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A b s t r a c t  

A t e c h n i q u e  was developed t o  r a p i d l y  s c r e e n  p o t e n t i a l  ca thode  

m a t e r i a l s  f o r  a  wide t empera tu re  range,  - 5 4 ' ~  t o  +121°c, nonLaqueous 

e l e c t r o l y t e  b a t t e r y .  T h i s  s c r e e n i n g  t e c h n i q u e ,  i n v o l v i n g  t h e  t e s t i n g  of 

t h i n  anod ic  f i l m s  of m a t e r i a l s ,  was a p p l i e d  t o  t h e  c h l o r i d e s ,  o x i d e s  and 

f l u o r i d e s  o f  s i l v e r ,  copper ,  n i c k e l ,  c o b a l t ,  i r o n ,  manganese and chromium. 

The requ i rement  t h a t  an anod ic  f i l m  of t h e  m a t e r i a l  cou ld  be  formed which 

was s t a b l e  i n  a t  l e a s t  one o f  t h e  f i v e  o r g a n i c  t e s t  s o l v e n t s ,  l i m i t e d  t h e  

a p p l i c a b i l i t y  of t h e  s c r e e n i n g  t echn ique .  Of t h e  m a t e r i a l s  t o  which t h i s  

t e c h n i q u e  could  be  a p p l i e d ,  c o b a l t  ox ide ,  i r o n  o x i d e  and copper  o x i d e  

f a i l e d  t o  e s t a b l i s h  a  r e p r o d u c i b l e  open c i r c u i t  p o t e n t i a l  i n  non-aqueous 

s o l v e n t s .  The remain ing  m a t e r i a l s ,  s i l v e r  c h l o r i d e ,  s i l v e r  o x i d e  and 

c u p r i c  f l u o r i d e ,  gave p o t e n t i a l s  i n  a  non-aqueous medium which were r e p r o -  

d u c i b l e  t o  w i t h i n  one m i l l i v o l t  and behaved r e v e r s i b l y  t o  t h e  a p p l i c a t i o n  

o f  anod ic  and c a t h o d i c  p o t e n t i a l  (10 mv). S i l v e r  c h l o r i d e  and s i l v e r  ox ide  

were  sho-xn t o  be a b l e  t o  produce c o n s i d e r a b l y  more c u r r e n t  a t  t h e  same 

p o l a r i z a t i o n  from open c i r c u i t  p o t e n t i a l  t h a n  copper  f l u o r i d e  and should 

t h e . r e f o r e  be more e x t e n s i v e l y  i n v e s t i g a t e d  a s  e l e c t r o d e  m a t e r i a l s  f o r  a  

wide t empera tu re  range ,  non-aqueous b a t t e r y .  E v a l u a t i o n  o f  t h e  m a t e r i a l s  

which c o u l d  n o t  be  s t u d i e d  a s  t h i n  anod ic  f i l m s  w i l l  have t o  a w a i t  t h e  

development of s u i t a b l e  macro e l e c t r o d e  t e c h n i q u e s .  



Foreword -- 

This report, "Organic Electrolyte Battery", is the final 

research report covering studies performed under SANDIA Corporation 

contracts Number 58-0690, 58-4116 and 58-5214, by the Electrochemical 

Research Department,.Corporate Applied ~esearch Group, Globe-Union Inc., 

in Milwaukee, Wisconsin. Work under these contracts was initiated on 

November 1, 1967 and completed on December 31, 1968. 

Project Leader and principal investigator was Dr. Guy Mc- 

Donald. He was assisted by B. Cornilsen, T. Roemer, and K. Murphy. 

The Research Manager was Dr. E. Y. Weissman. 

Chemical analyses required in this work were performed by 

Globe-Union's Materials Testing Laboratory under the direction of Dr. 

A. C. Eckert. 

Technical monitoring of this project was performed by Dr. 

Samuel Levy of the SANDIA Corporation. His valuable assistance and 

encouragement are gratefully acknowledged. 

iii . 



Abstract 

For cword 

List of Tablcs 

List of Figures 

1. Tn trod~lc t inn 

2. Experimental 

Table of Contents 

2.1 Purification and Characterization of Chemicals 

2.2 Equipment 

2.3 Techniques used for Screening Potential Cathode Materials 

2.3.1 Selection of Materials 

2.3.2 Test Electrolytes 

2.3.3 Stability of Cathode Materials in the Electrolytes 

2.3.4 Preparation of Test Electrodes 

2.3.5 Electrochemical Testing Criteria 

3. Results and Discussion 

3.1 Stability Tests 

3.2 Electrode Preparation Tests 

3.3 Electrochemical Tests 

3.3.1 Silver Oxide Electrode 

3.3.2 Silver Chloride Electrode 

3.3.3 Coppcr Fluoride Electrode 

3.3.4 Copper Oxide Electrode 

4, Conclusions 

References 

iii 

v 



L i s t  of Tab les  - 

Table  1 

Table  2 

Tab le  3  

Table  4  

Tab le  5  

'Table 6 

Tab le  7 

Table  8 

Tab le  9 

Tab le  1 0  

Tab le  11 

Table  12 

Table  1 3  

Cathode M a t e r i a l  S u p p l i e r s  and Treatment 

S o l u t e  S u p p l i e r s  and Treatment 

Metal  S u b s t r a t e s  

S p e c i f i c  ~ n e r ~ ~  of  E l e c t r o d e  Couples 

E l e c t r o l y t e  C o n d u c t i v i t y  

Composit ion o f  S o l v e n t s  - F r e e z i n g  below - 5 4 ' ~  

P r e p a r a t i v e  Techniques f o r  Thin Film E l e c t r o d e  
Format i o n  

C o m p a t i b i l i t y  of E l e c t r o d e  M a t e r i a l  w i t h  
Organic  S o l v e n t s  

S o l u b i l i t y  o f  S i l v e r  C h l o r i d e  i n  C h l o r i d e  
Conta in ing  E l e c t r o l y t e s  

R e s u l t s  o f  E l e c t r o d e  P r e p a r a t i o n  Study 

S o l u b i l i t y  of Metal  F l u o r i d e s  on Anhydrous 
Hydrogen F l u o r i d e  

Summary of E l e c t r o c h e m i c a l  T e s t s  

Summary o f  R e s u l t s  . 

Page 

4 

5 

6 

8 

12 

1 5  

2 1 



List of Figures - 

.C 
Figure 1 Effect of Fluoride Ion Concentration on Silver 

Fluoride Electrode Potential 

Figure 2 Phase Diagram of Mixtures o£ Organic Solvents 
with Water 

Figure 3 Anhydrous Hydrogen Fluoride System 

Figure 4 Teflon Hydrogen Fluoride Cell 

Figure 5 Cyclic Voltammogram of Copper in Anhydrous 
Hydrogen Fl-uoride (1M KF) 

Figure 6 Cyclic Voltammogram of Cobalt in Anhydrous 
Hydrogen Fluoride (1M KF) 

Figure 7 Cyclic Voltammogram of Cobalt in Anhydrous 
Hydrogen Fluoride (1M KF) 

Figure 8 Cyclic ~oltammo~ram' of Iron in Anhydrous 
Hydrogen Fluoride (1M KF) 

Figure 9 

Figure 10 

Figure 11 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

Figure 16 

Figure 17 

Cyclic Voltarmnogram of Nickel in Anhydrous 
Hydrogen Fluoride (1M KF) 

Cyclic Voltammogram of Chromium in Anhydrous 
Hydrogsn Fluoride (1M KF) 

Effect of Over Potentials on Silver Oxide in 
lm LiClO4 - 2-Butanone 

Effect of Over Potentials on Silver Oxide in 
NOH - 2-Butanone 

Cyclic Voltammogram of Silver Oxide in 
lm LiC104 - 2-Butanone 

,Cyclic Voltammogram of Silver Oxide in 
lm P~?(cH~)~]~ NOH - 2-Butanone 

Effect of Cathode Hold on Cyclic Voltammogram 
of Silver Oxide in lm LiCl04 - 2-Butanone 
Effect of Agitation on Cyclic Voltammogram of 
Silver Oxide in lm LiCIOh - 2-Butanone 
Effect of Over Potentials on Silver Chloride 
in lm LiClO4 -- 60 Mole, % Acetonitrile - 40 
Mole % Dimethylformamide 

Page 

10 



List of Fipures (cont )  

Figure 18 Effect of Over Potentials on Silver Chloride 
in lm Phenyl (CH3)3NC1 -- 60 Mole % Acetonitrile 
- 40 Mole % Dimethylformamide 

Figure 19 Cyclic Voltammogram of Silver Chloride in lm 
LiC104 - -  60 Mole % Acetonitrile - 40 Mole % 
Dimethylformamide 

Page 

45 

Figure 20 Cyclic Voltammogram of Silver Chloride in 1m 47 
Phenyl (CH3)3NC1 -- 60 Mole % Acetonitrile - 40 
Mole % Dimethylformamide 

Figure 21 Effect of Over Potentials on Cupric Fluoride in 4 9 
lm LiC104 -- 60 Mole % Acetonitrile - 40 Mole % 
~'imeth~l formamide 

Figure 22 Cyclic Voltammogram of Cupric Fluoride in lm 
LiClO4 - -  60 Mole % Acetonitrile - 40 a ole % 
Dimethylformamide 

vii -viii 



ORGANIC ELECTROLYTE BATTERY 
(FINAL REPORT) 

1. I n t r o d y c t i o n  ------ 

The o b j e c t i v e  o f  t h i s  work i s  t h e  development of a  primary 

- b a t t e r y ,  e i t h e r  a c t i v e  o r  r e s e r v e  t y p e ,  which i s  c a p a b l e  o f  producing 

f i f t y  w a t t - h o u r s  p e r  pound of t o t a l  b a t t e r y  weight  over  t h e  t empera tu re  

range  - 5 4 ' ~  t o  +121°c. Our approach t o  t h e  development of such a  system 

i s  f i r s t  t o  de te rmine  i f  t h e r e . a r e  s u i t a b l e  e l e c t r o l y t e s  f o r  such a  b a t t e r y ,  

t h e n  t o  e v a l u a t e  t h e  performance of p o t e n t i a l  e l e c t r o d e  m a t e r i a l s  i n  t h e s e  

e l e c t r o l y t e s  and f i n a l l y  t o  de te rmine  f a b r i c a t i o n  v a r i a b l e s  a f f e c t i n g  t h e  

performance o f  e l e c t r o d e s  p repared  from t h e s e  e l e c t r o d e  m a t e r i a l s .  

