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Development of An Improved Oxygen E lec t rode  f o r  Use 
i n  Alka l ine  H d 7  Fue l  Cel ls  

Sumary  

A t o t a l  of 34 p repa ra t ions  were synthesized and shipped t o  Tyco 
Labora to r i e s  i n  t h i s  q u a r t e r .  I n  a d d i t i o n ,  130 samples were s e n t  t o  
o t h e r  f i rms  des igna ted  by t h e  Technical Monitor of N.A.S.A. These 
p r e p a r a t i o n s  include:  

(a) Powders of  N i ,  Coy 1 N i - l A g ,  1Ni-1Pd and 1Ni-1Ag-1Au 
obta ined  by reducing p r e c i p i t a t e d  hydroxides  of t h e s e  
metals; 

(b) powders of N i  and 3Ni-1Co obtained by reducing n i c k e l  
formate and a mixture  of  n icke l  formate and c o b a l t  
acetate ; 

(c) c a r b i d e s  of  N i ,  C o y  1Ni-IAg, and 1Ni-1Pd prepared from 
reduced metals obtained i n  (a) and (b) ;  

(d) n i t r o c a r b i d e s  of N i ,  1 N i - 1 A g  and 3Ni-1Co; 

(e) bo r ides  and mixed bo r ides  of  N i  and Co; 

( f )  c a r b i d e s  and n i t r o c a r b i d e s  o f  3Ni-lAgY 1Ni-lPd, and 
1Co-1Ag-1Pd prepared from Raney a l l o y s .  

In t roduc t ion  

The o b j e c t  of t h i s  p r o j e c t  i s  t o  develop c a t a l y s t s  f o r  t h e  ca thod ic  
r e d u c t i o n  of oxygen i n  a l k a l i n e  H2-02 fue l  c e l l s .  
conducted i n  coopera t ion  with Tyco Labora tor ies  I n c . ,  and t h e  m a t e r i a l s  
under i n v e s t i g a t i o n  are t h e  i n t e r s t i t i a l  compounds of t r a n s i t i o n  me ta l s ,  
s i n g l y  and i n  combinations,  with carbon,  n i t r o g e n ,  boron and s i l i c o n .  
Samples o f  t h e  p repa ra t ions  a r e  a l s o  sen t  t o  o t h e r  f i rms  des igna ted  by 
t h e  Technica l  Monitor of N.A.S.A. This  r e p o r t  d e a l s  only w i t h  t h e  
p r e p a r a t i o n  of these compounds; information of  t h e  e f f i c a c y  of t h e  
p r e p a r a t i o n s  i n  l abora to ry  t e s t s  may be obtained from t h e  q u a r t e r l y  
r e p o r t s  o f  Tyco Labora tor ies .  

The work i s  being 



Exp e r i m e  n t a 1 

A. P repa ra t ion  of P r e c i p i t a t e d  Materials 

(a) Mixed metal hydroxides 

Mixed m e t a l  hydroxides were c o p r e c i p i t a t e d  by adding an excess  of 
sodium hydroxide t o  s o l u t i o n s  of m e t a l  salts a t  80'-90' C. 
mixture  was a g i t a t e d  with a magnetic stirrer during t h e  a d d i t i o n  of t h e  
p r e c i p i t a n t .  
t o  a b o i l .  
u n t i l  the  m a t e r i a l  became c o l l o i d a l l y  d i spe r sed .  A t  t h i s  s t a g e ,  a 
weighed amount of NH4NO3 t o  g i v e  approximately 1 pe rcen t  c o n c e n t r a t i o n  
of t h e  e l e c t r o l y t e  i n  t h e  wash l i q u i d  was s t i r r e d  i n t o  t h e  suspension 
t o  break t h e  c o l l o i d .  The p r e c i p i t a t e ,  on s e t t l i n g ,  was f i l t e r e d  on a 
Buchner funne l ,  d r i e d  a t  about 90' C ,  crushed t o  a f i n e  powder and re- 
d r i e d  a t  110' C. 

The r e a c t i o n  

S t i r r i n g  and h e a t i n g  were continued u n t i l  t h e  mixture  came 
The p r e c i p i t a t e  w a s  washed s e v e r a l  t i m e s  by d e c a n t a t i o n  

The m e t a l  sa l ts  employed i n  t h i s  work were p r e f e r a b l y  n i t r a t e s .  
The n i t r a t e s  of n i c k e l  and c o b a l t  were purchased commercially and 
s i l v e r  n i t r a t e  w a s  prepared by d i s s o l v i n g  a s t o c k  of s p l a t t e r e d  s i l v e r  
i n  n i t r i c  a c i d .  Stock s o l u t i o n s  of g o l d ,  platinum and palladium were 
prepared by d i s s o l v i n g  t h e  metals i n  aqua r e g i a .  

Coprecipi ta ted hydroxides of t h e  fol lowing combinations of metals,  
i n  t h e  p ropor t ions  shown below, have been prepared: 

1. 3Ni-1Co 
2. 3Ni-1Ag 
3.  1Ni-1Ag 
4. 1Ni-3Ag 
5. 3Ni-1Pd 
6. 1Ni-1Pd 

7 .  1Ni-3Pd 
8. 3Ni-1Au 
9. 1Ni-1Au 

10. 1Ni-3Au 
11. 1Ni-1Ag-1Au 
12. 1Ni-lAu-1Pd 

The hydroxides of t h e  combination 1Ni-1Ag-1Au had t o  be prepared i n  

The hydroxides of n i c k e l  and gold were c o p r e c i p i t a t e d  f i r s t  and 
two s t e p s  because of t h e  presence o f  c h l o r i d e  i o n s  i n  t h e  s o l u t i o n  of 
gold.  
washed f r e e  of c h l o r i d e  i o n s .  The mixed hydroxide w a s  t hen  suspended 
i n  a s o l u t i o n  o f  sodium hydroxide and t h e  c a l c u l a t e d  amount of  s i l v e r  
n i t r a t e  s o l u t i o n  was added t o  i t  wi th  vigorous s t i r r i n g .  The m a t e r i a l  
w a s  then washed, d r i e d  and crushed i n  t h e  usua l  manner. 

