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ABSTRACT: Silicon (Si) has attracted tremendous attention as a high-capacity anode material for next generation Li-ion
batteries (LIBs); unfortunately, it suffers from poor cyclic stability due to excessive volume expansion and reduced electrical
conductivity after repeated cycles. To circumvent these issues, we propose that Si can be complexed with electrically conductive
Ti2O3 to significantly enhance the reversible capacity and cyclic stability of Si-based anodes. We prepared a ternary
nanocomposite of Si/Ti2O3/reduced graphene oxide (rGO) using mechanical blending and subsequent thermal reduction of the
Si, TiO2 nanoparticles, and rGO nanosheets. As a result, the obtained ternary nanocomposite exhibited a specific capacity of 985
mAh/g and a Coulombic efficiency of 98.4% after 100 cycles at a current density of 100 mA/g. Furthermore, these ternary
nanocomposite anodes exhibited outstanding rate capability characteristics, even with an increased current density of 10 A/g.
This excellent electrochemical performance can be ascribed to the improved electron and ion transport provided by the Ti2O3
phase within the Si domains and the structurally reinforced conductive framework comprised of the rGO nanosheets. Therefore,
it is expected that our approach can also be applied to other anode materials to enable large reversible capacity, excellent cyclic
stability, and good rate capability for high-performance LIBs.
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■ INTRODUCTION

Recent developments in high-performance portable electronic
devices, electric vehicles, and energy storage systems have
generated increased need for next-generation lithium-ion
batteries (LIBs) with high energy density and excellent cycling
properties.1 Among the various LIB anode materials available
that can meet these requirements, silicon (Si) is regarded as
one of the most promising due to its high theoretical capacity
(4200 mAh/g), which is ∼10 times greater than that of
conventional graphite anodes (372 mAh/g).2 However, Si
anode materials undergo large volume changes (∼300%),
which results in structural collapse and poor electrical contacts
within the anode structure upon charge−discharge cycling. This
eventually leads to drastic capacity fading.3 To address this

issue, Si anodes have been modified with carbonaceous
materials, such as amorphous carbon, graphite, carbon
nanotubes, and graphene (e.g., reduced graphene oxide,
rGO), to suppress the structural change while maintaining
good electrical conductivity.4−7

In particular, graphene can greatly improve the specific
capacity and cyclic reversibility due to its large specific surface
area (2630 m2/g), superior electrical conductivity, and
increased Li-ion intercalation capability between its sheet-like
structures.8 Moreover, the intrinsically high mechanical
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strength of graphene, combined with its added advantage of
structural flexibility, enables this material to assume the role of a
buffering matrix to accommodate the volume change of the Si
anode.9−11 However, problems associated with the Si/rGO
composite system still remain and limit its practical use as a LIB
anode material. For example, during composite preparations
that use mechanical mixing or solution-based complexation
approaches, it is difficult to ensure uniform distribution of the
Si over the surface of the graphene nanosheets due to the
insufficient interpenetration capability within the stacked
graphene structure.12−14 Therefore, to form homogeneous,
well-mixed composites, high-energy ball milling for an extended
period of time is required.15,16 However, this process
occasionally results in the formation of an undesired silicon
oxide phase or produces larger agglomerates of the active
species, which can undermine the cell performance of LIBs.17

As a similar alternative route, Si alloys with Li-inactive
metallic elements, such as Ni, Mg, Cu, or TiN, have been
investigated in an attempt to enhance the structural stability
and electrical conductivity of Si anodes during lithiation−
delithiation cycles.18−21 However, this approach is also limited
by the intrinsic reactivity of the metallic species with oxygen
under the high-energy ball milling process and can lead to the
formation of an oxide layer on the composite surface. This
reduces the electrical contact between the electrode and
electrolyte. Therefore, it is necessary to develop a novel strategy
to acquire composite Si anodes that are appropriately
complexed with physically stable and highly conductive
materials in order to provide structural stability and maximize
the specific capacity.
Additionally, since partially reduced titanium oxides (e.g.,

Ti2O3 and Ti3O5) have relatively large electronic conductivity
and chemical stability compared to the general form of titania
(TiO2), they are considered as good additive candidates for
imparting electrical interconnection and structural stability
between the active materials.22−24 Among these partially
reduced titanium oxides, the Ti2O3 phase plays a superior
role in enhancing the electrochemical activity of the electrode
because it exhibits better electrical properties than Ti3O5.

