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Abstract Reduced graphene oxide/porous Si composite was
fabricated through magnesiothermic reduction of mesoporous
silica and subsequent dispersing porous Si in the suspension
of graphene oxide followed by reduced process. The electro-
chemical performance of the obtained reduced graphene
oxide/porous Si composite was investigated as anode for
lithium ion batteries, and it delivers a reversible capacity of
about 815 mAh g−1 at a rate of 100 mA g−1 in the voltage
range of 0.01–1.5 V after 50 cycles. The excellent electro-
chemical performance of the composite can be attributed to
that of the porous structure of conductive reduced graphene
oxide network, and dispersed Si particles can improve elec-
tronic conductivity and accommodate the large volume
changes.
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Introduction

Lithium ion batteries have attracted considerable attention in
the various portable electronic devices and electric and hybrid
vehicles because of their high energy density and long cycle
life. Among various anodematerials, silicon is considered as an

ideal anode material for the next-generation lithium ion batte-
ries due to its highest theoretical capacity (4,200 mAh g−1) and
satisfactory potentials for lithium ion insertion and extraction
(<0.5 V vs. Li/Li+) [1]. In addition, silicon is an attractive anode
material for lithium ion batteries due to its high abundance and
environmental benignity. However, little has been done in
utilizing Si as an anode material, mainly due to the large
volume changes (~300 %) during lithium ion insertion/
extraction process and low electronic conductivity [2]. The
large volume changes lead to the fracture and pulverization of
electrode materials, which cause rapid capacity fading. Various
methods have been adopted to improve the cycling stability of
Si-based materials, including decreasing the particles size to
nanometer [3–6] and preparation of silicon/carbon composites
[7–11].

Among various carbon materials, graphene is a good ma-
trix to host active materials for energy application due to its
high electronic conductivity [12], flexibility [13], stability, and
large surface area (theoretical value of 2,630 m2 g−1) [14].
Graphene [15] and graphene-based materials such as
graphene/TiO2 [16], graphene/Fe3O4 [17], graphene/Co3O4

[18], graphene/Sn [19], and graphene/SnO2 [20] have been
studied as anode materials for lithium ion batteries. The en-
hanced electrochemical performance can be due to the im-
proved electronic conductivity, enhanced dispersity of nano-
particles, and the formation of stable solid electrolyte interface
(SEI) layer on the electrode surface. Recently, graphene/Si
composites have been reported to obtain enhanced electro-
chemical performance. The graphene/silicon paper exhibits an
excellent electrochemical performance due to the good me-
chanical properties of graphenematrix and improved electron-
ic conductivity of electrode materials [21, 22]. Graphene/
silicon powder electrode also demonstrates a high reversible
capacity and enhanced cycling stability because graphene-
encapsulated silicon composite enhances the compatibility of
electrode materials and electrolyte [23].
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Porous structured materials are of great interest in lithium
ion batteries because of large surface area. Porous structure
can provide free space for alleviating the structure strain and
accommodating the large volume changes, especially Si-
based materials. 3D porous Si/C particles have been prepared
to obtain excellent cycling performance as anode materials
because large porous structures provide empty space to ac-
commodate the volume changes of Si-based materials and
release stress during lithium ion insertion process [24].
Macroporous Si/Ag composite also has been prepared to
obtain high capacity and good cycling performance because
Ag coating layer improves electronic conductivity and porous
structure alleviates volumetric stress caused by lithium ion
insertion/extraction [25].

Combining the advantages of porous structure and carbon
coating, in this study, the reduced graphene oxide/porous Si
(RGO/PS) composite has been prepared through a three-step
method. The composite exhibits a high reversible capacity of
about 815 mAh g−1 after 50 cycles and good cycling stability
as anode materials for lithium ion batteries.

