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Amorphous Carbon-Coated Silicon Nanocomposites: A Low-Temperature Synthesis via
Spray Pyrolysis and Their Application as High-Capacity Anodes for Lithium-lon Batteries

See How Ng,*+# Jiazhao Wang/* David Wexler,® Sau Yen Chew!* and Hua Kun Liu **

Institute for Superconducting and Electronic Materials, ARC Center of Excellence for Electromaterials Science,
and Faculty of Engineering, Unersity of Wollongong, NSW 2522, Australia

Receied: April 10, 2007; In Final Form: May 20, 2007

This article introduces an effective, inexpensive, and industrially oriented approach to produce carbon-coated
Si nanocomposites as high-capacity anode materials for use in rechargeable lithium-ion batteries. Initially,
nanosized Si particles<(L00 nm) were mixed in a citric acid/ethanol solution via ultrasonication. This mixture
was further spray-pyrolyzed in air at low processing temperature{300°C), resulting in a homogeneous

layer of carbon coating on the surface of the spheroidal Si nanoparticles. The effects of the processing
temperature on the amorphous carbon content, the thickness of the carbon-coating layer, and the homogeneity
of the carbon coating were studied in detail. These parameters strongly influenced the electrochemical
performance of the carbon-coated Si nanocomposites, as will be discussed below. Carbon-coated Si
nanocomposites spray-pyrolyzed in air at 4@ show the best cycling performance, retaining a specific
capacity of 1120 mAh g* beyond 100 cycles, with a capacity fading of less than 0.4% per cycle. The
beneficial effect of the carbon coating in enhancing the dimensional stability of the Si nanoparticles appears
to be the main reason for this markedly improved electrochemical performance.

1. Introduction of the active mass particles and permanent capacity loss. Studies
of the Li—Si binary systefh’ have indicated that each silicon

Lithium-ion batteries are now the most widely used secondar o .
y Y atom can accommodate up to 4.4 lithium atoms leading to the

battery systems for portable electronic devices. In Comparisonformation of LirsSis alloy, accompanied by a volume expansion
to conventional aqueous rechargeable batteries, such as-nickel 0 -22ols 10y, P y . %P
cadmium and nickel metal hydride, lithium-ion batteries have Of .A'OOA)' Thls huge volume change would give rse o the
higher energy density, higher operating voltages, lower self- disintegration (_)f the_ electrode and loss of electronic contact
discharge, and lower maintenance requireméfitsese proper-  Petween the Si particles.
ties have made Li-ion batteries the highest performing secondary ~To overcome the large volume change and thus obtain better
battery chemistry available. However, due to the rapid advancescapacity retention and cycle life for Si anodes, various ap-
and highly competitive nature of the portable devices industry, proaches have been used. Among them, the most promising
a further increase in the mass capacitiesi{\&y~1) and energy approach is to create a nanocomposite structure in which
densities (Wh L™1) of the Li-ion rechargeable batteries is being nanosized Si particles are homogeneously dispersed in a ductile
vigorously pursued. and active matri®1? A relatively low mass, good electronic
Graphite materials are currently used as anode materials forconductivity, reasonable Li-insertion capability, and small
rechargeable lithium-ion batteries, in which lithium ions inter- volume expansion coupled with softness and compliance make
calate in and out reversibly. Graphite materials provide high carbon the best active matfi%*

electronic CondUCtiVity and low electrochemical pOtentiaI with Various methods have been emp|0yed for preparing siicon
respect to lithium metal. Yet these superb properties can hardly carhon (Si-C) composite anodes. On the basis of their prepara-
meet the demand for high energy density from current electronic tjon methods, they can be mainly classified into five categories,
devices; research on alternative anodes is therefore focused ORe.. pyrolysids or chemicalithermal vapor depositish/pall
materials with higher lithium storage capacities. Among the milling1” or mechanical milling® combination of pyrolysis and
candidates, metals that alloy with lithium are promising alterna- yechanical milling® chemical reaction of gef, and other
tive anode materials due to their high specific capacities, €.9., ethods such as déhydration of a carbon prec&i’s@lthough
Si (42.00 mA_h gl.)z and Sn (99.4 mA 971)_'3 as comparefiAto all these methods provide better cycling performance for the
graphite, which gives a_theoretlcal ca_lpacny of 3724y~ Si—C composite anodes compared to that of pure Si anodes,
. However, ggenergl dlsadvantage Is the Ia!rge volumg EXPaN-capacity fading has still been unavoidable. The most probable
S|on/qontract|oﬁ durlng the alloying/dealloying of "”?'“”?- reason for this phenomenon is the lack of a homogeneous
resulting in the formation of cracks followed by pulverization carbon-coating layer on the surface of the Si nanoparticles and,
if possible, on each individual Si nanopartiéfeThis will

