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Summary 

The a b i l i t y of c e r t a i n polymers to complex w i t h a v a r i e t y of s a l t s 
and form e l e c t r o l y t e s has been known f o r more than a decade. These polymer 
e l e c t r o l y t e s can be manufactured i n t h i n f i l m s with moderate c o n d u c t i v i t y , 
have a broad vo l t a g e s t a b i l i t y window and form a deformable, s t a b l e i n t e r f a c e 
w i t h many e l e c t r o d e m a t e r i a l s . As a r e s u l t of these p r o p e r t i e s polymer 
e l e c t r o l y t e s o f f e r unique advantages i n s o l i d s t a t e b a t t e r i e s . 

S e v e r a l aspects of the pr e p a r a t i o n and performance of these 
e l e c t r o l y t e s are discussed i n t h i s a r t i c l e . 

Introduction 

U n t i l f a i r l y r e c e n t l y b a t t e r y research was d i r e c t e d towards 
improvement of e x i s t i n g c e l l s r a t h e r than i n v e s t i g a t i o n of a l t e r n a t i v e 
systems. This s i t u a t i o n was d r a m a t i c a l l y changed by advances i n the 
semiconductor and m i c r o e l e c t r o n i c s i n d u s t r y . The l a r g e s c a l e production of 
i n t e g r a t e d c i r c u i t s and r a p i d i n c r e a s e i n the number of b a t t e r y powered 
devices a v a i l a b l e to the consumer had the e f f e c t of s t i m u l a t i n g the b a t t e r y 
•industry to produce improved systems. Today a new generation of b a t t e r i e s , 
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s m a l l e r , l i g h t e r and more powerful i s r e p l a c i n g c o n v e n t i o n a l c e l l s i n many 
a p p l i c a t i o n s . 

One of the most a c t i v e areas of b a t t e r y r e s e a r c h i s that of ambient 
temperature l i t h i u m based c e l l s . The high e l e c t r o c h e m i c a l p o t e n t i a l of l i t h i u m 
coupled w i t h i t s low d e n s i t y r e s u l t s i n outstanding energy d e n s i t y . With the 
di s c o v e r y i n the mid s i x t i e s of the c l a s s of s o l i d e l e c t r o l y t e s , m a t e r i a l s 
which a l l o w the t r a n s p o r t of ions through the e l e c t r o l y t e l a t t i c e , came the 
suggestion t h a t t h e i r use i n an a l l - s o l i d - s t a t e c e l l would be advantageous. 
During the l a s t decade the development of l i t h i u m i o n conducting polymer 
e l e c t r o l y t e s has brought t h i s o b j e c t i v e c l o s e r to r e a l i t y . 

The e x i s t e n c e of i o n - d i p o l e i n t e r a c t i o n s between p o l y e t h e r s and 
(1 2) 

v a r i o u s s a l t s , ' and the f a c t t hat c e r t a i n polymers f a c i l i t a t e the 
( i ) 

t r a n s p o r t of i o n i c s p e c i e s , V J / was recognised s e v e r a l years ago. I n 1973 
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Figure 1 - Structural formulae of polymers 
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Fenton et a l 1 4 ; reported the formation of high m e l t i n g p o i n t c r y s t a l l i n e 
complexes of po l y ( e t h y l e n e oxide) w i t h s e v e r a l sodium and potassium s a l t s . 
Subsequently the temperature dependence of i o n i c conduction i n complexes of 
sodium, potassium, ammonium (5 j6) a n d l i t h i u m s a l t s ^ wi t h p o l y ( e t h y l e n e 
o x i d e ) , (see Figure 1 f o r s t r u c t u r e ) , was desc r i b e d i n g r e a t e r d e t a i l . 

The high c o n d u c t i v i t y of these polymers r e l a t i v e to v i t r e o u s and 
c r y s t a l l i n e l i t h i u m i o n conducting e l e c t r o l y t e s and the suggestion that these 
polymers might form the b a s i s of room temperature l i t h i u m b a t t e r i e s l e d to a 
r a p i d i n c r e a s e i n the i n t e r e s t i n t h i s subset of s o l i d e l e c t r o l y t e s . Since 
these e a r l y r e s u l t s were published a l a r g e background of encouraging r e s u l t s 
has been added which confirms the v i a b i l i t y of t h i s p r o p o s a l . 

Polymer-salt complex formation 

Polymer e l e c t r o l y t e s may be prepared from many a l k a l i metal s a l t s and 
a v a r i e t y of polymers. S e v e r a l p r e p a r a t i v e methods have been s u c e s s f u l l y 
employed. An e l e c t r o l y t e may be prepared by extended exposure of a cast pure 
polymer f i l m to a saturated s o l u t i o n of an app r o p r i a t e s a l t i n a sol v e n t i n 
which both the pure polymer and the complex are i n s o l u b l e . This method, i n 
theory, w i l l l e a d to a s t a b l e polymer i n which the complex has the maximum 
s a l t content. 

A l t e r n a t i v e l y , an app r o p r i a t e weight of the s a l t may be d i r e c t l y 
d i s s o l v e d i n a known weight of molten polymer. D i f f e r e n t polymers show 
d i f f e r e n t s o l u b i l i t y f o r added s a l t s and i n e a r l y research i n t h i s f i e l d i t 
was t h i s s o l u b i l i t y which determined the r a t i o of s a l t used to produce the 
polymer e l e c t r o l y t e . 

