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©  Improved  raney  alloy  coated  cathode  for  chlor-alkali  cells  and  method  for  producing  the  same. 

An  improved  cathode  (11)  with  a  conductive  metal  core 
and  a  Raney-type  catalytic  surface  predominantly  derived 
from  an  adherent  Beta  Nickel  (NiAl3)  crystalline  precursory 
outer  portion  of  the  metal  core  is  disclosed.  The  precursory 
outer  portion  preferably  has  molybdenum  added  to  give  a 
precursor  alloy  having  the  formula  NixMo1  xAl3  where  x  is 
within  the  range  of  from  about  5  to  about  15  weight  percent. 
Also  disclosed  is  a  method  of  producing  a  low  overvoltage 
cathode.  The  method  includes  the  steps  of  taking  a  Ni-Mo 
core  or  substrate  having  about  5-20  weight percentage  of  Mo 
and  coating  it  with  aluminium  then  heat  treating  to  form  a 
Ni-Mo-Al  alloy  with  mostly  a  Beta  Nickel  structure  and  then 

leaching  out  the  Al  to  produce  a  Raney  surface. 



Fie ld   of  I n v e n t i o n  

The  i n v e n t i o n   r e l a t e s   to  an  improved  Raneyized  
hydrogen  e v o l u t i o n   cathode  for  c h l o r - a l k a l i   e l e c t r c l y t i c  
c e l l s .  

P r io r   Art  S t a t e m e n t  

In  view  of  the  phenomenal  jump  in  energy  c o s t s  
and  the  i n c r e a s e d   s c a r c i t y   of  i n d u s t r i a l   fuel  s u p p l i e s ,  
there  has  been  and  con t inues   to  be  a  f l u r r y   of  r e s e a r c h  
a c t i v i t y   in  the  e l e c t r o l y s i s   f i e ld   to  f ind  ways  to  r educe  
the  amount  of  power  used  in  e l e c t r o l y s i s   p r o c e s s e s .  
For  many  years   i t   has  been  cus tomary   to  use  s t e e l  
cathodes  in  c h l o r - a l k a l i   diaphragm  c e l l s ,   even  though 
a  s u b s t a n t i a l   amount  of  power  is  used  in  overcoming 
what  is  c a l l e d   "hydrogen  ove rvo l t age"   at  the  c a t h o d e .  

Hydrogen  o v e r v o l t a g e   is  l a r g e l y  a n   i n h e r e n t   c h a r a c t e r i s t i c  
of  the  m e t a l l i c   su r f ace   in  con tac t   with  the  e l e c t r o l y t e  
so  there  is  a  c o n t i n u a l  n e e d  a n d  d e s i r e   to  come  up  w i th  
be t t e r   cathode  s u r f a c e s   t o  r educe   th i s   o v e r v o l t a g e   and 
thereby  dec rease   the  power  consumption  of  the  c e l l .  

It  is  known  t ha t   a c t i v e ,  p o r o u s   n i cke l   can  be 
produced  by  s e l e c t i v e l y   d i s s o l v i n g   a  s o l u b l e   component,  
such  as  aluminum  or  z inc,   out  of  an  a l loy   of  n i c k e l  
and  the  so lub le   component.  A  porous  n icke l   of  t h i s  



type  and  the  a l loy   from  which  i t   is  produced  a r e  
g e n e r a l l y   c a l l e d   "Raney  n ickel"   or  "Raney  a l loy"   a f t e r  
t h e i r   i n v e n t o r .   See  U.S.  Patent   Nos.  1 ,563,787  (1925) ,  
1,628,191  (1927)  and  1,915,473  (1933).  There  a r e  
various  methods  for  producing  th i s   Raney  n i c k e l ,   and 
var ious   a p p l i c a t i o n s   for  this  metal  are  known. 

It  is  also  known  to  use  such  Raney  n i cke l   s u r f a c e s  
on  ca thodes   for  c h l o r - a l k a l i   c e l l s .   For  example,  U.S.  
Patent   No.  4 ,116,804  f i l ed   November  17,  1976  and  i s s u e d  
September  26,  1978  to  C.  Needes  and  a s s igned   to  DuPont 
de  Nemours  d e s c r i b e s   an  e l e c t r o d e ,   h e r e a f t e r   "Needes 
e l e c t r o d e " ,   for  use  as  a  hydrogen  e v o l u t i o n   c a t h o d e  
in  e l e c t r o l y t i c   c e l l s   in  which  a  cohes ive   sur face   l a y e r  
of  Raney  n i cke l   is  in  e l e c t r i c a l   c o n t a c t   with  a  conduc-  
t ive   metal  core  having  an  outer  l ayer   of  at  l e a s t  
15  p e r c e n t   n i c k e l   (see  Table  4  t h e r e o f ) ,   c h a r a c t e r i z e d  
in  tha t   the  su r f ace   layer   of  Raney  n i cke l   is  t h i c k e r  
than  75  µm  and  has  a  mean  p c r o s i t y   of  at  l e a s t   11 

pe rcen t .   The  c a t a l y t i c   surface  layer   c o n s i s t s  
p redominan t ly   of  Ni2Al3  grains  from  which  at  l e a s t  
6a  pe rcen t   of  aluminum  has  been  leached  out  with  an 
aqueous  base.   An  overvo l tage   of  about  60  m i l l i v o l t s  
is  a l l e g e d .   To  phrase  the  same  th ing   r e l a t i v e   t o  
c o n v e n t i o n a l   c a thodes ,   r educ t ions   of  315  to  345 
m i l l i v o l t s   in  hydrogen  ove rvo l t age   as  compared  w i t h  
mild  s t e e l   ca thodes   is  a l l eged .   However,  s u b s e q u e n t  
t e s t i n g   i n d i c a t e s   much  higher  o v e r v o l t a g e s   and  a c t u a l  
r e d u c t i o n s   of  only  100-150  m i l l i v o l t s .   F u r t h e r m o r e ,  
s p a l l i n g   or  d e l a m i n a t i o n   of  the  coa t i ng   has  been  
observed  upon  a d d i t i o n a l   t e s t i n g .   The  pa ten t   t e a c h e s  
that   any  Raney  n i cke l   which  forms  from  the  NiAl3 
phase  is  m e c h a n i c a l l y   weak  and  does  not  adhere  w e l l  
and  is  g e n e r a l l y   los t   during  l e ach ing .   The  p a t e n t  
also  t eaches   tha t   Ni2Al3  (Gamma  phase)  is  the  p r e f e r r e d  
i n t e r m e t a l l i c   p r e c u r s o r   and  governs  the  a c t i v i t y   o f  
the  coa t i ng   and  tha t   the  heat  t r e a t m e n t   should  be 

such  tha t   the  p r o p o r t i o n   of  Ni2Al3  is  maximized.  



This  mechanical   weakness  of  Raney  n ickel   from  NiAl3 
is  un fo r tuna t e   because  i t   was  p rev ious ly   known  t h a t  
Raney  Ni  from  NiAl3  (Beta  phase)  is  more  a c t i ve   f o r  
hydrogen  d e s o r p t i o n   than  is  Raney  Ni  from  Ni2Al3 
(Gamma  phase) .   See  for  example  A.  A.  Zavorin  et  a l ,  
Kinet ika   i  K a t a l i z ,   Vol.  18,  No. 4,  pp.  988-994 ,  
(USSR,  Ju ly -Augus t ,   1977)  which  expla ins   hydrogen  
is  more  weakly  "bonded"  in  Raney  Ni  from  NiAl3  t h a n  
from  Ni2Al3,  tha t   there   are  more  hydrogen  a d s o r p t i o n  
centers   in  Raney  Ni  from  NiAl3  than  Ni2A13  and  t h a t  
the  heat  of  d e s o r p t i o n   is  lower  for  Raney  Ni  f rom 

NiAl3  than  Ni2Al3.  
Golin,  Karaseva  and  Serykh  in  E l e k t r o k h i m i y a ,  

Vol.  13,  No. 7,  pp.  1052-1056  (USSR,  July,   1977) 
d i sc lose   a  10  pe rcen t   Mo,  45  p e r c e n t  N i ,   45  percent   Al 
al loy  which,  upon  l e ach ing ,   y ie lds   a  Raney  c a t a l y t i c  
surface  with  ex t remely   low  a c t i v a t i o n   energy  for  hydrogen 
ox ida t ion   such  as  would  occur  in  a  hydrogen-oxygen  f u e l  
ce l l .   No  mention  of  hydrogen  evolu t ion   ( i . e .   hydrogen  
reduct ion)   c a t a l y s i s   is  given  or  s u g g e s t e d .  

Aust r ian   Pa ten t   206,867  issued  December  28,  1959 
to  Ruhrchemie  A.  G.  and  S te inkohlen   E l e c t r i z i t a t   A.  G. 
gives  a  d e t a i l e d   d i s c u s s i o n   of  p r e p a r a t i o n   of  t h i n  
fo i l   e l e c t r o d e s   with  a  " d o u b l e - s k e l e t a l   c a t a l y s t "  
coat ing  of  20-80  pe rcen t   Raney  metal  with  80-20  p e r c e n t  
s k e l e t a l   m a t e r i a l   (e.g.  Ni  powder;.  Page  3,  column  2 
l i s t s   a  number  of  s i n t e r e d   powder  metal  a l l o y s  
s u i t a b l e   for  c a t a l y t i c   coa t ings   on  the  f o i l .   German 
A u s l e g e s c h r i f t   1 ,094,723  by  W.  V i e l s t i c h ,   E.  J u s t i  
and  A.  Winsel-Ruhrchemie  A.  G.  publ ished  December  15, 
1960  suggests   (page  3,  l ines   24-70)  use  of  sucn  a 
"double  s k e l e t a l   c a t a l y s t "  c o a t e d   foi l   improved  by 
adding  (page  3,  l ines   54-63)  1-20  percent   of  a  Group 
VIII  metal  as  the  cathode  of  an  amalgam  decomposer  o f  

a  mercury  type  c h l o r - a l k a l i   ce l l   system.  However, 
such  s i n t e r e d   coa t ings   have  been  found  to  d e l a m i n a t e  
a f te r   r e l a t i v e l y   shor t   use  as  diaphragm  or  membrane 
cell   c a t h o d e s .  



Baird  and  S t e f f g e n   in  Ind.  Eng.  Chem.,  Prod.  Res.  
Dev.,  Vol.  16,  No.  2  (1977)  in  an  a r t i c l e   e n t i t l e d  
"Methanation  S tud ies   on  Nickel  Flame-Sprayed  C a t a l y s t s " ,  
descr ibe   the  t e m p e r a t u r e   ranges  for  the  v a r i o u s  
i n t e r m e t a l l i c s   and  say  NiAl3  is  the  major  p h a s e  
produced  during  heat  t r e a tmen t s   for  1,  10  or  30 
minutes  at  about  725°C  and  that   no  more  than  10 
minutes  is  r e q u i r e d   at  725°C  for  a l l o y i n g .   When  h e a t  
t r ea t ed   at  725°C,  the  a l loy  was  found  to  have  t h e  

g r e a t e s t   a c t i v i t y   for  carbon  monoxide  c o n v e r s i o n  
c a t a l y s i s   (see  FIGURE  2  t h e r e o f ) .   NiAl3  is  d e s c r i b e d  

as  bel ieved  to  be  the  most  ac t ive   i n t e r m e t a l l i c   p h a s e  
"as  shown  by  Petrov  et  al  (1969)"  and  p h o t o m i c r o -  
graphs  are  provided  to  show  the  s t r u c t u r e .  

U.S.  Pa tent   No.  4,033,837  by  Kuo  et  al  i s s u e d  

July  5,  1977  t eaches   use  of  a  Ni-Mo-V  c a t a l y t i c   c o a t e d  

copper  cathode  which  achieves   a  r e l a t i v e l y   low  o v e r -  
vol tage.   while  th i s   cathode  has  a  s i g n i f i c a n t l y   lower  
overvolzage  than  a  s t e e l   e l e c t r o d e ,   c o p p e r - f o u l i n g   o r  
i r o n - f o u l i n g   can  be  a  problem  unless  the  c a t h o l y t e  
so lu t ion   is  kept  f ree   of  i ron.   No  mention  of  Raney 
t reatment   is  made. 

U . S .  P a t e n t   No.  3,291,714  issued  December  12,  1966 
to  Hall  d i s c l o s e s   a  number  of  coa t ings   for  s t e e l   o r  
t i t a n i c   ca thodes ,   among  such  coa t ings   a  Ni-Mo  c o a t i n g  
and  a  Fe-Ni-Mo  coa t ing   were  fcund  most  d e s i r a b l e .   Heat  
t rea tment   cf  the  e l e c t r o d e p o s i t e d   coa t ing   was  r e q u i r e d  
tc  avoid  de l amina t i on   of  the  coa t ings .   Modera te ly   low 
overvclzages   were  a l l e g e d .   No  mention  of  Raney 
t reatment   is  g i v e n .  

West  German  O f f e n l e n g u n g s s c h r i f t   2 , 7 0 4 , 2 1 3  
published  August  11,  1977  claiming  p r i o r i t y   of  U.S. 
Ser ia l   No.  655,429  f i l e d   February  2,  1976  by  Macmull in  
d i sc loses   a  Raney-n icke l   cathode  in  the  form  of  a 
p la te   or  a  porous  Raney-Ni  coated  p e r f o r a t e d   n i c k e l  

p l a t e .   The  cathode  is  designed  for  c h l o r - a l k a l i  

membrane  c e l l s ,   but  was,  as  s ta ted   in  the  example  



t he re in ,   appa ren t l y   only  t e s t ed   in  "a  small  l a b o r a t o r y  
ce l l " .   The  cathode  is  prepared  by  c r e a t i n g   a  n i c k e l -  
aluminum  a l loy ,   pouring  a  p la te   of  the  a l loy   and  t h e n  
leaching  out  the  aluminum.  Molybdenum  is  not  men t ioned .  

W.  V i e l s t i c h   in  Chem.  Ing.  Techn.,   Vol.  33, 
pp.  75-79,  (1961)  d e s c r i b e s   a  "dual - f rame"   e l e c t r o d e  
made  of  Raney  n i c k e l ,   which  is  prepared  by  mixing  a 
powdered  Raney  a l l o y  ( e . g .   of  n icke l   and  an  a l l o y i n g  
component,  such  as  aluminum)  with  a  frame  m e t a l  
c o n s i s t i n g   of  pure  metal  powder  (e.g.  c a r b o n y l - n i c k e l ) ,  
p res s ing ,   s i n t e r i n g ,   and  then  d i s s o l v i n g   out  t h e  
a l loy ing   component  from  which  the  Raney  a l loy   i s  
prepared.   The  sur face   layer   of  such  an  e l e c t r o d e  
cons i s t s   of  a  d i s p e r s i o n   of  ac t ive   Raney  n i c k e l  
p a r t i c l e s ,   which  is  embedded  in  a  frame  made  o f  
i nac t ive   so l id   n icke l   p a r t i c l e s .   This  e l e c t r o d e   i s  
used,  among  other   t h ings ,   as  a  hydrogen  e v o l u t i o n  
cathode  in  a  c h l o r i n e - a l k a l i   e l e c t r o l y s i s   d i aphragm 
ce l l .   Double-frame  e l e c t r o d e s   produced  by  the  methods 
of  powder  m e t a l l u r g y ,   however,  have  i n s u f f i c i e n t  
mechanical  s t r e n g t h   to  be  s u i t a b l e   for  p r o d u c i n g  
large  mesh  e l e c t r o d e s   such  as  those  which  are  d e s i r e d  
for  i n d u s t r i a l   scale   e l e c t r o l y s i s   of  sodium  c h l o r i d e  
s o l u t i o n s .  

One  process   for  producing  f l a t   m a t e r i a l   from  Raney 
nickel  c o n s i s t s   of  the  fac t   that   fused  p a r t i c l e s   of  a  Raney 
alloy  p r e c u r s o r   ( e . g . ,   an  al loy  of  n icke l   and  aluminum; 
are  sprayed  onto  a  m e t a l l i c   c a r r i e r ,   and  the  aluminum 
is  then  s e l e c t i v e l y   d i s so lved   c u t ;  s e e   U.S.  Patent   Nc. 
3,637,437.  This  m a t e r i a l   is  suggested  as  a  m a t e r i a l  
for  c a t a l y t i c   cathodes  of  fuel  c e l l s .   Cathodes  p ro -  
duced  according  to  th i s   method,  however,  g e n e r a l l y  
have  sur faces   of  low  p o r o s i t y   and  have  a  t e n d e n c y  
to  break  a p a r t .  