Experimental

Preparation of RGO/PS composite

The RGO/PS composite was prepared by a three-step method.
Firstly, graphite oxide was synthesized by using a modified
Hummers method [26]. The resulting graphite oxide (100 mg)
was re-dispersed into deionizedwater (200mL) and exfoliated
to graphene oxide nanosheets by sonication. Secondly, meso-
porous SiO2 (SBA-15) was prepared according to the litera-
ture [27]. The PS particles were obtained by magnesiothermic
reduction of SBA-15. SBA-15 (1 g) and magnesium powder
(0.5 g) were placed on two close porcelain boats and then
sealed with a stainless steel chamber. The sealed chamber was
heated at 650 °C for 3 h and then cooled naturally to room
temperature. The obtained mixture was washed in 1 mol L−1

HCl solution to remove MgO. Finally, the obtained PS
(100 mg) particles were dispersed into a 200-mL graphene
oxide nanosheet (0.5 mgmL−1) suspension by sonication. The
resulting graphene oxide nanosheets/PS composite was heated
at 800 °C for 3 h under Ar atmosphere to obtain the RGO/PS
composite.

Structural characterization

The structure was characterized by X-ray diffraction (Rigaku
Ultima IV) with Cu Ka radiation. The morphologies of
graphene oxide nanosheets, SBA-15, PS, and RGO/PS were
analyzed by field emission scanning electron microscopy (FE-
SEM, JSM-7500 F, JEOL). C, Si, and O maps were collected
using the energy dispersive X-ray spectroscopy (EDS, Oxford

X-Max 50) attached to the FE-SEM. The carbon content was
determined using thermogravimetric analysis (TGA, Perkin-
Elmer 2400II) from 30 to 1,000 °C in air.

Electrochemical characterization

The active materials (PS and RGO/PS composite) were mixed
with carbon black and polyvinylidene difluoride (PVDF) at a
weight ratio of 80:10:10 for preparing a working electrode.
The resulting slurry was uniformly pasted on Cu foil and then
dried at 120 °C for 24 h under vacuum. The electrochemical
measurements were carried out in 2,032 coin cells with 1 M
LiPF6 in ethylene carbonate/dimethyl carbonate in a volume
ratio of 1:1 as the electrolyte and a Li foil as the counter
electrode. Coin cells were assembled in an Ar-filled glove
box with water and oxygen contents below 1 ppm. The
lithium ion insertion and extraction performance was obtained
at a rate of 100 mA g−1 in the voltage range of 0.01–1.5 Von a
Land CT2100 battery test system. All of the capacities were
calculated on the basis of the total weight of composite. Cyclic
voltammetry (CV) was carried out using a CHI660C electro-
chemical workstation (Shanghai Chenhua) at a scan rate of
0.5 mV s−1. Electrochemical impedance spectra (EIS) were
measured from 100 kHz to 0.01 Hz with an alternating am-
plitude of 5 mV by using a CHI660C electrochemical work-
station (Shanghai Chenhua).

Results and discussion

The obtained RGO/PS composite was investigated by X-ray
diffraction. The XRD patterns of graphite, graphite oxide,
SBA-15, PS, and RGO/PS composite were collected as shown
in Fig 1. The pristine graphite shows a sharp crystalline peak
at 26.5° corresponding to (002) plane. For the graphite oxide,

10 20 30 40 50 60 70 80 90

(0
0
2
)

S
i(

3
1
1
)

S
i(

2
2
0
)

RGO/PS

porous Si

SBA-15

graphite oxide

In
te

n
si

ty
 (

a.
u

.)

