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Ges d i f f u s i o n  e l ec t rodes  s u i t a b l e  f o r  use a s  air  cathodes a r e  a necessary 
component for most p r a c t i c a l  f u e l  c e l l s  and meta l -a i r  b a t t e r i e s .  
quirements of a i r  cathodes a r e  s i m i l a r  t o  those for o ther  gas d i f f u s i o n  electrodes,  
namely, an  optimum con tac t  of r eac t an t  gas,  e l e c t r o l y t e  and e l ec t rode  r e a c t i o n  sites 

ever ,  i s  impaired by t h e  i n i t i a l  d i l u t i o n  of r eac t an t  oxygen with i m r t  n i t rogen  and 
t h e  tendency for n i t rogen  t o  remain i n  t h e  e l ec t rode  s t r u c t u r e  and thereby increase 
t h e  d i l u t i o n  e f f e c t  du r ing  cathodic discharge.  

The genera l  re- 

+ f o r  minimum e lec t rode  po la r i za t ion .  The ca thodic  reduct ion  of oxygen i n  a i r ,  h m -  

In prac t i ce ,  a i r  e l ec t rodes  are used i n  contac t  w i t h  free l i q u i d  e lec t ro-  
lyte or with  e l e c t r o l y t e  confined wi th in  a s o l i d  or semisolid matrix.  Electrodes 
designed f o r  matrix use such a s  t h i n  screen  supported e l ec t rodes  ( 1 , 2 )  a r e  generally 
not appl icable  t o  f r e e  l i q u i d  e l e c t r o l y t e  c e l l s  because of excessive macroporosity. 
They can, however, be  adapted t o  such use by app l i ca t ion  of a microporous, hydro- 
phobic backing. 

Severa l  gas e l e c t r o d e  s t r u c t u r e s  have been described (1-6) which s a t i s f y  
most of t h e  requirements f o r  a i r .  
mu l t i l aye r ,  graded po ros i ty  e l ec t rode  based on carbon which is s u i t a b l e  as a n  a i r  
cathode i n  a l k a l i n e  e l e c t r o l y t e .  
f l e x i b l e  and s t rong ,  a r e  t o o  g ross ly  porous t o  use in a free e l e c t r o l y t e  c e l l .  

Clark,  Darlaxid and Kordesch w a v e  described a 

Paper fuel c e l l  e l ec t rodes  (6), while simple, 

The a i r  csthode described i n  t h i s  paper hss a combination of pore s t ruc -  
ture and cont ro l led  hydrophobicity which make it s u i t a b l e  for use i n  free l iqu id  
e l e c t r o l y t e  or mat r ix -e l ec t ro ly t e  c e l l s .  The bas i c  carbon f i l l e d  shee t  is t h in ,  
s t rong ,  f l e x i b l e  and conductive a d  can b e  manufactured uniformly and economically 
on a l a r g e  sca l e .  

Descr ip t ion  of Elec t rodes  

The new e l ec t rode ,  designated Type E ,  i s  fabr ica ted  wi th  conventional 
p l a s t i c s  processing equipment. A thermoplas t ic  molding compound i s  blended vigor- 
ously with poly te t ra f luoroe thylene  (PTFE) l a t e x  and a g raph i t i c  carbon or metal- 
l i z e d ,  g raph i t i c  carbon f i l l e r .  
a r e  drawn throughout t h e  p l a s t i c  mass t o  form an  interconnected network which 
enmeshes t h e  f i l l e r  p a r t i c l e s .  This blend i s  molded i n t o  a f l a t  s h e e t ,  and t h e  
thermoplas t ic  i s  t h e n  ex t r ac t ed  leaving  a cohesive shee t  of  g r a p h i t i c  carbon 
c a t a l y s t  bonded by FTFE fibers. 
t ions in temperature, f i l l e r  type ,  PTFE l e v e l  and t h e  a d d i t i o n  of o ther  ingredien ts  
t o  add s p e c i a l  p rope r t i e s  t o  t h e  f in i shed  shee t .  
photomicrograph of t h e  Type E shee t .  

