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I. INTRODUCTION

The lithium-thionyl chloride electrochemistry (1-4) has the potential of being one
of the best primary svstems having the combined characteristics of high rate and
high energy density capability, long shelf life, and wide operating temperature
range. However, many of these advantages have not yet been achieved in the develop-
ment of a practical cell. The operating capabilities of the Li/SOCl; system are
limited, to a large extent, by the Teflon~bonded porous carbon electrode. High
cathodic overpotentials due to the non-uniformity of current distribution and elec-
trode kinetics impede this system from attaining its full usage. The extent of
cathode polarization depends on several variables such as applied current density,

operating temperature, cathode structure, and electrolyte composition.

The porous carbon cathode, where the reduction of SOCl. occurs, has a limited capacity
for retaining solid lithium chloride as it precipitates in the pore structure.

As the lithium chloride accumulates, the porosity of the electrode is reduced to

where mass transport, particularly of the cathode depolarizer, can no longer be
maintained at a rate commensurates with the required current density. When this

happens, polarization becomes excessive and denotes the end of useful battery life.

At high rate discharges and low operating temperatures, the cathode polarization
becomes very severe. Analysis of the porous electrode after high rate discharge
showed only a small part of the available cathode thickness was utilized in the
electrochemical process. Furthermore, the reaction zone thickness was found to depend
strongly on the cathode thickness and composition. The purpose of this program

was to identify and minimize the effects of these variables on cathode overpotential
and reaction zone thickness so that a high efficiency lithium-thionyl chloride cell
can be realized in practical hardwares. Specifically, the main objectives of the

program were to:

(a) evaluate the polarization characreristics of Teflon-bonded porous

carbon cathodes.

(b) improve cathode performance at high discharge rates and/or low

operating temperatures.

3




Several experimental methods such as half-cell measurements, discharge performance

characteristics, cvclic voltammetric studies and AC impedance measurements were
carried out to evaluate the cathode polarization. These studies were made with our

cathodes with and without electrocatalyst. The catalysts* studies were:

CATALYST A = Cobalt Phthalocvanine monomer, CoPc : '?

CATALYST B = Iron Phthalocvanine monomer, FePc

CATALYST C = Cobalt Phthalocyanine polymer (CoPc), 1
Significant improvement in both Li/SOCl, cell voltage and specific cathode capacity i
were achieved with electrocatalysts. Cathode variables such as density and thickness .
also influenced the efficiency of the cell. At low operating temperature, the electro- ';

lyte conductivity and viscosity influenced the rate as well as performance capabilities.

)

*Patents pending. 2




II. EVALUATION OF CATHODE OVERPOTENTIAL

A. INTRODUCTION

The overpotential of an electrode system is defined as the difference between
the measured potential under working conditions and the thermodvnamic potential. y
Both physical and chemical processes taking place at the electrode interphase

influence the extent of overpotential, commonly referred to as polarization.

The voltage of an electrochemical cell during discharge is given by the open

circuit voltage (OCV) minus all the resistance and polarization losses through i i

.

out the cell. Thus, for cell discharge

Ep = OCV - iZR - In. - Ing (1 4
where, ?
i = applied current
ZR = sum of electrolyte, electrode and lead resistance

Ine = sum of concentration polarization at the anode and cathode

Lnag = sum of activation polarizations at the anode and cathode

Concentration polarization is anticipated to be severe in the Li/SOCl: system

at low operating temperatures. Poor electrolyte conductivity and high viscosityv
contribute severely to the diffusion rate of the depolarizer. Furthermore,

LiCl precipitation in the pore structure adversely effects both IR drop and

concentration polarization. ;

Activation polarization arises from the irreversibility of both chemical and

electrochemical processes taking place. Therefore, the electron transfer

processes and hence the discharge rate influence the activation overpotential.

It is known that SOCl. reduction proceeds smoothly at porous carbon cathodes




at low discharge rates. High discharge rates are achieved (2) onlw at cathedes

doped with electrocatalvsts.

Ohmic overpotential arises from the non-uniformity of current distribution over
the porous electrode. In addition, electrolvte conductivity and viscositv and

LiCl precipitation in pore structure contribute to this overpotential. Therefore,
IR drop can have a severe effect on the Li/SOCl:. cell potential, especially under

high discharge rate and low temperature conditions.

All three tvpes of overpotential contribute to cathode polarization in a Li/S0Cl:
system. The magnitude of each tvpe depends on the operating temperature, electrolvte
conductivity and viscosity. During the program, we attempted to improve cell voltasge
by lowering the activation overpotential of Teflon-bonded carbon cathode. This was

achieved by the use of electrocatalysts.

B. LABORATORY CELL MEASUREMENTS

1. Experimental

Cathodes. Our baseline cathode contained 95% Shawinigan Acetylene Black (100%
compressed-grade) and 5% Teflon-6. The standard cathode fabrication process is

summarized in Figure 1.

Our best improved cathodes contained either iron phthalocyanine monomer, FePc or
in-house sythesized polymeric cobalt phthalocyanine (CoPc)n.* FePc was found to be
soluble in the electrolyte, therefore, it was dissolved in the electrolyte before cells
were activated. (CoPc)n was ilmpregnated onto carbon from a concentrated H,SO.

solution by diluting with ice water. The material was washed thoroughly with

distilled water and dried at 120°C. This catalyst-carbon mix was then heat treated
between 500-600°C in an inert atmosphere to activate the catalyst. The heat treat-
ment renders the catalyst insoluble in SOCl, electrolytes. Cat..odes were fabricated
according to standard procedure. The final cathode composition was 5% (CoPc)n, 90%

SAB and 57% Teflon-6.

