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SUMMARY 

The electrochemical characteristics of lithium in a number of electrolytes 

and magnesium in aluminum chloride-acetonitrile were investigated using 

the voltammetric sweep method. Best performance, as indicated by open 

circuit potentials and initial slopes of current-potential curves, was 

obtained in N-nitrosodimethylamine electrolytes. Detailed studies of 
lithium in lithium hexafluorophosphate-N-nitrosodimethylamine (NDA) at 

various voltage scan rates showed two distinct oxidation processes. 

first reaction is not affected by agitation and, therefore, is not 

affected by mass transport. The second reaction, superimposed on the 
first at more positive voltages, is affected by agitation and appears 

to be transport limited. It is postulated that initial oxidation of 

the lithium is followed by a lithium oxidation process requiring 

transport of some species to or from the electrode. 

a 

The 

Half-cell screening tests were run on lithium anodes in thirteen electrolytes 

(using the procedure described in the Third Quarterly Report) to determine 

performance capabilities at current levels between lha/cu? and 100ma/cs 

and to compare performance in distilled and undistilled solvents. Trends 

noted were better performance in electrolytes prepared from distilled 

solvents and the relationship of solute cation size to anode polarization. 

In the series lithium, sodium, potassium and cesium hexafluorophosphate, 
least polarization occurred with the smallest cation, lithium. Several 

of the lithium screening tests were run in electrolytes which appear 

promising for use with organic cathode systems. 

The inorganic cathode materials silver oxide (Ago) and silver oxynitrate 

(Ag&N03) were investigated in a lithium hexaf luorophosphate-NDA (vacuum 
distilled) electrolyte using both the voltammetric sweep method and 

a 

constant current half-cell screening tests. The two materials 

- ~ 

a The electrolyte was pretreated with lithium to remove acidic 
and was filtered before use. 
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reduced at approximately -0.2V (VS. Ag), but the cathodic current peaks 

were greater for silver oxynitrate. However, in half-cell tests, the 

silver oxpitrate performance was only slightly better than that of 

silver oxide. The difference between a commercially obtained silver 

oxide and silver oxide prepared in our laboratory was also investigated. 

X-ray patterns showed that the commercial sample was Ag20 whereas the 

material we prepared showed only the pattern of Ago. 

for silver oxynitrate confirmed its composition. A voltammetric sweep 

study of cupric fluoride in aluminum chloride-acetonitrile was attempted, 

but the cathode disintegrated before the scans were completed and the 

test will have to be repeated. 

X-ray patterns 

The screening of several organic cathode materials in a variety of 

electrolytes was initiated this quarter. The screening program included 

compatibility studies with lithium and magnesium and electrochemical 

half-cell testing. The organic compounds investigated were: 

a 1. Triazinetrione Derivatives 

a. ACL-59 

b. ACL-70 

c. ACL-85 

7% 
O=C COR 

I I  

II 
"'"\ C /Ncl 

0 

H 

/N\ 
O=C 

I 
C 1N 
\ /  C 

II 
0 

c1 

c z o  
1 
NC 1 

a Obtained from the Monsanto Chemical Co. II 
0 
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2. Phenazine 

3 .  Trichloromelamine (TCM) 

N 

ClHNC 'cNHc1 

"Cl 

The systems lithium/ACL-59, ACL-70, and trichloromelamine in lithium 

chloride-aluminum chloride-propylene carbonate and ACL-59 in tetra- 

methylammonium hexafluorophosphate-ethylene carbonate (80 weight percent )- 
propylene carbonate (20 weight percent) appeared to be stable on the basis 

of visual observations and open circuit voltage stability over a four week 

period. Half-cell tests were run for these systems using pelletized 

organic cathodes containing acetylene black and a binder. The most 

promising combination was an ACL-70 cathode in lithium chloride-aluminum 
a chloride-propylene carbonate. 

reference electrode were G . 9 ,  4 . 8 ,  and 4 . V  at 0.5, 1.0, and 2.0ma/c&, 

respectively. Polarization to negative voltages occurred at a current 

density of 7ma/c&. 

a 

Operating cathode voltages vs. a Ag/AgCl 

Voltammetric sweep studies to determine the nature of the electroactive 

impurities in lithium hexafluorophosphate (as received from the supplier) 

were continued. It has been shown previously that of the two reduction 
waves produced in lithium hexafluorophosphate-N-nitrosodimethylamine, 

one is caused by proton reduction. The exit gases from the drying of 

lithium hexafluorophosphate under nitrogen which may contain either a 

volatile impurity or decomposition product exhibited acidic properties 
when absorbed in water. Hydrofluoric and hexafluorophosphoric acid 
were lnvesclgated 18 possible impurities. Thus f o r ,  hexafluorophosphoric 

acid gives performance most closely resembling that of the impurities in 

lithium hexafluorophosphate. 

a This electrolyte was prepared by saturating the propylene carbonate 
with lithium chloride and then slowly adding enough aluminum chloride 
to make a 1 molal solution. 
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A more precise study of the lithium hexafluorophosphate impurities was 

made by the voltammetric sweep method using a pyrolytic graphite disc 

of .fixed area as the working electrode and a silver/silver chloride 

reference electrode with a nonaqueous salt bridge. The studies showed 
that both reduction waves for lithium hexafluorphosphate-N-nitrosodimethyl- 

a 

b 

amine are adsorption dependent. Fast scan rates decreased adsorption 

possibilities and only residual current was produced. The scans also 

showed a marked difference in the amounts of impurities present in 

various lithium hexafluorophosphate samples. While the actual identifi- 

cation of the electroactive impurities using the voltammetric sweep 

technique seems beyond the scope of this project, the method may prove 

useful as a check on solute purity. 

In addition to solute purity, chromatographic analysis of the N-nitroso- 
dimethylamine solvent was made. 

on Fluoropak 80 was used and the temperature was changed by program from 

50° to 120OC. 

A column packing of lo$ Carbowax 20M 

The only impurity peak found was identified as water. 

A number of complete battery tests were run this quarter. 

test batteries containing 1.0~3 electrodes were assembled for magnesium/ 

silver oxide, magnesium/cupric fluoride, magnesium/cupric chloride, 

lithium/silver oxynitrate, and lithium/silver oxide couples in various 

electrolytes. Results were often erratic, possibly because of 

electrolyte evaporation in these small cells, but information was 

obtained about separators, cathode composition and fabrication, and 

the effect of the presence of impurities in the electrolytes. 

Preliminary 

Test batteries containing 2" x 2" electrodes and a minimum of dead weight 

were assembled for the systems lithium/lithium hexaf luorophosphate-N- 

nitrosodimethylamine/silver oxide or cupric fluoride. Best results 

obtained this month were 108 and 81.4 watt-hours per pound of total 
battery weight for the silver oxide system discharged at 0.5 and 

a This reference electrode was designed and tested this quarter using a 
voltametric method. It was found to give more precise voltage measure- 
ments than the silver reference electrodes normally used. 

The lithium hexafluorophosphate as received from the supplier shows two 
reduction waves. 

vi 



5.0ma/cr1?, respectively, to a cell voltage of 1.5~. 

Stability studies for various electrode-electrolyte combinations were 

continued. Evaluation was based on visual observations, changes in 

electrolyte conductivity, changes in electrode open circuit potentials, 

and standloss of assembled test batteries. 
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INTRODUCTION 

The objective of this research is to develop a primary battery with an 

energy density of at least 200 watt-hours per pound of total battery 

weight. 

Preliminary evaluations have been made of various anode-electrolyte 
and cathode-electrolyte combinations using controlled current 

voltammetry and the linearly varying potential method. This has 

led to the selection of several complete systems which are being 

subjected to a more thorough investigation. 

Emphasis is now being placed on further characterization of these 

systems. Concurrently, the compatibility of electrode materials with 

the electrolytes and losses on standing will be investigated. 

viii 
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ABSTRdCT 

Characterization of electrode reactions using the voltamnetric sweep 

method is described for lithium and magnesium anodes and cupric fluoride, 

silver oxide (Ago), and silver oxynitrate cathodes. 

Galvanostatic studies (half-cell screening tests) were made for thirteen 

anode-electrolyte and three cathode-electrolyte combinations. 

Constant current full cell discharges of thirteen preliminary test 

batteries (lcs electrodes) were completed for magnesium/silver oxide, 
magnesium/cupr ic fluoride , magnesium/cupr ic chloride, 1 i thium/s ilver 
oxynitrate, and lithium/silver oxide couples in various electrolytes. 

Forty-one test batteries (2" x 2" electrodes, minimum "dead weight") 

were assembled for the systems lithium/lithium hexafluorophosphate-N- 

nitrosodimethylamine/silver oxide or cupric fluoride. The best watt- 

hours per pound obtained were 108 for a discharge at the 125 hour rate 
(o.~II~/cu?) to a cell voltage of 1.p. 

Screening of the organic cathode materials, ACL-59: ACL-P: ACL-85: 

trichloromelamine, and phenazine was accomplished in compatibility tests 

' with lithium and magnesium anodes and in half-cell tests. 

Voltammetric sweep studies of the impurities in lithium hexafluorophosphate 
(as received from the supplier) were continued. A qualitative analysis 

-~ 

Supplied by the Monsanto Chemical Co. a 
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was made of distilled N-nitrosodimethylamine by means of gas chromatography. * .  

I: 
Compatibility studies of lithium, cupric fluoride, and silver oxide in 

lithium hexafluorophosphate-N-nitrosodimethylamine are described. 1 
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I. OVERALL PROGRESS 

The experimental work done during the eighth quarter encompassed work 

in the following areas: 

A. Anodes. 

1. Voltanmetric Sweep Studies. 

2. Electrochemical Half-Cell Screening Tests. 

B. Cathodes. 

1. Inorganic. 

2. Organic. 

C. Electrolytes. 

1. Voltammetric Sweep Stuc ies of the Electroact .ve 
Impurities in Lithium Hexafluorophosphate. 

2. Chromatographic Studies of N-Nitrosodimethylamine. 

D. Complete Battery Tests. 

1. Preliminary Battery Tests. 

2-  Test Batteries. 

E .  Chemical Stability of Electrodes in Electrolytes. 