During the blending process,  long fibers of FTF'E 

This process is v e r s a t i l e  and a l l w s  f o r  var ia -  

F igure  1 shows_a su r face  r ep l i ca  

Most PTFE bonded gas e l ec t rodes  conta in  10 t o  3 6  FTFE for t h e  combined 
func t ion  of mechanical bonding and "wetproofing" or gas-e lec t ro ly te  i n t e r f a c e  con- 
t ro l .  A novel f e a t u r e  o f  t h e  Type E e l ec t rode  i s  t h e  very low level, i n  t h e  range 
of 2 t o  8'$ P"E, which i s  capable of performing t h i s  d u a l  func t ion  e f f ec t ive ly .  
obvious advantage of t h i s  l c w  FTFE l e v e l  i s  t h e  very high percentage of conductive 
and c a t a l y t i c  components which can be incorporated i n t o  a h ighly  porous s t ruc tu re .  

An 

The phys ica l  p r o p e r t i e s  of t y p i c a l  Type E e l ec t rode  shee t s  made i n  t h i s  
manner a r e  s h w n  belov. 
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Table I 

Prope r t i e s  of Type E Sheet 

c ~ ~ ~ p o s  i ti on 
Thi c knes s .O .02 inch 
Pore Volume 654 

Tens i le  S t rength  100 ps i  

954 g r a p h i t i c  carbon, 5% FTFE 

Pore Dis t r ibu t ion*  674 (0.1-1 U) 15% (1-10 1 1 )  lC$ ( 5  10 1 1 )  

Tens i le  Modulus of 9000 ps i  

R e s i s t i v i t y  ( D r y ) + +  
E l a s t i c i t y  

50 ohms per  square 
cc  

A i r  Permeabili ty 1.1 
cm2 x min x nun Hg 

iw Keasured with contac ts  along oppos i te  s i d e s  of a one-inch square (50  pounds 
By mercury porosimeter (volume $ d i s t r i b u t i o n ) .  

on c o n t a c t ) .  

A highly e f f e c t i v e  convected a i r  cathcde i s  fabr ica ted  by laminating two 

The shee t  fac ing  t h e  
t h i n  (0.005 t o  0.010 inch )  shee t s  of Type E e l ec t rode  onto both s i d e s  of a n  open 
mesh expanded n i cke l  s c reen  w i t h  moderate hea t  and pressure .  
e l e c t r o l y t e  i n  a c e l l  is  catalyzed whi le  t h e  s ide f ac ing  t h e  ambient a i r  i s  an 
uncatalyzed, highly porous, g r a p h i t i c  carbon l aye r  of t h e  same type. This s t r u c t u r e  
i s  r e fe r r ed  t o  a s  ESE (S f o r  s c reen ) .  

Cate lyza t ion  of t h e  Elec t rode  

The carbon-- shee t  func t ions  w e l l  as a n  oxygen or a i r  e l ec t rode  i n ,  
a l k a l i n e  e l e c t r o l y t e  v i t h o u t  a d d i t i o n a l  c a t a l y s t ,  bu t  i n  most cases  it w i l l  be 
d e s i r a b l e  t o  incorpora te  a c a t a l y s t  metal  i n  t h e  s t r u c t u r e .  This can b e  done by 
blending a precatalyzed carbon i n t o  t h e  s t r u c t u r e  ins tead  of t h e  uncatalyzed carbons. 
Ca ta lys t s  such a s  platinum, s i l v e r  and s i lver -pa l lad ium a l l o y  will be  descr ibed .  Or, 
t h e  c a t a l y s t  can be applied a f t e r  f a b r i c a t i o n  of t h e  Type E shee t  by any of s eve ra l  
chemical o r  therml-chemical  means. 

An example of a pos t  p l a t i n i z a t i o n  technique is impregnation with chloro- 
F l a t l n i c  ac id  followed by reduct ion  with d r y  hydrogen a t  2OO-225*C. 
should be avoided, however, t o  prevent d i s t o r t i o n  of t h e  shee t  near t h e  sof ten ing  
point sf PTFE. 

