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DEVELOPMEKT OF I l I G I I  ENERGY DENSITY PRIMARY BATTERIES 

by 

S. G .  Abens, W .  C .  Merz, and C .  R .  Walk 

ABSTRACT 

Studies  of t he  CuF;r-Li 
primary b a t t e r i e s  were 
e l e c t r o l y t e s  increased 

system for  t h e  development of  high energy dens i ty  
undertaken. The s o l u b i l i t y  of CuF2 i n  L i C 1 0 ,  
with increasing water content .  S o l u b i l i t y  was 

reduced by rep lac ing  L i '  with Na' o r  ? i n  PF,- and A s F 6 -  e l e c t r o l y t e s .  
CuF, reduct ion e f f i c i ency  of  over 70% a t  0 .5  mA/cm2 was obtained with 
LiC104, L i A S F 6 ,  L i B F 4 ,  NaC104, NaAsF,, and KAsF6 s o l u t e s  i n  propylene 
carbonate.  CuF2-Li c e l l s  with methyl formate-LiC104 e l e c t r o l y t e  were 
discharged with 60 - 70% cathodic e f f i c i ency  a t  10 - 20 mA/cm2. With 
LiC104-propylene carbonate e l e c t r o l y t e ,  wet she l f  l i f e  of  four  weeks was 
obtained a t  -15°C. 
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SUMMARY 

The purpose of this program was to develop high energy density primary 
batteries. 
of electrode and cell construction methods were undertaken. 

Studies of electrode and electrolyte materials and evaluation 

A. Low Rate Battery Study 

Work was performed toward development of batteries capable of 200 wh/lb 
at the 100 - 1000 hour discharge rate. 
indicated by earlier work was the CuF,-Li couple with LiClO,-propylene 
carbonate (PC) electrolyte. 

The system of main interest 

1. Electrolvte Studies 

Studies of solvent purification, and stability of electrolytes t o  
lithium and CuF, attack were performed. 
med with the LiC10,-PC electrolyte system. 

Most of the work was perfor- 

(a) Solvent Purification. Solvents were purified by fractional 
distillation, and/or by lithium powder treatment followed by 
redistillation. Water content of solvents could be substantially 
reduced by fractional distillation, but no changes in physical 
properties between fractions were detected (PC and butyrolactone 
were studied). With lithium powder treatment, water content could 
be reduced to below 20 ppm (limit of  Karl Fischer test sensitivity). 

(b) Lithium Stability Tests. Reduction of water content in LiC104- 
PC and LiClO,-BL (butyrolactone) electrolytes from 1000 - 2000 
pprn to 200 - 400 pprn and increase of LiC10, concentration from 
2.3 to 4.7M improved lithium stability. Of other solutes in PC, 
LiBF4 gave best stability. 
more discoloration than their lithium counterparts. Among solvents 
studied, purified PC and DMSO gave best results. 

Potassium and sodium compounds showed 

(c) CuF? Stability Tests. Increasing H 2 0  content and LiC104concen- 
tration increased the rate of dissolution of CuF2 into PC and BL 
electrolytes. Copper fluoride was less soluble in solutions of K- 
and Na- salts in PC than in Li-salt electrolytes. 
solute, DMSO gave the highest CuF2 solubility (>4400 ppm in 24 days), 
and PC and nitromethane (NM) the lowest ('~100 pprn in 24 days). 
Acetic anhydride (AA) reacted with CuF2. 

With KAsF6 
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(d) Pulse Load Tests. Two-plate CuF2-Li cells were discharged 
with pulse current in various electrolytes. Reference electrode 
readings showed capacity to be limited by CuF, electrode polari- 
zation in all electrolytes tested. Reduction efficiencies of 64 
and 54% were obtained in LiC104-PC and LiAsF6-PC electrolytes, 
respectively. Other solvents (DMSO, AA, NDA [N-nitroso dimethyl- 
amine], NM, and MA) gave poorer results than PC. 

2. Comer Fluoride Studies 

Methods for removal of water from CuF, were studied. Both vacuum 
oven drying and sweeping with dry argon produced CuF2 with water 
below 0.3% (sensitivity of X-ray analysis), but the latter method 
was faster. Heating of CuF2*2H,O (major impurity) produced 
CuOHF-CuF2 and CuO7F as well as a compound having a major peak 
intensity at 4.15 A .  

3 .  Experimental Cell Tests 

Three-plate CuF2-Li cells having a nominal cathode capacity of 4 - 5 
AH were tested. The cells were considered positive limited, since L i  
capacity was ca. 8 AH. The working area of the cells was 29 cm2. 
Microporous rubber separations and heat sealed polyethylene envelopes 
were employed. 

(a) Effect of CuF2 on Shelf Life. Wet shelf life of cells was 
improved by drying of the CuF,. 
cathode utilization with dried CuF, in two cells was 56 and 62% 
vs. '5 and 21% with the same material undried. Prolonged argon 
drying reduced capacity before and after wet stand. 
mally decomposed CuF2-2H,0 instead of normal CuF, improved wet 
stand considerably, but greatly increased cell polarization at 
0 . 5  mA/cm2. 

After four weeks stand at -15'C, 

Use of ther- 

(b) Effect of Additives to CuF2. Effect of CoF3, MnF3, and 
SbF3 added to CuF2 (ca. 4 mol %) on shelf life was tested. 
Addition of SbF3 was detrimental while the other additives 
showed no effect. 

(c) Copper Fluoride Electrode Construction. Most of the work 
was performed with filter-mat CuF2 electrodes. 
composition was in the range of 4 - 8g paper fiber and 8 - 20g 
graphite per lOOg of CuF,. 
electrolyte was up to 80% at 0.5 mA/cm2. Vacuum impregnation 
of cells with electrolyte was not beneficial. 

The optimum 

Cathodic utilization with PC-LiClO, 

Pasted electrodes 
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u s i n g  p o l y s t y r e n e  o r  cell t i lose a c c t a t e  b i n d e r  and carbon b l a c k  
conductor a l s o  gave CuF2 reduct ion e f f i c i e n c i e s  of  80% a t  0 . 5  t o  
0 .7  mA/cm2. 

(d) Ef fec t  of Discharge Rate. The 3-p la te  CuF2-Li c e l l s  were 
discharged t h r u  var ious r e s i s t i v e  loads.  With 200R load (ca. 250 
hour r a t e ) ,  cathode e f f ic iency  was 73%. With 10052 (ca.  100 hour 
r a t e )  t h e  e f f i c i ency  dropped t o  58%, while with 500 and 1000R, t h i s  
f i g u r e  was 47 and 24%,  respec t ive ly  (ca.  400 hour r a t e  w i t h  both 
loads) .  The c e l l s  showed evidence of copper d i s so lu t ion  i n  t h e  
500 and l O O O R  discharge c e l l s .  

(e) Ef fec t  o f  L i C 1 0 ,  Concentration. Capacity and she l f  l i f e  of 
CuF2-Li c e l l s  with 10 and 20g o f  LiC104/100 m l  PC were t e s t e d .  
The lower e l e c t r o l y t e  concentration gave improved wet she l f  l i f e  
a t  0°C. (74 vs 59% ef f ic iency  a f t e r  10 days wet s t and) .  

( f )  Ef fec t  o f  Solu te .  Performance of  CuF2-Li c e l l s  using propy- 
lene carbonate so lu t ions  of  Liclo,, NaC104, L i P F , ,  KPF,, L i A s F 6 ,  
KAsF6,  NaAsFg, and L i B F 4  was compared. Cathode e f f i c i e n c i e s  of 
over 70% were obtained with a l l  s o l u t e s  except KPF, and L i P F , .  

(g) Ef fec t  of  Solvent .  Performance of  CuF2-Li c e l l s  with L i C 1 0 ,  
and KAsF6 so lu t ions  i n  PC, DMSO, AA, NDA, NM and MA (methyl 
ace t a t e )  was compared. In  these  discharges,  only LiC104-PC e l e c t r o -  
l y t e  gave cathode e f f ic iency  of over 70%. 

B.  High Rate Battery Study 

Work was performed toward development of  b a t t e r i e s  capable of  50 wh/lb a t  
t h e  1 hour r a t e  and operable  at  t h e  1 - 10 hour r a t e .  The system under 
s tudy was t h e  CuF2-Li couple with LiC104-methyl formate (MF) e l e c t r o l y t e .  

1. E lec t ro ly t e  Studies  

The so lvents  MF and MA were p u r i f i e d  by l i th ium powder t reatment  and 
d i s t i l l a t i o n .  Lithium treatment improved s t a b i l i t y  of L i  i n  t h e  
LiC104-MF e l e c t r o l y t e  but  showed no e f f e c t  on CuF2 s o l u b i l i t y  i n  
LiC104-MF and LiC104-MA e l e c t r o l y t e s .  Changes i n  L i C 1 0 4  concentrat ion 
showed no e f f e c t  on L i  s t a b i l i t y .  
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2. Positive Limited Cell Studies 

Pasted CuF, electrode composition was evaluated in 3-plate positive 
limited CuF2-Li cells. 
grams of graphite/lOOg of CuF2 was an optimum composition. CuF2 
reduction efficiencies were 50 - 70% at 5 - 15 mA/cm2 to a 2.OVF 
cut-off. Increasing electrode thickness from 0.025" to 0.050" 
decreased the efficiency. 
in the CuF2 could not be discharged at 10 mA/cm2 in MF-LiC10, 
electrolyte. 
water. 

One gram of cellulose acetate and 10 - 15 

Electrodes having less than 0.5% water 

CuF2*2H20 gave equal performance to CuF2 having 2% 
Optimum electrolyte concentration was 5Og LiC104/100 ml MF. 

3 .  Seven-Plate Cell Tests 

Three 7-plate CuF2-Li cells with 4 - 5 AH nominal capacity were 
built and tested. Discharge performance was about equal to that 
obtained with 3-plate cells at the same current densities. To a 
cut-off of 2.0 volts, 67% CuF2 reduction was obtained at the 4 
hour rate, and 69% at the 5 hour rate. One cell was tested after 
4 weeks of dry storage under argon at room temperature and gave 
58% CuF2 reduction at the 4 hour rate. 

I 
I 
I 



1 "  INI'RODUCT ION 

The purpose of t h i s  program i s  development of high energy densi ty  primary 
b a t t e r i e s  s u i t a b l e  f o r  space f l i g h t  app l i ca t ions .  

High energy b a t t e r y  development was i n i t i a t e d  a t  LivingstGn Elec t ronic  
Laboratory i n  1963 under Contract NAS 3-2775 and continued under Conrract 
NAS 3-6004 The goal  of t h e s e  programs was t o  develop b a t t e r i e s  capable 
o f  de l ive r ing  200 watt hours per  pound, i .  e . ;  
energy dens i ty  ava i l ab le  with the e x i s t i n g  s t a t e  of  t h e  a r t ,  

t o  a t - l e a s t  t r i p l e  t h e  

Om t hese  e a r l i e r  programs, t h e  CuF2-Li couple was i d e n t i f i e d  as t h e  most 
promising system. The high energy dens i ty  p o t e n t i a l  of  t h i s  system was 
demonstrated i n  laboratory c e l l  discharge tes ts ,  where enepgy-to-Nenght 
r a t i o s  of  over 500 wh/lb o f  ac t ive  material weight and over 200 wh/Pb of 
c e l l  weight were obtained. 
CuFn-L1 sysxem was i t s  almost total  lack of  wet s tand  c a p a b i l i t y  a t  room 
t emperature 

The most d i f f i c u l t  problem assoc ia ted  with the  

The present  r epor t  descr ibes  work performed under Contract NAS 3-7632, 
which i s  a d i r e c t  cont inuat ion o f  t h e  two previous con t r ac t s ,  
of two types of  b a t t e r i e s  was pursued, namely: 
a t  t h e  100 - 1000 hour discharge r a t e ,  and (2)  b a t t e r i e s  capable of being 
discharged a t  t h e  l - 10 hour r a t e .  

Development 
[l) b a t t e r i e s  opera t ing  

For t h e  low ra te  s y s t e m  t h e  major e f f o r t  was expended toward i d e n t i f i c a t i o n  
o f  causes f o r  lack of wet s tand c a p a b i l i t y  i n  CuF2-Li c e l l s ,  and on e f f o r t s  
t o  make improvements i n  t h i s  area.  
po r t ion  of  t h e  work was expended toward increas ing  t h e  discharge r a t e  
c a p a b i l i t y  of t h e  CuF - L i  system. 

For t h e  high r a t e  b a t t e r y ,  t h e  major 

2 
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2. LOW RATE BATTERY STUDY 

2 .  1. Electrolyte Studies 

The purpose of the electrolyte studies pursued under this phase of  the 
contract was to identify solvents and solutes best suited for a long 
life CuFZ-Li cell. 
by previous work, were butyrolactone and propylene carbonate. With the 
latter solvent, good test cell performance had been obtained. 

The candidate solvents of primary interest identified 

The solute of primary interest from results of previous work was LiClO,. 
Other electrolyte systems were studied in later phases of the program 
to search for electrolytes which would enhance wet shelf life of the 
CuFz-Li couple. 

2. 1. 1. Solvent Purification 

The general approach to solvent purification under this contract was as 
follows : 

1. 
obtainable were analyzed for water by 
Karl Fischer titration. 

The highest purity level materials 

2 -  The solvents were agitated with 
lithium powder dispersion in hexane 
until no rise in pressure in the 
containers could be observed. 

3 .  The liquids were filtered and 
batch distilled, usually at lowered 
pressure. 

Some modifications to the above procedurewere used for investigative 
purposes, or where required by presence of high water concentration. In 
this case, Iithiilm treatment was preceded by distillation or by chemical 
drying, usually by calcium oxide, or dolomitic lime (50% CaO, 50% MgO). 
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2"  1. 1, 1. D i s t i l l a t i o n  of "AS Received" Butyrolactone and Propylene 
Carbcnate. 

Butyrolactone was batch d i s t i l l e d  under reduced pressure  t h r u  a Vigraux 
column. 
performed with r e s u l t s  as shown below: 

Four f r a c t i o n s  o f  t h e  d i s t i l l a t e  were taken o f f ,  and analyses  were 

TABLE I 

DISTILLATION OF BUTYROLACTONE 

Source: Matheson, Coleman 6 Bell 
Pressure:  17 mm Hg 

Frac t ions  
1 2 3 4 ---- Ini  ti a1 

Volume, cc  250 99 103 43 5 
Boiling Range, "C - - -  89 89-90 90-92 929 
Color White White White White Brown 
Refrac t ive  Index 1.433 1.434 1.434 1.434 - - -  
Water, ppm 510 180 140 390 --- 

Propylene carbonate from t h e  same source was d i s t i l l e d  s i m i l a r l y ,  and 
r e s u l t s  of two runs were as shown i n  Table 11, page 4. 

The s e n s i t i v i t y  o f  t h e  analyses performed was too  low t o  y i e l d  any 
ind ica t ion  t h a t  t h e  d i s t i l l a t e  f r a c t i o n s  d i f f e r e d  i n  any way except water 
conten t .  Variat ions i n  temperature during d i s t i l l a t i o n  were probably 
caused by malfunctioning of the pressure  r egu la to r .  

The t o t a l  water recovered was always less than i n  t h e  o r i g i n a l  so lvent  
i nd ica t ing  t h a t  a l l  o f  t h e  water was not  condensed. The water content  
appears t o  be high i n  t h e  i n i t i a l  po r t ion  of  t h e  d i s t i l l a t e ,  al though 
high water was a l s o  observed in  t h e  l a s t  20% i n  d i s t i l l a t i o n  of  butyro- 
lac tone .  These r e s u l t s  indicated t h a t  t h e  r e j e c t i o n  of  t h e  f i rs t  and 
l a s t  10% of  t h e  d i s t i l l a t e  should b e  adequate.  
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TABLE I1 

Volume, cc 

Boi l ing  Range, "C 

Color 

Ref rac t ive  Index 

Water, ppm 

DISTILLATION OF PROPYLENE CARBONATE 

Source: Matheson, Coleman E Bel l  
Pressure :  10 mm Hg 

Run No. 1 

Volume, cc 

Boi l ing  Range, O C  

Color 

Refractive Index 

Water, ppm 

FRACTIONS 

I n i t i a l  1 2 3 4 

250 100 110 35 5 

--- 108 107 106 --- 

White White White White Brown 

1.420 1.420 1 . 4 2 2  1.422 - - -  

--- 580 120 140 180 

Run No. 2 

- - -  230 25 200 5 

- - -  White White White Reddish 
Yellow 

--- - - -  1.420 1.420 1.422 

I 
I 
1 
1 
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2. 1. 1. 2. Distillation of Lithium Treated Butyrolactone and 
ProDvlene Carbonate. 

The method of agitating a solvent in the presence of lithium metal as a 
means of reducing trace water concentration and decomposing other possible 
impurities which would otherwise tend to attack the lithium electrode of 
the cell was studied extensively on this program. 
solvents were agitated at room temperature with 1.Og of Li powder/100 grams 
of solvent in sealed containers. The pressure generated in the containers 
was relieved periodically, and agitation was continued until no additional 
pressure build-up was observed. The water content of the solvents was 
monitored at various intervals by the Karl Fischer analysis, and the results 
are presented in Table 111. 

In this test, the 

TABLE I11 

RATE OF WATER REMOVAL IN PROPYLENE CARBONATE AND BUTYROLACTONE 

Butyrolactone Propylene Carbonate 

Agitation Water Content, Agitation Water Content, 
time, Hrs . ppm time, Hrs. ppm 

0 470 
6 280 
15 140 
27 40" 
50 23"" 

0 
5 
17 
30 

270 
140 
50" 
23"" 

"No further pressure build-up. 
**Limit of K. F. analysis sensitivity. 

The excess powdered lithium and the solid reaction products were removed 
by vacuum filtration through a fine gas washing tube. 
decomposition products had the appearance of a gray, gelatinous mass, and 
gravitated to the bottom of the liquid phase (the powdered lithium floats). 
After removal of the decomposition products and excess powdered lithium, 
the solvents were vacuum distilled, and the fractions were analyzed. 

The insoluble 

Results of typical distillation runs for butyrolactone and propylene 
carbonate are presented in Tables IV and V. The lithium treatment had 
caused no observable change in the system; i. e.; the physical behaviour 
of the treated solvents upon distillation was not significantly different 
from that of the untreated material. 
which could be observed for the Li treated material was a brief period of 
effervescence at the beginning of the vacuum distillation (possibly caused 
by the release of dissolved hydrogen). 

The only difference in behaviour 
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These tests showed that solvents having very low water contents (below 
20 ppm) can be produced by the lithium treatment and vacuum distillation 
method. 

TABLE IV 

VACUUM DISTILLATION OF LITHIUM-TREATED BUTYROLACTONE 

Boiling Range Percent Water, 
2% Vo lume PPm Color 

Undistilled - - -  - - -  100 23* O f f  White 

Gas - - - -  Forerun 21-50 8 0 

Fraction I 68-72 8-10 4.2 1400 White 

Fraction I1 79-80 10 89.9 23* White 

Fraction I11 --- --- 5.9 ---- Brown liquid 
Gray solids 

TABLE V 

VACUUM DISTILLATION OF LITHIUM-TREATED PROPYLENE CARBONATE 

Boiling Range Percent 
"C mm Hg Volume - 

100 Undistilled --- ---- 

Forerun 23-50 10-15 0 

Fraction I 96-108 6-10 7.4 

Fraction I1 106-108 10 89.3 

3.3 Fraction I11 --- - - - -  

* Limit of sensitivity. 

Water , 
ppm Color 

23* O f f  White 

Gas - - - -  

2 30 White 

23* White 

Brown liquid 
Gray solids 

---- 
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2, 1" 2" Lithium Stability Tests 

The rate of attack on a Li test strip immersed in a solvent o r  an electro- 
lyte solution was employed as a qualitative measure for the suitability of 
a candiate electrolyte for use in CuF,-Li cells. While this method yields 
no quantitative measure of the rate and nature of the lithium decomposition 
reactions, it is direct and simple, and does indicate which electrolytes 
have good stability (io e.; show no visible changes). 

2, l. 2. 1. Effect of Water Content 

The effect of water contamination level on the stability of lithium samples 
in BL and PC and in LiC10- solutions in the same solvents was observed by 
performing a comparative test on several materials at room temperature, 
Each of the two solvents was used with two water contamination levels 
(2000 and 390 ppm for butyrolactone, 710 and 180 pprn for propylene carbonate) 
The lithium perchlorate water content after vacuum drying was about 0.04 
percent (400 ppm). The lithium test piece was a ribbon, 1/2 x 1/16 x l", 
which had the petrolatum used for protection during storage removed by 
rinsing with heptane. One side of each strip was abraded before immersion 
to expose fresh metal. Tests were assembled under argon. 

The detrimental effect of water on the stability of lithium in these solvents 
was clearly demonstrated by the more rapid discoloration of lithium in the 
higher water content solutions, but the presence of LiC10, appeared to be 
beneficial. It would appear, therefore, that presence of Li* ions has a 
stabilizing effect on lithium in BL and PC electrolytes. 

Visual observations made during the stability test are listed in the Appen- 
dix, Tables A-1 and A-11. 

2 .  1. 2, 2, Effect of Treatment With Lithium Dispersion 

A stability test similar to that described above was assembled to study 
the effect of pretreatment of propylene carbonate with powdered lithium 
dispersion. 
content was ascertained to be below 25 ppm. 
retained, and the remainder was agitated for 40 hours with powdered lithium, 
filtered, and redistilled. 
1/16 inch, and one side of each strip was abraded to expose fresh metal. 
The strips were then placed in test tubes containing 5 ml of solvent o r  

The untreated solvent was distilled at 10 mm Hg, and the water 
A portion of this solvent was 

Lithium test strips were cut to size 1 x 1/2 x 
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1M LiC104 solution under argon. 
3SoC, and the appearance of the lithium samples was recorded periodically. 

In both lithium treated and untreated solvents, presence of 1M LiC104 
enhanced chemical stability. In the solvent containing no solute, lithium 
treatment appeared to improve stability, but this could also be a result 
of a lower water contamination level, since additional drying probably 
occurs during lithium treatment. 
was not significantly different with the treated and untreated solvents, 
indicating that impurities which are not removed by distillation are not 
particularly reactive with metallic lithium. However, lithium treatment 
was later used in the preparation of PC electrolytes for cell tests, since 
this procedure reduces water contamination levels effectively for solvents 
having high i.nitia1 water content. 

The tubes were sealed and stored at 

In the 1M LiC104 solutions, the stability 

Observations made during these lithium capatibility tests are listed in 
the Appendix, Table A-3, page 123. 

2" 1. 2. 3. Effect of Other Solutes in ProDvlene Carbonate 

The effect of a number of solutes on the stability of lithium in propylene 
carbonate solutions was evaluated. Some of the solutions in this test 
series were prepared by reaction between a perchlorate and a potassium salt, 
resulting in precipitation of potassium perchlorate. These solutions, 
therefore, were saturated with KClO4 and are identified with the suffix (m). 

