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ABSTRACT 

Porous  meta l  e lectrodes incorpora t ing  Raney catalysts  are p repa red  by  pow-  
der  techniques f rom t ransi t ion meta ls  of the first and eighth groups. Hal f -ce l l  
and fuel  cell measurements  are  taken  in var ious  aqueous e lect rolytes  at t em-  
pera tu res  f rom 20 ~ to 100~ At  80~ in e i ther  5N KOH or 5N H~SO, e lectrolyte ,  
both hydrogen  and methanol  y ie ld  cur ren t  densi t ies  beyond 300 m a / c m  ~. In  5N 
K~CO3 electrolyte ,  there  are l imi t ing cur ren t  densi t ies  of the o rder  of 10 m a / c m  2. 
Nei ther  hexane  nor methy lcyc lohexane  d isp lay  apprec iab le  e lect rochemical  
oxidat ion under  the condit ions of this report .  The methanol  react ion appears  to 
approach  complete  oxidat ion;  this conclusion applies  in both acid (CO~-forma- 
tion) and a lkal ine  (carbonate  format ion)  e lec t ro ly te  as well  as for both ha l f -  
cell and fuel  cell operat ion.  

T h e r e  is so fa r  no s a t i s f ac to ry  l o w - t e m p e r a t u r e  
h y d r o c a r b o n  fue l  e l ec t rode .  On the  o the r  hand ,  e l ec -  
t r o c h e m i c a l  conve r s ion  a t  an  a p p r e c i a b l e  r a t e  of p a r -  
t i a l l y  ox id i zed  h y d r o c a r b o n s  such as m e t h a n o l  and  
g lyco l  seems  to be  poss ib le ,  bu t  on ly  in  the  case  of 
m e t h a n o l  was  c o m p l e t e  o x i d a t i o n  r e p o r t e d  (1) .  A t  
l eas t  some of the  r eac t i ons  i n v o l v e d  in the  s t epwise  
o x i d a t i o n  a t  the  anode  m u s t  be a c c e l e r a t e d  c a t a -  
l y t i c a l l y  in o r d e r  to ach ieve  a sufficient r e a c t i o n  r a t e  
a t  low t e m p e r a t u r e s  ( b e l o w  200~ The  e l ec t rode  
must ,  t he re fo re ,  con ta in  ca t a ly s t s  acce le ra t ing ,  a b o v e  
all,  the  accep t ance  of e l ec t rons  f r o m  the  fue l  b y  
t h e  anode.  

The  a c t i v i t y  of a c a t a l y s t  seems  to be  r e l a t e d  to t he  
n u m b e r  of c r y s t a l l o g r a p h i c a l l y  d i s o r i e n t e d  su r face  
a toms.  Defec t  s t r uc tu r e s  a re  a t t a i n e d  b y  s e ve ra l  
p rocesses  w h i c h  a re  no t  d i scussed  here .  In  t he  p r e s -  
en t  i nves t i ga t i ons  i t  was  dec ided  to use  R a n e y  c a t a -  
lys t s  because ,  on the  one hand ,  t h e y  can  be p r o -  
duced  a t  r o o m  t e m p e r a t u r e  so t h a t  r e c r y s t a l l i z a t i o n  
e n h a n c e d  b y  e l e v a t e d  t e m p e r a t u r e s  is avo ided ,  and  
because ,  on the  o the r  hand ,  a r e l a t i v e l y  s imple  
m e t h o d  of R a n e y  e l ec t rode  p r e p a r a t i o n  was  d e -  
sc r ibed  b y  J u s t i  ( 2 -4 ) .  R a n e y  ca t a ly s t s  a re  m a d e  b y  
a l l oy ing  the  c a t a l y s t  m a t e r i a l  w i t h  a base  me ta l ,  for  
i n s t ance  a l u m i n u m ,  w h i c h  is s u b s e q u e n t l y  d i s so lved  
f rom th is  a l loy  l e a v i n g  the  c a t a l y s t  m e t a l  in a h i g h l y  
ac t ive  s ta te .  

J u s t i  has  used  R a n e y  n i c k e l  e lec t rodes ,  e spe c i a l l y  
as h y d r o g e n  e lec t rodes ,  w i t h  o u t s t a n d i n g  success.  He  
also m e n t i o n e d  w o r k  w i t h  R a n e y  e l ec t rodes  b a s e d  on 
copper ,  t ungs ten ,  m o l y b d e n u m  ( for  c a rbon  m o n -  
ox ide  o x i d a t i o n ) ,  and  p a l l a d i u m  (as  a p H  e l e c t r o d e ) ,  
bu t  he d id  not  d iscuss  his  r e su l t s  w i t h  these  m e t a l s  in 
de ta i l .  The  p r e s e n t  w o r k  m u s t  be r e g a r d e d  as an  a p -  
p l i ca t ion ,  a n d  p o s s i b l y  an  ex tens ion ,  of J u s t i ' s  t e c h -  
n ique .  

T h e  p r e p a r a t i o n  of fue l  e l ec t rodes  f rom R a n e y  
copper ,  cobal t ,  n ickel ,  r h o d i u m ,  p a l l a d i u m ,  and  p l a t i -  
n u m  is d e s c r i b e d  in the  fo l lowing  a long  w i t h  t he  r e -  

sul ts  o b t a i n e d  f rom tes ts  w i t h  hyd rogen ,  m e t h a n o l ,  
and  h y d r o c a r b o n  fuels .  

