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T
he ever-growing demands for high-
performance power sources, espe-
cially in electrical vehicles (EV) and

large-scale renewable energy storage units,
have stimulated tremendous research inter-
est toward developing the next generation
of Li-ion batteries (LIBs) with high energy
density, long cycle life, and low cost.1�3

Today's commercial graphite anode can
provide capacity of 350 mAh g�1, which
has been very close to the theoretical value
(372 mAh g�1),4 and alternative high capac-
ity anodes have to be explored. Silicon (Si)
has a 10 times higher theoretic specific
capacity (3579 mAh g�1) than graphite5,6

and has been regarded as the most promis-
ing candidate for next-generation LIBs.
However, bulk Si anodes suffer from poor

cycle life and low Coulombic efficiency due
to the large volume change (∼300%) during
the lithiation/delithiation process.5 More-
over, the low electronic conductivity of
silicon (6.7 � 10�4 S/cm)7 also reduces the
power density.
Tremendous efforts have been made in

recent years to improve the performance of
Si anodes by using nanoporous Si, where
the pores can effectively accommodate the
large volume expansion during lithiation/
delithaition. Various nanoporous Simaterials
such as nanotubes, hollow spheres and
core�shell structures8�11 were designed
for Li-ion battery anodes. The pomegranate-
like Si�C yolk�shell structures12 show
stable areal capacity of 1.2 mAh cm�2 over
200 cycles. However, scalable synthesis of
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ABSTRACT Microsized nanostructured silicon�carbon compo-

site is a promising anode material for high energy Li-ion batteries.

However, large-scale synthesis of high-performance nano-Si materi-

als at a low cost still remains a significant challenge. We report a

scalable low cost method to synthesize Al/Na-doped and defect-

abundant Si nanorods that have excellent electrochemical perfor-

mance with high first-cycle Coulombic efficiency (90%). The unique

Si nanorods are synthesized by acid etching the refined and rapidly

solidified eutectic Al�Si ingot. To maintain the high electronic

conductivity, a thin layer of carbon is then coated on the Si nanorods by carbonization of self-polymerized polydopamine (PDA) at 800 �C. The carbon coated
Si nanorods (Si@C) electrode at 0.9 mg cm�2 loading (corresponding to area-specific-capacity of ∼2.0 mAh cm�2) exhibits a reversible capacity of

∼2200 mAh g�1 at 100 mA g�1 current, and maintains∼700 mAh g�1 over 1000 cycles at 1000 mA g�1 with a capacity decay rate of 0.02% per cycle.

High Coulombic efficiencies of 87% in the first cycle and ∼99.7% after 5 cycles are achieved due to the formation of an artificial Al2O3 solid electrolyte

interphase (SEI) on the Si surface, and the low surface area (31 m2 g�1), which has never been reported before for nano-Si anodes. The excellent

electrochemical performance results from the massive defects (twins, stacking faults, dislocations) and Al/Na doping in Si nanorods induced by rapid

solidification and Na salt modifications; this greatly enhances the robustness of Si from the volume changes and alleviates the mechanical stress/strain of

the Si nanorods during the lithium insertion/extraction process. Introducing massive defects and Al/Na doping in eutectic Si nanorods for Li-ion battery

anodes is unexplored territory. We venture this uncharted territory to commercialize this nanostructured Si anode for the next generation of Li-ion

batteries.
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such a high-performance nanoporous Si material at
a low cost remains a significant challenge. Although
significant advances have been achieved for nano-
strcured Si anodes in recent years, nano-Si anode
materials still have not been commercialized yet for
Li-ion batteries due to either unsatisfactory perfor-
mance, scale-up capability, or high cost.
Recently, scalable chemical etching method has

been applied to synthesize porous Si12�14 and solid
Si nanorods15 for Li-ion battery anodes. Although
the porous Si can provide a stable capacity of
>750 mAh g�1 over 1000 cycles and high power
density,2,14 the large surface area of porous Si signifi-
cantly reduces the first-cycle Coulombic efficiency
because of the formation of large amounts of solid
electrolyte interphase (SEI), thus limiting them for
practical Li-ion battery applications. In contrast, micro-
sized solid Si nanorods with a small surface area
synthesized from scalable chemical etching have high
first-cycle Coulombic efficiency, but suffer from poor
cycle life due to the formation of cracks induced by
large volume changes in the lithiation/delithiation.15

