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Introduction

There has been an endless demand of the high energy density of the battery toward a
long time operation for the functional expansion of the notebook PC and a smart phone
for IT. The energy density of the widely used Li-ion batteries with the graphite anode
and the LiCoO; cathode has been improved in the past several decades. Compared to
conventional aqueous rechargeable cells, such as nickel-cadmium and nickel metal
hydride, Li-ion batteries have higher energy density, higher operating voltages, lower
self-discharge, and lower maintenance requirements [1]. However, the current graphite
anode has attained the theoretical capacity practically, and further improvement in
energy density is actually impossible as far as the conventional cell chemistries are
concerned. Recent attention paid to electric vehicle (EV) with respect to improvements
in mileage also requires higher energy density for Li-ion batteries.

In 1971, Dey [2] reported that lithium can be electrochemically alloyed with a
number of metals at room temperature, including Sn, Pb, Al, Au, Pt, Zn, Cd, Ag, and
Mg. However, the alloying process resulted in complete disintegration of the electrodes
and loss of electronic contact. Similarly, Sharma and Seefurth [3] reported the formation
of Li-Si alloys in high temperature cells operating in the 400-500 °C range. It was
described that the alloying proceeded stepwise as formation of Li;»Siz, LiisSis, Lii3Sis,
and Liy,Sis alloys. Study of the Li-Si binary system [3, 4] indicated that each silicon
atom can accommodate 4.4 lithium atoms at most, that is to say Li»,Sis alloy. The
specific insertion capacity is 4200 mAh g, which is the highest among the above
alloying elements, and low Li-insertion potential versus Li/Li*. In addition to its

outstanding advantages, silicon is the second most abundant element on the earth.



Because of these attributes, a great deal of attention has been paid to silicon as a Li-ion
battery anode material. However, large volume changes which take place during
Li-insertion and extraction was intrinsic and serious issue, which causes pulverization
or crumbling of the active materials followed by a loss of electrical contact. As a result,
the Si electrode shows a rapid capacity fade during cycling [4].

To cope with the Si issue mechanical countermeasures to lessen as absorb the stress
caused by the volume changes showed be key technologies. There are two strategies to
improve the silicon-base electrode: one is to decrease the scale of active Si domain to
nanoscale, the other is to fabricate the composite structures, including new binders,

electrolyte additives and current collectors.

1 Reducing Si particle size to nanometer range

Nano-technology can be divided into zero-dimensional, one-dimensional and
two-dimensional technology. Zero-dimensional nano-technology can be used to prepare
nanometer silicon powder [5, 6]. By decreasing the particle size to nanometer-scale,
controlling the volume change, and short the lithium ion diffusion distance to improve
the electrochemical reaction rate. While, when the size down to below 100nm, silicon
active particles is very easy to reunion during the Li-insertion and extraction to form the
electrochemical sintering [7], contrary accelerated the capacity decay. Moreover,
nanometer silicon powder shows a large surface area, increases in direct contact with
the electrolyte led to a large irreversible capacity and reduces the coulomb efficiency. In
addition, nanometer silicon powder produced mainly by the laser method, preparation
costs are very high.

One-dimensional nano-technology can be used to prepare silicon nanowire and



silicon nanotube [8-11]. Silicon nanowires can reduce the volume change on the radial
direction during the Li-insertion and extraction to achieve good cycle stability, and in
the axial direction to provide rapid transfer of lithium ion [12]. But, in general,
single-dimensional silicon nano material is not obvious advantages to compare nano
particles, and because of the production cost is high, production cycle is long, and
nanowires length is finite, it is difficult to practicality.

Two-dimensional nano-technology can be used to prepare silicon films [13].
Thinning can reduce the vertical direction volume change, thus maintain the structural
integrity of the electrode. A most roughened surface could be obtained by depositing
electrolytically on a copper foil and the surface revealed a jammed group of tiny
pyramid like steeple-crowned caps. A 3.6um thick silicon film deposited on the copper
substrate thus obtained maintained constantly around 2000 mAh g* during 50 cycles
[13]. silicon film electrode is very suitable for micro-batteries, but the use of physical
methods such as magnetron sputtering preparation, and the cost is very high, therefore,
difficult to mass production.

2 Improving the binders

In commercial lithium-ion batteries, poly(vinylidene fluoride) (PVdF) has been used
as binder for both the negative and positive electrodes because of its good
electrochemical stability and high adhesion to the electrode materials and current
collectors. However, conventional PVDF binder is easy to absorb the electrolyte and
swell, resulting in decreased bond ability. On the one hand, to explore new
high-performance binder, Buga et al. [14] showed that 10% nano-Si containing graphite
electrodes using 1% SBR/1% CMC binder have a better cycling behavior than ones

using 10% PVDF binder. They concluded that the use of SBR and CMC binder



enhanced the adhesion strength, and their contents should be kept at < 6% to avoid
hindering the lithium-ion diffusion. On the other hand, it is modified the conventional
PVDF binder to enhances the cohesive ability and changes the morphologies of
electrode to be compact, which are supposed to suppress the volume changes of silicon
and stabilize the electrode structure effectively [15, 16].
3 Improving the electrolyte

The formation of SEI film on the electrode surface is due to organic salt and
solvents electrochemical reduction, its morphology and composition depend the
electrolyte composition. While this layer imparts kinetic stability to the electrolyte
against further reduction in successive cycles and thereby ensures good cyclability of
the electrode, it leads to irreversible loss of Li and the capacity of the battery. In Chen's
paper [17], the effect of VC as electrolyte additive on the electrochemical performance
of Si film anode was studied. The cycle performance and efficiency of Si film anode
were enhanced significantly with the presence of VC in electrolyte. It was found that the
SEI layer formed in VC-containing electrolyte possessed better properties. It was
impermeable to electrolyte and its impedance kept almost invariant upon cycling. The
presence of VC in electrolyte brought out the VC-reduced products and decreased the
LiF content in SEI layer. The major components of SEI layer were similar in VC-free
and VC-containing electrolytes, which contained lithium salt (e.g. ROCO,Li, Li,CO3,
LiF), polycarbonate and silicon oxide. It was newly found that silicon oxide could be
formed in SEI layer of Si film anode due to the reaction of lithiated silicon with
permeated electrolyte in both VC-free and VVC-containing electrolytes.
4 Improving the current collector and electrode structure

To overcome poor cycle-life problem of silicon, several approaches have been



suggested. However, until now the cycling stability has not been satisfactory. This is
mainly attributed to a loss of electric contact among particles and delamination of
electrode layer from the current collector, which is caused by volume change of
Si-based anode materials during cycling. There is a need for an improved lithium-ion
battery with Si-based anodes in which the interface between the anode current collector
and the Si based active material has a good adhesion. Kim et al. reported [18] that cycle
performance of the mixed silicon-graphite composite electrode, with a specific capacity
of about 800 mAh g, for lithium-ion batteries has significantly been improved by using
a Cu current collector with a properly modified surface morphology. Especially, it is
found that the electrode slurry-coated on a nodule-type foil exhibits a quite good
capacity retention. The enhanced cyclability was attributed to the formation of the
micro-columnar structure in the composite electrode layer during cycling, and thereby
the electrode layer can strongly stick to the current collector and does not lose the
electric contact with the current collector.

Despite improved binder, electrolyte, current collections means can be improved to
some extent, but the electrochemical properties of the silicon-based material achieve a
breakthrough is still the key to the commercialization. The main strategy to improve the
silicon-based material is to design a composition and microstructure of materials to suit
the volume effect of silicon and maintain the electrode conductive. The main ways is
nano-technology, composite, etc.. Taking into account the large-scale production and
manufacturing costs, preparation of composite materials should be the mainstream of
the development of silicon-based anode.

5 Si-C composite materials

From an application standpoint, a considerable improvement in the first cycle



efficiency and the cycling life remains to be done for such anode systems. Carbon has
been used as an active matrix because of its softness and compliance, relatively low
mass, good electronic conductivity, reasonable Li-insertion ability, and small volume
expansion. There has been another attention that focuses on composites consisting of
silicon and carbon composite. Work on Si-C composite anodes started in the early 1990s.
Dahn et al. appear to have been the first to prepare Si/C composites from various
polymers containing silicon and carbon. The first anode was prepared from thermal
pyrolysis of polymethylphenylsiloxane (PMPS) and polyphenylsesquisiloxane (PPSSO)
polymers in the 900-1300 °C temperature range [19]. When pyrolysis was performed at
1300 °C and above, anodes showed low reversible capacities (close to 200 mAh g*) and
large irreversible capacities because complete oxygen removal occurred with formation
of silicon carbide.

Various methods have been employed for preparing Si-C composite anodes. Based
on their microstructure, we classify Si-C composite anodes into five types:
5.1 Core-Shell Type

Yoshio et al. [20] reported a care-shell carbon-coated Si composite prepared by
thermal vapor decomposition (TVD) method. Carbon-coating in the outer layer plays a
very important role in the improvement of the electrochemical behavior. It could not
only considerably suppress the big decomposition of electrolytes on the surface of
Si-based electrodes, but also provide integral and continuous electric contact networks.

Ng et al. [21-23] prepared a spheroidal carbon-coated Si nanocomposite. The
carbon-coated Si nanocomposites spray-pyrolyzed in air at 400 °C show the best
cycling performance, retaining a specific capacity of 1120 mAh g™ beyond 100 cycles.

The beneficial effect of the carbon coating is enhancing the dimensional stability of the



Si nanoparticles during the Li-insertion and extraction, which then significantly
improved the electrical conductivity of the composites.

Highly lithium-electroactive Si quantum dots (n-Si), coated with an amorphous
carbon layer were prepared by of butyl-capped Si annealing at 700 or 900 C [24]. The
annealed n-Si, capped with a carbon layer, exhibited significantly improved capacity
and capacity retention, as compared to conventional Si nanoparticles. In particular, n-Si,
annealed at 900 -C, showed uniformly dispersed particles with a carbon layer thickness
of 1 nm and did not show any SiOx contamination. These particles showed a first
charge capacity of 1257 mAh g*, with an irreversible capacity loss of 29%.
Furthermore, capacity retention after 30 cycles was 84%.

Kim et al. reported a synthetic method using reverse micelles at high pressure and
temperature in a bomb that produces Si nanoparticles (n-Si) show 5-20 nm sizes, what is
more, carbon-coated 10 nm sized n-Si showed 98% efficiency up to 40 cycles [25].

Hu et al. described [26] a SI@SiOx/C nanocomposites in water by the hydrothermal
carbonization of glucose in the presence of Si nanoparticles. When the Si@SiOx/C
nanocomposite electrode was cycled in the VC-containing electrolyte, an excellent
cycling performance was achieved. The reversible capacity is as high as 1100 mAhg™,
with no further decay of capacity even after 60 cycles. However, the Si@SiOx/C
nanocomposite electrode in the VC-free electrolyte, show a poor cyclability.

Polymer pyrolysis preparation of amorphous carbon coated silicon is a commonly
used method. A nanosized anode material with silicon as core and amorphous carbon as
shell was synthesized by dispersing nanosized silicon in polyvinylidene fluoride
solution and a subsequent pyrolysis process [27]. The first reversible capacity of

1328.8mAh g, furthermore, capacity retention after 30 cycles was 97%.



5.2 Fibrous Type

One-dimensional material (nanowire, nanobelt and nanotube) has not only high
strength, toughness, in addition, have a large gap in the fibers boundary, it can buffer
external stress and its volume change. Fibrous type Si-C composite can be divided into
silica fibre-carbon and carboform-silicon.

Carbon-coated silicon nanowire array films prepared by metal catalytic etching of
silicon wafers and pyrolyzing of carbon aerogel were used for anodes [28]. The films
exhibited an excellent first reversible capacity of 2810 mAhg*, but the cycling
performance is not satisfactory.

