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ABSTRACT: The ionic conductivity behavior of poly(ethylene oxide) complexed with lithium 
salts was investigated using an a.c. impedance technique. The composition range of the salt was 
from 0.01 to 0.5 mole fraction. The result showed that anions strongly influence the conductivity 
behavior of the polymer electrolyte. A simple model is proposed whereby the conductivity decrease 
at higher salt concentration is due to ion-pair formation. This results in an increase in the activation 
energy with increasing salt concentration and a reduction in the ionic mobility of Li+ ions. 
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Fast ion transport was first demonstrated by 
Fenton et al.,1 on polymer solid electrolytes 
based on poly(ethylene oxide) (PEO) and an 
alkali metal salt at about I00°C. This was 
followed by Armand's proposal2 for an all
solid state lithium battery. Since then there has 
been considerable interest in developing elec
trolytes based on these and other types of 
polymeric materials3 - 20 for use in high energy 
denisty batteries. PEO is by far the most 
widely studied polymer electrolyte. The pure 
polymer is highly crystalline ( > 60%) with a 
glass transition temperature of 213°K. The 
complex formed between PEO and an alkali 
metal salt imparts a high ionic conductivity in 
the elastomeric phase at tempertures above the 
melting point of PEO. However, the mechanism 
of ionic transport is not well understood. This 
is mainly due to a difference in opinion con
cerning the structure of the complex. The 
general occurrence of the complex at a stoi
chiometry of 4: 1 PEO: Li salt (termed O: Li 
ratio) led to the proposal of a helical strucute 
of the PEO strands with the lithium ions 

placed at the core of the helix2 . 

However, this has recently been shown21 to 
be in disagreement with experimental findings. 
The stoichiometry of the complex has been 
found to vary and O: Li ratios as low as 2.5: 1 
have been found to exist. 22 X-ray analyses 
have shown the Li+ ions occupy positions 
outside the helical PEO strands. This would 
explain tbe observed stoichiometries lower 
than 4: 1, 0: Li. This conformation would 
result in a minimum coulombic repulsion23 

from the oxygen lone pairs. 
Phase diagrams of the PEO-LiX systems 

have shown that the complex formed is not 
single-phase but exists in two or more phases. 
At room temperature, three phases coexist; the 
pure PEO crystals, the salt rich stoichiometric 
crystalline complex and the amorphous phase. 
As the temperature is raised above 65°C, the 
crystalline PEO melts in the amorphous phase. 
It is at these elevated temperatures that the 
conductivity of the electrolyte becomes sig
nificant. 

Numerous studies have been made to eluci-
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date the conductivity of the polymer material 
containing different salts. The most commonly 
studied salt has been LiCF3S03 . Other salts 
have been investigated but the relationship 
between the conductivity and the ionic size of 
the salts have not been well documented. 
Previous results10 on polypropylene oxide ba
sed electrolytes have shown that the ionic 
conductivity of the polymer increases with 
increasing ionic size of salt. It is envisaged that 
PEO would behave in a similar manner. This 
paper reports on the effect of the ionic size of 
lithium salts in PEO on conductivity. The 
conductivity parameter is important since it 
influences the polarization characteristics in 
electrochemical cells. The present study was 
made on five salts with six different PEO-LiX 
compositions. 

EXPERIMENT AL 

Preparation of Polymer-LiX Mixtures 
Poly(ethylene oxide) of molecular weight 

5 x 106 was supplied by Polysciences in pow
dered form. The material was dried at 50°C for 
several days prior to its use. The lithium salts 
were dried at the temperatures specified below; 
LiCF3S03 (3M) at 50°C for several days, 
LiAsF6 (Alfa) used as received, LiBF4 (Alfa) 
50°C for 24 h, LiAlCl4 (Lithcoa) used as 
received and LiPF 6 (Ozark) 50°C for 24 h. 
All subsequent handling of the materials was 
carried out in a < I% relative humidity dry 
room. All of these lithium salts and the PEO 
dissolve fairly easily in acetonitrile and films 
were cast from this solvent. 