U.S.  Patent   No.  3 ,272,728  and  German  O f f e n l e g u n g -  
s s c h r i f t   No.  2,527,386  (based  on  U.S.  Patent   A p p l i c a t i o n  
S e r i a l   No.  489,284)  d e s c r i b e   e l e c t r o d e s   with  Raney 
n i c k e l   surfaces   which  are  produced  by  s i m u l t a n e o u s l y  
e l e c t r o d e p o s i t i n g   n i cke l   and  zinc  from  an  i n o r g a n i c  
e l e c t r o l y t e   bath  on  a  metal  c a r r i e r   (such  as  s t e e l )  
and  then  s e l e c t i v e l y   d i s s o l v i n g   zinc  out  of  the  Ni-Zn 
a l loy   thus  produced.  This  e l e c t r o d e   t r ea tmen t   i s  
supposed  to  reduce  hydrogen  ove rvo l t age   of  s t e e l  
ca thodes   by  up  to  150  m i l l i v o l t s .   U.S.  Patent   No. 
4 ,104,133  issued  August  1,  1978  d i s c l o s e s   one  method 
a l l e g e d   to  be  use fu l   to  put  th is   Ni-Zn  Raney  c o a t i n g  
t echnology   into  commercial  p r a c t i c e   by  use  of  m e t a l l i c  
p l a t i n g   anodes  for  d e l i b e r a t e l y   e l e c t r o p l a t i n g   a 
Ni-Zn  coat ing  onto  the  cathode  i n - s i t u   in  a  c h l o r -  
a l k a l i   ce l l   and  s u b s e q u e n t l y   leaching   the  zinc  o u t  
to  give  a  Raney  n i cke l   su r f ace   and  lower  the  hydrogen  
o v e r v o l t a g e   of  the  c h l o r - a l k a l i   c e l l .   However,  o n l y  
l aye r s   of  a  very  crude  temporary  Raney  al loy  form.  
Permanent  coat ings  of  g r e a t e r   ove rvo l t age   r e d u c t i o n s  
are  d e s i r e d .  

B r i t i s h   Patent   No.  1 ,289,751  desc r ibes   a  p r o c e s s  
for  producing  porous  n i cke l   e l e c t r o d e s   for  e l e c t r o c h e m i -  
cal  c e l l s   or  fuel  c e l l s   by  e l e c t r o d e p o s i t i o n   of  aluminum 
from  an  e l e c t r o l y t e   c o n t a i n i n g   an  organoaluminum  complex 
on  a  support   made  of  n i c k e l   or  a  n icke l   a l loy ,   w h e r e i n  
some  of  the  aluminum  d e p o s i t e d   d i f f u s e s   into  the  n i c k e l ,  
forming  an  a l loy,   from  which  aluminum  is  then  l e a c h e d .  
The  d i f f u s i o n   is  c a r r i e d   out  over  a  period  of  1  or  2 
hours  in  an  iner t   a tmosphere  at  a  t empera ture   of  l e s s  
than  659°C,  p r e f e r a b l y   between  350  and  650°C.  Very 
th in   e l e c t r c d e p o s i t e d   l a y e r s ,   5-20  pm  thick  a r e  
d e s c r i b e d .  



J.  Yasamura  and  T.  Yoshino  in  a  repor t   on 
"Laminated  Raney  Nickel  C a t a l y s t s "   in  Ind.  Chem.  P rod .  
Res.  Dev.,  Vol.  11,  No.  3 ,   pp.  290-293,  1972,  d e s c r i b e  
the  p roduc t ion   of  Raney  n icke l   p l a t e s ,   though  not  i n  
c o n n e c t i o n   with  e l e c t r o d e s ,   by  spraying  molten  aluminum 
onto  a  n ickel   p l a t e ,   hea t ing   for  1  hour  in  a  n i t r o g e n  
a tmosphere   at  700°C  to  form  a  0.2  mm-thick  layer   o f  

NiAl3  and  d i s s o l v i n g   aluminum  out  of  the  layer .   The 
product   thus  obtained  is  supposed  to  be  usable  as  a 
hyd rogena t i on   ( i .e .   hydrogen  ox ida t ion )   c a t a l y s t .  

Another  method  of  p r e p a r i n g   molded  a r t i c l e s   from 
Raney  n icke l   for  use  as  hyd rogena t ion   c a t a l y s t s   i s  
d e s c r i b e d   in  U.S.  Pa tent   No.  3 ,846,344.   Accord ing  
to  th i s   pa t en t ,   a  n i c k e l - p l a t e d   metal  pipe  is  c o a t e d  
with  an  aluminum  layer   at  l e a s t   0.02  mm  th ick ,   t h e n  
the  aluminum  is  pe rmi t t ed   to  d i f f u s e   into  the  n i c k e l  
by  heat  t r e a t i n g   for  at  l e a s t   30  minutes  at  a  t e m p e r a -  
ture   of  at  l eas t   about  480°C,  and  then  the  aluminum 
is  s e l e c t i v e l y   d i s so lved   out  of  the  d i f f u s i o n   l a y e r .  
Example  5 of  the  pa tent   d e s c r i b e s   how  a  25  mm-diameter  

pipe  with  a  1 mm-thick  e l e c t r o d e p o s i t e d   nickel   l a y e r ,  
on  which  a  0.5  mm-thick  aluminum  layer   has  been 
d e p o s i t e d   by  flame  sp ray ing ,   is  sub jec t ed   to  6  hou r s  
of  d i f f u s i o n   heat  t r e a t m e n t   at  650°C,  in  order  t o  
produce  a  d i f f u s i o n   layer   at  l e a s t   0.05  mm  tn ick .   The 
pipe  is  then  a c t i va t ed   by  immersing  for  8  hours  in  
25  pe rcen t   acuecus  sodium  hydroxide  s o l u t i o n .   The 

pa t en t   s t a t e s   that  the  sur face   d i sp lays   a  high  d e g r e e  
of  e f f i c a c y   for  the  c a t a l y t i c   hydrogenat ion   of 
c y c l c h e x a n e .  

U.S.  Patent   No.  3 ,407,231  de sc r ibe s   a  process  f o r  
producing   a  negative  e l e c t r o d e   with  an  act ive  po rous  
n icke l   su r face   for  use  in  a l k a l i n e   b a t t e r i e s .  
According  to  the  pa ten t ,   the  e l e c t r o d e   is  produced  by 
b r i n g i n g   aluminum  into  con tac t   with  the  surface  of  a 

n i c k e l - c o n t a i n i n g   core  at  an  e l eva ted   t empera tu re ,   so 
tha t   n i cke l   and  aluminum  i n t e r d i f f u s e   to  form  a  l a y e r  



of  Gamma  phase  n icke l   a luminide  (Ni2Al3),  a f t e r   which 
the  aluminum  which  has  d i f f u s e d   in  is  d i s s o l v e d   o u t  
with  a l k a l i   hydroxide   and  a  layer  of  a c t i v e   n i c k e l   i s  

ob ta ined ,   which  is  m e t a l l u r g i c a l l y   bonded  to  the  c o r e .  
The  pa tent   mentions  d i f f u s i o n   t empe ra tu r e s   of  625  t o  
900°C,  d i f f u s i o n   times  of  8  to  16  hours,   d i s s o l u t i o n  

t empera tu res   of  20  to  100°C,  d i s s o l u t i o n   times  of  1 
to  32  hours,  and  coa t ing   t h i c k n e s s e s   of  200  t o  
300  µm.  In  p a r t i c u l a r ,   the  process  is  supposed  t o  
be  c a r r i ed   out  by  p l ac ing   a  nickel   sheet   in  a  p a c k e t  
made  of  a  mixture  of  about  58  percent   Al2O3,  40  p e r c e n t  
aluminum  powder,  and  2  pe rcen t   NH4Cl  and  h e a t i n g   t h e  
packet   for  8  hours  in  a  reducing  atmosphere  at  800°C, 
so  that   a  200  µm-th ick   layer   of  Ni2Al3  forms  on  each  
side  of  the  n icke l   shee t ,   a f t e r   which  the  coated  n i c k e l  
core  is  immersed  in  6 N  sodium  hydroxide  for  a b o u t  
16  hours  at  80°C,  in  order  to  d i s so lve   out  at  l e a s t  
85  percent   of  the  aluminum.  However,  i t   has  been  found 
tha t   Raney  n icke l   s u r f a c e s   of  e l e c t r o d e s   p r o d u c e d  
according  to  t h i s   s p e c i a l   method  have  low  p o r o s i t y .  
The  patent   sugges t s   tha t   the  n ickel   sheet   be  r o l l e d  
between  two  aluminum  sheets   in  order  to  produce  a 
m e t a l l i c   bond,  and  the  sandwich  be  heated  in  a  r e d u c i n g  
atmosphere  at  543°C.  Although  t e m p e r a t u r e s   be low 
649°C  are  p r e f e r r e d   in  th i s   p a r t i c u l a r   embodiment,  t h e  

pa tent   also  sugges t s   t empera tu re s   of  as  high  as  872°C. 
It  has  been  found,  however,  tha t   in  the  case  of  bonding  
by  r o l l i n g   the  d e s i r e d   m e t a l l i c   bond  does  not  fo rm.  

It  is  an  o b j e c t   of  t h i s   i nven t ion   to  p rov ide   a 
so lu t i on   to  the  problem  of  producing  a  cathode  for  a 
c h l o r - a l k a l i   membrane  or  diaphragm  ce l l   which  has  a 
lower  cathode  p o l a r i z a t i o n   p o t e n t i a l   ("hydrogen  o v e r -  
vol tage")   for  a  longer  per iod  than  the  p r i o r   a r t  
e l e c t r o d e s   noted  above .  



Summarv  of  the  I n v e n t i o n  

One  s o l u t i o n   is  the  p resen t   i n v e n t i o n  
which  provides  an  improved  low  ove rvo l t age   e l e c t r o d e  
for  use  as  a  hydrogen  evo lu t ion   cathode  in  an  e l e c t r o l y t i c  
c e l l ,   the  e l e c t r o d e   being  of  the  type  tha t   has  a  Raney 
metal  surface  layer   in  e l e c t r i c a l   con t ac t   with  a 
conduct ive  metal  core,   wherein  said  improvement  c o m p r i s e s :  
said  Raney  metal  su r face   is  p redominant ly   der ived   from 
an  adherent   NiAl3  c r y s t a l l i n e   p r ecu r so ry   outer   p o r t i o n  
of  said  metal  c o r e .  

Another  s o l u t i o n   provided  by  the  i n v e n t i o n   is  an 
improved  low  o v e r v o l t a g e   e l e c t rode   for  use  as  a  hydrogen 
evo lu t ion   cathode  in  an  e l e c t r o l y t i c   c e l l ,   the  e l e c t r o d e  
being  of  the  type  tha t   has  a  Raney  metal  su r face   l a y e r  
in  e l e c t r i c a l   con tac t   with  a  conduct ive   metal  c o r e ,  
wherein  tne  improvement  comprises:   said  Raney  m e t a l  
sur face   layer  is  p redominan t ly   derived  from  a d h e r e n t  

NixMe1-xAl3  c r y s t a l l i n e   p recursory   sur face   l a v e r ,  
where x  is  less  than  0 . 9 5 .  

A  s t i l l   f u r t h e r   so lu t i on   provided  by  the  i n v e n t i o n  
is  an  improved  low  o v e r v o l t a c e   e l e c t r o d e   for  use  in  a 
hydrogen  e v o l u t i o n   cathode  in  an  e l e c t r o l y t i c   c e l l ,  
the  e l ec t rode   being  of  the  type  that   has  a  Raney  m e t a l  
surface   layer   in  e l e c t r i c a l   contac t   with  a  c o n d u c t i v e  
metal  core,  wherein  the  improvement  compr ises :   s a i d  
Raney  metal  sur face   is  der ived  from  an  a d h e r e n t  

NiAl3  (Beta  phase)  c r y s t a l l i n e   i n t e r m e t a l l i c   l a y e r  
s t a b i l i z e d   by  s u b s t i t u t i o n   of  a  s t a b i l i z i n g   amount  of  
a  s t a b i l i z i n g   metal  for  some  of  the  n icke l   in  t h e  

c r y s t a l l i n e   s t r u c t u r e   of  said  c r y s t a l l i n e   l a y e r .  
Yet  another   s o l u t i o n   provided  by  the  i n v e n t i o n  

is  a  method  of  producing  a  low  ove rvo l t age   e l e c t r o d e  
for  use  as  a  hydrogen  evo lu t ion   cathode  in  an  e l e c t r o -  

l y t i c   cel l   which  comprises   the  steps  o f :  
a)  coa t ing   with  aluminum  the  su r f ace   of  a 

clean  non-porous  conductive  base  m e t a l  



s t r u c t u r e   of  an  a l loy   of  5-15  p e r c e n t  
molybdenum  and  95-85  percent   n i c k e l ;  

b)  heat  t r e a t i n g   sa id   coated  su r f ace   by 
ma in t a in ing   said  surface   at  a  t e m p e r a t u r e  
of  from  660°  to  750°C  for  a  time  s u f f i c i e n t  
to  d i f f u s e   a  p o r t i o n   of  said  aluminum  i n t o  
outer  p o r t i o n s   of  said  s t r u c t u r e   to  p r o d u c e  
an  i n t e g r a l   n icke l -molybdenum-aluminum  a l l o y  
layer   in  said  ou te r   po r t ions   c o n s i s t i n g  
p redominan t ly   of  NiAl3  grains   but  i n s u f f i c i e n t  
to  c r ea t e   a  predominance  of  Ni2Al3  g ra ins   i n  
said  outer   p o r t i o n s ;   and  -- 

c)  leaching   out  r e s i d u a l   aluminum  and  i n t e r -  
m e t a l l i c s   from  the  al loy  l aye r   u n t i l   a 
Raney  n icke l -molybdenum  layer   is  formed 
i n t e g r a l   with  said  s t r u c t u r e .  



Brief   Desc r ip t i on   of  the  Drawing 

The  i n v e n t i o n   will   be  b e t t e r   unders tood  by 
r e f e r e n c e   to  the  a t t ached   drawing  which  is  p r o v i d e d  
by  way  of  i l l u s t r a t i o n   and  in  which :  

FIGURE  1  is  a  graph  of  p o l a r i z a t i o n   p o t e n t i a l  
(ref .   s t anda rd   hydrogen  e l e c t r o d e )   versus   time  for  a 
number  of  c a t h o d e s .  

FIGURE  2  is  a  graph  of  p o l a r i z a t i o n   p o t e n t i o n a l  
(ref .   s t anda rd   hydrogen  e l e c t r o d e )   versus   c u r r e n t  
d e n s i t y   for  two  cathodes  of  the  i n v e n t i o n .  

FIGURE  3  is  a  graph  of  p o l a r i z a t i o n   p o t e n t i a l  
versus   time  for  three  cathodes  of  the  i n v e n t i o n .  

FIGURE  4  is  a  comparison  graph  of  IR  Free  
p o l a r i z a t i o n   p o t e n t i a l s   for  the  cathode  of  t h e  
i nven t ion   and  p r ior   art  c a t h o d e s .  

FIGURE  5  i s   a  photomicrograph  of  the  coat ing  o f  
a  cathode  of  the  invent ion   showing  a  predominance  o f  
Raney  Ni-15  Mo  formed  from  N.85Mo.15  Al3  Beta  phase)  
p r e c u r s o r ,   as  it   appears  jus t   a f t e r   the  Raney  t r e a t m e n t .  

FIGURE  6  is  a  photomicrograph   of  the  coat ing  o f  
the  cathode  of  FIGURE  5  as  i t   appeared  a f t e r   t h e  
e l e c t r o l y t i c   t e s t   of  FIGURE  1  showing  the  Beta  p h a s e  
s t r u c t u r e   s t i l l   l a rge ly   i n t a c t   and  with  e s s e n t i a l l y  
no  iron  o v e r p l a t i n g   and  no  t h inn ing   of  the  c o a t i n g .  

FIGURE  7  i s   a  microprobe  photograph  and  r e a d o u t  
showing  the   aluminum.  Beta  (NiAl3),  Gamma  (Ni2Al3) 
and  n icke l   phase  p r e c u r s e r s   p r io r   to  l e a c h i n g .  

FIGURE  8  is  a  v e r t i c a l   cross  sec t ion   tnrougn  an 
exemplary  l a b o r a t o r y   e l e c t r o l y s i s   ce l l   with  which  t h e  
i nven t ion   may  be  u sed .  



