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a b s t r a c t

�-Butyrolactone (GBL) increases the irreversible capacity of lithium ion battery when it is employed as the
solvent for the lithium bis(oxalate)borate (LiBOB)-based electrolyte. To solve this problem, four sulfites
are introduced to the electrolyte. The effects of ethyl sulfite (ES), propylene sulfite (PS), dimethyl sulfite
(DMS) and diethyl sulfite (DES) on the LiBOB/GBL-based electrolytes are studied. The ionic conductivity,
electrochemical stability, cycle performance and thermal stability of the sulfite containing electrolytes
are tested and compared with that of the common electrolyte and the 1 M LiBOB/GBL electrolyte. The
ithium ion battery
ulfite
-Butyrolactone
ithium bis(oxalate)borate

results indicate that the cyclic sulfites ES and PS show little benefit to the performance of the electrolyte.
However, the linear sulfites DMS and DES could increase the ionic conductivity of the electrolyte and form
an effective SEI film on the anode surface. In particular, the 1 M LiBOB/GBL + DMS (3:1 wt.) electrolyte
mitigates the irreversible capacity and enhances the first coulomb efficiency and the capacity retention.
The thermal stability of the DMS containing electrolyte is also improved and is better than that of the
common electrolyte. These beneficial effects make them possibly to be a promising cosolvent for the

LiBOB/GBL electrolyte.

. Introduction

Lithium ion batteries have been a preferred power source
ecause of their high energy density and excellent electrochemical
roperties, but safety issue is still a concerned problem as lithium

on battery accidents occur frequently. Lithium ion batteries are
omposed of highly energetic electrode materials and highly active
lectrolytes which are apt to become fire hazardous substance. The
dentification of a suitable electrolyte is essential to a safe high-
erformance lithium ion battery [1].

At present, the commercial electrolyte always consists of
uorine-containing lithium salt and alkyl carbonate solvents, such
s the LiPF6/ethylene carbonate (EC) + diethyl carbonate (DEC)
lectrolyte. However, LiPF6-based electrolyte shows poor thermal
tability and may be undergo thermal runway when it is subjected
o thermal disturbance [2,3]. The typical carbonate solvents are
ot fully satisfactory. Dimethyl carbonate (DMC) and DEC have low
ash points and highly volatile, which may cause a poor thermal

esponse in the lithium ion batteries. EC has a high melting point
hich may lead to poor low temperature performance (Table 1).

herefore, many studies have sought new alternatives based on
ther salts and solvents [4–8].
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Lithium bis(oxalate)borate (LiBOB) has been identified as a
lithium salt with unique benefits in lithium ion battery use [9,10].
The fluorine free composition and good thermal stability of LiBOB
are important for improving the safety of the lithium ion batteries,
and its environment-friendly features are attractive. However, the
lower solubility and inferior conductivity of LiBOB in alkyl carbon-
ate solvents limit its application in electrolyte.

Xu [11] reported that the lactones-based solvents can effectively
dissolve LiBOB to high concentrations and generate low interfacial
resistance on graphitic electrode, especially for �-butyrolactone
(GBL). The physical and electrochemical properties of GBL make it
an effective lithium ion battery solvent. The melting point, the boil-
ing point and the flash point of GBL are −44 ◦C, 204 ◦C and 101 ◦C,
respectively. Thus, GBL has a wider liquid temperature range and
better thermal stability than that of the alkyl carbonate solvents.
Meanwhile, its high dielectric constant and low viscosity are just
sufficient for the demand of lithium ion battery electrolyte. How-
ever, GBL aggravates the irreversible capacity associated with the
reduction process of the BOB anion on carbonaceous anode surface
[11].

Since adding additive is a convenient way to improve the per-
formance of electrolyte, many efforts have been devoted to the

study of the chemicals with special features, such as organic sulfites.
Organic sulfites have similar structures to organic alky carbonates
(Table 1), and some reports show that certain sulfites show promis-
ing performances when used as film-forming electrolyte additives
[12,13].

dx.doi.org/10.1016/j.jpowsour.2010.07.064
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pinew@ustc.edu.cn
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P. Ping et al. / Journal of Power Sources 196 (2011) 776–783 777

Table 1
The basic physical and electrochemical properties of the solvents.

