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DEVELOPMENT O F  HIGH ENERGY DENSITY PRIMARY BATTERIES 
200 WATT HOURS PER POUND TOTAL BATTERY WEIGHT MINIMUM 

ABSTRACT 

Studies of electrolyte solutions, electrode reactants and construction, cell manu- 
facture,  and discharge propert ies  were conducted toward the development of 
high energy density, lithium-anode pr imary  cells. Propylene carbonate showed 
least attack on metall ic lithium among the solvents studied. Methyl formate 
formed the mogt conductive solution with LiC104 (2.6 x lo’, ohm’’ cm” at 25 
grams/100 ml). In cell tes ts ,  copper fluoride was the best  cathode material;  
with propylene carbonate, active material  utilization was in excess of 80 per -  
cent at 0. 5 mA/cm?. 

Thirty CuF,-Li prototype cells of ca. 4 AH capacity were  built and discharged. 
A group of five cells having propylene carbonate-LiC104 electrolyte and dis- 
charging at 0.5 mA/cm2 (ca. 250-hour ra te)  averaged in excess of 200 watt 
hours  p e r  pound of cell weight (including polyethylene cell case). 
energy density for an  individual cell was 522 watt hours pe r  pound of active 
material weight and 223 watt hours pe r  pound of total cell weight. 

m e  highest 



I 

t 

T A B L E  O F  C O N T E N T S  

Page No. 

ABSTRACT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 

1. SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

3. ELECTROLYTE SYSTEMS STUDIES . . . . . . . . . . . . . . . . .  5 

3.1. Studies of Lithium Metal Stability in  Solvents and 
Electrolyte Solutions. . . . . . . . . . . . . . . . . . . . . . .  5 

Platinum Electrodes . . . . . . . . . . . . . . . . . . . . . . .  a 
3. 3. Specific Conductance and Solubility Studies. . . . . . . . . . .  25 

Various Organic Electrolyte Solutions . . . . . . . . . . . . .  32 

Electrolyte Solutions. . . . . . . . . . . . . . . . . . . . . . .  37 

3.2. Measurement of Decomposition Current On Smooth 

3.4. Specific Conductance- Concentration Characteris t ics  of 

3. 5. Studies of Methods for  Removal of Water F rom 

4. CELL DISCHARGE TESTS. . .  . .  40 

4.1. Determination of Electrode Polarization in  Reference- 
Electrode Cells . . . . . . . . . . . . . . . . . . . . . . . . .  40 

Electrolyte Solvents . . . . . . . . . . . . . . . . . . . . . . .  45 

4.4. Study of Pr i smat ic  CuF, Electrode Construction . . . . . . . .  67 

4. 5. Study of Self-Discharge in CuF,-Li Cel ls .  . . . . . . . . . . .  73 

4.6. Prototype Cell Tests .  . . . . . . . . . . . . . . . . . . . . . .  77 

4. 2. Evaluation of CuF,-Li and Mn0,-Li Cells with Various 

4. 3. Evaluation of Cathode Reactants in  Positive Limiting Cells . . 56 

5. A P P E N D I X . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93 
~ 

5. 1. Lis t  of Materials.  . . . . . . . . . . . . . . . . . . . . . . . .  94 

5.2 .  L is t  of Suppliers.  . . . . . . . . . . . . . . . . . . . . . . . .  101 



L I S T  O F  T A B L E S  A N D  F I G U R E S  

Page No. 

TABLE I 

TABLE U. 

TABLE LII 

TABLE IV 

TABLE V 

TABLE VI  

TABLE VII 

TABLE VIII 

TABLE IX 

TABLE X 

TABLE XI 

TABLE XU. 

TABLE XIII 

TABLE XIV 

TABLE XV 

TABLE XVI 

Stability of Lithium Metal i n  Solvents and 
Electrolyte Solutions. 6 . . . . . . . . . . . . . . . . .  

Variation of Specific Resistance with Gas 
P r e s s u r e .  . . . . . . . . . . . . . . . . . . . . . . .  10 

Decomposition Current of Various Solutions On 
Smooth Platinum Electrodes. . . . . . . . . . . . . .  17 

Specific Conductance and Solubility Data . . . . . . .  27 

Results of Water Removal Studies . . . . . . . . . .  38 

Summary of Reference Electrode Cell Tests  . . . . .  42 

Construction of CuF2-Li Test Cel ls .  . . . . . . . . .  47 

Construction of Mn0,-Li Test  Cel ls .  . . . . . . . . .  48 

Compatibility of Possible Cathode Active Materials 
in  Propylene Carbonate and Methyl Formate 
Electrolytes . . . . . . . . . . . . . . . . . . . . . .  57 

Discharge Characterist ics of Various Cathode 
Materials Against Lithium in Methyl Formate 
Electrolyte.  . . . . . . . . . . . . . . . . . . . . . .  58 

Discharge Characterist ics of Various Cathode Ma- 
terials Against Lithium in  P C  Electrolyte . . . . . .  59 

Experimental Cell Construction Data . . . . . . . . .  63 

Cathodic Efficiency bf Various Materials in  
Lithium-Anode Cells . . . . . . . . . . . . . . . . .  65 

Discharge Efficiency of CuF, Electrodes i n  Methyl 
Formate Electrolyte . . . . . . . . . . . . . . . . . .  69 

Discharge Efficiency of CuFt Electrodes in  P r o -  
pylene Carbonate Electrolyte . . . . . . . . . . . . .  70 

Effect of Compression of Fil ter-Mat on Electrode 
Per formance .  . . . . . . . . . . . . . . . . . . . . .  71 



L I S T  O F  T A B L E S  AND F I G U R E S  ( C o n t i n u e d )  

Page  No. 

TABLE XVII Prototype Cell Construction Data . . . . . . . . . . . . . . 79 ~ 

TABLE XVIII 

TABLE XIX 

FIGURE 1 

FIGURE 2 

FIGURE 3 

FIGURE 4 

FIGURE 5 

FIGURE 6 

FIGURE 7 

FIGURE 8 

FIGURE 9 

FIGURE 10 

FIGURE 11 

FIGURE 1 2  

FIGURE 13 

FIGURE 14 

FIGURE 15 

1 i 

i 
Component Weights of Prototype Cell No. 20 . . . . . . . . 80 

Prototype Cell Discharge Data . . . . . . . . . . . . . . . 82 

Specific Conductance of LiClO, Solutions i n  Various 
E s t e r s  at Room Temperature . . . . . . . . . . . . . . . . 33 

Specific Conductance of LiC10, Solutions of Various 
E s t e r s  at Room Temperature . . . . . . . . . . . . . . . . 34 

Specific Conductance of LiC10, Solution in 1 

Butyr olac tone -Me thy1 Format  e Mixture s . . . . . . . . . . 35 

Conductivity of LiC10, and LiBr Solutions in  Methyl 
Formate  and Ethyl Formate . . . . . . . . . . . . . . , . . 36 

Exploded View of R-Cell Construction . . . . . . . . . . . 41 

Exploded View of Cell Construction . . . . . . . . . . . . 46 

Polarization Characterist ics of CuF,-Li Cells . . . . . . . 49 

Polarization Characterist ics of Mn0,-Li Cells . . . . . . . 50 

Polarization Characterist ics of Mn0,-Li Cells . . . . . . . 51 

Polarization Characterist ics of Mn0,-Li Cells . . . . . . . 52 

Character is t ics  of CuF,-Li Cells . . . . . . . . . . . . . . . 53 

Character is t ics  of CuF,-Li Cells . . . . . . . , . . . . . . 54 

Character is t ics  of MnO,-Li Cells . . . . . . . . . . . . . . 55 

Discharge Characterist ics of Various Cathode Materials 
vs Lithium Anode in  Propylene Carbonate. . . . . . . . . . 62 I 

Character is t ics  of CuF,-Li Cells . . . . . . . . . . . . . . 7 2  



L I S T  O F  T A B L E S  A N D  F I G U R E S  ( C o n t i n u e d )  

P a e e  No. 

FIGURE 16 Effect of Open Circuit Stand on Discharge Characte- 
ristics of CuF,-Li Cells . . . . . . . . . . . . . . . . . .  74 

FIGURE 17 Effect of Open Circuit Stand on Discharge Characte- 
ristics of CuF,-Li Cells (Vacuum Dried) . . . . . . . . .  75 

FIGURE 18 Effect of Open Circuit Stand on Discharge Characte- 
r i s t ics  of CuF,-Li Cells (Not Vacuum Dried) . . . . . . .  76 

FIGURE 19 CuF,-Li Prototype Cell . . . . . . . . . . . . . . . . . .  78 

FIGURE 20 Prototype Cell Discharge Assembly . . . . . . . . . . . .  78 

FIGURES 21 Discharge Characterist ics of Prototype Cel l s .  . . . . . .  84 to87 
to 24 

FIGURE 25 Discharge Characterist ics of Prototype Cells with P r o -  
pylene Carbonate Electrolyte . . . . . . . . . . . . . . .  88 

FIGURE 26 Discharge Characterist ics of CuF,-Li Cell in Propylene 
Carbonate and Methyl Formate  89 . . . . . . . . . . . . . .  

FIGURE 27 Discharge Characterist ics of CuF,-Li Cell in  Propylene 
Carbonate and Methyl Formate  . . . . . . . . . . . . . .  90 

FIGURE 28 Discharge Characterist ics of CuF,-Li Cell in  Methyl 
Formate  (30 hour rate) . . . . . . . . . . . . . . . . . .  91 



1 

1 .  SUMMARY 

Studies of electrode and electrolyte materials,  and electrode and cell con- 
struction methods were  conducted toward the development of pr imary  batteries 
having an energy-to-weight ratio in  excess of 200 watt hours per  pound. 

Studies of Lithium Stability 

The compatibility of metall ic lithium with solvents and electrolyte solutions was 
studied by observing changes on the surface of a lithium ribbon immersed  in the 
tes t  liquid. 
sample,  whereas,  butyrolactone, dimethyl sulfoxide, and acetic anhydride 
showed somewhat more  pronounced attack. 
the reaction in all systems.  
and generated pressures  of over 100 psig at  room temperature.  The resultant 
solution (strongly discolored) produced little attack on a fresh piece of lithium, 
and l e s s  than 10 psig of pressure  w a s  generated. 

Propylene carbonate showed the the leas t  amount of attack on the 

Presence  of LiC104 accelerated 
Methyl formate reacted with the metal  more  rapidly 

Measurement of DecomDosition Current 

As par t  of the solvent evaluation program, decomposition potentials on smooth 
platinum electrodes were  studied. 
observed in propylene carbonate (4. 5pA/cm2 at 3 . 9 5 V  vs Li/Li+) when the 
anode potential was maintained below t4.  0 volts with respect to a lithium re -  
ference electrode. 
(15 pA/cm2 at 3 . 7 0 V  vs Li/Lit), but N, N dimethyl formamide gave fairly high 
decomposition current (190 pA/cm2 at 3 . 4 8 V  vs Li /Li  ), and appeared to re -  
act  with the freshly deposited lithium at  the cathode. 

The lower decomposition currents were 

Butyrolactone also produced low decomposition current 

+ 

Solubility and Specific Conductance Measurement 

The solubility and specific conductan&of various sal ts  in  organic solvents 
w e r e  studied. 
than the other mater ia ls  tested. 
conductance of 26 x 10'30hm''cm'' was recorded at 25 grams salt/100 ml 
solvent. 
a t  1 5  grams/100 ml of solvent, while at the same concentration, the specific 
conductance in  butyrolactone was 10.6 x 1 O ' 3 0 h m '  'cm- '. The solubility of 
cathode mater ia ls  in  the organic solvents was also studied. Copper fluoride 
consistantly produced l e s s  conductive solutions than copper chloride. The 
sma l l e r  degree of solubility of the fluoride was further indicated by the l e s s  
strongly colored solutions which resulted with this sal t  as compared to the 
CuC1, solutions. 

