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bstract

The compounds deposited on a lithium transition metal oxide charged in a siloxane-based electrolyte were analyzed by Fourier transformation
nfrared (FT-IR) spectroscopy and thermal analysis. The decomposition of the siloxane-based electrolyte occurred at voltages above 4.2 V, and
he compounds that deposited on the cathode surface consisted of species from both the decomposed siloxane molecule and the electrolyte salt.
ifferential scanning calorimetry (DSC) profiles of the charged cathode revealed an exothermic peak at 130 ◦C. The exothermic temperature

orresponded to the onset of weight loss of the siloxane-based electrolyte, as revealed in the thermal gravimetry-differential thermal analysis (TG-
TA) diagram. The results indicated that the deposited compounds on the cathode surface and the siloxane-based electrolyte were decomposed at
his temperature. Finally, two major exothermic peaks in the DSC profile for the siloxane-based electrolyte occurred at higher temperatures than
hose for carbonate-based electrolyte, and showed reduced heat flow. The present research suggests that the siloxane-based electrolyte can improve
afety of a lithium battery.

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

Recent reports indicate that siloxane is a suitable electrolyte
or lithium polymer battery systems because of the high con-
uctivity relative to other polymer electrolytes [1–4]. For exam-
le, polyethylene oxide (PEO) is a well-known solid polymer
lectrolyte that shows conductivity in the range of 10−6 to
0−7 S cm−1 [5]. However, the conductivity of the siloxane-
ased electrolyte exceeds that of PEO by several orders of
agnitude, with a value of approximately 10−3 S cm−1 [6].
Because of the intrinsic thermal stability, the siloxane-based

lectrolyte has emerged as a primary candidate for the develop-
ent of large lithium batteries for applications such as electric

ehicles, in which safety is a prime consideration [6]. In recent

ork, we investigated the SEI film formation of a carbonaceous
aterial charged in a siloxane-based electrolyte [7–11]. Inves-

igations of the siloxane-based electrolyte with an additive [9],
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ith a modified electrolyte salt [10], and with a different silox-
ne molecular structure [11] illustrated possible pathways for
node improvements required for the development of lithium
atteries for practical use.

A fundamental understanding of the interface region between
athode and anode materials and the electrolyte is necessary in
rder to improve the safety performance of lithium batteries
12–21]. Nevertheless, there have been relatively few reports of
urface analysis of cathode active materials charged in conven-
ional carbonate-based electrolytes [22–24]. The surface of the
athode active material (LiCoO2) charged in propylene carbon-
te with LiPF6 has been investigated by in situ-infrared absorp-
ion spectroscopy (IR) and X-ray photoelectron spectroscopy
XPS) [22–24]. In situ-IR revealed absorption and deposition
f propylene carbonate decomposition on LiCoO2 [23]. How-
ver, these studies have not determined if substances deposited
n the surface of the cathode active material have lithium ion

onductive capability. Further investigation is needed to under-
tand the degradation capacity of the cathode active materials
fter long-term evaluations, such as cycling and/or calendar
ife.

mailto:hiroshi@quallion.com
dx.doi.org/10.1016/j.jpowsour.2006.01.084
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In earlier work, we used electrochemical impedance spec-
roscopy to reveal that the SEI layer existed on the cathode
harged in siloxane-based electrolyte [25]. The charge-transfer
esistance on the cathode charged in siloxane-based electrolyte
as greater than that in carbonate-based electrolyte at all the
otential range because of the SEI layer.

In order to commercialize a lithium battery containing a
iloxane-based electrolyte, development of both the anode and
athode materials compatible with siloxane-based electrolytes
s needed. In the present research, we investigated the cath-
de surface charged in siloxane-based electrolyte by FT-IR in
rder to establish the characteristics of compounds formed on
he cathode surface. Thermal analysis (DSC and TG-DTA) of
he siloxane-based electrolyte with the charged (de-lithiated)
athode powder was performed to determine the thermal sta-
ility of the electrolyte with a lithium transition metal oxide.
iNi0.8Co0.15Al0.05O2 was used as a lithium transition metal
xide in this study which has superior performance in terms of
verdischarge for a lithium secondary battery [26]. The results
eported here establish the electrochemical and thermal stability
f the siloxane-based electrolyte.

