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Si/C@NGs composite containing flake-shaped sub-micron sized silicon (Si) enwrapped by pyrolyzed car-
bon and natural graphite (NG) was successfully prepared by spray-drying-assisted self-assembly method
and was systematically studied as an anode material for lithium-ion batteries. The as-prepared Si/C@NGs
composite material has a loading amount of sub-micron sized silicon as low as 6.7 wt%. The Si/C@NGs
composite has a hierarchical structure with Si/C embedded into natural graphite which further assembles
into larger secondary particles of ~20-50 um. Compared with pure silicon, the as-synthesized Si/C@NGs
composite has multi-layer carbon coating as well as voids to alleviate the structural changes of Si during
charging/discharging, exhibits an initial efficiency of 82.8% and a capacity retention of 428.1 mAh g!
(1524.0 mA h g vs. Si) after 100 cycles at 0.1 Ag~'. The remarkable cycling performances, high initial
cycle efficiency together with low-cost manufacturing process make Si/C@NGs composite appealing for
commercial applications.
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1. Introduction

In recent years, lithium-ion batteries have become important
green power sources for portable electronics and electric vehicles
[1,2]. Silicon (Si) electrode exhibits an extraordinarily large theo-
retical capacity of 4200 mA h g~! which is over 10 times greater


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2016.12.072&domain=pdf
http://dx.doi.org/10.1016/j.cej.2016.12.072
mailto:iamxliu@njtech.edu.cn
mailto:iamwhuang@njtech.edu.cn    
http://dx.doi.org/10.1016/j.cej.2016.12.072
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

188 Z. Wang et al. / Chemical Engineering Journal 313 (2017) 187-196

than that of graphite [3]. However, the practical applications of Si
anode have been impeded, mainly due to its huge volume change
(~300%) during lithium insertion/extraction, resulting in loss of
electrical continuity and progressive pulverization, and fast capac-
ity fading [4,5]. Size reduction of Si to micro/nanometer range and
the introduction of the electronic conductors can tackle the afore-
mentioned problems to a certain extent [6,7]. However, the high
surface area and low tap density are likely to result in other issues,
such as high cost, low first cycle efficiency, low volumetric energy
density and agglomeration of nano silicon during charge/discharge
[8]. Therefore, graphite is still the most commonly used negative
electrodes due to its low cost and stable cycle performance until
now [9]. Yet, the relatively lower intrinsic capacity (372 mAhg™!)
of graphite is below the expectation with the emergence of high
energy electric vehicles and stationary utility grids [10]. But, it
should be noted that the main stream commercial cathode materi-
als have much lower discharge capacities of 140-170mAhg™!
(e.g., LiCoO; or LiFePO,) [11,12], compared with that of graphite
anode. Therefore, the requirement for significantly high capacity
anode is trivial, considering the other issues of Si based anode, such
as low first cycle efficiency, capacity loss, and low volumetric
energy [13]. Si/graphite composite materials with low weight ratio
of Si that yield reasonable capacity improvement, high first cycle
efficiency and long cycle life are highly desirable.

