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(57) Abstract 

An electrode for reducing oxygen has a substrate of low-ash carbon, such as coconut shells converted to charcoal. 
The substrate is loaded with a catalyst such as (i) platinum phtalocyanine or (ii) lead-ruthenium oxide. In case (ii), to make 
the electrode, lead ions are adsorbed onto the substrate, which is then treated with a solution of ruthenium (VI) oxide, to 
precipitate the catalyst on the substrate. 
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ELECTRODE FOR REDUCING OXYGEN 

This  invent ion relates t o  an  e lec t rode  f o r  reducing oxygen, 

t o  a f u e l  cel l  inc luding such an e lec t rode ,  t o  a method of reducing 

oxygen a t  such an  e lec t rode ,  and t o  a method of making c e r t a i n  - 
such e lec t rodes .  

05 According t o  t h e  p resen t  invention,  an  e l e c t r o d e  f o r  reducing 

oxygen comprises a s u b s t r a t e  which is an e l e c t r o n i c  conductor 

capable of reducing elemental oxygen t o  water y ie ld ing  not  more 

than 5% (preferably  no t  more than I % ,  more preferably  no t  more 

than  0.1%) hydrogen peroxide, t o  which s u b s t r a t e  is a t tached a 
c a t a l y s t  which can reduce elemental  oxygen t o  water y ie ld ing  n o t  

more than 5%, (preferably  n o t  more than I%, more preferably  no t  

more than  0.1%) hydrogen peroxide when used a t  ca thodic  p o t e n t i a l s  

of -300 mV a g a i n s t  t h e  Hg/HgO e l e c t r o d e  i n  a l k a l i n e  o r  non-alkaline 

s o h  t ion.  

10 

15 A preferred. s u i t a b l e  s u b s t r a t e  is carbon of an ash content  

less than 0.1%, pre fe rab ly  less than 0.05%, pre fe rab ly  not  more 

than 0.01%. An example of suchaa carbon is 'coconut carbon', 

which is derived from coconut s h e l l s  by convert ing these  t o  

charcoal., washing and comminuting t h e  charcoal ,  and exposing t h e  

20 comminuted charcoal. t o  gas, p re fe rab ly  f i r s t  carbon dioxide and, 

p re fe rab ly ,  af terwards,  ammonia. Another example is carbon which 

is of amorphous type and has  a su r face  area of a t  least 200 m /g,  

a mean p a r t i c l e  s i z e  i n  t h e  range 5 nm t o  50 nm, and an apparent  

dens i ty  of 80 t o  110 kg/m , which may be t r e a t e d  by comminuting i t  

and exposing it t o  gas a t  e leva ted  temperature. 

carbon before  t h e  treatment has  a su r face  area of not  more 

than  300 m /g. Preferably  t h e  carbon be fore  t h e  treatment has  

a pH below 7, The carbon may be exposed t o  only carbon dioxide ,  

f o r  example a t  800C t o  l O O O C ,  p re fe rab ly  f o r  40 t o  90 minutes, 

2 

3 

25 Preferably  t h e  

2 

30 such as 9OOC f o r  1 hour. 

P re fe r red  s u i t a b l e  c a t a l y s t s  are: 

(i) macrocyclic d e r i v a t i v e s  of t r a n s i t i o n  metals o r  of 

B-metals (i.e. Cu, Ag, Au, Zn, Cd, Hg, In, T1, Sn, Pb, Sb o r  B i )  

f o r  example platinum phthalocyanine, and 
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( i i )  oxides containing ruthenium, f o r  example Pb2+yRu206+x 

where 0 6 x 4 1 o r  Pb2,xBixRu206+y where x i s  from 0 t o  2 and y is- 

from 0 t o  1. L 

Catalys t  loadings in case ( i )  are 1 t o  15% by weight of t he  

05 subs t ra te ,  preferably  2 t o  12%. * 

Hither to ,  e f f o r t s  i n  t he  art of reducing oxygen a t  an 
elect rode have been d i rec ted  mainly towards minimising o r  circum- 

venting t he  harmful e f f e c t s  of hydrogen peroxide which is evolved 

a t  the electrode.  It has not h i t h e r t o  been attempted t o  select 
10 e lec t rode  materials on t h e  b a s i s  of t h e i r  l o w  production of 

hydrogen peroxide, except f o r  at tempts t o  i n h i b i t  hydrogen 

peroxide evolution by gold- plating carbon. 

