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A series of Si/C composites were fabricated based on pitch and Si powders with particle sizes of 30, 100, 500, and
3000 nm. The size effects of the Si particles in the Si/C composites were investigated for lithium-ion battery anodes. The
nanoscale Si and Si/C composites exhibited good capacity retentions. Scanning electron microscopy showed that exterior
and interior cracks emerging owing to volume expansion as well as parasitic reactions with the electrolyte could well

explain the performance failure.
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1. Introduction

Since their first commercialization in the 1990s, lithium-
ion batteries (LIBs) have gradually occupied the portable-
electronics market owing to their advantages of a high energy
density, good rate capability, long cycle life, and low self-
discharge rate. Nowadays, lithium-ion batteries are widely re-
garded as promising for various applications including electric
vehicles, large-scale energy-storage equipment, distributed
mobile power supply, and other fields.!!=]

As an indispensable component in LIBs, the anode plays
a significant role in determining the key parameters, such
as cycle stability, energy density, and safety performance.
Extensive efforts have been devoted to the investigation of
anode materials in the past few decades, and significant
progress has been achieved. Coke is the first commercial-
ized LIB anode material, which provides a reversible capac-
ity of 200 mAh/g—250 mAh/g. Afterwards, graphite became
an important anode material owing to the large capacity of
372 mAh/g."*! The successful commercialization of graphite
can be attributed mainly to the significant improvements in
electrolyte systems.®! Graphite materials correspond to over
95% of the LIB market owing to the superior stability and
high reversibility. After decades of development, the practi-
cal capacity of graphite can reach 340 mAh/g—370 mAh/g, ap-
proaching its theoretical energy-density limit. Therefore, the
development of novel anode materials is necessary for future
battery designs.

DOI: 10.1088/1674-1056/27/8/088201

Silicon-based materials are the most-promising anode
materials owing to the extremely high theoretical capacity of
3580 mAh/g for the formation of Li;5Sis.[%” Si-based anodes
exhibit an appropriate operation voltage of 0.4 V-0.5 V ver-
sus Li™/Li, benign environmental properties, and low cost,
which further increase their potentials. However, two main
challenges have hindered wide applications of Si-based an-
odes. One of them is the volume inflation;®°! the volume
expansion of silicon during lithiation and de-lithiation can
reach up to 320%,!'"1 which is linearly proportional to the
lithiation amount, irrespective of the particle size, morphol-
ogy, or crystallinity.['"'?] The large stress and strain induced
from volume changes would lead to cracking of active parti-
cles, exposure of fresh surfaces, and exfoliation of the elec-
trode. The other challenge is the formation of an inhomo-
geneous and unstable solid—electrolyte—interphase (SEI) layer
on silicon anodes during electrochemical cycling.['3! The SEI
would continuously grow whenever a fresh surface is exposed
owing to volume swell. The SEI on a silicon anode could
grow to a thickness of several micrometers after dozens of
cycles.['*] The unstable SEI hindered practical applications.
In full cells, the continuous growth of unstable SEI rapidly
consumes the limited lithium and electrolyte, leading to a fast
capacity decay.!!>1°]

In order to overcome these issues, several approaches
have been proposed. The nano-silicon/carbon composite ma-
terial, composed of well-dispersed nanoscale silicon in a car-

bon matrix, is one of the most-promising candidates.!!”-1®!
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The cracking mechanism and size effect of Si have been thor-
oughly studied in pure-Si systems. Surface cracking emerges
during lithiation of silicon, which can be attributed to the
large hoop tension in the outer layers of the particles.['*-%3]
Early studies confirmed that the critical size, below which
the cracking did not occur, was ~150 nm for crystalline Si
and ~870 nm for amorphous Si based on a transmission
electron microscopy (TEM) characterization and mechanical

[24.25] However, no extensive studies of the size

simulations.
effect of Si on the formation of cracks in Si/C composite mate-
rials have been reported. In this study, we synthesized a series
of Si/C composites based on pitch and Si powders with sizes
of 30, 100, 500, and 3000 nm. The electrochemical perfor-
mances of these Si/C composite materials are studied. Scan-
ning electron microscopy (SEM) measurements are employed
to investigate the external and internal structures, and crack

evolutions during different cycles.

