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. 

1.0 In t roduct ion  

Conventional. sealed secondary c e l l s  cannot be s a f e l y  
overdischarged because of t he  high gas pressures  which are 
generated during c e l l  reversal .  Experience with f u e l  c e l l  
t ype ,o f  gas e lec t rodes  i n d i c a t e s  t h a t  these  gases could be 
recombined under proper conditions.  

The purpose of this  con t r ac t ,  t he re fo re ,  was t o  develop 
and bui ld  nickel-cadmium c e l l s  which would be immune t o  damage 
from overdischarge and overcharge. This was t o  be accomplished 
by the  s e l e c t i o n  of su i t ab le  gas e lec t rodes  so t ha t :  (1) the  
onset  of overcharge could be detec ted ,  and (2) the  c e l l  would 
not  be damaged by repeated overdischarges.  

. 
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2.0 Technical 

2.1 Charge Control 

Most sealed nickel-cadmium c e l l s  are designed 90 t h a t  they 
are posi t ive l imi t ing  on charge. Thus oxygen i s  l ibera ted  a t  the 
posi t ive n icke l  hydroxide e lec t rode  a f t e r  the  p o s i t i v e  e lec t rode  
i s  charged, 

20H- -> 1 / 2  02 + H20 + 2e- (pos i t ive  e lec t rode)  

but before the negative e lec t rode  i s  f u l l y  charged. As soon as 
a su f f i c i en t  oxygen pressure has been generated, oxygen w i l l  be 
reduced a t  the negative cadmium electrode. 

1/2 02 + H20 + 2e' --> 20" (negative electrode)  

Thus a conventional sealed c e l l  i s  capable of continuous over- 
charge a t  moderate rates. 

Now, i f  a high performance gas e lectrode i s  incorporated 
i n t o  the c e l l  as i n  Figure 1, i t  w i l l  be held a t  the cadmium 
potent ia l  when no gas is present. 

However, as soon as oxygen i s  present w i th in  the c e l l ,  the  
gas electrode w i l l  become an oxygen e lec t rode  and w i l l  have a 
posi t ive po ten t i a l  with respect  t o  the cadmium electrode.  A 
po ten t i a l  w i l l  thus be detected across  r e s i s t o r  R1. 
t i a l ,  or s igna l ,  may be used t o  cu t  off o r  regula te  the charge 
current. 

This poten- 
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This concept has been recognized f o r  some t i m e  (e.g. (1)) 
* A number of designs and r a t ings  have been b u i l t  u t i l i z i n g  t h i s  

concept and a r e  cu r ren t ly  being evaluated on var ious  test  programs. 
These u n i t s  are o f t e n  r e fe r r ed  t o  i n  present-day terminology as t h i r d  
e l ec t rode  (or  3e-) u n i t s .  

I 

The type, s i z e  and placement of t he  con t ro l  e l ec t rode  employed 
i n  c e l l s  f o r  t h i s  con t r ac t  were based on t h i s  previous experience. 

2.2 Pro tec t ion  Against Overdischarge 

2.2.1 C e l l  Reversal 

When a b a t t e r y  of c e l l s  i s  completely discharged, t he  
lowest capac i ty  c e l l s  w i l l  be overdischarged and consequently 
go i n t o  reverse ,  i .e.,  the normally p o s i t i v e  e l ec t rode  w i l l  
become negat ive and v i c e  versa. I f  t h e  charged s ta te  of t h e  
p o s i t i v e  i s  such t h a t  i t  is  l imi t ing  on discharge (i.e.,  i t s  
charged s t a t e  i s  less than the  negat ive) ,  hydrogen w i l l  be 
evolved a t  t he  n icke l  hydroxide e lec t rode .  I f ,  on the  o the r  
hand, t h e  negat ive e l e c t r o d e  i s  l imi t ing  on discharge,  oxygen 
w i l l  be evolved on the  cadmium 
The c e l l  p o t e n t i a l  during r eve r sa l  when only one e lec t rode  
has reversed w i l l  be negative 0.1 t o  0.2 v o l t s  depending on 
r a t e  of overdischarge. 
hydrogen and oxygen w i l l  b e  evolved and the  ce l l  p o t e n t i a l  
w i l l  be negat ive 1.5 v o l t s  o r  more. 

e l ec t rode  during c e l l  r eve r sa l .  

I f  both e lec t rodes  are reversed, both 

Consequently, by regulat ing the  r e l a t i v e  s t a t e s  of 
charge of t h e  two e lec t rodes ,  i t  i s  poss ib le  t o  predetermine 
which e l ec t rode  w i l l  be l imi t ing  on discharge and what gas 
w i l l  be present .  

2.2.2 Overdischarge Pro tec t ion  Using an Oxygen Cycle 

A s  noted above, i t  i s  poss ib l e  t o  design a c e l l  which 
would be negat ive l i m i t i n g  on discharge so t h a t  on overdis- 
charge'oxygen w i l l  be evolved on t h e  cadmium (normal negative) 
e lec t rode .  
nected t o  the  n i cke l  hydroxide (normal pos i t i ve )  e lectrode.  
During overdischarge t h e  following r eac t ions  would then occur: 

I n  t h i s  case an a u x i l i a r y  e l ec t rode  would be con- 

20H .-> 1/2 O2 + H20 + 2e', 

a t  t he  cadmium, and t h e  reverse  r e a c t i o n  a t  t h e  aux i l i a ry ,  

( l ) W .  N. Carson, Jr. and J. M. McQuade, "The Use of Auxil iary Electrodes 
i n  Sealed Cells," Extended Abstract No.  10,  Bat te ry  Division, Electro- 
chemical Society,  New York, October 1963. 
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1 / 2  02  + H20 + 2e- 20H-, 

w i t h  t he  e l ec t rons  flowing through the  ex te rna l  c i r c u i t .  
disadvantages of t h i s  scheme a r e  t h a t  some oxygen w i l l  be evolved 
on the a u x i l i a r y  during charging, r e s u l t i n g  i n  (1) a l o s s  of 
charge e f f i c i ency ;  (2) t he  p o s s i b i l i t y  of a premature oxygen 
s i g n a l  a t  t h e  con t ro l  e lec t rode ;  and (3) a degradation of t h e  
gas e l ec t rode  which i s  not designed f o r  oxygen evolut ion.  
Further ,  the  Niedrach-Alford e lec t rodes  planned f o r  these  
c e l l s  are genera l ly  b e t t e r  hydrogen e lec t rodes  than they a r e  
oxygen e lec t rodes .  Consequently, it was decided t o  design 
the  u n i t s  around a hydrogen cycle .  

The 

2.2.3 Overdischarne Pro tec t ion  Using a Hydrogen Cycle 

A s  indicated above, when a p o s i t i v e  l imi t ing  c e l l  is 
overdischarged, t he  normally p o s i t i v e  e l ec t rode  w i l l  become 
negative u n t i l  it reaches the  hydrogen p o t e n t i a l  and s tar ts  
t o  evolve hydrogen, 

2H20 + 2e' -> H2 + 20H-. 

It is poss ib l e  t o  recombine t h i s  hydrogen by connecting an 
aux i l i a ry  gas e lec t rode  t o  the  normally negat ive e l ec t rode  
as i n  Figure 1. 
configurat ion used f o r  overcharge con t ro l .  
d i f fe rences  are (1) t h a t  a smaller r e s i s t o r  i s  used t o  make 
t h i s  connection and ( 2 ) ,  l a rge  gas e lec t rodes  a r e  employed. 

It i s  r ead i ly  apparent t h a t  t h i s  i s  the  same 
The e s s e n t i a l  

When s u f f i c i e n t  hydrogen i s  present ,  t h e  a u x i l i a r y  
(hydrogen) e lec t rode  w i l l  become more negat ive than the  
cadmium e lec t rode  and hydrogen w i l l  be oxidized i n  preference 
t o  the cadmium; t h a t  i s ,  

H2 + 20H- 2H20 + 2e', 

and not 

Cd + 20B ~-> Cd(0H) + 2e'. 

A t  low hydrogen pressures ,  t he  recombination w i l l  be 
slow s ince  the  only dr iv ing  fo rce  w i l l  be (1) t h e  d i f f e rence  
between t h e  Eo's of about 20 mv and ( 2 ) ,  t h e  d i f f e rence  between 
the  po la r i za t ion  vol tages .  Fur ther ,  i t  i s  recognized t h a t  R 1  
must b e  very low s ince  any vo l t age  drop w i l l  reduce the  driv- 
ing force.  

During i n i , t i a l  planning, i t  was proposed t o  use  a diode 
i n  place of R l .  
ward  vo l tages  of a v a i l a b l e  diodes would be too high t o  permit 
t he  r eac t ion  t o  proceed a t  reasonable  rates. 

It was found, however, t h a t ' t h e  irlstantaneous fo r -  
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. 
One reason for proposing a diode here was to prevent 

the formation of hydrogen during the charging mode. 
be demonstrated subsequently, this concern was unwarranted. 

As will 

Since the recombination rate is proportional to the 
difference in voltage between the cadmium electrode and the 
auxiliary and the total resistance in this loop, it is pre- 
ferable to have the cadmium electrode become completely dis- 
charged shortly after the nickel hydroxide electrode. Thus 
as the cadmium electrode becomes more positive, approaching 
the oxygen potential, the recombination reaction will increase 
dramatically. 



3.0 Experimental 

3.1 Gas Electrode Se lec t ion  

It was ant ic ipa ted  t h a t  we would use  Niedrach-Alford type 
gas e lec t rodes  i n  these  c e l l s .  
f u e l  cell  app l i ca t ions ,  one s i d e  i s  supplied with gas a t  a constant  
pressure  with the  opposi te  f ace  continuously contac t ing  t h e  e lec t ro-  
l y t e .  Under these  condi t ions,  they are capable of opera t ing  a t  
very high cur ren t  densit ies--up t o  1000 mA/cm2. 
cel ls ,  a gas face  i s  provided by using a corrugated, perforated 
p l a s t i c  aga ins t  one s i d e .  The o the r  s i d e  faces  the  e l ec t ro ly t e -  
sa tura ted  porous separa tor .  

When these  e lec t rodes  are used i n  

As  used i n  sealed 

I n  order  t o  tes t  the  s u i t a b i l i t y  of materials and cons t ruc t ion ,  
po la r i za t ion  runs were made with tes t  c e l l s  t o  s imulate  normal operat-  
ing conditions.  

