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PREFACE

This book contains 33 of the 39 papers presented at the First 
International Symposium on Solid Oxide Fuel Cells, held at the 176th 
meeting of the Electrochemical Society in Hollywood, Florida, October 
16-18, 1989. These papers represent contributions from authors in several 
countries, including U.S.A., Japan, The Netherlands, Denmark, France and 
England, reflecting the widening world-wide interest in solid oxide fuel 
cells. High-temperature solid oxide fuel cells based on yttria-stabilized 
zirconia electrolyte have progressed to the point where they are being 
considered for large-scale power generation by both gas and electric 
utilities. This symposium attempted to present state-of-the-art knowledge 
on materials for different cell components as well as on design and 
performance of different type of solid oxide fuel cells.

The first part of the book covers papers on electrolyte materials 
and processing. Though majority of the papers in this part deal with 
yttria-stabilized zirconia electrolyte, papers on few other types of oxygen 
ion conductors are also included.

The second part of the book presents information on materials 
and processing of electrodes and interconnection. This part also 
incorporates papers dealing with interactions at the electrolyte/electrode 
interfaces.

The remaining three parts of the book deal with design and 
performance of three different types of solid oxide fuel cells: tubular, 
monolithic and planar. Taken together, the papers in the book represent 
a comprehensive sample of the current research in the field of high- 
temperature solid oxide fuel cells.

I would like to extend my appreciation to Ronak Singhal for 
compiling the indexes, and to Mrs. Janice Radford for her dedicated 
efforts with the organization of the symposium and the compilation of the 
book.

Subhash C. Singhal 

Westinghouse R&D Center
July 1989 Pittsburgh, Pennsylvania
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EFFECT OF ALUMINA ADDITIONS ON THE ELECTRICAL 
PROPERTIES OF YTTRIA DOPED ZIRCONIA

F . I s h i z a k i ,  T. Y oshida and S . S akurada 
C o rp o ra te  R esearch  and Developm ent L a b o ra to ry  

Toa Nenryo Kogyo K.K.
3-1  N is h i- ts u ru g a o k a  1-chom e, O h i-m ach i, 

Iru m a-g u n , S a ita m a-k e n , Jap an  354

ABSTRACT

The e f f e c t  o f  a lu m in a  a d d i t i o n s  t o  y t t r i a  f u l l y  
s t a b i l i z e d  z i r c o n i a  (Y-FSZ) h a s  b e e n  s t u d i e d  on  t h e  
m ic r o s t r u c tu r e ,  e l e c t r i c a l  r e s i s t i v i t y ,  m ec h an ic a l s t r e n g th  
and f u e l  c e l l  p e rfo rm a n ce . A lum ina added Y-FSZ (AAZ) was 
j u s t  a  p h y s i c a l  m ix t u r e .  The g r a i n  s i z e  o f  Y-FSZ i n  AAZ 
re d u ce d  w ith  in c r e a s e  in  a lu m in a  c o n te n t .  The e l e c t r i c a l  
r e s i s t i v i t y  o f  AAZ in c r e a s e d  w ith  re d u c in g  th e  g r a in  s i z e  
o f  Y-FSZ and w ith  in c r e a s e  i n  volum e f r a c t i o n  o f  a lu m in a . 
The m ec h an ic a l s t r e n g th  o f  AAZ in c r e a s e d  w ith  in c r e a s e  in  
a lu m in a  c o n t e n t  an d  was r e l a t e d  t o  t h e  g r a i n  s i z e  o f  
a lu m in a . The f u e l  c e l l  p e rfo rm an ce  was d e te rm in e d  by th e  
e l e c t r i c a l  r e s i s t i v i t y  o f  AAZ, and AAZ was v e ry  s t a b l e  f o r  
u se  i n  SOFC. T hese r e s u l t s  in d ic a te  t h a t  a lu m in a  a d d i t io n  
to  Y-FSZ c o u ld  p ro v id e  a s e l f - s u p p o r te d  SOFC e l e c t r o l y t e .

INTRODUCTION

In  g e n e r a l ,  f u l l y  s t a b i l i z e d  z i r c o n i a  (FSZ) i s  u s e d  a s  an  SOFC 
e l e c t r o l y t e .  B u t FSZ i s  m e c h a n ic a l ly  w e ak , so  a p o ro u s  tu b e  i s  
u s u a l ly  n e c e s s a ry  t o  su p p o r t  FSZ e l e c t r o l y t e  when FSZ i s  u sed  in  SOFC. 
B u t a s u p p o r t  tu b e  p r e v e n t s  an  SOFC fro m  im p r o v in g  t h e  v o l u m e t r i c  
pow er d e n s i ty ,  so  a s e l f - s u p p o r te d  SOFC e l e c t r o l y t e  i s  needed .

On t h e  c o n t r a r y ,  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (PS Z ) i s  
m e c h a n i c a l l y  v e r y  s t r o n g  b u t  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  PSZ i s  
f a i r l y  i n f e r i o r  t o  t h a t  o f  FSZ. In  o u r  l a b o r a t o r y ,  PSZ h a s  b e e n  
s tu d ie d  a s  an SOFC e l e c t r o l y t e  b ecau se  o f  th e  m ec h an ic a l s t r e n g th  and 
good  p e r f o r m a n c e  h a s  b e e n  o b t a i n e d  t o  a  c e r t a i n  e x t e n t .  B u t PSZ’s 
s t a b i l i t y  f o r  u se  in  SOFC i s  n o t  c l e a r  a t  p r e s e n t ,  and h en ce , f o r  now, 
FSZ i s  th e  m a te r i a l  o f  c h o ic e  f o r  an SOFC e l e c t r o l y t e .

T h e r e f o r e ,  a lu m in a  a d d i t i o n  t o  FSZ w as c o n s i d e r e d  i n  o r d e r  t o  
im p ro v e  t h e  m e c h a n ic a l  s t r e n g t h  o f  FSZ. Few s t u d i e s  on a lu m in a  
a d d i t i o n  t o  FSZ h a v e  b e e n  r e p o r t e d  ( 1 - 3 ) .  I n  t h i s  p a p e r ,  t h e  e f f e c t  
o f  a lu m in a  a d d i t i o n s  on e l e c t r i c a l  r e s i s t i v i t y ,  m ec h an ic a l s t r e n g th
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a n d  f u e l  c e l l  p e r fo r m a n c e  o f  FSZ i s  s t u d i e d ,  e s p e c i a l l y  f ro m  t h e  
s ta n d p o in t  o f  u se  a s  an SOFC e l e c t r o l y t e .

EXPERIMENTAL

C om m ercial y t t r i a  f u l l y  s t a b i l i z e d  z i r c o n i a  (Y-FSZ) an d  a l p h a -  
a lu m in a  w ere u sed  a s  raw  m a te r i a l s .  Y-FSZ pow der c o n ta in e d  7.92mol% 
y t t r i a  and had p u r i t y  o f  o v e r 99.9wt%, a v e ra g e  p a r t i c l e  s i z e  o f  0.3 pm 
a n d  s p e c i f i c  s u r f a c e  a r e a  o f  15m 2/ g .  A lu m in a  p o w d e r h a d  o v e r  
99.99wt%, 0.2 pm and 14m2/g .

M ixed  p o w d e rs  o f  Y-FSZ an d  a lu m in a  w e re  o b t a i n e d  by d r y in g  t h e  
m ixed s l u r r i e s  a f t e r  m i l l in g  in  a  b a l l  m i l l  w ith  e th a n o l .  The t a b l e t s  
(20mm d ia m . x 3.5mm t h i c k n e s s )  o f  t h e  p o w d e rs  w e re  p r e p a r e d  by 
p r e s s i n g  a t  3 0 0 k g /c m 2. T hey w e re  s i n t e r e d  a t  1700°C  i n  a i r  f o r  
3 h o u rs .

The d e n s i ty  o f  a s i n t e r e d  t a b l e t  was c a l c u l a te d  from  th e  volum e 
and w e ig h t. The c r y s t a l  s t r u c tu r e  was d e te rm in e d  by X -ray  d i f f r a c t i o n  
(XRD) a n a l y s i s .  The m o rp h o lo g y  o f  a lu m in a  a d d e d  Y-FSZ (AAZ) w as 
o b se rv ed  by en erg y  d i s p e r s io n  X -ra y  (EDX) s p e c t r o m e t r y  an d  s c a n n in g  
e le c t r o n  m ic ro sc o p y  (SEM).

The e l e c t r i c a l  r e s i s t i v i t y  o f  a t a b l e t  w as m e a su re d  by AC 
im p e d a n c e  m e th o d , u s in g  YHP 4194A. The e l e c t r o d e  p r e p a r a t i o n  
p ro c e d u re s  a r e  d e s c r ib e d  e ls e w h e re  (4).

S h e e ts  o f  AAZ w ere  f a b r i c a t e d  f o r  m e a s u re m e n ts  o f  b e n d in g  
s t r e n g t h  a n d  f u e l  c e l l  p e r f o r m a n c e .  S h e e ts  (25mm d ia m . x 0 .1 - 0 .3mm 
th ic k n e s s )  o f  th e  m ixed pow ders w ere p re p a re d  by d o c to r  b la d e  m ethod, 
s i n t e r i n g  th e  g re e n  s h e e ts  a t  1700°C in  a i r  f o r  3 h o u rs .

The b e n d in g  s t r e n g th  m easurem ent o f  a  s i n t e r e d  s h e e t  was made by 
th e  fo l lo w in g  m ethod. A s i n t e r e d  s h e e t  was s e t  on th e  s p e c ia l  s ta n d  
shown in  F ig . l .  The c e n te r  o f  th e  s h e e t  was s lo w ly  pushed  by a m e ta l 
r o d  o f  3mm d ia m . an d  t h e  d a t a  w e re  o b t a i n e d  fro m  th e  w e ig h t  j u s t  
b e fo re  th e  s h e e ts  w ere d e s tro y e d .

The e l e c t r o l y t e  p r o p e r t y  o f  an  AAZ s h e e t  w as s t u d i e d  on V -I  
c h a r a c t e r i s t i c  a n d  c u r r e n t  i n t e r r u p t e d  c u r v e  by m ak in g  a  f u e l  c e l l .  
N ic k e l / z i r c o n ia  c e rm e t was used  a s  an anode and lan thanum  m anganese 
o x id e  a s  a  c a th o d e , r e s p e c t iv e ly .  Hydrogen was s u p p l ie d  t o  th e  a n o d ic  
s i d e  o f  t h e  f u e l  c e l l  and  o x y g en  t o  t h e  c a t h o d i c  s i d e ,  r e s p e c t i v e l y .  
The m easu rem en t p ro c e d u re s  a re  d e s c r ib e d  e ls e w h e re  (5).
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RESULTS AND DISCUSSION

The XRD p a t t e r n  o f  an  AAZ i s  show n i n  F i g . 2. In  t h i s  p a t t e r n ,  
o n ly  p e a k s  o f  c u b i c - z i r c o n i a  and  a lp h a - a l u m in a  w e re  fo u n d . T h is  
i n d ic a te d  t h a t  Y-FSZ and a lu m in a  d id  n o t  r e a c t  w i th  each  o th e r .  The 
EDX s p e c tro m e try  show ed t h a t  Y-FSZ g r a in s  and a lu m in a  g r a in s  e x is te d  
in d e p e n d e n tly  and t h a t  Y-FSZ and a lu m in a  d id  n o t  d i s s o lv e  each  o th e r .  
These r e s u l t s  mean t h a t  Y-FSZ and a lu m in a  sy s tem  i s  s t a b l e  j u s t  a s  a 
p h y s ic a l  m ix tu re  w i th in  th e  f a b r i c a t i o n  c o n d it io n s  u sed .

The e f f e c t  o f  a lu m in a  c o n te n t  on t h e  s i n t e r e d  d e n s i t y  o f  AAZ i s  
show n i n  F i g . 3. The m e a s u re d  d e n s i t i e s  (o p en  c i r c l e s )  w e re  i n  good  
ag reem en t w i th  th o s e  o f  th e  t h e o r e t i c a l  c u rv e . T hese d a ta  in d ic a te d  
t h a t  th e  t a b l e t s  w ere  d e n s i f i e d  w e l l .

The sc a n n in g  e le c t r o n  m ic ro g rap h s  o f  b a se  Y-FSZ and AAZ a r e  shown 
in  F ig .4 . By th e  EDX s p e c tro m e try ,  i t  was c o n firm ed  t h a t  w h ite  g r a in s  
w ere Y-FSZ and b la c k  g r a in s  w ere  a lu m in a . I t  was r e v e a le d  from  F ig .4 , 
t h a t  t h e  g r a i n  s i z e  o f  Y-FSZ w as r e d u c e d  by a lu m in a  a d d i t i o n  and  
showed more e f f e c t i v e  r e s u l t s  w ith  in c r e a s e  i n  a lu m in a  c o n te n t .  In  
o th e r  w ords, a lu m in a  a d d i t io n  t o  Y-FSZ c o n t r o l l e d  th e  g ro w th  o f  Y-FSZ 
g r a in s .  On th e  c o n tr a r y ,  th e  g r a in  s i z e  o f  a lu m in a  rem a in ed  c o n s ta n t  
and in d ep e n d en t o f  a lu m in a  c o n te n t .  F ig .5  shows th e  e f f e c t  o f  a lu m in a  
c o n te n t  on t h e  g r a i n  s i z e s  o f  Y-FSZ an d  a lu m in a ,  o f  w h ic h  a v e r a g e  
g r a in  s i z e s  w ere  d e te rm in e d  from  F ig .4 . I t  show s t h a t  an a d d i t io n  of 
m ore  t h a n  30wt% a lu m in a  i s  n o t  v e r y  e f f e c t i v e  i n  c o n t r o l l i n g  Y-FSZ 
g r a in  s i z e  i n  AAZ.

The e l e c t r i c a l  r e s i s t i v i t i e s  o f  AAZ’s a s  a  f u n c t i o n  o f  t h e  
te m p e ra tu re  a r e  shown in  Fig.6? th e  e l e c t r i c a l  r e s i s t i v i t y  in c re a s e d  
w i th  i n c r e a s e  i n  a lu m in a  c o n te n t .  I n  T a b le  1 , t h e  e l e c t r i c a l  
r e s i s t i v i t i e s  a t  1000°C  a r e  show n. The e l e c t r i c a l  r e s i s t i v i t y  i s  a 
v e r y  i m p o r t a n t  f a c t o r  fro m  t h e  s t a n d p o i n t  o f  u s in g  AAZ a s  an  SOFC 
e l e c t r o l y t e .  At f i r s t ,  th e  in c r e a s e  i n  e l e c t r i c a l  r e s i s t i v i t y  cau sed  
by b u lk  was c o n s id e re d . From F ig .4 , th e  m orphology o f  a lu m in a  in  AAZ 
was re g a rd e d  a s  th e  i s o l a t e d  s p h e r ic a l  p a r t i c l e s  w hich  d is p e r s e d  w e ll  
i n  Y-FSZ. I n  s u c h  a c a s e ,  t h e  e l e c t r i c a l  r e s i s t i v i t y  s h o u ld  be 
in v e r s e ly  p r o p o r t io n a l  t o  th e  volume f a c t io n  o f  Y-FSZ (6). In  T ab le  
1, th e  c o r r e c te d  e l e c t r i c a l  r e s i s t i v i t i e s  Ro/x a r e  shown, w here  Ro i s  
th e  e l e c t r i c a l  r e s i s t i v i t y  o f  b a se  Y-FSZ and x i s  th e  volum e f r a c t io n  
o f  Y-FSZ i n  AAZ. The m e a s u re d  e l e c t r i c a l  r e s i s t i v i t i e s  w e re  l a r g e r  
th a n  th o se  c o r r e c te d  by th e  volum e f r a c t io n  o f Y-FSZ in  AAZ.

The in c r e a s e  i n  e l e c t r i c a l  r e s i s t i v i t y  c au sed  by g r a in  boundary  
w as c o n s i d e r e d  f o r  t h e  d i f f e r e n c e  b e tw e e n  t h e  m e a s u re d  e l e c t r i c a l  
r e s i s t i v i t y  and th e  c o r r e c te d  v a lu e . T h is  r e s i s t i v i t y  in c r e a s e d  w ith  
in c r e a s e  in  g r a in  boundary  by re d u c t io n  o f  Y-FSZ g r a in  s i z e .  A lthough 
g r a i n  b o u n d a ry  e x i s t s  i n  t h r e e  d im e n s io n s ,  i t  w as a s su m e d  t h a t  o n ly
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one d im e n s io n  a f f e c te d  th e  g r a in  b o u ndary  e l e c t r i c a l  r e s i s t i v i t y ;  th e  
tw o  o t h e r  d im e n s io n s  w h ic h  a r e  p a r a l l e l  t o  t h e  c u r r e n t  s h o u ld  n o t  
a f f e c t  t h i s  r e s i s t i v i t y .  I t  was shown in  F ig .7 , t h a t  th e  d i f f e r e n c e  
b e tw een  th e  m easured  e l e c t r i c a l  r e s i s t i v i t y  a n d  t h e  c o r r e c t e d  v a lu e  
was p r o p o r t io n a l  t o  th e  in c r e a s e  i n  GSo/GS, w here  GSo i s  Y-FSZ g r a in  
s i z e  i n  b a s e  Y-FSZ an d  GS i s  Y-FSZ g r a i n  s i z e  i n  AAZ. G So/G S-1 
e x p r e s s e s  t h e  i n c r e a s e  i n  g r a i n  b o u n d a ry .  T h e se  d a t a  r e v e a l e d  t h a t  
t h e  d i f f e r e n c e  b e tw e e n  th e  m e a s u re d  e l e c t r i c a l  r e s i s t i v i t y  an d  t h e  
c o r r e c te d  v a lu e  was due to  th e  in c r e a s e  i n  g r a in  boundary .

These r e s u l t s  show t h a t  th e  in c r e a s e  in  e l e c t r i c a l  r e s i s t i v i t y  o f  
AAZ i s  r e l a t e d  t o  t h e  d e c r e a s e  i n  v o lu m e  f r a c t i o n  o f  Y-FSZ a n d  t h e  
i n c r e a s e  i n  g r a i n  b o u n d a r y .  I n  o t h e r  w o r d s ,  t h e  e l e c t r i c a l  
r e s i s t i v i t y  o f  AAZ i s  d e te rm in e d  by th e  a lu m in a  c o n te n t  and th e  g r a in  
s i z e  o f  Y-FSZ.

The b e n d in g  s t r e n g th  o f  AAZ s h e e ts  a s  a f u n c tio n  o f  th ic k n e s s  i s  
show n i n  F i g . 8 . I t  sh o w ed  t h a t  t h e  b e n d in g  s t r e n g t h  i n c r e a s e d  w i th  
i n c r e a s e  i n  a lu m in a  c o n te n t  a n d  t h a t  t h e  b e n d in g  s t r e n g t h  w as 
p r o p o r t io n a l  t o  th e  sq u a re  o f  th e  t h ic k n e s s .

The r e l a t i o n  b e tw e e n  t h e  a lu m in a  c o n t e n t  a n d  th e  i n c r e a s e  i n  
b e n d in g  s t r e n g t h  i s  show n in  F i g .9 . I t  sh o w s t h a t  t h e  i n c r e a s e  i n  
b e n d in g  s t r e n g th  i s  p r o p o r t io n a l  t o  th e  a lu m in a  c o n te n t .  F .J .E sp er e t  
a l .  h a v e  r e p o r t e d  t h a t  t h e  b e n d in g  s t r e n g t h  o f  AAZ i s  d e te r m in e d  by  
th e  l a t i c e  d i s t o r t i o n s  o f  Y-FSZ and a lu m in a  (3). When i t  i s  assum ed 
t h a t  t h e  l a t i c e  d i s t o r t i o n s  o c c u r  a t  t h e  i n t e r f a c e  b e tw e e n  Y-FSZ 
g r a in s  and a lu m in a  g r a in s ,  th e  b en d in g  s t r e n g th  i s  p r o p o r t io n a l  t o  th e  
a lu m in a  c o n t e n t .  I t  i s  s u g g e s t e d  t h a t  t h e  b e n d in g  s t r e n g t h  o f  AAZ 
w i l l  be  i n c r e a s e d  by  s m a l l e r  g r a i n  s i z e  o f  a lu m in a .  T h ese  r e s u l t s  
show t h a t  a lu m in a  a d d i t io n  t o  Y-FSZ i s  v e ry  e f f e c t i v e  in  im p ro v in g  th e  
b e n d in g  s t r e n g th .

The r e s u l t s  o f  t h e  e l e c t r i c a l  r e s i s t i v i t y  m easu rem en ts and th e  
b en d in g  s t r e n g th  m easu rem en ts su g g e s t  t h a t  a lu m in a  a d d i t io n  t o  Y-FSZ 
c a n  im p ro v e  th e  m e c h a n ic a l  s t r e n g t h  w i t h o u t  l a r g e  d e c r e a s e  i n  
e l e c t r i c a l  r e s i s t i v i t y .  From th e  s t a n d p o in t  o f  a s se m b lin g  an SOFC, Y- 
FSZ e l e c t r o l y t e  m u s t b e  h a n d le d  c a r e f u l l y  b e c a u s e  o f  b e in g  v e r y  
b r i t t l e ,  how ever, AAZ can p la y  an im p o r ta n t  r o l e  in  p re p a r in g  a s e l f -  
su p p o r te d  SOFC e l e c t r o l y t e .  T h e re fo re , t h e  p e rfo rm a n ce  o f  f u e l  c e l l s  
u s in g  AAZ s h e e ts  was exam ined in  o rd e r  t o  check  th e  e f f e c t  o f  a lu m in a  
a d d i t io n  t o  Y-FSZ.

The V -I c h a r a c t e r i s t i c  and c u r r e n t  i n t e r r u p t e d  cu rv e  a re  shown in  
F i g . 1 0 . The f u e l  c e l l s  u se d  e l e c t r o l y t e  s h e e t s  o f  0.24mm t h i c k n e s s  
an d  h a d  c e l l  a r e a  o f  0 .5 cm 2. V -I  c h a r a c t e r i s t i c  i s  t h e  p e r fo r m a n c e  
r e p r e s e n t e d  by IR l o s s  and  p o l a r i z a t i o n  l o s s .  C u r r e n t  i n t e r r u p t e d  
c u r v e  i n c l u d e s  o n ly  p o l a r i z a t i o n  l o s s .  T h a t  i s ,  t h e  d i f f e r e n c e
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b e tw een  th e  V -I c h a r a c t e r i s t i c  and c u r r e n t  i n t e r r u p t e d  c u rv e  i n d ic a te s  
IR lo s s .  R e p r o d u c ib i l i ty  o f  m aking f u e l  c e l l s  was v e ry  good, b e ca u se  
th e  c u r r e n t  i n t e r r u p t e d  c u rv e s  and open c i r c u i t  v o l ta g e s  c o rre sp o n d e d  
v e ry  w e l l .

The f u e l  c e l l  p e r fo rm a n c e s  a t  th e  c u r r e n t  o f  1A ( c u r r e n t  d e n s i ty  
o f  2A /cm 2 ) a r e  show n i n  T a b le  2. The v o l t a g e  o f  V -I  c h a r a c t e r i s t i c  
d e c re a s e d  w ith  in c r e a s e  i n  a lu m in a  c o n te n t  and th e  c u r r e n t  i n te r r u p t e d  
v o l ta g e  was 1.03V. T h e re fo re ,  th e  d i f f e r e n c e s  b e tw een  1.03V and th e  
v o l ta g e  o f  V -I c h a r a c t e r i s t i c  show IR lo s s e s  a t  c u r r e n t  o f  1A. T ab le  
2 a l s o  sh o w s t h e  o h m ic  r e s i s t a n c e s  o b t a i n e d  by  IR l o s s  a n d  th e  
e l e c t r o l y t e  r e s i s t a n c e s  c a l c u l a t e d  by  th e  e l e c t r i c a l  r e s i s t i v i t y  in  
T a b le  1. The o h m ic  r e s i s t a n c e  i n c l u d e s  t h e  r e s i s t a n c e s  o f  t h e  
e l e c t r o l y t e  an d  e l e c t r o d e s .  The o h m ic  r e s i s t a n c e s  w e re  a l i t t l e  
l a r g e r  th a n  t h e  e l e c t r o l y t e  r e s i s t a n c e s  a n d  t h e  d i f f e r e n c e s  sh o w ed  
m o s tly  c o n s ta n t  v a lu e s ,  50-60m Q . T h is  means t h a t  th e  d i f f e r e n c e  i s  
th e  e le c t r o d e s ’ r e s i s t a n c e  and i s  n o t cau sed  by a lu m in a  a d d i t io n .

T h ese  r e s u l t s  show  t h a t  t h e  f u e l  c e l l  p e r f o r m a n c e  u s in g  AAZ 
depends m ain ly  on th e  e l e c t r i c a l  r e s i s t a n c e s  o f  AAZ e l e c t r o l y t e  and  
e le c t r o d e s .  T h e re fo re , a lu m in a  a d d i t io n  t o  Y-FSZ h a s  no e f f e c t  on th e  
f u e l  c e l l  p e rfo rm a n ce , e x c e p t  in c r e a s in g  th e  e l e c t r i c a l  r e s i s t a n c e  o f  
AAZ e l e c t r o l y t e .  A ls o ,  a lu m in a  a d d i t i o n  t o  Y-FSZ im p r o v e s  t h e  
m ech an ica l s t r e n g th .

The above r e s u l t s  show t h a t  a lu m in a  a d d i t io n  t o  Y-FSZ can  p ro v id e  
a s e l f - s u p p o r te d  SOFC e l e c t r o l y t e .  E s p e c ia l ly ,  AAZ w hich h as l e s s  
g r a i n  b o u n d a ry  o f  Y-FSZ a n d  s m a l l e r  g r a i n  s i z e  o f  a lu m in a  i s  
d e s i r a b l e .

CONCLUSIONS

1 . AAZ sy stem  was j u s t  a  p h y s ic a l  m ix tu re  o f  Y-FSZ g r a in s  and a lu m in a  
g r a in s .

2 . The g r a i n  s i z e  o f  Y-FSZ i n  AAZ re d u c e d  w i th  i n c r e a s e  i n  a lu m in a  
c o n te n t .  The g r a i n  s i z e  o f  a lu m in a  d i d  n o t  d e p e n d  on a lu m in a  
c o n te n t .

3 . The e l e c t r i c a l  r e s i s t i v i t y  o f  Y-FSZ w as i n c r e a s e d  by  a lu m in a  
a d d i t i o n .  The e l e c t r i c a l  r e s i s t i v i t y  o f  AAZ d e p e n d e d  on th e  
a lu m in a  c o n te n t  and th e  g r a in  s i z e  o f  Y-FSZ.

4 . The m e c h a n ic a l  s t r e n g t h  o f  Y-FSZ was i n c r e a s e d  by  a lu m in a  
a d d i t io n .  The m ec h a n ic a l s t r e n g th  o f  AAZ was r e l a t e d  t o  th e  g r a in  
s i z e  o f  a lu m in a .

7



5 . The f u e l  c e l l  p e r fo r m a n c e  w as d e te r m in e d  by t h e  e l e c t r i c a l  
r e s i s t i v i t y  o f  AAZ, an d  AAZ s y s te m  w as v e r y  s t a b l e  when i t  w as 
u sed  a s  an SOFC e l e c t r o l y t e ,

6 .  A lu m in a  a d d i t i o n  t o  Y-FSZ c o u ld  p r o v i d e  a s e l f - s u p p o r t e d  SOFC 
e l e c t r o l y t e ,  w hich h as enough m ec h an ic a l s t r e n g th  and e l e c t r i c a l  
c o n d u c t iv i t y .
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T ab le  1 E l e c t r i c a l  R e s i s t i v i t y  o f  AAZ a t  1000°C

Alum ina C o n ten t [wt%] 0 10 20 30

E l e c t r i c a l  R e s i s t i v i t y  
a t  1000°C ; R [ ft cm]

5 .8 4 8 .7 6 11 .01 1 4 .83

Volume F ra c t io n  
o f  Y-FSZ ; x [ - ]

1 .000 0 .875 0 .727 0 .6 0 9

C o rre c te d  E l e c t r i c a l  
R e s i s t i v i t y  ; Ro/x

[ Q cm]

(5 .8 4 ) 6 .8 1 8 .0 3 9 .5 9

R-Ro/x [ ft cm] (0) 1 .95 2 .9 8 5 .2 4

G ra in  S iz e  o f
Y-FSZ ; GS [ ]1 m]

11 .2 3 .07 1 .6 3 1 .21

GSo/GS-1 (0) 2 .65 5 .8 7 8 .2 6

T ab le  2 P erfo rm an ce  o f  F u e l C e ll  u s in g  AAZ s h e e t  a t  C u rre n t o f  1A

Alum ina C o n ten t [ wt%] 0 10 20

V o ltag e o f  V -I C h a r a c t e r i s t i c  
[V]

0 .7 0 0 .5 5 0 .4 4

C u rre n t I n te r r u p te d  V o ltag e  
[V]

1 .0 3 1 .0 3 1 .0 3

IR lo s s [V] 0 .3 3 0 .4 8 0 .5 9

Ohmic R e s is ta n c e  o f  C e ll  
[m Q ]

330 480 590

E le c t r o ly te  R e s is ta n c e  
[m fi ]

281 421 529
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F i g . l  I l l u s t r a t i o n  o f  S p e c i a l  
S t a n d  f o r  B e n d in g  S t r e n g t h  
M easurem ent

F i g . 3 E f f e c t  o f  A lum ina C o n ten t 
on S in te re d  D e n s ity  o f  AAZ

2

20 [degree]

F i g . 2 XRD P a t te r n  o f  AAZ
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(b) 10wt%-AAZ

F i g .4 S can n in g  E le c tro n  M icrographs o f  Y-FSZ and AAZ
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(c) 20wt%-AAZ

(d ) 30wt%-AAZ

F i g . 4 Scann ing  E le c tro n  M icro g rap h s o f  Y-FSZ and AAZ
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F i g . 5 E f f e c t  o f  A lum ina C o n ten t 
o n  G r a i n  S i z e  o f  Y-FSZ a n d  
A lum ina in  AAZ

Temperature [°C]

1000/T [ K-1 ]

F i g .6 E f f e c t  o f  A lum ina C o n ten t 
on E l e c t r i c a l  R e s i s t i v i t y  o f  AAZ

F i g . 7 R e la t io n  be tw een  GSo/GS-1 
and R-Ro/x

F i g .8 E f f e c t  o f  A lum ina C o n ten t 
on Bending S tr e n g th  o f  AAZ s h e e t
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F i g . 9 R e la t io n  b e tw een  A lum ina C o n ten t 
and In c re a s e  in  Bending S tr e n g th  o f  AAZ

F i g . 10 P erfo rm ance  Curve o f  F uel C e ll  u s in g  AAZ s h e e t
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ABSTRACT
The conductivity and mechanism of oxygen-ion transport 

in 20 mole % erbia-stabilized bismuth oxide (ESB) was 
investigated using AC impedance spectroscopy and an 
equivalent circuit for oxygen-ion transport is described. A 
change in the slope of conductivity vs. reciprocal 
temperature, at ~600°C, indicating two different 
conductivity activation processes, is attributed to an 
order-disorder transition of the oxygen sublattice. At high 
temperatures, the oxygen sublattice is disordered resulting 
in a high concentration of mobile oxygen vacancies and a low 
apparent activation energy. At low temperatures the oxygen 
sublattice orders. The higher activation energy in this 
temperature regime is ascribed to the extra energy required 
to free a vacancy from the ordered state. A reversible 
aging phenomenon in the conductivity of ESB was observed. 
When ESB is annealed in the lower temperature region, the 
conductivity decays with time. Heating above the transition 
point completely reverses this process and returns the 
conductivity to its initial value. Differential thermal 
analysis and x-ray diffraction were used to investigate this 
conductivity aging phenomenon which is ascribed to ordering 
of the oxygen sublattice.

1. INTRODUCTION

The anion deficient fluorite structure is common to most of the 
solid oxide electrolyte systems. It is the structure of the high 
temperature phase responsible for the observed high conductivity of 
these electrolytes. The fluorite structure consists of an FCC cation 
sublattice with oxygen ions in the tetrahedral positions. Zirconia 
electrolytes are stabilized in this structure by the addition of 
aliovalent cations and have anion vacancy concentrations proportional to 
the dopant’s concentration and relative charge (typically ~5%), which 
develops reasonable ionic conductivities at high temperatures (~1 ohm-1 
cm-1 @ 1000°C) . Stabilized-Bi2O3 electrolytes have an intrinsic vacancy 
concentration of 25% of the anion sites, and are receiving considerable 
interest due to their order of magnitude greater ionic conductivity at 
comparable temperatures. This greater conductivity of stabilized-Bi2O3 
electrolytes opens the window for lower operating temperatures, thus 
significantly increasing the number of applications for solid-oxide 
electrolytes. Among the stabilized-Bi2O3 electrolytes, Bi2O3 stabilized
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with 20 mole % Er2O3 (ESB) has the greatest conductivity and is the 
electrolyte studied in this investigation.

The Arrhenius behavior of the conductivity of several stabilized- 
Bi2O3 electrolytes, including ESB, exhibit an interesting change of 
slope or "knee" at about 600°C. This change in activation energy is 
quite different from that observed in typical solid-state
conductivity/diffusion processes in that the activation energy is lower 
at high temperature than at low temperature. This change in activation 
energy is due to an order-disorder transition of the oxygen sublattice. 
The question persists as to the nature of the ordered and disordered 
structures in stabilized-Bi2O3 electrolytes and how these structures 
relate to the ionic conductivity observed in these materials. We 
address these issues in our present study.

2. EXPERIMENTAL
Polycrystalline erbia-stabilized bismuth oxide (ESB) disks, 2.5 cm 

in diameter and 0.15 cm thick, of nominal composition 
(Bi2O3) 0>8 (Er2O3) g.2 were obtained from Trans-Tech, Inc. Electron 
microprobe analysis showed the actual composition to be 81.7 mole % 
bismuth oxide and 18.3 mole % erbia. Porous Au electrodes were obtained 
by painting an Engelhard paste onto the surface of the disks and 
annealing in air at 800°C for 5 hours to drive off the binders. This 
process was repeated two to three times for each disk in order to obtain 
a surface resistance of less than 0.2 ohm.

The samples were placed in a quartz sample holder, with spring 
loaded Au wires for electrical contact and a K-type thermocouple for 
temperature measurement, inside a quartz tube. The quartz tube was 
wrapped with a 318 stainless steel wire mesh and grounded in order to 
minimize any stray inductance and placed inside a Lindberg furnace.

AC impedance measurements were obtained with an HP 4284A Precision 
LCR Meter over the frequency range 20 Hz to 1 MHz. Compensation for 
both series and parallel components of the test lead resistance, 
capacitance and inductance over the entire frequency range was performed 
using the instruments internal compensation circuitry. Measurements 
were taken over the temperature range 200 to 750°C in air.

The aging phenomenon was investigated using the above conductivity 
technique as well as with x-ray and thermal analysis. For the structural 
and thermal analysis, a disk was broken into several pieces and annealed 
in air at 500°C in a box furnace. The pieces were aged up to 500 hours 
and then rapidly quenched to room temperature. Powder diffraction 
patterns were obtained with Cu Ka radiation over the 20 range 10 to 
70°. Differential thermal analysis data was obtained with a Dupont 2100 
Thermal Analysis System using a 1600 DTA cell in air.
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3. AC .IMPEDANCE
Complex impedance plots for ESB and a variety of other lanthanide 

stabilized bismuth oxides have been published with varying results. 
Verkerk and Burggraaf (1) investigated the oxygen transfer on ESB with 
Pt electrodes over the frequency range 10-2 to 103 Hz as a function of 
Pq 2 at 700°C. For Pq 2 = 0-1 to 1.0 atm, their results indicate a single 
semicircle shifted along the real axis from the origin. The 
corresponding equivalent circuit is described by a single resistive 
element attributable to bulk conductivity, in series with a parallel 
Warburg impedance - double layer capacitance circuit attributable to the 
interface. Both Duran (2), for ESB and yttria stabilized bismuth oxide 
(YSB), and Dordor (3), for YSB, presented results indicating a single 
parallel circuit element at low temperature (~200°C) followed by two and 
then three equivalent circuit elements as the temperature is increased. 
These results are essentially identical to ours, as will be described 
below. Meng (4) investigated bismuth oxide, both singly and doubly 
stabilized with Y2C>3, Nb2Os, Sm2O3 and PrgOn, and similarly showed a 
single semicircle at 253°C which evolved into two semicircles at 400°C. 
However, as the temperature was increased beyond 500°C the high 
frequency semicircle exhibited inductive behavior.

At 200°C, a plot of the imaginary vs real components of impedance, 
Figure 1, consists of a single semicircle, in agreement with the results 
of Duran, Dordor and Meng (2-4). The equivalent circuit for this high 
frequency semicircle consists of a single parallel RC circuit and is 
attributable to the bulk conductivity. As the temperature is increased 
two more circuit components become evident, Figures 2-4. At the low 
frequency end of the spectrum another semicircle appears. Extrapolation 
of the high frequency (bulk conductivity) semicircle results in a high 
frequency intercept that no longer goes through the origin. Thus there 
is an additional high frequency (beyond the limits of our equipment) 
component of the bulk conductivity.

The high frequency end of the low frequency semicircle is linear 
and intercepts the real axis at 45°. This frequency dispersion is best 
described by a Warburg impedance, Zw, in parallel with a capacitance. 
This low frequency semicircle has been ascribed to the electrolyte-gas 
phase interface (1) and to a grain boundary effect for ESB (2) and YSB 
(2,3). Due to the Po2 dependence described by Verkerk and Burggraaf (1) 
we agree with the assignment of this equivalent circuit element to the 
electrolyte-gas phase interface. The observed capacitance of this 
circuit component is therefore due to the double layer, C^i.

Although we can not extend our measurement range to higher 
frequency, we can tentatively assign the highest frequency component of 
the bulk conductivity to a series resistance. This is consistent with 
the typical bulk conductivity circuit for both zirconia (1,5,6) and 
bismuth (1) based oxygen ion conductors. The overall equivalent circuit 
is therefore as depicted in Figure 5. The bulk conductivity consists of 
a resistance, Rf, in series with a parallel circuit, Rd“Cg (the meaning 
of the resistance subscripts will become evident in the Discussion 
section). This in turn is in series with a parallel circuit, Zw-Cai, 
associated with the interface.
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The geometry of our samples is that of a parallel plate capacitor. 
For the results in Figures 1-4, a disk was cut into an 0.8 x 0.8 cm 
square resulting in an area to thickness ratio, A/d, of 6. We have 
varied the A/d ratio from 6 to 34 and observed that the capacitance is 
proportional to this ratio. Thus, the capacitive element we observed in 
the bulk conductivity semicircle can be attributed to the geometric 
capacitance, Cg.

The differing literature results with respect to the high 
frequency semicircle warrant explanation. The lack of a high frequency 
bulk-semicircle in Verkerk and Burggraaf (1) results can be explained by 
two differences in the experimental conditions. First, they report 
having only scanned the frequency range up to 1 kHz, which is below the 
range where this semicircle was observed by Duran (2), Dordor (3) and in 
this study. Second, they report using a much smaller A/d ratios, -0.98 
which would significantly reduce any Cg effect. With regards to the 
inductive loop described by Meng (4), our only possible explanation is 
that we also observed an inductive element prior to fully compensating 
all of the parasitic elements in the test leads.

Several investigators have shown that the conductivity-temperature 
dependence of a variety of lanthanide stabilized bismuth oxides exhibit 
two activation energies (7-10). Since the observed conductivity 
activation energy depends on the measurement frequency, one must obtain 
the conductivity from the real-axis intercept of a complex impedance 
plot; otherwise, the Arrhenius behavior will be skewed so as to 
artificially obtain two slopes (5). A plot of the bulk conductivity, 
calculated from the real-axis intercept, Rf + Rd, as a function of 
reciprocal temperature is shown in Figure 6. Two slopes are in fact 
observed, with corresponding activation energies of 15 kcal/mole above 
600°C and 28 kcal/mole below 600°C.

The observation of two activation energies requires that two 
processes are involved in the bulk conductivity mechanism. As such, one 
would expect to observe two elements in the equivalent circuit
attributable to the bulk conductivity with a single activation energy 
corresponding to each element. This expectation is consistent with our 
proposed equivalent circuit.

The high frequency intercept of the bulk conductivity semicircle, 
Rf, varies with temperature. Since the low frequency intercept, Rf +
Rd, is the sum of the high frequency intercept, Rf, and the resistive 
element of the semicircle, R<}, one can calculate each of the individual 
resistive elements by simple subtraction. Above ~500°C, the rate of 
decrease of Rf with increasing temperature becomes proportionally 
greater than that of Rd. The resulting temperature dependence of the 
conductivity of each of these resistive elements is plotted in Figure 6. 
As can be seen from the plot, the conductivity calculated from Rf has 
the same slope as the low temperature region and the conductivity 
calculated from Rd has the same slope as the high temperature region of 
the total conductivity.
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4. CONDUCTIVITY .AGING
Samples aged at temperatures below the knee in the Arrhenius plot 

(<600°C) exhibit a monotonic decay in conductivity with time. This 
aging phenomenon is completely reversible; when samples are heated to 
temperatures above the order-disorder transition temperature, the 
conductivity reverts back to its original value. Similar results were 
observed by Carter for calcia stabilized zirconia, CSZ (11) .

A plot of the decay in conductivity of ESB with time is shown in 
Figure 7. The conductivities measured at several temperatures below 
600°C were normalized relative to the initial conductivity at their 
respective temperature. These curves are best described qualitatively 
by typical precipitation behavior. This behavior is described first 
with respect to temperature and then with respect to time. At high 
temperatures (550-575°C), there is a delay which increases with 
temperature before the onset of decay. This delay is typical for the 
dependence of nucleation on supersaturation or the small thermodynamic 
driving force for small amounts of supercooling below the transition 
temperature. At lower temperatures (350-500°C), the rate of decay 
increases with increasing temperature and is controlled by growth 
kinetics.

The time dependence in the low temperature growth controlled 
region is shown in Figures 8 and 9. At short times, Figure 8, the 
logarithm of conductivity is linear with time. At long times, Figure 9, 
the resistivity is linear with . These results are described in the 
Discussion section.

5. DIFFERENTIAL THERMAL ANALYSIS

Differential Thermal Analysis (DTA) was used to investigate this 
aging phenomenon and the order-disorder transition of unaged ESB. ESB 
was heated and cooled thru the transition temperature and the
differential temperature between ESB and a reference thermocouple was 
measured. The results for no aging, 100 hours and 500 hours at 500°C 
are shown in Figure 10. The aged samples exhibit an endotherm upon 
heating, with both the magnitude of the endotherm and the temperature of 
onset increasing with aging time. The unaged sample exhibits no 
endotherm upon heating. However, a thermal transition is signified by a 
change in slope centered at the 600°C conductivity transition point (the 
onset of the transition is 584°C and the completion is at 615°C, with 
the extent of the transition region dependent on sample size) and is 
more evident in the 3X magnification of scale, Figure 11. Below the 
transition region, the slope is 4.7 x 10-5 °C/mg/°C and above the 
transition region the slope is 7.6 x 10"5 °C/mg/°C. These slopes are 
proportional to heat capacity. Hence, the increase in slope above the 
transition temperature may be related to a greater degree of freedom in 
rhe disordered state.
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Upon cooling, the reverse change in slope is observed for all of 
the samples, with some hysteresis of the transition toward lower 
temperature. Reheating of the aged samples results in identical 
temperature profiles to that of the unaged sample, thus confirming the 
reversibility of the aging phenomenon.

6. STRUCTURE
It is generally acknowledged that the structure of 8-Bi2O3 

consists of a FCC cation sublattice with oxygen ions in six of the eight 
tetrahedral sites. However, it is still not clear how the oxygen ions 
are arranged to accommodate the two vacant oxygen lattice sites and the 
resulting high degree of disorder. Three models have been proposed to 
account for this disorder.

Gattow and Schroder (12) suggested that the oxygen sites are all 
randomly occupied, hence a 3/4 occupancy factor for each site. This 
would result in a FCC diffraction pattern with relative intensities 
proportional to the structure factors tabulated in Table 1.

Sillen observed diffraction peaks corresponding to the ordering of 
vacancies in <111> directions (13) . This model is energetically 
favorable, as calculated by (14). However, several authors have 
discounted this model as being a result of Si contamination (15,16). 
Diffraction results from these same authors (15,16), using high 
temperature neutron diffraction do not show the additional <111> 
orientation peaks, Table 1.

The third model by Willis (17) describes the disorder in terms of a 
displacement 8 along four <111> directions from the normal tetrahedral 
site, 1 / 4  1 / 4  1 / 4 .  This results in 32 possible sites with an oxygen 
occupancy factor of 3/16. One problem with this model is that in 
calculating the structure factors, simple multiplication by this 
occupancy factor allows up to four oxygens arranged with 8 displacements 
around a single tetrahedral site. One should instead consider either 
the Gattow and Schroder or Sillen models as occupancy disorder with the 
8 displacement of the Willis model as a local positional disorder 
superimposed on the occupancy disorder.

Since the aging phenomenon is associated with ordering of the 
anion lattice, one would expect that additional peaks corresponding to 
alignment of the vacancies in <111>, <110> or <100> directions would 
become apparent. These peaks would have the structure factors and 
corresponding relative intensities shown in Table 1. The relative 
intensities are calculated from the structure factors and the atomic 
scattering factors where f is the statistical average of the atomic 
scattering factors of Bi and Er and fo is the atomic scattering factor 
of oxygen. As is shown in Table 1, the calculated intensities for the 
non-FCC peaks are extremely small both due to the structure factor and 
the fact that the x-ray diffraction (XRD) atomic scattering factor of 
oxygen is ~l/10 that of Bi and Er.
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Table 1. Structure Factors and Relative XRD Intensities for the Lower
Angle Reflections of ESB

Gattow & Sillen
Schroder <111> <110> <100>

Occupancy 3/4 1 1 1
I F l l O I 2 - l-h O 4fo2 -

0 0.2 0.2 0
l F m  1I 2 16f2+36fo2 16f2 16f2+4fo2 16f2

100 100 100 100
1F 2 0 0 1I 2 <4f-6f0)2 (4f-6fo)2 (4f-6fo,2 <4f-6fo)2

71 72 72 72
•F 2 1 0 1I 2 - - - 4fo2

0 0 0 <0.2
I F j l l I

2 - 4fo2 - 4fo2
0 <0.2 0 <0.2

lF220l 2 (4f+6f0)2 (4f+6fo)2 (4f+6fo,2 (4f+6fo)2
97 98 98 98

l F 2 2 l l
2 - - 4fo2 4f02

0 0 <0.2 <0.2
I F 3 1 0 I

2 4fo2 4fo2 4fo2 -
<0.2 <0.2 <0.2 0

We investigated the effect of aging on the structure of ESB using 
XRD. Three important results were observed. First, no peaks 
corresponding to the formation of additional phases were observed after 
500 hours of aging. Second, a qualitative trend was observed in all of 
the samples with the intensity of the FCC peaks increasing with aging 
time; after 500 hours the peak intensities increased by a factor of two 
over the initial sample. This could be related to Willis type ordering 
where the 5 becomes smaller with time; however, one can not fully 
discount the possible influence of thickness variation in preparation of 
XRD samples. The third, and possibly most important, observation is 
that after 500 hrs a small peak at 25.5 degrees 20 appears, Figure 12, 
which is not apparent prior to aging. This peak corresponds both in 
position and relative intensity to that calculated for a reflection from 
a (110) plane due to either <111> or <110> occupancy-ordering of 
vacancies. Based on theoretical calculations (14) we believe that <111> 
type ordering is more likely. Therefore, this aging phenomenon can 
tentatively be described as ordering of oxygen vacancies along <111> 
directions.

