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bstract

Influence of four poly-ether modified siloxanes as electrolyte additives on charge–discharge cycling properties of lithium was exam-
ned. As siloxanes, diethylene glycol methyl-(3-dimethyl(trimethylsiloxy)silyl propyl)ether (sample A), diethylene glycol methyl-(3-
inethyl(trimethylsiloxy)silyl propyl)-2-methylpropyl ether (sample B), diethylene glycol methyl-(3-bis(trimethylsiloxy)silyl propyl)ether (sample
) and diethylene glycol-(3-methyl-bis(trimethylsiloxy)silyl-2-methylpropyl)ether (sample D) were investigated. As a base electrolyte solution,
M (M, mol L−1) LiPF6-ethylene carbonate (EC)/methylethyl carbonate (MEC) (mixing volume ratio = 3:7) was used. As the anodes, lithium
etal, natural graphite carbon and silicon–SiO2–carbon (Si–C) composite electrodes were used. Lithium cycling efficiencies of these three anodes

mproved and an impedance of anode/electrolyte interface decreased by adding poly-ether modified siloxanes. Graphite/LiCoO2 and Si–C/LiCoO2

ells exhibited better anode utilization and good cycling performance by using 1 M LiPF6–EC/MEC + siloxane electrolytes. It was also found that
hermal stability of the electrolyte solutions improved by adding siloxanes. Thermal decomposition temperature of 1 M LiPF6–EC/MEC shifted to

igher temperature by adding siloxanes. Amount of heat-output of graphite–lithium anodes with M LiPF6–EC/MEC electrolyte solutions decreased
nd the temperature starting the heat-output shifted to higher temperature by adding siloxanes. Among siloxanes examined here, samples B and D
xhibited much better performance.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many of commercial lithium ion cells are composed of carbon
node and LiCoO2 cathode with nonaqueous electrolyte solu-
ions. Typical example of nonaqueous electrolyte solutions is
iPF6–ethylene carbonate (EC)/methylethyl carbonate (MEC).
he improvement of energy density of lithium ion cells has
een required every year. However, now the capacity of carbon
nodes is getting closer to the theoretical value (372 mA h g−1).
hen, new anode materials having higher energy density than
arbon have been studied. Examples of these materials are
ithium metal, various Si- and Sn-based compounds [1]. At

his stage, the cycleability of these materials is not sufficient
or commercial use. The choice of the electrolyte materials
solvents and solutes) is one of the most important factors for
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he charge–discharge cycling performance of lithium cells with
arious anodes.

Many researches on the electrolyte solutions have been car-
ied out for improving lithium cycleability [2]. One of these
esearches is an addition of surfactants (surface active agents)
o electrolyte solutions such as poly-ethyleneglycol dimethyl
thers [3]. The mechanism of lithium cycling efficiency enhance-
ent by the addition of these compounds is explained as follows.
hese compounds are less reactive toward lithium and adsorbed
n the lithium anode surface. This adsorption layer suppresses
he lithium dendrite formation and the reduction of electrolyte
olutions by lithium [3].

In this study, influence of poly-ether modified siloxanes as
lectrolyte additives on lithium cycling efficiency was examined.
s siloxanes, diethylene glycol methyl-(3-dimethyl(trimethyl-
iloxy)silyl propyl)ether (sample A), diethylene glycol methyl-
3-dinethyl(trimethylsiloxy)silyl propyl)-2-methylpropyl ether
sample B), diethylene glycol methyl-(3-bis(trimethylsiloxy)-
ilyl propyl)ether (sample C) and diethylene glycol-(3-methyl-
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dx.doi.org/10.1016/j.jpowsour.2006.03.053
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Fig. 1. Chemical structure of poly-ether modified siloxanes. Sample A, diethy-
lene glycol methyl-(3-dimethyl(trimethylsiloxy)silyl propyl)ether; sample B,
diethylene glycol methyl-(3-dinethyl(trimethylsiloxy)silyl propyl)-2-methyl-
propyl ether; sample C, diethylene glycol methyl-(3-bis(trimethylsiloxy)silyl
propyl)ether and sample D, diethylene glycol-(3-methyl-bis(trimethylsiloxy)-
silyl-2-methylpropyl)ether.