Integration of commercially available Si nanoparticles with var-
ious carbon matrix is reported to deliver a high capacity. Various
Si/carbon composite materials and preparation methods have been
developed to avoid the agglomeration issue of nano silicon during
cycling, such as depositing Si onto a graphite surface [14], prepar-
ing an interconnected porous Si/C nanocomposite particles [15],
embedding ultrafine Si materials into continuous film structures
[16], utilizing Si-based nanowires [17], and constructing three-
dimensional nanoporous Si spheres [18]. Among all the reported
Si/C composites, a uniform distribution of nano silicon within the
carbon matrix is considered to be of significant importance to pre-
vent Si agglomeration during cycling and accommodate isotropic
volume expansion. For example, Si/C with carbonized styrene-
acrylonitrile copolymer coating [19], Si@SiO,/C with glucose coat-
ing followed by hydrothermal treatment [20], Si@C/GF with Si
nanoparticles in-situ grown on graphene framework [21], and
Si@C/RGO composite with Si embedded in graphene oxide network
[22]. The Si/C has been proven to be an much more effective design
to improve the performance of Si nanoparticles, for which the car-
bon coating acts as a buffer place for volume change of Si during
the cycling and serves as an electrical conducting pathway [23].
It is noteworthy that, most of the reported Si/C work use Si
nanoparticles with size down to tens of nanometer. Unfortunately,
nano Si possesses a low tap density, high surface area and undesir-
able side reaction due to high surface area in addition to high
material cost [24]. Micron-sized or sub-micron size Si with low
surface area as well as low price is very promising for large scale
applications if it has long cycling life. However, the capacity of
micron-sized or sub-micron size Si composite is lower than that
of nano Si composite, For example, micron-sized Si particles/N-
doped graphene composite has a specific capacity of 510 mAhg™!
[24], much lower than that of nano Si and carbon composite
(>1000mAh g 1) [25].

In an effort to develop Si anode that could be produced in a
quality comparable to the industrial standard, and also exhibit
good electrochemical performance in terms of good cycle life,
improved first cycle efficiency, to match with the standard cath-
ode. In this work, we employed self-prepared ball-milled sub-
micron sized Si as precursor. The styrene-acrylonitrile copolymer
(SAN) was used as the matrix for Si (SAN/Si) to form primary car-
bon coating, with graphite as main backbone to provide better
mechanical properties. The Si/C@NGs composite with hierarchical

structure was produced by the granulation of nature graphite
(NG) particles and SAN/Si composite microspheres via spray-
drying, and followed by pyrolysis, as illustrated in Scheme 1 and
Scheme 2.

In the electrode structural viewpoint, we adopted sub-micron Si
plates with two times of amorphous carbon coating, which further
ensures the expansion of Si through voids space inside the coating,
while maintaining its electrical conductivity and continuity as
well. Recently, SAN-coated anode materials have been demon-
strated to have high electrochemical stability and good mechanical
properties [26]. Here, the SAN was applied as matrix for Si nano-
plates and formed the first carbon coating by dispersion polymer-
ization, and the second carbon coating with numerous voids was
generated by the spray-drying process. The electrochemical perfor-
mance of Si/C@NGs was systematically evaluated, and an initial
efficiency of 82.8% with capacity retention of 428.1mAhg™!
(1524.0mAhg™! vs. Si) after 100 cycles at 0.1 mAg~! was
achieved. In addition, it is also found that sub-micron sized silicon
(<10 wt%) can bring a capacity improvement of 30.4% without sig-
nificant reduction of the first cycle efficiency when Si/C@NGs used
for Li-ion anode.

2. Experimental
2.1. Materials

Styrene (St; 99%; Aldrich) and acrylonitrile (AN; 99%, Aldrich)
were distilled under reduced pressure to remove inhibitors
and held at 0 °C before use. Benzoyl peroxide (BPO; 75%, Aldrich),
ethanol (99.7%, Aldrich), stearic acid (SA; 9%, Aldrich),
3-(trimethoxysilyl)propyl methacrylate (TMPTS; 97%, Aldrich),
polyvinylpyrrolidone (PVPK29-32, Mr=58,000, Aldrich) and
carboxymethyl cellulose sodium salt (CMC; dynamic viscosity =
800-1200 mpa-s, Aldrich) were used without further purification.
Commercial micrometric silicon powder (99.9%, particle size
1-5 pm, AlfaAesar) and NG particles (Ao Yu Graphite Group) were
purchased.