Solvents Structure Structural
formula

Melting
point
(◦C)

Boiling
point
(◦C)

Flashing
point
(◦C)

Dielectric
constant
(CV−1 m−1)

Viscosity
(mPa S)

Ethylene carbonate (EC) C3H4O3 39 248 160 89.6a 1.86a

Propylene carbonate (PC) C4H6O3 −49.2 241.7 135 64.4 2.53

Dimethyl carbonate (DMC) C3H6O3 4.6 90 18 3.18 0.5902

Diethyl carbonate (DEC) C5H10O3 −43 126.8 31 2.82 0.748

�-Butyrolactone (GBL) C4H6O2 −43.53 204 98.3 39.1 1.73

Ethyl sulfite (ES) C2H4O3S −17 172–174 79 NA NA

Propylene sulfite (PS), C3H6O3S 79 68b NA NA NA

Dimethyl sulfite (DMS) C2H6O3S −141 126 30 22.5 0.8732

Diethyl sulfite (DES) C4H10O3S −112 159 53 15.6 0.889

s
p
(
l
E
i
e
w
n
m
i
d

e
c

a At 40 ◦C.
b 20 mmHg.

It should be noted that the desirable features reported for these
ulfites mainly for cyclic sulfites, such as ethyl sulfite (ES) and
ropylene sulfite (PS). The linear sulfites, such as dimethyl sulfite
DMS) and diethyl sulfite (DES), have no satisfactory performances
ike the cyclic sulfites, and they are inferior electrolyte additives for
C comparing with linear alky carbonates [14]. However, the exist-
ng studies have focused on adding sulfites to the alky carbonate
lectrolytes. Little is known about their effects on the electrolyte
ith GBL as the main solvent. Moreover, in order to ensure fewer
egative effects, the additive level has always been kept low, which
ay limit the benefits of additives. Furthermore, the thermal stabil-
ty of the electrolytes after the addition of these additives is rarely
iscussed.

Here, we report the influence of sulfites on LiBOB/GBL
lectrolytes. The sulfites were used as a cosolvent at a high con-
entration (50 wt.% and 25 wt.%) to improve the performance of the
electrolytes. The ionic conductivity, electrochemical stability, cycle
performance and thermal stability of the sulfites electrolytes were
tested and discussed.

2. Experimental

EC, DEC and GBL were produced by Zhangjiagang Guotai-
Huarong New Chemical Materials Co., Ltd. ES and PS were produced
by Fujian Chuangxin Science and Technology Develops Co., Ltd.
DMS and DES were produced by Shanghai Jieshi Chemical Co., Ltd.

LiPF6 and LiBOB were produced by Tianjin Jinniu Power Sources
Material Co. and Chemetall Inc., respectively. The electrolytes were
prepared in an argon-filled glove box (MBraun Labmaster 130,
<1 ppm O2 and H2O). All solvent ratios appearing in the paper are
in weight ratios.
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A negative electrode consisting of mesophase carbon
icrobeads (MCMB) (92 wt.%) and poly(vinylidene fluoride)

PVDF) (8 wt.%) was made on copper foils. The positive elec-
rode consisting of LiCoO2 (84 wt.%), acetylene black (8 wt.%) and
oly(vinylidene fluoride) (PVDF) (8 wt.%) was made on aluminum
oils. Then the electrodes were dried for 12 h in a vacuum at 70 ◦C.
or the LiCoO2/MCMB full lithium ion cells and the Li/MCMB half-
ells, the negative electrodes were both MCMB, and the counter
lectrodes were LiCoO2 and lithium metal foil, respectively. The
eight of LiCoO2 and MCMB of LiCoO2/MCMB cell is 5.5 mg and

.1 mg, respectively. The weight of MCMB of Li/MCMB cell is

.0 mg.
The ionic conductivities of the electrolytes were measured using

Model DDS-307A conductivity meter (Shanghai Precision & Scien-
ific Instrument Co. Ltd., China) over a temperature range of −30 ◦C
o 50 ◦C. Each measurement of conductivity was conducted after
olding the electrolyte at a given temperature for 30 min to reach

ull thermal equilibrium.
The electrochemical stabilities of the electrolytes on the neg-

tive electrodes were measured by cyclic voltammetry (CV),
sing CHI 604A Electrochemical Workstation with a scan rate
t 0.5 mV s−1 between 0 V and 3.0 V. AC impedance was mea-
ured using the same workstation. The voltage amplitude was set
t 5 mV from 10 kHz to 0.01 Hz. The morphology of MCMB was
bserved under a scanning electron microscope (SEM, HitachiX-
50).

