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H I G H L I G H T S

• Controllable conformal formation of
C-TiOX coating matrix for Si is devel-
oped.

• Amorphous TiOX coating contributes
to better cycling stability and rate
performance.

• Formation of micron-sized clusters
greatly enhances the tap density of Si
NPs.
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A B S T R A C T

Nanonization strategies are effective in preventing silicon anodes from pulverization and reducing the required
diffusion lengths of lithium ions inside silicon structure, and thus obtain improved cycling performance over
bulky silicon. However, new problems arise with nano silicon, such as reduced tap density, larger specific surface
area, and poorly percolating conductive paths in electrodes. These new issues can result in reduced volumetric
energy densities, unstable solid electrolyte interphase, increased irreversible capacities and low Coulombic ef-
ficiencies. This study introduces an effective strategy in harvesting the benefits of nano silicon, while eliminating
the unfavorable phenomena that arise from nanonization. A novel micron-sized secondary cluster with silicon
nanoparticles embedded in an amorphous carbon and TiOX matrix is developed. The matrix is conformally
formed on the surface of silicon, which not only uniformly casts a protective layer on silicon, but also integrates
nano silicon into micron clusters. The secondary cluster exhibits much improved tap density over silicon na-
noparticles. The amorphous and defect-rich nature of the TiOX coating not only exhibits enhanced electronic
conductivity over its crystalline counterparts, but also provides better elasticity and stress-release capability that
can maintain the structural integrity over lithiation/delithiation of silicon. Direct and repetitive contact between
silicon and electrolyte is prevented and thus formation of a stable solid electrolyte interphase is facilitated. Half-
cell batteries made with the composite exhibit an initial capacity of 1410mA g-1 at a current density of
100mA g−1, and display stable long-term cycling with ∼88% capacity retention after 200 cycles at 1 A g−1.
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1. Introduction

Silicon (Si) is the most promising candidate as anode material for
next-generation lithium-ion batteries (LIBs) due to its superior cap-
ability in reversible lithium storage, high abundance, low cost, and
good environmental friendliness. Compared to its widely commercia-
lized graphite counterpart, which only exhibits a theoretical capacity of
372mAh g−1, Si bears over ten-fold the capacity (4200mAh g−1) of
graphite, upon full lithiation and formation of Li22Si5 alloy [1–3].
However, large volume change occurs during the alloying and deal-
loying process, easily causing cracks on bulky Si and eventually pul-
verizing the material over prolonged cycling. This intrinsic volume
change not only breaks down Si structure and disrupts electron con-
ductive paths in the electrode, but also constantly damages the solid
electrolyte interphase (SEI) that forms on the surface of Si and exposes
fresh surfaces to electrolyte for unstable SEI to propagate [4,5]. A stable
SEI is crucial to the steady cycling of Si as it self-passivates on the
surface of active material in initial cycles and prevents further direct
contact between electrolyte and active material, and thus avoids ex-
cessive SEI formation and benefit electrode structural stability. Re-
petitive SEI growth isolates Si from conductive network in electrode
and deactivates Si. Furthermore, Li ions in electrolyte are constantly
consumed which leads to irreversible capacities. All these problems
contribute to the capacity loss and electrode failure over cycling [6].

To tackle the above-mentioned problems with Si electrodes, many
efforts have been devoted to the development of Si nanostructures and
Si-based composites. Various Si nanostructures, including nanowires
[7,8], nanotubes [9], thin films [10], have been exploited to provide
robust mechanical properties and circumvent structure failure patterns.
They have been proven effective in alleviating the degeneration of Si
structures. In addition to the shortened Li-ion diffusion path and robust
stress relaxation in nanostructured Si, it was later discovered that the
pulverization does not occur once Si is engineered to be below a critical
dimension [11]. Driven by these unique properties, research on nano Si
has flourished and is continuing as a major research direction. Mean-
while, researchers have realized that nanonization is not the panacea to
all the problems associated with Si anodes. One obvious drawback with
engineering complex nanostructures is the daunting cost spike, which
prevents their wide commercial application [12,13]. Another issue is
the significantly increased specific area, which provides more contact
between electrode and electrolyte, making it difficult for a stable SEI to
form [14]. Even worse, nanonization inevitably reduces the tap density
of Si, which is unfavorable of the high-energy-density demand for LIBs
[15,16]. Many types of carbon materials have been adopted to com-
posite with Si and provide enhanced cycling performance. Much im-
proved electronic conductivity of electrode material can be achieved by
embedding Si into a carbon matrix [17].