2θ degree

graphite

S
i(

1
1
1
)

Fig. 1 X-ray diffraction patterns for graphite, graphite oxide, SBA-15,
porous Si, and RGO/PS composite
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a peak appears at about 10.5° corresponding to (001) plane,
and the peak at 26.5° for graphite disappears, indicating the
successful oxidation of graphite to graphite oxide [28]. In the
case of SBA-15, a broad peak appears at around 24°, indicat-
ing that the synthesized SiO2 is amorphous. After
magnesiothermic reduction of SBA-15, the PS particles pres-
ent well-defined peaks at 28.5°, 47.4°, 56.2°, 69.3°, 76.4°, and
88.2°, which are assigned to the (111), (220), (311), (400),
(331), and (422) planes of crystallized Si, respectively. This

result suggests that the SiO2 can be reduced successfully to Si
by magnesiothermic reduction. In the case of RGO/PS com-
posite, the peak at about 26.5° is corresponding to (002) plane
of graphite, and other peaks are identical with those of PS,
indicating the presence of both RGO and Si.

The morphologies of SBA-15, PS, graphene oxide, and
RGO/PS composite were examined by FE-SEM, as shown in
Fig. 2. SBA-15 is a rod-like structure with an average diameter
about 100 nm and the average length about 1 μm (Fig. 2a).

(a) (b)

(c) (d)

RGO

Si

(e)

Fig. 2 FE-SEM images of SBA-
15 (a), porous Si (b), graphene
oxide nanosheets (c), and RGO/
PS composite (d) and FE-SEM
image of RGO/PS composite and
the corresponding elemental C,
Si, and O EDS maps (e)
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After magnesiothermic reduction of SBA-15, the PS particles
retain a rod-like structure and the average length decreases to

about 0.5 μm (Fig. 2b). This may be due to that the part
structure was destroyed during the magnesiothermic reduction
process. The graphene oxide is a typical lamellar structure,
and these nanosheets curl with each other (Fig. 2c). For the
RGO/PS composite, the PS particles are fully and uniformly
covered by RGO, and the morphology of rod-like PS may be
destroyed partly during the synthesis process of RGO/PS
(Fig. 2d). This structure avoids the direct contact between Si
particles and electrolyte during discharge–charge process. The
distribution of Si on the graphene could also be further con-
firmed from FE-SEM image with corresponding C, Si, and O
maps using the characteristic X-ray spectroscopy (Fig. 2e),
suggesting the uniform distribution of Si on graphene and the
existence of residual SiO2 in the composite.

To quantify the carbon and silicon contents in the compos-
ite, TGA was performed under air atmosphere. It can be
estimated that the carbon and silicon weight contents are about
30 and 70 % from the TGA curve (Fig. 3), respectively.
Figure 4a shows the discharge (lithium ion insertion) and
charge (lithium ion extraction) profiles of RGO/PS composite
for the first, 10th, 20th, 30th, 40th, and 50th cycles tested at a
rate of 100 mA g−1. In the case of RGO/PS composite elec-
trode, it can be seen that the electrode exhibits two wide
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Fig. 3 TGA curve of RGO/PS composite under air atmosphere

0 300 600 900 1200 1500 1800

0.0

0.5

1.0

1.5

2.0

2.5

V
o

lt
ag

e 
(V

 v
s.

 L
i/

L
i+

) 

Capacity (mAh g-1) 

1st cycle

 10th cycle

 20th cycle

 30thcycle

 40th cycle

 50thcycle

(a)

0 10 20 30 40 50
0

300

600

900

1200

1500

1800

0

20

40

60

80

100

Li ion extraction

Li ion insertion

C
ap

ac
it

y
 (

m
A

h
 g

-1
) 

Cycle number

(b)

Coulombic Efficiency

0 5 10 15 20 25 30
0

200

400

600

800

1000

1200

C
h

ar
g

e 
ca

p
ac

it
y

 (
m

A
h

 g
-1

) 

Cycle number

Porous Si

372 

(c)