The large volume change (>300%) during the lithiation
generates very high stress and defects in Si nanorods,
resulting in cracks due to the brittleness nature and
anisotropic crystal structure of Si nanorods.16�18 How-
ever, recent research demonstrates that with further
lithiation, the accumulation of defects in the lithiation
of Si changes the brittle Si into plastic LixSi, resulting in
a plastic flow at the late stage of lithiation.19�22 The
plastic flow releases the stress, thus avoiding formation
of cracks during further lithiation. If we can pregener-
ate a large number of defects (but crack-free) in Si
nanorods, the flow stress may be significantly reduced
to allow the plastic flow of Si nanorods before cracking;
thus, the cracks can be reduced or even avoided during
lithiation/delithaion cycles. Therefore, the existing
defects such as dislocations, twins, and stacking faults
in Si may significantly enhance the cycle life of Si
nanorods. The challenge is how to synthesize the Si
nanorods with a large number of pre-existing defects,
but without cracks using a scalable low-cost method.
In this study, we synthesize Al/Na doped Si nanorods

(<200 nm in diameter and 5�20 μm in length) contain-
ing large number of defects (but crack-free) by simply
etching the eutectic Al�Si ingot that is rapidly solidi-
fied in a water circulated Cu mold after adding 3% Na
modifiers. The modifications with modifiers and rapid
solidification are to (1) generate a large number of
defects (twins, stacking faults, dislocations), (2) change
the morphology of eutectic Si from plate to nanorods,
and (3) increase the level of Al and Na doping in Si. The
surface Al and Si will be oxidized in air into Al2O3 and
SiOx to function as an artificial SEI, improving the
Coulombic efficiency.23 Different from interconnected
dendrite Si obtained from etching of the commercial
eutectic Al�Si spheres that can only maintain capacity

of 1800 mAh g�1 for 70 cycles24 or 1500 mAh g�1 over
190 cycles25 with a very low first-cycle Coulombic
efficiency of 40%�70%, the eutectic Si nanorods in
this study from the modified and quenched eutectic
Al�Si ingot have massive defects (twins, stacking
faults, and dislocations) and have extremely high
first-cycle Coulombic efficiency of >87% and maintain
∼600 mAh g�1 at 300 mA g�1 for 200 cycles. After
carbon coating, the defect abundant Si@C nanorods at
loadings of 0.9�1.9 mg cm�2 can provide 1500�
2200 mAh g�1 at 100 mA g�1 with the first-cycle
Coulombic efficiencies of 84�87%. The Si@C anodes
with loading 0.9mg cm�2 canmaintain∼700mAhg�1 at
1000 mA g�1 for over 1000 cycles. The cycle stability
(0.02% capacity decay per cycle) and first-cycle
Coulombic efficiency (∼87%) is among the best perfor-
mances of silicon anodes synthesizedusing the scalable
method reported to date. These promising results
suggest that Al/Na doped and defect abundant Si
nanorods synthesized using etching Al�Si ingot, which
has been widely used in foundry industry to enhance
the tensile elongation of eutectic Al�Si alloys,26 can
potentially be commercialized for high energy Li-ion
batteries.

RESULT AND DISCUSSION

Synthesis and Characterization. The preparation proce-
dures for the Si nanorods and carbon coating are
illustrated in Figure 1. Typically, the eutectic Al�13%
Si ingots were prepared bymelting Al�Si intermediate
alloys at a designed composition at 760 �C in an
induction furnace, and then quenched in water circu-
lated copper molds after adding 3% Na modifiers.
The Si nanorods were obtained after etching Al using
an 8%HCl solution, filtering, water washing, and drying
in a vacuum at 80 �C. To improve Si conductivity,
a thin layer of carbon was coated on Si by in situ self-
polymerization of DA to form PDA anchored on Si
surfaces and then carbonization at 800 �C. The purpose
of modification and rapid solidification is to reduce
the size of Si nanorods, generate more defects, and
dissolve more Al in Si nanorods.

X-ray Diffraction (XRD) patterns of the eutectic
Al�13% Si ingots, etched eutectic Si, and carbon
coated eutectic Si (Si@C) are shown in Supporting
Information Figure S1a. All XRD peaks of the quenched
eutectic Al�13% Si ingot can well be indexed to the
Si (JCPDS No. 99-0092) and Al (JCPDS No. 04-0787).
After HCl etching Al under vigorous stirring overnight,
the peaks at 28.70�, 47.50�, 56.30�, 69.3�, and 78� can
be indexed to the (111), (220), (311), (400), and (331)
of crystal Si, and Al peaks are almost invisible. After
carbon coating, very weak dispersion-peaks at around
28�, 42�, and 62� are ascribed to partially amorphous
carbon for Si@C sample. The morphology of quenched
eutectic Al�13% Si ingots, etched eutectic Si was
characterized using Scanning Electron Microscopy
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(SEM) and the corresponding elemental mapping was
detected using Energy Dispersive X-ray Spectroscopy
(EDS). As shown in Supporting Information Figure S1b,
the quenched eutectic 2D-Si with 5�20 μm in length
and 200 nm in thickness is uniformly dispersed
in Al substrate. After HCl etching, 3D-Si has nano-
rod morphology (Supporting Information Figure S1c
and Figure 2a) with the similar size as observed
in Al�Si alloys (Supporting Information Figure S1b).

