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A B S T R A C T

A facile and efﬁcient electrostatic-assembly method to fabricate ball-milling-silicon@carbon/reducedgraphene-oxide composite (bmSi@C/rGO) has been developed. In the fabrication process, chitosan (CTS),
as a charged bridge, connected ball milling silicon (bmSi) and graphene oxide (GO), and then was
transformed into carbon coating by heat treatment. The carbon coated ball milling silicon (bmSi@C)
particles were distributed evenly between the sheets of reduced graphene oxide (rGO). Therefore, the
carbon coating and the wrinkled graphene sheets formed a superior conductive matrix and a buffer zone.
The composite used as anode material exhibited high reversible capacity of 935.77 mAh g 1 and 71.9%
capacity retention after 100 cycles. The excellent electrochemical properties are attributed to the welldesigned structure, in which both the carbon layer and the rGO play an important role for improving the
whole electrical conductivity and preventing the silicon from pulverization.
ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The development of lithium ion batteries with superior
electrochemical performance, such as high energy density and
long cycle life, as we know, is of vital importance for various
portable electronic products, especially for the hybrid electronic
vehicles (HEV) and electronic vehicles (EV) [1]. Lots of efforts have
been devoted to seeking promising electrode materials, in which
silicon is one of favorable materials. It is greatly identiﬁed that
silicon has the most lithium ion storage capacity (4200 mAh g 1)
when lithiated to Li4.4Si, which is more than ten times of the
current graphite (372 mAh g 1) [2]. Furthermore, it has a low
discharge voltage and is of great storage in the earth as well as
environmental friendly. However, there still exist some selfrestrictive problems to be solved for commercial application. For
example, silicon particles expand and impinge on each other
sharply in lithiation, but contract instead in delithiation, resulting
in the pulverization and detachment of the active materials from
the current collector and rapid decrease of the capacity [3]. Also,
the rate performance will be poor since silicon is a semi-conductor
with poor intrinsic electrical conductivity [4].
There are various methods proposed for improving the defects
of silicon, in which the carbon coating seems an effective way [5].
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The carbon coating will improve not only the conductivity but also
the giant volume change and the intimacy of the particles for the
silicon/carbon composite [6]. Recently, as a particular carbon
material, graphene has attracted extensive attention. Graphene
possesses large speciﬁc surface, superior electron conductivity and
mechanical ﬂexibility [7]. Therefore, the silicon/graphene composite could take a strong effect in buffering the volume change in
the lithiation-delithiation processes. The inherent ﬂexibility and
large sheet surfaces, on the other hand, could make it to form a 3D
conductive network in the composite [8].
It is of particular value to fabricate silicon/carbon or graphene
composite. The electrostatic assembly is a better one of the
composite structure assembly methods because of easy-operating
and immediate reacting [9,10]. Zhou et al. [11] synthesized Si/rGO
composite by electrostatic assembly between positively charged
aminopropyltriethoxysilane (APS) modiﬁed Si nanoparticals and
negatively charged graphene oxide, followed by thermal reduction.
The APS modiﬁcation was also applied to other cases [12,13] and
materials, such as metal oxides [14,15] and SiO2 [16] to get the
positively charged particle surfaces. Some cationic polymers were
also employed in the assembly processes, for example, Zhou et al.
[17] synthesized Si/rGO by converting the negatively charged
surfaces of silicon particles to positively charged surfaces via
adsorption of polydiallyldimethylammoniumchloride (PDDA), as a
result, the electrostatic assembly was performed between the
PDDA-Si and the negatively charged rGO. Conversely, Lim et al. [18]
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used PDDA to modify the reduced graphene oxide for being
positively charged and then the electrostatic assembly was
achieved between PDDA-rGO and Li-rich cathode. Little carbon
residue can be found in the all above cases. Lin et al. [19] fabricated
Si@C/rGO composite assisted by polymerization of aniline on the
surfaces of silicon particles, in which the polyaniline (PANI) coating
would guarantee the assembly of GO and Si-PANI, and PANI could
be transformed into carbon layer by heat treatment. However, the
polymerization process is under strict conditions and timeconsuming. Therefore, it is necessary to develop an easy-operating,
time-saving and successive method to fabricate a Si@C/rGO
composite.