Deta i led   D e s c r i p t i o n   of  P re fe r red   Embodiments 

FIGURE  1  g r a p h i c a l l y   shows  the  cathode  p o l a r i z a t i o n  
p o t e n t i a l s   using  three   d i f f e r e n t   R a n e y - t r e a t e d   c a t h o d e s  
in  a  t y p i c a l   c h l o r - a l k a l i   ce l l   environment .   The  Raney 
n icke l   coat ings   of  the  p r e s e n t   inven t ion   which  were  
produced  from  Beta  phase  (NiAl3)  p r e c u r s o r s   had  150-250 
less   p o t e n t i a l   than  the  Raney  nickel   from  a  Gamma  p h a s e  
(Ni2Al3)  p r e c u r s o r .   FIGURE  1  also  shows  tha t   the  Raney 
n icke l   cathode  of  the  i n v e n t i o n   with  15  p e r c e n t   by 
weight  molybdenum  from  a  molybdenum  en r i ched   Beta  p h a s e  
(NixMo1-xAl3)  p r e c u r s o r   ( h e r e a f t e r   β-Raney  Ni-15Mo) 
e x h i b i t e d   about  80  to  120  m i l l i v o l t s   less   cathode  p o l a r -  
i z a t i o n   p o t e n t i a l   and  hence  80-120  mV  less   o v e r v o l t a g e .  
Also,  the  β-Raney  Ni-15Mo  had  a  cons tan t   o v e r v o l t a g e  
of  approximate ly   60  m i l l i v o l t s   ever  the  e n t i r e   seven  
week  period  shown.  This  is  in  c o n t r a s t   to  a l l   t h e  
other   cca t ings   t e s t e d   in  FIGURE 1  which  e x h i b i t e d  
s i g n i f i c a n t   p o t e n t i a l   i n c r e a s e s .   As  noted  b e f o r e ,  
the  β-Raney  Ni-15Mc  did  not  e x h i b i t  a n y   i r o n - f o u l i n g  
and  did  not  have  any  a p p r e c i a b l e   t h i n n i n g .   The 
cons t an t   low  o v e r v o l t a g e   level   is  be l i eved   to  be  a 
r e s u l t   of  this   s u r p r i s i n g l y   unexpected  c o n s t a n t   n a t u r e  
of  the  coat ing  during  a c tua l   performance.   It  is  seen  
tha t   the  mild  s t e e l   sample,  which  s t a r t e d   at  a b o u t  
540  m i l l i v o l t s   o v e r v o l t a g e   ( i . e .   / ( - 0 . 9 4 ) - ( - 1 . 5 0 0 ) / v o l t s ; ,  
a c t u a l l y   decreased  in  o v e r p o t e n t i a l   and  then  s t a r t e d  
r i s i n g .   The  e x p l a n a t i o n   is  the  o v e r p l a t i n g   of  i r o n  
which  has  been  r e c e n t l y   found  by  o thers   to  c a u s e  
inc reased   roughness  and  hence  lower  a c tua l   c u r r e n t  
dens i ty   and  t h e r e f o r e   lower  o v e r v c l t a g e .   It  is  w e l l  
known  that   o v e r p o t e n t i a l   genera l ly   dec reases   when 
cu r r en t   dens i ty   d e c r e a s e s .   (See FIGURES  2 and  4 ) .  



FIGURE  1  f u r t h e r   shows  that   a  major  problem  e x i s t s  
with  p r io r   a r t   Raney  n icke l   prepared  from  a  p u r e l y  
Gamma  phase  i n t e r m e t a l l i c   s t r u c t u r e   ( h e r e a f t e r  
G-Raney  Ni).  The  p r io r   art  G-Raney  Ni  cathode  e x h i b i t e d  
both  s i g n i f i c a n t   s p a l l i n g   and  iron  p i c k - u p .  

FIGURES  2  and  3  show  the  o v e r p o t e n t i a l   c u r v e s  
versus  cu r r en t   dens i ty   and  time,  r e s p e c t i v e l y ,   for  two 
c a t a l y t i c a l l y   coated  cathodes  of  the  i nven t ion ,   a l l  
prepared  from  Beta  phase  p r e c u r s o r .   Each  has  a  d i f f e r e n t  
percent   by  weight  of  molybdenum  (10%  for  Ni-lOMo,  15% 
for  Ni-15Mo)  and  a  d i f f e r e n t   method  (plasma  s p r a y i n g  
and  dipping)  of  depos i t i ng   the  aluminum  p r io r   t o  
i d e n t i c a l   heat  t r e a t m e n t .   Dipping  a  Ni-15Mo  s u b s t r a t e  
in  molten  aluminum  was  found  to  produce,   upon  s u b s e q u e n t  
Raney  t r e a t m e n t ,   a  β-Raney  Ni-15Mo  cathode  having  a b o u t  
20-40  m i l l i v o l t s   less  cathode  o v e r v o l t a g e   than  t h a t  
exh ib i t ed   by  a  β-Raney  Ni-10Mo  cathode  with  a  Ni-10Mo 
s u b s t r a t e   on  which  the  aluminum  had  been  plasma  s p r a y e d  
prior   to  Raney  t r e a t m e n t .   The  reason  for  this   d i f f e r e n c e  
is  not  known,  a l though  the  r e s u l t   was  confirmed.  I t  
is  be l ieved   tha t   the  d i f f e r e n c e   in  molybdenum  c o n t e n t  
was  p r i m a r i l y   r e s p o n s i b l e .  

FIGURE  4  is  a  p o l a r i z a t i o n   versus  cur ren t   d e n s i t y  
graph  showing  the  r e l a t i v e   p v e r p c t e n t i a l s   of  β-Raney  Ni 
cathodes  of  the  i nven t ion   and  p r io r   art   G-Raney  Ni 
cathodes  showing  tha t   β-Raney  Ni  is  i n i t i a l l y   about  60 
m i l l i v o l t s   lower  in  o v e r p o t e n t i a l   than  G-Raney  Ni .  

Referr ing  to  FIGURE  1,  i t   i s  s e e n   tha t   th is   d i f f e r e n c e  
inc reases   with  t i m e .  

FIGURE  5  is  a  700X  m a g n i f i c a t i o n   c r o s s - s e c t i o n a l  

view  of  a  β-Raney  Ni-15Mo  coat ing  of  the  invent ion   t a k e n  
with  a  scanning  e l e c t r o n   microscope  (SEM)  showing  at  t h e  

bottom  the  core  or  s u b s t r a t e   of  n ickel   al loy  with  15% 

by weight   molybdenum  (Ni-15Mo);  a  40  micron  layer  of  t h e  

Gamma  phase  (from  Ni2Al3  precursor)   Raney  Ni-15Mo  o r  

"G-Raney  Ni-15Mo",  immediately  above  the  core  and  a 
120  micron  layer   of  the  Beta  phase  (from  NiAl.  p r e c u r s o r )  



Raney  Ni-15Mo  or  "β-Raney  Ni-15Mo"  atop  the  G-Raney 
Ni-15Mo  layer .   A  p o r t i o n   of  a  conven t iona l   medium 
in  which  the  metal  specimen  was  mounted  appears   a t  
the  upper  r i gh t   hand  co rner .   It  is  seen  tha t   t h e  

β-Raney  Ni-15Mo  layer   is  three   times  as  th ick   as  t h e  

G-Raney  Ni-15Mo  layer   and  the  β-Raney  Ni-15Mo  l a y e r  
is  the  outer   layer   and  thus  wi l l   be  the  layer   i n  
contac t   with  any  e l e c t r o l y t e   in  which  the  coated  c o r e  
is  placed.  Thus  the  β-Raney  Ni-15Mo  c o n t r o l s   t h e  
a c t i v i t y   of  the  coa t i ng .   Fu r the r ,   the  β-Raney  Ni-15Mo 
does  not  f a l l  o f f   in  the  l eaching   s tep .   Since  t h e  

β-Raney  Ni-15Mo  p r e d o m i n a t e s , t h i s   whole  coa t ing   o f  
FIGURE  5  is  c o l l e c t i v e l y   ca l l ed   a  β-Raney  Ni-15Mo 
c o a t i n g .  

FIGURE  6  is  a  700X  m a g n i f i c a t i o n   SEM  p h o t o -  
micrograph  s u b s t a n t i a l l y   i d e n t i c a l   to  FIGURE  5  e x c e p t  
tha t   it  is  taken  a f t e r   the  coated  core  of  FIGURE  5  was 
operated  for  over  six  weeks  in  a  l a b o r a t o r y   s c a l e  
membrane  ce l l   under  c o n d i t i o n s   s i m u l a t i n g   a  t y p i c a l  
commercial  c h l o r - a l k a l i   diaphragm  c e l l .   The  β-Raney 
Ni-15Mo  coat ing   did  not  exper i ence   any  a p p r e c i a b l e  
th inn ing   a f t e r   six  weeks  in  a  diaphragm  c e l l   c a t h o l y t e ,  
thus  demons t ra t ing   tha t   the  β-Raney  Ni-15Mo  does  n o t  
f a l l   o f f .  

FIGURE  7  shows  how  the  i n t e r d i f f u s i o n   of  n i c k e l  
and  aluminum  proceeds   at  610°C.  A  given  weight  o f  

Ni2Al3  has  about  50  pe rcen t   less  aluminum  than  the  same 
weight  cf  NiAl3.  When  the re   is  an  u n l i m i t e d   r e s e r v o i r  
of  aluminum  and  the  a l l o y i n g   t empera tu re   is  wi thin   t h e  
660°C  to  860°C  range  of  the  i nven t ion ,   an  NiAl3  l a y e r  
forms  ad jacen t   the  aluminum  r e s e r v o i r   and  an  Ni2Al3 
underneath .   In  FIGURE  7  the  aluminum  is  at  the  f a r  
l e f t   side  of  the  mic ropho tograph ,   while  n i cke l   is  a t  
the  far  r i gn t .   This  is  seen  to  occur  even  at  t e m p e r a t u r e s  

as  low  as  610°C  if  the  t r e a t m e n t   is  long  enough.  However, 

in  FIGURE  7  the  NiAl3  (Beta)  layer   is  only  5-10  microns  

thick  while  the  Ni2Al3  (Gamma)  layer   is  about  35  microns 
thick  as  is  proven  by  the  microprobe  r eadou t .   The  s o l i d  



white  h o r i z o n t a l   l ine   on  the  photograph  is  the  "scan"  l i n e  
along  which  the  microprobe  scanned  and  the  white  dots  a r e  
the  r e l a t i v e   atomic  percent   n ickel   found  at  the  c o r r e -  
sponding  l o c a t i o n   on  the  scan  l i ne .   The  c o r r e s p o n d i n g  
loca t ion   on  the  scan  l ine  is  that   po in t   on  the  scan  l i n e  
which  is  d i r e c t l y   above  the  c o r r e s p o n d i n g   dot.  This  
preponderance  of  Gamma  phase  is  s i m i l a r l y   p ronounced  
at  higher  t empe ra tu r e s   and  s imi la r   heat  t r e a tmen t   t i m e s .  
However,  in  FIGURES  5  and  6  where  a  Ni-15Mo  a l loy  was 
used  it   was  found  tha t   the  Beta  phase  p redomina tes .   I t  
is  thus  be l i eved   the  molybdenum  s t a b i l i z e s   the  NiAl3 
phase  so  as  to  y i e ld   a  cons tan t   s u r p r i s i n g l y   low  o v e r -  
vol tage   upon  subsequent   l e a c h i n g .  

The  o v e r v o l t a g e   r educ t ions   are  based  on  ope ra t ion   o f  
the  e l e c t r o d e   as  the  cathode  in  a  b r ine   e l e c t r o l y s i s   c e l l  
at  a  cu r r en t   dens i t y   of  200  mi l l iamps  per  square  c e n t i m e t e r  
( i .e .   200  ma/cm2  or  2  KA/m2),  which  is  t y p i c a l   of  c u r r e n t  
d e n s i t i e s   found  in  conven t iona l   diaphragm  c h l o r - a l k a l i   c e l l s .  

All  vo l tage   values  quoted  he re in   are  based  on  t h e  
200  ma/cm2  cur ren t   dens i t y ,   a l though  the  e l e c t r o d e s   a r e  
equally  s u i t a b l e   for  ope ra t ion   over  a  broad  range  c f  
other  cu r r en t   d e n s i t i e s .  

The  porous  n icke l   surface  layer   of  the  e l ec t rode   of  
the  p re sen t   i nven t ion   is  formed  on  a  m e t a l l i c   nickel  c o r e  
with  which  it  is  in  e l e c t r i c a l   c o n t a c t .   The  core  m a t e r i a l  

may  be  any  conduct ive   metal  cr  a l loy ,   but  is  p r e f e r a b l y  
nickel  or  a  nickel-molybdenum  a l loy  so  tha t   the  s u b s t r a t e  
i t s e l f   forms  the  coa t ing   a f t e r   Raney  t r e a t m e n t .  

The  e l e c t r o d e   can  be  in  the  form  of  any  c o n v e n i e n t l y  
shaped  p la te   or  screen .   For  commercial  br ine  e l e c t r o l y s i s  
c e l l s ,   expanded  metal  screens  are  p r e f e r r e d .  

The  e l e c t r o d e   of  the  p resen t   i n v e n t i o n   may  a l s o  
bear  an  o p t i o n a l ,   very  thin  coat ing  of  n icke l   atop  t h e  

porous  n icke l   su r f ace .   The  very  thin  coa t ing ,   which  i s  

p r e f e r a b l y   5 to  10  microns  th ick ,   improves  the  mechan ica l  

s t r eng th   and  sur face   s t a b i l i t y   of  the  porous  nickel   l a y e r ,  
without  d imin i sh ing   i t s   e l e c t r o c h e m i c a l   a c t i v i t y .  



Elec t rodes   of  the  inven t ion   are  p r epa red   by  an 
improved  process   wherein  an  i n t e r d i f f u s e d   n i c k e l -  
aluminum  a l loy  layer   is  formed,  from  which  aluminum 
is  subsequen t ly   s e l e c t i v e l y   leached.  The  p r o c e s s  
includes  the  s teps  of  (a)  p repar ing   a  m e t a l l i c   core  wi th  
a  n i c k e l - b e a r i n g   ou te r   l aye r ,   (b)  a l u m i n i z i n g   the  s u r f a c e  
of  the  core,  (c)  i n t e r d i f f u s i n g   the  aluminum  and  n i c k e l ,  
(d)  s e l e c t i v e l y   l e a c h i n g   aluminum  from  the  i n t e r -  
d i f fused   m a t e r i a l ,   (e)  o p t i o n a l l y   c h e m i c a l l y   t r e a t i n g  
to  prevent  p o t e n t i a l   p y r o p h o r i c i t y   and  (f)  o p t i o n a l l y  
coat ing  with  n i cke l   to  improve  the  mechan ica l   p r o p e r t i e s .  
of  the  f ina l   s u r f a c e .  

The  m e t a l l i c   core  which  comprises  the  s t a r i n g   ma t e r -  
ial   fcr  the  e l e c t r o d e   is  prepared  to  have  a  n i c k e l -  
bearing  outer   layer   in  which  the  n i cke l   c o n c e n t r a t i o n   i s  
at  l eas t   15  p e r c e n t ,   and  p r e f e r a b l y   at  l e a s t   13  p e r c e n t  
by  weight.  When  the  core  is  of  s u b s t a n t i a l l y   pure  n i c k e l  
or  an  a p p r o p r i a t e   n i c k e l - b e a r i n g   a l loy   such  as  I n c o n e l  
600,  Has te l loy   C  or  310  S t a i n l e s s   S t e e l ,   the  c o r e  
i n h e r e n t l y   has  the  d e s i r e d   n i c k e l - b e a r i n g   outer   l a y e r .  

It  is  most  p r e f e r r e d   to  have  outer   p o r t i o n s   of  
the  "core"  ("core"  is  used  i n t e r c h a n g e a b l y   h e r e i n  
with  " s u b s t r a t e " )   i t s e l f   serve  as  the  n i c k e l - b e a r i n g  
outer  layer ,   since  th i s   helps  e l im ina t e   or  r e d u c e  
spa l l i ng   of  the  coa t ing   by  e l i m i n a t i n g   or  r e d u c i n g  
the  p o s s i b i l i t y   of  c o r r o s i o n   at  the  i n t e r f a c e   between 

t h e   outer  layer   and  core  by  making  the  i n t e r f a c e  
much  less  a b r u p t .  

For  cores  of  o t h e r m e t a l s   or  a l l o y s ,   a  n ickel   c o a t i n g  
c a n   be  depos i t ed   on  the  core  by  known  t e c h n i q u e s ,   such 

a s   metal  d ipp ing ,   e l e c t r o p l a t i n g ,   e l e c t r o l e s s   p l a t i n g  
a n d   the  l ike .   The  n i c k e l - b e a r i n g   outer   l ayer   of  the  

c o r e ,   whether  provided  by  the  core  metal  i t s e l f   or  as  a 
d e p o s i t e d   coa t ing ,   is  conven i en t l y   at  l e a s t   100  microns  

t h i c k ,   and  p r e f e r a b l y   at  l e a s t   150  microns  th ick .   The 
maximum  t h i c k n e s s   of  the  n i c k e l - b e a r i n g   ou te r   layer  i s  
a  matter  of  convenience   and  economic  cho ice .   Al though 



cores  in  the  form  of  sc reens   or  p l a t e s ,   e s p e c i a l l y  
s c reens ,   are  p r e f e r r e d ,   cores   made  from  f o i l s ,   w i r e s ,  
tubes  or  expanded  metal  are  also  s u i t a b l e .   The  n i c k e l -  
bea r ing   surface   of  the  core ,   p r i o r   to  f u r t he r   p r o c e s s i n g ,  
is  thoroughly   cleaned  by  c o n v e n t i o n a l   means,  such  a s  
chemical   c lean ing   and/or   g r i t  b l a s t i n g ,   to  improve  t h e  
bond  between  the  n i c k e l - b e a r i n g   sur face   of  the  core  and 
s u b s e q u e n t l y   appl ied   l a y e r s .  

The  cleaned  su r face   of  the  core  is  sub jec ted   to  an 
a lumin i z ing   t r e a t m e n t .   By  " a l u m i n i z i n g " ,   as  used  h e r e i n ,  
is  meant  tha t   aluminum  is  brought   into  in i tmate   c o n t a c t  
with  the  n i c k e l - b e a r i n g   m a t e r i a l   at  the  surface   of  t h e  
core  so  that   when  heated  cur ing   the  i n t e r d i f f u s i o n   s t e p  
the  des i r ed   nickel-aluminum,  a l loy   layer   is  formed.  The 
a lumin i z ing   can  be  accompl ished  by  any  of  severa l   known 
methods,  such  as  flame  sp ray ing   aluminum  onto  t h e  
su r f ace   of  the  core,  d ipp ing   the  core  into  an  aluminum 
melt  or  by  use  of  fused  s a l t   e l e c t r o l y s i s .   Dipping  i s  
p r e f e r r e d   since  i t   has  been  found  to  yield  the  l o w e s t  
o v e r v o l t a g e   coa t ing   upon  subsequen t   Raney  t r e a t m e n t .  

