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Abstract

The electrochemical oxidation of organic electrolytes was investigated using microelectrodes. The electrolytes we used were LiClO4/

(EC� DEC) and LiPF6/(EC� DEC) which are widely employed in lithium ion batteries. We measured the oxidation current by the

potential step method (the potential is maintained until the current becomes constant) at potentials ranging from 4.5 to 5.5 V versus Li/Li�.

The current density±potential relationship of the oxidation of 1 M LiClO4/(EC� DEC) electrolyte on the carbon microelectrode shows

good reproducibility and roughly ®ts exponential lines. We obtained a similar relationship regardless of the material and size of the

microelectrodes. Therefore, the electrochemical oxidation of organic electrolytes can be compared using this method. The different

oxidation behavior of LiPF6 salt and LiClO4 salt electrolyte suggests that the salt anions may initiate the electrolyte oxidation.

# 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Organic electrolytes, which are produced by dissolving a

salt in non-aqueous solvent, have become increasingly

important for use in high power density devices, such as

lithium batteries. LiPF6 is often used as the salt and a

mixture of cyclic and linear carbonates (e.g. ethylene car-

bonate (EC) and dimethyl carbonate (DMC)) is used as the

solvent because of their advantages in terms of ionic con-

ductivity and electrochemical stability, especially as regards

electrochemical oxidation. When a higher voltage cathode

such as LiNiVO4 [1] or Li2CoMn3O8 [2] is selected, the

stability of the organic electrolyte against oxidation deter-

mines the voltage limit of the whole system. Therefore, it is

very important to study the oxidation behavior of such

organic electrolytes.

The oxidation behavior of various organic electrolytes has

been investigated using both spectroscopic [3±5] and elec-

trochemical [6±10] methods. Kanamura et al., con®rmed the

anodic oxidation of propylene carbonate(PC)-based electro-

lytes by means of in situ Fourier transform infrared spectro-

scopy (FT-IR) and X-ray photoelectron spectroscopy (XPS)

[3]. Eggert et al. succeeded in separating the oxidation

current of 1 M LiClO4/PC into solvent and salt contributions

using on line mass spectroscopy [4]. However, the ease of

electrochemical measurement makes it preferable to these

spectroscopic techniques. The oxidation potential can be

determined electrochemically in two ways. In one approach,

the oxidation potential of a given electrolyte is determined as

that at which an applied current density reaches a given

threshold value [6,7]. In the other approach, an extrapolated

line is drawn along the potential sweep wave (as shown in

Fig. 1), and the intersection of this line and the i � 0 line is

regarded as the oxidation potential [8±11]. Although the

threshold current is different in each report, the former

method appears to be better than the latter for the following

reason. When the charge-transfer process dominates the

whole Faradaic current, the current density±potential rela-

tionship of the irreversible oxidation processes of electro-

lytes must be described by the following Butler±Volmer type

equation [12],

i � nFCsk
0 exp

�1ÿ a�nFE

RT

� �
(1)

where i is the flowing current density (positive on oxida-

tion), n the number of electrons associated with the reaction,

F the Faraday constant, k0 the rate constant of the reaction,

Cs the surface concentration of the reactant, a the transfer
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coefficient, R the gas constant, T the temperature, and E is

the potential. If the obtained current density is very small

compared with the limiting current density, Cs can be

assumed to be the bulk concentration of the reactant. Thus,

the Tafel plot (log i±E relationship) of this measurement is a

straight line. In this i±E relationship, the intersection moves

following the change in the i range. For instance, while both

Fig. 1(a) and (b) show i±E curves for the same equation, the

E value of the intersection is quite different. Thus, the

oxidation potentials obtained by these methods may vary

with the experimental apparatus and conditions, and cannot

be compared with each other.

In this study, we measure the current density ¯owing at

microelectrodes in organic electrolytes used for commer-

cially available lithium ion batteries toward a given poten-

tial, in order to con®rm the relationship between current

density and potential during the electrochemical oxidation

of these electrolytes without the in¯uence of double layer

capacitance. A microelectrode has several advantages [13].

These include: (a) it being dif®cult to reach the diffusion-

limited step because of the fast motion of the reactant and

product at the electrode surface due to spherical diffusion,

(b) the smaller change in the electrolyte composition

because the total decomposition is smaller, and (c) the fact

that only a small sample is required.

2. Experimental

The microelectrode we used in this study (NTT Advanced

Technology Corp.) was prepared by using a sputtering

method and a mask in a way similar to LSI preparation.