To form the films, known weights of the 
appropriate salts were dissolved in acetonitrile. 
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Figure 1. Isotherms of ionic conductivity vs. mole fraction of LiCF3SO3 in the electrolyte. 
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Figure 2. Isotherms of ionic conductivity vs. mole fraction of LiAsF6 in the electrolyte. 

To this solution, known weights of PEO were 
added slowly with constant stirring. In the case 
of low salt compositions, the solution was 
homogeneous within a few minutes. However, 
higher salt concentrations gave lumpy precip
itates and these were subsequently stored in 
sealed bottles for 2-5 days at 50-100°C to 
homogenize. The final solutions were without 
precipitates. 

Large areas of bubble free films were cast 
onto Halar sheets in a dry room fume-hood 
using the doctor blade technique. The films 
were air-dried in the dry room for several days 
prior to storing. The films prepared in this way 
had variable flexibility and opaqueness. The 
higher salt content films were brittle and 
opaque as expected. The thickness of the films 
varied between 10 and 20 µm. Films of these 
low thicknesses dried under the above con
ditions appeared satisfactory with regards to 
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the removal of the solvent. Once dry and 
solvent free, the electrolyte films were stored in 
sealed bags for two months to ensure complete 
crystallization of the complex. 
A.c. Conductivity Measurements 

A.c. conductivity measurements were made 
using the Hewlett Packard 4192 HPLF imped
ance measurement analyzer in conjunction 
with a Hewlett Packard 2623A terminal and 
7225A plotter. Measurements were made be
tween 5 Hz and 13 MHz and from room tem
perature to l l0°C on cells of the type: 

stainless steel I polymer electrolyte I stainless 
steel. 
The sample was sandwiched between pol

ished stainless steel electrodes kept under pres
sure by a spring loaded holder encased in a 
glass cell design. This was placed in a small 
tube furnace controlled by a variac. The tem
perature was monitored ( to ± 0.2°C) by a 
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Figure 3. Isotherms of ionic conductivity vs. mole fraction of LiA1Cl4 in the electrolyte. 

chromel-alumel thermocouple placed adjacent 
to the sample. Measurements were made 
under vacuum after a sufficient time had 
been allowed for temperature equilibration. 
The thickness of the sample exhibited a de
crease of about 5% after the experiment which 
eventually turned out to be insignificant com
pared to the overall change. 

RESULTS AND DISCUSSION 

Figures 1-5 show the relationship between 
the ionic conductivity and composition for 
PEO-LiX systems at temperatures between 
70-100°C. The results at lower temperatures 
have been omitted deliberately because the 
conductivity is extremely low throughout the 
composition range and therefore unimportant 
in the discussion. The figures for each system 
show a conductivity maximum at low salt 
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concentration occurring between O : Li ratio of 
50: 1 and 16: 1. At concentrations greater than 
2: 1 0 : Li ratio, there is a levelling off in the 
conductivity. Between these concentrations 
(16: 1 and 2: 1 ), the conductivity decreases 
rapidly with increasing salt concentration. The 
general shape of the curves is the same for all 
salt systems studied. This suggests that the 
mechanism of ionic transport is the same for 
all systems. It has been suggested24 that at 
temperatures> 60°C, the PEO-LiX systems 
are two phase (crystalline stoichiometric com
plex and amorphous phase) with ionic trans
port occurring in the amorphous phase. 
Furthermore Arrhenius type behavior is ex
pected rather than a Vogel-Tammen-Fulcher 
(VTF) on these materials. This is because the 
molecular movements of the amorphous 
chains are reduced in highly crystalline poly
mers such as PEO resulting in a decrease in 
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Figure 4. Isotherms of ionic conductivity vs. mole fraction of LiPF6 in the electrolyte. 

configurational entropy. 12 X-Ray studies25 

have shown that the material is highly crystal
line, especially at the higher salt concentration. 
The results25 also confirm the absence of free 
salt in all the films examined except the PEO
LiA1Cl4 system. Previous studies22 on this 
system also suggested the possibility of 
LiA1Cl4 partially dissociating to LiCl and 
A1Cl3 , although the extent of dissociation was 
unknown. Sorensen and Jacobsen26 proposed 
a model that characterized the conductivity 
behavior of the PEO-LiCF3SO3 system above 
70°C by the dissolution of the crystalline com
plex in the amorphous PEO phase. Their result 
implied a constant mobility of the ion but did 
not account for the variation in ion mobility 
with salt composition. 

