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I? t  rqduc tion 

The r e v e r s a l  of water  e l ec t ro lys i s  on platinum e lec t rodes  in  the, f i r s t  
hydrogen-oxygen ce l l  was demonstrated by W .  Grove in 1839. 
publications appea red  shor t ly  a f t e r  1900. . 
build p rac t i ca l  fuel ce l l s  s t a r t ed  a f t e r  World W a r  I, ending in the mid- th i r t ies  with- 
cut prac t ica l  r e su l t s .  
se t  by Carnot ' s  cyc le ,  d i scouraged  a l l  efforts to cons t ruc t  'fuel ba t t e ry  power plaxts.  
I t  is beyond the sccpe  of this pape r  to mention all the \-arious fuel c e l l  cons t ruc t ions  
t r i ed  during this per iod .  
ir? 1933 by E. Baur  and J .  Tobler .2  

E a r l y  theore t ica l  
Very  ex tens ive  competit ive e f for t s  to 

The improved heat engine,  in sp i te  of the efficiency l imi t  

F o r  a comprehensive s u m m a r y ,  s e e  the review wr i t ten  

P rac t i ca l  oxygen ca rbon  e l ec t rodes  became  well  known f r o m  expe r i -  
m e r t s  with a i r  depolar ized  zinc ba t t e r i e s .  Around 1930 G.  W.  Heise and 
E .  A .  Schumacher  a t  ths  National Carbon Company3 cons t ruc ted  long lasting 
"Air -Ce l l s "  with caus t ic  e lec t ro ly te ,  m o r e  powerful than the e a r l i e r  ce l l s  ope ra t -  
ing with ammonium chlor ide ,  But not before 1943, when W .  G. Be r l  published 
his st.udies, -I was the peroxide mechan i sm of the  ca rbon  oxygen e lec t rode  accepted .  

Af te r  World Wa' r  XI sc ien t i s t s  became  s t rongly  a w a r e  of the need to 
p re se rve  fos s i l  fuels by obtaining h igher  ene rgy  convers ion  efficiencies and  fuel 
ce l l  r e s e a r c h  was revived. 

Again it i s  imposs ib le  to mention all the p r o g r e s s  made in recent  y e a r s  
rbn m,+y different fuel ce l l  s y s t e m s ,  but for tuna te ly  m o s t  communications a r e  
a l r eady  collected in s u r v e y  publicstions and pape r s .  5 p  6~ 

As far as the carbon e lec t rode  fue l  ce l l  i s  concerned ,  0. Davtyzn in  
Rtlssiae experimented wit.h ca ta lyzed  carboll  e l ec t rodes  with unconvincing r e su l t s .  
E .  Jus t i  in Germany9  worked init ially with ca rbon ,  switching l a t e r  to porous m e t a l  
e lec t rodes .  The l a c k  of durable  ca ta lys t s  aad  good ca rbon  ma te r i a l s  was obvious.  
The hi h p r e s s u r e  ce l l  of F. T .  Bacon s e e m e d  to be the oniy prospective fuel 
ce l l .  18 

In the mean t ime ,  realizing that the s imples t  g a s  e lement  was a ca rbon  
e lec t rode  ce l l  operating a t  room t empera tu re  on a i r ,  A. Marko and the au thor ,  at 
the University of Vienna, investigated catalyzing p rocedures  which l e d  to high 
cu r ren t  oxygen e l ec t rodes  f o r  alkaline ce l l s .  l1 A s h o r t  t ime  l a t e r  F. Kornfeil , '  
F. Martinola12 and H. Hunger 13 joined the r e s e a r c h  g roup .  
hydrogen-oxygen ca rbon  fuel c e l l s  looked ve ry  p romis ing ,  but i t  was s t i l l  difficult 
to obtain re l iab le  ca rbon  ma te r i a l .  

The performance of 

In 1955 the au thor  joined the  National Carbon Company and could make 
use  of the ca rbon  production exper ience  accumulated a t  t h i s  organization. Together 
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with R. R. Witherspoon and J .  F. '{eager, the present  fuel  cel ls  have been devel- 
oped. 