2.2. Preparation of irregularly flake-shaped sub-micron Si dispersion

The raw silicon powders were dispersed in ethanol at a mass
ratio of 1:9, and then the mixture was transferred into a 1L hard-
ened steel vial with zirconia balls (0.08 mm) at a ball-to-powder
ratio of 3:1. Lastly, the mixture was grinded at 3800 rpm for 5h

(_ amorphous carbon matrix

flake-shaped silicon > natural graphite

Scheme 1. Schematic illustration for the design of hierarchically structured Si/
C@NGs composite with Si embedded in between natural graphite and encapsulated
with amorphous carbon shell.
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Scheme 2. The synthetic mechanism of Si/SAN composite microspheres (a) and the
synthesis of Si/C@NGs microspheres by spray-drying assisted self-assembly method
(b).

by a nano ball grinder (Pulverisette 5, Fritsch). As the result, the
irregularly flake-shaped sub-micron Si particles in the diameter
range of 28-342 nm were obtained.

2.3. Hydrophobic treatment of sub-micron Si particles

The surface of flake-shaped sub-micron Si particles was
hydrophobicated with SA. 100 g Si dispersion (10 wt% Si) and
0.1 g SA were put into a 250 mL round-bottomed flask equipped
with a mechanical stirrer and then stirred for 24 h. The control
experiment was performed using Si particles modified with
TMPTS. 100 g Si dispersion (10 wt% Si) and 0.5 g TMPTS were put
into a 250 mL round-bottomed flask equipped with a reflux con-
denser and then stirred for 24 h.

2.4. Polymerization procedure of SAN/Si composite microspheres

PVP was dissolved in ethanol at 70 °C for 30 min in a 500 mL
four-neck round-bottomed flask equipped with a thermometer, a
mechanical stirrer, a reflux condenser, and a nitrogen gas inlet
and outlet. Then Si (modified with SA) dispersion was poured into
the flask. BPO was dissolved in the mixed monomer (St and AN),
then the solution was added into the flask. The flask was
immersed into a 70 °C water bath for 7 h under nitrogen protec-
tion and the stirring speed was fixed at 210 rpm. The resulted
SAN/Si composite microspheres synthesized at various conditions
are shown in Table S1, and named as Si-6.5/SAN, Si-10.5/SAN, Si-
14.5/SAN and Si-18.5/SAN composite microspheres with different
Si contents.

2.5. Synthesis of Si/C@NGs self-assembly composite

NG, CMC solution and deionized water were mixed into a bea-
ker and stirred for 30 min under 3000 rpm. Then Si-18.5/SAN com-
posite microspheres were added into the beaker and stirred for
30 min under 500 rpm. The weight ratio between NG particles,
Si-18.5/SAN composite microspheres and CMC was set to
60:40:0.2 and the solid content of the resulting dispersion was
24%. Subsequently, the dispersion was spray-dried to form the
self-assembled Si/SAN@NGs composite under the following condi-
tions: the inlet temperature of the spray dryer was 280 °C and the
outlet temperature was 120 °C; the rotation speed of the centrifu-
gal atomizer was 35,000 rpm; the injection speed was
10 mL min~'. The Si/SAN@NGs composite was pyrolyzed in three
steps under argon atmosphere. Firstly, the Si/fSAN@NGs composite

was heated to 375 °C with a heating rate of 2 °C min~' and kept for
2 h. Secondly, the temperature was increased to 480 °C at 1 °-
Cmin ' and maintained for 3 h. Thirdly, the material was heated
up to 900 °C at 2°Cmin~' and kept for 2 h. Above all, the Si/
C@NGs self-assembly composite (containing 6.7 wt% Si) was
prepared.

2.6. Characterization

To estimate the hydrophobicity of the sub-micron Si particles,
the Si modified with TMPTS and the Si modified with SA, the con-
tact angle measurements were performed at room temperature
using goniometer (JC2000A, Shanghai Zhongchen Company Lim-
ited). Static contact angle of the samples was procured from dro-
plet of deionized water dropped onto the surface of a glass slide.
The recorded final value is the average of three measurements of
different parts with the same sample.

The surface morphologies of SAN particles, Si/SAN composite
microspheres, Si/SAN@NGs and Si/C@NGs composite were
observed with a scanning electron microscopy (SEM, JSM6360LV,
JEOL) equipped with energy dispersive spectroscopy (EDS,
2000XMS60, GENESIS) attachment at accelerating voltage of
20 kV and Si/C@NGs composite was cut by ion milling system (E-
3500, Hitachi). The structure of Si/C@NGs composite was investi-
gated with a transmission electron microscope (TEM, JEM-2100F,
JEOL).