The invention extends t o  a f u e l  cell  including an e lec t rode  

as set f o r t h  above. The invent ion a l s o  provides a method of 

15 reducing oxygen, comprising contact ing elemental oxygen w i t h  a 

source of hydrogen (such as a hydroxide solut ion)  a t  an e lec t rode  

as set f o r t h  above and applying t o  t h e  e lect rode a po t en t i a l  of 

from 0.1 t o  -0.2 v o l t s  w i t h  respect  t o  t he  Hg/HgO electrode.  For 

example, where t he  c a t a l y s t  is  platinum phthalocyanine with an 

e l e c t r o l y t e  of 6M KOH, t h e  po t en t i a l  is preferably  from 0.1 

t o  -0.2 V, and where t he  c a t a l y s t  is lead -ru thena te  (nominally 

Pb2+y 2 6+x 
preferably  0.2 t o  -0.2 V; 

appreciable reduction current  flows; 

20 

Ru 0 ) with an e l e c t r o l y t e  of 1M KOH, t he  po t en t i a l  is  

a t  more pos i t i ve  po t en t i a l s ,  no 

a t  more negative po t en t i a l s ,  

25 cur ren t s  become excessive. Al ternat ively ,  the  source of hydrogen 

may be an acid  o r  neu t r a l  aqueous solut ion.  

According t o  another aspect ,  t he  invention provides a method 

of making an e lect rode as set  f o r t h  above, wherein the  c a t a l y s t  i s  

an oxide containing ruthenium and another metal, comprising adsorb- 

ing  ions of t he  o ther  m e t a l  onto t h e  s u b s t r a t e  and t r e a t i n g  t he  

subs t r a t e  w i t h  a so lu t i on  of ruthenium 0x0-anion complex (nominally 

ruthenium ( V I )  oxide),  whereby t h e  des i red  c a t a l y t i c  oxide is 

prec ip i ta ted  on, and is at tached t o ,  t h e  subs t ra te .  The invention 

extends t o  t h e  e lect rode so made, and t o  f u e l  cells, methods of 

30 

. 35 reducing oxygen etc. using it. For use  in a lka l i ne  media, t h e  
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'coconut' carbon i s  pre fe r red ,  p re fe rab ly  with c a t a l y s t s  of case ( i i )  

above. 

p re fe rab ly  with c a t a l y s t s  of case ( i )  above o r  e.g. thiocyanate. 

The invention w i l l  now be described by way of example. 

For use  in a c i d  media, t h e  amorphous carbon i s  pre fe r red ,  

. In 

05 t h e  accompanying drawings, Figures 1 and 2 show t h e  performance of 

e lec t rodes  according t o  Examples 1 and 2 of t h e  invention respec- 

t i v e l y ,  compared wi th  o the r  e lec t rodes ,  under var ious  condit ions.  

SUBSTRATE PREPARATION EXAMPLE 

A porous carbon e l e c t r o d e  is  made u t i l i s i n g  coconut s h e l l  

10 charcoal .  

Active coconut s h e l l  charcoal  obtained from T a l a u l i c a r  

carbons (P) Ltd., Londa, India ,  w a s  Subjected t o  repeated g r a v i t y  

separa t ion  wi th  s a t u r a t e d  calcium ch lo r ide  s o l u t i o n  t o  remove any 

denser ingred ien t s  and then subjected  t o  repeated  'Soxhlet '  treat- 

ment with azeotropic  hydrochloric ac id  and then repeatedly washed 

i n  t h e  'Soxhlet '  i t s e l f  with d i s t i l l e d  water. 

vacuum oven a t  15OoC, t h e  ash  content  of t h i s  carbon was found t o  

be about 0.03%. 

and s i ev ing  through a 400 mesh sieve.  

by heat ing i n  a carbon-dioxide atmosphere a t  900°C f o r  4 hours and 

then i n  an ammonia atmosphere a l s o  a t  9OO*C f o r  4 hours. Gas- 

a c t i v a t i o n  w a s  chosen ins tead  of f u r t h e r  grinding,  t o  minimise 

agglomeration. 

