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As an anode material for lithium-ion batteries (LIBs), silicon offers among the highest theoretical storage
capacity, but is known to suffer from large structural changes and capacity fading during electrochemical cy-
cling. Nanocomposites of silicon with carbon provide a potential material platform for resolving this problem.
We report a spray-pyrolysis approach for synthesizing amorphous silicon–carbon nanocomposites from
organic silane precursors. Elemental mapping shows that the amorphous silicon is uniformly dispersed in
the carbon matrix. When evaluated as anode materials in LIBs, the materials exhibit highly, stable perfor-
mance and excellent Coulombic efficiency for more than 150 charge discharge cycles at a charging rate of
1 A/g. Post-mortem analysis indicates that the structure of the Si–C composite is retained after extended elec-
trochemical cycling, confirming the hypothesis that better mechanical buffering is obtained when amorphous
Si is embedded in a carbon matrix.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Currently used graphite anodes for lithium ion batteries (LIBs)
provide a maximum storage capacity of 372 mAh/g. With a theoret-
ical capacity of 4200 mAh/g and a low potential relative to Li/Li+,
silicon offers the potential for LIBs with more than ten-fold improve-
ment in anode storage capacity. Development of such anodes has
been hampered by the so-called pulverization problem [1], wherein
large cyclic volume changes produced by repeated alloying/delloying
reactions during electrochemical cycling of the battery induce fatigue
failure of the active materials. This results in mechanical breakdown
of the active Si particles, continuous reaction with the electrolyte
to form new SEI film with each cycle, and gradual deterioration of
electrical contact between the particles and conductive additives.

Many methods have been proposed to mitigate pulverization in Si,
mainly through nanoscale design and creation of composites [1,2].
Lower dimensional Si nanostructures, such as thin films [3,4]
nanowires,[5] nanotubes [6,7], nanoparticles [8] and mesoporous
silicon [9] have proven particularly attractive because they allow
enhanced strain relaxation,which should lead to improved structure re-
tention. In practice, none of these approaches live up to their promise in
providing stable battery cycling. Composites containing Si embedded in
an inactivematrix (e.g. carbon) [10–12] or created by depositing Si on a
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carbon substrate [13,14] provide alternate approaches for buffering the
strain produced during electrochemical cycling. For the embedding ap-
proach, a uniform distribution of Si particles is desirable to accommo-
date isotropic volume expansion. The most commonly practiced
examples of this methodology all make use of crystalline silicon
nanoparticles. The plane-strain form of the Griffith–Irwin relation [15],
σfracture=KIC/(πc)1/2, indicates that the fracture strength σfracture of an
isotropic material is set by the material's fracture toughness GIC=
(1−ν2)K2

IC/E, elastic modulus E, Poisson ratio ν, and typical flaw
length c. Because amorphous particles are characterized by small
grain sizes, their fracture strength is generally higher than crystalline
ones. An amorphous particle also experiences isotropic stresses during
volumetric change. Implying that a LIB anode based on amorphous Si
uniformly embedded in a buffering host material such as carbon
might be ideal for reducing stress fracture during alloying/dealloying
reactions.
2. Materials and methods

Silicon–carbon nanocomposite powders comprised of amor-
phous silicon uniformly embedded in carbon were synthesized
using a spray pyrolysis methodology [16]. In a typical synthesis,
3 ml of dimethyldivinylsilane (Gelest, Inc.) is mixed with 5 ml
hexane (Aldrich) and the solution loaded into a 20-ml syringe,
and atomized with argon stream in a collision-type nebulizer be-
fore entering a tubular furnace at 900 °C. The nominal residence
time in the heated region is ~1 s. Thermal decomposition of the
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Fig. 1. High angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images of (a) the overview and (b) a representative nanoparticle,
along with its energy dispersive X-ray (EDX) mapping of (c) carbon (d) silicon (e) composite of both elements. Both C and Si are homogenously distributed in the
nanoparticle.
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organic silane yields amorphous silicon and carbon. The final product
Si–C nanocomposite particles are collected on a 0.4 μm (pore size)
DTTP Millipore filter.

The Si–C nanocomposites were characterized using X-ray dif-
fraction (Scintag Theta–Theta PAD-X X-ray Diffractometer (Cu
Kα, λ=1.5406 Å), TEM analysis (FEI Tecnai G2 T12 Spirit TEM
(120 kV)), EDX elemental mapping (FEI Tecnai F20 TEM (200 kV))
and thermogravimetric analysis (TA Instruments Q5000 IR. Electro-
chemical properties of the materials were characterized at room tem-
perature in 2032 coin-type cells using a Neware CT-3008 cycler and a
CH Instruments CHI600D potentiostat. A working electrode comprised
of 80 wt.% Si–C, 10 wt.% of carbon black (Super-P TIMCAL) and
10 wt.% PVDF was used. Copper foil (0.001 in., Alfa Aesar) was used as
the current collector. Lithium foil (0.03 in., Alfa Aesar) was used as
the counter and reference electrode. A 1 M solution of LiPF6 in a
50/50 wt.% mixture of ethylene carbonate and diethylcarbonate
was used as the electrolyte and Celgard 2500 polypropylene mem-
branes as the separator.

