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ABSTRACT 

There i s c u r r e n t l y a great d e a l of i n t e r e s t i n s o l i d e l e c t r o l y t e s and 

mixed conductors due to t h e i r p o t e n t i a l use i n high performance b a t t e 

ry or f u e l c e l l systems and a l s o because they can be employed i n 

s o l i d e l e c t r o c h e m i c a l transducers f o r a v a r i e t y of s c i e n t i f i c and 

t e c h n o l o g i c a l purposes. 

Due to the unusual range of behaviour of these m a t e r i a l s and the 

s p e c i a l requirements r e l a t e d to t h e i r use, p a r t i c u l a r a t t e n t i o n must 

be g i v e n to the problem of a p p r o p r i a t e measurement and e v a l u a t i o n 

methods. One of the most u s e f u l c h a r a c t e r i z a t i o n techniques f o r these 

" f a s t i o n i c c o nductors" i s the dc measurement of t h e i r e l e c t r i c a l 

c o n d u c t i v i t y . The concepts behind t h i s approach and the dc measurement 

techniques of the t o t a l c o n d u c t i v i t y , the i o n i c c o n d u c t i v i t y and the 

e l e c t r o n i c c o n d u c t i v i t y are given i n t h i s t a l k together w i t h examples 

of i t s use employing s o l i d e l e c t r o l y t e and mixed conductor samples 

which have a wider a p p l i c a b i l i t y i n the area of m a t e r i a l s r e s e a r c h . 

INTRODUCTION 

S o l i d s t a t e i o n i c conductors are a r e l a t i v e l y newly developed c l a s s of 

compounds which e x h i b i t high i o n i c c o n d u c t i v i t i e s at f a i r l y low temper

atures below t h e i r m e l t i n g p o i n t s . 

In the e a r l y stages of s o l i d s t a t e i o n i c s , h i g h i o n i c c o n d u c t i v i t y was 

f e a s i b l e only a t h i g h temperatures. This i s the case of the s t a b i l i z e d 

z i r c o n i a s , t h o r i a s and c e r i a s which are w e l l known as t y p i c a l oxide 

i o n conductors. R e c e n t l y , however, the f i r s t outcome of development 

e f f o r t s was the d i s c o v e r y of Ag^Si which has a high s i l v e r i o n i c con

d u c t i v i t y at low temperature. Other s o l i d e l e c t r o l y t e s h a v i n g h i g h 

i o n i c c o n d u c t i v i t y at normal temperatures have been d i s c o v e r e d , which 

i n c l u d e s i l v e r , copper, l i t h i u m , hydrogen, oxygen and sodium i o n i c 

conductors ( 1 ) . 

The main a p p l i c a t i o n s of these substances are i n i o n s e l e c t i v e e~ 

l e c t r o d e s , chemical s e n s o r s , i o n pumps, b a t t e r i e s and e l e c t r o c h e m i c a l 
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c e l l s such as f u e l c e l l s , s o l i d t i m e r s , p o t e n t i a l memory c e l l s , v a r i 

able, r e s i s t o r s and d i s p l a y d e v i c e s . Table I shows some i o n i c & mixed 

conductors and t h e i r f u n c t i o n a l p r o p e r t i e s and uses. Consider f o r 

example the case of an oxygen i o n conductor b e i n g used as an i o n pump 

to separate oxygen from a mixture of oxygen and n i t r o g e n : 

f ftPo o * % > °#-oxyqen 
° f o a ° f % ° °-nitrogen 

°~ o 

volts 1 \ \ \ \ \ \ \ \ \ \ ' \ \ | ELECTROLYTE 
ELECTRODES 

• • • • • 
F i g . 1 P r i n c i p l e of a s o l i d s t a t e i o n i c pump. 

Due to the unusual range of behaviour of these m a t e r i a l s and the s p e c i a l 

requirements r e l a t e d to t h e i r use, p a r t i c u l a r a t t e n t i o n must be given 

to the problem of a p p r o p r i a t e measurement and e v a l u a t i o n methods. I t 

i s u n r e a l i s t i c to expect that the approaches commonly used on more con

v e n t i o n a l m a t e r i a l s can be c a s u a l l y employed on s o l i d e l e c t r o l y t e s and 

r e l a t e d m a t e r i a l s w i t h success. 

One of the most u s e f u l c h a r a c t e r i z a t i o n techniques f o r these " f a s t 

i o n i c conductors" i s the d i r e c t measurement of t h e i r e l e c t r i c a l con

d u c t i v i t y . A p a r t i c u l a r problem a r i s e s with these m a t e r i a l s i n that on 

the a p p l i c a t i o n of a dc b i a s v i a two standard metal e l e c t r o d e s p o l a r 

i z a t i o n occurs at the e l e c t r o d e s due to the i n a b i l i t y of the mobile 

ions to cross the e l e c t r o l y t e / e l e c t r o d e i n t e r f a c e and the i o n i c 

c u r r e n t f a l l s to zero. In p r i n c i p l e t h i s problem may be s o l v e d i n a 

v a r i e t y of ways i n c l u d i n g the use of dc techniques with e i t h e r a f o u r 

e l e c t r o d e c o n f i g u r a t i o n or a c e l l c o n f i g u r a t i o n i n which the sample i s 

bounded by f u l l y r e v e r s i b l e / b l o c k i n g i n t e r f a c e s which w i l l a l l o w i o n i c / 

e l e c t r o n i c t r a n s p o r t from e l e c t r o l y t e to e l e c t r o d e . However, i n the 

two " r e v e r s i b l e " e l e c t r o d e s i t u a t i o n each type of e l e c t r o d e w i l l only 

be a p p l i c a b l e to one i o n i c s p e c i e s , may be d i f f i c u l t to i d e n t i f y and 

handle (e.g. molten a l k a l i m e t a l s / s a l t s f o r a l k a l i i o n b a t t e r y e l e c t r o 

l y t e s ) and w i l l probably not allow t o t a l l y unhindered i o n i c motion 

across the i n t e r f a c e . Four p o i n t methods are not always compatible w i t h 
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TABLE I 

IONIC AND MIXED CONDUCTORS 

COMPOUND MOBILE ION SOME FUNCTIONAL PROPERTIES AND USES 

Rb Bi F> F - Ion pumps for separation of fluorine. 