15 

Afte r  d r y i n g  i n  a 

This charcoal  w a s  subjected  t o  mechanical gr inding 

This carbon w a s  gas- activated 

20 

Subs t ra tes  f o r  e l ec t rodes  were prepared by h o t  (1 40°C) 
-2 25 press ing,  under 0.05 tonne cm , t h i s  gas- activated carbon mixed 

w i t h  20% by weight polyethylene powder ( 5  micron average part icle 

s i z e )  onto an expanded platinum mesh (0.06 mm diameter w i r e ,  
a t  0.3 mm cen t res ) .  

2 The BET su r face  area of such a s u b s t r a t e  was about 600 m /g  

30 and t h e  r e s i s t i v i t y  about 0.4 ohm cm. 
An electrochemical  c e l l  f o r  measuring electrochemical  perfor-  

mance parameters w a s  set up conta in ing t h i s  s u b s t r a t e  as a working 

e lec t rode ,  a Hg/HgO, OH- re fe rence  e lec t rode ,  a high su r face  area 

f l a t b e d  counter  e l ec t rode ,  and an  e l e c t r o l y t e ,  which was a 27% KOH 
s o l u t i o n  i n  d i s t i l l e d  water. The ce l l  w a s  operated with a c u r r e n t  35 
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dens i ty  of 100 mA/cm 

of -0.125 V aga ins t  t h e  re fe rence  e lec t rode  a t  3OoC, and oxygen 

w a s  reduced t o  water wi th  minimal (under 1%) by-production of 

on t h e  working e l e c t r o d e  a t  a p o t e n t i a l  

hydrogen peroxide. 

05 ELECTRODE EXAMPLE 1 
Porous carbon f o r  an e l e c t r o d e  s u b s t r a t e  was made as 

described i n  t h e  Subs t ra te  Prepara t ion Example, up t o  and 

including t h e  gas- activat ion b u t  excluding t h e  h o t  pressing.  

Platinum phthalocyanine was  d issolved i n  t h e  least poss ib le  

quan t i ty  of concentrated su lphur ic  a c i d ,  and then t h e  carbon w a s  

d i spe rsed  i n t o  the so lu t ion .  

wi th  t h e  least quan t i ty  of d i s t i l l e d  water t o  o b t a i n  a s l u r r y .  

The s l u r r y  is  s t i r r e d  wi th  t h e  carbon f o r  one hour, washed u n t i l  

t h e  supernatant  l i q u o r  has  a pH of 5 t o  7, and then centr ifuged.  

The carbon is  dr ied  and hot- pressed a t  0.05 tonne c m  

10 

The s o l u t i o n  w a s  then d i l u t e d  slowly 

-2 15 with 

polyethylene binder  as i n  t h e  S u b s t r a t e  P repara t ion  Example. 

In Figure 1, t h e  performance oxygen reduc t ion  of va r ious  

e l e c t r o d e s  is compared. In all cases, t h e  e l e c t r o l y t e  w a s  6M 
aqueous KOH under a p ressure  of gaseous oxygen o f  130 mB, at 35 C. 

The performance of t h e  e l e c t r o d e  j u s t  descr ibed is curve 1A (5% 

platinum phthalocyanine) and c u r v e  ll3 (10% platinum phthalocyanine) . 

0 

20 

The o t h e r  curves represen t  o t h e r  e lec t rodes :  

a = untrea ted  carbon (= a of Figure 2) 

b = a + 7% platinum (= b of Figure 2) 

c = carbon according t o  S u b s t r a t e  Prepara t ion Example (= c of 25 

Figure 2) 

d = c + 7% platinum 

Curve 1A l i e s  above t h e  o t h e r s  a t  a l l  c u r r e n t  d e n s i t i e s  
2 2 over 150 mA/cm , and 1B above t h e  o t h e r s  over  400 mA/cm . 

time tests on 1A and 1B showed high s t a b i l i t y  a t  c u r r e n t  d e n s i t i e s  
2 of up t o  400 mA/cm . 

