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o Explore means to stabilize lithium in sulfuryl chloride. 

o Establish the limits of performance of carbon/TEFLOli® cathodes. 
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o Optimization of the cell design with respect to leakage and lithium stability. 
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composition and stabilizing coating by calorimetry and complex plane impedance. 

o Determined the performance of both electrodes as a function of electrode and 

electrolyte composition, current density and temperature. 

o Measured both the density and conductivity of sulfuryl chloride electrolyte. 

o Carried out limited mechanistic studies of cathode discharge and cell safety. 

We have found that 

o The fundamental long term corrosion rate of lithium sulfuryl chloride 

electrolyte is less than 1 mil per year (mpy) at room temperature. 

o The corrosion rate of lithium in an operating cell is considerably increased 
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coating, which are also effective in minimizing voltage delay. 

o Lithium sulfuryl chloride cells are capable of delivering close to 110% of 

capacity at current densities of up to 100mA/cm2. Neither reduces cell 

performance by a statistically significant amount. 

Based on this work lithium-sulfuryl chloride appears to be a viable system 

for Army applications. Demonstration of viability requires the solution to 
materials compatability issues which are as much economic as technical. To 

meet Army safety requirements it is recommended that a follow-on effort also 
address safety questions. 
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Development of potentially safer Li/SOjC^ cells for military applica¬ 

tions will require the demonstration of cells with long shelf lives and per¬ 

formance which at least approach that of Li/SOC^. The former requirement is 

principally a function of controlling the rate of lithium corrosion; the 

latter requirement entails optimization of the anode with respect to voltage 

delay and the cathode with respect to voltage and capacity in the range of 1 

to 20 mA/cm^ at temperatures down to -40°C. Both were examined in the present 

study. 

The full scope of this study was as follows: 

• Investigation of anode passivation and the properties of the passive 

film with respect to materials selection, electrolyte composition and 

means of stabilizing the anode. 

• Fundamental studies of the operation of the bromine additive and safety 

related reaction during discharge and cell reversal. 

• Characterization of anode performance after storage (i.e., voltage 

delay) with respect to electrolyte composition and anode design. 

• Statistical characterization of cathode performance as a function of 

current density and temperature. These studies have been carried out 

with respect to both cathode and electrolyte composition. 

• Measurements of physicochemical properties of sulfuryl chloride 

electrolytes. 

The results of these studies are presented sequentially below, followed 

by a section containing conclusions drawn and recommendations for future wort:. 

2 



II. MECHANISTIC STUDIES OF ANODE OPERATION 

The objectives of these studies were to characterize the processes 

which determine the life and perfornunce of the lithium anode in active 

electrolyte lithium-sulfuryl chloride cells. The two anode processes of 

greatest concern with regard to the viability of LÍ/SO2CI2 cells for Army 

applications are 

• Anode corrosion in sulfuryl chloride. Active electrolyte LÍ/SO2CI2 

cells are only viable if an adherent, non-porous insulating film of 

LiCl forms over the anode surface. 

• Voltage delay after storage. Voltage delay results if the protective 

film becomes overly thick, resulting in a large increase in internal 

cell resistance which, in turn, depresses the initial cell voltage on 

discharge. 

The above two effects are somewhat related. If a thin adherent film 

rapidly forms both corrosion and film build-up will be minimized. In this 

section studies of the passivating film as a function of design, time and 

applied current are described. 

II.1 Experimental Approach 

The two methods we have applied to the study of anode processes are 

complex plane impedance and microcalorimetry. The former method has the 

potential for nondestructively supplying microscopic information on the nature 

of the anode protective film. The latter method yields data on the rate of 

film forming reactions. 

Complex Plane Impedance Technique: The impedance of the 

electrochemical cell at any given frequency f is measured using a low 

amplitude ac signal (ca 5 mV peak to peak) applied to the cell at rest or 

3 



under polarization. For a parallell coupled resistance and capacitance (the 

most frequently encountered equivalent circuit in the studies described here), 

the impedance Ze can be represented as a function of the resistance R, the 

capacitance C and the angular frequency a>(*2irf) by either of the following 

equations. 

Ze =--—- -(l-juiCR) [3] 

l + jwCR 1 + (ojCR)2 

Ze "-?-j—arc [tan“* (-mCR)] 

[ 1+( wCR)2]** 

The locus of impedance for this simple electrical network is a semicircle as 

shown in Figure 1. The addition of a resistance in series with the circuit 

shown will cause the semicircular plot to shift to the right on the x-axis. 

It is customary in presenting electrochemical results to employ the first 

quadrant by simply inverting the y axis. 

A typical complex plane impedance spectrum of a LÍ/SO2CI2 cell four 

hours after filling with electrolyte is shown in Figure 2. The frequency 

range available for impedance measurement was 25 kHz to 0.05 Hz. The 

intersection of the high frequency end of the semicircle with the x-axis gives 

a measure of the sum of the terminal and electrolyte resistances (Rg^). The 

center of the first semicircle li is below the X-axis. The resistance of the 

circuit element is 280 and the capacitance calculated from the frequency at 

the maximum of the semicircle is 1.14 yF. This capacitance value is over an 

order of magnitude smaller than the 10 to 40 pF/cm2 expected of 

solid/electrolyte solution interfaces. Based on the changes in the electrical 

characteristics on storage and polarization of the cell (described below) the 

reactance obtained can be attributed to the presence of a dielectric film on 

the lithium anode. The presence of a film of LiCl on lithium in SOC^-based 

electrolytes is well known. A similar film exists on lithium in SO2CI2“ 

electrolytes. 



(a) R 

(1S78) 

Figure 1 
a) Resistance - Capacitance 

Network and b) Locus of Impedance Plot 
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4 hours after fill 
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The thickness of the film d can be calculated from the capacitance C 

using the equation 

c -__ 
3.6 X 1012itd 

where A is the geometric area and e the dielectric constant of LiCl is 

11.05. The film thickness, four hours after cell filling is 283A. 

The semicircles observed at lower frequencies arise from resistance- 

capacitance couples associated with charge transfer impedances and inter 

particle contact impedances in the cell. When the semicircle at the high 

frequency end grows in size, the low frequency side degrades in resolution and 

the frequency range available is no longer sufficient to delineate fully the 

spectrum. This effect is already evident in Figure 3 which is a spectrum 

obtained two hours after the one in Figure 2. 

Battery Microcalorimetry; Battery microcalorimeters such as the Tronac 

351R used in this work are capable of measuring heat fluxes of less then 

lyu. For the most probable corrosion/film formation reaction in LÍ/SO2CI2 

cells of the size built for this study 

2Li + S02Cl2 M S02 + 2LÍCI AH°298 = 744kJ/mole t2l 

the sensitivity of the Tronac 351R allows reaction [2] to be measured at a 

rate correspondong to 0.05 mils per year (mpy) of lithium surface. 

Although microcalorimetry is a very sensitive tool for determining 

reaction rates it is not discriminatory. That is, the output data is a heat 

flux and if more than one source of heat exists the total heat must be divided 

between the sources to estimate reliably reaction rates. For example, Hall, 

7 



»1 rnmmm 

-101 

(1273) 
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et.al. (5) were able to partition the heat generated by zinc-air cell self 

discharge between direct oxidation and corrosion by measuring the heat flux in 

the presence and absence of oxygen. For sealed LÍ/SO2CI2 cells extraneous 

sources of heat may arise from corrosion of cell components. In this work we 

have largely ignored these sources of heat and assigned the total heat flux to 

reaction [4], Our estimated corrosion values thus represent a worst case 

situation. 

In future work, if partitioning of the heat is desired, differential 

calorimetry between filled cells with and without lithium is recommended. 

II.2. Materials Selection and Cell Design 

The chief result of all of the early calorimetric work was a ceil 

design of sufficient life and stability to allow parametric performance 

characterization. A schematic of the initial cell design is given in Figure 

4. In this design a 304 SS case is employed with one electrode grounded to 

the case. Electrical connection to the second electrode is made with a glass- 

to-metal feedthrough whose insulated terminal also serves as a fill tube. The 

feedthrough is bonded to the case with soft tin or tin-lead solder. 

Corrosion data for two such cells using a 1.5 M LÍAICI4/SO2CI2 

electrolyte and a negative grounded design are given in Figure 5. Corrosion 

is high when the electrolyte is prepared from reagent grade sulfuryl 

chloride. When the reagent is distilled, refluxed over lithium and distilled 

again and then used, the corrosion rate diminishes considerably. The highest 

corrosion rate measured here is an order of magnitude lower than the rate 

estimated from the initial gassing rate found by Gilman and Wade (6). In 

5. J.C. Hall, H.F. Gibbard and M.J. Montgomery, Fall Meeting of the 
Electrochemical Society, Extended Abstract No. 104, Los Angeles, 
California, October 14-19, 1979. 

6. S. Gilman and W. Wade, J. Electrochem. Soc., 127, 1427 (1980). 
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translating the heat outputs to corrosion rates it was assumed that only one 

face of the lithium foil pressed into the metal case is available for 

corrosion. If both the faces i.e., 2x3.3 cm2 are indeed available for 

corrosion the effective corrosion rate would be half that shown in Figure 5. 

The corrosion rate of lithium in the cell containing purified SO2CI2 is 

about 125 mils per year, one day after cell filling. It decreases to 40 mpy 

after 10 days and 20 mpy after 23 days. The corrosion rate continues to 

decrease on further storage, but, after 600 hours of storage it is still 

greater than 10 mpy, which is clearly unacceptable for Array applications. 

One possible cause for this high rate of corrosion is that stainless 

steel is corroded in sulfuryl chloride, and the heavy metal corrosion products 

may plate on the anode surface and create a local cell. In addition it was 

unclear what the optimum electrode grounding choice is with respect to cell 

shelf life. Finally the studies to this point were not carried out with 

performance additives which may impact lithium stability in an unforeseen way. 

