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L
ithium-ion batteries (LIBs) have been
employed successfully in various small
electronic devices for the past two

decades, and the types of applications are
currently expanding to include electric ve-
hicles and large electric power storage
units. In order to be implemented in these
emerging markets, novel materials for an-
odes and cathodes as well as electrolytes
need to be developed to achieve high en-
ergy density, high power, and safe lithium
rechargeable batteries. Considerable atten-
tion has been paid to the use of Si-based
anode materials for LIBs because they the-
oretically possess much higher capacity
than graphite (3590 mAh g�1 for Li3.75Si
and 372 mAh g�1 for LiC6). Although the Si
anodes deliver high specific capacity, they
suffer from volume expansion, which leads
to mechanical degradation of the Si materi-
als during repeated cycling and thereby
poor cycle performance.1,2 Research and
development of Si-based anodes has been

accelerated with the advance of nanotech-
nology since Fuji announced amorphous
tin composite oxide (ATCO) as an anode
material in 1997.3 Nanostructured Si-based
anode materials have been known to facil-
itate stain/stress relaxation and also shorten
the Li diffusion length, so that an improved
capacity, rate capability, and cycle perfor-
mance can be achieved.4 Several types of
Si nanomaterials, such as active/inactive
nanocomposites,5 nanosized particles with
various morphologies,6,7 and meso/macro-
porous materials,8�11 have been explored.
Some of them are deployed in commercial
LIB, as found in Hitachi Maxell's cell where a
SiO material was adopted as part of the
anode composition.12 The content of SiO
in the anode was, however, limited under
10 wt % because of the intrinsic volume
expansion and the low initial Coulombic
efficiency as well as the unguaranteed
safety issue with increasing energy density
of the cell. Thus, Si-based anode materials
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ABSTRACT A core�shell structured Si nanoparticles@TiO2�x/C mesoporous microfiber

composite has been synthesized by an electrospinning method. The core�shell composite

exhibits high reversible capacity, excellent rate capability, and improved cycle performance as an

anode material for Li-ion batteries. Furthermore, it shows remarkable suppression of exothermic

behavior, which can prevent possible thermal runaway and safety problems of the cells. The

improved electrochemical and thermal properties are ascribed to the mechanically, electrically,

and thermally robust shell structure of the TiO2�x/C nanocomposite encapsulating the Si nano-

particles, which is suggested as a promising material architecture for a safe and reliable Si-based

Li-ion battery of high energy density.
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should be further researched and developed for a
competitively upgraded Si-based LIB having higher
energy density, compared with the currently used
graphite-based LIB.
High capacity and long cycle life have to be given

priority in development of Si-based anode materials.
However, concerns on the safety issue with the in-
creased high energy density of a Si-employed LIB must
be addressed before its practical application. Gener-
ally, the lithiated anode material is thermodynamically
unstable and reacts exothermally with an electrolyte
at an elevated temperature.13 Unlike graphite anode
material, however, only a few studies on the thermal
properties of lithiated Si-based anode have been
reported.14�16 Previously, our group reported the
thermal properties of Si and SiO materials.17 The large
heat generation including a severe exotherm in the
300�400 �C range was observed for the Si-based
materials, approximately 3-fold larger than the heat
generation of graphite. The undesirable exothermic
behavior was still observed for carbon-coated Si where
the carbon has been regarded as a typical material
of choice for improving the electrochemical perfor-
mance of LIB electrode materials. Consequently, the
larger heat generation in Si-based anodes is consid-
ered a potential risk factor inducing violent explosion
of the battery under hazardous conditions. To suppress
the undesirable exotherm, we replaced the carbon
coat with a TiO2 layer and, finally, could thus stabilize
the thermal behavior of the SiO. However, the electro-
chemical performance was not much improved, prob-
ably due to the low electrical conductivity, so further
development is necessary to achieve well-balanced
cell performance for practical applications.
Herein, we report another promising material archi-

