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We report a simple route for synthesizing titanium silicide-coated
Si anodes via the silicothermic reduction process of TiO,-coated Si.
The titanium silicide enhances the electrical conductivity of Si
nanoparticles and provides a highly stable solid electrolyte
interface layer during the cycling, resulting in excellent electro-
chemical performances and significantly improved high thermal
stability.

Rechargeable lithium-ion batteries (LIBs) have been developed as
the most promising power source technology for portable
electronics (e.g., cell phones, laptop computers, digital cameras,
etc.) and vehicles (e.g., hybrid vehicle, electric vehicle, etc.).”* In the
last decade, substantial efforts have been devoted to the
replacement of conventional carbon-based anode materials in
LIBs with alternatives that allow a high energy density.*™

Silicon is an attractive anode material for next-generation LIBs
owing to its abundant availability, its low discharge potential (<0.4
V vs. Li/Li") and high theoretical gravimetric capacity (3579 mAh
g~ at room temperature).®® However, the practical use of Si
anode material in LIBs is hindered by its poor cyclability resulting
from the low intrinsic electrical conductivity and the huge volume
change (>300%).”"° The use of nanostructured materials is an
effective approach to solve this issue. Nanostructured Si anode
materials, including nanoparticles,""" H13,14
tubes,” hollow spheres,'® and porous structures,
significantly improved cycle performances by accommodating the
large volume change.

An alternative approach for improving the stability of Si is to
use surface coating. The surface of an electrode material can
greatly influence the electrochemical properties. Considering the
potentials at which the Si host alloys with lithium, electrolyte
components, especially carbonate esters, will be inevitably reduced
into species that are structurally similar to that identified on
graphitic anodes.'” However, fresh Si surfaces are created
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repeatedly in each cycle and due to the local instability caused
by the huge volume change associated with the lithium insertion/
extraction process, an additional reduction of electrolytes takes
place to cover those newly exposed surfaces. This continuous
process consumes the limited Li" source, builds up a thick solid
electrolyte interface (SEI) layer on the Si active materials, and
would eventually disable the cell.'*° Therefore, a uniform and
compact SEI layer on the electrode surface may enhance the
efficiency and cycling stability of the electrode. Typically, carbon-
based materials,”>* metal particles,'®*° metal oxide parti-
cles,*>*" and conductive polymers**** have been used as coating
materials to enhance the electrical conductivity of Si and to form a
stable SEI layer, resulting in improved electrochemical perfor-
mances.

As another simple method, a silicothermic reduction process
can provide an attractive means to coat titanium silicide (Ti,Si,) on
the surface of Si. Since the Ti,Si, is light-weight, highly electrically
conductive, and thermally stable, when it is combined with Si
particles significantly improved electrochemical performances can
be expected.**® For example, Zhou et al. reported the synthesis of
hetero-nanostructures consisting of TiSi, nanonets and Si
nanoparticles via a chemical vapor deposition process. The
hetero-nanostructured anode materials exhibited remarkable
electrochemical performances, including high capacity and long
cycling life. However, the amount of inactive TiSi, should be
minimized to make high energy density LIBs.*®

Herein, we report a simple synthesis of TiSi, coated Si
nanoparticles via a silicothermic reduction process, in which Si
acts as the reducing agent, while titanium oxide is used as a
source material of Ti.J The titanium silicide enhances the
electrical conductivity of Si nanoparticles and provides a highly
stable SEI layer during the cycling, resulting in superior
electrochemical performances including a high reversible capacity
(1470 mAh ¢~ ") and a high rate capability (1150 mAh g~ at 20 C
rate). Moreover, the Ti,Sij-coated Si electrodes showed significantly
improved high thermal stability, compared to bare Si electrodes.

The synthetic approach of Ti,Sijcoated Si nanoparticles is
briefly described in the schematic illustration of Fig. 1. We
developed a simple wet-chemical synthetic route to evenly coat
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Fig. 1 Synthesis of Ti,Si-coated Si nanoparticles. Top: Schematic illustration
preparing Ti,Si, layer on the surface of Si particles. Bottom: (a) TEM image of bare
Si particles and magnified TEM image (inset of panel a) showing crystalline Si core
and SiO, shell, (b) TEM image of TiO,-coated Si particles and magnified image (inset
of panel b) showing thickness of TiO, layer, (c) TEM image of TiO,-coated Si particles
annealed at 450 °C, and (d) TEM image of Ti,Si,-coated Si particles obtained by
annealing at 1000 °C.

