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a b s t r a c t

1,3-Propane sultone (PS) additive for graphite electrodes was studied for propylene carbonate (PC) and
ethylene carbonate (EC)-based electrolytes in lithium batteries. Decomposition of solvents with graphite
electrodes could be remarkably suppressed by addition of the PS additive in the PC-based electrolyte,
leading to improvement of electrochemical performances of the cells. The 1,3-propane sultone additive
showed very interesting properties for the graphite electrode. It is predicted to give a solid electrolyte
vailable online 2 October 2008

eywords:
,3-Propane sultone
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raphite

interphase (SEI) on the surface of the graphite prior to solvent decomposition and bring about effects
that not only suppress lithium deposition on the graphite electrode surface, but also accelerate lithium
intercalation, leading to formation of LiC6 onto graphite electrode.

© 2008 Published by Elsevier B.V.
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. Introduction

Lithium ion batteries (LIBs) have been used as power sources
or portable devices ranging from cellular phones and laptop com-
uters to digital cameras. This is due to their high energy density
nd availability in a wide temperature range when compared to
raditional batteries, owing to the organic solvent electrolytes.
urthermore, application of LIBs has been extended to station-
ry systems, battery-assisted bicycles, and more recently, Hybrid
lectric Vehicles (HEV), taking direct advantage of this higher
nergy density. Accordingly, many research groups have focused on
eveloping and/or improving high-voltage cathode materials, low-
oltage and high-capacity anode materials, and suitable electrolyte
ystems for lithium ion batteries. However, as the energy density of
he battery increases, so too does the chance for accidental explo-
ion, with recent incidences of Li ion batteries exploding in laptop
omputers exemplifying this. The main reason for these accidents
s dendrite metal impurity, including lithium metal deposition on
he graphite anode [1]. Once deposited metals create a surface on
he graphite, it grows until reaching the positive electrode, causing

short cut at low temperatures and high cycling rates in the battery.
raphite electrodes also have a few disadvantages: (1) active points
f the graphite decompose the electrolyte and (2) the potential pro-
le of electrode surface is not uniform, thus the Li metal can form

∗ Corresponding author. Tel.: +81 952 20 4729; fax: +81 952 20 4729.
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ower potential areas. In order to improve the cyclability of graphite
nodes, additives have been developed, especially high crystalline
raphite, which show the theoretical capacity of graphite [2]. Thus,
he energy density of LIB is increased. The additives decompose
uring the first discharge process, before electrolyte decomposi-
ion. The decomposed compounds of the additives cover the active
ites of the graphite anode and suppress further electrolyte decom-
osition at these sites on the anode [3–13]. Therefore, the surface
lm formed by additives on the anode plays an important role and
artly replaces the solid electrolyte interphase (SEI) film formed by
ecomposition of the electrolyte solvents. Recently, several kinds
f additives for graphite anodes have been reported, including
atechol carbonate [3], imide compounds [4], double-bonded com-
ounds like vinyl acetate [5,6], ethylene sulfide [7], butyl sultone
8], vinyl carbonate [9–12], and propane sultone (PS) [13]. Such
dditives have been focused on forming a high quality solid elec-
rolyte interphase onto the various electrodes, leading to improved
yclability in lithium ion batteries. Since the introduction of such
dditives for graphite anodes, the capacity of the anode has been
mproved by modification with the SEI film and has played an
mportant role in electrolyte research.

In this present study, we introduce a 1,3-propane sultone as the
lectrolyte additive for the graphite anode in lithium ion batteries

nd report on the electrochemical performance of the PS addi-
ive with the propylene carbonate (PC)-based electrolytes that is
nown to co-intercalate into graphitic layers with Li+ and exfoliate
raphitic carbons without the formation of an effective SEI film. We
lso investigate the effect of the PS additive towards suppressing

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yoshio@cc.saga-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.09.088


wer Sources 189 (2009) 602–606 603

l
X

2

a
t
C
C
E
a
p
c
w
a
i
t
c
s
g
s
a
p
1
a
c
c
i
a
o
v
t
t
i
d
t
f
t
a

3

v
c
e
t
c
p
m
p
v
L
i
w
p
t
S
c
o
A
t
L

Fig. 1. (a) Cyclic voltammogram of 0.5 wt% of 1,3-propane sultone in 1.0 M
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ithium deposition and lithium intercalation into graphite by ex situ
-ray diffraction.

