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Abstract: A dual-shell Si/TiO,/CFs composite was synthesized through a simple method to deal with the intrinsic drawbacks of
silicon-based anode, in terms of huge volume change, unstable SEI films, and low electronic and ionic conductivity. The inner rigid
TiO, shell alleviates the huge volume expansion of the nano silicon, and the outer resilient carbon fiber, which is porous and
staggered, is beneficial to the rapid transport of electrons and ions. The as-prepared Si/TiO,/CFs composite displays a superior
reversible specific capacity of 583.4 mA-h/g, high rate capability and decent cycling performance. The dual-shell encapsulation
method provides a guideline for other anode materials with huge volume expansion during the cycling process.
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1 Introduction

Developing sustainable energy is one of the most
effective approaches to tackle the fossil energy crisis
and global environmental pollution. Among them,
lithium-ion batteries are often utilized in portable
electronic equipment such as electric vehicles, laptops,
and mobile phones because of their long cycle life and
high energy density [1,2]. However, commercial graphite
anode is not suitable for next generation lithium-ion
batteries, for its relatively low theoretical specific
capacity (372 mA-h/g) [3]. Hence, finding new anode
materials with higher energy density and economic
benefits to satisfy the demands of hybrid electric vehicles,
smart grid and other large-scale power equipment is very
urgent [4].

Silicon is a potential candidate anode material for
lithium storage because of its superior theoretical
capacity of 4200 mA-h/g and suitable lithiation voltage
platform, which can avoid the generation of lithium
dendrites and alleviate the safety problem of electrode
materials [5]. Unfortunately, the development and

commercial application of silicon-based materials still
suffer from their intrinsic drawbacks [6]. Firstly, silicon
is a semiconductor material with extremely low
electronic conductivity and ionic conductivity, leading to
sluggish electrochemical kinetics [7]. Secondly, the
volume expansion of silicon is as high as 400% during
the charge—discharge resulting in the
irreversible breakage and pulverization of electrode
material [8]. In addition, the continuous break and
generation of unstable SEI film caused by the repeated
volume expansion and contraction of silicon-based

process,

materials, eventually contribute to a large capacity
decay [9].

In recent years, designing nanostructures, such as
nanoparticles, hollow or porous characteristics, has been
devoted to obtain higher specific
performance and cycle life of silicon-based anodes
than that of bulk ones [10—12]. However, it is still
difficult for silicon-based anodes to achieve long-

capacity, rate

term cycling stability owing to the insufficient space
for accommodating the huge volume expansion,
uncontrollable growth of SEI film, and inevitable side
effects [13]. The surface coating strategy is a straight-

Foundation item: Project (51772331) supported by the National Natural Science Foundation of China; Project (2018YFB1106000) supported by the

National Key Technologies R&D Program of China

Corresponding author: Xiao-feng WANG, Tel: +86-13467516329, E-mail: wangxiaofeng@csu.edu.cn;
Jun LIU, Tel: +86-15802608591, E-mail: 1liujun4982004@csu.edu.cn

DOI: 10.1016/S1003-6326(19)65144-7



Jing ZENG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2384-2391 2385

forward way to isolate the direct contact between the
electrolyte and Si, buffer the stress change, and also
provide a fast transport channel for Li" [14]. In this
context, a series of coating materials, including intrinsic
oxide layer (SiO,, SiO,), carbon-based materials (citric
acid, PVDF, graphene), metals (Cu, Ag, Fe), metal
oxides (TiO,, AlLO;), and conductive polymers
(polyaniline, polypyrrole) have been introduced into
silicon nanostructures [6,15—17]. WU et al [18] grew a
uniform silicon layer on the polymer template via a CVD
method, then selectively removed the internal carbon
template and oxidized the silicon surface, thereby
forming a hollow@Si@SiO, nanotube structure, which
effectively maintained the stability of the SEI film.
FANG et al [14] used rigid TiO, to encapsulate
silicon nanoparticles, and then etched silicon oxide
on the surface of silicon nanoparticles to form
Si@hollow@TiO, structure. However, such unique
architectures require a sophisticated synthesis process
accompanied by the use of hazardous acid, and also
reduce the mechanical stability [19]. Therefore, it is
immensely challenging to explore a simple method to
generate silicon-based materials with stable cycling
performance as well as high compact density.

