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SINGLE-ION CONDUCTION AND ELECTROCHEMICAL 
CHARACTERISTICS OF POLY(OXYETHYLENE)/ 
LITHIUM METHOXY OLIGO( OXY ETHY LEN E) 
SULFATE BLEND 

HONGMING CHEN, ZHENGHUA DENG, YUNGUI ZHENG, 
WU XU, and GUOXIANG WAN* 

Chengdu Institute of Organic Chemistry 
Chinese Academy of Sciences 
P.O. Box 415, Chengdu 610041, People’s Republic of China 

ABSTRACT 

The ion conduction of a blend of poly(oxyethy1ene) (PEO) and 
lithium methoxy oligo(oxyethy1ene) sulfate (SALJ and its electrochemi- 
cal characteristics were studied. The maximum ambient conductivity of 
the blend reaches 1.2 x S/cm. The blend exhibits single-ion con- 
duction, excellent mechanical performance, and electrochemical stabil- 
ity. A battery of Li/PEO + SAL,/Li,+xV30, has a constant discharge 
capacity at different discharge current densities up to a certain voltage, 
while the discharge capacity of Li/P (MEO,,-AM) + LiCIO,/Li, +xV308 
decreases with an increase of the discharge current density. 

INTRODUCTION 

Polymer solid electrolyte (PSE) is getting more and more attention for its 
potential uses in solid lithium batteries, solid electrochromic display devices, capaci- 
tors, etc. [ 1-31. In order to increase the conductivity of PSE, the method of blend- 
ing liquid electrolyte with polymer to prepare gel electrolyte [4, 51 is used. The 
ambient conductivity of this kind of plasticized solid electrolyte exceeds 10 - 3  S/cm. 
But it also has some disadvantages, such as poor electrochemical stability, low 
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cationic transference number, etc. Angel1 et al. put forward a new concept of 
blending a small amount of polymer with a large amount of low temperature molten 
salt to make a kind of “polymer in salt” solid electrolyte [6 ,  71. In this kind of 
electrolyte the polymer supplies the mechanical properties and the molten salt sup- 
plies the carrier. This electrolyte has high ambient conductivity and single-ion con- 
duction. In this paper we report the ion conduction and electrochemical characteris- 
tics of the elastic blend of poly(oxyethy1ene) (PEO) and the low temperature molten 
salt lithium methoxy oligo(oxyethy1ene) sulfate (SAL,). 

EXPERIMENTAL 

Materials 

The molecular weight of PEO is 6 x lo5.  The synthesis of SAL, was pro- 
cessed according to the literature [S]. SAL, and PEO were dissolved together in a 
solvent (CH,CN), and the electrolyte membranes were prepared by casting the 
solution. The membranes were dried under vacuum at 100°C for 24 hours before 
use. 

The anode material of the lithium battery was lithium foil and the cathode 
materials were polyaniline/graphite and Li,.,V,O,/graphite. The assembly of the 
cells was carried out in a moistureless glove box filled with argon. 

Measurement 

The ac conductivity measurements were carried out at 1100 Hz with the con- 
ductometer DDS-IIA and a temperature controlled apparatus. The dc conductivity 
measurements, in which a lithium electrode was utilized, were made by applying a 
constant voltage (3.0 V)  over the cell and recording the current with a millivolt- 
ammeter. A polarization reversing method was employed to measure the lithium ion 
transference number of the sample [9]. A linear voltage scanning method (scan rate: 
1 .O mV/s) was adopted to study the decomposition voltage by using inert electrodes. 
A constant-current procedure was used to study the discharge characteristics of the 
Lilsolid electrolyte/cathode cell. 

All measurements were carried out under dry conditions. 
The thermal behavior was investigated with the Perkin-Elmer DSC-7 system in 

the temperature range of - 100 to 2OOOC with a temperature increase of 2O0C/min. 

RESULTS AND DISCUSSIONS 

Relationship between Ionic Conductivity and 
Composition of the Blend 

Figure 1 shows the composition dependence of the ion conductivity of PEO/ 
SAL,. The increase of ion conductivity at low SAL, content is due to the increase of 
the carrier number and the decrease of the glass transition temperature (T,) by 
adding the SAL, content. The decrease of Tg can be seen in Fig. 2. The T,s of the 
blends with SAL, contents of 50, 67, and 75% are - 15, -32, and -70°C, respec- 
tively. ?’his is because SAL, is a noncrystalline liquid at room temperature [8]. 
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'20 30 40 50 60 70 80 
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FIG. 1. Composition dependence of ion conductivity of PEO/SAL8 blend. Tempera- 
ture: 25OC ( @ ) ,  5OoC (0). 

