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ABSTRACT: A multilayered structural silicon-reduced graphene oxide electrode with superior electrochemical performance was
synthesized from bulk Si particles through inexpensive electroless etching and graphene self-encapsulating approach. The
prepared composite electrode presents a stable charge−discharge performance with high rate, showing a reversible capacity of
2787 mAh g−1 at a charging rate of 100 mA g−1, and a stable capacity over 1000 mAh g−1 was retained at 1 A g−1 after 50 cycles
with a high columbic efficiency of 99% during the whole cycling process. This superior performance can be attributed to its novel
multilayered structure with porous Si particles encapsulated, which can effectively accommodate the large volume change during
the lithiation process and provide increased electrical conductivity. This facile low-cost approach offers a promising route to
develop an optimized carbon encapsulated Si electrode for future industrial applications.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have become essential energy
storage devices for a rich variety of applications including
portable electronics, electric vehicles, and microelectronic
devices because of their high energy density, long cyclic life,
and environmental compatibility.1−3 However, current LIBs
suffer from a limited storage capacity, and LIB technologies
with higher capacity and energy density are needed to meet the
increasing demand of industrial applications. Silicon has been
identified as a promising anode material because it possesses a
high theoretical capacity of 3579 mAh g−1 at room temperature
that accommodates 3.75 Li atoms per Si atom, which is about
10 times that of the present commercial graphite anodes (372
mAh g−1).4 Unfortunately, using silicon in LIB anode has met
some scientific and technical challenges in reality. Besides
silicon’s intrinsic electrical conductivity, another major
challenge is the mechanical fracture caused by tremendous
volume changes, up to 400% during the lithiation/delithiation
process, leading to several severe fading mechanisms, including
pulverization of the active materials, contact loss with
conductive carbon agents, and unstable solid electrolyte
interphase (SEI) formation.5,6

In the past, numerous electrode designs have emerged to
circumvent this problem and improve the overall electro-
chemical performance of Si anodes. It was found the structure
of electrode materials plays an important role in affecting the
transport behavior of Li ions and the electrochemical
performance of LIBs.7 As a result, various nanostructured
silicon materials such as nanoparticles,8 nanowires,5,9−11 Si
nanotubes,12and nanoporous Si13,14 have been developed and
applied in LIB electrode. It demonstrated that these strucutures
can partially accommodate the large volume expansion/
contraction of Si anode duing the lithalization process, thus
exhibiting an improved cycling performance. However, the
production of nanostructured Si usually involves high-temper-
ature pyrolysis of toxic and expensive organic silicon precursors,
which may limit their practical applications.5,13,15,16 To
overcome these obstacles, it is highly desirable to develop
efficient low-cost routes that can produce porous Si structure
with high yield and scalable potential, which will generate
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meaningful impact on the actual application of Si as lithium
battery anodes.
Another effective strategy for improving the Si anode

performance is to use Si/C composites as stress buffering
matrixes.17−22 As a commonly used additive in lithium
electrode materials, carbon coating not only enhances the
electrical conductivity, but also constrains the large volume
change of Si to keep the electrode integrity during the lithiation
process. In this regard, composites of carbon with various
morphologies of Si nanostructures, such as Si nanoparticles
coated with carbon black,17,21 Si nanoparticles in nitrogen-
doped carbon sphere,23 yolk−shell structured carbon/Si
composites,24 Si-carbon core−shell structures,25 and gra-
phene-coated Si nanowires,26 have been developed to improve
the electrochemcial performance of Si anodes. With the
demonstrated function of bufferring the pulverization of Si
upon lithiation and increasing the electric conductivity, the
nanostructured Si-carbon composites have been considered as
one of the most promising materials to obtain stable
electrochemical performance for high capacity LIBs. Among
the carbon materials, GO/graphene has been extensively used
in the design of advanced Si-based anode materials27−30 and
other electrode materials,31−33 with their superior conductivity,
large specific surface area, and great flexibility. It successfully
demonstrated that the reduced graphene oxide can synergisti-
cally accommodate the volume change of encapsulated
electrode material and maintain their structural and electrical
integrity.34

