis shown in Figure 9. The high-resolution Si 2p scans in Figure 9a reveal three peaks at
(104.11, 102.75, and 105.09) eV, which are all ascribed to the Si-O-Si band, and the increasing
oxidation states of Si into Si*, Si** and Si** oxidation states, respectively, related to the synthesis of
SiOz2 shells after the condensation of APTES and TEOS [59,61]. The O 1s scans in Figure 9b detect
peaks at 532.52 eV with a high relative intensity, which are ascribed to the Si-O-S5i band of the
siloxane networks, with (531.18, 533.38, and 529.84) eV for the C=0O, C-O-C, and C-O bonds,
respectively, in the PVP molecular structure [67]. The small peak at 534.29 eV is attributed to the
O-C=0 peak initially identified from the carbon-containing organic groups of the silane precursors
used [60]. The C 1s scans in Figure 9c also reveal peaks at (283.53, 285.08, 286.61, and 288.34) eV which
originate from the different carbon atoms of the PVP molecules (see inset in Figure 9c) [67]. The peak
revealed in the N 1s scan at 400.07 eV in Figure 9d is assigned to the N atoms of C-N from the APTES

structure.
a si 2p b S$-O-Si 01s
53252
3 3
< s
g § c-0-¢
533.38
£ z
0-c=0
534.29
T T T - T T v r T T T v
98 100 102 104 106 108 110 526 528 530 532 534 536 538
Binding energy (eV) Binding energy (eV)
1 3
[od +0H1—0H+ Cis d Nets
L " C-C00
3 Q‘;ﬂ -~ 285.08
El 112 3
8 s
z CN z
[ 286.61
H C-C (sp”)- H
£ 283.53 7 £
T T T T T T
276 278 280 282 284 286 288 290 292 396 398 400 402 404
Binding energy (eV) Binding energy (V)

Figure 9. XPS high resolution (a) Si 2p, (b) O 1s, (¢) C 1s, and (d) N 1s scans of the
APTES/TEOS-SiO2@Si after PVP K30 polymer loading via the proposed hydrothermal route. The
inset in Figure (c) shows the different carbon atoms in the PVP K30 molecular structure.
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3.4. Characterization of Representative Core—Shell and Yolk—Shell Composites

Representative composites bearing core-shell and yolk—shell structures, including a sample
composite with a PVP-surface protected SiO: shells and PEI crosslinked structure, were fabricated
following the proposed synthetic route. To study the changes in the surface composition of the
fabricated composites with a core-shell and a yolk—shell structure, namely, the core-shell
PDA-PEI@SiO:@Si and yolk—shell PDA-PEI@SiO2@Si, XPS analysis was conducted, and Figure 10
presents the results:
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Figure 10. XPS high-resolution (a,e) Si 2p, (b,f) O 1s, (¢,g) C 1s, and (d,h) N 1s scans of the (a—d) core—
shell PDA-PEI@SiO2@Si and (e-h) yolk-shell PDA-PEI@SiO:@Si composite samples.