F. Reference Electrode. 

A. Anodes. 

1. Voltammetric Sweep Studies. 

Voltanmetric sweep studies have been made on lithium and 

magnesium anodes in various electrolytes in order to obtain a 

better insight into the performance of these anodes. Studies 

were made on lithium in the electrolytes potassium hexafluoro- 

pho s pha t e -N-ni t r o s od ime t hy 1 amine ( NDA ) , p heny 1 - t r ime thy1 ammonium 
hexafluorophosphate-NDA, morpholinium hexafluorophosphate-NDA, 

lithium hexaf luorophosphate-%A, and lithium hexaf luorophosphatea- 

propylene carbonate (PC) and on magnesium in the electrolyte 

0 The lithium hexafluorophosphate was dried at 110 C under nitrogen. a 

-1- 



aluminum trichloride- acet oni tr ile . 

Figure 3-a, page IV-1, contains plots of the voltammetric sweep studies 

of lithium anodes in the above electrolytes. 

the anodes were only approximately the same and therefore the currents 

obtained can only be qualitatively compared. The highest open circuit 

potentials (the most negative values relative to a silver reference 

electrode) were obtained when lithium hexafluorophosphate was used as 

the solute, e.g., -3.38~ and -3.19V for lithium in the electrolytes 
1 i thium hexa f luorophospha te-%DA and 1 it h i m  hexa f luorophospha t e%, 
respectively. 

The geometric areas of I 
I 
I 

The potential changes (toward more positive voltages) from open circuit 

potential before any appreciable current was obtained were greater than 

lOOmv in all electrolytes except lithium hexaf luorophosphatea and 

morpholinium hexafluorophosphate in NDA. In these latter electrolytes, 

currents of 50ma/c& were obtained before more than a 5Omv change had 

occurred. 

The greatest initial slope of the current-potential curves was obtained 

in morpholinium hexafluorophosphate-NDA and the curve with the least 

slope was obtained in lithium hexaf 1uorophosphate:PC ( 60 and O.sma/V, 
a respectively). 

what a drastic effect a change in solvent can have on the slope of the 

current-voltage curve. The propylene carbonate shows a definite 

inhibiting effect on the rate of the reaction, thereby severely limiting 

the current levels at which Li can be operated in this system before 

polarization becomes extreme. 

The scan for lithium hexafluorophosphate-PC demonstrates I 
I 

The voltammetric sweep studies on magnesium anodes relative to a silver 

reference electrode in aluminum trichloride-acetonitrile ( A N )  electrolyte 

are shown in Figure 3-b, Page IV-2. 
for magnesium in this electrolyte was -1.70V (vs. Ag). 

The initial open circuit'voltage 

The change in 

I 
I 

The lithium hexafluorophosphate was dried at l l O ° C  under nitrogen. a 
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1.  
potential from this open circuit voltage before a current of 

5ma (30ma/c&) was attained was slight (less than m), and 
the initial slope was approximately 17ma/V compared to the 

average slope of about 55ma/V for lithium anodes in NIlA 

electrolytes. 

before scanning gave the same open circuit voltage, -1.7OV 

vs. Ag, but slightly lower currents at each potential. The 

lower currents obtained on the aged electrode may have been 

caused by the black film which had formed on the magnesium 

during the ageing process. 

Magnesium aged in this electrolyte for 24 hours 

A detailed study of the electrochemical behavior of lithium was 

made in lm lithium hexafluorophosphate-N-nitrosodimethylamine 

(NDA).  

Mounting the metal in this manner prevented any gross changes in 

the area of the lithium electrode during the tests which might 

affect the results. The cup was made from a small piece of 

1/8" teflon tubing (see Figure 1 on page 4 )  and a glass rod 
containing a platinum contact sealed inside it. This cup 

electrode filled with lithium performed very satisfactorily 

as an electrode and had the advantages over previously used 

electrodes of ease of preparation and relatively constant 

geometric area maintained even as the lithium electrode reacted. 

Figure 3-c, page IV-3 shows the oxidation processes observed 
a with the lithium electrode operated in lithium hexafluorophosphate- 

N-nitrosodimethylamine. Two distinct oxidation processes can be 

discerned. The first one, with larger slope, appears to be an 

oxidation which is unaltered by agitation of the electrolyte and 

thus is not subject to mass transport effects. The second 

process which is superimposed on the first (after -2.5V) is 

a transport limited oxidation and is markedly affected by 

agitation. 

species to or from the electrode. 

a 

In this study, the lithium was held in a cup electrode. 

This oxidation must require the transport of some 

a The electrolyte was pretreated with lithium to remove acidic impurities 
and was filtered before use. 

-3- 
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' .  2. Electrochemical Half-Cell Screening of Anodes. 

Half-cell screening tests of lithium anodes were run on 13 electro- 
lytes using the procedures described in the Third Quarterly Report. 

Of these 13 systems, nine were considered for use with inorganic 
cathodes and The tests on the nine 
systems for use with inorganic cathodes are similar to previously 

reported tests except that distilled solvents were used and, in 

some cases, additional voltage values were obtained at intermediate 

current densities. 

!I _ -  

I 
1 

four with organic cathodes. 

Of the nine systems considered for use with inorganic cathodes, 

seven demonstrated 10Gma/c& capabilities. 

lm tetra-n-propylammonium hexafluorophosphate-dimethylformamide 

and lm phenyl-trimethylamonium hexafluorophosphate-NDA, were not 
capable of maintaining this current density. 

Only the systems, 

A comparison of the data shows that the use of distilled solvents 

yielded better performance for the lithium anode. For example, 

lithium in potassium hexafluorophosphate-distilled NDA showed 

less polarization and more negative voltages (relative to a 

silver-silver chloride reference electrode) at each current 

density than did lithium in potassium hexafluorophosphate- 

undistilled NDA. 

In present tests run in distilled solvents, the performance of 

the lithium anode seemed t o  be related to the size of the 

cation in the solute series LiPF,, NaPF,, KPF,, CsPF, with the 

smallest cation, lithium, giving the least polarization of the 

lithium anode at various current densities. 

In addition to the nine half-cells mentioned above, anode half- 
cell tests were run in saturated solutions of MgCl2-80 weight 

percent ethylene carbonate/20 weight percent propylene 

carbonate a (ECPC), lithium chloride-methylene chloridea (MC), 

a Saturated solutions were less than 1 molal. 

- 5- 



b ( CH3)4NC1-MCa and 1 molal LiAlCl,-propylene carbonate 'PC) . 
These electrolytes were investigated for possible use with 

organic cathode systems. Lithium anodes had not previously 

been screened in these electrolytes and, therefore, their 

capabilities were determined. The results of the half-cell 

test are given in Table I, page IV-8. 
systems of lithium in MgCl,-ECPC and LiAlCl,-PC were the only 

ones which behaved in a manner that warrants further investi- 

gation. They were capable of sustaining at least lOma/cn? 

before polarizing to a voltage less than 50 percent of the 

initial open circuit voltage. In view of the stability and 

performance of organic cathode materials in these electrolytes 

which are discussed below, these systems are suitable for 

testing in full cells. 

The anode-electrolyte 

B. Cathodes. 

1. Inorganic Cathodes. 

A comparison was made of a commercial sample of silver oxide 

and a silver oxide prepared in our laboratory using the procedure 

described in Inorganic Synthesis, Volume 4, in order to determine 
which material would give the best performance. The silver 

oxides were blended with Solka-Floc (lo$ by wt.) and electrodes 

formed by hot-pressing these mixtures (at 50°C and 10,000 lb.) 

onto lc& silver expanded metal matrices. 

studies in lithium hexafluorophosphate-NDA gave reduction waves 

at approximately -0.2V (vs. Ag) for both materials. The peak 

cathodic current densities at this potential were g.gma/c& 

Voltammetric sweep 
C 

for the commercial sample and 4.5ma/cS for our material, as 

sham in Figure &-a, page IV-9. The results of a potentiostatic 

Saturated solutions were less than 1 molal. 

The LiAlCl, was prepared by heating 1:1 molal ratio of LiCl and AlCl, in 
an argon atmosphere until fusion occurred. 

The lithium hexaf luorophosphate was used "as received" from the supplier. 

a 
b 

C 
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test of these two materials where the electrodes were on open 

circuit and a potential of -0.2V (vs. Ag) was applied and held 

for two minutes are depicted in Figure 4-b, page IV-10. 
initial current density of 14.6ma/cm' was obtained for the 
commercial material, while our material delivered g.Sma/c& 

initially. However, the commercial material electrode dropped 

to 2ma/cm2 in 1 5  seconds and had leveled out at O.gOma/cu? 
after two minutes while our material was at 3ma/cm2 after 

15 seconds and was level at 2.lma/cs after two minutes. The 

difference in performance was accounted for to some degree by 

the X-ray analyses obtained for the two materials. Our material 

gave a diffraction pattern corresponding to that reported in the 

literature for Ago whereas the commercial "AgO" gave only the 

lines for Ag20. Since better performance was obtained with the 

laboratory-prepared material, it will be used in all subsequent 

tests. 

An 

- 

A sample of silver 
from Mr. H. Leibecki, NASA Lewis Research Center, in order to 
compare its performance with that of silver oxide (Ago). 
Voltametric sweep studies and half-cell screening tests were 

carried out with both materials in lithium-hexaf 1uorophosphatehA. 

The silver oxide electrodes were prepared as described above. The 

silver oxynitrate electrodes were prepared by cold-pressing the 

material (at 10,000 lb.) directly onto a lc& silver expanded 

metal matrix. Three-fourths of the l c s  electrode was removed 

for the Voltametric studies leaving an electrode with an approxi- 

oxynitrate (Ag-PBNO3) was obtained 

I mate geometric area of O.Z!5cn?. The voltanrmetric scans of this 

electrode in LiPFs-NDA showed a reduction wave at approximately 

-0.2V (vs. Ag) similar to that found for Ago. 

the voltametric scans for the two materials is shown in 

Figure 4-c, page IV-ll. 

one run on the two silver oxides with a two minute hold at 

-0.2V (vs. Ag) gave an initial current density of 20ma/c8 and, 

a 

A comparison of 

A potentiostatic test similar to the I 

l 
a The lithium hexafluorophosphate was used "as received" from the supplier. 
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a f t e r  two minutes, a l e v e l  c u r r e n t  d e n s i t y  of 11.2ma/c& had 

been reached. The shape of t h e  curve was the  same as  t h a t  

obtained f o r  t h e  two oxides. The X-ray p a t t e r n  of t h e  s i l v e r  

o x y n i t r a t e  agreed w i t h  both t h e  p a t t e r n  furn ished  by 

M r .  Leibecki  and the  p a t t e r n  repor ted  i n  t h e  l i t e r a t u r e .  

