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THE DOUBLE-DUTY ANODE FOR 
MOLTEN-CARBONATE FUEL CELLS 

R. W .  Hardy, W .  E .  Chase, and J .  McCallum 

B a t t e l l e  Memorial I n s t i t u t e  
Columbus, Ohio 

INTRODUCTION 

One of the  p r i n c i p a l  ob jec t ives  of r e sea rch  on molten-carbonate 
f u e l  c e l  s has been a b a t t e r y  which would opera te  on a carbonaceous f u e l  
and air.’-8 Natura l  gas  ha e n of s p e c i a l  i n t e r e s t  because of i t s  low 
c o s t  and wide a v a i l a b i l i t y .  8 ’ ’ 3 ’ 7 y g  However, i n  t he  r e fe rences  c i t e d  it 
has been recognized t h a t  hydrocarbons do not supply much c u r r e n t  when used 
d i r e c t l y  i n  the  f u e l  c e l l .  
a s  steam reforming o r  p a r t i a l  a i r  oxida t ion  t o  y i e l d  e lec t rochemica l ly  
a c t i v e  s p e c i e s ,  predominantly hydrogen and carbon monoxide. The r equ i r e -  
ments fo r  e f f e  t i v e  steam reforming i n  a f u e l  c e l l  were d iscussed  i n  a 
previous paper, and the  advantages of car ry ing  out t he  steam reforming 
on t h e  anode were descr ibed .  

There must b e  a preceding chemical s t e p  such 
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Three advantages a r e  r e a l i z e d  by steam reforming n a t u r a l  gas 
d i r e c t l y  on the  anode : 

(1) Good h e a t  exchange between the  exothermic e l e c t r o -  
chemical ox ida t ion  and the endothermic steam- 
reforming r e a c t i o n .  

(2)  Less steam requ i r ed  because product steam from 
e lec t rochemica l  ox ida t ion  of hydrogen i s  
a v a i l a b l e .  

(3)  More ex tens ive  conversion of methane because 
products (H + CO) a r e  being consumed. 
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The p o s s i b i l i t y  of r e a l i z i n g  these  advantages led  t o  the  f i r s t  g o a l  of 
e lec t rochemica l  r e sea rch .  The goa l  was t o  ob ta in  both  reforming and 
e lec t rochemica l  ox ida t ion  on the  anode. 

THE DOUBLE-DUTY-ANODE CONCEPT 

The idea of car ry ing  out steam reforming on the  anode i t s e l f  
has been y6oposed by previous yprkers .  
a pa t en t ,  
experiments w i t h  methane-steam mixtures on n i c k e l  b a t t e r y  p laques .  
descr ibed  resul ts  of experiments with mixtures of n a t u r a l  gas  and steam 
reformed i n  a s epa ra t e  c a t a l y s t  chamber i n  con tac t  w i th  the  c e l l .  

Linden and Schu l t z  sugges t  i t  i n  

4 and Schul tz  e t  a l .  desc r ibe  r e s u l t s  of some reforming 
Sandler  

Schu l t z ’ s  
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da ta  ind ica t ed  t h a t  a t  730 C ,  15 mole percent  hydrogen would be found i n  
a mixture reformed on a n i c k e l  b a t t e r y  plaque, and 12 percent  would be 
found when reforming on t he  e l e c t r o d e  holder  a lone .  The equi l ibr ium 
composition i s  about 75 pe rcen t  hydrogen. Thus, n i c k e l  b a t t e r y  plaques 
a r e  no t  p a r t i c u l a r l y  e f f e c t i v e .  Sandler  repor ted  almost complete ( i . e . ,  
equi l ibr ium)  conversion of methane t o  hydrogen on h i s  unspec i f ied  
c a t a l y s t  a t  580 C .  

The performance of a l l - n i c k e l  porous bodies as  steam reformers 
might be improved by forc ing  the  steam-methane mixture through the  pores 
of the  coa r se  l a y e r  r a t h e r  t han  simply passing the  gas mixture along one 
face  of t h e  porous plaque and allowing the mixture t o  d i f f u s e  i n t o  the  
r e a c t i o n  zone. It was t o  o b t a i n  t h i s  "forced-by" opera t ion  t h a t  t he  
double-duty anode shown i n  F igure  1 was designed. The t e r m  "forced-by" 
i s  used t o  d i s t i n g u i s h  t h i s  mode of f u e l  feed from o the r  modes such as 
d i f f u s i o n ,  "blow- through" , and "dead-end". 