Table 1
Viscosities of siloxanes

Siloxanes Kinematic viscosity at 20 ◦C (×10−4 m2 s−1)

Sample A 3.3
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material is shown in Fig. 2. Fine silicon crystal was distributed in
the SiO2. The surface of the final product was covered with dou-
ble layers composed of thin inside layer of SiC (silicon carbide)
and thick outside layer of carbon.
ample B 3.7
ample C 4.0
ample D 4.3

is(trimethylsiloxy)silyl-2-methylpropyl)ether (sample D) were
nvestigated. As the base electrolyte solution, 1 M (M, mol L−1)
iPF6–EC/MEC (3:7 in volume mixing ratio) was used.
s the anodes, lithium metal, natural graphite carbon and
i–SiO2–carbon composite (Si–C) anodes were investigated.
ig. 1 shows the chemical structure of four siloxanes used in this
ork. Chemical bonding of Si–O is stronger and more stable than

hat of C–O. The siloxanes shown in Fig. 1 have ether groups as
ydrophilic groups and they work as the surfactants. They are
olorless and clear liquid at room temperature. Their kinematic
iscosities are less than 5 × 10−4 m2 s−1 at 20 ◦C (Table 1).

. Experimental

.1. Preparation of electrolyte solutions

Siloxanes were obtained from Shin-Etsu Chemical Co. Elec-
rolyte solutions were prepared by mixing siloxanes and 1 M
iPF6–EC/MEC (3:7 in volume ratio) (Tomiyama Pure Chem-

cals Co., Lithium Battery Grade). Before mixing, siloxanes
ere dried over molecular sieves 3A (Kanto Chemicals Co.).
ater content of electrolyte solutions was less than 20 ppm as

etermined by the Karl-Fisher titration method. Hereafter, “EM”
epresents 1 M LiPF6–EC/MEC (3:7).

.2. Charge–discharge cycling tests of lithium anodes and

iCoO2 cells

Cyclic voltammetry was performed, using a glass cylin-
rical test cell with a lithium metal sheet counter electrode
ources 161 (2006) 550–559 551

0.1 mm thickness) pressed on a Ni net (200 mesh, 15 mm
ength, 4 mm width, 0.05 mm thickness) and a Pt working
lectrode (4 mm length, 4 mm width and 0.05 mm thickness,
.09 cm2). Lithium charge–discharge cycling tests were carried
ut galvanostatically, using a coin cell (coin type 2032, diam-
ter 20 mm in diameter, 3.2 mm in thickness) with a lithium
etal sheet counter electrode (0.1 mm thickness, 15 mm diam-

ter) and a stainless steel (SUS 316) cathode case of the coin
ell as the working electrode. The charge–discharge cycling
fficiency (Eff) was obtained from the ratio of the stripping
harge (Qs)/plating charge (Qp) on the stainless steel electrode
ith a charge–discharge voltage range of −2.0 to 1.0 V. The

harge–discharge current density (Ips) was 0.5 mA cm−2. The
p had a constant value of 0.5 mA h cm−2.
In cases of Si–SiO2–carbon composite (Si–C) and natural

raphite electrodes, the charge–discharge tests were carried out
y the charge–discharge voltage cut-off (0 and 1.5 V versus
i/Li+) with a constant current density of 0.5 mA cm−2 by using

he 2032 coin cells. These cells have a lithium metal counter
lectrode and the working electrode of Si–C or graphite. Using
he 2032 coin cells carried out the charge–discharge test of
iCoO2/C and LiCoO2/Si–C cells.