Lithium perchlorate produced m o r e  conductive solutions 
In methyl formate,  the highest specific 

In propylene carbonate, the conductance was 4.6 x 10'30hm''cm-' 
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Solvent Purification Studies 

Since water w a s  considered to be a detrimental impurity in  a lithium anode cell, 
methods for  reducing its concentration to low levels were  studied. 
lithium was found to be the most  effective drying agent (except for methyl 
formate-lithium perchlorate electrolytes where strong reaction occurred),  pro-  
ducing water concentrations of l e s s  than 15 ppm (limit  of sensitivity of the 
Karl  Fischer  titration). 

Powdered 

Experimental Cell Tests 

Experimental cells of various types were  constructed and tested. 
p ressed  onto expanded metal  sc reen  was used as the anode mater ia l  in all 
tes ts .  
cathode, copper fluoride was used most  extensively in  the cell tes ts .  
chemical efficiency of over 80 percent was obtained from CuF, electrodes 
constructed by a fi l ter-mat technique. 
capacity, discharges were found to be positive-limited when propylene car- 
bonate and methyl formate solvents with LiC10, as the solute were  employed 
as the electrolyte solution. 

Lithium 

Although several  mater ia ls  were  studied for  the construction of the 
Electro-  

In cells designed with excess  negative 

PrototvDe Cell Tests  

A s e r i e s  of three-plate prototype cells having a theoretical capacity of about 
5 ampere hours and employing heat-sealed polyethylene envelopes as the ex- 
ternal container were  constructed and discharged. The highest energy density 
was obtained f rom CuFZ-Li cells with propylene carbonate-lithium perchlorate  
electrolyte. At the 250-hour discharge ra te  (ca.  I / 2  mA/cm2) a t  35"C, the 
best  cell gave 522 watt hours  pe r  pound of active mater ia l  and 223 watt hours  
p e r  pound of cell weight (including polyethylene envelope). At the 100-hour 
ra te  (1 mA/cm2), the respective figures were  387 and 154 watt hours pe r  
pound a t  35" C. With methyl formate electrolyte, the highest corresponding 
figures obtained were  302 and 124 watt hours pe r  pound at the 75-hour ra te  
at -15°C ( 1  mA/cm2).  
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2. INTRODUCTION 

In order  to develop batteries having high energy-to-weight ratios, cell couples 
having high potential and low combined equivalent weight mus t  be employed. A 
search for suitable electrode and electrolyte mater ia ls  for  a battery system 
having an energy density in excess of 200 watt hours per  pound was conducted 
during an initial one-year study (CR 54083). 
experimental work and resul ts  of the second yearly contract period (10 June 1964 
to 9 June 1965) of the program. 

The present report  describes the 

On the basis  of extensive work performed by this contractor and by other in- 
vestigators, lithium emerged as the most probable negative electrode mater ia l  
for a high energy density system. Lithium can be oxidized a t  strongly negative 
potentials (approximately -3 .  OV vs S. H. E. ), possesses  a low equivalent weight 
( 6 . 9 4  grams/equivalent), and can be handled m o r e  easily than other alkali metals .  
Lithium electrodes can be produced by shaping the malleable metal in  molds, o r  
by pressing it onto substrates of si lver o r  nickel. As a resul t  of these and other 
considerations, experimental work performed on the present contract was aimed 
toward the development of a pr imary cell system utilizing lithium a s  the negative 
active mater ia l .  

Identification and study of electrolyte systems which a r e  adequately compatible 
with metall ic lithium became a major  task of the present program. Based on 
the resu l t s  of a se r i e s  of stability tests, five solvents were  selected for more  
intensive study, these being propylene carbonate, butyrolactone, dimethyl sulf- 
oxide, acetic anhydride, and methyl formate. 

The major  portion of the electrolyte and cell t es t s  on this program was performed 
using lithium perchlorate as the solute. 
previous yea r ' s  work as one which forms relatively conductive solutions in  many 
of the organic solvents, and appears to be chemically stable with respect  to the 
electrode mater ia l s  of the cell.  

This sa l t  had been identified during the 

Numerous mater ia ls  had been studied on the previous program for  their  ability 
to undergo reduction in the organic electrolyte systems.  In general, this work 
had been greatly impeded by the lack of an electrode construction technique 
applicable to a wide range of materials.  The electrode construction method 
which was  mos t  extensively employed during these tests,  and during the present 
contract  period consisted of mixing the active mater ia l  with small  amounts of 
graphite and a fibrous binder. 
o r  a filter ma t  was produced using a non-aqueous solvent vehicle such as heptane. 

This mixture was then either pressed into a mold 
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F r o m  a large number of discharge tes t s  performed with cells having lithium 
sheet anodes, experimental cathodes, appropriate electrolyte solutions, and 
electrode separation, anhydrous copper fluoride evolved as the most  probable 
positive active mater ia l  for the high energy system. 
of the CuF,-Li couple in  the organic electrolytes was observed to be approxi- 
mately 3. 4 volts; hence, the theoretical energy density of the couple computed 
f rom this potential and the equivalent weights of 7 f o r  lithium and 51 for  copper 
fluoride is  720 watt hours pe r  pound of electrode active mater ia l s .  

The open-circuit potential 

During the latter par t  of this program, efforts were  expended toward improve- 
ment of the positive matrix construction in  order  to achieve a high degree of 
electrochemical utilization of the active mater ia l ,  and good cell voltage regu- 
lation. Since the reaction a t  the positive electrode probably is 

t - 
CuF, t 2Li t 2e -b Cu" t ZLiF, 

appropriate electrode construction is  needed to minimize the masking tendency 
of the lithium fluoride. Using the fi l ter  ma t  mat r ix  construction, efficiencies 
of over 80 percent to a 20 percent drop in  cell potential were  demonstrated to- 
ward the end of the present contract  period; thus, the copper fluoride-lithium 
couple appears to hold promise for development of a high energy density p r imary  
cell.  
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3 .  ELECTROLYTE SYSTEMS STUDIES 

3.1. STUDIES O F  LITHIUM METAL STABILITY I N  SOLVENTS AND 
ELECTROLYTE SOLUTIONS 

In order  to be considered for use in  Li-anode cells,  an electrolyte solvent 
must  posses  acceptable chemical stability when placed in  contact with lithium 
metal.  Fo r  the purpose of identifying the m o r e  suitable mater ia ls  for cell 
construction, qualitative tes ts  of the stability of metallic lithium in various 
solvents and electrolyte solutions were performed.  The tes t  samples were  
cut f rom 1 / 2  x 1/16 inch lithium ribbon, and pressed  onto expanded nickel 
o r  s i lver  sc reen .  The samples were submerged in glass  tubes containing 
about 10 ml of the tes t  solutions. 
in  appearance of the Li metal  and of the solution were observed and recorded 
at periodic intervals.  

The tubes were then stoppered, and changes 

F o r  systems in which p res su re  r i s e s  were produced during the test ,  g lass  
tubes equipped with s ta inless  steel  couplers fo r  connection of p re s su re  gauges 
were  employed. 
to the volume of the tes t  solution. 
the bas i s  of resul ts  of previous studies and the chemical and physical nature 
of the mater ia l s ,  were used in the test s e r i e s .  The solvents were  either 
"Spectroquality" grade ( less  than 500 ppm of water),  o r  specially prepared 
for  Livingston Electronic Corporation by the manufacturer; no additional 
t reatment  of mater ia ls  was performed. Most of the compatibility tes t s  were  
performed using either the pure solvent, o r  solutions of LiClO,. 
samples  used had bright metall ic appearance after the protective petrolatum 
coating was removed by rinsing with hexane. 

In these tests,  the f ree  volume in the tube was about equal 
A total of nineteen solvents, selected on 

The lithium 

Results of the lithium compatibility tests a r e  tabulated in Table I , page 6 .  
With no solute present,  several  solvents showed li t t le o r  no visible attack on 
the lithium sample as observed over a 10-day period. 
the rate of reaction was accelerated; this effect was more  pronounced with 
some solvents (e.g., the e s t e r s )  than with others. Propylene carbonate was 
the only solvent in the tes t  s e r i e s  for which no increase  in reaction ra te  with 
LiC10, was observed. Thus, on the basis of the lithium stability tes ts ,  propy- 
lene carbonate was adjudged a s  potentially the best  solvent f o r  low ra te  cells; 
dimethyl sulfoxide, acetic anhydride, and butyrolactone were selected a s  
possible  next choices. 

With LiC10, i n  solution, 

. 

Of the e s t e r  group, methyl formate showed the leas t  amount of reactivity with 
lithium; however, the system with LiC10, present  was metastable,  and the 
react ion proceeded with p re s su re  r ises  up to 120  psig a t  room temperature.  
It appea r s  that this solvent will be useful only in reserve-type cells.  It is 
likely, however, that the lithium compatibility of several  of the solvents 
studied would be improved by redistillation o r  other purification procedures.  
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3 . 2 .  MEASUREMENT O F  DECOMPOSITION CURRENT ON SMOOTH 
PLATINUM ELECTRODES 

The decomposition potential of a candidate electrolyte solvent has  been used 
in the previous and present work as an indication of its ability to withstand 
the oxidizing and reducing action of the electrode mater ia l s .  The solvents 
were electrolyzed between smooth platinum electrodes using lithium per -  
chlorate and other salts as the supporting electrolyte. The methods were  
as described in ear l ie r  reports  (NASA CR-54083, pp. V-9 to V-19).  Lithium 
metal, s i lver /  si lver chloride, and lead/lead sulfate were used as reference 
electrode materials.  The reference electrodes were  contacted with the solu- 
tion by immersing them in the liquid above the working electrodes.  The cells 
were  sealed i n  a steel  chamber, allowing introduction of gases  at various 
p re s su res  above the solution. 

The specific conductance of the solution was measured before the electrolysis 
was performed. 
and specific conductance were  monitored. The variation of specific res is tance 
with the amount of gas  absorbed by the solution is presented in Table 11, page 10. 
Sulfur dioxide and ammonia exhibited considerable solubility in methyl formate 
and dimethyl formamide, respectively. Only a small reduction in speciEc r e -  
sistance of the solutions was observed. Carbon dioxide was relatively insoluble 
in  both propylene carbonate and in butyrolactone. 

The gas was admitted into the chamber, and the p re s su re  

At the end of the gas absorption test ,  the solutions were  electrolyzed at e s -  
sentially potentiostatic conditions. The potantial was applied in  about I. 4 
volt steps, and the cell current  and the various potentials were  recorded as 
soon as steady state conditions were  indicated (usually about 30 minutes). 
Time, current density, and potential (cell,  anode, and cathode) a r e  presented 
in Table 111, page 17. 

At anode potentials up to t4.0 volts with respec t  to lithium, the lowest de- 
composition currents  were  exhibited by propylene carbonate (4. 5 pa /cm2  at 
3 .  95 volts) and dimethyl sulfoxide (1.4 p a / c m 2  at 3. 95 volts). At anode 
potentials of about t5 volts, dimethyl sulfoxide showed strong anodic decompo- 
sition (1 1,000 p / c m 2  at 5.0 volts), while propylene carbonate remained m o r e  
res i s tan t  to reduction at this anode potential (60 pa / cm2  a t  4. 9 volts). 

With all of the solvents studied, metall ic lithium was deposited on the cathode 
of the cell during electrolysis; this reaction proceeded with l i t t le polarization 
(ca.  0. 1 volt) at the cur ren t  densities employed. 

Addition of SO, to methyl formate and dimethyl sulfoxide solutions increased 
the decomposition current  appreciably. 
decomposition current  of propylene carbonate solutions. 