The high-resolution Si 2p scan of the core-shell PDA-PEI@SiO2@Si composite sample in Figure
10a reveals two peaks; one at 103.72 eV, which is attributed to the Si-O-5i band with a relatively
higher intensity than the peak located at 99.78 eV, which is ascribed to Si [59]. These peaks have been
previously identified, and matched with the cited literature. The O 1s scans in Figure 10b are
deconvoluted into five components in decreasing order of peak intensity: (533.18, 534.64, 532.37,
531.0, and 535.89) eV for the Si-O-5i band, C-O-C, C=0, C-O, and O-C=0, respectively [60,63].
Meanwhile, the peaks revealed in the C 1s scan were located at the following six peaks in order of
decreasing intensity: (284.87, 286.42, 289.37, 284.35, 289.37, and 290.81) for the sp2 C=C bonds, C-COO,
C-N, sp?® C-Cbonds, O-C=0, and C-O, respectively [62,64]. Similar peaks were observed in the yolk-
shell PDA-PEI@SiO:@Si sample, except for the reduced intensities for the O-containing compounds,
due to the NaOH etching. For example, the intensity of the Si-O-5i band at 103.54 eV shown in Figure
10e, as well as the O 1s scans in Figure 10f, exhibit a similar reduction in peak intensities for Si-O-5i,
C-0-C, C=0, O-C=0, and C-0O peaks at (533.37, 534.86, 532.22, 535.85, and 530.82) eV, respectively.
However, the peaks for sp? C-C and C-O bonds in Figure 10c of the core—shell composite disappear
in Figure 10g after the removal of SiOz. This observation can be attributed to the destruction of the
carbon structures, previously confirmed in Figure 8 showing TEM images of the composite materials
without PVP K30 surface protection. The chemical species detected in the O 1s scans align well with
the results of C 1s scans all attributed to the SiO2 component, to the carbon-containing ligands of the
silanes used, and to the polymer chains of PDA carbon coating compound and PEI crosslinks. Two
peaks are revealed in the N 1s scan of the core—shell PDA-PEI@SiO:@Si sample in Figure 10d centered
at (400.54 and 398.21) eV, while these peaks in the yolk—shell PDA-PEI@SiO:@Si sample are located
at (400.45 and 398.16) eV. These peaks were ascribed to the protonated amines due to APTES
hydrolysis and C-N bonds, respectively [63]. The C-N bond that appeared on the O 1s, C 1s, and N
1s scans is attributed to the crosslinking reaction of the amino groups and catechol in oxidized PDA
polymer chains with PEI molecules. The formation of the PDA-PEI networks are presumed to be via
a Schiff base reaction or a Michael addition reaction mechanism, as illustrated in Figure S6 of the SI
[68].
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The effect of PVP K30 polymers and the role of PEI crosslinked structures in enhancing the
durability of the carbon coating layer is further highlighted in the XPS results of the core-shell
PDA@SiO:@Si, when compared to the yolk-shell PDA-PEI@PVP-5i0:@Si composite sample, as
shown in Figure 11:
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Figure 11. XPS high-resolution (a,e) Si 2p, (b,f) O 1s, (¢,g) C 1s, and (d,h) N 1s scans of the (a—d) core—
shell PDA@SiO:2@Si and (e-h) yolk-shell PDA-PEI@PVP-SiO2@Si composite samples.

Similar peak observations were detected in the composite samples. For example, the Si 2p of the
core-shell PDA@SiO2@5i in Figure 11a detects a similar Si-O-Si band, which also appears in the yolk-
shell PDA-PEI@PVP-5i0.@Si sample in Figure 11e, only with a lower peak intensity. Likewise, the
O 1s scans in Figures 11b and 11f in both samples detect similar chemical compositions at very similar
binding energies in decreasing order of peak intensities, namely: Si-O-5i, C=O, C-O-C, C-O, and
O-C=0. The same observations are made based on the comparison of C 1s scans of both samples
illustrated in Figures 11c and 11g; with peaks for the sp2 C=C, C-COO, C-N, O-C=0, and C-O. Lastly,
no significant changes are observed in the N 1s scans of the two composites, as shown in Figures 11d
and 11h. Apart from the obvious reduction in peak intensities of the O-containing groups across all
high-resolution scans observed in the PDA-PEI@PVP-5iO02@Si composite samples due to etching,
note that the important sp? C-C peak at 284.47 eV and C-O peak at 289.92 eV in the C 1s of the PVP-
surfaced protected composite sample shown in Figure 11g are sustained, in contrast to the non-PVP
protected etched composites shown in Figure 10g. This result further verifies the important role of
PVP surface protection and the PEI crosslinking in terms of constructing a carbon coating layer that
can withstand the NaOH etching necessary for template removal.

Raman spectroscopy was performed to determine the defect quantity within the carbon coating
layer, and identify the degree of graphitization of representative core and yolk—shell composites.
Additionally, the TEOS-5i02@Si, APTES/TEOS-Si02@Si, and PVP-5i02@S5i samples are also analyzed
for reference purposes. Figure 12 summarizes the recorded spectra of each representative composite
and reference sample:
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Figure 12. Raman spectra of the (a) TEOS-SiO:@Si, (b) APTES/TEOS-SiO:@Si, (¢) PVP-SiO2@Si, (d)
core-shell PDA@SiO2@Si, (e) yolk—shell PDA-PEI@SiO:@Si, (f) yolk-shell PDA-PEI@PVP-SiO:@Si,
and (g) core-shell PDA-PEI@SiO2@Si samples.

