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Facile synthesis of silicon nanoparticles inserted into graphene sheets as

improved anode materials for lithium-ion batteriesw
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Silicon nanoparticles have been successfully inserted into graphene

sheets via a novel method combining freeze-drying and thermal

reduction. The as-obtained Si/graphene nanocomposite exhibits

remarkably enhanced cycling performance and rate performance

compared with bare Si nanoparticles for lithium-ion batteries.

The development of high energy density and long cycle life

lithium-ion batteries is of great technological importance for

use in portable electronics, electric vehicles, and the storage of

renewable energy.1–6 To meet these requirements, the electrode

materials of lithium-ion batteries must have high specific storage

capacities and satisfactory cycle life. Recently, silicon has been

intensively investigated for use as high-capacity anode material

owing to its highest known capacity (4200 mA h g�1), which is

ten times higher than that of graphite (372 mA h g�1).7–11

Unfortunately, the practical application of silicon as an anode

material is seriously hindered by the huge volume changes

(4300%) and low intrinsic electrical conductivity during

lithium uptake and release from silicon, leading to dramatic

pulverization of silicon nanoparticles and rapid capacity

fading.12,13 To overcome these issues and improve the overall

electrochemical performance of silicon anodes, one effective

strategy is to use carbon coatings, which can not only restrict

the large volume change of silicon to keep the electrode

integrity, but also enhance the electrical conductivity. For example,

Liu and co-workers reported carbon-coated silicon nanocomposites

with high capacities prepared by a spray-pyrolysis technique.14

Hu et al. synthesized Si@SiOx/C nanocomposites with good

electrochemical performance by a hydrothermal carbonization

method.12 Another effective strategy is to fabricate silicon

nanostructures, such as nanowires, nanotubes, and nanospheres,

in which the stress caused by the volume change can be

accommodated more easily than that in bulk silicon.13 Recently,

Yushin et al. have reported nanosized Si-in-C tubes which were

fabricated using chemical vapor deposition (CVD) and exhibited

high capacity and stable performance.15 Cui and Yao et al. have

prepared interconnected silicon hollow nanospheres by CVD

and a template etching method and achieved a high initial

discharge capacity of 2725 mA h g�1 with excellent cycling

performance.16 More recently, our group have reported

Cu@Si@Al2O3 nanocable arrays and silicon/carbon nanoporous

microspheres with favorable cycling and rate performance.17,18 So

far, advanced carbon coatings for silicon-based nanomaterials

and their facile fabrication methods are still highly desired toward

cost-effective anode materials.

Graphene, a two-dimensional carbon nanomaterial, has

attracted enormous attention owing to its unique properties

and potential applications in the areas of electronics as well as

energy conversion and storage devices.19–23 Recently, it has

been demonstrated that graphene is very useful in the design of

superior anode materials for lithium-ion batteries due to its high

electronic conductivity, mechanical strength, and flexibility.24

However, in the cases of silicon-based anode materials, there are

still many difficulties in the utilization of graphene. For example,

silicon nanoparticles are difficult to be homogeneously dispersed

within graphene layers by simply mechanical blending.25 High

temperature commonly used during the synthesis of graphene/

nanosized silicon composites often leads to the conglomeration

of silicon nanoparticles.26 In addition, the electrode films

obtained from the assembly of silicon nanoparticles and

graphene by filtration might be too thick to guarantee quick

lithium ion diffusion into the structure.27,28 An advanced

technique for inserting Si nanoparticles into graphene sheets

remains a great challenge. Herein, we report a facile method

for preparing such structures. Silicon nanoparticles inserted

uniformly into graphene are realized by combining freeze-drying

and thermal reduction. The as-prepared silicon nanoparticles inter-

calated in graphene sheets form a typical hierarchical micro–nano

structure, in which graphene plays the roles of both an electronically

conductive network and an elastic buffer for the silicon

nanoparticles. As a result the cycling performance and rate

capability of the silicon nanoparticles inserted into graphene

are significantly improved when being used as anode materials

in lithium-ion batteries.