The design of the next series of cells tested are summarized in Table 

1. In cells 2 and 3, where the negative electrode floats with respect to the 

case, the electrodes were made by pressing 2 0.01 inch lithium foils to both 

faces of a 0.002" Ni foil. In the case of cell 1 the negative electrode was 

fabricated by pressure bonding a 0.01 inch lithium foil to the nickel can. 

Calorimetic heat generation, corrosion and film resistance data for the 

three cells are summarized in Table 2. Although none of the cells 

demonstrated an acceptable rate of corrosion it does appear that floating the 

negative electrode with respect to the case (cells 2 and 3) leads to a lower 

corrosion rate than negative grounding. For cell 3 the rate of corrosion is 

exponentially decreasing with time as shown in Figure 6. 

12 
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Table 1 

Design Characteristics of 1-inch Diameter Cells 

for Anode Stability Testing 

’ 11 

• 200 Ni case 

• Glass to metal feedthrough 

• LÍACI4/SO2CI2 electrolyte 

• Bromine Additive 

• 90% Shawinigan Black, 10% PTFE cathode 

• 0.005 inch glass mat separator 

Cell No. Anode Area (cm^) Grounding 

1 

2 

3 

1.27 Negative 

2.50 Floating 

2.50 Positive 

14 
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All the cells summarized in Table 2 developed leaks at the tin solder 

joint between the feedthrough eyelet and the case. The leakage precluded 

longer term testing and may have led to an increase in the apparent corrosion 

rate as a result of 

• Corrosion heat due to electrolyte attack on the solder and case 

material. To assess this an empty cell case was filled with 

electrolyte and its heat generation measured. 24 hours after 

construction the empty cell case was generating 241 pW of heat. Thus 

as much as 402 of the heat ascribed to anode corrosion could arise from 

a secondary corrosion process. 

• If soluble heavy metal products arise from secondary corrosion 

processes they would be expected to plate out on the anode and increase 

anode corrosion through the formation of a local cell. 

Based on these results it was not clear whether lithium is inherently 

unstable in sulfuryl chloride or the measured corrosion rates are 

representative of materials selection problems. To this end we have carried 

out a series of ampule experiments where the heat generation from lithium 

foils in contact with electrolyte inside sealed glass ampules was measured. 

The first questions addressed by the ampule experiments were the 

inherent stability of lithium in LÍAICI4/SO2CI2 electrolytes and the possible 

local cell effect. Figure 7 shows the heat evolution due to exposure of 3.3 

cra^ area lithium foil. The heat output is high during the first day of 

exposure but it diminishes thereafter and amounts to only about 6 tupy 

corrosion rate after the second day. Corrosion is only about 2 mpy after ten 

days, and the decrease continues on further storage. Thus it does not appear 

that lithium is inherently unstable in a LÍAICI4/SO2CI2 solution. 

Figure 8 shows the effect on corrosion rate of contacting the lithium 

foil with a piece of nickel foil of equal geometric area. In the absence of 
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GLASS-TO-METAL SEAL 

FILL TUBE 

12031) 

Figure 10 Design of Solderless Feedthrough/Fill Tube/Cell Cap 
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Unfortunately, use of the designs shown in Figure 10 also requires the 

use of stainless steel cell parts, since glass cannot be joined satisfactorily 

to more inert materials such as nickel. The baseline design described in 

detail in Section II.3 used the Figure 10 feedthrough and a 30A stainless 

steel positive grounded case. 

We have evaluated the intrinsic lithium corrosion rate of this design 

with the glass ampule technique. Lithium and stainless steel 10cm^ foils were 

placed in a glass ampule but electrically isolated from each other with glass 

mat separator. The ampule was filled with 1.5 M LÍAICI4/SO2CI2 electrolyte. 

To eliminate extraneous effects due to stainless steel corrosion an ampule 

containing lOcm^ of stainless steel, glass mat separator and electrolyte was 

placed in the second compartment of the Tronac calorimeter. The experiment 

was thus differential in nature with sources of heat other than lithium 

corrosion substracted out. 

Heat generation and corrosion data for the above experiment are given 

in Figure 11. Through 70 hours of testing the corrosion rate was found to be 

at least double that found in the previous ampule experiments (12mpy at t“60 

as opposed to > 6mpy). This indicates a need for improved case materials to 

be developed as part of a follow-on effort. 

II.3 Anode Stability on Storage 

During the first two quarters of the contract work anode stability 

studies were carried out using cells with soldered feedthrough. Some of the 

results of this work and problems with the cell design were discussed in the 

previous section. A full description of the work is given in quarterly 

reports DELET-TR-81-0420-1 and DELET-TR-81-0420-2. 

During the last two quarters all work was carried out with the 

solderless design. The cell design used in this work is summarized in Table 

3. In general cells built with this design were leak-free and had relatively 
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Figure 11 Corrosion Data for a 10cm2 Lithium Foil and a 10cm2 

Stainless Steel Foil in a Sealed Glass Ampule Containing 

1.5M LiAICl4/S02CI2 vs. a 10cm2 SS Foil in a Glass 
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Table 3 

Design Characteristics for Second Generation Cells 

Employed in Anode Stability Studies 

• 304 stainless steel case with integral glass to metal seal 

• Positive grounded 

• 90% Shawinigan Black, 10% PTFE cathode, 0.02" thick, nickel 

Exmet supported 

• 0.002" negative nickel sheet current collector 

• 0.004" porous Teflon insulator between the anode and the case 

® Cell TIG welded 

24 
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stable voltages for at least two months. The actual life time of the cell is 

unknown or no unexpected failures have been observed. 

The first problem addressed with the new design was the effect of 

electrolyte composition on anode stability and the nature of the passivating 

film. The three electrolytes used in this study were: 1.5M LÍAICI4/SO2CI2» 

1.4M LÍAICI4, 0.1M LiAlCl3Br, 0.2M Br2, 0.2M SO2/SO2CI2 and 1.5M LÍAICI3, 0.2M 

CI2/SO2CI2. The chlorine was added by bubbling gaseous chlorine through a 

presaturation and addition apparatus schematically shown in Figure 12. Thus 

the initial SOj concentration for this cell was probably lower than that 

normally present due to thermal decomposition due to removal by the gas 

stream. 

In Figure 13 corrosion data from 0 to 700 hours after activation are 

given for the cell with the bromine electrolyte. The benefit of the 

«olderless design is clearly evident if these data are compared with that in 

Table 2. The initial corrosion fate of the solderless design is only 25% of 

that found in cells built with solder. 

Although we were successful in reducing the initial corrosion rate no 

improvement was seen in the long term corrosion rate as can be seen by 

comparing the data in Figure 13 with that in Figure 5. After 600 hours of 

testing the rate of corrosion in both ceils is ~ 20 mpy. 

This may indicate that cells which contain bromine are more sensitive 

to trace, corrosion-promoting impurities. This was confirmed by the tests of 

the LiAlCl4/S02Cl2 and LÍAICI4, CI2/SO2CI2 cells. Corrosion data for these 

cells through 700 and 500 hours of storage respectively are given in Figures 

14 and 15. Both cells show a much more steeply declining corrosion rate than 

the cell built with the bromine additive. Although the cell containing 

chlorine initially has a slightly higher corrosion rate, after 500 hours of 

storage its corrosion rate has declined to 5 mpy or about half that of the 

cell without additives. 

25 



Figure 12 Cl2 Gas Scrubbing Apparatus 
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Figure 13 Long Term Corrosion Data for a U/SO2CI2 Cell with Added Br2 

• 1.25"0Cell,1"0 Electrode 

• Positive Grounded SS Case 

• 25°C 
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Fiflure 14 Lonfl Term Corro$ion Data for a Li/SOjCIj Cell without Additives 
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• Positive Grounded SS Case 
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Figure 15 Long Term Corrosion Dete for e Li/SC^C^ Cell 

with Added Chlorine 

• 1.25" 0,1" 0 Electrodes 

• Positive Grounded 

• T - 25°C 
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Complex plane impedance spectra are given in Figures 16-19 for the cell 

with the bromine additive at 20, 68, 144 and 168 hours after activation. As 

summarized in Figure 20, film resistance increases with time, as does 

calculated film thickness. 

Complex plane impedance data for the cell without additives are given 

in Figure 21-25 for periods of storage between 2 and 138 hours. A summary of 

the variation in film resistance and calculated thickness is given in figure 

26. Comparing the data in Figure 26 with those in Figure 20 the two striking 

differences are 

• Film resistance is increasing at a much faster and apparently linear 

rate for the cell without additives. 

• Film thickness is increasing at a much slower rate for the cell without 

additives. 

The thickness results appear to mirror the greater rate of corrosion 

with the bromine additive which should result in an accumulation of corrosion 

(e.g., film) at the anode surface. The greater resistance and faster rate of 

film resistance increase in the absence of bromine probably indicates a purer 

(e.g., less doped) film. A more rapidly increasing film resistance should 

lead to a lower corrosion rate as 

• It probably indicates a more adherent, denser film which will physically 

protect the lithium anode. 

• It may lead to a lower corrosion rate if the electronic resistances also 

increases as in the absence of a local cell film growth and corrosion 

require electronic conductor through the film. 

