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ABSTRACT: Si has been considered as a promising alternative
anode for next-generation lithium ion batteries (LIBs), but the
commercial application of Si anodes is still limited due to their poor
cyclability. In this paper, we propose a new strategy to enhance the
long-term cyclability of Si anode by embedding nano-Si particles
into a Li+-conductive polymer to form a Si/polymer composite with
core-shell structure, in which nano-Si cores act as active Li-storage
phase and the polymeric matrix serves not only as a strong buffer to
accommodate the volume change, but also as a protection barrier to
prevent the direct contact of Si surface with electrolyte, so as to
maintain the mechanical integrity of Si anode and suppress the
repeated destruction and construction of solid electrolyte interphase
(SEI) on the Si surface. To realize this strategy, we synthesize a Si/
PPP (polyparaphenylene) composite simply by ball-milling the Si
nanoparticles with PPP polymer that has n-doping activity. Our experimental results demonstrate that the thus-prepared Si/PPP
composite exhibits a high capacity of 3184 mA h g‑1 with an initial coulombic efficiency of 78%, an excellent rate capability with a
considerably high capacity of 1670 mA h g−1 even at a very high rate of 16 A g‑1, and a long-term cyclability with 60% capacity
retention over 400 cycles, showing a great prospect for battery application. In addition, this structural design could be adopted to
other Li-storable metals or alloys for developing cycle-stable anode materials for Li-ion batteries.
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■ INTRODUCTION

Developing advanced lithium-ion batteries (LIBs) with
substantially enhanced energy density and safety is of great
technological importance for large scale energy storage
applications, such as in electrical vehicles, smart grid, and
renewable power stations.1−5 In this technological develop-
ment, Si has attracted particular interest as a new anode
material, because of its appropriate lithiation potential (+ 0.2 V,
vs Li+/Li) and extremely high theoretical Li-storage capacity of
4200 mA h g−1 (Li4.4Si), which is more than ten times higher
than the theoretical capacity of the graphite anode used in
current Li-ion technology.6−8 However, commercial develop-
ment of Si anodes is less successful mainly due to their poor
cyclability, which is resulted from the huge volumetric changes
(∼300%) during lithium insertion/extraction cycles. Such an
enormous volume change brings about two severe problems for
Li-ion battery applications. One is the degradation of the
mechanical integrity of the Si anode, simply because the drastic
volume expansion and contraction at cycling would cause the
fracture and pulverization of Si particles, leading to the loss of
electrical contact and the gradual deactivation of the active
materials. The other is the continuous change in the structure
and morphology of the solid electrolyte interphase (SEI) on the

Si surface. Because the Si particles are continuously fractured
and pulverized at the impact of the volume change, the SEI film
on the Si surface has to be reconstructed during every cycle.
The repeated construction and destruction of the SEI film affect
adversely the cycling performance of the Si anode at least in
three aspects: the first one is the continuous decomposition of
the electrolyte for formation of new SEI films, which must lead
to a low coulombic efficiency and eventually an exhaustion of Li
ions and electrolyte. Secondly, the continuous growth of
electronically insulating SEI film can cause electric disconnec-
tion between the electrode collector and anode materials.
Furthermore, the thickened SEI film imposes a high resistance
to Li insertion reaction.
To solve these problems, a large variety of nanoarchitectures

has been proposed to buffer the mechanical stress of lithiated Si
anodes, so as to improve the cycling stability.9−14 Previous
studies have demonstrated that the mechanical degradation of
Si particles could be effectively depressed in well-designed Si
nanostructures such as porous Si nanowires,15−17 nano-
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spheres18−22 and nanotubes.23−25 However, because of the
instability of the SEI films on the repeatedly changed surfaces of
the nano-Si particles, the long-term cycling stability of these
nanoarchitectured Si anodes is still insufficient for practical use.
To tackle this problem, a novel type of double walled Si
nanotubes sophisticatedly designed with a stable SEI film was
recently reported to have a remarkable cycle life.23 However,
this material is difficult to fabricate with complicated synthetic
steps at extreme conditions.
Herein, we propose a new strategy to enhance the long-term

cyclability of Si anode by embedding nano-Si particles into a
Li+-conductive polymer to form a Si/polymer composite with
core-shell structure, where nano-Si cores act as an active Li-
storage phase and the polymer matrix serves not only as a
strong buffer to accommodate the volume change, but also as a
protection barrier to prevent the direct contact of the Si surface
with electrolyte. In this material design, the Si surface is
embedded in the polymer and therefore separated from the
electrolyte, thus avoiding the chemical erosion of electrolyte.
Furthermore, the drastic volume change of active Si phase at
cycling are effectively relieved by the polymer buffering matrix,
so that the SEI film can be stabilized during charge-discharge
cycles. To allow normal Li insertion reaction, the polymer
matrix must have a n-type redox ability with acceptable
electronic and ionic conductivity,26 thus enabling fast Li+

transport though the polymer chains to insert into/remove
from the Si host during the lithithation/delithiation process. To
realize this strategy, we synthesized a Si-PPP (polyparapheny-
lene, −(CH4)n−) composite simply by ball-milling the Si
nanoparticles with the polymer matrix and tested the
electrochemical behaviors of the thus-prepared Si-PPP
composite.

