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Silicon, with advantages such as high theoretical capacity and relatively low working potential, has been

regarded as promising when it is used for lithium-ion battery anodes. However, its practical application is

impeded by the intrinsic low electrical conductivity and the dramatic volume change during the

lithiation/delithiation process, which leads to a rapid capacity fading of the electrode. In this regard, we

design silicon nanoparticles homogeneously coated with a phenolic resin-based carbon layer as a core–

shell nanocomposite via a facile self-assembly method followed by carbonization. The surrounding

carbon shell, confirmed by transmission electron microscopy and Raman spectroscopy, is not only

beneficial to the formation of a stable solid electrolyte interface film, but the electrical conductivity of

the electrode is also enhanced. A high and stable specific capacity of nearly 1000 mA h g�1 is achieved

at C/3 after 200 cycles with a coulombic efficiency of >99.6%. The entire synthesis process is quite

simple and easy to scale up, thus having great potential for commercial applications.
1 Introduction

Lithium-ion batteries (LIBs) with high energy density and long
cycle life have been widely used in the past few decades as
efficient electrochemical energy storage devices in the elds of
portable electronic products and electric vehicles.1,2 However,
with the increasing demands on LIBs such as higher energy
density, higher power density and longer cycling life, the
performance of the current LIBs, especially those applied in
electric vehicles, is no longer satisfactory.2–5 For this purpose,
silicon (Si), which is well-known for its signicantly high theo-
retical capacity of 4200 mA h g�1 and a relatively low working
potential of less than 0.5 V (vs. Li/Li+), has been considered as
the most promising anode material for next-generation LIBs.6–9

Nevertheless, the practical application of silicon-based mate-
rials is restricted by two main problems: (1) the intrinsic low
electrical conductivity of silicon; (2) the dramatic volume
change (�300%) of silicon during the Li-ion insertion/
extraction process.7,10–12 Such volume change seriously causes
structural pulverization, and the electrical contact is lost as well.
The anode materials are constantly exposed to the electrolyte
during cycling, leading to the continuous formation of the solid
electrolyte interface (SEI) layer.13–15 As a result, the cycling
performance of the battery degrades fast.
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To overcome the aforementioned problems, numerous
approaches have been explored. Among various solutions, the
utilization of nanostructured silicon materials, including
nanoparticles,16,17 nanospheres,18,19 nanotubes,20 nanowires21

and nanosheets,22 has proven to be effective, as the nanoscale
materials could alleviate the mechanical stresses due to the
volume change and offer a fast electronic and ionic conduction
pathway. Furthermore, covering silicon materials with
a protective layer such as carbon materials23–27 or metal
oxides28–31 is also considered to be a useful method. Such
coating can protect silicon particles from being directly exposed
to the electrolyte and limit the side reaction. For example,
Sourice et al.32 synthesized carbon-covered silicon nanoparticles
through a one-step laser pyrolysis process with two stages. The
electrode based on such material exhibited a high capacity of
2400 mA h g�1 at C/10. However, the gaseous silicon source
(SiH4) was highly toxic and inammable, which would
substantially increase the manufacturing costs. Bai et al.30

coated silicon nanospheres with titanium dioxide (TiO2) by
atomic layer deposition (ALD). A high specic charge capacity of
1580.3 mA h g�1 was achieved at C/10 aer 50 cycles. Although
the electrode exhibited a superior electrochemical performance,
the manufacturing process using ALD technique was expensive,
and the electrical conductivity was still relatively low caused by
the TiO2 layer. Recently, many researchers have laid great
emphasis on silicon nanostructure with void spaces, including
porous silicon,33,34 hollow silicon31 and yolk–shell struc-
tures.35–37 Such constructions do improve the electrode proper-
ties, as the void spaces can effectively buffer the volume
RSC Adv., 2018, 8, 3477–3482 | 3477
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expansion of silicon during lithiation process. Nonetheless, the
introduction of void space is usually realized by using
a hazardous hydrouoric acid (HF), and the fabricating process
becomes more complex as well. Meanwhile, the compacted
density of the electrode will also be negatively affected.