P resence  of CO, did not affect the 
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After investigation of 27 electrolyte systems as part of the present contract 
scope, no significant increase in specific conductance of difficultly soluble 
salt solutions or reduction of decomposition current has been observed 
from addition of NH,, SO,, and CO, to the electrolyte systems. 
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TABLE 11 

VARIATION O F  SPECIFIC RESISTANCE WITH GAS PRESSURE 

Methyl F o r m a t e / l .  5M LiC104/S0, - (See Run #19, Table III) 

Elapsed  Gauge Sp e cif ic Moles  CO, 

Hours  Temp. OF l b s / in .  SZ cm Mole P C  
Tim e P r e s s u r e  Re  si s tance Pe r  

0 
. 2 5  

. 4 2  
2 .00  

2. 08 
3 .00  

3. 08 
3 .42  
4 .76  

4. 84 
5. 26 
5 .60  

5 .68  
21. 25 

21.33 
22.50 

22.58 
23.66 

23 .74  
24 .t 4 2  
25.67 

25 .75  
26.92 

27. 26 
28 .68  

79 0 (Argon) 

79  35 
78 17 

79 35 
77 1 5  

77 37 
79 20 

79 35 
78 21 
79 20 

79 39 
79 21 
78 20 

78 40 
78 23 

78 38 
70 25 

70 35 
80 25 

80 40 
79 30 
79 29 

79 40 
80 30 

80 40 
79 29 

SO, introduced into chamber  

SO, introduced into chamber  

SO, introduced into chamber  

SO, introduced into chamber  

SO, introduced into chamber  

SO, introduced into chamber  

SO, introduced into chamber  

SO, introduced into chamber  

SO, introduced into c h a m b e r  

SO, introduced into c h a m b e r  

SO, introduced into c h a m b e r  

49 .6  

42. 4 
42. 4 . 0 6  

4 2 . 4  
42. 9 1 3  

42.  9 
4 3 . 1  * 19 

4 3 . 1  
4 3 . 3  
43.6 

43 .6  
44 .0  
44 .0  

4 4 . 0  
44.7 

44 .7  
45 .4  

4 5 . 4  
45 .9  

45 .9  
4 7 . 3  
4 7 . 3  

4 7 . 3  
4 8 . 0  

4 8 . 0  
4 9 . 0  

. 24 

.31 

. 3 7  

.41  

. 4 5  

49 

. 5 2  

. 56 
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Time P r e s s u r e  Re si s t anc e Per  
Hours Temp " F  lbs/in. h), cm Mole M F  

i' TABLE 11 Continued 

VARIATION O F  SPECIFIC RESISTANCE WITH GAS PRESSURE 

28.76 
29.01 

29.09 
45 -33  

45.50 
50.00 
50.17 

SO, introduced into chamber 
79 41 49.0 
76 30 50. 3 

76 40 50. 3 
76 30 51.6 

76 40 51.6 
75 30 52.6 
Star t  of decomposition potential test* 

SO, introduced into chamber 

SO, introduced into chamber 

.60  

. 6 4  

. 6 8  

*See page 21 , Run 419 
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TABLE I1 Continued 

VARIATION O F  SPECIFIC RESISTANCE WITH GAS PRESSURE 

Propylene Carbonate/l .  5M LiC104/C02 - (Run #21, Table 111) 

Gauge Sp e cif i c Moles CO, Elapsed 
Time P r e s s u r e  Re si s tanc e Per  
Hours Temp. O F  lbs / in .  2 SZ cm Mole P C  

0 
17. 34 
22.  26 
41.76 
43. 26 
43.34 

80 0 (Argon) 222 
CO, introduced into chamber 

80 100 221 
79 96 217 
79 94 221 
74 91. 5 232 
74 91. 5 2 26 
Start  of decomposition potential test* 

. 03  

*See page 22, Run #21 
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TABLE 11 Continued 

VARIATION O F  SPECIFIC RESISTANCE WITH GAS PRESSURE 

Propylene Carbonate/LiF (saturated)/  CO, (Run #23, Table III) 

Elapsed Gauge Sp e cif i c Moles CO, 

Hours Temp. O F  lbs/in. KQ cm Mole P C  
Tim e P r e s  s u r e  Re si s tanc e Per  

0 
. 08  

16.25 
23.17 
40.33 

40.41 
44.99 
64.49 
88.32 
88.66 

78 0 (Argon) 530 

78 100 5 30 
78 95 286 
78 90 202 
77 89 194 
77 87 184 

77 181 184 
77 177 180 
78 165 168 
77 163 164 
Star t  of decomposition potential test* 

CO, introduced into chamber 

CO, introduced into chamber 

*see page 23, Run #23 

.06 

. 1 5  
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TABLE I1 Continued 

VARIATION O F  SPECIFIC RESISTANCE WITH GAS PRESSURE 

Butyrolactone/Al,(S04 ) 3  (saturated)/CO, - (Run #25, Table 111) 

Elapsed Gauge Specific Moles CO, 

Hours Temp. O F  lbs/in.  KG cm Mole BL 
Tim e P r e s  sure  Resistance Per  

0 
3. 58 
7 . 6 6  

24.58 

"24.66 
31. 34  
47 .08  
53 .92  
71 .17  

71 .42  
75 .92  
95 .42  
95.92 

100.77 
102.42  

74 0 (Argon) 
CO, introduced into chamber 

74 100 
78 96 
78 95 
78 91 

78 100 
78 96 
78 96 
77 95 
77 94 

78 100 
77 100 
78  96 
Start of decomposition potential test:: 
End of decomposition potential t e s t  
7 8  96 

CO, introduced into chamber 

CO, introduced into chamber 

%\See page 23, Run #25 

2 28 

2 28 
21 2 
196 
175 

175 
167 
155 
158 
154  

154  
152 
151  

149 

. 0 5  

. 0 7  

. 0 9  
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TABLE I1 Continued 

VARIATION O F  SPECIFIC RESISTANCE WITH GAS PRESSURE 

N, N - Dimethyl Formamide/KBr (saturated)/NH3 (Run #26, Table III) 

El  ap s e d Gauge Sp e cif i c Moles NH3 
Time P r e s  su re  Re si s tanc e per 
Hours Temp. "F  lbs/in.2 hl cm Mole DMF 

0 

08 
4 . 3 3  
6.16 

6. 24 
21.57 

21.99 
26.82 
29.65 

29.84 
93 .34  

93 .67  
93.75 

117 .83  
118.17  

77 0 (Argon) 26 5 

77 100 256 
76 66 238 
76 62  229 

76 100 229 
7 8  63. 5 200 

76 100 200 
78  89. 5 192 
76  85. 0 188 

76 98 188 
76 68. 5 192 

76 100 192 
76 97 192 
75  73  189 
Star t  of decomposition potential test* 

NH3 introduced into chamber 

NH3 introduced into chamber 

NH3 introduced into chamber 

NH, introduced into chamber 

NH3 introduced into chamber 

8See page 2 4 ,  Run #26 

.17  

. 4 2  

. 5 8  

. 8 7  

1 .00  
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TABLE I1 Continued 

VARIATION O F  SPECIFIC RESISTANCE WITH GAS PRESSURE 

Propylene Carbonate/MgBr, (saturated)/  CO, (Run #27, Table 111) 

Elapsed Gauge Specific Moles CO, 

Hours Temp. O F  lbs  /in. 2 KO cm Mole P C  
Time P r e s  sur  e Resistance Per  

0 
4. 25 
5. 17 
6.75 

22.42 
27.67 
30. 25 
94. 09 

118. 26 
118.67 

118.84 
192.92 
334.17 
358.42 
406.09 
406. 59 

78 0 (Argon) 4.97 
CO, introduced into chamber 

78 150 4.97 
78 144 5.00 
76 142 5.13 
76 142 5.13 
78 138 4. 80 
78 137 4.73 
76 135 4.73 
76 130 3 .  84 
75 127 3.59 
7 4  126 3.44 

7 4  134 3.44 
7 4  130 3.12 
76 132 3.35 
76 130 3. 51 
71 132 3. 8 2  

CO, introduced into chamber 

Star t  of decomposition potential t e s t s  

. l l  

. 1 2  

::<See page 24, Run #27 
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TABLE III 

DECOMPOSITION CURRENT O F  VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

t 
Reference Electrode: Li/ Li 

Time, C. D. Potential, V o l t s  
hrs. pa/ cm2 Cell Anode Cathode Remarks 

Run #1 - Acetic Anhvdride + 1 .5  M LiC10, 

2. 05 
4 .42  
6.25 
6.42 

1.06 
3. 80 
4 .80  
6.1 
6 . 4  

. 7 5  
2. 82  
3. 25 
3.66 
3.75 

1 .42  
2 .66  
4.83 
6 . 4 2  
6 .58  
7.16* 
7 . 4 2  
7.5 

3 .1  1.07 3 .65  2.55 
1 8  2. 30 4 .65  2.33 

180 3.68 5. 03 1.50 
180 4 . 9 0  5.03 0.10 Gassing on cathode 

Run #2 - Butyrolactone + 1.4 M LiC10, 

1.6 1 .34  3. 05 1 . 6 8  Gassing on reference electrode 
4 . 2  2.60 3.00 0 .40  

172  5.00 5.02 0. 0 4  
43  3. 90  4.00 0 .14  Darkening on cathode 

>5000 5.90 5.50 -0. 36 Solvent brown around anode 

Run #3 - Butyrolactone + 1.4 M LiC10, 

2 .4  1 .31  2.95 1.62 Gassing on reference electrode 
11 2. 50  3 .11  0. 58 

1 2 0  3.90 3 .82  . 1 0  

590 5.95 5 .44  -. 46 
250 5.20 5.00 -. 20 Darkening and gassing on cathode 

Run #4 - Butnolactone + 1.4 M LiC10, 

7 . 5  
11 
15  
20 
21  
32  

20 
6 . 1  

1.11 3.55 
2.50 3.20 
3 .80  3.70 
5.20 5.20 
5. 80 5.70 
5.10 5.40 
3. 80 5.00 
2.40 3.45 

* De c r e a s e d applied potential 

2.40 Gassing on reference electrode 
0.86 
0. 06 
-. 0 1  
- *  13 

. 2 8  
1 . 2 4  
1 .09  

Darkening and gassing on cathode 
Solvent brown around anode 
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TABLE I11 Continued 

DECOMPOSITION CURRENT O F  VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

Reference Electrode: L i /L i  
t 

Tim e, C. D. Potential, Volts 
h r s .  pa / cm2  Cell Anode Cathode Remarks 

1.83 
3 .66  
5.43 
5. 83 
6.08 

1.75 
2. 25 
2.75 
2.78 
2. 83 

1 .42  
3. 92 
5. 25 

22.75':' 
24. 5 

2. 25 
3.75 
5. 08 
5.83 
6 .00  
6 .  38::' 

21.06 
22.92 
23.75 

Run #5 - Dimethyl Sulfoxide t 1.78  M LiC10, 

1 .9  1.35 3.74 2. 36 Gassing on reference electrode 
3.40 2.75 4.40 1 . 6 5  

4000 4.90 4. 80 -. 12 
5000 5.00 4. 80 -. 30 Heavy gassing on cathode 

10 4 .00  4.42 0.46 Darkening on cathode 

Run #6 - Dimethyl Sulfoxide t 1.78 M LiC10, 

. 02  1. 28 2.79 1. 50 Gassing on reference electrode 

. 32  2.60 3. 24 0.61 
1.4 4 .00  3.95 -. 05 

1800 5.00 4 . 5 4  -. 44 Darkening on cathode 
8000 5.60 4.70 -. 90 

Run #7 - Dimethyl Sulfoxide t 1.78 M LiC10, 

1 2  1.08 3. 05 1. 90  Gassing on reference electrode 
15 2.48 3.20 0 . 7 3  
48 3.72 4.20 0 . 4 4  Darkening on cathode 
32 2.55 4 . 0 0  1. 50 
11 1 "  10 3.20 2 .10  

Run #8 - Dimethyl Sulfoxide t 1.78 M LiC10, 

12 
110 
110 

6000 
11000 

5000 
800 

13  
-- 

1 .12  3.95 
2.45 4.40 
3. 85 4.45 
4. 90 4. 80 
5.20 5.00 
4 . 9 2  4. 82  
3. 92 4. 18 
2. 50 2 .90  
2. 38 2 .80  

:$Decreased applied potential 

2. 82  
1. 92  
0.60 
-. 17 
-. 22 
-. 06 

- 2 2  
. 3 8  
.41 

Gassing on reference electrode 

Gassing on cathode 
Darkening on cathode 
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TABLE III Continued 

