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a b s t r a c t

Influence of mixing carbonate-modified siloxanes into LiPF6-ethylene carbonate (EC)/ethylmethyl
carbonate (EMC) (mixing volume ratio = 3:7) mixed solvent electrolytes on charge–discharge
cycling properties of lithium was examined. As the solute, 1 M (M: mol L−1) LiPF6 was used.
As siloxanes, 4-(2-trimethylsilyloxydimethylsilylethyl)-1,3-dioxolan-2-one and 4-(2-bis(trimethyl-
silyloxy)methylsilylethyl)-1,3-dioxolan-2-one were investigated. These siloxanes are derivatives of buty-
lene cyclic carbonate or vinyl ethylene carbonate. Charge–discharge cycling efficiencies of lithium metal
anodes improved and an impedance of anode/electrolyte interface decreased by mixing siloxanes, com-
lectrolyte
echargeable cell
iloxane
ell safety
ycling efficiency

pared with those in 1 M LiPF6-EC/MEC alone. Slightly better cycling behavior of natural graphite anode
was obtained by adding siloxanes. Si–C/LiCoO2 cells exhibited better anode utilization and good cycling
performance by using 1 M LiPF6-EC/MEC + siloxane electrolytes. Thermal behavior of electrolyte solu-
tions toward graphite–lithium anodes was evaluated with a differential scanning calorimeter. By adding
siloxanes, temperature starting the large heat-output of graphite–lithium anodes with 1 M LiPF6-EC/MEC

ted to ◦

loxan

electrolyte solutions shif
not decrease by adding si

. 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). The
mprovement of energy density of lithium ion cells has been
equired every year. However, now the capacity of carbon anodes
s getting closer to the theoretical value (372 mAh g−1). Then, new
node materials having higher energy density than carbon have
een studied. Examples of these materials are lithium metal, var-

ous Si-based and Sn-based compounds [1]. At this stage, the
ycleability of these materials is not sufficient for commercial use.
he choice of the electrolyte materials (solvents and solutes) is
ne of the most important factors for the charge–discharge cycling
erformance of lithium cells with various anodes.

Many researches on the electrolyte solutions have been carried
ut for improving lithium cycleability [2]. One of these researches

s to modify and stabilize the chemical structure of carbonate sol-
ents by introducing fluorine atoms. Examples of these solvents are
uoro-cyclic carbonates such as fluoro-EC, fluoro-propylene car-
onate and fluoro-linear carbonates such as fluoro-methylacetae,

∗ Corresponding author. Tel.: +81 277 30 1382; fax: +81 277 30 1380.
E-mail address: tobi@chem-bio.gunma-u.ac.jp (S.-i. Tobishima).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.07.042
higher temperature about 100 C. However, amount of heat-output did
es.

© 2009 Elsevier B.V. All rights reserved.

fluoro-ethylmethyl carbonate, fluoro-diethyl carbonate, fluoro-
dimethyl carbonate [3–5]. Also, various additives for electrolyte
solutions have been studied. Typical example is vinylene carbonate
(VC). VC has high reduction potential and forms a good surface film
on anodes such as lithium metals and carbons for the improvement
of cycling efficiency [6].

In our previous work, influence of poly-ether modified siloxanes
as electrolyte additives to LiPF6-EC/EMC on lithium cycling effi-
ciency has been reported [7]. Lithium cycling efficiencies improved
and an impedance of anode/electrolyte interface decreased by
adding poly-ether modified siloxanes. These compounds are less
reactive toward lithium and adsorbed on the lithium anode surface.
This adsorption layer suppresses the lithium dendrite forma-
tion and the reduction of electrolyte solutions by lithium [7].
This mechanism is similar to an addition of surfactants (surface
active agents) to electrolyte solutions such as poly-ethyleneglycol
dimethyl ethers [8]. However, there may be a problem from a prac-
tical point of view. That is a small solubility of LiPF6 in poly-ether
modified siloxanes.