Kim et al. [29] reported a mesoporous silicon-carbon nanowires prepared by a
SBA-15 hard template. Fig. 1 shows the schematic view of the preparation of the
silicon-carbon nanowires, microstructure and cycling performance. The mesoporous
silicon-carbon nanowires shows a excellent rate capabilities, the charge capacities at the
2 C rate were 2462 mA h g, in addition, it also shows a excellent cycling performance.
It is attributed to the mesoporous e
materials have ordered internal
pores, and it can be ensured an
even distribution of electrolyte in
contact with the electrode surface.
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of transport throughout the material.

Si nanotubes were prepared by reductive decomposition of a silicon precursor in the
alumina template and etching [30]. These nanotubes showed impressive results, which
had very high reversible charge capacity of 3247 mA h g™* with Coulombic efficiency of
89% and also demonstrated superior capacity retention even at a 5C rate. Furthermore,
the capacity in Li-ion full cell consisting of cathode LiCoO; and anode Si nanotube
demonstrated 10 times higher capacity than commercially available graphite even after
200 cycles. The high electrochemical performance is believed to be due to the unique
open tubular structure of silicon which increases the contact between the silicon and
electrolyte, and the thin carbon layer, which minimizes the direct contact between the Si
and electrolyte and promotes the formation of a stable SEI layer on the inner and outer
surface of the Si nanotubes.

Recently, Ji and Zhang [31] reported a high-performance Si and carbon nanofiber
composite with a porous structure. The composite was fabricated simply by
electrospinning and subsequent carbonization of the mixture of polyacrylonitrile (PAN),
poly-I-lactic acid (PLLA) and nano-Si. The resultant porous nano-Si and carbon
nanofiber composite anodes exhibited a high initial reversible capacity of 17100mAh g *,
and a high first cycle coulombic efficiency of 82.1%. However, the reversible capacity
retention was not so good. The initial capacity of 1100mAh g* was decreased to
600mAh g * after 30 cycles.

Chemical Vapor Deposition (CVD) method is an effective way to prepare
carboform-silicon nanocomposites. Shu et al. [32] reported a coiled carbon nanotubes
with different length were grown on superfine silicon particles via a chemical vapor

deposition method. As anode active materials, this CNTs/Si composite shows a



reversible specific capacity of 940 mAh g, a coulombic efficiency of 80% for the first
cycle and good cycling performance. The improvement of the cyclic performance for
silicon particles is related to the maintaining of the electronic contact during cycling and
forming a thick SEI film on it. Furthermore, Liu et al. [33] synthesized a CNF/Si
composite which was prepared in situ by growing carbon nanofibers on the surface of
silicon particles by CVD method. Electrochemical measurements indicated that the
composite showed higher reversible capacity for 1042 mAh g™ and better cyclability.
We believe that improved performance should be attributed to the CNF or CNT on the
surface of Si particle which can provide highly flexible space to relieve volumetric
expansion when charging, and they can also improve the electric conductivity between

Si particles.
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Herzbery et al. [34] proposed a simple model to predict shape changes in Si upon
electrochemical reaction with Li in a nano-confined geometry. The produced porous Si
with a rigid C outer shell showed high capacity, stable performance, and outstanding
coulombic efficiency. Microstructures of the composite carbon-silicon tube and its
electrochemical property are showed in Fig. 2. The CNT walls were demonstrated to be
capable of withstanding stresses caused by the initial Si expansion and Li intercalation.
We believe that improved performance should be attributed to its unique structure of
nested tubes, the outer tube to ensure a complete carbon interior surface of the silicon
tube and the stability of SEI film.

5.3 Multihole Type
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Fig. 3 SEM micrographs of the three dimensional porous silicon carbon nanocomposite and its
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Recently, Kim et al. [35] reported a versatile synthetic method for the formation of
three dimensional (3D) porous bulk Si particles by the thermal annealing and etching of
physical composites obtained from butyl-capped Si gels and SiO, nanoparticles at 900
°C under an Ar atmosphere. Complete etching of the SiO, from the SiO,/carbon-coated
Si (c-Si) composite results in the retention of the remaining c-Si as a highly porous but
interconnected structure, thus preserving the starting morphology. A thin pore-wall size
of approximately 40 nm can accommodate large strains without pulverization, even
after 100 cycles, and a maintained charge capacity of greater than 2800 mAhg™ at a rate
of 1 C. SEM micrographs of the 3D porous silicon carbon nanocomposite and its
electrochemical performance are showed in Fig. 3.

5.4 Embedded Type

Embedded type Si-C composite materials, active silicon particles embedded in the
conductive carbon matrix to buffer the silicon volume effect.
(1) Embedded in amorphous carbon

Formerly, we found [36] a low irreversible capacity in the Si-Ccomposite anode,
where carbon was deposited on fine Si particles (<1um) by thermal decomposition of
polyvinylchloride (PVC). The composite anode showed a high first cycle coulombic
efficiency of 82% and a high reversible capacity of about 1000mAhg *.In addition, the
capacity degradation rate during cycling was as high as 0.93% per cycle. In our recent
report [37], several sizes of silicon particles were coated with carbon by thermal
decomposition of PVC and chlorinated polyethylene (CPE), and the effect of size of
silicon particles and the Si-C ratio of the Si-C composite anode on the electrochemical
performances was examined. The best result in the study is found in the carbon—-50nm

Si by pyrolysis of the mixture of 10 wt.% Si-90 wt.% PVC (chlorine content: 56.8
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wt.%) at 900 C for 2 h, where the carbon content is 48 wt.%. The first cycle
charge-discharge coulombic efficiency is 69.2%, the reversible capacity 970mAh g,
and the capacity fade upon cycling 0.24% per cycle.
(2) Embedded in graphite

Alkali-metal graphite-intercalation compounds with different carbon-metal atomic
ratios, used KCg have been oxidized by SiCl, to synthesize silicon-graphite composites
[38]. The result show that nanocrystallized silicon particles well dispersed in the
graphite matrix.
(3) Embedded in graphene

Si/graphene composite was prepared by simply mixing of commercially available
nanosize Si and graphene. Electrochemical tests show that the Si/graphene composite
maintains a capacity of 1168 mAh g™ and an average coulombic efficiency of 93% up to
30 cycles [39]. Wang et al. reported a grapheme-silicon nonocomposite [40]. The
graphene-silicon nanocomposite film was prepared by an in-situ chemical method using
graphite oxide as the precursor. The graphite oxide was synthesized from natural
graphite powder by a modified Hummers method. The electrochemical results show that
graphene-Si composite film has much higher discharge capacity beyond 100 cycles (708
mAh g?) than that of the cell with pure graphene (304 mAh g?). The graphene
functions as a flexible mechanical support for strain release, offering an efficient
electrically conducting channel, while the nanosized silicon provides the high capacity.
5.5 Diversified Type

To consider the structure, this is a relatively ideal dispersion system, nano-silicon
active molecules highly dispersed in the carbon layer, to the greatest extent possible to

overcome the silicon volume expansion.
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Wilson et al. reported [41] that blends of pitch and silane polymers,
(Me,Si)x(PhMeSi)y, with various pitch/polymer ratios were pyrolysed at 1000 °C.
Some of the pyrolysed mixtures demonstrated large reversible capacities for lithium
insertion (over 600 mAh g™, small irreversible capacities (150-200 mAh g™) and small
hysteresis between charge and discharge cycles. Similarity, Wilson et al. [42] also
reported nanodispersed silicon in carbon by CVD methods. The silicon is located in the
unorganized regions of the carbon and the organized regions are little affected by its
presence. The silicon performs as hoped, increasing the capacity of the materials by
taking advantage of the high lithium alloying capacity of silicon, while retaining the
high reversibility of the carbon.

In this paper, we have investigated the Si-based material-C composite electrode for
Li-ion batteries. The report is divided in to two parts:

Part 1 is described the Si-based material-C composite electrode in liquid electrolytes.
Part 2 is described the carbon coated nano-Si composite with CNF electrode which

explained the part 1 in PEO (polyethylene oxide) electrolytes.
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Part 1: Si-based material/C composite electrode in liquid electrolytes
based system

In part 1, we described the Si-based material/C composite electrode in liquid
electrolytes. Firstly, we prepared several sizes of silicon particles which were coated
with carbon by thermal decomposition of PVC and chlorinated polyethylene (CPE), and
investigated the effects of size of silicon particles and the Si-C ratio of the Si-C
composite anode on the electrochemical performances. Secondly, for further
improvement of the electrochemical performance of the electrode cast on copper foil,
we investigated the carbon-coated nano-Si anode with CNF added in order to improve
the contact with the copper substrate and between the electrode materials. CNF was
incorporated into the composite by two methods; one is the direct mixing of CNF with
the nano-Si powder coated with carbon produced by pyrolysis of PVC, and other is the
mixing of CNF, nano-Si powder, and PVC with subsequent firing. Finally, we
investigated a pulverized inexpensive micron size SiO powder mixed with CNF. The
electrode performance of the SIO/CNF composite anode was investigated as a function
of the milling time and discussed with respect to the change of the Si valence by the
milling time. The high irreversible capacity at the first cycle was compensated by

chemically precharging with a lithium thin film attached to the composite electrode.

1.1. Highly reversible carbon-nano-silicon composite anodes for lithium
rechargeable batteries

1.2. A high performance Si/C composite anode with carbon nanofiber for Li-ion
batteries

1.3. Improvement of cyclic behavior of a ball-milled SiO and carbon nanofiber
composite anode for lithium-ion batteries
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1.1 Highly reversible carbon-nano-silicon composite anodes for lithium

rechargeable batteries

1. Background
Many approaches have been reported to reduce the first cycle irreversible capacity
and the capacity loss of silicon [1]. A reduction of the particle and crystalline size into
the nanometer scale decreased the first cycle irreversible capacity and the improvement
of cycling performance. Li et al. [2] reported that a charge capacity of 2775 mAh g™ and
a discharge capacity of 2097 mAh g™ could be obtained for a nano-Si anode during the
first cycle, giving 76% coulombic efficiency. Its reversible capacity at the 10th cycle
was 1729 mAh g™.The capacity loss during cycling was as high as 1.75% per cycle.
While particle size reduction can mitigate the stress of the volume change to a certain
degree, it cannot completely eliminate capacity fade upon cycling. Another approach to
obtain a high-performance Si anode is to use a Si-C composite anode. Various methods
have been employed for preparing Si-C composite anodes. A high reversible capacity
was demonstrated by nano-Si on fine graphite particles (KS-6), where 10 - 20 nm Si
particles were deposited on the graphite by thermal vapor deposition of silane [3,4].
This anode showed initial charge and discharge capacities of 1350 and 1000 mAh g™,
respectively, and a reversible capacity over 900 mAh g™ was retained after 100 cycles,.
However, this preparation method is a little complicate for the commercial application.
We [5] reported a low irreversible capacity in the Si-C composite anode, where
carbon was deposited on fine Si particles (<lpm) by thermal decomposition of
polyvinylchloride (PVC). The composite anode showed a high first cycle coulombic

efficiency of 82% and a high reversible capacity of about 1000 mAh g™*. However, the
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capacity decreasing rate during cycling was as high as 0.93% per cycle. In this study,
several sizes of silicon particles were coated with carbon by thermal decomposition of
PVC and chlorinated polyethylene (CPE), and the effect of size of silicon particles and
the Si/C ratio of the Si-C composite anode on the electrochemical performances was
examined. The carbon-nano-Si composite showed a high revertible capacity and an

excellent cycling performance.

2. Experimental

The carbon-silicon composites were prepared by the method reported in the previous
paper [5]. The silicon powders of 10 um and 4 pum size were purchased from High
Purity Chemicals, Japan, that of 0.7 pm size from Kinsei Matec, Japan, and 50 nm size
from Aldrich. CPE with the different content of chlorine was supplied by Kureha
Elastmer, Japan, and PVC was supplied by Aldrich. P\VC (or CPE) was mixed with the
silicon powders in tetrahydrofuran (THF), and dried at 60 °C for 5 h, then the mixed
powders were heated at 900 °C for 2 h in 2% H,-Ar. Elemental analysis of Si and C
contents in the Si-C composite was performed using a Yanaco MT-2 CHN corder.