The overlap of EDS mapping for Al and Si in modified
and quenched Si nanorods (Supporting Information
Figure S1d,e and Figure 2b�d) reveals that Al is
dissolved in the Si since the Al mapping still did not
change even after the vigorous stirring in 8% HCl
overnight and repeat washing using distilled water.
It was reported that up to ∼5% Al can be dissolved in
eutectic Si in the commercial Al�Si alloy under a low
solidification rate;24,27 the Al content in Si will be more

Figure 1. Schematic illustration of synthesis procedure for carbon coated Si nanorods.

Figure 2. SEM image of Si nanorods (a), and corresponding EDS elemental mapping images (b); Si mapping in cyan (c),
Al mapping in blue (d); Na mapping in red (e).
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in quenched eutectic Al�Si alloys due to the rapid
solidification. The surfaces of Si and Al are oxidized into
Al2O3 and SiOx since the oxygen mapping overlaps
with Si and Al (Supporting Information Figure S1f).
The 2 nm Al2O3 and SiOx surface layer can be observed
in high-resolution transmission electron microscope
(HRTEM) images in Supporting Information Figure S1g.
The surface Al2O3 and SiOx can function as an arti-
ficial solid electrolyte interphase (SEI), increasing the
Coulombic efficiency (stabilizing SEI), thus improving
the lithiation/delithiation cycle life.

In addition to Al (Figure 2d), Na is also doped into Si
(Figure 2e) to change the nucleation and growth of the
eutectic Si as a modifier. Na cannot alloy with Si since
the first-principles calculations showed that the Si�Na
phase has negative heats of formation. However, after
doping with a small percentage of Al, Na can alloy with
Si.28 The Al and Na doping into Si can enhance the
conductivity of silicon, increase the lattice size,24 and
reduce the volume expansion upon Li insertion and
extraction, thus improving the cycle stability and
rate performance.29,30 In addition to Al and Na doping,
a large number of defects are also generated in the
eutectic Si due to modification and rapid solidification
as demonstrated in HRTEM in Figure 3. The highly
concentrated defects extending along the growth
direction to the growth terminal exist in Si nanorods
(Figure 3a, Figure S2 in Supporting Information).
Planar defects such as stacking faults (Figure 3b) and
micro-twin defects (Figure 3c) can be observed in the Si
nanorods. The selected area electron diffraction (SAED)
patterns (inset in Figure 3a) also confirmed the appear-
ance of the micro-twin defects. The measured spacing
of the lattice plane is 0.31 nm, whichmatches well with
the (111) plane of the cubic diamond structure of Si
(0.314 nm) (Figure 3b,d). It is much easier for (111)
plane of Si crystal to emerge planar defects such as
twin because of the low stacking fault energy. The
stacking faults in Figure 3b are indicated as parallel
dark lines. In addition, the planar spacing of stacking
faults and the adjacent atomic layer have a little
change, resulting in lattice distortion in Si crystals.
Stacking faults are always associated with partial
dislocations, which can emerge in the junction or
transition zones between the stacking faults region
and the complete crystal area. A lot of twin defects in Si
nanorods consisting of few layers of atoms can be
observed as micro-twins (Figure 3c). The modification
and fast solidification induced defects in eutectic Si
have been extensively investigated in the foundry
committee. In the eutectic growth of Al�Si alloy, Si
crystal is the leading phase, and R-Al nucleates and
grows attaching eutectic Si. Unmodified crystal Si
grows along the sole Æ112æ crystal orientation with
two crystal plane (111) concave angle twin through
the twin plane reentrant edge mechanism. The two-
dimensional growth steps allow continuous Si atoms

