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One approach t o  t h e  development of a s a t i s f a c t o r y  oxygen o r  a i r  e lec t rode  f o r  
a f u e l  c e l l  operating i n  an a c i d  e l e c t r o l y t e  is  the  use of  a so-ca l led  redox 
e lec t rode .  
a secondary oxidant wi th  t h e  electrochemical reduction products regenerated 
chemically by oxygen o r  a i r .  
e l e c t r i c a l  performance than  i s  a t t a inab le  by d i r e c t  electrochemical reduction of 
oxygen. This increased performance is  of p a r t i c u l a r  s ign i f i cance  i n  the  opera t ion  
of a i r  e lec t rodes ,  where h igh  concentrations of nitrogen se r ious ly  a f f e c t  e lec t rode  
e f f ic iency .  
purpose (1,2). However, t h e s e  systems have shown ser ious  l imi t a t ions  i n  p r a c t i c a l  
operation. 

Such a system u t i l i z e s  t h e  more favorable electrochemical a c t i v i t y  of 

In  t h i s  manner it is  possible t o  ob ta in  h igher  

Recent r epor t s  have c i t e d  the use of Br- - B r 2  and Ce& - Ce+3 f o r  t h i s  

This paper descr ibes  t h e  performance and mechanism of opera t ion  of another 
redox cathode, one based on the  reduction of n i t r i c  acid i n  s u l f u r i c  acid.  Previous 
inves t iga to r s  have s tudied  t h e  cathode reac t ion  on platinum i n  H N O ~ / H N O ~  systems 
under various condi t ions  ( 3 , 4 , 5 , 6 ) .  
b i l i t y  of using t h i s  system as  a redox oxygen electrode. 
concent ra t ions  used, t h e  presence of HN03 could ser ious ly  impair the performance of 
a f u e l  e lec t rode .  With t h e  i n t e n t  of avoiding t h i s  d i f f i c u l t y ,  a study has been 
made of t he  redox behavior of l o w  concentrations of HNO3 i n  s u l f u r i c  ac id  e l ec t ro -  
l y t e .  The r e s u l t s  of t h a t  study are  presented here.  

However, none of these considered t h e  possi-  
Furthermore, with t he  acid 

EXPERIMENTAL 

A l l  electrochemical measurements described here were ca r r i ed  out i n  conventional 
g l a s s  c e l l s  with e i t h e r  p a r a l l e l  or coaxial  e lec t rode  arrangements. 
cathode compartments were separa ted  by e i t h e r  g l a s s  f r i t s  or c a t i o n i c  exchange mem- 
branes. Noble metal and carbon e lec t rodes  were employed and performance i n  most 
cases was obtained during opera t ion  against  a "driven" countere lec t rode ,  power being 
supplied by 6-12 v o l t  regula ted  D.C. sources. A l l  so lu t ions  were prepared using 
C.P. grade s u l f u r i c  (96.5%) and n i t r i c  (70%) acids d i lu ted  with deionized water of 
conduct iv i ty  mho/cm. Electrode vol tages  were measured aga ins t  commercial 
s a tu ra t ed  calomel e l e c t r o d e s  equipped with Luggin c a p i l l a r y  probes. Voltages and 
cur ren t  measurements were obta ined  with Keithley electrometers of 1014 ohms input 
impedance. 

Anode and 

More s p e c i f i c  d e t a i l s ,  when necessary, w i l l  b e  found i n  the  t e x t .  A l l  
e l ec t rode  p o t e n t i a l s  repor ted  here in  a re  re fer red  t o  t h e  standard hydrogen 
e l ec t rode  (N.H.E.), and s ign  conventions conform t o  the adopted standards.  No 
attempt has been made t o  c o r r e c t  the  voltage measurements f o r  l i qu id  junc t ion  
and thermal p o t e n t i a l s ,  t he  magnitude of which may be s i g n i f i c a n t  i n  s t rong  
ac ids ,  about 50 t o  100 mv. 
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PERFORMANCE OF THE 
HNO? REDOX ELECTRODE 

The i n i t i a l  performance t e s t s  using platinized-carbon oxygen e lec t rodes  i n  
3.7 M H2SO4 a t  80-82'C., indicated tha t  t he  addition of 0.2 M HN03 t o  t h e  H2SO4 
e l e c t r o l y t e  r e su l t ed  i n  l a rge  improvements i n  performance as measured by conven- 
t i o n a l  voltage-log cu r ren t  p lo t s .  Further t e s t s  indicated t h a t  these  improvements 
were not l imi ted  t o  carbon based e lec t rodes  alone, but were a l s o  a t t a i n a b l e  with 
noble metal e lec t rodes .  The performance, an example of which i s  shown i n  Figure 1, 
was found t o  be independent of the  supply of primary oxidant,  i . e . ,  oxygen o r  a i r ,  
but did depend on both HN03 and H2SO4 concentrations.  

