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bstract

Microstructural characteristics of passive films on highly oriented pyrolytic graphite (HOPG) lithiated in siloxane-based electrolytes dissolving
ithium bis(oxalato) borate (LiBOB) were analyzed. Scanning electron microscopy (SEM) images of the lithiated HOPG showed island-like
eposition on the basal planes and film-like deposition on edge planes. X-ray spectroscopy revealed that the film-like deposition exhibited higher
oncentrations of Si and O than the island-like deposition. Fourier transformation infrared (FT-IR) spectroscopy of the siloxane-based electrolyte
nd the HOPG surface indicated consumption (decomposition) of LiBOB salt and bond breakage between the siloxane backbone and ethylene

xide side chain function groups. Based on FT-IR spectra from the lithiated graphite surface, the assigned function groups in the products included
he flexible groups –Si–O– and –C–O–. These flexible function groups are expected to absorb the volumetric changes in graphite particles during
ithiating and delithiating in an electrochemical cell, which will prevent continuous decomposition of siloxane electrolyte on the graphite surface.

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

Formation of the solid electrolyte interface (SEI) on graphite
lectrode surfaces in non-aqueous electrolytes (such as the ethy-
ene carbonate/diethyl carbonate system) has been widely stud-
ed [1–13]. Exfoliation of graphene layers reportedly occurs
uring initial charging in propylene carbonate-based electrolytes
ecause of co-intercalation of solvent [1,3]. Earlier studies
sserted that the SEI film formed mainly by a solvent decompo-
ition reaction, and that it was composed of ROCO2Li species,
i2CO3, and LiF [4–7]. Investigators subsequently concluded

hat the novel lithium salt, LiBOB, resulted in an SEI film that
ormed directly on graphite, rather than by a solvent decompo-
ition reaction [14–16].

Polysiloxane-based electrolyte is a suitable candidate elec-

rolyte for lithium battery systems because of the high conduc-
ivity relative to other polymer materials [17–21]. Polyethylene
xide (PEO) is a well-known solid polymer electrolyte that

∗ Corresponding author. Tel.: +1 818 833 2016; fax: +1 818 833 2001.
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hows conductivity in the range of 10−6 to 10−7 S cm−1 [17–21].
y comparison, the conductivity of polysiloxane-based elec-

rolyte exceeds this range by three orders of magnitude, reach-
ng a value of approximately 10−3 S cm−1 [22]. Consequently,
olysiloxane-based electrolyte has emerged as a primary candi-
ate for the development of large lithium batteries for applica-
ions such as electric vehicles and other systems in which safety
s a prime consideration [22].

SEI formation on graphite surfaces in polysiloxane-based
lectrolytes has been investigated in recent reports [23–28]. In
ne report, the existence of two types of passive film and associ-
ted morphological features were revealed by SEM observations
23,24]. One passive film was island-like and formed directly on
he graphite surface, while the other was gel-like and covered
he island-like film [23,24]. Further investigations have focused
n modifications to improve lithium batteries. For instance, the
ddition of vinyl ethylene carbonate (VEC) to the polysiloxane-
ased electrolyte increased the discharge capacity of the graphite

lectrode and inhibited gel-like film formation, reducing the
lm resistance and charge transfer resistance [23,25]. In sim-

lar fashion, particular types of electrolyte salt [26] and the
olecular structure of siloxane [27] also affected passive film

mailto:hiroshi@quallion.com
dx.doi.org/10.1016/j.jpowsour.2006.02.088
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ormation and the electrochemical response of the passive films
n graphite electrodes. These reports indicated that the elec-
rochemical and morphological characteristics of passive films
ormed on the graphite electrode surface (when lithiated in a
olysiloxane-based electrolyte) could be modified by optimizing
he electrolyte, which is thus a promising path to commercial-
zation. However, the decomposition routes of siloxane-based
lectrolyte on the graphite surface during lithiation and the
olecular structures of products—critical factors for electrolyte

ptimisation—remain to be clarified.
In the present work, the compounds in passive films on the

OPG charged in a siloxane-based electrolyte are analyzed and
dentified. The surface morphology of the HOPG was observed
y SEM, and the composition of the passive film was determined
y energy dispersive X-ray spectroscopy (EDS). Furthermore,
T-IR spectroscopy was performed to identify the types of func-

ion group associated with the compound present in the passive
lm. Finally, the decomposition reaction route of siloxane-based
lectrolyte and the chemical formulas for the products are pro-
osed.