When  using  these  methods  of  a lumin iz ing ,   an  aluminum 
layer   of  at  l e a s t   100  micron  t h i c k n e s s   is  depos i t ed   on 
the  n i c k e l - b e a r i n g   su r face   of  the  core.  Much  t h i c k e r  
aluminum  l aye r s ,   of,  for  example,  g r ea t e r   than  500  micron  
t h i c k n e s s ,   perform  s a t i s f a c t o r i l y   in  the  process ,   b u t  
for  reasons  of  economy,  aluminum  layer   t h i c k n e s s e s   o f  
between  about  150-  and  300-microns  are  p r e f e r r e d .  

The  i n t e r d i f f u s i o n   s tep ,   which  is  usual ly   the  n e x t  
step  in  the  p rocess ,   is  c a r r i e d   out  at  a  t empera tu re   o f  
at  l e a s t   660°C,  i . e . ,   above  the  normal  melt ing  point   o f  
aluminum.  Higher  t e m p e r a t u r e s ,   under  750°C  are  s u i t a b l e ,  
with  t empera tu res   wi thin   the  range  of  from  about  700°C  t o  
about  750°C  and  p a r t i c u l a r l y   from  about  715°  to  about  735°C 

being  most  p r e f e r r e d .   Usual ly   the  i n t e r d i f f u s i o n   i s  
c a r r i e d   out  in  an  atmosphere  of  hydrogen,  n i t rogen   o r  

an  i n e r t   gas.  This  i n t e r d i f f u s i o n   t r ea tment   is  c o n t i n u e d  
for  a  time  s u f f i c i e n t   for  the  aluminum  and  n i c k e l  
to  i n t e r d i f f u s e   and  form  a  n icke l -a luminum  a l l e y  
layer   of  at  l eas t   40  microns  and  p r e f e r a b l y   at  l e a s t   80 



microns  in  t h i c k n e s s .   When  the  outer   layer  of  the  c o r e  
is  of  s u b s t a n t i a l l y   pure  n i c k e l ,   an  i n t e r d i f f u s e d   a l l o y  
l aye r   of  NiAl3  forms  in  1-10  minutes .   I n t e r d i f f u s e d  
n i cke l - a luminum  a l loy   l a y e r s   of  100-400  microns  i n  
t h i c k n e s s   are  p r e f e r r e d ,   with  best   r e s u l t s   b e i n g  
o b t a i n e d   when  the  t h i c k n e s s e s   are  between  150-  and  
300-microns .   Unless  molybdenum  is  added  to  the  n i c k e l -  
c o n t a i n i n g   layer ,   the  t r e a t m e n t   is  stopped  by  a b o u t  
30  minutes  so  tha t   only  a  minimum  amount  of  Ni2Al3 
(Gamma  p h a s e   wil l   fo rm.  

Since  NiAl3  has  a  h igher   p ropor t ion   of  aluminum 
than  Ni2A13,  i t   is  b e l i e v e d   tha t   t empera ture   should  b e  
high  enough  to  allow  r e l a t i v e l y   f a s t   i n t e r d i f f u s i o n  
yet  not  so  high  tha t   the  supply  of  aluminum  is  u s e d  
up  comple te ly ,   because  once  the  supply  of  " r e s e r v o i r "  
aluminum  in  the  aluminum  layer   is  used  up,  f u r t h e r  
d i f f u s i o n   merely  encourages   the  d i f fused   aluminum  t o  
d i f f u s e   or  spread  out  more  t h i n l y   and  thus  e n c o u r a g e s  
fo rmat ion   of  Ni2Al3  or  o the r   less   d e s i r a b l e   i n t e r -  
m e t a l l i c s   having  a  lower  aluminum  content   than  NiAl3 .  
As  noted  above,  a  t e m p e r a t u r e   wi th in   the  range  of  f rom 
about  660°C  to  860°C  s a t i s f i e s   th is   need.  S i m i l a r l y ,  
the  i n t e r d i f f u s i o n   time  should  be  long  enough  to  b u i l d  
up  an  i n t e r d i f f u s e d   n i c k e l   a l loy   layer   of  s u i t a b l e  
t h i c k n e s s   but  not  so  long  as  to  dep le te   the  aluminum 
r e s e r v o i r .   An  i n t e r d i f f u s i o n   time  within  the  range  o f  
from  about  1  minute  to  about  30  minutes  s a t i s f i e s   t h i s  
n e e d .  

FIGURE  5  p r e s e n t s   a  pho tomicrograph   of  a  c r o s s  
s e c t i o n  o f  t h e  β - R a n e y   Ni-15Mo  cathode  formed  from  an 
i n t e r d i f f u s e d   n i cke l - a luminum  Beta  phase  a l loy  l a y e r  
t h a t  w a s  f o r m e d   by  d ipp ing   a  Ni-15Mo  s u b s t r a t e   into  m o l t e n  
aluminum  a n d  i n t e r d i f f u s i n g   the  n icke l   and  aluminum  a t  
abou t  725°C  for  about  10  minutes .   The  p h o t o m i c r o g r a p h y  
shows  the  Ni-15Mc  core,   upon  which  is  a  r e l a t i v e l y   t h i n  
l a y e r   of  Raneyed  Ni2Al3,  atop  of  which  is  c o m p a r a t i v e l y  
th i ck   layer   of  Raneyed  NiAl3.  In  FIGURE  5,  the  s -Raney  
Ni  15-Mo  cathode  that   is  formed  by  leaching  is  d e r i v e d  



almost  e n t i r e l y   from  the  Ni.85Mo.15Al3  phase.   N i c k e l  
formed  from  the  Ni.85Mo.15Al3  phase  is  not  l o s t   from 
the  ac t ive   surface   dur ing  the  subsequent   l e ach ing   s t e p .  
It  is  found  that   the  Raney  surface   layer   de r i ved   from 

Ni.85Mo.15Al3  is  s t a b i l i z e d   by  the  15  pe rcen t   by  w e i g h t  
molybdenum.  From  about  5-20  percent   by  weight  Mo  i s  
s u f f i c i e n t   to  s t a b i l i z e   the  Beta  phase  i n t e r m e t a l l i c .  

The  size  of  the  Ni2Al3  grains   and  the  r a t e  a t   which 
the  th ickness   of  the  Ni2A13-conta in ing   layer   grows  a r e  
h ighly   dependent  on  whether  the  aluminum  layer   i s  
dep le ted   the  length  of  heat  t r ea tmen t   as  well  as  on 
the  t empera ture   at  which  the  aluminum  and  n i c k e l   a r e  
i n t e r d i f f u s e d .   Larger  grain  size  and  much  f a s t e r   b u i l d u p  
of  the  N i2Al3 -con ta in ing   layer   accompany  the  use  of 
t empera tu res   of  750°C  or  more.  

Refer r ing   now  to  the  p r io r   a r t ,   FIGURE  6  of  U.S. 
Pa tent   No.  4,116,804  shows  the  dependency  of  the  ave rage  
size  of  the  Ni2Al3  gra ins   on  the  t empera tu re   of  i n t e r -  
d i f f u s i o n .   Note  the  rapid   inc rease   in  gra in   s ize   t h a t  
occurs  at  i n t e r d i f f u s i o n   t empera tu res   of  above  660°C, 
e s p e c i a l l y   above  700°C.  At  i n t e r d i f f u s i o n   t e m p e r a t u r e s  
below  660°C,  the  size  of  the  Ni2Al3  gra ins   are  s m a l l e r  
than  those  found  d e s i r a b l e   for  the  l a t e r   fo rmat ion   o f  
the  ac t ive   porous  n icke l   l ayer .   Also,  FIGURE  7  o f  
U.S.  Patent   No.  4,116,304  shows,  as  a  f unc t ion   o f  
t empera tu re ,   the  time  r equ i r ed   for  a  125  m i c r c n  
th ick   layer  of  Ni2Al3  to  form  on  a  n icke l   core  t h a t  
had  been  f l ame-sprayed   with  aluminum.  Note  t h e  
r ap id ly   i nc reas ing   times  that   are  r equ i red   to  o b t a i n  
a  given  th ickness   of  the  Ni2Al3  layer  as  the  t e m p e r a t u r e s  
of  i n t e r d i f f u s i c n   are  dec reased .   For  the  c o n d i t i o n s  
shown  in  said  FIGURE  7,  formation  of  the  Gamma  phase  
layer   th ickness   r e q u i r e s   over  74  hours  at  560°C,  over  
29  hours  at  600°C,  over  4  hours  at  725°C  and  over  1 
hour  at  860°C.  Thus  the  1-30  minute  time  of  h e a t  



t r e a t i n g   in  the  p re sen t   invent ion   is  much  l ess   and 
t h e r e f o r e   less   was te fu l   of  fuel  supp l ies   and  yet  a s  
noted  e lsewhere   gives  a  coa t ing   that   also  uses  l e s s  

power  in  o p e r a t i o n .  
During  the  t r e a t m e n t   at  t empera tu re s   above  660°C, 

e x c e s s i v e l y   long  i n t e r d i f f u s i o n   t imes,   e .g .   one  hou r  
or  more,  are  avoided  for  t e c h n i c a l ,   as  well  as  economic 
reasons .   Tempera tures   above  about  860°C  are  g e n e r a l l y  
avoided  because  the  e q u i l i b r i u m   phase  diagram  f o r  
Al-Ni,  which  is  dep i c t ed   in  FIGURE  7  of  the  p r e s e n t  
i nven t ion   for  purposes   of  r e f e r e n c e ,   shows  tha t   B e t a  
phase  t r ans fo rms   into  l i qu id   and  Gamma  p h a s e  

(Ni2A13)  above  about  855°C.  Also,  for  c o a t i n g s   on 
a  s u b s t r a t e   d i f f e r i n g   in  composit ion  from  the  c o a t i n g ,  
extended  heat  t r e a t m e n t   such  as  are  needed  to  p r o d u c e  
Gamma  phase  coamings  might  damage  the  s u b s t r a t e   o r  
form  u n d e s i r a b l e   b r i t t l e   i n t e r m e t a l l i c s   of  the  c o a r i n g -  
s u b s t r a t e   i n t e r f a c e .   For  example,  if  aluminum  i s  
d i f f u s e d   into  a  n i c k e l - c o a t e d - s t e e l   core,   e x c e s s i v e  
i n t e r d i f f u s i o n   time  or  t empera tu re   can  r e s u l t   in  t h e  
aluminum  "break ing   through"  to  the  s t e e l   base  of  t h e  

core,   i . e . ,   the  aluminum  d i f f u s e s   a l l   the  way  t h r o u g h  
the  n icke l   into  the  s t e e l   ccre.   B reak - th rough   i s  
accompanied  by  the  format ion  of  a  very  b r i t t l e   FeAl3 
i n t e r m e t a l l i c   phase,   which  can  s i g n i f i c a n t l y   unde rmine  
the  s t r e n g t h   of  the   bond  between  the  core  and  the  i n t e r -  
d i f f u s e d   l aye r .   Also,  if  i n t e r d i f f u s i o n   is  c o n t i n u e d  
toc  long,  a l l   of  the  a v a i l a b l e   aluminum  can  be  d i f f u s e d  
into  the  n i c k e l   such  tha t   there  is  s t i l l   a  la rge   e x c e s s  
of  n icke l   in  t h e  i n t e r d i f f u s e d   m a t e r i a l .   Under  t h e s e  
l a t t e r   c i r c u m s t a n c e s ,   and  also  f r e q u e n t l y   when  i n t e r -  
d i f f u s i o n   t e m p e r a t u r e s   of  above  about  100°C  are  u s e d ,  

an  i n t e r m e t a l l i c   phase  forms,  which  does  not  p e r m i t  
s a t i s f a c t o r y   subsequent   leaching  of  the  aluminum  f rom 

the  i n t e r m e t a l l i c ,   and  consequent ly ,   a  h igh ly   a c t i v e  

porous  n icke l   does  not  form.  By  p rov id ing   s u f f i c i e n t  

q u a n t i t i e s   of  n i cke l   and  aluminum,  while  a v o i d i n g  



e x c e s s i v e l y   long  t r e a t m e n t s   or  e x c e s s i v e l y   h i g h  
t empe ra tu r e s   during  i n t e r d i f f u s i o n ,   b r e a k - t h r o u g h  
and  format ion  of  the  undes i r ed   i n t e r m e t a l l i c s   a r e  
a v o i d e d .  

As  de sc r i bed   above,  the  a lumin i z ing   and  i n t e r -  
d i f f u s i o n   s teps  are  c a r r i e d   out  s e q u e n t i a l l y .   However, 
the  s teps  can  also  be  performed  s imul taneous ly   by  a 
p a c k - d i f f u s i o n   t echn ique .   For  example,  a  mixture  o f  
aluminum  and  alumina  powders  and  an  a c t i v a t o r   can  be 
packed  around  a  n icke l   core  and  then  heated  in  a  h y d r o -  
gen  atmosphere  at  a  t empera tu re   of  750°C  for  about  8 
hours  to  form  the  des i red   n icke l -a luminum  alloy  l a y e r .  

The  format ion  of  the  d e s i r e d   n ickel-a luminum  a l l o y  
layer   is  fol lowed  by  a  s e l e c t i v e   leaching  step,  w h e r e i n  
s u f f i c i e n t   aluminum  is  removed  from  the  surface  and  t h e  
n icke l -a luminum  al loy  layer   to  form  an  act ive  n i c k e l  
surface   l aye r .   The  average  size  of  the  act ive  n i c k e l  
agglomera tes   is  gene ra l l y   less  than  35  microns.  Such 
an  ac t ive   layer   is  shown  in  cross   sect ion  in  t h e  
s c a n n i n g - e l e c t r o n   micrographs   of  FIGURES  5  and  6. 
Genera l ly ,   a  s t rong  aqueous  base,   such  as  NaOH,  KOH 
or  other   s t rong ly   basic  s o l u t i o n   capable  cf  d i s s o l v i n g  
aluminum,  is  used  in  the  s e l e c t i v e   leaching  s t e p .  
P r e f e r a b l y ,   the  s e l e c t i v e   l each ing   is  car r ied   o u t  
in  aqueous  c a u s t i c   s o l u t i o n s   c o n t a i n i n g   about  1  t o  
about  30  weight  percent   NaOH.  For  example  a  s e l e c t i v e  
leaching   t r ea tmen t   of  20  hours  in  10  percent  NaCH  a t  
ambient  c o n d i t i o n s   ( i . e . ,   t empera tu re   is  not  c o n t r o l l e d  
or  a  t r e a t m e n t   of  14  hours  in  10  percent   NaCH  at  a m b i e n t  
t empe ra tu r e s   followed  by  6  hours  in  30  percent   NaOH  a t  
100°C  has  been  found  s a t i s f a c t o r y   fcr  producing  po rous  
n ickel   su r f aces   of  the  i n v e n t i o n .   A  p re fe r red   s e l e c t i v e  
leaching   procedure   is  c a r r i e d   out  f i r s t   for  2 hours  i n  
1  pe rcen t   NaOH,  then  for  20  hours  in  10  percent  NaOH, 
both  of  these  substeps   under  c o n d i t i o n s   in  which 

t empera tu re   is  not  c o n t r o l l e d ,   and  f i n a l l y   for  4  hou r s  
in  30  percent   NaOH  at  100°C.  The  leaching  p r o c e d u r e  



removes  at  l e a s t   about  60  p e r c e n t ,   and  p r e f e r a b l y  
between  about  75  and  about  95  pe rcen t ,   of  the  a luminum 
from  the  i n t e r d i f f u s e d   a l loy   layer   and  provides   a 

porous  n icke l   sur face   of  unusua l ly   high  e l e c t r o c h e m i c a l  

a c t i v i t y .   It   is  recognized   tha t   the  leaching   c o n d i t i o n s  
can  be  var ied   from  those  mentioned  above  to  a c h i e v e  
e f f e c t i v e   s e l e c t i v e   d i s s o l u t i o n   of  the  aluminum. 

After   the  s e l e c t i v e   l e a c h i n g ,   the  ac t ive   n i c k e l  
coa t i ngs   may  e x h i b i t   a  tendency  to  heat  when  exposed  t o  
a i r .   This  s e l f - h e a t i n g   tendency  could  p o s s i b l y   lead  t o  
problems  of  p y r o p h o r i c i t y .   However,  an  o p t i o n a l   s t e p  
of  chemica l ly   t r e a t i n g   the  porous  n ickel   layer   can  be  
used  to  e l i m i n a t e   th is   p o t e n t i a l   problem.  C o n v e n i e n t  
methods  for  th is   chemical  t r e a t m e n t   include  immers ing  
the  porous  n icke l   for  at  l e a s t   1  hour  and  u sua l ly   l e s s  
than  4  hours  in  a  d i l u t e   aqueous  s o l u t i o n   c o n t a i n i n g ,  
for  example,  by  weight  (a)  3  percent   NaNO,  or  (b) 
3  pe rcen t   K2Cr2O7  or  (c)  3  pe rcen t   NaClO3  and  10  p e r c e n t  
NaOH.  These  t r e a tmen t s   e l i m i n a t e   the  s e l f - h e a t i n g  
tendency  of  the  porous  n i c k e l   or  n i cke l -molybdenum 
su r face   wi thout   d imin i sh ing   i t s   e l e c t r o c h e m i c a l   a c t i v i t y  
or  mechanica l   p r o p e r t i e s .  

