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I

ABSTRACT

The study of high energy density systems in the third quarter included:

continued investigation of -ew electrolyte solvents; corrosion and solubility
studies of cathode and an de materials in various electrolytes; a study of
the reversibility of glass electrodes in non-aqueous electrolytes; continued
efforts to optimize CaF2 cathode performance; a study of the effect of elec-
trolyte concentration and discharge current density on cathode performance;

lithium anode storage tests; evaluation of various separator materials; -on-
struction and testing of LJ -Cu F? cells in lightweight polyethylene cases.

In the evaluation of new electrolyte solvents, the highest specific conduc-
tance was obtained with solutions of Li Cl 04 in 2-Pentanone, ethyl acetate,
2-Chloroethanol, and 2-4-Pentanedione, with values close to that obtained
with propylene carbonate. However, none of the solvents tested t'is quarter
was comparable to propylene carbonate with regard to compatibility with lithium.

When compared to Li Cl 04, solutes such as KCNS, Al C13, and KPF 6 were
found to yield higher specific conductance, in propylene carbonate, but poor
cathode performance was obtained in these electrolytes.

A study of the glass electrode showed that it was reversible to alkali metal
ions in purely non-aqueous media, and should therefore be a useful reference
electrode in non-aqueous electrochemistry. In addition, since no ions penet-

e rate the glass, it should be stable over a long period of time.

Continued efforts to optimize CuF 2 cathode performance have shown that,
consistent with good handling characteristics, an electrode material contain-
ing 87. 5% CuF 2, 2. 5% polyethylene, and 10% graphite, is the best thus far
evaluated.

For a 1 1/z in. by 1% in. structure, it was found that the Cu F? cathode weight
could be increased from two grams to three and four grams with an improvement
of 20 to 24% in energy density.

In the evaluation of the effect of current density on cathode performance, the
percent utilization of CuF 2 was found to decrease from 82% at 1 ma/cm2 to
32% at 5 ma/cmz.

A study of the effect of electrolyte concentration (Li Cl Og'distilled propylene
carbonate) on cathode performance revealed maximum efficiency at 1. 25 F.
There was however, only a slight difference in efficiency in electrolytes
ranging from 1.0 to 1. 5 F. Below about 0.75 F performance was very poor.

Storage tests of pressed lithium foil anodes revealed that these electrodes
could be stored for at least three months in paraffin oil or I F Li Cl 04/distilled
propylene carbonate, with no appreciable los- in electrode discharge efficiency.



Separator screenir'g tests have shown that lightly compacted, fibrous
separators, such as glass or asbestos filtr papers, C 1 0--, LOUe

cell papers are the best for use in the Li-CuFz cell.

Li-Cu Fz cells have been constructed having a maximum capability of
80 watt hours per pound, at a current deasity of 2 ma/cm2 , and based
on total cell weight, including case.

The stand characteristics of Li-CuF 2 cells have been improved by the
addition of complexing agents to the electrolyte. Copper dendrite for-
mation can be prevented but all of the complexing agents thus far tested
severely affect cathode performance, resulting in poor cell discharge
performance, even in the absence of storage.
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INTRODUCTION

This report describes the work performed between December 15, 1965 and
March 15, 1966 on Contract No. DA-28-043-AMC-01394(E) "High Energy
Systems" (Organic Electrolyte). The goal of "iis work is to carry our re-
search and development leading to the construction of a battery with an
energy density greater than 200 watt hours/lb.

It will b~e recalled that the work conducted during the first and second quarter
had indicated that the hthium-cupric fluoride couple was worthy of further
study. Thus a program of work was undertaken to develop suitable fabrication
techniques for the anode and cathode and to optimize those techniques to
produce the best possible performance. It was found that good cupric fluoride
electrodes could be made by hot pressing a mixture of cupric fluoride, graphite
and polyethylene onto a suitable current collecting screen. The preparative
parameters were adjusted to achieve optimum performance and this resulted
in a cathode capable of discharge at 2 ma/cmz with 80%0 coulombic efficiency.
Lithium anodes, having quite good characteristics were made by pressing the
metal foil directly onto a retaining grid. These electrodes were capable of
discharge at 10 ma/cm2 with 80% coulombic efficiency.

An electrolyte of 1F Li Cl 04 in propylene carbonate was used in the majority
of experiments but its high viscosity and low electrolytic conductance piaced
quite severe limitations on it3 use at high current densities. A continuing
search was made to discover solvents and electrolytes of superior properties
but none in fact were found which combined high conductance with chemical
stability towards the electrode materials.

Prototype three plate cells (two anodes and one cathode) were assembled from
electrodes prepared as described above and these were capabie of delivering
600 watt hours/lb based on total electrode weight at 1.8 ma/cm2 .

It was decided in this quarter to pursue further the fabrication and improvement
of the simall prototype cells and to construct multiplate units if the performance
warranted it. A program was initiated to study the properties of separator mat-
erials to determine their suitability for cell const.action. Further studies were
made on electrolyte solvents and solutes and studies were continued on the
problem of developing a suitable reversible reference electrode.

EXPERIMENTAL

1) ELECTROLYTE STUDIES

The work conducted in the first 6 months had produced no electrolyte solvent
having better all round properties than propylene carbonate. Although several
solvents had been found which gave solutions of higher conductivity than the



presently used IF Li Cl 04 in propylene carbonate, none were found which
combined the properties of high conductivity, low viscosity and inertness
towards the anode and cathode materials. Propylene carbonate solutions
have allowed good electrode performance at low rates (2 ma/crn) but the
electrode performance drops off rapidly as the current density is increased.
This is thought to be associated with the poor mass transfer properties of the
electrolyte as evidenced by its rather low conductance and high viscosity.
For these reasons, a continuing search was made for solvents with the
necessary properties to meet the above requirements.

1. 1 Investigation of Organic Solvents

1. 1. 1 Choice of Solvents

The solvents to be studied were chosen on the basis of their dielectric
constants and viscosities which are the most influential parameters on the
conductance of a solution. The solvents chosen together with some of their
t9hysico-chemical properties are shown in Table 1. Since physico-chemical
data is not available for all the solvents there are a number of gaps in the
table; however it is possible, on the basis of the data collected, to prelict
which of the solvents will form the most conducting solutions. The order of
conductance for a given solute dissolved in different solvents should be in
the order of D/• for the solvent. Thus one would expect ethanolamine and
2-pentanone to form the most highly conducting solutions.

1. 1. 2 Determination of Conductance

The solvents used were the purest commercially available and were not purified
before use. Only Li C1 04 was used as a solute to obtain a direct comparison
with previous results (1 & 2). The LI Cl 04 was dried at 1201C under reduced
pressure for 16 hours and all solutions were prepared in a dry argon atmosphere
to prevent contamination by water from the atmosphere.

It was found that meta and ortho nitrotolu3ne and ethyl nitrate were poor sol-
vents and their use was disContinued.

The conductance oi the solutions was determined as described in previous
reports ( 1 & 2). Results of measurements of specific conductance are shown
in Figures 1 and 2. The highest vaiues of specific conductance were obtained
with 2-pentanone, ethyl acetate, 2-chloroethanol, and 2-4-pentanedione.
The conductance maxima for these solutions ranged from 6 x 10-3 ohm-' to
9 x 10-3 ohm-' cm-1, which is fairly close to the value found for propylene
carbonate. The maximum conductance was found to occur in solutions of
widely varying concentration depending on the solvent chosen: 0. 7 5F in
n -ethyl morpholene to 2. 25 F for ethyl acetate. About one half of the solvents
evaluated had conductance maxima at concentrations of 1. 0 to 1. 25 F.
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Val':.~~~~~~~~~ L' q:~~ "d'"e ~cC:.~ rc'-m cc durtay'ce data
ardi the re'1P~ h~ Fq~rý-~ I 1-d 4- Ge-erally1 equl\'le'-t con-
du,,-;ice en'- he sr- decr~az;- w,-h ireazi-q conce!-trat!.on as is usually
)bserve.J. F'rev - hv! mr;rrPhc'!e-P however. the equivalent

~c"-i'ct~is f'f*'. r * :-7tr-ase i~ -crn.asing co-ce-Oraticr and
;ifler re-,.ch-g :i -'-aYr?-:-n aq)i- Th, 3 is cc'-s!i~tent wi~h the
exeCP'C-c of 4rirl)- t, f~rmi "- itz :;c- s in th~e Second Quarterly Report-

1. 1 Coroio-AiCorm)b1 "v S, -P.-s

L3A C-rTrwZ'-- (If LI r r~~ cove

The corro-*'-n of li~h,,.%- j- *he vri electrrllyves described In sectI~on112
was determi-ed as nre'. 4cuclv descrt.bed 'I1' by use of the special gassing
plpettes. The ra.~e of attack on the lithIium by the electrolytes was determined
by measuring the amount. of gasz evol,,ed a'-d by visual inspection of the sample
to observe film forrnatic'-. color changes, etc. The results of this study are
shown in Figure 5. The. lcwe~s rate of attack, as determined by the rate of
gassing: was fou-d I', '-~pertanone: cyclohexanone arid n-ethyl morpholene.
Extremely rap-ld corrc's1:n. rates 'were observed for lactic acid, 2-chloroethanol
and monoethanolam.-e~ ' two to !hree. -orders of magnitude greater corrosion
rates than for the least corrosw -z--1,.ent-s,

A flocculent white precipitate was fo _ o develop in the elect~rolyte very
near the test piece in 2-- pentan'_ ne, T- cycle:hexan-ore and sulfolare a black
film formned on the 11thiurn. '1 2-4-perta'-edione a thIck, adherent, white
film was formed on. the lIt+h-ium: and a: the e!nd of the test the entire vnlume
of electrolyte was ar- opaque1 . white: v,.scous mass, Although no gas evolu-
tion was observed in the 2-pezitarno-e soliuti-Or, it cannot be concluded that
the material has no ccrrosive action ,)-!lithium. The flocculent white preci-
pitate observed in the scluti~on 1.9 cert-a!'-y indicative of attack, but of such
a nature as to produce no gassing.

It appears that no-ne of the sl~ven-ts evaluated this quarter are ecra-parable to
propylene carb-onate with regard to czmpatlbillty with lithiln.-

1. 1,.3. 2 Solubity of CvuFI, Jr! Orga-!tc Electrolytes

Studies were initiated to determine the scl ubiltty of Cu F? in. the electrolytes
evaluated this quarter, All. operat!o ý-: including preparation of solutions
and addition of CuF 2 , were cordictef'.. In a dry argon atmosphere. The flasks,
conrtaining electrolyte and CuFz: were shaken periodically for one month.
The solutions have been submitted to the analytical section for analyses of
total copper by poiarography-

The results of CuFz solubility measuremen~ts will be presented in the Fourth
Quarterly Report.
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As an indication of the solubility of CuF 2 , simply on the basis of the color
of thp qno1ttion it may hb noted that the solutionq cir Co±i, in 2-oentanone

and cyclohexanone were very deeply colored and almost opaque; g-een in
2-pentanone and dark red in cyclohexanone. It is presumed that a high CuF2
solubility will be found in these solutions. The solubility of CuFz in the
other solvents may be expected to be lower than in 2-pentanone and cyclo-
hexanone, since the solutions were much more lightly colored; generally,
light green or blue.

