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� mSi-C: Semimicro-size Si-carbon composite as an anode material for Li-ion battery.
� Facile preparation through an aerosol-assisted process and carbon coating.
� Agglomerate structured Si NPs with conformally formed carbon layer.
� Good cycle stability: 96% capacity retention (1999 mAh/g) after 50 cycles.
� Good rate capability: high capacity (906 mAh/g) at high current density (12 A/g).
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a b s t r a c t

A semimicro-size agglomerate structured silicon-carbon (mSi-C) composite is constructed by an aggre-
gation of silicon nanoparticles (~100 nm) coated with conductive carbon layer through a facile and
scalable aerosol-assisted process to be employed as an anode material for lithium-ion batteries (LIBs). As-
formed mSi-C composite delivers good electrochemical performances of high reversible capacity
(2084 mAh/g) between 0.01 and 1.50 V (vs. Li/Liþ) at 0.4 A/g, 96% capacity retention (1999 mAh/g) after
50 cycles and good rate capability (906 mAh/g) at 12 A/g. Such good performances can be attributed to 1)
unique composite structure which accommodates the stress induced by volume change of silicon during
lithiation/delithiation and facilitates ion transport, and 2) conformally formed carbon layer which en-
hances conductivity of the composite and helps to form a stable SEI layer. In addition, a high tap density
(0.448 g/cm3) ofmSi-C composite leads to high volumetric capacity (933 mAh/cm3), allowing its practical
applications as an anode material towards high performance LIBs.

© 2016 Published by Elsevier B.V.
1. Introduction

As of recent introduction of electric vehicles (EV) into automo-
bile market, continuous and massive demands for lithium-ion
batteries (LIBs) with high energy/power densities and long life
cycle have triggered to develop inexpensive, high energy/power
density electrode materials [1e6]. Thus far, graphite based anodes
have been used in commercial LIBs but its low theoretical capacity
wang@psu.edu (D. Wang).
(~372 mAh/g) limits the mileage of EV per charge [1e6]. Hence, it is
essential to develop novel LIB anode materials for next generation
EV with high energy/power densities and long duration time at
economical cost [1e6].

In this context, silicon (Si) has been extensively studied as a
suitable anode material for high energy density LIBs owing to its
high specific capacity (~3580mAh/g) and natural abundance [2e5].
However, practical application of Si based anodes is still hindered
due to their unsatisfactory performance (fast capacity fading and
poor rate performance) mainly caused by huge volumetric change
of Si (>400%) during lithiation/delithiation; such a huge change of
Si causes several problems including unstable solid electrolyte
interphase (SEI) formation, disintegration of electrode structure
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and poor electrical contact among electrode materials [6].
Accordingly, many studies have been devoted to addressing

aforementioned issues mainly through 1) reducing the size of Si
particle [2,3,7e10], 2) making the composite of Si and carbona-
ceous agent [7,8,10e20] and 3) formation of the metal oxide layer
on Si [20]. First, smaller sized Si based anodes have been demon-
strated by constructing various nanostructured silicon (e.g., Si
nanospheres [7,8], Si nanowires [2], Si nanotubes [3] and nanoscale
ultrathin Si films [9,10]). For instance, based on the work of Liu et al.
who theoretically revealed the crucial role of small-sized Si
(<150 nm) electrode to sustain the structure of Si particles without
cracked nor fractured by first lithiation-induced swelling [11], Kim
et al. and many other researchers reported superior performance
(specific capacity > ca.1000 mAh/g over 50 cycles) of nano-sized Si
electrodes to bulk Si electrodes [2e11]. As demonstrated by pre-
vious reports, the improved performance of nano-sized Si elec-
trodes is attributable to effective accommodation of large stress or
applied strain by small sized Si upon lithiation, which alleviates
pulverization of electrode materials as well as keeps electrical
contact of Si particles. Additionally, small sized Si enables the short
ionic transport distance of lithium ions, allowing their facile mass
transport during the process [5]. Second, compositing Si with
carbonaceous agent such as carbon, CNT and graphene results in
improved electrochemical performance [7,8,10e19]. For instance,
there have been many reports on construction of silicon nano-
composites based electrodes (e.g., Si-C [7,8,11e17], Si-graphene [18]
and Si-CNT [19]) which exhibit enhanced LIBs performance (long
capacity retention and high rate capability). Ng et al. reported
around 1857 mAh/g at 0.15 A/g using Si@C nanocomposite [7]. Jung
et al. demonstrated high performance anode (1469 mAh/g after 50
cycles at 1 A/g) using nanostructured Si@porous carbon composite
[8]. Zhou et al. presented Si/graphene nanocomposite which ex-
hibits much superior cycle performance (1153 mAh/g at 0.2 A/g
after 100 cycles) and rate capability (803 mAh/g at 4 A/g) to that of
pristine Si nanoparticles (<10 mAh/g at 0.2 A/g after 50 cycles) [18].
Gohier et al. demonstrated Si decorated CNT which shows good
cycle performance (57% capacity retention at 35.8 A/g after 100
cycles) and excellent rate capability (760 mAh/g at 53.7 A/g) [19].
Improved performance of Si-carbonaceous agent composite elec-
trodes can be attributed to the role of conductive agents that
electronically bridge/connect the Si, making the composite more
conductive and thus facilitating electron transport in the electrodes
[17e19]. Third, protective coating of thin metal oxide layer (e.g.,
SiOx and TiO2) on the Si nanoparticle leaded to an improved elec-
trochemical performance because of formation of stable SEI layer
[20]. There are also many reports on composite of Si and metal
oxides (e.g., Si-SiOx, Si-TiO2 and Si-SiO2-C) to improve the electro-
chemical performance [20]. McCormac et al. reported porous Si-
TiO2 nanofiber composite which delivered high reversible capacity
(839 mAh/g) and 50% capacity retention after 180 cycles at 0.135 A/
g [20]. Liu et al. reported Si-Si oxycarbide (Si-O-C) nanocomposite
exhibiting high reversible capacity (1190 mAh/g) and 76% of ca-
pacity retention within 20 cycles [20]. Park et al. reported Si-
embedded SiOx nanocomposite with a high capacity (1914 mAh/
g) and improved cycle stability over 100 cycles (capacity
>1500 mAh/g) at 0.2 A/g [20]. The improved performance of metal-
oxide-Si composite can be attributed to the function of metal oxide
as a mechanical buffer layer against the severe volume change of Si
[20].