Fluoride ion selective electrodes 

LaCo0 3 , o 2 - Cathode materials in high temperature 

Pr Co 0 3 , solid electrolyte fuel cells 

Nd Co Oj 

La, Co, 0 o 
o 2 - Oxygen electrochemical reduction catalyst. 

L a ^ Sr 0 5 Co 0-,, cf- Oxygen electrode catalysts in aqueous 

Nd^Sr^CoO,, alkaline solution batteries operating 

Nctp&fcCoO, at ambient temperature. Nctp&fcCoO, 
Cathode materials in high temperature 

sdid electrolyte fuel cells. 
Oxygen sensor electrodes. 

( B j A t a ( W a r ? 

o 2 - Sensors under high oxygen partial 

pressures. Oxygen pumps. 

(Zr0 ? ) 0 5 3 (Y, 0 ^ ry- Electrolyte material in fuel cells, sensors 

and ion pumps. 

(ZrOp^QîWYbpQ,), pc 02- High temperature fuel and electrolysis 

cells 

(CeO,W G d ? Q ? W o 2 - Sensors in atmospheres of intermediate 

oxygen partial pressure. 
H ' High temperature fuel cell electrolyte 

material. 

HU02 PCt . ^H ,0 H ' Electrolyte for hydrogen fuel cells or 

water electrolyzers. 

RbAg t I 5 
Ag ' Electrolyte in long life secondary 

solid state batteries 

Agi - A g i P ? 0 7 
Ag- Electrochemical timing cells. 

Ag 6 l ,wo t 
Ag' Electrochemical potential memory cells. Ag 6 l ,wo t 

Solidi state batteries for low rate 

discharge use. 

Rb< Cug I 7 Ct 0 
o r Solid state batteries. 

Na ? Sc2 P3 012 
Na Solid state batteries. 

Ion selective electrodes. 

Naj Zr2 S\2 P012 
Na* Advanced batteries 

L i J . Li* Cardiac pacemaker cells. 

LH -A t 2 0 3 

L i ' Electrodes in lithium batteries. 



— 84 — 

specimen geometry and, u n l i k e a.c. methods, only provide i n f o r m a t i o n 

about o v e r a l l specimen p r o p e r t i e s . Although the dc methods present 

these d i f f i c u l t i e s , they are v e r y s u c c e s s f u l under p a r t i c u l a r circum

stances f o r a v a r i e t y of purposes c o n c e r n i n g bulk t r a n s p o r t processes 

i n both i o n i c and mixed conductors c o n t a i n i n g u n u s u a l l y mobile i o n i c 

s p e c i e s . The concepts behind t h i s approach and the dc measurement 

techniques of the t o t a l c o n d u c t i v i t y , the i o n i c c o n d u c t i v i t y and the 

e l e c t r o n i c c o n d u c t i v i t y are g i v e n i n t h i s t a l k together w i t h examples 

of i t s use employing s o l i d e l e c t r o l y t e and mixed conductor samples 

which have a wider a p p l i c a b i l i t y i n the area of m a t e r i a l s r e s e a r c h . 

DC MEASUREMENT OF THE TOTAL CONDUCTIVITY 

When an e l e c t r i c f i e l d , E, i s a p p l i e d across a c r y s t a l , a f o r c e i s 

exerted on a l l the charged p a r t i c l e s . I f an i o n or a d e f e c t has a 

charge q^, the f o r c e F^ i s given by 

F. = q. E / l / 1 1 
T h i s f o r c e causes a d i r e c t i o n a l t r a n s p o r t of the charged p a r t i c l e s 

i n a d d i t i o n to t h e i r random thermal motion. For long enough f i e l d s 

the r e s u l t i n g c u r r e n t d e n s i t y i s given by 

J . = C. E 111 
1 1 

where C i s the c o n d u c t i v i t y of p a r t i c l e s of type i . I f a c r y s t a l 

c o ntains d i f f e r e n t types of charged c a r r i e r s , the t o t a l c u r r e n t 

d e n s i t y J i s given by 
J = 0- E 131 

where Gr r e p r e s e n t s the t o t a l e l e c t r i c a l c o n d u c t i v i t y , and i s given 

by 

cr= I o. /4/ 

A l s o C. i s r e l a t e d to 0" through l ° 

o*. = t.cr 15/ 

where t. i s c a l l e d the t r a n s f e r e n c e or t r a n s p o r t number of the i r 

s p e c i e s i . In a s o l i d s t a t e i o n i c compound the t o t a l e l e c t r i c a l 

c o n d u c t i v i t y i s given by the sum of the e l e c t r o n i c and i o n i c con

d u c t i v i t i e s , 

a - <r. + cr - <r ( t . + t .) 16/ 
i o n e l i o n e l 
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where t. and t , r e p r e s e n t the t r a n s f e r e n c e numbers of ions and e-l o n e l 
l e c t r o n s r e s p e c t i v e l y . 

T o t a l c o n d u c t i v i t y v a l u e s of an i o n i c s o l i d MX can be o b t a i n e d by a 

simple measurement of the r e l a t i o n s h i p between the steady s t a t e charge 

f l u x and a steady a p p l i e d e l e c t r i c p o t e n t i a l d i f f e r e n c e between a p a i r 

of p r o p e r l y chosen e l e c t r o d e s i n c e l l arrangements as f o l l o w s : 

M | MX I M (a) 

M. M'I MX | M. M' (b) 

M. MX | MX | M. MX (c) 

M'| MX | M' (d) 

X. M'| MX | Ml X (e) 

which can be r e p r e s e n t e d by the simple e q u i v a l e n t c i r c u i t shown i n 

F i g . 2. 

POTENTIAL 
0 PROBES o 

O 

CURRENT ELECTRODES 

-O 

F i g . 2 E q u i v a l e n t c i r c u i t r e p r e s e n t a t i o n of a two-point c o n d u c t i v i t y 

c e l l . 