In this article, a new route to produce high performance Si
anode from low-cost bulk Si particles was developed. Using
commercial bulk Si particles, a multilayer-structured Si/reduced
graphene oxide (rGO) anode was fabricated through facile
electroless chemical etching, followed by the graphene self-
encapsulating process governed by electrostatic interaction.
Different from previously reported Si/graphene nanopar-
ticles,22,29,30 the obtained material is composed of micro-sized
porous Si particles encapsulated in layered reduced graphene
oxide, which has a low fabrication cost with inexpensive raw
material and reduced amount of required graphene, but still
presents excellent performance with its novel multilayered
structure. In this composite, the irregular Si porous particles
offer numerous void spaces that could accommodate the
volume expansion of Si during lithiation, while graphene
bonded to the silicon particles serves a firm and continuous
electronic conduction pathway, compensating for the low
electronic conductivity of intrinsic Si material. Furthermore, the
overall layer-structured electrode can maintain a stable SEI
layer formation during the lithiation/delithiation process. Using
the silicon/graphene electrode, a reversible discharge capacity
of 2787 mAh g−1 at a rate of 100 mA g−1 and 1376 mAh g−1 at
a rate of 1 A g−1 with an average high columbic efficiency of
∼99% over 100 cycles has been achieved. Our approach that
obtains low-cost layered structure with graphene wrapped
irregular porous Si offers a new route for rational design and
fabrication of scalable low-cost high-capacity stable anodes for
future LIB technologies.

2. EXPERIMENTAL SECTION
Preparation of Multilayered Si−Graphene Electrode. Si

powders (Sigma-Aldrich) were ultrasonicated in acetone, ethanol,
and deionized water followed by boiling in a solution composed of
NH3·H2O (30%), H2O2 (30%), and H2O (1:1:5, v:v:v) for 30 min to
get hydrophilic Si powders. After being rinsed with water and dried at

60 °C in a vacuum oven, the powders were added to a 50 mL solution
of 37.5 mL of H2O and 0.172 g of AgNO3. 12.5 mL of HF (40%) was
addd to deposit Ag catalyst on Si surface. The Ag deposition process
lasts for 45 s under vigorous stirring at 30 °C. One milliliter of H2O2
(30%) was then added dropwise into the plating solution for metal-
assisted chemical etching. The reaction was stopped after 30 min by
adding a large amount of deionized water to the etching solution. The
Ag particles loaded on the etched Si powders were removed by HNO3.
The etched Si powders were filtered through a micropore filter paper
(0.45 μm), rinsed with deionized water, and dried at 60 °C in a
vacuum oven.

Reduced graphene oxide was prepared for efficient graphene coating
on the porous macro Si particles, which was prepared from
commercially available aqueous graphene oxide dispersion (ACS
Material). The aqueous graphene oxide was mixed with hydrazine and
ammonia, followed by a 95 °C water bath for 1 h, which resulted in N
doped reduced graphene oxide.35,36 To get layered Si/rGO composite,
Si powders were added into the reduced graphene oxide solution
(Si:GO = 9:1, wt ratio) with ultrasonic for 5 min. Notice that ammonia
was added to get a uniform graphene oxide solution during the whole
process to maintain a weak alkaline environment for successful
graphene coating when silicon particles were added into the solution.
The resulting compound was washed with DI water, collected with
micropore filter paper, and dried at 60 °C in a vacuum oven.

Coin Cell Fabrication. The Li-ion battery electrode was made by
mixing the porous silicon/graphene composite with carbon black and
alginate binder to form a uniform slurry in a weight ratio of 7:2:1 and
then spread on a copper foil using a stainless steel blade. The electrode
was dried at 60 °C in a vacuum oven for 10 h. CR2032 coin cells then
were assembled in an Ar-filled glovebox using the as-prepared porous
silicon/rGO anodes as working electrodes and lithium metal foil as
counter electrodes. The electrolyte was 1.0 M LiPF6 in ethylene
carbonate/ethyl methyl carbonate (40:60, v/v) and with 1 wt %
vinylene carbonate. A Celgard-2320 membrane composed of 20 μm
thick polypropylene (PP)/polyethylene/PP trilayers was used as a
separator.

