
UNCLASSIFIED

AD NUMBER

AD478992

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; MAR 1966. Other requests shall
be referred to Air Force Aero Propulsion
Laboratory, Wright-Patterson AFB, OH
45433.

AUTHORITY

AFAPL ltr, 12 Apr 1972

THIS PAGE IS UNCLASSIFIED



.FAPL-TR-65-128

LITHIUM-NICKEL HALIDE

'SECONDARY BATTERY INVESTIGATION

A. Lyall
H.N. Seiger
R.C. Shair

GULTON INDUSTRIES, INC.

TECHNICAL REPORT AFAPL-TR-65-128

. MARCH 1966

AIR FORCE AERO PROPULSION LABORATORY
RESEARCH AND TECHNOLOGY DIVISION

AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO



NTES

when o-o'erneizt drawings, specifi.ations, or other date are used for
any pirpoot-- other tan in ,'onaectior. wtch a dzfiniteiy related Government
--•cure't operation, the Unlited StaLes GovecnMnt thereby incurs no
zeipo-sib'iAty ,ior any obligation i4atsoever; and the tact that the
Gcrevrmment way have formulated, furr.i3hed, or ic any way supplied the said
draw-ia. :4pe-ciftcatiors, or other data, is not to he regarded by implica-
tivn or otherwine ai in any manner licensing the hold-r .r any other
perso.a or corporation, or conveying any rights or permission to manufacture,
use, or sell s.ir patented invention that may in any way be related thereto.

Copies of this report shcrild not be returned to the Research and
Techncdogy Division unless return is required by security consideration-,
contractual obligations, or notice on a specific document.,

S-- r -



'FALPL -TR-.5-123

LI••-M-NICKEL HALiDE
SECONDARY BMITERY INVESTIGATION

A. LyJ,. 11
H. N. Seig'.r
R. C. Shair

Gulton Industries, Inc.

TECHNICrAL RrPORr AFAPL-TR-65-128
i

JANUAhY i966

This document is subject to special export controls and
each transmittal to foreign governruento or foreign nationals
may be made only with prior approval of the Air Fozce Aero-
Propulsion Laboratory.

Air Force Aero Propu..sion Laboratory
Research and Technology Division

Air Force Systems Command
Wright-Patterson Air Force Base, Ohio



FOFUJiMORD

Thi~s i~inal ?,eci'nicai' Report was prepar..!d ýy Gulton
To-lustries. Inc., Metuchen, X. J,. for the Research and Tech-

s iog Di-v.son,. Wr ghZ-Patters.-r.- Air Force Base, Ohio, under
ContracL~ No. AF33(615)-1266, Prolect No. 8173, Task No. 817304.
M4r. J. E. Cooper and Mr. W. S. Bishop were task eng-ineers for

t~Air For;.e Aero ?osinLaboratory. We wish, to acknow-
ledge the Lzlpful discussions held uiith them.

!be studies reportej~ cover the conitract period from
iezaber 194 to November 1965.

This reaort wan 5ubmitted py the authors on
December 10, 1965.

ý4

Contav•No.AF3(61)-I•6, rojct oo 173,Tas No 81304
r. J E.Cooer ad M. W SBishp wre ask ngieer f4

the Air Forge Aero P~op isoLaoaoy wstoa-n--



F_

ABSTRACT

f crTwo methods of protecting the tabs of the NiCI2 electrode

from corrosion by chlorine have been developed. The first is a vro-
tective coating and the second is th.- use of Monel 400 alloy instead

of nickel. These methods have als? sr.own to be satisfactory for the
nickel fluoride system. The Monel 40" alloy method is the must favor-
able.

Half cell tests indicate that thiiiner sintered nickel plaques
reduce polarization of the positive electrode, but the degree of success
is not significant,

Polarization tests with thin Yilm electroformed nickel chlor-
ide showed that concentration polarization was only part of the problem.
A major improvement was noted uhen the sintered nickel plaque was absent.

Posted electrodes of NiCl 2 and graphite are superior to impreg-
nated plaques. Using carbonyl nickel as a conductive diluent gave re-
suits similar to the impregnated plaquae.

Tests were conducted using sulphur magnesium chloride and
stannous chloride as doping agents. Experim',its were conducted in
whidh the amount of sulphur doping of the NiC12 tias varied from 0.01%
to 0.08%. Results show that there are two eifects, one from sulphur
and the other from the MC1 2 dopants. Each hais advantages and disadvan-
tages. Electrodes were also prepared having 0,04% sulphur and 0.05%

MgCI 2 co-dopants. The effects of co-doping has been found to ibe addi-
tive.

A pasted nickel fluoride electrode was developed. Doping with
MgF 2 had no discernable effect on polarization.

Half cell studies were conducted to investigate the effects
of the ratio of nickel halide to graphite, and th• effect of compressing
the electrodes.

Laboratory cell studies showed the PC-AlC1 3 LiCl/CI 2 electro-
lyte to be a major problem in self-discharge and subsequent reduction
of available capacity. Polarographic tests were runducted on propylene
carbonate and dimethyl sulfoxide electrolytes. The selection of propy-
lene carbonate with KPF 6 as an electrolyte resulted. Thn state of dry-
ness of the KPF 6 salt before dissolving it in the solvent influences
the conductivity.

Various binders were tried to find a substitute for carboxy
methyl cellulose. A binder of USP grade gelatine has been fu-nd to be
the best.

The use of two types of graphite were investigated. UCET
acetylene black is superior for the chloride system, but abend tiust
be used for the fluoride electrodes.

A The design of the prototype cell is given.

PUBLICATION REVIEW
The publication of this report does not constitute approval by the Air
Force of the fi.dings or conclusions contained herein. It is published
for the exchange and stimulation of ideas.

ii



TABLE OF NTEI'TS
r.o

PZAGE NO.
I. IWTRODUCTION 

1

II. ELECTRODE TAB CORROSIONA. PROBLEM 
2B. I2PROACH TAKEN 
2

1. Protective Coatings
2. New Alloys for Tabs

C, EXPER1,M1ITAL RESULTS1. Protective Coatings 32. New Alloys for Tabs 
3
3liI NICKEL CHLORIDE SYSTEM

A., PROBLEM 10
B. METHOD OF APPROACH 101. Cathode Preparation 

10
a. Sintered Plates 

10b. Thin Plates 
13c. Pasted NiCI 2 . Carbonyl Nickel Electrodes 13d. Pasted NiCI2 Graphite Electrodes 
142. 2 ', :,iarographic Tests 1C. FXPERIMENTAL RESULTS 
171. C'ntered Plaques - Polarization Tests 172. Th;~' Filn Plates - Polarization Testn 173. Pasted NiCl 2 - Carbonyl Nickel Electrodes -

Poiarographic Test 
214. Pasted Ni"1 2 - Graphite Electrode - Polarographic Tests 265. Pasted NiCl 2 - Graphite Electrodes - Doping Test 26a, Procedure 
26b. Experimental Results 
286. Pasted NiCl 2 - Graphite Electrodes - Compression Test 357. Pasted NiCl 2 - Graphite Electrodes - Ratio Test 41a. Type 38 Graphite 
41b. UCET Graphite 
41

D. DISCUSSION 
44

IV. NICKEL FLUORIDE ELECTRODES 
46A. PROBLEM 
46B. METHOD OF APPROACH 
46C.' EXPERIMENTAL RESULTS 
47D. DISCUSSION 4

V. ELECTROLYTE STUDIES 54A. PROBLEM 
62B. METHOD OF APPROACH 
62C. EXPERIMENTAL RESULTS 
64SvI. BINDER STUDIES74 A. PROBLEM 
7T

SB. METHOD OF APPROACH 
76( ,C. EXPERDMENTAL RESULTS 
76

7A

E I



IAJA I

II

TS_

V"'. TABORATORY CELL TESTINjG UAGE NO
A. PROBLEM 

777Be METHOD OF APPROACH 
77

C. EXPERIMTAL RESLLTS 
77'

1. Cell No. A-18 
7972. Cell No. A-22 
793. Cell No. A-23 
81

"VIII. PROTOTYPE CELL ASSEMBLIESA. PROBLEM 
85B. METHOD OF APPROACH 
85C. DESIGN DATA 
85i 85

TX. SUMMA RYD

89X. REFERENCES
i 

92
I

,

LV

-Ito



FIGURE VO. PAGE NG.

I iDouble Positive Electrode Plaques Shnwing Teflon Coatingi On 'Tabs 4

2 Schematic of Double Ammeter Test 5

3 DoubleoArnetcr Test Monel Vs. Nickel 7

4 Double-Axmeter Test - Hastelloy "C" Vs Nickel 8 4

5 Doible-Ammater Test Samp'. es - Comparative Amounts of Corrosion 9

6 Apparatus for ConcentraLion Polarization Studies 12

7 Polarographl: Study - Schematic For X-Y Recorder Setup 16

6 Operating Principle Galvanostat .8

9 Typical Polarization Test of NiCl 2 Tmpregnated Sintered-
Ni Plaque 19

10 Polariz.tion Test - NiC12 Thin Film (Plated) Ele-trode 22

11 Thin Film NiCi Electroformed From Ni Plate Onto Mon2l 400
+ Li Anode + Propylene Carbonate With AiC' 3 , Li, And Cl2  23

I 12 Polarographic Test - Painted Thin Film 5!ICl 2 Flectrode 24

13 Polarographic Test - Pasted NICI2 Carbony] Nickel Electrode 25

14 Polarographic Test - Pasted NiCl 2 -Graphite Electrode 27

15 PolarographIc Test - NiC12 + Graphite Vs NiCI 2 :- Graphite
+ 0.1% NiS 29

16 Polarographic Test - NiCI2 And Graphite With 0.1% Dopants YO
A

17 Polarographic Test - 50% NiCI 2 (+ 0.08% NiS Dopant) And 507% C 31

18 Polarographic Test - 50% NiCI 2 (4 0.047% Dopaist) And 50% C 32
19 Polarographic Test - 50% NiCI 2 (+ G,02% Dopant) hid 50% C 33

20 Polarographic Test - 50% NiCI 2 (+ 0.01% NiS Dopant) ADd 5GY, C 34

21 Polarographic Test - 50% NiCl 2 (+ 0.05% MgCI 2 Ahd 0.04% NiS
Dopants) And 507% C 35

22 Polarographic Test - 50% NiCI 2 (+ Q.05% MgCl2 And 0-04% NiS
Dopants) And 50% C 37

23 Polarographic Test - 25% NiC 2 (With 0.08% NIS) And 75les C
Plate Compressed At 3 Tons P,!r Ir4 ~39

VIv



LIST OF IIGURks
FIGMRE NO. PAGE NO.