. Experiment

.1. Siloxane-based electrolyte preparation

The siloxane was synthesized at the University of Wisconsin,
nd the molecular structure is shown in Fig. 1 and was confirmed
y FT-IR and NMR (1H, 13C, and 29Si) analyses [27–33]. No
mpurities were detectable in the siloxanes by FT-IR and NMR
nalyses. The synthesis method used to prepare the siloxane is
escribed below [27–33].

A dehydrogenation reaction was carried out to generate a
iloxane. To a three-necked 100 mL flask, pentamethyldisilox-
ne (20.0 g, Gelest Inc.) and tri(ethylene glycol) allyl methyl
ther (34.1 g, distilled) were added. To this mixture, 100 �L
arstedt’s catalyst (3 wt.% solution in xylene) was added, and

he reaction solution was heated to 75 ◦C, and then cooled to
oom temperature. Samples were collected, and the process of
ydrosilylation was followed by 1H NMR measurements. After
ompletion of the reaction, the excess tri(ethylene glycol) allyl
ethyl ether and its isomers were removed by Kugelrohr distil-

ation. A yellowish/brown liquid resulted, and was decolorized
y activated charcoal in refluxing toluene. The purified prod-

ct was obtained by vacuum distillation, and the structure was
onfirmed spectroscopically.

Lithium bis-oxalo borate (LiBOB; Chemetal GmbH) was dis-
olved in the siloxane to achieve a 0.8 M concentration, and the

Fig. 1. Structures of the studied siloxane molecule.
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lectrolyte was a liquid at room temperature. The viscosity of
iloxane was 3.8 cP at 25 ◦C [27]. The conductivity and viscos-
ty of siloxane-based electrolyte were 3.65 × 10−4 S cm−1 and
8 cP at 25 ◦C [27], respectively.

.2. Electrochemical cell assembly

The lithium transition metal oxide LiNi0.8Co0.15Al0.05O2
Toda industry Co., Ltd.) was used as the positive active mate-
ial and was mixed with a 12 wt.%-solution of PVdF in NMP
Kureha Co., Ltd., PVdF1120), acetylene black and graphite
Timcal Co., Ltd., SFG6) in a mixer. The positive electrode
late was produced by applying the mixed paste to a 20 �m
hick aluminum foil using a doctor blade. The coated positive
lectrode was dried in an oven preset at 120 ◦C, followed by
ressing to 105 �m using a roll press. A 15 mm disk of the
ositive electrode was cut with a punch, and a lithium metal
node was prepared by punching a 16 mm disk from lithium
oil, 0.25 mm thick (Honjo metal Co., Ltd.). Coin cells (2032-
ype) were prepared by stacking a lithium metal electrode, a
eparator, a carbonaceous electrode, spacer disks made from
tainless steel, and a spring in sequence. The separator was
25 �m-thick polyethylene porous membrane (Tonen Chem-

cal Co., Ltd.). The separators and electrodes were immersed
nto each of the siloxane-based electrolytes described above.
ll parts used for the coin cell assembly were dried in a vac-
um oven at 60 ◦C for more than 8 h. The control electrolyte
onsisted of ethylene carbonate (EC) and diethyl carbonate
DEC) mixed 50/50 by volume, into which 0.8 M of LiBOB was
issolved.