In Figures 27-30 complex plane impedance spectra are given for the cell 

with added gaseous chlorine. The variations in film resistance and thickness 

30 
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Figure 16 

(2065) 

RESISTANCE 

Complex Plane Impedence Spectra of U/Si^C^+B^ 

20 hours after activation 

Rf¡lm = 25 ohms (13 x 107 ohm-cm) 

cfilm = 5.1 p F 
Thickness = 19.1 Â 
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Figure 17 Complex Plane Impedence Spectrum of Li/SC^C^+B^ 
68 hrs. after fill 
Rfjlm = 86 ohms (25 x 10® ohm-cm) 
Cfiim = 2.83 ft F 
Thickness = 345 Â 

(2069) 
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Figure 18 Complex Plane Impedence Spectrum of Li/SC>2Cl2+Br2 

144 hr*, after fill 

Rfilm “ 117 oh,m <28x1°7 ohm“cm) 
^ilm “ 2-3 M i 
Thickness ■ 420A 

(2068) 
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100 120 140 

Figure 19 Complex Plane Impedence Spectrum of Li/SO,CI,+Br, 163 hrs 
after fill * * 

Rfi,m = 123 Í2 |24x107 n-cm) 

Cfilm = 2 0^ F 
Thickness * 510 

1206/) 
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Figure 20 Change in Film Resistance and Thickness 

During Storage of Li/S02Cl2+Br2 
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figure 21 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built without Additives 2hr after Fill 

Rfjlm ” 16 ohms 

Cfilm s 12.0^ F 

Thickness = 85 A 

Film Specific Resistance in Ohm-cm * 19E + 007 
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Figure 22 Complex Impedance Spectrum of a Lithium—Sulfuryl Chloride Cell 

Built without Additives 19hr after Fill 

Rfilm “ 41 ohms 

Cfilm = 7-4 M F 

Thickness = 137 A 

Film Specific Resistance in Ohm-cm = 30E + 007 
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Figur« 23 Complex Plane Impedance Spectrum of a Lithium—Sulfuryl Chloride 

Cell Built without Additives 44hr after Fill 

Rfilm = 62 ohms 

Cfilm * 6-1 M F 

Thickness * 167 A 

Film Specific Resistance in Ohm-cm - 37E + 007 
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Figure 24 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built without Additives 69hr after Fill 

Rfilm = 99 oi‘"* 

Cfilm “ 4.8uF 

Thickness * 214 A 

Film Specific Resistance in Ohm-cm = 46E + 007 

39 
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RESISTANCE 

160 200 

(2479) 

Figure 25 Complex Plane Impedance Spectrum of a Lithium -Sulfuryl Chloride 
Cell Built without Additive* 138hr after Fill 

«film = 178ohms 

cfilm = 3 4 ^ F 
Thickness * 299 Â 

Film Specific Resistance in Ohm-cm * 59E + 007 
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Figure 26 Changes in Anode Film Resistance and Thickness with 

Storage Time for a LÍ/SO2CI2 Cell without Additives 
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Figure 27 
Compta Plane Impedance Spectrum of a Lithium-Sulfuryl 

Chloride Cell with Added Gateow Chlorine 2 hr after Fill 

«film ’ 10 oh,m 

Cfilm ■ 3("‘F 
Thickness = 334 A 

Film Specific Resistance in Ohm-cm = 30E + 006 



Figure 28 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell with Added Gaseous Chlorine 19hr after Fill 

"film “ 55ohms 

Cfilm = 1-9 M F 
Thickness * 522 A 

Film Specific Resistance in Ohm-cm = 10E + 007 
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RESISTANCE 
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(2482) 

Figure 29 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl 

Chloride Cell with Added Gaseous Chlorine 44hr after Fill 

Rfilm * 102 ohms 

cfilm * 17PF 

Thickness s 604 A 

Film Specific Resistance in Ohm-cm * 17E + 007 
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Figure 30 Complex Piene Impedence Spectrum of a Lithium -Sulfuryl 
Chloride Cell with Added Gaseous Chlorine 69hf after Fill 

"film ' '«»•'ira 

Cfilm * ’•»»‘f 
Thickness = 530 A 

Film Specific Resistance in Ohm-cm * 27E + 007 
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with time summarized in Figure 31. As was the case in the cell without 

additives an apparent linear increase in film resistance is evident. In fact 

the rate in increase is even more rapid with added chlorine which is possibly 

reflected in the lower long term corrosion rate. 

The thickness of the film in the presence of added chlorine starts out 

a very high value (~ 340°A). This probably reflects the higher molecular 

chlorine activity which will result in film formation by the reaction 

2Li + Cl2 “ 2LÍC1 [5] 

rather than the reaction 

2Li + S02ci2 = 2LiCl2 + S02 [2] 

One might expect that reaction [5] would occur more rapidly than reaction 

[2], In addition as volatile products are not formed in reaction [5] a more 

adherent film may be formed by this reaction which would be reflected in 

greater thickness values. 

The apparent decrease in film thickness shown in Figure 31 may be an 

anomally. However, it might also indicate a sloughing off of an outer film 

layer. 

After this initial set of experiments and prior to further parametric 

tests experiments were carried out to 

• Reexamine the design parameters summarized in Table 3 with respect to 

anode stability. 

• Investigate semiempirical approaches to stabilization of the lithium 

anode. 
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Figure 31 Variation in Film Resistance and Thickness 

for a LÍ/SO2CI2 Cell with Added Gaseous 

Chlorine 

F
IL

M
 T

H
IC

K
N

E
S

S
, 



Two elements of the Table 3 design are suspect with respect to anode 

stability. The selection of positive grounding was based on results obtained 

with an unstable solder connection between the feedthrough and cell case. The 

use of a porous PTFE insulator between the double faced anode and cell case 

may not be optimum as lithium and fluorocarbons react. 

The choice of grounding was reexamined calorimetrically in a cell of 

the new design. Heat generation rate data through 250 hours of testing are 

given in Figure 32. The corrosion rate through 100 hours of testing is at 

least double that of a positive grounded cell without additives. The longer 

term data, however, suggest that a negative grounded cell built with stable 

materials will have a corrosion rate equivalent to a positive grounded cell. 

The result in Figure 32 suggests that the stainless steel case is 

acting as a surface for the reduction of sulfuryl chloride. This is still a 

source of parasitic capacity loss, however, if prepassivation of the case is 

feasible, reduction of sulfuryl chloride on the case wall may be minimized. 

In any event it appears that only the initial corrosion rate is accelerated. 

In Figure 33 long term corrosion data are given for a positive grounded 

LÍ/SO2CI2 cell where the PTFE insulator is replaced with a glass mat 

insulator. Comparing the date in Figure 33 with that in Figure 14 for a cell 

of identical chemistry but built with the PTFE insulator it is seen that the 

elimination of the fluorocarbon-lithium contact reduces the apparent corrosion 

rate. The improvement seems to diminish as the cells age, but heat generation 

is still lower after 500 hours of storage for the cell built with the glass 

mat insulator. 

The two semiempirical approaches explored for stabilizing the lithium 

anode in sulfuryl chloride cells are 

• Coating the anode with methylcyanoacrylate. Such coatings are reported 

to reduce voltage delay in LÍ/SOCI2 cells. Although their mechanism of 

48 
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Figure 32 Long Term Corrotion Data for a U/SO2CI2 Cell 

without Additivei 

• 1.25" 0 Cell, 1" 0 Electrodes 

• Negative Grounded SS Case 

e 25°C 
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Figure 33 Long Term Corrosion Data for a LÍ/SO2CI2 Call without 

the PIFE Insulator 
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operation i» unclear the poaaibility enlata that they »ill enhance anode 

stability in LÍ/SO2CI2 cell8‘ 

• Soaking the lithium anode for approximately 48 hours in a solut’ 

1.5H UAlCU/SOCly. The rationale for thia procedore ia that the 

UC1 film formed in thionyl chloride may be more protective than that 

formed in sulfuryl chloride. 

The raethylcyanoacrylate coating was applied by repetitive dipping 

the anode into a aolntion of methlcyanoacrylate in ethyl acetate. Heat 

generation rate data for a cell built »ith the coated anode i. given in Figure 

34, If « attribute the heat eolel, to lithium corrosion it appears that the 

coating sharply reduces the initial corrosion rate but does not effect 

long term corrosion rate (see Figure 14). 

In fact at least initially much of the measured heat must be due to the 

reaction of sulfuryl chloride »ith the coating. The mechanisms by »hich the 

coating operates in thionyl chloride is not fully understood. It is reported, 

houever, that the coating ia conaumed by results in a more protective U 

coating (7). We cannot separate the methylcyanoacrylate-sulfuryl chlorl e 

reaction from the corro.ion heat. After 400 hr. the measured heat is 

equivalent to that found in a cell »ithout methylcy.noacrylate (see igure 

14). If some of this heat is still due to the methylcyanoacrylate chemical 

reaction the rate of corrosion may be lower. 

Complex plane impedance spectra for the cell built with 

methylcyanoacrylate coating are given in Figures 35-40. Initially a spectrum 

could not be reaolved. This presumably ia due to the methylcyanoacrylate 

coating blocking the anode surface. After 90 hour, of storage spectra became 

N.A. Fleiaher, "30th Po»er Sourcea Sympoaium,” Atlantic City. W.J 

published) • 

(to be 
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Figure 34 

0 200 400 

TIME. HOURS 

Long Term Corrosion Oeta for a Li/S02Cl2 0411 with a 

Methylcyanoacrylate Coating on the Lithium Anode 
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Figure 35 Complex Plane Impedance Spectrum of a Lithium- -Sulfuryl Chloride 

Cell Built with a Methylcyanoacrylate Anode Coating 90hr after Fill 

Rfilm * 204 ohms 

cfilm = 2.1 M F 

Thickness * 477 A 

Film Specific Resistance in Ohm-cm = 43E + 007 
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RESISTANCE 

240 300 

(2486) 

Complex Plane Impedance Spectrum of a Lithium-Sulfuryl 

Chloride Cell Built with a Methylcyanoacrylate Anode Coating 
115hr after Fill 

Rfilm * 155 ohms 

Cfilm * 2 2 P F 

Thickness = 458 A 

Film Specific Resistance in Ohm-cm * 34E + 007 
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Figure 37 
Compte« Plan. Imp«lanc. Sp«ttnm ot a U'h.um-Solloryl Chlan* 
Oil Built with a Methylcvanoacrylate Anode Coatmj 173hr 

"tilm = 200 o”™ 

Cfllm " 2»PF 

Thickness = 358 Â 

Film Specific Resistance in Ohm-cm * 56E + 007 
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Figure 38 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl 
Chloride Cell Built with a Metb /(cyanoacrylate Anode Coating 
242hr after Fill 

Rfüm “181 ohms 

Cfilm = 3-2 M F 

Thickness = 315 A 

Film Specific Resistance in Ohm-cm = 57E + 007 
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Figure 39 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl 

Chloride Cell Built with a Methylcyanoacrylate Anode Coating 

288hr after Fill 

Rfilm * 165 ohms 

cfilm Ä 5.3/iF 

Thickness * 191 A 

Film Specific Resistance in Ohm-cm * 86E + 007 



Figure 40 Complex Plane Impedance Spectrum of a Lithium -Sulfuryl Chloride 

Cell Built with Methylcyanoacrylate Anode Coating 462hr after Fill 

Rfilm “ 213 ohm8 

Cfilm “ 5.1 p F 

Thickness = 201 A 
Film Specific Resistas ce in Ohm-cm » 11E + 008 
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resolveable presumably indicating at least partial consumption or modification 

of the methylcyanoacrylate coating. 