■ EXPERIMENTAL SECTION
PPP was synthesized using an AlCl3−CuCl2 catalyst according to
Kovacic’s method.27,28 A typical synthetic procedure was as follows:
0.78 g benzene was added dropwise into a mixture of 0.334 g
anhydrous AlCl3 and 0.336 g CuCl2 at 0 °C. The reaction mixture was
stirred at 0 °C for 1 h and then at room temperature for 24 h. The
resulting mixture was filtered and the polymeric precipitate was
washed several times with 18% hydrochloric acid solution and finally
dried at 60 °C under vacuum for 24 h to obtain a brown powder
product. The as-prepared PPP powder was further heat-treated at 400
°C in a muffle furnace for 36h.
Silicon/PPP composites were prepared simply by ball-milling the

mixture of silicon nanoparticles (less than 100 nm, Alfa Aesar) and
PPP with a weight ratio of 5:2 for 30 min. The milling processes were
performed in a planetary ball mill (Fritsch pulverisette 23) under Ar
atmosphere.
The FT-IR spectra of PPP and Si/PPP composite were recorded on

a NICOLET AVATAR360 FT-IR spectrometer with KBr pellets. The
crystalline structures and morphologies of the as-prepared powder
samples were characterized by transmission electron microscopy
(TEM, JEOL, JEM-2010-FEF).
To evaluate the electrochemical properties, we prepared the

composite silicon anodes by casting the electrode slurry onto a 20
μm thick copper foil. The electrode slurry consisted of 70 wt %
silicon/ppp composite, 10 wt % Ketjin Black and 20 wt % poly(acrylic
acide) (PAA) as a binder, dissolved in distilled water. The electrodes
were dried at 60 °C under a vacuum for overnight to remove the
water. As a comparison, the pristine nano-silicon anode is also
prepared in a similar way with a composition of 50 wt % nano-silicon
powders, 30 wt % Ketjen Black, and 20 wt % PAA binder. The PAA
binder used in this study has an average molecule weight of 240 000,
purchase from Alfa Asear.

The charge/discharge experiments were performed using CR2016-
type coin cells with Celgard 2400 microporous membrane as separator
and a lithium disk as counter electrode. The electrolyte was 1 M LiPF6
dissolved in a mixture of ethylene carbonate (EC), dimethyl carbonate
(DMC) and ethyl methyl carbonate (EMC) (1:1:1, v:v:v). The cells
were assembled in an argon-filled glovebox. The electrochemical
performances were evaluated in a voltage range of 0.01−2.0 V on Land
Battery Testing System (Wuhan Kingnuo Electronics Co., Ltd.,
China) at 25 °C. Cyclic voltammetry (CV) was performed on an
electrochemical workstation (CHI660c, Shanghai, China) in a voltage
range of 0.005-2.0 V at a scan rate of 0.1 mV s−1. The electrochemical
impedance measurement of the Si-PPP composite was conducted on
an Impedance Measuring Unit (IM 6e, Zahner) with oscillation
amplitude of 5 mV at the frequency range from 50 mHz to 100 kHz.

■ RESULTS AND DISCUSSION
In this work, we chose PPP polymer as the embedding matrix
for the nano-Si particles mainly because, as an electroactive
redox polymer, PPP has highly reversible n-doping/de-doping
behaviors in the commonly used Li+ electrolyte at a potential
near that of Si lithiation and can act to mediate the transfer of
Li+ between the electrolyte and the active Si phase. According
to the electrochemical redox reaction mechanism of conducting
polymers, the electro-reduction of PPP corresponds to the n-
doping of the Li+ cations from electrolyte to polymer chains for
charge counterbalance. Conversely, the electro-oxidation of the
reduced PPP occurs through an electrochemical de-doping
process simultaneously with the extraction of the Li+ from the
polymer chains. Apparently, the reversible n-doping/de-doping
behaviors provide Li+-conductivity for PPP polymer and enable
Li+ ions transport through PPP chains in/from the Si cores for
the lithiation/de-lithiation reactions.
To convince the n-doping activity of PPP polymer, we

measured the CV curves of a PPP electrode in Li+ electrolyte
and also the charge-discharge curves of coin-type Li-PPP half
cells. As given in Figure 1, the CV curves from the PPP
electrode have a pair of well-defined redox peaks at low
potential region of 1.0−0.2 V, which resemble very much the
CV features of Li insertion reaction on the carbonaceous
anodes, suggesting reversible Li+ doping/de-doping reactions in
the PPP chains. The charge/discharge curves shown in the inset
of Figure 1 further confirm the availability of the PPP polymer

