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ARTICLE INFO ABSTRACT

Keywords: Silicon has emerged as a potential candidate for next-generation lithium-ion battery (LIB) anodes owing to its
Silicon exceptionally high theoretical capacity (3580 mAh g~1) and environmental abundance. However, the practical
Anodes

application of Si anodes is severely hindered by low electrical conductivity and a substantial volume expansion
rate of over 300 % during the lithiation-delithiation process, leading to rapid capacity degradation. To address
these challenges, a double-layer coating strategy was developed and successfully applied to simultaneously
enhance the electrical conductivity and mechanical integrity of Si nanoparticles (Si). The double coating layer
was designed with an inside conductive pathway and outside robust coverage, which was achieved by encap-
sulating silicon with a conductive amorphous carbon layer on the silicon surface and coating it with a TiO5 layer
(Si@C@TiO2). These features improved the interfacial and structural stability of the electrodes during repeated
cycling. Compared with its respective uncoated and single-coated analogous anodes, the Si, carbon-coated Si
(Si@CQ), and TiO2-coated Si (Si@TiO2) anodes, the Si@C@TiO= anode demonstrates exceptional cycling stability
and power capability. We believe that this study offers a breakthrough in the design of high-performance Si-

High capacity
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based anodes for LIBs.

1. Introduction

Over the past two decades, the increasing demand for high-capacity
lithium-ion batteries (LIBs) has driven extensive research on new elec-
trode materials to meet the requirements of portable electronics, hybrid
electric vehicles, and large-scale energy storage systems. To improve the
energy density of LIBs, metals and semimetals have emerged as prom-
ising alternatives to traditional carbonaceous anodes because they can
deliver high specific capacities by forming electrochemical alloys with
lithium [1-3]. Among these, silicon is the leading candidate due to its
abundance in the Earth’s crust and the remarkably high theoretical ca-
pacity of its fully lithiated state (3580 mAh g 1), approximately 10 times
greater than that of natural graphite (372 mAh g~ %) [4,5]. However, the
practical application of Si anodes is hindered by significant challenges,
primarily the dramatic volume change (>300 %) that occurs during
lithiation and delithiation [6-10]. Volume expansion induces mechan-
ical stress, leading to pulverization of the particle, formation of an

unstable solid-electrolyte interphase (SEI) layer, loss of electrical con-
tact, rapid capacity fading, and safety issues [11-13]. To address these
issues, extensive research has focused on improving the electrochemical
performance of Si-based anodes through various approaches that can
better accommodate volume changes and enhance cyclability. The pri-
mary approach is the nanostructuring of Si particles [12-18]. Reducing
the Si particle size to the nanoscale effectively reduces the mechanical
stress caused by significant volume changes. Composites of Si with a
buffer matrix have also become a key focus, particularly Si/C composites
[19-22]. These composites combine the high capacity of Si with the
excellent conductivity and structural stability of carbon, resulting in
improved electrical conductivity and the ability to buffer volume
changes and further improve cycling performance [23]. Another effec-
tive strategy involves the application of various coatings onto the Si
particles. For example, coating with metal oxides such as TiO2, Al20s,
and ZnO offers robust mechanical integrity and protects the Si particles
from direct contact with the acidic electrolyte solution [24-27]. Despite
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these advancements, however, existing approaches still face limitations.
One of the key challenges is the trade-off between capacity and cycling
stability; although some techniques improve cycling performance, they
often do so at the expense of the specific capacity and/or power capa-
bility [28]. Addressing these gaps is essential for developing efficient,
advanced solutions to enhance the performance of Si-based anodes in
commercial LIBs [29-31].

In this study, we introduce a simple, effective strategy to improve the
electrochemical properties of Si-based anodes via a double-layer
coating. The double-layer coating comprised an inner conductive
pathway and outer robust coverage, achieved by encapsulating a
conductive carbon layer on the Si surface and coating it with an anatase
TiOy layer. This double-layer coating reinforces the structural and
interfacial stability of Si nanoparticles (Si) by suppressing huge volume
changes and preventing the direct exposure of Si to the electrolyte. As a
result, the proposed Si@C@TiOz anode delivered a high capacity of
2200 mAh g~! and demonstrated good cycling stability over 100 cycles
at 0.2C.