tecture for a high-performance and safety-reliable
Si-based anode material, such as a core�shell structured
Si nanoparticles@TiO2�x/Cmesoporousmicrofiber com-
posite, which has the features of a mechanically, elec-
trically, and thermally robust microstructure. For a
core�shell structured Si nanoparticle@TiO2�x/C meso-
porous microfiber composite, the expected function is
three-fold as follows (Scheme 1): (i) Encapsulation of Si
nanoparticles inside a one-dimensional hollow and
rigid TiO2�x/C composite scaffold, with reserved void
space therein, can suppress the disintegration of the Si
nanoparticles undergoing repeated volume change
during cycling and thereby improve the cycle perfor-
mance (mechanically robust structure). (ii) Oxygen-
deficient titania (TiO2�x) and carbon as the shell com-
ponents can provide an enhanced electrical pathway
of high conductivity for the electrochemical reaction
between Li and Si, thereby improving the cell perfor-
mance. Oxygen-deficient TiO2 has been intensively
studied for various application fields owing to its
narrower band gap enabling relatively high electrical
conductivity.18�25 For a battery material, a black TiO2,

showing oxygen-deficiency, has showed promising
anode performance compared with a typical white
TiO2, by resolving the problem of the initial low elec-
trical conductivity.22 An oxygen-deficient TiO2 as well
as the in situ formed LixTiO2 phase

26,27 during lithiation
can support a favorable electrical environment with
carbon in the shell structure (electrically robust struc-
ture). (iii) When the TiO2 is introduced as a main shell
component, enhanced thermal stability of the Si com-
posite can also be obtained.17 The reason is that the
TiO2 shell is anticipated to act as a physical/chemical
interfacial barrier, retarding exothermic reaction be-
tween the highly lithiated Si phase and the electrolyte
solution, combinedwith the intrinsically stable thermal
property of the TiO2 itself (thermally robust struc-
ture).28,29 From the above expectations, a core�shell
structured Si nanoparticles@TiO2�x/C mesoporous mi-
crofiber composite can thus be a promising material
architecture for a safe and high-performance Si-based
LIB.

RESULTS AND DISCUSSION

A core�shell structured Si nanoparticles@TiO2�x/C
mesoporous microfiber composite (hereafter denoted
as SiNPs@T/C) was prepared by a dual-nozzle electro-
spinningmethodwhich is facile and smart for synthesis
of functional fibers.30 Si nanoparticles dispersed in a
poly(methyl methacrylate) (PMMA) solution were in-
jected into the core channel of the nozzle, whereas
titanium(IV) isopropoxide dissolved in a PMMA solu-
tion was injected into the shell channel of the nozzle.
After the single electrospinning step, the product was
heated to 800 �C to obtain TiO2�x/C nanocomposite.
Details of materials and experimental methods are
described in the Experimental Details. Themorphology
and crystalline microstructure of the electrospun fibers

Scheme 1. Schematic illustration of a core�shell structured
Si nanoparticles@TiO2�x/C mesoporous microfiber compo-
site as an anode material for Li-ion batteries, which has the
features of amechanically, electrically, and thermally robust
architecture. The molecules expressed with ball and stick
model indicate EMC, EC, and LiPF6 in the electrolyte solution
(counterclockwise from top) and theΔHmeans an exother-
mic enthalpy in the reaction between LixSi and electrolyte.
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were directly confirmed by scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM),
scanning TEM (STEM), and X-ray diffraction (XRD). As
shown in Figure 1a, the electrospun fibers revealed the
randomly aligned microfibers having average diam-
eters of ∼2 μm and length extending to several tens
of micrometers. The core�shell structure was ob-
served by SEM (the inset in Figure 1a) and was further
clearly confirmed by the high-angle annular dark-field
(HAADF) STEM images and the corresponding energy-
dispersive spectroscopy (EDS) elemental mapping for
Si, Ti, O, and C (Figure 1b,c). The core region was full of
Si nanoparticles (50�100 nm diameter for each Si
nanoparticle) with reserved void space that may be
produced by unzipping of PMMA31,32 used in the
solution for the core channel in the dual-nozzle elec-
trospinning. The outer-shell section composed of Ti, O,
and C showed a thickness of 200�300 nm and also
porous characteristics. The pore structure of the elec-
trospun fibers was further investigated by nitrogen
sorption measurement (Figure 1d). The N2 adsorption/
desorption isotherm indicates the characteristics of
mesoporous materials. The Brunauer�Emmett�Teller
(BET) surface area was 163 m2 g�1, and the average
pore volume of Barrett�Joyner�Halenda (BJH) was
0.33 cm3 g�1, which strongly confirmed the mesopor-
ous structure of the electrospun fibers. The identified
porosity may be helpful in accessing the electrolyte
solution and to accommodate the volume expansion
of the Si nanoparticles when the microfiber is used
as an anode material for LIBs.8,9 The phase informa-
tion corresponding to the core and shell region was