3.1.1 Po la r i za t ion  Data 

The various gas e lec t rodes  were tested by bui ld ing  a 
s i m p l e  test  c e l l  which consis ted of a sandwich of a gas elec- 
trode and p l a t e  held between two blocks of Luci te  a s  shown 
i n  Figure 2.  

The separa tor  was sa tura ted  with 31% potassium hydrox- 
ide.  The c e l l  (or  c e l l s )  were then placed i n  a vacuum chamber 
equipped with e l e c t r i c a l  lead-throughs, a vacuum pul led and 
the  system backf i l l ed  with the  d e s i r e d  atmosphere. 

Several types of po la r i za t ion  runs were made. The more 
s ign i f i can t  da ta  i s  given i n  Tables 1 - 4. 

I n  Table 1, data i s  given f o r  t h r e e  standard types 
of e lec t rodes  i n  oxygen a t  room temperature.  
of the  gas e lec t rodes  was dr iven aga ins t  a p a r t i a l l y  charged 
nickel  hydroxide e lec t rode .  I n  this  case ,  t he  vol tages  given 
include the  po la r i za t ion  vol tage  (although s m a l l )  of charging 
the  n icke l  hydroxide e lec t rode .  Throughout t h i s  run  t h e  cur- 
ren t  was genera l ly  held constant  a t  a p a r t i c u l a r  pressure ,  
allowing the  vo l t age  t o  s t a b i l i z e .  The pressure  was then 
reduced, while holding t h e  cu r ren t  cons tan t .  This w a s  re- 
peated a number of t i m e s  down t o  a pressure  of about 1 p s i a ,  
a t  which t i m e  t he  pressure  was increased t o  13 ps ia .  
current  was then incrementally increased and t h e  whole pro- 
cess repeated. 
qu i te  comparable a s  oxygen e l ec t rodes  under the  condi t ions  
of t e s t .  

The discharge 

The 

The r e s u l t s  showed t h e  t h r e e  materials t o  be 
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Similar  da t a  are given i n  Table 2 f o r  t h r e e  samples 
of gas e l ec t rodes  prepared on General E l e c t r i c  s in t e red  n i cke l .  
These prel iminary samples were not  as good as the  previous 
ones tested. 

One sample from the previous group was tested as a 
hydrogen e lec t rode .  I n  t h i s  case,  t h e  hydrogen e l ec t rode  
was discharged aga ins t  a charged p o s i t i v e  n icke l  hydroxide 
e lec t rode .  
da t a ,  t h e  cur ren t  was held constant  and the  pressure  reduced. 
I n  t h e  second set of data ,  t h e  pressure  was maintained and 
the  cu r ren t  increased i n  s teps .  
t h i s  material appeared t o  be severe ly  l i m i t e d  a t  low gas 
pressures .  

Data a r e  given in '  Table 3. I n  t h e  f i r s t  set of 

A s  a hydrogen e lec t rode ,  

I n  another series of tests,  a Niedrach-Alford type 
e l ec t rode  made by the  Advanced Technology Laborator ies  of 
t h e  General E l e c t r i c  Company i n  Schenectady was t e s t ed  a s  
a hydrogen and oxygen e lec t rode  a t  var ious temperatures. 
The r e s u l t s  a r e  given i n  Table 4. 
above were e s s e n t i a l l y  steady state readings i n  t h a t  t he  
cur ren t  was held constant f o r  a number of minutes a t  each 
poin t ,  i n  t h i s  case the  t o t a l  cu r ren t  sweep from zero t o  
100 mA/cm2 and back t o  zero was done wi th in  a few minutes. 

Whereas r e s u l t s  reported 

The chamber was held a t  e i t h e r  40"C, 25°C o r  O"C, 
a p o l a r i z a t i o n  run made, and the  pressure  reduced f o r  t h e  
next run. This was done f o r  t h r e e  pressures  of hydrogen 
and oxygen. 

I n  the  case of the hydrogen po la r i za t ion  runs,  t h e  
gas e l ec t rode  was discharged aga ins t  a charged p o s i t i v e  
e lec t rode .  I n  the  case of the  oxygen po la r i za t ion  runs,  
t h e  gas e l ec t rode  discharge was dr iven aga ins t  a p a r t i a l l y  
charged p o s i t i v e  electrode.  

The r e s u l t s  were as  expected. Be t t e r  performance 
was obtained a t  higher temperatures and only a s m a l l  d i f -  
fe rence  a t  t he  var ious gas pressures .  

3.1.2 Durabi l i ty  Test 

I n  order  t o  determine the  f e a s i b i l i t y  of operat ing 
these  e l ec t rodes  over long per iods of t i m e  under the  expected 
opera t ing  condi t ions,  sealed test  c e l l s  were made with t h e  
gas e l ec t rode  facirlg a porous s in t e red  n icke l  counter-electrode 
us ing  normal separa tor  between them. Two c e l l s  were so con- 
structed--one with t h e  preferred material from t h e  Advanced 
Technology Laborator ies  (A.T.L.), and t h e  o the r  with ac t iva t ed  
s i n t e r e d  n i cke l  mater ia l .  The c e l l s  were evacuated and back- 
f i l l e d  with two atmospheres of  hydrogen. 
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They were operated by making the  n i cke l  counter- 
e lectrode cathodic,  evolving hydrogen, which recombined on 
the anodic gas e lec t rode .  The cu r ren t  d e n s i t i e s  i n  the  two 
c e l l s  were i n i t i a l l y  11 and 25 mA/cm2. 
vol tages  and pressures  a r e :  

Some t y p i c a l  c e l l  

I n i t  i a  1 

24 Hours 

120 

5 70 

0.17 VDC 

0.48 

0.58 

0.59 

G - 3  AT - 4 

28 ps i a  0.14 VDC 29 ps i a  

25 0.25 27 

2 1  0.28 20 

23 0.28 14 

The cu r ren t  dens i - ies  were incre-sed a t  570 hours t o  
22 and 50 mA/cm2 and some typ ica l  r e s u l t s  a r e :  

570 hours 0.71 VDC 23 ps i a  0.38 VDC 14 ps i a  

858 0.73 27 0.39 11 

1266 0.97 29 0.42 9 

2 058 0.86 30 0.46 7.5 

Clearly,  the  A.T.L. mater ia l  had b e t t e r  e lectrochemical  
c a p a b i l i t i e s  a s  a hydrogen e lec t rode  and t h i s  type of mater ia l  
was se l ec t ed  f o r  use  i n  subsequent c e l l  work. 

3.2 Design Requirements 

The c e l l s  were t o  be nominal six ampere-hour aerospace q u a l i t y  
hermetically sealed u n i t s  protected from damage by overdischarge o r  
overcharge. 

3.2.1 Overdischarge Tolerance 

I n  order  t o  t e s t  the  a b i l i t y  of t he  c e l l s  t o  withstand 
repeated overdischarge,  the  following cyc le  was spec i f i ed :  

(a )  Charge a t  1.615 amps f o r  65 minutes (105 A-min) 
(b) Discharge a t  3 .0  amps f o r  35 minutes (105 A-min) 
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. (c) Charge a t  1.615 amps f o r  65 minutes (105 A-min) 
(d) Discharge a t  3 amps f o r  50 minutes (150 A-min) 

Thus the  c e l l s  a r e  t o  be discharged more than they are 'charged.  
The cells a r e  t o  be capable of withstanding 200 r e p e t i t i v e  
complete cycles  a t  45"C, 25°C and 5°C. 

3.2.2 Overcharge Signal 

The c e l l s  a r e  t o  be equipped with a con t ro l  e l ec t rode  
which makes it  poss ib le ,  by means of c i r c u i t r y  ex te rna l  t o  the  
cel l ,  t o  de t ec t  the  onset  of overcharge and t o  use t h e  detected 
s igna l  t o  l i m i t  o r  s top  t h e  charging process.  
t o  be capable of performing i n  t h i s  manner a t  charge r a t e s  from 
C/10 t o  2C (10 hour rate t o  30 minute rate) and a t  temperatures 
from 0°C t o  50°C. 

The c e l l s  are 

3.3 Experimental Cells 

3.3.1 Preliminary Tes ts  

A prel iminary experiment was conducted t o  demonstrate 
t h a t  an a u x i l i a r y  e lec t rode  could be used f o r  r eve r sa l  pro- 
t ec t ion .  Of p a r t i c u l a r  i n t e r e s t  was a knowledge of t he  rela- 
tive e l ec t rode  po ten t i a l s  during the  period of inversion.  

A 1.5 AH c e l l  w a s  constructed i n  a styrene-epoxy case 
with two p o s i t i v e  p l a t e s  and th ree  negat ive p l a t e s .  
e l ec t rode  of 10 cm2 a rea  was faced opposi te  t he  one edge of t he  
p l a t e  s tack.  
re ference  e lec t rode ,  pressure gage and stopcock. 

An aux i l i a ry  

The c e l l  was equipped with a N i / N i O O H ,  N i ( O I 9 2  

The c e l l  was f u l l y  charged, evacuated and sealed. After  
discharging t h e  c e l l  through a 1 /4  ohm r e s i s t o r ,  i t  was dr iven 
through invers ion  f o r  24 hours a t  100 mA. A t  t he  end of t h i s  
t i m e  t h e  following conditions ex is ted :  

Tota l  cell vol tage  -0.34 VDC 
Pos i t i ve  Electrode vs .  Ref. -1.4 VDC 
Negative Electrode vs .  Ref. -1.08 VDC 
Current through Auxil iary 93 mA 
Pressure 10 p s i a  

From these  da t a  it was apparent t h a t  hydrogen was being 
evolved a t  t he  p o s i t i v e  and t h a t  over 90% of it was being 
consumed a t  t h e  auxi l ia ry .  Fur ther ,  t h e  negat ive e lec t rode  
was only s l i g h t l y  pos i t i ve  with respec t  t o  a normal cadmium 
e lec t rode .  
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Following the  above, t h e  cel l  was discharged f u r t h e r  
f o r  19 hours a t  53 mA. c 

Total  Voltage -0.18 VDC 
Pos i t i ve  Electrode vs. Ref. -1.36 VDC 
Negative Electrode vs. Ref. -1.18 VDC 
Current through Auxil iary 45 mA 
Pressure 12.5 p s i a  

The c e l l  was then discharged f o r  3 hours a t  an increased r a t e  
of 194 mA. Voltages became more negat ive as follows: 

Total  Voltage -0.96 VDC 
Pos i t i ve  Electrode vs .  Ref. -1.38 VDC 
Negative Electrode vs. Ref. -0.42 VDC 
Current through Auxil iary 184 mA 
Pressure 13.5 p s i a  

The c e l l  thus had a t o t a l  invers ion  of 4.25 AH without develop- 
ing a pressure  of over 1 atmosphere. 