* Corresponding author. E-mail: see-how.ng@psi.ch. Phohél 56

310 4406. Fax:+41 56 310 4415. increase.the chancgs of having electrical cont{;\ct to the Sj
Tinstitute for Superconducting and Electronic Materials. nanoparticles even in case of crystal degradation of the Si
* ARC Center of Excellence for Electromaterials Science. nanoparticles (upon prolonged cycling). On simple admixing

§ Faculty of Engineering. . . ) :
# Present address: Electrochemistry Laboratory, Paul Scherrer Institute, Of carbon with Si nanoparticles, this would be less probable,

CH-5232 Villigen PSI, Switzerland. but if one always has some carbon on the surface of the Si
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nanoparticles, the electrical contact could be kept even if the 100 ] Bare Si (<100 nm)
Si crystal lattice breaks up. o _ 80 ] 738i27DC (500 °C)
In an earlier study, we reportgd prellmlnary electrpchemlcal 60 ] L 445U56DC (400 °C)
results on the carbon-coated Si nanocomposites (with 44 wt % 0] 1551/85DC (300 °C)
Si conte_nt) produced via a Iow-_tempergtqre spray pyrolysis g 5] Al;wrphous Carbon
process in air. The nanocomposites exhibited excellent cycla- £ o] R
bility and retained a specific capacity of 1489 nAg~! after z o] Ty
20 cycles? Herein, we report in detail on the effects of the 2 204 e mmmmmm
spray pyrolysis processing temperature on the amorphous carbon & %7 ...
content, the thickness of the carbon-coating layer, and the -60 S
homogeneity of the carbon coating. The influence of these -804 [
parameters on the electrochemical performance of carbon-coated -100 4
Si nanocomposites as high-capacity anode materials for Li-ion 100 200 300 400 500 600 700
batteries will also be studied and compared accordingly. 0
Temperature ('C)
2. Experimental Section Figureal. TGA curves of nanocrystallineISi p(;ecursor powder, carbon-d
. . . . coated Si nanocomposites spray-pyrolyzed in air at 500, 400, an
2.a. Materials SynthesisCitric acid (GHsO7, Sigma Ald- 300 °C, and amorphous carbon spray-pyrolyzed from citric acid at

rich) was dissolved in 200 mL of absolute ethanol (99.99 wt 400 °C in air. The ratio Si/DC refers to the ratio of the amount of
%, Merck) under continuous stirring. Subsequently, nanocrys- silicon over the estimated amount of disordered carbon in the spray-
talline Si powder €100 nm, Nanostructured and Amorphous PYrolyzed nanocomposites from the TGA curves.

Materials Inc.) was mixed into the initial citric acid/ethanol

solution in the weight ratio (Si/citric acid) of 1:10, via electrodes (average thickness ©60 um) were dried in a
ultrasonication for 90 min. Three types of nanocomposite Vacuum oven at 110C for 24 h and then pressed to enhance
materials were prepared in situ via spraying of the Si/citric acid/ the contact between the active materials and the conductive
ethanol suspensions at 300, 400, and 800 in air, using a carbon. The electrochemical characterizations were carried out
flow rate of 4 mL mir® in a vertical-type spray pyrolysis  Using coin cells. CR 2032 coin-type cells were assembled in an
reactor. In this instance, citric acid was chosen as the carbonargon-filled (Q and HO levels less than 1 ppm) glovebox
source, due to its low decomposition temperature (0pand ~ (Mbraun, Unilab, Germany) by stacking a porous polypropylene
low oxygen content. Meanwhile, ethanol acts not only as an Separator containing quuid e!ectrolyte between the carbon-coated
efficient solvent but also as a reducing agent to protect the Si electrode and 'allth'lum foil counter elect.rode. The electrolyte
nanocrystalline Si particles from oxidation during the spray Used wa 1 M LiPFs in a 50:50 (w/w) mixture of ethylene
pyrolysis process. The spray pyrolysis reaction of Si in citric carbonate (EC) and dimethyl carbonate (DMC) provided by

acid/ethanol solution can be expressed as eq 1: MERCK KgaA, Germany.
2.d. Electrochemical MeasurementsThe cells were gal-
Si+ CeHsO7/CzHeOT—°C’ Si—C + vanostatically discharged and charged in the range of-0.02