Further experiments using electron diffraction are underway to 
confirm (or refute) the observation of <111> ordering. In addition, 
neutron diffraction results would more clearly identify the presence (or 
absence) of this peak, as well as some of the other <111> or <110> 
ordering peaks, as the neutron scattering factor of oxygen is much 
closer to that of Bi and Er. Previous neutron diffraction experiments 
(15,16), having not observed the aging phenomenon, may not have taken 
the time dependence of ordering under consideration.
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7. DISCUSSION

The total conductivity for a given material, G, is defined by:

G = £  Ziqfijbi
i  (1)

where ziq, [i] and bi are, respectively, the charge, concentration and 
mobility of each species "i”. For solid oxide electrolytes the 
conducting species are oxygen vacancies and one can neglect the 
contribution of electronic species over most of the conductivity domain. 
This simplifies Equation 1 to:

O =  X  zi<J[Vi’bi
i (2)

where now the subscript "i” refers only to the different types of oxygen 
vacancies. The predominate ionic defect in zirconia, M+4, type solid 
oxide electrolytes are the charged oxygen vacancies, such as Vo°°, due 
to aliovalent cation substitution and Anti-Frenkel disorder. In 
addition, however, there are numerous perturbations on the local 
environment of these vacancies that can have a profound influence on 
their mobility or partial conductivity. Examples of these perturbations 
are: ionized vacancies due to the occupation of one or more electrons 
(i.e. Vo°, Vox, Vo ’, etc.); the association of a vacancy with an 
aliovalent cation (i.e. [Vo°° Y']° in ZrO2); and, as will be discussed,
the structural environment.

In the case of ESB, which has no aliovalent cations, we can ignore 
the effect of coulombic vacancy-cation association. If we ignore the 
effect of electron occupation, one can look at the limiting case of 
structural perturbations on vacancy mobility. This is especially 
important as the intrinsic vacant 25% of the anion lattice sites are 
neutral. Therefore, as single entities they do not constitute an ionic 
defect. Rather, as described by Jacobs (14), charged defects can be 
formed by a pseudo-Frenkel disorder by transposing oxygen ions and 
vacancies between neighboring sublattices, hence a structural disorder.

Now consider the case of an ordered vs. a disordered oxygen 
sublattice. The high oxygen ion mobility in solid oxide electrolytes is 
attributed to the high degree of disorder of the oxygen sublattice. For 
a periodic or ordered oxygen sublattice one would expect a significantly 
lower mobility, possibly approaching that of a typical non-conducting 
oxide. We believe this structural perturbation plays a significant role 
in the conductivity of ESB.

The change in activation energy, at ~600°C, has been ascribed to 
an order-disorder transition of the oxygen sublattice (7). Above 600°C 
the oxygen sublattice is disordered, resulting in a low apparent 
activation energy for conductivity. Below the transition temperature, 
the oxygen sublattice attains some degree of ordering and the activation 
energy is significantly greater. This same type of order-disorder 
phenomenon of the oxygen sublattice has been described for CSZ, with a
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transition temperature of ~1000°C (11). The effect of the order- 
disorder transition on conductivity can be explained by either of two 
models. The first, put forth by Carter (11), consists of a single 
concentration of vacancies whose mobility depends on the local 
structural environment. Thus, as the oxygen sublattice disorders the 
mobility increases. This model, however, does not explain the two 
different activation energies observed in stabilized 8-Bi2O3.
Therefore, we will develop a second model to explain this ’’knee’’ in the 
Arrhenius plot of stabilized 8-Bi2O3*s.

For diffusion in a cubic solid, the diffusivity, D, is related to 
the jump frequency, T, and the jump distance, a ,  by:

D = I r a 2
6 (3)

For interstitial diffusion, the jump frequency is related to the 
vibration frequency, V, the coordination number, z, and the free energy 
of migration AGm:

_ AGmr = Vze kT (4)

However, in a vacancy mechanism an extra term is necessary to account 
for the formation of vacancies:

_ AGm.r - V z X v e kT (5)

where Xv is the equilibrium fraction of vacant sites and is equal to the 
exponential of the free energy of formation of a vacant site, AGf:

_ AGf
xv = e kT (6)

Thus, the diffusivity for vacancy diffusion contains two exponential 
terms:

( o \  — AG f  _ AGm
-  v z a J e kT e kT

and hence two activation energies, AHf and AHm:
/  (A S f + Asm) I (AHf + AHm)

D = X v z a2e k e kTU  k J kT (Q)

In stabilized 8-Bi2O3, 25% of all oxygen sites are vacant leading 
one to expect that Xv plays a minor role in the temperature dependence 
of diffusion, and hence conductivity. However, consider that the 
anomalously large oxygen ion conductivity in 8-Bi2O3 is due to the high 
degree of disorder in the oxygen sublattice; and that the oxygen 
sublattice undergoes an order-disorder transition at the knee in the 
Arrhenius plot of conductivity. Then, one can assume that the local
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structural environment has an effect on the mobility of the oxygen 
vacancies and further that there are two types of structural 
environments, as signified by the order-disorder transition, with a 
different type of vacancy associated with each. The vacancies in the 
disordered regions of the oxygen sublattice have a high mobility, hence 
mobile vacancies (Vm). Whereas, vacancies in ordered domains of the 
oxygen sublattice, Vo, have a significantly lower mobility. Then the 
concentrations of Vm and Vo are related by:

Xv = M
[ v j  + [v0] (9)

where now Xv is the fraction of mobile vacancies. This reasoning then 
leads to the observed change in activation energy, as the mobile and 
ordered vacancies are related by a thermodynamic equilibrium similar to 
that of Equation 6, where now AGf is the free energy of formation of 
mobile vacancies. In addition, this also explains the aging phenomenon. 
As a sample of ESB is aged, regions of ordered vacancies grow at the 
expense of mobile vacancies. This type of solid state transition would 
follow typical precipitation kinetics with the rate of transformation 
following first order kinetics at short time and becoming diffusion 
controlled at long time. The observed aging phenomenon shows this type 
of behavior.

The rate equation for first order kinetics, of species "i", is:

3[i] = 
dt [i]

(10)

Integrating Equation 10 and substituting Vm for species ”i” yields:

(11)

where [Vm] 0 is the initial concentration of mobile vacancies. Assuming 
the mobility of ordered vacancies is negligible and that mobility is not 
concentration dependent, the ratio of conductivity to initial
conductivity (Q/Oo) is:

/_G \ = f (zq [Vm] b)j = / [Vm3 j
l<yo/ \ (zq [Vm]o b)l \[Vm]J (i2)

Substitution of Equation 12 into Equation 11 yields:

InpL) = k t
V<V (13)

Thus, if the aging phenomenon follows first order kinetics a plot of the 
natural logarithm of the conductivity is linear with time, as is 
displayed in Figure 8.
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Carter attributed an observed linear increase in resistivity with 
the square root of time, for samples aged below 1100°C, to a diffusional 
process related to anion ordering (11) . This is identical to our 
results for ESB at long times, Figure 9, thus indicating diffusion 
control.

The temperature dependence of the conductivity and the associated 
order-disorder transition can therefore be described in terms of the 
formation and migration of mobile vacancies. Above 600°C, the oxygen 
sublattice is disordered, Xv approaches unity and the observed 
activation energy is that of migration of mobile vacancies. Below 
600°C, the oxygen sublattice tends to order, Xv approaches zero and the 
apparent activation energy is the enthalpy of formation of mobile 
vacancies. In terms of the equivalent circuit, Rf is the resistance 
associated with the formation of mobile vacancies and Rd is a diffusion 
resistance associated with the migration of mobile vacancies.

Further evidence for this can be seen by comparing the activation 
energies in Table 2. The activation energies of the conductivity 
calculated from Rf and the aging kinetics are both comparable with that 
of the bulk conductivity at low temperature. Similarly, the activation 
energy of the conductivity calculated from Rd is comparable with that of 
the bulk conductivity at high temperature. Since the aging phenomenon 
is due to the consumption of mobile vacancies rather than their 
formation the observed activation energy, AH t, is not expected to be 
identical to, but only comparable to, that of the conductivity in the 
low temperature region. Due to the long time involved in these solid 
state transitions, aging of samples at temperatures less than 500°C has 
not as of yet progressed to the point where diffusion is limiting; 
therefore, an activation energy for the diffusion controlled region of 
the aging phenomenon has not yet been calculated.

Table 2. Activation Energies in ESB (kcal/mole)

Bulk Conductivity Individual Components Rate Constant 
<6QQ°C Bf AH±
28 28 25

>600°C Ed
15 12

8. CONCLUSION

An order-disorder transition of the oxygen sublattice in ESB is 
proposed to explain the knee in the Arrhenius plot of conductivity. At 
high temperatures (>600°C) the oxygen sublattice is in a disordered 
state, conceptually a disordered array of mobile oxygen ions and oxygen 
vacancies, with a corresponding low activation barrier to migration. As 
ESB is cooled below the transition temperature, the vacancies tend to 
form domains of some lower-energy ordered-state with a concomitant 
reduction in the population of mobile vacancies. Preliminary
diffraction results indicate that this ordered state can be described by
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the arrangement of oxygen vacancies in <111> directions. The apparent 
activation energy in the low temperature region is then related to the 
formation of mobile vacancies.

The kinetics of the reversible aging phenomenon is related to the 
rate the oxygen vacancies attain this lower-energy ordered-state.
Domains of the ordered state grow by consuming mobile vacancies, thus 
reducing the concentration of conducting species. These results, when 
compared with those for CSZ (11), indicate a commonalty in the transport 
kinetics and aging phenomenon between zirconia and bismuth oxide 
electrolytes.
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Figure 1. Complex impedance 
plot of ESB at 200°C.

Figure 3. Complex impedance 
plot of ESB at 400°C.

Z' (ohm)
Z* (ohm)

Figure 4. Complex impedance 
plot of ESB at 575°C.

Figure 2. Complex impedance 
plot of ESB at 300°C.
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Figure 6. Bulk and individual 
component conductivities from 
(Rf+Rd), Rf and Rd intercepts, 
respectively, as a function of 
reciprocal temperature for ESB

Time (hr)

Figure 7. Aging phenomenon in 
ESB; normalized conductivity as 
a function of time and
temperature.

Time (hr)

Figure 8. Aging phenomenon in 
ESB indicating first order 
kinetics at short time.

Figure 9. Aging phenomenon in 
ESB at 500°C indicating diffusion 
control at long time.
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Figure 10. DTA of ESB; temperature difference upon heating 
for no aging, 100 and 500 hours at 500°C.

2-Theta
Figure 12. X-ray diffraction of ESB indicating 
(110) reflection after 500 hours at 500°C.
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EVALUATION OF SOLID OXIDE ELECTROLYTES WITH THE PYROCHLORE 
STRUCTURE FOR USE IN FUEL CELLS

P.K. Moon* and H.L. Tuller 
Crystal Physics & Optical Electronics Laboratory 
Department of Materials Science & Engineering 

Massachusetts Institute of Technology 
Cambridge, MA 02139

ABSTRACT
Compositions in the pyrochlore system
Gd2(ZrxTii_x)2O7 (GZT) are examined as possible 
alternatives to stabilized zirconia as solid
oxide electrolytes in fuel cells. The GZT 
system is shown in general to be a mixed 
ionic/electronic conductor with the titanate 
end member being predominantly semiconducting 
and the zirconate end member achieving intrinsic 
fast oxygen ion conductivity. A defect model is 
utilized to assist in the deconvolution of ionic 
and electronic contributions to the total 
conductivity. This data, is then used to 
construct electrolytic domain boundaries which 
are shown to broaden rapidly with increasing x. 
The key features which make the GZT system 
attractive as a fuel cell element are discussed.

1. INTRODUCTION
Due to an increased concern with atmospheric pollution 

and repeated volatility in the supply of fossil fuels, there 
is a renewed incentive to examine alternative energy 
conversion approaches which are inherently more efficient 
and non-polluting. High temperature fuel cells utilizing 
solid electrolytes are receiving increased attention due to^1) (a) their ability to utilize hydrocarbon fuels 
resulting from rapid electrode kinetics at elevated 
temperatures, (b) potential for higher current densities and 
thereby higher power densities, and (c) the absence of 
liquids and the attendant problems with electrode wetting, 
corrosion, and sealing.

High temperature fuel cells utilizing stabilized 
zirconia as the oxygen-ion solid electrolyte were first seriously considered nearly 25 years ago.*2»3) In the

^Present Address: Intel Corp., Hillsboro, OR 97124-6497
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interim, most of the attention has been directed towards 
cell engineering and development and testing of electrodes 
rather than on alternative electrolytes. Stabilized 
zirconia still remains the electrolyte of choice although several others including <5-Bi2O3, (4) CeC^/5,6' and a- 
Ta205(7j8) have been examined from time to time. In this 
paper, we discuss our findings regarding the transport 
properties of the pyrochlore solid solution Gd2(ZrxTii-x)2O7 
(GZT) in relation to its potential as a solid electrolyte in 
fuel cells.

Acceptable solid electrolytes must satisfy a number of 
criteria^9' including high oxygen ion conductivity, low 
electronic conductivity, chemical compatibility with 
electrodes and/or substrates, good mechanical strength, 
thermal shock resistance and imperviousness to gases. 
Stabilized zirconia has remained the material of choice 
primarily because of the first two criteria. Its relatively 
high oxygen ion conductivity (e.g. ~10"^ S/cm at 1000°C) is 
coupled to an excellent stability with respect to reduction 
or oxidation, which limits its electronic conductivity to 
below 1% of the total between 10+8 < P02 < 10"25 atm. Other 
materials, such as 6-Bi2O3 and doped Ce02, although they 
have higher ionic conductivities, reduce much more readily, 
thereby reducing the size of their electrolytic domains with 
resultant decreases in output voltage and energy conversion 
efficiency/10̂  Although the GZT system is not generally as 
conductive as stabilized zirconia at elevated temperatures, 
it does, as we illustrate below, exhibit a number of 
attractive features which make it interesting as a solid 
oxide electrolyte candidate.

The pyrochlore structure has a cubic unit cell with a 
lattice constant of roughly 10A and a general molecular 
formula of A2B2O5X, where A and B are cations and 0 and X 
are anions. A diagram of a portion of the pyrochlore 
structure projected onto the (100) plane is shown in Fig. 1. 
Detailed descriptions of the pyrochlore structure can be 
found elsewhere.(11)

The pyrochlore structure is a superstructure of the 
defect fluorite structure with exactly twice the lattice 
parameter. Pyrochlore and ideal defect fluorite differ in 
that pyrochlore has additional ordering on both the cation 
and the anion sublattices and some of the oxygen ion 
positions are slightly distorted from their fluorite 
position. Oxygen vacancies occur at random throughout the 
anion sublattice in fluorite but are ordered onto particular 
sites (8b) in the pyrochlore structure.
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Structural disorder occurs in pyrochlore compounds when 
the superstructure ordering, which distinguishes pyrochlore 
from fluorite, is partially lost. Two types of disorder are 
prevalent: antisite disorder on the cation sublattice where 
the A and B cations switch positions and quasi-Frenkel 
disorder on the anion sublattice where oxygen ions leave 
their normal sites (8a and 48f) and enter interstitial sites 
(8b). It is the latter feature which we believe results in 
intrinsic fast oxygen ion conductivity in a number of pyrochlores including Gd£Zr2O7 and Y2Zr2O7.'12) Both types 
of disorder can be expected to occur to a substantial degree 
for certain compositions owing to the similarity of the 
fluorite and pyrochlore structures.

Detailed studies of the electrical properties of Gd2Zr2O7 and Nd2Zr2O7 were initiated by Van Dijk et a / 131 
who found a local maximum in ionic conductivity (e.g. 5xl0"3 
S/cm at 720°C) and minimum in activation energy (~0.87eV) 
for the GdOi 5-ZrO2 system for 50 mol% GdO^ 5 ,  ie. Gd2Zr2O7.
At least for high Gd2O3 levels, the pyrochlore structure 
gave higher ionic conductivities than neighboring fluorite 
phases. Comparing conductivities more globally, fluorite 
compositions can be found which exhibit higher
conductivities than the pyrochlore phase, e.g.
Gdp.i9Zr0.81O1>905 (fluorite) and Gd0.5Zrn 5O1 675 (pyrochlore) 
exhibit ionic conductivities of 9.3xl0“5 S/cm and 4.8x10“J 
S/cm at 723°C respectively.'141 Attempts to increase the 
ionic conductivity of Gd2Zr207 by acceptor doping have resulted in either no change^151 or a decrease in 
conductivity^16' pointing to the intrinsic nature of the 
ionic disorder.

Studies of Y2Ti2O7 by Uematsu et al^171 show it to be a 
mixed ionic-electronic conductor. In a more complete study, 
recently completed by the authors on GZT and YZT
systems/15' the ionic conductivity of the undoped titanate 
end members was shown to be many orders of magnitude lower 
than the zirconate end members and strongly impurity 
dependent. Conversely, the electronic conductivities of the 
titanates were substantial at elevated temperatures, in contrast to the zirconates. Gd2(ZrxTi^_x)2O7 was found'12) 
to exhibit a very large increase in ionic conductivity (~3 
orders of magnitude) between x=0.15 and x=0.4 with further 
substantial increases thereafter. This is illustrated in 
Fig. 2. At the same time, the electronic conductivity decreases markedly with x > 0.2/18' This provides an 
opportunity to control the mix of ionic and electronic 
conductivity - a feature of interest in developing 
electrodes with high oxygen-exchange kinetics.
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2. THEORY
Ionic Conductivity. We have previously demonstrated 

that compositions in the GZT system with x > 0.4 are 
intrinsically highly disordered on the oxygen sublattice 
leading to high concentrations of both oxygen vacancies and 
interstitials. We have also shown, explicitly for GZT with 
x=0.3,(19) that oxygen vacancies are far more mobile than 
oxygen interstitials and expect the same to be true for 
other values of x.

The ionic disorder can be viewed as Frenkel-type in
nature which is given by

nil ==> Vo” + 0i” (1)
or

[Vo ][0i”] = Kf(T) = KF°exp(- AHF/kT) (2)
where KF(T) is the Frenkel equilibrium constant. The oxygen 
ion conductivity can therefore be written as

Qi = 2qKF1/2(T ) ( pV + int) (3a)

= 2qKF1/2(T) pv (3b)

where Py and p j_nt represent oxygen vacancy and interstitial 
mobilities, respectively.

Nonstoichiometry and Electronic Conductivity. The 
reduction reaction which leads to nonstoichiometry and
thereby the generation of excess electrons is

0o = Vo” + 2e' + l/202(g) (4)
which leads to the mass action relation

[Vo ] n2 Po2V2 = Kr(T) = KR°exp(- AHR/kT) (5)

where KF(T) is the equilibrium constant for the reduction 
reaction and P02 the oxygen, partial pressure. Combining E< 
2 with 5, we find the electron density to be

n = (Kr/Kf1/2)1/2 P02'1/4 (6)

Since the electron-hole product giVen by
np = Ke (T) = NeNv ex p (-E g/kT ) (7)

is a constant, one readily finds the hole density to be
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(8)p = Ke(KF1/2/KR)l/2pO2l/4

The total conductivity can therefore be written as
= A + B Po2"1/4 + C Po2+1/4 (9)

where the first term is the Po2-independent ionic
conductivity given by Eq. 3b, the second term is the 
electron contribution, nqpe, with n given by Eq. 6, and the 
third term is the hole contribution, pqu^, with p given by 
Eq. 8. Note, that the three partial conductivities can 
readily be distinguished by their Po2 dependencies.

Although ionic defects substantially outnumber 
electronic defects under all experimental conditions of 
interest, the electronic conductivity can become appreciable 
(i.e. ^ e l e c t r o n i c  = ° i o n i c  a t  sufficiently oxidizing (Po2=Pp) 
or reducing conditions (Po2=Pj,) given the much higher 
electronic mobilities (see Eq s 8 and 6, respectively). Pn 
and Pp are readily established at each temperature by
setting

A = B Po2_1/4 (10)
A = C Po2+1/4 (11)

and solving for the respective partial pressures.
One may readily demonstrate that expressions for Pn and Pp are given by^10'

lnPn = -4[(En-Ei)/k] 1/T + 4 l n ^ 0/ ^ 0) (12)
InPp = -4[(Ei-Ep)/k] 1/T + 4 lni^/Op0) (13)

where E^, En and Ep are the activation energies for the 
ionic, n-type and p-type partial conductivities, 
respectively, and a h °>  a n d  a p °  a**e the corresponding
pre-exponential terms in A, B, and C, respectively. The 
region in In Po2 vs. 1/T space bounded by Equations 12 and 
13, represents the ionic domain within which the ionic 
transference number remains equal to or greater than 1/2.

3. EXPERIMENTAL
Powder samples were prepared by the "liquid-mix” 

technique^20' which enables close control of the cation
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stoichiometries. Powders were dry pressed at lOKpsi, 
isopressed at 40Kpsi, and then sintered at 1600°C for 16 
hours.

Electrical measurements were performed with an HP4192a 
impedance analyzer operating between 5Hz and 13MHz which 
enabled the separation of the bulk conductance from the 
grain boundary and electrode contributions. Similar results 
were obtained from disc (12 mm dia,x2 mm) and bar (2x3x12 
mm3) geometries. Oxygen partial pressures (1-l0”2°atm) were 
controlled by use of either O2/Ar or CO/CO2 gas mixtures and 
monitored with a stabilized Zr02 concentration cell. A more 
detailed description of experimental techniques may be found 
in Ref. (15).

4. RESULTS
The isothermal P02 dependence of the electrical 

conductivity of Gd2(Zr0 4Ti0.6)2°7 shown in Fig.. 3. These 
data were found to fit well to Equation (9) outside of 
several points at the highest temperatures and lowest Po2’s. 
It is obvious from Fig. 3 that, at 700°C, the total 
conductivity is nearly ionic, while at 1400°C, it is nearly 
entirely n-type electronic. Pn and Pp, were readily 
determined at each temperature with tne assistance of Eq’s. 
(10 and 11) and are shown plotted in Fig. 4. As is the case 
for stabilized Zr02,(10' the ionic domain is observed to 
shrink rapidly with increasing temperature. The rapid 
shrinkage of the domain with temperatures under reducing 
conditions is a consequence of En = 3.0eV >> E^ = 0.82eV 
while the weak dependence of the other domain boundary is a 
result of Ep = l.OeV ~ E£ = 0.82eV (see Eq’s. 12 and 13).

If we examine the corresponding isothermal conductivity 
of the x=0.6 composition, i.e. Gd2(ZrO 6Tio.4)2^7 shown in 
Fig. 5, we see that the ionic component of the conductivity 
now dominates at all but the highest temperatures and lowest 
P02 values. This is a consequence of two factors. First, 
as discussed above, the ionic conductivity increases sharply 
with increasing x, owing to a systematic disordering of the 
oxygen sublattice. Second, we find^18̂  that the electronic 
component of the conductivity drops orders of magnitude with 
x over the same range of x (0.3 < x < 0.6) which, we 
believe, is due to a narrowing of the Ti 3d-like conduction 
band and an increase in the reduction enthalpy, A Hr , as 
titanium is replaced by zirconium.

The increase in ionic and decrease in electronic 
conductivity with increasing x is reflected in a systematic 
shift of the electrolytic boundary Pn towards lowfcr P02 with
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increasing zirconium content, as illustrated in Fig. 6. The 
fact that the boundaries remain parallel is due to the fact 
that Ei and En remain relatively independent of x. For 
Gd2Zr2O7, we find no evidence of electronic conductivity 
over the ranges of Po2 and temperature that we have 
examined.

In Fig. 7, we plot the ionic conductivity of Gd2Zr2O7 
versus reciprocal temperature and compare it with that of 
yttria stabilized zirconia (Zrg.9]Y0>o9)02. The ionic
conductivity of the pyrochlore is ciearly somewhat smaller 
than stabilized zirconia with the difference decreasing at 
lower T due to the lower activation energy of the pyrochlore 
(0.84 eV versus 0.9-1.0 eV).

5. DISCUSSION
The two key criteria that a solid oxide electrolyte 

must satisfy, namely high oxygen ion conductivity and low 
electronic conductivity, are satisfied by compositions in 
the GZT system with high values of x. The ionic 
conductivity of Gd2Zr2O7 is high, e.g. ~2xl0~2 S/cm at 
1000°C, which is approximately 1/5 of yttria stabilized 
zirconia. The activation energy of ~0.84eV is approximately 
0.10-0.15eV lower than that of stabilized zirconia. The 
ionic domain as illustrated in Fig. 6 is already quite broad 
for GZT with x=0.6, e.g. Ph = IO'21 atm at 1000dC and we 
estimate Pn = 10"32 atm for x=1.0 based upon our observed 
increase in a£on with x and an extrapolated decrease in 
^ e l e c t r o n  between x=0.6 and 1.0. t18' This compares favorably 
with Pn values estimated for stabilized zirconia.

Although somewhat lower in ionic conductivity, the GZT 
system exhibits a number of characteristics which make it an 
attractive candidate vis-a-vis stabilized zirconia. Since 
GZT with large values of x is an intrinsic fast ion 
conductor, it requires no dopants. Further, since the 
pyrochlore phase is the equilibrium phase, no long term 
aging affects are expected, as are found for ’’stabilized*1 zirconia^21) and a-Ta2O5.(8'

Perhaps what is most interesting about the GZT system 
is its flexibility. By controlling x, its lattice parameter 
may be varied from ~10.18 at x=0 to 10.53 at x=l. This 
can be advantageous in lattice matching with substrate or 
electrode material, thereby reducihg strain. Furthermore, 
the ratio of crion/ a e l e c t r o n i c  c a n  be controlled over a wide 
spectrum by varying x and/or doping which can be of
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significant importance in modifying surface regions in order 
to enhance oxygen exchange rates leading to lower electrode 
polarization.

Further work is required to determine whether these 
attributes can overcome GZT’s somewhat lower ionic 
conductivities.
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Fig. 3: Log a vs. log Poo for Gd2(Zr0 4Ti0 6)2O?. <• *

Fig. 1: A (100) projection Fig. 2: Log a vs. mole frac-
of a portion of one unit cell tion of zirconium in Gd2(Zrx 
of the pyrochlore structure. Til-x)2°7 at 600°C, 800°C,and l(K)0oC. ̂ 12' The sharp 

rise in ionic conductivity 
for x > 0.2 should be noted.

Fig .4: The extent of the 
electrolytic zone for 
Gd2(Zr0 4Tin <p2O7 as a 
function of inverse temp
erature (from Ref. 9).
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Fig. 7: A comparison of the temperature 
dependent conductivities of GcLZr^? and 
(Yo 09Zr0 91)O2 (* = YSZ; + = G t ) .

Fig. 6: The extent of the 
electrolytic zone under re
ducing conditions as a func
tion of the composition of 
Gd2(ZrxTi1.x)2O7 (from Ref. 9)
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ELECTROCHEMICAL VAPOR DEPOSITION OF 
YTTRIA-STABILIZED ZIRCONIA FILMS

U. B. Pal and S. C. Singhal 
Westinghouse Research and Development Center 

1310 Beulah Road 
Pittsburgh, Pennsylvania 15235

ABSTRACT

Tubular solid oxide fuel cells employ y ttria - 
stabilized zirconia electrolyte film as an oxygen ion 
conductor at high temperatures. These yttria-stabilized 
z irco n ia  e lec tro ly te  film s are d ep o s ited  by an 
electrochemical vapor deposition (EVD) process. The 
electrochemical transport of oxygen ions during the EVD 
process is analyzed by measuring the film growth as a 
function of EVD reaction time; the film growth is found 
to be parabolic with time. Wagner’s transport theory for 
parabolic growth and the defect model for yttria-stabilized 
zirconia have been used to calculate the average electronic 
transport number and the partial electronic conductivity 
of the electrolyte film. The analysis of the data revealed 
that the electrolyte film growth is controlled by diffusion 
of electrons. It is also shown that the electrochemical 
transport that occurs during EVD of the electrolyte is 
similar to the phenomena of oxygen semi-permeability 
wherein electrons migrate from the low oxygen partial 
pressure side to the high oxygen partial pressure side and 
oxygen ions migrate in the reverse direction maintaining 
charge neutrality.

1. INTRODUCTION

Solid oxide fuel cells employ yttria-stabilized zirconia electrolyte to 
operate as an oxygen ion conductor at high temperatures (1,2)- A 
schematic cross-section of the tubular solid oxide fuel cell is shown in 
Figure 1. In this design, the cell components viz. air and fuel electrodes, 
electrolyte and cell interconnection, are deposited as thin layers over a 
porous calcia-stabilized zirconia tube; this porous tube functions both as a 
structural member supporting other cell components and as a functional 
member allowing oxygen and/or air to permeate through its pores to the 
air electrode. Table 1 summarizes the materials and fabrication processes 
for the various cell components (2,8).

For optimum cell performance, the yttria-stabilized zirconia 
electrolyte must be free of porosity so as not to allow gases to permeate 
from one side of the electrolyte to the other; it should be uniformly thin
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to minimize ohmic loss; and it should have high oxygen ion conductivity 
with transport number for oxygen ions close to unity and a transport 
number for electrons as close to zero as possible (4). Therefore, an 
understanding of the growth mechanism of the yttria-stabilized zirconia 
electrolyte film is necessary to identify the rate controlling step and to 
determine the conditions for depositing electrolyte films with desired 
properties. In this paper, the growth of thin films of yttria-stabilized 
zirconia electrolyte by an electrochemical vapor deposition process is 
described and analyzed.

2. EXPERIMENTS AND RESULTS

The electrochemical vapor deposition process for depositing thin 
films of different cell components including the electrolyte has been 
discussed previously (5-8). Briefly, to deposit yttria-stabilized zirconia 
electrolyte films, chlorides of zirconium and yttrium are volatilized in a 
predetermined ratio and passed over outer surface of the porous air 
electrode. Oxygen mixed with steam at a predetermined ratio is passed 
inside the porous calcia-stablized zirconia tube over which the porous air 
electrode is deposited. In the first stage of the reaction, designated as the 
chemical vapor deposition (CVD) stage, molecular diffusion of oxygen, 
steam and metal chlorides occurs through the porous air electrode and 
these react to fill the air electrode pores with the yttria-stabilized zirconia 
electrolyte according to the following reactions:

2 MeCly + y H20 = 2 MeOy /2  + 2y HC1 [1]

4 MeCly + y 02 = 4 MeOy /2  + 2y Cl2 [2]

where Me is the cation specie (zirconium and/or yttrium); 
and y is the valency associated with the cation.

The temperature, the pressure and the different gas flow rates are so 
chosen that the above reactions are thermodynamically and kinetically 
favored.

During the second stage of the reaction after the pores in the air 
electrode are closed, electrochemical transport of oxygen ions maintaining 
electroneutrality occurs, through the already deposited electrolyte in the 
pores, from the high oxygen partial pressure side (oxygen/steam) to the 
low oxygen partial pressure side (chlorides). The oxygen ions upon 
reaching the low oxygen partial pressure side react with the metal 
chlorides and the electrolyte film grows in thickness. This second stage of 
the reaction is termed the electrochemical vapor deposition (EVD) stage.

The forementioned two stages of reaction, viz. the CVD stage and 
the EVD stage, responsible for the growth of the yttria-stabilized zirconia
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electrolyte film, are schematically shown in Figure 2. In this deposition 
process, the flows of the metal chloride vapors are maintained above a 
critical level to eliminate any gas phase control of the EVD reaction. 
Furthermore, the ratio of yttrium chloride to zirconium chloride is so 
chosen that the electrolyte deposited contains about 10 mole% yttria; this 
composition ensures the highest oxygen ion conductivity in yttria-stabilized 
zirconia (9,10).

For an analysis of the growth of the yttria-stabilized zirconia film, 
films were deposited at 1473°K for different EVD reaction times. The 
equilibrium calculations indicated that at this temperature the oxygen 
partial pressures inside and outside the air electrode tube were about 1.0 
X 10’4 atm and 4.3 X 10’18 atm, respectively. A representative electrolyte 
film is shown in the metallographic cross-section in Figure 3. The film 
thicknesses were measured metallographically, and the square of the film 
thickness is plotted in Figure 4 as a function of the EVD reaction time. 
This plot was found to be a straight line indicating that the electrolyte 
film growth is parabolic with time. The rate of growth of the electrolyte 
film, dx/dt, can therefore be expressed as:

or x2 = 2 K' t  [3]

where x is the electrolyte film thickness in cm; 
t is the reaction time in seconds;

and K is the parabolic rate constant in cm3/sec.

From the slope of the straight line in Figure 4, K' is calculated as being 
equal to 0.37 X 10“® cm2/sec.

3. GROWTH MECHANISM OF THE YTTRIA-STABLIZED 
ZIRCONIA ELECTROLYTE FILM

In this section, Wagner’s transport theory for parabolic growth is 
used to identify the rate controlling step during the EVD growth of the 
electrolyte and the rate controlling transport parameters are estimated. 
Next, the defect structure of the yttria-stabilized zirconia is described and 
applied to the film growth data to determine the partial electronic 
conductivity of the electrolyte as a function of oxygen partial pressure. 
Based on this analysis, the actual electrochemical transport reactions that 
occur during EVD growth of the electrolyte are elucidated. Finally, the 
possible use of such growth ra te  m easurem ents as a function of 
temperature to arrive at a model for the electrolyte EVD growth rate is 
outlined.

(a) Rate Controlling Step in the EVD Growth of the 
Yttria-Stabilized Zirconia Electrolyte:

It was found in the previous section that the EVD growth of the
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electrolyte is parabolic with time; the parabolic rate constant, Kr , being 
equal to 0.37 X 10‘8cm3/sec. This parabolic rate constant can also be 
expressed in terms of the rate of equivalents of oxygen consumed in the 
reaction as follows:

[4]

where K„ is the parabolic specific rate constant in equiv./cm-sec; 
and Vez is the equivalent volume of oxygen in ZrO2-10% Y2O8

in cms/equiv.

Substituting the values of Kz and Veq in Equation [4], one gets:

= 0.7 X io 9 equiv/cm-sec [5]

Using Wagner’s transport theory for parabolic growth (11), the 
specific rate constant, K^, can be written as:

p5„

K =
2 IZI F

pr
0,

(gl+ °2> °3 [6]R T
+

d U Pn

where R is the gas constant (1.987 cal/deg-mole);
T is the EVD reaction temperature (1473°K);
Z is the valence of oxygen (2);
F is the Faraday constant (23060 cal/volt-mole);
ax, and o* are the partial cationic, anionic and electronic
conductivities of the electrolyte, respectively, in fl-cm"1;

and Po2 and Poa are oxygen partial pressures at the electrolyte- 
chloride and the electrolyte-oxygen/steam interfaces (4.3 X 10‘18 
and 1.0 X 10'4 atm, respectively).

It is known from previous work (10,12) that in yttria-stabilized 
zirconia, at oxygen partial pressures from 1 atm to about 10"3° atm, the 
partial electronic conductivity (j  ) and the partial cationic conductivities 
(ax) are negligible as compared to the partial anionic (oxygen ion) 
conductivity (a2). Therefore:

+ [7]
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Substituting Equation [7] in Equation [6]:

R T
2 IZI Fz

a3 d P0 [8]
pr

0,

In order to calculate the electronic transport number of the 
electrolyte film, t s, from Equation [8], we need to substitute a* with the 
following expression:

“  ^ 3  + a2 + “  ^ 3 [9]

where Or is the total conductivity of the yttria-stabilized zirconia 
electrolyte, which is virtually independent of oxygen partial 
pressure from 1 atm to about 10"22 atm between 873°K and 
1573°K (10,12).

Substituting Equation [9] in Equation [8]:

K =
2 IZI F2

pi-
0,

fc3 d P0 [10]

or

2 IZI 1r
fc3 = R T j. (£n P’- £n PJ, ) [11]

where tL is the average electronic transport number of the electrolyte 
film.

Using the average value^of o% at 1473°K for Zr03-10% Y3O3 as equal to
0.3 Q-cm"1 (9,10,12,18), t # is calculated to be 0.6 X 10"4.

From Equation [8], it is clear th a t the p artia l electronic 
conductivity (a#) controls tne parabolic specific rate constant, K^; in other
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words, the EVD growth of the electrolyte film is controlled by the 
electronic transport through the electrolyte with the rate controlling 
average electronic transport number being 0.6 X 10"4.

(b) Determination of Partial Electronic Conductivity of 
Yttria-Stabilized Zirconia:

In this section, the defect structure of the yttria-stabilized zirconia 
is combined with the EVD growth data to determine the partial electronic 
conductivity of the yttria-stabilized zirconia electrolyte film. In low oxygen 
pressures, the defect equilibrium reaction of yttria-stabilized zirconia with 
oxygen can be expressed as (14-16):

0(0)° = 1/2 02 + V(0)" + 2 e' [12]

r „ 1/2 [V(0)-‘] [e']2

K12 =
[0(0) °]

[13]

where K13 is the equilibrium constant for Reaction [12];
0 (0)°, V(O)‘* and e ' are neutral oxygen, oxygen vacancy with 
two positive charge and free electron, respectively;

and [ ]’s are the respective concentrations.

It is known that in yttria-stabilized zirconia, the concentration of 
the m ajority  defect, oxygen vacancies, is much larger than  the 
concentration of the minority defect, free electrons (4,17). Hence, the 
concentration of oxygen vacancies, [V(O)’*], is not affected by Reaction
(12) and is independent of the oxygen partial pressure, Po2. Equation
[13] can therefore be written as:

[«'] = Ke P0o"1/4 M

where Kc is a thermally activated constant.

If the free electron mobility is concentration-independent, then the 
partial free electronic conductivity, ae, is proportional to the concentration 
of electrons, [e'], and

ae [15]
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where ae° is the partial electronic conductivity at Poa = 1 atm and it 
is also a thermally activated constant.

Under high to medium oxygen pressures, the defect equilibrium 
reaction of yttria-stabilized zirconia with oxygen can be written as (14-16):

1/2 02 + V(0)‘ - = 0(0)° + 2 h* [16]

16

[0(0)°] [b ']2

[V(0)-’] Po1/2 

2

[17]

where K1(J is the equilibrium constant for Reaction [16];
and h ‘ and [h‘] are free electron hole and its concentration ,

respectively.

Similar derivation as done above for low oxygen pressure 
conditions can be performed on Equations [16] and [17], and the free 
electron-hole conductivity, under high to medium oxygen pressures can 
be expressed as:

% [18]

where a® is the free-electron hole conductivity at Po2 = 1 atm and is 
also a thermally activated constant.

In the oxygen partial pressure range of the EVD experiments 
(between 10"4 and 10“18 atm), the partial free electronic conductivity, o , 
is much greater than the partial free electron-hole conductivity, (14,1$). 
Therefore, one can write:

ff3 = % + ffh 2 % [19]

Substituting Equation [19] in Equation [8]:

P". 0fl

K = R T
7  2 IZI F2 % d P0 [20]

p r
0,
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Substituting for a from Equation [15] in Equation [20]:

Zo,
2

s  = -  7 2
R T
IZI F

<%° fo2"1/4> d p02 [21]

or

4 R T a 0 pr 1/^ _
°2 °2

[22]

Using the value of K from Equation [5] and solving Equation [22], we 
find that the partial electronic conductivity at 1473°K and 1 atm oxygen 
pressure, 0 °, is equal to 0.6 X 10‘® atm(fl-cm)’1; this value of a ° 
compares favorably w ith calculated by earlier workers (14) • 
Substituting this value of a ° in Equation [15], the partial free electronic 
conductivity at 1473°K can %e expressed as:

a = 0.6 x 10"8 Pn _1/ 4 [23]
e u2

Similar EVD growth rate measurements at other temperatures can 
be used for the determination of the partial electronic conductivity of 
yttria-stabilized zirconia as a function of temperature.

(c) Electrochemical Transport During EVD Growth of the 
Yttria-Stabilized Zirconia Electrolyte:

It has been shown above that the migration of electrons controls 
the EVD growth of the electrolyte. From Equation [14], it is obvious 
that the migration of electrons in the electrolyte film occurs from the 
chloride side (low oxygen partial pressure side) to the oxygen/steam side 
(high oxygen partial pressure side). Furthermore, the majority defects 
which are also the compensating defects for the electrons in yttria- 
stabilized zirconia are oxygen vacancies, (Equation [12]). Therefore, the 
migration of electrons in the electrolyte must be accompanied by the 
migration of oxygen vacancies in the same direction m aintain ing 
electroneutrality. The migration of̂  oxygen vacancies can also be viewed 
as the migration of oxygen ions, O~, in the opposite direction, i.e., from 
the oxygen/steam side (high oxygen partial pressure side) to the chloride 
side (low oxygen partial pressure side). This electrochemical transport can 
be expressed in the form of general reaction equations as shown below:
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2 MeCly + y O' =  2 MeO,y/2 + y c l2 + 2y e [24]

y H2O + 2y e ' =  y 0 + y [25]

The EVD growth rate measurements, described in this paper, were 
obtained only at one temperature (1473°K). However, such growth rate 
measurements can be made as a function of temperature to model the 
growth of yttria-stablized zirconia films by electrochemical transport. For 
instance, the values of can be obtained as a function of temperature 
from film growth rate measurements at different temperatures. Since Je° 
is a thermally activated constant, it can be expressed as:

ffe° = A exp (-Ee/KT) [26]

where A is a constant related to the total concentration of electrons; 
and Ee is the activation energy for free electronic conduction.

Plotting £n ae° as a function of (1/T), Ee can be estimated from the 
slope of the line and A can be estimated from the intercept at 1/T = 0. 
Now, substituting Equation [26] in Equation [22]:

4 R T A exp(-Ee/R T) (PJ _1>/4 - PJ _1/ 4) 

2 IZI P2
[27]

This equation can be used to predict the parabolic growth of the yttria- 
stabilized zirconia film at any given temperature and oxygen partial 
pressures employed during EVD process.

4. SIMILARITY BETWEEN EVD GROWTH ANALYSIS AND 
OXYGEN SEMI-PERMEABILITY FLUX ANALYSIS

Oxygen semi-permeability in an electrolyte is defined by the flux 
of oxygen ions that occurs through the electrolyte when the electrolyte is 
kept in an oxygen potential gradient. Kleitz (H ) showed that when the 
electrolyte is kept in an oxygen potential gradient, a flux of free electrons 
or electron holes streams continuously through the electrolyte; it is 
electrically compensated by a counter migration of oxygen ions. The net 
effect is a flux of oxygen through the electrolyte. In the oxygen partial 
pressure range where the free electron conductivity is dominant, the 
oxygen semi-permeability flux, Joa is given by the expression (14,18)-.
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Jn = R T
4 F2 L

[28]

where 0* and a" are the partial free electronic conductivities in the low 
oxygen partial pressure side and the high oxygen partial pressure 
side of the electrolyte, respectively;

and L is the thickness of the electrolyte.

Combining Equation [15] and Equation [22], the parabolic specific
EVD growth rate constant of the electrolyte, K^, can be written as:

4RT
2 IZI F2 [29]

Substituting the value of Z (2 for oxygen):

If -  S - Î  fzr 'K, - f2 [30]

K„ can also be expressed in terms of flux of oxygen through the 
electrolyte film as:

_2 _ Ê _ 4 j  Ax " A " 4 J0n [31]

where n/A is the flux of oxygen equivalents expressed in equiv/cm3-sec; 
Ax is the thickness of the electrolyte film;

and Jo2 is the flux of oxygen through the growing electrolyte film. 

Combining Equations [31] and [29], one can write:

k7
4 Ax

R T
4 F2 Ax [32]

It is seen that the expressions for flux obtained in Equation [32] 
from the EVD growth analysis and in Equation [28] from oxygen semi
permeability analysis are similar. This suggests that the EVD growth of 
the yttria-stabilized zirconia electrolyte films can also be interpreted in 
terms of the phenomena of oxygen semi-permeability.
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5. CONCLUSIONS

The growth of yttria-stabilized zirconia electrolyte films, by the 
electrochemical vapor deposition (EVD) process, is found to be parabolic 
with time and the rate controlling step in the EVD process is identified 
to be the electronic transport (diffusion of electrons) through the 
electrolyte film. The average electronic transport number of the electrolyte 
during EVD at 1473°K is calculated to be 0.6 X 10“4. Using the defect 
structure of yttria-stabilized zirconia and the transport theory for parabolic 
growth, the partial electronic conductivity of the EVD grown electrolyte 
has been estimated as a function of oxygen partial pressure. It is shown 
that such growth rate measurements as a function of temperature can be 
used to predict a model for the electrolyte EVD growth as a function of 
temperature and oxygen partial pressures. Finally, it is demonstrated that 
the electrochemical transport that occurs during EVD is similar to the 
phenomena of oxygen semi-permeability wherein electrons migrate from the 
low oxygen partial pressure side to the high oxygen partial pressure side 
and oxygen ions m igrate  in the reverse d irec tio n  m ain tain ing  
electroneutrality.
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TABLE 1

Cell Components, Materials and Fabrication Processes

Component Material Fabrication Process

Support Tube ZrO2(CaO) Extrusion-sintering

Air Electrode La(Sr)MnOg Slurry coat-sintering

Electrolyte ZrO2(Y2O3) Electrochemical vapor deposition

Interconnection La(Mg)CrO3 Electrochemcial vapor deposition

Fuel Electrode Ni-ZrO2(Y2O3) Slurry coat-electrochemical vapor 
deposition

Figure 1 - Schematic cross-section of the tubular solid oxide fuel cell.
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Reaction Stage 11CVD) 
Molecular Diffusion

Reaction Stage I I  ( EVD) 
Electrochemical Transport

Figure 2 - Two stages of reaction occurring during the deposition of the 
yttria-stabilized zirconia.
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Figure 3 - Metallographic cross section of the EVD grown yttria-stabilized 
zirconia film over porous air electrode substrate.

