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bstract

Butylene sulfite (BS) has been synthesized and the BS-based electrolytes containing different lithium salt are evaluated with differential scanning
alorimetry (DSC) and alternating current impedance spectroscopy. These electrolytes exhibit high thermal stability and good electrochemical
roperties. BS has been investigated as a new film-forming additive to propylene carbonate (PC)-based electrolytes for use in lithium ion batteries.
ven in small additive amounts (5 vol.%) BS can effectively suppress the co-intercalation of PC with solvation lithium ion into graphite. The

ormation of a stable passivating film on the graphite surface is believed to be the reason for the improved cell performance. The LUMO energy
nd the total energy of the sulfite molecules are higher than that of the carbonate ones. It is clearly indicated that the sulfite molecules can easily

ccept electrons and bears a high reaction activity. The lithium-oxy-sulfite film (Li2SO3 and ROSO2Li) resulting from the reductive decomposition
f BS is studied by the density functional theory (DFT) calculations. In addition, the PC-BS electrolytes are characterized by a high oxidation
tability allowing the cycling of a LiMn1.99Ce0.01O4 and LiFePO4-C cathodes with good reversibility.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The development of new electrolytes has attracted consider-
ble attention in electrochemical field in order to improve battery
erformance [1,2]. Due to the growing use of portable electronic
evices and electric vehicles (EVs), lithium ion batteries are
ndergoing rapid development aimed at higher energy density,
igher power density and cycling stability [3,4]. With such excel-
ent properties as low melting point (224.2 K), high boiling point
514.9 K), high flash point (405.2 K), high dielectric constant,
igh chemical stability toward metallic lithium and wide elec-
rochemical window, propylene carbonate (PC) is an attractive
andidate as solvent for nonaqueous electrolytes in the lithium

on batteries at both high and low temperatures and is also help-
ul in improving the safety of the lithium ion batteries. Graphite
s widely used as anode materials for lithium ion batteries due

∗ Corresponding author. Tel.: +86 10 68912508; fax: +86 10 68451429.
E-mail address: wufeng863@vip.sina.com (F. Wu).
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d electrolyte interphase

o its low cost and high capacity as well as low and flat potential
lateau in respect to lithium metal. However, graphite is highly
ensitive to electrolyte solutions, especially to PC-based elec-
rolytes, because electrolyte solvents and solvated Li+ ions tend
o cointercalate into graphite [5]. This leads to severe exfoliation
f the graphite layers and destruction of the graphite structure.
ecause the intercalation of lithium into graphite occurs at low
otentials (below 0.25 V versus Li/Li+), the relevant solvents
nd salts are partially reduced to form solid electrolyte inter-
hase (SEI) on the surface of graphite electrodes. The formation
f SEI is associated with the irreversible capacity loss. And the
roperties of the SEI film play a crucial role in the battery perfor-
ance, including cycle life, self-discharge, coulombic efficiency

nd irreversible capacity. Therefore, many methods have been
eveloped to suppress solvent co-intercalation into graphite. One
ffective method is the employment of film-forming electrolyte

dditives that predominantly react on the graphite electrode sur-
aces during the first cycling process. It was reported that the
ommon additives are CO2 [6], SO2 [7], halogenated ester [8]
r carbonate [9] and vinylene compound [3,10,11].

mailto:wufeng863@vip.sina.com
dx.doi.org/10.1016/j.jpowsour.2007.05.078
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As a novel solvent and electrolyte additive, sulfites have
ttracted increasing attention. Winter et al. [12–14] have
eported on the use of the cyclic organic sulfites ethylene sul-
te (ES) and propylene sulfite (PS) as film-forming electrolyte
dditives for lithium ion batteries with graphitic anodes. Small
mounts of the cyclic sulfites (typically 5 vol.%) added to PC-
ased electrolytes improved the anode behavior significantly
ecause PC co-intercalation into graphite is suppressed or even
voided. Subsequently, several papers, which focused on elec-
rochemical application with ES or PS as electrolyte additive,
ave been reported [15–19].

In this paper, a new sulfite solvent, butylene sulfite (BS),
as synthesized and investigated as a film-forming additive for
onaqueous electrolyte-based lithium ion batteries. It was found
hat the addition of BS allows the successful use of graphite
nodes and of the LiMn1.99Ce0.01O4 and LiFePO4-C cathodes
n PC-based electrolyte. Meanwhile, a detailed study of the film
esulting from the reductive decomposition of BS by the density
unction theory (DFT) calculations was performed.