“in-plane growth” of the (111) plane. Since the twin
density of unmodified eutectic Si is quite low, and the
branching course is limited, the unmodified eutectic
Si grows radially with straight and thick plate-like
morphology (Figure S3 in Supporting Information).
After adding Na modifiers and solidification at a fast
rate, large amount of twins and stacking faults (up to
105 times) will be generated in eutectic Si.31 The Na
modifiers increase the twin density through impurity
induced twinning mechanism, in which the modifica-
tion elements adsorb on the Si surface and subse-
quently embed into Si lattice, which is liable to the
production of stacking faults and then twins. There-
fore, the Na modifier is rich in the eutectic Si as
demonstrated in Figure 2e. The absorbed Na modifiers
in Si change the growth pattern of eutectic Si from
the anisotropy “in-plane growth” of the (111) plane
to isotropy “out-of-plane growth”, resulting in the
morphology to transform from the thick-plates
(Supporting Information Figure S3) to fibrous nano-
rods (Figure 2, Supporting Information Figure S1c).32

Fast solidification has the same refined effect as the
modifiers.31 Under rapid solidification, the diffusion of
expelled Si from Al is limited, resulting in a high Si
concentration and composition undercooling in the
front of the Si�liquid interfaces, thus increasing twin
branching density. Eventually, as combined effects of
modification and rapid solidification, microsized Si
nanorods with massive defects (Figure 3) are formed
in eutectics of Al�Si ingots. The large amount of pre-
existing defects in Si nanorods can greatly reduce the
flow stress and increase Li-ion diffusion kinetics in Si
nanorods. The pre-existing defects could release the
stress/strain through plastic deformation, thus lever-
aging the formation of cracking.

In addition to generation of the defects, the mod-
ification and rapid solidification are also favorable to
form isotropic eutectic Si. Under addition of modifiers
and rapid solidification, the growth of eutectic Si
changes from the anisotropy “in-plane growth” to
isotropy “out-of-plane growth”, which may favor for
isotropic lithiation, reducing the stress/strain and crack-
ing. Themodified and quenched Si nanorods are better
than the oriented CVD Si nanowires that experience
anisotropy lithiation due to the different lithiation rate
in each orthogonal radial direction.33

To improve the electronic conductivity, a dense
carbon layer was coated on eutectic Si nanorods
using dopamine as a carbon source due to the high
carbonization yield (60%) and its strong and versatile
anchoring capability on Si.34 Dopamine is employed
to self-polymerize into polydopamine (PDA) films im-
mobilized on Si surfaces with a robust adhesion; thus,
complete and homogeneous carbon coatings with
intimate bonding with Si can be formed after carboni-
zation. Figure 3d shows that a 10 nm carbon layer is
uniformly coated on the Si nanorods. Thermal gravity
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analysis (TGA) measurement shows that the content
of coated carbon is 16.5% (Supporting Information
Figure S4). The degree of graphitization of coated
carbon on Si nanorods was characterized using Raman
spectroscopy. The Raman of uncoated Si nanorods
and Si/C (PVDF as carbon source) were also used as a

control (Supporting Information Figure S5). In the Si
nanorod sample, the sharp peak at 517 cm�1 andweak
peaks at 297 and 931 cm�1 are attributed to Raman
vibration peaks of crystalline Si.35,36 The three peaks
are still clearly visible in Si/C composite. However,
in Si@C nanorods, the peak intensity at 517 cm�1

Figure 3. TEM, corresponding SAED pattern and HRTEM images of eutectic Si nanorods and Si@C. (a) TEM image and SAED
pattern of eutectic silicon, (b) HRTEM image of stacking faults, (c) HRTEM of micro-twin (the inset is the lower magnification
image of the Si nanorod), (d) HRTEM image of eutectic silicon nanorods with 8�10 nm of carbon coating.
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significantly decreases and the peaks at 297 and
931 cm�1 almost disappear, demonstrating the forma-
tion of conformal carbon coating on Si nanorods. The
two high vibration peaks at 1335 and 1590 cm�1 for
Si@C nanorods belong to carbon Raman vibration
mode. The peak at 1335 cm�1 reflects the vibration
mode of noncrystal graphite (D band); the other peak
at 1590 cm�1 (G band) represents E2g vibration mode
of crystal graphite.37 The ratio of intensity of D
and G peaks (ID/IG = 1.04) reflects the low degree of
graphitization of coated carbon, which is in accor-
dance with XRD results of amorphous carbon (Sup-
porting Information Figure S1a). The bonding between
coated carbon and Si nanorods was also characterized
using Fourier transform infrared (FTIR) spectroscopy
(Supporting Information Figure S6). The FTIRs of Si
nanorods and Si/C composites were also shown in
Figure S6 for comparison. The bands at 1060, 1380,
1620, and 3430 cm�1 corresponding to the character-
istic vibrations of the function groups on Si nanorods
become weak and broaden in Si@C. Notably, the band
at 1060 cm�1 is splitted into the two peaks at 1240 and
1090 cm�1 in Si@C nanorodes, while this 1060 cm�1