. Experimental

.1. Siloxane synthesis methods

The siloxane was synthesized at the University of Wisconsin,
nd the molecular structure was confirmed by FT-IR and NMR
1H, 13C, and 29Si) analyses [28–31]. The molecular structures
f siloxane and LiBOB are shown in Fig. 1. No impurities were
etectable in the siloxanes by FT-IR and NMR analyses. The
ynthesis methods used to prepare the siloxane are described
elow [28–31].

A dehydrogenation reaction was carried out to generate
siloxane. Pentamethyldisiloxane (20.0 g, Gelest Inc.) and

ri(ethylene glycol) allyl methyl ether (34.1 g, distilled) were
ixed in a three-necked 100 mL flask. To this mixture, 100 �L

f Karstedt’s catalyst (3 wt.% solution in xylene) was added,
nd the reaction solution was heated to 75 ◦C, 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 dis-

illation. The result was recovered as a yellowish/brown liquid,
nd was decolorized by activated charcoal in refluxing toluene.

he purified product was obtained by vacuum distillation, and

he structure was confirmed spectroscopically. Next, lithium bis-
xalato borate (LiBOB; Chemetal GmbH) was dissolved in the
iloxane to achieve a 0.8 M concentration, and both were liq-

3

i

Fig. 1. Molecular structures of (a) silo
r Sources 160 (2006) 1355–1360

ids at room temperature. The siloxane viscosity was 3.8 cP at
5 ◦C [28]. The conductivity and viscosity of the siloxane-based
lectrolyte were 3.65 × 10−4 S cm−1 and 18 cP at 25 ◦C [28].

.2. SEM observation and EDS analysis

Siloxane and LiBOB (Chemetall GmbH) dissolved to
chieve a 0.8 M concentration, was used as an electrolyte and
oth were liquids at room temperature. A block of HOPG
2 mm × 2 mm × 1 mm) was used for the working electrode.
opper mesh was used as a current collector, and was sand-
iched around the HOPG block electrode. The electrode was

overed with a polyethylene porous separator, and lithium metal
as pressed against a copper mesh and used as the counter elec-

rode. The working electrode, counter electrode, separator, and
lectrolyte were packaged in an aluminum laminated bag that
as heat-sealed. The laminated cell was charged to 0.02 V. The

harged electrode was removed from the disassembled cell in a
love box filled with Ar gas and a dew-point maintained below
75 ◦C, rinsed with diethyl carbonate (DEC), and dried under

acuum at room temperature. The surfaces of the HOPG were
xamined by SEM (JEOL JSM-5910LV) after a sputter coating
ith gold. In addition, the composition of the surface films on

he specimens was analyzed by EDS (Oxford Instruments, EDS
NCAEnergy 7274).

.3. FT-IR measurements

The charged electrochemical cells described above were dis-
ssembled in a glove box filled with argon gas, and the dew-point
as maintained below −75 ◦C. The HOPG was removed from

he cells, rinsed with DEC, and dried under vacuum at room
emperature. FT-IR measurements were carried out using a spec-
rometer (Perkin-Elmer Inc., Spectrum One FT-IR spectrome-
er) installed in a glove-box filled with argon and a dew-point

aintained below −75 ◦C. Electrolyte was squeezed out from a
eparator, and the FT-IR spectra were measured. In addition, FT-
R spectra were acquired from the unused electrolyte to detect
ny impurities generated by chemical decomposition. This elec-
rolyte was stored in a polypropylene bottle in a glove-box until
ther sample electrolyte taken from test cells was prepared.