EVD Reaction Time, seconds

Figure 4 - Squeire of electrolyte film thickness versus deposition time at 
1473°K.
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ABSTRACT

The kinetics for film growth of yttria doped zirconia are 
modeled considering a Wagner oxidation process. The 
growth kinetics are examined as a function of reaction 
temperature, yttria content in the film, as well as the 
oxygen partial pressure gradient across the film. 
Calculated results indicate that only at temperatures 
above 1300 K, and low doping levels is the growth rate 
governed by the diffusion of electrons. With decreasing 
temperature and increasing yttria content the diffusion of 
holes becomes increasingly important in the growth rate. 
These model studies are used to explain differences in 
observed morphologies of EVD grown films of YSZ.

1. Introduction
Electrochemical vapor deposition (EVD) is a technique for 

producing thin (10-50gm) gas tight layers of metal oxides upon 
porous substrates (1). The first step in film formation proceeds by a 
normal CVD type reaction.

Step 1, Pore closure:
MeCl + 2 H O  -- > MeO + 4 HC1 (1)

4 2 2

The substrate separates the reactant metal chlorides from a mixture of 
H2 and steam. Deposits of the metal oxide forming in the pores of the
substrate eventually lead to pore closure. Once pore closure is 
complete the reactants are no longer in direct contact. Film growth 
proceeds due to the large oxygen partial pressure gradient which 
exists across the film. Typically, on the H20/H2 side the oxygen 
partial pressure (Po2) is 10 atm, whereas on the metal chloride side 
it is on the order of 10"1 atm. This large Po2 gradient results in 

the diffusion of oxygen anions from the H20/H2 side to the metal
chloride side. The second step, scale growth, proceeds due to the 
reaction of oxygen anions with metal chlorides:
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Step 2, Scale growth:
MeCl + 2 0= — > MeO + 2 Cl + 4 e' (2)

4 2 2

2 H 0 + 4 e"  > 2 H + 2 0= (3)
2 2

Carolan et al. have modeled the dynamics of the CVD step leading to 
pore closure for the growth of yttria doped zirconia (2). In this 
work the dynamics of the second step are examined as a function of the 
reaction temperature, yttria content in the film, and oxygen partial 
pressure gradient across the film.

2. Model
The kinetics for film growth are calculated considering a Wagner 

oxidation process (3,4). In this case film growth is governed by 
solid state diffusion through the oxide. The diffusion processes which 
take place during EVD growth are shown schematically in Figure 1. The 
partial pressure of oxygen on the H20/H2 side of the substrate (Pc>2)
is determined by the equilibrium between the gases. Similarly the 
oxygen partial pressure on the metal chloride side (P°2’ ’ ) is 
determined by the equilibrium between MeCl^, Cl2> and MeCK The large
oxygen partial pressure gradient across the film results in a flux of
oxygen anions (0x) to the metal chloride side. Electroneutrality is 

o
preserved through an opposing electronic flux. At steady state the 
sum over the ionic (i), electronic (e’) and hole (h') fluxes is given 
by:

where is the charge on species k, and the flux of species k. In
Wagner oxidation the rate of scale growth is inversely proportional to 
the oxide thickness ,L (3).

The integrated form of equation 5 yields the parabolic rate law

L2 = 2Kt + Co (6)

where C is a constant of integration, 
o
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Alternatively the growth rate can be expressed in terms of the 
ionic flux. Assuming that all anions that pass through the film react 
to produce electrolyte, the growth rate is given by:

dL _ 1 _ mw
dt 2 i p (7)

where p and mw are the density and molecular weight of the growing 
oxide. For an ionic conductor the general expression for the ionic 
flux is given by (4):

. P o ”  1
Jt= - kT 2

<r d In Po 
e l 2

Po
2

1 (8)
8 e 2 AL

where k is Boltzmanns constant, T is absolute temperature, e is the
charge of an electron, and <r

e l
the sum of the electron and hole

conductivities. From equations 7 and 8 the rate constant for film
growth can be derived yielding:

K 16

^ 2 f°2
[e’ ] De[ h ’ ]1 D „ +

- J Po J P o ’ -
d In Po

2
(9)

where [h‘] and [e’] represent the mole fraction of holes and electrons
and D and D their respective diffusion coefficients. The pressure h e
at which the electronic conductivity changes from n type to p type is 
represented by Po2’ .

The rate constant is integrated in parts to take into account 
the variation in [h* ] and [e’ ] with oxygen partial pressure. The 
pressure dependence of [h' ] and [e’ ] can be understood by considering 
the defect reactions responsible for their formation. In YSZ, the 
formation of doubly charged oxygen vacancies [Vo] results in the 
formation of quasi-free electrons and the annihilation of holes. In
Kröger-Vink notation

K
these defect reactions are written as:

2 li + 0X - 
o VÖ

K

+ ~~2 0
2

(g) (10)

ox - 
0 VÖ + 1

0
2

(g) + 2 e’ (11)

Solving for [h’ ] and 
equilibrium expressions:

[e1’ ] from the above reactions yields the
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[h* ]
r . , . . , l / 2  „  1 /4[Vo] Po

2

[Ox ]1/2 
o

1 /2
1

(12)
K

[e']
[ 0 X J 1 /2  k 1 /2

O 2
1 /2  ~  1 /4

[Vo] Po
(13)

1 /4Thus, the hole concentration varies with Po whereas-the electron 
2

- 1 /4concentration varies with Po
2

Under typical EVD growth conditions the oxygen partial pressure 
gradient ranges from 10 atm to 10 atm. The variation of the 
electronic conductivity over this pressure range is shown in Figure 2. 
At high Po2 holes dominate the electronic conductivity whereas at low 
Po2 electrons dominate the electronic conductivity. As shown in 
Figure 2, the log of Po2 varies linearly with temperature. With
increasing yttria content (X) this line shifts to higher oxygen 
partial pressures.

To obtain numerical values for K the functional dependence,
f(X,T,Po ), for <r as well as D , D , K , K and Vo were calculated. 

2 h e 1 2
The data necessary for these calculations was derived from the work of 
Weppner (5,6) and Honke (7). The lower limit of integration, Po2> was 
determined by the equilibrium of the H20, H2> 02 gas mixture at a
given temperature. The integration limit Po2’ was taken to vary with
X and T according to the functional dependent^ given in Figure 2. The 
upper limit, Po2’ ’ , is taken to be 10 atm throughout these 
calculations.

3. Results

The total rate constant for film growth is the sum of the
electronic (K ) and hole contributions (K ). The effect of increasing 

e h
temperature upon the relative magnitudes of K and K is shown in 

e h
Figure 3. At low temperatures, T < 1300, K is of the same order of
magnitude as K and both contribute of the overall growth rate. With 

h
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increasing temperatures K® rapidly becomes orders of magnitude greater
than K . The contribution of holes is so small at high temperatures 

h
that film growth is rate limited by the diffusion of electrons alone.

Not only does temperature affect the relative magnitudes of K
e

and K but also the mole fraction dopant (Y 0 ) affects the film 
h 2 3

growth rate. Addition of Y203 to ZrO2 results in the formation of
oxygen vacancies. From the equilibrium expressions for [h*] and [e’ ], 
it is clear that with increasing Vo, [h' ] increases and [e’]
decreases. Consequently, with increasing Y 0 , K increases while K 

2 3 h e
decreases (Figure 4). At very low reaction temperatures and high X 
the diffusion of holes dominate the film growth kinetics, K > K .

Under most conditions (T>1100 K and X<0.10) the overall rate 
constant decreases with increasing yttria content (Figure 5). The 
Arrhenius plot (Figure 6) yields an activation energy of 3.85 eV for 
the growth of 10 mole percent Y203 in ZrCK These calculations
predict a relatively slow growth rate for YSZ. The average K is on 
the order of 10 (cm /sec). Applying the parabolic rate law yields 
an average growth rate of 6 pm/hour. Similar growth rates have been 
observed by Isenberg et al. (1).

4. Experim ental

A schematic drawing of the EVD reactor used to grow thin films of 
YSZ is shown in Figure 7. Films were grown on calcium stabilized 
zirconia. Typically, the open porosity of the substrate was 40 % 
having an average pore diameter of 5 pm. A 80:20 mixture of H2 in
steam was passed along one side of the substrate. On the other side a 
mixture of volatized yttrium and zirconium chlorides was passed in an 
argon stream. Films were grown under reduced pressure (10 torr) and 
temperatures between 1200-1375 K.

Scanning electron micrographs were taken with a JEOL JSM35 
operating at 25 kV. Films grown under these conditions are shown in 
Figure 8. Two types of morphologies are observed: a somewhat faceted 
surface for films grown below 1300 K and a cauliflower textured 
surface for films grown above 1300 K. The turning point in observing 
one morphology over the other occurs at the same temperature in which 
the kinetics of film growth becomes dominated by electron diffusion. 
The change from a faceted surface to a cauliflower surface can be 
explained by a change in kinetics. A faceted surface forms when the 
reaction proceeds slowly through the diffusion of both electrons and 
holes. At temperatures above 1300 K and X< 0.10, the growth rate 
is determined by the diffusion of electrons. Film growth is much
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faster when limited only by electron diffusion and results in the 
cauliflower textured surface.

6. Conclusions

Kinetic model studies yield an average growth rate of 6 pm/hour 
for the EVD scale growth of yttria stabilized zirconia. The 
activation energy is calculated to be 3.85 eV for the growth of 10 
mole percent Y 0 in ZrCK These results are in quantitative
agreement with experimental observations (1). Model studies indicate 
that film growth is rate limited by the diffusion of both electrons 
and holes. The hole contribution to the overall growth rate is 
greatest at low temperatures and high doping levels. At temperatures 
above 1300 K film growth becomes dominated by the diffusion of 
electrons. The change in kinetics which occurs at 1300 K can account 
for the different film morphologies which form at temperatures above 
and below 1300 K.
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Figure 1: Diffusion processes occurring during 
the EVD growth of YSZ.

Log Po2 (atm)
Figure 2: Dependence of the partial conductivity 
as a function of oxygen partial pressure.
(Data adapted from Weppner (5,6).)
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Figure 3: Temperature dependence of K and K 
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Figure 4: Dependence of and upon mole
fraction (X) of Y 0 at 1200 K.
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mole fraction X

Figure 5: Plot of the overall rate constant
(K = K + K ) versus mole fraction (X) 

e h

Figure 6: Arrhenius plot of overall rate
c o n s ta n t fo r  ZrO + 10 m/o Y 0 .

2 2 3
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E.V.D. REACTOR

Figure 7: Schematic of EVD reactor used to grow thin films of YSZ.

Figure 8: Scanning electron micrographs of EVD grown films of YSZ. 
Left: Film grown at 1273 K for 150 min. at 10 torn (500X).
Right: Film grown at 1334 K for 135 min. at 10 torr (5000X).
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ABSTRACT

The efficiency of state-of-the-art solid oxide fuel cells can be 
improved by applying YSZ electrolyte layers with thicknesses reduced to a 
few micrometers. This will allow the operating temperature of reactors made 
of these SOFC’s to be lowered to 800 - 900 °C. The membrane-based thin 
electrolyte layer SOFC technology is therefore being developed. A ceramic 
membrane is deposited on and integrated with the supported porous cathode 
layer. A modified-CVD process combined with an Electrochemical Vapor 
Deposition (EVD) process is used to grow a (very) thin gas tight YSZ layer 
on this composite layer system. Preliminary experimental depositions on 
alumina substrates show the formation of a gas tight YSZ layer (thickness 
of a few microns) after 6 hours of deposition.

1 INTRODUCTION

Solid oxide fuel cells (SOFC) reactors are attractive energy conversion systems. 
They have a very reasonable efficiency compared to the conventional systems based on fuel 
combustion. Increase in usefulness of SOFC reactors can be achieved when the limitations 
of presently developed reactors can be avoided or at least decreased. There are two main 
limitations. The first is related to the use of cubic yttria-stabilized zirconia (YSZ) as 
electrolyte. The value of the (specific) conductivity of this material requires SOFC reactor 
operating temperature of 1000 °C in order to reach an acceptable high conductivity of the 
applied electrolyte layers, which have a thickness of about 60 - 150 pm. This high operating 
temperature lowers the obtainable OCV considerably. The second limitation is the perovs- 
kite-type cathode material, usually Sr-doped LaMnO3, which causes too high electrode 
polarization losses, besides ohmic I*R losses, when the current path from the electro- 
lyte/electrode interface through the cathode layer to the interconnection material (ICM) 
is too long.

In this contribution we present the membrane-based thin YSZ electrolyte layer 
SOFC technology. We aim to present a technology to reduce the layer thickness of the pre
sently applied YSZ electrolyte layers to thicknesses of a few microns or less. This will 
decrease the ohmic polarization losses. Such a considerable reduction of the electrolyte layer 
thickness will allow the SOFC reactors to be operated at lower temperatures (800-900 °C).

These (very) thin electrolyte layers require to be supported when produced. A suita
ble production technique for thin supported YSZ layers is Electrochemical Vapor Deposi
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tion (EVD). The EVD technique has been used (1-3) demonstrating its unique ability to 
form relatively thin gas tight YSZ films on porous substrates. In order to apply EVD in the 
production of very thin gas tight YSZ layers, a ceramic toplayer with porous membrane cha
racteristics has to be developed.

The procedure for constructing the membrane-based thin electrolyte layer SOFC in
cludes: (i) deposition of a (thin) porous cathode layer on a coarse-pore ceramic support;
(ii) deposition on and integration with the supported porous cathode layer of a porous 
ceramic toplayer with membrane properties; (iii) growth of a very thin and gas tight YSZ 
layer by a combined CVD and EVD procedure onto the supported porous membrane top- 
layer and (iv) providing a porous anode layer by filmcoating onto the thin gas tight YSZ 
layer.

The deposition process of YSZ starts with a CVD step in which YSZ is deposited 
in the membrane pores due to the reaction between water vapor and a mixture of ZrCl4 and 
YC13 vapor in a desired ratio. The two seperate gas streams, one with the chloride vapors 
and one with the water, enter the system from the membrane side and from the coarse- 
pore support side respectively. After closure of the membrane pores by the formation of a 
YSZ plug, layer growth starts due to the EVD process (3,4).

In the present investigation we report on the theoretical study of the kinetics of the 
EVD phase of the deposition process and on preliminary experimental results of growing 
thin YSZ films on porous alumina substrates.

2 THEORETICAL AND EXPERIMENTAL

An important aspect of the CVD phase of the YSZ deposition in the membrane 
pores is, that plug formation in the pore occurs near the upper surface of the membrane 
toplayer, i.e. near the surface of the supported system at which the metalchloride mixture 
is delivered. Then the formed gas tight YSZ layer can be kept as thin as possible.

Mathematical analysis (4) shows that the CVD process is mainly determined by six 
independent parameters. The main parameter governing the location of pore-closure in the 
membrane toplayer is the Thiele modulus $. Approximately the Thiele modulus can be 
considered to be proportional to the ratio of the reaction rate constant (K) to the effective 
pore diffusivity for the metalchloride mixture (D ):

$ = K / D cg (1)
A larger Thiele modulus results in location of pore-closure nearer to the metalchloride 
delivery side.

In the EVD phase of the YSZ layer deposition process the film growth is deter
mined by four mass transfer steps: (i) water (or oxygen) diffusion in the substrate pore,
(ii) charge-transfer reaction at the interface between the EVD film and the water vapor,
(iii) electrochemical transport in the EVD layer and (iv) charge-transfer reaction (formation 
of solid oxide) at the interface between the EVD film and metal chloride vapor. Assuming 
a quasi steady-state and using Wagner-type approach, the kinetics of the EVD film growth 
is described by a mathematical model which considers all four mass transfers.

From the solution of the model it is found, that the function of EVD film thickness 
versus deposition time, H(t), is parabolic only when electrochemical transport in the growing
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EVD film is the rate-limiting step:
H (t) = k./t (2)

If any one of the other three mass transfer steps is the rate-limiting step, H(t) should be a 
linear relation. Mathematical analysis further shows that the rate-limiting step for deposition 
of YSZ on the porous substrate under the conditions as reported previously (1,3) as well 
as in the present investigation is water (oxygen) diffusion in the substrate pore.

As a preliminary experimental investigation, the EVD experiments were concen
trated on the deposition of YSZ layers on porous alumina substrate disks. The experiments 
were performed in a CVD/EVD apparatus. The main part of the apparatus is an alumina 
tube reactor heated by a six zone furnace. All the experimental conditions such as reaction 
zone temperature, gas delivery and system pressure could be controlled in this apparatus. 
Typical experimental conditions were: total concentration of metal chloride vapor = 2.0xl0"9 
mol/ml; YCl3/ZrCl4 ratio in vapor phase = 1:5 ; total pressure in reaction zone = 1.5 
mbar; total water vapor concentration = 3.5xl0'9 mol/ml and the deposition temperature 
= 1000 °C. The two substrates used were porous alumina disks with mean pore sizes of 11.0 
and 0.16 /xm, respectively. The deposition results were characterized by XRD, SEM and 
EDS.

It was found, that after 6 hours deposition (or longer) a gas tight YSZ layer was 
formed on the side of the substrate exposed to the metal chloride vapor. The XRD and 
EDS data show that this layer has a FCC crystal structure with an Y2O3/ZrO? ratio of 
about 8%. This is apparently being determined by the YCl3/ZrCl4 ratio in the metal 
chloride vapor. The deposit of the solid oxide penetrates only a few microns deep into the 
substrate pores. Figure 1 shows a SEM photograph of a deposit. The deposited film 
thickness is in the range of a few microns. The deposition time required for depositing 
approximately the same thickness of EVD film on two substrates with different pore-sizes 
was determined in order to examine the predictability of the film growth theory. Based on 
these preliminary experimental results, as well as on theoretical understanding of the film 
growth kinetics, the deposition of the solid electrolyte layer by the EVD process will be 
optimized.
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FIGURE 1

SEM photograph of a CVD/EVD deposit of yttria-stabilized zirconia (YSZ) on a 
porous alumina substrate. The left-hand side of the picture shows the YSZ deposit, 
while the fracture surface of the alumina substrate is visible on the right-hand side. 
Near the fracture surface the YSZ deposit has been pealed off, leaving still a small 
part of the deposit visible at the top-center of the picture.
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ABSTRACT

The CO«, laser evaporation (laser PVD) technique was 
studied to form dense and thin 8 mol% y ttria  stabilized 
zirconia (YSZ) electrolyte films. The process parameters 
for laser PVD were determined on the basis of YSZ physical 
properties and A1«,O3 evaporation conditions. Small-size 
cells of which electrolytes had been made by laser PVD were 
tested and their performances compared with low pressure 
plasma spraying, plasma spraying and detonation spraying 
cells. On the laser PVD cells, highest open c ircu it voltage 
and lowest IR drop obtained. A scanning electron microscope 
study and other characteristics measurements of the electro
lyte films suggested laser PVD as one of the best electrolyte 
forming processes.

1. INTRODUCTION

In order to improve the SOFC performance, we have studied 
reducing the thickness of the electrolyte and i ts  e lec tric  resistance 
by making dense and thin film of 8 mol% y ttria  stabilized zirconia 
(YSZ) by laser evaporation technique.

The C0? laser evaporation (laser PVD) technique has been 
recently developed in our laboratory(1). In th is paper, we discribe 
this C02 laser technique for dense and thin YSZ electrolyte film 
formation and compare i t  with other conventional processes such as 
plasma spraying, low pressure plasma spraying(2) and detonation 
spraying. By comparison of I-V characteristics of different fuel 
cells and physical properties of YSZ films, most desirable process for 
electrolyte film formation was determined.

2. CQP LASER EVAPORATION PROCESS FOR YSZ FILM

As a laser beam does not charge the target material with 
e lec tric ity , evaporation process in a vacuum chamber using the C02 
laser as heating source has an advantage in comparison with thin film 
formation methods such as ion plating: i t  can stably melt and
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evaporate the target material. Above a ll ,  C02 laser beam energy can 
be easily  absorbed on oxides such as YSZ and Al203 because of C02 
laser beam length (=10.6pm), resulting in high evaporation rate of 
oxides as shown in F ig .l.

However, laser beam irradiates the target in the vacuum chamber 
through a KC1 window. Therefore, some amount of deposition on the 
window is inevitable and the window is more apt to break after 
absorbing beam energy during PVD processing than the conventional 
systems. In our laboratory, a special mechanism was devised to 
prevent the deposition on the KC1 window and conduct laser PVD without 
cracking a window.

Fig .2 illu s tra te s  the schematic drawing of the the C02 laser 
evaporation technique. Target used consisted of powder, wherein the 
laser beam was irradiated on the target surface and target received 
lower laser energy density compared to a solid target, resulting in 
fa ir ly  uniform evaporation of the target material. The composition of 
the target was not adjusted.

The YSZ film was deposited at a pressure of 5 x 10 4 Torr. The 
targets consisting of powder were prepared from YSZ used for plasma 
spraying without composition adjustment because i t  did not change 
afte r evaporation. The powder size d istribution was 10^44pm. The 
target was mounted about 75 mm apart from the substrate which was 
heated to 450°C during deposition, and irradiated by defocussed C02 
laser beam (A =10.6pm) at an incident angle of 12° through a KC1 
window, on which evaporated partic les were prevented from depositing 
by a suitable technique. The process parameters were determined on 
the basis of YSZ physical properties and Al203 evaporation conditions. 
Table 1 shows laser PVD conditions used for YSZ film formation.

The YSZ electrolyte films deposited by laser PVD were 
characterized by scanning electron microscope, X-ray diffraction, gas 
permeability and electrical re s itiv ity . Gas permeability of the 
coated film was compared by gas leaking rate calculated from leak 
time at room temperature by means of the apparatus shown in Fig. 3. 
YSZ film coated on the Ni porous plate was bonded to the steel box A 
by silicon rubber adhesive and the time of in itia l  N2 gas pressure 
(500mmH20) changing to 300mmH20 was measured. Electrical re s itiv ity  
was also measured by conventional DC fourprobe technique at 
500—1000°C. The films formed by other techniques were also 
characterized in the same manner.

3. PREPARATION OF SMALL-SIZE CELL

Fabrication method of mini-size cell is shown in Fig.4. The 
porous Al203 was used as substrate on which Pt mesh(#80) was attached 
p artia lly  by Al203 cement. Fuel electrodes were formed on the 
substrate by acetylene gas flame spraying of NiO powder. The 
electrolytes were formed by plasma spraying, detonation spraying, low 
pressure plasma spraying and laser PVD. Finally, La(Sr)MnO3 as a ir
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electrode was coated by acetylene gas flame spraying and connected to 
the Pt mesh(#80).

4. RESULTS AND CONCLUSIONS

YSZ film composition and structure did not change after laser 
PVD and spraying. F ig.5 gives the electric  resistances of YSZ 
electrolytes formed by laser PVD, low pressure plasma spraying and 
plasma spraying. At 1000°C, only a slight difference of re s is tiv ity  
owing to the film formatiom technique was observed. Electrical 
re s itiv ity  of YSZ at 1000°C was —10Q • cm. Gas permeability of SOFC 
components is presented in Fig.6. Air electrode formed by flame 
spraying and fuel electrode formed by plasma spraying were of rather 
high permeability at the level of 1~10 cc/sec*cm2. On the other 
hand, electrolyte should be highly dense and less gas-permeable. YSZ 
film formed by laser PVD had the lowest permeability of 10'3 
^10"2cc/sec • cm2.

The ce lls, of which electrolytes were formed by different 
processes, were tested at ^1000°C with hydrogen as fuel gas and air 
as oxidizing gas. Fuel gas flow rate was ^1 fi/min. Fig.7 shows the 
I-V characteristics of the ce lls . Open circu it voltage was dependant 
on the electrolyte forming process. Detonation and plasma spraying 
cells showed lower OCV values; the highest OCV value was observed in 
laser PVD cell of which electrolyte was rather dense. IR drop was 
found to be related to the electrolyte thickness and i t  was thinnest 
in laser PVD cell as can be seen in the the micro-structure SEM photos 
of YSZ electro lytes(F ig .8). Also in Fig.8, YSZ film formed by plasma 
spraying has many pores which explain the lower OCV value. Much fewer 
pores in the low pressure plasma spraying and laser PVD films are 
consistent with higher OCV values obserbed in mini-cell te s t. But 
detonation spraying cell did not give higher OCV although i ts  SEM 
photo of YSZ film showed no significant pores. This is  thought to be 
related to several cracks caused by detonation shocks during spraying.

I t  is  concluded that electrolyte made by CO2 laser evaporation 
technique was highly dense and thin, and C02 laser evaporation 
technique is considered the best electrolyte forming process.
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TABLE I

Deposition condition of YSZ films

Laser power ...................  500W

Target ...................YSZ(8mol%Y203)

Pressure ...................  1 0 2torr in air

Substrate temperature ♦ • ♦ 450cC

Distance between target

and substrate ...................75 mm

Fig.1 Effect of laser power on deposition rate 
of oxide film.
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Vacuum chamber

Fig.2 Schematic diagram of C02 laser deposition apparatus.

Fig.3 Measuring apparatus for gas permeability 
of SOFC components.
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Fig.A Small-size ce ll structure.
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76



10
G

as
 p

er
m

ea
bi

lit
y 

(c
c/

s.
cm

2

Fig.6 Gas permeability of SOFC components.

1.1 
1.0'
0.9*

0.8
0.7
0.6>

0.5
0 . 4  \

0.3

T=1010~1030t H2 10/rain.
Air=80/min.
(0 z=2{?/min.)

\ ® O
\ o a ° x

' 'o 8 Laser PVD
c / " '  (+LPS) 
'  ..0 0

Low pressure 
'□ xo plasma spray

0.2
0.1

O'

Plasma spray

Detonation spray

50 100 
I (mA/cm2)

150 200
s=3.2cm2

Fig.7 I-V characteristics of small cells.

77



e lec tro ly te
formation
process

Plasma
spray

Low pressure
plasma
spray

LPV+
Laser PVD

Detonation
spray

cross section of ce ll

Fig.8 Micro-structure of YSZ electrolytes. 100pm

78



ELECTRODES AND INTERCONNECTION 
MATERIALS AND PROCESSING





MIXED-CONDUCTING OXIDE ELECTRODES FOR SOLID OXIDE FUEL CELLS

Shian-Shyang Liou and Wayne L. Worrell 
Department of Materials Science and Engineering

University of Pennsylvania 
3231 Walnut Street

Philadelphia, PA 19104

ABSTRACT

Novel mixed-conducting yttria-stabilized zirconia- 
titania solutions have been synthesized and 
electrically characterized. The dissolution of titania 
into yttria-stabilized zirconia increases significantly 
the percentage of electronic conductivity in this 
oxygen-ion conductor. The total electrical, lattice 
and grain-boundary conductivities have been determined 
using impedance spectroscopy at temperatures betwg^n 
350 and 900 C and at oxygen pressures between 10 and 
0.21 atm. The electronic conductivity has been 
measured at temperatures between 800 and 1000°C using a 
platinum electrode to block oxygen-ion transport. The 
percentage of electronic conductivity is calculated 
from the electronic/total electrical conductivity 
ratios and from separate Emf cell measurements. The 
percentage of electronic conductivity increases with 
increasing titania concentration and with decreasing 
temperature. Our results establish not only the mag
nitudes of the electronic and oxygen-ion conductivities 
but also the optimum compositions of the yttria- 
stabilized zirconia-titania solutions for mixed 
conduction. The results are used to estimate the 
electrode current densities of these new mixed- 
conducting oxides in solid oxide fuel cells.

1. INTRODUCTION

Mixed-conducting oxides,, which exhibit oxygen-ion and electronic 
conductivity, are novel materials. Particularly attractive applica
tions of these materials are as electrodes in solid oxide fuel cells 
(SOFC). Current electrode materials (nickel-zirconia cermets and 
strontium-doped manganite) are electronic conductors, and the charge- 
transfer reactions such as expressed in Eq. (1) are

1/2 (^(gas) + 2e (electrode) = 0- (electrolyte) (1)

restricted geometrically to the intersection lines of the gas, 
electrode and electrolyte phases. With a mixed-conducting oxide 
electrode, the charge transfer-reaction, Eq. (1), occurs over the 
entire electrode surface because both electrons and oxygen ions are 
mobile in the electrode material. Thus polarization losses at the
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electrode-electrolyte interface will be reduced significantly due to 
the large increase in the charge-transfer reaction area.

There are other major advantages of using mixed-conducting oxide 
electrodes in SOFC. These materials would eliminate the necessity to 
fabricate and to maintain the intricate, porous electrode structures 
in the present cells. Although such electrode structures are neces
sary to maximize the intersection lines of the gas, electrode and 
electrolyte phases, it is very difficult to avoid sintering and the 
associated reduction of the optimum porous electrode structure during 
cell operation. Secondly, mixed-conducting oxide electrodes which are 
based on stabilized zirconia should have excellent chemical com
patibility and interfacial adhesion with the yttria-stabilized 
zirconia electrolyte currently used in SOFC. For example, the chemi
cal composition and thermal-expansion coefficients of the mixed- 
conducting stabilized zirconias described in this paper should be very 
similar to yttria-stabilized zirconia. Thirdly, mixed-conducting 
oxide electrodes should exhibit superior sulfur tolerances over the 
metal cermets currently used as fuel electrodes.

The paper is a summary of the synthesis and electrical charac
terization of new, mixed-conducting yttria-stabilized zirconia-titania 
solutions. The concept is to introduce electron-hopping or small 
polaron conduction into an oxygen-ion conductor such as yttria- 
stabilized zirconia by dissolution of an oxide such as titania which 
has a multivalent cation. Our results establish not only the mag
nitudes of the electronic and oxygen-ion conductivities, but also the 
optimum compositions in the yttria-stabilized zirconia-titania solu
tions for mixed-conduction. The results are used to estimate the 
electrode current densities of these new mixed-conducting oxides in 
SOFC.

2. PREVIOUS WORK

Some previous researchers also have recognized the advantages of 
mixed-conducting stabilized zirconias. Transition-metal oxides such 
as iron oxide, manganese oxide and cobalt oxide were dissolved into 
stabilized zirconia [1]. However, only small solubilities of these 
oxides in stabilized zirconia were observed, and the percentage of 
electronic conductivity was low. More recently, mixed-conducting 
zirconia-ceria-yttria solutions have been prepared [2]. Significant 
percentages of electronic conductivity were observed only at very high 
temperatures (above 1200 C). Furthermore, the mixed conduction was a 
strong function of temperature and oxygen pressure.

3. SYNTHESIS AND PHASE CHARACTERIZATION

New ternary-oxide solutions containing 10 or 12 mole percent 
(m/o) yttria-stabilized zirconia containing between 0 and 30 m/o 
titania have been prepared [3,4]. The starting powders are isostati- 
cally cold-pressured and then sintered in air at 1400 C for 12 hours 
to obtain the cubic-fluorite phase and then sintered at 1600 C for 12
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hours to densify and chemically homogenize the oxide solutions. After 
sintering, the polycrystall^ne specimens are opaque and pale yellow 
with a density of 5.18 g/cni (88% of the theoretical value). No 
leakage of helium through the specimens is detected using a Veeco leak 
detector. The average grain size, determined from scanning electron 
micrographs (SEM's), is 20 to 40 microns for the 10 m/o yttria- 
stabilized zirconia-titania solutions and 10 to 20 microns for the 12 
m/o yttria solutions.

Figure 1 shows that the lattice parameters for yttria-stabilized 
zirconia containing no titania are in excellent agreement with pre
vious studies [5,6]. The results also indicate that the single-phase 
fluorite structure is retained in the 10 and 12 m/o yttria-stabilized 
zirconia solutions with titania concentrations as high as 12.5 and 15 
m/o, respectively. The observed decrease in the lattice parameter 
with increasing titania concentration is presumably due to the sub
stitutional replacement of zirconia ions with the smaller titanium 
ions. The 12 m/o yttria-stabilized zirconia has a higher lattice 
parameter, and the titania solid solubility is less in 10 m/o yttria- 
stabilized zirconia than in the 12 m/o yttria solution. Although a 
second phase has been observed in the SEM’s of the 20 and 25 m/o 
titanium solutions, we have been unable to determine its composition 
using EDAX.

4. ELECTRICAL CHARACTERIZATION

Impedance spectroscopy has been used to determine the electrical 
conductivity of our polycrystalline oxide solutions. Its major ad
vantage over d.c. conductivity measurements is that one can determine 
the lattice and grain-boundary contributions to the total electrical 
conductivity. The impedance spectra have been interpreted in terms of 
the brick-layer model [7,8] which assumes a well-developed microstruc
ture and uniform grain size. Results have been obtained at 
temperatures between 350 and 900 C and at oxygen pressure between 0.21 
and 10 atm. The lattice, grain-boundary and total electrical 
conductivities are independent of oxygen pressure. Our results for 
the lattice and total electrical conductivities for 12 m/o yttria- 
stabilized zirconia containing no titania are in excellent agreement 
with previous results using single-crystals [9,10] and a four probe 
d.c. technique [10,11]. This agreement indicates the quality of our 
polycrystalline materials and the reliability of our impedance- 
spectroscopy data.

The temperature variation of the total electrical conductivity 
for 10 and 12 m/o yttria-stabilized zirconia containing 0 to 10 m/o 
titania is shown is Figs. 2 and 3, respectively. The electrical 
conductivity of 10 and 12 m/o yttria-stabilized zirconia increases 
with the addition of 5 m/o titania and then decreases for the 7.5 and 
10 m/o titania solutions. The initial increase is due to an increase 
in the grain-boundary conductivity, while the observed decreases at 
higher titania concentrations reflect the decreases in grain-boundary 
and lattice conductivities.
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The electronic conductivity of 10 and 12 m/o yttria-stabilized 
zirconia containing 5, 7.5 or 10 m/o titania has been determined at 
temperatures between 800 and 1000 C using a platinum electrode to 
block oxygen-ion conductivity. The results shown in Fig. 4 indicate 
that the electronic conductivity increases significantly with increas
ing titania concentration. This reflects the increase in the number 
of electronic charge carriers, i.e. Ti^r , with increasing titania 
concentration. Figure 4 also indicates that the activation energy of 
0.73 (±0.3) eV is constant for all the yttria-stabilized zirconia- 
titania solutions.

5. PERCENTAGE OF ELECTRONIC CONDUCTIVITY

The percentage of electronic conductivity has been determined 
using two approaches. The values have been calculated from the 
blocking-electrode results by dividing the electronic conductivity 
shown in Fig. 4 by the total electrical conductivity (Figs. 2 and 3). 
Electromotive force (Emf) cells with the mixed-conducting oxides as 
electrolytes have also been used to determine the percentage of 
electronic conductivity. The measured open-circuit cell voltage is 
divided by the value which would be observed if the electrolyte ex
hibited negligible electronic conductivity. Results from the 
blocking-electrode and Emf-cell measurements are compared in Figs. 5 
and 6. There is excellent agreement between the results obtained from 
the two difficult experimental techniques. The large scatter in the 
results for the 10 m/o titania composition shown in Fig. 6 is believed 
due to the high percentage (55 to 89%) of electronic conductivity and 
the associated difficultyin obtaining steady, consistent Emf values.

The results shown in Figs. 5 and 6 confirm our initial concept 
that the dissolution of titania into yttria-stabilized zirconia should 
introduce significant amounts of electronic conductivity. The per
centage of electronic conductivity clearly increases with increasing 
titania concentration, presumably due to electron hopping or small 
polaron conduction via multivalent titanium cations. The results also 
show that the percentage of electronic conductivity decreases with 
increasing temperature. This reflects the fact that the activation 
energy (0.90 eV) for oxygen-ion conductivity at temperatures above 
700°C is higher than that for electronic conductivity (0.73 eV). Thus 
increasing temperature has a larger effect on the oxygen-ion
conductivity.

6. EVALUATION OF ELECTRODE CURRENT DENSITIES

For a given total electrical conductivity, the optimum composi
tion for a mixed-conducting electrode is that at which the 
transference numbers or percentages of electronic and oxygen-ion 
conductivity are equal. If they are not equal, the species with the 
lowest percentage will control the transport of electrons and oxygen 
ions through the mixed conductor. The titania compositions at which 
the electronic conductivity equals the oxygen-ion conductivity are 
shown in Table I for the 10 m/o yttria-stabilized zirconia-titania
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solutions. The resistivity of these optimum compositions is also 
tabulated.

The resistivities ( p )  shown in Table I are used to estimate 
electrode current densities for mixed-conducting 10 m/o yttria- 
stabilized zirconia-titania solutions. The oxygen-pressure gradients 
across the electrodes currently used in SOFC vary from 10 to 10 . We 
have assumed an oxygen-pressure gradient of 100 to calculate values 
for the potential (E) across the mixed-conducting electrode and the 
current density (i). The calculated gurrent densities tabulated in 
Table II vary from 223 to 9,621 mA/cin depending upon temperature and 
electrode thickness. These values indicate that mixed-conducting 
yttria-stabilized zirconia-titania solutions should have attractive 
electrode applications in SOFC.
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TABLE I

Titania composition and resistivity when the percentage of electronic 
conductivity equals the oxygen-ion conductivity for 10 m/o yttria- 
stabilized zirconia-titania solutions.

Temperature(°C) Titania (Mole%) Resistivity (ohm-cm)

800 7.4 120

900 8.3 63

1000 9.3 33

TABLE II

Variation of the calculated 
electrode thickness (t) for 
zirconia-titania electrodes.

current density (i) with temperature and 
mixed-conducting 10 m/o yttria-stabilized

T(°C) t(microns) P ’t (ohm-cm^) E (mV) i(mA/cm^)

1000 10 3.3 x 10'2 127 962
it 5 1.7 x 10'2 1,868

•• 1 3.3 x 10"3 II 9,621

900 10 6.3 x 10’2 117 464
11 5 3.2 x 10‘2 » 914

» 1 6.3 x 10‘3 It 4,643

800 10 12 x 10'2 107 223

» 5 6 x 10'2 ft 446

1 1.2 x 10'2 11 2,229
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Fig. 1 V a ria tio n  o f  th e  l a t t i c e  param eter w ith  t i t a n i a
c o n c e n tra tio n  in  10 and 12 mole % y t t r i a - s t a b i l i z e d  
z irc o n ia .

F ig . 2 V a ria tio n  o f  th e  t o t a l  e l e c t r i c a l  c o n d u c tiv ity  w ith  
tem pera tu re  fo r  p o ly c r y s ta l l in e  10 mole % y t t r i a -  
s t a b i l iz e d  z ir c o n ia  c o n ta in in g  0 to  10 mole % t i t a n i a
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900 T(C) 400500

Fig . 3 V a ria tio n  o f th e  t o t a l  e l e c t r i c a l  co n d u c tiv ity  w ith  
tem pera tu re  fo r  p o ly c r y s ta l l in e  12 mole % y t t r i a -  
s t a b i l iz e d  z irc o n ia  c o n ta in in g  0 to  10 mole % t i t a n i a .

F ig . 4 Temperature v a r ia t io n  o f  th e  e le c tro n ic  co n d u c tiv ity  fo r  
10 and 12 mole % y t t r i a - s t a b i l i z e d  z irc o n ia  c o n ta in in g  
5, 7 .5  o r 10 mole % t i t a n i a .
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Fig. 5 Tem perature v a r ia t io n  o f th e  percen tage  o f e le c t ro n ic  
c o n d u c tiv ity  in  10 mole % y t t r i a - s t a b i l i z e d  z ir c o n ia  
c o n ta in in g  5, 7 .5  o r 10 mole % t i t a n i a .

F ig. 6 Tem perature v a r ia t io n  o f  th e  p e rcen tage  o f e le c t ro n ic  
c o n d u c tiv ity  in  12 mole % y t t r i a - s t a b i l i z e d  z ir c o n ia  
co n ta in in g  5, 7 .5  o r 10 mole % t i t a n i a .
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MORPHOLOGY AND ELECTROCHEMISTRY OF POROUS NICKEL/ZIRCONIA 
CERMETS

P.H. Middleton, M.E. Seiersten* and B.C.H. Steele. 
Department of Materials,

Imperial College of Science, Technology and Medicine, 
London SW7 2BP. UK.

*Senter For Industriforskning,
P.O. Box 124 Blindern, 0314 Oslo 3, Norway.

ABSTRACT

This paper investigates the morphology and electrochemistry of 
tape cast nickel/zirconia cermet anodes in solid oxide fuel cells. Films 
containing 45 volume% Ni exhibited a porous structure after reduction 
in hydrogen, but particles larger than 3/tm were found to retain a core 
of NiO. Electrochemical measurements by cyclic voltammetry showed 
that the cermet anode is readily oxidised at potentials more positive 
than -0.3V, resulting in an increase in the film resistance. The cell was 
run with hydrogen, using the residual resistance in the leads as load, 
and the observed current decayed by 80% over a period of 60 hours 
which was consistent with a rise in the anode film resistance . The loss 
of performance was attributed to the electrochemical oxidation of Ni at 
the low cell voltage attained.

1. INTRODUCTION

In solid oxide fuel cells (SOFC), the commonest anode material is a 
nickel/zirconia cermet comprising an intimate mixture of Ni and ZrO 2-Y 2O 3 (1). 
However, there is very little in the published literature about the properties of this 
material (2) though several patents cover the preparation and properties of cermets 
fabricated by a combination of slurry and vapour deposition techniques (3-6). The 
preparation of porous nickel cermets by a tape casting route has been discussed by 
Dees and Fee et al (2), who prepared free standing films, and studied the effects of 
Ni content, particle size and surface area on the conductivity of the reduced cermet.

In the present work, we have produced tape cast Ni/zirconia cermets on flat 
plate pre-sintered zirconia sheets for SOFC application and describe their morphology 
and electrochemisty.
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2. EXPERIMENTAL

2.1 Cermet preparation

Commercial grade nickel oxide powder (Hopkin and Williams) was ball milled 
for 72 hours in a media of ethanol and dispersant (fish oil) yielding a powder of 
average particle size 3/xm and containing no particles > 10/xm.

Tape casting slurries were made up whose composition were such that 45 
volume% (v/o) nickel was present in the reduced state. Appropriate mixtures of NiO, 
zirconia powder (Tosoh containing 8 mol% Y 2O 3) an£̂  dispersant (fish oil) were ball 
milled for 24 hours in ethanol, after which binder (polyvinylbutyral) and plasticiser 
(polyethylene glycol and dibutylphthalate) were added and the mixture ball milled for 
a further 24 hours. An example batch recipe is given below:

60 g ceram ic (ZrO2+ NiO)
1 g d isp e rsa n t 
9 g b inder

4 .5  g p la s t  i c i s e r
36 g so lven t

Samples were made by casting a 200pm thick layer of the slurry onto 200/xm 
thick sheets of zirconia (pre-sintered Tosoh 8 mol% Y2O 3). After drying for 12 
hours, the sheets were heated slowly at 1 *C min- 1 to remove the binder and 
plasticiser. Once all the organics had burnt out, the heating rate was then increased 
to 10’C m in -1. The samples were sintered at 1350’C for 2 hours followed by 
cooling to room temperature at 5 C m in-1. The NiO was then reduced to metallic 
nickel by reduction in an atmosphere of hydrogen (10% H 2 in N 2) in the 
temperature range 850 to 1000’C.

2.2 Electrochemical measurements

A 4-electrode cell arrangement was used as shown in figure 1. A 2.5cm x 
2.5cm square sheet of zirconia was coated with a 2cm x 2cm area of cermet 
material as described above and contact made to two opposite edges with platinum 
wires bonded by a conducting glass ceramic adhesive. Measurements between these 
two working electrodes labelled W.E.l and W.E.2 in figure 1 enabled the surface 
film resistance to be monitored. Care was taken to ensure that the points of contact 
were distant from the ionic current flux, thus avoiding any possibility of signals 
interfering. The opposite face of the zirconia sheet was coated with circular areas of 
platinum acting as counter and reference electrodes (C.E. and R.E. in figure 1). 
Platinum wires were attached to these areas using a conducting ceramic glass and 
platinum paste. The working electrode area was 1.2cm2.

The cell was then attached to the end of an impermeable zirconia support 
tube (Corning 8 mol% Y 2O 3) using a ceramic adhesive (Aremco 516). The whole 
assembly was placed in a large diameter silica tube fitted with water cooled brass 
end caps and facilities for atmosphere control. The gas supply to the fuel electrode 
was through a 10mm diameter heated quartz tube terminating in a small orifice
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(0.1mm diameter). The resulting wall-jet configuration allowed the gas stream to 
impinge directly onto the working area of the anode. The counter and reference 
electrodes were supplied with air through a small bore quartz tube placed down the 
inside of the zirconia support tube. The assembly was placed inside a split-level 
furnace and temperature control maintained with a thermocouple placed close to the 
working electrode.

Resistance measurements were made by applying a constant current of 100/¿A 
between the two working electrodes and measuring the voltage developed across the 
film with a differential buffer amplifier and a y/t recorder; the results were adjusted 
for iR losses in the measuring leads. Cyclic voltammetry was performed using a 
potentiostat constructed at Imperial College with output to a Bryans 60000 x/y 
recorder. Fuel cell mode performance was achieved using a Sycopel DD10M zero 
resistance ammeter with output to a Gould BS-232 y/t recorder, Gases were obtained 
from BOC Ltd. as high purity Argon (PO2 * 10“ 6atm.) and 10% hydrogen in 
nitrogen.

3. RESULTS AND DISCUSSION

3.1 Morphological Studies

The structure of the nickel cermet was studied by SEM analysis. Figure 7, a 
micrograph of a sample after reduction in hydrogen, shows a surface composed of 
small pores and larger cracks. Figure 8 is a cross-section of the same sample in 
which the porous structure of the cermet film is clearly evident. The interface region 
shows a thin diffusion layer between the cermet and the electrolyte substrate, 
indicating good adhesion between the two layers. The thickness of the cermet in this 
example is about 30pm.

A metallographical cross-section was made and its image in figure 9 shows 
how the nickel was distributed in the cermet after reduction, where the darker areas 
correspond to nickel oxide, and the lighter areas to nickel metal. Evidently the 
nickel oxide was not completely reduced, the larger particles (>  3/zm) having a NiO 
core, but despite this, the film was electronically conducting. Quantitative 
metallographic measurements by a Kontron image analyser on the polished
cross-sections showed that the Ni content in the solid was 30v/o instead of the 45v/o
aimed for. This result suggests that the nickel content in the cermet film was close
to the threshold of conductivity stated in the work of Dees et al (2) but finer
control of the NiO particle size prior to making up the slurry should alleviate this 
problem. The porosity of the cermet layer was measured as 40v/o.