The size distribution of sub-micron Si particles was determined
by Laser Particle Size Analyzer (MS2000, Malvern).

The compositions on the surface of Si/SAN composite micro-
spheres were characterized by X-ray photoelectron spectroscopy
(XPS, PHI 5000 Versa Probe, UIVAC-PHI) experiment.

The thermal properties of pure SAN particles and Si/SAN com-
posite microspheres were studied by the thermogravimetric anal-
yses (TGA, NETZSCH STA 409PC) under N, atmosphere from room
temperature to 900 °C at a heating rate of 10 °C min~".

Specific surface areas of the samples were obtained by N,
adsorption/desorption isotherms using multipoint BET (BELSORP-
MINI, Ankersmid).

Raman measurements of NG, sub-micron Si particles and
Si/C@NGs composite were performed by micro Raman spectro-
scopies (Lab RAM HR800, Horiba) at a 514.4 nm excitation
wavelength.

The crystal structures of NG, sub-micron Si particles and
Si/C@NGs composite were determined by X-ray diffraction (XRD,
RINT2000, Rigaku) with Cu Ko radiation at 40 kV and 300 maA,
20-step from 10° to 90° at a scan rate of 0.2°s~ 1.

The working electrodes were made from the homogeneous
mixture of 80 wt% active materials (Si/C@NGs composite), 10 wt
% Super P and 10wt% binder (polyvinylidene fluoride) in
N-methyl-2-pyrrolidone solvent. The electrodes were coated onto
copper foil and dried at 80 °C in vacuum oven for 12 h, and then
were cut into circular electrode plate where the mass loading of
active materials was approximately 4.63 mg per electrode. Button
cells (CR2430) were assembled with the electrolyte (1 M LiPF6
was in a mixture of ethylene carbonate, diethyl carbonate and
methyl carbonate at 1:1:1 by volume), the separator (Celgard-
2400) and the reference electrode metallic (lithium foil). Cyclic
voltammetry (CV) was measured through an electrochemical
system (Model 1470E, Solartron) at a scan rate of 0.05mVs~!.
The discharge and charge performances were investigated by a
multi-channel battery testing system (BT2000, Arbin) in a voltage
range of 0.01 to 1.5V vs. Li/Li*. The corresponding electrochemical
impedance spectra (EIS) were tested by Autolab electrochemical
workstation (PGSTAT302N, Metrohm Autolab) with the frequency
range of 100 kHz to 0.01 Hz.
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3. Results and discussion
3.1. Surface modification of sub-micron Si particles

The surface chemical property of Si is of significant importance
to achieve uniform coating of SAN polymer for carbonization. The
TMPTS and SA are used as agents for surface treatment of Si, and
the water contact angle (0) is applied to evaluate the hydrophobic-
ity of sample surface. The water contact angle of the surface of Si,
the Si modified with TMPTS (TMPTS/Si) and the Si modified with
SA (SA/Si) is shown in Table 1, respectively. The surfaces of Si
and TMPTS/Si have contact angles of 30.02° and 36.65° with water,
which are smaller than 90° indicating both are hydrophilic, while
SA/Si has a contact angle of 118.79° with water, representing a
hydrophobic surface. The dispersion polymerization of St and AN
was carried out in the presence of the above-mentioned three
types of sub-micron silicon particles, respectively. Compared with
Si and TMPTS/Si, the SA/Si can form a uniform dispersion polymer-
ization without precipitation after days of storage. The SEM images
are shown in Fig. 1. It can be seen that the Si/SAN composite micro-
spheres prepared from Si (Fig. 1a) and TMPTS/Si (Fig. 1b) present
obvious particle aggregation, while the composites prepared from
SA/Si (Fig. 1c) have spherical morphology with better uniformity.
Therefore, the SA/Si with high hydrophobicity has beneficial effect
on the polymerization stability. Therefore, the SA/Si is used as pre-
cursor to prepare Si/SAN composite.

