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Silicon is generally considered as the next generation of anode materials for lithium-ion batteries
because of its highest theoretical specific capacity of all the known materials. However its low initial
coulombic efficiency, poor cyclic performance and expensive silicon nanoparticles limit its application
for anode. Here, we report a simple and inexpensive synthetic method of RGO/n-Si composite in
which n-Si nanoparticles were encapsulate by thermal reduced graphene oxide, in which the thermal
reduced garphene oxide buffers the huge volume changes of Si during lithiation and delithiation.
Besides, Si nanoparticles doped with P can improve the electrical conductivity of anode. As a result,
these graphene encapsulated n-type Si nanoparticles have a much improved cyclic stability with a
reversible capacity of 1529 mAh/g over 200 cycles.
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1. INTRODUCTION

Since rechargeable lithium ion batteries (LIBS) were invented by Sony in 1990, they were used
in many fields, which is due to their many advantages, such as lighter weight, higher energy density,
longer cycle life,more environmentally friendly than the traditional lead-acid batteries, etc[1].
However commercial lithium ion batteries anode materials are still using graphite as anode, which
hadn’t changed too much for nearly twenty years. Inaddition, they were suffering from low specific
capacity[2]. Hence, researches for high capacity lithium ion battery anode materials have become the
key to improve the battery storage performance[3]. Various anode materials have been studied in terms
of high storage capacity and cyclic stability in the last couple of decades[4]. Among these, silicon is
considered to be the next generation lithium-ion anode materials with the highest theoretical specific
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capacity (Li;4Si=4200 mAh/g) of all the known materials and mature silicon semiconductor
industry[5-7].

However, the application of silicon still have significant challenges such as large volume
changes (>300%) during lithiation and delithiation, unstable solid-electrolyte interphases (SEI), low
electrical conductivity and low coulombic efficiency[8-10]. The large volume expansion will cause
severe particle fracture, the continuous loss of electrical contact with the copper foil, and rapid
capacity attenuation. Many efforts have been made to overcome these problems. Among these,
constructing nanostructure electrode, such as silicon nanospheres[11], silicon nanowires [8,12], and
silicon nanotubes[13-15] are the most effective strategies, for these nanostructures, which are much
easier to adjust to the huge volume change than bulk Si during Li+ insertion and extraction.

Nevertheless, expensive and inefficient processes are inevitable used in the synthetic of these
Si-based anodes. For example, Holzapfel synthesized silicon/graphite compound material received a
reversible capacity of 1900 mAh/g for over 100 cycles by chemical vapor deposition (CVD)[16]. Jung
reported an amorphous silicon thin film which exhibited a high reversible capacity of 4000 mAh/g by
low pressure CVD[17].

Alternative strategy is to fabricate Si/C nanostructure composites. Cui reported a carbon-silicon
core-shell with a high charge storage capacity of 2000 mAh/g[18]. Lee reported the Silicon
nanoparticles—graphene paper composites with a storage capacity 1500 mAh/g for 200 cycles[19]. And
the graphene/Si composites with high capacities and good cyclic stability were prepared by Fu et
al[20,21].

As the first generation of semiconductor, the intrinsic conductivity of silicon is only 6.7x10™
S/cm at room temperature. However, there were few reports about improving the electrical
conductivity of silicon. Herein we reported an effective way to synthesis P-doped silicon nanoparticles
(n-Si) coated with thermal reduced graphene(RGO/n-Si). In which, the graphene work as an elastic
skeleton can envelop the Si nanoparticles for preventing exposing to electrolyte, buffering the
deformation stresses and Si nanoparticles doping with P can improve the low electrical conductivity.
The RGO/n-Si nanoparticles show a high reversible lithium-storage capacity (1529 mAh/g), prominent
cyclic performance, and good rate charge-discharge capability.

2. EXPERIMENTAL
2.1. Materials synthesis

2.1.1. Synthesis of n-type Si nanoparticles

The P doped Si nanoparticles with an average particle size of 16 nm were produced by a
plasma system. The SiH, and dopant precursor trimethyl phosphite (TMP) were carried into the plasma
system by Ar at the rate of 1:9. The flow rate of TMP, SiH, and Ar was 100, 100, 500 (sccm),
respectively. The power of the plasma system was set to 450 W to excite plasma and maintain stable
homogeneous glow discharge.
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2.1.2. Synthesis of garphene oxide

Graphene oxide (GO) was synthesized from natural flake graphite by a modified Hummers
method[22]. The natural flake graphite(0.6 g) was mixed with KMnO, (3.6 g), and then add H3PO,4 and
H,SO,4 mixed solution to the above mixture to heat in water bath at 50°C for 12 h. After that, ice (80g)
was added to the above mixed solution. The suspension was washed with 5% HCI solution after the
color was changed from violet to golden yellow when adding 3ml H,O,. It was then centrifuged(8000
rpm, 60 min) 7~10 times with deionized water for 2 days until the PH is nearly 7. Finally, the GO
sheets were obtained by dehydration at 60 °C in air.