2. Experimental methods
2.1. Synthesis

Si particles with sizes of 30 nm and 100 nm (Alfa Aesar)
were laser-synthesized from vapor phase. Si particles with
larger sizes of 500 nm and 3 um were obtained through jet
milling from 325-mesh-silicon powder (Alfa Aesar).

The precursors for the Si/C composites are silicon pow-
ders with different sizes of 30, 100, 500, and 3000 nm, and
coal pitch. The pitch has a softening point of 200 °C and cok-
ing value larger than 70%. A mixture of Si and pitch with a
weight ratio of 1:9 was sintered in a rotary kiln at 900 °C for
2 h to ensure uniform coating and carbonization of the pitch.

2.2. Electrochemical measurements

The pure-Si electrode contained 70 wt% of silicon,
20 wt% of CB, and 10 wt% of CMC. The Si/C composite
electrodes were prepared with 93 wt% of Si/C active material,
2 wt% of carbon nanotubes as conductive additives, 2 wt% of
Na-CMC, and 3 wt% of styrene-butadiene rubber (SBR) as
binders. A slurry of the above mixture with deionized water
was cast on a Cu foil current collector and then dried at 100 °C.
Electrodes with dimensions of 8 mmx8 mm were punched
and dried under a vacuum at 110 °C overnight to remove traces
of water and then introduced in an argon-filled glove-box. The
weights of active material per electrode were approximately
0.3 mg/cm? and 3 mg/cm? for pure Si and Si/C, respectively.
The electrolyte was a solution of 1-M LiPFg in ethylene car-
bonate (EC) and dimethyl carbonate (DMC) (1:1 in volume)
with 5% fluoroethylene carbonate (FEC) as an additive. The
addition of FEC could help stabilize the SEI. A lithium foil
was used as the counter electrode, while glass fiber was used
as the separator. 2032-type coin cells were assembled in an
argon-filled glove box.

Discharge and charge tests were performed on a Land
BT2001 battery test system (Wuhan, China) in a voltage range
of 0.005 V-1 V at various C-rates at room temperature (1 C
corresponds to a current density of 0.6 A/g). Electrochemical
impedance spectroscopy (EIS) measurements were performed
at 1.0 V using an electrochemical workstation (CHI660B) with
an amplitude of the AC signal of 5 mV in a frequency range of
4 MHz to 0.1 Hz.

2.3. Characterizations

The phase compositions of Si and Si/C were characterized
using an x-ray diffractometer (D8 Advance, Bruker) equipped
with a Cu—Ky, radiation source in a scan range (26) of 10°-80°
with an increment of 0.02°.

The size distributions of the 30-nm and 100-nm silicon
particles were evaluated by TEM (FEI20). The samples were
dispersed in alcohol and deposited on a carbon film.

After different numbers of cycles (1st, 10th, 20th, 50th,
and 100th cycle) at the cut-off voltage of 1.0 V, the coin cells
were disassembled in the glove box with a disassemble ma-
chine (MSK-110, MTI, China). The electrodes were washed
at least three times with DMC and then dried in a vacuum box
for at least 4 h. The morphologies of the surface and focused
ion beam (FIB) prepared cross-section were investigated with
an SEM (Hitachi S-4800) equipped with an energy-dispersive
x-ray spectroscopy (EDS) setup. In order to avoid air contam-
ination, all of the measurements and transfer processes were
performed under an Ar atmosphere or vacuum environment.

3. Results and discussion

3.1. Morphology and electrochemical properties of the
pure Si anode

Figure 1 shows the morphologies of the Si particles with
different sizes. The Si particles with average sizes of 30 nm
(Figs. 1(a) and 1(c)) and 100 nm (Figs. 1(b) and 1(d)) have
narrow particle-size distributions and spherical shapes. The
Si particles with larger sizes of 500 nm (Fig. 1(e)) and 3 um
(Fig. 1(f)) exhibit irregular shapes. The x-ray diffraction
(XRD) patterns in Fig. 2 verify the phase purity of the four
samples. The peak of the 30-nm Si is wider owing to the
smaller grain and particle sizes.