DECOMPOSITION CURRENT OF VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

+ Reference Electrode: Li/Li 

Tim e, C. D. Potential, Volts 
h r s .  pa/crnz Cell Anode Cathode Remarks 

1. 25 
2.75 
4. 58 
6.16 
6.33 
6.83s 
7.5 
8.00 

3. 50 
21.25 
23. 25 
23.75 
24.25 

.25 
1.58 
4.00 
5.33 
6.25 
6.75* 
24.83 
26.25 
27.50 

1.66 
2.83 
4. 50 
4.60 

2.6 
32 
73 
230 
3200 
180 
54 
25 

Run #9 - Methyl Formate t 1. 5 M LiC104 

1.04 3.59 2.50 Heavy gassing on reference electrode 
2. 20 3.92 1.75 
3.72 4.80 1.10 Heavy gassing on cathode 
4.90 4.90 -. 02 P r e s s u r e  re ta rds  gassing 
5.50 5.40 -. 10 
5.00 5.00 .01 
3.74 4.60 .90 
2.45 3.22 .77 

Run #lo - N, N - Dimethyl Formamide (CaO dried) t 1.0 M LiC10, 

0.86 1. 09 
25.4 2. 50 
190 3. 58 

1590 4.60 
700 6.10 

Replaced reference electrode 
Gelatinous yellow-orange deposit on Li 
Darkening on cathode 
Solution turned orange-brown 

Run #11 - ProDvlene Carbonate t 1 . 5  M LiCIOa 

3.8 1.06 2.90 1.80 Darkening & gassing on reference electrode 
7.0 2. 38 2.98 0.59 
13 3.78 3.92 .16 Darkening on cathode 

120 5.02 5.10 .08 
1170 5.88 5.82 -. 06 Cathode grey, gassing 
83 5.10 5.10 . 00 

1100 3. 10 5.60 2. 52 
180 2. 17 5.00 2. 88 
18 .94 3.87 2. 90 

Run #12 - Propylene Carbonate t 1.5 M LiC10, 

.51 1.04 3.50 2.40 Darkening & gassing on r 

.43 2.43 3. 20 0.76 

60 4. 98 4.90 0.00 
4.5 3.80 3.95 0.16 Darkening on cathode 

:kDec r eas ed applied potential 

f e r  nce electrode 
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TABLE 111 Continued 

DECOMPOSITION CURRENT O F  VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

Tim e, C. D. Potential, Volts 
h r s .  ka/cmZ Cel l  Anode Cathode Remarks i Run #13 - N, N-Dimethyl Formamide (CaO dried) t 1 .0  M LiClO, t Ammonia 

1.33 
2. 83 
3.20 
4. 17 
4. 92 

. 5 8  
1.42 
2. 17 
2. 92  
3. 9 2  

1. 25 
2. 50 
4.42 
6 .09  
7 .26  

Reference Electrode: Not Employed 

2.64 1. 06 
10 .2  2. 38  

101  3.65 
181  5 .00  
286 6. 25 

Run #14 - DimetQyl Sulfoxide t 1.0  M LiC10, t SO, 

Ref e r ence Electrode: P b  / PbSO, 

334 0.77 0 . 7 1  -0 .06  
1080 1 .82  1.16 - 0 . 7 0  
1080 3. 20 1. 20 -2.  00 Potential-current fluctuations 
248 0 4 .35  1 .30  -3.05 
367 0 5 .39  1.49 -3 .90  

Run #15 - Dimethvl Sulfoxide t 1.0  M LiC10, t SO, 

Reference Electrode: P b /  PbSO4 

41 3 0.70 0 . 7 4  - 0 . 0 4  
955 1 . 9 0  0.76 -1.14 

1113 3.15 0 .77  -2.35 
1845 4 .25  1. 21 -3. 06 
5570 5 .18  1 .83  -3 .35  

Run #16 - N, N-Dimethyl Formamide (CaO dried)  - 1. 0 M LiC10, - NH3 - 96 psia  

Reference Electrode: P b /  PbS04 

p = 2 6 . 5 0  cm 

. 5 8  27. 2 - 90  . 09  - . 8 2  Black deposit on cathode at end 
2. 16 46.1 2.22 . 1 3  -2 .10  of run 
2.91 26 2 3.44 - 2 4  -3 .18  
3. 58 314 4.80 . 2 5  -4 .51  
4. 16 398 6.10 - 3 3  -5 .80  
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TABLE 111 Continued 

DECOMPOSITION CURRENT O F  VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

Time, C. D. Potential, Volts 
hrs. ua l  cm2 Cell Anode Cathode Remarks 

.50 
2. 58 
4.00 
5.08 
5.58 
7.26 

.68 
1.36 
1.86 
2. 36 
2.86 

.93 
1.35 
1.85 
2.19 
2.78 
3.37 
3.71 
3.88 

Run #17 - Methyl Formate - No Solute - Argon 

Ref e rence Electrode: Ag / Ag C1 

p = 1.05M 0 cm 

1.74 .30 -12 - .18 
3. 04 1.11 .70 - .45 
3. 25 1.06 .69 - .37 

29.4 3.78 1.75 -1.93 
48. 3 5.08 2.38 -2.70 
77.6 6.40 2.82 -3.61 

Run #18 - Methvl Formate - 1.5 M LiClO, - Argon 

Reference Electrode: Ag / Ag C1 

p = 50.50 cm 

3.66 1.02 .53 - .48 
10.0 2.28 1.49 - .80 
58.6 3.59 2.00 -1.58 
27 2 4.75 2.33 -2.40 
5660 5.35 2.56 -2.86 

Run #19 - Methyl Formate - 1.5M LiC10, - SO, - 30 psia 

Ref e r ence El e c t r ode : Ag / Ag C1 

p = 52.60 cm 

3.06 .12 .Ol - . 1 1  Black deposit on cathode at end of 
77.5 .94 .42 - .50 run; solution was dark brown 
120 2.22 .50 -1.72 
252 3. 56 .58 -2.97 
922 4. 80 1.60 -3.18 

4190 5.51 2.34 -3.17 
9230 5.75 2. 50 -3.25 
36700 6.12 2.78 -3.34 
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TABLE I11 Continued 

DECOMPOSITION CURRENT O F  VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

Time, C. D. Potential, Volts 
h r s .  pa/cm2 Cell Anode Catho4e Remarks 

Run #20 - Propvlene Carbonate - No Solute - Argon 

1. 25 
1 . 8 3  
2 . 3 3  
2.  83  
3 . 3 3  

. 5 0  
1 . 6 7  
2.34 
3 .01  
3 .68  
4. 18 
4 .68  

. 4 2  
1. 26 
1. 76 
2. 76 
3. 26 
3 .68  

Reference Electrode: Ag/AgCl 

p = 366 KO cm 

1.21 1.  05 0 . 6 1  - . 5 5  
2.20 2 . 3 3  1 . 3 3  -1. 04 
4 .82  3 . 6 6  1 . 8 5  -1 .70  
7 .13  4. 98 2 .  30 - 2 . 5 8  

35.6 6.  21 3. 11 -3 .12  

Run #21 - Propylene Carbonate - I .  5 M LiC10, - CO, - 91. 5 psia  

Ref e r ence El e c t r ode: Ag / Ag C1 

p = 22651 c m  

2.20 1. 06 . 2 2  - . 8 3  Black deposit on cathode at end of 
4. 18 2. 35 59 - 1 .75  run; solution was orange-brown 
7 .  32 3 .70  1. 11 -2 .59  

39 .7  4 . 9 4  2. 18 - 2 . 7 4  
2095 5 .89  2 .89  -3 .00  
6070 6 . 6 6  3. 33 - 3 . 3 3  

10500 6 . 9 9  3 .49  - 3 . 5 0  

Run #22 - Propylene Carbonate - LiF (saturated) - Argon 

Ref e r ence El e c trode: Ag / Ag C1 

P = 620 K n  c m  

. 09 . 7 8  . 4 8  - . 30 

. 57 1 . 1 2  . 6 9  - . 5 5  
'. 3. 67 2 .35  1 .36  - . 9 9  

8. 1 7  3 . 6 9  1 . 9 3  - 1 . 6 5  
15. 5 5 .00  2 .51  - 2 . 4 0  
21 .0  6 . 3 0  3 . 1 4  -3. 17 
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TABLE 111 Continued 

DECOMPOSITION CURRENT O F  VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

Time, C. D. Potential, Volts 
h r s .  Da/cm2 Cell Anode Cathode Remarks 

Run #23 - Propylene Carbonate - LiF (saturated) - CO, - 163 ps ia  

Ref e r enc e El e c t r ode : Ag / Ag C1 

p = 164 Khz cm 

.68 .36 1.07 1.20 t .14 
1.76 1.68 2. 31 2.45 + -12 
2. 52 6.70 3.61 3.72 + - 1 1  
3.02 12.2 4.97 5.05 + -08 
3.70 16.9 6.20 6.21 t .06 

Run #24 - Butyrolactone (CaO dried)  - Al,(S04)3 (saturated) - Argon 

Ref e r enc e El e c t r o de: Ag / Ag C1 

p = 339 KO cm 

.85 11.1 1.00 .16 - .84 
1.53 45.0 2.25 .49 -1.75 
2: 53 71: 3 3: 52 196 -2.56 
4. 03 92. 1 4.85 1.60 -3.25 
4.71 105 6.10 2.20 -3.90 

Run #25 - Butyrolactone (CaO dried) - A12(S04$3 (saturated) + CO, - 96 ps ia  

Ref e r enc e El e c t r o de : Ag / Ag C1 

p = 151 KS? cm 

.68 .84 .62 .36 - . 26 
1.53 2. 30 1.09 .66 - .43 
2. 29 9.43 2. 34 1.26 -1. 08 
3.71 21.0 3.66 2. 03 -1.53 
4. 30 37.7 4. 92 2.95 -1.98 
4.80 54.5 6.20 3.66 -2.54 
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TABLE 111 Continued 

DECOMPOSITION CURRENT O F  VARIOUS SOLUTIONS 
ON SMOOTH PLATINUM ELECTRODES 

Tim e, C. D. Potential, Volts 
h r s .  pa /cm2 Cell Anode Cathode Remark i 

Run #26 - N, N-Dimethyl Formamide - KBr (saturated) - N H 3  - 73. 0 psia  

Ref e r ence El e c t r  ode: Ag / Ag C1 

p = 189 SZ cm 

2 .34  142 . 9 3  . 0 6  - . 8 8  Deposit on both electrodes at end 
3.92 231 0 1 . 9 3  . 5 4  -1.40 of run; discoloration on reference 
5.17 4610 2. 7 8  * 94 -1. 84  electrode 
5.84 8390 3.22 1 .15  -2 .07  
6 . 8 4  24100 3 .70  1 . 6 0  -2 .10  
7 . 4 2  33500 4 .47  2. 07 -2.40 
8 . 0 9  49300 5 .53  2.70 -2 .83  

Run #27 - Propylene Carbonate - MgBr, (saturated) - CO, - 91. 5 ps ia  

Ref e rence Electrode: Ag / Ag C1 

p = 3 . 8 2  KO c m  

. 3 3  . 6 3  . 6 2  . 58 - . 04  Film on reference electrode at 
1.00 54 .5  * 95 . 7 8  - . 17 end of run; light gray  deposit on 
1 .83  21 .0  2 .20  . 7 0  -1. 50 platinum electrode 
2. 50 56.5 3 .54  . 7 8  -2 .75  
4 . 0 0  21 .0  4 .95  .76  -4. 17 
5.17 15. 3 6.10 . 7 4  -5.40 

NOTE: Saturated solutions were  made by adding excess  solute to the solvent, 
agitating the solution, and letting i t  sit for  at l ea s t  eight days. 
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3 . 3 .  SPECIFIC CONDUCTANCE AND SOLUBILITY STUDIES 

The approximate solubility of a number of sal ts  i n  several  solvents (about 
90 combinations), and the specific conductance of the solutions were  deter-  
mined in  order  to study the general feasibility of constructing cells having 
a cathodic discharge of the type 

t 
CuX, + 2Li t 2e-.-.+ Cu t 2LiX. 