The e l ec t rode  is  designed f o r  use wi th  a f r e e  e l e c t r o l y t e ;  
t h e r e f o r e ,  it, is a two-layer,  double-porosity e l ec t rode .  That i s ,  t he re  
i s  a f ine-pore  l aye r  which i s  flooded wi th  e l e c t r o l y t e  during opera t ion ,  
s e a l i n g  one face  of  t h e  c o a r s e  l aye r  a g a i n s t  gas  leakage. By s i n t e r i n g  
the  o the r  face  of t he  coa r se  l aye r  t o  t h e  e l e c t r o d e  holder ,  a gas passage 
is  formed so  tha t  f u e l  gas  in t roduced  a t  one edge of the  e l ec t rode  is  
forced through the  coarse  l a y e r  p a r a l l e l  t o  t h e  e l ec t ro ly t e -gas  i n t e r f a c e  

. and out  t h e  oppos i te  edge. The use of forced flow requ i r e s  t h a t  p ressure  
drop be cons idered .  For long flow p a t h s ,  i t  would be impossible t o  
main ta in  the  meniscus i n  t h e  f i n e  l aye r  near t h e  e x i t  edge without 
exceeding t h e  bubble p re s su re  near  t h e  i n l e t .  A r u l e  of thumb adopted 
fo r  des igning  e l ec t rodes  was  t h a t  t he  p re s su re  drop between the  i n l e t  
and e x i t  edges should no t  exceed 10 percent  of t he  bubble pressure  of 
the  f ine -pore  layer. 

To meet the  p r e s s u r e  drop requirements f o r  la rge-area  e l ec t rodes ,  
a holder  w a s  designed which provided s h o r t  flow paths without r e s t r i c t i n g  
the o v e r a l l  dimensions of t h e  e l e c t r o d e .  This design is shown i n  Figure 2 .  
The f u e l  i n l e t  and o u t l e t  channels  a r e  i n t e r l a c e d  t o  fo rce  the  methane- 
steam mixture  through a s e c t i o n  of t he  coarse  l a y e r .  

OPERATIONAL LIMITS FOR DOUBLE-DUTY ANODE 

Most f u e l  b a t t e r i e s  t o  be economically success fu l  must conver t  
a l a r g e  percentage of t h e  f u e l  t o  e l e c t r i c i t y .  This r equ i r e s  both  ex tens ive  
convers ion  of f u e l  t o  products  and h igh  e lec t rochemica l  e f f i c i e n c y .  While 
much emphasis has been p laced  on the  l a t t e r  cond i t ion  ( i . e . ,  vo l t age  
e f f i c i e n c y ) ,  many i n v e s t i g a t o r s  seems t o  have neglec ted ,  s o  f a r ,  t he  f i r s t  
requirement ( i . e .  , ex tens ive  conve r s ion ) .  When t h e  products of t he  e l e c t r o -  
chemical r e a c t i o n  are g a s e s ,  no t  only does d i l u t i o n  of  t h e  f u e l  occur,  bu t  
the  products reduce t h e  r e v e r s i b l e  p o t e n t i a l  as t h e i r  concent ra t ion  inc reases .  
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This was3well emphasized by Broers and Ketelaar12 and by Chambers and 
Tantram, who showed t h e  e f f e c t  of ex ten t  of conversion on the  t h e o r e t i c a l  
vo l tage  of a c e l l .  

Equilibrium gas compositions w e r e  c a l cu la t ed  f o r  each c e l l  i n  a 
s i x - c e l l  s e r i e s - f e d  module ( see  Reference 8 f o r  model). The c a l c u l a t e d  
compositions fo r  a 1:l methane-steam mixture a r e  g iven  i n  F igure  3. It 
is apparent t h a t  most c e l l s  w i l l  be suppl ied  wi th  H + CO i f  adequate 
reforming occurs.  
corresponding t o  70 percent  e lec t rochemica l  ox ida t ion .  This composition 
was designated " l ean  f u e l  gas". I n  the s i x - c e l l  modules, t h e  e l e c t r o -  
chemical consumption was p ro jec t ed  as 84 percent ;  t h e r e f o r e ,  t h e  l a s t  of 
the  s i x  c e l l s  m u s t  consume about h a l f  of the  f u e l  value suppl ied  t o  i t .  
The g o a l  e s t ab l i shed  w a s  100 ma/sq cm a t  a p o t e n t i a l  more nega t ive  than 
-0.78 v o l t  versus  ORE" with 50 percent  consumption of guel.  
was a l s o  e s t ab l i shed  on t h e  basis of the des ign  s tudy .  ) This p o t e n t i a l  
was chosen because n i c k e l i s  thermodynamically s t a b l e  t o  oxida t ion  according 
t o  the  r e a c t i o n  