Cycling tests for the cells were performed in constant
urrent–constant voltage (CC–CV) charge mode and constant cur-
ent (CC) discharge mode on a multi-channel battery cycler
Neware BTS2300, Shenzhen). The constant current mode was
etween 2.5 V and 0.01 V at a current density of 0.20 mA cm−2. The
onstant voltage (CV) mode ended when the current is less than
.03 mA cm−2.

The thermal stabilities of the electrolytes were measured by C80
icro-calorimeter in argon atmosphere. The sample mass in all

ases was constant. The heating rate was set at 0.2 ◦C min−1 from
mbient temperature to 300 ◦C.

. Results and discussion

.1. Ionic conductivity

The dependence of ionic conductivity on temperature for the
lectrolyte is shown in Fig. 1. It can be found that the ionic con-
uctivities of the electrolytes decrease with temperature dropping.
hen the temperature is above −10 ◦C, the conductivity of 1 M

iBOB/GBL electrolyte is lower than that of 1 M LiPF6/EC + DEC elec-
rolyte (Fig. 1). When 50 wt.% of DMS or DES is added into pure
BL, the conductivity is markedly enhanced. The conductivity of
M LiBOB/GBL + DMS (1:1 wt.) electrolyte is even greater than

hat of 1 M LiPF6/EC + DEC (1:1 wt.) electrolyte at the same tem-
erature. The high conductivity is mainly due to the low melting
oint, low viscosity and higher dielectric constant of linear organic
ulfites (Table 1). A low melting point means a wider liquid tem-
erature range, and a low viscosity favors ionic movement, and a
igh dielectric constant increases the dissociation of ion pairs from
he dissolved salt. However, the desirable enhancement of conduc-
ivity does not appear with the addition of ES or PS. The decline in
onductivity indicates the compatibility of the cyclic organic sul-
tes with the LiBOB/GBL electrolyte may not be as good as that of

he linear organic sulfites.

Trace of solid material emerges from the 1 M LiPF6/EC + DEC
1:1 wt.) electrolyte below −10 ◦C, and the precipitation becomes
lear as the temperature decreases. This phenomenon is believed
o be the main reason for the reduction in conductivity of the
Fig. 1. The dependence of ionic conductivity on temperature for six kinds of elec-
trolytes: (a) the temperature range is from to −30 ◦C to 50 ◦C; (b): the temperature
range is from to −30 ◦C to 0 ◦C.

1 M LiPF6/EC + DEC (1:1 wt.) electrolyte to below that of other
electrolytes [15]. At −30 ◦C, the conductivity of the carbonates-
based electrolyte is merely 0.41 mS cm−1, and that of the
pure GBL-based electrolyte is 0.94 mS cm−1, while that of the
LiBOB/GBL + sulfite electrolytes is 0.79 mS cm−1(ES), 0.59 mS cm−1

(PS), 1.2 mS cm−1 (DES) and 1.34 mS cm−1 (DMS), respectively. The
1 M LiBOB/GBL + DMS (1:1 wt.) and the 1 M LiBOB/GBL + DES (1:1
wt.) electrolytes have better ionic conductivity, even at lower tem-
perature.

3.2. Electrochemical stability

Electrochemical stability is necessary for the lithium ion bat-
tery, so the electrochemical behaviors of electrolytes were studied
by cyclic voltammetry, AC impedance measurement and SEM. Six
kinds of electrolytes were used here, with the 1 M LiPF6/EC + DEC
(1:1 wt.) electrolyte as a reference.

3.2.1. Cyclic voltammetry

Fig. 2 shows the CV test results for Li/MCMB half-cells containing

six kinds of electrolytes separately. The CV curve of the reference
is shown in Fig. 2a. While that for the 1 M LiBOB/GBL is given in
Fig. 2b. It can be seen that an undesirable phenomenon occurs for
the electrolyte. There are two reductive current peaks at around
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F : (a) 1
1 DMS
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ig. 2. The CV test results of Li/MCMB half-cells containing six kinds of electrolytes
M LiBOB/GBL + PS (3:1 wt.); (e) 1 M LiBOB/GBL + DES (3:1 wt.); (f) 1 M LiBOB/GBL +
.3 V and 1.7 V. The reduction current peak of 1.3 V belongs to GBL
16]. The reduction current peak of 1.7 V arises from BOB anion.
r, to be more accurate, the 1.7 V reduction process is owing to