Th i s  i s  t h e  second r e p o r t  i s s u e d  r e l a t i n g  t o  t h e  development of 

t h i s  wide t empera tu re  r a n g e  b a t t e r y .  The f i r s t  r e p o r t  ('1 d e a l t  p r i m a r i l y  

w i t h  t h e  s t u d y  of e l e c t r o l y t e s .  It was shown t h a t  t h e r e  a r e  e l e c t ' r o l y t e s ,  

s o l v e n t s  p l u s  c o n d u c t i v e  s o l u t e s ,  which a r e  l . iqu id  and h i g h l y  c o n d u c t i v e  

o v e r  t h i s  t empera tu re  range .  I n  a d d i t i o n ,  t h e  impor tan t  v a r i a b l e s  a f f e c t i n g  

e l e c t r o l y t e  c o n d u c t i v i t y  were shown t o  be v i s c o s i t y ,  d i e l e c t r i c  c o n s t a n t ,  

and s o l v a t i n g  a b i l i t y  o f  t h e  s o l v e n t .  It was demonstra ted t h a t  e l e c t r o l y t e s  

cou ld  be p r e p a r e d  whose c o n d u c t i v i t y  changed v e r y  l i t t l e  w i t h  t empera tu re  

( l e s s  t h a n  one o r d e r  o f  magni tude o v e r  t h e  t empera tu re  range)  by u s i n g  

mixed s o l v e n t s .  

The work d e s c r i b e d  i n  t h i s  r e p o r t  i s  concerned w i t h  t h e  develop-  

ment of a  r a p i d  method f o r  t h e  s c r e e n i n g  o f  p o t e n t i a l  e l e c t r o d e  m a t e r i a l s  

. a n d  t h e  a p p l i c a t i o n  of t h i s  s c r e e n i n g  t e c h n i q u e  t o  twenty-nine  m a t e r i a l s .  

Var ious  approaches  have been used f o r  e l e c t r o d e  s c r e e n i n g  i n  t h e  

p a s t  (2-9)  . I n  g e n e r a l ,  t h e  r e s u l t s  of t h e s e  s t u d i e s  have been ambiguous. 
\ 

One s o u r c e  o f  ambigui ty  h a s  a r i s e n  from t h e  methods used i n  f a b r i c a t i n g  

t e s t  e l e c t r o d e s .  I n  many c a s e s  s u b t l e  changes i n  f a b r i c a t i o n  t e c h n i q u e s  

r a t h e r  t h a n  i n  t h e  a c t i v e  m a t e r i a l s  used,  have been found t o  i n f l u e n c e  



performance appreciably (2y ') . Reproducibility of electrbde performance 

has been poor. In general, the optimized electrode structure for one elec- 

trode material cannot be assumed to be so for another material. For the 

rapid screening of a sizeable number of electrode materials, it is obviously 

too time consuming to attempt to prepare an optimized electrode structure 

in each case. Another source of ambiguity in the results reported, is that 

in some cases, the nature of the active material is not identified. For 

example, the anodization of a metal electrode in an organic electrolyte 

containing a hexafluorophosphate salt is assumed to give a metal fluoride 

electrode (8) .  This supposition has not been substantiated as yet. 

To circumvent the aforementioned pitfalls, the present study uses 

thin anodic films of the desired electrode materials formed on the parent 

metal under appropriate conditions for the formation of this material. 

2. Experimental - 

2.1 Purification and Characterization of Chemicals --------- 

All chemicals used were of the highest purity commercially nvail- 

able and were handled in an inert atmosphere box. Solventsused for this . 

work were obtained from the Eastman Organic Chemical Company (Rochester, 

N.Y.) and were treated as described in a previous report, namely: the 

solvents were dried over molecular sieves, distilled, and the moisture 

content was determined by gas chromatography or Karl-Fisher titration. If 

the solvent contained less than 50 ppm of water it was stored in sealed 

glass ampules until used. 

Thermogravimetric analyses were run on all solid materials obtained 

to determine the maximum temperature to which they could be heated to remove 



moisture without decomposition. The suppliers and the treatment given 

each solute and electrode material are given in tables 1- and 2. After 

that treatment, an x-ray powder pattern was taken to confirm the purity 

of the material. Each material was stored in evacuated glass ampules 

until used. 

Tetrabutylammonium hydroxide was not commercially available. It 

was prepared by the reaction 

Ag20 + 2Bu4NI 4- H20 ---------- 2AgI i- 2Bu4NOH 

in aqueous medium, according to previously reported techniques (10,11) 

The product was shown to be free of the iodide ion. Titration of"the 

product of this reaction with acid showed that the yield was 86% based on 

the original tetrabutylarnrnonium iodide. 

Anhydrous hydrogen fluoride was obtained from the Matheson 

Company. 

The suppliers and dimensions of the metals used as substrates 

in the preparation of anodic films are given in table 3. 

2.2 Equipment - 
The following equipment was used: General Radio Type 1650A 

impedance bridge; Hewlett-Packard Vacuum Tube Voltmeter, Model 412A; 

Hewlett-Packard X-Y recorder, Model 2U-2AM; Malmstadt-Enke polarographic 

unit with a chopper stabilized operational amplifier system; Keithley Solid 

State Electrometer, Model 602; North Hills Electronics, Model CS-120, 

constant current supply; and F and M Model 810 gas chromatograph. The 

argon-filled inert atmosphere box equipped with a vacuum exchange entry 

post and the distillation equipment have been previously described ('3. 



TABLE 1 

CATHODE MATERIAL SUPPLIERS AND TREATMENT 

Material 

AgF 
CuF2 
cuc 1, 
CuCl 
cuo 
Cu20 

CrF2 
CrF3 
CrC12 
CrC 1 
Cr203 

MnF2 
MnC l2 
Mn0, 
MnO 

NiF2 
NiC1, 
NiO 

Alfa Inorganics, Inc . 
Alfa Inorganics, Inc. 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 

Ozark Mahoning 
Fisher Scientific 
Alfa Inorganics, Inc . 
Alfa Inorganics, Inc . 
Ozark Mahoning 
Ozark Mahoning 
Fisher Scientific 
Fisher Scientific 
Fishes Scientific 

Ozark Mahoning 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher ScientiIic 

Optovac, Inc. 
Fisher Scientific 
Fisher Scientific 
Sergent and Co. 

Ozark Mahoning 
Fisher Scientific 
Fisher Scienrif ic 

. De c omg . Temp. * Treatment. Refnre ITse 

25'~ at 10)~ pressure 
0 

25 C at 1 5 p  pressure 
125'~ at 1 5 p  pressure 
2 5 : ~  at 3 p  pressure 
100o at 15& pressure 
100 at pressure 

U 
25 C at 15,u pressure 
200'~ st 1.5,~ pressure 
25:~ at l5,u pressure 
105 C at 3 . 5 ~  pressure 

0 
25 C at 1 5 u  pressure 
25:~ at l5p pressure 
100oC at 1 5 ~  pressure 
25 C at' 154 pressure 
150'~ at 1 5 ~  pressure 

0 
25 C at 1 5 ~  pressure 
25:~ at 15,u pressure 
200 C a t  15+ pressure 
150'~ at 1 5 ~  pressure 
150'~ at 15& pressure 

0 
25 C at 5.5p. pressure 
250:~ at 5 ,& pressure 
250 C at 1 5 p  pressure 

0 
250 C at 20p. pressure 

250'~ at 1 5 ~  pressure 
3 0 0 ~ ~  at l5p pressure - 0 
110 C at l5y/ pressure 

* As determined from Thermogravimetric Analysis. 

4 



TABLE 2 

Material 

SOLUTE SUPPLIERS AND TREATMENT 

Treatment Before 
Supplier Decomp. Temp.* Use (pressure) 

( CHsCH2 )*NF Southwestern Chem. CO. 80°c 25'~ at 1 0 p  

~ h e n ~ l ( ~ ~ ~ ) ~ ~ ~ l  K and K Laboratories . - - 25'~ at l o p  
, 

KF Baker and Adamson > 50o0c 200'~ at 10 p 

CaF2 Fisher Scientific Co. ) 500°C 200'~ at 1 0  p 

LiC10, G. Frederick Smith Chem. Co. > 500°c 1 6 0 ~ ~  at l o p  

I * As determined from thermogravimetric analysis. 



TABLE 3 

METAL SUBSTRATES 

'Metal 

Cobalt 

Nicke 1 

Copper . . 

Manganese 

Iron 

Chrnrni,urn 

Silver 

Supplier 

Var Lac Oid Chemical Co. 
El izabech; New J'ersey 

Var Lac Oid Chemical Co. 
Elizabeth, New Jersey 

Central Steel and Wire Co. 
Milwaukee, Wisconsin 

F'oote Mineral 
Knoxville, Tennessee 

Semi Elements, Inc. 
Saxonburg, Pennsylvania 

Atlantic Equipment Engineers 
Earganfiold, Mcw Jc rocy  

Leach and Garner Co. 
Attleboro, Massachusetts 

0.040" drawn wire 
4Y Y"/ .. 