Freeze-drying is defined as direct sublimation of solvents under

vacuum to dry samples and maintain their microstructures. It is a

well-established approach to create aligned porous structures,29

three-dimensional nanocomposites,30 and organic nanoparticles.31

Graphite oxide (GO) obtained from the modified Hummer

method was used as the precursor of graphene sheets and

silicon nanoparticles (o300 nm) were used as starting materials
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(see Fig. S1 and S2 in the ESIw).32 The approach to the

synthesis of silicon/thermally reduced graphene (Si/TRG)

composites is schematically illustrated in Fig. 1 (the details

of the synthesis are described in ESIw). Typically, the aqueous
mixture of graphene oxide and silicon nanoparticles was

freeze-dried, followed by thermal reduction of the as-freeze-dried

mixture at 700 1C to obtain the Si/TRG composites. Fig. 2 shows

the X-ray diffraction (XRD) patterns of the Si/TRG composites,

Si nanoparticles, and TRG. The pattern of Si/TRG composites is

the same as that of pure Si nanoparticles, implying that the

silicon crystals in the Si/TRG composites are not destroyed

during the freeze-drying and thermal reduction processes. In

the XRD pattern of the TRG sample obtained with the same

procedure of Si/TRG, the characteristic peak (2y) appears at

26.41, corresponding to a layer-to-layer distance (d-spacing) of

0.338 nm, which is close to the d-spacing (ca. 0.335 nm) of

natural graphite.33 The result confirms the well-packed layered

structure of TRG. This characteristic peak is indistinctive in the

pattern of Si/TRG, which might be attributed to the dispersion

of graphene sheets by Si nanoparticles. Moreover, the X-ray

photoelectron spectroscopy (XPS) survey confirms that the

silicon particles are covered with graphene and the oxygen

functionalities of GO are severely decreased during the thermal

reduction process (Fig. S3, ESIw).
To verify the morphology, structure and composition of the

Si/TRG composites, we carried out the scanning electron

microscopy (SEM), transmission electron microscopy

(TEM), and energy dispersive X-ray spectroscopy (EDX,

Fig. S4, ESIw) analysis of the material. The SEM images show

that the Si/TRG composites are micrometre-sized aggregates

with few exposed Si nanoparticles on the surface (Fig. 3a and b).

The TEM images reveal that the micrometre-sized aggregates

are made from Si nanoparticles and graphene sheets (Fig. 3c and

Fig. S5 in ESIw). The typically wrinkled graphene sheets form a

network and well cover the highly dispersed Si nanoparticles.

The HRTEM images reveal that a single 20 nm Si nanocrystal

intercalates in graphene sheets with a thickness less than 2 nm,

and nanospace exists between the Si nanocrystal and graphene

sheets (Fig. 3d and Fig. S6 in ESIw). The EDX analysis shows

that the Si/TRG composites are composed of Si, C, and O.

The thermal gravimetric analysis (TGA) reveals that the

Si/TRG composites contain 82.1 wt% of Si and 17.9 wt% of

graphene (Fig. S7 in ESIw). Moreover, a low Brunauer–

Emmett–Teller (BET) surface area of 85 m2 g�1 is measured

for the composite. The nitrogen adsorption–desorption isotherm

represents a typical IV-type isotherm with an associated H3 type

hysteresis loop, indicating the mesoporous structure of the

Si/TRG composite, which is further confirmed by the Barrett–

Joyner–Halenda (BJH) pore-size distribution (Fig. S8 in ESIw).
In short, the above results suggest that the Si/TRG composites

are composed of Si nanoparticles and graphene, the Si nano-

particles insert into graphene, and nanospace exists between the

Si nanoparticles and graphene sheets. The unique structure is

expected for superior lithium storage because it facilitates the

conduction of electrons and the diffusion of lithium ions and

provides elastic buffer to accommodate the volume variation of

Si nanoparticles during Li alloying and dealloying processes.