Typical E-log I p l o t s  showed l i t t l e  evidence of a well  def ined  Tafel  slope.  
A t  temperatures above 5OOC. open c i r c u i t  po ten t i a l s  as high a s  0.92 v o l t s  vs t he  
calomel reference were obtained. Neglecting l iqu id  junc t ion  and thermal p o t e n t i a l s ,  
t h i s  i s  equivalent t o  1.16 v o l t s  vs N.H.E. High performance i n  a f r e s h  e l e c t r o l y t e  
w a s  shown to occur only a t  temperatures i n  excess of 5OoC., but accumulation of 
reduction products with continued operation enabled the  r e t u r n  of t h e  system t o  
25OC. with r e t en t ion  of r e l a t i v e l y  high performance l eve l s .  

Furthermore, coulometric determinations i n  the  experiments wi th  oxygen showed 
t h a t  t he  number of coulombs involved was f a r  g rea t e r  than t h a t  needed t o  account for 
reduction of a l l  HNO3 i n  the  system. 
electrochemical reduction of some species i n  the  HNO3 system and t h e  reoxida t ion  of 
t he  products by oxygen. 

Thus a redox cycle e x i s t s ,  cons i s t ing  of an 

Concentrat ion Variables 

A concentration va r i ab le  study was car r ied  out i n  which performance (E vs log I) 
and l imi t ing  cu r ren t s  were determined f o r  a s e r i e s  of e l e c t r o l y t e  compositions cover- 
ing t h e  range of 0.2-1.0 M HNO3 a t  a H2SO4 concentration of 3.7 M, and 0.5-3.7 M 
H2SO4 a t  a HN03 concentration of 0.2 M. 
l imi t ing  cur ren ts  were not only l i nea r ly  dependent on HNO3 concent ra t ion  (Figure 2 ) ,  
but were a l s o  l i n e a r l y  dependent on the proton a c t i v i t y  i n  t h e  system neglec t ing  the  
cont r ibu t ion  from t h e  HN03 (Figure 3). It was a l so  observed t h a t  f o r  these  systems 
l imi t ing  cu r ren t s  decreased with increasing ag i t a t ion  of t he  e l e c t r o l y t e .  The da ta ,  
therefore ,  a r e  reported with respect t o  a fixed r a t e  of gas flow a g i t a t i o n  o r  a t  
quiescent condi t ions .  Similar observations of decreasing l i m i t i n g  cu r ren t s  wi th  
increasing a g i t a t i o n  were made by previous inves t iga tors  i n  HNO3/HN02 systems (4 ,6) .  

The r e s u l t s  of t h i s  study showed t h a t  

E f fec t s  Of Temperature 

Var ia t ion  of t he  HNO3 e lec t rode  a c t i v i t y  with temperature was studied i n  t h e  

The da ta  provided a s t r a i g h t - l i n e  p lo t  of 
range of 50-106°C. 
presa tura ted  with e i t h e r  02, N2 o r  NO. 
log l imi t ing  cur ren t  vs rec iproca l  absolute temperature (Figure 4) w i t h  a slope 
corresponding t o  an ac t iva t ion  energy of about 10 kcal/mol f o r  a l l  t h ree  gases. 
An ac t iva t ion  energy of t h i s  magnitude ind ica tes  a chemical r a t e - l imi t ed  r a the r  
than d i f fus ion  l imi ted  cur ren t .  The absolute l eve l  of t he  l i m i t i n g  cur ren ts  
var ied ,  however, among t h e  th ree  gases used. 
l a t e r  sec t ion .  

Limiting cur ren ts  were measured with t h e  e l e c t r o l y t e  so lu t ion  

This e f f e c t  w i l l  be discussed i n  a 

MECHANISM STUDIES 

These d a t a  suggest a r e l a t i v e l y  complex reac t ion  mechanism. Furthermore, i t  
was f e l t  t h a t  t he  p r a c t i c a l  development of t h i s  redox system f o r  f u e l  cel l  use would 
requi re  a complete knowledgeof t h e  reduction and regenera t ion  reac t ions .  
quently, s t u d i e s  were d i r ec t ed  toward es tab l i sh ing  the  reduct ion  mechanism and 
determining t h e  r eac t ion  products. 