Experimental Procedure 
Al l  e l ec t rode  spec imens  w e r e  p r e p a r e d  in  the  f o r m  

of porous  d i sks  b y  c o m p r e s s i n g  a m i x t u r e  of ske l e ton  
m e t a l  p o w d e r  w i t h  p o w d e r e d  R a n e y  a l loy  and  sub -  
s equen t  d i s so lu t ion  of  t h e  base  m e t a l  of t he  R a n e y  
al loy.  In  a l l  cases t he  ske l e ton  m a t e r i a l  and  the  c a t a -  
ly t ic  subs tance  of the  R a n e y  a l loy  w e r e  iden t ica l .  The  
d i a m e t e r  of t he  d i sks  was  1.2 cm. T h e y  w e r e  g lued  
a r o u n d  the  c i r c u m f e r e n c e  in to  an e l ec t rode  s u p p o r t  
r i ng  m a d e  of P lex ig las .  The  p r o j e c t e d  su r f ace  a r e a  of 
the  ac t ive  p a r t  of the  d i sk  was  0.65 cm ~. 

The  R a n e y  a l loys  w e r e  p r e p a r e d  b y  a l l oy ing  the  
c a t a l y s t  m e t a l  w i t h  a l u m i n u m .  In  o r d e r  to ach ieve  a 
h igh  a l l oy ing  r a t e  w i t h o u t  m e l t i n g  the  c ompo nen t s  
b e f o r e h a n d ,  t he  two  m e t a l s  w e r e  m i x e d  in the  fo rm 
of p o w d e r s  and  c ompre s se d  into disks.  The  d i sks  
con t a ined  in i n d i v i d u a l  c ruc ib le s  w e r e  h e a t e d  in an  
e lec t r i c  f u r n a c e  u n t i l  t he  a l l oy ing  r e a c t i o n  s t a r t e d  
w i t h  conf lagra t ion  at  a b o u t  700~ Owing  to t he  h e a t  
of reac t ion ,  t he  t e m p e r a t u r e  inc reased ,  caus ing  the  
m i x t u r e  to m e l t  and  to f o r m  a h o m o g e n e o u s  al loy.  
I m m e d i a t e l y  a f t e r  th is  r e a c t i o n  was  comple t ed ,  t he  
a l loy  sol idif ied;  i t  was  t h e n  r e m o v e d  f r o m  the  f u r -  
nace.  I t  w o u l d  no t  be  poss ib le ,  a t  l eas t  u n d e r  
m i l d  condi t ions ,  to e l i m i n a t e  t he  a l u m i n u m  f rom,  
in p a r t i c u l a r ,  t h e  XA1 c o m p o u n d  w h e r e  t h e  c a t a -  
lys t  m e t a l  X is c o m p o u n d e d  w i t h  a l u m i n u m  a t  
an  a tomic  r a t i o  of 1:1. The  p e r c e n t a g e  of t h e  c a t a -  
l y t i c a l l y  ac t ive  m e t a l  in t he  a l loy,  t he re fo re ,  m u s t  
be  l o w e r  t han  the  s to i ch iome t r i c  r a t i o  of 1: 1. I t  mus t ,  
h o w e v e r ,  be above ,  say,  20 at.  % because  the  a l l oy  
becomes  too duc t i l e  for  p o w d e r i n g  b e l o w  th is  l imi t .  

F o r  t he  p r e p a r a t i o n  of t he  e l e c t r o d e  disks ,  one 
p a r t  b y  v o l u m e  of a p u r e  m e t a l  p o w d e r ,  t he  s k e l e t o n  
m a t e r i a l ,  was  m i x e d  w i t h  one p a r t  b y  v o l u m e  of 
p o w d e r e d  R a n e y  a l loy.  The  m i x t u r e  was  subse -  
q u e n t l y  c o m p a c t e d  b y  p r e s s i n g  i t  in to  disks .  J u s t i ' s  
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t e c h n i q u e  to ach ieve  h o m o p o r o s i t y  b y  f r a c t i o n a t i o n  
of the  p o w d e r s  was  no t  a p p l i e d  at  th is  r e s e a r c h  s tage.  

The  copper ,  cobal t ,  and  n i c k e l  e l ec t rodes  w e r e  p r e -  
p a r e d  b y  c o m p a c t i n g  the  p o w d e r s  at  a p r e s s u r e  of 
3,000 k g / c m  ~, and  s in t e r i ng  t h e m  at  400~ (Cu)  and  
600~ (Co, Ni) .  The  p l a t i n u m ,  p a l l a d i u m ,  and  r h o -  
d i u m  e l ec t rodes  w e r e  l e f t  u n s i n t e r e d  in o r d e r  to p r e -  
ven t  the  f o r m a t i o n  of t he  s t ab le  c o m p o u n d  XA1 f rom 
the  R a n e y  a l loy  a n d  the  s k e l e t o n  m e t a l  d u r i n g  
the  hea t  t r e a t m e n t .  The  u n s i n t e r e d  e l ec t rodes  w e r e  
c o m p a c t e d  a t  a p r e s s u r e  of 10,000 k g / c m  ~, and  at  the  
same  t ime  two  p l a t i n u m  screens  w e r e  i n c l u d e d  w i t h  
a v i ew  to inc rease  the  m e c h a n i c a l  s t ab i l i ty .  

