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ABSTRACT: A novel approach to fabricate Si@carbon/reduced graphene
oxides composite (Si@C/RGO) assisted by polyaniline (PANI) is
developed. Here, PANI not only serves as “glue” to combine Si
nanoparticles with graphene oxides through electrostatic attraction but
also can be pyrolyzed as carbon layer coated on Si particles during
subsequent annealing treatment. The assembled composite delivers high
reversible capacity of 1121 mAh g™' at a current density of 0.9 A g~' over
230 cycles with improved initial Coulombic efficiency of 81.1%, while the
bare Si and Si@carbon only retain specific capacity of 50 and 495 mAh g~
at 0.3 A g after S0 cycles, respectively. The enhanced electrochemical
performance of Si@C/RGO can be attributed to the dual protection of
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carbon layer and graphene sheets, which are synergistically capable of overcoming the drawbacks of inner Si particles such as
huge volume change and low conductivity and providing protective and conductive matrix to buffer the volume variation, prevent
the Si particles from aggregating, enhance the conductivity, and stabilize the solid—electrolyte interface membrane during cycling.
Importantly, this method opens a novel, universal graphene coating strategy, which can be extended to other fascinating anode

and cathode materials.
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B INTRODUCTION

Silicon (Si) has been considered as the promising anode
material for lithium-ion battery due to its highest theoretical
gravimetric capacity (3579 mAh g™'), low discharging potential
(<0.5 V vs Li/Li*), relatively abundant resource on the earth,
and eco-friendly properties.l’2 However, practical application of
Si-based anodes is seriously restricted by the low intrinsic
electric conductivity and huge volume change (over 270%)
during lithium ion insertion/extraction process, which directly
results in the pulverization of anode structure, unstable growth
of solid—electrolyte interface (SEI), and thus rapid capacity
degradation.>*

Graphene, as one kind of two-dimensional (2D) materials
with excellent mechanical properties and conductive network,
has been extensively studied to combine with Si materials.>®
These unique advantages enable the graphene-based composite
to accommodate the volume change and improve the
conductivity.”® Recently, several efforts have been made to
fabricate Si and graphene composites that exhibit enhanced
electrochemical performance. For example, Cao et al. fabricated
Si/graphene composite through self-assembly of NH,-termi-
nated Si nanowires and graphene oxides, which exhibits high
capacity retention of 1335 mAh g™ after 80 cycles at 0.2 A g™’

the synthesized composite shows a reversible capacity of 1205
mAh g over 150 cycles at 0.1 A g™*."°

Yet, open channels, constructed by the simple combination
of Si nanoparticles with graphene sheets, allow the direct
contact of Si with the electrolyte, which results in side reaction
and formation of unstable SEI membrane."" To address these
issues, the way to coat carbon on Si has been proved to be an
efficient method to avoid the direct contact of Si and
electrolyte, because carbon layer plays a vital role in stabilizing
SEI films and suppressing the a§%regation of Si during repeated
lithiation/delithiation process.'>"?

In this study, to make full use of the merits of graphene and
carbon additives, we developed a novel strategy to fabricate Si@
carbon/reduced graphene oxides composite (Si@C/RGO) by
covering Si particles with carbon and graphene assisted by
polyaniline (PANI), as shown in Scheme 1. First, PANI was
coated on as-synthesized Si particles through oxidative
polymerization in situ, which distributed positive charge on
the surface of Si particles. Then, the positively charged
intermediate was assembled with negatively charged GOs
through electrostatic interaction, where PANI served as “glue”
to bind Si with GO sheets tightly. Finally, heat-treatment was
conducted to reduce GO as RGO and pyrolyze deposited PANI
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Scheme 1. Schematic Picture of the Synthesis Route of Si@C/RGO“
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Figure 1. (a) X-ray diffraction patterns and (b) Raman spectra of as-synthesized Si, Si@C, and Si@C/RGO.

as carbon layer on Si surface, which makes the Si particles in the
composite get dual protection. As an anode material for
rechargeable lithium-ion batteries, the Si@C/RGO composite
delivers a reversible capacity of 1121 mAh g' at 0.9 A g™ " after
230 cycles, with improved initial Coulombic efficiency of
81.1%, while the bare Si and Si@C retain a negligible capacity
of 50 and 495 mAh g~ ' after SO cycles, with initial Coulombic
efficiency of 56.2% and 72.3%, respectively. The enhanced
performance of Si@C/RGO could be attributed to this unique
structure, which is beneficial for buffering the volume variation,
accelerating electron transfer, suppressing Si particles aggregat-
ing, and stabilizing the SEI films.