2. Experimental section
2.1. Materials

2.1.1. Preparation of Si@C, Si@TiO», and Si@QC@TiO2

Si powder (600 mg; CNVISON Co., Ltd.) was dispersed in deionized
(D) water using 3 mL of 20 % cetyltrimethylammonium bromide
(CTAB, Sigma-Aldrich) as a surfactant. Vigorous stirring at room tem-
perature for 1 h produced Si@CTAB as a powder, which was dried
overnight in a convection oven at 80 °C. The Si@CTAB powder (500 mg)
was added to Tris-buffer solution (pH = 8.5), and then the solution was
ultrasonicated at 30 % amplitude for 10 min (Solution A). Dopamine
hydrochloride (500 mg; 99 %, Alfa Aesar) was dissolved in DI water and
slowly added to Solution A. After stirring for 24 h at room temperature,
Si@PDA powder was collected by washing with DI water and ethanol
(EtOH). To synthesize the Si@C sample, the powder was carbonized at
800 °C under an Ar atmosphere for 2 h. To synthesize Si@TiOz or
Si@C@TiO3, hydroxypropyl cellulose (0.5 g) was dissolved in EtOH at
90 °C with vigorous stirring for 0.5 h (Solution B). Then, 100 mg of Si
powder (or Si@C) was added to Solution B, and the mixture was ultra-
sonicated for dispersion (Solution C). After that, 2 mL H,O was added
slowly to Solution C (Solution D). Finally, titanium butoxide (TBOT,
Sigma-Aldrich, 97 %) was dissolved in EtOH and injected into Solution
D drop by drop. After washing using DI water and EtOH, the obtained
powder was calcined at 500 °C under an Ar atmosphere for 3 h.

2.2. Material characterizations

X-ray diffraction (miniFlex600, Rigaku) and Raman spectrometry
(DXR3xi, Thermo Fisher) were used to analyze the crystal structures of
the Si@C@TiO, samples. The surface morphology of the material was
characterized by scanning electron microscopy (SEM, Helios, FEI).
Transmission electron microscopy (TEM, JEM 2100F, JEOL) and TEM-
EDX data were also measured (JEM 2100F, JEOL). The sample chemi-
cal states were analyzed using X-ray photoelectron spectroscopy (XPS;
XPS-Theta Probe, Thermo Scientific Co.). Thermal gravimetry analyses
(TGA) (SDT Q600, TA Instruments) were performed under air flow with
a 10 °C min~! heating temperature ramp to quantify the carbon content
in the samples. Cross-sectional Si, Si@C, Si@TiO,, and Si@C@TiO,
anodes were prepared using an Ar-ion beam cross-section polisher (CCP;
IB-19520CCP; JEOL, Ltd.).

2.3. Electrochemical tests
To fabricate Si, Si@C, Si@TiO,, and Si@C@TiO5 anodes, the active

material was mixed with Super P and 6 wt% polyacrylic acid (PAA) in DI
water at the ratio 6:2:2. The resulting slurry was coated onto a carbon-
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coated Cu foil using a doctor blade and dried in a convection oven at
60 °C for 12 h. The mass loading was approximately 1-1.5 mg cm~2. The
electrochemical properties of the Si, Si@C, Si@TiO3, and Si@C@TiO4
anodes were evaluated by assembling CR2032 coin-type half-cells using
Li metal as the counter electrode and a polypropylene membrane (Cel-
gard 2400) as the separator. The electrolyte consisted of 1 M LiPFg
dissolved in a solvent mixture of ethylene carbonate and diethyl car-
bonate (1:1, v/v) with 5 wt% fluoroethylene carbonate (Enchem Co.,
LTD.). Galvanostatic charge-discharge cycling was performed between
0.01 and 1.5 V using a WBCS3000 (WonA Tech) system. The current rate
was 1 C = 2000 mA g for half-cells. Electrochemical impedance
spectroscopy (EIS) measurements were carried out over a frequency
range of 1 MHz-10 mHz at 10 mV amplitude using VMP-3e (Bio-Logic
SAS).