In this work, bmSi was used as the raw material for low cost,
high yield and simple process. Both the carbon and graphene were
combined as dual protective network in the bmSi@C/rGO
composite through two-step successive deposition processes
driven by electrostatic interactions at ambient temperature as
Fig. 1 shown. Firstly, the chitosan is chosen as carbon source
because, when it dissolves in an acidic liquid, it will possess
positive charge as a result of protonation of amino groups [20,21].
Once the chitosan is attached on the surfaces of silicon particles
through electrostatic interaction, by adjusting the pH value of the
silicon@chitosan (bmSi@CTS) dispersion, a positively charged
surface will be achieved again since the protonation of the rest
amino groups [20]. At the same time, the agglomeration between
the silicon particles can be avoided. Graphene oxide possess a
negative charge over a broad pH range due to the ionization of the
dangling carboxylic acid and phenolic hydroxyl groups [14]. Thus,
another electrostatic interaction procedure will proceed between
the bmSi@CTS composite and graphene oxide. In the process the
GO composite will encompass and interconnect the bmSi@CTS
particles as a resule of the the superior ﬂexibility and large surface
area of GO. Finally, the bmSi@C/rGO was produced through a
process of in-situ carbon thermal reduction. In the assembly
structure, both the carbon and reduced graphene oxide play
important roles in enhancing the whole electrical conductivity and
buffering the volume expansion of silicon during the lithiationdelithiation process. When used as anode material, superior
electrochemical performance is displayed. Deﬁnitely, as-prepared
bmSi@C/rGO delivers a high reversible capacity of 935.77 mAh g 1
and 71.9% capacity retention after 100 cycles while the capacity of
bmSi particles drops sharply down to 75.23 mAh g 1 under the
same test conditions.
2. Experimental
All commercial chemicals used in this work are analytical grade
(AR) and not further puriﬁed before using. The graphene oxide was
prepared by a modiﬁed Hummer’s method [22]. The chitosan
solution was prepared by dissolving 1.0 g chitosan powders into
100 mL of 5% (v/v) acetic acid aqueous solution.
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2.1. Preparation of bmSi particles
The commercial available silicon (Huierna, 200 mesh) was ballmilled with deionized water as solvent. The ball-milling process
was conducted with a rotating speed of 400 rpm for 24 h. And then
the obtained products were washed with 10 wt% HF for several
minutes and dried at 80  C under vacuum condition.
2.2. Preparation of bmSi@C/rGO composite
Firstly, 0.1 g of the prepared bmSi was evenly dispersed into
50 mL absolute ethyl alcohol by ultrasonication for 30 min. Then
6 mL of CTS solution was injected into the above system and the pH
value of the system was kept to be around 3.0 by addition of 1 M
HCl. When the injection ﬁnished, the system was dispersed by IKA
disperser for 5 min. The bmSi@CTS particles were obtained after
centrifuging and washing away the untightly absorbed CTS with
absolute ethyl alcohol. Then bmSi@CTS particles were dispersed
into 50 mL ethyl alcohol, followed that 20 mL of 5.0 mg mL 1 GO
aqueous solution was added into the system drop by drop under
pH value of about 3.0 adjusted by 1 M HCl. Stirring the suspension
for 30 min, we obtained the bmSi@CTS/GO by centrifuging and
washing. The transformation of the reactive system was shown in
Fig. 2b. Finally, the bmSi@C/rGO was prepared by thermal
treatment of bmSi@CTS/GO at 700  C for 3 h under argon
atmosphere with 5% H2. For comparison, bmSi@C was synthesized
with the same method except for the second electrostatic
procedure.
