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LITHIUM ION C O N E U C T I N G  P O L Y M E R I C  HYBRIDS 

EISHUN TSUCHIDA and KIYOTAKA SHIGEHARA 
Department of Polymer Chemistry, Waseda University,  
Tokyo 160 , Japan 

P la s t i c  so l id  e l ec t ro ly t e s  were prepared from 
inorganic l i thium s a l t s  and polymer matrixes,  and 
t h e i r  ion ic  conductivity was discussed i n  re la t ion  
to  the ordering o r  the space d is t r ibu t ion  s t a t e  of 
conduction column. When the hybrids took  the micro- 
segregated s t ruc ture  with the  continuous cyl indrical  
conduction column embedded in supporting polymer mat-  
r i xes ,  the ionic  conductivity was enhanced. Thus 
formulated polymeric hybrids gave the  ion ic  conduc- 
t i v i t y  of 10-5 S/cm and exce l len t  process ib i l i ty .  

INTRODUCTION 

Not only the  high i o n i c  conductivity the so l id  e l ec t ro -  
ly tes  should have also the  excel len t  processibi  1 i t y  and 
adhes ib i l i t y ,  as they could be u t i l i zed  i n  e lec t ron ic  devices, 
such d s  ejectrochromic d isp lays ,  sensors a n d  so on. Polymeric 
hybrid ion conductors composed of  inorganic s a l t s  and  f lex-  
i b l e  polymers are  the possible mater ia l izat ion of those 
requirements. Generally, inorganic s a l t s  with low dissocia-  
t ion energy, such as LiBF4, LiC104 and LiPF6 were used. 
Flexible a n d  polar  polymers were chosen in order t o  give 
p rocess ib i l i t y  t o  the resu l t inq  hybrids and t o  acce lera te  
the  dissociat ion of s a l t s .  

The polymeric hybrid ion conductors can be c l a s s i f i ed  
i n t o  f i v e  categories  as i l l u s t r a t e d  in F i g .  1 by t h e i r  
s t ruc tu ra l  cha rac t e r i s t i c s .  Armand e t  a1 .’ i i r s t l y  demon- 
s t r a t e d  the binary hybrid o f  SYSTEM ( I )  composed of LiClO4 
and poly(ethy1ene oxide) ( P E O ) .  About 10-7 S/cm was re- 
ported‘ in t h i s  system, b u t  the resu l t inq  hybrid was r a the r  
b r i t t l e .  In order t o  improve the conductivity and process- 
i b l i t y ,  the authors have developed the ternary hybrids of 
SYSTEPI (11) or (111) composed of Polymer/LiClOq-Solvent or 
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362 E. TSUCHIDA AND K. SHIGEHARA 
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FIGURE 1 Schematic Representation of  Variqus Lit 
Hybrid Conductors. 

Polymer/LiC10~-01igomer. By the addition of solvent o r  o l i -  
gomer, the ionic  conductivity reached t o  S/cm and  the 
hybrids became f l ex ib l e .  The enhancement of ionic  conduc- 
t i v i t y  was b r o u g h t  about by the decrease of viscosi ty  inside 
the conduction column, as the ionic conductivity 5i can be 
expressed by the following equation’, 

e x p (  - W / ~ E K T )  ( 1 )  
ai = ( ~ ~ . n , ) ’ / ~ . - -  ez 

where the viscosi ty  inside the conduction column i s  the pre- 
dominant fac tor  t o  determine the ionic conductivity.  
K O ,  n o ,  r ,  q ,  W ,  F and K denote the i n t r i n s i c  dissociat ion 
constant o f  LiX, LiX concentration, ion radius ,  v i scos i ty ,  
dissociat ion energy of LiX, d i e l e c t r i c  constant of conduc- 
t ion column and Bolzman constant,  respect ively.  