Between 90 and 462 hours no consistant trend is seen in film resistance 

which remains ~ 200 ohms. Apparent film thickness actually appears to 

decrease with storage time as shown in Figure 41. Considering the probable 

complex nature of the film and the assumptions of the thickness calculation 

the trend in Figure 41 is viewed as purely qualitative. It is nonetheless 

noteworthy that film growth is a probable cause of voltage delay. A thinning 

of the film with storage time would be expected to lead to reduced voltage 

delay. 

A final trend evident in the complex plane impedance spectra after 

about 200 hours of storage is the departure of the high frequency (i.e., low 

resistance) points from the semicircle. Normally these are the most precisely 

determined points. Their departure from the semicircle is then not an error 

but evidence for a new circuit element in the equivalent circuit. This is 

clearly evident in Figure 40 where after 462 hours of storage a line passing 

through the intersection of the axus at 45° can be drawn through the first 

four high frequency points (i.e., 23, 10, 5 and 2.5 kHz). 

In ac measurements points forming a ¿'5° line to the real axis are 

ascribed to a Warburg impedance which results from diffusion of a dilute 

reactant to an electrode surface (8). A high frequency Warburg impedance is 

predicted by tie Nerst approximation where the thickness of the diffusion 

layer is finite. 

The high frequency points in Figure 40 are in agreement with the Nerst 

approximation. As the only difference between this and previous cells is the 

methylcyanoacrylate coating it is a safe assumption that the diffusion layer 

8. C. Gabrielli, "Identification of Electrochemical Processes by Frequency 
Response Analysis," Solartron Instruments Group. 
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Change in Apparent Film Thickness with 

Storage Time for a U/SO2CI2 Cell Built with a 

Methylcyanoacrylate Anode Coating 
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is a result of the coating. The diffusion zone probably arises from the 

diffusion of lithium ions through a gradient of concentration between the 

anode surface and the bulk electrolyte. 

Two months after the completion of the study all the cells used for 

studies of anode processes were tested for voltage delay. The tests were 

carried out by applying a constant lOmA/cm current. Only the cell built with 

the raethylcyanoacrylate coating operated above zero volts; after a two minute 

startup transient of low voltage the cell discharged above 3V. 

The question arises as to the possible errors which result from 

inclusion of high frequency Warburg points in calculating a semicircle for a 

pure RC network. In Figure 42 the spectrum at 462 hours has been recalculated 

without the first four points. The fit to semicircle is obviously better in 

Figure 42 as compared to Figure 40. However, the calculated data are not 

significantly different. 

Heat generation rate data for a cell with a 1.5M LÍAICI4/SOCI2 anode 

pretreatraent is given in Figure 43. The corrosion rate, while approximately 

20% less than that of a cell without the pretreatment (see Figure 14), is 

still unacceptably high after 300 hours of testing. 

We attribute the continued high corrosion rate after thionyl chloride 

pretreatment to indicate either incomplete passivation or that the thionyl 

chloride-formed passive film is unstable in sulfuryl chloride. That film 

modification continues after contacting the anode with sulfuryl chloride is 

demonstrated by the complex plane impedance spectra in Figures 44 and 45 taken 

30 minutes and 4 hours after fill. These spectra clearly demonstrate 

continued film modification on contacting the anode with sulfuryl chloride. 

The mechanism of this modification appears to be fairly complex, since 

• Unlike other tests no spectral resolution was possible after 20 hours of 

storage. 

• The corrosion rate continues to be lower than that found in a cell 

without the pretreatment. 
61 
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Figure 42 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl 

Chloride Cell Built with a Methylcyanoacrylate Anode 

Coating 462hr after Fill with the High Frequency Data Points 

no included in the Semicircle Calculation 

"film = 183 «*>">» 

Cfilm - 5-0 * F 

Thickness = 203 A 

Film Specific Resistance in Ohm-cm * 90E + 007 
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Figure 43 Long Terni Corrosion Data for a LÍ/SO2CI2 Cell with an 

Anode Pretreated in Thionyl Chloride 
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Figure 44 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl 

Chloride Cell Built with a Thionyl Chloride Treated Anode 
30min after Fill 

Rfilm “ 12 ohms 

cfilm * 5.1 p F 

Thickness 3 198 A 

Film Specific Resistance in Ohm-cm * 59E + 006 
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Figure 45 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl 

Chloride Cell Built with a Thionyl Chloride Treated Anode 

4hr after Fill 

Rfilm = 56 ohms 

Cfilm = 3-6 M F 

Thickness = 285 A 

Film Specific Resistance in Ohm-cm * 20E + 007 
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In the final phase of the studies of anode storability the effects of 

performance additives were examined with respect to the means by which they 

are introduced into the cell. The cell design for these tests was modified by 

replacing the PTFE insulator with glass mat to eliminate possible extraneous 

sources of heat. The three electrolyte compositions examined were 

• 1.5M LiAlCl^, 0.25M Br2/S02Cl2. In this test molecular liquid bromine 

was added to the electrolyte. This had the effect of eliminating SO2 

from the initial electrolyte composition which may in an unforeseen 

fashion effect anode stability. 

• 1.5M LiAlCl^, 0.3M CI2/SO2CI2. For this electrolyte composition 

liquified chlorine was added to chilled 1.5M LiAlCl4,'S02Cl2- 

• 1.5M LiAlCl4, 0.3M Cl2, 0.25M B^/SOjC^. The objective of this test 

was to examine possible synergistic effects between the two additives 

with respect to anode stability. 

Heat generation data for the 1.5M LiAlCl^, 0.25M Br2/S02Cl2 cell are 

given in Figure 46. The complex-plane impedance spectra are shown in Figures 

47-51. The corrosion rate through the first 200 hours of the test is 

approximately 30% lower than that observed when the bromine additive is formed 

in situ (see Figure 13). However, after 300 hours of storage no significant 

difference is evident between the two electrolytes. It appears that the in¬ 

cell rate of lithium corrosion in the bromine electrolyte is not greatly 

effected by the mode of electrolyte preparation. 

Heat generation data for the chlorine-containing cell are presented in 

Figure 52. The steady corrosion rate, 5 mils per year, is well below the 30 

mils per year rate for the bromine-containing cell. 

Complex plane impedance spectra for the cell between 74 and 517 hours 

of storage are given in Figures 53-58. With the exception of the 517 hours 

spectrum film resistance is essentially constant at ~ 100 ohms. Apparent film 

thickness is effectively unvariant in all the spectra with a value on the 



Figure 46 Long Term Corrosion Data for a LÍ/SO2CI2 Cell with 

Added Liquid Bromine and No PTFE Insulator 
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Figure 47 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Bromine 3hr after Fill 

Rfilm “ 23ohms 

Cfilm = 3A^ 
Thickness = 303 A 

Film Specific Resistance in Ohm-cm = 75E + 006 
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Figure 48 Complex Plane Impedance Spectrum of Lithium-Sulfur7IChl0r.de 

Call BRL-1 Built with Added Liquid Bromine and No PTFE Insulator 

27.5hr after Fill 

"film - 33 o*"“ 

Cfilm = «Off 

Thickness * 253 A 

Film Specific Resistance in Ohm-cm = 13E + 007 



Figure 49 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Bromine 94hr after Fill 

«film = 48ohms 

cfilm = 

Thickness = 214 A 

Film Specific Resistance in Ohm-cm 3 22E + 007 
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Figure 50 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Bromine 172hr after Fill 
. 

Rfjlm = 135 ohms 

Cfilm “ 2.1 /i F 



40 160 200 

- 40 

80 120 

RESISTANCE 

(2497) 

Figure 51 Complex Plane Impedance Spectrum of a Lithium- -Sulfuryl Chloride 

Cell Built with Added Liquid Bromine 286hr after Fill 

Rfilm = 128 ohm* 

Cfilm 22 pt 

Thickness s 456 Â 

Film Specific Resistance in Ohm-cm * 28E + 007 
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Figure 52 Long Term Corrosion Data for a LÍ/SO2CI2 Cell with 

Added Liquid Chlorine 

• 1.25" 0,1" 0 Electrode 

• Positive Grounded 

• T - 25°C 
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Figure 53 Complex Plene Impedance Spectrum of a Lithium Sulfuryl 

Chloride Cell Built with Added Liquid Chlorine 74hr after Fill 

Rfilm ' 106ohm# 
cfilm = 3 3 ^ F 

Thickness - 306 A 

Film Specific Resistance in Ohm-cm * 34E + 007 



Figure 54 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine 94hr after Fill 

'film = 95 ohms 

Cfilm = 2.8/1 F 

Thickness = 362 A 

Film Specific Resistance in Ohm-cm = 26E + 007 
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Figure 55 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine 120hr after Fill 

Rfjlm * 93 ohm* 

Cfilm = 2 9 ^ F 

Thickness * 353 A 

Film Specific Resistance in Ohm-cm = 26E + 007 
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Figure 56 Complex Plane Impedance Spectrum of a Lithium- Sulfuryl Chloride 

Cell Built qith Added Liquid Chlorine 171hr after Fill 

Rfilm = 88ohms 

Gfilm = 3.6 M F 

Thickness = 283 A 

Film Specific Resistance in Ohm-cm = 31E + 007 
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Figure 57 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine 246hr after Fill 

Rfilm 3 118 ohms 

Cfilm = *-0 M F 

Thickness » 257 A 

Film Specific Resistance in Ohm-cm = 46E + 007 



Figure 58 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine 517hr after Fill 

Rfilm = 350 ohms 

Cfilm = 3-4 ^ F 

Thickness = 300 Â 

Film Specific Resistance in Ohm-cm = 12E + 008 
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order of 500A. It should be noted that the fit of the points to a semicircle 

is good in all the spectra and in none is a high frequency Warburg impedance 

evident. 