A comparison of t h e  h a l f - c e l l  tests f o r  s i l v e r  oxide (Ago) 

and s i l v e r  o x y n i t r a t e  ( s e e  T a b l e  11, page I V - 1 2 )  shows 

s l i g h t l y  better performance f o r  t h e  silver o x y n i t r a t e  a t  

lower c u r r e n t  d e n s i t i e s ;  however, a t  higher  c u r r e n t  d e n s i t i e s ,  

t h e  s i lver  oxide e x h i b i t s  less p o l a r i z a t i o n .  

both m a t e r i a l s  a r e  comparable t o  our b e s t  r e s u l t s  f o r  i no rgan ic  

cathode m a t e r i a l s  t o  d a t e .  

The r e s u l t s  f o r  

Voltammetric sweep s t u d i e s  w e r e  c a r r i e d  out  w i th  a cupr i c  

f l u o r i d e  cathode containing 90 w t .  percent  cupr i c  f luo r ide ,  

5 w t .  percent  ace ty lene  black, and 5 u t .  percent  Solka-Floc 

which was prepared by hot -press ing  t h e  mix ( a t  l’jO°C, 10,000 

l b . )  on to  a la? copper expanded metal matr ix .  The electrode 

d i s i n t e g r a t e d  before  t h e  scans were completed, t he re fo re ,  t h e  

test w i l l  be repeated w i t h  an e l e c t r o d e  wi th  g r e a t e r  mechanical 

i n t e g r i t y .  

Organic Cathodes. 

The screening  of  s e v e r a l  organic  compounds i n  a v a r i e t y  of 

e l e c t r o l y t e s  t o  determine t h e i r  f e a s i b i l i t y  f o r  use a s  cathode 

m a t e r i a l s  w a s  i n i t i a t e d  t h i s  q u a r t e r .  The screening  program 

included compa t ib i l i t y  s tud ie s  wi th  l i t h i u m  and magnesium, 

and e lec t rochemica l  h a l f - c e l l  t e s t i n g .  The organic  compounds 

i n v e s t i g a t e d  a r e  l i s t e d  below: 
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1. Triazine trione Derivatives 

a. ACL-59 

b. ACL-70 

c. ACL-85 

2. Phenazine 

/"\ 
Om C  COK 

I I  
ClN NC1 

\ /  

€I 
N 

I \  
O h C  c=o 

I I  
C1N NC1 

\ /  

I 
0 

c1 
jN\ 

o-$ F"0 
ClN, ,NC1 

C 
I 
0 

N 3. Trichloromelamine (TCM) 0 *  clmFI I 

\c& 

CNHC 1 
N N  

NHC 1 

The first step in the screening program was the determination 

of the compatibility of these organic cathode materials with 

lithium and magnesium anodes. 
compounds are soluble in the electrolytes investigated, the 

compatibility tests were performed by exposing the anode 

materials to organic material-electrolyte solutions and 

Since many of the organic 

a Obtained from the Monsanto Chemical Company. 
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p e r i o d i c a l l y  measuring the anode and cathode open c i r c u i t  

vo l tage  and making v i s u a l  observat ions.  I n  prel iminary tests 

. of t h i s  type, anode, reference e l ec t rode ,  and i n e r t  ca thodic  

cu r ren t  c o l l e c t o r  were a l l  immersed i n  the  s o l u t i o n  for t he  

e n t i r e  test per iod.  The systems l i s t e d  below were e l imina ted  

because of extreme anode corrosion a f t e r  a per iod of one week: 

Anode Organic E l e c t r o l y t e  
Material Depolarizer (1 Molal) 

Mg ACL-85 (0.lm) A1C13-Acetonitrile (AN) 
M g  TCM (O.lm) A l C l  .-AN 

L i  A C E 8 5  (b.11~) ( C ~ H S ) ~ N C I - ~ O  U t .  $ 
Ethylene Carbonate (EC), 
20 u t .  5 Propylene 
Carbonate (PC) 

L i  TCM (0.lm) (C4&)*NC1-80 U t .  $ EC, 
205Jt. $l PC 

I n  l a t e r  s t a b i l i t y  tests, only the  anode m a t e r i a l  remained i n  

s o l d o n  for t h e  entire t e s t  per iod.  

collectors ( p y r o l y t i c  g raph i t e )  and re ference  e l e c t r o d e s  

(Ag/AgC1) were i n s e r t e d  only f o r  open c i r c u i t  measurements. 

This  modif icat ion i n  procedure was made t o  e l imina te  t h e  

p o s s i b i l i t y  of erroneous vol tage  readings due to  f i lming  of  

t he  cu r ren t  c o l l e c t o r  or corros ion  of t h e  re ference  e l ec t rode .  

The r e s u l t s  for these  t e s t s  can be found i n  Table 111, pages 

I V - 1 4  through I V - 2 1 .  On the  b a s i s  of open c i r c u i t  read ings  

and v i s u a l  observat ions,  only four  systems appear t o  be 

s t a b l e .  These are:  

The cathodic  c u r r e n t  

Anode Organic E l e c t r o l y t e  
Mater ia  1 Depolarizer (1 Molal) 

L i  ACL-59 (1.h) LiC1-A1C13-PCa 

L i  ACL-59 (1.h) (CHS)4NPFe-80 W t .  
$ EC, 20 Ut-. $ PC 

L i  ACL-70 (1.h) L i C  1 - A l C 1  .-PCa 

L i  TCM ( 0 . b )  LiCl-A1C13-PCa 

a This  e l e c t r o l y t e  was prepared by s a t u r a t i n g  the  propylene carbonate 
wi th  l i t h i u m  ch lo r ide  and then slowly adding enough aluminum ch lo r ide  
t o  make a 1 molal so lu t ion .  

-10- 



It is interesting to note that in each of these four systems, 

sufficient organic depolarizer was added to make up the given 

concentration but the solutions apparently would have been 

saturated at lower concentrations. Thus, it might be possible 

to study the organic materials as solid cathodes in these 

electrolytes. 

Half-cell tests were run on the four stable systems using 

pelletized cathodes prepared from slurries of the organic 

depolarizer, acetylene black, and filter paper pulp. Silver 

matrices were used to hold the cathode mix. The most promising 

combination was an ACL-70 cathode in one molal LiC1-A1C13-PC . 
Operating voltages for this cathode system were 4 . 9 ,  + 0.8, 
and +O.p (vs. Ag/AgCl) at 0.5, 1.0 and 2.0ma/c&, respectively. 

The ACL-70 cathode polarized to negative values at a current 

density of 7ma/c2. 

ACL-59 cathode in one molal LiA1C14-PC for comparison with the 

LiCl-AlCl,-PC electrolyte. The performance of this electrode 
in LiAlCl,-PC was not as good as in LiC1-A1C13-PCa. 

results of the half-cell tests are given in Tables IV-a and 

IV-b on pages IV-22 through IV-26. 
several dissolved organic depolarizer systems which later 

proved to be unstable. 

a 

A half-cell test was also run for an 
b 

a 

b The 
I, 

These tables also include 

C. Electrolyte. 

1. Voltametric Sweep Studies of the Electroactive Impurities in 
~~ 

Lithium Hexafluorophosphate. 

Electrochemical studies on lithium hexafluorophosphate have 

been continued during the past quarter to determine the nature 

of the electroactive impurities present in this material, when 

a This electrolyte was prepared by saturating the propylene .carbonate 
with lithium chloride and then slowly adding enough aluminum chloride 
to make a 1 molal solution. 

The LiAlC1, was prepared by heating a 1:l mole ratio of LiCl and AlC1, 
in an argon atmosphere until fusion occurred. 

b 
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. -  received, which contribute to the electrochemical performance 

of the cathodes discharged in electrolytes containing this 

solute. 

Prior to this month, it was shown that of the two reduction 

waves found in the voltammetric sweeps of the electrolyte 

composed of lithium hexafluorophosphate(as received)-N- 

nitrosodimethylamine, one wave was due to proton reduction. 

This wave was enhanced by the addition of water and decreased 

by the addition of drying agents such as lithium metal or 
phosphorous pentoxide. 

The exit gasses from the drying of lithium hexafluorophosphate 

under nitrogen which may contain either a volatile impurity or 
decomposition product exhibited acidic properties when absorbed 

in water. A titration of the aqueous solution of the exit 

gasses obtained when 55.5g of lithium hexafluorophosphate was 
dried required 18.8 milliequivalents of base. 
NaHF2, and hexafluorophosphoric acid (65$ aqueous solution) were 
investigated in hopes of providing further information about the 

nature of the electroactive impurities in lithium hexafluoro- 

phosphate. 

Sodium bifluoride, 

Sodium bifluoride had only a limited solubility in N-nitroso- 

dimethylamine (NDA),  less than 0.3m. A voltammetric sweep 

study of a saturated solution of sodium bifluoride in NDA is 

shown in Figure 5-a, page IV-27. The low currents obtained 

are probably due to the low conductivity of the electrolyte. 

Figure 5-b on page IV-28, shows the effect of saturating a 

solution of "as received" lithium hexafluorophosphate-NDA 

with sodium bifluoride. The initial wave, the reduction 

of interest, showed no enhancement by this addition and it 

is therefore doubtful that the bifluoride ion or any of its 

possible dissociation products, e.g., HI?, are the electro- 
active impurities in lithium hexafluorophosphate. 

-12- 
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Voltametric sweep studies of 0.lm and 1.0m hexafluorophosphoric 

acid in NDA are shown in Figure 5-c, page IV-29. The peak 
positions in these solutions are not dissimilar from those found 

in "as received" lithium hexafluorophosphate-NDA. The addition 

of hexafluorophosphoric acid to dried lithium hexafluorophos- 

phate-NDA (see Figure 5-d, page IV-30) enhances the initial peak 
considerably. Similarly, the addition of hexafluorophosphoric 

acid to "as received" lithium hexafluorophosphate-NDA (as shown 

in Figure 5-e, page IV-31) gave enhancement of the initial peak. 
Of the materials tested to date, hexafluorophosphoric acid gives 

performance most closely resembling that shown by the electro- 

active impurities found in lithium hexafluorophosphate as received 

from the supplier. 

a 

Attempts were made to duplicate the work on lithium hexafluoro- 

phosphate and hexafluorophosphoric acid in propylene carbonate 

(E) as solvent in place of NDA. 

hampered by severe filming of the electrodes which led to 
irreproducible results. After each scan, the working electrode 

was covered with a heavy blue-gray film. Repeated scans gave 

different peak heights, peak positions and sometimes no peaks 

at all. These results are quite different from those obtained 

in NDA. Because of the problems encountered in propylene 

carbonate, the studies of lithium hexafluorophosphate and 

hexafluorophosphoric acid in this solvent were discontinued. 