A f t e r  c e m e n t a t i o n  of t he  d i sks  in to  a P l e x i g l a s  
r ing,  the  a l u m i n u m  of t he  R a n e y  a l loy  was  d i s so lved  
b y  t r e a t i n g  the  e l ec t rode  first  w i t h  a d i lu t e  and  t h e n  
w i th  a c o n c e n t r a t e d  K O H  solut ion,  f ina l ly  at  a t e m -  
p e r a t u r e  of 80~ The  a l u m i n u m  is not  c o m p l e t e l y  
e l i m i n a t e d  b y  th is  process .  F u r t h e r  a l u m i n u m  was  
d i s so lved  anod ica l ly .  A K O H  so lu t ion  was  e m p l o y e d  
i r r e s p e c t i v e  of w h e t h e r  the  d i sks  w e r e  used  in a l k a -  
l ine  or  ac id  e l e c t ro ly t e s  because  the  d i s so lu t ion  r a t e  
of a l u m i n u m  in ac ids  is too la rge .  

The  e l ec t rodes  w e r e  t e s t ed  b y  t a k i n g  c u r r e n t -  
p o t e n t i a l  p lo t s  us ing  the  h a l f - c e l l  sy s t em d e p i c t e d  
in Fig.  1. 

The  tes t  e l ec t rodes  (porous  d i sk  c e m e n t e d  in to  a 
P l e x i g l a s  r i n g )  w e r e  f ixed in a P l e x i g l a s  h o l d e r  p r o -  
v id ing  a gas  inlet .  The  e l ec t r i ca l  con tac t  w i t h  t he  
d i sk  was  e s t a b l i s h e d  b y  two  s p r i n g - t y p e  p l a t i n u m  
wi re s  to i n su re  good contact .  A p l a t i n u m  w i r e  s e r v e d  
as coun te r  e lec t rode .  The  e l ec t rode  p o t e n t i a l  was  
m e a s u r e d  aga in s t  a ca lome l  e l ec t rode  us ing  a L u g -  
g in  c a p i l l a r y  p l aced  at  a d i s t ance  of 5 m m  f rom the  
e l ec t rode  sur face ,  w h i c h  gave  a m a x i m u m  m e a s u r i n g  
e r r o r  of 50 my.  The  ohmic  p o l a r i z a t i o n  due  to the  
ohmic  r e s i s t ances  in  t he  e l ec t rode  and  the  e l e c t r o l y t e  
was  no t  m e a s u r e d  and  c o n s e q u e n t l y  is s t i l l  i n c l u d e d  
in the  p o t e n t i a l  va lue s  as r e p o r t e d .  The  m e a s u r e d  
po t en t i a l s  w e r e  not  co r r ec t ed  for  t he  di f fus ion p o -  
t en t i a l  b e t w e e n  the  e l e c t r o l y t e  con t a ined  in the  l i qu id  
j u n c t i o n  (5N) and  t ha t  a t  the  r e f e r e n c e  e l e c t r o d e  
(0.1N) ; the  i nvo lved  e r r o r  w o u l d  no t  exceed  30 mv.  
The  c u r r e n t  was  a d j u s t e d  b y  m e a n s  of a g a l v a n o -  
s ta t .  The  m e a s u r e d  a m p e r a g e s  w e r e  c o n v e r t e d  into  
c u r r e n t  dens i t i e s  b y  t a k i n g  the  p r o j e c t e d  su r face  a r ea  
of the  e l ec t rode  to be  0.65 cm ~. 

A l l  e l ec t rodes  w e r e  t e s t ed  w i t h  gaseous  h y d r o g e n  
a n d  m e t h a n o l  and  some,  in  addi t ion ,  w i t h  m e t h y l -  
c y c l o h e x a n e  and  hexane .  The  l a t t e r  t h r e e  fuels  w e r e  

~ - ~ / f  ecorrJer 

I ~ ~ ~  diluterl electrolyte \ die~ohragm 
counter electrode 

I/quid junct~n 

/ \ . 
test electrode Luggin c~olltory 

\ resistor ammG~r 9alvanostat 

Fig. 1. Diagram of test stand for measuring current-potential 
plots. 

a d m i t t e d  to t he  e l ec t rodes  us ing  n i t r o g e n  as a c a r r i e r  
gas.  The  e l ec t rode  gas  excess  p r e s s u r e s  t o t a l l e d  
0.5-1 a tm.  R e f e r e n c e  r u n s  w e r e  m a d e  u s i n g  p u r e  
n i t rogen .  

In  a d d i t i o n  to the  gaseous  fuels ,  the  tes t s  i n c l u d e d  
f o r m a l d e h y d e ,  fo rmic  acid,  and  me thano l ,  d i s so lved  
in the  e l ec t ro ly te .  