Titanium-based materials have been proposed as a group of benign
and safe electrode materials in the application of LIBs due to the non-
toxic nature of titanium element [18,19]. TiO2 have been reported as
both an electrode material and coating/stuffing/skeleton material in Si-
based composites [20,21]. TiO2 experiences less drastic volume change
than Si during lithiation/delithiation process. Other than that, the
charge and discharge plateau of TiO2 (above 1.5 V vs. Li/Li+) is much
higher than that of Si [22]. One can easily tune the charge and dis-
charge window of a battery with TiO2/Si anode so that TiO2 remains at
lithiated state over cycling, without repetitive lithiation of TiO2. TiO2 is
more thermally stable when compared to its carbon counterparts, and
thus improves safety of batteries in the case of a thermal runaway [23].
Many types of TiO2/Si hybrids have been developed via different syn-
thetic routes. There are generally two approaches of combining Si and
TiO2. One is to have TiO2 coating on Si structures, and the other one is
to employ TiO2 as template for Si deposition/growth [24,25]. Nanos-
tructures that have been reported in both approaches include nano-
wires, nanotubes, nanoparticles [26,27]. Despite the benefits of TiO2,
one must note that TiO2 has a low electronic conductivity

(< 10−4 S cm−1), which has been used as an insulator at room tem-
perature [28].

To fully harvest the benefits of compositing Si with TiO2, a carbon-
coated TiOX matrix with Si NPs embedded inside is prepared via a facile
synthetic strategy, which not only circumvents the disadvantages of
both, but also organically utilizes the advantages of nano-sized Si. Si
NPs are firstly coated with a layer of TiO2 and meanwhile form micron-
sized clusters. To enhance the electronic conductivity and improve the
mechanical robustness of the TiO2 coating layer, the preliminary
composite is subsequently annealed at an elevated temperature in a
reducing atmosphere to partially reduce the TiO2 to TiOX where x is
between 0 and 2. In the same annealing step, a carbon-containing
precursor gas is introduced in the end, which decomposes and forms a
thin carbon coating layer on TiOX/Si clusters, after which the C-TiOX/Si
composite is obtained. In the created cluster, C-TiOX acts as a hosting
matrix for Si NPs, and thus provide a stable scaffold for the latter. In this
sense, the dedicated coating physically suppresses interparticle inter-
actions and avoids unregulated agglomeration of Si NPs. This C-TiOX/Si
composite not only bears the benefits of Si NPs, such as good volume
change adaption, shortened Li-ion diffusion and electron conduction
paths, but also decreases the specific surface area and improves the tap
density of Si. Tap density of the new composite is over four time that of
Si NPs. Deliberately tailored and hydrogenated TiOX matrix can act as a
protective coating on Si, avoiding excessive SEI formation, and a buffer
matrix that holds together Si NPs and absorb volume change of Si from
lithiation/delithiation process. Another carbon coating layer further
enhances the conductivity of the composite and ensures sufficient ef-
fective contact points between the cluster and conductive network in
electrode. Overall, this cluster composite not only provides a matrix
that encapsulates Si NPs, but also has excellent electrical conductivity
that facilitates fast electrochemical reaction in the electrode. The pro-
tective TiOX coating layer, as well as the reduced specific surface area
can contribute to a more stable SEI that ensures long-term reversible Li
storage. Moreover, the formation of micron-sized secondary cluster
effectively increases the tap density of the composite over Si NPs, off-
setting the drawback from nanonization, and paving way for practical
application of Si anodes.