By f a r the most commonly used p r e p a r a t i v e method i n v o l v e s the 
d i s s o l u t i o n of known weights of polymer and s a l t i n a s u i t a b l e s o l v e n t . The 
mixture i s s t i r r e d u n t i l homogeneous and then cast onto a p l a t e of gl a s s or 
t e f l o n , or i n t o formers, depending on the r e q u i r e d f i l m t h i c k n e s s . F i n a l l y the 
solvent, i s removed from the polymer f i l m by slow evaporation, by vacuum 
treatment, or by vacuum and heat treatment. 
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Table 1 - Comparison of poly(ethylene oxide) - salt complex 
formation with l a t t i c e energies of the pure salts 

L i + Na + K + Rb + C s + 

F~ 
No 

1 036 

No 
923 

No 
821 

No 
785 

No 
740 

C l ~ 
Yes 
853 

No 
786 

No 
715 

No 
689 

No 
659 

CH 3C0~ 2 881 

No 
763 682 656 682 

N0- 3 846 

No 
756 687 658 

No 
625 

N0- 2 -
No 

748 664 765 598 

B r " 
Yes 
807 

Yes 
747 

No 
682 

No 
660 

No 
631 

N ~3 818 

No 
731 658 632 604 

BH~ 
4 778 

Yes 
703 665 648 628 

I -

Yes 
757 

Yes 
704 644 

No 
630 

No 
604 

SCN~ 
Yes 
807 

Yes 
682 

Yes 
6 l 6 

Yes 
619 

Yes 
568 

C10~, 
4 

Yes 
723 

Yes 
648 602 582 542 

C F 3 S ° 3 

Yes 
725 

Yes 
650 

Yes 
605 

Yes 
585 

Yes 
550 

B F ~ 4 

Yes 
699 

Yes 
619 631 605 556 

BPh", 
4 

Yes 
700 

Yes 
630 

Yes 
630 

Yes 
600 

Yes 
550 

No = no solvent free complex formed; 
Yes = solvent free complex formed. 
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The polymer product i s u s u a l l y d e s c r i b e d by the use of r a t i o s of 
monomer u n i t to i n o r g a n i c s a l t , f o r example PEOg L i C l O ^ i n d i c a t e s that there 
are 8 monomer u n i t s to each l i t h i u m p e r c h l o r a t e u n i t i n the e l e c t r o l y t e . The 
use of the a b b r e v i a t i o n PE0 i n s t e a d of E0 to i n d i c a t e the monomer u n i t i s 
con f u s i n g i n t h i s nomenclature and i t has r e c e n t l y been suggested that t h i s 
e l e c t r o l y t e i s de s c r i b e d as E0g L i C l O ^ or a l t e r n a t i v e l y r e f e r r e d to as having 
a l i t h i u m i o n to ethylene oxide repeat u n i t r a t i o of 1 :8 . 

As r e f e r e n c e to Table 1 demonstrates there are many s a l t s which form 
complexes w i t h p o l y ( e t h y l e n e o x i d e ) . I n most cases these s a l t s c o n t a i n l a r g e 

(8) 

anions and t h e r e f o r e have f a i r l y low l a t t i c e e n e r g i e s . S h r i v e r et a l have 
shown that f o r each c a t i o n of the a l k a l i metal s e r i e s there i s a t h r e s h o l d 
value of l a t t i c e energies above which complex formation does not occur. 

So f a r only p o l y ( e t h y l e n e oxide) based e l e c t r o l y t e s have been 
considered, however i t has been demonstrated t h a t many polymers can be used to 
produce e l e c t r o l y t e s by combination w i t h s a l t s . 

S h r i v e r et a l l i s t e d three a t t r i b u t e s which might be expected 
to be conducive to complex formation 

1 . The polymer should have a h i g h c o n c e n t r a t i o n of p o l a r groups which 
can e f f e c t i v e l y s o l v a t e the c a t i o n and/or anion of the added s a l t , 

2. The polymer backbone should be h i g h l y f l e x i b l e to permit polymer 
r e o r g a n i s a t i o n and c a t i o n s o l v a t i o n , 

and 
3. In general the polymer should have a low cohesive energy d e n s i t y to 

produce a favo u r a b l e f r e e energy change upon p o l y m e r - s a l t 
i n t e r a c t i o n . 

Attempts to improve on the performance of p o l y ( e t h y l e n e oxide) l e d to 
i n v e s t i g a t i o n of polymers w i t h s i m i l a r s t r u c t u r a l f e a t u r e s . Armand 
demonstrated that- p o l y ( p r o p y l e n e o x i d e ) , (Figure 1, I I ) , was a l s o capable of 
forming conducting complexes. The polymer used by Armand was 
non - s t e r e o r e g u l a r , w i t h a low degree of c r y s t a l l i n i t y . Table 2 summarises the 
r e s u l t s reported f o r these systems. A r e d u c t i o n i n the s o l v a t i n g p r o p e r t i e s of 
t h i s polymer, r e l a t i v e to p o l y ( e t h y l e n e o x i d e ) , was e x p l a i n e d i n terms of 
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Table 2 - Electrolyte behaviour of poly(propylene oxide) 

based systems . 

+ existence of a complex 

- non-existence 

a b° a s t o i c h i o m e t r y , expressed as the 0 to M + r a t i o 

b temperature, i n degrees Centigrade, at which the 

c o n d u c t i v i t y of the e l e c t r o l y t e exceeds 10 ^ (XI cm) 1 

anions 
c a t i o n s I a L i + b° a Na + b° 

B r " 6 135° -

j 10 150° 

I " 8 65° -

B('C 6H 5)" 4 + 10 80° 

CF 3SO- 3 6 85° 6 85° 

! 9 55° 8 55° 

12 60° 10 50° 

12 45° 

14 45° 

16 45° 

CIO", 
4 

+ + 
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s t e r i c hindrance. Apparently the i n c r e a s e d d o n i c i t y of the oxygen atom, now 
adjacent to a secondary, r a t h e r than primary carbon, does not compensate f o r 
the s t e r i c f a c t o r . I t i s i n t e r e s t i n g to note that other members of the 
p o l y o l e f i n i c oxide s e r i e s , poly(oxymethylene), ( F i g u r e 1, I I I ) , and 
p o l y ( o x e t a n e ) , ( F i g u r e 1, I V ) , are not complex forming ^ , presumably as a 
consequence of the d i s t a n c e between s u c c e s s i v e oxygen atoms, which i n 
p o l y ( e t h y l e n e oxide) seems to be o p t i m a l . 

Two d i f f e r e n t approaches have been r e p o r t e d f o r c r o s s l i n k i n g 
(ethy 

(12) 
p o l y ( e t h y l e n e o x i d e ) , based on chemical a d d i t i v e s and sample i r r a d i a t i o n 

The c r o s s l i n k e d polymer produced by i r r a d i a t i o n showed enhanced 
c o n d u c t i v i t y at c l o s e to ambient temperatures. 

Samples of a t a c t i c p o l y ( e p i c h l o r o h y d r i n ) , ( F i g u r e 1, V), were 
(8) (11) 

assessed by S h r i v e r et a l and Armand but r e s u l t s appear to confirm 
that s t e r i c hindrance at the oxygen s i t e i n the polymer reduces the 
complexation e f f i c i e n c y of t h i s macromolecule. 