A l k a l i n e ,  acid,  and  c a r b o n a t e  e l e c t r o l y t e s  h a v e  
been  e m p l o y e d  as  5N so lu t ions  in w a t e r .  The  m a -  
j o r i t y  of the  tes t s  p e r f o r m e d  to da t e  h a v e  been  r u n  
at  80~ 

A f t e r  the  d e s c r i b e d  c h e m i c a l  d i s so lu t ion  of a l u m i -  
num,  f u r t h e r  a l u m i n u m  was  d i s so lved  in  the  h a l f -  
cel l  anod ica l ly .  To this  end  the  e l ec t rode  was  used  
as a h y d r o g e n  e lec t rode .  The  e l ec t rode  p o t e n t i a l  was  
i nc r ea sed  s t epwise  to abou t  200 m v  b e l o w  t h e  r e -  
ve r s ib l e  o x y g e n  po ten t i a l .  A l t h o u g h  m a i n l y  h y d r o -  
gen  is ox id i zed  d u r i n g  this  process ,  p a r t  of the  c u r r e n t  
is due  to d i s so lv ing  a l u m i n u m .  

In  the  case of n ickel ,  t he  e l ec t rode  a c t i v i t y  was  
m u c h  g r e a t e r  w h e n  e l e c t r o c h e m i c a l  a c t i va t i on  was  
used.  F o r  e x a m p l e  a R a n e y  n i cke l  e l ec t rode  us ing  
h y d r o g e n  in a ha l f  cel l  a t  --650 m v  y i e l d e d  c u r r e n t  
dens i t i e s  of 12 and  80 m a / c m  ~, r e spec t i ve ly ,  w h e n  
the  e l ec t rode  was  a c t i v a t e d  c h e m i c a l l y  in  5N K O H  
at  40~ for  24 h r  or  a c t i v a t e d  e l e c t r o c h e m i c a l l y  for  
1/2 h r  in 5N K O H  at  40~ w i t h  an  e l ec t rode  p o t e n -  
t i a l  of +150  my.  E l e c t r o c h e m i c a l  a c t i va t i on  was  no t  
n e c e s s a r y  w i th  the  o the r  m e t a l s  of the  e igh th  g roup  
tes ted .  

The  a m o u n t  of h y d r o g e n  d i s so lved  in  t he  e l e c t r o d e  
was  r e d u c e d  s u b s t a n t i a l l y  p r i o r  to t es t s  w i t h  m e t h -  
anol  or  h e x a n e  b y  pass ing  a n i t r o g e n  s t r e a m  t h r o u g h  
the  e lec t rode .  To a c c e l e r a t e  th is  process ,  a p o t e n t i a l  
was  a pp l i e d  w h i c h  was  a b o u t  200 m v  b e l o w  the  
s t a n d a r d  r e v e r s i b l e  o x i d a t i o n  p o t e n t i a l  of the  cor -  
r e s p o n d i n g  e l ec t rode  m e t a l :  

Current Density-Potential  Plots 
Most  of the  r e su l t s  a r e  p l o t t e d  in the  f o r m  of c u r -  

r en t  d e n s i t y - p o t e n t i a l  cha rac te r i s t i c s .  
A l l  r e p o r t e d  p o t e n t i a l  va lue s  w e r e  o b t a i n e d  w i t h i n  

a few m i n u t e s  a f t e r  a d j u s t m e n t  of t he  c u r r e n t  and  
r e m a i n e d  cons t an t  d u r i n g  the  m e a s u r i n g  p e r i o d  up  
to s e v e r a l  hours .  F i g u r e  2 dep ic t s  the  r e su l t s  w i t h  
h y d r o g e n  in K O H  solut ion .  

W i t h  a l l  e l ec t rodes  the  o p e n - c i r c u i t  p o t e n t i a l  
r e a c he d  the  r e v e r s i b l e  h y d r o g e n  po ten t i a l .  D e v i a -  
t ions  w i t h i n  •  m v  a re  due  to v a r i a t i o n s  of t he  
p o t e n t i a l  of t he  ca lomel  r e f e r e n c e  e lec t rode .  The  
n i cke l  e l ec t rode  shows  a d i s t inc t  l i m i t i n g  c u r r e n t  
d e n s i t y  b e y o n d  w h i c h  the  p o l a r i z a t i o n  as a f u n c -  
t ion  of t he  c u r r e n t  d e v i a t e s  s t r o n g l y  f r o m  l i nea r i t y .  
As the  d i a g r a m  shows,  t he  p l a t i n u m  e l ec t rode  has  
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Fig. 2. Current density-potential plots of Raney electrodes with 
H~ in 5N KOH at 80~ 
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Fig. 3. Current density-potential plots of Raney electrodes with 
CHsOH in 5N KOH at 80~ 
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Fig. 4. Current density-potential plots of Raney palladium elec- 
trode with H2 and CH3OH in 5N K2CO3 at 80~ 

the  sma l l e s t  po la r i za t ion .  W i t h  p a l l a d i u m ,  p l a t i n u m ,  
and  r h o d i u m  as h y d r o g e n  and  m e t h a n o l  e lec t rodes ,  
the  tes t s  w e r e  not  e x t e n d e d  b e y o n d  c u r r e n t  d e n -  
s i t ies  of abou t  500 m a / c m  ~ and  300 ma/cm" ,  r e -  
spec t ive ly ,  so t ha t  t he  r e s p e c t i v e  l i m i t i n g  c u r r e n t  
dens i t i es  w e r e  not  a sce r t a ined .  