. Experimental

1,3-Propane sultone (PS) is commercially available from Aldrich
nd used without further purification. The electrolyte was a mix-
ure of 1.0 M LiPF6 in PC/diethyl carbonate (DEC) (1:1 vol., Ube
hemicals, Japan) and ethylene carbonate (EC)/DEC (3:7 vol., Ube
hemicals, Japan) alone or with the addition of 1,3-propane sultone.
lectrolyte preparation was carried out under argon atmosphere in
glove box. For investigating the reductive potential of the 1,3-

ropane sultone, cycle voltammetry (CV) was carried out in glass
ells with three electrodes. The graphite electrode served as the
orking electrode and lithium metal foil was applied for counter

nd reference electrodes with 0.5 wt% 1,3-propane sultone additive
n 1.0 M LiPF6–EC/DEC (3:7 vol.). The charge and discharge charac-
eristics of the graphite electrode were examined in a screw-type
ell, comprised of a lithium metal electrode and a graphite electrode
eparated by a glass fiber. In order to prepare the electrode, 90 wt%
raphite powder and 6 wt% acetylene black were suspended in a
olution of 4 wt% carboxymethylcelluose (CMC) in distilled water
nd spread on the copper foil as a current collector, dried at 100 ◦C,
ressed at 150.0 kg cm−2, and finally dried in a glass tube oven at
60 ◦C for 4 h. The test cell was made of an anode and a lithium metal
node (Cyprus Foote Mineral Co.) separated by two glass fibers. The
harge and discharge current densities were 0.1 mA cm−2 with a
ut-off voltage from 0.005 to 2.5 V. There were two test conditions,
n the absence of and in the presence of the PS additive. In the
bsence of the PS additive, only one discharge process was carried
ut and kept at 0.005 V for 10 h at a temperature of −5 ◦C. Con-
ersely, in the presence of the PS additive, three cycles at room
emperature were conducted. After cycling at room temperature,
he process in the absence of the PS additive was carried out. To
nvestigate lithium deposition on the graphite, we conducted X-ray
iffraction (XRD, MINIFlex II, Rigaku, Japan), using Cu K� radiation,
o identify lithium deposition on the graphite anode after cycling,
ollowed by ex situ XRD. The cells were disassembled and the elec-
rodes sealed in a vinyl bag in an argon-filled glove box to prevent
ny reaction with moisture in the air.

. Results and discussion

Concerned about the selection of additives, we employed cyclic
oltammetry, for reductive potentials, and molecular orbital (MO)
alculations as the first screening method. The MO theory gives
stimations of the reduction and oxidation potentials of the addi-
ives, effectively screening appropriate compounds as anodic or
athodic additives for the electrolyte based on their decomposition
otentials. The anodic reaction correlates to the lowest unoccupied
olecular orbitals (LUMOs). In order to investigate the reductive

otential of the PS additive, we used cyclic voltammetry. Cyclic
oltammograms of PS additives on natural graphite anodes in 1.0 M
iPF6–EC/DEC (3:7 vol.) with 0.5 wt% PS of additive are shown
n Fig. 1(a). The reduction potential with the graphite electrode
as measured to ascertain an additive inhibiting reductive decom-
osition of the EC or PC solvent. Therefore, it is important that
he additive should decompose on the graphite to produce the
EI film prior to EC or PC decomposition because the electro-

hemical decomposition of propylene carbonate on the graphite
ccurs during the initial lithium ion intercalation process [14,15].
s a result, additives should be easily reduced at potentials higher

han the decomposition potential of the solvent, reflecting the low
UMO energy and leading to the inhibition of graphite exfolia-

g
p
i
a
f

iPF6–EC/DEC (3:7 vol.) on natural graphite with a scan rate of 1 mV s−1 and (b) cor-
elation between LUMO energies and reduction potentials for additives and solvents
t the Pt electrode.

ion through PC decomposition and effective lithium intercalation
nd de-intercalation processes. The reductive potential was esti-
ated from irreversible reductive peaks of the first cycle in the

yclic voltammogram and equal to the potentials where the irre-
ersible decomposition current began to rise drastically in the CVs.
he reductive potential of 1,3-propane sultone is 2.1 V in Fig. 1(a).
ig. 1(b) shows that the decomposition potential of the compounds
orrelates with their LUMO energies. In our previous report [5],
e found that the reduction order of additives and solvents cor-

elated well with their relative LUMO values, thus, the additives
ith lower LUMO energy have higher reduction potentials and are

educed on the anode to form a passivation layer film prior to
olvent decomposition. Such a straightforward relationship allows
s to estimate the reductive potential of the 1,3-propane sultone
dditive by means of the calculated LUMO values. It is notewor-
hy that PC and EC decompose at approximately −0.5 V (vs. Li/Li+)
n platinum electrodes, but between 0.5 and 0.8 V on graphite
lectrodes due to their catalytic action. Therefore, appropriate addi-
ives should decompose at potentials higher than 0.5 V vs. Li/Li+,
orm stable films on the graphite anodes, and prevent electrolytic
ecomposition due to catalytic decomposition of the solvents. In
ccordance with Fig. 1(b), appropriate LUMO values of the can-
idate anode additives should remain below 1 eV, at a reduction
otential higher than the PC or EC decomposition potential at the
raphite anode. We have temporarily determined that the appro-