Conse- 
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Cathodic Transients 

A system was assembled t o  inves t iga t e  the  response of an e lec t rode  t o  constant 
cu r ren t  pu l se s  during the  HNO3 reduction reac t ion .  
t h e  e l ec t rode  i n  a 3 . 7  M HgSO4-0.2 M HNO3 e l e c t r o l y t e  at 82'C. 
(< 1%) was obtained using a h igh  vol tage  (175 V.) D.C.  regulated power supply and a 
high s e r i e s  r e s i s t ance .  Voltage t r a n s i e n t s ,  measured aga ins t  a sa tu ra t ed  calomel 
electrode-Luggin cap i l l a ry  arrangement, were displayed on a Tektronix 545A o s c i l l o -  
scope (Type D-D. C. Preamp. ) and photographed. Input impedance of  t h i s  osc i l loscope  
(106 ohms) represented an i n s i g n i f i c a n t  load i n  t h e  voltage measuring c i r c u i t .  

Current pu lses  were applied t o  
r 

Constancy of cur ren t  

Voltage-time v a r i a t i o n s  a t  constant cur ren t  can be analyzed i n  terms of t he  
t r a n s i t i o n  t ime, 7 .  
c o e f f i c i e n t s  and current d e n s i t y  f o r  r eac t ions  under d i f fus ion  con t ro l  (7 ) .  It is 
measured from the  incept ion  of t he  reac t ion  wave t o  i ts  i n f l e c t i o n  (see Figure 8) 
and can be used a n a l y t i c a l l y  a s  a measure of concentration of a reac t ing  species.  
Thus, 

This t r a n s i t i o n  time is a func t ion  of concentrations,  d i f fus ion  

where C o  i s  t h e  bulk concent ra t ion  of the reac t ing  spec ies  and a l l  o ther  symbols 
have t h e i r  usual s ign i f icance .  

I n i t i a l  experiments with t h i s  technique confirmed t h a t  HNO3 i t s e l f  was not 
d i r e c t l y  reduced. Under condi t ions  where d i f fus ion  cont ro l led  t r a n s i t i o n  times f o r  
HNO3 reduct ion  would be expected t o  begin a t  about H.95 v o l t s  vs N . H . E .  and t o  
exceed 10 seconds dura t ion ,  observed t r a n s i t i o n  times at t h i s  l eve l  were l e s s  than 
0.1 second. Transients a t  cu r ren t s  s l i g h t l y  l e s s  than t h a t  required fo r  complete 
p o l a r i z a t i o n  showed a u t o c a t a l y t i c  behavior. Typically the e lec t rode  polarized 
seve ra l  t e n t h s  of a v o l t  and r ap id ly  recovered t o  more pos i t i ve  vol tages  a l l  a t  
cons tan t  cur ren t  load. (Figure 5) The reac t ion  wave a t  more negative p o t e n t i a l s  
i n  Figure 5 - A  disappeared upon degassing with N2. 

f- 
The extreme au toca ta ly t i c  na ture  of the e lec t rode  r eac t ion  was fu r the r  

emphasized by t r a n s i e n t s  observed following extended per iods  of ca thodiza t ion  and 
under condi t ions  of r e p e t i t i v e  cur ren t  pu lses .  An e lec t rode  placed i n  a f r e s h  
e l e c t r o l y t e  so lu t ion  ex tens ive ly  sparged with 02 polar ized  completely t o  H2 evolu- 
t i o n  p o t e n t i a l s  upon app l i ca t ion  o t  a I ma/cm2 currenr: pu ise .  
i ng  t h e  cu r ren t  from zero,  however, a l eve l  of 5 ma/cm2 was e a s i l y  obtained. 
f i v e  minutes cathodization a t  t h i s  l eve l  followed b seve ra l  seconds a t  open c i r c u i t ,  
t h e  e l ec t rode  withstood a cu r ren t  pu lse  of 66 ma/cmg with equi l ibr ium po la r i za t ion  
of only 0 .1  v o l t s  (Figure 6).  A g radual ly  improving response could be observed w i t h  
r e p e t i t i v e  cur ren t  pu lses  i n  a f r e s h  so lu t ion  as  shown in Figure 7 .  

