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SUMMARY 

NiCo204 i s  shown t o  be d i f f i c u l t  t o  o b t a i n  as a p u r e  phase, and may never  
have been so o b t a i n e d .  
i t s  p r e c i s e  c h a r a c t e r i z a t i o n .  
t h e  s p i n e l  d i f f r a c t i o n  l i n e s ,  caused b y  p o o r l y  c r y s t a l l i z e d  N i O ,  t h a t  i s  seen 
i n  d i f f r a c t o m e t e r  t r a c e s .  The c0304 wh ich  i s  expec ted  t o  accompany N i O  as an 
i m p u r i t y  i n  NiCo204 syntheses has t h e  same d i f f r a c t i o n  p a t t e r n  as t h e  b i n a r y  

d- LD o x i d e .  F i r i n g s  o f  t h e  c o - p r e c i p i t a t e d  h y d r o x i d e s  a t  300, 350, and 400 "C,  
h m i n c l u d i n g  one i n  p u r e  02, f a i l e d  t o  produce s i n g l e  phase c o b a l t a t e .  Scanning 

o r d e r s  o f  magni tude i n  a g g l o m e r a t e / p a r t i c l e  s i z e .  
a l l  i n  t h e  range 40 t o  110 m2/g, e q u i v a l e n t  to  p a r t i c l e s  o f  200 t o  100 8, 
d i a m e t e r .  The s p i n e l  d i f f r a c t i o n  l i n e  b r e a d t h s  were c o m p a t i b l e  w i t h  t h e s e  
approx imate  d imens ions .  

H i g h  r e s o l u t i o n  x - ray  d i f f r a c t o m e t r y  i s  r e q u i r e d  for 
F i l m  XRD i s  n o t  l i k e l y  t o  show t h e  asymmetry i n  

I 
w e l e c t r o n  mic roscopy  showed a l l  t h e  s i n t e r e d  p r o d u c t s  t o  range o v e r  s e v e r a l  

S u r f a c e  areas  b y  BET were 

INTRODUCTION 

The s p i n e l s ,  NiCo204 and Co304, have been w i d e l y  i n v e s t i g a t e d  as anode 
c a t a l y s t s  for  t h e  e l e c t r o l y s i s  of a l k a l i n e  w a t e r  a t  e l e v a t e d  t e m p e r a t u r e s  
( r e f s .  1 t o  12 ) .  T h e i r  a c t i v i t y  and d u r a b i l i t y  have been amply documented i n  
s e v e r a l  t y p e s  of e l e c t r o d e  s t r u c t u r e s .  Phase p u r i t y  o f  t h e  v a r i o u s  NiCo204 
p r e p a r a t i o n s ,  however, appears t o  be a common problem, w i t h  t h e  presence or 
absence o f  N i O  a p a r t i c u l a r  u n c e r t a i n t y .  T h i s  work was u n d e r t a k e n  t o  examine 
t h e  phase p u r i t y  and t e x t u r e / m o r p h o l o g y  o f  NiCo204 f o r  t h e  purpose o f  
c o n t r i b u t i n g  t o  i t s  c h a r a c t e r i z a t i o n .  

EXPERIMENTAL 

The c o - p r e c i p i t a t i o n  procedure  of B e t e j u e  and Tseung ( r e f .  13) was used t o  
make NiCo204. 
syntheses were done w i t h  a 300 "C,  10 h r ,  and a 350 "C,  5 h r  f i r i n g .  A f i r i n g  
was a l s o  done i n  2 atm o f  02 a t  300 "C f o r  10 h r .  
specimen was a l s o  o b t a i n e d  and i n c l u d e d  i n  t h e  measurements. The p r e p a r a t i o n s  
were c h a r a c t e r i z e d  by:  ( 1 )  sur face  a r e a  ( S A )  b y  an automated BET a p p a r a t u s  
( r e f .  14) u s i n g  N2 a d s o r p t i o n  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e ;  ( 2 )  scann ing  
e l e c t r o n  mic roscopy  ( S E M I  for o b s e r v a t i o n  of morphology,  t e x t u r e ,  and p a r t i -  
c l e / a g g l o m e r a t e  s i z e ;  ( 3 )  x - ray  d i f f r a c t i o n  (XRD) by a u t o m a t i c  d i f f r a c t o m e t r y ,  
Cu x- rays and a c r y s t a l  monochromator a f t e r  t h e  d i f f r a c t i o n ;  and ( 4 )  c r y s t a l -  
l i t e  s i z e  as e s t i m a t e d  from d i f f r a c t i o n  l i n e  b r e a d t h  a c c o r d i n g  t o  e q u a t i o n  ( 1 ) .  