2. Experimental methods

2.1. Material Synthesis

In a typical synthesis process, 400mg of Si NPs (NanoAmor,
ø∼70 nm) and 120ml of anhydrous ethanol were sonicated in a round-
bottom flask for 2 h for Si NPs to disperse in ethanol. After that, 800 μL
of titanium n-butoxide (TBOT) (Sigma Aldrich) was added into the flask
and stirred for 30min, followed by dropwise addition of 800 μL distilled
deionized water (DDI) over 15min period. The mixture was refluxed
and stirred at 90 °C in an oil bath for 6 h before it was removed from the
set-up and naturally cooled down. The sample was washed, dried and
weighed. The intermediate TiO2/Si product of around 600mg can be
obtained from each batch. TiO2/Si was subsequently placed in a tube
furnace for the final formation step of TiOX and carbon coating.
Temperature of the furnace was first elevated to 800 °C and maintained
for 2 h for TiO2 phase stabilization in an argon atmosphere. Ten percent
H2 in Ar was subsequently passed through the quartz tube to hydro-
genate TiO2 and create oxygen deficiencies in TiO2. Finally, toluene
vapor was introduced to the system for a short period of time (15min)
for the deposition of carbon. Si/C composite without the inclusion of
TiOX matrix was prepared according to the same procedure of C-TiOX/
Si, except for the addition of TBOT. C-TiO2/Si was prepared following
the same synthetic route of C-TiOX/Si, except for the H2 introduction
during annealing.
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2.2. Physical characterization

Morphologies of the samples were obtained from scanning electron
microscope (SEM, Zeiss Ultra Plus field emission microscope), and
transmission electron microscope (TEM, JEOL, 2010F TEM/STEM field
emission microscope) featured with high-resolution capability and
equipped with an energy-dispersive X-ray spectroscope (EDX). X-ray
diffraction (XRD) patterns were obtained from an Inel XRG 3000 dif-
fractometer (monochromatic Cu K X-rays, 0.154 nm). X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific K-Alpha) was conducted to
measure the surface properties of samples and oxidation states of ele-
ments. Thermal gravimetric analysis was carried out in air atmosphere.
The nitrogen adsorption isotherms were obtained from a surface area
and porosimetry system (Micromeritics ASAP, 2020 Plus), with over 3 h
degassing at a temperature of 250 °C.

2.3. Electrochemical measurements

The composition of all working electrodes in this research was as
follows: 80% active material, 10% Super-P conductive carbon, and 10%
sodium carboxymethyl cellulose (CMC) binder (In 2% water solution).
Height between the casting doctor blade and cooper foil was main-
tained at 120 μm for all electrodes. Same pressure of 200 pounds per
cm2 was applied to press all electrodes. Working electrodes were paired
with Li counter electrodes and made into CR2032-type coin cells for all
electrochemical measurements. All battery-assembly parts and mate-
rials were thoroughly dried before being transferred into an argon-filled
glovebox (Labstar 10, Mbraun) for cell assembly. Only one type of
electrolyte was used in this research, and the composition was 1M
LiPF6 in a solution mixture of ethylene carbonate (EC), dimethyl car-
bonate (DMC), and fluoroethylene carbonate (FEC) (45:45:10, by vo-
lume, BASF). Separator placed in between cathode and anode was a
polypropylene membrane from Celgard (PP2500, high porosity, 25 μm
microporous). Galvanostatic charge/discharge tests were performed on
battery testers from Neware, with voltage range from 0.05 to 1.5 V.
Rate capability and long-term cycling stability of each material were
obtained from the charge/discharge tests. Potentiostatic electro-
chemical impedance spectroscopy (EIS) data were collected on an
electrochemical workstation (Versa Stat MC, Princeton Applied
Research). EIS was conducted in the frequency range of 1 M-0.1 Hz,
with a perturbation voltage amplitude of 10mV.