B EXPERIMENTAL SECTION

All the reagents used here are of analytical grade without further
purification.

Preparation of Si.
magnesiothermic reduction of commercial silica, as shown in eq
Magnesium (Mg) and silica (with a molar ration of 2 to 1) were mixed
uniformly and maintained temperature at 650 °C for 10 h in stainless
steel autoclave. The product was collected and washed with diluted
hydrochloric acid, distilled water, and absolute ethanol several times.
The residual silicon oxides were removed by soaking the product in
ethanol-based hydrofluoric acid for 3 h.

Silicon was prepared through a typical
114

2Mg + SiO, < 2MgO + Si (1)

Fabrication of Si@C/RGO. The Si@C/RGO composite was
fabricated by three steps, as shown in Scheme 1. First, Si@PANI
composite was obtained by oxidization polymerization in situ."® In a
typical experiment, 70 mg of Si and 0.15 g of aniline were added into
1S mL of distilled water. And then the pH of the suspension was
adjusted to 1 by adding a few drops of concentrated hydrochloric acid
(denoted as suspension A). After ultrasonication for 0.5 h, ammonium
persulfate solution (0.090 g in S mL of water) was added to
suspension A as oxidant to start the polymerization. Then the mixed
suspension was stirred overnight in ice bath. Upon polymerization, the
color of suspension changed from brown to dark green, indicating the
formation of the PANI coating on Si, as shown in Supporting
Information, Figure S1. Second, the obtained Si@PANI was
redispersed in 100 mL of distilled water through ultrasonic dispersion.
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Then 35 mL of 0.8 mg mL™" graphene oxide (GO) suspension was
added. The GO suspension was prepared with modified Hummer’s
method, details in Supporting Information. After the suspension was
vigorously stirred for 1 h, the resultant SI@PANI/GO was collected by
centrifuging at 3000 rpm. Finally, Si@C/RGO was obtained by
annealing treatment of the preassembled composite at 600 °C for 2 h
under argon atmosphere. On the basis of the yield value, the
percentage of Si in the composite was about 70%, calculated by the
average yield value of a few times of experiments. As a contrast sample,
Si@C composite was fabricated following the similar procedure
without adding GO.

Structural Characterization. The morphology and structure of
these samples in this work were characterized by X-ray diffraction
(Philips X'Pert Super diffractometer with Cu Ka radiation (1 =
1.54178 A)), Raman spectrometer (Lab-RAM HR UV/vis/NIR),
scanning electron microscopy (SEM) (JSM-6700F), Fourier trans-
formed infrared spectroscopy (FTIR, Hyperion 3000), and trans-
mission electron microscopy (TEM) (JEOL-2010).

Electrochemical Measurements. Half-cell tests were conducted
using two electrode coin-type cells (CR2016) with pure Li metal foil
as counter and reference electrode. For preparing working electrode, a
slurry mixture of as-prepared active materials, super P, and
carboxymethylcellulose sodium (CMC-Na) at a weight ratio of
70:25:5, was coated on copper foil (99.9%). A solution of 1 M
LiPF in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1
in volume ratio) served as electrolyte. The cells were assembled in an
argon-filled glovebox. Note that we adopted a copper foil with
diameter size of 12 mm and pasted the slurry with the thickness of 150
um and the mass of 2.0 mg approximately. Galvanostatic charge/
discharge measurements were carried out on a LAND-CT2001A
instrument with a fixed voltage range of 0.01-1.5 V (vs Li/Li").
Unless otherwise noted, charge/discharge rate and specific capacity
were calculated based on the total mass of active materials. Cyclic
voltammetry (CV) was performed on electrochemical workstation
(CHI660D), with a scanning rate of 0.2 mV s™'
Electrochemical impedance spectroscopy (EIS) was also measured
with an electrochemical workstation (CHI660D) by applying an
alternating current (AC) voltage of S mV in the frequency range from
100 kHz to 0.1 Hz.

at room temperature.
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Figure 2. Scanning electron microscopy (SEM) images of (a) Si nanoparticles, (b) Si@PANI, (d) Si@C, (e) Si@C/RGO, (f) enlarged image of Si@

C/RGO. (c) FTIR spectrum for Si@PANI composite.

a

Figure 3. Transmission electron microscopy (TEM) and the corresponding elemental mapping pictures of (a—c) Si@C and (d—f) Si@C/RGO

composite, respectively.