riate LUMO energies of the candidate anodic additives should fall

n the range from −1 to 1 eV. On the basis of the reductive potential
nd LUMO energy, 1,3-propane sultone is a good candidate additive
or graphite.
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Fig. 2. The charge/discharge curves of natural graphite with a current density of
0.4 mA cm−2, at a cut-off voltage between 2.5 and 0.005 V in 1.0 M LiPF6–PC/DEC (1:1
v
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to suffer exfoliation of the graphite electrode during first charge
process.

Fig. 4(a) shows a typical SEM image of the natural graphite anode
prior to the electrochemical experiments. In previous reports, we
observed that the PC-based electrolytes caused natural graphite
ol.): (a) in the absence of the additive and (b) in the presence of 3 wt% 1,3-propane
ultone additive.

Fig. 2(a) shows the charge/discharge profile of the Li/graphite
ells in LiPF6–PC/DEC (1:1 vol.) electrolyte alone. PC-based elec-
rolytes were a convenient and effective means of evaluation of
dditives and are widely used as fingerprint electrolytes. For the
ell without an additive, only a long discharge plateau is observed,
ue to decomposition of the PC from 0.7 to 0.8 V, without any

ithium intercalation process. The decomposition of PC molecules
akes place at a capacity near 3300 mAh g−1. Charging of this cell
as impossible, suggesting that decomposition of the PC prevented

ormation of an effective surface layer on the graphite surface. This
onsequently results in the exfoliation of the graphite electrode.
onversely, in the case of the addition of 0.5 wt% PS (Fig. 2(b)),
here is no long and obvious plateau between 0.7 and 0.8 V in the
ischarge curve. Moreover, it clearly shows the effect of the PS addi-
ive suppressing decomposition of the PC. The capacity during the
rst discharge process was 390.9 mAh g−1. When the cell is charged
o 2.5 V, lithium de-intercalation occurs, corresponding to a capac-
ty of 357.2 mAh g−1 and an irreversible capacity of 33.7 mAh g−1

hich mainly occurs to decompose electrolyte and form a passiva-
ion layer film. The coulombic efficiencies of first and second cycle
re only 91.3 and 99.8%, respectively. At the second and subsequent
ycles, graphite electrode shows good reversibility with coulombic
fficiency of nearly 100%. The intercalation and de-intercalation of
i ions into graphite seems to be very smooth in the presence of the
S additive and seems to form a protective layer on the graphite
uring the first charging process, with Li ion intercalation occur-

ing even in PC-based electrolytes. The PS additive was effective
t forming the protective layer with appropriate properties on the
urface of the graphite anode.

F
c

ig. 3. Capacity vs. cycle number of graphite electrode cycled in 1 M LiPF6–PC/DEC
1:1 vol.) containing 0.5 wt% 1,3-propane sultone.

A cycle performance of a Li/graphite cell containing 1.0 M
iPF6–PC/DEC (1:1 vol.) with 0.5 wt% PS is presented in Fig. 3. The
est conditions were a current density of 0.4 mA cm−2 for a cut-
ff voltage from 2.5 to 0.005 V at room temperature. The initial
ischarge capacity was 357.2 mAh g−1 which is close to the theoret-

cal value of 372 mAh g−1 based on LiC6 and exhibited no capacity
oss after 45th cycle. On the other hand, graphite electrode with-
ut PS is very difficult to obtain the result of cycle property due
ig. 4. SEM images of the natural graphite surface: (a) original; (b) after the third
harge–discharge cycling in the electrolyte of 1.0 M LiPF6–PC/DEC (1:1 vol.).
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ig. 5. Appearance of: (a) front side; (b) backside for the natural graphite electrode
or the natural graphite electrode cycled in the presence of the electrolyte additive

xfoliation [5]. The surface of natural graphite before cycling is of
homogenous formation, but, it is clearly seen that the SEI film

ormed on the graphite surface is not a homogeneous formation
Fig. 4(b)). A large number of minute spots are observed instead
nd form due to PS addition to the electrolyte. The adequately
ormed SEI film plays a crucial role in the safety of the LIB while
n operation.