Heat generation rate data for the cell using a 1.5M LiAlCl^, 0.3M CI2, 

0.25M Br2/S02CÍ2 electrolyte are given in Figure 59. The goal of this test 

was to increase anode stability in the presence of bromine by the addition of 

chlorine. Comparing the data in Figure 59 with that in Figure 46 it is 

evident that the long term corrosion rate with both additives is half that 

when only bromine is present. The corrosion rate is still higher than that 

observed with the pure chlorine additive, however (see Figures 15 and 52). 

Complex plane impedance spectra for this cell are given in Figures 60- 

62. Variations in film resistance and thickness with storage time are 

summarized in Figure 63. Comparing the data in Figure 63 with that in Figure 

20 for a cell with only the bromine additive, it is seen that film thickness 

is increasing at a much lower rate when chlorine is also present. In fact the 

film thickness is close to invariant as was found in the cell with added 

chlorine. The increase in film resistance is similar to that observed with 

added bromine. It appears that the two additives are both influencing anode 

stability in what is most likely a complex fashion. 

II.4. Changes due to the Passage of Current 

The presence of a resistive film on the lithium anode causes the cell 

voltage to be depressed upon initiation of cell discharge. The subsequent 

recovery of the voltage (characteristic of the phenomenon of "voltage delay") 

occurs due to the decrease in film resistance on polarization as is evident in 

Figure 64, for a cell employing a 1.5M LÍAICI4/SO2CI2 electrolyte. The film 

resistance of 85Í1 on open circuit is progressively reduced to 58Í2, 39n and 

31.5:1 on polarization by 0.1, 0.2 and 0.3V respectively. There is 

approximately 1.5¿ increase in electrolyte resistance due to the addition to 

the porous film caused by disruption of the compact film. The film builds up 
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Figure 59 Long Term Corrosion Date for a Li/SC^C^ Cell 

Built with Added Liquid Chlorine and Bromine 

and No RIFE Insulator 
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Figure 60 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine and Bromine 27hr after Fill 

Rfilm = 33ohms 

cfilm = 4°PF 

Thickness * 253 A 

Film Specific Resistance in Ohm-cm = 13E + 007 
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Figure 61 Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine and Bromine 94hr after Fill 

Rfilm = 69ohms 

Cfilm = 3.7 m F 

Thickness = 276 A 

Film Specific Resistance in Ohm-cm - 25E + 007 
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Complex Plane Impedance Spectrum of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine and Bromine 333hr after Fill 

«film - 141 ohm* 

cfilm - 3.0p F 

Thickness » 342 A 

Film Specific Resistance in Ohm-cm » 41E +007 
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Figure 63 Variations in Film Resi«tance and Thickness with Time for a 

LÍ/SO2CI2 Cell Employing a 1.6M LÍAICI4, 0.3M CI2, 0.25M Br2/S02Cl2 

Electrolyte 
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Figura 64 Complex Plane Impedance Spectrum of a U/SO2CI2 Cell on Polarization 

86 
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in thickness quite rapidly on leaving the cell on open circuit after 

polarization. 

The recovery of resistance due to film growth after polarization was 

followed by the complex plane impedance technique. Figure 65 shows the 

circles associated with the LiCl film on 300 mV polarization and 5, 15. 40. 

120, 180, 300 and 1200 minutes following termination of polarization. The 

corresponding resistances are 12, 23, 38, 64, 105, 121, 128 and 182 ohms 

respectively. The film resistance continues to increase further; the spectrum 

in Figure 66 obtained 11 days after polarization shows a resistance of 3480, 

and Figure 67, a spectrum taken 6 weeks after polarization indicates a resist¬ 

ance of 9200. There is also a significant increase in electrolyte resistance 

on extended storage of the cell. 

The capacitance, film thickness and film resistivity following polari¬ 

zation are listed in Table 4. A thickness vs. time plot during the initial 

period of recovery is shown in Figure 68. The film thickens rapidly until it 

approaches the thickness value prior to polarization. The rate of build-up 

then slackens abruptly, and some twenty hours after termination of polari¬ 

zation, the rate is virtually identical to that before polarization. 

Effects of a similar nature are also observed with chlorine containing 

electrolyte and cells built with the methylcyanoacrylate anode coating. In 

Figures 69 and 70 complex plane impedance spectra for various degrees of 

polarization are given for these two cases. Both show a decrease in film 

resistance with increasing polarization. It is most likely that the decreas¬ 

ing film resistance corresponds to a disruption of the passivating LiCl layer. 

No evidence is seen in Figure 70 for a high Warburg impedance due to the 

methylcyanoacrylate coating and we can draw no conclusion as to the fate of 

this coating during and after polarization. 
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A disruption of the passivating film during has been previously shown 

by Gibbard (9) to lead to an increased rate of lithium corrosion in thionyl 

chloride cells. A similar effect appears to occur in sulfuryl chloride cells. 

At very low currents the measured apparent entropy voltage is 0.11V. However, 

at higher currents as shown in Figure 71 an apparent entropy voltage of 0.217V 

is found. This increase may well be due to an increase in lithium corrosion 

which is linearly dependent on current. 

9, H.F. Gibbard, "Proceedings of the Symposium on Power Sources for 
Biomedical Implantable Applications and Ambient Temperature Lithium 

Batteries", B.B. Owens and N. Margalit, eds, The Electrochemical Society, 

1980, p. 510. 
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Figure 65 Complex Plane Impedance Spectrum of a Li/S02Cl2 

cell following termination of polarisation 
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Figure 66 Impedance Spectrum of the U/SO2CI2 cell 11 days 
after polarization 
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Figure 68 Film growth following Polarization in a Li/S02Cl2 cell 
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Figure 69 Complex Plane Impedance Spectra of a Lithium-Sulfuryl Chloride 

Cell Built with Added Liquid Chlorine 517hr after Fill at Open 

Circuit and in lOOmV Steps from Open Circuit 
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Figure 70 Complex Plane Impedance Spectra of a Lithium-Sulfuryl Chloride 

Cell Built with a Methylcyanoacrylate Coating on the Anode for 

Polarizations of 0, 50,100, and ISOmV from Open Circuit 
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Es - 0.217V, CORRELATION COEFFICIENT - 0.1 
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Figuro 71 Steady State Second Law Data Treatment for a LÍ/SO2CI2 Cell 

with Added Liquid Chlorine and a SOCI2 Pretreated Anode 
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Table 4 Film Growth on Lithium in a Li/SOjC^ Call Following Polarization 

TIME RESISTANCE CAPACITANCE THICKNESS RESISTIVITY 
MIN. ft MF/cm2 A iq-7 ft cm 

0 
5 

15 
40 

120 
180 
300 

1200 
16000 

60000 

12.0 
23.0 
38.0 
64.4 

104.5 
121.0 
127.5 
182.0 
348.0 

920.0 

0.618 
0.524 
0.509 
0.403 
0.201 
0.166 
0.151 
0.110 
0.069 

0.052 

158 
186 
192 
242 
487 

588 
646 
886 

1410 

1864 

2.5 
4.1 
6.5 
8.8 
7.1 
8.8 
6.5 
6.8 
8.2 

16.0 
11290) 
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III. MECHANISTIC STUDIES OF CELL OPERATION 

III.l Operation of the Bromine Additive 

The generally accepted discharge reaction for a LÍ/SO2CI2 cell is 

2Li + S02Cl2 = 2LÍC1 + S02 [2] 

We favor addition of bromine to the electroltye. This addition can occur 

either as molecular bromine or as bromide; 

2LiAlCl3 Br + SOjClj - 2LiAlCl4 + S02 + Br2 [4] 

We have found that reaction [4] proceeds to at least 80% completion using UV- 

visible spectroscopy. 

Although bromide ion is chemically oxidized to bromine in SO2CI2 we 

have obtained strong evidence summarized in Figure 72 that bromine is 

electrochemically reduced at a higher voltage vs. lithium than S02Cl2 on 

carbon. The cyclic voltammograms in Figure 72 show two reduction peaks when 

bromine is present and only one lower voltage peak in its absence. 

Based on these results it appears in a cell a cycle exists between 

electrochemically formed LiBr and chemically produced bromine and LiCl. This 

cycle may have two effects, 

•A high capacity at high current densities (e.g., »lOmA/cra2) possibly 

because chemically produced LiCl is not as passivating as 

electrochemically produced LiCl. 

• A greater high current density operating voltage as bromine is reduced 

at a lower over potential then S02Cl2« flBown in Figure 73 cells with 

the additive are operable at current densities up to 50mA/cm2. 
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Figure 73 Discharge Behavior of U/1.5M LiAICIjBr, SO2CI2 Cells 

between 20 and 50 mA/cm^ 
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Bromine appears to act as a catalyst of the second kind. That is it is 

consumed in the discharge reaction but reformed by a subsequent chemical 

reaction. As shown in Figure 74 the concentration of bromine is almost 

constant during discharge (the slight decrease in Figure 74 may be due to 

evaporation). 

III.2 Spectroscopic Studies of Cell Safety 

One of the principal advantages of a Li/SOjC^ cell as opposed to a 

LÍ/SOCI2 cell is the possibility of greater safety. One tool for assessing 

possible hazardous reactions in both cells is spectroelectrochemistry, where 

electrolyte is withdrawn from operating cells and spectroscopically 

analyzed. This approach has been of great value in the thionyl chloride 

system in following reactions during anode-limited cell reversal. 

