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ii INTRODUCTION 

Work has  been r epor t ed  on s e v e r a l  different types of hydrocarbon fuel ce l l s ,  

- - ~ - -  

inc.luding those  operating with mol t en  carbonate  e lec t ro ly tes ,  and those  with aqueous 

ac id  e lec t ro ly tes  a t  l ower  t e m p e r a t u r e s .  

rosion problems,  and  also indicate that  the i r  operating efficiency m a y  r e m a i n  low 

because  of (a )  heat l o s s e s  f r o m  the  carbonate  ce l l ,  and  ( b )  high polarization of the anode 

Both of these  ce l l s  suffer f rom ser ious  c o r -  I 

I /  I 
in  the ac id  ce l l .  

I 

Since one of the m a j o r  c l a i m s  of the  fuel cell is i t s  high efficiency, i t  i s  well to 3 

examine carefully the  overa l l  efficiency of any hydrocarbon fuel ce l l ,  considering both 

the  operating cel l  voltage and  the  utilization efficiency of the fuel. 

One of the  m o s t  efficient fuel ce l l s  .is the  modified "Bacon" ce l l ,  a H 2 / 0 2  cel l  

opera t ing  with nickel e l ec t rodes  a t  4 -500°F  in concentrated alkaline electrolyte.  

ce l l  has  exhibited cu r ren t  dens i t ies  of o v e r  300 a s f  at 1. 0 volt a t  which voltage most  

This 
I 

o the r  ce l l s  a r e  barely producing any  cu r ren t  a t  a l l .  

precludes the  d i rec t  u se  of a carbon-containing fue l .  

However,  the alkaline electrolyte 



1 
' 

have been demonstrated.  

and s team a r e  reacted on a catalyst  in contact with a palladium membrane  anode. 

More recently ( 2 )  a ce l l  has  been descr ibed  in which methanol 

At 

The Internal Reforming Anode Concept __-- 
Figure  1 represents  a schematic  of the "internal reforming anode cel l .  " 
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Figure 1 .  Schematic Diagram of Hydrocarbon-Air Fuel Cell 
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the palladium anode and e n t e r s  into a conventional fuel ce l l  reaction. 

is a biporous oxidized nickel s t r u c t u r e  fed with C 0 2 - f r e e  a i r .  

The other electrode 

4 

1 Hydrocarbon/s team mix tu re  is f ed  into the gas-space  of the cell  which i s  packed 

Hydrocarbon-steam reforming  reactions a r e  normal ly  c a r r i e d  out at  t empera tures  d 

around 1500°F. The Bacon fuel ce l l ,  however, is l imi ted  to a maximum tempera ture  r 

of about 500"F,  by the  maximum se rv ice  t empera tu re  of the  Teflon insulating gaskets,  

and by the onse t  of unacceptable cor ros ion  r a t e s  a t  the cathode. At 500°F  the equili- /I 

with ca ta lys t .  Hydrogen, CO and  CO a r e  produced. The hydrogen permeates  through 
2 

I 

'I 

operating on a number of different hydrocarbon fuels.  

know if the hydrogen production reaction could proceed fas t  enough a t  these tempera tures  

to sus ta in  useful c u r r e n t s ,  a n d  if hydrogen could be ex t rac ted  through the palladium anode 

P r i m a r i l y ,  it was requi red  to 

I 
' 

a t  a high enough r a t e  to obtain high fuel utilization. 



-167- 

Apparatus 

A rectangular  anode holder w a s  constructed as shown in F igure  2 .  

P 

Figure  2. Cutaway of Anode Assembly 

The pal ladium-si lver  alloy foil w a s  c lamped a c r o s s  the face of a shallow recessed  

\ plate, to form a closed cavity. This cavity was  packed with a commer ica l  supported- 

nickel re forming  catalyst .  

edges of the cavity. 

and outwards by a nickel c r i s s - c r o s s  gr id .  

Gas was fed in and taken out by  two gal le r ies  along opposite 
\ 

\ I  

The palladium foil w a s  prevented f rom bowing inwards b y  the catalyst  

, 
I 

This anode holder was immersed  in a tank of 85% KOH maintained a t  500"F, and a 

dual-porosity nickel cathode welded into a dished plate  t o  fo rm a gas  cavity, was suspended 

c lose  to the anode from a l id  which sea led  the KOH f rom the a i r .  

th is  a r rangement  c lear ly .  

was  suspended f rom the l id  to  s e r v e  as a re fe rence  electrode.  