Figure 1. CV curves of the PPP polymer in 1 M LiPF6/EC-DMC-
EMC electrolyte. The inset displays the cycling performance of the
PPP electrode.
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as an n-dopable anode with a stable Li-storage capacity of ∼400
mA h g−1. According to the 20 wt % PPP content in the
composite, the calculated contribution of the PPP polymer to
the total capacity of the composite is ∼100 mA h g−1.
Figure 2 shows the morphological feature of the Si-PPP

composite. As is shown in Figure 2a, the composite consists of
spherelike particles with a core-shell structure. The inner cores
are composed of Si nanoparticles with average size of ∼80 nm
and the outer shell is consisted of PPP polymer. The electron
diffraction image in Figure 2b demonstrates a cubic symmetry
diffraction spot pattern, revealing that the Si particles still exist
in a crystalline state after ball-milling treatment. High-
resolution TEM image from a single grain in Figure 2c shows
well-defined lattice fringes of 0.31 nm, corresponding to the d-
spacing value of the (111) plane of the cubic Si phase. The
infrared spectrum of the as-prepared composite sample showed
clearly all the strong characteristic vibrations of PPP rings (see
Figure S1 in the Supporting Information). These results
demonstrate that the brittle Si particles have been successfully
embedded into the flexible polymer matrix to form a core-
shelled Si-PPP composite during ball-milling. Apparently, this
structure allows for the growth of a stable SEI film on the outer
surface of the polymer shell and can prevent the repeated
construction and destruction of the SEI on the Si surface during
cycling, so as to enhance the long-term cyclability of Si anode.
The cyclic voltammograms (CV) and charge/discharge

curves of the Si-PPP composite electrode are shown in Figure
3. As displayed in Figure 3a, a broad reduction band at ∼0.8 V
usually observed for the SEI film formation on the Si surface
appears very weak, almost indiscernible in the initial cathodic
scan, suggesting that the decomposition of electrolyte for
building SEI film is greatly depressed on the Si-PPP composite.
Nevertheless, there is still a sharp and strong cathodic peak
appearing at a lithiation potential of 0.2 V, indicating that the
PPP shell did not affect the Li+-insertion into the Si phase. After
the initial cycle, two pairs of reversible redox peaks appear at
0.03/0.33 V and 0.21/0.50 V respectively, featuring a two

stepped alloying reaction of Si with Li+ ions as usually observed
from Si-based anodes.29

Figure 2. (a) TEM image, (b) electron diffraction patteren, and (c) HRTEM image of the Si-PPP composite.

Figure 3. (a) Cyclic voltammograms (CV) and (b) charge/discharge
curves of the Si-PPP composite electrode.
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Figure 3b displays the typical charge−discharge curves of the
composite at a constant current of 300 mA g‑1. The initial
charge/discharge capacities of the Si-PPP composite are 4015/
3184 mA h g−1, with a much higher coulombic efficiency
(∼78%) than pristine nano-Si electrode (∼74%) (see Figure S2
in the Supporting Information). The corresponding volumetric
capacity of the Si-PPP composite electrode is calculated to be
2100 mAh cm‑3. Herein, a phenomenon worthy of attention is
that the PPP polymer electrode only shows a very low
coulombic efficiency of ∼32% at the first charge and discharge
(see Figure S3 in the Supporting Information), but as the shell
of the nano-Si particles, this polymer can considerably reduce
the initial irreversible capacity loss of the active Si particles in
the composite. This fact suggests that the PPP shell can indeed
suppress the decomposition of the electrolyte on the Si surface.
This is of particular significance for Li-ion battery applications
because a large initial capacity loss on the anode must be
compensated by excessively loaded cathode.
Figure 4 compares the long-term cyclability of the Si-PPP