In this study, influence of carbonate-modified siloxanes as
co-solvent of mixed solvent electrolytes on lithium cycling effi-

ciency was examined. As the base electrolyte solution, 1 M (M:
mol L−1) LiPF6-EC/MEC (3:7 in volume mixing ratio) was used. As
the anodes, lithium metal was investigated. As carbonate-modified
siloxanes, 4-(2-trimethylsilyloxydimethylsilylethyl)-1,3-dioxolan-
2-one (sample A) and 4-(2-bis(trimethylsilyloxy)methylsilylethyl)-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tobi@chem-bio.gunma-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2009.07.042
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The AC impedance measurements of lithium/electrolyte inter-
face were carried out by using Li/SUS coin cells with an impedance
analyzer (Iviumstat, Hokuto Denko Co.). AC frequency range was
100 mHz to 20 kHz and amplitude of vibration was 20 mV. Conduc-
ig. 1. Chemical structure of carbonate-modified siloxanes, sample A:
is(trimethylsilyloxy)methylsilylethyl)-1,3-dioxolan-2-one.

,3-dioxolan-2-one (sample B) were investigated. Fig. 1 shows the
hemical structure of two siloxanes used in this work. These silox-
nes are derivatives of butylene cyclic carbonate or vinyl ethylene
arbonate. Chemical bonding of Si–O is stronger and more stable
han that of C–O. They are colorless and clear liquid at room tem-
erature. Their viscosities are 18.0 × 10−3 N m−2 for sample A and
2.5 × 10−3 N m−2 for sample B at 20 ◦C, respectively. These val-
es are higher than that of EC/EMC (3:7 in volume mixing ratio)
1.18 × 10−3 N m−2).

. Experimental

.1. Preparation of electrolyte solutions

Siloxanes were obtained from Shin-Etsu Chemical Co. Elec-
rolyte solutions were prepared by mixing 1 M LiPF6, EC/MEC (3:7
n volume ratio) (Tomiyama Pure Chemicals Co., Lithium Bat-
ery Grade) and siloxanes. Before mixing, siloxanes were dried
ver molecular sieves 3A (Kanto Chemicals Co.). Water content
f electrolyte solutions was less than 20 ppm as determined by
he Karl–Fisher titration method. Hereafter, “EM” represents 1 M
iPF6-EC/MEC (3:7) and “EM + sample A 30 vol.%” represents 1 M
iPF6-EC/MEC (3:7) (70 vol.%) + sample A (30 vol.%).

.2. Charge–discharge cycling tests of lithium anodes and LiCoO2
ells

Cyclic voltammetry was performed, using a glass cylindrical test
ell with a lithium metal sheet counter electrode (0.1 mm thick-
ess) pressed on a Ni net (200 mesh, 15 mm length, 4 mm width,
.05 mm thickness) and a Pt working electrode (4 mm length, 4 mm
idth and 0.05 mm thickness, 0.09 cm2). Lithium charge–discharge

ycling tests were carried out galvanostatically, using a coin cell
coin type 2032, diameter 20 mm in diameter, 3.2 mm in thickness)
ith a lithium metal sheet counter electrode (0.1 mm thickness,

5 mm diameter) and a stainless steel (SUS 316) cathode case
f the coin cell as the working electrode. The charge–discharge
ycling efficiency (Eff) was obtained from the ratio of the strip-
ing charge (Qs)/plating charge (Qp) on the stainless steel electrode
ith a charge–discharge voltage range of −2.0 V to 1.0 V. The

harge–discharge current density (Ips) was 0.5 mA cm−2. The Qp
ad a constant value of 0.88 mAh cm−2.