The electrochemical tests of the carbon-Si composite electrodes were carried out with
a two-electrode coin-type cell. The working electrode was composed of 60 wt.%
carbon-Si, 20 wt.% acetylene black (AB), and 20 wt.% poly (vinylidene fluoride)
(PVDF). The carbon-Si composite and AB were mixed in a 0.02 g ml*
PVDF/1-methl-2-pyrrolidone solution, and the viscous mixture was casted on a 300 pm
thick nickel foam, which was served as a current collector. The electrode was further
dried at 120 °C under vacuum for 1 h followed by pressing at 400 kgf cm™. The

geometric area of the electrodes was about 0.8 cm? and the typical thickness was about
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220 um. The 2025 coin-type cells were assembled in an Ar-filled glove box using 1M
LiClOy in ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1 in volume) as
the electrolyte and metallic lithium foil (20 um in thickness) as the counter electrode.
The electrochemical performance of the composite anode was evaluated using constant
current (0.1 C rate) charge-discharge cycling in the voltage range 20-1500 mV at room
temperature. The electrode capacity was calculated from the weight of active material,
e.g. Si-C weight.

X-ray diffraction (XRD) patterns were obtained using Rigaku Rotaflex RU-200B
with Cu-Ka radiation. The morphology of the composite electrode was examined with a
help of scanning electron microscopy (SEM) (Hitachi SEM S-4000) and transmission
electron microscopy (TEM) (Hitachi TEM H900). Raman spectroscopy was used to
characterize the deposited carbon using a RNANOR T64000MI with 488 nm laser.
Thermal properties of PVC and CPE were measured using a Rigaku Thermo Plus

TG8120.

3. Results and discussion

The carbon-Si composites were prepared by pyrolyzing the mixtures of the different
sized Si powder and PVC (or CPE) with the different Si : PVC (or CPE) ratios.
Fig. 1 shows the typical XRD patterns of the carbon-Si composite, where the different
sized Si powder and PVC mixtures (10 : 90 in weight) were heated at 900 °C for 2 h.
The carbon content in the carbon-Si composite was slightly different with the different
particle Si sizes and is around 50 wt.%. The XRD patterns show sharp Si peaks while

the carbon peak is broad, which suggests that the carbon of the composite is amorphous.
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Fig. 1 XRD patterns of carbon-Si composite prepared by pyrolysis of (a) pure Si (4 um), (b) Si
(50 nm)-PVC (10:90 in weight), (c) Si (0.7 um)-PVC (10:90 in weight), and (d) Si (4 um)-PVC

(10:90 in weight).

Fig. 2 shows Raman spectra of the carbon-Si composite, where carbon was coated on

nano-Si powder (50 nm) by pyrolyzing PVC and CPE with the different chlorine

contents with a 10 to 90 weight ratio of Si/polymer.
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Fig. 2 Raman spectra of (a) MCMB, and carbon-Si composite prepared by pyrolysis of (b) Si (50
nm)-PVC (10:90 in weight), (c) Si (50 nm)-CPE (chlorine 70%) (10: 90 in weight), and (d) Si (50
nm)-CPE (chlorine 39.5%) (10:90 in weight), and (e) Si (50 nm)-CPE (chlorine 25.5%) (10:90 in

weight).
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Two main peaks are observed at around 1350 and 1580 cm™, which are designated as
the D band and the G band, respectively [6]. The G band is associated with crystalline
graphite, while the D band is attributed to amorphous graphitic materials. The relative
intensity ratio of the D and G bands, I¢/lp, gives information about the perfection of the
graphite layered structure [7]. The Ig/lp ratios are listed in Table 1. The effect of the
chlorine content in CPE on the Ig/lp is not clear, but the Ig/lp ratio of meso-carbon
micro beads (MCMB) is almost 11 times higher than that of pyrolyzed carbon,

suggesting the pyrolyzed carbon is highly disordered.

Table 1 The relative intensity ratio of the D and G bands (IG/ID) of the carbon-coated Si prepared
by pyrolysis of CPE (or PVC)and Si (10: 90 in weight).

Carbon content

Samples Wt 06 Ic/lp

CPE (chlorine 25.5wt.%) 3 1.00
CPE (chlorine 39.5wt.%) 13 0.83
PVC (chlorine 56.8wt.%) 48 0.85
CPE (chlorine 70.0wt.%) 62 0.82
Graphite (MCMB) 100 11.00

SEM and TEM images of the carbon-Si composite show the homogenous carbon
distribution over the Si matrix and no deposition on the special spaces of Si matrix as
shown in Fig. 3. The anode performance of the carbon-Si composite by pyrolyzing PVC
and CPE has been examined and its dependence on the Si size and the pyrolyzing
conditions has been investigated. The charge and discharge curves of the carbon-50 nm
Si and carbon-4 um Si are shown in Fig. 4, where the Si and PVC mixture (10:90

weight ratio) was pyrolyzed at 900 °C for 2 h.
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Fig. 3 TEM and SEM images of (a) nano-Si (50 nm), and carbon-Si composite prepared by
pyrolysis of (b) Si (50 nm)-PVC (10:90 in weight) and (c) Si (50 nm)-PVC (50:50 in weight).
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Fig. 4 The charge-discharge curves of carbon-Si composite prepared by pyrolysis of (a) Si (50
nm)-PVC (10:90 in weight) and (b) Si (4 um)-PVC (10:90 in weight).

In the first discharge capacity (intercalation of lithium into the Si-C electrode) are
1335 mAh g* for the 50 nm Si-C electrode and 1815 mAh g* for the 4 um Si-C

electrode, while the charge capacities (deintercalation of lithium from the Si-C
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electrode) are 923 mAh g* for the 50 nm Si-C electrode and 1426 mAh g™ for the 4 um
Si-C electrode. The coulombic efficiency in the first cycle for the 50 nm Si-C electrode
is 69.2%, while it is much higher for the 4 um Si-C electrode (78.6%). The irreversible
capacity can be attributed in part to the formation of solid electrolyte interphase (SEI)
on the Si and carbon surfaces [8]. This passivation layer is expected to form through a
reaction of the lithium with the solvent (EC and DEC) and the salt (LiCIO,) of the
electrolyte. The amount of the SEI depends on the surface area. It is likely that the large
surface area of nano-Si is partially responsible for the higher first cycle irreversible
capacity. However, the reversible capacity of carbon-coated Si (large size) decreases

rapidly with cycling.
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Fig. 5 Cycling performance of carbon-Si composite prepared by pyrolysis of Si-PVC (10:90 in
weight) as a function of Si particle size. Cut-off voltage : 20-1500 mV.
&500nm, @ 0.7um, A 4um, V¥ 10um.

Fig. 5 shows the dependence of the Si size in the carbon-Si composite electrode on
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the charge-discharge cycling at room temperature, where Si and PVC weight ratio was
10:90. The content of carbon in the Si-C composite slightly depends on the Si particle

size from 58 wt.% to 48 wt.%, which is listed in Table 2.

Table 2 Electrochemical performance of the carbon-coated Si prepared by pyrolysis of PVC and
CPE

Starting materials ) )
Carbon coulombic  Second cycle  Capacity fade

. Si/polymer o ) )
chlorln.e Si weight content  efficiency discharge on cycling (%
Polymer content In article atio in Si-C  in the first capacity per cycle)
polymer size (Wt%) cycle (%)  (mAhg?)  (cycle number)
(Wt.%)
CPE 255 50 nm 10/90 3 69.3 1968 1.12 (2-30)
CPE 39.5 50 nm 5/95 28 66.5 1441 0.54 (2-40)
CPE 395 50 nm 10/90 13 68.3 1740 0.92(2-30)
CPE 395 50 nm 20/80 5 67.4 1146 0.90 (2-30)
PVC 56.8 50 nm 10/90 48 69.2 973 0.25 (2-40)
PVC 56.8 50 nm 20/80 31 56.3 951 0.6 (2-30)
PVC 56.8 50 nm 30/70 20 59 1072 0.10 (2-30)
PVC 56.8 50 nm 50/50 7 59 1193 0.83 (2-30)
PVC 56.8 0.7 um 10/90 58 72.6 898 0.72 (2-30)
PVC 56.8 4 pm 10/90 51 78.6 1457 1.8 (2-30)
PVC 56.8 10 pm 10/90 51 735 1248 2.4 (2-30)
CPE 70.0 50 nm 10/90 62 27 324 0.63 (2-30)
CPE 70.0 50 nm 20/80 53 49.4 671 0.2 (2-30)
CPE 70.0 50 nm 30/70 30 56.4 1011 0.16(2-50)

The initial discharge capacities of the Si-C composites with large particle size Si are
high. However, the discharge capacity fade upon cycling is very fast for the large size Si.
The discharge capacity of the carbon-4 um Si composite decreases from 1815 mAh g™
in the first cycle to 657mAh g™ after 30 cycles. On the other hand, the carbon-50 nm Si

shows a stable cycling performance. A discharge capacity of 1335 mAh g™ in the first
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cycle decreases to 880 mAh g™ in the 40th cycle. The carbon-large size Si as 10 um
composite shows a high first discharge capacity of 1674 mAh g™ and the capacity
decreases quickly to 344 mAh g in the 30th cycle. The carbon-nano-Si composite by
pyrolyzing PVC shows a high reversible capacity of about 900 mAh g™, a high
coulombic efficiency of 69.2% in the first cycle, and a low capacity degradation rate of
0.24% per cycle. These electrochemical performances of the electrode are compared
with those of the carbon-free nano-Si (mean diameter: 12 nm) reported by Graetz et al.
[8], where the first cycle discharge capacity and the coulombic efficiency were 1000
mAh g-1 and 41%, respectively, and the capacity degradation rate was 1.0% per cycle.
Li et al. [2] also reported the electrochemical performance of nano-size Si (mean size:
78 nm). The first cycle discharge capacity was as high as 2000 mAh g, but the capacity
degradation rate was as high as 1.8% per cycle. It means that the carbon-nano-Si
composite is quite effective to improve the cycling performance as well as the
charge-discharge coulombic efficiency in the first cycle.

The effect carbon content in the carbon-Si composite on the electrochemical
performance has been examined for the nano-Si powders. The nano-Si (50 nm) and
PVC mixtures with different ratios were heated in 2% H,-Ar at 900 °C for 2 h. The
carbon content in the composite electrode decreases with decreasing PVC content in the
precursors (see Table 2); a carbon content of 48 wt.% decreases to 20 wt.% by

decreasing the PVVC content from 90 wt.% to 70 wt.% in the Si-PVC precursors.
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Fig. 6 Cycling performance of carbon-Si composite prepared by pyrolysis of Si (50 nm)-PVC
with different compositions. Cut-off voltage : 20-1500 mV.

@ Si-PVC 10:90 in weight (Carbon : 48 wt.%), @Si-PVC 20:80 in weight (Carbon : 31 wt.%),

ASi-PVC 30:70 in weight (Carbon : 20 wt.%), V¥Si-PVC 50:50 in weight ratio (Carbon : 7
wt.%).

Fig. 6 shows the cycling performance of the carbon-nano-Si composite anode as a
function of the carbon content in the composite at room temperature. The carbon-Si
composite electrode with a low carbon content of 7 wt.% shows a high discharge
capacity of 1800 mAh g™ and a low coulombic efficiency of 58.8% in the first cycle.
The capacity fade upon cycling is larger than those with high carbon content. The high
carbon content composite gives a high coulombic efficiency in the first cycle and a good
cycling performance. The reversible capacity is slightly lower than that of the sample
with low carbon content.