The peaks located at (511 and 918) cm™ related to Si appear in all sample curves, suggesting that
the Si crystallinity and inherent properties are maintained. The peak attributed to Si exhibits a
decrease in intensity after APTES is added to the precursor mix, implying that after the reaction is
completed, the Si is coated with a layer of amorphous SiOx. This decreasing trend in Si peak intensity
is further observed after the PVP was loaded onto the SiO: shells. Meanwhile, all representative
composite samples exhibit a characteristic disordered D band at ~1,350 cm™ and ordered G band at
~1,590 cm™, typical of graphite and other sp>-bonded carbons after the pyrolysis of PDA and PEI
molecules [69]. More importantly, second-order vibrations at ~2,400 cm™ are shown in the PDA-PEI-
containing composites, suggesting that the carbon coating is at least partially graphitic [70]. The
relatively stronger G bands compared to the D bands across all the representative composites provide
strong indications that the PDA and PEI molecules are integrated into a crystalline graphitic matrix,
as initially predicted via the TEM results shown in Figure 3. The relative intensity ratio of the
disordered carbon to the graphitized carbon (Io/Ic) is quantified for all composite samples after curve
fitting using the Gaussian-Lorentzian model, and are shown in Figures S7-510 of the SI, with
corresponding Io/Ic ratios, including the fitting parameter values, summarized in Table S1 of the SI
[71].

The increase in the In/Ic value of the core-shell PDA@SiO:@Si (0.84) upon the addition of the PEI
polymer in the core—shell PDA-PEI@SiO2@Si (0.85) is ascribed to the increase of sp>-carbon edge
atoms after the co-polymerization of PDA and PEL and subsequent graphitization during thermal
treatment. A similar increase in In/Ic value is observed for the yolk—shell PDA-PEI@SiO.@Si (0.85),
which is attributable to the successful carbonization of the polymer coatings. Although the PVP-
S5i0:2@5i does not show any remarkable variations of the G band peak position or of the Ip/Ic ratio,
this lack of variation can be related to the high intensity of Si signals weakening the carbon
contribution from the PVP K30 [72]. The yolk-shell PDA-PEI@PVP-SiO:@Si (0.86) displays the
highest Ip/Ic value among the representative composites, which is attributed to the PDA-PEI
graphitization and subsequent carbonization of the PVP K30 polymer chains protecting the SiO:
shells after thermal treatment.

Figure 13 presents the TG/DTA thermograms including the DTG curves of the representative
composites during continuous combustion until a temperature cutoff of 800 °C under a N2 gas-
protected environment to prevent the rapid oxidation of Si.
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Figure 13. (a) TG curves of the a. core-shell PDA@SiO2@Si, b. yolk-shell PDA-PEI@PVP-SiO2@Si, c.
yolk-shell PDA-PEI@SiO:@Si, and d. core-shell PDA-PEI@SiO2@Si samples. (b) TG-DTA and DTG
curves of a representative composite yolk-shell PDA-PEI@PVP-SiO2@Si sample. (¢) DTG curves of
the core—shell PDA@SiO2@Si sample, and (d) of the other composites.

The TG profiles in Figure 13a can be divided into four phases based on the composition of
representative samples. Phase I, marked by the slight decrease in weight of the samples at ~ (50-90)
°C, is due to the loss of moisture from physisorbed water on the surface the composites, followed by
actual polymer decomposition over a broad range of temperature, until around 220 °C. Phase II is
characterized by the gradual weight loss beginning at ~ (400-550) °C. The core—shell PDA@SiO@Si
sample exhibits a very sharp decrease in sample weight within this temperature range, due to the
rapid degradation of PDA coating without the aid of PEI crosslinks and PVP K30 molecules. This
rapid decrease in sample weight is also verified in the DTG profile shown in Figure 13b. Based on the
weight decrease recorded in the TG profiles, the total C content of the core-shell PDA@SiO.@Si
sample was calculated to be approximately 60 wt.%, in good agreement with the ratio during
composite fabrication. Another sample weight loss curve is recorded at ~550 °C, which marks the
beginning of Phase III due to the oxidation of exposed Si particles vulnerable to oxidation reactions
at elevated temperatures [32]. The oxidation reaction continues during Phase IV until all components
in the samples are combusted, except for Si and SiOx components, at ~700 °C. Interestingly, the
remaining composite materials with either PEI crosslinking or a PVP K30 surface protection exhibit
good thermal stability, characterized by minimal sample weight loss at temperatures higher than 550
°C, due to the effective PDA carbon coating reinforced with PEI crosslink structures.