In cases of natural graphite electrodes, the charge–discharge
ests were carried out by the charge–discharge voltage cut-off (0 V
nd 1.5 V vs. Li/Li+) with a constant current density of 0.5 mA cm−2

y using the 2032 coin cells. These cells have a lithium metal
ounter electrode and the working electrode of graphite. Using

he 2032 coin cells carried out the charge–discharge test of
iCoO2/Si–SiO2–carbon composite (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 ratio
rimethylsilyloxydimethylsilylethyl)-1,3-dioxolan-2-one and sample B: 4-(2-

of carbon: PVDF = 9:1) in N-methyl pyrolidinone (NMP). We then
evacuated the solvent and dried the electrodes. The printed car-
bon electrodes are 15 mm in diameter and 0.15 mm in thickness.
Natural graphite powder used here has an average particle size
of 10.7 �m in diameter, a surface area of 10.3 × 103 m kg−1 and
a density of 0.21 kg m−3. The printed LiCoO2 electrodes (15 mm
in diameter and 0.15 mm in thickness) were prepared by coating
an Al sheet with a mixture of LiCoO2 (around 50 mg), acety-
lene black (AB, conductive carbon) and PVDF (weight ratio of
LiCoO2:AB:PVDF = 85:5:10) in NMP. We then evacuated the solvent
and dried the electrodes.

The printed Si–C electrodes (15 mm in diameter and 0.15 mm
in thickness) were prepared by similar method as natural carbon
electrodes by using Si–C powder and polymer binder. Si–C material
was prepared according to the papers [9–11] by methane–argon
gas mixture-chemical vapor deposition (CVD) with 1100 ◦C heat
treatment. Image of this final product of Si–C material is shown in
Fig. 2. Fine silicon crystal was distributed in the SiO2. The surface
of the final product was covered with double layers composed of
thin inside layer of silicon carbide (SiC) and thick outside layer of
carbon.

All the electrochemical measurements were carried out at 25 ◦C.

2.3. Thermal stability tests of electrolyte solutions

Thermal behavior of the electrolyte solutions toward C6Lix was
evaluated with a differential scanning calorimeter (DSC, Rigaku Co.,
model TAS-100) and a crimp-sealed stainless steel pan. In the ther-
mal stability tests of the electrolyte solutions toward C6Lix, the DSC
sample was composed of about 7 mg of carbon and 3 �l of elec-
trolyte. All the DSC experiments were carried out at a heating rate of
10 ◦C min−1 from room temperature to 450 ◦C. As described above,
C6Lix was prepared by charge–discharge of the 2032 Li/natural
graphite cells.

2.4. AC impedance and conductivity measurements
Fig. 2. Image of Si–SiO2–carbon composite (Si–C).
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ig. 3. Relationship among molar conductivity, mixing ratio of siloxane and tem-
erature for EM + siloxane (sample A).

ivity of electrolyte solutions was measured using symmetry cell
ith platinum black electrodes at 1 kHz AC impedance. Viscosity of

he electrolyte solution was measured with an Ostwald viscometer.

. Results and discussion

.1. Electrolyte conductivity

Fig. 3 shows the relationship between molar conductivity, mix-
ng volume ratio of siloxane and temperature for EM + siloxane
sample A) ternary mixed solvent electrolytes. Fig. 4 shows the
onductivity of EM + siloxane (sample B). With an increase in
iloxane content, conductivities tended to decrease. As the tem-
erature increases, conductivities tended to increase. At 20 ◦C, EM
howed the conductivity of 8.9 S dm2 mol−1 while EM + sample A
40 vol.%) showed 5.9 S dm2 mol−1 and EM + sample B (60 vol.%)
howed 4.7 S dm2 mol−1. These conductivity behaviors may be
xplained as the follows. Conductivity is proportional to the prod-
ct of number of free ions (degree of ionic dissociation of the
olute) and ion migration speed. Dielectric constant and ion radius
ffect the degree of ionic dissociation degree. The viscosity of the
olvents fundamentally affects ion migration speed. LiPF6 has rel-
tively large anion radius among well-known lithium salts used

or lithium batteries. For instance, anion radius of PF6

− (0.254 nm)
s larger than those of ClO4

− (0.237 nm) and BF4
− (0.229 nm) [12].

hen, LiPF6 itself has relatively high ionic dissociation degree. How-
ver, large anion leads to lower migration speed. Figs. 5 and 6

ig. 4. Relationship among molar conductivity, mixing ratio of siloxane and tem-
erature for EM + siloxane (sample B).
Fig. 5. Relationship among viscosity, mixing ratio of siloxane and temperature for
EM + siloxane (sample A).