1. 1.4 Effect of Electrolytes on Cathode Performance

A number of cathodes were prepared from a mixture of 850% CuF 2 (-170 mesh),
10% micronized graphite (Southwestern 1651) and 5% polyethylene powder
(-100 mesh). The materials were blended by tumbling on a Fisher-Kendall
mixer for 16 hours after which two gram portions were pressed onto expanded
copper screens (5 Cu 14 2/0) at 90 0 C for 3 minutes at 4000 ibs//cm2 . All
electrode preparation and testing was carried out unCer a ,ry argon atmos-
phere to prevent hydration of the Cu F2 . The electrodes w -re one square inch
in geometrical area and were discharged at 25.8 ma (2 ma/cm2 ) in a glass cell
equipped with platinum counter electrodes; the cell is shown in Figure 13 of
the Second Quarterly Report. The results of the discharges are shown in
Figure 6. The electrodes discharged in 1. 2SF Li C1 04 in 2.4 pentanedione
appeared to give 1200, of their coulombic capacity which is clearly impossible.
It thus appears that the electrolyte was being reduced and contributing to the
overall capacity. The cathodes in this electrolyte started tc evolve gas and
flake apart after about 4 hours of discharge. At the end of discharge, the
electrodes were red on the surface but were still black on the inside showing
that reduction was ircomplete. The poor performance of the electrodes dis-
charged in IM LiC104 in cyclohexanone was caused primarily by excessive
flaking of the active material from !he cathode. This experiment will be re-
peated in compact cells where flaking is prevented. The electrodes discharged
in 1. 25F Li C1 04 in 2-pentanone gave the most encouraging performance. A
calculated efficiency of 104% was obtained at a cut of voltage of -3.0 volts
with respect to a silver/silver chloride reference electrode. It is thought
that this high figure is due to the uncertainty in calculating the theoretical
capacity of the electrode since there was no visual evidence of electrolyte
reduction. At the end of discharge, the electrode was red and spongy right
through, indicating complete reduction. -

Of the electrolytes tested the 2-pentanone solution appeared to be of some
promise and will be further investigated in the future. Conclusions on the
2.4 pentanedione solution wiil be reserved until data are available under
conditions where the cathode does not shed.

1. 2 Investigation of Electrolyte Solutes

Almost all of the work carried out to date has involved the use of only one
electrolyte solute, lithium perchlorate. Although this has in general been
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satisfactory, ore droblem associated wixh its use is the formation of the
highly insoluble lithium fluoride in the cathode during discharge. It was
thought that solutes having differen-t cations would modify the cathode re-
action since soluble or more pnrous fluorides might be formed on discharge.
In this context it was decided to examine Al C13 , KPF 6 , KCNS and NH4 CNS
as electrolyte solutes,

1. 2. 1 Conductance of Solutes in Propylene Carbonate

The solutions were prepared and the conductance was determined as described
previously. The values, obtained from the various solutes dissolved in propy-
lene carbonate are shown in Figure 7. A curve of Li C1 04 solution is shown
for reference. It can be seer that KCNS, A1C13 and KPF 6 give solutions of
higher conductivity than Li Cl 0,. Solutions having the concentration that
gave the maximum conductance were used as electrolytes in cell discharges.

1. 2. 2 Discharge of Li/CuF2,Cells

Cupric fluoride electrodes were prepared as described in Section 1. 1.4 and
were compacted at a pressure of 4000 lbs/cm2 . The litnium anodes were pre-
pared by the standard pressed foil technique. Each cell comprised two lithium
electrodes and one cupric fluoride electrode separated by two thicknesses of
glass fibre filter paper. They were activated by filling with the electrolyte
to be studied and discharged immediately at 2 ma/cm2 . The electrode poten-
tials were measured with respect to a silver/silver chloride reference elec-
trode in the same electrolyte previously calibrated against a Li/Li÷ reference
electrode ;n IF Li C1 04 in propylene carbonate. The results for the cupric
fluoride electrodes are shown in Figure 8.

It can be seen that the performance was very much reduced in the presence
of the other solutes. The cathodes discharged in I. 15F Al C13 showed very
little visual evidence of reduction: there being no copper color either on the
surface or in the interior of the electrodes. The cathodes appeared to be
quite soluble in the KCNS solution since the el -ctrolyte became a dense red
color shoytly after filling the cell. At the o,'d of the discharge the electrolyte
was dark brow' in color. It was observed that the NH4 CNS solution reacted
vigorously with the lithium anodes resulting in considerable gas evolution.
Thus, this cell was scrapped and a single cathode was discharged in the glass
cell described previousiy. This is the result shown in Figure 8. Immediately
on placing the cathode in the cell the cupric fluoride started to dissolve and
the electrolyte became colored deep red. During discharge, the electrode was
observed to be gassing vigorously indicating electrolyte decomposition. At
the end of discharge, the surface of the electrode was copper colored but the
interior appeared unreduced.

-5--.



2) REFERENCE ELECTRODE STUDIES

In the first quarter cf this contract, an investigation was made of the Li/Li +
reference electrode. It was found that the couple was reversible but that
practical difficulties mitigated against its use in working cells. The elec-
trolyte in a lithium/cupric fluoride cell always contains a finite amount of
copper ion and this was progressively deposited on the lithium reference
electrode during use. After a while fluctuations in the reference potential
developed and the electrode had to be discarded. The measurements made
to date have been taken with respect to a silver/silver chloride electrode in
the same electrolyte as the working electrode. Although this system is not
expected to be reversible., it does provide a fairly steady non-thermodynamic
standard to report the results against. One disadvantage of this system, apart
from its non-thermodynamicity, is that the reference electrodes have to be
frequently recalibrated and their potentials can be as much as 20 mv apart.

It was thus thought worthwhile to pursue the search for a reversible reference
electrode which would be stable over long periods of time in the electrolytes
that we commonly use.

2. 1 Electrodes of the Second Kind

This type of electrode comprises a metal in contact with a sparingly soluble
salt of the metal in a solution containing a soluble salt having an anion com-
mon to the sparingly soluble salt. Since we have most commonly used lithium
perchlorate as our electrolyte solute, it was decided to investigate the possi-
bility of developing a metal/metal perchlorate/Cl O reference electrode. A
number of heavy metal perchlorates were purchased and tested to determine
their solubility in propylene carbonate. It was found that the perchlorates of
bismuth, mAoury, lead, iron= and silver were all appreciably soluble in
propylene carbonate, nitromethane, and acetonitrile and were thus useless for
reference electrodes of this type. It thus appears that a metal/metal perchlor-
ate electrode cannot be used in the organic solutions which we commonly use.

2. 2 The Glass Electrode

It has been known for some time that the glass electrode is sensitive to alkali
metal ions (3). The pH response of the majority of glass electrodes is imper-
fe:z: at the high end of the pH scale, the error being greatest in strong solutions
of the alkali and alkali earth metal ions. The departures from ideal response
decrease as the radius of the ions in the solution increases probably because
large ions cannot penetrate the silicon-oxygen network of the glass. This
phenomenon has been discussed by Dole and Nicolsky who assumed that the
glass behaved as an ion exchange resin.

It seems reasonable to suppose that if a glass electrode is responsive to alkali
metal ions in aqueous solutions where hydrogen ions are present, it would be
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even more responsive to alkali metal ions in non-aqueous solutions which
contain no hydrogen ions. Cation responsive glass elhvtrodes be.en
made available recently and have been quite extensively studied. Eisenman,
Rudin and Casby (4) found that glasses containing 18 mole percent of alumina
had a high specificity for sodium ion in aqueous solutioins. Leonard (5) showed
that glasses in the lithium aluminum silicate series behaved reversibly towards
sodium over a wide range of concentrations. Rechnitz and Brauner (6) and
Rechnitz and Zamochnick (7) studied the formation constants of alkali metal
chelates by use of a cation sensitive glass electrode.

A number of studies have been made of the glass electrode in non-aqueous
and partly aqueous solutions. The glass electrode has been used success-
fully in benzene-isopropyl solvents after saturation of the surface with water
(8). The electrode gradually loses its response in non-aqueous media but this
can be restored by soaking in water. Rechnitz and Zamochnick (9) showed that
glass electrodes are reversible to K+, Na+and Rb+ in partially aqueous ethanol,
acetone, ethylene glycol and dimethyl formamide.

The autoprotolysis constant of acetonitrile was studied by Coetzee and
Padmanabhan (10) who showed that the response of the glass electrode was
reversible to H÷ in acetonrtrile. Useful results have also been obtained in
dimethyl formamide (11 )z

The foregoing work would suggest that the glass electrode should be reversible
to alkali metal ions in purely non-aqueous media. If this is so, then the glass
electrode should be a useful reference electrode in non-aqueous electrochemi-
stry. In addition, since no ions penetrate the glass, it should be stable over

ring periods of time.

2. 1. 1 Measurement of Alkali Metal Ion Response

In this contract only lithium is being studied as an anode metal, therefore,
we decided to investigate the reversibility of the glass electrode towards
lithium ion in propyiene carbonate solutions.

The glass electrodes used in this study were as follows.

(i) Beckman General Purpose No. 40498.

(ii) Beckman General Purpose No. 40498 modified by
draining the glass bulb of the aqueous solution
and refilling with IF Li C1 04 in propylene carbonate.

(iii) Beckman Cationic Glass Electrode No. 39137.

The electrodes were aged by immersing in twice distilled propylene carbonate
for one week and were then kept in IF Li C1 04 in propylene carbonate for several

-7--



days before use. Propylene carbonate was supplied by Jefferson Chemical
Cornay and was • purified by tVwiaCe dUzit ng from Ca 0 und1r a pVessre of
1 mm Hg. The salts used were the purest commercially available and were
vacuum dried at 1000C for 16 hours before use. The potentials were measured
against a silver/silver chloride reference electrode using a Beckman Model G
pH meter in the cell shown in Figure 9.

In the first experiment the cell was assembled with 0. 01F LiCI 04 in propy-
lene carbonate which had been saturated with Ag Cl in the reference com-
partment and 0.01F LiC10 4 in the glass electrode compartment. The cell
was allowed to stand for 16 hours or until the potential became steady. This
usually took several hours after which the potential was extremely constant.

Additions of 1F Li C10" in propylene carbonate were made to the glass elec-
trode compartment from a burette and the potential was recorded until a steady
value was obtained. This usually took 5 minutes but sometimes as long as
fifteen minutes were required.

Only the general purpose electrode was used in this experiment to determine
whether any response was obtained from solutions of lithium ions in the
absence of water. The results are shown in Table 2 and a log plot is shown
in Figure 10.

The cell can be represented as:

Ag/Ag '1 C1- Li Cl 0 4 //Li Cl0 4 /glass
(0.o M) (C)

If the electrode potential of the left hand side is constant then:

E = E - E +RT ln a +Ej
cell g ref y Liq

Where Ecell is the cell potential, Eref is the potential of the reference elec-
trode, aLl+e is the activity of the lithium ions in the glass electrode compart-

ment, and EJ is the junction potential.