Lithium stability tests were assembled as described above. The concentration 
of the electrolyte solutions was 1 mol of solute/liter of solvent, except 
where indicated otherwise. Propylene carbonate was lithium treated and 
distilled, and all salts were vacuum dried before preparation of solutions. 

The electrolytes included in this test series, and their water contents 
(ppm) as determined by Karl Fischer analyses were as follows: LiClO,, 90; 
NaClO,, 72; KPF6, 97; KAsFg, 61; KBF4,l 97; L~BFL,(~),~ 169; LiPFg(m), 104; 
LiAsF6(m), 258; NaAsF6(m), 161; and LiBF,, 129. 

After an exposure time of four weeks at 3SoC, the lithium tetrafluoroborate 
solution was adjudged the most stable electrolyte. No change in appearance 
of test strip or solution could be observed. Lithium perchlorate caused 
dulling of lithium surfaces after 21 days of exposure. 

All of the anions used in this test series (C104-, PFg-, AsFG-, BF4-) have 
good stability to lithium and differences in apparent rate of attack are 
probably due to varying levels of impurities and water content. However, 

'. Saturated. 
Metathetically prepared. 
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o f  t h e  t h r e e  ca t ions  (LI',  Na', and K ' ) ,  l i rhlum d e f i n l t e i y  3 h C w 3  t h e  
lezlst amount of a c t i b i t y .  Potassium e l e c t r o l y t e s  always gave a 
i h a r a i t e r i 3 t i c  b l a d e n i n g  of the l i thiurn,  p a r t i c u l a r l y  near and s l i g h t l y  
above t h e  l l q u i d  su r face .  
accompanied t h i s  phenomenon - t h e  s o l u t i o n s  remained c l e a r .  The darken- 
ing  may thus b e  j u s t  a physical  change (amorphization) of t h e  l i thium 
su r face ,  although t h e  difference i n  p o t e n t i a l  between potassium and 
l i th ium i n  some e l e c t r o l y t e s  may be s u f f i c i e n t  t o  cause t h e  displacement 
r e a c t i o n  t o  take p l ace .  

No other evidence of  chemical a c t i v i t y  

The sodium e l e c t r o l y t e  gave a yellowish (xganic) growth on t h e  l i thium, 
and some p r e c i p i t a t e  was formed i n  t h e  tubes .  Thus i t  would appear t h a t  
sodium catalyzes  some PC decomposition reac t ion  on t h e  metal s u r f a c e ,  

Photographs taken of t h e  b e s t  s t a b i l i t y  tes ts  a f t e r  2 8  days of  exposurt' 
a r e  shown i n  Figure 1, page i o ,  while a complete d e s c r i p t i o n  of visuaii 
cbservat ions i s  given In t h e  Appendix, Table A - 4 ,  page 1 2 4 .  

L 1. L ,  3 .  L f t e c t  of  Solvent 

In  t h i s  l i thium s t a b i l i t y  t e s t  s e r l e s ,  propylene carbonate ( I T ) ,  
dimethylsulfoxide (DMSO), a ce t i c  anhydride ( A A j ,  N-nitroso dimethylaminc 
(NDA:, and nitromethane (NP1) were evaluated.  The  s o l u t e s  s e l e c t e d  for  
t h e s e  t e s t s  \bere L i C 1 0 ,  and KAsF,. 

About equal s t a b i l i t y  was indicated with both s o l u t e s ,  except f o r  rhe  
c h a r a c t e r i s t i c  darkening o f  t h e  l i t h ium surta ,e  ohqerved  in the hAsF 
e l e c t r o l y t e  Propylene carbonate and DFlSO g a \ e  t he  i ea s r  amount oi 
evidence of reac t  Lon, while nitromethane was J ~ C O I ~ I ~ G \  ng r ap id i ?  , 
e s p e c l a l l )  i n  t he  presence o f  L i C l O ,  

Fhatographs of t h e  above t e s t s  taken a f t e r  2 1  d a y s  of exposuri: a t  35°C 
a r e  presented i n  kigure 2 ,  page 11, while a berbal d e s c r l p t l o n  a t  :lie 
appearmce of t h e  samples a f t e r  7 ,  14, and 2 1  days of  s t a n d  A r c  g l i c n  ~n 
t h e  Appendix, Table A - 5 ,  page 125. 

2 1. 3 CuF, S t a b i l i t v  Tests 

A necessary requirement f o r  e l e c t r o l y t e s  used i n  CuF,-Li c e l l s  is t h e i r  
chemical compat ibi l i ty  with the  p o s i t l v e  and negat ive a c t l v e  m a r e r i a l s .  
To evaluate  t h e  s t a b i l i t y  of CuFz i n  the  e l e c t r o l y t e ,  i t  was declded t o  
use  a t e s t  f o r  dissolved copper as t h e  s t a b i l i t y  c r i t e r i o n .  
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2 1 . 3  1 Effect of Water and Solute Concentration 

A series of CuFZ solubility tests were performed in PC and BL w i t h  LiCIOL, 
as the solute. 
amounts of lithium powder until no further hjdrogen pressure has produced; 
at this point, the residual water In both solvents \*as below the sensitivity 
of the Karl Fischer test (20 ppml. lhe i i t h l u m  Treatment was followed by 
distillation, rejecting the first and la51 10 bolume percent of the 
distillate. 

The solvents were prepared hy  agitating with excess 

The iithium perchlorate used in these testa was vacuum-dried at l10'C for 
24 hours, and water content (Karl Fischer anslysis) was approximately 
600 ppm. 
X-ray analysis showed the water level in thls material to be about 
0.33 percent (3300 ppm). 

Anhydrous CuF, was used as r e c e i v e d  from Ozzrk-'lahoning Company. 

Serum bottles (60 mi volume) equipped iv~th hermetic stopper3 were filled 
with 40 ml of solvent, 1,Og of CuF,, and 4 . 0 ,  8.0, or 12.0 giniiis of LiClO,. 
Distilled water was added to the bottles in ~IutlntiT~es c a l c u l a t e d  to 
produce total water contents in the range of 1 5 0  t a  ~ ( J O O  p I > m .  '[he samples 
were agitated on a laboratory shaker w i t h  lnteriuptions rimed to a l l o w  the 
solid phase to settle. 'The samples were then ;ornj);ired f o r  c o l o r ,  and the 
concentration of Cu ++ in solution was determined 1 ) ~  the  thlosulphate 
titration To minimize the effect of changes in l c i t > o r a t o r y  temperdture, 
all compatibility tests were performed concurrent ly 

Results of the copper ion determinations and the observed solution colors 
are listed in Tables VI and V I I ,  pages 13 and l b .  At equal I i L l 0 ,  concentra- 
tion, increasing water content increased the copper concentration in the 
For example, increasing water content from 180 ppm LO 5000 pr)m increased 
the copper concentration after 1000 hours of agitation fism 710 ppm to 
7300 ppm. 
pronounced than that of water contamination l6vel. 
was found to be larger in butyroiactone than in propylene carbonate 
electrolytes" 

The effect of LiCiOt on the solubility of CuFc was much less 
Ihe solubility of CuF, 

The above results further demonstrate the need for very low water concen- 
tration in the CuFi-Li system in order to minlmize liiss of capacity during 
wet shelf life of the cells. The solubility tests ma) prove of value for 
evaluation of CuFi drying methods, since the X-ray examination is of 
limited utility where low water contents are encountered To make this 
approach practical, a method for decreasing the time required f o r  the 
analysis would have to be developed. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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SOLUBILITY OF CUF:. I N  PROPYLENE CARBONATE ELECTROLYTE 

Mzre~ra l s :  Prapyiene Carbonate, MC 4 B,  L i  d r i e d  and d i s t i l l e d ;  
H 2 0  ~ 2 0  ppm. 

Lithium Perchlora te ,  Foote Mineral  Co.,  vacuum d r i e d  

Cupric F luor ide ,  O ta rk  Mahoning Con ,  as rece ived;  
a t  110°C f o r  24 hours;  H,O = 600 ppm. 

H,O = 3300 ppm. 

S e r i e s  A - 10 gm, L i C I O i / l O O  m l  PC; So lu t ion  Density i 1 25 gmjrnl, 

Water Ag i t a t ion  
Content ,  Time, Copper (11) Concentrat ion Solu t ion  
Y PPm Hours LI moles/ml ppm Color 

I20  25 2.5 
125 6 .6  
290 7 , O  
650 1 2 , 5  

1000 1 2 - 5  

400 

810 

22G0 

6050 

25 5 , s  
125 7 .0  
E90 1 1 . 5  
650 1 4 , 2  

PO00 15 .0  

25 6 , O  
125 11.0 
230 15,Y 
650 20.0 

1000 25.0 

125 O f f  Whlte 
335 O f f  Wh1te 
335 O f f  White 
635 Light  Tan 
635 Tan 

280 O f f  White 
355 O f f  White 
585 O f f  Wh1te 
720 Light Tan 
765 Tan 

305 O f f  White 
560 O f f  White 
800 O f f  White 

1015 Light Yellow Green 
1270 Yellow Green 

25 18 .0  915 Light Green 
12s 32.5 1650 Llght Green 
290 40.0 2030 Ol ive  Green 
650 40.0 2030 Olive Green 

1000 5 2 . 0  2640 Olive Green 

25 101 
125 113 
290 118 
650 145 

1000 175 

5100 Blue Green 
5750 Green 
6000 Green 
7400 Green 
8900 Green 
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TABLE VI (Continued) 

SOLUBILITY OF CuF2 IN PROPYLENE CARBONATE ELECTROLYTE 

Materials: Propylene Carbonate, MC 6 B, Li dried and distilled; 

Lithium Perchlorate, Foote Mineral Co., vacuum dried 

Cupric Fluoride, Ozark Mahoning Co., as received; 

H,O ' 20 ppm. 

at 110°C f o r  24 hours; H20 = 600 ppm. 

H 2 0  = 3300 ppm, 

Series B - 20 gm, LiC104/100 ml PC; Solution Density = 1,30 gm/ml. 

Water Agitation 
Content, Time, Copper (I I) Concentration Solution 

Color ppm ppm Hours L moles/ml 

150 25 4.6 
125 6,2 
290 6.5 
650 12.5 
1000 13.,0 

224 O f f  White 
303 O f f  White 
327 O f f  White 
610 Light Tan 
635 Light Tan 

430 

960 

1760 

4960 

25 5-0 
125 6.8 
290 99.5 
650 17,s 
1000 17,O 

25 4 , 7  
125 8.5 
290 15.6 
650 25,O 
1000 24,s 

25 4.8 
125 24.6 
290 36 
650 39.0 
1000 38.8 

25 32 
125 90 
290 100 
650 135 
1000 135 

245 O f f  White 
333 O f f  White 
465 O f f  White 
855 Tan 
830 Tan 

230 O f f  White 
416 O f f  White 
765 O f f  White 
1220 Olive Yellow 
1200 Olive Yellow 

235 O f f  White 
1210 Very Light Green 
1770 Light Green 
1900 Olive Green 
1890 Olive Green 

1570 Light Blue Green 
4400 Green 
4890 Green 
6600 Green 
6600 Green 
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TABLE VI (Continued) 

SOLUBILITY OF C U F ~  IN PROPYLENE CARBONATE ELECTROLYTE 

Materials: 

Series C - 

Water 
Cont erit 
ppm 
180 

4 30 

980 

2000 

SO00 

Propylene Carbonate, MC E B y  Li dried and distilled; 

Lithiwn Perchlorate, Foote klirleral Co., vacuum dried 

Cupric Fluoride, Ozark Mahoning Co. , as received; 

H,O < 20 ppm. 

:it llO°C for  24 hours; H90 = 600 ppm. 

H20 = 3300 ppni. 

30 gm. I.iClO,/lOO ml PC; Solution density = 1 . 3 7  gm/ml. 

Agitation 
'Time, 
I-lours 

25 
125 
290 
650 

1000 

25 
125 
290 
650 
1000 

25 
125 
290 
650 
1000 

25 
125 
290 
650 
1000 

25 
125 
290 
650 
1000 

Copper ( J  I) Concentration 
p rnoles/ml pp'" 

4 . 9  
7 . 8  
9.4 
15.5 
15.0 

4.5 
7 . 8  
11 .o 
17.5 
17.5 

4.5 
9.4 
15.5 
25.0 
24.5 

5 . 2  
32.0 
29.0 
50.0 
49.0 

70 
104 
121 
155 
15s 

232 
370 
446 
735 
710 

214 
870 
525 
8 30 
8 30 

214 
446 
740 
1185 
1160 

247 
1530 
1860 
2370 
2320 

3330 
5000 
5800 
7300 
7300 

S o  1 11 t i on 
Color 

O f f  White 
Off '  W t i i  t e  
O f f  White 
Light Tan 
Light Tan 

O f f  White 
Off White 
O f f  White 
Tan 
Tan 

0 f f Wh it e 
Off White 
Very Light Green 
Olive Yellow 
Olive Yellow 

O f f  White 
Very Light Green 
Light Green 
Olive Green 
Olive Green 

Light Green 
Green 
Green 
Green 
Green 



16 

Materials : 

S e r i e s  A - 

Water 
Content,  

ppm 

120 

430 

850 

2340 

6440 

TABLE VI1 

SOLUBILITY OF CUF? I N  BUTYROLACTONE ELECTROLYTE 

Butyrolactone, MC 6 B,  L i  d r i e d  and d i s t i l l e d ;  
H20 < 20 ppm. 

Lithium Perch lo ra t e ,  Foote Mineral  Co., vacuum d r i e d  
a t  l l O ° C  f o r  24 hours;  H20 = 600 ppm. 

Cupric F luor ide ,  Ozark Mahoning Co., as rece ived;  
H,O = 3300 ppm. 

10  gm, LiC104/100 m l  BL; So lu t ion  Densi ty  = 1.18 gm/m 

Agi ta t ion  
Time,  
Hours 

25 
125 
290 
650 

1000 

25 
125 
290 
650 
000 

25 
125 
290 
650 
000 

25 
125 
290 
650 

1000 

25 
125 
290 
650 

1000 

Comer f I I J Concentrat  i on  
1.1 moles /ml  PPm 

5.9  
8 .4  

12.6 
14.7 
14.5 

4.0 
4.5 

10.0 
14.0 
18,s 

5,O 
8.8 

17.9 
22.7 
29.0 

1 8 , O  
31 - 0  
53.0 
90 

115 

113 
125 
162 
226 
285 

305 
435 
655 
790 
780 

215 
240 
540 
75s 
995 

2 70 
475 
965 

1220 
1560 

9 70 
1670 
2850 
4850 
6180 

6100 
6730 
8700 

12200 
15300 

Solu t ion  
Color 

Off White 
Off W h i t  e 
Pale Yellow 
Yellow Green 
Yellow Green 

Off White 
Off White 
Pale Yellow 
Yellow Green 
Light  Olive 

O f f  White 
Very Light Green 
Light Yellow Green 
Yellow Green 
Ol ive  

Light  Green 
Green 
Green 
Green 
Green 

Blue Green 
Blue Green 
Dark Green 
Emerald Green 
Emerald Green 
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TABLE VI I (Continued) 

SOLUBILITY OF CuF2 IN BUTYROLACTONE ELECTROLYTE 

Mate r i a l s :  Putyro lac tme,  MC 6 E, Li Dried and Distilled; 
H,O < 20 ppm, 

a t  110°C f o r  24 hours;  H20 - 600 ppm. 

H,O =3300 ppm. 

Lithium Perch lo ra t e ,  Foote Mineral Co., vacuum d r i e d  

Cupric F luor ide ,  Ozark Mahoning Co., as rece ived;  

S e r i e s  B - 20gm. L i C l O , / l O O  m l  BL; Solu t ion  Density = 1 . 2 2  gm/ml. 

Water 
Content , Time, 

t m m  Hours 

Hg i t a t  ion  
Copper (11) Concentrat ion 
u moles/ml vvm 

160 25 
125 
290 
650 

1000 

460 

1020 

1870 

5260 

25 
125 
290 
650 

1008 

25 
125 
290 
650 

1000 

25 
125 
290 
650 

1000 

25 
125 
290 
650 

1000 

4 . 8  
8 .0  

15,o 
21.4 
24.0 

5 , 6  
10.8 
21.2 
34.5 
40.5 

8 , O  
Y6,8 
38,O 
60.0 
68,O 

12.8 
54 
75.0 
76.0 

120 

73 
165 
2 30 
2 35 
240 

250 
415 
785 

1115 
1250 

290 
565 

1105 
1800 
2110 

415 
875 

1980 
3120 
3540 

665 
2810 
3910 
3960 
6250 

3800 
8600 

12000 
12200 
12500 

Solu t ion  
Color 

O f f  White 
Pale Yellow 
Yellow Green 
Ol ive  Yellow 
Olive Yellow 

. 

Pale Yellow 
Pale Yellow Green 
Yellow Green 
Ol ive  
Ol ive  

Pale Yellow 
Yellow Green 
Green 
Olive Green 
Ol ive  Green 

Pale Green 
Green 
Dark Green 
Dark Green 
Dark Green 

Green 
Emerald Green 
Emerald Green 
Emerald Green 
Dark Emerald Green 



Materials: 

S e r i e s  C - 

Water 
Content,  

ppm 

190 

460 

1040 

2100 

5250 
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TABLE V I 1  (Continued) 

SOLUBILITY OF C U F ~  I N  BUTYROLACTONE ELECTROLYTE 

Butyrolactone, MC & B, L i  d r i e d  and d i s t i l l e d ;  

Lithium Perch lo ra t e ,  Foote.Minera1 Co., vacuum d r i e d  

Cupric F luor ide ,  Oza rk  Mahoning Co., as rece ived;  

H20  < 20 ppm. 

a t  l l O ° C  f o r  24 hours;  

H,O = 3300 ppm. 

H,O = 600 ppm. 

30gm. L i C l O , / l O O  m l  BL; So lu t ion  Densi ty  = 1.27 g m / m l .  

Agi ta t ion  
T i m e ,  
Hours 

25 
125 
290 
650 

1000 

25 
125 
290 
650 

1000 

25 
125 
290 
650 

1000 

25 
125 
290 
65G 

1000 

25 
125 
290 
650 

1000 

Copper (11) Concentrat ion 
PPm u moles/ml 

6 .5  
10.9 
16 .0  
24.0 
27.5 

7.2 
12.8 
2 1  " 6  
27 I, 0 
43.0 

9 . 3  
23,6 
39.0 
50.0 
84.0 

325 
545 
800 

1200 
1375 

360 
640 

1080 
1350 
2150 

465 
1180 
1960 
2500 
4200 

16.9 845 
70 3500 
79.0 3960 
89.5 4480 

135 6750 

64 
177 
215 
250 
250 

3200 
8860 

10750 
12500 
12500 

So lu t ion  
Color  

Pale Yellow 
Pale Yellow Green 
\ e l low Green 
Ol ive  
01 ive  

Light  Yellow Green 
Light Yellow Green 
Yellow Green 
Ol ive  Green 
Ol ive  Green 

Light Yellow Green 
Light  Green 
Green 
Olive Green 
Dark Olive Green 

Yellow Green 
Green 
Dark Green 
Dark Green 
Dark Green 

Green 
Emerald Green 
Emerald Green 
Dark Emerald Green 
Dark Emerald Green 



19 

E 

l 
I 
I 
t 
d 
f 
I 
I 
I 
I 
I 
I 
4 
I 
1 

2" 1,  3 ,  2. Effect of Eiectrolyte Salts 

It was believed that decomposition of CuF2 in the LiC104 electrolytes 
probably proceeds according to the reaction 

CuF2 + 2 LiC10, +. Cu(C104)2 + 2 LiFJ. 

and that the low solubility of LiF acts as the driving force f o r  this 
reaction to proceed nearly to completion. To test this assumption, a 
number of other candidate electrolyte salts were compared to LiClO 
CuF2 stability tests. (With some exceptions, the same salts were 
evaluated in the lithium stability tests described in Section 2.1.2.3). 

in 
4 

Electrolyte solutions with the concentration of 1 mol of salt per liter 
of solution were prepared using lithium-treated and distilled PC and 
vacuum dried salts. Forty milliliters of solution and 1.0 gram of CuF, 
were placed on the laboratory shaker, agitated, and analyzed iodometri- 
cally at one week intervals for copper I1 content. Results of these 
analyses as well as water concentrations (Karl Fischer) and specific 
conductance of the solutions are shown in Table VIII, page 20. 

The most significant trend displayed by these tests was the high solu- 
bility of CuF2 with lithium as compared to potassium and sodium electro- 
lytes. This would suggest that, f o r  improved wet shelf life, a salt of 
the latter two alkali metals rather than one of lithium should be 
selected. Apparantly, NaF and KF have a higher solubility in propylene 
carbonate than does LiF, thereby reducing the rate of the double 
decomposition reaction, 

2. 1. 3 ,  3 "  Effect of Solvent 

This test series was designed to evaluate the effect of various solvents 
on the stability of CuF2 in the presence of  LiClO, and KAsF6. Stability 
tests were performed as described in the previous section. All solvents 
were lithium treated and distilled, except f o r  nitromethane which was 
not distilled because of the potential explosion hazard involved. 

The two solutes were selected for the tests to further study the effect 
of the lithium and potassium ion on the stability of CuF2. Also, KAsF, 
appeared to be more uniformly soluble than KPF6 in the solvents studied. 
Concentrations (except where indicated) were 1 mol solute/liter of 
solvent 

Specific conductance, Karl Fischer water content, and results of the 
iodometric analyses f o r  Cu I 1  are presented in TABLE IX, page 21. 