3.2 Electrochemical Studies

The final reduction of the nickel oxide in the cermet was performed in situ 
whilst monitoring the surface film resistance. The initial resistance in an argon 
atmosphere was 4kfl (a = 8.3 x lO“ 2̂ “ 1 .cm“ 1), but rapidly fell to 50 (a = 
670“ Lem“ 1) after introduction of hydrogen. The response is shown in figure 2. The
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equilibrium PO 2 for the reaction 2Ni + 02 = 2NiO at 850 *C is « 10” 13atm., 
indicating instability of the anode at oxygen partial pressures above this value. Thus 
in the presence of argon (PO2 « 10_6atm) the surface film resistance was observed 
to increase from 5Q to lkfi over a period of 8 hours (figure 3). Re-introduction of 
hydrogen rapidly restored the anode to its conducting state.

Cyclic voltammetry (CV) was performed both in argon and hydrogen. The CV 
in argon is shown by the solid line in figure 4, where anodic currents were observed 
at potentials more positive than -0.3V which can be ascribed to the formation of 
nickel oxide. The cathodic peak obtained in the reverse scan (labelled A in figure 4) 
can be ascribed to the reduction of the oxide back to free metal. It was observed 
that the current fell rapidly to zero when the potential exceeded +0.4V, indicating 
the formation of an insulating oxide layer; however on reverse sweeping the 
electrode could be revitalised. Analysis of the cathodic peak by observing the 
variation of peak height with scan rate resulted in a linear response (figure 5) 
indicative a surface adsorption process (7). This supports the assignment of peak A 
to the removal of oxygen from the surface.

The cyclic voltammogram obtained in hydrogen is given by the dashed line in 
figure 4. This shows an almost linear response, indicating currents that were limited 
by the residual iR losses in the circuit rather than mass transport or the kinetics of 
hydrogen oxidation. There appeared to be no significant variation of current with 
flow rate. The open circuit voltage of -1.0V corresponded to a PO 2 of « l0 “ 18atm.

The cell was operated as a fuel cell using the potentiostat as a zero 
resistance ammeter and the combined resistance of 7fi in the leads as the load. A 
plot of current against time is given in figure 6, in which the performance is seen 
to decay by 80% over a period of 50 hours. The open circuit voltage was still 
-1.0V at the end of the experiment. The same plot also shows the variation of 
anode film resistance over the same period of time. Clearly the performance is 
related to a change in the conductivity of the anode.

The initial cell voltage was estimated to be 0.22V and it is suggested that 
this value may have been sufficiently low to bring about electrochemical oxidation of 
the nickel. A counter argument that oxygen may have penetrated the anode 
compartment of the cell was discounted on the grounds that the open circuit 
potential was maintained at -1.0V. The possibility of surface oxidation by the 
formation of water in the reactor was also considered. The oxygen partial pressure 
for the reaction H 2 + ]l f i 2 = H 2O can be obtained from the thermodynamic 
relationship:

PO2
ph2o

--------  exp(AG*/RT)
. ph2

where AG* is the standard free energy per mole of hydrogen. Under steady state 
conditions the ratio of steam and hydrogen partial pressures can be compared with 
the ratio of fluxes of steam and hydrogen maintained in the wall-jet reactor. The 
flux of water jH 2O produced on the electrode is given by

jH 2O = -i/nFA
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where i is the measured current, n is the number of electrons in the charge transfer 
step, F is the Faraday constant and A is the electrode surface area. The flux of 
hydrogen jH 2 entering the reactor is given by

jH 2 = Pv/ART

where P is the pressure, u is the volume flow rate, R is the gas constant and T is 
the absolute temperature. Whence

PH2O jH2O

PH2 ( j H2 - jH2O)

A value of 0.17 was calculated for the fuel cell experiment corresponding to 
a P O 2 of 10” 19atm, but the equilibrium PO 2 value for the formation of nickel 
oxide at 850 *C is « l0 ” 13atm, indicating that the nickel electrode could not have 
been oxidised by the formation of water alone.

4, CONCLUSIONS

These results suggest that the performance of nickel anodes is very much 
dependent on the degree of surface oxidation. The observation of incomplete 
reduction in the fabrication process suggests that the conducting pathway occurs 
around the outside of the larger particles. This pathway may be blocked under fuel 
cell operation if the voltage falls sufficiently for the electrochemical formation of 
nickel oxide to occur. It is thought that the performance problem can be overcome 
in part by controlling the NiO particle size prior to making up the slurry.
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Fig. 1 Schematic diagram of wall-jet reactor and electrode configuration.

Fig. 2 -  Cermet film resistance during 
hydrogen reduction at 850 *C. Measure
ments made between W.E.l and W.E.2.

Fig. 3 -  Increase in cermet 
film resistance during argon 
purging.
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Fig. 4 -  Cyclic voltammetry of a cermet 
film at 850 *C exposed to Ar (solid 
line) and H 2 (dashed line). The scan 
rates were 50 mV s- 1 . (A):NiO reduction 
peak.
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Fig. 5 -  Variation of peak 
current with scan rate for 
the reduction of NiO.

Fig. 6 -  Variation of fuel cell performance and cermet resistance with time.
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Fig. 7 -  SEM image of a cermet 
surface after reduction in H 2.

Fig. 8 -  SEM image of a fractured 
sample showing the porous cermet 
layer bonding to the zirconia 
electrolyte sheet.
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Fig.9 -  Metallographical cross-section of a Ni/ZrO2-Y 2O 3
cermet film lying above a sheet of zirconia electrolyte.
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OXIDATION OF METHANE ON OXIDE ELECTRODES AT 800-1000°C

M. Mogensen and J.J. Bentzen 
Metallurgy Department, 
Rise National Laboratory
DK-4000 Roskilde, Denmark

ABSTRACT

Preliminary experimental results on oxidation of me
thane on oxide anodes with mixed ionic and electronic con
ductivity are reported. Two compositions of oxide elec
trodes were used. One consisted of a mixture of 67.3 mole% 
Ce0.85^0.15^1.925 an<̂  32.7 mole% Zrg 945YQ 055O1 973» aRd 
another was a mixture of 40.7 mole% Cèg g^Gdg 15°1 925 an<̂  
59.3 mole% Zrg 945YQ 055^1 973* Cyclic voltamètry on these 
electrodes in CH^ and H2 revealed polarisation resistances 
of less than 0.8Q-cm2 and 0.40*cm2 for CH^ and H2, respect
ively, at 1000°C in the best cases. A considerable hystere
sis was observed in the case of CH^. In H2 it was much 
less. Possible reaction mechanisms are mentioned. No carbon 
deposition from CH^ was observed but problems of cracking 
of the oxide electrodes were encountered.

1, INTRODUCTION

The principal advantage of mixed ionic and electronic conduct
ivity in solid oxide fuel cell (SOFC) electrodes was pointed out long 
ago by Takahashi, Iwahara and Suzuki (1). They also demonstrated it 
experimentally on porous anodes of Ceg gLag ^0^ g and Ceg gYg g in 
H2. Later Nguyen, Lin and Mason (2) observed that "blackening” o£ the 
surface of a Sc2Og-ZrO2 (SSZ) electrolyte with Pt-electrodes increased 
the current density two to three orders of magnitude for a number of 
fuels including H2 and CH^. The "blackening" process was identified as 
inducing electronic conductivity into the SSZ oxygen ion conductor by 
reducing it electrochemically.

Furthermore Steele, Kelly, Middleton and Rudkin (3) have shown 
that SOFC's with ceramic anodes can be operated on 100% CH^ without 
any carbon deposition. This indicates that CH^ can be oxidized in 
SOFC's without the incorporation of ex-situ or in-situ reforming 
stages.

On this background, work has been initiated at Rise National 
Laboratory with the purpose of developing mixed ionic- and electronic 
conducting oxide anodes for direct oxidation of CH^ in SOFC. Some 
preliminary results are reported below for electrodes consisting of 
mixtures of Ceg g^Gdg ^^0^ ^25 an<* ^r0.945^0.055^1.973'
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2, PROPERTIES OF CeOo CONTAINING CERAMICS

The ionic and electronic conductivities of doped cerium oxides 
and the dependence on On partial pressure have been reviewed by H.L. 
Tuller (4). At pÜ£ < 10 atm together with temperatures above 800°C 
di- and trivalent cation doped CeÜ2 becomes predominantly electronic 
conducting for doping levels up to 15%. The ionic conductivity is 
independent of p02. The electronic conductivity is in the range of 1 
to 4 S/cm and the ionic conductivity varies from about 0.02 to 0.1 
S/cm from 800 to 1000°C.

Cales and Baumard (5,6) investigated solid solutions of ((1-x) 
ZrÜ2 - xCeC^g g (^2^3)0 1» 0< x < 1. They found a minimum in ionic 
conductivity oi 0.012 S/cm at x = 0.5 and pÜ2 = 1 atm at 1000°C. 
Furthermore they found that the electronic conductivity went through a 
maximum when decreasing pÜ2- The maxima of the conductivity versus pÜ2 curves correspond to a ratio of [Ce+^]/LCe+Zp] ~ 0.1. At 1000°C the 
maximum is found around pÜ2 values of 10" to 10" atm. For x = 0.5 
the electronic conductivity maximum value is about 0.2 S/cm at 1000°C.

3, EXPERIMENTAL

The experimental setup was a three electrode configuration as 
sketched in Fig. 1. The Ce02 containing working electrodes were sin
tered onto the end of a cylinder made of tetragonal Y2O2 doped Zr02. 
The diameter was 11 mm and the length was 12 mm. A center hole, 3 mm 
diameter, was drilled in order to accommodate the reference electrode 
at a position not too far from the working electrode (see Fig. 1). Gas 
tightness was assured with Pt-gaskets 0.1 mm thick and 1.25 mm wide. 
These also functioned as current collectors.

The accessible electrode area was taken to be 0.75 cm2. The H2 
and CH^ flow rates were about 2 ml/s each and the air flow rate 1 
ml/s.

The test sample was made by uniaxial pressing (34 MPa) of about 7 
g of tetragonal Y2O3 doped zirconia powder (Zrg 945YQ Q55O1 973 called 
TZ3YA) from Tosoh. On top of that was pressed about 150 mg of the 
electrode powder. After this the sample was sintered in air according 
to the scheme: 20-350°C 5 h, 350-400°C 5 h, 400-1600°C 2 h, at 1600°C 
2 h, and 1600oC-20°C 10 h. This yielded an almost 100% dense electro
lyte cylinder with a less dense (80-90%) electrode layer.

The electrode powders were made from TZ3YA and a 
Ceg 85^0 15°1 925 Pow<̂ er produced via chemical precipitation (7) . The 
powders were mixed dry by shaking them in a bottle. Two mixtures were 
made. One composition was 67.3 mole% Ceg g^ Gdg 0^ 925 + 32.7 mole% 
Zrg 945 Y0 055 °1 973 one i-s referred to as electrode 1), and 
the’other was 40.7 mole% Ceg g^ Gdg 0-̂  225 + 59.3 mole% Zrg 9^5 
Yq Q55 0^ gyg (referred to as electrode 2).
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XRD showed that the sintered electrode layers were inhomogeneous 
consisting of solid solutions of zirconium-yttrium-oxide in cubic 
cerium-gadolinium-oxide and of solid solutions of Ce-Gd-oxide in te
tragonal Zr-Y-oxide. These inhomogeneities were also observed with 
optical microscopy along with very fine cracks perpendicular to the 
surface.

Homogeneous electrodes with the same overall composition were 
also made but no electrochemical measurements were performed on them. 
These electrodes had in hydrogen a too low total electrical conduc
tivity to facilitate measurements through a reasonable current range. 
The low conductivities are in accordance with the extrapolation of the 
findings given by Cales and Baumard (5).

The fuels used in all tests were either H2 or CH^, both saturated 
with H2O at room temperature which means about 3 vol% ^0.

Electrode 2 was three times during its life oxidized with argon 
having pC^ - 10“2 atm. In the first and last case (referred to as 
redox cycle 1 and 3) the electrode was exposed to H2 or CH^ with 3% 
H2O both before and after the oxidation. In the case of redox cycle 2, 
it was exposed to dry CH^ before the oxidation.

The current-voltage curves were measured by means of a PAR 273 
potentiostat. All curves were corrected for simple ohmic voltage drop. 
The ohmic resistances were measured by means of impedance spectroscopy 
(Solartron 1250) before and after the cyclic voltametry. As the ohmic 
resistance was in the range of 15 to 60Q and the electrode polaris
ation was often only a fraction of an ohm, a considerable uncertainty 
exists in the determination of the latter. In order to be conservative 
the lowest measured ohmic resistance was consistently used for the 
correction, i.e. the true polarisation is always less than or equal to 
those shown on the curves in Figures 2-5.

The curves were measured with a sweep rate of 10 mV/s either 
without any or with partly automatic ohmic drop compensation. In order 
to overcome the ohmic drop it was in some cases necessary to polarise 
the system 2000 mV which means that the time necessary to go through a 
cycle was 2 x 200 s - 400 s.

It was proved by blank experiments with the Pt-gasket on pure 
TZ3YA that this gives no significant current contribution either in H2 
or in CH^.

4. RESULTS

Figure 2 shows current-voltage curves for oxidation of H2 and CH^ 
on electrode 1, the 67.3 mole% Ceg g^ Gdg O| ^25 electrode, at 
1000°C. It reveals that the oxidation current in both cases varies 
roughly linearly with the potential. The H2-curve shows a polarisation
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resistance of about 0.40»cm2 and the CH^-curve about 1.2ft-cm2. The 
CH^-oxidation displays a considerable larger hysteresis than the H£- 
oxidation.

During these experiments it was observed that the free electrode 
potential in H2 with 3% H2O was very stable and close to the theore
tical value of -1065 mV vs Pt/air whereas the potential was very much 
unstable in CH^ varying slowly from about -950 mV to -1100 mV in an 
irregular manner. The theoretical potential in CH^ + 3% H2O is about 
-1060 mV vs Pt/air. The thermodynamic data for the calculation of the 
theoretical values were taken from Hartung and Mübius (8) and from 
Broers and Treijtel (9). According to Broers and Treijtel a mixture of 
CH^ + 3% H2O will at 1000°C precipitate almost all the carbon in CH^ 
as free carbon if equilibrium is obtained. However, no carbon de
position at the electrode was observed. Only in the quartz tube (see 
Fig. 1) minor carbon precipitation was seen in an intermediate tem
perature zone estimated to be in the range of 600-700®C.

Fig. 3 shows current-voltage curves for electrode 2, the 40.7 
mole% Ceg g^ Gdg 0^ 925 + 59.3 mole% Zrg 9^5 Yq 055 973”®^®^“ 
trode, in H2 + 3%*H2O at 800, 900 and 1000®C.’ Fig. 4*gives the corre
sponding curves for CH^ + 3% ^0. The free potential of electrode 2 
was stable at all three temperatures in hydrogen, and it was close to 
the theoretical. As for electrode 1, the free potential in methane at 
1000®C was very unstable. The zero current potentials of the 1000®C- 
cycle in Fig. 4 span almost the entire potential range over which the 
free potential varies. In fact this sweep was deliberately started 
when the free potential was close to its most negative value. In con
trast to the unstable free-potential of electrode 2 in methane at 
1000®C, the potentials were stable within ±10 mV at 900 and 800®C. The 
free potential at 900®C was -920 mV and at 800®C it was -870 mV vs 
Pt/air. After the end of the sweeps, the potential returned to these 
values in few minutes.

Even though the curves of Figs. 3 and 4 were measured at the same 
electrode and at the same temperatures in H2 and CH^, respectively, 
the corresponding curves are not directly comparable. Between the two 
sets of measurements several other experiments were made, one of which 
changed the electrode irreversibly. After two measurements at 1000®C 
in CH^-3% H2O showing good reproducibility in the high current density 
range, the gas was switched to pure (99.99%) CH^ and the free poten
tial dropped for a short period (5 min.) to -1170 mV vs Pt/air. After
wards it increased to about -1060 mV. Impedance measurements showed a 
clear decrease in ohmic resistance (from 21.4ft to 15.3ft). These ob
servations were taken as indicating that dry CH^ induced some elec
tronic conductivity into the TZ3YA electrolyte. The electrode was then flushed with argon (PO2 = 10"^ atm.) and left overnight at 1000®C in 
order to reoxidize the electrolyte (and the electrode). Next CH^-3% 
H2O was introduced again. Fig. 5 shows the current-voltage curves 
before and after this event which is called redox cycle 2. A current- 
voltage curve was also measured in the dry CH^ giving a result very
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similar to the one measured after the redox cycle.

It is seen (Fig. 5) that before the treatment of electrode 2 with 
dry CH4 the oxidation of CH4 was quite fast, the average polarisation 
resistance being 0.8Q-cm2.

As mentioned previously the ohmic resistance seen by the refer
ence electrode was measured by impedance spectroscopy before and after 
each current-voltage curve measurement. A clear trend of an increasing 
ohmic resistance during the sweeps was observed. Furthermore signifi
cant increases were observed when the electrode (no. 2) was reoxidized 
in argon (pC^ — 1 0 atm) and reduced again. At 800*0 the starting 
value of the ohmic resistance was 45.80. After two redox cycles it had 
increased to 57.80 and finally after the third cycle it was 80.30. 
After this third redox cycle it was decided to cool down the electrode 
in order to make visual inspection of the electrode. It was then re
vealed that some of the very fine and small cracks present in the 
electrode layer after sintering had grown down into the TZ3YA pellet 
and caused parts of the electrode and electrolyte to break off. This 
decreased the electrode area as well as the electrolyte cross sec
tional area causing an increase in the ohmic resistance. No current- 
voltage curves were measured after the third redox cycle.

5, DISCUSSION

In the case of H2/H2O oxidation or reduction on these oxide elec
trodes at 800-1000°C the simple chemical equilibrium

H2 + 02' * H20 + 2 e"

exists when the electrode is not polarized as evidenced by the 
measurement of stable free potentials approximately equal to the ther
modynamically calculated values. No true equilibrium exists in the 
case of CH^ oxidation. First of all the chemical reaction between CH4 
and H2O forming free carbon, H2, CO and CO2 does not take place as no 
carbon deposition is seen. Also the electrochemical oxidation reaction 

CH4 + 402" * C02 + 2H2O + 8 e"

is probably not in equilibrium. Three circumstances point to this. 
First: the feed gas does not contain any CO2, second: this equilibrium 
potential should be approximately independent of temperature while in 
fact a significant variation is observed, and third: the free poten
tial at 1000*C is not stable.

The rather stable free potentials in CH4 at 800 and 900*C, how
ever, point to a quasi equilibrium. Even though it cannot be deter
mined with any certainty based on the present data which type of reac
tion results in stable potentials, one can speculate. If for instance
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an intermediate product like C ^ O  is formed in some reaction step, 
part of it might adsorb on the electrode surface and an electrochem
ical equilibrium might be obtained like

CH2°ads + °2' “ CH00HadS + 2 e'

Such a type of mechanism can also explain the more unstable free 
potentials at higher temperatures because the adsorbed species would 
become less stable at higher temperatures.

Adsorbed species can furthermore explain the large hysteresis 
seen on cyclic voltametry in CH^. The small hysteresis seen in H2 for 
electrode 1 might be due to changes in the electrode. The change in 
potential will also change the ratio of [CeJ+]/[Ce4+] in the elec
trode. Thereby the number of oxygen vacancies in the electrode surface 
(and in the bulk) will be changed. If these vacancies are the electro
chemical active sites, as assumed by Nguyen, Lin and Mason (2), a 
vacancy change will also change the reaction rate but not necessarily 
in a simple manner because the vacancies are also the sites of inter
mediate adsorption. In the case of H£ oxidation, OH-intermediates 
might be present.

The cause of the permanent change of electrode 2 by the treatment 
with dry CH^ (Fig. 5) is not clear. The change in average polarisation 
resistance was from 0.80-cm2 to 3.20-cm2, i.e. a factor of 4. The 
cracking of the electrode was monitored by the measurement of ohmic 
resistance (impedance spectroscopy). After redox cycle 2 which in
cluded the dry CH^, the ohmic resistance had increased less than 30% 
compared to the initial value. It seems reasonable to assume as a 
first approximation that the reduction in electrode area is inversely 
proportional to the increase in ohmic resistance and thus the cracking 
cannot explain the 4 times increase in the average reaction polari
sation resistance.

The cracking of the electrode on redox cycling is assumed to be 
caused by the expansion of the Ce02 containing oxides on reduction and 
the contraction on oxidation. If further experiments confirm this, the 
problem can be solved by sintering the Ce-containing electrode in a 
reducing atmosphere. If such anode electrode material is to be used in 
a fuel cell, it may be necessary to use an oxygen potential during its 
sintering such that the oxygen electrode material is not reduced.

6. CONCLUSION
The mixed ionic and electronic conducting oxide electrodes stud

ied have shown interesting electrochemical properties. It was possible 
to oxidize CH^ with 3% ^ 0  at a rate which is not far from what is de
manded in an SOFC. Problems of cracking of the electrodes on reduction 
and oxidation cycles were observed. Means of solving this problem must 
be found if this type of Ce-containing oxide anode is to be used in a 
SOFC.
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Fig. 1. A sketch of the experimental setup.
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Fig. 3. Current density as a function of potential for electrode 2
in H2 + 3% H2O at 800, 900 and 1000°C.
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Fig. 5. Current density as a function of potential for electrode 2 
in CH^ + 3% H2O at 1000°C before and after redox cycle 2 
(i.e. the reduction in pure dry CH^, oxidation in argon with pC>2 - 10"2 atm and finally reduction in CH^ + 3% H2O) .
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REVIEW OF DEFECT CHEMISTRY OF LaMnO3 AND LaCrO3*
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ABSTRACT

Chemical stability and cation stoichiometry 
determine the applicability of LaCrO3 and LaMnO3 as high 
temperature solid oxide fuel cell (SOFC) interconnects 
and cathodes respectively. Models for the
oxidation-reduction behavior of acceptor doped LaCrO3 and 
acceptor doped LaMnO3 are reviewed. Experimental data 
are presented which agree with the models and show the 
regimes of oxygen activities and temperature over which 
these oxides can be expected to be stable.

1. INTRODUCTION

It is essential for the long term reliability of fuel cells that 
the electrodes and interconnects of fuel cells be stable, both 
electrically as well as structurally, at elevated temperatures in the 
presence of the required electrolytes and oxygen activities. A 
number of oxides are candidates for this application with some of the 
most promising being from the perovskite family. For many of the 
AB03 compounds, sufficient electrical conductivity is obtainable by 
substitution on either the A or B sites by acceptor-or donor-type 
cations, depending on the intrinsic defect structure of the parent 
oxide. However, it is known that under certain oxygen activity 
conditions the electrical conductivity can decrease until the 
material becomes unsuitable as an electrode.

It is the purpose of this report to review the defect chemistry 
of the perovskite-type oxides LaMnO3 and LaCrO3 to show how the 
defect structure and electrical conductivity change as they 
equilibrate under various oxygen activities at elevated temperatures. 
Models for the oxidation-reduction behavior of both of these p-type 
oxides are presented.

The electrical conductivity of LaCrO3 and LaMnO3 is essentially 
due to the 3d band of the Cr ions,(l) thus an increase in 
conductivity can be expected as lower valence ions are substituted on 
either the La^+ , Cr^+ or Mn^+ sites, resulting in the formation of 
Cr^+ or Mn^+ . If such a substitution is compensated by the formation 
of oxygen vacancies, no contribution to the electronic conductivity

*Sponsored by Office of Basic Energy Science, Department of Energy.
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is anticipated. The conditions under which equilibration of LaCrOg 
and LaMnOg take place will determine whether electronic or ionic 
compensation will be favored.

The behavior of LaCrO-j and LaMnOg as shown in the relationships 
among its electrical conductivity, carrier concentration, 
oxidation-reduction kinetics, defect structure, and temperature, at 
various oxygen activities and dopant levels, need to be determined to 
fully characterize the materials. Such parameters are essential in 
order to construct a Kroger-Vink-type diagram showing the stability 
regimes.

Over the past several years we have been preparing Mg and Sr 
doped LaCrC^ and Sr doped LaMnO3 and relating the properties to 
proposed defect structure models.(2,3) jn this review, the models 
will be presented and the particular differences between LaCrO^ and 
LaMnO3 discussed. The principle model will be developed using Mg 
doped LaCrO3 as an example. However, it is equally applicable to 
either Sr doped LaCrO3 or Sr doped LaMnO3«

2. PROPOSED DEFECT STRUCTURE<4)

For simplicity, it will be assumed that p-type disorder prevails 
in nonstoichiometric LaCrO3, all defects are fully ionized, and the 
large cation-to-small cation ratio is unity. Furthermore, it is 
assumed that the acceptor dopant, Mg^+ , substitutes for Cr^+ on a 
normal lattice site. Using Kroger-Vink notation,^) the Schottky 
reaction for this compound is expressed by

n i l ^ V L a  + (1)

and the equilibrium constant is
Ks - [V^][Vcj[v;]3 (2)

From our assumption, the cation stoichiometry must remain 
constant unless a second phase has exsolved. Therefore, [V̂ j’-J] =
[v£'a] throughout the entire single-phase region. The p-type 
nonstoichiometric reaction is given by

j °2i =>vL^ + vCr + 3°o + (3)

The equilibrium constant for this reaction is

K3 - [Vcr]2[p]6Po2 (4)

- exp(-AG3/RT)

where AG3 is the Gibbs free energy for Eq.3. When doped, the 
acceptor impurity, Mg^r , will possess one effective negative charge 
which can be compensated for either by a Cr^+ — > Cr4+ transition or
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by the formation of oxygen vacancies. This leads to the following 
electrical neutrality condition

2[v;-) + p - 6[Vcj + [Mgcr] (5)
III

At high activity, assuming that both [V^’j and [V£r] are smaller than 
the impurity content, the neutrality condition becomes

and from Eqs.2 and 4

[VCr]

and

[Vo

respectively.

P = (Mger

1/2
(K3) 3/4 

3 ^ 2

Ks 1/3 , ,  -1 /2
-----[MgCr]2P02

k3 z

(6)

(7)

At low oxygen activities, oxygen may be lost and ionic 
compensation takes place through the formation of oxygen vacancies. 
In this case the neutrality condition becomes

p -  [Mgcr ] - 2[V~]

This condition can be expressed by

LaCr1.2yCr^MgCryO3 .red-u.c.t̂ oft. LaCr1.2y+2xCrÿ.2xMg'CryO3.x
oxidation v+ | 0 2 (8)

or
°o + 2CrCr?*2CrCr + V" + j 02 (9)

where y is the amount of dopant and x is the concentration of oxygen 
vacancies.

The equilibrium constant for reaction 9 can be expressed as 
either 2

[CrCr] [v ;]  1/2
k9 " --------:— t - po2[CrCr]2 2

1/2k 9 - (1-2y+2x) x poiz;
(y-2x)2 2

The mass action equation then becomes

K9 - exp[-(AGs - AG3)/3RT]

(10)
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where AGg - free energy of formation for Schottky defects, AG3 is 
free energy of formation for cation vacancies, and (AGg - AG3J/3 is 
the free energy of formation for one mole of V" in acceptor-doped 
LaCrO^.

Equation 10 can be solved to yield 
p 1/2 -1/2

2x - y —2_ [  (8yK9P0 + l)1/2 - 1], (11)
4Kg Z

The electrical conductivity o is given by

o - e/ip

where e is the electron charge, the mobility, and p the concentration 
of carriers which, from the model, is equal to y - 2x. Thus Eq.ll can 
be rearranged to give

1/2 -1/2
° - ^ PO2t(8yK9P°2 + 1)V2 ‘ 11 • (12)

At the high-P0 limit, Eq.ll reduces to x - 0 and Eq.12 reduces to o 
- epy, whereas2 in the 1 ow-P q regime the respective equations are 
reduced to:

P =-
y-2x

1/4
Pq2

(2yK9) 1/2 (13)

or

e/i •

and

a/oR

y1/2 p,1/ 4 
2K9 °2

p 1 /4  
^02

(14)

where O r is the 
electronically.

(2Kliy)
conductivity when acceptors are compensated

(15)

In this Po limit, the acceptors become compensated by oxygen 
vacancies and [ngCr] - 2[V"]. Thus, it is anticipated that o will 
decrease with decreasing Pq as Pq ( ?  as the electrical compensation 
changes from electronic to Ionic.

Thermogravimetric and electrical-conductivity measurements as a 
function of P q and temperature are used to evaluate the equilibrium 
constants. Diagrams showing the predominant defects under various 
thermal and oxygen activity conditions can then be constructed. This 
allows the behavior of the electrical conductivity to be predicted 
under variable oxidizing and reducing conditions.

The model developed for LaCrOg describes the electrical 
conductivity of LaMnO^ quite well. However, LaMnO^, even when Sr 
doped, has excess oxygen at high oxygen activity and in the lowest
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oxygen activity Mn^+ tends to form and the structure dissociates into 
its binary components. Thus to explain the defect concentrations the 
influence of cation vacancies and Mn^+ must be considered.

In the oxygen excess region the reduction of La^_ySryMnO3+x may 
be expressed as

Lax .ySryV^Mnx ,y. 2xMny+2xVMnxO3+x 
3 3»

La1.ySryMn1_yMnyO3 + x/ 2 02 (16)

where y represents the dopant and x the excess oxygen concentration. 
In terms of reactants this reaction can be simplified to be

VLa + + 6MnMn + 30o5= i  6Mnun + 3/2 02 (17)
HI II I

If it is further assumed that [Vj^3 - [Vjjn] » then the equilibrium 
constant for this reaction is given by

k 17 “ tMnMn)6 PO23/2 / <[VLal2 [«"MrJ6 [°o)3> <18>

which in terms of mole fraction becomes

K17 - (l-y-2x)6 POz3/2 / ((x/3)2 (y+2x)6 (3+x)3) (19)

For a given dopant level y, can be found from the weight
loss vs. Po experimental data by using Eq.19. Theoretical curves in 
the high P q region were generated by using and the proposed 
metal vacancy model.

As further reduction occurs the Sr dopants are compensated by 
holes and Eq.9 prevails and the equilibrium constant is given by 
Eq.lO. Since at very low P q part of the Mn ions are expected to be 
divalent, the general neutrality condition can be represented by

[Sr^] + [Mn^] - 2[V-J] + [Mn^n ]. (20)

, I
The relation between [Mn^n ] and [Mn^n] is given by

2Mn^n^ ^nMn + ^nMn (21)

with
K21 - [Mn^J [Mnij / [MnaJ2 . (22)

In order to maintain the fixed A/B ratio, 
to be maintained

+ [MnMn] + [MnMn]

the following equation has 

- 1. (23)
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By combining the experimental TG data with the equation 19 the 
equilibrium constants can be calculated and the theoretical isotherms- 
for the Pq range investigated generated.

3. EXPERIMENTAL PROCEDURE

The undoped and Sr-doped LaMnO^ and Mg and Sr doped LaCrO^ 
specimens were prepared by a liquid mix method similar to that first 
described by Pechini.W in all cases, the A/B ratio (ABO3) was 
maintained as unity. The starting chemicals were reagent grade La 
carbonate, Mn carbonate, Sr carbonate, Cr nitrate and Mg carbonate. 
The desired compositions were prepared by dissolving quantitative 
amounts of selected carbonates info solutions of citric acid, 
ethylene glycol and water.*’* Upon removal of the excess solvent by 
heating, transparent solid resins containing the metals in solid 
solution were formed. Calcination of the resin intermediates at 
800°C for 8 hours removed the organic constituents, leaving the 
desired ceramic compositions in a fine, uniform and chemically 
combined state. For all compositions, X-ray diffraction analysis 
showed only the perovskite structure. No second phase was detected, 
implying that the desired solid solution was achieved.

Thermogravimetrie measurements were made in a TG system designed 
to measure weight changes on a powder sample, 70-80 g, to an accuracy 
of ±1 mg (±6 X 10”5 mole oxygen). Measurements were conducted at 
1000 to 1400°C at an oxygen activity of 10" to 1 atm, with the 
oxygen activity being monitored by a calibrated zirconia sensor. 
Details of the apparatus are given e l s e w h e r e .

Electrical conductivity measurements were conducted on dense and 
porous rectangular bars with four embedded Pt wires welded to Pt 
leads and attached to a four-terminal digital voltmeter.
Conductivity measurements were carried out at 1000 - 1400°C in an 
oxygen activity of 1 0 to 1 atm.

In another apparatus, the Seebeck coefficient and dc electrical 
conductivity were sequentially measured on the same specimen. The 
specimen was situated between two Pt blocks. Two Pt - (Pt-10%Rh) 
thermocouples were used to monitor the temperatures at the ends of 
the specimen. A Pt wire heater was wound on the lower end of the 
holder to generate a temperature gradient along the longitudinal 
direction.

4. RESULTS AND DISCUSSION

A. LaCrO3

Typical TG results for LaCrO3 are displayed in Figs. 1 and 2, 
which show the experimental data plotted in terms of oxygen 
deficiency as a function of temperature and oxygen activity for a

116



constant dopant concentration, and as a function of dopant content 
and oxygen activity at a constant temperature, respectively. Figure 
1 shows that the oxygen activity at which maximum nonstoichiometry 
occurs shifts to lower values as the temperature is decreased from 
1366 to 1014’C, whereas Fig. 2 shows that the degree of
nonstoichiometry increases as the amount of dopant increases at any 
given oxygen activity. The solid lines are those predicted from the 
model and represent the best fit solution of the equilibrium constant 
expression.

The temperature dependence of the equilibrium constant, K9 for 
reaction^) was determined. It was found that for up to 10 at% Mg 
the enthalpy of the reaction appears to be independent of Mg 
constant; however, at higher Mg content this is not true. For 
example, up to 10 at% Mg, this value was found to be 272 ± 16 kj/mol 
(2.8 ± 0.2ev), whereas it increased to 331 ± 12 kj/mol (3.4 ± O.lev) 
for 20 at% Mg. X-ray diffraction data^?) indicate that the 20-at% Mg 
sample is a two-phase system and that under oxidizing conditions the 
phase boundary is at about 15 at% Mg. Accordingly, an expression for 
the equilibrium constant of the reaction within the single phase 
region (up to 10 at% Mg) was found to be t

K9 - (2.1 X 104) exp (-AH/RT) (24)

where AH - 272 ± 16 kj/mol (2.8 ± 0.2ev) and represents the enthalpy 
of formation of oxygen vacancies in Mg-doped LaCrOg.

Figure 3 displays typical conductivity results plotted as log 
conductivity versus log Pq and compared to a calculated plot, using 
the equilibrium constants determined by the TG data. While there is 
considerable scatter present and the truncation of the reaction 
restricts the ionically compensated region, there still is good 
correlation with the model throughout the entire composition range 
except for the 20% Mg sample where the dopant concentration appears 
to exceed the solubility limit(?) and notable deviation from the 
model was observed. The activation energy for the mobility was 
determined from Arrhenius plots of In (aT) vs. 1/T and found to be 
22.3 ± 7 KJoule/mole (0.23 ± 0.07ev) which is in reasonable agreement 
with Karim and Aldred's(8) data. However, our mobility values appear 
to be about an order of magnitude lower than those for the Sr doped 
samples implying that Mg which substitutes for Cr on the "B" sites is 
significantly different than Sr substituting La on the "A" sites.

A plot of conductivity vs. carrier concentration (y-2x) is shown 
in Figure 4 which confirms the assumption that the VQ directly 
compensate the Mg ions and that the mobility does not change under 
the experimental conditions. Our data show a slight depression at 
about 80-90% of the maximum expected carrier concentration, this 
might be due to a band component that exists in doped but 
uncompensated LaCrO^ and scattering or trapping by VQ . Otherwise, 
the results show a linear dependence of carrier concentration on 
conductivity for y-2x values less than 0.05 regardless of the dopant
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level, implying that the mobility is constant and approximately equal 
5 X 10‘^m^/V.sec. which is about a factor of 5 lower than that 
reported by Karim and AldredW (2.5 x 10“  ̂m^/V. sec. for 2% Sr). 
This tends to agree with the higher conductivities that they 
observed.

B . LaMnOg

For Sr-doped LaMnC^, the oxidized samples exhibited single phase 
X-ray patterns while the reduced samples were multiphase. The X-ray 
diffraction analysis showed that under the most reducing conditions 
(1200°C, 10" atm) Sr-doped LaMnO^ completely dissociated into 
La2C>3, MnO, SrMnOg and La^MnO^. Upon reoxidation, the reduced 
samples regained their original single phase X-ray patterns 
indicating that the redox cycle is reversible. The TG results for 
La^_ SryMnO^ (y=0.01, 0.1 and 0.2) are shown in figures 5 and 6 in 
which the symbols represent the experimental data while the lines 
were calculated. As can be seen in figures 5 and 6 the calculated 
isotherms fit the data quite well.

The electrical conductivity was measured from room temperature 
to 1200°C as function of Pq and Sr content. The results are shown 
in figures 7 and 8. Typical results for the effects of Sr content on 
conductivity are presented in figure 8.

Both undoped and Sr-doped LaMnC^ showed common characteristics:

• Little Pq dependence was observed in a range of high Pq and 
this range narrows with increasing temperature.

• As reduction proceeded, the electrical conductivity decreased as 
P q ^  which agrees well with Eq.14.

• An abrupt decrease of the electrical conductivity occurred under 
very reducing conditions. These data were too low to be included in 
figures 7 and 8. However, by comparing with the previous TG data, it 
was found that the abrupt decrease in electrical conductivity was due 
to the decomposition of the perovskite phase. For each isotherm 
shown in figures 7 and 8, the symbol at the lowest Pq value 
indicates the "critical" point, i.e., the lowest Pq Before the oxide 
dissociated into multiple phases. Upon reoxidationf very good 
reversibility was found.

• The critical Pq shifted to higher Pq when the temperature 
and/or the dopant concentration was increased.

When the temperature was below 1000°C, the electric conductivity 
increased rapidly with increasing temperature. For temperature above 
1000°C, the temperature dependence of electric conductivity shows a 
transition from positive to negative temperature dependence as the Sr 
content increased to 20% suggesting a semiconducting to metallic 
transition. According to the previous studies for LaCo03,(9) such a
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semiconducting-metallic transition may be due to a localized to 
collective electron transition. Similar results were also found for 
other La-site substituted lanthanum manganites of the type
Lai.xMxMn03 (M=Pb+2, Ba+2, Ca+2).<10»

At temperature below 1000°C, the activation energies were 
determined using the expression derived for the small polaron 
mechanism,

a = (A/T)exp(-E/kT) (25)

where A is the pre-exponential factor, k is Boltzmann's constant, T 
is the absolute temperature and E is the activation energy. With the 
application of Eq.9, the hopping energy for undoped LaMnOg under 
oxidizing conditions was calculated to be 0.19±0.01 eV which is lower 
than the 0.25 eV reported by Goodenough.(I2) Since LaMnOg possesses 
different Mn+Zk content depending upon the preparation conditions, 
this small difference in activation energy is understandable.
Hopping energies were calculated as 0.19±0.01, 0.16±0.01, and 
0.09±0.01 eV for 5, 10 and 20 Mol % Sr doped LaMnO3, respectively.

The Seebeck coefficients for undoped LaMnC^, and 5, 10 and 20 
Mol % Sr-doped LaMnO3 were measured as a function of temperature with 
the results shown in figure 9. The positive Seebeck coefficients 
indicate that these oxides are p-type. The variation of Q for these 
(La,Sr)Mn03 samples in the temperature range investigated is 
relatively small when compared with that observed for other kinds of 
La perovskites such as LaCrO3 and (La,Sr)FeO3.(13,14) According to 
Eq.10, the weak temperature dependence of Q implies that the carrier 
concentration is nearly temperature independent. Therefore, the 
temperature dependence of electrical conductivity would depend 
largely on the mobility.

Seebeck measurements were made as a function of Pq and 
temperature. Typical results for Sr-doped LaMnC^ are snown in figure 
10. With decreasing P q , the Seebeck coefficient increased to a 
maximum after which it Became negative. These negative values are 
not included in figure 10. The Pq at which the Seebeck coefficient 
changed from positive to negative was the same as the "critical Pq " 
observed in TG and electrical conductivity data.

Even though the absolute values of the measured Seebeck 
coefficients in the (La,Sr)Mn03 system are smaller than the 100 /2V/°K 
criterion suggested by Goodenough,(15) for the following we assume 
the small polaron hopping mechanism derived by Heikes.

This relationship is

Q = ±(k/e)[ln((l-x)/x)+S*/k] (26)
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where the plus and minus signs indicate p-type and n-type carriers, 
respectively, K is Boltzmann's constant, x is the fraction of hopping 
sites which are occupied, and S* is the vibrational entropy. When S* 
is assumed small enough to be negligible, the Seebeck coefficient 
depends only on the concentration term. This equation leads to a 
temperature-independent Seebeck coefficient. By using Eq.26 and 
assuming that the entropy S* is negligible, the fraction of sites 
occupied at 1000°C in an oxygen atmosphere was calculated to be 0.39 
and 0.41 for undoped and 20 Mol% SrO-doped LaMnO^, respectively.
These calculated fractions of hopping sites are clearly too high to 
result from doping alone. Similar behavior has been reported in the 
La^.ySryCo03_x system.^7) This may indicate that the conduction 
mechanism is more complicated than that proposed by Heikes in that 
another source of carriers may be involved in the transport
mechanism. For example, carriers originating from the band to band 
transition may be contributing to the conduction at elevated 
temperatures. Analogous to the (La,Sr)Co03 system, at elevated 
temperatures (La,Sr)MnC>3 may have a position between a metal and 
semiconductor. Furthermore, since the calculated carrier 
concentrations for La gSr 2^03 and undoped LaMnC^ are nearly the 
same, it may be concluded that the electrical conductivity for these 
LaMnC>3 based perovskites is dominated by the mobility rather than 
by the carrier concentration.

The mobility was determined by combining the Seebeck and 
electrical conductivity data. Figures 11 and 12 show the results as 
a function of temperature, Pq and Sr content. At 1000°C the maximum 
mobility for undoped LaMnOo and La gSr 2^03 was calculated to be 
0.045 and 0.071 cm^V^sec"*, respectively. These results showed that 
the mobility of undoped LaMnO3 was appreciably increased by the 
addition of Sr. From the previous sections, the electrical 
conductivity of undoped LaMnO3 was found to be enhanced by the 
addition of Sr without appreciably altering the carrier
concentration. It is concluded that the electrical conductivity for 
these LaMnO3 based perovskites is dominated by the mobility rather 
than by the carrier concentration.

Note that the values of mobility for LaMnOg based perovskites 
calculated above are only approximate, since the Heikes formula which 
assumed that both spin and orbital degeneracy were negligible was 
used in the calculation.(^6) The real situation may be more
complicated than that described by Heikes formula. However, these 
small mobility values are consistent with the criteria given by 
Goodenough.

5. CONCLUSIONS

1. Both LaCrO3 and LaMnO3 are p-type conductors.

2. Both the TG and electrical conductivity data support the models 
for the oxidation-reduction behavior of both oxides.
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3. At 1000°C LaCrO3 is stable towards reduction, but LaMnO3 
dissociates for Pq ^ £ 10"^ atm.

4. LaCrO3 obeys the small polaron hopping mechanism of conductivity 
from room temperature to 1400°C on oxygen atmospheres as low as 10 "1° 
atm.

5. LaMnO3 obeys the small polaron mechanism only to about 1000°C 
after which metallic type behavior is observed.

6. The mobilities for each oxide ranged from 0.05 to 0.1 cm^/v.sec 
at 1000°C.
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0.055-

Figure 1. Moles oxygen weight loss per mole sample as a function of 
log Pq 2 at various temperatures for 5 at% Mg-doped LaCrOs.

Figure 2. Moles oxygen weight loss per mole sample as a function of 
log Pq 2 and dopant content at 1255°C.
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LOG P02 IPRSCRL5)

Figure 3. Plots of log conductivity vs. log Pq at 1200°, 1250° and 
1300*C for 2 at% Mg-doped LaCrOs. *

Figure 4. Plots of conductivity vs. (y-2x) for various levels of 
Mg-doped LaCrOs.
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Figure 5. Moles oxygen weight loss per mole sample vs. Log PQ for 
various Sr-dopant levels. The solid lines are calculated fronrmodel 
and the linearized equilibrium constants.

Figure 6. Moles oxygen weight loss per mole sample as a function of 
Log Pq 2 at various temperatures.
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Figure 7. Log conductivity vs. Log PQ for La gSr 2MnO3 at various 
temperatures. The solid lines are calculated from"the model.

Log (Pft /atm)
°2 -

Figure 8. Log conductivity vs. Log PQ for various Sr-dopant levels 
at 1000*C. 2

126



45

40 “

A LaMnO3

A La.95Sr.05Mn0:
D La.9OSr.io MnO:

35 _ *
"  La.80Sr.20Mn0:

30 _

OD *
°  □ -

■ o
■ □ *  a  a

■
□

0
25 - □

20 -

■
■

■

15 -

10 -

■

~ 7 T
18

Figure 9. 
levels.

Reciprocal Temeperature (10000/°K)

Seebeck coefficient vs. temperature for various Sr-dopant

60 q----------- ----------------------------------------------------------------------------------

55 _ D Reduction : La gQSr 2oMn®3

50 A 1000 ° C
A 1100 °C

45 _ °  1200 ° C 

□

40 _
o

35 _ -  °
aDcb -

30 _ ~ ~ ~  ~ ~ □ ,]
A  a

A  a  - k
25 _

2 0 _______,
l I I I I I I I I

-18 -16 -14 -12 -10 -8 -6 -4 -2 0

Reduction La.80S r.20Mn03

& 1000 °C 
A 1100 °C 

□ 1200 °C

□□□

Log (Pn /atm) 
u2

Figure 10. Seebeck coefficient vs. Log Pq ^ f°r La.8Sr.2MnO3 at 
various temperatures.