If the electrolyte is assumed to be fully dissociated and if the activity is
replaced by concentration then:

Ecell = Eg-Eref + RT lnCL Ej
F

or Ecell = EOg -ref + EJ • 0.05915 log CLi• at 250C
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SThus a slope of 0. 059 volts would be expected for the log plot. As can be
seen rom F4"igre 10 a slope of 0.090 volt xris jbntained.i The. diffP-r ric be-

tween the experimental and theoretical slopes must be due to the liquid
j junction potential. The liquid junction potential in a cell is usually calcu-
lated by the Henderson-Planck equation:

E RT (U1 I (U?.-b V2X~) In iul..LX
(U1 ,+ Vj) -(U1 VI) U.]

-Where U= c + e V =c-Z.

SThe subscripts I and 2 refer to the end solutions.

To apply this equation the limiting ionic conductances must be known and
these have not been determined for Li 01 04 in propylene carbonate. The
limiting equivalent conductance of the salt has been determined however,
and if the transference number of the ions were known, the ion conductances
could be determined from:

1 O+ = Aot+

i AO At

Since the Henderson-Planck equation is not exact in itself there is little need
for an extremely accurate tranference number. An approximate value can be
obtained from polarographic measurements. For example in the absence of

I supporting electrolyte the cathodic limiting current at a dropping mercury
electrode is given by:

ie d m

Where id is the diffusion current and im the migration current. If im is defined
as it 4i then:

I e =id + IIt

or ie(--t+) =id

Thus, if the current is measured in the absence of supporting electrolyte (1e)
and in the presence of supporting electrolyte (id) the transport number of the
ion can be determined. This was done for 0.OOZF LiC104 in propylene car-
bonate using tetraethyl ammonium perchlorate(TEAP) as the supporting electro-
lyte with the following results.
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Concentration of Lir Concentration of TEAP Limiting Current
Ir1U/ LUJ e/.r (A)

0.002 0 3.98
0.002 0.002 2.92
0.002 0.005 7..66
0.002 0.010 2.54
0.002 0.050 2.37

0.002 0,075 2.56
"0o002 0.100 2.54

The diffusion current was taken to be 20 55 RA whereby the tranference number

comes out to be 0.359. The limiting ionic conductances are thus:

X + .= 26,39x0.359 = 9.474

"Xý 26.39x0.641= 16 .915

These values vw:ere substituted into the Henderson-Planck equation which

allowed the liquid junction potential to be calculated. The revised results
are shown in Table 3, and the log plot in Figure 11. A slope of 0. 070 volts is
obtained, which is fairly good agreement with the theoretical slope, consider-
ing the uncertainty in the liquid junction potential. It thus appears that the
glass electrode is reversible towards lithium ions in propylene carhonate.
It was then decided to investigate the response of the glass electrode to
lithium ion in the presence of other itons.

2 02. 2 Response of the Glass Electrode to C.i+ in the Presence of
Other ions

In order to avoid the uncertainty of calculating the liquid junction potential,
it was decided to set up the cell so that the ionic strength of the solution was
the same on both sides of the junction. In this case only the conductance
influences the junction potential which is probably quite small. The response
of the glass electrodes was determined in the presence of Mg÷' e-, NEI and
(CatH 5)4 N+ ion as follows.

Solutions of ionic strength 0.75 were prepared of the salts of the above ions
and placed in the cell. Lithium perchlorate solution of 0.75F was added from
a burette so that the total ionic strength remained constant. The concentration
of tzhe lithium ion was calculated from the total volume of solution and the
amckint of lithium perchlorate added.

2. 2. 2. 1 Response of Glass Electrodes to Lithium ion in the Presence
of K+ -

Since p'tassium perchlorate is insoluble in propylene carbonate, KONS was used
in this experiment. The results are shown in Table 4 and a log plot is shown in
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Figure 12. It can be seen that over a iarge part of the concentration range
the potential is independent of the lithium ion concentration. At about
0. 1ZSF in lithium ion a response starts to be developed although it is doubt-
ful whether a linear plot is obtained.

2,2. 2. 2 Response of Glass Electrode to Lithium Ion in the Presence
Rof NH+

A solution of NH 4 CI in dimethyl sulphoxide was used as the source of NH+
ions while a solution of 0. 750F LiCl 04 in dimethyl sulphoxide was used to
add the Li+ ion. The results are shown In Table 5 and a log plot is shown in
Figure 13. The general purpose and modified general purpose electrodes be-
gin to show a response to the changing lithium ion concentration at 0. 30F.
This is considerably higher than the concentration at which response is first
observed in the potassium solution. The cation specific electrode develops
response to the lithium ion concentration at 0. 1 25F and approaches a slope
of 0.058 volts at the highest concentrations. Thus the cation specific elec-
trode is reversible to Li+ in NH' solutions at concentrdtions higher than 0. 175F.

2.2 . 2. 3 Response of Glass Electrodes to Lithium Ion in the Presence
of Mg÷"

The cell was filled with 0. 2SF Mg(Cl 04)2 solution in propylene carbonate and
lithium ion was added from a burette filled with 0.7 5F Li C1 04 solution in the
same solvent. The results are shown in Table 6, afid a log plot is shown in
Figure 14. The general purpose and modified electrodes achieve a linear res-
ponse at a concentration of lithium ion around 0.05F, whereas the cation speci-
fic electrode develops linearity at 0.023F showing ILs increased specificity.
The slopes are 0. 055, 0.034 and 0. 069 for the general purpose, modified and
cation specific electrodes respectively. Reversibility is thus attained over a
wide range of concentration for the general purpose and cation specific electrodes.

2.2.2.4 Response of Glass Electrodes to Lithium Ion in the Presence
of (C 2 )4 N+

The cell was filled with 0.75F (C2 HI-)4 N. Cl 04 solution in propylene carbonate
and lithium ion was added from a burette filled with 0.75F LiC1 04. The results
are shown in Table 7, and a log plot is shown in Figure 15. A linear dependence
was observed over the concentration range studied for all three electrodes. The
reason for the break in the curve of the modified electrode is not known. Possi-
bly this electrode was scratched or cracked during the experiment although no
sign of damage could be seen. Slopes of 0. 055, 0.056 and 0. 056 volts were
obtained for the modified, general purpose and cation specific electrodes. Thus
all the electrodes were reversible in the (CZ Ik) 4 N Cl 04 solution.

2. 2. 3 Discussion of Results

A number of interesting conclusions can be drawn from the results. Firstly, the
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glass electrodes do behave in a reversible manner towards the lithium ion
on!Otratiti Tri 0%,- a"vr-q .^A rtf imm~l irwrtc IV4' 1KTIX+t% 4

a~~.. .- - "A- 1,4 1~ &v~~ £A64J b4, AaJhJAL.7

observed only after a fairly high concertration of lithium ion has been reached.
In solutions of intermediate sized ions (Mg++) reversibility is observed at
quite low concentrations and in solutions of large ions (CIHs)4 N+) Nernstian
behaviour is seen down to the lowest concentration studied. The concentra-
tion at which reversible behaviour begins thus depends upon the size of the
other ions present in the solution. There does appear to be some advantage
in using a cation specific electrode since this assumes reversible behaviour
at a lower concentration than the others.

If we regard the glass electrode as an ion exchange membrane, this behaviour
can be explained. If we can write the exchange reaction as:

Where I refers to any univalent cation and the subscrips s and g refer to
ions in the solution and in the glass. According to Gregor (12) the Ion exchange
equilibfium is given by:

RT In a+ ae

aLi+ -i+ LsI (1
9g].

Where p is the sv :lling pressure of the resin and V is the specific volume
of the resin.

The ionic electrical potential is given by:

S= U 1 zi + (2)

Thus the potential at the glass/solution interface is given by:

g g s--9g g I g

F F

At ion exchange equilibrium:

= -(4)

".PLe; - Lis (5)

g s
Therefore E =("fg-S)= IS) + - PI+ P + P (6)

I~ I~ Lis Li+ 6

F F
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Since .i = + RT in a, (7)

PO L + RT In a Le+s (8)
F g

or E = p' PO + RT in Ci fL' 9

Le Li Les i•

-9 F (9)
F C iL -fLi+

g g

Substituting a, = cifi into the expression for the ion exchange equilibrium
gives:

,i RT In C I+ .fi•. CLis- fLi = P(VLi+ Vi+)g (10)
q g S s

CLi'"LigLi" CI+s fI+

or +• 1gf÷ CLis" fLis = exp[T/R (VLi÷-VI+)gl (11I)

Since electroneutrality exists in the glass phase, we can put (13)

Ci. + eg = CO (12)

Therefore (CO - CLI+) f•. CLi~s. fLi __ exp [P/RT(VLi+VI+)g] (13)
C ig+ E h' LeC s * fe PR Vi ] (3gLig " fLi•"_ CIg s fI+s

Rearranging equation (13) gives:

C iis f~e - exp [ 1 (V u-V +)1 C~t f +f *C -+

CLi+g fLi+g iLiCO fi s I g Les Lis

(14)

Substituting (14) into equation (9), one obtains:

E RTIn f exp (V--

q1~i VL'I-~lCf
-
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If the activity co!fftcients are taken as unity:

E = 1 e- jL - RT In CO + RT in C exp [pRT (VLi+ -VI)1] + C~ij (16)
s i2 F F Its LRTtj Is
F

or E = EO+RT in Ic+ exp (171)C
F I /RT (Vi I +ý+C

This equation predicts the behaviour of the glass electrode in solutions
containing ions which can compete for places on the glass. If the solution
contains no cations other than Lib then the first term in parenthesis dis-
appears and the expression becomes:

E= E0 . RT 1r CLi+ (18)
F

If the solution contains ions of approximately the same size as the lithium
ion, then the exponential term becomes unity and:

E =E* F R In [I+ +C CLi (19)

This explains the behaviour of the electrodes in the presence of K+ and
NHj+ which are approximately the same size as the lithium ion. Nernstian
response to the concentration of lithium ion will not be obtained until this
is large compared to the I+ concentration.

When the competing ion is much larger than lithium, the exponential term
becomes very small and:

E = Eg + RT In C W (20)
F

This -s the behaviour observed in (CzHs)4 N. C1 04 solution. For ions of
intermediate size the equation predicts a curve with a limiting slope of
0. 059 volts at Z50C for high concentrations of Lie and this is indeed the
behaviour observed.

We can thus conclude that the glass electrode is reversible to lithium ions
and can be used as a reference electrode in our system where only lithium
ions are present.

3) CATHODE STUDIES

3. 1 Effect of the Amount of Binder on Performance

In order to reduce the amount of unproductive weight in the electrode and thus
increase the energy density, an investigation was undertaken to determine the
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minimum amount of polyethylene binder necessary for maximum performance
• without sacrificing physical strength. A batch of cupric fluoride electrodes

were prepared from a mix of 90%0 CuF2 (-170 mesh) and 10%0 graphite
S(Southwestern 1651) to which varying amounts of polyethylene powder was

added. The blends were then tumbled in a Fisher-Kendall mixer for 16hrs and
pressed onto expanded copper grids (5 Cu 14 2/0) at 90 0 C for 3 minutes at
5 00 lbs/cm2 . The cathodes were assembled into three-plate cells in con-
j Junction with two pressed foil lithium anodes. The separator was two thick-
nesses of 15 mil glass fiber filter paper. The cells were filled with 1F Li C10 4
in propylene carbonate and discharged immediately at Z na/cm2 . All operations
with the exception of pressing were carried out in a dry argon atmosphere.