he trace amount of oxalate ester or oxalate anion that existed as
mpurities in LiBOB [17].
M LiPF6/EC + DEC (1:1 wt.); (b) 1 M LiBOB/GBL; (c) 1 M LiBOB/GBL + ES (3:1 wt.); (d)
(3:1 wt.).
These two reductive current peaks indicate that there is still
a difference in electrochemical stability between the pure GBL
solution and the reference. Fig. 2c–f shows the CV test results of
electrolytes containing sulfites. In comparison with Fig. 2b, the
reductive currents of the peaks in these figures decrease to vary-
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Table 2
The reductive current peaks appearing in the CV test of Li/MCMB half-cells contain-
ing different electrolytes.

Electrolytes Reductive current
density 1 (mA cm−2)

Reductive current
density 2 (mA cm−2)

1 M LiBOB/GBL 0.66 (1.70 V) 0.26 (1.30 V)
1 M LiBOB/GBL + ES (3:1 wt.) 0.59 (1.63 V) 0.32 (1.22 V)
1 M LiBOB/GBL + PS (3:1 wt.) 0.44 (1.58 V) 0.14 (1.22 V)
1 M LiBOB/GBL + DES (3:1 wt.) 0.29 (1.71 V) 0.25 (1.13 V)
1 M LiBOB/GBL + DMS (3:1 wt.) 0.19 (1.73 V) 0.20 (1.10 V)
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ig. 3. The AC impendence of Li/MCMB half-cells containing six kinds of electrolytes.

ng extents. The modest decrease in reductive current of the 1 M
iBOB/GBL + ES (3:1 wt.) is thought to be caused by the dilution
f GBL. The noticeable decrease for other three electrolytes indi-
ates that the addition of PS, DMS and DES appears to be beneficial
o the pure GBL-based electrolyte. Where the reduction appears
t around 1.7 V, the 1 M LiBOB/GBL + DMS (3:1 wt.) has the low-
st reductive current density, which is almost 3.5 times as small as
hat of the neat GBL electrolyte (Table 2). The reduction at around
.3 V is not visibly weakened after the addition of sulfites, and the
lectrolytes containing PS and DMS experience a decrease in reduc-
ive current of 23% and 46%, respectively. In contrast, the CV curve
f 1 M LiBOB/GBL + DMS (3:1 wt.) compares well with that of the
eference.

.2.2. AC impedance measurement
AC impedance is known to be closely associated with the lithium

on conductivity of SEI film. The impedance value is related to the
ithium ion migration rate, which should not be too high or too
ow. The higher migration rate would mean the SEI film might not

e formed successfully, and the lower rate would hinder the ion
ransport.

Fig. 3 shows the impedance spectra of the cells. The spectra are
omposed of a high-medium frequency flat semicircle and straight
loping line at low frequency. The resistance of SEI is correspond-

able 3
he capacity and the coulomb efficiency of the first charge-discharge cycle of Li/MCMB h

Electrolytes The first charge capacity density (mAh g−1)

1 M LiPF6/EC + DEC (1:1 wt.) 311.17
1 M LiBOB/GBL 290.16
1 M LiBOB/GBL + ES (3:1 wt.) 288.35
1 M LiBOB/GBL + PS (3:1 wt.) 297.92
1 M LiBOB/GBL + DES (3:1 wt.) 304.83
1 M LiBOB/GBL + DMS (3:1 wt.) 312.78
urces 196 (2011) 776–783

ing to the semicircle at high frequency [18]. It is evident that the
diameter of the semicircle (corresponding to SEI) is much lower for
ES and pure GBL solutions compared to other solutions. The main
reason is probably that the SEI films are too thin for the resistance
to be detected, as is evident from the poor performance of the cor-
responding Li/MCMB half-cells. The higher surface resistances of
the MCMB anode in the DMS, DES and PS solutions may indicate
that the SEI films were formed but were thicker than that of the
reference. PS corresponds to the largest diameter of the semicircle,
and this may have led to the largest resistance for the ion trans-
port and have contributed to the unfavorable performance of the
cell.