P o l y ( e t h y l e n e s u c c i n a t e ) , (Figure 1, V I ) , a l s o i n v e s t i g a t e d by 
S h r i v e r w a s f o u n ( j t 0 complex w i t h L i BF , L i CF CO , L i CF SO and Na 

4 o * 3 3 
C F 3 S 0 3 , but showed c o n d u c t i v i t i e s s i g n i f i c a n t l y l e s s than the p o l y ( e t h y l e n e 
oxide) L i C10^ e l e c t r o l y t e . 

P o l y ( e t h y l e n e a d i p a t e ) , (Figure 1, V I I ) , which has a s t r u c t u r e 
s i m i l a r to t h a t of p o l y ( e t h y l e n e s u c c i n a t e ) , has been rep o r t e d by Armstrong 

as a moderate e l e c t r o l y t e w i t h L i CF^O,^. 

In view of the f a v o r a b l e donor number of n i t r o g e n one might p r e d i c t 
t h a t n i t r o g e n analogues of p o l y ( e t h y l e n e oxide) might be promising but 
u n f o r t u n a t e l y poly(N-methyl a z i r i d i n e ) , (Figure 1, V I I I ) , i s d i f f i c u l t to 

(13) 
prepare and the c o n d u c t i v i t y i s d i s a p p o i n t i n g . Once again i t seems l i k e l y 
t h a t the methyl sidegroup impedes the t r a n s p o r t of the c a t i o n i n the 
e l e c t r o l y t e . 

The e l e c t r o l y t e s mentioned i n t h i s s e c t i o n are intended- o n l y to 
i l l u s t r a t e the v a r i e t y of polymers which are capable of complexing w i t h added 
s a l t s . These polymers represent a f r a c t i o n of the numerous systems d e s c r i b e d 
i n the l i t e r a t u r e . 
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(16) 
Poly(ethylene oxide) L i CIO 

(12) 

+ ̂  Poly (ethylene oxide)g L i ClO^ 

,a Poly (propylene oxide) g L i CF^SO.^ 1 0^ 

\ D--D- Poly (ethylene adipate) L i CF SO * 
**•«. m (14) ~D--D \ Poly(ethylene succinate)^ L i BF^ 

(13) 
Poly(N-methyl aziridine) L i CIO • v V a

 j v •/ ~/g 4 

2.Ô 3.0 3.4 
1000/T (K )' 

Figure 2 - Comparison of electrolyte conductivities 

Figure 2 i s i n c l u d e d to show how the c o n d u c t i v i t y of some of the 
e l e c t r o l y t e s d escribed v a r i e s w i t h temperature. 

A separate c l a s s of polymer e l e c t r o l y t e s not i n c l u d e d i n t h i s review 
i s formed by the t e r n a r y systems which have been d e s c r i b e d by Tsuchida and 

(17-21) 
co-workers . These authors have i n v e s t i g a t e d systems which c o n t a i n 
l i t h i u m s a l t s , polymers and s o l v e n t s , u s u a l l y dimethyl formamide, 
i f - b u t y r o l a c t o n e , propylene carbonate or ethylene carbonate. 

The g e l s which are formed by these mixtures have a p p r e c i a b l e 
c o n d u c t i v i t i e s , and do not s u f f e r from the p r a c t i c a l disadvantage of l i q u i d 
e l e c t r o l y t e s with respect to leakage. As f a r as i o n t r a n s p o r t i s concerned 
however they o f f e r no advantage over polymer e l e c t r o l y t e s , t h e i r v o l t a g e 
s t a b i l i t y window i s c l o s e l y r e l a t e d to that of the solvent and they are 
r e s t r i c t e d to near-room temperature operation by the solvent v o l a t i l i t y . The 
type of ion conduction i n v o l v e d d i f f e r s from that observed i n b i n a r y polymer 
e l e c t r o l y t e s and thus t h i s group of e l e c t r o l y t e s w i l l not be di s c u s s e d 
f u r t h e r i n t h i s review. 

The evolution of the ion transport mechanism. 

While i o n i c c o n d u c t i v i t y i s an important p r o p e r t y to be taken i n t o 
c o n s i d e r a t i o n when e v a l u a t i n g an e l e c t r o l y t e f o r b a t t e r y a p p l i c a t i o n s , there 
are other f e a t u r e s which are almost as c r u c i a l . Among these are the c a t i o n i c 
t r a n s p o r t number and the c o m p a t a b i l i t y of the e l e c t r o l y t e w i t h e l e c t r o d e 
m a t e r i a l s . P a r t i c u l a r a t t e n t i o n has been d i r e c t e d toward the e l u c i d a t i o n of 
the i o n t r a n s p o r t mechanism i n the hope that a more complete understanding of 
the process may l e a d to e l e c t r o l y t e s w i t h improved c o n d u c t i v i t y and t r a n s p o r t 
p r o p e r t i e s . 

The e a r l i e s t c o n d u c t i v i t y measurements on p o l y o l e f i n i c polymers were 
(3) 

c a r r i e d out i n 1968 by Binks and Sharpies . These authors observed a 
c o n s i d e r a b l y h i g h e r degree of c o n d u c t i v i t y i n pure p o l y ( e t h y l e n e oxide) than 
other s a t u r a t e d polymers and suggested that the conduction mechanism i n v o l v e d 
a "handing-on" mechanism based on the t r a n s p o r t of protons through l o c a l 
segmental motion of the polymer c h a i n s . P o l y ( e t h y l e n e o x i d e ) , i n common with 
many other h i g h l y s t e r e o r e g u l a r polymers, favours a high degree of 
c r y s t a l l i n i t y . The polymer s t r u c t u r e i s a mixture of amorphous and c r y s t a l l i n e 
r e g i o n s . The mechanism proposed by Binks and Sharpies i n v o l v e d proton removal 
from the polymer c h a i n and t r a n s f e r to an ether oxygen on a neighbouring 

(2) 
amorphous c h a i n segment. I n 1966 Lundberg et a l re p o r t e d the r e s u l t s of 
s t i f f n e s s modulus experiments which showed t h a t the a d d i t i o n of i n o r g a n i c 
s a l t s to po l y e t h y l e n e oxide caused a decrease i n the . c r y s t a l l i n i t y of 
polymers. 

