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ABSTRACT: A simple method to fabricate graphene-encapsulated pyrolyzed polyaniline-grafted Si nanoparticles has been
developed. Instead of using Si nanoparticles with a native oxide layer, HF-treated Si nanoparticles were employed in this work.
The uniqueness of this method is that, first, a PANI layer over the Si nanoparticles was formed via the surface-initiated
polymerization of aniline on the surface of aniline-functionalized Si nanoparticles; then, the PANI-grafted Si nanoparticles were
wrapped by the GO sheets via 7—7 interaction and electrostatic attraction between the GO and the PANI Finally, the GO and
PANI were pyrolyzed, and this pyrolyzed PANI layer tightly binds the graphene sheets and the Si nanoparticles together in the
composite. The composite materials exhibit better cycling stability and Coulombic efficiency as anodes in lithium ion batteries, as
compared to pure Si nanoparticles and physically mixed graphene/Si composites. After 300 cycles at a current density of 2 A/g,
the composite electrodes can still deliver a specific capacity of about 900 mAh/g, which corresponds to ~76% capacity retention.
The enhanced performance can be attributed to the absence of surface oxides, the better electronic conductivity, faster ion
diffusion rate, and the strong interaction between the graphene sheets and the tightly bound carbon-coated Si nanoparticles.
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1. INTRODUCTION

Driven by the rapidly growing field of hybrid and electric
vehicles, there is increasing demand for lithium-ion batteries
(LIBs) with high energy density, long cycle life, and low cost.
One of the most widely used anode materials in LIBs, graphite,
possesses a theoretical specific capacity of only about 370 mAh/
g, limiting the specific energy of LIBs." Recently, silicon (Si)
has been regarded as one of the most promising anode
materials for high-performance LIBs, due to its exceptionally
high specific capacity (>4200 mAh/g).”> However, Si suffers
from several issues, ie. relatively low conductivity, >300%
volume change upon lithium-ion insertion/deinsertion in Si,
and rapid capacity fade.> Among these issues, the dramatic
volume change can result in the pulverization of the Si particles,
consequently causing a loss of the electrical contact with the
conductive additives and between the Si particles, and an
unstable solid electrolyte interphase (SEI) layer.*® To over-
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come these disadvantages, various nanostructured Si materials
have been developed, including Si nanoparticles,® nanoporous
Si,’ core—shell structures,”'® Si/
carbon nanocomposites,'*~"> covalently bonded Si/carbon
nanotube composites,'® and Si conformed in a conducting
hydrogel."”

Recently, graphene/Si composite materials have been
extensively studied by encapsulating Si nanoparticles within
graphene nanosheets to create empty space to accommodate
the volume change, buffer the mechanical stress, and improve

.8 11
nanowires, nanotubes,

the electrical conductivity. Graphene/Si composites can be
prepared by drying an aqueous suspension of Si nanoparticles
and graphene oxide (GO) and then thermally reducing the
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Scheme 1. Schematic Illustration of Synthetic Procedure of Graphene/C/Si Composites
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GO."® ! The challenge of developing a uniform graphene/Si
composite lies in the Si nanoparticles tending to aggregate in
the aqueous solution, resulting in the inhomogeneous mixing of
GO and Si. Creating an oxide layer on the Si nanoparticles and
further functionalizing the Si nanoparticles to enhance their
dispersion and the interaction between GO and Si can result in
more uniform graphene/Si composites. For example, graphene-
bonded Si nanocomposites prepared using aminopropyltrie-
thoxysilane-functionalized Si nanoparticles instead of conven-
tional Si nanoparticles showed good performance as anodes in
LIBs.*> However, the SiO, layer, both an electrical insulator and
a Li" diffusion barrier, has a negative impact on the
electrochemical performance of Si-based electrodes (i.e.,
lower reversible capacity and Coulombic efficiency).*™>
Thus, the use of an oxide (i.e.,, SiO,) layer seems to create a
dilemma. On one hand, the oxide layer helps to improve the
dispersion; on the other hand, it may decrease the performance,
which hinders the preparation of uniform graphene-encapsu-
lated Si composites without a SiO, passivation layer. Here, we
report a facile route to prepare graphene-encapsulated
pyrolyzed polyaniline (PANI)-grafted Si nanoparticles without
an oxide layer, which exhibited excellent performance as LIB
anodes (i.e, improved cycling stability and Coulombic
efficiency).

