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1. Introduction 

A decade ago Jus t i  et al. (1) have disclosed the DSK (double ske le ton  katalyst) 
system of gas  diffusion electrodes consisting of a supporting homeoporous macro- 
skeleton with embedded homogenized grains  of catalytically active microskeletons 
of Raney metal type. A pr imary  goal of this  sys tem has been to  avoid platinum 
metal catalysts and to improve hitherto less powerful e lectrocatalysts  such as 
Raney nickel. This  is the main reason  why the DSK sys tem does not meet  the 
requirements  of space technology but continues being of actual importance for 
t e r r e s t r i a l  applications such as electrotraction. Apart  f rom its abundance nickel 
has  the peculiar advantage to  s to re  grea t  amounts of hydrogen and to  facilitate 
in this  way the operation of hydrogen nickel anodes even under overload and a s  
accumulator electrode. In fact, our  own group ( 2 )  and Russian (3) and Czecho- 
slowackian (4) laborator ies  have made remarkable  progress  a l ready  i n  the 
preparation of new Raney nickel catalysts which a r e  not pyrophoric despite of 
increased activity. For  optimum construction and operation of DSK electrodes 
with nickel macroskeleton and microskeleton a detailed knowledge of revers ib le  
and i r revers ib le  oxidation and cor ros ion  processes  s e e m s  to  be necessary.  

F r o m  the work of formation of nickelhydroxide Ni (OH) -105.6 kcal/mole 
and of water -56.69 kcal/mole the enthalpy of formation o?the react ion (Ni(0H) 
+ H - Ni f H 0 may be calculated as -7.78 kcal/mole. Hence the potentia3 
of tge reversible  di (OH) electrode vs H electrode in the  s a m e  electrolyte is 
i168  mv. This  means tha Ni in this  anode will be oxidized a l ready  at a polariza- 
tion of 170 mv. Moreover i t  is known that nickel i n  alkaline electrolyte  is coated 
by a passivating layer. Therefore, the question w a s  how these l a y e r s  will 
influence the porosity of the DSK anodes and the catalytic activity of the Raney Ni. 
In Raney Ni with i t s  l a rge  inner surface about one out of four a toms belongs to  
the surface and,therefore, i f  only the surface a toms will be oxidized th i s  would 
mean a considerable increase  of volume and decrease  of porosity, a change of 
surface s t ructure  and perhaps of the electronic s t ruc ture  of the catalyst  grains. 
Such changes should be investigated by measurements  of porosity, of weight, 
catalytic activity including gas  consumption and of e lec t r ic  res i s tance  v s  s ta te  
of oxidation. Such measurements  are described below and their  teachings for 
construction and operation of DSK anodes are discussed. 

3 . .  . 2 .  

2. Influence of oxidation on porosity of DSK nickel anodes 

If one places an  electrode disk A as separating diaphragm between two 
electrolyte spaces  the liquid may flow through the electrode and the p re s su re  
drop Ap a t  said electrode may be measured. As shown by fig. 1 two additional 
e lectrodes B a r e  placed on each side pe7mitting to send a direct  cu r ren t  I 
through the middle e lectrode and to measure  the potential d rop  A y  at two more  
reference electrodes C i n  the vicinity of electrode A. In this  configuration the 
Ni DSK electrode was gradually oxidized anodically departing fromthe hydrogen 
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potential and i n  t h i s  way both the flow resistance and electr ic  diaphragm resistance 
a r e  measured a s  function of the s ta te  of oxidation of t he  electrode A (5). Fig. 2 
shows both resis tances  vs  electrode potential against hydrogen in the same electro- 
lyte. Both resis tances  are increased suddenly at about i-150 mv what may be ex- 
plained a s  filling up the po res  by nickel hydroxide layers  a t  its potential of forma- 
tion. Corresponding experiments with carbonylnickel electrodes without Raney 
nickel failed t o  show such r e s i s t ance  changes and therefore, it is concluded that 
the Raney nickel alone is responsible for the darning of electrode pores. 

3. Inactivation of catalyst  b y  Ni(0H) coating layers  

3.1 Overloadinp a Raney Ni DSK anode 

2 

Together with the formation of the Ni (OH) coating layer  the catalytic activity 
of Raney nickel is lost  as shown by experiment 1 in fig. 3. In  this diagram is 
shown t h e  potentiostatically controlled electric current  I and the hydrogen flow Q 
consumed by t h e  anode and expressed by its ampere equivalent vs  t ime in minutes. 
I n  this experiment the electrode was discharged with a polarization of +930 mv. 
In y e  beginning there  is a r a the r  high current  of 6 amp corresponding to 240 ma/ 
cm at  2Q°C which is fed near ly  completely by the hydrogen consumption of the 
electrode. But the hydrogen influx remains  always somewhat sma l l e r  than the 
electr ic  current  and the difference is supplied f rom the electrochemical capacity 
causing a gradual oxidation of the catalyst. F r o m  the decrease of electric current 
and the hydrogen resorpt ion pe r  unit time one may see the gradual deterioration 
of the anode. 

3.2 The process  of r ecove ry  of the DSK Raney Ni anode 
/ 

If one waits until t he re  flows but a little portion of the initial electric current 
and i f  one interrupts thereupon the current  the hydrogen consumption wi l l  first 
decrease considerably, then remain  constant some t i m e  and will pass afterwards 
a steep maximum, cf. fig. 4. 

In  this  diagram is a lso  shown the electr ic  potential 9 as function of time during 
this recovery period. At the left hand nadir of the maximum this is at the beginning 
of the strong hydrogen consumption the potential has reached the value of +170 mv 
against reversible hydrogen potential. Therefore, it is plausible to explain this 
peak a s  consequence of an autocatalytic reduction of t he  Mi(OH)2,1ayer by gaseous 
molecular hydrogen. At some  single ge rms  of the surface there  is activated the 
hydrogen and dissolved anodically. The N i  (OH) layer  is reduced cathodically at 
the same velocity next to  t h e  g e r m s  caused by &cal element effect. The autocata- 
lysis  consists in the ability of the nickel a toms formed by the reduction to acce- 
le ra te  subsequent hydrogen resorpt ion f rom the gas phase. Therefore,  at the be- 
ginning of the expansion of the above mentioned active a r e a s  the hydrogen supply 
will be accelerated until the nickel hydroxide a r e a s  are diminished considerably. 
The re  wlll remain a sma l l  res idual  hydrogen influx caused by diffusion of hydro- 
gen into remote regions fa r  off the su r face  (6). If one extends this recovery 
process  over s eve ra l  days the  electrode may reach the same performance a s  
before. But under ce r t a in  c i rcumstances one observes a deterioration of the 
electrochemical performance which may be understood a s  the formation of 
another "aged" phase of nickelhydroxide, as in the corresponding case of Cd (7). 
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-g of nickel hydroxide layers  

4.1 Recovery processes  a f t e r  potentiostatic anodic oxidation 

During the experiments descr ibed above. the s ta te  of the catalyst inside the 
electrode w a s  not homogenous for  i t  was under gas  p re s su re  during overloading 
and w a s  divided i n  an  a r e a  accessible  to oxidation and an  unaccessible one. To 
reach well defined conditions we have flooded the whole electrode with electrolyte 
and subsequently discharged potentiostatically at a potential of +350 mv against 
hydrogen during 1 5  hours. Then the electrode was pressurized again with hydrogen 
and both hydrogen consumption and potential w a s  measured during 9 hours, cf. 
fig. 5. The experiment was repeated on 4 following days. F r o m  the curves 2, 3, 
4 and 5 i t  may be seen that  the maxima of subsequent experiments  are set t ing 
in  respectively la te r  and are decreasing each time. Integration of the Q curves 
shows that charge Q received decreases  f rom one experiment t o  the following 
one. If one compares  the hydrogen amount consumed during one experiment with 
the oxidation charge withdrawn previously one will s ta te  that it amounts to  about 
50 70 only. This  means that during each experiment  a par t  of the Ni(OH)2 i t  not 
reduced. Whereas most of the Ni(0H) is reduced spontaneously as soon as the 
nickel hydroxide potential is reached, 'the remainder  is t ranformed in a less 
reducible phase the reduction of which needs severa l  days. This  is what we call 
"aged" nickel hydroxide. 

4. 2 Electronic conductivity of Raney N i  as function of state of oxidation 

All details of t h e  reaction process  a t  Raney N i  catalysts should be disclosed 
if one investigates var ious physical propert ies  during oxidation and subsequent 
reduction. In  connection with the electronic s ta te  of catalyst i t  will be important 
to  measure  the electronic conductivity. Therefore ,  we+ave pressed  under 
water Raney nickel powder with a p res su re  of 1 to/cm 

and cut from the sheet  thus produced a specimen of 37. 3 x 6.1 x 3. 3 m m  . 
This  rod St was provided with two cur ren t  and potential wi res  (I and P) and sus-  
pended in 6n KOH solution on one beam of a balance, as shown by fig. 6. 
The experiment was performed in this  way: s tar t ing f rom the hydrogen potential 
w e  have drained anodic charges  in  subsequent little portions and have measured 
simultaneously the e lec t r ic  res is tance,  weight and potential of the specimen 
af te r  having reached a steady state. Fig. 7 shows the resul ts .  F r o m  the shape 
of the potential c u r v e y  vs  charge L one takes  cognizance of the beginning 
hydroxide formation after 11 amp. min  discharge, Before hydroxide formation 
only hydrogen was withdrawn a t  negative potentials, the region 1 in  fig. 7. 
During this period the res i s tance  R of the Raney N i  specimen drops  from about 
7 . 4  to  5. 3 mohms, and simultaneously the weight decreases  proportional to  t h e  
charge L withdrawn. This par t  of the phenomena observed is understandable a s  
caused by the removal  of hydrogen built in  the nickel lattice during activation, 
and t h e  reduction of weight is caused in  this  way. The  process  is supported by 
additional removal  of aluminum. Now one may expect that  according to  the w e l l  
known experiments  of Suhrmann ( 8  ) the removal  of hydrogen as donor is connec- 
ted with a res is tance increase. Surprisingly that is not the case  but we observe 
a considerable decrease  of res i s tance  understandable as removal  of scat ter ing 
cent r e s  . 

at room temperat  Y re 
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During the formation of nickel hydroxide both electric resis tance and weight 
is increasing nearly proportional t o  the charge, see region 2 in  fig. 7 . The 
increase  of res is tance is explained by the depletion of conductivity electrons 
which are consumed by the oxidation process. The  weight increase is due to the 
augmentation of the specimen. But the increase  of volume must a lso be considered 
because the increase of buoyancy causes  a appearent decrease in weight, The chan- 
ge of weight observed is the difference of the r e a l  change Ag minus the chang of 
buoyancy A V . e  . F o r  thfi react ion Ni + Ni(0H) is Ag 1 7  g/val, V 8.01 c m  / 
V a l  and e = 1.257 g / c m  . The expected weight change Ag . 1 7  - 10 
in  good agreement with the measured value of 6.85 . 

3 
2 7 g/val is 

Until complete oxidation the resis tance increases  by nearly 300 % , but conti- 
nues behaving metallic as proved by i t s  always positive coefficient of temperature. 
If one t r i e s  to reduce the specimen electrochemically one reaches ve ry  soon the 
hydrogen potential without an appreciable reduction of the catalyst. Accordingly 
the resis tance remains  relatively high, about 200 yo above the lowest res is tance 
value. Also evolution of hydrogen at higher polarization changes the resis tance 
hardly. Even here  appears  a hysteresis  showing that nickel hydroxide reduction 
may be a slow process. 

4. 3 Interpretation of ageing 

Certainly the reduction of nickel hydroxide may be accelerated by raising the 
temperature. To measure  this  effect we have reduced cathodically the specimen 
a t  different temperatures  at a potential of + 80 mv against revers ible  hydrogen 
o r  else - 88 mv against n icke l  hydroxide potential t. At this potential we have 
measured the cur ren ts  I dependent on temperature. Fig. 8 shows log I vs  1/T. 
The l inear  character  proves that the speed controlling process  is a purely 
chemical reaction with an  activation energy of 15.9 kcal/mole and occurs  pr ior  
t o  the electrochemical process .  If one assumes  that the cathodic reduction of 
Ni  (OH) proceeds according to  Ni (OH) + e - NiOH + OH , the speed 
limiting chemical p rocess  should be  the transformation of aged Ni (OH)2 into 
a phase appropriate for  the electrochemical  discharge process. One plausible 
explanation is that during the  ageing nickelhydroxide forms  NiO by splitting off 
w a t e r  ( 9 ), which must  reformed in  hydroxide again by absorption of water. 
The maximum work of the water splitting reaction is AG 

GNi (OH)2 
mentioned high energy of activation there  is a high energy peak in  the course of 
reaction, a s  shown by fig. 9 . Another explanation of the strong temperature  
dependence but l i t t le potential dependence of the cathodic reduction of Raney Ni 
is a polymorphism of nickel hydroxide a s  discussed by Bode ( 10 ) . Similar 
observations on Cd(0H) of Gottlieb ( 7 ) have been mentioned already. 

5. Discussion of r e su l t s  and outlook 

2 2 

= GNiO + GH20 - 
= 2.79 kcal /mole and hence r a the r  l i t t le,  but according to the above 

2 

The experiments descr ibed have given the teaching for  the operation of 
$ 

anodes with nickel catalyst  that one should avoid the formation of nickelhydroxide 
layers .  Nevertheless this  does not mean one must  not operate such hydrogen 
anodes at polarizations exceeding 170 mv, for  the  ohmic 1.R d rop  and concentra- 
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tion polarization a r e  not included and, moreover ,  hydroxide formation will inser t  
a t  more  positive potentials i n  dilute KOH solution. In fact, the electrode wi l l  
Supply a t  polarizations of about 150 mv such great cu r ren t  densities that  the 
electrolyte inside the pores  will be diluted and the cu r ren t  will be limited by 
lack of OH- ions. Therefore, under normal  conditions the cu r ren t  is not limited 
by hydroxide formation but by concentration polarization and w e  have developed 
a method to increase the limiting cur ren t  density and to decrease  the polarization 
by continous o r  intermittant rinsing with sma l l  amounts of concentrated KOH(11). 

In conclusion i t  should be mentioned that the stationary polarization current  
performance of a Raney nickel anode may be improved considerably by a 
t ransient  positivation of electrode potential. As  example fig. 10 presents  two 
curves of the same electrode, which was oxidized anodically one hour a t  350 mv 
against hydrogen and then dr ied in air. After reduction with molecular hydrogen 
the electrode s y w e d  a n  improved performance with a polarization resis tance 
of 1.2 ohm.cm . 

Although the present investigations into the mechanism of Raney catalyst 
e lectrodes have contributed interesting informations about construction and 
operation of electrodes avoiding r a r e  metal  catalysts the authors  feel we are 
only a t  the beginning of a fully utilizing the possibilities of such electrodes 
both in f u e l  cel ls  and accumulators. 
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Fit;. 1 .  Schemat ic  a r rangement  f o r  t h e  s i m u l t a n e o u s  
ir.easure,lent o f  l i q u i d  f low r e s i s t a n c e  and e l e c t r i c  
d i a p n r z g n  r e s i s t a n c e  o f  a porous  e l e c t r o d e  A. 
j o u t e r  e l e c t r o d e s ,  C Luggiii c a p i l l a r i e s .  

f ' ig .  2 .  Liiapnragm r e s i s t a n c e  ( u p p e r  c u r v e )  ana 
l i q u i d  f l o w  r e s i s t a n c e  ( l o w e r  c u r v e )  o f  a fianey 
n i c a e l  XI'. a n o d t  v s  e l e c t r o d e  p o t e n t i a l  a g a i n s t  
huidro,-en r e f e r e r x e  e l e c t r o d e  i n  t h e  same 6 n KOA. 
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Fit:. 3. ?oten%ioc:a:ic ,li.Fcl-:Rnging of  a Xaney nickel DSK anode a t  a 
p o l a r i z a t i o n  of +91$2 mv. !-;xperiments.no. 1 and ' I .  C u r r e n t  I s u r p a s -  
s i n g  t h e  e q u i v a l e n t , h y d r o g e n  i n f l u x  G. i s  p l o t t e d  vs.  t i m e  i n  min. 

F i g .  4 .  E l e c t r o d e  p o t e n t i a l p  a g a  n s t  hydrogen r e f e r e n c e  e l e c t r o d e  i n  
t h e  same e l e c t r o l y t e  and inf lux ti of  hyarogerl vs. t i n e  a f t e r  s w i t -  
c n i n g  o f f  t h e  p o t e n t i o a t a t i c  l oad i i ig  of  expe r imen t  1 i n  f i g .  3 .  
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Fig. 5. Four recovering processes showing the aging of Ni(OH)2. 
(Meaning of the sJmools cf. fig. 4 j .  Before each experiment the 
hydrogen electrode was potentiostatically discharged without 
hydrogen pressure to +350 mv vs.'hyurogen potential. 

Fig. 6. 
Schematic arrangement for 
simultaneous measurement 
of electrical resistance, 
potential and weight of a 
Raney nickel specimen St as 
function of state of oxida- 
tion. 
I current contacts, 
P potential contacts, 
E electrolyte b n KOH, 
i3 cylindrical counter 
electrode. 
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;' 3 f  a 3ariey n i c k e l  r p e c i z e n  : j t  vs. i t s  a n o d i c  c h a r g e  L. 
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Fig. 8. Electrochemical 
reduction of oxidized iianey 
nickel as a function of the 
temperature T OK of electro- 
lyte. I potentiostatic 
reauction current. 

c 
Reaktion Coordinate - 

Fig. 9. Schematic of transforma- 
tion of' primary nickelhydroxide 
into the aged phase. Potential 
energy E vs. reaction course. 

Fig. 10. Performance of a Raney ni,ckel DSK anode 
showing the improvement after transient oxiuation. Upper 
curve oefore, l o w e r  curve after transient oxidation and 
reduction. 
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TKE FUEL CELL AIR ELFCTRODE 

Henri J. R.  Maget 

Di rec t  Energy Conversion Operation 
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General E l e c t r i c  Company 

West Lynn, Massachusetts 

ABSTRACT 

The d e v e l o p e n t  o f  f u e l  c e l l s  f o r  ground power applica- 
t i c n s  requi res  detailed a n a l y s i s  of the dynamic behavior of a i r  
cathodes operat ing a t  atmospheric pressure and v a r i a b l e  conditions 
(temperature, relative humidity). For low pwer  l e v e l s ,  systems 
e m s i d e r a t i o n s  such as s impl ic i ty  of operation, low p a r a s i t i c  
pswer requirements, sa fe ty ,  e t c . .  are t o  a l a r g e  e x t e n t  related 
t o  t h e  air e lec t rode .  Immobilized and poly-e lec t ro ly tes  ( ion  
exchange membranes) offer advantages such as: support  f o r  e lec-  
t rodes and barrier between r e a c t a n t  gases,  no s p e c i a l  require- 
ments f o r  well-defined e lec t rode  p x e  geometries and population, 
mechanical i n t e g r i t y ,  e t c .  

The i o n  exchange membrane air  e lec t rode  i s  rather well  
s u i t e d  f o r  operat ion under condi t ions of n a t u r a l  convection. 
T h i s  approach results i n  a complete system without moving parts, 
thus i n  absence of parasitic p o w e r  requirements. Recent work i n  
these a i r  e lec t rodes  has been d i r e c t e d  towards s o l u t i o n s  of 
simultaneous heat and mass t r a n s f e r  problems t o  achieve proper 
water management and y i e l d  quasi-uniform e lec t rode  s u r f a c e  
Conditions. 
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A NOVEL AIR ELECTRODE 
H .  P. Landi, J. D. Voorhies, W.  A.  Barber 

Stamford Research Laboratories 
American Cyanamid Compsny 

Stamford, Connecticut 

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 

/ 

15 

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 

A: 
B: 
C: 
D: 
E: 

CONVECTEDAIR ELECTRODE 
COUNTER ELECTRODE 
REFERENCE PROBE (6 N KOH) 
FREE ELECTROLYTECHAMBER 
SLOT FOR ZINC ANODE 
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FIG. 4: CURRENT-VOLTAGE CURVES - HYDROGEN>5NHzSOd/ AIR, @ 25°C AND 70°C 
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FIG. 5: CURRENT-VOLTAGE CURVES - HYDROGEN/5 N KOH/AIR @ 25°C AND 70" c 
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A XW COIJCEP:" OF TiiE STRUCTURE OF THE POROUS GAS DIF'FUSION ELECTRODE 

Dr Olle LindstrGm 

C e n t r a l  Labora to r i e s ,  ASEA, VLsterbs, Sweden 

1. In t roduc t ion  

?he au tho r  descr ibed  t h e  we t t ed  porous f u e l  c e l l  e l e c t r o d e  i n  1963 i n  t h e  
fo l lowing  may ( 1 , 2 ) r  "The r e a c t i o n  zone i s  assumed t o  l i e  i n  t h i s  extended 
zeniscus .  Tie walls i n  t h e  g a s - f i l l e d  po res  i n  t h e  gas-d i f fus ion  e l ec t rode  
a r e  t h u s  covered by a t h i n  f i l m  of e l e c t r o l y t e  (of .  Fig. 1). 'ifie r e a c t i o n  gas  
i s  d i s so lved  i n  t h e  e l e c t r o l y t e  f i l m ,  d i f f u s e s  t o  t h e  e l e c t r o d e  s u r f a c e  and 
r .eac ts  t h e r e  so  t h a t  e l e c t r o n s  a r e  taken  from, o r  y i e l d e d  t o ,  t h e  e lec t rode .  
Tie r e a c t i o n  products  d i f f u s e  away f r o m  t h e  r e a c t i o n  s i t e ,  which i s  r e l eased  
f o r  a new reac t ion .  The electro1;rt.e f i l m  should obviously cover l a r g e  su r faces  
i n  t h e  i n t e r i o r  of t h e  porous  e l e c t r o d e  and s t and  i n  good comunica t ion  wi th  
'uoti: t h e  g a s  s i d e  and t h e  e l e c t r o l y t e  s ide ."  - This t h i n  f i l m  hypothes is  was 
presented  independently by s e v e r a l  f u e l  c e l l  workers a t  t h a t  t ime. This  was q u i t e  
n a t u r a l ,  s ince  i t  i s  d i f f i c u l t  t o  conceive t h a t  a sharp  three-phase boundary could 
e x i s t  i n  a wetted porous e l e c t r o d e ,  wher,e t h e  contac t  ang le  i s  a l m o s t  zero. W i l l  
was t h e  f i r s t  t o ' p r e s e n t  experimental  evidence o f  t h e  e x i s t e n c e  of a n  e l e c t r o l y t e  
f i l r ,  i n  t h e  case o f  s o l i d ,  p a r t i a l l y  immersed e l e c t r o d e s  (3,4).  

Tie s t u d i e s  o f  t i le gas-d i f fus ion  e l e c t r o d e  have been dominated by t h e  mathematical I 
t reaf t len t  of the  system o f  basic equat ions  governing t h e  e l e c t r o d e  processes.  As 
a r u l e ,  t h e  gas d i f f u s i o n  e l e c t r o d e  is then considered t o  be a popula t ion  o f  pores, , 
i r r e s p e c t i v e  o f  whether t h e  theo ry  u t i l i s e s  t h e  th in - f i lm  hypothes is  of  t he  hypo- 
t i e s i s  of a l i n e a r  three-phase boundary. 

The ques t ion  of s t r u c t u r e ,  honever, i s  t h e  key problem i n  t h i s  c o v e c t i o n .  The 
c r e d i t a b l e  a t tempts  made up t o  now t o  giv.e an  adequate and e f f e c t i v e  desc r ip t ion  
of t h e  s t r u c t u r e  of  t h e  porous gas-d i f fus ion  e l e c t r o d e  on t h e  b a s i s  of pore models 
have no t  been e n t i r e l y  s u c c e s s f u l .  Ksenzhek admits t h a t  a t t empt s  t o  c o r r e l a t e  t he  
p r o p e r t i e s  of porous e l e c t r o d e s  wi th  t h e  simple pore  models have only r e s u l t e d  
i n  g r e a t e r  complexity ( 5 ) .  The porous e l e c t r o d e  i s  t h e r e f o r e  conceived by Ksenzhek 
t o  be a pseudohonogeneous medium, t h e  p r o p e r t i e s  of which a r e  c h a r a c t e r i s e d  kj 
e f f e c t i v e  parameters d e f i n i n g  t h e  mass t r a n s f e r  and k i n e t i c  p r o p e r t i e s  of t h e  
medium. U c k a  has  coined t h e  express ion  " f ine - s t ruc tu re  models" (6) f o r  t h i s  type 
of continuous o r  semi-continuous e l e c t r o d e  model, and t h i s  has a lso been u t i l i s e d  
by Ksenzhek ( 5 )  and Micka i n  l a t e r  works as w e l l  as by Neman and Tobias ( 7 ) .  

The e l e c t r o d e  nodel p r e s e n t e d  below i s  an  a t tempt  i n  ano the r  d i r ec t ion .  A geo- 
m e t r i c a l  model is  developed, which corresponds as far as p o s s i b l e  t o  r e a l i t y .  
Tihe e l e c t r o d e  s t r u c t u r e  is  c h a r a c t e r i s e d  wi th  t h e  a i d  of  s t r u c t u r e  parameters 
having a r e a l  phys i ca l  import .  The working e l e c t r o d e  is conceived as a compres- 
sed powder with t h e  powder g r a i n  s u r f a c e s  covered by a f i l m  o f  e l e c t r o l y t e  cf. 
(4,5). This theory  has  p r e v i o u s l y  been c a l l e d  the'bowder f i l m  theory" (8 ,9 j  
because of t h i s  concept ion  of t h e  e l ec t rode .  

' 
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m. co:lesive gas  phase between powder g r a i n s  i n  t h e  porous e l e c t r o d e  s t r u c t u r e  
i s  conceived as being a network of i n t e r s t i c e s .  Tiis i n i t i a l  concept i s  supple- 
mented by a nodel of t h e  cohesive f i l m  on t h e  g r a i n  s u r f a c e s ,  t h e  f i l m  network, 
wiiich i s  u t i l i s e d  f o r  descr ib ing  t h e  mass t r a n s f e r  condi t ions  a long  the e lec t ro-  
l $ t e  f i l m .  The e l e c t r o d e  s t r u c t u r e  can then  be c h a r a c t e r i s e d  on t h e  basis of 
t h e s e  models wi th  t h e  a i d  of s t r u c t u r e  parameters ,  mainly t h e  f i l m  area, f i l m  
per imeter ,  f i l m  th ickness ,  i n t e r s t i c e  width, i n t e r s t i c e  t o r t u o s i t y  and f i l m  
t o r t u o s i t r .  The s t r u c t u r e  parameters  can be determined i n  a non-electrochemical 
way by means of d i la tometer  measurements, f i l m  r e s i s t a n c e  m'easurements, e t c . ,  
under a c t u a l  s e r v i c e  condi t ions.  The nodel  t h e r e f o r e  forms a good s t a r t i n g  poin t  
f o r  t h e  formulation o f  an absolu te  e l e c t r o d e  and f u e l - c e l l  theory.  

2. Gas p e n e t r a t i o n  i n t o  a porous gas-diffusion e l e c t r o d e  

Gas-diffusion e l e c t r o d e s  a r e  o f t e n  produced w i t h  t h e  he lp  of  powder metallug.; 
by p r e s s i n g  (or r o l l i n g )  of m e t a l l i c  powder, fol lowed by a s i n t e r i n g  process .  
Press ing  g i v e s  t h e  e l e c t r o d e  p l a t e  a c e r t a i n  s t r e n g t h ,  which i s  considerably 
improve2 during s i n t e r i n g .  During s i n t e r i n g ,  t h e  g r a i n s  i n  t h e  contac t  s u r f a c e s  
become bonded under t h e  i n f l u e n c e  of s u r f a c e  f o r c e s  and p l a s t i c  deformation. The 
s t r u c t u r e  developed dur ing  t h e  press ing ,  however, remains l a r g e l y  speaking un- 
a l t e r e d .  Phis  is e s p e c i a l l y  t r u e  of  a c t i v e  n i c k e l  e l e c t r o d e s ,  which a r e  s i n t e r e d  
a t  a lorn temperature, 500 t o  600OC. 

k s e c t i o n  through t h e  coarse  l a y e r  of a working e l e c t r o d e  i s  shown i n  Fig. 2. The 
powder g r a i n s  318 assumed t o  be covered by a cohesive e l e c t r o l y t e  f i l m .  Cohesive 
e l e c t r o l y t e  br idges are formed a c r o s s  narrow passages. The c ross -sec t iona l  a r e a  
i s  t h u s  divided up i n t o  e l e c t r o d e  material, f i l m ,  e l e c t r o l y t e  br idges  and gas- 
f i l l e d  s?aces. 

%e e l e c t r o d e  may be conceived as being a s t a c k  of s u f f i c i e n t l y  t h i n  d i s c s ,  
e l e c t r o d e  s e c t i o n s ,  which can be formed f r o m  a s e r i e s  of  s e c t i o n s  p a r a l l e l . t o  
t h e  e l e c t r o d e  sur face  ( i n  a homogeneous e l e c t r o d e  material  t h e  s t r u c t u r e  of t h e  
s e c t i o n s  i s  not a f f e c t e d  by t h e  o r i e n t a t i o n ) , '  c f .  Fig.  3.  The t o t a l  e l e c t r o d e  
a r e a  i n  1 czi2 e l e c t r o d e  s e c t i o n s  a v a i l a b l e  f o r  e lec t rochemica l  r e a c t i o n  c o n s i s t s  
of t h e  e l e c t r o d e  a r e a  covered by t h e  e l e c t r o l y t e  f i l m ,  i .e . ,  dA = N dL s, 
where N i s  t h e  f i l m  l ength  o r  f i l m  per imeter  a v a i l a b l e ,  and s a t o r t u o s i t y  f a c t o r ,  
t h e  i n t e r s t i c e  t o r t a o s i t y .  ( E l e c t r o c a t a l y t i c a l l y  a c t i v e  m a t e r i a l  is assumed t o  be 
.ai?orml;. d i s t r i b u t e d  over  t h e  e l e c t r o d e  sur face . )  The area o f  t h e  f i l m  covering 
t h e  e l e c t r o d e ,  which can be c a l l e d  t h e  f i l m  a r e a  dA, i s  sometimes considerably 
l e s s  than tLe a c t u a l  a r e a  of t h e  underlying e l e c t r o d e  material. 

With low d i f f e r e n t i a l  p r e s s u r e s  and an , e l e c t r o d e  body completely f i l l e d  with 
e l e c t r o l y t e ,  t h e  sur face  f o r c e s  binding t h e  e l e c t r o l y t e  t o  the e l e c t r o d e  m a t e r i a l  
i n  t h e  outer  l a y e r  of t h e  e l e c t r o d e  exceed t h e  gas p r e s s u r e  a c t i n g  on t h e  l i q u i d  
b o Q .  When a c e r t a i n  c r i t i ca l  pressure  i s  reached, however, t h e  f i r s t  minute 
q u a n t i t y  o f  gas  begins t o  p e n e t r a t e  i n t o  t h e  e lec t rode ,  see Fig.  4. The gas 
p r e s s u r e ,  mbich a c t e d  on t h a t  p a r t  o f  t h e  l i q u i d  body i n  t h e  o u t e r  layer which 
had been forced back, then very s l i g h t l y  exceeds t h e  c a p i l l a r y  f o r c e  which a c t e d  
on t h i s  ?art of t h e  l i q u i d  bo4;. a t  t h e  i n s t a n t  when i t  was disp laced .  As t h e  pres- 
s u r e  i n c r e a s e s ,  t h e  e l e c t r o l y t e  i s  d isp laced  more and more f o r  t h e  same reason. 
The volume of  t h e  e l e c t r o l y t e  d isp laced  i s  equal  t o  t h e  c ross -sec t iona l  a r e a  o f  
t h e  neivly formed g a s - f i l l e d  spaces  i n  a t y p i c a l  e l e c t r o d e  s e c t i o n  m u l t i p l i e d  by 
t h e  th ickness ,  L, of t h e  coarse  layer .  
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An i n c r e a s e  of dP f o r  a d i f f e r e n t i a l  p r e s s u r e  P, dyn/cm2, r e s u l t s  i n  a f u r t h e r  gas 
pene t r a t ion ,  dV, cor responding  t o  a c ross -sec t ion  w i t h  an  a r e a  equal t o  dV/L and 
t h e  f i l m  per imeter  dN. If t h e  su r face  t ens ion  i s  denoted Ti dyn/cm and t h e  contact 
angle  0 ,  t he  balance between t h e  d i f f e r e n t i a l  p re s su re  and t h e  c a p i l l a r y  force  I 

for t h e  elements i n  q u e s t i o n  g i v e s  

/ 

I Dilatometer experiments,  see below, g i v e  V = f (P), from which 

dV = f'(P) - dP 
and 

diu' - I,' - COS e = P f l ( ~ )  U/L 

a r e  obtained. 

I n t e g r a t i o n  g i v e s  

P 
/- 

P f ' ( P )  ' d 2  1 
L * (7' cos e :i = 

0 

A number of s i g n i f i c a n t  conclus ions  can be drawn f r o m  E q .  
pres su re  P and a s t e e p  d e r i v a t i v e  f ' ( P )  g i v e  a h igh  va lue  
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,3vO L i f f e r e n t  k inds  of e l e c t r o l y t e  t r a n s p o r t  ctin be conceived: p lug  f low and f i l m  
flo:?. P1Gg f l o w  would correspond t o  t h e  normal flow i n  a p ipe  under t h e  in f luence  
of a p r e s s u r e  g rad ien t .  This  assumes t h a t  t h e  e n t i r e  c ross -sec t ion  i n  t h e  p ipe /  

thro.Si: :::e d i sp lacenent  of l i q u i d  from f i l m  reg ions  having a h ighe r  thermodyna- 
m i c  p o t e n t i a l  to, r eg ions  having  a lower p o t e n t i a l .  Film f low compared wi th  p lug  
flow n u s t  be a less e f f i c i e n t  p rocess  f o r  m a t e r i a l  mass t r a n s f e r ,  owing t o  g r e a t e r  
frictio::al  r e s i s t a n c e  and a l o w  d r i v i n g  f o r c e .  It should be p o s s i b l e ,  however, 
for n a s s  t r a n s f e r  by means of  f i l m  f low t o  t ake  p l a c e  independent of ink-stand 
z t = u c t . z e s ,  e t c .  This aeans  t h a t  it should  be p o s s i b l e  f o r  t h e  hysteresis t o  be 
c o r e  o r  less e l i n i n a t e d ,  i f  t h e  changes i n  p re s su re  a r e  made s u f f i c i e n t l y  slow t o  
g ive  t i n e  f o r  t h e  f i l n  flow. This  i s  not  c o n t r a d i c t e d  by the  experiments.  &ste-  
r e s i s  i s  t r e a t e d  wit:? t h e  a id  of an i n t e r s t i c e  model. The space  between t h e  g r a i n s  
I n  an e l e c t r o d e  s e c t i o n ,  c f .  Figs. 2 and 3, i s  assumed t o  be d iv ided  i n t o  i n t e r -  
s t i c e s ,  c f .  Fig. 6 .  Tnese i n t e r s t i c e s  a r e  assumed t o  be g radua l ly  and success ive ly  
f i l l e d  x i t i  e l e c t r o i y t e  as t h e  d i f f e r e n t i a l  p r e s s u r e  drops ,  or wi th  g a s  as t h e  
C - f f e r e n t i a l  p re s su re  i n c r e a s e s .  Th i s  p r e s e n t a t i o n  i s  t h u s  based on t h e  geometrical  
r e i a t i o n s h i 2 s  durir.g tSe  c o n s t r i c t i o n  process .  

Xn i n t e r s t i c e  has t h e  wid th  D, he igh t  C and th i ckness  equal  t o  t h a t ,  dL, of t h e  
e l e c t r o d e  sec t ion .  ( D  does no t  i nc lude  t h e  f i l m . )  The i n t e r s t i c e  t h i c k n e s s  dL i s  
cons tan t  and t;;e he ight  G i s  assuned t o  be cons tan t  so that t h e  i n t e r s t i c e  cross- 
sec t io r .  w i l l  a l s o  be cons t an t  (= dL * C ) .  Under t h e s e  cond i t ions  t h e  i n t e r s t i c e  
v o l w e  is  consequently d i r e c t l j  p ropor t iona l  t o  t h e  i n t e r s t i c e  wid th  D. Each 
i n t e r s t i c e  w i d t h ,  D, c l e a r l y  corresponds t o  a c e r t a i n  d i f f e r e n t i a l  p r e s s u r e ,  P, 

+Le i r . t e z s t i c e  i n  ques t ion  can f r e e l y  conmunicate wi th  t h e  gas  and e l e c t r o l y t e  
c i&e v i a  2 chain of o t h e r  i n t e r s t i c e s  o f  a t  l e a s t  t h e  same width.  

' po re  i s  f i l l e d  wi th  l i q u i d .  The f i l m  f low would r e p r e s e n t  t r a n s p o r t  o f  l i q u i d  

. .  .. ,J.~*C?- ,, : i s  j u s t  s - J f f i c i e n t  f o r  g a s  p e n e t r a t i o n  i n t o  t h e  i n t e r s t i c e ,  provided t h a t  

T1:e d i s t r i b a t i o -  o f  t h e  i n t e r s t i c e s  can be i l l u s t r a t e d  w i t h  t h e  a i d  of frequency 
d l s t r i b s t i o n  curves.  7;?ese can a l so  be presen ted  i n  histogram form. The a s s o c i a t e d  
d i f f e r e n t i a l  p re s su re ,  P ,  can a l s o  be used i n s t e a d  of t h e  i n t e r s t i c e  width,  D, a s  
a:: in?epenAect 9a rane te r  i n  t h e s e  h is tograms.  

A l l  i n t e r s t i c e s  j e iong inc  t o  a g iven  p r e s s u r e  class w i l l  no t  be f i l l e d  w i t h  gas  
...,. ..Len 
n?a? ica> le  t o  tLe r a t e s  o f  change o f  t h e  p re s su re .  To permit a simple numerical  
t rea tment  of t:le . ;-steresis curve,  i t  is  assumed t h a t  a cont inued  r i s e  of t he  
d i f f e r e c t i a l  7 re seu re  t o  t he  next  h ighe r  p r e s s u r e  c l a s s  causes  a l l  i n t e r s t i c e s  
o f  t i e  a f f e c t e d  s i z e  not  p rev ious ly  f i l l e d  wi th  gas now t o  be f i l l e d  wi th  gas. 
Vaen the  2 re s su re  r e t u r n s  t o  i ts o r i g i n a l  va lue ,  sone of the  i n t e r s t i c e s  i n  
qaes t ion  a r e  f i ; l e d  wi th  e l e c t r o l y t e .  As a f u r t h e r  s i m p l i f i c a t i o n ,  i t  i s  assumed 
::hat a l l  t h e  I n t e r s t i c e s  i n  ques t ion  a r e  f i l l e d  wi th  e l e c t r o l y t e  aga in ,  when t h e  
2 re s su re  I s  reduced t o  t h e  next lower p r e s s u r e  c l a s s .  

:?;th t i e s e  ass1;3?tions It i s  p o s s i b l e  t o  r e c a l c u l a t e  t h e  exper imenta l ly  de te r -  
s i z e d  ::;:steresis c u x w  f o r  t h e  volune of  t h e  gas t h a t  has  pene t r a t ed  i n t o  t h e  
e l e c t r o d e  as  a i;L?ction of t h e  a i f f e r e n t i a l  p r e s s u r e  t o  a s s o c i a t e d  h y s t e r e s i s  
curves  f o r  :>.e filc per ime te r  and f i l m  a r e a .  An Algol  p r o p a m e  I s  u t i l i s e d  f o r  
t h e  r..ue,-ical t r e a t a e n t .  

t i e  gress'.-e i s  i n c r e a s e c  t o  t h e  r e l e v a n t  p r e s s u r e  Pn under t h e  cond i t ions  

?-.e cas penet ra t io :  x t o  :.le e l e c t r o d e s  f o r  vary ing  d i f f e r e n t i a l  pressure has 
been .-,easuzeC x t i  t:e a i d  o f  a d i l a t o n e t e r ,  s e e  Fig. 7 .  The i n t e r s t i c e  t o r t u o s i t y ,  
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S, can be determined i n  a conventional manner by means r e s i s t a n c e  measurements 
a c r o s s  an e l e c t r o d e  conpletel:; f i l l e d  wi th  e l e c t r o l y t e  i n  a measuring c e l l ,  see 
fig. s. 
3. S t r u c t u r e  of t h e  e l e c t r o l y t e  f i l m  

Tine . a r e a  and th i ckness  o f  t h e  f i l m  a r e  of importance t o  t h e  t r anspor t  of gas ,  e.g., 
ic-drogen o r  owgen,  t o  t h e  e l e c t r o d e  su r face  from t h e  gas  phase r i g h t  through the  
f i l m  t o  t h e  e l ec t rode  su r face .  Other r e a c t a n t s  and r e a c t i o n  products  a r e  transpor- 
t e d ,  however, i n  t h e  l i q u i d  phase a long  t h e  f i l m  t o  o r  f r o n  the  r e a c t i o n  s i t e s  
i:? t h e  e l e c t r o d e  su r face .  These t r a n s p o r t  pa ths  run a long  t h e  f i l m  covering the  
?or-cder g r a i n s ,  and f r o n  g r a i n  t o  g r a i n  v i a  e l e c t r o l y t e  b r idges  and t h e  s i n t e r e d  
f+qct ions  between t h e  g r a i n s .  This  s t r u c t u r e  i s  c a l l e d  t h e  f i l m  network, see  
Fig. 9. The i o n i c  r e s i s t a n c e  of t he  f i l m  network and i t s  r e s i s t a n c e  t o  d i f fus ion  
c f  mchargsd  spec ie s  depend i n  a similar manner on t h e  s t r u c t u r e .  Tie r e s i s t a n c e  
of ti:e f i l n  network t o  m a t e r i a l  mass t r a n s f e r  can t h e r e f o r e  be a s ses sed  through 
measa-enent of t h e  i o n i c  f i l m  r e s i s t a n c e .  

?he a v a i l a b l e  f i l m  a r e a ,  A, i n  a n  e l e c t r o d e  a r e a  o f  1 cm2 can be presented  as an 
equ iva len t  r ec t angu la r  d i s c  from t h e  t r a n s p o r t  p o i n t  of view wi th  t h e  e l ec t rode  
i n  ques t ion  having a l e n g t h  f;Land th i ckness  F. The t r a n s p o r t  i s  thus  assumed t o  
t ake  p l ace  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  

The f l l m  t o r t u o s i t y  f has  ano the r  s i g n i f i c a n c e  than t h e  i n t e r s t i c , e  t o r t u o s i t y ,  s, 
p rev ious ly  introduced. Film r e s i s t a n c e  measurements a r e  c a r r i e d  out i n  a c e l l  
s i m i l a r  t o  t h a t  used f o r  de te rmining  t h e  i n t e r s t i c e  t o r t u o s i t y ,  cf. F ig .  8. In 
t h i s  ca se ,  measurements a r e  2erformed on e l e c t r o d e s  provided wi th  a f i n e  l a y e r  
on both  s i d e s  o f  t h e  c o a r s e  l a y e r  w i t h  t h e  gas a p p l i e d  t o  a r i n g  a r ranged  around 
t h e  per iphery .  Eeasurenents  can a l s o  be performed on normal e l e c t r o d e s  provided 
y i th  only one f i n e  l a r e r  w i t h  t h e  a i d  of a t h i n  a u x i l i a r y  f ine- layer  p l a t e  pressed 
d i r e c t  on t o  t h e  gas  s i d e  of t h e  t e s t  e l ec t rode .  

4. P j p i c a l  experimental  r e s u l t s  

Table 1 s h o w  examples of t h e  r e s u l t s  ob ta ined  on d i f f e r e n t  t ypes  o f  porous gas- 
d i f f u s i o n  e l e c t r o d e ,  bu t  not ASEAIs product ion  e l ec t rodes .  

The t o r t u o s i t y ' f a c t o r  s is u t i l i s e d  f o r  determining t h e  f i l m  a r e a  A from the  f i l m  
p e r k e t e r  11. Values a round s = fl could be expected which corresponds t o  t h e  
mean va lue  o f  t h e  r e l a t i o n s h i p  between t h e  s u r f a c e  of a p l ane  s u r f a c e  element 
and i t s  p r o j e c t i o n  on a p l a n e  having an  a r b i t r a r y  s l o p e  r e l a t i v e  t o  t h e  su r face  
element. This  i s  i n  c lose '  agreement wi th  t h e  exper imenta l ly  determined va lues  of 
s accord ing  t o  Table 1. 

The f i l n  a r e a s  f o r  t h e  o w g e n  e l e c t r o d e s  a t  t h e  maximum d i f f e r e n t i a l  p re s su re  i n  
Table 1 agree  f a i r l y  w e l l  w i th  r e s p e c t  t o  o rde r  of magnitude with.  corresponding 
3El' su r faces  and 'wi th  p o r e  s u r f a c e s  c a l c u l a t e d  f r o m  de termina t ions  on pore  dia- 
meters  w i t h  merc.my poros imeter .  As f a r  as hydrogen e l e c t r o d e s  a r e  concerned, 
which con ta in  n i c k e l  b o r i d e  c a t a l y s t ,  t h e  €33" su r face  i s  cons iderably  l a r g e r  than 
t h e  f i l m  a r e a .  These hydrogen e l e c t r o d e s  c l e a r l y  d i sp l ay  a cons iderable  atomic 
roughness compared -Kith t h e  oxygen e l e c t r o d e ,  which i s  a l s o  r e f l e c t e d  i n  a higher 
va lue  o f  t h e  f i l m  t h i c k n e s s .  

- 
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"le mean va lue  o f  t h e  i n t e r s t i c e  wid th ,  5, agrees r a t h e r  w e l l  w i t h  t h e  mean pore 
d iameters  determined w i t h  t h e  mercury poros imeter ,  w i t h  t h e  except ion  of t h e  dbTp 
e l e c t r o d e .  The va lues  of  t h e  f i l m  t o r t u o s i t y ,  f ,  l i s t e d  i n  Table  1, are very  
a p p r o x i n a t i v e  owing t o  t h e  i n e x a c t n e s s  of  the f i l m  t h i c k n e s s e s  determined here. 
When t h e  t r a n s p o r t  p r o p e r t i e s  o f  t h e  f i l m  i n  t h e  l o n g i t u a i n a l  d i r e c t i o n  are t o  
be a s s e s s e d ,  i t  i s  p r e f e r a b l e  t o  u t i l i s e  t h e  r e s i s t a n c e  z as a d i r e c t  meaeure of 
t h i s  t r a n s p o r t  propert:: o f  t h e  f i l m  network. 

fyg- 1: SliomS t h e  f i l m  a r e a  as a f u n c t i o n  o f  the d i f f e r e n t i a l  p r e s s u r e  f o r  an 
0q'c;en e l e c t r o d e  i n  7-3 KOH a t  2 5 O C .  The c u r r e n t  d e n s i t y  a t  -100 mV v e r s u s  Hg/HgO 
1s ? l o t t e d  on t h e  same diagram t o g e t h e r  w i t h  t h e  f i l m  r e s i s t a n c e .  As t h e  d i f fe ren-  
t ia l  p r e s s u r e  i n c r e a s e s ,  t h e  c u r r e n t  d e n s i t y  rises i n  p r o p o r t i o n  t o  t h e  f i l m  area, 
and then  p a s s e s  through a maximum f o r  a f u r t h e r  i n c r e a s e  i n  t h e  d i f f e r e n t i a l  pres- 
s u e ,  -&en t h e  f i l n  r e s i s t a n c e  starts t o  become cons iderable .  These c o n d i t i o n s  
a r e  s c i t a b l e  f o r  a f u t h e r  s imple a n a l y s i s .  

5.  Divis ion  of e l e c t r o d e  r e s i s t a n c e  i n t o  component terms 

L i m i t  in,; c u r r e n t  d e n s i t y  cannot be observed i n  t e c h n i c a l l y  i n t e r e s t i n g  e l e c t r o d e s  
a t  t h e  reconmended s e r v i c e  condi t ions .  The cur ren t -vol tage  c h a r a c t e r i s t i c  o f  a 
f u e l  c e l l  during s h o r t - t e r n  r u n s  i s  g e n e r a l l y  l i n e a r  down t o  c e l l  v o l t a g e s  c l o s e  
t o  zero.  The apparent  i n t e r n a l  r e s i s t a n c e  i n  t h e  f u e l  c e l l  i s  t h u s  p r a c t i c a l l y  
speaking cons tan t  f o r  a v a r y i n g  load,  but  w i t h  o therwise  cons tan t  o p e r a t i n g  
c o n d i t l o n s ,  i f  low l o a d s  a re  neglec ted .  

Tie i n t e r n a l  r e s i s t a n c e  o f  t h e  f u e l  c e l l  can be d iv ided  up i n  t h e  f irst  p l a c e  
i n t o  t h r e e  te rns :  one term a s s o c i a t e d  w i t h  t h e  i o n i c  c o n d u c t i v i t y  i n  t h e  e lec t ro-  
l y t e  space and t h e  e l e c t r o n i c  c o n d u c t i v i t y  i n  e l e c t r o d e s  and c u r r e n t  c o l l e c t o r s ,  
one t e r E  a s s o c i a t e d  wi th  t h e  s p e c i f i c  cathode f u n c t i o n s  and one t e r n  a s s o c i a t e d  
wi th  tl;e s p e c i f i c  anode f u n c t i o n s .  These terms, which can each be experimental ly  
determined a r e  a l s o  large17 speaking c o n s t a n t  and independent  of  t h e  c u r r e n t  den- 
s i t y ,  w i t $  t h e  except ion of  oxygen e l e c t r o d e s  under low load.  

5 Eie ap?aren+. e l e c t r o d e  res is tance i n  i t s  t u r n  can be f u r t h e r  d i v i d e d  i n t o  terms, 
p a r t i z l  r e s i s t a n c e s ,  having a p h y s i c a l  s i g n i f i c a n c e .  These p a r t i a l  r e s i s t a n c e s  
can be conceived as v a r y i n g  i n  such a way t h a t  t h e i r  sum t o t a l  w i l l  remain cons tan t  
in agreement wi th  e x p e r i n e n t a l  observa t ions .  As an a l t e r n a t i v e ,  t h e  d i f f e r e n t  
conponent r e e i s t a n c e s  a r e  each c o n s t a n t ,  t o  t h e  e x t e n t  t h a t  t h e y  are not  negl i -  

/ gib:;- small compared w i t h  t h e  t o t a l  e l e c t r o d e  r e s i s t a n c e .  

%e r e a c t i o n  pa th  from t h e  gas space t o  t h e  i n s i d e  of  the  f i n e  l a y e r  via t h e  
' e l e c t r o c h e c i c a l  r e a c t i o n  s t e g  i n  a s e c t i o n  of  a n  e l e c t r o d e  is  assumed t o  pass  
' a c r o s s  t h r e e  s e r i e s - r e s i s t o r s .  The first r e s i s t o r  can r e p r e s e n t  t h e  r e s i s t a n c e  I 

. to  g a s  d i f f u s i o n  a c r o s s  t h e  f i l n  and i s  denoted R The second r e s i s t o r  d e s c r i b e s  
t h e  slowness of t h e  e l e c t r o c h e n i c a l  r e a c t i o n  and 9; denoted R,. The t h i r d  r e s i s t o r  
is a s s o c i a t e d  w i t l  t h e  s lowness  o f  t h e  ion  t r a n s p o r t  a l o n g  t h e  f i l m  and  i s  denoted 
3i. T i e  r e a c t i o n  r e s i s t a n c e  2, i s  aseumed t o  be c o n s t a n t  f o r  t h e  r e l e v a n t  low 
c a r r e n t  d e n s i t i e s ,  cor respondinc  t o  a l i n e a r  r e l a t i o n s h i p  between c u r r e n t  d e n s i t y  
and a c t i v a t i o n  p o l a r i s a t i o n .  The gas-d i f fus ion  r e s i s t a n c e ,  Re, i s  i n v e r s e l y  propor- 
t i o n a l ,  w i t 3  t h e  o t h e r  c o n d i t i o n s  be ing  c o n s t a n t ,  t o  t h e  f i l m  area i n  t h e  s e c t i o n  
dB an? t h e  a b s o l u t e  T r e a s u r e  p. (Tie  f i l m  t h i c k n e s s  F i s  assumed t o  be cons tan t . )  
?he ion  migra t ion  r e s i s t a n c e  R i  i s  C i r e c t l y  p r o p o r t i o n a l  t o  t h e  f i l m  r e s i s t a n c e  z. 
-se t o t a l  r e s i s t a n c e  a t  can be w r i t t e n  a s  

~ 

1 

n. 
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There  C 1 ,  C2 and C3 are assumed t o  be cons t an t  t o  t h e  e x t e n t  t h a t  t h e  component 
r e s i s t a n c e s  a r e  small i n  r e l a t i o n  t o  t h e  t o t a l  r e s i s t a n c e .  The q u a n t i t i e s  dA and 
z vary wi th  the  d i f f e r e n t i a l  p re s su re ,  e t c .  If t h e  e l e c t r o d e  i s  assumed t o  be 
very t h i n ,  &. ( 5 )  may app ly  t o  t h e  e n t i r e  coarse  l a y e r ,  and t h e r e f o r e  t h e  f i lm 
a r e a  A i s  in t roduced  i n s t e a d  o f  dA i n  Eq. (a ) .  The r e s i s t a n c e  terms R t ,  Rg, Rr 
and i?i w i l l  then have t h e  quan t i ty  ohm 

Despite t h i s  cons ide rab le  s i m p l i f i c a t i o n  o f  t h e  a c t u a l  condi t ions ,  @. ( 5 )  has 
been found t o  r e s u l t  i n  a q u a l i t a t i v e  agreement a l s o  wi th  t h e  r e l a t i v e l y  th i ck  
e l e c t r o d e s  u t i l i s e d  f o r  t h e s e  measurements. 

cm and r ep resen t  weighted mean values. 

The f i l m  d i f f u s i o n  i s  t h e  d e c i s i v e  f a c t o r  f o r  low f i l m  a r e a s ,  and t h e r e f o r e  the 
c o n s t a n t , C 1  can be e a s i l y  es t imated  from data f o r  very  low d i f f e r e n t i a l  p ressures .  
The cons t an t  C 1  i s  t h u s  es t imated  from t h e  ? l o t t i n g  of t h e  e l ec t rode  r e s i s t ance  
R t  as a func t ion  of t h e  i n v e r t e d  product f i l m  a r e a  x abso lu te  p re s su re ,  i . e . ,  
1 / ( A  p ) .  (The e l e c t r o d e  r e s i s t a n c e  f o r  t h e  hydrogen e l e c t r o d e  has  been deter-  
mined through d i v i s i o n  of 0.10 V by t h e  cu r ren t  d e n s i t y ,  i n  A/cm2, a t  0.1 V pola- 
r i s a t i o n ,  and f o r  t h e  oxygen e l ec t rode  by d i v i s i o n  o f  0.17 V by t h e  cur ren t  den- 
s i t y  a t  -0.1 V ver sus  Eg/QO.) A s t r a i g h t  l i n e  i s  drawn tbrough t h e  o r i g i n  and 
p o i n t s  corresponding t o  small f i l m  a r e a s ,  where t h e  d i f f u s i o n  through t h e  f i lm 
i s  assumed t o  be ra te -de termining ,  Fig. 11. A s  a rule, t h e  c l u s t e r  of p o i n t s  i s  
d e f l e c t e d  near t h e  Y-axis and i n t e r s e c t s  t h i s  a t  t h e  o rd ina te ,  which does not l i e  
a t  zero because o t h e r  p rocesses  than  d i f f u s i o n  bacome rate-determining f o r  higher 
c u r r e n t  d e n s i t i e s .  Vith t h e  cons tan t  C 1  determined i n  t h i s  manner, R r  + R i  = 
= R t  - C l / A  p i s  p l o t t e d  i n  a new diagram as a func t ion  of the f i l m  r e s i s t a n c e  
z. A s t r a i g h t  l i n e  i s  drawn through p o i n t s  a s s o c i a t e d  wi th  h igher  r e s i s t a n c e  
=lues ,  c f .  Fig. 1 2 .  Th i s  g i v e s  t h e  cons t an t  term C2, which is t h e  o rd ina ta  i n  
t h e  o r i g i n ,  and t h e  cons t an t  C3, which i s  t h e  s lope  c o e f f i c i e n t  f o r  t h e  l i n e  of 
r eg res s ion .  The c o n s t a n t s  a r e  t e s t e d  b;. means of c a l c u l a t i o n  of  cu r ren t  d e n s i t i e s ,  
which a r e  con2ared w i t h  t h e  measured va lues .  As a r u l e ,  t h i s  g i v e s  a s a t i s f a c t o r y  
r e l a t i o n s h i p  wi th  a s t r a i g h t  l i n e  a c r o s s  t h e  e n t i r e  range  f r o m  very  low cur ren t  
d e n s i t i e s  t o  Sigh ones. 

I n  t h i s  way it is c l e a r l y  p o s s i b l e  t o  d i v i d e  up t h e  apparent  e l e c t r o d e  r e s i s t a n c e  
i n t o  a cons tan t  term, a term determined by t h e  f i l m  a r e a  and a term determined by 
t h e  f i l m  r e s i s t a n c e ,  c f .  Table 2. The cons t an t  term p lays  a r e l a t i v e l y  important 
r o l e  f o r  t h e  experimental  e l e c t r o d e s  and t h e  comparatively l o w  temperatures used 
dur ing  t h e  neaswements  f o r  Table 2,  which impl i e s  t h a t  t h e  e l e c t r o c a t a l y t i c  
a c t i v i t y  i s  the  l i m i t i n g  f a c t o r  i n  t h e s e  cases .  Table 2 a l s o  shows how t h e  th ree  
component r e s i s t a n c e s  va ry  wi th  t h e  d i f f e r e n t i a l  p re s su re  and t h u s  hoa t h e  ra te -  
d e t e r n i n i n g  s t ep  depends on t h e  d i f f e r e n t i a l  p re s su re .  

Table 3 l i s t s  c a l c u l a t e d  v a l u e s  o f  t h e  e l e c t r o d e  p o l a r i s a t i o n  f o r  t h e  oxygen 
e l e c t r o d e  type AHT a t  50°C i n  Table 2. These c a l c u l a t e d  va lues  ag ree  wi th  the  
measured value o f  0.17 V a c r o s s  t h e  e n t i r e  h y s t e r e s i s  curve,  which must be i n t e r -  
p r e t e d  as i n d i c a t i n g  t h a t  E q .  ( 5 ) ,  a t  l e a s t  f o r  t h i s  type o f  porous. gas-diffusion 
e l e c t r o d e ,  e f f e c t i v e l y  p r e s e n t s  from t h e  p r a c t i c a l  po in t  of view t h e  e l ec t rode  
r e s i s t a n c e  and i t s  deaendence on t h e  s t r u c t u r e  parameters.  
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Fig.1. E l e c t r o l y t e  f i l m  i n  a porous gas-d i f fus ion  e l e c t r o d e  
(frorn r e f e r e n c e s  1 and 2 )  

r ' ic.2. Sec t ion  throk-h t h e  coa r se  layer of a working e l e c t r o d e  
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Fig.  3. The e l e c t r o d e  s e c t i o n  viewed from t he  s i d e  ( f o r  t he  
n o t a t i o n  see  Fig.  2 )  

Gas penetration 
into electrode 
mucture v 
cmJlcm’ 

Current 
density 

x 
0.160 

0.120 

0.080 

0.040 

0 
0 1 2 3 4 

Differential pressure P X  104dyne/cm’ 

Fig. 4. Gas p e n e t r a t i o n  i n t o  a hydrogen e l e c t r o d e ,  given as cm3 
gas/cn2 e l e c t r o d e  ( V ) ,  and e lec t rochemica l  a c t i v i t y ,  given 
a s  A/crn2 a t  BOO nV vers’rls FI/H+;O, a s  a func t ion  of t he  
d i f f e r e n t i a l  p re s su re  P, dyn/cm* 
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0 I '  

Fig. 5. The film perimeter N, cm/cm2 electrode as a function 
of the differential pressure P, dyn/crn a 

Fig. 6. Interstice model for the treatment of electrolyte 
penetration 
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Fig. 7 .  Dilatometer for measuring the gas pene- 
tration into porous gas-diffusion 
eleotrode 
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Fig. 8. Arrangement for determining the electrolyte 
resistance in fuel-cell electrodes 
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taken u p L  , dlayerl taken up 
bv gal by electrolyte 

Fig. 9. Kodel of the f i l m  network and the equivalent d i s c  

Film area A x10’ cm*/crn’ 
Film resistance Zx 10 ’ Rcm 
Current donsity 1x10’ A / c ~ ~  
32 

24 

16 

8 

0 1 2 3 4 
Differential pressure Px 10 dyne/cm’ 

1 
2 

Fig. 10. Film area A, cm /an2 electrode, f i lm  re i s tance  z ,  
ohm * cn, and electrode a c t i v i t y ,  m~/m 
versus Bg/EgQ, as a function o f  the d i f f e r e n t i a l  
pressure P, dyn/cm2, fo r  an oxygen eleatrode in  
7-N KOH a t  2 5 O C  

at -100 mV 
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l/(Ap)x 10*cmz/dyne 

Fig. 11. Estimation of the constant C1 in Eq. (5) 
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I 

I 

200 
\-c,/(Apl R cm’ 

50 100 150 

,I 

Fig. 12. Estimation of the constants C and C in E q .  (18) 
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MASS TRANSPORT IN THE INTERNAL REFORMING HYDROCARBON ANODE 

William R. Alcorn 

Leesona Moos Laboratories 
Great Neck, New York 

INTRODUCTION 

An alkaline-electrolyte fuel cel l  based on an internal-reforming anode offers 
advantages of heat e onomy, compactness, and controllability over a n  external- 
reforming cell. (8’ ’’ The operating principle is illustrated in Fi fy;s,l. Experi- 
mental work has been reported for  methanol(2) and hydrocarbons. 
p refer red  temperature range, 400 - 500’ F ,  the thermodynamics of methanol 
reforming a r e  favorable, permitting high current  densities. 
saturated hydrocarbons into hydrogen, however, is  severely restr ic ted by 
thermodynamics. 

In the 

The conversion of 

During the present investigation we have studied catalyst decay, anode prepara- 
tion, thermodynamic limitations, and the performance of an  experimental anode 
with methane. This paper is concerned with the las t  topic, and specifically with 
an  examination of the limitations on performance and changes that might be made 
to maximize performance. 
carbon fuel such as octane is approximately’ 100 amps/ft2 at  500°F, 200 m V  anode 
polarization (a full cell  voltage of about . 90 V), and 7070fuel utilization. 

The present performance goal for a liquid hydro- 

ANALYTICAL TREATMENT OF ANODE CELL PROCESSES 

Figure 2 illustrates the cell  dimensions used in the discussion. 
pressure ,  temperature,  and fuel/water ratio, fuel flow rate  may be taken a s  
proportional to average velocity times cross-sectional area:  

For  fixed 

QF a uat (1) 

Current density is based on membrane area: 

I /A = I /aL 

Fuel utilization i s  proportional to total current  divided by fuel flow rate: ,  

I 1I/A) aL (I/A) L 
uat u t  

a-= - 

Data a re  reported in t e rms  of the ideal hydrogen epace velocity, which i s  
volumetric flow of hydrogen (NTP) that would be produced b y  complete conversion 
of fuel,  divided by cel l  volume. F rom equation (1) we note that: 

auat=!A 
‘v aLt L (4 )  



Utilization versus Current Density 

As flow velocity is varied through an anode ce.11 a t  fixed potential, the resulting 
current  density will exhibit a maximum although it may occur at very low 
utilization. 
current  density is proportiona1,to flow rate.  At very high flow rates ,  the 
residence time is shor t  and the average hydrogen concentration decreases 
towards zero,  causing a decrease in I/A. 
a function of S : Note that the proportional relation a t  low flow rate is a n  , 

asymptote of sYope + 1 on a log-log plot. 

At very low flow rates ,  complete utilization is accomplished and 

These limits a r e  shown in Figure 3 as 

In determining the operating point to achieve a specified utilization and maximum 
I/A,  two cases may be distinguished, depending on whether increasing flow rate 
has a beneficial effect on I /A through its effect on mass-transfer processes.  

1. If there i s  no such effect, e. g. , i f  t ransport  is purely by 
molecular diffusion, then space velocity i s  s e t  to give the desired 
utilization, and I /A is determined by reaction kinetics and 
utilization. 

2. If I /A increases  with flow rate over some range, e. g . ,  

I / A a  un ( 5 )  

where mass- t ransfer  data suggest 0 < n 
f rom equation ( 3 )  at fixed bed thickness, 

0.  5 (see la te r ) ,  then 

L 
7 U a : l - n  

U 

Thus,  f rom equations ( 5 )  and (6 )  the design procedure would be to maximize I/A 
with respect to flow rate  i n  a "short", one-pass cell  and then increase the 
effective length of the anode to obtain the desired utilization. The average I/A 
will be lower than the maximum obtained in  the short  cell,  but i t  should neverthe- 
l e s s  be a maximum at the desired utilization. 

There a r e  various ways to  increase effective flow length which a r e  used i n  
analogous situations: 
recycle of g a s ,  and internal baffling of the flow path. 
the way pumping power is introduced and dissipated, and in their effect on system 
control and reliability. 

s e r i e s  gas flow through connected anode cel ls ,  partial 
The three differ mainly in 

In any case ,  one expects that  the optimization of a n  internal-reforming cell 
should involve a .tradeoff between cost  of pumping and the enhanced mass (and 
heat) transfer obtainable with high-velocity flow. 
might be defined a s  one so active that this optimization is required. 

In fact, a "perfect catalyst" 



HiPh-Velocity Range 
'. 

As shown on Figure 3, I / A  is depressed at low flow r'ates because of the 
extraction of hydrogen. 
hydrogen partial pressure decreases  as, utilization increases.  
a 2 . 7  H2 O/C& mixture at  500' F, the equilibrium p 
extraction, and 9. 1 m m  Hg with 70% extraction of ideal hydrogen. 

In the high-velocity range where utilization is low, I /A  depends on both 
mass-transfer and reaction rates .  
I / A ,  or  & flux toward the membrane, is proportional to a mass- t ransfer  
coefficient and a maximum available hydrogen partial p re s su re ,  

In other words, the maximum available (equilibrium) 
For  instance, for 

is 29 m m  Hg with no H 

As a f i rs t  approximation, we assume that 

I / A a  kmpH (7)  

As flow rate is increased, k 
diffusion and p 

For  this analysis it is assumed that k 
mass transfer between particles and a flowing fluid:(*) 

will increase because of increasing convective m 
will decrease because of kinetic rate limitations. 

H 

obeys the conventional correlation for m 

n 
k .au ( O < n < . 5 )  m 

This is  shown in Figure 4. 
near a particle Reynolds number of 1. 
satisfactorily represented by the following equation: 

The point of transition is  designated S . it occurs 
X' 

The curve in Figure 4 may be 

Reaction Kinetics and Open-circuit Behavior 

Lacking knowledge of the t rue kinetic relations, the generation of & is  simply 
represented he re  as a f i rs t -order  r a t e  process which decreases a s  
equilibrium is approached: 

ra te  - - -  kr [peq - pH] (mols/hr-cm3) 
unit volume bed RT 

With the assumptions of no extraction (open circuit), plug flow, and zero 
concentration at  the entrance, a differential mass  balance on & gives the 
following relation between local &, pres su re  and distance through the cell: 
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We wish to relate this Hz gradient to the open-circuit voltage (OCV). Tests with 
known I& /Nz s t reams confirmed that the measured OCV corresponded closely to 
the theoretical value: 

RT 4 n -  
2' ( peq 760 -kn..l peq 

ocv = - 

In the presence of a pressure  gradient, however, it is not physically obvious 
whether the observed OCV reflects an average partial  p ressure  or  an average 
potential with respect to anode length. In the f i rs t  case the right-hand term 
becomes 

and the integral is 

In the second case 

Curves of OCV versus S 
methods in Figures Sa and 5b respectivrely. 

for various k ' s  a r e  presented for the two calculation 
V 

Flow-Rate Effect on Current Density 

In a cell at fixed anode potential the current density depends on both 
mass-transfer and reaction r a t e s ,  ,which in turn depend on flow (convection) rate. 
A nondimensional equation expressing these relations has been developed, based 
on equations (7), (9) and (10). 
function of three ratios of characterist ic rates:  

The result  is that the current ratio I is a R 

s k it 
I =  

r r  r 
(16) 
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where,  

- - - convection r a t e  
sV 

kr  

ko/t  2 mass-t ransfer  rate 

sx 

- - - reaction rate  . 

transition space velocity for mass-transfer correlation, 
equation (9) . 

We have generated plots of I 
parameters .  
directly to the high-flow region where p 
low-flow region where extraction depresses  the equilibrium H2 concentration, if 
it is combined with an appropriate equation for p The 
following generalizations may be made from the results.  

versus S /k  for  several  values of the other two R v r  
Representative curves a r e  shown in Figure 6 .  Equation (16) applies 

It is also applicable to the is constant. 
eq 

as a function of flow rate .  
eq 

1. A significant maximum is obtained only when the transition in the 
mass-transfer relation occurs a t  a low velocity ( S  /k << 11. 
Otherwise the current density decreases with flow velocity in 
approximately the same way as does p- (equation 14). 

x r  

H 

2 .  Whether o r  not a significant maximum occurs,  the current  density 
always begins to decrease rapidly in the range . 2  < Sv/kr < 2 .  

The relative mass- t ransfer  coefficient has a major effect on the 
absolute value of I / A  but i t  has little effect on the relation between 
I / A  and flow rate.  

3 .  

EXPERIMENTAL 

Three types of data f rom the anode cell a r e  presented: 
versus S 
tests a r e  also discussed. 

OCV versus S , I / A  
Y and OCV versus t ime when flow was stopped. Flow-visualization 

V’  

Apparatus 

The anode assembly consisted of a .001 inch 75 Pd/25 Ag activated membrane, 
1.5 x 2 . 5  inches, backed up by a . 187 o r  . 125 inch thick bed of 20-mesh nickel 
catalyst (Cirdler G6ORS). 
the 1.5 inch sides which in turn led to .25 inch tubes positioned at diagonally 
opposite corners of the holder. 
3f 2. 711. The anode was run a s  a half cel l  in 8570 KOH a t  500°F. 
reference was 1 atm €& in a Pd-Ag tube in an etched Teflon Luggin capillary. 
Current density (no IR correction) was measured potentiostatically with a n  
Anotrol controller, usually at a n  anode potential of 200 m V  versus reference.  
Effluent was analyzed with a gas chromatograph. 
significantly affected by 2570 changes in the &O/CI-& ratio,  by pressurization of 

Gas entered and left the cell through small  ports  along 

The feed was preheated & O / C H ,  in a mole ratio 

. 

The potential 

Performance was not 
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the cel l  up to 20 inches & 0, nor by vertical versus horizontal orientation of the 
anode in the electrolyte. 

Open Circuit Voltage 

Figures Sa and 5b show OCV data for three runs,  including-two bed thicknesses 
and bo:h horizontal and vertical  orientation of the anode. 
over several  minutes a r e  indicated by the height of the data points. 
the pressure-averaging method, k is about 3000 hours-' ; by the 
potential-averaging method it is abrout 15 ,000  hours-'. The latter method fits the 
data better; it is mathematically correct  if one accepts that the measured 
potential of a metallic electrode is the a r e a  average of point potentials and that a 
large potential gradient may  be sustained in the plane of the electrode. 

Fluctuations of OCV 
According to 

Current Density 

Points from the same three  runs along with data f rom previous work(3) a r e  shown 
in Figure 7 .  These current  densities a r e  the steady values after several  minutes; 
initial currents were generally 1.6 to 2 .0  times the final values. 
experimental problems limited the flow range that could be tested, it may be seen 
that I /A decreases at both low and high flow ra t e s ,  corresponding qualitatively 
with the analytical curves in Figure 6 .  

A rough estimate of k 
rate,  which i s  the SA of current  flux plus & in cel l  effluent. 
80 amps/ft2 a t  S 
in cel l  and effluent to be half of p 
.039 mols/hr ,  and in the effluente.%26 mols /hr ,  with the result that k 2 

13,000 hours-'. 

Although 

can  be made from equation (10) and the total I& generation 
For  I/A = 

H = 3000 hours-' in the . 187 inch bed, we assume the average p 
V 

(29 mm Hg). Then I& ra te  as current is 

Transient Behavior 

An alternative way to measure  the anode rate  processes is to observe the change 
in OCV with time when flow is stopped. 
runs. 
I& 0 (about 75 mV a t  500" F) ,  but requires several  minutes to do so. 

This was done during the same three 
Figure 8 shows that OCV approaches the equilibrium value for C& and 

Flow Distribution 

Some room temperature flow-visualization tes ts  were made on the anode cell with 
a transparent window in place of the membrane. 
indicating Drierite. and water-saturated & was passed through at experimental 
flow rates.  
flow taking a diagonal path between holder inlet and exit in spite of the 
small-diameter gas ports  which had been intended t o  distribute the flow. 

The cell was packed with 

A peaked color profile was seen to  move through the bed, the main 
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Fuel 

c1 

Cl 

C8 

C8 

DISCUSSION 

vu (70L Average p H I/A 

0 29 330 

70 14 210 

0 17 240 

70 12 190 

(mm Hg) ( amm /fta 1 

The open-circuit data (Figure 5 )  show that the simple model is adequate to 
describe the relationship between flow rate and kinetics, and k is about 3000 o r  

H' 15,000 hours-', depending on how OCV is related to the gas-si8e gradient of p 
The higher o r  potential-averaged value is supported by a better fit of data to 
theoretical curves and by a separate  calculation of k f rom observed current  
density. Current densit ies,(Figure 7) a r e  unacceptaky low, but in  a qualitative 
sense a r e  consistent with the model developed. On the basis of these two type6 
of data one might conclude that catalyst activity is the major ba r r i e r  to higher 
performance. 
(Figure 8) and supporting calculations i'ndicate a major role for mass t ransfer .  
These a r e  discussed below. 

However, arguments based on the transient behavior of OCV 

Maximum Attainable Rate 

It is important f i r s t  to estimate the current  density that could be achieved under 
various ideal conditions. 
could be supported by the activated . OO! inch membrane i f  it were  exposed to a 
gas mixture in equilibrium. 
polarization has been estimated from previous unpubgshed data. 
curve with equilibrium calculations for &O/C = 2 .7 ,  Table 1 shows the 
estimated maximum performance for  methane and octane a t  both zero  and 7070 
utilization. Experimentally, the best current  densities shown in this and previous , 

work a re  about 35 - 459'0 of the tabulated values. 

The f i r s t  case of interest  concerns the current  that 

for  500" F and 200 mV A curve of i / A  versus  p 
Combining this 

Table 1. Maximum Attainable Performance With . 001 Inch Pd-Ag Anode, 
500°F, 200 mV Polarization 

T r an8 ient Behavior 

Four processes m a y  be postulated to  account for the characterist ic open-circuit 
equilibration time of several  minutes (Figure 8). 

1. reaction ra te  

2. orientation of the ce l l  as it affects flow distribution 
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3 .  solution of in the Pd-Ag membrane 

4.  diffusion in  the catalyst bed 

The reaction kinetics may be checked by integrating equation (10). 
required for p to change from pi to is 

Then the time 

H 

60 ”eq - 
k Peq - 

A t  (min) = - 

Taking k = 2 9  mm Hg, pl = 5 ,  and pz = 2 8 ,  
A t  = .064 min = 3 . 8  seconds. Larger  values of k 
Since there is so great a discrepancy between this and the observed equilibration 
time, some kind of diffusion process  must be involved. 

The anode orientation was changed f rom horizontal (membrane facing up) to 
vertical in order to ensure catalyst being in contact with the membrane and to 
decrease flow channeling that would probably occur if a gas gap existed. 
significant change in performance or  equilibration time resulted from this change, 
and we conclude that neither blockage of the membrane nor the existence of a gas 
space next to the membrane could account for the long equilibration times. 

On the basis of unpublished data(7) and previous work, (6’ lo) we estimate the 
solubility of & in the membrane to be about 0. 7 cc  (NTP) at p 

H 
1. 5 cc (NTP) at pH = 2 8  m m  Hg. In comparison, the gas space only contains 
about . 16 cc of Hz (NTP) at the higher pressure.  Thus, during equilibration most 
of the I& produced is absorbed by the membrane. If the membrane is a t  all times 
in equilibrium with the gas. then by a calculation s imilar  to equation (17) we 
estimate equilibration time (5 to 2 8  mm Hg) to be about 8 seconds. The current 
density supported by the membrane shows that the absorption rate  is very rapid, 
so if  the membrane solubility contributes to the long equilibration time it is 
because of slow diffusion of & toward it. 

= 3000 hours-’ f rom Figure 5a, p 
r eq 

give even shorter  times. r 

No 

= 5 m m  Hg and 

Mass Transfer  in Catalyst Bed 

Three kinds of mass  t ransfer  may be important: pore diffusion in the catalyst 
par t ic les ,  transport of reactants and products between bulk gas and catalyst, and 
transport of Ha through the bed to the membrane. It may be shown that the f i r s t  
two processes  a r e  quite rapid relative to observed net reaction rates.  
example, using standard correlations, (4) we estimate the bulk mass- t ransfer  
coefficient (the second process)  to be on the order  of 100 times the first-order 
reaction ra te  coefficient in the same units. 

For  

The third process ,  although related to the second, occurs on a la rger  scale,  i. e. 
it involves a concentration gradient across  the thickness of the catalyst chamber. 
TO a f i r s t  approximation, w e  may define the 
cur ren t  deneity) in te rms  of an  effective diffusivity D : 

f l u x  in the x-direction (as 
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De d P ~  IIAU - - R T  d x  

It should be noted that the coefficient km, a s  used in the mathematical analysis, 
and De describe the same process although defined in different dimensional terms. 
D is used for convenience in estimating. 

D may be estimated by two methods. F i r s t ,  it may be calculated f rom 
molecular diffusivit and modified to account for  the porous bed s t ructure  by an 
empirical equation: 6)  

€ 
D = - D  e 7  

For  a characteristic multicomponent mixture of bo, GI&, I&, and CQ a t  
500UF, D 
from .45 to . 7 5  cma /sec. 
unconsolidated bed is generally 1.5 to 2 .0 .  (9) 
I& and 0.1 to 0.2 for  the other gases. 

Secondly, if  turbulent (convective) diffusion is the dominant transport process 
normal to the membrane, D 

is about 2. 1 cm2 /sec and diffusivities of the other three gases range 
Measured bed porosity < = . 4 2  and tortuosity 7 for  an 

is about 0.  5 cma / sec  for  

Ha 

Then D e 

may be estimated from the Peclet number: 
e 

d u  p = -  
e De 

Taking d = . 084  cm, the interstitial velocity u = 22 cm/sec (corresponding to Sv = 
3000 hours-' in the . 187 inch ce l l ) ,  and the Peclet  number to be 13 .6 ,  (4) D 
approximately 0.14 cm2 / see .  
effective molecular diffus ivity implies that both molecular and turbulent diffusion 
a r e  important at this flow rate. 
molecular diffusion dominates the la te ra l  t ransport  process .  

is e 
That it is  about the same  magnitude a s  the 

Below a space velocity of about 1000 hours-' 
, 

The values of D may now be used in estimating the transient equilibration time 
due to diffusion.e We s t a r t  with the solution of the equation for one-dimensional 
diffusion f rom a surface source, (5)  and focus on the relative par t ia l  pressures  at 
the source and a fixed distance f rom it -- in this case half the ce l l  width ( 1 . 9  cm). 
Letting f = the ratio of partial p ressures  at the fixed point to the source,  the time 
elapsed between fL and is 



Assuming that the initial p 
bration times a r e  shown in Table 2 for  two final artial-pressure ratios, for I& 
IDe = . 5  and for the average of the other gases fDe = .15). 

a t  the edge is 5070 that a t  the center (fl = . 5 ) ,  equili- H 

I 

f2 = .95 

f2 = .99  

Table 2. Transient Diffusion Times (Equation 21) 

At (min) 
D (cma/sec)  = . 5  .15 

0. 5 1 . 6  

2. 8 9 .3  

4 
.The calculation probably underestimates diffusion time because no account is 
taken of the solubility of I& in the membrane (see ear l ie r ) .  We conclude that 
diffusion in the catalyst bed is a reasonable explanation for the observed equili- 

To estimate the cur ren t  density with an  "ideal" catalyst and real  diffusion 
resistance, we assume the partial-pressure gradient is linear between equilibriun 
(average p 
one particle'diameter o r  0.1 cm. 
(at 200 mV) reflected in Table 1 may be approximately written as  

14 mm Hg for C& , 70% extraction) and the membrane over, say,  
The relation between p and membrane f lux  H 

p H E  . 07  (I/A) ( 2 2 )  

Then equation (18). with D = 0. 5 cm2 /sec for I&, becomes e 

and I /A = 130 amps/ fp ,  compared with 210 in Table 1. 
made with different se t a  of assumptions. but the main point is that with a 
realist ic value of D , a l a rge  par t ia l  p ressure  gradient must exist for high 
flux rates.  We con%ude that it is plausible that diffusion may account for a 
substantial portion of the difference between maximum I/A a s  given in Table 1 and 
the obse'rved values. 