In the acetic anhydride electrolytes, a chemical reaction between the 
solvent and CuF2 took place as indicated by a blue voluminous precipi- 



Salt 

LiC10, 

NaC 10, 

KPF6 

KASF6 

L i B F 4  (m) * 

LiPF, (m) 

LiAsF 6 (m) 

NaAsF (m) 

LiBF4 

20 

TABLE VI11 

CuF2 STABILITY IN PC ELECTROLYTES 

1.0 Molar Solutions 
Room Temperature 

vg H20/m1 
Of 

E 1 ectro ly te 

90 

72 

97 

6 1  

170 

105 

260 

160 

129 

Cu ++ Concentration 
LS 9 

Q- 1cm- 7 days 14 days 21 days 28 days 

5.4 x 

5.6 

7.8 

8-1 

6.4 

6.4 

6.2 

8.2 

2.9 

364 

32 

71 

83 

800 

500 

960 

51 

320 

492 

64 

70 

64 

896 

69 1 

905 

192 

320 

5 36 

96 

90 

192 

1110 

1343 

1322 

T i  

557 

660 

160 

77 

96 

1056 

1600 

1152 

64 

544 

* The solutions designated with the suffix (m) were prepared by mixing 
2 M solutions of LiC10, and of the required potassium salt and 
filtering off the precipitated KClO,. 
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'TABLE I X  

STABILITY OF CuF2 I N  L i C l O +  AND msF6 SOLUTIONS 

A ,  L i C 1 0 4  Solu t ions  

KFA LS 
Solvent  ug H 2 0 / m l  Q-lcm-l 

PC 180 5 , 2  x 

DMSO 195 1 1 - 6  

AA* 125 10.6 

NDA 185 15.7 

NM 1000 7 ,4  

Cu I1 CONCENTRATIONS 
3 days 10 days 17 days 24 days 

806 384 384 557 

>6400 --- --- --- 
64 132 160 96 

** 

--- --- --- ** >6400 

>6400 -- - - - -  --- * x  

7 days 14 days 2 1  days 28 days 

MA 76 1 . 4  331 384 511 69 2 

* Sa tu ra t ed  (9 0,SM) 
* *  Solu t ions  having Cu I1 concent ra t ions  i n  excess  o f  6400 pg/ml a f t e r  3 

days were dropped from t h e  program. 
Cu I1 CONCENTRATION 

B.  MSF6 Solu t ions  3 days 10 days 1 7  days 24 days 

PC 155 8 . 1  38 96 <30 96 

DMSO 75 11.6 1830 3600 3610 4430 

AA 45 13.6 145 160 154 192 

NDA 75 2 2 . 3  215 138 960 384 

NM 1365 10.8 64 < 30 96 102 

MA 90 10.9 

7 days 14 days 2 1  days 28 days 

64 96 160 83 
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tate formed in the serum bottles. 
was low. 

The copper content in these solutions 

With all solvents, LiC104 produced considerably higher CuF2 solubilities 
than did KAsF6. This was particularly evident with nitromethane solutions, 
where LiC10, produced over 6400 ppm Cu I1 after 3 days of contact, while 
KAsF6 produced only 100 ppm after 24 days of agitation. 
gave low copper concentration in AA, but as stated before, this is due to 
a chemical reaction yielding an insoluble product. 

Both solutes 

If solubility of CuF2 is the main impediment to wet shelf life for the 
CuF2-Li system, improved stand properties should result with KAsF6 or 
other solutes giving low Cu I1 concentrations. This needs to be verified 
in cell tests. 

2. ,  1. 4. Pulse Load Tests 

To correlate results of electrode stability tests with cell performance 
with the various electrolytes, two-plate CuF2-Li cells were constructed 
and discharged. The lithium electrodes were constructed by pressing 
1/16 inch thick lithium ribbon onto expanded silver. Copper fluoride 
electrodes were prepared by a filter press technique using cellulose 
fibers as binders, or by hot press molding with powdered polyethylene 
binder. The construction techniques are described in detail in the 
Appendix, Table A-6, page134. 

Cells were constructed with electrodes measuring 1.5 x 0.5 in. and sepa- 
rated by 0.03 inch thick microporous rubber. Glass slides were used for 
external cell support with rubber bands supplying compression. 
was accomplished by lowering the cells into 1.0 inch I. D. test tubes 
containing sufficient electrolyte (5 ml) to cover about 1/4 of the 
electrode height. 
in the electrolyte solution. 
is pictured in Figure 3, page 23, and Figure 4, page 24. 

Activation 

A silver wire or lithium reference electrode was dipped 
The cell components and the assembled cell 

In order to determine the individual electrode potential and the IR drop 
in the electrolyte, a discharge circuit similar to that described by 
Kordesch and Marko3 was employed. 
test method is that reference electrode positioning is not critical, since 
the potential reading is taken only during the current-off half cycle of 
the load profile. 
employed is shown in Figure 5, page 25. 

A particularly attractive feature of thls 

A circuit diagram of the equipment constructed and 

K. Kordesch and A. Marko: J. Electrochemical Society, 107, 480 (1960). 
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2. 1. 4. 1. Effect of Electrolyte Salts 

Cells were constructed as described on page 22, and activated with 
electrolytes having 1 mol of salt/liter of PC. 
series were LiC104, r J a C l O 4 ,  KPFG, K A s F 6 ,  LiPFG (m), LiRF4, I,iAsF, (m) , 
and Na.4sF6(m). 
hours after addition of the electrolyte. All tests were performed at 
35°C. 

The solutes in this 

Discharge of the cells was commenced at 0.6 mA/cm2 two 

Construction and discharge data for the cells are summarized in 'I'ARLE X, 
page 27. 
shown in Figures 6 to 10, pages 28 to 32, (except for Ei?F6 and KPI:, 
cells which gave less than 10 hours discharge to 2.0 VF). 

Voltage-time data for the best cell in each replicate set are 

The potential of the silver wire reference electrode was not entirely 
stable in the electrolytes used, becoming more positive during the course 
of the discharge. However, the measurements obtained do show cell 
capacity to be limited by ,polarization of the C u F 2  electrode. 'The highest 
CuF, reduction efficiencies were obtained in LiClO, (64%) and I,iAsF6 ( 5 4 % ) .  
Practically no capacity could be obtained with LiPF6 or KPF6 solutes. 

2 .  1. 4. 2. Effect of Solvent 

Other two-electrode cells were constructed as described before and tested 
for discharge performance in LiC104 and KAsFG solutions in PC, D'W, A A ,  
NDA, NfT and 1":A. In this series, the reference electrodes were lithium 
pressed onto expanded silver, but other test parameters, including 
electrolyte concentration, were as described in the previous section. 
Results of these tests are shown in Table XI, page 33. 

The best discharge performance was obtained with the LiC104-PC electrolyte 
(67.5% CuF2 reduction efficiency). 
reduction efficiencies around 30% with LiC104 solute. Results with KAsFE, 
electrolytes were generally poorer. Reference electrode measurements 
taken at various times during the discharge again showed capacity to he 
limited by cathode polarization. 

Both DMSO and NDA cells gave CuC2 

2 .  1. 5. Specific Conductance "easurements 

Specific conductance of electrolyte solutions was determined during 
various phases of this investigation. The results of most of these 
measurements are presented together with other data in the appropriate 
sections of the report. 

The suffix (m) indicates solution prepared bv double decomnosition. 
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TABLE XI 

EFFECT OF SOLVENT ON CuF2-Li CELL PERFORMANCE 

Electrolyte Concentration: 1 mol Solute/Liter of Solvent 
Current Density: 0.6 mA/cm2 

Temperature : 3 5 C 

The0 . Time to Cap. to 
Cell CuF2 Cap. 2.5 VF, 2.5 VF, Efficiency 
No. Solvent Solute p g  H20/ml AH Hours AH Percent 

1 PC LiC104 69 .396 89.0 0.267 67.5 
2 PC 69 ,383 65.5 0.196 51.3 

109 .270 29.5 0.088 32.5 3 DMSO 
109 .309 32.0 0.096 31.1 4 DMSO 

II 

II 

I 1  

5 NDA LiC10, 99 .296 24.0 0.072 29.3 
99 .SO4 28.5 0.085 29.8 6 NDA 
241 .296 1.5 0.005 1.7 7 NM 

8 NM 241 .313 1.5 0.005 1.6 

II 

II 

II 

9 A A  LiC10, 150 .566 42.8 0.128 22.6 
10 PC KAsF 245 * 374 20.5 0.056 17.6 

110 .583 41.0 0.123 21.1 11 DMSO I 1  

110 .305 30.5 0.092 30.1 12 DMSO 1 1  

13 NDA KASF 6 146 .266 25.5 0.076 28.5 
146 .422 34.5 0.104 24.7 14 NDA 
121 .305 14.0 0.060 14.6 15 NM 
114 .305 20.0 0.092 19.7 16 AA f l  

II 

1 1  

To facilitate reference to the conductivity values, all measurements 
contained in the various sections of the report have been summarized in 
Table A-7, page 135, of the appendix. This table also contains conductiv- 
ity measurements which were obtained in the course of contract work but 
have not been included in the body of the report. 

2. 1. 6. Purification of Salts 

Some studies of solute purification methods were undertaken in this 
program. The following two methods were used for the purification of 
electrolyte salts by reprecipitation: 
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Method 1: (Table XII) 

The salts were dissolved in a polar solvent and any insoluble impurities 
were removed by filtration. 
the filtrate by the addition of a non-polar solvent. 
filtered off, washed with the non-polar solvent and dried. 

Method 2 :  (Table XIII, page 35)  

The salts were dissolved in the minimum amount of hot solvent from which 
the desired salt would recrystallize on cooling. The most desirable 
solvents are ones which give large increases in salt solubility with 
increasing temperature. After cooling to room temperature, the crystals 
were filtered off, washed with a small amount of the crystallizing 
solvent and dried. 

The methods f o r  crystallization of KAsF6 shown in Table XI1 gave a solvent- 
free product consisting of colorless regular crystals. Recrystallization 
of LiC10, from acetic anhydride yielded a disolvate which could not be 
converted to the unsolvated salt by heating under hard vacuum. 
tion was indicated by discoloration of the material). Recrystallization 
of (C~H~)L+NF from acetonitrile did not reduce the water content of the 
salt. Although the appearance of this material was improved("as received" 

The desired salt was reprecipitated from 
The crystals were 

(Decomposi- 

material was yellowish-brown, while the reprecipitated salt 
it was still decomposed by heating in a vacuum oven (50°C), 
by a strong odor of triethylamine. 

TABLE XI1 

RECRYSTALLIZATION FROM MIXED SOLVENTS 

(Method 1) 

was white), 
as evidenced 

Solute 

KASF6* 

KAsF 6 

Weight Recrystallization Insoluble Yield 
Solute g System Impurities g 

5 Acetone (5  ml) - 25 mg 3.9 
Dioxane or 
Toluene (5 ml). 

5 Acetone (5 ml) - 25 mg 2 . 2  
Dioxane (1 ml). 

Remarks 

Dried at 110°C 
and hard 
vacuum. 

Crystals 
formed over 
a period of 
3 days by the 
slow evapora- 
tion of acetone. 

*H20 content before and after purification less than 100 pg/g. 
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2 .  2. Comer Fluoride Studies 

Since copper fluoride was the cathode material of major interest in this 
program, some investigations of its purity and methods for improvement 
of same were undertaken. 

As received from the manufacturer’, CuF2 typically contained between 0.5 
and 5.0% water in the form of CuF,*2H20. 
CuF2 in electrolyte solutions, indicated that much lower water contents 
may be required. 

Solubility data obtained for 

2. 2 .  1. CuF2 Drying Studies 

It has been reported in the literature6 that CuF2*2H 0 decomposes with 
formation of CuOHF when heated at 132OC. 
proceeds to completion, a simple analysis for water appears possible by 
heating the material and determining weight loss. 
performed with materials received from the suppliers and the results 
were compared t o  those of X-ray analyses. 
listed in Table XIV. 

Assuming tiat this reaction 

Such analyses were 

Results of these tests are 

TABLE XIV 

WATER CONTENT OF C U F ~  

Lot No. 
Water Content, % 

X - Ray Weight Loss 

2 3 . 9  3 . 3  
3 1.0 0 . 8  
4 5.8 3 . 6  
6 2.8 2 . 6  

As can be seen from these figures, the weight loss method gives low 
results compared to X-ray analysis. The agreement becomes even poorer 
when samples of more than a few grams are heated, indicating difficulty 
of water removal. 

Removal of water from CuF2 to be used for cathode construction was of 

’ Material from A .  D. McKay and Ozark-Mahoning Co., was used on this 
program. 
C. M. Wheeler and H. M. Haendler; J. Amer. Chem. SOC., 7 6 ,  263, (1954). 
Details of X-ray analysis for CuF2-2H20 are given in thrAppendix, 
Table A-8. 

- - -- 8 
1 
1 
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major importance in this program, since the detrimental effect of water 
on the solulility of CuF2 had been demonstrated. 
were employed for drying of CuF2. The first method involved heating of 
the material under vacuum, while the second consisted of placing the 
material in a vertical tube heated by a constant temperature bath and 
continuously purging the tube with dry argon. 

Two basic procedures 

To study the effect of the various drying conditions, seven batches of 
anhydrous CuF2 (Lot 7) were treated. The method of treatment and the 
X-ray patterns obtained before and after drying are presented in 
Table XV, page 38.  The relative concentration of each material in the 
samples is proportional to the peak intensity (counts/second), but the 
actual percentage figures can only be calculated for the materials which 
are available in pure form for calibration (CuF2 and CuF2-2H20). 

It can be seen from examination of Table XV, that the main decomposition 
products which result from heating the salt are CuOHF-CuF2 and CuOHF. 
unknown compound having a major peak intensity at 4.15 1 is also produced. 
Its concentration increases with drying time and with temperature. 

An 

2. 2. 2. Decomposition of CuF2-2H20 

Since decomposition of CuF2*2H20 is of importance in removing water from 
CuF2, this reaction was studied further in a series of decomposition 
tests performed on the dihydrate. 
50 grams of dihydrate were heated in a sealed vacuum oven having a volume 
of 6.5 L from which air was evacuated prior to application of heat. 
Results of the X-ray analyses of the initial and resulting material are 
given in Table XVI, page 39. 

In the first series of experiments, 

A second series of tests was performed by heating the dihydrate in a 
tube while purging with argon as described in the previous section; 
results of these runs are presented in Table XVII, page 40. 

It can be seen from the X-ray data that the main decomposition products 
obtained by both mgthods are CuOHF and a compound having a major peak 
intensity at 4.15 A, the latter becoming more predominant with longer 
decomposition time and higher temperature. Thus it seems possible to 
control the composition of the product. 

Some solubility tests with the resultant materials in LiC10,-PC electro- 
lyte were attempted and no Cu I1 could be detected in the solutions. 
Cathodes with these materials were constructed and evaluated in cell 
discharge tests described in the following section. 
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T A B L E  XV 

Compound 

CUF 2 

CUF 2 2H2O 

CuOHF 

CUOHF *CUF 2 

CUO 

cuzo  

cu 

4.15 

MAJOR PEAK I N T E N S I T I E S  OF V A R I O U S  COMPOUNDS I N  

C O P P E R  F L U O R I D E  S A M P L E S  

As 
R e c  ' d 

1840 

178 

N.D? 

N.D.  

N.D. 

N . D .  

N.D.  

N.D.  

16 H r s  
70°C 
O v e n  

1760 

108 

N . D .  

N . D .  

N.D.  

N . D ,  

N . D .  

N.D.  

% w a t e r  from 

CuF2*2H,O 2.2 1.3  

* N o n e  detected. 

16 H r s  16 H r s  16 H r s  113 H r s  16 H r s  
130°C 130°C 130°C 130°C 180°C 
A r g o n  A r g o n  A r g o n  A r g o n  A r g o n  
S w e e D  S w e e D  S w e e D  S w e e D  S w e e D  

1248 1264 1440 1184 1408 

13  11 1 2  N . D .  N .  D .  

16 1 2  28 24 1 2  

72 72 1 2  16 104 

1 2  1 2  N . D .  N . D .  N . D .  

N . D .  1 2  N . D .  N . D .  N . D .  

N . D .  N . D .  N . D .  N , D .  N . D .  

4 0  40 52 120 60 

16 H r s  
152OC 
A r g o n  
S w e e p  

1376 

24 

N O D ,  

100 

N . D .  

N - D .  

N , D ,  

52 
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2. 3 .  Experimental Cell Tests 

I 
I 

At various points in the program, three-plate experimental cells were 
constructed and tested to study the many variables affecting the 
performance of the CuF,-Li system. 
essentially as described in reports on earlier work performed at this 
laboratory 

Construction of these cells was 

The two lithium electrodes were prepared by pressing 1/16 inch thick 
ribbon (Foote Mineral Co.) onto expanded silver. The petrolatum used 
to protect the lithium during shipment and storage, was dissolved with 
heptane before construction of the cells. The electrodes measure 1.5 
x 1.5 inches and had about 7.8 AH of theoretical anode capacity. 

The CuF2 electrodes were usually prepared by a filter press technique 
using paper fibers as the binder and graphite as the conductive component. 
A heptane slurry having the desired composition was prepared and 
filtered on a laboratory paper sheet mold. 
to size, pressed onto expanded silver, and the heptane was removed by 
drying in v a c ~ u m . ~  
made with polystyrene binder, and with hot pressed electrodes containing 
powdered polyethylene. 

The filter mat was then cut 

Some tests were also performed with pasted electrodes 

The theoretical reduction capacity of the CuF2 electrodes (0.526 AH/g 
CuF2) was generally in the range of 3 - 5 AH. Since this is only about 
50% of the theoretical Li capacity (7.8 AH), the cell capacity was taken 
as a measure of positive electrode performance. The working area of the 
cells was 2 x 1.5 x 1.5 inches, or  about 29cm2. 

The experimental cell components before assembly are shown in Figure 11, 
page 4 2 .  The separation used for these cells was 0.03 inches thick 
microporous rubber, and a heat sealed polyethylene envelope served as the 
external case. 
together with bolts as shown in Figure 12, page42.. 

The cells were generally supported between blocks held 

During both discharge and stand tests, the assembly was placed in a 
hermetically sealed container to avoid contamination with moisture 
from the air. 

See, for example, NASA CR-54803, pp. 67-72. 
Further details on this method are given in the Appendix, Table A-8. 



42 

Figure 11 

CuF2 - Li Test Ce l l  Components 
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- c c  2 ,  3 .  1. mrect  of Dried CiiFz 3ii Shei f  L i f e  

Evaluation of wet s tand  c a p a b i l i t i e s  of CuF2-Li ce l l s  with LiClO,-pC 
e l e c t r o l y t e  was conducted. 
water content  of t he  CuF2 used fo r  making t h e  p o s i t i v e  e l ec t rodes .  The 
t h r e e - p l a t e  c e l l s  were b u i l t  with f i l t e r  mat p o s i t i v e  e lec t rodes  having 
t h e  composition: 

The main va r i ab le  i n  t h i s  study was the  

CUF 2 82% 

Paper F iber  6% 
Graphite 1 2 %  

The sepa ra t ion  was commercial microporous rubber 0.03 inches th i ck ,  and 
t h e  e l e c t r o l y t e  so lu t ion  had t h e  concentrat ion 15g solute/100 m l  so lven t .  
The water content  of t he  e l e c t r o l y t e  was i n  t h e  order  of 500 ppm. 

2 ,  3. 1 .  1. Effect of Vacuum Drvinn 

In t h i s  t e s t ,  two groups of 22 c e l l s ,  i d e n t i c a l  except f o r  t reatment  of 
CuF, before  cons t ruc t ion  of e lec t rodes ,  were b u i l t  and tested, .  For one 
group o f  c e l l s ,  CuF, having a water content  of 2.8 percent  (X-ray ana lys i s )  
was used, while f o r  t he  second group the  same mater ia l  was d r i ed  a t  70°C 
f o r  16 hours under vacuum (100 - 200 microns). The water content  o f  t h e  
d r i ed  material was not  determined, bu t  o the r  drying t e s t s  on t h e  same 
material ind ica ted  t h a t  t he  water content  was i n  the  range o f  1 - 2 percent  
a f t e r  drying.  

After t h e  t es t  c e l l s  had been f i l l e d  with t h e  e l e c t r o l y t e ,  four  c e l l s  from 
each group were put  i n  discharge through 200R r e s i s t o r s  a t  35"C, while t h e  
remaining c e l l s  were s to red  a t  35"C, -15"C, and -55°C. 
intended t o  discharge groups of  two c e l l s  from each of t h e  t e s t  environ- 
ments a f t e r  a s tand  of 1 month, 3 months, and 6 months; however, t hese  
i n t e r v a l s  were changed t o  2 weeks, 4 weeks, and 6 weeks a f t e r  a rap id  
open c i r c u i t  p o t e n t i a l  decay was observed i n  many c e l l s  a f t e r  a s tand o f  
only 2 weeks.  

I t  was o r i g i n a l l y  

Construction and discharge da t a  fo r  t h e  t e s t  c e l l s  a r e  summarized i n  
Tables XVIII and X I X ,  pages 44 and 4 5 .  A s  expected, poor capac i ty  r e t en -  
t i o n  was exhib i ted  by t h e  cel ls  which had been on s tand  a t  35°C a t  -15°C 
and -55"C, capac i ty  r e t e n t i o n  was i n  t h e  order  o f  80 percent  a f t e r  4 weeks  
of s tand  f o r  t h e  c e l l s  b u i l t  w i t h  t h e  vacuum-dried CuF,. After 6 weeks of  
s tand ,  less capac i ty  was re ta ined  by c e l l s  a t  -15°C than a t  -55°C. 

Inspect ion o f  t h e  c e l l s  a f t e r  discharge showed the  l i th ium s l a b  e l ec t rodes  
t o  be i n  good condi t ion  except f o r  t h e  reduct ion i n  thickness  which 
r e s u l t s  from discharge.  The ins ide  sur faces  of t he  l i th ium e lec t rodes  
( those fac ing  t h e  CuF2 e lec t rode)  showed green depos i t s  which were more 
pronounced i n  c e l l s  which had the poores t  s h e l f  l i f e .  
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TABLE XVIII 

Cell 
No I - 
3- 1 
3- 2 

3-4 
~ 3- 3 

3-51 
I 3-6' 

3-71- 
3-8l 

3-9',2 
3-10 

3-11 
3-12 

3-13 
3-14 

3-15l 
3- 16 

3-17 
3-18 

I 3-19 
3-20 

3-21 
3- 22 

SELF-DISCHARGE IN CuFp-Li CELLS 

Undried CuF2: 2.8% Ha0 
Electrolyte: 15g LiClO,/lOO ml PC 

Electrode Area: 29 cm2 
Load: 20052 

Stand Average 
Conditions Discharge 
Temp, Time, Theo, CuF, Hrs to Capa:ity to Potential Cathode 
O C  wks,  Cap., AH 2 OVF 2 ' 0  VF, AH Volts Eff.,% -- 

+ 35 
+35 
+35 
935 

+35 
+35 

-15 - 15 

-15 
-15 

-iS 
-15 

- 5 5  
-55 

-55  
-55  

-55 
-55 

2 
2 
2 
2 

2 
2 

2 
2 

4 
4 

6 
6 

2 
2 

4 
4 

6 
6 

3 74 
3.46 
3,78 
3.52 

---e 

_---  
-- -- 
---- 
---- 
---- 
3.64 
4 04 

4.66 
4.03 

4.18 
3 I, 69 

4.05 
4.04 

3.65 
4..Y2 

4.23 
3 ,  32 

1 Cell potential below 2 volts after stand. 
Cell had 5000 ohm load across terminals during stand 
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T R  " T  IADLE X I X  

SELF-DISCHARGE IN CuF2-Li CELLS 

CuF2 Dried at 70°C f o r  16 Hours 
Electrolyte: 15g LiC104/100 ml PC 

Electrode Area: 29 cm2 
Load: 200Q 

Stand Average 
Conditions Discharge 

Cell Temp. Time, Theo. CuF2 Hrs. to Capacity t o  Potential Cathode 
OC wks. Cap., AH 2. OVF 2.0 VF, AH Volts E f f , ,  % No. -- - 

3-1 
3- 2 
3- 3 
3-4 

3.88 166 2.44 2 ., 94 63 
4.23 198 2.89 2.91 68 
3.88 161 2.32 2.88 60 
4.17 175 2 ,, 59 2.96 62 

3-11 -15 2 3.98 155 2.19 2.83 55 
3-12 -15 2 3.74 147 2.07 2,82 55 

3-13 -15 4 3.74 147 2.09 2.85 56 
3-14 -15 4 3.84 164 2.38 2,90 62 

3-15 -15 6 3.64 72 1.01 2.80 28 
3-163 -15 6 3.64 48 0.64 2.67 17 

3-17 -55 2 3,53 101 1.41 2,79 40 
3-18 -55 2 4.15 87 1.30 2.99 31 

3-19 -55 4 3.87 148 2.09 2,81 54 
3-20 -55 4 4.10 148 2.10 2.84 51 

3-21 -55 6 4.33 168 2.37 2,82 55 
3-22 -55 6 4,OO 185 2.65 2.86 61 

Cell potential below 2 volts after stand. 
Cell had 5000 ohm load across terminals during stand, 
2.52 VF. 
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2 ,  3, l ,  2 Effect of Argon Drying 

A second test series was conducted using CuFz dried in a stream of argon. 
One lot of the material was dried at 130'C for 16 hours, while the second 
lot was dried under the same cmditions for 113 hours. 
analyses showed the water contena of the treated materials to be below 
0.3% 
-1S0C, while the discharges again were conducted at 35'C thru 2000 loads. 

