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Silicon/graphite/ carbon nanotubes (Si/G/CNTs) material was prepared by ball milling and annealing
in a special condition. Each sample was characterized by XRD, SEM, and electrochemical
testament.The results revealed that Si/G/CNTs exhibited an initial specific discharge capacity of 2326
mAh g'. After 35 cycles, a high reversible capacity of 1363 mAh g—1 is still retained and the
reversible capacity retention is nearly 86%. The improved electrochemical properties were due to the
CNTs uniform dispersion in the inter-space of Si and graphite materials. This feature of CNTs not only
has excellent electron conductivity, but can also alleviate the SEI film.
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1. INTRODUCTION

Lithium ion batteries(LI1Bs) as attractive energy storage devices have become ubiquitous power
sources for mobile electronics, in the application of the increasing power and energy requirement, such
as hybrid electric and electric vehicles. There has been intense interest in developing a type of high
capacity electrode materials to surpass the capacities of electrode materials used in current LIBs[1-3].
In order to fulfill the demands, there are much research work that has been performed on anode
materials with high specific capacities[4-6].

Silicon is an attractive anode material for lithium batteries because it has a low discharge
potential and the highest known theoretical charge capacity (4,200 mAh g™). Although it is more than
ten times higher in charge capacity than existing graphite anodes and much larger than various nitride
and oxide materials[7], silicon anodes have limited applications because silicon’s volume changes by
up to 400% [8]. The large volumetric expansion during charging leads to the internal cracks of silicon
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particles and then damages the electrode, which results in pulverization, capacity fading, and increased
electric resistivity of the electrode. Apparently, it will cause much defect by poor interactions during Si
particles and current collector when cycling [9-10].

For this reason, lots of researches have been carried out to overcome such problem in recently
years, such as carbon pyrolysis on the Si surface [11-13], Si—carbon [14], amorphous Si thin film
coating [15], Si—carbon—carbon nanotube composites [16-18], and Si—carbon composites with
mechanical mixing [19-20] and many others.

However, such measures are still confronted with some issues, which include relatively high
cost for commercialization, complicated synthetic processes for mass production, and unsatisfactory
cycling performance.

Carbon nanotubes (CNTSs) as Li insertion materials have received considerable interest[21].
Although CNTs in general are known to exhibit a higher reversible capacity than graphite as reported
in the literatures [22-25], a large voltage hysteresis is commonly observed, which greatly limits their
application as anode material for LIBs[26-28]. Nevertheless, CNTs have been proven to be a better
choice than graphite as a matrix material for LIBs, they not only show electrical conductivity
(resistivity <10 Q . cm) [29-30] , they also demonstrate excellent physical properties including
superior mechanical strength [31], large aspect ratio, structural flexibility, as well as tortuosity [32].

The present study attempts to prepared silicon/graphite/carbon nanotubes and assess their
performance. For comparison, Si/G composite (without CNTSs) was also prepared and the performance
evaluated. The results show that CNTs play an important role on the electrochemical performance such
as capacity and cycle-ability, and they also affect the characteristic of solid electrolyte interface (SEI).

2. EXPERIMENT

2.1 Annealing of the prepared silicon/Graphite/CNTs Samples

The nanosilicon (Si, 99.99%, Hefei Chemical Co. Ltd., China), graphite (Shenzhen BTR Co.
Ltd., China) and CNTs (Shenzhen Chemical Co. Ltd., China) were oven dried for 20 hours before
mailing, and placed in agate grinding mill. The mixed powders were milled for 18 hours at 350 rpm
before the Si/G/CNTs or Si/G samples were collected. It should be noted that the molar ratio of n(Si):
n(G): n(CNTSs) was set to 0.22:0.70:0.08 and the molar ratio of n(Si): n(G) was set to 0.22:0.78.

The resulting product were calcined under flowing nitrogen, ensuring that it would not interfere
with the chemical inertia of carbon, and the annealing temperature is 400 °C, 600 °C and 650 °C each
for 6 hours.

2.2 Physical characterization

Power X-ray diffraction (XRD) patterns were collected on a Rigaku D/MAX-rA diffractometer
with CuKo radiation (A = 1.5418 A) operating at 40 kV and 100 mA. A scanning electron microscopy
(SEM) system (Hitachi S-450, Japan) was used to observe the grain morphology and particle size.
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Energy dispersive spectrometer (EDS, INCA Energy 350, England) was employed to analyze the
components of the prepared samples.