.' - 
o pure 

0.080" drawn wire 
99.5% pure 

0.050" drawn wire 
99.9% pure 

Various Size Electrolytic 
flakes 

99.99% pure 

0.0501t drawn wire 
99.99% pure 

0.080" hot  pressed wire 
33,3$ pure ' 

0.020" drawn wire 
99.99% pure 



2.3 Techniques used f o r  Screeninp of P o t e n t i a l  Cathode Mate r i a l s  

2.3.1 Se l ec t ion  of Ma te r i a l s  

T h e r e ' a r e  a  l a r g e  number of p o t e n t i a l  e l e c t r o d e  m a t e r i a l s  

which could be screened f o r  b a t t e r y  a p p l i c a t i o n s .  Since the  des i r ed  b a t t e r y  

r e q u i r e s  50 watt-hours per  pound of t o t a l  b a t t e r y  weight,  eva lua t ion  of 

m a t e r i a l s  which t h e o r e t i c a l l y  cannot supply t h i s  s p e c i f i c  energy can be  

excluded. For t h a t  ma t t e r ,  e l ec t rode  couples  which a r e  no t  capable of 

providing a  ininimum of 200 watt-hours per  pound can l i kewise  be excluded 

because of t h e  ex t en t  of a n t i c i p a t e d  p a r a s i t i c  weight i nc reases  i n  t he  system 

caused by e l e c t r o l y t ~  sepa ra to r ,  c u r r e n t  c o l l e c t o r s ,  a d d i t i v e s ,  b a t t e r y  cases ,  

and unused po r t ions  of t he  a c t i v e  m a t e r i a l s .  There remains, however, a  

l a r g e  number of m a t e r i a l s  which a r e  s t i l l  t h e o r e t i c a l l y  capable of provid ing  

t h e  des i r ed  s p e c i f i c  energy. Since t h e  amount of time and e f f o r t  t h a t  can 

be spent  on such a  screening  program (cathode m a t e r i a l s  i n  t h i s  case)  i s  

l i m i t e d ,  i t  was decided t o  concen t r a t e  on t h e  oxides ,  f l u o r i d e s  and c h l o r i d e s  

of t r a n s i t i o n  meta ls .  The s e l e c t e d  m a t e r i a l s  a long wi th  t h e  s p e c i f i c  energy 

of va r ious  e l e c t r o d e  couples  a r e  given i n  t he  t a b l e  LC. This group con ta ins  

what appears a t  t h i s  t ime t o  be t h e  most promising m a t e r i a l s  f o r  t h i s  s tudy.  

2.3.2 Test  E l e c t r o l y t e s  - 

The e lec t rochemica l  eva lua t ion  of e l e c t r o d e  m a t e r i a l s  r e q u i r e s  

s p e c i a l  e l e c t r o l y t e s  which a r e  capable  of p rov id ing . the  app ropr i a t e . i ons  

requi red  by t h e  e l e c t r o d e  mechanism.' Two types of mechanisms f o r  t he  s tudy 

of p o s i t i v e  e l e c t r o d e s  can be proposed i n  which t h e  e l e c t r o l y t e  does n o t  

have t o  provide s p e c i f i c  ions  f o r  the  r e a c t i o n  t o  occur ( t h e  n a t u r e  of  t he  

ions  p re sen t  i n  t h e  e l e c t r o l y t e  does,  however, cori t rol  t h e  natur.e of t h e  

product formed and t h e r e f o r e  i n f luences  the  r e a c t i o n ) .  

In  one case ,  t h e  r e a c t i o n  product i s  so lub le ,  and i n  t h e  

o t h e r  i t  i s  i n s o l u b l e  a t  t h e  e l e c t r o d e  su r f ace .  For example, one could ' 

propose t o  u se  an e l e c t r o l y t e  conta in ing  l i t h i u m  p e r c h l o r a t e  f o r  t h e  evalua-  



TABLE 4 

SPECIFIC ENERGY OF ELECTRODE COUPLES I N  ~ ~ r / l b .  

Anode 
Cathode L i t h i u m  Magnesium Calcium Z i n c  

749.0 566. o CuF2 - - 1'1.4 
CuC l2 477.2 332 - 0 415.0 122.0 
cuc 1 316.3 201.8 271.8 63.8 
cuo 583.5 538 - 0 503.0 166.1 
Cu20 331 7 318.4 314.5 103.8 

CoF2 
coc 1, 
coo 
(3304 

MnF2 
MnC l2 
Mn02 
MnO 

NiF2 
NiC1 ,  
N i O  



tion of a fluoride electrode material, i.e., AgF. The reaction occurring 

at the cathode would be: 

e- + A ~ F  + ~ i +  ------------  
-- &+a 

On the other hand, one could study AgF under conditions which gave a 

soluble reaction product. One could use phenyltrimethylammonium perchlorate 

as a solute since phenyltrimethylammonium fluoride is soluble in organic 

solvents. The electrode reaction would then be: 

e- + AgF ------------------  - - Ag + F- 
One sees, however, that the electrode would immediately polarize on dis- 

charge since the potential of the electrode would be controlled by the 

~erns t equation: 

E = Eo - 0.059 log F- 

A plot of this relationship is shown in figure 1. To avoid the initial 

polarization exhibited by the left hand portion of the curve, it would be 

desirable to discharge the electrode in a medium already containing fluoride 

ions. To do this requires the use of an electrolyte containing a soluble 

fluoride. 

Similar reasoning can be applied to the chloride studies. 

The oxide studies pose an additional complication. To form an 

insoluble product, one could use lithium perchlorate as before: 

To form a soluble reaction product, however, the following reaction would 

have to occur: 

and one would have to develop an electrolyte which contained a soluble 

hydroxide while tolerating an appreciable concentration of water. 

With the objective of developing these special electrolytes in 



Effect s f  Fluoride Ion Concentratinn 
, on Si.lver F l u o r i d e  E l e c t r o d e  Poten. t ia1  

0 
. + 

Fluoride Iut l  C u ~ ~ c e n  t r a  tisn 
(moles/liter) 
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mind, five of the solvent systems found in previous electrolyte studies (1 

were chosen on the basis of their general high conductivity with the 

solutes studied, and compatibility with the temperature range required. 

They are acrylonitrile ,(AcN), 60% acetonitrile - 40% dimethylformamide (AN-DMF), 

60% acetronitrile - 40% N-nitrosodimethylamine (AN-NDA), 55% acetonitrile - 

45% 2-butanone (AN-2B) and 2-butanone (2B). The solubility and conductivity' 

of lithium perchlorate has already been shown to be quite good inthese solvent 

systems ( I , ) ,  One. could then evaluate the performance of .metal oxides, 

chloridesand fluorides under the condition of insoluble reaction products 

(formation of insoluble lithium salts).,' Suitable solutes, however, had to 

be found to evaluate these materials under conditions which would not 

precipitate the reaction products on the electrodes. 

Two fluoride-containing solutes were investigated as possible 

sources .of soluble fluoride: calcium fluoride and tetraethylammonium 

fluoride. Calcium fluoride was found to be insoluble in the solvents 

chosen. ~etraeth~lammonium fluoride was found to react vigorously with 

acryloni.trile. While tetraethylammonium fluoride was not completely soluble 

in the other (four) electrolytes at one molal concentration, the conductivity 

of saturated solutions of it in these solvents was reasonably good (see 

table 5). 

Two chloride-containing solutes were tested, magnesium chloride 

and phenyltrimethylammonium chloride (OMe NC1). Five of the possible eight 3 

combinations of these solutes with the solvents were found to give reasonably 

conductive solutions. The conductivities of these five electrolytes are 

given in table 5-. , 

The development of a suitable hydroxide containing electrolyte , 

requires not only a soluble hydroxide which gives a conductive electrolyte 



TABLE 5 

E U C T R O L Y T E  CONDUCTIVITY 

Solute. 
( lm> 

E t4NF 
E t4NF 
E t4NF 
E t4NF 

LiC10, 
LiC104 
LiC 10, 
LiC10, 

Key: AN-2B 
AN-DMF 
AN-NDA 
2 B 
AcN 

Conductivity 
(25'~) 

AN-2B 1.8 x 
AN-DMF 1 . 4 , ~  
AN-NDA 6.9 lo-, 
2B . 1.0 lo-, 

AN-DMF ' 
AN - NDA 
AcN 
AN-DMF 
AN-NDA 

AN-DMF 
AN-NDA 
AN-2B 
2 B 

AN-DMF 
AN- NDA 
AN-2B 
2E 

55 mole $ Acetonitrile - 45 mole % 2-Butanone 
60 mole $ Acetonitrile - 40 mole $ Dimethylformamide 
60 mole $ ~cetonitrile - 40 mole $ N-nitrosodimethylamine 
2-butanone 
Acrylonitrile 

Tetraethylammonium fluoride 
Phenyltrimethylamrnonium chloride 
Tetrabutylammonium hydroxide 



. . 
but  a l s o  an e l e c t r o l y t e  which i s  capable of t o l e r a t i n g  apprec iab le  amounts 

of water ,  s i n c e  water  i s  requi red  i n  t h e  proposed mechanism f o r  oxide reduc- 

t i o n .  Water was found t o  be immiscible wi th  a c r y l o n i t r i l e ,  e l imina t ing  t h i s  

so lvent  from t h e  screening  of oxides.  The exper imenta l ly  determined phase 

diagrams f o r  t h r e e  so lvent  mixtures  ( a c e t o n i t r i l e  - 2-butanone, a c e t o n i t r i l e  - 

N-nitrosodimethylamine, and a c e t o n i t r i l e  - dimethylformamide) a r e  given i n  

f i g u r e  2. Table 6 g ives  t he  composition of organic  so lven t s  and water 

? 
which f r e e z e  below -54 '~.  The conduct iv i ty  of s o l u t i o n s  of tetrabutylamrnonium 

hydroxide,(Bu4NOH) i n  organic  so lven t s  were found t o  be reasonably good a t  

room temperature,  ( t a b l e  5-). 
P 

2.3.3 S t a b i l i t y  of Cathode g a t e r i a l s  i n  t h e  E l e c t r o l y t e s  

For . t he  i n i t i a l  r ap id  screening  of e l e c t r o d e  m a t e r i a l s ,  the  

s t a b i l i t y  c r i t e r i a  were: 1 )  no v i s i b l e  i n t e r a c t i o n  between t h e  e l e c t r o d e  

m a t e r i a l  and the  organic  so lven t ;  2) s u f f i c i e n t l y  low s o l u b i l i t y  of t h e  

e l e c t r o d e  m a t e r i a l s  i n  t h e  s o l v e n t s  t o  permit  t h i n  f i l m  eva lua t ions .  