However, there are still several technical barriers which hamper
practical application of Si materials [14,21]. First, low tap density of
Si nanoparticles (Si NPs) leads to far lower volumetric energy
density compared with commercial graphite [14,21]. Second, Si NPs
can generate several health and safety issues including inhalation
and explosion risks during dealing with them in the work place
[22]. Although it is logical to develop bigger-sized (micro-sized) Si
materials to enhance volumetric energy density [14,21,23], current
micro-sized Si electrode suffer from many obvious disadvantages
including 1) more liable to pulverization by volume change of Si
during lithiation/delithiation and 2) long ion/electron transport
paths, which result in capacity fading and poor rate capability
[14,21]. Thus, pros and cons of conventional Si materials above have
required the development of secondary agglomerate of micro-size
Si superstructure built on nano-sized particles as primary build-
ing blocks to utilize advantages of both micro-sized and nano-sized
Si materials [14,17,21].

There have been several reports on the secondary agglomerate
structure of micro-sized Si materials constructed with nanoscale
building blocks which show impressive performances
[12e14,17,21,23]. Construction of agglomerate structured micro-
sized Si was demonstrated mainly through aggregation of nano-
particles, compositing Si with preformed conductive carbon by
chemical vapor deposition (CVD) process and thermal dispropor-
tionation of Si precursors [12e14,17,21,23]. For instance, Cho and
Park et al. produced agglomerate structured micro-sized porous Si-
C composites by catalytic etching of micro-sized Si followed by
conductive carbon coating, which showed stable capacity retention
within 70 cycles [12]. Yushin et al. reported a agglomerate struc-
tured micro-sized porous carbon-silicon composite with a high tap
density (0.49 g/cm3) by Si deposition onto porous carbon via a
chemical vapor deposition (CVD) process, which exhibited a high
volumetric capacity (1270 mAh/cm3) at a high current density
(149 mA/g) and good capacity retention within 100 cycles [17].
Wang et al. and Park et al. reported agglomerate structured micro-
sized porous Si-C composites through thermal disproportionation
of SiO followed by conductive carbon coating using acetylene gas as
a carbon source, exhibiting good electrochemical performance
(1459 mAh/g at 1 A/g after 200 cycles) [14,21]. Recently, Liu et al.
prepared pomegranate structured micro-sized Si through aggre-
gation and polymerized encapsulation of Si NPs using Si NP,
resorcinol and CNT as conductive percolating matrix for active
material, showing excellent cycling stability (1160 mAh/g after
1000 cycles at 2.1 A/g) and high coulombic efficiency (99.87%) [23].
Nonetheless, to date, synthesis of such superstructured micro-size
Si and its composite materials still remains as a challenge because
rather complicated current synthetic processes are not adequate for
commercial scale as well as require expensive chemical/physical
facility using toxic precursors (e.g., SiH4) [2e5,10e15,18e21,23].