Subsequent X-ray 

The stand temperatures for  this series of cells were 35OC and 

Without open circuit stand, capacity was somewhat higher for the cells 
which had CuF, dried for the shorter period (16 hours), indicating that 
some decomposition of CuF2 may have resulted from ths argon drying. 
After a two week stand at 35"C, only two of the six cells with each type 
of CuFi had any slgnificant capacity abab,e 2 5 volts, 
of 2, 4, and 6 weeks at -15"C, cell performance was not significantly 
different than had been obtained from cells which had received no open 
circuit stand. Results of the discharge tests are summarized in Tables XX 
and XXI, pages 47 and 48 
presented in Figures 13 to 17, pages 49 to 53, and the extent of shelf 
discharge under the various test conditions f o r  the highest performance 
cell in each group is displayed graphically in Flgure 18, page 54. 

After stand periods 

The voltage-time data for the cells are 

Inspection of the cells at the end of the test did not reveal clearly why 
the cells failed to discharge after the open circuit stand period at 35°C. 
All cell componerts appeared to be  in good candltion, and no evidence of 
short-circuiting could be found However, the unabsorbed portion of the 
electrolyte had disappeared dLtring the stand period, and an ester-like 
odor was always evident in che consTant temperature chamber. This suggests 
loss of solvent by decomposition and ev&poration, which contributes t o  the 
l o s s  of capacity after stand. Also, the loss of electrolyte is more 
pronounced in the cells which shaw mole extensive capacity loss during 
stand, This factor requires further study wlth hermeticakly sealed cell 
assembliesa 

2.> 3, 2" Evaluation of Thermally Decomposed CuFz.2H20 

For this test, the positive active materia? wy~s prepared by heating 
CuF2*2H,O in a tube swept by argon for 57 hours at 180 - 188°C. 
resulting material showed a 23 percent weight 105s from the dihydrate 
and the composition was shown by X-ray analysis to be: 

The 
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TABLE XX 

SELF DISCHARGE IN CuF2-Li CELLS 

CuF2 Dried 16 Hours at 13OoC Under Argon 

Electrolyte: 15g LiClOk/lOO ml PC 
Electrode Area: 29 cm2 

Load: 200Q 

Stand Average 
Conditions Discharge 

Cell Temp. Time, Theo. CuF2 Hours to Capacity to Potential Cathode 
No. OC wks. Cap. ,AH 2.5 VF 2.5 VF, AH Volts Eff., % --- 
3B-1 --- 
3B-2 --- 
3B-3 --- 
3B-4 --- 

3B-5 +35 
3B-6 +35 
3B-7 +35 
3B-8 +35 
3B-9 +35 
3B-10 +35 

3B-11 -15 
3B-12l -15 

3B-13 -15 
3B-14 -15 

3B-15 -15 
3B-16 -15 

- 
- 
- 
- 
2 
2 
2 
2 
2 
2 

2 
2 

4 
4 

6 
6 

3.72 
3.98 
3.93 
4.18 

3.83 
3.39 
3.97 
3.80 
4.20 
4.04 

3.90 
4.32 

3.52 
3.50 

4.00 
3.44 

Cell had internal short circuit. 

170 
201 
108 
184 

7 
0 
12 
18 
12 
42 

82 
46 

141 
107 

138 
138 

2.64 
3.16 
1.65 
2-85 

--L- 

---- 
---- 
0.25 

0.59 

1.25 
0.95 

2.16 
1.64 

2.06 
2.08 

---- 

3.10 
3.14 
3.06 
3.09 

---- 
---- 
---- 
2.76 

2.81 

3.05 
3,25 

3.06 
3.05 

3.03 
3.07 

---- 

71 
79 
42 
68 

-- 
-- 
-- 
7 

15 

32 
17 

61 
47 

52 
61 

-- 
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TABLE xxr 

SELF-DISCHARGE IN CuF2-Lk CELLS 

CuF: Dried 113 Hours at 13OoC Under Argon 

Electrolyte: 15g LiClO;/lOO ml PC 
Electrode Area: 29 cm' 

Load: 200Q 

Stand 
Conditions 

Cell Temp, Time,  
No "C 

3B- I; - - -  
3B-18 - - -  
3B-19 - - -  
3B-20 --- 

- -  

3B-21 +35 
3B-22 +35 
3B-23 +JS 
3B-24 *35 
3B-25 435 
3B-26 +35 

3B-27 -15 
3B-28 -15 

3B-29 -15 
3B-30 -15 

3B-31 -15 
3B-32 -15 

wks I 

- -  
- -  
- -  
--  

2 
2 
2 
2 
2 
2 

2 
2 

4 
4 

6 
6 

Average 
Discharge 

rhea* CuF, Hours to Capacity to Potential Cathode 
Cap , AH- 2 , s  VF 2.5 VF, AH Volts Eff., % 

4 , 6 7  I70 ~ " 6 4  3.10 57 
4.58 170 2.50 2.94 55 
4-77 202 3.15 3.11 66 
4-24 122 1.80 2.94 42 

4.20 168 1.62 3.11 39 
4.04 156 2.40 3.07 59 

4.11 155 2.40 3.09 58 
4.27 173 2.65 3.05 62 

4.81 180 2.72 3.06 57 
4.62 159 2.35 2.99 51 
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LTA #640 - 3B 
Discharge Conditions: 200R; +3SoC. 

I 

Theoretical !hF2 Capacity: 

3.72 AH 
3.98 AH 

0 50 100 150 200 

Time, Hours 

Cell 

Theoretical CuF2'Capacity: 

#3 
#4 

3.93 AH 
4.18 AH 

\ 
-\ 

\ 
\ 
\ 

- Cell 

250 

# 3  

# 4  

1 I I I 1 

0 50 100 150 200 250 

PERFORMANCE OF CuF2-Li CELLS AFTER 2 HOURS WET STAND AT 35OC 

Time, Hours 

FIGURE 13 
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LTA #640 - 38 

Discharge Conditions : 200Q; +3SoC 

Theoretical CuF2 Capacity: 

# 17 4.67 AH 
# 18 4.58 AH 

Cell #17  

0 50 100 150 200 

Time, Hours 

Cell 

Cell  
- - - - . I C  

Theoretical CuF, Capacity: 

#/ 19 4.77 AH 
#20 4.24 AH 

258 

## 19 

+# 20 

0 50 100 150 
Time, Hours 

200 250 

PERFORMANCE OF CuF2-Li CELLS AFTER 2 HOURS WET STAND AT +35'C 

FIGURE 14 
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- - .  
LL'A ff f4i-j - 3B 

Discharge Conditions: 200R; +35"C Cell # 1 1  

- - - --Le11 #12 

3 

m 
c, 
3 0 2  > 
rl 
cd 
.d 
c, 
c 

0 a 
$ 1  

rl 
rl 
a, u 

#11 3.90 AH 
#12 4.32 AH 

1 I I I 

0 50 100 150 200 250 

Time, Hours 

\ 

Theoretical CuF, Capacity: 

#27 4.20 AH 
#28 4.04 AH 

0 50 100 150 200 250 
Time, Hours 

PERFORMANCE OF CuF,-Li CELLS AFTER 2 WEEKS WET STAND AT -15°C 

FIGURE 15 
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LTA #640-3B 

DISCHARGE CONDITIONS: 200R; +3SoC 

3 

2 

1 

3 

2 

1 

( 

Theoretical CuF2 Capacity: 

#13 3.52 AH 
#14 3.50.AH 

I 1 1 I I 

50 100 150 200 250 
Time, Hours 

Cell 

- - - - ,Cell 
#29 
# 3 0  

Theoretical CuF Capacity: 
2 

#29 4.11 AH 
#30 4.27 AH 

I I I I I 
50 100 150 200 250 

Time, Hours 

PERFORMANCE OF CuF2-Li CELLS AFTER 4 WEEKS WET STAND AT -lS°C 

FIGURE 16 
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LTA #640 - 3B 
Discharge Conditions: 200R; +3SoC Cell #15 

- - - - - C e l l  # ! 5  

Theoretical CuF2 Capacity: 

#15 4.00 AH 
#16 3.44 AH 

0 50 100 150 200 250 
Time, Hours 

0 50 100 150 200 250 
Time, Hours 

PERFORMANCE OF CuF2-Li CELLS AFTER 6 WEEKS WET STAND AT -15°C 

Cell #3l 

- - - - -Cell #32 

Theoretical CuF2 Capacity: 

#31 4.81 AH 
#32 4.62 AH 

FIGURE 17 
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Stand 
Conditions 
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2 wks; 

2 wks; -1SOC 

4 wks; -15°C 

6 wks; -15°C 

0 1 2 3 4 4 

1-j Theoret ical  CuF2 
Capacity, AH 

LTA #640 - 3 B  

CAPACITY LOSS I N  CuF2-Li CELLS AFTER WET STAND 

FIGURE 18 
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Unknown Material* 63% 
CuOHF 28% 

12% - CuOHF.CuF2 

Total 103% 

*hlajor peak intensity at 4.15 A. 
0 

Filter mat electrodes were prepared by the method described previously! 
The mix composition was 

Ac t i ve bla t er i a 1 104 
Graphite 14 
Paper Fiber 7 

Twelve 3-plate CuF2-Li test cells were constructed and activated with 
15g LiC104/100 ml propylene carbonate electrolyte (water 50 ppm by 
Karl Fischer analysis). .Groups of four cells were assembled and sealed 
(with cell terminals protruding) in polyethylene containers measuring 
4 x 4 x 3 inches. Four cells were put on discharge thru 200R loads at 
35'C, while the remaining cells were discharged under the same conditions 
after open circuit stand periods of 9 and 30 days at 35OC. 

Discharge data for the cells are summarized in Table XXII, page 56, and 
cell open circuit potentials during stand are given in Table XXIII, 
page 57. Voltage-time data during discharge and open circuit stand have 
been plotted for the best cell in each group in Figures 19 and 20, 
pages 58 and 59. 

In comparison to the normal CuF2, the decomposed CuF2.21120 produced 
higher cell polarization with the 200R loads. All cells, except Cell #1, 
fell to below 2.5V after 4 hours of discharge (because of the distinctly 
green electrolyte color in Cell #1, it was suspected that this cell had 
been contaminated with water, possibly thru the use of an improperly 
dried hypodermic syringe). The positive active material utilization 
efficiency was likewise reduced, being about one-half of that obtainable 
from normal CuF2. Open circuit potential during stand, and capacity after 
stand were significantly improved, however. The average discharge poten- 
tial of cells after 30 days of stand was higher than for cells which had 
no stand, with only a slight reduction in active material utilization, 

The decomposed CuF2-2H20 appears to be reducible in the LiC104 propylene 
carbonate electrolyte, but its low solubility does not permit the normal 

losee page 41. 
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TABLE XXIII 

OPEN CIRCUIT POTENTIALS OF CELLS HAVING THERMALLY DECOMPOSED CuF2*2H?O 

CATHODES AND LITHIUM ANODES IN LiClOh-PC ELECTROLYTE 

Time on O.C., 
Days 

0 

3 

4 

5 

6 

7 

9 

11 

12 

13 

18 

19 

20 

25 

26 

30 

5 

3.52 

3.59 

3.58 

3.58 

3.57 

3.56 

3.42 

- 

Temperature : 35OC 

Cell Numbers 

6 

3.52 

3.59 

3.58 

3.57 

3.56 

3.56 

3.56 

- 7 

3.52 

3.59 

3.58 

3.58 

3.57 

3.56 

3.56 

- 8 

3.52 

3.58 

3.57 

3.56 

3.55 

3.54 

3.54 

- 9 

3.52 

3.59 

3.58 

3.57 

3.56 

3.55 

3.55 

3.52 

3.51 

3.51 

3.50 

3.50 

3.45 

3.35 

3.37 

3.33 

- 10 

3.52 

3.59 

3.58 

3.57 

3.57 

3.56 

3.56 

3.55 

3.53 

3.53 

3.50 

3.52 

3.52 

3.53 

3.55 

3.52 

- 11 

3.53 

3.60 

3.59 

3.58 

3.57 

3.56 

3.56 

3.42 

3.37 

3.36 

3.30 

3.40 

3.42 

3.45 

3.37 

3.33 

- 12 

3.52 

3.58 

3.57 

3.56 

3.56 

3.55 

3.55 

3.54 

3.53 

3.50 

3.52 

3.52 

3.52 

3.52 

3.52 

3.53 

- 
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200R discharge. The significantly better shelf life observed with this 
material can likewise be explained in terms of its lower solubility in 
the electrolyte solution. Further studies on this material are 
required to fully evaluate its properties and possible advantages over 
normalCuF2 as the active material of the cell. 

2. 3 .  3 .  Effect of CoF3, SbF3 and YnF3 

Evaluation of additives to filter mat CuF2 electrodes was mdertaken in 
order to study methods for improving shelf life of CuF,-Li cells having 
propylene carbonate electrolyte. Since it had been demonstrated that 
presence of water is detrimental to shelf life, materials which are known 
to react with water were selected for addition to CuF2 during preparation 
of the electrodes. It was hoped that these additives would decompose the 
water released by CuF2 during stand, thus reducing its solubility in the 
electrolyte solution and improving capacity retention of the cells. 

The additives selected for testing were CoF3 and M F 3  at a concentration 
of 4 grams/100 gram of CuF2, and SbF3 at 6 grams/100 gram CuF2 (the 
concentration of additive being roughly proportional to its molecular 
weight). 
under heptane. The filter mat composition for construction of the 
electrodes was 100 parts CuF2, 14 parts graphite, and 7 parts paper 
fiber, plus additive. 
by pressing 1.5 x 1.5 in. sections of the filter mat onto expanded silver 
and removing the residual heptane by vacuum drying. Three-Zlectrode cells 
with outside lithium electrodes and ?1PR separation were constructed and 
tested for performance with LiC104-PC electrolyte (15 grams salt/100 nl 
solvent). 

These were added to CuF2 prior to jar milling with graphite 

Electrodes were prepared as described previously1 

Six cells with each type additive, along with six having no additive, 
were constructed and tested. Two cells from each group were discharged 
thru 200R at 35OC after one day of open circuit stand at 35OC; the 
remaining cells were discharged after stand periods of 8 and 14 days at 
35°C. 

Construction and discharge data for the cells are summarized in 
TABLE XXIV, page 61, while the open circuit potentials of cells during 
stand are listed in Table XXV, page 62. Voltage-time data for the best 
cell in each group are presented in Figures 21 to 24, pages 63 to 66. 

11 See appendix, Table A - 9 ,  page 140. 
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j,dditioz of S b F 3  had a clearly detriy,ental e f f e c t  on b o t h  d i s c i i a r m ~  6-  

capacity and capacity retention after stand. Addition of CoF3 and MnF3 
appeared to have no significant effect on the characteristics of the cells. 
These cells suffered an average capacity loss of about 50 percent after 
8 days stand at 35°C. After i 4  days at the same temperature, only h a i f  
of the cells had retained any capacity above a load potential of 2.5 v o l t s .  
Inspection of the cells after discharge indicated that dissolution of the 
CuF2 had taken place, which appears to be the main cause of capacity loss 
during stand. 

2 .  3.  4 .  Filter Mat CuF, Electrode Construction Studies 

A series of cell discharge tests were performed to study the effect of 
filter mat composition and method of electrolyte addition on cell 
performance. 
approximately 1.8 gram CuF2/sq. in., while the weights of graphite and 
paper fiber were varied. Electrode and cell construction were as 
described previously . 

The quantity of CuF2 per unit electode area was held at 

2 .  3. 4 .  1. Ratio of CuF7 To Additives 

In this test series, cells were activated with electrolyte consisting 
of 15 grams of LiC104 dissolved in 100 ml of propylene carbonate. The 
water content of the electrolyte solution as determined by Karl Fischer 
analysis was 140 ppm, while the CuF2 used for preparing the filter mat 
electrodes contained 1.2 percent of water as determined by X-ray 
analysis. 

After activation with the electrolyte solution, the cells were allowed 
to stand on open circuit for four hours, and were then put in discharge 
at 35°C thru 200 o r  100 ohm loads. 
of the cells to a final voltage of 2.5 volts are presented in Tables 
XXVI and XXVII, pages 68 and 69. (The variation jn theoretical CuF2 
capacity was caused by non-uniformities in filter mat thickness). Volt- 
age-time curves for some typical discharges are shown in Figures 25 and 
26, pages 70 and 71. 

Construction data and performance 

Inspection of the cells at the end of discharge showed that, in a number 
of cells the CuF2 electrode matrix had not been completely penetrated by 
the electrolyte solution. This condition was more prevalent in cells 
which had a high weight ratio of graphite to paper fiber in the CuF, 

l 2  See page 41. 

\ 
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electrode matrix. Th variation in electrolyte volume figures presented 
in Tables XXVI.and XXVII, probably reflects the poor wetting properties 
of the graphite and probably affected the discharge performance of some 
cells. 

With the 200R discharge loads (ca. 0.5  mA/cm2) efficiency of the CuF2 
electrode was as high as 81 percent to a final cell voltage of 2.5 volts, 
while with lOOR load the highest efficiency figure recorded was 65%. 
Optimum fiber concentration appeared to be in the range of 4 to 8 grams 
per loog of CuF,, and the best graphite level was in the range of 8 - 20 
grams per lOOg of CuF2. However, some efficient discharges did occur 
with cells having additive levels outside the above described ranges, 

2. 3. 4 .  2. Effect of Vacuum Impregnation 

To study the effect of cathode wetting on cell performance, several cathode 
compositions and vacuum impregnation of cells with the electrolyte were 
studied. 

In this series, four test cells for each positive electrode composition 
were constructed and tested. 
described previously, and the graphite and paper pulp concentrations were 
varied over the range of 4 - 16 and 2 - 8 grams/lOOg CuF2(0.5% H20), 
respectively. 
filter mat CuF, electrode, and two lithium slab electrodes separated by 
0.03 in. microporous rubber. 

The filter mat electrodes were prepared as 

The test cells had the usual sandwich construction with one 

After addition of the electrolyte (15g LiC104/100 ml PC, 50 ppm water), two 
cells in each group were placed in a desiccator and maintained under vacuum 
until no further gassing from the electrodes and separators could be 
observed. The vacuum was then released, and the electrolyte levels in the 
cells were adjusted to the previous height. 
each group were filled by the normal procedure. 
started at a constant current of 21 mA and a temperature of 35'C. A 
summary of construction and discharge data for the cells is given in 
Table XXVIII, page 73 and 74. Electrolyte volume for cells 1-1 thru 3-4 
was not obtained because leaks in the polyethylene envelopes caused an 
undetermined amount of loss during filling. 

The remaining two cells in 
Discharges were then 

Considerable variation in CuF, reduction efficiency among replicate cells 
was encountered over the entire composition range. 
were obtained with cells having the highest graphite content (16g/lOOg CuF2). 
However, Lncreasing the paper fiber content appeared to affect the perfor- 
mance adversely, which may be an indication that this material (S & S 
filter paper pulp, acid washed) causes some contamination in the cell. It 
may be possible to replace some of the filter paper pulp with another, 
preferrably conductive, fibrous material (such as graphite fibers). 

The highest efficiencies 
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Vacuum impregnation of  t he  c e l l s  during a c t i v a t i o n  increased t h e  t o t a l  
volume of e l e c t r o l y t e  absorbed, but i n  most groups of c e l l s ,  a decrease 
r a t h e r  than t h e  expected increase i n  capac i ty  was observed. 
a t  l e a s t  p a r t i a l l y  due t o  d is rupt ion  of  t h e  f i l t e r  mat cathode s t r u c t u r e ,  
s i n c e  some gassing was always observed upon app l i ca t ion  of vacuum. 

This may be 

2 .  3 ,  5. Pasted CuF7 Electrode Tes ts  

In order  t o  develop an a l t e r n a t e  C u F 2  e l ec t rode  cons t ruc t ion  method - one 
which does not  r equ i r e  the  u s e  of c e l l u l o s e  f i b e r s  - some t e s t s  with pas ted  
CuF2 e l ec t rodes  were conducted. 

CuF2 and g raph i t e  o r  carbon black were micropulverized toge ther  f o r  15 sec. 
i n  a "Hi-Speed" b lender .  The binder was c e l l u l o s e  a c e t a t e  dissolved i n  90% 
e t h y l  a c e t a t e  - 10% ethanol  mixture, o r  polystyrene dissolved i n  toluene.  
The binder  so lu t ion  was added t o  t h e  dry mix u n t i l  a s t i f f  pas t e  r e s u l t e d ,  
which was then appl ied t o  expanded s i l v e r  g r i d s  cu t  t o  1 .5  x 1 .5  i n .  s i z e .  
Af t e r  drying t h e  p l a t e s  under vacuum, 3-p la te  t e s t  c e l l s  were b u i l t  and 
t e s t e d  as descr ibed before .  

2 . .  3"  5 .  1. Effect of  Binder and Conductor 

In  t h i s  t e s t ,  e i g h t  c e l l s  with various cathode compositions were cons t ruc ted  
and t e s t e d .  The ce l l s  were ac t iva ted  with L i C l O h / P C  e l e c t r o l y t e ,  15g so lu t e /  
100 m l  so lvent ,  and discharged a t  20 mA (0 .7  mA/cm2) and 35°C a f t e r  an 
a c t i v a t e d  s tand of 4 hours .  
f o r  t hese  c e l l s  are  shown i n  Tab le  X X I X ,  page 76. 

