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ABSTRACT: Si has the highest theoretical capacity among all known
anode materials, but it suffers from the dramatic volume change upon
repeated lithiation and delithiation processes. To overcome the severe
volume changes, Si nanoparticles were first coated with a polymer-
driven carbon layer, and then dispersed in a CNT network. In this
unique structure, the carbon layer can improve electric conductivity and
buffer the severe volume change, whereas the tangled CNT network is
expected to provide additional mechanical strength to maintain the
integrity of electrodes, stabilize the electric conductive network for

active Si, and eventually lead to better cycling performance. Electro-
chemical test result indicates the carbon-coated Si nanoparticles dispersed in CNT networks show capacity retention of 70% after 40
cycles, which is much better than the carbon-coated Si nanoparticles without CNTs.
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1. INTRODUCTION

Si, as the second most abundant element on earth, is expected
to play a significant role in the energy storage field. As a promis-
ing anode material for lithium-ion batteries (LIBs), Si provides
the highest known lithium storage capacity (4200 mA h g™'),
which is more than 10 times greater than that of commercialized
graphite (372 mA h g™').' > However, the limited cycling life of
Si anodes, resulting from the large volume change upon lithium
insertion and extraction, greatly restricts their practical use in
LIBs. Studies have shown that each silicon atom can theoretically
accommodate up to 4.4 lithium atoms to form Li,,Sis alloy,
accompanied by a volume expansion of about 400%.* Such huge
volume change leads to the pulverization of electrodes, which in
turn causes the breakdown of electric conductive network and
insulation of active material, eventually resulting in rapid capacity
fading,®”

To address the large volume change, researchers have employed
Si nanoparticles because they generate less stress during cycling
and can better accommodate the repeated volume expansion and
contraction.®® For further improvement, the nanosized Si was
often encapsulated in a carbon shell, which not only provides
greatly improved electric conductivity, but also helps buffer the
severe volume chamge.m_13 However, the unstable electrode integ-
rity due to the insufficient binder strength and significant volume
change of Si is still a problem.

The failure mechanism of Si-based electrodes is illustrated in
Figure 1. During the electrode fabrication process, active material
such as carbon-coated Si is first made into slurry by using a
polymer binder and corresponding solvent. After drying, active
material particles are then connected with each other by the
polymer binder to form an electrode (Figure 1a). Upon repeated
volume expansion and contraction, however, the polymer binder
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Figure 1. Schematic of a traditional Si anode composed of carbon-
coated Si nanoparticles and binder (a) before and (b) after cycling,
and the new Si anode composed of carbon-coated Si nanoparticles
dispersed in a CNT network and binder (c) before and (d) after
cycling.

does not have sufficient mechanical strength to maintain the
integrity of the Si electrode, leading to the crack, pulverization,
and breakdown of the electric conductive network of the elec-
trode (Figure 1b). Finally, the insulation of active Si results in
rapid capacity loss.

In this work, carbon coating and carbon nanotube (CNT)
framework were combined to improve the cycling stability of Si
electrodes. As shown in Figure 1c, carbon-coated Si nanoparti-
cles were dispersed into a network composed of carbon nanotubes
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Figure 2. Schematic illustration of the preparation process of the Si@
C—CNTs.
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Figure 3. X-ray diffraction patterns of (a) Si nanoparticles, (b) Si@C,
and (c) Si@C—CNTs.

(CNTs) and polymer binder. The CNT framework could
provide additional mechanical strength to prevent the crack and
pulverization of the electrode structure during repeated volume
expansion and contraction, which helps maintain the integrity
of the Si electrodes and the electric conductive network, and
eventually leads to better cycling performance (Figure 1d).