As SYSTEM (11) a n d  (111) may have the homogeneous d is -  
t r ibu t ion  of LiX-solvent o r  -0ligomer c lus te rs  in the polymer 
network, the large amount of those addi t ives  i s  necessary in 
order t o  continuate the c lus t e r  domain. This usually y ie lds  
too s o f t  hybrids o f  which ionic  conductivity slowly decays 
with time. Therefore in the present paper, the authors a t t -  
empted t o  formulate d i s t i n c t  conduction column by using the 
micro-segregated s t ruc tures  of SYSTEM (IV) and ( V ) .  

sured w i t h  AC 1.0 V a t  25°C and  calculated from the complex 

6 nrr- 

Here, 

In the present s tudy,  the ionic  conductivity was mea- 
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LITHIUM ION CONDUCTING POLYMERIC HYBRIDS 363 

impedance p l o t s  a s  r epor t ed  p rev ious ly3  ", un les s  o therwise  
s t a t e d .  The removal of water  from t h e  samples was confirmed 
by con tac t ing  the samples with l i t h ium metal e l e c t r o d e s  f o r  
12 h .  

SYSTEM ( I V )  

Nafion ( d u  P o n t ) ,  Flemion (Asahi Glass Co.) and r e l a t e d  
perfluoro-polyelectrolytes a r e  known t o  form microsegregated 
s t r u c t u r e  with c y l i n d r i c a l  i o n i c  ( p o l a r )  domain of  which d i a -  
meter i s  a few tens of A6, as  i l l u s t r a t e d  i n  F ig .  2. To the 
c y l i n d r i c a l  po res ,  t h e  LiC104-PE0400~ viscous s o l u t i o n  was 
incorpora ted  and t h e  i o n i c  conduc t iv i ty  of r e s u l t i n g  hybr ids  
was examined (Table  1 ) .  Only a few w t %  inco rpora t ion  of  
LiC104 and PE0400~ y i e l d e d  t h e  i o n i c  conduc t iv i ty  more than 
10-6 S/cm. When Goretex w i t h  the pore diameter of 8 x lO3A 
was used i n s t e a d  of Nafion, the s a l t  viscous s o l u t i o n  could 
n o t  be inco rpora t ed  i n t o  the pore by usual immersion o r  vacuum 
s u c t i o n .  By applying 3 V d i r e c t  c u r r e n t  f o r  1 2  h t o  t h e  
Goretex membrane of  0.1 rnm t h i c k n e s s ,  the LiC104-PEOq00~ 
s o l u t i o n  could be forced  t o  inco rpora t e  i n t o  the pore.  How- 
e v e r ,  such hybr id  was very uns t ab le  and the con ten t s  were 
e a s i l y  removed by p res su re .  

As t h e  Nafion micropores 
s t a n c e s  t h e r e i n  always accept 

- "t". " - 
--L{I Ll'- 

Uoping o f  
L i C I O4 - P E04 OOE 

FIGURE 2 Plophology of 
Perf1 u o r o - p o l y e l e c t r o l y t e s ,  

hCFCF20cF2CF2S03Li 
Nafion 117 

b( CF&OOLi 
F1 emi on 

a r e  so s m a l l ,  t h e  chemical sub- 
t h e  in f luence  of p o l a r  qroups.  

Tahlel L t t h i u m  I o n i c  c o n d u c t i v l t y  o f  h y b r i d  f i l m . )  

I 

- 10 - I O I U t i O "  

5 -  i n  Naf ion 117 

[LIC1O41 (null)  

FIGURE 3 E f f e c t  of  [LiC104] 
on Ea 
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364 E. TSUCHIDA AND K .  SHIGEHARA 

The a c t i v a t i o n  energy f o r  i o n i c  conduction measured in  homo- 
geneous s o l u t i o n s  such a s  LiC104-PE0400~ usua l ly  inc reases  
w i t h  i nc reas ing  t h e  s a l t  con ten t  and t h e r e f o r e  with the in -  
crement of v i s c o s i t y .  In c o n t r a s t  t o  t h i s ,  the a c t i v a t i o n  
energy of LiC104-PE0400E incorpora ted  i n t o  t h e  Nafion pores 
decreas ing  with inc reas ing  t h e  s a l t  con ten t  and i t  i s  sma l l e r  
than t h a t  o f  homogeneous s o l u t i o n .  This i s  probably brought 
about by the e a s i e r  d i s s o c i a t i o n  o f  s a l t  a s s i s t e d  by the po- 
l a r  groups of  Nafion, b u t  s t i l l  under c o n s i d e r a t i o n .  