The same c e l l  was then continuously overcharged f o r  64 
hours a t  200 mA. A t  t he  end of t h i s  charge the  pressure  was 
3 psia .  178 of t he  200 mA of overcharge was now recombining 
oxygen on t h e  a u x i l i a r y  e lec t rode .  

3.3.2 F i r s t  Prototype Cel l s  

Having demonstrated t h e  bas i c  p r inc ip l e s  were sound 
and the  ava i l ab le  materials were s u i t a b l e ,  two 6 AH prototype 
u n i t s  were constructed f n  p l a s t i c  cases and pot ted with epoxy. 
Standard aerospace processed p l a t e s  were used. The t e n  nega- 
t i v e  and nine pos i t i ves  measured 5.5 x 5 cm. 
electrodes measuring 4.5 x 6 cm were used--one a u x i l i a r y  
facing each ou t s ide  negat ive.  Access of gas t o  the  back s i d e  
of t h e  aux i l i a ry  was provided by using corrugated,  per fora ted  
PVC sheets .  A t  t he  t i m e  these  c e l l s  were constructed,  t h e  
only ava i l ab le  Niedrach-Alford type e l ec t rode  was of t he  type 
prepared by the  Direc t  Energy Conversion Operation (DECO) of 
t h e  General E l e c t r i c  Company, West Lynn, Massachusetts, f o r  
use i n  the  Gemini f u e l  c e l l .  This was used i n  one c e l l .  The 
other  cel l  employed the  s p e c i a l l y  prepared e lec t rodes  on a 
s in te red  n icke l  subs t r a t e .  
Ni(OH)2 re ference  e l ec t rode  and a gas e lec t rode .  
e lectrode would normally be used f o r  charge con t ro l .  
t h e  present case ,  i t  was used as a gas re ference .  

Two a u x i l i a r y  

Both cells  contained a N i / N i O O H ,  
The gas 

I n  

. 

A few cyc les  according t o  paragraph 3.2.1 were run on 
each c e l l  t o  determine performance on overdischarge.  It was 
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found necessary t o  give t h e  negative p l a t e s  a supplementary 
charge t o  insure  t h a t  the c e l l s  were p o s i t i v e  l i m i t i n g  on d i s -  
charge. 
hydrogen and charging the cadmium e lec t rode  (negative) aga ins t  
t he  a u x i l i a r y  (posi t ive) .  

This was accomplished by f i l l i n g  the  cells  with 

With these c e l l s ,  b e s t  r e s u l t s  were obtained with the  
a u x i l i a r y  e lec t rode  connected d i r e c t l y  t o  the  negative through 
an anmeter ( t o t a l  res i s tance  of about 0.1 ohm). 

It was demonstrated a t  t h i s  t i m e  t h a t  t h e  cells could 
be charged with the  auxi l ia ry  e lec t rode  connected d i r e c t l y  
t o . t h e  cadmium electrode,  
however, when a su f f i c i en t  hydrogen pressure i s  formed, t he  
a u x i l i a r y  e lec t rode  becomes more negative i n  p o t e n t i a l  than 
the  cadmium electrode,  so t h a t  fu r the r  evolution of hydrogen 
i s  minimized. 

Some hydrogen i s  formed on charge; 

These c e l l s  d i d  not perform as w e l l  a s  an t ic ipa ted  so 
t h a t  extensive t e s t i n g  was not  performed. 
ing f a c t o r s  were t h e  massiveness of po t t ing  r e s u l t i n g  i n  poor 
heat t r a n s f e r  and adequacy of t he  e l e c t r i c a l  connection with 
regard t o  res i s tance .  

Possible  contr ibut-  

3.3.3 Second Prototype Cells 

3.3.3.1 Construction 

Two new hermetical ly  sealed c e l l s  were b u i l t  
i n  metal cans. These c e l l s  were standard 6 AH aero- 
space c e l l s  t h a t  =ere Eodified t o  provide two addi t iona l  
terminals.  This was accomplished by using two addi t iona l  
welded s t a i n l e s s  steel f i l l - t u b e s  through which insulated 
leads f o r  the control  e lec t rode  and reference were taken 
and then t h e  e n t i r e  lead and tube assembly potted i n  
epoxy using a glass  tube as a mold. 

I n  order t o  f i t  the  case,  one set of p l a t e s  
was removed, leaving e igh t  pos i t ives  and nine negatives.  
The c e l l s  delivered 5.4 AH a t  the  3 ampere rate. 
4.5 x 5 cm auxi l ia ry  gas e lec t rode  faced each of the  
broad sides of the p l a t e  s tack.  These were welded  t o  
the  case and connected ex terna l ly  t o  t h e  negative terminal 
through an ammeter. 
of t h e  same mater ia l  as the  auxi i iary,  measured 1.5 x 5 cm, 
and was held on one narrow face  of the  p l a t e  s tack.  
A 1 x 4 cm piece of p o s i t i v e  p l a t e  was placed aga ins t  
t he  o ther  narrow face  and served as t h e  reference elec- 
trode.  

A 

The cont ro l  e lec t rode  consis ted 
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The two c e l l s  ba th  employed Niedrach-Alford 
type e lec t rodes  made by A.T.L.; however, a d i f f e r e n t  
c a t a l y s t  mixture was used i n  each c e l l .  
d i f fe rence ,  which was not  considered s i g n i f i c a n t  t o  
performance, was t h a t  t h e  re ference  i n  one ce l l  
(64NC339-1) was shorted during assembly t o  t h e  
a u x i l i a r y  electrode.  
c e l l  vol tages  d i f f i c u l t .  

- 
A f u r t h e r  

This made ana lys i s  of ind iv idua l  

3.3.3.2 Performance of Prototype Cells 

Overdischarge Test 

The two prototype cells were tested f o r  over- 
discharge to le rance  according t o  3.2.1. 
employed i s  shown i n  Figure 3. Cell 64NC339-1 and 
64NC339-2 received approximately 200 complete cycles .  

The c i r c u i t  

Some observat ions made from recording of 
vo l tage  during these  tests are given i n  Table 5 .  The 
performance of t h e  two cells was not  i d e n t i c a l .  It 
would appear t h a t  t he  negat ive e l ec t rode  i n  C e l l  #l 
has a considerably g rea t e r  an t i -polar  mass, which could 
account f o r  i t s  r e l a t i v e  slowness t o  recover from over- 
discharge.  
t h a t  oxygen is produced on the  negat ive during f i n a l  
s tages  of r eve r sa l .  The low value of t he  a u x i l i a r y  
recombination cu r ren t  (negat ive t o  aux i l i a ry )  i s  f u r t h e r  
ind ica t ion  t h a t  hydrogen is  not  e lectrochemical ly  
combining as e f f e c t i v e l y  on t h i s  a u x i l i a r y  e lec t rode .  
However, t he  absence of  excessive pressure  ind ica t e s  
t h a t  hydrogen and oxygen may be combining chemically 
on the  c a t a l y s t  sur face .  

The f i n a l  reverse  vol tage  of C e l l  f l  ind ica t e s  

The overdischarge cyc le  tests were continued 
f o r  a t o t a l  of 181 and 201 cyc les  f o r  C e l l  64NC339-1 
and 64NC339-2 respec t ive ly .  The hydrogen pressures  
at t h a t  t i m e  were cyc l ing  as follows: 

#1 1.3 p s i  t o  46 p s i  

w2 28 p s i  t o  71 p s i  

Change Control Room Temperature 

Without any in te rvening  t i m e  per iod,  t h e  
normal charge of 1.65 amps was continued u n t i l  both 
c e l l s  had a p o s i t i v e  oxygen s i g n a l  between t h e  con t ro l  
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e lec t rode  and the  negative. 
55 minutes f o r  C e l l  #/2 (30 minutes sooner f o r  Cell 41). 
When t h i s  occurred, t h e  pressure  dropped rap id ly  (about 
40 minutes) from +49 ps ig  t o  -20 inches of mercury. 

This occurred i n  4 hours,  

The c e l l s  were then discharged a t  6 . 0  amps 
to  1.0 v o l t / c e l l .  Cell #/1 delivered 40 minutes t o  
1 .0  VDC; Ce l l  #/2 delivered 64 minutes. 

Ce l l  82 was charged again t h e  next day a t  
1.65 amps t o  a s igna l  of 0.9 VDC and required 5 hours 
and 4 minutes. 
of hydrogen pressure ( t o  about 3 ps ig) .  
t h e  pressure  had dropped back t o  -20 inches of mercury. 
The c e l l  gave 130 minutes t o  1 VDC when discharged a t  
3 amps. 
92 minutes t o  1 .0  VDC on discharge.  

During charge t h e r e  was a s l i g h t  build-up 
By end of charge 

C e l l  %1 was tested s i m i l i a r l y  and gave only 

The same day, t he  c e l l s  were given 2 cycles  of 
charge a t  12 amps to  a charge con t ro l  shut-off followed 
by a discharge a t  12 amps t o  1 .0  VDC. 

C e l l  #I1 took 1 2  and 11 minutes of charge and 
gave 11 minutes on discharge.  C e l l  #/2 took 19.5 and 
18.3 minutes of charge,and gave 18 and 1 7  minutes on 
discharge.  

Both c e l l s  were then charged 16 hours a t  0.6 
amps. 
Cell112 gave a s igna l  of 0.5 VDC (cont ro l  t o  negative) 
a f t e r  10.7 hours. C e l l  %1 gave 72 minutes t o  1.0 VDC 
and eel1 #2 gave 111 minutes when discharged a t  3.0 
amps. 

C e l l  #1 gave a s igna l  of 0.8 VDC a f t e r  3 hours.  

A t  t h i s  point t e s t s  on C e l l  #I1 were discontinued. 

