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Preparation and Performance of Silicon-Pyrolytic Carbon-Graphite
Composite as Anode Material for Lithium-Ion Batteries
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Abstract: Silicon-pyrolytic carbon-graphite composite with different content of pyrolytic carbon has been
synthesized through pyrolysis. Pitch has been used as precursor of pyrolytic carbon. Morphology, structure and
electrochemical performance of materials have been tested and analyzed. The results showed that the mass of
pitch decreased rapidly from 320 to 560 “C. The decrease of mass results from removal of hydrogen in pitch.
Mass ratio between pyrolytic carbon and pitch was about 65% through pyrolysis process. In silicon-pyrolytic
carbon-graphite composite, silicon particles were dispersed on the surface of graphite. Pyrolytic carbon covered
silicon particles, and enhanced the interface adhesion between silicon particles and graphite. Appropriate content
of pyrolytic carbon could increase the discharge capacity and improve the cycle stability of composite while

excessive content of pyrolytic carbon could not further enhance discharge capacity.
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Development of portable electronic devices and
electrical vehicles requires high energy density of
batteries. The use of electrode materials with high
specific capacity can increase the energy density of
lithium-ion batteries. Graphite is the most common

anode material in commercial lithium-ion batteries.
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Theoretical specific capacity of graphite is 372 mAh -

-1[1
g,
lithium-ion batteries with theoretical specific capacity

Silicon is another kind of anode material for

of 4 200 mAh-g™ when the reaction product between
silicon and lithium is LipSi,?. In comparison with

graphite, theoretical specific capacity of silicon is
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higher and the operating potential of silicon is lower.
Thus, silicon is a promising anode material for
lithium-ion batteries™.

However, cycle discharge stability of silicon
electrodes is low. The main reason for the problem is
the volume change of silicon during discharge and
charge. During discharge, the volume expansion of
silicon is about 300%'°. The volume change of silicon
destroys the inter-particle electric contact. Besides,
breaks the

interface film and exposes the fresh interface!. The

the volume change solid-electrolyte

fresh interface consumes electrolyte and new solid-

electrolyte interface film forms. Breakage and

formation of solid-electrolyte interface film makes the
film thick. Thick

electrochemical activity of silicon and reduces the

interface  film  lowers the
discharge capacity.

Strategies have been developed to improve the
electrochemical performance of silicon anodes. One
strategy is the fabrication of silicon material with
nano-structure such as hollow nano-spheres and
nanotubes®. Hollow silicon nano-spheres and silicon
nanotubes have large void space which accommodates
the volume change of silicon in processes of discharge
Another preparation  of

and charge. strategy is

BB Carbon coating

electrically conductive coatings
and electrically conductive polymer coatings increase
the electric conductivity of silicon and buffer the
volume change of silicon.

The reports indicate that it is important to
increase the electric conductivity of silicon and buffer
the volume change of silicon. In this paper, pyrolytic
cartbon from pitch has been used to increase the
electric conductivity of silicon and improve the
adhesion between silicon and graphite. Silicon-
pyrolytic  carbon-graphite composite with different
content of pyrolytic carbon has been synthesized

through pyrolysis.
1 Experimental

1.1 Preparation and characterization of silicon-
pyrolytic carbon-graphite composite

Silicon-pyrolytic carbon-graphite composite was

synthesized by heating the mixture of silicon, pitch
and graphite. Pitch was the carbon precursor used to
fabricate pyrolytic carbon. Silicon (Shuitian ST-NANO
Science & Technology Co., Ltd., Shanghai, China),
pitch and graphite (10 pwm, Tianhe Graphite Co., Ltd.,
Qingdao, China) were mixed by milling in mass ratios
of 1:0.5:7 and 1:1:7 respectively. After the mixture
was dried at 70 °C for 2 h, the mixture was heated at
900 °C for 2 h in the atmosphere of nitrogen gas. The
product was silicon-pyrolytic carbon-graphite comp-
osite. Silicon-pyrolytic carbon-graphite composite-1 and
silicon-pyrolytic carbon-graphite composite-2 corresp-
ond to the mass ratios of 1:0.5:7 and 1:1:7 respec-
tively. Silicon-graphite composite was synthesized by
milling mixture of silicon and graphite in mass ratio of
1:7.