Although  the  ac t ive   porous  n ickel   sur face   l a y e r s ,   a s  
p repared   by  the  preceding   s t e p s ,   have  s a t i s f a c t o r y   m e c h a n i -  
cal  p r o p e r t i e s   and  low  tendency  to  spa l l ,   compared  w i t h  

many  of  the  Raney  n i c k e l  s u r f a c e s   of  the  p r io r   a r t ,   t h e  
mechanica l   p r o p e r t i e s   of  the  layer   can  be  improved  by 
o p t i o n a l l y   coa t ing   a  very  th in   layer  of  n ickel   onto  t h e  

porous  su r f ace .   This  n i c k e l   l ayer ,   which  is  p r e f e r a b l y  
5  to  10  microns  thick  and  can be   appl ied  from  c o n v e n t i o n a l  
e l e c t r o l e s s   n icke l   or  n i cke l   e l e c t r o p l a t i n g   b a t h s ,  
enhances  the  mechanical   s t r e n g t h   of  the  porous  n i c k e l  

l ayer   wi thout   d imin i sh ing   i t s   e l e c t r o c h e m i c a l   a c t i v i t y .  



Some  Advantages  of the  I n v e n t i o n  

Contaminat ion   of  low  ove rvo l t age   coa t i ngs   by  o v e r -  
p l a t i n g s   of  h igher   overvol tage   metals  has  now  been 
found  to  be  one  of  the  major  o b s t a c l e s   to  a  l o n g - l i f e  
low  o v e r v o l t a g e   cathode,   and  was  i n i t i a l l y   f e l t   to  be 
an  insu rmountab le   o b s t a c l e .   However,  o v e r p l a t i n g   has  

now,  in  the  cathodes  of  the  i n v e n t i o n ,   s u r p r i s i n g l y  
and  unexpec ted ly   been  v i r t u a l l y   e l i m i n a t e d .   This  i s  
a  major  t e c h n i c a l   breakthrough  in  e n a b l i n g   l o n g - l i f e ,  
low  o v e r v o l t a g e   coa t ings .   It  has  now  been  found  t h a t  
there  is  a  t h r e s h o l d   p o t e n t i a l   for  such  o v e r p l a t i n g  
and  tha t   when  the  cathode  p o l a r i z a t i o n   p o t e n t i a l   i s  
reduced  below  about  -1.100  vol ts   (as  measured  a g a i n s t  
a  s tandard   mercury-mercury  oxide  hydrogen  e l e c t r o d e ) ,  
i . e .   below  about  140  m i l l i v o l t s   o v e r v o l t a g e ,   t h a t  
foul ing  with  h igher   overvol tage   meta l s ,   such  as  f o r  
example  iron  and  copper,  are  s u b s t a n t i a l l y   e l i m i n a t e d .  
While  it   is  p r a c t i c a l   tc  remove  many  metal  c o n t a m i n a n t s  
other   than  iron  and  copper  from  the  c a t h o l y t e ,   t h e r e  
is  somewhat  more  of  a  problem  with  i ron  and  copper  
removal  since  the  plumbing  pipes  c a r r y i n g   water  t o  
the  cathode  chamber  are  often  copper,   iron  or  s t e e l  
and  the  ce l l   housing  i t s e l f   is  of ten   made  in  whole  o r  
part   of  iron  or  s t ee l   for  s t r e n g t h   and  e l e c t r i c a l  
connect ions   of  the  cel l   are  often  made  of  coppe r  
because  of  i t s   r e l a t i v e l y   high  c o n d u c t i v i t y .   In 
conven t iona l   c h l o r - a l k a l t   c e l l s ,   th is   c o n t a m i n a t i o n  
comes  mostly  from  i r o n .  

It  has  s u r p r i s i n g l y   and  unexpec t ed ly   been  found 
that   th is   e l i m i n a t i o n   of  i r o n - f o u l i n g   occurs  in  the  
most  ac t ive   ca thodes ,   that   is  the  ca thodes   having  t h e  
lowest  o v e r v o l t a g e .   Thus  the  p r e sen t   i nven t ion   g ives  
the  best   of  both  worlds,   an  amazingly  low  o v e r v o l t a g e  
and  an  amazingly  long  l i f e .   He re to fo re   the  two  were 
f e l t   to  be  incompat ib le   o b j e c t i v e s .   Namely,  i t   was 



bel ieved   tha t   low  o v e r p o t e n t i a l   cathode  c o a t i n g s  
su f fe red   from  shor t   l i f e .   This  is  t rue   even  though  
s t ab le   metal  anodes  of  low  o v e r p o t e n t i a l   are  known, 
because  the  problem  with  anodes  was  c o r r o s i o n ,   n o t  
o v e r p l a t i n g .   By  i ts   very  na ture ,   an  anode  tends  t o  
corrode  while  a  cathode  tends  to  r e c e i v e   d e p o s i t s .  
Solving  cathode  co r ros ion   alone  does  not  give  low 
overvo l t age   or  even  s t ab l e   o v e r v o l t a g e .   The  e x p l a n a -  
t ion  for  t h i s   e l i m i n a t i o n   of  iron  f o u l i n g   is  n o t  
d e f i n i t e l y   known. 

One  p o s s i b l e   e x p l a n a t i o n   is  the  anodic  s h i f t  
o f fhandedly   r epo r t ed   in  a  r econd i t e   Russian  fuel  c e l l  
r esearch   a r t i c l e ,   Golin  et  al,  "Connect ion  Between 
Chemical  and  E l e c t r o c h e m i c a l   A c t i v i t y   of  Raney  N i c k e l  
C a t a l y s t s " ,   E l e c t r o k h i m i y a ,   Vol.  13,  No.  7 ,   pp.  1052- 
1056  (USSR  July ,   1977).  If  th is   s h i f t   is  such  t h a t  
the  c a t a l y s t   at  r e s t   has  about  the  same  p o t e n t i a l   as  
s t e e l   and  then  s h i f t s   300  mV  or  so  a n o d i c a l l y   i n  
s o l u t i o n ,   there   may  be  l i t t l e   or  no  r e s i d u a l   e l e c t r i c a l  
p o t e n t i a l   between  s t e e l   and  the  coa t ing   during  c e l l  
shut-downs  to  cause  i r o n - f o u l i n g   and  yet  when  the  c a t h o d e  
is  in  o p e r a t i o n   the  anodic  s h i f t   may  lower  o v e r v o l t a g e  
to  near  t h e o r e t i c a l   (as  compared  to  s t e e l   cathodes  which 

may  not  exper i ence   such  a  s h i f t ) .   Whatever  the  cause  
may  a c t u a l l y   be,  the  s u r p r i s i n g  r e s u l t   is  a  "non-  
foul ing"   ca thode,   i . e .   one  t h a t  d o e s  n o t   e x p e r i e n c e  
any  s u b s t a n t i a l   iron  f o u l i n g .  

It  has  also  now  been  found  tha t   yet  a n o t h e r  
unexpected  and  s u r p r i s i n g   r e s u l t   is  achieved  when 
molybdenum  is  added  to  a  Beta  phase  (NiAl3)  i n t e r m e t a l l i c .  
The  Beta  phase  format ion  is  s t a b i l i z e d   by  the  a d d i t i o n  
of  molybdenum  in  the  amount  of  about  5-20  pe rcen t   by 
weight  of  the  t o t a l   weight  of  n i cke l   and  molybdenum. 
This  molybdenum  is  a p p a r e n t l y   cap tured   in  the  o r d e r e d  
or thorhombic   Beta  phase  c r y s t a l   s t r u c t u r e   such  t h a t  
the  Beta  phase  can  be  r e p r e s e n t e d   by  the  f o rmu la  



NixMo1-xAl3 where  x  is  the  weight  percent   n icke l   i n  
the  t o t a l   weight  of  n icke l   and  molybdenum.  By 
" s t a b i l i z e d "   is  meant  tha t   once  the  Beta  phase  forms 
it   has  less  of  a  tendency  to  t ransform  to  Gamma  phase  
(Ni2Al3)  and  thus  the  e l eva ted   heat  t r e a t m e n t   t e m p e r a -  
ture  can  l a s t   longer  wi thout   as  much  Gamma  phase  b e i n g  
formed.  In  f a c t ,   the  heat  t r ea tmen t   at  the  optimum 
725°C  can  l a s t   for  2  hours,   or  4  hours  or  even  6  hours  
with  a  β-Raney  Ni-Mo  cathode  s t i l l   being  p r o d u c e d .  
Since  it   is  now  shown  tha t   the  Beta  phase  is  t h e  
i n t e r m e t a l l i c   of  choice ,   t h i s   is  an  impor tan t   ad -  
vantage  of  the  Ni-Mc-Al  t e rna ry   alloy  over  the  Ni-Al  
binary  a l l o y .  

It  has  f u r t h e r   been  found  that   the  use  of  Mo  i n  
the  coat ing  reduces  the  heat  of  d e s o r p t i o n   of  hydrogen 
(determined  by  gas  phase  desorp t ion)   and  that   t h i s  
reduc t ion   c o r r e l a t e s   d i r e c t l y   with  the  reduced  c v e r -  
p o t e n t i a l   of  the  Raney  n icke l   with  5-20  pe rcen t   by 
weight  molybdenum  as  compared  with  pure  Raney  n i c k e l ,  
both  having  been  prepared  from  Beta  phase  i n t e r m e t a l l i c  
p r e c u r s o r s .   It  has  f u r t h e r   been  found  that   the  Beta  
phase  nickel   indeed  has  a  lower  heat  of  d e s o r p t i o n   than  
the  Gamma  phase,  as  p r e v i o u s l y   repor ted   in  the  Zavor in  
et  al  Russian  a r t i c l e   noted  above.  

The  p r e f e r r e d   e l e c t r o d e   is  a  monol i th ic   s t r u c t u r e  
of  a  Ni-Mo  al loy  of  5-20  percent   and  most  p r e f e r a b l y  
from  abcut  12-18  percent   by weight   molybdenum  and 
about  80-95  pe rcen t   and  most  p r e f e r a b l y   82-88  p e r c e n t  
by  weight  n icke l   which  has  been  given  a  Raney  t r e a t m e n t  
by  dipping  in  molten  aluminum  and  hea t ing   for  about  
1-30  minutes  in  an  i n e r t   atmcsphere  at  a  t e m p e r a t u r e  
of  from  about  660°C  to  about  855°C.  A  t empera tu re   of  



about  700°C  to  about  750°C  and  a  time  of  about  5 -15  
minutes  are  more  p r e f e r r e d   because  th i s   gives  s u f f i c i e n t  
time  for  enough  aluminum  to  i n t e r d i f f u s e   into  the  n i c k e l  
to  provide  maximum  preponderance   of  NiAl3  or  Beta  p h a s e  
over  Gamma  phase  (Ni2Al3)  but  does  not  allow  enough  t i m e  
for  the  d i f f u s i o n   to  r e s u l t   in  the  p reponderance   o f  
Gamma  phase  (Ni2Al3)  as  was  s p e c i f i c a l l y   c a l l e d   for  i n  
U.S.  Patent   No.  4 ,116 ,804 ,   noted  above .  

Contrary  to  the  d i s c l o s u r e   of  U.S.  Pa ten t   No. 
4 ,116,804,   i t   has  been  s u r p r i s i n g l y   found  tha t   t h e  
Beta  phase  NiAl3  when  molybdenum  is  added  t h e r e t o ,  
is  not  los t   during  l each ing   and  in  fact   e x p e r i e n c e s  
no  a p p r e c i a b l e   t h i n n i n g   during  subsequent   use  in  a 
c h l o r - a l k a l i   c e l l .   (see  FIGURES  5  and  6 ) .  

It  was  i n i t i a l l y   hypo thes ized   tha t   the  n o n - f o u l i n g  
na tu re   of  the  NiAl3  su r face   layer   was  due  to  a  g r a d u a l  
slow  e ros ion   and  f a l l i n g   off  of  the  i n d i v i d u a l  
outermost   NiAl3  g ra ins   along  with  any  iron  which  had  
been  depos i t ed   t he r eon .   In  fac t ,   i t   was  even  t h o u g h t  
tha t   such  slow  c o n t i n u a l   e ros ion  would  be  d e s i r a b l e   t o  
p reven t   iron  bu i ldup   on  the  cathode  s u r f a c e ,   even  
though  such  e ros ion   would  make  for  a  s h o r t e r   c a t h o d e  
l i f e   than  if  t he re   were  no  such  e ros ion .   However,  i t  
is  most  unexpected  and  s t a r t l i n g   to  find  tha t   there   was 
no  s u b s t a n t i a l   e ros ion   of  the  coat ing  and  tha t   even  
though  there  was  no  s u b s t a n t i a l   e ros ion   the  cathode  d i d  
not  pick  up  any  s u b s t a n t i a l   amount  of  i ron.   The  a d d i -  
t i o n a l   molybdenum  had  appa ren t l y   l owered  the   o v e r v o l t a c e  
below  some  t h r e s h o l d   level   where  i r o n  f o u l i n g   c e a s e s  
to  o c c u r .  



The  s u r p r i s i n g   n o n - t h i n n i n g   of  the  NiAl3  t y p e  
coa t ings   i n d i c a t e s   there  is  p robably   some  other  as  
yet  unknown  cause  for  the  unexpected   super io r   r e s i s -  
tance  of  the  NiAl3  coat ing  to  iron  fou l ing .   In  view 
of  the  t e ach ing   of  U.S.  Pa tent   No.  4,116,804  t h a t  

NiAl3  is  mechanica l ly   weak,  i t   was  not  expected  t h a t  
molybdenum  add i t ion   would  r e s u l t   in  a  s t a b i l i z e d  
l a y e r .  

In  f a c t ,   U.S.  Patent   No.  3 ,947 ,331 ,   issued  March  30, 
1976  to  ANVAR  with  Kinh  and  Montvel le   as  i n v e n t o r s ,  
teaches   tha t   codepcs i t s   of  n icke l   and  molybdenum  c o n -  
v e n t i o n a l l y   give  layers   of  l i t t l e   mechanical   s t r e n g t h ,  
porous,  f i s s u r e d   and  i ncompa t ib l e   with  any  p r a c t i c a l  
i n d u s t r i a l   use.  Such  f i s s u r i n g   might  conceivably  be 
usefu l   in  some  c r y s t a l l i n e   c o a t i n g s   which  are  n o t  
given  a  Raney  t rea tment   since  such  coa t ings   might  
b e n e f i t   from  the  increased   su r f ace   area  generated  by 
such  f i s s u r e s .   However,  with  a  Raney  surface  f u r t h e r  
f i s s u r i n g   would  seem  to  be  harmful ,   r a t he r   than  h e l p f u l ,  
because  such  f i s s u r i n g   would  seemingly  tend  to  make 
the  a l ready   ragged  Raney  m i c r o s t r u c t u r e   break  a p a r t  
and  f a l l  o f f .   In  Raney  c o a t i n g s ,   the  ordinary  a r t i s a n  
seeks  s t r e n g t h ,   not  w e a m e s s .  T h u s   it  was  not  on ly  
s u r p r i s i n g   but  ra ther   s t a r t l i n g   t ha t   the  Raney  n i c k e l  
coat ing   with  added  molybdenum  could  survive  in  a 
t y p i c a l   c h l o r - a l k a l i   ce l l   envi ronment   without  any 
a p p r e c i a b l e   th inning   of  the  c o a t i n g .  