The e l e c t r o d e s i n c e l l (b) and (c) are arranged to minimize the c o n t a c t 

r e s i s t a n c e between the e l e c t r o d e and the e l e c t r o l y t e ( i o n i c s o l i d ) 

where M.M' means an a l l o y such as an amalgam. In order to minimize 

g r a i n boundary e f f e c t s of the e l e c t r o l y t e , the e l e c t r o l y t e must be 

p r e s s u r e molded under s e v e r a l kbar. C e l l (d) i s used o f t e n when M i s 

the a l k a l i metal. In t h i s case, P t , Au or g r a p h i t e i s recommended as 

M'. C e l l (e) i s used when X i s the mobile i o n . In t h i s case, X.M' 

(or M'.X) means a gas e l e c t r o d e made of porous metal i n e r t to the i o n i c 

s o l i d and gas. 

Assuming that the e l e c t r o d e s m a i n t a i n a constant composition acr o s s 

the sample and a l l o w a l l common e l e c t r o c h e m i c a l s p e c i e s to c r o s s the 

i n t e r f a c e v e r y r a p i d l y , the t o t a l c o n d u c t i v i t y of the MX sample i s 
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given by 

111 

where I and V are the c u r r e n t and v o l t a g e , and L and A are the length 

and constant cross s e c t i o n a l area. T h i s two-point technique can be 

employed when one can n e g l e c t the sample-electrode i n t e r f a c i a l impedance 

and the impedance of the e l e c t r o d e system i t s e l f r e l a t i v e to the 

impedance of the sample. The absence of c o n c e n t r a t i o n p o l a r i z a t i o n and 

e l e c t r o c h e m i c a l e f f e c t s at the sample-electrode i n t e r f a c e must a l s o 

be assumed. As a r e s u l t , t h i s method i s only a p p r o p r i a t e f o r i n t e r 

e s t i n g s o l i d e l e c t r o l y t e s when e l e c t r o d e s are used t h a t are r e v e r s i b l e 

both k i n e t i c a l l y and thermodynamically f o r the mobile i o n i c s p e c i e s 

(2). 

A v a r i a n t on t h i s technique, the f o u r - p o i n t method, can sometimes be 

used when the sample-electrode i n t e r f a c i a l impedance cannot be neg

l e c t e d . Steady s t a t e c o n d i t i o n s are s t i l l assumed, so that the i n t e r 

f a c i a l impedance must be time-independent. T h i s technique i s common

ly used f o r measurements on s o l i d conductors with predominant e l e c t r o n i c 

c o n d u c t i v i t y ( s e m i c o n d u c t o r s ) , o f t e n employing a l i n e a r arrangement 

of f o u r c o n t a c t s . The outer two a c t i n g as c u r r e n t e l e c t r o d e s , and the 

i n n e r p a i r f o r p o t e n t i a l measurements. 

A four-probe c o n f i g u r a t i o n i s shown i n F i g . 3a. The e q u i v a l e n t c i r c u i t 

r e p r e s e n t a t i o n i s shown i n F i g . 3b. E l e c t r o d e s 1 and 4 are the a c t i v e 

e- Li + L i + e-
Lisicon 

bar 

2 A k3 

• Current source-

M - L i 6 T i S 2 

>Pr foil 
contacts 

Lisicon: Li^Zn (GeO^ 

O 

POTENTIAL 
PROBESQ 

O — A / ^ - i - V v A A , k A A 
Rint R b Rint 

CURRENT ELECTRODES 

F i g . 3 F o u r - p o i n t c o n d u c t i v i t y c e l l and e q u i v a l e n t c i r c u i t r e p r e s e n t a t i o n ( j ) 
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( c u r r e n t c a r r y i n g ) e l e c t r o d e s at the ends of the sample. E l e c t r o d e s 2 & 

3 are e q u a l l y spaced between the a c t i v e e l e c t r o d e s and serve as p o t e n t i a l 

e l e c t r o d e s . A s m a l l ( - 10 [i A) dc c u r r e n t i s a p p l i e d and maintained 

through the a c t i v e e l e c t r o d e s and the p o t e n t i a l d i f f e r e n c e V^^ measured 

w i t h a h i g h impedance e l e c t r o m e t e r and recorded as a f u n c t i o n of time. 

Under steady s t a t e c o n d i t i o n s , the c o n d u c t i v i t y of a homogeneous sample 

w i t h a f l a t s u r f a c e i s given by 

" • - H d - r / 8 / 

where d i s the d i s t a n c e between c o n t a c t s . I f the s p a c i n g between 

con t a c t s i s not uniform, o" becomes 

tf-
2TTV 

1 1 1 1 

L d l d 3 d l + d2 d2 + d 3 
19/ 

where d^, d^ and d^ are the s p a c i n g v a l u e s , d^ b e i n g the d i s t a n c e 

between the two c e n t r a l p o t e n t i a l probes. 

Unless s p e c i a l a t t e n t i o n i s g i v e n to the e s t a b l i s h m e n t of proper con

d i t i o n s at the outer two c o n t a c t s , t h i s f o u r - p o i n t dc method may not 

be u s e f u l f o r d e t e r m i n i n g the t o t a l c o n d u c t i v i t y of m a t e r i a l s i n which 

i o n i c t r a n s p o r t i s a p p r e c i a b l e . T h i s i s due to the r e q u i s i t e a s 

sumption that the sample-electrode impedance can be modeled as a 

simple time-independent and p o t e n t i a l - i n d e p e n d e n t r e s i s t a n c e . In order 

f o r t h i s to be t r u e , the i n t e r f a c e s must ac t r e v e r s i b l y f o r both i o n i c 

and e l e c t r o n i c s p e c i e s ( 3 ) . 