band still maintains unchanged for the sample of
Si/C composite. This result provides concrete proof
for the formation of robust bonding on the interfaces
between Si nanorods and coated carbon. The strong
bonding between carbon and Si will improve cycle
stability and stabilize the SEI and enhance the
Coulumbic efficiency during the charge/discharge cy-
cles.38 Since the first cycle Coulombic efficiency is
mainly controlled by the surface area, the Brunauer�
Emmett�Teller (BET) specific surface area and pore size
distribution were analyzed using nitrogen absorption
measurements (Supporting Information Figure S7).
The flat sorption isotherms from 0.2 to 0.8 show the
existence of a small number of mesopores in both Si
and Si@C (Figure S7a). However, due to the long
nanorod size (5�20 μm), the BET surface area of the
Si nanorods is only 12.96 m2 g�1 and narrow pore
distribution centers at 2�10 nm (Figure S7b). There-
fore, increase of nanorod length is sufficient to reduce
the specific surface area. The surface area of modified
and quenched eutectic Si nanorods is over 1 order of
magnitude less than that of all the reported nanostruc-
tured Si using the scalable method. For example, it is
10 times less than that of unmodified eutectic Si
[102�103 m2 g�1]24,25 and 40 times less than porous
Si [495 m2 cm�1] using HF etching2 and 30 times less
than that of porous Si synthesized using Mg reduction
of SiO2 [323 m2 cm�1].14 After carbon coating on Si
surfaces, the BET surface of Si@C slightly increases to
30.98 m2 g�1 with a pore size of 3.65 nm, but the value
of 30.98 m2 g�1 is still 5�10 times less than that
reported for nano-Si. The low BET surface of Si@C
demonstrates that coated carbon is relatively dense.
The low surface area and formation of artificial Al2O3 SEI

will greatly reduce the first cycle irreversible capacity,
thus increasing the initial Coulombic efficiency.

Electrochemical Performance. Figures 4a,b show the
first two charge�discharge curves of the Si@C and Si
nanorods with the same loading of 0.9 mg cm�2 at
charge/discharge current of 100 mA g�1. The specific
capacity value reported in this work is based on the
total weight of Si and graphite (Si80G20) after sub-
tracting the 200 mAh g�1 capacity of carbon black
(15%). As shown in Figure 4a,b, the first discharge
potential of Si rapidly drops to 0.1 V and enters into
a long and flat voltage platform, corresponding to
the Li-insertion process of crystalline Si to form an
amorphous LixSi phase,

39 providing a lithation capacity
of 2529mAh g�1 for Si@C and 2502mAh g�1 for Si. The
first delithiation curves present a voltage platform at
about 0.4 V, similar to delithium intercalation behavior
of amorphous silicon,40 with the first charging capacity
of 2200mAh g�1 for Si@C and 2239mAh g�1 for Si. The
striking difference from the reported nano-Si is that
the SEI formation plateau at 0.8 V is almost invisible in
the first lithiation curves of both Si and Si@C anodes,
demonstrating that only a very small amount of SEI is
formed. It is also confirmed by the very high first cycle
Coulombic efficiency of ∼90% for Si and ∼87% for
Si@C (Figure 4a,b), which is among the highest in all
reported nanostructured Si anodes synthesized using
the scalable method2,13,14,24,25 due to the low surface
area and spontaneously formed artificial Al2O3 SEI. The
slightly lower first-cycle Coulombic efficiency of Si@C
than that of Si is due to the 3 times larger surface area
of Si@C. In the second lithiation, a slope discharge
curve is observed due to the lithiation of amorphous
silicon,41 and the delithiation curves are almost iden-
tical to the first delithiation, demonstrating excellent
stability. Also, after the first cycle, the Coulombic
efficiency for Si@C shows a value higher than 95% in
the second cycle and nearly 99% in the third cycle
(inset in Figure 4c). To confirm the high first cycle
Coulombic efficiency and robust cycling stability of
Si@C, several batches of Si@C materials were used to
fabricate the anodes with loading varying from 1.0 to
1.9 mg cm�2. The first cycle Coulombic efficiencies
of all Si@C anodes are in a range of 84�88% (inset in
Figure 4d), which is just slightly lower than the com-
mercial graphite anodes. Since the high-performance
Si nanorods were synthesized using the cheap scalable
method, Si@C has a high potential for practical Li-ion
battery application.