To assess the safety of LÍ/SO2CI2 during anode limited reversal we have 

discharged a cell of the design shown in Figure 75 at ImA/^m^ and periodically 

withdrew electrolyte samples for FTIR analysis. The spectra obtained during 

the discharge and anode limited reversal of this cell are given in Figures 

76-81. 

During normal discharge (Figures 76-78) the only observed change in the 

spectra is an increase in the SO2 absorption (peak at 1330cm~^). Small peaks 

are evident at 1070cm ^(S0+^) and an unidentified species which absorbs at 

-^820cm 1. As reversal proceeds (Figure 79) the intensity of these peaks 

increases slightly and a small blip appears at 690cnf*. 

The most surprising result obtained in this study is shown in Figure 

80. At this point the cell had been in reversal for approximately 24 hours. 

Dramatic increases in both the 1070 and 820cm-^ absorbances are evident. This 

sudden increase is even more surprising if it is compared with the spectrum 

after approximately 100 hours of reversal given in Figure 81. As can be seen 

the intensity of both peaks returned to their previous levels. 
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Figure 74 Lithium/Sulfuryl Chloride Bromine determination 
UV/VIS spectroscopy at lOmA/cn/ 
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Figur« 75 EI«ctroch«mical Cell Designed for Electrolyte Withdrewel 
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Figure 76 Spectrum of Electrolyte at Open Circuit from a Li/S02Cl2 

Spectroelectrochemical Cell 
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Figure 77 Spectrum of Electroltye after 5.5 Hours of Discharge 

i * 1.0mA/cm^, V = 3.680 
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Figura 78 Spectrum of Electrolyte after 20.5 Hours of Discharge 

i - 1.0mA/cm2, V « 3.5 to -0.9V 
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Figure 79 Spectrum of Electrolyte efter 29 Hours of Discharge 

i « 1.0mA/cm^, V “ —1.06V 
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Figure 80 Spectrum of Electrolyte after 45 Hours of Discharge 

i * 1.0mA/cm2, V * -1.03V 
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Figure 81 Spectrum of Electrolyte efter 118 Hour* of Ditcherge 

i * I.OmA/cm*, V = —1.07V 
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These preliminary resulte are somewhat disturbing with regard to c 

"rrioir: 
unpredictable transitory reaction. Such u 8hould be noted 

instability dating anode limited rever.al th S „ickel 

that we observed one near explosion (e.g.. me 8 cive„intt> 

components, case swelling, venting) when a cell was accl 

anode limited reversal. 

g much more thorough parametic stud, will be retired to identify 

possible hazardous reactions. In addition to reaction studies actual 

testing will be required to determine if a hazard exists. 

IV. ANODE PERFORMANCE CHARACTERIZATION 

Lithium on exposure to sulfur,! chloride electrolyte develops a 

=::: r ,:::::::,.::-:=.=:, ...... 
intertace. inis storage of 

hut it a’so can affect adversely the performance of the P . . . f 

r^Cl, ceil the film thichena 

rr-oni:rr . . - 
of the anode is needed. 

Two approaches are suggested for minimizing voltage delay, choice of 

, _ „„ uork under this heading was performed 
solute and coating of the anode. »0 work u „.thylcyanoacrylat. 

with anode coatings though microc.lorimetr, of cell. »Uh methylc, , 

• a 'hex in Section II. Most of the studies performed here 
coating ia describe^ in bection 

involved the choice of solute. 

In our electrolyte sulfuryl chloride is used with U»1C14. Test cell., 

. -. m in°r and 60°C and discharged, 
stored with this electrolyte for 2 and 7 days at 30 C and 

• — • oo aiwi ai The voltage delay in the cell 
performed poorly as seen in Figures 82 and 83. The g 
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Figure 82 Discharge Curves Showing Voltage Delay after Seven 
Days Storage 

no 
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3.00 * 2dayt at 30C 
—2dayt at 60C 

Figure 83 

HOURS 

Discharge Curves Showing Voltage Delay After 
Two Days Storage 
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ranged from 15 to 90 minutes. Figures 84 and 85 illustrate the results 

achieveable by adding LiAlClaBr to this electrolyte. Quite graphically the 

additive appears to prevent voltage delay. 

Additional testing of the bromine additive indicates that some voltage 

delay does occur at high temperatures after seven days of storage, but the 

initial voltage and the severity of the drop in voltage is considerably less 

as seen in Figure 86 than in cells without the additive. The discharge curves 

indicate a 5-7 minute voltage delay after storage at 40°C and 60°C, but the 

voltage of neither of the cells drops below 1.5 volts, whereas in cells without 

the bromine additive, cell voltage falls below zero on the application of 

current. 

These results prompted the following investigation. A 2J factorial 

experiment was performed to determine the effect the bromine addition has on 

cell performance. The effects of temperature and time of storage were also 

determined as well as interactions. 

The experiment is as follows 

Cell # ABC 

1A 1 

2A a +-~ 

3A b - + - 

4A ab + + - 

5A c -- + 

6A ab + - + 

7A be - ♦ + 

8A abc + + + 

Factors: 

A. Temperature - 25°C 

+ 60°C 

B. Additive - no additive 

+ additive 

C. Storage Time - 2 days 

- 7 days 

data accumulated were cell capacity 

total watt-hours and the voltage delay 

i ■ 10mA/cm^ 

The test cell design used in this experiment is illustrated in Figure 87. 
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mm 

VOLTS 

Figure 84 Discharge Curves of LÍ/SO2CI2 2in diameter 

Test Cells stored at 25C for 2 days 
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HOURS 

Figure 86 Discharge Curves of LÍ/SO2CI2 2 in diameter 

Test Cells stored at 60C for 2 days 



VOLTS 

Figura 86 Discharge Curves of 11B, 13B, 14B (at 10mA/cm2) 
with LiAIBrCl3 

J 
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FEEDTHROUGH AND FILL TUBE 

Figur« 87 Schematic Cron Section and Description of 50mm diameter 

Cell used in Li/SO^ Studies 

CATHODE: 90/10 ShawinijMi Black/PTFE 0.35g pransd onto 

•Xpandad Ni tenon 

ANODE: 20mil Lithium foil prestad onto expanded Ni screen 

SEPARATOR: 6 mil Menniintfei 

INSULATOR: 10 mil Teflon sheet 



The results of the experiment are seen in Table 5. Due to problems 

with storage life of the cells with the soldered feedthrough the seven day 

data are incomplete. Only one complete run of all eight treatments was 

acquired (run #3), and two additional runs of the top half of the experiment 
2 

were obtained. Realizing that the top half of the experiment constitutes a 2 

factorial experiment those eight observations were analyzed as such. The 

results of the analyses of variance are seen in Table 6; the watt-hour 

analysis and voltage delay analysis are both presented. Using the error 

estimate of the 22 factorial experiment the set of eight observations of the 

2^ experiment was statistically analyzed. The results of the analysis of 

variance for the watt—hour data and the voltage delay data are seen in Table 7 

and 8 respectively. 

From the analyses of variance on all the watt-hour data no significant 

effects are seen. This means that any increase or decrease in the data can be 

explained by experimental error. 

By contrast the analysis of variance of the voltage delay data of the 

2^ factorial experiment shows three significant effects. From the analysis 

and the calculations of the treatments effects, we can determine that the 

bromide additive significantly reduces the voltage delay, the length of 

storage significantly increases the voltage delay and the combination of the 

bromide additive and the length of storage reduces voltage delay. 

That the bromide additive reduced voltage delay and the leigth of 

storage increased it are certainly ro surprise. The length of storage was 

shown by microcalorimetry and complex plane impedance measurements to increase 

film resistance which is thouj-ht to increase voltage delay, and the bromine 

additive was observed in our preliminary studies to inhibit voltage delay. 

The question of how the two interact is unclear. One explanation could be 

that as time passes a Br- impurity becomes more incorporated in the films 

structure. This may cause the film to be more porous and conductive than a 

film from a cell stored for a shorter period of time with bromine. 
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TABLE 5 

Voltage Delay and Total Watt-hours form Factorial Experiment 

Voltage Delay (h) Total Watt-hours 

1 2 3 2 3 

+- 

- + - 

+ + - 

-- + 

+ - + 

- + + 

+ + + 

0.00 0.16 0.10 

0.10 0.75 0.07 

0.00 0.00 0.00 

0.00 0.00 0.00 

1.54 

0.90 

0.00 

0.12 

1.59 0.72 1.18 

0.92 1.17 1.04 

1.42 1.05 1.05 

1.42 0.97 0.97 

0.69 

0.78 

0.89 

1.02 



Table 6 

Analysis of Variance of Voltage Delay Data of Factorial Experiment 

Source of Variation Sum of Squares 

Replications 0.08 

Treatments 0.24 

Temperature (A) 0.059 

Presence of (B) 

Additive 0.127 

Interation: (AB) 0.059 

Error 0.150 

Degree of Freedom Mean Squares F-Ratio 

1 

3 

1 0.059 1.18 

1 0.127 2.54 

1 0.059 1.18 

3 0.050 

Analysis of Variance of Total Watt-hours Data of 2^ Factorial Experiment 

Source of Variation Sum of Squares Degree of Freedom Mean Square F-Ratio 

Replications 0.26 

Treatments 0.09 

Temperature (A) 0.011 

Presence of (B) 

Additive 0.026 

Interaction: (AB) 0.002 

Error 0.32 

1 

3 

1 0.011 0.10 

1 0.026 0.24 

1 0.002 0.02 

3 0.107 
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Table 7 

Analysis of Variance of Watt-hour Data 

Source of Variation Sum of Squares Degree of Freedom Mean Square 

Temperature (A) 0.000 

Presence of Additive (B) 0.007 

Length of Storage (C) 0.092 

Interaction: 

(AB) 0.001 

(AC) 0.024 

(BC) 0.051 

(ABC) 0.000 

Error* 0.320 

1 0.000 

1 0.007 

1 0.092 

1 

1 

1 

1 

3 

0.001 

0.024 

0.051 

0.000 

0.107 

* Error estimate from replicated 2^ factorial experiment 

Table 8 

Analysis of Variance of Voltage Delay Data 

Source of Variation Sum of Squares Degree of Freedom Mean Square 

Temperature (A) 

Presence of Add. (B) 

Length of Storage (C) 

Interaction: 

(AB) 

(AC) 

(BC) 

(ABC) 

Error * 

0.038 1 

0.775 1 

0.714 1 

0.078 1 

0.030 1 

0.578 1 

0.067 1 

0.15 3 

0.038 

0.775 

0.714 

0.078 

0.030 

0.578 

0.067 

0.050 

* Error estimate from replicated 2^ factorial experiment 

** Significant at 95Z confidence level Fo.05(1*3) “ 10.13 
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F-Ratio 

0.00 

0.07 

0.86 

0.01 

0.22 

0.48 

0.00 

F-Ratio 

0.76 

15.50** 

14.28** 

1.56 

0.60 

11.56** 

0.63 



V. CATHODE PERFORMANCE CHARACTERIZATION 

In this section four areas were investigated: i) baseline performance, 

ii) performance of cells with CI2 vs. cells w/Br2* iU) low temPerature 

performance, iv) cathode composition. 