Two f u r t h e r statements should be made concerning the f o u r - p o i n t t e c h 

nique. P o t e n t i a l measurements are made at p o i n t s upon the s u r f a c e , 

and may not be r e p r e s e n t a t i v e of the b u l k i f the sample i s not homo

geneous or i f s p e c i a l phenomena occur at the s u r f a c e t h a t are not 

c h a r a c t e r i s t i c of the i n t e r i o r . L i k e w i s e , the method assumes t h a t 

there i s good communication between the s u r f a c e and the i n s i d e . In 

m a t e r i a l s w i t h a n i s o t r o p i c c r y s t a l s t r u c t u r e s c o n t a i n i n g l a y e r s or 

t u n n e l s , as i s common among s o l i d e l e c t r o l y t e s , t h i s assumption may 

not be obeyed, p a r t i c u l a r l y i n the case of s i n g l e c r y s t a l s . 

In order to see how t h i s i s the case, c o n s i d e r a m a t e r i a l w i t h 

r e s i s t i v i t i e s and p̂ , p a r a l l e l and p e r p e n d i c u l a r to the d i 

r e c t i o n of c u r r e n t flow. By u t i l i z a t i o n of a p p r o p r i a t e geometric 

f a c t o r s , these v a l u e s can be converted i n t o l o n g i t u d i n a l and t r a n s 

v e r s e r e s i s t a n c e s and R , and the measurement system r e p r e s e n t e d 

by the e q u i v a l e n t c i r c u i t shown i n F i g . 4. T h i s f i g u r e n e g l e c t s any 
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POTENTIAL PROBES 
ON SURFACE 

î Î I — 5 — w w w — * -

R L 
"VWWW" 

i n t e r f a c i a l impedances at the 

cu r r e n t e l e c t r o d e s . 

This i s a simple p a r a l l e l c i r c u i t . 

For an a p p l i e d v o l t a g e V, the 

cu r r e n t through the i n t e r i o r l e g , 

I. . i s given by i n t ö J 

I. = ~ /10/ i n t ^ 

The c u r r e n t i n the l e g t h a t i n 

cludes communication between the 

i n t e r i o r and the s u r f a c e through 

the t r a n s v e r s e r e s i s t a n c e s , I , 
ext 

+ 2R_ 
711/ ext 

The r a t i o of these c u r r e n t s I / 
ext 

I. i s equal to the r a t i o of the i n t 

F i g . 4 E q u i v a l e n t c i r c u i t of a 

measurement system c o n t a i n 

i n g an a n i s o t r o p i c sample. 

p o t e n t i a l d i f f e r e n c e measured 

between the p o t e n t i a l probes on the s u r f a c e and the a c t u a l p o t e n t i a l 

d i f f e r e n c e across the i n t e r i o r p o r t i o n of the sample: 

+ 2R„ 712/ 
"""int \ "T 

I f the sample i s ver y a n i s o t r o p i c , so tha t R̂ , » R^, t h i s s i m p l i f i e s 

•I ct - \ 

m t 2R„- 713/ 

I t i s t h e r e f o r e q u i t e e v i d e n t t h a t the a c t u a l l o n g i t u d i n a l r e s i s t i v i t y 

of a sample can be much g r e a t e r than t h a t i n f e r r e d by the measurement 

of the p o t e n t i a l d i f f e r e n c e between a p a i r of e x t e r n a l probes i n the 

f o u r - p o i n t technique. 

S i m i l a r d i f f i c u l t i e s may be encountered i f the s u r f a c e r e s i s t i v i t y i s 

a great d e a l lower than the b u l k r e s i s t i v i t y . This i s an important 

c o n s i d e r a t i o n i n the case of some semiconductors and d i e l e c t r i c s , but 

i s o f t e n not important f o r s o l i d e l e c t r o l y t e s , due to t h e i r lower 

bulk r e s i s t i v i t i e s (1-3). 

In the i n v e s t i g a t i o n of the c o n d u c t i v i t y of new m a t e r i a l s an important 
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parameter to be determined i s the a c t i v a t i o n energy f o r co n d u c t i o n . 

Measurements of the sample c o n d u c t i v i t y at d i f f e r e n t temperatures are, 

t h e r e f o r e , n e c e s s a r y . The c o n d u c t i v i t y u s u a l l y f o l l o w s an A r r h e n i u s 

e q u a t i o n and a p l o t of l o g o*T versus 1/T then leads to a s t r a i g h t l i n e 

whose slo p e i s simply r e l a t e d to the a c t i v a t i o n energy. The shape of 

the A r r h e n i u s p l o t can a l s o be used to determine phase t r a n s i t i o n s i n 

i o n i c s o l i d s . T h i s i s a p e r t i n e n t aspect, s i n c e a m a t e r i a l i s a s o l i d 

e l e c t r o l y t e only when i t i s i n a phase that possesses a s t r u c t u r e con

ducive to i o n i c m o b i l i t y . 

The a p p l i c a t i o n of the above dc techniques i s l a r g e l y r e f e r r e d i n the 

l i t e r a t u r e (4-12). F i g . 5 shows an apparatus used by Hooper (9) f o r dc 

c o n d u c t i v i t y measurements on h i g h - d e n s i t y p o l y c r y s t a l l i n e samples of 

N a z i r p s i o ceramic (Na^Zr2PSi20^2) i - n the range 120°-360 °C. The 

N a z i r p s i o p e l l e t has a c o n d u c t i v i t y at 300 °C ( F i g . 6) comparable to 

that of sodium |3-alumina and i s t h e r e f o r e a p o s s i b l e a l t e r n a t i v e e l e c t r o 

l y t e i n Na/S c e l l s , f o r example. 

Silica Tube-

Nazirpsio Pellet 

F i g . 5 Apparatus f o r dc con- F i g . 6 Ar r h e n i u s p l o t f o r a 

d u c t i v i t y measurements^) N a z i r p s i o p e l l e t ( 9 ) 

Conduction c h a r a c t e r i s t i c s of some L i l - A l ^ O ^ s o l i d m a t e r i a l s are 

shown i n F i g . 7. At an A l 0 content ranging between 35 and 45 m/o, 
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20~ 30 W 50 
Al203 CONTENT, m/o 

F i g . 7 C o n d u c t i v i t y of the L i I ( A l 2 0 3 ) 

60 

the c o n d u c t i v i t y of t h i s system 
-5 -1 -1 

can reach 10 ohm ^ cm at 

room temperature (10). The ap

parent a c t i v a t i o n energy of the 

conduction process f o r the L i l -

-A^O^ samples i n the temper

ature range -40°-100°C was found 

to be lOkcal/mole ( F i g . 8). 