3. Results and discussion

Silicon–carbon nanocomposite powders were synthesized using a
spray pyrolysis method in which an organic silane is pyrolysed to
form both silicon and carbon. By maintaining a short residence time
(~1 s), the silicon is formed as amorphous nanoparticles in the
carbon matrix. The weight fraction of Si is estimated to be 40% from
TGA. Spray pyrolysis of citric acid has been used previously to create
Si–C composites by coating amorphous carbon on preformed Si
nanoparticles [17]; a homogeneous dispersion of Si in carbon is not
possible with this approach. The present method eliminates the
need for separate creation of silicon and carbon by using organic
silane precursors for both the C and Si components. Importantly, it
yields uniformly sized particles (Fig. 1) in which the carbon and Si
are well distributed. A final advantage of the method over a previously
reported silane pyrolysis scheme [18] is that it yields nanocomposites
with greater Si content.

The distribution of silicon and carbon in the nanocomposites was
characterized using EDX elemental analysis. STEM images of the Si–C
particles are shown in Fig. 1(a) and (b). Fig. 1(c) and (d) shows elemen-
tal maps for C and Si and for all elements (e). It is apparent that Si is uni-
formly distributed in carbon throughout the particle. This is confirmed
by line scan EDX spectra of the particles (Fig. 2(b)–(d)). The resolution
of Fig. 2(b) is approximately 2.5 nm (as more clearly shown in
Fig. 2(c)), which leads us to conclude that silicon and carbon are
interdispersed at least down to the scale of 2–3 nm. XRD analysis
presented in Fig. 2(e) shows broad features consistent with a partial-
ly graphitic carbon, but shows none of the characteristics for crystal-
line Si. This means that the Si phase is, as desired, completely
amorphous.

Electrochemical properties of the Si–C nanocomposite particles
were studied using cyclic voltammetry and galvanostatic cycling.
Fig. 3(a) reports the charge capacity and Coulombic efficiency at
a fixed rate of 1 A/g. The capacity results are all based on the active
material mass in the anode and show that the material exhibits
stable electrochemical cycling over 150 cycles, with excellent Cou-
lombic efficiency. Fig. 3(b) nicely shows that these features are
preserved at a range of charging rates: from 400 mA/g, 1 A/g,
2 A/g and 5 A/g.

To assess our hypothesis that the mechanical buffering effect of
the carbon host is responsible for the improved electrochemical prop-
erties of the Si–C nanocomposites, post-mortem TEM and elemental
analysis studieswere performed. Fig. 4(a) and (b) shows typical images
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Fig. 2. (a) HAADF-STEM of a Si–C nanoparticle, along with (b) normalized EDX line profile, with error bars calculated from the Poisson noise and (c) the part of (b) between 200 and
250 nm zoomed in. (d) EDX spectrum acquired along the line profile and (e) XRD powder diffraction analysis of the Si–C nanocomposites.

Fig. 3. Cycling performance of the Si–C composite (a) at 1 A/g and (b) at varied charging rates.
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Fig. 4. Structure analysis after electrochemical cycling. HAADF-STEM images of a typical nanoparticle recovered from the Si–C anode. (b) Normalized EDX line-scanmapping of C and Si in
particles after electrochemical cycling. EDX elemental maps for carbon (c), silicon (d), and a composite of both elements (e).
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of the Si–C nanocomposite after 150 cycles, which show that the parti-
cles retain their shape, size and texture after repeated electrochemical
cycling. The elemental maps (Fig. 4b–d) again show that the distribu-
tion of Si and C in the composite particles remains uniform. These
results verify that the interdispersed amorphous silicon–carbon config-
uration has good structural stability and is not affected by the lithiation/
delithiation process, a feature which mitigates pulverization and helps
maintain stable cycling performance of silicon anodes.

4. Conclusions

In conclusion, we report amethod for synthesizing interdispersed
silicon–carbon nanocomposites based on spray pyrolysis. The pres-
ence of silicon in an amorphous form uniformly distributed through-
out the carbon matrix is shown to help prevent pulverization and to
improve cycling stability of Si-based LIB anodes. The in situ synthesis
approach obviates the separate steps of silicon particle synthesis and
carbon matrix creation, which is beneficial for scale-up processes for
commercial scale production of the nanocomposites.
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