Morphology and element composition of materials
were tested by scanning electron microscopy (SEM)
with operation voltage of 15 kV. Crystal structure of
materials was analyzed by X-ray diffraction (XRD,
Cu Ka radiation (A=0.154 06 nm, U=40 kV, /=30 mA))
in the 26 range of 10°~90°. Chemical bonds of materials
were analyzed through infrared spectra and Raman
spectra. Thermo-gravimetric (TG) analysis was carried
out by TG instrument in the atmosphere of nitrogen.
1.2 Fabrication of silicon-pyrolytic carbon-

graphite electrodes and assembly of coin cells

The electrodes were fabricated by mixing active
materials, electrically conductive substance and binder
in mass ratio of 8:1:1. The binder was LA133 (15%
(w/w), Chengdu Indigo power sources Co., Lid.,
Chengdu, China). LA133 was dissolved in water at
first. Then silicon-pyrolytic carbon-graphite composite
and conductive carbon were added to the solution.
After stirring, the slurry was spread over the surface
of copper foil. Subsequently, the copper foil was dried
under vacuum at 80 °C for 12 h. Finally, the copper
foil was punched to obtain circular electrodes with
diameter of 12 mm. Silicon-graphite composite electr-
odes were fabricated according to the above method.

Coin cells (CR2016) were assembled in glove box
(MIKROUNA) filled with purified argon gas. Lithium

metal foils were used as counter electrodes to silicon-
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pyrolytic carbon-graphite electrodes. Separator between
the two kinds of electrodes was polypropylene micro-
porous film (Celgard 2400). Cyclic voltammetry tests
were carried out through electrochemical work station
(Ivium Technologies). Discharge and charge capacity
of coin cells were obtained through battery test system
(Neware, Shenzhen, China). The rate of discharge and
charge was 0.1C and the potential range was from
0.005 to 1.2 V. Theoretical capacity of composite was
based on the content of components. Calculated theor-

etical capacity of silicon, graphite and pyrolytic carbon

were 3 500, 350 and 300 mAh-g™ respectively.
2 Results and discussion

The SEM images of graphite and silicon are

composed  of

Graphite was

presented in Fig.1.

particles with irregular shape (Fig.1(a)). Particle size
of graphite was about 10 pm. Silicon was composed of
tiny particles with the diameter below 500 nm, and
the particle size was close in Fig.1(b).

SEM images of silicon-graphite composite, silicon-
pyrolytic carbon-graphite composite-1 and silicon-
pyrolytic carbon-graphite composite-2 are presented in
Fig.2. Silicon particles were dispersed although few
silicon particles was on the surface of graphite flakes
in Fig.2(a). Silicon particles of silicon-pyrolytic carbon-
graphite composite-1 were dispersed on the surface of
graphite in Fig.2(b). Pyrolytic carbon from pitch was
not obvious in the figure as it was amorphous. In Fig.
2(c), morphology of silicon particles was similar to
that in Fig.2(b). The increase of the content of pyrolytic

carbon from pitch has not obviously changed the

Fig.1 SEM images of graphite (a) and silicon (b)

Fig.2 SEM images of silicon-graphite composite (a), silicon-pyrolytic carbon-graphite composite-1 (b)

and silicon-pyrolytic carbon-graphite composite-2 (c)
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morphology of silicon particles.

