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Silicon is very promising negative electrode materials for improving the energy density of lithium-ion batteries
(LIBs) because of its high specific capacity, moderate potential, environmental friendliness, and low cost. However,
the volume variation of Si negative electrodes is huge during lithiation/delithiation processes which results in pul-
verization, low cycling efficiency, and permanent capacity loss. In order to overcome this problem, tremendous ef-
forts have been attempted. Among them the most successful strategy is to incorporate other components into silicon
to form composite, especially the carbon medium. In this mini review, the recent progress on Si/C materials used as
negative electrode of LIBs is summarized such as Si/amorphous carbon composite, Si/graphene composites,
Si/carbon nanotubes or fibers composites. The fabrication, structure, electrochemical performances of different Si/C
composites are discussed. In addition, some future directions are pointed out.
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Introduction

Due to high energy density, good rate capability,
long cycle life and low self-discharge rate, lithium-ion
batteries (LIBs) have been widely used as power
sources in portable electronic devices such as mobile
phones, laptops and tablet PCs, and they also show great
promise for electric transportation systems, including
electric vehicles (EVs) and hybrid electric vehicles
(HEVs).!'?! At present, however, LIBs are still unsatis-
factory, particularly as the power source for EVs, which
demand significant improvement in energy density, cy-
cle life and cost. In order to meet the demand of high
specific energy of battery for EVs, new electrode mate-
rials that possess higher capacities should be explored
for battery applications.

In commercial LIBs, the usual positive electrode
materials are metal oxides or phosphates (such as
LiCoO,, LiMnO,, or LiFePO,). The common negative
electrode material for commercial LIBs is graphite be-
cause of its high stability, high electronic conductivity,
low electrochemical potential, high coulombic efficien-
cy and low price.”! However, the LIBs based on a
combination of lithium metal oxide-based positive elec-
trode and graphite negative electrode offer a specific
energy of ~150 Wehekg ', which is too low to overcome
the problem of limited driving ranges for EVs. There is
no room for improvement because the energy density of
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graphite negative electrode has almost reached its theo-
retical specific capacity of 372 mA-h-gfl.[é] In order to
improve the performances of such batteries, in the place
of graphite several different negative electrode with
higher sPeciﬁc capacity, such as nanosized carbon,”!
silicon,[8 Sn,[g] metal oxides!'"*"*! have been investigat-
ed.

Among all investigated negative electrodes for LIBs,
Si is considered one of the most promising materials
because of its exceptionally high specific capacity of
4200 mAsheg”', which is more than ten times higher
than that of the graphite.[m'lél In addition, Si has a mod-
erate potential of around 0.5 V (vs. Li/Li"),/"” which, in
contrast to graphite negative electrode (~0.05 V vs. Li),
avoids the safety concern of lithium deposition upon
cell overcharge and is suitable for high-power applica-
tions.'"™  Furthermore, silicon is environmentally
friendly and abundant in the Earth’s Crust."”) However,
the significant challenge to obtain good performance for
practical applications of Si negative electrode is the
huge volume variation (~440%) during lithiation and
delithiation processes, resulting in pulverization, low
cycling efficiency, and permanent capacity loss.****!

To overcome this problem, tremendous efforts have
been attempted. Among them the most successful strat-
egy is to incorporate other components (metals, "]
oxides,™?! carbon,”** polymer?>*”) which act as
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stress buffering matrices into Si which can accommo-
date the strain, especially the carbon medium. Starting
from about 1999, several groups studied Si/C materials
for battery anodes.”'”’! The mechanical properties of
graphitic carbon make it able to buffer the volume ex-
pansion of Si while the high conductivity of C can effi-
ciently complement the high lithiation capacity of Si. In
recent years, researchers have used fabrication tech-
niques at the nanoscale to produce designed Si/C nano-
composites adressing the limitations of Si battery an-
odes. P+

This review article surveys the recent progress in
Si/C negative electrode materials for LIBs including
fabrication, structure, electrochemical performances of
different Si/C composites such as Si/amorphous carbon
composites, Si/graphene composites, and Si/carbon
nanotubes or fibers composites.

Si/C Composites

Si/amorphous carbon composites

Recently, some researches on Si/amorphous carbon
composites have been reported. When amorphous car-
bons are used as matrices, the Si/C composites show
some promising properties in terms of high specific ca-
pacity and good cycling stability. Carbon plays an im-
portant role in electrode reliability because of its small
volume change, high electronic conductivity, and limit
on volume expansion of Si during electrochemical cy-
cling.