1.20 V at a constant current density of 100 mA gia a Neware
battery tester. The ac impedance spectroscopy measurements
were carried out using a CHI 660A electrochemical workstation

The term “energy” in eq 1 refers to the energy released during system (CH Instrument, Cordova, TN) by applying a sine wave
the decomposition of the citric acid/ethanol solution into carbon ¢ 5 1y amplitude over a frequency range of 100.00 kHz to

and water vapor. This energy is released to the aimosphere, ag g1 Hz. All impedance measurements were carried out in the
the decomposition process is an exothermic reaction. fully delithiated state (state of charge).

2.b. Composition and Structure Determination.The pow-
ders were characterized by X-ray diffraction (XRD) using a : ;
Philips PW1730 diffractometer with Cu Kradiation and a 3. Resullts and Discussion
graphite monochromator. Transmission electron microscopy 3.a. Estimation of the Amount of Amorphous Carbon in
(TEM) investigations were performed using a JEOL 2011 200 the Carbon-Coated Si Nanocomposited-or quantifying the
keV analytical electron microscope. TEM samples were pre- amount of amorphous carbon in the carbon-coated Si nano-
pared by deposition of ground particles onto lacey carbon composite materials, TGA was carried out in air. The samples
support films. Morphologies of carbon-coated Si nanocomposite were heated from 50 to 70 at a rate of 5C min~L. Figure
materials were investigated using a JEOL JSM 6460A scanning 1 shows the TGA curves of the carbon-coated Si nanocomposite
electron microscope (SEM). Precise carbon contents in the samples along with those of nanocrystalline Si powders and
spray-pyrolyzed carbon-coated Si nanocomposites were deteramorphous carbon spray-pyrolyzed in air at 400 As can be
mined by thermogravimetric analysis (TGA) via Setaram 92 seen from Figure 1, nanocrystalline Si powder starts to oxidize
equipment. slowly in air at temperatures above 500, with rapid oxidation

2.c. Electrode Preparation and Coin Cell AssemblyThe above 600C. Meanwhile, the carbon-coated Si nanocomposite
anode was prepared by mixing nanocrystalline Si, carbon-coatedmaterials show rapid mass loss between 150 and°@3As
Si nanocomposites, or spray-pyrolyzed amorphous carbon asthe nanocrystalline Si powder remains stable in this temperature
active materials with 10 wt % carbon black (Super P, Timcal, range, any weight change corresponds to the oxidation of
Belgium) and 10 wt % polyvinylidene fluoride (PVDF, Sigma- amorphous carbon. Therefore, the change in weight before and
Aldrich) binder in N-methyl-2-pyrrolidinone (NMP, Sigma-  after the oxidation of carbon directly translates into the amount
Aldrich, anhydrous, 99.5%) solvent to form a homogeneous of amorphous carbon in the carbon-coated Si nanocomposites.
slurry, which was then spread onto a copper foil, which serves With the use of this method, it was estimated that the amount
as a current collector. The typical active mass loading of the of pyrolyzed carbon in the composites was 84.6, 56.0, and 27.4
electrodes was 23 mg cnt2 Subsequently, the coated wt % for the precursor solutions with weight ratios (Si/citric

CO + H,Ot + energy (1)
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diffraction lines corresponding to crystalline carbon (graphite)
were observed, indicating the amorphous nature of the carbon
in the nanocomposites. Finally, XRD pattern e in Figure 2 shows
a broad peak at+23 °, indicating the formation of amorphous
carbon phase in the spray-pyrolyzed citric acid sample.