The electrochemical tests were 

A more detailed study of the electroactive impurities in lithium 
hexafluorophosphate in NDA was made using a pyrolytic graphite 

disk with a geometric area of 7.811~8 as a working electrode, 
silver-silver chloride reference electrode with a nonaqueous 

salt bridge (see Section F), and a pyrolytic graphite rod counter 

electrode. The solutions to be investigated were purged with 

nitrogen prior to investigation to eliminate any oxygen 

0 The lithium hexafluorophosphate was-dfied at 110 C under nitrogen. a 
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contamination. 

blanket during the tests. 

preliminary studies showed that while oxygen did not have a 

pronounced influence on the reduction waves found in lithium 

hexafluorophosphate solutions, a small wave was present prior 

to the reduction peaks of lithium hexafluorophosphate when 

samples were exposed to oxygen. 

The solutions were kept under a nitrogen 

This precaution was taken because 

Two solutions were investigated, lithium hexafluorophosphate 
as received from the supplier dissolved in N-nitrosodimethylamine 

(NDA) and a similar solution neutralized with lithium metal. The 

voltammetric sweep studies of the neutralized solution showed 

only one reduction peak which apparently corresponds to the 

second peak found in the unneutralized solution (see Figure 5-f, 
page IV-32). Since adsorption is time, potential and concentra- 

tion dependent, the linearly varying potential techniques allowed 

the study of the two solutions in more detail by varying the 

first two parameters over a wide range. In Figure 5-g, page 
IV-33, curve 1 shows the cyclic voltammetric scan obtained at a 
scan rate of two volts per second on an electrode which had 

only been held at potentials more negative than -1.5V relative 

to the Ag/AgCl reference electrode. Under these conditions, 

only residual current is obtained. When this same electrode 

was held at -0.76~ for 5 to 10 seconds, curve 2 is typical of 
the results obtained when the electrode was scanned towards 

more negative potentials. The peak height was found to be 

related to the holding time and to the potential applied (for 

potentials more positive than -1.5V). 

limited to a maximum value which 

equilibrium for adsorption. During the holds, the current 

was very close to zero and was cathodic. 

The peak height is 

is determined by the 

In the unneutralized solution, both reduction processes found 

were shown to be adsorption dependent. The voltammetric studies 

of this solution are shown in Figure 5-h, page IV-34. If the 

-14- 
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adsorption of the impurities on the working electrode was 

prevented through the use of very fast scan rates, only residual 

current was obtained between -1.5V and -2.5V vs. Ag/AgCl 

(curve 1). 
ciable.adsorption of one species and both resulted in scans 

represented by curve 2. 

gave curve 3 which shows only residual current between -0.gV 
and -1.T and some reduction of the species adsorbed at voltages 
more positive than -1.y. Again, a 500 second hold at - 0 . y  

resulted in curve 4 where both species have been adsorbed and 
their reduction waves appear. 

Holds fo r  500 and 800 seconds at -1.5V gave appre- 

A rapid scan from -0.5V to -2.5V 

When the adsorbed species are reduced, it is possible to 

reoxidize them at more positive potentials. Figure 5-i on 

page IV-35 shows these anodic and cathodic scans. The anodic 

peak at 4 . 8 ~  (vs. Ag/AgC1) is only obtained if the first 

impurity is reduced (cycle 1) and the peak at +0.3V appears 
when the second species is reduced (cycle 2). The actual 

identification of the impurities responsible for these peaks 

appears to be a problem not within the scope of this project. 

The first reduction peak seems to be related to the acidic 

impurity, the concentration of which varies markedly from 

one lot of lithium hexafluorophosphate to another. Neutraliza- 

tion of this acidic impurity with lithium removes the material 

giving rise to the wave at -1.1V vs. Ag/AgCl (see Figure 5-f, 

page IV-32) and extends the region where only residual current 

is apparent to cover the range from 0 to -1.5V (vs. Ag/AgCl). 

Thus, linear sweep voltammetry or cyclic voltammetry can be 

used to provide a rapid and simple check of the composition 

of lithium hexafluorophosphate solutions as each new lot of 

solute is received and used. 

2. Chromatographic Studies of N-Nitrosodimethylamine. 

In addition to solute purity determinations, chromatographic 
analysis of the N-nitrosodimethylamine solvent was made. A 
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column packing of lo$ Carbowax 20M on Fluoropak 80 was used 

and the temperature was changed by program from 50 to 12OoC 
at 40 per minute. The chromatogram of distilled N-nitroso- 

dimethylamine (NDA) is shown in Figure 6,  page IV-36. The 

attenuations used are shown next to the appropriate peaks. 

Only three peaks appear in the chromatogram. The first peak, 

which occurs immediately after injection, is an air peak. 

The second peak was shown to be water and the third peak is 

N-nitrosodimethylamine. To confirm the identification of the 
second peak, a synthetic mixture of 99.9 percent distilled NDA 

with 0.1 percent water was made. The chromatogram of this 

mixture showed no new peaks and the second peak in the 

chromatogram is approximately twice as large as it was in the 

first chromatogram. Further studies of N-nitrosodimethylamine 

are planned to quantitatively determine the water content of 

this distilled solvent. 

0 

0 

I). Complete Battery Tests. 

1. Preliminary Test Batteries. 

Several small test cells containing lc& electrodes were 

assembled to test separator types and thickness, ratio of 

active material weight to substrate weight, and general 

fabrication technique. The performance of these test 

batteries was, in general, quite erratic with frequent 

discontinuities in the data caused by short circuits, loss 

of electrolyte or changes in electrodes or clamping pressures. 

From these small test cells, it was found that an active 

material weight to matrix weight of 1O:l could be used without 

any appreciable increase in resistance in the electrode. These 

small test cells also showed that Gelman's glass fiber separators 

gave better performance than the previously tested microporous 

rubber separators.. The glass separators also had the advantages 

of less weight and greater electrolyte absorbing ability. The 

information gained through these small test cells was used in 

the construction of batteries containing 2" x 2" electrodes. 
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Additional small test cells containing l c s  electrodes were 

assembled to test the effect on performance of various 

compositions of cathode mixtures in various battery systems. 

The variables investigated were the effect of the addition of 

varying amounts of binder and conductive additives, the use of 

different anode materials and the use of various electrolytes. 

As a rule, test electrodes containing acetylene black (Shawinigan) 

as a conductive additive gave slightly better performance. 

containing the greater amount of acetylene black usually gave 

better high voltage performance. This is what would be expected 

if silver oxide was fairly resistive. 

Cells 

The performance of silver oxide electrodes (our material pressed 

at 2,000 lb/cs at 50°C onto a l c s  silver expanded metal matrix) 

in 1m A1C13-acetonitrile (AN) and lm AlCl,, 0.lm LiPF6-AN were 

compared. 

be improved by the addition of lithium hexafluorophosphate 

because of the good performance of silver oxide electrodes in 
other electrolytes containing lithium hexafluorophosphate. A 
brief summary of the test results can be found in Table V, 

pages IV-37 to IV-40. 
addition of acetonitrile saturated with lithium hexafluorophos- 

phate (0.1 molal) improved the magnesium voltages somewhat, but 

the silver oxide polarized more severely than in the absence 

of lithium hexafluorophosphate. 

acetonitrile saturated with lithium hexafluorophosphate to 

the Mg/l molal AlCl,, 0.1 molal LiPF6-AN/Ag0 system after the 

75 minute test depolarized the cathode and its voltage returned 
to approximately -0.5V. Evidently some constituent of this 

solution was capable of reducing the cathode polarization. The 

anode voltage also improved upon addition of the LiW6-m 

solution, returning to -1.PV. 

It was postulated that the cathode performance might 

It is interesting to note that the 

The addition of additional 
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The performance of magnesium anodes was investigated in lm 

(nC3H7)4NPF4-acetonitrile (AN), 0.5m (nC3H7)4NBF4, 0.5m 

AlC1,-AN, lm A1C13-AN, lm LiAlCl:-AN, lm morpholinium hexa- 

f luorophosphate-AN, lm (IIC~H~)~NPF,-AN and 0.5m ( nC3H7),NPF6, 

O.5m AlCl,-AN. These electrolytes were chosen for the small 

test cells because previous half-cell tests showed that 

magnesium was capable of delivering at least lOma/c$ in 

these electrolytes. In all these tests, silver oxide cathodes 

were used. The best magnesium performance was obtained in 

0.5m (nC3H7)4NPF6, 0.5m A1C13-AN which gave an open circuit 

value of -l.gV (vs. Ag/AgCl) and a potential of -l.9V (vs. 
Ag/AgCl) for 12 minutes under a load of 5ma/cn? (see Table V, 
page IV-38). The performance of the silver oxide cathodes in 
these electrolytes was relatively poor. 

Small test cells were also run to compare the performance of 

silver oxide in lm A1C13-AN and lm LiAlCl:-AN. 

performance was better in the AlCl,-AN electrolyte (see 

Table V, page IV-38). Cupric fluoride was also tested in 
the lm LiAlC12-AN electrolyte. 

than that of the silver oxide. 

The cathode 

Its performance was poorer 

One test cell using a lcm2 silver oxynitrate cathode in excess 

lm LiPF,-NDA was run. The cathode had an open circuit voltage 

of 4 . 2 8 ~  (vs. Ag/AgCl) and ran for five hours at lOma/c$ 
(200 hour rate) before polarizing to -1.3V vs. Ag/AgCl 

(l.5V for the full cell). This is comparable to the coulombic 

results obtained with Ago. The better performance expected on 

the basis of voltametric sweep and half-cell tests cited earlier 

was not realized. 

b 

a The LiA1C14 was prepared by heating a 1:: mole ratio of Lid1 and AlCl, 
in an argon atmosphere until fusion occurred. 

The LiPF, was used ”as received’’ from the supplier. 
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2. Test Batteries. 