The s t a b i l i t y  of each m a t e r i a l  of i n t e r e s t  i n  f i v e  organic  

, so lven t s  was determined by adding some of the  organic  so lvent  (approximately 

5 ml) t o  a  small  quan t i t y  qf t he  m a t e r i a l  (approximately 5 grams) i n  a  g l a s s  

tube i n  an i n e r t  atmosphere box. Af te r  f i l l i n g ,  t h e  tubes were immediately 

s ea l ed .  The tubes were checked i n i t i a l l y ,  a f t e r  two hours ,  a f t e r  24 hours ,  

two days, one week and t h i r t y  days t o  determine i f  any v i s i b l e  i n t e r a c t i o n  

had occurred.  A h a t e r i a l  was c a l l e d  s t a b l e  only i f  t h e r e  was no apparent  

i n t e r a c t i o n  wi th  the  so lven t  a f t e r  t h i r t y  days. 

2.3.4 P r e p a ~ r i o n  of Test  E lec t rodes  

The approach used t o  f a b r i c a t e  t e s t  e l e c t r o d e s  was t o  

anodida l ly  form f i lms  of the  m a t e r i a l s  ' t o  be' s t ud ied ,  us ing  the  parent  metal 

.or s u b s t r a t e  axid a p p r o p r i a t e  experimental  cond i t i ons .  In  gene ra l ,  t h i s  meant 
, t  . . . 
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Figure  2 

Phave Diagram of Mixtures u 1  O r g t h i r :  
s o l v e n t s  w i t h  Water 
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TABLE 6 

COMPOSITION OF SOLVENTS FREEZING BELOW -54'~ 

Solvent Maximum Water Content 

60 mole % Acetonitrile - 40 mole % Dimethylformamide . 25 mole $ H20 

60 mole % Acetonitrile - 40 mole % N-nitrosodimethylamine 4.5 mole % H20 

55 mole % Acetonitrile -- 45 mole % 2-Butanone 2.5 mole $ H20 

2-Butanone 4 mole '$ H20 



a n o d i z i n g  a  p i e c e  o f  m e t a l  i n . a n  ' a p p r o p r i a t e  e l e c t r o l y t e  and t h e n  t e s t i n g  

t h e  f i l m  formed i n  t h e  d e s i r e d  non-aqueous medium. S i n c e  no c o n d u c t i v e  

a d d i t i v e s ,  expanders ,  b i n d e r s ,  c u r r e n t  c o l l e c t o r s ,  e t c .  a r c  r c q u i r e d  f o r  

t h i n  f i l m s  o f  m a t e r i a l  i n  i n t i m a t e  c o n t a c t  w i t h  a  c o n d u c t i v e  m e t a l  s u r f a c e ,  

t h e  r e s u l t s  o b t a i n e d  from such an e l e c t r o d e  should be optimum f o r  t h a t  e l e c -  

t r o d e  m a t e r i a l ,  s o  l o n g  a s  deep d i s c h a r g e s  a r e  n o t  r e q u i r e d .  

The u s e s  o f  w i r e  s u b s t r a t e s  embedded i n  'an epoxy r e s i n  h a s  

a  d i s t i n c t  advantage o v e r  o t h e r  e l e c t r o d e  c o n f i g u r a t i o n s  because  o f  t h e  

e a s e  o f  reproduc ing  t h e  s u r f a c e  a r e a  o f  t h e  e l e c t r o d e .  A l l  t h a t  would be  

r e q u i r e d  i s  t o  p o l i s h  t h e  ends  of t h e  w i r e s  t o  renew t h e  e l e c t r o d e  s u r f a c e .  
j : 

It was ' found, however, t h a t  a  s a t i s f a c t o r y  bond a long  t h e  edges  o f  t h e  m e t a l  ' 

w i r e  collld no t  be ob ta ined  and t h e r e f o r e ,  t h e  s u r f a c e  a r e a  of t h e  e l e c t r o d e  

c o u l d  n o t  b e  c o n t r o l l e d .  To c i rcumvent  t h i s  problem, a  m e t a l  dis'c e l e c t r o d e  

was used .  The s i z e  of t h e  m e t a l  d i s c  (66.1  nun2) was l a r g e  enough s o  t h a t  

e f f e c t s  caused by t h e  c o n t a c t  w i r e  ( s p o t  welded t o  t h e  d i s c )  was minimal.  

T h i s  e l e c t r o d e  was found t o  b e  s a t i s f a c t o r y  f o r  t h e  i n i t i a l  s t u d i e s .  L a t e r ,  

i t  was found t h a t  a  s u i t a b l e  e l e c t r o d e  cou ld  be o b t a i n e d  u s i n g  h e a t - s h r i n k a b l e  

t e f l o n  t u b i n g  (Penntube P l a s t i c s  Company, C l i f t o n  Heigh t s ,  Pa . )  p rov ided  n o t  

t o o  much f o r c e  was a p p l i e d  t o  t h e  w i r e  d u r i n g  p o l i s h i n g .  A l l  subsequent  

e l e c t r o d e s  ( o t h e r  t h a n  t h e  s i l v e r  e l e c t r o d e s )  were t h e r e f o r e  p r e p a r e d  u s i n g  

t h e  h e a t - s h r i n k a b l e  t u b i n g .  

The s t u d y  o f  manganese was hampered by t h e  l a c k  of manganese 

rod .  No s u p p l i e r s  cou ld  be found who were  a b l e  t o  supp ly  50 thousand ths  

manganese r o d s .  At tempts  t o  f a b r i c a t e  manganese s u b s t r a t e s  from e l e c t r o l y t i c  

f l a k e  met w i t h  o%ly l i m i t e d  s u c c e s s .  The roughness  o f  t h e s e  f l a k e s  and t h e  

problems encounte red  i n  a t t e m p t i n g  t o  p o l i s h  such a  r e f r a c t o r y  and b r i t t l e  

m a t e r i a l  made i t  i m p o s s i b l e  t o  produce a  s e r i e s  o f  e l e c t r o d e s  o f  un i fo rm 

a r e a .  



Films o f  t h e  d e s i r e d  m a t e r i a l s  were  formed on t h e s e  m e t a l  

s u b s t r a t e s  by a n o d i z a f i o n  i n  a p p r o p r i a t e  e l e c t r o l y t e s .  I n  t h e  c a s e  o f  m e t a l  

f l u o r i d e s ,  anhydrous hydrogen f l u o r i d e  was used.  To make t h e  hydrogen 

f  l u o k i d e  conduc t ive ,  t h e  s o l u t i o n s  were made one mola l  i n  po tass ium.  f l u o r i d e .  

The h a n d l i n g  o f  anhydrous hydrogen f l u o r i d e  r e q u i r e d  t h e  development o f  

s p e c i a l  equipment and t echn iques .  A l i n e  was f a b r i c a t e d  f o r  h a n d l i n g  t h e  

anhydrous hydrogen f l u o r i d e  from commercia l ly  a v a i l a b l e  t e f l o n  t u b i n g ,  

v a l v e s ,  t e e s  and a d a p t o r s  ( F i s h e r  S c i e n t i f i c  Company, Chicago, I l l i n o i s ) .  

A d iagram of t h i s  l i n e  i s  shown i n  f i g u r e  3. An a l l  t e f l o n  c e l l  was 

c o n s t r u c t e d  ( f i g u r e  4) which was s e a l e d  w i t h  an  "e thy lene-propy lene"  t y p e  

559N r u b b e r  o - r i n g  (Minnesota Rubber Company , Minneapol i s ,  Minneso ta ) .  

No problems were encountered i n  t h e  t h e  u s e  of t h i s  equipment and hydrogen 

f l u o r i d e  was found t o  b e  r e l a t i v e l y  e a s i l y  handled.  With r e f e r e n c e  t o  

f i g u r e  1, t h e  f i r s t  (upst ream) c e l l  was T i l l e d  wi th  hydrogen f l u o r i d e  by 

c o o l i n g  i t  w i t h  a ' d r y  i c e - a c e t o n e  b a t h  and p a s s i n g  hydrogen f l u o r i d e  through.  

A f t e r  f i l l i n g  t h e  c e l l ,  t h e  f l o w  was s h u t  o f f .  The hydrogen f l u r o i d e  was 

t r a n s f e r r e d  i n t o  t h e  second (downstream) c e l l  by p a s s i n g  h i g h  p u r i t y  n i t r o g e n  

through t h e  f i r s t  c e l l  and through t h e  coo led  second c e l l .  T o t a l  t ime t o  f i i l  

t h e  f i r s t  c e l l  and t r a n s f e r  t h e  hydrogen f l u o r i d e  t o  t h e  second c e l l  was 

u s u a l l y  less t h a n  one hpur .  A t  f i r s t ,  hydrogen f l u o r i d e  was removed from 

t h e  c , e l l  by p a s s i n g  n i t r o g e n  o v e r  i t  u n t i l  i t  evapora ted .  Th is  was found 

t o  b e  u n s a t i s f a c t o r y  because  t h e  po tass ium f l u o r i d e  i n  t h e  hydrogen f l u o r i d e  

would d e p o s i t  on t h e  e l e c t r o d e s .  A syphon was p laced  i n  t h e  bottom of t h e  

c e l l  s o  t h a t  t h e  hydrogen f l u o r i d e  c o u l d  be t r a n s f e r r e d  i n  l i q u i d  form t o  a 

t r a p  from which i t ' c o u l d  be v a p o r i z e d  and d i sposed  o f  by p a s s i n g  through a 

magnesium o x i d e  and ca lc ium f l u o r i d e  t r a p .  . A l l  e l e c t r o d e s  were mounted 

th rough  t h e  t e f l o n  c e l l ,  s i z e  on s i z e  ( i . e . ,  20 thousand ths  w i r e  i n  a 20 
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Anhydrous Xydroqen Fluoride System 
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F i g u r e  4 

T e f l o n  ~ y d r o g e n  F l u o r i d e  C e l l  

T e f l o n  P i p e  Adapter 

E l e c t r o l y t e  Syphon 

" ~ t h ~ l e n e - p r s p y l e n e "  
O-ring.  
P la t inum E l e c t r o l y t e  
Level  E l e c t r o d e .  
Working and Refe rence  
w i r e s  embedded i n  h e a t -  
s h r i n k a b l e  t u b i n g .  

