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Significant efforts have been devoted to synthesis and characterization of engineered silicon

nanostructures able to withstand the large stresses and strains produced by lithium alloying/dealloying

reactions during electrochemical cycling. Less attention has been given to ensuring robust connection

between silicon and its host structure in the anode. The current work develops a new methodology to
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create nanocomposites in which silicon nanoparticles are uniformly dispersed in a mesoporous carbon
host. The composite is synthesized through copolymerization of acrylonitrile and silicon nanoparticles

densely functionalized with vinyl groups, which serve as seeds for free radical dispersion polymerization,

DOI: 10.1039/c3ta01272g

www.rsc.org/MaterialsA

Introduction

Silicon is arguably the most promising anode material for
lithium-ion batteries (LIBs) for its high Li storage capacity and
low lithiation/delithiation potential vs. Li/Li. It is broadly
recognized that the greatest challenge for implementation of a
commercial lithium ion battery based on a Si anode is the fast
capacity fading, induced by the drastic volume change the
material undergoes during electrochemical cycling. Despite sus-
tained efforts in the past decade to eliminate this shortcoming,
development of a practical Si anode remains a significant
research challenge. One-dimensional materials including pure Si
wires,'” carbon coated Si wires or tubes,*® and Si coated carbon
nanotubes'®™ possess an inherent mechanism for relaxing cyclic
stresses produced by Li insertion and show the greatest promise
to date. A recent study by Cui and coworkers demonstrated SiO,/
Si double-walled nanotubes that showed extraordinary perfor-
mance over 6000 charge-discharge cycles with 85% capacity
retention. However, achievement of low-cost mass-producible Si
anodes that exhibit acceptable levels of cycling stability is still
elusive. A number of previous studies show that when the char-
acteristic dimension of Si structures in the anode are small
enough (approximately 150 nm in diameter for spheres and
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followed by carbonization of the PAN coating/network. The method yields nanocomposites with high,
reversible capacities and stable cycling performance.

100 nm in diameter for wires and tubes), pulverization of Si
should not occur, even in an anode cycled through fully lithiated
and delithiated states.™'® This conclusion contradicts data,
which show persistent capacity fading in LIB anodes, even
though the majority of materials used in these studies have
dimensions quite well below the calculated critical sizes.

An emerging opinion is that persistent capacity fading
observed in Si anodes is not solely the result of mechanical
instability of the Si nanostructures. Rather, it is hypothesized
that degradation of the connections between the Si active
material and its supportive and conductive surroundings may
be to blame. This process can be induced by local strains and
stresses produced by the material's volume change during
electrochemical cycling in a battery electrode. In this sense, to
improve the cycling stability of Si anodes may require greater
efforts targeted at improving the stability of the bonds used to
integrate the Si active material in its surroundings in the anode.
A rational design for the Si anode may therefore be to construct
the anode based on uniformly embedded individual Si active
material (in whatever morphology as long as the primary
structures are small enough to prevent the pulverization) into a
resilient and conductive framework that is able to bond strongly
to the Si material even as it undergoes large volume changes.
Obtaining a uniform dispersion of Si active material in the
framework is a key factor in practical realization of such a
system.

To date, only a few studies have used the above concept to
engineer Si anodes.”® Cho et al. for example reported micron-
sized Si-C particles with porous nanostructure synthesized
using an organic Si precursor and SiO, particles as sacrificial
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templates; Yushin et al. reported Si-C composite particles
prepared by CVD deposition of Si in a porous carbon frame-
work. Both studies demonstrated Si-based anodes with excel-
lent cycling stability. A drawback of these works however is that
the synthesis procedures are complicated and expensive, and
are thus unlikely to be of practical commercial interest. In this
study, we demonstrate a novel route to synthesize uniformly
structured mesoporous Si-C composites using inexpensive
materials under mild reaction conditions.