Scanning electron microscopy SEM images of the carbon-
i . coated Si nanocomposites are shown in Figure 3. From SEM
' . observations of the carbon-coated Si nanocomposites spray-
A . pyrolyzed in air at 400C (Figure 3a), it was revealed that the
(d) S . particles are mainly spherical agglomerates, which is typical
for the spray process, with sizes in the range 6fLB um. In
addition, it can also be observed (Figure-3}) that the carbon-
coated Si nanocomposites are well connected and homoge-
neously distributed. However, the presence of the carbon-coating
10 20 30 40 5 6 70 80 layer increases the size of the individual particles. This is
apparent in the case of carbon-coated Si nanocomposites spray-
26 (degrees) pyrolyzed in air at 300C (Figure 3d), where the individual
Figure 2. X-ray diffraction patterns of (a) nanocrystalline Si precursor particles are heavily coated, resulting in large agglomerates. This

powder, carbon-coated Si nanocomposites spray-pyrolyzed in air at (0) might be due to the fact that the sample may contain partially
500°C, (c) 400°C, and (d) 30C°C, and (e) amorphous carbon spray- undecomposed citric acid.
pyrolyzed from citric acid at 400C in air.

L —Si (220)

=Si (311)
Si (400)
Si (331)

)
— -%smm

Intensity (a.u.)

Figure 4 shows TEM images of the nanocrystalline Si
TABLE 1: Theoretical and Estimated Carbon Content in particles (Figure 4a) and carbon-coated Si nanocomposites
Carbon-Coated Si Nanocomposites Spray-Pyrolyzed from a (Figure 4b-f). The size of the individual Si particles ranged
Nano-Si/Citric Acid/Ethanol Starting Solution at Different from 10 to~100 nm (Figure 4a). The fine spotty rings of the
Processing Temperatures associated selected area electron diffraction pattern (inset of
temp theorwt%  estimatedwt% — massloss % of carbon  Figyre 4a) correspond to nanocrystalline Si, although additional
(°C) ofcarbolt of carbon (viaTGA) during spray pyrolysts diffuse contrast within the diffraction rings may also indicate

288 ;g-gg 2‘51-88 *72-3%9 the presence of minor amounts of amorphous Si. The nanoc-
500 78.95 2744 65.24 rystalline Si particles were generally spheroidal in shape,

although some of the larger ones were faceted. Figure 4b shows
a Citric acid= CsHgO-. ® The calculation of “theor wt % of carbon” g typical image of the carbon-coated Si nanocomposites, where
is based on the Weig_ht ratiol:10 for the nano-S_i/citric acid solution gimost every individual Si nanoparticle is surrounded with a
and also the assumption that all carbon content in the ethanol solventIayer of carbon coating. The thickness of the carbon-coating
is decomposed to carbon dioxide during spray pyrolysidass loss . . . . .
(%) of carbon is calculated based on the following equation: layer increases with decreasing processing temperature, i.e.,
carbon coating is thickest40 nm) when spray-pyrolyzed at
theor wt (%)— estimated wt (%) 100 300°C (Figure 4c) and thinnest(L nm) when spray-pyrolyzed
theor wt (%) x at 500°C (Figure 4e). The carbon-coating layer thicknes&(
nm) for samples spray-pyrolyzed at 400 (Figure 4d) can be
considered optimum, as the spheroidal Si nanoparticles are
acid) of 1:10, spray-pyrolyzed in air at 300, 400, and 500 homogeneously surrounded by an amorphous carbon layer. The
respectively. Table 1 summarizes the estimated carbon contenhigh-resolution TEM image in Figure 4f clearly demonstrates
in the spray-pyrolyzed carbon-coated Si nanocomposites. Thethe coexistence of two phases, i.e., the crystalline Si phase and
carbon concentrations obtained after spray pyrolysis were belowthe amorphous carbon phase.
the targeted levels, except for the carbon-coated Si nanocom- 3.c. Electrochemical Performance of Carbon-Coated Si
posite sample spray-pyrolyzed at 3W0, which shows a higher ~ Nanocomposites. The electrochemical performance of the
value than the theoretical value. This might be due to the nanocrystalline Si and carbon-coated Si nanocomposite elec-
presence of impurities in the form of undecomposed citric acid trodes was systematically investigated. Figure 5 shows the first
in the sample. Therefore, temperatures above’80&re needed  electrochemical lithiation/delithiation of the nanocrystalline Si
in order to fully decompose the citric acid during the spray and carbon-coated Si nanocomposites electrodes. Different
pyrolysis process. phenomena can be easily distinguished in these curves. At
3.b. Structure and Morphology Analysis of Carbon- potentials from approximately 1.5 to 0.5 V versus Li/Lihe
Coated Si NanocompositesFigure 2 shows XRD patterns of ~ passivation film, also known as the solid/electrolyte interphase
nanocrystalline Si precursor powders (Figure 2a) purchased from(SEI), is formed by the irreversible reduction of electrolyte on
Nanostructured and Amorphous Materials Inc., (Figure @b the surface of the active material, involving the formation of a
carbon-coated Si nanocomposites spray-pyrolyzed in air atlithium-ion conductive but electrolyte-blocking adhering lasfer.
different processing temperatures, and (Figure 2e) spray-As can be observed from Figure 5, the irreversible capacity
pyrolyzed amorphous carbon powder made from the citric acid/ contribution in this SEI formation region increased with
ethanol solution. The diffraction peak positions for all the Si- increasing amorphous carbon content in the nanocomposite
based samples (XRD patternséin Figure 2) are consistent  electrodes. A distinct plateau at potentials negative to 200 mV
with that of pure silicon phase (JCPDS 01-0787). No obvious versus Li/Lit can be observed for the lithium alloying with the
peaks corresponding to bulk Si@r SiC crystalline phase are  silicon active materials. Upon the following delithiation of the
observed in the diffraction patterns (Figure-21). This confirms active materials, a plateau at around 300 mV versus tidain
that all the Si-based samples spray-pyrolyzed in air were not be observed, which can be attributed to the beginning of
oxidized during the spray pyrolysis process. Moreover, no the lithium dealloying from the silicon particles. The first