The f i r s t  s y n t h e s i s  used t h e i r  400 " C  5 h r  f i r i n g .  Subsequent 

A c o m m e r c i a l l y  a v a i l a b l e  



where 

R i s  t h e  r a d i u s  o f  t h e  (assumed) s p h e r i c a l  c r y s t a l l i t e  

X i s  t h e  x - ray  wave l e n g t h ,  h e r e  = 1.54 A 

13 i s  t h e  w i d t h  i n  r a d i a n s  a t  h a l f  maximum i n t e n s i t y  o f  t h e  d i f f r a c t i o n  l i n e  
above background 

8 i s  t h e  Bragg a n g l e  f o r  t h e  ( h k l )  

No s p e c i a l  r e f i n e m e n t s  were a p p l i e d  t o  t h e  c a l c u l a t i o n s  from l i n e  b r e a d t h  
s i n c e  an a c c u r a c y  o f  about  a f a c t o r  o f  2 was deemed adequate f o r  t h e  
c o n d i t i o n s  o f  these e x p e r i m e n t s .  

RESULTS 

Tab le  I i d e n t i f i e s  t h e  NiCo204 specimens and c o n t a i n s  some o f  t h e  d a t a .  
X-ray d i f f r a c t o m e t e r  t r a c e s  were o b t a i n e d  w i t h  a monochromator upon t h e  
d i f f r a c t e d  Cu K r a d i a t i o n .  F i g u r e  1 i s  t h e  XRD p a t t e r n  g i v e n  b y  specimen 1 ;  
i t  shows w e l l - r e s o l v e d  N i O  l i n e s  and o v e r a l l  c r y s t a l l i n e  d i f f r a c t i o n .  F i g u r e s  
2 and 3 a r e  p a t t e r n s  g i v e n  by specimen 2 ;  t h e y  a r e  marked w i t h  N i O  l i n e  
p o s i t i o n s  wh ich  a r e  i n d i c a t e d  o n l y  as asymmetry o f  t h e  s p i n e l  l i n e s .  
D i f f r a c t i o n  p a t t e r n s  from specimens 3 t o  8 were n o t  s u b s t a n t i a l l y  d i f f e r e n t  
from f i g u r e  2.  

The d i f f r a c t i o n  l i n e  b r e a d t h  o f  t h e  s p i n e l  (220)  a t  28 = 31.05",  from 
specimen number 2 ,  i s  t h e  o n l y  measurement r e p o r t e d  h e r e  as used for  
c a l c u l a t i o n  o f  c r y s t a l l i t e  s i z e  s i n c e  t h e r e  appeared t o  be no s y s t e m a t i c  
r e l a t i o n  t o  s u r f a c e  areas  among t h e  specimens. A s i z e  o f  R = 200 A was 
o b t a i n e d  by use o f  e q u a t i o n  ( 1 )  on t h i s  (220)  l i n e .  Scanning e l e c t r o n  m i c r o -  
graphs o f  specimens 1 ,  2 ,  6 ,  and 7 a r e  shown i n  f i g u r e s  4 t o  8 as c a p t i o n e d .  
SEM's from specimens 3 t o  5 were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 6 and 7.  
Specimen number 2 ( f i g .  5 ) ,  appeared t o  be d i f f e r e n t  from t h e  o t h e r s ;  t h e  
d i f f e r e n c e  was r e s o l v e d  a t  h i g h  m a g n i f i c a t i o n  ( f i g .  6 ) .  