* The (CoPc)n catalyst was synthesized by the heat treatment of a mixture of 3,3',
4,4' benzophenone tetracarboxylicdianhydride, cobalt sulfate, urea and ammonium

molvbdate at 180° + 10°C for 2 hours.

it

~—

.




I
l DEAGCLONERATION MINERAL SPIRITS
e + TEFLON

CATHODE-CARBON
BLENDING . MIX

KNEADING

ROLL MILLING

AIR DRYING

VACUUM DRYING

TRIMMING EXACT

Figure 1. Flow Diagram of Cathode Fabrication Process
Workabillty of the process not restricted to
specific carbon type. Rolling incurs excellent
mechanical integrity on the cathode.
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Electrolvtes. 1.5M LiAlC1./SOCl_ electrolvte was manufactured by dissolving

required AlCl: and LiCl salts in thionvl chloride. Analytical grade AICl. (Fluka-

zrade), LiCl (MCB) and SOCl: (MCB-TX535) were used without further purification.

Laboratorv Cell. The laboratory cell used for both polarization and discharge

characterization experiments was a sealed electrochemical fixture (Figure 2) which
contained a basic cell structure of two plate prismatic “ectrodes(Figure 3), one
Teflonated carbon electrode and one lithium anode, both pressed onto nickel grid

current collectors.

The cathodes studied were 0.5" (wide) x 1.0" (high) x 0.020" (thick)*, and the
anodes had the same apparent surface area but used a thickness of 0.01". Two
lavers of 0.005" thick each Manning Glass separators were used. All cells were
actiQated at ambient temperature using 2 cc of electrolyte. Low temperature ex-
periments were carried out after placing them at the operating temperature for 2
hours. Experiments were carried out in duplication at ambient temperature, +32°F,

0°F, -20°F and -40°F.

2. Half-Cell Measurements

Three types of cathodes were examined for their polarization behavior between -40
and 75°F. They were (a) baseline cathode, (b) FePc catalyzed cathode, and (c)
(CoPc)n doped cathode. The potential dependence of current was determined by
measuring steady-state electrode potential relative to a lithium reference electrode
at various controlled currents. At low applied currents (<5 mA/cm®),2-5 minutes

was needed to reach steady state, whereas less than a minute was needed at higher

applied currents,

Figures 4-8 show the polarization characteristics of the above described three
cathodes at operating temperatures of 75, 32, 0, -20 and -40°F. With catalvzed
cathodes, the cathode polarization is reduced significantly. FePc catalyzed cathodes
has the lowest polarization. The decrease in voltage loss with catalyzed cathodes

is due mainly to the lowering of activation polarization associated with SOCl.

adsorption and electron transfer processes.

* Cathodes of 0.20" thick were used throughout the program - unless specified otherwise.

6
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Figure 2. Laboratory Cell, Employed to study the polarizations
and discharge performance of cathodes.

7

ii!%si:
L LT e



P——

THE D ANrogRaogeg

MU [d-0om), Jo Sjte g

f

cbnd g

10-m4 WuOJ

9pOXIVI[F IJUIIIISY T

130 patquassy

spoyae)

AsALata O

: V|4 €891H

spouy ¥1

aojeaedag

[ 12 XYY

o GHAL e




5 Tttt At Bace ta T : -

A6 I S AdoTRROgET] TID0$/ 1L SO SIJasTAeIdnIeg) worjeziaejog oy 2ani1y

101-4 WUOJ
»W0 fyu ‘uaaan) w
!
4
09 0§ 0% 0t 0¢ 0l 0
1 J LB ] ] {
’ 3
T :

A *98eiaTop 19D

4 IsA[eIed Y O (o)

D 1sAteae) HimmM s o wom e

UL asey S ——

£€90-18




A CL P S0Y Adodedoqir] T E)0S/ 1] JO SaTISTA2I2vaNYy) uoiIezZIae|ogd ‘¢ dandyy

Wi-Ns NYos
LW /yu ‘3uaaan)
09 0s oY 0t 0¢ 01 0
Y ¥ I 4 ) : 1
4
o

Sz
(@]
1]
(=]
[
<t
Q

0t &
& o
m —h
<3

Gt

4 15412380 YITMO cmmamem=e O
0y ]

D ISA[EIED Y1TM emee o e

OUT [ISBY memem——

890-18




v T T Ty

ey

TGRS0 TID0S/EL O S91IS1ARI0tANE) U0l Itz IaL o g andpg

101-0d NVOJ
U2 /yu f3udzan)
oY 0 0Z o1 )
f ! ' v

"4

<

“o-¢

?
)
o
e
-
<
0 —
— —
[nd
a
0
o
«
9 1s&e1e) yath O o
D OISAIEIR) YUMo o e
q
nw=m—3.r:..m E——————— w




4,02~ 3% ST19) €1D0S/11 3O S§2T1STaa3ldeiRy) UOTIBZTIRTO4

wa fyu fjuaran)