Reasoning t h a t a decrease i n p o l y ( e t h y l e n e oxide) c r y s t a l l i n i t y 
should r e s u l t i n enhanced conduction, Wright (5» ) i n v e s t i g a t e d the 
c o n d u c t i v i t y of p o l y ( e t h y l e n e oxide) K SCN e l e c t r o l y t e s . The r e s u l t s of these 
experiments were i n t e r p r e t e d by Wright as i n d i c a t i n g t hat the conduction 
process was c o n t r o l l e d by the c o n t o r t i o n s of f r e e polymer chains i n the 
amorphous re g i o n s of the e l e c t r o l y t e s t r u c t u r e . F i g u r e 3 i s i n c l u d e d to show 
the polymer segment conformation which Wright suggested might l e a d to c a t i o n 
t r a n s f e r . Wright however d i d not exclude the p o s s i b i l i t y t h at a s i g n i f i c a n t 
c o n t r i b u t i o n to conduction occured i n the c r y s t a l l i n e r egions of the 
e l e c t r o l y t e . I n v e s t i g a t i n g the temperature dependence of e l e c t r i c a l 
c o n d u c t i v i t y , Wright found a t r a n s i t i o n from a h i g h to low a c t i v a t i o n energy 
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process c o i n c i d e d w i t h the c r y s t a l l i n e m e l t i n g p o i n t of the p o l y ( e t h y l e n e 
o x i d e ) . He i n t e r p r e t e d t h i s o b s e r v a t i o n i n terms of thermal d i s i n t e g r a t i o n of 
l o c a l s t r u c t u r e a l l o w i n g more f a c i l e displacement of polymer chain segments. 

carbon atom 

oxygen atom 

c a t i o n 

Figure 3 - Polymer segment conformation leading to 
catxon transport 

Between 1978 and 1979 r e s u l t s obtained w i t h v a r i o u s e l e c t r o l y t e s l e d 
Armand et a l ^ > 1 0 ) t 0 suggest an a l t e r n a t i v e model of conduction i n polymer 

(22) 
e l e c t r o l y t e s . X-ray s t r u c t u r a l s t u d i e s of pure p o l y ( e t h y l e n e oxide) and 

(23 24) 
complexes of the polymer w i t h i n o r g a n i c s a l t s ' have shown t h a t both the 
pure polymer and the complexes have h e l i c a l s t r u c t u r e s . In the complexes w i t h 
i n o r g a n i c s a l t s the c a t i o n s r e s i d e w i t h i n the h e l i c a l s t r u c t u r e of the 
polymer. The p r o p o r t i o n of s a l t to p o l y ( e t h y l e n e oxide) repeat u n i t i n the 
complexes s t u d i e d was found to be 4 to 1. The model Armand proposed i n v o l v e d 
the formation of a r e g u l a r h e l i x f i l l e d by the c a t i o n s , M +, which were 
s o l v a t e d by 4 ether oxygens i n the polymer chain. The c o u n t e r i o n s , X , were 
s i t u a t e d outside the h e l i x . The s t r u c t u r a l parameters of the complex, and the 
i n t e r a c t i o n energies are determined by the s i z e of the c o o r d i n a t i n g c a t i o n . At 
h i g h temperature the s t r u c t u r e of the complex tends toward d i s o r g a n i s a t i o n 
w i t h vacancies i n the complex s t r u c t u r e being c r e a t e d , (Figure 4 ) . Armand 
suggested that the type of t r a n s f o r m a t i o n and consequent changes i n 
e l e c t r o l y t e c o n d u c t i v i t y were dependent on the c a t i o n s i z e . 

In s p i t e of t h e i r simple s t r u c t u r e the behaviour of p o l y ( e t h y l e n e 
oxide) - s a l t complexes i s r e l a t i v e l y complicated because i t i s i n f l u e n c e d by 
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the c r y s t a l l i n i t y of the e l e c t r o l y t e sample. Where polymers are concerned the 
d e f i n i t i o n of c r y s t a l l i n e or amorphous i s not s t r a i g h t f o r w a r d . S t r u c t u r a l 
s t u d i e s of polymers are g e n e r a l l y conducted on drawn f i b r e s of polymers to 
o b t a i n a h i g h l y c r y s t a l l i n e sample, but the macroscopic s t r u c t u r e of 
e l e c t r o l y t e s i s more r e a l i s t i c a l l y , viewed as being composed of a complex 
mixture of c r y s t a l l i n e and amorphous r e g i o n s . Since amorphous f i e l d s separate 
c r y s t a l l i n e r egions of a heterogeneous polymer e l e c t r o l y t e the mobile species 
must be a b l e to move through both phases i f d.c. c o n d u c t i v i t y i s to be 
accounted f o r . In c a s t polymer e l e c t r o l y t e f i l m s a continuous range of 
c r y s t a l l i n i t y can e x i s t and as the percentage c r y s t a l l i n i t y of the 
e l e c t r o l y t e i n c r e a s e s the c o n d u c t i v i t y of the polymers g e n e r a l l y changes to a 
d i f f e r e n t form. These changes i n the c o n d u c t i v i t y mechanism are o f t e n 
r e f l e c t e d i n the type of c o n d u c t i v i t y - t e m p e r a t u r e behaviour which polymer 
e l e c t r o l y t e s show,(Figure 5 ) . The r e s u l t s obtained by Armand f o r e l e c t r o l y t e s 
based on p o l y ( e t h y l e n e oxide) w i t h potassium, sodium and l i t h i u m t h i o c y a n a t e s 
as added s a l t s demonstrate how a p p a r e n t l y s i m i l a r s a l t s can g i v e r i s e to 
remarkably d i f f e r e n t c o n d u c t i v i t y behaviour. 

Using .the f o l l o w i n g r e l a t i o n , and p l o t t i n g lncr versus l / ( T - T o ) , 
Armand showed that curved lncr versus V

T
 p l o t s could be l i n e a r i s e d . 