F igures  3 and 4 show 

A 1/8" diameter  pal ladium-si lver  tube, fed  with hydrogen, 
1 



F i g u r e  3. Hydrocarbon Fue l  C e l l  
Assembly with Cathode 
Bent Back 7 F i g u r e  4. Hydrocarbon Fue l  Cel l  

Assembly 

The  anode was supplied with an  accura te ly  me te red  mixture  of hydrocarbon and 

T h e  exi t  g a s  was cooled, passed through a palladium-tube 

I 

i s team,  preheated to 500°F .  

hydrogen detector,  and analyzed by means  of a chromatograph.  

by a bubble me te r  a t  the exi t ,  and the sys tem p r e s s u r e  was Controlled by a manostat  in 

Flow r a t e s  were  recorded 

i 

the vent l ine.  A schematic of the sys t em is shown in  F i g u r e  5.. ' /  

MnNOSTAT, 
LIQUID HIC METERING I f VALVE 

I -1 

H 2 0  SUPPLY SYSTEM 
~ N T I P ~ I  TO 0 i m n  LlOUlD HIC BURETTE 

F i g u r e  5. Schematic of Hydrocarbon Anode System 
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RESULTS 

The cel l  was operated on n-octane, methane and a commerc ia l  kerosene  fuel, 

JP-150,  with v e r y  encouraging resu l t s .  

curves  for  oc tane-a i r .  

2 
80 amps / f t  

to a utilization of 4570. 

F igure  6 shows half-cell and  full-cell polarization 

The electrode spacing w a s  0 .59 inch. It will b e  seen  that 

w a s  obtained a t  a cel l  t e rmina l  voltage of 0.75V, with a fuel flow corresponding 

n 

B 

w 
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Figure  6. Experimental  Pe r fo rmance  of Air-Octane Fuel Cell 

2 
Under s imi l a r  conditions, methane a l so  gave 80 amps / f t  a t  0 .75 V and 45% fuel 

utilization, and JP-150 gave 68 amps / f t2  a t  0.75 V a t  3570 utilization (F igu re  7). 

F igure  7 .  
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Comparison of Various Fuels  in the Internal Reforming Cell 
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In o r d e r  t o  inc rease  the fuel  utilization, i t  i s  n e c e s s a r y  t o  r educe  the  fuel flow 

ra te .  

at a constant polarization, (0 .  15 V f r o m  a n  unpolarized hydrogen electrode).  

To s tudy  the effect of fuel flow r a t e  on c u r r e n t  density, the anode was  maintained 

T h e r e  is 

a d i r ec t  relationship between the  fuel flow ra t e ,  cu r ren t  density, and fuel utilization. 

As fuel flow is  increased, un less  a higher cu r ren t  flows, t he  utilization s imply falls 

off .  F igu re  8 shows fuel flow ( idea l  hydrogen space velocity) plotted aga ins t  cu r ren t  

density.  T h e  sloping l ines  a r e  l ines  of constant utilization. 

CURRENT DENSITY -AMP/FT2 

F i g u r e  8.  Relationship Between Fuel Flow Rate ,  Cur ren t  and Fuel  
Utilization for  Constant Anode Polar iza t ion  of 0.  15 Volts 
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The curves  on F igure  8 indicate the  variation of cu r ren t  with varying fuel flow 

a t  a fixed polarization for  octane and  methane. 

to the left  for lower polarizations and v ice-versa .  

methane with a 707' fuel utilization; but in o r d e r  to achieve the highest utilizations, the 

The curves  would b e  displaced slightly 

It was possible to  r u n  the cell  on 
I 

I 

penalty in cu r ren t  density became  s e v e r e .  In other words ,  the cu r ren t  i s  l imited by 

' the fuel supply when higher utilizations a r e  attempted. 

production of hydrogen i s  too slow to sus ta in  high cu r ren t s  and uti l izations.  

This sugges ts  that  the catalytic 

\I If the r a t e  of the catalytic re forming  reaction i s  l imiting, a n  improvement  in 

per formance  might be expected by using a thicker catalyst  bed. F igu re  8 was obtained 

a catalyst  bed thickness of 0. 15 inches.  The anode was  made  in  such  a way that 
5 

bed thicknesses of 0. 30" and 0.  60" could be  obtained. Increasing the  b e d  thickness 

\ to 0: 60" did indeed give higher c u r r e n t  dens i t ies ,  up  to 175 arnpslft', at the  s a m e  

\ space  velocity and polarization. 

"with a l a r g e r  bed  volume, higher ac tua l  fuel flow r a t e s  w e r e  requi red ,  and  this had the  

However, in o r d e r  to obtain the  s a m e  space  velocity i 

r 
effect of reducing the fuel utilization to about 30%. 

It became c l ea r  a t  this point that considerable optimization of anode design would 
I\ 

,, have to be done in o rde r  to trade-off between the cu r ren t s ,  cell  volumes and efficiencies 

assoc ia ted  with varying the catalyst  bed  thickness.  