ELECTRODE EXAMPLE 2 

L i f e-  

30 

In t h i s  Example, a novel method is  f e a t u r e d  f o r  a t t ach ing  a 
c a t a l y s t  t o  a s u b s t r a t e .  
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A porous carbon s u b s t r a t e  w a s  made as described i n  t h e  Subs t ra te  

2+y 2 6+x Prepara t ion Example. The c a t a l y s t  Pb Ru 0 w a s  p r e c i p i t a t e d  on 

t h e  s u b s t r a t e  by a sur face  chemical r e a c t i o n  between Pb pre- 

adsorbed on t h e  s u b s t r a t e  and a ruthenium complex in so lu t ion .  

This  w a s  achieved as follows: 

2+ 

05 
The s u b s t r a t e  was dipped f o r  30 minutes i n  a 0.001M aqueous 

2+ . s o l u t i o n  of l ead  n i t r a t e  Pb(N03)2. 

were adsorbed on t h e  su r face  of t h e  subs t ra te .  Meanwhile, a 

ruthenium s o l u t i o n  w a s  made by fus ing  0.1 g Ru02, 0.5 g NaOH 

and 5 g KN03 f o r  5 minutes and d i l u t i n g  t h e  m e l t  w i th  d i s t i l l e d  

water t o  250 m l .  

minutes i n  t h i s  ruthenium so lu t ion ,  whereby t h e  c a t a l y s t  Pb2+yRu206+x 

was p r e c i p i t a t e d  on, and bound t o ,  t h e  su r face  of t h e  subs t ra te .  

Th i s  r e a c t i o n  is  r a t h e r  s e n s i t i v e  t o  pH; 

In t h i s  way, lead i o n s  Pb 

10 

The dipped s u b s t r a t e  was then dipped for 30 

t h e  above q u a n t i t i e s  

15 ensure a s u i t a b l e  pH. 

After dipping and r i n s i n g  i n  d i s t i l l e d  water, t h e  r e s u l t i n g  
0 e lec t rode  is  dr ied  a t  70 C. 

I n  Figure 2, t h e  performance of var ious  e lec t rodes  a t  reducing 

oxygen is compared. I n  each case except curve 2 t h e  e l e c t r o l y t e  

w a s  6M aqueous KOH under pressure  of gaseous oxygen of 160 mB, 

a t  35OC. 
20 

T h a  performance of t h e  e l e c t r o d e  j u s t  described is 

2s 

curve 2, i n  which t h e  e l e c t r o l y t e  w a s  1 M  aqueous KOH under a 

pressure  of gaseous oxygen o f  160 mB, a t  35 C.  0 

The o the r  curves represen t  o t h e r  e lec t rodes :  

a = untrea ted  carbon (= a of Figure 1) 
b = a + 7% platinum (= b of Figure 1) 

c = carbon according t o  Subs t ra te  Preparat ion Example (= c of 

Figure 1) 
d = propr ie ta ry  t r e a t e d  carbon +I 5% platinum. 

30 e = t e f l o n  (40%)-bonded un t rea ted  carbon. Although showing ' 

high a c t i v i t y ,  t h i s  sample i s  shor t- l ived because it evolves 

hydrogen peroxide, which degrades it; 

e x h i b i t  such evolution.  

e l ec t rodes  c and d do n o t  

f = pyrochlore on un t rea ted  carbon subs t ra te .  
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SECOND SUBSTRATE PREPARATION EXAMPLE 
High-surface-area Vulcan XC-72 carbon w a s  obtained from t h e  * . 

Cabot Corp., Billerica, MA. 

found t o  be about 0.05%. 
parameters of t h i s  carbon are as follows: 

The a s h  content  of t h i s  carbon w a s  

The o t h e r  phys ica l  and chemical 

Surface area 

Mean p a r t i c l e  s i z e  
Approximate dens i ty  

PH 

257 m2/g  

30 nm 

96 kg/m 3 

5 

This  carbon was subjected  t o  mechanical gr inding and then 

gas- activated by hea t ing  i n  a C02  atmosphere a t  900°C f o r  1 hour. 

G a s  a c t i v a t i o n  r a t h e r  than continued gr inding w a s  chosen t o  

minimise p a r t i c l e  agglomeration; it produced a 27% weight loss of  

t h e  carbon, increased t h e  e f f e c t i v e  s u r f a c e  area, and modified t h e  

surf  ace. 