identified by the high-resolution TEM (HRTEM) image
and the corresponding fast Fourier transform (FFT). The
HRTEM images and FFTs indicated the crystalline Si
(Figure 1e) for the core section, the nanocomposite
of rutile TiO2 and amorphous carbon for the shell
(Figure 1f), which conclusively proved that crystalline
Si nanoparticles were encapsulated by a TiO2/C nano-
composite in the electrospun fibrous composite. The
XRD and Raman spectroscopy results (see the Support-
ing Information, Figures S1 and S2) supported the
above-stated microstructure of the SiNPs@T/C. The
presence of carbon in the shell of the SiNPs@T/C de-
serves mention. The content of carbon in the TiO2/C
shell was about 14 wt %, measured by thermogravi-
metric analysis (Supporting Information, Figure S3).
The carbon is considered to originate from the PMMA
used in the solution for the shell channel in the dual-
nozzle electrospinning. Generally, PMMA leaves no
residue after pyrolysis even in inert atmosphere.31,33

In certain cases, however, PMMA can be carbonized.34,35

According to the literature, we also speculate that TiO2

gel in the PMMApartly terminates the chain degradation
of PMMAby intercepting some of the free radicals during
depolymerization,which leads to the formationof carbon
in our SiNPs@T/C material.
As shown in Figure 2a, the SiNPs@T/C has dark-green

color. Many reports have discussed coloration of TiO2

in relation with the electronic structure.18�25,36,37 The
coloration in our sample also implied the presence of
nonstoichiometric TiO2, and we further investigated
the electronic structure of the TiO2 in the SiNPs@T/C
and the effect on electrical conductivity. Figure 2a

Figure 1. (a) SEM images of the electrospun SiNPs@T/C. (b) HAADF STEM image of SiNPs@T/C and (c) EDS elemental mapping
for silicon, titanium, oxygen, and carbon. (d) N2 adsorption/desorption isotherm and the pore size distribution (inset) of
SiNPs@T/C: the BET surface area is 163 m2 g�1, and the average pore volume is 0.33 cm3 g�1. HRTEM images and the
corresponding FFTs (inset) for (e) core region and (f) shell region of SiNPs@T/C: the observed crystallites in the HRTEM image
correspond to rutile TiO2, and the amorphous regions correspond to carbon.
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presents the Tauc plot38 derived from the diffusive
reflectance UV�vis spectroscopy analysis for the
SiNPs@T/C. It revealed that the optical band gap of
SiNPs@T/C was 2.44 eV, whereas the band gap of
white TiO2 as a reference was 3.18 eV. In the latter,
the SiNPs@T/C exhibited a broad absorption extend-
ing to the near-infrared (NIR) region of the spectrum
(Supporting Information, Figure S4), which gave it a
dark-green coloration. To clarify the physical origin of
the visible�NIR light absorption of the SiNPs@T/C,
its electronic properties were investigated by using
X-ray photoelectron spectroscopy (XPS)measurement.
Although both SiNPs@T/C and white TiO2 showed
typical Ti 2p core-level XPS spectra with Ti4þ character-
istics (Ti 2p3/2 peak at 459.0 eV of binding energy),
SiNPs@T/C also exhibited a shoulder near 457.7 eV,
which is characteristic of Ti3þ (Figure 2b).23 The ratio
of Ti3þ to Ti4þwas calculated to be 9.7/90.3, assumed to
be TiO1.952. According to the literature,36,39 defects can
be generated in TiO2 structure in inert atmosphere due
to partial oxygen loss leading to reduction and vacancy
generation and the reduction to Ti3þ strongly influences
the density of the state distribution. Figure 2c exhibits
valence band (VB) XPS of SiNPs@T/C and white TiO2. A
white TiO2 displayed the VB maximum edge at 2.17 eV,