The  r e su l t s  o b t a i n e d  w i t h  the  s i n t e r e d  n i cke l  e l ec -  
t rode,  us ing  h y d r o g e n  as fue l  w e r e  i n f e r io r  to those  
r e p o r t e d  b y  Jus t i ,  p r e s u m a b l y  because  of t he  m u c h  
s m a l l e r  n u m b e r  of ac t ive  pores .  I t  is t hus  a s s u m e d  
tha t  a l l  e l e c t rodes  i n v e s t i g a t e d  m a y  be  i m p r o v e d  
b y  e m p l o y m e n t  of b e t t e r  t e chn iques  of  p o w d e r  
m e t a l l u r g y .  

F i g u r e  3 shows  the  r e su l t s  w i t h  m e t h a n o l  fue l  in  
K O H  solut ion.  

A g a i n  the  p o l a r i z a t i o n  i nc r ea sed  l i n e a r l y  w i t h  t he  
cu r r en t .  The  o p e n - c i r c u i t  p o t e n t i a l  was  a b o u t  100- 
150 m y  s m a l l e r  t h a n  t h a t  w i t h  h y d r o g e n .  H e r e  p a l -  
l a d i u m  f u r n i s h e d  the  bes t  resu l t s .  

I f  the  K O H  e l e c t r o l y t e  is r e p l a c e d  b y  K~CO3, v e r y  
l a rge  po l a r i za t i ons  a r e  o b t a i n e d  bo th  w i t h  h y d r o g e n  
and  m e t h a n o l  as fue ls  ( see  Fig .  4) .  

L a r g e  c u r r e n t  dens i t i e s  w e r e  o b t a i n e d  no t  on ly  

800, I -  
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Fig. 5. Current density-potential plots of Raney electrodes in 
5N H~SO4 at 100~ 
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Fig. 6 .  Current density-potential plots of a Raney platinum 
electrode with CH3OH in 5N H2SO~ as a function of temperature. 

in K O H  so lu t ion  b u t  also in H=SO, so lu t ion  w i t h  h y -  
d r o g e n  and  m e t h a n o l  as fue l  ( see  Fig .  5 and  6).  

W i t h  m e t h a n o l ,  t he  p o l a r i z a t i o n  shows  a p e c u l i a r  
n o n l i n e a r i t y  a t  sma l l  c u r r e n t  dens i t ies .  W i t h  m e -  
t h a n o l  in an  ac id  solu t ion ,  p l a t i n u m  p roves  to be  
s u p e r i o r  to p a l l a d i u m  as a ca t a ly s t .  The  open-Ci rcu i t  
p o t e n t i a l  exceeds  t h a t  of h y d r o g e n  by  a b o u t  100 my.  

F i g u r e  6 shows  the  t e m p e r a t u r e  d e p e n d e n c e  of 
m e t h a n o l  o x i d a t i o n  as  a func t ion  of t he  t e m p e r a t u r e  
b e t w e e n  25 ~ and  100~ 

The  above  re su l t s  a r e  s u m m a r i z e d  in T a b l e  I t o -  
g e t h e r  w i t h  r e su l t s  no t  i l l u s t r a t e d  so far .  "Specif ic  
p o l a r i z a t i o n "  is def ined  as t he  s lope  of t he  cu rve  p o -  
t e n t i a l  v s .  c u r r e n t  dens i ty .  F o r  m e t h a n o l  in ac id  e lec -  
t r o l y t e ,  the  s lope  is t a k e n  f r o m  the  l i n e a r  p o r t i o n  of 
t he  c u r v e  at  l a r g e  cu r r en t s ;  in  t hese  cases  t he  v a l u e  
of t he  o p e n - c i r c u i t  p o t e n t i a l  is c o m p l e m e n t e d  b y  the  
i n t e r c e p t i o n  of t h e  e x t r a p o l a t e d  l i n e a r  p a r t  of t he  
p o l a r i z a t i o n  c u r v e  w i t h  t he  o rd ina te .  C o p p e r  and  
coba l t  t u r n e d  out  to be  u n s a t i s f a c t o r y  ca t a ly s t s  for  
m e t h a n o l  or  h y d r o g e n  e lec t rodes .  

Table I. Open-circuit potential, specific polarization, and limiting current density with 
hydrogen and methanol, respectively, at 80~ 

C a t a l y s t  E l ec t ro ly t e  

I-X2 

Open-  Spec. L i m i t .  
circ. pot . ,  polar . ,  curr .  den. ,  

m v  ohm-  cm 2 ma/cm= 

CH~OH 

Open-  Spec. L i m i t .  
circ. pot . ,  polar . ,  curr .  den. ,  

m v  o h m  -cm ~ m a / c m ~  

Cu K 0 H  
Cu H.S0 ,  
Co K 0 H  
Ni K 0 H  
Pd KOH 
Pd K~C0. 
Pd  H~S0, 

Rh KOH 
Pt  KOH 
Pt  H2SO, 

--780 3 10 
-520 24 10 

--850 4 50 
--820 0.9 240 
--820 0.8 >500 
--640 5 15 

-510 1.1 >300 

--860 1.0 >500 
--840 0.6 >500 
-5 10 1.2 >300 

__ - -  zero 
not tested 

__ - -  zero 
- -  - -  small  

--710 1.8 >300 
--550 55 10 
-I- 100 2.3 >300 

(-5380) * 
--700 2.3 >300 
--670 2.0 >300 
-5}-80 1.5 >300 

(-5320) * 

* Bas i s  :for c a l c u l a t i o n  o f  t h e  specif ic  po la r i za t ion .  
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Fig. 7. Current-voltage plots of a fuel cell in 5N KOH as a 
function of temperature with methanol fuel (electrode area 12 cm~). 