Aware of these backgrounds, herein, we report a semimicro-size
agglomerate structured Si-C (mSi-C) composite by interconnection
of Si NPs covered with carbon layer. The synthetic process for
semimicro-size composite of carbon coated Si NPs involves 1) an
aerosol process to form a agglomerate structure of Si NPs and
polymer (polyacrylic acid) through evaporation induced assembly
and 2) conductive carbon layer deposition as inspired by our pre-
vious work [14,24]. Different from previously reported agglomerate
structured Si-C composites by complicated syntheses, our synthesis
and mSi-C composite have several advantageous features of 1)
facile and scalable fabrication of composites by commercially
available aerosol process, 2) tunable precursor composition (e.g., Si
NP or carbon source), 3) formation of aggregated aerosol product
constructed from homogeneously mixed precursor, and 4) well-
defined agglomerate superstructure at the secondary particle
level. The as-formed mSi-C composite shows excellent capacity
retention of 96% after 50 cycles (1999 mAh/g) due to unique
structure of mSi-C composite; where the interparticle space in the
composite can accommodate the volume expansion of Si and the
homogeneously formed carbon layer ensures electrical conduction
pathways. We believe that such advantages of ourmSi-C composite
(excellent performance, economical cost and facile/scalable
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synthetic process) make our composite a promising anode material
candidate for high performance LIBs.

2. Experimental

2.1. Synthesis of the semimicro-size agglomerate structured silicon-
carbon composites

2.1.1. Semimicro-size Si-PAA composite (mSi-PAA)
Commercially available silicon nanoparticle (Si NPs: ~100 nm,

98%, Alfa Aesar) were used without further purification. Agglom-
erate structured silicon-carbon composite particles were synthe-
sized by an aerosol-assisted process, using a precursor of Si NPs and
polyacrylic acid (PAA) mixture dispersed in dimethylformamide
(DMF). The precursor solution of Si NPs and PAAwas supplied into a
pneumatic atomizer (model 3076, TSI Inc.) to generate aerosols
using nitrogen as a carrier gas (Scheme S1) [24]. The aerosolized
precursor passed through a ceramic tube at 400 �C, while solvent
evaporation-induced assembly occurs in the aerosol droplet to
convert precursor to composited structure of Si NP and PAA. As-
formed composited particles (mSi-PAA) were collected on mem-
brane filters to be used for subsequent process.

2.1.2. Semimicro-size Si-C agglomerate structured composite (mSi-
C)

As-formed mSi-PAA composite was placed in a ceramic crucible
transferred to be heated to a high temperature tube furnace. The
mSi-PAA composite particles were coated with a carbon layer
through thermal decomposition of acetylene gas at 600 �C for
20 min. For the carbon coating, the gas mixture of acetylene and
high-purity argon (argon: acetylene¼ 9:1 by volume) was supplied
into furnace at a flow rate of 100 sccm. Then, calcination was
further carried out at 600 �C under argon atmosphere for two hours
after carbon coating. The final content of carbon in the mSi-C
composite was calculated as ca. 14 wt% by thermogravimetric
analysis (TGA) as shown in Fig. S1.

2.2. Material characterization

The size and morphology of synthesized products were ob-
tained using electronic microscopes of transmission electron mi-
croscopy (TEM) and scanning electron microscopy (SEM). TEM
images were taken on JEOL-1200 at an accelerating voltage of
80 kV. High-resolution transmission electronmicroscopy (HR-TEM)
images were taken on a field emission microscope (JEOL-2010F) at
an accelerating voltage of 200 kV. SEM and energy-dispersive X-ray
spectroscopy (EDS) were conducted with a scanning electron mi-
croscope (NOVA NanoSEM 630) at accelerating voltages of 1.5 kV
and 5 kV. The crystalline structures of material were analyzed by X-
ray diffraction (XRD) over a two theta range (10e80�) using a X-ray
diffractometer (Rigaku Dmax-2000) with CuKa radiation
(l ¼ 1.5418 Å) under operation voltage and current of 40 kV and
30 mA, respectively. For the pore structure analysis, N2 sorption
isotherms were carried out at 77 K with a porosity analyzer
(MicromeriticsASAP2020). Specific surface areas were calculated by
Brunauer-Emmett-Teller (BET) method using the adsorption
branch of N2 isotherm in a range of (P/Po: 0.04e0.25). The pore size
distribution was calculated from desorption branch of N2 sorption
curve with Barrett-Joyner-Halenda (BJH) method. The micropo-
rosity (micropore surface area) was analyzed by t-plot method.
Thermogravimetric analysis (TGA) was carried out using a ther-
mogravimetric analyzer (TA instruments) with a heating rate of
10 �C/min from 25 �C to 900 �C under air atmosphere for the TG-MS
analysis. X-ray photoelectron spectroscopy (XPS) was conducted
with a Kratos Analytical Axis Ultra XPS. Raman spectroscopy was
measured with a confocal Raman instrument (WITec CMR200). Tap
density was determined by calculating the ratio of sample mass to
its tapped volume [25]. First, a mass of sample in a vial was
measured, followed by tapping for 100 times. Then, the tapped
volume of samplewasmeasured by reading the thickness of sample
in the vial. In the end, the tap densities of samples were finally
obtained by calculating the ratio of mass to tapped volume of
samples.