In the following par t  of t h i s  paper  the fundamental p r inc ip les  and the pe r -  
formance  pa rame te r s  of our  ce l l s  will be s t r e s s e d .  Technical descr ip t ions  of the 
per formance  of przct ical  ba t t e r i e s  have a l ready  been presented  by G.  E. Evans 
a t  the Twelfth and Thirteenth Annual Power Sources  Conferences of the U.S. Army 
Sign21 Resea rch  & Development Labora to r i e s .  5 

The Charac te r i s t i c s  of the Natior.21 Carbon Fuel  Cel l  

The construction of a l abora to ry  type hydrogen-air  fuel ce l l  with two 
concent r ic  e lec t rodes  is  shown in F igu re  1 .  
The ceT1 produces  electr ic i ty  a s  soon as hydrogen i s  fed into the inner  carbon tube. 
The outer  tube i s  exposed to a i r .  With m o r e  ce l l s  in s e r i e s  a common electrolyte  
c i r cu l l t i on  s y s t e m  is provided to remove  wa te r  o r  carbonate if necessa ry .  It 
should be noted that the C 0 2 - p i c h p  f rom the a i r  i s  astonishingly slow. The l a r g e r  
sur face  of the outer tube offsets the lower c u r r e n t  density of the a i r  e lec t rode .  
With pure oxygen-hydrogen ce l l s  we p re fe r  equal -sur face  e lec t rodes  to obtain proper  
ce l l  balance.  

The electrolyte  is  30 pe r  cent KOH. 

Tube bundle ce l l s  o r  plate ce l l s  a r e  chosen in this ca se .  

1.  The Oxygen Elec t rode  

The t ranspora t ion  of oxygen through the wrill of the carbon tube d e t e r -  
mines  the c u r r e n t  of the e lec t rode .  F i ck ' s  law fo r  l i nea r  diffusion allows a 
c d c u l a t i o n  of the p re s su re  d rop  between g a s  side and electrolyte side of the carbon 
wall .  7 Under a number of opera t ing  conditions,  it  amounts to seve ra l  percent  of 
the applied gas p r e s s u r e ,  dependicg on the load. No gas escapes  into the e l e c t r o -  
lyte  in a prop.erly operating cell .  The pore s t ruc tu re  i s  chosen such that a l a r g e  
p r e s s u r e  differential  i s  requi red  to produce gas  bubbles on the e lec t ro ly te -carbon 
interface.  Penet ra t ion  of the electrolyte  into the carbon i s  effectively stopped by 
a special  carbon repellency treatmen:.  

The oxygen molecule adsorbed  on the carbon sur face  i s  ionized in acco rd -  
ance with the 2-electron t r a n s f e r  p rocess :  

10 
Oz(sds.  ) + H,O + 2e- - HOZ- + OH- 

Using spec ia l  peroxide decomposing ca t a lys t s ,  the hydrogen peroxide concentration 
13 reduced  beyond the sen.sitivity of acalytical  t e s t s  to an es t imated  value of lo- ' '  
mo la r .  
2nd Knrdesch .  l 4  The low corcent ra t ion  of peroxide co r re sponds  to the open c i r -  
cuit  potential of 1.10 to 1 . 1 3  volts ,ag;inst the hydrogen e lec t rode .  
fo rmed  by decomposition of the X 2 0 z  i s  ent i re ly  reused .  
2-e lec t ron  p rocess  to an apparent  4-e lec t ron  mechanism.  
d i f fe rences  in  the open c i r cu i t  po!er,tial of the oxygen-water e lec t rode  r evea l s  that 
the e lec t rode  is - not following the equation 

Suitable catalysts  f o r  this  purpose a r e  descr ibed  in the patents by ivlsrko 

The oxygen 
This fact  changes the 

Only the 0.1 volt 

0, + 2H,0 + 4e - 40H- 

The hydrogen peroxide mechan i sm on ca rbon  e lec t rodes  w a s  also conf i rmed by 
E .  Ye.-ger and co -worke r s .  15 
open c i r cu i t  potential i s  -1 m v /  "C (negative).  
we found a positive coefficient o i  +0.75 m v / " C ,  increas ing  with the load. l 2  

The t empera tu re  coefficient of the oxygen e lec t rode  
Under a load condition of 10 malcm'  

In accordance with the th.eory,the oxygen e lec t rode  potential mus t  be 
dependent on the alkali concent ra t ion  of the electrolyte .  The pH function is shown 
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in F igure  2 .  The s lcpe  of t5.e cx.;ger-H?02-electrode cu rve  i s  about 30 to 3 2  m v  
per  pH unit ,  irL good .zgreement w i r . 5 .  the postulated value of 2 9  m v  r'or a 2-e lec t ron  
process .  
a r e  pot reproducible.  
measu re  of the actib-ity c0efficier.t.. 
determined by t i tration with I -N-sc l fur ic  ac id .  