and mixed w i t h  LiC104 and PE0400~ ,  then i t  was c a s t  t o  t h i n  
f i l m s .  The i o n i c  conduc t iv i ty  of  s o l v e n t - c a s t  system was 
summarized in  Table 2 .  One can n o t i c e  t h a t  t h e  l a r g e  amount 
of LiClO4 and PE0400~ was necessary  i n  o r d e r  t o  r e a l i z e  t h e  
i o n i c  conduc t iv i ty  o f  10-6 S/cm s i m i l a r  t o  t h e  incorpora ted  
systems. Probably,  t h e  microsegregated domain became vague 
and t h e r e  was no warranty t o  form the continuous conduction 
column, when i t  was orenared by the s o l v e n t - c a s t i n o .  The 

Nafion was s o l u b i l i z e d  i n  aqueous 2-propanol s o l u t i o n  

Table 2 L i t h i m  ionic conduct iv i ty  O f  

hyb r id  f i l m * )  

Conpoii t i  on (mlX) Conduct t v i  t y  

Nafion PE0400E LiC104 1 0 7 9  (S/un)  

81.0 18.1 0.9 0.3 
72.4 26.3 1.8 1.8 
68.0 30.5 15.0 15.0 

*) Sol ubi 1 i zed Na f ion/PEOqOOE / L i  C I O q  

Solubi l i z e d  Nafionl 
Casting + Drying 

PEOIOOE - L i  c1 oq 

Table4 I o n i c  c o n d u c t i v i t y  o f  h y b r i d  f i l m s  

Composit ion (w t%)  Conduc t i v i t y  

Flemion LiC104 PE0400E 106.0i ( S / u n )  

50.0 6.0 44.0 

50.0 9.0 41.0 

50.0 12.0 38.0 
50.0 15.0 35.0 

40.0 10.0 50.0 

40.0 13.0 47.0 

40.0 15.0 45.0 

40.0 17.0 43.0 

40.0 20.0 40.0 

40.0 25.0 35.0 

40.0 30.0 30.0 

0.14 

0.31 

0.25 

3.98 

6.14 

1.01 
13.7 

3.18 

4.10 
1.20 

1.37 

Table.3 I o n i c  c o n d u c t i v i t y  o f  h y b r i d  f i l m s  

Compos i t i  on ( w t % )  Conduc t i v i t y  

Flemion l i C 1 0 4  PE0400E 107.0i (S/cm) 

80.0 0.9 19.1 

70.0 1.4 28.6 

60.0 1.9 38.1 

50.0 2.3 47.7 

40.0 2.8 57.2 

30.0 3.3 66.7 

0.01 

0.48 

0.45 

5.28 

39.1 

52.9 
- 

Table 5 I o n i c  c o n d u c t i v i t y  o f  h y b r i d  f i l m s  

Composit ion (w t%)  Conduc t i v i t y  

Flemion LiPF6 PE0400E 106.0i (S/cm) 
~ 

50.0 5.0 45.0 

50.0 10.0 40.0 
50.0 15.0 35.0 

50.0 20.0 30.0 

50.0 25.0 25.0 

40.0 10.0 50.0 

40.0 15.0 45.0 

40.0 20.0 40.0 

40.0 25.0 35.0 

40.0 30.0 30.0 

5.81 

3.80 

2.31 

1.78 

0.29 

5.47 

4.15 

7.89 

3.09 

0.56 
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366 E. TSUCHIDA AND K .  SHIGEHARA 

the rap id  decay a t  t h e  i n i t i a l  s t a g e  of  e l e c t r o l y s i s  may co- 
rrespond t o  t h e  l o c a l i z a t i o n  of a n i o n s ,  which i n t e r f e r e s  t h e  
l i t h ium ion d i f f u s i o n ,  nearby the cathode. Therefore  t h e  
slower decay and t h e  high conduc t iv i ty  a f t e r  reached t o  t h e  
cons t an t  value i n  t h e  LiPF6 system may be due t o  the l a r g e r  
anion r ad i  us. 