The investigation of test batteries containing 2" x 2" electrodes 

and a minimal amount of dead weight was initiated. Silver oxide 

and copper fluoride cathodes were used with lithium anodes, 

Gelman glass fiber separators and a one molal lithium hexa- 

f luorophosphateknitrosodimethylamine (NDA) electrolyte. The 

variables of cathode composition and cell configuration were 

examined. The results of these tests are given in Table VI, 
pages IV-41 through IV-46. 

Several variables which markedly effected the overall performance 

of these cells have been isolated. A correlation has been found 
between the method employed in mixing the active cathode material 

and the performance of the cathode. Free tumbling of the in- 

gredients or blending them under hexane produced better performance 

for the silver oxide electrodes than when the materials were ball- 

milled. 

of the Solka-Floc binder are broken down by ball-milling and the 

electrodes containing these broken fibers do not achieve adequate 

electrolyte transfer from the solution to the interior of the 

electrode. 

One possible explanation for this may be that the fibers 

When silver oxide produced in this laboratory was used as the 
active cathode material, it gave better performance in full 

battery tests than did the commercial material. 

noted, the commercial sample of "AgO" was actually Ag20 and 

the difference in performance could be attributed to the 

difference between Ago and Ag20. 

As previously 

The examination of discharged cells has shown that non-uniform 

surface of electrodes results in uneven consumption of the 
electrode materials. The high points of the electrodes come 

in contact with the electrolyte-laden separator and are consumed 

first. The lower spots on the electrode faces are utilized only 

with difficulty. Changes in pressing the electrodes and the use 
of more even clamping should remedy this problem. 

a The lithium hexafluorophosphate was used either "as received'' from the 
supplier or after a pretreatment as specified in Table VI, pages I V - 4 1  
to IV-46. 
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Even with the problems mentioned above, the coulombic efficiencies 

of active materials were as high as 70 percent at a O.gma/cu? 
discharge rate and as high as 60 percent at 5ma/cS. These 

efficiencies are reproducible and, although efficiencies of 

over 90 percent are desirable, the slight decrease with a 
tenfold increase in current density is encouraging. 

In certain tests, where a new batch of LiPFG was used to prepare 
the electrolyte, a vigorous reaction with the electrodes was 

noted. Gas evolution occurred and in some cases enough heat was 

evolved to melt the plastic bag containing the battery. 

life tests using the same electrolyte gave very poor results 

due to the severe attack of the electrodes by this electrolyte. 

Shelf 

A titration of a sample of the new batch of LiPF6 showed it 

contained a significantly higher level of the acidic impurity 

than previous batches of this material. It was therefore 
deemed necessary to improve and regulate the purity of the 

lithium hexafluorophosphate either by purifying commercial 

supplies or by preparing the compound ourselves. 

Purification of the lithium hexafluorophosphate could be 

accomplished most readily by recrystallization from an appropriate 

solvent. Plans have been made to try this approach with the 

supplies on hand. 

A literature search has revealed the following methods for 

preparing lithium hexafluorophosphate. These are as follows: 

(1) PC1, + 6 LiF = LiPF, + 5 LiCl 
(2) LiF + 5 HF + PC1, = LiPFa + 5 HC1 

HF Anhyd. 

12 Hr. 250°C 
Steel Bomb 

(3) PF5 + LiF - - LiPF, 
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Of these methods, only (1) does not involve the use of 
relatively hazardous materials or techniques. However, method 

(1) produces the lowest purity LiPF, since it is very difficult 

to separate the LiCl from the product. 

An alternative method for preparing LiPF6 would involve the 

metathetical reaction of a lithium salt and a hexafluorophosphate 

compound in a suitable solvent to form an insoluble product and 

LiPF6. 

investigated. 

This method f o r  preparing LiPF6 is currently being 

In spite of the problems encountered using this latest batch of 
LiPF,, some results of interest were noted. A battery discharged 

at the 

pound of total battery weight as compared to 100 watt-hours per 
pound for  a similar battery discharged at the I20 hour rate 

(o,~/cn?). 
to 1.p yielded 41.8 watt-hours per pound of total battery weight. 
The electrolyte used in this last test was pretreated with lithium 

to remove any acidic impurities. 

observed. 

black added to the cathode mix delivered 81.4 watt-hours per pound 
of total battery weight when discharged at the 1 2 . 5  hour rate 

(-/cn?) to 1.5V. 

hour rate (lma/&) to 2.0V gave 72.2 watt-hours per 

A battery discharged at the 6 hour rate ( l O m a / d )  

No attack of the electrodes was 
A similar battery with three weight percent of acetylene 

Chemical Stability of Electrodes in Electrolytes. 

Stability tests started during the previous quarter (see the Seventh 

Quarterly Report) on the stability of lithium, copper fluoride, and 
silver oxide in LiPFe-MIA were terminated during this quarter. The 

specific conductance of the electrolyte remained relatively constant 

over the entire test period indicating that no extensive interaction 

between the electrode materials and the electrolyte to give conductive 

species had occurred. On prolonged standing, the cathode pellets 

in many cases lost much of their mechanical integrity. 

the stability tests are presented in Table VII, pages IV-47through 

The data for 
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IV-59. Half-cell tests were run on the lithium anodes after the 

stability tests were completed. 

given in Table VIII, page IV-60, 

electrolyte prepared from LiPF, dried at 110 C under nitrogen 

gave better performance than the lithium aged in electrolyte 

prepared from LiPFs used as received from the supplier. 

interesting to note that CuF2 in LiPFe-NDA underwent a 50$ weight 
loss with "as received" solute whereas there was very little change 

with the dried solute (see pages IV- 49 and IV- 5 0 ) .  

The results of these tests are 

The lithium aged in the 
0 

It is 

A second series of tests was initiated this quarter in which electrode 

stability was evaluated by periodically measuring open circuit 

voltages and making visual observations. The open circuit readings 

were used to augment the visual observation. If a marked change 

in an electrode's open circuit potential occurred it was assumed that 

either the electrode had been attacked by the electrolyte or that' 

it had been filmed. Copper fluoride and silver oxide electrodes 

in one molal aluminum trichloride-acetonitrile and lithium and 
silver oxide electrodes in one molal lithium hexafluorophosphate-N- 

nitrosodimethylamine (NDA) were tested in this manner. 

the open circuit voltages versus time are depicted in Figures ?-a 

through 7-c, pages IV-61 through IV-63. 

voltages were relatively stable in both electrolytes over a period 

of at least two weeks. Open circuit values for lithium in LiPF,-NDA 

prepared from "as received" and vacuum-dried LiPF, dropped approximately 
2.0V in less than one day. 

nitrogen atmosphere decreased the reactivity of the lithium with the 

electrolyte and eliminated 

Plots Of 

Cathode open circuit 

Drying the LiPF, solute at U O ° C  in a 

rapid initial voltage drop. 

Lithium and silver oxide electrodes were also exposed to one molal 

LiPF6 (dried under nitrogen at 110 C)-NDA which contained hexa- 

fluorophosphoric acid, (approximately 0.4 weight percent HPF6), a 

possible impurity in "as received" lithium hexafluorophosphate. 

0 

a 

a The hexafluorophosphoric acid added to the electrolyte was a 65 percent 
aqueous solution. 
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The H ~ F ~  addition had little effect on the silver oxide and lithium 

open circuit voltages over a two week period (see Figure 7-c, page IP-63). 
Apparently, any Li reaction with this small an amount of material is 
not detrimental to the Li surface. 

.-  - . .  

A single preliminary shelf-life study was run in which a completely 

assembled 2" x 2" cell was allowed to stand for five days before 

discharge. A total of 77.8 watt-hours per pound was obtained at 
cell voltages greater than l.5V. This is 7@ of the 108 watt-hours 
per pound obtained from a fresh cell of similar construction and 
composition discharged at the same rate to the same voltage. Shelf-life 

studies were also run on completely assembled 2" x 2" test cells 
containing LiPF,-NDA electrolyte which was prepared with the batch 

of LiPF, which contained a large amount of an acidic impurity 

(approximately 2@). 

weight obtained above l.5V was 75.4, 32.8, 10.6 and 9.9 for zero, 
one, two and three veeks of activated standing. 

The watt-hours per pound of total battery 

F. Reference Electrode Study. 

Silver electrodes are widely used as reference electrodes in non- 

aqueous solutions. 

is in doubt. An alternative electrode was constructed which had the 
simplicity and versitility of the silver electrode, but which 

demonstrated considerably greater potential stability than the 

silver electrode. This electrode will be used in place of silver 

whenever precise potential measurements are required. 

The stability of the potential of these electrodes 

Figure 2, page24, is a schematic drawing of this alternative reference 
electrode. It consists of a conventional silver-silver chloride 
electrode in an aqueous 0.1M KC1 solution separated from the working 
electrolyte by a nonaqueous salt bridge (lM LiC104-NDA).. A small 

piece of porous glass rod (Vycor No. 7930) is used to isolate the 
KC1 solution f r o m  the salt bridge and the salt bridge from the 

solution of interest. The lower end of the salt bridge is curved 

-23- 
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FIGURE 2 .  SILVER-SILVER C W R I D E  REFERENCE ELECTRODE 

Vycor G l a s s  R o d  

- Reference: 
Ag/AgCl Wire 
in 0,lm KC1 

i 
A Teflon Tubing f 3 . a ’  

\ 
Bridge : 
1m L I C l O , - m A  
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to permit positioning of the reference electrode very close to the 

working electrode. The salt bridge is designed f o r  easy cleaning 

after it has been contaminated by ions from the working electrolyte 

and the reference electrode. 

The reversibility of this electrode was investigated using the 

classical method of applying small overpotentials to both sides of 

the equilibrium values and determining if there is any hysteresis. 

For this experiment, the cell consisted of the electrode shown in 

Figure 2 as working electrode, a saturated Calomel Electrode 

(Beckmann 39170) as reference, a pyrolytic graphite rodaas counter 
electrode and lM LiPFs-N-nitrosodimethylamine as electrolyte. The 

overpotentials were applied using potentiostatic equipment and were 

measured using a digitalvoltameter through the use of a load 

resistor. 

measurements were made within lo-20 seconds (after a steady value 

was achieved). The results are shown in Figure 8, page IV-64. 

b 

The overpotentials were applied manually and the 

On the first run, a maximum hysteresis of only 0 . b  was observed. 
All subsequent runs duplicated this hysteresis curve. The potential, 

as determined from Figure 8,0f the Ag/AgCl (0,lm KCL), lm LiC104-NDA 

reference electrode is -0.0249 + - O.OOO3V relative to the saturated 

Calomel Electrode (SCE). For our experiments, a value of -0.025V 
versus SCE will be used. 