This calculation may be 

Flow Distribution 

Nonuniform flow along both width and thickness of the cell  used in this study would 
be very difficult to avoid. The tendency of the thin membrane to expand 
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i r regular ly  presents one design problem. 
tendency to nonuniformity in the horizontal plane. 

Flow visualization tests have shown a 

We have not been able to make a meaningful estimate of the effects of nonuniform 
flow on performance, although the cases checked have a l l  been detrimental. For 
example, stagnant gas pockets in the corners  would tend to become depleted of I&, 
probably inducing a potential gradient and electrolytic circuit in the plane of the 
membrane. 
would contribute to the observed increase of OCV with flow rate  that we have 
previously ascribed to kinetic limitations. 
rectangular gas electrode with a mixed feed; however it is accentuated with a 
packed gas chamber and a thin Pd-Ag anode. 

This situation could occur at open circuit a s  well as  on load, and 

This problem is common to any flat 

Prereac tor  Concept 

We have looked in principle a t  two design concepts in which the gas flows through 
a catalytic bed a t  cell temperature pr ior  to entering the anode cell.  
a combination external-internal reformer,  the cell is packed with catalyst. With 
a completely external reformer (at cell  temperature), the anode chamber would 
not contain catalyst. 

Current density would be somewhat higher in the combination reformer than in the 
strictly internal reformer because of better utilization of the membrane near the 
cell inlet. The 
best possible performance would be approximately the same  a s  the case of the 
ideal catalyst and rea l  diffusion resistance. calculated above. The second case 
would require very high flow rates  with recycle, o r  se r ies  flow connection with 
alternating catalyst beds and anode cells. The only advantage -- flexibility in cell 
design -- is far outweighed by pressure  drop, volume, and system complexity. 

In the case of 

The penalty is the increased pressure  drop and system volume. 

CONCLUSIONS 

With a 500' F upper limit, the internal-reforming hydrocarbon anode is severely 
restricted by the thermodynamics of reforming, With a . O O l  inch activated Pd-Ag 
anode, 70% utilization of fuel at 1 a tm total p ressure ,  and 200 mV anode polariza- 
tion, ideal performance is approximately 210 amps/f? for methane and 
190 amps/f?  for octane. Work to date has resulted in 35-45'70 attainment of these 
ideal values. 
tested, at least half of the deviation from ideal performance can be  attributed to 
diffusion resistance between catalyst si tes and membrane. 
distribution and kinetic limitations also contribute to the deviation although it is 
not possible to rank them in importance. 

Data and supporting calculations indicate that in the flow range 

Nonuniform flow 

Higher flow velocity and a thinner bed would decrease the relative limitation due 
to diffusion and increase those due to catalyst and flow distribution. Changes in 
this direction would soon bring the cost of pumping power into significance. 

Thinner and more active Pd-Ag membranes would improve performance by 
permitting a greater  diffusion driving force between catalyst and membrane. 
perfect  membrane -- one with no transport resistance -- would possibly yield 20 

A 



to 3070 greater current  densities than obtained with the present . 001 inch 
membranes. 

If system considerations permit  flow velocities high enough to have a beneficial 
effect on mass  transport in the catalyst bed, then the design procedure should be 
to maximize I/A with velocity and adjust the effective length of the anode to 
achieve the desired utilization. 
series flow connections, o r  baffling. A prereactor  added to an internal-reformiq 
cell would give some increase in current  density at the expense of pressure drop 
and volume. and is best  regarded as a secondary design option once the basic cell 
design is established. 

This may be accomplished by using recycle, 

The open-circuit voltage of a hydrogen electrode in the presence of an exponential 
pressure gradient is satisfactorily described by an equation that involves a n  
average of point potentials over the anode surface. The equation gives better 
resul ts  than the s impler  calculation where partial p ressure  is averaged and a 
single potential is determined from that average. 

In summary, with a -001 inch Pd-Ag membrane a t  500' F and at 1 atm total 
pressure.  we estimate that the maximum feasible current  density at 200 m V  
anode polarization for a liquid hydrocarbon feed with 70% utilization would be 
about 120 amps/f? with a ve ry  good catalyst and careful design for gas flow. 
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NOMENCLATURE 

cell  dimensions (Figure 2) - c m  

gas diffusivity - cm2/sec 

effective diffusivity - cm'lsec 

particle diameter - c m  

current  denslty - amps/ft2 

mass- t ransfer  coefficient - cm/hr  

l imit  of k 

reaction rate  coefficient - hrs-' 

at  lout f low ra te  (Figure 4)  m 

equilibrium hydrogen partial  p ressure  - mm Hg 

hydrogen par t ia l  p re s su re  - m m  Hg 

fuel flow ra te  - cc /hr  

gas constant 

ideal hydrogen space velocity - hrs-' 

space velocity at mass- t ransfer  transition 
(Figure 4)  

temperature - O K 

gas velocity - cmlsec  

porosity 

fuel utilization 

tortuosity 

Faraday constant 
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Figure 5a. OCV versus Sv - Calculated Curves 
by Averaging Pa r t i a l  Pressure (Equation 13) 
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Figure 5b. N V  versus Sv - Calculated Curves 
by Averaging Potent ia l  ( Equation 15 ) 
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PULSED POWER FUEL CELLS 

R. A. Sanderson, C. L. Bushnell, T. F. McKiernan 

1 
P r a t t  % Whitney Aircraf t  Division 

United Aircraft Corporation 
East Hartford,  Connecticut 

INTRODUCTION ' 

Fuel cells a re  presently under development for a variety of applications. Hydrogen-Oxygen 
fuel cells were used in  the Gemini Space Program and are now part of the Apollo Space 
Program. Fuel cells operating on preconditioned hydrocarbon fuels and air are also 
being developed in a variety of military and commercial programs as  high efficiency elec- 
trical power supplies. 

In these programs, the fuel cells are  primarily subjected to steady direct current loading at 
relatively low power density, less than 300 watts  per square foot of electrode area. 

Fuel cell operation a t  high current density under pulsed loading w a s  the subject of a recent 
program ut Pratt & Whitney Aircraft. This work was sponsored by the A i r  Force Aero 
Propulsion Laboratory at Wright-Patterson A i r  Force Base. The object of the program was 
to investigate fuel cells as a source of short duration high intensity electrical discharge in  
the microsecond to 5 minute discharge time range. 

This paper describes fuel cell performance characteristics noted during this investigation, 
including microsecond response following a single switch closure and the response to re- 
peated square wave pulse loadings over a range of pulse frequency and pulse duration. 

CELL PERFORMANCE CHARACTERISTICS. 

Figure 1 shows a typical fuel cell steady-state performance characteristic. If the cell is 
operating at a given point on the steady-state curve, then the voltage at the cell terminals is 
given by: 

Where: 
EP 
E oc 
Ea.  
Ec 
I 
Rin 
EP 
v 
R 

- EP = IR 

Ea + Ec + I @in) 
open circuit voltage 
anode polarization 
cathode polarization 
cell current 
internal cell resistance 
total cell polarization, 
operating \ oltage 
external circuit resistance 

/ 

The left side of the above equation represents the difference between the cell open circuit 
voltage and the voltage at the operating point (V). This difference is the sum of the anode, 
cathode and internal polarizations of the cell. The external load line can be superimposed 
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upon the steady-state performance curve by connecting the origin and the operating point. 

When the cell is initially a t  an open circuit condition and a load is applied, the load line 
changes from the initial value (slope = =) to the new value (slope = R). If the load is changed 
t0 this new value (slope = R) very slowly, the cell polarieattone have sufficient time to develop, 
and the performance path follows along the steady-state characterietic A to C. If the load 
is changed rapidly, such as closing a switch, the performance path moves from A to B. 
Then, as  the polarizations develop within the cell, the performance decays back to point C. 

Tests were conducted at Pratt & Whitney Aircraft to investigate the performance path during 
switch closure. 

TEST CIRCUIT 

The circuit used to obtain fuel cell transient response is shown in Figure 2. Tests were  
generally conducted on cells with an active area of 0.5 in2 to keep current in the electronic 
switch during repeated pulsing within the 50 amp rating of the transistors. In some of the 
single switch closure tests, a hand switchwas substituted for the solid state electronic switch. 

Connections between components in  the circuit were made as short a s  possible to minimize 
inductance. 

RESPONSE TO A SINGLE SWITCH CIDSURE 

Initial tests were conducted on fuel cells using Pratt & Whitney Aircraft catalyzed screen 
type electrodes with the aqueous KOH electrolyte trapped in a 10 mil asbestos matrix. The 
tests were at 220°F with 15 psia H2-02 reactants on 0 .5  in2 cells. Figure 3 shows voltage 
and current traces recorded from the oscilloscope following switch closure with minimum 
circuit resistance (later calculated at 0.0032 ohms). 

The time scale is  50 microseconds per cm. The traces do not start at zero current and open 
circuit due to a delay in  triggering the scope. Peak recorded current was approximately 55 
amps (15,600 amps/ ft2) at  a cell voltage of 0.2 occurring about 100 microseconds after 
switch closure. 

Figure 4 shows the same switch closure transient recorded at  10 xpilliseconds per cm. After 
100 milliseconds the current is still above 8500 amps/ ft2. 

During this step transient roughly 100 joules/ft2 of energy w a s  releaaed (in 100 milliseconds), 
and the calculated capacitance of the cell was 280 farade/ft2. Maximum output power density 
during this transient was  5900 watts/ft2. 

Figure 5 shows the switch closure transient plotted as voltage versus current. The normal 
steady-state performance is shown for comparison. 

The calculated electrolyte resistance is also plotted on the voltage-current curve. It can be 
noted that current- from the cell exceeded the maximum expected, k e d  on the electrolyte 
loss indicating the overall cell is behaving a s  a capacitor with Mgher dlscharge currents 
through the external circuit than through the cell itself. 

Tests were also performed using a dual pore nickel electrode cell i n  free electrolyte. These 
tests were conducted at  400°F with 85 weight percent KOH. The electrolyte gap between the 
cells was 0.060 inch. 
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During the switch closure test, current densities up to 5750 ampa/ft2 were recorded, as 
shown i n  Figure 6 (Trace A). Peak power density was 6240 watts/ft2. 

A second test was  then made with a Teflon barrier placed in the electrolyte between the 
electrodes, blocking the electrodes but allowing ion flow around the edges. The cell was 
once Gin pulsed from open circuit as shown in Figure 6 (Trace B). Peak current waa 
5370 amps/ft2, nearly the same as when tested without the ion barrier between the cells. 
Voltage and current dropped off at a faster rate in this test. 

A third test was then made. With the cell at open circuit, the cell was withdrawn from the 
electrolytc leaving an air  ga between the cells. The switch was then closed. Current 
densities up to 3600 amps/ft were recorded as  a measure of the cell's pure capacitance, 
Figure 6 (Trace C). Voltage and current dropped off very rapidly a s  the cell discharged 
without the advantage of recharge current in the cell. 

5 

Calculated capacitance for the three tests was: 

.l. Normal configuration 0.060 inch free electrolyte 550 farads/f$ 

2. 

3. 

With Teflon barrier between electrodes 

With air gap between electrodes 

314 farads@ 

19 farads/ft2 

Figure 7 shows voltage versus current curves for the three tests as  well a s  the steady-state 
performance and the calculated maximum current based on electrolyte resistance. 

Several trends were noted from these tests of cell response to a single switch closure: 

1. Initial performance during step increases in load exceeds steady state due to cell 
capacitance. Peak current is limited by cell impedance during this initial period and 
the external circuit resistance. 

2. Initial performance during step increases in  load also exceeds the level predicted on the 
basis of pure resistance loss through the electrolyte. This can occur only if current 
through the external circuit exceeds ion current through the electrolyte. 

3. Impedance during the initial time after switch closure is not limited by IR loss through 
the electrolyte but depends instead on the overall cell capacitance and resistive losses 
within the electrodes a s  well as current collection losses. 

4. Capacitance of the cell increases with increasing electrode pore surface (electrode 
thickness, porosity). Cells with thin screen electrodes had a generally lower capacitance 
(200 farads/ft2) than cells with thicker electrodes such as  the dual porosity free elec- 
trolyte cell (500-700 farads/fG). 

REPEATED PULSE TESTS 

Cell performance was also investigated for a continuous pulse load in which a switch is  opened 
and closed continuously at  high frequency. Loading of thie type could be imposed on the fuel 
cell by an input chopper stage on a voltage regulator or 'inverter, or by a pulse width modula- 
tion type motor speed control. 
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Repeated Pulse loading tests were performed on a screen electrode low temperature trapped 
electrolyte cell using an electronic switch and square wave pulse generator. A range of pulse 
frequency (10 to 10,000 cps), pulse duration (20 to 95 percent), and pulse amplitude (1400 to 
3600 amps/ft2) was imposed on the cell. Voltage readings were taken from the oscilloscope 
during both the pulse on and off time. 

Figure 8 shows an oscilloscope trace with typical resfinse of the cell during repeated pulsing 
at one kilocycle and 90 percent pulse duration. During the switch off interval, the cell does 
not have time to recover, and the performance arrives at a quasi steady-state level. 

Figure 9 shows performance during the pulse-ON portion of the cycle for a range of pulse 
durations. Data points are readings taken directly from the oscilloscope. Since the objective 
of the program was high power output; data was recorded primarily at higher currents. 

The average power density was computed for square wave response by multiplying the power 
while the pulse is ON by the pulse duration. Figure 10 shows cell voltage while the pulse is 
ON, plotted against average power density. Steady-state power density is also shown. At a 
cell voltage of 0.75, the average power density in a pulsing mode at 90 percent pulse duration 
is twice the output with a continuous load (initial steady state). 

The effect of pulse duration and frequency is shown in Figure 11. Average power density im- 
proves with decreasing frequency and peaks at 80-95 percent pulse duration. 

The results of repeated pulse loading on a dual pore free electrolyte cell a t  450°F are  shown 
in Figure 12. Average performance while pulsing exceeded performance during continuous 
d. c. load for pulse durations above 50 percent. 

Tests were also performed on an early experimental activated dual porosity nickel electrode 
cell with 1/4 inch free electrolyte a t  160°F. Performance of the cell is shown i n  Figure 13. 
Although the general performance level was low, considerable improvement i n  performance 
was noted by operating the cell i n  a pulsing mode a s  shown. 

Several trends were noted during these repeated pulse tests. 

During repeated pulsing, the cell capacitance is charged during the open circuit periods 
and discharged during the closed circuit periods. 

The voltage at which current is drawn from the cell during closed circuit conditions is 
considerably greater than if the cell were operated under a continuous d. c. load. As 
the pulse duration is increased, the performance falls off. 

The integrated average performance in a pulsing mode can exceed steady state. The ex- 
tent of performance improvement is affected by cell type, load level, pulse duration, and 
frequency. 

In general, the integrated average performance improves with lower frequency (100-1000 
cps) and higher pulse duration 80-95 percent. Improvement in cell performance by 
pulsing also appears to be greater at higher current density and in cells with a generally 
lower peformance. 
ing on cell endurance. 

Further investigation is needed to evaluate the effect of pulse load- 
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SUMMARY 

The electrochemical capacitance of fuel cells ha8 been evaluated in single switch closure 
tests and found to be in the order of 200-700 farads/fG of cell area depending on cell type. 
This capacitance gives a fuel cell the ability to deliver high intensity microsecond-millisecond 
discharges up to 16,000 amps/ft2 and 6000 watts/f$. 

h r i n g  continuous fuel cell operation, cell capacitance can be used by repeated pulsing at 
higher frequency.. The results of repeated pulse testing indicates performance improvements 
up to 100 percent in current density at equal cell voltage. 
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ELECTH03E WITH A iqICXEL CATALYST 
ii.Ch.durshtein, A.C.Pshenichnikov, F.Z.Sabirov 

i z s t i t , t e  of Zlec t rocnemis t ry ,  Academy of' Sc iences  
of t%e LIYS!~, laoscow. 

I t  io l lows  f ron o u r  p rev ious  L i v e s t i g a t i o n  of  t h e  opera- 
t i o n  r:;cchanixm of  ;>orous gas e l e c t r o d e s  ' - 3 )  t h a t  a porous e l ec -  
-iroSe can b e  r e p r e s e n t e d  by a model shown i n  Pig.1. I n  Ea.con's 
t r o - l a y e r  e l e c  trocies t h e  f i n e  gore  l a y e r  p r a c t i c a l l y  does  not  
g z r t i c i p a t e  i n  t h e  e l ec t rochemica l  process .  E lec t rochemica l  pro- 
c e s s e s  occur  on ly  i r i  t h e  l a y e r  o f  t h e  e l e c t r o d e ,  which' c o n s i s t s  
of  t!:.o k i a d s  o f  pores: macl.opores znd iiiicropores. Llicropores are 
1' i 1 1 ed wi t h e 1 e c t r o  1 y t e arid iil a c ro  3 0 r e  8 v;i t i? gas . E l  e c t ro c h en1 i c a1 
r e a c t i o n  occilrs on the  v i a l l s  of macrogores covered x i t h  a t h i n  
+let i , r o l y t e  film. The t h i c k n e s s  of t h e  e l e c t r o l y t e  i ' i l m  determi-  

' i ~ c  used such a i;iodel of the  po rous  e l e c t r o d e  i n  the  p r e p a r a t i o n  
Oi' a c t i v e  e lecxrodes  f o r  a hydrogen-oxygen . .  c e l l .  

iies c m  be ?re?ared u s i n g  n i c k e l  s k e l e t o n  c a t a l y s t  . 
the  J;sti method r e q u i r e s  a ve ry  long  t ime because t h e  aluminium 
e l i m i n a t i o n  p rocess  o c c u r s  extremely slov,rly. These e l e c t r o d e s  do 
!lot pooess s u c f i c i e n t  mechanical s t r e n g t h  and o a e r a t e  s t e a d i l y  
l o r  a long  ?e r iod  o f  time on ly  a t  small c u r r e n t  d e n s i t i e s  

:isd i'rom t h e  Cat3  for a i ia l f - imiersed n i c k e l  e l e c t r o d e  i s  0,5-1y 4 )  . 

According t o  J u s t i ,  a c t i v e  meta l loceramic  hydrogen . e l ec t ro -  

i t  should be  noted  t h a t  t h e  p r e p a r a t i o n  o f  e l e c t r o d e s  by 

5 )  

j3-50 ma/cm 2 5 ) .  

RLng >d% . i i ,  48% A 1  and 2% T i  6 )  . . 
i';s have dcv2loped a method o f  p r e p a r i n g  hydrogen e l e c t r o d e s  

&s ing  a ske le ton  n i c k e l  c a t a l y s t ,  ob ta ined  from a n  alloy con ta i -  

It i s  k n o m  t h a t  such  c a t a l y s t  h a s  l a rger  c a t a l y t i c  a c t i -  
v i t y  2nd s t z j i l . i t y  t h a n  t h e  usua l  Raney c a t a l y s t .  The i n f l u e n c e  
o f  t h e  h e a t i n g  tempera ture  i n  hydrogen upon t h e  s p e c i f i c  s u r f a c e  
oi a c a t a l y s t  c o n t a i n l a g  a .i'i a i d i t i o n  was i n v e s t i g a t e d .  I* was 
s'r.ovm t h a t  t he  s?ec i i ' i c  s u r f a c e  o f  a 
I.;? ihod , renai:,ed 2 r a c t i c a l l y  unchanged upon h e a t i n g  i n  hydrogen 
up t o  8 ~ 0 O i r  end !::as equal t o  80-90 m / g .  

Elec t rodes  were pr.e?ared a 8  fo l lows .  The a l l o y  p rev ious ly  
cjrmild i n  a v i b r a t i n g  m i l l  and t h e  powder ob.cained was f r e e d  of 
a l m i n i u n  by t r e a t i n g  w i t h  5 it AOH. Such c a t a l y s t  i s  h i g h l y  py- 
ro?hor ic ,  but :.hen mixed i n  t h e  wet s ta te  wi th  .carbonyl n i c k e l ,  
i t  loses this p r o p e r t y  and such  a. mixture  can  be  s t o r e d  d r y  a 

gowder,, iueasured by t h e  BET 

2 
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long t ine .  The l o s s  of py ro fo r i c  p r o p e r t i e s  by c a t a l y s t s  when 
they a r e  mixed with carbonyl n i c k e l  i s  accounted f o r  by t h e  s l o w  
dli ' fusion o f  oxygen through t h e  water f i l m  and t h e  formation of  
a t h i n  oxide f i l m  on t h e  c a t a l y s t  sur face .  An i n v e s t i g a t i o n  of 
t h e  e l e c t r o d e s  with varying s t r u c t u r e s  a c t i v a t e d  by the  s k e l e t o n  
c s t a l y s t  c a r r i e d  out by the  method s i m i l a r  t o  t h a t  used i n  . , 

tance i s  the  e l ec t rode  s t rength .  To ensure b e t t e r  s t r e n g t h  a new 
des i@ of e l e c t r o d e s  with an i n t e r n a l  gas  feed w a s  develaped 

Such an e l ec t rode  i s  shown scheuiat ical ly  i n  Fig.2. The 
e l e c t r o d e  c o a s i s t s  of a s h e l l  made of r e a d i l y  s i n t e r i n g  carbonyl 
n i c e e l  (edge - I and i i n e  pore l a y e r  - 2) v.ith t h e  a c t i v e  l a y e r -  
3 i n s i d e  ( a  mixture of ske le ton  c a t a l y s t  and carbonyl n i c k e l ) .  
Gas i s  supplied through s i d e  tubes-4. I n  t h e  case of t h e  e l e c t r o -  
des  having 120 m m  i n  diameter s t r eng then ing  and gas-feed pa ths  - 
5 a r e  used. 3 t r :nk th  i s  ensured by t h e  e l e c t r o d e  edge and gas- 
feed paths ,  nhich s i n t e r  well  with t h e  f i n e  pore layers .  Such 
e l e c t r o d e s  were pressed i n  a s p e c i a l  d i e  i n  one operat ion.  G a s  
f eed  pa ths  can be o f  d i f f e r e n t  iorms. The e l e c t r o d e s  o p e r a t e  both 
s ides .  Their  ope ra t ing  su r face  i s  165 cm2 ( b o t h  s i d e s ) .  Qihen 
assembling t h e  c e l l  t h e  e l e c t r o d e s  a r e  placed i n t o  a tank wi th  
e l e c t r o l y t e  and connected i n  p a r a l l e l  with r z spec t  t o  g a s  and 
cur ren t .  

t h ree - l aye r  e l e c t r o d e  with d =  0,25 a t  d i f f e r e n t  temperatures  
i s  given i n  Fib.3. Fig.4 shows t h e  dependexe  of l o g  3 ( a t  
y= 80 mv) upon t h e  r e c i p r o c a l  temperature.  The apparent a c t i v a -  
t i o n  energy of t h e  process  c a l c u l a t e d  from t h e  s l o p e  of 
s t r a i g h t  l i n e  i s  5 

r e p r o d u c i o i l i t y  o f  t h e  r e s u l t s .  The e l e c t r o d e s  operated s t e a d i l y  
i n  a hydrogen-oxygen c e l l  f o r  12 months. 

v i t y  t h e  ohmic l o s s e s  i n  t h e  f i n e  pore l a y e r  a r e  l a r g e  and 
t h e r e f o r e  with a decrease i n  i t s  th i ckness  t h e  cur ren t  d e n s i t y  
inc reases .  The experimental  curve of the c u r r e n t  d e n s i t y  depen- 
dence upon t h e  t h i c k n e s s  of  the  f i n e  pore l a y e r  is shown i n  
Pig. 5.  

3f considerable  i n t e r e s t  is t h e  dependence of t h e  e l e c t r o -  
chemical E ' t i v i ty  o f  t h e  e l e c t r o d e  upon t h e  s k e l e t o n  c a t a l y s t  
content  i n  the  a c t i v e  mixture. A s  i s  evident  from Table 1, with 

1 )  

I n  des i@ing e l e c t r o d e s  of l a r g e  s i z e  of e s s e n t i a l  impor- 

The dependence o f  the  cur ren t  7.1 upon t h e  p o t e n t i a l  f o r  a 

t h e  
Cal/mol OC. 

T e s t s  on a l a r g e  number o f  e l e c t r o d e s  have shown good 

I n  t h e  case of e l e c t r o d e s  with h igh  electrochemical  a c t i -  



.I. . 

t han  1,5 urn t h e  c u r r e n t  d e n s i t y  cons iderably  Secreases.  

''3' can be app l i ed  t o  the  e l e c t r o d e  Le .opera t ion  Cevcloped i n  
iiow l e t  u s  c o m i d e r  how t h e  concepts  of t he  porous e l e c t r o -  

I 
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an  i n c r e a s i n g  r a t i b  of t h e  c a t a l y s t  weight t o  t h a t ' o f  t&e mix- ' 
t u r e  (d) the c u r r e n t  d e n s i t y  rises up t o  d= 0,5. 

Table  1. 

d c) J y l O  Gy25 3 ~ 3 0  3y40 3y50 Oy75 1yOO 

I I , t i~  *dr tLe r  i n c r e a s e  in o( (a(= 3,75 and d= 1 ,OO) t h e  c u r r e n t  
de i i s i ty  drops.  As i s  shovm bj. t h e  s t r u c t u r e  I,ieasurernents, i t  
1apci.cedce on the  change r a t i o  o f  t he  r~ac ro -  t o  u i c r o  pores .  

R = Y /  = 7d++ . . . (1 )  I 3 
. :rere Td is the  a c t i v e  l a y e r  r e s i s t a n c e ,  7+- t h e  f i n e  pore  
l a y e r  r e s i s t a n c e .  The f i n e  ? o r e  l a y e r  r e s i s t a n c e  is expressed 
by t h e  equation: 

vkere  p- i s  t h e  e l e c t r o l y t e  s p e c i f i c  r e s i s t a n c e ,  3 - t h e  
s i a u o s l t y  coef i  l c i e n t  , - t o t a l  c ros s - sec t ion  of t he  po res  

Tf = P . d t ' ~ / l  . . . (2) ! 
i n  the  f i n e  pore l a y e r  oe r  u n i t  of v i s i b l e  s u r f a c e ,  equal  t o  
t h e  ~ i i ~ e  ?ore  l aye r  2 o r o s i t y .  In  most c a s e s  3 =\/5 8). 

t ance  upon t h e  e l P c t r o d e  a c t i v i t y .  
l iow l e t  u s  c o c s i d e r  t h e  dependence of  The r e a c t i o n  r e s i s -  

I 

hecording t o  ( 2 ) ,  t h e  depen,ence OF the  cu r ren t  d e n s i t y  
uson The gas e l e c t r o d e  oarameters  i s  of t h e  form: 

' cZe1.e i s  the t o t a l  9er i rneter  of t h e  po res  free of t he  
e l e c t r o l y t e ,  - t h e  t o t a l  c ros s - sec t ion  of the  pores  f i l l e d  
v:ith t h e  e l e c t r o l y t e ,  =($) J , v;here 1 i s  t h e  l o c a l  

9-0 
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cur ren t  dens i ty ,  3( - - t he  r a t i o  of t he  t r u e  4 t h e  v i s i b i e  sur-  
face .  Let  us  assume t h a t  t o  the  first approximation 
po r t iona l  t o  t h e  s p e c i f i c  su r face  o f  t h e  a c t i v e  mixture  &. It 
is  evident  t h a t  i n  the mixture  of  the c a t a l y s t  w i t h  

is pro- 

carbonyl  

The s p e c i f i c  su r face  measurements us ing  t h e  BET method 
2 have shorin t h e  s p e c i f i c  su r face  of t he  c a t a l y s t  Scat=80 m /gry 

the  s p e c i f i c  su r face  of t he  carbonyl n i c k e l  powder 
Scarb = O y 5 5  m /gr .  2 

According t o  the equat ions ( 3 )  and (4), f o r  t h e  e l e c t r o d e s  
with the  same s t r u c t u r e  w e  ootain:  

. . . (5)  Sd. 

where 2, and 7, a r e  t h e  r e a c t i o n  r e s i s t a n c e s  0-f the e l e c t r o d e s  
?reparedTrom caroonyl n i c k e l  a lone and from t h e  a c t i v e  mixture,  
r e spec t ive ly  . 
t he  powdered c a t a l y s t  used by us: 

S u b s t i t u t i n g  t h e  va lues  o f  Scat and Scarb , we o b t a i n  f o r  

. . . (6) 

S u b s t i t u t i n g  Tc =yz , obtained from equat ions  ( 3 )  i n t o  ( 5 )  and 

( ze /"~?  = (1440( + d )  '/2 

using (2), we f ind  Yor t h e  t o t a l  e l ec t rode  r e s i s t a n c e  R t h e  

+ -  Pt' 6 (7)  
expression: 

x =  

Wii e r  e A, = (3% q)(p,~ 
( vy (A+) fZ2 (P 9) 7-a 4Q 

f o r  a non-act ive e l ec t rode .  
Assuming f o r  a 7 i'u KJH a t  YO°C p =  0,715 ohm.cm 5, and 

n\  

t ak ing  t h e  value of  Acfrom L I ,  we obtain:  
( 4/5 ) (A)') )" = 0,024 ohm-' cm-j" . It fo l lows  from the d i r e c t  
measurements of t h e  f i n e  pore l a y e r  p o r o s i t y  that 
S u o s t i t u t i n g  t h e  vz lues  of p and f' we o b t a i n  f o r  t h e  c o e f f i -  
c i e n t  before  fjyq= 4,25 ohm.cm. Taking i n t o  cons ide ra t ion  (6), 
we o b t a i n  from (7)  f o r  t he  z c t i v e  n i c k e l  hydrogen electrode:  

q =  0,5. 

wn e r  e 
41y5 7,= 

(pp )'h ( 1 4 4 4  + I 1'' 
( 8 ' )  

The r e l a t i o n  (pQ)*/P # (Ap) obtained from the pores  
d i s t r i b u t i o n  curve of the  e l e c t r o d e  wi th  the  s t r u c t u r e  i n v e s t i -  
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gated  by us i s  shown i n  Fig.7b. The f i n e  pore layer  
xhickness  
of ri ( I )  and eq  (8) €or a n  e l e c t r o d e  w i t h  the o p e r a t i n g  sur- 

o( = 9,25 
6 = 3,071 cm. I n  accordance with the de termina t ion  

,. 
f ace  S, = 165 cmL a t  = 0,08 v, t h e  c u r r e n t  i s  equal  to: 

165 . d,08 a . . ( 8 " ' )  J =  - . y L  Se 
2 + 4945 . 0,071 ' 

i7ig.7 shows t h e  exper imenta l  (Curve I )  and t h e  ca l cu la t ed  
(Curve 2) dependences of t he  cu r ren t  s t r e n g t h  upon t h e  p r e s s u r e  
d i f f e r e n c e  between g a s  aiid e l e c t r o l y t e .  A t  l a r g e  va lues  o f  A p 
t h e  c a l c u l a t i o n  and exper imanta l  r e s u l t s  can be considered t o  - 

agree  f a i r l y  v ; e . l l .  A t  small A p  t h e  d iscrepancy  appears .  t o  be due 
t o  t ke  small gas permeab i l i t y  of  t he  worse owing t o  some o f  t h e  
gas supplz ing  cana ls .  

us ing  eq ( G )  and (1) i t  is  p o s s i b l e  t o  c a l c u l a t e  t h e  depen- 
dei:ce of  -the c u r r e n t  
l q e r  Lhickneas. The r e s u l t s  of  t h e  c a l c u l a t i o n  and t h e  compari- 
son with t h e  exper imenta l  d a t a  of P ig .5  a r e  presented  i n  Table 2. 

3 on an  e l e c t r o d e  upon t h e  f i n e  pore  

Sab le  2. 

4 ca lcu l .  experim. ca l cu l .  experim. - 
. -  41 i) i) 0,32 1239 - 

G,S1 2,042 u,36 11,2  37 
v,35 ; ,2i2 3,53 728 Y,O 23 30 
3,37 0 , j l  3,bj 6,6 795 21 22 
3 , l Z  3,425 0, ' /4  5,6 690 17 17  

i t  i s  c l e a r  from t h e  t a b l e  tha t  the agreement between t h e  calcu-  
l a t e d  and exgeriniental  v a l u e s  is q u i t e  s a t i s f a c t o r y .  

kcccrd ing  t o  equa t ion  (8' ) z, dec rease8  and hence t h e  
c u r r e n t  i n c r e a s e s  wi th  i n c r e a s i n g  s k e l e t o n  c a t a l y s t  con- 
t e n t  ( d  

s t r i c z a r e  but vary ing  catalyst  conten t  ( d )  are g iven  i n  Table 1. 
'The va lues  of ii and '&calculated from the d a t a  i n  Table 1 are I 

l i s t e d  i n  Table 3 .  Equat ion  (6) r e l a t e s  the v a l u e s  obta ined  'from' 
t h e  e l ec t rochemica l  and s t r u c t u r e  d a t a  f o r  tLe  e l e c t r o d e s  wi th  
iden t i c r i l  s t r u c t u r e s .  The r i g h t  hand and t h e  l e f t  hand s i d e s  of 
equat ion  (6) a r e  g iven  i n  Table  3 (columns 4 and 5 ) .  The compari- 
son of tne  corres2onding v a l u e s  shows tha t  up t o  d = 0,5 the 
exgcr iments l  and c a l c u l a t e d  data a g r e e  w i t h  the accuracy  up t o  

in t he  a c t i v e  rnixture. 
':ne ex.perLrncnta1 r e s u l t s  for t h e  e l e c t r o d e s  with i d e n t i c a l  
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23. ; .  ?he diccrepancy between t h e  d a t a  a t  
s t a t e d  above, t o  t h e  chznge i n  t h e  e l e c t r o d e  s t r u c t u r e .  

a= OY5 is duey as 

Table 3 .  

c) 1,6 1329 1 1 YO l Y 3  4YO 
0 , I O  aY74 oY&3 3Y 92 3Y0 o y 4  lY3  
3925 3y>7 Oy26 6,lO 5YO Oy25 O Y 8  

3,43  9,476 0,166 7265 7 ~ 8  Oy15 OY5 
o Y m  .~,43;5 0,123 8y55 l O y 5  011 0930 

I ,JLI U,74 0943 12,o 3YO 

3Y39 3y53 O,22 6,65 699 OY2 0365 

U y 7 5  dy5E8 Qy278 10y4 4y65 

-- 
A s  nas ueen shown i n  ‘ -3Iy  the  c h a r a c t e r i s t i c  t h i ckness  i s  

Getcriniiied cy the equat ion(9 ) 

Using t h e  obvious r e l a t i o n  &=A,. So/Scor~. 
i .e  o b t a i n  f o r  t h e  e l e c t r o d e s  wi th  i c e n t i c a l  s t r u c t u r e  

A = ( ‘/k 1 (?&$ . . (9) 
and equat ion(5)  

. . . ( I O )  

chere  Lc and la are c h a r a c t e r i s t i c  l e n g t h s  of the  nonac t ive  and 
a c t i v e  e lec t rodes ,  r e spec t ive ly .  

the  e l e c t r o d e  
can ‘De cotisiuered t o  be of i n f i n i t e  th ickness .  For such e l e c t r o -  
Lies t h e  cur ren t  d e n s i t y  i s  determined by eq ( 3 ) .  ds ing  eq (3) and 
( 9 )  aiid -inking i n t o  cons ide ra t ion  [I)¶ w e  obtain:  

li cco rc ing  t o  ‘-j), a t  t h e  th i ckness  e4 Iy6k 

1. = L. Q / ( j ‘ p ~  . . . (11) 

?or. ;be e l e c t r o d e s  w i t h  the s t r u c t u r e  under  cons ide ra t ion  
( -  ;i4-.CJ 243-343 mesh, 20%d athp-633-933 mrri €i6 PeC,,2 2’. Then 
la== J , ~  2,. The vzlues of  
5 of  l e b l e  3 .  

A t  4s 1 , 6 L  2 - 3 )  the  c u r r e a t  d e n s i t y  is l e s s  t han  the  maxi- 
,..urn v~l l r le  ~ z t e r c i i n e d  i‘rom equat ion  ( 3 ) .  *fhe carresponding th ick-  
:less A, ,  si’ the  t h r e e - l a y e r  e l e c t r o d e  a t  which the  cu r ren t  s tarts 
t o  c??crease is A, ,  = 2 x 1,6L . The va lues  o f  are  l i s t e d  i n  
column 7 of Zable 3. For t h e  e l e c t r o d e s  wi th  
h i co rd ing  t o  Fig.6, t h e  dec rease  i n  t h e  a c t i v i t y  on such an e lec-  
t r o d e  occurs  a t  A < 1 , 5  mm, vh ich  appears  t o  be  due t o  a unsuf f i -  
c i e n t  ,as d i s t r i b u t i o n  on the e l ec t rode .  

5 thus c c l c u l a t e d  a r e  g iven  i n  column 

o(= Oy25 dC~=Oy8nm. 

1 



?:-:US 'chis concepts  of t h e  o p e r a t i o n  of' t h e  porous gas e lec-  
:rode can be used i n  the c a l c u l a t i o n s  and cnoice  of t h e  optirmm 
c o n i i t i o n s  of o p e r a t i o n  of an a c t i v e  63s e lec t rode .  On t h e  b a s i s  
35 t h e  t h e e - l a y e r  e l e c t r o d e s  developed, i t  i s  p o s s i b l e  t o  con- , 

:;?;ruct a c e l l  o f  a s imple  uesign f o r  a long  time opera t ion .  

4 

, 
1 
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* Fig.1. Porous gas electrode model.  

Fig.2. Schsme of an electrode with internal gas 

S U P P l p  

/ 
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Pi&. 5 .  2 o l a r i z a t i o n  curves  f o r  d i f f e r e n t  temperatures  
1 - 20' , 2 - 4OoY 3 - 60°, 4 - ??O, 5 - 92'. 

n; I I I 1 I 

20 . 300 390 310 + jc3 

E'ig.4. Deaendence of 1 g J  on l/T . $? = OY08 v. 

I 
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7a 

30 

20 

10 

1 
Fig.6. decenaence o f  c u r i e n t  d e n s i t y  upon t h e  ac t ive  

l a y e r  thickness. 
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HIGH SURFACE AREA SILVER POWDER AS AN OXYGEN CATALYST 

James E. Schroeder, Dirk Pouli, H. J. Seim 

Allis-Chalmers, Milwaukee, Wisconsin 53201 

Introduction 

The major voltage loss at current densities below 100 ma/cm2 in 
modern hydrogen-oxygen fuel cells is due to the high overvoltage for 
the oxygen reduction reaction. Hence, much research has been ex- 
pended in efforts to develop catalysts that are more active toward 
the reduction of oxygen. While the platinum group metals are well 
known oxygen catalysts, they have the disadvantage of being very ex- 
pensive. 

less expensive oxygen reduction catalysts. Other catalysts of inter- 
est are certain organic materials such as cobalt phthalocyanine (3) 
and oxide materials such as the spinels. For the alkaline cell, how- 

Boron carbide (l) and carbon black (2) have been suggested as 

ever, the most promising catalyst-to date appears ,to be silver 
(4,586). 

Silver as an oxygen reduction catalyst may not possess a signi- 
ficant advantage over the platinum metals from technical considera- 
tions, but the difference in cost is significant. Silver will almost 
certainly replace the noble metals as the cathode in the alkaline hy- 
drogen-oxygen fuel cell unless a less expensive and/or more active 
material is discovered. 

The amount of the catalyst's surface area exposed to the fuel 
cell reactant in part limits the reaction rate. If the surface area 
is increased, some increase in reaction rate results. Therefore, we 
attempted to make a silver powder with a surface area 5-10 times 
higher than the surface area of commercially available silver pow- 
ders. Further increases in surface area have diminishing returns and 
sometimes even adverse effects. 

Silver powder with varying properties has been prepared in sev- 
eral ways. Some well known methods are chemical and electrolytic re- 
duction of silver solutions and the decomposition of silver salts. 
Many investigators have studied the preparation and decomposition of 
silver oxalate (71819,10111). It was shown by Erofeev et a1 ('1 that 
the gradual acceleration of the decomposition of silver oxalate is due 
to the catalytic effect of the product, silver. They observed that 
for the first 20-30% of the decomposition the fraction decomposed,O(, 
is given by the equation log (1-a) = -ktnr where t represeqts time and 
k and n ( - 4 )  are constants. The decomposition reaction is essentially 
Ag2C204 2Agt2C02. 

Macdonald ( * )  and Tompkins ( 9 )  found that partially decomposed 
silver oxalate crystals darkened uniformly and there was no preferen- 
tial decomposition of the surface nor did the decomposition spread 
from a few isolated nuclei. These investigators were interested in 
the kinetics of the controlled decomposition and did not study the ex- 
plosive decomposition reaction or the pro erties of the product of 
this reaction. 
of sintered silver, produced by the decomposition of silver oxalate 

Poltorak and Panasyuk (107 investigated the activity 
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i n  vacuo, f o r  t h e  decomposi t ion  of hydrogen peroxide .  The c a t a l y t i c  
a c t i v i t y  reached a maximum f o r  s i lver  powder s i n t e r e d  a t  600° C. 
Sv i r idov  and B r a n i t s k i i  (11) i n v e s t i g a t e d  t h e  c a t a l y t i c  a c t i v i t y  of 
p a r t i a l l y  decomposed s i l v e r  o x a l a t e  f o r  t h e  decomposi t ion of hydrogen 
peroxide .  The  a c t i v i t y  of  t h i s  mix ture  of s i l v e r  and s i l v e r  oxa- 
l a t e  was found t o  be a maximum a f t e r  35% of t h e  i n i t i a l  s i l v e r  oxa- 
l a t e  was decomposed. 

W e  i n v e s t i g a t e d  t h e  r a t e  of r educ t ion  of oxygen i n  a l k a l i n e  
media on s i l v e r  powder made by t h e  exp los ive  decomposi t ion o f  s i l v e r  
o x a l a t e .  I t  w a s  found t h a t  s i l v e r  powder wi th  a s u r f a c e  a r e a  of 

v e r  o x a l a t e  
made by t h e  r a p i d  exp los ive  decomposi t ion of s i l -  

Experimental  Technique 

P r e p a r a t i o n  and Decomposition of S i l v e r  Oxala te  

S i l v e r  o x a l a t e  was made by adding c r y s t a l l i n e  s i l v e r  n i t r a t e  t o  
a s a t u r a t e d  s o l u t i o n  of o x a l i c  a c i d  a t  ambient tempera ture .  The 
s i l v e r  o x a l a t e  p r e c i p i t a t e  was f i l t e r e d  and t h e  r e s u l t a n t  s l u r r y  
d r i e d  under a bank of h e a t  lamps. I t  was c rushed  and s i z e d  and only  
p a r t i c l e s  between 0 . 5  and 2 . 0  mm were decomposed. 

The s i l v e r  o x a l a t e  w a s  decomposed by dropping t h e  p a r t i c l e s  
onto a h o t  s u r f a c e .  The decomposi t ion tempera ture  of s i l v e r  o x a l a t e  
i s  140° C but  t o  i n c r e a s e  t h e  r a t e  of  decomposi t ion t h e  p a r t i c l e s  
a r e  dropped on a s u r f a c e  a t  250-500° C.  A t  h i g h e r  tempera tures  t h e  
s i l v e r  powder formed b e g i n s  t o  s i n t e r ,  t h u s  lowering i t s  s u r f a c e  
area. The decomposi t ion i s  accomplished i n  a c o n t a i n e r  s i n c e  
o the rwise  t h e  f o r c e  of t h e  exp los ion  would s c a t t e r  t h e  s i l v e r .  The 
c o n t a i n e r  must be p r o p e r l y  vented  t o  exhaus t  t h e  l a r g e  volume of 
carbon d iox ide  r e l e a s e d  du r ing  t h e  decomposi t ion r e a c t i o n .  A sche- 
m a t i c  diagram of  t h e  decomposi t ion a p p a r a t u s  is  shown i n  f i g u r e  1. 
The s i l v e r  decomposi t ion p roduc t  is screened  to  less than  0.15 nun 
i n  diameter t o  remove any  o x a l a t e  p a r t i c l e s  o r  hard p i e c e s  o f  s i l v e r  
formed when t h e  product  i s  scraped  from t h e  decomposi t ion chamber. 

E l e c t r o d e  P r e p a r a t i o n  

E lec t rodes  were p repa red  from t h e  s i l v e r  powder by inco rpora t ing  
poly-tetrafluoroethylene a s  a b inde r  and p r e s s i n g  t h e  mix tu re  onto  a 
metal s c r e e n  i n  a method s i m i l a r  t o  t h a t  r epor t ed  by Niedrach and 
Alford  (13).  
c a t a l y t i c  a c t i v i t y  of t h e  m a t e r i a l  i n  terms of f u e l  c e l l  pe r fomance ,  
wh i l e  e l e c t r o d e s . 1 0  c m  x 23 c m  were used i n  l i f e  t e s t s .  I n  l i f e  
t es t s  two c e l l s  i n  p a r a l l e l  w e r e  used t o  i n s u r e  r e l i a b i l i t y  and more 
s i g n i f i c a n c e  i n  t e s t i n g .  

E l e c t r o d e s  7.5 c m  x 7 . 5  c m  were used  t o  de termine  t h e  

Determina t ion  of  C a t a l y t i c  A c t i v i t y  

The a c t i v i t y  of  e l e c t r o d e s  f o r  t h e  r educ t ion  of oxygen was de- 
te rmined  i n  a hydrogen-oxygen f u e l  c e l l  us ing  an a s b e s t o s  m a t r i x  t o  
c o n t a i n  t h e  e l e c t r o l y t e .  The t es t  c o n d i t i o n s  are g iven  i n  Table  I .  
The same c o n d i t i o n s  w e r e  used f o r  l i f e  tests.  
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TABLE I 

Test Conditions 

Thickness of 
Asbestos Matrix - 0.75 mm 
Electrolyte - 30% KOH 
Temperature - g o o  c 
Gas Pressures - 18 psig (26 psia) 
Anode - 3 . 0  mg Pt and 3 . 0  mg Pd per cm2 plated 

on a porous sintered nickel plaque. 

A transistorized 60 cps sine wave commutator (I4) was used to 
drive the cell. For short term tests, such as those to determine 
the initial activity (electrical performance), no elaborate water 
removal system was required. Water may simply be removed by purging 
the gas cavities with the respective reactants. The asbestos is 
soaked with electrolyte until saturated. The gases are then applied 
to the cell and the cell is subjected to a load of 300 ma/cm2. The 
gas cavities were purged until a maximum voltage was reached at the 
applied load of 300 rna/cm2. A reverse current scan was adopted since 
it normally yielded better reproducibility than the forward scan. 
Total cell voltage, resistance-free voltage and the resistive voltage 
losses of the cell were then measured as a function of current den- 
sity. The time required to determine the voltage-current curve is 
2-5 minutes. 

Voltammetric measurements were made using a potentiostat. It was 
developed in our laboratories and is capable of handling anodic and 
cathodic loads of up to 25 amperes. The test cell consisted of a 
working electrode held in place by an asbestos matrix with electro- 
lyte flowing behind the asbestos,. To keep oxygen from bubbling 
through the electrode a counter pressure was applied to the electro- 
lyte. The oxygen pressure was approximately 3 psig higher than the 
electrolyte pressure. If a smaller differential pressure was used 
the working electrode flooded. 

TABLE I1 

Conditions of Voltammetric Experiments 

Temperature - 900 c 
Oxygen Pressure - 18 psig (26 psia) 

Electrolyte Pressure - 15 psig 
Scan Rate - 10 mv/sec 
Reference Electrode - Hg/HgO 

Electrolyte - 30% KOH 

Results and Discussion 

Physical Properties of the Silver Powder 

Particles- of silver produced by the rapid thermal decomposition 
of silver oxalate are irregular in shape with many nodules. The nod- 

cates that the silver is crystalline. 
i ules are approximately 0.1 u in diameter. Analysis by X-ray indi- 
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The s p e c i f i c  s u r f a c e  a r e a  of t h e  s i l v e r  powder, measured by t h e  
B.E.T.  me thod ,  was i n  t h e  range  of 2-6 m2/g. 
h a r d e s t  and d r i e s t  s i l v e r  o x a l a t e  par t ic les  y i e l d e d  t h e  h i g h e s t  sur -  
f a c e  a r e a  s i l v e r  powder. M a t e r i a l  decomposed r a p i d l y  a l s o  had h igher  
s u r f a c e  a r e a s  than  m a t e r i a l  hea ted  s lowly .  Photo e lec t ronmicrographs  
of t h e  r a p i d l y  decomposed m a t e r i a l  are shown i n  f i g u r e  2.  F igu re  2B 
shows i n  g r e a t e r  d e t a i l  a p o r t i o n  of  t h e  p a r t i c l e  shown i n  f i g u r e  2A. 
F i g u r e s  2B and C s h o w  d i f f e r e n t  p a r t i c l e s  under  t h e  same magni f ica t ion  

Decomposition o f  t h e  

C a t a l y t i c  A c t i v i t y  

The a c t i v i t y  of t h e  c a t a l y s t  f o r  t h e  r educ t ion  of  oxygen w a s  de- 
termined i n  a hydrogen-oxygen f u e l  c e l l .  Total ce l l  v o l t a g e ,  resis- 
t a n c e  f ree  vo l t age  and r e s i s t i v e  v o l t a g e  l o s s e s  o f  t h e  c e l l  were 
measured as a f u n c t i o n  of  c u r r e n t  d e n s i t y  a f t e r  op t imiz ing  t h e  c e l l  
z t  300 majcm2. 
t a g e s  v s .  c u r r e n t  a r e  shown i n  f i g u r e  3. A l l  t h e  vo l t age -cu r ren t  
cu rves  shown i n  f i g u r e  3 w e r e  ob ta ined  by r e v e r s e  c u r r e n t  scans .  
Half c e l l  p o t e n t i a l s  a r e  c i t e d  wi th  r e s p e c t  t o  t h e  p o t e n t i a l  of t h e  
s t anda rd  hydrogen e l e c t r o d e  u n l e s s  stated o the rwise .  

The curve i n  f i g u r e  3 shows t h a t  a p p r e c i a b l e  r educ t ion ,  s ay  1 0  
ma/cm2, commences a t  a p o t e n t i a l  of 1 . 0 5  v o l t s  w i th  r e s p e c t  t o  t h e  
hydrogen e l e c t r o d e  a t  26 ps ia  i n  t h e  same s o l u t i o n .  Voltage c u r r e n t  
cu rves  f o r  low loaded Pt-Pd e l e c t r o d e s  (3.0 mg P t  and 3 . 0  mg Pd pe r  
c m 2  p l a t e d  on a porous,  s i n t e r e d  n i c k e l  p laque)  and h e a v i l y  l o  ded 

l o n a t e d  and pressed on  a n i c k e l  s c reen )  are shown f o r  comparison 
( s e e  f i g u r e  3 ) .  The P t -Pd  e l e c t r o d e s  w e r e  tested i n  t h e  same manner 
a s  t h e  s i l v e r  e l e c t r o d e s .  On t h e  b a s i s  o f  h a l f  ce l l  measurements we 
b e l i e v e  t h a t  t o t a l  r e a c t i o n  p o l a r i z a t i o n  of t h e  ce l l  (see f i g u r e  3 1 ,  
e x c l u s i v e  of  r e s i s t i v e  l o s s e s ,  occu r s  e s s e n t i a l l y  a t  t h e  oxygen 
e l e c t r o d e .  T h e  p o l a r i z a t i o n  l o s s e s  i n d i c a t e d  i n  f i g u r e  3 a r e  the re -  
fore e s s e n t i a l l y  t h o s e  of  t h e  s i l v e r  e l e c t r o d e .  

Represen ta t ive  t o t a l  c e l l  and r e s i s t a n c e  f r e e  vol-  

Pt-Pd e l e c t r o d e s  (13.5 mg P t  powder and 27 mg Pd powder p e r  c m  8 , tef- 

E f f e c t  of Oxygen P r e s s u r e -  

T h e  e f f e c t  of oxygen p r e s s u r e  on ca thode  p o l a r i z a t i o n  was s tud ied  
i n  a ha l f  cel l .  The r e s i s t a n c e  f r e e  cu rves  a r e  t h e r e f o r e  a d i r e c t  
measure of t h e  ca thode  p o l a r i z a t i o n .  The p o l a r i z a t i o n  i n c r e a s e s  near- 
l y  l i n e a r l y  w i t h  d e c r e a s i n g  p r e s s u r e  f o r  p r e s s u r e s  exceeding one a t -  
mosphere o f  oxygen. , T h e  s l o p e  of  t h e  cu rve  i n c r e a s e s  by a f a c t o r  of 
f i v e  from 32 ps i a  t o  1 2  p s i a .  T h i s  i n c r e a s e  i n  s l o p e  i s  e s p e c i a l l y  
prominent a t  c u r r e n t  d e n s i t i e s  above 200 ma/cm2. P res su re  vs .  resis- 
t a n c e  f ree  vo l t age  of a t y p i c a l  h igh  s u r f a c e  a r e a  s i l v e r  e l e c t r o d e  is 
p ' lo t t ed  i n  f i g u r e  4 .  

E f f e c t  of Temperature 

The e f f e c t  of c e l l  t empera tu re  on ca thode  p o l a r i z a t i o n  w a s  a l s o  
s t u d i e d .  A r e s i s t a n c e  f r e e  v o l t a g e  v s .  t empera ture  cu rve  f o r  a t y p i -  
c a l  e l e c t r o d e  i s  p l o t t e d  i n  f i g u r e  5. The s l o p e  is e s s e n t i a l l y  inde- 
pendent  of tempera ture  between 50° and 90° C. 

P e r f  onnance a t  High C u r r e n t  D e n s i t i e s  

V o l t a m e t r i c  measurements on t h e s e  s i l v e r  e l e c t r o d e s  showed t h a t  
t h e  l i m i t i n g  c u r r e n t  l i es  above 6000 ma/cm2.  A v o l t a g e  v s .  c u r r e n t  
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density curve is shown in figure.6. The measurement was carried out 
at such a sweep rate that build up of water during the voltage 
current measurement is so small that control problems do not arise. 
In manual testing the water build up is too rapid to study the limit- 
ing current density with any validity. 

Corrosion of Silver 

Voltametric data indicate that silver tends to corrode at poten- 
tials exceeding 1.05 volts vs. the potential of the hydrogen electrode 
for the conditions specified in table I. Therefore, the silver elec- 
trode will tend to corrode at current densities less than 10 ma/cm2. 
Since silver oxide is appreciably soluble in the fuel cell electrolyte 
at 90' C; the electrode will gradually dissolve. Furthermore, the 
silver oxide will be reduced on the anode after migration through the 
asbestos matrix. Both these effects, dissolution and redeposition of 
silver, are detrimental to fuel cell performance. In practice, the 
voltage of fuel cells operating at practical current densities is well 
below that required for the onset of corrosion. The problem of 
corrosion of the silver electrode is, therefore, eliminated by the 
relatively high overvoltage for the reduction of oxygen. 

Life Tests 

Life tests have shown that electrodes made from this high surface 
area silver are stable for more than 6000 hours. The increase in po- 
larization for the total cell at a constant current density of 100 
ma/cm2 is about 10 pv per hour in a hydrogen-oxygen fuel cell at 90' C. 
We have no data available to indicate the rate of voltage degradation 
for the single electrodes. Since the total degradation for the cell 
is 10 uv/hour the cathode degradation is certainly less. Life test 
data is plotted in figure 7. 

Conc l u  s i on s 

The rapid thermal decomposition of hard, dry particles of silver 
oxalate produces a silver powder with a surface area of 2-6 m2/g. 
This powder is extremely active as an oxygen reduction catalyst in 
alkaline media. It exhibits lower polarization losses at all current 
densities than Pt-Pd electrodes when used in a hydrogen-oxygen fuel 
cell under the conditions cited in the text. 

The dependence of the activity of this material on oxygen pressure 
is nearly linear for pressureE above 18 psia. 
10 and 18 psia the polarization increases rapidly with decreasing 
oxygen pressure. 

The dependence of activity on temperature is essentially linear 
from 50' C to 90' C in a hydrogen-oxygen fuel cell. At temperatures 
below 50° C the polarization increases at a much faster rate. 

At pressures between 

Life tests show that electrodes made from this material are 
stable for more than 6000 hours. The average voltage degradation was 
less than 10 uv/hour. 
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INSTABILITY OF SUPPORTED-PLATINUM SURFACE AREA 

I N  THE PRESENCE OF ELECTROLYTES 

J. F. Connolly, R. J. Flannery, B. L. Meyers and R. F. Waters 

Research and Development Department, American O i l  Company, Whiting, Indiana 

Supported platinum c r y s t a l l i t e s  grow r a p i d l y  when i n  contact  with 
e l e c t r o l y t e  so lu t ions  a t  moderate temperatures (<  2OO0C). 
growth i n  a i r  a t  much higher  temperatures i n d i c a t e s  t h a t  t h e  r a t e  of a rea  loss  
i n  s o l u t i o n  is  orders  of magnitude g r e a t e r  than t h a t  of losses  from dry  s i n t e r -  
ing. This type of platinum-area l o s s  is a s e r i o u s  handicap t o  the  development 
of economic f u e l - c e l l  e lec t rodes .  

The absence of any 

Measurements of platinum area ,  independent of t h e  support a rea ,  were 
made by using a combination of i n t e g r a l  capaci tance measurements i n  the hydrogen- 
adsorpt ion and double-layer regions. The p o s s i b i l i t y  of poisoning was eliminated 
by chccking the degree of c r y s t a l l i t e  growth with x-ray d i f f r a c t i o n .  
showed t h a t  permanent d i s s o l u t i o n  of platinum was not  a s i g n i f i c a n t  fac tor .  

Analyses 

I n  addi t ion  t o  t h e  e f f e c t s  of t i m e  and temperature, the  r a t e  of c r y s t a l  
growth was influenced by t h e  support  type,  t h e  s o l u t i o n ,  t h e  platinum concentra- 
t i o n ,  and t h e  i n i t i a l  c r y s t a l l i t e  s i z e .  High support a reas  reduced c r y s t a l  
growth rates a s  d id  s o l u t i o n s  wi th  low conduct ivi ty .  However, even water 
mho/cm) showed some e f f e c t .  
because the  very smal l  i n i t i a l  c r y s t a l l i t e  s i z e  provides a large dr iv ing  force  
f o r  r e c r y s t a l l i z a t i o n .  

The b e s t  d i spers ions  are t h e  most e a s i l y  damaged 

I n  such cases  platinum-area losses  up t o  90% were observed. 

Electrorecrystallization provides a poss ib le  mechanism f o r  r a t i o n a l i z i n g  
these r e s u l t s ;  i.e., c e l l s  may be formed between l a r g e  and small platinum crys ta l -  
l i t e s ,  with the smal le r  c r y s t a l l i t e s  a c t i n g  as anodes because of t h e i r  higher 
sur face  energies .  Complex platinum ions would then  be t ransported through the 
s o l u t i o n  while e l e c t r o n s  pass through platinum-platinum contac ts ,  o r  through a 
conducting support, or through both. The t r a n s p o r t  of platinum complexes Kith 
no necess i ty  f o r  e l e c t r o n  flow between c r y s t a l l i t e s  would also be conceivable. 



OXYGEN REDUCTION ON GOLD A L U Y S  OF 
PLATINUM, P A W I L M ,  AND SILVER 
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ABSTRACT 

Gold a l loys  of platinum, plladium and s i l v e r  were pre- 
pared i n  which the compmition varied by increments of 10% from 
io - 90: gold. They were examined as rotating electrodes f o r  
a c t i v i t y  i n  the cathodic reduction of oxygen i n  2 N potassium 
hydroxide a t  25OC. 

The a c t i v i t y  of the Au/Ag a l loys  decreased progressively 
as tne s i l v e r  content was increased; the Au/R al loys showed an 
almost constant a c t i v i t y  over the whole composition range; the 
Au/Pd a l loys,  however, showed a broad m a x i m u m  
t h i  t*ht of the Au/Pt alloys) over the  composition range 70 - 
205 Au. The order of a c t i v i t y  of the pure metals a t  low polari-  
zat ion w a s  Pd > Pt  = Au > Ag. 

of a c t i v i t y  (greater 

The extent of oxygen f i lm formation on each of the 
e l l c y s  vas determined by fast potent ia l  sweep techniques, this 
Fnformatlon is  used i n  the in te rpre ta t ion  of the observed ac t iv i -  
b les .  Selected measurements w e r e  made a t  75OC, the pat tern of 
acilvLty vas subs tan t ia l ly  the same a t  25OC. I n  the experimental 
i:crk care was taken t o  ensure tkt  the  bulk a l loy  composition was 
preserved at the surface for a l l  measurements. Variations In 
surface roughness were taken in to  account by measurement of 
double layer capac i t ies  using a t r iangular  po ten t ia l  sweep. 

2- . 

1 
,/ 
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THE ADSORPTION OF CARBON MONOXIDE ON PLATINUM AND RHODIUM ELECTRODES 

S. Gilman 

Nat ional  Aeronautics and Space Admin is t ra t ion,  E lec t ron i cs  Research Center, 
Cambridge, Massachusetts 

INTRODUCTION 

The adsorpt ion o f  carbon monoxide on noble metal e lect rodes i s  o f  
c u r r e n t  i n t e r e s t  i n  connection w i t h  several areas i n  the  f i e l d  o f  fue l  
c e l l  technology. 
impure hydrogen con ta in ing  CO (8), and o f  organic  substances where adsorbed 
CO i s  suspected o f  being an in termediate (9 ) .  
w i l l  compare the r e s u l t s  o f  e a r l i e r  (1-4) s tud ies  o f  CO adsorpt ion on 
P t  w i t h  more recent  observat ions (5) made on t h e  adsorpt ion o f  CO on Rh under 
roughly  s i m i l a r  experimental condi t ions.  

These areas i nc lude  anodic o x i d a t i o n  o f  CO (7), of 

In t h i s  paper, t he  author  

EXPERIMENTAL 

The o r i g i n a l  papers (1-5) may be consul ted f o r  experimental d e t a i l s .  

Rh e lect rodes were annealed near 
The P t  and Rh e lect rodes were smooth p o l y c r y s t a l l i n e  wi res.  
genera l l y  annealed i n  a hydrogen flame. 
t h e  m e l t i n g  p o i n t  i n  a high-vacuum b e l l  j a r .  
s o f t  g lass  supports a t  one end, us ing a cool  hydrogen flame. 
were g i ven  a l i g h t  e t ch  i n  aqua reg ia .  

i n  the same s o l u t i o n  as t h e  working e lect rode.  

t he  geometric area, unless otherwise spec i f i ed .  

P t  w i res  were 

Both metals were sealed i n t o  
The surfaces 

A l l  p o t e n t i a l s  a re  r e f e r r e d  t o  a r e v e r s i b l e  hydrogen e lec t rode  immersed 

A l l  values of charge and c u r r e n t  dens i t v  a re  repor ted on the bas is  o f  

DISCUSSION 

Hydrogen and Oxygen Adsorption on Clean P t  and Rh Electrodes- 

and "oxygen" ( i n c l u d i n g  poss ib le  formation o f  oxides o r  ox ide precursers)  
on P t  and Rh electrodes, and the  r e s u l t s  have been reviewed by severa l  
authors (10-15). 
p e r c h l o r i c  ac id  e l e c t r o l y t e  a r e  use fu l  i n  e s t a b l i s h i n g  proper cond i t i ons  
fo r  t he  study o f  CO adsorpt ion and i n  i n t e r p r e t i n g  the  r e s u l t s :  

1 )  
approaches d monolayer near 0 v.. 
0.3 - 0.4 v. (depending on temperature) f o r  P t  and a t  0.1 - 0.2 v. f o r  Rh. 
The adsorpt ion and desorpt ion o f  hydrogen atoms possesses a h i g h  degree o f  
r e v e r s i b i l i t y  f o r  both metals. 

The adsorpt ion of "oxygen" begins a t  p o t e n t i a l s  below ca. 0.8 v. 
f o r  P t  and below ca. 0.6 v. f o r  Rh. The "adsorpt ion"  i s  n o t  r e v e r s i b l e  
(except poss ib l y  a t  very  low coverages) i n s o f a r  as the  d i s s o l u t i o n  o f  t h e  
"oxygen" f i l m  occurs a t  p o t e n t i a l s  severa l  t en ths  o f  a v o l t  l e s s  anodic 
than t h e  formatlon. 

Numerous vo l tamet r i c  s tud ies  have been made o f  t he  adsorpt ion o f  hydrogen 

The f o l l o w i n g  q u a l i t a t i v e  conclusions f o r  s u l f u r i c  o r  

The coverage o f  both P t  and Rh elect rodes w i t h  hydrogen atoms 
The coverage g radua l l y  decreases t o  zero a t  

2 )  
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Steady-State Oxidation of CO and  Hz- 

Information on the steady-state oxidation of CO and H on P t  and Rh 
electrodes provides information useful i n  in te rpre ta t ion  03 r e su l t s  of 
adsorption studies.  
acid appear in Fig. 1 .  
a slow linear sweep but s imi la r  resu l t s  may be obtained point-by-point 
a t  constant potential .  
transport-controlled oxidation i s  observed s l igh t ly  above the  reversible 
poten t ia l .  
of oxygen adsorption (above ca. 0.6 a n d  0.8 v. f o r  Rh and  P t ,  respectively),  
and i s  almost complete within a few additional tenths of a voTt. 
a f l a t  l imiting current is  not observed, since i n i t i a l  CO oxidation and 
i n i t i a l  passivation almost coincide. The steep i n i t i a l  r i s e  i n  CO oxidation 
current has previously been ascribed, fo r  P t  ( 3 ) ,  t o  a reversal of "se l f  
poisoning". Compared 
w i t h  hydrogen, the passivation of CO oxidation occurs over a wider range 
o f  potentials,  par t icu lar ly  fo r  the P t  electrode. 

"Polarization curves" obtained i n  s t i r r e d  su l fu r i c  
The curves were obtained under the conditions of 

For hydrogen on both P t  and R h ,  ( F i g .  l a  and l b ) ,  

Onset of passivation of the oxidation i s  apparent a t  the potential 

For CO, 

A s imilar in te rpre ta t ion  seems l ike ly  f o r  Rh a s  well. 

' Electrode Pretreatment- 

A convenient i n i t i a l  condition f o r  the  study of adsorption i s  t ha t  for 
which the surface coverage w i t h  the adsorbate (and w i t h  impurities) i s  
i n i t i a l l y  zero and no reaction occurs between the surface and the adsorbate 
(hence the concentration of adsorbate near the electrode surface is  the 
same as t h a t  in the bulk of the solution).  For some adsorbates ( e .  g . ,  
some ions and  hydrocarbons) t h i s  condition may be achieved a t  some potential 
w i t h  the P t  surface i n  the  reduced s t a t e .  For CO on P t  and Rh, this condition 
may only be achieved by passivatinq the surface w i t h  an "oxygen" fi lm. 
For P t  (sequence of F i g .  2a) a potential as h i g h  as approximately 1 . 8 ~ .  
( s t ep  A )  i s  required, not only for  su f f i c i en t  passivation, but a l so  t o  
remove such refractory impurities a s  the hydrocarbons (16).  
anodization (C02, 02) may be eliminated a t  some lower potential (e. g. ,  step B )  

% a t  which the "oxygen" film i s  s t i l l  retained. Rapid reduction of the surface 
a n d  subsequent adsorption occurs during s tep  C.  For Rh (sequence of Fig. 2b)  
the  high-potential anodization of s tep  B eliminates a l l  refractory adsorbed 
substances, b u t  the resu l t ing  "oxygen" film is reduced very slowly ( a s  compared 
with P t ) .  After this  more rigorous cleanup, the  anodization of the surface 
a t  1 . 2  v .  ( s tep  D )  i s  su f f i c i en t  fo r  Rh (unlike P t )  t o  s t r i p  off C02 and 
fu l ly  passivate the surface against  CO re-adsorption o r  oxidation. 

In F i g .  Za, t race  A i s  !)flieved to  correspond t o  the clean P t  surface. 
Variations such as t races  6 and C a re  believed (2,6) t o  correspond t o  a 
surface contaminated by e l ec t ro ly t e  impurities since such variations a re  
accel lerated by s t i r r i n g  and retarded by solution purification procedures. 
Similar observations have been made by Giner ( 1 7 )  and Brumer (18) f o r  P t  
in su l fu r i c  and phosphoric ac ids ,  respectively.  
appears similar t o  t ha t  f o r  P t ,  w i t h  trace 1 corresponding t o  the clean 
surface a n d  traces 2 and 3 corresponding t o  surface contamination. 

Products of the 

The s i t ua t ion  fo r  Rh ( F i g .  2b)  

I 

I 

I 

Determination o f  CO Coverage by Anodic Stripping- 

discussed above. 
Of s tep  C ,  and CO adsorbs on the freshly reduced surface. 
D r e su l t s  in the current-time (po ten t i a l )  t races .  
t o  zero coverage with CO and the charge (a rea)  obtained by integrating under the 

In the potential sequence of Fig. 3a, the P t  surface i s  pretreated a s  
The surface i s  them reduced during the f i r s t  few milliseconds 

Application of sweep 
Trace A of .F ig .  3a corresponds 
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curve s t a r t i n g  a t  t h e  p o t e n t i a l  o f  s t e e p l y - r i s i n g  c u r r e n t  corresponds t o  
o x i d a t i o n  of t h e  surface, charging o f  the i o n i c  double l a y e r  and ( a t  higher 
P o t e n t i a l s )  t o  evo lu t i on  o f  molecular  oxygen. 
increas ing coverage o f  t h e  sur face w i t h  CO and compared w i t h  t r a c e  A, add i t i ona l  
charge flows corresponding t o  o x i d a t i o n  o f  adsorbed CO t o  CO2. Using t race  
F as example, we see t h a t  t h i s  t race  merges w i t h  t h a t  f o r  t h e  c lean  surface 
a t  t ime t l  ( o r  p o t e n t i a l  E 1. 
t he  two surfaces a re  i n  thL  same s t a t e  by t ime tl. This  i n  turn,  suggests (2)  
t h a t ,  ( i n  s p i t e  o f  t he  o t h e r  coulombic processes occu r r i ng )  AQ, t h e  d i f ference 
i n  charge under t races F and A may correspond almost e x a c t l y  t o  QCO, the 
charge requ i red  t o  o x i d i z e  adsorbed CO t o  C02. This  assumes t h a t  t h e  sweep 
i s  s u f f i c i e n t l y  f a s t  t h a t  d i f f u s i o n  and subsequent o x i d a t i o n  o f  CO d u r i n g  the  
sweep i s  n e g l i g i b l e .  

r 
experimental observations (1,2) tend t o  support t he  v a l i d i t y  o f  equat ion (1) 
f o r  P t .  
speeds where e r r o r s  due t o  d i f f u s i o n  o f  CO dur ing the  sweep a re  n o t  an t i c ipa ted .  
Second, the adsorpt ion r a t e  determined through anodic s t r i p p i n g  obeys a 
ca l cu la ted  d i f f u s i o n  r a t e  law t o  w i t h i n  10% (2) .  
may a l so  be used i n  determin ing the  CO sur face coverage (19-22) i n  a manner 
s i m i l a r  t o  the use o f  a l i n e a r  sweep. 
repor ted maximum coverage a r e  l i k e l y  due i n  p a r t  t o  the  d e t a i l s  of c o r r e c t i n g  
f o r  o x i d a t i o n  o f  t he  sur face (4 ) .  

o f  F ig .  3b, r a p i d  reduc t i on  o f  t h e  sur face occurs dur ing step F, b u t  t he  
major p a r t  o f  t h e  adsorpt ion may be al lowed t o  occur a t  any o t h e r  p o t e n t i a l  
U (dur ing step G ) .  
l a r g e r  values o f  U. Sweep I i s  app l i ed  t o  sample the  e x t e n t  o f  adsorpt ion 
and the  current - t ime ( p o t e n t i a l )  t races  obta ined a r e  s i m i l a r  t o  those obtained 
f o r  P t .  
experimental adsorpt ion r a t e  f o l l o w s  a good l i n e a r  d i f f u s i o n  law (5) ,  u n t i l  
h igh  coverages a re  achieved. 

K i n e t i c s  o f  CO Adsorption- 

U n t i l  the coverage exceeds a t  l e a s t  75% o f  t he  maximum, the  k i n e t i c s  o f  
CO adsorpt ion on both P t  and Rh i s  s u f f i c i e n t l y  r a p i d  t h a t  t r a n s p o r t  c o n t r o l  
i s  observed i n  both qu iescent  and mechanica l ly  s t i r r e d  s o l u t i o n s  (2,4,5). 
app l i es  f o r  p o t e n t i a l s  ranging from t h a t  o f  hydrogen gas e v o l u t i o n  t o  t h a t  
o f  anodic a t t a c k  on CO. 

Traces B-F correspond t o  

This  suggests t h a t  desp i te  i n i t i a l  condi t ions,  

(1 1 I n  t h i s  case: 

Where IC0 i s  t he  coverage o f  t he  CO i n  moles per  cm2. The 

F i r s t ,  AQ i s  found t o  remain constant  throughout a range o f  sweep 

Galvanostat ic  t r a n s i e n t s  

Var ia t i ons  between i n v e s t i g a t o r s  i n  

Equation (1) seems t o  apply  f o r  Rh as w e l l  as f o r  P t  ( 5 ) .  I n  the sequence 

Step H i s  app l i ed  t o  e l i m i n a t e  "oxygen" adsorbed a t  

As f o r  P t ,  AQ i s  r e l a t i v e l y  independent o f  sweep speed and t h e  

Th is  

E f f e c t  o f  Po ten t i a l  on t h e  S t r u c t u r e  o f  t h e  Adsorbed Layer- 

Carbon monoxide adsorbs on both P t  and Rh e lec t rodes  over  a range o f  
p o t e n t i a l s  extending f rom h i g h l y  reducing t o  h i g h l y  o x i d i z i n g  condi t ions.  
It i s  reasonable t o  suspect t he re fo re ,  t h a t  t he  adlayer  may vary i n  composit ion 
o r  s t r u c t u r e  corresponding t o  p a r t i a l  o x i d a t i o n  o r  reduc t i on  o f  t h e  o r i g i n a l  
adsorbate. During a l i n e a r  anodic sweep, the re  a re  coulombic processes i n  
a d d i t i o n  t o  the o x i d a t i o n  o f  CO and t h e  s i t u a t i o n  i s  t h e r e f o r e  k i n e t i c a l l y  
complex. 
t he  adlayer, i f  comparisons a re  made under c a r e f u l l y  c o n t r o l l e d  cond i t i ons .  
I n  F ig .  4a and-4b, us ing the  r e s u l t s  f o r  U=O.12 v. as t h e  bases f o r  comparison, 
t races f o r  CO on Rh a r e  compared f rom -0.2 v. t o  0.5 v.. When the t races 
a re  compared a t  (approximately) equal values o f  QCO, t he  r e s u l t s  a r e  almost 
i d e n t i c a l  over t h i s  e n t i r e  range o f  p o t e n t i a l s .  For P t  (F ig .  4c) a t  full 

Nevertheless, t h e  l i n e a r  anodic sweep t r a c e  may be used t o  character ize 

I 
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coverage the identical t race  ( t r ace  2) is obtained f o r  potentials from -0.1 t o  
0.7 v . .  
reduction of the adlayer. Excluding potentials as low as  -0.2 V .  f o r  P t ,  
i t  may therefore be concluded t h a t  there i s  no evidence f o r  s t ruc tura l  
variations in the CO adlayer on e i the r  P t  o r  Rh over most of the range of 
potentials a t  which CO adsorbs. 

Steady-State Coverage w i t h  CO- 

Fig. 5 presents the  f rac t iona l  coverage of a P t  electrode surface with 
CO as determined under the conditions of a slow t r iangular  sweep. 
similar r e su l t s  may be obtained on a point-by-point basis a t  constant potential .  
T h e  decreased coverages observed during par t  of the  descending sweep i s  due 
t o  the lag in reduction of the  "oxygen" fi lm formed a t  high potentials (1) .  
For a hypothetical per fec t ly  smooth electrode, the maximum value of Q 
0.28  mcoui. j cm- (4) 
moles/cm* (based on the hydrogen ar*90% of the available (hydrogerl) 
s i t e s  occupied by CO. 
pressures over a range of a t  l e a s t  0.01 t o  1 atmosphere (4) .  

f o r  P t ,  we see t h a t  a f l a t  maxumum i s  obtained f o r  a wide range of potentials 
a n d  CO par t ia l  pressures. The maxumum value of Qco as cal ulated for  a smooth 
surface i s  0.44 mcoul. jcm2 (hydrogen area) ,  equivalent t o  fC0=2.2x10-9 
moleslcmz (hydrogen a rea ) .  
available (hydrogen) s i t e s  with CO. 

a t  the same potentials where CO i s  oxidized to  CO , and where there i s  a l so  
the onset of "oxygen" ddsorption for both P t  and 6 h .  For Rh as f o r  P t  (15) 
i t  may be argued tha t  the  explanation most a t t r ac t ive  a t  present, i s  t ha t  the 
adsorption of "oxygen" causes the r a t e  of adsorption t o  become activation- 
controlled and su f f i c i en t ly  slow t h a t  i t  is  overwhelmed by the r a t e  o f  CO 
oxidation. 
(experimentally indistinguishable from zero).  
with CO i s ,  i n  turn, la rge ly  responsible f o r  the i n i t i a l  decrease i n  anodic 
corrent a t  h i g h  po ten t ia l s  (Fig. I C  and I d ) .  

Hydrogen Co-deposition Measurements and Structure of the Adlayer- 

I f  a cathodic sweep i s  applied t o  a P t  o r  Rh electrode pa r t i a l ly  covered 
with CO ( and in the absence of previously adsorbed hydrogen o r  "oxygen"), 
the maJor coulombic process will  correspond t o  the deposition of hydrogen atoms 
on s i t e s  not previously blocked by CO (2,5). Fig. ?a and 7b are  some typical 
traces obtained f o r  P t  and Rh ,  and F i g .  7b demonstrates the construction 
l ines  tha t  may be drawn to  define a closedarea (charge),  SQH corresponding t o  
hydrogen codeposition. These construction l ines  serve mainly to  d i f f e ren t i a t e  
between the end of the hydrogen adsorption and the onset of the molecular 
hydr-ien evolution processes. I t  i s  to be noted tha t  the  implicit  assumption 
involved i s  that  appreciable molecular hydrogen evolution does not begin u n t i l  
the mixed monolayer i s  largely complete. The sweep i s  continued t o  any value 
of the potential required t o  force the hydrogen evolution process a t  the 
Par t icu lar  coverage w i t h  CO.  The grea te r  i r r e v e r s i b i l i t y  of hydrogen adsorp- 
t ion  on Rh i s  evidenced by the  much higher overpotentials required a t  the 
par t icu lar  sweep speed employed. 

Subject t o  the l imi ta t ions  in evaluating SQH, the following relationship 
may hold f o r  e i the r  P t  o r  Rh: 

Trace 3 i s  obtained a t  -0.2 v .  and may correspond to par t ia l  / 

Very 

= 
(based on the h dro en area) corresponds t o  r co=??4~10-~  

This maxumum value remains constant fo r  CO par t ia l  

As The resu l t s  for Rh ( f i g .  6 )  were obtained a t  constant po ten t ia l .  