2.3. Characterization
The particle size distribution was measured on the Laser
Particle Size Analyzer (90 Plus PALS, Brookhaven). The Fouriertransformed infrared (FT-IR) spectrum was measured on a Nicolet
330 infrared spectrometer in transmittance mode over the range of
400–4000 cm 1. X-ray diffraction (XRD) patterns were obtained on
a Rigaku miniﬂex 600 instrument using Cu Ka radiation
(l = 0.154 nm). Raman spectra were tested on JOBIN Yvon Horiba
Raman Spectrometer model HR800 with 532 nm diode laser
excitation. Besides, morphologies of the samples were characterized by ﬁeld emission scanning electron microscopy (SEM,
HITACHI S-4800) and transmission electron microscopy (TEM,
JEOL-2100). In order to quantify the element content, thermal
gravimetric analysis (TGA) was conducted on SDT Q600 system (TA
Instrument).
2.4. Electrochemical measurements
Electrochemical performance was measured in the form of
CR2016 coin-type cell in which a voltage range of 0.02–1.5 V (vs.
Li/Li+) was employed. The half cell, which includes the working

Fig. 1. The scheme for the preparation of bmSi@C/rGO composite.
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Fig. 2. (a) FT-IR spectra of the bmSi, CTS and bmSi@CTS particles. (b) The photographs of bmSi suspension, bmSi@CTS precipitate and bmSi@CTS/GO precipitate.

electrode involved and high-purity lithium metal as the counter
electrode, was assembled in the argon-ﬁlled glove box. 1 M LiPF6
and 5 wt% ﬂuoroethylene carbonate (FEC) additives dissolved in a
mixture of ethylene carbonate (EC)/dimethyl carbonate (DMC)/
diethyl carbonate (DEC) (1:1:1 in volume ratio) were served as the
electrolyte. Celgard2400 polyethylene was employed as the
separator. Using deionized water as the solvent, the working
electrode was obtained by spreading a uniform slurry containing
60 wt% active material, 30 wt% acetylene black (AB), 10 wt% bicomponent binder of same weight ratio of carboxyl methyl
cellulose (CMC) and styrene-butadiene resin (SBR) onto the copper
foil current collector. The coating thickness and mass loading of the
electrodes in study were in Table S1 (Supporting information).
The cells were galvanostatically charged and discharged on a
battery test system (NEWARE BTS type battery charger, Shenzhen,
China) between 0.02 and 1.5 V at 25  C. The speciﬁc capacity was
calculated based on the total weight of composite contained in the
cathode.
Cyclic voltammogram (CV) measurement was performed on a
CHI660D potentiostat at a scan rate of 0.1 mV s 1 with a voltage
range of 0.01–1.5 V (vs Li/Li+). Electrochemical impedance spectra
(EIS) were measured at open-circuit voltage with the frequency
ranging from 100 kHz to 0.01 Hz (Solartron SI 1287).
3. Results and discussion
The FT-IR spectra of the bmSi, CTS and bmSi@CTS particles are
showed in Fig. 2a. A series of characteristic bands appear in the
spectrum of bmSi particles, such as Si-O-Si (1080 cm 1) and Si-OH
(945 cm 1) stretching vibration, which demonstrate the existence
of SiOx on the surfaces of the bmSi particles and it is very important
for the ﬁrst assembly process. In the spectrum of the bmSi@CTS
composite, the absorbance band of Si OH disappears. Furthermore, a set of new bands related to the absorbance of chitosan can
be detected. Except the above bands, the absorption peaks at about

1623 cm 1 and 1519 cm 1 associated with the stretching of NH3+
[23,24] are particularly prominent. Thus, we can get the conclusion
that chitosan is adsorbed onto the bmSi particles through the
electrostatic interaction between
OH and
NH3+ in an acid
system. As Fig. 2b shown, after chitosan solution was added into
the evenly-dispersed silicon-ethanol solution under acid circumstance, precipitates formed from the system. Accordingly, the
surfaces of the particles are transferred from negatively charged
bmSi to positively charged bmSi@CTS once in an acid medium. This
provides necessary condition for next assembly step. Correspondingly, Fig. 2b conveys that new precipitates marked as bmSi@CTS/
GO come into being in the bmSi@CTS and GO suspension.