T h e r e f o r e , the Lil-40m/o A1 20 

e l e c t r o l y t e i s s u i t a b l e f o r 

high-energy s o l i d - s t a t e b a t t e r y 

systems u s i n g l i t h i u m anodes 

(10). 

The temperature dependence of 

the e l e c t r i c a l c o n d u c t i v i t i e s 
e l e c t r o l y t e v s. Al 0 c o n t e n t ( 1 0 ) f o r s a m P l e s i n t h e C

6
H 1 2 N 2 2 R X ~ 2 3 

TEMPERATURE. °C 
100 80 60 W 20 0 -20 

-CuX system (R=H, C H 3 > C H , X= 

W CI, Br, I) has been determined 

by Takahashi and Yamamoto (11) . 

The r e s u l t s shown i n F i g . 9 f o r 

17CuC1.3C,H 1 0N 02HCl and 7CuBr. b l z L 

C £H 1 0N 02HBr e x h i b i t an i n ¬D 1Z Z 
c r e a s i n g a c t i v a t i o n energy at 

low temperature', which suggests 

that phase t r a n s i t i o n s occur 
near 65°C f o r 17CuCl.3C,H, nN„ 6 12 2 
2HC1 and 50°C f o r 7CuBr.C,H 1 0N 0 

D 12 2 
However 7CuBr.C,H_„N„2HBr 6 1 2 / 

3.0 3M 3.8 

10001T CtC1} 

F i g . 8 The e f f e c t of temperature on 

the c o n d u c t i v i t y of the L i l 

( A 1 2 0 3 ) e l e c t r o l y t e , (a) 40m/o 

A 1 2 0 3 ; (b) 33m/o A 1 2 0 3 ; 

20m/o A 1 2 0 3 ( 1 0 ) 
and 

2HBr 

i s c onductive at room temper

ature and has a low a c t i v a t i o n 

energy of 3.3kcal/mole at 2 0 ° C 

On the other hand, 17CuCl. 

3 C 6 H 1 2 N 2 2 H C 1 h a S a h i g h a c t i v ~ 
a t i o n energy of 13.5 kcal/mole 

at 20°C, and i t i n d i c a t e s that 

the conductive phase t r a n s f e r s 

to a nonconductive phase below 

65°C 

91 

25 CC) 

2.0 3.5 

F i g . 9 

2.5 3.0 

1000IT C K ' 1 ) 

Temperature dependence of the 

e l e c t r i c a l c o n d u c t i v i t y of 

17CuC1.3C,H 1 0N 02HCl ( o ) , 4CuCl. o 1Z L 

C,H 1 0N.2CH.C1 ( A ) , 7CuBr.C,H__ O 1Z Z J o IZ 
N„2HBr (•), 47CuBr.3C,H 1 0N„ 2 o 1Z Z 
2CH nBr (•), 17CuBr.3C,H_„N_ 3 o 1Z Z 
2C nH r :Br (A), and 17CuI.3C,H 1 0 

Z D O 11 

N 2CH I (•)(!!) 
TEMPERATURE (°Cj 

102-

ur 

1000 800 600 W0 
i i 

ACe02+5%Y203 : X o CeO2*10%CaO 
: X - Zr02+15%CaO 

• \ \ 
; \ \ \ 
• 1 atm. 0 2 \ 

10~2 q 

I 
1Q-3 § 

0.8 0.9 1.0 1.1 1.2 1.3 U 1.5 

F i g . 
103IT 

10 V a r i a t i o n of c o n d u c t i v i t y w i t h 

r e c i p r o c a l a b s o l u t e temperature 

f o r doped Ce0 2 and comparison 

w i t h data f o r CSZ.(12) 

Data (12) f o r the v a r i a t i o n 

of dc c o n d u c t i v i t y w i t h 

temperature a t P(0 2)=1 atm 

i s shown i n F i g . 10 f o r 

c e r i a doped w i t h d i v a l e n t 

and t r i v a l e n t c a t i o n s . Good 

s t r a i g h t l i n e s are obtai n e d 

i n the l o g crT v s . 1/T p l o t 

f o r the range between 400°C 

and 1 0 0 0 ° C A l s o shown, f o r 

comparison, i n F i g . 10 are 

data f o r c a l c i a - s t a b i l i z e d 

z i r c o n i a (CSZ) , the con

d u c t i v i t y of which i s at 

l e a s t a decade lower than 

f o r the two doped c e r i a 

samples i n the range T < 

9 0 0 ° C For ( C e 0 2 ) Q 9 5 

( Y 2 0 3 ) Q Q 5 , because of i t s 

s m a l l e r a c t i v a t i o n energy, 

that f a c t o r i n c r e a s e s to 

n e a r l y 100 at 600°C and, 

a c c o r d i n g l y , the q u e s t i o n 

of whether doped Ce0 2 can 

be u s e f u l as a s o l i d oxide 

e l e c t r o l y t e f o r f u e l c e l l s 

and other a p p l i c a t i o n s at 

temperatures below those at 

which CSZ i s u s e f u l then 

centers on whether p o l a r 

i z a t i o n f o r Ce0 2 i s absent 

to lower temperatures. 

AC measurements have a l s o 

been used to measure the 

c o n d u c t i v i t y of most of 

these systems and the r e 

s u l t s o b t a i n e d by the ac/dc 

methods were n e a r l y i d e n t i c a l 
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IONIC CONDUCTIVITY OF THE SOLID MATERIAL 

The charge f l u x t r a n s p o r t e d by i o n i c s p e c i e s across an i o n i c m a t e r i a l 

can be measured by c e l l arrangements where a p u r e l y i o n i c conductor i s 

i n t r o d u c e d between the sample and e l e c t r o d e s . Examples are the c e l l s 

(13, 14): 

Ag | A g l | Ag 2S | A g l | Ag 

0 2, Pt | Zr0 2(CaO) | |3.A120 | ZrO (CaO) | P t , 0 2 

where the Ag | A g l and 0 2, Pt | Zr0 2(CaO) systems act as e l e c t r o n i c a l l y 

b l o c k i n g e l e c t r o d e s , thus s u p p r e s s i n g 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 sample. 