Characterization. Hitachi S-4800 scanning electron microscopy
(SEM) and Hitachi H9000NAR transmission electron microscopy
(TEM) were used to characterize the morphology of the porous Si/
rGO composite. The composition of the obtained material was
examined by energy-dispersive X-ray spectroscopy (EDS) integrated
with SEM and X-ray diffraction (XRD). The surface area and porosity
of the materials were characterized by a multipoint BET N2
adsorption/desorption method carried out on a Micromeritics ASAP
2000. Raman spectroscopy was carried out using a Renishaw 1000B
Raman microscope with a 632.8 nm He−Ne laser. AC impedance over
the frequency range from 100 kHz to 0.1 Hz with the amplitude of 5
mV was measured on VersaSTAT 3F (Princeton Applied Research).
The charge−discharge cycles were performed between 0 and 1 V with
LANHE CT2001A (Land, China).

3. RESULTS AND DISCUSSION
The synthesis of multilayered structure silicon/rGO electrode
was performed through a low-cost self-encapsulating approach.
Porous micro silicon particles were first obtained by metal-
assisted chemical etching of commercial bulk Si particles, which
are pretreated with ammonia to get a hydrophilic surface. In
our experiment, AgNO3 and HF are used as the source of Ag
catalyst and etching agent, respectively. For multilayered Si/
graphene composite synthesis, electrostatic interaction between
silicon and carbon is designed to drive the self-encapsulating
reaction. The surface charges of silicon and graphene are
affected significantly by the pH value of the solution.35

Graphene oxide aqueous solution was first mixed with N2H4
and NH3H2O and heated at 95 °C, which resulted in a uniform
N doped reduced graphene oxide solution.36 The pH value of
the solution was adjusted to (∼7.5−8) by adding a certain
amount of NH3H2O to get a proper environment, where
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opposite surface charged Si and rGO sheet could be obtained.35

The porous silicon particles then were added into the rGO
solution, which led to a spontaneous electrostatic attraction
between them, forcing the Si particles to bond onto the rGO
sheet. The material was finally filtered after mild stirring for 15
min. Under the combined effect of gravity and electrostatic
interaction, the Si/rGO dispersed in the solution formed a
multilayered structure during the filtering process, where the
graphene sheet acts as a soft template. Further experimental
details are provided in the Experimental Section.
Figure 1a,b presents the morphologies of the etched Si

particles before combining with graphene. The etching process
was not intended to change the average size of the particles
(Supporting Information Figure S1), but to generate well-
dispersed porous features on these particles (Figure 1).
Although the obtained porous Si particles retain their irregular
shapes and size variation, the generated empty spaces in the
pores can partially accommodate the large volume expansion/
contraction during the lithiation and delithiation process, and
thus their electrochemical performance benefits. The result also
confirmed that Si porous materials made by metal-assisted
chemical etching have a high tolerance to the uniformity of the
original bulk materials, which is important in developing low-
cost industrial technologies.
Figure 2 shows the detailed characterization of the obtained

multilayered structure of Si/graphene compound. Silicon is
present as large micrometer-sized particles that are completely

enfolded by sheets of graphene (Figure 2a). The SEM image of
the edge of the multilayered composite (Figure 2b)
demonstrates the layered structure of the composite, where Si
particles are fully encapsulated by well-separated rGO films,
which also indicates the graphene does not restack during the
reduction or the following coating process. Furthermore, Si
porous structure was also not damaged during the multilayer
compound formation process, as shown in the high-
magnification SEM images after graphene coating (Figure
2c). The tight connection between the Si particles and
graphene indicates that the electrostatic interaction is an
efficient way to encapsulate irregular Si micro particles into
graphene sheet. It is anticipated that both the void structure of
Si particles and the layered structure of Si/graphene compound
would act as efficient buffer layers of the volume change,
leading to superior electrochemical performance in LIB
electrode. Silicon content was measured with thermogravi-
metric analysis (TGA) carried out in air at a heating rate of 10
°C/min (Figure 2d), giving a mass fraction of 89.9% Si. The
exothermic peak centered at 530 °C observed in the differential
scanning calorimetry (DSC) plot, along with a significant
weight loss, corresponds to the graphene combustion reaction.
After that, a gradual increase in weight and an endothermic
peak in the DSC curve could be ascribed to the oxidation of Si.
The relatively rapid weight increase after 600 °C indicates a fast
oxidation process, which may be attributed to the porous
nature of the Si particles.