2. EXPERIMENTAL SECTION

2.1. Synthesis of GO. The GO was prepared following the
procedures reported in our previous work.”® Natural graphite flakes
were preoxidized before oxidation by Hummers’ method. Two grams
of preoxidized graphite, 1 g of sodium nitrate, and 46 mL of sulfuric
acid were mixed and stirred for 15 min in a 500 mL flask immersed in
an ice bath. Then 6 g of potassium permanganate was slowly added to
the above suspension solution. After 15 min, the temperature was
heated up to 35 °C and maintained at that temperature for 30 min. A
total of 92 mL of water was then added slowly to the suspension,
causing a violent effervescence. The temperature was maintained at
about 98 °C for 30 min. The suspension was diluted by 280 mL of
water and treated with 10 mL of 30% H,O, to reduce the unreacted
potassium permanganate. Finally, the GO was washed successively
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with 1 M HCI solution and DI water by centrifugation several times to
remove residual salts and acid. The obtained graphite oxide was
sonicated to achieve a stable GO dispersion in water. Then, the GO
dispersion solution was subjected to another centrifugation at 5000
rpm for S min to remove the unexfoliated GO. The purified GO was
diluted in DI water to a concentration of 1 mg/mL.

2.2. Diazonium Functionalization of Si. Si nanoparticles (<50
nm, Alfa Aesar) were first treated with 10% HF to remove the surface
oxides under a N, atmosphere and, then, stored in an Ar-filled
glovebox before use. HF-treated Si, p-phenylenediamine, and H,SO,
were dispersed in the N,-purged DI water. The dispersion was
constantly stirred and kept in an ice bath. A solution containing
NaNO, was added dropwise into the above dispersion. The dispersion
was then vigorously stirred at room temperature for 4 h under a N,
atmosphere. The resulting aniline-functionalized Si was filtrated with a
0.025 um filter membrane, washed with DI water and ethanol, and
vacuum-dried.

2.3. In Situ Polymerization of Aniline on Functionalized Si.
The aniline-functionalized Si, aniline monomer, and HCI were
dispersed in DI water. A solution of the oxidant, (NH,),S,04
(APS), was rapidly added into the above dispersion. The mixture
was stirred for 24 h, and the product was filtered, washed, and vacuum-
dried.

2.4. Preparation of Graphene-Encapsulated Pyrolyzed PANI-
Grafted Si Nanoparticles. A GO aqueous dispersion and a PANI-
grafted Si nanoparticle dispersion were mixed, sonicated, and stirred
for 4 h. The mixture was filtrated and freeze-dried. Finally, the
graphene-encapsulated carbon-coated Si composites were yielded by
carbonization at 900 °C for 2 h at a heating rate of 2 °C/min under an
argon atmosphere.

2.5. Characterization. Raman spectra were taken by a Craic Tech
spectrometer with laser excitation at 785 nm. X-ray photoelectron
spectroscopy (XPS) was carried out on a Kratos AXIS Ultra X-ray
photoelectron spectrometer. Thermal gravimetric analysis (TGA)
curves were obtained using the TA Instrument SDT Q600. The
morphology was characterized by a Philips CM 200 transmission
electron microscope (TEM) and a Hitachi SU-70 scanning electron
microscope (SEM). The N, adsorption/desorption isotherms were
measured by a Quantachrome Autosorb-iQ analyzer at 77 K. The
Brunauer—Emmett—Teller (BET) specific surface area was calculated
using adsorption data at the relative pressure range of 0.05—0.3. The
total pore volumes were estimated from the amount adsorbed at a
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relative pressure (P/P,) of 0.99. The BJH pore size distribution was
calculated based on the desorption branch of the isotherm.

2.6. Electrode Fabrication and Electrochemical Test. The
electrochemical tests were measured in a 2016R-type coin cell. Lithium
foil was used as the counter electrode. The working electrode was
fabricated by pasting the slurry containing 70% active materials, 15%
SuperP, and 15% poly(acrylic acid) in water onto a Cu foil using the
doctor-blade method. The electrode was then dried in a vacuum oven
at 60 °C for 12 h and then assembled into the coin cell in an Ar-filled
glovebox. The mass loading of the active material on each electrode
was about 0.3 mg/ cm? The electrolyte used was 1.2 M LiPF4 in EC/
EMC (3:7 v:v), and a Celgard polypropylene membrane was used as
the separator. The galvanostatic charge/discharge tests were
performed on an Arbin battery test station. Electrochemical impedance
spectroscopy (EIS) was performed using the Solartron system (1287 +
1260).