Advantageous  use  can  be  made  of  the  e l e c t r o d e s  
of  the  i nven t ion ,   e s p e c i a l l y   as  h y d r o g e n - e v o l u t i o n  
cathodes  of  c e l l s   in tended   for  the  e l e c t r o l y s i s   o f  
b r i n e ,   water  or  the  l i k e .   The  e l e c t r o d e s   are  p a r t i c u -  
l a r l y   p r e f e r r e d   for  use  in  br ine   e l e c t r o l y s i s   c e l l s ,  
wherein  the  high  e l e c t r o c h e m i c a l   a c t i v i t y   of  the  S-Raney 
n icke l   or  n ickel -molybdenum  sur face   remains  c o n s t a n t  
for  l o n g  p e r i o d s   of  extended  cont inuous   use.  When  t h e  
e l e c t r o d e   is  in tended  for  use  in  a  b r i n e - e l e c t r o l y s i s  
diaphragm  c e l l ,   the  diaphragm  can  be  appl ied   d i r e c t l y   t o  
the  porous  n icke l   su r f ace   of  the  e l e c t r o d e .   For  e x a m p l e ,  
a  t u b u l a r   screen  e l e c t r o d e   of  the  i nven t ion ,   with  s u c t i o n  
e s t a b l i s h e d   through  the  i n s i d e   of  the  tube,  can  be 
immersed  in  an  aqueous  d i s p e r s i o n   of  p o l y t e t r a f l u o r o -  
e thy lene   f i be r s   and  a s b e s t o s   f i b e r s .   The  f i be r s   a r e  
sucked  onto  the  outer   su r f ace   of  the  screen  u n t i l   a 
diaphragm  of  the  d e s i r e d   t h i c k n e s s   is  formed.  A f t e r  
removal  of  the  suc t i on ,   water  is  removed  from  t h e  
assembly,   as  for  example,  by  hea t ing   at  95°C  for  5 
hours .   The  assembly  is  then  heated  at  350°C  for  a b o u t  
o n e - h a l f   hour  in  an  i n e r t   a tmosphere ,   to  complete  t h e  
diaphragm  f a b r i c a t i o n .   As  is  known  in  the  a r t ,   t h e  
s a t i s f a c t o r y   o p e r a t i n g   l i f e t i m e   of  such  diaphragms  i s  
not  near ly   as  long  as  t ha t   of  the  cathodes  of  the  b r i n e  
e l e c t r o l y s i s   c e l l s .   Economics  d i c t a t e s   that   t h e  
diaphragms  must  be  changed  s eve ra l   times  during  t h e  
o p e r a t i n g   l i f e   of  the  ca thode .   With  e l e c t r o d e s   o f  
the  p resen t   i n v e n t i o n ,   the  diaphragms  can  be  r e a d i l y  
s t r i p p e d   from  the  porous  n icke l   sur face   and  r e p l a c e d  
many  times  with  i n s i g n i f i c a n t   de t r imen t   to  the  e l e c t r o -  
chemical   a c t i v i t y   or  mechanica l   p r o p e r t i e s   of  t h e  
e l e c t r o d e .   S i m i l a r l y   s a t i s f a c t o r y   r e s u l t s   are  a l s c  
ob ta ined   with  other  diaphragm  m a t e r i a l s   and  w i t h  
membrane  m a t e r i a l s   (such  as  c a t i o n i c   exchange  membranes 
of  h y d r o p h i l i c   phosphonated,   s u l f o n a t e d   or  c a r b o x y l a t e d  
f l u o r o c a r b o n t e l o m e r s   b lended  with  i n e r t   f i be r s   such  as  
a s b e s t o s ,   g lass ,   t e t r a f l u o r o e t h y l e n e   and  p o l y t e t r a f l u o r o -  
e t h y l e n e ) .  



Test  Methods 

The  va r ious   parameters   a s s o c i a t e d   with  the  p r e s e n t  
inven t ion   are  measured  by  the  t e c h n i q u e s   d e s c r i b e d  
below.  

Thickness  of  Porous  Nickel  L a y e r  

Scanning  e l e c t r o n   micrograph  cross   s e c t i o n s   a r e  
prepared  p e r p e n d i c u l a r   to  the  su r face   of  the  e l e c t r o d e .  
Micrographs  are  taken  of  t y p i c a l   areas   of  the  c r o s s  
sec t ion .   A  convenien t   m a g n i f i c a t i o n ,   u s u a l l y   b e t w e e n  
150  and  700X  permits   i n c l u s i o n   of  the  e n t i r e   t h i c k n e s s  
of  the  porous  n icke l   layer   in  the  p h o t o m i c r o g r a p h .  
The  t h i cknes s   of  the  porous  n icke l   l ayer   is  de t e rmined  
by  measuring  the  layer  t h i ckness   d e p i c t e d   in  t h e  
photomicrograph  and  d iv id ing   by  the  m a g n i f i c a t i o n .  
At  l eas t   five  such  measurements  are  made  on  at  l e a s t  
three  micrographs  and  then  averaged  to  obta in   the  
th ickness   of  the  porous  n icke l   layer   of  the  e l e c t r o d e .  
For  e l e c t r o d e s   of  the  i nven t ion ,   t h i s   p rovides   t h i c k n e s s  
measurements  having  a  c o e f f i c i e n t   of  v a r i a t i o n   c f  
genera l ly   less  than  5  pe rcen t .   Photomicrographs   of 
the  type  that   can  be  used  to  make  these  t h i c k n e s s  
measurements  are  given  in  FIGURES  5  and  6. 



Surface  P o r o s i t y   and  Average  Agglomerate  S i z e  

Scanning  e l e c t r o n   micrographs   are  prepared  o f  

randomly  s e l e c t e d   areas  of  the  su r face   of  the  p o r o u s  
n ickel   l aye r   of  the  e l e c t r o d e .   The  m a g n i f i c a t i o n   i s  
c o n v e n i e n t l y   set  between  about  100  and  500X.  The 
micrograph  is  p r i n t e d   on  pho tog raph i c   paper  of  u n i f o r m  
weight.   As  can  be  seen  from  the  scanning  e l e c t r o n  
micrograph  of  FIGURE  5  or  6,  the  i n d i v i d u a l   a g g l o m e r a t e s  
of  the  porous  n icke l   of  the  e l e c t r o d e s   of  the  i n v e n t i o n  
( l a b e l l e d   "A")  are  r e a d i l y   i d e n t i f i a b l e ;   the  dark  a r e a s  
between  and  wi th in   the  agg lomera tes   ( l a b e l l e d   "B") 
dep ic t   the  porous  r eg ions .   Gene ra l ly ,   a  m a g n i f i c a t i o n  
is  s e l e c t e d   so  tha t   at  l e a s t   f ive  f u l l   a g g l o m e r a t e s  
are  d i s p l a y e d   in  the  pho tomicrograph .   The  s u r f a c e  
p o r o s i t y   and  the  average  agglomera te   s ize  can  be 
measured  from  the  micrographs  as  f o l l o w s :  

1.  From  a  prepared  micrograph  d e p i c t i n g   a  t y p i c a l  
area  of  the  su r face   of  the  e l e c t r o d e ,   cut  away  t h e  
agglomera tes   tha t   are  only  p a r t i a l l y   shown  at  the  e d g e s  
of  the  micrograph .   In  d e l e t i n g   the  p a r t i a l   a g g l o m e r a t e s ,  
cut  along  the  c e n t e r l i n e   of  the  porous  region  between 
the  p a r t i a l   agglomerate   and  the  c l o s e s t   whole  a g g l o m e r -  
ate.   Measure  the  area  of  the  remaining  por t ion   of  t h e  
micrograph.   The  area  of  the  micrograph  divided  by  t h e  

square  of  the  m a g n i f i c a t i o n   equals   the  ac tua l   area,  S, 
of  the  su r f ace   being  ana lyzed .   Determine  the  weight,   W, 
cf  the  c u t - o u t   area.   2.  Count  the  number  of  agg lomer -  
a tes ,   N,  wi th in   the  cu t -ou t   area  of  the  micrograph  t h a t  
l ie  in  the  plane  of  the  su r face   of  the  specimen.  Those 
that   c l e a r l y   l ie   in  a  plane  below  the  surface   of  t h e  

specimen  are  not  c o u n t e d .  



3.  Subdivide  the  cu t -ou t   p o r t i o n   of  the  mic rograph  
into  s u b c u t t i n g s   of  areas  d e p i c t i n g   the  agglomerates   i n  
the  plane  of  the  specimen  surface   and  areas  d e p i c t i n g  
porous  r eg ions   in  the  plane  of  the  specimen  sur face .   In  
making  these  s u b d i v i s i o n s   care  is  taken  to  include  in  t h e  
porous  area  of  the  specimen  su r f ace ,   the  areas  of  t h e  
cu t -ou t   micrograph  that   are  shown  as  (a)  black  r e g i o n s ,  
(b)  agg lomera tes   that   are  c l e a r l y   beneath   the  plane  o f  
the  specimen  su r face   and  (c)  s ides  of  a g g l o m e r a t e s ,  
lying  below  and  at  an  angle  to  the  plane  of  the  specimen 
sur face   (usua l ly   appearing  as  a  somewhat  l i g h t e r   shade 
than  the  black  porous  r e g i o n s ) .  

4.  Weigh  the  cu t t i ngs   r e p r e s e n t i n g   the  a g g l o m e r a t e s ,  

wa,  and  the  c u t t i n g s   r e p r e s e n t i n g   the  porous  r e g i o n s ,  

wp,  and  assure   tha t   no  cu t t i ngs   were  l o s t   by  check ing  
that   wa +  w  =   W. 

5.  C a l c u l a t e   the  surface   p o r o s i t y ,   P,  expressed  as  
a  p e r c e n t a g e ,   from  P  =  (wp/W)  100. 

6.  C a l c u l a t e   the  agglomerate  s i ze ,   D,  from 
D  =  [ S / N ( 1 - P / 1 0 0 ) ]  

7.  Make  r e p l i c a t e   measurements  tc  determine  average  
values  for  the  samples  s tud ied .   For  e l e c t r o d e   of  t he  
i n v e n t i o n ,   f ive  r e p l i c a t e   measurements  are  u s u a l l y  
s u f f i c i e n t   to  r e s u l t   in  average  values   of  P and D  having 
c o e f f i c i e n t s   of  v a r i a t i o n s   of  less  than  10  p e r c e n t .  

An  a l t e r n a t i v e   method  fcr  measuring  the  ave rage  
agglomerate   s i ze ,   D,  is  to  (1,  cut  cut  at  l eas t   f i v e  

t y p i c a l   agg lomera tes   from  each  of  f ive  micrographs  t aken  
at  the  same  m a g n i f i c a t i o n ,   X,  of  the  su r face   of  t he  
e l e c t r o d e ;   (2)  determine  the  t o t a l   weight ,   w,  and  number, 

n,  of  the  c u t - o u t   agglomerates ;   (3)  measure  K,  the  weight  

per  uni t   area  of  the  micrograph  paper;   and  (4)  c a l c u l a t e  
the  average  agglomerate   size  from 

D  =  [ (w/m/K]  [ 1 / X ]  



Nickel-Aluminum  Alloy  Layer  Pr ior   to  L e a c h i n g  

Separa te   micrographs  of  the  i n t e r m e t a l l i c  

p r e c u r s o r s   are  not  needed  since  the  s t r u c t u r e   can  be 
a s c e r t a i n e d   r e a d i l y   from  the  leached  sample.  The 
l e a c h i n g   is  seldom,  if  ever,   cont inued  long  enough 
to  leach  c lea r   through  to  the  core  or  s u b s t r a t e ,   a s  
tha t   would  tend  to  d i s s o l v e   any  i n t e r m e t a l l i c s   at  t h e  
core  coa t ing   i n t e r f a c e   and  thus  tend  to  loosen  t h e  
c o a t i n g   from  the  core.  Thus  a  layer   of  unleached  a l l o y  
is  g e n e r a l l y   a v a i l a b l e   for  viewing  in  the  m i c r o g r a p h s  
of  the  Raneyed  c o a t i n g .  

However,  separa te   micrographs  of  the  u n l e a c h e d  
l aye r   could  be  made  as  f o l l o w s :  

Me ta l l og raph i c   cross  s e c t i o n s   are  prepared  p e r p e n -  
d i c u l a r   to  the  sur face   of  the  p r ecu r so r   of  the  e l e c t r o d e ,  
t ha t   is ,   a f t e r   the  i n t e r d i f f u s i o n   t r ea tmen t   but  p r i o r  
to  the  s e l e c t i v e   l each ing   s tep.   Plane  p o l a r i z e d   l i g h t  
is  used.  Photomicrographs   are  taken  of  t y p i c a l   a r e a s  
of  the  cross  sec t ion   to  inc lude   the  layer   c o n t a i n i n g  
the  n icke l -a luminum  a l loy .   Convenient  m a g n i f i c a t i o n s  
are  between  150  and  700X.  The  t h i ckness   of  the  n i c k e l -  
aluminum  binary  or  n ickel-molybdenum-aluminum  t e r n a r y  
a l loy   l ayer   is  then  determined  in  the  same  manner  as  
d e s c r i b e d   above  for  the  t h i cknes s   of  the  porous  n i c k e l  
l a y e r .  

When  the  n icke l -a luminum  a l loy  layer  is  of  Ni2Al3 
or  NiAl3,  measurement  of  the  size  of  the  grains  i s  
f a c i l i t a t e d   by  super imposing  a  grid  on  the  p h o t o m i c r o -  
graph  of  the  layer .   Ten  squares  of  the  grid  are  r andomly  
s e l e c t e d   from  the  middle  80  percent   of  the  NiAl3  o r  

N i 2 A l 3  c o n t a i n i n g   l ave r .   The  t o t a l   number  of  g r a in s ,   Z, 
wi th in   the  boundary  of  each  square  is  counted.   The 

area  of  the  grid  on  the  photomicrograph  divided  by  t h e  

square  of  the  m a g n i f i c a t i o n   is  the  ac tua l   area,   A,  o f  
the  l ayer   under  examina t ion .   The  s i ze ,   d,  of  the  NiAl3 
or  Ni2Al3  grains   in  the  l aye r ,   for  each  grid  are  examined ,  



is  then  c a l c u l a t e d   from  d  =  (A/Z)½.  This  formula  h o l d s  
for  the  l aye r s   that   c o n s i s t   e s s e n t i a l l y   of  NiAl3  o r  

Vi2Al3  g r a i n s .   The  average  NiAl3  or  Ni2Al3  grain  s i z e  
for  a  given  sample  is  then  simply  the  average  of  t h e  
size  of  the  grains   for  each  of  the  10  g r ids .   To 
c h a r a c t e r i z e   the  NiAl3  or  Ni2Al3  grain  size  in  t h e  
p r e c u r s o r   of  the  e l e c t rode   of  the  i n v e n t i o n ,   at  l e a s t  
three  photomicrographs   of  the  cross  s ec t ion   are  sub-  
jec ted   to  the  above  ana lys i s   and  r e s u l t   in  a  measurement  
that   has  a  c o e f f i c i e n t   of  v a r i a t i o n   of  less  than  5 

p e r c e n t .  



M e t a l l o a r a c h i c   Specimens 

The  cross  s ec t ions   to  be  sub jec t ed   to  the  m i c r o -  

g raphic   examinat ions   desc r ibed   above  are  prepared  a s  
fo l lows .   A  sample  is  cut  and  s ec t ioned   by  use  of  a 
diamond  saw  ope ra t i ng   at  low  speed.  The  specimen  i s  
then  mounted  in  an  epoxy  r e s in .   Convenient   d i m e n s i o n s  
for  the  cross  sec t ion   of  the  specimen  are  about  6  by  13 
m i l l i m e t e r s .   Primary  p o l i s h i n g   of  the  specimen  is  c a r r i e d  
out  on  a  p o l i s h i n g   wheel  equipped  with  s i l i c o n   c a r b i d e  

papers  of  grades  240A,  400A  and  600A.  Fine  p o l i s h i n g  
is  then  accomplished  by  use  of  (a)  1.0  micron  l e v i g a t e d  
a -a lumina   on  a  f e l t - c o v e r e d   wheel  and  then  (b)  0.05  m i c r o n  
l e v i g a t e d   γ -a lumina  on  a  m i c r o - c l o t h - c o v e r e d   whee l .  

E l e c t r o c h e m i c a l   C e l l  

FIGURE  8  shows  the  s t r u c t u r e   of  a  t e s t   ce l l   u s e d  
for  measuring  the  cathode  p o t e n t i a l s   of  the  v a r i o u s  
p l a t e   e l e c t r o d e s   of  the  samples  given  be low.  

E l e c t r o c h e m i c a l   Measurements  

A  schematic  diagram  of  an  e l e c t r o c h e m i c a l   t e s t   c e l l ,  
used  for  measuring  the  cathode  p o t e n t i a l s   of  the  v a r i o u s  
p l a t e   e l e c t r o d e s   of  the  examples  below,  is  given  i n  
FIGURE  8. 



Test  ce l l   1,  made  of  t e t r a f l u o r o e t h y l e n e   ("TFE"),  i s  
d ivided  by  diaphragm  2  into  two  chambers,  cathode  chamber 
10  and  anode  chamber  20.  The  diaphragm,  which  is  p l a c e d  
between  two  TFE  s e p a r a t o r s   sealed  in  place  by  c a u s t i c -  
r e s i s t a n t   gaskets ,   is  made  of  N a f i o n   227,  which  is  a 
homogeneous  film  7  mils  th ick   of  1200  equ iva l en t   w e i g h t  
p e r f l u o r o s u l f o n i c   acid  r es in   which  has  been  c h e m i c a l l y  
modified  by  e thylene   diamine  conver t ing   a  depth  of  1.5  m i l s  
to  the  p e r f l u o r o s u l f o n a m i d e   laminated  with  a  "T-12"  t e t r a -  
f l u o r o e t h y l e n e   f i l ament   f a b r i c   marketed  by  duPon t .  

A  c i r c u l a r   t i t an ium  anode  21  of  two  square  c e n t i m e t e r s  
area  coated  with  a  t i t a n i u m   ox ide - ru then ium  oxide  mixed 
c r y s t a l   is  i n s t a l l e d   at  the  end  of  the  cathode  in  t h e  
anode  chamber.  Test  e l e c t r o d e   11,  which  becomes  t h e  
cathode  of  the  t e s t   c e l l ,   is  i n s t a l l e d   at  the  end  o f  
the  cathode  chamber  by  means  of  f langes  and  g a s k e t s  
(not  shown).  P e r f o r a t e d   t e t r a f l u o r o e t h y l e n e   s e p a r a t o r s  
3  and  4  are  placed  between  membrane  2  and  anode  21 
and  cathode  11,  r e s p e c t i v e l y .  