Copper and lithium chlorides and fluorides were included in the study, since 
they would represent  the reactants and discharge products of the above de- 
scr ibed electrode reaction. It was anticipated that a relatively la rge  solu- 
bility of the lithium sal t  is desirable,  while the copper sal ts  should have 
minimum solubility. Most of the solvents were  selected for the study be- 
cause of their  potential usefulness in  a lithium-anode cell,  but some were  
also included in order  to study the general behavior trends of the organic 
solutions. 
to  evaluate their  effectiveness a s  supporting electrolytes in the various 
solvents . 

Solubility of LiC104 and AlC13 in  the solvents was studied in  order  

The specific conductance and solubility data obtained a t  room temperature  
a r e  presentdmTable IV, page 27 . 
moderately soluble in methyl formate (10. 8 g rams / l i t e r )  and butyrolactone 
(33 .  3 grams / l i t e r ) ,  but was considerably m o r e  soluble in dimethyl sulfoxide 
(75 grarns / l i t e r ) ;  the specific conductance of this solution was about a s  high 
a s  that of the 1 .  5M LiC10, solution in the same solvent. 

Lithium chloride was found to be only 

In all of the solvents studied, m o r e  conductive solutions were formed with 
LiC10, than with AlC13; the solution of the la t ter  salt was in all cases  exo- 
thermic  and a strongly colored solution resulted. With dimethyl sulfoxide, 
AlC13 formed a white suspensoid which did not settle out of the solution after 
a one month stand. 

Several  ra ther  unexpected resul ts  were recorded during the above described 
investigation. 
n-butyl formate  (6 .5  grams/ l i te r ) ,  and in  nitromethane (5.0 g rams / l i t e r ) .  
The specific conductance of these solutions did not, however, differ significantly 
f r o m  that  of the pure solvents. 

Lithium fluoride was found to have considerable solubility in 

Copper fluoride consistently produced l e s s  conductive solutions then copper 
chloride, indicating a lower degree of solubility. 
a lso less strongly colored then those obtained with the chloride a t  the saturation 

The fluoride solutions were 
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level. 
copper fluoride the m o r e  desirable of the two salts a s  a battery cathode mater ia l .  
Thus, the CuF2-Li couple with LiC10, as the electrolyte sal t  was the system 
studied mos t  extensively on the present  program. 

In combination with the lower equivalent weight, this appears to make  
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3.4.  SPECIFIC CONDUCTANCE- CONCENTRATION CHARACTERISTICS 
O F  VARIOUS ORGANIC ELECTROLYTE SOLUTIONS 

During the contract year,  specific conductance-concentration data on several  
electrolyte systems were  obtained. 
produce the most conductive solutions in the organic solvents, and appeared to 
be acceptable as an electrolyte solute f rom stability consideration, it was the 
mater ia l  mos t  extensively used in  these tes t s .  

Since lithium perchlorate was found to 

The solvents used in  These conductivity studies could be divided into two groups: 
those that appeared moderately stable in  presence of metall ic lithium (propylene 
carbonate, butyrolactone), and those that definitely reacted with the metal  (the 
es te rs ) .  
with lithium perchlorate, the maximum specific conductance being 10.6 x 
ohm-’cm” at 15 grams/lOO ml of solvent (1, 2 epoxypropane had a specific con- 
ductance of 13.4 x ohm’lcm-’ at 30 grams/100 ml of solvent, but this 
electrolyte was found to be unstable in  presence of the CuF, electrode, and its 
use  was temporarily discontinued f rom the program).  Of the e s t e r  groupI the 
methyl formate solution had a specific conductance of 26.6 x 
at a concentration of 30 g r a m s  per  100 ml of solvent, while the maximum con- 
ductivity in  the other e s t e r s  was considerably less .  The specific conductance- 
concentration data for the above electrolyte sys tems a r e  given in  Figure 1 
and Figure 2, pages 33 and 34 . 

In the fo rmer  group, butyrolactone formed the mos t  conductive solutions 

ohm”dm” 

The specific conductance - concentration behavior of butyr olac tone -me thy1 f o r  - 
mate  mixtures  w a s  determined. 
observed, as may be seen f rom the data presented in  Figure 3, page 35. 

No synergistic effects in this system were  

The specific conductances of equimolar solutions of LiC10, and LiBr in  methyl 
formate and ethyl formate were  Compared, and the data have been presented 
in  Figure 4, page 36 
conductive solutions a t  equal concentrations indicating a higher conductivity 
f o r  the perchlorate ion compared to the bromide ion. 

In both solvents, the perchlorate  formed the m o r e  

With the exception of methyl formate,  the specific conductances obtained with 
the solvents studied were  of the Same order  of magnitude. 
of electrolyte systems fo r  fur ther  development will have to be mad6 on the bas i s  
of other physical and chemical propert ies .  

Therefore,  selection 

L 
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3.5. STUDIES OF METHODS FOR REMOVAL O F  WATER FROM 
ELECTROLYTE SOLUTIONS 

In order  to effect a degree of control on the amount of water contamination of 
the tes t  cells, methods for  the removal of water f rom the solvents and electro- 
lyte solutions have to be developed. On this program, dolomitic l ime (50% 
MgO, 50% CaO), lithium chloride, and lithium powder were  studied as de- 
contaminating agents. The solvents employed in  this study were  propylene 
carbonate, dimethyl sulfoxide, butyrolactone, acetic anhydride, and methyl 
formate. 
tests.  

Lithium perchlorate was  the only electrolyte salt employed in  these 

Fifty mil l i l i ters  of the liquid to be dried were  placed in  a closed bottle with 
2 grams of the drying agent, and the mixture was agitated vigorously eight 
hours per  day for  five days. The water concentration before and after treat- 
ment  was determined by Karl  Fischer analysis. The specific conductance 
of the solutions before and after the drying treatment was also determined, 
and any visible changes in  the appearance of the solutions were  noted. 
bf these tests a r e  presented in  Table V, page 38. 

Results 

In the solvents used for  this study, metallic lithium was found to be the mos t  
effective water removing agent. 
solvent depended on the water level at the beginning of the 40-hour agitation 
period. In propylene carbonate, the water concentration decreased f rom 240 
to 50 ppm and in  butyrolactone, the decrease was f rom 150 to 25 ppm. The 
other solvents could be dried f rom an initial concentration of 150-300 to below 
the sensitivity of the K a r l  Fischer determination which was in the order  of 
15 ppm. 

As expected, the final water content of a I 

I 

Water removal f rom the LiC10, solutions proceeded more  slowly than with 
the solvents alone. 
to below 15 ppm, but 1.4M solutions in propylene carbonate were  only reduced 
f r o m  3,500 ppm to 430 ppm, and from 400 ppm to 200 ppm in the same drying 
period. 
reduce the water level i n  these solutions. 

A 2.4M solution i n  methyl formate was dried f rom 630 ppm 

It appears, however, that a prolonged agitation period could further 

In addition to being effective in  removing the water contamination, the lithium 
powder treatment probably decomposes any other contaminants which would 
otherwise be reduced at the lithium electrode in the cell. 
fore,  that  this method of solvent purification, possibly combined with re -  
distillation, would tend to improve the stability of the electrolyte systems. 

I t  appears, there- 
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TABLE V I 

I 

RESULTS O F  WATER 

CaO' MgO I 
1 

LS Remarks 
PPm 
H,O 

Initial 

LS Remarks 
PPm 
H,O 

180 3.7 x 10- 

Solution 

ACAN (Fisher )  2 distinct I 
solid phases ' 

<15 6 .1  x lo-' 

solvent 
pale yellow 890 3.1 x 10- BL (Antara) 

BL (Aldrich) 

BL (MC & B) 

3 ,  230 1.6 x 10'' 

150 8. 3 x l o m 7  2.5 x 105 I I 

, 

I? DMSO (F i she r )  

75 2.5 x 10- 

150 1.7 x 

solvent 1 

pale pink I 1 . 2  x 10- M F  (MC & B) 
(7 months old) 

M F  (MC & B) 
(new shipment) 

MF: 2.4M LiC104 0 

880 2.5 10-7 

350 1.1 

75 

NT I 

I 

5,860 2.3 x 10-2 
I NT I 

I O  MF: 2.4M LiC10, 6 30 2.6 x lo', NT I 

3,550 1 . 3  x 10- 11 P C  (Eastman) 

450 1 .8  x l om6  P C  (Jefferson) 

P C  (MC & B) 7 240 6 . 0  x 10- 170 1 .6  x l o m 6  

NT 

NT 

3, 500 4.5 10-3 

400 3 .3  10-3 E PC:1.4M LiC104 --- 
@LiCl heated a t  110°C and hard vacuum fo r  15 hours;  H,O< 0.002 wt. 7'0 

OLiC10, as received in Foote 's  unopened bottle after 9-months a t  LEC; H,O = 2.73  wt. % 

OLiClO,  same conditions as #2, subjected to 15 hours  of vacuum at 155°C; product 

2 

3 

slightly discolored; H,O = 0. 09 wt. yo 

4 OCould  not assay because of strongly colored solution 
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LS Remarks H,O LS Remarks 
PPm PPm 

+ H2O 

Li Powder Li C1 0 
\ 

C15 2.3 10-4 solution pale 
green 4 5  1.3 x 10-6 

LiCl soluble 25 2.5 x 10" 

LiCl very  soluble 

690 7.7 x 10'' 

solution 
dark brown C15 2 . 2 ~  

solution yellow 4 5  1 . 4 ~  10-5 I PPt. gray 

NT 

solution clear  ppt. 
gray treated at - 15 "C ci5 1.0 10-5 NT 

NT4 1.3 x solution dark red 

4 5  1.6 x 10-2 solution ye l low-brm 

o 3 . 4 x  10'~ 50 2 .2  x 10"' 

Den si ty 
gm/ml  
at 25°C 

1.08 

1.12 

1-10  

0.98 

0. 98 

1.10 init. 

1 . 1 Q i n i t .  

1.19 

1.34 init. 

md finally 
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4. CELL DISCHARGE TESTS 

4.1. DETERMINATION O F  ELECTRODE POLARIZATION IN 
REFERENCE - ELECTRODE CELLS 

In order  to study the behaviour of the lithium and copper fluoride electrodes 
during discharge, cells  having two working and two reference electrodes as 
shown in  Figure 5, page 41 , were  built and tested. The lithium electrode 
was a flat  sheet of the metal  p ressed  onto an expanded metal  (Ag o r  Ni) 
support, while the copper fluoride electrodes were  constructed by the f i l ter-  
mat method described in Section 4.4. The reference electrodes were,  in  
most  cases ,  identical to the positive electrode of the working cell - i. - e., 
Cu/CuF, electrodes. Lithium was used as the negative reference electrode 
in  a few cells; however, for  the purpose of a uniform presentation of the 
discharge data in  Table YT, page 4 2 ,  these readings a r e  given with respec t  
to a Cu/CuF, reference electrode (taking the CuF,/Cu electrode 3 . 4  volts 
positive to the Li electrode). 

The working electrodes had a cross-sectional a r e a  of about 15 om2 and 
were  separated by commercial  microporous rubber 1 .1  mm thick. 
same separation was used between the reference and the working electrode 
at  both the cathode and the anode of the cell.  Since the positive electrode 
was the pr ime objective of the study, the thickness of the lithium working 
electrode was of sufficient thickness to give approximately a three-fold excess  
of theoretical capacity compared to that of the CuF, working electrode. 

The 

The cells were discharged on the "Research Cell Recorder" c i rcui t  developed 
during the previous contract period (See page 111-32, NASA CR54083). 
this equipment, the discharge cur ren t  is  supplied in  eleven-second on-off 
intervals,  the on-cycle being chopped at 120 cps for  the purpose of measuring.  
the a c  resis tance of the working cell .  

With 

In general, capacity to a final working cell potential of 2 . 0  volts was l imited 
by polarization of the CuF, electrode. 
remained constant throughout the discharge.  An exception to 'this cohdition was 
found in  cells having M F  electrolyte solvent (Cells R-16 to R-21), where 
strong polarization of the lithium electrode was  observed. This condition was,  
however, traceable to loss  of mechanical contact between the lithium and 
the expanded metal support used. 