25 As a
consequence, when it is hybridized with Si, Ti2O3 can produce
well-interconnected pathways for transporting electrons and Li
ions to improve the electrical conductivity, thereby increasing
the Li ion diffusivity within the anode.
Here, we present a novel means of synthesizing the

nanocomposite of Si/Ti2O3/rGO for LIB anodes while
simultaneously exhibiting enhanced specific capacity, cyclic
stability, and rate capability properties. This ternary nano-
composite is prepared by mechanical blending of Si nano-
particles, TiO2 nanoparticles, and rGO nanosheets under mild
conditions, followed by thermal annealing to create the electro-
conductive phase of Ti2O3 (Ti3+). This conductive phase is
formed as a result of the partial reduction of TiO2 (Ti

4+) in the
presence of Si and rGO, which act as reducing agents.26,27 The
Ti2O3 phase formed inside the Si domains can efficiently
alleviate the concerns related to the accumulation of stress
caused by volume changes in the Si phase during repeated
cycles and also facilitate the enhanced transport of electrons
and ions. Furthermore, when rGO nanosheets uniformly
encompass the Si matrix, they mitigate the problems of self-
aggregation and incomplete electrical contact at the Li-active
reaction sites. Therefore, our proposed approach can greatly
enhance the electrochemical stability of Si-based anodes and is
promising for the development of high performance LIBs.

■ EXPERIMENTAL SECTION
Materials. Si nanoparticles (<100 μm, synthetic) were purchased

from CN vision, Korea. Graphite powder (<20 μm, synthetic),
titanium(IV) isopropoxide (97%), acetic acid (≥99.7%), and 2-
propanol (anhydrous, 99.5%) were obtained from Sigma-Aldrich.
NaNO3 (99.0%) was purchased from Yakuri Pure Chemicals Co. Ltd.,
Japan. H2SO4 (95.0%), KMnO4 (99.3%), H2O2 (34.5%), and ethanol
(95.0%) were purchased from Samchun Chemical Co. Ltd., Korea. All
chemicals were used as received without further purification. In all
experiments, deionized water with a resistance of 18.2 MΩ was used.

Synthesis. A solution of 37 mL of titanium(IV) isopropoxide with
10 mL of 2-propanol was slowly added dropwise over 30 min to a
stirred mixture of acetic acid (80 mL) and deionized (DI) water (250
mL) at 0 °C. The dispersion was then continuously stirred for about
30 min. The temperature of the solution was increased to 80 °C using
an oil bath and reacted for 8 h. It was then heated in a titanium
autoclave to 230 °C. After reacting for 12 h, the mixture was left to
cool to ambient naturally. The resultant white precipitate was
centrifuged and washed vigorously with DI water and ethanol several
times, followed by drying at 60 °C. Finally, TiO2 nanoparticles were
obtained.28,29 GO was synthesized using a modified Hummers’
method according to our previous study.30−32 rGO nanosheets were
prepared from GO by thermal reduction in a tube furnace at 800 °C
for 1 h under a H2/Ar (1:3) atmosphere.