A  c i r c u l a r   area  of  one  square  cen t imete r   of  t h e  
porous  nickel   surface   of  the  t e s t   e l ec t rode   is  exposed  
to  the  i n t e r i o r   of  the  cathode  compartment.  The 
cathode  and  anode  are  connected  e l e c t r i c a l l y   to  c o n t r o l -  
lable  v o l t a t e   scurce  by  cathode  cur ren t   c o l l e c t o r   in  and 
anode  cur ren t   c o l l e c t o r   22.  An  ammeter  is  connected  in  
the  l ine  between  the  two  e l e c t r o d e s .   The  e n t i r e   ce l l   10 
is  then  immersed  in  a  t h e r m o s t a t e d   l iquid   bath  so  as  to  

give  a  constant   c p e r a t i n g   t empera ture   e .g . ,   8 5 ° C .  

Ca tho ly te ,   c o n s i s t i n g   cf  an  aquecus  s o l u t i o n ,  
con t a in ing   11  weight  pe rcen t   sodium  hydroxide  and  15 
weight  percent   sodium  c h l o r i d e ,   is  pumped  through  i n l e t  
13  into  the  cathode  compartment  at  a  rate  which  e s t a b l i s h e s  
an  overflow  through  o u t l e t   14.  The  ca tho ly te   is  main-  
t a ined   at  85°C.  S i m i l a r l y ,   ano ly te ,   c o n s i s t i n g   of  an 
aqueous  so lu t ion   of  1.5  pH  con t a in ing   24-26  w e i g h t  
percent   sodium  ch lo r ide   is  pumped  through  i n l e t   23  i n t o  
the  anode  compartment  and  overflowed  through  o u t l e t   24. 



The  s a l t   c o n c e n t r a t i o n s   of  the  c a t h o l y t e   and  a n o l y t e  
are  t y p i c a l   of  tha t   encountered   in  commercial  b r i n e  
e l e c t r o l y s i s   c e l l s .   The  use  of  s e p a r a t e   c a t h o l y t e   and 
anolyte   feeds ,   r a t h e r   than  a  s ing le   br ine  feed,  a s s u r e s  
b e t t e r   c o n t r o l   of  the  des i red   c a t h o l y t e   c o m p o s i t i o n .  
The  c a t h o l y t e   and  anolyte   flows  are  c o n t r o l l e d   so  t h a t  
there  is  a  small  flow  of  s o l u t i o n   from  the  anode  to  t h e  
cathode  compartment ,   which  flow  is  s u f f i c i e n t   to  a s s u r e  
ionic  c o n d u c t i v i t y   across  the  c e l l ,   but  i n s u f f i c i e n t  
to  s i g n i f i c a n t l y   a f f e c t   the  c a t h o l y t e   c o m p o s i t i o n .  

Luggin  t e t r a f l u o r o e t h y l e n e   c a p i l l a r y   25,  i n s t a l l e d  
in  t h e  c a t h o d e   c h a r t e r   10  and  Luggin  c a p i l l a r y   15 
i n s t a l l e d   in  the  cathode  chamber  10  and  p o s i t i o n e d  
1/2  mm  from  the  surface   are  each  connected  to  a  r e s p e c -  
t ive  mercury-mercury   cxide  r e f e r e n c e   e l e c t r o d e   or  " S . H . E . "  
(not  shown),  which  in  turn  is  connected  through  v o l t -  
meter  6,  to  the  other   e l e c t r o d e   of  c e l l   10.  A  Luggin 
c a p i l l a r y   is  a  probe  which,  in  making  ionic   o r  
e l e c t r o l y t i c   con tac t   between  the  anode  or  c a t h o d e  
and  the  r e f e r e n c e   e l e c t r o d e ,   minimizes  the  v o l t a g e  
drop  due  to  s o l u t i o n   r e s i s t a n c e   and  permits   d i r e c t  
measurement  of  the  anode  or  cathode  p o t e n t i a l   w i t h  

r e spec t   tc  the  r e f e r e n c e   e l e c t r o d e .  
To  de te rmine   the  cathode  p o t e n t i a l   of  a  t e s t  

e l e c t r o d e ,   a  vc l t age   is  impressed  between  the  anode  and 
t e s t   e l e c t r o d e   ( i . e . ,   ca thode ; ,   such  tha t   a  c u r r e n t  
dens i ty   of  200  ma/cm2  is  e s t a b l i s h e d   at  the  c a t h o d e .  
The  cu r r en t   dens i t y   is  the  cu r ren t   measured  by  t h e  
ammeter  in  mi l l iamps   divided  by  the  area  ( i . e . ,   1  cm2) 

of  the  porous  n icke l   surface   of  the  t e s t   e l e c t r o d e  
exposed  to  c a t h o l y t e .   Thus  200  ma  would  be  a p p l i e d  
to  cathode  11  to  achieve  a  cu r r en t   d e n s i t y   of  200  ma/cm2. 

Hydrogen  gas,  genera ted   at  the  cathode  is  removed  from 
the  cathode  compartment  through  c a t h o l y t e   o u t l e t   14. 
Chlor ine   gas,  genera ted   at  the  p la t inum  anode,  i s  

s i m i l a r l y   removed  through  anolyte   o u t l e t   24.  The  c e l l  

is  ope ra ted   in  th i s   manner  for  at  l e a s t   2  hours  p r i o r  
to  reading  the  cathode  p o t e n t i a l   d i r e c t l y   from  t h e  
v o l t m e t e r .  



Examples  

In  each  of  the  examples,   e l e c t r o d e s   are  p r e p a r e d  
and  t e s t ed   as  cathodes  in  br ine   e l e c t r o l y s i s   t e s t   c e l l s .  
All  c h a r a c t e r i z a t i o n s   are  c a r r i e d   out  in  a c c o r d a n c e  
with  the  t e s t   procedures   d e s c r i b e d   above.  Unless  s t a t e d  
o t h e r w i s e ,   all   composi t ions   are  given  as  w e i g h t  
p e r c e n t a g e s .  

EXAMPLE  1 

Five  groups  of  t e s t   e l e c t r o d e s   are  prepared  as  
f o l l o w s :  

1.  Mild  S t e e l .  
A  theroughly  cleaned  mild  s t ee l   coupon.  
2.  G-Raney  Ni  on  n i c k e l   core  (pr ior   a r t ) .  
A  1.6-mm-thick  n icke l   200  sheet ,   assaying  at  l e a s t  

99  percent   n icke l ,   is  cut  into  a  coupon  measuring  a b o u t  
one  cm2.  The  coupon  which  is  to  become  the  core  of  t h e  
e l e c t r o d e   is  thoroughly  c leaned   by  degreas ing   with  a c e t o n e ,  
l i g h t l y   etching  with  10  p e r c e n t   HCl,  r i n s ing   with  w a t e r  
and  a f t e r   drying,  g r i t   b l a s t i n g   with  No.  24  g r i t   Al2O3 
at  a  p ressure   of  3.4  kg/cm2  (50  p s i ) .  

The  cleaned  nickel   coupon  is  a luminized  by  f l ame-  

spraying   a  305-micron- th ick   coa t ing   of  aluminum  on  t h e  
su r face   of  the  nickel   coupon.  A  conven t iona l   p l a sma-  
arc  spray  gun  opera t ing   at  13  tc  16  k i l owa t t s   at  a 
d i s t a n c e   about  10  cm  from  the  coupon  is  used  w i t h  
aluminum  powder  of  -200  tc  -325  mesh. 

The  aluminized  n icke l   coupon  is  heat  t r e a t e d  
at  760°C  for  8  hours  in  a  n i t r o g e n   atmosphere  to  
i n t e r d i f f u s e   the  nickel   and  aluminum  and  form  a  l a y e r  
which  is  predominantly  Gamma  phase  (Ni2Al3)  n i c k e l  

a luminide .   After  heat  t r e a t i n g ,   the  coupon  is  a l lowed  

to  cool  in  a  current   of  n i t r o g e n   for  about  2  h o u r s .  

This  produces  a  p redominan t ly   Ni2Al3  i n t e r d i f f u s e d   l a y e r .  



The  remaining  coupon  is  then  sub j ec t ed   to  a 
leaching  t r e a t m e n t   wherein  the  aluminum  is  s e l e c t i v e l y  
removed  from  the  i n t e r d i f f u s e d   layer  to  leave  an  a c t i v e  

porous  n icke l   su r f ace   on  the  coupon.  The  l e a c h i n g  
t rea tment   c o n s i s t s   of  immersing  the  i n t e r d i f f u s e d  

coupon  in  10  pe rcen t   NaOH  for  20  hours,   w i t h o u t  

temperature   c o n t r o l ,   followed  by  4  hours  in  30  p e r c e n t  
NaOH  at  100°C.  The  coupon  is  then  r insed   with  w a t e r  
for  30  m i n u t e s .  

3 .  β - R a n e y   Ni  on  n icke l   core  (plasma  s p r a y e d ) .  
A  1 .6-mm-thick   n icke l   200  sheet ,   assaying   at  l e a s t  

99  percent   n i c k e l ,   is  cut  into  a  coupon  measuring  a b o u t  
one  cm .  The  coupon  which  is  to  become  the  core  of  t h e  
e l ec t rode   is  thoroughly   cleaned  by  deg reas ing   with  a c e t o n e ,  
l i g h t l y   e t ch ing   with  10  percent   HC1,  r i n s i n g   with  w a t e r  
and  a f t e r .  d r y i n g ,   g r i t   b l a s t i n g   with  No.  24  g r i t   A1203 
at  a  p re s su re   of  3.4  kg/cm2 (50  p s i ) .  

The  c leaned  n icke l   coupon  is  a luminized  by  f l a m e -  

spraying  a  3 0 5 - m i c r o n - t h i c k   coa t ing   of  aluminum  on  t h e  
surface  cf  the  n i cke l   coupon.  A  conven t iona l   p l a s m a -  
arc  spray  gun  o p e r a t i n g   at  13  to  16  k i l o w a t t s   at  a 
d i s tance   about  10  cm  from  the  coupon  is  used  w i t h  
aluminum  powder  of  -200  to  +325  mesh. 

The  a luminized   n ickel   coupon  is  heat  t r e a t e d  

at  725°C  for  10  minutes  in  a  n i t rogen   atmosphere  t o  
i n t e r d i f f u s e   the  n icke l   and  aluminum  and  form  a  l a y e r  
which  is  p r edominan t ly   Beta  phase  (NiAl3)  n i c k e l  
aluminide.   After   heat  t r e a t i n g ,   the  coupon  is  a l l owed  

to  cool  in  a  c u r r e n t   of  n i t rogen   for  about  2  h o u r s .  

This  produces  a  p redominan t ly   NiAl3  i n t e r d i f f u s e d   l a y e r .  
The  remaining  coupon  is  then  sub j ec t ed   to  a 

leaching  t r e a t m e n t   wherein  the  aluminum  is  s e l e c t i v e l y  
removed  from  the  i n t e r d i f f u s e d   layer  to  leave  an  a c t i v e  

porous  n ickel   su r f ace   on  the  coupon.  The  l e a c h i n g  
t rea tment   c o n s i s t s   of  immersing  the  i n t e r d i f f u s e d  

coupon  in  10  pe rcen t   NaOH  for  20  hours,  w i t h o u t  

cemperature  c o n t r o l ,   followed  by  4  hours  in  30  p e r c e n t  



NaOH  at  100°C.  The  coupon  is  then  r insed   with  w a t e r  
for  30  m i n u t e s .  

4.  β-Raney  Ni  on  nickel   core  (d ipped) .   A  1 . 6 -  
mm-thick  n i cke l   200  sheet,   assaying  at  l e a s t   99  p e r c e n t  
n i c k e l ,   is  cut  into  a  coupon  measuring  about  one  cm2. 
The  coupon  which  is  to  become  the  core  of  the  e l e c t r o d e  
is  t ho rough ly   cleaned  by  degreas ing   with  a c e t o n e ,  
l i g h t l y   e t ch ing   with  10  percent   HC1,  r i n s i n g   with  w a t e r  
and  a f t e r   d ry ing ,   g r i t   b l a s t i n g   with  No.  24  g r i t   Al2O3 
at  a  p r e s s u r e   of  3.4  kg/cm2  (50  p s i ) .  

The  c leaned  nickel   coupon  is  a luminized   by  a p p l y i n g  
a  commercial  flux  and  then  dipping  in  a  pot  of  mo l t en  
aluminum  for  a  s u f f i c i e n t   time  to  e n t i r e l y   coat  t h e  

coupon  with  aluminum. 
The  a luminized   nickel   coupon  is  heat  t r e a t e d  

at  725°C  for  10  minutes  in  a  n i t r ogen   atmosphere  t o  
i n t e r d i f f u s e   the  nickel   and  aluminum  and  form  a  l a y e r  
which  is  p redominan t ly   Beta  phase(NiAl3)  n i c k e l  
a lumin ide .   After  heat  t r e a t i n g ,   the  coupon  is  a l l o w e d  
to  cool  in  a  cur ren t   of  n i t rogen  f o r  a b o u t   2  h o u r s .  
This  produces  a  predominant ly   NiAl3  i n t e r d i f f u s e d   l a y e r .  

The  remaining  coupon  is  then  s u b j e c t e d   to  a 
l each ing   t r ea tmen t   wherein  the  aluminum  is  s e l e c t i v e l y  
removed  from  the  i n t e r d i f f u s e d   layer   to  leave  an  a c t i v e  
porous  n icke l   surface   on  the  coupon.  The  l e a c h i n g  
t r e a t m e n t   c o n s i s t s   of  immersing  the  i n t e r d i f f u s e d   coupon 
in  10  pe rcen t   NaOH  for  2C  hours,  wi thout   t e m p e r a t u r e  
c o n t r o l ,   fol lowed  by  4  hours  in  30  percent   NaOH  a t  
100°C.  The  coupon  is  then  r insed  with  water  f o r  
30  m i n u t e s .  

5.  β-Raney  Ni-15Mc  on  Ni-15Mo  core  ( d i p p e d ) .  
A  1 .6-mm-thick   sheet  of  an  a l loy  assay ing   at  l e a s t   84 

percent   n icke l   and  15.0 ±  0.1  pe rcen t   Mo  (Ni-15Mo) 
is  cut  into  a  c i r c u l a r   coupon  measuring  about  one  cm2. 

The  coupon  which  is  to  become  the  core  of  the  e l e c t r o d e  

is  t ho rough ly   cleaned  by  degreas ing   with  acetone,   l i g h t l y  

e tch ing   with  10  percent   HCl,  r i n s i n g   with  water  and  a f t e r  

drying,   g r i t   b l a s t i n g   with  No.  24  g r i t   Al2O3  at  a 

p r e s su re   of  3.4  kg/cm2  (50  p s i ) .  



The  c leaned  nickel-molybdenum  coupon  is  a l u m i n i z e d  
by  applying  a  commercial   flux  and  then  d ipp ing   in  a  p o t  
of  molten  aluminum  for  a  s u f f i c i e n t   time  to  e n t i r e l y  
coat  the  coupon  with  aluminum. 

The  a lumin ized   nickel-molybdenum  coupon  is  h e a t  
t r e a t e d   at  725°C  for  10  minutes  in  a  n i t r o g e n   a t m o s p h e r e  
to  i n t e r d i f f u s e   the  n icke l   and  aluminum  and  form  a 
layer   which  is  p redominant ly  Be ta   phase  n i c k e l  

molybodenum  aluminide  ((Ni-15Mo)Al3).  After  heat  treating,  the  coupon 
is  allowed  to  cool  in  a  cu r ren t   of  n i t r o g e n   for  a b o u t  
2  hours.   This  produces  a  predominant ly   Ni-15MoAl3 
i n t e r d i f f u s e d   l a y e r .  

The  remaining  coupon  is  then  s u b j e c t e d   to  a 
leaching   t r e a t m e n t   wherein  the  aluminum  is  s e l e c t i v e l y  
removed  from  tne  i n t e r d i f f u s e d   layer  to  leave  an  a c t i v e  

porous  n ickel -molybdenum  surface  on  the  coupon.  The 
l each ing   t r e a t m e n t   c o n s i s t s   of  immersing  the  i n t e r -  
d i f f u s e d   coupon  in  10  percent   NaOH  for  20  h o u r s ,  
wi thout   t e m p e r a t u r e   c o n t r o l ,   followed  by  4  h o u r s  
in  30  pe rcen t   NaOH  at  100°C.  The  coupon  is  then  r i n s e d  
with  water  for  30  m i n u t e s .  