Elec t  rochemi ca 1 Measurements 

Two kinds of cu r ren t -po ten t i a1  measurement have been made on Type E a i r  

High temperatures 

cathodes: (1) hydrogm-air  metrix c e l l  measurements i n  ac id  and a l k a l i n e  e l ec t ro -  
l y t e  wi th  a s ta rdard ized  hydrogen counter e l ec t rode  a d  ( 2 )  h a l f  c e l l  measurements 
on t h e  ESE s t r u c t u r e  i n  free 6 E K O H  wi th  n a t u r a l l y  convected a i r .  The hydrogen-air 
m e t r i x  c e l l  shown i n  F igure  2 i s  used for terminal vol tage-cur ren t  d e n s i t y  measure- 
ments which r e f l e c t  t h e  a i r  cathode a c t i v i t y .  
:=.rare3 w i t h  Cyom~:C F T l F  boncled, t h i n  screen  e l ec t rodes  (1) designated Type E 
f o r - g r a p h i t i c  carbon supported platinum and l’yp A for platinum black. 

I n  t h i s  test, Type E e l ec t rodes  a r e  

The ha l f  c e l l  a i r  cathode measurements are made i n  a c e l l  shavn i n  Flgure 3. 
The e l ec t rodes  a r e  v e r t i c a l l y  or ien ted  and exposed t o  t h e  ambient a i r .  A controlled 
cu r ren t  is applied t o  t h e  c e l l  such t h a t  t h e  counter  anode, which can be another ESE 
e l ec t rode ,  evolves oxygen, an3 a i r  is reduced a t  t h e  working cathode. 
p o t e n t i a l  i s  measured with r e spec t  t o  a n  B$Hg0/6 

The cathode 
KOB r e fe rence  e l ec t rode  through 



a Luggin cap i l l a ry .  
hydrogen-platinum black  e l ec t rode  i n  t h e  same so lu t ion .  
H2(Pt)/6N_ KOH/HgO/Hg i s  0.93 V a t  25°C.  

The r e fe rence  is ca l ib ra t ed  occasionally w i t h  respect t o  t h e  
The measured p o t e n t i a l  of 

Because of a r a t h e r  slm attainment of t h e  s teady  s ta te  cathode polariza- 
t i o n  a t  a given cur ren t  d e n s i t y  w i t h  na tu ra l ly  convected a i r  a t  room temperature, a 
ca thodic  preconditioning is requi red  f o r  meaningful r e s u l t s .  The procedure used is  
t o  predischarge t h e  a i r  cathode f o r  about 25 minutes a t  50 mA/cm2 be fo re  measuring 
t h e  po la r i za t ion  curve. 
minute e q u i l i b r a t i o n  a t  each cu r ren t  dens i ty .  
of dry ,  untested e l ec t rodes  w i l l  be discussed f u r t h e r  i n  t h e  FU3SULTS sec t ion .  

The p o l a r i z a t i o n  values a r e  then  measured a f t e r  th ree-  
The d e t a i l s  of t h e  t r a n s i e n t  response 

RESULTS AND DISCUSSION 

Matrix Cell-Acid aral Alka l ine  E l e c t r o l y t e  

The po la r i za t ion  of Types A,  B and E a i r  cathodes a t  room temperature and 
70°C i n  sN_ H2S04 i s  shown i n  F igure  4. 
platinum is  e s s e n t i a l l y  equiva len t  t o  a Type B screen  e lec t rode  a t  2.5 mg/cm2 p l a t i -  
num. 
b l a c k  a r e  a l s o  shown. 

In Figure 5 is shown t h e  mat r ix  f u e l  c e l l  a i r  performance of t h e  same 

The Type E cathode containing 1.9 mg/cm2 

For comparison, a i r  d a t a  obtained wi th  a Qype A cathode a t  9 mg/cm2 p l a t i n m  

Type E ca tha le  compared w i t h  a s i m i l a r  Type B on n i cke l  sc reen  i n  Y-KOH. 
t h e  r e s u l t s  a r e  about equiva len t .  A l i m i t i n g  cur ren t  reg ion  i s  apparent f o r  these 
e l ec t rodes  i n  base,  bu t  Type E i s  no worse than  Type B i n  t h i s  r e spec t .  
type shows a l i m i t i n g  cu r ren t  in acid e l e c t r o l y t e  over t h e  same cu r ren t  range inves- 
t i g a t e d  i n  base. 