TiO, onto the surface of Si particles by controlled hydrolysis of the
titanium precursors. A subsequent two-step annealing process led
to the formation of Ti,Sij-coated Si particles. A detailed explana-
tion of the synthetic procedures is given in the experimental
section.

Fig. 1a presents a transmission electron microscope (TEM)
image of Si nanoparticles, showing that the particles consist of a
crystalline Si core (ranging from 30 to 100 nm in diameter) and an
SiO, shell with thickness of ~1 nm (Inset of Fig. 1a). When equal
amounts of titanium tetrabutoxide and H,O were refluxed in a
mixture of ethylene glycol/ethanol in the presence of 1 g Si
particles, the amorphous TiO, precursor was evenly coated on the
surface of the Si particles with an average thickness of ~10 nm
(Inset of Fig. 1b). The Ti amount of 2.4 wt% was confirmed by
inductively coupled plasma mass spectrometry (ICP) analysis.
With an increasing Ti precursor, the Ti contents in the final
products were linearly increased (Fig. S1, ESIt). The TiO, coated Si
particles were subsequently annealed at 450 °C for 1 h to prepare
TiO,-decorated Si powders. Consequently, amorphous TiO, were
transformed to crystalline TiO, having an average particle size of 5
nm (Fig. 1c). As the TiO,-decorated Si particles were further
annealed at 1000 °C for 1 h in argon, the TiO, was transformed to

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Characterization of Ti,Si,-coated Si nanoparticles. (a) XRD patterns show
Ti,Si,~coated Si particles annealed at 450 °C (black line) and 1000 °C (red line). In the
inset, TiSi,, TisSis, and TisSi, phases were clearly observed. (b) XPS spectra of the Si
2p core level shows existence of a Ti,Si, layer and a formation of Ti-O-Si. XPS depth
profiling data indicates the successful synthesis of Ti,Si, layers on the surface of Si
particles. XPS spectra of (c) O 1s and (d) Ti 2p core levels confirm the formation of
strong bonding between Si and TiO, (Ti-O-Si) and Ti,Si, phases.

Ti,Si, via a silicothermic reduction process, as will be discussed
later (Fig. 1d).

To investigate the formation mechanism of Ti,Sij-coated Si
particles, we obtained X-ray diffraction (XRD) patterns} and X-ray
photoelectron spectroscopy (XPS) results. XRD patterns of TiO,-
decorated Si annealed at 450 °C showed that crystalline Si peaks
were clearly observed (black line in Fig. 2a), while a weak peak of
crystalline TiSi, phase was detected at 42°, as indicated in the inset
of Fig. 2(a). When the annealing temperature was increased to
1000 °C, the intensity of the TiSi, peak was significantly increased
(solid circle in the inset) and a new phase of TisSi; (solid star) and
TisSi, (solid triangle) was developed, (the inset of Fig. 2a). The
TisSi; and TisSi, phases were formed as the TiSi, phase was
further reacted with additional Ti, as marked in the Ti-Si binary
phase diagram.””

In order to characterize the oxidation states of the silicon,
oxygen, and titanium ions, XPS spectra of titanium-silicide coated
Si samples were obtained. The structures of the coating layers were
investigated through depth profiling by argon ion. The binding
energies of Si 2p appearing at 99 eV represent silicon species in the
Ti,Siy, indicating that Ti,Si,-coated Si is successfully synthesized
(Fig. 2b). Also, based on the XPS spectra ranging from 103.5 to 101
eV, pure SiO, exists in the outermost shell and Ti-associated SiO,
in the inner layers was detected with a short time etching,
implying that Si-O-Ti bonds may be formed (Fig. 2b).*® From the
binding energy of O 1s appearing at 533 eV (Si-O-Si) and 532 eV
(Si-O-Ti), the formation of Si-O-Ti was confirmed, revealing the
strong interaction between TiO, and Si (Fig. 2c).>* The XPS spectra
of the Ti 2p core level reconfirmed the formation of Si-doped TiO,
and Ti,Si,. In the outermost shell regions, the peaks appearing at
458.5 and 464.3 eV correspond to the core level of Ti 2p of TiO,. Ti
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2p peaks corresponding to the Si-dope TiO, and the Ti,Si, were
gradually increased through deep depth profiling (Fig. 2d).*°