Tentat ive conclusions drawn from these  tests 
were t h a t  t h e  prototype c e l l s  m e t  t h e  overdischarge 
requirements t o  a l a r g e  ex ten t ,  i n  t h a t  pressures  were 
only s l i g h t l y  beyond t h e  requirements. 
free-volume were l a rge r ,  a lesser pressure  would have 
been noted. 

I f  the  i n t e r n a l  

The c e l l  ( a f t e r  t he  cyc l ing  tes t ,  3.2.1) can 
be  f u l l y  charged with t h e  charge cont ro l led  by the  
con t ro l  e lec t rode  a t  rates up t o  C / 3  bu t  becomes pro- 
g re s s ive ly  worse a t  higher  r a t e s .  (On subsequent tests, 
a f t e r  t e s t i n g  a t  various temperatures,  t he  c e l l  was 
charged a t  2 amps t o  0.71 VDC s i g n a l  and del ivered 59.5 
minutes t o  1.0 VDC a t  6 amps.) 
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Capacity a t  0°C and 50°C 

C e l l  #2 was charged overnight a t  0.6 amps 
It de l ivered  94 minutes ( a f t e r  weekend s torage  a t  0°C). 

t o  1.0 VDC a t  3 amps. This was repeated again and had 
a cont ro l  e l ec t rode  s igna l  of 0.52 VDC a f t e r  16 hours,  
and gave 85 minutes t o  1 .0  VDC a t  3 amps. 

When charged a t  1 2  amps, a 0.82 v o l t  s igna l  
was obtained i n  11 minutes. The c e l l  gave only 21  
minutes t o  1.0 VDC on discharge a t  6 amps. Similar 
r e s u l t s  were obtained on a second t r i a l .  

The next day the  c e l l  was charged a t  0.6 amps 
a t  50°C. 
The c e l l  gave less than 50 minutes t o  1.0 VDC a t  3.0 
amps. This w a s  repeated again with similar r e s u l t s .  

A s i g n a l  of 0.52 was observed a f t e r  16 hours.  

When charged a t  1 2  amps and 50"C, a s igna l  
of 0.85 VDC was obtained i n  18 minutes and t h e  c e l l  
gave 55 minutes t o  1.0 VDC a t  3 amps. 

Tenta t ive  conclusions drawn from these  tests 
were t h a t  t h e  performance was considerably worse a t  
the  high and low temperatures. The con t ro l  e l ec t rode  
would, however, func t ion  t o  prevent excessive over- 
charge. 
t o  the  p o s i t i v e  e l ec t rode  being i n e f f i c i e n t  a f t e r  r epe t i -  
t ive  overdischarges.  

The performance noted was probably a t t r i b u t a b l e  

Overdischarge Tolerance a t  +5"C and +45"C 

The c e l l  was then cycled f o r  16  cycles  on the  
overdischarge cyc le  a t  +45"C. A t  the  end of t h i s  time 
the  pressure  was up t o  76 p s ig .  The c e l l  was s t i l l  
performing according t o  design p r i n c i p l e s ,  except t h a t  
the  pos i t i ve  was not accepting charge as f u l l y  and thus 
was inve r t ing  sooner. 

One f u l l  cycle  was given a t  +5"C and the  
pressure reached 110 psig.  The f i r s t  cyc le  d i d  not 
have a f u l l  charge cyc le  and t h i s  may have accounted 
i n  p a r t  f o r  t h e  high pressures .  Tests  with these  
prototype c e l l s  were not continued, s ince  work had 
begun on the  next generat ion of c e l l s .  
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3.4 Fina l ized  Design Cells 

Amset ing was held on October 8, 196k, with J .  Sherfey a t  
NASAIGoddard t o  d iscuss  performance t o  date and var ious  design 
concepts. It was agreed t h a t  t h e  c e l l s  should approximate normal 
6 ampere-hour s i z e  even though the  capaci ty  would be somewhat less; 
t h a t  is, t he  f i n a l  design would follow e s s e n t i a l l y  t h a t  of proto- 
type c e l l s  (3.3.3.1). 

3.4.1 Fourth Electrode Cell  Design 

The design goal of t h e  4 th  e l ec t rode  c e l l  was t o  approxi- 
mate the  s i z e  and nominal e l e c t r i c a l  capac i ty  of a standard 
pr ismatic  6 ampere-hour aerospace c e l l .  With t h i s  i n  mind ,  
i t  was decided t o  use a case of  the  same cross  sec t ion  a s  our 
standard 6 AH c e l l ,  42B006AB03, and extend the  length s l i g h t l y  
i f  necessary.  This would enable us t o  use standard ceramic 
seal covers,  and el iminate  the  o r d i n a r i l y  long delay experienced 
when obtaining covers of a unique design. 

I n  order  t o  accomodate the  addi t iona l  e l ec t rodes ,  i t  
was decided t o  bui ld  the  c e l l  with two "covers" containing 
4 insu la ted  terminals .  The c e l l  was designed u t i l i z i n g  the  
two insu la ted  terminals  on the  top cover f o r  p o s i t i v e  and 
negat ive e lec t rodes ,  one bottom terminal f o r  the  3 r d  elec- 
t rode  (charge con t ro l ) ,  and the  o ther  insu la ted  bottom t e r m i -  
na l  f o r  the  reference electrode.  The can was used as t h e  
4 th  e lec t rode  terminal .  I n  order  t o  allow f o r  add i t iona l  
terminal space a t  the  bottom of the  can and s t i l l  u t i l i z e  the  
f u l l  p l a t e  length,  t h e  can was lengthened by 0.25 inches over 
t h e  standard 6 AH s i z e .  The bottom f i l l  tube was pinched off  
before  f i l l i n g  the  c e l l  with e l e c t r o l y t e ,  while the  top f i l l  
tube was f i t t e d  with the  required plumbing a f t e r  add i t ion  
of e l e c t r o l y t e .  An ou t l ine  drawing of t he  f in i shed  c e l l  i s  
shown i n  Figure 4. 

The i n t e r n a l  construct ion of t he  c e l l  is shown sche- 

These were welded t o  the top insu la ted  termi- 
ma t i ca l ly  i n  Figure 5. It contains  9 negat ive p l a t e s  and 
8 pos i t i ves .  
na l s  and wrapped with non-woven nylon separa tor .  A t h i r d  
(charge cont ro l )  e lectrode was located on one edge of the  
pack with a p iece  of separator  between t h e  pack and the  elec- 
t rode.  
e l ec t rode  and the  c e l l  case f o r  i n su la t ion  and t o  provide 
a gas space. The reference e lec t rode ,  cons i s t ing  of a small 
p iece  of p a r t i a l l y  charged pos i t i ve  p la te , .was  placed on the  
bottom of t h e  pack assembly completely enclosed with a wrap 
of separa tor .  
faces  of the  p l a t e  pack, with a l aye r  of separa tor  between the  
e l ec t rode  and the  adjacent negat ive p l a t e .  Gas space was 
provided between the  can and the  e lec t rode  by a p iece  of 
corrugated WC. 

A sec t ion  of corrugated PVC was placed between the  

Fourth electrodes were assembled on both broad 
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The en t i re  p l a t e  and a u x i l i a r y  e l ec t rode  pack was enclosed 
i n  a polypropylene wrapper, and in se r t ed  in to  the  can and the  top 
cover welded  i n  place.  
t he  can walls, t he  t h i r d  e l ec t rode  l e a d  we lded  t o  one bottom terminal 
and the  re ference  e l ec t rode  lead welded  t o  the  o the r  bottom terminal. 
Following t h i s ,  t he  bottom cover was w e l d e d  on and 18 cc of 31% 
K 0 H was introduced i n t o  the  c e l l .  
t o  each c e l l  and a f t e r  a 24 hour soak period the  c e l l s  were ready 
f o r  t e s t i n g .  

The fou r th  e l ec t rodes  were spot  welded  t o  * 
I -  

A pressure  gage was assembled 

3.4.2 Preliminary T r i a l  Cells 

Suf f i c i en t  p l a t e  material was se lec ted  t o  bui ld  the  required 
number of c e l l s  p lus  spares  and given the  normal aerospace processing. 
Since t h e r e  was t o  be a sho r t  delay i n  obtaining a l l  t he  c e l l  com- 
ponents, i t  was decided t o  bui ld  two preliminary c e l l s  using a can 
fabricated i n  our p i l o t  shop. 

The c e l l s  were given a number of formation cyc les .  The s ta te  
of charge was set by dr iv ing  t h e  cells i n t o  reverse  and vent ing the  
gasses generated. 

The c e l l s  were given seven f u l l  overdischarge cycles  according 
t o  (3.2.1) a t  room temperature. 

They were charged a t  room temperature a t  6.0 amps t o  a s igna l  
cut-off and gave 63 t o  64 minutes when discharged a t  6.0 amps. 

One c e l l  was given 16 overdischarge cycles  according t o  (3.2.1) 
a t  O O C .  The pressure  range during the  16th cyc le  was from 35 t o  66 ps ig .  

Both c e l l s  were given t h r e e  cycles  a t  0°C of charge a t  6.0 amps 
t o  a s igna l  cut-off and discharge a t  6.0 amps. 
60 minutes on discharge.  

They ran  from 54 t o  

Both c e l l s  were given t h r e e  s imi l a r  cycles  of charge and 
They r a n  from 50 t o  62 minutes. 

The two c e l l s  were given 15 overdischarge cycles  a t  45°C 

discharge a t  6.0 amps a t  40°C. 

according t o  (3.2.1). On the  15th cyc le  the  pressure  ranged from 
-25" of Hg t o  +69 ps ig .  

The r e s u l t s  from these  tes ts ,  were considered s a t i s f a c t o r y  so  
t h a t  t he  f i n a l  production c e l l s  could be assembled and tested i n  a 
s t r a i g h t  forward manner as  soon as a l l  hardware was received.  

3.5 Production Cel l s  

F i f t een  c e l l s  were assembled, One c e l l  had a de fec t ive  cover and 
was not  processed f u r t h e r  af ter  being l eak  tested on the  mass S P e C t r O -  
graph. 
E l e c t r i c  Process I n s t r u c t i o n  P24A-PB-128 (See Appendix). Test  r e s u l t s  

The assembly fo rna t ion  and t e s t i n g  was done according t o  General 
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are given i n  Table 6. 