A safe, economical, and short duration strategy for
post-treatment of Si electrodes to improve the cycle ca-
pability of LIBs was performed in Ref. [36]. An elec-
trode was prepared with the ratio of 60 wt% silicon na-
noparticles (Si-NPs), 20 wt% Super-P, and 20 wt% pol-
yvinylidene fluoride (PVDF). Then the electrodes were
rapid thermal shocked at 900 C for 20 min, and
dragged back for rapid cooling. The PVDF was con-
verted into graphitic carbon and a SiO,/C shell around
the Si-NPs was created, as shown in Figure 1(a, b),
which restricts volume expansion, boosts the electrical
conductivity, and improves performance in terms of
cycle stability and rate capability. The electrodes show a
maximum charge capacity of 2240 mAsheg™' at 120

mA-=g . A stable reversible charge capacity (1150 mAs.
heg'@1.2 Asg™" over 500 cycles) can be achieved, as
shown in Figure lc.

The core-shell structure of C-coated Si can further
accommodate volume expansion of Si during lithiation
and improve the cycling stability of electrodes. A novel
Si/void/SiOy/void/C structure by selective etching of
Si0, in Si/Si0,/C structure with hydrofluoric acid solu-
tion was prepared in Ref. [37] (Figure 2a). The internal
void spaces and the mechanically strong SiO, layer can
limit the degree of volume expansion of silicon during
electrochemical cycling. The amorphous SiO, and C
intrinsically have advantages as shell materials, which
can provide a double barrier to prevent the electrolyte
from reaching the surface of the silicon nanoparticles
and protect the negative electrode from subsequent ir-
reversible reaction with the electrolyte. With the help of
the dual yolk-shell structures, the cell exhibits a stable
and high capacity of 956 mAsheg ' at 0.46 A+g™' after
430 cycles with capacity retention of 83%, while the
capacity of Si/C composites rapidly decreases in the
initial ten cycles under the same experimental condi-
tions (Figure 2d).

Another core-shell structure of Si and Al,O; coated
hollow carbon nanospheres (CNS) was researched in
Ref. [38]. Hollow CNS was prepared by the template-
directed carbon segregation method using nickel nano-
particles as a template. Then amorphous Si was depos-
ited on the surface of hollow CNS through plasma en-
hanced chemical vapour deposition. Finally, a thin layer
of Al,O; was deposited on the surface of amorphous Si
by ALD. The hollow CNS film provides void space for
silicon volume expansion during lithiation. The Al,O3
thin layer can reduce the formation of solid-electrolyte
interphase. And surface-to-surface contact between Si
and CNS facilitates the fast electron transport because
CNS acts as a three dimensional conductive substrate.
Thus, the electrode exhibits good cell performance: a
high specific capacity and capacity retention of 1560
mA-<heg " after 100 cycles at a current density of 1 Aeg™
with the capacity retention of 85%. Wu et al. also fabri-
cated core-shell Si/C nanocomposite by emulsion
polymerization and following heat-carbonization pro-
cess. The core-shell Si/C composite shows better elec-
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Figure 1 (a) Low-magnification TEM image of the electrode surface after flash heat treatment. (b) Higher magnification TEM image
zooming to a small area of a. (c) The cycle capability of the treated electrode at 0.12 Aeg™' for 1 —35 cycles and at 1.2 A+g™" for 500 cycles.
(Reprinted with permission from Ref. [36], copyright (2013), American Chemical Society)
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Figure 2 (a) Schematic illustration of the fabrication process for the dual yolk-shell structure. (b) TEM, (c) HRTEM image of
Si/void/SiO,/void/C composite. (d) Cycling performance of Si/void/SiO,/void/C and Si/C composites at a current density of 0.46 Asg™'.
(Reprinted with permission from Ref. [37], copyright (2014), Nature Pub.)

trochemical performance than pure Si nanoparticles.”*”’

Electrospinning is a simple and versatile process for
generating nanofibers from a rich variety of materials
including polymers, composites and ceramics./***!"! Sig-
nificant progress has been made during the past few
years and the resultant nanostructures have been ex-
ploited to a wide range of applications.