2.1.3. Preparation of RGO/Si composite

The RGO/n-Si composite was synthesized by a simple method. Typically, the GO solution (2
mg/mL) and n-type Si nanoparticles alcohol suspension (6 mg/mL) were ultrasonic dispersed for 90
min and 30 min, respectively. It was then magnetic stirred for 4 h with a mixture of GO solution and Si
nanoparticles alcohol at the volume ratio of 1:1 (50 mL: 50 mL). After that, the GO encapsulated n-Si
(GO/n-Si) composite was formed by suction filtration and vacuum dried at 60°C for 12 h. Finally, the
GO/n-Si was annealed at 700°C for 1 h with a heating rate of 10°Gmin under the Ar atmosphere (100
sccm) to obtain the RGO coated n-Si composite.

2.2. Characterization of Si/graphene composites

Powder X-ray diffraction (XRD) analysis was performed on a Bruker D8 Advance X-ray
diffractometer with Cu Ka radiation (XRD, A= 1.5418 A). The scattering angles (20) were from 10 ° to
80 °, and the scanning rate was 10 ° per minute. Scanning electron microscopy (SEM) was carried out
using a LEO 1530 VP field emission scanning electron microscope with an acceleration voltage of 10
KV. Transmission electron microscopy (TEM) was performed on a Tecnai G2 F30 (FEI, Holland)
transmission electron microscope operated at 200 kV.

2.3. Battery assembly and electrochemical characterization

The working electrode was prepared with RGO/n-Si composite, Super P carbon black and
sodium carboxymethylcellulose (CMC) mixed at the mass ratio of 8 : 1 : 1. Deionized water was added
to the homogeneous powdered mixture to obtain a viscous slurry. The electrode sheet was obtained
after magnetic stirring for 12 h and coated onto a 9 um Cu foil followed with vacuum drying at 60°C
for 12 h. 10 mm diameter electrodes with a mass loading of 1.0 mg were obtained via punching on the
surface of the electrode sheet after which was pressed. The coin-type cells (CR2025) were assembled
in an Ar-filled glove box with moisture and oxygen concentrations strictly controlled below 1 ppm.
Lithium metal foil was used as the counter electrode, and 1 M LiPFg dissolved in ethylene
carbonate/diethyl carbonate (EC:DEC=1:1, v/v) as the electrolyte. The charge/discharge measurements
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were performed by using LAND CT2001A battery test system (Wuhan LAND Electronics. Ltd. ) with
potential (vs. Li*/Li ) between 0.01 v and 1.5 v at room temperature.

3. RESULTS AND DISCUSSION

Figure 1 shows a schematic of the fabrication of the RGO/n-Si composite. Firstly, n-Si
nanoparticles and GO were prepared by a plasma system and a modified Hummers method,
respectively. And then n-Si nanoparticles and GO solution were mixed by magnetic stirring to acquire
a homogeneous GO/n-Si solution. Secondly, the GO/n-Si solution was filtered and vacuum dried at 60
°C for 12 h. Finally, through a thermal annealing treatment at Ar atmosphere for 1 h, the RGO/n-Si
composite was obtained. The RGO has an elastic and robust structure which can buffer the large
volume changes in the electrochemical reactions of silicon electrodes. In order to improve the low
electrical conductivity of Si nanoparticles, TMP was carried into a plasma system as dopant precursor
to dope silicon nanoparticles.

-
+
n-SiNPs solution Graphene oxide GO/n-Si mixture

Solution

J K
700 CAr
—
1h

RGO/n-Si GO/n-Si

Figure 1. Schematic of the fabrication of RGO/n-Si composite

The structure of RGO/Si composite was displayed by SEM images. As shown in Figure 2a-d,
the plicated sheets were RGO and granulated spheres were n-Si nanoparticles, which can be seen
clearly. The n-Si nanoparticles were completely encapsulated by RGO, forming silicon nanoparticles
coated with 3D graphene structure. It was widely believed that n-Si nanoparticles exposed to the
surface of composite will react with the electrolyte, leading to the further consumption of electrolyte
and anode composite along with the formation of unstable SEI film, and thus the damping of cyclic
performance. Accordingly, the thermal reduced graphene in as-synthesized RGO/Si composite in the
present work acted as an elastic skeleton which can prevent n-Si nanoparticles from exposing to
electrolyte and buffer the deformation stresses.


../../../../../../../Documents%20and%20Settings/Administrator/Local%20Settings/Application%20Data/Yodao/DeskDict/frame/20160118113248/javascript:void(0);

Int. J. Electrochem. Sci., Vol. 11, 2016 4798

As is shown in figure 2e, the n-Si nanoparticles are spherical which are more easily to disperse
in the graphene skeleton and release the volume deformation stresses during Li™ insertion/extraction
than blocky n-Si nanoparticles. Figure 2f shows the TEM diffraction image of n-Si nanoparticles,
indicating that the n-Si nanoparticles are polycrystal. Compared with monocrystalline Si nanoparticles,
polycrystalline Si nanoparticles adapt more easily to the volume changes during Li+ insertion, which is
ascribed to the uniform strains of polycrystalline Si nanoparticles.