Throughout a l l  t e s t i n g  a 10 milliohm wire  was connected between t h e  
a u x i l i a r y ,  (4th) e l ec t rode  and the  negat ive e lec t rode .  The p o t e n t i a l  
across  t h i s  wire measured with a mi l lvo l tmeter ,  can be r e l a t e d  t o  the  
recombination cur ren t  a t  the  auxi l ia ry .  

A 10 ohm r e s i s t o r  was connected between the  con t ro l ,  (3e') ,  e lec t rode  
and the  negat ive.  
p ressure  r e l i e f  valve.  

The c e l l s  were a l l  equipped with pressure  gages and 

3.5.1 Formation Tests (3.0 of P24A-PB-128) 

The c e l l s  were given 3 formation cyc les  cons i s t ing  of 16 
hour charge a t  C/10. 

The c e l l s  were a l l  seen t o  be very c l o s e  t o  6 AH a t  the  two 
hour r a t e .  

The discharge on the second cyc le  was taken t o  -1.0 vdc 
and the  c e l l s  vented t o  regula te  the  s t a t e  of change. 

3.5.2 Acceptance Tests  

Voltage S tab i l i za t ion  (4.1 of P24A-PB-128) 

The s t a b i l i z e d  vol tages  a r e  given i n  Table 6. It should be 
noted t h a t  the  s t a b i l i z e d  vol tage  i s  less than the  maximum value 
reached during charge. The maximum vol tage  was reached a f t e r  about 
13 hours of charge a t  C/10 and was about 0.02 v o l t s  higher .  

The reason f o r  t h i s  d i f f e rence  i s  t h a t  when the  oxygen re- 
combination cur ren t  becomes eqlial t o  t he  charge r a t e  then  the  negat ive 
cadmium e lec t rode  i s  no longer being charged and the  c e l l  p o t e n t i a l  
no longer shows the  overvoltage due t o  charging. Obviously the  order  
of magnitude of t h i s  d i f fe rence  w i l l  depend on the  charging r a t e .  

I n t e r n a l  Impedance (4.2 of P24A-PB-128) 

The 60 cycle  impedance were measured by determining the  AC 
vol tage  drop when 100 mA AC i s  passed between the  d e s i r e d  po in ts .  
The c e l l  impedance were from 2.6 t o  4.8 milliohms which i s  considered 
normal f o r  a c e l l  of t h i s  s i z e .  The four th  e lec t rode  t o  negat ive 
impedances ranged from 1 2  t o  22 milliohms. The t h i r d  e l ec t rode  t o  
negat ive impedances ranged from 1 1 2  t o  140 milliohms. 

Capacity Discharge (4.3 of P24A-PB-128) 

The capac i ty  of the c e l l s  ranged from 5.5  t o  6 AH a t  t he  two 
hour r a t e .  

I n t e r n a l  Short (4.4 of P24A-PB-128) 

A l l  c e l l s  passed the i n t e r n a l  s h o r t  tests.  
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Overdischarge a t  25°C (4.5 of P24A-PB-128) 

The c e l l s  were given 4 cycles  of overdischarge (two on 
one day and two on the  following day),  Af te r  each of the  f i r s t  
two cyc les ,  t he  c e l l s  were vented t o  fu r the r  ad jus t  the  s t a t e  
of charge. This was the  las t  vent ing which t h e  c e l l s  received.  
The r e s u l t  of a l l  four cycles  a r e  summarized i n  Table 6. 

More de t a i l ed  r e s u l t s  are given i n  Table 7 f o r  t he  l a s t  
t w o  cyc les .  
auxi l ia ry  e lec t rode  t o  negat ive cur ren t  and pressure  are 
given. 
dividing the  vol tage  drop measured across  the  10 milliohm wire 
by 0.01. 
It can b e  noted t h a t  the  a u x i l i a r y  t o  negat ive cur ren t  i s  
general ly  g rea t e r  when the  negat ive e l ec t rode  approaches more 
complete discharge.  One c e l l  #14 i s  seen t o  perform d i f f e r e n t l y  
from the  o thers  i n  t h a t  the  pressure remains a t  a low value.  
This may be p a r t i a l l y  accounted f o r  by the  f a c t  t h a t  t he  negat ive 
breaks e a r l i e r  than most o the r s ,  however, performance on o ther  
t e s t s  would ind ica t e  t h a t  the  a u x i l i a r y  e l ec t rode  i n  t h i s  c e l l  
was more a c t i v e  (showed l e s s  po lar iza t ion)  f o r  some reason. 

Cel l  vo l tages ,  re fe rence  t o  negat ive vol tages ,  

The a u x i l i a r y  t o  negat ive cu r ren t s  were obtained by 

These measurements were probably accura te  t o  *lo%. 

Overcharge Control (4.6 and 4.7 of P24A-PB-128) 

On the  f i r s t  cyc le  the  c e l l s  were charged a t  t he  C / 2  r a t e  
t o  a s igna l  vo l tage  of 0.5 vdc (cont ro l  e l ec t rode  t o  negative) 
and then discharged a t  t he  two hour r a t e .  The da ta  i s  summarized 
i n  Table 6 and detai ls  a re .g iven  i n  Table 8. 
than 6.3 AH on t h e  f i r s t  cyc le ,  which, followed the  overdischarge 
t e s t s  of 4.5. 
deep discharge accounts f o r  t he  high c a p a c i t i e s  observed. 

A l l  c e l l s  gave g r e a t e r  

The high charge rate combined with the  previous 

On the  second cyc le  the  c e l l s  were charged i n  the  same 
manner except t h a t  t he  charge a t  C / 2  was continued f o r  a t o t a l  
of 210 minutes, which corresponds t o  a charge input  of 10.5 AH. 
R e s u l t s  are given i n  Tables 6 and 8. 

The d a t a  has been p lo t t ed  i n  Figure 6 f o r  c e l l  #2. 
charge a hydrogen pressure  develops due t o  evolu t ion  of hydrogen 
on t h e  a u x i l i a r y  e lec t rode .  
minimize t h i s  e f f e c t ,  a somewhat l a r g e r  r e s i s t o r  could be used t o  
replace the  10 milliohm connection. 
t o  generate hydrogen during the  e a r l y  s tages  of charging a t  t h i s  
r a t e  i s  estimated t o  be about 60 mA o r  about 2% of t he  t o t a l .  A t  
these charge r a t e s  t he  generat ion of hydrogen i s  not  s e r ious  s ince  
the  po ten t i a l  of the  a u x i l i a r y  w i l l  become more negat ive as the  
hydrogen pressure  increases  u n t i l  t he  a u x i l i a r y  p o t e n t i a l  becomes 
equal t o  t h e  negat ive a t  which t i m e  t he  hydrogen cu r ren t  w i l l  be 
in s ign i f i can t .  

During 

If it were considered des i r ab le  t o  

The charge cu r ren t  being used 

The hydrogen pressure  disappears  completely a s  soon a s  oxygen 
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star ts  evolving a t  a s ign i f i can t  r a t e  from the  p o s i t i v e  
p l a t e ,  i .e.,  near  t h e  end of f u l l  charge.  
combines chemically on the c a t a l y s t  su r f ace  with the  oxygen.) 

A t  t h i s  t i m e  the  vol tage  between the  c o n t r o l  and n iga t ive  e l ec t rode  
rises sharply.  
negat ive cur ren t  a l s o  increases  sharp ly  a t  t h i s  po in t  i nd ica t ing  t h a t  
t h e  oxygen generated on overcharge i s  recombining on t h e  a u x i l i a r y  
e lec t rode .  
remains a t  a very low value during the  overcharge period. 

(The hydrogen 

The da ta  i n  Table 8 shows t h a t  t h e  a u x i l i a r y  t o  

The recombination i s  so e f f i c i e n t  t h a t  t he  pressure  

The C e l l  vo l t age  shows an i n t e r e s t i n g  increase  a t  about 
t he  same t i m e .  
e lec t rode  and probably i s  due t o  the  oxygen overvoltage.  
As  soon as t h e  a u x i l i a r y  s t a r t s  t o  recombine oxygen a t  a s i g n i f i -  
cant  rate, t h e r e  i s  a drop i n  p o t e n t i a l  on t h e  negat ive e lec t rode .  
This corresponds t o  the  overvoltage of charging the  cadmium e lec t rode ,  
i .e.,  t he  negat ive e lec t rode  i s  no longer being charged s ince  the  
cur ren t  i s  now being used f o r  t he  reduct ion of oxygen on the  a u x i l i a r y .  

The r ise i n  p o t e n t i a l  i s  due t o  t h e  p o s i t i v e  

(It i s  seen i n  Tables  6 and 8 t h a t  ce l l  #14 shows an extreme 
drop i n  t h e  p o t e n t i a l  of the  negat ive e l ec t rode  a t  t h i s  t i m e .  
value of t he  negat ive po ten t i a l  on these  cyc les  i s  a t  times l e s s  
than t h e  open c i r c u i t  po ten t i a l  of t h e  cadmium e lec t rode ,  which 
would suggest an e r r o r  i n  measurepent poss ib ly  due t o  poor vol tage  
o r  cur ren t  connection, However, soldered and stack-on connections 
were used with a terminal  board and no s i n g l e  set of condi t ions can 
explain t h e  anomalous behavior noted .) 

The 

The c e l l s  were discharged a t  t he  6 ampere r a t e  (except f o r  
#14 which was continued on overcharge f o r  24 hours).  The capac i t i e s  
were somewhat lower than the  previous cyc le  and ranged from 5.9 
t o  6 . 6  AH. 

3.5.3 Supplemental Testing 

Ten of the fourteen cells were se lec ted  and shipped t o  NASA/ 
Goddard f o r  add i t iona l  t e s t s .  Two of t h e  remaining four; were 
tested according t o  paragraph 5.0 of P24A-PB-128. 
tests were performed i n  a i r  ambients of O"C, 25"C, and 50°C. 
overdischarge tests were performed a t  5 " C ,  25" and 45°C. 

The charge con t ro l  
The 

Overcharge a t  0" C (5.1 of P24A-PB- 128) 

The two cells were charged a t  t h e  6 amp rate a t  0°C 
u n t i l  a s igna l  was obtained between t h e  con t ro l  e lec t rode  
and the  negat ive e lec t rode .  

The da ta  i s  given i n  Table 9 and i s  p lo t t ed  i n  Figure 
7 f o r  c e l l  #2. 