show the viscosity of EM + sample A and EM + sample B, respec-
tively. With an increase in siloxane content, viscosity increases,
because siloxane has higher viscosity than that of EM. So, viscosity
affects the conductivity more strongly than dielectric constant in
case of LiPF6-EM + siloxanes. With an increase in temperature, con-
ductivity increases. This phenomenon also arises from the influence
of the viscosity, because both the viscosity and dielectric constant
increase with a reduction in temperature [13].

3.2. Charge–discharge cycling properties of lithium metal anodes
in the electrolyte solutions with siloxanes

Cyclic voltammetry (cv) of lithium metal (Li) in EM + siloxanes
was carried out by using a glass cell consisted of Li counter and
Pt working electrodes. Fig. 7 shows the cv results of Li at first
cycle in EM alone and EM + siloxanes (sample A). Fig. 8 shows
the cv results of Li at first, 10th and 30th cycle in EM + siloxanes
(sample A, 10 vol.%). The following three results were obtained. (i)
Lithium was able to charge and discharge in EM + siloxanes, (ii) Li
charge–discharge capacity depended on the addition amounts of
siloxanes, and (iii) Li charge–discharge capacities in EM + siloxanes
tended to be larger than that in EM alone.

Next, using a coin cell consisted of Li anode and SUS cathode,
charge–discharge cycling tests of lithium in EM + siloxanes were
carried out. Charging capacity was 0.88 mAh cm−2. Figs. 9 and 10

show charge–discharge cycling test results of Li anodes in
EM + siloxanes (sample A) and in EM + siloxanes (sample B), respec-
tively. Fig. 11 show average lithium cycling efficiencies from
first to 30th cycle (EffAve.30) in EM + siloxanes (sample A) and in
EM + siloxanes (sample B). Values of EffAve.30 in EM + siloxanes were

Fig. 6. Relationship among viscosity, mixing ratio of siloxane and temperature for
EM + siloxane (sample B).
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Fig. 7. Cyclic voltamgram of lithium in EM + siloxane (sample A) at first cycle, Pt
working electrode, scanning rate: 5 mV s−2, −0.5 V to 2.0 V vs. Li/Li+.
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ig. 8. Cyclic voltamgram of lithium in EM + siloxane (sample A) at first, 10th and
0th cycle, Pt working electrode, scanning rate: 20 mV s−2, −0.5–2.0 V vs. Li/Li+.

igher than that in EM alone. EffAve.30 exhibited the maximum value
t 40 vol.% mixing amount for sample A and at 60 vol.% for sample
, respectively. EffAve.30 values were as high in the order of sample

> sample A > EM.

From the charge–discharge test results, it was found that the
ddition of siloxanes was effective for the improvement of cycling
fficiency of lithium metal anodes.

ig. 9. Charge–discharge cycling tests results of lithium in EM + siloxane (sample
), SUS working electrode, Ips = 0.5 mA cm−2, Qp = 0.88 mAh cm−2, charge–discharge
ut-off voltages: −2.0 V and 1.0 V vs. Li/Li+.
Fig. 10. Charge–discharge cycling tests results of lithium in EM + siloxane (sample
B), SUS working electrode, Ips = 0.5 mA cm−2, Qp = 0.88 mAh cm−2, charge–discharge
cut-off voltages: −2.0 V and 1.0 V vs. Li/Li+.

3.3. AC impedance measurement results for interface between
lithium electrode and electrolyte solutions

In organic electrolyte solutions, the surface of lithium is cov-
ered with thin film after charge–discharge cycling [14]. This surface
film is formed by the reduction of electrolyte solution by lithium.
This film is generally known as the solid electrolyte interface (SEI)
[15]. The SEI is consisted of several chemical compounds such as
alkyl lithium carbonate [14]. During charge and discharge, lithium
ion must diffuse in the SEI. In many cases, this diffusion process
is considered to be a rate-determining step for electrochemical
reaction. To investigate the charge–discharge behavior of Li in
EM + siloxanes in more detail, the AC impedance measurements
of lithium/electrolyte interface were carried out by using Li/SUS
coin cells. Before AC measurements, lithium was electrochemically
plated on the SUS cathodes. Namely, the impedance measurements
were carried out for the cells of Li/Li plated on SUS.