*{ 2an3dy4

4 OISAEICD G4IIN — e —
D O1SA(eRIes (TTM — —
SAPOYTE) AU [ISRY ————

G

e

t

A ‘edeato) TT19D

12

e




,,_::.Nl 1 S119) T 1D0S/ L JO s011S1A910RARY) UOTIRZ1iR|[0d

Lwo/yu juaxan)

| 01 St ! S

‘g sandry

/. N~ T
T
/'/ ~— -
—— ~
0/0/; ”’UII/A
Q/l./ —~—
®
~—a ~
o
o

HOISAIEIUD 1TM e @ e
D OSAEIED ITM = —
RONERETHI

=qst

A “98e3atop 119D

13




Electrode polarization, in general, becomes severe with the lowering of operating

temperature. Furthermore, limiting current, hence rate capability, decreases with
decreasing temperatures. A linear relationship between the limiting current and
reciprocal temperature (Figure 9) exists for all three trypes of cathodes. An
Arrhenius-type temperature dependence of limiting current are shown in Figure 10

for the three cathodes. At low temperature, the deviation from linearity is

apparent and could be attributed to changes in electrolyte conductivity and viscosity,
reaction mechanisms and mass transport rates. It should be noted that similar
deviations are observed for Arrhenius-type temperature dependence of conductivity

and viscosity.

At all operating temperatures, catalyzed cathodes exhibit higher limiting currents
than baseline cathodes. The improvement is approximately 10% for (CoPc)n and 257
for FePc catalyzed cathodes. The higher limiting current can be used as an indication

of modified cathode reaction mechanisms at catalyzed cathodes.

3. Discharge Performance

The objective of laboratory cell measurements was to evaluate the discharge performance
characteristics of cathodes with and without catalysts between -40 and 75°F. These
cathodes were discharged at rates of 10 and 20 mA/cm®. All cells were discharged

under constant current using a Hewlett-Packard DC current source #6181B. The data

were collected with a Fluka 2240B datalogger. All experiments were duplicated and,

in most cases, the results were reproducible.

Figures 11-14 show the discharge characteristics of laboratory cells at 20 mA/cm?

on the three described cathodes at 75, 32, 0 and -20°F. Dramatic improvement, in

both cell voltage and discharge time are observed with catalyzed cathodes, irrespective
of the operating temperatures. The overall performance of Li/SOCl, cells with FePc¢

catalyzed cathodes is superior to the cells with (CoPc)n doped cathodes.

At -éOoF, however, none of the three electrodes sustained reasonable discharge

times at 20 mA/cm”. Therefore, these cells were discharged at 15 and 5 mA/cm? and
their discharge characteristics are shown in Figures 15 and 16, respectivelvy. To
demonstrate the effect of temperature, additional discharge characteristics at 5 mA/cm”
for -20°F is shown in Figure 17 and in Table 1 for 10 mA/cm?.
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With respect to cell voltage and specific cathode capacity, the attained
improvements by catalvzed cathodes, over a wide range of discharge rates are

demonstrated in Figures 18 and 19, respectively.

In summary, we believe that the longer discharge times achieved with catalyzed
cathodes are attributed to changes in both reaction mechanisms and reaction zone
thickness. Furthermore, the cell performance in general deteriorates with decreasing
temperatures regardless of cathode types; i.e., catalvzed or not. Kev factors causinz

this temperature effect are electrolyte conductivity and viscositv,.
C. KINETIC AND MECHANISTIC STUDIES
1. Introduction

There is a considerable disagreement on the overall reaction mechanisms of SOCl:

reduction at porous carbon cathode. Since both the reaction mechanism and reaction

products contribute to the performance of a battery, it is desirable to understand

these two important factors. For this program, some understanding of reaction

mechanism(s) were obtained via cyclic voltammetry and rotating-disc electrode ) 1
techniques. 1
2. Cyclic Voltammetric Studies j ,

a. Experimental. Thionyl chloride from MCB was refluxed over lithium metal and {

distilled twice and the solvent was stored at OOF. A conventional electrochemical

cell with three electrodes was employed. Pressure annealed pyrolytic graphite
(A=0.178 cm?®), polycrystalline carbon (A=0.178 cm?), glassy carbon (A=0.44 cm?)

and platinum (A=0.178 cm®) were used as working electrodes. The working electrodes
were sealed in Teflon rods. At the end of each cylic voltammogram, the electrodes
were cleaned employing established techniques, to produce reproducible surfaces.
The reference and counter electrodes were made freshly by pressing lithium foil
onto nickel grids. Catalysts were added to electrolyte (IM LiAlCl./SOCl.) before

studies. The cyclic voltammetric studies were carried out in a dry room using

Princeton Applied Research Model 170 Electrochemistry System.
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b. Effect of Catalyst. Cyclic voltammograms at a pressure annealed pyrolytic

graphite electrode with and without electrocatalvst in [.0OM LiA1CI1./SOCl: electrolvte
are shown in Figure 20. At a fresh and dry electrode surface, SOCl: is reduced in
two steps as evidenced by two reduction peaks in the cyclic voltammogram. At CoPc
catalyzed cathode, the two peaks merge and shift toward more positive potential.
Moreover, the peak height increases threefold. With metal-free phthalocyanine, the
reduction peak does not shift even though the peak height increases. Furthermore,

no other reduction or oxidation peaks are observed with catalyzed cathodes between
3.6 and 1 volt versus Li reference electrode. The simplified cyclic voltammograms
could be due to electrode blocking by strongly adsorbed reduction products. Similar

catalvtic effect 1s achieved with FePc¢ catalyst.