To prepare the Si/Ti2O3/rGO nanocomposites, first Si and TiO2
nanoparticles at a mass ratio of 1:1 were mixed in a tungsten carbide
vial by mechanical ball milling. This process was performed in a
planetary ball milling machine (8000D Dual Mixer/Mill, SPEX Sample
Prep) for 30 min, rGO was then added continually to the Si/TiO2
mixture (80:20 of Si/TiO2:rGO in weight percent), and the mixed
substance was ball milled for 20 min. The resulting ternary composite
was annealed at 800 °C for 3 h under Ar atmosphere to induce a
partial reduction of TiO2. For a comparison, the Si/Ti2O3 binary
composites without rGO were also prepared following the same
procedure above. Also, Si/Ti2O3/graphite composites were prepared
as a control to compare the performance between rGO and
conventional carbonaceous material.

Structural and Chemical Characterization. The powder X-ray
diffractometer (XRD) (D8 Advance, Bruker, Germany) with Cu Kα
radiation (λ = 1.5406 Å) in the 2θ range from 5° to 80° with a step
size of 0.02° s−1. Raman spectra were taken using a micro-Raman
spectrometer system (ALPHA 300M, WITec, Germany). X-ray
photoelectron spectroscopic (XPS) (ESCA 2000 instrument, VG
Microtech, U.K.) spectra were measured using an Al Kα radiation
using an X-ray source. All binding energy values were aligned with
calibrating the C 1s peak at 284.6 eV. To determine the actual amount
of rGO in the nanocomposites, thermogravimetric analysis (TGA)
(TG/DTA7300, SEICO Inst., Japan) was performed under air at a
heating rate of 10 °C min−1. Morphologies of the ternary
nanocomposites were observed via field emission scanning electron
microscopy (FESEM) (JSM-7600F, JEOL, Japan) and high-resolution
transmission electron microscopy (HRTEM) (JEM-2100F, JEOL,
Japan).

Electrochemical Measurements. Electrochemical properties of
the as-prepared samples were measured using coin cells. For the
preparation of the working electrodes, Si/Ti2O3/rGO ternary
nanocomposites were mixed with conductive carbon black (DB 100)
and poly(acrylic acid) (PAA; Mw, 250 000, 35 wt % in H2O, Aldrich)
in ethanol at a mass ratio of 70:15:15 to form a homogeneous slurry
with a mortar and pestle. The resultant slurry was then uniformly
coated on a Cu foil with a doctor blade and dried at 60 °C under
vacuum. The loading mass of the active materials was controlled to be
∼1.5 mg/cm2 with a film thickness of 36 μm. Electrochemical cells
were assembled with the composite as the anode, Li metal as the
counter electrode, and a microporous polypropylene (PP) (Celgard
2400, Celgard) film as the separator. A 1.3 M LiPF6 solution in a 3:7
(v/v) mixture of ethylene carbonate (EC) and diemethyl carbonate
(DMC) was used as the electrolyte. In addition, fluoroethylene
carbonate (FEC) was added into the electrolyte as an additive. These
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cells were assembled in a glovebox at a relative humidity of ≤0.5% and
galvanostatically charged and discharged in the potential range
between 0.0 and 3.0 V (vs Li/Li+) at current densities ranging from
100 to 10 000 mA/g using a multichannel potentiostat/galvanostat
(WMPG 1000, WonATech, Korea). The specific capacity values were
estimated based on the total amount of active materials in the
electrodes. Cyclic voltammetry was carried out in the potential range
between 0.0 and 3.0 V at a scan rate of 0.1 mA/s. To observe the
structural change of nanocomposites after cycling, cells were carefully
disassembled in a glovebox. The electrode films were then rinsed in
DMC for 10 min to remove any residual LiPF6 electrolyte and dried
before SEM and TEM analysis. The electronic conductivity of the
electrodes was evaluated in the frequency range between 100 kHz and
0.1 Hz using an ac voltage with an amplitude of 10 mV via
electrochemical impedance spectroscopy (EIS, CHI6143E, CH
Instruments, Inc.).