P repa ra t ions  invo lv ing  gold were t r e a t e d  with a 0.1 p e r c e n t  s o l u t i o n  

The u s e  of NH4NO3 wi th  t h e s e  p r e p a r a t i o n s  w a s  avoided t o  
o f  N i ( N 0 3 ) 2  i n  t h e  f i n a l  s t a g e s  of washing, when t h e  material tended t o  
s t a y  c o l l o i d a l .  
e l i m i n a t e  t h e  r i s k  of forming gold az ide .  

2 



(b) P repa ra t ions  Involving Platinum 

S ince  platinum i s  not  p r e c i p i t a t e d  as hydroxide from a s o l u t i o n  o f  
i t s  s o l u b l e  sa l t  by i n t e r a c t i o n  wi th  NaOH, t h e  fol lowing modified pro-  
cedure was adopted f o r  t h e  p repa ra t ions  involving platinum. Nickel  
and/or  o t h e r  components were p r e c i p i t a t e d  f i r s t  i n  t h e  u s u a l  manner, 
a f t e r  which an excess  of sodium formate w a s  added t o  t h e  h o t  r e a c t i o n  
mix tu re  t o  p r e c i p i t a t e  reduced metallic platinum on t h e  f i n e l y  d i s -  
persed p a r t i c l e s  of t h e  hydroxide(s).  Heating and s t i r r i n g  w a s  con- 
t i nued  u n t i l  t h e  r e d u c t i o n  of platinum was complete. The material  w a s  
t hen  washed, d r i e d  and crushed i n  the u s u a l  manner. P repa ra t ions  o f  
t h e  fol lowing composition have thus  been prepared: 

1. 3Ni-1Pt 
2. 1Ni-1Pt 

3.  1Ni-3Pt 
4 .  1Ni-mu-1Pt 

B. Reduction of P r e c i p i t a t e d  Mate r i a l s  

I n  e a r l i e r  experiments t h e  hydroxides of n i c k e l  and c o b a l t  were 
reduced wi th  hydrogen a t  350' C f o r  3 t o  5 hours .  
t h e  reduced materials i n d i c a t e d  the hydroxides t o  have been reduced 
s a t i s f a c t o r i l y .  However, a l l  e f f o r t s  t o  c a r b i d e  t h e  reduced powders 
by t r ea tmen t  with carbon monoxide a t  250'-260' C were f r u i t l e s s .  
Ca re fu l  examination of t h e  procedure r epor t ed  by Hofer ,  Cohn, and 
Peebles  (1) f o r  t h e  p r e p a r a t i o n  o f  Ni3C from n i c k e l  hydroxide i n d i -  
c a t e d  a s i g n i f i c a n t  procedural  d i f f e r e n c e  a t  one s t e p  only;  n i c k e l  
hydroxide was reduced by t h e s e  workers a t  275' C. It was suspected 
t h a t  a t  350' C y  t h e  temperature  employed i n  our experiments,  t h e  
reduced materials so obtained were not amenable t o  r e a c t i o n  wi th  
carbon monoxide. Success fu l  ca rb id ing  w a s  subsequent ly  ob ta ined  by 
r educ ing  t h e  p r e c i p i t a t e d  materials a t  275O C. A cons ide rab ly  longer  
r e d u c t i o n  pe r iod  i s ,  o f  cour se ,  r equ i r ed  a t  275'C than  a t  350'C; i n  
t h e  experiments c u r r e n t l y  under p rogres s ,  each p r e p a r a t i o n  i s  reduced 
f o r  85 hours .  

X-ray ana lyses  of 

It w a s  observed t h a t  p repa ra t ions  con ta in ing  palladium are reduced 
by hydrogen even a t  room temperature.  
i n t o  c o n t a c t  w i th  t h e s e  materials, l a r g e  q u a n t i t i e s  of water of r e d u c t i o n  
are r e l e a s e d  and t h e  temperature  o f  t h e  bed rises r a p i d l y .  P r e c i p i t a t e d  
materials con ta in ing  palladium were t r e a t e d  with a mixture  of C 0 2  and H2 
u n t i l  t h e  i n i t i a l  phase o f  h igh  a c t i v i t y  had subsided,  fol lowing which 
t h e  r e d u c t i o n  w a s  continued with pure H2 and t h e  temperature  was slowly 
r a i s e d  t o  275OC without  any no t i ceab le  tendency f o r  overheat ing.  
r e d u c t i o n  t reatment  a t  275OC w a s  then continued f o r  t h e  u s u a l  85 hours .  
P r e p a r a t i o n s  con ta in ing  gold exh ib i t ed  s i m i l a r  behavior b u t  a t  a mi lde r  
level; t h e  r e d u c t i o n  could b e  pursued wi th  pure hydrogen even i n  t h e  
i n i t i a l  s t a g e s ,  a l b e i t  w i th  proper v e n t i l a t i o n  t o  conduct t h e  h e a t  away 
from t h e  bed. 

A s  soon as hydrogen i s  brought 

The 

3 



Table 1 i s  a l i s t  of t h e  p r e c i p i t a t e d  materials t h a t  were reduced 
during t h e  q u a r t e r .  

TABLE 1.- Reduction o f  p r e c i p i t a t e d  materials 

Space v e l o c i t y  of H2: 
Temperature: 275 'C 
Time : 85 hours  

1000 hr" 

Run Composition o f  
no. reduced material 

*53R 
56R 
57R 
59R 
60R 

1Ni-IAg 
N i  

1 N i -  1Pd 
co  

1 N i  - IAg - IAu 

me let ter  R s i g n i f i e s  reduced metal. 

C. P repa ra t ion  o f  Carbides  

The f i n e l y  d iv ided  reduced materials were ca rb ided  wi th  carbon 
monoxide a t  250'-260' C. 
c a rb id ing  t h e s e  materials were t h e  same as desc r ibed  earlier (2) f o r  
t h e  p repa ra t ion  of t h e  c a r b i d e s  o f  i r o n  from Raney i r o n .  
o f  t h e  bed was r a i s e d  t o  250'C i n  g radua l  s t e p s  extending over several 
hours .  This p recau t ion  e l i m i n a t e s  t h e  r i s k  of  a l a r g e  sudden r ise i n  
temperature which causes  excess ive  d e p o s i t i o n  o f  f r e e  carbon. Table  2 
i s  a l i s t  of t h e  reduced hydroxides t h a t  were ca rb ided  i n  t h i s  q u a r t e r .  
The du ra t ion  o f  t r ea tmen t  w i th  CO and t h e  a n a l y s i s  o f  t o t a l  carbon and 
f r e e  carbon are included i n  t h e  t a b l e  f o r  each p repa ra t ion .  Support ing 
evidence f o r  t h e  formation o f  c a r b i d e s  was ob ta ined  by x - ray  a n a l y s i s .  