and since the optical band gap is 3.18 eV from the above
UV�vis measurement, the conduction band (CB) mini-
mum will occur at�1.01 eV. On the other hand, VB XPS
of SiNPs@T/C showed notable differences: the main
absorption onset was located at 1.73 eV, whereas the
maximum energy associated with the band tail blue-
shifted further toward the vacuum level at about
�0.09 eV. Chen et al.18 reported a substantial shift
(2.18 eV) of the VB maximum edge for hydrogenated
black TiO2 nanoparticles, and Naldoni et al.20 also
presented very similar VB spectra for both white and
black TiO2. In our case, the TiO2�x of the shell compo-
nent in the SiNPs@T/C also has a distinctive density of
states (DOS) structure. If for the TiO2�x the same CB
energy shape is assumed as for white TiO2 reference, a
remarkable narrowing in the band gap (0.62 eV) can be
observed (Supporting Information, Figure S5). There-
fore, electronic transition from tailed VB to CB in
the narrowing band gap, which is induced by the
presence of Ti3þ, is responsible for the TiO2�x shell in
the SiNPs@T/C. As expected from the reduction in the
band gap energy of TiO2 and the presence of carbon in
the shell of the SiNPs@T/C, the electrical conductivity
of the SiNPs@T/C was found to be relatively high,
3 � 10�1 S cm�1 (Figure 2d). Although the value is

Figure 2. (a) Tauc plots representing band gap energy of SiNPs@T/C, SiNPs, and white TiO2, including digital camera images
of the powders showing the colors: dark-green for SiNPs@T/C, brown for SiNPs, and white for TiO2. The band gap energy of
SiNPs is higher than 1.1 eV known as a typical value for silicon because of the native silicon oxide and/or nanosize effect of
SiNPs.49 (b) Ti 2p3/2 XPS spectra for SiNPs@T/C and white TiO2. The measured spectra were deconvoluted by TiO2 (þ4) and
Ti2O3 (þ3). (c) Valence band XPS spectra of SiNPs@T/C and white TiO2. Of the two main bands in the valence band, the low
binding energy state (5�6 eV) is assigned toO 2p�Ti 4spπ bonding, and the electronic band at high binding energy (7�8 eV)
is predominantly due to O 2p�Ti 3d σ bonding.19 Thin blue lines show the linear extrapolation of the curves used for deriving
the band edge position of the samples. (d) Electrical conductivities of SiNPs@T/C, SiNPs@C, and carbon black powders.

A
RTIC

LE



JEONG ET AL. VOL. 8 ’ NO. 3 ’ 2977–2985 ’ 2014

www.acsnano.org

2981

lower than those of carbon black and SiNPs@C (we also
prepared a core�shell structured Si nanoparticles@
carbon fibrous composite for comparison, denoted as
SiNPs@C, which was already reported as a promising
anode material32,40), it is much higher than those of
white TiO2 and Si nanoparticles: the electrical conduc-
tivities of white TiO2 and Si nanoparticles could not be
measured in this study because of their too low con-
ductivities. From references 41 and 42, the known
electrical conductivities of rutile TiO2 (white) and Si
nanoparticles are 7 � 10�7 and 10�8�10�7 S cm�1,
respectively. Consequently, the significantly increased
electrical conductivity of SiNPs@T/C appears to en-
hance the electrochemical performance of an LIB
anode material.
To investigate electrochemical performance of the

SiNPs@T/C as an anode material for LIBs, we con-
structed the 2032 coin-type half-cell and evaluated it
in several electrochemical tests. Figure 3a shows the
first and second voltage profiles of the SiNPs@T/C
anode material. The discharge (lithiation) and charge
(delithiation) capacities were 1710 and 1260 mAh g�1,
respectively. The initial Coulombic efficiency (ICE) cor-
responded to 74%, which exceeded that of the pure Si
nanoparticle anode (68%). It implies that the well-
integrated core�shell structure of the SiNPs@T/C sup-
presses the possible structural collapse produced by
the volume change of Si, enhancing reversibility of the