The  cathode  p o t e n t i a l s   are  monitored  for  45  days  t o  
determine   if  the  p o t e n t i a l   exper iences   a  s teady  i n c r e a s e  

or  ins tead   l eve l s   out  at  some  v a l u e .  
The  r e s u l t s   are  p l o t t e d   in  FIGURE  1.  It  is  s e e n  

tha t   the  Raney  Ni-15Mo  from  Beta  phase  p r e c u r s o r   i s  

cons t an t   from  s t a r t   to  f i n i s h   at  a  lower  l eve l   t h a n  
the  other  four  samples  and  that  the  Gamma  phase  s ample ,  
which  i n i t i a l l y   had  a  p o t e n t i a l   of  about  120  mV  more 
ca thod ic   than  the  Raney  Ni-15Mo,  a f t e r   45  days  has  
about  320  mV  more  ca thod ic   p o t e n t i a l .   Also,  the  Raney 
Ni  (without  molybdenum)  from  Beta  phase  i n i t i a l l y   ha s  
50  mV  and  90  mV  more  ca thodic   p o t e n t i a l   than  t h e  

Raney  Ni-15Mo  from  Beta  p recursor   (dipped)  d e p e n d i n g  

on  whether  dipped  or  plasma  sprayed.  However, 



the  Raney  Ni  from  Beta  p r e c u r s o r   without  added  molybdenum 
exper iences   an  i nc rea se   in  ca thodic   p o t e n t i a l   of  a b o u t  
50  m i l l i v o l t s   over  the  45  day  t e s t .   It  is  also  s e e n  
tha t   clean  mild  s t e e l   i n i t i a l l y   had  a  p o t e n t i a l   d rop  
of  about  150  mV  and  then  slowly  increased  back  to  i t s  
o r i g i n a l   s t a r t i n g   value  of  about  -1.500  v o l t s .   The 
cons tan t   low  o v e r p o t e n t i a l   of  60  m i l l i v o l t s   for  t h e  
Raney  Ni-15Mo  from  Beta  phase  p recursor   is  u n e x p e c t e d .  

EXAMPLE  2 

A  β-Raney  Ni-15Mo  coupon  of  the  i nven t ion   i s  
prepared  by  the  same  procedure   as  for  coupon  5  o f  
Example  1.  A  second  coupon  of  the  i nven t ion   is  p r e -  
pared  by  the  same  procedure   as  for  coupon  2  of  Example 
1  except  that   i n s t ead   of  a  99  pe rcen t -   n icke l   sheet   a 
Ni.90-Mo.10  sheet  is  used  i n s t e a d ,   so  as  to  p roduce  
a  β-Raney  Ni-10Mo  (plasma  s p r a y e d ) .  

The  r e s u l t s   are  p l o t t e d   in  FIGURE  2  as  c a t h o d e  
p o l a r i z a t i o n   p o t e n t i a l   (IR  F ree   versus  cu r ren t   d e n s i t y .  
β-Raney  Ni-15Mo  has  20-40  m i l l i v o l t s   less  p o l a r i z a t i o n ,  
i . e . ,   less  o v e r v o l t a g e .   At  a  t yp ica l   cu r ren t   d e n s i t y  
for  diaphragm  of  200  ma/cm2,  the  cathodic  p o t e n t i a l   i s  
about  0.97  vol ts   for  β-Raney  Ni-10Mo (plasma  sp rayed)  
and  about  -0.93  vol ts   for  S-Raney  Ni-15Mo  ( d i p p e d ) .  
At  200  ma/cm2  a  t y p i c a l   IR  Free  cathodic  p o t e n t i a l   f o r  
the  mild  s tee l   e l e c t r o d e   of  Example  1  was  -1.28  v o l t s  
(see  FIGURE  4 ) .  



EXAMPLE  3 

The  coupons  of  Example  2  are  t e s t e d   for  45  days  a t  
200  ma/cm2  c u r r e n t   dens i ty   in  the  s t anda rd   c a t h o l y t e  
(15  pe rcen t   NaCl,  11  percent   NaOH,  0.1  pe rcen t   NaClO3, 
73.9  pe rcen t   H20  at  85°C)  and  measured  a g a i n s t   a  m e r c u r y ,  
mercury  oxide  ("Standard   Hydrogen  E l e c t r o d e "   or  " S . H . E . " )  
by  the  e l e c t r o c h e m i c a l   measurement  t echn ique   noted  above .  
Two  coupons  of  β-Raney  Ni-15Mo  (dipped)  and  one  coupon  o f  
B-Raney  Ni-10Mo  (plasma  sprayed)  are  used.  The  β-Raney 
Ni-15Mo  (dipped)  coupons  each  have  a  c o n s t a n t   c a t h o d i c  
p o t e n t i a l   of  -1.03  vo l t s   (90  m i l l i v o l t s   o v e r p o t e n t i a l )  
while  the  β-Raney  Ni-10Mo  (plasma  sprayed)  has  a  s l o w l y  -  
f l u c t u a t i n g   c a t h o d i c   p o t e n t i a l   of  -1.04  to  -1.140  v o l t s  
versus  the  S.H.E.  The  p o t e n t i a l   B-Raney  Ni-10Mo  (p lasma 
sprayed)  l e v e l s   out  a f t e r   about  4  weeks  and  remains  s t e a d y  
at  -1.08  v o l t s   (140  m i l l i v o l t s )   o v e r p o t e n t i a l .  

EXAMPLE  4 

A  f i r s t   coupon  is  prepared  accord ing   to  the  same 
procedure  as  p r e s c r i b e d   for  coupon  2  of  Example  1  t o  
y ie ld   a  p r i o r   ar t   G-Raney  Ni  coated  Ni  cathode.   A  second  

coupon  is  p repa red   according  to  the  same  procedure   as  
p r e s c r i b e d   for  coupon  3  of  Example  1  to  y ie ld   a  β-Raney 
Ni  coated  Ni  ca thode  of  the  i n v e n t i o n .   A  t h i rd   coupon  i s  
p r e p a r e d  a c c o r d i n g   to  the  method  p r e s c r i b e d   for  coupon  1 
of  Example  1  to  y i e l d   a  mild  s t ee l   ca thode.   The  IR  F r e e  
p o l a r i z a t i o n   curves  versus  cu r r en t   d e n s i t y   are  d e t e r m i n e d  
by  e l e c t r o c h e m i c a l   measurements  for  the  three   coupons  in  a 
s tandard  c a t h o l y t e   as  desc r ibed   above.  The  β-Raney  Ni 
cathode  of  the  i n v e n t i o n   has  about  60  m i l l i v o l t s   l e s s  
p o l a r i z a t i o n   p o t e n t i a l   at  200  ma/cm2  than  the  p r io r   a r t  

G-Raney  Ni  ca thode .   Also  p l o t t e d   for  r e f e r e n c e   is  t h e  

β-Raney  Ni-15Mo  (dipped)  coated  Ni-15Mo  cathode  of  FIGURE 
a and  Example  2.  The  β-Raney  Ni-15Mo  (dipped)  cathode  o f  

the  i n v e n t i o n   has  about  110  m i l l i v o l t s   less   o v e r p o t e n t i a l  

at  200  ma/cm2. 



1.  An  improved  low  ove rvo l t age   e l e c t r o d e   for  use  
as  a  hydrogen  evo lu t ion   cathode  in  an  e l e c t r o l y t i c   c e l l ,  
the  e l e c t rode   being  of  the  type  that   has  a  Raney  m e t a l  
surface  layer  in  e l e c t r i c a l   contac t   with  a  c o n d u c t i v e  
metal  core,  wherein  said  improvement  comprises :   s a i d  
Raney  m e t a l  s u r f a c e   is  predominant ly   der ived  from  an 
adherent   NiAl3  c r y s t a l l i n e   p recursory   outer   por t ion   o f  
said  metal  c o r e .  

2.  The  e l e c t r o d e   of  claim  1  wherein  said  c o n d u c t i v e  
metal  core  is  an  a l loy  con ta in ing   from  about  80  to  a b o u t  
95  percent   n icke l   and  from  about  20  to  about  5  p e r c e n t  
molybdenum. 

3.  The  e l e c t r o d e   of  claim  1  or  2  wherein  t h e  
th ickness   of  said  Raney  metal  surface   is  less   t h a n  
about  7.5  x  10-5  meters  ( i . e . ,   75  microns  or  3  m i l s ) .  

4.  An  improved  low  overvo l tage   e l e c t r o d e   for  use 
as  a  hydrogen  e v o l u t i o n   cathode  in  an  e l e c t r o l y t i c   c e l l ,  
the  e l ec t rode   being  of  the  type  that   has  a  Raney  m e t a l  
surface  layer   in  e l e c t r i c a l   contact   with  a  c o n d u c t i v e  
metal  core,  wherein  the  improvement  comprises:   s a i d  
Raney  metal  sur face   layer   is  predominant ly   der ived  from 
adherent   N i x M o 1 - x A l 3  c r y s t a l l i n e   p recu r so ry   surface   l a y e r  
s t r u c t u r e ,   where  x  is  no  more  than  0 . 9 5 .  

5.  The  e l e c t r o d e   of  claim  4  wherein  x  is  w i t h i n  
the  range  of  from  about  0.80  to  about  0 . 9 5 .  

6.  The  e l e c t r o d e   of  claim  5  wherein  the  th ickness   o f  
said  Raney  metal  sur face   is  less  than  about  7.5  x  1 0  

meters  ( i . e . ,   75  microns  or  3  m i l s ) .  



7.  A  method  of  producing  a  low  o v e r v o l t a g e   e l e c t r o d e  
for  use  as  a  hydrogen  e v o l u t i o n   cathode  in  an  e l e c t r o l y t i c  
cel l   which  comprises  the  steps  o f :  

a)  coa t ing   with  aluminum  the  sur face   of  a 
clean  non-porous   conduct ive  base  m e t a l  
s t r u c t u r e   of  a  molybdenum  a l loy  of  a 
weight  pe r cen t   molybdenum  within  t h e  

range  of  from  about  5  to  about  20  and 
a  weight  p e r c e n t   n ickel   wi th in   t h e  
range  of  from  about  80  to  about  95; 

b)  heat  t r e a t i n g   said  coated  su r face   by 
ma in t a in ing   said  surface   at  a  t e m p e r a -  
ture  wi thin   the  range  of  from  a b o u t  
660°  to  about  750°C  for  a  time  s u f f i c i e n t  
to  d i f f u s e   a  p o r t i o n   of  said  aluminum  i n t o  
outer   p o r t i o n s   of  said  s t r u c t u r e   to  p r o d u c e  
an  i n t e g r a l   n ickel-molybdenum-aluminum  a l l o y  
layer  in  said  ou te r   po r t ions   c o n s i s t i n g  
p redominan t ly   of  NiAl3  grains   but  i n s u f f i c i e n t  
to  c r ea t e   a  predominance  of  Ni2Al3  gra ins   i n  
said  outer   p o r t i o n s ;   and 

c)  l each ing   out  r e s i d u a l   aluminum  and  i n t e r -  
m e t a l l i c s   from  the  al loy  layer  u n t i l   a 
Raney  n ickel-molybdenum  layer  is  formed 
i n t e g r a l   with  said  s t r u c t u r e .  

8.  The  method  of  claim  5  wherein  said  time  i s  
no  more  than  two  h o u r s .  

9.  The  method  of  claim  6  wherein  said  t e m p e r a t u r e  
main ta ined   during  heat  t r e a t i n g   is  within  the  range  o f  
from  about  700°C  to  about  750°C. 

10.  The  method  of  claim  w h e r e i n   said  t e m p e r a t u r e  
is  wi th in   the  range  of  from  about  715°C  to  about  735°C. 



11.  The  method  of  claim  5  wherein  said  c o a t i n g  
step  is  app l ied   by  dipping  said  s t r u c t u r e   into  mo l t en  
aluminum  at  a  t empera ture   within  the  range  of  f rom 
about  650°  to  about  675°C  for  1-2  m i n u t e s .  

12.  A  method  of  s u b s t a n t i a l l y   e l i m i n a t i n g   h igh  
o v e r v o l t a g e   metal  foul ing  of  a  low  overvo l t age   m e t a l  
cathode  su r face   which  comprises  the  step  of  r e d u c i n g  
the  hydrogen  overvo l t age   of  said  surface   to  a  non-  
foul ing   l e v e l .  

13.  The  method  of  claim  12  wherein  said  o v e r v o l t a g e  
is  reduced  below  80  m i l l i v o l t s .  

14.  The  method  of  claim  13  wherein  said  o v e r v o l t a g e  
is  reduced  below  60  m i l l i v o l t s .  

15.  The  method  of  claim  12  wherein  said  r e d u c i n g  
step  comprises   the  step  of  g e n e r a t i n g ,   on  a  m e t a l  
sur face   having  hydrogen  overvo l tage   g r e a t e r   t han  
about  60  m i l l i v o l t s ,   a  Raney  surface   having  a  hydrogen  
ove rvo l t age   less  than  about  60  m i l l i v o l t s   whereby  i r o n  
fou l ing   is  s u b s t a n t i a l l y   e l i m i n a t e d .  

16.  The  method  of  claim  15  wherein  said  g e n e r a t i n g  
step  comprises   the  steps  o f :  

a)  coa t ing   the  surface  of  a  clean,  non-porous  
conduc t i ve ,   base  metal  s t r u c t u r e   of  an  a l l e y  
of  from  about  5  to  about  20  percent   molybdenum 
and  from  about  95  to  about  80  percent   n i c k e l  
with  a  l eachab le   metal  se lec ted   from  the  group 
c o n s i s t i n g   of  aluminum  and  z i n c ;  



b)  heat  t r e a t i n g   said  coated  su r face   by  ma in -  
t a i n i n g   said  sur face   at  a  t e m p e r a t u r e  
wi th in   the  range  of  from  about  660°C  t o  
about  750°C  for  a  time  s u f f i c i e n t   to  d i f f u s e  
said  l e a c h a b l e   metal  into  outer   p o r t i o n s   o f  
said  s t r u c t u r e   to  produce  an  i n t e g r a l  
n i c k e l - m o l y b d e n u m - l e a c h a b l e   metal  a l l o y  
layer   in  said  outer   po r t ions   c o n s i s t i n g  
p r e d o m i n a n t l y   of  NiAl3  gra ins   but  i n s u f f i c i e n t  
to  c r e a t e   a  predominance  of  Ni2A13  gra ins   in  
said  ou te r   p o r t i o n s ;   and 

c)  l e ach ing   out  r e s i d u a l   l eachab le   metal  and 
i n t e r m e t a l l i c s   from  the  a l loy  layer   u n t i l  
a  Raney  nickel-molybdenum  layer   is  formed 
i n t e g r a l   with  said  s t r u c t u r e s .  

17.  The  method  of  claim  16  wherein  said  time  i s  
no  more  than  ten  m i n u t e s .  

18.  The  method  of  claim  10  wherein  said  t e m p e r a t u r e  
main ta ined   dur ing  heat   t r e a t i n g   is  wi th in   the  range  o f  
from  about  700°C  to  about  750°C. 

19.  The  method  of  claim  18  wherein  said  t e m p e r a t u r e  
mainta ined   dur ing  heat  t r e a t i n g   is  wi thin   the  range  o f  
from  about  715°C to   about  735°C. 

20.  The  method  of  claim  15  wherein  said  g e n e r a t i n g  

step  is  a  Raney  t r e a t m e n t   adapted  to  produce  a  Raney 
metal  s u r f a c e   p redominan t ly   comprised  of  NiAl3 
i n t e r m e t a l l i c s .  



21.  An  improved  low  ove rvo l t age   e l e c t r o d e   for  use 
in  a  hydrogen  e v o l u t i o n   cathode  in  an  e l e c t r o l y t i c   c e l l ,  
the  e lec t rode   being  of  the  type  that   has  a  Raney  m e t a l  
sur face   layer  in  e l e c t r i c a l   con tac t   with  a  c o n d u c t i v e  
metal  core,  wherein  the  improvement  comprises:   s a i d  

Raney  metal  surface   is  der ived  from  an  adherent   NiAl3 
(Beta  phase)  c r y s t a l l i n e   i n t e r m e t a l l i c   layer   s t a b i l i z e d  
by  s u b s t i t u t i o n   of  a  s t a b i l i z i n g   amount  of  a  s t a b i l i z i n g  
metal  for  seme  of  the  n icke l   in  the  c r y s t a l l i n e   s t r u c t u r e  
of  said  c r y s t a l l i n e   l a y e r .  

22.  The  e l e c t r o d e   of  claim  21  wherein  s a i d  
s t a b i l i z i n g   metal  is  molybdenum  and  said  s t a b i l i z i n g  
amount  is  within  the  range  of  from  about  5 to  about  20 
weight  percent  of  the  t o t a l   amount  of  nickel   and 

molybdenum  in  said  c r y s t a l l i n e   l a y e r .  

23.  The  e l e c t r o d e   of  claim  22  wherein  s a i d  

s t a b i l i z i n g   amount  is  wi th in   the  range  of  from  a b o u t  
12  to  about  18  weight  pe rcen t   of  the  t o t a l   amount  o f  
n icke l   and  molybdenum  in  said  c r y s t a l l i n e   l a y e r .  



I t   i s   r e q u e s t e d   to   c o n f i r m   by  an  o f f i c i a l   c o m m u n i c a t i o n   t h a t  

t h e   o r i g i n a l   p a g e s   38,  39,  40  and  t h e   a b s t r a c t   a r e   r e p l a c e d  

by  t h e   e n c l o s e d   a m e n d e d   p a g e s   a l r e a d y   in  t h e   f o r t h c o m i n g  

p u b l i c a t i o n   of  t h e   c a p t i o n e d   E u r o p e a n   p a t e n t   a p p l i c a t i o n .  
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