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bstract

2,2-Dimethoxy-propane (DMP) was studied as an additive in 1 mol dm−3 LiPF6 ethylene carbonate and diethyl carbonate (1:1, w/w) for lithium-
on battery, which was characterized by cyclic voltammetry and half cell tests. Cyclic voltammetry and half cell data show that the use of DMP as
n additive to the organic solutions at very low level (ca. 0.005 wt%) offers the advantage of forming fully developed passive films on the graphite
node surface. The electrochemical performance of the additive-containing electrolytes in combination with LiCoO2 cathode and graphitic anode

as also tested in commercial cells 103448. The results reveal that the cyclic life test and storage performance at high temperature (ca. 60 ◦C) in

lectrolyte with DMP additive was better than that in an electrolyte without additive. Therefore, DMP can be considered as a desirable additive in
lectrolyte for lithium-ion batteries operating at high temperature, ca. 60 ◦C.

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

In commercially available lithium-ion batteries, lithium ion
s electrochemically intercalated into the graphite negative elec-
rode during charging, and de-intercalated during discharging
1,2]. These reactions are basically reversible, and however, the
eversibility depends greatly on the kind of electrolyte solution.
lkyl carbonates such as ethylene carbonate (EC), diethyl car-
onate (DEC), and dimethyl carbonate (DMC), are among the
ost important solvents for electrolyte of lithium-ion batteries

ecause they are aprotic, polar, and non-volatile. It has been

ound [3–6] that the carbon material has good cyclic life and
aintains a high potential in EC/DEC electrolyte due to the for-
ation of a good passive film on the carbon surface. Zaghib et
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l. [5] found that the formation of the passive film was not only
ue to solvent decomposition but was also affected by nature
f salt in the EC/DEC system. EC/DEC mixed solvent systems
re currently used in commercially available lithium-ion cells
mploying graphite as a negative electrode.

Nevertheless, as the above EC/DEC electrolytes have been
rimarily selected because of their electrochemical performance
t the respective electrode electrolyte interface, some compro-
ises regarding bulk electrolyte properties had to be made. A

trategy to decouple the interface and bulk properties of the elec-
rolyte is to use electrolyte additive that, even in small amounts,
nsure the formation of the required protective interface, and
hus, allow the selection of the main electrolyte component
ndependently of its interface properties. So for, the research

n such electrolyte additive mainly concentrated on the inter-
ace graphitic anode-electrolyte, where the additives participate
n the formation process of the solid electrolyte interface (SEI)
lms [7]. Beginning with CO2 in the early 1990s [8], electrolyte
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Table 1
Charge and discharge capacity in the first cycle of graphite electrode using 1 mol dm−3 LiPF6 in EC/DEC (1:1, w/w) with/without DMP addition

Charge capacity (mAh g−1) Discharge capacity (mAh g−1) Initial irreversible capacity loss ratioa (%)

No additive 315.40 291.79 7.49
0 .91
0 .76
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DMP electrolyte additive involves the formation of SEI film.
In order to confirm this assumption, cyclic voltammetry is
employed for this purpose. Fig. 1 shows the cyclic voltammo-
grams of graphite electrode in 1 mol dm−3 LiPF6-EC/DEC (1:1,
.005 wt% DMP 335.09 313

.02 wt% DMP 310.55 288

a Initial irreversible capacity loss ratio (%) = (charge capacity − discharge cap

dditive such as N2O [8], Sx2− [8], SO2 [9,10], chloroethylene
arbonate [11], vinyl propylene carbonate [12], and ethylene
ulfite [13] have been evaluated.

In this paper, we introduce DMP as electrolyte additive for
iquid organic electrolyte based lithium-ion cells. DMP has been
uggested as H2O removal agent for chemical reaction system
14]. Here, we show the DMP as film forming additive allows the
uccessful use of graphite anode and LiCoO2 cathode in liquid
mol dm−3 LiPF6 EC/DEC (1:1, w/w) electrolyte, as 103448

ize battery.