. Experimental

The synthetic methods for BS had been reported in literature
20–22]. However, direct synthesis with protochloride sulfone
nd butanediol by following reaction was found to give equally
ood results (Fig. 1).

BS and PC (Beijing Phylion Battery Company, battery grade)
ere distilled under vacuum. The solvents were stored over
Å molecular sieves under high purity argon. LiN(SO2CF3)2,

LiTFSI) (3M Inc., 99%), LiCF3SO3 (Acros, 99%) and LiClO4
Acros, AP) were dried at 140 ◦C for 12 h in vacuum.

The graphite electrodes were prepared from 85 wt.% MCMB
Shanghai Shanshan Company, battery grade) and 10 wt.% car-
on black by using slurry of carbon material with a solution of
wt.% Polyvinylidene Fluoride (PVDF) dissolved in N-methyl-
-pyrrolidinone (NMP). The slurry was cast onto copper foil
nd then dried at 120 ◦C for 12 h, then pressed at 8 MPa, and
nally dried under vacuum at 55 ◦C for 6 h again and cut to
mm × 8 mm in size. LiMn1.99Ce0.01O4-based cathodes were
ade from 85 wt.% LiMn1.99Ce0.01O4 active material that was

ynthesized by solid state reaction, 10 wt.% acetylene black and
wt.% PVDF. Similarly, LiFePO4-C composite electrode were
ade from 75 wt.% LiFePO4-C active material that was syn-
hesized by solid state reaction, 20 wt.% acetylene black and
wt.% PVDF. The preparations of the cathodes were carried
ut as described for the anodes. However, instead of copper foil,
luminium foil was used as current collector. Electrolyte prepa-

d
s
m
p

Fig. 1. Synthetic reaction
ources 172 (2007) 395–403

ation and cell assembly were accomplished in an argon-filled
Braun LabMaster 130 glove box (H2O < 5 ppm). The water

ontent of the electrolytes was determined to be less than 25 ppm
y the Karl–Fischer titration method on DL37KF coulometer,
ettler Toledo.
The melting point and boiling point of BS and the thermal

roperties of BS-based electrolytes were determined on a DSC
010 differential scanning calorimeter (TA Inc.) by sealing ca.
0 mg of the sample in an aluminum pan. The pan and the elec-
rolyte were first cooled to about −100 ◦C with liquid nitrogen
nd then heated to 300 ◦C at a rate of 5 ◦C min−1. Special atten-
ion was paid to avoid exposing the hygroscopic samples to

oisture by continuous nitrogen flowing around the sample dur-
ng measurement. Ionic conductivity measurements were carried
ut with an electrochemical cell with Pt electrode. The cell con-
tant was determined with standard KCl solution (0.01 M) at
5 ◦C. The AC impedance of the samples was measured on a
HI660a electrochemical workstation (1 Hz to 100 KHz, −30

o 80 ◦C). The constant current charge–discharge experiments
ere carried out on a Land cell tester using a two-electrode cell.
he cyclic voltammetry (CV) measurements were performed on
CHI660a electrochemical workstation with either graphite or

athodes electrode as the working electrodes and lithium foil
99.9%) as the counter and reference electrodes. All the cells
ere assembled under a dry argon atmosphere in the glove box.
The molecular structures of the organic carbonates and sul-

tes were optimized with the BLYP function of nonlocal DFT
ith DNP basis set using the DMol3 module of the Cerius2
rogram. The total energy and frontier molecular orbital energy
f each organic molecule are calculated with this program. The
quilibrium and transition structures of the reductive dissocia-
ion process of BS were fully optimized at the same level. The
izes of the DNP basis sets are comparable to the Gaussian 6-
1G** basis sets, giving the p polarization functions on hydrogen
part form the d functions on the heavy atoms. In particular, the
umerical basis set is much more accurate than a Gaussian basis
et of the same size [23].