3. Results and discussion
3.1. Synthesis and characterization of double-layer coated Si

This work proposes a double-layer coating strategy to enhance the
reversible Li" storage properties of Si as an anode. Fig. S1 depicts the
synthetic procedure of Si@C@TiO= powder. In nature, the surface of Si
powder is oxidized by forming a SiO layer with hydroxyl groups (-OH)
[32]. In addition, Si powders are generally aggregated owing to their
high surface energy [33] and are thus difficult to disperse in water. For
uniform Si powder dispersion in water, we modified the surface of the Si
powder by introducing cetyltrimethylammonium bromide (CTAB) as a
surfactant into the solution (Fig. S2). For the carbon coating of the
surface, the Si powders modified with CTAB (Si@CTAB) were uniformly
dispersed in a Tris-buffer solution (pH = 8.5). Dopamine hydrochloride
was added to the solution, and the well-dispersed Si@CTAB powder was
encapsulated by polydopamine (PDA) through a spontaneous polymer-
ization process (Si@PDA). The Si@PDA powder was calcined at 800 °C
under an Ar atmosphere for 2 h. During heat treatment, CTAB and PDA
on the surface of the Si powder were pyrolyzed to form an amorphous
carbon layer (Si@C). The effect of CTAB can be clearly seen in Fig. S3,
where the Si@C with CTAB showed even particle distributions without
particle agglomeration and uniform carbon coating of 5.42 nm on Si
surface. On the other hand, Si@C particles without CTAB showed
agglomeration of the particles with thicker (11.16 nm) carbon coating
layer. This suggested that introduction of CTAB in the synthetic pro-
cedure of Si@C ensured effective nanoparticle stabilization and allowed
us to achieve the desired uniform carbon coating on Si particles. Finally,
the Si@C powder surface was coated by an anatase TiO; layer through
the sol-gel method, using titanium butoxide and following heat treat-
ment at 500 °C under an Ar atmosphere for 3 h.

The Si, Si@C, and Si@TiO2 samples were initially characterized to
validate the successful synthesis of the double-layer coating on their
surfaces. The X-ray diffraction (XRD) patterns of the Si samples showed
distinct peaks corresponding to crystalline Si (Fig. S4a). Upon coating
with carbon, the XRD pattern showed the persistence of amorphous
carbon and Si peaks in the carbon layer (Fig. S4b). When the Si was
coated with TiO», the XRD pattern clearly showed the presence of
anatase TiO: along with Si peaks, indicating the successful formation of
the TiO: layer (Fig. S4c). SEM images showed that the Si sample had a
nanowire morphology connected by spherical particles with diameters
of 20-100 nm (Fig. S5a). After carbon coating, a slight increase in the
particle diameter, but with a smooth surface, was observed owing to the
presence of the carbon layer on the Si sample surface (Fig. S5b). After
TiO4 coating, the particle diameter increased noticeably, and the par-
ticle surfaces became intertwined owing to the presence of a crystalline
medium compared to the Si and Si@C samples (Fig. S5c). For the XRD
pattern of the Si@C@TiO= sample (Fig. 1a), the distinct peaks corre-
sponding to Si were well-aligned (JCPDS No. 00-026-1481), confirming
that the crystalline structure of Si was preserved throughout the syn-
thesis process [34,35]. Additionally, a broad peak representing


https://www.sciencedirect.com/topics/physics-and-astronomy/ion-beams

C. Gim et al.

Journal of Power Sources Advances 30 (2024) 100163

a : b —— C
Si@c@Tio, —Si@C@TiO,
. Si (JCPDS N0.00-026-1481) e N
S TiO, (JCPDS N0.00-021-1272)| =5
S v C (Amorphous © D G §
= 2 Si £ o} contents
£ c
Q I =
= -
£ £ [Tio,| TiO:
80
1 | M JI || |||Il L wid
10 20 30 40 50 60 70 8o 300 600 900 1200 1500 1800 100 200 300 400 500 600
2 Theta / Degree Raman Shift / cm™ Temperature / °C