V.l. Experimental Method 

The test vehicle for these studies consisted of 2 inch hermetically 

sealed cells with both electrodes electrically floating as shown in Figure 

87. The anodes were composed of 20 mil Li pressed on 11 mil nickel mesh; the 

cathodes were composed of approximately 0.35 g of a Shawinigan Black (SB)/PTFE 

mixture pressed on 11 mil Ni mesh to a uniform thickness of 20 mil. Five mil 

Manninglas was used as the separator. Double distilled SO2CI2 was u8e^ 

formulation of all electrolytes. The LiAlCl^ and LiAClßBr were commercially 

prepared. 

To insure reproducible results: 

1) Electrolyte used was stored in stoppered flask and not stored for more 

than 3 days. 

2) Upon filling of the cell, it was allowed to stand on open circuit for 

10 minutes. 

3) Cell discharged was carried out at constant current. 

4) Capacity calculated was to a 2V cut-off. 

V.2. Baseline Studies 

In order to screen quickly cell treatments for those worthy of study, 

baseline data for LÍ/SO2CI2 cells with a supporting electrolyte of 1.5MLÍA1C14 

were first accumulated. The cells used were constructed as shown in Figure 87 

and were run over a range of current densities (l-20mA/cm^). From the 
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baseline data in Table 9 the non-linearity of the capacity vs. current density 

is evident. This may be due to cathode swelling with wicking in of 

electrolyte and/or incomplete utilization of the cathode at higher current 

densities. 

V.3. Cells with the Bromine Additive 

Once the baseline data were accumulated testing of the bromide additive 

was initiated. The cells used for this study were identical to those used in 

the baseline study, but the electrolyte was LiAlCl^/O.SM LiAlCl3Br/S02Cl2. 

The discharge curves are seen in Figure 88, the capacity data is seen 

in Table 10, presented next to the baseline data. From the table it is quite 

evident that the bromine additive increases the capacity of the cell at all 

current densities. In addition, the additive results in a flatter, higher 

voltage discharge. 

A further benefit of the electrolyte is that it extends the usable 

range of current density of LÍ/SO2CI2 cells. The original baseline data were 

taken up to current densities of 20mA/cm^. At 20mA/cm^ the capacity was only 

about 50% of theoretical, (0.450 Ah) at higher current densities the 

capacities are much less. In cells employing the bromine electrolyte the 

capacity is slightly above theoretical capacity (.450 Ah) and at 25 mA/cm^ and 

30 mA/cra^ the capacity is 50% of the 20mA/cm^ capacity. This demonstrates 

that the bromine electrolyte allows a 20mA/cm2 discharge with no loss in 

capacity as compared to the theoretical capacity, and allows operation at 

current densities up to SOmA/cm^, In this range of current densities cells 

with the additive deliver at least twice the capacity of cells without the 

additive. 
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Figure 88 Dicharge Curve« of U/SO2CI2 Cell* with LiAIBrCI3 at a Range 

of Current Densitie« 
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Table 10 

Baseline Data for Li/S02Cl2 Cel1 wiLh 
1.5MLiAlCl4 vs. Data for Li/S02Cl2 Cells With 

I.OMLÍAICI4, 0.5M LiAlC^Br 

Rflspline Bromine Electrolyte 

Capacity (Ah) Capacity (Ah) 

N/A 

N/A 

888 
868 
.693 

.660 

.459 

.463 

0.282 

0.270 

<0.1 

<0.1 

.992 

.951 

.925 

.985 

.729 

0.618 

0.600 

0.522 

0.212 
0.234 

0.225 

0.234 
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V.A. CI2 Addition vs. Br2 Addition 

Another additive considered for sulfuryl chloride is chlorine. Work by 

Liang (10) indicates that storage times of at least one year, using Cl2 as an 

additive to S02C12, are attainable with only an 8% loss in capacity (some 

voltage delay was evident). In addition an increase in the operating voltage 

and capacity of cells filled and immediately discharged are reported when the 

chlorine additive is employed. 

The addition of Cl2 was thus proposed for the Li/S02Cl2 system. Using 

a double gas scrubbing apparatus seen in Figure 12 chlorine was added to a 

S02C12/1.5M LiAlCl4 solution. We also added Cl2 as a liquid, trapped using a 

dry-ice/IPA trap, to S02C12. The weight and volume change of the solution was 

used to calculate a final Cl2 concentration of 0.5M. Simultaneous testing of 

two cells (Cl2 added and LiAlBrClj) was performed. The discharge curves for 

the four cells run are given in Figure 89. Aside from the initial plateau, 

the curves for Cl2 cells are comparable to cells run without an additive. 

Figure 90 shows curves one for each type of electrolyte, performed at 

10mA/cm2. The bromine additive cell appears to have a higher capacity and 

average discharge voltage than either of the other two cells, but the 

difference in capacity is not significant within a 95% confidence interval. 

This observation prompted further Br2 vs. Cl2 comparison. Comparison 

between Cl2 and Br2 was made at 20mA/cm2 and 30mA/cm2. Eight two inch cells 

as described above were fabricated using 90% SB/10% FIFE as the cathode mix. 

The electrolytes used were 1.0M LiAlCl4, 0.5M LiAlCl-}Br/S02Cl2 and 1.5M 
2 

LíA1C14, 0.5M C12/S02C12. Four cells were discharged at 20 mA/cnT and 3 cells 

at 30 mA/cm2 (one cell leaked upon filling). The results are seen in Table 11 

and Figure 91. 

10. C.C. Liang, M.E. Bolster and R.M. Murphy, J. Electrochem. Soc. ^28 1631 
(1981). 
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Figure 90 Discharge Curves of U/SO0CI2 Cells with Bromide Additive, 
CI2 Addition, and No Additives 
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¡ * 20mA/cm2 i * 30mA/cm2 

Figure 91 Décharge Curves of Lí/SOtC^ Test Cells 
Run at 20 and 30 mA/cm^with LiAICIjBr Added and CI2 Added 
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Table 11 

Average Capacities (in Ah) of LÍ/SO2CI2 Cells 

at 20mA/cnr and 30mA/cnr for Br and C.2 additives 

SO2CI2/I.OM LiAlCl4 S02Cl2/1.5M LiAlCl4 

0.5M LiAlCl3Br 0.5M Ci2 

20mA/Cm^ 

30mA/Cm^ 

0.198 ± 0.037 0.228 ± 0.037 

0.139 ± 0.052 0.160 + 0.037 
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From the table and the figure the CI2 cells appear to deliver at 

20mA/cm^ a higher capacity, but within a 95% confidence interval the 

difference between the two can be attributed to experimental error. The same 

is also true of the 30 mA/cm^ data. Even though the bromide additive cells 

still operate at a higher voltage the differences in the capacities are not 

significant. 

In view of the data the use of either LiAlBrClß on CI2 as an add1' tive 

is acceptable at current densities of 10mA/cm^ or greater where ceil capacity 

is the major concern. 

V.5 Cell Performance at Low Temperature 

A comparison between the capacity of cells with added CI2 versus cells 

added with the bromine additive was performed at -20oC. Some comparison were 

also done using standard electrolyte (S02Cl2/1.5M LÍAICI4). Cells were 

discharged at 10mA/cra^ at -20oC and at 25°C for comparison. 

The results of the runs are seen in Table 12. From the table we can 

see most of the differences can be attributed to experimental error. For 

example, when comparing standard electrolyte to CI2 containing electrolyte the 

differences between them are small when compared to the error. In at least 

one case though the differences cannot be explained entirely by error. In run 

2 at -20°C the differences between the standard electrolyte data and the 

bromine additive data are significant indicating that at -20°C the standard 

electrolyte cells perform better than those with LiAlClßBr added to them. 

With some reservations we can also conclude that since there is no significant 

difference between the CI2 data and standard electrolyte data that cells with 

Cl2 added also perform better at -20°C than those with LiAlCl3Br added to 

them. 
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Table 12 

Average Capacities of Cells Run 

With Various Electrolytes at 25°C and -20°C 

Run Temp, 

1 25°C 

2 25°C 

3 -20°C 

4 -20®C 

1 -20°C 

*2 -2r°c 

Standard 

Electrolyte 

0.360±0.076 

0.303tö.078 

0.42210.078 

0.323±0.056 

0.38810.078 

0.32710.056 

Cl2 

Added 

0.41910.056 

0.32910.056 

0.34710.056 

Bromide 

Additive (0.5) 

0.39510.056 

0.29310.056 

0.25410.056 

Bromide 

Additive (1.5) 

0.28510.078 

0.30010.078 
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This preliminary study indicates that at lower temperatures the 

addition of bromine is deleterious to cell performance. Apparently the 

mechanism which utilizes bromine is temperature sensitive ar.d less efficient 

at lower tempertures. 