Experimental
Materials synthesis

All chemical reagents were purchased from Sigma-Aldrich,
unless otherwise specified, and used without additional purifi-
cation. Commercial silicon nanoparticles (SINPs) with average
diameters ranging from 20 to 30 nm were purchased from
Nanostructured & Amorphous Materials, Inc. (see TEM image in
ESI Fig. S11) and co-functionalized with hydrophilic and vinyl
groups to create water-dispersible, polymerizable seeds for
dispersion free-radical polymerization. Hairy nanoparticles in
which polyacrylonitrile was tethered to the SiNPs were produced
by dispersion polymerization of acrylonitrile. Upon removal of
the water, these particles spontaneously formed SiNP@PAN
nanocomposites in which the SiNPs were homogeneously
dispersed in an interconnected PAN network. Thermal treat-
ment carbonized PAN and created the desired micron-sized
mesoporous Si-C nanocomposites in which Si particles were
dispersed in a carbon matrix.

The pristine SiNPs were cleaned in piranha solution (a
mixture of concentrated sulfuric acid and 30% hydrogen
peroxide solution with a 3 : 1 volume ratio) by moderate stirring
for 1 h, and then washed with an adequate amount of water to
neutral pH. In addition to cleaning the surface, this method
introduced a thin, coherent oxide film on the particle surfaces
to permit subsequent attachment of a PAN layer. 500 mg of the
as-prepared SiNPs were dispersed in 200 mL of 1 M ammonium
hydroxide aqueous solution with moderate stirring and soni-
cation for 30 min. The obtained SiNPs dispersion was centri-
fuged at 8000 rpm for 20 min. The precipitate was removed and
a clear SiNP suspension with a light yellow color was obtained.
The SiNP concentration was determined as 1.5 mg mL™" by
gravimetric analysis. 200 mg of 3-(trimethoxysilyl)propyl meth-
acrylate (MPS) was dissolved in 2 mL of ethanol, and the MPS
solution was slowly added in 100 mL of the obtained SiNP
suspension with a syringe pump in a span of 8 h under vigorous
stirring at room temperature, and the mixture was continuously
stirred for a total of 48 h. MPS was added in excess to ensure
sufficient grafting on SiNP surface.”* Based on the particle size
of the SiNP, the ratio between MPS and SiNP was estimated as
15 pmol MPS per m” of SiNP. The resulting MPS-grafted SiNP
(MPS-SiNP) suspension was dialyzed against adequate amount
of water until the pH became approximately 8.

To prepare seeds for dispersion polymerization, 115.5 mg of
sodium dodecyl sulfate (SDS), 107.5 mg of potassium persulfate
(KPS), and 2.5 g of acrylonitrile (AN) were added to 100 mL of
MPS-SiNP suspension. The molar concentrations of SDS, KPS,
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and AN were 4 mM, 4 mM, and 0.47 M, respectively. The mixture
was stirred at room temperature for 10 min to obtain a
homogenous suspension, which was transferred into a three-
necked flask equipped with condenser and purged with N, gas
for 30 min. The polymerization was started by immersing the
flask into an oil bath at 70 °C while under vigorous stirring and
N, protection. The reaction was stopped after 18 h by quenching
in an ice bath. The solution after the polymerization was slightly
translucent and retained the light yellow color of the starting
aqueous SiNP-water dispersion.

Characterization

The crystal structures of the products were characterized using
Scintag Theta-theta PAD-X X-Ray Diffractometer (Cu Ka, A =
1.5406 A). Their morphologies were studied using FEI Tecnai G2
T12 Spirit Transmission Electron Microscope (120 kV). Ther-
mogravimetric analysis was performed using TA Instruments
Q5000 IR Thermogravimetric Analyzer. Raman spectra were
collected using a Renishaw InVia Confocal Raman Microscope
(laser wavelength = 488 nm). Nitrogen adsorption analysis was
performed with a Micromeritics ASAP 2020 Accelerated Surface
Area and Porosimetry System.