Figure 1. (a) SEM images of Si particles after electroless etching. (b) High-magnification SEM image of single Si particle shows the porous structure
of etched Si.

Figure 2. (a−c) SEM images of layered Si/graphene compound. (d) TGA and DSC curve of the Si/graphene composite.
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TEM was performed to investigate the detailed structure of
the etched Si and porous Si/rGO composite. Figure 3a and b

shows the images of single Si particle before and after chemical
etching, which confirmed a porous structure obtained during
the etching process. The TEM image of Si/rGO (Figure 3c)
demonstrates the nature of porous Si particle encapsulated in
reduced graphene oxide film. The conformal coating edge
implies an intimate contact between Si and rGO. HR-TEM
image (Figure 3d) indicates Si retains its crystalline structure
during the whole etching and rGO coating process. The
observed lattice fringes of 0.316 nm in the image (Figure 3d)
correspond to the (111) plane of Si.

To verify the composition of the formed compound, energy
dispersive spectroscopic (EDS) mapping of the obtained
material was carried out (Figure 4). The results confirm that
the bright particles in the SEM images were silicon particles
with uniform graphene sheet coating. EDS mapping of the
cross section of the film (Supporting Information Figure S2)
also clearly indicates that silicon dispersed uniformly between
rGO sheets that act as a soft template during the composite
formation. From these results, we may conclude that the
electrostatic-interaction-induced encapsulating process is effi-
cient in combining porous Si micro particles with well-
separated graphene sheet.
The porosities of electrode material were characterized by N2

adsorption−desorption, as presented in Supporting Informa-
tion Figure S3, and the Brunauer−Emmett−Teller (BET)
surface areas of pristine bulk Si, etched porous Si, and porous
Si/rGO were 1.87, 26.2, and 44.7 m2 g−1, respectively. The
results confirm that the chemical etching process increased the
surface area of micro Si particle significantly, which make it a
porous structure. The large surface areas of encapsulated
porous Si electrodes are due to the intrinsic large surface areas
of graphene oxide film. On the basis of the isotherms, the BJH
pore size distributions were obtained (Supporting Information
Figure S3b), which indicate that the metal-assisted chemical
etching leads to the formation of a large amount of mesopores
(2−50 nm). The BET areas and average pore sizes of three
materials are summarized in Supporting Information Figure
S3c. The high surface area and pore volume distribution also
confirm the existence of large internal porosity available for
volume expansion and larger particle−electrolyte interface,
which will facilitate fast intercalation of Li+ ions and help
minimize the capacity fading due to SEI layer degradation and
active material destruction.
The structure of the Si/rGO composite was further

characterized by XRD and Raman spectroscopy (Figure 5).
XRD patterns show the well crystalline structure of Si with
characteristic peaks at 28.7°, 47.5°, 56.3°, and 69.3°, which can
be assigned to the (111), (220), (311), and (400) plane of Si,
respectively. The weak peak at 20.3° corresponds to the (002)

Figure 3. TEM images of (a) bulk Si particle, (b) etched porous Si
particle, and (c,d) Si/rGO composite.

Figure 4. Elemental mapping of the Si/rGO compound. (a) SEM image of the top view of the Si/rGO compound. (b) Si and C element mapping
images. (c and d) Si and C dispersion, respectively.
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plane reflections of graphitic carbon. The broad diffraction peak
of rGO indicates poor ordering of the sheets in the stack
direction, which implies the composite was comprised mainly
of single or only a few layers of rGO. The nature of the carbon
and silicon in the Si/rGO composite was further analyzed by
Raman spectroscopy (Figure 5b). Raman spectrum exhibits a
characteristic peak at ∼520 cm−1, which is attributed to Si, and
the other two prominent peaks at ∼1350 and ∼1590 cm−1 are
the D peak, which represents the dispersive, defect-induced
vibrations, and the G peak, which is related to the vibration of
sp2 bonded carbon atoms, respectively. We found that the
intensities of the D and G peaks are similar, indicating that the
rGO contains a large amount of disordered sp2 carbons,37

