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Silicon is one of the most attractive anode materials for next-generation lithium-ion batter-

ies, but generally it has poor cycle performance because of its severe volume change during

lithiation/delithiation and its low intrinsic electrical conductivity. We fabricated a ternary

Si-based composite Si@C/GF in which Si nanoparticles were coated on a thin carbon layer

by pyrolysis of phenolic resin and encapsulated in a graphene framework (GF). The GF pro-

vides an elastic and robust three-dimensional structure to buffer the large volume change

of Si, while the PR-pyrolytic carbon not only limits the huge volume change of Si, but also

retains good contact with both the GF and Si to maintain electrode integrity. As a result, the

double-protected Si nanoparticles have a much improved cycle stability (85% capacity

retention, ca. 650 mAh/g after 200 cycles at 1 A/g) as well as high specific capacity and good

rate performance.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Much effort has been made in recent years to develop high

energy density rechargeable lithium-ion batteries (LIBs) and

ultralong cycle life for use in electronic devices, electric

vehicles, and communication equipment [1–5]. Currently,

the primary commercial anode material for LIBs, graphite,

cannot satisfy the demand of a high energy density due to

its low theoretical capacity (372 mAh/g). Consequently, high

capacity anode materials such as alloy-type anodes have been

explored for the energy density improvement [6–8]. Silicon (Si)

is considered to be one of the most promising anode materi-

als owing to its highest theoretical capacity (�4200 mAh/g),

low discharge potential (�0.2 V with respect to Li/Li+), natural

abundance, etc [9–12]. Nevertheless, the main disadvantages

of Si anode materials are the huge volume change (>300%)
during lithiation/delithiation and the presence of unstable

surface electrolyte interphase (SEI) films, which lead to severe

pulverization and the consequent loss of contact with the

current collector, low cycling efficiency and rapid capacity

fading [13,14]. One effective strategy to solve these issues

and improve the whole electrochemical performance of Si

anodes is to construct Si nanostructures, such as nanoparti-

cles [15–17], nanowires [11,18,19], and nanotubes [20–22],

which can more easily accommodate the stresses caused by

the volume change than can bulk Si [23]. However, fabricating

these Si nanostructures usually involves expensive and

cumbersome processes such as high-temperature chemical

vapor deposition (CVD) or complex chemical reactions with

templates, which are not suitable for industrial production.

Another effective strategy is to coat amorphous carbon

[24,25] or conductive polymers [26,27] on Si, which not only
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increase the electrical conductivity, but also limit the

huge volume change of Si and thus retain the electrode

integrity.

In recent years, graphene, with its unique properties such

as high electrical conductivity, superior mechanical flexibility,

high thermal and chemical stability, has been shown to be a

good candidate for the conducting and buffering matrix in

LIBs, which can greatly improve the reversible capacity,

cycling stability, and rate capability [28–30]. Consequently,

graphene has also been involved in Si anode materials as a

robust and elastic matrix to wrap or coat Si, which can greatly

improve the whole electrochemical performance [9,31–35].

However, the simple combination of graphene sheets with

Si nanoparticles cannot guarantee the homogeneous disper-

sion of Si nanoparticles. Besides, the graphene sheets do

not fully contact the Si nanoparticles especially when the Si

content increases, which leads to direct contact of Si with

the electrolyte and degrades the cycle stability.