24 Polarographic Test - 25% NiCl 2 (With 0.087 NiS) And
75% C - Uncompressed Plate 40

25 Polarographic Test - 90%° C + 10% NICI2 (+ 0.08% NiS
Dopant) 2 42

26 Polarographic Test - 9U% NiCl 2 (-; 0.08% NiS Dopant And 10% C 43

27 Polarographic Test - NiCI 2 And UCET Acetylene Black
(3:1 Ratio) 45

28 X-ray Pattern - Unfired Nickel Fluoride 48

29 X-ray Pattern - Fired Nickel Fluoride 49

30 Polarographic Test - 50% NiF2 + 50% C 50

5i Polarographic Test - 50% NiF2 (+ 0.1% MgF 2 Dopant) + 50% C 51

32 Volarographic Test - 257% NiF2 (+ 0.1% MgF 2 Dopant) + 75% C 52

33 Polarcgraphic Test - 90% NiF2 (+ 0.1% KgF2 Dopant) + 10% C 53

34 Polarographic Test - 25% NiF2 + 75% C - 1/2 G/10.0 cm2 
-

iUncompressed Plate 55

35 Polarographic Test - 25% NiF2 + 75% C - 1.0 G/10.0 cm2 -

Uncompressed Plate 56

36 Polarographic Test - 257 NiF + 75% C - 2.0 G/10.0 cm2 
PPlate Compressed At 103 P.S.I. 57

37 Polarographic Test - 25% NiF 2 (+ 0.01% MgF 2 ) + 75% C -

1/2 G110.0 cm2 - Unccmpressed Plate 58

38 Polarographic Test - 25% NiW2 (+ 0.01% MgF 2 ) + 75% C -

1.0 G/10.0 cm - Plate Compressed At 103 P.SI. 59

39 Polarographic Test - 25% NiF2 (+ 0-01% MgF 2 ) + 75% C-
2.0 G/10.0 cm2 - Plate Compressed At 103 P.S.I. 60

t 40 Polarographic Test - 25% NiF 2 (+ 0.01% ligF2) + 75% C -
1%.0 G/l0.0 cm2 

- Plate Compressed At One Toni In 2  61

41a Polarographic Apparatus Showing Cell, Potentiostat, Motor

Drive, and Recorder 63

41b 7)ropping Mercury Electrode 63

42 Decomposition Potential of PC-AlCl 3 /LiC1-Cl 2  65

43 Conductivity Vs Concentration - DM:2-KPF 6  66

44 DME Polarograph - DMSO + Undried KPFJF 67

vi



LIST OF FIGURES
(Continued)

S•w,•=•,,• AGE NO.

45ME Polarograph - DMSO + Dried FPF6  68

46 DME Polarograph - Pre-electrolized DMWO + Dried UT 6 70

47 DIME Polarograph - DMSO + KPF6 + H2 71
48 DME Polarograph - DMSO + XF6 72

49 DME Polarograph - DMSO + LiF 73

50 DME Polarograph - Propylene Carbonate + KPF 6  74

51 DME ?clarograph - Double Test - Lithium Vs DME Vs NLF2  75

52 Cell 78

53 Discharge of NiCl 2-11 Laboratory Cell A-18 80

54 Polarization Test - Laboratory Cell A-23 83

55 Pulse-Bounci Back Test - Laboratory Cell A-23 C4

56 NiUi-lO Cell Assembly - Nickel Xalide-Litbium 86

57 NiLi-lO Prototype Cell 88

LiST U? !ABLES

TABLE I The Effect of Plate Thiclcess On Polarization 20

TABLE II Summary r~f Polarization lp.ta 38

TABLE III Binder Test 76

TABLE IV Make-Up of laboratory Cells 79

I.vii



1,

1. INTRODUCTION

The vork covered b% this re,.ort is a continuation of the project
started under A133(615)-1236 and described in Technical Report AFAPL-TR-65-11,
Lithium-Ni.kei Halide Secondaxy Battery investigation. A satisfactory elec-
trolyte for purposes of electrode study, 2 good lithium anode, two good
separators, and mater 4ais for cel! cases and hiardware were the four major
achievcments uider this contract.

One electrolyte was propylene carbonate containing 100 g/L of
AlCI 3 and saturated with LiCl. The propylene carbonate is saturated with
chlorine gas at room temperature before adding the AICI 3 . This prevents
the darkening of the electrolyte due to heating when the AIC1 3 is added.
After saturating with LiCl, the excess chlorine gas is scavenged with
lithium metal.

The lithium anode is a pasted electiode of lithium and carbonyl
nickel powdc'r. A carboxymethyl cellulose biader improves adhesion of the
discharged material to the expanded nickel screen used as a base. Low
polarization potentials and relatively high utilization of theoretical
capacity (80%) on both charge and discharge have been found.

The separators used have been a non-woven polypropylene and an
asbestos-fiberglass paper, Both have been equally successful and have
been used interchangeably. The polypropylenL has the advantage of being
heat sealable, so that electrode "bags" can be made for easier cell assembly.

Cell cases can be made of polyethylene or polypropylene. Teflon
is completely inert and can be used, but seaiing a Teflon cell is difficult.
Type 304 stainless steel is satisfactory as a cell case. Some metals such
as aluminum can be used if they ar: in contact with lithitm. Because of
the high activity of litbium, it will react before the case material and, i

thus, give anodic protection.

The problem that still had to be resolved was the excessive
polarizotion jf the nickel halide el? .rode. Both the nickel chloride and
the nickel fluoride electrodes show a high degree of polarization on both
discharge and charge, the latier being so great as to allow almost no
current. This prevented discharge rates front approaching any satisfactory
level while maintaining cell voltages above 2.0 volts. The major emphasis
was placed on finding a way to reduce the polarization of the nickel chloride
electrode, and in fiiding a way to produce a nickel fluoride electrode
which could be discharged.

C'
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II. ELECiROLDE TAB CORROSION

A. PROBLEM

"•he nickel chloride elctzde is r sintered nickel plaque formed on a
perforated Uickel sheet approximately 3 mils thick. To Lhis plaque, a
nickel tab has been welded for electrical contact.

In crder to improve the utilization of the present NiCl 2 electrode,
it is necessary -o subject these electrodes to a formation cycle. During
this formation cycic, there is an anodization taking place at the nickel
tabs. !his anodizatien necessitates the replacing of the tabs after two
3uch cycles, making azcurate veight gain determination impossible.

This same anolization takes place in a cell and the tabs are soon
corrod'd away ca,'sin- open circuits. .The resulting rouh edges of the
tabs inay also cause a sh&,t circuit.

B. APPROACH TAME

There were two approaches planned to solve this prcbiem. The first
was a protective coating and the second was to find a material with an
anodization potential greater than nickel.

1. Protecti5.e Ccatiuags

One of the earl~ier protective coatings applied was an epoxy
paint (No. 7263 F.P./K by Markem Machine Co.). This material was
satisfactory for tab protection when applied to a finished electrode.
The epoxy was cured by heating to just ender 150 0 F for one hour.
However, if it was heated at this temperature in excess of an hour,
it would become brittle. The tabs were coated with this epoxy, the
plates impregnated and subjected to a formation cycle. After the
formation disch.zge, the plates were washed, dried, and impregnated
again. They were dried and subjected to another formation cycle.
Inspection of ttie tabs at this time revealed that the epoxy was
brittle, even though the teoperature had beer. kept below 1500 F. The
total time, however, was over 2 hours. This indicates the epoxy
being used becomes brittle on prolonged exposure to heat as well as
temperatures above 150 0F. There is apparently a time-temperature
dependence whereby, given a long enough time, the epoxy will become
brittle even at room temperature.

A successful technique was developed in which the tabs were
coated with a fluorinated ethylene-propylene copolymer. Electrode
tabs are spot welded to the unimpregnated nickel plaques. Masking
off'the area where active material will be deposited and also where
the tabs will be welded to the terminal studs, a coat of FEP #856-301
Primer (DuPont) is sprayed on. This, as well as the #856-204 Teflon
coat, is a water suspension. The primer is air dried and the plaques
are fired at 625 to 650OF for 30 minutes. After cooling, the same
mask is used as before and the tabs sprayed with the FEP #856-204disgersion. After drying, the plaque is again fired, this time at

650 to 6?5°F for a period of from 45 to 60 minutes. A second coat
of FEP.#856-2044is~applied and fired as before. The FEP Teflon flows
at the temperatures used. The tetrafluoroethylene (TFE) Teflon is
sintered and is sowewhrt porous and cannot be used for this application, TWo
coats, of-the PEP Teflon are applied Zo insure no pin holes in the surface.
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The plaque is now ready for impregnation and formation. Figure 1
contains two photographs of a pair of c]ectrodes. Noie that the Teflon
coating is carried into the sintered plaque zrea. ThIs is- done to pre-
vent oxidation of the sinter surface near the tabs which may result in
loss of contact.

2. New Alloys for Tabs

The second approach, that of finding an alloy that is more noble
than nickel to the oxidation by chlorine, has produced a satisfactory
alloy. Monel 400 has been found to resist anodization in the nickel
chloride-lithium cell. This material has been tested using the double
ammeter technique. Figure 2 is a schematic of the apparatus used. Two
ammeters of equal internal resistance are connected in the parallel legs
of the circuit. The positive leg of the circuit is connected through a
third ammeter used to control the total current. From one of the
parallel ammeters, a lead is connected to the test electrode. The other
meter is connected to a nickel anode. The cathode is a NiCl 2 electrode.
The spacing between the electrodes is the same. The stack is placed
in a polyethylene cell or a beaker shimmed with polyethylene. The cell
is plaLed in a glove bag with a dry argon atmosphere and propylene
carbonate - AlCI 3 /ClI electrolyte added. Voltage is applied and the
current values recorded. The test continues until the current stabil-
izes with respect to time.

C. EXPERIMENTAL RESULTS

1. Protective Coating

Extensive testing of the FEP coated tabs was not done. Initial tests
indicated that additional coating was .iecessary in the region of the
weld between the tabs and th'! terminal stud. In a cell flooded with
electrolyte, there was corrosion of the tabs at t!.e weld to the terminal
stud. After welding, another coat of primer was applied and firing
was accomplished with an electric heat gun. The same technique was
used for the Teflon coats. It is difficult to control the heat, and
temperatures can only be estimated with this technique. In the experi-
ments conducted, this secondary coating method had been satisfactory,
but better control was needed to insure uniform quality. These tests

were abandoned w'ith the advent cf the pasted nickel halide electrodes
using Monel 400 scieen.

2. New Alloys for Tabs

The materials tested were initially selected by consulting various
engineering handbooks and through direct consultation with technical
representatives of companies which produce corrosion resistant alloys.
Without going to the expense of using the more exotic or precious
metal alloys, the selections were limited to largely nickely base
alloys. Silver was also used, since it was thought to form a pro-
tective coating and would not corrode seriously. Silver was found to
form a coating on exposure to the electrolyte, but under the influence
of electrochemical vycling, the penetration continued with use.

A-• l stainless steels were eliminated as well as iron-nickel alloys.
This left the Monel types and Hastelloy types.

J n~m.
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Front -aidef

Back Side

FIGURE I DOUBLE POSITIVE ELECTRODE PJiLQUES SHOWJING
TEFLON COATING ON TABS.
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When the metal under test was mere noble than nickel, the majority
of the current passed between the nickel sheet and the NiCl 2 electrode.
As the nickel sheet became covered with NiCl 2 , the current shifted to
the test metal where either chlorine gas was liberated, or anodization
of the alloy took place. It was during this period, representing the
overcharge period of the electrode, that corrosion oi 4ic tabs took
place. After the current stabilized, it was continued for 10 minutes.
The cell was disassembled, the test electrode washed and examined for
corrosion. Figure 3 is a plot of the two ammeter readings for the
Monel 400 test. Figure 4 is the ammeter readings for the Hastelloy C.

From these tests, Monel 400 has been found to be the best material
with Hastelloy C useable. Since the tests were conducted at a con-
stant current, the plots of the ammeter readings in Figures 3 and 4 4
form mirror immages. In Figure 3, the period from 30 to 40 minutes
is where gassinj was visible at both electrodes. The jump at 17 min-
utes was probably due to decomposition of the electrolyte. In Figure 4,
there was some gassing at the Hastelloy C electrode at the beginning.
After 15 minutes, the gassing was the same on both electrodes.

Figure 5 contains photographs of the test and nickel electrodes
used for these experiments. These photographs were made with oblique
lighting. The Monel 400 (Figure 5a) shows a small amount of corrosion
4.n the lower portion of the exposed circle. The nickel electrode on i
the right shows the effect of oxidation when NiCI 2 was formed. The
Hastelloy C (left side of Figure 5b) shows a larger area of corrosion
than the nickel, but the depth of penetration was less than the nickel.
The etched surface of the Monel 400 was discernible only with oblique
lighting, whereas, the other samples could be seen with diffused light-
ing.A Hastelloy C is a hard alloy and exhibits little plasticity. Even
an annealed or "soft heat" sample was not very pliable.