At present, electrospinning and subsequent thermal
treatment have been used in the fabrication of
Si/amorphous carbon nanocomposites. An electrospin-
ning process to produce core-shell 1D fibers consisting
of Si NPs and C was developed in Ref. [42]. The shell
polymer solution was prepared by dissolving 11.5 wt%
polyacrylonitrile (PAN, M, =150 000) in N,N-dimethyl-
formamide (DMF) while the core polymer solution was
prepared by dissolving 11.5 wt% of poly(methyl meth-
acrylate) (PMMA, M,,=996 000) and 4.5 wt% of Si
NPs in the cosolvent of acetone and DMF (w:w=1:1).
For triple coaxial electrospinning, a voltage of 10.5 kV
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was applied, and a tip-to-collector distance (TCD) of 9
cm was maintained. The stabilization process was per-
formed at 280 °C at atmosphere for 1 h to stabilize the
electro spun fibers. The carbonization was performed at
1000 ‘C with a 250 sccm Ar-flow for 5 h. The experi-
mental procedures are schematically presented in Figure
3a. In the core-shell structure, Si NPs in the core are
wrapped by the carbon shell (Figure 3(b, c)). The unique
core-shell structure resolves various issues of Si nega-
tive electrode operations, such as pulverization, vulner-
able contacts. As a consequence, the electrode exhibits
high specific capacity and excellent capacity retention
simultaneously: a maximum charge capacity of 1384
mAe<heg " at C/10 rate (0.14 Ag™"), and cycle life of 300
cycles with only 1% of the initial capacity loss at 3 C
rate (2.75 A+g ") (Figure 3d).

Si/graphene composites

Graphene is a single-atom-thick layer of sp” hybrid-
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Figure 3 (a) Schematic illustration of the electrospinning and carbonization steps. (b) SEM image of Si NPs@C. (c) A cross-sectional
SEM view of a single Si NPs@C indicating that the core full of Si NPs is wrapped by carbon shell. (d) Cycling performance of Si
NPs@C measured at 3 C rate (2.75 A»g™"). (Reprinted with permission from Ref. [42], copyright (2014), RSC Pub.)
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ized carbon in the two-dimensional (2D) form which
shows many appealing properties such as excellent
electrical conductivity, superior mechanical and chemi-
cal properties, and extremely high aspect ratio. As an
attractive supporting material, graphene has been suc-
cessfully exploited in Si/C composites which may ad-
dress the huge volume expansion problems associated
with Si negative electrodes and be very effective in
achieving long cycle life.[**

The Si@C@void@TRGO composite was fabricated
through a one-step spray pyrolysis process in Ref. [46].
In this process, droplets of the stable colloidal spray
solution containing Si NPs, graphene oxide (GO), and
polyvinylpyrrolidone (PVP) were prepared by the ul-
trasonic nebulizer. Then the droplets were dried, fol-
lowed by the decomposition of PVP and the thermal
reduction of GO to form the Si@C@void@TRGO. The
schematic illustration of the synthesis is shown in Fig-
ure 4a. The graphene and Si NPs were uniformly dis-
tributed all over the composite powder and Si NPs were
encapsulated by the grapheme ball, as shown in Figure
4(b, c). The Si NPs are coated with two different layers.
The inner coating layer is carbon that was formed by the
decomposition of PVP while the outer coating layer is
graphene (Figure 4(d, e)). The Si@C@void@TRGO
electrode exhibits good performance in terms of cycle

stability and rate capability (Figure 4f). The first charge
and discharge capacities are 3102 mAsheg™ and 2215
mA-<heg ' at a current density of 1 A+g”', respectively.
After 500 cycles at a high rate of 7 Asg ™', the electrode
shows 84% capacity retention. With an increase in the
current rate from 0.5 to 11 Aeg™', 46% of the original
capacity is maintained. Similar research has been stud-
ied in Ref. [47]. A novel Si/slightly exfoliated graphite
(SEG)/carbon composite was prepared by ball milling
the mixtures of the exfoliated graphite, commercial Si
NPs and PAN, and annealing in argon atmosphere. The
amorphous carbon connects the Si nanoparticles with
SEG to form a 3D conductive network. The Si/SEG/C
composite exhibits excellent rate and cycling perfor-
mance, presentin% a reversible capacities of 1056 mA-«<he
g ' at 500 mA=g" with capacity retention of 84.7% after
50 cycles at 500 mA-g .