For these experiments, we prepared the printed carbon elec-
rodes by coating a Ni sheet with a mixture of carbon powder
around 18 mg) and poly(vinylidene fluoride) (PVDF) (weight
atio of carbon:PVDF = 9:1) in N-methyl pyrolidinone (NMP).

e then evacuated the solvent and dried the electrodes. The
rinted carbon electrodes are 15 mm in diameter and 0.15 mm
n thickness. Natural graphite powder used here has an aver-
ge particle size of 10.7 �m in diameter, a surface area of
0.3 × 103 m kg−1 and a density of 0.21 kg m−3. The printed
iCoO2 electrodes were prepared by coating an Al sheet with a
ixture of carbon powder (around 18 mg) and poly(vinylidene
uoride) (PVDF) (weight ratio of carbon:PVDF = 9:1) in N-
ethyl pyrolidinone (NMP). We then evacuated the solvent and

ried the electrodes.
The printed Si–C electrodes (15 mm in diameter and 0.15 mm

n thickness) were prepared by similar method as natural car-
on electrodes by using Si–C powder and polymer binder.
i–C material was prepared according to the papers [4–6] by
ethane–argon gas mixture-chemical vapor deposition (CVD)
ith 1100 ◦C heat treatment. Image of this final product of Si–C
Fig. 2. Image of Si–SiO2–carbon composite (Si–C).
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Fig. 4. Cyclic voltamgram of lithium in EM. Pt working electrode; scanning
rate, 100 mV cm−2; −1.0 to 3.5 V vs. Li/Li+.

F
P

l
o

52 T. Inose et al. / Journal of Po

All the electrochemical measurements were carried out at
5 ◦C.

.3. Thermal stability tests of electrolyte solutions

Thermal behavior of electrolyte solutions alone and that of the
lectrolyte solutions toward C6Lix were evaluated with a differ-
ntial scanning calorimeter (DSC, Rigaku Co., model TAS-100)
nd a crimp-sealed stainless steel pan. The DSC sample of 3 �l of
lectrolyte was used for the thermal stability tests of electrolyte
olutions. In the thermal stability tests of the electrolyte solu-
ions toward C6Lix (x = 0.97), the DSC sample was composed
f about 7 mg of carbon and 3 �l of electrolyte. All the DSC
xperiments were carried out at a heating rate of 10 ◦C min−1

rom room temperature to 450 ◦C.

. Results and discussion

.1. Charge–discharge cycling properties of lithium metal
nodes in the electrolyte solutions with siloxanes

Cyclic voltammetry (cv) of lithium metal (Li) in EM + poly-
ther modified siloxanes was carried out by using a glass cell
onsisted of Li counter and Pt working electrodes. Fig. 3 shows
he cv results of Li at first cycle in EM alone and EM + siloxanes
sample D). The following three results were obtained: (i)
ithium was able to be discharged and charged in EM + siloxanes;
ii) Li charge–discharge capacities in EM + siloxanes were larger
han that in EM alone and (iii) Li charge–discharge capacity
epended on the addition amounts of siloxanes. The Li dis-
harge capacities was higher in the order of addition amounts
f siloxanes (sample D) of 10 > 20 > 30 > 40 vol.% > 0% (EM
lone). Fig. 4 shows the cv results of Li at 50th cycle in EM
lone. In EM alone, charge–discharge capacity of Li consider-
bly decreased after 50 cycles in comparison with that at first

ycle. However, the charge–discharge capacity of Li was approx-
mately constant after 50 cycles in EM with siloxanes (Fig. 5).
eterioration of lithium cycling behavior with an increase in

ycle number became small by addition of siloxanes. So, better

ig. 3. Cyclic voltamgram of lithium in EM + siloxane (sample D). Pt working
lectrode; scanning rate, 100 mV cm−2; −1.0 to 3.5 V vs. Li/Li+.
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ig. 5. Cyclic voltamgram of lithium in EM + siloxane (sample D, 10 vol.%).
t working electrode; scanning rate, 100 mV cm−2; −1.0 to 3.5 V vs. Li/Li+.

ithium cycleability in EM + siloxanes than that in EM alone was
bserved from these cv results.