I 

ipon b i u w i y  iili~i..is- 
After  

I 

Based on the high temperature dependence of t h e  l imi t ing  cu r ren t s  
of a well  defined t a f e l  s lope ,  a reduction r eac t ion  with chemical r a t e - l i m i t a t i o n  
i s  indica ted .  The dependence of l imi t ing  cu r ren t s  on €1~03 concent ra t ion ,  i n  con- 
junc t ion  wi th  the a u t o c a t a l y t i c  behavior, suggests t h a t  t h i s  r a t e  l imi t ing  s t e p  
involves  r eac t ion  of a product spec ies  with the  HNO3 i t s e l f  t o  produce the  e l ec t ro -  
chemical r eac t an t .  

and absence 

1 

Product I d e n t i f i c a t i o n  

To c l a r i f y  the mechanism and assess  the  p o s s i b i l i t i e s  of t h i s  sytem as  an 
e f f i c i e n t  redox e lec t rode ,  experiments were run t o  e s t a b l i s h  the  i d e n t i t y  of the  
r e a c t i o n  products.  A c e l l  wi th  3 . 7  M H2SO4 - 0 . 2  M HNO3 e l e c t r o l y t e  containing a 



. 
', . 

161 

l a rge  aux i l i a ry  cathode was used f o r  reac t ing  the  n i t r i c  acid.  
(0 .27 cm2 i n  area) was placed i n  c lose  proximity and used a s  a product de tec t ion  
device. A t  desired i n t e r v a l s  t h i s  e lec t rode  w a s  supplied with an anodic cur ren t  
pulse t o  reoxidize the  product mater ia l  p resent .  
was recorded photographically from the  osc i l loscope  t r ace .  A t y p i c a l  t r ans i en t  
found f o r  product reoxidation is  shown i n  Figure 8. 
poss ib le  t o  follow the build-up of product and i t s  rate of disappearance under 
conditions of  02 o r  N2 sparging. 
both N2 and 02 sparging but t h a t  removal occurred more r ap id ly  with 02 sparge, 
suggesting r eac t ion  with 0 2 .  The d a t a  obtained a r e  shown i n  Figure 9, where 

is propor t iona l  t o  r ec ip roca l  concentration (L/CR) of the  r eac t ing  spec ies .  

Another e lec t rode  

The p o t e n t i a l  t r ans i en t  produced 

Using t h i s  technique, i t  was 

It was found t h a t  t he  product was  removed during 

l/i 7% i s  recorded versus sparge time. This quan t i ty ,  as  previously described, 

This evidence s t rongly  indicated NO as  t h e  electrochemical r eac t ion  product. 
This conclusion was confirmed by observations on t r a n s i e n t s  obtained i n  an a i r - f r e e  
3.7 M H2SO4 so lu t ion  sa tu ra t ed  with NO gas. Trans ien ts  obtained i n  t h i s  system 
were i d e n t i c a l  t o  those of Figure 8. Furthermore, s a t u r a t i o n  of t he  H2S04-HN03 
e l e c t r o l y t e  with NO caused the  complete absence of a l l  a u t o c a t a l y t i c  e f f e c t s  
previously observed. 

The e f f e c t  of temperature on l imi t ing  cu r ren t  i n  t h i s  l a t t e r  system w a s  
previously shown i n  Figure 4. The increase i n  l imi t ing  cu r ren t s  i n  t h i s  NO equi l -  
i b ra t ed  so lu t ion  over those obtained with 02 and N2 a l s o  a f f i rms  t h e  r o l e  of NO as 
the  electrochemical product which p a r t i c i p a t e s  i n  the  chemical r a t e  l imi t ing  s tep.  
Limiting cu r ren t s  with NO a r e  not d i spropor t iona te ly  high, however, s ince  e l ec t ro -  
chemical NO evolu t ion  a t  t h e  l imi t ing  cur ren t  i s  s u f f i c i e n t  t o  e s s e n t i a l l y  s a t u r a t e  
€he so lu t ion  i n  the  v i c i n i t y  of t he  e lec t rode .  

Proposed Mechanism 

Based on the  observed behavior, t he  ove r -a l l  mechanism of the  cathodic reac t ion  
I i n  t h e  3.7 M H2SO4 - 0.2 HN03 e l e c t r o l y t e  would seem bes t  su i t ed  by the  following 
7 

s cheme : 

+ 1. H + NO; HNO3 (undissociated) 

2 .  