With the CNT network, the electric contact could be kept even
if some cracks appear in the electrode. This paper introduces
the preparation process of the carbon-coated Si nanoparticles
dispersed in CNT networks (Si@C—CNTs) and investigates
the electrochemical performance of the resultant electrode.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. The preparation process of Si@C—
CNTs is shown in Figure 2. First, CNTs (0.025g, 6—13 nm in
diameter, 2.5—20 ym in length, Aldrich), Si nanoparticles (0.10 g, 30 -
100 nm in diameter, Nanostructured and Amorphous Materials Inc.)
were dispersed in a mixed solvent of tetrahydrofuran (THF) and
ethanol (150 mL, 1:1 by volume). To get homogeneous distribution of
CNTs, S drops of CNT dispersant (nanosperse AQ, NanoLab Inc.)
was added in this solution. Second, hexachlorocyclotriphosphazene
(HCCP, 0.10 g, Aldrich), 4,4-sulfonyldiphenol (BPS, 0.215 g, Aldrich),
and triethylamine (TEA, 10 mL, Aldrich) were added to the solution
and kept in the ultrasonic bath for 10 h. During this process, poly-
(cyclotriphosphazene-4,4’-sulfonyldiphenol) (PZS) polymer was
formed on the surface of Si nanoparticles. Third, the mixture was
washed with THF/ethanol solution (1:1 by volume) for 3 times,
followed by solvent evaporation at 80 °C under vacuum. Finally, the
resultant mixture was calcined at 900 °C in argon for 2 h and the PZS
polymer was transformed to carbon layer in this carbonization process.
For the purpose of comparison, carbon-coated Si nanoparticles without
CNTs (Si@C) were also prepared using the same method.

2.2. Characterizations and Electrochemical Evaluation.
Powder X-ray diffraction patterns were collected on a Rigaku SmartLab
X-ray Diffractometer with CuKa radiation between 10 and 90° at a scan
rate of 5°/min. Field-emission scanning electron microscopy (SEM,
JEOL 6400) and field-emission transmission electron microscopy (TEM,
Hitachi HF2000) were used to observe the morphology of the prepared
samples. Elemental Analyzer (Perkin-Elmer, CHN 2400) and Energy-
dispersive X-ray spectroscopy (EDX) were used to determine the com-
position of the as-prepared materials.

Electrochemical performance evaluations were performed using
lithium-ion half cells. The Si@C and Si@C—CNT's working electrodes
were prepared by mixing 80% active material and 20% polyamideimide
(PAI) binder dissolved in N-methylpyrrolidinone (NMP). No addi-
tional conductive carbon additives were used. For comparison, Si work-
ing electrodes were prepared by mixing 80% Si nanoparticles, 10% BTY-
175 conductive carbon (Blue nano Inc.) and 10% PAI dissolved in NMP.
The slurries were coated onto Cu foil. After coating, the electrodes
were dried at 80 °C for 12 h, and weighed before assembly. The typical
mass load of the active material was about 2 mg cm™ Using the above

Figure 4. (a—c) TEM images of Si@C—CNTs with different magnifications, and (d) selected area electron diffraction (SAED) pattern.
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electrodes, 2032 type coin cells (20 mm diameter, 3.2 mm thickness)
were assembled in an argon glovebox with lithium as the counter
electrode, Celgard 2400 membrane as the separator, and 1 M LiPF,/
EC+DMC+DEC (1:1:1 by volume, MTI Corporation) as the elec-
trolyte. Cyclic voltammetry (CV) measurements were conducted with
a Gamry Reference 600 between 2 V and 0.02 V with a scan rate of
0.05 mV/s. Charge/discharge experiments were performed using a
LAND CT2001A Battery Testing System.

3. RESULTS AND DISCUSSION

Figure 3 shows the XRD patterns of the Si nanoparticles, Si@C,
and Si@C—CNTs. From Figure 3a, it is seen that Si nano-
particles present well-defined peaks at 26 of 28.4, 47.4, 56.2,
69.2, 76.5, and 88.1°, which are assigned to the (111), (220),
(311), (400), (331), and (422) planes of crystallized Si, respec-
tively (JCPDS No. 27—1402). After heat treatment at 900 °C
in argon, the Si nanoparticles coated by carbon are still crys-
talline since no apparent changes can be observed for Si peaks.
One broad peak appears at around 24° (Figure 3b, c), indicat-
ing that the carbon coating is amorphous, as suggested by
previous reports.'*'® In addition, there is no apparent differ-
ence between XRD patterns of Si@C and Si@C—CNTs.