. Experimental

DMP (Merck, >97%), lithium hexafluorophosphate (LiPF6,
anto Denka Koyo Co. Ltd., battery grade), ethylene carbonate

EC, Ferro Corp., battery grade) and diethyl carbonate (DEC,
erro Corp., battery grade) were stored under an argon atmo-
phere and used without further purification. Lithium foil was
btained from FMC Inc. Polyvinylidene fluoride (PVdF, Kuraha
nc.) was used as a binder for both cathodes and anodes. Cop-
er and aluminum from Nippon foil Inc. were used as current
ollectors for the anodes and cathodes, respectively. LiCoO2
nd graphite obtained from Nippon Chemical Inc. (grade C-
0N) and China Steel Chemical Corp. (grade MGP) were used
s active materials for the anodes and cathodes, respectively.
03448 cells were made from E-ONE Moli Energy Corp. The
ize of 103448 cell is wide 34 mm, high 48 mm, and thick ca.
0.5 mm. Electrodes were wound with polyethylene separator
0.025 mm thick). The approximate cell capacity was 1800 mAh.
he cells were filled with 1 mol dm−3 LiPF6 in EC/DEC (1:1,
/w) with/without DMP and were hermetically sealed. The elec-

rolyte contained less than 10 ppm of water and less than 80 ppm
f hydrofluoric acid. The cells were assembly in a dry room (1%
elative humidity (RH)).

Electrolyte preparation and three-electrode cell assembly
ere carried out under a dry argon atmosphere in a glove box. O2

nd H2O content in the atmosphere of the glove box was usually
t the ppm level. Cyclic voltammetry (CV) was carried out in
olypropylene cells with three electrodes. Graphitic carbon elec-
rodes were served as the working electrode and lithium metal
oil was applied for counter and reference electrodes. Autolab
odel PGSTAT 30 was used to measure CV.
Electrochemical measurements were conducted gavanostati-

ally using a Starbuck battery testing system. Each 103448 cell

as initially subjected to a formation cycle in which the charge

ate with 0.2 C constant current followed by 4.2 V constant volt-
ge charging, keep in 25 ◦C over 24 h, then 1.0 C constant current
ischarging with the termination voltage of 3.0 V, rest 10 min,

F
i
D

6.32
7.02

)/charge capacity × 100.

.2 C constant current discharging with the termination voltage
f 3.0 V.

. Results and discussion

.1. Half cell performance test

In order to compare the charge/discharge effect of 2,2-
imethoxy-propane (DMP), the variation of initial (formation
ycle) charge and discharge capacities measured at 0.1 C rate
re summarized in Table 1. An examination of Table 1, it can
e observed that the half cell with 0.005 wt% DMP addition has
he lowest irreversible capacity. It is well known that there is a
ifference between the charge and discharge capacities, termed
s irreversible capacity, during the formation cycle. This irre-
ersible capacity is caused by the formation of solid electrolyte
nterface (SEI) film on the graphite electrode surface. In this
alf cell investigation, there is no difference between graphite
lectrodes, and therefore, the performance of discharge capacity
nvolves the different SEI film caused by DMP addition. Based
n this opinion, it can be assumed that DMP electrolyte additive
nvolves the formation of SEI film. According to the above data,
t indicates that 0.005 wt% DMP addition in this work exhibits
onstructive efficiency of half cell discharge for Li-ion battery.

.2. Electrochemical test

According to the above half cell results, it is assumed that
ig. 1. Cyclic voltammograms of graphite electrode using 1 mol dm−3 LiPF6

n EC/DEC (1:1, w/w) as electrolyte (a) without additive, (b) with 0.005 wt%
MP, and (c) with 0.02 wt% DMP. The scan rate was 1 mV s−1.
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/w) with different DMP addition. For all plots in Fig. 1, there
s an obvious oxidation peak, which is interpreted as the deinter-
alation of lithium from the graphite layer into the electrolyte,
t about 0.5 V. The relative maximum reduction current, which
s contributed by the intercalation of Li+ into the graphite layer,
s at 0 V. Besides, it can be observed another reduction peak
t 0.5 V. It is caused by the formation of SEI film. Note that
he plot with no DMP addition has the highest reduction peak
urrent of SEI film formation. The reduction peak current is
ecreased with DMP addition, which indicates the decrease of
raphite–electrolyte reaction for SEI film formation.

The less graphite involves the SEI film formation, the more
ctive site of graphite layer can be used for lithium storage.
owever, an examination of Fig. 1, it can be found that the
xidation peak current becomes lower after DMP addition. It can
e interpreted that the SEI film becomes more thin and dense,
nd therefore, it is difficult for the transfer of lithium.