D I S C U S S I O N  

F i g u r e s  2 and 3 show asymmetry i n  t h e  NiCo204 s p i n e l  d i f f r a c t i o n  l i n e s  a t  
8 = 36.8" and 44.7' .  There i s  a s p i n e l  l i n e  a t  38.5"  wh ich  obscures  t h e  N i O  
l i n e  a t  37.3'; however,  t h e  s p i n e l  l i n e  asymmetry i n d i c a t e d  i n  f i g u r e s  2 and 3 
must be a s c r i b e d  t o  N i O  d i f f r a c t i o n  a t  28 = 43.3" .  A l l  specimens heated  i n  
t h i s  work between 300 and 400 "C t o  form t h e  b i n a r y  o x i d e  y i e l d e d  d i f f r a c t i o n  
p a t t e r n s  l i k e  those o f  f i g u r e s  2 and 3 .  On t h e  o t h e r  hand, f i g u r e  1 ,  specimen 
number 1 ,  shows t h e  s p i n e l  phase w e l l - r e s o l v e d  from N i O ,  i n d i c a t e d  an 
a p p a r e n t l y  w e l l - c r y s t a l l i z e d  m a t e r i a l  p r o b a b l y  f i r e d  n400 "C.  T h i s  specimen's  
low SA i s  i n  a c c o r d  w i t h  t h e  XRD i n d i c a t i o n s  o f  c r y s t a l l i n i t y .  
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The r e p o r t i n g  o f  presence or absence o f  N i O  i n  NiCo204 has a p p a r e n t l y  
been l a r g e l y  based on f i l m - r e c o r d e d  d i f f r a c t i o n  w i t h  Cu KU x - r a y s .  I t  i s  h e r e  
p o s t u l a t e d  t h a t  N i O  i m p u r i t y  p r o b a b l y  has escaped d e t e c t i o n  where i t  has been 
r e p o r t e d  absent ,  because of t h e  c o m b i n a t i o n  o f  l i n e  b r o a d e n i n g  due t o  s m a l l  
p a r t i c l e  s i z e ,  asymmetry o f  s p i n e l  l i n e s  due t o  p o o r l y  c r y s t a l l i z e d  N i O ,  and 
by f i l m  d a r k e n i n g  due t o  f l u o r e s c e n c e  b y  t h e  t r a n s i t i o n  e lements caused by t h e  
i n c i d e n t  x - ray  beam (1A) .  C o u n t e r - d i f f r a c t o m e t r y  w i t h  Cu K x- rays p l u s  
c r y s t a l  m o n o c h r o m a t i z a t i o n  s h o u l d  be used; an a l t e r n a t e  i s  Co KU r a d i a t i o n  
w i t h o u t  a monochromator. I n  v i e w  of these o b s e r v a t i o n s ,  i t  i s  c o n c e i v a b l e  
t h a t  NiCo2Oq has never  been o b t a i n e d  as a s i n g l e  phase. 

I t  i s  n o t a b l e  t h a t  C0304, wh ich  may be expec ted  t o  accompany N i O ,  produces 
q u i t e  p r e c i s e l y  t h e  same d i f f r a c t i o n  p a t t e r n  as NiCo204. F u r t h e r ,  one has to  
contend w i t h  t h e  range of l a t t i c e  c o n s t a n t s  a t t r i b u t e d  t o  each s p i n e l .  Knop, 
e t  a l .  ( r e f .  151, l i s t s  12 v a l u e s  for Co304 r a n g i n g  from 8.05 t o  8.126 A ,  and 
4 f o r  NiCo204, r a n g i n g  from 8.098 t o  8.128 A .  Knop does show a d i f f e r e n t i a t i o n  
i n  some r e l a t i v e  i n t e n s i t i e s  i n  n e u t r o n  d i f f r a c t i o n  b y  t h e  two subs tances .  

SEM d i s c l o s e s  a v e r y  wide range of p a r t i c l e  or agg lomera te  s i z e  i n  a l l  t h e  
specimens. F i g u r e  6,  a 2000X m a g n i f i c a t i o n  o f  one of t h e  l a r g e  lumps o f  
f i g u r e  5, shows t h e  mass t o  be a porous agg lomera te  of much f i n e r  p a r t i c l e s  
t h a n  f i g u r e  5 m i g h t  suggest .  Specimen 1 ,  a p p e a r i n g  t o  be w e l l - c r y s t a l l i z e d  t o  
XRD and o f  low SA, i s  seen i n  f i g u r e  4 t o  c o n s i s t  o f  agg lomera tes  o f  f i n e s .  
Oxides o b t a i n e d  by f i r i n g  c o - p r e c i p i t a t e d  h y d r o x i d e s  may e x h i b i t  m o r p h o l o g i e s  
l i k e  those shown h e r e ,  whereas o t h e r  methods may r e s u l t  i n  d i f f e r e n t  
morpho log ies .  U n f o r t u n a t e l y ,  t h e  h i s t o r y  o f  specimen 1 was n o t  o b t a i n a b l e ,  
I n  any case, i t  appears d e s i r a b l e  f o r  t h e  f a b r i c a t i o n  o f  t e f l o n a t e d  e l e c t r o d e s  
t o  c o n s i d e r  t h e  morphology o f  t h e  c a t a l y s t .  
w i l l  t e n d  t o  be covered b y  t h e  f low of t e f l o n  i n  t h e  u s u a l  low t e m p e r a t u r e  
s i n t e r i n g  a p p l i e d  to  t h e  t e f l o n - c a t a l y s t  m i x  upon i t s  m e t a l  base. 