Guo et al. [9, 10] reported the electrochemical performance of the Si-C composite
anode, where carbon was coated on nano Si (average particle size: 80 nm) by pyrolysis
of polyvinyl alcohol (PVA). The initial reversible capacities were found to be 1100 mAh

g™ for the composite with 29.6 wt.% carbon and 950 mAh g™ for that with 19.5 wt.%
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carbon. The degradation rate of 0.9% per cycle upon cycling was higher than that of our
result of 0.24% per cycle. The polymer of PVA used by Guo contained no chlorine. In
this study, we have examined the effect of chlorine in the precursor. It is known that
PVC eliminated HCI from 200 to 350 °C, PVC pitch formed at 400-450 °C, and the
pitch is carbonized from 350 to 550 °C. Adhesive carbonaceous layer was prepared on
metal oxides by pyrolysis of PVC [11]. This process depends on the starting polymer
materials. We have examined the effect of the chlorine content in the precursor. PVC
(chlorine 56.8 wt.%) and CPE with different chlorine contents (70, 39.5 and 25.5 wt.%)

were used for the carbonized materials on nano Si (50 nm).
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Fig. 7 Thermogravimetric analysis of PVC and CPE.

Fig. 7 shows thermal gravimetric results of PVC and CPE with different chlorine
contents. PVC shows two-step decompositions; the first one is between 200 and 350 °C,
and second one between 400 and 500 °C. The carbonized temperature and the residual

carbon content depend on the chlorine content in the polymers. CPE with high chlorine
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content shows a high carbonizing temperature and a high residual carbon. The
carbonizing temperature may affect the character of the decomposed carbon. However,
Raman results show no clear difference for the carbon prepared from the different
content of chlorine in the polymers.

Fig. 8 shows the cycling performance of the carbon-nano-Si composite prepared from
the polymers with different chlorine contents, along with pure Si (50 nm) and the

carbon prepared by pyrolysis of PVC at 900 °C.
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Fig. 8 Cycling performance of carbon-Si composite prepared by pyrolysis of Si-PVC and Si-CPE
(10: 90 in weight). Cut-off voltage: 20-1500 mV.

A CPE (chlorine: 70%), Carbon 62wt.%, 4 PVC (chlorine: 56.8%), Carbon 48 wt.%
B CPE (chlorine: 39.5%), Carbon 13wt.% @ CPE (chlorine: 25.5%), Carbon 3 wt.%
V¥ Pure Si X Pure carbon (Pyrolysis of PVC)

The carbon anode without Si shows the coulombic efficiency in the first cycle was
73.8 % and the reversible capacity after second cycles was about 280 mAh g*. The
nano-Si-C composite prepared from CPE with low chlorine content shows a high

reversible capacity and a high coulombic efficiency in the first cycle, but the capacity
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fade upon cycling is slightly higher than those for the Si-C composites prepared from
CPE and PVC with high chlorine content. The Si-C composites prepared from CPE with
a low chlorine content show low carbon content (see Table 2). The carbon-nano-Si
composite prepared by pyrolysis of Si-CPE (CPE: with 39.5 wt. % chlorine; Si : CPE =
5 : 95 in weight) shows a carbon content of 28 wt. % and a low capacity fade of 0.27%
per cycle between 2 and 20 cycles. However, the capacity fade increases upon further
cycling. The carbon-nano-Si composite prepared by pyrolysis of CPE with 70 wt. %
chlorine give a low coulombic efficiency at the first cycle and low reversible capacity of
324 mAh g™, where the carbon content in the composite was about 62 wt. %. The
composite with 53 wt. % carbon prepared by pyrolysis of CPE with 70 wt. % chlorine
also low reversible capacity of 671 mAh g™. These results suggest that CPE with high
content and low chlorine content as the carbon source for the C-Si composite electrode
is not suitable to obtain a high-performance anode and PVC is the best candidate for the
electrode.

The electrode performances of the carbon-Si composite are summarized in Table 2.
The anode performance of the carbon-Si electrode depends strongly on the size of Si
particles as well as the carbon content in C-Si composite. The large size Si shows a high
initial charge-discharge capacity, but the degradation rate is high. The carbon content in
the composite plays an important role. The optimum content is observed. The low
carbon content sample shows a low first cycle coulombic efficiency as well as a high
carbon content one. The low carbon content sample shows a high reversible capacity,
but the capacity fade upon cycling is faster than that of sample with optimized carbon

content. The optimum carbon content in nano-size Si is about 50 wt.%.
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4. Conclusion

The charge and discharge performances of the carbon-Si composite prepared by
pryolysis of PVC and CPE were examined as a function of the particle size of Si powder,
carbon content on Si, and the chlorine content in the precursor. The carbon-nano-sized
Si composite shows a high coulombic efficiency in the first cycle. A low carbon content
nano-Si composite gives a high reversible capacity, but the capacity fade upon cycling is
higher than that of high carbon content. The best result in this study is found in the
carbon-50 nm Si by pyrolysis of the mixture of 10 wt.% Si-90 wt.% PVC (chlorine
content: 56.8 wt.%) at 900 °C for 2 h, where the carbon content is 48 wt.%. The first
cycle charge-discharge coulombic efficiency is 69.2%, the reversible capacity 970 mAh

g™, and the capacity fade upon cycling 0.24% per cycle.
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1.2 A high performance Si/C composite anode with carbon nanofiber

for Li-ion batteries

1. Background

In the last chapter reported the excellent electrochemical performance of amorphous
carbon-coated Si by the pyrolysis of polyvinyl chloride at 900 °C for 2 h [1]. A
composite with 52 wt% nano-Si (particle size of 50 nm) and 48 wt% C had an initial
discharge capacity of 970 mA h g™ and a low capacity loss by cycling. However, such
high performance was obtained only by the electrode cast onto nickel foam.

Recently, Ji et al. [2] reported a high-performance Si and carbon nanofiber composite
with a porous structure. The composite was fabricated simply by electrospinning and
subsequent carbonization of the mixture of polyacrylonitrile (PAN), poly-L-lactic acid
(PLLA) and nano-Si. The resultant porous nano-Si and carbon nanofiber composite
anodes exhibited a high initial reversible capacity of 1100 mA h g™, and a high first
cycle coulombic efficiency of 82.1 %. However, the reversible capacity retention was
not so good. The initial capacity of 1100 mA h g™ was decreased to 600 mA h g™ after
30 cycles. Carbon nanofiber (CNF) was suggested as the negative electrode material [3,
4]. CNF features both disordered and graphitic carbon, and this characteristic is
expected to overcome the hurdles of lithium batteries for high-power applications,
because the CNF anode can deliver high specific capacity even at very high
charge-discharge currents, such as a 10 C rate [4-6]. However, the reversible capacity of
CNF is not so high and the cyclic performance was poor.

In this study, we have investigated the high performance carbon-coated nano-Si
anode further in order to improve the electrochemical performance of the electrode cast

on copper foil, with CNF added to the carbon coated nano-Si composite for improved
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contact with the copper substrate and between the electrode materials.

2. Experimental
Nano-Si powder (particle size 50 nm, purity >98%) and PVC were purchased from
Aldrich and the CNF (diameter: 10-20 nm, length: 0.1-10 pum) was purchased from
Jemco, Japan. The nano-Si and carbon composite (Si/C) was prepared as follows; PVC
and nano-Si powder (weigh ratio 9:1) were mixed in tetrahydrofuran (THF) and dried at
60 °C for 5 h. The mixture was then heated at 900 °C for 2 h in 2% Hj-Ar. The product
was mixed with CNF (Si/C:CNF weight ratio 60:10) in 1-methyl-2-pyrrolidone (NMP)
solution under ultrasonication for 30 min. and then stirred for 2 h. The carbon coated
nano-Si and CNF mixed composite is denoted Si/C/CNF-1. A nano-Si, carbon, and CNF
composite was also prepared by another route. Nano-Si, CNF and PVC (weight ratio
1:1:9) were mixed in THF under ultrasonication for 30 min, dried at 60 °C for 5 h, and
then heated at 900 °C for 2 h in 2%H,-Ar. The sample obtained by this method is
denoted Si/C/CNF-2. A mixed electrode of Si/C/CNF-2 and CNF (weight ratio 75:5)
was prepared by the same method as that for Si/C/CNF-1, and was denoted Si/C/CNF-3.
On the basis of remaining carbon obtained from heat decomposition of PVC at 900°C,
the Si contents of Si/C, Si/C/CNF-1, Si/C/CNF-2 and Si/C/CNF-3 composites are
estimated as about 50%, 43%, 33% and 31%, respectively.
Electrochemical tests of the composite electrodes were conducted using a
two-electrode coin-type cell. The working electrodes consisted of the active materials,
acetylene black, and poly (vinylidene fluoride) (PVDF) in NMP. The compositions of

the electrodes are listed in Table 1.
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Table 1. Compositions of composite electrodes (in weight percent).

Electrode Si/C Si/C/CNF CNF AB PVDF
Si/C 60% - - 20% 20%
Si/C/CNF-1 60% - 10% 10% 20%
Si/C/ICNF-2 - 60% - 20% 20%
Si/C/CNF-3 - 75% 5% - 20%

The mixtures of the electrode components in NMP were cast onto copper foils, and
dried at 80 °C for 1 h. The cast electrodes were cut to a size of 1x1cm?. The weights of
active material in the electrodes were in the range of 0.2-1 mg. The electrode was
further dried at 120 °C under vacuum for 1 h, followed by pressing at 200 kg f cm™.
Coin-cells (type 2025) were assembled in an Ar-filled glove box using 1 M LiClOy in an
ethylene carbonate (EC) and diethylene carbonate (DEC) mixed solution (1:1 in
volume) as the electrolyte and metallic lithium foil (20 um in thickness) as the counter
electrode. The electrochemical performance of the composite anode was evaluated
using constant current charge-discharge cycling in the voltage range of 20-1500 mV at
room temperature. The specific capacity was based on the weight of Si/C for the Si/C
and Si/C/CNF-1 electrodes and that of Si/C/CNF for the Si/C/CNF-2 and Si/C/CNF-3
electrodes.

X-ray diffraction (XRD) patterns were obtained using a Rigaku Rotaflex RU-200B
diffractometer with Cu-Ka radiation. The morphology of the composite electrode was
examined using scanning electron microscopy (SEM; Hitachi SEM S-4000) and
transmission electron microscopy (TEM; JEOL JEM-1011). The impedance
measurement was performed using an impedance/gain-phase analyzer (Solartron
S11260) and an electrochemical interface (Solartron S11287), using a beaker cell with a

lithium metal reference electrode. Surface area and porosity measurements were carried
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out using a gas absorption analyzer (Shimadzu Micromeritics TriStar 3000).

Table 2. BET surface areas of the Si/C, Si/C/CNF-1, and Si/C/CNF-2 electrode materials.