2 Double-duty anodes were operated on the  composition 

(The goa l  

N i  + 112 O2 e N i O  

a t  p o t e n t i a l s  more nega t ive  than -0.78 v o l t  versus  ORE when aNiO = 1 ( i . e . ,  
when the m e l t  i s  s a t u r a t e d  wi th  NiO) and no o the r  r eac t ions  occur.  

The p o t e n t i a l s  c a l c u l a t e d  (assuming equi l ibr ium)  f o r  the f u e l  
mixture en ter ing  s e v e r a l  c e l l s  a r e  given i n  Table 1. Thus, t h e  l i m i t a t i o n s  
imposed on the  p o t e n t i a l  of the  anode i n  the  s i x t h  c e l l  by gas  composition 

TABLE 1. OPEN-CIRCUIT POTENTLAL OF FUEL GAS MIXTURES 

Open-circuit  Poten 1 1, Fa7 C e l l  (of 6)  a t  1.4 Atm,vs ORE 

1 en te r ing  

4 en te r ing  

6 en te r ing  ("Lean Fuel Gas") 

-1 .22  

-0.98 

-0.91 

i' 
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\ 
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(a) See foo tno te ,  page 5 ,  for  desc r ip t ion  of Oxygen 
Reference Elec t rode  (ORE) .  

and by the n i cke l  co r ros ion  p o t e n t i a l  l eave  only 0.13 v o l t  f o r  po la r i za t ion .  

* Unpublished r e s u l t s .  "ORE" i s  the  Oxygen Reference E lec t rode ,  a 
reproducib le ,  simple r e fe rence  e l ec t rode  f o r  use i n  molten carbonates .  
It c o n s i s t s  of a platinum wire s p i r a l  p a r t i a l l y  immersed i n  molten 
carbonate and bathed with a mixture of 70% CO and 30% 0 . With proper 
cons t ruc t ion  and s p e c i a l  a t t e n t i o n  t o  i s o l a t i o n  of the e l e c t r o l y t e  
chamber from the  bulk e l e c t r o l y t e ,  p o t e n t i a l s  a r e  wi th in  5 vf of the  
thermodynamically ca l cu la t ed  values .. 
l i m i t s  of  a poten t iomet r ic  r eco rde r .  In  p r i n c i p l e ,  t h i s  e l ec t rode  i s  l i k e  
those descr ibed  by Stepanov and Trunovl3 and by Janz and Saegusa.14 

2 

It is  r e v e r s i b l e  wi th in  t h e  loading 
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OPERATION OF THE DOUBLE-DUTY ANODE ON A 
LEAN FUEL GAS MIXTURE 

To e s t a b l i s h  t h a t  t h e  proper flow p a t t e r n  could be achieved,  
e l e c t r o d e s  were operated on f u e l  mixtures  conta in ing  hydrogen and carbon 
monoxide before  us ing  methane-steam mixtures .  Experiments on s t a b i l i t y  
of the  forced-by mode were combined with experiments t o  determine the 
e x t e n t  of the  f u e l  u t i l i z a t i o n .  

F i r s t  experiments  were performed with 2-sq-cm e l e c t r o d e s  mounted 
i n  a holder of t h e  type  i l l u s t r a t e d  i n  Figure 4 .  The f u e l  gas  w a s  introduced 
a t  the  arc-shaped recess on one s i d e  and was removed a t  t h e  recess on the 
oppos i te  s i d e .  S t a b i l i t y  of t h e  forced-by mode was e s t a b l i s h e d  i n  s e v e r a l  
experiments where c u r r e n t  d e n s i t i e s  up t o  100 ma/sq cm were obta ined  a t  
-0 .78 v o l t  versus  ORE. Occasional  f looding of t h e  anode occurred when f u e l  
pressure dropped a c c i d e n t a l l y  o r  i n t e n t i o n a l l y .  Flooding w a s  r e a d i l y  
cor rec ted  by c l o s i n g  t h e  e x i t  l i n e  t o  force  e l e c t r o l y t e  out  of t h e  coarse- 
pore layer .  No permanent l o s s  of  performance r e s u l t e d  from f looding .  Thus, 
s t a b l e  e l e c t r o d e  o p e r a t i o n  is p o s s i b l e  with the  forced-by mode. 