Herein, we report a facile solvent evaporation induced self-
assembly method followed by carbonization process for
preparing a carbon-coated silicon core–shell nanocomposite as
a kind of anode material for LIBs. The phenolic resin-based
carbon shell can not only accommodate the large volume
change of silicon but also isolate the inner silicon core from
electrolyte. By having formed a stable SEI layer, the cycling
stability of the electrode is improved. At the same time, the
electrical conductivity is strengthened by the carbon coating. As
a consequence, the well-designed Si@C core–shell nano-
composite exhibits an outstanding specic capacity of
1107.5 mA h g�1 at C/3 over 50 cycles and nearly 1000 mA h g�1

aer 200 cycles with a high coulombic efficiency of >99.6%, as
well as a good rate capability. Moreover, the synthesis process of
such material is quite simple and facile for large-scale produc-
tion with low cost, which has an advantage in the commercial
applications of next-generation LIBs.
2 Experimental
2.1 Synthesis of Si@C core–shell nanocomposite

The commercial silicon nanoparticles (Si NPs), which have
a diameter of around 100 nm on average, were purchased from
MTI Corporation. An ethanol-soluble phenolic resin with a low
molecular weight, which was synthesized with phenol and
formaldehyde via a simple polymerization method, was
prepared for the subsequent coating process.38 For a typical
preparation of carbon-coated silicon material (named as Si@C-
2), 2 g commercial silicon nanoparticles were added into
100 mL ethanol and treated by ultrasonic wave for 1 h to be fully
dispersed. 0.5 g resin, which had been dissolved in 50 mL
ethanol in advance, was then added into the silicon suspension,
followed by continuous stirring at room temperature for 4 h.
Subsequently, the ethanol as the solvent in the suspension was
evaporated by using a vacuum rotary evaporator at 100 �C for
2 h. The as-obtained Si@resin core–shell nanoparticles were
nally calcinated in a tube furnace under nitrogen atmosphere
at 700 �C for 2 h. The heating rate was set at 5 �C min�1. For
comparison, different amount of phenolic resin was added (e.g.,
0.35 g and 1 g resin) under the same condition as described
above to coat silicon nanoparticles with different thickness
(named as Si@C-1 and Si@C-3, respectively).
Fig. 1 Schematic illustration of Si@C core–shell nanocomposite.
2.2 Physical characterization

Several instruments were utilized to examine the morphology of
the samples, as well as their structure. Transmission electron
microscopy (TEM) analysis was carried out by a transmission
electron microscope (FEI Tecnai T20, USA). To prepare the
samples for TEM measurement, the powdered nanocomposite
was fully dispersed in ethanol via ultrasonic wave and then
dried on a copper grid. X-ray diffraction (XRD) patterns were
3478 | RSC Adv., 2018, 8, 3477–3482
obtained by a diffractometer (Bruker D8 Advance, Germany)
using Cu Ka radiation. Raman spectra were tested through
a Raman spectrometer (Bruker Optics Senterra R200-L, Ger-
many) with a He–Ne laser wavelength of 632.8 nm. The thermal
properties of the samples were characterized by using a ther-
mogravimetric analyzer (Netzsch STA449C, Germany) from
room temperature to 900 �C in air with a heating rate of
10 �C min�1.
2.3 Electrochemical characterization

For the fabrication of working electrodes, 70 wt% of active
material was mixed with 10 wt% of Super P (Kejing Star), 5 wt%
of graphite (Shanshan Technology) and 15 wt% of sodium
alginate (Sinopharm Chemical) in deionized water. The well-
mixed slurry was then pasted onto a copper foil by using
a doctor blade, which was 200 mm thick. Aer drying the ob-
tained lm in an oven at 70 �C for 3 h, it was cut into discs with
a diameter of 12 mm, followed by being thoroughly dried in
a vacuum oven at 80 �C overnight. The mass loading of active
material was about 1.7 mg cm�2. CR2032-type coin cells were
assembled in MBraun glove box under argon atmosphere, using
lithium foil as both the counter and reference electrode and
Celgard 2325 separator lm. In preparation for the electrolyte,
1.0 M LiPF6 (Tinci Materials) was dissolved in dimethyl
carbonate (DMC) and uoroethylene carbonate (FEC), which
had a volume ratio of 4 : 1. The galvanostatic charge/discharge
cycling test was conducted at 0.01–1.0 V (vs. Li/Li+) at room
temperature with Land test system. Cyclic voltammetry (CV)
measurements were performed at 0.01–1.0 V (vs. Li/Li+) with
scanning rate of 0.1 mV s�1, using an electrochemical station
(CHI 660E, Shanghai). Electrochemical impedance spectros-
copy (EIS) was tested from 100 kHz to 0.01 Hz with AC ampli-
tude of 5 mV.
3 Results and discussion

The schematic illustration of the synthesis process for fabri-
cating Si@C core–shell nanocomposite is presented in Fig. 1. In
the rst step, commercially available silicon nanoparticles are
coated with a low-molecular-weight phenolic resin via a solvent
evaporation induced self-assembly method. In this process, the
native oxide layer on the surface of the silicon nanoparticles
could strongly interacts with the resin via the formation of
hydrogen bonds, since such phenolic resin has plenty of
hydroxyl groups (–OH).39,40 For this reason, the resin could be
homogeneously coated on the silicon surface during the
This journal is © The Royal Society of Chemistry 2018
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evaporation of ethanol. Secondly, the Si@resin core–shell
nanoparticles are carbonized under nitrogen atmosphere to
form a carbon shell outside the silicon core. Therefore, the
whole two synthesis procedures are quite facile and easy to scale
up, which has great potential for low-cost commercial
applications.