The r e s u l t s  a r e  similar t o  Figure 6 (C/2  a t  RT) except 
t h a t  t h e  pressures  are a l i t t l e  higher .  When discharged a t  

I 
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t he  6 amp rate,  5 .2  AH were obtained. 

Overcharge a t  50°C (5.2, 5.3 and 5.4 of P24A-PB-128) 

The c e l l s  were given two cycles  of charge ( t o  s igna l  
cut-off)  and discharged a t  6.0 amps. The c e l l s  gave 4.5 
AH on discharge a f t e r  a charge of 5.6 AH f o r  a charge e f f i c i e n c y  
of 80%. Detailed da ta  are given i n  Table 9. 

The th i rd  cycle  a t  50°C consisted of a 3 amp charge t o  
a s igna l  and a 6 amp discharge.  
AH after a charge of 6.6 AH f o r  a charge e f f ic iency  of 78 and 
76%. 

The c e l l s  gave 5.2 and 5.0 

Overcharge a t  RT (5.5 and 5.6 of PB24A-PB-128) 

The c e l l s  were given two cycles  of charge and discharge 
a t  the  6 amp rate. 
cycle a f t e r  a charge of 6 .7  AH f o r  a charge e f f ic iency  of about 
85%. 
c e l l  P2 on t h e  f i r s t  cycle.  

The c e l l s  gave 5.7 and 5.6 AH on the  f i r s t  

Data are given i n  Table 9 and p lo t ted  i n  Figure 8 f o r  

Overdischarge Cycle (5.7 of P24A-PB-128) 

The two c e l l s  were given 20 f u l l  overdischarge cycles  
a t  25"C, 10 cycles  a t  5°C and 10 cycles  a t  45°C. 
were made of the  data f o r  t h e  l a s t  cycle a t  each temperature 
from continuous recordings of t he  s i n g l e  e lec t rode  p o t e n t i a l s  
and a u x i l i a r y  gas recombination cur ren ts .  
port ions are given i n  Figures 9A and 9B, 10A and 10B, and 
11A and 11B f o r  c e l l  #2. 

Tracings 

The discharge 

The p o s i t i v e  t o  reference vol tage is very s m a l l  on a 
charged p l a t e ,  s ince  the  reference e lec t rode  i s  the  same type 
of e lectrode.  When the  p o s i t i v e  p l a t e  i s  discharged the  
po ten t i a l  of t he  n icke l  hydroxide e lec t rode  becomes negative 
t o  the  reference.  
begins t o  evolve hydrogen. 

A t  a negative p o t e n t i a l  of about 1 . 2  i t  

The negative t o  reference vol tage  i s  near ly  constant 

When it  i s  discharged it becomes less negative with 
with s ta te  of charged and has a negat ive value of about 1 . 2  - 
1.3. 
respect  t o  the  NiOOH, N i ( O H ) 2  reference electrode.  
po ten t i a l  more p o s i t i v e  than about 0.15 v o l t s  i t  w i l l  
evolve oxygen. 

A t  a 

The c e l l  vol tage (which i s  not given i n  the  recorder 
t racings)  i s  the  a lgebra ic  d i f f e r e n c e  between the two s ingle  
e lectrode po ten t i a l s .  
the  mid-voltage of t he  normal discharge (@ 80 minutes) would 
be about 1.25. 
c e l l  vol tage i s  zero. 

Thus during discharge i n  Figure 9A 

A t  97 minutes t h e  p o t e n t i a l s  are equal and the  
From 98 t o  100 minutes the  nickel  hydroxide 
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e lec t rode  is  more negative than cadmium e lec t rode  and t h e  c e l l  
p o t e n t i a l  is  negative (about -0.20). 

The cur ren t  is given as the  negat ive t o  a u x i l i a r y  cu r ren t  
and a p o s i t i v e  value corresponds t o  t h e  hydrogen recombination 
reac t ion .  
evolut ion on the  aux i l i a ry  e lec t rode .  

Whereas a negat ive value corresponds t o  hydrogen 

Overdischarge cyc les  a t  25" C 

Referring again t o  Figure 9A, (The f i r s t  discharge of 
t h e  twent ie th  cycle a t  room temperature) t he  ampere-hours d i s -  
charged a r e  equal to  t h e  previous charge. I n  t h i s  case about 
86% of the  charge is de l ivered  as usefu l  capaci ty .  
po in t  the  p o s i t i v e  e l ec t rode  i s  completely discharged and 
hydrogen i s  evolved. 
discharged u n t i l  t h e  l a s t  few minutes and i t s  p o t e n t i a l  i s  j u s t  
breaking as  the  c e l l s  go i n t o  t h e  charge cycle .  The negat ive 
t o  aux i l i a ry  current  i s  small ,  less than a ha l f  an ampere and 
drops s l i g h t l y  during t h e  discharge,  while t he  hydrogen pressure  
continues t o  drop (see  Figure 1 2 ) .  
r e s u l t s  i n  increased charge of t he  cadmium e lec t rode .  Near 
the  end of t h e  discharge period the  a u x i l i a r y  cur ren t  shows 
an increase  due t o  t h e  increase  i n  hydrogen pressure  and due 
t o  the  negat ive e lec t rode  becoming less negative.  

A t  t h i s  

The negat ive cadmium e lec t rode  i s  not 

The hydrogen being consumed 

Referring t o  Figure 1 2  the  hydrogen pressure  i s  seen t o  
have been dropping during the  charge and discharge period u n t i l  
t he  p o s i t i v e  e lec t rode  reverses  a t  which t i m e  t h e  pressure  
shows a sharp increase.  

The pressure  then  drops slowly during the  next charge 
per iod,  drops more r ap id ly  during the  next discharge and then 
increases  r ap id ly  during the  overdischarge.  

Referring t o  the second discharge i n  Figure 9B, the  
var ious curves a r e  very similar t o  those of 9A u n t i l  t he  longer 
overdischarge period. When t h e  negat ive e l ec t rode  becomes more 
p o s i t i v e  than previously the  a u x i l i a r y  cu r ren t s  increases  t o  
a higher value.  Since the  recombination cur ren t  i s  l e s s  than 
t h e  overdischarge cur ren t  t h e  pressure continues t o  
increase  u n t i l  the  end of t h e  cycle .  I f  t he  negat ive 
e l ec t rode  had a smaller charge and thus had become more pos i t i ve ,  
t h e  recombination cur ren t  would have been much higher .  

The maximum pressures  during t h e  twenty cycles  a t  25°C 
were 68 p s i a  f o r  
were 16 p s i a  f o r  82 and 19 p s i a  fo r  #13. 

#2 and 74 p s i a  f o r  #13. The minimum pressures  

Overdischarge Cycles a t  5°C 

Resul ts  are given i n  Figure 10A and 10B.for  t h e  t en th  
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overdischarge cyc le  a t  5°C. The i n i t i a l  p a r t s  of t h e  discharge 
curves are similar t o  those obtained a t  25°C. The capac i ty  
of both the  p o s i t i v e  and negat ive are less than a t  25°C. 
Consequently, t he  pressure  (see Figure 12) begins t o  r ise 
sooner on overdischarge.  However the  negat ive e l ec t rode  
breaks sooner and more sharp ly  and consequently on the  second 
discharge the  gas recombination cur ren t  r ise t o  a higher  value 
of almost 2 amperes. 

' 

A t  t he  s tar t  of t he  next charge a f t e r  t he  second over- 
discharge,  t he  negat ive t o  a u x i l i a r y  cur ren t  shows a sharp 
negat ive spike.  This sp ike  is  f requent ly  observed when the  
cadmium e l ec t rode  has  reached a r e l a t i v e l y  p o s i t i v e  value 

reversed. It may be t h a t  t he  cadmium e lec t rode  recovers i t s  
normal negat ive va lue  sooner than the  a u x i l i a r y  with t h e  r e s u l t  
t h a t  t he  cur ren t  flows i n  t h e  opposi te  d i r e c t i o n  u n t i l  t he  
a u x i l i a r y  has acquired the  same p o t e n t i a l .  It i s  un l ike ly  t h a t  
hydrogen i s  being evolved from t h e  a u x i l i a r y  a t  t h i s  p o t e n t i a l .  

. and the  d i r e c t i o n  of cur ren t  flow i n  the  c i r c u i t  i s  ins tan teous ly  

The maximum pressures  during t h e  t e n  cycles  of overdischarge 
a t  5°C were 70 p s i a  f o r  c e l l  #2 and 100 f o r  c e l l  1\13. The 
minimum pressures  were 30 p s i a  f o r  3!!2 and 40 p s i a  f o r  f13. 

Overdischarge Cycles a t  45" C 

Results are given i n  Figures  1 1 A  and 1 1 B  f o r  t he  t en th  
overdischarge cyc le  a t  45°C. The p o s i t i v e  e l ec t rode  shows a 
pronounced g r a p h i t i c  s t e p  which amounts t o  almost one four th  
of t he  t o t a l  capaci ty .  It i s  i n t e r e s t i n g  t o  note  t h a t  the  
t o t a l  pos i t i ve  charge i s  about the  same as a t  25"C, while the  
capaci ty  t o  t h e  normal 1.0 vdc is  only about 75%. 

The cadmium e lec t rode  became discharged s h o r t l y  a f t e r  
t h e  pos i t i ve  e l ec t rode  and rose  r ap id ly  t o  a less negat ive 
po ten t i a l .  

The a c t i v i t y  of t h e  gas e l ec t rode  a t  the  higher  temperature 
is  predic tab ly  much g rea t e r .  As  a r e s u l t  t h e  pressure  i s  
very low (see Figure 1 2 ) .  During the  overdischarge,  the  
hydrogen i s  recombined as r ap id ly  as it i s  formed and a d i f f e r e n t  
p a t t e r n  is observed from t h a t  a t  lower temperatures.  A t  45°C 
t h e  pressure increases  during charge t o  about one atmosphere 
and drops during discharge,  remains e s s e n t i a l l y  constant  even 
during overdischarge and then rises slowly again on charge. 

The recombination cu r ren t  approaches t h e  t o t a l  over- 
discharge cur ren t  of 3 amperes. 
cadmium e lec t rode  showed Some v a r i a b i l i t y  i n  t h a t  i t  s t a r t e d  
t o  recover a more negat ive p o t e n t i a l  a t  t i m e s .  

During t h e  overdischarge,  t he  

As a r e s u l t  
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there were similar variations i n  the recombination 
current. 