IO, (101)

-
1 Carbon film
coated TEM grid

50 nm
 —

Fig. 1. Characterizations of the Si@C@TiO, sample: (a) XRD patterns (b) Raman spectra, (c) TGA plot, (d) SEM image, (e) bright-field TEM image, (f) HR-TEM
image, (g) SAED pattern marked region in (f), (h) HR-TEM image and corresponding EDX mapping.

amorphous carbon appeared in the 20°-25° range [36]. The presence of
anatase TiOy was confirmed by peaks matching the standard anatase
phase TiO2. The Raman spectroscopy analysis further corroborated the
structural integrity of the Si@C@TiO= sample. In the Raman spectra, the
peaks for the D-band (~1350 cm™Y) and G-band (~1580 cm™) of
amorphous carbon and peaks associated with Si (~501 cm‘l) and TiO2
(~395 and 636 cm™!) were observed (Fig. 1b) [37,38]. A combined
study of XRD and Raman analysis verified the successful fabrication of
Si@C@TiO: with all intended components coexisting and correctly in-
tegrated [38]. Thermogravimetric analysis (TGA) data (Fig. 1c)
confirmed the carbon content (~16 %) in the Si@C@TiOz sample. The
weight loss of about 2 wt% of Si@C@TiO, up to 150 °C in TGA curve is
related to the desorption of adsorbed water. Although Si particles are
oxidized in air, the dense oxide film on the surface prevents further
oxidation, so that the weight of the Si powder raw material is almost
constant at 150-600 °C [39,40]. A significant weight loss of SiI@C@TiO4
occurs in the temperature range of 350-560 °C, which is attributed to
the oxidation of carbon in Si@C@TiO5. Compared to the Si, Si@C, and
Si@TiO, samples, the SEM and bright-field transmission electron mi-
croscopy (TEM) images in Fig. 1d and e showed that the Si@C@TiO,
sample has a relatively large particle size owing to the double-layer
coating. High-resolution TEM (HR-TEM) confirmed the presence of an
amorphous carbon layer (thickness: ~7 nm), along with d-spacings of
0.311 nm and 0.358 nm. These lattice fringe spacings correspond to the
(111) plane of Si and the (101) plane of anatase TiO2, respectively, as
determined from the XRD pattern using Bragg’s law. This further vali-
dates the structure of the synthesized Si@C@TiO: composite. This
further validates the structure of the synthesized Si@C@TiO= composite.

Selected area electron diffraction (SAED) patterns for the marked
region in the HR-TEM image showed the distinct diffraction rings cor-
responding to the Si (111) plane and the TiO2 (101) plane. In addition,
energy dispersive X-ray spectroscopy (EDX) analysis in conjunction with

HR-TEM confirmed that a uniform carbon layer and a TiO: layer sur-
round the Si samples. The final composition of Si@C@TiO5 was calcu-
lated to be 65:16:19 by TEM-EDX and TGA analyses. X-ray
photoelectron spectroscopy (XPS) analysis was also conducted to char-
acterize the chemical composition of the Si@C@TiO: surface. The
intense peak in the C 1s spectrum could be deconvoluted into three
peaks: Si—C, C—C, and C—OH peaks were detected at 284.3, 284.8, and
285.6 eV, respectively [41,42]. These peaks indicated the formation of
an amorphous carbon coating layer on the Si surface. The Si 2p spectra
were also deconvoluted into three peaks with binding energies of 103.7
eV (SiOy), 102.6 eV (Si-O-C), and 99.4 eV (Si-Si), respectively [43,44].
It should be noted that a SiOy film was generally observed on the surface
of the Si samples owing to natural oxidation. The presence of the SiOy
film was also confirmed by the HR-TEM images of the Si samples
(Fig. S6a). Two intensified peaks with binding energies of 459.8 and
453.9 eV were observed in the Ti 2p spectra (Fig. S7) [45,46]. These
peaks correspond to Ti 2p>2 and Ti 2p*/2 of Ti**, confirming the pres-
ence of TiO:2 on the surface of the Si@C@TiO2 sample.