Next, using a coin cell consisted of Li anode and SUS cathode

arried out charge–discharge cycling tests of lithium. Charging
apacity was 0.5 mA h cm−2. Fig. 6 shows charge–discharge
ycling test results of lithium metal anodes in EM + siloxanes

ig. 6. Charge–discharge cycling tests results of lithium in EM + siloxanes
10 vol.%). SUS working electrode; Ips, 0.5 mA cm−2; Qp, 0.5 mA h cm−2;
harge–discharge cut-off voltages, −2.0 and 1.0 V vs. Li/Li+.
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ig. 7. Charge–discharge cycling tests results of lithium in EM + siloxane
sample D). SUS working electrode; Ips, 0.5 mA cm−2; Qp, 0.5 mA h cm−2;
harge–discharge cut-off voltages, −2.0 and 1.0 V vs. Li/Li+.

10 vol.%). Lithium cycling efficiencies (Eff) in EM + siloxanes
ere higher than that in EM alone. Average lithium cycling effi-

iencies from first to 50th cycle (EffAv50) was high in the order of
ample B > sample D > sample C > sample A > EM. Among four
iloxanes, the samples B and D exhibited much better Eff values.
hen, influence of addition amounts of samples B and D on the
ff was examined. These results are shown in Fig. 7 (sample D)
nd Fig. 8 (sample B). The average Eff value from first to 50th
ycle exhibited the maximum value at 10 vol.% additions for
ample D and at 20 vol.% additions for sample B, respectively.

From the charge–discharge test results, it was found that
he addition of siloxanes was effective for the improvement of
ycling efficiency of lithium metal anodes.

In organic electrolyte solutions, the surface of lithium is cov-
red with thin film after charge–discharge cycling [7]. This
urface film is formed by the reduction of electrolyte solu-
ion by lithium. This film is generally known as the SEI
solid–electrolyte interface) [8]. The SEI is consisted of several

hemical compounds such as alkyl lithium carbonate [7]. Dur-
ng charge and discharge, lithium ion must diffuse in the SEI. In

any cases, this diffusion process is considered to be a rate-
etermining step for electrochemical reaction. To investigate

ig. 8. Charge–discharge cycling tests results of lithium in EM + siloxane
sample B). SUS working electrode; Ips, 0.5 mA cm−2; Qp, 0.5 mAh cm−2;
harge–discharge cut-off voltages, −2.0 and 1.0 V vs. Li/Li+.
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ig. 9. Cole–Cole plot of Li/electrolyte interface, Li/Li cells, EM + sample D
10 vol.%) after first charge at 25 ◦C. Ips, 0.5 mA cm−2; Qp, 0.5 mA h cm−2;
harge–discharge cut-off voltages, −2.0 and 1.0 V vs. Li/Li+.

he charge–discharge behavior of Li in EM + siloxanes in more
etail, the a.c. impedance measurements of lithium/electrolyte
nterface were carried out by using Li/SUS coin cells. Before
.c. measurements, lithium was electrochemically plated on the
US cathodes. Namely, the impedance measurements were car-
ied out for the cells of Li/Li plated on SUS. Fig. 9 shows the
ole–Cole plot of Li/Li cells after first charge (plating Li on
US). In Fig. 9, R1 corresponds to the impedance of electrolyte
olution. R2 and R3 correspond to the impedance of the inter-
ace between Li and the electrolyte solution, i.e., between SEI
nd electrolyte solution. Two components of impedance (R2
nd R3) are also observed in EM alone. Two components of
mpedance may arise from the double layer structure of SEI,
.g., layers of organic compounds such as lithium alkyl carbon-
te and inorganic compounds such as LiF [7]. After first charge,
n impedance of the electrolyte/Li interface in EM + sample

(10 vol.%) was smaller than that in EM alone. This result
uggests that the impedance of the surface film or layer of
ithium in EM + siloxanes is smaller than that in EM alone.
igs. 10 and 11 show a dependency of the impedance on tem-
erature. With an increase in temperature, the impedance both
n EM and in EM + siloxanes decreased. Between 25 and 70 ◦C,
he impedance values in EM + siloxanes were lower than those
n EM alone. The degree of the decrease in the impedance in
M + siloxanes was similar to that in EM alone.