B RESULTS AND DISCUSSION

Figure 1a shows the X-ray diffraction patterns of bare Si, Si@C,
and Si@C/RGO. In all three samples, the major diffraction
peaks of 28.5, 47.5, and 56.3° can be indexed to lattice plane of
(111), (220), and (311) of well-crystallized silicon, respec-
tively.'®'” The typical Raman spectrum of bare Si, Si@C, and
Si@C/RGO are exhibited in Figure 1b. The strong peak at
~51S cm™’, representing silicon, as well as Raman secondary
diffraction peaks, are clearly present in Si, Si@C, and Si@C/
RGO samples.'® And these peaks at 1340 and 1584 cm™ of
Si@C and Si@C/RGO are named as D band and G band of
graphite, respectively. The D band (~1340 cm™) is associated
with the vibration of carbon atoms with dangling bonds in-
plane terminations of disordered graphite. The G band (~1584
cm™") is assigned to an E,; vibration mode of graphite and is
related to the vibration of sp*-bonded carbon atoms in a 2D
hexagonal lattice."” Tt is reasonable to conclude that heating
treatment has made the PANI pyrolyzed as carbon layer.”’

411

Compared with Si@C, the intensity ratio of D and G band of
Si@C/RGO is significantly improved, which mainly results
from RGO.

The morphology of the prepared samples is first elucidated
by scanning electron microscope (SEM). Figure 2a exhibits the
SEM image of as-prepared Si, which are irregular nanoparticles
with a size of ~100 nm. The SEM image of Si@PANI
composite is presented in Figure 2b. Si nanoparticles are
covered by shaggy PANI, and no independent Si particles can
be found. It is reasonable to suppose that Si nanoparticles,
aniline, and ammonium persulfate were evenly dispersed in the
aqueous suspension, and the negatively charged Si surface was
utilized as substrate for the growth of PANIL After polymer-
ization, the Si surface was completely covered with positive
charge, which offers a bridge to coalesce negatively charged GO
with Si through electrostatic interaction.'””" Figure 2c shows
the FTIR spectrum of Si@PANI composite, which contains a
group of typical bands of PANI, namely, C=C stretching of

the quinonoid ring and benzenoid ring at 1561 and 1475 cm ™,

dx.doi.org/10.1021/am506404b | ACS Appl. Mater. Interfaces 2015, 7, 409—414
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respectively, C—N stretching of secondary aromatic amines at
1298 cm™', and C—H bending of the benzenoid ringZ and the
quinonoid ring at 1235 and 1123 cm™!, respectively.”** And
the peak located at 799 cm™' represents the symmetrical
stretching vibration of Si—O, because the Si atoms on the
particle surface were oxidized in the air.

Figure 2d shows the SEM image of Si@C. What we can
observe only is the rough surface, which keeps similar to the
morphology of initial PANI coated on Si particles. And the
corresponding TEM image is presented in the inset; a clear
carbon layer coated on Si particles is detected. Figure 2e shows
the SEM picture of Si@C/RGO, compared with Si@C, the
rough surface is replaced by smooth and undulating surface
because a large amount of RGO sheets enwrap the Si@C cores
completely through aforementioned procedure. Figure 2f shows
the magnified SEM image of Si@C/RGO; clearly, the Si
nanoparticles with irregular structure are encapsulated into
some pieces of RGO sheets.

In addition, the Si@C and Si@C/RGO composites are
analyzed by TEM and corresponding elemental mapping with
regard to the distribution of Si and C elements, as shown in
Figure 3. Figure 3a—c exhibits that the Si particles are uniformly
covered by pyrolytic carbon layer with several nanometers,
which demonstrates the well deposition of PANI on the surface
of Si particles. After the composite was assembled with
graphene, the clear distribution of C and Si elementals, as
shown Figure 3d—f, further confirms the encapsulation of Si in
graphene sheets.