Electrochemical characterization

Electrochemical characterization of the SiNP@C nano-
composites as anode materials in rechargeable lithium
batteries was performed at room temperature in 2032 coin-type
cells. The working electrode consisted of 92 wt% of the SINP@C
particles and 8 wt% PVdF as binder; no carbon conductivity aid
was added. The loading of SINP@C in the tested anodes was in a
range of 0.85 mg cm > to 1.1 mg cm ™ 2. Copper foil (0.004 in.
thick, Alfa Aesar) was used as the current collector. Lithium foil
(0.03in thick, Alfa Aesar) was used as the counter and reference
electrode. 1 M LiPFs in a mixture of ethylene carbonate,
dimethyl carbonate, and diethyl carbonate (1:1:1 volume
ratio) was used as the electrolyte. Celgard 2500 polypropylene
membranes were used as the separator. Assembly of cell was
performed in a glove box with moisture and oxygen concen-
trations below 0.1 ppm. The room-temperature electrode
capacities were measured using Neware CT-3008 battery testers
(The accuracy of the batter tester is £0.001 mA and +2.5 mV)
and cyclic voltammetry (CV) was performed with a Solartron
Model 1470 Potentiostat/Galvanostat.

Results and discussion

The morphology of the SINP@PAN particles was characterized
by transmission electron microscopy (TEM) as shown in Fig. 1.
Compared with the pristine SiNPs, the SINP@PAN particles
show distinctly different morphology. Specifically, the size of
SiNP@PAN particles is larger (~50 nm) than the precursor SiNPs
and the surfaces of the particles are visibly rough. The rough
surface is thought to originate from the reasonable solubility
(7.35 wt%) of AN monomer in water, which results in low
interfacial energy between water and the PAN corona. Similar
particle morphologies have been observed in AN-styrene
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Fig. 1 TEM images of the SINP@PAN particles network at different magnifications.

emulsion copolymerization.”* The solubility of AN in water also
results in the formation of connective PAN filaments that link
the SINP@PAN particles as clearly seen in Fig. 1(b).

The surfactant sodium dodecyl sulfate (SDS) is used in the
synthesis to stabilize the growth process of the SiINP@PAN
particles. The concentration of SDS plays a critical role in
achieving SINP@PAN particles with the desired morphology.
When propagation of the PAN chains begins on the SiNP surface,
the increasing surface tension is thought to attract SDS molecules
in solution to the interface, which prevents massive particle
aggregation. This beneficial attribute of SDS is, however, offset by
the fact that if its concentration rises above the critical micelle
concentration (CMC), undesirable free micelles will spontane-
ously form in the water phase. It was observed that when the SDS
concentration is increased to 6 mM, which is close to its (CMC =
8 mM) in water, pure PAN particles were formed in the dispersion
in addition to SINP@PAN particles (see Fig. S21). This likely ari-
ses from the fact that AN oligomers stabilized by the SDS micelles
in the water phase provide additional polymerization loci that
compete with the growing SINP@PAN particles for AN monomer.
As an extreme illustration, the same dispersion polymerization
reaction was carried out without the MPS-SiNP seeds. The
obtained PAN particles are seen to have distinctly different
morphologies, as expected (see TEM image in ESI Fig. S31).

After polymerization, the SINP@PAN particles were harvested
by freeze-drying the solution. The resulting SINP@PAN powder
was heated in air at 300 °C (the melting temperature of PAN) for
30 min, at which point the temperature was raised to 900 °C and
maintained there for 1 h under argon purge. The purpose of the
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heat treatment at 300 °C in air was to facilitate relaxation of the
PAN chains and to facilitate rearrangement of the PAN host
structure to promote the dehydrogenation reaction of PAN. X-ray
diffraction scans of the pristine SiNPs after heat treatment in air
at 600 °C and after the piranha treatment are provided in Fig. 2(a)
and (b). Both XRD patterns are consistent with expectations for
polycrystalline silicon. In contrast, the XRD patterns for the
SINP@C composite (Fig. 2(c)) show none of the sharp peaks
characteristic of crystalline silicon and instead only two broad
peaks centered at 26 values near 25° and 45°, consistent with
partially graphitic carbon. The XRD patterns also show no
evidence of SiC in the SiNPs at any stage of the synthesis, implying
that the absence of crystalline Si peaks is not a consequence of
carbonation of the SiNPs. Fig. 3(a) and (b) are the corresponding
Raman spectra for the SiNP after the piranha wash and for the
SiNP@C composite. The strong Raman band at around 520 cm "
seen in Fig. 3(a) is characteristic for polycrystalline Si. The two
weaker, less well defined Raman bands at 300 cm ' and at
900 cm™" have been observed in an earlier report for Si@SiO,
composites, and in the present case is probably due to the native
SiO, and oxide coating produced during the piranha treatment.