Since the effect of the quantity of the catalyst  is so  marked ,  a s tudy  was  made of 
) 

the reforming reaction i tself ,  in o r d e r  to s e e  how i t s  kinetics w e r e  affected by  the extraction 

of hydrogen. This study was  c a r r i e d  out by  ana lys i s  of the exit gases  vented f rom the 

anode. 

I 
\\ 

Using n-octane a s  fuel, we  cons ider  the following possible reac t ions :  

1.  

2 .  

Fuel conversion to CO and H 

Shift of C O  to C 0 2  ( a s sumed  complete a t  this tempera ture) .  

2 '  



-172-  

3 .  Conversion of CO and H to  f o r m  methane. 

4. Extraction of hydrogen by the  anode p rocess .  ( F i g u r e  9 )  

2 

METHANE 
t 

Figure  9 .  Schematic of Reaction Pa ths  

The  third reaction i s  a n  undesirable one, s ince  it r emoves  hydrogen from the 

i e q u i l i b r ~ u m  mixture .  It is ca ta lyzed  by the  s a m e  ca ta lys t s  that promote the desirable 

reaction ( 1 ) .  / 
F i r s t ,  we studied the amount of unconverted fuel appear ing  in the exhaust. This  

/ 
gives a m e a s u r e  of the r a t e  of reac t ion  1. We w e r e  s u r p r i s e d  to find that although no 

unreac ted  fuel i s  found a t  f i r s t ,  it  begins to  show up af te r  about 5 hours ,  progressively 

increas ing ,  indicating that the ca ta lys t  decays quite rapidly. F igure  10 shows the I 

dec rease  of the fuel convers ion  wi th  t ime.  Notice that t he  decay i s  not so  apparent when 

the  cell  is on load - when the fuel utilization of the ce l l  r eaches  50%. a much higher 

proportion of the fuel fed in i s  conver ted .  

extraction of hydrogen is to i n c r e a s e  the r a t e  of the hydrogen-forming reaction. 

This would b e  expected s ince  the effect of 
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Figure  10. Compar ison  of Catalyst  Aging Effect on Octane Fuel  Conversion 
a t  Utilization Efficiencies of 0 ,  30, 40 and  50 Pe rcen t  

\ 

Secondly, we observed  the amount of methane  appear ing  in the  cell  exhaust. This 

gives a n  indication of the r a t e  of reac t ion  3 .  Figure  11 shows the “Reform Conversion‘‘ 

as i t  changes with t ime.  

fuel which produces hydrogen, r a t h e r  than methane. It will 

be  seen  that a t  no-load conditions, the r e f o r m  convers ion  r ema ins  low, indicating most 

of the fuel is being conver ted  to methane. 

The “Reform Conversion“ i s  the  proportion of the  converted 

In the ideal c a s e  it i s  1.0. 

z 
u) 

W > z 

P 
a 

8 
5 E 
W a 

TI ME- HOURS ON OCTANE 

Figure  11.  Compar ison  of Catalyst  Aging Effect on Reform Conversion 
a t  Utilization Efficiencies of 0, 30, 40 and 50 Pe rcen t  
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When hydrogen is ex t rac ted  f rom the equi l ibr ium, all p rocesses  producing 

hydrogen tend to  be  favored. 

s ide  react ion,  s o  methane formation is suppressed .  

where  the initial "Reform Conversion" is as high as 0. 55 when the fuel utilization is 

This  includes the  r e v e r s e  of the methane-producing 

This  is  shown on Figure  11, 

50%. 

less hydrogen is produced, so a higher proport ion of it gets ex t rac ted  by the anode, 

The Reform Conversion inc reases  with t ime  as the catalyst  decays.  Since 

and the tendency for methane formation becomes  l e s s .  

The  most  important  conclusion h e r e  is  that the catalyt ic  react ion changes 

rad ica l ly  with hydrogen extract ion,  so that l i t t l e  useful information will be  learned  

f rom studying the reac t ion  in a conventional r eac to r .  

Thirdly,  attention was paid to  the hydrogen content of the  exhaust s t r e a m .  This 

gives a n  indication of the r a t e  of react ion 4. 

hydrogen produced in the ca ta lys t  bed is ex t rac ted  as "cur ren t"  through the anode, and 

the amount increases  s l ight ly  with t ime.  