After thermal reduction of bmSi@CTS and bmSi@CTS/GO, we
obtain bmSi@C and bmSi@C/rGO composites, respectively. The
XRD patterns of bmSi particles, bmSi@C and bmSi@C/rGO
composites are shown in Fig. 3a. It can be detected that all of
the three patterns exhibit the same main diffraction peaks located
at 28.5 , 47.3 and 56.1, which can be indexed to the lattice plane of
(111), (222) and (331) for cubic crystalline silicon. Beyond that,
there is a broad diffraction peak at 25.0 for bmSi@C and a deﬁnite
peak at 26.0 for bmSi@C/rGO particles, which indicate the
existence of amorphous carbon and stacking of graphene sheets,
respectively [25]. From the EDS (Fig. S1, Supporting Information) of
the bmSi@C composites, the carbon element emerges with the
appearance of Si and O. We can conclude that through the
electrostatic interaction and in-situ carbonization, chitosan is
transferred into carbon coating on the silicon particles. To further
prove the feasibility of the design solution, Raman spectra of the
relevant composites are collected in Fig. 3b. The strong peak at
about 517 cm 1 appears in all of the Raman spectra and it is
associated with the characteristic peak of pure silicon. Additionally, the broad peaks at 1355 and 1600 cm 1 in bmSi@C and bmSi@C/
rGO are attributed to disorder-induced D band and the graphitic G
band of the carbon structure [26]. Usually, The D band is
considered to be from the disordered structure of amorphous

Fig. 3. (a) XRD patterns of the bmSi, bmSi@C and bmSi@C/rGO particles. (b) Raman spectra of the bmSi, bmSi@C and bmSi@C/rGO particles.
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carbon or edge ﬂaw of graphite structure, while G band is in
agreement with the ordered graphitized structure [27]. The
intensity ratio of D band and G band is increased from 0.91 of
bmSi@C to 0.98 of bmSi@C/rGO as a result of the reduction of GO to
rGO [28]. Thus, we can conclude that the design solution is
successfully achieved and a conducting network composed of
amorphous carbon derived from chitosan and graphitized carbon
relating to the graphene sheets is brought about in the bmSi@C/
rGO composite. The TGA curves of the relevant composites are
collected in Fig. S2 (Supporting Information). Accordingly, the
mass content of bmSi, C and rGO in the bmSi@C/rGO composite is
66.7%, 12.9% and 20.4%, respectively.
Fig. 4a displays SEM of bmSi particles, it can be detected that the
silicon particles made by ball milling method possesses irregular
morphology and rough surface. And for the reason that the bmSi
particles go through abstersion by HF in the process of preparation,
there exists an imbalance in the bulk phase (Fig. S3, Supporting
Information). Moreover, no obvious agglomeration can be found.
The particle size distribution (Fig. S4, Supporting Information)
revealed that the diameter of bmSi particles ranges from 71.8 nm to
349.1 nm, and the average diameter of bmSi is 177.7 nm. After the
bare silicon is coated by chitosan and in-situ carbonized, the
composite presents the morphology as shown in Fig. 4b. Nothing
distinct difference can be identiﬁed in the morphology compared
with that of pure bmSi particles. During the preparation of
bmSi@C/rGO, the GO envelops and interconnects the bmSi@CTS
particles into large bulk as for its large speciﬁc surface area and
good ﬂexibility. It can be found in Fig. 4c that most Si@C particles
are connected by the wrinkled rGO nanosheets, while few are
exposed on the rGO surfaces. The bmSi@C particles are evenly
dispersed between the sheets of rGO. And Fig. 4d showed that the
rGO is not only coating on the outside of agglomeration of bmSi@C
particles, but also connecting and shuttling between the bmSi@C
particles. So, rGO made the composite integral to provide a relative
steady structure. The ﬂexibility and wrinkles of rGO associating
carbon coating on the bmSi particles provide a supreme conductive
martrix in the composite. We can ﬁnd in the inset in Fig. 4e that the
thickness of carbon coating is about 5 nm.