3.2.3. SEM measurement
Using SEM we can observe the surface of the anode MCMB before

and after the electrochemical measurement. The SEM images are
shown in Fig. 4. The typical SEM image of the MCMB prior to the
electrochemical measurement is shown in Fig. 4a. The anode sur-
face in the case of the 1 M LiPF6/EC + DEC (1:1 wt.) electrolyte is
shown in Fig. 4b.

Fig. 4c shows an exfoliation for the pure GBL solution-based
anode surface. In the case of GBL + ES solution, as shown in Fig. 4d,
it can be seen that the exfoliation is inconspicuous but the SEI film
is not as stable as the reference film, shown in Fig. 4b. The mor-
phology of the GBL + PS solution-based MCMB in Fig. 4e is close to
that of the reference, but it still has some small cracks in the thick
film layer which may have been caused by the cointercalation of
solvent molecules.

The clear films on the MCMB surfaces seen in Fig. 4f and g indi-
cate that the effective forced formation of a SEI film is accomplished.
This film formation corresponds with the smaller reductive current
peaks in the CV tests for the GBL-based electrolytes with DES and
DMS. The smaller reductive current peaks appear to be closely con-
nected with protection for the MCMB anode and the reduction of
the cointercalation of solvent molecules, both benefits of a stable
SEI film. When an electrolyte containing DMS is used, the anode
is completely covered with a plain layer of SEI film that is much
smoother than that in the case of a containing DES electrolyte.

3.3. Cycle performance

GBL undergoes reductive decomposition on the anode surface,
which worsens the cell performance. The reduction behaviors of the
electrolytes were studied by analyzing the first charge-discharge
curves of Li/MCMB half-cells, as shown in Fig. 5.

It can be seen that the irreversible capacity appears at 1.7 V and
1.3 V when pure GBL is used as the solvent. The irreversible process
limits the lithium ion and leads to a drop of 24% in the first coulomb
efficiency. Therefore, GBL is not the practical neat solvent for the
electrolyte. Using mixed solvents of GBL and sulfite maybe an effec-

tive way to alleviate the irreversible process. The enlarged figure
(Fig. 5b) shows that the irreversible capacity at 1.7 V and 1.3 V is
reduced to negligible levels using 1 M LiBOB/GBL + DMS (3:1 wt.)
electrolyte. Meanwhile, the first coulomb efficiency rises to 95.1%
(Table 3).

alf-cells containing different electrolytes.

The first discharge capacity density (mAh g−1) Coulomb efficiency

300.62 96.6%
220.61 76.0%
248.54 86.2%
266.54 89.5%
277.28 91.0%
297.4 95.1%
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Fig. 4. The SEM images of the surface of anode MCMB prior to the electrochemical measurement and in the case of six kinds of electrolytes: (a) the surface of anode MCMB
prior to the electrochemical measurement; (b) 1 M LiPF6/EC + DEC (1:1 wt.); (c) 1 M LiBOB/GBL; (d) 1 M LiBOB/GBL + ES (3:1 wt.); (e) 1 M LiBOB/GBL + PS (3:1 wt.); (f) 1 M
LiBOB/GBL + DES (3:1 wt.); (g) 1 M LiBOB/GBL + DMS (3:1 wt.).
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Table 4
The cycling performance of LiCoO2/MCMB cells containing different electrolytes.

Electrolytes 1 M LiPF6/EC + DEC (1:1 wt.) 1 M LiBOB/GBL 1 M LiBOB/GBL + ES (3:1 wt.)

The first discharge capacity (mAh) 0.784 0.761 0.770
The 100th discharge capacity (mAh) 0.746 0.533 0.617
Capacity retention (the 100th cycle) 95.15% 70.04% 80.13%

Electrolytes 1 M LiBOB/GBL + PS (3:1 wt.) 1 M LiBOB/GBL + DES (3:1 wt.) 1 M LiBOB/GBL + DMS (3:1 wt.)

c
s
i
d
t
m
t
fi
a
fi

F
t
3
5

The first discharge capacity (mAh) 0.771
The 100th discharge capacity (mAh) 0.668
Capacity retention (the 100th cycle) 86.64%