This corresponds t o  almost complete coverage o f  

For both F t  and Rh the  coverage with CO tends to f a l l  off precipitously 

This causes the surface coverage to drop down t o  a very small value 
The decrease i n  surface coverage 

< 

I' 
1 

1 
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n 
where I 
presense of adsorbed co 
absenc2 OfOadsorbed CO 

o f  CO adsorbed. 

the sweep, as may be verified experimentally. 
CO and hydrogen adsorption s i t e s  a r e  similar and tha t  hydrogen adsorption 
may only be blocked d i rec t ly  by formation of a CO - surface valence bond, 
then m may have the significance of representing the number of valences 
formed between a CO molecule and the  surface. 
m was found t o  have the  value 2 fo r  the f i r s t  30% of coverage, and 1 fo r  the 
remainder [suggesting "bridged and "linear" structures (23) respectlvelyl.  
The apparent bridging decreased a t  6OoC. 
adsorption was suggested by the observed value of m = 1 ,  determined from the plot 
of Fig. 8(5). 
temperatures. 

saturation coverage of the surface with hydrogen atoms i n  the 

( rH) =Saturdticill coverage of the surface w i t h  hydrogen atoms i n  the 

m=average number of hydrogen adsorption s i t e s  obscured per molecule 

For ( 2 )  t o  apply i t  is only necessary tha t  no desorption of CO occur during 
I f  we further assume tha t  

For CO on P t  a t  3OoC (21, 

For Xh a t  8OoC, only the one-site 

As for  P t ,  a two-site adsorption m i g h t  be indicated at-lower 

The Hydrogen- Adsorp t i  on I sot herm- 

In somewhat d i f ie ren t  experiments t o  those discussed above, hydrogen atoms 
may be adsorbed a t  constant potential on a surface par t ia l ly  covered w i t h  a 
measured amount of CO. The coverage w i t h  hydrogen may t h e n  be determined by 
se lec t ive  anodic stripping w i t h  a l inear anodic sweep (5) .  
potential plot of Fig. 9 i s  essent ia l ly  an adsorption isotherm (since fractional 
coverage i s  proportional t o  the  charge and the logarithm of hydrogen partial  
pressure i s  proportional t o  the  poten t ia l )  fo r  the clean Rh surface, similar 
to those previously reported by Will and Knorr (24)  and by Bold and Breiter 
(25). Fig. 10 reveals how the  coverage w i t h  hydrogen a t  constant potential 
decreases l inearly w i t h  increasing CO adsorption time. 
coveracle is increasing l inear ly  under these conditions, and analysis o f  the 
Dlots reveal tha t  the followina emDirica1 relationshiD exis t s  a t  a l l  Potentials,  

The charge- 

The CO surface 

between fractional hvdroaen an i  CO' surface coverages - . .  
coverage with C O ) :  

where eH=fractional coverage 

( 'H )o '~H i n  absence of 

(below 80% of f u i i  

(3) 

w i t h  hydrogen atoms=QH/SQH 

adsorbed CO 

eC,=fractional coverage w i t h  CO=Qco/ (QCO)maximum 

Expression (3) implies tha t  the shape of the adsorption isotherm f o r  the  clean 
surface i s  retained as CO adsorbs. 
i s  a random distribution of CO molecules on hydrogen adsorption s i t e s  possessing 
d i f fe ren t  heats of adsorption. T h i s  cont ras t s  w i t h  the conclusion of Breiter (22)  
fo r  formic acid adsorption on P t .  According t o  Breiter,  i n i t i a l  adsorption of 
formic acid on P t  occurs on those s i t e s  having the highest heats o f  adsorption 
fo r  hydrogen atoms. 

The result ing implication is tha t  there 
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ANODIC OXIDATION OF CARBON MONOXIDE AND FORMIC ACID 
ON PL4TINUM COVERED WITH SULFUR 

H. Binder, A. Kohling, G ,  Sandstede 

Battelle-Institut e.V., Frankfurt am Main, Germany 

1 .  Introduction 
In recent years it was demonstrated by investigations of several 
authors (1)-(5) that CO is oxidized on platinum electrodes in an 
acid electrolyte at temperatures below 100°C. However, the current 
density achieved wag only of the order of some ma/cm2. In order to 
increase the current densities temperatures of up to 150°C were 
applied using phosphoric acid as electrolyte (6). In this way the 
current density was raised to about 50 ma/cm2, We reported about 
the results obtained with our type of Raney-platinum electrodes (7) 
which allowed current densities of about 200 ma/cm2 to be drawn 
using carbon monoxide as fuel in 3N H2SO4 at temperatures below 
100°C (8,9). 

However, polarization was large compared with that encountered in 
the oxidation of hydrogen; attempts at the simultaneous oxidation 
of hydrogen and carbon monoxide resulted in an enrichment of carbon 
monoxide in the effluent gas mixture. 

The strong polarization encountered in the anodic oxidation of CO 
i s  due to an adsorption product which is slowly adsorbed on the ' 

electrode, thus blocking it, We found, however, that the blocking 
effect is not encountered on a platinum electrode onto which sulfur 
has been pre-adsorbed (10). 

This paper describes the results of adsorption measurements and of 
the electrochemical oxidation of carbon monoxide and formic acid. 
The influen'ce of sulfur on the adsorption is dis ussed and a modi- 
fication of the oxidation mechanism is proposed*g * 

2. Experimental Conditions 
The electrochemical measurements were performed by means of a half- 
cell arrangement. The reference voltages indicated in this paper 
relate to a hydrogen electrode in the same solution as the test 
electrode. The disk-shaped electrodes were prepared by compacting 
a mixture of 50 volume per cent gold powder or platinum powder as 
skeleton material and 50 volume per cent of a powdered platinum- 
aluminum alloy having a platinum content of 15 atomic per cent. 
The aluminum was leached out with potassium hydroxide solution. The 
skeleton material - platinum and gold - appeared to have no effect 
on the results of our measurements, The Raney platinum had a speci- 
fic surface area o f  about 30 m2/g, For measurements with formic 
acid, immersed electrodes were used, while bubbling electrodes 
were used in the case of carbon monoxide, The electrolyte was boil- 
ed thoroughly and protected from atmospheric oxygen by feeding 
nitrogen into the closed vessel above the electrolyte. The elec- 
trodes used for the determination of periodic current-voltage 
cm-ves had a platinum content of about 50 mg/cm2. Electrodes with 

* ' F o r  papers concerning oxidation of formic acid and carbon mon- 
oxide cf. references (12) to (33) 
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a platinum content of 180 mg/cm2 were used only in measurements of 
stationary current-voltage curves with carbon monoxide and for deter- 
mining the quantity of the carbon monoxide chemisorbate. The potentb 
dynamic current-voltage curves were plotted by means of a mechanical- 
ly operated xy-recorder. 

3. The Sulfur C h e m i s o r e  
If a platinum electroae is exposed to an atmosphere of hydrogen sul- 
fide, it is covered with a sulfur chemisorbate. A characteristic 
feature pointing to the presence of this adsorbate is the ob- 
servation made in measurements of periodic potentiodynamic current- 
voltage curves that the peaks corresponding to the oxidation of Had 
atoms (34) become smaller or vanish completely (Fig. 1). Complete 
disappearence of the maxima is consistent with complete sulfur cover- 
age of the electrochemically active platinum surface. The degree of 
coverage can thus be derived from the periodic current-voltage curve 
by determining the ratio between the atoms of the platinum surface 
available for hydroge adsorption before and after coverage of the 
platinum with sulfur*?. 

Above a specific reference voltage, which ranges between 600 and 
800 mv depending on the degree o f  coverage, the sulfur chemisorbate 
is oxidized anodically. Complete oxidation occurs at 1450 mv, so 
that the normal current-voltage curve of platinum 1 s  obtained after 
reversal of the voltage. The charge required for the oxidation of 
sulfur can be determined from the difference of those areas in the 
voltage range between 600 and 1450 mv which are enclosed by the 
curves (Fig. 1 ,  area hatched horizontally). It was found that the 
required charge is about four times as large as the charge necessary 
for oxidation of the corresponding number of Had atoms. From this 
finding and from the observation that gas is evolved at the elec- 
trode during oxidation, we infer that for each platinum atom one 
sulfur atom is adsorbed which is oxidized to give sulfur dioxide. 

In contrast to the oxygen adsorbate, the sulfur adsorbate is stable 
even at a voltage of -100 m v ,  although the thermodynamic limits for 
the stability of elemental sulfur are 150 and 450 mv. Methods for 
covering the platinum with sulfur, other than the exposure of the 
electrode to an atmosphere of hydrogen sulfide, include its exposure 
to sulfur vapor or sulfur solution (in CSg) and the cathodic re- 
duction of sulfuric acid or sulfurous acid at high current densities. 

4. Influence of the Sulfur Chemisorbate on the Anodic Performance 
4.1 Carbon Monoxide 
On a platinum surface covered with a sulfur chemisorbate, the rate 
of the anodic oxidation of carbon monoxide is much higher than on 
an uncovered surface. At a temperature of 90°C even small quanti- 
ties of sulfur increase the current density considerably (Fig. 2). 
but as in the case of 30°C the maximum current density is achieved 
only at nearly complete monatomic coverage of the catalyst. 

Chis increase in current density with increasing sulfur coverage 
~f the platinum is observed between 30 and 90°C in the whole volt- 
age range up to at least 500 mv (Fig. 3). As soon as monatomic 

--------------- 

*)This is based on the assumption that one hydrogen atom is chemi- 
sorbed per platinum atom. 

i 
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coverage is exceeded, the current density again decreases. 

At an uncovered electrode the current density is much more dependent 
on the temperature than at an electrode covered with sulfur. From 
the differentslopes of the straight lines in an Arrhenius diagram 
a decrease in the activation energy of about 7 kcal/mole is cal- 
culated. By calculating just the difference of the activation 
energy, the contribution of the overvoltage to the activation ener- 
gy is approximately eliminated. 

4 . 2  Formic Acid 
In the anodic oxidation of formic acid, the influence of the sulfur 
adsorbate on the reaction rate is even more pronounced than in the 
oxidation of carbon monoxide (Fig. 4 ) .  If the electrode is covered 
with sulfur, the current density depends more strongly on the con- 
centration of formic acid than in the absence of sulfur (Fig. 5), 
1.e. the rate constant of the oxidation reaction is raised. From 
the ratio of the rate constants the decrease in the activation ener- 
gy can be estimated to be 8.4 kcal/mole. In contrast to CO oxidatioQ 
the maximum influence is reached throughout the temperature range 
investigated at a coverage of only 4 0  per cent and not at nearly 
complete coverage (Fig. 6). 

----------- 

From the varying dependence of the current density on the tempera- 
ture the decrease in activation energy for the oxidation of formic 
acid on a platinum electrode with a 4 5  per cent sulfur coverage is 
calculated to be about 8 kcal/mole. This value is in fair agreement 
with that calculated for the oxidation of carbon monoxide. 

5. Reaction under Open Circuit Conditione 
Under open circuit conditions the following shift reaction takes 
place at a Raney platinum electrode: 

CO + H20 + C 0 2  + H2. 
On pure platinum this reaction is very slow. In the presence of a 
sulfur adsorbate, however, its rate is substantially increased. 
This reaction takes place even if the carbon monoxide is mixed with 
hydrogen or carbon dioxide, The reaction rate can be measured at 
temperatures as low as 3 0 O c .  

Formic acid decomposes o n  a platinum electrode under open circuit 
conditions according to the following reaction: 

HCOOH COP + Ha. (2) 
The rate of this reaction again is increased by the sulfur chemi- 
sorbate. In 3N H S O 4  + 2M HCOOH at 90°C the reaction rates differ 
by a factor of agout 25. The composition of the effluent gases at 
a temperature of 70°C was determined to be 40.4 volume per cent Hq. 
41.6 volume per cent COP, and 18 volume per cent 0 2 / N 2 .  No CO 
(C0.2 per cent) was formed during the decomposition of formic acid, 
becauee the shift reaction takes place at a platinum electrode 
partly covered with sulfur. 

6. Adsorption Measurements 
The potentiostatic current density-time curves (Fig. 7a) reveal 
that the inhibition of the anodic oxidation of formic acid at a 
platinum electrode is due to a comparatively slow blocking of the 
electrode [see e.g. 
trode was held at one of the voltages indicated in Fig. 7 by means 

( l 3 ) j  . For plotting these curves, the elec- 



i 109 

O f  a Potentiostat. Oxidizable contaminations had been previously 
removed by anodic stripping (up to 1,600 mv). Inhibition occurs also 
under open circuit conditions: if the circuit is closed one hour 
after addition of formic acid, the small stationary current density 
is observed immediately, e.g. at a voltage of 300 mv. Our porous 
electrodes required about two hours to be completely covered with 
the formic acid chemisorbate. Thereafter, Had atoms are no longer 
detectable at the platinum surface. 

This inhibition effect is not observed at potentials above, say, 
600 mv. 6 

No inhibition is observed either if the electrode is partly covered 
with we-adsorbed sulfur (Fig. 7b): the comparatively high current ' 
densities are reached immediately and decrease only insignificantly. 

Similar inhibition effects which can be avoided by pre-adsorption 
of sulfur, are observed during the anodic oxidation of carbon mon- 
oxide. 

For measuring the quantity of adsorbate, potentiodynamic curves have 
been plotted at low voltage speed after thorough rinsing of the 
electrode with pure sulfuric acid. These curves clearly show the in- 
fluence of the hydrogen and oxygen adsorbate on the oxidation and 
permit the double layer capacity to be readily determined. Further- 
more, these curves provide information about the position of the 
oxidation maximum and the electrochemical stability of the organic 
adsorbate. 

The charge necessary for the oxidation of adsorbed hydrogen is deriv- 
ed from the potentiodynamic curve obtained for the clean platinum 
electrode by substraction of the charge of the,double layer from 
the total charge. The double layer capacity results from the current 
flowing between 400 and 700 mv. Prior to adsorption measurement the 
electrode is placed in dilute sulfuric acid. In order to remove all 
adsorption layers, it is exposed first to a voltage of 1,400 mv. 
then to 200 my, and finally to 500 mv. Then, formic acid is added 
under open circuit. 

Between 0.1 and 2M, the quantity of chemisorbed formic acid is in- 
dependent of the concentration of formic acid in the electrolyte. 
However, it is necessary for this result that the adsorption 
equilibrium has been reached. At 3OoC the oxidation of the adsorpt- 
ion product (Fig. 8) starts at about 400 mv, and at 70°C it starts 
at about 300 mv. Thus, the chemisorbate is stable up to this po- 
tential. The maximum oxidation currentsare observed at 660 mv and 
530 mv for 30 and 7 0 ° C ,  respectively. 

The quantity of adsorbate was derived from the measured charge, 
taking into account the integral capacity of the double layer of 
the uncovered platinum surface. The potential of zero charge for 
platinum haa been assumed to be 400 mv [see also (31)J. In accor- 
dance with Brummer ( I S ) ,  the specific charge required for oxidation 
of the adsorbate totals 1.5 e/Pt atom. The amount of HCOOH chemi- 
sorbed on a platinum electrode partly covered with sulfur is s m a l k  
than that on the uncovered electrode (Fig. 9a) and decreases with 
increasing degree of coverage. For a coverage of 70 per cent, this 
effect is easily recognized by the smaller oxidation peak. If the 
quantity of chemisorbed HCOOH is related to the platinum surface 

n 

i 



110 

not covered with sulfur, the charge required for oxidation cor- 
responds to a transfer of 2.1 e/Pt atom. At a sulfur coverage of 
only 40 per cent, 1.7 e/Pt atom are required for the oxidation of 
the HCOOH chemisorbate, 

Had atoms are never detectable on the platinum surface once the 
equilibrium of formic acid adsorption has been reached. Thus, the 
surface is always covered with a chemisorbate (in the voltage range 
between 0 and about 400 my), either with a pure HCOOH adsorbate or 
with a mixed HCOOH and S adsorbate. In steady state, oxidation of 
formic acid occurs on the platinum surface covered with a mixed 
chemisorbate at a higher rate than on platinum covered with the pure 
HCOOH chemisorbate. In the case of the periodic curve (Fig. 9b) the 
current necessary for the oxidation of the chemisorbate is super- 
posed on the steady state current-voltage curve. 

For the adsorption of carbon monoxide on the electrode, the gas was 
pressed through the porous electrode at a very low flow rate under 
open circuit conditions. The amount of adsorbate was determined at 
the completely immersed electrode which had been rinsed thoroughly 
with boiled sulfuric acid prior to the measurement. 

At 7OoC the oxidation maximum is observed at a voltage of 530 mv. 
At 30°C the peak is shifted to 650 mv (Fig. 10). Thus, the maxima 
are reached almost exactly at the same voltage as in the case of 
oxidation of the HCOOH chemisorbate. 

The quantity of CO chemisorbate again decreases-with increasing 
coverage of the platinum with sulfur (Fig. 11). At a coverage of 
about 100 per cent the adsorbed amount is insignificant. 

In the case of uncovered platinum, 1.5 e/Pt atom are required for 
the oxidation of the CO chemisorbate. At a sulfur coverage of 60 
per cent the charge corresponds to a transfer of 1.9 e/Pt atom. 

7. Oxidation Mechanism and Influence of the Sulfur Adsorbate 
The most important question in the discussion of the mechanism 
underlying the anodic oxidation of formic acid and carbon monoxide 
on platinum is the influence of the adsorbate or intermediate 
blocking the electrode. 

It is important to note that the chemisorbate is oxidized in both 
cases only at a voltage above 300 mv, being stable at lower voltages, 
and that in both cases only one oxidation peak occurs at the same 
potential. Another significant finding is that no Had atoms are 
found on the surface of the electrode after the adsorption equilib- 
rium has been reached. 

A 9  an explanation of the fact that for each platinum site less than 
2 e are required for the oxidation of the inhibitory chemisorbate, 
several authors - e.g. (15) - state that the platinum surface is 
covered only partially with chemisorbate. This is contradictory to 
our finding that no Had atoms can be detected after the equilibri- 
um has been reached, not even at a voltage as small as 100 my. The 
reactions assumed by many authors for the adsorption of formic acid 

HCOOH __P COOHad + Had 
and 

H2 - Had 
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are certainly initiated on a completely free platinum mrface. 

The hydrogen thus formed is physically dissolved in the electrolyte 
Or escapes as a gas: this is the process of dedydration. In the 
hydrogen-covered regions of the electrode, however, the following 
reaction will take place: 

On the free platinum surface the decomposition of tb carboxyl ra- 
dical proceeds in accordance with the reaction 

HCOOH + Had COOHad + Hp ( 5 )  

COOHad - CO 2 + Had (6) 
With increasing inhibition of the electrode by the chemisorbate, 
the formic acid will be dehydrated according to the electrochemicalb 
mechanism postulated by Gottlieb (23) and finally, though at a very 
low rate, it will be dehydrated even on the platinum surface covered 
with chemisorbate. 

However, the poisoning of the platinum by reaction (3) does not pro- 
vide an explanation for all the findings. Since the average charge 
of the adsorbate per platinum site is larger than 1 but smaller t h m  
2, it has to be assumed that a further reaction takes place; the 
most plausible appears to be dismutative adsorption: 

1 

I 

t 

I 

2 HCOOH + COOHad + CHOad + H20 (7) 
Each species has one platinum bond; COoHad has one oxidation equi- 
valent per C atom, CHOdhas three. This means that, on the average, 
two equivalents are available for each C atom, which would also be 
the case in the adsorption of HCOOHa 
glyoxylic acid (15) with a C-C bond 9; formed, because it has no 
free 
Had atoms are to be found on the surface, the formic acid may also 
be hydrated to give the radical of formaldehyde in the reaction 
assumed by Podlowhenka et al. (17): 

The combination of reactions (3) and (8) would result in (7): 

It is unlikely that even 

electron for the bond with platinum [see also (17)] . If 

HCOOH + Had _3 CHOad + H 2 0  ( 8 )  

HCOOH - COOHad + Had ( 3 )  
Had + HCOOH __p CHOad + H20 ( 8 )  

2 HCOOH - COOHad + CHOad + H20 (7) 
This would, however, involve an additional platinum site for Ha 
in contrast to the direct process of (7). Besides, the following 
reaction may occur: 

COOH,d + 2 Had d CHOad + H20 ( 9 )  
The platinum atoms set free during this reaction would then be 
again available for reaction (3). 

The chemisorbate obtained after the adsorption of CO is identical 
witk the HCOOH adsorbate. This is due to the fact that the oxidation 
peak is reached in both cases at 530 mv and that the same charge is 
required for the oxidation. Besides, the required charge depends to 
the same extent on the sulfur coverage, 
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Dismutative adsorption also appears most plausible for the ad- 
sorption of CO: 

2 CO + H20 - COOHad + CHOad (10)  
because it furnishes the same mixture of species as the adsorption 
of formic acid. In addition, there is always a sufficient amount of 
adsorbed water on the electrode immersed in the electrolyte. 

Reaction (10) may be followed by the shift reaction observed on 
platinum, for example, in accordance with the following equation: 

CHO,d + H20 COOHad + 2 Had ( 1 1 )  
followed by 

and 

These reactions should occur as long as there are free platinum 
sites to take up the Had atoms. When all the platinum atoms are 
covered with the mixture of CHOad and COOHad, the rate of the shift 
reaction becomes insignificant. 

However, this hypothesis postulating a chemical mechanism for the 
shift reaction and formic acid decomposition is rather improbable 
if we consider our finding that a sulfur adsorbate strongly in- 
creases the rate of these reactions. This is true despite the fact 
that - as in the caoe of carbon monoxide - the sulfur adsorbate 
occupies practically all the platinum sites when maximum rate8 are 
reached. 

Our experiments rather suggest that the electrochemical oxidation 
of formic acid and carbon monoxide at potentials below 300 mv and 
the decomposition of formic acid or the shift reaction observed 
in steady state do not take place on the free platinum surface, but 
on a chemisorbate covering the platinum surface. We postulate that 

a) reactions on sulfur-free platinum alaays take place on the 
complete "monomolecular" chemisorbate of formic acid or carbon 
monoxide (at an extremely low reaction rate): 

reactions on platinum covered with sulfur take place on the 
mixed chemisorbate of sulfur and formic acid, or of sulfur 
and carbon monoxide; 

reactions involving oxidation of carbon monoxide take place 
even on a surface completely covered with sulfur chemisorbate. 

H2 (4) 

"2 + Had ( 6 )  COOHad __9 

-7 Had 

b) 

c) 

This concept contradicts the dehydrogenation mechanism of the 
oxidation, vhich would have to involve the following reactions 

HCOOH - COOHad + Had 
and 

with 

as the potential-determining step. A prerequisite for this meohan- 
would be dissociative adsorption, whioh is assumed to be possible 
only on the free platinum surface. 

cooHad COP + Had ( 6 )  

Had H+ + e- ( 1 2 )  



113 

Anodic oxidati'on of formic acid may rather be.expected to take place 
on the chemisorbate or chemisorbate mixture in accordance with a 
modified electron-radical mechanism (20,26,27): 

where either equation ( 1 3  or equation (15) determines the potential. 
In no instance will (cOoH{,d be identical with COOH,d, since the 
chemisorbate covering the electrode permits physisorption rather than 
chemisorption. 

Dehydrogenation of formic acid in the steady state of the electrode 
involves reactions ( 1 3 )  to (16) as the anodic step of the total 
electrochemical reaction, with 

v 1/2 H2 
as the cathodic partial step [see (23)l. The charge transfer reaction 
occurs more readily at the sulfur sites than at the formic acid 
chemisorbate, so that dehydrogenation is measurable even at room tem- 
perature. 

The electror-radical mechanism for the anodic oxidation of carbon 
monoxide may be described as follows: 

H+ + e 

(17 )  
- 

CO + H20 (CO x H20)id + e 
(CO x H20)id 

('' x OH)ad 

-9 (CO x OH)ad + H+ 
L (CO x OH)id + e- 

(CO x OH)Ld -C02 + H+ 
~ 

The intermediates are reaction complexes which are probably not 
identical with the corresponding complexes involved in the oxidation 
of formic acid, since the relationship between the course of the 
reaction and the sulfur coverage of the electrode is different in 
each individual case. 

Carbon monoxide appears to be physisorbed on the sulfur sorbate, so 
that the charge transfer reaction can take place. The sulfur adsor- 
bate appears to be unsuitable for the physisorption of formic acid; 
it is rather to be assumed that a carbonyl group is necessary to 
which the formic acid moleculeicsattaclmd by hydrogen bonding, thus 
coming into the neighborhood of the chemisorbed sulfur by which the 
electron transfer is effected. 

' This model requires further substantiation by experiment. For a 
closer characterization of the chemisorbate it is in particular 
necessary to know the number of charges required for the formation 
of one molecule of carbon dioxide. 
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Fig. 1 Oxidation o f  a sulfur chemisorbate on Raney-Pt 
in 3N H 2 S 0 4  at 7OoC; voltage speed: dU/dt = 40 mV/min 
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Fig. 2 Shift of current density-voltage plots of a 
Raney-Pt electrode in the case of CO-Oxidation caused 
by chemisorbed s u l f u r  
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PREPARATION AND CHARACTERIZATION OF Pt-BLACK 
FOR ANODIC HYDROCARBON OXIDATION 

J. Giner, J, M. Parry, and S. M. Smith 

Tyco Laboratories, Inc. , Waltham, Massachusetts 

A. Introduction 

The work presented here is part of a wider study to  develop a 
correlation between the physical characteristics of Pt-black and its 
activity for the anodic oxidation of saturated hydrocarbons. Since the 
physical characteristics of a black should be a function of its prepara- 
tion, some emphasis has been placed on studying a preparative method 
in order to obtain Pt-black of varying characteristics. Because of the 
technical importance of Pt-black and the scarcity of information on its 
preparation available i n  the recent literature, this phase of the study 
is of interest on its own. 

B. The Formaldehvde Reduction of Pt-black 

Of the many reductions proposed and used to  prepare Pt-black, 
one of the most widely studied reactions concerns the  reduction of a 
chloroplatinic salt with formaldehyde in a basic medium. 

reactions: 
The over-all reaction is mainly a combination of the following 

\ 

PtC1;- + 2HCHO + 6OH- - Pt + 2HCOO- + 4H20 + 6C1- 

and 

PtC1;- + HCHO + 6OH- - E't + Cog- + 4 H 2 0  + 6C1- 

with one o 
conditionsb f . 

This  system was selected for our study because it is the best 
known process and because it offers the possibility of separating the initial 
nucleation and the subsequent growth of the nuclei to a wel l  defined pre- 
cipitate of Pt-black. Furthermore, the growth stage can be considered 
to occur as a mixed electrode process. According t o  this latter mechanism, 
the initial nucleation is followed by an electrochemical deposition of Pt 
coupled with an anodic oxidation of formaldehyde. Although both electrode 
processes occur on the same particle simultaneously and at the same rate, 
they a r e  essentially independent of each other. The principle is illustrated 
in Fig. 1 which shows the individual i(E)-curves obtained for the anodic 

he  bther being more dominant according to the preparation 
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oxidation of formaldehyde and the cathodic electrodeposition of Pt from 
a chloroplatinic salt, both in acid and in basic electrolyte on a Pt- 
microelectrode. From these curves it can be concluded that a mixed 
clectrode reaction is only possible in basic solution since the anodic 
reaction occurs at lower potential than the cathodic reaction. This  is 
not the case in acid medium, agreeing with the observation that, although 
thermodynamically possible, a chloroplatinic salt  is not reduced by 
formaldehyde in acid medium even over extended periods of time. 

R H E  immersed in a solucion of chloro latinic acid and formaldehyde 

the potential of the particles formed during reaction. An  interestin 
observation from this experiment is that the potential of the microe ectrode 
changes slowly during a period of time which coincides with the induction 
time of the reaction, i. e. time between mixing of the reactants and visual 
observation of Precipitation. Simultaneously with the observed blackening 
of the solution, the potential drops steeply to remain at  about +lo0 mv 
(vs. rev .  H2-electrode in same solution) during the reaction. The fact 
tmt the potential always remains positive with respect to the hydrogen 
clectrode indicates tha t  hydrogen evolution, which is thermodynamically 
possible. does not occur under these conditions. 

In considering the precipitation of Pt-black a s  a mixed electrode 
process, it is temptin to use criteria similar to those used in electro- 
deposition of powders$) for predicting the effect of reaction parameters. 
The major difference is that the current would be supplied by the 
formaldehyde oxidation, and would vary accordin to the reversibility of 

of the experience on electrodeposition of powders, factors favoring 
deposition of Pt at conditions closer to  the diffusion limiting transport 
should tend to give finer particles. 

cluster of a few atoms without metallic properties) has to occur by a 
mechanism different from the electrochemical mechanism. In addition, 
heterogeneous nucleation in  the walls of the vessels and on impurity 
particles is also possible. 

Figure 2 shows t h e  change in potential of a Pt-microelectrode v s .  - 
after the addition of NaOH. The abso f U t e  value of potential should indicate 

K 

the reaction and the concentration of formaldehy B e. Thus, by extension 

On t h e  other hand, the nucleation process (i. e. the formation of a 

A phenomenon related to  the nucleation rocess is the formation of 

some conditions, in absence of stirring the formation of the mi r ro r  on the 
surface can be observed before any reaction appears in the bulk solution. 
The reaction (characterized by blackening of the solution) pro resses slowly 

which can reach a thickness of up to several centimeters before complete 
mixing occurs. This observation indicates a dendritic growth on the mirror 
with possible detachment of crystals that serve a s  secondary nuclei. 

a bright mirror on the solution surface and w a l  P s of the container. Under 

down from this surface mi r ro r  into the solution as a very we1 H defined layer, 
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In order to obtain active materials, the formation of this mirror  
i s  to be avoided since after drying, platelets of very low BET surface 
area are  formed. In general, the longer the induction time, the larger 
the amount of mirror  material will be formed. 

involves transformations occurring after preparation, s u c h  as agglomeration 
and recrystallization. 
preparation, by the presence of protective colloids and ions, and by the adsorp- 
tion of intermediates of HCHO oxidation and/or of its polymerization products, etc. 

Another difficulty when studying the effect of preparation parameters 

These factors a r e  affected by the gas bubbled during 

- Finally, in an actual preparation drastic ch n es of parameters occur 
(especially, for example, the concentration of PtCll-f as  the  reaction progresses 
which  results in the formation of black under varying conditions. 

C. Physical Characterization and Determination of Electrochemical Activity 

In order to study the effect of the  parameters on the precipitation 
process, many preparations with different reaction conditions were made, 
and the  resulting materials were characterized using the BET surface area,  
pore size distribution, bulk density, electron microscope shadowgraphy, 
selected area electron diffraction and X-ray diffraction. The last method 
was an extension of the method of Warren and Averbach (3); the technique 
utilized a Fourier analysis of the diffraction intensity data to provide informa- 
tion on the average crystallite size. 
energy, stacking and twinning fault probability a re  separated. 
use of these methods allows characterization of the cr stallites, the elementary 
particles, and the agglomerates which form a black (47. 

dt 150°C in 85% H3P04  was measured, using a Pt-Teflon s t r u c t u r e  (5,6) and 
the floating electrode technique (7). In addition to the conventional over-all 
activity determination, a nonsteady-state method has been developed to 
determine t h e  intrinsic activity of the black in the Pt-Teflon structure (8). 

In addition, strain and resulting stored 
The combined 

The activity of the prepared blacks for the anodic oxidation of propane 

From these measurements the  current a t  a potential of 400 mv vs. rev. 
1-12 (i3oo) and the value of the current peak (Ep) were used a s  parameters  
characterizing t h e  activity. 

D. Results on Pt Preparation 

After preliminary experi- 
ments which showed poor reproducibility, attention w a s  directed to the  separa- 
tion of the nucleation and growth stages o the  process. This was accomplished 
(1) by adding Na Cog to a solution of PtCk- and HCHO to raise the pH to - 9 

resulting solution to nucleate for a predetermined time, and (3) by adding this 
mixture to the NaOH solution. The number of nuclei per unit volu e of solution 
was varied by changing the nucleation time and the portion of PtClgHCHO solution 
submitted to this process. This procedure was derived from that of Turkevich, 
liillier, and Stevenson (9) for the precipitation of gold. 
were used to insure quick mixing of reactants in order to achieve the desired 
initial concentrations. 

Separation of nucleation and growth phases. 

where the mixe 2 electro-growth process i s  insignificant, (2) by allowing the 

Two fast-addition funnels 

The apparatus i s  shown in Fig. 3. 

I 



Th c c f fcxc t of iiiic le i conc ciit r a t i on on c r y s t a 11 i te si zc fo i -  cx pc 1- i men t s 
performed with the samc I-cactant concentrations, t h e  same sequences of 
addition, the same tcmpcriiturc's, ctc. , but with varying nucleation times, 
is indicated in Tahlc I. 

TABLE I 

I3 1 ;IC' k Ti m c  Avcrage Crystallite Sizc (A) 
111 - - (mi n) 2 20 311 200 - - - - 

73-44 1 
73-4.i :3 
73-46 10 

87 / 3 82 77 
70 io 62 1 .> 

72 60 67 63 

-- 
-r 

The black prcxluccd from the 1 minute nucleation time had the 
Iai-sc'st crystallitc s ize ,  while the materials produced from the 3 and 10 
minute nucleation have approximately the same size. Since crystallite 

ely related to thc  number of nuclei present a t  the beginning 
o f  thc' growth stagc cf tlic pi'cparation, these results indic.ate that after 
I minute nuclei are  still forming and by  3 minutes the. formation of nuclei 
1i;is I-caclicd ;I stcad!. state condition. 

was changed b y  1-educing the volume of the nucleating solution without 
changing thc coiiccnti-3tions, a s  mentioned above, at a constant time of 
10 niiiiutcs and a t  constant conccntratioii of the final reacting. solution. 
Comparing solutions with the, number of nuclei in  the ratio 1; 1/21 1/4; 
lis, the most active material was that corresponding. to l / 4  ratio. 

In nddi tional preparations the relative number of nuclei/unit volume 

ffect o f  ordcr of addition. 
and NaOt  I resulted in  inactive catalysts with surface a reas  varying 

2. 6 and '7 m2/g when using high Na0l.I conc = 5 M (Table 11). 

Adding f-ICI-IO to a premixed solution 

A n  
csample of thc clectron microscope pattern of these preparations i s  given 
i n  Fig. 4 which shows v e r y  largc spherical particles. Selected area elec- 
tron diffi-action of individual particles shows that they a re  pol ?crystalline. 
In contrast, a material obtained by adding the mixture of PtCl - and HCHO 

a lace- 
like sti-uctui-e (Fig. $5) made of single crystals and high over-all activity. 
I n  experiment 573-2.5, nucleation time was not controlled. 

to 5 M NaOlI a t  the same temperature, concentration, etc. , s i o w s  t 
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TABLE I1 

High NaOH Concentration (NaOH-5. OM) 
I (All Concentration Refer to Electrogrowth Phase) 

a )  HCHO added to PtCl:-/NaOH mixture 

Electrochemical Act ivi ty  
2 2 i400ma/cm2 i ma/cm 

HCHO BET Black PtC16- 2 

* Conc. (M) Conc. (M) (m / g )  

73 - 26 0. 25 1. 50 3.0 

73-30 0. 25 1. 50 5.0 

73-31 0. 25 1. 50 6.9 

73-32 0. 25 1. 50 4. 1 

73-35 0. 05 1. 50 2 .5  

b) PtCl;-/HCHO mixture added to NaOH 

73-25 0. 25 1. 50 31. 7 

73-58 0. 13 0. 39 25. 2 

73-56 0. 06 0. 19 22. 2 

- - - - _ -  Inactive 

Inactive 

Inactive 

Inactive 

Inactive 

- _ _ _ - -  

- - - - - -  

- - - - - -  

- - _ _ _ -  

58 235 

72 107 

28 52 

Effect of reactant concentrations. The higher concentration of HCHO 
during the growth produced a faster reaction rate and consequent1 a smaller 

than unity, long induction times were found which resulted in  extensive mirror 
formatioh during preparations at  or below room temperature. It was apparent 
from the stoichiometry of the reaction that the reduction requires at  least a 
2 to 1 molar ratio of HCHO to PtC18- ; however, preparations were made a 
ratio of unity or lower in order to study the relation between low HCHO concen- 
tration and mirror formation. 
considerably shorter, but thep-ame mirror  product was obtained. However, at 
molar ratios of HCHO to PtC16 
tributable to the HCHO concentraiion. 

particle size. When the  molar ratio of HCHO to PtClg- was equa Y to o r  lower 

A t  high temperatures, the induction time was 

> 3, there was no appreciable effect con- 



marcria1 ( p r o h i l i l ~  p o l ! ~ n i c ~ i - s  of 1 ICI-IO) and formation of mirror.  Attempts to 
rc,procluct WiIIstatt~.r pi-cparation at  .j"C, with special precautions to avoid 
local heat in^, iLii1c.d to producc ii black of higher activity than those prepared 
;it h i #  tc~iiipc~i-citui-cs.  Since the more active blacks obtained in the present 
\vo i -k  \ W I X ,  pi-c'parccl nt SO-90 C ,  it i s  tempting to conclude that higher tem- 
pc~riitiirc~ i s  h>ncficinl insofar a s  i t  accclcrates the reaction, d e c ~  
i iicluc't i on t i  nic, ;i iid poss i blc ni i 1- ror formation. 
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Effect of oxygen. It has  been claimed that adsorbed oxygen plays 
an important role in the catalytic activity of platinum k in  the sense 
that materials freed of oxygen were generally inactive . To test this, 
a series of identical preparations were made under 0 2  and N2. 
bubbling of oxygen through the reaction solution was useful in coagulating 
the resulting colloid solutions of platinum. As to their effect on BET area 
or electrochemical activity, no clear difference could be detected between 
black produced under O2 or under N2, 

The beneficial effect mentioned in the literature may be related to 
the sloweflytering rate of platinum when covered with oxygen, reported 
by McKee , or to a cleaning by oxidation of chemisorbed intermediates 
of the HCHO oxidation. 

E. 

having agglomerates of high internal porosity and relatively large particle 
size. This may be a pure structural effect confirming those electrode 
models in which electrolytic trans ~ ~ 5 5  f9,the reaction site through the 
flooded agglomerates is postulated . Surface areas  larger than - 15 m2/g are  necessary to obtain high activity; above this value no 
correlation between activity and surface area was found. 

produced higher over -all activity than the blacks with considerably more 
stored energy. 
activity. 
to relate these properties to the structure after electrode manufacture. 

The 

Relation Between Structure and Activity 

In general, the over-all activity per unit weight is high in blacks 

A somewhat surprising result is  that a black with low stored energy 

Work is continuing to define better the properties of the black and 
Preliminary measurements show a similar effect on intrinsic 
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Fig. 3 Apparatus for preparation of F't blacks 

Fig. 4 Ft black, 73-26 
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NORMAL ALKANES AT PLATINUM ANODES 

H.A. L iebhafsky  and W.T. Grubb 

G e n e r a l  Electric R e s e a r c h  & Development C e n t e r ,  Schenec tady ,  N.Y. 

E x t e n s i v e  work o n  d i r e c t  hydrocarbon c e l l s  h a s  shown t h e  normal 
a l k a n e s  to be t h e  most s u i t a b l e  f a m i l y  of  f u e l s  ( 1 ) .  How t h e i r  per- 
formance changes  w i t h  m o l e c u l a r  weight  h a s  c o n s e q u e n t l y  become i m -  
p o r t a n t .  The, most s t r a i g h t f o r w a r d  way o f  e s t a b l i s h i n g  t h i s  r e l a t i o n -  
s h i p  is by measur ing  f o r  a n  anode (or s i m i l a r  anodes)  under  condi-  
t i o n s  i n t e n d e d  to be i d e n t i c a l  t h e  s t e a d y - s t a t e  c u r r e n t  d e n s i t i e s  
s u p p o r t e d  by t h e  s e v e r a l  homologues a t  f i x e d  a n o d i c  o v e r v o l t a g e .  
The a n o d i c  o v e r v o l t a g e  qa  is u s u a l l y  measured as t h e  p o t e n t i a l  
d i f f e r e n c e  EA-R be tween t h e  working anode and a r e v e r s i b l e  hydrogen 
r e f e r e n c e  e l e c t r o d e  i n  t h e  same c e l l .  F i g u r e  1 s h o w s  t h e  r e s u l t s  
of  a n  early comprehensive s t u d y  of t h i s  k i n d . ( l a , b )  

A plot l i k e  F i g u r e  1 is a d e q u a t e  a s  a r e c o r d  o f  e x p e r i m e n t a l  
r e s u l t s  or as a basis f o r  comparing r e s u l t s  f o r  a s i n g l e  f u e l .  But 
when comparisons t h a t  i n v o l v e  more t h a n  one f u e l  a r e  t o  be made, one 
must r e m e m b e r  t h a t  each a l k a n e  (or o t h e r  f u e l )  c a n  s u r r e n d e r  a 
d i f f e r e n t  number, ne ,  o f  e l e c t r o n s  p e r  molecule  upon a n o d i c  oxida-  
t i o n .  Experiment h a s  shown t h a t  t h e  normal a l k a n e s  a r e  o f t e n  corn- 
p l e t e l y  o x i d i z e d ,  y i e l d i n g  H+ and C02 a t  f u e l - c e l l  a n o d e s ( 2 , a , b , c ) .  
When t h i s  is t r u e ,  ne = 6n + 2 f o r  t h e  n ' t h  member of t h e  homologues 
se r ies  of  n o r m a l  a l k a n e s .  

C u r r e n t  d e n s i t i e s  l i k e  t h o s e  i n  F i g u r e  1 w i l l  be e x p r e s s e d  i n  
m o l e c u l a r  u n i t s  ( f u r t h e r  s p e c i f i c a t i o n  u n n e c e s s a r y ) *  i f  each of  them 
is d i v i d e d  b y  t h e  v a l u e  of ne f o r  t h e  c o r r e s p o n d i n g  normal a l k a n e .  
When t h i s  is done ( F i g u r e  2 ) ,  t h e  maxima i n  F i g u r e  1 d i s a p p e a r ,  and 
methane t a k e s  its p l a c e  as t h e  f u e l  o f  h i g h e s t  molecular  performance. 
We have s i m i l a r l y  t r a n s f o r m e d  d a t a  by B i n d e r  and co-workers(2b) ,  and 
b y  C a i r n s ( 2 c )  w i t h  t h e  r e s u l t s  i n  F i g u r e s  3, 4 ,  and 5 .  F i g u r e  3 is 
i n  a c c o r d  w i t h  F i g u r e  2 ;  i n  t h e  o t h e r  f i g u r e s ,  methane f a i l s  t o  
a c h i e v e  t o p  per formance  t o  a d e g r e e  t h a t  i n c r e a s e s  w i t h  EA-R and w i t h  
c u r r e n t  d e n s i t y .  (EA-R and i i n c r e a s e  t o g e t h e r  i n  t h i s  r a n g e . )  

The e x p e r i m e n t a l  c o n d i t i o n s  u n d e r  which t h e  presumed s t e a d y - s t a t e  
c u r r e n t  d e n s i t i e s  were measured v a r i e d  s o  w i d e l y  t h a t  t h e y  w i l l  n o t  
be d i s c u s s e d .  The e x p e r i m e n t a l  c o n d i t i o n s  m o s t  n e a r l y  c e r t a i n  t o  
have g i v e n  t r u e  s t e a d y - s t a t e  c u r r e n t  d e n s i t i e s  are t h o s e  of Binder  and 
co-workers .  Only h e r e  were a l l  f u e l s  a t  a known i d e n t i c a l  p r e s s u r e ,  
1.5 a t m .  The g a s e s  a t  t h i s  p r e s s u r e  f lowed through a n  anode h e a v i l y  
loaded (180 mg/cm2) w i t h  Raney p l a t i n u m ;  u n r e a c t e d  f u e l  and carbon 
d i o x i d e ( 2 b )  bubbled  t h r o u g h  t h e  e l e c t r o l y t e ,  3 N  H2SO4 a t  100'C. The 
f irst  r e a d i n g  was t a k e n  a f t e r  24 h o u r s ,  and s u b s e q u e n t  r e a d i n g s  a t  
2-hour  i n t e r v a l s .  These  d a t a  c o n s e q u e n t l y  p r o v i d e  t h e  b e s t  test of 
w h e t h e r  t h e  maxima i n  performance c u r v e s  d i s a p p e a r  when t h e y  are 
p l a c e d  on a m o l e c u l a r  b a s i s .  Comparison of  F i g u r e  3 w i t h  F i g u r e  5 

/' 

5 *With 10 coulombs a s  t h e  Faraday ,  and w i t h  c u r r e n t  d e n s i t y  i n  
m a / c m 2 ,  t h e  c u r r e n t  d e n s i t y  i n  m o l e c u l a r  u n i t s  ( i / n e )  is lo8 times 
t h e  moles fuel/sec o x i d i z e d  on 1 cm2 of e l e c t r o d e  s u r f a c e .  The num- 
ber of e l e c t r o n s  p e r  molecule ,  ne, y i e l d e d  u p  by t h e  f u e l  d u r i n g  O X i -  
d a t i o n  is of c o u r s e  e q u a l  t o  t h e  e x p e r i m e n t a l  number o f  Faradays  for 
a mole Of f u e l .  When t h e  a n o d i c  r e a c t i o n s  are complex, ne may be On- 
1 y  a n  a v e r a g e  v a l u e .  
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of  Reference  2b shows t h a t  t h e  t e s t  was s u c c e s s f u l l y  p a s s e d .  

A hydrocarbon anode a t  a s t e a d y  s ta te  is a complex sys t em i n  
which v a r i o u s  c o n s e c u t i v e  p r o c e s s e s  ( p h y s i c a l ,  chemica l ,  electro- 
chemica l )  p roceed  a t  t h e  same a b s o l u t e  rate. 
t h e r e f o r e  r a t e -de te rmin ing ,  a l t h o u g h  t h e  rate c o n s t a n t s  associated 
w i t h  each  p r o c e s s  h e l p  e s t a b l i s h  t h e  a b s o l u t e  s t e a d y - s t a t e  rate of 
a l l .  
do n o t  e x i s t .  

N o  one p r o c e s s  is 

R e l i a b l e  d a t a  f o r  t h e  d e t a i l e d  a n a l y s i s  of s u c h  s t e a d y  States 

. Attempt's t o  i n t e r p r e t  c u r r e n t  d e n s i t i e s  as rates i n  terms of 
Overvo l t ages  u s u a l l y  founde r  because  one canno t  e s t a b l i s h  t h e  con- 
t r i b u t i o n s  t h a t  t h e  i n d i v i d u a l  p r o c e s s e s  make to t h e  measured over -  
v o l t a g e .  "Ta fe l  p l o t s "  f o r  t h e  d a t a  o f  F i g u r e s  1 and 2 a p p e a r  i n  
F i g u r e s  6 and 7. Clea r ly ,  t h e s e  p l o t s  are n o t  s t r a i g h t  l i n e s ,  and 
t h i s  t e s t i f i e s  to t h e  complex and composi te  c h a r a c t e r  of t h e  mea- 
s u r e d  o v e r v o l t a g e .  F i g u r e  7 is t i d i e r  t h a n  F i g u r e  6, which s u p p o r t s  
t h e  "molecular  u n i t s "  as more r a t i o n a l  t h a t  m a / c m 2 .  
i n  F i g u r e  7, t h a t  i n c r e a s i n g  anodic o v e r v o l t a g e  i n c r e a s e s  c u r r e n t  
d e n s i t y  more markedly a t  i n t e r m e d i a t e  v a l u e s  of n: t h e  p l o t s  f o r  
CHq and f o r  C16H 4 r e s e m b l e , e a c h  o t h e r .  
d i s c u s s i o n  h e r e  93 ,4 )  has  shown t h a t  methane is adsorbed more s lowly  
on p la t inum t h a n  are its homologues, and t h a t  t h e  oxygena t ion  pro-  
cess on t h e  anode (which leads u l t i m a t e l y  t o  C02) is s i m p l e s t  f o r  
methane. Fo r  t h e  f i r s t  f a c t ,  t h e  symmetry of methane may be  re- 
s p o n s i b l e ;  and t h e  absence  of C-C bonds is r e s p o n s i b l e  f o r  t h e  
second .  The g a i n  i n  per formance  o c c r u i n g  t o  methane f rom t h e  second 
f a c t  appea r s  to  o v e r r i d e  any l o s s  f rom t h e  f i r s t .  The greater e f f e c t  
of  i n c r e a s i n g  o v e r v o l t a g e  on c u r r e n t  d e n s i t y  f o r  t h e  h i g h e r  homo- 
logues  can  be e x p l a i n e d  a s  r e s u l t i n g  from a c c e l e r a t i o n s  in t h e  r a t e s  
of b r e a k i n g  carbon-carbon bonds,  and i n  t h e  rates of  o t h e r  r e a c t i o n s  
t h a t  r i d  t h e  anode of dehydrogenated  a l k a n e  r e s i d u e s .  

N o t e ,  e s p e c i a l l y  

Evidence t o o  e x t e n s i v e  f o r  

Though T a f e l  s l o p e s  c a n n o t  of t hemse lves  e s t a b l i s h  mechanism, 
w e  must admit t h e  p o s s i b i l i t y  tha t  s imi la r i t i es  i n  T a f e l  p l o t s ,  such  
a s , t h a t  between t h e  p l o t s  f o r  CR4 and C16H34, p o i n t  t o  s imi la r i t i es  
i n  t h e  mechanism f o r  anod ic  o x i d a t i o n .  For example,  s u c h  a p o s s i -  
b i l i t y  is t h a t  c e t a n e ,  be ing  a l a r g e  molecule ,  is h e l d  by t h e  s u r -  
f a c e  o n l y  a t  i s o l a t e d  p o i n t s  where anod ic  o x i d a t i o n  o c c u r s  (as f o r  
methane) wi thou t  t h e  b r e a k i n g  o f  carbon-carbon bonds and  pe rhaps  
w i t h  d e s o r p t i o n  o f  i n c o m p l e t e l y  o x i d i z e d  molecu le s .  Note, however, 
t h a t  complete  o x i d a t i o n  t o  C02 has  been shown by Grubb and l i c h a l s k e  
(unpub l i shed)  t o  o c c u r  w i t h i n  e x p e r i m e n t a l  error f o r  t h e  normal 
a l k a n e s  up t o  and i n c l u d i n g  o c t a n e .  The s u g g e s t i o n  j u s t  made f o r  
h i g h e r  a l k a n e s  needs  t o  be tested e x p e r i m e n t a l l y ,  and i t  s e r v e s  a s  a 
reminder  t h a t  ne = 6n + 2 c a n n o t  a lways be t a k e n  f o r  g r a n t e d .  

We s h a l l  use  c u r r e n t  d e n s i t i e s  i n  molecu la r  u n i t s  i n  comparing 
t h e  r e fo rming  of methane b e f o r e  i t  r e a c h e s  t h e  anode w i t h  its d i r e c t  
o x i d a t i o n  a t  t h e  anode.  We make t h i s  compar ison  on t h e  basis o f  t h e  
endothermic  re& t i o n  

CH4 + H20 = CO + 3% (1) 

' A t  a n . o v e r v o l t a g e  of  0 .3  v o l t ,  obse rved  c u r r e n t  d e n s i t i e s  unde r  t h e  
c o n d i t i o n s  of F i g u r e  1 are: CHQ, 13.2 ma/cm2; CO, 58 ma/cm2; H , 
>500 m a / c m 2 .  Expressed  i n  molecu la r  u n i t s ,  t h e s e  c u r r e n t  d e n s f t i e s  

3 become CQ, 1 .65;  CO, 2 9 ;  H2, >250. The a t t r a c t i v e n e s s  o f  re forming ,  
from a k i n e t i c  p o i n t  o f  view, is enhanced when c u r r e n t  d e n s i t i e s  are 
e x p r e s s e d  i n  molecu la r  u n i t s .  

h 



We w i s h  t o  t h a n k  D r .  L . N .  Niedrach  f o r  p r o v i d i n g  u s  w i t h  t h e  CO I 

datum used  above .  

N e  s h a l l  no t  c l a i m  t h a t  t h e  c u r r e n t  d e n s i t y  i n  m o l e c u l a r  u n i t s  is 
a lways  to be p r e f e r r e d  i n  comparing performances o f  d i f f e r e n t  f u e l s  or 
i n  j u d g i n g  t h e  e f f e c t i v e n e s s  of e l e c t r o c a t a l y s t s .  But w e  d o  wi sh  t o  
p o i n t  o u t  t h e  a d v a n t a g e s  of b a s i n g  c u r r e n t  d e n s i t i e s  upon t h e  mole- 
c u l e  - e s p e c i a l l y  when t h e  anode p r o c e s s  is as complex as t h e  s t e a d y  
s t a t e  a t  t h e  hydroca rbon  anode ,  which was a l l u d e d  t o  above .  In t h e  
series of c o n s e c u t i v e  processes t h a t  proceed a t  t h e  s t e a d y - s t a t e  ra te  

a re  known t o  i n v o l v e  t h e  m o l e c u l e .  A f t e r  t h e s e  come t h e  p r o c e s s e s  
(e .g  . , d i s s o c i a t i v e  a d s o r p t i o n ,  e l e c t r o n  t r a n s f e r ,  b r e a k i n g  of bonds ,  
o x y g e n a t i o n )  t h a t  t a k e  p l a c e  o n  t h e  anode s u r f a c e s .  These processes 
are  unknown i n  number and i n v o l v e  unknown i n t e r m e d i a t e  s p e c i e s .  Be- 
c a u s e  one  (or a t  most two)  e l e c t r o n s  a re  t r a n s f e r r e d  i n  a s i n g l e  pro- 
c e s s ,  t h e  number of p r o c e s s e s  i n  which e l e c t r o n  t r a n s f e r  o c c u r s  w i l l  , 
v a r y  from one a l k a n e  to  a n o t h e r  as ne v a r i e s .  By b a s i n g  comparisons 
on  t h e  c u r r e n t  d e n s i t y  i n  m a / c m 2  (or s i m i l a r  u n i t s ) ,  w e  base  t h e  com- 
p a r i s o n  on t h e  i n t e g r a t e d  c o n t r i b u t i o n  o f ' a l l  e l e c t r o n - t r a n s f e r  pro- 
cesses ,  t h e  n a t u r e  and  number o f  which v a r y  f rom one a l k a n e  t o  a n o t h e r .  
Ne hope t h a t  c u r r e n t  d e n s i t i e s  i n  m o l e c u l a r  u n i t s  w i l l  be used  b y  
o t h e r s  a s  a b a s i s  f o r  comparing t h e  a n o d i c  performances o f  d i f f e r e n t  
f u e l s  s o  t h a t  t h e  u s e f u l n e s s  o f  t h e s e  u n i t s  c a n  soon be  d e c i d e d .  

on t h i s  anode ,  t h e  f i r s t  are p r o b a b l y  t r a n s p o r t  p r o c e s s e s ,  and t h e y  I ,  

SUMMARY 
1. C u r r e n t  d e n s i t i e s  i n  m o l e c u l a r  u n i t s  as opposed t o ,  s a y ,  

ma/cm2,. are log ica l  f o r  comparing t h e  performance o f  t h e  v a r i o u s  nor- 
m a l  a l k a n e s  a t  hydroca rbon  anodes .  The s ta tenent  h o l d s  a l s o  f o r  o t h e r  , 
cases . I 

2 .  C u r r e n t  d e n s i t i e s  b e i n g  e x p r e s s e d  i n  molecu la r  u n i t s ,  methane f 

o u t p e r f o r m s  o t h e r  normal  a l k a n e s  a t  f u e l - c e l l  anodes  unde r  c e r t a i n  
s t e a d y - s t a t e  c o n d i t i o n s  w i t h  s u l f u r i c  and phosphor i c  a c i d  a s  e l e c t r o -  
l y t e s .  N i t h  e l e c t r o l y t e s  c o n t a i n i n g  h y d r o f l u o r i c  a c i d ,  t h e  s t a t e m e n t  
d o e s  n o t  ho ld .  F u r t h e r  work is needed ,  b u t  t h e  absence  of carbon-  
c a r b o n  bonds i n  methane s t r o n g l y  s u p p o r t s  t h e  idea t h a t  it r a n k s  
f i r s t  i n  a n o d i c  r e a c t i v i t y  among normal a l k a n e s .  

3. I t  is p o s s i b l e  t h a t  heavy a l k a n e s ,  s u c h  a s  c e t a n e ,  are o x i -  
d i z e d  i n c o m p l e t e l y  a t  anodes  and w i t h o u t  t h e  r u p t u r e  o f  carbon-  
c a r b o n  bonds ,  which would c a u s e  t h e i r  ( p a r t i a l )  anodic o x i d a t i o n  t o  
r e semble  somewhat t h e  a n o d i c  o x i d a t i o n  of methane. F u r t h e r  work is 
needed .  

4 .  C u r r e n t  d e n s i t i e s  i n  m o l e c u l a r  u n i t s  need and d e s e r v e  f u r t h e r  ,r 

t e s t i n g  as a b a s i s  f o r  comparing t h e  performance o f  d i f f e r e n t  f u e l s  
a t  f u e l - c e l l  a n o d e s .  r 
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Figure 1. Performance of normal alkanes as f u e l s .  

NO OF CARBON ATOYS IN NORYAL ALKANES 

Figure 2 .  Performance data of Figure 1 i n  molecular u n i t s .  
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Figure 3 .  Performance data of Reference 2b i n  molecular u n i t s .  
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Figure 7 .  T a f d  p l o t s  for  Figure 2 .  
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AN EQUIVALENT ELECTRIC CIRCTJIT'APPQOACH TO THE STUDY 
OF HYDROCARBON OXIDATION KINEL'ICS 

Arthur A. P i l l a  and Gabriel J. D i M a s i  
Power Sources Division, Electronic  Compments Laboratory 

USUCOM, For t  Monmouth, New Jersey 

ABSTRACT 

A technique f o r  the  determination of the frequency res-  
ponse of an electrochemical system between 1 Hz and 1 0  Hz i s  des- 
cr ibed and appl ied t o  the scudy of the anodic oxidat ion of hgdro- 
carbons. Spec ia l  emphasis i s  placed upon the treatment of da ta  
i n  the frequency domain. Thus, i t  is  shown tha t  the  combined use 
of s p e c i f i c  frequency func t ions  of  the real and imaginary par t s  
of the measured impedance as well as the phase angle,  magnitude 
and Argand func t ions  c o n s t i t u t e  a powerful method t o  e s t a b l i s h  
an equivalent e l e c t r i c  c i r c u i t  f o r  hydrocarbon oxidation, I n  
addi t ion ,  the concept of t o t a l  e lec t rode  impedance i s  used t o  
prmit the eva lua t ion  of t h e  double l a y e r  capaci ty  i n  the presence 
of the e lec t rode  reac t ion .  It i s  shown tha t  appropriate  treatment 
of frequency response data obtained over a wide enough frequency 
range allows a unique c i r c u i t  t o  be obtained under the p a r t i c u l a r  
conditions of the experiment. The equivalent  e l e c t r i c  c i r c u i t  
thus es tab l i shed  i s  compared with those obtained from an analysis  
of the  reac t ion  schemes which have been proposed by o t h e r  workers. 
I n  t h i s  respect ,  t h e  method of e s t a b l i s h i n g  equivalent  c i r c u i t s  
representa t ive  of a given reac t ion  scheme i s  discussed i n  detail  
and it i s  shown t h a t  each mechanism has a unique c i r c u i t .  The 
v a r i a t i o n  of impedance as a funct ion of p o t e n t i a l  and of reactant  

r e a c t i o n  mechanism a t  d i f fe ren t ,  s teady-state  po ten t ia l s .  
1 gas is  s tudied al lowing the  p x s i b i l i t g  of detec t ing  changes i n  

I ,  



ANODIC OXIDATION OF CYCLIC HYDROCARBONS 
M.L. S a v i t z  and 'R.L. Carreras 

U.S. Army Engineer  Research and Development L a b o r a t o r i e s  
F o r t  B e l v o i r ,  V i r g i n i a  

In o r d e r  t o  o b t a i n  e f f i c i e n t  p r a c t i c a l  d i r e c t  hydrocarbon f u e l  cel ls  f o r  

M i l i t a r y  s p e c i f i c a t i o n s 1  allow t h e s e  f u e l s  t o  c o n t a i n  as h igh  as 
m i l i t a r y  u s e ,  i t  is n e c e s s a r y  t o  o x i d i z e  t h e  components of l o g i s t i c a l l y  avail- 
a b l e  f u e l s .  
25% a r o m a t i c s  and 5% o l e f i n s .  
Tef lon  bonded p la t inum e l e c t r o d e  wi th  phosphoric  a c i d  e l e c t r o l y t e  a t  150°C 
could t o l e r a t e  a f u e l  conta in ing  up t o  5% o l e f i n s ,  1% a r o m a t i c s ,  5% s i x  r inged  
napthenes,  15% f i v e  r i n g e d  napthenes  and t h e  remainder  s a t u r a t e d  normal or 
i s o o c t a n e  w i t h  an  i n c r e a s e  l o s s  of o n l y  50 mv i n  p o l a r i z a t i o n  from tha t  of 
pure  oc tane .  P r e v i o u s l y  w e  had r e p o r t e d 3  t h e  a d s o r p t i o n  characterist ics of  
some of t h e s e  r e p r e s e n t a t i v e  compounds on b r i g h t  p la t inum w i r e  i n  85% H3P04 a t  
130°C. 
be d i f f u s i o n  c o n t r o l l e d .  
cyc lopentene  adsorbed t h e  n e x t  f a s t e s t  and b o t h  a t  t h e  same rate;  hexene-1 and 
hexene-2 a l s o  adsorbed a t  t h e  same r a t e ,  b u t  less r a p i d l y  t h a n  t h e  u n s a t u r a t e d  
c y c l i c  compounds; and cyclohexane and cyc lopentane  had t h e  lowes t  ra te  of d i f -  
f u s i o n .  
h i g h e s t  s teady  s t a t e  coverage f o r  a s p e c i f i c  c o n c e n t r a t i o n  w a s  o b t a i n e d  f o r  
t h e  most r a p i d l y  adsorb ing  s p e c i e s .  
p o t e n t i a l  f o l l o w s  t h e  same o r d e r  a s  d i d  t h e  ra te  of a d s o r p t i o n  ( i . e .  benzene 
adsorbed t h e  most ) .  

Recent ly  LukshaZ found t h a t  a Niedrach-Alford 

For a l l  of t h e  compounds s t u d i e d ,  t h e  ra te  of a d s o r p t i o n  appeared t o  
Benzene adsorbed t h e  most r a p i d l y ;  cyclohexene and 

For a l l  compounds, maximum a d s o r p t i o n  w a s  between 0.2 and 0.4V. The 

The m a x i m u m  amount of a d s o r p t i o n  a t  each 

In f u e l  c e l l  t e s t s , *  it h a s  been found tha t  cyc lohexyl  compounds a f f e c t  
o c t a n e  performance more a d v e r s e l y  t h a n  f i v e  c-ringed napthenes and t h e y  do n o t  
behave l i k e  normal s a t u r a t e d  hydrocarbons.  
hydrogenat ion t o  benzene was o c c u r r i n g  f o r  t h e  s i x  member r i n g e d  compounds; 
however, i n  t h e  i n i t i a l  a d s o r p t i o n  s t u d i e s  on a w i r e  e l e c t r o d e ,  cyclohexane 
appeared t o  behave a s  a normal s a t u r a t e d  hydrocarbon.  To o b t a i n  more evidence 
as t o  whether t h e r e  w a s  dehydrogenat ion under  o u r  c o n d i t i o n s ,  t h e  composi t ion 
of e l e c t r o c h e m i c a l l y  adsorbed s p e c i e s  formed from benzene and cyclohexane w a s  
i n v e s t i g  t e d  u s i n g  c a t h o d i c  and anodic  d e s o r p t i o n  techniques  developed by 
Brummer. 

Open c i r c u i t  v a l u e s  i n d i c a t e d  de- 

t 

Experimental  

The exper imenta l  set up was s imi la r  t o  t h a t  which we have d e s c r i b e d  pre-  
v i o ~ s l y . ~  
b r i g h t  plat inum wire  of thermocouple g r a d e  p la t inum of  geometr ic  area 0.5 cm2 
maintained a t  130°C i n  85% H3P04. The a c i d  had been p r e t r e a t e d  w i t h  hydrogen 
peroxide  and w a s  conta ined  i n  a s tandard  t h r e e  compartment e l e c t r o c h e m i c a l  c e l l  
made o f  q u a r t z .  
e l e c t r o d e  d e s c r i b e d  by Giner .6  The hydrocarbon was in t roduced  i n t o  t h e  working 
compartment by us ing  an argon carrier g a s  through a g l a s s  t u b e  c o n t a i n i n g  or- 
g a n i c  compound main ta ined  a t  a c o n t r o l l e d  tempera ture  t o  g i v e  t h e  d e s i r e d  par-  
t i a l  p r e s s u r e .  For low p a r t i a l  p r e s s u r e s ,  t h e  o r g a n i c  was c o n t a i n e d  i n  a t u b e  
cooled i n  a n  ice-methanol  b a t h .  For h i g h e r  p a r t i a l  p r e s s u r e s ,  t h e  t u b e  con- 
t a i n i n g  t h e  hydrocarbon was hea ted  i n  an  o i l  b a t h  t o  t h e  d e s i r e d  tempera ture .  
P h i l l i p s  r e s e a r c h  g r a d e  hydrocarbons of 99.6 mole % p u r i t y  were used i n  a l l  
cases. 

In b r i e f ,  t h e  e l e c t r o c h e m i c a l  s t u d i e s  were performed on a flamed 

The r e f e r e n c e  e l e c t r o d e  w a s  the dynamic hydrogen r e f e r e n c e  

9 

b 
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In o r d e r  t o  o b t a i n  a r e p r o d u c i b l e  p la t inum s u r f a c e  f o r  t h e  e l e c t r o c h e m i c a l  
measurements, p o t e n t i o s t a t i c  procedures  similar t o  t h o s e  of Brummer7 and Gilman8 
were employed. E s s e n t i a l l y ,  t h e  e l e c t r o d e  was h e l d  a t  1 .35 V f o r  1 min. ,  t h e  
l a s t  30 sec without  s t i r r i n g ,  a t  0.05V f o r  10 msec, and then maintained a t  a 
p o t e n t i a l  of i n t e r e s t  f o r  v a r y i n g  times b e f o r e  examining t h e  u r f a c e  s ta te  of 
t h e  e l e c t r o d e  w i t h  a n  a n o d i c  or c a t h o d i c  g a l v a n o s t a t i c  pulse.’ P o t e n t i a l  se- 
quences were o b t a i n e d  by s w i t c h i n g  of a s e r i e s  sequence o f  po ten t iometers  wi th  
H -wetted r e l a y s .  Time i n t e r v a l s  a t  t h e  p o t e n t i a l s  were c o n t r o l l e d  by Tektronix 
Type 162 waveform  generator^.^ 
the  i n p u t  o f  a Wenking p o t e n t i o s t a t .  

g 
The p o t e n t i a l s  were a p p l i e d  t o  t h e  ce l l  through 

A l l  a r e a s  a r e  based on real  e l e c t r o c h e m i c a l  a r e a s  wi th  21Oficoul e q u a l  t o  
1 cm2 of real area as o b t a i n e d  from’depogat ion o f  a monolayer of  hydrogen wi th  
a c a t h o d i c  g a l v a n o s t a t i c  charg ing  curve.  

R e s u l t s  and Discuss ion  

Anodic 5 a l v a n o s t a t i c  charg ing  ( 4) us ing  c u r r e n t  d e n s i t i e s  from 500 &amp 
t o  150 ma/cm 
The charge  occurr ing  from t h e  o x i d a t i o n  of t h e  e l e c t r o d e  and a d s o r p t i o n  of 
H3P04 under  argon is  s u b t r a c t e d  from t h e  charge  o b t a i n e d  wi th  o r g a n i c  r e a c t a n t .  
To o b t a i n  t h e  amount of i r r e v e r s i b l y  adsorbed m a t e r i a l  on t h e  e l e c t r o d e ,  ca- 
t h o d i c  g a l v a n o s t a t i c  p u l s e s  are used.  
i n  t h e  presence  o f  o r g a n i c  w i t h  t h a t  ob ta ined  i n  an argon atmosphere g i v e s  &,. 
The f r a c t i o n  o f  t h e  s u r f a c e  covered by o r g a n i c  material is 1-8,. 
a d s o r p t i o n  s t u d i e s  w i t h  benzene3 i n d i c a t e d  t h a t  a t  h i g h e r  c o n c e n t r a t i o n s  (200 
mm p a r t i a l  p r e s s u r e )  of  benzene,  15% of t h e  e l e c t r o d e  w a s  covered wi th  m a t e r i a l  
a f t e r  a d s o r p t i o n  at p o t e n t i a l  f o r  l m s e c ,  t h e  least amount of t i m e  o f  a d s o r p t i o n  
t h a t  could be r e p r o d u c i b l y  measured. In o r d e r  t o  have a c l e a n  s u r f a c e  at i n i t i a l  
a d s o r p t i o n ,  benzene a t  a p a r t i a l  p r e s s u r e  of 5 mm w a s  used i n  t h e s e  s t u d i e s .  
S i n c e  cyclohexane3 adsorbed  v e r y  s lowly  a t  t h e  lower concent r  t ‘ons and a t  higher  
p a r t i a l  p r e s s u r e s  behaved l i k e  normal s a t u r a t e d  hydrocarbons,’*’*’’ a h i g h e r  
c o n c e n t r a t i o n  was used.  T h i s  would a l s o  enable  dehydrogenat ion t o  benzene t o  
be d e t e c t e d  more e a s i l y .  

?laximum Amount of Adsorp t ion  

g i v e s  a r e l i a b l e  e s t i m a t e  of  o x i d i z a b l e  m a t e r i a l  on an e l e ~ t r o d e . ~  

The r a t i o  of hydrogen d e p o s i t i o n  obtained 

The i n i t i a l  

The a d s o r p t i o n  o f  benzene and cyclohexane a p p e a r s  t o  be i n i t i a l l y  d i f f u s i o n  
c o n t r o l l e d ,  t h e  rate of  a d s o r p t i o n  then  d e c r e a s e s  and t h e  s u r f a c e  c o n c e n t r a t i o n  
o f  adsorbed  s p e c i e s  r e a c h e s  a c o n s t a n t  maximum v a l u e . 3  
w i t h i n  30-60 seconds a t  a l l  p o t e n t i a l s  except  w i t h  t h e  low c o n c e n t r a t i o n  of 
cyclohexane where s t e a d y  s t a t e  coverage i s  n o t  o b t a i n e d  u n t i l  300 seconds.  Flg- 
u r e  1 shows t h e  maximum amount of a d s o r p t i o n  o b t a i n e d  from anodic  g a l v a n o s t a t i c  
p u l s e s  as a f u n c t i o n  of p o t e n t i a l  f o r  benzene a t  5 mm p r e s s u r e  and cyclohexane 
a t  200 mm p r e s s u r e .  The e l e c t r o d e  is  p r e t r e a t e d  as mentioned,  h e l d  a t  t h e  po- 
t e n t i a l  of i n t e r e  t f o r . 2  minutes  and t h e n  t r e a t e d  w i t h  an anodic  g a l v a n o s t a t i c  
p u l s e  of 50 ma/cm . Both compounds have a p p r e c i a b l e  a d s o r p t i o n  from 0.05 t o  
0.80 V, and benzene even h a s  a d s o r p t i o n  a t  0.9 V. Between 0 .2  and 0 . 4 ,  maximum 
a d s o r p t i o n  I s  observed .  There  i s  n o t ,  however, a s h a r p  maximum a t  0.2 V a s  has  
been observed w i t h  n - p a r a f f i n s , ’ , l l  b u t  more of a b e l l  shaped appearance for 
both  of t h e  compounds. 
f a c e  covered vs p o t e n t i a l  as o b t a i n e d  a f t e r  2 minute  a d s o r p t i o n  wi th  a c a t h o d i c  
g a l v a n o s t a t i c  p u l s e  o f  50 m a / c m 2 .  These measurements i n d i c a t e  maximum coverage 
f o r  bo th  compounds a t  0 . 2  and 0 .3  V. Both f i g u r e s  (1) and ( 2 )  i n d i c a t e  t h a t  
t h e  maximum amount o f  s u r f a c e  coverage  does  n o t  d i f f e r  too  much f o r  b o t h  com- 
pounds though i t  must be  k e p t  i n  mind t h a t  t h e r e  i s  a much lower c o n c e n t r a t l o n  

T h i s  v a l u e  is reached 

9 

F i g u r e  2 is a p l o t  of  t h e  maximum f r a c t i o n  of  t h e  s u r -  
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of benzene. F igure  2 a l s o  shows maximum amount of coverage f o r  200 mm p r e s s u r e  
of benzene. Maximum amount of adsorbed s p e c i e s  f o r  a s p e c i f i c  compound might 
be expec ted  t o  be independent of c o n c e n t r a t i o n  i f  long  enough times of adsorp- 
t i o n  a t  p o t e n t i a l  are main ta ined ,  and l i t t l e  o r  no o x i d a t i o n  i s  t a k i n g  p l ace .  
F igure  2 i n d i c a t e s  about  68% maximum coverage  wi th  benzene and 65% coverage  
w i t h  cyclohexane - numbers wi th in  exper imenta l  e r r o r  o f  each  o t h e r .  
of similar s i z e  and r e a c t i v i t y  would be expec ted  t o  occupy same space  of t h e  
e l e c t r o d e .  
t h e  c y c l i c  hydrocarbons than  t h e  n - p a r a f f i n ~ . ~ , ~ , ~ ~ , 1 2  

These r e s u l t s  compare with 50% e l e c t r o d e  coverage 
V s  normal hydrogen e l e c t r o d e  obta ined  by Bockr i s  e t  a l l ’  us ing  r a d i o t r a c e r  
t echn iques  f o r  benzene a d s o r p t i o n  i n  H PO 

Type of Adsorbed Spec ies  

Compounds 

The maximum charge  t o  o x i d i z e  t h e  adso rba te  i s  s l i g h t l y  h ighe r  f o r  

n t h e  r eg ion  0.3-0.5V 

a t  50°C. 3 4  

Gilman,14 Niedrach’’ and Brummer 4’11’12 have ob ta ined  ev idence  f o r  s e v e r a l  
t ypes  of i n t e r m e d i a t e s  adsorbed on t h e  e l e c t r o d e  s u r f a c e  wi th  normal s a t u r a t e d  
hydrocarbons or e t h y l e n e  as r e a c t a n t .  P a r t  of t h e  adso rba te  des igna ted  CH-+ 
can be c a t h o d i c a l l y  desorbed and i s  thought t o  c o n t a i n  on ly  C and H. Another 
CH m a t e r i a l  not removed by ca thod ic  t r ea tmen t  and seems t o  be a combination of 
a CH polymer (CH-3) and a more h igh ly  ox id ized  material thought t o  c o n t a i n  a t  
l e a s t  one C-0 bond (0- type) .  To de termine  whether benzene and cyclohexane g i v e  
t h e  same type  of adsorbed i n t e r m e d i a t e s  - s p e c i f i c a l l y  whether cyc lohexane  de- 
hydrogenates  t o  benzene - t h e  composition of t h e  s t eady  s ta te  adsorbed r e s i d u e s  
was i n v e s t i g a t e d .  Cathodic  and anodic  d e s o r p t i o n  t echn iques  similar t o  those  
used by Brummer4 have been employed. Af t e r  t h e  u s u a l  p re t r ea tmen t ,  t h e  e l e c -  
t r o d e  was he ld  a t  a p o t e n t i a l  f o r  60 s e c  a t  which p o i n t  s t e a d y  s t a t e  coverage 
was ob ta ined .  
s o r p t i o n  occurred  (benzene had a p p r e c i a b l e  a d s o r p t i o n  a t  p o t e n t i a l s  h ighe r  t han  
0.01 V ,  bu t  no t  a t  0.01 V). A t  0.01 V p a r t  of t h e  adso rba te ,  CH-Y, desorbs .  
The p o t e n t i a l  was he ld  a t  0.01 V f o r  v a r i o u s  p e r i o d s  of ime a f t e r  which t h e  
s u r f a c e  was examined wi th  a g a l v a n o s t a t i c  pu l se .  4 :tid6 
t o  ox id i ze  t h e  remaining adsorbed s p e c i e s  t o  C02, a n d W  
s u r f a c e  occupied by t h e  remaining o rgan ic  s p e c i e s  C-0 ag8gbH-$obtained from t h e  
c a t h o d i c  s t r i p p i n g  curve  w e r e  followed as a f u n c t i o n  of t ime. 
t h e  g a l v a n o s t a t i c  p u l s e ,  t h e  p o t e n t i a l  w a s  r a i s e d  t o  o x i d i z e  any R2 adsorbed 
a t  0.01 V.  
of o rgan ic  m a t e r i a l .  The s l o p e  of Q v s r p l o t  g i v e s  [ e ]  t h e  number of elec- 
t r o n s  r e l e a s e d  per  covered s i te  dur ing  o x i d a t i o n  of adso rba te .  
du r ing  t h e  d e s o r p t i o n  o f  a g iven  adsorb  d s p e c i e s  are t aken  as ev ldence  f o r  t h e  
presence  of d i f f e r e n t  adsorbed spec ies . ‘  F igu re  3 is an example of ~ v s ~ ’ p 1 o t  
f o r  benzene and cyclohexane f o r  which s t e a d y - s t a t e  w a s  ob ta ined  a f t e r  a d s o r p t i o n  
f o r  60 s e c .  a t  0.4 V. 
f i g u r e .  For both  com- 
pounds, a cons t an t  va lue  of Q a n d w a r e  ob ta ined  a f t e r  deso rb ing  a t  0.01 V f o r  
5 seconds which i n d i c a t e s  a l l  of t h e  CH-3- i s  desorbed. Both compounds g i v e  a 
s l o p e  cor responding  t o  5.5 e l e c t r o n s  pe r  covered s i te  on t h e  p a t h  t o  oxiidation. 

‘, A methylene group (CH2) i n  cyclohexane would r e q u i r e  6 e l e c t r o n s  t o  o x i d i z e  com- 
p l e t e l y  t o  C02, a methine group (CH) of benzene r e q u i r e s  5 e l e c t r o n s  t o  o x i d i z e  
comple te ly  t o  C02. This  r e s u l t  i n d i c a t e s  t h a t  t h e  c a t h o d i c a l l y  deso rbab le  ma- 
t e r i a l  might be an equ i l ib r ium mix tu re  of benzene and cyclohexane. There  is a 
c e r t a i n  amount of s c a t t e r  i n  t h e  p l o t t e d  p o i n t s ;  t h e r e f o r e ,  i t  i s  d i f f i c u l t  t o  
d i s t i n g u i s h  whether t h e r e  a r e  two s e p a r a t e  s lopes :  
and ano the r  equal  t o  6. 
d rogena t ion  r e a c t i o n :  

Then t h e  p o t e n t i a l  was lowered t o  0.01 V where l i t t l e  or no ad- 

t h e  charge  r equ i r ed  
t h e  f r a c t i o n  of t h e  

Before  apply ing  

I n  t h e  time necessa ry  t o  o x i d i z e  H2 o f f ,  t h e r e  is no r e a d s o r p t i o n  

Changes i n  [ e ]  

Desorp t ion  proceeds from t h e  r i g h t  t o  t h e  l e f t  of t h e  
The e a s i e s t  material t o  be desorbed occur s  a t  t h e  r i g h t .  

one e q u a l  to  5 e l e c t r o n s  
Thermodynamic equ i l ib r ium d a t a  f o r  t h e  g a s  phase  dehy- 
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0 '= a + 3 H2 

16 i n d i c a t e s  t h a t  t h e r e  would be an  equimolar  amount of  t h e  two compounds. 
There is s u b s t a n t i a l  ev idence  t h a t  t h e  CH-+material is  a composite of sev- 
e r a l  s p e c i e s .  .Using f 8 f u e l  c e l l  e l e c t r o d e  and propane as t h e  r e a c t a n t ,  Grubbl7 
and Barger and S a v i t z  found t h a t  upon c a t h o d i c  d e s o r p t i o n ,  methane and ethane 
were observed wi th  t h e  g a s  chromatograph. Brummer  h a s  n o t  examined t h e  f i n e  
s t r u c t u r e  of C H - d .  f o r  propane O K  hexane a d s o r p t i o n  on a wire  e l e c t r o d e .  Using 
o u r  experimental '  se t -up ,  inconclus ive  r e s u l t s  were obta ined  f o r  t h e  CH-dc from 
propane a d s o r p t i o n ,  as t h e  s p e c i e s  occupied only  6% of t h e  covered s u r f a c e  and 
C H - 4 -  had desorbed comple te ly  a t  0 .01 V i n  100 msec. 
a s m a l l  p a r t  of  t h e  s u r f a c e  covered wi th  a h i g h l y  reduced s p e c i e s  f o r  t h e  ben- 
zene adsorbed s p e c i e s .  T h i s  could  be a polymeric  material  a l though in desorp- 
t i o n  experiments  w i t h  propane a t  a f u e l  c e l l  e l e c t r o d e ,  no s p e c i e s  h i g h e r  than 
propaiie 'was observed i n  t h e  g a s  chromatograph.18 
5.5 e l e c t r o n  s p e c i e s  a p p e a r s  t o  be  r e l a t i v e l y  p o t e n t i a l  independent  from 0 .1  
t o  0 . 7  V .  A t  0.05 where t h e r e  is most l i k e l y  t o  be hydrogen a long  around w i t h  
hydrocarbon,  a lower number of  e l e c t r o n s  is  o b t a i n e d .  The o x i d a t i o n  of hydro- 
gen would account  f o r  1Ce3and t h e  average of  t h e  m i x t u r e  would be lower. These 
r e s u l t s  do not  t e l l  us whether  t h e  r e l a t i v e  amount 'of t h e  s p e c i e s  which com- 
p r i s e  CH-* i s  p o t e n t i a l  independent .  Barger found t h e  r a t i o  of methane t o  eth- 
ane  formed on c a t h o d i c  d e s o r p t i o n  w a s  very  p o t e n t i a l  dependent.18 
proof of whether t h e r e  is a n  e q u i l i b r i u m  o f  cyclohexane and benzene and t h e  r e l -  
a t i v e  amounts is  c u r r e n t l y  be ing  obta ined  w i t h  g a s  chromatographic  p r o c e d u r e s . l 8  
The v a l u e  of  5 .5  e l e c t r o n s  i s  o b t a i n e d  f o r  s p e c i e s  which have been adsorbed a t  
t h e  p o t e n t i a l  of  i n t e r e s t  f o r  120  s e c  t o  i n d i c a t e  s t e a d y  s t a t e  o f  a d s o r p t i o n  had 
been o b t a i n e d  a t  60 sec. 