The ﬁrst charge-discharge voltage proﬁles of initial cycle of the
electrodes made from as-prepared composites and pristine silicon
at a current density of 0.2 A g 1 in the potential range of 0.02–1.5 V
(vs. Li/Li+) are shown in Fig. 5a. The discharge voltage plateaus at
about 0.1 V for the three electrodes can be attributed to the
lithiation of silicon. The bmSi, bmSi@C and bmSi@C/rGO deliver
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discharge capacity of 3795.0 mAh g 1, 2325.5 mAh g 1 and
2126.8 mAh g 1, respectively. Accordingly, the initial coulombic
efﬁciency is 68.06%, 75.08% and 66.60% in sequence. Fig. 5b
illustrates the charge-discharge curves of bmSi@C/rGO electrode in
speciﬁc cycles at the current density of 0.2 A g 1. The short plateau
at about 0.8 V in the ﬁrst discharge process is absent in the
following cycles, which is associated with the electrochemical
deposition of electrolyte on the surfaces of active particles [29].
Additionally, a slightly charge capacity increase appears in the ﬁfth
cycle compared with that of the ﬁrst cycle. This is caused by
gradual activation process as other cases explained [5]. In the
following cycles, the curves shift slowly to lower capacity, which
means good cycling behavior.
Fig. 5c displays the cycling behavior of the electrodes involved
at a current density of 0.2 A g 1 in the potential range of 0.02–1.5 V.
The bmSi delivers the highest initial capacity, 2558.5 mAh g 1, but
it drops rapidly to 73.6 mAh g 1 after 100 cycles. Such phenomenon can be also found in other case [30]. This is attributed to the
poor electronic conductivity and the drastic volume expansion
during the lithiation/delithiation process. When the bmSi particles
are coated with carbon layer, the resulted bmSi@C shows a slight
improvement in the cycle performance. As expected, it is the
bmSi@C/rGO that exhibits the most outstanding cycling stability. A
capacity of 935.77 mAh g 1 is retained after 100 cycles. Furthermore, the coulombic efﬁciency increases rapidly to >95% and keeps
steady in the rest cycles.
All the above imply that the existence of C and rGO decreases
the capacity of the electrode for the non-active property, but C
coating improves the coulombic efﬁciency while rGO pushes it
down as the inherent initial irreversible capacity loss of rGO
[11,31]. There are other data (Fig. S5, Supporting Information)
provided convincing evidences for this opinion. When the ratio of
GO to bmSi increases from 1:2, 1:1 to 2:1 (marked as 1:2, 1:1, 2:1,
respectively), the speciﬁc capacity and the initial coulombic
efﬁciency decreases correspondingly while the cycle performance
improves gradually. As regards of the 1:2 composite, we etched
part of the active silicon by 10 wt% HF for 5 min, noted as 1:2-HF.
The relative content of rGO in the 1:2-HF is lowered down as a
consequence. Comparing the electrochemical performance of the
1:2 to the 1:2-HF (Fig. S6, Supporting Information), it can be found
that the capacity and initial coulombic efﬁciency of the 1:2-HF are
at a relatively low level, however, the cycling performance is
greatly strengthened. Hence, we can draw a conclusion that the
rGO may bring down the capacity and initial coulombic efﬁciency,

Fig. 4. SEM images of enlarged (a) bmSi, (b) bmSi@C, (c) bmSi@C/rGO, (d) general view of bmSi@C/rGO. (e) TEM images of bmSi@C/rGO.
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Fig. 5. (a) Initial discharge-charge voltage proﬁles of bmSi, bmSi@C, and bmSi@C/rGO. (b) Discharge-charge voltage proﬁles of bmSi@C/rGO at a current density of 0.2 A g 1 of
1st, 5th, 20th, 50th, and 100th. (c) Cycling performance of the bmSi, bmSi@C, and bmSi@C/rGO electrodes at a current density of 0.2 A g 1. (d) Rate performance of bmSi,
bmSi@C, and bmSi@C/rGO composite.