The electrochemical cells were then charged using constant
urrent at a rate of C/10 to 4.3 V, followed by charging at
onstant voltage until the current fell to C/20 at room tem-
erature. The same cells were discharged to 2.7 V at C/20 at
oom temperature in order to investigate the discharge capacity
f the electrochemical cell. For FT-IR and DSC measurements
f the charged cathode material, the electrochemical cells were
harged at C/100 to the prescribed voltage (3.85–4.4 V) at room
emperature, and then disassembled to remove the cathode for
urther investigation.

.3. FT-IR measurements

The charged electrochemical cells were disassembled in a
love-box filled with argon gas, and the dew-point was main-
ained below −75 ◦C. The cathodes were removed from the
ells, rinsed with tetrahydrofuran (THF), and dried under vac-
um at room temperature. FT-IR measurements were carried out
sing a spectrometer (Perkin Elmer Inc., Spectrum One FT-IR
pectrometer) installed in a glove-box with argon gas and a dew-
oint maintained below −75 ◦C. Electrolyte was squeezed out
rom a separator, and the FT-IR spectra were measured under
he same conditions described above. In addition, FT-IR spectra

ere acquired from the unused electrolyte to detect any impuri-

ies generated by chemical decomposition. This electrolyte was
tored in a polypropylene bottle in a glove-box until other sample
lectrolytes taken from test cells were prepared.
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at potentials greater than 4.2 V. These peaks appeared at 836,
981, 1045, 1090, 1192, 1246, 1357, 1445, 1790, 1799, 2869,
2952, 3298, and 3685 cm−1.
H. Nakahara et al. / Journal of

.4. DSC and TG-DTA measurements

The charged electrochemical cells were disassembled, and
he charged cathode electrodes were removed. The sample
athode powder was peeled off from the aluminum foil and
laced in a stainless steel cell for DSC measurement. DSC
easurements were carried out (Perkin Elmer Inc., Pyris 1
SC) at a heating rate of 5 ◦C min−1 from 20 to 400 ◦C in
owing nitrogen. Next, the cathode powder charged in the
iloxane-based electrolyte was heat-treated at 150 ◦C for 10 min
n the DSC pans, followed by cooling to room temperature.
he same DSC measurements as mentioned above were then
arried out with the cooled cathode powder to explore the
ffect of heat treatment on the DSC profiles. Finally, the ther-
al stability of the siloxane-based electrolyte was investigated

sing TG-DTA (Perkin Elmer Inc., Diamond TG-DTA). Sam-
les were heated at 5 ◦C min−1 from 20 to 600 ◦C in flowing
rgon.

. Results

.1. Electrochemical property

The charge and discharge curves of electrochemical cells
abricated with the siloxane-based and carbonate-based elec-
rolytes are shown in Fig. 2. The discharge capacity of the cell
ith the siloxane-based electrolyte and a cathode active mate-

ial was 162 mAh g−1, a value nearly identical to the cell with
he carbonate-based electrolyte (165 mAh g−1). The coulomb
fficiency for the cell with siloxane-based electrolyte was 81%,
lightly less than the 84% efficiency for the cell with a carbonate-
ased electrolyte.

.2. FT-IR

The FT-IR spectra for the siloxane-based electrolytes are

hown in Fig. 3. One of the electrolyte samples was stored in a
love-box, while the other two were removed from cells charged
t 3.9 and 4.3 V. The three FT-IR spectra were identical. In con-
rast, FT-IR spectra acquired from the cathode electrode charged

ig. 2. Charge and discharge curves of the electrochemical cells at the 1st cycle.
apacity is shown for the specific weight of cathode active material.