3.2. Electrochemical performance

To confirm the benefits of the double-layer coating, the electro-
chemical performances of the Si, Si@C, Si@TiO,, and Si@C@TiO; an-
odes were evaluated using CR2032-type coin cells, and the results are
compared in Fig. 2. All cells were tested in the voltage range of 0.01-1.5
V (vs. Li/Li") at 30 °C. All samples showed typical voltage profiles of the
Si-based anode in the first cycle at 0.1C, suggesting that the Si anodes
were well preserved during the single- or double-layer coating process.
The Si anodes delivered a high specific capacity of 2200 mAh g™! at
0.1C. For the cycling test at 0.2C, the Si anode showed rapid capacity
fading during 100 cycles, which is a direct consequence of huge volume
changes during the alloying—dealloying process. Compared to the Si
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Fig. 2. The charge/discharge curves of (a) Si, (b) Si@C, (c) Si@TiO,, and (d) Si@C@TiO, anodes at 0.05C (CC-CV) and 0.2C (CC); (e) Specific delithiation capacity
vs. cycle number of Si, Si@C, Si@TiO,, and Si@C@TiO, anodes at 0.2C; (f) normalized capacity variation at various current densities from 0.1 to 10 C of Si, Si@C,

Si@TiO, and Si@C@TiO, anodes.

anode, the Si@C anode exhibited an enhanced specific capacity of 2600
mAh g1 at 0.1C and cycling stability at 0.2C. The carbon coating layer
provided a conductive network that helped maintain electrical contact
between the Si particles and functioned as a mechanical buffer, ac-
commodating some of the volume changes during cycling. Nonetheless,
the Si@C anode still experienced continuous capacity fading during
cycling, indicating that the carbon coating was not fully effective in
preventing degradation of the Si anode associated with a large volume
change. The TiO: coating, known for its mechanical strength and
chemical stability, provides a robust protective layer surrounding the Si
sample, suppressing the volume expansion rate and preventing the
electrolyte decomposition at the particle surface. Owing to the insu-
lating nature of TiO», the Si@TiO2 anode delivered a relatively lower
specific capacity of 1700 mAh g~! at 0.1C but exhibited significantly
enhanced cycling stability compared to the Si and Si@C anodes. By
combining the advantages of both carbon and TiO, coatings, a signifi-
cant improvement in electrochemical properties was observed in the
Si@C@TiO:z anode (Fig. 2d). The Si@C@TiO2 anode delivered a high
specific capacity of 2300 mAh g ! at 0.2C, which is the compatible value
with the Si anode even after double coating. For the cycling test at 0.2C,
the Si@C@TiO= anode retained a high specific capacity of over 2000
mAh g! after 100 cycles, significantly outperforming the other anodes.
Fig. S8 compares the Nyquist plots of the Si and Si@C@TiO, anodes
after 100 cycles at 0.2C. The Si@C@TiO, anode exhibited more than
three times lower charge-transfer resistances (R¢t) (40.1 Q) than the Si
anode (133.6 Q), demonstrating that the double-layer coating contrib-
utes to a facile lithium-ion transport from the surface to the particle
bulk. Moreover, the Si@C@TiOz anode delivered the highest capacity
retention of 82 %, even at 10 C, demonstrating excellent power capa-
bility (Fig. 2f and Fig. S9). These superior performances of the
Si@C@TiO:2 anode could be attributed to the combined effects of the
carbon coating, which enhances electrical conductivity, and the TiO2
layer, which provides mechanical robustness and chemical stability. In
other words, in comparison, the Si@C and Si@TiO: anodes, while better
than a pure Si anode, exhibited inferior cycling stability or lower ca-
pacity than the Si@C@TiO: anode; this indicated the limitations of
single-layer coating for effectively addressing the critical issues of Si