. Total surface area Micropore surface External Surface
Material 9 4 9 1 ) 1
(m°g™) area(m“g™) area(m“g™)
Si/lC 29.47 13.59 15.88
Si/C/CNF-1 37.32 0.74 36.59
Si/C/ICNF-2 107.05 73.86 33.19

3. Results and discussion

Fig. 1. TEM images of (a) CNF, (b) Si/C, and (c) Si/C/CNF-1.
The surface areas of the composite electrodes measured using the
Brunauer-Emmett-Teller (BET) method are shown in Table 2. The surface area of

Si/C/ICNF-1 is slightly larger than that of Si/C. However, the micropore surface area is

37



drastically reduced by mixing CNF in Si/C. The micropores in Si/C were diminished
during the mixing process, but the mechanism for this is not clear. Fig. 1 shows TEM
images of CNF, Si/C, and Si/C/CNF-1. The as-received CNF has a uniform size
distribution with a diameter of approximately 20 nm, as shown in Fig. la. After
ultrasonic mixing with CNF in NMP (see Fig. 1c), the Si/C is uniformly dispersed into

the CNF matrix.
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Fig. 2. (a) Voltage vs. lithium insertion capacity curves and (b) cycling performance for Si/C and
Si/C/CNF-1 at room temperature.  Current rate 1/10 C; Cut-off voltage 20-1500 mV.
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Fig. 2 compares the voltage profiles and cycling stability of the Si/C and
Si/C/ICNF-1 electrodes for lithium insertion and extraction at room temperature. Both
electrodes exhibited a sloping potential plateau between 1.1 and 0.1 V in the first
lithium insertion process. Si/C/CNF-1 electrode suffered a larger irreversible capacity.
The reason can be attributed to the formation of a solid electrolyte interface (SEI) layer,
and the trapping of Li ions in the “cuplike” cavity of the bamboo shaped CNF [4]. Li
insertion into silicon occurs at potentials below 0.1 V, yielding an extremely large
capacity. The coulombic efficiency of Si/C/CNF-1 for the first cycle is 53%, which is
lower than that of the bare Si/C composite (74%). This is due to the extremely large
irreversible capacity that CNF itself exhibits during the first lithium insertion process, as
shown in the inset in Fig. 2a. After the second cycle, the lithium insertion and extraction
efficiency was almost 100%. Fig. 2b shows the cycling stability of the Si/C and
Si/C/CNF-1 electrodes. Note that although the Si/C electrode shows a higher second
cycle lithium insertion capacity of ca. 1204 mA h g™, it rapidly drops to 557 mA h g*
after 30 cycles with a retention rate of only 46%. For the Si/C/CNF-1 electrode, the
second cycle capacity of 1000 mA h g™ is lower than that of the Si/C electrode, but the
retention rate after 30 cycles is as high as 77%. Ji et al. [2] reported that the CNF and
nano-Si composite electrode exhibits a high initial lithium insertion capacity of 1100
mA h g and a high coulombic efficiency at the first cycle of 82%. However, the
retention rate of the lithium insertion capacity was only 57% after 30 cycles. As
Si/C/CNF-1 was prepared by the direct mixing of CNF and Si/C, CNF may float mainly
on the surface of the Si/C particles, and as a result, CNF may contact directly with the
electrolyte, resulting in large initial irreversible capacity from CNF.

The Si/C/CNF-2 composite was also prepared through the other route, where CNF
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was covered with pyrolytic carbon derived from PVC. CNF, nano-Si and PVC were

mixed and then heated, so that nano-Si and CNF were covered with the PVC-derived

pyrolytic carbon.
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Fig. 3. XRD pattern of Si/C/CNF-2.

Fig. 3 shows an XRD pattern of Si/C/CNF-2 with diffractions of silicon and carbon,

but absent of silicon oxide and C-Si alloy diffractions. The broad peak at approximately

25.3° can be attributed to CNF.
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Fig. 4. TEM images of (a) nano-Si powder, (b) Si/CNF mixture, and (c) Si/C/CNF-2.

Fig.4 shows a TEM image of nano-Si, a mixture of nano-Si and CNF, and
Si/C/CNF-2. The nano-Si powders are well dispersed in the CNF matrix by ultrasonic
mixing in THF, as shown in Fig. 4b. Note that Si/C/CNF-2 has a porous structure (Fig.
4c). The BET surface area of Si/C/CNF-2 is 107.1 m? g, which is significantly higher
than that of Si/C/CNF-1. Such a structure offers more free space to buffer the volume

changes of Li4Si during the Li insertion and extraction process [2].
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Fig. 5. (a) Voltage vs. lithium insertion capacity curves and (b) cycling performance for Si/C/CNF-1
and Si/C/CNF-2 at room temperature. Current rate 1/10 C; Cut-off voltage 20-1500 mV.

Fig. 5a compares the voltage vs. lithium insertion specific capacity curves for
Si/C/ICNF-1 and Si/C/CNF-2. Note that Si/C/CNF-2 shows a higher coulombic
efficiency of 71%, compared with that of Si/C/CNF-1 (53%). This is due to the covering
of the CNF surfaces in Si/C/CNF-2 with the pyrolytic carbon derived from PVC, so that
CNF does not directly contact the electrolyte solution. The lithium insertion and

extraction cyclic performance of Si/C/CNF-2 is comparable to that of Si/C/CNF-1, as
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shown in Fig. 5b. The capacity retention is as high as 78% after 30 cycles. The
improved electrochemical performance of the Si/C/CNF-1 and Si/C/CNF-2 composites
compared with bare Si/C could be ascribed to the buffering effect of the nanosize CNF
matrix, which accommodates the large Si volume expansion and shrinkage during
lithium insertion and extraction, which ensures good electronic contact between Si and
carbon, imparts many active sites for charge transfer reactions, and preserves the

integrity of the electrode structure [2].
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Fig. 6. SEM images of (a) Si/C/CNF-1 before cycling test, (b) Si/C/CNF-1 after 50th lithium
insertion and extraction cycle test, (c) Si/C/CNF-2 before cycling test, and (d) Si/C/CNF-2 after

50th lithium insertion and extraction cycle test.

It is important to observe the microstructural changes before and after the cycling
tests. Fig. 6 shows SEM images of Si/C/CNF-1 and Si/C/CNF-2 before and after 50

cycles. Fig. 6b shows that the composite Si/C/CNF-1 electrode keeps the homogeneous
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surface morphology and shows no obvious cracks even after 50 electrochemical cycles.
From figures 6¢ and 6d, we can see that the porous structure of the Si/C/CNF-2
electrode still remains after cycling. However, the exfoliation of Si/C/CNF-2 from the
copper substrate was observed after 20 cycles when a breaker cell was used for
measuring the impedance. The impedance profiles of Si/C/CNF-1 and Si/C/CNF-2

before cycling and after 20 cycles are shown in Fig. 7.
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Fig. 7. Impedance profiles for (a) Si/C/ICNF-1 and (b) Si/C/CNF-2 after the first and 20th lithium

insertion and extraction cycle tests.
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The impedance profiles show a semicircle in the high frequency range and a
diminished semicircle in the low frequency range. The high frequency semicircle could
be attributed to the formation of an SEI caused by the decomposition of the electrolyte
solution, and the low frequency semicircle to the charge transfer resistance [7].
Si/C/CNF-1 shows a higher interface resistance from the SEI, which is confirmed by the
high irreversible capacity at the first lithium insertion and extraction cycle. No
significant change of the impedance profile before and after cycling is observed for
Si/C/CNF-1. On the other hand, Si/C/CNF-2 shows a relatively low SEI resistance and a
significant increase in the second semicircle by cycling, that is, an increase of the charge
transfer resistance by cycling. These results indicate that the active site area for the
charge transfer decreases with lithium insertion and extraction cycling. The decrease of
in active site area may be due to reduced triple phase boundary between the electrode
active material, current collector, and the electrolyte.

Fig. 8. TEM image of Si/C/CNF-3.
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Si/C/CNF-1 showed a high reversible capacity and excellent cycling performance,
but a high irreversible capacity was observed at the first lithium insertion and extraction
cycle. However, Si/C/CNF-2 exhibited a high reversible capacity and a low irreversible
capacity at the first lithium insertion and extraction cycle, but the charge transfer
resistance was increased by lithium insertion and extraction cycling. To overcome these
weak points of Si/C/CNF-1 and Si/C/CNF-2, a composite electrode of Si/C/CNF-2 and
CNF (Si/C/CNF-3) was prepared. Fig. 8 shows a TEM image of Si/C/CNF-3. There is a

homogeneous distribution of Si/C/CNF-2 in the CNF matrix.
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Fig. 9. (a) Voltage vs. lithium insertion capacity curves and (b) cycling performance for Si/C/CNF-2
and Si/C/CNF-3 at room temperature.
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The voltage vs. lithium insertion capacity curve and the cyclic performance are
shown in Fig. 9 along with that for Si/C/CNF-2, where the lithium insertion and
extraction rate was as high as 1/2 C for Si/C/CNF-3 and 1/10C for Si/C/CNF-2.
Although Si/C/CNF-3 shows a slightly lower retention rate of 72% compared with 76%
for Si/C/CNF-2 after 30 cycles, it exhibits a higher discharge capacity even at a high
rate of 1/2 C, compared with that of Si/C/CNF-2 at a 1/10 C rate. After 30 lithium

insertion and extraction cycles, Si/C/CNF-3 still maintains a capacity of 931 mAh g™.
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Fig. 10. Impedance profiles for Si/C/CNF-3 after the first and 20th lithium insertion and extraction

cycle tests.

Fig. 10 shows the impedance profile change for the Si/C/CNF-3 electrode after the
first and 20™ lithium insertion and extraction cycle tests. It is quite interesting that the
charge transfer resistance of the Si/C/CNF-3 electrode becomes very low by lithium
insertion and extraction cycling. The improvement in the electrochemical performance

could be attributed to good electrical contact between the active materials, CNF, and the

47



current collector during the lithium insertion and extraction cycles. This result supports

the high rate performance of CNF reported by Subramanian et al. [4].

4. Conclusions

The lithium insertion and extraction performance of nano-Si, carbon, and carbon
nano-fiber composite electrodes as lithium electrodes was examined. The composite
electrode prepared by mixing carbon-coated nano-Si powder and CNF (Si/C/CNF-1)
showed a high reversible capacity and excellent cycling performance, but the first cycle
irreversible capacity was high. The composite electrode prepared by heating a mixture
of nano-Si, CNF, and PVC (Si/C/CNF-2) showed a high reversible capacity, excellent
cyclic performance and low irreversible capacity at the first lithium insertion and
extraction cycle. However, a high charge transfer resistance was observed after further
lithium insertion and extraction cycles. The best electrode performance was obtained for
the composite electrode prepared by mixing Si/C/CNF-2 and CNF. A reversible capacity
of 1000 mA h g was observed at a high current rate of 1/2 C after 30 lithium insertion
and extraction cycles, and a lower irreversible capacity was obtained in the first cycle
than that of the Si/C/CNF-1 electrode. High reversible capacity and fairly good
cyclability result from utilizing the ductile CNF matrix to buffer the Si volume
expansion on the macro domain and maintain good contact with both the active

materials and the electrolyte after lithium insertion and extraction cycles.
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1.3 Improvement of cyclic behavior of a ball-milled SiO and carbon

nanofiber composite anode for lithium-ion batteries

1. Background

In the 1.2, we proceeded to improve the electrochemical performance of the
carbon-coated 50nm-Si anode cast on copper foil, by adding CNF to the carbon-coated
50nm-Si composite in order to improve the electric contact among the copper substrate
and the electrode materials. The composites prepared by both methods exhibited high
capacity and excellent cycling stability for lithium insertion and extraction. However,
when the silicon particle size decreased below 100nm, silicon particles agglomerated
very easily during the Li-insertion and extraction, moreover, nanometer silicon powder
having a large surface area, showed a large irreversible capacity and reduced the
coulombic efficiency because of the increased direct contact with the electrolyte. In the
case of SiO, the oxide is irreversibly reduced during the first lithiation process, resulting
in the formation of nanosized clusters of amorphous silicon surrounded by Li,O matrix.
After the initial irreversible reaction, lithium reversibly reacts with this amorphous
silicon.

We have investigated silicon monoxide powders with different oxygen content (SiO,
SiOgg, SiO;1;) as anode materials for lithium secondary batteries [1], in which the
capacity retention was improved with decreased particle size; however, the capacity
fade by cycling became marked with longer cycles. The problem of volume change in
Li-alloy is difficult to completely eliminate. Although high specific reversible capacities
(above 800mAh g™) and fairly good cycle life were obtained for nanosize SiO anodes,

they had large irreversible capacities (almost 50%) from the formation of Li,O. From an
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application standpoint, there is still considerable room for improvement of the first
cycle efficiency and cycle life of such anode systems. In order to remove the large first
irreversible capacity, the formation of composites with strong reducing agents such as
Li metal powder [2] or lithium nitrides [3] have been effective at the laboratory scale.

Various methods have been reported for improvement of the cycle performance of
SiO anodes, especially considering small SiO particles in a matrix. For example, Kim et
al. [4] prepared a SiO-carbon composite by ball-milling and pyrolysis. The SiO-carbon
composite demonstrated a first coulombic efficiency of 76% and reversible capacity of
710 mAh g over 100 cycles. This is attributed to the stable microstructure, enhanced
electrical contact afforded by the pyrolyzed carbon, and the amorphous phase
transformation of the active material during cycling.