F igure  3 a l s o  i n d i c a t e s  

F igure  4 i n d i c a t e s  t h a t  t h e  

D e f i n i t e  

The t o t a l  amount of  0 CH-+ is. def ined  as 
The charge  of C H - +  f o r  benzene and cyclohexane w i t h  po- 

:iz - Gres a f t e r  d e s o r p t i o n  
f o r  5 s e c  a t  0.01 V.  
t e n t i a l  v a r i e s  s i m i l a r l y  t o  t h a t  of t h e  t o t a l  charge  f o r  each compound wi th  a 
maximum amount be  ween 0.2 and 0.4 V ( f i g u r e  5 ) .  T h i s  i s  similar t o  t h e  re- 
s u l t s  f o r  propane' and n-hexanel l  exc p t  t h e r e  is  more CH-+ f o r  benzene and 
cyclohexane.  A t  0.2 V 650.u.coul/rcm5 charge  t o  o x i d i z e  CH-+ i s  observed f o r  
benzene, 6 0 0 ~ ~ c o u l / r c m 2  f o r  cyclohexane,  400&oul/rcm2 f o r  n-hexane, l l  and 
1 7 5 / ~ c o u l / r c r n ~  f o r  propane .4  In both  cyclohexane and benzene from 0 .1  V t o  
0.4 V ,  70% (25%) of t h e  covered s u r f a c e  i s  wi th  CH-'+ . A t  0.5 t o  0 . 7  V ,  about 
60% of t h e  covered s u r f a c e  i s  w i t h  CH-+.. A s  o x i d a t i o n  i n c r e a s e s ,  l e s s  o f  t h e  
s u r f a c e  should be covered  by t h e  more reduced s p e c i e s .  

In Order t o  d e t e r m i n e  t h e  composi t ion of t h e  remaining adsorbed s p e c i e s ,  
d e s o r p t i o n  a t  more a n o d i c  p o t e n t i a l s  w a s  pursued.  The e l e c t r o d e  i s  p r e t r e a t e d ,  
h e l d  a t  a g iven  p o t e n t i a l  f o r  60 s e c  a t  which p o i n t  s t e a d y  s t a t e  coverage has  
been o b t a i n e d ,  and main ta ined  a t  0.01 V f o r  10  seconds t o  desorb  a l l  of t h e  CH-Et- 
m a t e r i a l , . r e t u r n e d  t o  0.4 V t o  o x i d i z e  H2 formed a t  0.01 V ,  and then  r a i s e d  t o  
a p o t e n t i a l  of  1 . 0  V where i t  i s  he ld  f o r  v a r y i n g  amounts of  t i m e  b e f o r e  exam- 
i n i n g  t h e  s u r f a c e  w i t h  g a l v a n o s t a t i c  charg ing  curves .  
t o  0.40 V b e f o r e  making t h e  measurement t o  reduce  any oxide  formed. No read- 
s o r p t i o n  of o r g a n i c  m a t e r i a l  o c c u r s  d u r i n g  t h e  time a t  0.4 V .  The s l o p e  of  a 
& s &  p l o t  g i v e s  a v a l u e  o f  1 .95  e l e c t r o n s  p e r  s i t e  when it i s  oxid ized  t o  Co2 
( f i g u r e  6 ) .  T h i s  s p e c i e s  i s  p o t e n t i a l  independent  from 0 . 1 ' t o  0.8 V a s  s h o w  
in f i g u r e  4 .  There  is a c e r t a i n  scatter a t  0 . 3  where a v a l u e  of  1 . 4  e l e c t r o n s  
is o b t a i n e d .  It is unexpected t h a t  bo th  cyclohexane and benzene should g i v e  
t h e  same d e v i a t i o n .  S i n c e  we a r e  d e a l i n g  w i t h  a r e l a t i v e l y  small charge  oc- 

The p o t e n t i a l  i s  lowered 
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cupying o n l y  15% of t h e  t o t a l  e l e c t r o d e  coverage (up t o  30% of t h e  adsorbed 
s p e c i e s ) ,  t h e r e  is  more l i k e l y  t o  b e  some u n c e r t a i n t y  than  where t h e r e  i s  more 
of  t h e  O-tYpe and one must be  c a u t i o u s  i n  comparing wi th  o t h e r  0-type s p e c i e s .  
Brummer has  found 0-type s p e c i e s  f o r  propane f o r  which [ e ]  i s  1.34 and c o v e r s  
about  80% of t h e  e l e c t r o d e  a t  0.4 V and f o r  n-hexane f o r  which [e] is  1.411 and 
c o v e r s  40% of  t h e  e l e c t r o d e .  Our v a l u e  f o r  t h e  c y c l i c  compounds i s  h i g h e r ,  b u t  
r e p e a t i n g  Brummer's experiments  w i t h  propane we o b t a i n  [e] of  1.1 and covers  
70% of t h e  e l e c t r o d e .  With benzene and cyclohexane,  we have been unable  t o  de- 
s o r b  a l l  of t h e  material on t h e  e l e c t r o d e  a t  1.0 V, even a f t e r  s e t t i n g  f o r  120  
s e c .  About 5% of t h e  s u r f a c e  remains covered wi th  a s p e c i e s  r e q u i r i n g  a charge  
o f  50,f&coul/rcmZ t o  o x i d i z e  i t .  

These r e s u l t s  do n o t  g i v e  t h e  answer a s  t o  what t h e  sequence of  s t e p s  from 
benzene o r  cyclohexane t o  CO2 are. 
and benzene were found t o  be 114 as  r e a c t i v e  as hexane and 118 a s  r e a c t i v e  a s  
propane." Benzene i s  s l i g h t l y  less  reactive t h a n  cyclohexane. The d e c r e a s e  
i n  r e a c t i v i t y  might be  e x p l a i n e d  by t h e  f a c t  t h e r e  is much more CH-* for cy- 
c lohexane and benzene t h a n  propane and i t s  o x i d a t i o n  is  t h e  slow s t e p  f o r  t h e  
o v e r a l l  o x i d a t i o n .  Whether t h i s  C H - 4  i s  u n r e a c t e d  benzene or cyclohexane,  a 
mixture  of  i t  and some of  t h e  p o s s i b l e  c r a c k i n g  p r o d u c t s  (C1,  C 2 ,  C 3  e tc l i s  
being determined by adsorb ing  on a f u e l  c e l l  e l e c t r o d e ,  desorb ing  c a t h o d i c a l l y ,  
and a n a l y z i n g  t h e  d e s o r p t i o n  p r o d u c t s  wi th  a g a s  chromatograph. 
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Figure 1. Steady-state adsorption of benzene and 
cyclohexane as a function of potential 
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Figure 2. Maximum fraction of surface, of electrode 
covered for steady-state adsorption of 
benzene and cyclohexane as a function of 
potential. 
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Figure 3 .  Desorption a t  0.01 V of cathodically 
desorbable material adsorbed a t  0.40 V .  

Figure 4 .  Electrons per covered s i te  t o  oxidize residue 
t o  C02 .as  a function of potent ia l .  



Figure 5 .  Charge l o s t  on cathodic desorption (CH-+) for 
benzene and cyclohexane a s  a function of potent ia l .  
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Figure 6 .  Desorption at 1 .0  V a f t e r  prior 
cathodic desorption. 



RELATIVE REACTIVITIES IN THE ELECTROCHEMICAL 
OXIDATION OF HYDROCARBON FUEL COMPONENTS 
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The 

Introduction 

olerance of a fuel cell  anode to n-octane con aining various 
types of hydrocarbon additives, aromatic ,  olefinic, and naphthenic was 
determined (1). 
shown in Table 1 behaved very s imilar ly  (50 m v  or  less  difference), at  
least  on a short  t e r m  bas is ,  to  n-octane alone. 

I t  was found that the octane-based fuel of the composition 

Table 1 

Model Hydrocarbon Fuel Cell Fuel  

Compound Type 

Oiefins 

Concentration Mole % 

0-5 

Aromatics 1 

Naphthenes (cyclohexane type) 5 

(cyclopentane type) 15 

n t i octane balance 

If the reactivities of each one of the fuel components in  Table 1 a r e  different 
it can be inferred that anodic oxidation will proceed, at  steady-state,  accord- 
ing to the extent.of electrode coverage by the most  reactive species.  
implies,  of course,  that  probably a major  portion of the anode will be 
covered by m o r e  re f rac tory  species;  these may be present in the original 
fuel  and may a l so  consis t  of reaction intermediates.  

This 



Experimental 

The details of the experimental features  were  outlined ear l ie r  (1). 
The following additional procedures apply specifically to this case:  

A fuel, after making a single pass through the fuel cel l  (anode 
compartment value 7 . 5  cm3),  was passed,  with its oxidation products,  into 
a Perkin-Elmer 801 gas chromatograph, equipped with a heated gas sampling 
valve and a differential flame ionization detector.  The chromatographic 
measurements of the exhaust composition were made after the cell  was 
operated for long enough to eliminate biases  introduced by concentration 
gradients in the exhaust system and/or adsorption effects. The gas chroma- 
tograph was calibrated before each measurement by injecting severa l  fuels 
in the concentration range of interest  t o  determine retention t imes,  peak 
heights, and areas .  The gas chromatograph was operated isothermally at  
100°C and the calibrations were made in t e r m s  of peak areas  determined 
with a disc integrator fitted on a Leeds and Northrup 5 m v  recorder .  The 
column, prepared by Perkin-Elmer was a 1 2  foot, 1/8 inch 0. d. 
steel  tube packed with 10 wt. $, Apiezon-L supported on 80-100 m e s h  
chromosorb W. 
were used for the fiame detector.  
supplied by Matheson. 

Stainless 

Helium gas was used as  a c a r r i e r ,  air and hydrogen gases 
All were zero  grade (hydrocarbon free)  

Since all the fuels used in this study a r e  liquids at room temperature,  
the sample valve, sampling tube, and the fuel exhaust lines were heated to 
prevent condensation. 
about 13OoC and monitored frequently with the aid of appropriately positioned 
thermocouples. 

The temperatures  of the lines were maintained at  

Pr ior  to entering the hot l ines,  the anode exhaust passed through a 
heated electrolyte t r a p  made of Teflon. 
were measured with a capillary tube flowmeter. 
this system is shown in Figure 1. 

Fuel  flows in the microl i ter  range 
A schematic diagram of 

Measurements of the inlet fuel flow, the cel l  current,  and the exhaust 
composition supplied all  the data that were necessary to calculate the current 
contributions of each component in the binary fuel. 
ionization detector was employed, it was not possible to measure  the CO or  
H 0 in the exhaust s t ream.  Therefore,  the concentrations measured onqy 
re fer  to mixtures of hydrocarbon components. 
on a General Electric 625 computer using programs written in F o r t r a n  IV. 
The complete programs a r e  given elsewhere ( 2 ) .  

However, since a flame 

2 The calculations were  performed 



The anodes were platinum-Teflon-screen composites of a type 
described in the l i t e ra ture  (3). 
geometric a rea .  
95 wt. % by controlled addition of water.  
a t  350°F. 

They were of 3 x 3 inch (0.05 f t 2 )  active 

A l l  measurements  were made 
The electrolyte was phosphoric acid, maintained a t  

The anodes were operated,  for the most  par t ,  a t  potentials in 
the range of 0.  5 volt vs .  H2/Ht; this is a pract ical  potential at  which 
hydrocarbon anodes can  be operated for  extended periods with reasonable 
power outputs (1). 

Results 

A. Binary Fuels  

1. Aromatic Additive (benzene/n-octane) 

\ 

To study the relat ive reactivity of aromatics  and n-paraffins, a 
binary fuel consisting of benzene t n-octane was examined. 

For this par t icular  fuel the benzene concentration was varied from 
1 to 5 mole %, and the liquid fuel flow ra te  was varied from 5 to  40 11 l/min. 
For n-octane, this corresponds to  a t  l eas t  two times the stoichiometric 
amount for a l l  cases .  The experimental  resul ts  for  a l l  the benzene/n-octane 
mixtures studied a r e  summar ized  in Table 2. 
give the exhaust composition of the cel l  and the cur ren t  contribution from 
benzene. 
preferentially oxidized. 

from benzene, is plotted against the fuel flow r a t e  for a fuel consisting of 
99 mole 
a t  an essentially constant cur ren t  (-1.5 amps) and anode potential (-0.5 
volt vs.  N.H. E.) .  
to  the fuel flow ra te .  
as  i t  is supplied, a t  l eas t  for  the range of flow r a t e s  studied, and provided 
that I > I 

T A' 

Columns 4 and 7,  respectively, 

A comparison of columns 1 and 4 indicates that benzene is 
In Figure 2 the quantity I /I the cur ren t  fraction 

A T  

n-octane t 1 mole % benzene. These data points were obtained 

The cur ren t  fraction from benzene is directly proportional 
This  indicates that the aromatic is consumed as rapidly 

A '  Further  generalization is provided by Figure 3 which is a plot of I 
the current  f rom benzene, vs. the benzene flow ra te ,  for fuels consisting 
of n-octane + 1, 3 ,  and 5 mole benzene. The cur ren t  f rom benzene I s  
proportional to the benzene flow ra tes ,  again indicating that the aromatic is 
consumed as rapidly a s  it is  supplied, independent of whether it is supplied 
a t  high concentrations and low total fuel flow r a t e s  or low concentrations and 
high total  fuel flow r a t e s .  
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The cur ren t  contribution from benzene, IA, under these conditions 
can be represented by the relation: 

(1) 
4 IA = 4.51 x 10 VA 

where V is the benzene flow ra te  in units of gm. mole/min. 
A 

If this resu l t  can be generalized to a l l  aromatics,  at these conditions 
of operation, the following relationship can be obtained: 

A 
IA = 0.934 n F  U N  

where: 
U = mole feed rate ,  moles per  minute 
NA = mole fraction of aromatic in feed s t ream 

and the other t e r m s  have their  usual significance. 

2. Olefin Additive (pentene -l /n-octane) 
r 

The reactivity of olefins in a fuel was determined by studying a 
binary fuel consisting of 95 mole % n-octane + 5 mole % pentene-1. 
experimental data is  summarized in Table 3 .  
exhaust composition of the cell  and the current  contribution for pentene-1, 
respectively. 
exhaust concentrations, respectively,  shows that the olefin is  preferentially 
oxidized irrespective of the fuel flow rate .  
this indicates that the olefin is consumed as  rapidly a s  it is supplied for 
the range of flow r a t e s  studied, and provided that I 

The 
Colums 4 and 7 give the 

A comparison of columns 1 and 4,  the pentene-1 inlet and 

A s  for the case with benzene, 

> I 
T 01' 

The average values of the cur ren t  contribution from penten-1, 
a r e  plotted against the pentene-1 flow r a t e  in Figure 4. 
there is a linear relationship between the current ,  Io 
since there is virtually no pentene-1 in the exhaust, txe current  produced 
is the stoichiometric amount calculcated from its flow rate .  I t  is noted 
that a t  the higher flow r a t e s  there  is a curvature towards the abscissa.  
This suggests that at high flow rates  or high concentrations of the olefin 
the current  f rom this compound will probably reach  a limiting value. 

It can be seen that 
and flow r a t e ,  and 

The cur ren t  contribution from pentene-1 for these reaction conditions 
and a t  low flows, as determined from Figure 4, can be expressed as: 

4 
Iol = 4.83 x 1 0  Vol (3)  
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/ I 

! 

where V is the pentene-1 flow ra te  i n  gm mole/min. 
generaliged to apply t o  a l l  olefins' the following resul t  is obtained: 

If the resul ts  a r e  

Iol = n F  u Nol  (4) 

where the symbols have the same meaning as  described above for benzene. 

t 

3 .  Naphthene Additive (c yclohexane/n-octane) 

Experiments to determine the relative reactivity of cyclohexane- 
type naphthenes and n-octane were conducted on a binary fuel consisting, 
of 95 mole $ n-octane and 5 mole % cyclohexane. 
a r e  summarized i n  Table  4. 

The experimental resul ts  

The cyclohexane-type naphthenes a r e  considerably different from 
the aromatic and the olefin compounds previously discussed. 
columns 1 and 4 which show the cyclohexane concentration in the inlet and 
exhaust s t reams,  respectively,  i t  is seen that only 27 to 44% of the 
naphthene is removed. 
olefins which were  virtually entirely removed (93 to  100%). However, it 
is of importance t o  note that the cyclohexane concentration in the exhaust 
is always substantially lower than the inlet concentration. This is  shown in 
Figure 5 i n  which the cyclohexane concentration in  the exhaust is plotted 
against the liquid fuel flow ra te .  
levels out at about 4 4 3  of the inlet concentration. 

By comparing 

This is  in  marked contrast  to the aromatics and 

It is seen that the cyclohexane concentration 

From a consideration of thermodynamic equilibrium data (4) for  
the gas phase dehydrogenation reaction: 

t 3H2 (5) 

it shows that, for  the conditions prevailing a t  the anode, the product of 
Reaction ( 5 )  will contain 2. 3 mole 7 benzene and 2.7 mole 3 cyclohexane. 
The benzene (and hydrogen) will be rapidly and almost completely consumed. 

From these equilibrium considerations, 46% of the naphthene would 
This be consumed with some consumption of the accompanying cyclohexane. 

compares favorably with the experimental  values ranging from 56 to 72% 
(Table 4) .  The agreement  with the low value (56%) obtained a t  the higher 
flow r a t e s  is in bet ter  agreement  since under high flow conditions the electro- 
chemical utilization of cyclohexane is lower than under low flow conditions. 

, 
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The average values of the cur ren t  contribution from the naphthene 
is plotted vs .  the naphthene flow ra te  in Figure 6. 

is again obtained as with benzene and pentene-1, but here  it i s  noted that 
the line does not pass  through the origin. 

A l inear relationship 
IN' 

The experimental  resul ts  i n  Figure 6 can be fitted to the following 
empir ical  equation: 

4 
N 

= 0.05 t 3.55 x 10 v IN 

where V is the flow r a t e  of cyclohexane in mole/min. N 

Once again, if the resu l t s  a r e  generalized to all cyclohexane-type 
naphthenes the following relationship is obtained: 

IN = n F  (8. 65 x t 0.613 u N N )  (7) 

when N 
have the significance descr ibed above. 

is the mole fraction of the naphthene a t  the inlet and the other t e r m s  
N 

B. Five Component Fuel 

A fuel consisting of 7 4  mole 5 n-octane t 15 mole % methylcyclo- 
pentane + 5 mole 7 methylcyclohexane t 5 mole 5 pentene-1 t 1 mole % 
m-xylene was studied to determine whether the resul ts  reported,  above using 
binary fuels a r e  applicable to more  complex fuels. It is possible that one or 
more  of the components a r e  selectively oxidized at  the expense of the others.  
A fuel of this part icular  composition was chosen since it was previously shown 
(1) to behave very s imi la r ly  to pure n-octane. Furthermore,  this study comes 
closer  to simulating operations with a r e a l  commercial  fuel. The experimental 
resu l t s  a r e  given in  Table  5. 

For the sake of better 'resolution in the chromatographic analysis,  
benzene and cyclohexane, which had been used as  model additives in  studies 
with binary fuels,  were replaced by m-xylene and methylcyclohexane, 
respectively. 
positions of the five fuel components a r e  shown as  a function of liquid fuel 
flow ra te  in F igures  7 t h r u  11. 
concentration i n  the fuel  actually increases  f rom 7 4  to 96 mole % after a single 
pass through the cel l  as is shown in Figure 7 .  
for  both the five and six-membered ring types a r e  substantially reduced in  
the exhaust s t r e a m ,  especially a t  low fuel flow rates;  this i s  shown i n  Figures  
8 and 9. 

The resu l t s  should not be great ly  affected. The exhaust com- 

It is important to note that the n-octane 

The naphthene concentrations 

Figures 10 and 11 show the pentene-1 and m-xylene concentrations 
in the exhaust, respectively,  plotted as a function of liquid fuel flow rate.  
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As for the case  of binary fuels ,  the unsaturated compounds a re  virtually 
entirely depleted f rom the fuel s t r eam at low fuel flow ra tes  (approximately 
10 u l /min . ) .  
mus t  be a resul t  of competition for  surface s i t e s  between the various fuel 
component molecules .  However, the concentrations of these compounds 
a r e  greatly reduced; thus, better than 70% removal  of the aromatic  compound 
and better than 80% of the olefin is observed. 
significant, since i t  indicates that the m o r e  harmful  components a re  
preferentially oxidized resulting in an "exhaust fuel" that is r icher  i n  the 
more  desirable components. 

The breakthrough of these compounds above these flow ra tes  

This  fact is extremely 

The cur ren t  contributions of the five components under consideration 
a r e  shown i n  F igures  12 thru 16. 
simultaneous solution of five l inear  equations (2). 
a r e  quit e sensitive to  relatively smal l  variations in each of the variables. 
Thus, an experimental e r r o r  of about 1 to  3 %  in  the chromatographic analysis 
can cause ra ther  s eve re  distortions in the calculated cur ren t  contributions 
of the components for  which the e r r o r s  were made. Furthermore,  the 
assumptions made for  the parameter  n (number of gm-equivalentslgm-mole) 
of each species and for  the Faradiac efiiciency, which was assumed to be 100%. 
will a lso influence the r e su l t s .  

They were obtained by means of the 
Unfortunately, the solutions 

These comments  a r e  pertinent, i n  view of 'the curve discontinuities 
observed in F igures  12 thru  14. 
considering the smooth variation of the exhaust composition data with flow 
ra t e  (Figures  7 thru 9). 

These discontinuities were unexpected, 

On the other hand, the relat ive reactivity of olefins and aromatics  
yield resul ts  a s  exhibited i n  Figures  15  and 16. 
of the binary fuel resu l t s  and reflect the situation where i t  was shown that 
there  is not necessar i ly  an additive effect on performance when two or  more  
"refractory" additives a r e  present  in a given fuel  (1). 

These resu l t s  a r e  reminiscent 

. 

It i s  c l ea r  f rom the above discussion that the cur ren t  contributions 
f rom n-octane, methylcyclopentane, and methylcyclohexane a r e  difficult t o .  
calculate. . 
The cur ren t  contributions for  each of these  components, at low flow ra tes ,  
a r e  given by the.equations: 

This is not the case ,  however, for m-xylene and pentene-1. 

Iol = 0 . 9 6 3  nFuNol  

= 0 . 9 3  nFUN ' 

IA A (9) 

Equations (8) and (9) a r e  in very  good agreement  with Equations ( 2 )  and (4) 
which apply to binary fuels. I t  should be noted that a different aromatic , 
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additive was used in the binary mixture. 
the fac t  that the electrochemical oxidation of olefins and aromatics  a t  low fue l  
flow r a t e s  appears to proceed independent of the other species present  in the 
fuel. 

This is an alternate way of expressing 

C. General Considerations 

Figure 17 shows that aromatics, olefins, and naphthenes in pure 
form exhibit considerably poorer  polarization characterist ics than n -octane 
when oxidized electrochemically. 

The rather  unexpected relative reactivities observed in  the present 
work for fuel mixtures is, therefore, probably due to competitive adsorption 
effects,  with the more  re f rac tory  species  achieving high coverages of the 
active sites and being selectively oxidized. 
data a r e  available for the c lasses  of compounds studied t o  put this discussion 
on a more  quantitative basis. 

Unfortunately, no electrosorption 

Discus e ion 

A c learer  understanding of the preceding results can be obtained 
from some fundamental relationships. 
thickness t, containing an electrode of a r e a  A. as  is shown in Figure 18. 
There is a steady flow, u. of reactant mixture expressed as moles  per  unit 
time. A volume element, dA, is selected so that the concentration of 
component i is N expressed as mole fraction and the concentration leaving 
is N - dN . The ra te  of change in the number of moles of component i at a 
given poinf in the anode compartment,  m , can be expressed by the equation: 

Consider an anode compartment of 

i 
i 

i 

i 
dm - = udN t r  dA 
dt i i  

where r is the ra te  of oxidation of component i in the anode compartment 
expressed a s  moles of reactant  converted per  unit a r e a  of electrode per unit 
time, and the remaining symbols have the i r  usual significance. 

i 

Considering the anode compartment as a flow reactor  at steady-state. 
Equation (10) simplifies to: 

r dA = -fidNi 
i 

4 

Considering mainly activation effects and expressing the cur ren t  
density of a component i in t e rms  of the reaction rate,  we obtain: 

= n F r  ii i i  
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Combining Equations (1 1 ) and (1 2) and integrating yields: 

A N 

he re  the subscript i has  been eliminated for sake of simplicity and N 
the mole fraction of the component under consideration a t  the inlet. 

is 
0 

E-xpressing the current  density in t e r m s  of the electrochemical 
kinetics of an activation-limited, anodic, forward reaction 

where q is  the anodic activation polarization, we can write 
a 

(s) e x p \  RT 1 
i = n F N Y k  exp 

where y is the reaction order ,  k is a r a t e  constant, AG+ is the standard 
f r e e  energy of activation, Eo is the reversible  potential, and a is the 
t ransfer  coefficient. It is recognized that Equation (14) is the cor rec t  
kinetic expression fo r  the hydrocarbons studies , but for our purposes the 
following simplified equation can be 

BE i = k’ Ny e 

more  easily fitted to the experimental data, where k’ and 8. a r e  now constants 
to be f i t  to the experimental  data. 
(13) yields: 

Substituting Equation (15) into Equation 

A - n F D e - ’ E  , jN dN - 
0 ’’ No N k’ f d A =  

where upon integration and rearrangement  gives: 

for  the case  where y # 1. 
react ion order of unity th i s  case was not considered. 
Equation (17)  a r e  listed i n  Table 6 for the additives studied. 

Since none of the additives studied have a 
The constants in 



Table 6 

Constants for Equation (17) 

Compound k', ASF e Y 

m -xyiene 0.17 6 .7  -0.1 I* 

Benzene 0.039 9 .3  -0.11 

Methylcyclohexane 0.029 11.9 

Pentene- 1 0.26 9 .3  -0.16* 

n-octane 0.12 13. 1 -0.5 

The empirical constants k' and 0 were determined from the linear 
portion of curves in Figure 19. The reaction order  for benzene was given 
in a recent study by Bockris et. al. (5) and the values of the orders  for 
m-xylene and pentene-1 were estimated f rom Bockris's data. The other 
values for y were obtained by fitting the binary fuel data toEquation (17). 
Equation (17) permits  the calculation of the exhaust composition of any 
compound for  which the constants a r e  known. 
for various compounds i n  a particular c lass  will  be sufficiently s imi la r  to 
make Equation (17) general enough to calculate the exhaust composition 
(and therefore cur ren t  contribution) of a fuel ce l l  anode a t  any given se t  of 
anode operating conditions. 

It is hoped that the constants 

The f i t  of the experimental data for the five component fuel to 
Equation (17) is only fair  if the condition: 

is obeyed. 
reactive prior to this investigation can be-explained by Equation ( l a ) ,  
indicating that the resu l t s  obtained can be explained from simple fundamental 
considerations. 

The utilization of the components that were  believed to  be un- 

Conclusions 

1. Under anode operating conditions that present-day direct  
hydrocarbon fuel cell  technology permits ,  the components of a pract ical  
fuel (aromatics, olefins, and to a cer ta in  extent naphthenes) can be prefer -  
entially oxidized. This is apparently a resu l t  of the magnitude of the 
relative coverage of the active s i tes  with the components in question. The 
anode effluent becomes enriched in the m o r e  desirable  paraffin component. 
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2 .  The preferential  oxidation of the ' 'unreactive' '  components 
can be explained by s imple kinetic considerations. 

The engineering significance of these findings is extremely important 
since it is  now evident that  no fuel pretreatment beyond established l imits is 
necessa ry  and that the fuel can be recycled without any harmful side effects. 
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Binary Fuels .  
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OX11)ATlON A N D  ADSOKPTION OF HYDROCARBON ON NOBl !i METAL 
ELECTRODES. 6. A discussion of the Mechanism of Saturated Hydro- 

carbon Oxidation on Pt . 
S. 13. Brummer 

Tyco Laboratories, Inc. , Waltham, Massachusetts 02154 

ABSTRACT 

The mechanism of the anodic oxidation of saturated hydrocarbons on Pt 
c l ~ c t r ~ ~ i e s  in strongly acid solutions a t  elevated temperatures is discussed. Since 
thc coulombic efficiency for CO production is 100% even for complex fuel mole- 
cules, the necd to cxamine the a 3 sorptioh processes in order to obtain mechanis- 
t ic  information is eniphasizcd. 
chi-cc. principal types of material accumulate in the steady state adsorbate:, these 
are ( : I  1-13 (polymeric), ClI-a (mixture of alkyl radicals), and 0-type (oxygen- 
L1tc.d (:I spc ies ) .  The 0-type is the predominant species and oxidizes the most 
readily a t  high potentials. This coverage 
is inscnsitive to hydrocarbon pressure. This observation, coupled with previous 
rcpc)i-ts that the overall reaction order is unity, prompt the suggestion that 0-type 
is ii poison for the overall hydrocarbon-to-CO2 reaction. However, recent re -  
sults indicate that in t h e  region of high covera e the overall reaction order is con- 

the slow step of the overall reaction involves a reaction of an adsorbed species 
(c. g. 0-typc) at hi h or limiting coverage. A tentative overall mechanism for 
tlic osida tion of  hyfrocarbons i s  suggested. 

From adsorption studies it has been found that 

I t s  coverage is high be'low about 0. 4 v. 

sidcrably less than unity and  .even negative at  B ow potentials. This suggests that 

IN  TRODUCTlON 

ic 
in 

The anodic oxidation of saturated hydrocarbons is  required for the econom - 

The earliest reports of saturated hydrocarbon 
utilization of the fuel cell  principle. Consequently, there has been much interest 
this area i n  the past five years. 

oxidation a t  low temperatures and interesting rates were by Grubb and Niedrach 
(1) in 1963. They used extensive amounts of Pt a s  the anode catalyst and con- 
cenuatcd ll3PO4 a t  150°C a s  the electrolyte and achieved moderate current 
densities a t  reasonable potentials. Since then there has been a large number of 
studies and it is clear that while many saturated hydrocarbons can be oxidized 
thc kinctics a re  rather unfavorable. The ultimate utilization of .the hydrocarbon 
anodc requires 'an enhancement of these kinetics, or requires the development o f  
a sufficiently cheap, i. e. noli-noble metal, catalyst that the electrode area can be 
appropriately expanded. 

I t  appears that maximum activity is  found for the C2 - C4 (2,3) range that 
straight chain hydrocarbons a r e  better than bridged chains (4) and that Pt is one 
of the better catalysts that we have (5). In the present work, w e  have undertaken 
to investigate the mechanism of anodic hydrocarbon oxidation with a view to 
clucidating those features, structural, electronic and ionic, which determine the 
path and t h e  rate of tlxt overall reaction. In the first  instance w e  have studied 
the adsorption and oxidation of C3Hg (6,7,8) and n-C H i 4  (9) a t  elevated tem- 

chcmical mechanism has not been fully unravelled a t  this point, a number of sig- 
nificant features of the reaction path have been revealed and the present paper 
summarizes the result of our own work and discusses mechanistic conclusions 
which can be drawn, both from our own work and from that of others. 

peratures using hot concentrated H3P04 and smooth B t electrodes. While the 
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OVERALL COURSE OF REACTION 

i t  would be expected tha t  their oxidation would be very difficult, and indeed a s  
mentioned, stringent conditions a r e  required for the reaction to occur at  any 
reasonable rate. B y  analogy wi th  gas phase reactions and i n  particular, the 
heterogeneous catalysis reactions of these compounds, one might expect that the 
reaction path would be v e r y  complicated and as a consequence tha t  there would be 
a number of products. However, i t  has been shown that the general reaction 

I t  i s  well known that saturated hydrocarbons a r e  very stable materials and 

!I 

1 
/ 

J 

i 
\ 

\ 

I 

C,,H(2 +2) + 2 n H 2 0  - n C02 + (6 n + 2 )  H+ + (6 n + 2 )  e-  

occurs to completion with no side products accumulating in the solution or  i n  the 
gas phase (10,3,11). 

This 10% faradaic efficiency for the product of C02 is remarkable and un- 
expected and has important mechanistic implications. Thus  following the initial 
adsorption all the intermediate products between the reactant and the final product, 
C02 , a re  adsorbed on the electrode. There is no other way to account for the 
observations. This suggests that the  f r u i t f u l  way to investigate the reaction mech- 
anism is to study the adsorption processes. 
our experiments and i n  conjunction with the work of others, notably Gilman (12) 
and Nicdrach (13-17), i t  has led to a considerable understanding of the nature 
of the products formed on the electrode. 

‘lhis has been the prime approach of 

NATURE OF ADSORBED PRODUCTS 

The methods w e  have used to examine t h e  adsorbed products involve their 
determination with anodic stripping and with H-atom deposition. 
techniques in conjunction with controlled potential adsorption regimes onto a clean 
electrode. w e  can define the  charge to oxidize the adsorbed species, Qads and 
their coverage €Iorg. From the relationship between Q and €Ior w e  can de- 
termine [ e ] which is the number of electrons released when the agsorbed product 
is  oxidized to CO2 . This is quantitative1 of prime importance in discussing the 
nature of the adsorbed products and their ikely relationship to the overall re- 
actio t i .  

partially oxidized residues accumulate on the electrde. These residues are of 
three generic types: the CH-a ,  the CH-p and the 0-type. The CH-a! is 
cathodically desorbable, relatively unreactive towards oxidation and probably 
comprises a mixture of (partly dehydrogenated) alkyl radicals. Its composition 
changes with potential. The composition of the  CH-/3 species is also a function 
of potential. I t  is unreactive towards both reduction and oxidation and is probably 
a carbonaceous polymer. The 0-type, the major species in  terms of coverage, 
has the same composition a t  all  potentials. It releases - 1.3 electrons per 
covered site on oxidation to C02 and this indicates that it is oxygenated. W e  
have found (18) that 0-type is electrochemically identical to the reduced C02 
species of Giner (19), confirming his results (20). 

Other workers have also reported evidence for these types of adsorbed 
product. Niedrach et a1 (14) following Gilman’ s (12) suggestion have suggested 
two distinct paths which the  initially adsorbed hydrocarbon can adopt. The first  
path, the preferred path, involves the production of what w e  would call 0-type. The 
second path involves the production of what we would call CH-a! . The distinction 
between the types was based on the current waves which appeared during the 

Using these 

W e  have shown that when C3H8 (8) or  n-C6H 4 (9) are adsorbed, three 
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I 
i linear anodic sweep stripping of the adsorbed layer. The fact that 0-type was 

oxidized more readily under these conditions than CH-cu was taken to mean 
that those reactions leading to 0-type were preferable to those leading to CH-a! . 
In support of this view we may note that CH-o! plays a greater role with higher 

is  that the production of 0-type and CH-o! are parallel reactions. 

CH-a  and that its coverage i s  high compared with CH-cu . These observations 
support t h e  view of Niedrach. However, there is  a large difficulty. The corro- 
lary of this view would be that a t  low potentials the oxidation of 0-type is the rate 
limiting step in the overall reaction with a very slow side reaction involving CH-o! 
oxidation in parallel with it. If this were so, we would expect that variations in 
thc rate of 0- type oxidation with potential and with hydrocarbon concentration 
would closely parallel the variation of the rate of the overall reaction. Since it 
has been r e p r t e d  that the overall reaction for both C3Hg (11) and n-CbH14 (21) 
is first  order with respect to fuel pressure, w e  would expect 00- to be 
strongly pressure dependent. However, w e  found 0-type covera eWgr both C3H8 
and n-CgH14 to be almost independent of fuel pressure (8 ,9) .  %is led u s  to the 
view that the reaction occurs via a general mechanism which was recently pro- 
posed (22), i.e. 

hydrocarbons which a re  less reactive. The implication of this view of course i, 

W e  found that (8 ,9)  oxidation kinetics of 0-type are faster than those of , 

I 

, 

Hydrocarbon d reduced C02 ( Bpoisoning) , 

Hydrocarbon (1-8d\ CO2 . (3) 

In th is  mechanism the overall reaction occurs on that part of the electrode which 
is not occupied by adsorbed species, or at least is not occupied by the poisoning 
adsorbed species. It was suggested that reduced C02 , i.e. 0 - t y p e ,  was the 
worst kind of poisoning species since being a C1 species i t  very likely consumed 
j u s t  those C1 reactive radicals which maintain the rate of the overall reaction. 
This view is i n  sharp contrast to that of Niedrach e t  a1 and suggests that those 
reactlons which lead to the production of 0-type a r e  undesirable. 

action, w e  suggested the possibility that the CH-o! species comprises several 
parts (8,9). Some of these parts, following Niedrach et a1 (14) are undesirable 
but some of them, the CH-aaCtive , were desired to promote the overall re- 
action. 

Since some adsorbed species must be controlling the rate of the overall re -  

REACTION ORDER 

A s  indicated, a central point i n  the divergence of our view from that pro- 
posed by Niedrach e t  a l  is the reaction order. In an ear ly study we reported that 
the reaction order on smooth 
( 1  1,2 l )  thac on platinized Pr the reaction order for C3Hg and n-CgH14 is 
accurately unity. These experiments, on platinized Pt , were the reasons for l 

our adopting t h e  views expressed above. 

important points have emerged. 

on fuel concentration than it is  on smooth Pt . 
Pt at 130°C the 0-type concentration does not change when the C3H8 pressure in-  

Pt is positive (23). Recently it has been reported , / 

We have, however, reexamined the reaction using platinized Pt and two 

Firstly, we have found that coverage with 0-type, is much more dependent i 

For example, a t  0.35 v on smooth 

> 



1s 1 

cI..c:;1scs fi.oiii 2. 2 I i i i i i  to .22:3 iiim (8). 
(q).. 011 platinized. 1% ; iowever, the concentration of 0-tvpc increases by from 
0 tu 
obscrvations prompted us to examine the  order of 'the rcaction. 

tlw reaction ordcr is.not uni ty .  
ovcrall rcwtioii-raw (2 -1 )  anti this is prcxiscly tli: kind of, complication which 
\vou1cI hc e spc tcd  if the rcaction.wcre coming under extcLiisivc ads-orption control 
a t  rclntivc high covcragi.. There is 'little cspcrimental conflict t>c.twceii our rc- 
suits ;ind, those rcported by Gilcadi c t  a1 (11) sincc most o f  thcir studies .rcfcr to 
thc potc~ntial region abovc 0. :3,i v where the coverage with adsorbcd matcrials be - 
~'Olllcs v e r y  low. 

Similar inse'nsitivity is found wi th  ii-CbI 11.1 

250 /.~couI/i-. cm4 .for -C3ll8 under the same cdiiditions (24). Thcse 

This second aiid crucial finding was that a t  low p ten t ia l s , '  e.  g. bclow 0. 3.5 v.  
111 fact, we fi1id.a siliall negativc ordci- for tlic 

IIELATION OF' AIXOIII!ED PRODUCTS TO OVERALL I<EACTION 

Thc.se observations show that there i s  still a sharp disagrcernent bctwecn 
tht' ol-dcrs of the overall reaction and of 0-type coveragc. I lowever thc results 
C ~ L ' C '  iiiore ambiguous than was previously thought (8). The unity ordcr for the ovcr- 
311 naction reported by Gileadi, Stoner and Bockris for C3l-18 oxidation (1 1) im- 
plies a rt,lativyly simple mechanism. Specifically, the reaction could not pro- 
cccd via 0 - t y p e  since the coverage with 0-type w a s  thought to be high and,vir- 
tua1l.v indclwndent of C3118-pressure (8). For this reason, w e  postulated that 
thc reaction proceeded on the part of the surface not occupied by 0-type, a simi- 
lar poisoning mcclianism to I-lCOO11. oxidation (22 ,  25). The negative reaction 
ordcr we have observed in conjunction with thc increase in 0-type'coverage with 
prcssurc on platinized Pt (24), could certainly be interpreted in terms of such a 
poisoning mcchanisni (reactions (2) and ( 3 ) ) .  t lowever ,  these results on the over- 
all  order show that a t  low ptentials the reaction could proceed an adsorbed 
sp;cics present a t  high coverage, e. g. 0-type. 

Consideration of such a mechanism allows an alternative interpretation o f  
'thc data. Thus we note that coverage,with C11-a has an even  stronger depend- 
cncc on C3llg pressure than has 0-type for smooth (8) and for platinized Pt 
(24). If the oxidation of 0-type involved a "reactant pair" mechanism, involving 
tlic adsorbate itself and free sites, a s  postulated by Gilman for Goads (26), 
(:II-(~'could act  a s  a poison for the reaction due to its occupation of surface. 
Since CI-1-0 i s  so pressure dependent, w c  can entertain this mechanism a s  an 
explanation of the above conflict in reaction order w h i l s t  still asser.ting that the 
m a i n  reaction proceeds via 0-type. 
0-type ,oxidation in circumstances where w e  deliberately desorb Cl1-a! (24) 
and this suppor'ts s u c h  a mechanism. 

These observations allow possibly the maintainance of the.views expressed 
by Niedrach et a1 concerning the  role of 0-type. A third observation with plati- 
nized Pt elecnades leads to further elaboration of the mechanism. W e  have in- 
vestigated the  oxidation kinetics of the adsorbed species on platinized P,t hi 
presence of C3Hg with anodic chronopotentiograms. These were taken a t  
sufficiently low current densities that the adsorbate oxidation occurs we l l  before 
the elecnode' s oxidation but a t  sufficiently high current densities that insignifi- 
cant solution C3Hg i s  oxidized. 
prewave and ,a more extensive potential plateau (24). 
leaves no doubt that i t  corresponds to the oxidation of 0-type material, i. e. re- 
dL1ced CO2 , The oxidation rate corresponding to the  plateau is about 40-5% 
of the overall reaction rare of the hydrocarbon. 
O-type lies between C3H8 and CO2 

W e  have found an increase in t h e  rate of 

Two predominant features a r e  observed, a 
The behavior of the plateau 

This  is a reasonable value if 
and indeed snongly suggests this conclusion. 
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The prewave is associated w i t h  adsorbed material on the elcctrodc other 
than 0 - t y p e ,  presumably C l i - a .  At  low currents, the prewave is found a t  lower 
potentials than 0-type but at high oxidation rates it merges into the 0 - type  wave. 
Eventually, both processes a r e  displaced to the region of electrode oxidation. 
The crucial point i s  that whereas a t  high potentials (e. . in our "anodic desorp- 
tion" experiments (8,9) or in fast linear sweeps (12, 14 5 ) Cl1-CY will oxidize less 
easily than 0- type,  it oxidizes more readily a t  low potentials. The relative oxi- 
dation rates at low potentials a r e  what a r e  significant for the operatioii of the 
hydrocarbon anode. ficnce we can no longer asser t  that formation of CII-CY is 
ncccssarily undesirable. Similarly, our previous conclusion (8 ,Y)  that CI I -CY 

production is parallel to 0-type production can no longer be maintained. 

There is no reasvn to suppose tha t  t h e  reaction sequence 

C3H8 -+ CH-a, , 

CH-CY -, 0-type , 

0-type - CO2 , (6) 

docs not occur. 

If t h i s  is so, the oxidation of 0-type m u s t  be rate-limiting a t  least a s  far 
u p  the  homologous ser ies  a s  n-CgH14 . This is because 0-type' s coverage is 
so high. A n  additional complication m a y  also ar ise  from the above-mentioned 
poisoning of 0 - type  oxidation by CH-(11 occupying the surface. A s  the homo- 
logous series is ascended, CH-CY coverage increases and a t  some stage it is 
clcar that its reaction, reaction ( 5 ) ,  becomes rate  limiting. 

following numbers of electrons in these various reactions (24): 
From the coulometry of the adsorbed species, we have suggested the 

C3H8 6-7, CH-CY 0-type - lo+ 3 C02 . (7) 

Confirmation of this reaction mechanism is required and, in particular, 
the chemical structures of the  intermediates a r e  the aim of our fur ther  work. 
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I 

Pwer  Sources Division, Electronic Comwnents Laboratory 
USAECOM, Fort Monmouth, New Jersey 

ABSTRACT 
I 
I 

The influence of' the e lec t ro ly te  upon the k ine t ics  of 
the electrochemical oxidation of hydrocarbons i s  discussed i n  
terms of reactant gas s o l u b i l i t y  and the general in te rac t ion  of 
the e lec t ro ly te  with the electrode.  It is  shown, through the 
use of  t hevo l t age  sweep technique, that e lec t ro ly tes  normally 
employed i n  these s tud ies  are r e l a t ive ly  act ive.  Thus the cur- 
r e n t  response t o  a voltage sweep, both i n  the presence and ab- 
sence of act ive species,  evolves i n  such a way as t o  indicate  

the electrolyte .  This renders the adsorption process involved 
i n  hydrocarbon oxidation more complex than previously considered. 
A preliminary indicat ion of t h i s  i s  the decrease of peak hydrogen 
currents  with a respect ive increase i n  the oxidation current of 
the competing species. This phenomenon i s  discussed i n  terms of 
the proposed mechanisms involving dehydrogenation of the hydro- 
carbon v i th  subsequent H adsorption. A comparison of the behav- 
iors of H2S04, H3P04 and CFSCOOH i n  the presence and absence of  
gaseous hydrocarbons i s  given. The d i f fe ren t  r a t e s  of hydro- 
carbon adsorption ind ica te  the  degree of influence which the 
e l ec t ro ly t e  has upon hydrocarbon oxidation. 

t h a t  adsorption competition occurs between the reactant gas and I 

1 

f 
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SILVER-AIR CATHODES I N  CORRESPONDING FUEL CELLS 
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Central  Technical I n s t i t u t e  T.N.O. , The Hague, Netherlands 

ABSTRACT 

* 

The s o l u b i l i t y  of oxygen i n  three d i f f e r e n t  carbonate 
melts was determined by means of an amperometric t i t r a t i o n  method. 
A t  7OO0C, t h e  order of magnitude i s  4 ~ 1 0 - ~  moles/atm.ml m e l t .  The 
d isso lu t ion  is endothermic and dependent on c a t i o n  environment. 
On b a s i s  of the oxygen data the s o l u b i l i t i e s  of both H2 and CO a t  
7OO0C could be,est imated from l i m i t i n g  d i f f u s i o n  c u r r e n t s  a t  a 
r o t a t i n g  P t  e lec t rode :  9.10-7 and 8*10-7 moles/atm.ml melt  respec- 
t i v e l y .  A s t r ightforward a n a l y t i c a l  method t o  check t h e  above 
r e s u l t s  isl- in progress. 

S i l v e r  metal and copper (11) oxide, being s u i t a b l e -  cath- 
ode mater ia l s  i n  fused carbonate f u e l  c e l l s ,  tend t o  d i sso lve  i n  
the m e l t .  
e u t e c t i c  a l k a l i  carbonate mixtures.  There is  a marked inf luence 
of the cat ion environment. 
t h e  temperature c o e f f i c i e n t s  of t h e  s o l u b i l i t i e s  have "anomalous" 
( p o s i t i v e )  values; i n  K+ - r ich  melts a more normal behavior i s  
found ( g r e a t e r  s o l u b i l i t y  and negat ive temperature c o e f f i c i e n t s ) .  

The s o l u b i l i t y  of copper (11) ions i n  LiNaCOs has been 
determined also.  Here the r e s u l t s  a r e  completely anomalous and, 
i n  cont ras t  t o  Ag ions, s t rongly  poin t  t o  complex formation; pos- 
s i b l y  CuO$- ions. The e f f e c t  upon cathodic opera t ion  of f u e l  
cel ls  (corrosion phenomena) i s  pointed out  b r i e f l y .  

The s o l u b i l i t y  of Ag+ ions  was determined i n  vaxious 

I n  absence of K+ ions (Li-Na melts) 

~~ 

x 
Correspondence on this subjec t  t o  t h e  1abora.tory address: 
198, Hoogte Kadijk, Amsterdam-C, Netherlands. 
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ABSTRACT 

I n s t i t u t e  of G a s  Technology 

The principles and the experimental requirements underlying accurate use of single 
gas electrodes a s  the reference electrodes in  fuel cell studies a r e  discussed in re la-  
tion to typical geometric difficulties. In the case of the molten carbonate fuel cells, 
the most compatible gas electrodes for t h i s  purpose a r e  the Oz/COz and the CO/CO, 
electrodes supported by noble metals. 
the whole range of gas compositions and t e m p e r t u r e s  up to 800°C shows that their 
fquilibrium potentials-are determined respectively by the following overall reactions: 
z 0, +CO, + 2e t CO, and CO + C O r t  2C02 + 2e. Both these electrodes obey their 
respective Nernst equations accurately, but only the CO/CO, e1ectrode;provides a con- 
venient standard potential scale  based in  E 

individual characterist ics of these electrodes a r e  presented graphically and discussed 
in  relation to their practical  limitations as well a s  their  use a s  the reference electrodes 
in  molten carbonate fuel cells. 
between the 02 /COz  and the CO/CO, electrodes a r e  compared with the thermodynamic 
predictions, and the potential of the O,/CO, electrode i s  located on the standard CO/CO2 
potential scale for moltcn carbonate electrolytes. 

The experimental study of these electrodes over 

= O  when P - The CO/CO, co - pzco,’ 

The results of an experimental correlation study 
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ELECTROLYTE INTERACTIONS IN MOLTEN CARBONATE FUEL CELLS 

Isaac Trachtenberg and David F. Cole 

Texas Instruments Incorporated, Dal las, Texas 

Performance data have been presented for a variety of fuel cells employing 
mixtures of molten alkali carbonates as electrolyte (1-6). Depending on the par- 
ticular cell design chosen, the operating conditions, age of cell and a number of 
other parameters, almost any kind of operating characteristics (current-vol tage 
relationships) desired can be obtained. 
certain operating characteristics; in fact, the entire experiment, cel 1 design and 
operating conditions are optimized to maximize one of several parameters. 
has been, for the most part, on power output per unit area of electrode and opera- 
ting life. Efficiency, pwer output per unit weight and volume, and other fuel 
cell and system characteristics have received only moderate attention. However, 
at the present state of development i t  is obvious that the particular set of fuel 
cell system characteristics chosen will be very greatly influenced by the appli- 
cation. Rather than adding more fuel to the fire, this cmunication will empha- 
size certain interactions of the electrolyte which to some extent will be appli- 
cable to all molten carbonate fuel cell systems, regardless o f  their design and 
application. 

Various investigators have emphasized 

Emphasis 

! 
There are many electrolyte interactions in a fuel cell containing molten 

alkali carbonates. The following text will discuss sane aspects o f  three of these 
interactions: electrolyte stability in some of the gas atmospheres encountered in 
operating fuel cells, corrosion of silver electrodes as a function of atmosphere 
and electrolyte canposition, and the effect o f  atmospheres and electrolyte compo- 
sition on cathode polarization. 

Electrolyte Stability 

A material suitable for use as an electrolyte in a fuel cell should be 
chemically stable to the electrodes and atmospheric environments it will encounter 
during the operating life of the cell. In fuel cells employing molten alkali 
carbonate electrolytes C02 is added to the various gas streams to insure this 
stability. 
certain operating conditions to obtain a condition at the cathode-electrolyte 
interface in which no CO is present. The effects of various gas atmospheres on 
the stability o f  molten b k C 0  were investigated. 

at 650°C for extended time intervals, and ?he composition was determined by 
standard analytical techniques. In an atmosphere of 20% CO - 8Vk air, tests 
ranging from 246 hours to 1615 hours duration indicated no 8ecomposition of 

However, if insufficient C% (7) is added, it is possible under 

3 
Samples of 50-50 mole % Li2C03-Na2C0 were exposed to various gas atmospheres 

the effect of no C02 added to the air. 
in OH content. Because of the analytical techniques employed both O= and OH- 
present in the melt will be reported only as OH'. There is no significant change 
in the Li/k ratio. The OH- concentration appears to remain constant after 48 
hours, which indicates an equilibrium hydroxide (oxide) concentration has been 
established. The 0.03% C% present in air may have been sufficient to prevent 
further decomposi t ion. 

The decanposition is indicated by the rise 
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Date f o r  a second gas composi t ion a r e  a l s o  presented i n  Table I .  The gas 
composi t ion of 10% H20, 10% 0 and 80% N2 was obta ined by bu rn ing  a m ix tu re  o f  
9.5% H2 i n  76% a i r  and 14.5% ib2. Although the re  i s  no s i g n i f i c a n t  change i n  Li/Na 
r a t i o ,  t he re  i s  s i g n i f i c a n t  decomposit ion o f  t he  e l e c t r o l y t e ,  as i l l u s t r a t e d  by 
bo th  the  decrease i n  % CO? and the  increase i n  % OH'. The C02 content  i s  s l i g h t l y  
more than 3/4 of what i t  was i n  the  p rev ious  experiment and can account f o r  on ly  a 
small p a r t  of the d i f f e r e n c e  observed fo r  the two gas composit ions. Water removes 
O= i n  the form o f  OH' and promotes f u r t h e r  decomposit ion o f  t he  carbonates. 
again, the e q u i l i b r i u m  c o n d i t i o n  appears t o  be es tab l i shed  a f t e r  21 hours, and 

. f u r t h e r  exposure t o  t h i s  gas composi t ion produces no a d d i t i o n a l  decomposition. 

Here 

As po in ted  ou t  by Stepanov and Trunov ( 7 ) ,  a l ow r a t i o  o f  C02/02 (<2.35), 
p a r t i c u l a r l y  i n  a cathode gas m i x t u r e  c o n t a i n i n g  a l a r g e  amount o f  i n e r t  gas, 
r e s u l t s  i n  d e p l e t i o n  o f  C02 a t  t he  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  and a change i n  
e l e c t r o d e  mechanism. This  e f f e c t  i s  f u r t h e r  compl icated by decomposit ion o f  the 
e l e c t r o l y t e ,  p a r t i c u l a r l y  i f  apprec iab le  amounts o f  H20 are present .  

C I 4  l abe led  LiNaCO . A samale c o n t a i n i n g  C I t  l abe led  L iNaC4 was placed i n  an 
AI2O3 boat i n  a tuae fu rnace  and heated t o  700°C w i t h  a m ix tu re  o f  23% C02 - 77% 4 
f low ing  over the f r e e  e l e c t r o l y t e .  The experiment was s t a r t e d  a t  t he  t i m e  the 
C@ - 9 mix tu re  was rep laced  by pure N . The e f f l u e n t  gas from the  furnace was 
passed through a bubbler  c o n t a i n i n g  B a ( i H ) 2 .  The BaCO p r e c i p i t a t e  was then beta- 
counted a t  i n f i n i t e  th i ckness .  The r e s u l t s  o f  t 
F igure 1 .  Apparently, two processes r e s u l t  i n  C'402 i n  gas phase. The f i r s t  
process appears t o  f a l l  o f f  r a p i d l y  (an o rde r  o f  magnitude change i n  one hour) 
and i s  e s s e n t i a l l y  complete i n  about s i x  hours. The second process, which i s  much 
s lower ,  shows only a s l i g h t  decrease w i t h  t ime up t o  250 hours. The f i r s t  process 
( f a s t )  i s  be l i eved  t o  be t h e  decomposit ion o f  LiNaC03 i n t o  LiNaO and CO2. The 
second process (slow) i s  b e l i e v e d  t o  be the  evaporat ion o f  LiNaCO . This slow 
process has an approximate r a t e  o f  10'5 mole o f  C02 per mole o f  4 passed. 
( I )  repo r ted  tha t  i n  an o p e r a t i n g  f u e l  c e l l  c g n t a i n i n g  L i ,  Na and K carbonates 
evaporat ion losses were about 
passed over the e l e c t r o l y t e .  

Evaporation o f  LiNaCO was i n v e s t i g a t e  us ing  a radiochemical technique w i t h  

s exaeriment a re  shown i n  

Broers 

mole o f  CO- per  mole o f  f u e l ,  a i r  and C02 3 

Evaporation losses were a l s o  determined by ve ry  c a r e f u l  weight loss measure- 
ment. 
p laced i n  a tube furnace a t  780°C. A gas m i x t u r e  o f  5% 02, 12% CO , 83% 
passed over t h e  e l e c t r o l y t e  m ix tu re .  
were made. The t o t a l  gas f low was 3.2 moles/hr f o r  t he  f i r s t  two runs and 3.5 
moles/hr f o r  the t h i r d  run. The average weight loss f o r  t he  th ree  runs was 
6 x 10-5 g r a d m o l e  o f  e f f l u e n t  2 3 x 10-5 gram/mole o f  e f f l u e n t .  
and 161 haurs were made u s i n g  pure N a t  2.0 and 2.1 o les/hr .  The average weight 
loss was 4.9 x g r a d m o l e  of e f f?uen t  2 0.9 x IO-' grandmole o f  e f f l u e n t .  The 
sample was then re-exposed t o  t h e  f i r s t  gas m i x t u r e  c o n t a i n i n g  CO 
The weight of the sample increased by an amount t h a t  was 68% of t i e  weight l o s t  
d u r i n g  the N2 runs. 
e f f l u e n t .  sssuming t h a t  t h i s  p o r t i o n  o f  t he  wsight  loss can be a t t r i b u t e d  t o  
e l e c t r o l y  e decomposition. 
1.6 x IO-' gram/mole o f  gas e f f l u e n t .  I f  the  l a t t e r  weighd loss IS assumed t o  be 
LiNaCO , t h i s  represents an a d d i t i o n a l  C4 loss o f  2 x 10' mole/mole of e f f l u e n t  
gas. ?he t o t a l  loss o f  C02 d u r i n g  the  % runs thus became 0.95 x 
of N2, which agrees ve ry  w e l l  w i t h  t h e  1 x 10'5 mole/mole of N2 found by the  rad io-  
chemical technique. 

t he  gas phase (1.6 x IO-' vs  0.6 x IO-' grandmole of N2). However, bo th  va lues 

have considerable u n c e r t a i n t y ,  and the d i f f e r e n c e  may not  be s i g n i f i c a n t .  

A sample o f  30% LiNaCO - 70% fused M g O  was mixed i n  an A 1 2 4  boat and 

Three separate runs o f  123, 313 and 

TWO runs of 117 

f o r  17 hours. 

Th is  i s  equ iva len t  to  7.5 x mole of C%/mole of gas 

The n e t  evapora t i on  loss d u r i n g  t h e  N2 runs i s  

mole/moie 

The r a t e  o f  evapor t i on  loss app a r s  t o  be h ighe r  i n  the  absence o f  C02 i n  



These s tud ies  i n d i c a t e  t h a t  e l e c t r o l y t e  s t a b i l i t y  (decomposition and/or 
evaporat ion)  may w e l l  become a problem i n  l o n g - l i v e d  mol ten carbonate fue l  c e l l s .  
Fur ther ,  they p o i n t  up the requirement f o r  s u f f i c i e n t  C02 i n  contact  w i t h  the 
e l e c t r o l y t e ,  p a r t i c u l a r l y  i n  the cathode gas where r e l a t i v e l y  l a r g e  amounts of 
i n e r t s  w i l l  be present i f  a i r  i s  used as t h e  0 source. 
and Trunov (7 )  t h a t  the C02/02 r a t i o  be about 3.35 should be s e r i o u s l y  considered 
by mol ten carbonate f u e l  c e l l  system designers. 

S i l v e r  Corrosion 

The suggestion o f  Stepanov 

The c o r r o s i o n  o f  s i l v e r  i n  mol ten carbonates has been s tud ied  by several 
groups (10, 1 I ,  12) and observed q u a l i t a t i v e l y  by many others,  but the cond i t i ons  
employed i n  the experiments have not been rep resen ta t i ve  o f  t he  opera t i on  of a 
mol ten carbonate f u e l  c e l l  except f o r  those repor ted by Broers (8). 

The r e s u l t s  presented here were obta ined by weight loss measurements. The 
samples used were 20 gauge s i l v e r  w i r e ,  5 . 1  sq cm i n  geometric sur face area. The 
samples w e r e  immersed completely and t o  a un i fo rm depth i n  e i t h e r  50% L i  C O  - 
50% Na2C0 o r  37% Li2C03 - 39% Na2C03 - 24% K2C03 conta ined i n  an 80% A t  -320% Pd 
c r u c i b l e  03 250 cc capac i t y .  
N2 - 10% C02 u n t i l  the des i red  opera t i ng  temperature was reached and the rea f te r  
was maintained a t  t he  des i red composit ion as determined by Orsat analyses. The 
most extens ive experiments have been performed i n  an atmosphere (5% O2 - 10% C02 - 
85% N 2 )  bel ieved l i k e l y  t o  be t y p i c a l  o f  ope ra t i ng  c o n d i t i o n s  i n  mol ten carbonate 
f u e l  c e l l  systems us ing a i r  and spent fue l  i n  the  cathode as supply. ( I n  ope ra t i ng  
f u e l  c e l l  systems about 10% o f  N2 w i l l  be replaced by H20.? 

ments i nd i ca ted  apparent ly  un i fo rm a t t a c k  w i t h  no d e n d r i t i c  growths from rep rec i -  
p i t a t i o n  o f  d i sso l ved  s i l v e r .  

Atmospheric composi t ion was maintained a t  90% 

Visual e x a m i n a t i m  o f  the weight loss samples a f t e r  complet ion of the  exper i -  

Table I 1  l i s t s  the r e s u l t s  o f  experiments under a v a r i e t y  of atmospheric 
cond i t i ons  i n  b ina ry  mel ts .  
a t  600"G. Where oxygen was present ,  the r a t e  o f  weight  loss increased w i t h  i n -  
c reas ing  p a r t i a l  pressure o f  oxygen. 

Weight loss was n e g l i g i b l e  i n  the pure C02 atmosphere 

Table I11 shows the constancy w i t h  t ime o f  t he  weight l oss  of the s i l v e r  
samples i n  both t e r n a r y  and b i n a r y  carborate me l t s  under the  cond i t i ons  shown. 

There i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  ra tes  i n  t h e  b i n a r y  and te rna ry  mix- 
t u r e s .  Accordingly, the r a t e - l i m i t i n g  process i s  apparent ly  not  t h e  d i f f u s i o n  o f  
d i sso l ved  oxygen t o  the metal sur face but r a t h e r  a process such as d i f f u s i o n  o f  
s i l v e r  ions away from t h e  d i s s o l u t i o n  s i t e s .  

Diagrams analagous t o  those o f  Pourbaix have been cons t ruc ted  by Ingram and 
Janz ( I S )  t o  show t h e  thermodynamic p o s i t i o n s  o f  meta ls  i n  t e r n a r y  molten carbonate 
e u t e c t i c  w i t h  respect t o  c o r r o f i o n  as a f u n c t i o n  o f  O2 and C02 p a r t i a l  pressures. 
These gases determine the O i O -  redox p o t e n t i a l  i n  the mel t .  

i n  ope ra t i ng  mol ten carbonate f u e l  c e l l s  l ess  severe than  i n  these experiments. 
These f a c t o r s  i nc lude  cathodic  p o l a r i z a t i o n  o f  the  s i l v e r  e l e c t r o d e  when the c e l l  
i s  subjected t o  c u r r e n t  loading,  i r r rnobi l izat ion of the e l e c t r o l y t e  by the m a t r i x  
and the l i m i t e d  amount o f  e l e c t r o l y t e  a v a i l a b l e  i n  the  c e l l .  

There are impor tant  f a c t o r s  which would tend t o  make the co r ros ion  o f  s i l v e r  



Cathode P o l a r i z a t i o n  and M e l t  Composition 

The s o l u b i l i t y  o f  oxygen i n  mol ten a l k a l i  carbonate m ix tu res  has r e c e n t l y  
been shown by Broers t o  be dependent on t h e  me l t  composit ion (8). 

(kygen was found t o  be more so lub le  i n  t e r n a r y  ( L i ,  Na, K) t han  i n  b i n a r y  
Th is  seems ample reason t o  suspect t h a t  p o l a r i z a t i o n  of the ( L i ,  Na) mixtures.  

mo l ten  carbonate f u e l  c e l l  cathode (an oxygen - carbon d i o x i d e  e lec t rode )  i s  a l s o  
dependent on melt composi t ion.  This  has been observed exper imenta l ly .  

Presented here a r e  t h e  r e s u l t s  of a s e r i e s  o f  experiments i n  which t h e  IR- 

C O  . Tem- 
f r e e  p o l a r i z a t i o n  o f  s i l v e r  cathodes has been determined i n  me l t s  o f  t w o  compo- 
s i t i o n s ,  SO%* Li2C03 - 50% Na2C0 and 37% Li2C03 - 39% Na2C03 - 24% 
pera tu re  was va r ied  from 600 to380'C.  P a r t i a l  pressures o f  CO a n d j 2  2ere f i x e d  
so t h a t  C O  /O was about 2-2.5 and were determined by Orsat anafys is .  
experi inentg $.re p e r f e r m d  in opera t i ng  f u e l  c e l l s  o f  a design which has been 
p r e v i o u s l y  described (2) .  The s i l v e r  cathodes were 1 i n .  x 4 i n .  and were con- 
s t r u c t e d  o f  120 mesh t w i l l  weave screen w i t h  3.7 m i l  w i r e  diameter. The r e s i s -  
tance measurements f o r  t he  I R  c o r r e c t i o n s  t o  t h e  p o l a r i z a t i o n  were made by a 
c u r r e n t  i n t e r r u p t i o n  technique which has a l s o  been descr ibed p rev ious l y  (8). 
Voltages were measured w i t h  respect t o  e i t h e r  a Oanner-Rey Ag/Ag+ reference e lec -  
t rode  o r  a Ag-wire i d l i n g  oxygen e lec t rode .  R e p r o d u c i b i l i t y  o f  vo l tages was 
q u i t e  s a t i s f a c t o r y  i n  b o t h  cases. 

These 

F igures 2 and 3 show the  e f f e c t s  o f  temperature on the cathode p o l a r i z a t i o n  

F igure 4 combines some o f  the data o f  Figures 2 and 
i n  b ina ry  and t e r n a r y  e l e c t r o l y t e ,  r e s p e c t i v e l y ,  a t  a f i x e d  gas composit ion o f  
15% o2 and 30% C02 (55% N2) .  
3 f o r  e a s i e r  canparison. F igure 5 presents  da ta  e x h i b i t i n g  the e f f e c t  o f  gas 
Composition on cathode p o l a r i z a t i o n  i n  the two carbonate m ix tu res  a t  a f i x e d  
temperature (700°C). I t  should be noted t h a t  t he  data a t  h igher  oxygen concen- 
t r a t i o n  ( i n  the gas phase) 
ease of measuring and m a i n t a i n i n g  constant  t he  gas composit ion. 

What i s  the cause of t h i s  e l e c t r o l y t e  composi t ion e f f e c t ?  

were more rep roduc ib le ,  p a r t l y  because o f  t he  greater  

The s t r u c t u r e  and 
p r o p e r t i e s  o f  mol ten a l k a l i  carbonates and o t h e r  i o n i c  l i q u i d s  a re  known t o  
depend on t h e  p a r t i c u l a r  a l k a l i  meta l  i ons  present  (14). As t h e  s i z e  o f  the 
a l k a l i  metal i o n  increases,  t h e  volume expansion o f  t h e  carbonate on m e l t i n g  
increases. 
"holes1' i n t o  the me l t  s t r u c t u r e .  
become invo lved  i n  fo rma t ion  o f  i on -pa i r s ,  but  the l a r g e r  ions a r e  more e f f e c t i v e  
i n  s t a b i l i z i n g  o the r  complex i ons  which may be formed, 

Most o f  t h i s  volume expansion i s  accounted f o r  by i n t r o d u c t i o n  o f  
The smal ler  c a t i o n s  have a g rea te r  tendence t o  

' 

Janz (15)  repo r ted  t h a t  exper imen ta l l y  determined conductances, sur face 
tens ions and d e n s i t i e s  a r e  much neare r  the  va lues canputed by simple a d d i t i v i t y  
r e l a t i o n s h i p s  i n  t h e  case of a L i  C4 - k 2 C O  m i x t u r e  than i n  t h a t  o f  a 
~ i 2 ~ 0 3  - k 2 c 0 3  - ~ c o ~ ,  o r  a L i  ~6 - 5co3 mlxture.  2 3  -. 

ine neat o f  s o l u t i o n  of oxygen, l i k e  the  a c t i v a t i o n  energ ies f o r  v i s c o s i t y  
and conductance (16), i s  h i g h e r  f o r  t he  t e r n a r y  than  for the  b ina ry  (Li-Na) mixture. 
A l l  these p r o p e r t i e s  seem r e l a t e d  t o  the degree o f  d i s s i m i l a r i t y  o f  t he  cat ions.  
Most a t tempts (17) a t  exp lana t ion  o f  t h i s  behavior  have been i n  terms o f  c a p e -  
t i t i o n  of the c a t i o n s  f o r  c e r t a i n  o r i e n t a t i o n s  w i t h  respect t o  the  carbonate ion, 
the l a r g e r  ca t i ons  o r i e n t i n g  so as  t o  a l l o w  more freedom of r o t a t i o n  f o r  t h e  anion. 

* mole % 
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Improvements in cathode polarization in molten carbonate fuel cells utilizing 
ternary electrolyte are not, unfortunately, 'directly reflected in greater pwer 
densities than those of cells using binary electrolyte. 
ternary electrolyte cells is poorer than that in the binary electrolyte cells, so 
pcwer densities do not differ significantly. However, the electrolytic composition 
might be chosen so as to improve power output if there is a considerably more 
severe polarization of one electrode in a cell than of its counterpart. 

Anode polarization in the 

Anode polarization behavior may be clarified by determinations of hydrogen 
solubility in the melts. 

SUMMARY 

Studies of three areas of influence of molten carbonate fuel cell system 
operating conditions on interactions with the electrolyte have helped to define 
certain problems which may arise. Electrolyte loss (decomposition and evaporation) 
may be minimized by optimizing CO distribution to the electrolyte-gas interface. 
Corrosion of silver is increased %y raising 0 partial pressure in the cathode gas 
supply but there is little latitude for change in this composition in a system 
uti 1 izing air and spent-fuel C02. Cathode polarization characteristics are better 
in Li-Na-K ternary melt than in Li-Na binary melt but power densities are not 
significantly different because of anode polarization behavior. 

2 
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Table I 
LiNaCO Electrolyte Composition as a Function o f  Time at 650°C 3 

Gas Composition 100% Air 

%CO = %OH- %Na+ %Li + Li/Na 3 - - - - Hours - 
0 66.6 0.0 25.7 7.5 * 29 
3 66.7 0.2 25.6 7.5 .29 

48 66.9 0.5 26.4 7.6 29 
98 66.8 0.5 26.4 7.9 .30 

144 67.2 0.4 26.4 8.1 , .31 
216 66.6 0.5 26.2 7.8 .30 
336 67.1 0.6 26.0 7.9 .30 

.Gas Compos i t ion 10% H20 - 10% O2 - 80% N2 

(9.5% H2 - 76% Air - 14.5% N2) 

Hours 

0 
3 

21 
71 

165 
333 
477 

- %co,- %OH- - 
66.5 0.0 
65.1 1.2 
63.5 3. I 
64.1 3.2 
64.0 2.1 
62.4 3.0 
63.3 2.3 

%Li + - %Na+ 

25.7 8.0 
25.5 8.0 

I 25.6 8.3 
25.6 8.0 
25.7 8.1 
25.9 8.1 
25.9 8.2 

Li/Na 

.31 

.31 

.32 

.31 

.32 

.31 

.32 

Table I1 
Silver Corrosion in Mol ten AI  kali Carbonates 

50 Mole % Li2C03 - 50 Mole % k 2 c 0 3  Electrolyte : 

Area o f  Sample: 5.09 S q .  h. 

(Hrs) ature % ( M g / b  ) 
Time Temper- Gas Compos i t ion w t .  Loss 

"C -- 
100 600 
48 600 

I68 600 
loo 600 
1 1 1  600 

4 
5 
5 

10.5 
27.5 

- -- c02 
_c 

100 
12 
IO 
89.5 
72.5 

<. 06 

17.9 2 0.2 
20.6 f: 2.8 
40.8 2 2.2 

5.1 2 1.1 

Rate of 
w t  Loss 

(Mq/Gn2Hr) 

<. 0006 

0.1 I 
0.20 2 0.03 
0.36 2 0.02 

0.11 2 0.02 



Table I11 

S i l v e r  Corrosion i n  Mol ten  A I  ka l  i Carbonates 

Elect  ro t  y t e  : 

Area of Sample: 5.09 Sq. Gn. 

37 Mole % Li2C03 - 39 Mole % Na2C03 - 24 Mole % sC03 

Time Tempera- Gas Composition (%) W t .  Loss Rate o f  p. Loss 
(Hrs.) t u r e  ("C) O2 O2 N2 ( W h 2 )  (Mg/Gn / H r )  

26 700 5 IO 85 6.2 2 0 . 8  0.24 2 0 . 0 3  

95 700 5 IO 85 21.8 2 1.2 0.23 2 0.01 
48 700 5 IO 85 IO 0.21 

E l e c t r o l y t e  : 

Area o f  Sample: 5.09 Sq. Cm. 

50 Mole % Li2C03 - 50 Mole % Na2C03 

Time Tempera- Gas Composition (%) W t .  Loss Rate o f  W t .  Loss 
(Hrs.) t u r e  ("C) 02 co2 N2 (Mg/h2) (Mg/Gn2/Hr) 

24 700 5 IO 85 5.8 2 0.7 0.24 2 0.03 
48 700 5 IO 85 8.0 2 1.3 0.17 2 0.03 

- 

72 700 5 IO 85 18.5 2 1.5 0.26 2 0.02 
96 700 5 IO 85 21.5 0.22 

I 

T I M E  (HOURS) 
0 I 2 3 4  5 6 

I I I I I I 

0 

0 

f 

F I 1 ,  I 1 1 1  
0 40 80 120 160 200 240 

TIME (HOURS) 

Fig. 1. Rate of Con evolution from L w a C O s  at 650? C 
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0 3  

AMPERES/SQ FT 

T 

r 

- 

03 - - 
v) 

0 > 
z o 2 -  

I I I I I I I 
0 I 2 3 4 5 6 7 

AYPERES 

Fig. 2 .  Cathode po la r i za t i cn  i n  binary ( L A - N a )  
e l e c t r o l y t e  v s  temperature$OC). 

I Gas composition: 15d- 02, 3 ,S C o n ,  55% N2 

Y I I I I I I 
0 I 2 3 4 5 6 7  

AMPERES 

Fig. 3. Cathode po la r i za t ion  in ternary (Li-Na-K) 
e l e c t r o l y t e  v s  temperature roc) .  . 
G a s  composition: 15% 02 ,  3G$ Con, 55% N 2  



AMPERES/SO FT 

1 
0.3 1 1 

V 1 1 I I I L 
0 I 2 3 4  5 6 7 

AMPERES 

Fig .  4. Cathc3.e po la r i za t ion  i n  binary (B)  and 
t e r m r y  ( T )  e l e c t r o l y t e  v s  temperature ("C) . 
G a s  composition: 15% 0 2 ,  ?L$ C o n ,  55% NZ 

0 I 2 3 4  5 6 7 
AMPERES 

Fig .  5.  Cathode po la r i ze t ion  a t  70O0C i n  binary ( B )  
and ternary ( T )  e l e c t r c l y t e  vs gas composition 
(% 02 - k COa ) . 
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THE B E H A V ~ O U R  OF SILVER CATHODES I N  SOLID ELECTEOLYTE FUEL CELLS 
~. 

H. Tonnenberger  and H. S i e g e r t  

I n s t i t u t  B a t t e l l e ,  7 ,  r o u t e  d e  D r i z e  
1227 Carouge-Genhve, S w i t z e r l a n d  

i INTRODUCTION 

F u e l  c e l l s  w i t h  s o l i d  z i r c o n i a  e l e c t r o l y t e s  which work a t  750°C t o  1000°C 
a r e  p romis ing  sys t ems  t o  c o n v e r t  t h e  chemica l  energy  of cheap  f o s s i l  f u e l s  
i n t o  e l e c t r i c n l  ene rgy .  Expens ive  p l o t i n i u m  c a t a l y s t  c a n  be avo ided  because  
o f  t h e  h i g h  working  t e m p e r a t u r e s .  S i l v e r  as t h e  c a t h o d e  material and n i c k e l  
as t h e  anode  m a t e r i a l  have proved t o  be s u c c e s s f u l  up  t o  900°C (1) ( F i g .  1). I 

' In t h e s e  f u e l  c e l l s ,  t h e  r e s i s t a n c e  of  bhe e l e c t r o l J t e  p redomina te s  i n  t h e  
1 t o t a l  i n t e r n a l  r e s i s t a n c e  o f  t h e  c e l l ,  i f  t h e  e l e c t r o l y t e  h a s  a t h i c k n e s s  

1 p o l a r i s a t i o n  phenomena become i m p o r t a n t .  

, , e x p l n n a t i o n  f o r  t h e  obse rved  phenomena w i l l  be d i v e n .  

of  more t h a n  1 mm. To i n c r e a s e  t h e  power o u t p u t  p e r  u n i t  area o f  s u r f a c e  of . 
t h e  c e l l ,  t h e  t h i c k n e s s  of  t h e  e l e c t r o l y t e  shou ld  be r educed .  I n  S O  d o i n g ,  

T h i s  p a p e r  d e a l s  w i t h  t h e  p o l a r i s a t i o n  of  s i l v e r  e l e c t r o d e s .  A t e n t a t i v e  

P o l o r i s a t i o n  phenomena i n  h i g h  t e m p e r a t u r e  s o l i d  e l e c t r o l y t e  f u e l  c e l l s  

A f u e l  c e l l  w i t h  a n  oxygen-ion c o n d u c t o r  as  t h e  s o l i d  e l e c t r o l y t e  c r e a t e s  
a v o l t a g e  between i t s  e l e c t r o d e s  due  t o  t h e  d i f f e r e n c e  of t h e  oxygen p a r t i a l  
pressure on both e l e c t r o d e s .  T h i s  v o l t u g e  i s  e x p r e s s e d  by t h e  Nernot  equa- 
t i o n  : 

l 

\ 
\ 

E =  RT 
4F ' 
- I n  

t 

i .. I f  a c u r r e n t  f l o w s  t h r o u g h  a s o l i d  e l e c t r o l y t e  f u e l  c e l l ,  t h e  p o t e n t i a l  

) 

' be dev ided  i n t o  t h e  f o l l o w i n g  p a r t s  : 

between' t h e  t e r m i n a l s  w i l l  d r o p  due  t o  t h e  i n t e r n a l  r e s i s t a n c e  o f  t h e  c e l l .  

The i n t e r n a l  r e s i s t a n c e  which 1 i m i t . s  t h e  power o u t p u t  o f  t h e  f u e l  c e l l .  can  
I 

- p o l a r i s a t i o n  of  t h e  c a t h o d e  

- ohmic r e s i s t a n c e  of t h e  e l e c t r o l y t e  

- polar i sa t !on  of  t h e  anode  I 

The e l e c t r o d e  p o l a r i s a t i o n  t h u s  d e f i n e d  c o n t a i n s  a l l  s o r t s  o f  l o s s e s '  in t h e  
e l e c t r o d e e ,  such  as t h e  e1ec : t ron ic  r e s i e t a n c e ,  d i f f u s i o n  r e s i s t a n c e  of t h e  
g a s e s ,  a c t i v a t i o n  p o l a r i s a t i o n  and so on. 

'' 

'', The v o l t a g e  a t  t h e  t e r m i n a l s  o f  t h e  f u e l  c e l l  unde r  load .  can  t h e n  be' 
' e x p r e s s e d  by : . 

V Eo - Vc - VEl - VA 
V - Termina l  v o l t a g e  

Eo Open c i r c u i t  v o l t a g e  

Vc - P o l a r i s a t i o n  of t h e  c a t h o d e  



VEl - 
V A  - Pola r i r imt ion  of  t h e  anode  I 

Ohmic v o l t a g e  d r o p  in t h e  s o l i d  e l e c t r o ' l y t e  

The meonanism of  t h e  e l e c t r o d e  p o l a r i s a t i o n s  i e  fa r  .from b e i n g  u n d e r s t o o d .  
I t  i s  n o t  y e t  even p o s a i h l e  t o  d e t e r r i i n e  unequ ivocab ly  t h e  v o l t a g e  losses 
due  t o  p o l a r i s a t i o n  froci  t h e  t o t a l  i n t e r n a l  r e s i s t a n c e .  

C u r r e n t  i n t e r r u p t i n g  t e c h n i q u e s  a r e  f r e q u e n t l y  used t o  s e p a r a t e  e l e c t r o d e  
p o l a r i s a t i o n  from t h e  ohmic r e s i s t a n c e  of t h e  e l e c t r o l y t e  ( 2 )  ( 3 ) .  
We t r i e d  t o  o b t a i n  f u r t h e r  i n f o r m s t i o n  a b o u t  ; . o i n r i e a t i o n  phenomen:,, by i n -  
v e e t i g a t i n g  c e l l s  of  t h e  t y p e  

. 

w i t h  v a r y i n g  e l e c t r o l y t e  t h i c k n e s s ,  which p e r m i t s  t h e  d e t e r m i n a t i o n  of  t h e  
i n f l u e n c e  o f  t h e  e l e c t r o l y t e  r e s i e t a n c e  on t h e  t o t a l  i n t e r n a l  r e s i s t a n c e  
more r e a d i l y .  