We found another important and interesting result revealing the
ffects of the PS additive. Fig. 5(a) and (b) shows appearances on
he natural graphite anode after the first discharge process, with
current density of 0.1 mA cm−2 for a cut-off voltage of 0.005 V at
5 ◦C with the cell being equilibrated at 0.005 V for 10 h. The elec-

rolyte was 1.0 M LiPF6–EC/DEC (3:7 vol.). In general, Li deposition
ccurred at temperatures below 0 ◦C and high current. We con-
ucted severe conditions below 0 ◦C to easily form lithium deposits
n the surface of the graphite. The color of the front side was golden
nd dark brown. We speculate that the golden color is the first
tage color of lithiated graphite (LiC6) [16] and the dark brown is
ormation of lithium deposits on graphite or another stage of the
ithium–graphite intercalation compound (Li–GICs). The color of
ackside changed to black, indicating that the graphite electrode,

n the absence of the PS additive, may undergo lithium deposition
nly during the first discharge process. Conversely, Fig. 5(c) and

d) shows appearances of the front and backside for the natural
raphite electrode using the PS additive electrolyte. The test condi-
ions were a current density of 0.1 mA cm−2 for a cut-off voltage to
.005 V at room temperature in three cycles to decompose the PS
dditive and deposit it at the active sites of the graphite electrode,

o
t
a
t
o

in the absence of the electrolyte additive, at −5 ◦C; and (c) front side; (d) backside
he third cycle at room temperature, followed by one discharge process at −5 ◦C.

ollowed by low temperature test as above low temperature test
ondition with absence of PS additive. Unlike the appearance of the
raphite electrode in the absence of the PS additive, the color of the
lectrode in the presence of the PS additive was nearly all golden
ith a little dark brown about the edges. Its backside did not change

nd maintained the original color of copper. The above results indi-
ate that the PS additive decomposed during the first discharge
rocess and deposited at active sites of the graphite, thereby pre-
enting metallic Li deposition on the surface of the graphite.

To verify the above results of suppression of lithium deposi-
ion on the graphite by the PS additive in the electrolyte, we used
x situ XRD measurements. Fig. 6 shows ex situ XRD results of:
a) pristine natural graphite; (b) in the absence of the PS additive
fter cycling; (c) in the presence of the PS additive after cycling.
he natural graphite used in this study had an interlayer distance
alue, d(002), of 3.353 Å. The lithium ion is intercalated within the
raphite to form lithium–graphite intercalation compounds [17,18].
he stage phenomenon characterized by the intercalate layer is the
ost important and characteristic property of GICs. The mechanism

f lithium intercalation into graphite is well known and has been
tudied using X-ray diffraction. The stage structure changes from
higher to a lower stage during electrochemical lithium intercala-

ion. The graphite allows lithium intercalation up to a composition

f LiC6 at stage 1. The graphite cycled in the absence of the PS addi-
ive shows a Li peak at 51◦ with a mixture of C6Li at 24.3◦ and C12Li
t 25.4◦, corresponding to stages 1 and 2, respectively. It also shows
hat formation of C12Li is greater than C6Li, indicating a certain level
f difficulty for intercalation of the lithium ion within the graphite
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ig. 6. Ex situ XRD results of natural graphite: (a) pristine natural graphite sheet; (b)
atural graphite electrode cycled in the absence of the electrolyte additive at −5 ◦C
nd (c) natural graphite electrode cycled in the presence of the electrolyte additive
ith the third cycle at room temperature, followed by one discharge process at −5 ◦C.

ayer as it was cycled at a low temperature enough to slow mobil-
ty of the lithium ions. However, graphite cycled in the presence of
he PS additive clearly shows a smaller Li-metal peak with much
mproved formation of C6Li compared with graphite cycled in the
bsence of the PS additive, in spite of the test conditions at a low
emperature. The films formed by reduction of the PS can improve
he effectiveness of the overall films compared to in the absence of
he PS additive.

We suggest that the 1,3-propane sultone can improve the safety
f lithium ion batteries because it can easily decompose at active

ites of the graphite and make a new SEI film, potentially consti-
uting a different component in comparison with cycling in the
bsence of a PS additive. PS additives are good for suppressing metal
eposition on the surface of the graphite and accelerate intercala-
ion into graphite-formed C6Li.

[
[

[
[
[

urces 189 (2009) 602–606

. Conclusion

1,3-Propane sultone has been investigated as an additive for
he electrolytes in lithium-ion batteries and was found effective
or suppressing PC decomposition and Li metal deposition on the
urface of the natural graphite electrode through covering of the
ctive sites of the graphite by the reduced compounds of the addi-
ive, protecting the graphite surface and maintaining a homogenous
otential profile of the surface of the electrode. PS additives and
heir formation processes of their protective layers on graphite are
very effective tool for improving safety of lithium ion batteries.
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