Most of the  e l e c t r o d e s  were operated f o r  only a few hours  a t  a 
g i v e n  performance l e v e l  t o  e s t a b l i s h  t h a t  t h e  mode of opera t ion  was s t a b l e .  
Some f a i l u r e s  occurred ,  r e s u l t i n g  i n  loss of gas  pressure .  F a i l u r e s  were 
t r a c e a b l e  t o  poor bonding of t h e  e l e c t r o d e  t o  the holder  or  of the  coarse  
l a y e r  t o  t h e  f i n e  l a y e r .  B u t ,  s a t i s f a c t o r y  long-term performance w a s  
ind ica ted  by o p e r a t i n g  a n  anode f o r  1 1 - 1 / 2  days.  I n i t i a l l y  the e l e c t r o d e  
and a s s o c i a t e d  tubing system showed l i t t l e  leakage,  but  a t  the end of 
1 1 - 1 / 2  days the leakage  of gas  i n t o  the  melt  had become too  g r e a t  f o r  
f u r t h e r  r e s u l t s  t o  have p r a c t i c a l  s i g n i f i c a n c e .  Performance remained the  
same throughout except  during one purging requi red  t o  remove a f looding 
condi t ion .  On lean f u e l  gas (18 percent H + GO) t h e  c u r r e n t  d e n s i t y  was 
7 5  ma/sq cm a t  -0.80 v o l t  versus  ORE.  F i fgy  t o  s i x t y  percent  of  t h e  f u e l  
va lue  was conver ted  e l e c t r o c h e m i c a l l y  throughout t h e  11-1/2-day opera t ion .  
This  e s t a b l i s h e d  t h a t  good f u e l  u t i l i z a t i o n  could be obtained along with 
adequate  performance . 

Cause of  t h e  gas  leakage can be seen  on the photograph i n  
F igure  5. Two types o f  f a i l u r e  a r e  apparent .  The s e p a r a t i o n  i n  the 
coarse  layer seen  i n  t h e  s e c t i o n  is  r e s p o n s i b l e  f o r  the l a r g e  bulge i n  
t h e  c e n t e r .  With a c t i v e  f u e l s  which do not  r e q u i r e  steam reforming,  
s e p a r a t i o n  has l ' i t t l e  e f f e c t  on e l e c t r o d e  performance. Separa t ion  is  a 
mechanical problem and can be c o r r e c t e d  by improved s i n t e r i n g  technique 
and by the use  of  a mechanical suppor t  i n  the  form of a honeycomb alumina 
s e p a r a t o r  between e l e c t r o d e s  i n  a c e l l  which reduces the unsupported span 
of t h e  s i n t e r e d  s t r u c t u r e .  

I 

I 
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Pockmarks and t h e  small mounds of powder which appear 
predominantly a t  the  edge of t he  e l e c t r o d e  were the  s i tes  of g a s  leakage. 
The loca t ion  of p i t s  near t h e  e x i t  s i d e  and of powder depos i t s  near t he  
i n l e t  s i d e  sugges ts  t h a t  the  g rad ien t  i n  reduct ion  p o t e n t i a l  from i n l e t  
t o  o u t l e t  s i d e s  is the  cause of t h i s  type of f a i l u r e .  A g r a d i e n t  i n  the 
reducing power of  the  gas  phase w i l l  r e s u l t  i n  a s i m i l a r  g r a d i e n t  i n  the 
melt wi th in  the  pores of the  anode. 
d i s so lves  ; i n  more reducing reg ions  i t  depos i t s .  Small p a r t i c l e s ,  r e l eased  
from the porous mat r ix  a t  one p o i n t ,  a r e  suspended i n  t h e  mel t  and a r e  
incorporated i n  the  su r face  where n i cke l  ions depos i t .  Despite t he  p o t e n t i a l  
se r iousness  of the  loss of m a t e r i a l ,  two measures can be  proposed t o  reduce 
the t r ans fe r  of n i cke l :  

I 

I n  more oxidizing reg ions  n i c k e l  

i 

(1) Provide more uniform gas d i s t r i b u t i o n  t o  minimize 
the  reduct ion  g rad ien t  ac ross  t h e  anode. 