A charge–discharge cycling performances of LiCoO2/MCMB
ells using different electrolytes were conducted. The relation-
hip between the capacity retention of cells and the cycle number
s shown in Fig. 6. GBL electrolytes containing a linear sulfite
emonstrate show better cycle performance than other elec-
rolytes. Their capacity deteriorates more slowly, where with as

uch as 90% of the original capacity maintained even beyond

he 100th cycle (Table 4). This good cycle performance con-
rms that the film-forming property is improved after adding
linear sulfite to the GBL solution. The stable and efficient SEI

lm created by DES or DMS can protect the electrode material

ig. 5. The first charge-discharge voltage profiles of the Li/MCMB half-cells con-
aining six kinds of electrolytes: (a): the capacity range is from 0 mAh g−1 to
50 mAh g−1; (b) the enlarged figure that the capacity range is from 0 mAh g−1 to
0 mAh g−1.
0.778 0.783
0.703 0.736

90.36% 94.00%

and prevent the capacity from fading with cycle times increas-
ing.

3.4. Thermal stability (C80)

A comparison of the C80 profiles for six kinds of electrolytes is
shown in Fig. 7. The details C80 results are compared in Table 5.
The common electrolyte 1 M LiPF6/EC + DEC (1:1 wt.) begins to
react at 127 ◦C. Then an endothermic process follows at 160 ◦C,
with heat absorption of 35.6 J g−1. With the temperature increas-
ing, a large exothermic phenomenon was detected with heat

Fig. 6. The cycling performance of LiCoO2/MCMB cells containing six kinds of elec-
trolytes.

Fig. 7. C80 heat flow curves of six kinds of electrolytes.
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Table 5
The C80 results (the onset temperature and the heat generation) of different elec-
trolytes from ambient temperature to 300 ◦C.

Electrolytes or solvents Onset temperature
(◦C)

Heat generation (J g−1)
(ambient temperature
to 300 ◦C)

1 M LiPF6/EC + DEC (1:1 wt.) 127 35.6
−412.60

1 M LiBOB/GBL 227 14.31

g
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[

[
[

[

[
592–594.

[15] M.S. Ding, K. Xu, T.R. Jow, J. Electrochem. Soc. 147 (2000) 1688–1694.
1 M LiBOB/GBL + ES (3:1 wt.) 223 −214.19
1 M LiBOB/GBL + PS (3:1 wt.) 196 −304.42
1 M LiBOB/GBL + DES (3:1 wt.) 200 −136.48
1 M LiBOB/GBL + DMS (3:1 wt.) 252 −73.07

eneration of −412.6 J g−1 till 300 ◦C. As for LiBOB/GBL-based elec-
rolytes, it is evident that their onset temperatures are almost
lways higher than 200 ◦C, which are much higher than that of 1 M
iPF6/EC + DEC (1:1 wt.). As the exothermic process occurs later
nd intensifies until the end of the C80 measurement, the heat
alue in Table 5 should only be considered as part of that total
eat generation for the electrolyte. The delayed exothermic pro-
ess nonetheless demonstrates that better thermal stability can be
btained by the new composition of the electrolytes.Furthermore,
t should be noted that the thermal stabilities of the LiBOB/GBL
lectrolytes decline somewhat with the addition of sulfites, which
re reflected in the higher heat generation and lower onset tem-
erature of the sulfites containing electrolytes comparing with the
M LiBOB/GBL electrolyte. The onset temperature of the GBL + ES
lectrolyte (223 ◦C) is close to that of the neat GBL-based elec-
rolyte (227 ◦C), but its heat generation increases rapidly with an
ncrease in temperature. The GBL + PS electrolyte begins to release
eat at 196 ◦C, which is the lowest onset temperature among the
iBOB/GBL electrolytes. After this temperature, the exothermic pro-
ess is aggravated with heat generation of −304.42 J g−1 till 300 ◦C,
hich is higher than that of the other LiBOB/GBL-based electrolytes.

he exothermic process of the electrolyte containing DES was
etected at 200 ◦C. Under the influence of high temperature, the
eleasing heat is −136.48 J g−1. The GBL-DMS electrolyte also has
n exothermic process that begins at 252 ◦C, but the heat gener-
tion of the process is only −73.07 J g−1, which is the lowest one
mong the GBL-sulfite electrolytes.

Here we can see that the beneficial effects of the new electrolytes
re due to the good thermal stability of LiBOB and GBL. The sulfites
ave some adverse impact on thermal stability, but the effect of the
ddition of DMS is negligible.
. Conclusion

The effects of sulfites on the performance of LiBOB/GBL-based
ithium ion battery electrolytes were studied in this paper. The lin-

[

[
[

urces 196 (2011) 776–783 783

ear sulfites DMS and DES improve the ionic conductivity of the
LiBOB/GBL electrolyte and form an effective and stable SEI film on
the anode surface. The beneficial effect protects the anode surface
and reduces the cointercalation of the solvent molecules.