The increased thermal stability of the PDA-PEI co-polymerized coating structures is verified in
the DT-TGA and DTG curves of the representative composite yolk—shell PDA-PEI@PVP-5i0.@Si
sample presented in Figure 13c. The TG curve shows a steady and sharp weight loss of ~10 %, which
can be associated with the removal of the physisorbed and chemisorbed water. Moreover, the TG
curve exhibits a small exothermic peak from ~100 °C, due to moisture loss, a broad endothermic peak
centered at (200-400) °C due to polymer decomposition, and a broad exothermic signal starting from
500 °C due to SiO:2 oxidation. The DTG curve shows the removal of water from the small endothermic
peak observed at ~100 °C and the actual polymer degradation from the broad endothermic peak
between ~ (200 and 400) °C. The decomposition of carbon components is confirmed in a broad
exothermic signal from ~ (400-550) °C, while endothermic peaks at ~700 °C [73] mark the transition
to SiOx.

Apart from the minor loss in sample weight observed at ~ (50-100) °C due to the evaporation of
adsorbed water molecules in Figure 13b, no evident changes were observed in the sample weights at
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550 °C for the remaining composite samples in Figure 13d. Generally, the total combustion of carbon-
based compounds is typically observed from ~ (400-550) °C. However, the representative yolk—shell
PDA-PEI@PVP-SiO:@Si composite only displays a slight decrease in sample weight at ~700 °C,
suggesting the composite fabrication and design prevent the thermal oxidation of Si. Based on the
sample weight loss, the total C content in yolk—shell the PDA-PEI@PVP-5i02@5i is calculated to be
~18 % while the Si content of ~73 % is from the combined contributions of SiO: from the APTES,
TEOS, and pure Si nanoparticles.

3.5. Electrochemical Performance of the Representative Core—Shell and Yolk—Shell Composites

Figure 14 shows the electrochemical performance of the representative yolk and core-shell
composite samples that are first characterized by CV.
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Figure 14. CV profiles of the (a) core—shell PDA@SiO:@Si at RT, (b) core-shell PDA@SiO:@Si by HT,
(c) yolk—shell PDA-PEI@PVP-5iO:@Si by HT, and (d) yolk-shell PDA-PEI@SiO:@Si by HT during the
initial five cycles.

All composite samples demonstrate two distinct peaks at ((0.30 - 0.32) and (0.72 - 0.79)) V during
the first cathodic scan, which are ascribed to the initial electrochemical reactions between the bulk Si
and Li* atoms, which leads to the formation of irreversible lithiated precipitates. Table 1 summarizes
the Si phase transformations and corresponding chemical reactions [37]:

Table 1. Summary of phase transformations in Si nanoparticles during the initial five cycles.

Point in Figure 14 Phase Transformation Chemical Reaction
A SEI formation Si + xLit + xe- 2 LixSi; x <4

B Lithiation of crystalline Si (c-Si) c-Si+xLi < a-LiSi

C Transformation to a new phase at <50 mV a-LixSi - a-Li,Si

D Delithiation of the phase formed at <50 mV a-Li,Si - a-LivSi + (y — x")Li

B’ Lithiation of amorphous Si (a-5i) at > 0.17 V a-Si +x’Li & a-LirSi
B” Lithiation of a-Si between 70 mV and 0.17 V a-LirSi+ x”Li 2 a-Liw ++)Si
D” Delithiation of a-Si at < 0.38 V a-Liw +x)Si 2 a-LivSi + x”Li