A spray-assisted assembly process that involved the
use of ionic liquid (10 wt% aqueous solution of the ion-
ic liquid (IL) EMIM-DCA) in the aqueous precursor
suspension of Si and GO was developed in Ref. [48]
(Figure 5a). During the assembly process, the Si NPs
and IL were encapsulated by GO. The entrapped IL was
then carbonized into IL-derived carbon and GO was
thermal reduced to form graphene (rGO). The carbon
layer derived from IL plays an important role in
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Figure 4 (a) Schematic illustration of the synthesis of the Si@C@void@TRGO composites through a one-step spray pyrolysis. (b)

SEM image of Si@C@void@TRGO composite. (c) (d) TEM images of Si@C@void@TRGO composite. (¢) HR-TEM image of

Si@C@void@TRGO composite. (f) Electrochemical performances of the Si@C@void@TRGO composite. (Reprinted with permission

from Ref. [46], copyright (2015), Wiley)
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Figure 5 (a) Synthesis of Si/rGO/C hybrid microspheres by spray-drying and subsequent carbonization. (b) Low-magnification and (c)
high magnification SEM images of the resulting Si/rGO/C hybrid microspheres. (d) High-magnification TEM image of a Si/rGO/C hybrid
microsphere. (¢) (f) Electrochemical performances of the Si/rGO/C hybrid microspheres. (Reprinted with permission from Ref. [48], cop-

yright (2015), RSC Pub.)

improving the electrochemical performance of the elec-
trode based on the Si/rGO/C hybrid microspheres (Fig-
ure 5(b—d)). The initial lithiation of capacity of the
Si/rGO/C electrode is 2171 mA+heg™" at a current den-
sity of 500 mAeg'. The specific capacity of the
Si/rGO/C electrode is 1434 mAsheg™" at a current den-
sity of 500 mAsg™" after 50 cycles with capacity reten-
tion of 66.1% (Figure 5(e, 1)).

The sandwich nanoarchitecture of rolled-up Si/rGO
bilayer nanomembranes via a strain released strategy
was fabricated in Ref. [49]. In this strategy, 25 nm sili-
con film was deposited onto a sacrificial layer. Then the
rGO suspension was spin-coated on the surface of sili-
con film. By selectively etching away the underlying
sacrificial layer, the Si/rGO bilayer nanomembranes are
forced to roll up naturally to form the multilayer convo-
luted sandwich nanoarchitecture. Within this structure,
the inner void space and the mechanical feature of na-
nomembranes can help to buffer the strain during elec-
trochemical cycling. Thus, the Si/rGO composite exhib-
its long cycling life of 2000 cycles at a current density

Chin. J. Chem. 2017, 35,21—29
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of 3.0 Asg™' with a capacity degradation of only 3.3%
per 100 cycles, as shown in Figure 6.
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Figure 6 Schematic fabrication process, structure, and electro-
chemical performances of the sandwich nanoarchitecture of
rolled-up Si/rGO bilayer nanomembranes. (Reprinted with per-
mission from Ref. [49], copyright (2015), American Chemical
Society)

In order to further improve the cycle stability of
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electrodes based on Si/graphene, S-doped graphene (SG)
has been exploited in Si/C composites because Si binds
more strongly to SG than graphene. A novel design of a
Si-based electrode through the covalent binding of
commercial Si NPs and SG along with cyclized PAN
was performed in Ref. [50]. First, Si NPs, SG, GO and
PAN were mixed in DMF to form a homogenous mix-
ture. Then, the mixture was cast on Cu current collector
followed by drying in convection oven. Finally, the
electrodes were subjected to a sluggish heat treatment
(SHT) by slowly heating in inert gas to 450 ‘C, then
hold for 10 min, followed by furnace cooling. The
strong covalent interaction of Si atoms with the sulfur
atom stabilized the solid electrolyte interphase leadin%
to superior reversible capacity of over 1 000 mA<heg"
for 2 275 cycles at 2 Asg™".

Si/carbon nanotubes or fibers composites

The small diameter, high electrical conductivity,
high surface area, and graphitic structure of carbon
nanotubes (CNTS[) have led to their use in energy stor-
age applications. o132 Depositing silicon coatings onto
CNTs is an effective way to utilize the advantages of
both CNTs and silicon. Owing to their unique properties,
CNTs assemblies can provide an ideal scaffold for
loading active electrodes materials while the structure
can be tailored to accommodate the volume fluctuation
during cycling. Thus, CNTs are the most-popular addi-
tive for improving the electrochemical properties of
Si/C composites among 1D carbonaceous material.