1 M LiBOB/GBL + DMS (3:1 wt.) presents especially good elec-
trochemical stability. In the case of an electrolyte containing DMS,
the irreversible capacity associated with the reduction process of a
BOB anion on a carbonaceous anode surface is mitigated. The first
coulomb efficiency is elevated to 95.1%, and the capacity loss occur-
ring in the charge–discharge cycling measurement is prevented.
Moreover, the 1 M LiBOB/GBL + DMS (3:1 wt.) also demonstrates
good thermal stability. In comparison with the common alkyl car-
bonates electrolyte, its heat generation can be neglected.

The cyclic sulfites do not present such desirable features as the
linear organic sulfites in the LiBOB/GBL electrolyte, especially ES.
The introduction of PS is beneficial in enhancing the performance
of the pure GBL-based electrolyte, but the cointercalation of the
solvent molecules could not be alleviated effectively and which
sometimes may results in a higher resistance of the thick SEI film.

Overall, although the mechanism of the suppression of the irre-
versible capacity needs further discussion, it is evident that the use
of linear sulfites as the main solvents with GBL when the lithium
salt is LiBOB should be feasible.

References

[1] P.G. Balakrishnan, R. Ramesh, T.P. Kumar, J. Power Sources 155 (2006) 401–414.
[2] Q.S. Wang, J.H. Sun, X.L. Yao, C.H. Chen, Thermochim. Acta 437 (2005) 12–16.
[3] Q.S. Wang, J.H. Sun, G.Q. Chu, X.L. Yao, C.H. Chen, J. Therm. Anal. Calorim. 89

(2007) 245–250.
[4] D. Aurbach, Y. Talyosef, B. Markovsky, E. Markevich, E. Zinigrad, L. Asraf, J.

Gnanaraj, H. Kim, Electrochim. Acta 50 (2004) 247–254.
[5] Z.B. Zhou, M. Takeda, T. Fujii, M. Ue, J. Electrochem. Soc. 152 (2005) A351–A356.
[6] S. Zhang, Electrochem. Commun. 8 (2006) 1423–1428.
[7] J.W. Liu, X.H. Li, Z.X. Wang, H.J. Guo, Q.Y. Hu, Chin. J. Inorg. Chem. 25 (2009)

31–36.
[8] T. Sugimoto, Y. Atsumi, M. Kikuta, E. Ishiko, M. Kono, M. Ishikawa, J. Power

Sources 189 (2009) 802–805.
[9] T. Jow, K. Xu, M. Ding, S. Zhang, J. Allen, K. Amine, J. Electrochem. Soc. 151 (2004)

A1702.
10] L. Larush-Asraf, M. Biton, H. Teller, E. Zinigrad, D. Aurbach, J. Power Sources 174

(2007) 400–407.
11] K. Xu, J. Electrochem. Soc. 155 (2008) A733–A738.
12] G.H. Wrodnigg, J.O. Besenhard, M. Winter, J. Electrochem. Soc. 146 (1999)

470–472.
13] G.H. Wrodnigg, T.M. Wrodnigg, J.O. Besenhard, M. Winter, Electrochem. Com-

mun. 1 (1999) 148–150.
14] G.H. Wrodnigg, J.O. Besenhard, M. Winter, J. Power Sources 97–98 (2001)
16] S. Kinoshita, M. Kotato, Y. Sakata, M. Ue, Y. Watanabe, H. Morimoto, S.
Tobishima, J. Power Sources 183 (2008) 755–760.

17] K. Xu, S. Zhang, T.R. Jow, Electrochem. Solid-State Lett. 6 (2003) A117.
18] S.S. Zhang, K. Xu, T.R. Jow, Electrochim. Acta 51 (2006) 1636–1640.


	Effect of sulfites on the performance of LiBOB/γ-butyrolactone electrolytes
	Introduction
	Experimental
	Results and discussion
	Ionic conductivity
	Electrochemical stability
	Cyclic voltammetry
	AC impedance measurement
	SEM measurement

	Cycle performance
	Thermal stability (C80)

	Conclusion
	References