3. Results and discussion

A carbon-coated TiOX matrix with Si NPs embedded inside is pre-
pared by a two-step synthesis process as shown in the schematic in
Fig. 1a. Si NPs are firstly well dispersed and dissociated in ethanol
under reflux. Titanium n-butoxide (TBOT) is subsequently added so that
surface of Si NPs is enriched with TBOT molecules. With the addition of
water, TBOT hydrolyses and forms the coating layer on Si NPs. Mean-
while, secondary clusters are generated. The intermediate product is
obtained after washing and drying, and is later placed in a tube furnace
for the subsequent phase stabilization, oxygen deficiency creation, and
carbon coating. Details of a typical synthesis are described in the Ma-
terial Synthesis section. The micron-sized secondary cluster composite
is obtained and denoted as C-TiOX/Si. Discrete Si NPs agglomerate into
micron-sized clusters after the synthesis (Fig. 1b and c). As shown in
Fig. 1d, Si NPs are firmly attached to the secondary cluster with no
dissociated Si NPs. Homogeneous C and TiOX coating can be clearly
observed in the TEM image shown in Fig. 1e. Thickness of the C and
TiOX layers are measured to be ∼5 nm and ∼15 nm respectively.
Fig. 1f is a scanning TEM (STEM) image of the edge of a C-TiOX/Si
particle, with focus on the bulge of a single Si NP. Elemental mappings
of the highlighted area are displayed in Fig. 1g–j, representing elements
of C, O, Si, and Ti respectively. It is interesting to note that Si is uni-
versally covered by C and titanium oxide layers. Si and Ti elemental

mappings display a clear contrast, highlighting the shape of the Si core
and the TiOX shell.

By tuning the ratio of Ti source to Si during the synthesis, amount of
TiOX and the final thickness of the TiOX coating can be controlled. In
addition to the C-TiOX/Si composite which utilizes TBOT:Si mass ratio
of 2:1, different thicknesses are obtained when TBOT:Si mass ratios are
changed to 4:1 and 1:1. With an initial TBOT:Si mass ratio of 4:1,
thickness of the TiOX layer is ∼30 nm, while the TiOX coating layer
prepared with TBOT:Si mass ratio of 1:1 is mere ∼5 nm (Figure S1).
Excess TiO2 can be seen existing as small particles, in addition to
coatings on Si, when TBOT:Si mass ratio of 4:1 is used (Figure S2). Only
a very thin layer of TiO2 (∼5 nm) can be observed when the ratio of
TBOT to Si is 1:1. The TiOX/Si structure is not well integrated, with
some Si NPs dissociated beyond the cluster structure (Figure S3). Reflux
reaction condition is also a vital factor to the homogeneous coating of
TiOX layer, as it significantly enhances the dispersion of reactants and
promotes uniform coating. SEM images of a TiOX/Si sample prepared
under the same condition except for the missing of reflux show that
significant amount of TiOX tends to form particles (Figure S4), instead
of uniformly coating on Si NPs.

XRD experiments were conducted to investigate the crystallinity
changes during different stages of the synthesis. As shown in Fig. 2a,
distinct Si peaks can be observed with pure Si NPs. After the first TiO2