The lithium electrode potential generally 

I 

The best  CuF, utilization (78-8570) was obtained with propylene carbonate 
electrolyte. 
of the electrolyte solution was reduced by drying with Li powder (Cells R-7 

The utilization also appeared to improve when the water  content 

to R-10). 
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4 . 2 .  EVALUATION O F  CuF,-Li AND Mn0,-Li CELLS WITH VARIOUS 
ELECTROLYTE SOLVENTS 

Cell discharge tes ts  were  conducted for  the purpose of comparing cells con- 
structed with acetic anhydride, dimethyl sulfoxide, butyrolactone, and propylene 
carbonate as the electrolyte solvents, and with lithiurn perchlorate as the solute. 
Flat-plate cells having two lithium negatives and one positive were constructed. 
The positive active mater ia ls  used in  this study were  MnO, and CuF,, and the 
f i l ter-mat  electrode construction was employed. 
is shown in Figure 6, page 46 (except for changes in  mater ia ls ,  this type of 
t e s t  cell construction was employed for flat-plate cells throughout the program).  

A view of the t e s t  cell  assembly 

After the cells were activated with the electrolyte solutions and given an initial 
open-circuit stand period, the potential drop with various applied loads was 
determined. 
tinuously monitored. The CuF, cel ls  were put i n  discharge five hours after ad- 
dition of the electrolyte, while the MnO, cells were  allowed to stand 71 hours in  
the activated s ta te  before discharge was started.  

The cells were  then discharged and the voltage-time data were con- 

Construction data for  the CuF, and MnO, cel ls  given in Tables VII and VIII, pages 
47and 48 ; the polarization versus  current,  and voltage-time data for  the dis- 
charges a r e  presented in  Figures 7 to 13, pages 49 In the test cells 
having CuF, positive electrodes, the best cathodic efficiency was obtained in  
propylene carbDnate. Butyrolactone, acetic anhydride, and dimethyl sulfoxide 
gave approximately equal cathodic efficiency with BL giving somewhat higher 
discharge potentials. In the cells having MnO, positives, the cells with dimethyl 
sulfoxide solvent gave the longest discharge t imes,  followed by propylene ca r -  
bonate; the capacity of the acetic anhydride and butyrolactone cells was decidedly 
l e s s  probably because of a m o r e  extensive attack on the anodes during the open- 
c i rcui t  stand period . 

to 55 . 

Use of kerosene fi l ter  pad construction generally improved the reproducibility 
of cell  discharge resul ts  and increased the utilization of the cathode active 
ma te r i a l s .  Reference electrode (Cu wire) measurements indicated positive 
l imitation in  all cells except those with acetic anhydride electrolyte solvent, where 
the Li negatives became polarized and l imited the cell capacity. 

On the bas i s  of the above tes t  results,  CuF, with propylene carbonate-LiC104 
electrolyte appeared to hold the most  promise for use in  a high energy cell. 
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FIGURE 6 
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TABLE VII 

CONSTRUCTION O F  CuF,-Li TEST CELLS 

Cell NOS. 1-8 (E86 - E93) 

Cathode: 

Anode: 

Separation: 

Electrolyte: 

Electrode Area: 

Reference Electrode: 

Electrolyte Solvent: 

70% CuF,, 20% graphite, 10% Nalcon Fiber  
(National Lead Company). Fi l ter-mat  con- 
struction, kerosene vehicle, p ressed  a t  5 .0  
pounds per  square inch; 1.91 ampere hours theo- 
re t ical  capacity. 

Lithium pressed  onto expanded Ni screen. 
re t ical  capacity 5.7 ampere hours.  

Theo- 

Microporous rubber, 1.1 mm thick 

Lithium perchlorate, 1 mole / l i t e r  except Acetic 
Anhydride saturated. 

30 cm2 

Cu wire  

Cells 1 and 2 (E86 and E87) Acetic Anhydride 
Cells 3 and 4 (E88 and E89) Butyrolactone 
Cells 5 and 6 (E90 and E91) Dimethyl Sulfoxide 
Cells 7 and 8 (E92 and E93) Propylene Carbonate 
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TABLE VI11 

CONSTRUCTION O F  Mn0,-Li TEST CELLS 

Cell Nos. 9-16 (E78 - E85) 

Cathode : 

Anodes: 

Separation: 

Electrolyte: 

Electrode Area: 

Ref e r ence Elect rode: 

El e c trolyte Solvent: 

8070 MnO,, 1570 graphite, 570 paper fiber,  f i l ter-  
mat construction, water  vehicle, compressed a t  
5 pounds per  square inch, 1 .97 ampere  hours  
theoretical capacity for  1 faraday/mole.  

Two lithium anodes p re s sed  onto Ni screen,  5 .7  
ampere  hours  theoretical capacity. 

Blotter paper,  0.6 mm 

Lithium perchlorate,  0. 5 mole / l i t e r  

30 cm2 

Cu wire  

Cells 9 and 10 (E78 and E791 Acetic Anhydride 
Cells 11 and 12 (E80 and E81) Butyrolactone 
Cells 13 and 14 (E82 and E83) Dimethyl Sulfoxide 
Cells 15 and 16 (E84 and E851 Propylene Carbonate 
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1 
Test Temperature: 77 O F  

Current: 17 mA (0.6 mA/cm2) 
- Solvent: Acetic Anhydride 

I I I 1 I I I 

4- 

CHARACTERISTICS OF CuF,-Li CELLS 
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FIGURE 1 1  
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Current: 17 mA (0.6 mA/cm2) 

1 I I I I I I 



54 

3- 

c, r n z  
I+ 

Discharge Characteris tics of 
Cells E90 and E91 
Test Temperature: 7 7 ° F  
Solvent: DMSO 
Current: 17 m A  ( 0 . 6  mA/cm2) 
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4 . 3 .  EVALUATION O F  CATHODE REACTANTS IN POSITIVE 
LIMITING CELLS 

In preparation for  cell tes ts  of various possible cathode reactants, the chemical 

solutions was tested. 
mater ia l s  a r e  listed in  the Appendix. 

stability of the mater ia ls  in propylene carbonate and methyl formate electrolyte 1 
I The source and manufacturer 's  grade designation for  the 
I 

1 

Only initial, shor t  contact period stability tes ts  were  considered necessary  to 

g r a m s  of the mater ia l  was placed in a tes t  tube, 

! 
eliminate potentially hazardous combinations f rom cell tes ts .  About 100 milli- 

(propylene carbonate o r  methyl formate) were  added. 
were  performed in  an iner t  atmosphere chamber under argon. 

After observing the tes t  samples for  24 hours,  a quantity of lithium perchlorate  
was  added to the tes t  tubes to give a solution concentration of about 1. 5 moles  

and visual observation of the 
systems was continued for  another 24 hour period. 

Results of the compatibility tes ts  a r e  presented in  Table IX, page 57 . 

Chromium trioxide was found to be strongly soluble in  both solvents and the 

AgF,, which changed f rom brown to yellow in  methyl formate,  the remaining 
mater ia ls  appeared to be compatible with the electrolyte solutions. 

and 4 mill i l i ters  of  the solvent I 

The compatibility tes ts  1 

i 
p e r  l i t e r .  The samples were  manually agitated, I 

I 

Of the 
thirteen mater ia ls  tested, two were  eliminated f rom fur ther  consideration. i 

potassium superoxide-methyl formate mixture  was pyrophoric. Except fo r  I 

Electrodes were constructed f rom the mater ia l s  which appeared to be com- 
patible with the electrolyte solvents. 
method was modified because of the instability of some of the tes t  mater ia l s .  
Perchloroethylene was substituted for  heptane as the mixing solvent, and 
asbestos filter f iber was substituted fo r  polyethylene-coated cellulose. 
Mixes having the composition: 

The standard electrode construction 

active mater ia l  3 g r a m s  
Dixon graphite 1 . 5  g r a m s  
Perchloroethylene 25 ml 

w e r e  blended in a micropulverizer (Hi-Speed) for 10 seconds.  
s lurr ing was thinned with additional perchloroethylene and 0. 5 g r a m s  of 
acid-washed asbestos f ibers  (powminco) w e r e  added. 
suction-filtered on a 55 mm I. D. Buchner funnel, p re s sed  at 10 psi ,  and 
vacuum dried. 

The resulting 

The mixture  was 
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j TABLE IX 

I COMPATIBILITY O F  POSSIBLE CATHODE ACTIVE MATERIALS 
IN PROPYLENE CARBONATE AND METHYL FORMATE ELECTROLYTES 

I 

~ 1 . 5  M LiC10, No Solute 

1. CuF, 

i I 2. NiF, 
I 

3. AgF, 
I 

I 4. MnF3 
t 

I 5. V,06 

6 .  1,06 t 
7- Ag20, 

8. Li,O, 

9 .  NaO, 

10. KO, 

11. C r 0 3  

12. TICA* 

13. K-DIC** 

M F  

N. R. 

N. R. 

R. 

N. R. 

- 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

P y r  . 

R. 

Sol. 

N. R. 

*Trichloroisocyanuric acid 

**Po tas s i um di c hl o r oi s o c yanur a te 

PC 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

R. 

N. R. 

N. R. 

- 

CODE 

M F  

N. R. 

N. R. 

- 

-- 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

- -  

-- 
- -  

N. R. 

P C  

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

N. R. 

- 

-- 

N. R. 

N. R. 

N.R. - no reaction 
Sol. - soluble 
R. - reactive 
P y r .  - pyrophoric 
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In general, the resulting fi l ter-mats had poor strength and coherence, and 
some electrodes had to be discarded (two mats had been prepared for each 
mater ia l ) .  
lithium anode and 0 . 0 4  inch MPR separators .  Expanded silver was used 
as the connector for both anode and cathode, and heat-sealed polypropylene 
envelopes were used for  the external case.  The cross-sectional a r e a  of the 
electrodes was 30 cm2. 

The remaining mats were  assembled in  two-plate cel ls  with a 

Cells with methyl formate electrolyte (25 grams  LiC1O4/10O ml MF) were  
tested a t  a discharge cur ren t  of 22 mA and a temperature of -15°C.  
sults of the discharge a r e  presented in Table x, 

Re- 

TABLE X 

DISCHARGE CHARACTERISTICS O F  VARIOUS CATHODE MATERIALS 
AGAINST LITHIUM I N  METHYL FORMATE ELECTROLYTE 

Discharge Current: 22 m A  ( 0 . 7  mA/cm2) 

Cell Potential, Volts 

Time , 
hrs.  CuFz NiF, I,OB MnF3 Ag202 Li,O, - 

open- circuit 3. 56 3. 27 3 .66  3 .63  3 .66  2 . 9 4  

1 2  

15 

1 8  

21 

24  

27 

30  

1 .. 95 1 .75  1. 25 1.  15 2 .75  1. 25 

1 . 7 5  1.  25 0. 90 0. 80  2 . 8 0  1 . 0 5  

1. 80 1 . 0 5  0.  80 0 . 6 5  2 . 7 5  1 . 0 0  

1. 50  1 . 0 5  0 . 7 5  0.40 2 . 7 0  0 .95  

2 .10  1. 05 0 . 7 0  - - -  2 . 7 2  0. 85 

2 .00  1. 05 0 . 4 5  - - -  2. 7 0  0. 80 

2 . 0 0  1. 05 - - -  - - -  2 . 6 7  0 . 7 0  

1 . 8 5  1 .00  - - -  - - -  2 . 6 0  0 . 5 5  

1 . 7 0  1.00  - - -  - - -  1 . 9 0  - - -  
- - -  - - -  1 . 5 5  - - -  1 .55  1 . 0 0  

- - -  - - -  1 . 3 5  - - e  1 . 4 5  1 . 0 0  
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The character is t ics  of the CuFz control cell were poor compared with other cell 
t es t s  at equivalent discharge conditions. 
and cell construction had not been obtained, and, therefore, the cell  discharge 
data for the other materials probably was not representative. 
noted that a secondary cathode reaction se t s  in  at about - 1 . 5  volts S. H. E. a t  
the cur ren t  densities employed (probably caused by solvent reduction), which 
makes any discharge data f o r  cells  having lithium anodes of questionable value 
below a cell  potential of about 1. 5 volts. In this group of cells, s i lver  II oxide 
showed the best  character is t ics  with a reduction efficiency to 1.90 volts of 
about 41 percent. 