A final ooservation is that in those two runs in which 1.5M LiAlCl^Br 

was used no advantage could be seen over using only 0.5M LiAlCl3®r* 

V.6. Cathode Composition Studies 

Most of the data obtained under this contract were taken from cells 

using 90% Shawinigan Black/10% PIFE binder as cathode material. This study 

was devised to compare the 90/10 cathode to the 95/5 cathode. A factorial 

design experiment was developed for this study. The two additional factors 

are current density and the presence of the LiAlCljBr. The experimental 

design was as follows: 

1 
a 

b 
ab 

c 
ac 
abc 

ABC 
--- A 

+ -- 

- + - B 
+ + 

--+ C 
+ + 

- + + 

Factors 
Cathode composition 

Additive 

Current density 

+ 95% SB/5% PTFE 
- 90% SB/10% PTFE 

+ w/B2 
- w/o B2“2 
+ 2 mA/cm 
- 10 mA/cm^ 

Two runs of the above experiment were performed, and the results of 

those runs are seen in Table 13. The capacity and watt-hour data are both 

presented. The calculations of the treatment effects are seen in Table 14. 

The analysis of variance for the capacity and the watt-hour data are seen in 

Table 15 and Table 16 respectively. 

In each of the analysis of variance the cathode composition and current 

density were both found to be significant. This means that for a given 
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Table 15 

Source of Variation 

Replications 

Treatments 

Cathode Composition 

Presence of Additive 

Current Density (C) 

Interaction 

(AB) 

(AC) 

(BC) 

(ABC) 

Error 

Capacity Data Analysis of Variance 

Sum of Squares Degree of Freedom Mean Square 

0.063 

0.475 

(A) 0.177 

(B) 0.005 

0.254 

1 

7 

1 0.177 

1 0.005 

1 0.254 

0.005 

0.005 

0.027 

0.002 

0.074 

1 

1 

1 

1 

7 

0.005 

0.005 

0.027 

0.002 

0.0105 

* Significant f(0.05) 
(1,7) - 5.59 



Table 16 

Watt-hour Data Analysis of Variance 

Source of Variation Sum of Squares Degree of Freedom Mean Squares F-Ratio 

0.80 1 

6.08 7 

1.96 1 

(B) 0.08 1 

3.67 1 

Replications 

Treatments 

Cathode Composition (A) 

Presence of Additive 

Current Density (C) 

Interaction 

(AB) 

(AC) 

(BC) 

(ABC) 

Error 

0.03 1 

0.04 1 

0.26 1 

0.04 1 

0.81 7 

Fq.05 (1,7) “ 5.59 

1.96 16.94* 

0.08 0.69 

3.67 31.71* 

0.03 0.26 

0.04 0.35 

0.26 2.25 

0.04 0.35 

0.12 
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thickness and weight of a cathode, a cathode made with 95/5 will perform 

significantly better than one made from 90/10 cathode mix. 

The mechanism by which a 95/5 cathode is more efficient is not known, 

but it may lie in the fact that for a given weight of mix, 95/5 has more 

carbon than 90/10. This fact might translate into more active sites and 

therefore more capacity. The current density was also found to be 

significant. This is probably a result of inefficiencies of the electrode at 

higher current density. 

It is interesting to note the lack of a significant coulombic capvcty 

increase with the bromide additive. Trends observed in other studies have 

identified bromide addition as a way to improve cell capacity and discharge 

voltage. We certainly would have expected to see some effect in the watt-hour 

data (capacity x average discharge voltage) since the average discharge 

voltage is approximately 10Z higher in cells using LiÁlCl-jBr but this is not 

seen indicating some loss in coulombic capacity. 

These results further point to LiAlCljBr as a questionable additive. 

At low temperatures cells using LiAlClßBr perform with less capacity, at 

higher current densities (20mA/cm^ and 30raA/cm^) cells with LiAlCljBr perform 

only as well as those with CI2 added. We do observe little or no voltage 

delay in cells stored with the bromide additive, but the capacity is 

diminished over long periods of storage due to unimpeded corrosion. In most 

applications the positive effects of LiAlCl^Br addition are outweighed by the 

negative. 
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VI. CONDUCTIVITY AND DENSITY OF SO2CI2/LÍAICI4 SOLUTIONS 

The conductivities and densities of SO2CI2 solutions with 0.5M, 1.0M 

1.5M and 2.0M LiAlCl^ were determined from -20°C to 60°C at 20°C intervals. 

The results are presented in Table 17, and Figures 92 and 93. 

VI.1. Conductivity 

Procedure - 100ml of the desired solution was prepared from double 

distilled (second distillation over lithium) SO2CI2 and commercially 

available LiAlCl^. The solution was mixed for at least one and one half 

hours. Thirty-five ml of this solution were placed in a dry Jones-type 

conductivity cell (Beckman CEL 6J100). The cell was then placed in a 

refrigerated circulating bath at 20°C. After one hour a reading in ohms was 

taken using a Beckman conductivity bridge (RC-18A), and the temperature 

noted. Next the temperature of the bath was incresed to 40 C. After one hour 

at 40°C a second reading was taken and the temperature again noted. The above 

procedure was repeated at 60°C, 0°C and —20°C. All four solutions were run in 

a similar manner. The cell constant (in meters"1) was determined, using 0.01 

M KCl, before each series of measurements. 

Results are presented in Table 17. The conductivity is reported in 

(ohm-meter)"1, but the resistivity is in ohm-cm. Figure 92 is a plot of the 

inverse of the temperature in Kelvin versus the log of the conductivity. 

VI.2. Density 

Procedure - 50ml of one of the solutions prepared above was placed in a 

dry pre-weighed 50ml volumetric stoppered flask. The sealed flask was placed 

in a refrigerated circulating bath at 20°C for one hour. At the end of one 

hour the level in the flask was adjusted to 50ml. The flask was removed from 

the water bath, dried and weighed. The temperature of the bath was then in- 
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Figure 92 Inverse of Temperature (K) vs. Log of Conductivity of 

Sulfuryl Chloride with nM LÍAICI4 
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Figure 93 Temperature vs. Density of Sulfury! Chloride with nM UAICI4 
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LÍA1C14 

Molarity 

0.5M 

l.OM 

1.5M 

2.OM 

Table 17 

Density, Conductivity and Resistivity 

of S02Cl2/nM LiAlCl4 

(n-0.5M, l.OM, 1.5M and 20M 

from -20°C - 60°C 

Temperature 

(°C) 

* @ 24°C 

** @ 60oCa 

.»i «... 

-20 

-0.5 

22 

41 

-20 

-0.5 

20 

40 

60 

-20 

-0.5 

20 

40 

60 

-20 

0 

20 

40 

50 

Density 

(g/mL) 

1.762 

1.731 

1.689 

1.651 

1.759 

1.747 

1.708 

1.672 

1.632 

1.801 

1.766 

1.726 

1.692 

1.656 

N/A 

N/A 

1.737* 

1.705 

1.682 
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Conductivity 

(OM)-l 

0.252 

0.289 

0.294 

0.301 

0.423 

0.587 

0.715 

0.780 

0.895 

0.475 

0.758 

1.030 

1.230 

1.476 

0.456 

0.830 

1.231 

1.505 

1.815** 

Resistivity 

(Ocm) 

397.45 

345.30 

339.82 

332.67 

139.88 

171.61 

139.88 

128.23 

111.78 

210.30 

131.93 

97.03 

81.32 

67.77 

219.34 

120.44 

81.23 

66.43 

55.09** 
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creased to 40°C. After one hour at 40#C, the level in the flask was adjusted 

to 50ml, the flask was again dried and weighed. The above procedure was 

repeated at 60°C, 0°C, and -20°C. The actual temperature was noted at each 

measurement. 

The dry weight of the flask was determined before each series of 

measurements. In determining the density, the volume of the flask was 

adjusted for the different temperatures using the coefficient of expansion of 

glass. 

Results are presented in Table 17 and Figure 93. At 60°C SO2CI2 

solutions containing 1.5 M and 2.0 M LiAlCl^ boil. Using the method described 

above, obtaining an accurate level of a boiling solution is difficult and more 

prone to error, for this reason the accuracy of these measurements is less 

than the other ten measurements. This explains the density reading at 50°C 

for the 2.0 M solutions. 

Also at temperatures 0°C and below SO2CI2 with 2.0 M LiAlCl^ is 

saturated using the method described above a mixed density is obtained as a 

result the plot drawn from -20°C to 20cC is the theoretical response assuming 

a linear dependency of density on temperature. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 

... 

As a result of this work there does not appear to be any fundamental 

barrier to the development of a viable LÍ/SO2CI2 ceH capable of meeting Array 

storage and performance requirements. Although an acceptable in-cell 

corrosion rate was not demonstrated the ampule results demonstrate that this 

is a materials selection problem and not, a fundamental characteristic of 

lithium in sulfuryl chloride solutions^ 

Though not a fundamental problem, selection of proper materials is far 

from trivial. For example, if a nickel case is required this may necessitate 

the use of ceramic-to-metal seals. This in turn will introduce problems with 

regard to the stability of the braze materials and the cost of such seals. A 

minimum close collaboration between the battery developer and seal fabricator 

will be required. 

None of the chemistries tested was found to improve greatly the 

performance of fresh cells. Little benefit was seen with added chlorine. 

Although adding bromine results in a voltage advantage this did not lead to a 

statistically significant increase in total cell capacity. At current 

densities up to 20mA/cm^ the basic system delivers close to 100% of 

theoretical capacity. One may conclude from this that no improvement in room 

temperature performance is required. 

Chlorine was found to improve decidedly anode storability. The 

improvement, however, was still not sufficient for long term storage of 

cells. Bromine, on the other hand, was found to effect adversely anode 

storage life. Our preliminary results suggest that the chlorine additive in 

combination with a methylcyanoacrylate anode coating is the preferred design 

for anode stability and minimum voltage delay for cells without optimum 

materials. 
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Finally, the principal reason for pursuing LÍ/SO2CI2 technology for 

Army application is the possibility of greater safety. The preliminary 

spectroelectrochemical studies, however, indicate transitory reactions and the 

possible onset of cell instability. Any follow-on effort should as a major 

task element address safety issues in a parametric analytical fashion. 
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