Cathode composition and discharge performance 

Carbon black gave b e t t e r  discharge performance than graphi te ,  and polystyrene 
gave b e t t e r  r e s u l t s  than ce l lu lose  a c e t a t e .  The CuF2 content i n  t h i s  e l e c t -  
rode composition was 95%, which is  higher  than t h e  83% commonly used i n  
f i l t e r  mat prepara t ion .  Since the discharge e f f i c i e n c y  was equal ly  good, t h e  
pas ted  e l ec t rode  cons t ruc t ion  would appear t o  o f f e r  a weight advantage over 
t h e  f i l t e r  mat cons t ruc t ion .  
wet t ing  of t hese  e l ec t rodes  w i t h  t h e  e l e c t r o l y t e  so lu t ion .  

A disadvantage may be t h e  more d i f f i c u l t  

2 .  3. 5.  2 .  Effect of  Argon Drying 

Four c e l l s  were constructed and t e s t e d  t o  eva lua te  t h e  e f f e c t  of  argon 
drying of cathodes a f t e r  t h e  normalvacuum drying.  
t h e s e  c e l l s  was 

The pas t e  composition f o r  

CuF 2 100 
Graphite 10 
Cel lu lose  Acetate 1 
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and discharge performance t h r u  ZUUR loads a t  3 5 ° C  i s  shown i n  'Tabie X X X .  

Drying of  the  e lec t rodes  a t  130°C before  cons t ruc t ion  of  c e l l s  appeared t o  
improve t h e  capac i ty  f o r  t h i s  group of ce l l s .  
have on wet she l f  l i f e  should be worth studying i n  f u t u r e  work. 

The e f f e c t  t h a t  t h i s  may 

TABLE XXX 

PERFORMANCE OF PASTED C U F ~  ELECTRODES AFTER ARGON D R Y I N G  

Load: 200R (0 .5  mA/cm2) 
Temperature: 35Oc 
Elec t ro ly te :  15g L I C l O , / l O O  m l  PC 

Discharge Average 
T i m e ,  D i s charge 

Cell  Cathode Theo. CuF2 2 , s  VF, Po ten t i a l ,  AH t o  Eff ic iency ,  
- No. Drying Cap., AH Hours Volts 2 .5  VF Percent 

P 16 h r s , ,  3,88 188 3.12 2.93 76 
130°C 

2 16 h r s , ,  4.04 192 3.14 3.01 75 
130°C 

3 16 h r s . ,  3.86 170 3,14 2,67 69 
24°C 

4 16 h r s , ,  4,07 156 2.99 2-33  57 
24°C 

2,  3 ,  5 .  3. Effect o f  Sul fur  

Thin-pasted CuF2 e lec t rodes  containing s u l f u r  were t e s t e d  with Li-anodes 
i n  P C - L i C I O L ,  e l e c t r o l y t e .  A dry mix having the  composition 

CUF 2 20 g 
Dixon Graphite 2 g  
Sul fur  (sublimed) 1 g  

was ground f o r  15 seconds i n  the "Hi-Speed" blender .  A 1% so lu t ion  of  
polystyrene i n  to luene  was used t o  prepare a pas te ;  t h e  amount of  poly- 
s ty rene  added by t h i s  so lu t ion  was about O.lg/2Og of  CuF2. 
pas ted  t o  a thickness  of about 0.03 inches on expanded s i l v e r  and d r i e d  

Electrodes were 



78 

overnight at hard vacuum. 
0.03 in. MPR separation. 
Table XXXI. 

Three-plate cells were constructed using 
Results of the discharge test are shown in 

Although comparable cells without sulfur were not tested in this series, 
addition of this material to the CuF2 paste appears to produce no 
significant effect on cell performance. 
relative insolubility of sulfur in the organic electrolyte. 

This is probably due to the 

TABLE XXXI 

PERFORMANCE OF C U F ~  ELECTRODES WITH SULFUR 

Temperature: 35'C 
Electrolyte: 15g LiC104/100 ml PC 

Load: 20 mA (0.7 mA/cm2) 

Cell 
No. 

1 
2 
3 
4 

5 
6 
7 
8 

- 

Theo. 
Cathode 
C apac i t y 

1.26 
1.05 
1.22 
1.07 

1.10 
1.15 
1.01 
1.13 

Active Discharge Aver age 
Stand Time to Discharge 
Time , 2.5 VF, Potential, 
(Hrs . ) (Hours) Volts 

138 0 
138 0.16 
72 12.2 
72 20.5 

24 26.8 
24 32.9 
1 36.9 
1 34.9 

- - - -  
- - - -  
2.56 
2.75 

2.84 
2.87 
3.15 
3.17 

AH to 
2.5 VF 

0 
0 
0.25 
0.41 

0.54 
0.66 
0.74 
0.70 

Cathode 
Eff., % 

0 
0 
20 
38 

49 
57 
73 
62 

2. 3. 6. Performance of CuF2-Li Cells At Various Discharge Rates 

In order to characterize the performance capabilities of the low-rate 
CuFz-Li system, discharge performance of cells having the usual filter-mat 
electrode construction (14 grams of graphite and 7 grams of paper fiber per 
100 grams of CuF2) was determined at various discharge loads. The electro- 
lyte was 15g LiC104/100 ml of propylene carbonate, and microporous rubber 
separation and slab lithium electrodes were employed as before. 
geometric electrode area of the three-plate (1 CuF2 electrode, 2 Li elect- 
rodes) cell was 29 cm2. Discharges were conducted at 35°C thru resistive 
loads of 100, 200, 500 and 1000 ohms. The construction and discharge data 

The 
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are summarized in Table XXXII, and voltage-time curves f o r  the best cell 
at each discharge rate are presented in Figure 27, page 80. 

In terms of CuF2 reduction efficiency, the best performance was obtained 
from cells discharged thru 200 ohm loads (ca. 250 hour discharge); the 
highest reduction efficiency in this group (best of three cells) was 73% 
at an average discharge potential of 3.04 volts to a cut-off voltage of 
2.5 V. With 100 ohm loads (ca. 100 hour discharge), the best efficiency 
was 58 percent at 2.90 V average discharge potential. 
rates, the performance decreased, the best-of-three-cells figures being 
47 percent efficiency at 3.20 V average thru 500 ohm load (ca. 400 hour 
discharge), and 23 percent efficiency at 3.14 V average thru 1000 ohm load 
(ca. 400 hour discharge). 

With lower discharge 

Inspection of discharged cells showed copper-colored deposits on the lithium, 
particularly in the cells which were discharged thru 10000. Dissolution of 
CuF2 was again evident in this test series, and probably contributed to the 
decreased performance of the cells with increasing discharge time. 

TABLE XXXII 

PERFORMANCE OF CuF7-Li CELLS AT VARIOUS DISCHARGE RATES 

Cell 
No. 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

- 

(LEL Test No. 640-16) 

Electrolyte: 15g LiC104/100 ml PC 
Electrode Area: 29 cm2 

Temperature : 35OC 

Average 
Time to Discharge 

Theo. CuF2 Load, 2.5 VF, Potential, Cap. to Eff., 
Cap., AH R Hours Volts 2.5VF, AH % - 
6.13 
5.98 
5.95 

5.67 
5.92 
5.52 

5.89 
5.33 
5.42 

5.42 
5.24 
6.15 

1000 
1000 
1000 

500 
500 
500 

200 
200 
200 

100 
100 
100 

192 
360 
432 

432 
360 
408 

172 
258 
247 

108 
79 
17 

3.11 
3.18 
3.14 

3.14 
3.07 
3.20 

2.89 
3.04 
3.04 

2.90 
2.79 
- - - -  

0.60 
1.14 
1.35 

2.68 
2.21 
2.62 

2.49 
3.90 
3.72 

3.14 
2.20 
---- 

lo 
10 
23 

47 
37 
47 

42 
73 
69 

58 
42 
-- 
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2 .  3 .  7. CuF2 Electrode Construction Tests 

It appeared desirable to evolve an alternate CuF2 electrode construction 
method which would not require incorporation of cellulose fibers, since 
these may be reactive with some of the solvents to be evaluated in cell 
tests (possibly DMSO). For this reason, construction of electrodes by 
adding Microthene FN 500 polyethylene powder to CuF2 and graphite (or 
carbon black) was studied. 

Small batches of CuF,, graphite and Microthene FN 500 (US1 Chemical) were 
dry-blended in a micro-pulverizer, 
1.5 in. square steel compression mold which was placed in a hydraulic 
press, with platens preheated to 40OoC. 
mold to reach 4OO0C) ,  5000 lbs of force were applied for 30 seconds. 
Since no mold release was used, initial attempts resulted in cathodes 
which stuck fast to the mold faces. 
applying adhesive-backed Teflon film to the mold base and plunger face. 

The charge was then transferred to a 

After 15 minutes (to allow the 

This difficulty was eliminated by 

Twelve cells listed in Table XXXIII, page 82, were built with CuF, elect- 
rodes prepared by the above method. Three-plate lithium-anode test cells 
were built with mixes 1 - 4 ,  while two-plate cells were constructed for 
the remaining compositions. The cells were activated with 15g LiClOk/ 
100 ml PC electrolyte, and discharged at 1.0 (mixes 1 - 4)  or 0.67 (mixes 
5 - 8) mA/cm2 at 35OC. 

The highest CuF2 utilization efficiency was obtained with mix #6  (72 and 
85% to 2.5 VF); which is about equivalent to the best results obtained 
with filter-mat construction. The dry press method, therefore, appears to 
be suitable for construction of CuF2 electrodes. 

2. 3 .  8. Effect of LiC104 Concentration 

The effect of LiC10, concentration in PC on cell performance and wet stand 
capabilities was studied at concentrations of 10 and 20 grams of solute 
per 100 ml of solvent. 
technique and had the composition 

The CuF electrodes were prepared by the filter mat 

C U F ~  100 

Paper Fiber 7 
Graphite 14 
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TABLE X X X I I I  

COMPOSITION OF HOT-PRESSED C U F ~  ELECTRODES 

Cell 
No. 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 

- 
C. D. 

CUF 2 C. B. Graphite Binder mA/cm2 - 
10 1 --- 0.2 1.0 
10 1 --- 0.1 1.0 
10 0.5 --- 0.1 1.0 
10 0.5 --- 0.05 1.0 

9 --- 0.9 0.18 .67 
9 --- 0.9 0.18 .67 
9 --- 0.9 0.088 .67 
9 - - -  0.9 0.088 .67 

9 0.9 - - -  0.088 .67 
9 0.9 - - -  0.088 .67 
9 0.44 --- 0.088 .67 
9 0.44 - - -  0.088 .67 

Cathode 
Eff., % 

38 
16 
16 
42 

68 
75 
85 
72 

70 
63 
67 
70 

Three-plate test cells with Li negatives and 0.03 in. MPR were constructed 
and were assembled in groups of three cells in hermetically sealed glass 
jars. Construction and discharge data for these cells are summarized in 
Table X X X I V ,  page 83. 

Before stand, discharge capacity was about equal with both electrolyte 
concentrations. After wet stand at O"C, the lower concentration gave 
markedly better results. 
rates between LiC104 and CuF2 in these cells. 

This may be explained in terms of lower reaction 

2. 3. 9. Effect of Solute on Canacitv 

Since the lack of  shelf life of  the CuF2-Li system appeared to be the result 
of chemical action of the solute on CuF,, cell performance tests with solutes 
other than LiC10, were conducted. 
interest, only initial capacity studies could be performed within the 
available time period. 

Although shelf life tests were of major 

Electrolyte salts for which compatibility tests with CuF2 and Li in PC 
solution had been performed (see Section 2. 1.; Electrolyte Studies) were 
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selected for these tests. 
lithium dried and distilled propyelene carbonate at a concentration of 
1.0 mol solute/liter of solvent. Some of the solutions were prepared by 
a double decomposition reaction between the corresponding salts to yield 
the insoluble KC10,l3 and the desired salt in solution. These solutions 
were, therefore, saturated with respect to KClO, and are designated in 
the tables with the suffix 'lmrr. 

The electrolyte solutions were prepared with 

The CuF2 electrodes were prepared using the filter mat technique and had 
the composition 

C U F ~  (0.7% H20) 100 
Graph i t e 14 
Paper Fiber 7 

Three-plate CuF,-Li cells were constructed, activated with the corresponding 
electrolyte solutions, and discharged at 35°C thru 200R loads (0.5 mA/cm2). 
Construction and discharge data for these cells are presented in Table XXXV, 
page 85, and voltage-time data for some discharges are shown in Figures 28 
and 29, pages 86 and 87. 

Of the electrolytes tested in this series, only KPF6 and LiPF6 produced 
consistently poor discharge performance. 
rather poor replication occurred, but with each of these electrolytes at 
least one cell gave CuF, reduction efficiency of over 70%. This indicates 
that a high solubility of CuF, in the electrolyte is not required for good 
reduction efficiency, since some of the salts in this test (e.g. NaC104) 
showed very low tendency to react with CuF2 in direct compatibility tests 
(see Section 2. 2. 3 . ) .  The effect of CuF2 solubility on the wet shelf 
life of cells remains to be studied. 

With the other electrolytes, 

2. 3. 10. Cell Performance With Various Solvents 

As a further attempt to correlate the results of electrolyte compatibility 
and cell discharge data, CuF2-Li cells with various electrolyte solvents 
were built and discharged. 

Propylene carbonate (PC), dimethylsulfoxide (DMSO), acetic anhydride (AA), 
N-nitroso dimethylamine (NDA), nitromethane (NM), and methyl acetate (MA) 
were the solvents selected for this test series. 

l 3  Precipitated KC10, was weighed and the stoichiometric quantity was 
recovered. 
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The solvents were lithium treated and distilled as described for propylene 
carbonate. Nitromethane was filtered after lithium treatment rather than 
distilled because of the potential explosion hazard, The solutes LiClO,, 
and KAsF6 were selected for these tests. Cell construction and discharge 
conditions were as described in the previous section. 

Results of the discharge tests for these cells are shown in Table X X X V I ,  
page 89. I n  all, results of these discharges were disappointing in that 
only the "standard" cells - those with LiClO,/PC electrolyte gave the 
expected performance (70 - 80% CuF2 utilization). The reason for the 
poor performance of the other cells could not be determined, and no conclu- 
sions about the significance of these results can therefore be drawn. 

2 .  3. 11. Cell Tests With NaC104-PC Electrolvte 

Comparative cell tests with LiC104 and NaC104 electrolyte solutions in 
propylene carbonate were performed. 
vacuum at 110°C for 16 hours and 1 molar solutions were prepared in 
lithium-dried, redistilled PC. Karl Fischer analysis showed 52 and 55 ppm 
H20 for the LiC10, and NaC10, electrolyte, respectively. 

The salts were dried under hard 

Filter-mat CuF2 electrodes having the composition 

CUF 2 160g 
Graph i t e 16g 
Paper Fiber 4g 

were prepared. Three-plate cells with lithium anodes and MPR separation 
were constructed under argon and activated with the electrolyte. Three 
cells with each electrolyte were discharged immediately at 20 mA and 35"C, 
while the remaining cells were given a 5-day 0. C. stand at 35°C before 
being discharged at the same load and temperature. 

Construction and discharge data for the cells are shown in Table X X X V I I ,  
Page 90. 

Voltage-time data for the best of three cells in each group are plotted in 
Figure 30, page 91. 

Although the wet stand properties of the cells with both electrolytes were 
poor, replacing of the lithium ion with sodium did appear to increase the 
residual capacity after stand. These results, although inconclusive, indi- 
cate the possibility of using Na o r  K electrolytes with the CuF2-Li cells 
for better shelf life characteristics. 
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No. - 
1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 
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TABLE XXXVII 

EVALUATION OF NaC104 IN PC 

Discharge Condition: +3SoC, 20 mA (0.7 mA/cm2) 
Stand Condition: +3SoC 

0. C., Theo. Discharge 
Stand, CuF2 Time to Cap. to 
Time, Capa. , 2.5 VF, 2.5 VF, 

Electrolyte Days AH Hours AH 

NaC 1 O4 0 5.08 75.0 1.50 
0 5.04 115.5 2.31 
0 4.67 135.0 2.70 

1 1  

II 

1 1  

II 

1 1  

LiC104 0 4.38 134.0 2.68 
0 5.31 94.0 1.89 
0 4.18 135.0 2.70 

1 1  

1 1  

II 

1 1  

1 1  

5 5.60 <1 
5 4.30 <I 
5 4.70 <1 

Eff ., % 

30 
46 
58 

61 
36 
65 

2 .  3. 12. Ag202-Li Cell Tests 

Since the solubility of  CuF2 in LiC104-PC electrolyte appeared to contri- 
bute adversely to the wet stand capability of  the CuF2-Li cells, self- 
discharge tests with cells having Ag202 instead of CuF2 in the positive 
electrode were performed. 
because it was presumed to have a very low solubility in the electrolyte, 
thus allowing evaluation of the remaining cell construction for wet stand 
capability without the complication of a dissolved species (Cu") attack- 
ing the lithium electrode from solution. 

Silver oxide was chosen for these tests 

The Ag202 electrodes were prepared by the filter-mat technique. 
composition of the filter-mat was: 

The 

I 



91 

I 
I 
I 
I 
I 
I 
I 
I 
I 

U 
0 
In 
M 

U 

In0 
M ( V  

v) 
E 
0 .. .d 

W t J  c .rl 
0- 
.r( E 
tJ0  
*r( u a c o  
O M  
U k  

cd a c  
E O  
c d m  
tJ 4 

.. 

c n n  

. . . . . . . . 
MQI \DN 

rl 

drlrlrl 

-. 

rl 
rl 

M cv 

FIGURE 30 



92 

42202 83 
Graph i t e 7 
Paper Fiber 3 

X-ray analysis of the Ag202 showed the material to contain more than 99 
percent of divalent silver. 

Three-plate test cells with microporous rubber separation and lithium 
anodes were constructed and activated with 1.5 M LiC104-PC electrolyte. 
Some cells were put in discharge thru 200 ohms at 35"C, while the remain- 
ing cells were allowed to stand on open circuit at the same temperature 
before discharge was started. 

Construction data and discharge results are summarized in Table XXXVIII, 
page 93.  
with and without 0. C. stand, but reproducibility of performance was 
erratic. The cells which had only polyethylene envelope seals (Cell 
Nos. 1 - 6 )  appeared dry after the 2-week stand, indicating electrolyte 
loss. 

Cathode reduction efficiencies of over 40% were obtained both 

Additional cells with Ag202 active material were constructed and tested. 
These cells had polyethylene-coated cellulose rather than paper fibers in 
the cathode mix. Performance of these cells was poor. 

It did not appear at the conclusion of these .tests that Ag202 will yield 
energy densities as high as CuF2 does. 
wet shelf life potential, which may warrant further studies of this 
material in future work. 

Its only advantage may be a better 
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HIGH RATE BATTERY STUDY 

3. 1. Electrolyte Studies 

To obtain sufficiently high current density for high energy cell performance 
at the 1 to 10 hour discharge rate, electrolytes having sufficient conductance 
and low viscosity are required. Under the previous contract (NAS 3-6004) of 
this program, the methyl formate-LiC104 electrolyte was tested for use with 
the CuF2-Li couple. In this work, the maximum conductivity of the MF-LiC104 
electrolyte was found to be 26 x 10-30hm-1cm-1 at a concentration of 30g 
solute/100 ml of solvent. The stability of this electrolyte in the presence 
of Li and CuF2 electrodes appeared adequate for reserve-activated cells. 
Because no other electrolyte appeared to present equally good promise for use 
in high rate CuF2-Li cells, nearly all of the work on the present contract 
was performed for the development of cells using the MF-LiC10, electrolyte 
system. 

3. 1. 1. Lithium Stabilitv Tests 

Attempts to improve the stability o f  the MF-LiC104 electrolyte included 
agitation of the solvent with powdered lithium. 
reaction made this method difficult and dangerous to apply. An attempt 
was made to apply the lithium treatment method by preceding it with drying 
the solvent with CaO and distillation in order to remove most of the mois- 
ture before the introduction of Li powder into the solvent. 
acetate was also included in the investigation because of  earlier indica- 
tions that this solvent may have superior stability to lithium compared to 
MF . 

However, a gas producing 

Methyl 

The solvents were agitated for 3 days with 5g of Ca0/100 ml of solvent, 
filtered, and distilled rejecting the first and last tenth of the distil- 
late. The solvents were then agitated for 3 days with lg of Li powder/ 
100 ml of solvent, filtered, and distilled rejecting the 1st 10 - 20% of 
the solvent. 

Lithium perchlorate solutions were prepared from methyl acetate and methyl 
formate in concentrations of 25 and 5Og of solute/100 ml of solvent. 
Strips o f  bright lithium ribbon were placed in these solutions and the 
lithium stabilities were compared with those of the untreated solvents. 
The observations from these tests are listed in the Appendix, Table A-10. 
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The l i th ium treatment improved s t a b i l i t y  of t he  MF e l e c t r o l y t e ,  but 
appeared t o  be of no consequence with t h e  methyl a c e t a t e .  
t i y  d id  not appear i o  be a f fec ted  by s e l u t e  concentrat ion i n  t h i s  t e s t .  

Lithium s t a b i l -  

3 .  1. 2.  CuF2 S t a b i l i t y  Tes ts  

Copper f luo r ide  s o l u b i l i t y  t e s t s  i n  so lvents  t r e a t e d  as described i n  t h e  
previous sec t ion  were conducted a s  descr ibed i n  Sect ion.  2.  1. 3. 1. 
Forty m l  of t he  e l e c t r o l y t e  were a g i t a t e d  with 1.Og of  CuF2 f o r  a period 
o f  8 days. 
drawn and Cu I1 content was determined co lo r ime t r i ca l ly  r e s u l t s  of these  
analyses  a r e  shown i n  Table XXXIX. 

A t  t he  end of t h i s  period, samples of  t he  so lu t ion  were with- 

TABLE X X X I X  

SOLUBILITY OF CuF2 I N  MA AND MF ELECTROLYTES 

Solvent 

MA 
MA 

MA 
MA 

MF 
MF 

MF 
MF 

MA 
MF 

g LiC10~,/100 m l  
Treatment so lvent  CU++,  ppm 

CaO 
CaO 

CaO-Li 
C a O - L i  

CaO 
C a0 

C a O - L i  
C a O - L i  

None 
None 

25 
50 

25 
50 

25 
50 

25 
50 

25 
25 

31 
75 

140 
145 

170 
123 

70 
105 

33 
150 

The above analyses  d id  not  show any c l e a r  e f f e c t  from t h e  l i th ium treatment 
of e i t h e r  so lvent .  
o the r  e l e c t r o l y t e  systems t e s t ed  i n  t h i s  program. 

S o l u b i l i t y  of CuF2 was low i n  e i t h e r  solvent  compared t o  
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Positive Limited Cel tudies 

Because of the relatively low current densities available with organic elec- 
trolytes (compared to aqueous systems), a thin-plate CuF2-Li cells is needed 
for efficient discharge at the 1 - 10 hour rate. Since little difficulty 
was visualized in producing thin lithium electrodes (0.015 in. sheet is 
available commercially), work on this program was aimed at developing thin, 
efficient CuF2 electrodes. 