The charging and discharging curves and electrochemical
performances of the pure-Si samples with different particle
sizes are shown in Fig. 3. The charging capacity attributed
to the SEI was larger for Si with the sizes of 30 nm and
100 nm, owing to the larger surface area. In addition, it is
worth noting that the de-lithiation platform in the discharging
curve is oblique for the smaller Si particles owing to the size
effect on the surface energy.[?%! Their initial discharge capac-
ities are approximately equal, with values of approximately
3200 mAh/g-3300 mAh/g. After 100 cycles, the discharge
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Fig. 1. (color online) TEM images of Si particles with sizes of (a) 30 nm
and (b) 100 nm. SEM images of Si particles with sizes of (a) 30 nm, (b)

100 nm, (c) 500 nm, and (d) 3 um.

Fig. 2. (color online) XRD patterns of the Si particles with average sizes
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a current density of 0.2 A/g in the voltage window of 0.005 V-1 V.

capacities of the Si samples with the particle sizes of 30 nm,
100 nm, 500 nm, and 3 wm decrease to 2454, 2189, 1483, and
279 mAbh/g, respectively. The Si particles with smaller sizes
exhibit significantly better capacity-retention behaviors. This
result is consistent with a previous report by Li et al.*”] They
reported that the volume variation of single nanometer alloy
particles was significantly smaller than that of single large-size
alloy particles during discharge—charge cycles. Moreover, the
higher plasticity and deformability of nanomaterials prevent
electrode cracking and pulverization.

3.2. Morphology and electrochemical properties of the
Si/C composites
The XRD patterns of the Si/C composites are typical pat-
terns of a simple physical mixture of components: silicon and
pitch coke (Fig. 4); no silicon—carbide formation was detected
upon heat-treatment.

s Si

Intensity/arb. units

20 40 60 80
20/(°)

Fig. 4. (color online) XRD patterns of the Si/C composites with Si particle
sizes of 30 nm, 100 nm, 500 nm, and 3 pm.

Figure 5 reveals the morphologies of the Si/C composites
containing Si particles with different sizes. It is worth not-
ing that after the calcination process with pitch melting, the
Si/C composites have microscale sizes in the range of 10 pm—
15 pm with “potato-like” shapes; they have a wide size distri-
bution. The pristine Si particles are difficult to be identified,
which implies that the pitch-derived carbon successfully wraps
them; the Si particles are well dispersed in the carbon matrix.

Fig. 5. (color online) SEM images of the Si/C composites with Si particle
sizes of (a) 30 nm, (b) 100 nm, (c) 500 nm, and (d) 3 pm.
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The electrochemical performances of the Si/C compos-
ites were evaluated; the results are shown in Fig. 6. It
should be mentioned that the areal capacity of the electrode
is 2.5 mAh/cm?, close to the practical application level. The
charging and discharging curves demonstrate a combination of
Si and soft carbon, particularly in the discharging curve.?8! In
the dQ/dV curves (Fig. 6(b)), the peaks at ~0.42 V are higher
for the 500-nm and 3-um Si/C, consistent with the conclu-
sion from Fig. 3(a), indicating that the size and structure of
silicon have not been altered during the sintering and milling
of Si/C. The capacity variations of these Si/C composites as
a function of the cycling time are shown in Fig. 6(c). All of
the Si/C composites deliver initial discharge capacities of ap-
proximately 600 mAh/g, corresponding to 12 wt% of silicon,
considering that the theoretical capacity of Si is 3200 mAh/g
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and that the theoretical capacity of the pitch-derived carbon
is 250 mAh/g. The cycling performance deteriorates with the
increase of the Si particle size. The initial discharge capaci-
ties are 605, 586, 592, and 584 mAh/g for the 30-nm, 100-nm,
500-nm, and 3-um Si/C, with corresponding capacity reten-
tions of 87.5%, 81.4%, 67.2%, and 48.1%, respectively, after
100 cycles. In line with the pure Si anode, the Si particles with
smaller sizes in the composites deliver better electrochemical
performances. A better capacity-retention capability is accom-
panied with a high Coulombic efficiency, as demonstrated in
Fig. 6(d). The average Coulombic efficiencies of the 10th—
100th cycles for the 30-nm, 100-nm, 500-nm, and 3-pm Si/C
are 99.3%, 98.9%, 98.6%, and 98%, respectively. In summary,
the Si/C composite with a smaller Si particle size has a better
capacity retention upon the discharge—charge processes.
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Fig. 6. (color online) (a) Charging and discharging curves of the first cycle and (b) dQ/dV curves corresponding to the de-lithiation process. (c) Cycling
performances and (d) Coulombic efficiencies of the Si/C composites as a function of the number of cycles at a current density of 0.12 A/g in the voltage