Again 

Neither 

Convected A i r  - 6N KOH, 25°C 

The average s teady  s ta te  e lec t rochemica l  performance i n  a fie: e lec t ro ly t e  
c e l l  of ESE t y p e  a i r  cathodes w i t h  various metal c a t a l y s t s  supported on g raph i t i c  
carbons i s  shwn  i n  Table 11. The c i t e d  h a l f  c e l l  measurements were obtained i n  the  
free e l e c t r o l y t e  c e l l  described previously.  
c a t a l y s t  and is s t a b l e  i n  a l k a l i n e  e l e c t r o l y t e  for long periods under var ious  load 
condi t ions .  
s l i g h t l y  so luble  i n  a l k s l i n e  e l e c t r o l y t e  and i s  degraded by r e p e t i t i v e  changes i n  
cu r ren t  dens i ty .  
a l l o y s  w i t h  s i l v e r  which r ep resen t  improvements over s i l v e r  i n  steady s t a t e  per- 
formance and s t a b i l i t y  t o  c y c l i c  cur ren t  changes. 

Low l e v e l  platinum i s  a n  exce l len t  

S i l v e r  is knavn t o  be  a good c a t a l y s t  f o r  oxygen reduct ion  bu t  i s  

The s i lver -pa l lad ium a l l o y  i s  an  example of a group of binary 

Platinum c a t a l y s t s  have been appl ied  a t  s e v e r a l  loadings by chemical or 
The thermal-chemical deposition be fo re  or a f t e r  f a b r i c a t i o n  of t h e  Type E shee t .  

r e s u l t s  i n  Table I11 show a n  apparent i n s e n s i t i v i t y  t o  c a t a l y s t  loading and a s l i g h t  
b i a s  t o  pos t -p l a t in i za t ion  as t h e  b e s t  method of c a t a l y s t  app l i ca t ion .  
slble t h a t  the r e a l  u t i l i z a t i o n  of c a t a l y s t  su r f ace  i s  r e l a t i v e l y  poor and t h a t  
concent ra t ion  and ohmic p o l a r i z a t i o n  wi th in  t h e  e l ec t rode  s t r u c t u r e  dominate the  
ca thodic  a c t i v i t y  of t h e s e  e lec t rodes .  

It is  pOs- 

The two s t r u c t u r a l  f ea tu re s  of ESE e l ec t rodes  which are most important for 
convected a i r  cathode performance a r e  t h e  th ickness  o f  t h e  catalyzed E l aye r  and t h e  
d i s t r i b u t i o n  of polyfluorocarbon throughout t h e  e l ec t rode .  
i n  Table IV. A s  one would expect,  p o l a r i z a t i o n  is decreased by reducing t h e  th ick-  
ness of t h e  c a t a l y s t  l a y e r  thereby  concent ra t ing  t h e  e l e c t r o c e t a l y s t  i n  t h e  current 
producing regions of t h e  cathode. 
mar i ly  by f ab r i ca t ion  cons idera t ions  p a r t i c u l a r l y  t h e  low cohesive s t r eng th  of t h i n  
Type E layers .  

These effects a r e  seen 

The lover  l i m i t  of th ickness  i s  cont ro l led  pri- 



Electrode 

95s Pre-Flat  inized 
ACCO+ Graphite 

959 ACCO Graphite 
Pos t  4 1 l v e r i  zed 

95% ACCO Graphite 
Pos t  -Catalyzed 
75-25, Ag-Pd 

95% ACCO Graphite 
Uncatalyzed 

92$ Darco C-60 Carbon 
Uncata lyzed 

/ 
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Table SI 

Convected A i r  E lec t rode  P o l a r i z a t i o n  

Cat a l ye  t Loading -Ec( air (Vol t s  vs. H g / B g 0 / 6 ~ K O H )  25OC 

1.1 pt 

9 A g  

13 Ag-Pd 

0 

0 

* 03 .06 .12 

.I2 .I7 a25 

.04 .08 .17 

.20 .28 .40 

* 15 17 .22 

Table I11 

Platinum Level end Method of Cata lyze t ion  

Ca ta lys t  Load 1% -Eair (V. vs . H g / H g 0 / 6 E  KOH) 

(mg/cm2) ' 8 3 I 100 mA/cm2 (25OC) 

Post-Platinized 0.60 13 .21 

Pos t  -Platinized 0.65 13 .21 

Post-Platinized 0.6 * 13 .21 

Re-P la t in i zed  1.1 .12 .21 

(Method 1 )  

(Method 2 )  

(Method 3) 

R e  -Pla t 1 ni zed 2 -5  . 11 .19 

A graphi t ized  carbon from American Cyanamid C m p n y  u. 