2.3. Electrochemical measurements

The working electrodes were prepared by slurry casting on
current collector (Cu foil), where the slurry contains active material
(mSi-C), conductive agent (Super P), and poly(acrylic acid) (PAA)
binder (60:20:20 wt ratio) dissolved in 1-methyl-2-pyrrolidinone
(NMP, Aldrich). The coated electrodes were dried at 100 �C under
vacuum overnight to remove moisture or weakly bound organic
moiety. 1.13 cm2 sized discs were cut from coated electrode to be
used as negative electrode (anode). The mass loading of active
materials and its electrode thickness is ~1.0 mg/cm2 and ca. 20 mm,
respectively. Electrochemical tests were performed with coin cells
assembled in an argon-filled glove box (MBraun, Inc.) where
lithium foil (99.9%, Aldrich) was used as the counter and reference
electrode. A polypropylene porous membrane (Celgard 2400) was
used as a separator. A mixture of ethylene carbonate (EC), diethyl
carbonate (DEC) and dimethyl carbonate (DMC) (EC: DEC: DMC,
2:1:2 by vol. ratio) with 10 wt% fluoroethylene carbonate (FEC) was
used as the electrolyte (Novolyte Technologies). The electro-
chemical performance was evaluated by galvanostatic charge/
discharge cycling on a battery tester (Arbin BT-2000) under various
current densities (0.4e12 A/g) in the potential range of 0.01e1.50 V
vs. Li/Liþ. The current density and specific capacity were calculated
based on the mass of active material (mSi-C composite). That is, the
mass of capacity was normalized to the entire mass of mSi-C
composite. In the rate capability test, charging rate (lithiation) was
fixed at 0.4 A/g during discharge process. AC impedance spectros-
copy was performed over a frequency range of 1 MHz-0.01 Hz using
a CHI660d electrochemical test station and Solartron electro-
chemical test station. All electrochemical tests were carried out at
room temperature.

3. Results and discussion

Semimicro-size Si-C agglomerate structured composite (mSi-C)
was synthesized by a two-step process including an aerosol process
and subsequent carbon layer deposition at 600 �C, as illustrated in
Scheme 1 (and Scheme S1). Typically, ~2 g of mSi-C composite was
produced per batch. This process is scalable by connecting aerosol
apparatuses in parallel. Scheme 1 summarizes the overall synthetic
procedure, illustrating themorphological change in the structure of
the composite from the precursor to final product. Scheme S1
presents the aerosol setup composed of atomizer connected to a
tube furnace and a particle collector.

Briefly, aerosol droplets with sizes of 10e20 mm are continu-
ously generated from a precursor solution containing a mixture
solution of Si NPs (~100 nm) and polymer (polyacrylic acid: PAA)
dispersed in dimethylformamide (DMF) through an atomization
process using nitrogen as carrier gas (Scheme 1a). Note that, PAA
was judiciously selected as polymer linker for Si NPs since PAA offer
a significantly higher concentration of functional groups and pro-
vide with better mechanical properties than conventional cellulose
based polymers (e.g., CMC) do [26]. Different from conventional
porous structure synthesis using silica as sacrificial template, PAA
plays an important role in generating void space as well as in
inducing carbon linkage among Si NPs, allowing formation of a



Scheme 1. Formation process of agglomerate structured semimicro-size silicon-carbon (mSi-C) composite. (a) Precursor solution of silicon nanoparticles and polymer (PAA) for
aerosol process. (b) Superstructured composite of silicon nanoparticle and PAA (mSi-PAA) constructed by aerosol process induced agglomeration. (c) Agglomerate structured silicon-
carbon composite (mSi-C) after carbon coating/calcination.
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porous composite structure of uniformly distributed Si NPs con-
nected with PAA. The aerosol droplets pass through a heating zone
(400 �C) and are converted into mSi-PAA agglomerate super-
structured composite; the primary Si NPs are homogeneously
mixed with PAA matrix to form three dimensionally integrated Si-
PAA composite where pores are generated among the Si NPs
interconnected by PAA (Scheme 1b) [24]. Subsequent carbon
coating via acetylene carbonization (600 �C, 20 min) and sintering
process (600 �C, 2 h) under argon atmosphere convert mSi-PAA
composite to semimicro-size agglomerate structured Si-C com-
posite (mSi-C). Obviously, such a carbon layer deposition and sin-
tering process on the interconnected mSi-PAA composite allows
carbonization of PAA and carbon filling among the Si NPs thereby
enhancing electrical conductivity of the composite (Scheme 1c)
[24]. Overall, the synthetic processes (aerosol process and carbon
coating process) are easy, controllable and suitable for large-scale
synthesis, in contrast to conventional synthetic process requiring
harsh conditions (high pressure and temperature), anhydrous and
toxic chemicals, and expensive precursors [24].