To investigate the reactivity between Li and the electrolyte
olutions, linear potential sweep measurements in the cathodic
irection were carried out by using Li/SUS coin cells (Fig. 12).
n EM alone, the reduction (cathodic reaction) shoulder was

bserved before Li deposition around −0.15 V. This shoulder
orresponds to the reduction of EM. In EM + siloxane (sample
), the cathodic current became smaller. With an increase in the

mounts of siloxane, this cathodic current decreased more. So,
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Fig. 10. Cole–Cole plot of Li/electrolyte interface, Li/Li cells, EM after first
charge.

Fig. 11. Cole–Cole plot of Li/electrolyte interface, Li/Li cells, EM + sample D
(10 vol.%) after first charge.

Fig. 12. Linear potential sweep results of EM + sample D. Scanning rate,
1 mV s−1; sweeping from 3.0 to −1.0 V vs. Li/Li+.
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ig. 13. Relationship between surface tension and average lithium cycling effi-
iency (EffAv50), EM + sample D.

he addition of siloxane is effective on suppressing the electrolyte
eduction.

As mentioned above, siloxanes are effective on suppress-
ng reactivity of electrolyte solution toward lithium. However,
nother possible effect of siloxanes on charge–discharge behav-
or of lithium should be noted here. Siloxanes are surfactants.
hen, simple adsorption of siloxanes on Li electrode may
ccur. This phenomenon makes the wetting ability of the elec-
rolytes for the anodes improve by a decrease in surface tension.

hen this phenomenon occurs, the active electrode surface area
ncreases and electrode utilization improves. Therefore, one pos-
ible reason for the Eff enhancement by adding siloxanes is the
mprovement of wetting ability of the electrolyte for electrode.
igs. 13 and 14 show the relation between the surface tension
nd the addition amounts of siloxane. There is no distinct rela-
ion between the surface tension and Eff. The Eff maxima appear
efore the cmc (critical micelle concentration). Large amounts
f siloxane addition such as 40 vol.% do not reach cmc yet.
ecause the surface tension does not reach constant value yet.
o, the main reason for the Eff enhancement by adding siloxanes

s not the improvement of the wetting ability of electrolyte solu-

ions for lithium anode, though the wetting ability enhancement

ay be helpful for the Eff improvement.
Summarizing the results of lithium cycling efficiency mea-

urements by cv and coin cells, impedance measurements, elec-

ig. 14. Relationship between surface tension and average lithium cycling effi-
iency (EffAv50), EM + sample B.
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in lithium cycling efficiency in EM + siloxanes.
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Fig. 16. Charge–discharge cycling tests results of graphite/Li cells with
EM + siloxane (sample D, 10 vol.%). Ips, 0.5 mA cm−2; charge–discharge cut-
off voltages, 0 and 1.5 V.
Fig. 15. Proposed mechanism for change

rolyte reduction behavior and surface tension, the following
echanism may be proposed for the improvement of lithium