■ RESULTS AND DISCUSSION
The synthetic procedure for the Si/Ti2O3/rGO nanocompo-
sites is schematically presented in Figure 1. First, Si and TiO2

nanoparticles are mixed at a mass ratio of 1:1 via ball milling. At
this point, TiO2 nanoparticles with a smaller diameter (∼20
nm) than that of Si (<100 nm) can form a homogeneously
complexed phase and prevent the Si nanostructures from
growing to microsized grains, as is frequently observed during
the intermixing of spherical nanoparticles.33 Next, rGO
nanosheets are added to the prepared Si and TiO2 mixture;
this is followed by additional ball milling to form ternary
nanocomposites. Then, to partially reduce TiO2 to Ti2O3 in the
presence of Si and carbon (rGO), the samples are annealed at
800 °C for 3 h in an Ar-purged environment.26,34 The rGO
nanosheets used here act as the main reducing agent during the
thermal treatment to create the Ti2O3 phase from TiO2. When
Ti2O3 nanoparticles are uniformly incorporated inside the Si
domains, they readily provide stabilized pathways for trans-
porting electrons and Li ion. Thus, this process yields Si/
Ti2O3/rGO ternary nanocomposites with embedded Ti2O3 as
an electro-conductive phase.
Crystallographic structures of the as-synthesized nano-

composites were characterized by X-ray diffraction (XRD)
measurements (Figure 2). For the composites including both Si
and TiO2, peaks are concurrently observed at 23.8°, 33.1°,
34.8°, 39.6°, 40.2°, 42.6°, 48.8°, 53.8°, 61.3°, 62.4°, 72.4°, and
73.5°, which are assigned to the (012), (104), (110), (006),
(113), (202), (024), (116), (214), (300), (1 0 10), and (220)
planes of the Ti2O3 phase according to JCPDS 89-4746. The
characteristic peaks at 28.4°, 47.6°, and 56.1°, which are

assigned to the (111), (220), and (311) planes of Si crystals, are
also identified. This confirms the presence of crystalline Si in
the composite matrix.35 Notably, for the case of composites
without rGO, additional diffraction peaks at 18.9°, 19.9°, 26.4°,
30.5°, 36.4°, 55.7°, and 64.7° are observed; these can be
assigned to the (200), (110), (002), (112), (312), (602), and
(204) planes of the Ti3O5 phase.

25 This result implies that TiO2
can be reduced to both Ti2O3 and Ti3O5 in the presence of
only silicon under thermal annealing. Although these reduction
reactions proceed simultaneously, the Ti2O3 phase is more
likely to be produced than Ti3O5 (thus, hereafter binary
composites will be denoted as Si/Ti2O3).

36 However, with the
inclusion of rGO for ternary nanocomposites, peaks associated
with the Ti3O5 phase become significantly weakened in the
ternary composites, which is indicative of the successful
creation of the Ti2O3 phase via a carbothermal reduction
process (hereafter ternary composites are denoted as Si/Ti2O3/
rGO). The reduction reactions caused by the presence of rGO
are proposed as follows:26

+ → +3TiO (s) C(s) Ti O (s) CO(g)2 3 5 (1)

+ → +2Ti O (s) C(s) 3Ti O (s) CO(g)3 5 2 3 (2)

These observations suggest that the nanocomposite formation
in the presence of rGO successfully drives the reduction
reaction of TiO2 to form the Ti2O3 phase. Meanwhile, a minor
peak corresponding to the Ti(SiO4) phase was also observed in
the composites including both Si and TiO2.

37 However, since
the formation of the Ti2O3 phase is dominant in the
composites, the influence of the Ti(SiO4) phase is regarded
as negligible in this study.
At the same time, residual rGO nanosheets still act to

increase the electrical conductivity by forming interconnections
between Si domains. However, it is difficult to clearly capture
the rGO peaks in the XRD patterns due to its amorphous
character and considerably weaker intensity as compared to the
other peaks. As shown in the inset in the uppermost row of
Figure 2, the ternary composite showed a very weak peak of
rGO ((002) plane) at 25.6°, which is slightly shifted compared
to its original position (26.6°) on account of the reestablish-
ment of conjugated graphene network during a complexation
with Si/TiO2 composites.