Here, we introduced dual shells, i.e. a rigid (TiO,)
shell and a resilient (carbon fiber) shell to prepare
silicon- based anode materials with high mechanical
strength, high conductivity, and high uniformity. The
rigid TiO, with a volume expansion of only 4% can
effectively relieve the violent volume change of nano
silicon during the cycling process. Electrospinning
carbon fiber was utilized to achieve the uniform
distribution of the Si/TiO, composite and improve the
conductivity of electrode materials. Under the synergistic
effect of the three components, the Si/TiO,/CFs
composite shows excellent structural stability and
electrochemical properties.
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Fig. 1 Schematic diagram of preparation of Si/TiO,/CFs composite

PAN solution

2 Experimental

2.1 Synthesis of Si/TiO, core—shell structure

A simple sol—gel method was used to encapsulate
the Si nanoparticles. In a typical procedure, 0.45 g of Si
nanoparticles with a particle size of 30—50 nm was added
into a mixed solution containing 600 mL of absolute
ethanol and 0.9 mL of ammonium hydroxide under
ultrasonic for 30 min and stirred at 40 °C for 30 min.
And then, 2 mL of titanium isopropylate was dropwise
added into the mixture and the mixture was kept at 40 °C
under gentle magnetic stirring (200 r/min) for 40 h. The
Si/TiO, core—shell composite was collected after
washing by water and absolute ethanol three times and
drying under 80 °C for 24 h.

2.2 Synthesis of Si/TiO,/CFs composite

The Si/TiO,/CFs composite was synthesized
through an electrospinning process as illustrated in
Fig. 1. Firstly, polyacrylonitrile (PAN, M,=150000) was
dissolved in N, N'-dimethylformamide (DMF, 99.8%)
under vigorous magnetic stirring to form a uniform,
transparent, and bubble-free PAN solutions (10 wt.%).
Then, the Si/TiO, composite was put into the PAN
solutions under magnetic stirring for 24 h and ultrasonic
treatment for 1 h to obtain homogeneous suspensions
(mass ratio of composite to PAN is 1:4). Thirdly, the
suspension was held for 0.5 h to exclude bubbles before
being sucked into the syringe. The electrospinning was
carried out on a home-made electrospinning device with
a spinning speed of 1 mL/h, applied voltage of 25 V, and
receiving distance of 20 cm. After spinning, the fresh
fibers were stabilized at 250 °C for 2 h in air with a
heating rate of 1 °C/min, and then carbonized at 800 °C
for 2 h in N, atmosphere with a ramp rate of 10 °C/min.
For reference, silicon nanoparticles without TiO, surface
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modification were also prepared into Si/CFs composite
by the same method.

2.3 Materials characterization

X-ray diffraction (XRD) patterns were obtained
on a Rigaku D/max 2500 using Cu K, radiation
(4=0.15405 nm) scanning with 26 of 10°—80° at a sweep
speed of 8 (°)/min. Raman spectrum was detected using a
LabRAM HR 800 Raman spectrometer (HORIBA Jobin
Yvon, France) in a scanning range of 100—500 cm . The
surface and cross-section morphologies were determined
using a scanning electron microscope (SEM, Nano SEM
230, FEI, America). Thermal gravimetric analysis (TGA,
STA449F3, NETZSCH, Germany) was used to detect the
content of every component with a heating rate of
10 °C/min in air. And the crystal structures of micro-
sized composite were collected using a transmission
electron microscope (TEM, Tecnai G2 F20, FEI,
America).