The technique and t h e  appa ra tus  employed f o r  

The temperature  

D. P repa ra t ion  of N i t r o c a r b i d e s  

Ni t roca rb ides  were prepared from c a r b i d e s  by t r e a t i n g  t h e  lat ter 
wi th  gaseous ammonia a t  250'-260' C. 

- 38NC - The c a r b i d e  of 1Ni-lAg obtained i n  53C w a s  t r e a t e d  wi th  NH3 
a t  260'C f o r  48 hours  a t  an  h o u r l y  space v e l o c i t y  o f  1000. 
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TABLE 2.- P repa ra t ion  of c a r b i d e s  

Carbiding gas: co 
Hourly space v e l o c i t y :  100 

Chemical a n a l y s i s ,  
Durat ion o f  weiph t -percent  

Run ca rb id ing ,  Temp., T o t a l  F ree  X-ray 
no. - C h a r g d l  h r s .  O C  C C a n a l y s i s  

5 160-250 
53c 1 N i  - IAg 102 250 

106 260 1.92 0.12 N i $ ,  Ag 

56C N i  
6 160-250 

102 250 0.94 0.20 
36 260 N i 3 C ,  N i  

6 160-250 
5 7c 1Ni-1Pd 37 250 

103 260 1.19 0.95 

59c c o  5 160-250 
100 250 

- 11 Reduced p rec ip i t a t ed lcoprec ip i t a t ed  hydroxides.  

c02c 

E. P r e p a r a t i o n  of Carbides and Ni t roca rb ides  from Orpanic S a l t s  of 
T r a n s i t i o n  Metals 

(a) 3Ni-1Co 

- 50R - A mixture  of n i c k e l  formate and c o b a l t  acetate (3Ni-1Co) 
w a s  prepared by s l u r r y i n g  n i c k e l  formate i n  an  aqueous s o l u t i o n  of c o b a l t  
acetate .  The s l u r r y  w a s  evaporated t o  dryness  a t  room temperature ,  crushed 
and hea ted  a t  190°C f o r  1 7  hours.  It w a s  t hen  reduced with hydrogen a t  
25OoC f o r  27 hour s  a t  a space v e l o c i t y  of 1000 hr-'. 

- 50C - The reduced powder obtained i n  50R was t r e a t e d  wi th  CO a t  
160'-270°C 
of 100. The product when analyzed for  i t s  carbon con ten t  showed t o t a l  
carbon: 12.8%, f r e e  carbon: 7.2%. 

f o r  5 hour s ,  and 27OoC f o r  97 hours  a t  an h o u r l y  space v e l o c i t y  
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- 58C - The reduced powder obtained i n  50R was t r e a t e d  with CO 
a t  160'-260' C f o r  5 h r s ,  and a t  260'C f o r  107 hours .  
9.4%, f r e e  carbon: 3.8%. 

T o t a l  carbon: 

- 36NC - The c a r b i d e  obtained i n  50C w a s  t r e a t e d  wi th  NH3 a t  
260'C f o r  48 hours  a t  a n  hour ly  space v e l o c i t y  of 1000. 
con ten t  of t h e  n i t r o c a r b i d e  was 1.02%. 

The n i t r o g e n  

- 37NC - The c a r b i d e  obtained i n  58C w a s  n i t r o c a r b i d e d  by 
t r ea tmen t  w i th  NH3 a t  26OoC f o r  48 hours .  

(b) Ni 
- 54R - Nickel  formate was decomposed i n  an  oven a t  190°C. The 

material  was then  reduced i n  a stream of hydrogen a t  250'C f o r  85 hour s  
a t  a space v e l o c i t y  o f  100 h r ' l .  
t h e  reduced m e t a l  t o  be cub ic  n i c k e l .  

X-ray d i f f r a c t i o n  p a t t e r n  i n d i c a t e d  

54C - The reduced n i c k e l  obtained i n  50R was t r e a t e d  wi th  CO 
a t  160'-250 C f o r  5 hrs ,  and a t  25OoC f o r  100 hours  a t  an hour ly  space 
v e l o c i t y  of 100. X-ray a n a l y s i s  of t h e  product  gave t h e  p a t t e r n  of 
Ni3C. (Chemical a n a l y s i s :  t o t a l  carbon: 6.85%, f r e e  carbon: 0.57%. 
By i n f e r e n c e ,  combined carbon: 6.28%. Ca lcu la t ed  v a l u e  f o r  N i $ ,  
combined carbon: 6.38%.) 

-b 

F. P r e p a r a t i o n  of Catalytic Transi t ion-Metal  Borides  

A search of t h e  l i t e r a t u r e  on t h e  p r e p a r a t i o n  of f i n e l y  d iv ided  
bo r ides  of i r o n ,  n i c k e l ,  and c o b a l t  h a s  y i e l d e d  f o u r  g e n e r a l  techniques 
(3):  M e l t  r e d u c t i o n ,  aqueous p r e c i p i t a t i o n ,  gas-phase r e a c t i o n ,  and 
f u s e d - s a l t  e l e c t r o l y s i s .  A l l  have p o s s i b l e  a p p l i c a t i o n  i n  p repa r ing  
t h e  c a t a l y t i c  materials d e s i r e d .  