Fu et al. designed novel, binder-free, thin sheet neg-

Figure 7 SEM (a) and TEM (b) images of the CNT-Si sheet. SEM (c) and TEM (d) images of the CNT-Si-C sheet. Schematic images of
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ative electrodes for LIBs using aligned CNT-based sili-
con films.”*! CNT forests were grown on a quartz sub-
strate using iron chloride as the catalyst. Si deposition
was carried out using silane gas as the silicon precursor
at 10 Torr and 625 ‘C with a flow rate of 500 sccm for
1 h. To deposit carbon onto the Si coated CNT sheet, the
sample was heated directly to 760 °C and then acety-
lene gas was introduced at a flow rate of 600 sccm at 20
Torr for 30 min. Figure 7(a, b) show that Si was uni-
formly deposited on the CNTs and the Si film was
composed of very small Si grains (20—40 nm). For
Figure 7(c, d), the thin pyrolytic carbon coating (20 nm
thick) was deposited on the surface of the Si coating,
which contained the larger Si grains. The CNT-Si-C
composites exhibit high initial discharge and charge
capacities of 2270 and 1801 mAesheg™', and a charge
capacity of 1494 mA<heg ™" after 45 cycles with a capac-
ity retention of over 94% at 100 mAsg . Capacities
were maintained at around 1720, 1600, 1500, 1250, and
1000 mA<heg™', respectively, under different current
densities of 50, 100, 200, 400, and 800 mA*g_l. The
capacity recovered to 1350 mAcheg”' under a small
current density (50 mAeg™') after undergoing charging
cycles at 800 mA=g ™', indicating a good rate capability
(Figure 7(f, g)).

A novel Si-MWCNT nanocomposite was prepared
by growth of MWCNTs on the surface of Si nanoparti-
cles via CVD process in Ref. [54]. It shows a high re-
versible capacity of over 1 500 mA<heg ' and stable cy-
cling performance at current densities of 500 mAsg ',
which can be ascribed to the maintenance of a good
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CNT-Si and CNT-Si-C structure (e). Cycle performance of CNT-Si-C at 100 mA=g™' (d) and rate capability cycled at different current
densities (e) in the potential window of 0.01 —1.0 V. (Reprinted with permission from Ref. [53], copyright (2013), Wiley)
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conductive network by means of the direct growth and
pinning of MWCNTs on Si particles.

Gao et al. prepared a novel 3D porous Si-MWCNTs
composite by magnesiothermic reduction and CVD
process.”>! This material exhibited a stable capacity
above 1000 mA<heg™' for nearly 200 cycles. The re-
markable performance enhancements benefit from the
unique heterostructure of a highly porous silicon matrix
combined with in situ grown MWCNTs connections,
which accommodate the large volume variations of sili-
con.
The interfaces between Si and MWCNTs and their
effect on electrochemical performance were investigated
in Ref. [56]. MWCNTs were prepared by chemical va-
por deposition using Co/FeAl,O; as catalysts, ethylene
as carbon source. Si NPs were deposited on the surface
of MWCNTs by low pressure chemical vapor deposition
at 500 ‘C. Then the S/MWCNTSs composites were an-
nealed at different temperatures under Ar atmosphere, in
order to investigate the structural and interfacial evolu-
tions. As shown in Figure 8(a—d), crystallization of Si
NPs has been observed after annealing the SYMWCNTs
at 800 and 1000 C, while Si—C bonds are formed in
the interface between Si NPs and MWCNTs after an-
nealing the S/MWCNTs above 1100 ‘C. Figure 8e
shows the first discharge capacity of the SYMWCNTs
annealed at 500, 800, 1000 and 1100 C is 16254,
1898.5, 2014.6 and 742.9 mAsheg™ at 200.0 mAsg,
respectively. The discharge capacity decreased to 484.6,
432.0, 937.8, 312.4 mA°h-g_1 after 100 cycles with ca-
pacity retention of 46.0%, 30.8%, 68.0% and 63.8%,
respectively. SYMWCNTs with limited formed interfa-
cial SiC demonstrated the improved capacity retention

behaviors are owed to the robust attachment of Si na-
noparticles on MWCNTs via Si— C, which would
greatly buffer the severe volume during cycling.