The formation of Ti,Si, layers can be described as follows: (i)
When the TiO, coating layers were heated to >900 °C, the
dissociation of TiO, is fast, leaving oxygen vacancies;"" (ii) At the
same temperature, Si atoms easily diffuse into the dissociated and
remaining TiO, layers to make TiSi, layers; (iii) The little
remaining oxygen may react with the Si to make SiO at the shell
regions, in which the SiO will be evaporated at >900 °C; (iv) Finally,
the TisSi; and TisSi, phases are formed by the reaction of the
preformed TiSi, phase and additional dissociated Ti. The overall
reaction to form Ti,Si, is denoted in the following equations:**

Ti + 2Si — TiSi, 1)
TiO, + 4Si — TiSi, + 2Si0 ] (>900 °C) )
yTiSi, + (2x — y)Ti — 2Ti,Si, 3)

The electrochemical performance of the Ti,Sij-coated Si
particlesi (Ti contents of 2.3 wt%) as the anodes in LIBs was
tested by galvanostatic discharging and charging at a 0.1-20 C rate
in the range of 0.005 V to 1.2 V. The first discharge and charge
capacity of bare Si at a 0.1 C rate are 1950 and 1550 mAh g ',
corresponding to a coulombic efficiency of 79.4% (Fig. 3a).
Whereas, the first charge capacity of the Ti,Si,coated Si ata 0.1 C
rate is 1470 mAh g~ with an increased coulombic efficiency of
83.5% (Fig. 3b). The enhanced coulombic efficiency of the first
cycle may be due to the uniform Ti,Si, coating layer, which can
maintain a SEI layer on the surface of the Si particles and reduce
the direct contact between Si and the electrolyte.

When the Ti,Si,-coated Si electrode was cycled to 90 cycles at a
rate of 0.2 C (lithiation) and 0.5 C (delithiation), a high reversible
capacity of 1430 mAh g~ was exhibited, corresponding to the
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Fig. 3 Electrochemical performances of TiSi,-coated Si and bare Si anodes. First
cycle voltage profiles of (a) bare Si and (b) Ti,Si,-coated Si are obtained at 0.1 C (1st
cycle) in the range of 0.005-1.2 V. (c) Cycling performances of both electrodes are
obtained at 0.1 C (first cycle) and 0.2 C (from second cycle). (d) Rate capabilities of
Ti,Si,-coated Si (solid circle) and bare Si (solid square) were obtained at 0.2 C-20 C
rates.
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capacity retention of >99% (compared to initial capacity) (Fig. 3c).
In contrast, the bare Si electrode showed a fast capacity fading
with capacity retention of 51% after 70 cycles (Fig. 3c). It is
attributed to poor electrical conductivity and the formation of an
unstable SEI layer.” Cross-sectional SEM images of bare and
Ti,Sij-coated Si showed the thickness of the electrodes before and
after cycling. The bare Si electrode showed the volume expansion
of 62.3%, while the Ti,Si,coated Si exhibited less volume
expansion (30%) due to the coating effect and the stable SEI layer
(Fig. S2, ESIH).

Moreover, rate capabilities of both electrodes were investigated
at various C rates (0.2-20 C rate) between 1.2 V and 0.005 V with a
fixed discharging rate of 0.2 C. The bare Si electrodes exhibited the
capacity retention of 66.7% at a high rate of 10 C, compared to
that of the 0.2 C rate (Fig. 3d). In contrast, the Ti,Si,coated Si
electrode showed significantly enhanced rate capabilities. Even at
a high rate of 20 C, the capacity retention of the Ti,Si,coated Si
was 87.8% (Fig. 3d). These results suggest that the Ti,Si, coating
layers play an important role in exhibiting superior electrochemi-
cal properties, including highly stable cycling and an excellent rate
capability. Since the Ti,Si, layers were strongly attached to the Si
interface during the silicothermic reduction process, the Ti,Siy-
coated Si electrodes may exhibit a highly stable cycling. Moreover,
the electrical conductivity of the electrodes prepared with bare Si
was 4.23 x 10°° S cm™ ', while the Ti,Si,coated Si electrode
showed a significant improvement (1.87 x 10~ * S em™),
indicating that the Ti,Si, layer served as the effective path for
electrical conduction.