Cathode potentials were measured with respect to a silver/silver chloride
electrode in the same electrolyte having a potential of 3.62 volts with respect
to lithium. All the tests were replicated and average values are shown in
Figure 16. A graph of the energy density versus the amount of binder is shown
in Figure 17. The energy density figures as based on the total mix weights
only, and does not include the grid. It can be seen that the electrodes with
the least amount of binder gave the best performance. This is partly due to
the reduction in the relative weight of inert to active material and partly due
to increased cathode efficiency. Although the electrodes containing no binder
gave the highest performance, these were too fragile for practical use, and
had to be handled with extreme delicacy. The electrodes containing 2. 5%
binder, however, retained the good performance and were strong enough to be
handled without breaking. At the end of discharge, it was observed that the
electrodes were all copper colored and had compacted considerably during
discharge.

3. 2 Effect of Amount of Graphite on Performance

j The amount of graphite presently incorporated into the cathode mix accounts
S for a large part of the unproductive weight of the cathode. Since the product

of the cathode reaction is copper metal, it was thoug!:t that tne amount of
* graphite in the cathode mix could be reduced without impairing the performance

to any marked degree. The electrodes were prepared as described above from
a mixture of 97.5% cupric fluoride (-170 mesh) and 2. 5% polyethylene powder
(-100 mesh) to which varying amounts of graphite were added in the range zero
to ten percent. The electrodes were assembled into cells, activated and dis-
charged as described before. Figure 18 shows the average results of replicated
sets containing various amounts of graphite. A graph of amount of graphite
versus the energy density is shown in Figure 19. Here again the energy density
is based on the total mix weight and does not include the grid. It is clear that
increasing the amount of graphite increases both the coulombic efficiency and
the energy density. This is most marked where the graphite concentration is -

low. The energy density curve approaches a maximum value of approximately
525 watt hours per lb at a graphite content of 10 percent. There thus appears
to be no advantage in reducin•g the graphite content of the mN below 10 percent.

-15-



The electrodes containing no graphite gave very poor performance, presum-

evident in the electrodes containing 2. 5 percent graphite as shown by the
voltage dip at the beginning of discharge. This eventually disappears as
the amount of copper in the electrode increases. After discharge, all the
electrodes with the exception of that containing no graphite were copper
colored and were considerably harder than when placed in the cells.

3.3 Effect of Cathode Weight on Performance

A study was made to determine the effect of variations in cathode active
material weight on performance. The object of this work was to increase

Srthe cathode energy density by increasing the ratio of activa to inactive
electrode component weights.

Electrodes were prepared from a blend containing:

1) 85% CuF 2 (-170 mesh)
ii) 10% Southwestern 1651 graphite (dried at 1200C)
i11) 5% polyethylene powder (-100 mesh)

The powders were mixed by tumbling in a Fisher-Kendall mixer for 16 hours.

Electrodes were made by hot-pressing the blend into a 11/2 in. by 1r/, in. grid
of 5 Cu 14 2/0 expanded copper. Pressing carried out at 500 lbs/cmz for
3 minutes at 90°C. Duplicate electrodes were made with respectively 2, 3,

and 4 grams of powder blend. All operations, except hot-pressing, were done
in a dry argon atmosphere.

Tests were conducted in cells of compact design containing three electrodes;
2 lithium anodes and 1 Cu F2 cathode, the cathode being positioned between
the anodes. The insulation used was two thicknesses of 15 mil glass fiber
filter paper designated as No. 934 AH (Hurlbut Paper Co.). The element was
inserted into a polypropylene jar, together with sufficient plastic shims
to insure a minimum of clearance between the surfaces of the various compon-
ents. This design has been used successfully in the evaluation of structurally
fragile cathodes.

The cells were placed in a vacuum desiccator in order to evacuate the cells
before filling with approximately 10 ml of 1F Li C1 4 in propylene carbonate.
This was done to insure complete wetting of the cathode and separator and
to remove occluded argon. A sepAratory funnel was attached to the cover of
the desiccator, with the spout extending into the vessel to a point over the
cell opening. With the stop cork closed on the funnel, the desiccator was
evacuated for several minutes, The stop cork was then opened slowly and
electrolyte was drawn into the cells.

-16-



The cells were discharged at 2 ma/cm2 (60 m,-/cell) using a constant current
A ne%,war cinnlv_ Cathocip n tpntiA] Warp onPaacrid qnyinQt a an/Ayninl

reference electrode using a high impedance electrometer. The percentage
of the theoretical CuF 2 capacity utilized on discharge was taken as a criter-
ion of performance.

The results of this axpef-ment are shown in Figure 20, The highest utilization,
about 78fo average, was obtained with 3 gram cathodes, followed by 2 gramcathodes with an average of 74, 816, and finally 4 gram cathodes with an
average of 70%0 utilization. The maximum variation in utilization was only
aboat 10% foir the three weights evaluated.

The discharge characteristics of the 3 and 4 gram cathodes were somewhat
better than that of the 2 gram electrodes, showing a flat profile throughout
most of the discharge and falling off sharply at the end.

The discharge characteristics of the Li CuF 2 cells described above are shown
in Figures 21, 22 and Z3. Energy density calculations were made from this
data to determine the effect of cathode weight on the energy density of a com-
plete cell.

In determining energy densities, the following factors were considered-

The total weight of the cathode was used including the grid or screen weight.

For the anode, the weight of lithium consumed on discharge only was used.
The weight of tile other cell components weie not included. The energy den-
cities fbun!, were as follows:

2 grain cathodes - 257 watt hours/lb average
3 gram cathodas - 320 " " It
4 gram cathodes - 308 " " "

An increase in energy density of 24% and Z0%o was obtained for three and four
gram cathodes respectively as compared to two gram electrodes. Two factors
appear to have effected this improvement in energy density: i) the discharge
characteristics were better, i.e., higher average discharge voltages were
obtained with the heavier cathodes and ii) the ratio of active to inactive
electrode component weights was higher with the heavier cathode.

3.4 Effect of Current Density on Cathode Performance

The effect of discharge current density on performance was determined for
cathodes made as described in section 3.3 of this report. The electrodes
were made with 2 grams of CuF 2 blend and were discharged at current densi-
ties of 1 to 5 ma/cmz in 1 ma/cm2 increments, in cells of the type described
in rection 3.3. Replicates of two electrodes were tested at each current
density. The electrolyte used was 1F LICl 04 in distilled propylene carbonate.
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Electrode potentials were measured against a Ag/Ag C1 reference electrode
using a high Impedance electrometer.

In this study the discharge characteristics of the lithium anodes were also
measured to compare performance with that obtained in cells with no separa-
tor system. The results of this part of the test will be discussed in section
4.2.

The results of this experiment are shown in Figures 24 and 25. In general,
increasing current density resulted in decreasing cathode efficiency, in the
range studied. Percent utilization of CuF 2 decreased from an average of 82%
at 1 ma/cm2 , to an average of 32%76 at 5 ma/cm2, or about 60% decrease in
utilization.

The rapid loss in CuF 2 cathode efficiency with increasing current density
appears to be due to concentration polarization effects. The mass transport
of ionic species to the reaction sites appears to be reduced by various factors:

i) The viscosity of the electrolyte used is high so that ionic mobility
is inherently low.

if) The product of discharge at the cathode, Li F, is insoluble in the
electrolyte and therefore deposits in the pores of electrode,
further limiting access of electrolyte to the reaction sites.

iii) The separator material reduces the convective transport of
electrolyte so that movement of the ionic species required
to sustain the reaction is controlled essentially by diffusion.

The lower series of curves in the figures described above, showing lithium
anode performance, will be discussed in section 4. 2.

3.5 Effect of Electrolyte Concentration on Cathode Performance

The effect of electrolyte concentration on cathode performance was determined
using solutions of Li Cl 04 in distilled propylene carbonate over the range 0. Z5
to 1.5F.

Cathodes were made as described in section 3.3 of this report and had a CuF2
blend weight of two grams giving them a nominal capacity of 0. 865 A. H. The
electrodes were tested in cells of the type described in section 3. F. The
electrolytes were made using LiCl 04 dried at I 20*C under rcducci pressure
for 16 hours. All operations were condacted in a dry argon atmosphere. The
cells were discharged at Z ma/cm2 , and cathode potentials were measured
against a Ag/Ag Cl reference electrode using a high 4mpedance electrometer.
Figures 26 and 27 show the results of this study.

The figures show the performance of replicates of two electrodes at each level
of concentration. The average percentage utilization of CuF2 with respect to
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Sconcentration is shown in Figure Z8. The percent utilization of CuF 2 in-
ncrpases sharn1v frorm about 151% at 0. 25F to 65% at 0,75F, then increases

A less rapidly, reaching a peak efficiency of 77%0 at 1. 25 F and finally de-
Screases again to 72% at .o 5F.

• There was only a small difference in performance, about 5%, between 1. 0
and 1. 5F solutions. Although maximum cathode performance was obtained
with 1. 2SF electrolyte, most of the tests in this quarter, concerning the

. effect of electrode construction and operating variables, continued to be
A with 1. 0 F electrolyte in order to compare results with these previously

Sobtained.

4) ANODE STUDIES

1 4. 1 Storage Tests

A node studies were continued in the third quarter in order to determine the
effect on performance of storage in paraffin oil and electrolyte.

• Lithium anodes were made as previously described (2) by pressing lithium
ribbon, 15 mils thick, on a 3 Cu 7 3/0 expanded copper screen. The elec-
trodes, immediately after fabrication were immersed in the respective storage
media, paraffin oil and 1 F Li C1 04 in distilled propylene carbonate for various
intervals. Storage was in glass jars with gasketed screw top lids which were
tightly sealed and taped to exclude air and moisture.

At various intervals, the jars were opened in a dry argon atmosphere, the
electrodes to be tested were removed from the media, wiped with facial tissues
to remove excess fluid and immediately immersed in the test electrolyte.
Discharge of the anodes was carried out in polypropylene cell jars between
sheet copper cathodes as already described (1 and 2). Discharge was at
2 ma/cm2 in 1 F Li C0 04 in distilled propylene carbonate. Anode potentials
were measured against Ag/Ag C1 reference electrodes using a high impedance
voltmeter.

The results of this study are shown in Figure 29. No loss in percent utiliza-
tion of lithium was suffered as a result of storage in paraffin oil for as long
as 5 months. The polarization of an electrode stored for 5 months, however,
was considerably higher than that obtained at 2 months. It should be noted
that the surface of the anode; after 5 months storage in paraffin oil, was con-
siderably blackened, and this coating might possibly be resistive enough to
cause an increase in polarization.

In Figure 30 the results of storage in 1 F Li C1 0 4 in distilled propylene carbon-
ate show practically no change in electrode performance, with respect to poten-
tial or percent lithium utilized, after a period of 3 months stor&ge. The sur-
faces of anodes stored in electrolyte were somewhat brighter and cleaner than
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was obseried for anodes stored in paraffin oil for approximately the same
interval. However, this may have been the result of a somewhat better
cover seal in the case of the electrolyte storage, and therefore no definite
conclusion can be made at this time as to the advantages of either method
of storage. However, kz appears that lithium anodes may be stored for at

J• least 3 months, in either paraffin oil or I F Li Cl 04 in distilled propylene
carbonate, without any appreciable detrimental effect.