As a c i d  s t a t e  Nafion o r  Flemion (-SO3H o r  - C O O H )  dry 
f i lms  have the proton conduc t iv i ty  of about 10-7 - 10-9 S/cm, 
they a r e  used a s  l i t h ium s a l t s  i n  t h e  p r e s e n t  s tudy .  Those 
l i t h ium s u l f o n a t e  o r  carboxyla te  groups may c o n t r i b u t e  par- 
t i a l l y  t o  t h e  i o n i c  conduction when they  a r e  combined w i t h  
LiX-PE0400~ e i t h e r  by the inco rpora t ion  o r  s o l v e n t - c a s t i n g ,  
though t h e  i o n i c  conduc t iv i ty  of dry l i t h i u m  s a l t  f i l m s  o r  
of l i t h ium s a l t  f i lms  with PEO400 (wi thou t  LiX) was f a r  l e s s  
than 10-12 S/cm. 
- C O O L 1  groups a s  po la r  func t ion  which a c c e l e r a t e s  the d i s s o -  
c i a t i o n  of L i X .  

The Nafion o r  Flemion hybr id  ion conductors  ob ta ined  in  
t h i s  s tudy  a r e  f l e x i b l e  b u t  have reasonable  mechanical stren- 
g t h .  The microsegragated s t r u c t u r e s  a s  i l l u s t r a t e d  i n  F i q .  2 
o r  s i m i l a r  lamel lae  morphologies wi th  10-1 - loo  pm p o l a r  
domains can be d i s t i n g u i s h e d  in  the case  of  Flemion hybr ids  
(Flemion/LiC104/PE0400E = 50/9/41 - 40/30/30 by w t )  , from 
t h e  observa t ion  by o p t i c a l  microscope a f t e r  LiC104 and P E O  
400~ a r e  removed by d i s s o l u t i o n  i n t o  wa te r .  

SYSTEPI ( V )  

In t h e  t e r n a r y  hybr id  system of per f1  uoro-polyions/LiX- 
P E O ~ O O E ,  the formation o f  microsegregated s t r u c t u r e  seemed 
t o  be t h e  most important i n  o r d e r  t o  r e a l i z e  high i o n i c  con- 
d u c t i v i t y .  I n  such microsenresa ted  s t r u c t u r e s ,  we can expec t  

L i  C H 3 ( C = C H 2 ) - C O C l  F IGURE 5 Synthes is  
CH3(OCH2CH2j$H + - B a s i c  Alumina and Charac te r i za t ion  

= . (Grade-I, c w 3 )  Of Methacroyl -01 igo- 
(oxyethylene)  Flacro- 
mer, E. 
Basic  alumina column 
was used f o r  the r e -  
moval of excess  ac id  
c h l o r i d e  and L i C 1 .  

Hence, t h e  au tho r s  regard  the -SO3Li o r  

THF excess  

TMS 

?5 ( a )  ME0 
+ C = C H 2 ( b )  - 

[oo-(cH CH O);CH 
2;,2 3 

(C) ’  ( C )  ( d )  
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LITHIUM ION CONDUCTING POLYMERIC HYBRIDS 361 

t h e  p r o c e s s i b i l i t y  and mechanical s t r e n g t h  t o  the polymer 
mat r ix  and the formation of conduction column t o  PE0400~. 