Monel 400 is more flexible than Hastelloy C, but at times, it has
been found to become brittle when it is spot welded to the stud or to the
electrode. This is due to the excessive local heating. A minimum
amount of power (about 2700 amperes for 50 ms or 3 cycles of 60 cps
AC) is used that will produce a good weld, thereby eliminating ex-
cessive heating.

~I!
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a. Left-Moncil 400, Right-Nickel A (cr Nickel 200)
41 . %-

b. Left-Hastelloy "C", Right-Nickel A (or Nickel 200.)

FIGURE 5 DOUBLE-AMIETER TEST SAMPLES - C"4PARATIVE

AMOUNTS OF CORROSION



III. NICKEL CHLORIDE SYSTEM

A. PROBLEM

Initi-ally, the nickel chlokide electrodes were sintered nickel
plaques impregnated with nickel chloride. These e'ectrodes exhibited
a high degree of polarization on discharge. There wai a constant de-
crease in potential with discharge,

The cause of the polarization was beflaved to be partially due to
a concentration polarization within the pores of the sintered nickel
plaque. Formation cycling improved the 6sable capacity, but did no-
affect the polarization potential to a degree that would make it ac-
ceptable. There seemed to be a combination of onmic, concentration
and chemical polarization influencing the positive electrode.

Experiments were conducted using thir films of nickel chloride
deposited on a non-porous surface. These experiments revealed th-t
the sintered nickel plaque was contributing greatly to the polariza-
tion, and not exclusively through concentration polarization in the
pores.

Because of this, and with the success of the pasted lithium elec-4
trode, a new approach was taken, that of a pasted nickel chloride
electrode. This improved the electrode somewhat, but the current den-
sities were limited to I ma/cia 2 at best and utilization of thE active
material was about 10%.

The problem then became one of trying to improve the utilization
of the active material and reduction of the polarization.

B. METHOD OF APPROACH

1. Catho& Preparation

a. Sintered Plates

The original approach taken with the sintered nickel
plaque was concerned with the reduction of concentration
polarization taking place within the pores of the sinter.
Experiments reported in Technical Report AFAPL-TR-65-11
indicated that a flow of electrolyte through the pores
reduced polarization. It was proposed that if the path
through the pores could be shortened, it would be reason-
able to assume that the concentration polarization taking
place in the plaque could be reduced. The standard sintered
nickel plaque used for the NiCI 2 electrodes had been 30 mils

thick with about 70% to 80% porosity on 4 mil thick perforated
nickel sheet. Samples of sintered nickel plaques with a 17
mil thickness on the same base and a 677% porosity were pre-
pared by the nickel-cadmium Plate Facility Dept. at Gulton
Industries. These plaques were cut to squares li inches
on a side. A similar set of 30 mil thick plaques were pre-
pared as controls. This plaque is the same as is used for
the caemium electrode of the nickel-cadmium cell.



The nickel chloride is introduced as a saturated solu-
tion of NiC1 2 "6H 2 0 in methanol. The concentration is 330g

NiCl 2 per liter of solution. This solvent was used because
of fts low surface tension which facilitates the penetration
of the solution into the pores of the nickel matrix. The
vlaques are placed in the solution in a beakeL. The beaker
is put in a bell jar and a vacuum of 27 inches pulled. After
3 minutes, the pressure is returned to atmospheric and the
plates removed. The excess solution is wiped off with a
glass doctor knife.

The plates are air dried at room tempe•ature to remove
all surface wetting. They are further dried at 750 to 800
under 20 inches of vacuum for 2 hours. The vacuum jar in
which the plates are dried is placed in the oven at room
temperature, allowing the temperature to come up over a
period of several minutes. The temperature is kept low
to prevent creeping of the nickel chloride to the surface
during drying. If the pressure is reduced below 20 inches
of vacuum, the plates weep, even at room temperature, and

a large percentage of the nickel chloride migrates to the
surface of the plate,

The process is continued until the desired weight is
obtained or a specified number of cycles is completed.
Experimentally, 7 cycles has been found to give a fully
"loaded!' electrode. The plates are then dried for 16

Shours while the temperature is increased to 1300C and the
pressure kept at 20 inches of vacuum. At this point a
greater vacuum could be used, but it is kept constant for
simplicity.

"'hile still in the vacuum jar, the plates are cooled
to room temperature. The jar and plates are transferred
to a glove box having a dry atmosphere and Lhe plates re-
moved. They are stored in a desiccator over calcium sul-
fate until needed.

The average pickup of NiCI. was 0.125 g/in2 for the
17 mils thick plaques and 0.159 g/in2 for the 30 mils
thick plaques. Three electrodes of aach thickness were
given only one impregnation and three were given seven
such impregnations to yield a set of fully loaded elec-
trodes. The fully loaded electrodes averaged 0.4 g/in2

and 0.7 g/in2 for the 17 and 30 mils thick sinter respec-
tively. The electrodes were not subjected to any forma-
tion cycles.

The electrodes were tested in the apparatus shown in
Figure 6, which is the same apparatus reported in the
aforementioned Technical Report. Electrolyte was placed
in the funnel and the electrodes discharged. A vacuum
was applied to the funnel forcing electrolyte through the
plaque while the electrodes were being discharged.

i _ _
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The results of these tests indicated that the polariza-
tion found with the sintered nickel plaque was not wholly
d'e to the porosity of the sinte~ea nickel. To further in-
vestigate this problem, the approach of using a thin film
of nickel chloride on a non-porous substrate was followed.

b. Thin Plates

Plates of Monel 400 were electroplated with nickel using
a commercial nickel sulfamate bath, at 2 ma/cm2 and 140°F for
10 minutes. The platea were dipped in an aqueous solution of

C1MC to forn a binder film on the surface. Such a film is
porous and insoluble in the electrolyte. These plates were
placed in cells with nickel chloride electrodes prepared by
the impregnacion of a sintered nickel plaque with NiCI 2 as
previously described. Polypropylene separator and PC-AIC13-
LiCI/C12 electrolyte uare used. Filas of NiCI 2 were formed
on the surface at various current densities, Several at-
tempts were made to produce a uniform lover. Each trial
resulted in a mottled coating, showing the chloride built
up, presumably, wherever a nucleus first originated. There
seened ýi be a migration of nickel chloride to these areas
and the ildup was in thickness rather than area. By
varying the current density, 3 to 60 ma/cm2 were tried; the
best results were at 13 ma/cm2 . The conversion was only
about 50% of the available nickel and the area was about
25% of 'he surface.

The plates were wished with isopropyl alcohol since
NiClI, is insoluble in it and the electrolyte is. They were
dried and stored in the dessicator until used, usually within
a day or two.

The results of these tests showed that the sintered plaque
technique was not satisfactory.

c. Pasted NiCI 2 - Carbonyl Nickel Electrodes

A sample of about 50 grams of NiC12'6H2 0 was heated in an
evaporating dish in the dryii.g oven at 11000. A crust formed
on the surface which bad tc be periodically broken to insure
continuing evaporation of the water. W'en all the NiC! 2 ap-
peared tc be yellow instead of green, the temperature was in-
creased to 180 0 C for 16 hours. The dried NiCl 2 was ground in
a mortar and pestle in a dry atmosphere until it all passed
through an 80 mesh screen (C0.175 rmm). The material was re-
heated at 1800C for 2 hours and placed in a jar wghile hot and
sealed.

A sample of NiCI2 powder was weighed out and :•n equal
amount of carbonyl nickel powder added. The mixture was

tumbled ta thoroughiy mix the powders, A carboxy methyl

- - .-.---.- -. I



cellulose binder was added, but this was later replaced with
the uae of USP gelatine powder from Baker & Adamson. This
bindqr has been found to actually be superior since it is
easier to use and the adhesive properties are gocd. Half
cell polarographs incicai:ed there are no electrochemical
effects observed from the binders used. The CMC binder
became gelatinous during the discharge of the NiCI elec-
trode, which could afizr cycle life. An aqueous gisper-
sion of the binder i. -,-d to give 2% (dry weight) of the
final mixture.

The paste of NiCl 2 -carbonyl nickel powder snd binder is
applied to a 4/0 expanded metal screen at a I gram/lOcw2 .
The best material for the screen is, again, Monel 400, ai-
though pure nickel has been used. A Monel 400 taý is spot
welded on before pasting the electrode. The electrode is
air dried at room temperature until dry to the touch. It
is then compressed at 2 tons/in2 . The electrode is thor-
oughly air dried at 110 0 -120 0C for 16 hours.

d. Pasted NiCl2-Graphite Electrode

A paste was made of the anhydrous NiCI 2 powder and an
equal part of graphite (National Carbon No. 38). An elec-
trode was prepared using 2% USP gelatine binder. The
NiCl2-graphite electrode was prepared the same as the
NiC1 2 -carbonyl nickel electrode.

Pasted electrodez of NiCI 2 and graphite showed some
improvement over impregnated sintered nickel plarues.
Doping of the NiCI 2 electrode had produced beth desirable
and undesirable effects. The sulphur doped electrodes
yielded a higher initial voltaZe for a given current den-
sity However, the rate of increase in pol3rization with
time was sach that after the same number of ampere minutes
had passed, the voltage was the same as an undoped electrode.

The magnesium or stannous chloride doped electrodes
showed a lower voltage for a given current density, but the
increase in polarization with time was much less than undoped
electrodes. Although, there was considerable variability in
the MgC1 2 results, they seem pore favorable than the SnCl 2

doped electrodes.

The amount of sulfur and MgCI 2 dopixag was arbLtrarily
chosen as 0.1%. The effect of varying the amount of dopant
and'the effect of co-doping with both sulfur and magnesium
chloride were yet to be resolved.

The NiCl 2 electrodes had been pressed at 2 tons/in2 in
order to obtain a smooth, even electrode and ensure good
contact between the particles for conductivity. The fact

Sthat the electrodes had to be compressed for smoothness was 4
[A



obvious, yet the effect of such comprzession or polnrization and
,t~ilization were not known This aloe, had to be inv.:stiggted.

The amount of sulfur dopant was varied in the NiCl 2 by suc-
cessive dilutions of the 0.1% doped material with pure NiClI.,.
Since both the doped and undoped portions are soluble, whenta
paste is made using water as the so]'ent, the sulfur is pre-
sumably dispersed uniformly. The amounts of sulfur were 0.1%.

I° 0.06%•, 0.047., 0.02%, and 0.01%.

Electrodes were also prepared by mixing equal parts of 0.08%
sulfur doped NiCL with 0.1% MgCI doped NiC1 2 . All of the
electrodes were m.de by taking 5k7 of the NiCI 2 aad 50% graphite
(National Carbon No. 38) plus the binder. Electrolyte was
PC-AlCl 3 LiCl/C12 "

To test the effect uf compressing the electrode, four NiCl 2 -
graphite electrodes were prepared from a mix of I part NiCI 2

(0.08% S doped) and 3 parts graphite, After air drying at room
temperature, two electrodes were przssed at 3 ton.ý/in 2 and two
were not. They were all dried at 1200C overaight before testing.

To determine if the ratio of JiC12 t- graphite has any signi-
ficant effect, two ratios were chose.t One was 10% NiC1 2 (con-
taining 0.08% S) and 90% graphite; the other ,-z the inverse.

2. Po3larographic Tests

A small plastic test cell was made to hold 3 elect;des and a
reference electrode. Each electrode had i 10 cm2 area. Thc elec-
trode under test and tw, pasted lithium electrodes were placed inr
the cell using polypropylene separator and the standard PC-AICI3-

LiCl/C!2 electrolyte. The system was wired according to the sche-
matic in Figure 7. When the switch was in the open position, the
cell voltage was recorded on the X anis of the X-Y recorder. A
precision, one ohm resistor was in series with the cell and the
voltage drop across this resistor was recorded on the Y ;Pxis and
recorded as the current.