Better than simply fabricating Si/graphene composites, the

introduction of a second carbon phase such as graphite [36] or

amorphous carbon [37,38] has been demonstrated to be

another effective way to improve the cycle stability of Si

anode materials. In this work, we designed a ternary Si-based

composite Si@C/GF in which Si nanoparticles were coated on

a thin carbon layer by pyrolysis of phenolic resin (PR) and

encapsulated in a graphene framework (GF) with greatly

increased cycle stability. It is worth noting that the GF pro-

vides an elastic and robust three-dimensional (3D) structure

to buffer the large volume change of Si, while the amorphous

PR-pyrolytic carbon not only has a high reversible capacity

(about 400 mAh/g) [39], but also limits the huge volume

change of Si and retains good contact with both the GF and

Si to maintain electrode integrity. Hence, the composite

Si@C/GF exhibits significantly enhanced electrochemical per-

formances especially the cycle stability as an anode material

in LIBs, compared to binary Si/GF composite and similar

materials [37,38].
2. Experimental

2.1. Materials synthesis

2.1.1. Synthesis of graphene oxide alcogel
First, graphene oxide (GO) hydrogel was synthesized from

natural flake graphite (average particle diameter of 300 lm,

99.95% purity, Qingdao Huarun Graphite Co., Ltd.) by a

modified Hummers method [40], and the average size of the

GO sheets was about 20 lm. It was then centrifuged

(12,000 rpm, 30 min) 5 times replacing the solvent with

ethanol, and finally a GO alcogel was prepared with a concen-

tration of 5–8 mg/mL.

2.1.2. Preparation of Si-APS alcohol suspension
A Si-aminopropyltriethoxysilane (APS) alcohol suspension

was prepared using a similar method to what was previously

reported [41]. 1.5 g of Si nanoparticles (below 100 nm, Shang-

hai Chaowei Nano Science and Technology Ltd.) were dis-

persed in 150 mL of ethanol by sonication. After 1 h, 1.5 mL

of APS was added to the above suspension and stirred at
40 �C for 24 h under a N2 atmosphere. It was then centrifuged

and dispersed in 300 mL of ethanol containing 0.3 mL HCl

(36 wt%) by ultrasonication for 3 h to obtain a Si-APS alcohol

suspension of 5 mg/mL.

2.1.3. Preparation of Si@C/GF composite
In a typical synthesis of Si@C/GF composite, the GO alcogel

(5 mg/mL) and Si-APS alcohol suspension (5 mg/mL) were

homogeneously mixed at a volume ratio of 1:2 (5 mL:10 mL)

with intense agitation. Then the mixture was poured into a

25 mL Teflon-lined stainless steel autoclave and heated to

180 �C for 12 h. A GF-encapsulated Si (Si/GF) cylindrical alco-

gel was formed and the solvent was then exchanged from

ethanol to distilled water. Phenol (31 mg, Tianjin Guangfu

Fine Chemical Research Institute) and formaldehyde (44 mg,

Tianjin Guangfu Fine Chemical Research Institute) were then

added to the Si/GF hydrogel and a hydrothermal reaction

between the two was performed at 180 �C for 12 h, during

which time phenolic resin was formed. The phenolic resin-

coated Si/GF hydrogel was washed and freeze-dried, and

finally pyrolyzed at 800 �C for 3 h with a heating rate of 5 �C/

min under a H2/Ar (5:95 v/v) atmosphere to obtain the Si@C/

GF composites. GF and Si/GF were prepared following similar

method for comparison.

2.2. Characterization

Transmission electron microscopy (TEM) was performed

using a JEOL TEM-2100 electron microscope operated at

200 kV. Scanning electron microscopy (SEM) was carried out

using a LEO 1530 VP field emission scanning electron micro-

scope with an acceleration voltage of 10 kV. Powder X-ray

diffraction (XRD) analysis was performed on a Rigaku D/

Max-2500 diffractometer with Cu Ka radiation. Thermogravi-

metric (TG) measurements (Netzsch-STA 449C) were con-

ducted from room temperature to 800 �C at a heating rate of

10 �C/min in air.

2.3. Cell fabrication and electrochemical characterization

Electrochemical measurements were carried out using coin-

type cells. To prepare working electrodes, Si@C/GF composite,

Super P carbon black, and poly(vinylidene fluoride) (PVDF, in

N-methyl-2-pyrrolidone) with mass ratio of 80:10:10 were

mixed to produce a homogeneous slurry and coated onto a

10 lm thick Cu foil. After heating at 60 �C for 3 h and 150 �C
for 1 h, the electrode sheet was pressed and punched into

10 mm diameter electrodes with a mass loading of �0.5 mg.