. Results and discussion

.1. Thermal properties and ionic conductivities

Fig. 2 shows the typical DSC trace of the phase transitions

uring the heating scans from −100 to 230 ◦C for pure BS. It
hows the changes of the heat capacities corresponding to the
elting point (Tm, −23 ◦C), together with a sharp endothermic

eak at 212 ◦C corresponding to the boiling point (Tb). This

of butylene sulfite.
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Table 1
Ionic conductivities of the BS-based electrolyte containing various salts and 1 M
LiClO4/PC:BS (95:5 by volume)

Ionic Conductivity (mS cm−1)

−30 ◦C 0 ◦C 25 ◦C 50 ◦C

1 M LiTFSI/BS 0.73 2.34 3.92 5.67
1 M LiCF3SO3/BS 0.08 0.27 0.51 0.80
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(b) in Fig. 4 corresponds to the voltage-capacity profile of the
Fig. 2. DSC curve for butylene sulfite.

ndicates that the butylene sulfite own a wide liquid range. Fur-
hermore, the thermal properties of BS-based electrolytes with
ifferent lithium salt, 1 M LiTFSI/BS, 1 M LiCF3SO3/BS and
M LiClO4/BS, are evaluated with DSC. It is worth noticing

hat none endothermic or exothermic peak is observed in the
emperature range of −100 to 180 ◦C. This means that these
lectrolytes possess the good low temperature performance and
igh thermal stability in the studied temperature range.

PC electrolytes are known for their better low temperature
ehavior and remain effective conductivity even at temperatures
−30 ◦C. Looking at the conductivities of PC and PC/BS (95:5
y volume) electrolytes in Fig. 3, there is a neglectable discrep-
ncy at each temperature. It is feasible that BS is used as an
dditive in small amounts from the viewpoint of the ionic con-
uctivity. Similar to the carbonate-based electrolyte solutions

e.g. in PC and ethylene carbonate (EC)), the three BS-based
lectrolytes show the high ionic conductivity.

The conductivity–temperature data of 1 M LiClO4 in BS
lotted in the Arrhenius coordinated show a linear profile

ig. 3. Conductivity vs. temperature diagrams of PC-based and BS-based
lectrolytes. (Inset) The Arrhenius plots of conductivity for 1 M LiClO4/BS
lectrolyte.
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(
v

F
u
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M LiClO4/BS 0.29 1.08 2.05 3.19
M LiClO4/PC:BS (95:5 by volume) 0.62 2.46 4.55 7.27

Fig. 3, inset), indicating that their conductivity–temperature
elationships follow the Arrhenius equation due to low viscos-
ty. Of all the BS-based electrolytes, the 1 M LiTFSI in BS
hows the highest ionic conductivity at the same temperatures,
hich is 3.92 × 10−3 S cm−1 at room temperature and rises to
.67 × 10−3 S cm−1 at 50 ◦C (Table 1).

.2. Charge–discharge tests

It is well known that PC and the solvated Li+ ions can co-
ntercalate into graphite at a potential of ca. 0.9 V versus Li/Li+

nd the electrode potential cannot reach the potential value
<0.2 V versus Li/Li+) for intercalation of unsolvated Li+ ions.
t can be seen that there is no lithium intercalation plateau except
or a long discharge plateau at ca. 0.8 V for the curve (a) in Fig. 4,
uggesting that the SEI cannot form on the MCMB electrode in
he PC-based electrolyte without an additive. Graphites exfoliate
apidly due to massive cointercalation and decomposition of PC
nding commonly in electrode destruction. Continuous exfoli-
tion of graphite leads to delamination of the active materials
rom the current collector and it goes along with the reduction
f the working electrode.

In contrast, the addition of 5 vol.% BS greatly suppressed sol-
ent co-intercalation and the exfoliation of graphite. The curve
rst two cycles of graphite/Li cell using 1 M LiClO4 PC/BS
95:5 by volume) as electrolyte. Owing to the addition of BS, the
oltage profile of graphite/Li cell changed completely. The cell

ig. 4. First and second charge/discharge cycles of MCMB/Li simulation cell
sing (a) 1 M LiClO4/PC and (b) 1 M LiClO4/PC:BS (95:5 by volume) as
lectrolyte (i = 0.1 mA, cutoff is 2.00/0.005 V vs. Li/Li+).
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ig. 5. Cyclic voltammograms of MCMB electrode in 1 M LiClO4/PC:BS (95:5
y volume) with scan rate 0.1 mV s−1 at 25 ◦C.

oltage drops rapidly at the beginning, and then followed a dis-
harge plateau in the voltage range of ca. 1.6–1.9 V. Below 0.2 V,
i+ ions were intercalated into graphite. In the voltage range of
.6–1.9 V, the decomposition of the electrolyte appeared on the
raphite electrode. This resulted in formation of a passivating
lm on the graphite surface. This film is usually regarded as the

EI, which is ionically conductive and electronically insulating.