This indicated that an optimum electrode 

It should also be 

Cells activated with propylene carbonate electrolyte (15 grams LiC104/ 100 ml 
PC)  were  discharged at room temperature and 17 mA (except f o r  the KO, cell, 
which ignited upon addition of the electrolyte solution). With the exception of 
TICA, all of the cells polarized severely under this load, and the discharge 
was terminated after 1 . 5  hours. 
open-circuit potentials of the cells were recorded, and discharge was continued 
a t  11 mA. 
cells having P C  electrolyte a r e  l is ted in Table XI. 

After a recovery period of 3.25 hours, the 

The open-circuit potential and discharge character is t ics  for the 

TABLE XI  

DISCHARGE CHARACTERISTICS O F  VARIOUS CATHODE MATERIALS 
AGAINST LITHIUM I N  PROPYLENE CARBONATE ELECTROLYTE 

Discharge Current: 17 mA (0.57 mA/cm2) 

CuFz NiF, MnF3 Ag,O, I,OE TICA 

3.60 3. 32 3.61 3.64 3.61 3. 84 
Initial 

0. c. Potential 

2.45 1 .85  0.75 2.55 0 .95  3.45 
Load Potential 
af ter  1. 5 h r s .  
at 17 m A  

0. C: P o t e n t i d  
af ter  3.  25 h r s .  3. 31 2.76 2. 50 3. 31 1 .78  3.70;' 
of recovery 

*Immediately af ter  termination of discharge, 0. c.  potential decreased 
to 3 .5  volts af ter  3.25 hours of recovery. 
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TABLE XI (Continued) 

DISCHARGE CHARACTERISTICS OF VARIOUS CATHODE MATERIALS 
AGAINST LITHIUM IN PROPYLENE CARBONATE ELECTROLYTE 

Time, h r s .  

0 

3 

6 

9 

12 

18 

30 

38 

50 

6 2  

68 

80 

Cell Potential, Volts 
Discharge Current: 11 mA 

CuF, NiF, 

2. 50 2 . 0 0  

2.40 1 .75  

2. 35 1. 50 

2. 30 1 .  25 

2. 25 1. 30 

2. 20 1. 25 

2.10 1. 30 

2.  05 1. 25 

1. 85 1 .10  

1.80 0.90 

1 .75  0.75 

1 .65  0.55 

- - Ag,O, I,O, TICA 

2. 70 1.  30 1 .80  

2.45 0.70 1.70 

2.  35 0.70 1.50 

2. 30 0.70 1. 30 

2.20 0.70 0 .80  

2. l o  
2. l o  - - -  - - -  
2. 05 

1 .95  

1.  25 

0 .60  

- - -  - - -  

- - -  - - -  
- - -  - - -  
- - -  - - -  
- - -  - - -  

- - -  - - -  - - -  

As was observed with methyl formate electrolyte,  the discharge potential of 
the control cell ( CuF,) was abnormally low at the cur ren t  density employed, 
making the discharge data f o r  the other cel ls  of questionable significance. 

Because of the apparently inconclusive resu l t s  of the above discharge tes ts ,  
a second tes t  cel l  se r ies  was prepared.  
electrode s t ructures  f rom the various mater ia l s ,  a constant volume ( r a the r  
than weight) ratio of active mater ia l  to graphite was employed. 
available handbook density data, electrodes having the composition: 

In o rde r  to produce m o r e  comparable 

Using the 

active mater ia l  0 .83  cm3 
g r aphi t e 1 . 0  g r a m  
Nalcon fiber 0 . 5  g r a m  
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were prepared by using the kerosene-vehicle fi l ter  pad construction method. This 
composition corresponds to the 7: 2; 1 CuF,:graphite:fiber weight ra t io  employed in 
other CuF, electrode tes ts .  
page 46 , and the construction details of the individual cells were  as l is ted in  
Table XII, page 63. 

Cell construction was s imilar  to that shown in  Figure 6, 

Discharges were  performed in methyl formate electrolyte a t  27. 5 mA (ca.  0 . 9  
mA/cm2), and in  propylene carbonate electrolyte a t  16 mA (ca. 0.5 mA/cm2). 
Capacities of the individual cells to an arbi t rar i ly  chosen cut-off point of 2. OV, 
and the calculated cathodic efficiencies a r e  presented in  Table XIII, page 65. 
The voltage-time data for  some of the cells (those showing the higher capacity) 
have been plotted in  Figure 14, page 62. 

Of the mater ia l s  studied, Silver II fluoride showed the highest load potential 
(3 .5  volts vs Li at 0 .6  mA/cm2). 
and in  propylene carbonate the electrochemical efficiency was low compared 
to that observed fo r  CuF, cells.  
Silver I1 content in  the mater ia l  used in  the tes t  as indicated by the varying colora- 
tion i n  the sample (presence of yellow color indicates Silver I fluoride). 
other materials tested showed generally poor character is t ics  and do not appear 
promising as cathode reactants i n  the present construction. 

This mater ia l  was not stable in methyl formate,  

The latter may have been caused by a low 

The 

On the bas i s  of the resul ts  of the two test  se r ies ,  further emphasis on CuF, as 
the cathode mater ia l  appears warranted. 
in te res t  because of their  high potentials a r e  Silver I1 fluoride and TICA. 
however, will probably be useful only in short  life, reserve-activated cells. 

Other mater ia l s  which may be of future 
These, 
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4 . 4 .  STUDY OF PRISMATIC CuF, ELECTRODE CONSTRUCTION 

All of the pr i smat ic  CuF, electrodes studied on this program were  prepared by 
mixing the active reagent with a conductor such a s  graphite and a fibrous mater ia l ,  
and pressing the mixture to make a porous, coherent electrode. 
p a r t  of the program, dry-mixing was employed, and the mixture was pressed  in  
a steel  mold a t  about 5000 psi  onto an expanded metal  support. 
composition of this type was: 

During the ear ly  

A typical electrode 

CuF, 12 par t s  by weight 
Graphite 1 par t  I '  I 1  

Paper  F ibe r s  1 pa r t  ' I  . 

It  was found that with electrodes of *is type slow and non-uniform wetting with 
the electrolyte solution often resulted.  The above composition was modified by 
adding three  par t s  of LiC104 (the electrolyte sal t )  to the dry  mixture.  Although 
this method produced electrodes having better character is t ics ,  the procedure 
was abandoned because of the hazard of mixing dry components in  the presence 
of the perchlorate salt .  

A f i l t e r -mat  electrode construction (developed by Livingston fo r  organic elect- 
rodes)  was adapted for construction of the positive electrode matrix.  The 
active mater ia l  and the conductor (graphite) were  jar-mil led with an iner t  
solvent such as heptane, blended with paper or  other f ibers ,  and fi l tered in  
a paper  sheet  mold. After mos t  of the solvent was removed, the ma t  was 
p re s sed  at the desired p res su re  (usually 60 psi)  between flat  plates, cut to the 
des i red  s ize ,  and vacuum dried. 

Since copper fluoride was found to  have the most  desirable discharge characte- 
ristics among the mater ia ls  studied i n  the ear ly  comparative tests,  it was the 
only material used in the electrode construction studies. Both graphite and 
acetylene black were  investigated as the conducting additives, and S & S 
F i l t e r  P a p e r  Pulp, and Nalcon f ibers  (National Lead Company) were  used as 
the binding media. 

The electrodes were evaluated by constructing and discharging 3-plate cells 
(See Figure 6, page 46 ). 
solute w e r e  used in  all tes ts ;  both methyl formate and propylene carbonate 
w e r e  employed a s  the electrolyte solvents. 
about a three-fold excess  of theoretical negative capacity to insure positive 
l imitation a t  the end of discharge. 

Lithium anodes and lithium perchlorate electrolyte 

The cells were designed with 
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A se r i e s  of tests was performed in order  to evaluate the minimum ratio of con- 
ductor- to-active mater ia l  needed for  good electrochemical efficiency and voltage 
regulation of the positive electrode. A s e r i e s  of electrodes with both acetylene 
black and graphite at various concentrations were  prepared keeping the ratio of 
active material-to-fiber constant a t  14 g rams  of fiber/100 g rams  of CuF,. 
Results of the cell discharge tes ts  using methyl formate and propylene carbonate 
solvents a r e  shown in Tables XIV and XV, pages 69 and 70 .  

Although the agreement between replicate cel ls  in  the se r i e s  was fair, a clear ly  
defined relationship between the concentration of the additives and electrode 
performance was not evident. Acetylene black was about as effective as graphite, 
but produced thicker electrodes (which hold m o r e  electrolyte solution and, there-  
fore, appear l e s s  desirable).  Reduction of the rat io  of acetylene black to CuF, 
f rom 14: 100 to  7: 100 reduced the utilization efficiency considerably in  propylene 
carbonate, but not i n  methyl formate.  

It appears,  however, that the electrode can contain over 80 percent of CuF, 
without affecting the electrochemical efficiency adversely.  

The effect of compression of the fi l ter  m a t  on the discharge character is t ics  
of the CuF, electrodes was also studied; resul ts  of these tes ts  a r e  shown in 
Table XVI, page 71 . Increasing the p re s su re  f r o m  60 ps i  500 ps i  reduced 
the tendency for an initial voltage "dip" in propylene carbonate cells as shown 
in  Figure 15, page 7 2  . The overall performance of the electrodes did not appear 
to be sensitive to the amount of compression in  this region. 
psi  was found to give electrodes of good strength and was adopted as a temporary 
standard value. 

A p r e s s u r e  of 500 
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4 . 5 .  STUDY OF SELF-DISCHARGE IN CuF,-Li CELLS 

A s e r i e s  of CuF2-Li cells were built and discharged in order  to study the self-  
discharge character is t ics  of this couple in propylene carbonate--LiC104 electro- 
lyte. The three-plate cells were built with one positive and two negative plates 
a s  shown in  Figure 6 ,  page 46 . The theoretical capacity of the CuF, electrode 
was about 4 . 0  AH, while the two negatives had a combined capacity in  the range 
of 5 . 5  to 6 . 0  AH. The separation was 1 . 1  mm thick microporous rubber veneer, 
and the external case was a polyethylene envelope laterally supported between 
rigid blocks. 

As can be seen f rom the voltage-time data presented in  Figures 16 through 18, 
pages 7 4  through 7 8 ,  a considerable decrease in capacity resulted even after 
a one-week stand a t  room temperature.  
before activation with electrolyte solution did not appreciably improve the shelf 
life character is t ics .  During the stand period, a green coloration gradually 
developed in  the eieCL14yre sulut ivi i ;  ZL", ~ r ! e ~ ~ r ? d  through - the translucent polyethy- 
lene envelopes. Since the green coloration is most  likely due to dissolved copper 
compounds, the shelf life capability of the system is greatly affected by the solu- 
bility of the cathode mater ia l .  This assumption was fur ther  substantiated by the 
presence of copper-colored deposits on the lithium anodes of the cells upon in- 
spection of the discharged cells.  

Vacuum-drying of the cells for 16 hours 

Since only very low solubility of CuF, in  propylene carbonate had been observed 
in  the specific cDnductance and solubility tes t s  described in  Section 3.  3, the 
amount of CuF, which passes  into solution must  be affected by the presence of 
the LiC10, and/or  impurit ies such a s  water. 
phenomena extensively in  order  to  produce CuF2-Li cells with extended shelf 
life capabilities. 