Counter  E l e c t r o d e  

Tef lon  C o n t a i n e r  w i t h  
50 m l  c a p a c i t y .  

Potass ium F l u o r i d e  



t h o u s a n d t h s  h o l e ) .  No l e a k a g e  was d e t e c t e d .  N o  ev idence  was found f o r  

t h e  p r e s e n c e  of an i m p u r i t y  peak on t h e  c y c l i c  v o l t a m o g r a m s  of  t h e  1 M  

KF - hydrogen f l u o r i d e  e l e c t r o l y t e ,  which h a s  been r e p o r t e d  by Burrows 

and J ' a s i n s k i  ( I 2 ) .  The f l u o r i d e  e l e c t r d d e s  were l e f t  i n  t h e  t e f l o n  c e l l s  

and b rought  d i r e c t l y  i n t o  t h e  i n e r t  atmosphere box v i a  t h e  vacuum exchange 

p o r t  s o  a s  t o  avo id  any c o n t a c t  w i t h  t h e  atmosphere.  , 

The fo rmat ion  o f  ox ide  and c h l o r i d e  e l e c t r o d e s  r e q u i r e d  no 

s p e c i a l  equipment o t h e r  t h a n  t h a t  needed t o  m a i n t a i n  an i n e r t  atmosphere 

o v e r  t h e  fo rmat ion  c e l l .  A l l  e l e c t r o d e s ,  once formed, were r i n s e d  i n  

d i s t i l l e d  wa te r  and immediate ly  t r a n s f e r r e d  t o  t h e  vacuum exchange p a r t  o f  

t h e  i n e r t  atmosphere box. They were  h e l d  under  vacuum f o r  a 'minimum of  

t h i r t y  minu tes  b e f o r e  be ing  a l lowed t o  e n t e r  t h e  box p r o p e r  f o r  t e s t i n g .  

A summary of t h e  t e c h n i q u e s  and c o n d i t i o n s  used f o r  forming 

each o f  t h e  e l e c t r o d e  m a t e r i a l s  i s  g i v e n  i n  t a b l e  7 .  

2.3 .5  E lec t rochemica l  T e s t i n g  C r i t e r f a  

The performance c r i t e r i a  r e q u i r e d  t o  q u a l i f y  an  e l e c t r o d e  

m a t e r i a l  f o r  f u t u r e  e v a l u a t i o n  were: e s t a b l i s h m e n t  of a  r e p r o d u c i b l e  open 

I 

c i r c u l t  p o t e n t i a l  ($ 1 mvj i n  t h e  o r g a n i c  e l e c t r o l y t e ,  a b i l i t y  t o  r e t u r n  

t o  t h i s  p o t e n t i a l  a f t e r  smal l  o v e r p o t e n t i a l s  (10 mv) had been a p p l i e d  and 

t h e  a b i l i t y  t o  produce r e a s o n a b l e  c u r r e n t  d e n s i t i e s  ( g r e a t e r  than  40 p!cm2) 

a t  l i m i t e d  p o l a r i z a t i o n s  (5 mv). 



TABLE 7 

PREPARATIVE TECHNIQUES FOR THIN FILM ELECTRODES FORMATION 

Material To Tech. 
No. Be Deposited Electrolyte Technique Ref. 

1mKF-HE Potentiostatic anodization of silver. 

AgC 1 1M KC1 aq. Galvanostatlc 0.5ma. 
0 .M H C l  aq. Galvanostatlc 0.5ma. 
Molten AgCl Silver wires dipped into molten AgC1. 

Pressed silver chloride onto silver substrates. 
Pressed silver chloride + 10% acetylene black onto 
silver substrate. 

Ago 

CuF2 

cuo 

Cu20 

CoF2 

coo 

1M KOH aq . Galvanostatic 0.5ma. 

lm KF-HF Potentiostat ic anodization +O. 5V vs CU/CUF~ 

1M KOH aq. Galvanostatic 4ma/cm2. 

1 M  KOH aq. Galvanostatic 4ma/c&. 

lm KF-HF Potentiostatic +O. 5V 

6~ KOH aq . Potentiostatic cathodes cleaning at -1.40~ vs calomel 
followed by potentiostatic anodization at +0.35 volts. 

lm KF-HE Potentiostatic +O. 5V. 

lm KOH Galvanostatic 0.01-4ma/c&. 

lm KF-HE Potentiostatic +O. 5V. 

Borate buffer Potentiostatic anodization of iron at -750mv vs 
calomel reference. 

Borate buffer Potentiostatic anodization of iron at -730mv vs 
calomel. 

. . 

lm KOH aq. Galvanostatis 0.01 -4ma/cm2. Mn02 ' 

NiF2 

NiC12 

NiO 

lm KF-HE Potentiostat ic +O. 5V. 

lm KC1 aq. Galvanostatic 0.01 -4ma/cr8. 

0.2M KOH aq. Potentiostatic cathodic cleaning at - 0 . 4 ~  vs calomel 
followed by anodic scan (2mv/sec.). 

1M KOH aq. Galvanostatic 0 .O1 -4ma/cm2. 



3 .  ~ e s u l t s  and Discussion 

3.1 S t a b i l i t y  Tes t s  

The r e s u l t s  of t h e  s t a b i l i t y  t e s t  of t he  e l e c t r o d e  m a t e r i a l s  

a r e  summarized i n  t a b l e  8 . It should be noted t h a t a t h e  only m a t e r i a l s  

which were excluded from t h e  screening  program because of t h e  l a c k  of 

s t a b i l i t y  i n  any of t he  f i v e  so lven t s  were the  ch lo r ides  of copper,  c o b a l t ,  

chromium and iron.' 

I n  t h e  case  of  orle m a t e r i a l ,  s i l v e r  ch lo r ide ,  t h e  s t a b i l i t y  

c r i t e r i a  were found t o  be inadequate .  S i l v e r  c h l o r i d e  seemed t o  be some- 

what s o l u b l e  i n  t he  organic  so lven t  bu t  t h e  ex t en t  of s o l u b i l i z a t i o n  could 

n o t  be es t imated  from v i s u a l  observa t ions .  The s o l u b i l i t y  of s i l v e r  c h l o r i d e  

was t h e r e f o r e  determined in' each of t h e  so lven t s  a t  room temperature,  s e e  

t ab l e .%.  On t h e  b a s i s  of t h i s  a d d i t i o n a l  information,  s i l v e r  c h l o r i d e  was 

deemed s u f f i c i e n t l y  i n s o l u b l e  i n  one molal phenyltrimethylantmonium c h l o r i d e  -- 

60 mole % a c e t o n i t r i l e  - 40 mole % dimethylformamide and one molal p h e n y l t r i -  

methylammonium c h l o r i d e  --  a c r y l o n i t r i l e  t o  permit i t s  eva lua t ion .  

3 .2  E lec t rode  P repa ra t ion  Tes ts  

The r e s u l t s  of t he  e l e c t r o d e  p repa ra t ion  s t u d i e s  a r e  summarized 

i n  t a b l e  -- 10 .  As can r e a d i l y  be seen from t h i s  t a b l e ,  t h e  requirement t h a t  

an anodic f i l m  of t he  t e s t  m a t e r i a l  be formable on the  parent  metal  g r e a t l y  

l i m i t s  t h e  number of m a t e r i a l s  which can be screened. Only seven o u t  of t h e  

s ix teen .mater ia1 .s  which passed t h e  s t a b i l i t y  t e s t s  could be depos i ted  a s  

anodic f i l m s .  I n  t h e  c a s e  of s i l v e r  f l u o r i d e ,  i t  i s  known t h a t  s i l v e r  '(I) 

f l u o r i d e  was s o l u b l e  i n  anhydrous hydrogen f l u o r i d e  ( s e e  t a b l e  4). It was 

hoped t h a t  s i l v e r  (11) f l u o r i d e  which i s  much l e s s  s o l u b l e  could be formed. 