Fig. 1a shows XRD patterns of as-received silicon (Si), their
superstructured intermediate with polymer (mSi-PAA) and carbon-
coated product (mSi-C) obtained at different synthetic stages. The
indistinguishable characteristic peaks of silicon for all samples
indicate no significant phase change of silicon before and after
aerosol process. The average crystalline size of silicon in the final
product is estimated as ~20.8 nm by Debye-Scherrer equation. The
broad peak appeared around a lower degree (~20�) after carbon
coating process is ascribed to amorphous carbon. Fig. 1b displays
Raman spectra for mSi-PAA and mSi-C composite (before and after
carbon coating). Three peaks appeared at 297, 513, 517 and
944 cm�1 for both mSi-PAA and mSi-C correspond to characteristic
peaks of Si [27]. Small and broad peak around at 297 cm�1 are
assigned as the 2nd order acoustic phonon mode of Si while strong
and sharp peak around 513 or 517 cm�1 can be assigned to the 1st
order optical phononmode of crystalline Si [27]. The peak appeared
around 944 cm�1 is attributed to the formation of native Si-O on the
surface of Si nanoparticle [27]. Considering the typical position of
bulk Si at 520 cm�1, blue shifted position of Si peak in this work can
be attributed to size dependent phonon confinement effect and
polycrystalline nature of our Si [27]. What is more, as shown in
Fig. 1 and S1, Raman spectra of mSi-C shows additional blue shift
from 517 cm�1 (mSi-PAA) to 513 cm�1 (mSi-C) which originates
from the transverse optical mode by a phonon confinement effect,
indicating conformal carbon layer deposition on Si nanoparticles
[27]. Two characteristic peaks of mSi-C at 1321 and 1599 cm�1 in
the spectra corresponds to D (disordered) and G (graphite) bands of
carbon, respectively. Consistent with XRD result (Fig. 2a), the ratio
of D to G band is estimated to be 2.3, confirming an amorphous
carbon structure [25,27]. The carbon in mSi-C composite was esti-
mated to be 14 wt% by thermogravimetric analysis (TGA) result
(Fig. S2). Fig. 1c and d shows XPS spectra of Si2p and C1s for mSi-
PAA and mSi-C composite (before and after carbon coating),
respectively. For mSi-PAA and mSi-C, a strong Si2p peak observed
around at 99 eV (98.7 and 99.3 eV) corresponds to the binding
energy of metallic Si (Si0þSiH) while a small bump centered at
around 103 eV suggests the presence of native silicon oxide (SiOx)
layers [28,29]. As compared to mSi-PAA, the Si2p signal of mSi-C
shows shifted peak from 98.7 eV to 99.3 eV and an enhanced peak
around 103 eV, indicating more SiOx formation after carbon coating
[29]. We believe that oxygen provided from PAA-derived polymer
inmSi-PAAmight contribute to oxidation of silicon [28,29]. The C1s
peaks at 284.5 eV indicates the presence of carbon either from
polymer (PAA) or coating layer, implying partial carbonization of
PAA by aerosol process at 400 �C [29]. The peak at 289.2 eV of C1s of
mSi-PAA disappears after carbon coating (mSi-C), indicating ther-
mal decomposition of carbonyl group from PAA after sintering at
600 �C [29]. The porosity of the mSi-C composite was measured by
N2 sorption isotherms (Fig. S3a) and the pore size distributions
(Fig. S3b), showing a surface area of 24.2 m2/g and a pore volume of
0.047 cm3/g. The mSi-C composite exhibited a similar isotherm
curve (type IV) with a condensation step within a narrow relative
pressure range and type H1 hysteresis loops.