2.4 Electrochemical tests

CR2016 coin cells were assembled and used for
electrochemical experiment. The Si/TiO,/CFs composite,
acetylene black, and polyacrylic acid (PAA) were
used as active material, conductive agent, and binder,
respectively at a mass ratio of 7:2:1. Then, the slurry was
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pasted on a copper foil and dried in a vacuum oven
at 110°C for 12h. The electrolyte consists of
ethylene carbonate (EC)/diethyl carbonate (DEC)/
dimethyl carbonate (DMC) (volume ratio, 1:1:1) with
I mol/L. LiPFs. The electrode performance was
characterized by cyclic voltammetry (CV), galvanostatic
charge—discharge, and electrochemical impedance
spectroscopy (EIS), respectively. These tests were
performed on the Land automatic battery tester (Wuhan,
China) and electrochemical workstation (CHI604E and
IM6ex, China). The test parameters were as follows, in
regard of galvanostatic charge—discharge, @i,=3.0 V
(vs Li/Li"), ¢eng=0.01 V (vs Li/Li"), with respect to CV,
voltage range 0.01-3.0 V (vs Li/Li"), scan rate 0.1 mV/s,
as for EIS, frequency range 100 kHz—10 mHz, scan rate
0.5 mV/s. The specific capacity for the Si/TiO,/CFs
composite is derived upon the total mass of the
composite.

3 Results and discussion

3.1 Phase structure and chemical component analysis

Figure 2(a) displays XRD patterns of commercial
Si nanoparticles, Si/TiO,, Si/CFs, and Si/TiO,/CFs
composites. The dominant peaks located at 26 values
of 56.1°,47.3°, and 28.4° are corresponding to the (311),
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Fig. 2 Phase structure and chemical component analysis of commercial Si, Si/TiO, Si/CFs, and Si/TiO,/CFs composites: (a, b) XRD

patterns; (¢) Raman spectra; (d) TG curve
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(220), and (110) planes of crystalline Si (JCPDS
No. 77-2107). For the commercial Si sample, the peak
is relatively sharp owing to the aggregation of
nanoparticles. The peak intensity of Si/TiO,/CFs
composite is the lowest as a result of the double-coating
of TiO, and carbon fiber. As illustrated in Fig. 2(b), the
broad peak located at 26 of 25° is corresponding to the
overlapping of anatase TiO,[19] and carbon fibers [20],
which can also be detected in Si/TiO, and Si/CFs
composites. Raman spectra of four samples are
illustrated in Fig. 2(c) to verify the lattice vibration mode
of composites. The vibration modes at 300 and 495 cm ™'
are owing to the vibration of the crystalline Si. The bands
at 1360 and 1580 cm™' on the spectra of Si/CFs and
Si/TiO,/CFs composites are clearly indexed to the
characteristic bands of graphene, that is, D-band and
G-band. The intensity ratios (/p/lg) of Si/CFs and
Si/TiO,/CFs composites are calculated as 1.11 and 1.20,
respectively. This result shows the partial graphitizing of
the carbon matrix that will improve the electron
transportation of the composite. Meanwhile, both D- and
G-bands are wide peaks, indicating that CFs has a
short-range disordered graphite structure [21]. The band
at 498 cm ' of Si/TiO, and Si/TiO,/CFs composites has a
slight offset, which may be caused by the superposition
of the characteristic bands of anatase TiO, [22].
Moreover, the carbon content of Si/TiO,/CFs composite

is 52% according to the TG curve (Fig. 2(d)). It is
assumed that there is no loss of Si during the whole
synthesis process of the Si/TiO,/CFs composite (since
losses are avoided as far as possible in the process of
collecting products in each step). Therefore, the Si
content can be estimated by the data recorded in each
step. The mass fractions of Si and TiO, in the
Si/TiO,/CFs composite are approximately 22% and 26%,
respectively.

3.2 Morphology and microstructure

Figure 3 illustrates the detailed nanostructure of
Si/TiO,/CFs composite. It can be seen from the TEM
images that the majority of the Si/TiO, particles are
covered by carbon fibers, and the particles are evenly
dispersed without obvious agglomeration (Fig. 3(a)).
Most carbon fibers reported to improve electrochemical
and mechanical stability of the silicon-based anode are
limited on nanometer scale, 100—500 nm [5,23,24].
Thus, the silicon nanoparticles are prone to be exposed
on the surface of nanofiber after carbonated shrinkage of
carbon matrix, resulting in the crush and pulverization of
active silicon. Therefore, the diameter of Si/TiO,/CFs
composite prepared in this work is controlled on the
micrometer scale, the silicon nanoparticles are
encapsulated by carbon fibers to effectively improve the
cycling stability of electrode materials. EDS is utilized to

Fig. 3 TEM image of Si/TiO,/CFs composite (a), and EDS images of C (b), Si(c) and Ti(d) elements
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further illustrate the distribution of Si, Ti and C in the
prepared Si/TiO,/CFs composite. As illustrated in
Figs. 3(b—d), three elements Si, Ti and C are uniformly
distributed in the composite, indicating that the Si/TiO,
particles are homogeneously coated by porous carbon
fibers.