38

Raman spectra analysis was conducted to obtain a more
detailed understanding of the chemical structure of the Si/
Ti2O3/rGO nanocomposites, as shown in Figure 3a. The
characteristic peaks at 1350 cm−1 (D band) and 1580 cm−1 (G

Figure 1. Schematic illustration of the fabrication process for the Si/
Ti2O3/rGO ternary nanocomposites.

Figure 2. X-ray diffraction patterns for (Si + TiO2 + rGO), (Si +
TiO2), rGO, and Si (from top to bottom). Composites are named
according to their initial composition upon mixing.
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band) are identified as in-plane sp3 defects and sp2 domains of
the carbon materials, respectively.39 For the ternary nano-
composites, the intensity ratio of the D and G bands (ID/IG) is
slightly smaller than that of pure rGO, providing evidence of an
increase in the average size of the sp2 domains during the
incorporation of rGO into the Si/TiO2 binary composites.40

This also proves the partial reoxidation of RGO as a
consequence of reducing TiO2 to Ti2O3. For the Si/Ti2O3/
rGO ternary nanocomposites, the peak observed at 140 cm−1

(corresponding to the Ti3O5 phase) is not observed after
adding rGO into the binary composite. In addition, the Raman
bands at 235 and 295 cm−1 (assigned to the Ti2O3 and Si
phases) are observed; this implies that the TiO2 phase is mainly
converted into Ti2O3 without affecting the main structure of
the crystalline Si during the complexation process.25,41 The
rGO content in the Si/Ti2O3/rGO nanocomposites was
determined by thermogravimetric analysis (TGA). As shown
in Figure 3b, the mass fraction of rGO in the composite is
measured to be 18.9 wt % (20 wt % of rGO is originally mixed
into the ternary composites). Therefore, this result indicates
that 1.1 wt % of the rGO (5.5% of the initial amount of rGO)
has been utilized as a reducing agent for the formation of Ti2O3.
Meanwhile, the gradual mass increase in the high temperature
region of the TGA analysis is ascribed to the oxidation of Si.42

In addition, to further characterize the Si/Ti2O3/rGO ternary
nanocomposites, we investigated the as-synthesized samples
using XPS. The survey XPS spectrum (Figure S1) shows that
the composite consists of Ti, Si, O, and C. A high resolution O
1s XPS spectrum of Si/Ti2O3 binary nanocomposite shows two
peaks at 530.0 and 532.5 eV which are attributed to Ti−O and
Si−O bonding, respectively.43,44 However, in the ternary
composite, the binding energies of the O 1s of Ti−O and

Si−O are observed to be 0.5 and 0.3 eV higher than those in
binary composites. This shift of the binding energy of the O 1s
electron can be ascribed to the newly created bonding of Ti−
O−Si.45 In addition, the peak at 534.1 eV is assigned for C−
OH of rGO.46 In the XPS spectrum of Ti 2p of the
nanocomposites, the binding energies of the Ti 2p3/2 and Ti
2p1/2 peaks are observed at 458.6−459.0 eV and 464.2−464.6
eV, respectively, which are in good agreement with the Ti2O3
phase.43 In the absence of rGO, the peaks at 457.0 and 462.5
eV appeared, also due to the occurrence of Ti 2p3/2 and Ti
2p1/2 doublet from Ti3O5 phase.47 Another peak observed at
460.5 eV is originated from the Ti(SiO4) phase.