The des i red  q u a n t i t y  of plat inum w a s  d ispersed i n t o  t h e  

gas- activated carbon by reducing c h l o r o p l a t i n i c  a c i d  w i t h  sodium 

formate s o l u t i o n  as described elsewhere. 

f i n e  platinum p a r t i c l e s  of uniform s i z e  (about 63g diameter) on a 

carbon subs t ra te .  

required  proport ion of platinum w a s  taken from a 2 weight -% s t o c k  

s o l u t i o n ,  mixed with ha l f  of i t s  volume of isopropanol, and 

This procedure y i e l d s  

Chlorop la t in ic  acid s o l u t i o n  conta in ing t h e  

neu ta l i sed  with a d i l u t e  s o l u t i o n  of sodium carbonate. An 

appropr ia te  quan t i ty  of gas- activated Vulcan XC-72 carbon w a s  

added, and t h e  entire mixture w a s  d r i e d  i n  an air oven be fore  i t  

w a s  added, wi th  vigorous s t i r r i n g ,  t o  an  excess of b o i l i n g  5 

weight % sodium formate s o l u t i o n  t o  reduce t h e  c h l o r o p l a t i n i c  a c i d  

t o  platinum metal. 

repeatedly with ho t ,  d i s t i l l e d  water be fore  being d r i e d  in  an a i r  

oven. 

. . .  

The r e s u l t i n g  mass w a s  f i l t e r e d  and washed 

Teflon-bonded e l e c t r o d e s  were prepared f o r  electrochemical  

measurements under gas-fed condi t ions .  

t h e  necessary mechanical s t r e n g t h  t o  prevent  e l e c t r o d e  co l l apse  

The Teflon binder provides 
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under t h e  gas p ressure  required  f o r  gas- elect ro lyte  i n t e r f a c e  

c o n t r o l  i n  a gas-di f fus ion e lec t rode ,  and it does so while 

r e t a i n i n g  t h e  necessary e l e c t r o d e  poros i ty .  

e l ec t rodes  were made as follows: Tetrahydrofuran (THF) was  added 

t o  a measured quan t i ty  of ca ta lysed  s u b s t r a t e  powder i n  a beaker, 

and t h e  mixture w a s  a g i t a t e d  i n  an  u l t r a s o n i c  ba th  f o r  about 30 

minutes be fore  a few m l  of d i l u t e  suspension of Teflon emulsion 

(ICI GP2 Fluon dispers ion,  particle s i z e  0,1-0,2 microns) w a s  

added t o  t h e  mixture without i n t e r r u p t i o n  of t h e  a g i t a t i o n .  The 

product material w a s  cent r i fuged repeatedly  with THF and f i n a l l y  

spread on a platinum expanded-metal (Exmet) sc reen  (0.076 mm 
diameter w i r e ,  1024 mesh cm ). The coated screen w a s  a i r- dr ied  

f o r  about 15 minutes before  i t  w a s  cold-pressed a t  125 kg cm 
f o r  5 minutes. 

The Teflon-bonded 

05 

10 

-2 

-2 

The pressed mass was dr ied  f o r  2 hours a t  1 1 O C  and 

15 then cured i n  a i r  a t  360C f o r  30 minutes. The Teflon con ten t  of 

t h e  e l e c t r o d e s  w a s  optimal a t  25 t o  35% by volume. 

Short-term p o l a r i s a t i o n  curves  were obtained f o r  dioxygen 

reduct ion i n  5M H2S04 s o l u t i o n  on var ious  Vulcan XC-72 carbon 

e lec t rodes .  

20 P o l a r i s a t i o n  curves were obtained a t  2OoC f o r  unplant in ised 

carbon e lec t rodes  t h a t  were not  gas- activated. 

e l e c t r o d e s  funct ion a t  c u r r e n t  d e n s i t i e s  of 400 t o  600 mA cm-2, 

t h e i r  p o l a r i s a t i o n  values  are high. 