Visual observa t ions  of t he  e l e c t r o d e  and c y c l i c  voltammograms both confirm 

t h a t  on ly  so lub le  products  a r e  formed on t h e  anodizing of s i l v e r  i n  hydrogen 



TABLE 8 

COMPATIBILITY ,OF ELECTRODE MATERIAL WITH ORGANIC SOLVENTS 

gaterial Solvent* Observation** Conclusion 

CuF2 2-B 
AN 
NDA 
AcN 
DMF 

cuc 1 

cuc 12 

cuo 

2- B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
ND A 
AcN 
DMF 

No Reaction 
No Reaction 
No Reaction 
AcN polymerized 
No Reaction 

Stable 
Stable 
Stable 
Unstable 
Stable 

No Reaction Stable 
Soluble, Reaction Unstable 
No Reaction Stable 
Soluble, Reaction, Black ppt. Unstable 
Soluble, Reaction, green ppt. Unstable 

Reaction, black ppt . Unstable 
Reaction, yellow solution Unstable 
Soluble, Reaction, orange ppt. Unstable 
Reaction, Soluble Unstable 
Reaction, Sample changed color Unstable 

No Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

No Reaction 
No Reaction 
No ~eaction 
No Reaction 
No Reaction 

No Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

Soluble - immediately 
Soluble - immediately 
Soluble - immediately 
Soluble - immediately 
Soluble - immediately 

Stable 
Stable 
Stable 
Stable 
Stable 

Stable 
Stable 
Stable 
Stable 
Stable 

Stable 
Stable 
Stable 
Stable 
Stable 

Unstable 
Unstable 
Unstable 
Unstable 
Unstable 



TABLE 8 

COMPATIBILITY OF ELECTRODE MATERIAL WITH ORGANIC SOLVENTS ( ~ o n t  'd) 

Material Solvent* Observatiod+* ~ o n c  ius ion 

coo * 2-B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
D m  

2-B 
AN 
r n A  
AcN 
DMF 

2-B 
AN 
NDA 
AcN 
DMF 

2- B 
AN 
NDA 
AcN 
DMF 

No Reaction 
No Keaction 
No Reaction 
No Reaction 
No Reaction ' 

No Reaction 
No Reaction 
No Keaction 
No Reaction 
No Keaction 

No Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

Possible Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

Reaction, pink and green ppt. 
Reaction, green ppt . 
Reaction, green ppt . 
Reaction, green ppt . 
Reaction, olive. green ppt. 

No Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

No Reaction 
No Reaction 
No Reaction 
No .Reaction 
No Reaction 

Stable 
Stable 
Stable 
Stable 
Stable 

Stable 
Stable 
Stable 
Stable 
Stable 

Stable 
Stable 
Stable 
Stable 
Stable 

Unstable 
Stable 
Stable 
Stable 
Stah1.e 

Unstable 
Unstable 
uriseable 
unstable 
Unstable 

Stable 
Stable 
Stable 
Stable 
Stable 

Stable 
Stable 
Stable, 
Stable 
Stable 



TABLE 8 

COMPATIBILITY OF ELECTRODE ~ T E R I A L  WITH ORGANIC SOLVENTS ( ~ o n t ' d )  

M a t e r i a l  Solvent*  Observa t i o w x  Conc lus ion  

FeC1, 2-B 
AN 
NDA 
AcN 
DMF 

S o l u b l e  
S o l u b l e  
S o l u b l e  
S o l u b l e  
S o l u b l e  

Uns tab le  
Uns tab le  
Uns tab le  
U n s t a b l e  
Uns tab le  

2-B 
AN 
NDA 
AcN 
DMF 

S o l u t i o n  brown 
Brown p p t .  
Red p p t .  
No R e a c t i o n  
No R e a c t i o n  

Uns tab le  
Uns tab le  
Uns tab le  
S t a b l e  
S t a b l e  

2- B 
AN 
NDA 
AcN 
DMF 

Red p p t .  a f t e r  two weeks 
No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  

Uns tab le  
S t a b l e  
S t a b l e  
S t a b l e  
S t a b l e  

2-B 
AN 
NDA 
AcN 
DMF ' 

No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  

S t a b l e  
S t a b l e  
S t a b l e  
S t a b l e  
S t a b l e  

2-B 
AN 
NDA 
AcN 
DMF 

No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  
No R e a c t i o n  

S t a b l e  
S t a b l e  
S t a b l e  
S t a b l e  
S t a b l e  

S l i g h t  whiLe p p t .  
S l i g h t  w h i t e  p p t .  
S l i g h t  w h i t e  p p t .  
S l i g h t  w h i t e  p p t .  
S l i g h t  w h i t e  p p t .  

S t a b l e  
S t a b l e  
S t a b l e  
S t a b l e  
Stable  

2-B 
AN 
NDA 

. AcN 
DMF 

MnC 1, 2-B 
AN 
NDA 
AcN 
DMF 

White suspens ion ,  r e a c t i o n  
No React ' ion 
N o  R e a c t i o n  
No R e a c t i o n  
S o l u b l e  

Uns tab le  
S t a b l e  
S t a b l e  
S t a b l e  
Uns tab le  



TABLE 8 
I 

Material Solvent* Conclusion 

MnO, 2-B 
AN 
NDA 
AcN 
LIME' 

No Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

Stable 
Stable 
Stable 
Stable 
Stable 

2-8 
AN 
NDA 
AcN 
DMF 

No Reaction 
No Reaction 
No Reaction 
No React ion 
No Reaction 

Stable 
Stable 
Stable 
Stable 
Stable 

2-B 
AN 
NDA 
AcN 
DMF 

No Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

Stable 
Stable 
Stable 
Stable 
Stable 

2-B 
AN 
N D A  
AcN 
DMF 

No Reaction 
30 days, orange-green ppt. 
No Reaction 
No Reaction. 
Reaction, blue solution 

Stable 
Unstable 
Stable 
Stable 
Unstable 

2-B 
At? 
NDA 
AcN 
DMF 

No Reaction 
No Reaction 
Fine white ppt. 
No Reaction 
Fine white ppt. 

- NiO Stable 
Gtablc 
Stable 
Stable 
Stable 

2-B 
AN 
NDA 
AcN 
DMF 

No Reaction 
React ion 
Reaction 
Reaction 
Rrac Civrl 

Stable 
Unstable 
Unstable 
Unstable 
Unstable 

2-B 
AN 
NDA 
AcN 
DMF 

React ion 
Partially Soluble 
Partially Soluble 
Partially Soluble 
Partially Soluble 

Unstable 
Questionable 
Quest ionable 
~uestiohable 
Quest ionable 



TABLE 8 

COMPATIBILITY OF ELECTRODE MATERIAL WITH ORGANIC SOLVENTS ( ~ o n t  ' d ) 

Material Solvent* 

2 - B  
AN 
NDA 
AcN 
DMF 

No Reaction 
React ion 
React ion 
React ion 
Reaction 

Conc lus ioti 

Stable 
Unstable 
Unstable 
Unstable 
Unstable 

* Key to Solvents: 2-B 2-Butanone 
AN Acetonitrile 
NDA N-nitrosodimethylamine 
AcN Acrylonitrile 
DMF Dime t hy 1 formamide 

** No reaction means no apparent reaction. - 



TABLE 9 

SOLUBILITY OF SILVER CHLORIDE IN CHLORIDE CONTAINING ELECTROLYTES 

Electrolyte 

MgC12 - AN-DMF 

lm @Me 3~~ 1 - AN- NDA 

lm MgC12 - AN- NDA 

lm @ M ~ ~ N C ~  - AN-DMF 

lm @ M ~ ~ N C ~  - AcN 

Solubility of AgCl 

1.006 rnoles/litcr 

0.339 moles/liter 

0.175 moles/liter 

0.028 rnoles/liter 

0.009 moles/liter 

Key: AN-DMI? - 60 mole % Acetorlitrile - 40 mole % Dimethylformamide 
AcN Acrylonitrile 
~ M ~ ~ N C  1 Phenyltrimethylammonivm Chloride 



TABLE 10 

RESULTS OF ELECTRODE PREPARATION STUDY 

Material Technique Nature of Deposit Formed Conclusion 

AgF 

AgCl 

No film formed, material soluble in HF. Unsatisfactory 

Film formed, potentials in aqueous medium very erratic. 
Film formed. 

Unsatisfactory 
Satisfactory 
Satisfactory 
Satisfactory 
Satisfactory 

Electrode coated. 
Electrode area hard to control. 
Electrode area hard to control. 

Film formed. 

Film formed, see figure 5. Satisfactory 

Satisfactory cuo 

cu,o 

CoF2 

C 00 

CrF3 

Cr203 

FeF3 

Fe203 

Thin film formed. 

Thin film formed. Sztisfactory 

Unsatisfactory Anodic current flow but no film formed, see figures 6 and 7. 
Mon-uniform film, electrode covered. Unsatisfactory 

Unsatisfactory Anodic current flow but no film formed, see figure 10. 
. . 

No film formed. Unsatisfactory 

Unsatisfactory NO evidence of film formation, see figure 8. 
Poor electrode coverage. 
Thin film. 

Unsatisfactory 
Satisfactory 

Incomplete coverage of electrode, electrode area not well 
defined. Unsatisfactory 

Unsatisfactory NiF, 

NiC 1, 

NiO 

No evidence of film formation; see figure 9. 

No film formed. Unsatisfactory 

Nature of film variable and non-reproducible. 
ND film formed. 

Unsatisfactory 
Unsatisfactory 



F i g u r e  5 

C y c l i c  Voltammogram o f  Copper i n  .Anhydrniis 
Hydrogen Fluoride (1M KF) 

+20 

+0.8 +0.6 +0.4 +0.2 0 -0.2 -0.4 -0.5 -0.6 

P o t e n t i a l ,  mv,  vs. C U / C U F ~  

Scan R a t e :  2v/sec 

2 E l e c t r o d e s  : Working Cu (lcm ) 
. Counte r  P l a t i n u m  

Temperature  : 2 3 ' ~  



Figure 6 

Cyclic Voltammogram of Cobalt in 
Anhydrous Eydrogen Fluoride (1M KF) 

ScanRate: 20mv/sec 
1 

Electrodes: 

Working co (1 cm2) 
4 

Counter Co 

Temperature: OOC 

Potential, volts vs. Co 

Figure 7 

Cyclic Voltammogram of Cobalt in 
Anhydrous Hydrogen Fluoride (1M KF) 

I 

Scan Rate: 200 mv/sec 

Electrodes : 

2 Working Co (1 cm ) 

Counter C o 

Temperature: 0% 

Potential, volts vs. Co 



F i g u r e  8 

C y c l i c  Vol tammogrem o f  I r o n  i n  
Anhydrous Hydrogen F l u o r i d e  (1E.l KF) 

+1.5  +1.0 +0.5 0 -0.5 -1.0 . 