A motor driven potentiometer with a total resistance of 100
ohms was put in series. The total resistance could be varied
linearly in 2.5 minutes and the motor was capable of being reversed
in direction.

When the switch was closea in the discharge position, the
cell discharged through the potentiometer, which acted as che load.
When the switch was closed in the charge position, the charge cur-
rent was varied by the potentiometer and the bucking voltage of
the cell.

In discharging the cell, the potentiometer was started at
100 ohms and driven to zero ohms, hence, varying the load from
101 to 1 ohm. At this point, it was reversed and brought back
to 101 ohms. The charges were performed in the zame manner.
Modifications in the procedure are noted under experimental
results.
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Subsequent testing was done using a Wenking Potentiostat and
the X-Y recorder. The Wenking Potentiostat is also a Galvanostat
and was used in this way as shown in Figure 8.

C. EXPERIMENTAL RESULTS

1. Sintered Plaques - Polarization Tests

Figure 9 is a typical pict of the cell voltage and the positive
to reference voltage during the polarization tests. The cell
was allowed to remain on open circuit about 12 minutes and then
discharged at 3.0 ma/cm2. There is an immediate decrease in
voltage. At the end of one minute, the amount of this decrease
in voltage was noted. Table I summarizes the data. During the
next nine minutes, the change in voltage with time was determined
and tabulated as increase in polarization with time. The vacuum
was then applied and the increase in voltage (decrease in polar-
ization) was noted. The initial polarization potentials (columns
4 and 5) favor the 30 ml thick electrode. However, the polariza-
tion with time (columns 6 and 7) favor the 17 mu thick electrodes.
Using the Fisher "tv teat, (Facts From Figures, M. J. Moroney,
Penquin Books, London, 1956) the probability of the difference be-
tween the data on the 1 mil thick and the 30 mil thick electrodes
due to cause (not error) is 93% in column 7. This is a strong in-
dication that the 17 mil thick electrode does not polarize as much
with discharge as the 30 mil thick does. The fact that, initially,
some thin plate electrodes showed a high polarization is due to
differences in surface coating of NiC 12. This facet is eliminated
Vith formation cycling.

The high degree of variablili in the results of the decrease
in polarization with electrolyte flow (column 8) was due to thes.
lack of control of the flow rate of the electrolyte through the

electrodes. Further testing was planned using a modification of
the apparatus to control the flow rate. This work was abandoned
after the results of the thin film electrode studies were obtained.

2. Thin Film Plates - Polarographic Tests

A 3 plate cell was assembled in the polyethylene test cell.
Using the apparatus shown in Figure 7, the thin film electrode was
discharged and charged. When the cell discharged through the 100
ohms, the voltage dropped to 1.75 volts and the cell delivered
1.4 ma/cm2. The motor drive was started as soon as the switch was
closed and the resistive load decreased. The current increased and
the voltage approached zero. Since there was always am least one
ohm in the circuit, the voltage did not reach zero. The drive was
reversed and, as the resistance increased, the current-voltage trace
returned on the same line as when in the decreasing resistance mode.
This indicated that there was little if any change in polarization
with time during discharge. The original open circuit voltage was
2.95 V and the pcoitive to reference voltage was -zero V. After
discharge i2 was 2.075 V, and the positive to reference voltage was

dichrg t as207 V ndth ostie oreerne_ olaeas_
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TABLE I

THE EFFECT OF PLATE THICKNESS ON POLARIZATION

INCREASE IN POIARIZA- DECREASE IN
TION WITH TIME POLARIZATION

INITIAL POLARIZATI WITH ELECTRO-
VOLTAGE 4 ... LYTE FLOW

PLATE THICKNESS ý REF. my/Ein V inFVolts
NO. (mils) LOADING POS. TO NEG TO POS. POS. TO NEG REF. TO POS,
(1) (2) (3) (4) (5) (6) (7) 1 8)

I
2 17 P 1.60 1.35 -45.9 15,3 .55

3 17 F 1.25 1.25 28.6 16.2 .10

4 17 F 1.30 1.30 20.0 20.0 .65

5 17 P 1.00 1.12 31.9 31.9 .20

6 17 F 1.20 1.30 30.0 20.0 .30

AVG All 1.27 1.26 31.7 20.7 .36

AVIG F 1.25 1.28 26.2 18.7 .35

AVG P 1.30 1.24 35.9 23.6 .38

13 30 F 1.20 1.20 54.5 45.4 j .50

14 30 F 1.10 1 12 26.1 26.1 .15

17 30 F 1.10 1 .10 44.2 28.8 .25

18 30 P 1.80 -- 40.0 30.0 l.-15

19 30 P 1.10 1.18 40.0 25.0 .05

20 1 30 P 1.10 i.10 33.3 38.1 .20

AVG All 1.23 1.14 39.7 32,2 .38

AVG F 1.13 1.14 41.6 33.4 .30

AVG r 1.33 1.14 37.8 31.0 48

Probability of difference 80% 82% 74% 93%
bSeing due to cause

F Fully Loaded (0.4 g/in for 17 mil and 0.7 g/in2 for 30 mil)
P = Partially Loaded(G.125 g/in2 for 17 rail and 0.150 g/in2 for 30 mil)
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"slowly increasing from -1.45 V towards -0.10 V. During the dis-
charge, the positive to reference voltage ranged from -1.40 to
-2.70 volts and back to -1.45 volts. The difference from start
to finish was 0.05 volts, which does not account for the 0.875
volts difference in open circuit voltage.

The cell was placed on charge (through 100 ohms) using a 6.5
volt power supply. As the resistance in the charge circuit de-
creased, the current density increased with the voltage to 3.5
ma/cm2 at 4.15 to 4.20 V. It suddenly decreased and at 4.85
volts there was a sharp break and the current rose again with the
voltage. I

When the variable resistor reached zero ohms, the drive was re-
versed. As the current and voltage decreased, they followed the
same path as the increase to the 4.85 volt point. The trace con-
tinued on an almost straight line. The charge was stopped when
the resistor reached 100 ohms. The open circuit voltage returned
to 2.95 volts and the positive to reference potential was -0.10
volts.

The following discharge, and all subsequent discharges, followed
the original current density-voltage relntionship shown in Figure 10.From this, and the fact that the curves return as the resistancE in-

creases, it can be concluded that the polarization does not change
even when che state of charge changes by a factor of 2. There is
an indication that the open circuit voltage does decrease some,
immediately after discharging, but it slowly returns to 2.95 volts
on stand.

The experiment was repeated with another electrode using the
galvanostat, and the X-Y recorder trace is shown in Figure 11.
The discharge trace is not as close as shown in Figure 10. In
the charge portion of the curve, the "hump' seen in Figure 10 is
best seen in the'lower loop of the trace in Figure 11. This is
believed to be due to a breakdown of the electrolyte near the
4 volt region. The value does not hold consistently and can be
traced to the amount of excess chlorine in the electrolyte.

An alcoholic solution of NiCI 2 "6H 2 0 and carboxy methylcellulose
(CMC) was painted on a nickel support material and dried. The
polarization tests were done as before, using the variable resistor.
Figure 12 is of the plots obtained for the first three discharges.
The charges all followed the same trace as the first. These results
were very different from the results obtained with electroformed
NiCI 2 on Monel, (Fig. 10). The charges did not show the "hump" in
the c.d. vs voltage plot. The discharges showed a variation from
cycle to cycle and also a considerable increase in polarization
with time. This increase with time became more acute each cycle.

3. ZAsted NiCl 2 -Carbonyl Nickel Electrode - Poiarographic Test

Figure 13 4s a plot of the first three discharges and charges of
the pasted electrode. The variable resistor equipment (Fig. 7) was
used. The first di.charge showed an almost linear c.d. vs voltage

iJ
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relationship. There was no downyiard tzend in the surve. The
cell voVl:age immediately droppe~d to 2.0' volts at 2.0 aoý
Th.a c.d. ran to 8.7 mz/cm2 at 0.25 volts. The return trace
showed the change in polarization witi- time. The ch'xrge curve
showed a partial hump, the results being somewhat between those
of a thin film electroformed NiCl2 electrode and the NICl2-graphite
p3sted electrode (covered in the next sectlon).

The second and third discharges showed something of the non-
reversible phenomenon seen with the Impregnated sintered nickel k
plaques. This is further discussed in the conclusion. Thle-
charges seemed to repeat each other sati'sfact-'rily.

4. PastedNiCl2i-Graphite Electrode - Polarogvapbhic Tests

Figure 14 is a ploc of tnee rolarizaL'ior. test --igte paa

tus in Figure 7. Although there is an initial ';olarization and an
increase in polarization with tine: the three runs are almost iden-
tical. This shows a reversible poiarization u ih was not the case
with the NiCl2-Carbonyl nickel electrode.

-This new appreach became the major pk~rtiou of the endeavor.

-5. Pested NiCl -Graphite Electrodeas - !opin~a Test

a. Procedure -

Tests had be~en made during the first contract in 1964 using-
5% gCl? 2~ 5% SnCl2 dopants Loimprovath electrochemical

reactivity of the-iNiC12 electrorie. The ret~iilts wer2 the
opposite, producing elect-odes which wn&-e alsnost passive.
!Di~ari and Pevrocelli (1) lir~t several elements in the-order
of their effectiveness as additives to increase the electro-
chemw.ca1 reactivity of nickel. For equal atomic concentra-
tions, they are:

S> Se >Te> P> C >Si

Basp~d oa this, a new se-7es of d-.p,:ng tests rere started.
I These were done using sulphur as a dapant.

The addition of suipiNur is Lot the sc-v type of lopant as

MC2or SnCi2. !he lat~ter arp. crystal lattice deZect pro-
-ducing dopants, wchei~css the sulpbur repzortedly catalyzes the
electron tratnsfer on :eear-&angeirv.nt of the nickel. Because
ef the Vt.- diffe~ent meth&,nisms involved, both types were
.'ituiec.

-in ota~c t~o prII*s.,e NiQ2 ý.nntaining smrali amounts of S
-ii: a uniform dtatributti-r4, wet r'hemicai maw-a i-e employed.
An aqneons s-turated _s;)1uWion Of N~iC1 2 -6A20 was stirred
7,pidly and wate:- 4attrated wiiC-h 11.15 gas -'.-wiy added. At
254C, (00 pz~ms of wat-,t wD. disWoua 0.3375 grams of 1120.2)
Suff icizent HOS was :dded -to result In -a NiCl 2 salt cnann

414-



CLI.

I-r

U I2

4J I4

inI

4 . a

%0 3.



0.1% sulfur based on the nickel content. That is, if theNiC1 2 were reduced to nickel, it would contain 0.1% sulfur.The solution was placed in In evaporating dish. It was thenevaporated at 1100C using the same technique deacribed iD,Section IV, B., I-, c. for the NiCl2 powde-.

The same technique was used to prepare NiCi 2 powders con-raining 0.1% 1 gCl 2 aad SaC 12. These were 0.1% MC1 2 based
on the 11iCl 2 .

Elec-rodes were prepared by mixing 1.0 gram of the dopedNiCl 2 with 1.0 gram of National Carbon Co. grade 38 graphite.One cc of USP gelatine binder (B&A) 'was addec and the elec-Strode pasted with this on a 4/0 expanded nickel scireen. A
t4Monel 400 tab was previously spot welded to the screen. Theelectrode was air dried and then pressed at 2 ton/in2 . TheNiCl 2 was further dried at 11O0-12O0C for 16 hours.