The coin-type cells were assembled in an argon-filled glove

box with lithium metal foil as the counter/reference elec-

trode, and 1 M LiPF6 in ethylenecarbonate/diethylcarbonate/

vinylene carbonate (1:1:0.02 v/v/v) as the electrolyte. The

additive vinylene carbonate has been proved for better cycling

performance [42]. The charge/discharge measurements were

performed using a battery test system (LAND CT2001A model,

Wuhan LAND Electronics. Ltd.) over a voltage window from

0.01 to 2 V at room temperature. Electrochemical impedance

spectral measurements were recorded using an Autolab sys-

tem (Metrohm) in the frequency range from 100 kHz to

10 mHz.
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3. Results and discussion

A schematic of the fabrication of the Si@C/GF composite is

shown in Fig. 1. First, Si/GF was prepared from 20 lm graph-

ene oxide (GO) sheets and APS-decorated Si nanoparticles

by a solvothermal reaction. The GF has an elastic and robust

structure (shown in Fig. S1 in supporting information), which

can buffer the large volume change of Si. To further improve

the cycle stability, amorphous PR-pyrolytic carbon was also

introduced and coated on the Si/GF by an in-situ hydrother-

mal reaction followed by annealing to form Si@C/GF.

By using the solvothermal reaction and high-temperature

annealing, both Si/GF and Si@C/GF are formed as cylindrical

aerogels (shown in the insets of Fig. 2a and d, respectively).

It can be seen that the color of Si/GF is gray while Si@C/GF

is black due to the further coating of PR-pyrolytic carbon.

The structure of Si/GF and Si@C/GF composites was charac-

terized by SEM and TEM (Fig. 2). Both composites exhibit a

3D cross-linked porous structure (Fig. 2a and d), mainly attrib-

uted to the GF forming a 3D skeleton (Fig. S2). Fig. 2b and c

show magnified SEM images of Si/GF, in which a large amount

of Si nanoparticles embedded in the wrinkled graphene

sheets can be observed, with a few Si nanoparticles partially

exposed at the outer surface. Fig. 2e and f show magnified

SEM images of Si@C/GF, in which fewer Si nanoparticles can

be observed compared to Si/GF, and the Si nanoparticles have

become totally wrapped in many more wrinkled and crum-

pled graphene/carbon sheets. No obvious PR-pyrolytic carbon

can be distinguished from the graphene sheets, which may

because the PR has polymerized on the surfaces of Si/GF dur-

ing the hydrothermal polymerization process, forming more

wrinkled thin-layer carbon sheets. Different from the previ-

ous reports of Si/graphene/C composites [37,38], our ternary

composite Si@C/GF shows a 3D cross-linked porous structure,

which would be more beneficial for fast ion transportation

and good rate performance. Besides, the PR-pyrolytic carbon
Fig. 1 – Schematic of the fabrication of the Si@C/GF compos
can also exhibit a highly reversible capacity (about

400 mAh/g) [39] and excellent cycling performance, thus

improving the whole electrochemical performance by two

mechanisms.

The microstructure of Si@C/GF can be clearly observed in

the TEM images shown in Fig. 2g–i. It can be seen that many

Si nanoparticles (�100 nm) are embedded in the wrinkled

sheets with the morphology similar to that of graphene

(Fig. 2g and h). These wrinkled sheets may probably be graph-

ene sheets cross-linked with some amorphous carbon sheets.

Notably, Fig. 2i shows that the Si nanoparticle is coated with a

thin uniform layer of amorphous carbon of 2 nm in thickness

(a thin layer of amorphous silicon oxide can also be observed,

which is probably due to the oxidation of Si nanoparticles

during fabrication). Therefore, the Si nanoparticles between

the graphene and the amorphous carbon layers are double-

protected.

Fig. S3a shows the XRD patterns of the as-prepared prod-

ucts GF, Si/GF and Si@C/GF, together with that of the pristine

Si nanoparticles. The peaks of the Si/GF and Si@C/GF compos-

ites are identical with those of the Si nanoparticles, indicating

that the Si nanoparticles are still crystalline both in Si/GF and

Si@C/GF. The diffraction patterns of GF can also be observed

in both Si/GF and Si@C/GF, which illustrates that the 3D struc-

ture of GF are still maintained in these materials. Diffraction

from the amorphous carbon is hardly observed in Si@C/GF,

mainly due to the low amount in the composites. To quantify

the amounts of graphene and PR-based amorphous carbon,

thermogravimetric analysis (TGA) was conducted in air and

the curves are shown in Fig. S3b. As the oxidation of the Si

in air causes a mass increase to be 104.1 wt%, the contents

of Si in Si/GF and Si@C/GF composites can be calculated to

be 81.9 wt% and 65 wt%, respectively. Accordingly, the con-

tent of graphene in the Si/GF composite is about 18.1 wt%,

and the total amount of graphene and amorphous carbon in

Si@C/GF is about 35 wt%. Considering that the Si@C/GF
ite. (A color version of this figure can be viewed online.)