( 2 )  Overlay the anode su r face  wi th  a f i n e  mesh sc reen  
t o  r e t a i n  p a r t i c l e s  loosened by d i s s o l u t i o n  of 
n i cke l .  Electroformed n i c k e l  sc reens  of 1000 l i n e s  
per inch a r e  a v a i l a b l e  and provide the  equ iva len t  
of a specimen prepared by powder metallurgy wi th  
l a r g e  p a r t i c l e - p a r t i c l e  con tac t .  Such screens  have 
g iven  s a t i s f a c t o r y  performance i n  shor t - t ime 
experiments where the  sc reen  w a s  used as  the f i n e -  
p o r e  l aye r .  

During the  opera t ion  of t h i s  small  (2-sq-cm) anode, a mass 
spec t romet r ic  a n a l y s i s  w a s  made of a sample of e x i t  g a s .  
95 percent of the sample w a s  carbon d ioxide .  The hydrogen-to-carbon 
monoxide r a t i o  was 1 t o  1 . 6 ,  i nd ica t ing  t h a t  even without a s p e c i a l  water- 
gas s h i f t  c a t a l y s t  about one - th i rd  of the  cu r ren t  w a s  der ived  from carbon 
monoxide. This r e s u l t  means t h a t  i t  w i l l  not be necessary t o  conver t  a l l  
the methane t o  hydrogen, and the  water-gas s h i f t  need not be complete.  

On a dry  b a s i s ,  

A laboratory-model f u e l  c e l l  having 18-sq-cm e l ec t rodes  was used 
for  s eve ra l  experiments w i th  lean  f u e l  g a s .  The anode holder of F igure  2 
was used i n  the  l abora to ry  c e l l .  Problems of s ea l ing  t h e  c e l l  aga ins t  
e l e c t r o l y t e  loss  were avoided by dipping both  e l ec t rodes  i n t o  a pot  of 
molten carbonate .  A re ference  e l ec t rode  was included i n  the  s e t u p  f o r  
recording s i n g l e  e l e c t r o d e  p o t e n t i a l s .  The b e s t  performance obta ined  wi th  
one of these anodes on l ean  f u e l  gas  was 25 ma/sq cm a t  -0.78 v o l t  versus  
ORE fo r  about two days.  The performance of the  18-sq-cm e l e c t r o d e  was some- 
what low because of des ign  and f a b r i c a t i o n  problems. Separa t ion  of the 
anode from the  holder allowed f u e l  t o  bypass some s e c t i o n s  of t he  e l ec t rode ,  
r e s u l t i n g  i n  a reduct ion  of the e f f e c t i v e  a r e a .  Improvements i n  the  design 
and f a b r i c a t i o n  a r e  expected t o  br ing  the  l e v e l  of performance of t he  l a r g e  
anode u p  t o  t h a t  of the  2-sq-cm anode, or 100 ma/sq cm a t  -0.78 v o l t  versus 
ORE. 
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STEAM REFORMING OF METHANE 
ON ANODE STRUCTURES 

Af te r  demonstrating t h a t  t h e  double-duty anode would opera te  
s a t i s f a c t o r i l y  i n  the  forced-by mode and t h a t  t he  lean  f u e l  gas reaching 
the  l a s t  of a s e r i e s  of s i x  c e l l s  could s u s t a i n  adequate c u r r e n t  d e n s i t i e s ,  
the  next s t e p  was use of a methane-steam mixture  i n . t h e  double-duty anode. 
A i  few experiments wi th  n i c k e l  double-duty anodes revea led  l i t t l e  a c t i v i t y  
f o r  steam reforming, i n  g e n e r a l  agreement wi th  the  work of Schul tz  e t  a l .  

A s u i t a b l e  steam-reforming c a t a l y s t  was sought f o r  incorpora t ion  
i n t o  the  n i c k e l  ma t r ix .  A survey of t he  l i t e r a t u r e  revea led  t h a t  a 
s u i t a b l e  supported c a t a l y s t  should be n i cke l  on p e r i c l a s e  ( n a t u r a l  magnesium 
oxide) . 
and carbon monoxide w e r e  r epor t ed .  Magnesium oxide i s  r e s i s t a n t  t o  a t t a c k  
by molten a l k a l i  ca rbona te s ,  a s  is n icke l  i n  the  f u e l  atmosphere. 