* 50 

.28 

Bo. of 
Measurement8 

1 

1 

3 

6 
( 3  e l ec t rodes )  

5 
( 3 e lec t rodes  ) 
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Table IV 

E f f e c t s  of Thickness and Composition - 
Pre-Platinized ESE Elec t rodes  (2.5 mg/cm:! Pt) 

1. Thickness of p l a t in i zed  E layer  

.017 inch 

.007 inch 

2. Polyhalocarbon content of p la t in ized  
E l aye r .  
2.5% Kel-F) 

(E backing l a y e r  - 2.5$ m, 

4% ppFE 

4$ FTFE, 48 Kel-F 

15% FTFE 

3. Polyhalocarbon content of E backing 
l a y e r  (p l a t in i zed  E l aye r  - 4$ Fl'FE, 
4% Kel F )  

.14 

.ll 

.18 

.37 

. I9  

.37 

i i 

13% m.  ' 

2.5% PTJE, 2.5$ Kel-F 

.12 .22 

.ii .19 

The d i s t r i b u t i o n  of polyfluorocarbon i n  both t h e  c a t a l y s t  and backing 1 
l aye r s  i s  a l s o  of c r i t i c a l  importance. 
a matter of a c r i t i c a l  ba lance  between t h e  amounts of a i r  and e l e c t r o l y t e  i n  the 
s t r u c t u r e .  The s e n s i t i v i t y  of ESE a i r  cathodes t o  t h e  polyfluorocarbon level i n  
t h e  backing layer  is somewhat unexpected. It would appear t h a t  a r e l a t i v e l y  la? 
l e v e l  of wetproofing i s  necessary i n  t h e  backing t o  bring t h e  cathode reac t ion  zone 
c lose r  t o  the  c e n t r a l l y  located screen  by v i r t u e  of deep e l e c t r o l y t e  penetration. 
This i n  t u r n  reduces t h e  e l e c t r o n i c  conductive pa th  t o  t h e  c o l l e c t o r  screen thereby 
decreasing t h e  measured h a l f  c e l l  cathode po la r i za t ion .  

I n  t h e  p l a t in i zed  E Layer t h i s  is probably 

, 
r 

Transient Response 

The ESE a i r  cathode operating on convected a i r  a t  room temperature with 
a l k a l i n e  e l e c t r o l y t e  e x h i b i t s  l a rge  t r a n s i e n t s  i n  cathode p o t e n t i a l  a f t e r  instan- 
taneous changes i n  .current dens i ty  under c e r t a i n  conditions.  
t r a n s i e n t  is that observed upon changing the cu r ren t  dens i ty  from zero t o  a value 
i n  t h e  range 50 t o  200 mA/cm2 for ,  a cathode which has not been t e s t ed  previously 
or preccnditioned i n  any way. 
shown i n  Figure 6. SimiLer t r a n s i e n t s  a r e  observed for platlmrm-carbon, s i l v e r -  
carbon and carbon c a t a l y s t s .  

The most dramatic 

Such a t r a n s i e n t  for a 0 t o  50 d / c m 2  change I S  
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The t o t a l  t r a n s i e n t  f o r  platinum-carbon is  charac te r ized  by  8 shor t  term 
The l a r g e s t  part of t h e  (1 t o  2 minutes) arrd long term ( 2  t o  20 minutes) por t ion .  

t o t a l  t r a n s i e n t  is apparent ly  assoc ia ted  wi th  optimal wet t ing  of t h e  e l ec t rode  
s t r u c t u r e .  This occurs a t  open c i r c u i t  and perhaps i n  a m o r e  s i g n i f i c a n t  Way a f t e r  
app l i ca t ion  of t h e  cu r ren t .  It is also l i k e l y  that some of the t r a n e i e n t  is caused 
by cathodic c a t a l y s t  a c t i v a t i o n  and perhaps by rearrangement of sorbed oxygen. 
t he  case  of s i l v e r  on  g r a p h i t i c  carbon, t h e  inc rease  i n  cathode p o t e n t i a l  wi th  time 
i s  more gradual and t h e  time t o  achieve a s teady  s t a t e  value is longer than  for 
platinum. 