anodes. Differential capacity (dQ dV™') analysis provided further in-
sights into the different anode stabilities. Note that in the dQ dV ! vs.
voltage plots, the peaks correspond to specific processes related to the
phase equilibria during the charge—discharge process. Thus, dQ dv~!
adequately describes the electrochemical response, particularly the
reversibility of the redox reactions in typical charge-discharge voltage
profiles. All samples showed the typical redox features of the Si anode in
LIBs (Fig. S10). During the early lithiation process, the peaks at
approximately 0.21 V indicate that the Si structure changed from crys-
talline to amorphous phase. A sharp reduction peak appeared at 0.2-0V,
indicating that multiple Li,Si phases coexisted because of the alloying
reaction during the deep lithiation process. During the delithiation
process, the peaks at 0.3 and 0.5 V were observed by dealloying reac-
tion. The comparison data of dQ dV~! at the first and 100th cycles for
each sample further confirmed that the double-layer coating substan-
tially improved the reversible alloying—dealloying reaction of Si by
minimizing the structural degradation during long-term cycling.

3.3. Mechanistic insights

Fig. 3 compared the cross-sectional SEM images of the Si, Si@C,
Si@TiO2, and Si@C@TiO: anodes (prepared with cross-section polisher)
before and after cycle (dealloying state at 1.5 V). In the pristine state, the
Si electrode appears to be much more porous than the other samples
(Fig. 3a—d). Si nano powders typically aggregate due to their high sur-
face energy. This aggregation can lead to a non-uniform structure within
the electrode, increasing voids. However, the coated nano powders
demonstrate a greater reduction in agglomeration compared to un-
coated Si, which appears to lower porosity within the electrode. After
100 cycles (Fig. 3e-h), the Si anode exhibited severe structural deteri-
oration with deep cracks and significant pulverization, which could be
attributed to the notorious volume changes during multiple
alloying-dealloying reactions. This mechanical degradation leads to the
loss of electrical contact between Si and the conductive carbon in the
electrode, resulting in rapid capacity fading [47]. The Si@C anode
demonstrates a noticeable improvement in structural integrity
compared to the Si anode after 100 cycles. The carbon coating provides a
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Si@c@Tio,

Fig. 3. Cross-sectional SEM images of the pristine state of (a) Si, (b) Si@C, (c) Si@TiO», and (d) Si@C@TiO, anodes; and after 100th cycling of (e) Si, (f) Si@C, (g)
Si@TiO,, and (h) Si@C@TiO, anodes (inset: digital photographs of electrodes corresponding to SEM images).

uniform electrical pathway and acts as a mechanical buffer layer,
reducing the localization of current distribution and suppressing Si
volume changes. The Si@TiO2 anode remained relatively intact with
fewer, shallower cracks than the Si and Si@C anodes due to its me-
chanically robust inorganic TiO5 particles. Strikingly, the Si@C@TiO=
anode displayed minimal signs of cracking or degradation, indicating
that double-layer coating effectively prevented the mechanical failure
associated with huge Si volume changes, thereby contributing to better
cycling stability. These features are directly related to the adhesion
strength of the electrode. The trends observed in cross-sectional SEM
images can be found in the surface conditions (digital photographs) of
the cycled electrode. The Si anode displayed significant surface rough-
ness and visible material loss. The Si@C (Fig. 3f) and Si@TiO: (Fig. 3g)
anodes, while in better condition than the pure Si anode, still exhibited
imperfect surfaces with some cracks, indicating that single-layer coating
did not provide efficient protection. In contrast, the Si@C@TiO: anode
(Fig. 3h) showed a remarkably smooth surface with minimal signs of
degradation. However, structural differences between the samples also
change the interfacial stability. Typically, when a large volume change
occurs in a Si-based anode, the anode surface becomes rough and
cracked as the alloying-dealloying process is repeated. Worse, electro-
lyte solution easily penetrates along the cracks into the electrode inte-

rior, continuously exposing active material. These phenomena

accelerate the electrolyte decomposition inside and outside the elec-
trode, resulting in a thick, SEI layer.