Fig.3 presents the XRD patterns of graphite,
silicon, pitch, pyrolytic carbon, silicon-graphite comp-
osite, silicon-pyrolytic carbon-graphite composite-1
and silicon-pyrolytic carbon-graphite composite-2. In
the XRD pattern of graphite, the diffraction peak at
about 26.6° corresponded to (002) crystal plane (PDF
No0.65-6212). This sharp diffraction peak indicated
that the crystallization degree of graphite was high.
The other diffraction peaks at 44.2° and 54.5° were
ascribed to (101) and (004) crystal planes respec-
tively. In the XRD pattern of silicon, there were
several sharp diffraction peaks which demonstrated
that the high crystallization degree of silicon. The
highest diffraction peak was at about 28.4° correspon-
ding to the (111) crystal plane (PDF No.27-1402)".

ascribed to the low crystallization degree of pitch. The
intensity of diffraction peaks of pyrolytic carbon at
about 25.3° was stronger than that of pitch, which
demonstrated the higher crystallization degree of
pyrolytic carbon. The diffraction peaks of graphite and
silicon existed in XRD pattern of silicon-graphite
composite, and the intensity of diffraction peaks of
silicon was lower than that of graphite. The low
relative intensity showes the low content of silicon in
silicon-graphite composite. The diffraction peaks of
pyrolytic carbon were not obvious in the XRD patterns
of silicon-pyrolytic carbon-graphite composite-1 and
silicon-pyrolytic carbon-graphite composite-2.

Fig.4 shows the Raman spectra of the materials.
In the Raman spectrum of graphite, the D-band was at
about 1 346 ¢cm™ and the G-band was at about 1 573

The broad diffraction peak of pitch at about 24.4° is em™ 119 The D-band was linked with disorder in
b
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Fig.3 XRD patterns of graphite, silicon, pitch, pyrolytic carbon, silicon-graphite composite, silicon-pyrolytic

carbon-graphite composite-1 and silicon-pyrolytic carbon-graphite composite-2
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Fig.4 Raman spectra of graphite, silicon, pitch, pyrolytic carbon, silicon-graphite composite, silicon-pyrolytic

carbon-graphite composite-1 and silicon-pyrolytic carbon-graphite composite-2
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cathon structure and the G-band was ascribed to
vibration of carbon atoms with sp* bonds!"™"™. The high
relative intensity of G-band demonstrated the high
graphitization degree of graphite. The peak at about
514 em™ was belonged to silicon in the Raman spectrum
of silicon. The Raman bands of pitch were not
obvious. The D-band and G-band of pyrolytic carbon
were at about 1 329 and 1 599 ecm™ respectively. In
comparison with pitch, Raman bands of pyrolytic
which

carbonization of pitch through pyrolysis process.

carbon were apparent, results from the
Relative intensity for G-band of pyrolytic carbon was
lower than that of graphite. The result indicated that
graphitization degree of pyrolytic carbon is lower than
that of graphite. The D-band and G-band existed in
the Raman spectra of silicon-graphite composite. The
relative intensity for G-band was relatively high. The
Raman band of silicon, D-band and G-band were
appared in the Raman spectra of silicon-pyrolytic
carbon-graphite composite-1 and silicon-pyrolytic
carbon-graphite composite-2. The D-band and G-band
are produced by pyrolytic carbon and graphite.

Fig.5 shows the FT-IR spectra of the materials.
In the FT-IR spectrum of graphite, there were two
absorption bands at about 1 637 and 3 445 c¢m™ respe-
ctively. The two absorption bands correspond to the
vibration of hydrogen-oxygen bonds in adsorbed
water™., FT-IR spectrum of silicon was similar to that
of graphite. There was an absorption band at about

742 cm™ in the FT-IR spectrum of pitch which was

linked with vibration of carbon-hydrogen bonds™. The
result demonstrated the existence of hydrogen element
in pitch. The absorption band of carbon-hydrogen
bonds disappeared in the FT-IR spectrum of pyrolytic
carbon. The disappearance of absorption band results
from the removal of hydrogen through pyrolysis
process. FT-IR spectrum of silicon-graphite composite
was similar to that of silicon. There was not obvious
difference between the FT-IR spectrum of silicon-
pyrolytic carbon-graphite composite-1 and that of
silicon-pyrolytic  carbon-graphite composite-2. The
increase in content of pyrolytic carbon does not
obviously change the FT-IR spectrum.