2.3. Electrochemical measurements

The electrochemical properties of the Si/G/CNTs composite electrodes were determined from
Li/1 M LiPF6 in ethylene carbonate and diethyl carbonate (1:1, w/w)/ Si/G/ICNTs composite cells
using a LAND Battery Program control Test System. The Si/G/CNTs composite electrodes were
fabricated by mixing 85:10:5 (w/w) of active material, a carbon (acetylene black) electronic conductor,
and a polyvinylidene fluoride binder, using N-methyl-2-pyrrolidine as solvent. After drying the
obtained slurry overnight under a vacuum at 100 °C, the mixture was pressed onto an aluminum sheet.
Li was used as the counter electrode. The cells were assembled in a glove box. Charge—discharge cycle
tests were performed at a constant current density of 350 mAg™ over a potential range of 0.02 V to
1.5V.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) of electrode
measurement were carried out at PCT14-750 electrochemical work station (USA, EG&G Corporation).
CV testing condition was performed between 0.01 and 1.2V at a scan of 0.1mv.s™, and EIS was tested
by the frequency range from 0.1 kHz to 1 MHz with an amplitude of 5 mV.

3 RESULTS AND DISSCUSSION

3.1 XRD analysis
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Figure 1. XRD patterns of three samples: Si, Si/G, and Si/G/CNTSs.
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The XRD patterns of Si/G/CNTs composite, Si/G composite, and silicon materials are
presented in Fig. 1 which shows no obvious miscellaneous phase in the XRD patterns of composite.
All diffraction peaks can be indexed based on a face-centered cubic spinel structure with an Fd3m
space group. The composite material shows peaks at 20 = 28.4°, 47.2°, 54.6°, 69.3°, 76.3°and 87.9°,
and they are indexed as the (111), (220), (311), (400), (331), and (442) reflections of composite,
respectively; whereas, that peaks at 20 =26.4°, 54.6°, 83.5° corresponds to graphite diffraction peaks.
This figure shows that Si/G/CNTs composite did not change their crystal structure. Under the effects
of CNTs, the peak becomes narrower and the diffraction intensity greater.

3.2 SEM analysis

Fig. 2 shows the scanning electron micrograph of three samples: single silicon, Si/G and
Si/G/CNTs composite materials. As seen in Figure 2a, Si powders show a uniform distribution with an
average particle diameter below 500 nm. Fig 2b shows that Si is homogeneously distributed in graphite
matrix, which would provide a buffer during the insertion/extraction of lithium ions. Fig 2c reveals
Si/G structure coated by CNTs. The Si/G/CNTs composite structure features more agglomerate
particles, and the CNTSs distribute uniformly on the surface of the Si/G particles. Fig 2d depicts the
CNTs tubular morphology characterized by TEM.

Figure 2. SEM micrographs of samples: a pure Si, b Si/G, ¢ Si/G/CNTs; d TEM image of Si/G/CNTs

3.3 Electrochemical performance

The discharge/charge curves of Si/G/CNTs and Si/G composite materials are shown in Fig.3.
During the first insertion process, Si/G/CNTs and Si/G electrode present a distinct plateau at around
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0.02~0.18 V, which is mainly caused by the alloying process of silicon with lithium and the insertion
of lithium ions into the carbon inter-space.
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Figure 3. a Charge—discharge curves of Si/G/CNTs for first, second, and 35th cycle; b Charge—
discharge curves of Si/G for first, second, and 35th cycle;

The slope at about 0.42~0.78 V corresponds to the irreversible decomposition of electrolyte on
the surface of composite material, which results in the formation of SEI film on the electrode surface.
In the subsequent cycle, it was observed that this plateau disappears. During the first-charge process,
the broad plateau at around 0.42 V corresponds to the de-alloying reaction of lithium from the Li,Si
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phase. However, Si/G and Si/G/CNTSs display clear differences in terms of charge-discharge curves.
Compared to Si/G, Si/G/CNTs electrode not only demonstrates a lower intercalation voltage plateau in
the first cycle, but shows a higher-extraction voltage plateau, which should be responsible for the
reduced charge/discharge capacity of Si/G/CNTs electrode. Moreover, the potential and the length of
plateaus for two electrodes display different patterns accompanied with different cycles. From the
second to the 35th cycle, as the plateau length increases, the potential difference between lithium
insertion and lithium extraction plateau of Si/G/CNTSs electrode decreases. However, the potential
difference of Si/G electrode decreases initially and then starts increasing as the cycle number
increased. After the 35th cycle, the potential difference between lithium insertion and lithium
extraction of Si/G electrode is much larger than that of Si/G/CNTs electrode, and meanwhile, the
length of its plateaus decrease rapidly. These results prove that the conductive network of Si/G/CNTs
electrode is maintained during the prolonged cycling, while the microstructure of Si/G electrode is
destroyed severely. This is consistent with the cycle performance of Si/G/CNTSs electrode.