. Results
.1. Microanalysis of films

SEM images of the HOPG blocks are shown in Fig. 2. The
mage of the pristine HOPG clearly shows the basal and edge

xane molecule and (b) LiBOB.
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F 0.02 V vs. Li/Li+, in siloxane-based electrolyte containing LiBOB; (c) edge plane
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Table 2
Peak positions showing different peak height between the electrolyte taken from
test cell and the unused one in the FT-IR spectrum for the siloxane-based elec-
trolytes (Fig. 3) and the assigned function groups

Peak position (cm−1) Assigned function groups

1091 >B–O–
1197 COOR
1272 COOR
1294 –COOR
1348 Li–O
1
1

s
summarized in Table 3. These peaks are assigned to the func-
tion groups in a siloxane molecule, a LiBOB salt, and ones in
derivatives of those species.
ig. 2. SEM images of HOPG blocks: (a) pristine; (b) basal plane charged at
harged at 0.02 V.

lanes (Fig. 2a). Island-like deposition was observed on the basal
lane of the lithiated HOPG in Fig. 2b. On the edge plane of the
ithiated HOPG, the deposited film covered the surface (Fig. 2c).

Compositions of the surface films on the HOPG basal and
dge planes were analyzed by EDS, the results of which are sum-
arized in Table 1. Carbon was the primary element detected,

nd the silicon concentration on the basal plane was 0.1 at.%.
n edge planes, silicon concentrations were higher relative to

hose on the basal plane.

.2. FT-IR spectroscopy

Fig. 3 shows IR spectra acquired from (a) the siloxane-based
lectrolyte (removed from a test cell after lithiating HOPG)
nd (b) the unused electrolyte that was stored in a polypropy-
ene bottle in a glove-box (gray curve). All peak positions were
nchanged by lithiating HOPG. However, the absorption of IR
or particular peaks (at 1091, 1197, 1272, 1294, 1348, 1779,
nd 1804 cm−1) decreased after lithiating. The peak positions
howing the decrease in IR absorption and the assigned function
roups are summarized in Table 2. All peaks showing decreased

bsorption are attributed to LiBOB salt.

IR spectra of the HOPG surfaces for the pristine and the
ithiated one are shown in Fig. 4. For the pristine HOPG, there
as no absorption peak. Distinctive peaks were observed in the

able 1
tomic composition on the surface of HOPG lithiated in siloxane-based elec-

rolyte (EDS analysis result)

C, at.% O, at.% Si, at.%

asal plane 96.6 3.3 0.1
dge plane 79.4 18.9 1.7
779 C O
804 C O

pectrum for the lithiated HOPG, and these peak positions are
Fig. 3. FT-IR spectra for siloxane-based electrolytes.
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Fig. 4. FT-IR spectra for the pristine and the charged HOPG blocks.

Table 3
Peak positions in the FT-IR spectrum for HOPG block charged in siloxane-
based electrolyte (Fig. 4), the assigned function groups and the possible source
materials

Peak position (cm−1) Assigned function groups Possible source
material

610 –CH CH2, >C CH2 Siloxane, derivative
678 –CH CH2, >C CH2 Siloxane, derivative
751 –CH2– Siloxane
784 SiCH3 Siloxane
843 SiCH3 Siloxane
923 SiH Siloxane, derivative
984 C C Siloxane or LiBOB,

derivative
1059 SiOR (SiOSi) Siloxane
1108 SiOR (SiOSi), >B–O–, C–O Siloxane or LiBOB
1196 –COOR LiBOB
1253 –COOR LiBOB
1328 SiCH3, Li–O Siloxane or LiBOB,

derivative
1449 SiCH3 Siloxane
1572 –COO− LiBOB, derivative
1657 –CH CH2, >C CH2 Siloxane, derivative
1774 C O LiBOB
1804 C O LiBOB
2343 SiH Siloxane, derivative
2850 –CH2– Siloxane
2909 –CH3 Siloxane
2941 –CH3 Siloxane
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old-face type shows the function groups in the derivatives of siloxane or LiBOB
n table.