mass loss(% ¥
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Figure 3. SEM images of carbon-coated Si nanocomposites spray-pyrolyzed in air at (2)C4Q@w-magnification image), (b) 500C,
(c) 400°C, and (d) 30C°C.

Silicon Carbon

Carbon Silicon
[t

Carbon

Silicon

Figure 4. TEM images of nanocrystalline Si (a) and carbon-coated Si nhanocompositBs I(bw-magnification image of (a) nanocrystalline Si,

with the indexed diffraction pattern (inset) confirming the presence of Si particles and (b) carbon-coated Si nanocomposites spray-pyrolyzed at
400°C. Panels c, d, and e are TEM images of carbon-coated Si hanocomposites spray-pyrolyzed at 300, 400CGne&iktively, revealing

the thickness of the carbon-coating layer for each nanocomposite. (f) High-resolution image of carbon-coated Si spray-pyroly2€d cedf9

showing the presence of an interface between the nanocrystalline Si particle and the amorphous carbon layer.
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3.0 Figure 6 summarizes the differential capacity data for the
1 —— Bare Si (< 100 nm) nanocrystalline Si and carbon-coated Si nanocomposite elec-
s ——73Si/27DC (500 °C) trodes. The alloying/dealloying of lithium with Si over the
= ] —— 44Si/56DC (400 °C) potential range of 1.260.02 V versus Li/LT yields various
4 201 —— 158i/85DC (300 °C) Li,Si (x < 4.4) alloys. The first cycle differential capacity plots
; 15_‘ in Figure 6a exhibited essentially the same peak features for
E ~ all electrodes below 0.3 V versus Li/Li However, the first
2 04 cathodic peak was shifted from 0.12 V (Si) to below 0.09 V
% ] (carbon-coated Si). This is because the SEl is different for both
o ;5] cases (i.e., Si/electrolyte and carbon/electrolyte, respectively).
| Therefore, the surface kinetics will be different, resulting in the
0.0 shifted peaks that are seen in the differential capacity cifves.
This has been confirmed by the peak shift in the SEI formation

0

560 10I00 15.00 ZOIUU ZSIUU 30'00 35;00 4000
Specific Capacity (mAh g™
Figure 5. First discharge/charge plots of nanocrystalline Si and carbon- Masking layer. The 2nd, 5th, 10th, and 20th cycle differential

coated Si nanocomposite electrodes. Cycling took place between 0.02capacity plots for the carbon-coated Si nanocomposite electrodes
and 1.20 V vs Li/Li at a cycling rate of 100 mA¢.