Figure 4 shows the variation of specific capacity versus cycle number of Si/G and Si/G/CNTs
cycled at a current density of 350 mAg™. The Si/G electrode delivers an initial discharge capacity of
2032 mAhg " with an irreversible loss of 247 mAhg™ .However, a poor capacity retention ability was
demonstrated. After 35 cycles, the reversible capacity retains only 903.5 mAhg *, with capacity loss of
about 57%. In contrast, Si/G/CNTs composite exhibits much better capacity retention. The first
discharge and charge capacity is 2326 mAh g™ and 2163 mAh g, respectively. The Si/G/CNTs
composite electrode has a rechargeable capacity of above 1363 mAh g after 35 cycles, meanwhile,
the reversible capacity retention is more than 86%.The Si/G/CNTs composite electrode displayed
much better electrochemical performance than that of Si/G electrodes. When Si/G reacts with lithium,
there is a large volume expansion, inducing cracking and pulverization. But for Si/G/CNTs, the
volume expansion and contraction of Si/G compostie can be effectively reduced because of the flexible
carbon nanotubes. Furthermore, carbon nanotubes also provide a highly conductive medium for
electron transfer during the insertion and extraction of lithium. That is the main reason that the
composite material with CNTs can greatly improve their cycling stability.
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Figure 4. Cyclingperformances of Si/G andSi/G/CNTs
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A slow scan cyclic voltammogram (CV) of the Si/G and Si/G/CNTs composite electrode at 0.1
mV s 'is demonstrated in Fig.5. A clear irreversible peak at 0.67 V in the first cycle is ascribed to the
formation of the interface between Si/G/CNTs composite and the electrolyte, and this peak has
disappeared in the following cycles, indicating the formation of a stable SEI film on the electrode
surface with the aid of the graphite and CNT [33].

d
@ 40 Si/GICNTs

2
n
T

N

Current (mA)
&
&

20 1 1 1 1 1 1
0.0 a5 1.0 15 20 25 3.0

Potential vs (Li/Li')}V

G

—
=k
(=]
]

SIG

00 015 1 .|0 1 .l5 2.|0 2.5 3.0
Potential vs (Li/Li'}V

Figure 5. a Cyclic voltammograms performances of Si/G/CNTs; b Cyclic voltammograms
performances of Si/G.

The characteristic peaks of Si anode in lithium ion batteries are exhibited during the subsequent
cycles. The broad anodic peak at 0.21 V is ascribed to the alloying of Li with silicon. The cathodic
peaks at about 0.29 V and 0.53 V are associated with the de-alloying of Li from the Si/AC electrode.
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These observations from cyclic voltammetry are similar to those found in previous reports. The
magnitudes of both the cathodic and the anodic peaks increase significantly with cycling, implying
activation of more material to react with Li and an enhanced electronic kinetics process [34]. Although
Si/G can be observed at anodic indicating the formation of SEI film on the electrode, which is similar
with Si/G/CNT at first cycle, the subsequent cycles show the reversible peaks are resembling with
Si/G/ICNT. This is perhaps because CNTs provide the path for lithium ion insertion and extraction
from electrode, which enhance the reversible performance.

To further investigate the mechanisms for the improved cycle ability of Si/G/CNTs composite
electrode, EIS of Si/G and Si/G/CNTs composite material electrodes in the open circuit potential
before and after cycling was compared in Fig.6. As shown, all of the Nyquist plots consist of one
depressed semicircle at high frequencies (HF) and a straight line at low frequencies (LF). Semicircle
with the active substance particles charge-transfer resistance between the units corresponds to slash
then corresponds to the lithium-ion diffusion in the material body impedance phase [35]. The diameter
of the HF semicircle of the Si/G/CNTs composite electrode is much smaller than that of the Si/G
electrode, which indicates that the resistance of the former one is much lower. The charge-transfer
resistance of Si/G/CNTs composite particles is 65Q, but that of the Si/G composite particles is 111Q.
This phenomenon indicating the presence of a small amount of carbon nanotubes in composite
materials that can make up silicon-based electrodes embedded in lithium. More importantly, during the
de-embedment phase of lithium ion, the volume contraction of the active material particles affects the
integrity of the conductive network of the electrode with lithium-silicon alloys silicon to a single
qualitative change. The existence of carbon nanotubes may provide compensation for electronic
conductivity, preventing lithium ion extracting the lithium-silicon alloys, and then leads to the
improvement of the cycle efficiency [36].
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Figure 6. Nyquist plots for the cells assembled by the Si/G and Si/G/CNTSs at open circuit potential.
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4. CONCULSION

Si/G/ICNTs composite was prepared by ball milling followed by annealing method in this
study. In order to assess the effects of CNTSs, the Si/G composite sample without CNTs was also
prepared. And theseobtained samples were thoroughly characterized by XRD, SEM, and TEM
electrochemical testament.The results showed that Si/G/CNTs composite not only had ahigher
discharge capacity, but also exhibited a better cycling performance than Si/G composite. These
superior electrochemical performancewas attributed to the uniform dispersion of CNTs in the
interspace of Si and graphite materials, which have excellent conductivity. In addition, CNTs can also
effectively alleviate SEI film.
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