Fig. 2 – (a–c) SEM images of binary composite Si/GF; (d–f) SEM images of ternary composite Si@C/GF; (g–i) TEM images of Si@C/

GF.
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composite is prepared by coating a layer of PR-based amor-

phous carbon on the Si/GF composite, where the mass ratio

of Si to graphene is 81.9:18.1, the amounts of graphene and

amorphous carbon in Si@C/GF are calculated to be about

14.4 wt% and 20.6 wt%, respectively.

From the above results we can demonstrate that the Si@C/

GF composites are made of Si nanoparticles, graphene frame-

works and amorphous carbon, where the Si nanoparticles are

well embedded in the 3D graphene framework, and are also

coated by a thin uniform amorphous carbon layer. The graph-

ene framework and the amorphous carbon coating layers

have a double-protection mechanism, which can provide both

a sufficient conductive, porous and elastic network for

facilitating electron/ion transfer, buffering the deformation

stresses, preventing aggregation and pulverization of Si nano-

particles, and also maintaining a stable structure during the

Li+ insertion/extraction process. Thus, such a unique struc-

ture of Si@C/GF would be expected to have superior perfor-

mance for lithium storage.

The electrochemical performance of the Si@C/GF compos-

ite was investigated using half cells vs. Li/Li+ in the potential

range 0.01–2 V, as shown in Fig. 3. Fig. 3a shows the charge–

discharge profiles of the Si@C/GF for the first three cycles at

a current density of 0.1 A/g. The first discharge and charge

capacities are as high as 4976 mAh/g and 3062 mAh/g,
respectively (the capacity values are calculated based on the

total mass of Si@C/GF), corresponding to an initial Coulombic

efficiency of 61.5%. The unusual high initial discharge specific

capacity of the composites and lower initial Coulombic effi-

ciency may be caused by some side reactions with electrolytes

and the formation of a solid electrolyte interphase (SEI) film

on the surface of the Si nanoparticles [11,43] which may be

due to the high surface area of the graphene and the small

amount of amorphous carbon [44,45] in the first cycle, thus

resulting in the excessive consumption of Li+ and irreversible

capacity. However, the Coulombic efficiency exceeds 90% in

the second and third cycles, and the charge capacities in

the second and third cycles are 3010 mAh/g and 2956 mAh/g

respectively, showing almost no degradation, indicating high

reversible capacities. Fig. 3b and c show the rate performance

of Si@C/GF, Si/GF, Si nanoparticles, and GF. It can be clearly

seen that the composite Si@C/GF exhibits good rate capability

and maintains a high specific capacity in the current density

range of 0.1–1.5 A/g, while the Si nanoparticles show dramatic

decay and the GF has a low specific capacity despite having

excellent rate capability. The discharge specific capacity of

Si@C/GF is 2956, 1955, 1264, 830, and 715 mAh/g at the current

density of 0.1, 0.2, 0.5, 1, and 1.5 A/g, respectively. The volu-

metric capacity of the Si@C/GF electrode is estimated to be

�1176 mAh/cm3 at 0.2 A/g (see supporting information for



Fig. 3 – Electrochemical performance of the Si@C/GF composite. (a) First three voltage–capacity profiles of the Si@C/GF at a

current density of 0.1 A/g; (b) charge (delithiation) capacities of Si, Si/GF and Si@C/GF at various rates based on the total active

electrode material weight; (c) charge (delithiation) capacities of Si, Si/GF and Si@C/GF at various rates based on the Si weight;

(d) cycling performance and Columbic efficiency of the Si@C/GF at 1 A/g for 200 cycles. (A color version of this figure can be

viewed online.)
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calculation details), which is about twice of graphite electrode