3. RESULTS AND DISCUSSION

The strategy for uniformly encapsulating Si nanoparticles
within graphene sheets through the electrostatic self-assembly
method is depicted in Scheme 1. Si nanoparticles were first
treated with 10% HF to remove the surface oxide and create H-
terminated Si surfaces.”’ However, H-terminated Si nano-
particles are very hydrophobic and tend to form a surface oxide
layer when exposed to air. In order to achieve a good aqueous
dispersion of Si nanoparticles, H-terminated Si nanoparticles
were functionalized with aniline groups via a diazonium
reaction. Then, a thin polyaniline layer was formed over the
surface of a Si nanoparticle by the in situ polymerization of
aniline. This grafting method is similar to the surface-initiated
polymerization that has been widely used to prepare polymer
brushes on various surfaces.”*** When the GO dispersion and
the PANI-grafted Si dispersion were mixed, a uniform
dispersion was achieved. The presence of the thin PANI
coating not only prevents the aggregation of Si nanoparticles
but also has a strong interaction with GO due to the 7—x
interaction and the electrostatic attraction between GO and
PANI-grafted Si nanoparticles. Thus, the GO sheets were
tightly bounded to the PANI-grafted Si nanoparticles. Then,
these GO-wrapped PANI-grafted Si nanoparticles were heated
at 900 °C in Ar to thermally reduce the GO into graphene and
pyrolyze the PANL The final composite has the unique feature
that Si nanoparticles are wrapped by a covalently bonded
carbon layer formed from the pyrolysis of the PANI and
graphene sheets tightly bounded to the carbon layer. The
additional thin carbon layer is expected to aid the electric
conductivity between the Si nanoparticles and the graphene
sheets and help constrain the volume expansion of Si
nanoparticles.

SEM was carried out to examine the morphology of
pyrolyzed graphene-encapsulated PANI-grafted Si, shown in
Figure 1. It can be seen that the Si nanoparticles were well
wrapped by the graphene sheets, indicating the uniform
electrostatic assembly of GO and PANI-grafted Si nano-
particles. TEM was also employed to study the morphology of
different Si samples. Pristine commercial Si nanoparticles
typically have a particle size of 50—100 nm and a surface oxide
layer several nanometers thick (Figure 2a). After the polymer-
ization of aniline monomers on aniline-functionalized Si
nanoparticles, a rough PANI layer with several nanometers
thickness can be observed as the arrow indicates in Figure 2b.
Figure 2c¢ shows the TEM image of graphene-encapsulated
pyrolyzed PANI-grafted Si nanoparticles, obtained by the
thermal treatment of the self-assembled GO/PANI-grafted Si at
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Figure 1. (a) Low resolution and (b) high resolution SEM images of
graphene-encapsulated pyrolyzed PANI-grafted Si.

L

Figure 2. TEM images of (a) pristine Si nanoparticles, (b) PANI-Si
(black arrows point to the PANI layer), and (c, d) graphene-
encapsulated pyrolyzed PANI-grafted Si composites (Si nanoparticles,
as the red arrows indicate; graphene sheet wrinkles, as the black arrows
indicate).

900 °C in Ar. It can be clearly seen that the Si nanoparticles are
wrapped in graphene sheets, consistent with SEM results. The
high resolution TEM image (Figure 2d) provides a close view
of the composites. Clearly, the Si nanoparticles were still coated
with a rough layer, which is the pyrolyzed PANI (red arrows
point to the pyrolyzed PANI-grafted Si, and black arrows point
to the wrinkles of the graphene layer).

To understand the structural information on graphene-
encapsulated pyrolyzed PANI-grafted Si, XPS and Raman
spectroscopy were carried out. XPS spectra (N 1s) of pristine Si
and aniline-functionalized Si were taken and are shown in
Figure 3a. Compared to the absence of nitrogen element in
pristine Si, weak N 1s peaks from the aminophenyl groups can
be observed in the aniline-functionalized Si, indicating the
successful grafting of aniline molecules on Si nanoparticles.'* As
can be seen in Figure 3b, the Raman spectrum of the Si
nanoparticle displays a peak at around 520 cm™. Graphene
exhibits two peaks at around 1590 cm™" and about 1320 cm™,
which can be ascribed to sp® carbons (G band) and the
disordered aromatic structure of the sp> carbons (D band)."”
This disorder can be caused by surface defects, edges, or the
formation of sp® bonds. The Raman spectrum of PANI-grafted
Si shows the typical characteristic peaks of both Si and PANI
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Figure 5. (a) N, adsorption—desorption isotherm and (b) BJH pore size distribution of Si and graphene-encapsulated pyrolyzed PANI-grafted Si.