To further disclose electrochemical properties, the fabricated
composites are characterized using half cells with a Li foil as the
counter electrode. Figure 4 shows the typical cyclic
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Figure 4. Cyclic voltammetry curves of the Si@C/RGO electrode of
first, third, and fifth cycles.

voltammetry (CV) curves of the Si@C/RGO composite of
first, third and fifth cycles in the potential window of 0.01—-1.5
V (vs Li/Li*). In the cathodic part of first cycle, a peak at 1.16 V
is ascribed to the formation of SEI, which disappears in the
followin% cycles and, hence, results in the initial irreversible
capacity.”** The sharp peak located below 0.1 V represents the
alloy reaction of lithium ion and crystallized Si. In the
subsequent cycles, the cathodic peak at 0.1 V is replaced by
the peak at 0.17 V, because of the amorphization process of
crystalline Si during the initial lithiation process.”* The anodic
part displays predominant peak at 0.52 V of first, third, and fifth
cycles, which is attributed to the dealloyinsg reaction of Li—Si
alloy and the formation of amorphous Si.>**¢
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Figure Sa exhibits the first discharge—charge voltage profiles
of three different electrodes with a current density of 0.3 A g™/,
between voltage limits of 0.01—1.5 V (vs Li/Li*). Si particles,
Si@C and Si@C/RGO electrodes deliver first discharge
capacity of 3030, 2798, and 2011 mAh g!, respectively.
Notably, the discharge potential plateaus of these three
electrodes are overlapped at near 0.1 V, which agrees well
with the lithiation process of crystallized Si.”*” Therefore, it is
reasonable to speculate that the discharge capacity of the
composites are mainly provided by Si, and the carbon or
graphene content result in distinct reduction of the discharge
capacity. The first charge capacity of Si nanoparticles, Si@C,
and Si@C/RGO electrodes are 1703, 2023, and 1630 mAh gfl.
The corresponding irreversible capacity, caused by inevitable
formation of SEI and side reactions between lithium ion and
electrolyte,”® is obviously reduced after assembled with carbon
and graphene sheets gradually. Meanwhile, the initial
Coulombic efficiency increases from 56.2% of Si to 72.3% of
Si@C remarkably, and further up to 81.1% of Si@C/RGO
electrodes, implying that the carbon layer and graphene
overcoat are efficient to stabilize the SEI membrane and
suppress the side reaction.'>*

Figure 5b exhibits the discharge—charge curves of Si@C/
RGO electrode from fifth to 200th cycles at a current density of
0.9 A g™'. The first discharge potential plateau of Si@C/RGO
shown in Figure Sa is replaced by a group of sloping curves,
mainly because of the amorphization process of crystallized Si
nanoparticles during the first cycle, which is consistent with the
CV results.’>*! From fifth to 200th cycles, the discharge curves
are superimposed closely, manifesting the good reversible
electrochemical reaction between lithium ion and Si@C/RGO
electrode.

Furthermore, the cycling behavior of Si nanoparticles, Si@C,
and Si@C/RGO composites is evaluated by galvanostatic
discharge—charge measurements, as shown in Figure Sc.
Clearly, the cycling performance of Si@C/RGO composite is
superior to that of bare Si nanoparticles and Si@C composite.
Although the highest initial discharge capacity, the bare Si
nanoparticles display a rapid capacity decline from over 3000 to
less than SO mAh g™' at 0.3 A g after SO cycles, because of
inherent disadvantageous properties of Si anode such as huge
volume change. After coated with carbon, the cyclability of Si@
C composite has a slight improvement and retains at ~495
mAh g~ at 0.3 A g™! after SO cycles, which is mainly due to the
advantageous carbon layer with aforementioned properties. As
for Si@C/RGO electrode, the cyclability and capacity retention
has made a distinguished progress. From sixth to 20th cycles,
the specific capacity of Si@C/RGO retains 510 mAh g™ at 3 A
g~". As the current density decreased to 0.9 A g™, the reversible
capacity keeps stable at 1121 mAh g™' even over 230 cycles,
indicating good cycling ability. Meanwhile, the corresponding
Coulombic efficiency of Si@C/RGO composite reaches to over
98% after several cycles with relatively high initial efficiency of
81.1%, which is meaningful for practical application.