Armand i n t e r p r e t e d the curved lncr versus V
T
 p l o t s i n terms of the 

f r e e volume model w i t h the i n t r o d u c t i o n of the n o t i o n of c o n t i n u o u s l y 
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2.5 

Poly(ethylene oxide) KSCN 
Poly(ethylene oxide) NaSCN 
Poly(ethylene oxide), 

3.0 3.5 
1000/T (K )"' 

LiSCN 

Figure 5 - Types of conductivity behaviour reported (10) 

= AT 1 / 2 exp (- Ea 
T-To 

i n c r e a s i n g d i s o r d e r . To i n t h i s equation represents the zero c o n f i g u r a t i o n a l 
entropy temperature, which i n p r a t i c e i s normally f a i r l y c l o s e to the g l a s s 
t r a n s i t i o n temperature, Tg. Figure 6 i s in c l u d e d to i l l u s t r a t e the 
e f f e c t i v e n e s s of t h i s model i n data l i n e a r i s a t i o n , where In <r T i s p l o t t e d 
against V(T-To). 

Based on these ideas Armand 
i n t o three groups: 

(10) c l a s s i f i e d the polymer e l e c t r o l y t e s 

Type I e l e c t r o l y t e s , which obey a f r e e volume law (Vogel - Tamman 
F u l c h e r ) , over the e n t i r e range of temperature 

i n v e s t i g a t e d , 
Type II e l e c t r o l y t e s , which change from a l i n e a r Arrhenius type 

behaviour to a f r e e volume . r e l a t i o n s h i p above a c e r t a i n 
temperature and 

Type III e l e c t r o l y t e s , which show l i n e a r A rrhenius behaviour over 
the e n t i r e temperature range, g e n e r a l l y w i t h a change of 
gradient 

In 198l S t e e l et a l demonstrated that Armand's c l a s s i f i c a t i o n of 
e l e c t r o l y t e s f a i l e d to place a s e r i e s of e l e c t r o l y t e complexes based on the 
pol y ( e t h y l e n e o x i d e ) - L i CF^SO^ system. D i f f e r e n t i a l Scanning C a l o r i m e t r y 
a n a l y s i s of these e l e c t r o l y t e s revealed the ex i s t e n c e of two endothermic 
events on he a t i n g the sample from room temperature to 200°C, i n d i c a t i n g t hat 
there were two d i s t i n c t c r y s t a l l i n e phases i n the e l e c t r o l y t e s . The f i r s t of 
these phases melted at about 60°C, c l o s e to the m e l t i n g p o i n t of pure 
p o l y ( e t h y l e n e oxide) polymer. S t e e l e proposed that t h i s phase contained very 
l i t t l e or no l i t h i u m s a l t . On continued h e a t i n g a gradual m e l t i n g / d i s s o l u t i o n 
of the other phase occurred at temperatures between 98 and 172°C, depending on 
the e l e c t r o l y t e composition. This phase was considered to be composed of the 
complex between the i n o r g a n i c s a l t and the polymer. Having e s t a b l i s h e d that 
the e l e c t r o l y t e was l a r g e l y amorph ous above 60°C S t e e l e i n v e s t i g a t e d the form 
of the lncf c o n d u c t i v i t y versus /„ behaviour and found that a l i n e a r 
r e l a t i o n s h i p was obtained, c o n t r a d i c t i n g Armand's scheme of c l a s s i f i c a t i o n . 
These authors concluded that a f r e e volume law might be a p p l i c a b l e to the 
pol y ( e t h y l e n e o x i d e ) - L i C F SO e l e c t r o l y t e s but that the range of temperatures 
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over which the measurements were made was not s u f f i c i e n t to a l l o w t h i s type of 
behaviour to be d i s t i n g u i s h e d from t r u e Arrhenius behaviour. 

Subsequently S t e e l e confirmed t h a t the p r e p a r a t i o n method of the 
e l e c t r o l y t e a l s o i n f l u e n c e d the form of the c o n d u c t i v i t y behaviour. 
E l e c t r o l y t e s w i t h the composition (ethylene o x i d e ) g L i ClO^ were prepared u s i n g 
a c e t o n i t r i l e of h i g h and low p u r i t y as s o l v e n t to c a s t the polymer f i l m s . 

These i n v e s t i g a t i o n s showed that the form of the c o n d u c t i v i t y 
behaviour was dependent on the s o l v e n t p u r i t y , i n one case a l i n e a r A r r h enius 
type r e l a t i o n was obtained, and i n the other n o n - l i n e a r behaviour, F i g u r e 7, 

was observed. D i f f e r e n c e s were a l s o observed i n the DSC behaviour, and 
i n t e r p r e t e d i n terms of the c r y s t a l l i s a t i o n r a t e of the polymer prepared from 
pure solvent being d i f f e r e n t from the other c a s t polymer. S t e e l e concluded 
.that the p u r i t y of the s o l v e n t used and c o n d i t i o n s of e l e c t r o l y t e p r e p a r a t i o n 
have a dramatic e f f e c t on the percentage of amorphous polymer present and 
t h e r e f o r e on the c o n d u c t i v i t y of the e l e c t r o l y t e . 

data of Chabagno 

• + » • data o f Steele 

—• i i i i 
2.6 3.0 3.4 

1000/T (K)"' 

Figure 7 - Linear and non-linear behaviour 
with (ethylene oxide) D L i CIO. electrolyte o 4 

(27) 
Sorensen and Jacobsen extended the r e s u l t s obtained by S t e e l e et 

a l , assuming t h a t the c r y s t a l l i n e e l e c t r o l y t e complex was a much poorer i o n i c 
conductor than the amorphous phase. They obtained an a l g e b r a i c e x p r e s s i o n 
which r e l a t e d the c o n d u c t i v i t y and the amount of s a l t present. This e x p r e s s i o n 
was used to c a l c u l a t e the v a r i a t i o n of the c o n d u c t i v i t y with the s a l t 
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c o n c e n t r a t i o n . Figure 8 shows the t h e o r e t i c a l and experimental r e s u l t s 
obtained by Sorensen and Jacobsen f o r the (ethylene oxide) L i CF. SCL system. 

J 1 1 i 

1 2 3 4 
( mo(/l) 

Figure 8 - Experimental (symbols) and calculated (lines) 
values for poly(ethylene oxide) L i CF SO 
1 4 - 1 * - ( 2 7) electrolytes 

W i t h i n a r e l a t i v e l y short p e r i o d these r e s u l t s were supported by 
evidence from the e f f e c t of pressure on the c o n d u c t i v i t y ^ 2 8 ' 2 9 ^ a n d 

d i e l e c t r i c c o n d u c t i v i t y s p e c t r a ^ 3°" ) which confirmed that the concept of 
conduction occuring by ion-hopping i n the h e l i c a l c r y s t a l l i n e complex, was now 
unacceptable. 