The i o n i c c o n d u c t i v i t y , CT. , i s measured u s i n g a two-probe or f o u r -i o n 
-probe dc method, as d e s c r i b e d f o r the t o t a l c o n d u c t i v i t y measurement. 

S p e c i a l a t t e n t i o n must be g i v e n to the e s t a b l i s h m e n t of proper con

d i t i o n s at the p o t e n t i a l probes which, i n the case of the four-probe 

technique, are l o c a t e d on the p u r e l y i o n i c conductor. Another dc 

method f o r the i n d i r e c t measurement of the i o n i c c o n d u c t i v i t y u t i l i z e s 

the knowledge of the t o t a l c o n d u c t i v i t y of the sample and i o n i c t r a n s 

p o r t number d e t e r m i n a t i o n s , as d i s c u s s e d by the author i n a r e c e n t 

p u b l i c a t i o n (15). I t i s obvious from /5/ that 

CT. = t. CT /14/ i o n i o n 

F i g . 11 shows the i o n i c c o n d u c t i v i t i e s of s t a b i l i z e d z i r c o n i a s , t h o r i a s 
and c e r i a s a g a i n s t the percentage of 

a n i o n i c v a c a n c i e s at 1000 C (16). 

The t h o r i a conductor shows p-type 

semiconduction at a h i g h p a r t i a l 

p r e s s u r e of oxygen, and the c e r i a 

conductor e x h i b i t s n-type semicon

d u c t i o n at a low p a r t i a l p r e s s u r e 

of oxygen, s u g g e s t i n g that these 

conductors may be used as e l e c t r o d e 

m a t e r i a l s f o r oxygen or hydrogen 

e l e c t r o d e s . 

Ce02Y015 

Zr0o.Ca0 

1000 °C 

0 2 4 6 8 10 12 M 
% Anion vacancies 

F i g . 11 Log ( i o n i c c o n d u c t i v i t y ) versus 
percentage a n i o n i c v a c a n c i e s f o r 

s e l e c t e d f l u o r i t e s o l i d s o l u t i o n s (16) 
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ELECTRONIC CONDUCTIVITY OF THE IONIC SOLID 

The e l e c t r o n i c c o n d u c t i v i t y of a s o l i d m a t e r i a l can be measured by a 

c e l l arrangement i n which the sample i t s e l f i s used as an e l e c t r o l y t e , 

bounded by two i n e r t f o r e i g n metal e l e c t r o d e s a c t i n g as i o n i c a l l y 

b l o c k i n g e l e c t r o d e s , e.g., Pt | Ag 2S | Pt (17), i f the a p p l i e d p o t e n t i a l 

d i f f e r e n c e i s l e s s than the decomposition p o t e n t i a l of the e l e c t r o l y t e . 

T h i s arrangement, however, has the disadvantage t h a t the chemical po

t e n t i a l s of the components are not f i x e d . 

A more s a t i s f a c t o r y method t h a t i s p a r t i c u l a r l y s u i t a b l e f o r the de

t e r m i n a t i o n of v e r y low e l e c t r o n i c c o n d u c t i v i t i e s i s the Wagner a¬

symmetric p o l a r i z a t i o n c e l l method. Here the e l e c t r o l y t e sample MX 

(M + i s a mobile ion) i s c o n t a c t e d on one s i d e by a parent metal e¬

l e c t r o d e . T h i s a c t s as a r e v e r s i b l e e l e c t r o d e w i t h known metal 

chemical p o t e n t i a l . The second e l e c t r o d e c o n s i s t of an i n e r t metal l i k e 

p l a t i n u m which b l o c k s the i o n i c flow. I f an e x t e r n a l dc p o t e n t i a l E 

i s a p p l i e d i n the d i r e c t i o n i n d i c a t e d i n Fig.12, the mobile ions i n MX 

tend to move to the l e f t , but 
77777 

2ZZ2? 

////////7 

AgX 

zzzzzzzz 

7777 

Pt 
77777 

- o 6-
E a p p l I 

F i g . 12 E l e c t r o n i c c o n d u c t i v i t y 

measurement w i t h a p o l a r 

i z a t i o n c e l l . 

s i n c e no metal can be r e p l e n i s h e d 

from the p l a t i n u m e l e c t r o d e and 

X m o b i l i t y i s assumed n e g l i 

g i b l e , t h i s i o n i c c u r r e n t i s 

soon b l o c k e d . In t h i s s t a t i o n 

ary p o l a r i z e d s t a t e the i o n i c 

c u r r e n t i s zero as long as the 

a p p l i e d p o t e n t i a l i s lower than 

the decomposition p o t e n t i a l of 

MX. The r e s i d u a l c u r r e n t i n d i 

cated by the measuring i n s t r u 

ment i s then c a r r i e d e n t i r e l y by 

e l e c t r o n s and/or e l e c t r o n h o l e s 

through the sample and i s a measure of the e l e c t r o n i c c o n d u c t i v i t y . 

A c c o r d i n g to Wagner (18) , t h i s c u r r e n t i s given by 

RTA 
LF |cr° [ l - exp (-EF/RT) ] + CT° [exp (EF/RT) - l ] J /15/ 

where I and I, r e p r e s e n t the c u r r e n t s due to e l e c t r o n s and h o l e s r e ¬e h 
s p e c t i v e l y ; A and L are the c r o s s - s e c t i o n area and the l e n g t h of MX 

r e s p e c t i v e l y ; R i s the gas c o n s t a n t ; F, the Faraday constant; and T, 

the a b s o l u t e temperature. The e l e c t r o n i c c o n d u c t i v i t y due to e l e c t r o n s 
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and holes i n MX i n e q u i l i b r i u m w i t h M are denoted by <J° and 0*P r e ¬
e h 

s p e c t i v e l y . 