In addition to the high first cycle Coulombic effi-
ciency, Si nanorods and the carbon coated Si nano-
rods also show long cycling stability. After charging/
discharging at 100 mA g�1 for two cycles, the current
was increased to a high current of 1000mAg�1 for Si@C
and 300 mA g�1 for Si to test the long-term cycling
stability. Figure 4c shows the representative capacity
stability of Si and Si@C anodes. The Si nanorods show a
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stable capacity of 600 mAh g�1 at 300 mA g�1 over
200 cycles. The Si@C provides high capacity of
∼700 mAh g�1 even at 1000 mA g�1 and retains

∼80% of the 20th cycle capacity (850 mAh g�1) over
1000 cycles. The cycle stability of 0.02% decay per cycle
at 0.9 mg cm�2 loading is among the best cycling

Figure 4. First two discharge/charge behaviors of (a) Si@C anode, and (b) Si anode, (c) capacity stability of the Si@C and Si
anodes at loading of 0.9mg cm�2, (d) the capacity stability of Si@C at a different loadings, and (e) rate capability behaviors of
the Si@C composite electrode at current density from 100 to 4000 mA g�1.
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performances of Si anodes reported to date.Most of the
high cycling stability of Si anodes is achieved only at a
low materials loading. However, a high areal loading
with a long cycle life is required for commercializa-
tion of Si anodes. We therefore investigated the
cycling stability of Si@C at a high loading from 1.0 to
1.9 mg cm�2. At 1.0 mg cm�2 loading, the Si@C anodes
can provide 1.7 mAh cm�2 (1700 mAh g�1) reversible
capacity, with a first Coulombic efficiency of 87% at
100 mA g�1 current. At 1000 mA g�1, no obvious
capacity decay is observed from the 4th to 700th cycle.
Even at 1.9 mg cm�2 loading with an areal capacity
of 2.7 mAh cm�2 at 100 mA g�1 (Figure 4d), which is
similar to the capacity in a commercial lithium-ion
battery anodes, a stable capacity of 300 mAh g�1

at 1000 mA g�1 for over 400 cycles is achieved. At
slightly low mass loadings of 1.5 and 1.7 mg cm�2,
the 480 mAh g�1 for over 500 stable cycles and the
400 mAh g�1 for over 400 cycles are also achieved,
respectively. To the best of our knowledge, high capac-
ity and stable cycling at such a high mass loading level
have rarely been reported for silicon anodes.

The Si@C anodes with 0.9 mg cm�2 loading also
demonstrate a very good rate performance. Figure 4e
shows Coulombic efficiency and rate performance of
Si@C composite anode at different current densities,
from 100 to 4000 mAg�1. Again, a high first-cycle
Coulombic efficiency of 87% is reached at 100 mA g�1,
and then jumps to 96% in the second cycle and reaches
near 99.7% after the fifth cycle. The Si@C anode delivers
a stable capacity of 2000 mAh g�1 at 100 mA g�1,
1600 mAh g�1 at 250 mA g�1, 800 mAh g�1 at
1000 mA g�1, and 420 mAh g�1 at 4000 mA g�1. When
the current reduces back to 250 mAg�1, the capacity
returns to 1600mAhg�1. A further increase in the current
to 2000 mA g�1 causes the capacity to reach its original
value of 600 mAh g�1. The high rate performance and
cycling stability of Si@C may be attributed to the small
and stable reaction resistances. Electrochemical imped-
ance spectra (EIS) were used to compare the reaction
resistance of Si and Si@C at different charge/discharge
cycles. Figure S8 in Supporting Information shows the
impedance of fully delithiated Si@C and Si anodes at
the 1st, 20th, and 40th cycles. The EIS spectra show a
depressed semicircle in the high frequency and a line in
the low frequency. The high-frequency depressed semi-
circle is attributed to the interface impedance, including
SEI film and charge transfer, and the low-frequency line
is due to Li-ion diffusion in the Si anodes.42,43 The inter-
face impedance of Si gradually increases with charge/
discharge cycles, but the Si@C remains stable over the
40th cycle. The increased interface impedance of Si is
attributed to the lose contact between Si and carbon
due to the volume change of Si, increasing the charge
transfer resistance. Although the defect-abundant Si
nanorods are structurally stable as demonstrated by a
stable capacity over 200 cycles in Figure 4c, maintaining

the electronic conductionof Si anodes still remains critical
for thehighperformanceelectrode.Uniquely, the carbon-
derived from self-polymerized polydopamine (PDA) can
strongly anchor to Si nanorods (Supporting Information
Figure S6 and Figure 4d), which not only improves
electronic conduction but also effectively accommodates
the volume change of Si and maintains the low interface
resistance. The EIS of Si@C anodes in Supporting Informa-
tion Figure S8 confirms the stable interface impedance
of over 40 cycles due to a stable structure and good
electrical contact in cycling process.