(a) Melt Reduction 

M e l t  r educ t ion ,  u s ing  a m e t a l  oxide o r  sa l t ,  B4C o r  pu re  boron, and 

Hoke E) has  r e a c t e d  NaBH4 and m e t a l  h a l i d e s  a t  150'C 
carbon,  as w e l l  as d i r e c t  metal-boron f u s i o n ,  t y p i c a l l y  y i e l d  a b r i t t l e  
bulk s o l i d  (4 ,5) .  
under an i n e r t  gas. The product  mass, a f t e r  l each ing  with methanol-water,  
gave a powdered boride.  Whether material prepared i n  t h i s  way would have 
a s u f f i c i e n t l y  l a r g e  s p e c i f i c  s u r f a c e  area t o  serve as a c a t a l y s t  would 
have t o  be determined. 
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E . I .  DuPont DeNemours and Co. has pa t en ted  a process  f o r  producing 
powdered b o r i d e s  of 1-250 micron p a r t i c l e  s i z e  and l a r g e  s p e c i f i c  s u r -  
f a c e  area ( I ) .  
a n  a l k a l i  b o r i d e  o r  s i m i l a r  boron-containing compound, and an a l k a l i  
m e t a l ,  i s  heated i n  fused a l k a l i  h a l i d e  under argon. The r e s u l t i n g  
bo r ide  i s  recovered by d i s s o l v i n g  the cooled s a l t  mass, l eav ing  a f i n e ,  
f l o c c u l e n t  p r e c i p i t a t e .  This  process would seem t o  b e  w e l l  s u i t e d  t o  
our  requirements;  however, it may be s i g n i f i c a n t  t h a t ,  w h i l e  t h e  p a t e n t  
s p e c i f i c a l l y  mentions p r e p a r a t i o n  of compounds of seven t r a n s i t i o n  metals, 
no u s e  of i r o n ,  c o b a l t ,  o r  n i c k e l  i s  r epor t ed .  

A mix tu re ,  c o n s i s t i n g  of a s a l t  of t h e  t r a n s i t i o n  m e t a l ,  

(b) Aqueous P r e c i p i t a t i o n  

S c h l e s s i n g e r ,  e t  a l .  (E), r e p o r t  t h a t  NaBH4 and m e t a l  h a l i d e s  
react i n  aqueous s o l u t i o n  t o  g ive  f i n e l y  d iv ided  bo r ides .  Seve ra l  
workers (9,10,11) have found t h e s e  materials t o  posses s  good c a t a l y t i c  
a c t i v i t y  f o r  hydrogenation, and J a s i n s k i  (l2) has  used NiB2 prepared i n  
t h i s  way as a hydrogen c a t a l y s t  i n  H2-02 a l k a l i n e  f u e l  c e l l s .  A d i f f i -  
c u l t y  wi th  t h i s  method of p repa ra t ion  i s  t h a t  t h e  material obtained i s  
s u b j e c t  t o  slow decomposition on exposure t o  a i r  o r  water and t h a t  such 
r e a c t i o n  sha rp ly  dec reases  t h e  material 's  c a t a l y t i c  a c t i v i t y  (9,lO).  

(c) Gas-Phase React ions 

Gas-phase b o r a t i o n s  r epor t ed  a r e  of two types.  The method less 
f e a s i b l e  f o r  our  purposes treats BC13 wi th  vaporized metal  h a l i d e  i n  a 
hydrogen atmosphere a t  t h e  s u r f a c e  of a h o t  t ungs t en  f i l amen t  (400'- 
2000' C ) ( l 3 ) .  The b o r i d e  d e p o s i t s  on t h e  f i l amen t  i n  m i c r o c r y s t a l s ,  
t h e  lowest temperatures and h i g h e s t  p re s su res  producing v i r t u a l l y  
amorphous material. Two p o s s i b l e  uses of t h i s  technique are d i r e c t  
c o a t i n g  of an e l e c t r o d e  ma t r ix  wi th  c a t a l y t i c  b o r i d e  (such a c o a t i n g  
a l s o  s e r v i n g  t o  p r o t e c t  t h e  ma t r ix  from chemical a t t a c k )  and d e p o s i t i o n  
o f  b o r i d e  i n  l a y e r s  s u f f i c i e n t l y  t h i c k  t o  be f l aked  o f f .  

A more f e a s i b l e  gas-phase r e a c t i o n  involves  a t t a c k  of B C l 3  on 
f i n e l y  d iv ided  m e t a l  i n  a hydrogen atmosphere a t  about 1000 O C  (14). 
P a r t i c l e s  of 1-2 microns have been t r e a t e d  i n  t h i s  way. The d e s i r e d  
mater ia l  i s  p r e s e n t  only as a su r face  c o a t i n g ,  t h e  bu lk  of t h e  m e t a l  
(about 90%) i s  unreacted.  

(d) Fused-Salt  E l e c t r o l y s i s  

Fused- sa l t  e l e c t r o l y s i s ,  l i k e  m e l t  r educ t ion ,  i s  g e n e r a l l y  used 
t o  p r e p a r e  bulk s o l i d  material (15,16). However, S t e r n ,  e t  a l .  (l7) 
have r e a c t e d  m e t a l  c a r b i d e s  and B4C i n  a Nael b a t h  under argon,  w i th  
a 1 .3  v. p o t e n t i a l .  The y i e l d  w a s  a b r i t t l e  sponge which, after washing, 
could e a s i l y  b e  crushed t o  a powder. It might be p o s s i b l e  t o  c rush  t h i s  
material s u f f i c i e n t l y  t o  o b t a i n  t h e  high s p e c i f i c  s u r f a c e  area requ i r ed .  

7 



Of t h e  methods desc r ibed ,  t h e  s i m p l e s t ,  and t h e  one of proven va lue  
i n  c a t a l y s t  p r e p a r a t i o n ,  i s  t h e  s o l u t i o n  technique of S c h l e s s i n g e r  (8).  
It was decided t o  concen t r a t e  i n i t i a l  e f f o r t s  on t h i s  method so  as t o  
o b t a i n  materials s u i t a b l e  f o r  t e s t i n g  as r a p i d l y  as p o s s i b l e .  It was 
f u r t h e r  decided that a mod i f i ca t ion  o f  t h e  gas-phase technique of 
Andrieux (2) would be explored when t h e  l i m i t e d  v e r s a t i l i t y  of t h e  
s o l u t i o n  technique was exhausted. 

According t o  Schuele and Deetscreek @), NaBH4 and s a l t s  of t h e  
Group V I 1 1  metals react according t o  t h e  fol lowing s to i ch iomet ry ,  

8NaBH4 + 4NiSO4 + 18H20 + 2Ni2B + 6H3BO3 d- 4Na2S04 + 25H2. 

The product  b o r i d e  decomposes slowly i n  water; t h e  w e t  powder reacts wi th  
a i r  t o  g i v e  a c a t a l y t i c a l l y  i n a c t i v e  material  e), and i s  pyrophoric when 
d r y  (8). The 
product s t i l l  damp and under n i t r o g e n  was t r a n s f e r r e d  t o  a b s o l u t e  e t h a n o l ,  
d r i e d  i n  a vacuum and s t o r e d  under C02. 