48 Accordingly,
these results are fully consistent with XRD data.
The morphology of the Si/Ti2O3/rGO nanocomposites was

further elucidated using scanning electron microscopy (SEM).
As shown in Figure 4a,b, when Si and TiO2 nanoparticles are

complexed by ball milling and subsequent thermal annealing in
the absence of rGO nanosheets, they form agglomerated
particles with relatively smooth surfaces. However, when
ternary composites are formed, the initially mixed TiO2
nanoparticles are much smaller than the Si particles and can
be uniformly incorporated within the Si domain. Therefore, the
formation of large, agglomerated particles can be substantially
suppressed. Also, upon introduction of the rGO nanosheets
into the binary nanocomposites, the reduction of TiO2 to Ti2O3
is greatly facilitated. As a result, Figure 4c,d shows that
uniformly complexed nanocomposites of Si/Ti2O3/rGO with
fine textures are generated. Energy dispersive X-ray spectro-
scopic (EDX) mapping with lower magnification shown in
panels b−e of Figure S2 demonstrate a homogeneous
distribution of each element inside the composite. Since the
incorporation of rGO nanosheets inside the binary mixture
matrix can greatly enhance the electrical interconnections
between Li-active domains, the ternary nanocomposite system
is expected to exhibit superior electrochemical performance
when used as a LIB anode.
High-resolution transmission electron microscopy (HR-

TEM) images reveal the detailed morphologies and crystallinity
of the Si/Ti2O3/rGO ternary nanocomposites. As shown in
Figure 5a, the Si/TiO2 nanoparticles are wrapped with
multilayered rGO nanosheets, indicative of the formation of a
homogeneous ternary nanocomposite. In addition, Figure 5b
shows that the ternary composite has a lattice fringe spacing of

Figure 3. (a) Raman spectra for the Si/Ti2O3/rGO, Si/Ti2O3, Si, and
rGO. (b) TGA curve of the Si/TiO2/rGO under air. Composites are
named according to their initial composition upon mixing.

Figure 4. Comparative SEM images of (a, b) Si/Ti2O3 binary
nanocomposites and (c, d) Si/Ti2O3/rGO ternary nanocomposites.
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0.23 nm, which corresponds to the (113) crystal plane of
Ti2O3. More importantly, the observed lattice spacing of 0.31

nm, which corresponds to the (111) plane of Si, verifies the
intactness of Li-active Si domains, even after the complexation
process. The existence of the Ti2O3 phase is further proven by
fast Fourier transform (FFT) analysis, as shown in the inset of
Figure 5b, where the (113), (012), and (110) planes of Ti2O3
are indexed. The FFT image also shows the characteristic
electron diffraction ring associated with rGO.49 Along with
these crystallographic characterizations, the presence of Si, Ti,
C, and O species in the ternary nanocomposites is confirmed
by EDX. EDX analysis indicates that the uniformly distributed
Si/Ti2O3 composite particles are encompassed by the rGO
matrix, as shown in the panels d−g of Figure 5.
The electrochemical performances of the Si/Ti2O3/rGO

nanocomposites as LIB anodes were investigated with cyclic
voltammetry (CV) and galvanostatic charging−discharging
measurements. CV of the ternary nanocomposites was carried
out between the first and tenth cycles in the voltage range
between 0.0 and 3.0 V (vs Li+/Li) at a sweep rate of 0.1 mV/s,
as shown in Figure 6a. Cathodic peaks at 0.051 and 0.19 V,
which are associated with the lithiation of Si, gradually become
apparent due to the slow activation process of the electrode. In
the anodic scan, two peaks at 0.35 and 0.49 V are ascribed to
the delithiation of Si.50,51 Notably, the Ti2O3 phase is known to
react with Li+ ions via the intercalation process over charge−
discharge cycles.43 However, it is rarely identified with
characteristic peaks in the CV curves due presumably to
overlapping with relatively intense peaks generated from Si-
involved reactions. Therefore, to elucidate the electrochemical
properties of the Ti2O3 phase in the ternary nanocomposites,
XRD patterns were obtained from disassembled cells after the

Figure 5. (a) TEM image of the Si/Ti2O3/rGO ternary nano-
composites. (b) HRTEM image of part a and FFT analysis (inset). (c)
TEM image of the ternary nanocomposite selected for EDX mapping
of (d) Si, (e) Ti, (f) C, and (g) O.