which are associated with the defects that may be generated
during the reduction process. On the other hand, the defects
also could provide extra Li diffusion channels,38 and help
electrolytes penetrate into the rGO to react with Si particle
more efficiently.
Coin cells with a metallic lithium counter electrode were

used to evaluate the charge/discharge performance of the
multilayered Si/rGO electrode. The specific capacity values
reported in Figure 6 were calculated on the basis of the total
weight of Si and rGO. The cycling performance and columbic
efficiency of the Si/rGO anode were tested at a rate of 1 A g−1

after the initial two cycles of activation at 100 mA g−1 (Figure
6a). An initial discharge capacity of 2787 mAh g−1 at a rate of
100 mA g−1 is obtained. When the current density is increased
to 1 A g−1, the Si/rGO electrode delivered a high capacity of

1376 and 1243 mAh g−1 for the discharge (lithiation) and
charge (delithiation), respectively. The Si/rGO electrode
retains a capacity of 1026 mAh g−1 with approximately 75%
capacity retention at the 50th cycle. Note that the columbic
efficiencies obtained on these batteries are over 99% during the
whole 100 cycling process at 1 A g−1, which indicates a good
stability of the SEI and electrode structure because rupturing
and reforming the SEI will consume Li.24 For comparison, the
cycling performance of a Si porous electrode without rGO is
also shown in Figure 6a. The pure Si porous electrode shows
relative stable performance at the first 20 cycles thanks to its
intrinsic void structure, which accommodates the large volume
expansion. However, its capacity fading became much faster
beyond 20 cycles, and the reversible capacity dropped over 60%
at 50 cycles. As a control test to confirm the role of porous
structure of etched Si for electrochemical performance, the
same tests were also repeated with unetched pristine Si/rGO
electrode (Figure 6). The bulk Si/rGO shows a very low
capacity of 608 and 457 mAh g−1 at 1 A g−1 for discharge and
charge, respectively, which even decay rapidly. The result
confirmed the advantage of Si porous structure. On one hand,
the porous structure provides a larger surface area and therefore
a larger particle−electrolyte interface to facilitate fast
intercalation of Li+ ions into Si to improve the performance
at high current density. On the other hand, the porosity can
provide a large void space allowing for volume expansion
during the lithiation process, which make porous Si electrode
able to tolerant more stress to maintain its integrity during the
lithiation/delithiation process. Overall, the remarkable superior
capacity retention of novel multilayered porous Si/rGO
electrode can be attributed to its unique architecture where
the rGO layer offers a more stable structure preventing Si from
detaching from the electrode, and both the empty space in the
Si pores and that between Si and graphene partially
accommodate the large volume expansion/contraction during
the lithiation and delithiation process.
Figure 6b shows galvanostatic cycling at a current density of

100 mA g−1 with a voltage ranging from 0.01 to 1.0 V. The
initial discharge (lithiation)/charge (delithiation) capacities are
approximately 2787 and 2042 mAh g−1 at 100 mA g−1 rate. The
columbic efficiency was therefore calculated as 73%. The
irreversible capacity loss may be attributed to the solid
electrolyte interphase formed at the electrode/electrolyte
interface and the reaction of oxygen-containing functional
groups on rGO with lithium ions.39,40 Figure 6b also
demonstrates unchanged shape of the galvanostatic profile
during cycling at the rate of 1 A g−1, indicating a stable
electrochemical behavior of Si/rGO electrode. The rate
capability of the Si/rGO up to the 2 A g−1 was also measured
(Figure 6c). The average discharge (lithiation) capacities at
these rates are 2418, 1816, 1412, 1108, and 713 mAh g−1,
respectively, all of which are much higher than that of graphite
(372 mAh g−1) used in current Li ion batteries. When the rate
returned to 500 mA g−1, the capacity can be recovered to 1553
mAh g −1, which demonstrates a stable performance on the
obtained Si/rGO composite electrode. It is also noticed that the
capacity decays slightly faster when tested at lower current
density, which was also observed in other Si electrode
works.19,28,35,41 This tendency was also reflected by a cycling
test at 200 and 500 mA g−1 (Supporting Information Figure
S4), whose capacity decayed faster than that tested at 1 A g−1 in
the first several cycles. The phenomenon may be attributed to
the smaller volume expansion of Si under high current density