region, as shown in the inset of Figure 6a. The above-mentioned
results clearly demonstrate the presence of an amorphous carbon

are shown in Figure 6bd. It can be seen that the electrode
composed of carbon-coated Si nanocomposite spray-pyrolyzed

cycle discharge capacities were 3474, 3050, 2600, and 1090in air at 400°C (Figure 6c) maintained high activity and

mA-h g1 for the electrodes of nanocrystalline Si and carbon- reversibility, even after 20 cycles, whereas the electrodes
coated Si spray-pyrolyzed in air at 500, 400, and 3@)
respectively, with the corresponding first cycle charge capacities in air at 500°C (Figure 6b) and 30€C (Figure 6d) show severe
2058, 1830, 1857, and 427 miAgL. Therefore, the first cycle

Coulombic efficiencies were 59%, 60%, 71%, and 39% for the

composed of carbon-coated Si nanocomposite spray-pyrolyzed

capacity fading and loss of kinetics with cycling.
Figure 7 shows the cycling behavior of the nanocrystalline

nanocrystalline Si electrode and the carbon-coated Si electrodesSi and carbon-coated Si nanocomposite electrodes. The calcu-
spray-pyrolyzed in air at 500, 400, and 300, respectively.

lated capacities were solely based on the active electromaterial,

20000 4 Bare i (< 100 nm) M
1 - - - - T38U27DC (500 °C)
10000 < —— 445i/36DC (400 °C)
- T 15Si/85DC (300 °C) —
Z >
.b-n - -
-10000 - IS &0
= ] ° 1000 S =
T 200004, -l R e it — E
g 30000 g o0l R“;“/\/ s
= -40000 - ® 1000 — 9
-50000 _ 060 065 070 075 080 083
Potential (V vs. Li/Li") )
1 T T T T T L) v L) 1 v L) T v
00 02 04 06 08 10 12 00 02 04 06 08 1.0 1.2
Potential (V vs. Li/Li")
! N 2000
(c) (d) ]
_ 10004
= > 1
'Tm] F"an 04
=
E ﬁg -1000
3 % 20004 [
g g
-3000 -
-4000 +———————————
00 02 04 06 08 1.0 1.2 00 02 04 06 08 1.0 1.2

Potential (V vs. Li/Li") Potential (V vs. Li/Li")

Figure 6. (a) First cycle differential capacity plots of nanocrystalline Si and carbon-coated Si nanocomposites electrodes (inset: enlarged plot of
(a)). Panels b, c, and d are differential capacity plots for carbon-coated Si nanocomposites spray-pyrolyzed at 500, 400Canelspegtively,
with the numbers indicating the cycle number. Cycling took place between 0.02 and 1.20 V Vsdtificycling rate of 100 mA d.
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o 20 40 80 80 100 Figure 8. Cycling behavior for electrodes of (a) carbon-coated Si

nanocomposites spray-pyrolyzed at 4@ with 44 wt % Si content
Number of Cycles and (b) amorphous carbon spray-pyrolyzed at 4@ Cycling

Figure 7. (a) Cycle life of nanocrystalline Si and carbon-coated Si took place between 0.02 and 1.20 V vs Li/lat a cycling rate of

nanocomposites electrodes cycled between 0.02 and 1.20 V v& Li/Li 100 mA g%

at a cycling rate of 100 mAg. (b) The corresponding capacity retained

compared to the first discharge capacity in (). is clearly demonstrated in Figure 8b, where the electrochemical