coating process, anatase TiO2 phase appears in the diffraction pattern,
in addition to the original Si peaks (Figure S5). After heat treatment at
800 °C, it is apparent that Si maintains its crystalline phase, while the
crystallinity of TiO2 is decreased, as indicated by the shorter and
broader [101] peak at 25.6°. After the carbon coating process, no dis-
tinct carbon peaks are generated, indicating the amorphous nature of
the carbon coating layer. Without hydrogen treatment, the anatase
phase of TiO2 remains after the carbon coating process. In contrast, the
anatase peaks of TiO2 disappear in C-TiOX/Si after hydrogen treatment,
revealing the significant decrease in crystallinity, consistent with pre-
vious studies with TiO2 [29]. XPS is carried out to further study the
effect of hydrogen treatment on the properties of titanium oxide layer.
As shown in Fig. 2b, a brief shift (−0.3 eV) in the binding energies of Ti
2p1/2 and Ti 2p3/2 peaks in C-TiOX/Si compared to the pristine anatase
TiO2 confirms the partial reduction of Ti4+ and creation of oxygen
vacancies in the titanium oxide layer [30]. A higher density of charge
carriers can be achieved as a result of the generation of oxygen va-
cancies, which can be translated to the enhanced electron conductivity
of the synthesized material [31]. In the O 1s XPS spectra displayed in
Fig. 2c, characteristic Ti-O-Ti XPS peak of O 1s spectra can be clearly
identified at ∼530.5 eV. A broad peak centering at 531.6 eV can be
attributed to the Ti-O-H bond created by the hydrogenation [32]. The
existence of SiO2 is also revealed by the Si-O-Si peak at∼532.9 eV. TGA
is conducted in air with C-TiOX/Si, C-TiO2/Si, and C/Si samples. Con-
tents of carbon can be readily observed to be in the range of 13–16%
among the three samples (Fig. 2d), which indicates the good re-
productivity of carbon coating with same reaction condition applied. It
is noteworthy to mention the weight increase of C-TiOX/Si sample
which commences at around 250 °C. This phenomenon can be ascribed
to the saturation of oxygen in TiOX and formation of TiO2. TiOX syn-
thesized via an identical hydrogenation process displays a similar
weight increase pattern over the same temperature range in TGA profile
(Figure S6) with C-TiOX/Si. This weight gain is absent in the C/Si
profile, proving the sole contribution from TiOx. The weight increase
with C/Si after 600 °C can be attributed to the oxidation of Si, which is
barely visible from the C-TiOX/Si profile, proving the uniform coating
of titanium oxide layer that effectively slows Si from being oxidized by
the oxidizing atmosphere. Formation of the integrated Si-based cluster
increases the tap density of Si. Photographs of two vials (Figure S7)
containing the same mass of materials (0.4 g) provide a distinct com-
parison of the C-TiOX/Si and pristine Si NPs. Tap density increases from
0.18 g cm−3 for Si NPs to 0.88 g cm−3 for the micron-sized composite.
Nitrogen adsorption/desorption isotherms of C-TiOX/Si and Si NPs are
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displayed in Fig. 2e. The BET surface areas of C-TiOX/Si and Si NPs are
discovered to be 13.44 and 76.68m2 g−1, respectively. A clear decrease
in the specific surface area is observed after the synthesis. This result is
consistent with previous studies stating that increase of particle size
dramatically changes the specific surface area and volumetric density of
a material [33,34].

Galvanostatic charge and discharge tests are performed on cells
with C-TiOX/Si and C-TiO2/Si, respectively. Voltage window of the cells
is set to be 0.05–2.5 V in the first three cycles to study the Li+ insertion/
extraction behaviors of the materials. As shown in Fig. 3a and b, an
apparent voltage plateau burgeoning from above 0.6 V can be ascribed

to the formation of SEI in the C-TiOX/Si cell. Both C-TiO2/Si and C/Si
cells experience similar SEI formation process in their first discharge.
Like many other anodes that have been reported, this plateau is uni-
versal in anode materials that have half-cell discharge potential below
1 V. The charge profiles of all three materials are featured with ex-
tensive capacity contributions from voltage range from 0.05 to 0.6 V,
which is the characteristic Li+ extraction potential of Si. One distinct
difference of the profiles between the C-TiOX/Si and C-TiO2/Si cells lies
at ∼2.02 V, where the latter displays a clear plateau, arising from the
characteristic extraction behavior of Li+ from the octahedral sites of the
crystalline anatase TiO2 [35]. This plateau is almost invisible in the C-