V Testing was done using a plastic cell and two lithium anodes,
0-75M PCAICl 3 /Li/C1 2 electrolyte was used. The cell wasconnected to a gaivanostat (Fig. 2) and the current andvoltage recorded on ar X-Y recozder.

b. Experimenta1 Rults

Figure 15 shows the result of a pasted NiCl 2 electrode dopedwith 0.1% sulfur. The solid line in Figure i5 is a plot of
a *'.iC 2 -graphiae electrode without doping and is used forcomparison-

Higher voltages were obtained at given clrrent densities,
but the polarization with time of discherge is still great. 

.

The upper tracea of (he discharge and the lower traces ofthe charge pcrtions show agreer-ent, This indicates that al-though the initial c.d. oi' the S doped electrode is higher,
the polarization with time is initially greater and after agiven period of time, the effect of doping is lost.

Figure 16 is a plot of the MgCl 2 and SnCl 2 doped electrodes.The scale for current density is half Zhat cf Figure 8. Theenzouragirg feature of the MgCl,, -dAped eiectrode is the svreadbetween the lower line and the upper trace- This spread is anindaciiion of the increase in polarization with time. In thecase of the SnC1 2 and MgCI 2 doped electrodes, this is much lesst.iAan tbi undoped or sulphur doped electrodes.

SFigure 
17 th-ough 2G show the effect of diluting the sulphur.The ?vtentimater sweep rate of rhe galvanostat wac 10 amperes/

hour. Since tre e-e3ired cut-off voltage is 2.0 volts, (thebattery vAtage requirements are such that the cells shouldnot vary more Zhan 0.30 volts &urlug use) the final. c.d.(return sweep) &t this voltage is importent. As a figure ofmerit for comparisou, the initial voltage after charge at thisc.d. is also importont, asis the time to reach 2.0 volts.

1 . --- , ~- - - - -
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Table II. summarizes these data from Figure 15 through 22.

Referring to Figure 17, the final c.d. at 2.0 volts is
shown at point A. The initial voltage at this c.d. is
shown at point B, and the maximum c.d. is point C.

The time in seconds is a function of the sweep ratt and
the maximum current density. The sweep rate was 10 am.peres/
hour (except where noted differently). In the first ease
(Figure 15), the maximum c.d. was 2.1 ma/cm2 , and the final
c.d. was 0.1 ma/cm2 . The electrode area is 10 cm2 so the
currents are 21 ma and 1 wa. The time to sweep from 1 mi
to 21 ma and back to 1 ma is:

2 x (21-1)/10 amperes/3600 sec.= 14.4 sec.

The A V/ A t represents the increase in polarization
voltage with time. It is desired to have as little in-
crease in polarization voltage with time as possible.I A V is the initial voltage (B) minus the cutoff volt-
age (A) which is 2.0 volts. Again, in the case of Fig-
ure 15, this is 4.00 - 2.00 - 2.00 volts. The time in-
terval was 14.4 sec. and the ratio is 2,00/14.4 = 0.139.I{
The last column incorporates the change in polarization
with time A V/ L t with the final c.d. at 2.0 volts.
Howevet, a low value of polarization increase with time
alone is not enough. It is desired to have the lowest

AV/sec. and the highest c.d. Therefore, a quotient
rate of voltage change and c.d. having the lowest value
is a reasonable significance test. Based on these pre-
liminary tests, the sulphur dopant should be in the re-
gion of 0.087.. The variability found between 0.087. and

f- 0.107 is too high compared with 0.08% and 0.04%. Also,
the values at 0.02% are out of line with those obtained
at 0.017% and 0.04%. These tests will be duplicated.

Figures 21 and 22 are duplicate runs using a mixture of
equal parts of 0.087. sulphur doped and 0.1% MgCI 2 doped
NiCl 2, This gave a mix containing 0.047. S and 0.05%7
bXgCI 2 . Note that the ordinates are marked differently
than the earlier figures. Figure 21 was initially run
at a sweep rate of 3.0 amperes/hour for one cycle and
then changed to the ratio of 10 amperes/hour used for
the other tests. From Table I, it can be seen that at
the current density to produce 2.0 volts after the sweep,
the time does not affect the potential drop. Points A
and B are the same at either sweep. Somewhat higher ctr-
rent densities are obtained at the faster sweep, especial-
ly beow 3.0 volts.

6. Pasted NiCl 2 -Graphite Electrode - Compression Test

Figures 23 and 24 show the results of the tests of com-

I -~- ~ --- ~-----.----
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pizeseaiP (3 t-s/Iii2) and uncoiuyresszd plztes. Thbe uaicai-
pre*'sccd plate$ sho ~cd )ei polaitzatiuti cAn the cowi?ressed
e ;z Zzodes $'wev;r, e'ach cycit. (thert: wt-ra 3) oX" rte c~m
p-:e3aed electroar J mpnjrov,-d It, whilv. the unuor~pressed elec-
Lrode appearec to increase i.. poI3tzatioai each c,,zte.

The repe-3tabiliry wat, goco betwe,ýi daiplac~ate :uns and . hoved
thýA sr-me res-alts.

it is felt .thht some cmpresitiion. ý50~ to v,00 psi) of th'e
elactr:Ae may be~ ½~neicicxi, b-;-- te -b;- hig'.% cotrpe.si'.i-
used here was etrimental to rLa rc ar_.tioric (J-aracteris'-
tics of the NjIA2 electro'~k.

7. -Pasted 'i~3 GArht A~ctr9~s-atoT

e.Type- 38 Graphi~

PAgutre 25 Is a ploc o" th3 resAtlts irom the 96 Eraphite
And 107. Nirtl; vt~tii M% I-f' gelatine biude ,~ The numibers-
are--the ctder- oý sweeps dtart'-n- at the 41scharge. It
is ~ute4 that ýeacl- dischazgc atnreased t--z initial c.d.,
but ~L- the re't:xn sumepn -..'err~~ tne same.

Figure _26 shows t~ie rps~.lý-- ota~lnad rý, 907. NiC12 and
10%. gr~phitc wiihŽ USP gelatinee. Az cad. acaie is
11/5 of Fignzre 2-. 1'In thi-4 cas,-ý, edc-L ý-iccessive dis-
charge yielded a lnw*±r c .d. ' r~hv lti are remin-

ise-ent of those obtainedwidth impregnated. stetceredI

These results conibit--ad witit Figure 23 show thnere
I ix little difference between a i:9 and a 1:3 4,-rio of

NiCI 2 and graphite. The results do show- mar -:Yýrable_
characteristics than even the co-dopzd elcetr0_4eL ~ tile,

1:1 ratio shown in Figure 21.

b.. UCET Graphite

In the last month of experimental work, a new spec-L.al
grade of graphite (sold by Uni-on Ca-bide Di1vision of
National Carbon C~o., under the name of WTC IAcetylegg
Black - 50% compressed~was obtained.I Because of its extremely low bulk density.. a 1:1 uaix of
UCET graphite and SM1i~ 2 had a volum~e aiumet 20 timas tha-
of a similar mixture using Type 38 graphite. Blends of
Type 38 and UCST gra-phite were tried. The majority of !r1e7
work consisted of zaaking pastes and apply~ng- them to so-reens
in attempts to get a workable technique that wo-uld gl~ve- a-'I paste containing enough NiOI2 to give the Capacity Ueeded.
F~rom these tests, the folicwing procedure was obtained.

A blend of 90% UCPT and 10% Type 38 graphite was mada.
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A Msa.fhnrnn orn1,it-4- Mc mirl2  r,2 coJtinn 6/og, of
NiCI2 was made. Sufficient nickel-chloride solution was
added to the graphite blend to give a 3:1 ratio of NiLCI 2
to graphite when dried. An aqueous solution of 100 g/L
of USP gelatine (B&A) was added to give a mix containing
2% dry weight of gelatine. Enough water was added to re-
sult in a paste with a consistency of whipped cream. A
thin film of the paste was appled to the screen and dried,
At 100 0 C in a humid (-'-j70% RH) air stream. The plate was
then compressed at 2 tons/in. 2 batween sheets of polyetby-
lene. Another coat of the paste was applied and the pro-
cedure repeated. This routine was repeated until at least
0.1 gram/cm2 had been applied to the electrode. After the
last compression, the electrode was immersed in thionyl
chloride co remove all water.

Figure 27 is a polarographic test of one of these elec-
trodes. The electrolyte used was propylene carbonate

saturated with KPF 6 and then saturated with LiCl. This
electrode is the type used for laboratory cell studies
and the prototype cells.

D. DiSCbSSiON

Pasted electrodes of NiC! 2 powder and a conductive diluent give re-

sults far superior to the best NiCI 2 impregnated sintered nickel plaques.
The use of carbonyl nickel powder as a diluent, however, is not satis-
factory. It is believed that both the sintered nickel plaque and the car-
bonyl nickel powder become coated with NiCI 2 from electroforming and the *
intimate contact necessary between the conductive material and the support
screen is lost. For this reason, the NiCl 2 -graphite electrode is the bestso far.

Doping the NiCl 2 electrode has produced both desirable and undesirable
effects. The sulphur doped electrodes show a higher initial voltage for a
given current density. However, the rate of increase in polarization with
time is such, that after the same ampere minutes have been passed, the
voltage is the same as an undoped electrode.

The magnesium or stannous chloride doped electrodes show a lower volt-
age for a given current density, but the increase in polarization with time
is much less than undoped electrodes. Although there is considerable vari-
ability in the MgCl 2 results, they seem more favorable than the SnCl 2 doped
electrodes, even taking the lower values.

Because each type of dopant seems to show some advantages, a mixture of
sulphur and MgCI 2 doping was tried. The results indicated that the advan-
tages of both types can be utilized in a co-doped electrode.

The incorporation of the co-doped electrodes with the UCET graphite
diluent was tested in a laboratory cell and is discussed under that head-
ing in Section VIII. C.3.

/1
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A. PROBI-T1

-- ,,2ous attempcs to make a nickel fluoride electrode Ley converting
rAi(Oli).; impregnatk:d in a sintereti aickel plaque to NiF2 .fesulted in elec-
trod,'-s with extrsmely hig' polarizati.on on discharge. After the initial
StUCC-ss of the pssted NiCl2 electrodes, pasted NILF 2-graphite electrodes
were proposel. "he same problems of improviing current density of the
NiF2 graphite electrode existed as in the chloride system.

Attempts were made to dope the NiF2 electrode wi'th Lg02 using wet 1
chemistry, but these showed no significant change ir. p.3larizati on char-
acteŽristics. The validity oZ the results were questione~d, since the
mode of doping was nor considered the most efficient.

Doping by melting the. NiF2 proved to be a satisfactory method of in-
corporating the dopant, but resul.ts showed the't the Mgl', had no effect
on the polarization of the electrode.

The same problems of the ratio of NiF2 to graphite and the effect of
cowpression of the eien~trode were presont in the NiF2 elerntrode studies
as in the NiCl2 system,.

B. METHOD OF APPROACHI

Because NiF2 is not soluble in water to any extent, the use of the
WCET acetylene black was limited. Electrodes made with a 3:1 ratio of
NiF2 to UCET graphite w.--re too bulky and tended to check on drying.
Although all of the data presented here was obtained oith NiP2 elec-
trodes using Type 38 graphite, a new psste has been made using a blend

of 90%. Type 38 graphite and 107% UCET acetylene black. These electrodes
hav.e exrellent physical properties and are easily pasted, the same as
the NiCl2 elec~trodes described in Section TII. C.7.b.

Two methods of doping the NiP2 with FMgF 2 were tried. The first was
a wet chemical method, and the second method was a melt technique.

Since -402 has a limited 3alubility (.02 grams/100 cc of water at
200C), the same technique used for doping NiCl2 could not be used.
The NiP2 was grout..! and sieved throughi a 200 mesgh screen ( <74,A).
A portion of the powder was weighed out and added to 20.times as much

Swater. Magnesium fluorlde -wds weighed out to equal C.1%i of the 11iP 2
and was added. The slurry was slowly evaporated, first on a hot plste-i
stirrer, then in the arying oven at 1100C. The resultin.- powder was
again ground and sieved through ae 200 mesh sc,-eea.