Li�Si electrochemical reaction. The preservation of the
core�shell structure and the expansion ratio of the
electrode after the first lithiation were verified by SEM
images (Supporting Information, Figure S6). The overall
fibrous morphology was clearly maintained, and the
expansion ratio was∼57%, which is comparable to the
already reported advanced Si anode materials, such
as a Si nanotube (∼54%)43 and an urchin-like Si/SiOx

nanocomposite (∼50%).44

It is important to further check whether high capa-
city of an anodematerial is really increasing the energy
density of the full-cell battery where the anode is
employed. The reason is that not only the reversible
capacity of an anode but also the ICE, electrode density
(especially, lithiated, i.e., expanded state in the case of
Li alloy anode), and operational voltage of the full-cell
are critical factors determining the energy density of a
full-cell battery. To compare the volumetric energy
density of the SiNPs@T/C-employed full-cell with a
graphite-employed one, we established a single full-
cell configuration where LiCoO2 (LCO) was applied as a
cathode. As presented in the Supporting Information,
Figure S7 and Table S1, the SiNPs@T/C�LCO system
revealed ∼8% higher energy density than that of the
graphite�LCO. For a more competitive energy density
to replace a graphite system, however, the ICE and
the volume expansion as well as capacity need to be
further perfected.
As indicated in the differential capacity plot (DCP) of

the SiNPs@T/C (Figure 3b), the main discharge/charge
reaction is based on alloying/dealloying between Li
and Si. Besides the Li�Si electrochemistry, the rutile
TiO2�x as a shell structure in the SiNPs@T/C also takes
part in the initial electrochemical reaction. As well-
noted in the literature,45 a nanostructured rutile TiO2 is
one of the candidates for an anode material in LIBs. Li
ion can insert into TiO2 during the initial discharge
process at about 1.7�1.8 V, leading to the formation of
Li0.5TiO2. It has beenwell-known that the in situ formed
LixTiO2 also has an enhanced electrical conductivity
due to the existence of Ti3þ,26,27 as well as TiO2�x, and
thus can also be advantageous for electrical pathways
similar to the traditional carbon coat on electrode
materials for LIBs. Several DCPpeaks (inset in Figure 3b)
could be observed in the potential range of 0.8�2.4 V
in the initial discharge process of the SiNPs@T/C. A
peak at 1.8 V corresponds to Li-ion insertion into the
TiO2�x, and other DCP peaks are related to electrolyte
decomposition on the surface of SiNPs@T/C. The
phase evolution of the rutile TiO2�x during insertion/
extraction of the Li ion can be identified by ex situ XRD
analysis, as shown in Figure 3c. When a SiNPs@T/C was
lithiated by 1.0 V (vs Li/Liþ), the corresponding XRD
pattern showedno change versus the fresh electrode. It
indicates that the lithiated SiNPs@T/C, more specifi-
cally, the lithiated TiO2�x of the shell component in the
composite, initially retains a rutile-type structure upon

Figure 3. (a) Galvanostatic voltage profiles and (b) corre-
sponding DCPs of SiNPs@T/C half-cell during the first and
second cycles. The inset in (b) shows the enlarged DCPs in
the voltage region of 0.8�2.5 V. (c) Evolution of the XRD
patterns of SiNPs@T/C during the first cycle; (i) the fresh
electrode, (ii) discharged by 1.0 V (vs Li/Liþ), (iii) discharged
by 0.005 V, (iv) charged by 1.4 V, and (v) charged by 2.5 V.
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lithiation. Further lithiation down to 0.005 V leads to
the appearance of LiTiO2 phase of cubic rock-salt
structure (2θ = 43.8 and 63.5�, JCPDS #16-0223) in
addition to the Li3.75Si alloy phase formed by lithiation
of Si nanoparticles of the core component. On the
reverse charging process, the LiTiO2 phase still remains
even in the fully delithiated state, indicating the irre-
versible trapping of Li in TiO2�x. The above observed
phase evolution of rutile TiO2�x and Si in the first cycle
matches well to the previous results in the litera-
ture.27,46�48 Although the irreversible LiTiO2 phase
causes the low Coulombic efficiency in the first cycle,
it has a positive effect, as previously mentioned, on the
following cycle or rate performance of the SiNPs@T/C
by providing an electrical scaffold structure having an
enhanced electrical conductivity.
Figure 4a exhibits the cycling performance of

the SiNPs@T/C. For comparison, the simply mixed
Si�TiO2�C electrode in the same weight ratio with
the SiNPs@T/C electrode (the Si content in the
SiNPs@T/C is ∼43%, analyzed by STEM-EDS; see the
Supporting Information, Table S2) is also tested.