window of 0.005 V-1 V.

3.3. Morphology evolutions of the Si/C composites

It is known that Si suffers from a large volume expansion
during lithium insertion, which may lose contact with the con-
ductive materials and lead to a high polarization. The exposed
fresh surface-active materials can promote side reactions with
the electrolytes, consuming the electrolyte and causing a low
Coulombic efficiency. In this study, we track the surface mor-
phology evolutions of the electrodes after different numbers of
cycles (1st, 20th, 50th, and 100th cycle), as shown in Fig. 7.

The 30-nm and 100-nm Si/C composites remain flawless after
the first cycle. With the increase of the number of cycles, the
number of cracks generated in the electrodes increases. For the
500-nm and 3-pum Si/C composites, cracks can be observed
in the electrodes just after the first cycle. After 20 cycles,
the particles are completely torn by the large volume expan-
sion/contraction during the cycling. It is worth noting that the
electrodes of the 500-nm and 3-pum Si/C composites were pul-

verized when we disassembled the cells.

088201-4



Chin. Phys. B Vol. 27, No. 8 (2018) 088201

20th

50th 100th

Fig. 7. (color online) Surface morphology evolutions of the Si/C compos-
ites after different numbers of cycles at the cut-off voltage of 1.0 V: (a)
30-nm, (b) 100-nm, (c) 500-nm, and (d) 3-um Si/C. The scale bar corre-
sponds to 5 pum.

The Si particles are wrapped by the pitch-derived carbon;
it is necessary to understand the internal cracking within par-
ticles. Using FIB techniques, we obtained the cross-sections
of the Si/C composites (Fig. 8). For the 30-nm Si/C compos-
ite (Fig. 8(a)), the silicon particles slightly aggregate inside
the carbon matrix owing to their high specific surface area.
This composite can be divided into an Si-rich part and C-rich
part. Based on the SEM image, there are no obvious cracks
after the 1st cycle. After 20 cycles, it has cracks, consistent
with the surface morphology. It is worth mentioning that the
cracks emerge in the C-rich part rather than in the Si-rich part.
Even after prolonged cycles, large cracks were not observed
in the Si-rich part. The Si-rich part was blurred after 100 cy-
cles, owing to a large amount of SEI, as discussed below. The
100-nm Si/C composite has a similar behavior to that of the
30-nm Si/C composite (Fig. 8(b)); however, a larger cleavage
and smaller fractured-particle size are observed. The cracks
did not propagate along the Si/C interface. For the 500-nm
Si/C composite, no Si aggregation is observed owing to the
large size of the silicon particles. Cracks appear after the first
cycle, but do not exacerbate at the Si/C interface; no obvious
cracks in silicon were observed until the 20th cycle. The width
of the cracks could exceed 500 nm after 50 cycles (red circle).
Inside the cleavage, SEI grows inside the crack after prolonged
cycles. The surrounding carbon matrix may decrease the hoop
tension, as reported by Huang ef al. who revealed that the car-
bon matrix can alleviate the volume expansion of SnO.?°! The
500-nm Si/C composite is rapidly torn; silicon particles were
fractured and detached from the matrix (Fig. 8(d)). This well
explains its lower capacity retention and lower Coulombic ef-
ficiency, as demonstrated in Fig. 6. Larger silicon particles
yield a larger stress on the carbon matrix leading to a faster
fracture. It is worth noting that even when the silicon size is as
small as 30 nm, the composite still fails under the large stress.