Thus r e a c t i o n s  were c a r r i e d  ou t  under n i t r o g e n  atmosphere. 

Sch le s s inge r  @)has observed t h a t  t h e  Group V I 1 1  b o r i d e s  are 
e f f i c i e n t  c a t a l y s t s  f o r  t h e  decomposition of NaBH4 by t h e  r e a c t i o n  

Thus, a small amount of b o r i d e  i n i t i a l l y  formed by Reac t ion  (1) can r a p i d l y  
convert  the remaining NaBH4 t o  metaborate  and H2 wi th  l i t t l e  o r  no f u r t h e r  
b o r i d e  production. This  undes i r ab le  r e s u l t  w a s  prevented by k i n e t i c  con- 
t r o l  of the r e a c t i o n ;  NaBH4 s o l u t i o n  was added dropwise t o  an  excess  of 
m e t a l  i o n ,  s t r o n g l y  favoring React ion (1) over (2).  

I n  p r a c t i c e ,  one l i t e r  of aqueous s o l u t i o n ,  1.8 M i n  t o t a l  m e t a l  
i o n  concen t r a t ion ,  was s t i r r e d  i n  a three-necked f l a s k  under a N2 flow 
o f  2 ft3/min. 
During t h e  a d d i t i o n ,  a voluminous b l ack  p r e c i p i t a t e  formed, cons ide rab le  
amount of H2 gas was evolved, and t h e  temperature  of t h e  r e a c t i o n  vessel 
r o s e  t o  about 60' C .  
s t i r r e d  for  20 minutes ,  g iv ing  a t o t a l  r e a c t i o n  t i m e  o f  45 minutes.  

A 500 m l .  q u a n t i t y  of 7.2 M NaBH4 w a s  added dropwise. 

When a d d i t i o n  w a s  complete,  t h e  r e a c t i o n  mixture  w a s  
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The p r e c i p i t a t e d  bo r ide  was recovered by drawing o f f  t h e  super-  
n a t a n t  l i q u i d  wi th  a f i n e  p o r o s i t y  f i l ter  s t i c k .  I n  g e n e r a l ,  t h e  
supe rna tan t  l i q u i d  a f t e r  r e a c t i o n  s t i l l  showed a d e f i n i t e  c o l o r  
c h a r a c t e r i s t i c  of t h e  m e t a l  i o n ( s )  i n i t i a l l y  p r e s e n t ;  t h i s  i n d i c a t e s  
l o s s  o f  some NaBH4 by d i r e c t  H2 product ion (Reaction 2). The product  
b o r i d e  w a s  s l u r r i e d  4 times with 1 l i ter  p o r t i o n s  o f  d i s t i l l e d  water 
and twice wi th  500 m l  d r y  e thano l .  During t h e  e n t i r e  wash procedure,  
t h e  material  w a s  maintained under N 2  i n  t h e  r e a c t i o n  v e s s e l .  A t h i r d  
p o r t i o n  of d r y  e thano l  was used t o  s l u r r y  t h e  b o r i d e  i n t o  a temporary 
s t o r a g e  c o n t a i n e r .  
t i l l a t i o n  t o  100°C. The material was then  t r a n s f e r r e d  under vacuum 
t o  t h e  d r y  box and s t o r e d  under 0 2 .  

F i n a l  drying was accomplished by vacuum d i s -  

For b o r i d e s  i n  which c o b a l t  w a s  t h e  p r i n c i p a l  metal p r e s e n t  i t  
w a s  impossible  t o  u s e  a f i l t e r  s t i c k ,  s i n c e  t h e  extremely f i n e  p r e -  
c i p i t a t e  r a p i d l y  plugged t h e  f i l t e r .  These materials were f i l t e r e d  
i n  a i r  wi th  a Nalgene f i l t e r  covered wi th  a paper m a t .  
completely r e t e n t i v e ,  t h i s  device did t r a p  t h e  major p o r t i o n  of t h e  
material. During f i l t r a t i o n ,  t h e  l i q u i d  level w a s  no t  pe rmi t t ed  t o  
drop below t h e  s u r f a c e  of t h e  p r e c i p i t a t e  i n  t h e  funne l ,  p reven t ing  
exposure t o  a i r .  
t h e  more g r a n u l a r  p r e c i p i t a t e s .  

While not 

F i n a l  drying was done i n  t h e  same manner as wi th  

Using t h e  above techniques,  a s e r i e s  of b o r i d e s  w a s  prepared,  
as shown i n  t a b l e  3. I n  a l l  b u t  B-7,  t h e  product  w a s  s u b s t a n t i a l l y  
i n  excess  of t h e  116 g p r e d i c t e d  from s to i ch iomet ry .  There seems t o  
be a s i g n i f i c a n t  amount of contaminant p r e s e n t ,  probably metall ic N i  
and/or  Co and Na2S04. 
of t h e  percentage of M2B p r e s e n t ,  based upon t h e  hypo thes i s  t h a t  a l l  
boron d e t e c t e d  i s  i n  t h e  form MzB, confirms t h a t . s u b s t a n t i a 1  amounts 
of impur i ty  were p r e s e n t  i n  almost a l l  cases. The s i n g l e  excep t ion ,  
B-7 ,  appears  t o  have given a nea r - s to i ch iomet r i c  q u a n t i t y  of material  
w i t h  p rope r  boron c o n t e n t ,  al though some material w a s  l o s t  on f i l t r a t i o n .  

Analysis  of t o t a l  boron c o n t e n t  and c a l c u l a t i o n  

X-ray powder d i f f r a c t i o n  s t u d i e s  shows a n  amorphous material i n  a l l  
cases. 
upon hea t - t r ea tmen t  of s o l u t i o n - p r e c i p i t a t e d  n i c k e l  bo r ide .  
which r e p r e s e n t s  material which was b r i e f l y  exposed t o  a i r  i n  t h e  d r y  
s ta te ,  and which became q u i t e  h o t ,  showed a p a t t e r n  f o r  N i 3 B ,  c o r r e -  
l a t i n g  wi th  H o f e r ' s  work. 