Figure 4 displays the morphology changes of the
commercial Si and Si/TiO,/CFs composite at different
statuses. As shown in Fig. 4(a), the commercial Si
powders are subspherical particles with a diameter of
30-50 nm. The Si/TiO,/CFs composite is prepared
through a sol—gel method followed by an electrospinning
and carbonization process. Figures 4(b—d) show the
morphologies of the composite at different statuses, i.e.,
as-spun, stabilized and carbonized statuses. The as-spun
fibers are smooth and anisotropic, with a diameter of
about 1.5 um. The spinning fibers are arranged in the
same direction with less staggered distribution,
indicating that the operating voltage is stable in the
process of electrospinning. After being stabilized at
250 °C for 2 h, the morphology of carbon fibers remains
the same, not bent and staggered arrangement. As for the
carbonized ones, in which PAN gets rid of the small

2pm

molecule gas such as CO, in high-temperature
calcination, composite fibers get through bending and
contraction, then present porous structure and staggered
arrangement. Such porous and staggered configuration is
beneficial to forming a connected channel and improving
the electrical conductivity of the anode materials. At the
same time, the surface of the carbonized fibers becomes
rough, with a few Si/TiO, particles exposed.

3.3 Electrochemical performance

The lithium storage of silicon-based materials is
based on the alloying mechanism. If silicon is completely
lithiated into Lis4Si, it has a specific capacity as
4200 mA-h/g. To further explore the structural
advantages of the Si/TiO,/CFs composite as an
alternative electrode material of Li-ion batteries,
electrochemical tests are conducted. CV curves of
Si/TiO,/CFs electrode are used to determine the reaction
and the reversibility (Fig. 5(a)). In the first discharge
process, the broad reduction peak located at 0.5-0.7 V is
owing to the generation of the SEI film. The reduction
peak located at 0.2 V represents the change from
polycrystalline silicon into amorphous Li,Si alloy. In

2pm

Fig. 4 SEM images of commercial Si (a) and Si/TiO,/CFs composite at as-spun (b), stabilized (c) and carbonized (d) statuses
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Fig. 5 Electrochemical performances of Si/TiO,, and Si/CFs, Si/TiO,/CFs composites: (a) CV curves; (b) Charge—discharge profiles;

(c) Galvanostatic charge—discharge properties; (d) Bate capability

addition, the sharp peak located at 0.04 V corresponds to
the rapid transformation of Li,Si to Li;sSiy [25]. In the
subsequent charge process, the oxidation peaks at
0.33 and 0.51 V are indexed to the delithiaiton from
Li;sSiy to Li,Si and Li,Si to Si. The reduction peak at
1.71V and the oxidation peak at 2.12V are
corresponding to the lithiation—delithiation processes of
the anatase TiO,. The high coincidence of CV curves
after the first loop also indicates the excellent
reversibility of the Si/TiO,/CFs electrode. Moreover, the
area of the CV curve increases slightly as a result of the
continuous activation of the anode material. As displayed
in the galvanostatic charge—discharge voltage profiles
(Fig. 5(b)) under a current density of 0.1 A/g, the voltage
change of the Si/TiO,/CFs composite electrode is
consistent with the CV curves. In detail, the voltage
platforms at 0.2 and 0.5 V are indexed to the lithiation—
delithiation process of Li,Si alloys, while those at 1.7
and 2.1 V are indexed to the charge—discharge of TiO,.
The high overlapping after 10 cycles also proves the
superior reversibility of the Si/TiO,/CFs composite
electrode. The galvanostatic charge—discharge tests are
then utilized to compare the lithium storage capacity of