In addition, Figure 5d reveals the rate capability of the Si@
C/RGO electrode at different current densities ranging from
0.5 to 20 A g". The electrode delivers the average discharge
capacities of 1226, 948, 726, 588, 548, 492, 388, 274, and 232
mA h g_1 at current densities of 0.5, 1, 2, 3.0, 4, 6, 10, 15, and
20 A g/, respectively. After the ultrahigh rate charge/discharge
cycling of 20 A g7, the specific capacity as high as 1148 mA h
g~' can be restored when the current density is returned back
to 0.5A g~', suggesting outstanding rate performance.

dx.doi.org/10.1021/am506404b | ACS Appl. Mater. Interfaces 2015, 7, 409—414
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Figure 5. (a) Initial discharge—charge voltage profiles of bare Si, Si@C, and Si@C/RGO. (b) Discharge—charge voltage profiles for Si@C/RGO of
fifth, SOth, 100th, 150th, and 200th cycles. (c) Cycling behavior of the Si, Si@C, and Si@C/RGO electrodes. (d) Rate performance of the as-
prepared Si@C/RGO composite with increasing current densities from 0.5 to 20 A g™

Figure 6 shows Nyquist plots of Si, Si@C, and Si@C/RGO
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Figure 6. Nyquist plots of the Si, Si@C, and Si@C/RGO electrodes.

electrolyte interface can be estimated b?r the diameter of the
semicircle in the high-frequency range.'” As can be seen, Si
electrode shows the highest surface layer resistance. Remark-
ably, the layer resistance of Si@C electrode is greatly reduced.
And the Si@C/RGO electrode presents the smallest surface
layer resistance among three electrodes. It is believed that the
carbon layer is helpful for improving the electron/ion transfer
during electrochemical reaction and the wrapped RGO would
further enhance the conductivity.

Compared with bare Si and Si@C, the Si@C/RGO
composite exhibits the improved initial Coulombic efficiency,
high reversible capacity, good cyclability, and rate capability.
The enhanced performance of Si@C/RGO may be attributed
to the following aspects: First, carbon layer, pyrolyzed from
polymerized PANI, serves as contact inhibitor to facilitate the
formation of stable SEI film and suppress the aggregation
among Si nanoparticles during repeated lithium ion insertion/
extraction process, which mainly results in improved initial
Coulombic efficiency. Second, the RGO sheets are robust and
flexible to accommodate the repeated volume changes of the
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inner Si nanoparticles during cycling and, thus, effectively
maintain the structural integrity, which leads to high reversible
retention and enhanced cycling stability. Moreover, carbon
layer, interconnected with wrapped RGO overcoat, forms a
continuous conductive carbonaceous network allowing for fast
electron/ion transport during cycling at relatively high current

density.

B CONCLUSION

We have developed a novel method to fabricate Si@C/RGO
composite with coated carbon and graphene on Si particles,
which can effectively overcome the intrinsic drawbacks of Si
anode such as huge volume change and low conductivity.
During this synthetic procedure, PANI is introduced as glue to
promote the combination of Si nanoparticles with graphene
through electrostatic attraction and subsequently thermally
decomposed as carbon layer coated on Si surface, which endow
the composites with dual protection of carbon and graphene. In
this unique architecture, carbon layer and graphene overcoat
synergistically provide a conductive and protective matrix to
maintain the structural and electrical integrity of the electrode,
while Si nanoparticles serve as the lithium-ion storage material
with high specific capacity. As a result, SI@C/RGO electrode
exhibits enhanced electrochemical performance with high
reversible specific capacity of 1121 mAh g™' at 0.9 A g over
230 cycles, and improved initial Coulombic efficiency of 81.1%.
This method opens up a novel coating strategy for enhanced Si-
based anode materials and can be extended to other fascinating
anode and cathode materials for next generation of lithium-ion

battery.

B ASSOCIATED CONTENT

© Supporting Information

Digital photos of Si, GO, and Si@PANI suspension, GO
synthetic procedure, and Raman spectrum of GO. This material
is available free of charge via the Internet at http://pubs.acs.org.
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