c. Effect of Sweep Rate. 1In Figure 21, the effect of sweep rate on cyclic voltam-

mograms at pressure annealed pyrolytic graphite electrode in 1.0M LiAlCl./SOCl:
electrolyte at 75°F is shown. Both peak height ard position change with sweep

rate as anticipated. Similar behavior is also observed with FePc catalyst. 1In

both cases, a linear relation between peak height and square root of sweep rate is
observed (Figure 22), thus indicative of a diffusion controlled system. Similar
behavior is also observed at platinum electrode (Figure 23) and glassy carbon electrode
(Figure 24).

d. Effect of Temperature. At low operating temperature, the electrolyte viscosity

and conductivity strongly influence the peak positions. The change in peak height
should indicate the extent of electrolyte influence on the rate capability of an
electrode. In Figures 25 and 26, the effect of temperature on SOCl, reduction

peak position and peak height in cyclic voltammograms at polycrystalline carbon
electrodes in 1.0M L1fAl1Cl./SOCl, containing with and without FePc catalyst are shown.
In both cases, the reduction peak decreases with lowering of operating temperature.
This decrease can be attributed directly to the electrolyte properties which in-

fluence the diffusion coefficients.

The reduction peak height with and without catalyst showed a linear relationship
with reciprocal temperature. The energies of activation derived from Log ip vs
1/T relationship (Figure 27), based on data shown in Figures 25 and 26, are 1.83

and 1.65 Kcals, respectively. Such small change in activation energies indicates
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’

that the cathode performance 1s strongly influcnced by clectrolyte properties.,
The peak shift toward more negative potential with decrease in temperature is
observed only with baseline cathod.s. No such shift is found with catalyzed
cathodes. This could be due to changes in activiriou polarization of uncatalyzed

cathodes.

3. Rotating~Disc Electrode Studies

{ a. Experimental. Cyclic voitammetric studies in 1.5M LiAl1Cl1./SOCl, solutions

‘ at various cathode surfaces indicated that the system is diffusion controlled.
However, it should be noted that the reaction products which are strongly adsorbed
on the cathodes, and the diffusion limitations, might have contributed to the
current peak heights in cyclic voltammograms. Therefore, studies were carried

out at a rotating-disc electrode.

!
!
!
‘,

Cyclic voltammograms were obtained at a glassy carbon electrode (0.458 cm?). An i
ASR rotator, manufactured by Pine Instrument Company, was used to rotate the disc

electrode. Cyclic voltammograms were generated using PAR electrochemistry system
Model 170.

As a first order reaction mechanism, the experimental currents in a rotating disc

study are related to the rotation rate w (in rpm) by the equation

1 1

1.1 . 1
where ik is the kinetic current and B is a constant:

e o172 - -
p =2 nFv/%c [0.621 s7/3 (1 + 0.208 5713 4 0. 145 s'2/3)]

60 (3) :

where V = !lnematic viscosity
F + The Faraday constant

n = The number of electrons per mole of electroactive species
(SUC1l, in our case)

Co = The concentration of SOCl; in moles/cm?

$§ = Vv/D, where D = diffusion coefficient
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: : ng = s =1 -1/2
b, Effect of Flectrode Rotation. Figure 28 shows the plots of ip fus . /

from the rotating disc data for SOCl: reducrion at glassy carbon electrode (0.438 em-.
in 1.5M LiALCl./SOCl: with and without FePc catalyst. At limiting currents; i.e.,
peak heights (ip), the currents usually correspond to pure diffusion control for

the S0Cl:; reduction. However, the plots indicate that the kinetic currents (inter-
cepts) contribute to the limiting currents at 100 mv/second scan rate. Furthermore,
in the presence of FePc catalyst, the kinetic current contribution to the limiting
currents increases by 2.5 times (from 25.24 ma/cm™ to 63.1 mA/cm). The i values
decrease with decreasing scan rate in both cases. The ip—1 vs u-l/z plots from

the rotating disc data obtained at different scan rates in FePc added to 1.5M
LiAlCl./SOCl; electrolyte show (Figure 29) decreased kinetic currents with decreasinz

scan rate. ,

From the slopes of the straight lines in Figure 28, the B value can be calculated. i
For a similar reaction mechanism, the slopes should be equal as the changes in the -
values of parameter in equation 2 are minimal with the addition of FePc catalyst

to the electrolyte. However, in the presence of FePc catalyst, the B value increases

from 0.467 to 0.633. This increase could be attributed to the modification in the

overall reaction mechanism as follows:

At baseline cathode:
SOCl2 + 2e —= 2 Cl” + 1/2 805 + 1/2 S (4)

At FePc catalyzed cathode: ]
SOCly + 2-1/2 e —= 2 CI” + 1/4 (S204) 2 + 1/2 S (5) \

The diffusion coefficient of SOCl,, calculated from the above B values, is 1.8 "
ES 19_5 cm®.sec”'. The effect of passive film in the cathode on diffusion rate is :
considered to be minimal under experimental conditions.