In  addi t ion,  the  fo l lowing r e m a r k s  m a y  be made :  
(A) There  was no apprec iab le  e lec t rochemical  oxi-  
da t ion  of hexane  or m e t h y l c y c l o h e x a n e  wi th  the  de-  
scr ibed types  of electrodes and  u n d e r  the  descr ibed 
condit ions.  (B) S in t e r ing  of the  nob le  me ta l  e lec-  
t rodes des t roys  the i r  ac t iv i ty  w i th  m e t h a n o l  and  
ser iously  affects the i r  ac t iv i ty  w i th  hydrogen.  (C) 
The  c u r r e n t - p o t e n t i a l  plots  wi th  m e t h a n o l  are i n -  
d e p e n d e n t  of w h e t h e r  the  fuel  is admi t t ed  as a 
vapor  or dissolved in  the  e lec t ro ly te  in  excess con-  
cent ra t ions .  (D) In  both  KOH and  H~SO, solutions,  
f o rma ldehyde  and  formic  acid, dissolved in  the  elec-  
t rolyte ,  are  conver ted  w i th  c u r r e n t  densi t ies  s imi la r  
to those achieved wi th  methanol .  

Experiments with a Laboratory-Stage Alkaline Methanol 
Fuel Cell 

A l a b o r a t o r y - s t a g e  m e t h a n o l  fuel  cell  was  set up,  
us ing  a p a l l a d i u m  fuel  e lectrode and  a s i lver  oxygen  
e lect rode of a pro jec ted  surface  area  of 12 cm ~ each. 
The  electrodes were  spaced at 1 cm in  an  aqueous  5N 
KOH elec t ro ly te  to which  m e t h a n o l  was added in  
amoun t s  of 1 mole/1 as a l iqu id  admix tu re .  

The c u r r e n t - v o l t a g e  character is t ic  of the cell was 
plot ted  at  20 ~ 40 ~ and  80~ (Fig. 7). 

I t  is a p p a r e n t  that ,  at the same voltage,  the cell 
ou tpu t  rises about  fourfo ld  on inc reas ing  the t e m -  
p e r a t u r e  f rom 20 ~ to 80~ The charac ter i s t ic  does 
not  change  even  af ter  con t inuous  opera t ion  for sev-  
eral  weeks ;  the eIectrolyte  had  to be replaced  severa l  
t imes  d u r i n g  this  per iod owing  to the  KOH c o n s u m p -  
tion. The  cell was  used to e x a m i n e  the  degree  of 
convers ion  of, a l t e rna t ive ly ,  me thano l ,  f o r ma l de -  
hyde,  and  formic  acid. 

Tests were  r u n  which  showed tha t  there  was neg l i -  
gible ac t iv i ty  of the m e t h a n o l  at the  oxygen  elec- 
trode.  

A k n o w n  a m o u n t  of m e t h a n o l  was  added to a 
cell, and  the  cell was  opera ted  u n t i l  comple te ly  dis-  
charged.  The tota l  a m o u n t  of c u r r e n t  w i t h d r a w n  was 
measu red  and  compared  to the ca lcula ted  tota l  cu r -  
r en t  for complete  ox ida t ion  to carbonate .  The meas -  
u red  c u r r e n t  cor responded to about  95% of the  cal-  
cu la ted  cur ren t .  

M e t h a n o l  Ox idat ion  Reactions 

Various  e x p e r i m e n t e r s  (1, 5-9)  have  found  di f -  
f e ren t  reac t ion  end  products  in m e t h a n o l  fuel  cells. 
D u r i n g  the  p resen t  p rogram,  severa l  avenues  have  
been  fol lowed in  an  a t t emp t  to inves t iga te  the  course 
and  the  comple teness  of the  m e t h a n o l  convers ion .  

July 1962 

In  order  to test  the i r  e lec t rochemica l  act iv i ty ,  the  
supposed i n t e r me d i a t e s  of the  m e t h a n o l  ox ida t ion  
were  anodica l ly  oxidized in  a ha l f -ce l l  a r r a n g e m e n t .  
Wi th  f o r m a l d e h y d e  as wel l  as wi th  formic  acid la rge  
c u r r e n t  densi t ies  were  ob ta ined  at polar iza t ions  com-  
pa rab le  to those observed wi th  methanol .  This  holds 
for both  an a lka l ine  and  an  acid med ium.  