Fig. 4 The discharge–charge curves of RGO/PS composite cycled be-
tween 0.01 and 1.5 V at a rate of 100 mA g−1 (a). Cycling stabilities of
RGO/PS composite (b) and porous Si (c) at a rate of 100 mA g−1 in the
voltage range of 0.01–1.5 V
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Fig. 5 Cyclic voltammetry of RGO/PS composite from 0.01 to 1.5 V vs.
Li/Li+ at a scan rate of 0.5 mV s−1
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Fig. 6 Nyquist plots of RGO/PS composite and porous Si in an open-
circuit potential. Magnified Nyquist plots (inset)
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voltage plateaus at about 0.7 and 0.1 V during the first
discharge process, which is attributed to the formation of
SEI layer and LixSi alloy, respectively. The initial discharge
and charge capacities are 1,665 and 895 mAh g−1, respective-
ly. The low initial discharge/charge capacities of RGO/PS
composite may be due to the presence of residual SiO2 in
the composite. The large initial irreversible capacity may be
caused by the decomposition of the electrolyte and the forma-
tion of SEI layer on the surface of electrode material [29, 30].
During the 10th cycle, the reversible capacity of 866 mAh g−1

is obtained and the corresponding coulombic efficiency is
95.5 %. Figure 4b shows the discharge/charge specific capac-
ities and cycling stability of RGO/PS electrode. The reversible
specific capacity of RGO/PS composite is about 815 mAh g−1

with a coulombic efficiency of 96.4 % during the 50th cycle
under a current density of 100 mA g−1. The discharge specific
capacity and cycling stability of PS have been reported in our
related work [11]. In contrast, the discharge capacity of PS
electrode degrades rapidly to 376 mAh g−1 after 30 cycles,
which is less than 1/2 times than that of the RGO/PS electrode
after 50 cycles (Fig. 4c). The excellent cycling stability of
RGO/PS composite is attributed to the fact that the RGO in the
composite improves the electronic conductivity of electrode.
Another reason for the enhanced performance could be due to
that the RGO enhances the compatibility of electrode and
electrolyte as a result of forming a stable SEI layer on the
surface of electrode [31]. In addition, the good mechanical
stability of RGO could effectively buffer the stress induced by
volume variation of electrode materials during lithium ion
insertion/extraction process. Moreover, the porous structure
can accommodate the large volume changes during the dis-
charge–charge process.

The CV curvesmeasured at a scan rate of 0.5 mV s−1 over a
voltage range from 0.01 to 1.5 Vare shown in Fig. 5. There is
a strong peak at 0.66 V during the first lithium insertion
process, which disappears from the second cycles. This ca-
thodic peak corresponds to the formation of SEI layer on the
surface of electrode. The peak at 0.1 V is ascribed to the
formation of LixSi alloy, which is consistent with the first
discharge curve. For the anodic scans, the peaks at 0.23 V
should correspond to the extraction of lithium ions from LixSi
alloy electrode.

To further investigate the improved electrochemical
performance, the Nyquist plots of PS and RGO/PS
composite are compared in Fig. 6. Both the electrodes
display one depressed semicircle in the high frequency
and an inclined line in the low-frequency region. The
high-frequency semicircles related to the overlap of SEI
resistance and charge-transfer resistance are 73 and
48 Ω for the PS and RGO/PS, respectively. The results
indicate that the RGO in the composite can improve the
electronic conductivity and make for the formation of
stable SEI layer on the surface of electrode.

Conclusion

The RGO/PS composite as anode materials for lithium ion
batteries was prepared to accommodate the large volume
changes of Si, and it exhibits a high reversible capacity of
about 815 mAh g−1 after 50 cycles at a rate of 100 mA g−1.
The obtained excellent electrochemical properties of the fab-
ricated RGO/PS composite electrode are attributed to combin-
ing the advantages of silicon (high capacity) with RGO (high
electronic conductivity and excellent cycling stability). In
addition, the RGO is beneficial to the formation a stable SEI
layer on the surface of Si-based electrodes and offers a con-
tinuous electrically conductive network. The porous structure
of RGO/PS composite facilitates the penetration of electrolyte
and can accommodate the large volume changes.
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