F
s

ig. 3. FT-IR spectra for the siloxane electrolyte: (a) unused control, (b) elec-
rolytes removed from the electrochemical cell charged at 3.9 V, and (c) that at
.4 V. Lines overlap and show no differences.

t the prescribed voltage (3.85–4.4 V) in electrochemical cells
evealed distinct differences, as shown in Fig. 4. Additional
eaks appeared in the FT-IR spectra for the cathodes charged
ig. 4. FT-IR spectra for cathode electrodes charged at different potentials in
iloxane-based electrolyte.
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.3. DSC and TG-DTA

DSC curves for cathode powders charged in the siloxane-
ased electrolyte and in the carbonate-based electrolyte are
hown in Fig. 5. Three major exothermic peaks were produced
at 195, 230, and 265 ◦C) by the cathode powder charged in the
arbonate-based electrolyte. In contrast, two major peaks were
roduced by the cathode powder (at 195 and 235 ◦C) charged in
he siloxane-based electrolyte. In addition, the amount of heat
ow at 195 ◦C for the carbonate-based electrolyte was greater

han for the siloxane-based electrolyte. Additional major peaks
ppeared at 230–235 ◦C for both samples. The peak produced
y powder charged in the siloxane-based electrolyte was sharper
nd at a slightly higher temperature than that for the carbonate-
ased electrolyte. Furthermore, there was a small peak at 130 ◦C
or the siloxane-based electrolyte.

The effect of heat treatment on the DSC profile of the cathode
owder charged in the siloxane-based electrolyte is shown in
ig. 6. The small peak at 130 ◦C disappeared after heat treatment
at 150 ◦C for 10 min.). The two major peaks produced by the
athode powder charged in the siloxane-based electrolyte were
ot affected by heat treatment.

The weight loss during thermogravimetric analysis of the

iloxane-based electrolyte (dissolving 0.8 M LiBOB salt) is
hown in Fig. 7. The siloxane-based electrolyte decomposed at
32.4 ◦C until 40% weight loss had occurred. The next weight

ig. 5. DSC curves for LiNi0.85Co0.12Al0.3O2 charged in siloxane-based elec-
rolyte and conventional carbonate-based electrolyte: (a) full scale and (b)

agnified near 130◦.

Fig. 6. DSC curves for LiNi0.85Co0.12Al0.3O2 charged in siloxane-based elec-
trolyte with and without heat-treatment at 150 ◦C: (a) full scale and (b) magnified
at 130 ◦C.

d
h
d
r

4

d
c

Fig. 7. TG curve for siloxane-based electrolyte containing LiBOB salt.

ecrease occurred at 248.5 ◦C, at which point the sample weight
ad decreased to 5% of the original weight. The third weight
ecrement occurred at 473.4 ◦C, after which 1 wt.% of ash
emained.

. Discussion
The cell with the siloxane-based electrolyte demonstrated
ischarge capacity comparable to the cell with the conventional
arbonate-based electrolyte. Taken alone, this suggests that a
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iloxane-based electrolyte together with a lithium transition
etal oxide is a feasible recipe for an improved lithium battery, at

east from the perspective of initial electrochemical characteris-
ics such as discharge capacity. However, the coulomb efficiency
f the cell with the siloxane-based electrolyte was 3% less than
he cell with the carbonate-based electrolyte, indicating that the
dditional side reaction(s), such as electrolyte decomposition,
ccurred in the former electrolyte.

The siloxane-based electrolyte removed from the electro-
hemical cells charged at 3.85–4.4 V (Fig. 3) showed no signs
f the impurity compounds that normally come from electrolyte
ecomposition on the cathode surface during charging. How-
ver, in IR spectra of the cathode powder charged at the pre-
cribed voltage (Fig. 4), the additional absorption peaks appear-
ng after charging at higher voltages (above 4.2 V) indicate the
resence of compounds formed by the decomposition reaction
f siloxane-based electrolyte and deposited on the cathode sur-
ace. These findings indicate that for the present siloxane-based
lectrolyte, in order to preserve long-term cycling performance
nd calendar life, the maximum charge voltage for the cathode
n the electrochemical cell should not exceed 4.1 V.