The decomposition processes of the BS additive are investi-
ated by CV. Fig. 5 shows CV curves of MCMB electrode in
M LiClO4 PC/BS (95:5 by volume). It can be observed that

s
e
s
b

ig. 6. SEM images of graphite electrode surface obtained (a) before discharge and
lectrolyte, Magnification ×500. (Inset) Magnification ×4000.

able 2
tructural parameters (Å for bond lengths and degree for angles) for various carbona

arameter BS BC PS

1–O2 1.467 1.471 1
2–S3(C3) 1.740 1.379 1
3(C3)–O4 1.733 1.379 1
4–C5 1.474 1.471 1
5–C1 1.544 1.544 1
3(C3) O6 1.486 1.205 1
1–O2–S3(C3) 111.5 109.5 112
2–S3(C3)–O4 91.7 110.4 91
3(C3)–O4–C5 111.0 109.5 109
2–S3(C3)–O6 105.9 124.8 106
4–S3(C3)–O6 111.7 124.8 111
ources 172 (2007) 395–403

he obvious reductive current starts to appear at 1.6 V on the first
athodic sweep, which can be assigned to reductive decompo-
ition of electrolyte solution to form surface film as discussed
n the foregoing. In the second cycle, the peak at 1.6 V disap-
eared. The improvement of the electrochemical performance
f graphite electrode is benefited from decomposition product
f BS.

In Fig. 6(a), it can be obviously seen that the surface structure
f graphite electrode is very clear-cut and much of interspaces
etween the MCMB particles is in existence before discharging.
owever, when the graphite electrode was discharged to 0.01 V,

he surface of the graphite is well covered with passivating and
ompact film without any exfoliation. The great mass of the
revious interspaces of the graphite electrode surface is filled in
ig. 6(b).

Ein-Eli et al. [7] demonstrated the feasibility of using sulfur
ioxide (SO2) gas as a passivating agent for the graphite anode
hich is in turn useful for Li ion rechargeable batteries. Based
n the IR and XPS spectroscopy data, the studies indicated the
eduction products of SO2 comprised a mixture of Li2S and Li-
xy-sulfur compounds (Li2SO3, Li2S2O4 and Li2S2O5), which
re primarily responsible for the improved characteristics of the
raphite anode upon repeated cycling. The primary theoretical

tudies focused on the SEI layer on a graphite electrode in the
lectrolyte system containing sulfite solvent [17]. The results
howed that the compositions in SEI layer were mainly formed
y a sulfite-type compound with an inorganic film like Li2SO3

(b) after the first discharge to 0.005 V in 1 M LiClO4/PC:BS (95:5 by volume)

te and sulfite molecules

PC ES EC

.470 1.472 1.462 1.460

.752 1.378 1.742 1.383

.747 1.382 1.761 1.383

.457 1.457 1.457 1.460

.531 1.546 1.525 1.535

.490 1.204 1.490 1.203

.4 110.0 109.1 109.0

.2 110.3 91.1 110.2

.1 109.3 111.7 109.0

.3 125.0 111.2 124.9

.1 124.6 106.2 124.9
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Fig. 7. Geometries optimized for various carbonate and sulfite molecules from BLYP/DNP.

Table 3
Total energy, frontier molecular orbital energy and dipole moment of various carbonate and sulfite molecules

Organic molecule ET (Ha) Frontier molecular orbital energy (Ha) dipole moment (Debye)

EHOMO ELUMO �Eg
a

Butylene carbonate (BC) −421.0941062 −0.2497 −0.0125 0.2372 5.9783
Propylene carbonate (PC) −381.7839402 −0.2539 −0.0138 0.2401 5.6914
Ethylene carbonate (EC) −342.4744144 −0.2575 −0.0183 0.2392 5.5066
Butylene sulfite (BS) −781.1547869 −0.2489 −0.0748 0.1741 4.1979
Propylene sulfite (PS) −741.8460885 −0.2526 −0.0793 0.1733 3.9628
Ethylene sulfite (ES) −702.5371692 −0.2568 −0.0826 0.1742 3.6724

a �Eg = ELUMO − EHOMO.

Fig. 8. Frontier molecular orbital of various cyclic carbonate and sulfite molecules.
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nd an organic one like ROSO2Li. Relative theoretical studies
ocus on glycol sulfate (GS), ES, EC, PC, etc., indicated that
hese sulfites are more favorable to interaction with lithium atom

han carbonate.