Near- t h e o r e t i c a l  conversipys of methane-steam mixtures t o  hydrogen 

i 

i 

r 

i 

Severa l  t r i a l  compositions lead  t o  a s u i t a b l e  mixture of nickel. 
and p e r i c l a s e  powders which maintained s t r u c t u r a l  i n t e g r i t y  a f t e r  press ing  
and s i n t e r i n g .  The compact cons i s t ed  of 15  weight percent  p e r i c l a s e  and 
85 percent  n i cke l .  Both were i n  t h e  form of 100-micron powders. Af te r  
press ing  and s i n t e r i n g  under hydrogen, t h e  compact was t r e a t e d  wi th  n i c k e l  
n i t r a t e  s o l u t i o n  and d r i e d  on a ho t  p l a t e .  The n i cke l  n i t r a t e  w a s  decomposed 
and reduced simultaneously b y  hea t ing  i n  a hydrogen atmosphere t o  760 C ,  
s l i g h t l y  above the  ope ra t ing  temperature of the c e l l .  

f 
0 

Pr io r  t o  making f u e l  e l e c t r o d e s ,  sma l l - sca l e  steam-reforming 
experiments were c a r r i e d  o u t  wi th  the c a t a l y s t - n i c k e l  powder mixture .  The 0 
sma l l - sca l e  reformer consisted of a 1/8-inch Inconel pipe (0.269-inch I D )  
wi th  b r a s s  tees  s i l v e r  so lde red  on each end. A 1/4-inch-OD Inconel  tube 
wi th  200-mesh n i c k e l  s c r e e n  over t he  end was i n s e r t e d  i n t o  the  p ipe .  The 
pipe was o r i en ted  v e r t i c a l l y  i n  a 1-1/4-inch-diameter,  12-inch-long tube 
furnace ,  and 1.4-cm l a y e r  o f  u n i i n t e r e d  n i c k e l  n i t r a t e - t r e a t e d  mixture 
was packed onto the  sc reen .  The system was sea l ed  we l l  enough t o  keep the  

furnace were i n s u l a t e d ,  and hea t ing  tapes were used on t h e  en t rance  l i n e  t o  
keep the  temperature above 100 C .  

/ 
l eak  r a t e  a t  only 1 m l  of hydrogen i n  13 minutes-a t  6 ps ig .  The ends of t he  4 

The usua l  t e s t  procedure was a s  follows: (1) purge t h i s  r e a c t o r  
wi th  hydrogen, (2) h e a t  t o  760 C t o  decompose t h e  n i cke l  n i t r a t e ,  (3) hold 
1 /2  t o  1 hour a t  t empera ture  t o  reduce t h e  n i c k e l  oxide i n  the  p e r i c l a s e ,  
(4) a d j u s t  the temperature t o  the  value shown i n  Table 2 ,  and (5) purge from 
4 t o  6 hours wi th  methane-steam mixture a t  the pressure  shown before  sampling 
t h e  e x i t  gas  f o r  a n a l y s i s  b y  mass spectrography. 
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The flow r a t e  of the methane was ad jus ted  t o  g ive  a res idence  time 
of about 0.1 minute. A blank run  was made wi th  n i c k e l  powder i n  the  reformer 
tube. Ana ly t i ca l  r e s u l t s  of these  two experiments and the  ca l cu la t ed  
equi l ibr ium composition a r e  g iven  i n  Table 2 .  . 