When cycled at 0.2C, the SiNPs@T/C displayed good
capacity retention (i.e., 90% of the initial capacity after
50 cycles), showing obviously a superior performance
to the simply mixed Si�TiO2�C. When cycled at a
higher current density of 1C, the SiNPs@T/C still deliv-
ered excellent cycling performance where the capacity
and its retention were almost the same as the perfor-
mance at 0.2C. The SiNPs@T/C also exhibited outstand-
ing rate capability (Figure 4b), where a high capacity
of 939mAh g�1 is observed even at a significantly high
current density of 12C (12 A g�1), that is, 89% of the
initial capacity at 0.2C. These outstanding electroche-
mical performances indicate that the fibrous core�
shell structure of the SiNPs@T/C resolves some serious
issues in Si-based anode materials, such as collapse of
electrical network in the electrode due to the mechan-
ical degradation by volume change of the Si. The
mechanically robust TiO2�x/C shell can suppress the
disintegration of the Si nanoparticles in the SiNPs@T/C
composite. Also, the initial TiO2�x and the in situ

formed LixTiO2 phase in the shell structure promote
the electron/Li-ion path in the SiNPs@T/C and thereby
improve the electrochemical performance of the
SiNPs@T/C. Figure 4c�e shows the SEM images of
the SiNPs@T/C particle and the cross section of the
SiNPs@T/C electrode after 50 cycles. The fibrous core�
shell structure free of a significant collapse can be
clearly observed even after 50 cycles. Also, the volume
expansion after the 50th discharge is still∼53%, which
is almost the same as the value after the first discharge
step (see again Supporting Information, Figure S6),
indicating stable volume change during cycling.
In addition to the electrochemical performance, we

also investigated the thermal property of the lithiated
SiNPs@T/C, focusing on the effect of the TiO2�x shell
structure. Figure 5 shows differential scanning calorim-
etry (DSC) scans of the different lithiated anode mate-
rials including the SiNPs@T/C. All the measurements
were performed at 100% SOC (state of charge) in the
presence of the entrapped electrolyte. Compared with
the graphite which showed a relatively low exotherm

Figure 4. (a) Capacity retentionof SiNPs@T/Cduring cycling
and the corresponding voltage profiles (inset). (b) Delithia-
tion rate capability of SiNPs@T/C and the corresponding
voltage profiles (inset). For the cycle and rate capability
tests, lithiation current density was fixed as 0.2C/0.1C
(5 mV) CCCV mode. (c) SEM image of SiNPs@T/C after
50 cycles (lithiated state). The cross-sectional SEM images
of SiNPs@T/C electrode (d) before cycling and (e) after
50 cycles (lithiated state). The observed expansion ratio
was ∼53%.

Figure 5. (a) DSC curves and (b) corresponding accumu-
lated heat curves of SiNPs@T/C, SiNPs@C, SiNPs, and
graphite anode materials. All samples were fully lithiated
(discharged to 5 mV) for the first cycle.
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in the overall temperature range (5.7 kJ g�1), the bare Si
nanoparticles (SiNPs) exhibited larger exothermic en-
thalpy (11.4 kJ g�1), especially with an abrupt exother-
mic peak in the 350�400 �C range. Although a more
systematic clarification of the DSC behavior of the bare
SiNPs, beyond the scope of this paper, is required,
the larger exothermic enthalpy including the abrupt
exotherm above the 350 �C is regarded as an intense
reaction between the highly lithiated LixSi and the
electrolyte solution as previously reported.17 The large
exothermic behavior of Si material can be problematic
with respect to safety concerns in the development of
a Si-based LIB because the thermal behavior can lead
to a cell explosion under extreme conditions, such as
penetration or high-temperature exposure. For a more
specific investigation of the thermal property of the
SiNPs@T/C, we also examined the thermal property of
the SiNPs@C material40 because the carbon coating or
carbon composite for a Si anode has been regarded
as the most effective way for enhancing the electroche-
mical performance. The SiNPs@C exhibited less exother-
mic enthalpy in theoverall temperature range (6.0 kJ g�1)
than the bare SiNPs. However, the heat generation in the
150�300 �C range was still the same as for bare SiNPs,
which indicates that the carbon-shell structure cannot
perfectly suppress the intensive exothermic reaction
between LixSi and the electrolyte.
Unlike the bare SiNPs and SiNPs@C, the SiNPs@T/C