D’ Delithiation of a-Si at > 0.38 V a-LirSi 2 a-Si + x'Li

The cathodic peaks in the range (0.72 — 0.79) V are attributed to the SEI film formation
disappearing in the second cycle, suggesting the stabilization of SEI film after the first cycle.
Moreover, two broad oxidation peaks centered at ((0.47 — 0.53) and (0.30 — 0.32)) V in the subsequent
anodic scans signify the delithiation processes of Lis2Si and the complete delithiation into LixSi into
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amorphous Si, respectively. Although less polarization is observed in the core-shell PDA@SiO-@5Si
sample in Figure 14a, the hydrothermally-fabricated counterparts in Figure 14b demonstrate
electrode activation characterized by gradual, yet steady increase in the intensities of both cathodic
and anodic scans in the subsequent cycles. Similar gradual electrode activation is observed in the
PVP-surface protected composites in Figure 14c, compared to the less polarized counterpart in Figure
14d. Meanwhile, the CV scans of the core-shell PDA-PEI@TEOS-5i0:@5i composite via RT in Figure
S11 of the SI demonstrate similar peak observations and peak qualities; however, important oxidation
peaks during the delithiation process are not clearly manifest, implying the difficulty in retrieving Li*
from LisSi alloyed components during the reaction.

Figure 15 compares the electrochemical performance of the composites in terms of cycling
stability, rate performance, and CE stability over 100 cycles. Figure 512 of the SI also presents the
galvanostatic charge and discharge profiles of the other composites.
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Figure 15. (a) Cycling performance of the composite samples with (b) galvanostatic charge and
discharge profiles of the representative yolk-shell PDA-PEI@PVP-5i0-@Si composite sample via HT.
(c) The corresponding CE values of composite samples at 0.1 A-g™ over 100 lithiation/delithiation
cycles. (d) Rate performance of the representative composite samples.

The influence of the core—shell and yolk-shell structures and PVP surface protection and
PDA-PEI carbon crosslinking on the electrochemical performances is evaluated at a low current
density of 0.1 A-g! for 100 cycles, as reflected in Figure 15a. Among the studied composites, the
representative yolk—shell PDA-PEI@PVP-5iO:@Si sample exhibits the highest discharge capacity of
719 mAh-g! with an initial CE (ICE) value of 47.94 %, which after five cycles readily increases to 94
%, and during the subsequent cycles, maintains more than 98 %. The galvanostatic charge and
discharge profiles of the representative composite presented in Figure 15b also show minimal
electrode polarization with overlapping profile scans over increasing cycle number. Generally, the
low ICE values of the Si-based composite anodes are due to the decomposition reaction at the SEI
interface, consuming Li* in the process, hence the decreased available reversible Li* to participate in
electrochemical reactions during the initial cycles. The representative yolk-shell
PDA-PEI@PVP-5i0:@Si sample was able to retrieve 539 mAh-g! discharge capacity after 100 cycles
with a CE value of 98 %. Moreover, the CE was stabilized after the initial SEI formation, as shown in
Figure 15c.

Overall, the yolk—shell composite samples demonstrate better cycling performance and CE
stability, even without the PVP K30 surface protection. For example, the yolk-shell

doi:10.20944/preprints202311.1792.v1
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PDA-PEI@SiO:@Si composite sample without PVP K30 is able to maintain capacity of 531.25 mAh-g
after 100 cycles. Meanwhile, even with the help of PVP K30 surface protection, the core-shell
PDA-PEI@PVP-5i0:@Si composite sample demonstrates inferior cycling performance with only
339.62 mAh-g of capacity after 100 cycles. This result highlights the role of void spaces in yolk—shell
structures that are sufficient to absorb the internal volume changes of Si, and stabilize the cycling
performance. With both PDA-PEI@SiO:@Si and PDA@SiO2@Si composites possessing core—shell
structures, the difference in the cycling performances and CE values can be attributed to the enhanced
electronic conductivity of PDA carbon coating due to PEI crosslinking across the entire electrode
structure, which provide continuous pathways for fast electron and ion transport.

The rate capabilities of the composite samples were examined at several current densities
ranging (0.1 — 5) A-g”, and Figure 15d summarizes the results. The representative yolk-shell
PDA-PEI@PVP-5i0:@Si electrode exhibits better rate performance than the core-shell composites
with or without PVP K30 and PEI crosslinking across all current densities, without the formation of
Li dendrites. The specific capacities of the yolk—shell PDA-PEI@PVP-SiO2@Si electrode are (621.21,
577.46, 537.96, 512.50, 491.53, 472.71, and 453.16) mAh-g! at the current densities of (0.1, 0.2, 0.3, 0.5,
1,2, and 5) A-g-'. When the current density is returned to 0.1 A-g, 490.73 mAh-g! is retrieved.