3. 2. 1. Pasted Electrode Composition Study 

Electrodes were prepared by pasting a mixture of CuF2, graphite, and cellu- 
lose acetate wetted with 90% ethyl acetate - 10% ethyl alcohol solution 
onto expanded silver grids. The resulting electrodes had a thickness of 
about 0.025 in. and an area of about 30 cm (1.5 x 1.5 in.) when assembled 
with two negative electrodes in three-plate cells. 
tation, the lithium electrodes had a combined theoretical capacity of about 
4 ampere hours compared to 0.5 - 1.0 ampere hour in the CuF2 electrode. 
The "standard" separation in these cells was 0.02 in. thick glass fiber mat, 
and 5Og LiC104/100 ml methyl formate was employed as the electrolyte. 
cells had polyethylene outside cases, and were placed between blocks for 
lateral support. The cell components, an assembled cell, and a number of 
cells assembled for discharge are pictured in Figures 31 to 33, pages 97 
and 98. 

To insure positive limi- 

The 

Discharge tests were performed at current den'sities of 5 - 15 mA/cm2. 
Test temperature was generally -15OC in order to minimize solvent loss 
during discharge. 
are presented in Figures 34 and 35, pages 99 and 100. 
tion and discharge data is given in the Appendix, Table A-10, page141. 

Some typical voltage-time curves for these discharges 
A summary of construc- 

To a final cell voltage of 2.0 volts, electrochemical efficiencies in the 
range of 50 - 70% were obtained for the CuF2 electrodes. The initial and 
average discharge potential of the cells increased with increasing graphite 
content of the paste. As expected, increasing the current density from 
10 to 15 mA/cm2 decreased the discharge potential; however, the electrochem- 
ical efficiency was not si nificantly affected over the current density 

from 0.025 in. to 0.050 in. decreased both the discharge potential and the 
electrochemcial efficiency. 
amounts of 3 . 0  to lZ.Og/lOOg of CuF2 showed no noticeable effect on the 
discharge properties of the electrodes. 

range of 5.0 to 15.0 mA/cm 8 . Increasing the thickness of the electrodes 

Lithium perchlorate added to the paste in 

It may be seen from the tabulation of cell construction data that the 
theoretical capacity of 1.5 x 1.5 x 0.025 in. CuF2 electrodes increases 
as the graphite content in the paste is decreased, while the electrolyte 
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Figure 31 

Pasted CuF2 Electrode Tes t  
C el I Components 

Figure 32 

Pasted CuF2  Electrode Test Cell  
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Figure 33 
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volume required for the cell remains essentially the same. Therefore, the 
theoretical energy density of the cell changes with CuF2 electrode composi- 
ticn. 
utilization, in the evaluation of  the mix composition. In these tests, one 
gram of cellulose acetate and 10 - 20 grams of graphite per 100 grams of 
CuF2 represented an optimum composition range for the discharge rates 
emp 1 oyed . 

This  has t o  be considered, in addition to t h e  efficiency o f  CuF2 

3 .  2. 2. Conductive Material 

To evolve CuF2 electrodes for high energy density, high rate cells, the 
ratio of active to inactive material in the electrodes must be high. 
electrodes operating at relatively high current densities, this may not 
be achieved at the expense of conductivity of the matrix. 
which lend good conductance when added in small concentrations, are desired 
for such electrodes. 

For 

Thus, additives 

Three conductive materials were compared in cell tests with Dixon air spun 
graphite, which had been used in most cell tests. 
were Conductex SC and SA-40-220 (Columbian Carbon Company) and alkaline 
battery type nickel flake (Electric Storage Battery Company). 

The conductors evaluated 

Pasted CuF2 electrodes were prepared as described in Section 3 .  2. 1. The 
mix composition was 20 grams CuF2 (Lot 7, H20 content ca. 1.5%), 1 gram 
conductive material, and 0.2 gram cellulose acetate. After blending the 
dry components in a micronizer blender, pastes were prepared using the 10% 
alcohol - 90% ethyl acetate pasting solvent, and pasted onto expanded metal. 
After vacuum drying of the electrodes, three-plate cells with two lithium 
electrodes and glass fiber separation were assembled, activated with 
LiC104/MF electrolyte (50g salt/100 ml solvent), and discharged at 10 mA/cm2 
at -15°C. Construction data and discharge results for the cells are 
listed in Table XL, page 102, and voltage-time data for the best of the 
three cells in each group are plotted in Figure 3 6 ,  page 103. 

In this test series, the cells which had carbon black in the CuF2 paste mix 
gave better discharge performance than those with either graphite or nickel 
flake at the same concentration. Cell performance replication was compara- 
tively poor, except for cells which had nickel flake additive. Also, the 
poor performance of cells having graphite conductor had not been characteris- 
tice to this paste composition in earlier tests. However, the best cells 
with carbon black additive gave CuF2 reduction efficiencies as high as 65% 
at the ca. 2 hour discharge rate. Since the active material in these 
electrodes is in the order of 80 - 90% including the weight of the silver 
grid, high energy densities should be possible with this electrode 
construction. 
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3 .  2 .  3 .  Effec t  o f  CuF2 Water Content On Discharge Performance 

Since t h e  water content of CuF2 was known t o  a f f e c t  i t s  s o l u b i l i t y  i n  t h e  
organic  e l e c t r o l y t e s ,  tes ts  were performed t o  eva lua te  t h e  e f f e c t  of  CuF2 
water content on discharge performance of  t h e  p o s i t i v e  e l ec t rode ,  

Three-plate  c e l l s  with pas ted  CuF2 and shee t  l i th ium e l ec t rodes  were 
constructed as previously descr ibed ,  The CuF, e l ec t rodes  were about 
0.040 i n .  thick and had a t h e o r e t i c a l  capac i ty  of about 1 .0  AH. The p a s t e  
composition was 100 p a r t s  CuF2, 10 p a r t s  g raph i t e ,  and 1 p a r t  c e l l u l o s e  
acetate,  with 10 percent  e thy l  a lcohol  - 90 percent  e thy l  a c e t a t e  as t h e  
pas t ing  so lu t ion .  A glass f i b e r  mat, 0.02 i n .  t h i c k ,  was used f o r  e l ec t rode  
separat ion. .  
i n  LiC104-methyl format,e e l e c t r o l y t e  (5Og s a l t / 1 0 0  m l  so lven t ) ,  and t h e  
r e s u l t s  obtained with t h e  var ious  materials a r e  shown i n  Table X L I ,  page 105. 

Discharge t e s t s  were perfromed a t  300 mA (10 mA/cm2) a t  -15OC 

Performance of t h e  c e l l s  can be  r e l a t e d  d i r e c t l y  t o  t h e  amount of water 
contained by the CuF2 used t o  prepare t h e  e l ec t rodes .  Mater ia l  from Lot 7 
performed as expected from previous tes ts  when t h e  water content  was above 
one percent .  However, af ter  argon stream drying t o  a water content  below 
0 . 3  percent ,  c e l l  p o l a r i z a t i o n  was s u f f i c i e n t l y  severe  t o  r eve r se  p o l a r i t y  
of  t h e  ce l l s  upon c los ing  of  t h e  discharge c i r c u i t .  Mater ia l  from Lot 9 ,  
which had a w a t e r  content  o f  about 0 .4  percent  as received from t h e  
manufacturer, gave equal ly  poor r e s u l t s .  

The r e s u l t s  ind ica te  t h a t  completely dehydrated CuF2. i s  too in so lub le  i n  
t h e  LiC104-MF e l e c t r o l y t e  t o  allow discharge a t  10 mA/cm2.  A water content  
of  one percent seems t o  be required f o r  discharge a t  t h e  1 - 10 hour r a t e .  
For a reserve-ac t iva ted  system, t h i s  water content  does not appear t o  be 
p r o h i b i t i v e l y  high. 

3 .  2 .  4 .  Discharge Performance With CuFz*2Hz0 Active Material 

To eva lua te  poss ib le  methods of  manipulating t h e  discharge p rope r t i e s  of 
t he  CuF, e lec t rodes ,  t e s t s  with CuF2*2H20 a s  an a d d i t i v e  t o  CuF, were 
performed. The pasted p o s i t i v e  e lec t rodes ,  and 3 -p la t e  c e l l s  were prepared 
as descr ibed i n  Sect ion 3 .  2 .  1. Discharge t e s t s  were performed a t  
10 mA/cm2 and -15°C; result : ;  of  t h e  discharge tes ts  are tabula ted  i n  
Table XLII, page. 106. 

The CuF2- CuF2-2H20 mixture produced e l ec t rodes  having about t h e  same 
discharge c h a r a c t e r i s t i c s  as have been observed with e lec t rodes  made from 
CuF2 as received from t h e  manufacturer and having an equivalent  t o t a l  water 
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content (ca. 2 percent). Electrodes made from 100 percent CuF,*2H20 gave 
similar discharge potential and electrochemical efficiency as the CuF2.2H20-CuF2 
mixture. 

The above results further demonstrate that (1) water in the range of 1 - 2 
percent may be necessary for rapid discharge of CuF2, and (2) the water may 
be present as an impurity in the original CuF2, or it may be added in the 
form of CuF2*2H20. 

3. 2. 5. Effect of Electrolvte Concentration 

To determine the best LiC104 concentration for the MF electrolyte, a series 
of 3-plate test cells were built and discharged. Concentrations over the 
range of 20 to 70g LiC10,/100 ml MF were used, and the cells were discharged 
at 20, 8.3 and 3.0mA/cm2 (600, 250, and 90 mA) .  

Electrodes and cells were prepared as described in Section 3 .  2. 1. The 
positive paste composition was CuF2-100 parts; graphite - 10 parts; cellulose 
acetate - 1 part. 
loss of methyl formate by evaporation. 

The discharge tests were performed at -15°C to minimize 

Results of these discharge tests are summarized in Table XLIII, page 108 to 
110. For the discharge conditions used, an optimum electrolyte concentration 
of 50 - 60g LiC104/100 ml MF is indicated. 

3. 2. 5.  2. Hermetically Sealed Cells At Room Temperature 

To study the effect of room temperature and hermetic sealing on the perfor- 
mance of the CuF2-Li system in methyl formate, a series of test cells were 
built and discharged in glass compatibility tubes. The tubes had an I. D. 
of about 1.0 in. and a volume of ca. 85 ml, and were equipped with terminal 
plates for connections to the electrodes. 

The lithium electrodes were prepared by pressing a strip of 1/2 x 1/16 inch 
ribbon onto expanded silver support. 
pasting a mix having the composition 

The CuF, electrodes were made by 

C U F ~  (1.5% H20) 19 

Graphite 2 

Cellulose Acetate 0.2 

onto expanded silver. The cross-sectional area of both electrodes was 
6.0 cm2. Separation was provided by 0.02 inch thick glass filter-mat, 



H 
H 
H 
d x 
w 
d 
m 
2 

o m  
M h l  

a m  
Nhl 

hlhl 
. .  

r.b 
M M  

0 0  
. .  

Nr .  
a m  
0 0  
. .  

b o  
M u 3  
. .  

0 0  
hlhl 

br. 
hl4 

d 4  
. .  

d N  

108 

M h l  
M M  

b\D 
d b  

hlN 
. .  

r . \ D  
M M  

0 0  
. .  

d c n  
a m  
0 0  
. .  

O N  

L o b  
. .  

0 0  
M M  

N N  
4 4  

d d  
. .  

M b  

b M  
b b  

a 0  
b b  

Nhl 
. .  

c o d  
b m  
0 0  
. .  

0-2-3 
r . 03  

0 0  
. .  

m N  
b b  
. .  

0 0  
b b  

br.  
O d  
d F 4  
. .  

m a  

m m  
M m  

h l M  * e  
hlN 
. .  

a b  m a  
0 0  
. .  

0 3 4  
c n d  
O d  
. .  

M N  

b b  
. .  

0 0  m m  

0 3 4  
O N  

d d  
. .  

b c o  

r.a 
w m  

c n b  
N N  

hlhl 
. .  

M m  
\D\D 

0 0  
. .  

m a 3  
0 0  

4 d  
. .  

d M  

b b  
. .  

0 0  a a  

o a  
d d  

d d  
. .  

m o  
d 

L n b  

co\D 
. .  

0 3 0  
o r l  
hlhl 
. .  

4 0 3  
4 0  

0 0  
. .  

m b  

0 0  

4 4  . .  

O d  

b b  
. .  

0 0  
r.r. 

m m  
hlN 

d d  
. .  

dhl 
d d  

I 
' I  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



4 
il 
W 
U 
.d 
I 4  
I 
c\ 

LL 
7 
U 

z 
0 
z g 
E 

8 
2 
2 

W 
U z 

f 

c3 

LL 
0 

k 
U w 
LL 
LL 
W 

109 

LL o >  w 
0 

s& 

C h o  

N N  
sy1 

d-M m e  40 N b  Q l C h  ChM M b  m m  \o\o w w  c o b  b u 3  

0 0  0 0  0 0  0 0  0 0  0 0  
. .  . .  . .  * a  . .  . .  

N O  
\ob 

N N  
. .  

O L L  

@>;: 

8 %  
*d N I: 
k 

o m  
b\D 

N N  
. .  

d-M O b  hlrl C h o I  b m  a 0  
M h  c u r l  b b  Nd- m d  r l m  
rld hlN N N  M M  M M  M h l  

. .  . .  . .  . .  . .  . .  

W \ D  
m m  
N N  
. .  

4- Q) 

w r l  u o  a >  

8 5  

r l N  
M N  

N N  
. .  

0 0  0 0  0 0  0 0  0 0  o w  
m m  m m  m m  m m  m m  Lnb 

. .  . .  . .  . .  . . . .  

;!2 
z z  E 

9)O + o  
4\ 
O f  
k O  

00 0 0  0 0  0 0  0 0  0 0  
N N  M M  -3- m m  \om b b  

$ 1  x 



P a 
a, z 
.d 
c, 

U 
v 

H 
n 
n 
c-1 
x 
W 
4 m 
4 
b 

LL o s  
c, 

0 
3:. 
4 m  

d 

$ dl v z  

M b  
I - + +  

b c b  
\Dro 
N N  
. .  

\ D \ D  
drl 

0 0  
. .  

b b  
b b  . .  
d d  

N O  

r o m  
. .  

0 0  
N N  

O b  
N d  

+ I - +  
. .  

d N  

110 

m e  
N N  

c n m  
N M  

N N  
. .  

b b  
N N  

0 0  
. .  

d d  
0 0  

M M  
. .  

0 0  

m m  
. .  

0 0  
MEr) 

c n N  
O d  
d d  
. .  

M b  

t o +  
M M  

b b  
\D \D 

N N  
. .  

b h  
b M  

0 0  
. .  

F r o  

r o b  
rld . .  

0 0  

r o m  
. .  

0 0  
b b  

+ N  
N N  

d d  
. .  

m a  

\Dcn 
b b  

O b  

N N  
? ?  

M a  m m  
0 0  
. .  

b o  
co\D 
r o e  
. .  

ocb 

M N  
. .  

0 0  m m  

m o  
A N  

d d  
. .  

b c o  

N b  
\ D m  

b d  
\Db 

N N  
. .  

MOC) 
co\D 
0 0  
. .  

\Do3 
N m  
c n b  
. .  

r o o  
M b  
. .  

0 0  
\D \D 

m o  
M h l  

dr l  
. .  

a s 0  
d 

c d m  
I-Ia 

b\D 
M \ D  

hlN 
. .  

M b  
4 0 3  

0 0  
. .  

M c n  
b N  

d o  
. .  

0 0  

M b  
. .  

0 0  
b b  

N c n  
N N  

A d  
. .  

d N  
d d  

a, 
M 
k 
cd 
5 
7 
v) 
.?I 

c, 
v, 
0 
FL, 

c, 
cd 
c 
cd 
e, 

0 

-3 

d 

s 
x 
k a 
k 
0 
c, 
cd 
k 
cd 

VI 
e 
a, 
c, 
h 
d 
0 
k 
4J 
0 
a, 
a, 

P 
k 
0 
v, 
P 
cd 
0 
c, 
aF: a 0  
d .d 
.d c, 
c d c d  
%I!= 

a d  

d 

z 5  
a x  ua, 
c 



111 

The electrodes and separation were assembled into 3-plate cells between glass 
slides held together by rubber bands, 
separation was allowed to be exposed below the bottom of the glass slides. 
The assemb?y was the2 lowered into t h e  g l a s s  compatibility tube containing 
5 ml of electrolyte solution, allowing the exposed separation to dip into 
the liquid; the tubes were then sealed, 

About 0.5 in. of the glass mat 

Cell discharges were performed at 35°C and current densities of 20, 8.6  and 
3.2 mA/cm2. An open circuit stand time of 15 - 20 minutes was allowed for 
the cathode and separation to become fully wet with the electrolyte, 
of the discharge are summarized in Table XLIV, pages 112 to 114, and 
selected voltage-time data have been plotted in Figures 37 to 39, pages 115 
to 117. 

Results 

Both discharge potential and electrochemical efficiency of the CuF2 electrode 
were higher in these tests than had been obtained in the envelope cells at 
-15°C.. The electrolyte concentration of  5Og LiClOt+/lOO ml MF appeared to 
be the best compromise over the discharge rate range tested, 
lyte concentrations performed better at the lower discharge rate (10 - 15 
hour rate), while the higher rates (ca. 1 - 2 hour rates) appeared to bene- 
fit from higher LiC104 concentration. 

Lower electro- 

The pressure in all tubes remained below 5 psig during the discharge, 
indicating that internal pressure should not present a problem with methyl 
formate batteries at ambient temperatures. 
vapor pressure above the 5Og LiC104/100 ml MF.electrolyte was found to be 
10 psig. 

In a separate test at 74"C, the 

3. 3. Seven-Plate Cell Tests 

To study the problems associated with scaling up the 3-plate test cells 
used for cathode studies to cells having 4 - 5 AH capacity and more nearly 
balanced Li and CuF2 theoretical capacities, 7-plate cells were constructed 
and tested. 

Copper fluoride electrodes were made by applying pas,te having the following 
composition 

CUF 2 44.0 g 
Dixon Graphite 4.4 g 
Cellulose Acetate (2% solution in 0.44 g 

90 ethyl acetate/lO ethyl alcohol) 

to silver grids in a 1.5 x 2 x 0.03 in. polypropylene mold. 
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Dry ingrec ients were ground in the "Hi-Speed' mixer after which the resin 
solution was added to make the paste. 
vacuum overnight before cell assembly. 
2 x 1.5 x 0.015 in. lithium sheets onto one or both sides of 1.5 x 2 in. 
expanded silver grids. Two single-sided and two double-sided anodes were 
made for assembly in the 7-plate cell configuration. 

The plates were dried under hard 
Anodes were fabricated by pressing 

Three cells were assembled with three cathodes, two double anodes, and 
two single anodes per cell so that each cathode surface faced an anode 
surface. The plates were separated by 0.02 in. thick glass filter mat 
and sealed i n  2 in. wide polyethylene envelopes. 

The cells were assembled in a wooden test rack enclosed in a polyethylene 
bag. 
tion with 50g LiCl01,/100 ml MF electrolyte, pre-cooled to -12OC. 

The assembly was placed in -12'C freezer three hours prior to activa- 

Two cells were activated after one day of storage under argon, and after 
15 minutes of wet stand discharged through resistive loads of 2.74 or 3.53 
ohms. 
period of four weeks, at which time it was activated and discharged under 
the same conditions as cell #1 (2.74 ohms at -12°C). 

The third cell was stored at room temperature under argon for a 

Results of the discharges and construction data are presented in Table 
XLV, page 118. Voltage-time curves for the three cells are given in 
Figure 40, page 119. 

The results obtained with these cells are about equivalent to those obtained 
with the 3-plate elements in previous tests. 
to exist for building 4 - 5 AH cells with the present construction. Also, 
the cells appear to be storable under argon prior to activation for at least 
the 4-week period used in this test. 