Conclusive evidence from NMR measurements confirms that even 
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a p p a r e n t l y l a r g e l y c r y s t a l l i n e m a t e r i a l s the conduction process i s based on 
(11) 

segmental motion of the polymer c h a i n . Armand et a l used the t r a n s v e r s e 
n u c l e a r magnetisation c o r r e l a t i o n f u n c t i o n to estimate the temperature 
dependence of the f r a c t i o n of protons belonging to the c r y s t a l l i n e phase of 
the e l e c t r o l y t e . These workers confirmed that i n (ethylene oxide)g L i CF^ SO^ 
at 20°C approximately 90% of the protons of the p o l y e t h y l e n e oxide molecules 
are i n the c r y s t a l l i n e phase. As the e l e c t r o l y t e sample i s heated t h i s 
p r o p o r t i o n decreases to about 35% at c l o s e to 50°C. On f u r t h e r h e a t i n g t h i s 
percentage i s reduced to 0% at 150°C, (Figure 9 ) . The same procedure was 
a p p l i e d to determine the f r a c t i o n of the s a l t which was a s s o c i a t e d w i t h the 
c r y s t a l l i n e phase. I n t h i s case the r e s u l t s i n d i c a t e d t h a t the s a l t remained 
mostly i n the c r y s t a l l i n e phase u n t i l about 70°C when slow d i s s o l u t i o n i n t o 
the amorphous phase began. Armand i n t e r p r e t e d these r e s u l t s as i n d i c a t i n g t h a t 
the sharp drop i n c r y s t a l l i n i t y at between 30 and 50°C was due e n t i r e l y to the 
m e l t i n g / d i s s o l u t i o n of uncomplexed polyethylene oxide and thus the c r y s t a l l i n e 
phase l e f t above t h i s temperature i s the s a l t r i c h complex of p o l y ( e t h y l e n e 
o x i d e ) . This complex i s p r o g r e s s i v e l y d i s s o l v e d i n t o the amorphous m a t e r i a l as 
the temperature i s i n c r e a s e d between 50 and 150°C. 

l.O -

2.5 3.0 3.5 
1000/T (K)' 

Figure 9 - Variation of f r a c t i o n of nuclei i n the 

c r y s t a l l i n e phase with temperature fo r 
poly(ethylene oxide) L i CF „SO„ electrolytes 
(31) J 3 

The r e s u l t s obtained i n these experiments confirm that the form of 
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the c o n d u c t i v i t y versus temperature behaviour i s a complex f u n c t i o n of s e v e r a l 
f a c t o r s g i v i n g r i s e to the v a r i e t y of behaviour observed f o r d i f f e r e n t 
e l e c t r o l y t e s . I t was a l s o e s t a b l i s h e d by the absence of motional narrowing of 

7 1Q 
the L i and F resonance l i n e s t h a t n e i t h e r c a t i o n s nor anions are mobile 
i n the s a l t r i c h complex, c o n f i r m i n g the s u p o s i t i o n made by Sorensen et a l 
(27) 

i n t h e i r a n a l y s i s . 

We have seen i n t h i s s e c t i o n how the model of the i o n t r a n s p o r t 
process i n polymer e l e c t r o l y t e s changed i n the few years a f t e r t h e i r 
d i s c o v e r y . During t h i s p e r i o d the accepted value of the c a t i o n t r a n s p o r t 
number a l s o changed. E a r l y attempts to measure t h i s q u a n t i t y r e p o r t e d values 

(7) 
c l o s e to u n i t y , a value which seemed c o n s i s t e n t w i t h an ion-hopping 

(16 32) 
mechanism i n a h e l i c a l polymer complex. Emf measurements ' confirmed 
t h a t the e l e c t r o n i c c o n d u c t i v i t y of the e l e c t r o l y t e was low. I n 1982 Sorensen 

(33) 

and Jacobsen r e p o r t e d r e s u l t s of a.c. impedance experiments on the 
p o l y ( e t h y l e n e o x i d e ) - L i SCN e l e c t r o l y t e w i t h l i t h i u m e l e c t r o d e s u s i n g the 
MacDonald a n a l y s i s to estimate the c a t i o n i c t r a n s p o r t number. The values they 
re p o r t e d were between 0.51 and O .58. These r e s u l t s were supported by 

f o r 
(28) 

(29) (34 35) r a d i o t r a c e r d i f f u s i o n experiments, a m o d i f i e d Tubandt method ' f o r 
e s t i m a t i n g the t r a n s p o r t number, and evidence from the e f f e c t of pressure 
on the c o n d u c t i v i t y of p o l y ( e t h y l e n e oxide) based e l e c t r o l y t e s . 

The c o n f l i c t between values f o r the c a t i o n t r a n s p o r t l e d to a t t e n t i o n 
being d i v e r t e d to t h i s problem. Armand c r i t i c i s e d the a p p l i c a t i o n of the 
Macdonald a n a l y s i s to the polymer case on the grounds t h a t the model r e q u i r e s 
an i d e a l s o l u t i o n behaviour i n the whole c o n c e n t r a t i o n range, a c o n d i t i o n not 
met because of t o t a l i m m o b i l i t y of both species i n the c r y s t a l l i n e complex 
phase. Sorensen and Jacobsen r e p 0 r t e d the r e s u l t s of chronoamperometric 
experiments and f u r t h e r complex impedance experiments. U n f o r t u n a t e l y these 
methods produced very d i f f e r e n t values of t + and though i t i s now accepted 
t h a t the anion i s mobile i n polymer e l e c t r o l y t e s no method has been re p o r t e d 
which g i v e s r e l i a b l e values f o r the anion t r a n s p o r t number. 

The importance of the t r a n s p o r t number of e l e c t r o l y t e s f o r use i n 
c e l l s l i e s i n the consequence of development of c o n c e n t r a t i o n p r o f i l e s of the 
mobile species at the e l e c t r o d e s . These w i l l impose a l i m i t i n g c u r r e n t on the 
c e l l and may r e s u l t i n the formation of non-conducting c r y s t a l l i n e complex 
zones i n the e l e c t r o l y t e . The problem of the t r a n s p o r t number i n polymer 
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e l e c t r o l y t e s remains an important and c o n t r o v e r s i a l i s s u e . 