Although t h e  

Fur ther  curves were obtained on gas- activated Vulcan XC-72 

25 s u b s t r a t e s  impregnated wi th  7 weight % dispersed metal and loaded 

wi th  30% Teflon and c l e a r l y  show a s u f f i c i e n t l y  reduced mass- 

t r a n s f e r  p o l a r i s a t i o n  f o r  loading of t h e  e lec t rodes  t o  h igh 

c u r r e n t  dens i t i e s .  These e l e c t r o d e s  could be loaded intermit-  

t e n t l y  a t  c u r r e n t  d e n s i t i e s  of 1 . 1  A c m  -2 f o r  periods of several 

30 minutes. This enhanced performance i n d i c a t e s  t h a t  t h e  high- 

temperature CO 

b u t  has  also  peroduced a w e l l  defined pore s t r u c t u r e  t h a t  optimises 

a uniform gas d i f f u s i o n  i n t o  t h e  e lec t rode.  

good platinum d i spers ion  on t h e  su r face ,  and any su r face  modifica- 

t i o n  by t h e  C 0 2  t reatment would appear  t o  be benef ic ia l .  

t reatment has not  only increased t h e  su r face  area, 2 

It a l s o  i n d i c a t e s  a 

35 No 
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de tec tab le  H 0 w a s  evolved, whereby t h e  carbon w a s  not  destroyed 

from t h i s  cause (improving t h e  l i f e t i m e  of t h e  e lec t rode)  and 
2 2  

whereby e f f i c iency  w a s  improved (none of t h e  reduced oxygen being if 

wasteful ly  converted t o  reappear as H202). 

fue l- ce l l  research is t h e  development of fue l- ce l l  b a t t e r i e s  t h a t  

o p e r a t e  on inexpensive f u e l s  and have a i r  as t h e  oxidant. 

b a t t e r i e s  must convert  chemical energy t o  electric power with h igh  

e f f i c i e n c y  a t  practical c u r r e n t  d e n s i t i e s ;  

long opera t iona l  l i f e  - o r  a low-cost replacement of ageing p a r t s  - 
i f  they are t o  compete wi th  p r e s e n t  forms of power genera t ion from 

t h e  same inexpensive fue l s .  

To p u t  t h e  foregoing i n t o  context ,  t h e  long-range goal  of 3 

These 

they must a l s o  have 

A primary impediment t o  t h e  commercial r e a l i s a t i o n  of fue l-  

cel l  technology is f a i l u r e  t o  i d e n t i f y  s u i t a b l y  c a t a l y t i c  e l e c t r o d e s  

having a long opera t ional  l i f e  i n  a c i d i c  e l e c t r o l y t e s .  

e l e c t r o l y t e s  react with carbon dioxide  to form carbonates t h a t  

f o u l  t h e  e lec t rodes .  

slowed t o  near ly  t o l e r a b l e  rates f o r  low-cost, exchangeable a l k a l i n e  

a i r  e lec t rodes  in a pure hydrogen-air f u e l  cell ,  a n  a c i d i c  e l e c t r o l y t e  

has  g r e a t  advantages. 

Alkal ine  

Although fou l ing  by CO from t h e  a i r  can be  2 

High performance r e q u i r e s  f a b r i c a t i o n  of a porous e l e c t r o d e  

s u b s t r a t e  of high su r face  area on which-a s u i t a b l e  c a t a l y s t  is 

e f f e c t i v e l y  disposed; moreover, t h e  e f f e c t i v e  s u r f a c e  area must 

no t  be degraded by normal opera t iona l  condit ions.  

be  caused by: 

Degradation may 

05 
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(1) chemical a t t a c k  from the product of a n  unwanted s i d e  

reac t ion ,  

(2) poros i ty ,  

(3) mechanical col lapse ,  o r  

( 4 )  s i n t e r i n g  due t o  h e a t  from i n t e r n a l  losses .  

Therefore a t t e n t i o n  must be d i r e c t e d  t o  the choice of s u b s t r a t e  

material and c a t a l y s t  as w e l l  as t o  t h e  method of e l e c t r o d e  f a b r i-  

c a t i o n  and c a t a l y s t  d ispers ion.  