Fig. 1. a) Schematic illustration of the synthetic
procedure of C-TiOX/Si, b-d) C-TiOX/Si cluster at
magnifications of 20,000×, 50,000×, and
100,000×, respectively. e) TEM image with focus on
a few Si NPs on C-TiOX/Si, f) STEM image with focus
on a single Si NP, g-j) C, O, Si, and Ti elemental
mappings of the highlighted area in f).

Fig. 2. a) XRD patterns of Si, C-TiO2/Si, and C-TiOX/Si, b) Ti 2p high-resolution XPS spectra of C-TiOX/Si and anatase TiO2, c) O 1s high-resolution XPS spectrum of
C-TiOX/Si, d) TGA graphs of C/Si, C-TiO2/Si, and C-TiOX/Si, e) nitrogen sorption isotherms of Si and C-TiOX/Si.
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TiOX/Si cell, further confirming the hydrogenation effect on the crys-
talline structure, and thus electrochemical behavior of TiO2. Another
notable difference can be found between the discharge curves of the
two materials. There is significant capacity contribution initiating from
∼1.75 V in the C-TiO2/Si discharge profiles, while this feature is absent
in the C-TiOX/Si discharge profiles. This phenomenon can be explained
by different lithiation mechanisms with anatase TiO2 and the largely
amorphous TiOX, which undergo a two-phase reaction and homo-
geneous lithiation, respectively [36]. The upper charge potential limit
is lowered to 1.5 V for both cells after the fourth discharge process to
avoid the repetitive lithiation/delithiation of the titanium oxide shells.
In the new voltage window of 0.05–1.5 V, titanium oxide coatings re-
main lithiated, providing much enhanced electronic conductivity [25].
Another reason for the lowering of upper voltage limit in the half-cell
testing lies in the fact that practical application requires lower anode
lithiation/delithiation potentials (versus. Li/Li+) to provide higher
overall voltages in full-cell LIBs, corresponding to higher energy den-
sities given that same capacity is considered. LiyTiO2 is formed when
titanium oxide is lithiated, where the y value varies according to the
phase and structure of the titanium oxide used. Capacity of the C-TiOX/

Si anode stabilizes at ∼1410mAh g−1 in the first 3 cycles when the
voltage window is 0.05–2.5 V and the current density is 100mA g−1,
similar to that of the C-TiO2/Si. The first-cycle CEs for C-TiOX/Si and C-
TiO2/Si are 77.1% and 74.3%, respectively. The slight advantage of C-
TiOX/Si can be attributed to the stabilizing effect of the more robust
LiyTiO2 shell, which promotes the formation of a passivating SEI. Ca-
pacities of those two materials are lower than that of the C/Si, which
exhibits an initial charge capacity above 2100mAh g−1(Figure S8a).
This is mostly due to the higher Si content in the C/Si composite over
the other two materials. After the voltage range is adjusted to
0.05–1.5 V, and the current density is maintained at 100mA g−1, ca-
pacities of both C-TiOX/Si and C-TiO2/Si cells drop to around 1330mAh
g−1.

Cycling stability test is performed at a current density of 1 A g−1 for
all cells. As displayed in Fig. 3c, the initial capacities of C-TiOX/Si and
C-TiO2/Si cells at 1 A g−1 are 1075mAh g−1, and 827mAh g−1, re-
spectively, indicating the superior capacity retaining capability of C-
TiOX/Si at an elevated current density of 1 A g−1. After 200 cycles,
capacity retention of 88.1% is achieved for the C-TiOX/Si cell, with
specific capacity being 938mAh g−1. In comparison, the C-TiO2/Si cell