Under the c o n d i t i o n s that the a p p l i e d p o t e n t i a l E i s s u f f i c i e n t l y 

h i gh so that EF >̂RT and t h a t one e l e c t r o n i c c a r r i e r dominates, equa t i o n 
/15/ may be s i m p l i f i e d to 

T ~ t RTA o , o o ,,, . I - I :-=— cr when cr » cr /16/ LF e e " h 

I " I h " - f p - 0"° exp (FE/RT) when <7° « cr° /17/ 

A c c o r d i n g to equations /16/ and /17/ the p o l a r i z a t i o n c u r r e n t , I, i s 

independent of the a p p l i e d p o t e n t i a l i n case of e l e c t r o n conduction 

w h i l e l o g I i s a l i n e a r f u n c t i o n of E i n case of h o l e c o n d u c t i o n . 

When the e l e c t r o l y t i c s p e c i e s i s an anion, a p l o t of l n l as a f u n c t i o n 

of E should have a g r a d i e n t of F/RT and an i n t e r c e p t of RTA cr 0/LF f o r 
e 

e l e c t r o n conduction; f o r h o l e conduction, I should be independent of E. 

For many i o n i c s o l i d s , both e l e c t r o n s and h o l e s act as c a r r i e r s , i n 

which case a p l o t of (LFI/RTA)[ e x p ( F E / R T ) - l ] _ 1 a g a i n s t exp(-FE/RT) w i l l 

have cr° as the g r a d i e n t and cr£ as the i n t e r c e p t f o r a mobile c a t i o n 

system and the r e v e r s e f o r a mobile anion system. 

I t should be noted that the v a l u e of obtained from the p o l a r i z a t i o n 

experiment i s that at zero a p p l i e d p o t e n t i a l . In other words, the 

leakage c u r r e n t c a l c u l a t e d based on the erf value would be t h a t of a 
h 

c e l l whose open c i r c u i t v o l t a g e i s zero such as M | MX |M. In a c t u a l 

e l e c t r o c h e m i c a l c e l l s , the open c i r c u i t v o l t a g e i s not zero. T h e r e f o r e , 

the a c t u a l leakage c u r r e n t i s h i g h e r than that c a l c u l a t e d from CT° 
h 

(19, 20) inasmuch as the c o n c e n t r a t i o n of h o l e c a r r i e r s i n c r e a s e s 

e x p o n e n t i a l l y with the e l e c t r o d e p o t e n t i a l . 

In view of the c e l l v o l t a g e e f f e c t on the e l e c t r o n i c c o n d u c t i v i t y due 

to e l e c t r o n h o l e s , the e l e c t r o n i c c o n d u c t i v i t y must be c o n s i d e r e d i n 

r e l a t i o n to the c e l l v o l t a g e i n the s e l e c t i o n of i o n i c s o l i d s . For 

example, PbF i s a h o l e conductor and i t s Cf, v a l u e i s extremely low 
-20 -1 -1 h 

( -c 10 ohm cm ) i n comparison with the i o n i c c o n d u c t i v i t y 
—6 — 8 — 1 — 1 

(10 - 10 ohm cm ); so, one would expect PbF^ to be a s u i t a b l e 
s o l i d e l e c t r o l y t e m a t e r i a l . However, Kennedy (20) has concluded that 

PbF 2 i s s u i t a b l e as a s o l i d e l e c t r o l y t e only i f the c e l l v o l t a g e i s 

l e s s than 1.5V. The same author (20) has a l s o p o i n t e d out that the 

t r a n s p o r t number of e l e c t r o n s , t , i s lower i n a b a t t e r y than i n the 

Wagner c e l l , whereas the r e v e r s e a p p l i e s to t ^ . 

L i a n g , J o s h i and Hamilton (19) have proposed, based on t h e i r i n v e s t i 

g a t i o n of the s o l i d s t a t e storage b a t t e r y systems, that the leakage 

c u r r e n t should be measured d i r e c t l y at the v o l t a g e of the e l e c t r o 

chemical c e l l under i n v e s t i g a t i o n . I t was found that 0".^ of L i l d i s 

persed i n A 1 2 0 3 was 10~^ ohm 1 cm 1 at room temperature and 10 ohm 

cm" 1 at 300°C ( F i g . 13). 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 L i K A l ^ ) 

e l e c t r o l y t e was found to be due to h o l e c a r r i e r s .&• the 0^ v a l u e s were 

l e s s than 1 0 ~ 4 ° ohm"1 cm" 1 and 5 x l 0 ~ 2 7 ohm"1 cm" 1 at room temperature 

and 300°C r e s p e c t i v e l y . However, at the v o l t a g e of the s o l i d s t a t e 

s t o r a g e c e l l s such as L i - S i / L i I ( A l 2 0 ) / T i S 2 > L i / L i I ( A l ^ ) /TaS 2 and 

L i - S i / L i I ( A l 2 0 3 ) / T i S 2 , S b 2 S 3 , B i which i s about 2.5V, the leakage 

c u r r e n t ( F i g . 14) due to the e l e c t r o n h o l e s was found to be 
TEMPERATURE °C TEMPERATURE °C 

300 200 100 50 10 -10-25 -50 300 200 100 50 

1000IT (°Kf 

F i g . 13 I o n i c c o n d u c t i v i t y of 

L i I ( A l 2 0 ) as a f u n c t 

of temperature.(19) 

1000IT (°KI 

F i g . 14 E l e c t r o n i c leakage 

c u r r e n t of a 0.05 cm 

t h i c k L i I ( A l 2 0 3 ) 

s o l i d e l e c t r o l y t e 

l a y e r at 2 . 5 V.(l9) 

s i g n i f i c a n t l y h i g h e r than that c a l c u l a t e d from the cr^ v a l u e s . Non

e t h e l e s s , the leakage c u r r e n t was s t i l l low enough to be c o n s i d e r e d 

n e g l i g i b l e i n comparison with the c u r r e n t c a p a b i l i t y of the s o l i d 

s t a t e s t o r a g e c e l l s . A c c o r d i n g l y , i t was concluded t h a t L i I ( A l 2 0 3 ) 

i s a p r a c t i c a l s o l i d e l e c t r o l y t e m a t e r i a l . 
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2.4 26 
1000IT (°K'11 

F i g . 15 Temperature dependence of the e¬

l e c t r o n i c c o n d u c t i v i t y of copper 

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 C 6H 1 2N 22RX-CuX system 

was measured by Wagner's po

l a r i z a t i o n method ( F i g . 15). 