No scale-up problems appear 

TABLE XLV 
PERFORMANCE OF SEVEN-PLATE CELLS 

~~~~ ~~ ~ 

Electrolyte: 50g LiC10~+/100 ml MF 
Electrode Area: 116 cm2 

Temperature: -15°C 
Discharge 

Dry Theo. Time to Average 
Cell Stand Capa. 2.0 VF Load Discharge AH to 
No. Time AH R Potential 2.0 VF (hours ) - --- 
1 1 day 5.42 3.96 2.74 2.51 3.63 
2 1 day 5.46 5.07 3.53 2.62 3.76 
3 28 days 5.33 3.68 2.74 2.35 3.09 

\ 

Cathodic 
Eff.. % 

67 
69 
58 
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TABLE A-3 

LITHIUM STABILITY I N  PROPYLENE CARBONATE SOLUTIONS (+35'Cj 

Propylene Carbonate pu r i f i ed  by 
d i s t i l l a t i o n  alone.  

No Solu te  1 M  L i C 1 0 ,  
H 2 0  + (25 L 20)ppm 

Cut L i  sur faces  
ta rn ished .  

L i  sur face  b lack .  

No changes. 

No changes. 

No changes. 

Gelatinous mate- 
r i a l  i n  bottom 
of tube.  

Same 

Gelatinous mate- 
r i a l  E some crys-  
t a l l i n e  white 
material i n  
bottom of tube;  
l i q u i d  t u r b i d .  L i  
sur faces  b lack .  

H 2 0  = 175 ppm 

No a t t ack .  

No attack. 

No a t tack .  

No attack. 

L i  s l i g h t l y  
ta rn ished .  

G e 1 a t  inous 
mater ia l  i n  
bottom of  tube.  

Propylene Carbonate p u r i f i e d  by 
1 it hium treatment  E h i s  t i 1 1 a t  ion .  
No Solute  1 M  L i C 1 0 ,  

H 2 0  <25ppm H 2 0  = 150 ppm 

L i  sur face  No at tack.  
ta rn ished .  

Same No a t t a c k .  

No changes. No a t t a c k .  

Same No a t t a c k .  

Same Cut L i  sur face  
t a rn i sh ing .  

Same Same 

No change. Same Trace of gela-  
t i nous  ma te r i a l  i n  
bottom of  tube.  

A l l  su r f aces  L i  su r f ace  Some ge la t inous  
dul led;  gela-  du l l ed  E material i n  bottom 
t inous mate- ta rn ished;  of  tube;  l i q u i d  
r i a l  i n  ge la t inous  phase c l e a r  E 
bottom of  tube.  material i n  co lo r l e s s ;  cu t  su r -  

bottom o f  face very shiny.  
tube .  



Solut ion 

LiC10, 

NaC 10, 

KPF 6 

KASF 6 

L i B F 4  (m) 

L i P F 6  (m) 

L i A s F 6  (m) 

NaAsF (m) 

L i B F ,  (F)  

L i B F ,  (F) 

124  

TABLE A-4 

LITHIUM STABILITY TESTS IN 1 . 0  M PROPYLENE CARBONATE 

Time, 
Days 

7 
14  
2 1  

7 
1 4  
2 1  

7 
1 4  
2 1  

7 
1 4  
2 1  

7 
1 4  
26 

7 
1 4  
26 

7 
14 
26 

7 
14 
26 

7 
14 
26 

7 
14 
26 

Lithium 

Bright 
Bright 
Dull 

Black growth 
Black growth 
Brown E black growth 

Etched 
Etched 
Dull 

Etched 
Black 
Black 

Dull blac., 
Dull black 
Dull black 

Dull black 
Dull black 
Black 

Dull black 
Dull black 
Dull black 

Dull black,  gassing 
Dull black,  yellow growth 
Dull black,  yellow growth 

Bright 
Bright 
Bright 

Bright 
Bright 
Bright 

Metathet ical  p repara t ion .  
Supplied by Foote Mineral Co. 

Solut ions 

C 1 e a r  
C 1 e a r  
Clear  

White ge l  pp t .  
Brown ge l  pp t .  
Voluminous pp t .  

Clear  
C 1 e a r  
Clear  

C 1 e a r  
Clear  
Clear  

Clear ,  pale ye .ow 
Clear ,  pa l e  yellow 
Clear ,  pa l e  yellow 

Clear ,  pa l e  yellow 
Clear ,  pa l e  yellow 
Clear ,  pa l e  yellow 

Clear  
Clear  
C 1 e a r  

Clear ,  white p p t .  
Clear ,  white pp t .  
Clear ,  white pp t .  

Clear  
C 1 ea r  
Clear  

Clear  
Clear  
C 1 e a r  



Elec t ro ly t e  * 

LiClO, /PC 

LiClO,/DMSO 

KAsF6/DMS0 

L i C l O  /AA 4 

KAsF6/AA 

LiClO, /NNDA 

KAsFJNNDA 

LiClO,/NM 

KAsF s/NM 

TABLE A-5 

LITHIUM STABILITY I N  VARIOUS ELECTROLYTES 

Time,  
Days 

7 
14 
2 1  

7 
14 
2 1  

7 
14  
2 1  

7 
14  
21 

7 
14 
21 

7 
14 
2 1  

7 
14 
2 1  

7 
14 
2 1  

7 
14 
2 1  

7 
14  
2 1  

- 

* 1 mole o f  s a l t / L  o f  so lvent .  

Lithium 

Bright 
Dull 
Dull E Black 

Bright 
Dull 
Dull E Black 

B r i g h t  
Dull E Black 
Dull & Black 

B r i g h t  
Dull 
Dull 

Gray depos i t s  
Gray depos i t s  
Gray depos i t s  

Dull 
Gray depos i t s  
Gray depos i t s  

Dul I 
Flesh colored depos i t s  
Flesh colored depos i t s  

Dull 
Dull G Black 
Dull & Black 

Decomposed 
Decomposed 
---------- 

Black, coa t ing  
Black, coat ing 
Black, coa t ing  

Solut ion 

Clear 
Clear 
Clear 

C 1 ea r  
Clear  
Clear 

Clear 
C 1 ear  
Clear 

C 1 ea r  
Clear 
Clear 

Clear ,  white pp t .  
Clear ,  white pp t .  
Clear ,  white pp t .  

Clear  
Clear ,  white pp t .  
Clear ,  white pp t .  

Clear  
C 1 ea r  
Clear  

Clear  
Clear  
Clear  

Dark brown ppt .  
Dark brown pp t .  
--------------- 

Clear  
Clear  
Clear  . 
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Solut ion 

L ic lo  I, / PC 
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TABLE A-S(C) 

LITHIUM STABILITY TESTS I N  1 . 0  M SOLUTIONS 

Time 

I day 
19 days 

- 

L IC 10 /MA 1 day 
19 days 

KClO,/PC ( s a t . )  1 day 
19 days 

K C l O , / M A  ( s a t . )  1 day 
l 9  days 

NaC l o  ;+/ PC 1 day 
19 days 

N a C l O  /MA 

KPF t/ PC 

KYF ,/MA 

L L  Br / r'c 

L i  Br/MA 

1 day 
19 days 

1 day 
19 days 

1 day 
19 days 

1 day 
19 days 

1 day 
19 days 

Observatlon 

L i  b r i g h t ,  e l e c t r o l y t e  c l e a r ,  
No change i n  appearance, 

L i  b r i g h t ,  so lu t ion  c l e a r ,  
Stopper popped, L i  s t r i p  corroded. 

L i  b r i g h t ,  so lu t ion  c l ea r ,  
L i  40% black ,  so lu t ion  has yellow 
t i n g e ,  

L i  b r i g h t ,  Solut ion c l ea r  L i  
90% black,  s o l ' n  water white ,  

L i  b r i g h t ,  so lu t ion  c l ea r  One 
s i d e  of Li black,  other  s i d e  
covered with bubbles ,  Ppt on 
bottom of t e s t  tube ,  

L i  b r i g h t ,  s 6 l ' n  c iear .  Gel p a r t -  
l c l e s  on L i  sur face  6 tube sur face  
L i  tarnished, 

L i  t a rn ished ,  s o l ' n  c l e a r - ,  After  
3 days, LI completely black;  5 
days some pp t ;  G no change from 
5 days to 19 days. 

L i  b r i g h t ,  s o l ' n  c l e a r ,  L i  
b r i g h t ,  no a t t a c k ,  s o l ' n  water 
white ,  cloudy. 

L i  b r i g h t ,  sol'n clear White 
coa t ing  on L i  i n  2 days; L i  
covered with ge l  p a r t i c l e s  i n  3 
days; white c r y s t a l s  on L i  i n  8 
dayso  Sol 'n  color  l i g h t  yellow. 
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Solute 

LiC lo4 

NaC104 

KPF 

KASF 6 

KBF 4 

LiAsF6 (m) 

NaAsF 6 (m) 

L~BF, (F) 

TABLE A-S(E) 

C U F ~  SOLUBILITY IN METHYL ACETATE SOLUTIONS 
~~- 

Time, Days, pg/ml [CU++] 
28 14 21 

331 384 511 69 2 

76 115 96 115 

403* 1410 640 896 

64 96 160 83 

<19* <32 <32 <32 

128 128 224 237 

64 320 <32 <32 

51 160 64 124 

- - 7 - 

* Saturated solutions, others 1 mol solute/liter of solvent. 

Metathetical preparation. 

Supplied by Foote Mineral Co. 
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TABLE A-6 

PRISMATIC ELECTRODE CONSTRUCTION BY FILTER-PRESS METHOD 

A .  PreDaration of  Elaterials 

B.  

1. Fiber  (S i?, S Paper Pulp) :  dry overnight  a t  f u l l  vacuum. 
2 .  Conductor (Dixon Graphi te) :  dry overnight  under vacuum. 
3 .  Vehicle (Fisher  Heptane, l abora tory  grade):  use  as received.  

S ize  Reduction 

1. Charge m i l l  j a r  (Size 00) t o  1 /3  l e v e l  with gr inding media. 
2 .  F i l l  t o  about 1 / 2  l eve l  with vehic le ;  record volume, cc .  
3. Add spec i f ied  weight of a c t i v e  material and conductor.  
4 .  Place j a r  on r o l l e r s  f o r  spec i f i ed  per iod .  

C .  Filter-Mat Construction 

1. Transfer charge t o  800 m l  beaker and remove gr inding media. 
2 .  Transfer t o  "Osterizer" blender  and add s p e c i f i e d  weight of 

f i b e r .  Dilue with add i t iona l  heptane.  
3. ,Agitate on "low" f o r  30 seconds and on "high" f o r  60 seconds. 
4.  F i l t e r  immediately through shark sk in  paper i n  shee t  mold a t  

10 i n .  vacuum. 
5 .  Press  pad between b l o t t e r  paper shee t s  a t  60 l b s . / s q .  i n .  of 

shee t  a rea .  

D o  Electrode Construction 

1. Cut wet f i b e r  pad t o  s i z e ,  1 . 5  x 1 .5  i n .  
2 .  Assemble i n  s t e e l  mold with expanded metal connector.  
3. Compress a t  500 l b s . / s q .  i n .  of e l ec t rode  area. 
4.  Place e lec t rodes  i n  Mason j a r  and dry under vacuum overnight 

o r  u n t i l  no heptane odor can be de tec ted .  

E .  Storage of Electrodes 

1. S to re  e lec t rodes  i n  hermet ica l ly  sea led  Mason j a r s .  
2 .  Label j a r s  with t e s t  number, batch number, opera tor ,  and d a t e  

of  preparat ion.  
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TABLE A-8 

X-RAY ANALYSIS OF CUF~ 

A .  Preparation of Samule 

About log of the mater,al to be analyzed is deliverecl under argon into 
a "Hi-Speed" micronizer blender and ground for ca. 20 seconds. 
material is then transferred to a polyethylene envelope, and the latter 
is heat sealed. 

The 

Prior to mounting on the diffractometer, the powder is pressed by hand 
into a 1/16 inch thick aluminum die which has been taped to a microscope 
slide. A second slide is then taped to the opposite side of the die, 
and the original slide is removed leaving a smooth plane of compacted 
material. 

B. Analysis 

A Phillips Model 12045B/3 X-ray generator is used in conjunction with 
Phillips No. 12096 Control Panel and No. 52090 Minneapolis-Honeywell 
Strip Chart Recorder. 
angle at theorate of 1 degree/minute under monochromatic CuKa radiation 
( A  = 1.5418 A ) .  

The sample is rotated from 80' to 10" Bragg 

C. Calculation 

1. CuF2*2H,O 

The highest amplitude on the chart between the limits 
degrees is selected, and percent CuF2*2H20 is calculated 

of 18.4 and 18.6 

% CuF2-2H20 = counts/second (unknown) x 100 counts/second (pure CuF2*2H20) 

2. CUO 

The highest amplitude between the limits of 38.6 and 38.8 degrees is 
selected, and percent CuO is calculated 

% CuO = counts/second (unknown) counts/second (pure CuO) x 100 
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Nat ional  Aeronau t i c s  & Space  Admin .  ( 2 )  
L e w i s  R e s e a r c h  Cen te r  
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Nat ional  Aeronau t i c s  & Space  Admin .  
L e w i s  R e s e a r c h  Cen te r  
21000 B r o o k p a r k  Road 
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Attn:  L i b r a r y  (MS 6 0 - 3 )  

National Aeronau t i c s  & Space Admin.  
Sc ien t i f ic  and  Techn ica l  

In fo rma t ion  F a c i l i t y  
Col lege P a r k ,  M a r y l a n d  20704 
Attn: NASA R e p r e s e n t a t i v e  
Send 2 cop ie s  p lus  1 r ep roduc ib le  

Nat ional  Aeronau t i c s  & Space Admin.  
Washington, D. C. 20546 
Attn: RNW/E.  M. Cohn 

Nat ional  Aeronau t i c s  & Space  Admin.  
Washington, D. C. 20546 
Attn: F C / A .  M. G r e g  A n d r u s  

Nat ional  Aeronau t i c s  & Space Admin.  
Goddard  Space  F l igh t  Cen te r  
Greenbe l t ,  Mary land  20771 
Attn:  G e r a l d  Ha lpe r t ,  Code 735 

Nat ional  Aeronau t i c s  & Space Admin.  
Goddard  Space  F l igh t  Cen te r  
Greenbe l t ,  Mary land  20771 
Attn: T h o m a s  Hennigan, Code 716.2 

Nat ional  Aeronau t i c s  & Space  Admin.  
Goddard  Space  F l igh t  Cen te r  
Greenbe l t ,  M a r y l a n d  20771 
Attn: E. R .  S t roup  (Code 636 .2 )  

Nat ional  Aeronau t i c s  & Space Admin.  
Goddard  Space  F l igh t  Cen te r  
Greenbe l t ,  M a r y l a n d  20771 
Attn: J o s e p h  Sher fey ,  Code 735 

Nat ional  Aeronau t i c s  & Space  Admin.  
Lang ley  R e s e a r c h  C e n t e r  Nat ional  Aeronau t i c s  & Space  Admin.  

L e w i s  R e s e a r c h  Cen te r  I n s t r u m e n t  Re s e a r c h  Divis ion 
21 000 B r o o k p a r k  Road Hampton ,  V i rg in i a  23365 
Cleve land ,  Ohio 44 1 3 5 Attn:  J o h n  L. P a t t e r s o n ,  MS-234 
Attn: V. Hlavin,  O D P P  (MS 3-14)  
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Nat iona l  Aeronau t i c s  & Space  Admin. 
Lang ley  R e s e a r c h  Center  
I n s t r u m e n t  R e  s e a r c h  Div is ion  
Hampton ,  V i rg in i a  23365 
Attn:  M. B. Seyffer t ,  MS 112 

Nat ional  Aeronau t i c s  & Space  Admin.  
Langley  R e s e a r c h  Center  
Lang ley  S ta t ion  
Hampton ,  V i rg in i a  23365 
Attn:  S. T .  P e t e r s o n / H a r r y  R i c k e r  

Nat iona l  Aeronau t i c s  & Space  Admin.  
Geo. C. M a r s h a l l  Space F l igh t  C e n t e r  
Hu2t sville Alabama 3 58 12 
At tn: P h i l i p  Y oungblood 

Nat ional  Aeronau t i c s  & Space  Admin  
Geo. C.  M a r s h a l l  Space F l i g h t  C e n t e r  
Huntsv i l le ,  Ala.  35812 
Attn: R i c h a r d  Boehme 

Bldg. 4487 -BB 

National  Aeronau t i c s  & Space  Admin. 
Manned S p a c e c r a f t  Center  
Houston,  T e x a s  77058 
Attn: W i l l i a m  R. Dusenbury 
P r o p d s i o n  & E n e r g y  S y s t e m s  B r a n c h  
Bldg. 16, Site 1 

NaticYnal Aeronau t i c s  & Space  Admin. 
Marined S p a c e c r a f t  Center  
Houston,  T e x a s  77058 
Attn: R i c h a r d  F e r g u s o n  ( E P - 5 )  

Nat iona l  Aeronau t i c s  & Space  Admin.  
Manned S p a c e c r a f t  Center  
Houston,  T e x a s  77058 
Attn: R o b e r t  Cohen 

Gemini  P r o j e c t  Office 

Nat iona l  A e r o n a u t i c s  & Space  Admin.  
Manned S p a c e c r a f t  Center  
Hous ton ,  T e x a s  77058 
Attn: F o r r e s t  E. E a s t m a n  ( E E - 4 )  

Nat iona l  A e r o n a u t i c s  & Space  Admin  
Washin  ton ,  D. C. 20546 
Attn:  8 f f i c e  of Technology 
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\ 
2 

Nat ional  A e r o n a u t i c s  & Space  Admin.  
A m e s  R e s e a r c h  C e n t e r  
P i o n e e r  P r o j e c t  
Moffe t t  F i e l d ,  Ca l i fo rn ia  94035 
Attn:  A r t h u r  Wilbur /A.  S. H e r t z o g  

Nat ional  A e r o n a u t i c s  & S p a c e  Admin.  
A m e s  R e s e a r c h  C e n t e r  
Moffet t  F i e l d ,  Ca l i fo rn ia  94035 
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B i o s a t e l l i t e  P r o j e c t  

Nat ional  A e r o n a u t i c s  & Space  Admin.  
E l e c t r o n i c s  R e s e a r c h  C e n t e r  
57 5 Technology S q u a r e  
C a m b r i d g e ,  M a s s .  02139 
Attn: D r .  Sol G i l m a n  

J e t  P r o p u l s i o n  L a b o r a t o r y  
4800 Oak G r o v e  D r i v e  
P a s a d e n a ,  Cal i f .  91 103  
Attn:  M r .  Ai j i  Uchiyama 

D e p a r t m e n t  of t he  A r m y  
Commanding  Off icer  
U.  S. A r m y  M. B. Equip.  Rsch .  & Dev C t r  
E n e r g y  Conver s ion  R e s e a r c h  Lab. 
Ft. B e l v o i r ,  V i rg in i a  22060 
Attn:  E l e c t r i c a l  P o w e r  B r a n c h  

Command ing  G e n e r a l  
U.S. A r m y  Weapons C o m m a n d  
Attn:  AMSWE-RDR, M r .  G. R e i n s m i t h  
Rock I s l and  A r s e n a l  
Rock  I s l and ,  I l l ino is  6 1201 

U .  S. A r m y  R e s e a r c h  Office 
B o x  CM,  Duke Sta t ion  
D u r h a m ,  N. C .  27706 
Attn:  D r .  Wi lhe lm J o r g e n s e n  

U .  S. A r m y  R e s e a r c h  Off ice  
Chief ,  R & D  
D e p a r t m e n t  of t he  A r m y  
3D442, T h e  Pen tagon  
Washington,  D.  C .  20546 

U .  S .  A r m y  Nat ick  L a b o r a t o r i e s  
Clothing and  Organ ic  M a t e r i a l s  Div. 
Nat ick ,  M a s s .  01760 
Attn:  G.  A .  Spano 
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Command ing  Off icer  
U .  S. A r m y  E l e c t r o n i c s  R & D  Labs .  
F o r t  Monmouth,  N. J .  07703 
Attn: P o w e r  S o u r c e s  Div. (SELRA / PS) 

A r m y  M a t e r i e l  C o m m a n d  
R e s e a r c h  Div is ion  

Washin  ton,  D. C. 20315 
Attn:  J%hn W. C r e l l i n  

AMCRD - RSCM - T - 7 

A r m y  M a t e r i e l  C o m m a n d  
Deve lopmen t  Div is ion  

Washin  ton,  D. C.  20315 
Attn: h f a r s h a l l  D. Aiken  

A M C R D - D E - M O - P  

U.S. A r m y  TRECOM 
F o r t  E u s t i s ,  Va. 23604 
Attn:  D r .  R .  L. E c h o l s  (SMOFE-PSG)  

U.S. A r m y  TRECOM 
F o r t  E u s t i s ,  Va.  23604 
Attn: L e o n a r d  M. B a r t o n e  (SMOFE-ASE) 

U.S. A r m  Mobil i ty  C o m m a n d  

W a r r e n ,  Mich.  48090 
Attn: 0. Renius  (AMSMO-RR) 

H a r r y  Diamond L a b o r a t o r i e s  
R o o m  300, Bld . 92 
Conn. Ave.  & $an N e s s  S t . ,  N. W. 
Washington,  D. C. 20438 
Attn:  Nathan Kaplan  

Office of Naval  R e s e a r c h  
Washington,  D.  C.  20360 
Attn:  Head,  P o w e r  B r a n c h ,  Code 429 

R e s e a r c h  L i v i s ion  

D e p a r t m e n t  of the Navy 

Off ice  of Naval  R e s e a r c h  
D e p a r t m e n t  of the Navy 
Washington,  D. C.  20360 
Attn: H. W. F o x  (Code 425)  

Naval  R e s e a r c h  L a b o r a t o r y  
r a s h i n g t o n ,  D. C.  20390 

U . S .  Navy 
Spec ia l  P r o j e c t s  Div is ion  
M a r i n e  Engine  e r i n g  Lab0 rat o r y  
Annapol i  s , Md. 2 14  02 
Attn:  J.  H. H a r r i s o n  

t tn:  D r .  J .  C.  White,  Code 6160 

Naval  A i r  S y s t e m s  C o m m a n d  
D e p a r t m e n t  of the  Navy 
Washington,  D. C.  20360 
Attn:  Mi l ton  Knight (Code AIR -340C) 

C o m m a  ndi ng Of f i  c e r 
(Code  QEWE,  E. B r u e s s / H .  Schul tz )  
U .  S .  Naval  Ammuni t ion  Depot  
C r a n e ,  Ind. 47522 

Naval  Ordnance  L a b o r a t o r y  
D e p a r t m e n t  of the  Navy 
Corona ,  Cdlif .  91720 
Attn:  Wm.  C .  Spindler  (Code 441)  

Naval  Ordnance  L a b o r a t o r y  
S i l v e r  Spr ing ,  Md. 20910 
Attn:  P h i l i p  D. Cole  (Code 232) 

C o m m a n d e r ,  Naval  Ship S y s t e m s  Cmd.  
D e p a r t m e n t  of the Navy 
Washington,  D.  C.  20360 
Attn:  C. F. Viglot t i  (Code 66605)  

B u r e a u  of Naval  Weapons 
D e p a r t m e n t  of the  Nav 
Washington,  D. C .  203x0 
Attn:  Whitewall  T. B e a t s o n  

(Code  RAAE - 52)  

C o m m a n d e r ,  Naval  Ship Sy s tern s Cmd.  
D e p a r t m e n t  of the  Nav 
Washington,  D. c. 20160 Code 
Attn:  B e r n a r d  B .  Rosenbaum 63422) 