To prove the stable cycling of Ti,Si-coated Si electrodes, the
XPS spectra were obtained before and after cycling. Interestingly,
the SEI layer did not discernibly change between the 1st and 40th
cycles, supporting good capacity retention of the Si anodes with
the Ti,Si, coating layer (Fig. S3 and S4, ESIf).

In addition, the effect of the Ti.Si, coating on the thermal
properties of the fully lithiated Si electrode was investigated by
differential scanning calorimetry (DSC).I Heating of the fully
lithiated bare Si electrode resulted in distinct and sharp
exothermic peaks at around 107, 187, 251, and 262 °C (Top in
Fig. 4a). It is reasonable that the first exothermic peaks at 100-130
°C correspond to thermal decomposition of metastable SEI
components.*”®> Heat evolution (55 J g~ ') for the first exothermic
peak of the fully lithiated Ti,Si,-coated Si was larger than that of
fully lithiated bare Si (37 ] g~ ) in the presence of an electrolyte. In
order to clarify this point, the XPS analysis of the SEI on bare and
Ti,Sij-coated Si electrodes was performed. From the XPS results, it
is clearly seen that a LiPFs salt, which is thermally unstable and
highly reactive with trace water, is trapped in the SEI on the coated
Si after 1 cycle (Fig. S3, ESIf). It should be noted that PF5 formed
from LiPFs decomposes to POF; in the presence of water traces (in
an electrolyte and an electrode) and the reactive POF; in the
electrolyte reacts with carbonate solvents, such as EC and DEC to
produce CO, and OPF,ORF at elevated temperatures, as illustrated
in the ESI (Fig. S5, ESIf). This kind of reaction may generate
additional exothermic heat and results in augmentation of heat
evolution for the first exothermic peak of the fully lithiated Ti,Si-
coated Si.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Thermal stability of bare Si and Ti,Si,-coated Si electrodes. (a) DSC profiles of
bare Si and TiSi,-coated Si electrodes. (b) Schematic illustration showing the
thermal decomposition reactions of an electrolyte with lithiated Si at elevated
temperatures.

A DSC heating curve for fully lithiated bare Si shows very large
exothermic peaks at 150-320 °C, while the presence of the Ti,Si,
coating layer on fully lithiated Si gives broad exothermic peaks
with significantly reduced heat (Bottom in Fig. 4a). It indicates that
the Ti,Si, coating layer effectively mitigated various exothermic
reactions caused by the thermal decomposition reactions of an
electrolyte with lithiated Si at elevated temperatures, as depicted in
Fig. 4(b). When a cell is heated above a certain temperature,
exothermic reactions between the electrodes and the electrolyte
take place and leads to an increase of the internal cell
temperature. If the generated heat is greater than the energy that
can be dissipated, the cell temperature will increase rapidly. This
temperature growth will accelerate chemical reactions and lead to
the production of even more heat, eventually resulting in the
thermal runaway of batteries. From this point of view, it can be
expected that the Ti,Si, coating layer on Si anode materials
improves battery safety because the exothermic heat evolution (324
J ¢71) in the overall 80-320 °C was greatly reduced compared to
non-coated Si electrodes (912 J g™ ).
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Conclusions

We successfully synthesized titanium silicide coated silicon
particles via a silicothermic reduction process of Si and TiO,.
The TiO, layers were evenly coated on the surface of Si in a
solution, and subsequent thermal annealing led to the formation
of titanium silicide coated Si particles. Since titanium silicide are
electrically conductive and form a highly stable SEI layer, Ti,Si,-
coated Si electrodes exhibit high electrochemical performances,
including a high specific capacity and an excellent rate capability.
Also, the Ti,Sij-coated Si electrodes showed significantly improved
thermal stability, compared to non-coated Si electrodes. This
process opens up a way to make other silicon-based anode
materials for high performance lithium-ion batteries.
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Ti,Sij-coated Si sample were measured by a high power X-ray diffract-
ometer (XRD) on a Rigaku D/MAX at 2500 V using Ni-filtered Cu-Ko
radiation. TEM images were taken in the bright-field mode using JEM 1400
(JEOL) operated at 120 kV accelerating voltages.
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were charged to 0.005 V vs. Li/Li" and then carefully opened in a dry room.
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carried out at a heating rate of 5 °C min™" in a range of 30-400 °C. The
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