3.2. Structural characterization of SAN particles and Si/SAN composite
microspheres

Fig. 2a-f show the SEM images of sub-micron Si particles, pure
SAN particles (without Si), Si-6.5/SAN, Si-10.5/SAN, Si-14.5/SAN
and Si-18.5/SAN composite microspheres, respectively. It can be
seen from Fig. 2a that the Si particles have irregularly flake-like
structure, with particle sizes ranging from 28 to 342 nm (size dis-
tribution is shown in Fig. S1 and XPS high-resolution spectra of Si
2p in pure Si are shown in Fig. S4). SAN particles and Si/SAN com-
posite microspheres with different Si ratios show spherical shape
with a diameter between 281 nm and 2.3 pum. In addition, the sur-
faces of Si/SAN composite microspheres are relatively smooth and
without noticeable uncoated Si particles. The EDS data of Si/SAN
composite microspheres with different weight ratios of Si are
shown in Table 2. The results indicate the Si content of Si/SAN is
in good agreements with the amount of Si added in the recipes
shown in Table S1. The surface analysis (C, N and Si) of Si-6.5/
SAN to Si-18.5/SAN composite microspheres are listed in Table 3.
The XPS measurement is surface analysis method with detection
sensitivity above 10 nm, and the low silicon contents on the sur-
face of Si-6.5/SAN to Si-18.5/SAN composite microspheres further
prove the full encapsulation of Si in SAN matrix.

Fig. 3 shows TGA of pure SAN particles and Si/SAN composite
microspheres with different Si contents measured in nitrogen
atmosphere. The significant weight loss of SAN particles starts
from 360 °C and the initial decomposition temperature of Si/SAN

microspheres is about 375 °C. In addition, all the Si/SAN composite
microspheres degrade from around 375 °C to around 480 °C, and
the maximum weight loss rate is at about 431 °C. The weight loss
at 900 °C is 96.4% for pure SAN particles, and decreases from 90.2%
to 80.6% with increasing of Si content of Si/SAN composite micro-
spheres. The TGA results agree well with a different feeding ratio of
Si shown in Table S1.

3.3. Structural characterization of Si/C@NGs self-assembly composite

Fig. 4 shows the XRD patterns of NG, Si particles and Si/G@NG
composite. For natural graphite, two forms of crystal structure
exist, i.e., hexagonal (2H) and rhombohedral (3R) to Graphite
(JCPDS No. 65-6212) and Graphite-3R (JCPDS No. 26-1079), the
strongest intensity of the peak at 26 = 26.54° of NG is due to the
lamellar structure in graphite [9]. The Si particles have a cubic
structure with space group of Fd-3m (JCPDS No. 65-1060), the
diffraction peaks at 20 angle of 28.4°, 47.3°, 56.1°, 69.14°, 76.39°
and 88.05° Can be readily assigned to diffraction of (111), (220),
(311), (400), (311) and (422) faces of silicon. Compared with
pure NG and Si, the shape and position of the diffraction peaks
remain the same for Si/C@NGs, manifesting that dispersion poly-
merization, spray-drying and pyrolysis processes do not alter the
crystalline structure of Si and NG. The weak intensity of the silicon
diffraction peaks can be explicated through the low content of Si
(just 6.7 wt%) in Si/C@ NGs composite. A broad peak at 23° in Si/
C@NGs composite can be attributed to the amorphous carbon that
formed during the pyrolysis of SAN.