Figure 6 shows the variation in the acti-
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vation energy versus salt mole fraction. The 
activation energy of each system was calcu
lated from the Arrhenius expression ( l ). 

(l) 

where <J is the ionic conductivity, R is the gas 
constant, T the absolute temperature and Ea 
the activation energy. 

The results show a minimum in the value of 
Ea for all the systems studied. This corre
sponds to a maximum in the conductivity 
curves (Figures 1-5). At higher salt concen
tration, the Ea values increase gradually and 
converge at about 0.9 eV. The trend is as 
follows: 

LiBF4> LiCF3SO3 > LiPF6 > 

LiAIC14 > LiAsF 6 
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Figure 5. Isotherms of ionic conductivity vs. mole fraction of LiBF4 in the electrolyte. 

The general dependence of activation energy 
on salt composition is in agreement with the 
work of Sorenson and Jacobsen.26 The vari
ation in £ 3 with different salts suggests that a 
relationship may exist with the ionic radius. 
Unfortunately the salts studied have anions 
that are not spherical. BF4 - 27 · 28 and 
AICl4 - 27 · 29 are regular tetrahedral ions and 
AsF 6 - 27 •30 and PF 6 - 27 · 31 regular octahedral 
ions. The structure of the triflate ion 
(CF3SO3 -) has recently been studied with 
complex cations32•33 and is neither tetrahedral 
nor octahedral. The structure consist of a 
carbon to sulphur single bond flanked by three 
fluorine and three oxygen ions respectively. 
Because of the nonspherical nature of the 
anions, only the maximum possible radius can 
be considered. The value used for ionic radii 
are given in Table I. 
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Table I. Ionic radii 

Ion Radius/A References 

Li+ 0.68 38 
BF4 - 2.78 27, 28 
CF3S03 - 2.89 32, 33 
PF6 - 3.08 27, 31 
AsF6 - 3.2 27, 30 
AIC14 3.93 27, 29 

Figure 7 depicts the variation in the ionic 
conductivity versus 1/(ra + re) (for a constant 
0: Li ratio of 50 : I) varying with temperature, 
where ra and re are the anion and cation radius, 
respectively. Clearly a trend exists between the 
ionic conductivity and the sum of the ionic 
radii of the cation and anion. The spread of the 
points on the curve results from the anions 
being nonspherical. Despite this, the ionic 
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Figure 6. Variations in the activation energy vs. salt mole fractions. 

conductivity increases as the ionic radii of the 
cation and anion increase up to about 4A. At 
this point a maximum is found and further 
increase in the ionic radii results in a decrease 
in the conductivity. The figure shows that this 
trend is maintained at lower temperatures but 
the overall conductivity is lower. 

Figure 8 shows the variation in the ionic 
conductivity versus 1 /(r. + re) for different 
0: Li ratios but at a constant temperature of 
I00°C. The trend is again similar but in this 
case the overall conductivity decreases with 
increasing salt concentration above an O: Li 
ratio of 25: 1. 

The above result demonstrates that anions 
do play a considerable part in influencing the 
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ionic conductivity of the polymer electrolyte. 
As noted previously,10 ionic conduction in 
polymeric materials results from carrier ion 
hopping from site to site. The most stable 
hopping sites considered by these authors are 
the anions. In the case of an ion-pair for
mation, the energy required to separate these 
ions is given by 

!iE- e2 . 1 
- 4ne0e (r a+ r c) 

(2) 

where e is the dielectric constant in vacuum 
and i;0 the dielectric constant of the medium. 