ycling efficiency by addition of siloxanes. Fig. 15 shows the
roposed models for the Eff enhancement by adding silox-
nes. Just after charging (lithium deposition), freshly deposited
ithium is chemically active. On the lithium surface, EM is chem-
cally reduced by lithium and produces the surface film. The
eduction products were reported to be solid compounds and gas
ompounds [7]. The solid compounds remained on the lithium
roduce the SEI. Fig. 15a – by no addition of siloxane, the sur-
ace film is composed of reduction products of EM; Fig. 15b –
y the small addition of siloxane, the surface film is mainly com-
osed of reduction products of EM. Small amounts of siloxane
s involved in the SEI or it adsorbs on the SEI surface. Siloxanes
re less reactive than EM; Fig. 15(c) – by the medium amounts of
iloxane (10–20 vol.%), the surface film is thin and is composed
f both the reduction product of EM and siloxane; Fig. 15(d) – by
dding larger amounts of siloxane, the excess and thick siloxane
ayer exists around the lithium electrode. This excess siloxane
ould be resistive for the smooth charge–discharge of lithium
lithium ion diffusion). Then, the Eff improves by adding silox-
nes and shows the maximum value against the addition amounts
f siloxanes.

.2. Charge–discharge cycling properties of lithium in
raphite anodes in electrolyte solutions with siloxanes

Fig. 16 shows the charge–discharge cycling test results of
atural graphite electrodes in EM + siloxanes (samples B and
) by using Li/graphite coin cells. Discharge capacity density

mA h g−1) in y-axis of Fig. 17 is calculated based on graphite

ctive material weight. Discharge capacity is the capacity of the
ithium deintercalated from graphite electrodes. Both discharge
apacity densities and the cycle life in EM + siloxanes were bet-
er than those in EM alone.

Fig. 17. Rate capability of graphite/Li cells with EM + siloxane (sample D,
10 vol.%). Charge–discharge cut-off voltages, 0 and 1.5 V vs. Li/Li+.
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electrodes. So, charge–discharge cycling tests of C/LiCoO2 and
Si–C/LiCoO2 cells without lithium metal anodes were carried
out.
ig. 18. Cole–Cole plot of graphite(Li)/electrolyte interface, graphite/Li cells,
M + sample D (10 vol.%) at 25 ◦C. Ips, 0.5 mA cm−2; charge–discharge cut-off
oltages, 0 and 1.5 V vs. Li/Li+.

Fig. 18 shows the impedance of the interface between
raphite electrode and electrolyte solutions. The impedance in
M + siloxane (sample D) was smaller than that in EM alone.
ig. 22 shows the discharge-rate capability of graphite elec-

rodes. The rate capability in EM + siloxanes was better than
hat in EM alone. The discharge-rate determining step may
e the diffusion of lithium ions through the SEI of graphite
lectrodes.

.3. Charge–discharge cycling properties of lithium in
i–C anodes in the electrolyte solutions with siloxanes

Fig. 19 shows the charge–discharge cycling test results of
i–SiO2–carbon composite (Si–C) electrodes in EM + siloxanes

samples B and D) by using Li/Si–C coin cells. Discharge capac-
ty density (mA h g−1) in y-axis of Fig. 19 is calculated based
n the Si–C active material weight. Discharge capacity is the
apacity of the lithium deintercalated from Si–C electrodes. Both

ig. 19. Charge–discharge cycling tests results of Si–C/Li cells with
M + siloxanes (10 vol.%). Ips, 0.5 mA cm−2; charge–discharge cut-off volt-
ges, 0 and 1.5 V vs. Li/Li+.

F
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c

ig. 20. Rate capability of Si–C/Li cells with EM + siloxane (sample D,
0 vol.%). Charge–discharge cut-off voltages, 0 and 1.5 V vs. Li/Li+.

ischarge capacity densities and the cycle life in EM + siloxanes
ere better than those in EM alone.
Fig. 20 shows the impedance of the interface between

i–C electrode and electrolyte solution. The impedance in
M + siloxane (sample D) was smaller than that in EM alone.
ig. 21 shows the discharge-rate capability of Si–C electrodes.
he rate capability in EM + siloxanes was almost the same as

hat in EM alone. The discharge-rate determining step may be
he lithium diffusion in the Si–C electrodes, not in the SEI.