Fig. 2 exhibits the appearance (Fig. 2a) and morphologies by
SEM (Fig. 2b and c) and TEM (Fig. 2def) for mSi-C before and after
carbon layer deposition. Fig. 2a displays the digital photo images of
samples before (Top: mSi-PAA) and after carbon layer deposition
(bottom:mSi-C). The photo images clearly show color change from
brown (mSi-PAA) to black (mSi-C), indicating successful carbon-
ization of polymer and carbon layer deposition. The SEM images in
Fig. 2b and c demonstrate that the agglomerate structured mSi-C
composites are consisted of Si NP with carbon layer and their size
range is approximately 1 mm as indicated by arrows in Fig. 2c. As
shown in Fig. 2d, polysized primary Si NPs (50e150 nm) are around
90 nm in average diameter. Note that, as shown in Fig. 2c and d,
primary Si NPs are effectively aggregated and connected with car-
bon layer, forming agglomerate structured mSi-C composite. Ar-
rows in Fig. 2d indicates carbonized polymer and filled carbon in
mSi-C composite. The TEM image (Fig. 2eef) displays magnified



Fig. 1. Structural and surface analysis of mSi-C composite obtained at different steps in the synthesis (Si nanoparticle, mSi-PAA (after aerosol process), mSi-C (after carbon coating)
(a) X-ray diffraction patterns; (b) Raman spectra; X-ray photoelectron spectroscopy spectra for (c) Si2p and (d) C1s.

Fig. 2. Visual and electron microscopic characterization of mSi-C composite. (a) Photo images of mSi-C composite before (top: mSi-PAA) and after (bottom: mSi-C) carbon coating/
calcination; (bec) SEM images of mSi-C composite. Arrows in (c) indicate mSi-C composite formed by Si aggregation and carbon layer deposition; (dee) TEM images of mSi-C
composite (d) Agglomerate structure of mSi-C composite; Arrows in (d) indicate carbonized polymer and filled carbon in mSi-C composite formed by carbon coating (e) Magnified
image of primiary mSi-C composite; (f) high resolution TEM image of mSi-C composite.

H. Sohn et al. / Journal of Power Sources 334 (2016) 128e136132
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image of mSi-C composite. Fig. 2e demonstrates that primiary
particles of mSi-C composite are average sized around 90 nm, as
consistent with SEM observation (Fig. 2c). The average diameter of
aggregated composite is ca. 0.7 mm and carbon layers are uniformly
deposited on the surface of Si NP. Moreover, these Si NPs are
interconnected with each other to form irregular semimicro-size
secondary structures of mSi-C composite. The high-resolution
TEM image (Fig. 2f) further reveals that the thickness of carbon
layer of mSi-C composite is ca. 3.6 nm. A comparable intensity of
silicon (red) and carbon (blue) in EDS elemental mapping images
(Fig. S4) further indicates homogeneous carbon layer deposition on
the surface of Si NPs. As analyzed by TGA (Fig. S1), the silicon and
carbon contents of mSi-C composite are calculated as 86 and 14 wt
%, respectively.

Fig. 3 presents the electrochemical performances of mSi-C
electrodes. Fig. 3a shows typical voltage profiles ofmSi-C measured
at 0.1C (¼0.4 A/g) at the 1st, 2nd, 20th, and 50th cycles. The sloping
shapes of voltage profiles are contrasted by well-define plateaus at
0.1 and 0.42 V found in bulk crystalline Si, which reflects the
characteristics of nanostructured primary Si [7,21]. Note that, mass
of the capacity was normalized to entire mass of mSi-C composite.
The first discharge (lithiation) and charge (delithiation) capacities
are 2535 and 2084 mAh/g, respectively. Considering the Si content
(86 wt% from TGA data, Fig. S1), the first charge capacity of mSi-C
composite implies nearly most of the Si NPs (~82.3%) participate in
the charge/discharge process and contribute to such a high gravi-
metric capacity. The excellent cycling stability and reversibility of
mSi-C composite are also demonstrated as reflected by almost
overlapped voltage profiles of the 20th and 50th cycle. These re-
sults suggest that the porous carbon matrix facilitates excellent
electronic transports in the composite spheres while buffering the
stress caused by severe volume change of the Si core [21,24,28].
Fig. 3. (a) Galvanostatic charge-discharge voltage profiles, (b) Coulombic efficiency and cycl
(2 A/g), and (d) rate capabilities of mSi-C composites from 0.4 to 12 A/g in the potential wind
composites.
Moreover, the first Coulombic efficiency (CE) of mSi-C composite
was calculated as 82.2%, which is indeed higher than those of other
reported Si anode analogues [4,14,21]. Such a high CE can be
attributed to unique composite structure of Si core and porous
carbon shell, which allows the formation of stable solid electrolyte
interphase (SEI) layers during the first cycle [2e5,21,24,28,30,31].
Fig. 3b and Fig. S5 displays the cycling stability and CE of mSi-C
composite anode at 0.4 A/g. The mSi-C shows good capacity
retention: 96% (¼1999 mAh/g) and 81% (¼1694 mAh/g) of the
original discharge capacity after 50 and 100 cycles, respectively. In
addition to the relatively high initial CE (82.2%), CE at subsequent
cycles reaches high values close to 100%. In the cycling range of
1e50, the average CE is 97.9%, and the average CE increases to 98.8%
in the cycling range of 51e100. The increased CE can be interpreted
as that the SEI layers become stabilized with cycling, and the void
space in the conductive carbon matrix of the initial mSi-C com-
posite contributes to irreversible SEI formation in the early period
of cycling [7,11e15,21]. Note that, the average CE in the later cycles
is, still, superior or at least comparable to those of previous studies
[12e15,21]. Fig. 3c and d displays cycle stability at a higher current
density and rate capability test for the mSi-C composite. As shown
in Fig. 3c, mSi-C has a good capacity retention of 94% (¼1469 mAh/
g) after 50 cycles and of 80% (1100 mAh/g) after 100 cycles at a
higher C-rate of 0.5C (¼2 A/g). It is worth to note that there are
inconsistent electrochemical behaviors in cycle tests measured at
different current densities (Fig. 3b (0.4 A/g) and c (2 A/g)) [32]. At
lower current density (0.5 A/g, Fig. 3b), there is no significant ca-
pacity decay because of high utilization of Li-ions [33]. In contrast,
at higher current density (2 A/g, Fig. 3c), the capacity decay within
initial 10 cycles is attributable to insufficient utilization of Li-ions,
which may originate from kinetic-driven reactions and decreased
electrical contact [33]. After 10 cycles, the capacity gradually
ing stability at 0.1C (0.4 A/g), (c) long time cycling stability of mSi-C composites at 0.5C
ow 1.5e0.01 V vs. Liþ/Li. All the specific capacities are based on the total mass of mSi-C