Although the yolk-shell PDA-PEI@SiO:@Si composite performs slightly better, the sudden
increase in capacity from (456.32 to 476.41) mAh-g' at 5 A-g! suggests an open short circuit has taken
place due to Li dendritic formations, which typically occur at high current densities. Similar sudden
increase in capacities are also observed in the core-shell PDA-PEI@PVP-SiO:@Si and core-shell
PDA-PEI@SiO:@Si composites. It is also worth noting that when the current density is reduced to 0.1
A-g, the slight increases in capacity observed in other sample composites are all stabilized, implying
the ability of the designed composites to recover satisfactory capacities, even after high-rate tests.
Table 2 summarizes the cycling and rate performances of the representative yolk-shell
PDA-PEI@PVP-5i0:@Si composite against the other fabricated composites:

Table 2. Electrochemical performance of the fabricated composites.

High-C t Densit
Low-Current Density Performance (at 0.1 A-g™7) 1gh--urrent ensily

Performance
Composite Sample Discharge Capacity CR* CE Discharge Capacity
(mAh-g) (%) (%) (mAh-g)

1st 5th 99th 100t 100t st 5t 100t 1 A-g1 2A-g! 5A-g!
Core-shell PDA@SiO:@Si 272,12 22897 189.64 189.81 99.91 36.72 90.15 98.18 219.81 209.52 198.40
Core-shell PDA-PEI@SiO2@Si  356.68 308.12 230.49 230.32 99.93 4293 92.23 98.05 295.43 282.43 268.55
Core-shell
PDA-PEI@PVP-Si0@Si
Yolk-shell PDA-PEI@SiO:@Si  685.87 653.51 531.90 531.25 99.88 47.15 94.11 98.64 484.92 460.76 453.32
Yolk—shell
PDA-PEI@PVP-Si0@Si

*Capacity retention (CR) was calculated from the measured discharge capacity of cycle n+1 divided by the

558.84 487.07 339.62 339.19 99.87 46.11 93.18 98.20 420.50 399.83 378.30

719.11 689.45 539.98 539.44 99.90 47.94 93.93 98.70 491.53 472.71 453.16

measured discharge capacity of the previous cycle .

Electrochemical impedance measurements were recorded before and after the 100* cycle to
describe the factors that led to the enhancement of Li* storage capacity of the representative yolk—
shell PDA-PEI@PVP-5i02@S5i composite. Figure 16 shows the Nyquist plots that were obtained. The
insets in Figures 16a and 16b show the equivalent circuit models corresponding to Nyquist plots. The
resistance value emerging from the interaction of electrolyte solution with the bulk Si denoted as Rs,
the resistance of Li* as it migrates back and forth between the two electrodes passing the SEI layer as
Rsey, the resistance value during charge transfer as Rer, and the Warburg impedance denoted as W-
are all considered in the circuit model. Meanwhile, the double-layer capacitance of surface film CPE1
and CPE2 represents the constant phase elements of the cell.
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Figure 16. Nyquist plots and electrochemical impedance spectra of the fabricated composites
(a) before cycling, and (b) after 100 lithiation/delithiation cycles.

As shown in Figure 16a, the Nyquist plots of the studied composites before cycling are
comprised of a semicircle located in the middle-frequency region, and a slanted sloping line in the
low-frequency region. The smaller diameter of the representative yolk-shell PDA-PEI@PVP-5iO.@5Si
before cycling signifies lower resistance value (73.76 Q), and therefore faster charge transfer. The
relatively fast charge transfer kinetics of the representative composite can be attributed to the synergy
of yolk-shell structure that allows direct contact of the carbon coating layer with the PVP-5i0.@Si
active material. Additionally, the shorter slanted line of the representative composite material implies
relatively faster Li* diffusion rates. The synergistic effect of a yolk—shell structure combined with PVP
K30 surface protection can also be observed in the yolk-shell PDA-PEI@SiO@Si (139.60 Q) and core—
shell PDA-PEI@PVP-5i0:@5i (140.21 ), with the PVP K30 showing comparable Rer values, yet much
lower than in the core—shell PDA@SiO-@Si (211.16 Q) and core-shell PDA-PEI@SiO-@Si (209.23 Q).
The thick layer of the amorphous SiO: coating present in the core-shell composites prevent the direct
contact between the Si active material and conductive PDA carbon coating. Therefore, a drastic
increase in Li* tortuosity is observed in the core-shell composites as the Li* needs to migrate from the
PDA coating, passing through the electronically insulating SiO: layer, before it reaches the Si active
material.