Hofer (19) was a b l e  t o  o b t a i n  x-ray p a t t e r n s  f o r  N i 3 B  and N i  m e t a l  
Sample B - a ,  
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TABLE 3.-  Summary of Boride P repa ra t ions  

Sample I n i t i a l  moles Y i e l d ,  Boron, M2B Y X-ray 
no. N i  co grams pe rcen t  p e r c e n t l /  a n a l y s i s  

B-6 1.8 - 150.43 5.20 61.2 Amorphous 

B-7  - 1.8 107.90 8.66 100 Amorphous 

B-8  0.9 0.9 142.71 Amorphous 

B-8A 0.9 0.9 64.81 6.72 79.1 Ni3B 

B-9 1.35 0.45 120.20 6.50 76.5 Amorphous 

B-18  0.9 0.9 146.93 4.35 51.1 

B-20 0.45 1.35 160.34 3.75 44.0 

- 1/ Assumes a l l  boron p r e s e n t  as M2B. 

A t t e m p t s  t o  p repa re  f e r r o u s  b o r i d e ,  p r e p a r a t i o n  of which by s o l u t i o n  
techniques i s  somewhat c o n t r o v e r s i a l ,  have so  f a r  been unsuccess fu l .  
F u r t h e r  work i s  being done t o  o b t a i n  t h i s  material. 
i s  t h e  p repa ra t ion  of i n t i m a t e  mixtures  of Group VI11 b o r i d e s  and f i n e l y  
d iv ided  noble metals. 
t o  t h e  f r e e  m e t a l  by NaBH4 under t h e  same c o n d i t i o n s  used f o r  b o r i d e  
p rec  i p  i t a t i  on. 

Also being considered 

I n  p r i n c i p l e ,  t h e  noble m e t a l  i on  should b e  reduced 

Construct ion h a s  begun on a gas-phase r e a c t o r  f o r  s u r f a c e  b o r i d a t i o n  
When t h i s  i s  o p e r a t i o n a l ,  a t t e m p t s  w i l l  u s ing  a BBr3-H2 atmosphere (E). 

be made t o  p repa re  a g r e a t e r  v a r i e t y  of b o r i d e s  than  i s  p o s s i b l e  by t h e  
s o l u t i o n  technique. 
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G. Prepa ra t ion  o f  N i t r i d e s  o f  T r a n s i t i o n  Metals 

I n  con t inua t ion  of t h e  work descr ibed ear l ier  (G), t h e  p o s s i b i l i t y  
of n i t r i d i n g  n i c k e l  and c o b a l t  by t reatment  wi th  ammonia, n i t rogen  o r  a 
mixture  of t h e  two i n  a p re s su r i zed  v e s s e l  has  been i n v e s t i g a t e d  f u r t h e r .  
F igu re  1 i s  a ske tch  of t h e  appara tus  employed i n  t h e s e  experiments .  
The r e a c t i o n  v e s s e l  w a s  made of s t a i n l e s s  s t e e l  and was t e s t e d  hydro- 
s t a t i c a l l y  f o r  p re s su res  up t o  4000 p s i g .  The r u p t u r e  d i s c  w a s  set a t  
2600 p s i g  and t h i s  represented  the upper l i m i t  of  t h e  working p r e s s u r e  
i n  t h e s e  experiments.  

*NLA-5 - The r e a c t o r  w a s  charged wi th  7.9 g of reduced Raney n i c k e l ,  
con ta in ing  0.7% n i t rogen  from a previous experiment,  120 p s i g  N2, and an  
excess  (approximately 150 m l )  of l i q u i d  NH3. The r e a c t o r  w a s  maintained 
a t  97"-99" C i n  a h o t  water ba th  fo r  2 1  hours .  The p r e s s u r e  v a r i e d  be-  
tween 950 t o  1030 ps ig .  
t h e  p re s su r i zed  gases  r e l e a s e d ,  f lushed with n i t rogen ,  and t h e  s o l i d  
d ischarged  under an atmosphere o f  carbon d ioxide .  
t h e  product  i nd ica t ed  i t s  n i t rogen  conten t  t o  b e  2 . 1  pe rcen t  ( ca l cu la t ed  
va lue  f o r  Ni3N, 7.8%).  

The bomb was then  cooled t o  room temperature ,  

Chemical a n a l y s i s  of  

NLA-6 - The r e a c t o r  w a s  charged wi th  10 g of reduced Raney n i c k e l  
and 1180 p s i g  of N2 a t  room temperature.  The bomb was then  hea ted  wi th  
an e lec t r ica l  t a p e ,  wound e x t e r n a l l y ,  t o  a temperature  of  300'-320' C 
f o r  a t o t a l  of 28 hours .  On cool ing ,  the n i t rogen  was b l ed  o u t  and t h e  
s o l i d  discharged under an i n e r t  atmosphere. The material on a n a l y s i s  
showed a n i t rogen  con ten t  of 0.03%. 

NLA-7 - The charge cons i s t ed  of 10 g of  reduced Raney n i c k e l ,  an 
excess  of l i q u i d  NH3 and 125 p s i g  N2.  
135OC f o r  13 hours  (pressure :  2100-2300 p s i g ) .  The d ischarged  s o l i d  had 
a n i t r o g e n  con ten t  of 0.4%. 

The bomb w a s  maintained a t  about 

NLA-8 - Charge, 10 g reduced Raney N i ,  gaseous NH3 and 300 p s i g  N2. 
Heated a t  250'C f o r  13.5 hours .  
t e n t  o f  t h e  product  0.5%. 

Pressure  1470-1500 ps ig .  Nitrogen con- 

A s  t h e  r e s u l t s  i n  n i t r i d i n g  Raney n i c k e l  wi th  p re s su r i zed  ammonia 
h e n o t  been promising, f u r t h e r  work i n  t h i s  a r e a  w i l l  be abandoned. 

*The letters NLA s i g n i f y  "Nickel-Liquid Ammonia s tudies" .  
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H. P repa ra t ions  Based on Raney Alloys 

A t  t h e  suggest ion of  Tyco Labora tor ies  work wi th  Raney a l l o y s  has  
been d iscont inued .  
of the Raney p repa ra t ion  made i t  u n a t t r a c t i v e  as an e l e c t r o d e .  The 
p repa ra t ions  l i s t e d  i n  t a b l e s  4., 5 and 6 c o n s i s t  of Raney based a l l o y s  
completed e a r l y  i n  t h e  q u a r t e r .  Procedures f o r  prepar ing  Raney a l l o y s  
and t h e i r  subsequent process ing  and conversion t o  ca rb ides  and n i t r o -  
c a r b i d e s  were t h e  s a m e  as descr ibed e a r l i e r  (2). 