Figure 6. Electrochemical performances of Si/Ti2O3/rGO ternary nanocomposite anodes: (a) cyclic voltammetry, (b) galvanostatic charge−
discharge profiles at a current density of 100 mA/g, (c) cycling performance and Coulombic efficiency of ternary nanocomposite electrodes during
100 cycles at 100 mA/g, and (d) rate capabilities of ternary nanocomposite electrodes.
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first and second cycles of charge and discharge (Figure S3).
Two peaks emerged at 43.0 and 50.2° that originated from the
Cu foil. As shown in Figure S3, all peaks associated with Si are
significantly weakened by the alloying reaction with Li to form
LixSi after the first discharge cycle. On the contrary, peaks
associated with the Ti2O3 phase (black dotted lines) remain
unchanged even after subsequent cycles, indirectly implying the
occurrence of intercalation/deintercalation of Li ions.43

Galvanostatic charge−discharge profiles of Si/Ti2O3/rGO
nanocomposites were obtained at a current density of 100 mA/
g between 0.0 and 3.0 V versus Li+/Li, as shown in Figure 6b.
In the first charging curve, the long plateau observed between
0.01 and 0.1 V implies the formation of an amorphous LixSi
phase. Alternatively, in the discharging process, the delithiation
peak of LixSi alloys is observed at 0.45 V.52,53 The initial charge
and discharge capacities of the ternary nanocomposites are
measured to be 1097 and 871 mAh/g, respectively, leading to a
Coulombic efficiency of 79.4%. This irreversible capacity loss
can mainly be attributed to the formation of solid electrolyte
interphase (SEI) layers between the electrode and electrolyte in
the first lithiation process.54 Additionally, the cycling perform-
ance of the ternary nanocomposites is compared with those for
Si and Si/TiO2 binary composites, as shown in Figure 6c. As
expected, the Si electrode exhibits rapid capacity fading, down
to 7.8% of the initial capacity, after 100 cycles. In the case of Si/
Ti2O3 binary nanocomposites, the initial charge−discharge
capacities are 1259 and 1077 mAh/g, respectively, resulting in a
Coulombic efficiency of 85.5%. For the binary composites, the
formation of a large amount of Ti2O3 enhances the electrical
interconnections between Si domains and effectively alleviates
the volume expansion of active materials, resulting in a capacity
retention of approximately 74% after 100 cycles. When rGO
nanosheets are also incorporated into these binary composites,
a significant improvement in the conductivity and stability of
the electrode is expected. As a result, these devices show
charge−discharge capacities of 1001 and 985 mAh/g,
respectively, after 100 cycles (with a Coulombic efficiency of
98.4%) and demonstrate excellent reversible characteristics. In
addition, obtained result can be compared with the perform-
ance from other Si/rGO composite anodes which are similarly
prepared by mechanical mixing, in which the capacity retention
after 30 cycles is about 83% of the initial discharge capacity of
2753 mAh/g.12 However, particularly in this study, discharge
capacity rarely changes even after 100 cycles. This discerned
performance in the cyclic stability might be originated from the
efficient inclusion of both electro-conductive and Li-intercala-
tion-capable Ti2O3 phase in the ternary nanocomposites.
Furthermore, in order to understand the contribution of