However, in the high salt concentration region, the conductivity decreases with an 
increase of SAL, content. This could be explained by the formation of ion pairs 
and ion clusters which results from excessive salt and which greatly impedes ion 
transference [lo, 111, and this negative effect exceeds the favorable effect of the 
decrease of T,. As a result, the conductivity of the blend is not benefited by the 
excessive salt. When the SAL, content is 67% (wtyo), the ion conductivity reaches 
the maximum (a,,oc = 1.2 x S/cm, asoOc = 1.1 x S/cm). 

1 I I ! I 1 I I 

-80 -70 -60 -50 -40 -30 -20 -10 0 
Temperature ( *C ) 

FIG. 2. DSC curves for PEO/SAL, blend: (a) PEO/SAL, (w/w) = 1 : 1 ,  (b) PEO/ 
SALR (w/w) = 1:2, (c) PEO/SAL, (w/w) = 1:3. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
5
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1276 CHEN ET AL. 

- 4  

-5- E 
0 
\ 
[A 

0 
M 

W 

3 - 6 -  

Figure 3 shows that the temperature dependence of conductivity in the blend 
with a low salt content does not follow the Arrhenius equation, but at a high salt 
content it is of the Arrhenius type. This means that polymer segmental movement 
has a considerable effect on the ion conductivity in the blend with a low salt content. 
When the salt content is high, polymer segmental movement has an insignificant 
influence on the ion conductivity because of the low polymer content in the blend. 
The polymer acts mainly as a backbone of the blend. 

- 

Polarization Characteristics and Ion Transference Number 
of the Blend 

Figure 4 presents the dc polarization characteristics of the blend. As a compar- 
ison, the results of our previous works [12] are quoted. From Fig. 4 it can be seen 
that the dc conductivity of PEO/SAL, remains constant during polarization, which 
proves that the blend is a single-ion conductor. On the contrary, the dc conductivity 
of the bi-ion conductor P(MEO,,-AM)/LiC10, drops sharply at the initial stage of 
polarization. When a dc voltage is applied to the blend of P(ME016-AM)/LiC10,, 
Li + migrates to the cathode and is reduced to lithium while C10 4 migrates to the 
anode and concentrates near the anode, which leads to the formation of concentra- 
tion polarization and impedes the transference of Li +, so its dc conductivity decays 
rapidly. In PEO/SALE, however, the methoxy oligo( oxyethylene) sulfate anion of 
SALE, which has a huge volume, is very difficult to transfer and so only Li + can 
migrate in the electrolyte. When a lithium electrode is employed, Li+ is reduced 
at the cathode and the lithium at the anode is oxidized to Li'. Therefore, no 
intrapolarization can form and the dc conductivity is constant. Thus, the single-ion 
conductor PEO/SALE is an excellent electrolyte material for a solid-state lithium 
battery. 

- 7 7  
2.9 3. 0 3 . 1  3. 2 3. 3 3. 4 

1000/T ( 1 / K )  

FIG. 3. Temperature dependence of ion conductivity of PEO/SAL, blend: (A) 
PEO/SAL, (w/w) = 1:2, (0) PEO/SAL, (w/w) = 1:3, ( 0 )  PEO/SAL, (w/w) = 1:0.5. 
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FIG. 4. 

AM)/LiClO,. 

Time dependence of dc ion conductivity: Temperature, 3OOC; polarization 
voltage, 3.0V; (O)PEO/SAL, (W/W) = 1:2, (O)PEO/SALB (W/W) = 1:1, (A) P(MEO1,- 

In order to measure the ion transference number ( t )  and the ion mobility ( p )  
of PEOISAL,, a polarization reversing method is used. As seen in Fig. 5 ,  after the 
bias polarization is reversed, two current peaks appear at 8 minutes (7+) and 335 
minutes (7-), respectively. By means of the formulas p = d 2 / (  V7) and ti = pi/& 
where d is the thickness of the sample and V is the polarization voltage, the ion 
mobility (p i )  and cation transference number ( t + )  were calculated as follows: 

p+ = d 2 / (  VT+)  = 8.3 x 10-8cm2.V-1-s-1 
p _  = d 2 / (  V T - )  = 1.0 x 1 0 - 9 c m 2 ~ V - ' ~ ~ - '  
t+ = 0.98 

These results mean that the transference of Li+ plays a leading role in the 
ion conduction of the blend and that the PEO/SAL, blend acts as a single-ion 
conductor. 