(740, 1180, 1330, 1460, and 1592 cm™'), indicating the
successful grafting of PANI on the surface of the Si
nanoparticles. In the graphene-encapsulated pyrolyzed PANI-
grafted Si, the presence of graphene/carbon and Si are
evidenced by three characteristic peaks around 520, 1320,
and 1590 cm™'. The PANI peak disappeared, suggesting that
PANTI has been pyrolyzed.

The X-ray diffraction (XRD) patterns of Si and graphene-
encapsulated pyrolyzed PANI-grafted Si composites are shown
in Figure 4a. The graphene-encapsulated pyrolyzed PANI-
grafted Si composites exhibited the characteristic peaks of Si
and a broad band around 26 = 25° of (002) diffraction peaks of

5999

graphene, which suggests that the graphene sheets exist in the
composite. Combining the SEM, TEM, XPS, Raman, and XRD
results, it is clear that the Si nanoparticles were wrapped by
graphene sheets in the pyrolyzed PANI-grafted Si composite.
From these results, it can be concluded that the synthesis
depicted in Scheme 1 was carried out. Figure 4b displays the
TGA curves of pyrolyzed PANI-grafted Si and graphene-
encapsulated pyrolyzed PANI-grafted Si heated in air. A nearly
34% weight loss was recorded at 600 °C due to the
decomposition of the carbon and graphene in the final
composites. Thus, the weight percentage of Si in the final
composites is about 66%. The weight loss of the pyrolyzed
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Capacity retention of the graphene-encapsulated pyrolyzed PANI-grafted Si at 2 A/g.

PANI-grafted Si sample at 600 °C is about 8%, suggesting that
the carbon and graphene content in the composites were about
8% and 26%, respectively.

The porosity of the Si nanoparticles and the graphene-
encapsulated pyrolyzed PANI-grafted Si composites was
studied using N, adsorption—desorption isotherms at 77 K.
The N, adsorption—desorption isotherms and the pore size
distribution are shown in Figure S. The pure Si nanoparticles
showed a BET surface area of about 28 m’/g and a pore
volume of 0.087 cm*®/g. The BET surface area and pore volume
of graphene-encapsulated pyrolyzed PANI-grafted Si compo-
sites was 131 m*/g and 0.54 cm’/g, respectively. The increase
in the surface area and the pore volume of the composites is
expected to facilitate the Li* ion transport and accommodate
the volume expansion of Si nanoparticles during charging/
discharging.

The electrochemical performance of the composites and the
pristine Si nanoparticles was evaluated using galvanostatic
charge/discharge cycles between 2—0.01 V. Figure 6a shows
the galvanostatic charge/discharge curves (first, second, and
50th cycles) of graphene-encapsulated pyrolyzed PANI-grafted
Si composites. The specific capacity is calculated based on the
total mass of the active material (graphene/C and Si), and the
cycling stability is shown in Figure 6b. The charge capacity of
the pristine Si electrode rapidly decreased to less than 500
mAh/g after 50 cycles at a current density of 200 mA/g, due to
the pulverization of the Si particles. In comparison, the
graphene-encapsulated pyrolyzed PANI-grafted Si composites
still retain a specific charge capacity of about 1400 mAh/g. It is
worthwhile to point out that even if physically mixed graphene/
Si composites still showed improved cycle performance
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compared to pure Si nanoparticles, there was a worse cycle
life performance than that of the graphene-encapsulated
pyrolyzed PANI-grafted Si composites. Interestingly, these
physically mixed graphene/Si composites showed a similar
cycle life behavior to that of the first 10 cycles of the graphene-
encapsulated pyrolyzed PANI-grafted Si composites but then
decayed rapidly as the pure Si nanoparticles do, which may be
due to the loss of the contact between graphene and Si
nanoparticles caused by volume expansion/shrinkage during
long-term cycling. This demonstrates the advantage of the
carbon layer on the Si nanoparticles (from the carbonization of
the PANI layer on the Si nanoparticles) in the graphene-
encapsulated pyrolyzed PANI-grafted Si composite. The
physically mixed graphene sheets do not tightly bind the Si
nanoparticles due to less of an interaction between the
graphene sheets and the Si nanoparticles. Hence, they can
improve the electric conductivity and buffer the volume change
to a degree that is much better than that of pure Si
nanoparticles in the first 10 cycles. However, without the
pyrolyzed PANI layer on the Si nanoparticles, these graphene
sheets cannot bind very tightly to the Si nanoparticles.
Consequently, the capacity starts to decline rapidly after the
10th cycle, due to the pulverization of the Si nanoparticles and
loss of electrical contact between graphene and Si.