In order to understand these phenomena clearly, the molec-
lar structures of cyclic carbonates and sulfites are optimized
t the BLYP/DNP level. More information focus on the struc-

e
e
o
d

ig. 9. The BLYP optimized geometries and (a) �E1 and �E2 values for the BS–Lin
nion 4 to form alkyl sulfide species. Units are in Å.
ources 172 (2007) 395–403

ural parameters for various organic molecules is summarized in
able 2. It can be considered that sulfite is formed by substitu-

ion S for C in –CO3 radical of carbonate. The structure of sulfite

xhibits very similarity to the carbonate seemingly, but there are
ssential differences between them in Fig. 7. The center atom
f sulfite, S, is sp3 hybridization. The –SO3 radical is tetrahe-
ral structure, and a lone-pair electron occupies one vertex of

complexes (n = 0, 1 and 2) and (b) Possible termination reactions of the radical
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he tetrahedral structure. Furthermore, double bond of S and O
s p2–pd hybridization, which is different from that of carbonyl
24]. A � bond is formed to overlap in axial direction of 3sp3

ybridization orbit of a lone-pair electron of S atom and 2px

mpty orbit of O atom. A � bond is formed to overlap in side
irection of p orbit a lone-pair electron of O atom and 3d empty
rbit of S atom, been called (d–p)� bond. This � bond has d
rbit and can make electric charges on double bond disperse.
imultaneously, electron cloud density around O atom of dou-
le bond of S O decreased, as well as its capability of losing
lectron, because of the action between two electronegativity

atoms and double bond of S O. Therefore, the bond length
f S O of butylene sulfite (1.486 Å) is a little longer than that
f C O of butylene carbonate (1.205 Å) (Table 2). The relative
lectronegativity of –SO3 radical (−0.658) is stronger than that
f –CO3 radical (−0.589).

Based upon the molecular orbital theory, the ability to gain
nd lose electrons is judged by the energy level of the highest
ccupied molecular orbital (HOMO) and the lowest unoccu-
ied molecular orbital (LUMO) [25–27]. The total energy, the
rontier molecular orbital energy, the energy gaps between the
OMO and LUMO, and the dipole moment of several cyclic

arbonate and sulfite organic molecules are calculated and listed
n Table 3. The LUMO energy and the total energy of the car-
onate molecules are generally higher than that of the relevant
ulfite molecules (shown in Fig. 8). It is clearly indicated that the
rganic sulfite molecules can easily accept electrons and bears
high reaction activity.

According to the above structure and bonding analysis on
SO3 radical of sulfite organic molecules, Li+ can coordinate
ith O atom of –SO3 radical and then combine with solvent
olecules. The optimized structures and binding energies (�E1

nd �E2) of the lithium atoms in the BS–Lin complexes (n = 0, 1
nd 2) are shown in Fig. 9(a) together with some selected struc-
ural data. The �E1 and �E2 values are define as the energy
hanges in the stepwise addition reactions, BS + Li → BS–Li
nd BS–Li + Li → BS–Li2, respectively. The reductive decom-
osition of BS initially encounters the ion-pair intermediates 2.
n electron was transferred to BS in 2 to form the intermediate

. The strong coordination between O atoms in –SO3 radical of
S molecules and Li+ results in the breaking up of five-member

ings of BS molecules. And then, anion free radical builds up
fter Li+(BS) gains an electron. As anion free radical is very

L
L
t

ig. 10. The charge/discharge curves of the first cycle (a) and the first 20th cycles (b
lectrolyte (i = 0.1 mA, cutoff at 4.35/3.00 V vs. Li/Li+).
ources 172 (2007) 395–403 401

ikely and easier to undergo a reaction, compounds of butylene
nd LiSO3 of the radical anion 4 are produced after it gains an
lectron. Then, Li2SO3 can be formed after these compounds
hare Li+ of Li+(BS). Studies indicated that the electrochemi-
al performance can be improved obviously if Li2SO3 coated
n the surface of graphite electrode. Therefore, we believe that
he reason for the improved electrochemical performance of

CMB electrode with 1 M LiClO4/PC:BS (95:5) electrolyte
s that SEI films composed mainly of Li2SO3 on the surface
f graphite electrode. Furthermore, it has been proven that the
EI layer on the graphite anode contained alkyl sulfide species
15,16].