(�620 mAh/cm3) [46]. The composite Si/GF shows a little

higher specific capacity than that of Si@C/GF, which is due

to the more Si content in Si/GF. However, when the specific

capacities were calculated on the basis of the Si mass

(Fig. 3c), the Si@C/GF gives higher specific capacities than Si/

GF especially at low current densities, which indicates that

the presence of Si in Si@C/GF contributes more than it does

in Si/GF. In addition, the specific capacity of Si@C/GF also

remains very stable in subsequent cycles, which has a value

of �650 mAh/g with 85.1% retention after 200 cycles espe-

cially at the high current density of 1 A/g (Fig. 3d), much

higher than the theoretical specific capacity of the graphite

(372 mAh/g). Besides, the Coulombic efficiency also remains

nearly 100% in every cycle. These results indicate that a stable

SEI film is formed and the stable electrical contact of Si is

retained during cycling despite the drastic volume change,

leading to good cycle stability of the composite.

For comparison, the cycle stability of the Si@C/GF and Si/

GF composites was also investigated under the same electro-

chemical conditions. As illustrated in Fig. 4a, Si@C/GF shows

much better cycle performance than Si/GF. After cycling for

200 cycles at 1 A/g, the specific capacity of the Si@C/GF elec-

trode remains at 85.1%, while the value for the Si/GF electrode
is only 42.6%. It is worthy to note that even at the same con-

tent of Si (�65 wt%), the Si@C/GF composite still exhibits bet-

ter cycle performance (85% retention) than the binary

composite (68% retention), indicating the important function

of the carbon layer during the electrochemical reactions (see

Fig. S4 in the supporting information). The capacity retention

value of Si@C/GF is also much higher than the similar

reported studies [37,38], where there is only �68% retention

after 100 cycles, thus demonstrating the better cycle stability

of our Si@C/GF. Fig. 4b shows Nyquist plots of the Si/GF and

Si@C/GF electrodes. Both impedance curves show a com-

pressed semicircle in the high-frequency region and an

inclined line in the low-frequency region, which can be

assigned to the charge-transfer resistance and semi-diffusion

of lithium ions into the Si respectively [47,48]. Obviously, the

diameter of the semicircle for the Si@C/GF electrode is much

smaller than that for the Si/GF electrode (see the inset plot),

which means that the Si@C/GF electrode has a lower resis-

tance for the interfacial electrochemical reaction, indicating

the improved conductivity and the more stable structure of

Si@C/GF.

All the above results demonstrate that the amorphous

carbon layers play a crucial role in improving the cycle

stability of the Si@C/GF, because they can not only coat the



Fig. 4 – (a) Cycling performance of Si/GF and Si@C/GF at a current density of 1 A/g; (b) Nyquist plots of Si/GF and Si@C/GF. (A

color version of this figure can be viewed online.)
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Si nanoparticles to alleviate the effects of volume changes,

but also connect with the graphene framework to construct

a more rigid network thus stabilizing the structure while also

improving the conductivity. Therefore, our results clearly

demonstrate the important role of the well-organized inter-

leaved structure of Si@C/GF in improving the electrochemical

performance.
4. Conclusion

We have described a novel method for the synthesis of a

graphene framework and amorphous carbon double-pro-

tected Si nanoparticles to enhance the electrochemical per-

formance of lithium-ion batteries. The Si@C/GF material

was prepared by the solvothermal reaction of graphene oxide

and Si nanoparticles and further coating by amorphous car-

bon layers using phenolic resin as the carbon precursor. The

as-prepared material shows a significantly improved lith-

ium-storage performance in terms of highly reversible lith-

ium-storage capacity, good rate capability and excellent

cycle stability, compared to Si/GF and the bare Si nanoparti-

cles. The Si@C/GF also shows much better cycle performance

than other similar Si/graphene/C composites. Therefore, this

strategy, which uses elastic graphene framework as the sup-

porting network for loading Si nanoparticles, and amorphous

carbon as the coating layer, is demonstrated to be an effective

way to improve the cycling performance of Si-based anode

materials.
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