As shown in Fig. 2, a carbon or platinum pattern was formed

on a glass plate and then a silicon nitride insulation ®lm with

a small hole in it (5 and 10 mm in diameter in this study) was

sputtered onto it. Lithium foil (Honjo Metal) was cut into

squares of about 5 mm� 5 mm and used as a counter

electrode. We did not use a reference electrode because

the size of the microelectrode meant that the applied current

was small enough for us to ignore the iR loss [13]. We

con®rmed that the overpotential contribution was negligible

by comparing our data with 2- and 3-electrode system data.

The organic electrolytes we used here were 1 M LiClO4/

(EC� DEC)(1:1) and 1 M LiPF6/(EC� DEC)(1:1) (Mitsu-

bishi Chemical Corp.). The water content of these electro-

lytes was kept below 50 ppm, and this was con®rmed by

measurements obtained with a Karl±Fischer aquacounter

(Hiranuma, AQ-7). The potential of the working electrode

was raised stepwise from 4 V to about 5.6 V (in 1 M LiClO4/

(EC� DEC)) or 6.2 V (in 1 M LiPF6/(EC� DEC)) by using

a highly sensitive potentiostat (Fuso Electric, SECS-318C)

connected to a function generator (Hokuto Denko, HB-104).

When the potential was set at a certain value (e.g. 5.6 or

6.2 V), a large current (above 10 mA cmÿ2 at current den-

sity) ¯owed after a few minutes, then the current increased

with time at a certain potential and steady-state current did

not appear probably due to the decomposition of the silicon

nitride layer. Therefore, we did not measure above that

potential. The potential was maintained until the applied

Fig. 1. i±E curves of the oxidation of the same organic electrolyte with different i scales, if Eq. (1) can be applied to the oxidation of these electrolytes.

Fig. 2. Microelectrode used in the present study.
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current reached a steady state to remove the double-layer

capacitance contribution. All the measurements were under-

taken in an Ar ®lled glove box where the atmospheric water

content was kept below 1 ppm.

3. Results and Discussion

Fig. 3 shows the relationship between the potential and the

anodic current density ¯owing at the carbon microelectrode

(5 mm in diameter) in 1 M LiClO4/(EC� DEC) solution on

a log scale. The potential was stepped anodic to 5.5 V versus

Li/Li� and then cathodic. Fig. 3 shows the relationship for

two cycles. After the ®rst anodic step, all the plots appear to

lie roughly on the same straight line although there are small

plateaus at 4.8 V. The origin of the deviation observed in the

4±4.5 V region in the ®rst anodic step may be the decom-

position of impurities. The reaction that these currents

represent seems to be governed by the charge transfer

control in this potential range and the electrode surface

may not suffer the irreversible degradation. When the

potential was raised above 5.5 V versus Li/Li� stepwise,

the applied current increased with time and no reversibility

was observed in the cathodic step. The silicon nitride ®lm

may be broken at this potential.

Fig. 4 shows the relationship between potential and

oxidation current density on a log scale of a 1 M LiClO4/

(EC� DEC) solution. We used carbon microelectrodes 5 (a)

and 10 mm (b) in diameter and a platinum electrode 10 mm

in diameter (c) as working electrodes. When the electrode

material was replaced with platinum, the order of the

oxidation current densities was similar to that when using

carbon electrodes. The log i±E relationships also seem to lie

roughly along a similar straight line regardless of the size

and material of the microelectrode.

Fig. 5 shows the log i-E relationships of the oxidation of

1 M LiPF6/(EC� DEC) together with that of 1 M LiClO4/

(EC� DEC) for comparison. With 1 M LiPF6/(EC� DEC)

electrolyte, the log i also has an almost linear relationship

with E. Ue et al. [7] reported that an electrolyte containing

LiPF6 has a higher oxidation potential than one containing

LiClO4. The result shown in Fig. 4 seems to contradict that

claim at potentials below 5.2 V. These differences may lead

to differences in the current density and surface area of

working electrodes, or difference in the impurities in the

electrolytes.

Fig. 6 shows the log i±E relationships of the oxidation of

1 M LiClO4/(EC� DEC) when i was measured with a

potential step (a) and potential sweep at a sweep rate of

Fig. 3. i±E relationship of the anodic oxidation of 1 M LiClO4/

(EC� DEC) electrolyte in two cycles. Microelectrode: carbon, 5 mm in

diameter.

Fig. 4. i-E relationship of the anodic oxidation of 1 M LiClO4/EC�DEC

electrolyte. Microelectrode: (a) carbon, 5 mm; (b) carbon, 10 mm; (c)

platinum, 10 mm in diameter.