Ano the r  approach  to the  p r o b l e m  of the degree  of 
ox ida t ion  is the  chemical  ana lys i s  of the e lec t ro ly te  
af ter  ex tended  operat ion.  Therefore ,  the  a moun t s  of 
f o rma ldehyde  and  formic acid were  d e t e r m i n e d  tha t  
were  fo rmed  af ter  a cell had  been  opera ted  for 2 hr  
at, a l t e rna t ive ly ,  20 ~ and  80~ f rom m e t h a n o l  owing  
to incomple te  oxidat ion.  The appl ied  ana ly t i ca l  p ro-  
cedure  was  based on the  f o r ma t i on  of an  in t ense ly  
colored complex  of f o r m a l d e h y d e  and  chromotropic  
acid which  was  d e t e r m i n e d  color imetr ica l ly .  Formic  
acid is r educed  to fo rma ldehyde  by  m a g n e s i u m  and  
su l fur ic  acid before  its de t e rmina t ion .  Such a p ro -  
cedure  was car r ied  out for ha l f -ce l l s  a f ter  5000 
coulombs had been  w i t h d r a w n .  In  the case of a lka -  
l ine  e lec t ro ly te  wi th  a p a l l a d i u m  electrode,  the  
a m o u n t s  of f o rma ldehyde  and  formic  acid to ta l led  
5% of the conver ted  electr ici ty.  Wi th  a r hod ium 
electrode, they  were  about  10% thereof.  In  the case 
of an  acid electrolyte ,  us ing  a p l a t i n u m  electrode,  
the  a m o u n t  of f o rma ldehyde  was about  1%, a nd  tha t  
of formic  acid smal le r  t h a n  0.1% of the  conver ted  
electr ici ty.  The re  was  no apprec iab le  t e m p e r a t u r e  
effect. 

The same ana lyses  were  conducted  for the  a lka l ine  
m e t h a n o l  fuel  cell w i th  a p a l l a d i u m  electrode af ter  
8000 coulombs had  been  w i t h d r a w n .  The a moun t s  of 
f o r m a l d e h y d e  and  formic  acid cor responded  to 1 and  
3 %, respect ively ,  of the  conver ted  electr ici ty.  

F ina l ly ,  at 20~ the l abo ra to ry  stage a lka l ine  fuel  
cell was opera ted  on defined a moun t s  of fo rma lde -  
hyde  and  formic  acid in  separa te  runs .  Tota l  cu r r en t  
w i t h d r a w a l  was m e a s u r e d  for each fuel  and  was  
found  to be abou t  95% of the ca lcu la ted  c u r r en t  for 
complete  oxida t ion  in  each case. This  was  in  agree-  
m e n t  wi th  the  tests r u n  to d e t e r m i n e  fuel  ac t iv i ty  
wi th  m e t h a n o l  as the fuel.  

These var ious  f indings lead to the conc lus ion  t ha t  
even  at room t e m p e r a t u r e s  m e t h a n o l  ox ida t ion  p ro -  
ceeds a lmost  comple te ly  to ca rbona te  or ca rbon  di -  
oxide on the R a n e y  electrodes of the  p re sen t  s tudy.  
This resu l t  appears  to be  i n d e p e n d e n t  of the  e lec t ro-  
ly te  and  of the ha l f -ce l l  v s .  fuel  cell operat ion.  
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Determination of the Internal Resistance of Leclanche Cells 
by Square-Wave Method 

Aladar Tvarusko 
The Carl F. Norberg Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 

ABSTRACT 

The in te rna l  resis tance of Leclanch~ dry  cells was s tudied on shelf and d u r -  
ing discharge by means  of a squa re -wave  technique.  A cons tan t -cur ren t  square -  
wave  signal was passed th rough  the cell on test, and the potent ia l  var ia t ion  
across the  cell d i sp layed  on a h igh-sens i t iv i ty  oscilloscope wi th  different ia l  
input.  The ins tantaneous  vol tage drop in the oscilloscope pat tern ,  caused by  the 
leading  edge of the constant  cur ren t  square  wave, indica ted  the in te rna l  r e -  
sistance of the Leclanch~ cells. The in te rna l  resis tance is independent  of the  
ampl i tude  and f requency  of the appl ied  squa re -wave  cur ren t  and of the mo-  
men ta ry  d-c  current .  The type  of manganese  dioxide  used in the cathode mix  
and the composit ion of the e lec t ro ly te  influenced the in te rna l  res is tance of 
D-size Leclanch6 cells, both undischarged  and dur ing  4-ohm continuous dis-  
charge. 

In  the  pas t ,  bo th  s t e a d y - s t a t e  and  t r a n s i e n t  m e a s -  
u r i n g  m e t h o d s  us ing  e i t he r  a l t e r n a t i n g  or  d i r ec t  c u r -  
r en t  w e r e  i n v e s t i g a t e d  for  d e t e r m i n i n g  t h e  i n t e r n a l  
r e s i s t ance  of d r y  cells .  Resu l t s  o b t a i n e d  by  these  
m e thods  w e r e  incons is ten t .  One of t h e  s imp le s t  and  
leas t  a c c u r a t e  m e t h o d s  is t he  d - c  s t e a d y - s t a t e  m e t h o d  
in w h i c h  the  r e s i s t ance  is c a l c u l a t e d  f rom the  p o t e n -  
t i a l  d r o p  at  a c e r t a i n  c u r r e n t  d r a i n  (1 -4 ) .  S e v e r a l  
d - c  t r a n s i e n t  m e t h o d s  w e r e  d e v e l o p e d  (5 -8 ) .  G e n -  
e r a l l y ,  t he  a - c  s t e a d y - s t a t e  m e t h o d s  use  v a r i o u s  
t y p e s  of i m p e d a n c e  b r i dges  to s e p a r a t e  t he  r e s i s t i ve  
( r e a l )  and  r e a c t i v e  ( i m a g i n a r y )  p a r t  of t he  i m -  
pedance .  Va r ious  a r r a n g e m e n t s  w e r e  used  b y  the  
s eve ra l  a u t h o r s  (9 -18 ) .  The  a - c  t r a n s i e n t  m e t h o d  is 
r e p r e s e n t e d  b y  B r o d d ' s  (19) c u r r e n t  pu l se  me thod .  