Fig. 12 shows the Cole–Cole plot of Li/Li cells after first charge
(plating Li on SUS) in 1 M LiPF6-EM + siloxanes. Impedance mea-
surements were carried out just after the end of first charge. The
impedance values of electrolyte solutions of EM + siloxanes (both
samples A and B) were larger than EM alone by an increase in viscos-

ity as already explained in Section 3.1. After first charge, impedance
values of the electrolyte/Li interface in EM + siloxanes were smaller
than that in EM alone. These results suggest that the impedance of
the surface film or layer of lithium in EM + siloxanes is smaller than

Fig. 11. Relationship between siloxane content and average lithium cycling effi-
ciency (coulombic efficiencyAv.30), EM + siloxanes (samples A and B), SUS working
electrode, Ips = 0.5 mA cm−2, Qp = 0.88 mAh cm−2, charge–discharge cut-off volt-
ages: −2.0 V and 1.0 V vs. Li/Li+.
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ig. 12. Cole–Cole plot of Li/electrolyte interface, Li/Li cells, EM + sample A or sample
after first charge at 25 ◦C, Ips = 0.5 mA cm−2, Qp = 0.88 mAh cm−2, charge–discharge

ut-off voltages: −2.0 V and 1.0 V vs. Li/Li+.

hat in EM alone. Fig. 13 shows the Cole–Cole plot of Li/Li cells after
0th charge. Also, after 30th cycle, impedance values of the elec-
rolyte/Li interface in EM + siloxanes were smaller than that in EM
lone. These results suggest that the electrode/electrolyte interface
n EM + siloxanes is different from that in EM alone.

Figs. 14 and 15 show a dependency of the impedance after
rst charge on temperature. With an increase in temperature, the

mpedance values both in EM and in EM + siloxanes decreased.
etween 0 ◦C and 50 ◦C, the impedance values in EM + siloxanes

ere lower than those in EM alone.

Fig. 16 shows the relationship between the resistance of
ithium/electrolyte solution interface after first charge and storage
uration at 25 ◦C. In case of EM alone, impedance tended to increase

ig. 13. Cole–Cole plot of Li/electrolyte interface, Li/Li cells, EM + sample A
r sample B after 30th charge at 25 ◦C, Ips = 0.5 mA cm−2, Qp = 0.88 mAh cm−2,
harge–discharge cut-off voltages: −2.0 V and 1.0 V vs. Li/Li+.
Fig. 14. Cole–Cole plot of Li/electrolyte interface, Li/Li cells, EM + sample A or sample
B after first charge at 60 ◦C.

with an increase in storage duration. This result indicates the grad-
ual growth of surface film of electrode by chemical reaction in EM
alone. However, in case of EM + siloxanes, the degree of increase in
impedance with an increase in storage duration was considerably
lower than that in EM alone. These results suggest addition of silox-
anes lead the suppressing the electrolyte reduction by the change
in structure of interface between lithium electrode and electrolyte
solutions.

To investigate the reactivity between Li and the electrolyte
solutions, linear potential sweep measurements in the cathodic
direction were carried out by using Li/SUS coin cells (Fig. 17). Both in
EM alone and EM + siloxanes, large cathodic currents began to flow

+
around −0.9 V vs. Li/Li . These currents correspond to Li plating.
These cathodic reactions of Li plating have more than 0.9 V polariza-
tion (overpotential) toward thermodynamic equilibrium potential
of Li/Li+ (0 V). Before Li plating, relatively smaller cathodic currents
flow between −0.15 V and −0.9 V vs. Li/Li+. These currents corre-