Thermo-gravimetric curve of pitch is presented in
Fig.6. When the temperature was below 320 °C, the
mass of pitch was nearly unchanged. As the
temperature increased from 320 to 560 °C, the mass of
pitch decreased rapidly. The decrease of mass results
from removal of hydrogen in pitch. With the increase
of temperature, the mass of pitch keeps relatively
stable. The mass maintained stable after the complete
decomposition of pitch. The stable mass rate was
about 65% through the pyrolysis process.

Fig.7 presents SEM image, EDS mappings and
TEM image of silicon-pyrolytic carbon composite-1.
The element distribution of those silicon particles in
Fig.7a are showed in the EDS mappings (Fig.7(b,c)). It
can be seen that the distribution of carbon was similar
to that of silicon which indicated that pyrolytic carbon

exists on the surface of silicon particles. In Fig.7(d), it

pyrolytic carbon
@ \x/ﬁr—’—~\/~
pitch
742 1441 2923

silicon
graphite

1637

3445

()

silicon-graphite

composite-1

composite-2

500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber / cm™

500 1000 1500 2000 2500 3000 3500 4000 4500
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Fig.5 FT-IR spectra of graphite, silicon pitch, pyrolytic carbon, silicon-graphite composite, silicon-pyrolytic

carbon-graphite composite-1 and silicon-pyrolytic carbon-graphite composite-2
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Fig.6 Thermo-gravimetric curve of pitch

can be seen that silicon particles were wrapped by
pyrolytic carbon.

Fig.8 shows the discharge and charge curves of
silicon-graphite composite, silicon-pyrolytic carbon-
graphite composite-1 and silicon-pyrolytic ~carbon-
graphite composite-2 electrode. In the first cycle of
silicon-graphite composite electrode, the discharge
capacity, the charge capacity and the initial
coulombic efficiency was about 660, 527 mAh-g™ and
79.8% , respectively. In the second cycle of silicon-
graphite composite, discharge and charge capacity
were lower than those of the first cycle. The reason is
that a part of lithium ions existed in the solid
The

interface film on silicon-graphite electrode.

| - w-ae—|
2.5 um

discharge voltage in the second cycle was higher than
that in the first cycle because of the activation of
silicon-graphite composite electrode. The discharge
and charge capacity decreased with the increase of
cycle number, whereas the potential of discharge and
charge was close. Fig.8(b) presents the discharge and
charge curves of silicon-pyrolytic carbon-graphite
composite-1 electrode. In the first cycle, discharge
capacity and charge capacity were 706 and 570 mAh-
¢ respectively. The discharge capacity and charge
capacity were higher than those of silicon-graphite
composite electrode, which results from higher electric
conductivity for silicon particles in silicon-pyrolytic
carbon-graphite composite-1 electrode. The initial

When the cycle

number increased, the potential of discharge and

coulombic efficiency was 80.7% .

charge was close. Fig.8(c) shows the discharge and
charge curves of silicon-pyrolytic carbon-graphite
composite-2 electrode. In the first cycle, discharge
and charge capacity are 685 and 541 mAh -g ',
respectively. The discharge and charge capacity were
lower than those of silicon-pyrolytic carbon-graphite
composite-1 electrode. The increase of the content of

pyrolytic carbon results in the decrease of discharge

and charge capacity. Excessive pyrolytic carbon does

b

| Y- a— |
2.5 ym

Fig.7 SEM image (a), EDS mappings (b, ¢) and TEM image (d) of silicon-pyrolytic carbon-graphite composite-1
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Fig.8 Discharge and charge curves of silicon-graphite composite (a), silicon-pyrolytic carbon-graphite

composite-1 (b) and silicon-pyrolytic carbon-graphite composite-2 (c) electrode

not obviously increase the electric conductivity of
silicon particles.