EXPERIMENTAL 

F i g .  2 shows s o h e m a t i c a l l y  t h e  e x p e r i m e n t a l  s e t - u p .  The c e l l  t o  be s t u d i e d  
was made o f  a wafer o f  tt'e e l e c t r o l y t e  of  - 30 mrn d i a m e t e r  and a b o u t  3 mm 
t h i c k n e s s ,  he ld  between two t u b e s  made o f  s t e e l .  

In t h e  c e n t r e  of t h e  e l e c t r o l y t e  wafe r  t h e r e  was a h o l e ,  a t  t h e  bo t tom of  
i t  was p laced  t h e  one e l e c t r o d e ,  t h e  other e l e c t r o d e  t ie ing  on t h e  o p p o s i t e  
s i d e  o f  t h e  wafe r .  The surface o f  t h e  e l e c t r o d e s  was a b o u t  1 cm2. By v a r y -  
i n g  t h e  d e p t h  o f  t h e  h o l e ,  t h e  t h i c k n e s s  of  t h e  e l e c t r o l y t e  between t h e  
two e l e c t r o d e s  cou ld  be a d j u e t e d  t o  t h e  d e s i r e d  v a l u e .  

C u r r e n t  c o l l e c t o r s  ffiade o f  s i l v e r ,  were p r e s s e d  against t h e  e l e c t r o d e s  by 
s p r i n g e .  Thermocouples  were  p l a c e d  on b o t h  s i d e s  o f  t h e  e l e c t r o l y t e  wafe r .  

An oxygen s t r e a m  of  100  cc/min wae d i r e c t e d  a g a i n e t  b o t h  e l e c t r o d e s .  

The e l e c t r i c a l  c i r c u i t ,  shown i n  F i g .  5 ,  a l lowed  measurement of  t h e  c u r r e n t -  
v o l t a g e  c h a r a c t e r i s t i c s  o f  t h e  c e l l .  A c u r r e n t  i n t e r r u p t o r  t e c h n i q u e  was 
used  t o  measure  t h e  ohmic and t h e  non-ohmic p a r t  o f  t h e  t o t a l  c e l l  r e a i s t a n -  
ce .  ' io do t h i s  a s h o r t  t i m e  i n t e r r u p t i o n  r e l a y  ( t y p e  S t ru the r s -Dunn  N C C -  
C5-6.3 A C )  wae p laced  i n  t h e  c u r r e n t  c i r c u i t ,  which cou ld  b r e a k  t h e  c u r r e n t  
p e r i o d i c a l l y  f o r  0.4 m i l l i e e c o n d s  a t  a f r e q u e n c y  o f  100 c y c l e s  p e r  seaond. 
The v o l t a g e - t i m e  c u r v e  wae obse rved  on a n  o s c i l l o s c o p e  T e k t r o n i x  t y p e  5 0 3 ,  
and cou ld  b e  e a s i l y  pho tographed .  

As e l e c t r o l y t e ,  c u b i c  z i r c o n i u m  d l o x y d s  of  t h e  oompoe i t lon  of  

10 mol $ Yb203 

and 9 0  mol $ Z r O p  

was employed. The r e s i e t i v i t y  as a f u n c t i o n  of  t e m p e r a t u r e  o f  t h i e  compoei- 
t i o n  i s  shown i n  F ig .  4 .  The e l e c t r o l y t e  wafer wan p r e p a r e d  by s i n t e r i n g  a 
compact o f  t h e  mixed o x i d e  poudere  a t  1gOO'C for 3 h o u r s .  The a p p a r e n t  den- 
s i t y  v a e  a b o u t  92 $ o f  t h e  t h e o r e t i c a l  d e n s i t y  and t h e  w a f e r s  were @a8 t igh t .  

The s u r f a c e  vag p r e p a r e d  by r u b b i n g  w i t h  S i c  paprr, t h e n  r i n c e d  w i t h  d i e t l l l e d  
water and h e a t e d  a t  1000°C for a s h o r t  t ime .  

S i l v e r  e l e c t r o d e a w e r e  p r e p a r e d  by p a i n t i n g  2 l a y e r a  of a s i l v e r  p n s t e ,  
Deguosa L e i t e i l b e r  200, f o l l o w e d  by  a h e a t  treatment u p  t o  850'C. 
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Fib .  5 and F i g .  6 show t y p i c a l  c i i a r , i c t e r i s t i c s  of t h e  c e l l s .  They are 
s t r a i g h t  l i n e s  p a e s i n g  th rough  the  o r i g i n  o f  t h e  c o o r d i n a t e s  (19 t hey  s h o u l d ,  
because t he  y a r t ~ e l  p i + ? + s b r e  an  the two u l e c t r o d e s  is t h e  earns I 

A t  c u r r e n t  d e n s i t i e s  h ight?r  t h a n  a h o u t  200 mA/cm2 t h e  c h a r a c t e r i s t i c s  begin  
t 3  f l a t t e n  out. .  T h i s  phenomenon, i i lno  observed  by o t h e r  workers ( 3 ) ,  mily be 
e x p l a i n p d  hx the h e a t i n s  of  t h e . e l e c t r o 1 y t . e  due  t o  t h e  c u r r e n t  f l ow.  T h i s  
i i g p u t i i e s j s  i s  ::up;iortecl  hy tile f u c t ,  i h a t  t h e  c u r r e n t  d e n s i t y ,  above which 
t h e  i n t e r n a l  r e s i s t a n c e  of t h e  c e l l  d e c r e a s e s ,  deponds  on t h o  t h i c k n e s s  o f  
t h e  e l e c t r o l y t e  and the nominal  o p e r a t i n g  t e m p e r a t u r e .  

We r e s t r i c t  f u r t h e r  d i s c u s s i o n s  t o  t h e  l i n e a r  p a r t  o f  t h e  c h a r u c t o r i s t i c o .  

Fii:. 7 sh*ivs t he  t o t s 1  r e ? a i s t n n c e  n(rr cn2 o f  c u l l s  h a v i n g  d i . f f c r c n t  
t + l ~ ! c L r ~ ~ ! y t c  Li:ic:knesse:-c, as a f u n c t i o n  of  t e m p e r a t u r e .  I t  i s  r e m a r k a b l e ,  
t h a t  ths t emperRtu re .dependence  o f , t h e  t o t a l  r e s i v t a n c e  o f  t h e  c e l l  is 
s e n s i b l y  the  same ne t h a t  o f  t h e  r e u i s c i v i t y  of' t h e  e l e c t r o l y t e ,  indopen-  
d e n t l j  o f - t n e  triic;;r,ess 0:' t n e  o l e c t r o l y t e  which v a r i e s  by il f a c t o r  of  t e n .  

7i6. 8 ehow:; a c r o s s - p l o t  of F i g .  7,  t h a t  is t h e  t o t a l  r e s i s t a n c e  o f  t h e  c e l l  
as a f u n c t i o n  o r  the t h i c k n e s s  . o f  ' tne  e l e c t r o l y t e  a t  t h r e e  t e m p e r a t u r e s .  AS 
can be se.en, a r e s i d u a l  r e s i s t l r n c e  R, r ema ins ,  i f  t h e  t h i c k n e s s  of  t h e  
e l e c t r o l y t e  i s  e x t r a p o l a t e d  to z e r o .  The t e m p e r a t u r e  dependence  of  R, ie 
n e n r l y  t h e  same as t h a t  of t n e  r e s i s t i v i t y  of  t h e  e l e c t r o l y t e .  

'The B e p e r a t i o n  o f  the  t o t a l  p o t e n t i a l  d r o p  i n t o  t h e  r a p i d  ("ohmic")  a n d  slow 
("nari-onmic") p a r t  by tile c u r r e n t  i n ~ e r r u g t i n g  t e c h n i q u e  d i d  n o t  s11ow a 
c o h e r e n t  r e e u l t .  I t  was n o t  p o s s i b l e  t o  r e l a t e  t h e  "non-ohmic" p o t e n t i a l  
d r o p  w i t h  t h e  r e s i d u a l  r e s i s t a n c e  R'o. 

D I S C U S S I O N  

The e s s e n t i a l  r e s u l t  o f  o u r  measurement i s ,  t h a t  we were  a b l e  t o  d e t e r m i n e  
the in'flrlenc'e of  t h e  a l e c t r o l j t s  r e s i s t u n c e  on t h e  t o t a l  r e s i s t a n c e  of  t h e  
c e l l  und Y O  t o  d e f i n e  e i  t o t a l  p o l a r i s a t i o n  o f  t h e  e l e c t r o d e s .  T h i s  t o t a l  
p o l a r i s a t i o n , '  oxpres sed  by t h e  r u a i d i l a l  r e s i s , t a n c e  R o ,  depends  on t h e  
t e i o s r a t u r s  i n  a?proximi i t*? ly  t h e  s a n e  way as t h e  r e s i n t i v i t j r  o f  t h e  
e l e c t r o l y t e .  

I n  t h e  t e n t a t i v e  e x p l a n a t i o n  o f  t h e  obaerved  phenomena we s h a l l  assume,  t h a t  
t h e  ctl t irodic and a n o d i c  p o l a r i e a t i o n  w i l l  be a b o u t  t h e  same, t h a t  is h a l f  
i > f  t h e  observed  t o t a l  p o l a r i s s t i o n ,  and t h a t  t h e  t e m p e r a t u r e  i s  t h e  same 
t h r o u s h o u t  t h e  sample .  Where t h e s e  a s s u m p t i o n s  may a l t e r  s i g n i f i c a n t l y  t h e  
i n ; e r p r a t a t i o n ,  we s h a l l  d i s c u s s  t h e  p o s s i b l e  consequences  of  a d e v i a t i o n  . 
from o a r  s s s u m p t i o n s .  . 

A t  f i r s t ,  we may a t t e m p t  t o  a s c r i b e  t h e  r e s i d u a l  r . e s i s t a n c e  R, t o  8 concen- 
t r a t i o n  p o l a r i s a t i o n  a t  t h e  c a t h o d e  due  t o  t h e  d i f f u s i o n  'of oxygen th rough  
a compact s i l v e r  l a y e r .  

The p o t e n t i a l  d r o p  due t o  c o n c e n t r a t i o n  p o l a r i s a t i o n  i s  

where 
R - gas c o n s t a n t  

T - a b s o l u t e  t e m p e r a t u r e  
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F - f a r a d a y  c o n s t a n t  

j, - l i m i t i n g  c u r r e n t  d e n s i t y  

The l i m i t i n g  c u r r e n t  d e n e i t y  can  be e x p r e s s e d  by 

where 

Co - 
D = d i f f u e l o n  c o e f f i c i e n t  of oxygen i n  s i l v e r  

d I t h i c k n e s s  of t h e  s i l v e r  l a y e r  

s o l u b i l i t y  o f  oxygen i n  e i l v e r  

F i e .  9 shows the  p o t e n t i a l  d r o p p  as a f u n c t i o n  o f  c u r r e n t  d e n s i t y  w i t h  t h e  
l i m i t i n g  c u r r e n t  d e n s i t y  as u n i t y .  

The c h a r a c t e r i s t i c s  of  our c e l l s  are p r a c t i c a l l y  l i n e n r  and n e v e r  showed a 
t endency  t o  l i m i t i n g  c u r r e n t s  i n  t h e  measured c u r r e n t  r ange .  If, n e v e r t h e l e a s ,  

' we aesume t h a t  t h e  p o l a r i s a t i o n  j S  due t o  t h e  d i f f u s i o n  o f  oxygen i n  s i l v e r ,  
and t h e  l i m i t i n g  c u r r e n t  d e n s i t y  i s  muoh h i g h e r  t h a n  t h e  measured c u r r e n t  
d e n s i t y  r a n g e  and t h e r e f o r e  t h e  l o g a r i t h m i c  behnv iour  o f  t h e  c o n c e n t r a t i o n  
p o l a r i s a t i o n  mtiy a p p r o x i m a t e  t o  t h e  obse rved  l i n e a r  b e h a v i o u r ,  t h e o r y  p r e d i c t 8  
much a m a l l e r  v a l u e s  for t h e  p o l a r i e a t i o n  e.,g. 

3 - 1 3  mV 

for J = 0.25 j l  a t  800'C 

t h a n  t h e  observed  p o l a r i s a t i o n ,  which is a b o u t  

A 7  - 80 mV f o r  200 mA/cm2 

We may t h e r e f o r e  e x c l u d e  t h a t  c o n c e n t r a t i o n  p o l a r i s a t i o n  o c c u r s  i n  o u r  c e l l s .  

A c t i v a t i o n  p o l a r i e a t i o n ,  i n v o l v i n g  l o s e e e  a s s o c i a t e d  w i t h  a d s o r p t i o n ,  or 
s u r f a c e  r e a c t i o n e ,  s e e c s t o  us improbab le  a t  t h e e e  h i g h  t e m p e r a t u r e s .  I n  
a d d i t i o n  I t  would eeem q u i t e  s u r p r i s i n g  t h a t  t h e  t e m p e r a t u r e  dependence  of 
t h e s e  l o s s e s  should  be t h e  same as t h a t  of t h e  r e s i s t i v i t y  of  t h e  e l e o t r o l y t e .  

We y ropoee  t h e r e f o r e  t o  e x p l a i n  the r e s i d u a l  r e e i e t a n c e  by t h e  f a c t  t h a t  t h e  
e l e c t r o d e s  a r e  u t i v e  o n l y  on d i s c r e t e  s p o t s  of small s i z e ,  d i e t a n t  one from 
e a c h  o t h e r .  I n  t h e  c a s e  of mol t en  s a l t  f u e l  c e l l a  s u c h  A model has a l r e a d y  
been p u t  forward  ( 4 ) .  
The r e s i d u a l  I e e i s t a n c e ,  found  by e x t r a p o l a t i n g  t h e  t o t a l  i n t e r n a l  c e l l  
r e e i e t a n c e  t o  zcro e l e c t r o l y t e  t h i c k n e s s ,  l e  t h e n  duo t o  t h e  l o e a  o f  e f f e c t i v e  
c r o e s - s e c t i o n  for t h e  c u r r e n t  flow t h r o u g h  t h e  e l e c t r o l y t e  and the dependence  
of Ro on t h e  t e u p e r a t u r e  e h o u l d  b e  t h e  eame a e  t h a t  of t h e  e l e c t r o l y t e  
r e e i e t i v i t y .  Fig. 10  ehowrr e c h e m a t i o a l l y  t h e  dependence  of t h e  t o t a l  i n t e r n a l  
c e l l  r e e i s t n n c e  on t h e  e l e c t r o l y t e  t h i c k n e o s  e x p e c t e d .  

I n  t h e  f o l l o w i n g  a q u a n t i t a t i v e  e r t i m a t i o n  of t h e  d imenr ione  o f  and t h e  
d i s t a n c e  between t h e  a c t i v e  e p o t s  vi11 b e  g i v e n  w i t h  t h e  .id of s imula t ing  
t h e  e l e m e n t  i n  a n  e l e c t r o l y t i c  t ank .  

TO e i m p l i f y  t h e  r i t u a t i o n  for  t h e  a i m u l a t i o n  we aaeume t h a t  t h e  a c t i v e  s p o t 8  
h a v e  t h e  f o r a  o f  p a r a l l e l  s t r i p e  w i t h  c o n s t a n t  w i d t h  (Fis. 11). 
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The r e s i s t a n c e  o f  one "e l emcn t" ,  d c p c z d c n t  on i t c  t h i c k n e s s ,  was m a s u r e d  
i n  t h e  e l e c t r o l y t i c  t a n k .  By p u t t i n g  i n  j t n r a l l e l  n of t h e s e  e l e m e n t s ,  t h e  
r e s i s t a n c e  o f  t h e  u n i t  area o f  t h e  c e l l  c a n  o e  c a l c u l a t e d .  

F i g .  1 2  shows t h e  b:iinulated e l e m e n t  in t.hi!j e l e c t r o l ~ t i c  t ank .  

F i d .  1 3  shows t h e  r e s i s t a n c e  nof t r i i s  e l e m e n t  as a f u n c t i o n  of i t s  
th i c l tneso  exjJressed by the  par:imeter 

f o r  R c o n d u c t i v i t y  : 

and f o r  a b a t h  d e p t h  B : 

I t  i s  l ir iportant t o  note, t h n t  t:ie r e s i s t a n c e  *can  be exprcseed  in t h e  form 
o f  

az =no+& 
for v i l u e s  o f  P. 

b i n d e p e n d e n t l y  o f  - . T h i s  :?ems, t h a t  t h e  c u r r e n t  flow i s  homogenous above 
a d i z t a n c e  d ,  where I 

b 
P T i & .  1 4  gives t h e  r e s i d u a l  r e s i s 2 n n c e  aZo Ls. a f u n c t i o n  o f  - . 

The r e s i s t a n c e  R o f  a n  e l e m e n t  w i t h  

P r e s i s t i v i t y  

and w i d t h  B 

i s  t h c n  g i v e n  by 

By p u t t i n g  2 n e l emen t8  i n  p a r o l l e l  w e  get  :I:c r e e i s t a n c e  o f  a whole c e l l  
o f  l e n g t h  L and  w i d t h  B. 

R =  - R' 2n 
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R e f e r r i n g  t o  Fig. 11 w e  have  

L n . p  - L o r  n - -  P 

t 

and o b t a i n  f i n a l l y  

I n  t h i s  f o r m u l a  t h e  t e r m  

c a n  be i d e n t i f i e d  w i t h  t h e  measured r e s i d u a l  r e s i s t a n c e  Ro we o b t a i n e d  by 
e x t r a p o l a t i n g  t h e  e l e c t r o l y t e  t h i c k n e s s  t o  zero ( F i g .  8 ) .  

I t  s h o u l d  be n o t e d ,  t h a t  f rom t h e  knowledge of Ro by e x p e r i m e n t ,  i t  i e  n o t  
p o s s i b l e  t,o d e t e r m i n e  p and  b ( f r o m R O )  s e p a r a t e l y  b u t  on ly  pairs o f  v a l u e s  
p and b. 

To i n t e r p r e t  t h e  r e s u l t s  o b t a i n e d  a t  800°C ( F i g .  E ) ,  suppoae  t h a t  

L 0 B 1 cm 

We c a n  f i r s t  c a l c u l a t e 9  o f  the  e l e c t r o l y t e  f rom t h e  e l o p e  of  t h e  s t r a i g h t  
line i n  t h e  diagram of t o t a l  r e s i e t a n c e  v e r s u s  e l e c t r o l y t e  t h i c k n e s s .  T h i s  
y i e l d s  

9 - 28fi cm 

i n  good agreement  w i t h  t h e  v a l u e  o f  r e s i s t i v i t y  measured i n d e p e n d e n t l y .  

The r e s i d u a l  r e s i s t a n c e  R was 
0 

R~ = o . 8 ~  cm2 

I f  we assume t h a t  t h e  e l e m e n t  behaves  s y m m e t r i c a l l y  w i t h  r e s p e c t  t o  i t s  
e l e c t r o d e s ,  we have ,  f o r  i n s t a n c e ,  f o r  t h e  c a t h o d e  

C 2 . B~ - o.4R cm 

and t h e r e f o r e  

, 



CONCLUSIONS 

The h y p o t h e s i s  t h a t  t h e  s i l v e r  e l e c t r o d e s  are a c t i v e  o n l y  on d i s c r e t e  s p o t s ,  
t h e  one d i s t a n t  frou t h e  o t h e r , i s  a b l e  t o  e x p l a i n  t h e  obse rved  dependence  
of t h e  t o t a l  r e s i s t a n c e  o f  t h e  c e l l  

A 6  (02) / (zro2),,g (Yb20j )o . l  / A 6  (02) 
. . .  . .  

on t h e  t h i c k n e s s  o f  t h e  e l e c t r o l y t e .  A s  t h e  r e s i d u a l  r e s i s t a n c e  Ro i n  t h i s  
model i s  d i r e c t l y  . l i n k e d  t o  t h e  e l e c t r o l y t e ,  i t s  t e m p e r a t u r e  dependence  
should .  be  . t h e  .same si t h a t  o f  t h e  r e s i s t i v i t y  of t h e  e l e c t r o l y t e .  

The q u a n t i t a t i v e  e v a l u a t i o n  of t h e  d a t a  shows t h a t  t h e  d imens ions  of  t h e  
a c t i v e  s p o t s  becol,ie v e r y  sinall i f  t h e  d i s t a n c e  between them d e c r e a s e s .  

Loca l  O v e r h e a t i n g  o f . t h e . r i c t i v e  s p o t s ,  l o w e r i n g  t h e  r e s i s t i v i t y  o f  t h e  
e l e c t r o l y t e  i n  t h e i r  v i c i n i t y ,  would y i e l d  s t i l l  s m a l l e r  d i rncns ions  f o r  t h e  
spots h a v i n g  t h e  same d i s t a n c e .  

'Conforming t o  F i g s  8 and 13 we must a d m i t ,  t h a t  t h e  maximum d i s t a n c e  between 
t h e  s p o t s  shou ld  be less t h a n  Rbout 500 . 
I t  i s  e v i d e n t ,  t h a t  t h e  model of  t h e  s t r i p s  employed f o r  t h e  s i m u l a t i o n  
d o e s  n o t  co r re spond  t o  r e a l i t y .  C e r t a i n l y ,  t h e  act l .ve.  s p o t s  are of i r r e g u l a r  
ehape  and are d i s t r i b u t e d  i r r e g u l a r l y  o v e r  t h e  e l e c t r o d e  s u r f a c e .  However, 
t h e  o r d e r  of nah?i.tude o f  b and p ,  c a l c u l a t e d  on t h e  b a s i s  of our  expe r imen ta l  
v a l u e  o f  Ro, would n o t  be a l t e r e d  by o r d e r s  of magni tude .  

There  r ema ins  i h e  q u e s t i o n  of how t o  i n t e r p r e t  t h e  "non-ohmic" part of t h e  
t o t a l  p o t c n t i e l  dro;,.  We would s u g g e s t ,  t h a t  t h e  Fbcnomenon, y i e l d i n g  t h e  
"elow" p o t e n t i a l  d r o p ,  a le0  l i e s  in t h e  e l e c t r o l y t e .  

A t  l e a s t  f o r  t h e  c a t h o d i c  p o l a r i s a t i o n ,  i t  may be s u g g e s t e d  t h a t  t h e  
e l e c t r o l y t e  r e g i o n  below t h e  a c t i v e  s p o t  is s l i g h t l y  reduced  by t h e  c a t h o d i c  
c u r r e n t .  If t h e  c u r r e n t  i s  i . n t e r r u p t e d ,  t h e  open c i r c u i t  p o t e n t i a l  co r re sponds  
i n  t h e  f 1 r s t . i n s t a n t  t o  t h e  c h e n i c a l  p o t e n t i a l  o f  oxygen i n  t h e  s l i g h t l y  
reduced  e l e c t r o l y t e .  A f t e r  h a v i n g  i n L e r r u p t e d  t h e  c u r r e n t  t h e  r educed  r e g i o n  
of t h e  e l e c t r o l y t e  below t h e  a c t i v e  s p o t s  i s  r e o x i d i z e d  by t h e  o x i d i z i n g  
a tmosphe re  i n  t h e  c a t h o d e  conpar tu ien t  a n d  t h e  i n i t i a l  open c i r c b i t  p o t e n t i a l  
will s l o w l y  r e - e s t a b l i s h  i t s e l f .  

P 
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Fig. 5 Characteristics of the cell : 
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THE DESIGN OF A 100-KILOWATT COAL-BURNING ' 

FUEL-CELL POWER SYSTEW 

D. H. Archer and R. L. Zahradnik 

Hestinghouse Research Laboratories 
Beulah Road, Churchill  Borough 
Pi t t sburgh ,  Pennsylvania 15235 

INTRODUCTION 

The development of an  economic so l id-e lec t ro ly te  fue l  ce l l  system 

to  produce e l e c t r i c a l  energy from coal and air  a t  an overa l l  e f f ic iency  of 
60% or grea ter  i s  the  goa l  of a pro jec t  a t  Westinghouse Research. Work 

reported previously ('' 2, has shown t h a t  so l id-e lec t ro ly te  batteries can 

u t i l i z e  flowing H2-CO mixtures and a i r  t o  generate d.c. power with only low 

losses  from r e s i s t i v e  and polar iza t ion  voltage drops a t  cur ren t  dens i t i e s  

up t o  700 amperes/ft. . 2 

The high opera t ing  temperature of so l id-e lec t ro ly te  b a t t e r i e s  -- 
i n  excess of 1750'F -- allows the heat produced when power is drawn t o  be 

e f f ec t ive ly  u t i l i z e d  i n  the gas i f i ca t ion  of coal. Furthermore, the  gasi-  

f i c a t i o n  t o  form H2-CO f u e l  can be car r ied  o u t  using hot H20-CO 

products emerging from the  ba t t e r i e s .  Since both the  hea t  and the  medium 
required fo r  coal g a s i f i c a t i o n  a r e  by-products of fue l -ce l l  operation, a 
high e f f ic iency  fo r  an ove ra l l  system including both the  g a s i f i e r  and the  

fue l - ce l l  b a t t e i r e s  can be achieved. 

combustion 2 

A conceptual process scheme fo r  incorporating coa l -gas i f ica t ion  

i n t o  fue l  c e l l  power systems has been introduced and discussed i n  a previous 

paper(3). 

gases derived from coal i n t o  two d i s t i n c t  s t eps ,  which take place i n  two 
d i f f e r e n t  c e l l  banks a s  i l l u s t r a t e d  i n  Figure 1. The f u e l  gas stream from 

Essentially.  t h i s  scheme separa tes  the oxidation of the  fue l  

the  gas i f i ca t ion  un i t  is s p l i t  i n t o  two streams -- the f i r s t  going t o  a bank 

of cel ls  i n  which only a p a r t i a l  oxidation occurs. The second gas stream 

* 
The work recorded i n  t h i s  paper has been ca r r i ed  out under the  sponsor- 
sh ip  of the Off ice  of Coal Research, U. s. Department o f  the  I n t e r i o r ,  
and Westinghouse Research Laboratories. Mr. George Fumich, Jr., i s  
head of O.C.R.; Neal P. Cochran, Director of U t i l i za t ion ,  and Paul 
Towson have monitored t h e  work f o r  O.C.R. 



goes to a second bank of cells where it undergoes essentially complete 
combustion. 

from the system, while the partially oxidized fuel gases from the first 
cell bank are recycled back to the reactor, where they gasify the coal. 

A thermodynamic analysis(3) of a system similar to that shown 
in Figure 1 indicates that a maximum system efficiency approaching 100% 

can theoretically be realized for the coal-burning system. 
operation, however, this efficiency is reduced due to irreversibilities 
which occur within the cell banks and within the coal reactor. Previous 
analysis has indicated that these irreversibilities are limited so that 
overall operating efficiencies of 60$ or greater are anticipated in full- 
scale parer plants. 

The gases emerging from this second cell bank are discharged 

Under normal 

A process design for a 1 W - h  coal-burning solid electrolyte fuel 
cell power plant has been completed, based on the conceptual scheme of 

Figure 1. This design incorporates all of the features which now appear 
necessary to the plant. Details of this design and the predicted operating 
characteristics of the plant are discussed in this paper. 

BASIS FOR SYSTEM DESIGN 

The design for the cell banks of the 100-kw fuel cell power system 
is based on the construction and measured performance of the 100-watt gen- 

erator shown in Figure 2. 
cell power system reported to date. 
batteries have been describe0 ") and the voltage-current curves for the 
generator have been presented (*) . 
lyte cells of the bell-and-spigot design, fabricated into 20 segmented tube 

batteries, each consisting of 20 individual cell segments. 
platinum was used as electrode material for both the fuel and air electrodes. 

The battery tubes were held at the 1880°F operating temperature by means of a 
large, heavily insulated, 3-zone comnercial furnace. 

cal closed-end construction and were mounted in a cold ((350°F) metal base 

This device is the largest solid-electrolyte fuel- 
The techniques used in fabricating its 

The device consists of 400 solid-electro- 

In this generator, 

The tubes were of typi- 

plate by means of thick-walled base tubes. 



Platinum e lec t rodes  a r e  too cos t ly  f o r  the fabricat ion of an econo- 

mic coal-burning power system, but  cheap and p l e n t i f u l  mater ia ls  a re  now 

being developed f o r  both air  and f u e l  e lectrodes.  It i s  believed t h a t  t h e  

performance of, these  mater ia l s  w i l l  meet or exceed t h a t  of platinum. For 

t h i s  reason, the  performance of t h e  100-watt u n i t  has been employed as  a 

reasonable b a s i s  f o r  the following p lan t  design. 

SYSTEM FLW CHARTS 

An overa l l  flow char t  f o r  the  Bystem i s  presented i n  Figure 3. 
Operating conditions a re  spec i f ied  i n  a s implif ied vers ion of the  chart ,  

Figure 4. 
plant  a r e  shown i n  Figure 5; equipment s izes ,  i n  Figure 6.  

un i t ,  as indicated i n  Figure 3, i s  a complex assembly designed t o  house i n  

adjoining compartments a f l u i d i z e d  bed of coa l  and tanks of  tubular  fuel-  

c e l l  b a t t e r i e s .  The compartments a re  arranged t o  f a c i l i t a t e  heat t ransfer  

from the  c e l l  banks operat ing around 1870°F t o  t h e  coal-derived s o l i d s  in the  

reac tor  operating around 1750°F. 

Bank I pass through t h e  f l u i d i z e d  bed a t  a s u p e r f i c i a l  ve loc i ty  of 1.3 f t / s e c . ;  

t h i s  v e l o c i t y  allows f o r  a gas residence time of about 12 sec -- a time s u f f i -  

c i e n t  t o  gas i fy  the  45 l b .  of char per hour produced f rom the  coa l  feed, t o  

convert t h e  mol r a t i o  (CO + %) / (CO + H2 + C02 + %O) i n  the  flawing gases 

from 0.58 a t  t h e  r e a c t o r  i n l e t  t o  0.81 a t  the out le t ,  and t o  increase the  gas 

flow from 5580 s tandard f t . 3 / h r .  a t  the  i n l e t  t o  7240 f t .  /h r .  a t  t h e  o u t l e t .  

Material  and energy flow quant i t ies  throughout a nominal 100-kw 

Coal i s  charged t o  t h e  reac tor  u n i t  a t  the  r a t e  of 57 lb/hr .  This 

P a r t i a l l y  oxidized f u e l  gases from Cel l  

3 

The gas stream as it leaves t h e  reac tor  passes through a s e r i e s  of 

cyclones which remwe entrained dust ,  f l y  ash, and s o l i d  p a r t i c l e s  and re turn  

them t o  t h e  f l u i d i z e d  bed. 

e n t e r s  Heat Exchanger I where it i s  cooled t o  970°F. 

passes i n t o  a series of two f l u i d i z e d  bed absorbers -- each 2 f t .  i n  diameter 

and 3 ft.  high, housed as a s i n g l e  u n i t .  These absorbers contain i ron oxide, 

which a c t s  as a c a t a l y s t  for t h e  absorption of H S and other s u l f u r  contain- 

ing compounds from t h e  f u e l  gas stream. 

The f u e l  gas, re l ieved of entrained sol ids ,  

The cooled gas next 

2 
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A s  the absorption of progresses, t h e  c a t a l y s t  a c t i v i t y  

decreases b o t i  due t o  t h e  f o m t i o n  of i ron  su l f ides  and t o  p a r t i a l  reduc- 

t i o n  of the ore t o  FeO. I n  steady s t a t e  operation, therefore ,  it is 
necessary t o  remwe continuously a port ion of t h e  c a t a l y s t  t o  a second 

u n i t  i n t o  which a stream of air is introduced. Here exothermic roas t -  

ing of the i ron  s u l f i d e s  and reoxidation of the  FeO t o  FE 0 occur a t  
a temperature around 1470°F. 

regenerator are primari ly  SO2 and N2 -- which can e i t h e r  be discharged 

to a stack or sen t  t o  an ac id  contact p l a n t .  The c a t a l y s t  regenerated 

i n  t h i s  u n i t  is recycled t o  t h e  I$S absorber, where it contr ibutes  some 

o f  i t s  sensible  heat,  which along with t h a t  of t h e  f u e l  gas serves  t o  

maintain the absorber a t  a temperature of 750'F. This s u l f u r  remwal  

process has been developed and successful ly  used i n  t h e  treatment of 

2-112 mill ion ft.3, of coke w e n  gas per  day a t  the Appleby-Frodingham 

2 3  
The gases emerging from t h i s  c a t a l y s t  

S t e e l  Company i n  Great B r i t a i n  (4).  

The f u e l  gas leaving the 5s absorber i s  a t  a temperature of 

about 750'F. 

K, 
A t  t h i s  l o w  temperature, t h e  water gas equilibrium constant, 

l$o + co 4 co2 + I$ 

is  q u i t e  high. I f  t h e  water gas equilibrium is c a t a l y t i c a l l y  promoted, 

most of the 50 i n  t h e  f u e l  gas stream can be converted t o  % -- a f u e l  

which minimizes t h e  polar iza t ion  vol tage losses  i n  t h e  fuel c e l l s .  The 

f u e l  gas passes, therefore ,  through a s h i f t  converter measuring about 

2 f t .  i n  diameter and 6 f t .  high containing a commercial s h i f t  c a t a l y s t  

such as chromium-promoted Fe 0 

Leaving t h i s  u n i t  t h e  gases a r e  a t  about 600-700"F and have a 
t y p i c a l  composition as follows: CO, 45%; %, 339; co2, 18%; %o, 0.5%. 

A t  t h i s  point i n  the  cycle t h e  gases a r e  introduced t o  a r e c i r c u l a t i o n  

pump. 
recycle flow r a t e s .  

3 4' 

A 5-hp dr ive should be more than adequate t o  handle any contemplated 
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The gases can, i n  general, next pass i n t o  recycle Heat Exchanger 

This 11, i n  which they  rece ive  some hea t  from t h e  hot  exhaust f u e l  gascs.  
exchanger is small i n  size, having an exchange area of less than 10 ft.2. 

The gases next en te r  Heat Exchanger I, where they  r e c w e r  suf f i -  

c i e n t  heat from t h e  high temperature f u e l  gases j u s t  beginning t h e  recycle 

loop t o  a t t a i n  a temperature of about 1550'F. In  th i s  instance t h e  t o t a l  

heat generated i n  opera t ing  t h e  c e l l  banks i s  s u f f i c i e n t  t o  preheat t he  

f u e l  gases and a i r ,  and t o  supply t h e  hea t  required f o r  coa l  gas i f i ca t ion  

i n  t h e  reac tor  as ind ica ted  i n  Figure 5. 
The f u e l  gas stream then  passes through c e n t r a l  core of t he  f u e l  

ce l l - r eac to r  u n i t  where it is  brought t o  c e l l  operating temperature by  hea t  

exchange with t h e  c e l l  banks. It then en te r s  t h e  c e l l  banks a t  t h e  bottom 

of t h e  c e l l  bank-coal r e a c t o r  u n i t .  Here t h e  stream is sp l i t  i n t o  two un- 
equal  portions;  about a qua r t e r  of t he  gas is  sen t  t o  Cell Bank I1 and three- 

quar te rs  t o  Cel l  Bank I. 

now a t  1870°F; i s  recyc led  t o  the coal bed. 

second c e l l  bank a l s o  a t  about 1870°F wi th  a mol r a t i o  ( C O + ~ ) / ( C O + ~ + C 0 2 + ~ O )  

of  l e s s  than  0.03. 

Upon ex i t ing  from Cell  Bank I t h e  l a r g e r  stream, 
The smaller stream leaves  the  

This stream i s  then  sen t  t o  recyc le  Heat Exchanger I1 where it 
gives  up a portion of i t s  hea t  t o  t h e  recyc l ing  gases.  I n  a h ighly  e f f i -  

c i e n t  p lan t ,  it may be  necessary t o  use t h i s  stream not only t o  hea t  t he  

r ec i r cu la t ing  gases, b u t  t o  preheat t he  a i r  flow as w e l l .  This is 
accomplished as s h a m  i n  Figure 3 by  having t h e  spent f u e l  stream, upon 

i t s  discharge from recyc le  Heat Exchanger 11, pass i n  countercurrent 

hea t  exchange with t h e  incoming air. 

Equal amounts of a i r  are fed  t o  each of the c e l l b a n k s .  In te rna l  

( t o  t h e  c e l l  banks) hea t  exchange between incoming and ex i t ing  air streams 

is su f f i c i en t  t o  hea t  t h e  f r e s h  air -- s o  t h a t  upon i t s  entrance t o  t h e  

ac t ive  c e l l  region it is about 1470°F. The spent  air  containing only 3 
mol % O2 discharges t o  t h e  atmosphere a t  about 200°F. 
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DESIGN OF UNIT C O M B I N I E  COAL REACTOR AND CELL BANKS 

The coal reactor-fuel cell unit consists of a 4 ft. diameter vessel, 
equally divided by eight spokelike chambers, each 4.25 in. wide and 19 in. 
long, extending radially from a 10 in. diameter center hub. It is this 

hub through which the recycle fuel gases flow before they are introduced 

into the fuel cell banks. The spokelike chambers divide the vessel into 
8 pie-shaped slices which extend the height of the vessel -- 16 ft. -- and 
which contain the fluidized bed of coal. 

7.8 ft.2, the volume of the fluidized bed -- 125 ft.3, and the quantity of 
char contained -- l2Oklbs. are ample to provide the fuel gases required to 
produce 100 kw in the cell banks. 
out using data collected on char gasification in this laboratory and infor- 

The cross-sectional area for gas flow through the pulverized coal -- 

Reactor computations have been carried 

mation published by other investigators ( 5 )  . 
The 16 faces enclosing the spokes of this wheel design provide 

ample heat exchange area to transfer heat for the gasifying the coal from 
cell banks to fuel bed. 
fer coefficients between the wall and fluidized-bed have been carried out 

assuming: 1) that radiation is the sole mechanism for heat transfer from 
the solid-electrolyte batteries to the walls of the cell banks; and 
that published empirical formulas(6) are accurate in predicting heat transfer 
coefficients from the cell bank walls to the fluidized bed. A temperature 

difference between the cells and coal of less than 6 0 " ~  is prediced by 
these computations. 

Heat transfer computations using calculated trans- 

2) 

Each of the spoke chambers contains 1250 fuel cell tubes with 
e< -h tube containing about 40 individual fuel cells. 
mounted horizontally inside the spokes on 3/4 in. equilateral centers, 
five tubes to a tier. The tubes themselves extend radially into the unit 
and are attached to 6 in. long base tubes, which extend through about 7 in. 
of insulation which surrounds the 4 ft. diameter vessel, and are secured 
in a cold base plate located at the outside shell of the reactor cell bank 
unit as sham in Figures 7 and 8. 

The tubes are 

Intermittently spaced in the chambers 
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housing the  f u e l  c e l l  batteries w i l l  be four  6 i n .  high ca t a lys t  beds 

containing chrome-oxide water gas c a t a l y s t .  These c a t a l y s t  beds a r e  

su f f i c i en t  t o  b r ing  t h e  r i s i n g  gas t o  water-gas equilibrium according 

t o  da t a  gathered i n  t h i s  laboratory.  

e ra ted  f o r  consumption i n  the fue l  ce l l  b a t t e r i e s  sec t ion  of t h e  c e l l  

bank immediately a b w e  the  c a t a l y s t .  

I n  t h i s  way s u f f i c i e n t  % i s  gen- 

It should be pointed out that  t h e  r i s i n g  gas is i n  laminar flow 

with respect t o  t h e  c e l l  b a t t e r i e s ,  s o  t h a t  no separation or weke formation 

i s  incurred, and f u e l  gas  i s  i n  contact w i t h  each postion of the  c e l l  

f u e l  electrodes.  

A i r  en t e r s  and leaves  the  system, as shown i n  Figure 9, by means 

of an a i r - ex i t  tube  -- which i s  a 118 i n .  ceramic tube extending along 

the  ax i s  of t h e  b a t t e r y .  Fresh input a i r  flows i n t o  t h e  annular space 

between the  b a t t e r y  and t h e  e x i t  tube from an a i r  plenum chamber located i n  

the  s h e l l .  

ing t h e  length of t h e  segments and giving up i t s  oxygen t o  t h e  f u e l  c e l l  

reactions,  the  now spent  a i r  i s  forced t o  reverse  i t s  d i r ec t ion  a n d  f l o w  

i n t o  the  e x i t  tube, where it then  flows countercurrent t o  t h e  incoming air, 

eventually being discharged t o  t h e  atmosphere. 

region, the  counter f l o w  of cold f r e sh  a i r  and hot spent a i r  i s  su f f i c i en t  

t o  br ing  the  f r e sh  a i r  up t o  c e l l  operating temperature. 

i s  thereby cooled, e x i t i n g  t h e  system a t  about 200'F. 

The b a t t e r y  i t se l f  has a closed end") so t h a t  af ter  t ravers -  

I n  t h e  7 i n .  insulated 

The spent a i r  

The design of flowing a i r  in s ide  t h e  c e l l  b a t t e r i e s  means t h a t  

the  heated a i r  is only i n  contac t  with the  ceramic tubes or air  e lec t rodes .  

Nowhere i s  the  hot p i r  i n  contactwitfianoxidizable sur face .  S imi la r ly  t h e  

metal p l a t e senc lc  - g t h e  f u e l  cells ,  t he  spoke walls, are only contacted 

by t h e  f u e l  gas on t h e  c e l l  s i d e  and t h e  f u e l  bed on the  r eac to r  s ide .  

t h e  atmosphere surrounding t h e  w a l l s  is  always reducing, so t h a t  the  n e t a l  

of construction of  t h e  w a l l s  need not be e spec ia l ly  oxidation r e s i s t a n t .  

The e l e c t r i c a l  performance of the c e l l s  i n  t h e  banks is t h a t  predicted from 
measurements on b a t t e r i e s  used i n  the  100-watt so l id-e lec t ro ly te  fue l - ce l l  

generator(2).  

banks is 0.44 amperes -- equivalent t o  a cur ren t  dens i ty  of 220 amperes/ft. . 

Thus, 

The s e l e c t e d  operating current f o r  a l l  t h e  c e l l s  i n  both ce l l  
2 



The average c e l l  vo l tage  a t  t h i s  loading i s  0.75 v o l t s  i n  Cell  Bank I and 

0.65 v o l t s  i n  Ce l l  Bank I1 -- equivalent t o  an ove ra l l  average of 0.7 v o l t s  

per c e l l .  ' The ca lcu la ted  parer  output f o r  kQ,CQO c e l l s  contained i n  both 

banks is; therefore ,  over 120 kw; and t h e  ove ra l l  e f f i c i ency  of t he  p lan t  -- 
t h e  e l e c t r i c a l  output of t h e . c e l l s  divided by t h e  hea t  of combustion of t he  

coa l  -- i s  58%. 
been achieved s ince  t h e  t e s t i n g  of t h e  100-watt parer  generator and it now 

seems l i k e l y  t h a t  an ove ra l l  e f f i c i ency  g rea t e r  than 6O$, might be obtained 

from a coal-burning so l id -e l ec t ro ly t e  f u e l - c e l l  power p l an t .  

Improvements i n  so l id -e l ec t ro ly t e  c e l l  performance have 

DISCUSSION 
The 100-kw fue l - ce l l  power p l an t  design presented i n  t h i s  paper 

i l l u s t r a t e s  severa l  important po in ts :  

1. Sol id  e l e c t r o l y t e  c e l l s  can be used as t h e  b a s i s  of a system 

t o  convert coa l  t o  e l e c t r i c  energy a t  an  ove ra l l  e f f ic iency  

approaching 6&. 

A 100-kw f u e l - c e l l  p l an t  based on cur ren t  f u e l - c e l l  and gas i -  2. 

f i c a t i o n  technology i s  t echn ica l ly  f eas ib l e ;  
be unreasonable i n  s i ze  o r  complexity. 

it would not 

3 .  Suf f i c i en t  hea t  i s  generated i n  operating t h e  c e l l  banks t o  

provide hea t  f o r  t h e  endothermic coal gas i f i ca t ion  process and 

t o  maintain t h e  system at the  desired operating temperatures. 

The r e q u i s i t e  hea t  can b e  t ransfer red  from t h e  c e l l s  t o  the  

coa l  with a temperature d i f fe rence  of 100°F o r  l e s s .  

ca t ion  can be  ca r r i ed  out, therefore ,  a t  a reasonably high 

temperature without exceeding t h e  upper temperature l i m i t  of 

t h e  so l id -e l ec t ro ly t e  fue l - ce l l s .  

4. 
Gasifi- 

The design u t i l i z e s  only present day technology as f a r  as ba t t e ry  

construction and i n s t a l l a t i o n  are concerned. The cur ren t  s t a t e  of t h i s  a r t  
demands t h a t  closed end tubes, fastened i n  r e l a t i v e l y  cool  base p l a t e s  form.  

the  bas i c  design pa t t e rn .  This r e s t r i c t i o n  imposes no insurmountable obstacle 
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i n  t h e  100-kw plant ,  as t he  technique of mounting t h e  individual c e l l  ba t t e r -  

i e s  hor izonta l ly  a l l o v s  t h e  cool  reactor  s h e l l  sect ion t o  serve as a f u e l  

c e l l  base p l a t e .  The enclosure of t i e r s  of such b a t t e r i e s  i n t o  individual 

chambers allows s u f f i c i e n t  heat t r a n s f e r  surface t o  be b u i l t  i n t o  the u n i t .  

However, t h i s  design a l s o  allows sections of c e l l  b a t t e r i e s  t o  be inser ted 

i n t o  or removed from t h e  un i t ,  independent of t h e  remaining b a t t e r i e s .  

t he  assembly can be made up of sect ions or modules of b a t t e r i e s ,  each with 

s p e c i f i c  t e s t  functions t o  perform, The a b i l i t y  t o  test independently fuel-  

c e l l  batteries incorporating the l a t e s t  l abora tory  developments is thus a 

s ign i f i can t  f ea tu re  of t h e  design. 

Thus, 

It should be f u r t h e r  pointed out t ha t  t he  volume assigned t o  the  

coa l  reactor is based upon t h e  gas i f i ca t ion  of 45 lb/hr of a coke or char 

mater ia l .  

as ash and carbon assoc ia ted  with the ash. Since the presence of v o l a t i l e  

mater ia l s  in coal w i l l  make it considerably more r eac t ive  than  e i t h e r  coke 

or char, the design i s  thus  conservative. However, i n  a p i l o t  plant uni t  
such as t he  100-kw p lan t  is intended t o  be, the  conservative design allows 

f o r  a maximum range of coals ,  cokes, or chars t o  be used. This advantage 

far outweighr any considerations of compact design a t  t h i s  tlme,and hence 

the  r eac to r  is somewhat w e r s i z e d .  I n  eventual i n s t a l l a t ions ,  when fuel-  

c e l l  performance reaches 0.5  - 1.0 wa t t s / ce l l  and a spec i f i c  coal is selected 

a s  a fue l ,  it w i l l  be  poss ib le  t o  produce upwards of  k0-h i n  a u n i t  t h e  s i ze  

of t h e  proposed 100-kw assembly. 

The balance of t h e  57 lb /hr  coa l  feed is removed from t h e  reactor  

Another f e a t u r e  of I n t e r e s t  i n  t he  f u e l  c e l l  reactor  u n i t  is t he  

chrome oxide c a t a l y s t  beds, housed i n  t he  ind iv idua l  spokelike chambers. 

These beds of c a t a l y s t  are r e l a t i v e l y  small, occupying about 9 f t . 3  Out 

of a t o t a l  volume of 200 ft.3; t h e i r  fbnction is t o  insure 5 performance 

from t h e  fue l - ce l l s  by  promoting t h e  water gas react ion.  

f u e l - c e l l  chambers much in t h e  manner of r e t r a c t a b l e  drawers, these c a t a l y s t  

beds are e a s i l y  rep laceable  so t h a t  various types and forms of t h e  bas ic  

catalyst .  can be  t e s t e d  i n  the  u n i t .  

Placed i n  t h e  
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A f i n a l  feature of i n t e r e s t  i n  the  u n i t  is t h e  f lu id i zed  bed of 

coal,  which has  a common bottom &om which individual  pie-shaped f inge r s  

extend upward. 

heater  solves e f f e c t i v e l y  the  problem of longi tudinal  temperature gradients  

i n  t h e  fue l - ce l l  chambers. 

The use of the  cent ra l  hub of the  u n i t  a s  a recycle pre- 

The pieces of process equipment i n  the  system flow cha r t  other than 

the  reactor  a re  a l l  standard items, and l i t t l e  d i f f i c u l t y  is an t i c ipa t ed  i n  

t h e i r  operation. 

operation of the  %S absorber could possibly be raised abwe  750°F. 

temperature was selected a t  Appleby-Frodingham as an e f f e c t i v e  minimum. 

( I t  w a s  necessary t o  hea t  the  input gases.) I n  the  100-kw plant ,  the  

recycle  gases t o  the %S absorber a re  first cooled, the  degree of cooling 

depending upon the  desired operating temperature of t h e  u n i t .  

possible  t o  r a i s e  t h i s  operating temperature, then e i t h e r  lower heat losses  

i n  t h e  recycle operation or smaller heat  exchanger s i z e s  would r e s u l t .  

It might be mentioned, howwer, t h a t  the  temperature of 

This 

If it were 

I n  summary, t he re f  ore, a 100-kw coal-burning, so l id -e l ec t ro ly t e  

fue l -ce l l ,  power p l an t  has been designed, s ca l ing  up e s s e n t i a l l y  t e s t  data  

from a 100-watt bench-scale u n i t .  The 100-kw plant  incorporates a navel 

combination of f u e l - c e l l  b a t t e r i e s  and f lu id i zed  coa l  beds i n t o  a s ingle  

f u e l  ce l l - r eac to r  u n i t .  This u n i t  together with su i tab le  gas and so l ids  

i n l e t s  and o u t l e t s  and c e r t a i n  aux i l i a ry  equipment cons t i t u t e  the  complete 

coal-burning system. 

Overall e f f i c i ency  i n  the  proposed system is estimated t o  be 58%. 
I n  order t o  meet t hese  high e f f i c i ency  f igures ,  it is necessary t o  l i m i t  the  

energy losses  from t h e  system t o  those indicated i n  Figure 5. Furthermore, 

the  net  unburned carbon l o s s  f m m  the system must be limited t o  about lo$ 
of t h e  coal  fed.  

from the  bed m l y  i n  the  ash-withdrawal system. 
In the  design it w a s  assumed t h a t  carbon was  remwed 

The p l an t  is simple in construction, and i t s  operation involves 

only the  pumping about of various gas streams, the  cleaning of t hese  streams, 

and heat  exchange between various of them. 

g r e a t  f l e x i b i l i t y  allowed by t h e  r eac to r  design, make t h e  proposed p l an t  appear 

as both reasonable and t echn ica l ly  feas ib le .  

This simplici ty ,  together  with the 



222 

The economic f e a s i b i l i t y  of t h e  coal-burning, so l id -e l ec t ro ly t e  

f u e l - c e l l  power plant depends on the development of cheap electrode materials 

and b a t t e r y  f ab r i ca t ion  methods. Considerable progress has been made toward 

producing e f f ec t ive  f u e l  e lec t rodes  from non-noble metals and air electrodes 

from e l e c t r i c a l l y  conductive oxides as replacements f o r  cos t ly  platinum. 

tens ive  work i s  now being devoted t o  t h e  per fec t ion  of su i t ab le  procedures 

for high-volume, low-cost production of so l id -e l ec t ro ly t e  b a t t e r i e s .  If 

these materials and f ab r i ca t ion  techniques produce a long-lived ba t t e ry  

whose performance equals t h a t  measured i n  t h e  100-watt power generator, a 

new means of p r a c t i c a l  power generation w i l l  have been achieved. 

In-  
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Fig. I-Simplified coal-burning fuel-cell system 

Figure 2 -- 100-watt solid-electrolyte fuel-cell parer supply wlth 
the fqnace door open. 
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I. INTRODUCTION 

A high temperature f u e l  c e l l  us ing  a z i r con ia  ceramic e l e c t r o l y t e  is 
being developed because of i ts  p o t e n t i a l  f o r  genera t ing  e l e c t r i c  power wi th  high 
e f f i c i ency  by r eac t ing  oonventional hydrocarbon f u e l s  wi th  oxygen from a i r .  
c e l l  c o n s i s t s  of t h r e e  l a y e r s  -- an e l e c t r o n i c a l l y  conducting a i r  e l ec t rode  -- t h e  
e l e c t r o l y t e  which a t  1000°C i s  a good oxygen ion conductor and the  f u e l  e l ec t rode ,  
another good e l e c t r o n i c  conductor. 
from the  a i r  e l ec t rode  t o  form oxygen ions. These a r e  conducted through the  e lec-  
t r o l y t e  t o  r e a c t  with the  f u e l  gases de l ive r ing  e l ec t rons  t o  t h e  f u e l  e lec t rode .  
Oxidation of t he  fue l  is con t ro l l ed  by the  flow of e l ec t rons  through t h e  ex te rna l  
e l e c t r i c a l  load connected between the  two e lec t rodes .  

Each 

Oxygen from the  a i r  stream picks  up e l ec t rons  

E lec t ron ica l ly  conducting oxides a r e  being s tudied  a s  poss ib l e  a i r - e l ec -  
t rodes  f o r  t hese  fue l  c e l l s .  A c l a s s  of oxides has been i d e n t i f i e d  which: (1) 
disp lay  high e l e c t r o n i c  conduct iv i ty ,  (2) are compatible wi th  t h e  ceramic e l ec t ro -  
l y t e ,  (3) a r e  s t a b l e  i n  a i r  atmospheres a t  the  f u e l  c e l l  opera t ing  temperatures -- 
1000°C, and (4) a r e  r e l a t i v e l y  inexpensive. Coatings of these  m a t e r i a l s  have been 
applied t o  e l e c t r o l y t e  t e s t  samples and the  vol tage  lo s ses  (po la r i za t ion )  assoc ia ted  
wi th  t h e i r  opera t ion  as a i r  e l ec t rodes  measured. These t e s t s  i d e n t i f y  indium oxide, 
In2O3, doped wi th  t i n ,  antimony, o r  t e l lu r ium,  and t i n  d ioxide ,  SnO2, doped wi th  
antimony o r  te l lur ium as poss ib l e  e l ec t rode  mater ia l s .  
e s p e c i a l l y  promising i n  view of the  s i m i l a r i t y  of i t s  c r y s t a l  s t r u c t u r e  and thermal 
expansion p rope r t i e s  t o  those of the e l e c t r o l y t e .  

Indium oxide appears 

11. ELECTRICAL CONDUCTIVITY IN TIN AND INDIUM OXIDES 

I n  s t ann ic  oxide (SnOZ) the  two 5s e lec t rons  and the  two 5p e l ec t rons  of 
t he  t i n  a r e  bonded wi th  the  2p e l ec t rons  of the  oxygen. 
3.5 and 4.2 e l e c t r o n  v o l t s  e x i s t s  between t h e  valence and conduction band assoc ia ted  
wi th  t h i s  conf igura t ion .  ( 1 ~ 2 )  
enhanced by the  add i t ion  of antimony donor atoms. 
mony-doped tin-oxide f i l m  have shown t h a t  a t ,  and above, l i q u i d  n i t rogen  tempera- 
t u r e s  each antimony atom i s  ionized. 
percent ,  Loch's(4) conduct iv i ty  versus  temperature measurements i n d i c a t e  that t h e  
number of i n t r i n s i c  conduction e l e c t r o n s  and e l ec t rons  cont r ibu ted  from l a t t i c e  
d e f e c t s  can be neglected i n  comparison t o  those p r w i d e d  by the  antimony donors. 
The e f f e c t s  of even l a r g e r  antimony donor concent ra t ions  on e l e c t r i c a l  conduct iv i ty  
have been reported by Hochel.(5) H i s  r e s u l t s  (Figure 1) i n d i c a t e  t h a t  t h e  coladuc- 
t i v i t y  inc reases  wi th  increas ing  antimony content  up t o  1 weight percent  Sb2O3 and 
then decreases  with f u r t h e r  antimony addi t ions .  
were obtained a t  roan temperature wi th  optimum antimony concent ra t ion .  

An energy gap of between 

The i n t r i n s i c  conduct iv i ty  of s t a n n i c  oxide i s  
Measurements by Imai(3) on a n t i -  

A t  antimony concent ra t ions  a b w e  1 x mole 

R e s i s t i v i t i e s  of 7 x ohm-cm 

I n  indium oxide (In203),  t he  5s and 5p valence e l e c t r o n s  of two indium 
atoms are bonded with the  2p e l ec t rons  of t h ree  oxygen atome. A n  mer8 gap of 3.1 
t o  3.5 e l e c t r o n  v o l t s  e x i s t s  between the  valence and conduction bands. Wether 
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observes  room temperature r e s i s t i v i t i e s  of 0.2-3 ohm-centimeters in r e l a t i v e l y  pure ,  
s i n g l e  c r y s t a l  samples. 
t h e  indium oxide c r y s t a l  l a t t i c e .  These atoms act  as donors, cont r ibu t ing  e lec t rons  
t o  a conduction band a t  room temperature. 
r e s i s t i v i t y  depends on the  concent ra t ion  of donor ions i n  t h e  starting so lu t ions  
from which these  e l e c t r o d e  f i l m s  w e r e  prepared. 
were reduced t o  less t h a n  7 x ohm cent imeters  a t  room temperature. As i n  t i n  
oxide,  t h e  donor atoms i n  In203 a r e  completely ionized at  room temperature and the 
temperature c o e f f i c i e n t  of r e s i s t i v i t y  is determined by t h e  predominant e l e c t r o n  
s c a t t e r i n g  mechanism. (7)  A t  1000°C, r e s i s t i v i t i e s  of about  ohm-cm were 
observed with optimum t i n  doping. 

Tin,  antimony and te l lur ium w i l l  s u b s t i t u t e  f o r  indium i n  

Figure 2 shows how t h e  room temperature 

With optimum doping, r e s i s t i v i t i e s  

The oxides of  indium and t i n  (In203 and SnOp) when appropr ia te ly  doped 
e l e c t r i c a l  r e s i s t i v i t i e s  a t  f u e l  c e l l  opera t ing  temperatures of the  order  ",s!t'r ok-cm. They can be  e a s i l y  appl ied i n  th icknesses  up t o  

of indium oxide and 
below one ohm can be achieved wi th  e i t h e r  of these  materials. 
t o  make a t t r a c t i v e  e l e c t r o d e s .  

cm i n  t h e  case 
cm i n  t h e  case of t i n  oxide. Res is t iv i ty / th ickness  values 

This is low enough 

111. APPLICATION OF T I N  OXIDE AND INDIUM OXIDE ELECTRODE F I N  
TO ZIRCONIA ELECTROLYTES 

These oxide e l e c t r o d e  materials are e a s i l y  appl ied  t o  z i r c o n i a  e lec t ro-  
l y t e s  by a vapor deposf t ion  process. Di lu te  hydrochlor ic  a c i d  s o l u t i o n s  of s tannic  
c h l o r i d e  mixed with a p p r o p r i a t e  amounts of antimony c h l o r i d e  ( o r  indium t r i c h l o r i d e  
mixed wi th  s t a n n i c  ch lor ide)  a r e  sprayed i n t o  a furnace which suppl ies  s u f f i c i e n t  
h e a t  t o  vaporize the  r e a c t a n t  stream. 
d e p o s i t i o n  furnace where, on contac t ing  t h e  heated e l e c t r o l y t e , c o a t i n g s  of t i n  oxide 
o r  indium oxide are depos i ted .  
t h e  vapor through t h e  d e p o s i t i o n  system. 
var ious  r e a c t a n t s ,  of t h e  c a r r i e r  gas  flow r a t e ,  and of t h e  h e a t  inputs  and tempera- 
t u r e s  of t h e  var ious  furnaces  a s s u r e s  reproducible  f i l m  c h a r a c t e r i s t i c s .  
ing  cons idera t ions  apply t o  t h e  e lec t rode  a p p l i c a t i o n  process: (1) The vaporizat ion 
furnace temperature and h e a t  input  must be s u f f i c i e n t l y  high t o  ensure vaporizat ion 
of t h e  r e a c t a n t s ,  i t  must be  kept  below a va lue  which w i l l  cause t h e  formation of 
s i g n i f i c a n t  q u a n t i t i e s  of the oxide i n  t h e  gas  stream, i.e., t h e  vapor phase reac- 

The vapor stream is then c a r r i e d  i n t o  a 

E i t h e r  an i n e r t  g a s  o r  a i r  can be  used t o  t ranspor t  
Control  of t h e  concent ra t ions  of t h e  

The follow- 

, t i o n  of 

2 InC13 + 3 H 2 0  + In203 + 6 HC1 

SnC14 + 2 H20 + Sn02 + 4 HC1 o r  

must be avoided. 
our  experiments t h e  optimum v a p o r i z a t i o n  temperature  f o r  t h e  d e p o s i t i o n  of t i n  oxide 
f i l m s  w a s  between 325 and 43OOC. 
t i o n  furnace temperatures between 850 and 950°C were used. 
nace temperature m u s t  b e  s u f f i c i e n t  t o  promote the oxida t ion  r e a c t i o n s  mentioned 
above on t h e  s u b s t r a t e  b u t  must i n h i b i t  apprec iab le  vapor phase reaction. 
t i o n  furnace temperat-treeof 700-75OoC were used i n  our experiments with Sn02 and 
1000°C i n  our  experiments w i t h  In20 . 
Figure 4 t h e  appearance of a t y p i c a j  indium oxide f i l m  appl ied  by t h i s  process. 

For t h e  furnace  conf igura t ion  and r e a c t a n t  concent ra t ions  used i n  

For t h e  d e p o s i t i o n  of Indium oxide films, vaporiza- 
(2) The depos i t ion  fur- 

Deposi- 

Figure 3 shows t h e  d e p o s i t i o n  apparatus  and 

IV. STABILITY OF ELECTRODE F I W  I N  A I R  AT 1000°C 

Thermodynamic c o n s i d e r a t i o n s  show that t h e  l o s s  of material from an SnO2. 

atmosphere of SUO 
e l e c t r o d e  f i l m  i n  an a i r  atmosphere would most l i k e l y  occur  through gradual  decompo- 
s i t i o n  t o  t h e  gaseous monoxide-Sn0.(8) 
Over Sn02 at  1000°C is i n d i c a t e d .  

A vapor  p r e s s u r e  of 
Rough es t imates  of t h e  rate of  material l o s s  
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through s a t u r a t i o n  of t h e  f u e l  c e l l  a i r  supply w i t h  SnO i n d i c a t e  t h a t  an e lec t rode  
l i f e  of over f i v e  years  can be an t ic ipa ted .  
e l e c t r o d e  mater ia l .  

T in  oxide appears  t o  be  a s t a b l e  a i r  

Experimental de te rmina t ions  of t h e  equi l ibr ium pressures  e x i s t i n g  over 
indium oxide (In203) a t  1000°C i n d i c a t e  t h a t  a decomposition t o  t h e  gaseous sub- 
oxide (In20) i s  the  most l i k e l y  cause f o r  l o s s  of t h i s  e l e c t r o d e  mater ia l .  
oxygen p a r t i a l  p ressure  of 2 x 10-8 atmosphere over  t h e  In203 t h e  In20 vapor pressure 
is 4 x 
atmasphere 
t i o n  t o  In20 would be i n h i b i t e d  and a vapor pressure  of 
expected. 
f o r  t h e  a i r  e lec t rode .  

W i t h  an 

atmospheres.(g) I n  t h e  presence of a n  oxygen pa r t i a l  pressure  of 0.2 
corresponding t o  one atmosphere of a i r  over t h e  e l e c t r o d e ,  decomposi- 

a t m .  of In20 would be  
In203 appears t o  be even more s t a b l e  t h a t  t i n  oxide and should be s u i t a b l e  

These cons idera t ions  do not  give any i n d i c a t i o n  of t h e  p o s s i b l e  l o s s  of 
Since l o s s  of  t h e  doping agent  would cause t h e  doping agent  from t h e  oxide f i lm.  

increases  i n  t h e  r e s i s t i v i t y  of t h e  f i l m m a t e r i a l ,  tests have been made i n  which 
pe/6 
one gonth there  were no measurable changes w i t h  e i t h e r  e l e c t r o d e  mater ia l .  

was measured as a func t ion  of t i m e  of  e l e c t r o d e  operat ion.  I n  test per iods of 

V. STABILITY OF THE ELECTRODE F I M  IN CONTACT WITH ZIRCONIA ELECTROLYTE 

A. Stannic  Oxide (Sn02) Films 

Stannic  oxide c r y s t a l l i z e s  with t h e  t e t r a  onal  structure.('') The material 

cm 
has a c o e f f i c i e n t  of thermal expansion of 4.5 x lo-% cm/cm - "C which is  rou hly one 
h a l f  t h a t  of t h e  e l e c t r o l y t e .  Films having thicknesses  between 10-4 and 
have been successfu l ly  appl ied  to  the e l e c t r o l y t e  by t h e  thermal decomposition of 
t in -ch lor ide  so lu t ions .  
thermal cyc l ing  between room temperature  and 1000°C. c m  
i n  th ickness  develop tensile stresses i n  e l e c t r o l y t e s  of 0.1 cm th ickness  which are 
s u f f i c i e n t  t o  crack the  e l e c t r o l y t e  when t h e  samples are cooled to  room temperature. 

These f i l m s  have adhered w e l l  and have withstood repeated 
Films which exceed 3 x 

Studies  of  s o l i d  s t a t e  r e a c t i o n s  between SnO2 and ZrO2 have been made by 
S t & k e r . ( l l )  H e  f i n d s  a s o l u b i l i t y  of Z r 0 2  i n  SnOp of 19 pp 100 moles between 800 
and 1300°C and a s o l u b i l i t y  of  SnO2 i n  monoclinic Zr02 of  9 pp 100 moles a t  800'C. 
Experiments ind ica ted  no observable  s i n t e r i n g  of one-micron t in-oxide powders t o  
e l e c t r o l y t e  d i s c s  a f t e r  hea t ing  f o r  f a r  hours  a t  1400°C. A t  1600°C, however, t h e  
r e a c t i o n  proceeded r a p i d l y  and a f t e r  20 minutes of exposure t h e  e l e c t r o l y t e  mater ia l  
had become frangible .  This  observa t ion  agrees  w i t h  St&ker's conclusions that addi- 
t i o n s  of SnO2 tend t o  d e s t a b i l i z e  cubic  z i rconia .  
e l e c t r o l y t e  could be seen  on photomicrographs of t i n  oxide c o a t e d , e l e c t r o l y t e  t e s t  
specimens a f t e r  400 hours  of e l e c t r o d e  opera t ion  a t  1000°C. 
oxide e l e c t r o d e s  formed from t h e  c h l o r i d e s  are s u f f i c i e n t l y  s t a b l e  i n  contact with 
t h e  e l e c t r o l y t e  t o  make u s e f u l  e l e c t r o d e  s t r u c t u r e s .  

No evidence of alteration of t h e  

It appears  that t i n  

B. Indium Oxide Films 

Indium oxide C r y s t a l l i z e s  i n  T1203 s t r u c t u r e , ( l O )  a deformed cubic  f l u o r i t e  
c r y s t a l  i n  which three- four ths  of the f l u o r i n e  p o s i t i o n s  are occupied by oxygen. t h e  
remainder remaining vacant. 
10.118 a a t  26°C. This matches w e l l  wi th  t h e  similar spacing i n  c u b i c  z i rconia:  
2a0 = 2 x 5.10 61 - 10.20 61. 
and p o l y c r y s t a l l i n e  samples have been measured by Wether and Ley( 2) over t h e  tem- 
pera ture  range 0-700°C. Over t h i s  range the l i n e a r  thermal expansion motches that 
of cubic  z i r c o n i a  (Figure 5). 
between room temperature and 1000°C, with or without  e l e c t r o d e  opera t ion  a t  t h e  high 
temperature, have been appl ied  t o  the e l e c t r o l y t e  by vapor depos i t ion .  

Wyckoff t a b u l a t e s  t h e  l a t t i ce  parameter as: 

The linear thermal expansion of In20 

a. = 

1 
Adherent oxide l a y e r s  t h a t  withstand thermal cyc l ing  

Only vhen 



t h e  indium oxide layer  exceeded 9 x c m  i n  th ickness  was loosening of the elec- 
t rode f i lm from the e l e c t r o l y t e  s u b s t r a t e  noted. 

To determine whether  t h e  e l e c t r o l y t e  and indium oxide would i n t e r a c t  when 
held f o r  long times a t  e leva ted  temperatures, a s e r i e s  of experiments were made i n  
which y t t r i a - s t a b i l i z e d  z i r c o n i a  e l e c t r o l y t e  tes t  wafers were imbeded i n  one micron 
indium-oxide powder and heated a t  var ious temperatures between 14OO0C and 1920'C for  
20 minutes i n  an a i r  atmosphere. 
i n t e r a c t i o n  could be  d e t e c t e d .  
Liquid formation i n  t h e  v i c i n i t y  of 1600°C was observed i n  these  tests. 

Below 1500°C no s i n t e r i n g  or o t h e r  evidence of 
Above 1500°C cons iderable  r e a c t i o n  took place. 

S in te r ing  f o r  twelve hours a t  1400°C without  d e t e c t a b l e  i n t e r a c t i o n  make 
i t  appear t h a t  In203 e l e c t r o d e  f i lms  appl ied by vapor depos i t ion  o r  s i m i l a r  l o w  
temperature processes w i l i  be  s t a b i e  i n  c o n t a c t  w i t h  the e l e c t r o l y t e  under f u e l  c e l l  
opera t ing condi t ions.  

V I .  POLARIZATION BEHAVIOR AND ELECTRODE TO ELECTROLYTE CONTACT 
RESISTANCE LOSSES OF Sn02 AND OF In203 ELECTRODES 

Vapor depos i ted  t i n  and indium oxide e lec t rode  f i lms  were operated as 
e lec t rodes  car ry ing  out  t h e  a i r  e l e c t r o d e  reac t ion :  

The vol tage losses  a s s o c i a t e d  with car ry ing  out  t h i s  process  were measured using the 
e lec t rode  t e s t e r  and monitor ing t h e  e l e c t r o d e  t o  e l e c t r o l y t e  v o l t a  e as a funct ion 
of e l e c t r o d e  cur ren t  d e n s i t y .  The c u r r e n t - i n t e r r u p t i o n  technique(k)  w a s  used t o  
separa te  t h e  ohmic l o s s e s  assoc ia ted 'wi th  oxygen i o n  t r a n s p o r t  i n  the  e l e c t r o l y t e  
and t h e  e lec t rode  t o  e l e c t r o l y t e  contac t  r e s i s t a n c e  from non-ohmic, "polar iza t ion" ,  
vo l tage  l o s s e s ,  

The e l e c t r i c a l  behavior  of a t y p i c a l  indium oxide e l e c t r o d e  f i l m  i n  i t s  
" a s  deposited" condi t ion  is shown i n  Figure 6. P o l a r i z a t i o n  vol tage  drops increase 
very rap id ly  with e l e c t r o d e  cur ren t .  
en t  of the  vol tage (50 m i l l i v o l t s )  agrees  very wel l  with t h e  expected ohmic cont r i -  
but ion from the e l e c t r o l y t e  i o n i c  r e s i s t a n c e  -- i n d i c a t i n g  a n e g l i g i b l e  e lectrode-  
t o - e l e c t r o l y t e  contac t  r e s i s t a n c e .  The c h a r a c t e r  of  the decay of  the polar iza t ion  
vol tage  drop,  as shown by t h e  c u r r e n t - i n t e r r u p t i o n  osci l lograms,  changes when t h e  
p o l a r i z a t i o n  vol tage exceeds approximately 700 m i l l i v o l t s .  The volt-ampere curve 
becomes almost p a r a l l e l  t o  t h e  ohmic r e s i s t a n c e  d isp laced  by t h e  700 m i l l i v o l t  
p o l a r i z a t i o n .  The time c o n s t a n t  of p o l a r i z a t i o n  decay i s  long and depends upon the 
length of t i m e  t h e  e l e c t r o d e  has  been operated. A p a r t i a l  electrochemical-reduction 
O f  t h e  In203 e lec t rode  i s  apparent ly  responsible .  The long decay of t h e  polar iza t ion  
r e s u l t s  from the reoxida t ion  of the  p a r t i a l l y  reduced f i l m  when c u r r e n t  flow i s  i n t e r -  
rupted. 

vious t o  t h e  passage of oxygen t h a t  high p o l a r i z a t i o n  vol tage  drops occur a t  even 
low c u r r e n t  d e n s i t i e s  (oxygen dernands). 
chemical breakdown of t h e  indium oxide f i lm occurs  is  inverse ly  propor t iona l  t o  the 
e lec t rode  thickness  (Figure 7). 

A t  100 m a  (77 ma/cm2) t h e  p o l a r i z a t i o n  compon- 

Apparently, t h e  "as deposited" indium oxide f i l m s  a r e  s u f f i c i e n t l y  imper- 

The value of t h e  c u r r e n t ,  a t  which electro-  

Some treatment  must be  employed t o  y i e l d  e l e c t r o d e s  capable  of high 
c u r r e n t  d e n s i t i e s  with l o v  p o l a r i z a t i o n  losses .  For tuna te ly ,  a simple " reverse  
cur ren t"  t reatment  of t h e  e l e c t r o d e  f i l m  r e s u l t s  i n  g r e a t l y  improved performance. 
Reverse cur ren t  t rea tment  c o n s i s t s  simply of applying a vol tage  a c r o s s  t h e  clec- 
trade-electrolyte i n t e r f a c e  w i t h  t h e  indium oxide made p o s i t i v e  wi th  respec t  t o  the 
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e l e c t r o l y t e .  
toward t h e  e l e c t r o l y t e - e l e c t r o d e  i n t e r f a c e .  
Pressure is developed under t h e  e lec t rode  f i l m  which opens oxygen pa ths  through the  
previously t i g h t  film. 
p o l a r i z a t i o n  vol tage  losses are g r e a t l y  reduced. Some increase  i n  t h e  e lec t rode  t o  
e l e c t r o l y t e  contac t  r e s i s t a n c e  may accompany t h e  reverse c u r r e n t  treatment. 

Under these  condi t ions  oxygen is t ranspor ted  through t h e  e l e c t r o l y t e  
It may be theor ized  t h a t  an oxygen 

When t h e  e lec t rode  is operated i n  t h e  normal d i r e c t i o n ,  

Figure 8 compares t h e  volt-ampere c h a r a c t e r i s t i c s  of a t y p i c a l  e lec t rode  
f i l m  before  and a f t e r  reverse  c u r r e n t  treatment. 
e l e c t r o d e  t o  e l e c t r o l y t e  vol tage  drop has increased from the  ca lcu la ted  value of the  
e l e c t r o l y t e  cont r ibu t ion ,  0.48 ohm, t o  0.67 ohm while  t h e  p o l a r i z a t i o n  component has  
dropped from 730 mv t o  150 mv a t  a c u r r e n t  d e n s i t y  of 380 ma/cm2. A t  a c u r r e n t  den- 
s i t y  of 770 ma/cm2 the p o l a r i z a t i o n  component of t h e  v o l t a g e  l o s s  is 220 mv. 

The r e s i s t i v e  component of the  

The p o l a r i z a t i o n  c h a r a c t e r i s t i c s  i n  oxygen of f i v e  vapor deposi ted elec-  
t rodes  a f t e r  reverse  c u r r e n t  t reatment  are shown i n  Figure 9 .  The e lec t rodes  cover 
a range of e lec t rode  weights  from 8 t o  37 mil l igrams per  square cent imeter  of e lec-  
t r o l y t e  coverage. 
cent imeter  per  c m  t o  0.4 ohm cm/cm.) 
value between 30-90 mv a t  100 ma/cm2 t o  between 120-230 mv a t  1000 ma/cm . 
l imi t ing-cur ren t  type of p o l a r i z a t i o n  behavior  is displayed suggest ing t h a t  f u r t h e r  
e f f o r t s  t o  increase  t h e  permeabi l i ty  of the  e l e c t r o d e  f i l m  t o  oxygen may be expected 
t o  y i e l d  lower p o l a r i z a t i o n s .  Tin oxide f i l m s  performed less s a t i s f a c t o r i l y .  The 
f i lms  t e s t e d  experimental ly  displayed e l e c t r o d e  r e s i s t i v i t y / t h i c k n e s s  parameters of 
t h r e e  ohms. 
doping of the  e lec t rode ,  should make pe/6, va lues  less than  one ohm a t t a i n a b l e . )  
High va lues  of pe/6, i n  e l e c t r o d e  coa t ings  r e s u l t s  i n  a non-uniform c u r r e n t  dens i ty  
d i s t r i b u t i o n  i n  t h e  tes t  samples. This complicates t h e  i n t e r p r e t a t i o n  of polar iza-  
t i o n  losses .  
those reported f o r  In203 f i l m s  (perhaps even somewhat lower due t o  t h e  tendency of 
t h e  SnOg f i lms  t o  c r a z e  under t h e  d i f f e r e n t i a l  thermal expaneion s t r e s s e s )  but t h a t  
contac t  r e s i s t a n c e s  between e l e c t r o d e  and e l e c t r o l y t e  were apprec iab ly  higher. It 
appears  t h a t  t h e  e lec t rode  performance could be  s i g n i f i c a n t l y  improved through the  
use of b e t t e r  a p p l i c a t i o n  techniques, optimized doping, and t h e  use of a porous 
s t r u c t u r e  . 

(This corresponds t o  a range of  opera t ing  pe/6, from 2.6 ohm 
P o l a r i z a t i o n s  are seen t o  increase  Irom a 

A 

(Improvements i n  f i l m  a p p l i c a t i o n  techniques toge ther  wi th  optimized 

The experiments ind ica ted  t h a t  p o l a r i z a t i o n  l o s s e s  were comparable with 

VII. CONCLUSIONS 

Indium sesquioxide.doped wi th  t in ,  antimony, andfor  tellurium.was found 
t o  be a promising a i r  e l e c t r o d e  f o r  s o l i d  e l e c t r o l y t e  f u e l  c e l l s  opera t ing  at  1000°C. 
The m a t e r i a l  is s t a b l e  i n  a i r  and i n  contac t  wi th  t h e  e l e c t r o l y t e .  It can be 
e a s i l y  appl ied i n  f i l m s  having a r e s i s t i v i t y / t h i c k n e s s  parameter a s  low as 0.2 
ohm-cm/cm a t  t h e  opera t ing  temperature. 
"as  deposited" f i l m s  a r e  high, a simple reverse  c u r r e n t  t reatment  reduces polar iza-  
t i o n  l o s s e s  t o  150-250 mv a t  1000 ma/cm2. Increas ing  t h e  p o r o s i t y  of  t h e  In O3 f i lms  
f u r t h e r  reduces t h e  a i r  e l e c t r o d e  poa l r iza t ion .  Elec t rodes  of t h e  doped indium 
oxide have operated f o r  over  1100 hours a t  a c u r r e n t  d e n s i t y  of 770 ma/cm2 wi th  
p o l a r i z a t i o n  vol tage  l o s s  of 50 mv, cons tan t  e l e c t r o d e  r e s i s t i v i t y  t thickness  para- 
meter, and wi th  no measurable contac t  r e s i s t a n c e  t o  t h e  e l e c t r o l y t e  (Figure 10). 

Although p o l a r i z a t i o n  v o l t a g e  losses  of t h e  

Tin oxide doped wi th  antimony o r  t e l l u r i u m  can also be  appl ied t o  z i r c o n i a  , 
e l e c t r o l y t e s  by the thermal decomposition of aqueous s o l u t i o n s  of t i n  and antimony 
o r  te l lur ium chlor ide .  
t h e  f u e l  cel l .  Despi te  a lover c o e f f i c i e n t  of thermal expansion, t i n  oxide f i lms 
withstand repeated thermal c y c l i n g  between room temperature and 1000°C. 
operated a s  e l e c t r o d e s ,  a weakening of t h e  e l e c t r o d e  t o  e l e c t r o l y t e  bond occurs and 
and t h e  e l e c t r o d e  f l a k e s  o f f  a s  i t  is  subsequently cooled through t h e  range 800-600°C. 
I f  t i n  oxide is t o  be  used as a n  e l e c t r o d e  i n  p r a c t i c a l  devices ,  some method must be 
developed t o  keep t h e  e l e c t r o d e  a t tached  t o  t h e  e l e c t r o l y t e  d u r i n g  cooling. 