As can be seen in the TEM images in Fig. 2, the micro-
structure of Si@C core–shell nanocomposite can be clearly
observed. The average diameter of the pristine commercial
silicon nanoparticles is around 100 nm, while a uniform carbon
layer, which is less than 10 nm thick, is homogeneously formed
surrounding the silicon core. With an increasing adding
amount of the phenolic resin during the fabricating process
(0.35, 0.5 and 1 g resin for Si@C-1, Si@C-2 and Si@C-3,
respectively), the thickness of the carbon coating layer
increases accordingly.

Fig. 3a shows the XRD patterns of Si@C core–shell nano-
composite and the silicon nanoparticles. For all the carbon-
coated silicon samples, ve distinct diffraction peaks can be
observed at 28.4, 47.3, 56.1, 69.1 and 76.4�, which are matched
well with the pristine silicon corresponding to the (111), (220),
(311), (400) and (331) plane, respectively (JCPDS no. 65-1060).
Additionally, no other peaks are visible, indicating that the
carbon coating layer is very thin and has little inuence on the
silicon structure. Fig. 3b displays the Raman spectra of different
samples, revealing the characteristics of the carbon layer. Two
carbon peaks located at about 1340 and 1590 cm�1 are respec-
tively related to the disorder-induced D band and graphitic G
band of carbon. The intensity ratio of ID/IG is around 0.9, sug-
gesting an amorphous carbon layer with a poor graphitization
degree in such core–shell structure. In addition, the intensity of
the silicon characteristic peaks at around 515 cm�1 decreases
Fig. 2 TEM images of (a) Si@C-1, (b) Si@C-2 and (c) Si@C-3 materials.
(d) HRTEM image of the Si@C-2 material.

Fig. 3 (a) XRD patterns, (b) Raman spectra and (c) TGA curves of
various samples.

This journal is © The Royal Society of Chemistry 2018
dramatically, which demonstrates that the silicon nanoparticles
are well encapsulated in the carbon frameworks.41,42 Moreover,
the silicon contents in the three samples are measured by
thermogravimetric analysis (TGA). As shown in Fig. 3c, the main
loss of weight occurring at 400–650 �C is attributed to the
carbon combustion. When the temperature continues climbing,
there occurs a slight weight increase due to the oxidation of
silicon, which can be conrmed by the curve of the pure
silicon sample. According to the remaining weight in the
RSC Adv., 2018, 8, 3477–3482 | 3479
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thermogravimetric curves, the mass percentages of silicon are
determined to be 90.1, 86.3 and 83.9 wt% for Si@C-1, Si@C-2
and Si@C-3, respectively, which corresponds to the increasing
adding amount of the phenolic resin.

To characterize the electrochemical properties of the Si@C
core–shell nanocomposite electrodes, cyclic voltammetry (CV)
measurements are rst obtained at 0.01–1.0 V (vs. Li/Li+), as
exhibited in Fig. 4a. The cathodic peak at about 0.2 V during
lithiation process, which does not occur in the rst cycle,
indicates the evolution of silicon from crystalline structure to
amorphous one. The two anodic peaks at around 0.36 and
0.53 V could be ascribed to the delithiation of the lithium–

silicon alloy.43 Meanwhile, it can be seen that the intensity of the
two peaks increases in the second cycle, which is due to the
activation process in the initial cycles. Fig. 4b displays voltage
proles of the as-prepared electrode at typical cycles at C/20 rate
for the rst cycle and C/3 for the rest of the cycles (1C ¼
1.4 A g�1). A distinct and long plateau prole occurs at about
0.1 V in the rst lithiation process, which is in accordance with
the alloying behavior of crystalline silicon.44–47 The initial
discharge and charge specic capacity achieve 2282.8 and
1523.2 mA h g�1 respectively, meaning an initial CE of 66.7%
due to the formation of SEI lm as well as lithium ions irre-
versibly intercalating into silicon and amorphous carbon. It
should be noted that no obvious change can be observed in later
cycles, which suggests a stable performance of the electrode.

The galvanostatic charge/discharge cycling test is also per-
formed between 0.01 and 1.0 V at C/20 for the rst cycle and C/3
for the rest. The cycling performances of various electrodes
based on the silicon nanoparticles and Si@C core–shell nano-
composite with different silicon contents are under consider-
ation. As displayed in Fig. 5a, the pure silicon electrode delivers
a high initial discharge capacity of 2823.6 mA h g�1, but expe-
riences a fast capacity fading (<200 mA h g�1 aer 20 cycles),
which is ascribed to the large volume change of silicon during
lithiation/delithiation process. For the Si@C-2 material with
a silicon content of 86.3 wt%, a superior reversible specic
capacity of 1107.5 mA h g�1 is achieved over 50 cycles. The
Fig. 4 (a) CV curves of the Si@C-2 electrode. (b) Voltage profiles of the S
10th, 50th, 100th and 200th cycles.