4. 2 Effect of Discharge Current Density on Anode Performance

SOb servations have been m ade of the effect of current density on anode per-
formance for electrodes dssembled into cells of compact design as described
in section 3.3 of this report.

The electrodes were discharged at current densities of 1-5 ma/cm2 in I ma/cm2

increments. The results are shown in Figures 24 and 25 which also show the
effect of current density on cathode performance. The data have been presented
in this manner rather than show anode performance separately, since there
appears to be an interaction between cathode and anode performance, and it
was intended to show this behaviour. In a few instances, and mostly at higher
current densities, 3 to 5 ma/cm2 , the anode polarization was somewhat higher
than at 1-2 ma/cm2 , and appeared to increase rapidly as the cathode polariza-
tion increased near the termination of discharge. This kind of behaviour was
not observed for anodes discharged in half cells against copper cathodes as

r previously described (2). In half cells, the anodes could be discharged over
a range of 1 to 10 ma/cm2 without appreciably affecting either electrode polari-
zation or percent utilization of lithium. It appears that the unusual anode
polarization observed in testing of compact cells might be due to concentration
polarization effects. The separator used in the compact cells probably reduces
the convective transport of electrolyte so that mass transport is essentially
diffusion controlled. This process appears to be too slow, especially at the
higher current densities, to prevent accumulation of reaction products and
consequent concentration polarization.

5) SEP. :,; -. C.R STUDIES

Four standard screening tests were given in the previous report (2) as criteria
to be used in determining the suitability of a material as a separator. These
were:

i) Stability in the electrolyte
ii) Absorption of electrolyte
iii) Retention of absorbed electrolyte
iv) Electrical resistance of wetted separator

The materials evaluated in the third quarter were found to be essentially inert
in propylene carbonate. The electrolyte absorption and retention and electrical
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Sresistance of these materials was therefore determined.

5. 1 Absorption and Retention

Electrolyte absorption and retention were determined as previously described
(2). The results are shown in Table 8. In general the lightly compacted,

, fibrous separator materials, such as the glass fiber and asbestos materials,
Swere found to have a high percent absorption of electrolyte, whereas the
Stightly compacted, fibrous materials and microporous materials had a low

absorption.

5. 2 Determination of Separator Resistance

Construction of the separator resistance test cell described in the previous
report was completed in the third quarter. A photograph of this cell is shown
in Figure 31. It has proved to be very satisfactory for measurement of separa-
tor resistance in organic electrolytes. The procedure used in measuring resis-
tance with this cell was described previously (2). The results of measurements
of specific resistance of various separators are shown in Table 8. All measure-
ments were made in 1 F Li C1 04 in distilled propylene carbonate.

In analyzing the results in Table 8, asbestos and glass fiber filter papers were
taken as basis for comparison, since these materials have performed satisfac-
torily in LJjtuF2 cells. The resistance values for these materials are amoug
the lowest obtained in this study. The absorption of electrolyte was found to
be high and this may be an undesirable characteristic in a high energy system.
Other materials with low resistance and high absorption are the asbestos fuel
cell papers and fiber glass mat. These separators would be expected to per-
form comparably to the glass fiber and asbestos filter paper separators. In
general, the separators with high resistivity also show a low electrolyte
absorption.

Conclusion

Low separator resistance has been found to be associated generally with high
electrolyte absorption. These characteristics are found in lightly compacted
fibrous materials such as asbestos fuel cell and glass fiber papers. The high
electrolyte absorption is an undesirable characteristic in a high energy density
system.

Matertals with low electrolyte absorption generally show high resistivity.
Separators with. these characteristics were of the microporous and membrane
or ion exchange types. It appears that these materials would not be suitable
for use in organic electrolyte systems.

5.3 Effect of Separators on Cathode Performance

The separators discussed above were incorporated into three plate cells to
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determine their effect on the electrode performance. Cupric fluoride elec-
wv & AorA%ý% &&L &j15 % iA d 4AS JU o.A1A.4A, ~L&A~ %0 1* .*J U %. £AA % f V 111 &I II 1A)10

micronized graphite (Southwestern 1651) and 2.5% polyethylene powder
(-100 mesh). The ingredients were mixed by tumbling for 16 hours and two
gram portions were pressed for 3 minutes at 90 0 C into expanded copper
screens at 500 lbs/cm2. The lithium anodes were prepared by the standard
pressed foil technique. The cells were assembled as described previously
with the electrodes separated by the material under examination. One formal
Li Cl 04 in distilled propylene carbonate was added and the cell was then evacu-
ated to remove occluded argon. Discharge was effected at 2 ma/cmz and cut off
when the cathode potential was 0.00 volts with respect to a Li/Li+ reference
electrode. Relevant details of the cell performance are shown in Table 9 to-
gether with cell resistance values measured with a Wayne-Kerr Impedance
bridge Model B221. Figures 32, 33, 34, 35 and 36 show performance curves
for cells containing the separators given in Table 9.

The poor performance of the cells containing the Lexan and CdS ion exchange
separators is probably due to their high electrical resistance and extremely low
permeability to the electrolyte. It is probable that severe concentration polari-
zation occurs at the electrode surface causing the rapid fall off in time.

The diatomaceous earth resin bonded separator employs a copolymer of PVC/PVAc
as the binder. This appears to be soluble in the electrolyte since at the end of
discharge the electrodes were seen to be covered with a gummy sludge. This
breakdown of the separator possibly allowed short circuiting in addition to
blocking of the pores of the cathode with the gum. The reason for the poor per-
formance of the cells containing fuel cell paper-is not readily apparent but
again may be due to concentration effects because of this separators extremely
strong electrolyte retention.

The porous mat type separators genera]l!y allowed better performance than the
other types, the best result being obtained with the asbestos filter paper. The
differences in the performance of the mat type materials is probably due to the
relative ease with which mass transport of ions can occur through them.

6) LITHIUM-CUPRIC FLUORIDE CELLS

In the third quarter the performance of CuF2 cathodes and lithium anodes was
thought to have been sufficiently optimized to Justify construction and testing
of prototype multi-electrode cells. At the same time it was decided to package
these cells in lightweight containers, to determine how closely the overall cell
design would approach the desired 200 watt hrs/lb.

6. 1 Design and Fabrication of Lightweight Polyethylene Cell Cases

Polyethylene was used as the material of construction since it is very resistant
to attack by organic electrolytes and is easily molded or form..ed The jar desig•n
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as finally evolved was based on considerations of lightweight, simplicity of
tabricationl aflU IlU U I '.LALLIiy~1 .~Ly

The fabrication technique used was as follows:

4 1 Zin. square sheet of 30 to 40 mil polyethylene was mounted on a wood
f ame and the assembly placed in an oven set at 300OF for 4 to 5 minutes.
Ahis was done to soften the plastic so that it could be formed into the desired
shape. The assembly was removed from the oven and the polyethylene sheet
pressed tightly over a plaster of paris mold having the desired Jar configuration.
A vacuum was applied to the cavity causing the softened plastic to be drawn
into and assume the configuration of the cavity. Cold water was then applied
to the plastic, by means of a sponge, causing the plastic to harden and there-
by allowing extraction of the jar without deformation. The excess plastic was
then trimmed from the molded jar leaving a flange about V? in. wide completely
around the perimeter of the case. The inside dimensions of this jar were 1 3/4 in.
by 1 3/4 in. by 7/16 in. The cover for this jar was simply a sheet of polyethylene
cut to fit the contour of the jar. A typical jar and cover is shown in Figure 37.

In assembly of the cell, the components were stacked inside the jar, the cover
sheet positioned and the assembly placed in an aluminum pressing fixture for
the sealing operation. The pressing fixture was simply a heavy aluminum block
containing a square opening large enough to accomodate the main body of the
jar, and thereby allowing the flange to rest on the aluminum block. A solid
plate of aluminum was then positioned over the assembly and the cover sealed
to the jar at the flange area under heat and pressure. The heavy aluminum
block was preheated to Z00 0 F, and the aluminum pressing plate to 3000F, be-
fore assembly of the cell into the pressing fixture for the sealing operation.
After application of light pressure for about 20 seconds the pressing plate was
removed and cold water was applied to the seal area. The finished cell could
then be removed from the pressing fixture without damage to the jar. A com-
plete, sealed cell is shown in Figure 38. The electrode cornact wires can be
seen to be sealed into the plastic in the flange area. The cell is filled with
electrolyte by a hypodermic syringe through the tubular section extending from
the cell.

6. 2 Construction of Multi-Electrode Cells

Lithium-cupric fluoride cells were constructed with 5, 7 and 9 electrodes per
cell. Variations in construction were generally concerned with attempts to
improve energy density, by reducing component weights and increasing the
weight ratio of active to inactive components.

In assembly of cells, the electrodes were stacked alternately with the separator
material within the jar cavity. The separator, with dimensions 1 3/4 in. by 3 7/s in.,
was folded in half along its length and a cathode was positioned in the fold.
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The electrode contact wires were bent to accomodate the contours of the jar
during assembly, and where the wires extended out of the case through the
flanged section, they were positioned sufficiently spaced apart to provide
for a good plastic to wire bond during the sealing operation. After complet-
ing the assembly of the element, the cover was sealed to the case as des-
cribed in section 6. 1. A weight analyses of the cells described in the follow-
ing section is shown in Table 10.

6. 7. 1 Fabrication and Testing of Cells C-1-5 and 2-2-5

These cells were replicates, made with 5 electrodes per cell; three anodes
and two cathodes. Construction was as follows:

i) Anodes

The anodes were made using the technique previously described (2), except
that a sheet of 15 mil lithium ribbon was pressed into each side of a 3 Cu 7 3/0
copper screen, as compared to the usual one thickness of ribbon per electrode.

ii) Cathodes

The cathodes were made with four grams of Cu Fz blend as described in section
3.3. The cathode screen was 5 Cu 14 2/0 expanded copper.

iii) Separator

The separator material used in both cells was a double thickness of 15 mil
glass fiber filter paper (Hurlbut No. 934 AH).

iv) Cell Case

Cell cases were vacuum molded using 40 mil polyethylene sheet.

6. 2. 1. 1 Testing of Cell C-I-5

This cell was filled under vacuum using the technique described in section 3.3.
The electrolyte was 1 F Li 0104 in distilled propylene carbonate. This cell was
discharged immediately after fabrication at 120 ma (2 ma/cm) using a constant
current d.c. power supply. Cell voltage was measured using a high impedance
voltmeter.

The performance of cell C-I-5 is shown in Figure 39. An energy density of

81 watt hours/lb was calculated from the discharge data.

6. 2. 1. 2 Testing of Cell C-2-5

Cell C-2-5, the replicate of cell C-1-5 was placed on dry storage for one
month. It had originally been intended to test this cell , after the storage
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period in exactly the same way as cell C-1-5. The vacuum filling technique,
however, was not used. instead the cell was filled in a dry argon atmosphere
using a hypodermic syringe. The electrolyte was 1 F Li C1 04 in distilled prop-
ylene carbonate.

The cell was discharged at 120 ma (Zma/cm2 ) using the same apparatus des-
cribed for C-1-5.

The performance obtained with cell C-2-5 is shown in Figure 40. The energy
density calculated for this cell, from the discharge data, was only about 47
watt hrs/lb or about half that of cell C-1-5.