Plots of i ! vs »-1/2 yield parallel straight lines at potentials anodic to the peak-
height (Figure 30), indicative of a first order process on SOCl:. Deviation

from parallel straight lines at more anodic potential could be due to changes in

the reaction mechanisms.
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At OOF, the peak heights decrease drastically at catalyzed and uncatalyzed elec-
trodes. In Figure 31, the plots of ip-1 Vs w_l/z at low sweep rates yield straight
lines. The kinetic current contribution becomes predominant at 0°F even though

it decreases with lowering the sweep rate. Further studies are needed to fully

understand the mechanisms.
D. TIMPEDANCE MEASUREMENTS
1. Introduction

Determination of cell internal resistance and charge transfer resistance is essential
in determining the sources of electrode overpotential. Since both the electrolyte
physical properties and cathode structure and its reaction kinetics contribute to

the polarization, we evaluated both these important factors. The effect of tempera-
tures on the electrolyte conductivity and viscosity, and the AC impedance of measure-

ments at carbon surface were evaluated.

Our starting electrolyte for this program was 1.5M LiAlCl,/SOCl,. Improvements to
achieve higher conductivity and lower viscosity were needed for better mass transport
properties at low operating temperatures. Therefore, conductivity and viscosity
measurements between -40°F and 77°F were made for both 1.0M and 1.5M LiAlC1./SOCl.

so as to compare these variables on the electrolyte composition.

2. Electrolyte Physical Properties

a. Conductivity. Conductivity measurements were made employing a General Radio
Impedance Comparator Bridge and Jones-type conductivity cell having bright platinum
electrodes. The electrodes were cleaned with chromic acid cleaning solution, washed
thoroughly with distilled water and finally dried before each experiment. The

cells were calibrated at 25°C with KCl solutions, and wereused to duplicate experi-

ments. The cell constants were 114.63 and 130.50 cm” !.

42




td4,0 38 Z100S/PIDTVIT WG T ut (;wo wmc.m

w QPpOaJIITI

uoqJaey Asse[d 10j) elep ISIPp SATIER[31 3BY) EoCN\~ m sa YY1 30 1014 € Pandyy
wda) ¢ X m

/1= 0 X e
Se 0f 114 0¢c Sl 01 S 0
Jas/pm Qo oaey doamg ]
— -

\I\
—— J
a——
A—
Jas/pu op 23eY daamg

ol

e

e At e it it cakires A

Sl

L setei

43

A




Resistance, R measurements of the electrolyte solutions were made at 10 KHz
over the temperature range. From the resistance value, the specific conductance,

. =1 -1
Ls in ohm ~ em °, was calculated from the standard equation:

where,

ond
[}

Electrode separation

R
1

= Electrode area, cm”

The temperature dependence of specific conductance of electrolyte is shown in
Figure 32. The conductivity of 1.5M LiAlCl./SOCl: is higher than that of 1.0M
LiAlCl./SOClz. Furthermore, addition of catalyst decreases the conductivity y

slightly throughout the temperature range studied. ,

b. Viscosity. Viscosity measurements were made employing Cannon-Zhukov capillary

albata .

R . o
type viscometers calibrated with deionized water at 25 C. Measurements between

—QOOF and 77°F were carried out in a Conrad/Missimer environmental chamber. The

temperatures were read with a Doric thermocouple temperature indicator. Viscometer
flow times were measured with a Precision Scientific Timer giving readings to

0.1 second.

The viscosity versus temperature data are plotted in Figure 33. An Arrhenius

temperature dependency of viscosity is observed except at low temperature.

The increase in viscosity with decrease in temperature is much more severe with
1.5M LiA1C1,/SOClz than with 1.0M LiAlCl4/SOCl>. Such an effect influences the
conductivity as observed in Figure 32.
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3. AC Impedance Measurements

a. Introduction. Phvsical und chemical processes taking place at the electrcde
interface influence the ,verpotential of an electrode svstem. Three twvpes of
processes described in Section II-A contribute to the total electrode overpotential

in Li/SOCl: svstem.

Tweo non-steady state measurement techniques, galvanostatic single current pulse
and AC impedance measurements are zenerally used to determine the type and magnitude
of overpotentials. Recent successful AC impedance studies (4,7) of

lithium anodes prompted us to utilize this technigque for porous electrede,

Alternating current impedance measurements are attractive to kinetic reaction
studies, but the interpretation of experimental data obtained on a porous electrode
can cause substantial complications, especially when adsorption and desorption
processes are involved. However, recent advances in electronics have enabled the
acquisition of a complete impedance spectrum within minutes by the use of the

fast Fourier transform (FFT) algorithm, which allows Fourier analyses to be carried

out readily upon complex input signals.

The theory of electrochemical impedance measurements of porous electrodes is very
complex and will not be given here(8). Basically, a sprectrum analyzer determines
impedance spectra by noise response impedance analysis; a white noise source
generated by an analyzer is delivered to the cell and the current respounse is
subjected to FFT analysis. The frequency dependent impedance and phase angle are

displayved in the CRT and can be recorded easily.

b. Experimental. AC impedance data were obtained at Sandia National Laboratories*
using a Hewlett Packard 3722A noise generator and a PAR Potentiostat 173. A
Hewlett-Packard 9845T desk top computer was used to reduce the data. Impedance
measurements at both steady state and dynamic conditions were made over the frequency

range of 0.0l Hz to 1000 Hz.