Electrochemical Characteristics of the Blend 

As seen in Fig. 6 ,  the decomposition voltage of PEO/SAL, is 5.7 V, which 
satisfies the general requirement of a lithium battery. This means that the polymer 
solid electrolyte has excellent electrochemical stability. 

Figure 7 shows the short-circuit discharge characteristics of the lithium battery 
using a single-ion conductor PEO/SAL, and a bi-ion conductor P( MEO,,-AM)/ 
LiCIO, [12]. The short-circuit current of a bi-ion conductor falls rapidly from its 
initial current density of 8.8 mA/cmZ to only 0.2 mA/cmZ after 20 minutes, which 
is due to the intrapolarization caused by the migration of C10 4. The current density 
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FIG. 5 .  Transient current curve of PEO/SAL, blend. Polarization voltage, 2.5 V; 
temperature, 5 O O C ;  PEO/SAL, (w/w) = 1:2. 

of PEO/SAL,, on the contrary, increases slowly in the first stage and then decreases 
gradually after reaching a maximum. The variation of the short-circuit current in 
PEO/SAL, is smaller than that of the bi-ion conductor since no intrapolarization 
exists in PEO/SAL,. The initial increase of current in PEO/SAL, may be due to 
improvement of the cathode/electrolyte interface during discharge. 

Under the constant current procedure, the discharge characteristics of lithium 
batteries with PEO/SAL, and P(MEO,,-AM)/LiClO, are shown in Fig. 8 (A, B), 
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FIG. 6. Decomposition voltage of PEO/SAL,. Temperature: 3OOC. 
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FIG. 7. Short-circuit discharge curves. Temperature, 30OC; PEO/SAL8 (w/w) = 
1:2; (0) Li/PEO + SAL,/Li,+,V,O, cell, ( 0 )  Li/PEO + SALJPAN cell, (a) Li/ 
P(MEO,,-AM) + LiCI0,/Li,+,V308 cell. 

Time ( h )  
0 1 2 3 4 5 

I I 1 1 I 4. 0 

A. Li/PEO+SAL8/Lil+,VsOx cell 

1. OF 

B. Li/P( ME0,e-W) +LiC10&il+rVs08 cell 

1. 0 
0 1 2 3 4 5 6 7 8 

Time (h) 

FIG. 8. Discharge curves for Li/polymer solid electrolyte/Li,,,V,Os cells. Tempera- 
ture: 3OOC. Discharge current density in mA/cm2: (a) 0.05, (b, c) 0.10, (d) 0.15, (e) 0.20. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
5
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1280 CHEN ET AL. 

TABLE 1. 
Capacity and Discharge Current Density for PEO + SAL, and 
P(MEO,,-AM) + LiClO, Batteries 

Comparison of the Relationship of Discharge 

Cell 

Li/POE + SAL8/ Li/P(MEOi6 - AM) + 
Li, +.v,os LiC104/Li, +xV30, 

~~ 

Discharge Current Density (mA/cm ’) 

0.05 0.10 0.10 0.15 0.20 

Discharge Capacity (mA . h/cm ’) 

Discharge to 
voltage (V) 

2.5 - - 0.553 0.350 0.224 
2.0 0.075 0.075 0.692 0.490 0.320 
1.5 0.208 0.208 - - - 

lithium battery with PEO/SAL, initially descends sharply. This is due to the high 
interface resistance between the electrolyte and electrodes. When these lithium bat- 
teries are discharged to a certain voltage at different discharge current densities 
within the interfacial exchange current density (about 0.5 mA/cm2), the times 
needed differ greatly. The larger the discharge current density, the less time re- 
quired. However, a much more interesting phenomenon has been discovered: The 
discharge capacity of the Li/PEO + SAL,/Li, +xV308 battery remains unchanged 
at different discharge current densities while the discharge capacity of the Li/P 
(MEO,,-AM) + LiC10,/Li,+xV30, battery decreases with an increase of the dis- 
charge current density (Table 1). This is ascribed to the difference between the 
single-ion conductor PEO + SAL, and the bi-ion conductor P(MEO,,-AM)/ 
LiClO,. 

CONCLUSION 

The maximum ambient conductivity of the PEO/SAL, blend is 1.2 x lo-, 
S/cm when the SAL, content reaches 67%. The blend has constant dc polarization 
characteristics and a high cationic transference number. It also has excellent electro- 
chemical stability. A lithium battery with PEO/SAL, electrolyte has the same dis- 
charge capacity at different discharge current densities while the discharge capacity 
of a lithium battery with P(MEOI,-AM)/LiClO, as the electrolyte degrades with an 
increase of the discharge current density. 
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