After 100 cycles, the Nyquist plots in Figure 16b verify the formation of a stable SEI layer. The
Nyquist plots of the fabricated electrodes demonstrate two semicircles; one in the high-frequency
region, and the other in the middle-frequency region, which are attributed to the Rser and Recr,
respectively, followed by a slanted line in the low-frequency region. The smallest diameter of the
semicircle in the high-frequency zone observed in the representative composite translates to the
lowest Rser value (6.30 Q). This is due to the formation of a mechanically stable SEI layer thanks to the
PDA coating, which prevents excessive electrolyte decomposition. The yolk—shell PDA-PEI@SiO.@Si
also demonstrates a relatively lower Rser (8.13 (J) value compared to its core-shell counterparts,
further supporting the importance of yolk—shell structure. However, the larger Rer value of the yolk—
shell PDA-PEI@SiO2@Si (19.28 Q) compared to the representative composite (9.71 () emphasizes the
importance of constructing yolk—shell structures with PVP K30 surface protection. The core-shell
composites PDA-PEI@PVP-5i0:@Si (9.51 Q) with PVP K30 exhibit lower Rser values than the
PDA-PEI@SiO2@Si  (10.77 Q) sample. The stabilized SEI formation in the core—shell
PDA-PEI@PVP-5i0:@Si can be explained by acknowledging the influence of PVP K30 polymer
chains after being loaded inside amorphous SiO2 shells. Assuming a crack formation in the PDA
carbon coating due to expansion of the lithiated Si and SiO2 components, the PVP K30 polymer chains
embedded within 5iO2 shells provide a secondary barrier that prevents direct contact with the Si
active materials. In addition, the flexibility of PVP K30 polymer chains aids SEI stable formation by
providing a buffer against the rigid and dense SiO: layer susceptible to crack formation during
repetitive volume fluctuations. The contribution of the embedded PVP K30 polymer chains within
SiOz also help increase the conductivity of the amorphous SiO: seeds, hence the slight improvement
in the Rer of the core-shell PDA-PEI@PVP-SiO:@Si (23.32 1), compared to the core—shell
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PDA-PEI@SiO:@Si (28.01 €)). On the other hand, the lack of PEI component in the core-shell
PDA@SiO2@Si results in higher Rser (10.84 Q) coupled with thick SiO: shells that block Li* migration,
thereby increasing the tortuosity (32.50 €2). Table 3 summarizes the parameters acquired from the
Nyquist plots of the fabricated composites before and after 100 lithiation/delithiation processes.

Table 3. Comparison of the fitted parameters obtained from the Nyquist plots of the studied

composites.
) Resistance Before Cycling (2) Resistance after 100 Cycles (£2)
Composite Sample

Rs Rsex Rer Rs Rsex Rer

Core—shell PDA@SiO:@Si - - 211.16 4.85 10.84 32.50
Core-shell PDA-PEI@SiO-@Si - - 209.23 3.89 9.77 28.01
Core-shell PDA-PEI@PVP-5i0:@Si - - 140.21 3.53 9.51 23.32
Yolk-shell PDA-PEI@SiO:@Si - - 139.60 3.30 8.13 19.28

Yolk-shell PDA-PEI@PVP-5i0:@Si - - 73.76 3.21 6.30 9.71

4. Conclusions

In summary, this paper reported important findings that emphasize the essential function of
designing rattle-type, yolk—shell Si/C composite structures from APTES/TEOS dual template-derived
SiO:z shells treated with PVP K30 polymers as surface protection against NaOH etching encapsulated
within conformal PDA carbon coating layer and dispersed within 3D cross-linked, bubble wrap-like
matrix from PEI polymers fabricated via a hydrothermally-assisted modified Stober process as anode
materials for advanced LIB applications. The representative yolk-shell composite sample
PDA-PEI@PVP-5i0:@Si delivered an initial discharge capacity of 719 mAh-g!, and recovered 539
mAh-g' capacity after 100 lithiation and delithiation cycles at 0.1 A-g-'. At high current density of 5
A-g7, the composite sample maintained 453 mAh-g-! capacity, with no signs of Li dendritic formation.