3. 

) 

HNO3 + 2 N 0  + H20 -3HN02 (slow, chemical r a t e - l imi t ing )  

3(HN02 + H+ + e-- H20 + NO) ( e l ec t ron  t r a n s f e r )  

I + 4 .  

As previously ind ica ted ,  the  r a t e  l imi t ing  s t e p  i s  t h e  slow chemical production 
of HN02, t he  electrochemical r eac t an t .  Reaction 3 is assumed t o  opera te  reasonably 
revers ib ly ,  with the  p o t e n t i a l  a t  any given cu r ren t  dens i ty  being f ixed  by the  l o c a l  
r a t i o  of HN02 and NO a c t i v i t i e s .  
concent ra t ion  of HN02 at  the  e lec t rode  sur face  f a l l s  t o  zero and the  p o t e n t i a l  
increases  u n t i l  another r eac t ion  p o t e n t i a l  i s  reached. This scheme takes  f u l l  account 

tends  t o  remove the  product NO, making i t  unavai lab le  f o r  r eac t ion  2 near  the  sur face .  

i n d i c a t e  t h a t  HN03 i s  undissociated i n  r eac t ion  2.  

4H + NO; + 3e----t 2H20 + NO 

A t  the  l i m i t  of t h e  chemical r eac t ion  r a t e ,  t he  

i of t h e  observed dependence of l imi t ing  cur ren t  on s t i r r i n g ,  s ince  excess a g i t a t i o n  

The dependence of l imi t ing  cur ren t  on both ~ ~ 0 3  and H2S04 concent ra t ion  probably 

\ 

A 
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Minc (3) has studied p o l a r i z a t i o n  curves f o r  platinum e lec t rodes  i n  HNO3. He 
found t h a t  t he  high p o s i t i v e  p o t e n t i a l  cathode process takes place only in  so lu t ions  
of HNO3 a t  concentrations s u f f i c i e n t  t o  contain appreciable amounts of the nonionized 
form of n i t r i c  acid. His work i n d i c a t e s  a l i n e a r  r e l a t i o n  between the  log of the con- 
cen t r a t ion  of the nonionized form and e lec t rode  voltage a t  constant cur ren t  values i n  
the  Tafel  region. I n  our high pro ton  a c t i v i t y  so lu t ions ,  it i s  expected t h a t  s ign i -  
f i c a n t  q u a n t i t i e s  of nonionized HNO3 a l s o  e x i s t .  Thus, equilibrium of r eac t ion  2 a t  
low cur ren t  dens i t i e s  would r e s u l t  i n  a s imi l a r  dependence on acid concentration. 

The mechanism proposed here  d i f f e r s  from the  one advanced by Vet te r  (6 )  t o  
account f o r  s imi la r  e f f e c t s  i n  t h e  system HNO3/HNO2 at 25OC. 
following t h e  e a r l i e r  work of Beinert  e t  a l .  ( 8 ) ,  measured anodic and cathodic 
po la r i za t ion  curves i n  var ious  H N 0 3 / H N 0 2  systems. 
spec ies  of t he  reac t ive  e lec t rochemica l  couple was HN02 o r  a species i n  rapid 
equilibrium wi th  HN02 (e.g., NO, NOZ, e t c . ) .  Vet te r  derived a mechanism involving 
the  reduct ion  of NO2 t o  HN02  and entrance of t he  product HN02 i n t o  a r a t e  l imi t ing  
chemical s t e p  analogous t o  r eac t ion  (2) .  The d i s t i n c t i o n  between these  mechanisms 
r e s t s  on two observations:  

That i nves t iga to r ,  

He concluded t h a t  the  reduced 

(1) Since there i s  l i t t l e  l ike l ihood of fu r the r  reduction beyond NO ( the  
observed product) t he  r eac t ion  wave i n  Figure 5-A which is removed by degassing must 
represent NO2 reduction. This i s  re inforced  by he f a c t  t h a t  spontaneous revers ion  
t o  the  low po la r i za t ion  l e v e l  of a c t i v i t y  (++ 0.97 v o l t  vs N.H.E.)  occurs upon 
reaching t h i s  reac t ion  p l a t eau .  Such behavior would occur i f  t h i s  r eac t ion  l eve l  I 

represented another source of H N 0 2 ,  i . e . ,  by a one-electron electrochemical reduction 
of NO2. Thus, i f  i n s u f f i c i e n t  HN02  i s  ava i l ab le  t o  support the  r eac t ion  a t  t he  low 
po la r i za t ion  leve l ,  the system has a b u i l t - i n  "safety" f o r  electrochemical HN02  pro- 
duc t ion  a t  the  higher p o l a r i z a t i o n ,  i f  s u f f i c i e n t  NO2 i s  present i n  so lu t ion .  