.3. Full cell investigation

Subsequently, the full cell test is employed in order to confirm
he better performance after DMP electrolyte additive addition.
he cell formation is an important step for SEI film formation,
nd Table 2 shows the formation data in this study. The interior
esistance (ACR) after cell formation becomes lower than that
ACR1) before formation because of the SEI film formation.
he similar thickness of the both cell indicates that there is no
xtortionate gas formed due to the addition of DMP. Interest-
ngly, the discharge capacity becomes higher after the addition
f DMP. It indicates that less graphite loss on the formation of
EI film and more Li+ can be stored in the graphite layer.

Fig. 2 shows the results of cycling number test at different
emperature for comparison the contribution of DMP additive.
ote that, with the increasing cycling numbers at 23 ◦C, the
ischarge capacity of the cell with DMP becomes worse than that
ithout DMP addition. However, at 45 ◦C, there is no distinct
ifference in the performance of cycling number whether DMP
s added or not. Surprisingly, the cell with DMP addition exhibits
etter discharge capacity after 60 cycling test at 60 ◦C. This
ifferential behavior is caused by the SEI film modified with
MP electrolyte additive.
Since the cell shows better performance with DMP electrolyte

dditive addition at high temperature, the cells with/without
MP addition are stored at 60 ◦C for 1 week for comparison.
he results of high temperature storage are shown in Table 3.
he discharge capacity of the first cycle (0.2 C) shows no dif-

erence whether DMP is added or not. However, the cell with
MP addition maintains higher discharge capacity (0.2 C Ret.)

han that without DMP addition after 1-week storage at high
emperature. One reason of the above phenomenon represents
he destruction of SEI film at high temperature. The other is the
ncrease graphite–electrolyte interface reaction. In order to con-
rm the contribution of DMP electrolyte additive, the cells after

igh temperature storage are re-charged/discharged. As we can
ee in Table 3, the cell with DMP addition still shows higher
ischarge capacity (0.2 C Rec.). Based on this evidence, it can
ndicate that the SEI film with DMP modification is stable and Ta
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Table 3
Data of full cell (as 103448) storage test results using LiPF6 in EC/DEC (1:1, w/w) at 60 ◦C with/without 0.005 wt% DMP addition

Cell code 0.2 C (mAh) 0.2 C Ret. (mAh) 0.2 C Rec. (mAh) C100 (mAh)

No additive
1770 1542 1679 1303

100% 87.12% 94.86% 73.62%

0.005 wt% DMP
1769 1567

100% 88.59%

Fig. 2. Cycle life performance of full cells (as 103448) using 1 mol dm−3 LiPF
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Sources 54 (1995) 435.
6

n EC/DEC (1:1, w/w) as electrolyte with/without DMP addition at (a) 23 ◦C,
b) 45 ◦C, and (c) 60 ◦C.

rotect graphite from the reaction with electrolyte at high tem-
erature. The cell is subsequently studied the cycling number
est at 60 ◦C. After 100 cycling number test, the cell with DMP
ddition still shows better performance for discharge capacity
C100) than that without DMP.

Conventional, the SEI film will be destructed with the increas-

ng temperature. However, according to the full cell capacity
est, the capacity of the cell with DMP addition exhibits bet-
er performance. This may be caused by the addition of DMP
1709 1375
96.65% 77.73%

hat makes the thin SEI film on graphite surface and reduce
raphite–electrolyte interface reaction. The properties of SEI
lms were different with various temperatures. In room tem-
erature range (20–45 ◦C), the SEI film may be too sluggish
nd dense to help the transfer of Li/Li+ into graphite layer. In
igh temperature range (ca. 60 ◦C), the SEI film may become
exible and increase the transfer rate of Li/Li+ into graphite

ayer, and also can protect graphite surface from electrolyte
eaction.

. Conclusion

In this work, half cell, full cell and cyclic voltammetry are
mployed to investigate the contribution of DMP as an additive
n electrolyte for lithium-ion battery. The cell with 0.005 wt%
MP addition shows higher discharge capacity than others from

he half cell results. According to the cyclic voltammograms,
t is found that DMP electrolyte additive involves the forma-
ion of SEI film and decreases the graphite–electrolyte interface
eaction in the first cycle. Besides, the SEI film with DMP mod-
fication may become thin and dense. The transfer of Li/Li+ is
nhibited by this modified SEI film at room temperature range.
owever, this flexible not only maintains stable but also protect
raphite surface from electrolyte reaction at high temperature
ange. Therefore, the electrolyte with 0.005 wt% DMP additive
n lithium-ion battery shows better cycle life and storage perfor-

ances at high temperature range (ca. 60 ◦C).
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