P o t e n t i a l ,  v o l t s  v s .  Fe 

F i g u r e  9 

C y c l i c  Voltanmogram o f  Nicke l  i n  
Anhydrous iijidroger? F l u o r i d e  (1M KF) 

Scan Ra te :  

E l e c t r o d e s :  

Working 

Counter  

Temperature :  

S c a n R a t e :  2 0 0 m v / s e c  

E l e c t r o d e s :  

Working N i  (1  cm2) 

Counter  N i 

Temperature :  ' OOC 

P o t e n t i a l ,  v o l t s '  v s .  K i  



F i g u r e  1 0  

C y c l i c  TJol tarmogrsm of  chromium i n  
Anhydrous 1,iydrcgen F l u o r i d e  (114 KF) 

Scan Ra te :  

E l e c t r o d e s  : 

Working 

Counter  

Temperature :  

P o t e n t i a l ,  v o l t s  v s .  C r  



TABLE 11 

SOLUBILITY OF METAL FLUORIDES I N  ANHYDROUS HYDKOCEN FLUORIDE - 

Metal  F l u o r i d e  

C r F 2  

N i F 2  

MnF 73 

S o l u b i l i t y  
g / l O O g  H E  



f l u o r i d e .  No a t tempts  were made t o  f a b r i c a t e  s i l v e r  f l u o r i d e  from 

commerically ava i l abe  m a t e r i a l  because it was f e l t  t h a t  a  meaningful com- 

pa r i son  between r e s u l t s  obtained from such an e l e c t r o d e  wi th  t h e  previous. 

t e s t s  made on anodic f i lms  could not  be made u n t i l  a  d e t a i l e d  s tudy of  

f a b r i c a t i o n  techniques was completed. 

As p rev ious ly  noted,  t h e  manganese s u b s t r a t e s  could not  be 
. . 

obta ined  i n  t he  des i r ed  form. The v a r i a t i o n  i n  su r f ace  a reas  was 

s u f f i c i e n t l y  g r e a t  t o  g ive  poor con t ro l  of charge d e n s i t i e s  and t h e r e f o r e  

poor c o n t r o l  of t h e  anod ica l ly  formed depos i t s .  

3 .3  Electrochemical  Tes ts  

A summary of t h e  r e s u l t s  of t h e  e lec t rochemica l  sc reening  a r e  
\ 

given i n  t a b l e  12. The d e t a i l s  of t hese  t e s t s  a r e  given below under t h e  

app ropr i a t e  heading f o r  each compound. 

3 .3.1 S i l v e r  Oxide E lec t rode  \ 

The p o t e n t i a l s  of f i v e  of t hese  s i l v e r  oxide d i s c  e l e c t r o d e s  

when placed i n  l m  LiC104 - 2-butanone e l e c t r o l y t e  o r  i n  l m  Bu4NOH - 2-butanone 

(4 molal i n  H20) were w i t h i n  one m i l l i v o l t  of each o t h e r .  Af te r  t h e  app l i ca -  

ti011 of small  over p o t e n t i a l s  (10 mv) both nega t ive  and p o s i t i v e  t o  t h e  open 

c i r c u i t  p o t e n t i a l ,  t he  e l e c t r o d e s  r a p i d l y  re turned  t o  t h e  o r i g i n a l  open 

c i r c u i t  p o t e n t i a l  i n  both e l e c t r o l y t e s  ( f i g u r e s  11 and l2). Cycl ic  voltammo- 

grams ( a t  1 mv per  sec .  scan r a t e )  of s i l v e r  oxide e l e c t r o d e  i n  t h e s e  e l ec -  

t rodes showed t h a t  s i l v e r  oxide was capable  of ,producing approximately twice 

t h e  c u r r e n t  a t  a  given p o l a r i z a t i o n  i n  l m  Bu4NOH - 2-butanone than i n  l m  

LiC104 - 2-butanone (sce f i g u r e s  13 and B). 

Cyclic  voltammograms (60 mvlsec) of t h e  s i l v e r  oxide e l e c t r o d e  

:.: i n  l m  LiC104 - 2-butanone gave evidence f o r  t he  ex i s t ence  of a  redox couple 

involv ing  t h e  e l e c t r o l y t e .  The c u r r e n t  was found t o  i nc rease  when t h e  



SUMMARY OF ELECTROCHEMICAL TESTS 

Compound E l e c t r o l y t e *  

AgCl 

CuF2 

c u o  

Cu20 

c o o  

MnO 

Fe203 

Performance 
Open c i r c u i t ( r n v )  -. -- P o l a r i z a t i o n  i - v  - 

+ 0 . 1  Kapid R e c u v e r y  Guud 
To. 1 - Rapid Recovery Very Good 

+o. 5 Rapid Recovery Good 
kc). 5 Rapid Recovery Good 

+0.2 - F a i r  Recovery Poor 

+loo - F a i r  Recovery Poor 

+5.0  - F a i r  Recovery Poor 

k5.0 F a i r  Recovery Poor 

212 5 F a i r  Recovery Poor 

+7 5 F a i r  Recovery Poor 

* AN-DMF = 60 .mole  '$ a c e t o n i t r i l e  - 40 mole % dimethylformamide.  



. Figure  11 

E f f e c t  of Over Potential on S i l v e r  Oxide 
i n  l m  LiC104 - 2-Butanone 

1 2 

Time, minutes  



Figure 12 
'\, 

Effect of Over Potential on.Silver Oxide in 
l r n  [CH~ ( c H ~ )  3] 4 NOH - 2 -Butanope 

0 1 2 

Time, minutes 



Figure 13 

Cyclic Voltamogram of Silver Ox,ide 
in lm LiC104 - 2-3utanone 

Scan Rate: 1 mvlsec 

Electrodes : 
/ 

Working Ago (66 m2) 

Counter Ag 

Temperature : 23'~ 

Potential, mv vs. A ~ / A ~ O  



F i g u r e  14  

C y c l i c  Voltamnlogram of Silver Oxide i n  
lm CH3(CH ) K O 3  - 2 1 ~ u t a n o n e  . . C 2 314 

Scan R a t e :  1 mv/sec 

E l e c t r o d e s :  

Working Ago (66 mm2) 

Counter  Ag 

Temperature :  23O.c 

+4 +2 0 -2  -4 

P o t e n t i a l ,  mv vs.. Ag/AgO 



e l e c t r o l y t e  was a g i t a t e d  d u r i n g  a  c a t h o d i c  ho ld  and l e s s  anod ic  c u r r e n t  

was o b t a i n e d  a f t e r  a  c a t h o d i c  ho ld  i n  a  s t i r r e d  s o l u t i o n  t h e n  i n  a  q u i e t  

one ( f i g u r e s  L5_ and 1 6 ) .  No such c o m p l i c a t i o n  was found i n  t h e  l m  Bu4NOH - - 
2-butanone e l e c t r o l y t e .  

3 .3 .2  S i l v e r  Choride  E l e c t r o d e  -- 

The s i l v e r  c h l o r i d e  e l e c t r o d e s  i n  lm LiClO -- 60 mole % 
4  

a c e t o n i t r i l e  - 40% dimethylformamide (AN-DMF) and i n  l m  p h e n y l t r i m e t h y l -  

ammonium c h l o r i d e  -- AN-DMF gave s t a b l e  open c i r c u i t  p o t e n t i a l s  which d i d  . 

n o t  v a r y  from e l e c t r o d e  t o  e l e c t r o d e  by more t h a n  0 .2  m i l l i v o l t s .  Momentary 

t e n  m i l l i v o l t  p o l a r i z a t i o n s  (10 seconds)  o f  t h e  c h l o r i d e  e l e c t r o d e s  i n  t h e s e  

s o l v e n t s  had no e f f e c t  on t h e  s t e a d y  s t a t e  open c i r c u i t  p o t e n t i a l .  The r a t e  

o f  r e t u r n  t o  open c i r c u i t  p o t e n t i a l  was comparable t o  t h a t  of t h e  s i l v e r  

ox ide  e l e c t r o d e  p r e v i o u s l y  mentioned. (Compare f i g u r e s  17 and 18). The 

c u r r e n t  d e n s i t i e s  o b t a i n e d  on c y c l i c  voltammograms ( 1  mvlsec) i n  t h e s e  

e l e c t r o l y t e s  were q u i t e  d i f f e r e n t .  Cons iderab ly  more c u r r e n t  cou ld  be  

o b t a i n e d  from AgCl d i s c h a r g e d  i n  phenyltrimethylammonium c h l o r i d e  e l e c t r o -  

l y t e  t h a n  LiC104 e l e c t r o l y t e  ( f i g u r e s  -- 1 9  and 20). 

The open c i r c u i t  p o t e n t i a l s  f o r  t h e  e l e c t r o d e  formed from 

mol ten  s i l v e r  c h l o r i d e  ( t e c h n i q u e  3  on t a b l e  - 7) agreed  t o  w i t h i n  two m i l l i -  

v o l t s  n f  each o t h e r  when sc reened  i n  phe~~yltrimethylammonium -- AN-DMF e l e c -  

t r o l y t e  (compared w i t h  0 . 2  mv agreement f o r  t h e  e l e c t r o l y t i c a l l y  formed 

e l e c t r o d e s ) .  These e l e c t r o d e s  r a p i d l y  r e t u r n e d  t o  open c i r c u i t  p o t e n t i a l  

a f t e r  p o l a r i z a t i o n .  C u r r e n t  d e n s i t i e s  o f  roughly  24 pa/cm2 a t  1 mv p o l a r i -  

z a t i o n  were o b t a i n e d .  The a r e a  o f  t h e s e  e l e c t r o d e s  cou ld  vn ly  be  roughly  

e s t i m a t e d  s o  t h a t  n o t  t o o  m u c h ~ s i g n i f i c a n c e  can  be  p l a c e d  on t h e s e  c u r r e n t  

d e n s i t i e s .  