In this study, inexpensive micron size SiO powder was pulverized using high
energy mechanical milling (HEMM) and the pulverized SiO was then mixed with CNF.
The electrode performance of the SiIO/CNF composite anode was investigated as a
function of the milling time and was discussed with respect to the change of the Si
valence by the milling time. The high irreversible capacity at the first cycle was
compensated by chemically precharging with a lithium thin film attached to the

composite electrode.

2. Experimental

SiO powder with an average particle size of 8 um was used as the starting material.
The SiO powders were treated by HEMM (Fritsch planetary micro mill) in a zirconia
bowl with zirconia balls at a rotational speed of 500 rpm for 6, 12, 24 and 36 h. The SiO

powders were placed and sealed in the milling bowl under an Ar atmosphere in a glove
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box. The weight ratio of zirconia balls (5 mm diameter) to the SiO powder was
maintained at 5:1. The SiO electrodes were prepared as follows. The ball-milled SiO
powder was mixed with CNF (Jemco, Japan, 10-20 nm diameter and 0.1-10 um long) in
a 1-methyl-2-pyrrolidone (NMP) solution using a mixer (Thinky, Japan).The weight
ratio of SiO to CNF was 70:30. Acetylene black (AB; Denkikagaku, Japan) and
polyvinylidene fluoride (PVDF; Kynar, USA) were added into the solution. The weight
ratio of SIO/CNF:AB:PVDF was 75:5:20. The slurry of electrode components was cast
onto a copper foil and dried at 80 °C for 1 h in open air. The cast electrodes were cut to
a size of 1x1cm?. The electrode thickness was in the range of 20-30 pum. The electrodes
were further dried at 120 °C under vacuum for 2 h followed by pressing at 200 kgf cm™.
The specific capacity was calculated according to the weight of SiO/CNF.
Electrochemical tests of the composite electrodes were conducted using two-electrode
coin-type cells (type 2025). The coin-cells were assembled in an Ar-filled glove box
using 1 M LiClOy in an ethylene carbonate (EC) and diethylene carbonate (DEC) mixed
solution (1:1 v/v) as the electrolyte and metallic lithium foil (20 pm thick) as the
counter electrode. The electrochemical performance of the composite anode was
evaluated using a constant current charge-discharge cycling test machine (Nagano BST
2004H, Japan) in the voltage range of 20-1500 mV with a charge-discharge rate of 1/10
C at room temperature. X-ray diffraction (XRD) patterns were obtained using a
diffractometer (Rigaku, Rotaflex RU-200B) with Cu Ka radiation. The morphology of
the ball-milled SiO powder was examined using scanning electron microscopy (SEM;
Hitachi SEM S-4800). Surface area measurements were conducted using a gas
absorption analyzer (Shimadzu Micromeritics Tri Star 3000). The change in the

chemical structure of the SiO powder by ball-milling was examined by X-ray
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photoelectron spectroscopy (XPS) (Shimadzu ESCA 3400) analysis of the Si 2p values.

3. Results and discussion
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Fig. 1. XRD patterns of (a) as-received SiO and SiO ball-milled for (b) 6, (c) 12, (d) 24, and (e) 36 h.

Fig. 1 shows XRD patterns of the as-received and ball-milled SiO powder, which are
similar to that for nanosize SiO; ;1 (average particle size of 50 nm) reported by Yang et al.
[1]. The diffraction peaks of Si and a broad SiO peak were detected in all samples.
Ball-milling had no significant effect on the XRD peaks, although a slight decrease of
the Si peak height and a slight increase of the SiO peak height were evident. Fig. 2(a-d)
shows SEM images of the ball-milled SiO for various milling times and that of the
SiO/CNF composite. The initial particle size of 8~10um was reduced to 0.1~0.4 pum by
ball-milling and the BET surface area of the as-received SiO (4.8 m? g™*) was increased
to 19.5 m? g* by ball-milling for 36 h. The particle size gradually decreases and equals
with ball-milling treatment; the main particle size of SiO ball-milled for 12 h is between
0.1~1.0 um and that for 36h is between 0.1~0.4 um. In the SiO/CNF composites, SiO
particles homogeneously distributed in the CNF matrix, where CNFs cover the SiO

particles like muskmelon’s surface texture as shown in Fig. 2 (e-h).
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Fig. 2. SEM images of SiO ball-milled for (a) 6h, (b) 12h, (c) 24h, (d) 36 h, and SiO/CNF
composites ball-milled for (e) 6h, (f) 12h, (g) 24h, and (h) 36h.
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Fig. 3 compares the charge and discharge curves at the first cycle and the cycling
stability of the as-received SiO and SiO/CNF composite electrodes at room temperature.
The as-received SiO electrode exhibits a similar potential profile to that reported
previously [1, 5] in the first lithium insertion (charge) and extraction (discharge), and
the observed charge and discharge capacities are 2117 and 1427 mAh g™, respectively.
The high irreversible capacity could be explained by the formation of Li,O and/or
Li,SiO4 [5-7];

SiO + 2Li = Li,0 + Si, (1)
and 4Si0 + 4Li = LisSiO,4 + 3Si 2
Miyachi et al. [6] estimated from XPS analysis that 60% of SiO is converted to Li,O
and lithium silicate. The fine Si particles produced by this conversion reaction react
with Li to make an alloy;
Si + 4.4 Li = Liy4Si ©)
The reversible and irreversible capacities calculated from reactions (1) and (3) are 2675
and 1216 mAh g™, respectively, and those calculated from reactions (2) and (3) are 2006
and 1216 mAh g, respectively. The irreversible capacity is calculated to be in a range
of 30 to 38%. The observed irreversible capacity of the as-received SiO was estimated
to be 33%. These results support the suggested reaction mechanism. The large size SiO
particles exhibit a low irreversible capacity and a high reversible capacity at the first
cycle; however, the capacity fade by cycling is significant, as shown in Fig. 3(b). We
previously reported that the cyclic performance of the Si-C electrode was improved by
addition of CNF [8]. The effect of CNF addition to SiO on the electrode performance
was examined. The charge capacity of the SiO/CNF composite electrode at the first

cycle is almost same as that of SiO. The charge capacity of CNF at the first cycle was
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reported to be approximately 660 mAh g™ [8]; therefore, the discharge capacity of SiO
in the composite electrode is estimated to be 2760 mAh g from the weight of SiO in
SIO/CNF (70 wt% SiO in SiO/CNF). The discharge capacity is in good agreement with
that calculated from reactions (1) and (3). The charge capacity of 1215 mAh g™ for the
SiO/CNF electrode corresponds to 1670 mAh g™ for SiO, where the discharge capacity
of CNF was estimated to be 92 mAh g™ [8]. The charge capacity is slightly higher than
1460 mAh gcalculated from reactions (1) and (3). The difference may be due to an
uncertainties in the discharge capacity of CNF and the mass of SiO in the electrode.
Figure 3(b) shows that the SIO/CNF composite electrode has better cyclic performance
than that observed for the Si-C/CNF electrode [8]. Several factors were considered for
the contribution to improved cycling performance by addition of CNF. Firstly, flexible
CNFs may function as a good electronic contact, and secondly, the dispersed network of
CNFs shown in Fig. 2 (e-h) acts as an effective buffer matrix for the volume change of
LixSi by cycling [9]. However, the cyclic performance of the as-received SiO and CNF
composite electrode is not as good as that of the nanosize SiO electrode reported by

Yang et al. [1]. The capacity retention after 50 cycles was only 58%.
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Fig. 3. (@) Charge-discharge curves (1/10 C rate) and (b) cycling performance of the SiO and
SiO/CNF electrodes.

On the other hand, the ball-milled SIO/CNF exhibits better charge-discharge cycling
performance. The charge-discharge performance for the ball-milled SiO/CNF composite
anode at the first cycle, and the change in the discharge capacity by cycling are shown
as a function of the ball-milling period in Fig. 4. The best cycling performance is found

for the composite SIO/CNF anode with SiO ball-milled for 12 h, where the reversible
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capacity is more than 700 mAh g* and the degradation rate is less than 1% per 100
cycles. The charge and discharge capacities at the first cycle are 2027 and 724 mAh g™,
respectively. The irreversible capacity of the composite anode at the first cycle is as high
as 64.3, which may be due to the irreversible reaction of (1) and/or (2) and the
electrolyte decomposition observed in the lithium insertion curve in Fig. 4; similar
electrolyte decomposition was observed in nanosize SiO [1].
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Fig. 4. (A) Charge-discharge curves (1/10 C rate) and (B) cycling performance for SiO/CNF
electrode prepared from(a) as-received SiO, and SiO ball-milled for (b) 6, (c) 12, (d) 24, and (e)
36 h.
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Fig. 4 shows that ball-milling of the SiO powder has a significant influence on the
lithium insertion and extraction performance. SiO is composed of Si and silicon
sub-oxides with various valence states [6, 7]. The valence state of Si on the surface for
the ball-milled samples was examined using XPS. Typical Si 2p spectra are shown in
Fig. 5, where the spectra were obtained after sputtering the SiO surface for 2 h. Each of
the spectra was fit to five peaks that correspond to five different Si oxidation states,
based on previously reported binding energy values [9]. The spectra in the range of 98
to 106 eV are attributed to Si° Si*, Si**, Si*" and Si** from the low energy side, and the
ratio of the valence state of SiO was estimated from the area ratio of these spectra. In
Table 1, the valence states of ball-milled SiO are given as a function of the ball-milling
period. The average valence state of Si on the as-received SiO surface is 2.01, which
increases to 3.08 by ball-milling for 36 h. A significant change of the valence state of Si
by ball-milling is observed in the decrease of the Si** state, which could explain the low
first cycle capacity for the ball-milled SiO. The conversion reaction from SiOy to Si
may be easier for SiO. However, the excellent cyclic performance for the 12 h
ball-milled SiO could not be explained by the change of the valence state of Si, but by
the good contact between nanosize SiO and CNF. SiO ball-milled for 24 and 36 h
exhibited a large Si** content; the high resistance of the SiO, phase may prevent the

formation of conducting paths.
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60



Table 1 Fraction of the various Si valence states estimated from Si 2p XPS spectra for the ball
milled SiO

Milling Fraction of various Si valence states (%) Average
Time (h) Si° Si* Si%* Si* Si** valence of Si
As received 12.1 7.6 61.6 5.8 12.9 2.01
6 12.2 21.7 29.3 24.1 12.7 2.03
12 12.6 20.0 27.2 22.1 18.1 2.13
24 8.9 13.1 20.1 25.9 321 2.59
36 0.1 6.9 21.6 26.1 45.3 3.08

Although a high reversible capacity of 675 mAh g™ after 200 cycles was obtained in
for the 12 h ball-milled SiO and CNF composite anode, the irreversible capacity was
64.3% at the first cycle, which is undesirable for practical application. Seong and Yoon
proposed a new method to compensate the irreversible capacity of SiO using lithium
powder [10] and we have reported that the attachment of a lithium thin film to the
Si/CNF electrode is effective to reduce the irreversible capacity [11]. In this study, the
large irreversible capacity at the first cycle was reduced by attaching a thin lithium sheet
to the rim of the composite anode. The amount of lithium sheet calculated from the
irreversible capacity was attached to the rim and the test cell was stored at room
temperature overnight. The lithium metal reacted with SiO to produce fine Si particles
in the CNF matrix (precharge). Fig. 6 shows the first and second cycle charge-discharge
curves for the precharged and non-precharged SiO/CNF electrode prepared from SiO
ball-milled for 12 h. The irreversible capacity at the first cycle is significantly reduced
to 1.9% by precharging and the reversible capacity is slightly increased to 944 mAh g™,
The cycling performance of the precharged and non-precharged 12 h ball-milled

SiO/CNF electrode is shown in Fig. 7. A reversible capacity of 890 mAh g™ was
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observed after 56 cycles for the precharged 12 h ball-milled SiO/CNF composite

electrode, and the capacity retention was as high as 94% for 56 cycles.
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Fig. 6. Charge and discharge curves (1/10 C rate) for the (a) non-precharged and (b) precharged
12 h ball-milled SiO/CNF electrode at the first (A) and second cycles (B).
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Fig. 7. Discharge capacity (1/10 C rate) vs. cycle number curves of the (a) precharged and (b) non-

precharged 12 h ball-milled SiO/CNF electrode.