127



0.10

0.08 -

u
VVI
>  0.06 

6,

?  0.04

Io
2

0.02 -

XtaHn03
* La ocSr nrHnO, o La onSr , nKnO.9$ .05 3
' U .80Sr.20Kn03

.90 .10 3

A

0.00 “T t 1 I I 1 I I 1 I : T“
200 400 600 800 100C 1200

Temperature (°C)

Figure 11. Mobility vs. temperature for LaMnO3, Sr-doped LaMnO3. 
The measurements were done in O£.
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THERMAL EXPANSION STUDIES ON CATHODE AND INTERCONNECT OXIDES *
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ABSTRACT

The thermal expansion of both the cathode and 
interconnect of the high temperature solid oxide fuel 
cell is reviewed. The influence of dopants such as Al,
Mg and Sr are discussed. Data are presented which 
suggest that Sr doped LaCrO^ matches the thermal 
expansion of zirconia best, but this composition is more 
susceptible to expansion upon reduction than Mg doped 
LaCrOg. Data also show that Sr doped LaMnO^ has too 
high of a thermal expansion coefficient and that to make 
a structurally sound cathode, alternate compositions need 
to be considered.

1. INTRODUCTION

High temperature solid oxide fuel cells (SOFC) are fabricated as 
a composite of four different oxides:

1. Y stabilized ZrÛ2 (Y-PSZ) as electrolyte,

2. Ni-ZrO2 cermet as anode,

3. Lai_xSrxMn03 (LSM) as cathode, and

4. Lal-xSrxCr03 (LSC) or LaCr^.xMgxÛ3 (LMC) as interconnect.

It is important that the thermal expansion coefficients (TEC's) of 
all components are the same if the SOFC is to remain stable during 
thermal cycling. Since the electrolyte, Y-PSZ is fixed in this cell 
with a TEC of about 10.3 x 10"^/°C, the TEC's of the other components 
must be adjusted to match that of Y-PSZ.

★Sponsored by Office of Basic Energy Science, Department of Energy.
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In this report the influence of cation stoichiometry, dopant and 
dopant concentration on the TEC of the cathode and interconnect 
oxides, LSM and LSC or LMC respectively are reviewed.

2 .  EXPERIMENTAL

The required compositions were prepared with a chemical 
preparation technique which allowed precise compositional control and 
produced highly sinterable powders of <0.1pm crystallite size.(^) The 
compositions were then dry pressed and sintered into disc-shaped and 
bar-shaped test specimens whose densities all exceeded 93% of 
theoretical density with no surface porosity. X-ray diffraction 
analysis showed that all of the compositions were single phase. Thus 
it was felt that the preparation technique was such that the thermal 
expansion measurements should reflect variation in dopant content or 
cation stoichiometry rather than extraneous influences which may 
result from the preparation process.

3. RESULTS AND DISCUSSION

A. LaMnO^

Table I tabulates the average TEC's measured for LSM as function 
of Sr content. As can be seen the TEC of LSM is greater than that of 
Y-PSZ particularly for the Sr content of 10-20 m% which is currently 
being used. With such large differences in TEC's, cracking at the 
Y-PSZ-LSM interfaces may occur during thermal cycling. However, this 
does not appear to be a problem, probably due to the porosity of the 
cathode. This is a potential problem and the differences in TEC's 
should be corrected.

In order to lower the TEC of LSM, substitutions with smaller 
cations will have to be made. The addition of either Ca or Y for La 
will probably lower the TEC. Compositions with these additives are 
being fabricated and the results will be discussed in a later report.

B . LaCrC>3

1. Pure LaCrC>3

From room temperature to about 240°C, LaCrC^ is orthorhombic 
with a TEC of about 6.7 x 10"^/°C. At approximately 240°C the 
structure becomes rhombohedral with a TEC of about 9.2 x 10"6/°C. 
As can be seen in figure 1, the TEC is not influenced by the cation 
stoichiometry 2̂) at least over a range of ± 10 m% variation of La.

No phase equilibria studies in the La2O3~Cr2O3 system show any 
appreciable 0^03 or 1^03 solubility into LaCrO3. Paulikov et. 
al.(3) conducted a detailed study of the Gd2O3-Cr2O3 system and found
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no apparent solubility. Because of the similarity of the two rare 
earths, Gd and La, they generalized that LaCrO^ existed only in the 
stoichiometric state. Another study by Berjoan^^ also detected no 
excess cation solubility in LaCrO^, although excess C^Og
volatilization precluded any precise high temperature X-ray
diffraction measurements between the limits of La gCrO^ and
La-£ iCrO3.

Khattak and Cox^) studied samples heated to 500°C in air. No 
solubility was found in excess 1^20^ formulations. In excess C^O-j 
material, the corundum phase was not detected until the La/Cr ratio 
was lower than 0.985.

However, as can be seen in figure 2, the temperature over which 
the orthorhombic to rhombohedral transformation occurs is dependent 
upon La content The onset temperature of the transformation ranges 
from 240°C to 251°C for La/Cr ratios of 0.9 and 1.1 respectively.
The transformation is somewhat sluggish, it is small (<2 x 10'^%) and 
occurs over about a 10°C temperature range. Upon cooling, the onset 
of the transformation is depressed by about 10°C. The extent of the 
hysteresis does not appear to be dependent upon the La content.

2. LaCr^_xA lx03

Aluminum ion is isovalent with Cr so only alters the electrical 
conductivity by a dilution effect. However, A1 additions do 
markedly change the TEC.

The thermal expansion as function of Al content is shown in 
figure 3. As can be seen the addition of Al does two things: 1) 
increases the thermal expansion coefficient of the rhombohedral phase 
from 9.1 x 10'^/°C to 11.3 x 10"^/°C as it increases from 0 to 100 
m%; and 2) shifts the orthorhombic to rhombohedral transformation 
temperature to lower temperatures. Figures 4 and 5, illustrate the 
temperature shift of the transformation temperature. No measurements 
were made below room temperature so only specimens containing less 
than 15 m% Al could be measured. An extrapolation of the data 
suggests that 13 m% of Al is sufficient to shift the transformation 
temperature to room temperature. About 30 m% Al is required for the 
TEC to match that of Y-PSZ.

3. La1.xSrxCrO3

The addition of Sr to LaCrOg also shifts the orthorhombic to 
rhombohedral transformation to lower temperature. As can be seen in 
figure 6, as little as 10 m% Sr is sufficient to shift the
transformation to below room temperature. From Table II, it is 
evident that only 5 m% Sr will increase the TEC to that of Y-PSZ.
This makes Sr to be very attractive dopant for LaCrOg.
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4. LaCr1.xMgxO3

Magnesium has long been used as an acceptor dopant to increase 
the conductivity of LaCrOg. However, its addition does little to 
the TEC as can be seen in figure 7 and Table II. Neither the 
orthorhombic-rhombohedral transformation nor the average TEC's show 
much dependence on Mg content. Part of the reason that Mg is not 
very effective is that it has limited solubility in LaCrO^. This is 
particularly evident if excess B cation exists (figure 8).
Evidently, in the presence of excess B cation, the Mg reacts with Cr 
to form MgC^O^ until the A to B ratio becomes unity. This suggests, 
a possible phase diagram for MgO-L^O^-C^O^ at 1000°C as shown in 
figure 9. At this temperature the maximum Mg solubility is about 
20%, but as can be seen it depends upon the A to B ratio.

5. Influence of Oxygen Activity on Lattice Dimensions

A study was made in which the expansion (or contraction) and 
lattice parameter changes resulting from cycling Sr and Mg-doped 
LaCrO^ from 10"20 to 1 atm oxygen at temperatures as high as 1200°C 
were determined. The dimensional change measurements were made in a 
controlled atmosphere dilatometer at 1000°C as dense specimens were 
oxydized and reduced. Results of these measurements are illustrated 
in figures 10 and 11. As can be seen, the Mg-doped specimens
experience about 5 times less expansion with reduction than do the 
Sr-doped specimens.

Room temperature lattice parameter measurements were also made 
on powdered specimens which were quenched from a given atm and 
1200°C. The atmosphere was maintained during quenching. These data 
agreed with the dilatometer measurements in that expansion of the 
lattice occurred as oxygen was lost from the lattice (see figure 12). 
This suggests that when used as an interconnect Sr doped LaCrOg is 
more susceptible to cracking and leaking due to expansion at the fuel 
interface than that containing Mg.

4. CONCLUSIONS

1. The TEC's of both LaCrOo and LaMnOo do not match that of 
Y-PSZ.

2. The addition of either A1 or Sr to LaCrÛ3 can adjust the TEC 
to that of Y-PSZ.

3. The addition of Mg to LaCrOs does not alter the TEC with the 
highest value occurring for 10-15 m% Mg addition ~9.6 x 10"^/°C.

4. The addition of Sr to LaMnOg increases the TEC from the base 
value of about 11.3 x 10"^/°C.
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5. In order to lower the TEC of LaMnOg*additives other than Sr 
must be employed. Experience suggests that either Y or Ca additions 
are likely candidates but there are no data to quantify this 
supposition.
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TABLE I

Thermal Expansion of La 99_xSrxMnO3 
(25 to 1100°C)

Composition

La çgMnO^

La 94Sr g3Mn03 

La ggSr ^gMn03 

La 7gSr 20^n®3 

La 69Sr 3gMn03

a x 10-6/°C

11.2 ± 0.3

11.7

12.0

12.4

12.8

TABLE II

Thermal Expansion Coefficients of Mg and Sr-Doped La ggCrOß 

Thermal Expansion
Compounds____________________________Coefficient (xlO~^/°C)

La ggCrOß 9.48

La.99Cr.98MS.02°3 9.46

La 99Cr gsmg 05°3 9.57

La 99Cr 90Mg io°3 9.48

La 99Cr 8 5 mS .1 5 ° 3 9.55

La gySr Q2^r^3 10.24

La 94Sr 05CrO3 10.89

La ggSr 3gCrO3 10.74

La 84Sr 15CrO3 10.84

La 79Sr 20CrO3 11.10

Y-PSZ 10.3

^Temperature range from 350 to 1000°C.
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TEMPERATURE (°C) 
Figure 1. Thermal expansion of La^^CrC^.

Figure 2. Dependence of orthorhombic-rhombohedral transformation 
upon La/Cr ratio.
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Figure 3. Thermal expansion coefficient of
La g(Mg 05Crl-xA^x\95°2.83 as a function of content.

Figure 4. Temperature of onset of orthorhombic - rhombohedral 
transformation.
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TEMPERATURE (°C.)
Figure 5. Thermal expansion of La 95Mg. Q5Crl-xAlx°3•

Figure 6. Relative thermal expansion for La 99.xSrxCrO3.
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Figure 7. Relative thermal expansion for La ooMg^Crn Hq 
(dimensions at 45°C) 3

Figure 8. Mg solubility in LayCr1.xMgxO3 at 1000°C.
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Figure 9. MgO-La2°3‘Cr2°3 Phase diagram at 1000*C.

Figure 10. Relative dimensional change as a function of Log Pq^ for 
La ggMg isCr 85O3. (ref .-dimension at Pq^ - 0.2 atm. ;1000°C)
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ABSTRACT

Oxides based on In203-P r0 i<83-Zr02 and having high elec
t r ic a l conductivity were developed as cathode materials fo r 
so lid  oxide fuel ce lls  (SOFCs). A ternary phase diagram 
developed at 1823 K relates the e le c tr ic a l, thermal and elec
trochemical properties to compositions and structures o f the 
m ateria l. The bcc In203 so lid  solution containing ZrO2 and 
PrO2 exhibits the highest e lec trica l conductivity. Two- 
phase fcc-bcc structures provide high e le c trica l conductivity 
with mixed ion ic-e lectron ic conduction, thermal expansion 
characteristics and fa b r ic a b ility  compatible with other SOFC 
m aterials. The oxides are thermally stable in a ir  to 1473 K, 
but are easily reduced at 1273 K. Electrochemical testing  of 
an fcc-bcc composition with an externally applied current 
showed some densification of interface and exsolution of 
In203 at the cathode-electrolyte interface.

1. INTRODUCTION

Solid oxide fuel ce ll (SOFC) performance can benefit from the use 
of a ir  electrodes with h igh-e lectrica l conductivity and w ith mixed 
ion ic /e lectron ic  conduction. The higher e le c trica l conductivity w ill 
reduce the internal resistance of the fuel c e ll.  The mixed ion ic / 
electronic conductivity w ill  enhance charge transfer and gas adsorption 
by e ffe c tive ly  increasing the potential area fo r these e lec tro ly te - 
electrode reactions to occur. A reduced polarization w il l  also resu lt. 
Presently, the s ta te -o f-the -a rt electrodes are the lanthanum manganites 
containing strontium.

The purpose of th is  work was to investigate new and advanced elec
trode systems that could provide a high e lec trica l conductiv ity, mixed 
ion ic /e lectron ic  transport, a thermal expansion match w ith the e lectro
ly te  and interconnection and s t i l l  be thermally and electrochemically

(a) Pacific  Northwest Laboratory is  operated by Batte l!e  Memorial 
In s titu te  fo r the U.S. Department o f Energy under Contract 
DE-AC06-76RL0 1830.
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stable during ce ll fabrication and use. The In203-Pr0i.83"Zr02 system 
was selected fo r th is  study. The approach was to select 1) a rare- 
earth oxide that forms f lu o r ite  and/or s im ilar d istorted flu o r ite  
structures that are compatible with the fee ZrOg-stabilized flu o r ite  
la t t ic e  and 2) a second oxide that w ill  combine with the ZrOj and the 
RExOy to  maintain a compatible, related structure that w ill increase 
s ig n ific a n tly  the electronic conduction and not in h ib it oxygen ion 
conduction. The goal is  a s tru c tu ra lly  compatible and stabilized 
oxide w ith mixed e lec tron ic /ion ic  conduction and with a thermal expan
sion s im ila r to that of the Yg i^-stabilized ZrOg. Because these 
advanced electrode materials are synthesized with s im ila r structures 
and thermal expansion properties, they can be fabricated together 
simultaneously into a SOFC. In addition, th is  combination of materials 
and properties has the potentia l fo r minimizing deleterious material 
in teraction  with other SOFC components while s t i l l  reta ining the neces
sary in te rfa c ia l contact between the electrode and the e lectro ly te .

ZrOg was selected as the composition base fo r the advanced elec
trode materials because i t  is  also the major component of the Y2O3- 
s tab ilized  Zr02 e lectro ly te . Praseodymium oxide was selected because 
o f i ts  a b i l i t y  to s tab ilize  the Zr02 in the f lu o r ite  phase. Praseo
dymium also has m ultiple +3 and +4 valencies and can form a number of 
oxide phases, providing a favorable defect structure to enhance high- 
e lectron ic conduction. Y2O3 was in i t ia l ly  selected as the s tab iliz ing  
oxide; however, the e le c trica l conductivity did not s ig n ifica n tly  
increase as the other conducting metal oxides were added. This was 
a ttribu ted  to the singular valence of y ttrium , which has only one 
oxide. Other rare earth oxides, such asYb2O3, were considered; 
however, more was known about Pr0i 8 3 ^ a^

^n2®3 was selected as the oxide added to the Pr02-Zr02 base 
because o f the rare-earth sesquioxide phase, its  high e lec trica l con
d u c tiv ity  in a ir  [on the order o f 103 mhos/cm near room temperature; 
increasing with additions such as Sn02 and Zr02 (1 )], and its  a b il ity  
to s ta b ilize  Zr02 into the fee f lu o r ite  phase.

This paper considers materials based on the In203-Pr0i83"Zr02 
system as advanced a ir electrodes fo r the SOFC. The relationships of 
the e le c tr ica l transport and thermal properties to structure, phase 
e q u ilib r ia  and composition are reported. Some thermal and e lectro
chemical s ta b il it ie s  are also discussed. A method, developed fo r 
fab rica ting  these oxides, is  also described.

(a) Praseodymium oxide at room temperature can ex is t as either PrO2 or 
PrOi.83. For convenience in th is  report, PrOi 33 is generally 
used; unless specific  reference is  made to PrO2*
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2. FABRICATION

The mixed oxides were synthesized using a coprecip itation process 
sim ilar to that reported by Dole et a l .(2 ). This technique was 
important fo r the preparation o f powders and samples with reproducible 
properties. The n itra tes of Pr and In were mixed in proper proportions 
with e ither the oxychlorides or sulfates o f Zr in water. The solutions 
were filte re d  through a 0.2-/zm m illipo re  f i l t e r  to remove both impur
it ie s  and a gelatinous oxychloride residual. The mixed acids were 
spray-dried through an ultrasonic pressure nozzle, producing small acid 
droplets o f less than 100 //m in diameter, into an ammonium hydroxide 
solution to a fin a l pH of 8.5. The precip itates were washed sequen
t ia l ly  with water, acetone, toluene and then anhydrous acetone.

The powders were dried, calcined in a ir  between 1073 to 1271 K fo r 
4 h and ba ll-m illed  using YgOj-stabilized ZrC? balls in a fluorina ted  
hydrocarbon media. The fin a l surface areas of the powders varied 
between 12 and 17 mz/g . The powders were cold-pressed at 69 MPa, then 
passed through a -145 Tyler mesh screen. The granulated powder was 
pressed un iax ia lly  into rectangular bars at 152 MPa and is o s ta tic a lly  
pressed at 228 MPa. These bars were sintered in a ir  in a ZrQg-lined 
furnace with the samples surrounded by sintered powders o f compositions 
close to that of the sample. The sintering temperatures varied between 
1823 and 1850 K fo r periods o f 8 to 20 h, with 5-h heating and cooling 
times. The fin a l density of the samples was >95% TD. Samples were 
cut from the center of each bar fo r characterization, property measure
ments and electrochemical evaluation.

3. PHASE EQUILIBRIA

The ternary phase diagram fo r the In203-Pr0 i83'Zr02 system was 
determined at 1823 K using optical microscopy, scanning electron micro
scopy (SEM) coupled with energy-dispersive x-ray analysis (EDX) and x- 
ray d iffra c tio n  (XRD). Quantitative SEM-EDX is a re la tiv e ly  new tech
nique employed to study phase e q u ilib r ia . In multiple-phase f ie ld ,  
the overall composition is determined quantita tive ly  by scanning large 
areas containing a ll phases. The composition of each ind ividual phase 
was determined by focussing the electron beam on single-phase grains of 
su ffic ien t size so that the beam did not penetrate or scatter beyond 
the volume of the single-phase region. The smallest volume tha t could 
be examined had to exceed a 1-pm-diameter deep volume probed by the 
10-kV electron beam. These quan tita tive ly  determined compositions 
represent the vortex compositions o f a three-phase region and points on 
opposite boundary lines of a two-phase region.

The EDX spectra was calibrated quantita tive ly  at the same electron 
beam energy using dense, single-phase sintered samples o f known 
compositions that were ve rified  by wet chemistry. The spectral data 
fo r the unknown were analyzed and compared with the standard spectra 
using a computer analog system. The accuracy of the quantita tive
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SEM-EDX data was w ith in  ± 1 mole%. In contrast, XRD is accurate to 
±5 wt%. SEM-EDX was a very rapid and valuable technique since many o f 
the compositions were e ithe r two or three-phase.

The proposed ternary phase diagram fo r the In^-P rO j.jn -Z rO ?  in 
a ir  at 1823 K is shown in Figure 1. This became the basis‘ fo r se lect
ing compositions and structures fo r the e le c trica l transport and 
thermal property measurements. Only those areas that are of in terest 
as potentia l cathodes that are necessary in understanding property 
behavior w ill  be discussed in deta il in th is  paper.

PrOi 33 -ZrOg The PrOi 83-ZrO2 binary has not been reported 
previously, although a single-phase cubic P^Z^Oy has been reported 
(3-5). The expected phases were anticipated from the isomorphic 
PrOj 83"HfO2 system that had been studied previously (6). The ZrOg 
remains monoclinic (M) to about 6 mol% PrOj «3, monoclinic plus fee (F) 
to 17 mol% and is fu l ly  s tab ilized  into the rcc phase at 34 mol%
PrOi.83 with a la t t ic e  parameter o f 0.523 nm. The structure is  two- 
phase F plus a PrgZrgOy pyrochlore (P) from 40 to 45 mol% PrOi 33- The 
single-phase PrgZrgOj pyrochlore structure exists from 45 to 55 mol% 
and is  a distorted f lu o r ite  la t t ic e . The la t t ic e  parameter of the 
IngOj-free pyrochlore is  1.0695 ±0.001 nm, which is  about twice that o f 
the f lu o r ite  structure. The reported la t t ic e  parameter is  1.0662 
±0.004 nm (4-5). The structura l s im ila r it ie s  o f PrgZrgOy and f lu o r ite  
Pr02 make i t  hard to d istinguish between the two structures by XRD, and 
make the de fin itio n  o f the phases and phase boundaries between the 
PrgZrgOy and PrOi «3 d i f f ic u l t ;  they are not discussed in th is  paper. 
The s o lu b ility  or 10303 in P^Z^Oy is estimated to be near 5 mol%.

PrQi 83J1I2S3 T^e binary phase diagram fo r PrOj «3-^203 has been 
reported in deta il (6). An orthorhombic PrIn03 phase (0) is  the major 
phase of in terest in th is  portion o f the phase diagram. I t  has a high 
e le c tr ica l re s is t iv ity .

In203-Zr02 The ZrO? is  s tabilized as a fee phase (F, with the 
additions of In?03. The zr02 is  monoclinic up to 5 mol% ^ O j  and 
becomes p a rtia lly  s tab ilized  with the f lu o r ite  phase to 12 mol% I n ^ .  
Between 12 and 24 mol%, the ZrO? is fu l ly  s tab ilized  as fee. The la t 
t ic e  parameter of the fu l ly  s tabilized ZrOj is  0.5119 ± 0.0005 nm, but 
increases with increasing ^ O q concentrations at both higher and lower 
In203 concentration. The la t t ic e  parameter also increases as P r0 ieg3 
is  added. From 24 to 36 mol% 10303, the structure is  two-phase con
ta in ing  the fee In203-stabilized Zr02 and the bcc so lid  solution 
(B) containing 7 mol% Zr02. The la t t ic e  parameter is  1.013 ±0.001 nm. 
The bcc la t t ic e  parameter decreases as the In2O3 content is decreased. 
These results agree with the results reported by Schusterius and 
Padurow (8) with the exception o f small differences in la t t ic e  para
meters and phase boundaries. However, the XRD data suggest the possi
b i l i t y  o f a d istorted f lu o r ite ,  rhombohedral phase near 35 mol% ^ 0 3  
tha t may be stabilized with additions o f PrOi 33. I t  may also be a 
high-temperature phase and s im ila r to a rhombonedral In2Hf20y phase
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reported in the isomorphic IngOj-PrOj gj-HfOg system (6). The indica
tions fo r the existence o f the IngZrgÛy increase as P r0 i#g3 is  added.

IngQs-PrOi g^-ZrOg The in te r io r  portions o f the ternary phase 
diagram are made up of at least two fie ld s  containing three phases,
i.e . (0 + P + B), (P + B + F) and questionable (P + 0 + C). The two 
three-phase fie ld s  that were determined fo r certain are separated by a 
narrow two phase f ie ld  o f P + B and surrounded by four two-phase 
fie ld s : (P + 0), (C + B), (P + 0) and (0 + B). Because o f the in te r
est in high e lec trica l conductiv ities and structures s im ila r to the fee 
flu o r ite  la t t ic e , the property investigations were concentrated in the 
high-ZrO? and IngOq portions o f the ternary phase diagram between the 
IngOg and Pr0 ig3 fcc-s tab ilized  ZrOg and the bcc IngC^ so lid  solution.

4. ELECTRICAL TRANSPORT PROPERTIES

An understanding o f the e le c tr ica l transport properties is  
c r it ic a l in the selection o f compositions, structures and performance 
o f materials fo r SOFCs. The dc e le c tr ica l conductivity, Seebeck 
coeffic ients and transference numbers were measured and related to the 
structures and compositions o f the Ing i^-P rO j^-ZrO g phase diagram.

E lectrica l Conductivity The dc e le c tr ica l conductivity was measured 
to 1700 K in a ir  using a four-po in t method. Direct currents did not 
exceed 0.05 A/cm2. Temperatures were controlled to w ith in  ±1 K and 
measurements are accurate to ±5%. The data were f i t te d  to a log a 
versus 1/K relationship with coe ffic ien ts  of determination generally 
>0.98. The e lec trica l conductiv ities of some selected compositions are 
summarized in Figure 2.

Orthorhombic PrInO-3: The PrInO3 is an e lec trica l insu la to r with 
an activation energy of 1.77 eV and the lowest e lec trica l conductivity 
in the In20j-Pr0i83"Zr02 system. The conductivity increases with 
increasing ^ 0 3  as the bcc phase is  increased.

PrgZrgOy Pyrochlore: The pyrochlore phase has higher e le c tr ica l 
conductivity than the fee f lu o r ite  phase (F), but exhib its extensive 
hysteresis on heating and cooling. This in s ta b il ity  is  a ttribu ted  to 
the many possible praseodymium oxide phases.

IngOyZrO?: The IngOj-ZrO? binary composition received only 
lim ited study because of the in te rest in the anticipated higher s ta b il
i t y  of the fcc-bcc phase f ie ld  containing PrOj «3. The e le c tr ic a l con
d u c tiv ity  o f the fee In ^ -s ta b i l iz e d  ZrOg is close to that measured 
fo r a O.O96Y2O3*O.9O4Zr02 single c rys ta l. However, th is  composition 
also exhibited some hysteresis during heating cycles, suggesting the 
existence o f the possible rhombohedral phase discussed e a r lie r. The 
e lec trica l conductivity measured in th is  study is higher than that 
reported by Plotkin et a l .(9 ). The ion ic conductivity o f the fee
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phase is reported by Hohnke (10) to be comparable to that fo r ZrOg 
s tab ilized  with 9 to 19 mol% Y2O3.

In203-Pr0¡ g3~ZrO2: The e le c trica l conductivities of compositions 
in the center of the InpO^-PrOi^-ZrO? ternary diagram were emphasized 
because of the potential increased s ta b il i ty  o f the oxides. The elec
t r ic a l conductivities were found to be dependent on both structure and 
composition. These results are summarized in Figures 3 to 5. The 
highest e lec trica l conductivity was associated with the bcc In203 con
ta in ing  approximately 6 to 10 mol% PrO^gs and/or ZrÜ2-

The e lec trica l conductivity at 1300 K varies with both ^ 0 3  and 
the other oxide phases, as shown in Figure 6. The conductivities were 
also found to be dependent on the second and/or th ird  phases present 
along with the bcc phase. The logarithm of the e lec trica l conductivity 
does not increase lin e a rly  with ^ 0 3 ,  but increases rapid ly between 20 
and 50 mol% ^ 0 3 .  The highest e le c tr ica l conductivities in the m u lti
phase oxides occur when the bcc ^ 0 3  solid  solution phase is  associ
ated with e ither the pyrochlore or fee f lu o r ite  phase (Figure 7). 
Increasing the concentration o f the orthorhombic phase resulted in 
decreased e lec trica l conductivity. The presence of e ither the pyro
chlore or f lu o r ite  structures also appears to enhance the conductivity 
much more than the volume ra tio  fo r each phase might indicate. The 
conductivity does not vary lin e a rly  with the volume % of the bcc phase, 
suggesting possible compositional or defect interactions of the bcc 
with the fee In2Ü3-stabilized ZrÜ2 and/or the pyrochlore structures; 
such interactions make them more conductive than the single phase 
alone.

Seebeck Coefficients The Seebeck co e ffic ien t (or thermoelectric power) 
was determined by applying a temperature gradient along the length of 
the same samples used to measure the e lec trica l conductivity. Four 
thermocouples contacted the sample along the length of the bar without 
holes or bonding. Six voltage-temperature values were obtained from 
the four combinations o f temperatures and voltages. The absolute 
thermoelectric power was determined from the least-squares analysis of 
the six data points.

The Seebeck co e ffic ie n t as a function o f temperature fo r composi
tions and structures containing the bcc (B), fee (F) or the pyrochlore 
(P) phase are illu s tra te d  in Figure 8. For compositions containing 
large fractions of the bcc phase with high e le c trica l conductivity, the 
Seebeck coeffic ients were negative (n-type conduction) and increased 
nearly lin e a rly  to higher negative values as the temperature increased; 
th is  behavior coupled with high n-type conductivity is representative 
o f degenerate semiconduction. As the fraction  o f bcc phase decreased 
and the amount of fee increased, the Seebeck co e ffic ien t became less 
negative. At the higher fee contents, the Seebeck coeffic ients were 
negative at the lower temperatures and decreased more negatively as 
the temperature increased. However, at the higher temperatures, the 
Seebeck coe ffic ien t became positive and increased with further
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increases in temperature. For the nearly 100% fee structures, the 
Seebeck co e ffic ien t was positive  and increased rapid ly to higher 
positive values (p-type conduction) with increasing temperature, 
ind icative  o f the oxygen ion vacancy conduction expected fo r the fee 
stabilized structures. These results indicate mixed ion ic /e lec tron ic  
conduction in the fcc-pyrochlore-bcc structures.

Transference Numbers The transference numbers were measured with an 
electrochemical, oxygen h a lf-c e ll to 1275 K. These results are shown 
in Figure 9. The e lectronic transference number ( t e) fo r the In203 
so lid  solution is greater than 0.99. As the fraction o f bcc 
decreased, t e decreased. This change is very rapid, since the elec
tr ic a l conductivity of the bcc phase at 1273 K is 3 to 4 orders o f 
magnitude higher than the stab ilized  Zr02. However, on a log t j  scale, 
i t  is  clear that the changes in the transference number re late  to the 
ra tio  o f bcc to fee in the sample and to the In2O3 content. Thus, the 
B + F + P oxides appear to exh ib it mixed ion ic-e lectron ic conduction, 
with t j  increasing with increasing temperature.

More precise transference numbers were determined fo r analogous 
compounds in the Inpih-PrOi 83‘ Ĥ °2 system using a coulom bic-titra tion 
method. For an 0 .2 lln 203-0:39PrOE 8 .0.39Hf02-0.01Yb203 at 1073, 1123, 
1173 and 1223 K, the values of t j  were 0.16, 0.1, 0.07 and 0.05 (6). 
Thus, these fcc-bcc oxides have a s ign ifican t ionic conduction, near or 
greater than 0.1 mhos/cm. However, th is  s ign ifican t ionic conduction 
is often masked by the high electronic conduction near 100 mhos/cm.
The to ta l ion ic conductivity is  estimated to be equal to or higher than 
the ionic conductivity of the Y2O3-stabilized Zr02 at 1273 K.

The proper balance between e lectronic and ionic conduction can 
improve the e lectrode-electro lyte interface reactions, reduce related 
polarization and increase the fuel ce ll e ffic iency. Heyne (11) has 
shown that as the e lectronic conduction o f an ionic conductor increas
es, the ionic conduction also should increase. For those In?03- 
Pr0i.83-Zr02 compositions with s u ffic ie n t electronic conduction (near 
100 mnos/cm) to be a SOFC cathode, such as the 40 mol% bcc phase, the 
t j  is  near 0.01. However, the absolute ion ic conduction may be equal 
to or greater than the to ta l 100% ionic conductivity of the fee 
structure, which is near 0.1 mhos/cm at 1273 K. Therefore, in mixed 
conductors, the to ta l ionic conductivity may exceed that of the fee 
phase, even with an e lectronic conductivity near 100 mhos/cm.
Normally, an oxygen h a lf-c e ll cannot measure ionic transference numbers 
less than 0.01; therefore fo r these highly electronic conductors, the 
to ta l ionic conductivity of these electrode materials, even with a t j  
of 0.01, could be higher than that fo r the >99% ionic fee e le c tro ly te . 
Thus, fo r the In203-Pr0i 83-ZrOo systems measured, the t j  values o f 
0.005 and 0.01 represent‘ absolute ion ic conductivities near those o f 
the Y203-stabilized ZrO2.
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5. THERMAL PROPERTIES

The thermal expansion and thermal s ta b il i ty  in oxidizing and 
reducing atmospheres are important factors fo r cathodes in SOFC.

Thermal Expansion The thermal expansion was determined in a ir  
to 1473 K using a push-rod dilatometer. The thermal expansion c o e ff i
cients (a) were compared with values fo r s ing le-crystal and sintered 
9.4 mol% Y?03-stab ilized  ZrOg, which were 11 and 10.5 x 10“6/K, 
respectively. The coe ffic ien t fo r the IngOo bcc so lid  solution is 
9.3 x 10‘ 6/K and increases with increasing fraction  o f fee phase from 
9.6 x 10‘ 6/K at 20 mol% In?03 to 10.2 x 10"6/K at 70 mol% fee 
(Figure 10). The compositions with the bcc and fee phases and with 
In203 <40 mol% have thermal expansions which best match that of the 
e lec tro ly te .

Thermal S ta b ility  The thermal s ta b il ity  o f sintered samples with 
wide variations in composition was determined by measuring the weight 
changes a fte r heating at 1273 and 1473 K in a ir  fo r 98 h. The 
compositions represented a ll structures and phase fie ld s  that contain 
s ign ifican t amounts o f the high-bcc so lid  solution In?0g (20 to 90 mol% 
In203). Most samples exhibited a s lig h t gain (<0.02%) in weight on 
heating at 1273 K, with one sample, which was high in the orthorhombic 
phase, exhibiting a 0.04% gain. Three of the 13 samples showed a 
s lig h t weight loss between 0.01 and 0.02%. However, these changes are 
near to the precision lim its  (±0.01%) o f the measurements. The highest 
loss was associated with a 75%In2O3-25%ZrO2 sample that did not contain 
PrOi.53. With th is  exception, there does not appear to be any d irec t 
re lationship of weight change to structure, In203 content or 
composition.

The thermal s ta b il i ty  at 1473 K was less than at 1273 K, e xh ib it
ing about four times greater weight loss. Those samples with the 
orthorhombic structure continued to gain weight, with the highest gain 
near 0.10% at 1473 K. A ll other compositions and structures exhibited 
weight losses of 0.04 ± 0.01%. Thus, s ta b il i ty  is  reduced with the 
increase from 1273 to 1473 K. The highest weight losses at both 
1273 and 1473 K in a ir  were associated with the PrOi 33-free, 
0.75In203«0.25Zr02 bcc - fee structure. Additions o f 5 mol% Pr0 i>33 
to the samples containing higher concentrations of In203 and the 6cc 
phases resulted in a s ig n ific a n tly  reduced weight losses.

The samples were also heated to 1473 K in reducing 4%H2-96% Ar to 
evaluate the properties o f these compositions as anodes fo r SOFC. A ll 
o f the samples exhibited s ign ifican t weight losses fo r 25 to 64%. The 
reduction was su ffic ie n t to decompose the In2O3-PrOi#33-ZrO2 to indium 
metal. The highest weight losses were again associated with the 
P r0 i.33-free, 0.75In20^*0.25Zr02 bcc - fee structure with s ig n ific a n tly  
better s ta b il ity  fo r s im ila r compositions containing small amounts o f 
P ^ l.8 3 -
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Electrochemical S ta b ility  The electrochemical interactions and 
cation migration between the IngCh-PrOi «g-ZrOg and YgC^-stabilized 
ZrOg electrode were studied as a fuel ce ll and with a voltage applied 
across the components o f cathode-electrolyte to simulate higher current 
densities o f SOFC. Simple h a lf-c e lls  were fabricated by cold pressing 
together layers of electrode and e lec tro ly te  powders into  th in  discs. 
The discs were sintered in a ir  at 1823 K fo r 12 h. Each disc was 
reduced in thickness and Pt electrodes were attached to both surfaces. 
The sintered electrode was a fee - bcc structure with a composition o f 
0.43In203’0.24Pr0i g3»0.33Zr02, and the composition of the e lec tro ly te  
was 0.594Y203‘ 0.906zr02; densities were 98 and 95% TD, respectively.
The assembly was placed in a furnace at 1273 K in a ir  with a constant 
current maintained across the h a lf-c e ll and the voltage monitored 
during the te s t. Two separate tests were conducted at current 
densities o f 0.3 and 0.5 A/cm2 fo r 316 and 332 h, respectively. A fte r 
tes ting , the samples were sectioned and examined by optical microscopy 
and SEM-EDX to determine in te rfa c ia l interactions, compositional 
variations and structural changes.

The microstructure of a p ris tin e  sample before testing exhibited 
a s ign ifican t amount of porosity with some localized densifica tion 
(15 /zm wide) at the cathode-electrolyte interface. The two-phase 
cathode microstructure of 0.43In203-0.24Pr0ieg3*0.33Zr02 contained 
nearly equimolar amounts o f a continuous fc c ’ pnase with a composition 
near 0.16In203’ 0.56PrOi#g3‘0.28Zr02 and an irregularly-shaped, 
approximately 7.5-jtzm-long and 2-/zm-wide discontinuous bcc phase o f 
0.92In203*0.02PrOi g3*0.06ZrO£. The e lec tro ly te  was fee single-phase 
Y2O3-stabilized A s ign ifican t amount o f IngO  ̂ was found in the
e lectro ly te  near the interface, apparently having diffused from the 
electrode into the e lectro ly te  during s in te ring . This may also have 
had some impact on the interface densifica tion . However, these small 
amounts did not a lte r  the fee structure.

Results from the two tests were s im ila r. The voltages in both 
tests increased with time from 1.7 to 3.2 vo lts (0.3 A/cm2) and 1.8 to 
4.0 vo lts  (0.5 A/cm2). The microstructure o f e lectro ly te  and cathode 
interfaces in both tests were s im ila r. An example is  shown in Fig
ure 10. The thickness o f the densified area at the interfaces was 
approximately twice that o f the untested sample and was concentrated in 
the paths between the pores, although the porosity did not appear to 
increase. A large second phase o f 96 to 98% In203 with 2 to 4% ZrO? 
and PrOj 03 was found near the in terface. Y2O3 was not found in th is  
phase, th is  phase is  considered to have resulted from the consolida
tion  o f the smaller bcc ^ 0 3  so lid  solution phases present in  the 
untested cathode. The concentration o f In203 in the e lec tro ly te  was 
s lig h tly  less than found in the untested sample. The densifica tion at 
the interface and consolidation and exsolution of the bcc phase was 
concentrated in the paths between pores, suggesting current densities 
were higher in these areas than the average current densities being 
applied at the exte rio r surfaces.
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The I112O3 in the bcc phase appears to be very mobile, both during 
sin tering and electrochemical testing . The application o f an e le c tr i
cal f ie ld  has resulted in enhanced densification at the interface, the 
consolidation o f the bcc second phase and the formation of large bcc 
partic les  near the electrolyte-cathode interface. This d iffus ion  and 
densification could l im it  the use of th is  composition as a SOFC 
cathode.

A th ird  tes t was conducted with a 0 .3 ^ 0 3 «0.35PrOi 03-0.35ZrO2 
cathode and 0.094Y203*0.906Zr02 e lectro ly te  at 1273 K in ‘ fuel ce ll 
geometry using 4%H2 - 96%Ar as fuel and a ir  as the oxidant. Pt was 
used as current connections. At 1273 K, the ce ll had an open c irc u it  
voltage o f 0.98 vo lts . With a load o f 25 ohms in series with the c e ll,  
the current density was 5 to 6 mA/cm2 and the power was 2.1 to 2.9 mW 
(1.2 to 1.7 mW/cm2). The e ffic iency was low, between 18 and 21%. This 
was expected since the density o f the cathode was very high and was 
free o f porosity. The ce ll was operated fo r 468 h and no interactions 
were observed at the electrolyte-cathode interface.

6. CONCLUSIONS

• The structures and compositions in the phase e q u ilib r ia  of 
the In203-Pr0ig3-Zr02 have been related to the e lec trica l 
and thermal properties and developed as cathode materials fo r 
SOFCs.

•  The high e le c tr ica l conductivity is d ire c tly  related to a bcc 
In?03 so lid -so lu tion  phase containing from 4 to 10 mol% Zr02 
and/or PrOj.83-

•  A two-phase fee and bcc structure containing between 30 and 
40 mol% bcc phase provides the high e le c trica l conductivity 
and thermal characteristics compatible with other SOFC 
materials.

•  The oxides are stable in a ir  to 1473 K, but are easily 
reduced at 1273 K in a SOFC fuel environment.

•  Densification and exsolution o f ^ 0 3  occur at the cathode/
■ e lectro ly te  interface during electrochemical testing .
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FIGURE 1. Phase Diagram fo r IngOß-PrOjgß-ZrOg in a ir  at 1823 K.
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FIGURE 2. E lectrica l Conductivities o f IngOß-PrO igj-Zri^ in A ir
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FIGURE 3. E lectrica l Conductivities o f IngC^-PrOi g3-ZrO2 For 
Compositions with Orthorhombic, Pyrochîôre and BCC 
Phases.

FIGURE 4. E lectrica l Conductivities o f In ^ -P rO i §3-ZrO2 fo r 
Compositions With Pyrochlore, BCC and FCc Phases.
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1000/K

FIGURE 5. E lectrica l Conductivities o f IngOj-PrOj g3_Zr02 f ° r  
Compositions Containing BCC and FCC Phases.

FIGURE 6. E lectrica l Conductivities o f ^ O j-P rO j 83_Zr02 at 1273 K 
as Function o f 10303 Content.
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FIGURE 7. E lectrica l Conductivities o f Ingih at 1273 K as 
Function o f BCC Solid Solution.

FIGURE 8. Seebeck Coefficient of Some IngOß-PrOjgS’ ZrOg 
Compositions as Function o f Temperature.
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FIGURE 10. Microstructure o f the Interface Electrochemical Test 
with a 0o43In2O3‘ O.24PrOi83,o -33ZrO2 cathode and 
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Strontium-Doped Lanthanum Copper Oxide as a Solid Oxide Fuel Cell 
Cathode Material

M.A. Priest nail, B.C.H. Steele 
Department of Materials

Imperial College of Science Technology & Medicine 
London SW7 2BP, UK

ABSTRACT

La1 7Sr 3CuO3 85+5 has been investigated as a possible electrode 
material for high temperature (1123K) oxygen reduction in SOFCs. 
Preparation routes for the oxide powder and electrodes, including 
sol-gel, amorphous glass, metal-organic decomposition, co-precipitation 
and mist pyrolysis, have been studied in detail. Measurements on the 
bulk oxide and on the electrode films using XRD, SEM, ED AX, TGA, 
4-point DC and DC blocking electrodes show that the material is highly 
compatible with a YSZ electrolyte substrate and promising as a cathode.

1. INTRODUCTION

Solid oxide fuel cells (SOFCs) operate at high temperatures (~1050-1200K) in 
oxidizing (air/oxygen) and reducing (fuel) environments. Materials selection is therefore 
critical for the components to survive over the lifetime of a SOFC. For the electrode 
materials which catalyse the fuel cell reactions and act as current collectors, additional 
requirements must be met. These criteria can be summarised as:

1 stable within the range of pO 2 encountered at the anode or cathode
2 no reaction with other fuel cell components at the operating temperature
3 low volatility of oxide components at the operating temperature
4 no destructive phase transition within the operating temperature range
5 thermal expansion compatible with the electrolyte substrate
6 ability to be formed into films adherent to the electrolyte
7 high electronic conductivity
8 high ionic conductivity
9 high catalytic activity for reduction (cathode) or oxidation (anode)

10 low electrode polarization losses
11 moderate cost

Perovskite-type non-stoichiometric oxides are a class of materials in which the 
defect structures, and p-type electronic behaviour, give rise to a range of electrical 
properties. Their high-temperature stability has led to them being investigated as 
possible electrode materials for SOFCs. Some of them show promise in this role,
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although, to date, strontium-doped lanthanum manganite is the only satisfactory 
material that is widely used as a SOFC cathode. Other materials are frequently ideal 
in certain characteristics, but fail on other selection criteria. For example, the high 
values of electronic conductivity reported for lanthanum strontium cobaltite, at 1120K, 
range from ~102Scm_1 to ~lO4Scm” 1 (1,2). However, its thermal expansion coefficient 
has been measured as twice that of the yttria-stabilised zirconia (YSZ) electrolyte, 
giving rise to spalling of the electrode film from its substrate. The range of 
conductivity for this material highlights another aspect of these defect oxides -  that 
their electrode properties are highly dependent upon the level of dopant and upon 
oxygen non-stoichiometry. Frequently, temperature-dependent conductivities reported for 
nominally identical materials, vary by orders of magnitude. This emphasises the 
importance of correlating the electrical properties of an oxide with preparation route, 
firing conditions, oxygen partial pressure, stoichiometry and bulk and electrode film 
morphologies.

High ionic conductivity is necessary for oxygen ions to pass through the thickness 
of an electrode. High electronic conductivity is required since current is collected along 
its length. Both of these parameters are, therefore, inversely related by the porosity 
and thickness of the electrode, and a low value of one may be acceptable if 
compensated by an enhanced value of the other.

Preliminary data reported in the literature (3,4,5) indicate that strontium-doped 
lanthanum cuprate may meet many of the requirements of a SOFC cathode material. 
Approximately constant metallic electronic conductivity has been reported in the range 
lO2-lO 3Scm-1 from room temperature up to 600K. This appears to reach a maximum 
with 15mol% strontium doping (6,7). Self-difusion experiments using O 18 at lower 
levels of strontium doping indicate that the oxide has a significant ionic conductivity, 
highly dependent upon dopant level (8). When La2CuO4 is doped with strontium, 
additional ionic and electronic (hole) charge carriers are created:

2SrO(La2O 3) -> 2 8 ^ ’ + Vo ”  + 2Oox
° 2 + 2 v o ”  + 4CuCuX 4CuCu’ + 2° o x

Cucu' -> CuCu* + h-

The two competing mechanisms of vacancy formation and hole formation moderate the 
oxygen stoichiometry in La 2_xSrxCuO4_x/ 2+§, so that 6 is a function of x, pO 2 and 
temperature (7). It is believed that as the concentration of oxygen vacancies increases, 
it becomes energetically favourable for them to be ordered in fixed positions, possibly 
located around strontium centres (6,7,9,10):

SrLa' + Vo -» P rLa’”^O 1

This suggests that both ionic and electronic conductivity should go through maxima as 
strontium concentration increases. Raveau and others (6,7) have shown that for 
electronic conductivity, this maximum is at around 15%Sr. A maximum in ionic 
conductivity has not been identified in the literature, although the self-diffusion 
measurements by Routbort (8) suggest that this may be in the range 0-5%Sr.
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2. OXIDE PREPARATION METHODS

From the wide variation in bulk electrical properties reported in the literature for 
nominally identical perovskite-type oxide compounds, it is evident that differences in 
preparation method can have a significant effect. An important factor in this can be 
identified as variations in defect structure caused by inhomogeneities in the oxide. 
When deposited as a ceramic electrode film, it is important that the oxide has 
consistent and reproducible electrical characteristics. Additionally, deposition techniques 
must give an electrically continuous electrode layer that remains adherent to the YSZ 
electrolyte substrate during subsequent thermal cycling. For large scale application in 
SOFCs, the electrode preparation method must also be convenient, cost-effective and 
appropriate to the cell geometry.