From the charge–discharge cycling test results of lithium,
i–C and graphite electrodes, the effect of siloxane addition on
harge–discharge cycling performance was obtained. However,
here is a possibility that this effect arises from the improvement
f cycling efficiency of lithium metal. Because all the cycling
ests were carried out by using the coin cells with lithium metal
ig. 21. Cole–Cole plot of Si–C(Li)/electrolyte interface, Si–C/Li cells after first
harge, EM + sample D (10 vol.%) at 25 ◦C. Ips, 0.5 mA cm−2; charge–discharge
ut-off voltages, 0 and 1.5 V vs. Li/Li+.



T. Inose et al. / Journal of Power Sources 161 (2006) 550–559 557

F
E
o

3
c

g
fi
i
(
i
E
s
T
t
a
v
t

3
a

S
c
p
w

F
g
c

Fig. 24. Relationship between discharge capacity of graphite and cycle number,
graphite/LiCoO2 cells, EM + siloxane (sample D, 10 vol.%). Ips, 0.5 mA cm−2;
charge–discharge cut-off voltages, 4.0 and 2.5 V.

F
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b 2 2
EM + siloxane was slightly smaller than in EM alone. Fig. 27
ig. 22. Charge–discharge cycling tests results of graphite/LiCoO2 cells with
M + siloxane (sample D, 10 vol.%). Ips, 0.5 mA cm−2; charge–discharge cut-
ff voltages, 4.0 and 2.5 V.

.4. Charge–discharge cycling properties of C/LiCoO2

ells with siloxane electrolytes

Fig. 22 shows the charge–discharge cycling test results of
raphite/LiCoO2 cells. In Fig. 22, the discharge capacity at
rst cycle is defined as 100% retention. Almost the very sim-

lar cycling performance was obtained for both EM + siloxane
sample D) and EM alone. Fig. 23 shows the discharge capac-
ty density based on LiCoO2 weight. The capacity density in
M + siloxane was slightly larger than in EM alone. Fig. 24
hows the discharge capacity density based on graphite weight.
he capacity density in EM + siloxane was considerably larger

han in EM alone. Utilization of graphite anode improved by
dding siloxane. So, by optimizing the charge–discharge cut-off
oltages and the balance ratio of anode and cathode in the cell,
he cycling performance may improve more.

.5. Charge–discharge cycling properties of Si–C
node/LiCoO2 cells with siloxane electrolytes

Fig. 25 shows the charge–discharge cycling test results of

i–C/LiCoO2 cells. In Fig. 25, the discharge capacity at first
ycle is defined as 100% retention. Slightly better cycling
erformance in EM + siloxane (sample D) than in EM alone
as obtained. Fig. 26 shows the discharge capacity density

ig. 23. Relationship between discharge capacity of LiCoO2 and cycle number,
raphite/LiCoO2 cells, EM + siloxane (sample D, 10 vol.%). Ips, 0.5 mA cm−2;
harge–discharge cut-off voltages, 4.0 and 2.5 V.
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ig. 25. Charge–discharge cycling test results of Si–C/LiCoO2 cells with
M + siloxane (sample D, 10 vol.%). Ips, 0.5 mA cm−2; charge–discharge cut-
ff voltages, 4.0 and 2.5 V.

ased on LiCoO weight. The capacity density of LiCoO in
hows the discharge capacity density based on Si–C weight.
he capacity density of Si–C anodes in EM + siloxane was

ig. 26. Relationship between discharge capacity of LiCoO2 and cycle num-
er, Si–C/LiCoO2 cells, EM + siloxane (sample D, 10 vol.%). Ips, 0.5 mA cm−2;
harge–discharge cut-off voltages, 4.0 and 2.5 V.
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ig. 27. Relationship between discharge capacity of Si–C and cycle number,
i–C/LiCoO2 cells, EM + siloxane (sample D, 10 vol.%). Ips, 0.5 mA cm−2;
harge–discharge cut-off voltages, 4.0 and 2.5 V.

pproximately 20% larger than in EM alone. Utilization of
i–C anode improved by adding siloxane. So, by optimizing the
harge–discharge cut-off voltages and the balance ratio of anode
nd cathode in the cell, the cycling performance may improve
ore as in case of graphite anodes.