The s m a l l  su r f ace  a r e a  and t h e  poor we t t ing  q u a l i t y  

TABLE 4.- Alloys of t r a n s i t i o n  metals 
prepared by t h e  Raney method 

Mesh s i z e :  150-400 

Raney Composition of  
a l l o y  no. t h e  leached a l l o y  

RA- 19 
RA-20 
RA-21 

1Fe-Mu-1Pd 

1Ni-lAg-1Pd 
1Co-lAu-lPd 

TABLE 5.- Prepara t ion  of ca rb ides  . 

Space v e l o c i t y  of CO: 100 hr-'  

Run Dura t ion  o f  Temp Y 

no. Charge ca rb id ing ,  hrs O C  

45c 1co-lAg-lAu 

46C 3Ni - 1Ag 

55c 1 N i  - 1Pd 

4 
104 

6 
10 1 

4 
106 

160 - 250 
250 

160 - 250 
250 

160-250 
250 
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TABLE 6. -  P repa ra t ion  of n i t r o c a r b i d e s  

Temperature : 260 O C  

Space v e l o c i t y  of  NH3: 1000 h r - I  

Run Dura t ion  o f  
no. Charge n i t r i d i n g ,  h r s  

3 1NC Carbided 1Ni-1Ag 48 
3 2NC Carb ided 3 N i  - 1Ag 48 
3 3NC Carb ided 1Co -lAg - 1Au 48 

I. X-ray D i f f r a c t i o n  Study of  T r a n s i t i o n  Metal Al loys  

Th i s  p re sen t  d i f f r a c t i o n  s tudy  i s  a c o n t i n u a t i o n  of  t h e  one r e p o r t e d  
i n  t h e  l a s t  q u a r t e r l y  (21). I n  p a r t i c u l a r ,  it i s  a c o n t i n u a t i o n  of  our 
s tudy  on the  Al-Ni-Co system be fo re  and a f t e r  t h e  leaching  of  aluminum. 

Raynor and P f e i l  r epor t ed  t h a t  t h e  aluminum-rich r eg ion  o f  t h e  
Al-Ni-Co system c o n s i s t s  of  a pr imary s o l i d  s o l u t i o n  (a), Co2Al5, and 
N i A 1 3 .  
t h e ( a  4- C02Al9) f i e l d  was very  wide,  i n d i c a t i n g  a l a r g e  s o l u b i l i t y  o f  
N i  i n  t h i s  compound. The replacement of  c o b a l t  by n i c k e l  proceeds atom 
f o r  atom up t o  a l i m i t  r epresented  by t h e  composi t ion- -cobal t  10.28, 
n i c k e l  22.90, aluminum 66.82 pe rcen t  (22). 

They found t h a t  t h e  (a -t N i A 1 3 )  f i e l d  w a s  r e s t r i c t e d ,  bu t  t h a t  

A more d e t a i l e d  s tudy  of  t h e  t e r n a r y  w a s ' f e l t  necessary ,  s i n c e  one 

The s t r u c t u r e  
can l o g i c a l l y  assume no s t r u c t u r a l  rearrangement  dur ing  t h e  leaching  and 
r educ t ion  o f  t h e  t e r n a r y  m e l t s  of  Raney N i  and Raney Co. 
o f  t h e  leached and reduced m e l t s  should be  dependent on t h e  phase o r  
phases  present  i n  t h e  t e r n a r y  m e l t ;  t h e  on ly  change i n  c r y s t a l  s t r u c t u r e  
be ing  caused by t h e  removal of  A 1  from i t s  l a t t i c e  p o s i t i o n s .  

The f i r s t  s t e p  i n  t h i s  s tudy  w a s  re-examining i n  d e t a i l  Raney N i  
The phase diagram o f  t h e  A 1 - N i  system (23) showed t h a t  and Raney Co.  

a t  42 3- 5% N i  by weight t h e r e  w a s  p r i m a r i l y  N i A 1 3  wi th  some Ni2A13. 
x- ray  a n a l y s i s  v e r i f i e d  t h i s .  
c o b a l t  by weight ,  t h e  p o s s i b l e  presence  o f  Co2Al9, CoqAl13, and Co2Al.5; 
x - ray  a n a l y s i s  v e r i f i e d  t h e  presence of  C02Al9 and C02Al5. 

Our 
The A1-Co phase diagram showed, a t  40 5 5% 
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It was decided t o  r e c r e a t e  t h e  Al-Ni-Co system by mel t ing  appropr i a t e  
' amounts of  C02Al9 and N i A 1 3 ,  t h e  thought be ing  t h a t  t h e s e  two aluminum 

compounds might form a pseudobinary system as does MgCu2-MgNi2 (24). 
These m e l t s  were prepared i n  Ni/Co r a t i o s  of  1.00, 0 .33,  and 3.00 ( see  
t a b l e  7 ) .  A simple e t ch ing  procedure confirmed t h e  presence  of N i A 1 3  
and Co2Al9 phases i n  a l l  t h r e e  o f  our mel ts .  
cooled slowly under a helium atmosphere, showed c r y s t a l  growth on i t s  
su r face .  These c r y s t a l s  under microscopic a n a l y s i s  proved t o  b e  t h e  
n e e d l e - l i k e  c r y s t a l s  of NiA13 and t h e  p l a t e - l i k e  c r y s t a l  of  Co2Al9. 
X-ray d i f f r a c t i o n  ana lyses  have not  as ye t  been completed. 