Another kind of 1D carbonaceous material used as
buffering matrices for improving the electrochemical
properties of Si/C composites is carbon nanofibers
(CNFs). Compared to CNTs which involve complicated
fabrication procedures, the free-standing CNFs can be
easily fabricated into a large area by a robust electro-
spinning method. The generated CNFs mat as a
free-standing film can be directly used as an electrode
without involving metal current collectors or binders. A
free-standing Si-coated carbon nanofibers (Si/CNFs)
mat was fabricated for the negative electrode of lithium
ion battery in Ref. [57]. The schematic illustration of
Si/CNFs mat fabrication process is shown in Figure 9a,
which involves electrospinning, annealing and electro-
deposition. Figure 9(b—d) show that the core-shell
structure was formed, in which Si is uniformly deposit-
ed along the carbon fibers and the layer thickness of the
deposited Si film is about 20 nm. The optimized
Si/CNFs mat after annealing at 1000 ‘C delivered a
capacity of 870 mA«heg " at 1st discharge and 730 mA«
heg ™" at 50th discharge with a capacity retention of 84%,
improving the capacity of pure CNF (280 mA<heg ' at
the 50th discharge) by almost three times (Figure 9(e,
).

Conclusions and Outlook

Si is a promising negative electrode material for
boosting the high energy density of LIBs because of its
high specific capacity. However, significant challenges

Specific capacity (nAhg™')
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Figure 8 (a) HRTEM images of the hybrids obtained after annealling S/MWCNTSs at different temperatures of (a) 800 C, (b) 1000 C,
(¢c) 1100 ‘C and (d) 1300 °C, respectively. (e) Cycle performance of the Si/MWCNTs and the counterparts obtained after
high-temperature annealing at different temperatures. (Reprinted with permission from Ref. [56], copyright (2016), Elsevier)
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Figure 9 (a) Schematic of a silicon-coated CNFs mat fabrication process: 1. Schematic of electrospinning apparatus, II. the fabricated
nanofiber network, III. apparatus of electrodeposition of Si, IV. Si/CNFs mat. (b) SEM image of as-synthesized bare CNFs. (¢) SEM im-
age of Si-200-a. (d) TEM image of Si-200-a. (e) Voltage profiles of CNFs-a/Si-200-a between 0.01 and 2 V at a charging rate of 0.1 C.
The cycle numbers are indicated in the figure. (f) Charge (filled symbols)/discharge (open symbols) capacity in terms of different numbers
of silicon deposition cycles. Sample indications and different charge rate (numbers) are shown in the figure. (A color version of this figure
can be viewed online.) (Reprinted with permission from Ref. [57], copyright (2014), Elsevier)

need to be overcome before Si negative electrodes can
be utilized in practical LIBs. The challenges include the
control of volumetric and structural changes of Si that
occur during lithium insertion/extraction, improving the
electrical conductivity of pure Si, and designing the ap-
propriate structure of Si-based material. Si/C compo-
sites as negative electrode for LIBs are hot spots in re-
cent years. This review has summarized Si/C negative
electrodes in LIBs including Si/amorphous carbon
composite, Si/graphene composites, and Si/carbon
nanotubes or fibers composites. Amorphous carbon can
provide a stable SEI and accommodate the stress result-
ing from the Si volume expansions. However, coated
carbon layer may still crack due to the mechanical stress,
especially for large Si particles. Graphene as attractive
supporting material may provide a lot of attachment
points for Si and address the huge volume expansion
problems because of its extremely high aspect ratio and
superior mechanical properties, thus being very effec-
tive in achieving long cycle life. CNTs and CNFs exhib-
it a significant improvement of electrochemical perfor-
mance due to the short diffusion lengths and better ac-
commodation of large volume changes. Thus, Si/C neg-

28 www.cjc.wiley-veh.de
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ative electrodes have considerable potential for im-
provement in charge capacity and capacity retention
over conventional graphite-based negative electrodes.
Although much has been learned about the Si/C nega-
tive electrodes, some topics in this area are as yet un-
studied. Further research is needed to improve the initial
coulomb efficiency of LIBs based on Si/C negative
electrodes because it is very important for practical ap-
plication. It is usually expensive to prepare Si/C nano-
composite by the existing methods. It is necessary to
develop new methods with low cost and good possibil-
ity for scale-up.
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