The maximum pressures during the ten overdischarge 

The minimum pressures were 5 peia for c e l l  #2 and 10 
cycle at 45°C were 14 psia for c e l l  #2 and 29 psia for c e l l  
613. 
peia for cell #13. 
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4.0 Discussion and Recommendations 

It has been demonstrated that hemetically sealed nickel cadmium 
cells can be built which are iaunune to damage due to overdischarge or 
overcharge. This has been accomplished by employing suitable gas 
electrodes within the cell container in the proper configuration. 

b 

Ten hermetically sealed aerospace quality cells were delivered 
to NASAIGoddard as a consequence of this contract. 
be given additional tests to determine their long term performance 
characteristics. 

These cells will 

While the cells were designed primarily to demonstrate the 
feasibility of using gas electrodes to recombine gases formed during 
overdischarge, they clearly demonstrate the advantages of using 
auxiliary electrodes for overcharge protection. 
capable of being continuously overcharged at rates as high as the 
C - rate. 
made for removing the heat generated. 

These cells are 

Obviously if this is done in practice, prooisions must be 

Control electrodes were provided which can be used to determine 
the presence of oxygen on overcharge. The signal so developed can 
be used in the conventiolial manner to regulate the charge. 
sense the control electrode is redundant since the direction of 
current flow in large auxiliary to negative loop could also be used 
for the same purpose. 
make this connection and the circuit set up in such a manner that 
the charge would be terminated at a particular oxygen recombination 
current. 

In a 

. Thus a low resistance coil might be used to 
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TABLE 1 

TEST A - 4 2 1  

, 
I 

I 

POLARIZATION DATA OF 3 OXYGEN ELECTRODES 

AT VARIOUS PRESSURES AND CURRENT DENSITIES AT ROOM TEMPERATURE 
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Time  i n  
Minutes 

78 
80 
82  
83 
85 
86 
87 
89 
90 
92 
93 
100 
103 
105 
106 
107 
109 
110 
1 1 2  
113 
113 
117 
1 1 7  
119 
1 2 1  
130 
133 

f ’ l 3 5  
$36 
; 140 I 

140 
142 
142 
145 
145 
148 

Pressure,  
p s i a  

O2 

6.85 

J. 

J4 

.1 

4.95 

2,95 
J. 

1.0 

13.05 

1 
7 .O 
4f 

5.0 

1 
3.05 

J4  

1.00 
\L 

13.0 

i 
j 6.90 

’J I  
4.95 
J, 

3.05 
J. 

1.00 
4 

TABLE 1 

(continued) 

Current 
Density 
m ~ /  cm2 

25 

. 

, o  

, o  

75.0 ‘I 

Voltage NiOOH t o  Test Electrode 

0.640 0.640 0.590 
0.640 0.640 0.600 
0.640 I 0.640 1 0.600 
0.650 0.660 0.610 
0.650 I 0.660 I 0.620 
0.659 0.660 0.620 

0.630 0.660 0.680 
0.630 0.660 0.680 

0.700 0.770 0.660 
0.700 I 0.780 I 0.670 
0.700 0.780 0.670 
0.640 0.610 0.600 
0.640 0.620 0.610 
0.640 I 0.620 I 0.610 
0.640 0.620 0.610 
0.740 0.740 0.700 
0.740 0.740 0.700 
0.740 0.760 0.710 
0.750 0.760 0.710 
0.750 0.760 0.710 
0.760 0.800 0.730 
0.760 0.800 0.730 
0.820 0.940 0.830 
0.820 0.940 0.830 
0.720 0.680 0.680 
0.800 0.740 0.760 
0.800 I 0.740 I 0.760 
0.800 0.740 0.760 

0.770 0.780 
0.770 0.780 
0.790 0.780 0.820 

0.820 0.790 0.780 
0.830 0.840 0.800 
0.830 0.840 0.800 
0.890 1.050 0.950 
0.890 1.050 0.950 

i O S 8 l 2  0.81 

I 
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TABLE 1 

(continued) 

AT- 1 

0.790 

I Voltage NiOOH to Test Electrode 

G. D. A. C. 

0.720 0.740 

0.840 
0.880 

0.790 1 0.720 I 0.740 
0.840 0.760 0.800 

0.780 0.820 
0.800 0.830 

0.840 I 0.780 I 0.820 

0.880 
0.890 

0.800 0.830 
0.830 0.840 

0.920 
0.920 

1.000 
1.000 
0.800 
0.800 
0.800 
0.800 
0.800 
0 

0.890 I 0.830 I 0.840 
0.920 0.890 0.870 

0.870 0.860 
0.870 0.863 

1.580 1.030 
1.580 1.030 
0.720 0.780 
0.720 0.780 
0.720 0.780 
0.720 0.780 
0.720 0.780 
0.340 0.300 
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TABLE 2 

~ 20.0 

TEST C-512 

- 
S a m p l e  

G -  1 G - 3  6 - 4  

POLARIZATION DATA OF 3 OXYGEN ELECTRODES 

0.30 
0.58 
0.61 

AT VARIOUS PRESSURES AND CURRENT DENSITIES AT ROOM TEMPERATURE 

0.30 0.29 
0.48 0.51 I 
0.51 0.56 

Time i n  
M i  nut e 8 

0.60 I 0.62 

0 
3 
5 
7 
8 
10 
1 2  
13 
14 
15 
18 
20 
20 
23 
23 
25 
25 
27 
28 
28 
31 
31 
3k 
35 
39 
39 
41 
42 
42 
45 
47 
47 
50 
50 
53 

0.58 0*56 I 0.50 
0.54 

Pres sur e, 
psia 
62 

0.62 
0.60 
0.72 

13.0 

0..54 0.58 
0.51 , . 0.55 
0.56 0.64 

JI 
5 . 0  

0.72 
0.72 
0.72 

1 
3.0 

0.58 0.64 
0.58 0.64 
0.60 0.66 

c 
13.0 

0.72 
0.73 
0.73 
0.74 

5.0 
J, 

3.0 
0.60 0.66 
0.62 0.67 
0.62 0.67 
0.64 0.69 

G 
1.0 
- 

0.74 
0.70 
0.76 

c 
13.0 

0.64 0.69 
0.60 0.64 
0.65 0.70 

5 .O 
0.76 
0.78 
0.78 
0.78 
0.78 
0.79 

5. 
3.0 
- 

0.65 0.70 
0.66 0.72 
0.66 0.72 
0.68 0.73 
0.68 0.73 
0.70 0.75 

G 
1 .o 
$. 

13.0 

- 
- 0.79 1 0.74 

0.80 

- 
5.0 

0.70 1 0.75 
0.64 0.70 I 
0.68 1 

Current 
Density 
mA/cm2 

5.0 

10.0 

15.0 I 

Voltage NiOOH t o  Test Electrode I 

1 O o 6 '  0.62 1 0*51 0.50 I 0*56 0.56 I 

.~ 

1 0.80 I 0.69 I 0.74 I 
0.80 I 0.69 1 0.74 1 I 0.82 0.70 0.76 



TABLE 2 

0.86 
0.77 
0.84 

(continued) 

0.74 0.80 
0.68 0.74 
0.71 0.78 

Time in Pres sure, 
Minutes psia 

*2 

0.84 
0.85 
0.85 
0.85 
0.85 
0.89 
0.92 
0.79 

Current 
Density 
mA/dm2 

0.71 0.78 
0.72 0.80 
0.72 0.80 
0.73 0.80 
0.73 0.80 
0.78 0.84 
0.80 0.84 
0.70 0.77 

53 I . 1.0 I 20.0 

0.84 
0.86 
0.86 
0.87 

55 
55 
55 
58 
58 
60 
60 
63 
63 
65 
65 
70 
73 
77 
77. 
80 
80 
83 
83 
85 
85 
86 
89 
89 
92 
92 
95 
95 
98 
98 
98 
100 
105 
105 
110 

0.74 0.82 
0.76 0.84 
0.76 0.84 
0.76 0.85 

JI I 13.0 

0.92 
0.82 
0.97 

.1 
5.0 

0.82 0.88 
0.72 0.80 
0.82 0.96 

JI I 3.0 

0.97 
0.99 
0.99 
1.00 
1.00 
1.40 

.Ir 
1.0 

44 

13 .O 

1 
5.0 

0.82 0.90 
0.84 0.98 
0.84 0.98 
0.86 0.99 
0.86 0.99 
1.24 1.08 

J. 
3.0 
J, 
1.0 

1.40 
0.94 
1.25 

J. 
13.0 

.1 
‘.i” 
3.0 

1.20 1.08 
0.78 0.94 
1.00 1.30 

1.0 
4 4  

13.0 
J. 
5.0 

1.25 
1.30 
2.30 

L 
3.0 
1.0 
- - 

1 .oo 1.30 
1.08 1.35 
2.10 2.20 

\1 - 
25.0 

30.0 

50.0 ! 
- 
100.0 

Voltage NiOOH to Test Electrode 

I 0.86 I 0.74 I 0.82 

0.87 i 0.76 1 0.85 I 0.92 0.82 0.88 

I 1 .25 I 1.00 I 1.30 

I I 1 
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TABLE 3 

TEST G528 

HYDROGEN POLARIZATION DATA ON SAMPLE G3 

(Voltage NiOOH t o  Hydrogen Electrode) 

CURRENT CONSTANT WHILE PRESSURE VARIED 
I I I Hy d r og en 

Pres su re  
ps i a  

2 
Current Density mA/cm 

0 2 3 5 

PRE 

1.25 

1 . 2 1  

1.20 

Current Density 
mA/cm2 

1 . 2 1  1.20 

1.20 1.15 

1.15 1.10 

1.10 1.08 1.0 

10 15 

1.09 1.03 

1.05 0.98 

-0.32 I- 
SURE CONSTANT AND CURRENT VARIED 

0 
2 
3 
5 
10 
15 
25 
35 
50 
75 
100 
150 

- 30 - 

Voltage 

13.0 - p s i a  

1.28 
1.26 
1.24 
1 . 2 1  
1 . 1 2  
1 . 1 2  

.97 

.87 

.68 

.60 

.52 

.36 

liOOH vs. H7 Elec 

7.0 p s i a  

1.23 
1.19 
1.18 
1.05 

.96 

.91 

.81 

.72 

.62 - - .60 

.ode 

3.0 p s i a  

1.25 
1 . 2 2  
1.18 
1.18 

.95 

.80 

.82 

.46 - .46 



TABLE 4 

TEST D-519 

POLARSZATION DATA OF PREFERRED ELECTRODE MATERIAL 

AT VARIOUS TEMPERATURES AND PRESSURES OF H2 AND 02 

(Voltage: NiOOH to Gas Electrode, Data from X - Y recordings) 