50th

0 1st 20th

Fig. 8. (color online) Internal morphology evolutions of the Si/C compos-
ites after different numbers of cycles at the cut-off voltage of 1.0 V: (a)
30-nm, (b) 100-nm, (c) 500-nm, and (d) 3-pwm Si/C. The scale bar corre-
sponds to 5 pum.

3.4. SEI formation and impedance

Energy-dispersive spectrometry (EDS) is employed to an-
alyze the C, Si, and F elemental distributions for the 30-nm
Si/C composite after 20 and 100 cycles (Fig. 9). It reveals that
the points A and C are C-rich areas, while the points B and D
are Si-rich areas. After 20 cycles, there is a small F-element
signal at the point A, suggesting almost no formation of SEI.
As the electrolyte contains 5% of FEC and the electrode was
rinsed thoroughly with DMC, the F element should mainly
originate from the SEI. After 100 cycles, the whole F content
increases from 1.3% to 9.95%, indicating the formation of a
large amount of SEI. In addition, for the Si-rich part inside the
particle, the content of F significantly increases to 11.08%. As
shown in Fig. 8, the Si-rich part blurred after 100 cycles. Once
the composite material cracks, the electrolyte would permeate
inside the particles leading to a continuous growth of SEI. The
EDS results are shown in Table 1.

Fig. 9. (color online) Cross-section SEM images of the 30-nm Si/C com-
posite after (a) 20 cycles and (b) 100 cycles. The scale bar corresponds to
5 pm.

Table 1. EDS results based on the area of Fig. 7.

C Si F
Area (a) 85.16 5.39 1.03
Point A 96.74 0.56 -
Point B 65.46 22.39 0.66
Area (b) 70.58 7.41 9.95
Point C 86.91 2.65 4.99
Point D 60.23 12.13 11.08
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The EIS with Nyquist plots of the Si/C composites af-
ter different numbers of cycles at the cut-off voltage of 1.0 V,
and corresponding R.; and Rggy evolutions obtained using an
equivalent-circuit fitting are presented in Fig. 10. Overall,
after the activation process with a decreasing R in the first
20 cycles, the Ry gradually increases; the 3-um Si/C compos-
ite has the largest R of 390 Q; that of the 30-nm Si/C compos-
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ite is 150 Q at the 100th cycle. This suggests that a worse elec-
trical connection occurs, particularly at the large particle size
owing to the crack formation. For the SEI, the Rgg; increases
with the number of cycles, indicating a continuous formation
of SEI in these composites. The 30-nm Si/C composite has
the smallest Rsgy, which can well explain its high capacity and

good cycling-duration performance.
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Fig. 10. (color online) EIS of the Si/C composites after different numbers of cycles at the cut-off voltage of 1.0 V: (a) 30-nm, (b) 100-nm, (c) 500-nm,
and (d) 3000-nm Si/C. (e) Charge-transfer resistance evolutions as a function of the number of cycles for the composites. (f) SEI resistance evolution as a

function of the number of cycles for the composites.

4. Conclusions

Si/C composites were fabricated by sintering petroleum
pitch and Si with particle sizes of 30, 100, 500, and 3000 nm.
Both pure Si and Si/C composites with the smallest particle
size (30 nm) had the best capacity retentions as well as the
smallest Rggp increments. Ex-situ SEM assisted with the FIB
technique demonstrated that the pitch-derived carbon could

relieve the strain and stress of Si during cycling. Cracks
were easily generated in the large particles during cycling; the
cracks did not propagate along the Si/C interface, owing to
the interplay between the interface strength and hoop tension.
Once the composite cracks, electrolyte would permeate inside
active particles and lead to a continuous growth of SEI, which

is detrimental for the electrochemical performances of the Si/C
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composite materials.
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