The same reversibility test was attempted with a silver electrode. 

No steady potential value could be obtained so that it was impossible 
to determine its reversibility or its potential. 

~ ~~ 

a The pyrolytic graphite was Speer Carbon No. 580. 
The electrolyte was neutralized with excess Li before use. 
NDA was also used. 

Distilled 
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11. CURRENT PROBLEMS 

The major problem continued to be that of characterizing electrode 

materials and electrolytes to be used in complete battery systems. 

Purity of electrolyte solutes also remains a serious problem which 

we are attempting to overcome. 

-26- 
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I 
1 '  111. WORK TO BE PERFORMED 

A. During the Next Quarter. 
Studies of the lithium-silver oxide system will be continued with 

particular emphasis on the performance of this couple in lithium 

hexafluorophosphate-N-nitrosodimethylamine electrolyte. The 

performance of this couple will also be investigated on a limited 

scale in dimethylsulfoxide and propylene carbonate. 

I -  
1 

1 
I 
1 
1 
I 
I 

The investigation of the performance of silver oxynitrate will be 

continued. The long range compatibility of electrodes in electrolytes 

will be further investigated. 

B. During the Next Month. 

Emphasis will be placed on obtaining better current performance from 

the Li/LiPF,-NDA/AgO system. 

this system will be completed during this month. 

The long range compatibility tests on 

Half-cell tests will be run on silver oxide and lithium in LiC10,- 

dimethylsulfoxide (DMSO), phenyltrimethylammonium hexafluorophosphate- 

DMSO and LiPF6-DMS0. 

The search for a satisfactory separator for use with soluble 

cathodes will be continued. 

Cyclic voltametric sweep studies will be run on lithium and Ago 

in LiA1C1,-PC and LiPF,-NDA. 

1 

-27- 



IV. TEST RESULTSa 

a Unless otherwise indicated, vacuum distilled solvents were used 
in all tests. 
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1 -  TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES 

A. Lithium Anode Systems. I 
I 
I 
I 
1 
I 
I 
1 
1 

Solute Solvent 

1. 

2. 

3. 
4. 
5. 
6. 
7. 
8. 

9.  
10. 

11. LiCla 

13. Luici, 

12. ( CH3)4NCla 

dimethyl f onnamide (DMF) 
N-nitrosodimethylamine (NDA) 

NDA 
NDA 

NDA 

NDA 

NDA 
NDA (undistilfed) 
NDA 
80 Weight Percent Ethylene 
Carbonate (EC), 20 Weight 
Percent Propylene Carbonate 

Methylene Chloride (MC) 

Mc 
PC 

( p a  

I .  

a Electrolyte was saturated at one molal. 

Page 

IV- 5 
IV- 5 
IV- 5 
1v-6 
IV- 6 
1v-6 
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IV- 7 
1v-8 

- 

1v-8 
IV- 8 
1v-8 

IV-4 



. . .  
m m m  a a a  
G C E  
0 0 0  
0 0 0  
0 1 0 1 0 1  
m m m  

0 O f  
c f d d  

& & &  
0 1 0 1 0 1  u u u  

W W W  
6 5 0  

a a w  
0 1 0 1 0 1  a a a  a a a  
0 0 0  u u u  
m m m  
u u u  
m m m  
0 1 0 1 c u  
@WE+ 