Fig. 3. Voltage profiles of a) C-TiOX/Si and b) C-TiO2/Si for first three cycles at a rate of 0.1 A g−1 c) Cycling performance of C-TiO2/Si and C-TiOX/Si at 1 A g−1 d)
Rate capability performance of C-TiO2/Si and C-TiOX/Si at current densities of 0.1, 0.2, 0.5, 1, 2, 5, and 1 A g−1, e) EIS spectra of C-TiOX/Si and C-TiO2/Si cells after
1st discharge and 100th discharge, f) The selected equivalent circuit.
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steadily loses its capacity over cycling, with only 28.2% capacity re-
tention after 200 cycles. As depicted in Figure S8b, the C/Si cell shows
no sign of capacity decay in the first 5 cycles at a low current density of
100mA g−1. However, the cell experiences a dramatic capacity decay
shortly after the cycling rate is amplified to 1 A g−1. This might be
caused by the poor anchoring ability of the C coating on Si surface and
thus unstable C/Si structure, which cannot provide effective protection
against the inevitable volume change of Si, repetitive SEI formation,
and break-up of contact points between Si and the conductive network.
A mere 10.8% of the original capacity is left after 150 cycles. As pro-
vided in Experimental section, all electrode fabrication parameters
were maintained consistent for all electrodes. Similar mass loading and
average electrode thickness of 1.8mg cm−2 and 21.6 μm are obtained
for C-TiO2/Si and C-TiOX/Si electrodes, respectively, while C/Si elec-
trodes present a lower mass loading of 1.4 mg g−1 and higher thickness
of 25.2 μm. Copper foil used in this work has a thickness of ∼12 μm.
Volumetric densities of cast electrode materials are calculated to be
1.88 g cm−3, and 1.06 g cm−3 for C-TiOX/Si and C/Si electrodes, re-
spectively. Considering the electrochemical performance of these elec-
trodes, it can be concluded that the engineering of C-TiOX coating
matrix not only significantly improves cycling stability of Si, but also
greatly increases the volumetric density of the electrode, contributing
to enhanced energy density and prolonged durability in a LIB.

The rate performance comparison in Fig. 3d further corroborates the
superior cycling stability of the C-TiOX/Si electrode, as well as the ca-
pacity retention at elevated rates. Specific capacities of 1237, 1142,
1030, 895 and 810mAh g−1 are obtained for the C-TiOX/Si cell at
current densities of 0.2, 0.5, 1, 2 and 5 A g−1, respectively. In addition,
the C-TiOX/Si cell gradually stabilizes at each amplified current density.
A specific capacity of 1028mAh g−1 is achieved when the cycling rate
is restored to 1 A g−1, similar to the value obtained in the prior rate
capability test, indicating excellent structure stability of the material
after high-rate lithiation/delithiation. In contrast, the C-TiO2/Si cell
exhibits greater capacity loss over the course of all rate increments. A
steady drop in capacity can be observed at each rate. The cell does not
recover its capacity when the current density is reversed to 1 A g−1

after rate capability test, and much worse cycling stability is observed
at the subsequent cycling test compared to the C-TiOX/Si cell. Larger
capacity gaps between C-TiOX/Si and C-TiO2/Si graphs appear when
higher rates are applied, confirming the superior rate capability of the
C-TiOX/Si electrode. The following factors regarding the materials ac-
count for the above phenomena. First, the deficiency-rich and largely
amorphous nature of the TiOX, as well as its lithiated derivatives can