Tt wa3 believcd chat the M8F2 doping~ could best be done by incor-
;1porating it into molten NiF2. The NiP2 and MPF2 were ground and sievedI

through a 200 mesh sereaxi. MgF2 was weighed out to equal 0.1%. of the
zand added. Two graphite cruz-ibles were filled, one with the doped

waterial and one- with tts undoped. The crucibler' were heated in an inert
atmosphere to i1000C to melt the NiP2, then cooled to recrystallize thz
material. The resulting pelletb were~ regvound --nd sieved through a 200
mesh screen.
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The nickel fluoride powder obtained from Fisher Scientific Co. is
reported by them to be the purest commercially available. When the
NiF 2 was melted to introduce dopar.ts, a control sample of undoped NLF 2
was melted also, There was a considerable (from 30 - j/%) weight loss,
some to to sublimation and wartr loss, and the resulting co-or was a
definite green, whereas the starting material had a grayish cast when
ground to < 200 mesh.

A pair of X-ray diffraction patterns were made to see if there was
any majoi change occurring in the NiF2 . It was not until che experi-
mental wozk was completcd that the X-ray pattern was interpreted to
show a high percentage of FiO present.

An electrode was made of NiF2 and graphite, 1:1 ratio, to use as
a control. Other electrodes were made using the MgF 2 doped NiF2 from
the wet chemical method in ratios of 1:1, 1:3, and 9"1 NiF 2 to graphite.
The elctrolyte was PC-KPF 6 (saturated).

From the NiF 2 powders which had been fired at 11000C, a seiies of
electrodes were prepared with a HiF2 to graphite ratio of 3:1. Two
electrodes were prepared with only 1/2 gram of mix on a 10 cm2 Monel
400 screen. Three electrodes were given 1.0 gram of the nsix on a 10 cm2

screen and two more were •iven successive coats tintil 2.0 graais of mix
had been applied to 10 cml.

One of each of the ahtve electrodeq was prepared by not compressingI it between coatings or at the end. One of each type was compressed at
1000 psi between each coat and at the end. Tne third clectrode of the
1.0 gram/10 cm2 type was compressed at 2 tons/square inch.

The electrodes were evaluaced in a polyehylene plastic cell with
poiypropylene separator. Each NiF2 electrode ias tested egaiwit 2
lithium anodes. The Wenking potent`,stat was used a• ehoi-n in Fig. 3

C. EXPERIMENTAL RESULTS

Figures 28 and 29 are the X-ray patterns of the unfired and fired
NiF2 samples respectively. It was believed that thert- would he e sub-
stantial quantity of NiO (green) in the fired materiel, but this was
not true.

The main effect appears to be t,'- ramoval of some water of crystal-
lization and some volatile impurities.

Figure 30 is a plot of the results from the undoped and unfired '!,F2
electrode. Figure 31 is the X-Y trace of the same NiF -graphite ratio
with 0. 17- MF2 doping from the we' chemical method There is a scale
change in the c.d. (anticipation of higher c.d. results) but the 1:esulti
are essentially the same as the ,ndoped plates.

Figures 32 and 33 are the results of the 1:3 and 9:1 NiF, to graphite I
ratios. The 1:3 is the same as 1:1, and the 9:1 ratio is simS.lar in pro-

portion to the results obtained with NiG1 2 eleztrodes.

"All of the above experiments were rmin in duplicate with excellent re-
peatability of results. The sequence of sweeps on the recorder were:

IIl
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"I) Lih t ioli iine,(2) che long dasned Line, and (3) the shortdashed line.

It should be nocted that the electrolyte used was PC saturated with
KPF 6 . Improvements in this electrolyte were later found to reduce re-
sistivity (see Section V.). This could affect the slope of the curve
slightly because of an increase in IR drop, but R varies in this cell
by a factor of 0.00125P, so the total IR drop is negligible.

Figures 34, 35 and 36,show electrodes coated with 0.5. t.0 and 2.0
grams of mix per 10 cm2 of screen. These show an increase in polariza-
tion with increased loading, There is also an improvement in repeat-
ability of cycles with increased loading.

Figures 37 through 40 are the same as 34 through 36, except that
these cathodes were doped with 0.1% MgF 2 . Figure 40 is the only one
which does not follow the same pattern. This electrode should be a
duplicate of Figure 38 except that it was compressed at twice the
pressure. The effect of compressing the electrode is shown by the
increase in current density with each sweep.

D. DISCUSSION

The initial results of wet chemistry MgF 2 electrodes were thought
to be invalid because of the manner in which they were doped. In the
case of the chloride, the salts are soluble and can be co-cryrtallized.
In this manner, the MgCl 2 is incorporited into the crystal lattice.
In the case of the fluoride, the dopant was primarily a surface coat-
ing of heavily doped NiF 2 on the undoped nucleus. However, the melt
technique should have overcome this problem. The results of these
tests still show the effect of doping with Mgr2 was insignificant
but they may have been masked by the NiO impurity. Since doping of
the NiCl 2 electrode showed some changes. it is felt that other dopants
should be tried in a future program, such as SrF2 (ionic radius double Ni).

There were three factors under test: (1) thickness or loading,
(2) compression, and (3) doping. The thickness of the active material
does not affect the polarization at 0.1 and 0.2 grams per cm2 . At 0.05
grams per cm2 , there is a slight improvement, which is reminiscent of
the thin film electrode experiments. These tests were made on 10 sq.
cm electrodes.

The experiments with ratios of NiF 2 to graphite show no advantage
in using less than 507° NiF2 . The use of UCET acetylene black indicates
that the ratio of 3:1 NiF 2 to graphite is practical using a 9:1 blend
of Type 38 and UCET graphites.

In the case of the NiF2 electrode at a 1:3 ratio, compression of
the material is beneficial. This may be due to the fact that, since
NiF2 is insoluble in water, the pasting operation does not insure in-
tirate contact of NiF 2 particles with the graphite. in the case of
the NiCl 2 the pasting operation wets the NiCI 2 and this coats the sur-
face of the graphite. Formation cycling of compressed NiF2 electrodes
suould improve the utilization, as should the use of the UCET graphite
in the mix. Cycling of •he electrode should cause a better intermixing
of the Ni?2 with the conductive diluent by reducing the particle size
of the NiF2 .
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V. ELECTROLYTE STUDIES

A. PROBLEM

Laboratory cell studies have revealed a potential decay on open
circuit of NiCl 2 -Li cells using PC-AlCl 3 .LiCl/C1 2 electrolyte. It was
postulated that there was some reaction occurring which did not show in
the compatibility tests. It was also observed that there was gassing at
both electrodes of a cell during charge at voltages over 4.95 volts, Be-
cause of these problems, further study of the electrolyte system was
undertaken.

The problems of polarization, self discharge, and utilization may
well be related to the electrochemical properties of the electrolyte
used. Conductivity, decomposition potential, and static compatibility
have been evaluated. However, the effcct of impurities has not been
investigated.

B. METHOD OF APPROACH

The decomposition potential of an electrolyte may be determined by
the dropping mercury electrode method. Stationary microelectrodes have
been little used in polarography, both because they are very sensitive
to vibration and because Lhe current depends on the length of time over
which the electrolysis has been conducted, and so a dropping mercury
electrode is usually employed as the polarized electrode. This consists
of a very fine glass capillary inuersed in the solution and connected to
a column of mercury. As mercury flows through the capillary a droplet
forms on the capillary tip. This grows for several seconds, until it
has attained an accurately reproducible size which depends on the geo-
metry of the capillary and the interfacial tension between the mercury
and the solution; then it falls and another droplet begins to grow in
its place. The dropping mercury electrode has several advantages over
a stationary microelectrode. First, each drop behaves in exactly the
same way as the preceding one, and the average current measured with a
galvanometer or other long-period current-measuring instrument is ac-
curately reproducible from drop to drop. Second, since a jar or shock
which causes one drop to behave erratically does not affect the follow-
ing one, the dropping electrode is much less sensitive to mechanical
disturbances than is a stationary microelectrode. Third, the very high
overvoltage for the deposition of hydrogen on a mercury surface makes
it possible to secure well-defined waves for ions whose standard po-
tentials lie far akove that of hydrogen ion. In neutral solutions,
even sodium and Pptassium ions can be determined polarographically.

Figures 41a and 41b are photographs of the apparatus used. The

electrode shown in Fig. 41b is 24 inches to the top of the mercury.
This controls the drop speed to 2 seconds per drop. In Fig. 41a,
the X-Y recorder is an 11 x 17 inch chart size. Top center is the
Erwin Halstrup Motorpotentiometer IMP 64. To the right of this is
a VTVM used to make course adjustments. Under the Motorpotentiometer
and VTVM is the Wenking Electronic Potentiostat.



Fig. 41 A POLAROGRAPHIC APPARATUS ShOWING CELL,
POTENTIOSTAT, MOTOR DRIVE, AND RECORDER

3-Tv

Fig. 41 B DROPPING MERCURY ELECTRODE
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A wide range of specific conductivities was encountered with both
the propylene carbonate and the dimethyl sulfoxide solvent when electro-
lytes were prepared with KPF 6 . Attempts were made to produce a very dry
sample of KPF 6 and to test this as an ,lectrolyte salt.

C. EXPERIMENTAL RESULTS

Figure 42 is a trace of the polarograph of the decomposition of
PC-AlCI 3 -LiCl/CI 2 electrolyte. The drop time was approximately one per
two seconds using a scan rate of 30 volts/hour. The voltage and current
were recorded on ait X-Y recorder which has little dampening. The fre-
quency response of the recorder is 1 cps. With the high sensitivity of
the recorder, average current values were ts'ken directly from the chart.
This electrolyte had been pre-electrolyzed with a pasted lithium anode
and a Monel 400 screen cathode. At the beginning of the polarograph,
there is a gradual increase in current. The products of electrolysi.s
formed on the electrodes do not remain there, but slowly diffuse back
into solution. A small c rrent must pass in order to compensate for
this loss by diffusion.(3) The decrease in current at 0.7 volts is
referred to as a maximum of the second kind.. It is postulated that,
prior to this maximum, there is no concentration polarization at the
dropping mercury electrode. Immediately after the waximum, the elec-
trode becomes completely concentration polarized. 5) The curve reaches
a minimum and starts to increase rapidly at 0.9 volts. The extension
of this line to the I = 0 axis, gives the decomposition potential of
0.75 volts. The voltage was increased, and at Z.6 volts, there was
another maximum. This subsequent curve indicaced a second decomposi-
tion potential at 1.6 volts but a very highly polarized electrode.

It was postulated that the difference in conductivity found in two
lots of DMSO - KPF 6 might be caused by trace amounts of water in the
electrolyte. A fresh sample of high purity DMSO (freezing point checked
at 18.400 C) was used. The KPF 6 wa3 dried with thionyl chloride and im-
mediately dissolved in the DMS8. The KPF 6 was added until the solution
became turbid. The total content was 460 g/liter. The resistivity was
determined at 24.8 0 C. A portion of the electrolyte was successively
diluted and conductives determined. Figure 43 is a plot of the resis-
tivity versus concentration of dried DMSO - KPF 6 electrolyte. The re-
maining amount of the original lot was diluted to give 40 ohms. A
drop of water was added to 6 cc of electrolyte with no effect on the
conductivity. Up to I cc of water was added before there was a change
in conductivity, and then only to the degree obtained by dilution with
DMSO.

A sample of KPF 6 which had been dried with thionyl chloride a week
earlier and had been exposed to the air on several occasions during that
time was tused to prepare electrolyte from the same DMSO as used for Fig.
43. Only a few grams would dissolve and the best conductivity obtained
was with no dilution. The resistivity was 132 ohms.