I 

,' (2)  A s  was indicated e a r l i e r ,  s a t u r a t i o n  of degassed 30% H 2 S 0 4  with NO gas alone 
produced an anodic t r a n s i e n t  i d e n t i c a l  t o  t h a t  observed f o r  the  product of the  cathodic 
reac t ion .  Moreover, t h i s  ox ida t ion  wave of NO, and the  observed cathodic r eac t ion  wave 
are  symmetrical about t h e  observed r e s t  p o t e n t i a l  of the  system. It would then appear 
t h a t  NO, r a t h e r  than H N 0 2 ,  i s  t h e  reduced component of the r eve r s ib l e  couple operating 
a t  t h i s  po ten t i a l .  
much l e s s  pos i t i ve  p o t e n t i a l s .  

The reduct ion  wave i n  Figure 5-A, presumed t o  be NO2,  occurs a t  

V e t t e r ' s  work was c a r r i e d  out a t  25'C. and i n  general  much higher HNO3 concentra- 
t i o n s  than were employed i n  t h i s  study. Thus the re  need be no d i r e c t  r e l a t ionsh ip  
between t h e  behavior observed i n  these  systems. A t  low n i t r i c  acid concentrations 
Ellingham (5) poin ts  out t he  importance of r eac t ion  2 i n  determining t h e  equilibrium 
between NO and HNO3. 

REGENERATION 

With no regard t o  t h e  mechanism involved, i t  has been d e f i n i t e l y  es tab l i shed  tha t  
Thus the problem of completing the  ne t  product of the  cathode r eac t ion  i s  gaseous NO. 

t he  redox cyc le  by conversion of  NO t o  HN03 then becomes a process well  known i n  the  
n i t r i c  acid production indus t ry  (9).  The r eac t ion  goes by the  scheme: 

5 .  2NO f 02 + 2 N 0 2  

6. 3 N 0 2  + H 2 0  .=2HNO3 + NO 
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\ 

? 

Reaction 5 i s  a c l a s s i c a l  termolecular reac t ion  with nega t ive  energy of ac t iva-  
t i on ,  favored by low temperature and high pressure.  
is not  l imi t ing  but s u f f e r s  t he  drawback t h a t  NO i s  produced, t hus  r equ i r ing  i n f i n i t e  
reac t ion  space f o r  completion of reac t ions  5 and 6. 
s u f f i c i e n t  NO conversion is obtained by maximizing gas contact t imes before and 
during hydrolysis. 

Reaction 6 a t  normal pressures  

On a p r a c t i c a l  bas i s ,  however, 

Using standard methods of contacting the  NO produced a t  t he  e l ec t rode  with 02 and 
the  e l e c t r o l y t e ,  it i s  poss ib le  t o  regenerate H N O ~  t o  the  ex ten t  that  t h e  e l ec t ro -  
chemical cathode process of HNO3 reduction may be car r ied  out f o r  per iods  of time equal 
t o  severa l  times the  coulombic equivalent of HNO3 added. However, under c a r e f u l l y  
optimized 02 regeneration conditions,  it has been poss ib le  i n  our l a b o r a t o r i e s  t o  pass  
cur ren ts  a t  low po la r i za t ion  equal t o  225 times t h e  coulombic equiva len t .of  the  HNO3 
l o s t  from t h e  system. 
Operation a t  t h i s  regeneration e f f i c i ency  reduces the  amount of WO3 make-up t o  a 
small quant i ty ,  about 0.1 lb/kwh. 

COMPATIBILITY 

Under comparable conditions,  t h i s  number wi th  a i r  i s  about 30. 