The spectral peaks appearing in the IR spectra of the cath-
de powder charged at higher than 4.2 V (Fig. 4) are assigned
o function groups and compounds in Table 1. All peaks are
ssigned to the function groups that originate from the siloxane
olecule and/or LiBOB salt. These assignments indicate that

he compounds deposited on the cathode surface were prod-
cts of the decomposition reaction of siloxane molecules and
he LiBOB salt. In addition, all products of siloxane-based
lectrolyte decomposition at voltages greater than 4.2 V were
eposited on the cathode instead of dissolving in the electrolyte.

his conclusion is supported by the observation that no impurity
as detected in IR spectra from the electrolytes (Fig. 3).
The small exothermic peak at 130 ◦C in the DSC pro-

le appeared only for the siloxane-based electrolyte. In addi-

able 1
eak positions in FT-IR spectra from cathode powder charged above 4.2 V,
ssigned function groups, and possible sources

eak position
cm−1)

Assigned function
groupsa

Possible source
material

836 SiCH3 Siloxane
981 C C Siloxane or LiBOB
045 SiOH, SiOR (SiOSi) Siloxane
090 SiOH, SiOR (SiOSi) Siloxane
192 COOR LiBOB
246 COOR LiBOB
357 SiCH3 Siloxane
445 SiCH3 Siloxane
790 C O LiBOB
799 C O LiBOB
869 SiCH3 Siloxane
952 SiCH3 Siloxane
298 SiOH Siloxane
685 C O LiBOB
685 SiOH Siloxane

a IR absorption movement of function group is stretching vibration except for
O (3685 cm−1), bending vibration.
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ion, this peak disappeared after heat treatment of the cathode
Fig. 6). These results support the assertion that the peak at
30 ◦C arises from combustion of the siloxane-based electrolyte.
The siloxane-based electrolyte control decomposed at 132.4 ◦C
ccording to the TG-DTA data in Fig. 7.) An alternative possi-
ility is that the peak can be ascribed to combustion of decom-
osition products having the function groups shown in Table 1.
n either case, heat treatment eliminated the peak at 130 ◦C,
ndicating that the compound was combusted.

The thermal stability of cathodes charged in the siloxane-
ased electrolyte was superior to the cathode stability in
arbonate-based electrolyte (Fig. 5). This is attributed to the
act that exothermic heat flow at 195 ◦C for the siloxane-based
lectrolyte was less than that for carbonate-based electrolyte.
n addition, the exothermic peak at 230 ◦C produced by the
arbonate-based electrolyte shifted to a higher temperature when
he siloxane-based electrolyte was substituted. These observa-
ions indicate that the charged cathode material is more thermally
table in the siloxane-based electrolyte than in the carbonate-
ased electrolyte.

. Conclusions

At high charge voltages, the siloxane-based electrolyte
ecomposed on the cathode surface. In an electrochemical cell,
he potential of cathode should not exceed 4.1 V versus Li/Li+

n order to ensure long-term cell performance and to prevent
lectrolyte decomposition. The compounds formed on the sur-
ace of the cathode at high voltage (>4.2 V) resulted from the
ecomposition of siloxane molecules and the LiBOB salt. This
xidation potential for the siloxane-based electrolyte is compa-
able to the oxidation potential of the carbonate-based electrolyte
22–24]. The present results thus support the potential for using
iloxane-based electrolytes in lithium batteries. In addition, ther-
al analysis revealed that the siloxane-based electrolyte and

he compounds deposited on the cathode surface were decom-
osed at 130 ◦C. These data indicate that the safety of a lithium
econdary cell can be improved by use of the siloxane-based
lectrolyte in place of carbonate-based electrolytes.

The siloxane-based electrolyte has potential for use in a com-
ercial lithium rechargeable battery. The discharge capacity of

ells based on this electrolyte is comparable to cells with conven-
ional carbonate-based electrolytes, and the batteries are likely to
e safer because of the increased thermal stability of the cathode.
n future work, the long-term performance characteristics of the
iloxane-based electrolyte, such as cycling, self-discharge, and
alendar life, will be evaluated.
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