The addition of 27. water to the DMSO prior to dissolving a freshly
dried sample of KPF 6 had no effect on the solubility or resistivity of
the electrolyte.

Figure 44 shows the results of a DME test of dried DMSO, but KPF 6
which had been exposed to air. Figure 45 shows the difference using
dried KPF6.
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3 A PA-ple of the same elecLroiyre lot used for Fig. 45 was electro-
lyzed at 1 ma/cm2 using a lithium anode and a Monel 400 screen cathode
for 30 minutes. The electrolyte was then placed in the polarographic
cell and the trace shown in Figure 46 recorded. The first trace, made
with a 5 Aa/in chart scale would be indiscernible at the 0.5 ma/in
chart scale since 25 Aa is equal to 1/20 inch or the smallest division.
There was no change in conductivity or DME trace noted.

Another sample from the lot used for Fig. 45 wa6 contaminated with
1 drop of water and the polarograph showm in Figure 47 made. Two things
of note are the plateau during the Aa portion with the sharp peak at 1.5
volts. Second, the first break in the polarogram at B is reminiscent of
the one in Fig. 44. Both cases can be attributed to water but may not
necessarily be due to the electrolysis of water. KPF 6 is a double salt
of KF and PF 5 , the latter reacting vigorously with water as does PCI 5.
There is the possibility of some secondary action involving PF 5 with
water at this potential.

To determine if the decompositions were caused by the DMSO or the

KPF6, two tests were made, one with NaPF6 and the other with LiF in
DMSO. The results are shown in Figures 48 and 49. The NaPF 6 gave re-
sults almost identical to the KPF 6 . The resistivity was 42 ohms. The
LiF showed the same break point but due to the higher resistivity (510
ohms) gave an almost flat curve.

Figure 50 shows the polarogram of PC with KPF 6 . There is a low

plateau starting at 1.95 volts which may be due to water or some other
impurity such as alcohol. The decomposition is, however, at a greater
potential than DMSO with KPF 6 and even though the conductivity is

slightly less (.022 mhos) it may be more desirable.

Figure 51 is a composite of results using the DME and either a

lithium electrode or a nickel fluoride-graphite electrode. The lithium
trace is a double sweep - from 0 to 4 volts and back. Using the DME as
a reference value, the only point where current does not pass is at a
potential difference of 2.1 volts. The currents for the lithium versus
DME are in microamps.

The passage of current first entails a capacitative portion and then
a faradaic porti.on. To sustain a faradaic current suitable oxidation-
reduction reactions must occur. In the case of Li and the dropping mer-
cury electrode, a possible faradaic cell is:

Li, Li+/KPF6, DMSO/P+5, p ; Hg.

Oxidation occurs in the left electrode and reduction in the right elec-
trode. It appears like on thermodynamic considerations that phosphorous
is the species being reduced.
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U VI. BONDER STUDIES

A. PROBLEM

The binder used for the lithium electrode is carboxy methyl cellulose
(CMC). When this binder, made in an aqueous solution, was used for the
nickel chloride electrode, it became gelatinous after a few cycles. Al-
though it did not dissolve, the electrodes swelled and there was the
probability of a poor contact between the support screen and the active
material.

B. METHOD OF APPROACH

Several commercially available materials were obtained from vendors.
Also, a hydrolyzed form of starch (corn starch treated with Nd OH) and
gelatine (Baker & Adamson USP) were selected. These were made into
viscous solutios and coated on Monel 400 screens. When dried, these
screens were placed in the electrolyte solvents (DMSO and PC) in sealed
bottles for 7 days. If, upon removing and drying, the film was unaffect-
ed, the binder was tried in a test electrode.

Test electrodes were prepared, both NiCl 2 and NiF types using both
DMSO and PC electrolytes with KPF§. These were cycled in polyethylene
test cells by discharging at 1 ma/cm2 (,,C/20) for two hours and charged
at 6 volts constant potential for 3 hours. After 5 cycles they were re-
moved and examined.

C. EXPERIMENTAL RESULTS .j
A summary of the test data on binders is given in Table III below.

The material which gave the best physical properties of ease in pasting
and uniform drying was gelatine. Its adhesion after cycling was also
excellent. All of the co-polymers failed in cell operation. The hydro-
lyzed starch, formed by adding a small amount of NaOR to a starch (Argo
corn starch) solution, was moderately successful, but not as good as the
ge lat ine.

TABLE III

BINDER TEST ADHESIVE
QUALITY

PASTING ADHESIVE UNDER
BINDER QUALITY QUALITY TEST

WET DRY

Gelatine (B&A USP Grade) excellent excellent excellent

"Polectron 45C' excellent good poor
"(Vinyl Pyrrolidone-styrene
co-polymer)

Hydrolyzed Starch lexcellent good good

Polyvinyl Alcohol good poor poor

"Polectron 130F' excellent good poor
(Vinyl Pyrroldone-p methylacrylate co-polymer)
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VII. lABORATORY 
CELL TESTING

A. PROBLEM

Half cell studies were conducted in a plastic cell open to the atmo-
sphere in the test chamber. In order to test the results obtained in
half cell studies under conditions closer to a prototype cell, a special
laboratory cell was designed.

B. M•THOD OF APPROACH

Four laboratory cell cases were made according to the drawing given
in Figure 52. These cells can be sealed and resealed for evaluation of
the inside of the cell.

C. EXPERIMENTAL RESULTS

There were many attempts to assemble a laboratory cell, each failing
for some mechanical reason. Some of the first cells failed because the
tabs were corroded after the first cycle. Most failures were due to
shorting, usually as a result of a sharp edge of the expanded screen
cutting through the separator.

Three of the more significant test cells are reporLed here. Each
used the standard lithium electrode. The negative electrodes were pasted
lithium-carbonyl nickel anodes. The carbonyl nickel powder is 10 mi-
crons. Using a 10 mole percent nickel admi):ture gives an electrode coat-
ing containing 50.6% lithium, 47.47. nickel, and 2% binder. A 10% solu-
tion of CMC in dimethylsulfoxide was added to the lithium-nickel oil
dispersion so as to leave about 2% CMC in the pasted material after dry-
ing.

The materials are weighed out. The lithium-oil dispersion is placed
in a weighing bottle in the glove box. Based on this weight, the weight
of the nickel and binder are calculated. The binder is dissolved in
DMSO. All ingredients are returned to the glove box when they are mixed.

The lithium-nickel mixture is applied with a spatula to a base. Although
this is done in a glove box under argon, it can be handled in the atmo-
sphere as long as there is oil on the lithium surface. The electrode
tabs were welded to tt- terminal studs before the screens were pasted
with lithium. After a iniform layer of mix has been applied, the elec-
trode stack is removed from the glove box, each electrode placed be-.
tween two plates of polyethylene, and compressed at 2 tons per square
inch. The electrodes are placed in a small glass vacuum chamber heated

with resistance heating tapes.

The electrodes are vacuum dried since the dimethylsulfoxide boils
at approximately 190 0C which would soften the lithium particles and
cause sintering. The electrodes are heated to 9C-I00oC under 2 psia
pressure for 15 minutes and then cooled. After the coaling, the vacuum
chamber is placed in a dry box where it is opi)red, under argon, and the
electrodes washed with hexane to remove any re.-idua mineral oil.

Each electrode had an area of 20 cm2 . The capacity of each lithiuT
electrode was over 1.0 ampere hour.

-- - - - - -
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epVaLraLor vLr poLyp•L 7JtLn ueo bg 3 ' iFu thivk non-woven materiai.
One was placed over each electrode.

The make-up of the three cells is given in Table IV.

TABLE IV

MAKE-UP OF LABORATORY CELLS

RATIO
NiC 12 CAPACITY

CELL NO.OF NO.OF TO GRAPHITE (THEORETICAL)
NO. POS. NEG. GRAPHITE TYPE BINDER DOPANTS AMP.HRS.

A-18 5 4 1:1 38 CMC .08% S 0.775

A-22 3 2 1:1. 38 CMC .08% S 2.40

.107 MgC12

A-23 2 3 3:1 UCET Gelatine .08% S 1.2
107 MgC l2

1. Cell No. A-18

The NiCl 2 electrodes were compressed at 2 tons/in2 during their
preparation. The electrolyte used was PC-AlCl 3 LiC1/C12 .

Figure 53 is a plot of the first discharge. The rate was 10 ma,
imuch lower than expected. This cell, based or, half cell data should
have delivered between 125 and 250 ma. A current density of 0.06
ma/cm2 was actually drawn.

Even with the low capacity and current density, the cell was put
on automatic cycling. The discharge was 10 ma to 1.0 volts cut-off.
A rest period followed to allow a total of 60 minutes from start of
discharge to charge. The charge was at constant potential of 4.8
volts for 2 hours. A constant potential charge was used because,
at a constant current, a hump was found at 4.9 volts which seemed
to represent a break-down of the electrolyte. If the cell was
charged at 4.9 or 5 volts, the charge efficiency seemed to reduce

to almost nothing.

The cell was cycled fo- 12 cycles when the discharge time started
decreasing from 60 minutes. The 13th cycle was 58 minutes with a 2
minute rest. On the charge of the 13th cycle, an equipment malfunc-
tion caused the cell to fail on the 14th cycle and go into a 58 minute
rest period. The 15th cycle was almost normal again, and after that,
the cut-off voltage was reached in decreasing time intervals. By the
23rd cycle, the discharge was only 30 minutes, so the test was stopped.
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An exa-ination of the cell showed no shedding or visible cause
for the shortened discharge period. This phenomenon manifested

itself in cell No. A-22.

2. Cell No. A-22

The positive electrodes were nickel chloride and graphite (Union
Carbide Type 38). The NiCI 2 was doped with 0.08% sulfur and 0.1%
MgCl 2 . The binder was CMC and the mix was applied in two successive
I gram/10 cm2 applications to give 2.0 gm/10 cm2 loading. The dried
electrodes were compressed using 60 mil stops on the press to give a
smooth electrode of that thickness. This is not much compression
since the volume of NiCl 2 -graphite used per plate has been found to
give a plate approximately 60 mils thick when compressed at 500 psi.
This procedure yields electrodes of more uniform thickness and load-
ing than by just pasting on 2 grams and compressing the electrode.

The electrolyte was PC-AlCI 3 .LiCl/Cl 2 which had been pre-electro-
lyzed with a pasted lithium anode and a Aonel 400 screen cathode.

The elp:zrade areas were 20 cm2 each, giving 80 cm2 surface to
surface erea for the positive to negative electrodes. The theoreti-
cal capacity was 2.4 AH based on the NiCl 2 present.

The cell was capable of delivering 250 ma for 15 minutes, a cur-
rent density of 3 ma/cm2 , before reaching 1.90 volts. The cell was
recharged at 4.85 volts constant potential. When left on open cir-
cuit over the week-end, the recorder indicated a self discharge to
less than one volt.

As was later determined, the PC-AICI 3 .LiCI/C1 2 electrolyte de-
composes at a potential below the open circuit potential of the

charged cell, discharging the lithium electrode with the evolved
chlorine gas. This reduced the capacity of the negatives to a capa-
city below that of the positives so the cell became negative limit-
ing on discharge but could still be overcharged without pressure

, build-up.

3. Cell No. A-23

This cell, the last made, has several changes. The positive
electrodes were prepared using the UCET acetylene black following
the procedure given in Section IV.C.7.b. The electrolyte was PC
saturated with KPF 6 , then with LiCl. The electrolyte was pre-
electrolyzed with a lithium electrode and a Monel 400 screen.

The cell was discharged at 12 ma for 74 hours (equal to 0.888 AH
or 74% of capacity). During that time the voltage made an almost
linear plot from 2.85 volts to 1.10 volts. The cell was recharged
at 6.0 volts constant potential for 21 hours.