The Raman spectra of NG, Si particles Si/C@NGs composite are
shown in Fig. 5. For Si/C@NGs composite, there is blue shift for
the peaks of Si located at 510, 295 and 943 cm™!, in comparison
with those of Si particles (500, 282 and 910 cm™'). This phe-
nomenon may be due to the phonon confinement effect or a mask-
ing effect of amorphous carbon coating on Si particles [27]. The
characteristic D band and G band for Si/C@NGs composite are
1344 and 1592 cm™!, respectively, which are related to carbon
and graphitic crystallites of carbon materials. The ratio of D band
and G band (ID/IG) intensity represents to the graphitization
degree, where a lower ratio value signifies a higher graphitization
degree [28]. Compared with NG (ID/IG = 0.21), the Si/C@NGs com-
posite has higher ID/IG ratio of 1.03, indicating an increased disor-
der of the carbon in Si/C@NGs composite due to the presence of
amorphous carbon produced from SAN.

The microscopic features of NG, Si/SAN@NGs, and Si/C@NGs
composite were characterized by SEM and TEM. Fig. 6a shows
the SEM image of NG particles. The average particle size of the
NG is about 10 um and the graphite is irregular ellipsoid with a
relatively dense and smooth surface. As seen from Fig. 6b,
Si/SAN@NGs composite prepared by spray drying is self-
assembled to a spherical structure with a particle size of 15-
50 um. The magnified surface image of Si/C@NGs composite are
shown in Fig. 6b. TGA curves of Si, NG and Si/C@NGs under air
atmosphere are shown in Fig. S2, and Si/C@NGs composite material
just has 6.7wt% Si particles. Furthermore, some individual

Table 1

The contact angles of Si (a), TMPTS/Si (b), SA/Si (c) with water, respectively.
Sample (a) Si (b) TMPTS/Si (c) SA/Si
Photo
Water contact angle (0)/° 30.02 36.65 118.79
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Fig. 2. SEM images of sub-micron Si particles (a), SAN particles (b), Si-6.5/SAN (c), Si-10.5/SAN (d), Si-14.5/SAN (e) and Si-18.5/SAN (f), respectively.

Si/C@NGs composite were cut and then characterized by cross-
sectional field-emission SEM and energy dispersive spectroscopy
mapping analysis to identify the micro-structure of their interior,
and the results are shown in Fig. 6d and e. The results indicate that

the pyrolyzed carbon-coated Si sits in the voids between NG parti-
cles thus forms the self-assembly composite. There is a highly por-
ous structure in the interior of the self-assembled Si/C@NGs
composite. Obviously, Si particles are in an amorphous carbon
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Table 2
The average compositions of Si/SAN composite microspheres with different Si
contents analyzed by EDS.

Sample Cl% Si/%

Si-6.5/SAN 94.08 5.92

Si-10.5/SAN 91.11 8.89

Si-14.5/SAN 88.46 11.54

Si-18.5/SAN 85.13 14.87
Table 3

The compositions on the surface of Si/SAN composite microspheres with different Si
contents analyzed by XPS.

Sample C/% N/% Si/%
Si-6.5/SAN 87.44 9.25 331
Si-10.5/SAN 87.42 9.88 2.70
Si-14.5/SAN 88.02 8.59 339
Si-18.5/SAN 86.72 10.07 322
100 (a) SAN
—— (b) Si-6.5/SAN
(c) Si-10.5/SAN
. 80 — (d) Si-14.5/SAN
=N (e) Si-18.5/SAN
—
o 60t
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200 400 600 800
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Fig. 3. TGA curves of SAN and Si/SAN composite microspheres with different Si
contents under nitrogen atmosphere.

matrix that was derived from the pyrolysis of SAN. The TEM and
HRTEM images of Si/C@NGs composite (in Fig. 7) further confirm
the embedding of Si particles in an amorphous carbon matrix.
The amorphous carbon matrix provide a buffer to adapt for the vol-
ume change of Si during discharge/charge process, and prevent the
Si particles from agglomeration, consequently stabilizing the struc-
ture of the Si and improving the cycling performance. As shown in
Table S2, the BET surface areas of Si, NG and Si/C@NGs are 167, 7
and 9 m? g !, respectively. And the N, adsorption-desorption iso-
therms are shown in Fig. S3 to support the BET results. The lower
BET surface area of Si/C@NGs is a prerequisite for high initial
Coulombic efficiency and higher volumetric energy density for
practical applications.