In solutions c0r.rainir.g l e s s  tkan 0.  O1N-caustic, the potential values 
T5.e non-Iicearitv at hig!-.er caus t ic  concentration is a d i r ec t  

The a b s c i s s a  indicates normal i ty  of the KOEi, 

The potential of t5e oxygen-carbon e lec t rode  follows the Nerns t  equation. 
As a r e su l t .  such e lec t rodes  can be used f o r  the determination of oxygen par t ia l  
p r e s s u r e s .  The prac t ica l  u s e f u h e s s  of such  e lec t rodes  f o r  oxygen sensing e l e -  
ments is  ve ry  much inc reased  by the fact that  a 1 m a / c m 2  load  does  not cause  
m i r k e d  dev'ations f r o m  this behavior in the raage between 0. 1 to 1 0  a tmosphe res  
p re s su re .  
chznges on open c i r cu i t  measu remen t s  but not under  heavy load conditions. 
the l3 t te r  c a s e  the diffusion through the blocking iner t  g a s  causes  an  additional 
p re s su re  d r o p  a c r o s s  the carbon e lec t rode  wa?l. 

Tc ta l  p r e s s u r e  changes give the s a m e  indication as par t ia l  p r e s s u r e  
In 

Figure  3 shows typic31 p r e s s u r e  cu rves  of oxygen ca rbon  e lec t rodes ,  
measured ag;i?st an  F i g 0  re ference  e lec t rode .  

T t e  effect of hydroger  Feroxide concentrations in the electrolyte has  
beer: studied by E. Yenger and co-workers15 an.d recefitly again by W .  Vielsti'ch. l 7  
Tke influence of the pH value of the caus t ic  e lec t ro ly te  on :he hydrogen peroxide 
'deccmposition with and without c z t d y s t s  was studied by Hunger13 and led  to the 
remarkable  r e su l t  that  a min imum b.df l ife of peroxide i s  observed around pH-14. 
Differert  ca t a lys t s  change the half l i fe t ime seve ra l  magnitudes but the minimum 
s ' .&y~  in  the s a m e  pH regior.. In s t rong  caus t ic  solutions only the bes t  ca ta lys t s  
are useful. 
i n  H202 half life to va'ues one hundred ?Ed cne :hous;nd fold that a t  pH-14. 

Ucder pH-13 no catd;;st was fou-d whickL prevented a rapid inc rease  

2 .  The Hvdrceen ELectrode 

Hydroger is  r o t  acti*Je nn  u r t r ez t ed  ca rbon  e l ec t rodes  as shown by c a r e -  
iu;  exper imects  wit.?: ca rbons  f r ee  of he:-T:y o r  precious me ta l s .  
e lec t rodes  we deposit  ? c?.talyst on the e lec t rode  su r face .  

On o u r  h.ydrogen 

The r e sc t io r  occur r i rg  ? t  :,be cztalytrcally ac t ive  s i t e s  of the  hydrogen 
electrode C . ~ T  be r e p r e s e r t e d  bv tLe equation 

.2H(ads. on ca ta lys t )  F f A  ( g a s )  - 
2F;:ds.j  - 20H-  - 2H,O + 2e-  

As with the oxygen e l ec t r cde ,  the s t ruc tu re  of the hydrogen e lec t rode  i s  
impcrtAnt fo r  t h e  bes t  g?s diffusion ra te .  
solid/gas/i iquid,  bas *.o be es tab l i shed  by wetproofing of the carbon ma te r i a l .  
riddlrrco we had C.0 take preciution.s against  "internal drowning" of the H2-e lec t rode  
b y  the reaction product wa te r .  As indicated by the equation above, water  f o r m s  a t  
the anode and t3is c r e a t e s  a secc ' rd  cu r ren t - l imi t ing  situation, a t  l e a s t  a t  low t e m -  
pe r r tu re s .  