. Discussion

SEM images of the HOPG surface indicated that an island-
ike film was deposited during lithiation in the siloxane-based
lectrolyte, and no gel-like film formed (Fig. 2b and c) [23–27].

EM images revealed that the island-like deposit formed only
n the basal plane (Fig. 2b), while on the edge plane, a film-
ike substance formed that was distinct from the film observed
n the basal plane (Fig. 2c). These materials were generated

r

o
d

r Sources 160 (2006) 1355–1360

y decomposition of the siloxane-based electrolyte [23–27]. In
ddition, EDS spectra (Table 1) revealed that the concentration
f Si and O on edge planes was significantly higher than on basal
lanes. These observations support the assertion that decompo-
ition of siloxane-based electrolyte occurred preferentially on
dge planes rather than on basal planes. This assertion is consis-
ent with the general perception that ROCO2Li species, Li2CO3,
nd LiF are often involved in SEI formation on carbonaceous
nodes lithiated in conventional carbonate based electrolyte
1–13].

Peak intensities in the spectra of siloxane-based electrolyte
aken from the charged cell are smaller than those from the
nused electrolyte (Fig. 3). As reported previously, the IR spec-
rum of siloxane-based electrolyte removed from the cell after
harging (delithiating) lithium transition metal oxide was an
xact replicate of the spectrum from the unused electrolyte
32,33]. Thus, the difference in IR spectra from the used and
he unused siloxane-based electrolyte in case of lithiating car-
onaceous material is notable (Fig. 3). The peaks that decreased
n intensity after lithiating HOPG are attributed to the func-
ion groups in LiBOB salt, as listed in Table 2. Some peaks
ere assigned to function groups in the siloxane molecule,

uch as SiOR at 1091 cm−1 and SiCH3 at 1348 cm−1. However,
hese peak assignments are tentative because the characteristic
eaks expected in other wave number ranges for these function
roups were notably absent. Thus, the IR spectra of siloxane-
ased electrolytes shown in Fig. 3 suggest the consumption
decomposition) of LiBOB salt in siloxane-based electrolyte
uring lithiating HOPG. This finding is consistent with previous
eports that suggested that LiBOB salt decomposed during initial
ithiation of graphite (more than carbonate electrolyte solvent)
14–16].

IR spectra of the HOPG surface lithiated in siloxane-based
lectrolyte showed distinct differences from the pristine HOPG
pectrum (Fig. 4). All peaks were assigned to function groups in
he siloxane molecule, a LiBOB salt, and derivatives of those
Table 3). The function groups in the derivatives, shown in
able 3, are instrumental in determining the decomposition
eaction route of siloxane-based electrolyte during lithiating
OPG. These groups include –CH CH2 or >C CH2 (610, 678,
657 cm−1), C C (984 cm−1), SiH (923, 2343 cm−1), and Li–O
1328 cm−1) for the derivatives from a siloxane molecule, and

C (984 cm−1), –COO− (1572 cm−1), and Li–O (1328 cm−1)
or the LiBOB salt. In addition, the original function groups in
he siloxane molecule and the LiBOB also were detected. From
he siloxane molecule, these include SiOR or SiOSi in a back-
one group (1059, 1108 cm−1), CH3 or SiCH3 in a backbone
roup (784, 843, 1328, 1449, 2909, 2941 cm−1), C–O in an ethy-
ene oxide side chain group (1108 cm−1), and –CH2– in an ethy-
ene oxide group (751, 2850 cm−1). From a LiBOB salt, these
nclude –COOR (1196, 1253 cm−1), C O (1774, 1804 cm−1),
B–O–(1108 cm−1), and Li–O (1328 cm−1). These function
roups were not affected by the lithiation of HOPG, and were

etained in the products deposited on the HOPG surface.