D e p a r t m e n t  of the  A i r  F o r c e  
F l i g h t  Vehic le  P o w e r  B r anch  
A e r o  P r o p u l s i o n  L a b o r a t o r y  
W r i g h t - P a t t e r s o n  A F B ,  Ohio 45433 
Attn:  James E. Cooper /Wayne  Bishop 

A F  C a m b r i d g e  R e s e a r c h  L a b  
Attn:  C R F E  
L. G.  H a n s c o m  F i e l d  
Bedfo rd ,  M a s s .  01731 
Attn:  D r .  R .  Payne  

A F  C a m b r i d g e  R e s e a r c h  Lab .  
Attn:  C R E  
L. G.  H a n s c o m  F i e l d  
Bedfo rd ,  M a s s .  01731 
At tn :  F r a n c i s  X. Doher ty  

E d w a r d  Raskind  (Wing F) 
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H e a d q u a r t e r s ,  U. S. A i r  F o r c e  (AFRDR-AS) 
Washington,  D. C .  20325 
Attn: M a j o r  G. S ta rkey  

H e a d q u a r t e r s ,  U. S. A i r  F o r c e  (AFRDR-AS) 
Washington,  D. C. 20325 
Attn: Lt. Col .  Wm.  G. Alexander  

R o m e  A i r  Development  C e n t e r ,  ESD 
Attn: F r a n k  J. Mol lu ra  (RASSM) 
Gr i f f i s  A F B ,  N. Y. 13442 

Space  S y s t e m s  Divis ion 
LOS Ange les  A i r  F o r c e  S ta t ion  
L o s  Angeles ,  Cal i f .  90045 
AtTn: SSSD 

Othe r  Governmen t  Agencies  

Nat ional  B u r e a u  of S tanda rds  
Washington,  D. C .  20234 
Attn: D r .  W. J. H a m e r  

Nat ional  B u r e a u  of S tanda rds  
Washington,  D. C. 20234 
Attn: D r .  A. B r e n n e r  

Off ice ,  S e a  W a r f a r e  S y s t e m  
T h e  P e n t a g o n  
wash ing ton ,  D. C .  20310 
Attn: G. B.  Wareham 

U. S .  Atomic  Energy  C o m m i s s i o n  
Aux i l i a ry  P o w e r  Branch  (SNAP)  
Div is ion  of R e a c t o r  Development  
Washington,  D. C.  20325 
Attn:  Lt. Col.  George  H. Ogburn,  Jr .  

Lt. Col. J o h n  H. Ander son  
Advanced Space  Reac to r  B r a n c h  
Div is ion  of R e a c t o r  Development  
U. S. Atomic  Ene rgy  C o m m i s s i o n  
Washington,  D. C. 20325 

M r .  Donald A.  Hoatson  
A r m y  R e a c t o r s ,  DRD 
U. S. Atomic  Ene rgy  C o m m i s s i o n  
Washington,  D. C. 20545 

B u r e a u  of M i n e s  
4800 F o r b e s  Ave.  
P i t t s b u r g h ,  Pa. 1521 3 
Attn:  D r .  I r v i n g  Wender  

C l e a r i n g  House  f o r  Sc ien t i f ic  

5285 P o r t  Royal Rd. 
Spr ingf ie ld ,  Va.  221 51 

& Techn ica l  I n f o r m a t i o n  

P r i v a t e  Organ iza t ions  

A e r o j  et - Gene ral C o r p o r a t i o n  
C h e m i c a l  P r o d u c t s  Div is ion  
A z u s a ,  Cal i f .  91702 
Attn:  W m .  H. J o h n s o n  

A e r o j  et - G e n e r a l  C o r p o r a t i o n  
Von K a r m a n  C e n t e r  
Bldg.  312, Dept.  3111 
A z u s a e  Cal i f .  91703 
Attn:  M r .  R u s s  F o g l e  

A e r o n u t r o n i c  Div. of P h i l c o  Corp .  
T e chni  c a1 Info r m a t i o  n S e r v i  c e s 
F o r d  Road 
Newpor t  Beach ,  Cal i f .  92663 

A e r o s p a c e  Corpora t ion  
P . O .  Box 95085 
Los Ange les ,  Cal i f .  90045 
Attn:  L i b r a r y  Acquis i t ion  G r o u p  

A e r o s p a c e  C o r p o r a t i o n  
S y s t e m s  Des ign  Div is ion  
2350 East El Segundo Bou leva rd  
El Segundo, Cal i f .  90246 
Attn:  J o h n  G. K r i s i l a s  

A l l i s - C h a l m e r s  Mfg. Co. 
1 1  00 South 70th S t r e e t  
Mi lwaukee ,  Wiscons in  532 
Attn:  D r .  P. J o y n e r  

A.M. F. 
Attn: D r .  L loyd  H.  Shaffer 
689 Hope St. 
Spr ingda le ,  Conn. ,  06879 
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A m e r i c a n  Univers i ty  
M a s s .  & N e b r a s k a  Ave. , N. W. 

Attn:  DI,. R .  T.  Foley ,  C h e m i s t r y  Dept. 
T I T -  VVdshiiigtGri, E. c. 20016 

A r t h u r  D. L i t t l e ,  Inc.  
A c o r n  P a r k  
C a m b r i d g e ,  M a s s .  02140 
Attn: D r .  E l l e r y  W .  Stone 

A t o m i c s  In t e rna t iona l  Divis ion 
N o r t h  A m e r i c a n  Aviation, Inc.  
8900 DeSota Ave. 
Canoga  P a r k ,  Calif .  91304 
Attn: D r .  H. L. Recht  

Ba t t e l l e  M e m o r i a l  Ins t i tu te  
505 King Ave. 
Co lumbus ,  Ohio 43201 
Attn: Dr .  C. L. F a u s t  

B e l l  L a b o r a t o r i e s  
M u r r a y  Hil l ,  N. J. 07971 
Attn: U. B .  T h o m a s  

The  Boe ing  Company 
P . O .  Box 3868 
Sea t t l e ,  Washington 98 124 
Attn: Sid G r o s s ,  MS 85-86 

B o r d e n  C h e m i c a l  Company 
C e n t r a l  R e s e a r c h  Lab .  
P . O .  Box 9524 
Ph i l ade lph ia ,  Pa. 1 9 124 

B u r g e s s  B a t t e r y  Company 
F o o t  of Exchange  S t  r e  e t  
F r e e p o r t ,  I l l .  61033 
Attn: Dr .  Howard  J .  S t r a u s s  

C & D B a t t e r i e s  
Div. of E l e c t r i c  Autol i te  Co. 
Conshohocken ,  Pa. 19428 
Attn: Dr .  Eugene  Wollihnganz 

Calv in  Col lege  
G r a n d  Rapids ,  Michigan  49506 
Attn: P r o f .  T. P. D i r k s e  

Amicon  C o r p o r a t i o n  
25 Har twe l l  Ave. 
Lexington,  M a s s .  02173 
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Ca ta lys t  R e s e a r c h  Corpora t ion  
6101 Falls Road 
B a l t i m o r e ,  Mary land  21209 
Attn: Dr .  H. Go ldsmi th  

C h e m C e l l  Inc.  
150 Dey Road 
Wayne,  N.  J. 07470 
Attn:  P e t e r  D.  R ichman  

Cubic Corpora t ion  
9233 Ba lboa  Ave. 
San  Diego, Cal i f .  92123 
Attn:  L i b r a r i a n ,  M r s .  Judy  Ka lak  

De lco  R e m y  Divis ion 
G e n e r a l  M o t o r s  Corpora t ion  
2401 Co lumbus  Ave. 
A n d e r s o n ,  Indiana 46 01 1 
Attn:  Dr .  J.  J .  L a n d e r  

Douglas  A i r c r a f t  Company,  Inc.  
A s t ropower  L a b o r a t o r y  
2121 C a m p u s  Dr ive  
Newpor t  Beach ,  Cal i f .  92663 
At tn :  Dr .  G e o r g e  Moe 

Dynate  ch  Corpora t ion  
17  T u d o r  S t r e e t  
C a m b r i d g e ,  M a s s .  02139 
At tn :  R .  L. Wentwor th  

E .  I. DuPont  De N e m o u r s  & Co. 
Exp los ives  De a r t m e n t  

Gibbstown,  N. f. 08027 
Attn:  M r .  R .  W. P r u g h  

Repauno Deve P o m e n t  L a b o r a t o r y  

( C o n t r a c t  NASw-1233) 

E a g l e  - P i c h e r  Company 
P . O .  Box 47 
Jop l in ,  M i s s o u r i  64801 
Attn:  E. P. Brog l io  

E l e c t r i c  S to rage  B a t t e r y  Inc.  
M i s s i l e  B a t t e r y  Divis ion 
2510 L o u i s b u r g  Rd. 
Rale igh ,  N. C. 27604 
At tn :  A .  C h r e i t z b e r g  

E l e c t r o c h e m i c a l  & W a t e r  

13401 Kootena Dr ive  
San ta  Ana,  Carif. 92705 
Attn:  Dr .  C a r l  B e r g e r  

Desa l ina t ion  Technology 



P a g e  6 

E l e c t r i c  S to rage  Ba t t e ry  Inc. 
C a r l  F. N o r b e r g  R e s e a r c h  Cen te r  
19 Wes t  Col lege Ave. 
Yard ley ,  Penna .  19067 
Attn: L i b r a r i a n  

El e c t r o c  h i m i  c a Co r po r a ti on  
1140 O ' B r i e n  Dr ive  
Menlo  P a r k ,  Calif. 94025 
Attn: Dr .  M o r r i s  E i s e n b e r g  

El  e c tr o -Optical  Sy s tern s , Inc . 
300 Nor th  Hals tead  
P a s a d e n a ,  Cal i f .  9 1 107 
Attn: M a r t i n  Klein 

E lg in  Nat ional  Watch Co. 
107 Nat ional  St. 
E lg in ,  I l l ino is  60120 
Attn: T .  Boswe l l  

E m h a r t  Corp.  
Box 1620 
H a r t f o r d ,  Conn. 06 102 
Attn: D r .  W. P. Cadogan 

E n g e l h a r d  Indus t r i e s ,  Inc.  
497 Delancy  S t r e e t  
Newark ,  N. J .  07105 
Attn: D r .  J .  G. Cohn 

Dr .  A r t h u r  F l e i s c h e r  
466 South C e n t e r  S t r e e t  
Orange ,  N .  J .  07050 

G e n e r a l  E l e c t r i c  Company 
Sch.enectady, N. Y .  12301 
At.tn: D r .  R .  C .  Os thof f /Dr .  W.  C a r s o n  

Advanced Technology Lab.  

G e n e r a l  E l e c t r i c  Company 
M i s s i l e  & Space  Division 
S p a c e c r a f t  D e p a r t m e n t  
P. 0. Box 8555 
Phi lade lphia ,  Pa. 19 1 0 1 
Attn:  E. W.  Kipp, Room U-2307 

G e n e r a l  E l e c t r i c  Company 
B a t t e r y  P r o d u c t s  Sect ion 
P. 0. Box 114 
Gainsvi l le ,  F l o r i d a  32601 
Attn:  W. H. Rober t s  

D r .  R. L. Hadley 

G e n e r a l  E l e c t r i c  Company 
R e s e a r c h  a n d  Deve lopmen t  C e n t e r  
P. 0. Box 8 
Schenec tady ,  N. Y .  12301 
Attn:  D r .  H. Liebhafsky  

G e n e r a l  M o t o r s - D e f e n s e  R e s e a r c h  Labs. 
6767 H o l l i s t e r  St. 
San ta  B a r b a r a ,  Calif .  931 05 
Attn:  D r .  J.  S.  S m a t k o / D r .  C. R. R u s s e l l  
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G e n e r a l  Te lephone  & E l e c t r o n i c s  Labs. 
Bays ide ,  N. Y .  11352 
Attn:  D r .  P a u l  Go ldbe rg  

Globe -Union, Inc.  
900 E a s t  Keefe Ave. 
Mi lwaukee ,  Wiscons in  532 0 1 
Attn:  Dr .  W a r r e n  Towle 

Globe -Union, Inc.  
900 E a s t  Keefe Ave. 
Mi lwaukee ,  Wiscons in  5320 1 
Attn:  D r .  C. K.  M o r e h o u s e  

Globe -Union Inco rpora t ed  
P . O .  Box 591 
Mi lwaukee ,  Wi scons in  532 0 1 
Attn:  M r .  J .  D .  Onderdonk 

V. P. M a r k e t i n g  

Gould-National  B a t t e r i e s ,  Inc.  
Eng inee r ing  & R e s e a r c h  C e n t e r  
2630 Unive r s i ty  Ave. S. E .  
Minneapol i s ,  Minneso ta  55418 
Attn: D. L. Douglas  

Gul ton Indu s t ri e s 
Alka l ine  B a t t e r y  D v i s i o n  
212 D u r h a m  Ave. 
Me tuchen ,  N.  J.  08840 
Attn:  Dr .  R o b e r t  S h a i r  

G r u m m a n  A i r c r a f t  
OPGS, P l a n t  35 
Bethpage ,  Long Is land ,  N. Y .  11 101 
Attn:  B r u c e  C l a r k  

Hughes  A i r c r a f t  Corpora t ion  
Cent inda Ave. & T e a l e  St. 
Cu lve r  Ci ty ,  Cal i f .  90230 
Attn:  T .  V. C a r v e y  



Hughe s A i r c r a f t  C o r p o r a  t i  on 
Bldg. 366, M . S .  524 
Ei Segundo, Cal i f .  90245 
Attn: P. C .  R icks  

Hu h e s  R e s e a r c h  L a b s .  Corp .  

Attn:  T .  M .  Hahn 
3 2 1  >"k2li?x, Calif. 90265  

I T T  F e d e r a l  L a b o r a t o r i e s  
500 Washington  Ave. 
Nutley,  N.  J. 07110 
Attn: D r .  P. E. Lighty 

I T T  R e s e a r c h  Ins t i tu te  
10  W e s t  35th St. 
Chicago,  Ill. 60616 
Attn: D r .  H. T. F r a n c i s  

Ins t i t u t e  f o r  Defense  A n s l y s e s  
R &E Suppor t  Divis ion 
400 A r m y - N a v y  Dr ive  
Ar l ing ton ,  Va. 22202 
Attn:  M r .  R. Hami l ton  

Ins t i t u t e  f o r  Defense  A n a l y s e s  
R &E Suppor t  Divis ion 
400 A r m y - N a v y  Dr ive  
Ar l ing ton ,  Va. 22202 
Attn: Dr .  G. Szego  

Idaho S ta t e  Univers i ty  
Dept.  of C h e m i s t r y  
Poca te l lo ,  Idaho 83201 
Attn: Dr .  G. M y r o n  A r c a n d  

Ins t i t u t e  of G a s  Technology 
S ta t e  and  34th S t r e e t  
Chicago,  Ill. 60616 
Attn: B. S. B a k e r  

In t e rna t iona l  Nickel  Co. 

Washington, D. C .  20036 
Attn: W m .  C. M e a r n s  

1000-16th St. , N. W. 

J o h n  Hopkins Unive r s i  ty  
Applied P h y s i c s  L a b o r a t o r y  
8621 G e o r g i a  Ave. 
S i l v e r  Spr ing ,  Md. 20910 
Attn: R i c h a r d  E. E v a n s  
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Johns-Manvi l le  R & E Cen te r  
P . O .  Box 159 
I V l d l L V I L I C ,  x. J .  08835 
Attn:  J .  S. P a r k i n s o n  
X A - - - - . : l l  - 

L e e s o n a  Moos L a b o r a t o r i e s  
L&e SUCCPC. s P a  rk, Community D r .  
G r e a t  Neck, N. Y .  11021 
Attn:  Dr .  H.  Oswin 

Lockheed  M i s s i l e s  & Space Co. 
1111 Lockheed  Way 
Sunnyvale,  Calif .  
Dept.  62-33  Bld . 154 
Attn:  R.  E. C o r  % e t t  

Lockheed  M i s s i l e s  & Space Co. 
Dept.  62-30 
3251 Hanover  St .  
P a l o  Alto,  Calif .  94304 
Attn: J .  E.  Chilton 

Lockheed  M i s s i l e s  & S a c e  Co. 

3251 Hanover  S t r e e t  
P a l o  Alto,  Cal i f .  93404 

Techn ica l  I n f o r m a  t ion  E e n t e r  

M a l l o r y  B a t t e r y  Company 
Broadway  & Sunnyside L a n e  
Nor th  Ta r ry town ,  N. Y.  10591 
Attn:  R.  R. Clune 

P. R.  M a l l o r y  & Co. , Inc.  
Nor thwes t  I n d u s t r i a l  P a r k  
Bur l ing ton ,  M a s s .  01803 
Attn:  D r .  P e r  B r o  

P. R. M a l l o r y  & Company,  Inc.  
Techn ica l  S e r v i c e  s Lab0  r a t o r y  
Indianapol i s  , Ind. 46 2 06 
Attn:  A. S. Doty 

P. R.  M a l l o r y  & Co. ,  Inc.  
3029 E. Washington St. 
Ind ianapol i s  , Indiana 46 2 06 
Attn:  Techn ica l  L i b r a r i a n  

Ma r qua r d t C o r p o r a t i o n  
16555 Sa t icoy  S t .  
Van Nuys, Cal i f .  91406 
Attn:  Dr .  H. G. K r u l l  



M a r t i n  Co. 
E l e c t r o n i c s  R e s e a r c h  Dept. 
P.O. Box #179 
Denver ,  Colorado  80201 
Attn: W m .  B. Collins,  MS 1620 

M a t e r i a l  R e s e a r c h  C orp .  
O r a n g e b u r g ,  N. Y. 10962 
Attn: V. E. Adler  

Mauchly  S y s t e m s ,  Inc.  
F o r t  Washington Indus t r i a l  P a r k  
F o r t  Washington, Penna .  
Attn: John  H. Waite 

M e l p a r  
Techn ica l  Informat ion  C e n t e r  
7700 Arlington Blvd. 
F a l l s  Church ,  Va. 22046 

M e t a l s  & Cont ro l s  Divis ion 
T e x a s  I n s t r u m e n t s ,  Inc. 
34 F c , r r e s t  S t r e e t  
At t leboro ,  M a s s .  02703 
Attn: Dr.  E. M. J o s t  

Midwes t  R e s e a r c h  Ins t i tu te  
425 Voyker Bou leva rd  
K a n s a s  City,  M i s s o u r i  641 1 0  
Attn: P h y s i c a l  Science Lab.  

M c n s a n t o  R e s e a r c h  Corpora t ion  
E v e r e t t ,  M a s s .  02149 
Attn: Dr .  J. 0. Smith 

Xcrth A m e r i c a n  Aviation, Inc.  
1221 4 Lakewood Bou leva rd  
Downey, Calif .  9024 1 
Attn: B u r t o n  M. Otzinger  

N o r t h  A m e r i c a n  Aviation, Inc.  
Rocketdyne Division 
6633 Cancga  Ave. 
Canoga  P a r k ,  Calif. 91303 
Attn: L i b r a r y  

O z a r k  Mahoning Company 
1870 S .  Boulder  Ave. 
T u l s a ,  Oklahoma 74 1 19 
Attn:  Dr .  J a m e s  Beal  

N o r t h  A m e r i c a n  Aviation Co. 
S&ID Divis ion 
Do.wney, Calif .  9024 1 
Attn: Dr .  J a m e s  Nash 
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Ok lahoma  S ta t e  Un ive r s i ty  
S t i l lwa te r ,  Ok lahoma  74075 
Attn: P r o f .  W m .  L. Hughes  

School  of E l e c t r i c a l  Eng.  

Dr .  J o h n  Owen 
P. 0. Box 07 
Bloomfie ld ,  N. J. 07003 

P o w e r  In fo rma t ion  C e n t e r  
Un ive r s i ty  of Pennsy lvan ia  
3401 M a r k e t  S t . ,  R m .  2107 
Ph i l ade lph ia ,  Penna .  19 104 

P r i m e  B a t t e r y  Corp .  
15600 C o r n e t  St. 
Santa  F e  Spr ings ,  Calif .  90670 
Attn: David R o l l e r  

RAI R e s e a r c h  Corp .  

Long  Is land  City,  N. Y .  11 101 
36-40 37th St. 

P h i l c o  Corpora t ion  
Div. of the  F o r d  M o t o r  Co. 
Blue  Be l l ,  Penna: 19422 
Attn: D r .  Ph i l l i p  Cole t  

Radio C o r p o r a t i o n  of A m e r i c a  
A s t r o  Corpora t ion  
P. 0. Box 800 
Hightstown, N. J. 08540 
Attn:  S e y m o u r  Winkler 

Radio Corpora t ion  of A m e r i c a  
A E D  
P .O .  Box 800 
P r i n c e t o n ,  N. J .  08540 
Attn:  1. Schu lman  

Radio Corpora t ion  of A m e r i c a  
415  S. F i f th  St. 
H a r r i s o n ,  N. J. 07029 
Attn:  D r .  G. S. L o z i e r ,  Bldg. 18-2 

Southwest  R e  s e a r c h  Ins t i t u t e  
8500 C u l e b r a  Road 
San  Antonio,  T e x a s  78206 
Attn: L i b r a r y  

Sonotone Corpora t ion  
Saw Mi l l  R i v e r  Road 
E l m s f o r d ,  N. Y .  10523 
Attn:  A. Mundel  



T h o m a s  A. E d i s o n  R e s e a r c h  Lab. 
M c G r a w  E d i s o n  Company 
Watchung Ave. 
W e s t  O r a n g e ,  N. J. 07052 
Attn: D r .  P. F. G r i e g e r  

T e x a s  I n s t r u m e n t s ,  Inc. 
P .O .  Box  5936 
D a l l a s ,  T e x a s  75222 
Attn: D r .  I s a a c  T r a c h t e n b e r g  

TRW S y s t e m s ,  Inc.  
One Space  P a r k  
Redondo Beach ,  Calif .  90278 
Attn:  D r .  A. K r a u s z ,  Bldg 60, R m  147 

TRW S y s t e m s ,  Inc.  
One Space Park 
Redondo Beach ,  Calif .  90278 
Attn:  D r .  H e r b e r t  P. S i l v e r m a n  

TRW, Inc.  
23555 E u c l i d  Ave. 
Cleve land ,  Ohio 44  1 17 
Attn:  L i b r a r i a n  

Tyco  L a b o r a t o r i e s ,  Inc. 
B e a r  H i l l  
H i c k o r y  D r i v e  
Wal tham,  M a s  s . 02 1 54 
Attn:  D r .  A. C. M a k r i d e s  

Unified S c i e n c e s  A s s o c i a t e s ,  Inc. 
826 S. A r r o y o  P a r k w a y  
P a s a d e n a ,  Cal i f .  91 105  
Attn: D r .  S. Naidi teh 

Union C a r b i d e  C o r p o r a t i o n  
Deve lopmen t  L a b o r a t o r y  L i b r a r y  
P.O. B o x  6056 
Cleve land ,  Ohio 441 01 

El e c t r o m i t e  C o r  p. 
Attn:  R. H. S p a r k s ,  Gen. M g r .  
562 M e y e r  L a n e  
Redondo Beach ,  Calif .  90278 

Union C a r b i d e  Corp .  
Parma L a b o r a t o r y  
Parma, Ohio 44130 
Attn: Dr .  R o b e r t  P o w e r s  
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U n i v e r s i t y  of Cal i forn ia  
Space  Sc ience  L a b o r a t o r y  
Berkeley- ,  Cal i f .  94720 
Attn: D r .  C.  W. Tob ias  

Un ive r s i ty  of Pennsylvania  
E i e c t r o c h e m i s t r y  L a b o r a t o r y  
Ph i l ade lph ia ,  Penna.  19 104 
Attn:  Prof. J o h n  O'M. B o c k r i s  

Un ive r s i ty  of Toledo 
Toledo,  Ohio 43606 
Attn:  Dr .  A lbe r t ine  Krohn  

West inghouse  E l e c t r i c  Corp .  
R e s e a r c h  & Development  C e n t e r  
Church i l l  Borough 
P i t t s b u r g h ,  Penna .  15235 

Whi t taker  Corp .  
N a r m c o  R & D  Divis ion  
3540 A e r o  C o u r t  
San  Diego,  Calif .  92123 
Attn:  Dr .  M. Shaw 

Whit take r C o r p o r a t i o n  
3850 Olive St. 
Denver ,  Colorado  80233 
Attn:  B o r c h  Wendir  

Yard ley  E l e c t r i c  Corp .  
4 0  L e o n a r d  Street 
New York ,  N. Y. 10013 
At tn :  D r .  Geo. Dal in  

Whi t t ake r  C o r p o r a t i o n  
3850 Olive S t r e e t  
Denver ,  Colo. 80237 
Attn:  J. W. R e i t z e r  

W e s t e r n  E l e c t r i c  Co. 
Sui te  802,  RCA Bldg. 
Washington,  D. C .  20006 
Attn:  R. T. F i s k e  

West inghouse  E l e c t r i c  Corp .  
R e s e a r c h  & Development  C e n t e r  
Church i l l  Borough 
P i t t s b u r g h ,  Pa. 15235 
Attn:  D r .  A. L a n g e r  