The TEM image (Figure 4a) of Si@C—CNTs clearly demon-
strates the coexistence of three phases, ie., the crystalline Si
phase, the amorphous carbon coating, and CNTs. The Si nano-
particles are mixed with CNTs, and almost each individual Si
nanoparticle has been coated homogeneously with carbon layer.
From higher magnification (Figure 4b, c), it can be confirmed
that the diameter of Si nanoparticles is 30—100 nm and the
thickness of the amorphous carbon coating layer is about 10
nm. The carbon layer closely sticks to the particle surface and
there is no vacant space between the carbon “shell” and silicon
“core”, but it is still expected to provide good electric conduc-
tivity and help buffer the volume change of Si.'>'®'” The
carbon layer does not present any ordered structure, which is in
agreement with the amorphous carbon structure revealed by
the XRD analysis (Figure 4c) The crystalline structure of Si is
also confirmed by the spot pattern in selected area electron
diffraction (SAED), as shown in Figure 4d.

Figure Sa shows an overall view of the carbon-coated Si
nanoparticles dispersed in a CNT network. It is seen that some

200 nm

500 nm

Figure 5. SEM images of Si@C—CNTs with different magnifications, and
corresponding energy-dispersive X-ray spectroscopy (EDX, inset in b).

sections of the long CNTs (2.5—20 gm in length) are exposed
(marked with white arrows), and the remaining tubes are
blocked by Si nanoparticles. At higher magnification (Figure Sb),
shorter sections of CNTs can be seen. Energy-dispersive X-ray
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Figure 6. Charge/discharge curves of (a) Si, (b) Si@C, and (c) Si@
C—CNTs at 100 mA g™' and within a voltage window of 0.02—2.0 V.

spectroscopy (inset in Figure Sb) was also obtained to provide
the composition information of this material, and it is found
that the peaks of Si and C can be clearly seen and the carbon
content (including carbon coating and CNTs) is 52.3%. From
the SEM and TEM characterizations, it can be concluded that
the Si nanoparticles are uniformly coated with carbon and they
are well dispersed in the CNT network, just as described in the
schematic illustration (Figure 1c). In this work, the CNTs
dispersed in carbon-coated Si nanoparticles are expected to
provide additional mechanical strength to help maintain the
electrode integrity and provide stable electric conductive net-
work. In many recent reports, Si/C composite nanofibers were
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Figure 7. Cyclic voltammetry curves of (a) Si, (b) Si@C, and (c) Si@C—CNTs between 2 and 0.02 V with a scan rate of 0.05 mV/s.

prepared by electrospinning to strengthen the electrode integrity
and improve the cycling performance.”®™** From SEM and
TEM characterizations shown in these reports,lg_21 however, a
significant amount of Si nanoparticles were found on the fiber
surface and they have the tendency to loss contact with carbon
nanofibers during cycling. In this work, the carbon coating and
CNTs work together to achieve high electrode integrity and
provide good electric conductive network for Si.

Galvanostatic charge—discharge test was carried out at a cur-
rent density of 100 mA g~ within a voltage window of 0.02—
2.0 V. Charge/discharge curves of pristine Si nanoparticles are
shown in Figure 6a. A distinct plateau at about 100 mV can be
observed and this can be attributed to the lithium alloying with
crystalline Si nanoparticles.*** It was reported that the alloying
process in Si anodes results in the successive formation of Li;,Si,,
Li;,Sig, Lij;Siy, and eventually Liy,Sis alloy.” Upon the follow-
ing delithiation process of Si, two plateaus at around 250 and
450 mV can be observed. The initial discharge and charge
capacities of Si are 4299 and 2780 mA h g™, respectively, corre-
sponding to a Coulombic efficiency of 65%. The relatively low
initial Coulombic efficiency of pristine Si can be attributed to
the drastic volume changes and the loss of electric contact
between Si nanoparticles, which in turn leads to large irre-
versible capacity. After the first cycle, the discharge potential
plateau shifts to about 0.2 V because the crystalline Si phase
turns into an amorphous phase.*¢™>*

The charge/discharge curves of Si@C are shown in Figure
6b. In addition to the potential plateau at 100 mV, an obvious
step can also be observed between 0.60 and 0.10 V, in which
the passivation film, also known as the solid/electrolyte inter-
phase (SEI), is formed by the irreversible reduction of elec-
trolyte on the surface of the carbon layer. The initial discharge
and charge capacities of Si@C are 2928 and 2195 mAh g7,
respectively, corresponding to a Coulombic efficiency of 75%. It
should be noted that the Coulombic efficiency is improved after
carbon coating even if an obvious irreversible SEI formation
process is observed between 0.60 and 0.10 V. Generally, the
introduction of amorphous carbon gives rise to larger irre-
versible capacity because of the severe SEI formation on the
surface of amorphous carbon.’® In this material, however, the
initial Coulombic efficiency was improved, which should be
attributed to the volume buffer effect of carbon layer and the
better electric conductive network.