lithiation/delithiation into/from amorphous carbon is illustrated.
i.e., Si or carbon-coated Si nanocomposite particles in the In the first cycle, the insertion capacity of the amorphous spray-
electrodes. With the use of a nonrestricted cycling procedure, pyrolyzed carbon is approximately 700 niAg~1. Since the
the initial reversible capacities (second discharge capacity) werecarbon content in the carbon-coated Si electrode is 56 wt %,
2247, 2276, 2045, and 497 miA g for the electrodes the insertion capacity can account to a large extent for the
composed of nanocrystalline Si and of carbon-coated Si spray-low Coulombic efficiency of the carbon-coated Si electrode
pyrolyzed in air at 500, 400, and 300C, respectively. in the first cycle (see Figure 8a). The low discharge capacity
Subsequently, the discharge capacities beyond 100 cycles weré~40 mA-h g1) of the amorphous carbon after 100 cycles
maintained at 10, 288, 1120, and 116 fhAg! for the suggests that the degree of carbonization is very low. This may
nanocrystalline Si electrode and the carbon-coated Si electrodese due to the instantaneous nature of the spray pyrolysis process,
spray-pyrolyzed in air at 500, 400, and 300, respectively, which normally takes only a few minutes to produce the spray-
corresponding to the ratios of the specific capacities retained pyrolyzed powdet* Meanwhile, by subtracting the capacity
after 100 cycles to the first discharge capacities, which are 0.3%, contributed by the amorphous carberdQ mA:-h g1 after 100
9%, 43%, and 11%, respectively. These results show that thecycles), the discharge capacity delivered by the Si active mass
optimum carbon-coating content is slightly above 50% by (44 wt %) was estimated to be approximately 1098 -mA
weight, as demonstrated by the nanocomposite spray-pyrolyzedTherefore, the specific capacity of Si in the nanocomposite
in air at 400°C. electrode was calculated to be 2495 thA~! after 100 cycles,
Figure 8 shows the cycling behavior of the carbon-coated Si which amounts to an impressive 60% of the theoretical value
nanocomposite electrode with 44 wt % Si content and the (4200 mAh g™1). This shows the beneficial effect of the carbon
corresponding cycling behavior of the amorphous carbon coating on the enhanced dimensional stability of the Si particles
prepared by spray pyrolysis of the citric acid/ethanol solution during the Li alloying/dealloying process, which not only
at 400°C in air. The carbon-coated Si nanocomposite electrode buffered the great volume changes during the cycling process,
shows a moderate capacity fading behavior in the first 20 cycles, but also avoided possible agglomeration of the uniformly
followed by a relatively flat and low capacity fading behavior distributed silicon particle®-28
for the next 80 cycles. The carbon-coated Si nanocomposite In order to verify the effect of carbon coating on the electronic
electrode shows an irreversible capacity [d3gd) of less than conductivity of the nanocomposites, ac impedance measure-
0.4% per cycle. However, the capacity fading behavior shown ments were conducted. The Nyquist plots obtained are compared
in the first 20 cycles can be attributed to the high irreversible in Figure 9 for the nanocrystalline Si (Figure 9a) and carbon-
capacity contributed by the presence of a large amount of coated Si nanocomposite spray-pyrolyzed at ZD@Figure 9b)
amorphous carbon content in the nanocomposite electrode. Thislectrodes after 1 and 100 cycles. The thickness of the electrodes
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Figure 9. Impedance plots for electrodes of (a) nanocrystalline Si and
(b) carbon-coated Si nanocomposite spray-pyrolyzed at°@QAll
measurements were conducted in the delithiated state.

was maintained at 50m and the coated area of the electrodes
at 1 cn?. To maintain uniformity, electrochemical impedance

spectroscopy (EIS) experiments were performed on working
electrodes in the fully charged (delithiated) state. In general,

J. Phys. Chem. C, Vol. 111, No. 29, 200r1137

Si homogeneously coated with an amorphous carbon layer. The
thickness of the carbon-coating layer increased with decreasing
processing temperature. The amorphous carbon content esti-
mated by TGA shows that a small amount of impurities was
present in the form of undecomposed citric acid for the carbon-
coated Si nanocomposite spray-pyrolyzed in air at 3DMBoth

the XRD and TEM results indicate that there was no bulk,SiO
or SiC crystalline phase detected in the spray-pyrolyzed
nanocomposites. The alloying and dealloying of lithium with
Si over the 1.26:0.02 V range yields various §3i (x < 4.4)
alloys. The discharge capacity of carbon-coated Si nanocom-
posite spray-pyrolyzed in air at 40C is 1120 mAh g1 after

100 cycles, corresponding to the Si active mass contributing a
specific capacity of 2495 mA gL The carbon-coated Si
nanocomposite electrodes show an improved cycle life compared
to that of the pure Si electrode. We strongly believe that the
presence of the carbon-coating layer is responsible for the
enhanced dimensional stability of the Si particles during the Li
alloying/dealloying processes, which then significantly improved
the electrical conductivity of the composites. In summary,
spheroidal carbon-coated Si nanocomposite, prepared via a spray
pyrolysis method in air, is a promising candidate for use as an
anode material in the lithium-ion battery, as it has excellent
specific capacity retention, high Coulombic efficiency, and low
cost due to the abundance of both Si and carbon sources.
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