Si/TiO,, Si/CFs and Si/TiO,/CFs composites (Fig. 5(c)).
The first discharge capacities of Si/TiO,, Si/CFs and
Si/Ti0,/CFs composites are 1275.8, 1343.9 and 999.8
mA-h/g under a current density of 0.1 A/g, with the
corresponding coulombic efficiencies of 49.2%, 72.1%
and 64.7%, respectively. The relatively low first- cycle
coulombic efficiencies of the ones coated with TiO, are
due to the slow activation of TiO, [26]. In the subsequent
cycling process, the performance of the Si/TiO, electrode
decays quickly for the low conductivity. In contrast, the
specific capacity of Si/CFs composite shows relatively
slow attenuation due to the constraint effect of carbon
fibers at the micrometer scale. Under the dual-restriction
of carbon fibers and TiO,, the Si/TiO,/CFs electrode
performs stably. The discharge specific capacities of
three electrodes are 56.1, 271.2 and 583.4 mA-h/g under
a current density of 0.1 A/g after 180 cycles, and the
corresponding capacity retentions are 6.9%, 30%, and
87.4% from the second cycle onwards, respectively. It is
believed that the decay of capacity is related to the
powder pulverization caused by the volume expansion
during the charge—discharge process [27]. Therefore, the
rigid TiO, and resilient carbon fiber coatings effectively
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relieve the volume expansion of nano silicon and
simultaneously improve the conductivity to enhance the
cycling stability. Furthermore, Si/TiO,/CFs electrode
displays excellent bate performance under different
current densities. As demonstrated in Fig. 5(d), the
average specific capacities of the Si/TiO,/CFs electrode
are 635.9, 539.1, 407.4, 261.5, 148.7 and 95.7 mA-h/g
under various current densities of 0.1, 0.2, 0.5, 1, 2 and
4 A/g, and the corresponding capacity retentions are
98.5%, 82.9%, 63.1%, 40.5%, 23% and 14.8% from the
second cycle onwards, respectively. When the current
density comes back to 0.1 A/g, a stable specific capacity
of 522 mA-h/gis recovered.

In addition, Si/TiO,/CFs electrode exhibits good
stability in the long-term cycling under a current density
of 1A/g (Fig. 6). The first charge and discharge
capacities of the composite electrode are 384.6 and
755.7 mA-h/g, respectively. Even after 900 cycles, the
Si/TiOy/CFs electrode has a reversible capacity of
351.3 mA-h/g, with a capacity retention of 92%. Overall,
the Si/TiO,/CFs anode presents a decent lithium storage
capacity and superior cycling stability.
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Fig. 6 Long-term charge—discharge performance of Si/TiO,/
CFs composite at current density of 1 A/g

Electrochemical impedance spectroscopy (EIS) is
also used to evaluate the conductivity and diffusion
property of Si/TiO,/CFs composite electrode (Fig. 7).
The impedance of four cells is composed of a semicircle
in the high-frequency region and a straight line in the
low-frequency region. In the low-frequency region, four
samples have similar Wahlberg impedance (R;) for the
same electrolyte. Si/TiO, and Si/CFs electrodes have
smaller charge transfer impedance (R, about 120 Q)
compared with commercial silicon powder (about 165 Q),
suggesting that anatase TiO, and carbon fibers improve
the electrical conductivity of the electrode materials.
Therefore, the Si/TiO,/CFs electrode exhibits the
minimum R, (about 70 Q), that is, the optimal
conductivity and the rapid solid-state ion transmission
rate.
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Fig. 7 Nyquist diagrams of commercial Si, Si/TiO,, Si/CFs and
Si/TiO,/CFs composites

4 Conclusions

(1) A simple sol—gel method followed by an electro-
spinning process and high-temperature carbonization was
utilized to synthesize the dual-shell Si/TiO,/CFs
composite.

(2) The carbonized composite is composed of
staggered carbon fibers with a diameter of about 1.5 pm
and encapsulating Si/TiO, particles, in which the Si, Ti
and C elements uniformly distribute in the composite
fibers.

(3) Unique fibrous structure and high conductivity
make the Si/TiO,/CFs composite obtain a superior
reversible specific capacity (583.4 mA-h/g) and capacity
retention (87.4%) after 180 cycles under the current
density of 0.1 A/g, and as the current density ranges from
0.1 to 4 A/g, its specific capacity decreses from 635.9 to
95.7 mA-h/g. When the current density returns to 0.1 A/g,
the specific capacity returns to 522 mA-h/g.
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