exhibited a significantly reduced exotherm in the over-
all temperature range (4.2 kJ g�1), which is comparable
to graphite. This remarkable thermal stabilization is
considered to originate from the TiO2�x shell structure.
The shell which is mainly composed of TiO2�x possibly
retards the intensive thermal reaction between the
highly lithiated Si and the electrolyte solution. In
addition, the well-noted thermal stability of lithiated
TiO2 and its solid electrolyte interphase are considered

to be other possible reasons for the suppressed
exothermic reaction in the SiNPs@T/C. The quantitative
relationship between the DSC results and the actual
safety characteristics of LIB is not linearly dependent.
The present results, however, suggest that the thermal
stability of the fully lithiated LixSi phase is definitely
improved when the Si nanoparticles are encapsulated
by TiO2�x.

CONCLUSION

Achievement of the high energy density and the
long cycle life of a Si-based LIB should be accompanied
with guaranteed safety. Here we have presented the
synthesis and characterization of a core�shell struc-
tured Si nanoparticles@TiO2�x/C mesoporous micro-
fiber composite as an anode for LIBs and the analysis of
its electrochemical and thermal properties. The micro-
structure was identified by various analytical methods
as a core�shell fibrous composite consisting of a
porous assembly of Si nanoparticles as the core and
themesoporous wall of rutile TiO2�x/C nanocomposite
as the shell structure. The SiNPs@T/C exhibited high
reversible capacity, excellent rate capability, and good
cycle performance. Furthermore, it showed remarkable
suppression of exothermic behavior in comparison
with bare SiNPs and a SiNPs@C fibrous composite.
The stabilized thermal property can prevent possible
thermal runaway and safety problems of a Si-based LIB.
The improved electrochemical and thermal properties
are ascribed to the mechanically, electrically, and
thermally robust shell structure of the TiO2�x/C nano-
composite encapsulating the Si nanoparticles. In many
efforts for the commercialization of Si-based LIBs,
the core�shell structured Si nanoparticles@TiO2�x/C
mesoporous microfiber composite can thus offer a
promising material architecture for a safe and reliable
Si-based LIB of high energy density.

EXPERIMENTAL DETAILS
Preparation of SiNPs@T/C. For the core polymer solution, 0.5 g

of Si nanoparticles (Nanostructured & Amorphous Materials,
50�70 nm) was dispersed in 10 mL of N,N-dimethylformamide
(DMF, Simga-Aldrich), and 1.045 g of poly(methyl methacrylate)
(PMMA, Mw = 350 000, Simga-Aldrich) was dissolved in dis-
persed Si solution by stirring at 90 �C for at least 8 h. On the
other hand, the shell solution was prepared by dissolving
1.567 g of PMMA in 10 mL of DMF and 5 mL of acetic acid
(Simga-Aldrich). After dissolving over 8 h, 2 mL of titanium(IV)
isopropoxide (TTIP, Simga-Aldrich) was added in PMMA solu-
tion, followed by magnetic stirring for 1 h. The brown core
polymer solution was immediately loaded into a plastic syringe
equipped with the inner channel of a dual nozzle (NNC-DN-
1723, NanoNC, Korea), which has a 23-gauge inner needle
(0.63 mm o.d., 0.33 mm i.d.) and a 17-gauge outer needle
(1.47 mm o.d., 1.07 mm i.d.). The light yellow transparent shell
polymer solution was loaded into other plastic syringe which
was connected to the outer channel at the dual nozzle. The dual
nozzle was connected to a high voltage supply, and the feeding
rate of the core and shell solutions was set at 1.5 and 3.0mL h�1,

respectively. A distance of 21.5 cm and voltage of 15 kV were
maintained between the tip of the dual nozzle and a drum
collector. After the electrospinning, the electrospun nanofibers
were peeled off from the drumcollector. Finally, the electrospun
nanofibers were heat-treated at 800 �C for 3 h in nitrogen
atmosphere.