The f i lms  a r e  s t a b l e  a t  t h e  1000°C opera t ing  temperature of 

When 



These m a t e r i a l s  a r e  s u i t a b l e  a s  a i r  e l ec t rodes .  They promise t o  play an 
important r o l e  i n  making p r a c t i c a l  s o l i d  e l e c t r o l y t e  f u e l  c e l l  devices .  
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Electr ic  power generation in  both ground power and vehicular propulsion 
applications is of m a j o r  i n t c r e s t  t o  the Army. 
g r a m  i s  to devclop a family of s i lent  power sou rces  in the 1. 5 t o  1 5  kw range. 
The  goals for the fuel cel l  development p r o g r a m  have been s e t  on the basis  of 
two gcncrations of developmental  models.  
technology on the bas i s  of fuels  used demonstrates  the comparative complexities. 
The  rcscarcl i  and engineering accomplishments achieved both under contract  and 
in-house a r e  indicative of the p rogres s  being made. The key to  obtaining a 
sat isfactory fuel  cel l  is s t i l l  the electrode. P r e s e n t  fuel cel l  s ta tus  may  be 
shown ei ther  by considering p r o g r e s s  in the oxidation of fuels of increasing 
complexity or by a consideration of p re sen t  levels  of performance and improvement 
potential. 
power sources  is  i l l u s t r a t ed  by the r e sea rch  p r o g r a m  and by tracing the develop- 
m c n t  cycles  of spccial  fuel ce l l s  and hydrocarbons fuel cells. 
ground power units will provide the enabling technology fo r  many other fuel cell 
u ses .  

The goal of the ERDL R & D pro-  

A s y s t e m s  appra i sa l  of fuel cell  

T h e  overall  ERDL approach to achieving the des i r ed  family of silent 

It i s  felt that 
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LOW TEMPERATURE NATURAL GAS FUEL CELL BATTERY 

W. J. Comer ,  B. M. Greenough, G .  B. Adams 

Materials Sciences Laboratory 
Lockheed Palo Alto Research Laboratory 

3251 Hanover Street, Palo Alto. California 

INTRODUCTION 

The Lockheed fuel cell  battery is a model power-generating system of the indirect 
type using reformed natural gas and air .  This model, with a gross power output of 
430 watts, was constructed as part of a program to develop a reliable, low cost fuel 
cell  system operating on these reactants. 

Sulfuric acid i s  used as an electrolyte to provide compatibility with the carbon 
dioxide present in both the a i r  and fuel, thus eliminating the need for a carbondioxide 
scrubber and a hydrogen purifier. The operating temperature,  COOC,  is too low for 
hydrogen reduction of the electrolyte, but sufficiently high to provide good electrolyte 
conductivity and a means for product water removal from the waste a i r .  This  lmv 
operating temperature allows the use of a wider range of construction materials 
than with higher temperature systems. 
offset by the relatively expensive electode materials required for an acid electrolyte 
system . 

These advantages, however, w e  partially 

1 
\ A dual-matrix, circulating electrolyte design was selected for this battery because 

of its reliability and favorable operating characterist ics.  
between two porous matrices which a re  contiguous to the operating electrodes.  Thus. 
water balance and temperature control in each cell  is simplified, and hazardous cross 
leakages of reactant gases i s  prevented, failure of one matrix does not result  in a 
catastrophic reaction between fuel and oxidant. Electrolyte is conditioned thermally 
and for  water balance externally to each cell  in a heat exchanger and water feed sys- 
tem to provide a completely controlled cell ,  regardless of cell load. This condition- 
ing is done automaticd!y and reliably with minimal parasitic power loss. 

Electrolyte is circulated 

The battery operates at ambient pressure and employs a novel a i r  feed system. 
Pressure drops have been minimized with an open manifolding system using low-power 
blowers to provide adequate air circulation. Reformate i s  also fed at low pressure to 
operate the system directly from a three-stage natural gas reformer which draws fuel 
from a conventional natural gas supply. Gzs-liquid differential p re s su re  regulation is 
achieved by maintaining a siphon action in the pumping of the electrolyte. 
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System reliability is incrensed by exclusive cse of O-ring seals to eliminate leakage 
sf corrosive e!ectrol;-te and hazardous fuel mixture. 
mniiitaincd by B s3fet.y systcm which effects system shutdown when triggcrcd by any one 
of a number of signals iiidicating abnormal operation. The urit  is completely self- 
contained, requiring only fuel, room a i r ,  and water for operation, and an inert purge 
gzs for start-up and emergency shutdowns. 
as electrolyte, fuel, and a i r  are distributed to the cells.  

Battery control i s  automatically 

A start-up battery is  discoiiiiected as soon 

These and other technical advances resulting from Lockheed's fuel cell research 
ar,d dei-elopment progimns a r e  incorporated as design and operating features. This 
model provides an effective tes t  bcd for s t d y i n g  operational problems and delineating 
&reas for  further research  and development. 

B.4'I'TERT COXSTRGCTION AND OPERATION 

Cell Reaction. A portion of the free  energy of the reaction of hydrogen and ox-gen to 
form \vaier is converted into elcctrical  energy in  each cell. Hydrogen for ~!US rcaction 
i s  supplied as reformate from a three-stage natural gas reformer? The reformate is  
?.pproxiniaLely 30 percent hydrogen, 19.7 percent carbon dioxide, C. 3 perccnt methane 
a id  10 parts per million carbcn monoxide.. Oxygen is supplied to the cell by blowing 
a s t ream of a i r  over the oxygen electrode. 

Cell Des@ A cel l  is made up of two'zlectrodes,  fuel, a i r ,  and electrolyte spacer 
plztes. n i a t r h  material ,  and support screens.  The active material used for  electrodes 
is designated IIA-1 for  anodes and-AA-2 for cathodes.** Both types are fiI>i.i?:Jted on 
espsndod tantalum mesh. 
stre;c)ied flat by a special technique and a r e  spot welded to a thin ( 9 . 5  mm) formed 
t;ult:ilu:n r h .  
z su;?porting s t ructure  for  the thin electrode matsrial .  This  rir: and scrccn coxbina- 
tion provides a nieans for  current  take-off, The anode i s  carbon in;.noxide resistant, 
and operates efficiently over long periods at 6O'C in  tine presence of trace ainounts of 
c x b o n  monoxide. 

The electrodes,  I45 square centimeters in active area,  a re  

Coarse, espandcd-tnntalum gr ids  are spot-welded to  the rini to provide 

S y c e r  plates a r e  made of a corrosion and neat-resistant epoxy resin cast  by a 
closed-mold process. All of the spacers  contain O-ring sealed peripheral rranifolding 
for fuel and elcctrolne flow. The air spacer  is open on tw3 sides to permit hlower a i r  
t o  pass uniformly across  the cathode surface. 
cnst into the appropriate plates. Each matrix,  with support screen, it held in pla.ce in 
recessed 'steps cast into 'the eiectrolyte spacer.  .4ssembly of the stack is simplified by 
integrzi pins on the e!ectroi;?e spacer  which fi t  and lock contiguous plates d i k a g  the 
smcking operation at ass!?mbly; Each fuei spacer  is designed to accommodate two 
anodes and each a i r  spa.rer. two cathodes. T h i s  design feature simplifies gas spacer 

. fabriczttion and saves vieight and volume in the assembled bank. Intercell connections 
are made externally to each cell  with the extei?ded electrode rim. 

Por t s  for electrolyte and fuel flow are 

*Institute of Gas Technology, Chicago, Illinois. 
'*.4merican Cyanamid Conipany, Wayne, ?Jew Jersey. 
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The electrolyte, 25 weight percent sulfuric acid maintained at GVC, is circulated 
through each cell Iiet~veen two sheets of asbestos matrix material* continguuus to enc!i 
electrode, These thin', porous matr ices ,  filled with electrolyte, have a low specific 
resistance and provide impermeable b a r r i e r s  to the reactant gases. The gas-liquid 
interface is maintained at each electrode over a wide'range of gas-liquid.differentia1 
pressures. ,  A nominal 10 inches of water gas-over-liquid differential pressure i s  , 
maintained to prevent electrode flooding. 

Module' Design. The fuel cell  battery consists of three 16-cell.modules. One of 
these modules i s  sho.rvn in different views in Figures 1, 2 ,  and.3. 
inlet-air side of the module. The open edges of the a i r  spacers  and the inter-cell 
connectors a r e  visible in this view. In Figure 2 ,  the module has  been rotated 
180 degrees to show the exit-air side of the module. The electrical wiring seen in 
these figures is  used to read individual cell voltages within the module. Ser ies  elec- 
t r ical  connections are made by connecting extensions of the electrode r i m s  as shown. 

Shown in Figure 3 i s  one of the transparent end-plates through which the fuel 
spacer  for  the end cell i s  visible. The vertical  s t r ips  inside the space are Vitpn 
O-ring stock which serve to direct  the fuel flow over the electrode surface and to 
apply pressure against the electrode to insure good contact between the electrode and 
its matrix. The O-ring material ,  because of i ts  resiliency, has a spring-like action 
which takes up assembly tolerance within the module. Each gas space within the 
module contains these s t r ips ,  but in tee air spaces  they are placed horizontally so as 
not to obstruct a i r  flow through the module. As the module i s  shown in Figure 3, elee- 
trolyte enters  at the bottom of the front end-plate, i s  manifolded for  parallel  flow up 
from the bottom of each electrolyte spacer ;  and is again manifolded to leave the 
module at the top of the rear end-plate. With similar manifolding, fuel flows in the 
reverse  direction, entering at  the top of the r e a r  end-plate and leaving the module a t  
the bottom corner of the front end-plate. 

Figure 1 shows the 

A low-power, low-pressure fan** provides air flow for each modde .  The pressure 
drop which resul ts  from blowing a i r  through the module is considerably smaller than 
the pressure drop for manifo!ding. As a result  of using this a i r  cross-flow technique, 
a low-power blower i s  adequate to provide air for the fuel cell  reaction and excessa i r  
in sufficient quantity to contribute to the cooling of,the cell  and to rep-ove product 
water.. The air i s  directed through epoxy-fiberglass ducts  into the modules. , As it 
discharges from the module, it passes  into a cold-surface chamber on the exit side 
of each module where product water is condensed from the a i r  s t ream. In Figure 4 ,  
the inlet a i r  duct i s  shown on the left side of the module; the exit ductwith i ts  water- 
cooled cold surface and exhaust stack is on the right side. 

The a i r  f i l ters  are shown in Figure 5. The a i r  blowers are mounted inside the 
ducts directly behind these fi l ters.  

*Johns Mansville CoGpany, New Pork  City, New York.  
**Rotron Manufacturing Company, Woodstock, New York. 
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Battery Design. The three modules a r e  assembled on a polyester-fiberglass rack 
measuring 24 x 24 x 40 inches. Total system weight including auxiliaries and controls, 
but without reformer,  is 232 pounds. The auxiliary system is located within this rack 
and is connected as shown in Figure 6. Figures 4, 5, and 7 illustrate the spatial 
relationships of the system components. 

Materials of Construction. Materials used in the system have been tested for their 
resistance to the corrosive environment of hot sulfuric acid. Plastics a re  employed 
extensively; polypropylene plumbing, epoxy cel l  par ts ,  polycarbonate reservoirs  and 
module end-plates, epoxy-fiberglass ducts, and polyester-fiberglass system rack. 
Tantalum is used wherever a metal is required in direct contact with the electrolyte, 
such as the electrode r ims  and matrix support screens.  

Electrolyte Circuiation. Tne electrolyte circulation system includes a pump, heat 
exchanger, flow meters ,  flow control valves, and a liquid reservoir and water balance 
system. 

The centrifugal, magnetically driven pump* is constructed with only polypropylene 
and Teflon in contact with the hot acid electrolyte. 
the electrolyte flow, and plastic valving controls the flow distribution to the three 
modules. 

Panel mounted flow meters  register 

Thermal Control. The heat exchanger,** a shell and tube type, is constructed so 
that the only exposed mater ia ls  a r e  Teflon and polycarbonate. Depending on the heat- 
ing o r  cooling requirements,  hot or cold tapwater  is admitted to the shell side of the 
heat exchanger. 
water valve is interlocked in an off position, and control is maintained by supplying 
cold water on demand. A thermoswitch in the electrolyte triggers the appropriate 
heating or cooling water solenoid valve. 

Hot water brings the system up to temperature,  after which the hot 

Water Balance. The electrolyte reservoir ,  as shown schematically in Figure 6 ,  
consists of a se r ies  of cylindrical polycarbonate chambers where electrolyte is 
returned from the modules and water balance i s  automatically maintained. Water 
condensed from the a i r  ducts re turns  to holding chamber (A) through a filter. Excess 
condensate i s  discharged to the drain through an overflow tube. If insufficient water 
is condensed, a float admits make-up water f rom an external source by opening the 
distilled water solenoid valve. All of the spent fuel, laden with water vapor, passes 
through chamber (B) where water condenses on the walls. The liquid level in this 
vessel rises until  the float valve opens to drop the condensed water into electrolyte 
compartment (C). A water seal maintained by the float prevents mixing of the spent 
fuel with a i r .  Electrolyte passes  through compartments (C), (D), and (E). The first 
of these, (C), i s  a settling chamber which serves  to f ree  entrapped gas from the elec- 
trolyte. The electrolyte discharges from compartment (C) into (D) which contains a 
float valve. The initial loading of electrolyte lifts this float valve upwards to  the 
Sealed position preventing Ixater from flowing from chamber (A) mounted above. Since 

* 

*Micropump Corporation, Concord, California. 
**E. I. DuPont De Nemours & Company, Wilmington, Delaware. 
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excess  water i s  removed from the electrolyte by the a i r  s t ream, the operation of the 
cell results in a decrease in electrolyte volume as water i s  evaporated. This  volume 
change i s  senscd by the float valve which drops,  unseating the valve. Water then 
flows into this compartment from the air condensate chamber A. When sufficient 
water has been added to return the float valve and volume to the original level, the 
valve seals, cutting off water flow. In actual operation, this valve modulates a t  a 
point where water i s  continuously added to  make up for the excess  that is removed. 
The reconstituted electrolyte then issues  into compartment (E), where a high-low 
reservoir  level sensor detects electrolyte flow irregularit ies and signals system 
shutdown if an unsafe condition exists. The electrolyte then is withdrawn by the pump 
and i s  circulated through the system. 

System Startup. Gas service on the fuel s ide of the system consists of hydrogen, 
reformate, and an inert  gas,  e .  g. , nitrogen, admitted automatically by solenoid 
valves. During start-up, the fuel cell system operates on hydrogen and air while the 
electrolyte i s  being heated. When the temperature reaches 50"C, the system auto- 
matically switches to  reformate. This  procedure i s  used to prevent carbon monoxide 
poisoning of the anode, a reaction which occurs  more readily at lower temperatures. 

The inert gas is provided as a purge which can be manually operated when the 
system is' to be turned off, but which operates automatically in case of a safety shut- 
down or whenever the auxiliary power is disconnected. 

Safety Features.  The automatic safety shut-down is an important feature of the 
system. It consists of complete system shut-down and inert gas  purge in  response to 
a signal f rom the safety circuit. Loa system differential pressure or a significant 
change in  the electrolyte volume due to water imbalance t r iggers  either the high or 
low level safety circuit in the reservoir .  Over-heating of any one of the modules i s  
a l so  sufficient reason for  shut-down and i s  sensed by a thermo-switch in the end fuel 
spacer of each module. Latching relays in the safety circuit provide control when 
triggered by any of these signals. These relays a r e  latched into the rrsafelf  position 
by a manually actuated electrical  pulse and then require no electrical  power until a 
safety signal latches the relay in the "unsafe" position actuating system shutdown. In 
this  way, the safety circuit provides control without drawing electrical  power. 

Parasit ic Power Requirements. Except for battery power required for  operating 
auxiliaries during the f i rs t  few minutes of start-up, the model system i s  self- 
sugtaining. 
the location of the electrical  control circuits and the auxiliary power inverter. Aux- 
i l iary power inversion permits  the use of AC motors rather than DC motors with their 
life-limiting brushes and hazardous brush sparking. The Dc to AC inverter operates 
on fuel cell power, and provides AC power to the air blowers and electrolyte pump. 
To maintain constant output voltage to the auxiliaries with varying external loads, an  
automatic voltage selector switch places the required number of cel ls  across  the aux- 
i l iary power buss to maintain correct  voltage within 0.8 volts. 

Figure 8 i s  a back vi,ew of the top section of the front panel showing 



Low-poxer relays and indicator lights are used to conserve auxiliary poivcr; the 
maximum auxiliary load at any given time i s  58 watts including all power for the 
bloucrs,  pump. inverter,  re lays ,  solenoid valves, and controls. This  figure would 
increase to approximately 70 watts for a 2 kilowatt battery. The front controi panel 
is shown in Figure 9. All of the cel l  voltages may be.mensured from the front panel 
t o  provide for an easy asscssment  of cell  performance. Various temperatures may 
be read on the front panel for  ready assessment of system operating conditions. The 
electrical  control system i s  built as a module for easy removal and maintenance. 

ELECTROCHEMICAL PERFORhiANCE 

Initial test  tvork HTLS conducted on cells having an active electrode area of 
18 square centimeters. A cell with 90 square centimeters active electrode area was 
assembled and tested as an intermediate to the final design. Polarization and long- 
t e r m  performance data f rom these cells provided the scale-up information necessary 
to design a large cell  with 145 square centimeters active electrode a rea .  This cell 
s ize  was used in the multicell modules. 

Long-Term Performance. Long-term performance of the small cells  was of 
particular interest in determining the mode of cell  failure, if any. Anode and cathode 
performance uith time was measured versus  a hydrogen reference. The resul ts  of 
one 950-hour test are shown in Figure 10. The anode, operating at 60°C on reformate, 
is quite stable over this long period of operation; the apparent degradation is 10 mV 
per  1000 hours of operation. The cathode, operating on room a i r ,  degrades rapidly 
in  the f i rs t  50 hours. T h i s  r a t e  then slows and a t  about 400 hours stabilizes to about 
10 mV per 1000 hours. A brief interruption of the load (which occurred at  580 hours) 
improves the cathode potential (anodic change i s  neg1ig:ble). On load again, the 
cathode degrades rapidly, and after about 48 hours,  the cathode potential i s  the same 
as it was  prior to  the interruption. This  test  cell, representative of a large number of 
long-term test  cel ls ,  was  operated continuously in an automated test facility. 

Figqre 11 i l lustrates  a 300 hour performance tes t  conducted on k single large cell 
s imilar  to those used in the multicell bank. A problem encountered in maintaining the 
cell  temperature in the ear ly  portion of this tes t  resulted in unsteady anode performance 
during this period. At 115 hours,  a polarization run (Figure 17) was made, and the tem- 
perature control was modified and improved. The latter portion of this  test  is 
characterist ic.  

Cell Voltage-Current Characterist ics.  The polarization diagram for  the large cell 
is presented in Figure 12. A resistance-free curve is plotted to show the effect of 
cell resistance on cell  performance. Also included i s  a plot of total power output from 
the cell. The dashed voltage line i l lustrates an average cell voltage found in an operat- 
ing 16-cell module. 



In a cell with a carbon monoxide resistant anode, the anodic polarization initially 
and over long periods of time is low, unless the anode i s  poisoned by a fuel gas with 
a high carbon monoxide content o r  decomposition products from the electrolyte (hydro- 
gen sulfide). This may happen when a cell is operated at too high a temperature or 
when certain materials of construction not compatible with hot sulfuric acid are used. 

The cathode, on the other hand, is rather severely polarized and controls cell 
voltage at low current densities. As the load is increased, the cathode potential 
stabilizes and cell resistance then controls cell  potential. Even though precautions 
were taken in the design, fabrication, and assembly of the large cell  and modular 
assembly, the unit cell specific resistance is double that of the small  cell. Current 
development is directed to the definition and further reduction of this increased resist-  
ance. 

Air-Fuel Flow Rates. A se r i e s  of tes t s  were conducted with the large cell to define 
reactant flow ra t e s  required to  support cell operation at different current densities. 
Figure 13 illustrates the performance of the anode with reformate. This electrode 
requires a fuel flow rate only slightly in excess of stoichiometric at all current densi- 
ties. However, at low current densities with stoichiometric flow, anodic polarization 
increases slightly due to  poor gas flow distribution. The non-reactants in the fuel tend 
to  mask off portions of the anode at low flow rates.  At  higher current densities with 
stoichiometric flows, the higher gas flow helps to sweep non-reactants out of the 
stagnant a reas  of the anodic gas spacer. Because of this,  the anode operates for 
extended periods at high current densities at the stoichiometric fuel flow rate because 
of the net purging of the fuel spacer with the carbon dioxide and other non-reactants 
introduced into the cell as part  of the fuel. 

2 The cathode can be operated at stoichiometric rates up to 50 mA/cfn . At higher 
current densities, cell performance drops off drastically, but a i r  flow ra tes  three 
t imes stoichiometric or greater will support all current densities through (150 mA/cm ). 
These data a re  presented in Figure 14. 

An analysis was made of the a i r  flow through a 16-cell module with a fan* which 
has a free air delivery of 50 cubic feet per minute. The volumetric flow through each 
air spacer was calculated from velocity probe measurements made at the discharge 
of each cell  spacer. The fan draws air through a polyurethane foam filter and blows 
air through the module. No distribution device is used in this configuration, and the 
uneven flow pattern across  the face of the module is shown in Figure 15, The lower 
flow rate through the center cells is caused by zero a i r  flow through the hub of the fan 
which is located directly in front of cells 7-8 and 9-10. Lines of constant 1 and 10 
stoichiometric flow ra t e s  are shown in Figure 15 to provide a reference. It can be 
seen that this fan and distribution configuration is adequate since a minimum three 
stoichiometric flow requirement is met. The  disadvantages of higher air flow ra tes  
are the extra load impressed on the air condenser and water balance control system 
and the lower cell  temperature of high-flow-rate cells. If, with the fan used, air flow 
is decreased further (by restricting the air  inflow), the edge-tocenter air flow distri-  
bution pattern becomes more distorted, It is therefore imperative that air flow through 

', 

*Rotron Sentinel Fan with a 745 motor. 
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, the cells be high enough for good cell  performance, but not too high for good water 
balance control. 

The vent stack height used in  the multicell system provides sufficient updraft in a 
module without fan and fi l ter  to support the bank at 100 mA/cmZ at 60°C. 

Total System Performance, The assembled, three module, 48 cell  battery 
described in this paper exhibits the performance characterist ics shown in  Figure 16. 
The system has been operated under a variety of loads with completely automatic con- 
t rol .  The  system operates efficiently on reformate and room air to give the power 
output shows in  Figure 16. Little excess fuel i s  required to maintain a steady load. 
Sufficient air flow i s  obtained from 5 watt fans. 
ing parameters i n  the cell  performance in order to increase total output from the 
battery. 

FUTURE IMPROVEMENTS 

Work i s  continuing to define the limit- 

One area for improvement in  this system is  in  the design of a la rger ,  and less  
costly cell. A larger cel l  would allow a reduction in the number of cel ls  per module 
for the same power output. 
increased ratio of active to inactive a rea  in cell  c r o s s  section, improved structural 
integrity, and the development of mass  production techniques for cell  parts.  Elec- 
t rodes with low catalyst loading would be incorporated in the design to reduce electrode 
unit costs further. 

Improvements would include reduced cell  resistance,  

The cell  and module design would also be optimized to maximize performance with 
respect to minimal weight and volume. This  would be achieved with an improved elec- 
trode and matrix containment design which would eliminate tantalum at certain points 
in the cell where it i s  now used. 

Another area for improvement in this system is in further reduction of parasitic 
power requirements. Thermal  control can be achieved by cooling with air instead of 
water. This can be done with a bypass a i r  cooling system which allows cooling air to 
flow through o r  around each cell ,  regulated by a damper under passive control. Use 
of a single blower with improved air  distribution for larger modules will reduce para- 
si t ic power requirements further.  

These and additional improvements should establish this system a s  an efficient, 
economical power source for future domestic and ground-based military applications. 
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Fig. 1 Sixteen Cell  Module - Inlet Air Side 
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Fig. 3 Sixteen Cell  Module 

Fig. 4 Fuel  Cell System - End View 
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Fig. 7 Fuel Cel l  System 

Fig.' 8 Electrical Controls 
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Fig. 9 Fuel Cell System - Front Panel 
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I N T R O D U C T I O N  

t lonsanto  Resea rch  C o r p o r a t i o n  h a s  c o n s t r u c t e d  p o r t a b l e  h y d r a z i n e -  

\ T H E  H Y D R A Z I N E - A I R  C O U P L E  

The s i n g l e  c e l l  t h a t  w e  have chosen  o p e r a t e s  on 5M KOH i n  which 0 . 5  
t o  1.5 i4 N 2 H 4  i s  d i s s o l v e d  a s  t h e  f u e l .  The anode  i s  a Pd-ca ta lyzed  

i s  a t h i n ,  w a t e r p r o o f ,  p o r o u s  membrane. 

i 

\ 
i n i c k e l  p l a q u e .  The s e p a r a t o r  i s  a s b e s t o s ,  and t h e  p r o p r i e t a r y  c a t h o d e  

The i n i t i a l  pe r fo rmance  o f  a t y p i c a l  c e l l  and  i t s  pe r fo rmance  a f t e r  

i The i n i t i a l  pe r fo rmance  c u r v e  i s  f a i r l y  f l a t  d r o n p i n g  a b o u t  0 . 1  
\ v o l t  between 1 0  and 1 0 0  ASF. With a g i n g ,  t h e  v o l t a g e  d r o p - o f f  becones  
' g r e a t e r ,  amount ing  t o  a p p r o x i m a t e l y  0 . 1 5  v o l t  between 1 0  and 100  ASF 

a t  1000 h o u r s .  The d e s i g n  o p e r a t i n g  p o i n t  f o r  t h e  60-wat t  u n i t  i s  
\, 0 .78  v o l t  a t  60 ASF. 

h a s  been  i n c l u d e d  i n  t h e  d e s i g n  pe r fo rmance .  The coulombic  e f f i c i e n c y  
a t  t h e  d e s i g n  p o i n t  i s  b e t t e r  t h a n  90%.  

1 
1000  h o u r s  of  o p e r a t i o n  a re  shown i n  F i g u r e  1. 

I t  may be  n o t e d  t h a t  a c o n s i d e r a b l e  s a f e t y  f a c t o r  

The d a t a  shown a re  f o r  o p e r a t i o n  w i t h  f o u r  times t h e  s t o i c h i o m e t r i c  
i amount of a i r .  However, no a d v e r s e  a f f e c t s  have  been  n o t e d  on  o p e r a t i n g  

between two times and s i x t e e n  t i n e s  t h e  s t o i c h i o m e t r i c  amount o f  a i r .  ' The c e l l s  have been  o p e r a t e d  on p u r e  a i r  c o n t a i n i n g  no C O P  and on un- 
a s c r u b b e d  l a b o r a t o r y  a i r .  T h e r e  a p p e a r s  t o  b e  no d i f f e r e n c e  i n  p e r f o r r -  

a n c e  o r  l i f e .  The a i r  i s  e s s e n t i a l l y  a t  a t m o s p h e r i c  p r e s s u r e .  

j 



Hydraz ine  c o n c e n t r a t i o n  is  no t  c r i t i c a l .  Good per formance  i s  ob- 
t a i n e d  between 0.5 and 1.5M. 

I n c r e a s i n g  t h e  o p e r a t i n g  t e m p e r a t u r e  t o  194OF g i v e s  o n l y  s l i g h t  
improvement i n  pe r fo rmance  and s h o r t e n s  t h e  c e l l  l i f e  t o  approx ima te ly  
200  h o u r s .  
drop-off  i n  per formance  w i t h  n o  a p p r e c i a b l e  i n c r e a s e  i n  c e l l  l i f e .  

Dec reas ing  t h e  c e l l  t e m p e r a t u r e  below 140°F leads t o  some 

O V E R A L L  D E S I G N  O F  THE U N I T  

A f t e r  a s a t i s f a c t o r y  h y d r a z i n e  a i r  c o u p l e  had been o b t a i n e d ,  t h e  
second m a j o r  t a s k  was t o  i n c o r p o r a t e  it i n  a f u n c t i o n a l  hardware 
sys t em.  The sys t em had t o  (1) m a i n t a i n  h e a t  and mass b a l a n c e  and 
( 2 )  f u r n i s h  a r e g u l a t e d  v o l t a g e  o u t p u t .  The s c h e m a t i c  o f  t h e  sys tem 
i s  shown i n  F i g u r e  2 .  

The e l e c t r o l y t e ,  which ,  a s  s ta ted  ea r l i e r ,  i s  5 M  KOH c o n t a i n i n g  
from 0.5 t o  1 . 5  M N 2 H 4  i s  pumped i n t o  t h e  f u e l  c e l l  module where t h e  
N ~ H I ,  r e a c t s  w i t h  h y d r o x y l  i o n s  t o  g i v e  n i t r o g e n ,  water, and e l e c t r o n s .  
The m i x t u r e  t h e n  g o e s  t o  t h e  s e p a r a t o r  where t h e  n i t r o g e n  i s  removed 
and  e v e n t u a l l y  v e n t e d .  Al though t h e  N2H4 c o n c e n t r a t i o n  i s  n o t  c r i t i c a l  
i t  i s  m a i n t a i n e d  a p p r o x i m a t e l y  c o n s t a n t  by  a h y d r a z i n e  c o n c e n t r a t i o n  
s e n s o r  which a c t u a t e s  a s o l e n o i d  v a l v e  a l l o w i n g  h y d r a z i n e  t o  f low 
from i t s  t a n k  i n t o  t h e  e l e c t r o l y t e .  

The chemica l  a i r ,  which is  t h e  a i r  u s e d  t o  o x i d i z e  t h e  h y d r a z i n e ,  
i s  f u r n i s h e d  by a f a n .  S i n c e  t h e  a i r  e l e c t r o d e  o p e r a t e s  a t  a tmosphe r i c  
p r e s s u r e ,  on ly  s u f f i c i e n t  p r e s s u r e  ( s e v e r a l  t e n t h s  o f  a n  i n c h  of  w a t e r )  
i s  needed t o  f o r c e  t h e  a i r  t h r o u g h  t h e  module and  m a i n t a i n  approx ima te ly  
e v e n  f l o w  d i s t r i b u t i o n  E.mong t h e  v a r i o u s  c e l l s .  

M A S S  B A L A N C E  C O N T R O L  

Optimum l i f e  and  Derformance c h a r a c t e r i s t i c s  o f  XRC h y d r a z i n e  f u e l  
C e l l s  a r e  r e a l i z e d  when t h e y  a r e  o p e r a t e d  w i t h  po ta s s ium hydrox ide  
e l e c t r o l y t e  m a i n t a i n e d  a t  3 t o  5 m o l a r  c o n c e n t r a t i o n .  A mass ba lance  
c o n t r o l  s y s t e n  a c h i e v i n g  t h i s  degree of  c o n t r o l  c o n s i s t s  o f  an  e l e c t r a n i c  
l e v e l  d e t e c t o r  g e o m e t r i c a l l y  l o c a t e d  i n  t h e  e l e c t r o l y t e  t a n k  s o  as  t o  
b e  i n s e n s i t i v e  t o  t h e  a t t i t u d e  o f  t h e  t a n k ,  a s p e e d - c o n t r o l l e d  chemica l  
a i r  b lower ;  and a n  e l e c t r o n i c  c i r c u i t .  t o  d r i v e  t h e  b lower  Drov id ing  . 
s t o i c h i o m e t r i c  a i r  f low r a t i o s  of  a p p r o x i m a t e l y  2 . 5  a t  no l o a d  p a r a s i t i c  
c o n d i t i o n s ,  t o  3 .5  a t  r a t e d  l o a d  o u t p u t .  I n  a l l  modes o f  o p e r a t i o n  and 
env i ronmen t ,  c o n t r o l  o f  t h e  s t o i c h i o m e t r i c  a i r  f low r a t i o  i s  such  a s  t o  
p roduce  a n  a n o l y t e  d i l u t i o n  c o n d i t i o n .  A s  t h e  a n o l y t e  d i l u t i o n  l e v e l  
i n c r e a s e s  i n  t h e  r e s e r v o i r  t a n k ,  t h e  l e v e l  d e t e c t o r  c a u s e s  a s i g n a l  t o  
b e  produced .  T h i s  s i g n a l  i s  t r a n s m i t t e d  t h r o u g h  a c o n t r o l  c i r c u i t  t o  
t h e  chemica l  a i r  b lower ,  c a u s i n g  i n c r e a s e d  b lower  speed  and d e l i v e r y  
r a t e ,  r e g a r d l e s s  o f  l o a d  l e v e l ,  t h u s  a f f o r d i n g  i n c r e a s e d  e v a p o r a t i v e  
c a p d c i t y  and c a u s i n g  a mass removal  c o n d i t i o n  t o  p r e v a i l .  The maximum 
a i r  b lower  c a p a c i t y  n e c e s s a r y  t o  p r o v i d e  d r y i n g  c o n d i t i o n s  a t  a l l  
s p e c i f i e d  env i ronmen ta l  a i r  c o n d i t i o n s  i s  a b o u t  1 0  times s t o i c h i o m e t r i c .  
T h i s  b lower  r a t e  w i l l  p r e v a i l  when t h e  l e v e l  d e t e c t o r  i s  comple t e ly  
c o v e r e d .  A s  t h e  l i q u i d  l e v e l  i n  t h e  a n o l y t e  r e s e r v o i r  d e c r e a s e s ,  t h e  
l e v e l  d e t e c t o r  w i l l  b e  uncove red  and  t h e  o v e r r i d e  s i g n a l  w i l l  be re- 
moved, c a u s i n g  t h e  c h e m i c a l  a i r  b lower  t o  r e v e r t  t o  a normal  mode of 
d e l i v e r y ,  i . e . ,  be tween 2.5 and  3.5 times s t o i c h i o m e t r i c  from "no load" 
t o  r a t e d  o u t p u t .  

I n  a c t u a l  o p e r a t i o n  i t  h a s  been  found t h a t  such a sys t em w i l l  h u n t ,  
c a u s i n g  a n o l y t e  l e v e l  r e g u l a t i o n  and t h u s  c o n c e n t r a t i o n  c o n t r o l  t o  e x i s t  
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w i t h i n  a t i g h t  band of a p p r o x i m a t e l y  2 0.25 m o l a r .  Mass b a l a n c e  con- 
t r o l  s y s t e m s  employing t h e  above-mentioned t e c h n i q u e s  have  been q u i t e  
s u c c e s s f u l l y  o p e r a t e d .  T y p i c a l l y ,  a 300-watt u n i t  was o p e r a t e d  under  
v a r i o u s  l o a d s  r a n g i n g  from z e r o  l o a d  t o  400 watts f o r  a p e r i o d  of  
a p p r o x i m a t e l y  75 h o u r s  w i t h  a n  e l e c t r o l y t e  m o l a r i t y  v a r i a t i o n  O f  on ly  
+ 0 .3  mola r .  It i s  a n t i c i p a t e d  t h a t  t h e  i n c o r p o r a t i o n  o f  t h i s  t y p e  o f  
riiass b a l a n c e  c o n t r o l  i n  c o n j u n c t i o n  w i t h  Monsanto Resea rch  C o r p o r a t i o n  
e l e c t r o d e s  w i l l  p e r m i t  o p e r a t i o n  f o r  250 t o  300 h o u r s  on a s i n g l e  c h a r g e  
o f  e l e c t r o l y t e .  

H E A T  CONTROL ' - 
Heat i s  removed from t h e  h y d r a z i n e  f u e l  c e l l  sys t em ma in ly  t h r 8 0 u ~ ~ ~  

(1) t h e  a i r - c o o l e d  h e a t  e x c h a n g e r ,  ( 2 )  e v a p o r a t i o n  o f  water i n  t h e  st,ar 
a t  t h e  a i r  c a t h o d e ,  ( 3 )  e v a p o r a t i o n  o f  water by t h e  n i t r o g e n  produceo 
by o x i d a t i o n  o f  N~HL,, and  ( 4 )  warming o f  r e a c t i o n  a i r  i n  p a s s i n g  througt l  
t h e  s t a c k .  The i n c o r p o r a t i o n  o f  a mass b a l a n c e  sys t em d e p e n d e n t  on 
c o n t r o l  r e a c t i o n  a i r  f low ra tes  p e r m i t s  t h e  u t i l i z a t i o n  o f  a b a s i c a l l y  
Sir?ple s i n g l e - t e m p e r a t u r e  heat removal  sys t em.  Such a s y s t e m  h a v i n g  
a d e a u a t e  h e a t  removal  c a p a c i t y  c o n s i s t s  o f  a n  a i r - t o - a n o l y t e  heat  ex-  
c h a n g e r  w i t h  s u i t a b l e  b lower  and t h e r m o s t a t  c o n t r o l s .  P o s i t i v e  c o n t r o l  
o f  e l e c t r o l y t e  t e m p e r a t u r e  and t h u s  of  c e l l  and s t a c k  o p e r a t i n g  tern- 
peratdres  a r e  m a i n t a i n e d  a t  approximat ,e ly  135OF r e g a r d l e s s  of  mass 
b a l a n c e  c o n s i d e r a t i o n s .  For  o p e r a t i o n  a t  low ambien t  t e m p e r a t u r e s  a 
t h e r m o s t a t i c a l l y  c o n t r o l l e d  immers ion  h e a t e r  i s  i n c o r p o r a t e d  w i t h i n  t h e  
e l e c t r o l y t e  t a n k  t o  p e r m i t  f a s t  s t a r t  up.  

F U E L  C O N T R O L  

S i n c e  h y d r a z i n e  i s  consumed no t  o n l y  t o  p roduce  power bu t  a l s o  by 
a number o f  p a r a s i t i c  p r o c e s s e s ,  i t  i s  d e s i r a b l e  t o  have  a means o f  
d i r e c t l y  s e n s i n g  and  c o n t r o l l i n g  h y d r a z i n e  c o n c e n t r a t i o n .  I n  o u r  c a s e  
t h i s  h a s  been accompl i shed  by u s e  of  a d i f f u s i o n  c o n t r o l l e d  s e n s o r .  

depends  upon t h e  d i f f e r e n c e  i n  v o l t a g e  l e v e l s  r e q u i r e d  f o r  t h e  e l e c -  
t r o l y s i s  o f  N 2 H 9  and H 2 0 .  I t  i s  we l l  known t h a t  t h e  e l e c t r o - c h e m i c a l  
d i s s o c i a t i o n  o f  h y d r a z i n e  5 n t o  hydrogen  and  n i t r o g e n  o c c u r s ,  even  a t  
h i g h  c u r r e n t  d e n s i t i e s ,  a t  w e l l  below 1 v o l t ,  w h i l e  d i s s o c i a t i o n  cf 
w a t e r  o c c u r s  a t  c o n s i d e r a b l e  above 1 . 2 3  v o l t s .  T h i s  v o l t a g e  d i f f e r e n c e  
i s  pu t  t o  u s e  i n  t h e  o p e r a t i o n  o f  a f u e l  feed c o n t r o l  and d e t e c t i o n  
sys t em.  I t  has been  found t h a t  t h e  s h i f t  f rom h y d r a z i n e  e l e c t r o l y s i s  
(hydrogen  and n i t r o g e n  p r o d u c t i o n )  t o  water e l e c t r o l y s i s  (hydrogen  and 
oxygen p r o d u c t i o n )  o c c u r s  v i r t u a l l y  i n s t a n t a n e o u s l y  a t  a c u r r e n t  
d e n s i t y  c o r r e s p o n d i n g  t o  t h e  c o n c e n t r a t i o n  o f  h y d r a z i n e  i n  s o l u t i o n ,  
A t y p i c a l  c u r v e  i l l u s t r a t i n g  t h i s  f a c t  i s  shown i n  F i g u r e  3. T h i s  
t h e n  p e r m i t s  a c u r r e n t  d e n s i t y  t o  b e  s e l e c t e d  t h a t  c o r r e s p o n d s  t o  a 
s p e c i f i c  h y d r a z i n e  c o n c e n t r a t i o n .  When t h e  c o n c e n t r a t i o n  f a l l s  below 
t h i s  v a l u e ,  t h e  v o l t a g e  w i l l  s h i f t  upward t o  s u p p o r t  t h e  water e l e c -  
t r o l y s i s ;  as t h e  s o l u t i o n  becomes e n r i c h e d  due t o  f u e l  a d d i t i o n ,  t h e  
v o l t a g e  f a l l s  s h a r p l y .  T h e r e  i s ,  i n  e f f e c t ,  a " f o r b i d d e n "  v o l t a g e  
r e g i o n  t h a t  i s  n e v e r  r e a c h e d .  Thus ,  a c o n v e n i e n t  s i g n a l  i s  deve loped  
a t  e a c h  c u r r e n t  d e n s i t y  t o  t r i g g e r  t h e  f u e l  f e e d i n g  mechanisms.  
Mechan iza t ion  o f  t h i s  sys t em i s  s t r a i g h t f o r w a r d ,  It  c o n s i s t s  o f  a 
d e t e c t o r  e lement  i n s e r t e d  a t  t h e  d i s c h a r g e  s i d e  o f  t h e  a n o l y t e  pump; 
a c o n t r o l l e r  c o n s i s t i n g  of  a c o n s t a n t  c u r r e n t  power s u p p l y ,  d e t e c t o r  
s i g n a l  a m p l i f i c a t i o n ,  o u t p u t  s i g n a l  g a t e  c o n t r o l ;  and  a s o l e n o i d  v a l v e  
employed t o  c o n t r o l  on -o f f  i n t r o d u c t i o n  o f  f u e l .  Ga in  c o n t r o l  of  t h i s  
sys t em i s  c o n v e n i e n t l y  p r o v i d e d  by "On" t i m e  c o n t r o l  o f  t h e  s o l e n o i d ,  
p u l s e  r e p e t i t i o n  f r e q u e n c y  imposed on  t h e  c o n c e n t r a t i o n  d e t e c t o r ,  and 

C o n c e n t r a t i o n  d e t e r m i n a t i o n  by h y d r a z i n e  d i f f u s i o n  l i m i t a t i o n  

n 



260 

s i g n a l  l e v e l  imposed on  t h e  c o n c e n t r a t i o n  d e t e c t o r .  E x c e l l e n t  f u e l  
u t i l i z a t i o n  e f f i c i e n c i e s  have been  o b t a i n e d ,  employing t h i s  sys tem.  
A s  an example,  a 60-watt  f u e l  c e l l  o p e r a t e d  a t  85  ASF y i e l d e d  311 
w a t t - h o u r s  p e r  pound o f  f u e l  w h i l e  p roduc ing  60-watts  of u s e f u l  ou t -  
p u t  when a l o a d - s e n s i n g  f u e l  f e e d  c o n t r o l  was employed. The i d e n t i c a l  
u n i t  o p e r a t e d  w i t h  a c o n c e n t r a t i o n  d e t e c t i o n  f u e l  f e e d  s y s t e m  a t  
approx ima te ly  0 .7  m o l a r  h y d r a z i n e  f o r  t h e  same l o a d  y i e l d e d  410 wat t -  
h o u r s  p e r  pound of  f u e l .  F i g u r e  4 d e p i c t s  t h e  c o n t r o l  of  hydraz ine  
c o n c e n t r a t i o n '  a c t u a l l y  a c h i e v e d  on  a 300-watt s y s t e r r , .  

V O L T A G E  CONTROL 

Four t y p e s  o f  v o l t a g e  r e g u l a t o r s  were c o n s i d e r e d :  (1) t h e  c e l l  
t a p p i n g  r e l a y ,  ( 2 )  t h e  s h u n t  t y p e ,  ( 3 )  t h e  dc-ac-dc t y p e ,  and t h e  s e r i e s  
c y p e .  A t  t h e  p r e s e n t  s t a t e  o f  t h e  a r t ,  t h e  optimum c h o i c e  appeared  t o  
be  t h e  s e r i e s  t y p e .  

A f u n c t i o n a l  d i ag ram of  t h e  r e g u l a t o r  i s  shown i n  F i g u r e  5 .  

The o u t p u t  v o l t a g e  o f  t h e  s e r i e s  t r a n s i s t o r  s w i t c h e s  a r e  monitored 
w i t h  t h e  v o l t a g e  d e t e c t o r .  When t h i s  v o l t a g e  exceeds  a p r e - s e t  l i m i t ,  
t h e  d e t e c t o r ,  t h r o u g h  a c o n v e r t e r  c i r c u i t ,  w i l l  i n  e f f e c t  c a u s e  t h e  
se r ies  t r a n s i s t o r  t o  o p e r a t e  a t  a h i g h e r  r e s i s t a n c e .  

P H Y S I C A L  A N D  O P E R A T I N G  C H A R A C T E R I S T I C S  

A p i c t u r e  o f  t h e  p r e s e n t  60-watt  u n i t  i s  shown i n  F i g u r e  6 .  I t s  
s p e c i f i c a t i o n s  are g i v e n  i n  T a b l e  I .  

C O N C L U S I O N S  

U t i l i z i n g  t h e  h y d r a z i n e - a i r  e l e c t r o c h e m i c a l  c o u p l e  and employing 
sys t em d e s i g n  t e c h n i q u e s  as enumera ted  above ,  rugged ,  r e l i a b l e ,  h igh  
wat t -hour-per-pound f u e l  c e l l  power s u p p l i e s  can  b e  produced f o r  
m i l i t a r y  a p p l i c a t i o n s .  

A C K N O W  LE DGMENT 

T h i s  work was done  u n d e r  c o n t r a c t  DA28-043-AMC-O1460(E) w i t h  t h e  
LJ. S .  Army E l e c t r o n i c s  Command, F o r t  Monmouth, N . J . ,  and  c o n t r a c t  
DAAK02-67-C-0117 w i t h  t h e  L J .  S.  A r m y  E n g i n e e r s  Resea rch  and Develogment 
L a b o r a t o r i e s ,  F o r t  B e l v o i r ,  V i r g i n i a .  TI 
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Tab1 e 

CHARACTERISTICS 
E XPLORATOR 

W e i g h t  ( + f u e l  + e l e c t r o l y t e  

Volume 

Power  O u t p u t  

O p e r a t i n g  L i f e  

V o l t a g e  R e g u l a t i o n  

W a t t - h r / F u e l  C h a r g e  

F u e l  C h a r g e  

Low T e m p .  S t a r t  

H i g h  Temp. Run 

I 

O F  6 0  WATT 
MODEL 

28V,  14V,  

1 4 . 5  l b s .  

0 . 3 5  f t 3  

60 w a t t s  

4 5 0  h r s .  

+ 1 0 %  

390 

1 . 1 5  l b s  

7 V )  - 

t 1 4 " F  

+ 115OF 
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A LIQUID HYDROCARBON FUEL CELL BAT"JZFU 

E. H .  Okrent  and C .  E .  Heath 

Esso Research  and Eng inee r ing  Company 
Linden ,  New J e r s e y  

I n t r o d u c t i o n  

S e v e r a l  t ypes  of f u e l  c e l l  sys tems are c u r r e n t l y  under  s t u d y  t o  meet t h e  
wide range  of a n t i c i p a t e d  power, weight  and d u t y  c y c l e  r e q u i r e m e n t s .  However, com- 
m e r c i a l  ( n o n - m i l i t a r y )  f u e l  c e l l  power sys t ems  w i l l  u l t i m a t e l y  have t o  consume t h e  
more economica l  hydrocarbon f u e l s  i n  o r d e r  t o  compete w i t h  ' e x i s t i n g  power sys t ems .  
T h i s  can  be accompl ished  i n  a number of ways.  The hydrocarbon f u e l  can  b e  f e d  
d i r e c t l y  t o  t h e  f u e l  c e l l  o r  i t  can be c o n v e r t e d  by r e fo rming  or p a r t i a l  o x i d a t i o n  
t o  hydrogen f o r  subsequen t  e l e c t r o c h e m i c a l  o x i d a t i o n .  Direct hydroca rbon-a i r  sys tems 
are g e n e r a l l y  s i m p l e r  b u t  t hey  r e q u i r e  a c i d i c  ca rbon  d i o x i d e  r e j e c t i n g  e l e c t r o l y t e s ,  
t h u s  n e c e s s i t a t i n g  a c i d  r e s i s t a n t  ( n o b l e  m e t a l )  c a t a l y s t s .  I n d i r e c t  sys tems c a n  i n  
p r i n c i p l e  use non-noble c a t a l y s t s  a t  t h e  expense  of sys tem complex i ty ,  and i n  t h e  
case of t h e  r e f o r m e r - a i r  sys tem an expens ive  pa l l ad ium d i f f u s o r  i s  r e q u i r e d .  

The development of a d i r e c t  l i q u i d  hydroca rbon-a i r  f u e l  c e l l  b a t t e r y  i s  
b e i n g  a c t i v e l y  pursued  i n  ou r  l a b o r a t o r y .  L iqu id  hydrocarbon f u e l s  a r e  p a r t i c u l a r l y  
s u i t a b l e  because  they  are i n e x p e n s i v e ,  r e a d i l y  a v a i l a b l e  m a t e r i a l s  w i t h  no t r a n s -  
p o r t a t i o n  o r  h a n d l i n g  problems.  Fu r the rmore ,  o p e r a t i o n  w i t h  l i q u i d  f u e l s  r e s u l t s  i n  
a s i m p l i f i e d  c a r b o n  d i o x i d e  s e p a r a t i o n  problem w i t h  no h e a t  d u t y  f o r  hydrocarbon 
v a p o r i z a t i o n .  U n f o r t u n a t e l y ,  t h e  e l e c t r o c h e m i c a l  r e a c t i v i t y  i s  i n h e r e n t l y  lower f o r  
l i q u i d  hydrocarbons  r e l a t i v e  t o  t h a t  of propane( ')  o r  b ~ t a n e ( ~ ) ( ~ ) .  
h i g h l y  a c t i v e  e l e c t r o d e  s t r u c t u r e s  a r e  r e q u i r e d .  

As a r e s u l t ,  

The development o f  h i g h  per formance  anodes  (1964-65)' and a c t i v e  ca thodes  
h a s  provided  a t o o l  f o r  t h e  e v a l u a t i o n  of t h e  e n g i n e e r i n g  f e a s i b i l i t y  of d i r e c t  
hydroca rbon-a i r  f u e l  c e l l  b a t t e r i e s .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  s i n c e  these 
a c t i v e  anodes a l l  e x h i b i t  f u e l  t r a n s p o r t  i n t o  t h e  i n t e r e l e c t r o d e  space .  Fue l  t r a n s -  
p o r t  and ca rbon  d i o x i d e  r e j e c t i o n  i n  t h e  i n t e r e l e c t r o d e  s p a c e  c o u l d  d i c t a t e  system 
d e s i g n  and o p e r a t i o n  c r i t e r i a .  

Consequen t ly ,  a l i q u i d  hydrocarbon ( d e c a n e ) - a i r  f u e l  c e l l  sys tem was de- 
ve loped  t o  a s s e s s  program assumpt ions  ( i n t e r f a c e  m a i n t a i n i n g  e l e c t r o d e s ,  thermal  
c y c l i n g  damage, 150'C o p e r a t i o n ,  e t c )  and i l l u s t r a t e  p o t e n t i a l  o b s t a c l e s  t o  t h e  use  
of t h e s e  nove l  e l e c t r o d e s  i n  h igh  power d e n s i t y  b a t t e r i e s ' .  L iqu id  decane  was 
s e l e c t e d  as t h e  r e p r e s e n t a t i v e  f u e l  because  i t  i s  t y p i c a l  o f  a commercial s a t u r a t e d  
hydrocarbon f u e l .  Major emphas is  w a s  p l a c e d  on examining  t h e  e l e c t r o l y t e  s p a c e ,  
f l ow and v e n t i n g  r e q u i r e d  t o  p r e v e n t  decane  t r a n s p o r t  t o  t h e  c a t h o d e .  Th i s  f u e l  
t r a n s p o r t  p r e s e n t s  a p o t e n t i a l  ' explos ion  haza rd  and  can  r e s u l t  i n  c a t h o d e  po i son ing .  
In a d d i t i o n ,  a f u e l  r ecove ry  scheme i s  r e q u i r e d  t o  m a i n t a i n  coulombic e f f i c i e n c y .  
The f i v e  c e l l  assembly t o  b e  d i s c u s s e d  was i n t e n d e d  a s  a r e s e a r c h  t o o l .  The re fo re ,  
no a t t empt  w a s  made t o  s i z e  o r  package t h e  sys tem i n t o  a compact l o w  weight  assembly. 
Rather  e a s e  o f  c o n t r o l  and m o d i f i c a t i o n  were t h e  key c o n s i d e r a t i o n .  

I n f l u e n c e  of E l e c t r o d e  
S t r u c t u r e  on C e l l  Des ign  : .  

. ,  

. c  

E l e c t r o d e  p r e p a r a t i o n  v a r i a b l e s  can  have a profound a f f e c t  on c e l l  des ign .  
As ide  from t h e i r  obv ious  role  i n  c e l l  o u t p u t ,  t h e  e x t e n t  t o  which t h e  c o n t r o l  and 
m a i n t a i n  t h e  i n t e r f a c e  between r e a c t a n t  .streams ( f u e l - e l e c t r o l y t e ,  e l e c t r o l y t e - a i r )  
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P r e l i m i n a r y  expe r imen t s  i n d i c a t e d  t h a t  a t h i n  porous  Te f lon  f i l m  (10  
micron po res )  app l i ed .  t o  t h e  a i r  s i d e  of t h e  c a t h o d e  cou ld  provide  t h e  r e q u i r e d  
i n t e r f a c e  c o n t r o l  w i thou t  l o s s  i n  e l e c t r o d e  per formance .  However, oxygen t r a n s -  
por t .  was observed wi th  a commercial  porous  'Te f lon  l amina ted  e l e c t r o d e  s t r u c t u r e .  
Consequen t ly ,  t e s t s  were conducted  t o  de t e rmine  t h e  e f f e c t  of c l a d d i n g  pore  d i -  
ameter  on ca thode  performance and oxygen t r a n s p o r t  u s i n g  Te f lon  f i l m s  w i t h  po res  
r ang ing  from 5 t o  100 mic rons .  Th i s  s t u d y  i n d i c a t e d  t h a t  pore  d i a m e t e r  i s  an  i m -  
p o r t a n t  pa rame te r .  Optimum oxygen and a i r  per formance  was o b t a i n e d  when t e n  micron 
pore'  T e f l o n  f i l m s  were l amina ted  t o  t h e  c a t h o d e ,  and no oxygen t r a n s p o r t  was ob- 
s e r v e d  a t  t h i s  pore  d i a m e t e r .  

A s  a r e s u l t  of t h e s e  s t u d i e s ,  t h r e e  p o t e n t i a l  ca thode  sys tems have been 
developed  f o r  t h e  hydroca rbon-a i r  t o t a l  c e l l  sys t em.  
s i n t e r e d  p l a t inum Tef lon  e l e c t r o d e  l amina ted  t o  a 3 .5  m i l  (10 micron  po re )  porous 
T e f l o n  f i l m ,  ( s i m i l a r  t o  t h e  anode s t r u c t u r e )  (2 )  a 10 mg Pt/cm2 Cyanamid AA-1 elec- 
t r o d e  bonded t o  a porous  Te f lon  f i l m  and (3 )  a 2 .5  mg Pt/cm2 s i n t e r e d  carbon Te f lon  
s t r u c t u r e .  The a i r  performance of t h e s e  p o t e n t i a l  c a n d i d a t e  sys tems are summarized 
i n  F i g u r e  2 .  As e x p e c t e d ,  t h e  ca thode  w i t h  t h e  h i g h e s t  p l a t inum l o a d i n g  gave the  

' b e s t  performance .  
w i t h  the bonded Cyanamid AA-1  e l e c t r o d e  a t  t h e  expense  of on ly  70 mv d e b i t .  The 
ca rbon  ca thode  was r e j e c t e d  because  of i t s  r a t h e r  poor open c i r c u i t  and load  r eponse  
and i t s  high decane s e n s i t i v i t y .  

These i n c l u d e  a (1 )  50 mg Pt/cm2 

However, a f i v e - f o l d  r e d u c t i o n  i n  c a t a l y s t  l o a d i n g  was ob ta ined  

Maintenance of ca thode  i n t e g r i t y  h a s  found t o  be the  key t o  s u c c e s s f u l  
t o t a l  c e l l  o p e r a t i o n .  T h e r e f o r e ,  a s e r i e s  of s i n g l e  and n i u l t i c e l l  tes ts  were con- 
duc ted  v a r y i n g  ca thode  c o n f i g u r a t i o n  w h i l e  h o l d i n g  t h e  anode c o n f i g u r a t i o n  f i x e d .  
These t e s t s  used a 10 cm2 ( 1 . 5  i n c h  d i ame te r )  c e l l  t o  e l i m i n a t e  s c a l e - u p  problems 
and minimize hydrocarbon hold-up  i n  t h e  e v e n t  of ca thode  f a i l u r e s .  A n a l y s i s  of 
t h e s e  d a t a  i n d i c a t e s  t h a t  t h e  i n i t i a l  per formance  of both' t h e  c l a d  Cyanamid AA-1 
e l ec t r ' ode  and t h e  l amina ted  s i n t e r e d  p la t inum-Tef  lon  s t u d i e s  a r e  q u i t e  comparable 
d e s p i t e  t h e  f i v e - f o l d  v a r i a t i o n  i n  p l a t inum c o n t e n t .  The ave rage  c e l l  performance 
o b t a i n e d  i n  t h e s e  s i n g l e  and m u l t i c e l l  tes ts  a r e  shown i n  F i g u r e  3.  The f i v e  
a s s e m b l i e s  t e s t e d  f e l l  e s s e n t i a l l y  on a s i n g l e  cu rve  w i t h  an ave rage  peak power 
c a p a b i l i t y  of 17 mw/cm2 on oxygen and 14 mw/cm2 on a i r .  
s t a c k  gave 2 1  mw/cm2 on oxygen and 1 7  mw/cm2 on a i r .  Th i s  compares q u i t e  w e l l  w i t h  
per formance  p r o j e c t i o n s  based  on h a l f  c e l l  measurements (22  and 19 mw/cm2 on oxygen 
and a i r  r e s p e c t i v e l y  i n c l u d i n g  c e l l  r e s i s t a n c e  l o s s )  . Thus ,  bo th  t h e s e  e l e c t r o d e s  
would  b e  s u i t a b l e  f o r  t o t a l  c e l l  sys t ems .  However, t h e  Cyanamid AA-1 s t r u c t u r e  was 
found t o  be q u i t e  s e n s i t i v e  t o  decane  "poisoning"  which cou ld  occur  i n  t h e  even t  o f  
sys tem u p s e t s .  
a d e q u a t e  v e n t i n g  and decane  r e s i d e n c e  s p a c e .  In f a c t ,  t h i s  decane  s e n s i t i v i t y  i n -  
c r e a s e d  w i t h  d e c r e a s i n g  p l a t inum l o a d i n g ;  t h e  2 .5  mg Pt/cm2 carbon e l e c t r o d e  was t h e  
most s e n s i t i v e  and t h e  50 mg Pt/cm2 l amina ted  c a t h o d e  l e a s t  s e n s i t i v e .  
t h e  50 mg/cm2 l amina ted  ca thode  was s e l e c t e d  f o r  use i n  t h e  f i n a l  4" x 4" f i v e . c e l 1  
assembly  t o  rninimize per formance  l o s s e s  r e s u l t i n g  from c o n t r o l  sys tem u p s e t s .  

However, t h e  b e s t  t h r e e  c e l l  

The 10 cm2 c e l l  w a s  p a r t i c u l a r l y  s e n s i t i v e  t o  t h i s  because  of i n -  

Consequent ly ,  

L i q u i d  Decane-Air System D e s c r i p t i o n  

L iqu id  hydrocarbon (decane)  t r a n s p o r t  th rough t h e  c a t h o d e  canno t  be ignored  
i n  c e l l  d e s i g n  e s p e c i a l l y  when oxygen o r  a i r  t r a n s p o r t  th rough t h e  c a t h o d e  s t r u c t u r e  
i s  even  a remote p o s s i b i l i t y .  Impingement of l i q u i d  hydrocarbon on t h e  a c t i v e  ca thode  
c o u l d  r e s u l t  i n  a s e v e r e  per formance  d e b i t  and  i f  oxygen a t m o l y s i s  o c c u r s ,  and d e t o -  
n a t i o n  i s  p o s s i b l e .  In a d d i t i o n ,  t h e  combined e f f e c t  o f  f u e l  t r a n s p o r t  and ca rbon  
d i o x i d e  r e j e c t i o n  in t h e  i n t e r e l e c t r o d e  s p a c e  can  r e s u l t  i n  e x c e s s i v e  c e l l  i n t e r n a l  
r e s i s t a n c e  l o s s e s  i f  adequa te  r e s i d e n c e  and v e n t i n g  space  i s  n o t  p rov ided .  The l i q u i d  
d e c a n e - a i r  f i v e  c e l l  b a t t e r y  w a s  e x p r e s s l y  des igned  t o  m i t i g a t e  some of t h e s e  problems 
even  a t  t h e  expense  of some s t a c k  power o u t p u t .  
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A schemat i c  o f  t h e  4" x 4" u n i t  c e l l  (80 cm2 e f f e c t i v e  a r e a )  used i n  t h i s  
b a t t e r y  i s  shown i n  F i g u r e  4 .  I t  c o n s i s t s  of t h r e e  chambers,  a c e n t r a l  e l e c t r o l y t e  
chamber 0 
s e p a r a t o r  6 a l s o  s e r v e s  a s  a n  e l e c t r o d e  s u p p o r t  p a r t i t i o n  t o  m a i n t a i n  a small i n t e r -  
f e r e n c e  € i t  t o  i n s u r e  good e l e c t r i c a l  c o n t a c t  between t h e  e l e c t r o d e  and t h e  c u r r e n t  
c o l l e c t o r .  A i r  i s  f e d  t o  t h e  t o p  of t h e  ca thode  chamber and exhaus ted  a t  t h e  bottom, 
removing p roduc t  w a t e r .  L i q u i d  decane  i s  pumped i n  a t  t h e  bot tom of t h e  f u e l  chamber-- 
i t  t h e n , p e r c o l a t e s  th rough t h e  porous Tef lon  b a r r i e r  t o  t h e  anode where part of t he  
f u e l  i s  consumed'electrochemically and the  remainder  i s  t r a n s p o r t e d  i n t o  t h e  e l e c -  
t r o l y t e  s p a c e .  Phosphor ic  a c i d  (14 .7  M) e l e c t r o l y t e  i s  a l s o  f e d  from e n t r y  p o r t s  a t  
t h e  bot tom of the  c e l l .  The e l e c t r o l y t e  l e v e l  i s  c o n t r o l l e d  by an  e x i t  weir l o c a t e d  
w e l l  above t h e  a c t i v e  e l e c t r o d e  zone .  This  p rov ides  a .decane r e s i d e n c e  space  above 
t h e  e l e c t r o d e s  t o  p reven t  ca thode  c o n t a c t .  The e l e c t r o l y t e  f low r a t e  and chamber 
t h i c k n e s s  were s e l e c t e d  t o  sweep t h e  t r a n s p o r t e d  f u e l  from t h e  c e l l  w i thou t  ca thode  
c o n t a c t .  The f u e i  and e l e c t r o l y t e  a r e  s e p a r a t e d  i n  t h e  e l e c t r o l y t e  tank  ( u s i n g  over- 
f l ow w e i r s )  and the  r ecove red  f u e l  i s  p e r c o l a t e d  through a s i l i c a  ge l co lumn p r i o r  t o  
i t s  r e t u r n  t o  the  f u e l  t ank  f o r  r e u s e .  Th i s  i s  i l l u s t r a t e d  i n  a s i m p l i f i e d  system 
f low d iagram,  F igu re  5 .  In a d d i t i o n ,  bo th  f u e l  and e l e c t r o l y t e  chambers a r e  f i t t e d  
w i t h  g a s  v e n t  chambers t o  f a c i l i t a t e  carbon d i o x i d e  r e j e c t i o n .  A s  a s a f e t y  p recau t ion  
a n i t r o g e n  purge i s  s u p p l i e d  t o  t h e s e  ven t s  when o p e r a t i n g  w i t h  oxygen a t  t h e  ca thode .  

i n s e r t e d  between t h e  f u e l  0 and t h e  a i r  @ chambers.  The c e l l  

F i g u r e  6 shows t h e  i n d i v i d u a l  components of t h e  u n i t  c e l l .  The p l a s t i c  
frame s e c t i o n s  were f a b r i c a t e d  from a low d i s t o r t i o r .  s i l i c a  f i l l e d  Te f lon  due t o  
c r e e p  and t h e r m a l  s t r e s s  problems encoun te red  w i t h  u n f i l l e d  Te f lon  i n  sma l l  c e l l  
t e s t s .  The i n d i v i d u a l  c e l l  f rames  s e r v e  t o  form t h e  v a r i o u s  i n l e t ,  v e n t  and ex- 
h a u s t  man i fo lds  €o r  a l l  t h e  r e a c t a n t  s t r e a m s .  The e l e c t r o l y t e  chamber t h i c k n e s s  
was s e t  a t  110 m i l s  t o  i n s u r e  t h a t  t h e  3 cm3/min/cell  e l e c t r o l y t e  f low could  sweep  
t h e  t r a n s p o r t e d  decane i n t o  t h e  decane  r e s i d e n c e  space  b e f o r e  i t  c o n t a c t e d  t h e  ca thode .  
The decane  r e s idence -ven t  s p a c e  and exi t  weir (shown i n  t h e  back view of t h e  e l e c -  
t r o l y t e  chamber) was a l s o  p rov ided  t o  he lp  c o n t r o l  t h e  decane i n v e n t o r y .  The r e s u l t -  
i n g  u n i t  c e l l  r e q u i r e s  0.45  i n c h e s ,  However, a 0.25 inch  c e l l  cou ld  be  developed f o r  
u s e  i n  h igh  power systems. The assembled  f i v e  c e l l  b a t t e r y  i l l u s t r a t e d  i n  F i g u r e  7 
i s  s e r i e s  connec ted  u s i n g  e x t e r n a l  c u r r e n t  c o l l e c t i o n  bus b a r s  on both  s i d e s  of t he  
c o l l e c t o r  t o  reduce  " b u s  ba r "  r e s i s t a n c e  l o s s e s  i n  t h e  ' c e l l  c u r r e n t  c o l l e c t o r .  This 
s e r i e s  arrangerrent minimizes t h e  e f f e c t  of s h o r t  t i m e  vo l ta .ge  o s c i l l a t i o n s  encountered  
w i t h  l i q u i d  hydrocarbon f u e l s  a t  h igh  c u r r e n t  d e n s i t i e s .  These o s c i l l a t i o n s  can  be 
q u i t e  l a r g e  ( u p  t o  0 . 4  v o l t s / c e l l )  depending on e l e c t r o d e  s t r u c t u r e ,  s t ' a r t -up  
h i s t o r y  and c u r r e n t  d e n s i t y .  The o v e r a l l  d imens ions  of t h e  s t a c k  a r e  6-1/4" x 
6-3 /4"  x 4 -1 /2"  i n c l u d i n g  end p l a t e s  and B e l v i l l e  s p r i n g  c l o s u r e  ( f i v e  c e l l s  r e q u i r e  
on ly  2-1 /4  inches )  r e q u i r e d  a s  a r e s u l t  of d i f f e r e n t i a l  expans ion  on s t a r t - u p  and 
shut-down. Older  c l o s u r e s  f a i l e d  t o  m a i n t a i n  s t a c k  i n t e g r i t y  f o r  more than  one s t a r t -  
up shut-down c y c l e .  

F u e l  Cel l  System E v a l u a t i o n  

The l i q u i d  d e c a n e - a i r  f u e l  c e l l  b a t t e r y  d e s c r i b e d  i n  t h e  p reced ing  s e c t i o n  
was used  t o  de t e rmine  i f  t h e r e  is any e n g i n e e r i n g  o b s t a c l e  t o  t h e  development of a 
d i r e c t  l i q u i d  decane -a i r  f u e l  c e l l  b a t t e r y .  Towards t h i s  end ,  t es t s  were conducted 
t o  s t u d y  t h e  e f f e c t s  of sys tem s c a l e - u p  on c e l l  o p e r a t i o n  and e l e c t r o d e  l i f e .  Three 
i n d i v i d u a l  a s sembl i e s  were p r e p a r e d ,  two were used i n  our  l a b o r a t o r y  f o r  sys tems 
s t u d i e s ,  w h i l e  t h e  t h i r d  was d e l i v e r e d  t o  U.S.A. E l e c t r o n i c s  Command ( F o r t  Monmouth) 
a s  a b a t t e r y  demons t r a to r .  

The i n i t i a l  per formance  o b t a i n e d  w i t h  a s s e m b l i e s  1 and 3 are summarized i n  
F i g u r e  8 .  Average v a l u e s  were used s i n c e  on ly  t h r e e  a s s e m b l i e s  were p repa red  and 
f a b r i c a t e d  r e p e a t a b i l i t y  cou ld  n o t  be e s t a b l i s h e d .  The oxygen performance was i n  
f a i r l y  good agreement w i t h  t h e  r e su l t s  ob ta ined  i n  t h e  1.5 inch  d i a m e t e r  c e l l ,  
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a l t h o u g h  a 200 mv (40 m v / c e l l )  d e b i t  w a s  observed a t  5 amps. 
n o t e d  on a i r ,  however, 3 . 5  amps w a s  t h e  maximum c u r r e n t  p o s s i b l e  w i t h o u t  dropping  
below 0.2 v o l t s / c e l l  ( a  s a f e t y  c u t - o f f  p o i n t ) .  
due t o  some decane t r a n s p o r t  a c r o s s  t h e  e l e c t r o l y t e  chamber t o  t h e  c a t h o d e  s i n c e  i n  
t h e  i n i t i a l  tes ts  (Assembly 1) t h e  performance of t h e  i n d i v i d u a l  c e l l s  proved t o  be 
s e n s i t i v e  t o  e l e c t r o l y t e  f low d i s t r i b u t i o n .  
i n g  an  e l e c t r o l y t e  b a l a n c e  p r e s s u r e  l i n e  to  b o t h  end p l a t e  e l e c t r o l y t e  d i s t r i b u t i o n  
m a n i f o l d s .  D e s p i t e  t h i s  loss t h e  second (#3) f i v e  c e l l  assembly produced 6 watts on 
oxygen and 3 .5  t o  3 . 7  w a t t s  on a i r .  

A similar r e s p o n s e  was 

T h i s  poor a i r  per formance  i s  probably 

T h i s  was s u b s e q u e n t l y  c o r r e c t e d  by open- 

Next t h e  use  of wide b o i l i n g  range  f u e l s  w a s  b r i e f l y  examined t o  assess 
problems i n t r o d u c e d  by a r e a l i s t i c  f u e l .  
f u e l  (OTF-90, b o i l i n g  r a n g e  195-290°C) was s i l i ca  g e l  p e r c o l a t e d  and  f e d  t o  t h e  c e l l  
th rough t h e  normal f u e l  f e e d  sys tem.  The r e s u l t s  shown i n  F i g u r e  9 i n d i c a t e  a t h r e e -  
f o l d  r e d u c t i o n  i n  power c a p a b i l i t y  w i t h  t h i s  i s o p a r a f i n i c  f u e l .  
o p e r a t i n g  system i n d i c a t e d  t h a t  t h i s  was due t o  i n c r e a s e d  f u e l  t r a n s p o r t  th rough t h e  
anode w i t h  a r e s u l t a n t  i n c r e a s e d  c a t h o d e  d e b i t .  
f u e l  were recovered  from t h e  e x i t  a i r  stream. 
upon r e t u r n i n g  t o  t h e  n-decane f u e l .  T h e r e f o r e ,  i t  a p p e a r s  t h a t  a r e d u c t i o n  i n  f u e l  
t r a n s p o r t  should  a l s o  improve performance on wide b o i l i n g  r a n g e  i s o p a r a f f i n i c  f u e l s .  

A s p e c i a l  low s u l f u r  i s o p a r a f f i n i c  tu rbo-  

I n s p e c t i o n  3f  t h e  

I n d e e d ,  s i g n i f i c a n t  q u a n t i t i e s  of 
However, no performance loss w a s  noted  

The d e c a n e - a i r  performance h i s t o r y  of assembly 3 i s  summarized i n  F i g u r e  l o ,  
which i s  a p l o t  of s t a c k  power ( a t  1-1.5 amps) v e r s u s  t i m e  a t  150°C (-40% of t h i s  
under  l o a d ) .  Not ice  t h a t  s t a c k  power d r o p s  markedly d u r i n g  t h e  f i r s t  100 h o u r s  and 
then  t e n d s  t o  s t a b i l i z e  a t  about  50% of i t s  o r i g i n a l  v a l u e .  As i n d i c a t e d  i n  t h e  
f i g u r e ,  t h e  b a t t e r y  w a s  s h u t  down t h r e e  t i m e s  d u r i n g  t h i s  program t o  assess t h e  
a f f e c t  of thermal  expans ion  damage on c a t h o d e  per formance .  A f t e r  t h e  second s h u t -  
down, c a t h o d e  leakage  w a s  n o t e d  which became worse a f t e r  t h e  400 hour  s h u t  down. Thus,  
i c  a p p e a r s  t h a t  h y d r o c a r b o n - a i r  b a t t e r i e s  w i l l  have t o  remain  a t  t h e i r  o p e r a t i n g  
t e m p e r a t u r e  d u r i n g  t h e i r  s e r v i c e  l i f e .  

A t  400 h o u r s ,  some pe t ro leum d e r i v e d  decane ( c o n t a i n i n g  a l k y l  a r o m a t i c s )  
was i n a d v e r t e n t l y  f e d  t o  t h e  s t a c k .  Opera t ion  on t h i s  contaminated  f u e l  r e s u l t e d  i n  
an immediate  performance loss which was n o t  f u l l y  r e c o v e r e d  a t  560 hours  when t h e  
t e s t  w a s  t e r m i n a t e d .  T h i s  i s  i n  d i r e c t  c o n t r a s t  t o  t h e  r e v e r s i b l e  r e s p o n s e  observed 
w i t h  t h e  0°F-90 f u e l .  A f u r t h e r  i n d i c a t i o n  t h a t  t h e  poor performance of t h e  wide 
b o i l i n g  range  f u e l  was n o t  due t o  anode p o i s o n i n g .  From t h e  f o r e g o i n g ,  i t  a p p e a r s  
t h a t  o p e r a t i o n  w i t h  commercial f u e l s  is  n o t  a s i g n i f i c a n t  problem p e r  s e .  However, 
some f u e l  p u r i f i c a t i o n  w i l l  b e  r e q u i r e d  t o  remove s u l f u r ,  s u r f a c e a n t s ,  and a l k y l  
a r o m a t i c s .  

Conclus ions  

The development of t h i s  f i v e  c e l l  d i r e c t  l i q u i d  d e c a n e - a i r  b a t t e r y  has  
d e m o n s t r a t e d  t h a t  o p e r a t i o n  w i t h  f u e l  t r a n s p o r t  i s  f e a s i b l e .  However, decane t r a n s -  
p o r t  t o  t h e  ca thode  can  impai r  c e l l  performance i f  t h e  e l e c t r o l y t e  chamber does  n o t  
c o n t a i n  a d e q u a t e  decane r e s i d e n c e  and v e n t  s p a c e .  In a d d i t i o n ,  a f u e l  r e c o v e r y  
s y s t e m  i s  r e q u i r e d  t o  m a i n t a i n  coulombic e f f i c i e n c y .  D e s p i t e  t h e s e  problems,  t h e  f i v e  
c e l l  s t a c k  was c a p a b l e  of d e l i v e r i n g  6 watts on decane-oxygen and 3 . 7  w a t t s  on decane 
a i r  f e e d s .  However, improved e l e c t r o d e  s t r u c t u r e s  a r e  r e q u i r e d  s i n c e  s i g n i f i c a n t  
performance l o s s e s  were n o t e d  i n  ex tended  tes ts .  These c a n  amount t o  up t o  50% of 
t h e  i n i t i a l  performance e s p e c i a l l y  i f  numerous c o l d  s h u t  downs are r e q u i r e d .  

Tests w i t h  a wide b o i l i n g  commercial f u e l  (0°F-90) i n d i c a t e s  t h a t  t h e s e  
f u e l s  would p r e s e n t  no new e n g i n e e r i n g  problems,  b u t  performance i s  i m p a i r e d  due t o  
i n c r e a s e d  f u e l  t r a n s p o r t  which r e s u l t s  i n  an i n c r e a s e d  c a t h o d e  d e b i t .  In a d d i t i o n ,  
some f u e l  p u r i f i c a t i o n  w i l l  b e  r e q u i r e d  t o  remove p o t e n t i a l  c a t a l y s t  p o i s o n s ;  t h i s  

D problem i s  c u r r e n t l y  under  s t u d y .  