m 
01 u 
2 
4 
B 
cu 
& 
aJ 
U 
W 
m 
a 
01 a a 
0 
U 
m 
U 
m 
01 
H 

In  
la, 
I '  
I c u  
I I  

mr l  coco 
c u r l  
. .  
I I  

rn 
.x 
& a 

d 

d 

E, 

z 
0 
4 
U 
6 

a 
ID 

0 
n 

a a rn 
3 
bo 
G 
4 
01 n 
01 
& 

f 

0 1 1  
0 1 1  

- 1  I 
n l  I 

cu co 
cu 
I I l l  

w .  4 r :  I: I 

. . . . . . .  
ncu rl rnrC\cu r( 

I I 1 1 1 1 1  

~~~ . . . . . . . . . . .  

n 
0 O r l  

n 
0 O d  

n 
0 O d O  . .  

0 0 0 0 0 0 0 0 0  
d N t c \ n O  rl 

4 

0 0 0 0 0 0 0  
rl0 d 0  

rl d 

r( 
U 

\ 
M e 
2 

v 
M c 
\ 
M 
U 

M e 
\ 

bo 
4 

I4 u 
bD 
U 

I a 
cy 
pc 

9 
h 

I 

U 
E: 

0 1 0 1  
u 3  
+8d d o  o m  
& I  u a  
v u  a s  
l-id 

w r z  

- 
b e  
m z  x n  

:: V 
u 
E 
d 

v 
E 
l i  

e rn cu 

IV- 5 



m a 
E: 
0 u 
a, 
m 

8 
Fc 
9) u 

W 
m 

a 
a, rn 
1 
M c 
rl 
9) 

9) 
&I 

n 

m 
U 

(ID c 
0 
4 
U s 
& 

a 
9) a a 
0 
U 
m 

U 
1 
9) m 

m m n  n n n I  o o m  r l r l u 3 l  . . .  " ' 1  

I I I I  
";'";'cy nncu I 

. . . .  . . .  I 

cu cu n o  ~ c u c u n  ococoo r l f - d c o  COO03 cococu . . .  . . . .  
c y ? ? ?  

. . . .  
" ; ' c y ? ?  

. . . I  _ - -  

5 "  
. . . . . . I  - .  

0 
n 
0 4 0  

r, 
o r l o  . . .  0 

o o o o o o d ~ o o  (uno 
rl rl 

n 
o r l o  . . .  o + o  . . .  

0 0 0 n o  0 0 4 0 0  cu nc-0 r l0 
rl rl 

o o r l o o o o r l o o  
4 0  4 0  

rl rl 
0 

l a  

r4 
U 
M e 
1 
M e 

u 
M 
4 
\ 
M 
4 

4 
V eo 
U 
1 
2 

U 
M 
4 
\ 
60 
4 

a m  
1 

w o  
0 4  

O &  
r l c a  
U 

E : $  

h 

rl 

\o L n  

rv-6 



I -  
a aJ 
3 

a 
9) 
1 
G 
rc 
U 
G 
0 
U 
W 

cumcu 1 

mc\rc\cu I 

r l o m  f . . .  
I I I I  

cur lmo o m m  I 
c u r l 0 0  c u m n :  . . . .  . . .  

0 mal 0 r l c o  cu rr\ . . . .  
“ ; ‘ Y Y r :  

. . . .  . . . .  . . .  

. . . . . .  . . . (  
1 1 1 1 1 1 1 1 1 1  

mmmcurimmcucu I 

n 
o r l o  0 4 0  . . .  . . .  0 q r l o  0 4 0  . .  . . .  r l c p  

E o r l q  . .  
o o r l o  4 8  

I 4  

o o r l o o o o r l o  
4 0  4 %  

rl 4 

d u 
\ 
2 
3 

d 4 u 

1 
M 
U 

e“ 
V 
M 
4 
1 
M 
4 

a 0  m u m  r c c  

W l  

u 
‘bo 
T 
\ 
bo 
U 

n 

0 

IV-7 



aJ 
M 
Lc 

m 

a 
0) 
& 
& 
21 
0 
L) 
0 

M 
C 
rl 
m 
m 
m 
M 

U M  
h 

aJ 
& a J a J ) M  

M U  IZ 
PI L t r l  m 

l-4 rn1:z 
V d  3 0 

a 
0)  
U s 0 t-A- n 

ChcocomP i? t- co 
(u 

I 

h 
U 
d 
& 
m 
d 
0 a 
a 

. . . . .  
cu 
I 

. . . . .  
cu(ucu(ucu 

I l l 1 1  
01 
m 
d h u 

d 
& 
m 

l-4 
0 a 

2 
5 
aJ 

0 

-22 d l  

- a J m  
I I I I Q O  d a  

c i c i C u r l 3 d  
m 
m 
aJ 
d 

v 

m 
U 
U 
3 
G 
rl 
E 
In 

I 

h 
U 
rl 

2 
01 a 
U 

o r l o  
. . I  ? ?  

0 0  

o r l  
0 0  
. .  

O O r l L n O O  
rln 

U 
L ( 0  
U O  
uL( c u  
3 v  
O U  
V d  

w 

d 
U 
M 
U 
\ 
M a 

4 u 
M 
4 
\ 
M a 

4 
U 
M 
U 
\ 
M 
U 

V 
M 
U 
1 
4 

& 
& 
1 
V 

FI l-4 
U 
M a 
\ 
M a 
v u  w p I  ** 
3 3  
0 0  c o w  

. .  
u u  

I 

cu 
U 
d 

2 
0 
rl 

c 
V 
m 
PI 

U 
m 

V 'V 
M a 
1 
M 

4 
4 a 
1 

U 

1 
M 

2 
a 

2 
d 
U 
C 

aJ 
M 
Lc 
m 
1: u 
m U 

a J G  
u w  
h ?  
rld 
0 0  
& r n  
U I  

0 
@I 
I 

d 
V 
4 a 
d 
rl 

E: 
0 
d 
U 
m 
& 
1 a 

f i  
rl 

(u 
rl 

IV-8 



IV- 9 

O X  

2 
m u 
m 
a, c 
U 

a 
C a 
al 
M 
m 
&I 
r( 

P 
U 
rf 

u 
& 
rl 
u 
C 
a, a 
0 

a, 
Jz 
U 

0 
U 

rl 
6 
1 
0- 
0 

U 
9) 
0 

0 

a 

z 
9) a 
0 
& 
U 
0 .  



I 
B 

I 

II 
i 
I 
1 
I 

I 

In 0 4 

0 
r i  

In 

IV- 10 

0 

. 
Cl 
F 
PI 

m 
-4 - 

5 



I 
1 
1 
I 
I 

~ 

0 N 0 
rl 

in -0 

IV- u 

Q 
bo 
6 
U 
rl 

c? 

a 
Q 
& 
5 a 
Q 
& 
14 

h 
L, 
0 
U 
0 
& 
0 xi 
4 
4 

9) 

X 
0 
&I 

u 

2 

5 

Ei 

4 
4 
v) 

a 

Q 
U 
5 
L, 
U 
rl 
E 
h 
X 
0 
& 
9) 
3 A 
I I .  

C 
1 
&I 

m 
g 

5 
: 

0 

Q 

m 

a 

Q 

cp 
U 
rl 

bo 

g 
U 
4 
1 
0 
& 
rl 
0 

5 a 
0 

0) s 
L) 

0 
U 

d 

3 
0)  

U 
aJ 
OD 

. 
' V  

I 
4- 

0) 
h 
1 
bo 
rl 
E 

a 
Q 

r l&  
cpo 

Q 
U 
6 s a 
OD 
0 
5: a 
0 
L, 
0 
1 
4 
ru 
6 
X 
0 

A= 

5 
5 
rl 

rl 
4 

5 



1 - -  - -  

I -  
I 
1 
I 
I 
8 
I 
I 
I 
i 
I 
I 
1 
I 
I 
II 
I 
I 

an 
rl 
rl 
CQ 
U 
8 

El 
rl 
a 
0 
rl 
I 
h c 
PI 

a 
? 

410) Frr 
PI 
4 .. 
cf 

4 c u c u  
EO910 

M e 

. 
d 

4 4  
r l A  

0 

3 
% 
0 0 %  e e  

c u m  

IV- 12 

bo 
E 
rl 
m 
1 
8 
& 
0 
tu 



I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
1 
I 
1 
*I 
I 
I 
I 
I 
I 

C 
al c 
3 
x .  a a  
19) 
0 4  
d d  
o a  a a e  
9) c m  
$ $  u 

.u c m  
0 0  
4 d  
U 
1 m  

mcu 
$ 8  

a l d  
. u d  
0 0  s u u  
O m  o x .  

a 
C 
0 
4 
U 

b 
9 
e n 
0 

$ AT m 
c a l a l  
m u d  

m u  
0) $ . I 4  

a 9 ) m  o a  c 
c o a l  
C E a  

a 
9) 
U 

al 
m 
*I 

E 
5 
9) 

0 

m 
m 
al 

8-4 

C 
1 

m 
9) 
U 

v 

9 9  9 1 9  00 

2 
4 
E 
Ln 

I 

h 
U 
4 

2 
al a 
L) 

4 
cf 

4 
c3 

U 
H 

Y 
00 c 
E-c 

C 
al 
& 

0 1 0 1  o a  c o  
os4 
b U  

W 010 

m 
d 
4 
0 
U 

la ? ! y  

d u 
M e 
\ 
bo 
C 

& 
1 
0 

c o 
m 
al 
U 
4 

bo e 
w n  .-I 4 - -  

-0 ma p11 
o 

PI 
bo 
& 
6 c 
0 
m 
rl 
a 

B B 
a 
Fr 
pc 
4 
cf 

C 
0 
rl 
U 
6 
Q 
3 
la 

m 

aRc9 
O b  o m  r lu  

cu 

IQ- 13 



. I  1 -  

,I 

I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
1 
I 
1 
I 

z’ P‘ 

B 
V B 

d u 
I 
t 

w w w 

3 
3 
L.c 

e 

E Go a ‘”- 
u 

2 
I 

0 I - I  
0 a 

2 
rl 
cd u 
0 
n 

cd 

. v-14 



a : 
d 
0 
m 
m 
rl a 
C 
1 

E 

t e 

& 
vi 

Q 
0 
U 

0 
0 a 
a 
2 
a 
0 
bo 
1 
vi 
rl 
& 
U 
C 
0 
c) 

1 - .  * 
I U 9) 

m a m  I m m u b  

m a  i k ~  
r i a l  o r :  M m b s . t 3 u u  
C W 6  d r l U  
o 0 4  cp m 
0 3 a P a  35 

1 
I 

9) 0 4  
m 

9) 
U 
6 

c i5  
P) a a  
M Q  tl' 

u 
E u g  

r( 
cd 
4 
U 
4 

W 
0 

I 
I 

cu 
IV-15 I 

~ 



a aJ 
7 c 
rl 
U 
C 
0 
U 
W 

4 
U 

E al 
m n 
0 

. .  
c u r l  ' +  

. .  

9) a 
B O  

. .  
c u r l  
I +  

f-0 
COO . .  
c u r l  
I +  

8s . .  
c u r l  
I +  

E?% . .  
c u r l  
I +  

e& . .  
c u d  
I +  

rl 
l.3 

I 
@Y 

d 
U 

1: 
d uo 
4 U  
d P 4  

f 

IV- 16 

x 
d 

d 
m 
c 
al c 

x a l  

m u  
$ 3  

k E  u 3  
a l r l  a r :  

U a 4  
C d  
m 

rl a 0  



m 
d 

I 

671 6 
m a  an 
3 6 3  

Q 
0 

6 E  
6 

z 
i 
4 
U 

0 
P 
P 
0 

n 
Q 
91 

4 
2 & A  c 

Q 6 d  6 u 
E 
0 u 

W 

& w 

71 
91 
U 

c) 
8 ' a  

e Ii 
Q 

71 
91 
bD 
1 
yr 
4 
&I 
U 

0 

m 

L 

I 

X8 . .  
cud 

I +  

rl u 

5" 
4 

4- . 
In 

Iv.: 17 



h 

a 
W 
3 
E 
4 
U 
E: 
0 
V 
W 

P 
9) 
bl 
6 
U 
d 

g 

e 
u 
4 

& 
rl 
V 

W E  
U Q  
m 

IV- 18 

P - 4  mf . .  

W 
a 

w o  
a 2  
o u  
c ( 0  4 u  

3r 
ri 

% 
ri 
m 



a 
1 ma m 

m a  cil 
3 6 3  

E z 
4 
E 
a a 
U 

g 
0 a a 

nt- 
f - C U  ... 
Yt 

a 
i F C U  

C O C U  

N O  ’ +  
. .  a 

P) 
tm 
1 

W 
-d 
& 
U 
E: a 
0 

m s 
ria 

c u r l  
I +  

o!? 
.. 
U 
a 
d 
0 
m 

aJ 
C 
E-c l-a 

COO 

c u r l  
I +  

. .  
d 
6 
d 

a a a 0  a s  o u  e 6  4 u  

G o o  
-03 CU 

IV- 19 ri 



I + -  - .  

1 -  
g 
cl u 

E 
B 
m 
0 
0 

n 
a 
8 
1 
C 
d 

& 
w 
h 
41 

E 
a 
Q 
U 

0 
aJ a 
a 
E: 
4 

0 

m 

5 
C 
0 
d 
U 
1 
4 
0 
m 

K\O 
O d  
M d  
* I  + 
. .  

9) s 
f-1 r.l 

6 
4 u 
cl 
EI 
W 

4 
41 
4 

li 
l u .  

C O P )  
OD 

a 1  
Q u o  
m u  
& 
1 &  u o  m d  
a 

m 
coo) 

Q 4  u o  
h m  

m h  

3 <  