TABLE 2 .  COMPOSITIONS OF MIXTURES RESULTING FROM 
STEAM REFORMING OF METHANE I 

~~~~~ ~ 

Pres-  Tempera- Percent- 
s u r e ,  t u r e ,  age 

co co2 Reaction(a) C CH4 H2 Condition ps ig  

Theore t i c a l  
Equilibrium 5.9 . 727 7.8 69.2 20.8 2.2 74.6 

Nicke 1 
Powder 5.5 7 32 97.5 0.3 0 .8  0 .3  1.1 

Ca ta lys t  
Mixture 5.6 727 9.4 68.8 17.9 3.9 70 

16 (a)  Calcu la ted  from: 

] 100. 
% CH4 

% CH4 -I % CO 4- % C02 [.- % r e a c t i o n  = 

Percentage r e a c t i o n ,  ca l cu la t ed  by the  equat ion  of Arnold e t  al,,16 i s  a 
measure of methane r eac t ed .  The ex ten t  of the  water-gas s h i f t  r eac t ion  
cannot be measured by the  equat ion .  
of the c a t a l y s t  mixture f o r  steam-reforming methane. A number of other 
experiments wi th  d i f f e r i n g  amounts of c a t a l y s t  and somewhat d i f f e r e n t  
temperatures and pressures  a l s o  gave r e a c t i o n  percentages i n  the  reg ion  
of the t h e o r e t i c a l  va lues .  These o the r  experiments support  t he  v a l i d i t y  
of the  conclusion t h a t  the c a t a l y s t  mixture i s  e f f e c t i v e .  The s h o r t  . 
res idence  time permits use of a 0.05 t o  0 .06- inch- th ick  coarse  l aye r  i n  
an anode opera t ing  a t  100 ma/sq cm. 
15 weight percent ca ta lyzed  p e r i c l a s e  i n  the  coarse  layer  was a l s o  prepared. 
It  was a s t r u c t u r a l l y  i n t e g r a l  d i s c  a f t e r  press ing  and s i n t e r i n g .  

The r e s u l t s  demonstrate t he  e f f i cacy  

A smal l  double-layer anode containing 

, 



- 1 8 6 -  

SUMMARY 

Experiments have shown the f e a s i b i l i t y  of  obtaining good steam- 
reforming a c t i v i t y  from a supported n i c k e l  steam-reforming c a t a l y s t .  I t  
has  a l s o  been demonstrated t h a t  such mixtures  can be  incorporated i n  a 
s t r u c t u r a l l y  i n t e g r a l  two-layer e l e c t r o d e .  

Anodes were designed fo r  dual-purpose o p e r a t i o n  i n  a f r e e - e l e c t r o l y t e  
molten-carbonate f u e l  c e l l .  The a b i l i t y  of t h e  anode s t r u c t u r e  t o  funct ion 
properly with t h e  forced-by f u e l  flow mode was demonstrated.  S t a b l e  operat ion 
a t  100 ma/sq cm a t  -0.80 v o l t  versus  ORE was obtained with a f u e l  mixture  
containing only 18 pe rcen t  hydrogen and carbon monoxide. Such operat ion 
demonstrates t h a t  adequate  performance can be  obtained while  e lectrochemical ly  
oxidizing 85 pe rcen t  of t he  f u e l  value i n  a methane-steam mixture  a s  required 
f o r  t he  b a t t e r y  model d i scussed  i n  a n  e a r l i e r  paper.  Further  work i s  needed 
t o  e s t a b l i s h  long-time performance of t he  double-duty anode with methane- 
steam mixtures .  

The a u t h o r s  wish t o  thank members of t he  Fuel  C e l l  Research Group, 
who sponsored t h i s  work, fo r  permission t o  pub l i sh .  
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-J Nickel capi l lary  tubes 

N i c ke I electrode holder 

Layer of coarse nickel 
powder 

Layer  o f  f ine nickel 
powder 

A 
f 

BOTTOM VIEW 

FIGURE 1. DOUBLE-DUTY ANODE DESIGN SHmWING FORCED-BY MODE. 
(WHEN COARSE LAYER CONTAINS CATALYST THE ELECTRODE 
PERFORMS BOTH FUNCTIONS, STEAM REFORMING OF METHANE 
AND ANODIC OXIDATION OF FUEL.) 

6 1  
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W I 
Anode Holder 

1 ' FIGURE 2 .  HOLDER FOR LARGE DOUBLE-DUTY ANODES. ELECTRODE AREA 
3 18 SQ CM. 
i 
< \  
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Electrochemical Utilizatjon, per cent 

FIGURE 3 .  CALCULATED EQUILIBRIUM G4S COMPOSITION I N  A FUEL BATTERY 
SUPPLIED WITH 1 : l  METHANE:STEAM MIXTURE AT 1000 K AND 
1 .4  ATMOSPHERES. 
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FIGURE 4 .  DETAILS OF 2-SQ-CM ANODES. ONE GAS I N L E T  
TUBE WITH FERRULE IS SHOWN. 
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FIGURE 5. APPEARANCE OF A 2-SQ-CM ANODE AFTER 11-1/2 
'DAYS OF OPERATION ON LEAN N E L  GAS. 