A test was conducted after a 5 hour open circuit stand. The
cell was discharged for 10 minutes at 10 ma. The current was raised
to 20 ma for 5 minutes, keeping the milliampere minute discharge
constant. The current was increased to 30 ma for 3.33 minutes, and



so forth to 100 ma for one minute. The results are shown in Figure
54. The rare of change of voltage with a change in capacity AV/ A C
(see insert in figure) is essentially a constant regardless of the rate
from .125 ma/cm2 to 1.25 ma/cm2 current density. The large variatic;&
at the beginning can be extrapolated back to a high open circuit volt-
age of 2.95 volts.

The cell was left on open circuit for 24 hours. The OCV was 2.75
volts. The cell was then pul,.ed at 100 ma for 10 minutes as shown in
Figure 55. A semi-log plot has been used to compress the time scale.
The maximum OCV did not occur until lalmost 60 h-'urs.

These tests strongly suggest an adsorbed layer) would take the
amount of time to disperse that is found in these tests. The effect
is cancelled when the cell is charged.

i
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VIII. PROTOTYPE CELL ASSEMBLIES

A. PROBLEM

In accordance with Exhibit "A-l", dated 29 April 1964, paragraphs
2.3 and 2.5, two, 5 cell, 10 ampere hour batteries are to be prepared,
one of the chloride system and the other a fluoride system.

B. METHOD OF APPROACH

Based on the data available from half cell studies and laboratory

cell tests, a cell was designed to have a 10 ampere hour capacity. Be-
cause of the high polarization obtained with both nickel chloride and
nickel fluoride electrodes, the discharge rates must be limited to very
low values, in the region of C/100.

A cell, shown in Figure 56, was designed and built.

C. DESIGN DATA

Each electrode has an area of 5" cmi. Based on the half cell data
and laboratory cell tests, each positl.", electxode can be made 50 mils
thick. Allowing for expansion of electrodes during cycling, a cell
using 11 positive and 12 negative eiectuodez wa; designed. 2olypropy-
lene separator bags were used for the positive and negative electrodes.

The theoretical capacity of the cell, calculated froro the weight
of NiCl 2 present, is

O-41& AH x 0.75R NiCI2 x 57 cm2 xipas__A
Ni~l2 x 11 Plates =119,,5 A-U.

gram of NiCI 2  10 cm4 plate cell cell

This requires a utilization coefficient of 51% for the HiCI 2 .

The fluoride system permits a slightly higher capacity Zor the same
loading of the positive electrodes as the nickel chloride. Since half
cell studies of the fluoride electrodes show that compression of the
plates reduces polarization, 50 mil thick NiF2 electrodes are desirable.
In this case, 11 positive electrodes of 3:1 NiF 2 and graphite at 0.1
gm/cm2 will have a theoretical capacity of

0.555 A.H. 0.75g NiF 57 cm2  1 AH
x NiF x =26. 1.

g. of NiF2  10 cm2  plate cell cell

This requires a utilization coefficient of only 39% for a 10 ampere
hour cell.

The electrolyte is propylene carbonate saturated with KPF 6 . For
the chloride system it is saturated with LiCl, and for the fluoride
system with LiF. In both cases it is pre-electrolyzed with lithium.

To seal the polypropylene covers to the cases, a hot melt adhesive
(#L7-1) manufactured by Commercial Paste, Inc. is used. The edges of
the cover are precoated with the adhesive. When the electrodes are in-
serted in the case, the cover is sealed with an argon-electric welding
torch (Bel-Arto Plastic Co., Inc.). The cells are checked for leaks

-C . ~ &~.4 - 4~4C!
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with a GE Type H-2 halogen leak detector and freon gas. When they are

free from leaks, the electro.yte is added through the vent hole on top

and sealed.

After testing, the vent valve is removed and a seal put in. The

top is then potted with a hot melt adhesive to insure a seal.

Figure 57 is a photograph of a finished cell.

I
I

lI
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FIGURE 57 -NiLi-lO PROTOTYPE CELL



IX. SUMM4ARY

The problem of corrosion of the tabs in half cells could well
have manifested itself in attack on the terminals in laboratory or
prototype cells. The use of protective coatings alone would have been
insufficient. It became imperative that a resistant alloy be found.
It is fortunate that Monel 400 is one such alloy, since it is readily
available easily machined, and easily worked.

In retrospect, the problem of corrosion of the tabs of the
sintered nickel plaques is indicative of the type of reaction taking
place with the sinter itself. The purpose of the sintered plaque is
to provide a conductive matrix, but if this matrix becomes oxidized,
it no longer functions as such. A sintered plaque has advantages for
space use. It is much more resistant to shock and vibration then a
pasted electrode. The usc of Monel 400 alloy for the grids and tabs
leads one to believe that if a sintered plaque of Monel 400 alloy were
used, it would show an improvement over the nickel.

Of the three types of positive electrodes (impregnated sinter,
thin film, and pasted), the pasted nickel halide electrode has shown
the greatest promise as a means of achieving a high energy to density
ratio. By using UCET acetylene black with the chloride electrodes,
a 3:1 ratio of active material to conductive diluent is available.
This is the highest ratio yet obtained.

There is still the great problem of polarization preventing
the acceptance of the lithium-nickel halide system on the basis of
higher current density. The watt-hour per pound ratio can, no doubt,
be met, particularly with higher capacity batteries, but the discharge
rates are limited to values from C/40 to C/100.

Both the chloride and the fluoride batteries are capable of
being cycled from 10 to 20 times. Both exhibit good charge retention
under the limited test period studies (72 hours). The change in
capacity after a 72 hour stand was within the variability between
cycles. If there is an application for a low rate (C/100) recharge-
able battery having a 100 watt-hour per pound ratio, either system
could be used. There still remains the necessity of a development
program for such a battery to find the optimum design. The work
that must be done to change this system to a high rate battery now
involves a basic study of the nickel halide electrode. The type of
polarization, such as concentration or chemical, and the interaction
of the cathode and electrolyte are two parameters which must be studied.
The kinetics of the reactions a the influence of the conductive
matrix (as was revealed when carbonyl nickel was used in place of
graphite) will give an investigator an insight to the problem of
polarization so that a remedy can be found.

The developments from this contract are sumarized below.

A satisfactory lithium electrode has resulted from the pre-
vious contracts, and until such time as the positive electrodes obtain
the degree of acceptability of the lithium electrode, no furthar
changes are contemplated. The substrate is an expanded metal screen
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of Monel 400, although for the lithium electrode, pure nickel can be
used. This screen is .005 inch thick with the long dimension of the
expanded pattern as .046 inch. A paste of 90 mole percent lithium
metal powder ( <100 mesh) and 10 mole percent of carbonyl nickel
powder are blended using mineral oil as a vehicle. The carbonyl
nickel is added as a conductive material, not for the lithium, but
for the lithium halide which is not a conductor, and causes a high
charge polarization. A binder of carboxy methyl cellulose dissolved
in dimethyl sulfoxide (DMSO) is added to result in 2% as dry weight
of the lithium-nickel mixture.

Mhe paste is applied to the screen in a glove box under a
dry argon atmosphere using a spatula. The electrodes are then placed
in polyethylene bags and sealed. They are removed from the glove
box and pressed at 2 tons per square inch. They are returned to the
glove box and removed from the bags. They are th-.. transferred to a
vacuum oven and the DMSO removed by heating to 120 0 C at 29" of mercury
vacuum. The electrodes are returned to the glove box and the mineral
oil removed by washing with hexane.

Three separator materials have been found to be acceptable.
These are untreated cotton percale (Loenstein & Co.), non-woven
polypropylene, and a Teflon-Fiberglas filter paper. Of the three,
the non-woven polypropylene (Pellon T-12-892-2) is the most desirable.
The drawbacks of this material lie with the manufacturers, who have
not been able to supply uniform lots. This is a problem which could
easily be remedied if the demand were sufficient for the manufacturers
to exert some extra effort. Polypropylene can be heat sealed into
envelopes and slipped over the negative electrodes. The cotton
separator (a fine grade of broadcloth) has excellent electrolyte
retention.

Cell cases and covers are made from molded polypropylene.
Polypropylene can be welded, but recent developments in adhesives and
epoxies have given us commercial materials to seal polypropylene or
polyethylene cells. Polyethylene is difficult to mold to close tol-
erances, so polypropylene is the better material.

Aluminum can also be used providing there is always some
unreacted lithium present to give a galvanic protection against cor-
rosion from the NiX2 and electrolyte.

Hardware, such as terminals, combs and seals, can be made
from Monel 400. In the case of the negative electrode terminals and
combs, pure nickel can be used, but there is no advantage in using
two different metals since Monel 400 is a good working metal, easily
welded and machined.

The nickel chloride and nickel fluoride electrodes are

made similarly. For both, the substrate is the same expanded metal
screen used for the lithium, except that only Monel 400 has been found
to be satisfactory. The binder is U.S.P. gelatin (B & A) dissolved

in water, (100 g/L) and added in an amount that results in about 2%
of the final dry weight.

Graphite is used as the conductive diluent in the nickel
halide electrode. Nickel halide salts are not soluble in the electrolyte



at best in the dry state, an inert conductor must be admixed with the
nickel halide. Carbonyl nickel was found to passivate (the term
passivate is used here for the lack of a better one, or an understand-
ing of the true mechanism) the electrode after a few minutes of dis-
charge or after a single charge. Two grades of graphite are used:
Type 38 and UCET acetylene black, both from Union Carbide Corporation.
The UCET acetylene black has better contazt properties, but is difficult
to dry without checking. It can be used with the NiCI 2 electrodes,
but for the NiF2 electrodes, a blend of 90% Type 38 and 10% UCET is
used.

At this point, the two systems diverge. The NiCl 2 electrodes
are prepared by adding a saturated (330 g/L) NiCI 2 methanol solution
to UCET graphite in a 3:1 ratio. The gelatine binder is added and the
mix diluted with water to give a smooth consistency about like whipped
cream. NiF2 powder is dried with thionyl chloride to rid it of water
which is usually found in NiF 2 in varying amounts. A mix of the 9:1
Type 38-UCET graphite is used. The NiF2 and graphite are blended
1:1 and enough methanol added to wet the mix. The gelatine binder is
added to give 2% of the total dry weight. Sufficient water is added
to again give a consistency of whipped cream.

At this point the two processes are again alike. The paste
is applied to the screen with a spatula and then the plates are passed
between two blades .050 inch apart. The plates are dried in warm moist
( 60% RH) air until dry to the touch. They are compresed at 2 tons
per in. . They are thenput through the same coating cycle. This is
continued until 0.1 g/cm' of the dry mix is on the plates. The thick-
ness should be between .045 and .050 inches. The plates are then
vacuum dried at -29 inches of Hg, slowly bringing the temperature up
from room temperature to 1000C over a two hour period. The p]•tes
are now stored in a desiccator until used.

The electrolyte which has largely been used to date is
propylene carbonate (P.C.) with LiAICl 4 /C1 2 as the solute. This
electrolyte has a good conductivity of 14.3 millimhos-cm- 1 but due
to some reaction with the lithium in the presence of the NiCI 2 -Li
couple, it cannot be used. There appears to be a decomposition
potential below the OCV of the NiC] 2 -Li couple.

Two alternate electrolytes have been found. PC Eaturated
with KPF 6 which has been dried with thionyl chloride has a conductivity
of 23.0 millimhos-cm- 1 and DMSO with 190 g/L of KPF 6 with a conduc-
tivity of 25.5 millimhos-cm- 1 . DMSO dissolves NiCI 2 but not NiF 2 so
it is used for the fluoride system. When PC with KPF6 is used for
the chloride system, the electrolyte is first saturated with anhydrous
LiCI and then pre-electrolyzed using a pair of partially discharged
Li/LiCl electrodes to establish an equilibrium between the chloride
and fluoride ions.

41.4
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