5 1/nm

Figure 2. (a—d) SEM images of RGO/n-Si composite produced by thermal reduced at 700 ‘C under Ar;
(e) TEM images of P doped Si nanoparticles though a plasma system; (f) TEM diffraction of P
doping Si nanoparticles.

Figure 3a shows the XRD images of Si nanoparticles and RGO/n-Si composite, No obvious
graphene diffraction peaks were observed in the XRD pattern, which indicate that the thermal reduced

graphene is amorphous.
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Figure 3. (@) XRD patterns of n-Si nanoparticles and n-Si nanoparticles coating with RGO; (b)
galvanostatic dischargecharge profiles at C/5; (c) Ratecapability at the current rate of 0.2 C, 0.5
C,1C,2Cand5C; (d) Cycling performance of Si/graphene composite at the current rate of
0.2C.

To investigate the electrochemical performance of RGO/n-Si composite, 2025 coin half cells
were fabricated with the RGO/n-Si composite on the Cu substrate as cathode and Li metal as the
counter electrode. Figure 3b shows galvanostatic discharge/charge curves of RGO/n-Si composite with
vs. Li/Li* in the potential range 0.01-1.5 V for the first three cycle at the current rate of C/5. A C-rate
is a measure of the rate at which a battery is discharged relative to its maximum capacity. A 1 C rate
means that the discharge current will discharge the entire battery in 1 hour[3]. The charge capacity is
defined as the total charge inserted per unit mass of the materials during Li* insertion, whereas the
discharge capacity is total discharge per unit mass of the materials during Li* extraction. [23] The first
discharge and charge of RGO/n-Si composite was 3084mAh/g and 2388mAh/g, respectively. The first
cycle coulombic efficiency (CE) was 77.5%. Usually, the intial coulombic efficiency of silicon-based
anodes are below 80% due to the reactions with electrolytes and the formation of a SEI film on surface
of the RGO/n-Si composite[24]. Which may be as a result of the high surface area of the graphene and
the small amount of uncovered silicon nanoparticles. This may be solved through an artificial SEI
layer by chemical modification[25,26]. However, in the second and third cycles, the coulombic
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efficiency exceeds 94%, and the discharge capacities in the second and third cycles are both 2206
mAh/g.

Figure 3c shows the rate performance of RGO/n-Si composite. The discharge specific capacity
of RGO/n-Si composite is 2036, 1654, 1280, 1168, and 705 mAh/g at the current rate of 0.2 C, 0.5 C,
1C, 2 C, and 5 C, respectively. It can be obviously seen that the RGO/n-Si composite exhibit a good
rate capability and maintains a high cyclic stability except the first 5 cycle at current rate of 0.2 C,
which suggest the using of graphene and P doping silicon nanoparticles can reduce resistance for the
interfacial electrochemical reaction and provide high way for Li* insertion and extraction.

Figure 3d shows the cyclic performance and coulumbic efficiency of the RGO/n-Si composite
at the current rate of C/5 for 200 cycles. The specific capacity of the composite gradually decay at the
first 25 cycle due to the SEI formation on the surface of RGO/n-Si and the reaction with electrolyte
which will consume anode materials. In addition, the composite suggested an extremely stable cycle
performance with specific capacity remaining at 1529 mAh/g for over 200 cycles which is three times
higher than the commercial graphite anode materials (372 mAh/g) and nearly 100% coulombic
efficiency in the subsequent cycles which attribute to the stable structure and good electrical
conductivity of RGO/Si composite. That demonstrated the thermal reduced graphene worked as an
elastic network which can envelop the Si nanoparticles for preventing exposure to electrolyte,
buffering the deformation stresses and provide a pathway for Li* transport. Besides, silicon
nanoparticles doping with P can also improve the electronic conductivity which contribute to the Li*
insertion and extraction. Obviously, all the above results indicate that this structure of RGO/n-Si
composite play a critical role in improving the specific capacity and cyclic stability of anode materials.

4. CONCLUSION

In summary, we have reported a approach for the synthesis of thermal reduced graphene oxide
coated n-Si nanoparticles by a plasma system and CVD. It was found that the lithium-storage
performance of RGO/n-Si composite material was dramatically improved, such as highly reversible
lithium-storage capacity, prominent cyclic stability, and good rate capability. It has been demonstrated
that the use of graphene as skeleton to encapsulate Si nanoparticles and TMP to dope Si nanoparticles
are effective methods to improve the electrochemical performance of Silicon-based nanocomposite
anode materials.
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