The suitability of several preparation techniques has been investigated. All of these 
involve the formation of a precursor to the oxide which is homogenous on an atomic 
scale. In some cases an electrode film can be formed directly from the decomposition 
of the precursor, in others the precursor is first decomposed to the oxide powder 
which is then applied to a YSZ substrate. In all cases, the homogenous atomic mixing 
results in the desired tetragonal oxide phase being formed more quickly and at much 
lower temperatures than can be achieved with conventional solid state mixing of oxide, 
hydroxide or carbonate components.

(i) Sol-Gel

A sol-gel route had earlier been developed for the preparation of YSZ powders, 
involving the slow hydrolysis of a mixed solution of the metal isopropoxides. Limited 
success was achieved in adapting this technique for other mixed-metal oxides. 
However, the combination of solubility difficulties, severe gel shrinkage and the very 
high cost of the metal alkoxides, led to further work on this oxide preparation route 
being abandoned.

(ii) Amorphous Glass Decomposition (AGD)

A second technique involved the preparation of amorphous glass precursors which 
were thermally decomposed to the oxide by calcining at around 1120K for two hours. 
Several variations of this route were investigated in which a poly-functional 
hydroxy-carboxylic acid, such as citric acid, was added to a stoichiometric solution of 
metal salts. The metal ions were coordinated by the carboxylic acid groups into an 
homogenous, partially-polymeric amorphous complex. The solution was dried below 
370K in a rotary evaporator and evacuated desicator, becoming increasingly viscous and 
ultimately a brittle transparent glass. Amorphous citrate glasses were prepared in this 
way using nitrates or acetates of lanthanum strontium and copper, with either water or 
ethylene glycol as the solvent. Some glasses were also made by replacing citric acid 
with mono-functional pyridine-N-oxide. For the stoichiometric metal ratio 
La(1.7):Sr(.3):Cu(l), these methods gave a total of eight different glass types. In all 
cases, the glasses were transparent blue or blue-green, and X-ray diffraction showed 
them to be amorphous.

It proved extremely difficult to completely dry or calcine the glasses without them 
foaming. In some preparation routes described in the literature (11), the 
nitrate-ethylene glycol solutions were boiled before adding the complexing agent, in
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order to partially decompose the nitrates and prevent subsequent NO2 foaming. For 
the combination of lanthanum and copper, however, the solution was too unstable for 
this to be done, possibly due to the formation of the di-nitrate ester of ethylene 
glycol (11,12). The glasses readily decomposed above 900K to the oxide, retaining a 
very friable foamed structure of partially sintered particles.

It was possible to produce adherent films of the oxide on YSZ from all of the 
glassy precursors, by painting the dilute complex solution onto the substrate. With very 
slow drying and calcination, it ;/as possible to avoid foaming of the layers, but the 
high degree of shrinkage caused severe film cracking (Figure 1). Additional films of 
the oxide were deposited on top, to improve the electrode conductivity, but adherence 
was found to be very poor. For lanthanum strontium cuprate, it is concluded that the 
AGD route can be used to prepare highly homogenous powders, but is unsuitable for 
the direct deposition of electrode films.

(iii) Metal-Organic Decomposition (MOD)

Using the method described by Vest (13), quantitative stock solutions of lanthanum 
and strontium 2-ethyl hexanoate and copper neodecanoate in xylene were prepared. 
These were mixed together to give the desired stoichiometric metal ratios and painted 
onto YSZ plates. Drying the films under a heat lamp and firing to 1273K at IK per 
minute, produced very thin but adherent layers of black La1 7Sr 3CuO4. Using faster 
decomposition rates, or painting on thicker organic films, tended to cause the oxide 
layers to crack and detach. As with the amorphous glass decomposition route, 
conductivity could be improved by depositing multiple thin layers, but at the expense 
of poorer adherence. Loading the organic precursor solutions with previously calcined 
oxide powder gave thicker films, but no improvement in adherence. X-ray diffraction 
showed the MOD films to consist of the desired tetragonal oxide phase, with some 
residual strontium carbonate being detected up to 1323K. Similar experiments carried 
out with lanthanum strontium manganite, gave much more adherent and continuous 
electrode films. For La, ^ r  3CuO4, the MOD technique can be used to deposit thin 
oxide layers on YSZ, but does require very slow rates of drying and firing.

(iv) Co-Precipitation

Carbonate co-precipitation of the metals in their stoichiometric ratios was 
investigated in order to prepare tens of grams of the oxide for bulk electrical 
measurements. A mixed aqueous solution of the metal nitrates was added dropwise to 
a slight excess of sodium carbonate solution in a high-shear stirrer. The milky-blue 
precipitate was centrifuged and washed several times before drying and calcining at 
1100K for two hours. X-ray diffraction showed the oxide to consist of the desired 
phase, with only a small level of strontium carbonate contamination. However, the 
technique was deemed unsatisfactory on a number of grounds. Firstly, a small 
proportion of the copper was retained in solution due to the formation of a soluble 
sodium complex, Na2[Cu(CO3) 2].3H2O. Secondly, repeated washing of the precipitate, 
in order to remove sodium ions, would also tend to dissolve the very slightly soluble 
strontium carbonate. Thirdly, during the drying stage, the carbonate powder formed 
solid cakes which led to large aggregates in the calcined oxide powder.

A brief study of the solubilities and stabilities of lanthanum, strontium and copper 
salts in various solvent systems was carried out in order to determine a more
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appropriate precipitation technique. Co-precipitation of the oxalates from a solution of 
the metal acetates in ethanol, was found to offer the most reliable route. The 
bidentate nature of the oxalate ligand enabled its two COO” groups to coordinate to 
two different metal cations, and consequently for each metal cation to be chemically 
linked to several others. Under the SEM, the precipitated, washed and dried oxalate 
particles appeared as flakes 0.5-3pm in diameter, reducing to 0.5-1 pm spheroidal 
particles when calcined.

The high degree of homogeneity in the oxalate product minimises the temperature 
and time required for calcination to the oxide. Thermogravimetric decomposition was 
carried out in air from room temperature to 1250K at 5K per minute. Three distinct 
decomposition stages were recorded in the temperature ranges 550-570K, 640-690K and 
720-770K, as shown in Figure 2. XRD of powder samples, calcined at a series of 
temperatures, confirmed that the precursor had been completely converted to the 
desired tetragonal oxide phase after two hours at 923K. Gradual sharpening of the 
XRD peaks beyond this temperature is believed to be due to an increase in particle 
size.

From these results, it is concluded that for rapid preparation of bulk quantities of 
fine lanthanum strontium cuprate powder, the oxalate co-precipitaton route is very 
convenient.

(v) Mist Pyrolysis

Electrode films of La, 7Sr 3CuO 4 on small plates of YSZ were prepared directly 
by the impact of sub-micron oxide spheres. A series of ultrasonic transducers operating 
at 1.6MHz were used to atomise an homogenous, stoichiometric solution of the metal 
acetates or nitrates. The resulting mist was carried in an air stream through two 
furnaces at 670K and 1100K, where the droplets were dried and calcined to spherical 
oxide particles. At the cold end of the system some of the particles deposited onto an 
orthogonally placed YSZ plate, while the remainder were trapped on a glass filter. The 
oxide layers obtained were sintered onto the YSZ substrates for approximately one 
hour at 1350K. Very strongly adherent and dense oxide films, 10-40pm thick, were 
obtained for deposition times of 45mins-4.5hrs.

In this experiment, 1dm3 of a 0.05M aqueous solution of the mixed nitrates gave 
spherical oxide particles with a mean diameter of 0.67pm (<r=0.23pm) (Figure 3). This 
is predictable and can be controlled, using the approximate relationship:

d 3 = (0.91 C M 7)/(V p p ' f 2) [S.I. units]

in which the particle diameter, d, is proportional to the cube root of its molecular 
weight, M, the solution concentration, C, and the surface tension of the solvent; and 
is inversely proportional to the cube root of its density, p, the density of the solvent, 
p ’, the volume of the solution, V, and the square of the transducer frequency, f.

For lanthanum strontium cuprate, SEM micrographs of the cross-section of the 
electrode layers showed no pores and an apparently completely dense material, 
although an open structure of partially sintered particles was observed at the surface 
(Figures 4, 5). This is in contrast to similarly prepared oxide layers of lanthanum 
strontium manganite, which had a porous structure throughout. The required particle
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sizes and firing conditions to produce adherent porous films of La 1 ^Sr 3CuO4 are yet 
to be determined, but, nevertheless, the mist pyrolysis route seems to offer 
considerable potential for SOFC electrode deposition.

(vi) Electrodes from Powder Slurries

All the routes described above can be used to prepare the oxide powder. A short 
series of experiments was carried out to determine whether the powders could easily 
be deposited as electrode films, using various solvents as powder dispersants. Samples 
of calcined oxide powder, prepared via the oxalate co-precipitation route, were 
ultrasonically dispersed in water, acetone, methanol, ethanol, heptanol and ethylene 
glycol. Films were spread across the surface of YSZ plates and dried in air, or under 
a heat lamp, before firing to around 1200K for two hours. By far the best results 
were obtained with water and ethanol which gave reasonably uniform, adherent, 
conductive, porous oxide layers. The more viscous solvents took several hours to dry 
and the oxide films were less adherent. The lighter solvents evaporated too rapidly to 
get a uniform coverage of the oxide powder. SEM micrographs of the
water/ethanol-derived oxide electrodes showed them to consist of 1-5/nn oxide particles 
sintered together in an open structure, similar to that in Figure 5. ED AX
measurements across the interface between the YSZ substrate and the electrode layer
showed no evidence of reaction or diffusion of species between the two layers.

3. CHEMICAL STABILITY

The fact that adherent and conductive oxide layers could be produced from water 
slurries of the oxide powder was unexpected. The oxide doped with 7.5% strontium, 
investigated as a superconductor, is known to be moisture sensitive, and it had been 
observed that earlier prepared pellets of La, gSr ,CuO4 had degraded over the course 
of a few days in air to friable white hydroxides. However, none of the 
La, ?Sr 3CuO4 powders or electrode films showed any signs of degradation after 
exposure to air for several months, and their electrical conductivities and XRD patterns 
remained unchanged.

The apparent increase in stability of the oxide with a larger strontium doping was 
investigated further by thermogravimetric analysis (TGA). Earlier work by Michel and 
Raveau (7), for dopant levels up to 12.5% strontium, has shown that oxygen moves 
very readily into and out of the crystal lattice. In that work, weight loss was observed 
on heating in air between room temperature and 420K, followed by a weight gain up 
to 650K. This was mirrored by an order of magnitude fall and rise in electronic 
conductivity. Repeating these experiments on La, 7Sr 3CuO4 gave very different 
results. Between 330K and 1170K the oxide showed an approximately constant weight 
loss totalling to 1.6%. This was halted, but not reversed, on cooling. In an argon 
atmosphere the weight loss increased only slightly. Repeating the experiment on an 
identical oxide powder sample in oxygen gave a smaller total weight loss of 0.4%, 
suggesting that the weight loss in air was largely due to oxygen leaving the crystal 
lattice.

Further TGA studies, in air, showed that beyond 1270K weight loss increased 
substantially as the oxide began to volatilise. At 1450K the total weight loss amounted 
to around 12% with condensed deposits being observed on cooling. Powder samples,
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annealed at 1470K for ten hours in air, were partially sintered and conducted 
electricity well. XRD on the shiny grey oxide showed a substantially changed structure 
containing a large percentage of La2O 3. Incongruent melting occured between 1470K 
and 1570K, with gases being evolved.

It has been suggested in other work (14), that with 5-10% Sr-doping, oxide films 
can react with a zirconia substrate at temperatures as low as 1270K, after only ten 
minutes, possibly forming Sr2ZrO4 and La2Z r2O 7 (15). XRD showed no evidence of 
this for the 15% Sr-doped electrodes, following one hour anneals at 1270K and 
1320K. However, a highly-conductive fused film, prepared at 1620K for thirty minutes, 
degraded over several days to powdery white hydroxides.

Collectively, these results suggest that the 15% Sr-doped oxide is considerably 
more stable than lower doped compositions. It appears that the non-stoichiometric 
structure of La1 7Sr 3CuO4 will remain substantially stable with respect to hydrolysis, 
thermal decomposition and large changes in oxygen partial pressure, provided that 
processing temperatures are limited to 1300K.

4. THERMAL EXPANSION

The coefficient of thermal expansion, a, of La1 ^ r  3CuO4, has been measured 
as approximately constant above 640K, at 8xlO“ 6K“ 1. From 300K to 640K, expansion 
is variable averaging 3xl0“ GK“ 1. This is at the lower end of the range of a for yttria 
stabilised zirconia, which varies from around 7.5x10“ GK“ 1 at room-temperature up to 
12xlO“ GK_1 at 1170K.

Oxide films on 3%YSZ plates and 8%YSZ pellets were repeatedly cycled, between 
room-temperature and 1200K. Subsequent SEM analysis showed no evidence of 
cracking or loss of adherence of these electrodes.

5. ELECTRONIC CONDUCTIVITY

Very little high-temperature conductivity data for strontium-doped lanthanum 
cuprate have been reported in the literature. Most of the work done focuses on its 
superconducting properties and electronic conductivity below room-temperature. For 
dopant levels between 5%Sr and 20%Sr, room temperature conductivities are in the 
range 102-103- 3Scm-1 , remaining approximately constant up to 600K. Work by 
Raveau and Smedskjaer (6,7,10) suggests that conductivity should reach a maximum 
close to 15%.

Four-point dc conductivity measurements were carried out on two rectangular 
section bars pressed from oxalate-derived oxide powder. The bars were fired for three 
hours at 1350K in air, giving densities of 89% with very little open porosity. In both 
cases, electronic conductivity in air decreased from around 280Scm“ 1 at 
room-temperature, to 60Scm“ 1 at 1170K, as expected for a metallic conductor (Fig.6). 
A proportion of this decline in conductivity can be attributed to the slight trend to 
lose oxygen from the structure, as temperature increases.

Similar conductivity measurements will be carried out for electrode films and
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dense samples of the oxide at different partial pressures of oxygen, and with different 
strontium doping levels. It is anticipated that these will confirm that La , ^ r  3CuO 4 
has the highest conductivity and the lowest sensitivity to changes in oxygen partial 
pressure, when compared to lower Sr-doped oxides.

6. IONIC CONDUCTIVITY

Oxygen self-diffusion measurements by Routbort (8) suggest that the ionic 
conductivity of 5% strontium-doped lanthanum cuprate is around 10“ 6Scm-1 at 1000K, 
with an activation energy for ion motion of the order of lOOkJmol“ 1 (MeV). With 
increasing levels of strontium doping (up to 10%Sr), it was reported that ionic 
conductivity decreased and activation energy increased. As described above, this is 
likely to be due to the immobilisation of oxygen ion vacancies (10).

Assuming, therefore, that the oxygen ion conductivity of La17S r 3CuO4 is 
considerably lower than that of zirconia, two-point ionic conductivity measurements 
were carried out in which a polished pellet of the oxide was sandwiched between two 
YSZ blocking electrodes. The YSZ pellet electrodes were coated with platinum on their 
outside faces and connected to a constant current source. Measurements of the voltage 
across the electrode sandwich enabled the ionic conductivity of the material to be 
calculated from the geometry of the oxide pellet. Conductivity was found to increase 
exponentially with temperature, in air, from 4xlO-8Scm-1 at room-temperature, to 
1.2xlO-3Scm_1 at 1070K (Figure 7). Activation energy for the conduction process was 
calculated as I07kjmol-1 (1.1 eV).

The conductivity results are considerably higher than those indicated in the 
literature, and it was considered that electronic short-circuiting through the oxide might 
be occuring via reduction of gaseous oxygen at the oxide/YSZ interface on the anodic 
side, and oxidation of oxygen ions on the cathodic side of the electrode arrangement. 
Calculations of the flux of oxygen molecules impacting upon the interface area indicate 
that this was possible, and that the experiment might actually have measured a 
combination of the ionic conductivity of the zirconia pellets and the various contact 
resistances. This was confirmed by repeating the experiments using two pellets of 
yttrium barium cuprate of differnt thicknesses. In each case, the resistance of the 
pellet (in ohms), as a function of temperature, was calculated to be the same.

Clearly the experimental technique, as described, is inappropriate for 
electrocatalytic niaterials. However, the convenience of the method is such that 
alterations are being made to the electrode arrangement, which should shortly allow 
valid measurements of ionic conductivity in La, 7Sr 3CuO4 to be made easily.

7. CONCLUSIONS

A range of relevant theoretical considerations and experimental studies and 
observations have been discussed in the preceeding sections. The paper was introduced 
with a comprehensive list of criteria required for a SOFC electrode, and all of those 
that have been considered, support La, 7Sr 3CuO4 as a potential cathode material.

TGA and XRD measurements indicate that in the high-temperature (up to 1170K)
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oxidising environment of a SOFC, the non-stoichiometric defect structure of the oxide 
will remain substantially stable, over the long-term, with respect to the oxygen partial 
pressure and reaction with the YSZ electrolyte. Thermal expansion measurements and 
SEM analysis indicate that electrode integrity is unaffected by thermal cycling of the 
fuel cell.

Bulk electronic conductivity in air has been measured to be around lO 2Scm-1 , of 
the same order as other cathode materials. It may be possible to enhance this by 
slight adjustments to the strontium level and by pre-annealing in oxygen.

The method used to measure ionic conductivity in La1 7Sr 3CuO4 appears to be 
unreliable, but indicates that the oxide may be an effective electrocatalyst. This will be 
investigated in future work on the catalytic activity of lanthanum strontium cuprate 
towards oxygen reduction.

Using Routbort's data suggests that an ionic conductivity of 10_6Scm_1 would be 
too low for a dense electrode film, so that the layer would have to be porous. 
However, the same work also suggests that it may be possible to improve the 
conductivity substantially, by optimising the level of strontium doping. This will also be 
investigated.

Much of this paper has been concerned with techniques for the preparation of the 
oxide material and electrode deposition. The methods have been selected as being 
generally applicable to other mixed-metal oxide compounds, producing fine oxide 
powders from homogenous precursors at lower temperatures and in shorter times while 
avoiding possible contamination introduced through ball-milling. All of the techniques 
investigated have particular merits that may make them particularly appropriate for 
other oxide systems. However, for strontium-doped lanthanum cuprate, it is concluded 
that the bulk oxide powder is best prepared using the oxalate co-precipitation route in 
ethanol, although the relationship between particle size and solution concentration has 
not been studied. Electrode films can readily be deposited either from slurries of this 
oxide powder in ethanol, or by using the mist pyrolysis route. The latter method has 
the advantage that particle size can be controlled through changes in solution 
concentration, and electrode film thickness through the time allowed for powder 
deposition.

In summary, it is concluded that electrodes of 15% strontium-doped 
La2_xSrxCuO4_x/ 2+5 can readily be prepared on YSZ substrates, and satisfy all of the 
physical and chemical requirements for a SOFC. However, further study of its 
electrical and electrocatalytic properties is required in order to optimise the defect 
structure.

ACKNOWLEDGEMENTS

Funding for this work, at Imperial College, is being provided by British Gas pic, 
through a Research Scholarship in solid oxide fuel cells.

165



REFERENCES

1

2

3

4

5

6

7

8

9

10

11

12

13

B. L.Kuzin, A.N.Vlazov, Electrical and electrochemical characteristics of
La 7Sr 3CoO3 in contact with solid oxide electrolyte
Soviet Electrochemistry 20,[12],1510-1515,1984

Y.Ohno et al., Properties of oxides for high temperature solid electrolyte fuel cell 
Solid State Ionics 9 & 10,1001-1008,1983

I. S.Shaplygin et al., Preparation and properties of the compounds Ln2CuO4 
(Ln = La,Pr,Nd,Sm,Eu,Gd) and some of their solid solutions
Rus.J.Inorg.Chem. 24,[6],820-824,1979

J. G.Bednorz, Superconductivity at 40K in the oxygen defect perovskite 
2-xSrxCuO 4-v

Science 235,1372,1987

C. Michel et al., Introduction of bismuth into the high Tc superconductor 
Ln 2 -x^rx^u^  4-y
Zeit.fur Physik.B-Condensed Matter 68,417,1987

N.Nguyen, B.Raveau et al., Oxygen defect K2NiF4-type oxides: the compounds
L 3  2 - x ^ r x ^ u ^ 4 - x /  2 + 6

J.Sol.State Chem. 39,120-127,1981

C. Michel, B.Raveau, Oxygen intercalation in mixed valence copper oxides related 
to the perovskites
Revue de Chimie Minerale 21,[4],407,1984

J.L.Routbort et al., Oxygen diffusion in La2_xSrxCuO4_y
J.Mate*.Res. 3,[1 ],116-121,1988

H.Takagi et al., The influence of oxygen deficiency on the electrical resistivity of 
high-Tc superconducting oxides (LaBa)2CuO4_y 
Jap.J .App.Phys. 26,[3],L218-L219,1987

L.C.Smedskjaer et al., Oxygen-vacancy behaviour in La2_xSrxCuO4_y by positron 
annihilation and oxygen diffusion 
Phys.Rev.B 36,[7],3903,1987

D. G.Gallacher, Nature and properties of some magnetic mixed oxides 
PhD thesis, Dept.Chem.& Metallurgy, Glasgow Col.Tech, Feb.1986

P.H.Courty, H.Ajor, C.H.Marcilly, Mixed oxide in solid solution formed by 
thermal decomposition of amorphous precursors
Powder Technology 7,21-38,1973

G.M.Vest, S.Singaram, Synthesis of metallo-organic compounds for MOD powders 
and films
Proceedings o f MRS Symposium L: defect properties and processing o f 
hi-tec. non-metal materials, Boston, MA, 2-4/12/1985

166



14 H.Koinuma et al., Preparation of (La1_xSrx) 2CuO4_g superconducting films by 
the screen printing method
Jap.J .App.Phys. 26,[4],L399-L401,1987

15 O. Yamamoto et a t ,  Perovskite-type oxides as oxygen electrodes for high 
temperature oxide fuel cells
Solid State Ionics 22,241-246,1987

167



Figure 1
La, 7Sr 3CuO4 film on YSZ (from 
citrate-complex solution)

Figure 3
La, 7Sr 3CuO 4 powder particles 
(mist pyrolysis)

Figure 4
Cross-sectional fracture surface of 
La, 7Sr 3CuO4 film on YSZ (mist 
pyrolysis)

Figure 5
Porous surface structure of 
La, 7Sr 3CuO4 film on YSZ (mist 
pyrolysis)
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Figure 2
TGA decomposition of 
La, 7Sr 3Cu-oxalate 
powder in air

Lo
g 

(io
ni

c 
co

nd
uc

liv
lly

 [
S

/c
m

J)
 

co
nd

uc
tiv

ity
 /

 S
/c

m

Figure 6
Bulk electronic conductivity 
of La, 7Sr 3CuO4, in air, 
as a function of 
temperature
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O 2_ conductivity of 
La, 7Sr 3CuO4, as
measured using YSZ 
electron blocking electrodes
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SYNTHESIS OF AIR-SINTERABLE LANTHANUM CHROMITE POWDERS

L. A. Chick, J. L. Bates, L. R. Pederson and H. E. Kissinger 
Pacific Northwest Laboratory^3)

Richland, WA 99352

ABSTRACT

Lanthanum chromites, used as current interconnections 
in so lid  oxide fuel ce lls  (SOFCs), have high e le c tr ica l con
d u c tiv ity  and are chemically stable. However, they are d i f 
f ic u l t  to fabricate under conditions compatible with other 
SOFC components. A novel powder synthesis technique, the 
g lyc ine /n itra te  process, has been developed that produces 
chromite powders that can be sintered to nea r-fu ll density in 
a ir  at 1823 K. This paper describes the g lyc ine /n itra te  
process fo r the synthesis and fabrication o f lanthanum chro
mites. The s intering behavior and properties o f a series of 
g lycine/nitrate-produced lanthanum chromites are discussed. 
Some of the materials produced by th is  method match the 
thermal expansion of the e lectro ly te  and maintain high 
e le c trica l conductivity.

1. INTRODUCTION

Lanthanum chromites, as a class, comprise the s ta te -o f-the -a rt 
materials fo r use as current interconnects in so lid  oxide fuel ce lls  
(SOFCs) (1). LaCrO3 has an AB03-type perovskite structure. When 
a lkaline-earth cations (Mg, Ca, Sr, or Ba) are substituted fo r a 
fraction  of the La on the A la t t ic e  s ite , the e le c tr ica l conductivity 
is greatly enhanced because of charge compensation trans itions on the 
B la t t ic e  s ite  (Cr3+ to Cr4+) which create localized excess positive 
charges (small polarons) on an equal fraction  o f the Cr cations.
These small polarons conduct by a hopping mechanism (2,3). Substi
tu tion  o f 16% of the La by Sr yields e lec trica l conductivities near 30 
mhos/cm at 1273 K, the nominal operating temperature o f the SOFCs.
The lanthanum chromites also have the required chemical s ta b il i ty  in 
both a ir  and in highly reducing atmospheres at SOFC operating 
temperatures.

However, thermal expansion coeffic ients fo r the Sr-substituted 
lanthanum chromites are reported to be almost 10% below that of the 
fu lly -s ta b iliz e d  Zr02-(8.4M%)Y203 e lectro ly te  (4). Also, the lanthanum 
chromites are d i f f ic u l t  to s in ter at temperatures required fo r SOFC

(a) Pacific Northwest Laboratory is operated by Battel le  Memorial 
In s titu te  fo r the U.S. Department of Energy under Contract 
DE-AC06-76RL0 1830.
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fabrica tion  to nea r-fu ll density ceramics that are free o f open poros
ity .  Open porosity in the interconnect creates a d irec t d iffus ion  path 
between the fuel and oxidant. Such oxygen d iffus ion  lowers the 
e ffic iency o f the c e ll.

Generally, the chromites s in te r best at high temperatures (near 
1900 K) in h ighly reducing atmospheres (P[0o]=10‘ 10 to 10"12 atm.) (5). 
However, these conditions are not suitab le fo r s intering the SOFCs as 
a unit because the lanthanum manganite a ir  electrode material is  
unstable in reducing atmospheres. Sintering the lanthanum chromites in 
a ir , even at temperatures above 1900 K, resu lts  in low densities and 
substantial open porosity. These two SOFC materials appear incompati
ble from a fabrica tion  standpoint i f  the en tire  fuel ce ll is  to be 
sintered simultaneously as a un it.

The high s in tering  temperatures and low densities can be circum
vented by using sin tering additives in the chromites that lower the 
sintering temperature in a ir  and increase densification rates. While 
the additives improve the fin a l a ir-s in te red  density o f the chromites, 
additive cations may diffuse from the chromite material in to  other SOFC 
components, causing degrading chemical in teractions. The chromites may 
also be fabricated by completely d iffe re n t processes such as e lec tro 
chemical vapor deposition (EVD), now used in s ta te -o f-the -a rt tubular 
SOFCs (6). The EVD process is  complex, slow, expensive, and places 
lim its  on the chromite compositions that can be fabricated. EVD 
presently uses Mg (rather than Ca or Sr) as the a lkaline-earth sub
s titu te  fo r  La. The Mg cation generally substitutes on the B sites 
fo r Cr as well as fo r the La on the A s ites , and results in lower 
e lec trica l conductivities (7).

A c r it ic a l goal fo r the advancement o f SOFC technology, therefore, 
is the development o f Ca- or Sr-substituted lanthanum chromite powders 
that can be sintered in a ir  to closed porosity without additives at 
temperatures less than 1823 K. In addition, these chromites must have 
thermal expansions close to those o f the e lec tro ly te  and the 
electrodes.

Idea lly , to achieve good s in te ra b ility ,  a ceramic powder should 
consist o f dense, spherical or equiaxed partic les  with a narrow size 
d is tr ib u tio n  in the submicron range. Such powders can be formed into 
homogeneous green (unsintered) bodies with high green density, small 
pores, and a narrow pore-size d is tr ib u tio n . I t  is  especially important 
to avoid pores larger than the primary p a rtic le  size. Such well-packed 
green bodies s in te r to high density with closed porosity at minimum 
temperatures. In order to achieve these conditions, the partic les  
should be d iscrete, rather than attached together in agglomerated 
clusters. Agglomerated partic les pack to low green density and leave 
numerous large pores a fte r s in tering . These well-known ceramic proces
sing p rinc ip les are pa rticu la rly  germane to the chromites, which tend 
to be re la t iv e ly  non-reactive during s in te ring .
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The current s ta te -o f-the -a rt powder synthesis technique fo r 
lanthanum chromites is  the "Pechini" process (8). In th is  process, the 
appropriate proportions of the metal sa lts are dissolved in a water- 
ethylene g ly c o l-c it r ic  acid solution. The mixture is  evaporated and 
polymerized thermally to form viscous resins and eventually glassy 
polymers. The glassy resins are then calcined to oxidize and/or vola
t i l i z e  the organic components, leaving lanthanum chromites in the form 
o f agglomerations o f submicron partic les . Because the partic les are 
extensively clustered into hard agglomerates, vigorous crushing and 
grinding steps are required to reduce the agglomerate size p rio r to 
green-body consolidation and sintering. S e ttling  may also be required 
to remove any remaining large agglomerates.

A novel powder synthesis technique, called the "g lyc ine /n itra te" 
p rocess /3) has been developed. This process can be used to synthesize 
a wide range o f oxide ceramic powder compositions, including lanthanum 
chromites. G lycine/n itra te  processing is  fas t and simple, and u tiliz e s  
inexpensive, h igh-purity  materials. Chromite powders synthesized by 
the g lyc in e /n itra te  process have demonstrated superior a ir -s in te ra b il- 
i t y  at low temperatures. This paper describes the g lyc ine /n itra te  
process fo r the synthesis and fabrication o f lanthanum chromites, and 
the sin tering behavior and properties o f a series o f g lyc ine /n itra te - 
produced lanthanum chromites.

2. GLYCINE/NITRATE SYNTHESIS AND PROCESSING
OF LANTHANUM CHROMITES

The g lyc in e /n itra te  powder synthesis technique consists of two 
basic steps. F irs t, metal n itra tes and glycine or some other low 
molecular weight amino acid are dissolved in water. Second, the 
solution is boiled down u n til i t  thickens and ign ites , producing ash 
that contains the oxide product. Subsequent processing fo r the produc
tion  o f laboratory samples includes ca lc ination, sonication, and dry
pressing.

The glycine serves two purposes: f i r s t ,  i t  complexes the metal 
cations, increasing th e ir  s o lu b ility  and preventing selective p rec ip i
ta tion  as the water evaporates; and secondly, i t  serves as fuel fo r 
combustion, being oxidized by the n itra te  anions and by oxygen from 
the a ir .  The glycine molecule has a carboxylic acid group at one end 
and an amine group at the other end. A lk a li,  a lkaline-earth and 
possibly La cations are large ly complexed by the carboxylic acid end o f 
the molecule, as shown in Figure la . Transition metal cations are

(a) L. R. Pederson, L. A. Chick and G. J. Exharos, patents pending.

172



complexed by the amine group. As shown in Figure lb , water molecules 
in the cation 's coordination sphere are replaced by the amine-ends of 
the glycine molecules. Infrared spectroscopy has shown that the number 
o f glycines which jo in  the trans ition  metal's coordination sphere is  
dependent upon the ra tio  o f glycine to cations in the solution. Com- 
plexation prevents the metal sa lts from p rec ip ita ting  at water con
centrations as low as a few weight percent. For the substituted 
lanthanum chromites, the solution can be boiled down u n til its  
v iscos ity  increases to a honey-like consistency with no evidence o f 
selective p rec ip ita tion . The concentrated solution has an amorphous 
structure with the cations intim ately mixed on a molecular scale.

As the la s t water is  evaporated, the lanthanum chromite solution 
begins to swell, forming a viscous foam. The foam ign ites spontane
ously at a few hundred degrees Celsius. The generalized burn reaction 
is  shown in Figure 2. The best results are usually obtained when the 
g lycine-to-cation molar ra tio  is adjusted to y ie ld  the fastest burn.
For the lanthanum chromites, th is  is  a 2:1 g lycine/cation mixture.
Waste gas analysis by mass spectrometry showed the presence of CO, C02, 
NO, N02, and NO3. Assuming that the C0/C02 and N0x mixtures are 
dominated by CO and N02, calculations indicate that substantial 
atmospheric oxygen appears necessary to supplement the n itra tes in 
th e ir  oxidizing ro le.

In laboratory-scale production, f in a l evaporation o f water and 
burning are accomplished using small batches of solution (appx. 15 mis) 
in 1000 ml beakers on a hot plate in a hood. A 40-mesh screen, f i t te d  
to the top of the beaker, serves to reta in  most o f the ash. For 
especially active reactions which produce very fine  ash, the ash is 
collected through a metal funnel that is  placed over the beaker and 
connected to a vacuum cleaner.

At a 2:1 glycine/cation molar ra tio , the lanthanum chromites pro
duce ash consisting of irre g u la rly  shaped, generally oblong partic les  a 
few mm long and less than one mm wide. These ash partic les  have a 
foam-like morphology with very low bulk density, ty p ic a lly  less than
0.02 g/cc. A scanning electron micrograph (SEM) o f the ash is shown in 
Figure 3. In Figure 4, transmission electron microscopy (TEM) reveals 
that the ash is  composed of very fine (25 to 100 nm diameter) lanthanum 
chromite partic les linked together in chains. TEM b rig h tfie ld  and 
darkfie ld  images indicate that the partic les  are individual crysta ls , 
joined at grain boundaries with no indication of an intervening 
amorphous phase.

These extremely fine , highly c rys ta llin e , equiaxed partic les would 
comprise an ideal powder fo r sintering i f  they were not connected in 
chains. Like the Pechini process, the g lyc ine /n itra te  method resu lts 
in agglomerates, not discrete partic les . However, unlike the hard 
agglomerates produced by the Pechini technique, these are re la tiv e ly  
"s o ft" ; that is , they can be broken down into much smaller (generally 
submicron) agglomerates and discrete partic les with minimal e ffo r t .
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Calcination followed by sonication produces highly sinterable 
powders from the raw ash. Calcination in a ir  fo r 5 h at 923 K results 
in growth o f the primary partic les  to about 0.1 /urn; roughly eight or 
ten pa rtic les  have sintered together to form each calcined p a rtic le .
The agglomerates in the calcined powder are more easily broken down by 
sonication to submicron size than are those in the raw ash. The ca l
cined material is  suspended in hexanes using oxidized menhaden fish  o il 
as a dispersant. The suspension is then pumped from a s tirre d  flask 
through a h igh-in tens ity  sonication device. The outle t from the soni- 
cator feeds back in to  the s tirre d  flask so that the suspension can be 
continuously sonicated fo r several hours. The resulting powder is  com
pared to a powder o f s im ilar composition made by the Pechini process in 
Figure 5. The primary partic les  as well as the agglomerates are small
er and more uniform in size fo r the g lyc ine /n itra te  processed powder. 
The calcined and sonicated g lyc ine /n itra te  powders ty p ic a lly  have BET 
surface areas near 20m2/g . I f  the partic les  were discrete, monodis- 
perse spheres (which they are not, as seen in Figure 5), th is  specific  
surface area would correspond to a p a rtic le  diameter of 45 nm.

Currently, powders are cold pressed and sintered to make labora
tory samples fo r properties characterization. However, powders could 
be consolidated using co llo ida l techniques such as s lip  casting, tape 
casting, or calendering.

A ll pressed samples were sintered at 1823 K in a resistance-heated 
furnace fo r  16 h in a ir .  Samples were placed on crushed lanthanum 
chromite granules, supported by alumina plates. The heating and cool
ing rates were 100 and 300 K/h, respectively.

3. SINTERING CHARACTERISTICS OF GLYCINE/NITRATE-PRQDUCED
LANTHANUM CHROMITES

This paper discusses some of the recent studies o f g lyc ine/ 
nitrate-produced lanthanum chromite sin tering behavior. Sintering of 
the lanthanum chromites appears to be a complex process, apparently 
influenced by'small amounts o f secondary phases, by changes in compo
s ition  caused by intentional adjustments to the batch solution and/or 
by selective v o la t i l i t y  during s in tering .

Recently, samples were prepared by the g lyc ine /n itra te  process in 
a series o f compositions given by La 82Sr ^ C r , „ XA1XO3, where x=0,
0.06, 0.10, 0.15, 0.20, and 0.29. Aluminum was substituted fo r Cr on 
the B s ite  to increase the thermal expansion coeffic ien t while main
ta in ing high e le c tr ica l conductivity (9). Compositions were determined 
a fte r s in tering  by sodium peroxide fusion followed by d issolution in 
n it r ic  acid and analysis by inductively-coupled plasma atomic emission 
spectroscopy (ICP). Oxygen was not analyzed; the three oxygens per 
formula are an assumed concentration.
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The sintering behavior o f the no-Al (x=0) sample is  compared to 
that o f another sample, prepared by the same technique, that contains 
s lig h t ly  more Sr and less La. This sample, hereafter referred to as 
S r-rich , had the composition, La 81S r.16CrO3 . The previously men
tioned sample with no Al, La>82Sr 15CrO3, is  referred to as Sr-poor. 
These samples were analyzed òn thè same day, consecutively, decreasing 
the p ro ba b ility  that the small difference in re la tive  composition is 
accounted fo r by analysis error.

X-ray d iffra c tio n  (XRD) patterns fo r the Sr-poor sample are shown 
in Figure 6. The patterns fo r the raw ash, before ca lc ination, and fo r 
the sintered sample are shown in 6a and 6b, respectively. The re fe r
ence pattern fo r La 75Sr 25CrO3 is shown in 6c (10). Pure lanthanum 
chromite undergoes à symmetry change from orthorhombic at low tempera
tures to rhombohedral (hexagonal) above 560 K (11,12). The substitu
tion  o f 16% of the La by Sr lowers the tran s ition  temperature to 190 K
(3). Substitution o f Al fo r Cr also lowers the tran s ition  temperature 
(13). Therefore, a ll of the materials in the present study exh ib it the 
rhombohedral symmetry above ambient temperatures. The peaks are 
broadened fo r the ash because of the small p a rtic le  size. Comparison 
o f the sintered sample pattern to the reference pattern shows that 
positions are s lig h tly  shifted and the in tens itie s  of the doublets are 
sometimes reversed. These minor discrepancies are probably due to the 
difference in composition between the sintered sample and that used fo r 
generation o f the f i le  pattern. There is  no evidence of minor second
ary phases in e ither sample pattern. Patterns fo r the strontium-rich 
sample (ash and sintered) are essentia lly  identica l to those in 
Figure 6.

Although the Sr-rich sample contains only s lig h tly  more Sr than 
the Sr-poor sample, and although th e ir  ash- and sintered-XRD patterns 
are ide n tica l, s ign ifican t differences were observed in the XRD 
patterns o f the calcines (Figure 7) and in th e ir  s in tering behavior. 
Several minor peaks in the Sr-rich calcine indicate the presence of 
between 3 and 5 mole% SrCrO4. The Sr-poor calcine contains a much 
lower level of strontium chromate, perhaps 1/2 to 1 mole%, as well as a 
th ird  phase, believed to be La2CrO6 at a concentration o f about 1 to 2 
mole%. Concentration estimates are based on re la tive  peak in tens ities  
and can be considered semi-quantitative at best.

Figure 8 shows optical micrographs o f the sintered Sr-rich and 
Sr-poor chromite samples. I t  is apparent that the Sr-rich  sample 
contains s ig n ific a n tly  less porosity than the Sr-poor sample. Immers
ion density measurements y ie ld  6.3 g/cc fo r the Sr-rich sample and 5.3 
g/cc fo r the Sr-poor sample. Theoretical density fo r these composi
tions containing no Al is 6.59 g/cc.

The sintered samples containing Al a ll y ie ld  XRD patterns s im ilar 
to Figure 6b, with s lig h t sh ifts  in peak position ind icating shrinkage 
o f the un it ce ll as Al concentration is increased (see Figure 9).
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Although the un it ce ll shrinks as A1 is  added, the lower atomic weight 
o f A1 compared to Cr results in a decreasing theoretica l density from 
6.59 g/cc fo r x=0 to 6.51 g/cc fo r x=0.3.

Figure 10 is  a p lo t o f open porosity and percent o f theoretical 
density attained during sin tering versus degree o f A1 substitu tion .
The data were determined on the sintered samples by immersion tests in 
cyclohexanone. The e ffec t o f A1 in decreasing open porosity and 
increasing overall sintered density is  dramatic. At x=0.1, open poros
i ty  is  essen tia lly  zero. Addition o f A1 above x=0.2 appears to degrade 
sintered density and causes the return o f open porosity.

The porosity in these samples is  not uniformly d is tribu ted .
Optical micrographs, taken near the surfaces of the samples with x=0 
and x=0.15, are shown in Figure 11. The surface v is ib le  in Figure 11a 
was the lower surface o f the x=0 p e lle t that rested on the lanthanum 
chromite grains during s in te ring . This sample warped during sintering 
such that the lower surface, that was in contact with the lanthanum 
chromite grains, is  concave and porous. The upper surface o f the x=0 
sample appears identica l to the in te r io r  ( le f t  edge o f Figure 11a).
The x=0.15 sample did not warp during s in tering . A ll of i ts  surfaces 
are identica l to that near the r ig h t edge of Figure l ib .  I t  is  appar
ent tha t, with no aluminum present, the porosity o f the sintered 
material increases markedly near the surface. In contrast, the substi
tu tion  o f 15% of the chromium by aluminum (x=0.15) resu lts  in a dense 
near-surface region containing fewer, larger pores, and showing e v i
dence o f substantial grain-growth. This dense band is  over 100 /xm 
th ick  and is  present on a ll sides o f the sample. The density of the 
surface region is  obviously higher than that of the bulk; probably 
approaching about 97% of theo re tica l. I t  is  apparent from the micro
graph that the material w ithin about 10 /xm of the surface o f the x=0.15 
sample is  nearly free of pores.

4. DISCUSSION

The enhancement of s intering in the S r-rich , aluminum-free 
chromite, demonstrated in Figure 8, can be a ttributed  to the greater 
concentration o f SrCrO4 that is present p rio r to s in tering  (Figure 7a). 
The phase diagram presented by Negas and Roth (14) shows SrCrO4 in a ir  
melts incongruently at 1524 K to form Cr20?, liq u id , and oxygen. The 
liq u id  may d is trib u te  at the grain boundaries, promoting liquid-phase 
s in te ring . Meadowcroft (15) demonstrated that the sintered density of 
La «4Sr i 6CrO3 increased when excess strontium was added in the form of 
Srt03 before pressing and s in tering . The maximum beneficial e ffect 
occurred when between 4 and 6 mole% SrC03 was added. Very l i t t l e  
increase in sintered density was observed u n til more than 1 mole% SrC03 
was added. I t  seems possible that the enhanced s in tering  observed by 
Meadowcroft may have been due to the formation o f SrCrO  ̂ at intermedi
ate temperatures followed by melting and liquid-phase sin tering .
Berjoan (16) reports that La2CrO6 decomposes at 1513 K, presumably to
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LaCrO3, La^Oj, and oxygen. The high-temperature c rys ta llin e  and liqu id  
products or the minor phases present in both calcines may become par
t ia l l y  incorporated into the major Sr-substituted lanthanum chromite 
phase during s in tering, explaining the absence of minor phases in the 
XRD patterns of the sintered samples (Figure 6b).

The enhancement o f sin tering in the sample surfaces of the mater
ia ls  containing A1 (Figure 11) is d i f f ic u l t  to explain based on current 
information. Anderson et a l. (13) have reported that substitu tion  o f 
A1 fo r Cr in Mg-substituted lanthanum chromites reduces the v o la t i l i t y  
o f chromium at 2013 K as determined by weight-loss measurements. The 
composition o f the v o la tile  components was not reported. We have 
performed X-ray energy dispersive spectroscopy (EDS), using an SEM, on 
polished cross-sections of the recent x=0 and x=0.15 samples. Composi
tions were measured at various distances from the surfaces shown in 
Figure 11. The outer 100 /xm o f the porous surface in the x=0 sample 
(Figure 11a) appears to be depleted in Cr and enriched in Sr, re la tive  
to the bulk. The outer 10 /xm of the dense surface in the x=0.15 sample 
(Figure lib )  appears to be enriched in strontium with no s ig n ifica n t 
change in Cr, La, or Al re la tive  to the bulk. I t  might be concluded 
that Al retards the v o la t i l i t y  o f lanthanum chromite from the surface 
during s in tering , preventing the enlargement of pores and promoting 
s in tering .

However, th is  does not explain why the surfaces o f the samples 
containing Al are more dense than the in te rio rs . Furthermore, i t  is 
not known why the lower surface of the x=0 sample was extremely porous 
re la tive  to the upper surface. Recall that the lower surface rested on 
lanthanum chromite grains supported by an alumina disk while the upper 
surface was d ire c tly  exposed to the a ir .  Because th is  sample became 
warped, concave upward, during s in tering , i t  is evident that enhanced 
sintering (shrinkage) o f the upper surface caused the warpage. There
fore, the porosity in the lower surface is mainly due to retarded 
sintering rather than to mass-loss from v o la t i l i t y ,  even though i t  is  
evident that v o la t i l i t y  does occur.

Previous experience with s in tering of sim ilar A l-free  samples, 
which had been placed d ire c tly  on alumina disks with no intervening 
lanthanum chromite grains, indicates that d irect contact with alumina 
retards sin tering, results in very porous lower surfaces (Figure 11a), 
and in upward concavity. Any alumina surfaces that are located w ith in  
a few centimeters of chromite samples during sintering turn pink, 
indicating the presence o f Cr. I t  is  possible that intervening 
lanthanum chromite grains do not provide enough separation from the 
alumina surfaces to prevent enhanced v o la t i l i t y .

In other previous experiments, glycine/nitrate-produced lanthanum 
chromite calcines that were ball m illed , using an aluminum oxide m ill 
and media, exhibited low sintered densities. Although not confirmed, 
th is  could have been due to contamination of the green body by minute 
aluminum oxide partic les from the m illin g  media.
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In summary, incorporation of A1 into  the lanthanum chromite 
structure during synthesis results in markedly enhanced s intering near 
a ll o f the sample surfaces, while proximity o f A l-free samples to 
aluminum oxide surfaces retards sin tering near the surface. Aluminum 
oxide particu la te  inclusion may also retard chromite sin tering . The 
processes underlying these phenomena are, as yet, unexplained, but 
probably involve the retardation o f v o la t i l i t y  by incorporated A1 and 
the enhancement o f v o la t i l i t y  by proximity to aluminum oxide. These 
processes may be fu rther complicated by the effects of incorporated A1 
on minor c rys ta lline  or liq u id  phases at the grain boundaries or on 
the oxidation state of the lanthanum chromite near the surface.