The structural stability of Si@C nanorods during
charge/discharge cycles was further confirmed by the
postanalysis of the electrode using SEM. As shown in
Figure 5, Si@C nanorods at 1.0 mg cm�2 still maintain
originalmorphology after 200 charge/discharge cycles.
It is well-known that Si nanowire/nanorod will be-
come a porous structure after many charge/discharge
cycles due to the opening and closing of cracks, and
electrochemical welding in the lithiation/delithiation
cycles,33,44 where the anisotropy lithiation intensifies
the crack formation. However, no pores and cracks are
observed in the defect-abundant Si nanorods even
after 200 deep charge/discharge cycles, suggesting the
pre-existing defects play an important role in stabiliz-
ing the structure.

The excellent electrochemical performance of Si@C
composite anodes is attributed to the unique structure
of Si nanorods. The small surface area and formation of
artificial surface Al2O3 and SiOx SEI (Supporting Infor-
mation Figure S1g), due to Al doping in Si, signifi-
cantly increases the first-cycle Coulombic efficiency to
above 87�90%; meanwhile, the conformal and dense
carbon coating derived from the self-polymerized
PDA strongly anchoring to Si (Supporting Information
Figure S6, Figure 3d) can maintain the high first-cycle
Coulombic efficiency of >84% and electronic conduc-
tion of the Si anodes during the charge/discharge

Figure 5. SEM imagesofquenchedSinanorodswithmodifier
after 200 charge/discharge cycles at 300 mA g�1. The elec-
trode was soaked in DMC solution for 12 h, and then washed
with water for several times. The sodium alginate binder and
carbon black and graphite, and Si were washed out.
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cycles, thus enhancing the cycle stability. Moreover,
the large number of defects in Si nanorods generated
through isotropy “out-of-plane growth” may result in
isotropic lithiation and promote uniform plastic defor-
mation through pre-existing defects to relax the stress,
thus enhancing the cycling stability.

CONCLUSIONS

In summary, Al/Na doped and defect abundant
Si nanorods (200 nm � 5�20 μm) with low surface
area (13 m2 g�1) were successfully obtained by simply
etching the refined eutectic Al�13% Si ingots. The
refined eutectic Al�13% Si alloys were casted under
ultrafast solidification after adding modifiers into the
melting Al�Si alloy, in which massive defects (twins,
stacking faults, dislocations) are generated and Al and
Na are doped in the eutectic Si, resulting in isotropy
“out-of-plane growth”. The refined eutectic Si nano-
rods show 87�90% of the first Coulombic efficiency
due to low surface area and formation of Al2O3

artificial SEI on Si surface, and maintain a capacity
of ∼600 mAh g�1 at 300 mA g�1 for over 200 cycles.

The electrochemical performance of Si nanorods was
further enhanced by coating a dense carbon layer
(∼10 nm) on Si nanorods through the carbonization
of polydopamine (PDA) films (with 60% carbonization
yield) on Si surfaces. The Si@C nanorods still main-
tained high first-cycle Coulombic efficiency of >84%,
and a high capacity of 2000 mAh g�1 was achieved
at 100 mA g�1 and maintained 700 mAh g�1 at
1000mA g�1 current for over 1000 cycles. Even at a high
loading of 1.9 mg cm�2 (corresponding areal capacity
of 2.7 mAh cm�2 at 100 mA g�1), the Si@C anodes still
stably cycle at 1000 mA g�1 over 400 cycles, which is
among the best performance reported to date. In addi-
tion, the low-cost refined eutectic Al�Si alloys through
rapid solidification and modification have been widely
used in foundry industry for large-scale production of
high tensile elongation materials. However, this cheap
andhighly elongated eutectic Si hasnever been tested in
Li-ion batteries. The high-performance Si@C nanorods
synthesizedby simply etching the low-cost refinedAl�Si
alloys and polymer carbonization provide the opportu-
nity to commercialize Si anodes in Li-ion batteries.

EXPERIMENTAL SECTION
Electrode Preparation. The schematics synthesis process of

Si@C is shown in Figure 1. The eutectic Al�13% Si ingots were
first fabricated by melting Al�10% Si and Al�20% Si inter-
mediate alloys (Jiangsu Hualv Co., China) in an induction
furnace at 760 �C and then casting into water circulated copper
molds after adding 3% Na salt modifiers (Jiangsu Hualv Co.,
China). The eutectic Al�13% Si ingot was cut into small chips
and then placed into an 8% HCl (AR) stirring solution to remove
Al. Si nanorods were then obtained after repeat filtering and
washing using deionized water and then dried in a vacuum
at 80 �C.