4. Conclusion

A composite electrode consisting of ball-milled SiO powder and CNF exhibited
excellent cycling performance with a high reversible capacity. The best performance
was observed for SiO ball-milled for 12 h, which was a mixture of particle sizes from 1
to 0.1 um. The average valence state of Si in the 12 h ball-milled SiO was 2.13 and the
content of Si** and Si*" were 27.2 and 18.1%, respectively. The excellent cycle
performance could be explained by the presence of nanosized SiO and a low content of
SiO,. However, the 12 h ball-milled SiO had high irreversible capacity at the first
cycling. The irreversible capacity was reduced to 2% by attachment of a lithium thin
film to the electrode, and excellent cycling performance with a high reversible capacity

of approximately 900 mAh g™ was observed.
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Part 2: Carbon coated nano-Si composite with CNF electrode in the
PEO electrolytes.

In part 2, we described the carbon coated nano-Si composite with CNF electrode in
PEO electrolytes. We have reported the excellent cycling performance of an amorphous
carbon-coated Si anode with CNF (referred to as SI/C@CNF) in liquid electrolyte in
Part 1. However, the composite has high irreversible capacity in the first cycle. In the
part 2, we focus our attention on the electrochemical behavior of lithium insertion into
and extraction from the Si/C@CNF composite electrode in PEO-based electrolytes. We
introduced a lithium metal sheet into the SI/C@CNF electrode in an attempt to
compensate the first irreversible capacity that resulted in a high initial coulombic

efficiency.

2.1. High performance Si/C@CNF composite anode for solid-polymer lithium-ion
batteries.
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2.1 High performance Si/C@CNF composite anode for solid-polymer

lithium-ion batteries

1. Background

Li-ion batteries are one of the great successes from the application of advanced
materials and electrochemistry to modern energy storage devices. The energy density
for small size batteries of this type is as high as 200 Wh kg ™. In recent years, higher
energy density batteries of larger size have been required for applications such as hybrid
electric vehicles (HEVs), electric vehicles (EVs) and load leveling devices. However, a
battery device with higher energy density also includes a higher risk of fire or explosion.
From this point, safety performance is an important issue for applications of lithium-ion
batteries. An all-solid state battery that employs a nonflammable solid polymer
electrolyte (SPE) may be a reasonable solution to address these safety issues.

Solid-polymer lithium-ion batteries, which have mainly used a lithium metal anode
and oxide cathode [1] have been extensively studied for several decades. Although
lithium metal anode contributes to a high energy density, it has safety problems arising
from dendrite formation on the anode surface [2]. Graphite anodes have exhibited
excellent electrochemical performance and good safety performance in ethylene
carbonate based electrolyte. Therefore, graphite and related carbon materials have been
widely used as the anode in lithium-ion batteries, and the study of graphite in
solid-polymer electrolyte have been intensively investigated in recent years. We have
previously reported the improved reversibility of a graphite anode with a polymer
electrolyte by surface modification of the graphite [3]. This approach enabled the active

control of the solid electrolyte interface (SEI) from the graphite surface.
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On the other hand, silicon is a most promising material for such applications, due
to its high theoretical capacity (4200 mAh g™) [4]. However, large volume changes
occur in Si during Li-insertion and extraction, which causes pulverization of the active
materials followed by a loss of electrical contact. As a result, the Si electrode shows a
rapid capacity fade [5,6]. One of the most promising methods to solve this problem is to
disperse Si into a carbon matrix [7-9], in which the carbon phase acts as both a
structural buffer and an electrochemically active material. Other silicon-based anode
materials have been synthesized and investigated [10-14]. Liu et al. reported that the
combination of a SiO/Li,sCoo4N composite electrode in solid poly(ethylene oxide)
(PEO) electrolyte resulted in a high first cycle efficiency of ca. 100%; however, the
reversible capacity was low as ca. 500 mAh g* [10]. Kobayashi et al. [11] reported the
combination of graphite or SiO/graphite with a SPE. The reversible capacities were 360
mAh g* for graphite and 1000 mAh g for SiO/graphite and the retention was 75% at
the 250" cycle versus the initial capacity for graphite, and 72% at the 100" cycle for
SiO/graphite. However, the SiO/graphite electrode shows a lower first cycle efficiency
with a SPE.

We have previously reported the excellent cycling performance of an amorphous
carbon-coated Si anode with carbon nanofiber (CNF) (referred to as SI/C@CNF) in
liquid electrolyte [15]. However, the composite has high irreversible capacity in the first
cycle. In this study, we focus our attention on the electrochemical behavior of lithium
insertion into and extraction from the Si/C@CNF composite electrode in PEO-based
electrolytes. We have introduced a certain amount of lithium metal sheet into the
Si/C@CNF electrode in an attempt to compensate the first irreversible capacity that

results in a high initial coulombic efficiency (referred to as a “precharged electrode”).
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2. Experimental

Nano-Si powder (particle size 50 nm, purity >98%) and polyvinyl chloride (PVC)
were purchased from Aldrich. CNF (diameter: 10-20 nm, length: 0.1-10 pum) was
purchased from Jemco, Japan. The nano-Si/carbon composite (Si/C) was prepared
according to the previously reported method [7]. Si particles are surrounded by and
embedded in the amorphous porous carbon formed by the thermal decomposition of
PVC. The Si/C weight ratio was confirmed to be almost 1:1 from chemical analysis.
The SiI/C@CNF electrode material was prepared according to the previously reported
method [15]. The Si/C composite was mixed with CNF (Si/C:CNF=3:1 in weight) in
1-methyl-2-pyrrolidone (NMP) solution using a rotation mixer. The working electrode
was prepared from a mixture of the active materials and poly (vinylidene fluoride)
(PVDF) with a Si/C@CNF:PVDF ratio of 80:20 by weight. The mixtures of the
electrode components in NMP were uniformly painted onto copper foils, and dried at
80 °C for 1 h. The painted electrodes were cut to a size of 1x1 cm? and further dried at
120 °C under vacuum for 2 h, followed by pressing at 200 kgf cm™. The precharged
electrode was prepared by attaching a thin lithium sheet onto the rim of the Si/C@CNF
electrode surface. The specific capacity was based on the weight of Si/C.

The PEO-based polymer electrolyte was prepared as follows: PEO (Aldrich,
average molecular weight: 6x10°) and Li(CF3SO,),N (LITFSI, Fluka) were dissolved in
acetonitrile (AN) with Li/O at a molar ratio of 1/18. The polymer electrolyte solution
was cast into a polytetrafluoroethylene (PTFE) dish under an Ar atmosphere. After
evaporation of the AN at room temperature, the formed film was dried at 110 °C for 12
h under vacuum. Prior to construction of the laminate cell, the combined active material

and PEO sheet were preheated at 80 °C for 3 h and then charged and discharged at
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60 °C in the voltage range of 0.02-1.5 V using a Nagano BTS 2004H battery cycler. The
resulting film thickness was approximately 300 pm. The entire system, Cu/active
material/PEO sheet/Li/Cu, was then sealed into a laminate cell for electrochemical
testing. The charge and discharge rates were typically set at C/10. The morphology of
the electrode was examined using scanning electron microscopy (SEM; Hitachi S-4800).
Cyclic voltammograms (CVs) were measured using an automatic polarization system
(Hokuto Denko HSV-110). Differential scanning calorimetry (DSC; Rigaku Thermo
Plus 8330) measurements were conducted using samples of electrode and electrolyte
mixtures packed and sealed in a stainless steel pan under an Ar atmosphere at a

scanning rate of 3 °C min* and with Al,O3 as a reference.

3. Results and Discussion
To suppress instability of the electrode morphology upon Li insertion and

extraction, nano-Si can be dispersed within an inert matrix containing pyrolytic carbon

and CNF.

Fig. 1. SEM images of (a) CNF, and (b) the Si/C@QCNF

Fig. 1 shows SEM images of CNF (Fig. 1a) and the Si/C@CNF composite (Fig. 1b).

Si/C mixed with CNF in NMP is uniformly dispersed in the tangled CNF net. The
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SiI/C@CNF composite electrode was approximately 60-70 pum thick with the active
material loaded at 0.5-0.7 mg cm™. The charge—discharge characteristics of the
Si/C@CNF anodes with a liquid electrolyte of 1 M LiCIO4 in ethylene carbonate and
diethylene carbonate (EC/DEC, 1:1 vol%) and the PEO-based electrolyte as a solid
electrolyte are shown in Fig. 2. The operation temperature was fixed at room
temperature for the liquid electrolyte cells and at 60 °C for the PEO-based electrolyte
cells. Although the temperatures for these cells were different, they provide a baseline
for practical application of such cells under appropriate conditions for the respective

electrolytes to exhibit sufficient conductivity.
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Fig. 2. Charge—discharge curves of the Si/C@CNF composite electrode with a liquid electrolyte
(EC-DEC-LIiCIO4) at room temperature and with the PEO-based electrolyte (PEO-Li(CF3S0O2)2N)
at 60 °C.
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The Si/C@CNF electrode shows a high reversible capacity of ca. 2000 mAh g* in
the liquid electrolyte from the second cycle. In contrast, the cell with PEO-based
electrolyte exhibits a smaller capacity of ca. 500 mAh g . However, the cycling
performance of the PEO-based electrolyte cell in Fig. 3 shows an increase in capacity

with the cycle number with a cycling efficiency of almost 97%.
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Fig. 3. Cycling performance of the Si/C@CNF electrode with the PEO-based electrolyte at 60 °C.
The thickness of the Si/C@CNF electrode was ca. 70 pm.

The lower capacity of the PEO based cell compared with the liquid electrolyte cell is
explained by the small active contact area between the electrode and electrolyte. The
SiI/C@QCNF electrode in this study contains no PEO-based electrolyte. Typically, the
electrolyte is also mixed with the active electrode materials for preparation of an
all-solid state cell. We prepared electrodes with various combinations of the PEO
electrolyte and active materials; however, no suitable performance was obtained.
Therefore, in order to reduce the lithium diffusion length, a thinner electrode was
prepared and the performance was examined. Heat treatment of the electrode/PEO

electrolyte system was also performed at 80 °C with the expectation that the PEO
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electrolyte would infiltrate into the electrode. The electrochemical performance of
heat-treated (80 °C) anode with the PEO-based electrolyte at 60 °C is shown in Fig. 4,
where the thickness of the Si/C@CNF electrode was approximately 30 um, and the
loaded active material was 0.2 mg cm™. The reversible capacity was enhanced to 2151
mAh g in the second cycle, which is almost comparable to that for the liquid
electrolyte system. This result implies that even in a polymer electrolyte system, an
increase of the contact area between the active material and the electrolyte can increase
the utilization of the active material. The graphite anode for the solid polymer lithium
battery also exhibited similar behavior [3,16]. Unfortunately, the capacity fade is much

larger than that for the liquid electrolyte, and this will be discussed later.
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Fig. 4. (a) Charge and discharge curves and (b) cycling performance of the Si/C@CNF thin

electrode with the PEO-based electrolyte at 60 °C. The thickness of the Si/C@CNF electrode was

ca. 30 um. 2



Another problem for the Si/C@CNF electrode with the PEO-based electrolyte cell
is the low initial coulombic efficiency, which was as low as 44%. The Si/C@CNF
electrode also showed a low initial coulombic efficiency of 58% in the liquid electrolyte.
This can be attributed to irreversible Li-Si alloy formation, the electrochemical
reduction of electrolyte on the anode surface, and the large irreversible capacity of CNF
itself.