Applications of polymer electrolytes 

S o l i d e l e c t r o l y t e s have been used i n a p p l i c a t i o n s as d i v e r s e as 
(37) 

coulometers, t i m e r s , and e l e c t r o c h e m i c a l d e t e c t o r s and r e c e n t l y a polymer 
M O ] 

e l e c t r o l y t e has been a p p l i e d i n a p h o t o v o l t a i c device , however without 
doubt the most important a p p l i c a t i o n has been i n energy storage i n primary and 
secondary c e l l s . 

I n g e n e r a l , the l i t h i u m i o n c o n d u c t i v i t y i n s o l i d e l e c t r o l y t e s i s 
lower than i n a p r o t i c organic e l e c t r o l y t e s , such as propylene carbonate or 
dimethoxyethane, c o n t a i n i n g l i t h i u m s a l t s . C e l l s c o n t a i n i n g l i q u i d 
e l e c t r o l y t e s however are s u s c e p t i b l e to leakage and as the s o l v e n t s used are 
often inflammable t h e i r use c o n s t i t u t e s a hazard, p a r t i c u l a r l y when l i t h i u m 
metal i s present as anode. Several i n o r g a n i c c r y s t a l l i n e and v i t r e o u s s o l i d s 
have been considered f o r a p p l i c a t i o n s i n l i t h i u m c e l l s but t h e i r r e l a t i v e l y 
low c o n d u c t i v i t y r e q u i r e s the production of t h i n f i l m s of e l e c t r o l y t e s w i t h 
l a r g e surface areas to achieve even moderate c u r r e n t d e n s i t i e s . Since the 
development of p o l y ( e t h y l e n e oxide) based e l e c t r o l y t e s , which combine the 
advantages of f l e x i b i l i t y , ease of f a b r i c a t i o n i n t h i n f i l m s with l a r g e 
surface areas, moderate c o n d u c t i v i t i e s at temperatures s l i g h t l y above ambient 
and e x c e l l e n t e l e c t r o d e / e l e c t r o l y t e i n t e r f a c e s t a b i l i t y ^ 3 * 3 9 41) ^ s e v e r a l 
programs ^ 2 of advanced b a t t e r y development have been based on polymer 
systems. P r e l i m i n a r y i n v e s t i g a t i o n s have been d i r e c t e d toward f a b r i c a t i o n and 
c h a r a c t e r i s a t i o n of c e l l s u s i n g composite cathodes of V^O^ and T i S^^4^^ 
and l i t h i u m metal anodes at o p e r a t i n g temperatures between 100 and 140°C. 
These cathode m a t e r i a l s are examples of " s o l i d s o l u t i o n e l e c t r o d e s " , compounds 
which are able to r e v e r s i b l y i n c o r p o r a t e guest species i n t h e i r c r y s t a l 
s t r u c t u r e and are t h e r e f o r e s u i t a b l e e l e c t r o d e s f o r secondary c e l l s . F i g u r e 10 

shows the c e l l design used by Hooper ^ 4 and Figures 11 and 12 show the 
r e s u l t s obtained by Hooper and Armand wi t h L i V/-0. „ and L i T i S 0 anodes 

x 0 13 x 2 
r e s p e c t i v e l y . Some d i f f i c u l t i e s were encountered w i t h the VgO^ c a t h o d e 
m a t e r i a l s where c e l l assembly methods gave r i s e to inhomogeneous d i s t r i b u t i o n 
of the a c t i v e e l e c t r o d e m a t e r i a l w i t h a consequential r e d u c t i o n i n the 

P E O L i C F S O 

Nickel foi l 

Figure 10 - Design of V O _ based a l l - s o l i d - s t a t e c e l l b Id 
(42) 

u t i l i s a t i o n of the cathode. This problem was e f f e c t i v e l y r e s o l v e d however by 
m o d i f i c a t i o n of the c e l l assembly procedure. 

Both groups reported e x c e l l e n t c y c l i n g performance w i t h l i t t l e 
d egradation of the c e l l c a p a c i t y ( a f t e r an i n i t i a l " s e t t l i n g - i n " period) 
d u r i n g many deep charge/discharge c y c l e s . The i n i t i a l r e s u l t s are a l s o 
encouraging from the p o i n t of view of energy and power d e n s i t y i n both systems 
and p r e l i m i n a r y s c a l i n g - u p experiments f o r V ^ 0 ^ to e l e c t r o d e areas of 
100-140cm have not r e v e a l e d any c o m p l i c a t i o n s . I t i s i n t e r e s t i n g to compare 
the r e s u l t s of a recent assessment study, based on the V ^ 0 ^ c e l l , w i t h 
c o n v e n t i o n a l and other advanced systems. (Table 3 ) . The value g i v e n f o r the 

Table 3 - Comparison of Energy Densities 

System Energy Density (Wh. hg ) 

L i - V l 3 4 0 0 ( 4 2 ) 

L i - T i S 2 ! 0 0 ( 4 5 ) 

Pb - PbO 30 - 40 

Cd - NiO 15 - 37 
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1.5 1 1 ' ' 1 I i i i 

°'< 1-2 2.0 10 20 30 
Capacity (mAh) number of cycles 

Area 0.75 cm 
Temperature 104°C 
T h e o r e t i c a l capacity 2mAh 

(42) 
Figure 11 - Results obtained with the V 0 based c e l l 

-i 1 i ; i i 
20 40 60 60 

'/. Ulilisullon 

Area 3.0 cm 
Temperature 100°C 
T h e o r e t i c a l c a p a c i t y 3.3mAh 

2 
Current d e n s i t y 0.5mA/cm 

(45) 
Figure 12 - Results obtained with the TiS„ based c e l l 
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energy d e n s i t y f o r the V(^13 system apparently i n c l u d e s r e a l i s t i c estimates 
f o r the c o n t r i b u t i o n of c e l l cases, busbars and t e r m i n a l s , and thermal 
management systems. Although the r e s u l t s obtained u s i n g p o l y ( e t h y l e n e oxide) 
based e l e c t r o l y t e s are a l r e a d y very impressive a f u r t h e r improvement i n the 
e l e c t r o l y t e c o n d u c t i v i t y would a l l o w c e l l o p e r a t i o n at lower temperatures or 
high e r c u r r e n t d e n s i t i e s . Research continues i n many l a b o r a t o r i e s with t h i s 
g o a l . 