1 
\ 
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Thus, t h i s  s t u d y  h a s  e s t a b l i s h e d  t h a t  t h e r e  d o .  no t  appear  t o  be any 
e n g i n e e r i n g  o b s t a c l e s  t o  t h e  development of a h igh  power' d e n s i t y ,  d r i e c t  l i q u i d .  hydro- 
c a r b o n - a i r  € u e l  c e l l  b a t t e r y .  Unfo r tuna te ly ,  on ly  p l a t inum e l e c t r o d e s  have shown 
s u i t a b l e  e l e c t r o c h e m i c a l  a c t i v i t y  .and t h e  q u a n t i t i e s  . r equ i r ed  p rec lude  any e x t e n s i v e  ' .  
commercial  a p p l i c a t i o n s .  Thus ,  a d i r e c t  l i q u i d  hydroca rbon-a i r  f u e l  c e l l  b a t t e r y  i s  ' 

t e a s i b l e  provided  t h a t  t h e  n o b l e  me ta l  c a t a l y s t  r equ i r emen t s  can  b e  s u b s t a n t i a l l y  re- 
duced through improved u t i l i z a t i o n  o r  rep lacement  w i t h  non-noble  sys tems .' Work i n  
b o t h  t h e s e  a r e a s  appears q u i t e  promis ing  and t e n - f o l d  improvements , in  p la t inum u t i l i z a -  
t i o n  have a l r e a d i  been demons t r a t ed  w i t h  expe r imen ta l  e l e c t r o d e s  i n d i c a t i n g  t h a t  
f u r t h e r  improvements may be p o s s i b l e .  
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F i g u r e  3 

I n i t i a l  Performance Data Decane F u e l  C e l l s  

(10 cm2 C e l l s )  

1 S i n g l e  C e l l  Assembly 
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Figure 6 
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SMAIL SIZE LIQUID FUEL AIR AND Z I N C  AIR PRIVARY CELLS 

W .  V i e l s t i c h  and U. Vogel 

I n s t i t u t  fiIr Phys ika l i s che  Chemie der U r , i v e r s i t Z . t  Bonn 

I n t r o d u c t i o n  
A s p e c i a l  f e a t u r e  o f  l i q u i d  f u e l s  i s  t h e  h i g n  A-h-capacity p e r  
u n i t  volume and pe r  u n i t  weight .  A s  a n  exemDle one has  5.000 A-h 
p e r  l i t e r  methanol  a n d  a c a p a c i t y  as h i g h  as 1.000 A-h p e r  l i t e r  
i n  a 6 . 2  i:i methanol s o l u t i o n .  Th i s  compact form of  s t o r e d  energy 
o f f e r s  t h e  p o s s i b i l i t y  t o  use  such  1 i q u i d . f u e l s  n o t  on ly  i n  con- 
t i n u o u l y  o p e r a t i n g  f u e l  c e l l s  b u t  i n  pr imary type  c e l l s  ,also. Con- 
v e n i e n t  i s  t h e  p r a c t i c e  t o  combine a f u e l  e l e c t r o d e  viith a hydro- 
phobic  a i r  e l e c t r o d e  o p e r s t i n g  a t  ambient t empera tu re  and pressu-  
r e .  The A-h-capaci ty  of  such  a c e l l  i s  g i v e n  by t h e  volume of t he  
added f u e l  e l e c t r o l y t e  mixture .  I n  o p p o s i t e  t o  cor i i lercial  pr imary 
eel-1s l i q u i d  f u e l  a i r  c e l l s  can  be r e a c t i v a t e d  a f t e r  d i s c h a r g e  by 
renewing the  f!.iel e l ec tL .o ly t e  mix tu re  ( I  , 2 )  

Cells o f  t h i s  ty?e have  a l r e a d y  been c o n s t r u c t e d  and f i e l d  t e s t e d  
f o r  s e v e r e l  p r a c t i c a l  a p p l i c a t i o n s .  60 :? methsnol  a i r  b a t t e r i e s  
have been used t o  pov:er f l a s h i n g  bouys. .:kith 400 l i t e r s  f u e l  e lec-  
t r o l y t e  x i x t u r e  a s i g n a l  dev ice  w a s  s u c e s s f u l l y  ope ra t ed  f o r  more 
t h a n  one year  ( 2 ) .  Another  40 Vi b a t t e r y  h a s  been used i n  a c t u a l  
s e r v i c e  t o  power a T V  r e l a y  s t a t i o n  i n  Swi t ze r l and .  This s t a t i o n  
was p o s i t i o n e d  i n  7.00C: f t .  a l t i t u d e  where t h e  o u t s i d e  temperatu- 
r e  dropPed belov; - 22OP d u r i n g  w i n t e r  t ime.  A t  t h e s e  extreme wor- 
k ing  c o n d i t i o n s  a l s o  t h e  r a t e d  40 '4 could  be ob ta ined  because Of  
t h e  s e l e c t e d  methanol / forniate  f u e l  mix tu re  ( 7 ,  4 ,  5 ) .  
F o r  t h e  above mentioned a p p l i c a t i o n s  c u r r e n t  d e n s i t i e s  of  s e v e r a l  
mA/cm2 a r e  f e a s a b l e .  In  t h e  meantime, t h e  performance o f  t h e  hy- 
drophobic carbon d i f f u s i o n  e l e c t r o d e  used s o  f a r . h a s  been in- 
c reased  b y  more t i lan one o r d e r  of  magnitude i n  c u r r e n t  d e n s i t y .  
' J i t h  t h i s  new a i r  e l e c t r o d e  an  extended f i e l d  o f  a p p l i c a t i o n  was 
d i scove red .  Small  c e l - l s ,  e .g .  i n  form o f  a D-size c e l l ,  can  now 
be c o n s t r u c t e d  on t h e  b a s i s  of me thano l / a i r  o r  f o r m a t e j a i r .  I n  
coxpa r i son  t o  co~, r ! ie rc ia l  c e l l s  t h e s e  new e l e c t r i c a l  power sou rces  
have a h i g h e r  A-h-rate and can  be recharged  s e v e r a l  t imes .  I n  t h e  
f o l l o w i n g  a d e s c r i p t i o n  of  t h e s e  c e l l s  and expe r imen ta l  da t a  a r e  
g iven .  P o s s i b l e  l o w  power a p p l i c a t i o n s ,  e s p e c i a l l y  f o r  t r a n s i s t o -  
r i z e d  equipment a r e  d i s c u s s e d .  
C e l l  C o n s t r u c t i o n  
The basic  c o n s t r u c t i o n  scheme of a l i q u i d  f u e l  a i r  c e l l  i s  shown 
i n  f i g .  1 .  The D-size c e l l  has a me ta l  hous ing  ( s t a i n l e s s  s t e e l ) .  
The f u e l  e l e c t r o d e  i s  p r e s s e d  a g a i n s t  t h e  w a l l  of t h e  hous ing  by 
a p e r f o r a t e d  n i c k e l  s c r e e n .  The f u e l  e l e c t r o d e  c o n s i s t s  of a Sin- 
t e r e d  n i c k e l  f o i l  w i t h  a p l a t inum meta l  c a t a l y s t s .  1-5 mg/cm2 
a r e  e l e c t r o - p l a t e d  f r o m  a standard commercial  s o l u t i o n  of  pla- 
t inum/pal ledicm. The nob le  m e t a l s  are d e p o s i t e d  i n  a r a t i o  bf 
Pd:Pt = 4 : l  up t o  9: l  (compare r e f .  5 ) .  The ca rbon  oxygen e l e c -  
t r o d e  i s  f i x e d  i n  the  cap of  t h e  c e l l .  The carbon rod h a s  a 
channel  i n  the  c e n t e r  t o  f a v o u r  t h e  oxygen d i f f u s i o n  to and t h e  
n i t r o g e n  t r a n s f e r  f rom t h e  r e a c t i o n  zon'e. The a c t i v e  carbon 
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material is bounded by polyethylen which serves as hydrophobic 
agent also. The content of polyethylen ranges from 10 to 20 96, 
depending on the character of the solution, e.g. content of 
methanol. A silver plated nickel grid around the carbon rod 
serves as current collector. The electrical connections are 
given by the spring contact on the plastic cap (positive pole) 
and the metal housing (negative pole). 
The cell can be filled with 20 - 24 cm3 fuel electrolyte mix- 
ture through two openings in the cap. The A-h-capacity of the 
cell depends on the fuel concentration and on the fuel mixture 
usedt 7.5 M KOH + 5 M formate ...... 5 . 5  - 6.5 A-h 

9 Ivl KOH + 4 M methanol ..... 13 - 15.5 A-h 
In the alkaline electrolyte, methanol and formate are both con- 
verted completely to carbonate ions, In the reaction with metha- 
nol 2 O'ET ions are consumed and 6 electrons are delivered per 
molecule. In the case of formate only one OH- ion is used for 
tne conversion and two electrons are delivered. 
For a Seize dry cell ampere-hour values of about 3 are obtained 
at low current densities. We have also built cells with a 
plastic housing. In this construction the negative pole is 
situated at the bottom of the housing. Fig. 2 ehows two types 
of the D-size alcohol/air element and a plastic spare tube for 
refill. 
The principle of a free liquid electrolyte and a carbon air 
diffusion electrode can be used in combination with a consumable 
metal electrode as negative pole also. The liquid fuel and the 
f u e l  electrode than are replaced by a zinc or cadmium anode 
(in form of a foil or a powder). Such a metal air cell has the 
advantage of a higher operating voltage (1.0 to 1.2 volts). 
Current loads of 100 - 300 mA easily can be obtained. The A-h- 
capacity depends to a large extent on the concentration and on 
the volume of the electrolyte. To avoid heavy corrosion effects 
at the anode ZnO has to be added to the electrolyte of the zinc 
air cells. In opposite to commercial dry cells such a zinc air 
cell can be reused. This can be done by renewing the electrolyte. 
The number of cycles le determined by the weight of the zinc 
electrode and the current efficiency. 
Experimental Results 
hl fig. 3 th e diecharge curves of formate and einc/air cella 
are compared with that of a commercial dry cell. In the first 
part of the curve the dry cell shows a relatively hlgh operating 
voltage. But the output is decreasing almost linearly with time. 
BY the use of zinc and formate air celle very constant terminal 
voltages are obtained over the whole discharge period. Forther- 
more the A-h-capacity of the new air cells obviously exceede that 
of the dry cel1,weight and volume being almoBt the 8eme. 
At low temperatures (- 15OC) a small decrease in performmoo 
only is obeerved for all cells investigated (fig. 4 ) .  The celle 
with liquid electrolyte again show a much better volta e timo 
behaviour. Current efficienciee of 90 - 97 for formafe ana 
80 - 90 $ for methanol have been obtained. The A-h-efficiency 
depends of couree on the load and on the temperature. 
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For  some n p p l i c a t i o n s  i t  i s  a d v i s a b l e  t o  u s e  methanol / formate 
mixtures  as it h a s  been done i n  a b a t t e r y  s e t  f o r  s i g n a l  
d e v i c e s  ( 3 ,  A ,  5). Such a mix tu re  o f f e r s  a heavy load  p e r f o r -  
mance (due t o  t h e  added f o r m a t e )  combined w i t h  a b i g  A-h- 
c a p a c i t y  (depending  on t h e  methanol  c o n t e n t ) .  
D i scuss ion  of A p p l i c a t i o n s  
The s imple c o n s t r u c t i o n  and t h e  main tenance- f ree  o p e r a t i o n  o f  
I.io_uid f u e l  a i r  c e l l s  c l e a r l y  s u g g e s t  a s imi la r  f i e l d  o f  
a . g p l i c a t i o n  a s  i n  t h e  case  of d r y  c e l l s .  The f e a t u r e s  of  t he  
new b a t t e r y  a r e :  ea sy  r e a c t i v a t i o n ,  c o n s t a n t  d i s c h a r g e  v o l t a g e ,  
un l imi ted  s t o r a g e ,  and h i g h  A-h-capacity. The re fo re ,  many 
a p p l i c a t i o n s  a r e  p o s s i b l e  i n  s p i t e  of t he  r e l a t i v e l y  low t e r -  
mina l  vo l t age .  
The o p e r a t i n g  v o l t a g e  can  be i n c r e a s e d  by use  o f  an DC-DC- 
c o n v e r t e r .  By s u i t a b l e  ad jus tmen t  o f  t h e  c o n v e r t e r  e lements  i t  
i s  p o s s i b l e  t o  o p e r a t e  even w i t h  i n p u t  v o l t a g e s  of 0.5 - 
0.7 v o l t s .  Ye have  b u i l t  DC-DC-converters of  0.6 t o  6 v o l t s  
w i t h  c u r r e n t  o u t p u t s  o f  10 - 30 m k  which have more t h a n  60 $ 
e f f i c i e n c y .  The c o n v e r t e r  can  be p l a c e d  i n  t h e  b a t t e r y  hous ing ,  
e.g.  i n  t h e  cap.  Weight and volume o f  a power s e t  a r e  dimini-  
shed  by such  a combina t ion  of pr imary  c e l l  and c o n v e r t e r .  In 
some cases  i t  w i l l  be advantageous  t o  connec t  two c e l l s  i n  
s e r i e s  i n  o r d e r  t o  o b t a i n  b e t t e r  c o n v e r t e r  e f f i c i e n c i e s .  
According t o  t h e  s p e c i f i c  q u a l i t i e s  d e s c r i b e d  t h e  new power 
s o u r c e  can f i n d  t h e  f o l l o w i n g  a p p l i c a t i o n s :  
( i )  p o r t a b l e  t r a n s i s t o r  r a d i o s ,  t a p e  r e c o r d e r s ,  walkie-  

t e l k i e - s e t s  
( i i )  equipments which r e q u i r e  a c o n s t a n t  d i s c h a r g e  v o l t a g e ,  

e .g .  e l e c t r i c  c l o c k s  
(iii) everywhere,  if a n  u n l i m i t e d  s t o r a g e  i s  r e q u i r e d . .  

In  t h i s  c a s e  t h e  c e l l  cou ld  be s t o r e d  w i thou t  e l e c t r o -  
l y t e .  
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Fig. I Liquid fuel air cell cross section 
(11 metal housing 
( 2  fuel electrode 

Fig. 2 View of two liquid fuel air cells and of a D-size 
d r y  cell 
le&: plastic housing, 

3 right: metal housing 
in front: plastic spare tube with 20 cm 
fuel/electrolyte mixture 

. 
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REFORMED NATURAL GAS, ACID' MATRIX 
FUEL CELL BATTERIES 

D. Y. C. Ng and D. K. Fleming 

Institute of Gas Technology 
3424 South State Street  

Chicago, Illinois 60616 

INTRODUCTION 

This paper is a condensed report  on the f i r s t  4 yea r s  of the low-temperature 
acid electrolyte fuel cell  program sponsored at the Institute of Gas Technology by a 
group of gas utilities. 
air-breathing fuel cell powered by natural gas. 

The purpose of the program i s  to develop an economical, 

Because methane i s  relatively unreactive electrochemically, this program 
emphasized steam reforming of the natural  gas to a hydrogen-rich fuel for the cell. 
The fuel cell was adapted f rom the hydrogen-oxygen cell to make it operate on dilute 
(and poisoning) reformed natural gas and air. 
i t  i s  compatible with the carbon dioxide that is present i n  the fuel. 

Acid electrolyte was required because 

The program was subdivided into three related technical categories: 

1. 
2 .  
3 .  

These technical a r eas  a r e  discussed below, along with another major point - overall 
fuel cell cost. 

Conditioning of the natural gas fuel 
Electrode catalyst reduction and life evaluation 
Fuel cell stack design and engineering 

HYDROGENGENERATORDEVELOPMENT 

A novel three-stage process  w a s  developed for conversion of low-pressure 
natural gas into a hydrogen-rich fuel suitable for use in acid fuel cells. 
w a s  translated into efficient, integrated, prototype hydrogen generators which pro- 
duced a fuel containing l e s s  than 20 ppm of carbon monoxide. 
equipment has been described in detail in ear l ier  papers. 5' 

The process 

The process and 

Development of the hydrogen generator has been temporarily suspended. Using 
better apode catalysts, other investigators have successfully operated acid fuel cells 
with feeds containing a s  much as 10% carbon momxide at 300°F with little poisoning 
effect. 
for the operation of fuel cells at the more  moderate temperatures that minimize 
corrosion and with electrodes that have a lower platinum content. 

ELECTRODE EVALUATION 

However, the hydrogen generation process  wi l l  probably sti l l  be desirable 

The primary goal of the program was the development of economical fuel cells 

Figure 
operating on reformed natural  gas and air. 
w a s  the pr imary  cost in the acid fuel cell at the beginning of the program.  
1 presents the reduction of the noble metal  content during the 4 years.  
s t a r t  of the program, available electrodes contained 80 mg Pt/sq cm - a catalyst 
utilization of 250 troy oz/kw at obtainable power levels on hydrogen and oxygen. 

The noble meta l  content of the electrode 

At the 
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At the end of 1966, utilization had improved to less  than 1 t r o y  oz/kw while 
operating on reformed natural gas and air. 

Amcrican Cyanamid Company's introduction of thin-screen electrodes at this 
meeting in 19633 and i ts  recent work on lower loading electrodes a r e  apparent in 
Figure 1. 
design, improved operating conditions, and higher power densities. 

The intermediate performance improvements reflect better tes t  cell 
' 

These electrodes have been long-lived. Figure 2 shows the lifetime of one of 
our f i r s t  immobilized phosphoric acid, capillary matrix cells operating at 90°C .  
The performance of this cel l  was relatively constant i f  matrix deterioration is  dis- 
counted. Both electrodes in  this tes t  were American Cyanamid Type AA-1 contain- 
ing 9 mg P t / sq  cm and operating at a 40 ma / sq  cm current  density. 

Table 1 l is ts  the lifetimes and performances of representative small-cell tests. 
Reduced anode loadings do not cause appreciable power loss  with 20-ppm carbon 
monoxide in the dilute fuel, but the tolerance to higher carbon monoxide dosages is 
not yet known. 
a noticeable power reduction. 

The reduced catalyst content a t  the cathode, however, does cause 

Some of the tes ts  listed in Table 1 were shor t - te rm (3 months or less)  because 
the electrodes could not be recovered af ter  dismantling the cell. 
loading electrodes do not separate  readily from deteriorated matr ices .  

Some of the low- 

Moisture management and matrix degradation were the two major problems 
with the small-cell tes ts .  
was electrolyte leaching caused by insufficient moisture removal. 
design and temperature control, the  moisture balance is more  easily maintained. 

The most common mode of failure for these small tests 
With a good cell 

The glass-fiber matrix is slowly attacked by phosphoric acid, changing to a 
The effect of replacing a deteriorated matrix is 

Several other matrix mater ia ls  have been tested without sig- 
We see no clear  solution to the matrix problem at the present 

gel and losing i ts  wet strength. 
evident in Figure 2. 
nificant success. 
time. 

BATTERY ENGINEERING 

The third phase of the low-temperature fuel cell program was the engineering 
and operation of multicell bat tery stacks. 
study of heat and moisture management, proper distribution of dilute fuel and 
oxidant, and other problems of battery operation. 
membrane batteries were presented ear l ier .4  These efforts were abandoned in 
favor of immobilized electrolyte, capillary matrix batteries, which appear to hold 
greater  promise for ultimate cost reduction. 
balances a r e  more cr i t ical  with the matrix battery because of the reduced electrolyte 
inventory. 

This section of the program involved the 

Studies with dual ion-exchange 

However, the heat  and moisture 

Figure 1 includes a line fo r  the catalyst reduction achieved with battery opera- 
tion. Because all stacks operated since 1.964 contained American Cyanamid Type 
AA-1 electrodes (18 mg P t / sq  cm total), the improved catalyst utilization reflects 
improvements in power density only. / 
with the membrane bat ter ies ,  73 .  2 w/sq ft with 0. 25-sq-ft mat r ix  batteries, and 
82. 5 w/sq ft with la rger  mat r ix  batteries. The electrode cost of the batteries lags 

will probably be s imilar  to those of the present  small-cel l  electrode costs when the , i behind that of the tes t  cells by approximately 1 to  1-11,? years  because of electrode 
availability and the need for  preliminary evaluation. 

low-noble-metal-content electrodes a re  operated in multicell stacks. 

The power densities obtained were 48 w / S q  ft 

The battery electrode costs 
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I The basic matrix fuel cell unit i s  similar in all of the sizes tested in this 
program. 
absorbed in Whatman GF-82 glass-fiber paper that i s  25 mils thick. 
this glass -fiber matrix are impregnated with Kel-F to minimize electrolyte leakage 
through the exposed edges of the cell. The fuel compartment i s  enclosed by an 
ethylene-propylene -terpolymer gasket and has interfaces a t  the anode, which is 
adjacent t o t h e  matrix, anda t  the bipolar plate, which i t  shares  with the next cell. 
Fuel flows into the cell from manifold ports in the top edge and over the face of the 
cell .  

Figure 3 shows an exploded view of the cell design. The electrolyte i s  
The edges of I 

Spent fuel i s  exhausted through a single outlet a t  the bottom. The cathode 
compartment is similar.  I 

Matrix cells of this construction a r e  stacked into a battery. The bipolar plate 
acts  a s  a gas separator and a n  electrical connector between the adjacent cells. 
resulting battery i s  electrically connected in ser ies .  
ft cell is  5. 5 x 9. 6 x 0. 100 in. with a 4. 7 x 7. 7 in. active area.  
size is  12 s 13 x 0. 100 in. with a 9. 5-in. -square active area.  
power obtained from the l a rge r  cells, exclusive of end platesand fittings, the unit 
weight of the stack i s  about 15 lb/kw and the unit volume is about 0.18 cu ftlkw. 
design power levels of 55 w/sq ft, the specific weight and volume increase to 22 lb/kw 
and 0. 26 cu ft/kw. Figure 4 i s  a photograph of the components of a single cell. 

The 
The overall size of a 0. 25-sq- 

The larger cell 
Based on the maximum 

At 

The heat and moisture balances within the cell  were studied by computer analysis. 
Par t ia l  differential equations modeling the heat and mass  flows were solved by the 
finite difference technique. 
calculations indicated that the g a s  flow required to  remove the heat generated in the 
cell was an order of magnitude greater than that required to remove the product 
water. 

Fo r  the geometry and operating conditions used, the 

I 

Therefore, t he  excess heat must be removed by a separate mechanism. 

Ethylene glycol circulating through the hollow end plates of five-cell modules 
cools the stack, a s  i l lustrated schematically in Figure 5. 
density, the temperature variation from the center cell to  the end cell of a module i s  
45°F. 
effective thermal conductivity in the direction of current flow is only about 0. 11 Btu/ 
hr - f t - "F  for this geometry. 
low conductivity. 
equilibrium, at  the individual cell temperature, with the gas flows. 

At 100 amp/sq f t  current 

Based on published correlations for heat t ransfer  in a fuel cell battery,' t he  

' 

I 

Each cell i n  the module operates at the acid concentration which is i 
The tortuous path for  heat removal probably causes the 

, 
Cell modules a r e  connected electrically in se r i e s  to produce the desired output. 

Figure 6 illustrates a three-module 
near the end of the reporting period. 
amp of gross current. 

500-watt battery which was successfully operated 
The output of this battery was 7. 6 volts at  70 

#- A typical polarization curve for a five-cell module i s  shown in Figure 7. The 
stack voltage at  100 amp/sq  f t  current density was 3. 3 volts or  0. 66 volt per cell. 
The maximum power output of this stack was 243 watts at 90 amp (144 amp/sq ft). 
70  -amp current, the maximum cell-to-cell deviation was 2. 57'0, although the devia- 
tion was greater a t  higher current densities. Maldistribution was evident at  these 
conditions, as indicated by the nonlinearity of Figure 7. 

I 

At 

d 

The flow distribution ac ross  the face of the cell was checked by assemblying a 
dummy cell  without electrodes. 
flow rate was established, and a small  quantity of hydrogen sulfide w a s  injected into 
the inlet line. 
sulfide is consumed, leaving a dark pattern which indicates the flow regime over the 
face of the cell. 

The matrix was  soaked with lead acetate, the desired,  

The hydrogen sulfide reacts  with the lead acetate until the hydrogen 

1 Gas distribution can also be determined by fuel utilization efficiency curves such 
In this graph, the flow rate  is expressed in multiples of a s  those shown in Figure 8. 

the stoichiometric fuel requirements. Figure 8 indicates that fuel utilizations greater 



than 50% may be expected from this cell design at higher current  densities without 
excessive penalty. 
of these utilization curves closer to the stoichiometric fuel requirements. 

However, the design should be improved to displace the knee 

FUEL CELL COSTS 

The basic r a w  material  costs of fuel cell  batteries and tes t  cells operated in 
this program a r e  tabulated below a s  a function of date. 

Table 2. BASIC MATERIAL COSTS OF IGT 
LOW-TEMPERATURE FUEL CELLS AND BATTERIES 

Component Jan. 1963a March 1964b April 1965' March 1966d Dec. 1966e 

Precious 
Metal 

(catalyst) 23, 000 2,800 1,520 775 80 

Electrode 
Screen 23,000 141 79 4 0  57 

Bipolar 
Plates 1, 140 

Membranes 385 

Gaskets, etc. 53 

230 

3 60 

50 

.128 65 

220 - -  
. 28 10 

93 

-- 
14 

a 

bImproved IEM battery, 20 w/sq f t  with American Cyanamid AA-1 electrodes. 

13-cel1, 0.25-sq-ft IEM battery with American Cyanamid AA-1 electrodes at  

d5-cell, 0. 25-sq-ft matr ix  battery with American Cyanamid AA-1 electrodes at  

e4-sq-in. matrix cell using an  American Cyanamid BA-1/4 anode and BA-2C 

Original IEM battery, 18. 7 wlsq f t  with 72 g l sq  f t  electrodes on Pt gauze. 

C 

35. 5 wlsq ft. 

72  w/sq f t .  

cathode a t  50 w/sq ft(estimated). 

Table 2 l is ts  basic mater ia l  costs only and does not include the value added by manu- 
facture. 
At the present state of development, the  value of the other metallic components of 
this cell  i s  greater  than that of the catalyst. 
reduced, the fuel cell should soon become an  economic reality. 

The reduction in catalyst cost, in  line with Figure 1, has  been significant. 

If these subsidiary costs can be 

The  fuel cell catalyst costs do not require  further reduction. The range of 
$100/kw i s  probably less than required for  an economic fuel cell  because the 
platinum catalyst i s  not destroyed in the cell  operation. 
may be recovered for a nominal charge (similar to current  practice with petroleum 
ref inery catalysts), the platinum is essentially nondepreciable. In addition, the 
platinum i s  a highly fluid asse t  and may be used a s  collateral for low-interest bonds. 
Under gas industry economics, the annual costs for  this catalyst should be about 
7%. Figure 9 presents  the annual charge, including platinum recovery,  for several  
electrode combinations. The assumption has  been made that the peak power density 
currently obtainable with these platinum loadings will be the future design basis. 

Since the catalyst values 
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Figure 9 illustrates that the t rue  annual cost of the catalyst is low and that 
higher catalyst loadings may be possible, depending on the overall economics of 
the system. 
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.@re 4. VIEW OF 0.63-sq-ft  CELL COMPONENTS 

Figure 5. SCHEMATIC REPRESENTATION OF MODULAR C E L L  COOLING 

__ 



Figure 6. TEST STATION WITH 500-WATT h4ATRIX FUEL CELL BATTERY 



Y 
0 

u) 
2 

I - 
GROSS CURRENT, amp 

IO 20 30 4 0  50  60 70 80 90 100 110 - 1 I 1 I 

RUN 5 H W C T 9  
CELLS 5 ,  063 sq 11 
ELECTROLYTE A A - I  
FUEL 80% Hp, 20%C02 
OXIDANT A I R  
TEMP I4O0- I7O0F 

CURRENT DENSITY, omphq 11 

Figure 7. POLARIZATION CURVE FOR LARGE-CELL STACK. 

!' 

FUEL FLOW RATE. MULTIPLES OF STOICHIOMETRIC REOUIREMENT 

Figure 8. FUEL UTILIZATION 

1 



TOTAL 
NOBLE POWER 

ANODE/CATHODE METAL DENSITY 

EA - I /A A - I I I mg/rq cm 80 mw/rq cm 

- \  

1/2 /EA-3C 3 mg/rq cm 64 mw/sq cm 

EA-1/4/BA-2C 1.25mg/sq cm 50 mw/sq cm 

0 1  2 3 4 5 , 6 ' 7  8 9 1 0  

CELL LIFETIME,yoors 

Figure 9. ANNUAL CATALYST COST FOR ELECTRODE CONDITIONS: 
Platinum at $90/troy oz 
Rhodium at $180/troy oz 
Capital at 7% 
Noble -Metal Recovery at $ 1  /troy oz 

I I 



293 

SIMPLIFIED FUEL CELL SYS'IkMS FOR ARMY APPLICATIONS 

G. .R. Frysinger 

Power Sources Divis ion 
Elec t ronic  Components Laboratory 

U.S. Army Elec t ronics  Command 
F o r t  Monmouth, New Jersey 07703 

Fuel c e l l s  using a va r i e ty  of f u e l s  and a i r  a s  oxident have been b u i l t  i n  techni- 
Before they can gain acceptance f o r  commercial or m i l i t a r y  c a l l y  feas ib le  prototypes. 

markets mmy refinements must be made t o  provide extended, low maintenance, custoner 
operation and t o  grea t ly  reduce fabr ica t ion  and materials cos ts .  
simplification t o  use a minimum of components t o  perform the  minimum required functions 
is the  key t o  t h i s  objective. 
a i r  and so l id  or l i qu id  chemical f o r m  of the ac t ive  hydrogen fue l .  
configurations of l i thium hydride, hydrazine and hydrocarbon fueled f u e l  c e l l s  are 
being developed. Use of b a t t e r i e s  in hybrid ba t te ry- fue l  c e l l  systems and sens i t ive  
f u e l  feed cont ro l le rs  have eliminated the need f o r  cos t ly  and heavy e lec t ronic  power 
conditioning, has reduced the number of moving pa r t s ,  and g rea t ly  reduced the  s ize  and 
power required for spec ia l  s t a r tup  systems. 
hydride-air, a 60 watt hydrazine-air and a 500 watt hydrocarbon-air system will be 
examined in d e t a i l .  

System redesign a d  

The Any  has found use f o r  those f u e l  c e l l s  which use 
Highly simplified 

The system llsimplicityt '  of a 30 watt metal- 

? 

I 



SOME PROBLES I N  THE USE OF HYDROCARBONS 
I N  FUEL CELL POWER S Y S m  

K.R. W i l l i a m s  and A.C. Dixon 

"Shell" Research Ltd., Thornton Research Centre, P.O. Box 1,  Chester, England 

INTRODUCTION 

Because of the  d i f f i c u l t y  of making hydrocarbons r e a c t  d i r e c t l y  i n  low 
t e m p r a t u r e  fue l  c e l l  s y s t e m ,  the re  is considerable i n t e r e s t  in  hydrocarbon- 
reforming systems t h a t  produce hydrogen fo r  fue l  c e l l  power p l an t s .  
of the  technology f o r  the  steam-reforming of  hydrocarbons has been concerned with 
l a rge  p l an t s  fo r  which t h e  throughput of hydrogen has been measured i n  mi l l ions  of 
cubic f e e t  per hour r a t h e r  t han  i n  the  hundreds of cubic f e e t  per hour which a re  of 
more concern t o  t he  f u e l  c e l l  power system designer concerned with t h e  production of 
a few k i lowat t s  of e l e c t r i c a l  power. 
can be to l e ra t ed  i n  a hydrogen-production p lan t  intended fo r  t he  chemical industry 
are o f t en  qui te  unacceptable i n  a simple power u n i t  t h a t  must be operated by 
unski l led  personnel. 
opportunity t o  modify the  design of both the  hydrocarbon-reforming system and also 
the  f u e l  c e l l  i t s e l f  i n  o rder  t o  achieve a s a t i s f a c t o r y  compromise between cos t ,  
s imp l i c i ty  and r e l i a b i l i t y .  
circumstance w i l l  depend considerably on the  conditions under which t h e  power system 
i s  c a l l e d  upon t o  operate.  
the  designer w i l l  be considered and suggestions made regarding the  most fruitful 
approaches t o  c e r t a i n  of t h e  problems. 

However, most 

This means t h a t  complexities i n  p l an t  t h a t  

I n  cons t ruc t ing  a fue l  c e l l  power system one has the  

The p a r t i c u l a r  compromise a r r ived  a t  i n  any given 

I n  t h i s  paper some of t h e  var iab les  a t  t he  disposal of 

As f a r  as t he  hydrocarbon-reforming u n i t  is concerned, t he  most important 
f a c t o r s  fac ing  the  designer w e  t h e  degree of pu r i ty  of f u e l  t h a t  i s  acceptable t o  
the  reforming u n i t  and t h e  degree of pu r i ty  of hydrogen t h a t  i s  acceptable t o  the 
f u e l  c e l l .  Whereas most l o w  temperature fue l  c e l l s  made t o  date have used a lka l ine  
e l e c t r o l y t e s ,  those w i t h  a c i d  e l e c t r o l y t e s  have received a t t e n t i o n  recent ly ,  and t h i s  
t r end  obviously has a s t rong  influence on t h e  p u r i t y  of the  gas required by the  fue l  
c e l l .  
e a s i e r  t o  develop and they requi red  pure hydrogen. 
s i l v e r  d i f fuse r  capable of g iv ing  ultra-pure hydrogen from a source supplying impure 
hydrogen encouraged t h e  development of hydrogen generators s u i t e d  t o  t h e  l imi t a t ions  
of t he  a lka l ine  fie1 c e l l .  
of f u e l  c e l l s  with a c i d  e l e c t r o l y t e s  and a number of examples have been given i n  
recent  years of e lec t rodes  t h a t  w i l l  t o l e r a t e  various impur i t ies  i n  t h e  feed gas. 
Use of t h i s  type of e l ec t rode  i s  considered i n  t h i s  paper and t h e  generation of 
hydrogen i s  considered from both aspec ts ,  v i z .  that of producing an ultra-pure 
product and t h a t  of producing a less pure one for use w i t h  t h e  e lec t rodes  developed 
m r e  recent ly .  

encountered i n  t h e  design o f t h e  hydrocarbon-reforming system and t h e  second section 
w i l l  dea l  with e lec t rodes  f o r  use on impure hydrogen. 

I n i t i a l l y ,  l o w  temperature fue l  c e l l s  with a lka l ine  e l e c t r o l y t e s  were the 
The advent of t he  palladium/ 

However, it is now poss ib le  t o  contemplate t h e  operation 

The first sec t ion  of t h i s  paper rill be concerned wi th  some of t h e  problem 

I 

i 
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HYDROCARBON REFORMING SYSTEMS 

I n  obtaining hydrogen from hydrocarbons one has the  choice of using 8 
steam hydrocarbon-reforming reac t ion ,  

+ 2 H 0 + (3n + 1 ) H 2  + nC02 ‘nH2n + 2 n 2 

an oxida t ive  reac t ion  , 

.. ... ( 1  1 

. . . . . (2) 
which i s  highly exothermic and i s  followed by 

+ nH 0 j nCO + (2n + 1 ) H 2  ‘nH2n + 2 2 . . .. . ( 3 )  

+ nCO 2nCO + (n + 1 ) H 2  ‘nH2n + 2 2 

o r  a cracking r eac t ion ,  

+ C  + ( n  + 1 ) H 2  ‘nH2n + 2 n 

. . .. . (4)  

. . . .. (5) 
Generally speaking, a f u e l  c e l l  power system w i l l  be developed because of 

its a t t r a c t i v e l y  high e f f i c i ency  compared with t h a t  o f  t h e  a l t e r n a t i v e s .  Therefore 
it would seem des i r ab le  t o  make hydrogen generation as h ighly  e f f i c i e n t  as possible.  
Thus, while there  may be spec ia l  occasions when t h e  simple cracking reac t ion  i s  
a t t r a c t i v e ,  genera l ly  t h i s  w i l l  not be so because t h e  r e s u l t a n t  hydrogen contains 
only a small proportion of t h e  t o t a l  energy of t he  fue l  en ter ing  t h e  system. 
Although oxida t ive  r eac t ions ,  such as t h e  She l l  g a s i f i c a t i o n  processes fo r  heavy o i l ,  
can be used successfu l ly  on a l a rge  s c a l e ,  t h e i r  success r equ i r e s  t h e  a v a i l a b i l i t y  
of pure oxygen and f o r  t h i s  reason such processes a r e  not normally a t t r a c t i v e  for  
use i n  small power sources. 
with added steam, t o  give a gas which contains about LO% hydrogen. 
d i l u t e  fo r  appl ica t ion  i n  f u e l  c e l l  systems. 
ox ida t ive  process i s  t h a t ,  s ince  it involves combustion, p a r t i c l e s  o f  elementary 
carbon are  produced which a r e  almst impossible t o  e l imina te  from t h e  system without 
extensive treatment.  
hgs t roms  i n  diameter, and axe extremely d i f f i c u l t  t o  f i l t e r  from t h e  gas stream. 
Fine carbon p a r t i c l e s  would be expected t o  g ive  t roub le  over long periods as they 
would accummulate a t  poin ts  where the  gas flow i s  subjec ted  t o  a sharp change i n  
d i r ec t ion  such as one can expect t o  f ind  i n  t h e  passages t h a t  occur i n  f u e l  
b a t t e r i e s .  On t h e  o the r  hand, t h e  steam-reforming reac t ion  can give hydrogen 
concentrations of t h e  order  of 70% on a dry b a s i s ,  t h e  gas being f r e e  from 
p a r t i c u l a t e  contamination. If a hydrocarbon which is l o w  i n  sulphur content is 
ava i l ab le  and acceptable t o  t h e  user, then  t h i s  process is extremely a t t r a c t i v e .  
I n  normal commercial p rac t i ce ,  when customers wish t o  purchase a fue l  f o r  the  
generation of hydrogen by t h e  steam-reforming process,  f u e l  of extremely low sulphur 
content i s  usua l ly  spec i f i ed  s ince  its use s i m p l i f i e s  t h e  overall process. 
Correspondingly, it seems reasonable t o  adopt t h i s  p r a c t i c e  f o r  small f u e l  c e l l s  
where t h e  smal l  s c a l e  of t h e  system re in fo rces  t h e  need f o r  s impl i c i ty .  

It i s  poss ib le  t o  operate t h i s  type of reac t ion  on air 
This is r a the r  

However, a major disadvantage of  t h e  

Such p a r t i c l e s  vary i n  s i z e  from severa l  microns down t o  a feu 

It is usef‘ul, i n  t h e  first ins tance ,  t o  cons ider  t h e  e q u i l i b r i a  involved 
i n  t h e  generation of hydrogen-rich gases f r o m  t h e  hydrocarbon, via t h e  straight- 
forward steam reforming r eac t ion ,  
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+ nH 0 * (2n + 1 ) H 2  + nCO CnH2n + 2 2 

followed by t h e  water gas r e a c t i o n  

H20 + CO C02 + H2 

and t h e  methanation r e a c t i o n  

CO + 2H2 CHb + H20 

With t h e  a v a i l a b i l i t y  o f  computer programs t h e  overa l l  e f f e c t  of these 

The r a t i o  chosen of 
e q u i l i b r i a  i n  given circumstances can r e a d i l y  be calculated.  I n  Table 1 a re  given 
t y p i c a l  e q u i l i b r i a  f o r  a mixture of  a hydrocarbon and water. 
t h r e e  molecules o f  water t o  each molecule of  carbon i n  t h e  feed stock can with 
rnodern ca ta lys t s  give r e l i a b l e  operat ion on a var ie ty  o f  hydrocarbons up t o  and 
including kerosines with a s i g n i f i c a n t  aromatic content.  Covered by Table 1 are 
t h e  e f f e c t s  of pressure and of t h e  removal of water from t h e  feed a f t e r  it has been 
through t h e  cn tn lys t  s t q e .  
5 2 7 O C  znd 827OC.  

Results are given f o r  two operat ing temperatures, 

Inspection of  t h e s e  columns immediately ind ica tes  t h e  embarrassment of 
choices facing designers. The lower operat ing temperature is  a t t r a c t i v e  because 
it l i r i t z  t.he p o s s i b i l i t y  of carbon deposi t ion on the  c a t a l y s t  and t h e  consequent 
ri.duc::,.:sn c:' cztciljrst l i f e .  Addit ional ly  t h e  e f f ic iency  of  t h e  system i s  l i k e l y  

F ina l ly ,  i f  operation 
under ;7ressure i s  contemplated, then the  s e l e c t i o n  of a l l o y s  s u i t a b l e  f o r  use under 

A lower operat ing temper- 

'r .:ince less h e a t  exchange w i l l  be necessary. 

500°C is much easier than  f o r  use a t  750°C. 
s t h e  p o s s i b i l i t y  of  a more rap id  s ta r t -up  of  t h e  power system, and t h i s  

l v e r  d i f f u s e r ,  operat ion under gressure is necessary i n  order  t o  limit t h e  

f methane is generated,  at 75OoC t h e  gas has  a high carbon monoxide 

( 

o f  imcortaqce. I f  one vishes  t o  pur i fy  t h e  hydrogen by means of  a 

user required.  Whereas a t  500 C and 20 atmospheres a considerable 1 

conte::t. ::owever, t h i s  carbon monoxide content can b e  reduced by t h e  i n j e c t i o n  of 
f ~ r t h e r  wn-ler and use o f  a low temperature s h i f t  c a t a l y s t ;  under s u i t a b l e  conditions 

11 reduce t h e  carbon rnonoxide content . t o  a f e w  t e n t h s  of  a percent and increase 
rosen concentration accordingly. Without the  addi t iona l  in jec t ion  of water 

This means . t h a t  e i t h e r  one must use a large 
f o r  t h i s  pr;.ose, t h e  hydrogen content o f  t h e  gas from t h e  reformer before water has 
been "1knoc:red-out" i s  only about 42%. 
n:'ez of d i l ' f u e r  t o  obtain a s a t i s f a c t o r y  y i e l d  of  hydrogen, and t h i s  brings with it 

n e l e  t o  renove water from t h e  system. 
t o  t h e  point  a t  which condensation occurs ( a t  20 atmospheres t h i s  is about 18OoC) 
and then rehea t ingothe  gas t o  35OoC, B temperature s u i t a b l e  f o r  operation of  t h e  
palladii im/silvcr d i f f u s e r .  
authors  a re  awere, namely that  developed by Engelhardt Indus t r ies  f o r  t h e  U.S. Army 
S i p d  Corps and t h a t  developed by t h e  P r a t t  and Whitney Company f o r  t h e  U.S. Army 
Electronics  Command, water knock-out does not appear t o  have been used and t h e  
disadvantages of a l a r g e  area o f  d i f f u s e r  appear t o  have been accepted. Because 
o f  t h e  cos t  and complexity of high pressure operat ion it is c l e a r  t h a t  operation a t  
low pressure is preferab le  i n  t h e  i n t e r e s t s  of s i m p l i c i t y  and t h e  l o w  c o s t  of  t h e  
reformer u n i t ,  

.. ;~o 's lens  .,. of weight, volume and expense, o r ,  a l t e r n a t i v e l y ,  some arrangement must be 
This l a t t e r  involves reducing t h e  temperature 

I n  the two systems so f a r  developed of which t h e  1 

' 

I f  an impure gas i s  fed t o  t h e  fue l  c e l l  t h e r e  are c e r t a i n  a t t r a c t i o n s  i n  
passing all t h e  gas through t o  t h e  fue l  c e l l  and then burning t h e  e f f l u e n t  f r o m  t h e  
fue l  Cell  t o  supply process heat .  
ensure t h a t  t h e  e f f l u e n t  f r o m  t h e  f u e l  c e l l  i s  a combustible gas. When t h e  course 
of  Using an impure gas i s  adopted, then t h e  advantages of operat ing at t h e  lower 

/ 
I n  t h i s  case  it is, of  course,  e s s e n t i a l  t o  
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feed temperature of 500°C f o r  t h e  steam-reforming c a t a l y s t  become evident. 
for operat ion a t  75OoC it is of ten  necessary t o  spec i fy  a f u e l  which is not f a r  
RmOVed from a mixture o f  s t r a i g h t  hydrocarbons, f u e l s  containing up t o  a t  l e a s t  
1 5 % ~  of aromatic compound are acceptable  with s u i t a b l e  reforming c a t a l y s t s  operat ing 
at 5OO0C o r  below. 

Whereas 

Since nickel-containing c a t a l y s t s  are normally used f o r  steam-reforming 
o f  hydrocarbons azzd these  c a t a l y s t s  are s e n s i t i v e  t o  sulphur ,  t h e  sulphur-content o f  
t h e  f u e l  has  a dominant role i n  performance. 
"kerosine breakthrough" f o r  a t y p i c a l  steam-reforming c a t a l y s t  when f u e l s  o f  similar 
composition but  varying sulphur content were used. 
blending a f u e l  of low sulphur content w i t h  one o f  high sulphur content ,  so t h a t  t h e  
sulphur  compounds a r e  representa t ive  of those l i k e l y  t o  be encountered i n  p r a c t i c a l  
f u e l s .  Whereas w i t h  a fue l  sulphur  content  of 20 p a r t s  per  mil l ion t h e  l i f e  of a 
c a t a l y s t  w a s  i n  excess of 1200 hours, a t  1500 p a r t s  per  mi l l ion  sulphur l i f e  had 
f a l l e n  t o  a mere e i g h t  hours. While it is poss ib le  t o  use a d d i t i o n a l  c a t a l y s t  as 
a "sulphur guard'' t h i s  is a very expensive way o f  desulphurizing f u e l  and 
normally one would p r e f e r  t o  spec i fy  a fue l  of l o w  sulphur content  t o  s implify the 
operat ion of  t h e  f u e l  c e l l .  
of t h e  f ie1 c e l l .  

I n  Figure 1 i s  shown t h e  t i m e  t o  

These were i n  f a c t  made by 

This seems a s m a l l  p r ice  t o  pay f o r  t h e  high e f f ic iency  

ELECTRODES FOR USE W I T H  IMPURE HYDROGEN 
> 

Whereas operat ion qn pure hydrogen i s  a r e l a t i v e l y  s t ra ight forward  matter 
and e lec t rodes  are ava i lab le  t h a t  opera te  s a t i s f a c t o r i l y  for thousands o f  hours, t h e  
s i t u a t i o n  is more complicated when one wishes t o  operate  on gas taken d i r e c t l y  from 
t he  reformer. Even i f  t h e  carbon monoxide is reduced t o  a very lou concentration 
by a s u i t a b l e  c a t a l y s t  f o r  t h e  methanation reac t ion  ( 3 )  as w a s  done by Meek & Baker' 
problems can s t i l l  arise from t h e  presence of  carbon dioxide. 
shown results i n d i c a t i n g  t h a t  a t  25OC slow poisoning o f  a platinum e lec t rode  occurs 
w i t h  t h e  F ix ture  o f  8 0 % ~  hydrogen/2Q%v carbon dioxide. 
t h e  "reduced carbon dioxide" mechanism o f  Giner2. However, t h i s  can be overcome 
by t h e  use of a l l o y  c a t a l y s t s ,  a s  is a l s o  shown i n  Figure 2 by t h e  example of the  

If on t h e  o ther  hand t h e  feed contains  appreciable 
a..ounts o f  carbon dioxide toge ther  with carbon monoxide, then extremely rap id  
poisoning of  F l a t i n m  occurs and it becomes e s s e n t i a l  t o  use an a l l o y  c a t a l y s t .  
It i s  a l s o  advantageous t o  operate  a t  as high an e l e c t r o l y t e  temperature as possible .  
me e f f e c t  o f  gas composition i n  terms o f  hydrogen and carbon monoxide contents  is 
shown i n  Figure 3 and it w i l l  be  noted t h a t  t h e r e  are marked advantages i n  operat ing 
with es iov a carbon monoxide content  as possible .  I f  it i s  borne i n  mind t h a t  it 
is t h e  e f f l u e n t  from t h e  last  fue l  c e l l  of a b a t t e r y  t h a t  w i l l  determine t h e  operat ing 
condi t ions of t h e  b a t t e r y  i tself  there would seem t o  be a s t rong  argument i n  favour 
of reducing t h e  carbon monoxide content  as much as poss ib le  by use  of a s u i t a b l e  

be obtained from a s h i f t  c a t a l y s t  without any f u r t h e r  addi t ion  o f  steam t o  t h e  feed. 
If one were aiming a t  a reformer e f f i c i e n c y  of about 60% then t h e  e f f l u e n t  f r o m  t h e  
fue l  c e l l  would contain about 40% of t h e  t o t a l  input  hea t  necessary for use as 
process hea t .  This would imply t h a t  i f  t h e  i n l e t  hydrocarbon contained about 

, 0.6% carbon monoxide t h e  o u t l e t  from t h e  c e l l  would contain 1.4% carbon monoxide and 
t h e  e lec t rode  c h a r a c t e r i s t i c s  would be b e t t e r  than those shown for 2% carbon monoxide 
i n  t h e  diagram. 
optimum t h a t  can be achieved b u t  are representa t ive  of t h e  advantages of using d l o y  
c a t a l y s t s  i n  these circumstances t o  obta in  a higher  performance. The c a t a l y s t  

',loading could be increased by a f a c t o r  of t h r e e ,  from t h e  twelve milligrams p e r  
square centimeter used t o  36 mill igrams per square cent imeter ,  but whether t h e  
increase  i n  performance obtained would b e  worthwhile would depend upon indiv idua l  
circumstances. 
mnoxide fed t o  an e l e c t r o d e  w i t h  a simple platinum catalyst causes a steady drift 

t ' 
' 
) 

, platinum/ruthenium c a t a l y s t .  

I n  Figure 2 are 

This presumably occurs by 

1 
\ s h i f t  c a t d y s t .  I n  Table 2 are examples that  illustrate the advantage which can ' 

1 

It should b e  emphasized that  t h e s e  c h a r a c t e r i s t i c s  are not  t h e  

. 

It mey be noted i n  passing that whereas hydrogen containing carbon 

, 
1 
\ 
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i n  po ten t i a l  towards t h a t  o f  t h e  oxygen e lec t rode ,  a completely steady output is  
obtained with a l loy  c a t a l y s t s .  This d i f fe rence  would appear t o  e x i s t  as d i r e c t  
oxidation of carbon monoxide takes place on the  a l l o y  c a t a l y s t  electrode leaving 
vacant s i t e s  fo r  t h e  f u r t h e r  oxidation of hydrogen. An a l t e r n a t i v e  i s  t o  use  a 
pure platinum ca ta lys t  and operate a t  150% where oxidation of carbon monoxide on 
t h e  platinum occurs a t  a s a t i s f a c t o r y  r a t e .  
temperature involves t h e  use of  a phosphoric ac id  e l e c t r o l y t e  giving higher in te rna l  
r e s i s t ance ,  slower s t a r t i n g  of the  c e l l  and addi t iona l  corrosion problems. 

However, operation a t  t h i s  higher 

SUMMARY AND CONCLUSIONS 

Since low temperature f u e l  c e l l  power systems that  u t i l i z e  hydrocarbon 
f u e l s  a re  l i k e l y  t o  be expensive, most appl ica t ions  f o r  which they are chosen w i l l  
demand long unattended periods of operation because it is  only under these  conditions 
t h a t  fue l  c e l l s  a re  l i k e l y  t o  show t o  economic advantage. 
necessary r e l i a b i l i t y  f o r  t h i s  type of operation, it is e s s e n t i a l  t o  keep t h e  number 
of  moving pa r t s  i n  the  system t o  a minimum and t o  use e lec t rodes  with as long a l i f e  
as possible.  All t he  evidence suggests t h a t  t h e  lower t h e  operating temperature of 
e l ec t rodes ,  t he  longer the  l i f e .  For example, "Shell" Research e lec t rodes  have 
operated unchanged a t  3OoC for  periods of 15,000 hours on hydrogen and oxygen, and 
t h i s  f igure  r e l a t e s  t o  a 17-cel l  ba t t e ry  and so is  not a freak performance o f  an 
ind iv idua l  electrode. On the  o the r  hand, i f  one goes t o  temperatures of 15OoC or 
more, then electrode l i f e  can be something of a problem. As has been shown, 
operation a t  pressure involves complications i n  addition t o  t h e  expense of t h e  
d i f fuse r  required fo r  t h e  production of ultra-pure hydrogen and therefore  t h e  impure 
hydrogen system has much to  commend its use. 
s ec t ion  of t h i s  paper suggest t h a t  it is  well  worthwhile t o  use an a l loy  c a t a l y s t  
on the  e lec t rode ,  and t o  " s h i f t "  t h e  carbon monoxide content t o  as low a l e v e l  as 
convenient. 
and the  cos t  of t he  e l ec t rode  system. 

In  order t o  achieve the 

,/ 

P The d a t a  presented in  the  preceeding 

To some exten t  t h i s  w i l l  be determined by t h e  power l eve l  required 

i 
Bearing i n  mind t h e  necess i ty  t o  operate e f f i c i e n t l y  under part-load 

conditions when los ses  i n  t h e  b a t t e r y  w i l l  be a t  a minimum it w i l l  probably be 
des i r ab le  f o r  the  b a t t e r y  t o  be f a i r l y  compact i n  order  t o  minimize heat loss and 
maintain a reasonably high equilibrium temperature. Consequently the  naxrow 
passages o f  the  c e l l  a r e  l i k e l y  t o  requi re  a pump o r  blower t o  move a i r  through the  
ba t t e ry .  From t h e  poin t  of view of s i l ence  and r e l i a b i l i t y  t h e r e  is much t o  
commend t h e  use o f  a c e n t r i f u g a l  blower and, f o r  t h e  small quan t i t i e s  o f  air l i k e l y  

which w i l l  operate a t  a minimum pressure a r e  strong. 

I 

t o  be involved with most power systems, t h e  arguments i n  favour of  t he  electrodes ,/ 

G 
With t h e  e l ec t rodes  and reforming c a t a l y s t s  now avai lab le  the re  seems t o  

As  w i l l  have become c l e a r  from t h e  previous sec t ion  o f t h e  paper t h e  
be no problem i n  assembling r e l i a b l e  fuel c e l l  power generators t o  use impure 
hydrogen. 
authors are s t rongly  i n  favour of using fue l s  of minimum sulphur content. As i n  
work with low temperature f u e l  c e l l s ,  t h e  outstanding problem i s  of course t h e  Cost 
and a v a i l a b i l i t y  of platinum c a t a l y s t s  and it w i l l  be most i n t e r e s t i n g  t o  see  how 
successfu l ly  they can be e l imina ted  or a t  least reduced i n  quant i ty  i n  p rac t i ca l  
power systems. 

/ 

A subs t an t i a l  amount of t he  work discussed i n  t h i s  paper has been car r ied  
ou t  under Ministry o f  Defence cont rac ts  and acknowledgement is accordingly made for 
permission t o  publ i sh  the  information so obtained. 

f 
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Table 1 

Steam-hydrocarbon reac t ion  e q u i l i b r i a  

Feed composition, %v 

1 atmosphere 

32.1 

I 

20 atmospheres I 1 a tmsphere  1 20 a tmspheres  

527 '~  827OC 527OC e . 2 ~ ~ ~  527Oc 827OC 

12.1 * 42.4 59.8 70.5 31.1 66.8 

0.4 9.9 4.3 17.7 1.0 15.6 

9.4 8.4 21.7 11.8 24.2 13.2 

17.0 2.8 14.2 0.015 43.7 4.4 

61.1 36.5 - - - - 

Table 2 

Effect  of s h i f t  c a t a l y s t  on gas composition 
from reformed kerosine 

Feed CnH2n + 2 + 3nH20 

Composition, $v, y e t  basis 

From reformer After s h i f t  
a t  527OC at 2 8 %  

~ 

34.7 

8.2 

12.6 

2 i 5  . 

. (I  42.0 

37 02 

8.2 

14.92 

. o.,i8 

39.68 
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THE TARGET* PROJECT 

I 

M. V. Burlingame 

Netural  Gas P i p e l i n e  Ccmpaiy of. America 

The TARGET pro jec t  is a cooperative undertaking of a lmos t  
thirty gas  companies who ' a re  financing mass ive  r e s e a r c h  to t r y  to 
develop an economical na tura l  g a s  fuel ce l l  t o  provide a competit ive 
answer  to the a l l - e l ec t r i c  home. The objective is a power plant of a 
s i ze  and capabili ty that will  s e rv i ce  not only a single fami ly  dwelling 
but a l so  multi-family units, .such as apa r tmen t s  and town house group- 
ings,  shopping c e n t e r s ,  commerc ia l  es tab l i shments ,  and light indus t ry  
fac i l i t i es .  

The sponsoring gas  companies a r e  providing up to  $5'mill ion 
annually in this venture  with Pratt & Whitney Ai rc ra f t  Division of United 
Ai rc ra f t  Corporation, which in tu rn  i s  using, as a subcont rac tor ,  the 
Institute of Gas  Technology, the g a s  indus t ry ' s  r e s e a r c h  fac i l i ty  in Chicago. 
P r a t t  & Whitney i s  contributing another -$2 millioT,annually to  the  effort. 
With th ree  y e a r s  of study involved in P h a s e  I of the p rogram,  a $21 million 
effort  is scheduled, without question the l a r g e s t  single r e s e a r c h  effort  e v e r  
undertaken by the  gas  industry.  

While the fuel ce l l  p r inc ip le  has  been known for , ,more  than a 
century- -Si r  William Grove probably invented the f i r s t  t r u e  fuel ce l l  about 
1640--it was  confined to  the l abora to ry  until The  Space  Age. The fuel ce l l  
became a household word  with the successfu l  Gemini  space  probes  which 
depended fo r  e l ec t r i ca l  energy  on a highly improved  Grove-type fuel cell.  
In this ce l l ,  pu re  hvdrogen i s  the fuel and pu re  oxygen the oxidant using an 
e lec t rode  .catalyzed with platinum. 

Natura l  g a s  is a good source  of hydrogen, and air i s  a good 
source  of oxygen. The p rob lem and challenge i s  the  right combination of 
these  sou rce  m a t e r i a l s  to produce a n  economic unit not requi r ing  a n  
expensive catalyst .  This ,  then, together with a detailed m a r k e t  analysis,  
consti tutes the subs tance  of the TARGET project.  

In addition to  the ce l l  i tself ,  complete sys t ems  will  have to be 
investigated. R e f o r m e r s  to  produce hydrogen f r o m  na tura l  g a s ,  methods 
of conditioning the  a i r ,  o r  means  of using e i ther  as i s - - o r  e i ther  substance 
only slightly modified--must be  r e sea rched .  
studied to de t e rmine  the mos t  efficient, the mos t  economical,  and the most  
long-lived type or types.  
but much m o r e  is necessa ry .  

Inve r t e r s  a r e  a l s o  being 

P r o g r e s s  h a s  been made  on these  approaches ,  
This is a ma jo r  p a r t  of the r e s e a r c h  program.  

. .  

T e a m  to Advance Resea rch  fo r  Gas  Ene rgy  Transformat ion ,  Inc. 
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Our r e s e a r c h  p rogram is looking a t  th ree  genera l  groups of cel ls ,  
fueled with na tura l  g a s  and a i r ,  to  de te rmine  which may have the best  capa- 
bility for  success .  These  types m a y  be r e fe r r ed  to as: 

1. Low tempera ture  ce l l s  - 140°-300° F. 

a. Acid electrolytes ,  i. e . ,  sulphuric or phosphoric 

b. Alkali e lectrolytes ,  i. e . ,  sodium or  potassium 
hydroxide 

Each of these  has  p ros  and cons. 
unaffected by the C 0 2  in the a i r  and i t  appears  that there  
i s  l e s s  chance of e lectrode pollution with insoluble c a r -  
bonates. The  alkaline ce l l  appears  a m o r e  efficient air 
e lectrode with l e s s  cor ros ion  complications than the 
acid cell.  

Both now use  ra ther  expensive ca ta lys t s ,  such a s  
platinum o r  s i lver  palladium, and poison sensitivity 
( C O z - H z S )  of the catalyst  may be  a problem. 

H e r e  r e s e a r c h  will be d i rec ted  towards the development 
of inexpensive catalysts  with tolerance for impuri t ies  in 
the gases .  

The acid ce l l  s eems  

2 .  Molten-electrolyte cel ls  

a. Hydrate  of potassium hydroxide 
(medium tempera ture  - 400° F. ) 

Requires  r e f o r m e r s  to  provide hydrogen f r o m  
the na tura l  gas  and equipment to  remove CO2 
f r o m  the air. 

b. Molten carbonate 
(high tempera ture  - 90O0-14OO0 F. range)  

(1)  Does not requi re  noble meta l  e lectrode 
catalysts  

( 2 )  Provides  useful heat ,  but is sluggish in 
performance and h a s  cor ros ion  problems.  

3. Solid electrolyte  ce l l s ,  using stabilized zirconia  as the 
e lec t ro ly te ,  is  the l a s t  type of ce l l  under investigation. 
This  is a high tempera ture  ce l l  operating in the 1600O- 
1900° F. range. Because  the solid e lectrolyte  must  be 
thin (0.016 in. ), s t ruc tu ra l  p roblems present  themselves .  
P l u s s e s ,  however, include (1) usable waste  heat ,  and 
( 2 )  l a r g e  to le rance  to impur i t ies  in the reactant  gases .  
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! 
In our  e f for t s ,  whole sys t ems ,  not just  the  ce l l s ,  mus t  b e  

considered--such a s  r e f o r m e r s  fo r  fuels  and oxidant purification, where 
necessa ry ,  means  of overcoming s luggishness  t o  load demands,  etc. 
Solution of these  problems is f h e  ma jo r  effor t  of the TARGET r e s e a r c h  
program. 

Additional aspec ts  of the r e s e a r c h  will dea l  with: 

1. 

2. Load cha rac t e r i s t i c s  

Market  ana lys i s  ( types of cus tomers  to  be served)  

3. 

4. Other spec ia l  in te res t s .  

This  is the TARGET story.  

Methods of placing the fuel ce l l  in the hands of the public 

I wish I could p romise  i t s  resounding success ,  but in any 
r e sea rch  venture  the possibility of fa i lure  always ex is t s ,  of course .  
However,  we think TARGET is not only a worthwhile bus iness  venture  
but one that mus t  be undertaken if the gas  industry i s  to  continue as a 
leader  in the p r i m a r y  energy business .  As I said at the s t a r t ,  a lmost  
thir ty  major  g a s  companies  have la id  the i r  money on the l ine--not  only 
in hope of success  but to  expres s  the i r  faith in the future. 
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F i w e  5 
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FUEL CELL EXPERIENCES AND IMPRESSIONS 

S. Orlofsky 

Columbia Gas System Se rv ice  Corpora.tion 

I n  July,  1961, Columbia e n t e r e d  i n t o  a n  ,agreement 

with the Prat t  and Whitney A i r c r a f t  D iv i s ion  of United A i r c r a f t  

Corporation f o r  the j o i n t  developaant and f i e l d  t e s t i n g  o f  a 

500 watt prototype hydrox h e 1  c e l l  powerplant. So promising 

was t h i s  i n i t i a l  venture  t h a t  a second agreement f o r  t h e  develop- 

ment of a 3.75/natural  g a s - a i r  h e 1  c e l l  powerplant was negot ia ted 

i n  September, 1963. I n  February, 1967, a group o f  27 n a t u r a l  gas 

indus t ry  companies formed TARGET, "Team t o  Advance Research f o r  

Gas Energy Transformation, Inc." ,  t o  sponsor and guide a m u l t i -  

m i l l i on  d o l l a r  r e s e a r c h  program f o r  t h e  development o f  a market- 

a b l e  f u e l  c e l l  powerplant ope ra t ing  on n a t u r a l  gas .  Pra t t  and 

Whitney A i r c r a f t  i s  prime c o n t r a c t o r  f o r  t h e  TARGET program'wlth 

the I n s t i t u t e  o f  Gas Technology as subcon t rac to r .  

Kw 

Columbia has one primary reason f o r  p a r t i c i p a t i n g  i n  

f u e l  c e l l  R & D programs: t o  s e l l  more n a t u r a l  gas!  We know 

t h a t  a f u e l  c e l l  consuming methanol, o r  hydrazine,  o r  hexamethyl 

chickenfat  i s  b a s i c a l l y  unsu i t ed  f o r  o u r  requirements .  Since 

n a t u r a l  gas, which i s  predominantly methane w i t h  l e s s e r  anounts 

of the heav ie r  p a r a f f i n  hydrocarbons, i s  q u i t e  un reac t ive  e l e c -  

t rochen ica l ly ,  we had followed some devious r o u t e s  i n  bti i lding 

\ prototype demonstration hard::rare. We are i n t e r e s t e d  I n  any f u e l  
/ 

c e l l  type, ac id ,  a l k a l i n e ,  high temperature,  o r  what-have-yQu t h a t  

econos lca l ly  u t i l i z e s  n a t u r a l  gas t o  produce e l e c t r i c i t y .  
\ 
1 
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Economical Energy Transmission 

It is the high efficiency with which the chemical 

energy of a fuel is converted to more valuable electrical energy 

that attracts our interest. The most modern multi-megawatt central 

generating stations operate at about 40 percent efficiency. 
transmission of energy as electricity introduces -other inefficiency. 

Line losses represent a significant portion of the power produced 

as it is wired from the central plant to the ultimate consumer. 

And, 

Fortunately for the gas industry, it is a simple 

engineering and economic fact that the electrical industry 

cannot supply energy units as inexpensively as the gas industry. 

The electric industry has to convert chemical energy to electrical 

energy in central power stations and then transport the energy 

through wires to the point of consumption. The cost of doing this 
81 

is fa r  greater than the cost o f  transporting natural gas energy f I  

' 

a 

to the consumer. The result is that throughout the United States, 

regardless of the class of customer, electricity costs 3 - 10 
times more than natural gas at the meter for an equivalent 

amount of energy. Although a utilization efficiency correction 

factor must be applied to gas costs, it does not significantly 

affect the basic cost relationship. 

r 
I 

f 

J 
Conventional central-power stations are very well 

known contributors to air pollution. A typical coal consuming 

central station will produce 7.7 pounds of solid exhaust emissions 
per million Btu. Very substantial quantities of sulfur dioxide 

are alp0 released to the atmosphere. The natural gas fuel cell 

produces none of these. 

! 

/ 
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500 Watt Hydrox Powercel 

Columbia's first, and the free world's first industrial 

fuel cell.engine, was developed by Pratt and Whitney Aircraft 

Division o f  United Aircraft Corporation. This 500 watt, hydrogen- 

oxygen Bacon-type unit was delivered to us in December, 1962, 

where it was installed at our Stanton, Kentucky, transmission 

compressor station--located in the hills of southeastern Kentucky. 

The 28 cu. ft. engine package consisted of 17 cells 

arranged electrically in series, chemically in parallel. Each 

folded can cell contained four dual-porosity nickel electrodes, 

each 5 inches in diameter, and fuel and oxidant chambers separated 
by a space f o r  the 85 percent potassium hydroxide electrolyte. 

The Powercel PC5A1 operated at 450'~ cell-electrolyte temperature 
and atmospheric pressure. The correct operating temperature and 

electrolyte water concentration were maintained by circulating an 

excess quantity of fuel through the cells. This fuel, carrying 

the heat and water, was pumped out of the cells and circulated 

through a heat exchanger-condenser system. 

Open circuit voltage of the powerplant was 20 VDC cor- 

responding to 1.2 VDC per cell. At full load, the cutput voltage 

dropped to 15 VDC of 0.88 VDC per cell. Actual hydrogen consump- 

tion rate was 0.056 lb/hr.  at maximum power corresponding to an 

overall fuel to DC buss efficiency o f  49 percent. 

requirement was 60 watts to operate the hydrogen circulating pumps. 
Parasitic power 

Predictably, there were some unique problems associated 

with startup and operation of the prototype powerplant. One of 

our first pvoblems %as ho1ding.a small positive pressure on the 

cells anytime the unit was hot to prevent flooding. Flooding 
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can occur as a r e s u l t  of l o s s  of r eac t an t  pressure within the 

c e l l s  a t  operat ing temperature, o r  inadequate removal of the 

excess water. Ult imately,  these problems were t r aced  t o  

plugging a t  t he  hydrogen I n l e t  l i n e s .  

The f u e l  c e l l  was operated a t  p a r t i a l  load f i r s t  

on P&WA hydrogen containing 8 Ppm C02 and then on Stanton 

hydrogen containing 195 ppm Cog. 

connected ac ross  t h e  modui hydrogen system. During t h e  t e s t  

w i t h  P&WA hydrogen, no inc rease  i n  pressure drop was observed 

during the course of t he  12-hour run, b u t  performance gradual ly  

decayed. Water content of some c e l l s  Increased from the normal 

15 percent t o  27 percent  a t  the  conclusion of t h i s  t es t .  A 

subsequent t e s t  using the  Stanton hydrogen terminated a f t e r  30 

A water column manometer was 

minutes due t o  c e l l  plugging. 

One c e l l  was s p l l t  open t o  recover a plug deposi t  

sample f o r  a n a l y s i s .  The plugs occur a t  the po in t  of maximum 

hydrogen v e l o c i t y  where t h e  i n l e t  hydrogen impinges on the  coarse 

por s i n t e r .  The a n a l y s i s  by X-ray d i f f r a c t i o n  ind ica t ed  

potassium carbonate.  
I 

Clearances on t h e  hydrogen i n l e t s  t o  t h e  c e l l s  can be I 

extremely close.  C e l l  X-ray photos i n d i c a t e  c learance ranging 

from 0.067 inches maximum t o  less than O.@O inches between the 

hydrogen l i n e  i n  t h e  o u t e r  s h e l l  and t h e  s i n t e r .  T u r r e t s  were 

i n s t a l l e d  a t  a lower p o s i t i o n  on t h e  cells where clearance i s  

g r e a t e s t .  The tu r r e t s  a l s o  serve t o  lower t h e  in le t  hydrogen 

ve loc i ty .  

i n t e r n a l  module h e a t e r s .  

/ 

U s e  of  t h e  t u r r e t s  n e c e s s i t a t e s  r edes ign  of t h e  



I n  view of t he  d e f i n i t e  e x i s t e n c e  o f  carbonate  plugs 

.and the apparent r e l a t i o n  t o  f u e l  carbon dioxide l e v e l  but  the 

coaplete  absence o f  potassium hydroxide o r  carbonate i n  t h e  c i r -  
I 

; c u l a t i n g  con t ro l  system, v i s u a l i z i n g  t h e  source bf  KOH f o r  the 

j p lug buildup caused a problem. However, P&WA's phys i ca l  chemists 

have experimental ly  e s t a b l i s h e d  t h a t  a t  l e a s t  a monomolecular 

l a y e r  of KOH e x i s t s  a t  t h e  coarse  po re - fue l  i n t e r f a c e .  The KOH 

I migrates  from t h e  e l e c t r o l y t e  through t h e  ad jacen t  f i n e  pore and 

through t h e  coarse  pore t o  the e x t e r n a l  coarse  pore s u r f a c e  which 

forms one f ace  of  t he  hydrogen i n l e t  chamber. Th i s  KOH a c t s  as a 

n a t u r a l  C02 scrubber .  

The experience t o  date  is very t y p i c a l  o f  t h e  d i f f i c u l t i e s  
h 

t h a t  occur i n  t r y i n g  t o  g e t  an instrument  o r  p rocess  from t h e  

l abora to ry  i n t o  the  f ie ld .  Though t h e r e  had been many problems 

found i n  the shakedown o f  t h i s  system, t h e y  have been o f  a simple 

and t r o u b l e s m e  na tu re  r a t h e r  t han  deep-rooted. 

J 

3.75 KW Natural  G a s - A i r  Powercel 

Our second working prototype powerplant was de l ive red  i n  

July,  1966. Th i s  u n i t  was a l s o  b u i l t  by P&WA. It i s  installed a t  

Columbia's Marble C l i f f ,  Ohio, r e sea rch  l a b o r a t o r i e s  where i t  pro- 

vides the power requirements f o r  a simulated homw. 

I 1 

\ 
I 

The 43 cu. f t .  engine package i s  a completely self-  
S 1 contained demand-responsive powerplant, providing 3.75 KW a t  the  buss 

) bar. P a r a s i t i c  power consumption i s  300 watts t o  supply an a i r  pump, 

7 a cooling o i l  pump, water pump and e l e c t r o n i c  c o n t r o l s .  The Powercel ' generates  e l e c t r i c i t y  a t  a nominal 28 VDC a t  f u l l  l oad  consuming 

, 0.645 SCFM of n a t u r a l  gas f o r  an o v e r a l l  e f f i c i e n c y  of 38,percent .  
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Desulfur ized n a t u r a l  g a s  and demineralized water a r e  i l  

I 
fed through a b o i l e r  i n t o  the reformer.  To achieve maxinum hydro- 

gen production, the primary r e a c t o r  prodlict gas  stream i s  cooled 

somevrhat and passed t o  a secondary carbon monoxide s h i f t  r eac to r .  

I n  t h i s  process,  t h e  carbon monoxide formed during t h e  previous 

processes r e a c t s  chemically w i t h  water t o  form a d d i t i o n a l  hydrogen . 

and carbon d iox ide .  

fiislon’ through pa l l ad ium-- s i lve r  d i f f u s e r s .  

Hydrogen I s  removed from the reformate by  d i f -  

T h i s  u l t r a - p u r e  hydrogen i s  piped t o  t h e  c e l l  s t a c k s ,  

Separator  waste g a s e s  a r e  burned e x t e r n a l  t o  the  reformer t o  pro- 

vide heat f o r  t he  endothermic gas  steam r e a c t i o n .  Excess steam 

I s  provided i n  t h e  r e a c t o r  t o  prevent  carbon deposi t ion.  
it ” 

The hydrogen gene ra to r  i s  designed t o  ope ra t e  over  a wide 

‘range o f  hydrogen product ion flows, depending on t h e  f u e l  c e l l  re- 

quirements. A surge t ank  l o c a t e d  downstream of‘ the hydrogen p u r i -  

f i e r  uni t  s u p p l i e s  hydrogen t o  the f u e l  c e l l s  on.demand and allows 

the  generator  t o  a d j u s t  t o , a  new s t eady  s t a t e  l c a d  l e v e l .  

f ,  

I; 

II 
Process  a i r  supply serves t h e  dual purpose o f  providing 

oxygen f o r  t h e  f u e l  c e l l  r e a c t i o n  and  removing water. produced by 

t h e  electrochemical  r e a c t i o n .  Since t h i s  i s  a n  a l k a l i n e  e l e c t r o l y t e  

system, process  a i r  i s  condi t ioned t o  remove carbon dioxide.  . Elec- 

t r o l y t e  water c o n c e n t r a t i o n  i s  maintained by r ecyc l ing  a po r t ion  of 

/I 

the oxygen-depleted moi s t  a i r .  [I 

Two s t a c k s  o f  36 c e l l s  each, arranged e l e c t r i c a l l y  i n  r4 
r i  

p a r a l l e l  provide t h e  n e t  3.75 KW ou tpu t .  The compact hydrogen-air 

f u e l  c e l l s  u sed  i n  t h i s  system have a n  a c t i v e  area of 7.5 inches 

by 7.5 inches.  Each  c e l l  con ta ins  two ca t a lyzed  porous e l ec t rodes  
,’! 
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separated by a n  a sbes tos  matr ix  con ta in ing  a n  aqueous s o l u t i o n  

O f  potassium hydroxide. The individl ia l  c e l l s  a r e  sepa ra t ed  by .  

metal cool ing p l a t e s  w i t h  i n t e g r a l  cool ing flow passages.  The 

cooling p l a t e s  a l s o  serve as  gas  d i s t r i b u t i o n  housing, cu r ren t  

c o l l e c t o r ,  and c e l l  mechanical s t r u c t u r e .  The e n t i r e  c e l l  includ- 

ing e l e c t r o d e s ,  e l e c t r o l y t e ,  gas housing and coo l ing  p l a t e  i s  about 

0.17 Inches wide, o r  a p i t c h  o f  about s i x  c e l l s  p e r  i nch .  

The PC-IO opera t e s  a t  a g r o s s  power d e n s i t y  o f  150 watt/ 

sq. f t .  

Extensive non i to r ing  in s t rumen ta t ion  was provided a t  

t h i s  Powercel i n s t a l l a t i o n  so  t h a t  we could observe f u e l  c e l l  sys- 

tem performance under condi t ions of  rapic?ly changing load.  The f u e l  

c e l l  would s u s t a i n  t r a n s i e n t  overloads of 100 p e r  cen t ,  l i m i t e d  more 

by p r o t e c t i o n  dev ices  w i t h i n  the u n i t  t han  by p rocess  considerat ions.  

However, the s o l i d  s ta te  s t a t i c  i n v e r t e r  used t o  convert  t he  28 WC 

f u e l  cel l  output. t o  120 VAC would not  s u s t a i n  a n  overload,  even 

I n s  t a n  t aneo u s 1 y . 
Why is t h i s  s h o r t  term overload c a p a b i l i t y  important? 

I n  a n  e f f o r t  t o  simulate a narmal domestic power requirement,  

we have loaded the f u e l  c e l l  w i t h  some s t a n d a r d  AC home a p p l i -  

ances--clothes  washer, gas  c lo thes  dryer ,  r e f r i g e r a t o r ,  t o a s t e r ,  

e l e c t r i c  i ron ,  co f fee  maker, vacuum sweeper, and some not-so- 

s t anda rd  DC appl iances--a  DC a i r  cond i t ione r .  E l e c t r i c  motors 

c h a r a c t e r i s t i c a l l y  r e q u i r e  a treinendous c u r r e n t  surge t o  s t a r t :  

the s t a r t i n g  c u r r e n t  can be f i v e  t i n e s  t h e  normal run  cu r ren t ,  

bu t  l a s t s  f o r  less  than one second. As a n  example, a popular 

brand washer comes equipped w i t h  a 9 horsepower s p l i t - p h a s e  
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motor--this u n i t  draws almost 50 amps t o  s t a r t  bu t  runs a t  8 amps. 

For t h i s  program, a capaci tance start motor was s u b s t i t u t e d  which 

drew 22 amps t o  s t a r t  and. 7 amps run  cu r ren t .  

The homeowner j u s t  doesn ' t  concern himself w i t h  these  

problems because he does not  pay a demand charge on h i s  domestic 

e l e c t r i c  b i l l .  And, t h e  e l e c t r i c  company is n o t  concerned be- 

cause the  t ransformer  on t h e  pole i n  t h e  backyard serves e i g h t  

t o  t e n  houses: t h e  odds on two housewives c r e a t i n g  a simultaneous 

surge i s  smal l .  But, s t a r t i n g  surges  a r e  important  considerat ions 

In designing a system t o  provide a l l  domestic energy requirements.  

Reason f o r  Columbia's I n t e r e s t  i n  Fuel  Ce l l s  
. -  

Columbia i s  cha r t e red  t o  s e l l  energy--energy i n  the  form 

We have captured  92 per  cent  of  of the premium f u e l  n a t u r a l  gas .  

t h e  r e s i d e n t i a l  and commercial hea t ing  markets w i th in  our  opera t ing  

a r e a s ,  D i rec t  i n d u s t r i a l  s a l e s  account f o r  about  a q u a r t e r  o f  

ColumBia's t o t a l  annual  n a t u r a l  gas  sales, which are i n  excess  o f  

a t r i l l i o n  cubic  fee t - -and  t h i s  market i s  growing. Columbia is  

a c t i v e l y  seeking new markets.  
- 

A v a s t  market p o t e n t i a l  e x i s t s  f o r  n a t u r a l  gas in on- 

S i t e  power gene ra t ion .  Columbia a l r eady  has i n s t a l l a t i o n s  where 

gas provides  a l l  of  the  energy requirements,  inc luding  e l e c t r i c i t y ,  

of i n d u s t r i a l  plants, shopping cen te r s ,  h igh- r i se  apartments,  

h o s p i t a l s ,  and h o t e l s .  These i n s t a l l a t i o n s  use gas engines  o r  

g a s  tu rb ines  and loads  are above 50 KW. For small commercial 

es tab l i shments ;  apar tments ,  and homes where t h e  t o t a l  power re -  

quirement is less than  50 KW, gas  engines  and gas t u r b i n e s  a r e  n o t  

economical,  

- .  
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However, the fue l  c e l l  does appear  economically f e a s i b l e  

for these a p p ~ i c a t i o n s .  P r o j e c t i o n s  i n d i c a t e  tha t  by the  year  1980 

2 0 ~ ~ o ~ ~  neW homes W i l l  be b u i l t  each y e a r  i n  Columbiafs serv-  

Assuming t h a t  on ly  ha l f  o f  these a r e  t r u l y  all-ga.s homes, i c e  a r e a .  

they would generate  approximately $24 m i l l i o n  i n  nevr gas s a l e s  

annua l ly .  - 

With the fuel c e l l ,  we w i l l  in t roduce a n  e n t i r e l y  new 

Concept i n  home comfort condi t ioning.  The homeowner will be ab le  

t o  purchase o r  l e a s e  one package which w i l l  h e a t  and a i r  condi t ion 

t h e  home, c lean  and huinidify the a i r  i n  the  home, cook the food, 

h e a t  the water, and supply a l l  e l e c t r i c i t y  us ing  one economical 

dependable source of f u e l ,  n a t u r a l  gas .  

S u r p r i s i n g l y  l i t t l e  i s  knovm about p a t t e r n s  of e l e c t r i c a l  

energy r equ i r enan t s  for the American ‘rLomn-owner. 

r e s i d e n t i a l  power consunptlon i r i s  4,933 ~~ according t o  E l e c t r i c 2 1  

World. 

ment of less  t h a n  500 watts ove r  the year ,  y e t  the e l e c t r i c a l  s e r v i c e  

connected to  the home is  commonly 100 amperes a t  240 VAC wi th  povrzr 

companies c o n s t a n t l y  pushing f o r  200 ampere I n s t a l l a t i o n s .  The 

mismatch is appa ren t  when one cons ide r s  tha t  the t ransformer on 

the pole i n  the backyard has 25 KVA capac i ty  and s e r v e s  8 t o  10 

homes. 

former on t h e  g e n e r a l l y  v a l i d  assumption t h a t  a l l  homeo:rners served 

w i l l  not  r e q u i r e  maximum demand s imultaneously.  Hoplever, i n  t he  

sine;le hone o n - s i t e  f u e l  c e l l  system, no such d i v e r s i t y  exists:  

t h e  system must be capable o f  handling any power requirement on 

demand. 

The 1965 average 

Nov t h i s  consumption f i g u r e  works o u t  t o  a s t e a d y  require-  

It I s  apparent  t h a t  the power company has s i z e d  t h e  trans- 
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Design o f  t h e  f u e l  c e l l  system n e c e s s i t a t e s  information 

on exact  power requirements w i t h  an accuracy t h a t  is not ava i l ab le .  

To t h i s  end, Columbia has  instrumented seve ra l  homes wi th  rapid 

response wattmeters and fast  response recorders  t o  def ine and 

document present consumer power consumption p a t t e r s .  

TARGET--Nny an Industry-Wide J o i n t  Venture 

Fuel c e l l  technology h a s  advanced t o  the p o i n t  where an 

aggressive,  g r e a t l y  expanded program which has  as i t s  goal  the pro-  

duct ion and s a l e  of  competit ive n a t u r a l  gas  f u e l  c e l l  systems is 

J u s t i f i e d .  

p e r a t u r e  molten carbonate  s i n g l e  c e l l s  cont inuously f o r  over a 

The . I n s t i t u t e  o f  Gas Technology has operated high tem- 

year .  

responsive prototype n a t u r a l  g a s - a i r  f u e l  c e l l  sys tem.  But, tech- 

nology has reached t h a t  s t a g e  of  s o p h i s t i c a t i o n  where l i t t l e  more 

can be accomplished through continued low c o s t  l a b o r a t o r y  type ex- 

perimentation. Through t h e  American Gas Associat ion and industry,  

t h e  gas indus t ry  h a s  put  s i g n i f i c a n t  funds i n t o  f u e l  c e l l  r e sea rch  

a t  IGT. The t r a n s i t i o n  t o  high expenditure,  semi-manufacturing 

s c a l e ,  prototype hardware i s  the e s s e n t i a l  next  s t e p  i n  the  de- 

P r a t t  and Whitney has engineered a se l f - con ta ined  demand- 

velopment o f  n a t u r a l  gas consuming f u e l  c e l l  power systems. 

Appraisal  o f  t he  s t a t e  of fuel c e l l  technology i n d i c a t e s  

t h a t  a properly supported and s t a f f e d  program could fo rce  the en t ry  

o f  t h e  f u e l  c e l l  i n t o  the market by 1975. However, our  cos t  s tud ie s  

p r o j e c t  a need f o r  $20 mi l l i on  t o  finance the f irst  three-year  

phase of t h e  program. For an ind iv idua l  company t o  undertake a \ 1' 
i l  

,1 
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major program o f  such sweep_ing s ignifkcance t o  a n  i n d u s t r y  would 

not be p r a c t i c a l .  

the  formation of TARGET, 1nc.--Team t o  Advance Research f o r  Gas 

Energy Trans format ion.  

_. 
So, 27 n a t u r a l  g a s  u t i l i t i e s  have j o i n e d ' i n  

The b e n e f i t s  t o  t he  g a s  i n d u s t r y  from t h e  development of 

competitive n a t u r a l  gas f u e l  c e l l  systems f o r  r e s i d e n t i a l ,  commer- 

c i a l ,  and i n d u s t r i a l  a p p l i c a t i o n  a r e  th ree fo ld .  These b e n e f i t s  

a r e  t h a t :  

I. N e w  l o a d s  w i l l  be obtained.  

2. Base load  sendout w i l l  be i nc reased .  

3. The gas i n d u s t r y  w i l l  g a i n  a competi t ive answer 

t o  the a l l - e l e c t r i c  concept.  