Fig. 15. Cole–Cole plot of Li/electrolyte interface, Li/Li cells, EM + sample A or sample
B after first charge at 0 ◦C.
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surements by cv and coin cells, impedance measurements and
ig. 16. Relationship between the resistance of Li/electrolyte interface and stor-
ge duration at 25 ◦C after first charge, Ips = 0.5 mA cm−2, Qp = 0.88 mAh cm−2,
harge–discharge cut-off voltages: −2.0 V and 1.0 V vs. Li/Li+.

pond to the reduction (cathodic reaction) of EM. In EM + siloxanes
samples A and B), these currents between −0.15 V and −0.9 V
ecame smaller than that in EM alone. So, the addition of silox-
nes (samples A and B) is effective on suppressing the electrolyte

eduction.

After one cycle of the charge–discharge of Li/natural graphite
oin cells (2032 type) with EM + siloxane (sample A or sample B,
0 vol.%), solid compounds formed on the surface of carbon elec-

Fig. 18. Proposed mechanism for change in lith
Fig. 17. Linear potential sweep results of EM + sample A or sample B, cathodic scan,
scanning rate:1 mV s−1, sweeping from 1.0 V to −1.0 V vs. Li/Li+.

trode were analyzed by ESCA. By mixing siloxanes, content of
oxygen tended to increase and carbon tended to decrease. These
results suggest the change in chemical composition of anode sur-
face film. Unfortunately, it was not clear whether the surface solid
compounds contain silicon atoms or not.

3.4. Model for interface between lithium electrode and electrolyte
solutions

Summarizing the results of lithium cycling efficiency mea-
electrolyte reduction behavior, the following mechanism may be
proposed for the improvement of lithium cycling efficiency by
addition of siloxanes. Fig. 18 shows the proposed models for the
Eff enhancement by adding siloxanes. Just after charging (lithium

ium cycling efficiency in EM + siloxanes.
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cause for first heat-output is suggested to be the decomposition of
the part of SEI compounds [17] or the conversion of metastable SEI
components to stable SEI components [18]. At 280 ◦C, the surface
SEI film is broken. Almost the whole of carbon surface appears,
ig. 19. Charge–discharge cycling tests results of natural graphite/Li cells with
M + siloxane (sample A, 10 vol.%), Ips = 0.5 mA cm−2, charge–discharge cut-off volt-
ges: 0 V and 1.5 V vs. Li/Li+.

eposition), freshly deposited lithium is chemically active. On the
ithium surface, EM is chemically reduced by lithium and pro-
uces the surface film. The reduction products were reported to be
olid compounds and gas compounds [14]. The solid compounds
emained on the lithium produce the SEI. Fig. 18(a): By no addition
f siloxane, the surface film is composed of reduction products of
M. Fig. 18(b): By the small addition of siloxane, the surface film
s mainly composed of reduction products of EM. Small amounts
f siloxane is involved in the SEI or it adsorbs on the SEI surface.
iloxanes are less reactive than EM. Fig. 18(c): By the medium
mounts of siloxane (40 vol.% for sample A and 60 vol.% for sample
), the surface film is thin and is composed of both the reduction
roduct of EM and siloxane. Fig. 18(d): By adding larger amounts
f siloxane, the excess and thick siloxane layer exists around the
ithium electrode. This excess siloxane could be resistive for the
mooth charge–discharge of lithium (lithium ion diffusion). Then,
he Eff improves by adding siloxanes and shows the maximum
alue against the addition amounts of siloxanes.

.5. Charge–discharge cycling properties of lithium in graphite
nodes in electrolyte solutions with siloxanes

Fig. 19 shows the charge–discharge cycling test results of natural
raphite electrodes in EM + siloxane (sample A) by using Li/graphite
oin cells. Discharge capacity density (mAh g−1) in y-axis of Fig. 19
s calculated based on graphite active material weight. Discharge
apacity is the capacity of the lithium deintercalated from graphite
lectrodes. Stability of discharge capacity densities with cycling in
M + siloxane was slightly better than that in EM alone.