S e l e c t i o n  of a s u i t a b l e  s u b s t r a t e  material is d i c t a t e d  by a t  

least six fac to r s :  c o s t ,  i n e r t n e s s  i n  opera t ing medium, ease of 

- 
c 

c 
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f a b r i c a t i o n  i n  col lo idal- size  p a r t i c l e s ,  high electrical conduc- 

t i v i t y ,  e f fec t iveness  as s u b s t a t e  f o r  a highly  d ispersed c a t a l y s t ,  

and i n e r t n e s s  t o  unwanted s i d e  react ions .  Various types of a c t i v e  

(high-surface-area) carbon have been examined as supports  f o r  

platinum-metal c a t a l y s t s  i n  e l e c t r o d e s  used f o r  both oxygen 

reduct ion and methanol oxidat ion i n  a c i d  solut ion.  Carbons of low 

a s h  content  prove t o  be super ior ;  these  appear t o  be f r e e  of the  

impur i t i e s  responsible  f o r  hydrogen-peroxide generat ion,  a s i d e  

r e a c t i o n  responsible  f o r  chemical a t t a c k  of t h e  subs t ra tes .  

Vulcan XC-72 carbon, made by Cabot Corp., which has a low ash  

content ,  functions as a n  excellent a i r- e lec t rode  s u b s t r a t e  i n  a c i d  

i f  i ts  sur face  is  s u i t a b l y  pre- treated and platinum is uniformly 

dispersed onto it. Such a Teflon-bonded e l e c t r o d e  as set f o r t h  

above appea r s  t o  reduce dioxygen t o  water i n  5M H SO 
d e t e c t a b l e  formation of hydrogen peroxide and t o  be a b l e  t o  

s u s t a i n  load c u r r e n t s  of about 900 mA cm-2 f o r  long per iods  

without  se r ious  degradation. 

05 

I0 

with no 2 4' 
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CLAIMS 

1. 
which is  an e l e c t r o n i c  conductor capable of reducing elemental 
oxygen t o  water y ie ld ing  not  more than  5% hydrogen peroxide, t o  

which s u b s t r a t e  is a t tached a c a t a l y s t  which can reduce elemental 

oxygen t o  water y ie ld ing  no t  more than  5% hydrogen peroxide when 

used a t  ca thodic  p o t e n t i a l s  of -300 mV a g a i n s t  t h e  Hg/HgO e l e c t r o d e  

i n  a l k a l i n e  o r  non- alkaline so lu t ion .  

2. An e lec t rode  according t o  Claim 1, wherein t h e  e l e c t r o n i c  

conductor is  capable of reducing elemental oxygen t o  water y i e l d i n g  

n o t  more than 1% hydrogen peroxide. 

3. 
reduce elemental oxygen t o  water y i e l d i n g  no t  more than 1% hydrogen 

peroxide 

4 .  
conductor is capable of reducing elemental oxygen t o  water y i e l d i n g  

An e lec t rode  f o r  reducing oxygep, comprising a s u b s t r a t e  

05 

10 

An e lec t rode  according t o  C l a i m  2, wherein the c a t a l y s t  can 

An e l e c t r o d e  according t o  C l a i m  3,  wherein t h e  e lec t ron , i c  

15 

20 

25 

n o t  more than 0.1% hydrogen peroxide. 

5. 
reduce elemental oxygen t o  w a t e r  y i e l d i n g  not more than  0.1% 

hydrogen peroxide. 

6 .  An e lec t rode  according t o  any preceding claim, wherein t h e  

s u b s t r a t e  is carbon of an ash eontent  less- than  0.1%. 
7 .  

content  is  less t h a n  0.05%. 

8. 

content  is  less than 0.01%. 

An e lec t rode  according t o  C l a i m  4 ,  wherein the c a t a l y s t  can 

An e lec t rode  according t o  C l a i m  6 ,  wherein t h e  s a i d  ash  

A n  e lec t rode  according t o  C l a i m  7 ,  wherein t h e  s a i d  ash  

9. 
carbon is 'coconut carbon'. 

10. 
derived from coconut s h e l l s  by convert ing these  t o  charcoal ,  

30 washing and comminuting t h e  charcoal ,  and exposing t h e  comminuted 

An e lec t rode  according t o  any preceding claim, wherein t h e  

An e lec t rode  according t o  C l a i m  9, wherein t h e  carbon is 

charcoal  t o  gas. 

11. 
carbon dioxide  and afterwards ammonia. 