3.4. Electrochemical properties

The as-prepared Si/C@NGs self-assembly composite was used
as an anode material for lithium-ion batteries. Fig. 8 shows the
CVs of Si/C@NGs composite anode in the voltage range of 1.5-
0.001V (vs. Li/Li*) at 0.05mV s~! in the first and second cycle.
For the first reduction process, a broad peak around 0.88 V is found,
which can be ascribed to the formation of solid-electrolyte inter-
face (SEI) layer on the surface of electrode from the reduction of
electrolyte decomposition [29]. The above peak disappears at the

I (a) NG
— (b) Si
(c) SIIC@NGs
. (a)
3
©
—
(b)
2 N ]
(72
c
2] e
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‘ ‘ Silicon
| . L |
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Fig. 4. XRD patterns of NG, Si particles and Si/C@NGs composite.
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Wave Number / cm™

Fig. 5. Typical Raman spectra of Si/C@NGs composite, NG and Si particles.

second cycle, indicating the SEI film is stable during the first
lithium insertion and extraction process [30]. In the first and sec-
ond cycles, there are several cathodic peaks between 0 to 0.2V
and the anodic peaks at a range of 0.13-0.55 V which can be attrib-
uted to the lithium-ion insertion and extraction reactions with NG
and Si, corresponding to the equation of xLi + ySi = Li,Siy and xLi
+ 6C = LixCe. In the second oxidation process of Si/C@NGs compos-
ite anode, there were three expected oxidation peaks about delithi-
ation of LixyCg during 0.14-0.25 V, meanwhile, a small broad peak
appears around 0.5V which is related to delithiation of Li,Siy.
The above results are consistent with characteristics of natural
graphite and silicon materials reported earlier [31].

The discharge-charge curves of Si/C@NGs composite electrode
between 0.01 and 1.5V are shown in Fig. 9 in the 1st, 2nd,
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Fig. 6. SEM image of NG particles (a), Si/fSAN@NGs composite (b), Si/fC@NGs composite after carbonization (c) and cross profile of Si/C@NGs composite (d), STEM images of Si/
C@NGs composite for elemental mapping by energy-dispersive spectroscopy (e), respectively.

Fig. 7. TEM images of Si/C@NGs composite (a) and the HRTEM image of Si/C@NGs composite (b).

5th, 25th, 50th and 100th cycle. In the first cycle, the discharge The irreversible capacity loss of Si/C@NGs in the first cycle is due
capacity of Si/C@NGs composite electrode is 556.0mAhg™! to the formation of SEI layer on the electrode surface between
(26448 mAhg ! vs. Si) with a Coulombic efficiency of 82.8%. 0.6V and 0.9V [32].
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Fig. 9. The discharge/charge curves of Si/C@NGs in the 1st, 2nd, 5th, 25th, 50th and
100th cycle between 0.01 and 1.5V at a current density of 0.1 Ag~".

Fig. 10 illustrates the cycling performance of Si, NG and Si/
C@NGs composite electrode, and the Coulombic efficiency vs. cycle
number of Si/C@NGs composite electrode. The Coulombic effi-
ciency increased to 96.3% at the second cycle and was even
99.1% after 100 cycles. The discharge capacity of Si/C@NGs com-
posite electrode are 483.3mAhg ! (2073.6 mAhg! vs. Si) in
the second cycle, 461.7 mAhg~! (1855.6 mAh g~ vs. Si) after 50
cycles, and remained 428.1 mAh g ' (1524.0 mAh g ! vs. Si) after
100 cycles, which is higher than that of Si (69.9 mAh g~') and NG
electrode (349.4 mA h g~!). Compared with the study that initial
columbic efficiency of micro-sized Si particle mixed with PAN
was 66.7% and the capacity remained around 900 mAhg~! at 0.2
C after 120 cycles,[33] Si/C@NGs composite has higher first cycle
efficiency and better cycling stability. The better cycling stability
of Si/C@NGs than pure Si and higher capacity than NG electrode
could be attributed to the reasonable loading of Si (6.7 wt%) and
rational structural design by applying SAN and graphite backbones.
And Fig. S6 shows the Nyquist plots of Si, NG and Si/C@NGs after
the 3th cycle, discharged to 1.5V in an open-circuit potential.
The Si/C@NGs anode exhibited a smaller charge-transfer resistance
than Si anode, indicating faster charge transfer kinetics of the
Si/C@NGs than Si anode.