but it is very important for improving the cycling performance of
the composite[32]. And it should be clear that moderate AB is
necessary for its strengthening the electron conduction by
providing more point-to-point sites in the composite electrode,
thus the polarization would be reduced and the coulombic
efﬁciency during the cycling would be at a higher level [33]
(Fig. S7, Supporting Information).
Fig. 5d exhibits the rate performance of the three electrodes at
the current densities ranging from 0.2 A g 1 to 10.0 A g 1 and
returning to 0.2 A g 1 at last. The speciﬁc capacity of the electrode
made from bmSi decreases sharply to 500.0 mAh g 1 or lower
when the current densities increase to larger than 1.0 A g 1. The

bmSi@C/rGO electrode has an average capacity of 1326.5, 1224.7,
1069.4, 908.2, 706.6 and 464.3 mAh g 1 at the current densities of
0.2, 0.5, 1.0, 2.0, 5.0, 10.0 A g 1, respectively. When the current
density returns to 0.2 A g 1, a capacity of 1205.1 mAh g 1 can be
regained, which implies a favorable reversibility and rate performance. The lower capacity of bmSi@C/rGO at the lower current
densities is due to that the active silicon content in bmSi@C/rGO is
lower than that of bmSi@C.
The cyclic voltammetry (CV) curves of the bmSi@C/rGO
electrode of ﬁrst ﬁve cycles between the potential range of
0.01–1.5 V (vs Li+/Li) are revealed in Fig. 6a. There is a noteworthy
cathodic peak at about 1.1 V in the ﬁrst cathodic process. Generally,

Fig. 6. (a) Cyclic voltammetry curves of the bmSi@C/rGO electrode of ﬁrst ﬁve cycles. (b) Nyquist plots of the bmSi, bmSi@C, and bmSi@C/rGO electrodes.
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it is triggered by the formation of solid electrolyte interphase (SEI)
that will disappear in the following cycles. It is the process that
gives rise to the loss of irreversible capacity and the lower initial
coulombic efﬁciency. The cathodic peak at 0.1 V shifts gradually to
0.2 V as a result of phase transformation of crystalline silicon to
amorphous silicon [34] and it is assigned to the lithiation reaction.
It is noteworthy that there are two anodic peaks associating with
delithiation of silicon in the anodic process. The strengthening of
the peaks is in accordance with increase of charge capacity in the
ﬁrst few cycles as Fig. 5b exempliﬁed, which is ascribed to the
activation process [35].
The enhanced electrical conductivity can be demonstrated by
electrochemical impedance spectroscopy (EIS). As Fig. 6b revealed,
the Nyquist plots for bmSi, bmSi@C, bmSi@C/rGO are all composed
of a compressed semicircle in high frequency and an inclined line
in low frequency. The diameter of the plot in the high-frequency
can be attributed to the charge-transfer impedance (Rct) in the
interface of electrode and electrolyte. It is clear that the bmSi
electrode possesses the largest Rct while that of bmSi@C is much
lower and the Rct of bmSi@C/rGO is the smallest. Thus we can get
the conclusion that carbon layer and reduced graphene oxide are of
great helpful in improving electrical conductivity of the composite,
which is very conductive to optimizing reversibility and rate
performance.
4. Conclusions
We have successfully fabricated bmSi@C/rGO composite
through two-step successive deposition process driven by
electrostatic interactions. In this construction chitosan is selected
as carbon source as well as bridge-charged to connect bmSi
particles and graphene oxide through electrostatic interaction. In
the as-prepared composite, carbon layer and reduced graphene
oxide provide a double protective network. They are served as
superior electrical conductors so as to improve the reversibility
and rate performance of the composite. On the other hand, they are
a buffer for the volume expansion of the bmSi particles in the
lithiation/delithiation process and a safeguard for the structural
and cyclical stability caused from the pulverization of silicon.
When used as anode material, the composite shows outstanding
cycle performance and rate capacity. It delivers a 935.77 mAh g 1
capacity and 71.9% capacity retention after 100 cycles. Therefore,
the novel and compact electrostatic self-assembly here provides an
effective way to fabricate a series of graphene wrapped carbon
composites.
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