Characterization Methods. The morphology, microstructure,
and compositional analysis of the synthesized materials were
examined using a field emission scanning electron microscope
(FESEM, JEOL JSM-7000F), a high-resolution transmission elec-
tron microscopy (HRTEM, ARM-200F, JEOL) having a probe Cs
aberration corrector (CEOS GmbH) and an energy-dispersive
spectroscopy system that was attached to the TEM system. The
crystalline structure analysis of the synthesizedmaterialswas per-
formed using an Empyrean diffractometer (PANalytical) equip-
ped with monochromated Cu KR radiation (λ = 1.54056 Å).
For ex situ XRD analyses of the discharged or charged
electrode, a gastight sample holder filled with Ar and covered
with a polyimide (Kapton) tape was used. After the cell reacted
up to a certain level, the electrode was carefully disassem-
bled from the cell and then rinsed with dimethyl carbonate
(DMC) in an Ar-filled glovebox to remove residual electrolyte.
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The electrodes were then dried under vacuum for 3 h and
transferred to the ex situ XRD holder. The morphology change
and cross-sectional image of electrodes after cycling was ana-
lyzed by FESEM. Similar to the ex situ XRD analysis, the cells were
carefully disassembled and the electrodes were subsequently
rinsedwithDMC. Theywere then dried under vacuum for 3 h and
transferred to the chamber of SEM equipment. The chem-
ical binding state and electronic structure were examined by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific
Sigma Probe) with Al KR X-rays. Diffuse reflectance UV�vis
spectra of powders were measured on JASCO spectro-
photometer (V-670, Japan), and all the samples were measured
under ambient conditions. The surface area and pore volume
of the synthesized materials were measured by Brunauer�
Emmett�Teller (BET) and Barrett�Joyner�Halenda (BJH) meth-
ods, respectively, using a surface area and porosimetry analyzer
(TristarII 3020, Micromeritics). The electrical conductivity of pow-
der-type samples was measured by a direct volt-ampere method
(MCP-PD51, Mitsubishi Chemical Analytech) in which a sample
was pressurized and contacted with a four-point probe. Differ-
ential scanning calorimetry (DSC) was performed using a Model
Star system (Mettler Toledo), and the lithiated electrode samples
were prepared by discharging the 2032 coin half-cells to 0.005 V
at a slow rateof 60mAg�1. These cellsweredisassembled in a dry
room (the dew point of less than �60 �C), and the electrodes
were rinsed with DMC and dried under vacuum. Then, 1.5 mg of
the electrode and 0.5mgof fresh electrolyte solutionwere sealed
in a high-pressure DSC pan. The heating rate and temperature
range of the DSC tests were 5 �C min�1 and 25�400 �C,
respectively.

Electrochemical Testing. The electrodeswere prepared by coat-
ing copper foil substrates (thickness: 10 μm) with slurries
containing the active material powders (80 wt %), carbon black
(Super-P, 10 wt %), and poly(acrylic acid) (PAA, 10 wt %)
dissolved in water. After coating, they were dried at 80 �C for
30 min in a convection oven to evaporate the water and then
heat-treated at 120 �C for 6 h under vacuum. The electrodes
were cut into disks (12 mm in diameter), in which the mass of
the active material was approximately 1�3 mg. Then 2032 coin
cells were assembled in a dry room that provided humidity at a
dew point of less than�60 �C, using a polypropylene separator
(Asahi Kasei Chemicals); 1 M LiPF6 in a mixture of ethylene
carbonate (EC) and ethylmethyl carbonate (EMC) (EC/EMC= 1/2
ratio) containing 20% fluoroethylene carbonate (FEC) as an
electrolyte solution; and lithium foil (14 mm in diameter) as a
counter-electrode. The assembled cells were aged overnight at
room temperature and then electrochemically tested using a
TOSCAT-3100U (Toyo System Co.) battery measurement system
under the following protocols. The first cycle was operated at
a constant current (CC) mode of 50 mA g�1 within a voltage
window of 0.005�2.5 V vs Li/Liþ. The test protocol for cycle and
rate performance was a constant current followed by a constant
voltage (CCCV) mode for discharging (lithiation). In this mode,
0.2C (1C was set as 1100 mAg�1) was used for the CC step
and 0.005 V finished at 0.1C for the CV step. For charging
(delithiation), the CC mode with various current densities was
used and cut off by 1.4 V.
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