Fig. 5. i±E relationship of the anodic oxidation of various organic

electrolytes. Electrolyte: (a) 1 M LiPF6/(EC� DEC)(1:1); (b) 1 M LiClO4/

(EC� DEC)(1:1). Microelectrode: carbon, 10 mm in diameter.
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0.2 (b) and 2 mV sÿ1 (c). With the slow scan rate, the

resulting line provides a good ®t with the resulting line of

the potential step. The log i±E line is at a higher position at a

faster potential scan because of non-Faradaic currents such

as the larger charging currents of the double-layer, and the

decomposition of impurities.

The charge transfer processes of electrolyte oxidation

seem to limit the whole reaction rate over wide potential

ranges such as 4.5±5.5 V versus Li/Li� because the current

densities changed roughly exponentially in relation to the

potentials. These results indicate that the electrolyte oxida-

tion processes are apparently irreversible making it dif®cult

to determine the equilibrium oxidation potentials of organic

electrolytes. In addition, by employing a widely used extra-

polation method from a region where a large current ¯ows to

the zero current point, we obtained a different oxidation

potential for the same electrolyte if the current ranges were

different, as mentioned in our Introduction. Therefore, we

propose that the oxidation behavior of organic electrolytes

should be discussed in terms of all the features of the log i±E

relationship, as shown in Fig. 5, rather than `oxidation

potential'. If a certain value is required for practical pur-

poses, it is preferable to de®ne the oxidation potential of an

electrolyte at a certain threshold current density. The value

of the threshold current density should be determined on the

basis of a practical case. One example might be where a

certain ratio of electrolyte is expected to decompose in a

certain time in a commercial AA-type cell. If the size of the

electrodes and the amount of electrolyte are estimated to be

240 and 2 cm2, and the expected decomposition rate is

50 wt.% hÿ1, the calculated current density would be

0.11 mA cmÿ2. When this threshold value is applied, the

oxidation potentials of 1 M LiClO4/(EC� DEC) and 1 M

LiPF6/(EC� DEC) are about 4.4 V versus Li/Li� and 3.9 V

versus Li/Li�, respectively.

The reaction pathway of the electrochemical oxidation of

organic electrolytes has been proposed from several experi-

mental aspects. For example, Arakawa et al. [14] analyzed

the oxidation product of 1 M LiClO4/PC by GC-MS and

proposed a two step reaction; ®rst the anion is oxidized

electrochemically into a radical species, which then attacks

the solvent molecules and converts it into decomposition

products, such as propanal. We have not established an

experimental basis for understanding the reaction pathway.

The small slope of the low i±E relationship in Figs. 3±5

indicates a small transfer coef®cient value (below 0.1) if the

whole reaction occurs during one electrochemical process.

The low slope may indicate that the oxidation of electrolyte

occurs by two step and we have observed the current

containing the contribution of a certain mass transfer

step. The plateau observed around 4.5 V in Fig. 3 can be

interpreted to a multi-step reaction pathway, such as solute

decomposition step and solvent decomposition step. Another

possibility is the passivation of electrode surface. Aurbach

et al. proposed that a surface layer was also generated onto

the surface of LiNiO2 positive electrode during charge±

discharge cycling similar to the passivation layer of negative

electrodes, namely SEI [15]. Such layer may form gradually

on the microelectrode surface, which prevent the electron

transfer by electrolyte decomposition and lower the decom-

position current. However, we have no further data to

con®rm the formation of passivation layer onto the Pt

microelectrode used in this study. Further studies that con-

®rm the in¯uences of solute species, temperature and con-

centration are expected to provide suggestions as to the

precise mechanism of the electrochemical oxidation of

organic electrolytes.

4. Conclusion

Potential step measurements using microelectrodes show

that the current density±potential relationships of the elec-

trochemical oxidation of 1 M LiClO4/(EC� DEC) and 1 M

LiPF6/(EC� DEC) organic electrolytes provide a rough ®t

with the exponential curve regardless of the size and mate-

rial of electrode. These results reveal that the electroche-

mical oxidation process of an organic electrolyte may be

totally irreversible. Therefore, all the features of current

density±potential relationship are required when the oxida-

tion behavior of organic electrolytes is compared.
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Fig. 6. i±E relationship of the anodic oxidation of 1 M LiClO4/EC� DEC

electrolyte. Method: (a) potential step; (b) potential scan rate, 0.2 mV sÿ1;

(c) potential scan rate, 2 mV sÿ1. Microelectrode: platinum, 10 mm in

diameter.
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