In any case, the s in tering  behavior of the samples with A1 sub
s titu te d  fo r 10 to 20% of the Cr is  promising. SOFC interconnects 
need only be several tens o f microns th ick  fo r s ta te -o f-the -a rt tubular 
designs (6), well under the thickness of the dense, near-surface 
regions in the a ir-s in te red  laboratory samples. I t  is reasonable to 
expect that film s of the necessary thickness would s in ter to the point 
o f closed porosity throughout. In addition, A1 substitu tion decreases 
the e le c trica l conductivity only moderately, but increases the thermal 
expansion. The d irect-cu rren t conductivity o f the x=0.15 sample is 
only 16% lower at 1273 K than that of the x=0 sample. The thermal 
expansion coeffic ien t fo r A1 substitu tion  of x=0.15 between 373 and 
1323 K is 10.64 X 10'6/K. This value is only 1% lower than that fo r 
y ttr ia -s ta b iliz e d  z irconia, measured on the same device.

5. CONCLUSIONS

1) The g lyc ine /n itra te  powder synthesis method provides a simple, 
fas t technique fo r producing a wide range of oxide ceramic powder com
positions. The technique uses inexpensive, and h igh-purity chemicals.

2) The g lyc ine /n itra te  method produces lanthanum chromite powders 
that contain smaller primary partic les  and smaller, softer agglomerates 
than powders produced by the current s ta te -o f-the -a rt technique.

3) Several substituted lanthanum chromite powders have been pro
duced by the g lyc ine /n itra te  method that are highly reactive, sintering 
to  nea r-fu ll density, with closed porosity, at 1823 K in a ir .

4) When the composition o f the glycine/nitrate-produced, Sr-sub- 
s titu te d  lanthanum chromite powders is adjusted such that the calcined 
powder contains 3 to 5 mole% SrCrO4, densification in a ir  at 1823 K is  
enhanced. This enhancement o f sin tering  is probably due to the 
presence o f a liq u id  phase at the s intering temperature.
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5) Incorporation of AT into the Sr-substituted lanthanum chromite 
structure, as a substitute fo r a fraction  o f the chromium, resu lts  in 
enhanced sintering and closed porosity near the surface. The reason 
fo r th is  e ffec t is  unknown, but i t  may be related to in h ib itio n  o f 
v o la t i l i t y .

6) The glycine/nitrate-produced material with composition
La 82Sr i5Cr_85Al 1503 shows promise fo r use as the SOFC interconnect 
material. Layers’ up to about 100 /zm th ick  s in te r in a ir  to nea r-fu ll 
density with closed porosity a fte r 16 h at 1823 K. This material has a 
high e le c trica l conductivity and a thermal expansion that very closely 
matches that o f y ttr ia -s ta b iliz e d  z irconia.
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FIGURE 1« Complexation of metal cations by glycine in aqueous 
solution: (a) complexation o f a lka li or a lka line- 
earth cations by the carboxcylic acid; (b) complexation 
of transition-m etal or rare-earth cations by the amine.
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FIGURE 2. Generalized g lyc in e /n itra te  burn reaction.
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FIGURE 3. Scanning electron micrograph o f g lyc ine /n itra te - 
produced lanthanum chromite ash.

FIGURE 4. Transmission electron micrograph of g lyc ine /n itra te  
produced lanthanum chromite ash.

182



1 /*m * « 1 /xm »-----1

(a) (b)

FIGURE 5. Chromite powders, (a) Glycine/nitrate-produced La(Sr)CrO3.
(b) Y(Sr)CrO3 produced by Pechini process.
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FIGURE 6. XRD patterns fo r
La.82Srj5CrO3: (a) ash, 
as synthesized by glycine/ 
n itra te  process, (b) s in 
tered sample, (c) JCPDS 
f i l e  # 32-1240 (9) fo r 
La.75Sr.25CrO3.
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FIGURE 7. XRD of calcined ash.
Phase 1 is  La(Sr)CrÛ3. 
Phase 2 is  SrCrOj.
Phase 3 is  La2Cr0g:
(a) Strontium-ricn 
sample, La.giSr.igCrOs,
(b) Strontium-poor 
sample, La.82Sr. 15^03.
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FIGURE 8. Optical micrographs o f polished sections o f a ir-s in te re d , 
strontium-substituted lanthanum chromites: (a) from 
calcine containing appx. 3 to 5 mole% SrCrOa, (b) from 
calcine containing appx. 1 to 1/2 mole % SrCrO^
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FIGURE 9, Variation o f la t t ic e  parameters measured by X-ray d if f ra c 
tion fo r the series, La.ggSr.jsCri.xAlxOg. (Cu Ka, A = 
1.54059.) Rhombohedral ce ll referred to hexagonal axes.

Aluminum Content (x)

FIGURE 10. Percent open porosity and percent of theoretica l density 
of a ir-s in te red  samples versus aluminum content. Analyzed 
compositions are La.82$r.i5Cri_xAlxO3.
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FIGURE 11. Optical micrographs near edges o f a ir -s in te re d  samples, 
(a) La.82S r.15CrO3. (b) La.gzSr.15C r.g5A l. 15O3 .
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PREPARATION OF LaMnO. THIN FILM ELECTRODE FOR SOLID 
OXIDE FUEL CELLS BY VACUUM EVAPORATION

H. M ich ibata , H. Tenmei, T. Namikawa and Y. Yamazaki 
Tokyo I n s t i t u t e  of Technology a t  N agatsu ta , 4259

N agatsu ta  M idori-ku, Yokohama, Japan

ABSTRACT

The p re p a ra tio n  process of a th in  f i lm  z ir c o n ia  fu e l  
c e l l  by means of vacuum evap o ra tio n  tech n iq u e  has been 
s tu d ie d . The th in  film  c e l l  i s  composed of a p a r t i a l l y  
s t a b i l iz e d  z ir c o n ia  (PSZ) th in  f i lm , porous n ic k e l anode and 
th in  f ilm  oxide ca thode . LaMnO  ̂ and LaCoOg were s e le c te d  as 
th e  cathode m a te r ia l .  The catnode la y e r  was prepared  on a 
PSZ e le c t r o ly te  f ilm  by evapo ra ting  a s in te re d  mixed oxide 
of L aJlg  and MnC  ̂ or CoO, and by annealing  th e  film  in  a i r  
a t  80CrC fo r  lh .  The e le c t r o ly te  f ilm  was sy n th e s ized  by 
o x id iz in g  a m u lti- la y e re d  film  of Zr and Y which had been 
p repared  by e le c tro n  beam ev ap o ra tio n . The e le c t r o ly te  f ilm  
was formed on a Ni f o i l  s u b s t r a te .  A re le a s e  of therm al 
s t r e s s e s  in  th e  e le c t r o ly te  f i lm  was experienced  when th e  
s u b s tra te  was changed from a Ni p la te  to  a Ni f o i l  which was 
supported  w ith  a frame made of Kovar. The open c i r c u i t  
v o ltag e  of a c e l l  p repared on a Ni p la te  was 0.8V a t  700°C . 
The maximum c u r re n t and th e  maximum power o u tpu t were 0.7mA 
and 0.14mW, r e s p e c t iv e ly . The r e s u l t s  of th e  t e s t  w ith  th e  
n ic k e l f o i l  c e l l s  a re  a lso  p re sen ted .

1. INTRODUCTION

I t  i s  expected  th a t  compact and h igh ly  e f f i c i e n t  e l e c t r i c  genera
to r s  can be b u i l t  by using  s o l id  oxide fu e l  c e l l s ( l ) .  For t h i s  purpose, 
i t  i s  im portan t to  in c re a se  th e  conversion  e f f ic ie n c y  and perform ance of 
th e  c e l l  a t  h igh  tem p era tu res . In  p ra c t ic e ,  reducing  e l e c t r i c  r e s i s t 
ances of e l e c t r o ly te ,  e le c tro d e  and in te rc o n n e c to r  i s  the  prim ary ta r g e t  
in  the  development of th e  c e l l .  We have proposed th in  f i lm  c e l l  s t ru c 
tu r e s  (2 -4 ) which have p lan a r m etal s u b s tra te  or su p p o rt. The e le c t r o 
ly te  and e le c tro d e s  were prepared on th e  s u b s tra te  using  vacuum evapora
tio n  te c h n iq u e s (5 ,6 ) . The p lan a r s t ru c tu r e  i s  s u i ta b le  fo r  low ering th e  
e l e c t r i c  r e s i s t a n c e s ,  and th e  m etal support i s  p re fe ra b le  to  ceram ic 
suppo rts in  assem bling a c e l l  s ta c k . In  t h i s  paper, we f i r s t  re p o r t  on 
th e  p re p a ra tio n  p rocess  of a th in  f ilm  cathode and then  d e sc r ib e  th e  
f a b r ic a t io n  p ro cess  of th e  e le c t r o ly te  la y e r  on n ic k e l f o i l  s u b s tra te  
p laced on a m etal fram e.
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2. ELECTRODE PREPARATION

A la rg e  number o f m a te r ia ls  have been te s te d  fo r th e  cathode of YSZ 
c e l l s  and i t  was found th a t  s e v e ra l oxides having p e ro v s k ite  s t ru c tu re  
f a i r l y  s a t i s f i e d  the  requ irem en ts  of th e  cathode. In  p a r t i c u l a r ,  LaMnO« 
and LaCoOg a re  expected to  su p p o rt th e  fu r th e r  developm ent o f SOFC. The 
th in  f ilm s  of th e  ox ides were prepared as fo llo w s. ^ ^ O g  and 
(99.9% p u re ) , or CoO fo r  LaCoOg, powders were m echan ically  m ixed\ then 
ca lc in e d  a t  1100°C fo r  12h. The product was_grushed and p ressed  in  th e  
form of a p e l l e t  w ith  a p re s su re  of 5000kgcm . The ev ap o ra tio n  source 
was prepared  by s in te r in g  th e  p e l l e t  a t  1100°C fo r  12h. The molar r a t io  
o f La to  Mn(or Co) of th e  ev ap o ra tio n  source was a d ju s te d  to  2 .0  because 
of th e  red u c tio n  in  La co n ten t du ring  th e  ev ap o ra tio n . The evapora tion  
co n d itio n  i s  shown in  Table I .  The film s were d ep o sited  on PSZ e le c t r o 
ly te  f i lm s . Because th e  a s -d e p o s ite d  film s were amorphous, they  were 
annealed  in  a i r  a t  800°C fo r  lh .  The phases of th e  annealed  film s were 
examined by X-ray d i f f r a c t io n  a n a ly s is .  The th ic k n e ss  and th e  d iam eter 
of th e  prepared cathode o f th e  t e s t  c e l l  were 0 .4pm  and 3mm, re sp ec 
t i v e ly .

In  g e n e ra l , th e  com position  of vacuum evaporated  f i lm s  d e v ia te s  
from th a t  of th e  source m a te r ia l because of th e  d if fe re n c e  in  vapor 
p re s su re s  o f the  elem ents or compounds. T herefo re  th e  p repared  oxide 
film s  were examined u sin g  EDX a n a ly s is  and X-ray d i f f r a c t io n  a n a ly s is .  
The X-ray d i f f r a c t io n  p a t te rn s  of th e  film s a re  shown in  F ig u re  1. When 
th e  evapo ra tion  was c a r r ie d  ou t w ith  a source having a com position  of 
La/Mn=1.0, th e  f ilm  co n ta ined  an excess of MnĈ  phase w ith  a sm all 
amount o f LaMnO  ̂ phase. When th e  film  was deposited  w ith  th e  source 
com position of La/Mn=4.0, th e  most p a r t  of th e  f ilm  was and th e
r e s t  was LaMnO .̂ These d a ta  led  to  th e  r e s u l t  th a t  homogeneous LaMnO  ̂
film s  a re  formed w ith  th e  ev ap o ra tio n  source having th e  com position 
r a t io  near La/Mn=2.0.

The p re p a ra tio n  p rocess of LaCoOg cathode was s im i la r  to  th a t  of 
LaMnCL. When th e  ev apo ra tion  was conducted w ith  th e  sou rce  com position 
of La/Co=l, the  most p a r t  of th e  d eposited  film  was C o^0^(7).

3. ELECTROLYTE PREPARATION

The p re p a ra tio n  procedure of th e  e le c t ro ly te  f ilm  on a n ic k e l p la te  
was a s  fo llo w s . A n ic k e l p la te (2 5  X 25mm, 1mm th ic k , 99.6% pure) was 
po lish ed  and heated  in  a i r  a t  900°C fo r  lh  to  form n ic k e l oxide la y e r  
on th e  su rface  (see  F igu re  2 a ) . The th ick n ess  of the  ox ide  la y e r  was 
about 10Pm . PSZ f i lm  was prepared  on th e  oxide la y e r .  F i r s t  zirconium  
was d ep o sited  fg r  500A and Y and Zr were a l t e r n a te ly  d ep o s ited  in  a 
vacuum of 3 X 10 Pa w ith  a s u b s tr a te  tem perature  o f 250°C as shown 
in  F igure  2b. Then th e  m u lti la y e re d  film  was annealed in  a i r  a t  900°C 
fo r  lh .  These evapo ra tion  and o x id a tio n  p rocesses were re p e a te d  5 tim es 
to  form a 5 Pm th ic k  f in e  PSZ f i lm . The n ic k e l oxide la y e r  under th e  
e le c t r o ly te  film  co n v erts  to  porous n ic k e l when th e  c e l l  i s  exposed to  
fu e l  g as , which then a c ts  a s  th e  anode.
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The X-ray a n a ly s is  of th e  e le c t r o ly te  film  showed th a t  th e  most 
p a r t  of th e  f ilm  was te t r a g o n a l phase and the r e s t  was m onoclin ic phase. 
The te t ra g o n a l peak h e ig h t in c rea sed  as th e  ev apo ra tion  and o x id a tio n  
p ro cesse s  were re p ea ted . No t r a c e s  of cracks or pores were observed in  
th e  c ro s s  se c tio n  of th e  e le c t r o ly te  f i lm s . I t  i s  be liev ed  th a t  th e  
r e p e t i t io n  of th e  evap o ra tio n  of Zr and Y h e a ls  th e  d e fe c ts  in  the  
e le c tro d e  film s  being p rep ared . In c re a s in g  th e  an n ea lin g  tem pera tu re  to  
1000°C causes a s e p a ra tio n  of th e  PSZ and n ic k e l oxide la y e r  from th e  
n ic k e l  s u b s t r a te .  Homogeneity o f th e  elem ents in  th e  PSZ f i lm  was 
examined using EDX a n a ly s is .  The co n cen tra tio n  of y ttr iu m  was co n s ta n t 
th rough  th e  film  w ith in  th e  l im i t  o f experim ental e r r o r .  Y and Zr were 
n o t d e tec ted  in  th e  n ic k e l oxide la y e r  on th e  s u b s t r a te .

4 . SUBSTRATE AND SUPPORT

In  o rder to  re le a s e  th e  therm al s t r e s s e s  accum ulated in  th e  bound
ary  between th e  e le c t r o ly te  and th e  m etal s u b s tra te ,  a th in  f ilm  c e l l  
was p repared  on a th in  Ni f o i l  which was supported  w ith  an a llo y  fram e, 
and th e  system was te s te d .  A low therm al expansion c o e f f ic ie n t  a l lo y  
composed of Fe, Ni and Co was s e le c te d  fo r  th e  suppo rt m a te r ia l .  The 
a llo y  i s  known as Kovar and i s  used as th e  connection  between m etal and 
ceram ics because of good therm al expansion m atching.

F i r s t  th e  ce n te r o f a Kovar sh e e t (25 X 25mm, 1mm th ic k )  was ma
ch ined  and a 3mm diam eter h o le  was opened. A fte r th e  su rfa c e  c le a n in g , 
a Ni f o i l  (9 9 .7Z, 10pm  th ic k )  was p ressed  .on th e  a llo y  sh ee t u sing  a 
ceram ic h o lder and heated  to  700°C fo r  lh . Then th e  Ni f o i l  w ith  Kovar 
su p p o rt was heated  in  a i r  a t  700°C fo r  3h to  convert th e  Ni f o i l  to  a 
n ic k e l  oxide f i lm . The e le c t r o ly te  la y e r  was p repared  on th e  n ic k e l 
oxide f ilm  using  th e  p rev io u sly  described  method and a cathode was 
formed onto th e  la y e r  by ev ap o ra tin g  0 .1pm  th ic k  p la tinum . The Ni 
f o i l ,  Ni p la te  and Kovar p la te  were purchased from The Japan Lamp Indus
t r i e s  C o . ,L td . .

5 . CELL TEST

The prepared th in  f i lm  c e l l s  were te s te d  using  a h igh tem pera tu re  
c e l l  t e s t  appara tu s  (3 ) ; i t  i s  designed to  minimize c e l l  damage during  
t e s t  a t  high tem pera tu re . Hydrogen and a i r  were used as th e  fu e l  and 
o x id iz in g  gas, r e s p e c t iv e ly .

In  th e  t e s t  of th e  0 .4  pm th ic k  LaMnO~ ca thode , c e l l  vo ltag e  was 
observed from 300°C ; a t  700°C , th e  OCV of 0.8V was o b ta in ed . As shown 
in  F igure  3, a l in e a r  r e la t io n s h ip  between c e l l  v o ltag e  and c u rre n t was 
observed a t  v a rio u s tem p e ra tu re s . The maximum c u rre n t and th e  maximum 
o u tp u t power a t  700°C were 0.7mA and 0.14mW, r e s p e c t iv e ly .  The c e l l  
t e s t  was continued fo r  20h a t  700°C , and no d e te r io r a t io n  was d e te c te d  
in  th e  c e l l  c h a r a c t e r i s t i c s .
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In  th e  case  of th e  LaCoCL cathode w ith  th e  same th ic k n e s s ,  c e l l  
vo ltage  was observed from 40CrC , however, th e  c e l l  f a i l e d  a t  450°C . 
The e le c tro d e  th ic k n e ss  had to  be reduced to  0 .1pm  to  co n tin u e  c e l l  
t e s t  a t  high tem p e ra tu re . The maximum c u r r e n t , of 0.15mA and th e  maximum 
ou tpu t power o f 0.03mW were ob ta ined  a t  700°C . The f a i l u r e  of th e  c e l l  
i s  be lieved  to  be due to  i r r e g u la r  therm al expansion of LaCoOg n ear t e s t  
tem p e ra tu re .

In  th e  t e s t  of th e  Ni f o i l  s u b s tra te  c e l l  w ith  th e  Pt ca thode , th e  
c e l l  v o ltag e  was observed from 350°C ; a t  700°C , th e  OCV of 0.9V was 
o b ta in ed . The r e la t io n s h ip  between c e l l  v o ltag e  and c u r re n t i s  shown in  
F igure 4. The maximum c u rre n t and th e  maximum ou tpu t power were 0.23mA 
and 0.05mW, r e s p e c t iv e ly .  The Ni f o i l  c e l l  was cycled  3 tim es between 
700°C and room tem p era tu re , and no apparen t damage was observed in  th e  
cycled  c e l l .  When th e  su rface  of th e  Ni f o i l  was p rev io u s ly  p o lish e d , 
th e  OCV a t  700°C in c rea sed  to  1.1V. The reduced c u rre n t d e n s ity  in  th e  
da ta  i s  a t t r i b u te d  to  th e  p o in t c o n ta c ts  between th e  su rfa c e  o f th e  
cathode and th e  c u r re n t c o l le c to r  of th e  t e s t  equipm ent.

6 . CONCLUSIONS

P lan a r th in  f ilm  so l id  oxide fu e l  c e l l s  were p repared  on n ic k e l 
s u b s tr a te s ,  su r fa c e s  of which were p rev io u sly  o x id ized . The PSZ e le c 
t r o ly te  and oxide ca thodes were prepared by vacuum ev ap o ra tio n  m ethods. 
The adherence of th e  cathode to  th e  e le c t r o ly te  f ilm  was compared be
tween LaMnOo and LaCoO~. I t  was found th a t  LaMnO- i s  su p e r io r  to  LaCoO« 
fo r  th e  cathode of PSZ th in  f ilm  c e l l s .

The sy n th e s ized  PSZ th in  film  was s u i ta b le  fo r  th e  e le c t r o ly te  of 
high tem pera tu re  th in  film  c e l l s ,  because th e  OCV of 1.1V was recorded  
a t  700°C w ith  a vacuum evaporated  P t ca thode . I t  was found t h a t  the  
therm al s t r e s s e s  in  th e  e le c t r o ly te  la y e r  could  be reduced by u s in g  a 
n ick e l f o i l  s u b s tr a te  in s te a d  of bulk s u b s t r a te s .  T his com bination of 
e le c t r o ly te  and s u b s tra te  has proven e f f e c t iv e  in  ex tend ing  th e  cy c le  
l i f e  of th in  f i lm  s o l id  oxide fu e l c e l l s .

I t  was a ls o  dem onstrated th a t  a conductive th in  f i lm  anode could  be 
prepared from an oxide la y e r  on th e  su rface  of Ni sh ee t o r f o i l .
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TABLE 1
Evaporation condition for the preparation
of LaMO3(M=Mn,Co) film
Source
material La2°3 MnO2 (CoO)

Purity(%) 99.99 99.9
Content
(mol%) 66.6 33.3

Substrate
temperature 
( #C)

250

Deposition 400rate (A/min)
Chamber 
pressure(Pa) 3 x 10’4

Emission 100
current (mA)
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Fig, 2 Preparation process of a thin film  ce ll: 

processes (b) and (c) were repeated,
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DEPOSITION AND ELECTRICAL PROPERTIES OF 
THIN POROUS CERAMIC ELECTRODE LAYERS

L.G.J. de Haart, R.A. Kuipers, K.J. de Vries 
and A.J. Burggraaf
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and Catalysis, University of Twente, P.O.Box 217 
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ABSTRACT

Investigations have been performed on the influence of the mor
phology on the electrical properties and polarization behaviour of thin 
porous ceramic electrode layers used in SOFC. Thin layers (2 - 4 /im) of 
the cathode material Sr0 , 5LaQ 85MnO3 (15SLM) were filmcoated on YSZ 
substrates from classified suspensions. The porosity and pore-size distri
bution of the filmcoated layers are affected by the particle-size distribu
tion in the suspension. Accordingly, the specific conductivity of the layers 
decreases significantly with increasing porosity and mean pore-size. A 
specific conductivity of 109 S.cm'1 was obtained at 1000 °C for a 2.9 /xm 
thick layer from a suspension with particles of 0.10 - 0.25 /xm.

1 INTRODUCTION

In the development of SOFC based on yttria-stabilized zirconia (YSZ) solid elec
trolytes, one of the state-of-the-art cathode materials is Sr-doped LaMnO3. This perovs- 
kite-type material exhibits a high electronic conductivity of around 100 S.cm"1 at 1000 °C. 
Its thermal expansion coefficient matches the one of YSZ and the material is stable at 
the operating temperature of the SOFC (i.e. 1000 °C) (1).

One of today’s most advanced SOFC stack designs is the tubular configuration 
introduced by Westinghouse around 1980 (1-3). On the outer wall of a porous Ca-stabi- 
lized zirconia support tube a layer of the Sr-doped LaMnO3 cathode material is deposi
ted. A gas tight YSZ electrolyte layer covers the air electrode. Finally the porous Ni- 
zirconia cermet fuel electrode is deposited on the electrolyte layer. Adjacent tubes, i.e. 
single cells are interconnected via strips of the interconnection material Mg-doped 
LaCrO3 and of ductile nickel felt (1,2). Unfortunately the tubular SOFC design has the 
disadvantage of a long electron current path through the electrode layers. This causes, 
especially in the cathode layer, large ohmic voltage drops. The resistivity of the Sr-doped 
LaMnO3 layer is still too high for this type of configuration (1). The thickness of the 
cathode layer can be increased in order to decrease the ohmic resistance, but this can 
increase the concentration polarization losses arising from a reduced gaseous oxygen flux 
through the pores of the thick cathode layer. As stressed by Steele (1), this undesirable 
feature emphasises the important role of design.

In the monolithic-type configuration first proposed by the Argonne National 
Laboratory (1,4) and the planar configurations which recently have gained much more 
interest (5), the electron current path through the electrode layer is considerably shorter,
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thus substantially decreasing the ohmic polarization losses in these types of configura
tions. Unfortunately the low electrocatalytic activity of the Sr-doped LaMnO3 cathode 
material towards the oxygen reduction reaction still causes severe non-ohmic polariza
tion losses. This low electrocatalytic activity compels the existence of three-phase 
boundaries electrolyte/electrode/gaseous oxygen for the oxygen reduction reaction to 
occur. That is, the cathode layer must have a certain porosity, which in turn affects the 
conductivity of the electrode layer.

The important role the morphology of the electrode layer, i.e. the porosity and 
the pore-size distribution, thus plays, is not considered well in literature. Therefore we 
have investigated the influence of the morphology of thin porous ceramic electrode 
layers on their electrical properties and polarization behaviour.

2 EXPERIMENTAL

Powders with the composition Sr015La0 85MnO3 (15SLM) were prepared via a 
citrate synthesis route (6) and calcined for 16 hours at 1000 °C in air. After wet ball
milling, the powder was classified by centrifuging suspensions of the powder in isopropyl- 
alcohol (IPA). The collected fractions of the classified powder were again suspended in 
IPA (40 % of solid material by weight) with 0.5-1.0 wt% addition of an organic stabili
zing agent.

Substrates used for layer deposition were disks (diameter 12 mm, thickness 1 
mm) of YSZ (12 wt% Y2O3) and alumina plates (12 x 6 x 1 mm). Both kind of substra
tes were polished single-sided with diamond paste down to a Rg < 0.05 ¿¿m. Prior to the 
layer deposition the substrates were ultrasonically cleaned in isopropyl-alcohol and 
degreased in boiling hexane.

Layers were deposited by immersing the substrates in the 15SLM suspensions 
and withdrawing them at a constant speed. Layer thicknesses obtained could be control
led by varying the withdrawal speed (0.125 - 1.25 mm/sec) and the number of repeated 
dips. In the latter case, the samples were dried in air between subsequent dips. After this 
filmcoating procedure the samples were finally given a heat treatment for 2 hours at 
1100 °C in air.

Layer thicknesses were determined using a DEKTAK surface probe. A JEOL 
Scanning Electron Microscope type 35CF was used to study the morphology of the 
deposited layers. Layer resistivity measurements were performed with a 4-point DC 
technique using Pt point electrodes. Current-overvoltage measurements were performed 
using a three electrode cell as described in ref.(7). Annular shaped working and counter 
electrodes of Pt and Pt point shaped reference electrode were used.

3 RESULTS AND DISCUSSION

The XRD pattern of a 15SLM powder sample indicated the formation of a 
single-phase perovskite-type material. The pattern is very similar to the pattern reported 
for Sr0 ĵ Lag 9MnO3 by Hammouche et al. (8) and the one for SrQ 1La0 pCo03 reported by 
Ohbayàshi et al. (9). The pattern could be perfectly indexed in the hexagonal- 
rhombohedral system.
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A BET surface area of 4.7 m2/g was determined for the calcined powder by Ar 
gas adsorption measurements at 77 K. Assuming spherically shaped particles, a mean 
particle size of 0.2-0.3 /xm can be calculated from SEET. For the classification of the 
powder centrifuging speeds and times were estimatea using Stoke’s law for sedimenta
tion (10) for several particle size ranges. These are given in Table I. Classified 
suspensions were analyzed with SEM; these results are shown also in Table I. The latter 
data show, that a systematic error occurs in the estimation using Stoke’s law. These data 
also show, that centrifuging resulted more in narrowing the particle-size distribution 
going from R1 to R5, than in the actually aimed fractionating in distinct particle-size 
ranges. This result is due to the classification procedure, which causes the collected 
fractions to have a large tail on the small particle-size end as discussed by Parish and 
Bowen (11).

In Figure 1 SEM photographs are shown of sintered layers filmcoated on YSZ 
from the suspensions Rl, R3 and R5 respectively. Although the mean particle-size in the 
three suspensions does not differ that much, remarkable differences are observed in the 
deposited layers. The layer dipcoated from R5 shows a close packed structure of only 
small grains sintered together (Figure lc). This layer has a very homogeneous porosity 
and pore-size distribution. Due to however the slightly larger particles and relatively big 
agglomerates in the suspensions R3 and Rl pore-sizes and porosity increase remarkably 
in these layers. The large agglomerates in the suspension Rl cause the pore-size distri
bution in the layer to be less homogeneous. Layer thicknesses as determined by 
DEKTAK surface probe ranged between 2.0 and 4.0 /xm. These layer thicknesses were 
obtained after repeated (10 to 15) times dipping, where samples were dried in air in 
between. Figure Id shows a SEM photograph of a cross-section of a dipcoated sample. It 
clearly shows the 15SLM layer on top of the dense YSZ substrate. The layer thickness is 
very constant as is the porosity throughout the layer.

The annealing of the samples for 2 hours at 1100 °C in air provided the layers 
good adherence to the substrate. A prolonged annealing time at 1100 °C or higher 
temperatures like 1200 °C causes the 15SLM layer to react with the YSZ substrate. On 
samples fired at 1200 °C for 16 hours the thin perovskite layers had reacted completely 
with the YSZ substrate. After prolonged heating (upto 100 hours) at 1000 °C however no 
reactivity of the thin 15SLM layer with the YSZ was observed. The 15SLM layer 
thickness remained the same and with SEM no changes in the morphology were 
observed.

Figure 2 shows the specific conductivity (log aT) as a function of the reciprocal 
temperature of the layers dipcoated on alumina from the suspensions Rl, R3 and R5 
respectively. Straight lines are observed over the whole temperature range, consistent 
with a small-polaron conduction mechanism model (12). Activation energies calculated 
from the slopes are 16.0 kJ/mol for the Rl sample, 13.1 kJ/mol (R3) and 13.8 kJ/mol 
(R5). These values are all slightly higher than the value of 9.6 kJ/mol reported by 
Kertesz et al. (13) for ceramic samples with composition Sr016La0̂ M nO ,, having an 
apparent density of 80%. Grain boundary conductivity may account for the nigher value 
of the activation energy that was observed in the porous (> 50%) and relatively thin (2-4 
/xm) 15SLM layers.

Specific conductivity values for the R5 sample are one order of magnitude higher 
than the ones measured for the Rl sample. The R3 sample lies in between these two, 
showing the effect that the porosity and pore-size distribution, observed in Figure 1, have
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on the specific conductivity. The specific conductivity of the R5 sample amounts to 109
S.cm"1 at 1000 °C, which is adequate for a planar type SOFC. The value mentioned is 
also rather close to the value of 133 S.cm"1 reported by Kertesz et al. (13) for the 
conductivity of the 80% dense sintered sample. It also compares well with the conduc
tivity Takeda et al. (14) measured for thin sputtered layers with the composition

The influence of the morphology of the filmcoated layers on the polarization 
behaviour of these cathodes is presently being investigated.

4 CONCLUSIONS

It has been shown that the morphology of thin porous ceramic electrode layers 
can be controlled by using classified suspensions for the filmcoating procedure. Specific 
conductivities can be reached, which are adequate for a planar type SOFC. Further 
conclusions as for the influence of the morphology on the polarization behaviour are at 
this moment premature.
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15SLM on alumina
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FIGURE 1 
(next pages)

SEM photographs of the 
filmcoated 15SLM layers
(a) from the suspension R1
(b) from the suspension R3
(c) from the suspension R5 
Magnification is lO.OOQx .
(d) cross-section
Magnification is 400Qx .

FIGURE 2

Specific conductivities (log crT) 
of the 15SLM layers filmcoated 
from the suspensions Rl, R3 
and R5 respectively as a 
function of the temperature 
(1000/T).

Table 1
Particle and Agglomerate Sizes 

in the 15SLM Suspensions used for Filmooating

suspension
no.

Stoke’s law
estimated 
particle- 
size range

SEM analysis
observed 
particle- 
size range

agglomerates
observed

upto

R1 2.0 Atm 0.2 -0 .5  Atm 5 Atm

R3 1.1-1 .5  Atm 0 .1 5 -0 .4 0  Atm 1.2 Atm

R5 0 .3 -0 .7  Atm 0 .10-0 .25  Atm 0.4 Atm
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EFFECT OF Pt ADDITIONS ON THE RESISTANCE OF La0. 9Sr0. iMnO3 CATHODE
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ABSTRACT

The effect of platinum additions to La0. 9Sr0. iMnO3 on the 
electrical conductivity and cathodic properties were studied with 
a view to reduce ohmic polarization loss of SOFC. The electrical 
conductivity at lOOO^C rose from 5.3 Scm'1 to 12 S c m 1 by 
increasing platinum content from 0 vol% to 41-8 vol%. Platinum 
additions reduced the ohmic polarization of SOFC from 1.1 ohm to 
0-8 ohm and the current density of SOFC rose from 0-48 A/cm2 to 
0.63 A/cm2 at 0.5 V. Other results suggested that this 
improvement is attributed to not only increasing the electrical 
conductivity of cathode but also reducing the contact resistance 
between cathode and electrical collector.

1. INTRODUCTION

Recently, solid oxide fuel cells (SOFC) have attracted much attention. The 
3kW pilot plant of tubular type cell made by Westinghouse Electric Corporation 
has been running for more than 3000 hours in Osaka Gas Co.,Ltd.(1). Many other 
solid oxide fuel cell configurations, for example monolithic, honeycomb and 
planar, have also been proposed.

On account of high operating temperature, selection of materials for SOFC 
is restricted. La0. 9Sr0. iMnO3 has been used as a cathode for Westinghouse 
tubular cel 1(2) and Argonne National Laboratory monolithic cel 1(3).
A perovskite oxide, especially Sr doped LaMnO3, is used as a cathode for SOFC 
nowadays(4). These materials have high catalytic activity for dissociation of 
oxygen molecules, relatively high electrical conductivity, and thermal and 
chemical stability. The cathodic properties of LaM03(M=Mn,Co) have been 
examined(5,6). The electrical conductivity and its temperature dependence of 
perovskite oxides have also been studied (7,8,9). According to these studies 
the electrical conductivity of Sr doped LaMnO3 at ÎOOO’Û reaches more than 100
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Scm*'1, and is sufficient for cathode of a SOFC. However, the electrical 
conductivity of an actual perovskite cathode is expected to be much lower than 
such values because of its porosity and pore shapeGO). Therefore, ohmic 
polarization loss of cathode forms a large part of total ohmic polarization 
loss of a SOFC(ll). It is, therefore, important to improve the electrical 
conductivity of porous perovskite cathode. On the other hand, platinum has 
less activity for dissociation of oxygen molecules but high electrical 
conductivity compared with those of perovskite oxides. In this paper, the 
effect of platinum additions on the electrical conductivity and the cathodic 
properties ol La0 »Sro. iMnO3 were studied with a view to reduce ohmic 
polarization loss of SOFC.

2. EXPERIMENTAL

Powders of the composition La0. 9Sr0. iMnO3 and platinum were mixed in an 
agate mortar and dispersed in a binder solution. These slurries were painted 
on 1cm wide alumina substrates for the electrical conductivity measurements. 
Four platinum wires were put on each specimen as probes for four probe D.C. 
method, and the slurries were painted on the four platinum wires again. After 
that, specimens were dried in an oven at 90XJ. The distance between two 
potential probes was 1cm and the thicknesses of the cermets were 0-350-45mm. 
The samples were heated in a tubular furnace in flowing oxygen gas and the 
electrical conductivities were measured with a HORUTO DENKO potentiostat/ 
galvanostat.

The morphologies of these specimens were observed by a JEOL JSM-820 
scanning electron microscope and the X-ray mapping images of all elements were 
obtained by an energy dispersive X-ray microscopy(EDX), REVEX DELTA CLASS 
ANALYZER. The crystalline structures were analyzed and identified by a PHILIPS 
PW-1700 XRD system. The porosities of cermets were measured by a mercury 
penetration method with a MICROMERITICS porosimeter, AUTO PORE 9200.

The cathodic properties of the La0. 9Sr0. iMnO3/platinum cermets were 
examined. 3 mol% yttria doped PSZ sheets from NIPPON SHOKUBAI RAGARU were used 
as the solid oxide electrolyte. The thickness of the PSZ sheets is about 
0.2mm. Ni/Zr02=10/1 cermet was used as an anode. The cathode and anode were 
painted on the PSZ sheets with a square active area of 1.0cm2. Platinum mesh 
for the electrical collector covered the anode. The electrical collector on 
the cathode was a platinum wire for clarifying the effect of the electrical 
conductivity of cathode. This PSZ sheet was put between alumina tubes. The 
gas seal between the alumina tube and the PSZ sheet was made with a TEMPAX 
glass ring gasket. The cell was heated in air at a rate of 10“C/min and the
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temperature was held at 1000T. As feed gas, oxygen was supplied to the 
cathodic side of the cell and hydrogen to the anodic side, respectively. 
Voltage-current characteristics and the non ohmic polarization properties were 
measured with the potent iostatic and the current interrupter method, 
respectively. SOLATRON 1286 ELECTROCHEMICAL INTERFACE was used for these 
measurements. The difference between the overall voltage-current 
characteristics and the non ohmic polarization loss measured by the current 
interrupter method is thought to be an ohmic polarization loss.

3.RESULTS AND DISCUSSION

By the SEM image of the platinum powder used in this study, platinum grains 
looked spherical and the diameter of each grain was about 0.5 /¿m. The surface 
of platinum after calcining at lO O O t was much sintered, though no significant 
change was observed for that of La0. sSr0. iMnO3 of which grains were about 5Mm 
in size.

SEM image and X-ray mapping image by EDX of La0. gSro. iMnO3/platinum=76.5/ 
23-5 vol% cermet after calcining at 1000̂ 0, shown in Figs.l and 2, revealed that 
platinum grains were sintered to larger grains. Some small grains of platinum 
were found between La0. gSr0. iMnO3 grains, and large platinum grains were 
unconnected with each other. Consequently, the electrical conduction mechanism 
of this sample was presumed not to be that of a metal. From the XRD pattern of 
this cermet, no reaction compound of La0. gSr0. iMnO3 and platinum was found.

In Fig.3, the electrical conductivities of painted La0. gSro. iMnO3/platinum 
cermets at 1000^0 are shown as a function of platinum content. The electrical 
conductivity of La0. gSr0. iMnO3 was 5-3 Scm-1. This value was about two orders 
of magnitude lower than that of other study, 133 Scm_1(8). It is considered 
that the difference of the electrical conductivities of painted La0. 9Sr0. iMnO3 
from that of bulk La0. gSr0. iMnO3 depends on its porosity. The porosity of 
painted La0. aSro. iMnO3 was very large as shown in Fig.4. The platinum 
additions improved the electrical conductivities of cermets and reduced the 
porosities. Drastic change was not observed for the electrical conductivities. 
This is different from the case of Ni/Zr02 cermet used as an anode of SOFC(12). 
Though the threshold of Ni content has been reported 30 vol% Ni, no threshold 
was found in La0. 9 Sr0. iMnO3/platinum cermet up to 41-8 vol% platinum.
Platinum grains used in this study are supposed to easily migrate and grow 
larger due to small diameter. The platinum grains were, therefore, dispersed 
in La0. 9Sr0. iMnO3 grains and were unable to make connections with each other as 
shown in Fig.2.

Fig.5 shows the temperature dependence of the electrical conductivities of
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La0. gSro. iMnO3/platinum cermets. The in(tfT) versus 1/T curves of
La0. gSro iMnO3/platinum cermets were almost straight. All curves were nearly 
parallel. As mentioned above, the temperature dependence of the electrical 
conductivity of these cermets was not that of metal. It has been reported that 
the electrical conduction mechanism of Lai-xSrxMnO3 is smal1-polaron conduction 
mechanism because the ln(iT) versus 1/T curve is straight line(7,8). 
Accordingly, it is thought that the conduction mechanism of these cermets is 
also governed by that of La0. gSr0. iMnO3. The electrical conductivity of 
perovskite oxides is said to decrease with increasing porosity(6). The cermets 
shrank by sintering of platinum grains and the porosities of the cermets 
decreased as shown in Fig.4. It is possible that the electrical conductivities 
of these cermets improved without changing the conduction mechanism. This is 
thought to be one of the effects of platinum additions.

Fig.6 shows the effect of platinum additions on current density of SOFC.
The current density rose from 0-48 A/cm2 to 0.63 A/'cm2 at 0.5 V with increasing 
platinum content up to 23-5 vol% but drastically decreased in the case of the 
cathode involving 41-8 vol% platinum. In Fig.7, the effects of platinum 
additions on non ohmic and ohmic polarization are shown. The non ohmic 
polarization did not change with increasing platinum content. Using the 
cathode with 41-8 vol% platinum, it was observed that the surface of the 
cathode peeled off from the electrical collector after experiment. This is 
probably due to shrinkage of this cermet. Much ohmic polarization of this cell 
is attributed to this phenomenon.

The resistance of 3 mol% yttria doped PSZ sheet which is 0.2mm thick and 
1.0cm2 large is about 0.5 ohm. The electrical conductivity of the cermet 
involving 23.5 vol% platinum could not explain clearly a drastic decrease of 
ohmic polarization eliminating the resistance of PSZ sheet. It is suggested 
that a contact resistance exists between electrolyte and electrodes, or 
electrodes and electrical collectors. To confirm this, following experiment 
was carried out. After painting La0 gSro. iMnO3 as cathode, a platinum wire was 
placed on it as the electrical collector and the cermet with 23-5 vol% platinum 
was painted around the platinum wire. Cell performance was measured. As shown 
in Table 1, the ohmic polarization decreased from 1.1 ohm to 1.0 ohm and the 
current density improved from 0-48 A/cm2 to 0-53 A/cm2. This result suggests 
that one of the effects of platinum additions is a reduction in the contact 
resistance between the cathode and the electrical collector. It is speculated 
that the apparent contact area of the electrical collector to the 
La0. sSr0. iMnO3 grains increased because of many platinum grains contact to the 
electrical collector. Generally, the resistances of an electrolyte and 
electrodes are reduced with increasing active area of cell. However, the 
contact resistances do not change. Consequently, the effect of platinum
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additions is thought to be more important for the scale up of SOFC.

4.CONCLUSIONS

®. The platinum grains used in this study sintered at 1000T but La0. 9Sr0. iMnO3 
was little sintered at this temperature.

®. The electrical conductivity at 1000T of painted La0. sSr0. iMnO3 improved by 
platinum additions. It is speculated that this improvement is due to reduced 
porosity of the cermet by platinum sintering.

®. The ohmic polarization of SOFC consisted of ohmic resistances of materials 
and contact resistances.

®. Platinum additions reduced the contact resistance between the cathode and 
the electrical collector and increased the current density of SOFC. This 
effect is thought to be more important for the scale up of SOFC.
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Table 1 Effect of La0. 9Sr0. iMnO3/piatinum cermet painted around the 
electrical collector on the ohmic polarization and the current density of 
SOFC.

Ohmic polarization 
(ohm)

Current density 
(A/cm2)

La0. 9Sr0. iMnO3 cathode 1 . 1 0 . 4 8

La0. 9Sr0. iMnO3 cathode with the 
cermet containing 23-5 vol% platinum 
around the electrical collector

1 . 0 0 . 5  3
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*-> 1 pm
Fig.l Scanning electron micrograph of La0. 9Sr0. iMnO3/platinum=76-5/23-5 
vol% cermet after calcination at 1000°C.

Fig.2 Energy dispersive X-ray micrograph of platinum in La0. 9Sr0. iMnO3/ 
platinum=76.5/23.5 vol% cermet after calcination at 1OO(PC.
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Fig.7 Effect of platinum additions to 
La0. gSr0. iMnO3 on the polarization 
properties of SOFC: (O)non ohmic 
polarization, (®)ohmic polarization.
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MEASUREMENT OF THE CHEMICAL DIFFUSION COEFFICIENT OF 
OXYGEN IN (Lao.79 Sro.2o) MnO3.§
A. Belzner, T. M. Gür and R. A. Huggins

Department of Materials Science and Engineering,
Stanford University, Stanford, CA 94305-2205

ABSTRACT

Oxide perovskites of the general formula (Lai_xSrx)MnO3_3 are being used 
as air electrodes in high temperature solid oxide fuel cells. The chemical 
diffusion coefficient of oxygen in (Lao.79Sr0<2o) MnO3_d was measured 
using the potentiostatic step method. This solid state ionic technique 
involved the use of a stabilized zirconia oxide electrolyte. The diffusion 
coefficient of oxygen in this mixed-conducting perovskite was found to be 
of the order of 10'7 cm2/sec at temperatures between 700°C and 860°C and 
at oxygen partial pressures between 0.21 atm and 10-8 atm.

INTRODUCTION

Perovskite type oxides of transition metals are interesting materials for oxygen electrodes 
and oxidation catalysts [1]. The general formula is (Rei_x Mx) TmO3.§, where Re is a rare 
earth metal, typically lanthanum, M is an alkali earth metal (Ca or Sr), and Tm denotes a 
first row transition metal (Cr, Mn, Fe, Co, Ni). Members of the series (Lai_x Srx) MnO3.§ 
are, in particular, being used as air electrodes in high temperature solid oxide fuel cells. All 
these oxides are mixed conductors in which the transport of oxide ions plays a major role in 
the oxygen electrode reaction. The knowledge of the transport parameters for oxygen will 
help in the characterization and selection of materials for special purposes as well as in 
understanding the reaction mechanisms involved. In this work a solid state electrochemical 
method was used to measure the chemical diffusion coefficient of oxygen in the mixed- 
conducting oxide (Lao.79Sro.2o)Mn03_§.

THEORETICAL CONSIDERATIONS

The experimental arrangement is shown in Figure 1. It can be represented as:

(+) oxygen reference electrode /  solid oxide electrolyte /  mixed conducting sample (-)

The activity of oxygen in the sample at the sample/electrolyte interface can be calculated 
from the open circuit voltage, "OCV", of the cell using the Nernst equation. Conversely, 
the oxygen activity at the sample/electrolyte interface can be controlled by imposing a 
voltage across the cell.

It is assumed that initially the activity a° of the electroactive species is uniform throughout 
the sample. In a potentiostatic step experiment the activity ax=o at the interface is set to a 
different value a' at time t=0 by imposing a voltage step on top of the OCV. The volume of 
the sample is allowed to reequilibrate with the interface by a diffusional process. The rate 
of transport of the oxygen addition or deletion from the sample by solid state diffusion is
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monitored by measuring the cell current as a function of time. It has been shown 
elsewhere, that the solution to the current-time behaviour under these conditions has two 
approximations relating to short or long times [2,3].