Although it i s  not t h e  purpose of t h i s  paper t o  dea l  wi th  t h e  opera t ion  of e n t i r e  
fue l  c e l l  systems, a few words concerning compat ib i l i ty  seem appropr ia te .  Due t o  t h e  
highly ac t ive  oxidizing na ture  of the  cathode r eac t an t ,  it i s  necessary t o  ca r ry  out 
the  cathode reac t ion  a t  t he  lowest poss ib le  n i t r i c  acid concent ra t ion  cons i s t en t  wi th  
the  cur ren t  required.  
cu r ren t s  of 75- 100 ma/cm2. 

A n i t r i c  acid concentration of 0.2 M is  s u f f i c i e n t  t o  ob ta in  

The e f f e c t  of HNO3 on the  opposing e lec t rode  genera l ly  w i l l  be less wi th  h ighly  
e l ec t roac t ive  anode fue l s .  Thus, a f u e l  such as  H2 w i l l  s u f f e r  l e a s t .  Dele te r ious  
e f f e c t s  seem t o  a r i s e  pr imar i ly  from accumulation of intermediate spec ie s  i n  the  HNO3 
systems, e.g. HN02, N02, and thus e f f i c i e n t  regeneration on the  cathode s i d e  increases  
compatibil i ty.  For ins tance ,  addi t ion  of HNO3 a t  concentrations below 0.6 M d i r e c t l y  
t o  a separated anolyte compartment causes no de le t e r ious  e f f e c t s  a t  an opera t ing  
methanol e lec t rode .  
cathode was not separated from the  anode compartment and reduction products were 
allowed t o  accumulate. 

E f fec t s  were evident,  however, a t  0.25 M when an opera t ing  HNO3 

SUMMARY 

The use of HNO3 i n  a f u e l  c e l l  cathode redox cycle has been shown t o  provide 
improved cathode performance over t h a t  generally achieved wi th  d i r e c t  electrochemical 
reduction of 02. The system provides equal e l e c t r i c a l  performance using e i t h e r  02 o r  
a i r .  
t h e  redox cycle depends on i t s  reconversion t o  HNO3. 
high l eve l s  of regeneration, oxygen,as would be expected, shows s u p e r i o r i t y .  
s i s t e n t  mechanism has been advanced t o  account f o r  a l l  aspec ts  of t h e  cathode r eac t ion  
i n  t h i s  system. 
t o  be a chemical s t ep  involving the reac t ion  of NO and €NO3. 

The product of cathode r eac t ion  i n  t h i s  system i s  gaseous NO and e f f i c i ency  of 

A con- 
While both oxygen and  a i r  provide 

Basic rate l imi t a t ion  i n  the  electrochemical reduct ion  r eac t ion  appears 

The redox concept, as  applied here ,  can of course be extended i n  p r i n c i p l e  t o  
improvement of any e lec t rode  r eac t ion  where r eac t an t s  exh ib i t  low e l e c t r o a c t i v i t y .  
The requirements na tu ra l ly  necess i t a t e  t h a t  the  redox in te rmedia te  be less e a s i l y  
reduced (or more d i f f i c u l t l y  oxidized) i n  theory than t h e  oxidant (or f u e l )  spec ies  
t o  be replaced. 
the  oxidant o r  f u e l  t o  be replaced, t h e  chemical regeneration of t h e  in te rmedia te  i s  
s t i l l  f eas ib l e .  
thus be r e s t r i c t e d  t o  those couples exhib i t ing  r eve r s ib l e  p o t e n t i a l s  no t  more than 
about 0.2 v o l t s  l e s s  p o s i t i v e  (or 0.2 v o l t s  more pos i t i ve )  than t h e  oxidants (or  
f u e l s )  t o  be replaced. 

Thus while ac tua l ly  exhib i t ing  more electrochemical a c t i v i t y  than 

For m o s t  p r a c t i c a l  f u e l  c e l l  sys tems,  t he  redox in te rmedia te  would 

. .  
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Figure 1 - Typical Performance O f  HNO3 Oxygen Electrode 
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Figure 2 - Dependence of Limiting Currents on HN03 Concentration 
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Figure 3 - Dependence of Limiting Currents on Hydrogen Ion A c t i v i t y  I 
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Figure 4 - Temperature Dependence of Limiting Current 
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Figure 5 - Typical Voltage Transients at Constant Current 
A. Current in Excess of Limiting Current 
B. Current Less Than Limiting Current 
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Figure 6 - Response to High Loads After Preconditioning 
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Figure 8 - Transient Observed During Product Reoxidat ion 
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Figure 7 - Response t o  Repet i t ive  Load 
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Figure 9 - Removal of Product by Gas Sparging 