I m p e d a n c e  of an  e l ec t r i c a l  c i rcu i t  consis ts  of two  
pa r t s :  r e s i s t ive  and  reac t ive .  The  r e s i s t ive  p a r t  is 
f r e q u e n c y  i n d e p e n d e n t  w h i l e  t he  r e a c t i v e  p a r t  va r i e s  
w i th  t he  f r equency .  The  r e a c t i v e  p a r t  can  inc lude  
i n d u c t a n c e  or  c apac i t ance  or  both .  In  the  case  of 
Lec lanch~  cells  w i t h  r e l a t i v e l y  shor t  leads ,  t he  i n -  
d u c t a n c e  is neg l ig ib le ,  and  on ly  t he  capac i t i ve  r e a c -  
t ance  and the  p u r e  r e s i s t i ve  c o m p o n e n t  h a v e  a ro le  in 
the  impedance .  

In  genera l ,  the  s e p a r a t i o n  of t he  r e s i s t i ve  and  r e -  
ac t ive  componen t s  of t he  i m p e d a n c e  b y  t h e  a - c  
b r i d g e  m e t h o d s  is a f a i r l y  l e n g t h y  o p e r a t i o n  or  c o m -  
p l i ca t ed  i n s t r u m e n t a t i o n  is i nvo lved ,  e.g., t he  use  of 
d o u b l e - s e r v o - c o n t r o l l e d  a - c  b r i d g e  (20) .  D u r i n g  the  
changes  t a k i n g  p l ace  in t h e  d i s c h a r g e  and  s to rage  of 
cells,  not  on ly  t he  r e s i s t i ve  p a r t  can  c h a n g e  b u t  also 
the  r e a c t i v e  pa r t .  B r o d d ' s  pu l se  m e t h o d  (19) y i e l d e d  

on ly  t he  r e s i s t ive  p a r t  of the  impe da nc e ,  w h e r e a s  t he  
s q u a r e - w a v e  c u r r e n t  m e t h o d  g ives  i n f o r m a t i o n  con-  
ce rn ing  the  r e a c t i v e  p a r t  of the  i m p e d a n c e  as w e l l  as 
the  r e s i s t i ve  par t .  V e r y  r e c e n t l y  h o w e v e r ,  a p u l s e  
m e t h o d  was  d e s c r i b e d  (21) to m e a s u r e  p a r a m e t e r s  of 
the  e l ec t r i ca l  d o u b l e  l aye r ,  n a m e l y ,  the  r e a c t i v e  p a r t  
of t he  impedance .  V a r ious  s q u a r e - w a v e  t e c hn iques  
h a v e  been  u t i l i zed  p r e v i o u s l y  for  e l e c t r o c h e m i c a l  
s tud ies  (22-25) .  

In  th is  modi f i ca t ion  of t he  m e t h o d  d e v e l o p e d  at  
this l a b o r a t o r y  (25) ,  a c o n s t a n t - c u r r e n t  s q u a r e -  
w a v e  s igna l  was  passed  t h r o u g h  t h e  t es t  cel l  and  t h e  
p o t e n t i a l  v a r i a t i o n  across  t he  cel l  d i s p l a y e d  on an  
osci l loscope.  The  i n s t a n t a n e o u s  v o l t a g e  d rop  in t he  
osc i l loscope p a t t e r n ,  caused  b y  the  l e a d ing  edge  of 
t he  c o n s t a n t - c u r r e n t  s q u a r e  wave ,  r e p r e s e n t s  t h e  
i n t e r n a l  r e s i s t ance  of t he  Lec lanch~  cell .  Resu l t s  con-  
c e rn ing  the  r e a c t i v e  p a r t  of t he  i m p e d a n c e  wi l l  be  
de sc r ibed  in a l a t e r  a r t ic le .  

Experimental 
The  b lock  d i a g r a m  of t he  c i rcu i t  u sed  to m e a s u r e  

the  i n t e r n a l  r e s i s t ance  of Lec lanch~  cel ls  is shown 
in Fig.  1. The  Lec lanch~  cel l  A, was  connec t ed  in 
ser ies  w i t h  a n o n i n d u c t i v e  r e s i s to r  B. Thins c o n v e r t e d  
the  c o n s t a n t - v o l t a g e  o u t p u t  of t he  s q u a r e - w a v e  g e n -  
e r a t o r  C, to cons t an t  c u r r e n t ,  s ince  t he  v a l u e  of 
r e s i s to r  B is m u c h  l a r g e r  t h a n  the  s u m  of t h e  i m -  
p e d a n c e s  in t h e  c o n s t a n t - c u r r e n t  c i r cu i t  loop 
( C - A - G - F ) .  The  v o l t a g e  r e sponse  of t he  s q u a r e -  
w a v e  c u r r e n t  across  t he  Lec lanch~  cel l  w a s  m e a s u r e d  
t h r o u g h  osc i l loscope  p r o b e s  ( 5 X ) D ,  w i t h  a h i g h -  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 35.8.191.249Downloaded on 2015-04-01 to IP 

http://ecsdl.org/site/terms_use