Fig. 4. Nyquist plots of mSi-C composite electrode after different numbers of cycles (a), and surface morphology of mSi-C electrodes (b) before cycling and (c) after 100 cycles.
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recovered and increased, which may be explained by the following
activation effects; 1) enhanced wetting of electrodes by electrolyte
upon cycling, 2) increased electrode-electrolyte interfacial contact
area, caused by repeated dimensional changes of the embedded Si,
which might lead to lower the interfacial contact resistance, 3)
correspondingly increased contribution by reversible reaction of
the SEI layers and/or interfacial charge storage mechanism [34]. In
the long-term cycles, however, the slight and gradual decrease of
capacity is observed. This can be attributed to uneven stress/strain
distribution in Si-C anodes during volume change of Si, induced by
local structural inhomogeneous of the electrode structure of Si and
carbon, leading to demolished local electronic connections and
blocked electrolyte channels [35]. Fig. 3d reveals considerably good
rate capability of the mSi-C composite. When the current rate was
increased 30-fold from 0.1C to 3C, the mSi-C composite can still
deliver a reversible capacity of 906 mAh/g. Also, when the current
rate returned to 0.1C, 94.7% of the original capacity was recovered.
Note that, such a good rate capability and cycle stability at high
current density can be attributed to unique structure of mSi-C
composite. The electrochemical performance of mSi-C is also
compared with that of bare Si and Si-C (super-P) composite con-
taining same elemental content (Si: 86%, C: 14%) (Figs. S6 and S7).
Not surprisingly, mSi-C shows much superior performance to that
of Si-C (Super-P) and bare Si both in cycle test (Fig. S6a and 7a) and
in rate-capability test (Fig. S6b and 7b).

Although some of previous works on Si-C nanocomposites
shows superior performance,mSi-C composite in this work is more
advantageous to be commercialized because of its facile and scal-
able process (production rate: 2 g per batch) without using
complicated process or toxic/expensive chemicals. In addition, our
excellent rate and cycling performances of mSi-C can be mainly
attributed to its unique agglomerate structure which keeps and
supports electronic/ionic conductivity of the composite during
continuous lithiation/delithiation. Detail reasons are summarized
as follows [11,14,21,28,30,31].

1. Direct connection of nano-sized Si by aggregation in composite
structure facilitates efficient Li diffusion through continuous
pores in the composite because of shortened diffusion length of
Li-ions, thereby enhancing its ionic conductivity.

2. The small primary Si NPs and void space in the composite could
prevent the crumbling of Si cores by alleviation of stress from
volume change of Si.

3. Conductive carbon layer connected with the Si can work as a
physical buffer and conductive network, which enhances the
electrical conductivity of the composite and mitigates the stress
from the volume change of Si.

4. Interpenetrating conductive carbon layer can facilitate the for-
mation of a stable SEI layer on the surface of composite and
decrease ohmic polarization of the Si in the electrochemical
reaction.