A 

I h  

IV- 20 



a al s 
G 
4 
U 
C 
0 
V 
W 

W w w 

A C U  f-a 
CUO 
I +  

. .  

E 3  . .  
CUO 
I +  

dt- 

N O  
I +  

C U I 4  coco 

"9? 

& w 

2 
E 
a 
9) 
U 
G 
6 
V 
al a 
a c 
m 
a 
4 
M 
1 
w 
4 
& 
U 

5 
0 

m 
m 
3 
e 
0 
4 
U 
1 
4 
0 
m 

2 w 
d 
6 

F 4  

; 
rl 
u .  
m a l  

m a s  
al u o  
6 U  
& 
1 &  
a 0  
6 4  
m u  a 
m 
914 

4 4  u o  
h r n  
4 
o a  & a l  
u 3  
0 4  
a 0  

4 m  
a l m  

4 
ala s c  w s  

3 s  



3 m 

0 ,  
V 

H I  
O d  

V 

2 
rl 

6 
E 

r( c) 
0 rl 

& w 

z z  .. 
N : 
0) e 
& 

& l - i  
0 0  

1 1 1 1 1 1 1  

01 
U 
4 s a a 
& 
bo 
0 
r( 
U 
h 
rl 
0 
& 
h 
& 

I 

h 
C 
6 a 

V 
.-( 
6 o 
rl 

e u 
0 
U 

5 
g 
P 

& cu 
a 
o 
C 
4 
cp 
U 

0 
n 

Q 

IV- 22 



rn 

a 
8 
3 
-1 

n 

I 
I n 

U 
0 
E 
aJ 
m 

F 9) 

5 
0 

m 
m 
0) 
d 
C 
3 

m a 
U 
1 
C 

R 

W 

4 

In 

aJ 
U 
3 
d 
0 m 
a 
f 
d 
0 m 
m 
rl a 
!3 
5 
ai 

& w 

3 
t 
a 
0)  

aanlosl B B B 

- d  (u M 

IV- 23 



a 
al 
1 
E: 

I 

+- 1 aanTos 

d 

o 
a Li 

N 
U 
M 

U 
E: 
0 
U 
u 

M 
& 
0 

m 
c m  
O S  
d &  
U 6  m e  
2 8  
m a  n c  
0)  

0 6  

alh 
m a r l  

G 2 % &  
m m c c  a, 

d 
GI 

X E  
vpc 

CI 

a 
01 
U 
0 
C 
al 
m 

2 
al 

0 
m 
m 
0) 
l-l 

5 

4 
W 

m 
aJ u 
3 
C 
d 
E 

L n  

1 

h 
U 

IV- 24 



I .  

n 
a aJ 
1 
C 
rl 
U 
C 
0 
V 

rn 
W 

3: 
H 

W 

8 
4 

2 

52 

V 

e 
0 
E 
0 

H 
H rn w H 
I4 
4 
W 
V 

I 

3 
i u 

E w 

04 
4 

0 
I% 

5 
3 m e 
i9 

n 

a 

G 
4 
U 
E: 
0 
V 

m 
aJ a 
0 

m 
V 
0 
4 
C 
m 
M 
& 
0 

aJ 
N 
4 
U 
PI 
4 
4 
8 
PI 

: 

W 

5 

*a 

m 

o r l o o  
oorl1.n 
. . . .  o r l m o q  . . . .  

ooorlcu 
I 

n 

a a 
U 
0 
G 

9) 
m 

2 
aJ c 
U 
0 
m 
m 
aJ 
d 

5 
W 

m 
aJ 
U 
1 
C I  
E .  
4 

4 
- 1 m  
" r d  
a J 0  

0 

h' 
3 
0 
d 
P 

C 
al 
5: 
U 

a 
d 
6 

01 a 
4 -  
Lc 
0 
rl c 
c) 

rl 

B 
4 c 
U 
4 
d 

5 
4 
3 
4 
& 
to 
c 
0 n 



4 .  I -  
11 - .  

n 

-2 
.. 
L) - 
C 
0 
U 
W 

. 

U 
6 

% 
W 
N 
4 . .  
U 
W 
d 
d 
9) 
PI 

SQ 

1- 

I I 

I 

rc 
l4 

\d 
M U  
Urn 

U 
I 

I I '  

Iv- 26 



8 
I 
1 
1 
1 
S 
i 
1 
I 
8 
i 
8 
I 
I 
I 
I 
I 
1 
I 

Ln 
0 

0 

IV- 27 

0 
0 

0 

. I  



f CV 0 a3 \D A- (u 0 

-4 T i  4 0 0 0 0 0 

-I ri r-i 0 0 0 0 0 

IV- 28 



I 
I 

5 %  
0 0  . .  

I !  

ln 

(u 
I 

0 

? 

tn 
4 
I 

0 

_ . _ _ . ; - - - . . J  _ _ _ _ .  . . . .  4 ........&.__.IC .... I .... .~ I r! 

TV- 29 

L n  

s 

~ 

0 

Q 
rn 
3 
C 
4 
U r: 
0 u 

&a 
W 

3 ec 
VJ 
0 
X ec 
0 
d 
0 
3 
3 

a 
r( 
0 e 
u 
rl 
& 
0 c 
0 c a 
0 
& 
0 
1 
4 
ICC 
m 
x 
aJ 
X 
rcc 
0 

h a 
3 
U 
rn 
a aJ 

rn 
0 
4 
& 
u 

!2 

5 

1 m 
U 
rl 
0 
3 

u 
I 
in 

aJ 
&I 
3 
e€ 
d 

c 
0 
d 
u 
3 
rl 
0 
w 
rn 
1 
0 
aJ 
3 
0- 
m 

s 
u3 
m 
w 
s 

'13 
W 
rn 
1 

0 
4 
u 
m 
u 
d 

m 



I - .  
h 

a 

' C  
z 

I 
I 

0 

aJ 
M 
m 
&I 
rl 
0 
3 

d 
U 
C 
0 u 

W 

5 
s 
U 
X 

d 
z 
H 

m 
W 
H s 
ri H 

PI 

cn 
u 
U 
d 

E H 
GI 
0 
3 

3 
s 3 

E 

E: aJ 
M 
0 

0 

0 
l-4 
l-i 

0 

U 
cd 
a 
8 .. 
& a 
m s 
a a m 
3 

r[) 
F 
pc 
rt 
4 
3 



I 

I 
I 
I 
I 
I. 
1 
I 
I 
-I 
I 
I 
I 
I 
I 

0 
cu 

ln 
0 

0 

0 

c i  

. . . . .  1 . . . .  , . . . .  , . . .  1 : : : : : : . : : : : : : : : : : . : 1 : : : : : : : : : ! : . : : : : : : : f : : : : : : : : : : i : : 

,..  . ~ . . .  I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  l . . . . . . . . . . l . . . . * . -  . 
I 

. . . . . . . . . .  I .........,. ....... I . . . . ,  .............. A ......... 1 ' 1 . .  .... I 1  

TV- 31 

I ., 

E 
0 
rn w z 
G 
P4 

E rn 

V 
H 
p: z r3 
4 
0 
3 

w o  o u  

a n  



1 
I 
I 
1 
I 
I 
1 
I 
I 
I 
1 
I 

al 
M 
6 u 
4 
0 
3 

n 

a 
& 

8 
m 
U 
& 
9 

U 

c 
1 
& 

m 
c 
91 
V 
m 
al 

5 
a 

m 
al 
M 
6 
U 
4 

U 
4 
1 
0 
& 
rl 
0 

C 
Q) a 
0 

Q) 

5 

IV- 32 



I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 
1 IV- 33 

- 
a a 
3 
G 
-rl 
U c 
0 
V - 
W 

3 
PI 
m 
0 
X 
P4 
0 
d 
0 
3 +a 

3 
2 

In 

Q V  
$4 Q M L n  

M 
G 
4 
U 
m 
8 
U 

4 
m 
u 
rl 

s: 
0 
0 
U 
U 
u a 
4 
0) 

a 

$ 

5 
0 
U 

$4 
0 
4 
U a 

5 
5 
rl 

4 
4 

W 
0 

m 
m 
Q 
0 
X a 

2 
s 
U 
rl 
3 
a 
0)  
N 
4 
4 
m 
U 
U 

2 

; 
d 
7 

C 
m 

(0 
F 
PI 
4 
I 4  

al s w 
m 



I 
I 
I 
1 
1 
i 
I 
I 
I 
II 
I 
1 
i 
1 
I 
I 
I 

In 
2 

Ln 0 

9) 
00 
6 
U 
rl 

In 
rl 0 

rl 
In 

IV- 34 

0 

Ir 



I 

I 
I 
I 
1 
1 
1 
1 
I 

I ~ 

I 
1 
1 
I 
I 

al 
M 
m 
U 
rl 

9 

a 

C 
rl 
U 
C 
0 
V 

s 

W 

w rn 
PI m 
0 
5: 
PI 
0 
d 
0 

3 

5i 

B 
5 
s 

3 
n 
X 

c3 
z 
W 

m w 
W 

fl 
E 

!2 

8 

d 

r: 
H 

W 
H 
V 

d 
E+ 

3 w 
F 
0 
m 

E E+ 

8 rn 

m 
PC 

F m 

u 
H 
d 

d 

I 

Ln 

a 
al 
U 
0 
& 
U 
m lz 
0 

a 
al 
& 
0 

G 
0 
rl 
U 
0 
3 a 
9) 
& 

bo 
C 
4 
m 
0 
al 
& 

rl 

(u 
0 

C 
0 
rl 
U 

3 w 
0 

0 

x 

x 

m 

0 
m -  cu 
al 
5 %  

6 
w 
o r (  



I o\. a3 P- \D Ln 3 rr\ N r-l 0 

I 
I 
1 
I 
I 
I 
1 
I 

1 
I 
1 
1 
I 
I 

0 
a3 

% 

s 
a 
0 
& 

d 
Frc 

1 
IV- 36 



I 

E/ til 

E-c 

3 

m 
r-4 
4 
(0 
u 
aJ cl 
d 
m 
0 
4 
m 
h 
I: 
PI 

e 

u 
c aJ 
3 
-l 
0 n 

aJ 
U 

0 
2 
n 

c 
0 
4 
u 
4 
m 
0 
P 

U 

- z 
W 

aJ 
d 
4 
$4 
U 
4 
c 
0 

aJ 
u 
4 

1 
k 

* 
P- 

X m 
U 

I . c  
E 
d 

E 
n 

u 

ln 
r-i 

rl 

\D 
0 
3 

0 

- 
%% 

%% 
4?! 

kr l  
u 

a -  

rl 

M 
0 
d 

0 

2 

ri 

z 
4 

0 

U 

c 
E 
rl 

r-4 

d 

ln 
d 

rl 

In 
0 
;f 

0 

A 

u u  

rl 

0 
0 
I+ 

0 

2l 

(u 

rl 

0 
0 
rl 

0 

2 

rn 

-u-, 
0 
m 
0 
& 
U 
4 

I 
c 
z 

c) a 
Erc 

h 
td 
0 

a n  u 



a 1 ;  4 

3 

(D 
d 1 -1 .. 
6 
U 
e 

ri 
6 
0 

n 

0 
L .. 
U 
0 e 
PI I w 

Pa 1 

8 c 

v m  0 
0 rl 

I 
m 

r( 
U 
4 e 
E 
rl 

z 
U 
I 
d 
4 
u 
4 e 
d 
4 
E 
d 

c 
E 
4 

W 

0 
M e 

P 

0 
M a 

d 

8 e 
0 
M 
4 

2 

ln 

IV- 38 



mu2 
O c u \ D F r l r l K \ f  

f- comcu\Dwco cu rir-io ri M O  n n o u  t - - c u N ; f f  r l m m  m n m m  . . . .  . . . . . . . . . . . . . . . . . . .  
I 

o o o r i  0 0 0 0 0 0 r i r i r - i r l r - i r l r - i r - i r i ~ d ~ d  
+ I l l  + + + + I  1 1 1 l 1 1 1 1 1 1  

. . . . . . . 

a 
a, 
M m 
U 

l-4 
0 
3 

. . . . . . . 
c u - - l d l - i O O O  

. . . . . . . . . . . . . .  . . .  . . . .  
4 4 4 0  ~ ~ ~ ~ ~ c u c u r - i r i d o r l r - i d o o o o o  

:I 
I 
I 
I 
I 

o o c u o o o o  
rl \ D c u c o  

r i d  

n 
0 

0 4 
o m  3 u n  0 

0 ri 

rl E -  
d 0  

E 
rl 

0 
0 z 
(0 

0, 

u a 
0 r: 
U 
6 u 

c 

0 
M 
4 

0 
M 
4: do c I=  

m 



n 
M nv) 

v) j w w r - F P - b c f 3 m o d d  

1 1 1 1 1  1 1 1 1 1  

. . . . . . . . . . . .  o o o o o y o y o d r i d  . . .  

aut- 
444 
. . .  
I l l  

L-F-FkFL-t-l-t-Ft-F . . . . . . . . . . . .  
h 

2 
7 c 
4 
LI - 
E 
0 u 
u 

m 
l-4 
W 

3 c 

U 

a 
8 
U 
m u 
4 
a 
E: 
4 

z 
m 
V 

4 

7 
l+ 

7 4  
r ' 4  

I 4  

E 
ri 

w l  * G 
W 
A 
6 
U E 

rl I E  
m 
M 

. G  I d  . .  
U 
5 u 

u 
0 
2, 
U 

01 
M 
m 
U 
l-4 
0 
3 

L) 
Q) 
d 
W 

ri 
ri 

0 
rl m 

IV- 40 



B -  

TABLE VI. CONSTANT CURRENT DISCHARGES OF TEST BATTERIES 

Code 

SF 

FP 

BM 

TM 

BL 

- Solka-Floc 

- Filter Paper Pulp 

- Ball Milled 

- Tumbled 

- Blended 
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