Fig. 3(b) shows that none of these features remains in the
Raman spectrum for the SINP@C composite. Instead, Fig. 3(b)
shows two Raman bands characteristic of disordered graphite
and amorphous carbon. Deconvolution of the Raman spectrum
in Fig. 3(b) the 800-2000 cm ™" range indicates that the carbon
in the composite consists of approximately 15.1% graphite (G),
68.9% disordered graphitic lattices (D1) and 16.0% amorphous
carbon (D3). The absence of any of the Raman bands expected
for crystalline Si in the composite may confirm the amorphous
nature of the Si after the surface functionalization, polymeri-
zation, and carbonation steps, which has been observed in
other nanometer-sized Si-C composites.** It may also reflect the
fact that the SiNPs are surrounded by a dense carbon layer. The
first explanation though consistent with the results from XRD,
cannot explain the complete disappearance of Raman bands for
SiO, apparent in Fig. 3(b). This observation is in fact consistent
with the idea that a dense carbon coating attenuates the exciting
laser light and Raman scattering from the carbon and SiO,
encapsulated SiNP core.

()
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Fig. 2 XRD patterns for: (a) pristine SiNPs heated in air for 2 h at 600 °C; (b) SiNPs after cleaning with piranha solution; (c) final SINP@C nanocomposite.
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Fig. 3 Raman spectra for: (a) SiNP cleaned with piranha solution and (b) final SINP@C nanocomposite.

TEM images of SiNP@C composite are shown in Fig. 4(a) and
(b). Fig. 4(a) clearly indicates the self-assembly of the micron-
sized and rod-shaped SINP@C nanocomposite particles. EDX
analysis (Fig. 4(c) and (d)) confirms the presence of silicon in
the SINP@C composite. The significant oxygen content revealed
by EDX analysis likely reflects the sustained presence, after
carbonization, of the slioxane bridges used to anchor the MPS
to the Si particles and partial oxidation of the SiNPs. The
transparent appearance of the SINP@C nanocomposite and the
results from high magnification TEM image in Fig. 4(b) are both
consistent with the mesoporous nature of the SINP@C particles,
which is further confirmed by the nitrogen adsorption results
shown in Fig. 5(a) and (b). This indicates that most of the pores
in the carbon lie in the size range of 2-40 nm. The BET surface
area of the composite is 52 m” g~ !, which corresponds to a
surface area of 52/(1-56%) = 118 m* g * for the carbon in the
composite, assuming the contribution to surface area is all from
carbon.

To evaluate the electrochemical properties of the meso-
porous SiNP@C nanocomposites, the material was tested in
two-electrode coin cells using Li metal foil as the counter

Counts

5
Energy (keV)

Fig.4 (a)and (b) TEM images of the SINP@C mesoporous composite at different
magnifications; (c) STEM image of SINP@C composite; (d) EDX spectrum based on
the square area in (c).
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electrode. Thermogravimetric analysis (see ESI Fig. S41) indi-
cate that the SiNP content in the SINP@C particles is 56 wt%. To
simplify comparisons with previous reports and to assess the
true promise of the SINP@C composites as electrode materials,
all capacities reported herein are for the total SINP@C mass in
the electrodes, i.e. not only for the ca. 56 wt% of SINP in the
composites. Fig. 6(a) shows the delithiation capacity and
coulombic efficiency (CE) of the SINP@C anode as functions of
cycle number under a current density of 200 mA g~ (~C/5)
between 1.5 V and 0 V vs. Li/Li". The lithiation capacity of the
SiNP@C anode in the 1° cycle is 3570 mA h g~ '. However, the
delithiation capacity in the 1% cycle is only 795 mA h g *, which
makes the CE in the 1° cycle only 22.3%. The undesirable low
CE may be a result of the irreversible electrochemical reduction
of the oxidized SiNPs in the first lithiation reaction.