Jarvis et al. reported a pre-lithiation method using lithium metal powder to reduce
the first irreversible capacity [17]. In the present study, a precharged electrode was
realized by placing a thin lithium sheet onto the Si/C@CNF electrode surface. As shown
in Fig. 4, the irreversible capacity of the original electrode in the 1st cycle was
approximately 2490 mAh g*. The weight of the active material in the original electrode
was 0.2 mg; therefore, the irreversible capacity was approximately 0.498 mAh. The
weight of lithium metal was calculated on the basis of the amount of irreversible
capacity and was approximately 0.13 mg. The actual amount of lithium added was

approximately 0.15 mg.
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Fig. 5. Cyclic voltammograms (CVs) of the original and precharged electrodes with PEO-based
electrolyte for the first cycle. The voltage was scanned in the range of 0-2.5 V at a scan rate of 0.017

mV st
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Fig. 5 shows cyclic voltammograms for the original and precharged electrodes with
the PEO-based electrolyte for the first cycle measured between 0 and 2.5 V at a scan
rate of 0.017mV s™. Three current peaks appear for the non-precharged electrode
(original electrode) at potentials of 1.4, 1.0, and 0 V in the first reduction half-cycle
(lithium insertion). The potentials of the two former peaks may correspond to (1) the
reductive decomposition of the electrolyte and the subsequent formation of the SEI film
on the surface of the active particles, and (2) lithium insertion into the CNF structure,
from which the lithium ions are not extracted in the following charge process. In the CV
profile of the precharged electrode, only a peak at around 0.5-0 V was observed in the
first reduction sweep, which indicates the formation of Li-Si alloys. Side reactions
observed in the original electrode are already completed prior to the CV measurements.
In the following half-cycle (Li extraction), two broad peaks appear at around 0.3 and
0.55 V in both electrodes, representing two Li extraction stages, which correspond to

silicon, disordered carbon and the CNF.
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Fig. 6. Charge and discharge curves of the original and precharged electrodes with the PEO-based
electrolyte at 60 °C in the first cycle.
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Fig. 6 shows the voltage profiles of both the original and precharged electrodes in
the first cycle with the PEO-based electrolyte. The original electrode had an initial
potential of 3.00 V, whereas that of the precharged electrode was 0.41 V. The decrease
in potential means that an amount of lithium metal reacts with the compounds and is
attributable to the irreversible capacity, as indicated in Fig. 5. Consequently, this
improves the coulombic efficiency of the precharged electrode. The discharge capacity
of the original electrode was 4976 mAh g, whereas that following the first charge
capacity was 2187 mAh g, so that the coulombic efficiency was only 44%. On the
other hand, the first discharge capacity of the precharged electrode was only 1324 mAh
g’ while the charging capacity was 1484 mAh g*, which indicates a coulombic
efficiency of 112% (The coulombic efficiency of >100% is due to the excess lithium
added, because it was difficult to adjust exactly such a small amount of Li metal).
Therefore, the lithium sheet functioned well as a reducing agent for the Si/C@CNF

electrode during cycling of the battery.
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Fig. 7. Cycling performance of the precharged electrode with the PEO-based electrolyte at 60 °C.
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Fig. 7 shows the specific capacities and coulombic efficiencies of the precharged

electrode as a function of the cycle number. As shown in Fig. 6, the first discharge and

charge capacities of the precharged electrode were 1324 and 1484 mAh g, respectively,

of which the values are lower than the returned capacity(2186 mAh g™) in the first cycle

of the original electrode (Figs. 4b and 6). This may be attributed to the initial

inhomogeneous electrode surface caused by attachment of the Li sheet. After several

cycles, the capacity in the precharged electrode becomes almost comparable to that in

the original electrode (see Table 1). From this point, the lithium metal added has little

relation to the reversibility, but is only effective to reduce the first irreversible capacity.

Table 1 Cycle performance of the original and precharged electrodes.

Original electrode

Precharged electrode

Cycle Charge Discharge Coulombic ~ Charge Discharge  Coulombic
number  capacity  capacity  efficiency  Capacity  capacity efficiency
(mAhg")  (mAhg) (%) (mAhg?)  (mAhg™) (%)

1° 2186 4676 43.94 1484 1324 112.15
2" 2151 2354 91.37 1651 1791 92.17
3" 2128 2272 93.65 1670 1726 96.77
10" 1848 1956 94.49 1589 1601 99.21
20" 1486 1559 95.33 1411 1412 99.94
30" 1226 1285 95.47 1106 1116 99.13
40" 1073 1122 95.64 1002 1008 99.31

The cycle performance of the original and precharged electrodes is compared in

Table 1. After 40 cycles, the capacity of both electrodes is approximately half of the

original, which is in contrast to the case of the liquid electrolyte (Fig. 2). This is

attributed to many causes; detachment of the particles in the electrode, due to the large
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volume change of Si during the cycling, the formation of reaction products from
decomposition of the polymer contacting the electrode, and the formation of inactive
Si-Li alloys by the insertion of a large amount of Li. When the lower cut-off voltage
during cycling is less than 0.05 V, it is known that the crystalline Li;sSi, phase appears,
from which Li is cannot be easily extracted [18]. However, in the present work, the
formation of the crystalline Li;sSis phase was not observed, but only the amorphous
phase remained even with a cut-off voltage of 0.02 V, according to XRD observations.
The Si powder used was nanosize silicon (50 nm), and Hatchard and Dahn reported that
the crystalline Li;sSiy phase forms only above a critical size of approximately 2 um [19].
Therefore, the Si used in the present research is considered to be too small to form the
crystalline LiysSis phase. The capacity fade with cycling may therefore be attributed to
imperfections of the electrode texture. Further optimization of the texture and
composition of the SI/C@CNF electrode is expected to result in higher performance of

the solid polymer lithium battery.
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Fig. 8. DSC curves for (a) the original and (b) precharged electrodes with the PEO-based electrolyte,
and (c) the original electrode with a liquid electrolyte of LiPFg in EC-DEC.
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The safety of small-size lithium-ion batteries for conventional applications is well
established. In contrast, the safety of large-size lithium-ion batteries is still questionable,
especially in the case of abusive use. The safety of lithium-ion batteries is mainly
related to the thermal reactivity of the components.

Fig. 8 shows differential scanning calorimetry (DSC) curves for three fully
lithiated electrodes; (a) the original electrode with the PEO-based electrolyte, (b) the
precharged electrode with the PEO electrolyte, and (c) the original electrode with the
liquid electrolyte. Only small broad peaks were observed for both the PEO-based
electrolyte samples at temperatures higher than 300 °C, while strong peaks appeared for
the liquid electrolyte sample from low temperatures of 100 °C. The specific reaction
heats for the original and precharged electrodes with the PEO-based electrolyte were
35.7J gt and 51.2 J g, respectively. The values were normalized on the basis of the
heat per discharge capacity to 0.024 J mAh™ for the original electrode and 0.034 J
mAh™ for the precharged electrode. On the other hand, the specific reaction heat and
heat per discharge capacity of the original electrode with the liquid electrolyte were
347.7 J g* and 0.23 J mAh™, respectively. This indicates that the solid lithium polymer
battery has a large advantage over the liquid electrolyte lithium battery with respect to

safety.

4. Conclusions

The lithium insertion and extraction performance of a SI/C@CNF composite
electrode for a solid-polymer lithium secondary battery was examined. The electrode
showed a high reversible capacity and good cycling performance, although the first

cycle irreversible capacity was very high. In order to increase the availability of the
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Si/C@CNF anode, a “precharged” method using lithium sheet was applied. The
coulombic efficiency of the precharged electrode for the first cycle was as high as 112%
and after the third cycle, the lithium insertion and extraction efficiency reached almost
100%. A reversible capacity of more than 1000 mAh g~* was maintained after 40 cycles.
The Si/C@CNF electrode with the PEO-based electrolyte was revealed to have suitable
safety characteristics for practical application. These results should contribute to the

development of silicon-based anode materials for solid-polymer lithium-ion batteries.
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Summary

The volume effects of silicon upon Li insertion and extraction can be effectively
suppressed by designing a composite microstructure containing ultrafine silicon which
is uniformly dispersed in a ductile conducting carbonaceous matrix with electron/ion
conductivity. By this way, in the part 1, several types of Si-based composites have been
developed by means of pyrolysis process in accompany with adjunction of CNF in the
liquid electrolyte. After only the pyrolysis process, obtained Si/C composite shows
fairly rapid capacity decay, although the Si/C composite have better capacity retention
than only Si during cycling. The pyrolized carbon matrix alone is not sufficient to
accommodate the large volume change of silicon during the cycling, which leads to the
cracking and crumbling of the Si/C particles. The loss in electronic contact with the Si
particles therefore results in the gradual degradation of the electrode. We found that the
CNFs homogeneously dispersed on the Si/C mixture surface form a secondary
conductive matrix due to the ability of the CNFs to wrap the Si/C particles, thus holding
them together and keeping the electronic contact. With the formation of the secondary
conductive matrix, these Si particles are kept in contact within two-layer matrixes of the
disordered carbon and the CNFs and thus the capacity of the electrode is largely
maintained. Moreover, a new type of the composite was also prepared through the other
route, where CNF was covered with pyrolytic carbon derived from PVC. CNF, Si and
PVC were mixed and then heated, so that Si and CNF were covered with the
PVC-derived pyrolytic carbon. The new composite material has a porous structure.
Such a structure offers more free space to buffer the volume changes of Li4Si during the

Li insertion and extraction process. However, when the particle size is down to below
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100nm, silicon active particles are very easy to reunion during the Li-insertion and
extraction to form the electrochemical sintering. Moreover, nanometer silicon powder
shows a large surface area, so the increase in direct contact with the electrolyte leads to
a large irreversible capacity and reduces the coulomb efficiency. In addition, nanometer
silicon powder is produced mainly by the laser method, so the preparation costs are very
high. An inexpensive micron size of SiO powder was pulverized using HEMM and then
mixed with CNF. The electrode performance of the SIO/CNF composite anode was
investigated as a function of the milling time and was discussed with respect to the
change of the Si valence by the milling time. The high irreversible capacity at the first
cycle was compensated by chemically precharging with a lithium thin film attached to
the composite electrode. The SiO was ball-milled for 12 h with CNF to produce a
composite electrode material that exhibited excellent cycling performance. A reversible
capacity of approximately 700 mAh g™ was observed after 200 cycles. Several factors
were considered for the contribution of the improved cycling performance. Firstly, by
the micro articulation, the best particle size distribution was obtained for better lithium
ion diffusion. Secondly, the flexible CNF may function as a good electronic conductor
and formed a good morphology properties effectively acted as a buffering matrix and
greatly alleviated the volume changes of Si upon cycling. Finally, the content ratio of
Si*" is not too high, which makes it possible to ensure a certain amount of Si° capable of
reaction and thus to more reliably hold a capacity.

Solid-state rechargeable lithium ion batteries are principle and promising power
sources for a wide variety of electronics. However, graphitic carbon that is currently
used as negative electrode material in the commercial Li-ion batteries appears to be

unsatisfied due to low theoretic capacity and poor thermal stability under lithiated state.
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Therefore, there is even-increasing research in the feasibility of the replacement of
graphitic anodes. Part 2 is described the carbon coated nano-Si composite with CNF
electrode in PEO (polyethylene oxide) electrolytes. The lithium insertion and extraction
performance of a SI/C@CNF composite electrode for a solid-polymer lithium secondary
battery was examined. The electrode showed a high reversible capacity and good
cycling performance, although the first cycle irreversible capacity was very high. In
order to increase the availability of the Si/C@CNF anode, a “precharged” method using
lithium sheet was applied. The coulombic efficiency of the precharged electrode for the
first cycle was as high as 112% and after the third cycle, the lithium insertion and
extraction efficiency reached almost 100%. A reversible capacity of more than
1000mAh g* was maintained after 40 cycles. The Si/C@CNF electrode with the
PEO-based electrolyte was revealed to have suitable safety characteristics for practical
application. These results should contribute to the development of silicon-based anode

materials for solid-polymer lithium-ion batteries.
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