To compare the electrolyte decomposition level between the sam-
ples, the chemical compositions of the SEI layer were analyzed through
XPS measurements after 100 cycles at 0.2C (Fig. 4). The C 1s and O 1s
XPS profiles typically represent the decomposition of solvent molecules.
Note that in the C 1s spectra, the peaks at ~285 eV correspond to the
C-C bond originating from the electrode conductive carbon (Super P) or
polymeric binder (PAA), and the peak at 286.5 eV corresponds to C-O/
C-F bonds decomposed by the fluoroethylene carbonate (FEC) [48-51].
The C 1s peaks at ~288.7 eV and ~290 eV correspond to the O=C-O and
0-(C=0)-0 such as in lithium alkyl carbonates (LiCOsR) and lithium
carbonate (LioCOg3); the O 1s peaks at ~530.9, ~530.5, ~529.5, and
~531.8 eV correspond to C-O/H-O, R-O-Li, Liz0, and C=0 [52-55].
These compounds are typically formed by decomposing ethylene car-
bonate (EC) and diethyl carbonate (DEC) solvents. Compared to the
other samples, the SEI layer on the Si@C@TiO; anode showed the
lowest fraction of all compounds. These results clearly suggest that the
double-layer coating greatly suppressed the electrolyte solution
decomposition by relaxing the structural stress and inhibiting the direct
contact of Si with the electrolyte solution.

Based on the cross-sectional SEM analysis and XPS data, Fig. 5
summarizes the effect of the double-layer coating on the Lit storage

Si Si@C Si@Tio Si@C@TiO
a b @ s @Tio, 4 Si@c@Tio,
C1s C 1s| C 1s|
. . C-0/CF . .
3 3 7 3 3
E E cc |3 E cc
0-(C=0)-0 >
2 g |00 |, 2 £ C-OIC-F
s s o= s s
= = | = =
292 290 288 286 284 282 280 292 290 288 286 284 282 280 292 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy / eV Binding Energy / eV Binding Energy / eV Binding Energy / eV
e f 9 h
O 1s] O 1s O1s O1s
; ; 3 3
3 i ) i
z 2 ) o
@ K 2 k7
c c 3 5
£ £ E £

536 534 532 530 528

Binding Energy / eV

526 524 536 534 532 530 528

Binding Energy / eV

526

524

534 532 530 528
Binding Energy / eV

526 524 536 534 532 530 528

Binding Energy / eV

526 524

Fig. 4. XPS spectra for C 1s and O 1s for (a, e) Si, (b, f) Si@C, (c, g) Si@TiO,, and (d, h) Si@C@TiO, after 100 cycles at 0.2C.



C. Gim et al.

Electrolyte
decomposition

properties of the Si anode. The significant Si volume changes during
cycling cause the Si anode to crack and disintegrate, propagating to the
electrode level. This leads to electrical contact loss among Si atoms
within the electrode and accelerates electrolyte decomposition, forming
a thick SEI layer. In contrast, the double-layer coating helps to maintain
the structural integrity of Si during cycling by preventing the core par-
ticles from cracking, improving the mechanical stability of the electrode.
In addition, the SEI layer on the Si@C@TiO: anode remains conformal,
uniformly covering the particle surfaces without breaking apart. As a
result, the Si@C@TiO: anode can deliver superior Li" storage properties
compared to other samples [56].

4. Conclusion

In this paper, we propose a double-layer coating strategy to enhance
the electrochemical Li™ storage properties of Si as an anode material for
LIBs. The double-layer coating is designed with an inside conductive
pathway and robust outside coverage, achieved by encapsulating a
conductive amorphous carbon layer on the Si surface and further coating
it with an anatase TiO layer (Si@C@TiO2). A Si@C@TiO= sample was
successfully synthesized through dopamine polymerization, carboniza-
tion, and the sol-gel method for TiO; coating. The double-layer coating
provided robust conductive pathways for rapid electron transport and
mechanical integrity to prevent the cracking and pulverization of the Si
core. The unique features guarantee the interfacial stability of Si@C@-
TiOz against electrolyte solution from particle to electrode level, sup-
pressing the irreversible electrolyte decomposition. As a result, the
Si@C@TiO, anode exhibited better cycling stability and power capa-
bility compared with the Si, Si@C, and Si@TiO5 anodes. We believe that
the proposed double-layer coating strategy will facilitate the develop-
ment of high-performance Si-based anode materials.
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