Figure  15 

E f f e c t  of Cathodic Hold on Cycl ic  voltar&ogrsm 
of  S i l v e r  Oxide i n  l m  LiC104 - 2-Butanone 

10 second hold on 
2nd Scan 
at-210 mv 

Scan Rate: 30 mv/sec 

E l  ec. trodes' :  
7 

Workirig 
2 

Ago (66mm ) 

Counter Ag 

+200 +loo 0 -100 -200 

P o t e n t i a l ,  mv vs.  Ag/AgO 



Figure 16 

. Effect of Agitation .on Cyclic Voltammogram 
of Silver Oxide in lm LiC104 - 2-Butanone 

Scan 1 - without agitation 
Scan 2 - with agitation 

Electrodes: 

Working 
2 

Ago ,(65mzn ) 

Counter Ag I 

Temperature: 23'~ . ? 

'potential, mv vs. ~ g / A g o  



Figure 17 

Effect of Over Potentials on Silver Chloride 
in l r n  LiC104 -- 60 Mole ';6 Acetonierile - 40 

Mole % Dimethylformamide 

Time, minutes 



Figure 18 

E f f e c t  of  over P o t e n t i a l s . o n  S i l v e r  c h l o r i d e  
i n  l m  Phenyl (CH3)3NC1 -- 60 Mole % Acetoni- 

t r i l e  - 40Mole %. Dimethylformamide 

Time, minutes 



Figure 19 

Cyclic Voltammogram.of Silver Chloride in lm 
LiC104 - -  60 Mole X. Acetonitrile - 40 Mole % 

Dimethylformamide 

Scan Rate: 1 mv/sec 

Electrodes : 

2 Working AgCl (G6nun ) 

Counter Ag 

0 
~emperature: 23 C 

2 1 0 1 2 

Potential, mv vs. Ag/AgCl 



F i g u r e  20 
, . 

C y c l i c  Vol t2m;logram of  S t l v e r  C h l o r i d e  in.  l m  
Phenyl (C!-13) ?1.JC1 - -  60 Xole  X A c e t o n i t r i l e  - 

40 Gale % Dimethylformamide . .. 

Scan Ra te :  1 mvlsec  
, .  I. .. ~. 

E l e c t r o d e s :  
. . . . 

Working ~ $ 1  (66 m 2 )  

Counter  Ag 

Temperature:  2 3 ' ~  

' <  

- ~ 0 . 6  M . 4  +0.2 0 -0.2 -0.4 -0.6 

P o t e n t i a l ,  mv v s .  Ag/AgCl 



The press-formed e l e c t r o d e s  ( techniques 4  and 5 on t a b l e  2-) 

agreed t o . w i t h i n  3  mv on open c i r c u i t  and re turned  r a p i d l y  t o  open c i r c u i t  

p o t e n t i a l  a f t e r  p o l a r i z a t i o n .  Again, c u r r e n t  d e n s i t i e s  f o r  t h e s e  e l e c t r o d e s  

cou1.d only  be es t imated  because of unce r t a in ty  of t h e  su r f ace  a reas .  Elec- 

t rodes  con ta in ing  only AgCl and those  con ta in ing  ace ty l ene  black could pro- 

duce approximately 200 ya/cm2 a t  1 mv p o l a r i z a t i o n ) .  The presence of ace ty lene  

b l ack  had no e f f e c t  on t h e  maximum cur ren t  produced a t  a g i v e n  p o t e n t i a l ,  how- 

ever ,  when the  e l e c t r o d e s  were he ld  a t  va r ious  p o t e n t i a l s ,  those  conta in ing  

ace ty l ene  black could s u s t a i n  h igher  c u r r e n t s  than  those  without .  

3 .3 .3  Copper F luor ide  Elec t rode  ~ L 

\ 

The open c i r c u i t  p o t e n t i a l  d i f f e r e n c e  between t h r e e  CuF2 e l e c -  

t rodes  i n  l m  LiC104 - -  AN-DMF was found t o  be l e s s  than 1 mv. The copper 

f l u o r i d e  e l e c t r o d e  was somewhat slow i n  recover ing  from the  a p p l i c a t i o n  of 

over  p o t e n t i a l s  ( s ee  f i g u r e  2) and gave only  very low c u r r e n t s  a t  moderate 

p o l a r i z a t i o n  ( i .  e .  25 pe/cm2 a t  0. l v  p o l a r i z a t i o n  from- ope11 c i r c u i t )  ,: s e e  

f i g u r e  12. 

3.3.4 Copper Oxide Elec t rode  --- 

Elec t rodes  prepared wi th  copper (11) oxide f a i l e d  t o  produce 

' s t a b l e  open c i r c u i t  p o t e n t i a l s  i n  e i t h e r  l m  Bu4NOH -- 60 mole % a c e t o n i t r i l e  - 
40 mole % dimethylformamide (AN-DMF) o r  i n  l m  LiC104 -- AN-DMF. There was 

a l s o  evidence of meter- loading when t h e  p o t e n t i a l  of t h e  e l ec t rodes  were 

14 
checked us ing  an e l ec t rome te r  wi th  an i n t e r n a l  impedance of 10 ohms. 

Since copper (11) oxide showed l i t t l e  promise, e l e c t r o d e s  con ta in ing  only 

copper (I)  oxide were formed. Five of t h e  copper ( I )  oxide e l e c t r o d e s  were 

t e s t e d  i n  l r n  LiClO4 - -  AN-DMF. The open c i r c u i t  po ten t ia l . .d i f fe rence  between 



F i g u r e  21 

E f f e c t  o f  Over P o t e n t i a l s  on C u p r i c  F l u c r i d e  i n  
l m  LiC104 -- 60 Mole $ A c e t o n i t r i l e  - 40 Elole $ 

Dimethylformamide 

Time, m i n u t e s  



', 
F i g u r e ,  2 2  

Cyc l i c  Voltammogram of  Cupric F luo r ide  i n  1111 

L i C l O '  -- 60 b:ole % A c e t o n i t r i l e  - 40 ac ole % 
Dimethylforrnarnide 

Scan Rate:  30mv/sec 

E lec t rodes :  

2 Working CuF2(lcm ) 

Tempera Lure:  2 3 ' ~  

+0.2 +0.1 0 -0.1 -0.2 -0.3 

P o t e n t i a l ,  v o l t s  v s .  C U / C U F ~  



t he  Cu20 electrodeswas excess ive  but  remained s teady  upon s tanding  i n  t he  

e l e c t r o l y t e .  No f u r t h e r  . t e s t s  were run wi th  t h e s e  e l ec t rodes .  

4. Conclusions 

A summary of t h e  r e s u l t s  of t h e  screening  program a r e  given i n  

t a b l e  - 13. A pe rusa l  of t h i s  t a b l e  shows t h a t  s i l v e r  c h l o r i d e  and s i l v e r  

oxide performed q u i t e  we l l  on the  screening  t e s t .  Cupric f l u o r i d e ,  whi le  

no t  performing a s  wel l  a s  t h e  s i l v e r  e l e c t r o d e s ,  d id  form a  good t e s t  e l ec -  

t rode .  The c u r r e n t  producing a b i l i t y  of t h i s  m a t e r i a l  was cons iderably  l e s s  

than t h a t  obtained from t h e  s i l v e r  s a l t s .  Copper oxide,  c o b a l t  oxide and 

i r o n  oxide gave u n s a t i s f a c t o r y  performance and can t h e r e f o r e  be re ' j ec ted  

from f u r t h e r  cons ide ra t ion .  The c h l o r i d e s  of copper, c o b a l t ,  chromium and 

i r o n  can be r e j e c t e d  because of t h e i r  high s o l u b i l i t i e s  i n  organic  so lven t s .  

The metal  f l u o r i d e s ,  o the r  than copper f l u o r i d e ,  n i c k e l  and manganese 

c h l o r i d e ,  and n i c k e l  chromium and manganese oxide could not  be screened 

because appropr i a t e  anodic f i lms  of t h e s e  m a t e r i a l s  could not  be formed. 

The screening  of t hese  m a t e r i a l s  w i l l  have t o  awai t  developments s u i t a b l e  

f o r  macro-electrode f a b r i c a t i o n  techniques.  



TABLE 17 

Stable In Perf ormanc:e 
Compound (NO. of soln.) Test Electrode Open Circuit Pol~rization i - v  - Conclusion 

mv ) 
Silver Fluoride 1 No Film - - - - - - Method Inapplicable 
Silver Chloride 4 Good Film +O. 1 Rapid Recovery Good Satisfactory Material 
Silver Oxide 1 Good Film ZO. 5 Rapid Recovery ,Good Satisfactory Material 

Copper Fluoride 
Copper Chloride 
Copper Oxide 

Cobalt Fluoride 
Cobalt Chloride 
Cobalt Oxide 

Good Film +0.2 - Recovery Fair Poor Marginal 
- - - - - - - - Method lnapplicible 

Film Formed +_5 0 - - - - Material Rejected 

Chromium Fluoride 5 
Chromium Chloride 0 
Chromium Oxide 5 

4 No Film - - - - -- Method Inapplicable 
0 - - - - - - - -  Method Inapplicable 
5 Film Formed - + 50  - - - - Material Rejected 

Manganese Fluoride 5 
Manganese Chloride 3 
Manganese Oxide 4 

Nickel Fluoride 
Nickel Chloride 
Nickel Oxide 

Iron Fluoride 
Iron Chloride 
Iron Oxide 

No Filn 
- - 

N,a Film 

Not Prepared - - 
Not Prepared - - 
Poor Film +leg - 

5 No Film - - 
3 No Film - - 
5 Inconsistent +75 

3 No Film - - 
0 - - - - 
5 Film Formed 2 7 5  

- - - -  Method Inapplicable 
- - - - ~ e t  hod Inapplicable 
- - - - Metlod Inapplicable 

- - - - Material Not Tested 
- - -- Material Not Tested 
- - .- - Method Questionable 

- - - - Method Inapplicable 
- - - - Method Inapplicable 
- - - - Method Questionable 

- - - - Method Inapplicable 
- - - - Method Inapplicable 
- - - -  ater rial Rejected 
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