Carbon-coated Si nanorods were constructed by self-
polymerization of dopamine (DA) into PDA on Si surfaces, and
then carbonization at 800 �C. First, 0.5 g of Si powders was
added into the 10mMTris-buffer solution (200mL, pH 8.5). After
ultrasonical dispersion for 30 min, 0.5 g of DA was added into
the solution and then the solution was ultrasonically dispersed
again for 20 min. After that, the mixture solution was self-
polymerized in aerobic condition for 24 h. The resultant mixture
was filtered and washed with deionized water for several times,
and then dried at 70 �C under a vacuum to obtain a Si@PDA
composite. Finally, the Si@Cwas obtained after carbonization of
Si@PDA under argon protection at 800 �C for 2 h with a heating
rate of 5 �C/min. For comparison, Si/C composite (PVDF-derived
carbon) was also prepared using a similar procedure to the
above, and used as a control sample to evaluate the bonding
between Si and C. The actual carbon content in the Si@C
composites was measured using thermogravimetric analysis
(TGA) on a Netzsch STA409PC (Germany) with a heating rate of
10 �C/min, and air as the purge gas. Nitrogen sorption isotherms
were conducted using a 3H-2000PS2 analysis station (Beishide
instrument Co. China) automated gas sorption system at
�196 �C. Specific surface areas and pore size distributions were
calculated using the Brunauer�Emmett�Teller theory and the
Barrett�Joyner�Halenda method. Specific pore volumes were
measured at a relative pressure of 0.99.

Structural Cauterization. X-ray diffraction (XRD) patterns of
samples were recorded in the 2-θ range from 10� to 80� using
a D8 Advance X-ray diffractometer (Japan) with Cu KR radiation.
The Raman spectrum was collected from 400 to 2000 cm�1 on

an Acton Spectra Pro 2500i Raman Spectrometer using the
532 nm excited wave of an Ar ion laser operated at 10 mW.
Fourier transform infrared (FTIR) spectra were recorded on
a NICOLEF-5DX spectrometer in the frequency range of
4000�400 cm�1. Scanning electron microscope (SEM) images
equipped with an energy dispersive X-ray spectrometry (EDS)
were used to characterize the Si based composites using a
S4800 (Japan). The transmission electron microscopy (TEM)
samples were examined in a Tecnai G2 F20 microscope. High-
resolution imaging and microanalysis were performed with
an FEI Titan 80-300 analytical scanning transmission electron
microscope (STEM) operated at 300 kV accelerating voltage.

Electrochemical Measurements. Si electrodes were prepared by
mixing Si (carbon coated Si nanorods (Si@C), Si nanorods (Si), or
PVDF-derived carbon coated Si nanorods (Si/C) with graphite,
super P carbon black, and sodium alginate at the ratio of 56% Si,
14% graphite, 15% carbon, and 15% binder. Both Si and
graphite are considered as active materials, and the specific
capacity is calculated based on the total weight of Si and
graphite (80 Si/20 G), which is 70% of total electrode weight.
Other 30% weight is carbon black and binder. Distilled water
was added into the mixture to form a slurry, which is then
pasted on a copper foil with active material (80 Si/20 G) loading
from 0.9 to 1.9 mg cm�2. After a drying step in a vacuum oven
at 100 �C overnight, the electrodes were assembled in coin
cells in a dry argon glovebox (SG1200/750TS, Vigor) with Li
metal as the counter and the reference electrode. The electro-
lyte was 1 M LiPF6 in a mixture of EC (ethylenecarbonate),
DEC (diethyl carbonate), and DMC (dimethyl carbonate) in a
1:1:1 volume ratio with 15 wt % fluorinated ethylene carbonate
(FEC) as an additive. A microporous membrane (Celgard 2400)
was used as the separator. All the cells were tested using
galvanostatic charge�discharge protocols on a Land CT2001A
Battery Testing System (Land Instruments) at room tempera-
ture. The anodes were charged/discharged in the voltage range
of 0.01�1.5 V at a current density of 1000 mA g�1 for long-term
cycling stability test after first two cycles at 100 mA g�1 for
activation. The area-specific-capacity was calculated based on
the capacity of Si/C at 100 mA/g. Electrochemical impedance
spectra (EIS) were measured in the frequency ranges from
100 kHz to 10 mHz on a PARSTAT 4000 workstation (PARSTAT
Co., U.S.A.)
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