3480 | RSC Adv., 2018, 8, 3477–3482
results indicate that the carbon coating layer, which is derived
from phenolic resin, could effectively buffer the volume
expansion of silicon and relax the internal stress, thus
tremendously improving the cycling stability of the electrode.
However, compared with Si@C-2, both the Si@C-1 and Si@C-3
electrodes obtain a relatively lower capacity. On one hand, if the
carbon shell is not thick enough, it will fail to bear the
mechanical stresses and start to break up during cycling,
exposing the active material to the electrolyte. On the other
hand, an excessive amount of carbon content could negatively
affect the capacity of the nanocomposite electrode due to the
low lithium storage capacity of hard carbon. Meanwhile, with
an increasing thickness of carbon coating layer, the toughness
of the carbon shell decreases, which may lead to the destruc-
tion of the electrode structure. Further, the cycling perfor-
mance of Si@C-2 electrode in the long term is exhibited in
Fig. 5b. Aer experiencing a slight increase in capacity at early
cycles due to the electrochemical activation process, the
carbon-coated silicon anode delivers a high reversible capacity
of nearly 1000 mA h g�1 over 200 cycles, which is almost three
times the theoretical specic capacity of graphite
(372 mA h g�1). In addition, the CE rises to 96.9% aer the rst
cycle and stabilizes at more than 99.6% during the long-term
cycles, indicating that such carbon frameworks also benet
the formation of a stable SEI layer and the restraint of the side
reaction from electrolyte.

To further investigate the rate performance of Si@C core–
shell nanocomposite electrode, the rate capability of the three
samples is measured with different current densities, which can
be seen in Fig. 6. The discharge specic capacity of Si@C-2
electrode varies from 1507.8 to 482.3 mA h g�1 with a rising
rate from C/10 to 2C, respectively, demonstrating a descending
trend. Remarkably, when the C-rate returns to C/10, a capacity
of 1513 mA h g�1 could still be achieved, revealing a good
recovery of the electrode aer charging/discharging at high
current densities. This could be attributed to the stable SEI layer
outside the core–shell nanocomposite and the enhancement of
electrical conductivity caused by the carbon frameworks.
i@C-2 electrode at a rate of C/20 for the first cycle and C/3 for the 2nd,

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Discharge capacities of the electrodes based on Si@C-1, Si@C-2, Si@C-3 materials and silicon nanoparticles for 50 cycles. (b) Charge/
discharge profiles and coulombic efficiency of the Si@C-2 electrode at a rate of C/20 for the first cycle and C/3 for later cycles.

Fig. 6 Rate capabilities of Si@C-1, Si@C-2 and Si@C-3 electrodes at
various C-rates.
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Fig. 7 shows the electrochemical impedance spectroscopy
(EIS) illustrated via Nyquist plots within the frequency range
between 100 kHz and 0.01 Hz. An appropriate equivalent circuit
Fig. 7 Nyquist plots of the different electrodes after 10 cycles and the
equivalent circuit.

This journal is © The Royal Society of Chemistry 2018
is also used for the impedance analysis through some kinetic
parameters. According to the tting results, the ohmic resis-
tance (RS) from the cell components, separator and electrolyte is
around 3.0 U among the three samples, which indicates a good
condition of the cells. More importantly, with an increasing
carbon content of the three electrodes, the charge transfer
resistance (Rct) decreases correspondingly, respectively with
42.9, 8.01 and 4.81 U. The improvement of the electron transfer
kinetics is undoubted, as the surrounding carbon shell does
play a critical role in raising the electronic conductivity.
4 Conclusions

In summary, a carbon-coated silicon core–shell nanocomposite
has been developed through a facile self-assembly method and
a subsequent carbonization process. By effectively solving the
main problems of the silicon materials, the Si@C core–shell
nanocomposite electrode exhibits a much better cycling
performance than the pure silicon electrode. With the original
adding amount of silicon nanoparticles and phenolic resin at
the mass ratio of 4 : 1 and a silicon content of about 86 wt%
aer carbonization, the Si@C-2 electrode delivers the optimal
electrochemical performance of 1107.5 mA h g�1 at C/3 over 50
cycles and nearly 1000 mA h g�1 over 200 cycles with CE of more
than 99.6%. Furthermore, our synthesis process is quite simple
and scalable, presenting a promising route to fabricate the
silicon-based anode materials for LIBs.
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