*Experiments were carried out by Dr. Frank M. Delnick of Sandia National Laboratories.
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The electrochemical cell consisted of «+ ~2rbon electrode and a platinum counter

' electrode. Impedance measurements of t... cathodes were made with and without iron
phthalocyanine catalyst in 1.5M LiAlCl./SOCl, electrolyte (3 mg FePc per cc of

electrolyte). 1Initial impedance experiments of baseline porous carbon electrodes

with and without catalyst revealed that the electron transfer process was extremelyv

slow at open circuit voltage ind the impedance spectrum had a very large diameter.

In order to minimize problems as,ociated with high surface area porous electrodes,

a stress annealed pvrc.ycic graphite electrode (A=0.178 cm”) was used.

c¢. Results. In Figures 34 and 35, the complex impedance of carbon electrodes with
and without FePc catalyst respectively, in 1.5M LiAlCl./SOCl: electrolvte, are given.
The diameter of the semicircle represents the Faradaic resistance if the capacitance
value is small. For a diffusion controlled reaction, a straight line with a phase
angle of 45° is usually obtained in the complex impedance. For a porous electrode

the phase angle should be 22°,

The impedance of carbon electrodes in 1.5M LiAl1Cl,/SOCl: with and without FePc
catalyst shows a semicircle with a large diameter. The diameter decreases with
FePc catalyst. Still, very high resistance due to charge transfer process exists,
which is indicative of very slow reaction rates at open circuit voltage. The open
circuit potentials vs platinum electrode were -0.322V and -0.511V for cathodes

with and without FePc catalyst.

Impedance measurements were made on catalyzed cathodes under dynamic conditions. [
Figures 36 through 38 show the complex impedance at discharge rates of 34, 112 l

and 675 uA/cm®. The current rates remained constant at 34 and 112 uA/cm®

through~
out the experimented time (30 minutes at each experiment); however the discharge
current, 675 uA/cm? decreased slowly with time (675 uA/cm® to 450 uA/cm?). At

34 and 112 uA/cm® discharge, the charge transfer resistance decreased but the
reaction rates were still very slow. At 675 pA/cm?, the reaction is completely
diffusion controlled as shown in Figure 38 by a straight line with a phase angle of
42°. Furthermore, when the impedance measurements were made at open circuit voltage
after passing 675 pA/cm? current for nearly 30 minutes, as shown in Figure 39, the

reaction is still diffusion controlled.

Additional experiments are needed to understand and establish various resistances !

(ionic, faradaic, etc.) which contribute to the cathode overpotential.
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(0.178 cm?) in 1.5M LiAlCl./SOCl. Containing FePc Catalyst.
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Figure 35, Impedance of Stress Annealed Pyrolytic Graphite Electrode
(0.178 em®) in 1.5M LiAlCl./SOCl. Electrolyte at 75°F.
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Figure 36. Impedance of Stress Annealed Pyrolytic Graphite Electrode
(0.178 ecm?®) at a Discharge Rate of 34 pA/ecm® in 1.5M LiAlCl./
SOCl. + FePc.
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Impedance of Stress Annealed Pyrolytic Graphite Electrode
(0.178 cm?) at a Discharge Rate of 112 uyA/cm? in 1.5M
LiAl1C1,/SOCl, + FePc.
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Figure 38. Impedance of Stress Annealed Pyrolytic Graphite Electrode
(0.178 cm®) at a Discharge Rate of 675 uA/cm® in 1.5M
LiAlCl./SOCl. + FePc.
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(0.178 ecm?) at Open Circuit Voltage (After 30 minutes at
675 uA/em? discharge) in 1.5M L1Al1C1./SOCl: + FePc.
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III. CATHODE PERFORMANCE IMPROVEMENIS

A. INTRODUCTION

The electrochemical reduction of thionyl chloride takes place at the cathode sur-
face and the reduction rate is known to depend stronglv on the cathode material.

The widely accepted cathode reaction
SOCl, + 2e~ —= 2 C1™ + SO (6)

proceeds smoothly at low rates upon various metals and non-metals, but it has been
found that high rates can be achieved only by using carbon black substrates doped
with or without electrocatalysts (5). Furthermore, the cathode polarization and
reaction zone thickness strongly depend on cathode variables such as (a) cathode
substrate, (b) cathode thickness, and (¢) cathode density. These three cathode
variables are optimized to achieve a high efficiency Li/SOCl; cell.

1. Carbon Substrates

Since it is known that acetylene black carbons catalyze the SOCl: reduction better

than any other carbon reported in the ljiterature,both 50% and 100%

compressed grade Shawinigan acetylene blacks (SAB) were evaluated for their effect

on cathode performance. 1In addition, the effect of (CoPc)n and FePc catalysts were

examined. These catalysts were doped only on 100%Z SAB because of its superior
performance observed over 50% SAB.

2. Cathode Thickness

At high discharge rates, only a small part of the available cathode surface partici-
pates in the electrochemical SOCl, reduction process at porous teflonated carbon
cathodes. This part of the electrode structure is often referred to as the

reaction 2zone. The reaction zone thickness 1s influenced by both kinetics and
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mechanism of electrochemical reduction. In addition, it is known thar the cathode
thickness influnces the reaction zone thickness (depth of penetration). Therefore,
the effect of cathode thickness on both voltage and performance of cathode were
studied. Cathodes of thickness, 0.010, 0.015, 0.020, 0.030 and 0.040 inches were
fabricated for each substrate described above by the standard cathode fabrication

process described earlier.