Previous reports concluded that the SEI film was composed
f ROCO2Li species, Li2CO3, and LiF, all of which were pro-
uced by the decomposition of carbonate-based electrolyte, and
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Fig. 5. Decomposition reaction of a siloxane m

re derivatives of the carbonate solvents and the electrolyte salt
4–7]. Based on these and other reports [4–7,24–28,33] as well
s the present evaluation results of HOPG surface, a proposed
eaction route for siloxane-based electrolyte decomposition is
hown in Fig. 5, along with the molecular structure of products.
egarding the decomposition reaction of a siloxane molecule,
iven the function groups above, the siloxane backbone and ether
roup (in ethylene oxide side chain group) remain in the prod-
cts after decomposition reaction. Function groups such as SiH
nd –CH CH2 or >C CH2 in products suggest the breakage of
i–C bonds between the siloxane backbone and the ether side
hain group (refer to the siloxane molecular structure shown in
ig. 1a). In addition, there is a possibility of bond breakage of the
ther group to produce Li–O bonds in a further decomposition
eaction, although the source is not yet clarified in this work. We
ssert that the compounds shown in Fig. 5 are products of silox-
ne molecule decomposition. Furthermore, regarding LiBOB
ecomposition, the presence of function groups –COO− and
i–O indicate the breakage of B–O bonds in a bis(oxalato) borate
nion (refer to the LiBOB molecular structure in Fig. 1b). This
ssertion is consistent with other reports [14–16], although the
bsorption peaks for B–O were also detected (Table 3).

The present observations provide insight into results of long-
erm tests of battery performance, such as cycling and calendar
ife with electrochemical cells containing a siloxane-based elec-
rolyte. Different types of siloxane molecules were evaluated as
lectrolytes in lithium secondary electrochemical cells (lithium
ransition metal oxide cathode and graphite anode) by cycling
nd calendar life [34]. The siloxane-based electrolyte used in the
resent study showed the greatest discharge capacity retention
fter long-term testing, including cycling and calendar life tests
34] Interpretations of test results led to two hypotheses–that the
lastic passive film formed by the decomposition of siloxane-
ased electrolyte on the graphite surface, and that the superior
assive film prevented siloxane-based electrolyte from contin-
ous decomposition under long-term testing conditions. The
resent study provided additional insight into the compounds

resent in the passive film. In particular, these compounds appear
o be comprised of –Si–O– bonds and/or –C–O– bonds that rotate
n unconstrained fashion to absorb the volumetric change of
raphite during charge–discharge cycling.
le on HOPG surface during lithiating HOPG.

. Conclusions

The passive film formed on a graphite electrode was char-
cterized by using SEM, EDS, and FT-IR. The siloxane-based
lectrolyte generated island-like deposition on basal planes of
OPG and film-like deposition on edge planes. The film-like
eposit contained higher concentrations of silicon and oxygen.

Chemical formulas for the products of the decomposition
eaction of siloxane-based electrolyte were proposed. The pas-
ive film on the graphite electrode was composed of compounds
ontaining flexible –Si–O– and –C–O– bonding. In the siloxane-
ased electrolyte, these elastic passive films prevent continuous
ecomposition of the siloxane electrolyte because the passive
lms prevent exposure of fresh graphite surface to siloxane-
ased electrolyte (normally occurring at the crack due to expan-
ion and shrinkage of graphite particles during lithiation and
elithiation). The long-term battery performance, such as cycle
ife and calendar life, is expected to be superior in batteries con-
aining a siloxane-based electrolyte because of the formation
f an elastic passive film on the graphite electrode. In future
ork, the present siloxane electrolyte will be modified with dis-

olving organo-borate salts and electrolyte additives, and the
esulting battery performance will be investigated and devel-
ped for future use in the lithium battery industry.
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