An e lec t rode  according t o  C l a i m  10, wherein t h e  gas is f i r s t  
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. 12. An e lec t rode  according t o  any of Claims 1 t o  8,  wherein t h e  

s u b s t r a t e  is made by t r e a t i n g  t h e  carbon, which is of amorphous 

type and has a su r face  area of a t  least 200 m /g, a mean part icle 

s i z e  i n  t h e  range 5 nm t o  50 nm, and an apparent  dens i ty  of 80 
3 t o  110 kg/m , by comminuting it and exposing it t o  gas a t  e levated  

temperature. 

13. An e lec t rode  according t o  C l a i m  12, wherein t h e  carbon be fore  

the treatment has a su r face  area of n o t  more than 300 m /g. 

14. An e lec t rode  according t o  C l a i m  12 o r  13, wherein- t h e  carbon 

before  t h e  treatment has a pH below 7. 
15. An e lec t rode  according t o  C l a i m  12, 1 3  o r  14, wherein t h e  gas 

t o  which the carbon is  exposed is  carbon dioxide.  

16. 

temperature is from 800 C t o  1000 C. 

17. 

t h e  exposure a t  s a i d  e levated  temperature is from 40 t o  90 minutes. 

18. An e l e c t r o d e  according t o  any of Claims 12 t o  17, when i n  

use  t o  reduce oxygen t o  water i n  an a c i d  medium. 

19. An e lec t rode  according t o  any of Claims 9 t o  11, when i n  

use t o  reduce oxygen t o  water i n  an  a l k a l i n e  medium. 

20. An e lec t rode  according t o  any preceding claim, wherein t h e  

c a t a l y s t  is  a macrocyclic d e r i v a t i v e  of t r a n s i t i o n  metals o r  of 

B- meta ls  (i.e. Cu, Ag, Au, Zn, Cd, Hg, In, T1, Sn, Pb, Sb o r  Bi).' 

21. An e l ec t rode  according t o  C l a i m  20, wherein t h e  c a t a l y s t  

loading is  1 t o  15% by weight of t h e  subs t ra te .  

22. 

loading is 2 t o  12%. 

23. An e lec t rode  according t o  any of Claims 1 t o  19, wherein t h e  

c a t a l y s t  is an oxide conta in ing ruthenium. 

24. 

an  oxide containing ruthenium and one o r  more o t h e r  metals. 

25. 

is Pb2-x x 2 6+y 
26. 

comprising adsorbing ions  of t h e  o t h e r  meta l (s )  onto t h e  s u b s t r a t e  

2 

2 

r 

An e lec t rode  according t o  C l a i m  15, wherein t h e  s a i d  e levated  

An e lec t rode  according t o  C l a i m  16,  wherein t h e  dura t ion  of 

An e lec t rode  according t o  C l a i m  21, wherein s a i d  c a t a l y s t  

An e lec t rode  according t o  C l a i m  23, wherein t h e  c a t a l y s t  is  

An e lec t rode  according t o  C l a i m  24, wherein t h e  c a t a l y s t  

B i  Ru 0 where x is  from 0 t o  2 and y is from 0 t o  1. 

Amethod of making an e l e c t r o d e  according t o  Claim 24 o r  25, 
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and t r e a t i n g  t h e  s u b s t r a t e  with a s o l u t i o n  of ruthenium 0x0-anion 

complex, whereby t h e  des i red  c a t a l y t i c  oxide is  p r e c i p i t a t e d  on, 

and is  a t tached to ,  t h e  subs t ra te .  

27. $ An e lec t rode  made by a method according t o  C l a i m  26 .  

05 28. A f u e l  ce l l  inc luding an e l e c t r o d e  according t o  any of Claims 1 % 

t o  25 o r  27. 

29. A method of reducing oxygen, comprising contact ing elemental 

oxygen with a source of hydrogen a t  an  e lec t rode  according t o  any 

of Claims 1 t o  25 or 27, and applying t o  t h e  e l e c t r o d e  a p o t e n t i a l  

of from 0.1 t o  -0.2 v o l t s  w i t h  r e s p e c t  t o  t h e  Hg/HgO elec t rode.  

30. 

exceeds 8000 A/m . 
10 

Amethod according t o  C l a i m  2 9 ,  wherein the c u r r e n t  dens i ty  
2 

43u 
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