Fig. 4a shows the first three cyclic voltammetry (CV) curves

of the Si/TRG composites in the potential window of 0.05–1 V

at a scan rate of 0.1 mV s�1. In the first cycle a broad cathodic

peak appeared at 0.78 V resulting from the formation of solid

electrolyte interphase (SEI), and leads to an initial irreversible

capacity.34 The cathodic sweep of the second CV curve displays

two peaks at 0.051 and 0.20 V, corresponding to the formation

of Li–Si alloy phases, while the two peaks at 0.31 and 0.50 V at

the anodic sweep could be ascribed to dealloying of Li–Si alloys

(Scheme S1 in ESIw). The results are well consistent with the

data reported in the literature.35

Fig. 4b displays the discharge–charge profiles of the Si/TRG

composites cycled at a current density of 200 mA g�1 between

the voltage limits of 0.05–1 V vs. Li+/Li. The initial discharge

capacity is 3070 mA h g�1 with a reversible charge capacity up

to 1866 mA h g�1. Note that the specific capacity is based on

Fig. 1 Schematic illustration of the synthesis route for silicon nanoparticles

inserted into graphene. Grey lines (graphene oxide), black lines

(thermally reduced graphene), and purple balls (silicon nanoparticles).

(1) Freeze-drying, and (2) thermal reduction.

Fig. 2 XRD patterns of the Si/TRG composites, Si nanoparticles,

and TRG.

Fig. 3 SEM images (a and b) and TEM images (c and d) of the

Si/TRG composites.
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the total mass of the Si/TRG composites in the context. After

the first cycle, the Coulombic efficiency could increase and

stabilize at 98%–100% in subsequent cycles. For comparison,

pristine Si nanoparticles were also tested for lithium-ion batteries.

Apparently, the Si/TRG composites show much better cycling

performance than the Si nanoparticles (Fig. 4c). After 100 cycles,

the reversible capacity of Si/TRG composites is still as high as

1153 mA h g�1, which is more than 3 times higher than that of

the theoretical specific capacity of currently used graphite

(LiC6, 372 mA h g�1), while that of Si nanoparticles is only

13 mA h g�1. Another much improved property of the Si/TRG

composites is their excellent rate capability (Fig. 4d). The

Si/TRG composites exhibit stable and reversible capacities

of 1304, 1014, and 803 mA h g�1 when the current densities

increase from 1000 mA g�1, to 2000 mA g�1, and 4000 mA g�1.

The superior cycling and rate performances of Si/TRG composites

could be attributed to the following reasons. On the one hand, the

graphene sheets could provide sufficient electrons for the Si

nanoparticles, withstand the deformation pressure from Li–Si

alloying and dealloying processes, and maintain an integrated

structure. On the other hand, the existence of nanospace between

graphene sheets and Si nanoparticles could enhance Li+ diffusion

to the encapsulated Si nanoparticles, as well as accommodate the

alloyed Si nanoparticles. Electrochemical impedance spectroscopy

(EIS) measurements of the samples before and after being used

clearly indicate the enhanced electronic conductivity and less SEI

formation for the Si/TRG composites compared to pristine

Si nanoparticles (Fig. S9 in ESIw). The robust structure of the
Si/TRG composites is confirmed by the TEM images of the

sample after being used in lithium-ion batteries for 100 cycles

(see Fig. S10 in ESIw).
In summary, we have developed a novel method for the

preparation of Si nanoparticles intercalated in graphene sheets via

combining freeze-drying and thermal reduction. The as-achieved

Si/TRG composites exhibit remarkably improved cycling perfor-

mance (ca. 1153mA h g�1 after 100 cycles) and rate performance in

comparison with bare Si nanoparticles, which could be attributed to

the unique structure of the nanocomposite. In addition, the

obtained nanocomposites are micrometre-sized aggregates which

promise ease of process. Taking the facile synthesis and

excellent performance of Si/TRG composites into account, it

would be of significant interest to extend to other high

capacity electrode materials with large volume change and

low electronic conductivity.
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performance of the Si/TRG composites and Si nanoparticles. (d) Rate
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