I t  i s  well known t h a t  g r a f t  copolymers w i t h  r a t h e r  long 
s i d e  cha ins  o f  which chemical p r o p e r t i e s  a r e  much d i f f e r e n t  
from those  of main-chain may form the microsegregated s t r u c -  
t u r e s .  The au tho r s  chose t h e  methacryol ol igo(oxyethy1ene) 
macromer abbrev ia t ed  by FIE0 as t h e  r epea t ing  units of g r a f t  
copolymer, expec t ing  t h a t  t h e  01 igo(oxyethy1ene) s i d e  cha ins  
and t h e  methacry la te  main-chain ac t ed  a s  t h e  LiX-carrying 
ma t r ix  f o r  the conduction column and the suppor t ing  mat r ix  
f o r  keeping p r o c e s s i b i l i t y .  This macromer w a s e a s i l y  prepared 
by r e a c t i n g  mono-endo(methoxy) 01 go(ethy1ene ox ide )  l i t h ium 
s a l t  with an excess  of  methacroyl c h l o r i d e  a t  0 - 5°C f o r  5 h .  
llacromers s i m i l a r  t o  ME0 b u t  with endo(hydr0xy)group were not  
s u i t a b l e  because of the co r ros ion  of l i t h ium metal e l e c t r o d e s .  
NEO had q u i t e  h i g h  po lymer izabi l i  y and i t  polymerized spon- 
taneous ly  in nea t  even a t  room temperature under i n e r t  atmos- 
phere .  Hence the polymeric hybr id  f i lms  were prepared by 
mixing LiX i n t o  the THF s o l u t i o n  of MEO, followed by slow 
evapora t ion  and polymerization i n  vacuo f o r  12  h a t  room tem- 
pe ra tu re  then f o r  another  1 2  h a t  60°C. 

The i o n i c  conduc t iv i ty  o f  thus obta ined  b ina ry  hybr ids  
o f  poly(ME0) ( P N E O )  and L i X  was summarized in  Table 6 .  The 
i o n i c  conduc t iv i ty  of more than 10-6 S/cm was accomplished 
wi thout  s p o i l i n g  the p r o c e s s i b i l i t y .  The morphology of hy- 
b r i d s  has been under s t u d y ,  b u t  i t  seemed t o  have some seg- 
rega ted  s t r u c t u r e .  
taneous polymerization d i r e c t l y  a t  60°C , without  g iv ing  enough 
per iod  t o  form segrega ted  s t r u c t u r e ,  gave low conduc t iv i ty .  

Although t h i s  b inary  hybr ids  kept t h e i r  e x c e l l e n t  e l a -  
s t i c i t y  even a t  50 w t %  of  LiX c o n t e n t ,  the mechanical s t r e n q t h  

Because t h e  hybr id  prepared by t h e  spon- 

Table6 I o n i c  c o n d u c t i v i t y  of  h y b r i d  Table7 I o n i c  c o n d u c t i v i t y  o f  h y b r i d  

f i lm f i l m s  

Conposi t ion ( w t X )  Conduc t i v i t y  Composit ion ( w t % )  Conduc t i v i t y  

P(MEO) Lic104 io6.0i ( ~ / u n )  P(MEO+BMA)*) L ic104 1 0 ~ . ~ ~  (s/cm) 

94.0 6.0 2.30 97.0 6 .0  0.09 

91.0 9.0 2.65 91.0 9.0 0.09 

85.0 15.0 2.49  88.0 12.0 0.10 

80.0 20.0 1.91 85.0 15.0 1.37 

3.30 80.0 20.0 2.00 ?!:! _ _ _ _ _ _  !!:L --__ _ _ _ - _ _  _ _ _ _ _ - -  
75.0 25.0 5.38 LiPF6 _----.___-_____.___.__________________ 

94.0 6.0 1.38 LiPFs 
91.0 9.0 3.16 75.0 25.0 11.3 

85.0 15.0 2.75 *) MEO:BI44=3:7 (mol r a t i o )  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
31