A permanent  t h ree  phase  zone: 
In 

( W . ~ . t e r - r e m o ~ k g  m e a s u r e s  wil: be d i scussed  in a l a t e r  pa rag raph . )  

The hydroger. e lec t rode  a l s o  foXows the theore t ica l  pH function v e r y  
closely a s  i s  shown in Figure  2 .  
the carbon-hydrogen e iec t rode  a r o d  f o r  de te rmina t ion  of activity coefficients.  
Electrode equilibria a r e  reack-ed ir minutes  ins tead  cf many hour s  as is  requi red  
with the P t / P t  b lack  e l ec t rode .  

The good reproducibil i ty of measu remen t s  makes  
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It i s  not ea sy  to poison o u r  carbon hydrogen e lec t rodes .  In four  yea r s  
of exper imenta l  testing of hydrogen e l ec t rodes ,  no e lec t rode  has failed a s  the resul t  
of catalyst  poisoning, except fo r  exper iments  in which l a r g e  amounts of cyanide 
were  de l ibera te ly  introduced. 
in such  quantit ies that l a rge  amounts of water  fo rm catalytically.  
recombination feature  prevents  accumulation of a dangerous gas mixture above the 
electrolyte .  In case  of acc ides ta l  g a s  leakage ,  this i s  important.  

Oxygen i s  de t r imenta l  only if mixed into the hydrogen 
This catalytic 

The open circui t  potential has  a sma l l  negative t empera tu re  coefficient.  
Under load the voltage inc reases  rapidly with t empera tu re ,  especially in the range 
between 20°C and 70°C. 

The p res su re  sensit ivity on open circui t  follows the Nerns t  equation. 
Under heavy load  conditioos, the p r e s s u r e  e f f ec t  i s  magnified because of the f a s t e r  
gas  diffusion and higher adsorption values reached under p r e s s u r e .  

3. Removal of Reaction Water  

In principle the re  a r e  fou r  ways of disposing of the reaction water :  

a. 
under  h igher  p re s su re .  

b. 

ape ra t ion  at  a t empera tu re  n e a r  o r  above lOO"C, in the l a t t e r  c a s e  

Operation at  low t empera tu res  under reduced p r e s s u r e ,  c u r r e n t  
densi t ies  even a t  100 m m  Hg a r e  above 20 m a / c m z  a t  0 .8  .,sit. 

c.  Use of g a s  circulating principle.  Water f r o m  the electrolyte  evapo- 
r a t e s  through the porous carbon wal l  espec ia l ly  if a t empera tu re  difference is set  up. 
The water  removal speed depends a l s o  on gas  flow ra t e s  and is l imi t ed  by the s a t u r a -  
tion value of water vapor.  
pe ra tu re  of 20°C, 180 g of wa te r  is t r a c s f e r r e d  by each  cubic m e t e r  of g a s  s t r e a m -  
ing through the electrodes.  
e v e r ,  we find more  water  a t  the anode if the ce l l  is operating. 

With a c e l l  t empera tu re  of 70 'C and a condenser t e m -  

Evaporation of water occur s  on  both e l ec t rodes ,  how- 

d. Operation a t  low cell  t empera tu res ,  allowing all the water  to en te r  
the electrolyte ,  with concentration of the electrolyte  in a s epa ra t e  the rma l  o r  low 
p r e s s u r e  unit .  F o r  low power applications considerable dilution of e lectrolyte  
can  be to l e ra t ed .  
F o r  example ,  a one ampere  cel l  can  be opera ted  f o r  one thousand hours with the 
production of l e s s  than one pound of water .  

The cell  ope ra t e s  a s  well in 20 per  cent KOH a s  in 50 pe r  cent KOH. 