Test Condition 

42" C 
13.0 psia H2 

41" C 
7 psia H2 

40" C. 
3 psia H 2  

Room Temperature 
13.0 psia H2 

Room Temperature 
7.0 psia H2 

Room Temperature 
3.0 psia H2 

0" c 
13.0 psia H2 

0" c 
7.0 psia H2 

0" c 
3.0 psia H2 

Current 
Density 

Initial 
Re turn 

Initial 
Return 

Initial 
Return 

Initial 
Return 

Initial 
Return 

Initial 
Return 

Initial 
Return 

Initial 
Return 

Initial 
Return 

OCV 

1.34 
1.28 

1.32 
1.255 

1.32 
1.205 

1.365 
1.28 

1.34 
1.25 

1.34 
1.25 

1.38 
1.28 

1.39 
1.25 

1.38 
1.22 

50 mA/cm2 

1.26 
1.155 

1.255 
1.16 

1.23 
1.105 

1.18 
1.06 

1.15 
1.035 

1.21 
1.09 

1.14 
0.98 

1.14 
0.91 

1.15 
0.915 

100 mA/cm2 

1.14 
1.08 

1.17 
1.10 

1.135 
1.02 

0.965 
0.915 

0.90 
0.88 

1.06 
0.99 

0.92 
0.82 

0.91 
0.68 

0.93 
0.67 
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TABLE 4 

(Continued) 

Test Condition 

40 O C  

13 p s i a  O2 

41" C 
7.0 p s i a  O2 

40" C 
3.0 ps i a  O2 

Room Temperature 
13.0 ps i a  O2 

Room Temperature 
7.0 ps i a  O2 

Room Temperature 
3.0 ps i a  O2 

0" c 
13.0 ps i a  O2 

0" c 
7.0 ps i a  02 

0" c 
3.0 ps i a  O 2  

Current 
Density 

I n i t i a l  
Return 

I n i t i a l  
Return 

I n i t i a l  
Return 

I n i t i a l  
Return 

I n i t i a l  
Return 

I n i t i a l  
Return 

I n i t i a l  
Return 

I n i t i a l  
Return 

I n i t i a l  
Return 

- 

ocv 

0.41 
0.58 

0.37 
0.58 

0.38 
0.60 

0.20 
0.67 

0.36 
0.26 

- - 

0.32 
0.67 

0.24 
0.67 

0.37 
0.66 

50 mA/cm2 

0.64 
0.76 

0.63 
0.76 

0.67 
0.79 

0.77 
0.91 

0.74 
0.73 

- - 

0.74 
1.06 

0.90 
1.05 

0.81 
1.13 

100 

~~ ~ 

0.75 
0.84 

0.76 
0.86 

0.83 
. 0.91 

0.96 
1.04 

0.94 - 
1.05 - 

1.08 - 
1.11* - 
1.15** 

- .  
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Electrode Electrode 

Electrode / 

Figure 1 

Schematic of Auxiliary Electrode Cell 
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1. L u c i t e  blocks 
2 .  Corrugated perforate p las t i c  
3 .  Test Electrode 3 cm x 3 . 3  cm 
4 .  Non-woven nylon separator 
5 .  Partially charged pos i t ive  

6 .  Container 
7 .  Tape 
8. 31% KOH 

plate  4.5 x 5.5  cm 

I 

Figure 2 

Gas Electrode Test Cells 

, 
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. 
Figure  5 

Schematic Drawing of 4 t h  E l e c t r o d e  C e l l  Cons t ruc t ion  
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Electrode Potentials (vs NiOOH) 
and Auxiliary Electrode Current 

2nd Discharge of 

I 
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Electrode Potentfele (ve NiOOH) 
and Auxiliary Electrode Current 

2nd Diecharge of 

I I I / -  \ 
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-- 1 1 1 .  \ I 
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165 175 185 195 205 215 

T i m e  , Minutes 
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APPENDIX 

GENERAL ELECTRIC COMPANY PROCESS 

INSTRUCTION P24A-PB-128 

(Paragraphs 3.0, 4.0 and 5.0) 

3.0 FORMATION - Before s t a r t i n g  formation, t he  3rd e l ec t rode  i s  
at tached t o  the  negative wi th  a 10 ohm r e s i s t a n c e ,  
and the  4th e l ec t rodes  are shorted t o  the  negat ive 
terminal with 10 milliohms r e s i s t ance .  Cells are 
wired t h i s  way i n  a l l  subsequent t e s t ing .  

3.1 F i r s t  Cycle 
Follwing a 16 - 24 hour stand, ce l l s  are charged f o r  16 hours 
a t  .60 amps  and discharged a t  3.0 amps t o  1.0 v o l t / c e l l .  
Measure and record end of charge vol tage and pressure,  and 
t i m e  t o  discharge t o  1.0 v o l t .  

3.2 Second Cycle 
Ce l l s  are again charged a t  .60 amps f o r  16 hours and 
discharged a t  3.0 amps t o  1.0 v o l t .  Maximum charge vol tage 
and pressure,  and t i m e  t o  discharge t o  1.0 v o l t  are recorded. 
Discharge i s  continued t o  -1.0 v o l t  and ce l l s  are vented t o  
the atmosphere. Pressure before vent ing i s  recorded. 

3.3 Third Cycle 
Cel ls  are charged a t  .60 amps f o r  16 hours and discharged a t  
3.0 amps t o  1.0 v o l t .  Data i s  recorded as before. 

4.0 ACCEPTANCE TESTS 

NOTE: Temperature i s  25OC f -  3OC unless  otherwise noted. 

4.1 V o l t a g e  S t a b i l i z a t i o n  
Cel ls  are charged a t  .60 amps u n t i l  vo l t age  s t a b i l i z e s  as 
indicated by less than 50 m i l l i v o l t  change i n  one hour. 
Stabi l ized vol tage and t i m e  on charge are recorded. 

4.2 In t e rna l  Impedance 
In t e rna l  impedance of each c e l l  i s  measured, p o s i t i v e  t o  
negative, 3rd e l ec t rode  t o  negat ive,  and 4 t h  e l ec t rode  t o  
negative. Record impedances i n  milliohms. 

- 62 - 
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4.3 Capacity Discharge 
Discharge each cell at a 3.0 amp rate to 1.0 volt/cell. 
Measure and record time to 1.0 volt. 

4.4 Internal Short 
A completely discharged cell shall be short-circuited for 
16 hours and be charged at .750 amps for 5 minutes. Open 
circuit voltage after 24 hours shall be at least 1.16 volts 
to be acceptable. 

4.5 Overdischarge ("Sherfy Cycle") at 25OC 
Cells are given four cycles to demonstrate overdischarge 
control principle as follows: 

a. Charge at 1.615 amps for 65 minutes 

b. Discharge at 3.0 amps for 35 minutes 

C. Charge at 1.615 amps for 65 minutes 

d. Discharge at 3.0 amps for 50 minutes 

Measure and record cell voltages and pressure at end of each 
step for each cycle. 

4.6 Overcharge Control - Step 1 
Charge each cell at 3.0 amp rate until 3rd electrode-negative 
signal reaches at least 0.50 volts. Measure and record time 
to signal, 3rd electrode signal and cell voltages. Discharge 
cell at 3.0 amp rate to 1.0 volt/cell and record time to 
1.0 volt. 

4.7 Overcharge Control - Step 2 
Charge each cell at 3.0  amp rate until 3rd electrode to negative 
signal reaches at least 0.50 volts. 
minutes past onset of signal. Record signal voltage, and cell 
voltage and pressure at end of overcharge. 
at 6.0 amp rate to 1.0 volt/cell and record time to 1.0 volt. 

Continue charge for 90 

Discharge cells 

5.0 QUALIFICATION TESTS - Select two cells at random from the lot 
and subject to the following tests: 

5.1 Overcharge at O°C 
Cells are placed in chamber at O°C and after 4 hours minimum 
stabilization, are charged at a 6.0 amp rate until 3e to negative 
signal reaches at least 0.50 volts. Cells are discharged at 
6.0 amp rate to 1.0 volt/cell. 
time, 3e signal at termination of charge, cell voltage and 
pressure at end of charge, and time to discharge to 1.0 volt. 

Measure and record charge 

-63 - 



4 

5.2 Overcharge at 5OoC 
Cells are stabilized at 50OC for 4 hours minimum and charged 
at 6.0 amp rate until 3rd electrode to negative signal 
reaches at least 0.50 volts. Cells are then discharged at 
6.0 amp rate to 1.0 volt/cell. 
time, 3e signal at end of charge, end of charge cell voltage 
and pressure, and time to discharge to 1.0 volts. 

Measure and record charge 

5.3 Overcharge at 5OoC - 2nd Cycle 
Repeat test of Paragraph 5.2. 

5.4 Overcharge at 5OoC - 3rd Cycle 
Charge cells at 3.0 amp rate until 3rd electrode to negative 
signal reaches at leat 0.50 volts. 
6.0 amps to 1.0 volt/cell. Record charge time; cell voltage, 
3e to negative voltage and cell pressure at end of charge, 
and time to discharge to 1.0 volt. 

Cells are discharged at 

5.5 Overcharge at 25OC 
After a minimum 4 hours stabilization at 25OC, cells are 
charged at 6.0 amp rate to a 3e signal voltage of at least 
0.50 volts. Discharge cells at 6.0 amps to 1.0 volt. 
Measure and record charge time, cell voltage, pressure, 
and 3e signal voltage, and time to discharge to 1.0 volt. 

Overcharge at 25OC - 2nd Cycle 
Repeat test of Paragraph 5.5. 

5.6 

'% 

. 

.5. 7 Overdischarge Cycle 
Cells shall be continuously cycled until performance has 
stabilized (24 hours minimum) at each temperature of 5OC, 
25OC, 45OC through the overdischarge cycle of Paragraph 4.5. 
Measure cell pressures during each temperature cycle and 
record when operation has stabilized. 
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