It is difficult to conclude as to the cause of the large difference in performance
between cells C-1-5 and C-2-5o The dry storage for one month may have ad-
versely affected performance. Possibly the permeability of the po!yethylene

J:• case to air and moisture is higher than expected. Also, it may be possible
A that entrapped gas prevented proper filling and wetting of cell C-2-5, since

the vacuum filling technique was not used in this instance. It appears thac
further work may be required, with respect to both, dry storage capabilities
and new electrolyte filling techniques.

6. 2. 2 Fabrication and Testing of Cel! C-1-7

This cell was made with seven electrodes; four anodes and three cathodes.
Construction was as follows:

i) Anodes

Single thickness anodes, i.e., anodes made with only one 15 mil thick sheet
of lithium pressed into a grid were used as outside electrodes in the cell stack.
Double thickness anodes (section 6. 2. 1) were used in the middle of the stack.
The anodes were made with 3 Cu 7 3/0 expanded copper screens, as in all
previous work, except that a contact wire of smaller diameter was used, there-
by effecting a 30016 reduction in screen weight.

ii) Cathodes

Three '.athodes were used, each with four grams of CuF2 blend, and made as
described in section 3.3. The cathode screens were identical in construction
to those used in the anodes. This effected more than a 50% reduction in screen
weight for cathodes as compared to the usual 5 Cu 14 2/0 copper. It should
be noted that adhesion of the cathode material to this finer screen was not
satisfactory, and extreme care had to be taken in handling the electrodes.

ii) Separators

The separator chosen for use was Schleicher and Schuell No. 589 white ribbon

f-lter -pier, TIs. maaterl efte absrtion,
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The specific resistance, however, was high, almost sowen times that of the

glass fiber filter paper.

iv) Cell Case

The cell case was vacuum molded using 40 mil polyethylene sheet.

6.2.2. 1 Testing of Cell C-1-7

This cell was filled with 1 F Li Ci 04 in distilled propylene carbonate using the
vacuum filling technique. The cell was discharged using the same apparatus
described for cells C-1-5 and C-2-5. An attempt was made to test the cell
at 2 ma/cm2 but this current density could not be sustained. It was found
that the cell would sustain 1 ma/cm2 (90 ma/cell) and the testing was con-
tinued at this level. The results of this test are shown in Figure 40. The
energy density obtained from this discharge was 116 watt hrs/lb. Discontin-
uities in the discharge curve. shown by asterisks, were caused when the cell
case was compressed lightly. This resulted in an improvement in cell poten-
tial which persisted generally for only a short time. This improvement might
be due to either or both of the following factors:

i) Increased convective mass transport of electrolyte
resulting in reduced concentration polarization.

ii) Release of entrapped gas which was observed when
the cell was compressed. Trapped gas, especially between the working sur-
faces of the electrodes may have caused an increase in current density, and
consequently an increase in polarization, especially at the cathodes.

It appe irs that the major factor in the failure of this cell to yield higher energy
density was the separator material used. Because of its high resistivity, the
cell suffered high IR losses as was shown by the inability to sustain a current
density of 2 ma/cm2 . Also, the high resistance may have had an effect on
concentration polarization.

6. 2.3 Fabrication and Testing of Cell C-1-9

This cell was made with nine electrodes; five anodes and four cathodes.
Construction was as follows:

I) Anodes

Two of the single thickness anodes were used as outside electrodes in twe cell
stack, and three of the double thickness type were used in the middle of the
stack. The electrode screens were of the usual type; 3 Cu 7 3/0 copper.
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-• ii) Cathodes

ýf Four cathodes: each with four grams of CuF 2 blend, were made as described
4in section 3.3. The standard cathod screen, i.e. , the 5 Cu 14 2/0 expanded

copper was used rather than the fine 3 Cu 7 3/0 material used in cell C-1-7.

iii) Separator

One thickness of 8 mil Whatman No. 54 filter paper was used as insulation.
This material was chosen on the basis of low electrolyte absorbtion.

iv) Cell Case

The cell case was vacuum molded using 30 mil polyethylene sheet. The use

of 30 mil, as compared with the usual 40 mil material, was an attempt to re-

duce case weight.

6. 2.3.1 Testing of Cell C-1-9
4

This cell was filled with I F Li Cl 04 in distilled propylene carbonate using

the vacuum filling technique. The cell was discharged at 240 ma (Z ma/cm2 )

using the apparatus previously described.

The performance of cell C-1-9 is shown in Figure 41. An energy density of

only 75 watt hours/lb was calculated from the discharge data. This cell had

about twice the theoretical CuF 2 capacity of cell C-1-5 and yet yielded about

the same energy density, The major factor in the failure of this cell to yield

a higher energy density appears to have been the separator material used,

since the other cell components were essentially the same as those used in

the previous cells.

Conclusion
Evaluation of multi-electrode Li CuF2 cells has thus far shown a maximum

capability of about 80 watt hrs/lb when discharged at a current density of

2 ma/cm2. Attempts to improve performance by a reduction in the percent
inactive cell components and an increase in the percent active components
were not successful.

The major factor in the failure of cells to produce a greater energy density
appears to be the separator materiais used. Separator materials with high

specific resistance adversely affected performance by in•.-reasing IR losses,

and possibly by introducing high concentration polarization effects.

The best separator material thus far evaluated in cell construction appears

to be the glass fiber filter paper, although there is the disadvantage of high

electrolyte absorbtion for this material. The search for a material with similar
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or lower specific resistance but with low electrolyte absorption characteristics,
_'j'r% L.J &. LU %AJ I

6.3 Effect of Activated Storage on Performance

It had been previously observed that the lithium/cupric fluoride cells had very
poor &bility to survive a prolonged activated stand. It was observed that copper
was galvanically deposited on the lithium electrodes and this resulted in the I
formation of copper dendrites and nodules which were able to penetrate the

separator and short circuit the cell. Cells containing two layers of asbestos
paper as the separator were capable of activated storage for only two days be-
fore deterioration commenced. Since the copper fluoride is slightly soluble in
the electrolyte this will always be a problem with the present system, unless
some method can be found either to prevent the copper ions diffusing across
the cell, or to prevent them depositing on the lithium electrode. The first of
these possibilities is being studied as a part of the separator investigation
wherein agents are added to the separatox to prevent copper ions from diffusing
through. The second alternative of preventing copper deposition on the lithium
may be achievable by complexing the copper ions so that they can be reduced
only at extremely negative potentials. It was decided therefore to determine
the effect of the addition of complexing agents to the electrolyte.

6.3. 1 Effect of Complexing Agents on Performance

A search of the literature was made to find a selection of complexing agents
which give complexes of high stability constants with cupric ion. Since complex
stability constants have not been evaluated in non-aqueous solutions, the aque-
ous values were used as the criterion of choice. The following complexing
agents were chosen for investigation:

Compound Log. Stability Constant
with Cue' (aqueous)

Na 4 E.D.T.A 18.8
8-hydroxy quinoline 12. 2
8-hydroxy quinoline 5 sulphonic acid 11.9

1. 2 diaminopropane 10.65

Ethylene diamine 10.7
Diethylene triamine 16.0

The complexes were used as a 1% solution in the electrolyte with the exception
of Na 4 E. D. T. A which was found to be insoluble. A 1% solution of Na 4 E. D. T.A A
(in water) was prepared and this was used to impregnate the separator, which
was then vacuum dried at 60*C for 16 hours. The cells were identically con-
structed from two pressed foil lithium anodes and two hot pressed cupric fluoride
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cathodes. The cathodes were prepared from a mixture of 85% CuF? (-170 mesh)
10% micronized graphite (SW 1651) and 5-/0 pOLytylene poUwden (-100 mell.--
pressed for 3 minutes at 90*C under a pressure of 500 lbs/cmZ. Two thick-
nesses of glass fiber paper (Hurlbut No. 934 AH) were wrapped around the
cathode as the separator. The cells were primed with the electrolyte contain-
ing the complexing agent and allowed to stand in an argon atmosphere for vari-
ous periods of time. One cedl was assembled and discharged immediately at
2 ma/cmz to determine the effect of the complexing agent in the absence of any
storage period. The results for the cells discharged immediately after assembly
are shown in Table 11.

An average cell without complexing agents in the electrolyte would operate for
approximately 9 hours. It can thus be seen that all of the cells were affected
adversely by the complexing agents with the exception of that containing Na 4
E. D. T.A. Generally the cupric fluoride electrode was most affected, but in
the cell containing ethylene diamine, the performance of both electrodes was

Sreduced. Post mortem examination of the cells was conducted and the separa-
tors and lithium electrode were examined microscopically to reveal if any copper
dendrites had been formed. In no case was metallic copper observed in the
separator or on the anode.

Identical cells to those described above were then placed on storage in argon
filled desiccators at room temperature and left for 7 days. They were then
discharged as above at 2 ma/cm2. The results are shown in Table 12. It can
be seen that the performance was severely reduced by the activated stand with
the exception of the cells containing diethylene triamine and ethylene diamine,
which behaved about the same as the unstored counterparts. The celis were
examined after discharge with the following observations.

i) Cell with Electrolyte Containing 1%- 8-OH-Qulnoline

Lithium Electrodes: The electrodes were spotted with black and copper colored
patches. Examination under a stereoscopic microscope indicated that the black
patches were finely divided copper, while the red spots were copper dendrites.

Cupric Fluoride Electrodes: These were soft and of a dull red color indicating
reduction to copper.

Separaton The separator was covered with black and red spots which were very
numerous on the lthium side and less numerous on the cupric fluoride side.

ii) Cell with Separator Containing 1%f Na• E.D.T.A

Lithium Electrodes: These had dark patches and also copper colored spots on
the side adjacent to the cupric fluoride electrode.

Cupri Fluoride Electrode: The electrode was hard and had red colored patches
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on the surface, The extent of electrode reduction seemed far greater than
iOUud3 be accounted for by the amount of electricity consumed.

Separator: The separator was covered with black patches and red spots on
the lithium side and a few red spots on the cupric fluoride side. Microscopic
investigation revealed that the copper nodules had penetrated through the
separator.

iii) Cell with Electrolyte Containing 1% Diethylene Triamine

Lithium Electrodes: These were clean and shiny on both sides.

Curpic Fluoride Electrodes: The electrodes appeared to be only partially
reduced to copper.
Separator: Slightly discolored on the lithium side but no evidence of copper

dendrites.

iv) Cell with Electrolyte Containing l% Ethylene Diamine

Lithium Electrodes: These were clean and free from dark spots.

Cupric Fluoride Electrodes: The electrodes were soft and black indicating
little reduction to copper.

Separator: The separator was slightly discolored on the lithium side but there
was no evidence of copper dendrites.

v) Cell with Electrolyte Containing 10% 1:2 Propanediamine

Lithium Electrodes: The electrodes were covered with patches of copper on
the sides facing the CuFz electrodes.

Cupric Fluoride Electrodes: These were soft and had dull red patches indicat-
ing extensive reduction.

Separator: The separator was stain3d with orange/red patches on the lithium
side and spots of copper were seen to be growing through to the cathode.

From these observations it appears that 8-OH-quinoline, Na 4 E. D. T. A and
1:2 propanediamine were ineffectual in control ing the deposition of copper
on the anode. Diethylene triamine and ethylene diamine both prevented the
deposition of copper but their use resulted in a drop in the cathode performance.
For this reason it was decided to investigate the effect of the concentration of
the two effective complexones on the cell performance.