provide much higher electronic conductivity over the anatase TiO2 and
the corresponding LiyTiO2. The amorphous TiOX coating possesses
much better elasticity and stress-release capability than the anatase
TiO2, thus can provide a more robust matrix to accommodate the vo-
lume change of Si without structural decay. Third, the uniform coating
of C-TiOX layer along with its good structural stability effectively pre-
vents the direct and repetitive contact between Si and electrolyte, and
promotes the formation of a stable SEI. The Nyquist plots analyzed from
EIS data in Fig. 3e compare the C-TiOX/Si cell and C-TiOX/Si cell after
1st discharge and 100th discharge. The best-fitting equivalent circuit
model is displayed in Fig. 3f. After the 1st discharge, two cells show
similar Nyquist plot shape and Ohmic resistance Rs, indicating the
consistent and highly-repeatable cell fabrication procedure. The semi-
circles obtained from the high-frequency region can be interpreted as
the interface (SEI and charge transfer) resistance of the electrode. The
near-straight lines after semi-circles from low-frequency region stand
for Li+ diffusion resistance of the electrode [37]. The slight difference
in the diameter of two semi-circles reflects advantage of the C-TiOX/Si
cell, indicating good charge transfer in titanium oxide shell and SEI.
The increase in diameter of the semi-circle in the C-TiOX/Si plot is much
smaller than that in the C-TiO2/Si plot, which indicates a greater sta-
bility of the shell structure and the formed SEI. The fitted impedance
data using model shown in Fig. 3f are displayed in Table S1.

The stable structure of the C-TiOX/Si cluster is further evidenced by
TEM and EDX elemental mapping of the cluster after 100 cycles. As
shown in Fig. 4a, Si NPs remain embedded in the robust matrix of
carbon and TiOX, retaining good connectivity between active material
and the secondary supporting and conductive cluster. Elemental map-
pings of C, O, Si, Ti, and F in Fig. 4b–f largely outline the shape of the
cluster. Si mapping in Fig. 4d can be well overlapped with the Ti signals
in Fig. 4e, further confirming the uniform coating and robust nature of
the TiOX shell. The structure has sufficient stability to withstand the
repetitive volume change of Si, which contributes to the prolonged
stable cycling of the cell. It is well known that the SEI film is typically
composed of LiF, some fluorine-based polymer derived from FEC ad-
ditive, and other species. Therefore, the F EDX mapping can provide a
rough indication of the location of the SEI formations. Interestingly, the
F map (Fig. 4f) overlaps very well with the Ti map (Fig. 4e) and also C
map (Fig. 4c). In contrast, the Si map (Fig. 4d) in fact does not match up
well with either F or Ti map. This suggests that the SEI preferentially
forms over the protective C-TiOX shell. This is a crucial characteristic of
this material as it promotes the preferential growth of SEI on C-TiOX

layer over Si. In addition to the core-shell morphology that protects Si,

Fig. 4. a) TEM image of a C-TiOX/Si cluster after cycling, b-f) Elemental mappings of C, O, Si, Ti, and F of the area in a), respectively.
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it is possible that other mechanisms might contribute to the preference.
One plausible mechanism is that the relative conductive nature of C-
TiOX shell over Si can divert most electron flow through the conductive
network formed by C-TiOX, allowing for electrolyte reduction, instead
of through Si. One might argue that carbon will also serve as a pre-
ferential surface for SEI growth. However, it is important to note that
carbon alone is not able to withstand volume expansion of Si and
maintain the structure of the original composite during cycling.

4. Conclusion

In summary, a micron-sized secondary cluster containing Si is de-
veloped via the conformal growth of a C-TiOX coating matrix.
Transformation from discrete Si NPs into micron-sized clusters sig-
nificantly improves the tap density of Si and thus contribute to en-
hanced volumetric density of the electrode. C-TiOX matrix with pre-
dominantly amorphous nature not only protects Si from repetitive
contact with electrolyte and help form a stable SEI, but also provides a
robust structure to host Si and endure the volume changes during li-
thiation/delithiation. Encapsulation of Si NPs into secondary clusters
can effectively secure Si in the original conductive network over cycling
and ensure that most Si NPs remain electrochemically active, con-
tributing to prolonged stable cycling of the electrode. Coupled with the
simple synthetic approach, the strategy proposed in this research may
bear enormous practical significance for the development of commer-
cially-viable Si anodes.
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