Hence as the ionic size of the salt increases, 
the energy required for ion separation de
creases. This is reflected in the increase in the 
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Figure 7. Variation in the ionic conductivity vs. ionic radii of cation and anion for a fixed O: Li ratio 
varying with temperature. 

ionic conductivity of the electrolyte. However, 
when the variation of the ionic conductivity 
versus the ionic radii are presented in the form 
of Figures 7 and 8, it is clear that simple models 
alone cannot explain the ionic dependence 
over a large span of the radii. The fact that the 
conductivity decreases with increasing salt 
concentration (Figures 1-5) demonstrates that 
cation-anion interactions do play a major role. 
It is evident that the PEO molecules must 
adopt a type of configuration in which the 
oxygen lone pairs are oriented in such a way as 
to result in the lowest free energy. This would 
occur if the lone pair orbitals were pointing as 
much away from one another. Under these 
conditions the cation to lone pair linkages take 
place with four different strands or helices, 
e.g., for a 4: I stoichiometry. Other configu
rations are possible such as two or more 
linkages from the same helix. However, con-
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siderable strain is then put on the molecule. 
The bonding between the lone pair on the 
oxygen from PEO and Li+ are considered to 
be coordinate covalent. The solution behavior 
of PEO and lithium salts can be closely com
pared to the solution behavior of lithium salts 
dissolved in water. The PEO in this respect 
behaves in a similar way to water molecules in 
that four linkage are made between the lithium 
ion and the oxygen lone pair from each PEO 
unit. But whereas the water molecules are 
arranged in a tetrahedral manner, the helical 
nature of the PEO fibers prevents this confor
mation. It has been suggested34 that the PEO 
molecules are labile and the bonding between 
the oxygen lone pairs and lithium ion are also 
labile. This implies that the anions are either 
partially bonded to the lithium ion or "float
ing" in the polymer matrix surrounded by 
weakly bonded PEO molecules. This is be-
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Figure 8. Variation in the ionic conductivity vs. ionic radii of cation and anion at 100°C for different 
0: Li ratios. 

cause the shape of the anion are not spherical, 
unlike the cation, and hence any strong bond
ing by the PEO helices would result in serious 
compressional strain on the PEO strands from 
coulombic repulsion from the oxygen lone pair 
of electrons. 

Furthermore, whether or not ion-pairing 
readily occurs depends on the free-energy 
changes and this is concentration dependent. 
The free energy change for the reaction 

Li+ +x- -----LiX (ion pair) (3) 

is given by 

/'!G0 (Reaction)= /'!G0 f(Product) - /'!G0 f(Reactant) ( 4) 

where !'!G° f(Product) and /'!G0 f(Reactant) represent 
the total free energies of formation of the 
product and reactants, respectively. 

If the reaction 3 is favored to the left, then 
/'!G is positive, and hence, the lithium ions 
attach themselves to the PEO network. 
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However, at some point in salt concentration, 
equilibrium is reached and ion-pair formation 
is the favorable reaction. In aqueous media 
this would occur with a levelling off in the 
conductivity as the salt saturation limit is 
reached. This is a direct result of the high 
dielectric constant of water in which ion pair
ing is least favored. 

In the PEO system, the dielectric constant is 
low35 ( e = 5), and at some point the ionic con
ductivity decreases with increasing salt con
centration (Figures 1 ~5). It is suggested that 
this results from ion-pair formation between 
the cation and anion. The interaction between 
PEO and the lithium ion is reduced and the 
mobility of Li ion hopping from oxygen lone 
pair to lone pair becomes seriously impaired. 
Consequently the activation energy increases. 
This is analogous to the behavior of lithium 
salts in low dielectric constant solvents.36•37 

The fact that the conductivity decreases be-
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yond a particular ionic radius suggests that 
steric hindrances by the anions take place and 
obstruct the movement of lithium ions. The 
simple model proposed above seems to be in 
accord with experimental observations. 

CONCLUSION 

The ionic conductivity behavior of PEO 
complexed with lithium salts was investigated 
over a wide composition range. The result 
showed that anions strongly influence the con
ductivity of the polymer electrolyte. A simple 
model was proposed whereby the conductivity 
decrease at higher salt concentration was ex
plained as due to ion-pair formation. 
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