4. Cell  Geometry  

Because of the many poss ib le  fuel ce l l  cons t ruc t ions ,  a compar ison  of 
different e lec t rode  a r r angemen t s  and  cel l  cons t ruc t ions  had to be made. 
shows five bas ic  a r r angemen t s  of e l ec t rodes  used in fuel cel l  cons t ruc t ions .  
two-e lec t rode  tube cell  (A)  i s  the l abora to ry  t e s t  ce l l  model,  s eve ra l  hundreds of 
which have been  built to investigate e lec t rode  per formance .  The o ther  cons t ruc t ions  
show remarkab le  improvemects  as c a r  be seen  f r o m  the table in F igure  4. 
c u r r e n t  f ac to r  given in this compar i son  r ep resen t s  the lower average  polarization 
achieved by a more  uniform potential  distribution in the ce l l .  
ohmic r e s i s t ance  var ia t ions i s  e l imina ted  by using the pulse cu r ren t  technique. ' 9  
This  method made our compar ison  insensi t ive to the d is tance  between the e lec t rodes .  

F igure  4 
The 

The 

The influence of 

The improvement factor  in respec t  to cu r ren t  output p e r  unit volume o r  
weight is  m o r e  spec tacular  than the mentioned polarization drop. Cell  D, f o r  
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instance,  i s  10 t imes  m o r e  efficient in volume utilization than type A. 
nal  res i s tance  i s  a major  fac tor  to be cons idered  in high c u r r e n t  c e l l s .  Cons t ruc-  
tion E is many t imes  be t te r  than type C a t  100 ma/cm2 c u r r e n t  densi t ies ,  but the 
difference i s  negligible a t  10  m a / c m 2 .  
engineering of fuel ce l l s  f o r  special  applications c a n  b e ,  independent of e lectrode 
per formance .  

The i n t e r -  

These  few e x a m p l e s  show how important  the 

5. P e r f o r m a n c e  C h a r a c t e r i s t i c s  

F i g u r e s  5 and 6 show the vol tage/cur . rent  c u r v e s  of hyd,rogen-oxygen 
carbon fuel c e l l s  under  different  conditions. 
inated by m e a n s  of the pulse c u r r e n t  ( in te r rupter )  technique. l 9  All curves  on the 
graph can  be compared  on an equal polar izat ion b a s i s .  
minal voltages in special  c e l l s  the following values  should be used:  

The ohmic  resistance is again e l i m -  

T o  calculate  actual  t e r -  

Electrolyte  res i s tance :  

Elec t rode  spacing:  

1.  0 to 2 ohm c m .  (depending on tempera ture  

0.  1 to 0. 3 cm. 
and concentrat ion)  

As an  example ,  the voltage d r o p  due to the ohmic r e s i s t a n c e  in ce l l  components is 
about 0.  02 volt a t  100 m a / c m Z f o r  a para l le l  plate b a t t e r y ,  the t e r m i n a l  voltage of 
the cel l  can then be de te rmined  by combining th i s  in te rna l  res i s tance  l o s s  with the 
appropriate  polar izat ion value f r o m  F i g u r e s  5 o r  6. 

6 .  Life ExDectancv 

!, 

i 

1: 

Low t e m p e r a t u r e ,  low p r e s s u r e  c e l l s  a r e  not subject  to e lectrode a t t a c k  
The only l i fe  l imit ing f a c t o r  i s  wettability of the carbon by electrolyte  o r  oxidation. 

eLectrcdes. 1 8  
potential a t  which the e lec t rode  c p e r a t e s  r a t h e r  than the c u r r e n t  densi ty  a t  which i t  
opera tes .  We have achieved two y e a r s '  in te rmi t ten t  s e r v i c e  on 10  m a / c m 2  and 
over  one year  continuous s e r v i c e  on 20  m a / c m z  a t  0 . 8  volt, with t e s t s  s t i l l  in prog-  
r e s s .  This  a t  a tmospher ic  p r e s s u r e ,  between r o o m  t e m p e r a t u r e  and 70°C.  In 
the meant ime b e t t e r  repel lencv t rea tments  and m o r e  act ive ca ta lys t s  have brought 
our  expectat ions up to 30 to 50 m a / c m z  o v e r  0 . 8  volt f o r  a t  l e a s t  the s a m e  t ime 
period. The use  of i n c r e a s e d  p r e s s u r e  gives  us the benefit of very  high c u r r e n t s  
a t  low t e m p e r a t u r e ,  a t  the p r i c e  of m o r e  need of auxi l ia ry  equipment. The o p e r -  
ation of completely "wet" c a r b c n  e lec t rodes  under  high p r e s s u r e s  might give u s  
the addit.ional advantage of reducing maintenance and  cont ro l  devices  very  consid-  
e rably. 