-30-



6.3. 2 Effect of Compiexone Concentration on Performance

A number of iithium/cupric fluoride cells were assembled identically to those
described in section 6.3. 1. Two cells each were activated with 1 F Li 0104
in propylene carbonate containing I1%, 0. 5%, 0. 1% of the complexing agent.
The cells were then stored Ls before for 7 days and then discharged at 2 ma/cm2.
The results are shown in Tables 13 and 14. Post mortem examination of the
cells showed that those primed with electrolyte containing 1%0 of the complex-
ing agent were free from dendrite formation and the electrodes and separators
were in good condition. It must be concluded in this case that the reason for
the premature failure was the influence of the ethylene diamine and diethylene
triamine on the cathode. The cells in which 0. 51 of the complexing agent was
added to the electrolyte showed slight evidence of dendrite formation, there
being a few nodules of copper growing through the separator. The improved
performance of these cells is attributed to the dual effect of the prevention of
copper deposition and the lesser effect of the complex on the cathode perfor-
mance.

The cells where 0. 1% of the complexing agent was used were very poor because
of the increased incidence of dendrite growth. Post mortem examination revealed
extensive short circuiting as evidenced by the severe reduction of the cathode.

The results to date show that dendrite formation can be prevented by the use
of suitable complexing agents. However, all the complexes tested to date,
severely affected the cathode performance resulting in poor discharge capa-
bility even in the absence of storage.
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Ethyl Acetate Fisher Certified Fisher Scientific Co.

Ethanolamine Purified o s "

2-ChLoroethanol Highest Purity

Maleic Anhydride Fisher Certified of is

2-4-Pentanedione Fisher Reagent ia

2-Pentanone Practical

Cyclohexanone Highest Purity

0-Nitrotoluene to to to ii

M-Nitrotoluene " "I

Ethyl Nitrate at It Is It to

Malononitrile Practical

Lactonitrile

N-Ethyl Morpholene

Ammonium Thiocyanate Reagent

Potassium Perchlorate Fisher Certified

Magnesium Perchlorate Fisher Reagent

Na 4 E. D. T.A. Technical I'

8-Hydroxyquinoline Fisher Certified

8-Hydroxyquinoline- 5 quinoline
Sulfonic Acid Highest Purity

Ethylene Diamine Fisher Certified I "

Diethylenetriamine Technical i t

-3Z-



LIST OF MATXRiALb AN•L) 5 iUk'k (cont'd)

Crotononitrile Practical City Chemical Corp.

1- 2-Diaminopropane

Sulfolane K & K Laboratories

Bismuth Perchlorate "

Mercuric Perchlorate It

Lead Perchlorate " "

Ferric Perchlorate " "

Silver Perchlorate

Potassium Thiocyanate Reagent Mallinckrodt

Potassium Hexafluorophosphate Ozark-Mahoning Co.
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4%

S~Non-Aqueous Solvent s

: Solvent Dielectric Viscosityl D/• Density M. Pt B. Pt
""_constant (CD) g/cc _ C _c

¶ Ethyl acetate 6.4 0.409 15.65 0.900 -83.6 77.15

- Ethanolamine 37.72 1.022 36.91 19.36 10.5 172.2

Glycolonitrile 69.00 ....- 72.0 183.0

2-chloroethanol 25.8 ....- 67.5 128.0

• Maleic anhydride 50.0 .. -- 56.0 198.0

S 2.4 pentanedione 25.7 .... 0.9721 -23.0 139.0

2 pentanone 22.0 0.47 46.808 0.8124 -77.8 102.0

Cyclohexanone 18.0 2.80 6.43 0.9978 -16.4 155.65

o-nitrotoluene 27.4 2.37 11.56 1.1629 - 2.9 220.40

m-nitrotoluene 23.0 2.33 9.87 1.1571 15,0 232.60

i Ethyl nitrate 19.7 -- -- 1.105 -102.0 87.00

Malononitrile 47.2 -- -- -- -70.0 108.00

7 Lactonitrile 38.0 2.19 17.35 0.9877 -40.0 183.00

j Crotonic nitrile 36.0 -- -- L.8318 -84 119.00

Sulfolane 44 .....-- 28.31 285.00

1 N-ethyl morpholine -- 0.9166 .. .... 138.00
I
It

I

I
I
I



Response of Glass Electrodes to Lithium Ion in Propylene Carbonate
Cell: Glass Electrode/C Li Cl 0 - PC//O. O1F Li Cl 04- PC/Ag Cl, Ag

Concentration log10 CLe Cell Potential (Volts)
of Li Cl 04 Beckman General

__(Formal) __Purpose Electrode

0.01 -2.0000 0.264

0.042 -1.3768 0.336

0.0719 -1.1433 0.359

0.100 -1.0000 0.370

0.1263 -0.8986 0.378

0.1513 -0.8202 0.385

0.1755 -0.7558 0.392

0.2203 -0.6570 0.400

0.2578 -0.5887 0.406

0.3405 -0.4679 0.419

0.406 -0.3915 0.426

0.514 -0.2890 0.437



TABLE 3

Response of Glass Electrode to Uthium Ion ,in Pronlene Carbonate
Cell: Glass Electrode/C Li Cl 0 4 -- PC//O. 01 F Li CI 0 4 - PC/Ag Cl, Ag

I Concentration logio CI• Potential Liquid Junction True
of IA Cl 04 (Volts) Potential Potential
(Formal) . _.._.,. _Volts) J(lt),

0.01 -2.0000 o. 264 0.00 0.264

0.042 -1.3768 0.336 0.0092 0.327

0.0719 -1.1433 0.359 0.0135 0.346

0.100 -1.0000 0.370 0.0166 0.353

0.1263 -0.8986 0.378 0.0185 0.360

0.1513 -0.8202 0.385 0.0199 0.365

0.1755 -0.7558 0.392 0.0210 0.371

0.2203 -0.6570 0.400 O.0225 0.377

O.Z578 -0.5887 0.406 0.0235 0.382

0.3405 -0.4679 0.419 0.0251 0.394

0.406 -0.3915 0.426 0.0265 0.400

O.514 -0. 2890 0.437 0.0287 0.408



TABLE 4

Response of Glass Electrode to C Lit in KCNS Solution in Propylene Carbonate

Cell: Glass Electrode/CLiClO 4 -OPC//0.01 FLiClO4 - PC/Ag Cl, Ag

Concentration of KCNS = 0.75F F

Concentration log10 CL,+ Potential (Volts)
of Li Cl 04 General Purpose Modified G. P J Cation Specific
(mole/itr) ,___

0.00745 -2.1278 0.449 0.287 0.597

0.0228 -1.6421 0.449 0,288 0.600

0.0358 -1.4461 0.449 0.289 0.596

0,0491 -1.3089 0.448 0.290 0.590

0.0684 -1.1649 0.448 0.291 0.593

0.0980 -1.0089 0.447 0.291 0.588

0.1251 -0.9028 0.446 0.298 0.590

0.1734 -0.7610 0.448 0.301 0.591

0.22145 -0.6686 C.451 0.309 0.603

0. 250E -0.6021 0.456 0.321 0.607

0.3075 -0.5107 0.469 0.343 0.632

0.3670 -0.4353 0.4IC 0.365 0.668



MIAn 5

Response of glass E1ectrods to CL+ in NH Cl Soluion in DMSQ

Cell: Glass Electrode/C Li Cl 0 4 - PC//O.01 F Li CI O 4 - PC/Ag Cl, Ag

Concentration of NH4 Cl = 0.750 F

Concentration lo-10 CLi÷ Potential (Volts)
of Li C0 04 General Purpose Modified G. P I Cation Specific
(mole/ltr)

0.00745 -2. 1278 0.408 0.322 0.489

0.0228 -1.6421 0.410 0.323 0.490

0.0358 -144 0.409 0.326 0.492

0.0491 -. 3089 0.411 0.328 0,492

0.0684 -1.1649 0.411 0.328 0J.49Z

0.0980 1-1.0088 0.410 0.321 0.497

0.1251 -0. 9028 0.410 0.324 0.499

0.1734 -0.7610 0.410 0.3Z9 0.501

O.2145 -0.6686 0.410 0.330 0.506

O.2505 -0.6021 0.412 0.330 O.510

0.30315 -0.5107 0.411 0.331 0.515

0.3670 -0.4335 0.413 0.330 0.519

0.4170 -0.3799 0.416 0.333 0.521



ResIonse of Glass Electrodes to 0 Li. in the Presence of Mg*
Cell. Glass `2lect rcde/C L1 C1 0. - PC.,"io. O1F LiCI 04- PC/Ag CI, Ag

Concentration of Mg (Cl O4)z 0.25 F

Concentration logle Cut Potential (Volts)
of Li Cl 04 General Purpose Modified G. P Cation Specific
( ole/lti) ......

0.00745 -2.1278 -Q. 393 -0.394 -0.232

12 0 ^~7 £ .= ,ft '2 O f f

0. 0 2"18 &6 A V1JQ V.0 .1 &I

0.0358 -1.4461 -0.374 -0.381 -0.208

0.0491 -1.3089 -0.371 -0.378 -0.195

0.0684 -1.1649 -0.364 -0.379 -0.187

0.0980 -1.0088 -0.359 -0.371 -0.175

0. 1251 -0.9028 -0.350 -0.368 -0.160

0. 1734 -0.7610 -0.343 -0.363 -0.151

0.2145 -0.6686 -0.335 -0.359 -0.142

0.2505 -0.6021 -0.330 -0.358 -0.140

0.3075 -0.5107 -0.330 -0.356 -0.130

0.3670 -0.4353 -0.324 -0. 352 -0.124



TABLE 7

ResRonse of Glass Electrodes to CLi -n (C&&i). NgI O. Solution

Cell: Glass Electrode/C LiClO 4 - PC//O. 01 F Li CI 04 - PC/Ag Cl, Ag

Concentration of (C2 Fi) 4 N 0104 " 0.7-5 F

Concentration logic C• Potential (Volts)
of LiCl 04 General Purpose Modified G. P Cation Specific
(mole/Itr) 1 0.134

0.0074 -2.1278 0.134 0.0Z9 0.372

0.0228 -1.6421 0.158 0. 05 0.398

0.0358 -1.4461 0.170 0.059 0.413

0.0491 -1.3089 0.176 0.069 0.420

0.0604 -1.1649 0.182 0.071 0.422

0.0980 -1.0088 0.192 0.248 0.430

0.1lZS -0.9028 0.201 0.ZS0 0.433

0.1734 -0.7610 0.211 0.Z51 0.440

0.2145 -0.6686 0.ZZ0 0.ZS2 0.445

0.2505 -0.6021 0.222 0.Z56 0.451

0.3075 -0.5107 0.230 0.257 0.457



TABLE 8

Separator Materials

Electrolyte Absorption and Resistivity in 1 F Li C1 0& in
Distilled Propylene Carbonate

Thickness Electrolyte Electrolyte Specific
Separator (inches) Absorption Retention Resistance
Material Dry Wet (percent) (percent) (OHM-cm)

Pellon-#34-235 0.015 0.015 620 93 207.8

Glass Fiber Filter 0.015 0.015 710 98 109.9
D~~1= , W, --- T2,-Ik .+ 0 2 A A r_.1

A J.4 a U fý I Z "J r. I

Johns-Manville High 0.015 0.015 80 97 556.8
Strength Fibroid Asbestos

Johns - Manville 0.03Z 0.120 600 99 71.7
k Asbestos Fuel Cell

Paper (0.03 in.)