Some possible termination ways of radical anion 4 to form
lkyl sulfide species are shown in Fig. 9(b). The first termination
ay is the barrier-free self-dimerizing via nucleophilicly attack-

ng the radical center by the another radical center to form 6,
LiO2SOCH(CH3)CHCH3)2. Additionally, of particular interest
s the possibility of forming a species containing Li–O bonds sol-
ated by a BS molecule, 7, LiO2SO(Li–BS)CH(CH3)CHCH3,
ia electron-pairing between 4 and a reduction intermediate 2.
he most probable reaction in Fig. 9(b) is that the combination
f 4 with the reduction intermediate 3 also via electron-
airing generates a lithium organic salt with an ester group, 8,
iOCH(CH3)CH(CH3)OS(O)CH(CH3)CH(CH3)OSO2Li, due

o lowest Gibbs free energy of the reaction (�E6 =
7.545 eV).
During the last few years, manganese-based and iron-based

xides used as electrode materials in lithium ion batteries
ttracted lots of interests, owing to their favorable security and
nvironmental benign [2,28]. In addition to the formation of
assivating film on graphite anodes, the 1 M LiClO4/PC:BS
95:5) electrolyte also allows the use of 4 V cathodes. The
erformance of charge/discharge of the first cycle and the 20
ycles for LiMn1.99Ce0.01O4/Li and LiFePO4-C/Li cell using
M LiClO4/PC:BS (95:5 by volume) as electrolyte are showed

n Figs. 10 and 11, respectively. The results indicate that the
C/BS electrolyte has a high oxidation stability allowing the
ycling of a LiMn1.99Ce0.01O4 and LiFePO4-C cathodes with
ood reversibility.
Figs. 12 and 13 show the cycle voltammogram for the
iMn1.99Ce0.01O4 and the LiFePO4-C electrodes in 1M
iClO4/PC:BS (95:5) electrolyte, respectively. It can be found

hat the oxidation potential of the electrolyte is as high as 4.5 V

) for LiMn1.99Ce0.01O4/Li cell using 1 M LiClO4/PC:BS (95:5 by volume) as
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ig. 11. The charge/discharge curves of the first cycle (a) and the first 20th cycle
i = 0.1 mA, cutoff at 4.5/2.5 V vs. Li/Li+).

ersus Li/Li+. The oxidation peaks at about 4.04 and 4.15 V
orresponding to the charge plateaus and the reductive peaks at
bout 3.93 and 4.06 V corresponding with the discharge plateaus
re shown in Fig. 12. The oxidation peak at 3.5 V and the reduc-
ive peak at 3.3 V relates to the charge and discharge plateaus in
ig. 13, respectively.
ig. 12. Cycle voltammogram of LiMn1.99Ce0.01O4 electrode in 1 M
iClO4/PC:BS (95:5 by volume) with scan rate 0.1 mV s−1 at 25 ◦C.

ig. 13. Cycle voltammogram of LiFePO4-C electrode in 1M LiClO4/PC:BS
95:5 by volume) with scan rate 0.1 mV s−1 at 25 ◦C.
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or LiFePO4-C/Li cell using 1 M LiClO4/PC:BS (95:5 by volume) as electrolyte

. Conclusion

A new liquid electrolyte containing butylene sulfite (BS)
nd PC has been investigated for use in lithium ion batteries
ith advantageous thermal stability and electrochemical perfor-
ance. BS exhibits promising characteristics as a film-forming

lectrolyte additive in lithium ion batteries. A small amount
f BS (5 vol.%) can effectively prevent the co-intercalation of
C with solvation lithium ion into graphite. The formation of
compact and stable SEI film on the graphite flake surface is

elieved to be the reason for the improved cell performance.
he total energy and the frontier molecular orbital energy
f several cyclic organic carbonate and sulfite molecules are
tudied by the DFT calculations. The LUMO energy and
he total energy of the carbonate molecules are higher than
hat of the sulfite molecules. It is clearly indicated that the
ulfites can easily accept electrons and bears a high reaction
ctivity. The reductive decomposition of BS initially encounters
n ion-pair intermediate and then cleavages homolytically
o generate a radical anion. It will undergo secondary reac-
ions by further reduction, ion-pairing (Li2SO3), probably
arrier-free self-dimerizing ((LiO2SOCH(CH3)CHCH3)2),
nd electron-pairing (LiO2SO(Li–BS)CH(CH3)CHCH3 and
iOCH(CH3)CH(CH3)OS(O)CH(CH3)–CH(CH3)OSO2Li)
rocesses. The lithium-oxy-sulfite film (Li2SO3 and ROSO2Li)
s beneficial to improve the electrochemical performance when
t coated on the surface of graphite electrode. In addition, the
C/BS electrolyte has been proved to have a high anti-oxidation
bility allowing the cycling of the LiMn1.99Ce0.01O4 and
iFePO4-C cathodes with good reversibility.
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