Figure 5. (a) XRD of Si/rGO composite. (b) Raman spectrum of Si/
graphene composite with its characteristic silicon peak at ∼520 cm−1,
and the D band (∼1350 cm−1) and G band (∼1590 cm−1) that are
characteristic of graphene.
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that resulted by a relatively slower Li ion transportation rate,
which will render a relatively stable SEI layer on the silicon
particles that prevents the irreversible loss of lithium storage
sites.42

To understand the reason for excellent cycling stability and
rate performance, the morphology of porous Si/rGO electrodes
after cycling was investigated (Supporting Information Figure
S5). After 100 cycles, the morphologies of the cycled electrode
were similar to that of the pristine porous Si/rGO electrode,
which maintains its initial morphology and porous structure
even after repeated volume changes during battery operation
(Supporting Information Figure S5a−d). Such a high stability is
largely due to the novel Si/rGO layered structure, where both
the graphene layer and the mesopores acted as buffer layers for
volume changes. The thickness of Si/rGO electrodes was also
investigated by SEM before and after cycling (Supporting
Information Figure S5e,f), which only shows about a 28%
increase after 100 cycles. The SEM images confirmed the
confinement effect of porous Si particles embedded in the
graphene layers.
The superior performance can also be further understood by

the electrochemical impedance spectroscopy (EIS) (Figure 7),
which was tested from 100 kHz to 0.1 Hz at the charged state
after 2 cycles of activation and 30 cycles of cycling. All spectra
consist of a depressed semicircle attributed to the charge
transfer process and a linear Warburg part attributed to the
diffusion of the lithium ions in the electrode. The parameters in
the model were extracted by fitting the EIS data with ZView
software (Supporting Information Table S1). It is shown that
the Si/rGO electrode presents significant smaller charge
transfer resistance (Rct, 144.7 Ω) than that of pure Si electrode
(181.2 Ω) due to the superior conductivity of graphene. The

increased double layer capacitance (CPE-T, Supporting
Information Table S1) and reduced diffusion resistance (W-
R, Supporting Information Table S1) obtained on Si/rGO also
demonstrate an enhanced Li ion diffusion activity and enlarged
electrochemical active specific surface area,43 which may be
attributed to the novel multilayered Si/rGO structure and extra
Li diffusion channels as induced by sp2 defect on graphene
surface. More importantly, after cycling, multilayered Si/rGO
electrode presents a much smaller charge transfer resistance
increase (from 144.7 to 156.2 Ω) than pure Si electrode (from
181.2 to 257.2 Ω), suggesting minor contact loss with
conductive carbon agents as well as a stable SEI layer, which
confirm that novel multilayered structure can effectively
accommodate the volume change and enable good charge
and lithium-ion transportation during the cycling process.

Figure 6. (a) Cycle performance at a constant current rate of 1000 mA g−1 after initial activation processes at 100 mA g−1 for two cycles; (b)
galvanostatic discharge−charge profiles; and (c) rate performance of Si/graphene composite electrode.

Figure 7. Impedance spectroscopy analysis of Si/rGO composite
electrodes and pure porous Si electrode.
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4. CONCLUSION
In summary, we proposed a low-cost and scalable approach to
synthesize porous Si particle-based anode for lithium-ion
battery with demonstrated superior performance. The approach
has enabled the preparation of a well-defined self-encapsulating
layered structure of porous Si with spatially defined wrap of
graphene. The enhanced reversibility and rate capability of
graphene wrapped Si porous structure are attributed mainly to
the void structure of Si particles and good mechanical flexibility
of graphene in that it can readily accommodate the large
volume change associated with lithiation/delithiation and
preventing cracking of the electrode. Besides, graphene also
contributes to the enhanced electronic conductivity and Li-ion
diffusion activity in the electrode, which also enhances the
electrochemical performance of Si/rGO electrode.
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