.6. Charge–discharge cycling properties of Si–C anode/LiCoO2
ells with siloxane electrolytes

Fig. 20 shows the charge–discharge cycling test results of
i–C/LiCoO2 cells with EM + sample A. In Fig. 2, the discharge capac-
ty at first cycle is defined as 100% retention. Slightly better cycling
erformance in EM + siloxane (sample A) than in EM alone was
btained. 100% retention corresponds to 130 mAh g−1 of the dis-
harge capacity density based on LiCoO2 weight and 2200 mAh g−1

f the discharge capacity density based on Si–C weight. The capac-

ty density of LiCoO2 in EM + siloxane was almost the same as that
n EM alone. The capacity density of Si–C anodes in EM + siloxane

as slightly larger than in EM alone. Utilization of Si–C anode is
xpected to improve 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 more.
Fig. 20. Charge–discharge cycling test results of Si–C/LiCoO2 cells with
EM + siloxane (sample A, 10 vol.%), Ips = 0.5 mA cm−2, charge–discharge cut-off
voltages: 4.0 V and 2.5 V.

3.7. Thermal stability tests of electrolyte solutions with siloxanes

Thermal stability of the electrolytes is important for the cell
safety [9,10]. DSC measurements were carried out to investigate
the reaction behavior of electrolyte solutions and lithium. In the
latter test, instead of lithium metal, graphite–lithium (C6Lix) was
used.

Fig. 21 shows the DSC results for C6Lix with electrolytes.
C6Lix was prepared by charge–discharge of Li/graphite coin cell.
Charge–discharge cycling was carried out twice between 0 V and
1.5 V at 0.5 mA cm−2. Chemical composition of obtained product is
C6Li0.85.

In case of C6Li0.85 with EM alone, two heat generation regions
were observed. The first heat-output was mild and started at 130 ◦C.
It continued until a sharp exothermic peak appeared around 280 ◦C.
A possible mechanism for these DSC results is as follows [16]. The
first mild heat-output corresponded to the reduction of EM by the
lithium inside the carbon. This reaction has already occurred at first
charge and produced the SEI film on the carbon surface at room
temperature. At 130 ◦C, the PVDF, electrode binder, swells. Then,
the carbon that is not covered with SEI appears, and the lithium
inside the carbon reacts with the electrolyte solution [16]. SEI is
consisted of several chemical materials. Another possibility as the
Fig. 21. DSC results of EM + siloxane (sample A or sample B) with C6Li0.85, scanning
rate: 10 ◦C min−1.
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nd the lithium in the carbon reacts vigorously with the electrolyte
olution [16].

In case of C6Li0.85 with the EM + siloxane (sample A or sample B),
wo small heat-output were observed at 100 ◦C and 220 ◦C. These
eat-output may be introduced from the reduction of electrolyte
olutions by lithium inside the carbon, because a part of liquid
tate siloxanes fluids from the SEI film capturing siloxanes with
n increase in temperature. Temperature starting large heat-output
hifted from 280 ◦C to higher temperature of 360 ◦C for EM + sample
and 420 ◦C for EM + sample B, respectively.
So, unfortunately the addition of carbonate-modified siloxanes

as not completely effective on the improvement of thermal sta-
ility.

. Conclusion

Charge–discharge cycling efficiencies of, lithium metal
mproved by adding carbonate-modified siloxanes to EM. The
mpedance of anode/electrolyte interface decreased by adding
iloxanes. Slightly better cycling behavior of natural graphite
node was obtained by adding siloxanes. Si–C/LiCoO2 cells exhib-
ted better anode utilization and good cycling performance by

sing 1 M LiPF6-EC/MEC + siloxane electrolytes. DSC results for
raphite–lithium anodes with electrolyte solutions indicated that
mount of heat-output did not decrease while the temperature
tarting the large heat-output shifted to higher temperature about
00 ◦C by adding siloxanes. By modifying chemical structure
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of siloxanes, we expect to obtain the more improvement of
charge–discharge cycling performance and thermal stability of
lithium cells.
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