To determine the exact capacity contributed by Si, graphene
was tested as the anode in LIB. The initial capacity of graphene
is about 800 mAh/g but quickly decays to below 300 mAh/g
(Figure S3). Extracting the capacity contribution from
graphene, the reversible capacity of the Si in composites can
be estimated to be around 2000 mAh/g, which corresponds to
about half of the theoretical capacity of Si. The Coulombic
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efficiency was obtained by dividing the specific charge capacity
by the specific discharge capacity. For the pristine Si, the first-
cycle Coulombic efficiency was only 64.4% due to the initial
SEI layer formation and irreversible lithium reaction with the
surface oxides on the Si nanoparticles. For the graphene-
encapsulated pyrolyzed PANI-grafted Si composites, the
Coulombic efficiency for the first cycle was 73.2% (Figure
6¢), which is comparable to the literature-reported values of
MCMB anodes.>® This is likely due to the irreversible lithium
reaction with the residual functional groups on the graphene
during the initial SEI layer formation. The Coulombic efliciency
of the composites increased rapidly and remained above 99%
during the following cycling tests, while the Coulombic
efficiency of the pure Si nanoparticles increased slowly and
stabilized around 98%. The lower Coulombic efficiency of pure
Si is probably caused by the unstable SEI layer and the
propagation of microdefects and electrically isolated areas
within the anode, a result of the pulverization of the Si
nanoparticle during cycling.®’ The high Coulombic efficiency of
graphene-encapsulated pyrolyzed PANI-grafted Si composites
is indicative of the excellent stability of the SEI layer, resulting
from the uniform graphene wrapping of the Si nanoparticles
and the aid of the surface carbon layer (from the PANI layer
carbonization). To obtain long cycling results, charge/discharge
tests at a current density of 2 A/g were carried out, shown in
Figure 6d. Even after 300 cycles, the graphene-encapsulated
pyrolyzed PANI-grafted Si composites still maintained a
specific capacity above 900 mAh/g, which corresponds to
76% of initial capacity.

EIS measurements were conducted to understand the
different electrochemical behaviors of Si and graphene-
encapsulated pyrolyzed PANI-grafted Si composite electrodes,
and the Nyquist plots are shown in Figure 7. A semicircle shape
in the high frequency region and a straight line in the low
frequency region can be observed. Figure 7a shows the Nyquist
plots of the Si nanoparticle electrodes before and after 100
cycles. The semicircle became larger, suggesting that the charge
transfer resistance increased, probably resulting from the
pulverization of the Si nanoparticles and the thick SEI layer.
In the graphene-encapsulated pyrolyzed PANI-grafted Si
composites (Figure 7b), the semicircle became only slightly
wider, a very small change. This suggests that the pulverization
and agglomeration of the Si nanoparticles during cycling was
effectively suppressed because the Si nanoparticles were
wrapped in the carbon coating and graphene sheets. Thus, a
stable SEI layer, fast electron transfer, and facile Li* diffusion
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path have been achieved, leading to the excellent cycling
performance.

4. CONCLUSION

A novel synthesis has been developed to prepare surface-
modified and oxide-free Si nanoparticles uniformly encapsu-
lated within graphene sheets. The composites were synthesized
by the in situ polymerization of aniline on aniline-functionalized
Si nanoparticles, followed by the self-assembly with the Si
nanoparticles because of a 7— interaction and an electrostatic
attraction between GO and PANI-grafted Si nanoparticles, and
finally, their subsequent carbonization. The incorporation of
graphene sheets to encapsulate the Si nanoparticles provides
high electronic conductivity, high mechanical strength, and
large pore volume to accommodate the volume expansion of
the Si. As a result, compared to physically mixed graphene/Si
composites and pure Si nanoparticles, the graphene-encapsu-
lated pyrolyzed PANI-grafted Si composites exhibited enhanced
electrochemical performance (i.e., cycling stability, rate
performance, and Coulombic efficiency) as anodes in lithium-
ion batteries. The composites can deliver a reversible specific
capacity of ~1500 mAh/g (total mass of Si and graphene) at a
charge/discharge rate of 50 mA/g and more than 900 mAh/g at
2 A/g. Even after 300 cycles at 2 A/g, the composites still can
retain about 70% of the initial capacity. Further improving the
synthetic conditions to control the relative mass ratio of Si/C/
graphene and the electrode fabrication could lead to further
improved electrochemical performance.
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