After the first cycle, the delithiation capacity gradually
increases (activation), and the CE also quickly improves. After
20 cycles, the delithiation capacity is seen to stabilize at
1110 mA h g ', and the CE at this point is 91.7%. After 115
cycles, the delithiation capacity is 1010 mA h g~ . The CE rea-
ches 100% at the 70™ cycle and remains constant thereafter.
The initial low CE likely reflects the initial irreversible reaction
of SiO, species in the composite particles. The rise in CE
observed with increasing cycle number is consistent with the
geometric configuration of the composites, wherein the SiO,
layer is more accessible to Li' ions in the electrolyte than the
active, buried Si material. As SiO, is deliberately introduced to
anchor the carbon precursor (PAN) to the SiNPs and to
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Fig. 5 Nitrogen adsorption isotherms and pore size distribution of the SINP@C
nanocomposites.
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homogeneously disperse the SiNPs in PAN, it may be impossible
to eliminate the initially low CE values and their rise with cycle
number. A potential remedy under active investigation is to
replace MPS with short polyethylene glycol-methyl acrylate
(PEGMA) as the initiator for dispersion polymerization of AN.
This change would remove the need for the SiO, anchoring layer
and the high curvature of the SiNPs should lead to their
homogeneous dispersion in PAN of moderate molecular
weights.”

The rate capability of the materials was also evaluated using
galvanostatic cycling measurements under various cycling
rates of C/10 (100 mA g~ '), C/5 (200 mA g~ '), C/2 (500 mA g 1),
1C (1 A g7, and back to C/5. The SiNP@C composites
demonstrate attractive rate capability and retain a capacity of
520 mA h g " at a1 A g ' current density. The differential
capacity curve (Fig. 6(c)) shows two lithiation peaks at 0.4 V and
0.1V, and a broad delithiation peak at 0.5 V, which is consistent
with typical Si anode materials. Efforts are underway to fine-
tune the polymerization and carbonization conditions to create
optimal nanocomposites with higher SINP contents to increase
the overall anode capacity. However, it can be shown that used
in conjunction with current lithiated LIB cathodes,* Si-based
anodes with the capacities reported herein already provide
optimal specific energies.

Fig. 6(d) reports the charge-discharge voltage profiles for the
1°* and the 10™ cycles. The 1°* lithiation curve shows a slope-
shaped plateau below 0.3 V, which is not consistent with the
plateau normally observed for polycrystalline Si. The highly
sloped lithiation profile seen in the first cycle indicates that the
large irreversible capacity in the 1% cycle may be attributed to
the partially oxidized SiNPs. The absence of a clear plateau in
the profiles recorded in subsequent cycles is a feature of the
materials that demands improvement, but is similar to what
has been reported in earlier studies using amorphous SiO, and
silicon monoxide materials as LIB anodes.”»*” We suspect the
source in the present case may be the disordered nature of the
Si in the NPs, but cannot rule out a reversible contribution to
the overall capacity from SiO, species present in the SINP@C
composites.

Conclusions

We have synthesized micron-sized SINP@C composite mate-
rials with mesoporous structure through an inexpensive,
aqueous dispersion polymerization method. To our knowledge,
the nanoparticle-seeded dispersion polymerization of PAN
demonstrated in the study has heretofore not been reported.
The size of the obtained SiNP@C particles are in micrometer
size scale, which is favorable for Li-ion battery electrode
manufacture due to the higher tap density and better safety
features. Significantly, we find that when evaluated as lithium
battery electrodes, the composites manifest excellent cycling
stability and high reversible capacity. These characteristics can
be attributed to the unique mesoporous structure enabled by
the self-assembly of the SINP@PAN particles during carbon-
ization. Future studies will focus on improving the low initial
CE and shape of the voltage profiles of the SINP@C particles,
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which appears to result from oxidization of SiNPs and/or from
complete disordering of Si in the NPs during the final stages of
the synthesis.
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