To identify the change of Si/C@NGs electrode thickness before
and after 30 cycles, cross-sectional SEM images were shown in
Fig. 11. The Si/C@NGs electrode reveals 12.7% increase in thickness
after 30 cycles without obvious inter-particle cleavage, electrical
contact loss or capacity fading.

Fig. 12a reveals the rate performance of Si, NG particles and Si/
C@NGs composite at different current densities from 0.1 to
1.0A g . At the lower current density of 0.2, 0.3 and 0.4Ag !,
the discharge capacity of Si/C@NGs are 420.6, 389.2 and
357.1 mA h g~!, which are higher than that of Si (197.9, 70.4 and
23mAhg') and NG (339.2, 309.3 and 275.0mAhg™"). With
the increase of current density to 0.5 A g~!, the discharge capacity
of Si/C@NGs (3152mAhg!) is much higher than Si
(1.2mAh g ). Si/C@NGs composite also delivers higher discharge
capacity of 203.5 and 137.5mAh g~! than Si and NG even at 0.8
and 1.0 A g~'. As shown in Fig. 12b, the discharge capacity of calcu-
lated pure Si (contribution from Si/C@NGs Si/C@NGs) decreases
from 2705.4 to 937.4mAhg ' when current density increases
from 0.1 to 1.0Ag™!, while Si drops sharply from 2450.3 to
1.8 mA h g !, indicating better rate performance of calculated pure

2400 SiIC@NGs —
2300 100

* SilC@NGs
- T v v NG

o .

o 500p ¢ ° Si

<

£

2> 300} %

5 * -
S 200}

[+

© 100}

180

a00b . * ————

140

% | Koualoiyye aiquionon

1 1 1

0 PR B . . . . . . PR B o
0 10 20 30 40 50 60 70 80 90 100

Cycle number

Fig. 10. The cycling performance of Si/C@NGs, NG and Si for 100 cycles between 0.01 and 1.5V at a current density of 0.1A g 1.
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Si than Si. The excellent rate capability of Si/C@NGs composite may
be attributed to rational structural with twice of amorphous car-
bon coating of sub-micron Si plates, which further ensures the
expansion of Si through voids space inside the coating, while main-
taining its electrical conductivity and continuity as well.

4. Conclusions

The irregularly flake-shaped sub-micron silicon modified with
SA was successfully encapsulated in SAN matrix by dispersion

polymerization. The surface hydrophobic treatment of Si is of sig-
nificant importance to achieve homogeneous polymer coating.
The Si/C@NGs was prepared by spray-drying and pyrolysis process
assisted self-assembly of Si/SAN and NG. The Si/C@NGs composite
anode exhibited a high initial efficiency of 82.8% and stable cycling
performance with the initial discharge capacity of 556 mAhg™!
and capacity of 428.1 mA h g ! after 100 cycles at a constant cur-
rent density of 0.1 Ag~'. The Si/C@NGs has the following advan-
tages when used for Li-ion anodes: 1) low cost, sub-micrometer
size Si nanoplates prepared by ball-milling of bulk Si can be effec-
tively used; 2) <10 wt% Si can bring a capacity improvement of
30.4% without significant reduction of the first cycle efficiency;
3) the Si/C@NG micrometer-size secondary particles has smaller
surface area (9 m? g~ 1), giving a higher volumetric energy density.
Consequently, the novel Si/C@NGs self-assembly composite elec-
trode is promising for industrial applications.
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