The c u r r e n t vs. c e l l v o l t a g e 

curves f o r the c e l l , Cu/sam-

p l e / g r a p h i t e , showed a q u a s i ¬

- e x p o n e n t i a l i n c r e a s e of 

c u r r e n t i n the temperature 

range of 100°C-200°C f o r a l l 

samples i n v e s t i g a t e d . There

f o r e , a c c o r d i n g to Wagner's 

theory, the h o l e conduction 

may be assumed to be dominant 

under t h i s experimental con

d i t i o n (11). 

3 C 6 H 1 2 N 2 2 C H 3 B r ( , ) ' a n d 1 7 C u I -
3 C 6 H 1 2 N 2 2 C H 3 I (•).(!!) 

(I) h a l i d e s , 4CuCl. CgH^N^CH CI 
(4), 7CuBr.C 6H 1 2N 22HBr (n), 4 7 C u B r . T h e r e s u l t s o b t a i n e d by Bonino 

and L a z z a r i (8) at 281.5°C by 

f o r c i n g a c u r r e n t I through a 

Cu/KCu 4I 5/Pt c e l l (Pt b e i n g 

the p o s i t i v e ) and measuring 

the steady s t a t e v o l t a g e E 

are r e p o r t e d i n F i g . 16. The 

experimental p o i n t s f o l l o w 

s a t i s f a c t o r i l y ( F i g . 17) the 

equation: 

l o g I = l o g CT (ART/LF) + h 

+ l o g [exp (EF/RT) - l ] /19/ 

from where a value of 2x10 7 

1 -1 - -o • , , 
i s c a l c u l a t e d 250 350 

E. mV 
150 

F i g . 16 I v s . 

(L/A = 

281.5 °c.(e) 

ohm cm 

at 281.5 

f o r cr 

E f o r a KCu.I p e l l e t 
- l 4 5 

0.184 cm ) at 

Cu'" Rb.Cl 16 4 

Measurements of the p a r t i a l 

c o n d u c t i v i t i e s of e l e c t r o n i c 

c a r r i e r s i n Cu,,Rb.CI,_I_ and 16 4 13 7 
12 I8 c a r r : ' - e d o u t w i t h the a i d of asymmetric dc p o l a r i z a t i o n 
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15 2.0 35 2.5 3.0 

log [exp ffi-1 ] 

F i g . 17 Log I v s . l o g [exp (EF/RT) - l ] f o r a 

K C u 4 I 5 p e l l e t (L/A = Ö.184 c 

281.5 °C . (8) 

-1 ) at 

c e l l s of the type: 

Cu, CuCl, C u l |Cu,,Rb. 
lo 4 

I_ C l _ _ , ^ , |Pt or 7+x 20-(7+x) 1 

g r a p h i t e , were d e a l t 

w i t h by Chaney et a l . 

(21). Values of the 

h o l e c o n d u c t i v i t y were 

determined from the 

s l o p e of exp(EF/RT)-l 

vs. I p l o t s , i n p r e f e r 

ence to d e t e r m i n i n g 

v a l u e s from the i n 

t e r c e p t s , because 

g r e a t e r accuracy c o u l d be a c h i e v e d 

(see F i g . 18). 

Wagner's method has been much used 

to study °"ê > but p u l s e techniques 

are now coming onto prominence. A 

technique based on the f a c t t h a t 

e l e c t r o n i c c a r r i e r s can respond 

more r a p i d l y than i o n i c c a r r i e r s 

to f l u c t u a t i o n s i n the a p p l i e d 

p o t e n t i a l has been suggested by 

Yakoto (22) i n which a dc v o l t a g e 

i s a p p l i e d across an e l e c t r o l y t i c 
b l o c k i n g e l e c t r o d e at 74 C ,, . .. . „< . 

& c e l l i n c o r p o r a t i n g two s i m i l a r 

working e l e c t r o d e s , e.g., M| MX | M. The c u r r e n t - t i m e c h a r a c t e r i s t i c s 

are monitored as a r a p i d v o l t a g e p u l s e i s superimposed. I f e l e c t r o n i c 

c o n d u c t i v i t y i s i n s i g n i f i c a n t , then the slow response time of the ions 

w i l l cause a smooth r i s e to the new c u r r e n t p l a t e a u c o r r e s p o n d i n g to 

the h i g h e r v o l t a g e l e v e l and a s i m i l a r smooth d e c l i n e when the v o l t a g e 

p u l s e i s removed. I f on the other hand there i s an e l e c t r o n i c c o n t r i 

b u t i o n , the smooth r i s e s and f a l l s w i l l be preceded by abrupt jumps. 

This method has been r e c e n t l y developed (23) , and t r a n s i e n t c u r r e n t s 

a r i s i n g from the r e d i s t r i b u t i o n of e l e c t r o n i c c a r r i e r s and the motion 

of ions i n Cul have been s t u d i e d . 

exp EFIRT x 10 ' 

F i g . 18 Current v s . exp EF/RT f o r 

Cu,,Rb.CI,„I_ with Pt i o n lo 4 1z ö 

Lack of space does not allow a f u r t h e r a n a l y s i s of t h i s s u b j e c t . Never-
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t h e l e s s , most of the concepts and problems a s s o c i a t e d w i t h the dc 

c o n d u c t i v i t y measurements i n s o l i d s t a t e i o n i c conductors have been 

d i s c u s s e d , as was our purpose, and t h e i r importance i n the area 

of m a t e r i a l s r e s e a r c h has been h i g h l i g h t e d . 
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