As shown in Fig. 4, the excellent cyclability (Fig. 3) of mSi-C
composites can be better understood by electrochemical imped-
ance spectroscopy (EIS) analysis and comparative observation of
morphology for the mSi-C composite electrodes before and after
cycling at 0.4 A/g. Fig. 4a displays the Nyquist plots of mSi-C elec-
trodes after initial, 50, and 100 cycles which consist of two semi-
circles at high-medium frequency region and a sloped line at low
frequency region [11,14,21]. The depressed semicircles are the re-
sults of convolution of several contributions: electronic conduc-
tivity effects, Li ions transport in the SEI, and the charge transfer
resistance at interfaces [2e5,11,14,21]. The sloped line at low fre-
quency is ascribed to the mass transport (diffusion) of Li ions into
the Si [11,20]. Comparison of EIS obtained on the cells after initial,
50, and 100 cycles indicates that the mSi-C electrode exhibit
negligible difference in spectra during these 100 cycles, and also
suggests formation of a stable SEI on the mSi-C [12,14,21]. The
observation of morphological change for mSi-C electrode before
and after cycling (Fig. 4b and c) also supports the good electro-
chemical reversibility of the composite as evidenced by EIS results
(Fig. 4a). As compared with the SEM image before cycles (Fig. 4b),
Fig. 4c reveals that initial morphology of mSi-C electrodes is still
mostly retained even after cycling. Such comparative SEM images
formSi-C electrodes before and after cycles further corroborate that
the inner stress by volume change and consequently evolved
cracking in electrodes can be effectively alleviated and buffered by
unique structure of mSi-C composite, confirming its robust struc-
tural integrity over cycling [11,12,14,21].

With regard to practical application of Si as battery material, the
packing density of materials plays a very important role and
appreciably affects in determining the volumetric energy density of
batteries [25,36]. It's well known that nano-sized electrode mate-
rials usually come with low volumetric capacities because of their
low powder tap densities (<0.1 g/cm3) [11,14,20]. Micro-sized par-
ticles, on the other hand, have relatively higher powder tap den-
sities (>0.2 g/cm3) due to few vacancies among constituting
particles, contributing to higher volumetric capacities [11,14,20]. In
this work, our semimicro-sized mSi-C composite has a high tap
density (0.448 g/cm3), over three times higher than that of com-
mercial Si NPs (0.134 g/cm3). As described in experimental section,
the tap density of our composite was obtained by calculating the
ratio of sample mass to its tapped volume [25]. Although the pri-
mary particle of our composite is commercial Si NPs, such an
enhancement of tap density can be ascribed to the unique
agglomerate structure by interconnection of Si NPs covered with
carbon nanolayers and carbonized polymer [11,21]. The mSi-C
composite exhibits an impressive volumetric capacity above
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933 mAh/cm3, over two times higher than that of traditional
graphite anodes (429 mAh/cm3) [14,21]. Considering the impor-
tance of high volumetric capacity in the practical battery applica-
tion, we believe our mSi-C composite has a high potential to be
employed as anode material for practical battery applications. It
should note that lowering of volumetric capacity considering the
increase of electrode thickness after lithiation would be inevitable.
Considering that mSi-C possesses wide ranges of pores, however,
the extent of decrease in volumetric capacity is expected to be
moderate. Engineering of the electrode architectures considering
the overall volume change and their corresponding volumetric
capacity will be our next subject of research.

4. Conclusions

In summary, we present a facile and scalable fabrication of
semimicro-size agglomerate structured Si-carbon composite (mSi-
C) through an aerosol process and carbon layer deposition for the
LIB anode application. As-formed mSi-C composite is composed of
interconnected Si NPs coated with conductive carbon layer, where
Si NPs are uniformly distributed throughout the composite as pri-
mary building units. In the electrochemical test, the mSi-C com-
posite exhibited a high initial reversible capacity (2084 mAh/g),
good cycling stability (81% retention, 1694 mAh/g at 0.4 A/g) and
coulombic efficiency (98.8%) within 100 cycles. Such good elec-
trochemical performance of the mSi-C composite can be mainly
attributed to its unique structure which sustains electronic/ionic
conductivity during continuous lithiation/delithiation by 1)
significantly mitigating the stress from volume change of Si, 2)
providing more electronic pathways, 3) shortening the ionic
diffusion length and 4) facilitating the formation of stable SEI layer.
As for its practical application, the mSi-C composite exhibit
impressive volumetric capacity (933 mAh/cm3) owing to its high
tap density (0.448 g/cm3) stemming from unique composite
structure.

The current study demonstrates that our facile and scalable
synthetic process (aerosol process and carbon coating) can be
viable methods for commercial production of LIB anode materials
based on mSi-C composite. Taking the excellent performance of
mSi-C composites into account, we believe mSi-C composite could
be considered as practical and commercially producible anode
materials for next generation high-energy LIBs.
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