Cyclic voltammetry curves of the three kinds of
composite electrode are shown in Fig.9. In Fig.9(a),
the reduction peak at ~0 V corresponds to lithiation of
silicon and graphite. The intensity of reduction peak
above 0 V increased with the increase of the cycle
number, which results from activation of silicon-
graphite composite electrode™ . The activation of
electrode is also verified in Fig.8. The reduction
peaks above 0 V in Fig.9(b) were linked with lithiation

of amorphous  silicon®.

The reduction peaks were
more obvious than those of silicon-graphite composite
because the pyrolytic carbon covering on silicon
particles enhances the electric conductivity of silicon
particles. In Fig.9(c), reduction peaks of silicon-
pyrolytic carbon-graphite composite-2 electrode were
similar to those of silicon-pyrolytic carbon-graphite
composite-1 in Fig.9(b).

Fig.10 shows the cycle performance of the

electrodes. The initial discharge and the second

discharge capacity of silicon-graphite composite
electrode were 660 and 500 mAh -g " respectively.
The discharge capacity decreases rapidly with the
increase of the cycle number because of the big
volume change of silicon particles. The big volume
change leads to breakage of solid electrolyte interface
film and formation of new solid electrolyte interface
film which consumed the lithium ions. The discharge
capacity of silicon-pyrolytic carbon-graphite composite-
1 electrode was higher than that of silicon-graphite
composite electrode. Pyrolytic carbon increases the
electric conductivity of silicon particles and enhances

the the

stability of silicon-pyrolytic carbon-graphite composite-

electrochemical activity. Besides, cycle
1 electrode is better than that of silicon-graphite
composite electrode in Fig.10. The improvement of
cycle stability is ascribed to the strong interface
adhesion between

silicon particles and graphite

through pyrolytic carbon™. Volume change of silicon
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Fig.9 Cyclic voltammetry curves of silicon-graphite composite (a), silicon-pyrolytic carbon-graphite

composite-1 (b) and silicon-pyrolytic carbon-graphite composite-2 (c) electrode

particles was effectively relieved by graphite through
the strong interface adhesion. The discharge capacity
of silicon-pyrolytic carbon-graphite composite-2 comp-
osite electrode was lower than that of silicon-pyrolytic
carbon-graphite composite-1 electrode. As the content
of pyrolytic carbon increased, the electric conductivity
of silicon particles could not be further enhanced. At
the same time, the discharge capacity of pyrolytic

800

m Silicon-graphite
@ composite-1
A composite-2

7004 ¢

n
600-]
500
400

300

200

Specific capacity / (mAh-g™)

1004

i 20 30 40
Cycle number

T T
0 10 50

Fig.10  Cycle performance of silicon-graphite composite,
silicon-pyrolytic carbon-graphite composite-1 and
silicon-pyrolytic carbon-graphite composite-2

electrode

carbon was relatively low.
3 Conclusions

In pyrolytic process, the mass of pitch decreased
rapidly in temperature range from 320 to 560 “C. The
decrease of mass results from removal of hydrogen in
pitch. The mass ratio between pyrolytic carbon and
pitch was about 65% . The silicon particles were
dispersed on the surface of graphite. Pyrolytic carbon
covered the silicon particles in silicon-pyrolytic carbon-
that the

conductivity of silicon particles and enhances the

graphite  composite increases electric
interface adhesion between silicon particles and
graphite. The appropriate content of pyrolytic carbon
increases the discharge capacity and improves cycle
stability of composite and the excessive content of
pyrolytic carbon does not further enhance discharge
capacity. The improvement of cycle stability is
ascribed to the strong interface adhesion between
silicon particles and graphite. The volume change of
silicon particles is effectively relieved by graphite

through the strong interface adhesion.
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