Directions of future research 

The r e s u l t of i n i t i a l i n t e r e s t i n polymer e l e c t r o l y t e s was a r a p i d e v a l u a t i o n 
of commercially a v a i l a b l e polymers as p o s s i b l e e l e c t r o l y t e s . Some of the more 
promising polymers have been discussed i n the experimental s e c t i o n however i t 
became obvious f a i r l y r a p i d l y that no commercially a v a i l a b l e polymer could be 
used to prepare e l e c t r o l y t e s w i t h c o n d u c t i v i t i e s as hi g h as the p o l y ( e t h y l e n e 
oxide) based e l e c t r o l y t e s . Attempts to improve on the performance of 
pol y ( e t h y l e n e oxide) have subsequently i n v o l v e d e i t h e r s y n t h e s i s of novel 
polymers or m o d i f i c a t i o n of commercial polymers to achieve p o l y ( e t h y l e n e 
o x i d e ) - ! i k e s t r u c t u r e s with improved c o n d u c t i v i t y . These two approaches are 
i l l u s t r a t e d w i t h two examples. 

From the viewpoint of c o n d u c t i v i t y the most a t t r a c t i v e e l e c t r o l y t e 
r e p o r t e d so f a r i s based on the very f l e x i b l e polyphosphazene backbone 
(46,47)_ 

Sidechains designed to mimmic the s t r u c t u r e of po l y ( e t h y l e n e oxide) 
c h a i n s , 2-(2-methoxy ethoxy) e t h a n o l , were g r a f t e d onto the polymer as shown 
i n Scheme 1. In t h i s case the r e l a t i v e l y high g l a s s t r a n s i t i o n temperature 
means the polymer i s an elastomer at room temperature. F i g u r e 13 i s i n c l u d e d 
to a l l o w comparison of t h i s e l e c t r o l y t e w i t h the (ethylene o x i d e ) ^ L i C l O ^ 
system. 

Various attempts at improving mechanical p r o p e r t i e s of polymers 
e l e c t r o l y t e s have been rep o r t e d (12,48 51) however a novel and f r u i t f u l 

(52) 

approach has been i n v e s t i g a t e d by Vincent and coworkers . One of the 
d i f f i c u l t i e s encountered w i t h p o l y ( e t h y l e n e oxide) based e l e c t r o l y t e s and 
elastomers such as polyphosphazene d e r i v a t i v e s , i s r e l a t e d to the tendency of 
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these m a t e r i a l s to rreep under load a' moderate temperatures. The s o l u t i o n to 
t h i s problem proposed by Vincent and coworkers i n v o l v e d e s t a b l i s h i n g a 
s t r u c t u r a l framework at a molecular l e v e l . P o l y s t y r e n e , a polymer w i t h a high 
g l a s s t r a n s i t i o n temperature, (Tg = 100°C), was chosen as the support system 
and was th e r m a l l y polymerised i n the presence of a (ethylene oxide)^Q L i 
CF^ S0^ e l e c t r o l y t e complex. The r e s u l t s reported i n Figure 14 and Table 4, 

demonstrate that a s i g n i f i c a n t improvement i n the polymer mechanical 
p r o p e r t i e s were obtained at a r e l a t i v e l y low cost i n terms of e l e c t r o l y t e 
c o n d u c t i v i t j . 

Table 4 - Variation of Normalised Penetration with 
(C2) 

VolumeJÈ of Styrene V J 

Vol% Styrene Normalised P e n e t r a t i o n 

0 1 

20 0.11 

40 0.18 

60 0.067 

80 0.0089 
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Since 1979, when polymer e l e c t r o l y t e s were f i r s t presented as 
m a t e r i a l s of i n t e r e s t i n b a t t e r y development, a growing i n t e r n a t i o n a l r esearch 
e f f o r t has r e s u l t e d i n an improvement of the understanding of the conduction 
process i n these m a t e r i a l s . I t seems very probable t h a t the i n v e n t i v e n e s s of 
the e l e c t r o c h e m i s t s , m a t e r i a l s s c i e n t i s t s and polymer chemists who have been 
a t t r a c t e d to t h i s f i e l d w i l l continue to improve the p r o p e r t i e s of polymer 
e l e c t r o l y t e s . 

Conclusion 

In g e n e r al i f a product i s to be adopted by a manufacturer, 
commercialised on a l a r g e s c a l e and accepted by the consumer, i t must perform 
b e t t e r , be cheaper or s a f e r than e x i s t i n g products. I t i s u n l i k e l y that c e l l s 
u s i n g polymer e l e c t r o l y t e s c o u l d be produced more cheaply than the c u r r e n t 
systems, ( z i n c - c a r b o n , alkaline-manganese, and l e a d oxide systems f o r 
example), and i n terms of s a f e t y they o f f e r no p a r t i c u l a r advantage. I f they 
are adopted t h e r e f o r e i t w i l l be on the merit of t h e i r performance. C e l l s 
u s i n g s t a t e - o f - t h e - a r t polymeric e l e c t r o l y t e s do not o f f e r h i g h r a t e 
c a p a b i l i t i e s a t ambient temperatures, however they have advantages of high 
energy and power d e n s i t i e s , ruggedness, v a r i a b l e geometry, low s e l f - d i s c h a r g e 
r a t e s (long s h e l f - l i f e ) , and may be co n s t r u c t e d u s i n g c u r r e n t l y a v a i l a b l e 
techniques borrowed from other i n d u s t r i e s . An area i n which polymer 
e l e c t r o l y t e s may f i n d a p p l i c a t i o n i s th a t of secondary l i t h i u m c e l l s . At 
present there are no a l l - s o l i d - s t a t e secondary c e l l s which are being 
commercialised and i t seems q u i t e p o s s i b l e that the improvements which the 
next few years w i l l b r i n g i n e l e c t r o l y t e performance and the development of 
higher r a t e cathode m a t e r i a l s w i l l r e s u l t i n the appearance of a polymer 
e l e c t r o l y t e based c e l l i n the b a t t e r y market. 
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