The tendency of the e lec t rode  to wet a p p e a r s  to depend on the 

7. Special  F u e l s  

Hydrogen is  an ideal  fuel .  One-eighth of one pound produces 1 kwhr 
in a fuel ce l l .  
weight approximate ly  that  of the hydrogen weight. 

In l iquid s ta te  hydrogen can be s t o r e d  for  months ,  with a container  

F o r  e v e r y  day purposes ,  hydr ides ,  decomposed  by  w a t e r ,  a r e  m o r e  
convenient choices .  One pound LiH i s  equivalent to 1 kwhr.  

A prac t ica l ,  widely used fue l  ce l l  mus t  o p e r a t e  on a i r ,  m u s t  be inexpen- 
s ive and should use  a readi ly  avai lable  fuel. 
densi t ies  on a i r  with only a s m a l l  potential difference to the pure  oxygen-hydrogen 
cel l .  The  use  of carbonaceous  fuels  (liquids o r  g a s e s )  a t  low t e m p e r a t u r e s  i s  one 
goal which we a r e  a t tempting to acccmpl ish .  

Our  c e l l s  o p e r a t e  with high c u r r e n t  

The need of removing carbonate  f r o m  

I 
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the alkaline electrolyte  compl ica tes  th i s  s y s t e m .  

Unfortunately, the p r e s e n t  oxygen-carbon electrode does not function in 
acid.  
which complicates  the sys tem.  

The use  of a redox-chemical  intermediate ( e . g . ,  b romine)  is n e c e s s a r y ,  

All halogens opera te  on carbon e lec t rodes  with high c u r r e n t  dens i t ies  in 

Despi te  the higher  voltages a'nd high c u r r e n t  
ac id  s y s t e m s .  
power outputs f o r  extended per iods .  
densi t ies  which can  be achieved in hydrogen chlor ine fuel ce l l s ,  the energy  output 
p e r  pound of combined fuel i s  less than that  of the hydrogen-oxygen ce l l  (because of 
the low equivalent weight of oxygen). 

As a resul t  hydrogen ch lor ine  fuel c e l l s  can  be  operated a t  high 

8. Outlook 

It may  safely be a s s u m e d  that  the  fuel  ce l l  will eventually become a 
m a j o r  power s o u r c e ,  replacing o t h e r  s y s t e m s  in s o m e  applications. 
opera ted  flashlight i s  s t i l l  a long way in the future .  F o r  the immediate  present ,  
fuel ce!l applications will probably be r e s t r i c t e d  to those in which the excel lency 
of fuel efficiency, s i lence,  f r e e d o m  f r o m  f u m e s ,  s implici ty  of design and operat ion 
are impor tan t  requi rements .  

The fuel  ce l l -  

1. 
2 .  
3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 
11.  
12.  
13.  
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Figure  3 

T H E P O T E N T I A L O F  THEOXYGENELECTRODE 
AS A FUNCTION O F  PRESSURE 
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Figure  4 
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Figure  5 

PERFORMANCE PARAMETERS 
O F  NATIONAL CARBON FTJEL C E L L S  
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--__ DENOTES LACK OF LONG-TIME DATA 

F i g u r e  6 

PERFORMANCE PARAMETERS 
O F N A T I O N A L C A R B O N F U E L C E L L S  

0.7 L I I L 
, -. , -, 

0 IO 20 30 4 0  50 mA/cm2 

A-CELL AT 50°C O,/H, PRESSURE 100 mm Hg 

8-CELL AT 25OC AIR/H,, 760mm Hg (CONCENTRIC CELL) 

C-CELL AT 25°C O,/H,, ATMOSPHERIC PRESSURE 

D-CELL AT 60°C O,/H,, ATMOSPHERIC PRESSURE 

---- DENOTES LACK OF LONG-TIME DATA 