composite and the pristine nano-silicon anodes at a high

current of 3000 mA g−1. To ensure the reproducibility of the
result, we assembled two coin cells at a time and simultaneously
tested their cycling performance under the same condition. As
is clearly seen from Figure 4, the nano-Si anode shows a quite
high capacity of 2090 mA h g−1 at first cycle, but the reversible
capacity falls down very quickly to 1200 mA h g−1 in the first 5
cycles and then continuously declines to <200 mA h g−1 in
subsequent 150 cycles. In contrast, the Si-PPP anode
demonstrates a greatly improved cyclability. In addition to its
initial high capacity of 2760 mA h g−1, the Si-PPP anode can
deliver up to 1820 mA h g−1 after 200 cycles and can still retain
1600 mA h g−1 even after 400 cycles. At the same time, the
coulombic efficiency kept stably at >99% at the prolonged
cycles. Similar results are duplicated by another cell.
This Si-PPP electrode has demonstrated not only high

reversible capacity and superior cyclability, but also excellent
rate capability. As shown in Figure 5, the Si-PPP electrode
delivers reversible capacities of 3022 mA h g−1 at 300 mA g−1,
2841 mA h g−1 at 3 A g−1, and 2415 mA h g−1 at 6.0 A g−1.
Even at very high rates of 12 and 16 A g−1, the electrode can
still deliver considerably high reversible capacities of 2079 and
1670 mA h g−1. In contrast, the pristine nano-Si anode shows a
relatively poor rate capability only with a capacity of ∼2000 mA
h g−1 even at a moderate rate of 3 A h g−1 (see Figure S4 in the
Supporting Information). This comparison demonstrates that

the PPP shell can greatly enhance the rate capability of the
nano-Si particles.
The above-presented results clearly demonstrate that the

PPP matrix can greatly enhance the electrochemical perform-
ance of the nano-Si particles, especially rate capability and long-
term cyclability. The enhancing mechanism of the PPP matrix
on the nano-Si core may arise from several factors: firstly, the
PPP shell can effectively accommodate the volume change and
prevent the aggregation of the active Si particles, and therefore
increase the mechanical integrity of the electrode. This is
confirmed by the TEM image of the Si particle after 20 cycles
(see Figure S5 in the Supporting Information). Compared to
the uncycled Si particle, the TEM image of the nano-Si after
cycling did not show any distinguishable change in morphology
and particle size. This structural and morphological stability is
no doubt a main cause for the cycling stability of the Si-PPP
composite Secondly, the PPP matrix is virtually Li+- trans-
portable with n-doping activity at more negative potentials, thus
enabling Li+ ions and electrons to arrive at all the nanodomains
in the electrode for the alloying reaction. Finally, the PPP shell
can separate the nano-Si cores from contact with electrolyte,
considerably avoiding the destruction and reconstruction of the
SEI film on the Si surface during cycling. To verify this effect,
the electrochemical impedance spectra (EIS) of the Si-PPP
electrode at different cycles were measured (see Figure S6 in
the Supporting Information). As can be seen, the diameter of
the semi-circle at the high frequency region, representing the
impedance of SEI film, almost remains unchanged during
cycling, indicating the stability of the SEI film on the nano-Si
surface. Therefore, the stable Si/PPP interfaces are possibly a
critical cause for the long-term cyclability of the material.
On the basis of the above results, it seems that a stable

electrochemical interface on the nano-Si particles could be
established by embedding them into a Li+-dopable polymer,
which provides a fast Li+ channel for the Li−Si alloy reaction
and prevents the contact of electrolyte with the Si surface, thus
enabling high capacity utilization, high rate capability, and long-
term cycling stability of the Si/polymer composites.

■ CONCLUSIONS
In summary, we propose a new strategy to construct a cycle-
stable Si anode by embedding the nano-Si particles into a Li+-
conductive polymer matrix to prevent the contact of the nano-
Si surface with electrolyte, thus suppressing the continual
rupturing-reformation of SEI film on the Si surfaces. The thus-
prepared Si/PPP composites demonstrated a high capacity of
3184 mA h g−1, a high rate capability of 16 A g−1, and a long-

Figure 4. Cycling performance and coulombic efficiency of the pristine
nano-silicon and Si-PPP composite electrodes. All the electrodes were
cycled at 300 mA g−1 for the first cycle, 1500 mA g−1 for the second
cycle, and 3000 mA g−1 for the later cycles.

Figure 5. Charge−discharge curves of the Si-PPP composite electrode
at various rates from 300 mA g−1 to 16000 mA g−1.
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term cyclability with 60% capacity retention over >400 cycles,
which exceed greatly the electrochemical performances of
conventional Si anodes. In addition, the synthetic route
developed in this work is facile and easily extendable to other
Li-storable metals or alloys for development of advanced anode
materials of Li-ion batteries.
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