The f i r s t  m e l t ,  which w a s  

It i s  a good assumption t o  s a y  t h a t  t h e  Raney nickel-Raney c o b a l t ,  
NiA13-Co2A19 and the  Al-Ni-Co systems are  t h e  same.  
q u a r t e r l y  r e p o r t  (2) w e  r epor t ed  t h e  presence of a new d i s t i n c t  s p e c i e s ;  
i t  appears  now t o  be  t h e  primary s o l i d  s o l u t i o n  mentioned by Raynor and 
P f e i l .  RA-1 w a s  re-examined and was shown t o  have CoZA19, N i A 1 3 ,  and a 
series of l i n e s  which w e  account t o  t h e  s o l i d  s o l u t i o n .  Now i f  C02Al9 
and/or  NiAl3 were t h e  predominant phases one would expec t  t h e  leached-  
reduced Raney Ni-Raney Co t o  be f r e e  N i  and f r e e  Co; b u t  as w a s  r epor t ed  
ear l ie r  t h e r e  i s  no f r e e  N i  or f r e e  Co p re sen t .  A s  n i c k e l  i s  s o l u b l e  
i n  C02Al9, a monoclinic c r y s t a l  ( E ) ,  we can e l i m i n a t e  t h i s  as a p o s s i -  
b i l i t y  as f a r  a s  our main phase i s  concerned as w e  exceeded t h e  l i m i t i n g  
bounds of n i c k e l ' s  s o l u b i l i t y .  N i A l 3  i s  completely e l imina ted  because 
of c o b a l t ' s  r e s t r i c t e d  s o l u b i l i t y  i n  i t .  

I n  the previous  

We may conclude that  t h e  primary s o l i d  s o l u t i o n  phase which would 
be  a face-centered  cubic  s t r u c t u r e  i s  the cause  of t h e  phenomena w e  a r e  
observing i n  t h e  RAL series. Why upon removal of t h e  aluminum w e  a r e  
s t i l l  l e f t  with t h e  face-centered  s t r u c t u r e s  i s  s t i l l  a ques t ion  t o  be 
answered. 

The la t t ice  parameters  f o r  RAL-1 and 1Ni-1Co a l l o y  have been re- 
c a l c u l a t e d  along wi th  those  of  RAL-2, RAL-3, and 3Ni-1Co (see t a b l e  7 ) .  
The series of leached and reduced Raney melts shows an i n c r e a s e  i n  
l a t t i c e  parameters  with an i n c r e a s e  i n  coba l t  conten t .  Q u a n t i t a t i v e  
d a t a  are  s t i l l  being done f o r  t h e  Raney Ni-Raney Co reduced and leached 
m e l t  (Ni/Co = 0.25 by weight) bu t  from a l l  i n d i c a t i o n s  i t  should f i t  
c o n s i s t e n t l y  wi th  t h e  above conclus ion .  It i s  i n t e r e s t i n g  t o  no te  t h a t  
t h e  hexagonal phase has  f i n a l l y  appeared f a i n t l y  i n  t h i s  m e l t .  It would 
seem t h a t  w e  are f i n a l l y  reaching  the  l imi t ing  p o i n t  of  t h e  cubic  s t r u c t u r e  
a t  around 80 percent  c o b a l t .  
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A s t a t i s t i c a l  t reatment  has  been appl ied and shows t h a t  t h e  i n t e r -  
p l a n a r  spacings are a c c u r a t e  t o  1 p a r t  i n  200, l a t t i c e  parameters  t o  
1 p a r t  i n  350, and t h e  r e l a t i v e  i n t e n s i t i e s  (21) have a 10 p e r c e n t  un- 
c e r t a i n t y  due t o  t h e  i n h e r e n t  e l e c t r i c a l  n o i s e  of t h e  dens i tome te r  and 
t h e  s t r i p  r eco rde r .  

Conc l u s  i o n  

It would seem t h a t  t h e  primary s o l i d  s o l u t i o n  o f  Al-Ni-Cog, which 
i n  i t s e l f  h a s  t h e  face-centered cub ic  c r y s t a l  s t r u c t u r e ,  i s  t h e  on ly  
phase which could p o s s i b l y  b e  t h e  determining f a c t o r  a f f e c t i n g  t h e  
s t r u c t u r e  of t h e  leached t e r n a r y  m e l t .  The i n t r i c a t e  la t t ice  e f f e c t s  
and s t r u c t u r e  t h a t  allow t h e  material  to  remain i n  a f ace -cen te red  
cub ic  s t r u c t u r e  s t i l l  remain a mystery. W e  have shown t h a t  t h e  reduced 
and leached Raney Ni-Raney Co  system i s  i n  a face-centered cub ic  
s t r u c t u r e  up t o  approximately 80 percent  c o b a l t ,  a t  which p o i n t  t h e r e  
i s  an appearance of t h e  hexagonal close-packed s t r u c t u r e  along wi th  t h e  
c u b i c  s t r u c t u r e .  This  i s  a t  least  q u a l i t a t i v e l y  analogous t o  t h e  b ina ry  
Ni-Co system i n  which t h e  hexagonal s t r u c t u r e  c o e x i s t s  w i t h  t h e  c u b i c  
s t r u c t u r e  above 70 pe rcen t  c o b a l t  (26). 
same b u t  bo th  are  examples of primary s o l i d  s o l u t i o n s  of n i c k e l  and 
c o b a l t .  
t h e  same s t r u c t u r e  as one of t h e i r  i n i t i a l  components, i n  t h i s  case N i ,  
and both show expanding l a t t i ce s  wi th  increase i n  c o b a l t  c o n t e n t .  

Both systems may n o t  b e  t h e  

Both show one primary phase throughout t h e i r  r e g i o n s  which i s  

Work Plan 

During t h e  next  q u a r t e r  t h e  p repa ra t ion  o f  c o p r e c i p i t a t e d  hydroxides 
o f  b i n a r y  and t e r n a r y  combinations of t r a n s i t i o n  metals, i n  d i f f e r e n t  
p r o p o r t i o n s ,  w i l l  be  cont inued.  These hydroxides w i l l  b e  reduced,  car- 
bided and n i t r o c a r b i d e d .  Borides of t h e  t r a n s i t i o n  metals, s i n g l y  and 
i n  combination, w i l l  be prepared. 
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APPENDIX I 

Samples shipped t o  Tyco Labora to r i e s  t h i s  q u a r t e r  - - - - - - - - - -  34 

Samples shipped t o  Tyca Labora to r i e s  t o  d a t e  - - - - - - - - - - - - - - -  121 

Samples shipped t o  non-cost u s e r s  t h i s  q u a r t e r  - - - - - - - - - - - - -  130 

Samples shipped t o  non-cost u s e r s  t o  d a t e  - - - - - - - - - - - - - - - - - -  244 
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