I n  

There a r e  t h r e e  pre t rea tments  which can a lone  or i n  combinations remove 
most of t he  t r a n s i e n t  for latinum-carbon: 
f o r  more than  one hour ,  ( 2 7  a 25 minute preca thodiza t ion  i n  6E KOH at  50 mA/cm2 
w i t h  a i r  (0, reduct ion  r eg ion )  and ( 3 )  one or more po la r i za t ion  t e s t s  followed by 
r i n s i n g  and a i r  drying t h e  cathode. 
reducing t h e  t r a n s i e n t  by  up t o  5 6  for a period of a t  l e a s t  s e v e r a l  days suggests 
t h e  p o s s i b i l i t y  of a short  term i r r e v e r s i b l e  a c t i v a t i o n  of t h e  c a t a l y s t .  

(1) presoaking i n  water or e l e c t r o l y t e  

The f a c t  t h a t  treatment (3 )  i s  e f f e c t i v e  i n  

The t r a n s i e n t  response appears t o  be p e r t l y  assoc ia ted  w i t h  t h e  cell  
des ign  but  independent of t h e  feed of oxygen ( a i r ) .  
m a t r i x  f u e l  c e l l s  show almost no t r a n s i e n t  with flowing a i r ,  room temperature, 
6K KOH. 
e l e c t r o l y t e  c e l l  under t h e  same condi t ions  and wi th  flowing a i r .  

Type E e l ec t rodes  assembled i n  

The same e l ec t rodes  s h w  a pronpunced t r a n s i e n t  when assembled i n  a free 

SUMMARY 

A novel a i r  cathode f o r  m e t r i x  and free e l e c t r o l y t e  type f u e l  c e l l s  and 
meta l - a i r  b a t t e r i e s  has been descr ibed .  The bas i c  and novel cmponent  of t h i s  e l ec -  
t rode  i s  8 t h i n ,  s t rong ,  f l e x i b l e ,  e l e c t r i c a l l y  conductive sheet  conta in ing  i n t e r -  
connected poly te t re f luoroe thylene  f i b e r s  which bind the conductive and c a t a l y t i c  
components i n t o  a cohesive s t r u c t u r e .  This s t r u c t u r e  i s  p a r t i c u l a r l y  s u i t a b l e  for 
use with convected a i r .  The problem of l a r g e  cathode p o t e n t i a l  t r a n s i e n t s  upon 
f irst  app l i ca t ion  of a moderate d ischarge  cu r ren t  a r i s e s  from a combination of slow 
v e t t i n g  and c a t a l y s t  a c t i v a t i o n .  
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Fig. I .  SURFACE REPLICA PHOTOMICROGRAPH 
OF TYPE E ELECTRODE 

A: PTFEFIBERS 
6: ACCO GRAPHITIC CARBON PARTICLES 

I 

Fig. 2. MATRIX CELL 

A. FACE PLATES D. ELECTRODES 
B. GASKETS E. MATRIX 
C. COLLECTOR SCREENS 
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Fig: 3. AIR ELECTRODE TEST CELL 
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FIG. 4: CURRENT-VOLTAGE CURVES - HYDROGEN>5NHzSOd/ AIR, @ 25°C AND 70°C 

25 "C 70°C 

- - -  0- o I .9 mg Pt/crnZTY PE E 
-- -e -e 2.5 mg Pt/crnz TYPE B 
- _ _  - 9 rng Pt/crnZTYPE A 

-- 

w 1.0 

-1 .8 

-I .6 

f 
S I  .4 

I- .2 

u 
U 
I- 

0 > 
U 

Lc 
W 

0 100 200 300 400 500 600 

CURRENT DENSITY rnA/crn 2 

FIG. 5: CURRENT-VOLTAGE CURVES - HYDROGEN/5 N KOH/AIR @ 25°C AND 70" c 
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