Ti2O3 and rGO phases for the enhanced electrochemical
performances, we varied the composition ratio in the ternary
nanocomposites and observed charge−discharge characteristics
(Figure S4). As shown, upon increasing the amount of Ti2O3
phase (30:50:20 (w/w) mixture of Si/Ti2O3/rGO), a relative
decrease in the Li-reactive Si phase undermines the overall
capacity, though it still retains good cyclic stability. Meanwhile,
when the amount of rGO inclusion is decreased (45:45:10 (w/
w) mixture of Si/Ti2O3/rGO), the obtained capacity falls short
of the expected performance notwithstanding an increase in the
amount of Li-active species of Si and Ti2O3, implying the
crucial role of rGO nanosheet interconnections for the
enhanced conductivity and resulting high capacity character-
istics. Also, for a comparison, rGO is replaced with conven-
tional graphite and the performance of Si/Ti2O3/graphite

ternary nanocomposites is also evaluated. As expected,
nonexfoliated graphite provides less interconnected matrix
and incomplete interfacial contact with Si and Ti2O3 domains,
thus, it results in inferior performance in the reversible capacity
and cyclic stability. The electrodes also exhibit outstanding rate
capability characteristics at various current densities, as shown
in Figure 6d. The rate performance is evaluated at current
densities ranging from 100 to 10 000 mA/g. To our surprise, in
the case of the Si/Ti2O3/rGO ternary nanocomposites, the
specific capacity rarely changes, even when a high current
density of 10 000 mA/g is applied. Moreover, the capacity value
is soon recovered to 1202 mAh/g when the current density is
switched to 100 mA/g.
To further elucidate the electrochemical performance of the

Si/Ti2O3/rGO nanocomposites, electrochemical impedance
spectra (EIS) analysis was carried out. The Nyquist plots of
cells with electrodes that have been cycled 100 times were
observed, as shown in Figure 7. The entire plot is comprised of

one semicircle in the high frequency region and an inclined line
in the low frequency region; these features can be assigned to
the charge-transfer resistance and diffusion resistance of the
electrode materials, respectively.55 The diameter of the
semicircle for the ternary nanocomposites appears to be
much smaller than those of the binary nanocomposites and
Si, thereby implying that the Si/Ti2O3/rGO composite has the
lowest resistance during the interfacial electrochemical
reactions; this is also explained by the excellent rate capability
of the ternary nanocomposites. Therefore, through the
incorporation with TiO2 and the subsequent reduction reaction
to Ti2O3, the rGO nanosheets effectively enhance the
conductivity and the stability of Si-based electrodes. In
addition, the structural stability of Si/Ti2O3/rGO ternary
nanocomposites is confirmed via SEM and TEM after charge−
discharge cycles. As shown in Figure 8, the morphologies of the
electrodes after one cycle and 100 cycles show no discernible
changes. Furthermore, EDX results (Figure S5) reveals the Si/
Ti2O3 phase is uniformly wrapped with rGO nanosheet even
after lithiation−delithiation cycles. Therefore, this suggests a
substantial improvement in the structural stability of the ternary
nanocomposites.

■ CONCLUSIONS
In summary, a novel Si/Ti2O3/rGO ternary nanocomposite, for
use as a Li-ion battery anode, was prepared by incorporating
TiO2 nanoparticles into the Si matrix under the partial

Figure 7. EIS plots of Si, Si/Ti2O3, and Si/Ti2O3/rGO nano-
composites after 100 cycles.
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reduction reaction conditions of thermal annealing using rGO
as the reducing agent. The resultant electro-conductive Ti2O3
phase effectively alleviated the problems associated with the
volumetric change of the Si anodes upon cycling and provided
stable electrical interconnection between the active materials.
Moreover, rGO nanosheets uniformly encompassed the
composites to enhance the specific capacity and cycling stability
of the anodes due to their good structural flexibility and
electrical conductivity. As a result, Si/Ti2O3/rGO ternary
nanocomposites can achieve a stable, reversible capacity of 985
mAh/g with good Coulombic efficiency after 100 cycles
(98.4%). Also, the resulting anodes showed a substantially
high rate capability, even when the applied current density
increased to 10 A/g. Because of its notable electrochemical
performances, the synthesized Si/Ti2O3/rGO ternary nano-
composite in this study is a promising anode material. Further
manipulation and optimization should enable the extension of
this strategy to other materials for a variety of high-performance
energy storage applications.
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