The g o a l  of TARGET i s  the  development o f  a complete.conifort 

package f o r  homes, apartments,  and bus inesses  which w i l l  be  bet-  

t e r  t han  any o f  t h e  methods p r e s e n t l y  used for environmental  con- 

d i t i o n i n g .  T h i s  package w i l l  provide f o r  complete c o n t r o l  o f  

temperature and humidity year-around along wi th  g e n e r a t i o n  of 

e l e c t r i c i t y  f o r  a l l  needs o n - s i t e ,  u s ing  sa fe ,  dependable n a t u r a l  

gas ;  Reduction o f  a i r  p o l l u t i o n  i s  a c o r o l l a r y  b e n e f i t .  

The e x a c t  target a t  which ou r  i n d u s t r y  e f f o r t  i s  aiming 

I s  t he  development and marketing o f  fue'l c e l l s  s p e c i f i c a l l y  de- 

s igned t o  opera t e  on n a t u r a l  gas  and a i r .  P resen t  p l ans  c a l l  f o r  

development of marketing, economic, and t e c h n o l o g i c a l  information 

necessary t o  e s t a b l i s h  t h e  competi t ive p o s i t i o n  and use fu lness  of  

 el c e l l  t o t a l  energy and environmental cond i t ion ing  packages o f  

va r ious  s i z e s  by Pratt  and i h i t n e y  A i r c r a f t  under  t h e  supe rv i s ion  

o f  TARGET. 
The f i rs t  phase of  the  development program i s  a n  exten- 

s i v e  market eva lua t ion .  
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FUEL CELTS FOR CENTRAL STATION POWER 

N .  P.  Cochran 

U.S. Department of the In te r ior  
Office of Coal Research 
Washington, D.C. 20240 

ABSTRACT 

Fuel Cells can be engineered f o r  use of hydrocarbon fue ls .  High 
eff ic iency and low capital cost  of  such c e l l s  i n  the range of 100,000 
and 2 mill ion ki lowatts  i s  described. How such c e l l  systems can be 
used t o  generate power from f o s s i l  f u e l s  i s  included. The paper 
includes a judgment on near term commercial applications of such 
c e l l s  and projects  future power-plant costs .  
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RECENT ADVANCES I N  FUEL CELLS AND THEIR APPLlCATION 
TO NEW HYBRlD SYSTWS 

E. J .  Cairns  and H. Shimorake 

Argonne Nat iona l  Laborarory 
9700 S .  Cass Avenue 
Argonne, l l l i n o i s  

INTRODUCTION 

v e r s a t i l e  sources  of e l e c t r i c a l  energy. Some of  t h e  d e s i r e d  characteristics of  these 
In our rapidly-advancing technologica l  s o c i e t y ,  t h e r e  is  an i n c r e a s i n g  need f o r  

power sources  
1. 
2. 
3. 
4. 
5. 
6. 
7 .  

a r e :  
High s p e c i f i c  energy (wat t -hours / lb)  
High s p e c i f i c  power ( w a t t s / l b )  
Fas t  r e f u e l  (or  recharge)  
Fas t  response t o  load changes 
C l e a n l i n e s s  (no p o l l u t i o n )  
Low c o s t  
S i l e n c e  

Some f u e l  c e l l s  have some of t h e  d e s i r e d  c h a r a c t e r i s t i c s ,  and some secondary 
c e l l s  have o t h e r s ;  no known power source  possesses  a l l  of then  One p o s s i b l e  solu- 
t i o n  i s  t o  take  advantage of t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  of bo th  f u e l  c e l l s  and 
secondary c e l l s  by us ing  a composite power source  conta in ing  both  of . rhese devices .  
In cons ider ing  t h e  c h a r a c t e r i s t i c s  of f u e l  c e l l s ,  i t  becomes c l e a r  t h a t  some f u e l  
c e l l  systems can provide  high s p e c i f i c  energy ( g r e a t e r  than 500 wat t -hours/ lD f o r  
c e l l s  o p e r a t i n g  on a i r ) ,  none can provide very h igh  s p e c i f i c  power ( a l l  f u e l  c e l l  
systems a r e  below 30 w a t t s / l b ) ,  most can be r e f u e l e d  q u i c k l y ,  some w i l l  respond 
quick ly  t o  load changes (systems us ing  reformers  respond s l o w l y ) ,  most can be made 
t o  o p e r a t e  a t  a very low l e v e l  of emission of p o l l u t a n t s ,  none are low-cost y e t ,  
and many a r e  q u i e t .  Some of t h e  shortcomings of f u e l  c e l l s  can be compensated for  
by an a p p r o p r i a t e  secondary c e l l  having a reasonable  s p e c i f i c  energy ( g r e a t e r  than 
40 wat t -hours / lb)  , a h igh  s p e c i f i c  power ( g r e a t e r  than  150 w a t t s / l b )  , and f a s t  charge 
acceptance (15 minutes f o r  f u l l  charge) .  In t h e i r  p r e s e n t  s t a t e  o f  development,  
n e i t h e r  f u e l  c e l l s  nor h igh  s p e c i f i c  power, fas t - recharge  secondary c e l l s  a r e  low- 
c o s t  devices .  In  a p p l i c a t i o n s  where t h e  o t h e r  c h a r a c t e r i s t i c s  are e s s e n t i a l ,  how- 
e v e r ,  a price-premium i s  j u s t i f i e d  a s  f o r  remote power and m i l i t a r y  and space a p p l i -  
c a t i o n s .  

The r e c e n t  advances i n  f u e l - c e l l  development w i l l  b e  summarized below, i n  o r d e r  
t o  inc lude  t h e  b e s t  performance, endurance, and c o s t  e s t i m a t e s  i n  cons ider ing  some 
a p p l i c a t i o n s .  
s p e c i f i c  power and h igh  s p e c i f i c  energy a p p l i c a t i o n s  r e q u i r i n g  f a s t  charge  accep- 
tance ,  the  secondary c e l l s  considered w i l l  be  of t h i s  type .  S p e c i f i c a l l y ,  t h e  Li-Te 
and Li-Se c e l l s ,  wi th  which t h e  a u t h o r s  have t h e  n o s t  exper ience ,  w i l l  s e r v e  a s  t h e  
b a s i s  f o r  t h e  c a l c u l a t i o n s ,  

Because f u s e d - s a l t  secondary c e l l s  show t h e  most promise f o r  high 

RECENT ADVANCES I N  FUEL CELLS 
I n  cons ider ing  t h e  a r e a s  where improvement i n  fuel cells i s  needed,  t h e  t h r e e  - 

most prominent a r e :  a )  E l e c t r o c a t a l y s t s ,  p r i m a r i l y  a s  they  a f f e c t  c o s t  and per for -  
mance, b) Elec t rode  s t r u c t u r e ,  a s  i t  a f f e c t s  c o s t ,  endurance and weight ,  and c )  En- 
g ineer ing ,  a s  i t  a f f e c t s  endurance, weight ,  and volume. O f  c o u r s e ,  improvements i n  
t h e s e  t h r e e  a r e a s  a r e  d e s i r e d  whi le  main ta in ing  a t  l e a s t  t h e  p r e s e n t  l e v e l  of per- 
formance. 

The f u e l  c e l l s  which a r e  expected t o  f i n d  t h e  most widespread a p p l i c a t i o n  a r e  
those  o p e r a t i n g  on a i r .  
cussed here .  In a d d i t i o n ,  because of t h e  t r o u b l e  and expense involved in s t o r i n g  
hydrogen, e i t h e r  a s  a l l q u i d  o r  a s  a g a s ,  only f u e l  c e l l  systems us ing  f u e l s  normally 

For t h i s  reason ,  on ly  c e l l s  wi th  a i r  ca thodes  w i l l  be d i s -  
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s t o r e d  a s  l i q u i d s  w i l l  be considered.  These f u e l  cel l  systems can be c l a s s i f i e d  as  
i n d i r e c t  ( those  using a r e a c t o r  t o  produce hydrogen which i s  then  consumed i n  the 
f u e l  c e l l ) ,  and direct  ( t h o s e  i n  which t h e  u n a l t e r e d  f u e l  is  f e d  d i r e c t l y  t o  t h e  
c e l l ) .  

I n d i r e c t  Fuel  C e l l s  
I n d i r e c t  f u e l  c e l l  systems can b e  arranged SG t h a t :  a )  only very pure 

hydrogen i s  fed to  t h e  anode (most expensive)  , o r ,  b) hydrogen of almost any degree 
of p u r i t y  ( including t h e  u n t r e a t e d  reformer e x i t  gas)  i s  fed t o  t h e  anode. Some of 
t h e  i n d i r e c t  f u e l  c e l l  systems which have been i n v e s t i g a t e d  a r e  diagramed i n  Figure 
1. The i n d i r e c t  sys t ems  which use very p u r e  hydrogen a t  t h e  anode ( p a r t s  a and b 
of Figure 1) a r e  t h e  most well-developed and make use of high-performance f u e l  c e l l s .  
Furthermore,  because of t h e  high r e a c t i v i t y  of hydrogen and t h e  absence of chemical 
and e lec t rochemica l  compl ica t ions  due t o  i m p u r i t i e s ,  a g r e a t  d e a l  o t  progress  toward 
t h e  e l i m i n a t i o n  of expensive plat inoid-element  e l e c t r o c a t a l y s t s  has been made f o r  
t h e s e  c e l l a .  

The amount o f  p l a t i n o i d  element e e c t r o c a t a l y s t s  nfcTsgary i n  hydrogen 
through i n t e r -  f u e l  c e l l s  has b e reduced from 35-50 mg/cm a few y e a r s  ago-'-,- 

mediate  l o a d i n g s s g  t o  v a l u e s  as low as 0.5-2 mg/cm2(on each e l e c t r o d e )  i n  low-  tem- 
p e r a t u r e  a l k a l i n e  systems4s2 and 0.5-4 mg/cm2 (on each e l e c t r o d e )  i n  low-temperature 
a c i d  systems.8,%= 
g o s s i b l e  l a r g e l y  by t h e  use of e l e c t r o c a t a l y s t  suppor ts  such as high-area carbon, 
- , ~ , & % ~  r e s u l t i n g  i n  very  smal l  plat inum c r y s t a l l i t e s  having a high s p e c i f i c  area.  

It  i s  not  on ly  p o s s i b l e  t o  minimize t h e  amount of plat inum i n  hydrogen 
anodes, b u t  f o r  a l k a l i n e - e l e c t r o l y t e  c e l l s  t h e  platinum can be l imina ted  by u s i n g  
n i c k e l  ( h i g h - a r e a , u , g  o r  Raney f o r m % s j  o r  n i c k e l  boride&$ High a r e a  n icke l  
h a s  disadvantages,  however, such a s  t h e  i r r e v e r s i b l e  l o s s  of a c t i v i t y  a f t e r  being 
used a t  t o o  high a p o t e n t i  (ox ida t ion  of t h e  n i c k e l  o c c u r s ) .  Nickel b o r i d e ,  
formed i n  var ious  ways, d k  seems t o  b e  less s e n s i t i v e  t o  overvol tage  excursions 
than n i c k e l ,  and may be an a c c e p t a b l e  hydro en anode e l e c t r o c a t a l y s t  f o r  opera t ion  

1 

T h i s  decrease  i n  t h e  amount of platinum requi red  has  been made 

n e a r  80°C a t  a modest performance p e n a 1 t y . L  f 
I t  is a l s o  p o s s i b l e  t o  e l i m i n a t e  p l a t i n o i d  elements from a i r  cathodes 

f o r  a l k a l i n e  e l e c t r o l y t e  systems. 
such as CoOA1203, I o r  phtha locyanines  such a s  cobal t  p h t h a l o c y a n i n a  i n s t e a d  of 
plat inum, providing an  a d d i t i o n a l  sav ing .  It should be noted ,  however, t h a t  t h e  
advantage of t h e  more f l e x i b l e  e l e c t r o c a t a l y s t  requirement f o r  t h e  a l k a l i n e  e l e c t r o -  
l y t e  ce l l  i s  a t  least p a r t i a l l y  o f f s e t  by t h e  need f o r  C 0 2  removal from t h e  a i r  (or  
p e r i o d i c  e l e c t r o l y t e  replacement) .  

provements i n  e l e c t r o d e  s t r u c t u r e ,  p a r t i c u l a r l y  a t  t h e  a i r  Lathode. I n  t h e  1 s 
f e w  y e a r s ,  t h e  t r e n d  h a s  been t wards very t h i n  e l e c t r o d e s  (0.006 t o  0.03")L9-9- 
with  r e l a t i v e l y  high p o r o s i t y 4 9 8  providing 8 f o r  l i m i t i n  c u r r e n t  d e n s i t i e s  of  severa l  

m e t r i c ) .  Thin, h i g h l y  porous e l e c t r o d e s  a r e  a l s o  e s s e n t i a l  i n  those  systems which 
remove product  water  by evapora t ion  through t h e  porous e l e c t r o d e s .  

The requirement o f  minimum c e l l  i n t e r n a l  r e s i s t a n c e  has  l e d  t o  t h e  use 
of t h i n ,  porous, absorbent  m a t r i c e s  t o  hold t h e  e l e c t r o l y t e ,  r e s u l t i n g  i n  i n t e r -  
e l e c t r o d e  d i s t a n c e s  of 0.010'' t o  0.030". The use of t h i n  e l e c t r o d e s  (about  0.020'' 
each) and t h i n  absorbent  e l e c t r o l y t e  m a t r i c e s  (0.020") al lows t h e  c o n s t r u c t i o n  of 2o 
r e l a t i v e l y  compact f u e l  b a t t e r i e s ,  wi th  c e l l  s t a c k s  of about seven c e l l s  per  inch.- 
This  s t a c k i n g  f a c t o r  cor responds  t o  s t a c k  power d e n s i t i e s  i n  t h e  range 7-8 kw/ft3 f o r  
160 w / f t 2  c e l l s .  
corresponding t o  18 lb/kw f o r  f u t u r e  f u e l  c e l l  s t a c k s .  
should be increased  by 10  t o  20 percent  f o r  c e l l s  wi th  l i q u i d  e l e c t r o l y t e s .  

i n g  t h  
van- - which i s  powered by Union Carbide hydrogen-oxygen c e l l s . 2 3  T h i s  i s  a 

Some of t h e s e  cathodes use s i l v e r L s x s 1 8  o r  s p i n e l s  

A l m o s t  a s  important  as t h e  advances i n  e l e c t r o c a t a l y s t  use are t h e  im-  

1 6  

hundred m a / c m 2  on a i r  a t  only  moderate a i r  f low r a t e s  - 9 8 9 2  B (1.5-3 t i m e s  s t o i c h i o -  

The d e n s i t y  o f  the  s t a c k s  is  estimated t o  be about 140 l b / f t 3 ,  
The weights  and volumes 

The present  state of f u e l  c e l l  engineer ing  can b e  a p p r e c i a t e d  by consul t -  
papers  d e s c r i b i n g  t h e  des ign ,  development and o p e r a t i o n  of t h e  GM Electro-  

2 1 3 2  
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remarkable ach i  vement, e s p e c i a l l y  when one cons ide r s  t h e  r e l a t i v e l y -  s o p h i s t i c a t e d  

vantage 
c e l l s  (3,380 l b : )  made necessa ry  by r h e  peak power requirement (160 kw) of flve - t i m e s  t h e  nominal r a t i n g  (32 kw). 
of a f a s t  charge,  high s p e c i f i c  power secondary cell. 
i n  more d e t a i l  below. . D e s p i t e  t h e  d i sadvan tages ,  t h e  Electrovan proves t h a t  f u e l  
c e l l  engineer ing has  progressed t o  t h e  p o i n t  t h a t  v e h i c l e s  can be powered by hydrogen 

c o n t r o l  system- 22 and t h e  high performance o f  t h e  v e h i c l e .  The . m o s t  n o t a b l e  disad-  

Of  t h i s  f u e l - c e l l  powered v e h i c l e  is  t h e  excess ive  weighL o f  t h e  f u e l  

T h i s  weight  p e n a l t y  could b e  minimized by use 
T h i s  p o i n t  w i l l  b e  discussed 

f u e l  c e l l s  and can r e t a i n  reasonable  performance and range.  . .  :. 
The combined ' e f f e c t  of improved use  of electrocatalyscs,.thinner, high- 

p o r o s i t y  e l e c t r o d e  s t r u c t u r e s ,  and small i n t e r e l e c t r o a e  d i s t a n c e s  y i e l d s  che pe r fo r -  
mances shown i n  Figure 2. 
us ing  t h i n  matrices and moderate. c a t a l y s t  l oad ings  (9-10 mg Pt/cm ) on 
bonded elect .rodes.L&& Replacement of t h e  P t  at  t h e  anode w i t h  N i  B' y i e l d s  
s l i g h t l y  lower vo l t ages  as  shown. 
t u t i o n  of  H SO 
odes i n  ac i3  e f e c t r o l y t e s  is r e s p o n s i b l e  f o r  t h i s  dec rease  i n  c e l l  vo l t age .  
nex t  lower set  of curves  wi th  t h e  somewhat h ighe r  s l o p e s  corresponds t o  t h e  use of 
l i q u i d . e l e c t r o l y t e s ,  w i t h  l a r g e r  i n t e r e l e c t r o d e  d i s t a n c e s  and consequent ly  a h ighe r  
i n t e r n a l  r e s i s t a n c e . l * k , =  The lowest  curve of Figure 2 corresponds t o  t h e  use of 
dua l  ion exchange membranes.25 The h ighe r  i n t e r n a l  r e s i s t a n c e  of t h i s  arrangement 
is  ev iden t .  

uppermost curves  f o r  des ign  purposes ,  assuming a c a t a l y s t  l oad ing  of 1 mg Pt/cm2 (or 
i t s  c o s t  equ iva len t  o f  Ni B and Ag o r  CoOA1203).on each e l e c t r o d e .  Only a small per- 
formance pena l ty  would b e  paid i f  t h e  plat inum i n  t h e  cathode were replaced by s i l v e r  
o r  C o O A l 2 O 3 . L  and t h e  plat inum i n  t h e  anode by n i c k e l  boride.15916 T h i s  performance 
is what would b e  expected from t h e  c e l l  i n  any i n d i r e c t  system supp ly ing  pure hydro- 
gen ( o r  hydrogen with non-adsorbing i n e r t s ,  such as  N 2 )  t o  t h e  anode. 

A f i ve -k i lowa t t  i n d i r e c t  system us ing  a KOH e l e c t r o l y t e  and an a i r  scrub- 
b e r  has  been cons t ruc t ed  by Englehard ( former) and Allis-Chalmers ( f u e l  b a t t e r y )  
and has  been t e s t e d  a t  For t  B e l v o i r . a S E  Thzs system o p e r a t e s  on a s u l f u r - f r e e  
hydrocarbon f u e l  (JP 150, a Udex raf f i nace )  ,& and uses a s i lve r -pa l l ad ium a l l o y  
d i f f u s e r  t o  p u r i f y  t h e  hydrogen (an expensive method). The o p e r a t i n g  p o i n t  was 
0.83 V a t  135 ma/cm2. 
d i f f u s e r ,  but  methanol as t h e  f u e l  t o  t h e  reformer,  w a s  c o n s t r u c t e d  by S h e l l  Re- 
s e a r c h ,  L t d . a -  

CH4,  H 0), as i n  case  c of Figilre 1, a c i d  e l e c t r o l y t e s  must b e  used  i f  t i e  anode 2 is porous,  in orde r  t o  re ject  t h e  CO and COz. 
inum, and t h e  low r a t e  of e l ec t rochemica l  o x i d a t i o n  of the.CO make plat inum an un- 
s u i t a b l e  anode e l e c t r o c a t a l y s t  a t  temperatures  below about  13OoC, as  shown by the  
lowest curve i n  Figure 3. A t  h i g h e r  t empera tu res ,  w i th  H PO as  t h e  e l e c t r o l y t e ,  
Pt w i l l  provide adequate  performance as shown by t h e  upper cu rve  of Figure 3. A t  
150.C, about 110 ma/cm2 can be ob ta ined  a t  0.75 V u s ing  90% H2 and 10% CO w i t h  an 
anode con ta in ing  2,8 mg Pt/cm2, supported on' boron c a r b i d e . 3  
show moderate a c t i v i t y  w i t h  CO-containing reformer gases  and H2S04 a s  t h e  e l e c t r o -  
l y t e , , a s  i n d i c a t e d  in F i g u r e . 3 ,  b u t  t h e  e l e c t r o c a t a l y s t  l oad ings  used (34 mg 
Pt -Ru /cm2)z  must be considered t o , b e  about an o r d e r  of magnitude too h i g h . t o  be 
practical. For t h e  p r e s e n t ,  i t  appea r s  t h a t  t he  o x i d a t i o n  of reformer gases  con- 
t a i n i n g  more than a few ppm of CO r e q u i r e s  t h e  use of a c i d  e l e c t r o l y t e s  a t  tempera- 
t u r e s  nea r  150'C.. The improvements i n  CO tolerance-shown by Pt-Ru a l l o y s  are en- 
couraging,  however', and i t  is expected t h a t  alloy c a t a l y s t s  w l l l  b e  improved f u r t h e r ,  
making t h e  use 'of u n p u r i f i e d  reformer gases  p r a c t i c a l  at  t empera tu res  below loo°C. 

hydrogen /a i r  cel ls  a r e  a l s o  u s e f u l  in reformer g a s / a i r  c e l l s .  

The upper curves  correspond t o  a l k a l l n s  e l e c t r o l y t e  c e l l s ,  
h i n ,  PTFE- 

The nex t  lower curve corresponds $0 t h e  s u b s t i -  
f o r  KOH as t h e  e l e c t r o l y t e .  The poorer  performance of oxygen cath- 

The 

Based on t h e  r e s u l t s  shown i n  F igu re  2,  i t  seems reasonab le  t o  adopt t h e  

2 .  

A second 5 kw i n d i r e c t  system us ing  a s i lve r -pa l l ad ium 

For i n d i r e c t  systems invo lv ing  t h e  use of unpa r i f i ed . . gases  iH , CO,' C 0 2 ,  

The scrong a d s o r p t i o n  of CO on p l a t -  
, .  

3 4  

A t  85'C, Pt-Ru a l l o y s  

The same t h i n ,  h igh ly  porous e l e c t r o d e  s t r u c t u r e s  f o m d  t o  b e  u s e f u l  with 
The lower performance 
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obta ined  from t h e  l a t t e r  cel ls  is p r i m a r i l y  r e l a t e d  t o  e l e c t r o c a t a l y t i c  problems 
a t  both e l e c t r o d e s ,  and not  e l e c t r o d e  s t r u c t u r e  problems. 

complete f u e l  c e l l  systems o p e r a t i n g  on reformer gas  i s  j u s t  beginning. 
systems a r e  probably being b u i l t ,  and only  one low-temperature b a t t e r y  has  been 
r e p o r t e d . 2  S i g n i f i c a n t  performance l o s s e s  were observed, wi th  only  20 ppm of  
CO i n  t h e  feed  t o  t h e  f u e l  b a t t e r y ,  which used  9 mg P t / c m 2  e l e c t r o d e s  and H SO 
e l e c t r o l y t e  a t  65°C ( s e e  F i g u r e  3 ) .  It is l i k e l y  t h a t  t h e  i n d i r e c t  systems2bul l t  
i n  t h e  near  f u t u r e  w i l l  u s e  f u e l  c e l l s  which o p e r a t e  a t  temperatures  above lOO"C, 
and w i l l  have performances l i k e  t h a t  shown by t h e  uppermost curve i n  Figure 3. 

750°C i s  capable of consuming reformer gases  conta in ing  r e l a t i v e l y  l a r g e  amounts- 
of CO (10-20%) with e x c e l l e n t  performance. A t  an o p e r a t i n g  temperature  of 750"C, 
i t  i s  conceivable  t h a t  t h e  ce l l  and reformer might be i n t e g r a t e d  i n  such a manner 
t h a t  t h e  r e j e c t  f u e l  c e l l  h e a t  is used by t h e  endothermic reforming r e a c t i o n ,  in- 
c r e a s i n g  t h e  o v e r a l l  system e f f i c i e n c y .  Furthermore, t h e  carbonate  c e l l  employs 
r e l a t i v e l y  inexpensive e l e c t r o c a t a l v s t s  such as  n i c k e l  a t  t h e  anode and copper 
oxide ( o r  s i l v e r )  a t  t h e  ca thode ,= -x  making t h i s  an economically a t t r a c t i v e  
system. During t h e  l a  t few y e a r s ,  cons iderable  improvements i n  p e r f o r m a n c a  
and opera t ing  l i f  _30.3$ have been made, br inging  t h i s  system t o  t h e  poin t  where 
it is  ready f o r  an i n c r e a s e d  engineer ing  e f f o r t .  A reasonable  des ign  poin t  f o r  
a molten carbonate  system would be 200 ma/cm2 a t  0 - 7 5  V ,  a s  shown i n  Figure 4 .  
The l i f e  expectancy f o r  a s i n g l e  c e l 1 3 i s  now more than  s i x  m o n t h s , g  and 36-cell 
modules opera te  f o r  about 1000 hours.- 

t i o n  of t h e  f u e l  c e l l  and t h e  reformer,  p lac ing  t h e  reforming c a t a l y s t  i n  t h e  f u e l  
compartment of t h e  c e l l x  ( c a s e  d of Figure 1 ) .  
i s  a non-porous hydrogen d i f f u s i o n  e l e c t r o d e  (Ag-Pd a c t i v a t e d  with Pd black on both 
s i d e s )  .36-38 
l e n t  t o  t h a t  of about  20 mg Pt/cm2 f o r  a 0.001" t h i c k  e l e c t r o d e  a c t i v a t e d  on both 
s i d e s .  

a t  t h e  same temperature  (2O0-25O0C, 
f u e l  b a t t e r y  can supply t h e  endothermic h e a t  f o r  t h e  reforming r e a c t i o n .  
t i o n ,  s i n c e  t h e  f u e l  c e l l  r e a c t i o n  e x t r a c t s  hydrogen d i r e c t l y  from t h e  reforming 
zone, t h e  response of t h e  reformer t o  t h e  demands of t h e  f u e l  c e l l  i s  r e l a t i v e l y  
rap id .  Start-up is  n o t  v e r y  f a s t ,  however, and e x t e r n a l  h e a t i n g  energy must be 
suppl ied .  

t h e  performance of which i s  given i n  Figure 5. 
carbon cells show poorer  per5grygnce and s h o r t  c a t a l y s t  l i f e t i m e s ,  even a t  t h e  
h igher  temperature of  25O0CS-*- as shown i n  F igure  5.  These systems, espec ia l ly  
t h e  methanol system, could g a i n  p o p u l a r i t y  dur ing  t h e  i n t e r i m  per iod  before  d i r e c t  
methanol o r  hydrocarbon c e l l s  show high performances a t  c a p i t a l  c o s t s  comparable 
t o  t h o s e  f o r  present  hydrogen-air  cells. 

ments of t h e  a p p l i c a t i o n  w i l l  probably d i c t a t e  t h e  optimum combination of refozmer. 
hydrogen p u r i f i e r  ( i f  any) and f u e l  b a t t e r y .  For f a s t  s t a r t - u p ,  a low-temperature 
f u e l  b a t t e r y  is d e s i r a b l e .  This  may r e q u i r e  t h e  use of  pure hydrogen ( a s  from a 
s i lver-pal ladium d i f f u s e r ) ,  but  i t  is p o s s i b l e  t h a t  a ce l l  using a Pt-Ru anode 
e l e c t r o c a t a l y s t  could be s t a r t e d  quick ly  from room temperature  on unpur i f ied  re- 
former gases. Where s teady  o p e r a t i o n  without  shut-down is needed, t h e  molten car- 
bonate  system probably o f f e r s  t h e  lowest  c a p i t a l  cost and h ighes t  e f f i c i e n c y .  A 
reasonable  compromise system wi th  medium s t a r t - u p  t i m e  and medium c o s t ,  us ing no 
scrubbers  o r  p u r i f i e r s  would be a c e l l  wi th  2-3 mg Pt/cmZ at  t h e  anode, H3P04 

Engineering work r e s u l t i n g  i n  t h e  c o n s t r u c t i o n  of f u e l  b a t c e r i e s  o r  
Several  

The molten carbonate  c e l l ,  opera t ing  a t  temperatures  i n  t h e  range 600 - 

An i n t e r e s t i n g  r e c e n t  approach t o  t h e  i n d i r e c t  f u e l  c e l l  is t h e  integra-  

This  i s  bes t  done when t h e  anode 

These e l e c t r o d e s  a r e  expensive,  t h e i r  m a t e r i a l s  c o s t s  being equiva- 

Because of  t h e  f a c t  t h a t  t h e  f u e l  b a t t e r y  and i n t e g r a t e d  reformer opera te  
85% KOH e l e c t r o l y t e ) ,  t h e  r e j e c t  hea t  from t h e  

I n  addi- 

36 38 
The best-performing i n t e g r a t e d  system is t h a t  opera t ing  on methanol,-*- 

The corresponding i n d i r e c t  hydro- 

In choosing among t h e  var ious  i n d i r e c t  systems,  t h e  o p e r a t i n g  require-  
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e l e c t r o l y t e ,  and 3-4 mg Pt/cm 2 a t  t h e  cathode.- 3 This  seems t o  be t h e  s imples t  s y s t e m  
i n  concept ,  and could be t h e  s i m p l e s t  i n  p r a c t i c e .  

Direct Fuel Cells 
The d i r e c t  f u e l  c e l l  which shows t h e  h ighes t  performance on a l i q u i d  f u e l  

i s  t h e  hydrazine c e l l .  Th i s  c e l l  has  r ece ived  more eng inee r ing  a t t e n t i o n  than any 
o t h e r  except  f o r  hydrogen-oxygen.a& 
c e l l s  are  shown i n  F igu re  6 .  
and nickel-based e l e c t r o c a t a l y s t s u  (high-area n i c k e l  and n i c k e l  bo r ide )  have been 
used SuCceSSfully w i t h  hydrazine hydra t e  as t h e  f u e l .  
a c i d s ,  an a l k a l i n e  e l e c t r o l y t e  i s  necessa ry .  
from t h e  a i r  f e d  t o  t h e  cathode. 
are used, and t h e  e l e c t r o l y t e  is u s u a l l y  h e l d  i n  a ma t r ix .  

a p p l i c a t i o n s ,  i nc lud ing  a 20 kw system f o r  an Army M-37 t r u c k . ' l  Because n i c k e l  
bo r ide  can be used a t  t h e  anode and s i l v e r  o r  a s p i n e l  a t  t h e  cathode,  t h e  hydra- 
z i n e  c e l l  looks promising from a c a p i t a l  c o s t  viewpoint ,  bu t  the  h igh  c o s t  of hy- 
d r a z i n e  w i l l  probably res t r ic t  t h i s  c e l l  t o  s p e c i a l  a p p l i c a t i o n s .  S t rong  p o i n t s  a r e  
t h e  admirable  performance ob ta ined  w i t h  r e l a t i v e l y  s imple systems and t h e  use of  non- 
p l a t i n o i d  e l e c t r o c a t a l y s t s .  

hydrazine c e l l s ,  and r e q u i r e  unreasonably l a r g e  amounts of precious-metal  e l e c t r o -  
c a t a l y s t s .  These o t h e r  systems must s t i l l  b e  considered t o  b e  i n  t h e  r e sea rch  s t a g e  
and should no t  be included in any des igns  invo lv ing  c o s t  as an important  c r i t e r i o n  
f o r  t h e  near-term f u t u r e .  

Typical  performance curves f o r  hydrazine-air  
Both p l a t i n o i d  element e l e c t r o c a t a l y s t s % u  (Pt and Pd) 

Because hydrazine r e a c t s  with 
Th i s  means t h a t  the  C 0 2  must be removed 

A s  i n  t h e  hydrogen c e l l s ,  t h i n ,  porous e l e c t r o d e s  

Seve ra l  complete hydrazine f u e l  c e l l  s y s t e m s  have been b u i l c  f o r  v e h i c l e  

A l l  o t h e r  non-hydrogen d i r e c t  f u e l  c e l l s  show poorer  performance than 

Seve ra l  advances i n  t h e  d i r e c t  use of carbonaceous f e l s  a r e  n o t a b l e ,  
however. A few yea r s  ago, l a r g e  amounts of plat inum (x 50 mg/cm ) were necessary 
i n  o r d e r  t o  o b t a i n  c u r r e n t  d e n s i t i e s  n e a r  100 ma/cm2 from propane a t  c e l l  p o t e n t i a l s  
of 0 .2  t o  0.3 v o 1 t . U - u  
as low as 5 t o  10 mg Pt/cm2 can be used wi th  propane, wh i l e  s t i l l  o b t a i n i n g  c u r r e n t  
d e n s i t i e s  of 100 ma/cm2 a t  c e l l  p o t e n t i a l s  of 0 .4  volt.-s-'- 49 50 51 Some of t h e  r ecen t  
d a t a  are summarized i n  F igu re  7 .  The l i q u i d  hydrocarbons which y i e l d  t h e  h ighes t  
performance are propane and butane;  t h e  h i g h e r  molecular  weight f u e l s  g i v e  decreas- 
i n g  performance with i n c r e a s i n g  molecular weight .%#47-%56 Some of t h e  problems 
which remain t o  be so lved  are t h e  c y c l i n g  behavior  of t h e  anode r e a c t i o n  ra te  when 
phosphoric  a c i d  i s  used as t h e  e l e c t r o l y t e , s  
a d d i t i o n  t o  t h e  obvious problems of e l e c t r o c a t a l y s i s  and co r ros ion .  

Y 
It has  been r epor t ed  r e c e n t l y  t h a t  e l e c t r o c a t a l y s t  loadings 

and t h e  conse rva t ion  of water, in 

No presently-known hydrocarbon c e l l s  w i l l  s t a r t  up from room temperature,  
so e x t e r n a l  hea t  f o r  s t a r t - u p  must be provided. 
t e r y  o r  systems work has  been done y e t ,  bu t  t h e  t i m e  is approaching when t h i s  w i l l  
be a p p r o p r i a t e .  

expected of i t  a few y e a r s  ago. 
o f  20 t o  40 mg/cm2 of p l a t i n o i d  e l e c t r o c a t a l y s t s % z  a t  t h e  anode. 
l o a d i n g s ,  t h e  performance i s  s t i l l  r e l a t i v e l y  modest,  as shown i n  F igu re  8. 
of t h i s  d l sadvan ta  e. some eng inee r ing  work has  been completed,  r e s u l t i n g  I n  a ba t t e ,y  

v o l t a g e . 6 0  

No apprec iab le  amount o f  f u e l  bat-  

The d i r e c t  methanol c e l l  h a s  n o t  shown t h e  p rogres s  t h a t  might have been 

Even wi th  these 
T h i s  c e l l  s t i l l  r e q u i r e s  e l e c t r o c a t a l y s t  loadings 

I n  s p i t e  

de l ivermg300wat t& 5 and a compact system d e l i v e r i n g  about  100 w a t t s  a t  a r egu la t ed  

Summary of Fuel  C e l l  Performance 
The p resen t  s t a t e  o f  a f f a i r s ,  w i th  r e s p e c t  t o  c e l l  c h o i c e s ,  r e f l e c t i n g  a l l  

of t h e  r ecen t  advances d i scussed  above i n c o r p o r a t i n g  new, low e l e c t r o c a t a l y s t  loadings,  
and improved performances on a i r  ( i n  some cases  e s t ima ted  by t h e  a u t h o r s ) "  i s  

* All a s t e r i s k s  i n  t h e  f i g u r e s  i d e n t i f y  t h o s e  c u r r e n t  dens i ty -vo l t age  cu rves  which have 
been converted from oxygen performance t o  a i r  performance by the  a u t h o r s ,  based on pub- 
l i s h e d  da ta .  
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summarized i n  Table I. 
ings  may be s l i g h t l y  o p t i m i s t i c .  The systems which a r e  expected t o  have t h e  lowest 
c a p i t a l  c o s t  a r e  t h e  molten carbonate  ( i n d i r e c t )  and t h e  hydrazine ( d i r e c t ) ,  followed 
by t h e  reformer gas ( i n d i r e c t )  and t h e  i n t e g r a t e d  methanol reformer-fuel  c e l l .  The 
hydrazine system is t h e  most well-developed, followed by reformer gas  ( i n d i r e c t ) ,  the  
o t h e r  d i r e c t  c e l l s  being f a r t h e r  behind. 
s t i l l  conta in  too  much expensive e l e c t r o c a t a l y s t  and r e q u i r e  a g r e a t  d e a l  more engineer- 

The performance values  f o r  t h e  i n d i c a t e d  e l e c t r o c a t a l y s t  load- 
, 

Direc t  hydrocarbon and d i r e c t  methanol c e l l s  

i n g  work before  they can compete wi th  t h e  o t h e r  systems. ci 
The c u r r e n t  s t a t u s  of  t h e  systems j u s t  discussed is  a l s o  presented i n  

Table I ,  together  wi th  t h e  a u t h o r s '  es t imates  of  t h e  s p e c i f i c  power of t h e  f u e l  c e l l  
s t a c k s  and systems ( i n c l u d i n g  reformers  and plumbing but not  f u e l  and tank)  which could 
b e  cons t ruc ted  us ing  t h e  p r e s e n t  research  and engineer ing  resul ts .  The s p e c i f i c  power 
va lues  f o r  some of t h e  s y s t e m s  of Table I ,  t o g e t h e r  wi th  t h e  s p e c i f i c  energy values 
(wat t -hr / lb)  of t h e  f u e l  p l u s  tank al low t h e  d i r e c t  c a l c u l a t i o n  of s p e c i f i c  power 
( w a t t s / l b )  versus  s p e c i f i c  energy (wat t -hr / lb)  curves  f o r  f u e l  celQ systems contain- 
i n g  v a r i o u s  weight f r a c t i o n s  of f u e l  c e l l  and f u e l .  These r e s u l t s  a r e  summarized i n  
Figure 9. This f i g u r e  i s  p a r t i c u l a r l y  u s e f u l  i n  s e l e c t i n g  f u e l  c e l l  systems which must 
meet s p e c i f i c  power and energy requirements .  This  w i l l  be  d iscussed  i n  more d e t a i l  
b e l o w .  

SECONDARY CELLS WITH FUSED-SALT ELECTROLYTES 
In o r d e r  t o  augment t h e  c h a r a c t e r i s t i c s  of f u e l  c e l l s  t o  form a high-performance 

hybr id  system, i t  i s  necessary  t h a t  t h e  secondary c e l l  have t h e  a b i l i t y  t o  d e l i v e r  
large amounts of power per  u n i t  weight ,  on a repeated b a s i s ,  wi th  no damage t o  t h e  
c e l l .  
c a t i o n s ,  and values  a s  high a s  500 watts per  pound a r e  d e s i r a b l e .  Furthermore, i t  
is necessary t h a t  t h e  secondary c e l l  have t h e  a b i l i t y  t o  accept  charge very rap id ly  
without  de t r imenta l  e f f e c t s .  This  f e a t u r e  is  important i n  v e h i c l e  propuls ion and 
o t h e r  a p p l i c a t i o n s  where f a s t  recharge i s  e s s e n t i a l .  A f u l l  charge should b e  achiev- 
a b l e  i n  1 5  minutes o r  l e s s  f o r  some a p p l i c a t i o n s .  

The l i th ium-te l lur ium and li thium-selenium c e l l s  possess  both  of t h e  character-  
i s t i c s  discussed above.66,67 These c e l l s  a r e  s t i l l  in t h e  e a r l y  s t a g e s  of develop- 
ment, but laboratory-model c e l l s  have i n d i c a t e d  t h a t  t h e s e  systems have t h e  required 
f a s t  charge-discharge c h a r a c t e r i s t i c s  and high s p e c i f i c  powers .%E 

e l e c t r o d e ) ,  fused l i t h i u m  h a l i d e s  a s  t h e  e l e c t r o l y t e ,  and molten t e l l u r i u m  a s  t h e  
cathode ( p o s i t i v e  e l e c t r o d e ) .  
i n g  p o i n t  of t h e  t e l l u r i u m  (449.8OC) ,68 hence thermal  i n s u l a t i o n  must be provided 
t o  prevent  excessive h e a t  loss. Under normal o p e r a t i n g  condi t ions ,  t h e  i n t e r n a l  
hea t  generat ion w i l l  b e  s u f f i c i e n t  t o  maintain o p e r a t i n g  temperature ,  whi le  on 
stand-by, t h e  c e l l  temperature  may be maintained by means of a small  h e a t e r .  

The o v e r a l l  c e l l  r e a c t i o n  is t h e  e lec t rochemica l  t r a n s f e r  of l i t h i u m  through 

S p e c i f i c  power v a l u e s  above 100 w a t t s  per  pound a r e  necessary f o r  many appl i -  

The l i th ium-te l lur ium c e l l  makes u s e  of molten l i t h i u m  as  t h e  anode (negat ive 

The minimum o p e r a t i n g  temperature  is set by t h e  m e l t -  

t h e  e l e c t r o l y t e  i n t o  t h e  t e l l u r i u m ,  r e s u l t i n g  i n  t h e  formation of a l i th ium-te l lur ium 
a l l o y  a t  t h e  cathode, On recharge ,  t h e  l i t h i u m  is e lec t rochemica l ly  e x t r a c t e d  from 
t h e  cathode a l l o y  and re turned  t o  t h e  anode compartment. The e l e c t r o d e  r e a c t i o n s  
on d ischarge  a re :  

(1) + -  
L i  -+ L i  + e 

L i +  + e- + Te (excess)  + L i  ( i n  Te) (2 )  

Typica l  s teady-s ta te  c u r r e n t  densi ty-vol tage curves f o r  two Li-Te c e l l s  opera- 
The open c i r c u i t  v o l t a  e of 1.7-1.8 v o l t s  i s  t i n g  a t  47OoC are 'shown i n  Figure 10 .  

i n  good agreement wi th  t h e  v a l u e s  repor ted  by Fos te r  and L i u . 2  Current  d e n s i t i e s  
i n  excess  of 7 amp/cm2 were obta ined  on both charge and discharge.  Because of t h e  
f a c t  t h a t  t h e  open c i r c u i t  v o l t a g e s  of t h e  c e l l  are i n  good agreement wi th  t h e  
publ i shed  r e v e r s i b l e  emf  v a l u e s ,  and because t h e  vol tage-cur ren t  d e n s i t y  d a t a  l i e  

f 
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on s t r a i g h t  l i n e s ,  it i s  concluded t h a t  t h e r e  a r e  no s i g n i f i c a n t  a c t i v a t i o n  o r  
concen t r a t ion  ove rvo l t ages  p re sen t .  
c u r r e n t  d e n s i t y  cu rves  ag ree  wi th  t h e  measured c e l l  r e s i s t a n c e ,  t h e  on ly  apprec i ab le  
i r r e v e r s i b i l i t l e s  i n  t h e  o p e r a t i o n  of t h e  L i -Te  c e l l  a t  c u r r e n t  d e n s i t i e s  up t o  
8 amps/cm2 are those a s s o c i a t e d  w i t h  ohmic l o s s e s .  
e l e c t r o l y t e  r e s i s t a n c e  and t h e  r e s i s t a n c e s  a s s o c i a t e d  wi th  c u r r e n t  c o l l e c t i o n  from 
t h e  e l e c t r o d e s ,  p r i m a r i l y  t h e  t e l l u r i u m  e l e c t r o d e .  

i n  F igu re  10, was 3.5 watts/cm2, i n d i c a t i n g  t h a t  high power d e n s i t i e s  can b e  ob- 
t a ined .  
charge r a t e s  can be used. I n  a d d i t i o n ,  o p e r a t i o n  a t  even h i g h e r  power d e n s i t i e s  
can be achieved f o r  s h o r t  pe r iods  of t i m e .  F igu re  11 shows t h e  c e l l  performance 
f o r  s h o r t  d i scha rge  t i m e s  (w i th in  one minute  a f t e r  s t a r t  o f  d i s c h a r g e  from t h e  
ful ly-charged c o n d i t i o n ) ,  corresponding to  a cathode composition of about  5 a/o 
L i  i n  T e .  The 

Furthermore,  s i n c e ' t h e  s l o p e s  o f  t h e  vol tage-  

The ohmic losses ar ise  from t h e  

The maximum power d e n s i t y  ob ta ined  from t h e  c e l l s ,  whose r e s u l t s  are shown 

The use of charging c u r r e n t  d e n s i t i e s  up t o  7 amp/cm2 shows t h a t  f a s t  re- 

eak power h e r e  was 5 watts/cm2; t h e  s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  

The L i -Te  c e l l s  were charged and discharged r epea ted ly  ove r  p e r i o d s  of up t o  
300 hours  a t  temperatures  of 450 t o  500°C wi th  no s i g n s  of  deg rada t ion .  
d i scha rge  coulombic e f f i c i e n c i e s  a t  t h e  1-hour and 45-minute rates were 85 t o  91  per- 
cen t .  

was 1 2 . 7  amplcm s . 
I 

The charge- 

A l i thium-selenium c e l l  was a l s o  ope ra t ed  us ing  t h e  same c e l l  p a r t s  a s  f o r  t h e  

The c u r r e n t  dens i ty -vo l t age  cu rve  f o r  th i s  c e l l  
l i t h ium- te l lu r ium c e l l .  
me l t ing  p o i n t  of S e  i s  only 217°C. 
i s  shown i n  Figure 12. 

The o p e r a t i n g  temperature  w a s  reduced t o  350aC, s i n c e  t h e  

Based on t ie .  vo l t age -cu r ren t  d e n s i t y .  curves  of F igu re  1 0 ,  secondary b a t t e r i e s  
can be d e s i  ned. The des igns  i n c l u d e  b i p o l a r  c u r r e n t  c o l l e c t o r s  and r i g i d  p a s t e  
e l e c t r o l y t e h  of minimal t h i c k n e s s  (% 1 mm). A r e a l i s t i c  des ign ,  a l lowing f o r  5 ' 

c e l l s  per inch corresponds t o  a s p e c i f i c  energy of 80-100 wa t t -h r / lb  f o r  t h e  L i - T e  
b a t t e r y  a t  a 1.5-hr d i s c h a r g e  ra te ,  and a s p e c i f i c  power of 300 w a t t s / l b  a t  t h e  115 
hour r a t e .  The curve of s p e c i f i c  power v s  s p e c i f i c  energy on which t h e s e  p o i n t s  l i e .  
i s  shown i n  Figure 9 ,  t o g e t h e r  w i th  s e v e r a l  o t h e r  cu rves  corresponding to va r ious  
c e l l  spacings.  The method u s e d ' f o r  c a l c u l a t i n g  t h e  L i -Te  b a t t e r y  curves i n  Figure 
9 is  explained i n  d e t a i l  elsewhere.= 
systems are  used i n  p re l imina ry  des ign  c a l c u l a t i o n s .  
Figure 9 are t h e  h igh  s p e c i f i c  power v a l u e s  o b t a i n a b l e  a t  reasonably h igh  s p e c i f i c  
e n e r g i e s ,  s i n c e  high-performance hybrid systems depend upon, t h e  secondary c e l l  f o r  
high peak-power c a p a b i l i t y .  

These cu rves  and t h o s e  f o r  t h e  f u e l  c e l l  
The important  f e a t u r e s  o f  

FUEL CELL-SECONDARY CELL HYBRID SYSTEMS 
A s  can be seen by i n s p e c t i o n  o f  Figure 9 ,  f u e l  c e l l  systems have t h e  a b i l i t y  

t o  d e l i v e r  low t o  moderate s p e c i f i c  powers f o r  l ong  p e r i o d s  o f  t i m e ,  but  are no t  
a b l e  t o  provide s p e c i f i c  powers in t h e  range of 100 w a t t s / l b  o r  h ighe r .  In  f a c t ,  
s u s t a i n e d  power d e n s i t i e s  i n  excess  of 30-35 w a t t s / l b  are n o t  p o s s i b l e  with pre-  
sent-day a i r - b r e a t h i n g  f u e l  c e l l  systems. Furthermore,  a i r  e l e c t r o d e s  i n  gene ra l  
cannot support  heavy ove r loads  f o r  even a few minutes  because o f  oxygen d i f f u s i o n  
l i m i t a t i o n s .  This  s i t u a t i o n  r e s u l t s  i n  the n e c e s s i t y  o f  des ign ing  f u e l  c e l l  systems 
around t h e  6 power requirements  of t h e  a n t i c i p a t e d  a p p l i c a t i o n .  The d i sadvan tage  
of t h i s  p r a c t i c e  i s  t h a t  t h e  f u e l  c e l l  system t h e n  is  very heavy and bulky,  and h a s  
a s i g n i f i c a n t l y  h ighe r  c a p i t a l  cost than would b e  r equ i r ed  i f  t h e  des ign  were f o r  
t h e  ave rage  power demand. 

By combining a f u e l  c e l l  system with a high s p e c i f i c  power secondary ce l l ,  a 
hybrid system is ob ta ined .  The hybr id  system is designed t o  take advantage of the 
high s p e c i f i c  power secondary c e l l  t o  supply t h e  peak load  r e q u i r a n e n t s ,  wh i l e  t h e  
f u e l  c e l l  system is designed t o  meet o n l y  t h e  time-average power requirements .  
This  r e s u l t s  i n  a t o t a l  system which is l i g h t e r  t han  e i t h e r  a f u e l  c e l l  system o r  
a secondary b a t t e r y  designed t o  do t h e  j o b  alone.  In v e h i c l e  a p p l i c a t i o n s  o f  t h e  
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hybr id  system, i t  is  p o s s i b l e  t o  take  advantage of t h e  f a s t - r e c h a r g e  c h a r a c t e r i s t i c s  
of t h e  secondary ce l l  by us ing  r e g e n e r a t i v e  braking.  This  p r a c t i c e  can recover  a 
l a r g e  f r a c t i o n  of t h e  energy expended i n  a c c e l e r a t i o n ,  providing an  extended vehic le  
range. Thus, f u e l  ce l l - secondary  ce l l  hybr id  systems provide  the  fol lowing f e a t u r e s :  

1) The high energy:weight r a t i o  of f u e l  c e l l s .  
2 )  The h igh  power:weight r a t i o  of b i m e t a l l i c  c e l l s .  
3) The high charge-discharge rate of b i m e t a l l i c  c e l l s .  

These f e a t u r e s  permi t  t h e  des ign  of compact p o r t a b l e  power sources ,  p a r t i c u l a r l y  
wel l - su i ted  f o r  a p p l i c a t i o n s  where power p r o f i l e s  having high peak t o  average power 
r a t i o s  a r e  encountered.  These p o i n t s  w i l l  be i l l u s t r a t e d  i n  t h e  fol lowing s e c t i o n  
by means of p r a c t i c a l  des igns  r e l a t i n g  t o  a p p l i c a t i o n s  i n  automobiles ,  homes, and 
submarines. 

Automobile Power Sources  
The e l e c t r i c  propuls ion  of automobiles  h a s  been viewed a s  a p o t e n t i a l  means 

f o r  reducing a i r  p o l l u t i o n  and o t h e r  urban i r r i t a n t s . 2  However 
l i m i t a t i o n s  due t o  t h e  low s p e c i f i c  energy of p r e s e n t  b a t t e r i e s &  it is  unl ike ly  
t h a t  an economically compet i t ive  e l e c t r i c  automobile with a range of more than 40 
m i l e s  powered by p r e s e n t l y - a v a i l a b l e  secondary c e l l s  w i l l  be  a v a i l a b l e  i n  t h e  near 
f u t u r e .  

Fuel ce l l s  have a l s o  been proposed f o r  automobile propuls ion ,  but t h e  
s e v e r e  l i m i t a t i o n  of  a l o w  over load  c a p a b i l i t y  r e q u i r e s  t h a t  t h e  f u e l  c e l l  system 
b e  s i z e d  according t o  peak power requirements ,  r e s u l t i n g  i n  a heavy, bulky system. 

c a p a b i l i t y  of secondary cel ls  and t h e  high s p e c i f i c  energy of f u e l  c e l l s .  
be i l l u s t r a t e d  by t h e  fo l lowing  c a l c u l a t i o n s  for an automobile  s u i t e d  f o r  urban dr iv-  
ing  where an a i r  p o l l u t i o n  problem e x i s t s  and where t h e  f u e l  c e l l  f a i l s  t o  meet the 
requirements  of t h e  f r e q u e n t  s t o p s  and starts i n  t h e  d r i v i n g  p a t t e r n  which requi re  a 
high s p e c i f i c  power. l i k e  t h e  Volks- 
wagen (1960) was chosen, P e r t i n e n t  d a t a  f o r  the Volkswagen ( 1 9 6 0 ) c  a r e  l i s t e d  be- 
low : 

because of range 

The hybr id  des ign  provides  a combination of t h e  high s p e c i f i c  power 
This w i l l  

For t h i s  d r i v i n g  p a t t e r n ,  a l i g h t  automobile  

* 
Unladen c a r  weight  * 1,600 l b  
Laden c a r  weight (passengers  i n c l u s i v e )  2,000 l b  
Engine brake horsepower 
Engine weight * ( t r a n s m i s s i o n  i n c l u s i v e )  

36 hp a t  3,700 rpm 
250 l b  

* 
Numbers have been rounded o f f .  

As a des ign  s p e c i f i c a t i o n  f o r  t h e  e lec t r ica l ly-powered  automobile, the  
weight of t h e  power s o u r c e  w a s  set a t  400 l b  o r  25% of t h e  unladen c a r  weight ,  in-  
c luding  f u e l  and tank .  

The t r a c t i o n  r e q u i r e d  t o  d r i v e  t h e  automobile c o n s i s t s  of t i r e  r e s i s t a n c e  
F f ,  air  r e s i s t a n c e  F , g r a v i t y  r e s i s t a n c e  Mg s i n  a ,  where M i s  t h e  mass of  t h e  Car 
and sin u is  grade,  2nd a c c e l e r a t i o n  % , where v is t h e  c a r  v e l o c i t y  and t is  the. 
The t o t a l  t r a c t i o n  r e q u i r e d  is t h e r e f o r e :  

dv Et = Ff + Fa + Mg s i n  a + M (3: 

The power requirement  i s  obtained by m u l t i p l y i n g  each term by t h e  c a r  

dv P = P  + P  + M g v s i n a + M v h - ;  

. 
v e l o c i t y  : 

(4) 
t f a  

The t i r e  r e s i s t a n c e  f o r  passenger -car  tires, w i t h  v a r i o u s  percentages  of  s y n t h e t i c  
rubbers  l i e  i n  t h e  range 1 . 2  t o  1.4% of t h e  l o a d  c a r r i e d ,  and i n c r e a s e s  t o  1.6-2.oz 
a t  70  mph .U The a i r  r e s i s t a n c e  v a r i e s  wi th  t h e  square  of  t h e  c a r  v e l o c i t y  and may 
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; be expressed by 

F = C  A . p V  t a D' f 2g 
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(5) 

! where CD i s  t h e  drag c o e f f i c i e n t  of t h e  c a r  (0.6 f o r  a Volkswagen), Af is t h e  
I f r o n t a l  a r e a  of t h e  car t20 f t 2  f o r  a Volkswagen) and p is  t h e  a i r  d e n s i t y  

' (2.38 x l b s - sec* / f t  ). 
Volkswagen a t  30 mph on a 1% grade ,  having a t y p i c a l  a c c e l e r a t i o n  o f  15  t o  30 mph 
i n  4 seconds r e q u i r e s  26.6 hp, 20.9 hp o f  which i s  r equ i r ed  f o r  a c c e l e r a t i o n .  

3 are  p l o t t e d  toge the r  with t h e  performance o f  t h e  Volkswagen (1960) us ing  f o u r  
s t anda rd  gea r  r a t i o s  i n  Figure 1 4 ,  i l l u s t r a t i n g  t h e  power requirements  f o r  t h i s  
automobile.  

The s i m p l i f i e d  urban d r i v i n g  p r o f i l e  p re sen ted  i n  F igu re  13a has  been 
adopted f o r  t h e  p re sen t  des ign  purposes .  

The power p r o f i l e  c a l c u l a t e d  from t h i s  f i g u r e  and Equation 4 i s  shown 
i n  Figure 13b. This  power p r o f i l e  shows t h a t  in t y p i c a l  urban d r i v i n g ,  t he  power 

From t h e  above equa t ions ,  i t  fo l lows  t h a t  f o r  a 

1 The t r a c t i o n  requirements  a t  va r ious  speeds c a l c u l a t e d  from Equation 

I requirement a t  t h e  wheels c o n s i s t s  of 

continuous power: 5 hP (3.75 kw) 
pu l se  power: 25 hp (18.8 kw) 

By providing a 25 hp e l e c t r i c  motor,  t h e  des ign  w i l l  e s s e n t i a l l y  produce t h e  per- 
formance of t h e  Volkswagen as can be seen  f rom. the  curve l a b e l e d  as 25 hp i n  Figure 
1 4 .  Table  I1 summarizes t h e  d e s i g n  s p e c i f i c a t i o n s  f o r  t h e  urban a u t o  which w i l l  
perform according t o  t h e  d r i v i n g  p r o f i l e  of Figure 13a. 

The design c a l c u l a t i o n s  f o r  t he  urban automobile  powered by t h e  hydra- 
z i n e / a i r  f u e l  c e l l  - Li -Te  secondary c e l l  hybrid system are  summarized i n  Table  111.. 
The weight ,  energy, and power c a p a b i l i t i e s  o f  t h i s  hybrid system are compared t o  
those  f o r  o t h e r  power sou rces  i n  Table  I V .  Note t h a t  no f u e l  c e l l  system used alone 
could meet t h e  s p e c i f i c  power requirement of ,58 w a t t / l b .  However, i f  t h e  car i s  re- 
designed t o  a l low more weight f o r  t h e  f u e l  c e l l ,  it is  p o s s i b l e  t o  b u i l d  an auto- 
mobile  powered s o l e l y  by f u e l  c e l l s  as shown in column 3 of Table  I V  and demonstra- 
t e d  by t h e  Electrovan.  The lead-acid b a t t e r y  may b e  t h e  l e a s t  expensive power sou rce  
a t  p r e s e n t ,  however, no lead-acid b a t t e r i e s  can meet t h e  s p e c i f i c  energy r equ i r ed  f o r  
a p r a c t i c a l  range (column 4 ,  Tab le  IV). The s i l v e r - z i n c  and l i t h ium- te l lu r ium systems 
are both very a t t r a c t i v e  wi th  r e s p e c t  t o  t h e  power-to-weight r a t i o .  In p a r t i c u l a r ,  
t h e  f a s t  charge-acceptance c a p a b i l i t y  of t h e  l i t h ium- te l lu r ium c e l l  p r e s e n t s  i n t e r -  
e s t i n g  p o s s i b i l i t i e s  i nc lud ing  r e g e n e r a t i v e  b r a k i n g , S  which is n o t  p r a c t i c a l  f o r  
c e l l s  unable  to  accept  charge ve ry  r ap id ly .  I n  t h e  p re sen t  a n a l y s i s  Ag-Zn b a t t e r i e s  
show only a marginal range. 
f e a t u r e s  of t h e  hybrid system ove r  t h e  o t h e r  systems. 

I n  summary, Table  I V  c l e a r l y  i l l u s t r a t e s  t h e  s u p e r i o r  

b Power Source f o r  t h e  Home 
I n  many a r e a s ,  t h e  l a r g e s t  component o f  t h e  consumer's  cost of e lectr i -  

purchasing p o w e r  from a l a r g e  u t i l i t y ,  t h i s  c o s t  i s  approximately 50% of t h e  

I 

c i t y  is t h e  c o s t  of t r ansmiss ion  from t h e  power g e n e r a t i n g  s t a t i o n .  
owner 

While t h i s  c o s t  seems t o  b e  a l a r g e  f r a c t i o n  of 
t h e  t o t a l ,  i t  i s  s t i l l  a c c e p t a b l e  when t h e  economics o f  c e n t r a l  power g e n e r a t i o n  a r e  
considered.  A t  p r e s e n t ,  o r  i n  t h e  nea r  f u t u r e ,  it is  u n l i k e l y  t h a t  any type of f u e l  
c e l l  w i l l  be economical enough t o  be used f o r  supplying e l ec t r i ca l  power t o  homes, 
r ep lac ing  a v a i l a b l e  power l i n e s .  However, because of t h e  ve ry  r a p i d  p rogres s  made 
i n  t h e  l a s t  few y e a r s ,  some f u e l  c e l l s ,  p a r t i c u l a r l y  molten c a r b o n a t e  cel ls ,  a r e  be- 
coming a t t r a c t i v e  i n  s p e c i a l  s i t u a t i o n s  such as areas which are n o t  a l r e a d y  se rv iced  
by power l i n e s .  
and economically a t t r a c t i v e ,  w i th  t h e  advantage t h a t  t h e  t r a n s m i s s i o n  o f  a f u e l  such 
as n a t u r a l  gas is much more economical than t r ansmiss ion  o f  e l e c t r i c i t y .  

For t h e  home 

i '  consumer p r i c e  f o r  t h e  e l e c t r i c i t y .  

\> 
{ 
1 

\ 
) I  
, 
I 

\ 

Under t h e s e  c o n d i t i o n s ,  f u e l  ce l l s  and hybr id  systems may be s u i t a b l e  
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The energy and power requirements  f o r  a home e x h i b i t  a c y c l i c  prof i :e ,  
as shown i n  Figure 15. Four peaks appear,  corresponding t o  b r e a k f a s t  time, lunch 
t ime,  af ternoon work, and the  evening hours .  A d e t a i l e d  l i s t i n g  o f  t h e  power and 
energy d e m a n d s , z  is shown i n  Tab le  V. Because o f  t h e  high r a t i o  of peak power t o  
average power shown i n  F igu re  15, i t  is t o  be expected that  a hybr id  system w i l l  have 
an advantage over  a f u e l  c e l l  system. 
weighs less than h a l f  t h a t  o f  t h e  f u e l  c e l l  system. A lower system weight means i n  
g e n e r a l  a lower i n i t i a l  investment  and a lower maintenance expense.  
may t a k e  advantage of t h e  h igh  f l u e  temperature o f  t h e  molten ca rbona te  c e l l  i n  the  
hybr id  system by us ing  i t  t o  ma in ta in  t h e  o p e r a t i n g  temperature  of  t h e  Li-Te c e l l .  Th 
hea t  balance shown i n  F igu re  1 6  i n d i c a t e s  t h a t  under t h e  given cond i t ions  assuming 30% 
f u e l  c e l l  e f f i c i e n c y , a  and us ing  an af ter-burner  t o  combust the  r e s i d u a l  hydrogen i n  
t h e  f l u e ,  t he  f l u e  gas  from t h e  a f t e r -bu rne r  w i l l  have a thermal  energy of approximate 
12,000 BTU/hr. This  energy can be used t o  o p e r a t e  an ammonia abso rp t ion  r e f r i g e r a t i o n  
u n i t  t o  produce approximateiy 6000 BTU/hr r e f r i g e r a t i o n ,  which i s  more than enough t o  
run s e v e r a l  r e f r i g e r a t o r s  and dehumid i f i e r s  bu t  n o t  s u f f i c i e n t  t o  provide c e n t r a l  
a i r  cond i t ion ing  (which r e q u i r e s  36,000 BTU/hr r e f r i g e r a t i o n  f o r  an average home). 
The a d d i t i o n a l  energy f o r  c e n t r a l  a i r  cond i t ion ing  and hea t ing  would be suppl ied by 
d i r e c t  combustion of n a t u r a l  g a s ,  and would be independent o f  t h e  hybrid system. 

It is seen from Table  V I  t h a t  the hybrid system 

In add i t ion ,  one 

Submarine Power Source 
The use  o f  f u e l  c e l l s  f o r  propuls ion of combat submarines i s  r a t h e r  un- 

l i k e l y  i n  view o f  t h e  almost  un l imi t ed  submergence c a p a b i l i t y  o f  nuclear-powered sub- 
marines ,  However, many unique f e a t u r e s  of f u e l  cells make them a t t r a c t i v e  f o r  s u e c i a l  
purpose submarines. Some o f  t h e  a t t r a c t i v e  f e a t u r e s  are:  low f u e l  and oxidant  weight 
requirements  r e s u l t i n g  i n  smaller displacement v e h i c l e s  w i th  g r e a t e r  depth c a p a b i l i t y ,  
q u i e t  ope ra t ion ,  and s i m p l i c i t y .  From t h e  po in t  of view o f  buoyancy and weight-dis- 
placement r a t i o ,  t h e  h i g h  energy d e n s i t y  o f  f u e l - c e l l  systems makes them very a t t r a c -  
t i v e  i n  a p p l i c a t i o n s  where weight-to-energy and volume-to-energy r a t i o s  are c r i t i c a l .  
Although secondary c e l l s  are s u p e r i o r  from t h e  s t andpo in t  of power-to-weight r a t i o ,  
they a r e  only s u i t e d  f o r  mis s ions  o f  a few hours '  du ra t ion .  A s  t h e  mission length 
i n c r e a s e s  t o  days o r  weeks, t h e  weight of t h e  b a t t e r y  pack i n c r e a s e s  much more r ap id ly  
than t h a t  of f u e l  c e l l  systems.  

{ 

A ower s o u r c e  f o r  a s m a l l  submarine r e q u i r i n g  l o 3  kw o f  power f o r  pro- 
p u l s i o n  and 1 0  B kw a s  p u l s e  power f o r  sona r  can make good use o f  t h e  f a s t - cha rge  
f a s t -d i scha rge  c a p a b i l i t i e s  o f  t h e  Li-Te c e l l ,  a s  shown by t h e  r e s u l t s  i n  Table  V I I .  

rl Other  A p p l i c a t i o n s  
A s  i l l u s t r a t e d  i n  t h e  preceding t h r e e  examples, t h e  hybrid system sur- 

pas ses  t h e  o t h e r  energy and power sou rces ,  i nc lud ing  t h e  system wi th  a f u e l  c e l l  
a lone  O K  s t o r a g e  b a t t e r i e s  a l o n e  i n  a p p l i c a t i o n s  where p e r i o d i c  h igh  peak energy 
demands e x i s t .  
charged a t  high rates,  i t  can b e  combined w i t h  a r e g e n e r a t i v e  b rak ing  system which 
recovers  a p a r t  of t h e  energy which would o the rwise  be wasted. 
of t h e  hybrid system make many p o s s i b l e  a p p l i c a t i o n s  f o r  t h e  f u e l  c e l l  much more 
a t t r a c t i v e .  For example, i n d u s t r i a l  t r u c k s ,  commuter buses ,  commuter t r a i n s ,  passen- f 
g e r  b o a t s ,  speed b o a t s ,  submarines,  h y d r o f o i l  b o a t s ,  p o r t a b l e  communication u n i t s ,  \ 

and e l e c t r o l y t i c  machining equipment a r e  a l l  p o t e n t i a l  a p p l i c a t i o n s  of f u e l  cel l -  
f 

Since  t h e  b i m e t a l l l c  b a t t e r y  is capab le  o f  be ing  charged and d i s -  

These unique f e a t u r e s  

high r a t e  secondary c e l l  hybr id  systems. 

CONCLUSIONS 

p o s i t i o n  than  they were j u s t  a few y e a r s  ago. 
amounts of  p l a t i n o i d  metal e l e c t r o c a t a l y s t  have been d r a s t i c a l l y  reduced t o  t h e  
p o i n t  where p l a t i n o i d  elements  can b e  e l imina ted  from hydrogen-air  ce l l s  using 
a l k a l i n e  e l e c t r o l y t e s ,  and o n l y  1-4 mg/cm2 o f  p l a t i n o i d  elements  are requ i r ed  
when a c i d  e l e c t r o l y t e s  are used i n  hydrogen-air ce l l s ,  
f i e d  reformer gases  ( c o n t a i n i n g  more than about  20  ppm CO) i s  p r e s e n t l y  on ly  

The r ecen t  advances i n  f u e l  c e l l s  have placed them i n  a much more competi t ive 
The p rev ious  requirements  f o r  l a r g e  

1 

f 
i 

The d i r e c t  u se  o f  unpuri-  I 
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2 f e a s i b l e  wi th  low-loading ( c  5 mg p l a t i n o i d  metal/cm ) e l e c t r o d e s  a t  temperatures  
above 130°C. The d i r e c t  use of hydrocarbon f u e l s  i s  not  y e t  p r a c t i c a l ,  a l though 
very encouraging progress  has  been made, reducing t h e  e l e c t r o c a t a l y s t  l o a d i n g s  by 
a f a c t o r  of about 10 from t h e  o r i g i n a l  requirements  of a few years  ago. Molten 
carbonate  cells have improved s i g n i f i c a n t l y  i n  both  performance and endurance,  t o  
t h e  p o i n t  where they can compete wi th  o t h e r  f u e l  c e l l s  on a performance b a s i s ,  and 
a r e  most a t t r a c t i v e  from an economic viewpoint .  

The choices  among t h e  most advanced f u e l  c e l l s  a r e  governed by t h e  s p e c i f i c  
requirements  of each a p p l i c a t i o n .  For s i m p l i c i t y  and high power d e n s i t y ,  d i r e c t  
hydrazine c e l l s  a r e  a t t r a c t i v e ;  f o r  use wi th  convent iona l  carbonaceous f u e l s ,  i n -  
d i r e c t  systems opera t ing  e i t h e r  on pure o r  impure hydrogen appear t o  be t h e  b e s t  
a t  p resent .  
weight due t o  t h e  necessary a i r  sc rubber  f o r  t h e  a l k a l i n e  e l e c t r o l y t e  is counter-  
balanced by t h e  lower performance of t h e  a i r  e l e c t r o d e  i n  t h e  ac id  system, SO t h a t  
t h e  choice  should be based on system s i m p l i c i t y  ( a c i d )  o r  system cost ( a l k a l i n e ) .  

S ince  f u e l  c e l l s  a r e  s t i l l  r e l a t i v e l y  low s p e c i f i c  power devices  (maximum of  
30 w a t t / l b  f o r  a sys tem) ,  t h e  s p e c i f i c  power requirements  of  many a p p l i c a t i o n s  cannot 
be s a t i s f i e d  by f u e l  c e l l  systems,  u n l e s s  a method i s  a v a i l a b l e  f o r  provid ing  the 
peak power. 
hybrid system should provide  t h e  a b i l i t y  t o  meet t h e  demands of h igh  peak-to-average 
power p r o f i l e  wi th  a system weight lower than  t h a t  a v a i l a b l e  us ing  e i t h e r  f u e l  c e l l s  
o r  secondary c e l l s  a lone .  
f o r  t h e  e a r l y  use of f u e l  c e l l s  i n  h igh  s p e c i f i c  power a p p l i c a t i o n s .  

Work performed under t h e  a u s p i c e s  of t h e  U. S. Atomic Energy Commission, 
opera ted  by t h e  Univers i ty  of Chicago under Contract  No. W-31-109-eng-38. 
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TABLE I1 

Design S p e c i f i c a t i o n s  f o r  Power Sources 

For a Light  Urban Automobile. 

Design Requirement 

Unladen c a r  weight 

Laden car weight 

Maximum speed on l e v e l  road - 

Acce le ra t ion  0 t o  30 mph 

Brake horsepower (pu l se )  

Power sou rce  (pu l se )  

Brake horsepower (cont inuous)  

Power sou rce  (cont inuous)  

Weight allowance f o r  power sou rce  

System s p e c i f i c  power (peak) 

* 

1600 l b  

2000 l b  

60 mph 

8 sec 

25 hp 

23.2 kw 

5 hP 

4.65 kw 

400 l b  

58 w a t t / l b  

I * 
Exclusive of motor,  c o n t r o l s  and g e a r  t r a in .  The motor and 

24 
c o n t r o l s  w i l l  weigh 90 1b.- 
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TABLE 111 

Hybrid System f o r  t h e  Urban Automobile 

Fuel C e l l  

System N2H4-H20/Alr 

Continuous power r equ i r ed  

S p e c i f i c  power of  f u e l  cel l  

Weight f o r  4.65 kw 

Battery 

System Li-Te 

Power Requirement 

Design s p e c i f i c  power (with 

Spec i f  i c  energy 

Weight f o r  18.55 kw 

Energy s t o r e d  

3.6 ce l l  p e r  i nch  from Fig.  9) 

Fuel and Tank 

Weight a l lowance  

Energy a v a i l a b l e  

T o t a l  energy a v a i l a b e  

System s p e c i f i c  energy 

System s p e c i f  i c  power (peak) 

Range i n  t h e  t y p i c a l  urban d r i v i n g  
(from F igure  13a)  

4.65 kw 

30 w a t t f l b  (From Table  I) 
155 l b s  

23.2 kw - 4.65 kw 18.55 kw 

300 w a t t l l b  

58 wa t t -h r / lb  

62 l b  

(58)(62) = 3.6 kw-hr 

400 - 155 - 62 183 l b  

(183)(680.2)* = 125 kw-hr 

3.6 + 125 = 128.6 kw-hr 

1128.6)(10)3 = 322 wa t t -h r / lb  400 

(23.2)(10)3 . = 58 w a t t f l b  400 

(128.6 kw-hr) (3.75 milesfkw h r )  
= 481 m i l e s  

* 
S p e c i f i c  energy of f u e l  and t ank  f o r  t h e  N2H4.H20/Air f u e l  ce l l  i s  
t aken  as 680.2 wat t -hr / lb .  
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TABLE I V  

Comparison of Various E l e c t r i c  Power Sources  for an  Urban Automobile 

Hybrid Fuel Ce l l  Lead-Acid Ag-Zn 
N H .H O / A i r  N 2 H 4 . H 2 0 / A i r  
and Li-Te System 2 4 . 2  

Weight 
Fuel c e l l  and 

f u e l ,  l b  338 970 - - - 
Bat te ry ,  l b  62 - 400 400 400 

To ta l ,  l b  400 970 400 400 400 

System Power, kw 23.2 2 3 . 2  23.2 23.2 23.2 

System Energy, kw-hr 128.6 66 0.96 28 56 * 
Range, miles  481 246 3.6 105 210 

Recharging t i m e  <15 min ~ 1 5  min > 8 hr .8 h r  <15 min 

* 
Based on a t y p i c a l  urban d r i v i n g  p r o f i l e  shown i n  F igu re  13 a ,  
3.75 miles/kw-hr i s  ob ta ined . .  

TABLE V 

Power Kequirements f o r  a Home 

Continuous Loads Thermal B T U / H r  E l e c t r i c ,  Watts 

H e a t i n g  - 80,000 
76 

Home app l i ances  - 1,000 

Pulse  Loads 

Cooking 10,000 - 
Household chores  - 2,000 

Clothing d rye r  15,000 - 
Home app l i ances  - 3,000 

TV and Radio - 600 

L igh t s  - 1,000 

Durat ion.  H r  

24 
24 

2 

0.5 

0.5 

0 . 5 ,  
7 

7 
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TABLE V I  

Designs of Power Sources f o r  a Home 

Design Requirements 
E l e c t r i c  power and energy requirements:  

Continuous power 
P u l s e s  i n t e g r a t e d  over  24 h r  per iod  
Energy of  l a r g e s t  p u l s e  
Peak p u l s e  power 

C a l c u l a t i o n s  are made f o r  b o t h  hybr id  system and 
f u e l  c e l l  system. 

Hybrid System 
Fuel c e l l  system: Molten carbonate  c e l l  wi th  a reformer.  

C e l l  o p e r a t i n g  tempera ture  
Fuel :  Natura l  gas  (methane) from gas supply l i n e  
Average power requirement  : 

S p e c i f i c  power of t h e  f u e l  c e l l  system (Table  I) 
(reformer i n c l u s i v e )  

Weight: 

Peak power requirement 
Energy s t o r a g e  requirement  (from Figure 15) 

B a t t e r y  system: Li-Te 

1 kw 
22.5 kwh 

16 kwh 
6.6 kw 

650°C 

10 w a t t / l b  

(1 .95)(10)3/(10)  - 195 1 

4.65 kw 
8 kwh * 

From t h e  d e f i n i t i o n  of s p e c i f i c  energy,  aE and s p e c i f i c  power, 
P 

- =  - u = 0.58 uE or 4.65 

P 
By f i n d i n g  t h e  i n t e r s e c t i o n  of t h e  above equat ion  and t h e  L i -Te  l i n e  i n  
F igure  9 ,  we have t h e  fo l lowing  p o i n t s  f o r  t h e  Ci-Te b a t t e r y  wi th  2 .1  
c e l l s  per inch.  

P O E  
0 

s p e c i f  i c  energy 136 wat t -hr / lb  
s p e c i f  i c  power 68 w a t t / l b  
weight r e q u i r e d  
combined weight 

(8) (10)3/(136) - 59 1b  
195 + 59 = 254 l b  

Fuel  C e l l  System 
Fuel ce l l :  
Fuel : 
Power requirements:  
S p e c i f i c  power: 
Weight : 

molten carbonate  cel l  wi th  a reformer 
n a t u r a l  gas (methane) 
6.6 kw - 10 w a t t / l b  ( reformer i n c l u s i v e )  
(6 .6) (10)3 / (10)  = 660 l b .  

* oE is w a t t - h r / l b  and u is  w a t t / l b .  
P 
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TABLE V I 1  

Designs of Power Sources f o r  Small Submarines 

Design Requirements 

Search, rescue,  s a lvage  o r  r e sea rch  mis s ions  with sona r s  

Continuous power requirement:  
T o t a l  propuls ion energy: 4.8 x 10 kw-hr 
Pulse ,power requirement:  

T o t a l  pu l se  energy: 
T o t a l  mission energy requirement:  

1,000 kw4 48 hours 

10,000 kw f o r  1 0  seconds 
1,000 pu l ses  a t  100 second i n t e r v a l s  
2 . 7 8  x l o 4  kw-hr 
7.58 x l o 4  kw-hr 

Hybrid System 

Ba t t e ry  

System Li-Te 
Power requirement 10,000 kw 
Energy requirement f o r  a sona r  p u l s e  27 .8  kw-hr 
S p e c i f i c  power ( f o r  t h e  L i - T e  b a t t e r y  

wi th  8.5 c e l l s  p e r  i nch )  500 w a t t l l b  
Weight f o r  10,000 kw 20,000 l b  
S p e c i f i c  energy (from Figure 9)  20 wa t t -h r / lb  
Energy s t o r e d  (20,000)(20) = 400 kw-hr 

The s t o r e d  energy i s  more than s u f f i c i e n t  
t o  produce s e v e r a l  p u l s e s  without  recharge.  

Fuel  C e l l  

System 
Energy requirement 

Ammonia ( i s s o c i a t o r ) / A i r  
7.58 x 1 0 ,  kw-hr 4 

Power requirement 7*58  lo4  = 1,580 kw 
4 8  

From t h e  d e f i n i t i o n  of s p e c i f i c  energy and power L-3 
4 

0*158 lo o r  o = 0.0208 a E  7.58 l o 4  = 
P 

O E  O P  

\\ 

a 

By drawing t h e  above r e l a t i o n  on t h e  coord ina te s  of Figure 9 ,  
we f i n d  t h e  l i n e  i n t e r s e c t s  w i t h  t h e  ammonia ( d i s s o c i a t o r ) / a i r  
l i n e  a t  t h e  fo l lowing  p o i n t s  

S p e c i f i c  energy 605 wa t t -h r / lb  
S p e c i f i c  power 12.5 w a t t / l b  

These numbers correspond t o  t h e  f u e l  c e l l  system c o n s i s t i n g  o f  

5 
43 w/o f u e l  c e l l  and 57 w/o t ank  p l u s  f u e l  ’”* lo = 1.25 x 10 l b  Weight r equ i r ed  

Power a v a i l a b l e  1 .25 x 10 x 12.5 x = 
1.56 x l o 3  kw 

This  power is s u f f i c i e n t  to  meet t h e  mis s ion  requirement .  

T o t a l  system weight 

7 

605 

=(0.2 + 1.25)105 = 145,000 l b  
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TABLE VI11 

Submarine Power Source Designs 

Hybrid Fuel Cell 
NH3/Air and M13/Air 

Li-Te  

Weight . 
Fuel cell, lb 125,000 398,000 
Battery, lb 20,000 - .  

Total, lb 145,000 398,000 

System Power, Mw 10 10 
System Energy, Mw-hr 75.8 75.8 

Ag-Zn Li-Te 
Ag-Zn Li-Te 

- 
1,080,000 

1,080,000 

10 
75.8 

- 
525,000 

525,000 

io 
75.8 
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F i g .  4 Voltage-current d e n s i t y  curves  ma/cm2for molten carbonate  c e l l s  opera t ing  
i n  reformer g a s e s  and air .  
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INTEGRATED REFORMER-FUEL CELLS 
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w l  ,.-+ 2M'C. Ref. 36 \ -  
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F i g .  5 boltage-current density curves for  integrated reformer/air fue l  c e l l s .  
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Fig, 6 Voltage-current density curves for  d irec t  hydrazine/air f u e l  c e l l s .  
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Fig. 11 Short-time voltage-current density curves f o r  a LiiTe c e l l .  
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F i g .  15 Electric power requirements f o r  a home. 
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Fig. 16 Schematic diagram of a home hybrid power source. 
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