F igu re  12 shows that over  90% of the 
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Figure  12. Compar ison  of Catalyst  Aging Effect on Extraction- Efficiency 
at Utilization Efficiencies of 30, 40 and  50  Pe rcen t  
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The sum total of these t ime effects on the performance of the cel l  is not very 

marked.  

formed,  l e s s  is reconverted to methane, and the total hydrogen production remains 

As the  catalyst  decays,  more  unreacted fuel is vented. Of the hydrogen 

a lmos t  constant. 

c u r r e n t  density a t  a given polarization, only falls  slowly for 50 hours  o r  so, then 

The net resu l t  of this i s  that  the ceil  performance,  a s  measu red  by 

begins to dec rease  a s  the catalyst  decay becomes real ly  s e v e r e .  

in Figure 13. 

This  i s  i l lustrated 

This accounts for the fact that the cel l  appea r s  to be s table  for  short  

t e r m  operation, though examination of the vent gases  would show a dramatic  change 

during the f i r s t  2 4  hours  of operation. 

TIME * HOURS ON OCTANE 

Figure 13 .  Comparison of Catalyst  Aging Effect on Cur ren t  Density 
with Octane Fuel a t  A P V  = 0. 20 

In the c a s e  of methane fuel, a much reduced decay r a t e  was observed.  A cel l  

The cu r ren t  was  run for a total of 730  hours  a t  a constant anode potential of .015V. 

2 
density changed only from 65 amps / f t2  to 50 a m p s / f t  and the fuel utilization f rom 80% 

to 60%. The methane sys t em exhibits another c l e a r  difference ove r  liquid hydrocarbons: 

The re  is  no complication of the methane-producing s ide react ion,  and  the equilibrium 

part ia l  p r e s s u r e  of hydrogen for  any degree of extraction may b e  calculated the rmo-  

dynamically. By comparing the performance of a n  internal  reforming anode with that 
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of a palladium anode fed wi th  hydrogen at the calculated equilibrium par t ia l  p re s su re ,  

it  should b e  possible to examine  the  r a t e s  of the r e f o r m  reac t ion  and the  extraction 

p rocess  separa te ly .  This  w o r k  i s  a t  p resent  in p rogres s .  

CONCLUSION -_ 
This work  has shown tha t  the  demonst ra ted  per formance  of the internal reforming 

hydrocarbon c e l l ,  in t e r m s  of cur ren t -vol tage  cu rves  and  utilization efficiency, i s  

supe r io r  to that of o ther  d i r ec t  hydrocarbon sys t ems .  
i' 

However, a c lose r  look at the  s y s t e m  indicates that one can  eas i ly  be  mis led  

Considera-/ 

by a single consideration of cur ren t -vol tage  curves  fo r  hydrocarbon fuel ce l l s .  

t ion of t h e  fuel utilization efficiency requi rement  dictates that the higher cu r ren t  densities 1 
demonst ra ted  may be unfeasible f rom a n  efficiency standpoint. The re  will be  a difficult 

optimization p rocess  between ce l l  volumes, ca ta lys t  bed thickness,  maximuni cu r ren t  ! 
; 

density and cell  efficiency. 

t empera tu re  and  cell design, s o  cannot be  attempted at this s tage .  

This optimization will v a r y  fo r  different ca ta lys t s ,  operating 
0 

With present  technology the cu r ren t  density obtainable at overa l l  ce l l  efficiencies 
2 

of grea te r  than 60% a r e  s t i l l  below 100 a / f t  and have to  b e  increased  before  a com-  

merc ia l ly  a t t rac t ive  ce l l  can b e  built.  

of the  fuel a t  5 0 0 ° F  i s  l imiting the reaction, s o  that improved catalysts will be  needed. 

The  ca ta lys t  used  in this work  not only had too low an  activity a t  5 0 0 " F ,  but a l so  decayed 

rapidly with t i m e  at  th i s  t e m p e r a t u r e .  

develop ca ta lys t s  for this reac t ion  f o r  a thermodynamically unfavorable t empera tu re  

region. 

F r e s e n t  indications a r e  that the catalytic reforming 
' 

' 

Up to now t h e r e  has never been a n  incentive to 

All of the work r epor t ed  h e r e  was done with 1.5 mi l  thick foil anodes.  A reduction 

of thickness by  a factor of 3 to 5 may  be  needed to obtain economic feasibility. 

a reduction in thickness will a l s o  br ing  about higher cu r ren t  densit ies due to higher 

Such 
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hydrogen t ranspor t ,  s o  another  optimization of mater ia l  cos t ,  power density and 

technical fabrication will b e  required.  

During the operat ion of the internal  reforming ce l l ,  we have learned  that t ime-  

decay effects can b e  far f rom obvious, and only a careful  monitoring of all the separa te  

p rocesses  going on in  a complex sys t em can show whether a decay effect is occurr ing.  

Otherwise a decay may be  compensated by another  var iable  for  long per iods of t ime,  

only to appear  a s  a per formance  lo s s  a t  a l a t e r  point. 
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