Fiber Glass Mat 0.030 0.032 1130 97 99.8
(Hydramatic Packing)

CdS #1021 Ion 0.008 0.013 29 69 Beyond Range
Exchange Membrane of Bridge
(ESB Company) (> 5500 ohm-cm)

Schleicher & Schuell 0.008 0.008 162 88 709.8
Filter Paper - # 589
White Ribbon

Asbestos Filter Paper 0.015 0.019 945 93.5 90.2

Johns - Manville 0.015 0.035 448 96 88.2
Asbestzs Fuel Cell
Paper (0.015 in.)

Diatomaceous Earth 0.012 0.012 137 95 469.9
Separator - Microporous
(ESB Company)



TABLE 8 Continued

Thickness Electrolyte Electrolyte Specific
Separator (inches) Absorption Retention Resistance
Material Dry Wet (percent) (percent) (OHM-cm)

(>35, 000 ohm-cm)

Lexan Film 0.001 0.002 199 43.3 Beyond Range
(General Electric Co.) of Bridge

Kim-Wipes #900-S 0.005 0.006 735 50 281
(Kimberly-Clark)

Porothene 0.002 0.002 368 Z7 1611
Microporou3 Poll-ethylene
70% Porous-Expanded 5:1

Non-Woven Mat 0.050 0.100 1920 96.5 434
100%6 Polypropylene
# H-61Z
(Kendall Mills)

White Scotties 0.00Z510.003 555 54 309
Facial Tissue
(Scott Paper Co.)

Pellon #FT 2140 0.010 0.010 345 75.5 415
100% Polypropylene

Porothene 0,005 0.005 835 68.5 634
Microporous Polyethylene
70% Porous-Expanded 5:1
(ESB Company)

Woven Teflon #T-214-18 0 0200 0.020 30 64 633
(Huguet Fabrics)

Whatmrn #40 0.010 0.010 193 86 553
Filter Paper

Schleicher & Schuell 0.008 0.008 176 80 681
# 589 Black Ribbon
Filter Paper

Schleicher & Schuell 0.008 0.008 Z17 84 3Z4
#589-1H Filter Paper



TABLE 9

Thick- No. of Percent Observations of Cell
ness layers efficiency CuF 2 cathode at Resis-

Separator used of CuF2  end of discharge tance

Asbestos Filter 1 mil 2 84 Dense red on surface
Paper and red in black

64 matrix underneath

Polypropylene mat 15 mrlu 64 Same as above
100% Polypropyyl
No. 34-235 (Pellon Corp.)

Diatoratceous earth imiL I t7 Dense red on surface --

(PVC-PVAc binder) and black matrix
Microporous (ESB Co.) inside

Analytical Filter Paper 8 mil 2 ' 49 Red on surface and 4.7 ohms
No. 589 (Schleicher and red in black matrix
Schuell Co.) underneath

Glass mat 30 ml 1 68 Dense red on surface 1. 3 ohms
Styrene Bound and red in black
(Hydramatic Packing) matrix underneath

CdS Ion Exchanger 12 Iil 1 7 Spots of dense red 7. Z ohms
No. 1021 (EBB Co.) on surface and black

matrix underneath

Lexan Film i mil 1 16 Red on surface and 4.7 ohrr.s
(General Electric Co.) a little red in ilack

matrix inside

Asbestos Fuel Cell Paper 15 ml 1 16 Dense red on surface 8.6 ohms
(Johns-Manville) and a little red in

blk mat. underneath

Polypropylene SM 91 5rmil 1 37 Same as aboveo-
(Webril)

Glass Fiber Filter Paper 15 mil 2 69 Dense red on surfdce 7.4 ohms
No. 934-AH and very dense red in
(Hurlbut Paper Co.) black matrix under-

neath



TABLE 9 (cont'd)

Thick- No. of Percent Observations of Cell
ness layers efficiency Cu F cathode at Resis-

Separator used of Cu F, end of discharge tance

High strength 17 mil 1 60 Dense red on surface i 3.6 ohms
Fibroid Asbestos and red dispersed in
(Johns-Manville) black matrix

underneath

Porous Polyethylene,, 2 mil 1 63 Same as above 3.0 ohms
Porethene, 7056
porous, Expanded
5:1, (ESB Co.)

KimwiDes 5 mil 3 63 Same as above 4.4 ohms
#900-S
(Kimberly-Clark)

Polypropylene, 50 ml 1 70 Same as above 10.1 ohms
non-woven mat,
10016 Polypropylene,
No. H-612,
(Kendall Mills)

Porous Polyethylene, 5 mil 1 63 Same as above 2. 6 ohms
Porethene, 700%6
porous, Expanded
5:1., (ESB Co.)

Polypropylene 10 mil 1 64 Same as above 3.8 ohms
Mat, (Pellon)
No. FT 2140,
100% Polypropylene



TABLE 10

Weight Analysis of Multi-Electrode Cells

C•ell Number

_-i-5 C-2-5 C-1-7 C-1-9

Dry Weight of Cell (grams) 22.72 22.05 27.11 ?9.95

Dry Weight of Element (grams) 13.16 11.65 17.68 23.58

Weight of Cell Case (grams) 9.56 10.4 9.43 6.37

Wet Weight of Cell (grams 39.87 37.25 38.6 42.39

Weight of Electrolyte (grams) 17.15 15.2 11.49 12.9

Percent Element Weight of 33 31.3 45.8 55.5
Total Cell Weight (wet)

Percent Case Weight of 23.8 28 24.5 15
Total Cell Weight (wet)

Percent Electrolyte Weight 43 40.8 29.8 30.5
of Total Cell Weight (wet)

Theoretical Capacity 3.55 3.05 5.23 7.0
(Ampere Hours) Based
on Cu F2 Capacity
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Effect of ooncentration of Diethylene Triamine on Perloonene Afer
7 Days Activnted S,. nd

Discharge at 2 ma/cm'
Temperature = 25C
Nomineol Capacity = 0.85aoh. z 8 '/i hours at Z2ma/cmn2 discharge

Time 1% Diethylene Triamine 1 0 5% D ethylene Triamine 0. 1 D ¥!flne Triamine
Coll! CurLCu u Cal j curt "U

_ Volts I Volts Volts I Volts . Voltsi ots IVj i VtS Volts

o.c z. 96 -0.54 -3.50 2.95 -0.625 -3.60 2.61 -0.75 -3.60
Sm 2.00 -1.35 -3.45 1.55 -1.95 -3.SO 1.0?5 -1.91 -3.21

15m 2.00 -1.35 -3.426 1.425 -2.075 -3.50 0.950 -1.975 -3.00
30m 2.00 -1.41 -3.41 1.68 -1.82 -3. SO 0.12S -2.76 -Z.88
l hr 1.96 -1.36 -3.39 1.85 -1.75 -3.60
1%hr 1.75 -1.64 -3.39 1.90 -1.70 -3.60
2 1.66 -1.69 -3.39 Z.05 -1.55 -3.60
2% 1.51 -1.88 -3.39 1.98 -1.62 -3.60
3 1.04 -2.36 -3.40 1.75 -1.85 -3.60
3%0 0.32 -3.09 -3.41 1.55 -2.05 -3.60
4 " 1.36 -2.24 -3.60
4'A a1.ZO -2.40 -3.60
5 w 0.99 -2.61 -3.60
S• 1 0.79 -2.81 -3.60
6 0.30 -3.30 -3.60

I



.14

Effect of Concentration of Ethylene Diamine on Performance After
I pays Activated Stand

Discharge at 2 ma./cm

Temperature- ZS= CI Nominal Capacity = 0. 800a.h. • 8 hours at 2 ma/cm2 discharge

Time Io v1enedt mim. 0. AEthylened amino 0.All vthylenediamine
Cell Curz Li Celln CuFP Li CeU CuFZ Li
--Volts Volts Volts Volts I Volts Volts volts. Volts Volts

O.C 3.00 -0.62 -3.75 3.30 -0.10 -3.40 3.41 -0.21 -3.6Z
Sm 1.66 -1.475 -3.25 1.84 -1. 05 -2.71 0.08 -1.73 -2.45

15m 1.475 -1.475 -3.20 1.75 -1.01 -2.80 -- -1.55 -1.65
30m 1.620 -1.500 -3.25 2.09 -1.075 -3.15 -- -0.45 -1.55
45m 1.650 -1.800 -3.45 Z.00 -1.15 -3.15 -- .55 -2.05
1 hr 1.675 -1.580 -3.40 1.90 -1.10 -3.00 -- -. 76 -3.30
1 %hr 1. 4ZS -I.80 -3.3s 1.731 -1.10 -3.05
2 " 1.400 -2.30 -3.70 1.97 -1.18 -3.10
2%0 0.00 -3.60 -3.70
3 " 1.87 -1.31 -3.10
3140
4 " 1.75 -1.46 -3.10
4 1 a 1.70 -1.56 -3.15
5 a 1.56 -1.70 -3.50

6 0.84 -2,46 -3.55
61,4" -3.80 -3.45
7 _
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I Effect of Electrolyte
Concentration on CuFz Cathode Performance

Solutions of Li Cl 04 in Distilled
Propylene Carbonate
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Abstract (DA 2-043 A4C-01394(E)) (Contd)

Continued efforts to optimize Cu2 cathode perforx.ance have shown that,
consistent with gcod handling characteristics, an electrode material contain-
ing 87.5 our,.F2 , 2.5% polyethylene, and lj granhite, !"s the best thus far
evaluated.

For a .L2 in. by 1-5/8 in. structure, it was found that the cathode
weight could be increased from two grams to three and four grams with an
improvement of 20 to 24% in enoriy donsity. T-.

In the evaluation of the effect of current density on cathode perform~ance,
the percent utilization of CuF2 was found to decreab% from 82% at 1 ma/cm:2 to
32% at 5 ma/cm.

A study of the effect of electrolyte concentration (LiCl0h/distilled
propylene carbonate) on c-'thode perf'ormance revealed I x-emura ef'fieiency at
1.25P. There was however, only a sl:ght difference in efficiency in electro-
lytes ranging from 1.0 to 1.5F. Below about O.71?F perforn'ance was very poor.

Storage tests pf pressed lithium foil anodes revealed that these electrodes
could be stored for at least three months in raraffin oil or 22 LiClO4 /distilled
propylene carbonate, with no appreciable loss in electrode discharge efficiency.

Separator screening tests have shonm that lightly compacted, fibrous
separators, such as glass or asbestos filter rapers, and asbestos :fuel
cell papers are t~he best for use in the Li-Cu-N cell.

Li-CuF2 cells have been constuacted having a maximu-m capability of'
80 watt hours per .pound, at a current density of 2 ma/cm2 , and based
on total cell weiCht, including case.

The stand characteristics o-f LiCuF2 cells have been improved by the
addition of complexing agents to the electrolyte. Copper dendrite for-
mation can be p;.-.rented -"' all of the ccmplexing agents thus far tested
severely affect cathode perfiormance, resulting in poor cell discharge
performance, even in the absence of storage.
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