 2
0 

Fe
br

ua
ry

 2
01

3 



368 E.  TSUCHIDA AND K. SHIGEHARA 

a g a i n s t  s c r a t c h i n g  o r  impact f o r c e  was not s a t i s f a c t o r y .  In 
o r d e r  t o  improve t h e  mechanical s t r e n g t h ,  copolymer of FIE0 
with buty l  methacry la te  (BM) was prepared by the conventional 
r ad ica l  copolymerization i n  THF i n i t i a t e d  by azob i s ( i so -bu ty -  
r o n i t r i l e )  a t  60°C, and the r e s u l t i n g  copolymer P(ME0-BPIA) was 
mixed w i t h  LiX in  THF and c a s t  t o  t h i n  f i l m s .  The i o n i c  con- 
d u c t i v i t y  of copolymer hybr ids  was summarized i n  Table 7 .  

As the c o m p a t i b i l i t y  w i t h  L i X  decreased  by the incorpo- 
r a t i o n  of BPlA u n i t s ,  t h e  i o n i c  conduc t iv i ty  o f  LiC104 hybr id  
was about 1 - 2 o rde r s  s m a l l e r  than t h a t  o f  corresponding 
PPIEO system. Beyond the LiC104 con ten t  of  20 w t % ,  the micro 
- c r y s t a l l i n e  growth was d i s t i n g u i s h e d  from the X-ray a n a l y s i s .  
On t h e  c o n t r a r y ,  LiPF6 formed bet ter  hybr id  w i t h  t h e  i o n i c  
conduc t iv i ty  of  S/cm. No X-ray d i f f r a c t i o n  p a t t e r n  was 
observed. The d i f f e r e n c e  between two s a l t s  was a l s o  i n f l u -  
enced in  the a c t i v a t i o n  energy f o r  i o n i c  conduct ion;  25 ( L i -  
c104) and 16 kcal/mol ( L i P F 6 )  a t  20 w t % .  

CONCLUSION 
The i o n i c  conduc t iv i ty  o f  hybri  f i lms  through SYSTEMS 

( I )  t o  ( V )  i s  l i s t e d  i n  Table 8. 10- -10  t -  5S/cm i o n i c  conduc- 
t i v i t y  was e s t a b l i s h e d  i n  the p resen t  s tudy .  The importance 

Tab leg  I o n i c  Conduc t i v i t y  o f  H y b r i d  F i lms (25'C) 
~ 

Composi t i  on (w t%)  Type 'i'106 P r o c e s s i b i l i t y  
PMEO LiC104 A d d i t i v e  (s/cm) 

Nafion o.4 PE0400E I v  l.l 
93.8 5.8 - 
Naf ion  1.5 PE0400E 
68.0 30.5 fi' 1.5 good 

good Flemion 15,0 PE0400E I v a  15,0 
40.0 45.0 - 

PE0400E 111 0.24 f a i r  PMAA 
15.0 "'O 60.0 - 

PVdF 
74.1 6.2 PC 

19.7 4.8 f a i r  

*) Data taken from, J.E.Weston. B.C.H.Stee1, S o l i d  S t a t e  
l o n i c s ,  1, 347 (1981) 
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LITHIUM ION CONDUCTING POLYMERIC HYBRIDS 3 69 

o f  microsegregated s t r u c t u r e s  composed o f  ion-car ry ing  mat r ix  
domain and suppor t ing  mat r ix  domain f o r  keeping p rocess ib i l  i -  
t y  was emphasized. Espec ia l ly  i n  t h e  case  of SYSTEP-1 ( V ) ,  
e x c e l l e n t  p r o c e s s i b i l i t y  and a d h e s i b i l i t y  a s  well  a s  h i g h  
i o n i c  conduc t iv i ty  were r e a l i z e d .  PFIEO hybr ids  could be 
formulated i n t o  t h i n  f i l m s  by so lven t - cas t ing ,  melt flow- 
c a s t i n g  o r  molding. T h e i r  a d h e s i b i l i t y  was revea led  t o  be 
comparable t o  the o rd ina ry  con tac t  p a s t e  composed of poly- 
(v iny l  a1 coho1 ) . 
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