It will be necessary to study these 
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4 . 6 .  PROTOTYPE CELL TESTS 

Thirty prototype cells were constructed and discharged in  accordance with Section 
I. B. 8 of the contract, and direction from NASA Projec t  Manager. 
plate cells had construction similar to that described in  Section 4. 5. The positive 
electrodes had the composition 

The three-  

CuF, 
Graphite 
Paper  Fiber 

100 par t s  (by wt. ) 
14 par t s  (by wt. ) 

7 par t s  (by wt. ) 

and had a theoretical capacity of 3 to  5 ampere hours.  
had a combined theoretical capacity of 4 to 6 ampere hours. Expanded s i lver  was 
used to make connection to both the positive and the negative electrodes, and 0.03 
inch thick microporous rubber separation was employed. 
polyethylene envelopes having a film thickness of .005 inches were used. A 
completed cell k+ pictured in Figure 19, page 78, while Figure 20, page 78 
Shows the cell  supported between blocks to provide la te ra l  compression during 
discharge. 

The two lithium negatives 

As the external case,  

Construction data f o r  the prototype cells listing theoretical electrode capacity, 
electrolyte solution and volume, and active mater ia l  (CuF, and Li) and total cell 
weights are presented in  Table XVII, page 79 . 
components in  a representative cell a r e  shown in Table XVIII, page 80. 

The weights of the individual 
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CuFZ-Li PROTOTYPE CELL 

FIGURE 19 

PROTOTYPE CELL DISCHARGE ASSEMBLY 

FIGURE 20 
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i TABLE XVII 

PROTOTYPE CELL CONSTRUCTION DATA 

I 

Theo. Electrode 
Capacity, A H  

CuF, 

1 5. 18 3.85 
2 5 .53  3.67 
3 4 .52  3.90 
4 5. 26 3.75 
5 4. 52 3.66 

- Cell No. Li 
_. 

Active 
Volume, Mate rial W t . , Cell 

Electrolyte* cc grams** Wt., g r a m s  

M F  6 .0  8.61 21.0 
M F  6 . 0  8. 35 20.6 
M F  6 . 0  8. 53 20.9 
M F  6 .0  8. 58 20.9 
M F  6 .0  8. 08 20.4 

6 4. 32 3.73 M F  5.0 8.  17 19. 2 
7 5 .68  3.76 M F  5 .0  8. 57 19 .6  
8 4.36 3.33 M F  5 .0  7.41 18.3 
9 4 .75  3.51 M F  5 .0  7.85 18. 8 

10 4.91 3.84 M F  5.0 8. 52 19.6 

11 5. 25 3.80 M F  5.0 8 .  53 19 .6  
12 7 .72  3. 14 M F  5 .0  7.92 18.7 
1 3  5.40 3.80 M F  5.0 8.57 19.7 
14 5.40 3.84 M F  5 .0  8.66 19.8 
15 4 . 6 3  3.50 M F  5.0 7.81 18. 8 

16 4.79 4.89 P C  8.0 10.47 26.1 
17 4 . 8 3  4. 31 P C  7 . 0  9.39 23 .4  
18 5.72 4. 86 P C  7 . 0  10.65 24.9 
19 4.86 4.09 P C  7 . 0  8 .98  22.9 
20 5.10 4.97 P C  7 .0  10.69 25.0 

21 5.44 4.00 
22 5.40 3.71 
23 4.48 4.42 
24 5.06 5.09 
25 5.56 4.60 

26 4.64 4. 85 
27 4.98 4.37 
28 4 .96  4.57 
29 4.67 4.28 
30 4 .91  4.44 

P C  
P C  
P C  
P C  
P C  

P C  
P C  
P C  
PC 
PC 

6 . 0  
6 . 0  
7 .0  
7 . 5  
7 .0  

6 . 0  
6 . 0  
6 .0  
6 . 0  
6 . 0  

8.96 
8 .40  
9.51 

10.93 
10.12 

10.35 
9 .55  
9.92 
9.29 
9.65 

21.8 
21.1 
23.8 
26.1 
24. 5 

23.5 
22.6 
23. 0 
22.2 
22.6 

*50g LiC104/100 ml M F  
15g LiC104/100 ml P C  

** CuF, t Li 
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TABLE XVIII 

COMPONENT WEIGHTS O F  PROTOTYPE CELL NO. 20 

Positive Electrode (1) 

CuF, 
Gr aphi t e 
Paper Pulp 
Ag Screen 

Negative Electrodes (2 )  

Li 
Ag Screen 

Electrolyte (7 ml, density 1 .  33) 

MPR Separators (2)  

Pol ye thylene Envelope 

TOTAL 

Wt., g rams 

9 . 4  
1 . 3  
0 . 7  
0 . 3  

1 . 3  
0 . 6  

9 . 3  

1 . 3  

0.  8 

25. 0 

P e r  cent 

37.6 
5. 2 
2 .8  
1 . 2  

5 . 2  
2 .4  

37.2 

5 . 2  

3. 2 

100 

Discharge data for  the thirty prototype cel ls  a r e  presented in Table XIX, page 82 
and voltage-time data a r e  plotted in  Figures  21 to 28, pages 84 to 91 
best  run in  each group. 
obtained f rom cells having propylene carbonate electrolyte solvent and dis- 
charged a t  the 250-hour ra te  at 35°C (Cells 16-20). 
group, four delivered in  excess of 200 watt-hours pe r  pound of total cell weight. 
The highest energy density figure was obtained for  Cell No. 20, which gave 
223 watt-hours pe r  pound of cell weight, and 522 watt-hours per  pound of active 
mater ia l s  (CuF, and Li) weight. considerably lower for  
cells discharged a t  the approximately 100-hour ra te  (100-1 54 watt-hours pe r  
pound of cell weight a t  35"C, and 71-144 watt-hours pe r  pound of cell weight 
at 50°C). 

for  the 
The best  performance in  t e r m s  of energy density was 

Of the five cel ls  i n  this 

These f igures  -were 

With methyl formate-LiC104 electrolyte the energy density (per pound of cell 
weight) fo r  discharges run at -15°C ranged f r o m  111 to 124 WH/lb. at the ca.  
70-hour ra te  and f rom 47 to  94 WH/lb. a t  the ca .  30-hour ra te .  At 35"C, the 
energy density w a s  in  the range of 38-83 WH/lb. a t  the ca. 20-hour rate.  



a i  

The CuF2-Li system with propylene carbonate -lithium perchlorate electrolyte 
shows good promise for low ra te  applications. A t  the present time, the main 
drawback of the system appears to be the lack of shelf life capability. 

Wi th  methyl formate -LiC104 electrolyte, the CuFz-Li couple should allow con- 
struction of cells for moderately high rate applications (1 -hour rate). 
a more  appropriate cell construction (thinner prismatic electrodes) would need 
to be developed to produce cells having the required discharge ra te  capability. 

However, 
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1- 

0 

I 

CuF, 82.670 Average Voltage: 2.76 volts 
Graphite 11.6% 154 watt hours per  pound to 2 V F  
Paper Pulp 5.870 

Electrolyte: 15g LiC1O4/10O ml P C  
Total Cell Weight: 21. 1 g rams  

I I I I I I I 1 I I 

Cell No. 22 
Load: 100 R 
Temperature: 35 O C 

4 4  rn '- 
0 > 
4 

01 

Working Electrode Area: 30 cm2 
0 2  Cathode Composition: > 

DISCHARGE CHARACTERISTICS O F  CuF,-Li CELL 
IN PROPYLENE CARBONATE (80 hour ra te )  3- 

Cell No. 1 
Load: 100 6: 

3*--@ Temperature:  -15°C 
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5.2. LIST O F  SUPPLIERS 

Air Products & Chemicals, Inc. 
Specialty Gas Department 
P.O.  Box 538 
Allentown, Pennsylvania 

Aldrich Chemical Co., Inc. 
2369 North 29th 
Milwaukee, Wisconsin 

Allied Chemical Cbrp. 
(Baker & Adamson) 
61 Broadway 
New York 6 ,  New York 

American Hard Rubber 
7 Ace Road 
Butler, New J e r s e y  

Arthur €3. Thomas Company 
P . O .  Box 779 
Philadelphia, Pennsylvania 

Beryllium Corp. 
Tuckerton Road 
Reading, Pennsylvania 

Bios Laboratories,  Inc. 
19 West 60th Street  
New York 23, New York 

Burdett  Oxygen Company 
6 Swede Street  
Norristown, Pennsylvania 

Carl  Schleicher & Schuell 
Keene, New Hampshire 

City Chemical Corporation 
130 West 22nd Street  
New York, New York 

Comme r cia1 P1 as tic s 
548 Rising Sun Avenue 
Philadelphia, Pennsylvania 

Crown Zelle rbach Corporation 
1 Bush Street  
San Francisco, California 

Eastman Organic Chemical Products,  Inc. 
65 Concord Street 
Framingham, Massachusetts 

E. J. Lavino & Company 
Philadelphia, Pennsylvania 

Electr ic  Storage Battery Company 
Rising Sun & Adams Avenues 
Philadelphia 20, Pennsylvania 

Exmet Corporation 
123 Marbledale Road 
Tuckahoe, New York 

Fisher  Scientific Company 
Gulph Road (Route 23) 
King of Pruss ia ,  Pennsylvania 

FMC Corporation 
161 Eas t  42nd Street  
New York 17, New York 

Foote Mineral Company 
Route 100 
Exton, Pennsylvania 

Company 
General Aniline & Film Corp. (Antara) 
435 Hudson Street  
New York 14, New York 
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LEST O F  SUPPLIERS (Continued) 

Go  & W. H. Corson, Pnc. 
Joshua Road & Stenton Avenue 
Plymouth Meeting, Pennsylvania 

General Laboratory Supply Co. 
Box 2067 
Pat terson,  New J e r s e y  

Globe Solvents 
7th and Fisher  Ave. 
Philadelphia, Pennsylvania 

Harshaw Chemical Company 
1933 E a s t  97th Street 
Cleveland 6, Ohio 

H. I. Thompson Fiber  Glass Co. 
16SO West 135th Street  
Pasadenas California 

Jefferson Chemical Company, Inc. 
11 21 Walker 
Houston, Texas 

Joseph Dixon Crucible Company 
Division 48- C 
J e r s e y  City 3, New J e r s e y  

J. T. Baker Chemical Company 
North Broad Street 
Phillipsburg, New Je r sey  

K & K Laboratories 
Plainview, New York 

Kravex Mfg. Corporation 
Brooklyn 16, New York 

Lansdale Office Supply 
213 West Main Street 
Lan s dal e P e nn s y 1 v ani a 

Mallink r o d t Chemic a1 Work s 
Second and Mallinkrodt Streets 
St, Louis 7, Missouri  

Merck & Co., Inc. 
1935 Lincoln Avenue 
Rahway, New Je r sey  

MSA Research Corporation 
Mars  Road 
Caller y, Pennsylvania 

Matheson, Coleman & Bell 
Jackson & Swanson Streets 
P hi1 ade lp hia, P e nn s y lvania 

National Ammonia Company 
Tacony & Van Kirk Streets  
P hi1 ad e 1 phi a 2 4 , P e nn s y 1 v ania 

National Lead Company 
1050 State Street  
P e r t h  Amboy, New J e r s e y  

Olin Matheson Chemical Corp. 
Metal Division 
400 P a r k  Avenue 
New York 22, New York 

Ozark Mahoning Company 
310 W e s t  Sixth 
Tulsa, Oklahoma 

Phillips Petroleum Company 
Bar  tl e svill e, Oklahoma 

Rohm & Haas Company 
Washington Square 
Philadelphia 5, Pennsylvania 

Seal-Tite Bag Company 
3000 Reed Street  
Philadelphia, Pennsylvania 



Varlacoid Chemical Company 
116 Broad Street  
New York, New York 
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LIST OF SUPPLIERS (Continued) 

Shawinigan Products Company 
Empire State Building 
350 Fifth Avenue 
New York 1, New York 

Stauffer Chemical Company 
Agricultural Chemiclds Division 
380 Madison Avenue 
New York 17, New York 

Sunbeam Water Company 
Tennis Avenue 
Ambler, Pennsylvania 

U. S. Industrial Chemicals Company 
P .O .  Box 208 
Tuscola, Illinois 

Virginia Chemical & Smelting Company 
West Norfolk, Virginia 

H. Reeve Angel & Company 
Clifton, New J e r s e y  
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