3. Cathode Density

Teflonated porous carbon electrodes are commonly used in Li/SOCl. systems. The
amount cf Teflon binder influences the cathode density, conductivity, surface area,
etc. Therefore, in order to optimize the Teflon amount on these physical properties
which influence the cathode performance, cathodes were fabricated containing 5, 10,
and 15% by weight Teflon binder. In Figure 40, cathode density dependence on the
Teflon content is plotted for three different carbon substrates. Approximately

20% increase in cathode density is observed with 100% SAB compared to that of
cathode with 507 SAB substrate. The drop in density with 5% (CoPc), doped 100%

SAB may be due to porosity created during heat treatment at 550-600°cC,

B. EVALUATION OF CATHODE PERFORMANCE
1. Introduction

Cathode performance was evaluated by discharging laboratory Li/SOCl. cells at a
fixed 10 mA/cm® current rate. The effect of cathode substrate, thickness and
density, on the discharge performance were examined at 75, 0, 20, and -40°F. All
cells were activated at ambient temperature and cooled to appropriate temperature
with a constant current load equivalent to 0.2 mA/cm® to avoid passivation problems
associated with Li/SOCl, system. All experiments were duplicated and if a variation
was found, it was repeated until reproducible results were obtained. A total of

40 cathodes were fabricated and evaluated.

2. Discharge Performance

Discharge characteristics at a constant current rate of 10 mA/cm? were studied in

our standard laboratory cell fixture. In order to maintain identical experimental
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conditions, cells containing cathodes of constant density were built and discharged
together for every operating temperature. For example, cathodes having thicknesses
of 0.010, 0.015, 0.020, 0.030 and 0.040 inches, fabricated from a carbon mix con-
taining 5% Teflon binder and 50% SAB, were evaluated in duplicate together at

0°F. This procedure maintained a constant cooling time and exposed the cells to

the same fluctuations in temperature and discharge rate.

In Figures 41-43, the effect of cathode density on the discharge performance of
cathodes fabricated from 50% SAB, 1007% SAB and 5% (CoPc), doped 1007 SAB are given,
respectively. No significant change in performance is observed (Figure 41) with

50% compressed grade Shawinigan acetylene black cathode substrate containing 5-157%
Teflon binder. However, cathodes fabricated with 100% SAB with and without (CoPc)n
catalyst exhibit best performance with 5% Teflon binder (Figures 42 and 43). Similar

behavior was observed for FePc catalyzed cathodes.

The discharge performance of cathodes fabricated from various cathode substrates

is compared in Figure 44. All the cathodes contained 5% Teflon binder and the

cells were discharged at ambient temperature with a constant current load equi-

valent to 10 mA/cm®. Significant performance improvements are achieved with catalyzed
cathodes. As the cathode thickness increases, the improvement in cathode performance
increases with catalyzed cathodes. However, the slope of the line decreases with
cathode thickness regardless of cathode thickness and also regardless of cathode

substrate.

In Figure 45, the cell voltage at 50% depth-of-discharge with respect to cathode
thickness is compared for the cells described in Figure 44. The cell voltage
remains constant for cathodes containing 50% SAB, whereas all others increased with
cathode thickness. Dramatic voltage improvements are achieved with FePc catalvzed

cathodes.
Low temperature (OOF) performance of cells described in Figure 44 is given in

Figures 46 through 55. 1In general, lowering the temperature results in a decrease

in electrochemical cell performance irrespective of cathode thickness and cathode
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substrate (Figure 46). Furthermore, the extent of deterioration of cell perfor-
mance with lowering temperature is influenced by the amount of Teflon binder

in the cathode. The optimum amount of Teflon binder seems to be 3% or less by
weight in the final cathode components.

C. PERFORMANCE OF OPTIMI_ED CATHODES

1. Introduction

The systematic evaluation of baseline cathode performance during the program period

has resulted in the optimization of cathode(s) for Li/SOCl: cells. The optimized

cathodes contained (by weight):

a) Baseline Cathode ,

o 95% - l00% compressed~grade Shawinigan acetylene black carbon f
substrate, (100% SAB) i
o 5% Teflon-6 binder i

o 5% polymeric cobalt phthalocyanine
o 90% ~ 100% SAB
o 5% Teflon-6

!
i
b) Catalyzed Cathode (CoPc)n j

¢) Catalyzed Cathode, FePc

o 957% - 100% SAB
o 5% Teflon-6
1

-3 mg of FePc/cc of electrolyte (both neutral and acidic electrolytes)

2. Laboratory Cell Performance

Both half-cell measurements and cell discharge performance were made on the optimized
cathodes at 75, 32, 0, -20 and -40°F. cCathodes of 0.020 inch thickness were em-

ployed during evaluation studies.
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In Figures 56, the polarization characteristics of Li/SNCl: with three different

catnodes are compared. As previously observed, the cathode polarization decreases
withn catalwzed cathodes; the zreatest decrease is achieved with FePeo. Lowering
the operating temperature from 75 to 32°F results in a 125 mV increase in cathode
nolarization, irrespective of cathode tvpe. The increase seems to be due to the
increise in resistance as can be seen in Figure 57. Further lowering of temperaturs
causes severe cell polarization and causes drop in the rate capability as observed
witn the cathodes described in Section II.