.6. Thermal stability tests of electrolyte solutions with
iloxanes

Thermal stability of the electrolytes is important for the cell
afety [9,10]. Two kinds of DSC measurements were carried
ut. First is the thermal stability test of electrolyte itself. Second
s the reaction behavior of electrolyte solutions and lithium. In
he latter test, instead of lithium metal, graphite–lithium (C6Lix)
as used.
Fig. 28 shows the thermal stability test results of electrolyte

olutions. In EM alone, heat output corresponding to the thermal
ecomposition of electrolyte solution was observed at 220 ◦C.
n EM + siloxane 10 vol.% (sample D), temperature starting the
eat output shifted to higher temperature and amount of heat
utput decreased. With an increase in siloxane content, the heat
utput starting temperature shifted to more higher temperature

nd amount of heat output decreased more. So, the thermal sta-
ility of the EM improved by adding siloxanes.

Fig. 29 shows the DSC results for C6Lix with electrolytes.
6Lix was prepared by discharging Li/graphite coin cell to 0 V

ig. 28. DSC results of EM + siloxane (sample D). Scanning rate, 10 ◦C min−1.
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ig. 29. DSC results of EM + siloxane (sample D) with C6Li0.97. Scanning rate,
0 ◦C min−1.

t 0.5 mA cm−2. The discharge product is C6Li0.97. In case
f C6Li0.97 with EM alone, two heat generation regions were
bserved. The first heat output was mild and started at 130 ◦C. It
ontinued until a sharp exothermic peak appeared at 280 ◦C. A
ossible mechanism for these DSC results is as follows [10]. The
rst mild heat output corresponded to the reduction of EM by

he lithium inside the carbon. This reaction has already occurred
t first charge and produced the SEI film on the carbon surface
t room temperature. At 130 ◦C, the PVDF, electrode binder,
wells. Then, the carbon that is not covered with SEI appears,
nd the lithium inside the carbon reacts with the electrolyte
olution [10]. SEI is consisted of several chemical materials.
nother possibility as the cause for first heat output is sug-
ested to be the decomposition of the part of SEI compounds
11] or the conversion of metastable SEI components to stable
EI components [12]. At 280 ◦C, the surface SEI film is broken.
lmost the whole of carbon surface appears, and the lithium

n the carbon reacts vigorously with the electrolyte solution
10].

In case of C6Li0.97 with the EM + siloxanes, the amounts of
eat out put decreased and the temperature starting heat output
hifted to higher temperature. With an increase in siloxane con-
ent, this effect of siloxane on the improvement of the thermal
tability of the EM toward C6Li0.97 became larger.

So, the addition of siloxane was effective on the suppres-
ion of both the thermal decomposition of the electrolyte
olution and the reactivity of the electrolyte solution toward
ithium. These effects of siloxanes may improve the cell safety.
hese results may arise from the difference of the SEI prop-
rties between EM alone and EM + siloxane as mentioned in
ection 3.1.

. Conclusion

Lithium cycling efficiencies of three kinds of anodes, lithium
etal, graphite and Si–SiO2–carbon composite (Si–C) anodes,

mproved by adding poly-ether modified siloxanes to EM.

he impedance of anode/electrolyte interface decreased by
dding siloxanes. Graphite/LiCoO2 cells and Si–C/LiCoO2
ells exhibited better anode utilization and good cycling
erformance by using EM + siloxane electrolytes. It was also
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ound that the thermal stability of the EM improved by adding
iloxanes. The thermal decomposition temperature of the
lectrolyte solutions shifted to higher temperature by adding
iloxanes. Amount of heat-output of graphite–lithium anodes
ith electrolyte solutions decreased and the temperature

tarting the heat-output shifted to higher temperature by adding
iloxanes. By modifying chemical structure of siloxanes, more
mprovement of charge–discharge cycling performance of
ithium cells should be obtained.
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