Agglomerates o f  f i n e  p a r t i c l e s  

F r e e z e - d r y i n g  s y n t h e t i c  p rocedures  have been r e p o r t e d  t o  make t h e  " b e s t "  
NiCo204, i n c l u d i n g  c l a i m  t o  freedom from N i O  i m p u r i t y  ( a c c o r d i n g  t o  f i l m  XRD) ,  
y e t  one r e p o r t  ( r e f .  4) d i d  f i n d  N i O  i n  such a s y n t h e s i s .  
e x c e l l e n t  per formance has been o b t a i n e d  w i t h  t e f l o n a t e d  NiCo204 e l e c t r o l y s i s  
anodes, i t  shou d be p r o d u c t i v e  t o  use w e l l - c h a r a c t e r i z e d  c a t a l y s t .  

I n  a l l ,  a l t h o u g h  

CONCLUDING REMARKS 

I n  g e n e r a l ,  i t  seems d e s i r a b l e  t o  use s i n g l e  phase m a t e r i a l  as a 
c a t a l y s t .  I n  v ew of good performance b y  NiCo204 e l e c t r o d e s  o f  v a r i o u s  t y p e s  
i n c o r p o r a t i n g  o x i d e s  more or l e s s  d e f i n e d ,  i t  cannot  be c l a i m e d  t h a t  b e t t e r  
c h a r a c t e r i z a t i o n  w i l l  l e a d  to  s i g n i f i c a n t  improvement.  The c o n t r a d i c t i o n s  i n  
r e p o r t s  o f  per formance,  however,  do suggest  t h a t  t h i s  c o u l d  happen. C o n t r o l  
o f  s y n t h e s i s  and t e f l o n a t i o n  by use of SEM and h i g h  r e s o l u t i o n  x - ray  
d i f f r a c t o m e t r y  may be u s e f u l  i n  t h i s  r e s p e c t .  

SUMMARY OF RESULTS 

Scanning e l e c t r o n  m i c r o s c o p y  and x - r a y  d i f f r a c t o m e t r y  have shown t h a t  
NiCo204 p r e p a r a t i o n s  a r e  d i f f i c u l t  t o  c h a r a c t e r i z e  and may never  have been 
s i n g l e  phase. F i r i n g  of t h e  c o - p r e c i p i t a t e d  h y d r o x i d e s  a t  300, 350, and 400 "C 
r e s u l t e d  i n  NiCo204 w i t h  unknown amounts of N i O  b e s t  d e t e c t e d  by c r y s t a l  



monochromatized x - ray  d i f f r a c t o m e t r y .  Any accompanying Co304 cannot  r e a d i  
be r e s o l v e d .  Repor ts  of s i n g l e  phase NiCo204 based on f i l m  r e c o r d e d  x - ray  
d i f f r a c t i o n  r e q u i r e  r e - e v a l u a t i o n  inasmuch as amorphous N i O  c o u l d  have bee 
ev idenced by asymmetry o f  some s p i n e l  d i f f r a c t i o n  l i n e s  r a t h e r  t h a n  by 
r e s o l v a b l e  peaks or obscured by f i l m  d a r k e n i n g .  
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TABLE I. - MEASUREMENTS ON NiCozOp 

[Specimens 2 t o  8 had been c o - p r e c i p i t a t e d  as h y d r o x i d e s  f r o m  
c h l o r i d e s  and f i r e d  t o  o x i d e s .  
a t  80 "C, 5 and 6 a t  25 "C. 7 and 8 were taken  f rom t h e  
h y d r o x i d e  b a t c h  o f  3 and f i r e d  f o r  10 h r  i n  02; a f t e r w a r d s ,  
7 was b a l l - m i l l e d  w i t h  Ni  b a l l s  f o r  2 h r  i n  i s o p r o p a n o l .  
The a. v a l u e s  a r e  averages o b t a i n e d  f rom two ( h k l ) ' s ,  t h e  
(400)  and t h e  (440).1 

3 and 4 were p r e c i p i t a t e d  

Specimen i d e n t i  f i c a t i o n  
~ I XRD o b s e r v a t i o n s  17 N i O  i d e n t i c a l  

I 1 I Commercial sou rce  I 7 
400 5 
300 10 
350 5 
300 10 
350 5 
300 i n  02 5 
300 i n  02 5 

40 
90 
70 
95 

113 
79 
76 

8.106 
8.109 
8.096 
8.098 
8.080 
8.082 
8.101 
8.102 

N i  0 r e s o l v e d  . 
Specimens 2 

t o  8 showed 
asymmetry 
o f  s p i n e l  
l i n e s  where 
N i O  l i n e s  
l i e .  
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