.
The discharge performance of Li/SOCl. cells with and without catalvzed cathodes
shows that both high voltage and longer discharge times are achieved with catalyzed
cathodes as snown in Figure 58. At low operating temperatures, the cell voltage,
as well as cell life, decrease drastically as shown in Tables 2 and 3. Furthermore,
the operating temperature also alters the voltage profile with the depth of discharge. i

This could be partly due to changes in electrolyte conductivity and viscosity.

Comparison of the results obtained on optimized cathodes and on our best starting 4
cathodes show no severe changes in both polarization and discharge characteristics.

This is anticipated because the .;timized cathodes contained the same composition

and underwent similar fabrication procedures as those of our initial cathodes.
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IV. SUMMARY AND CONCLUSIONS

The rate of SOCl: reduction is strongly influenced by the carbon substrate of
Teflonated porous cathode. Electrocatalysts, such as cobalt and iron phthalo-
cyanine complexes increase the rate of SOCl. reduction and hence the rate capability

of the system. These complexes, unli:e other cathode dopants such as copper, nickel,

.

and platinum, are true catalysts for the electrochemical reduction of SOCls:.
Furthermore, they catalyze both electrochemical and chemical reactions of inter- 4

mediate species.

Small amounts of catalysts in the carbon pore structure results in significant
improvements in both cell voltage and specific cathode capacity; FePc catalyst

shows the greatest catalytic effect. The improvement in cell voltage is attributed ’

il el

to the lowering of activation polarization due to elementary processes taking place
at the cathode. The increase in specific cathode capacity could be due to increases

in the reaction zone thickness and/or modification in reaction mechanisms.

Catalyzed cathodes also increase the cell limiting current. The increases are
10 and 25% with (CoPc)p and FePc catalysts respectively. The increase is not

caused by changes in physical properties of cathodes. The cyclic voltammograms of 1

SOCl: reduction at stress annealed pyrolitic graphite electrode also show significant
increase in the current peak heights. Therefore, it is strongly believed that the
electrocatalysts not only catalyze the SOCl; reduction rate, but also modify the
reduction mechanisms. Based on the results, the projected mechanisms at catalyzed

cathode are:

M+ S0OCI, =[M-SOCI2] ADDUCT (7 :
[M-soct,) + & ———=—[M-soci]+ ci” (%)
’ - FAST ¥ =
[M-soci] +e [M-so]+ ci @
; |
[v-so] —powwmerize _ fy.1(50),] (10
1 [ ! | =
-4 (s0),]+§ e ——— M+is+is,or Lan
SOCI,+23 e ———= 2C[+£S+45,0, (12)
8l




At FePc catalvzed cathode, the above reaction mechanism proceeds. However, at
(CoPc)n catalyzed cathodes, the reactive adduct (M-SO)* might also dissociate to
give free unstable SO molecule which is known to undergo disporportionation to S
and SO;. Therefore, the overall reduction mechanism at (CoPc)n catalvzed cathode
might involve less than 2-1/2 e~ per mole of 30Cl., but more than 2e~. However,

it should be noted that, due to fast second electron reduction (equation 9), the
reaction mechanism is simplified at the catalyzed cathodes, whereas at the baseline
cathode, the SOCl* radical might promote a disproportionate reaction to unwanted

chemical species. This could potentially lead to a safer Li/SOCl> cell/battery.

The catalytic activity from adduct formation arises by overlapping a dz? orbitals
of Co or Fe with the sp> orbital of sulfur. In thionyl chloride, one of the sp”
orbitals is non-bonded and contains two electrons; the dz? orbitals of Co and Fe
are empty. Therefore, the charge transfer can occur easily from the electron-
filled sulfur sp> orbital to the dz® orbital. The greater catalytic activity of
FePc for the electrochemical reduction of SOCl. and also for the Stroger adduct

formation with SO (equation 10} may be due to higher orbital overlapping.

The operating temperature affects the Li/SOCl, cell performance severely. Both
cell voltage and rate capability decrease with decreasing operating temperature.
In addition, at operating temperatures of -20°F and below, the rate capability of
L1/S0Cl> cells decreases drastically and no useful discharge times can be achieved

at discharge rates of greater than 10 mA/cm® even with FePc catalyzed cathodes.

The conductivity of electrolyte decreases by more than threefold when temperature

is lowered from 75 to -40°F. This causes an increase in the polarization due to

ohmic resistance. Furthermore, the changes in electrolyte viscosity alsc effect
the overall cell performance, particularly at high rate and/or low operating

temperature.
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V. RECOMMENDATIONS

The feasibility of attaining improved rate performance and efficiency in the Li/SOCl-
system using electrocatalyst(s) was clearly demonstrated in this program in
laboratory cells. Future work needs to focus on confirming the established per-

formance attributes of electrocatalyst(s) at the hardware cell level. Specifically,

we recommend the following:

o Conduct parametric studies on the hardware cell performance using "D-sized"
cells that contain catalyzed cathodes. 1In addition to the general performance
characterizations as a function of discharg rates and temperature, the
parametric studies should include storage time so as to evaluate the effect of

electrocatalyst(s) on Li passivation.

o Confirmation of the proposed model reaction mechanism via monitoring of the
pressure behavior at the hardware level and via quantitative analysis of LiCl,
LizS$204, and S. If the overall model reaction proposed is courrect, either

little or no SO, should be generated. LizS204 should be present in lieu of SOs.

o Conduct AC impedance measurements on both laboratory and hardware cells with

respect to depth of discharge so as to understand the rate of lithium chloride
film resistance on cell performance.

Jp—
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