The satisfactory electrochemical performance of the representative composite over the other
studied composites can be attributed to the overall contributions of the proposed synthetic design,
which may be summarized as follow: (1) the self-catalytic mechanism of APTES emphasized its dual
role as a structure-regulating agent that is able to facilitate the synthesis of spherical SiO: shells
without a base catalyst, and as a precursor to amino-functionalized SiO: shells with enhanced
durability; (2) the PDA carbon coating with high coating efficiency and PEI-copolymerized crosslink
structures provided a protective barrier from parasitic electrolyte decomposition, thereby stabilizing
the SEI layer and increasing the electronic conductivity of Si via graphitic conductive channels; (3)
the yolk—-shell structure obtained from SiO: template removal created void spaces that efficiently
catered to the internal mechanical stress from volume-induced fluctuations; (4) the PVP K30 surface
protection provided surface protection against harsh NaOH etching and prevented structural
damage and crack formation of the carbon structures, while also providing flexibility and increased
electronic conductivity to rigid, amorphous SiO: templates with insulating nature; and (5) the
proposed hydrothermal route to composite fabrication offered multiple advantages in terms of
increased SiO: durability to protect Si crystallinity against etching, enhanced PVP K30 loading and
improved carbon coating and crosslinking efficiency. The electrode with thermal stability, even at
temperatures exceeding 700 °C, and with satisfactory cycle stability and rate performances, could
serve as a reference for the development of rattle-type Si/C anode materials for advanced EV
applications.

Supplementary Information: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: FE-SEM image of (a) the pure Si nanoparticles. (b) FT-IR result comparing
the pure Si nanoparticles and Si-OH after piranha solution pre-treatment; Figure S2: (a) Formation of siloxane
networks from the piranha-treated Si-OH using APTES. (b) Hydrolysis and (c) condensation reaction
mechanism of TEOS, showing the formation of siloxane bridges; Figure S3: XRD patterns of the (a) Si and (b)
TEQOS-derived SiO2@Si and APTES/TEOS-derived SiO:@Si; Figure S4: XRD reference peaks for the face-centered
cubic Si crystal (Reference code 98-065-2265); Figure S5: TEM images showing carbon crosslinking from PEI
and PDA carbon coating efficiency in the (a) & (b) composite samples prepared via the traditional SiOz2 sol-gel
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synthesis reaction and carbon coating at RT, and (c) & (d) composite samples prepared via hydrothermal
treatment at 140 °C for 24 h; Figure S6: The two possible reaction mechanisms showing the formation of
PDA-PEI carbon crosslinks; Figure S7: Raman peak fitting of the core-shell PDA@SiO2@Si composite sample;
Figure S8: Raman peak fitting of the yolk-shell PDA-PEI@SiO2@Si composite sample; Figure 59: Raman peak
fitting of the yolk—shell PDA-PEI@PVP-SiO-@Si composite sample; Figure S10: Raman peak fitting of the core-
shell PDA-PEI@SiO:@Si composite sample; Figure S11: CV scans of the core-shell PDA-PEI@TEOS-SiO2@Si
composite fabricated at RT using TEOS as precursor solution; Figure S12: Galvanostatic charge and discharge
profiles of the (a) core-shell PDA@SiO:@Si, (b) core-shell PDA-PEI@SiO:@Si, (c) core—shell
PDA-PEI@PVP-SiO:@Si, and (d) yolk-shell PDA-PEI@SiO2@Si composite samples; Table S1: The Io/Ic values
of the samples calculated by the ratio of the D band peak area to the G band peak area using the Gaussian—
Lorentzian curve fitting model.
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