The Si@C—CNTs (Figure 6c) shows a similar charge/discharge
characteristic to that of Si@C. The initial discharge and charge

24

capacities of Si@C—CNTs are 1286 and 699 mAh g, respectively.
The introduction of CNTs leads to lower capacity because of
the lower capacity of CNTs than Si. The contribution of the
first potential plateau (0.60—0.10 V, SEI formation) in the first
lithiation process becomes larger, resulting in a lower initial
Coulombic efficiency of 54%. The relatively low initial
Coulombic efficiency of Si@C—CNTs can be attributed to
the low Coulombic efficiency of CNTs.**~>!

Cyclic voltammetry (CV) measurements were carried out on
Si nanoparticles, Si@C, and Si@C—CNTs, respectively (Figure 7).
Figure 7a shows the first two cycles of Si nanoparticles between
0.02 and 2.0 V with a scan rate of 0.05 mV/s. As the potential
scans cathodically from 2.0 to 0.02 V at the first cycle, a reduc-
tion peak of crystalline Si can be found at around 100 mV. In
the following anodic scan, two oxidation peaks appear at 250
and 450 mV, respectively, which reflect the delithiation process
of Si. For Si@C, a peak at 0.32 V in cathodic scan can be clearly
seen because of the SEI formation on the carbon surface. For
the Si@C—CNTs material, the SEI formation shifts to 0.6 V
due to the introduction of CNTs. The CV results are in agree-
ment with the charge/discharge curves.
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Figure 8. Cycling performance of Si, Si@C, and Si@C—CNTs at
100 mA g~ and within a voltage window of 0.02—2.0 V.

The cycling performance of Si, Si@C and Si@C—CNTs are
shown in Figure 8. Here, all capacities were calculated on the
basis of the total weight of composite material including carbon
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coating, CNTs, and Si. The percent ratio of Si and carbon in
Si@C material is 61.0:29.6, and the percent ratio of Si, CNT,
and carbon in Si@C—CNTs material is 33.2:8.3:46.0. The Si elec-
trode exhibits a poor cycling performance. Although it shows a
very high reversible capacity of 2780 mA h g™ in the first cycle,
the Si electrode delivers only 100 m Ah g~ capacity after 40
cycles. After carbon coating, the resultant Si@C shows much
better cycling stability because there is a homogeneous carbon
layer on the surface of the Si nanoparticles to buffer the volume
change and provide good electric conductivity. As a result, the
Si@C anode shows capacity retention of 48% after 40 cycles.
For Si@C—CNTs, a small increase of reversible capacity is
observed during the first S cycles. After S cycles, the capacity
starts to fade slowly. Although it shows much lower capacity
(699 mA h g™') than the other two electrodes due to the intro-
duction of carbon layer and CNTs, the Si@ C—CNTs material
exhibits the best cycling stability among all three anodes and
the capacity retention after 40 cycles is 70%. According to the
previous report,>> any anode capacity greater than 1000 mA h g™
will not lead to improvement in the battery performance due to
the limitation in the cathode capacity (<250 mA h g™"), which is
significantly lower than the anode capacities. Therefore, the capa-
city (699 mA h g™') achieved by Si@C—CNTs is compatible

with the current cathode materials.

4. CONCLUSIONS

Si nanoparticles were uniformly coated with amorphous carbon
and well-dispersed in CNT networks. The unique structure was
designed in order to buffer the severe volume change and main-
tain a stable electric conductive network for active Si. Three
kinds of Si-based anode materials: Si, Si@C and Si@C—CNTs,
have been investigated. Galvanostatic charge—discharge tests
show that the cycling stability can be improved by coating the
Si nanoparticles with a carbon layer, and it can be further improved
by dispersing the carbon-coated Si nanoparticles into a CNT
network. The tangled CNT network in the electrode can help pre-
vent crack and pulverization, maintain the integrity of electrodes,
and stabilize the electronic conductive network, eventually leading
to better cycling performance.
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