According to the short time approximation the cell current is a linear function of t_1/2. The 
chemical diffusion coefficient D of the electroactive species in the sample material is 
obtained from the slope S of the cell current, plotted as a function of t_1/2, as follows :

D = [S * (Vm7ri/2) * l/(AzF) * ((8E/8y)/AE)]2 (1)

Here, Vm is the molar volume of the sample substance, A is the geometrical contact area 
between the sample and the electrolyte, z is the charge number of the electroactive species, 
and F is the Faraday constant. AE is the applied potential step. 8E/8y is the slope of the 
open circuit voltage as a function of the stoichiometric number y of the electroactive 
species, i.e. the local slope of the coulometric titration curve. (In this case : y= 3-8) 
Assuming that the slope is constant within the composition range of an experiment, 1/Ay
can be substituted for ((8E/8y)/AE). Ay is calculated from the total charge flux per 
experiment.

The long time approximation is given by :

ln(I) = ln{ (2azF)*l/(LVm)*(AE/(8E/8y))*D] - (1.071/L2) * D * t (2)

The chemical diffusion coefficient may be determined from either the intercept or the slope 
of ln(I) plotted as a function of time. In the latter case only the sample thickness L is 
needed as an additional parameter to obtain D.

By carrying out the potentiostatic step experiment until equilibrium is attained, and 
repeating it at stepwise increasing or decreasing voltages, the diffusion coefficient can be 
obtained as a function of the oxygen activity in the sample. At the same time a point of the 
equilibrium coulometric titration curve is obtained during each experiment. The slope of 
the coulometric titration curve can be used to calculate the ’’thermodynamic enhancement 
factor" Sln(a)/Sln(c) [2] :

8ln(a)/8ln(c) = (zqy/kT) * (8E/8y) (3)

By this factor the diffusion is enhanced if a composition gradient is present in the sample.

EXPERIMENTAL

A single crystal slab of 10 m% Y2O3 stabilized zirconia of about 12 mm in diameter and 
0.6 mm in thickness was used as solid oxide electrolyte. Both faces of the zirconia slab 
were polished to mirror shine using 1 micron diamond paste. A porous platinum electrode 
layer was deposited on one face using Hanovia platinum paste.
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The sample was a sintered pellet of (Lao.79 Sro.20) Mn03_g. The mass of the pellet was 
0.2 g, the thickness L was 1.7 mm and the cross sectional area, which equals the 
geometrical contact area between the pellet and the zirconia slab, was 0.2 cm2. One face of 
the pellet was polished by using 6 micron diamond paste.

All the other external surfaces of the pellet were covered by a layer of gold using Hanovia 
paste which was subsequently fired at 850°C in air. The uncoated surface of the pellet was 
then pressed by a spring mechanism on to the bare face of the zirconia slab. A platinum 
foil electrode 12 mm in diameter was pressed against the gold coated back side of the pellet.

The gold layer was intended to act as a diffusion barrier for oxygen. In order to provide 
further sealing of the sample volume and to prevent air from leaking into the 
zirconia/sample interface, the volume remaining around the sample between the Pt foil and 
the zirconia slab was filled with Pyrex powder. The setup was then fired in air at 850°C in 
order to consolidate the Pyrex and kept at temperatures of 700°C and above during the 
subsequent diffusion measurements.

Diffusion measurements were carried out at temperatures between 700°C and 860°C. 
Voltage steps of typically lOOmV were applied to the cell. The sample was kept at 
negative potentials versus the Pt/air electrode - i.e. at oxygen activities below 0.21 atm. The 
maximum voltage applied was 400mV, corresponding to oxygen partial pressures of 3* 10_ 
9 atm and 1.5* 10-8 atm at 760°C and 860°C, respectively. Usually oxygen was depleted 
from the sample. For some experiments the cell was shortcircuited and the sample thus 
replenished with oxygen to reach equilibrium with the atmospheric oxygen pressure again. 
A summary of the experimental conditions and results is given in Table 1.

RESULTS AND DISCUSSION

The validity range of the short time approximation given by equation (1) was determined 
from log/log plots of the current/time behaviour. A dependence of the form I=x*t_1/2 was 
found for time intervals of roughly 2000 to 20,000 sec at 700°C, varying to about 300 to 
3000 sec at 860°C. An exponential current decay according to equation (2) was found at 
times t>30,000 sec (8h) at 700°C and t>10,000 sec (3h) at 860°C. The diffusion 
coefficients for "long times" given in Table 1 were calculated from the slope of the ln(I)/t 
plot.

The diffusion coefficient for oxygen in (Lao.79Sro.2o)Mn03_5 is of the order of 10’7 
cm2/sec at 700°C and reaches values of 10-6 cm2/sec at 860°C. It increases by a factor of 5 
(short-time results) to 9 (long time results) in that temperature range. This corresponds to 
an activation energy of 1.0 to 1.3 eV (22 to 30 kcal/mole) for the diffusion of oxygen in 
this material. It should be noted that the diffusion coefficient also depends strongly on the 
oxygen partial pressure, generally decreasing as the oxygen partial pressure decreases. It 
was observed that its value varies considerably within a voltage step of 100 mV. This may 
account partially for the observed scatter in the diffusion data in an Arrhenius plot. 
Measurements using voltage steps smaller than lOOmV should yield the activation energy 
with less scatter.

216



The diffusion coefficients obtained from the short time behaviour are systematically smaller 
than those obtained from the long time behaviour. This may be due to the contact 
resistance between the sample and die electrolyte. A high contact resistance will cause an 
ohmic voltage drop at the interface and thus lower the effective activity step. This, 
however, affects only the short time behaviour. In any case, the results from the short and 
the long time behaviour are of the same order of magnitude and show the same trends as 
functions of temperature and oxygen partial pressure.

The thermodynamic enhancement factor for the chemical diffusion of oxygen is of the order 
of 104. This is a comparatively high number. Enhancement factors of this order of 
magnitude were observed earlier for the diffusion of Li in LisSb and for the diffusion of Cu 
in G12S and Ag in Ag2S [4].

ACKNOWLEDGEMENTS

The authors would like to thank Dr. H. U. Anderson from the University of Missouri at 
Rolla for providing the samples used in these experiments.
Financial support from the Gas Research Institute is gratefully acknowledged.
One of us ( A. Belzner) also received partial support from the Alexander von Humboldt- 
Stiftung, Bonn, West Germany, in the form of a Feodor Lynen Fellowship.

REFERENCES

1. J. O. Bockris and T. Otagawa, J. Electrochem Soc. 131. 290-302 (1984).
2. W. Weppner and R. A. Huggins, Annual Review of Materials Science &, 269-311 

(1978).
3. C. J. Wen, C. Ho, B. A. Boukamp, I. D. Raistrick, W. Weppner and R. A. Huggins, 

International Metal Reviews 5,253-268 (1981).
4. W. Weppner, Solid State Ionics 3 /4 .1-6 (1981).

217



Table 1: Diffusion coefficients and enhancement factors for oxygen in 
(Lao.79Sro.2o)Mn03_§

T AE Dshort times Dlong times dE/dy dln(a)/dln(c)
[°q [V] [cm2/sec], * 107 [V]

700 42.5 ->140 1.0 3.5 444 32,000
140 -> 240 3.8 7.4 1140 81,000

760 0 -> 100 2.5 8.8 249 17,000
100 ->200 5.5 15 339 23,000

200 -> 300 3.3 9.8 307 21,000
300 -> 400 2.2 5.3 280 19,000

780 21.3 ->0 6.8 10 257 17,000

815 24 -> 0 7.5 8.1 202 13,000
0 -> 100 3.8 0.96 142 9,100
100 ->200 1.4 3.1 114 7,300

860 0 -> 100 12 17 139 8,600
100 -> 200 4.3 13 94 5,800
200 -> 300 1.8 8.8 84 5,200
300 ->400 0.28 4.5 47 2,900
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Fig. 1 Assembly of the solid state electrochemical cell
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STRUCTURAL, SINTERING AND ELECTRICAL 
PROPERTIES OF THE PEROVSKITE-TYPE 

(La, Sr) (Cr, Mn) O3
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University of Missouri-Rolla, MO, 65401

ABSTRACT

The LaCrx.xMnxO3 system has been investigated to determine the 
best composition for high temperature electrode and fuel cell 
interconnector applications. Structural studies were made using 
a Rietveld pattern-fitting structure-refinement algorithm with 
X-ray powder diffraction data. The pattern fitting nature of this 
technique aided in the identification of phases and allowed for 
precise determination of the lattice parameters for the 
component phases. For compositions annealed at temperatures 
below 1200°C a single orthorhombic phase was found for 
x < 0.55 while a single rhombohedral phase existed for x > 0.60. 
A mixture of the two phases existed for intermediate 
compositions. Lattice parameters were shown to vary smoothly 
as a function of atomic substitution.
Sintering studies were done in air at temperatures below 
1500°C. Significant improvement in densification was observed 
with substitution of 50% Mn for Cr. A density of 95% 
theoretical was achieved with the substitution of 70% Mn for 
Cr.
Electrical conductivity (d.c.) measurements were made as a 
function of temperature and oxygen activity. A t 1000°C and 1 
atm. O2 the electrical conductivity measurements ranged from 
2.2 S/cm to 20 S/cm for the compounds LaCr06MriQAO3 and 
LaQ9Sr0ACrQ2M ^ O 3 , respectively. The conductivity showed 
thermal activation for all compositions. The activation energy 
increased as Mn was substituted for Cr in LaCrO3 to a 
maximum at 20% Mn, and then decreased to its original value 
as the Mn content increased beyond 30%. The concentration of 
carriers was directly proportional to the Sr and Mn content 
under oxidizing conditions. A sharp decrease in the 
conductivity occurred for oxygen activity of less than 
approximately 1013 at 1000°C. A positive sign Seebeck 
coefficient was observed for all the compositions indicating 
p-type conductivity. The Seebeck coefficient was nearly
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temperature independent and decreased linearly with 
substitution of Mn for Cr. Calculated carrier mobilities 
indicated that the substitution of Mn for Cr significantly 
decreased the carrier mobility. The substitution of Sr for La did 
not significantly increase the carrier concentration, but did 
increase the carrier mobility.

I.INTROD U CTIO N

Over the past decade, because of promising applications as electrode 
materials for high temperature devices, the perovskite type oxides LaMnO3 and 
LaCrO3 have received a great deal of attention. The main use of LaMnOz and 
LaCrO3 has been as an electrode and interconnector material for M HD power 
generation and high temperature fuel cells, respectively. However, LaCrOz with 
dopants (such as Mg, Sr, Al, and Ni) is difficult to densify even at temperatures 
as high as 1800°C and has relatively low electrical conductivity (less than 1 S/cm 
at 1000° C and oxygen activity of 1016 )(1). LaMnO3 doped with Sr has been 
used as cathode for fuel cells (2). The electrical conductivity of Sr-doped 
LaMnO3 in an oxidizing atmosphere is very high (190 S/cm at 1000°C ) (3), 
however, it dissociates at 1000°C and an oxygen activity of 10II. * * * 15. Other 
perovskite structure oxides such as LaNiOz and LaCoOz have also been 
investigated as high temperature electrodes but, at 1000°C and in reducing 
conditions these oxides are also unstable to dissociation (4). The addition of Cr 
to those oxides has been suggested as a method of increasing the stability of 
those oxides towards reduction. However, the addition of Cr has two negative 
effects; the electrical conductivity is decreased and the ability to sinter such 
oxides diminishes as the Cr content increases. However, it has also seen that 
stability against reducing is improved at high Cr content {La^zSrQ2CrQlNi{i2O^
(5).

In this study the substitution of Mn for Cr was investigated to see if 
both electrical conductivity and sinterability of LaCrO^ could be improved 
without the deterioration of the stability under reducing condition. The purpose 
of this work was to develop an interconnector for solid oxide fuel cells by 
combining the desirable properties of LaCrO^ and LaMnO^ , and to gain an 
understanding of the effect of different cation substitutions on the properties.

II. EXPERIM ENTAL PROCEDURE

A number of compositions of LaCrOz - LaMnO3 based powders were
prepared using the liquid-mix process (6). Each composition was prepared by
dissolving predetermined amounts of La carbonate, Mn carbonate, Sr 
carbonate, and a Cr containing solution in citric acid and ethylene glycol. The
mixtures were heated on a hot plate at about 95°C until polymerization 
occurred. Subsequent heating at higher temperatures resulted in the 
decomposition of the polymer resin and allowed conversion into the desired 
oxide. Final calcination was done at 85O°C for 8 hours. To insure tha t the 
synthesis was correct, each composition was subjected to X-ray diffraction
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analysis using a General Electric XRD-700 X-ray diffractometer scanned at a 
rate 1° 2 8 /min. In order to improve the X-ray diffraction patterns, a number 
of the compositions were reheated to 1200°C for 4 hours. This treatment 
increased both the crystallinity and the grain size of the powders (grain size 
increased from 0.1 p m to 1.0 p m). X-ray diffraction patterns from these 
powders were subjected to the Rietveld structural refinement procedure in order 
to determine lattice parameters and phases. For the electrical conductivity and 
sintering studies, some of the powders were pressed into bars with the aid of a 
PVA and water binder. A compaction pressure of 1075 kglcm2 yielded 1.0 x 0.6 
x 1.5 cm3 bars with a green density about 40% of theoretical. Densification was 
carried out at 1475°C for 11 to 48 hours in a SiC heated box furnace. Bulk 
densities were measured using xylene as a saturating liquid. Scanning electron 
micrographs of the polished surface of sintered compounds were taken with a 
model JEOLCO JSM -35 CF scanning electron microscope.

Electrical conductivity (d.c) and the Seebeck coefficient measurements 
were measured on (03x0.3x1.5 cm3) rectangular shaped specimens which were 
electroded with Pt paste. The specimens were then mounted between two 
platinum blocks. Platinum- 10% Rh/Pt thermocouples were used to measure the 
temperature a t the both ends of the specimens. A Pt wire heater was wound on 
the lower end of the holder in order to generate a temperature gradient along 
the vertical direction. Three sets of specimens and holders were inserted into a 
MoSi2 furnace in which atmospheric control was achieved by using flowing gas 
mixtures composed of either O2- N2 or CO2 - forming gas (10% H2-9Q N 2). A 
stabilized zirconia oxygen sensor was used to monitor the oxygen partial 
pressure of the gas mixture. The Seebeck coefficients were determined by 
measuring temperature gradients and thermal emf's through the common leads 
of the thermocouples. Electrical conductivity measurements were made using a 
two-probe, four-wire Kelvin technique in which two leads carry the current 
(1mA) and the other two measure the voltage drop. The measurements were 
made using a data logger, (A Hewlett Packard 3497A data acquisition/control 
unit) which employs a HP-85 computer both as a control and readout device. 
More details on this apparatus are available in Ref. 18.

III. RESULTS AND DISCUSSION

A .STRU CTU RA L STUDIES (RIETVELD REFINEM ENT)

The Rietveld technique (7,8) of pattern-fitting-structure-refinement 
was used to determine precise values of the lattice parameters and assay the 
phase/composition of selected specimens. This technique is based on the ability 
to calculate an X-ray powder diffraction pattern when the structural parameters 
for respective phases are known. Figure 1 shows the phase/composition 
relationship obtained using this refinement procedure. Results showed the 
existance of a single orthorhombic phase when the system has Mn content (x) 
less than 0.55 moles while a single rhombohedral phase existed when the Mn 
content (x) was greater than 0.60 moles. A mixture of the two phases was found 
for intermediate compositions.
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The parameters obtained for the orthorhombic and rhombohedral 
phases examined in this study exhibit a large number of overlapping and 
otherwise unresolved diffraction lines. For this type of overlapping the Rietveld 
technique has two major advantages. The first advantage is that it generates 
the correct number of lines to fit the observed diffraction patterns and 
constrains their positions based on the values of the lattice parameters for the 
respective phase. The second advantage in using this technique arises from the 
number of data points (observations) used in refining the variables of interest. 
Estimates of the lattice parameters are obtained using all the information 
available over the region of the scan; this includes overlapping lines. Using this 
procedure, the lattice parameters were calculated for each composition and are 
plotted in Figures 2 and 3 for each region. LaCrOz was found to consist of a 
single orthorhombic phase with lattice parameters a =5.5206(4) A° , 
b = 5.4861 (4) A° and c = 7.7742(8) A° , in excellent agreement with published 
values (9). Lattice parameters are shown to vary smoothly as a function of Mn 
substitution for Cr. The lattice parameters of some compositions calculated 
from the Rietveld program are also listed in Table I. The end member LaMnO^ 
had a rhombohedral structure with lattice parameters a = 5.4724(1) A° and a 
rhombohedral angle 60.582° (1) in agreement with published values (10).

B. SIN TERING  STUDIES

The densification of the various compositions was studied as function 
of Mn content and time at 1475°C in air. The results are listed in Table II and 
illustrated in Figure 4. It was clear that substitution of Mn for Cr improved the 
sinterability of all compositions. At the present time there are no data to 
determine which mass transport mechanism is dominating the densification 
mechanism in the compounds. However, it is certain that Mn substitution for 
Cr in LaCrOz increases the sintered density. The microstructures indicated that 
when Sr was added as an acceptor to improve electrical conductivity, it also 
enhanced the sinterability. Significant improvement in densification was 
observed with substitution of 50% Mn for Cr, and 95% theoretical density was 
achieved with substitution of 70% Mn for Cr. Sintered compounds from the 
rhombohedral region were ground and subjected to X-ray analysis to investigate 
their crystal structures. It was found that they had orthorhombic structure at 
room temperature. This indicated a structural phase transition from 
rhombohedral to orthorhombic structure during the sintering. The cell volume 
change during this transition was from about 117/i° to 234J° which might 
slightly enhance the densification through the Hedval effect (11). However, 
clarification of the mechanism will have to be deferred to future studies.

C. ELECTRICAL CONDUCTIVITY STUDIES

1.TEM PERATU RE D EPENDENCE

D.C. electrical conductivity measurements were made in air over the
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temperature range from 25 to 1200°C. Previous studies on (La, Sr)CrO3 (12) and 
(La, Sr)MnO3 (10) have shown that they have intrinsic p-type conductivity due 
to the formation of cation vacancies with charge being carried by holes via the 
small polaron mechanism.

For the small polaron mechanism, the electrical conductivity (13), can 
be expressed as;

a = (C/T) exp ( -E /k T ) .................... ( 1 )

where C is both a charge carrier concentration and material constant, T is the 
absolute temperature, E is the activation energy , and k is Boltzmann's constant. 
Therefore, for materials which obey the small polaron mechanism, a plot of log ( 
o T) versus 1 /T  gives a straight line whose slope is proportional to the activation 
energy.

The electrical conductivity data for LaCrhxMnxO3 and 
Lc^3Sr0ACrVxMnxO3 are shown in Figures 5 and 6, respectively, as log ( o ) 
versus reciprocal temperature, (dotted lines are taken from Ref. 14 for x = 0.0 
and Ref. 10 for x=1 .0) The data were similar in both systems with an order of 
magnitude drop in the conductivity when a small amount of Mn was substituted 
for Cr. The electrical conductivity values lie between those of LaCrO3 and 
LaMnO3 when about 40% Cr was substituted by Mn in LaCrx_xMnxO3. Figures 7 
and 8 are typical Arhennius plots of log ( a T) versus reciprocal temperature. 
These plots are in excellent agreement with the linear behavior predicted by 
E q .l. The activation energies for motion of charge carriers determined from 
Figures 7 and 8 are plotted in Figure 9 as a function of Mn content. The 
activation energy increased with Mn content to a maximum at 20% Mn 
(conductivity is minimum) and then decreased to its original value as the Mn 
content was increased to above 30% . The activation energies for conduction in 
LaCrl.xMnxO3 were calculated to be 0.48, 0.34, 0.27, 0.21 eV for x = 0.2, x = 0.3, 
x = 0.4 and x = 0.6 »respectively. Additional Sr content beyond 10% did not 
significantly alter the activation energies.

Seebeck measurements were made to determine the type and 
concentration of charge carriers. Figures 10 and 11 are the Seebeck coefficients 
versus temperature for L a C r ^ M n ^  and L a ^ r M C r l.xMnxO3. In both systems, 
the substitution of Mn for Cr significantly decreased the Seebeck coefficients. A 
substitution of 20% Mn for Cr in both systems changed the temperature 
dependence to a nonlinear behavior. As the Mn substitution for Cr was 
increased further , the Seebeck coefficients exhibited a temperature independent 
behavior, indicating that the carrier mobility, rather than the carrier 
concentration, was thermally activated. According to the Heikes formula this 
type of behavior indicates a small polaron conduction mechanism which agrees 
with the electrical conductivity measurements. Using the assumption that only 
one electron is allowed on a given site and both spin and orbital degeneracy are 
negligible yields an expression for the Seebeck coefficient (15);

Q = ( k /e ) { In ((1-x) / x ) + S * / k } ..................( 2 )
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where k is Boltzmann's constant, e is the unit charge, x is the the fraction of 
hopping sites which are occupied and S* is the vibrational entropy associated 
with the ions surrounding a polaron on a given site. This equation leads to a 
temperature independent Seebeck coefficient. Usually, the entropy S* is small 
enough to be negligible, therefore, the Seebeck coefficient depends only on the 
concentration term. Using the Seebeck data and Heikes formula, the fraction of 
hopping sites at 1000°C were calculated as a function of Mn content (Figure 
12). As can be seen the occupied fraction of hopping sites increased as Mn 
content increased, indicating that conduction was taking place in the partially 
filled A/n3+ conduction band. If this was not the case, an increase in 
conductivity should be expected as Mn content increased. This supposition is 
supported from the results obtained from the activation energy variation as a 
function of Mn content (Figure 9). It has been shown that the activation energy 
for hopping polarons is inversely proportional to the separation distance 
between polaron sites (16). A t low Mn content, the activation energy increased 
as a result of the large separation between Mn ions. When the Mn content 
increased the activation energy decreased due to the decrease in separation 
distance between Mn ions. The observed weak temperature dependence of the 
Seebeck coefficient implies that the carrier concentration is not a strong function 
of temperature. Therefore, the temperature dependence of electrical conductivity 
would be largely dependent on the mobility of charge carriers. Additional Sr 
substitution for La in LaCrx.xMnxO3 compounds did not alter either the 
temperature dependence or the Seebeck coefficients of these compounds. 
However, according to the concept of controlled valence theory, the increase of 
acceptor concentration in p-type materials will create increased charge carrier 
concentration Seebeck coefficients measured in the high temperature region for 
Sr-doped compounds were found to be close to those of undoped ones. It may 
be concluded that additional Sr substitution for La in the Mn doped compounds 
does not create additional charge carriers as expected from the theory. 
Therefore, the electrical conductivity of these perovskite-type oxides is 
dominated by the mobility rather than the carrier concentration.

2.QXYGEN ACTIVITY DEPENDENCE

The d.c. electrical conductivity measurements for LaCrQAM r^eO3, 
LaQ9SrQACr0AMnQ6O3 and LaQ9Sr0ACr06MnQAO3 were made as a function of oxygen 
activity at 1000oC. The resuits are shown in Figure 13. In Figure 13, 
Lao.9^ro .i^ ^ 3  an<J LaCr095Mg0Q5O3 data are included for comparison. They are 
taken from Ref. 10 and Ref. 14, respectively. Seebeck measurements were also 
made as a function of oxygen activity at 1000°C for some compositions. It was 
found that the Seebeck coefficients were always positive even after the 
compounds decomposed. A t 1000°C with decreasing oxygen activity, the Seebeck 
coefficients increased to a maximum then started decreasing as a result of 
structural decomposition. The critical oxygen activity for compounds were 
observed to be close to those for LaMnO3 (About 1015 atm. at 1000°C). An 
initial drop in the electrical conductivity of compounds was observed as oxygen 
activity was decreased. This m ust be due to the reduction in the number of

225



charge carriers as oxygen vacancies were introduced. This was confirmed by the 
oxygen activity dependence of the Seebeck coefficient at 1000°C. Figure 14 
shows the experimental evidence of such a relationship between conductivity 
and Seebeck coefficient for LaQ9SrQACr06MnQAO3. As can be seen in Figure 14 , 
the Seebeck coefficient increased and the electrical conductivity decreased with 
decreasing oxygen activity. This was true until decomposition occurred.

3.M OBILITY OF CHARGE CARRIERS

The mobility of charge carriers can be determined by combining the 
Seebeck and electrical conductivity data. Since the Seebeck coefficients were 
positive, the electrical conductivity is assumed to be due to holes only. The 
electrical conductivity for holes is given by;

a  = (A jV M) p e v .......................................... ( 3 )

where Av is Avogadro number, is the molar volume, p is the molar fraction 
of holes, e is the unit charge and p is the hole mobility. The Seebeck coefficient 
for holes can be represented by;

Q = ( k/e ) { In ( N ^ A j )  } ...............( 4 )

where k is Boltzmann constant and Nv is the density of states. Assuming that 
S* is negligible, combining Eq. 3 and 4 and rearranging yields a mobility term;

M = ( a I Nv e ) exp ( Qe/k ) .................... ( 5 ).

Using the information obtained from a structural refinement procedure (Table 
I), the density of states was calculated for each composition. Using these values 
for the density of states and the experimental data, the mobility of charge 
carriers for compounds were calculated from Eq. 5 as function of temperature 
and Mn content. The results from these calculations are shown in Figures 15 
and 16. The mobilities of charge carriers are tabulated in Table III. These 
results indicate that the mobility was significantly decreased by Mn substitution 
for Cr and increased by the substitution of Sr for La. Electrical conductivity 
and Seebeck results indicate that the electrical conductivity in these compounds 
(La,Sr)(CrJWri)O3 is dominated by the mobility of charge carriers rather than by 
the carrier concentration.

Note that the mobility of charge carriers for these perovskites are only 
approximate, since the Heikes formula which assumed that both spin and 
orbital degeneracy were negligible was involved in the calculation. The real 
situation may be more complicated than that described by Heikes formula. 
However, these small mobility values are consistent with the criteria given by 
Goodenough (17). For the small polaron mechanism, the mobility can be 
expressed as;

M =  (A /T )exp(-W H/k T ) ..........................(6)
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where A is the pre-exponential factor depending on the fraction of hopping 
sites, T is the absolute temperature, k is the Boltzmann constant and WH is the 
activation energy for hopping. A straight line is expected in a Ln ( p T) versus 
reciprocal temperature plot if conduction obeys the small polaron mechanism. 
Figures 17 and 18 show the data for compounds plotted according to Eq. 6. 
Using these plots, the activation energy for carrier hopping in {LaCrx.JAnxO^ 
were calculated as 0.63, 0.30 and 0.21 eV for x = 0.2, x = 0.4, x = 0.6, 
respectively. From the Seebeck and conductivity data, it can be concluded that 
carrier mobility rather than the carrier concentration is thermally activated, and 
the activation energies for hopping obtained from the mobility data increases 
with Mn content, rises to maximum where the mobility is minimum, and then 
decreases back to its original value as Mn content increased above 30%. This 
behavior was similar to that observed from the electrical conductivity data. 
Note that within the accuracy of the measurements these activation energies for 
hopping are the same as those calculated from the electrical conductivity which 
is given in Figure 9. Data obtained from both mobility and electrical 
conductivity data is shown in Figure 19 for comparison.

IV. CONCLUSION

The LaCrOz - LaMnO3 system forms a solid solution. A single 
orthorhombic phase was found for substitution of less than 55% Mn for Cr, a 
single rhombohedral phase existed for substitution of greater than 60% Mn for 
Cr, and a mixture of two phases for the intermediate compositions. Lattice 
parameters were shown to vary smoothly as a function of substitution. Mn 
substitution for Cr significantly improved the sinterability. Densities above 95% 
TD were achieved at 1475°C for the composition La^Sr^ The
electrical conductivity and Seebeck data were interpreted by a smali polaron 
mechanism. The carrier mobility rather than carrier concentration is thermally 
activated. Electronic conduction occurs in the M ri^  conduction band when 
there is as much as 20% Mn substitution for Cr. Substitution of Mn for Cr 
significantly decreased the carrier mobility. Additional Sr substitution for La did 
not result in an increase in the carrier concentration ,but in the carrier mobility 
of the resulting ceramics.
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Figure 1. The phase/composition relationship obtained using the 
refinement procedure.
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Figure 3. Lattice parameter in the rhombohedral region.
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Figure 4. Sintering behavior of the compounds as a function of Mn 
content.
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Figure 5. The electrical conductivity of compounds LaCr|_xMnx°3 
as a function of temperature.

Reciprocal Temperature (10000/K )

Figure 6. . The electrical conductivity of compounds La ^Sr jCri_xMnx°3
as a function of temperature.
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Figure 9. Activation energy for conductivity vs. Mn content 
(La , Sr )Cr^ (calculated from conductivity data)..
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Figure IQ . Seebeck coefficient of compounds as a function of 
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Figure 11. Seebeck coefficient of compounds as a function of
temperature (La nSr . Cr, Mn 0„)..9 .1 1-x x 3

Temperature (K)

Figure 12 . Calculated fraction- of hopping sites (occupied) as a
function of Mn content at 1000 C (La.Sr)Cr, Mn 0. .1-x x 3
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Temperature, °C

Figure 16. Mobility of compounds as a function of temperature 
«'a .9Sr.lCr1,xMnx°3>-

Reciprocal Temperature (10000/K)

Figure 17. Ln (jiT) vs. reciprocal temperature for LaCr^_^Mn^O^.
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STABILITY OF PEROVSKITE OXIDE ELECTRODE 
WITH STABILIZED ZIRCONIA

0 . Yamamoto, Y. T ak ed a , R. Ranno and  T. K o jima 
D ep a rtm en t o f  C h e m is try , F a c u l ty  o f  E n g in e e r in g

Mie U n iv e r s i t y  
T su , 514 J a p a n

ABSTRACT

H ig h  t e m p e r a t u r e  i n t e r a c t i o n s  b e t w e e n  
y t t r i a - s t a b i 1 i z e d  z i r c o n i a  a n d  l a n t h a n u m  
m a n g a n ite ,  w h ich  a r e  th e  p rim e  c a n d id a te s  f o r  th e  
e l e c t r o l y t e  and  th e  a i r  e l e c t r o d e  m a t e r i a l  f o r  
s o l i d  o x id e  f u e l  c e l l s ,  r e s p e c t i v e l y ,  h av e  been  
i n v e s t i g a t e d .  The p e l l e t s  p r e p a r e d  by p r e s s i n g  a 
pow der m ix tu re  o f  Zr02 w ith  8 m ole % Y2O3 (8YSZ) 
and ( L a ,S r ) i _ xMn03 w ere a l lo w e d  to  r e a c t  in  open 
a i r  a t  1 2 0 0 - 1 3 5 0  °C a n d  a n a l y z e d  b y  X - r a y  
d i f f r a c t i o n  to  exam ine  th e  r e a c t i o n  p r o d u c t s .  At 
1 200 °C, s t o i c h i o m e t r i c  LaMnC>3 r e a c t e d  w ith  8YSZ 
and  p ro d u c e d  La2Zr20y w ith  th e  r e a c t i o n  tim e  o f  
24h . On th e  o th e r  h a n d , no r e a c t i o n  p r o d u c t  was 
o b s e r v e d  f o r  t h e  m i x t u r e  o f  La d e f i c i e n t  
L a o .8 Mn03 and  8YSZ f o r  192h a t  1 200 °C. At a much 
h i g h e r  t e m p e r a t u r e  o f  1 300  °C , L a 2 Z r2 O 7  w as 
o b s e r v e d  i n  a l l  t h e  m i x t u r e s  o f  
(L a , S r ) 1 _xMnO3(x = 0 -0 .2 )  and 8YSZ f o r  50h , b u t  th e  
r e a c t i o n  k i n e t i c s  f o r  t h e  L a  d e f i c i e n t  
La1 -x Mn03 an<3 8YSZ was s lo w e r .

1. INTRODUCTION

H igh t e m p e r a tu r e  s o l i d  o x id e  f u e l  c e l l s  (SOFC) hav e  
e x c e p t io n a l  p o t e n t i a l  f o r  e l e c t r i c  pow er g e n e r a t i o n  b e c a u s e  
o f  th e  s i m p l i c i t y  o f  sy s tem  d e s ig n  and  th e  a v a i l a b i l i t y  o f  
h ig h  q u a l i t y  b y - p r o d u c t  h e a t .  H o w e v e r , t h e r e  a r e  many 
m a t e r i a l  p ro b le m s  re m a in in g  to  be s o lv e d  to  o b t a in  a h ig h  
p e r f o r m a n c e  f u e l  c e l l ,  a r i s i n g  f ro m  t h e  h ig h  o p e r a t i n g  
t e m p e r a t u r e  o f  1000  °C . The m o s t s i g n i f i c a n t  m a t e r i a l  
l i m i t a t i o n  a t  p r e s e n t  i s  im p o s e d  by  t h e  c a t h o d e  a n d  t h e  
c a t h o d e  l e a d s  b e c a u s e  o f  t h e  h ig h  c o r r o s i o n  e f f e c t  o f  
oxygen  a t  w o rk in g  t e m p e r a tu r e .  The com plex  o x id e s  i n  th e  
p e r o v s k i t e  f a m i l y  h a v e  b e e n  e x t e n s i v e l y  e x a m in e d  a s  t h e  
c a t h o d e  f o r  S O F C ( 1 - 3 ) .  A f t e r  m o re  t h a n  t w e n t y  y e a r s  
i n v e s t i g a t i o n ,  t h e  f a v o u r e d  c a t h o d e  m a t e r i a l  f o r  SOFC
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sy s te m  w ith  Y2O3 s t a b i l i z e d  z i r c o n i a  (YSZ), w h ich  i s  th e  
b e s t  c a n d i d a t e  a s  t h e  e l e c t r o l y t e  a t  p r e s e n t  s t a g e ,  i s  
s t r o n t iu m -d o p e d  la n th an u m  m a n g a n ite  Lai _x S rx MnC>3, b e c a u se  
o f  th e  h ig h  e l e c t r i c a l  c o n d u c t i v i t y , th e  good c o m p a t i b i l i t y  
w ith  YSZ, and  th e  c a t a l y t i c  a c t i v i t y  f o r  th e  d i s s o c i a t i o n  
o f  o x ygen  m o le c u le s  ( 4 - 5 ) .  A lth o u g h  La ĵ _x S rxMnO3 i s  w id e ly  
u se d  to d a y ,  c a th o d e  m a t e r i a l s  w ith  im proved  r e a c t i v i t y  w ith  
YSZ a r e  s t i l l  r e q u i r e d .  I n  a p r e v i o u s  p a p e r  ( 6 ) ,  t h e  
i n t e r a c t i o n s  b e tw een  8YSZ and  th e  p e r o v s k i t e - t y p e  o x id e s  
La 1 _ XS r x M03 ( M = C r , Mn, F e ,  C o) s p u t t e r e d  o n  i t  w e r e  
ex a m in e d , and th e  r e a c t i o n  p r o d u c ts  o f  La2Zr2O7 and  Sr2ZrO4 
w ere  o b s e rv e d  f o r  th e  sa m p le s  a n n e a le d  a t  1100°C f o r  15h in  
o p e n  a i r .  The c a t h o d i c  p o l a r i z a t i o n  ( p o l a r i z a t i o n  f o r  
o x y g e n  r e d u c t i o n )  o f  t h e  La-j _x S r x MO3 e l e c t r o d e s  i n  a i r  
v a r i e d  d e p e n d in g  on  t h e  p r e - a n n e a l i n g  t e m p e r a t u r e  and  
p e r i o d .  In  th e  c a s e  o f  th e  L a g . 7 S rg . 3MnC>3 e l e c t r o d e ,  th e  
o v e r p o t e n t i a l  f o r  t h e  o x y g e n  r e d u c t i o n  a t  800 °C w as n o t  
a f f e c t e d  s i g n i f i c a n t l y  w i t h  t h e  a n n e a l i n g  p r o c e s s  a t  
1 000 °C, and in c r e a s e d  r a p i d l y  w ith  a n n e a l in g  p e r io d  a t  th e  
a n n e a l in g  te m p e r a tu re  o f  1100 °C. Lau and  S in g h a l  r e p o r te d  
th e  r e a c t i v i t y  o f  L ag . g S rg . 1 MnC>3 w ith  ZrO2~10 m ole % Y2O3 
(10YSZ) ( 7 ) .  At 1000°C f o r  1728 h , a  compound La2Zr2O7 was 
o b s e r v e d  a s  m in o r  p h a s e  a n d  a q u a t e r n a r y  Z rO 2• Y2O3«MnO£ 
LaO y s o l i d  s o l u t i o n  a s  t h e  m a j o r  o n e ,  a n d  a t  1 4 0 0  °C, 
L a 2 ^ r 2 ° 7  w as fo u n d  a s  t h e  m a jo r  p h a s e .  M ore r e c e n t l y ,  
D ok iya e t  a l .  h av e  p ro p o se d  t h a t  r e a c t i v i t y  o f  la n th an u m  
d e f i c i e n t  (L a , S r ) _xMnC>3 w ith  8YSZ c o u ld  be lo w e r  com pared 
w ith  t h a t  o f  th e  s t o i c h i o m e t r i c  (La,Sr)M nO 3 w ith  8YSZ ( 8 ) .  
I n  t h i s  s t u d y ,  t h e  r e a c t i v i t y  o f  ( L a , S r  ) 1 _ x MnO3 
( x = 0 -0 .2 )  w ith  8YSZ h a s  b ee n  exam ined  in  m ore d e t a i l  w ith  
th e  h e lp  o f  X -ray  d i f f r a c t i o n  a n a l y s i s .

2 . EXPERIMENTAL

The p e r o v s k i t e - t y p e  o x id e s  ( L a , S r ) q _xMnC>3 (x = 0 - 0 .2 ) 
w ere  p r e p a r e d  from  La2C>3 ( c h e m ic a l  g r a d e ) ,  SrCOg (c h e m ic a l 
g r a d e ) ,  a n d  M n2O3+ x ( c h e m i c a 1 g r a d e ) .  To a v o i d  w a t e r  
c o n t a m i n a t i o n ,  c o m m e r c i a l l y  a v a i l a b l e  La2C>3 w as f i r s t  
h e a te d  up  to  1 000 °C b e f o r e  q u e n c h in g  to  room te m p e r a tu r e .  
The o x y g e n  c o n t e n t  o f  t h e  s t a r t i n g  m a t e r i a l  Mn2C>3+x was 
d e te r m in e d  by c h e m ic a l m ethod  t o  be 3 .0 1 .  The m ix tu r e s  o f 
La2C>3, SrCOg and Mn2C>3+x w ere  g ro u n d  and f i r e d  i n  open  a i r  
a t  1300 °C f o r  12 h . The r e a c t i o n  p r o d u c ts  w ere  th e n  g round  
th o r o u g h ly .  The BET s p e c i f i c  s u r f a c e  a r e a  was 0 .2 - 0 .3  m ^/g . 
Y t t r i a - s t a b i l i z e d  z i r c o n i a  c o n t a i n i n g  8 m o le  % Y2O3 was 
o b ta in e d  from  T osoh , J a p a n .  The pow der o f  8YSZ was h e a te d  
a t  1 450 °C f o r  3 h b e f o r e  t h e  r e a c t i v i t y  s t u d y .  The BET 
s p e c i f i c  s u r f a c e  a r e a  w as 0 .2 6 m ^ /g .  The s p e c im e n s  f o r
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r e a c t i v i t y  s t u d i e s  w ere  p r e p a re d  by f i r s t  m ix in g  th e  8YSZ 
an d  ( L a ,S r )1 _xMnO3 pow ders th o r o u g h ly  and  th e n  p r e s s i n g  th e  
pow der m ix tu re  i n t o  1.2cm  d ia m e te r  p e l l e t  u n d e r  a p r e s s u r e  
o f  2 ,5 0 0 k g /c m 2 . T h ese  p e l l e t s  w ere a l lo w e d  to  r e a c t  i n  a i r  
a t  1 200-1 350 °C. A f t e r  r e a c t i o n  th e  sp e c im e n s  w ere  a n a ly z e d  
w ith  th e  h e lp  o f  x - r a y  d i f f r a c t i o n  a n a l y s i s  u s in g  R igaku  
RAD d i f f r a c t o m e t e r  t o  i d e n t i f y  th e  r e a c t i o n  p r o d u c t s .  The 
c o n t e n t  o f  L a2 Z r2 O 7 , w h ic h  w as a r e a c t i o n  p r o d u c t ,  w as 
d e t e r m i n e d  b y  t h e  i n t e n s i t y  r a t i o  o f  x - r a y  d i f f r a c t i o n  
l i n e s  o f  th e  ( 222) p la n e  o f  La2Zr2C>7 and th e  (11 1 ) p la n e  o f  
8YSZ w hich  c o r r e s p o n d  t o  th e  h ig h e s t  d i f f r a c t i o n  l i n e s  o f  
La2Zr2C>7 an d  8YSZ, r e s p e c t i v e l y .  The c a l i b r a t i o n  w as 
d e t e r m i n e d  by  t h e  d i f f r a c t i o n  i n t e n s i t y  r a t i o  o f  t h e  
m i x t u r e s  o f  8YSZ a n d  La2Zr2C>7 p o w d e r s .  A g o o d  l i n e a r i t y  
b e tw e e n  th e  c o n te n t  o f  La2Zr2O7 and th e  i n t e n s i t y  r a t i o  was 
o b ta in e d  in  th e  ra n g e  o f  0 -30  m ole % La2Zr2C>7. La2Zr2C>7 
w as o b ta in e d  by h e a t i n g  a m ix tu re  o f  La2C>3 and  ZrC>2 in  a i r  
a t  1 500°C f o r  7 h .

The e l e c t r i c a l  c o n d u c t i v i t y  o f  La2Zr2C>7 was m easu red  
u s in g  a f re q u e n c y  r e s p o n s e  a n a ly z e r  ( S o l a r t r o n  FRA-1250) 
o v e r  t h e  f r e q u e n c y  r a n g e  1 0 “ 1 t o  6 . 5 x 1 0 3 4 Hz a n d  t h e  
t e m p e r a t u r e  r a n g e  o f  600 t o  1000 C w i t h  p l a t i n u m  p a i n t  
e l e c t r o d e s .  The p e l l e t  o f  La2Zr2C>7 w ith  1.0cm  d ia m e te r  was 
p r e p a r e d  by p r e s s i n g  u n d e r  a p r e s s u r e  o f  2 5 0 0 k g /cm 2 , and  was 
a n n e a le d  a t  1500 °C f o r  3 h .

3 . RESULTS AND DISCUSSION

L a n t h a n u m  m a n g a n i t e  h a s  t h e  p e r o v s k i t e - t y p e  
s t r u c t u r e ,  w h i c h  i s  a m o d i f i e d  c u b i c  s t r u c t u r e .  
S to i c h i o m e t r i c  LaMnC>3, p r e p a re d  from  th e  c o n s t i t u e n t  o x id e s  
b y  f i r i n g  i n  N 2 a t  1 3 0 0  °C , i s  a p e r o v s k i t e  w i t h  
o r th o r h o m b ic  d i s t o r t i o n  ( 9 ) .  A c c o r d in g  t o  W o lla n  an d  
K o e h le r  (10) and Y ake l ( 1 1 ) ,  LaMnC>3 h a s  a  m o n o c l in ic  c e l l  
w i t h  a = c = 3 .9 9 A , b = 3 .8 5 A  a n d  ß  = 9 2 .7  . On a d d i t i o n  o f
CaM nO 3 t h i s  m o n o c l i n i c  d i s t o r t i o n  d e c r e a s e s .  T h e  
rh o m b o h e d ra l s t r u c t u r e  h a s  a l s o  been  fo u n d  by H arw o o d (1 2 ). 
In  th e  LaMnO3~SrMnO3 s y s te m , th e  c u b ic  s t r u c t u r e  was found  
a t  lo w e r Mn^+ c o n c e n t r a t i o n  (12% to  19% ). A t h ig h e r  Mn^ + 
c o n c e n t r a t i o n  a t  f i r s t  a rh o m b o h ed ra l d i s t o r t i o n  d e v e lo p e d  
b u t  d i s a p p e a r e d  a t  35-45% Mn^+ ( 1 3 ) .  Our r e s u l t s  a r e  shown 
i n  F i g .  1 . The o b s e r v e d  x - r a y  d i f f r a c t i o n  l i n e s  o f  t h e  
s t o i c h i o m e t r i c  c o m p o s i t i o n  LaMnO3 w e re  i n d e x e d  by  t h e  
m o n o c l in ic  s t r u c t u r e .  On th e  o th e r  h a n d , th e  L a - d e f i c i e n t  
L a '|_ xMnO3, w here t h e  Mn^+ c o n te n t  i s  i n c r e a s e d ,  was found  
to  be th e  h e x a g o n a l s t r u c t u r e  w ith  a= 5 .5 3 9  and  c= 1 3 .3 5 3  f o r  
L a0 .9 5 MnO3 an<  ̂ w ith  a = 5 .5 3 8  and  c = 1 3 .3 7 0  f o r  L ao .9O Mn° 3 ,  In

244



o r d e r  to  com pare th e  l a t t i c e  p a r a m e te r s  b e tw een  m o n o c l in ic  
and  h e x a g o n a l d i s t o r t i o n ,  th e  p a r a m e te r s  o f  th e  h e x a g o n a l 
s t r u c t u r e  w e re  t r a n s f o r m e d  t o  t h o s e  o f  t h e  r h o m b o h e d r a l  
s t r u c t u r e .  As shown in  t h i s  f i g u r e ,  th e  u n i t  c e l l  volum e 
d e c r e a s e s  w i th  i n c r e a s i n g  x up  t o  x = 0 .1 0 .  G e n e r a l l y ,  
o r t h o f e r r i t e  ty p e  p e r o v s k i t e  LnMC>3, w here Ln and  M s ta n d  
f o r  th e  l a n th a n i d e  and  t r a n s i t i o n  m e ta l s ,  a l s o  show s oxygen  
n o n s to ic h io m e t r y ,  w h ich  d e p e n d s  on th e  p r e p a r a t i o n  m e th o d , 
and  th e  s t r u c t u r e  c h a n g e s  w ith  th e  c o n te n t  o f  o x y g e n . We 
a r e  p r e s e n t l y  s tu d y in g  th e  e f f e c t  o f  th e  oxygen  c o n t e n t .  
Lag e gSro . 1 Mn03 and  Lag . 75S rg  e Mn.03 showed th e  h e x a g o n a l 
s t r u c t u r e .  T h e  c r y s t a l  s t r u c t u r e s  a n d  t h e  l a t t i c e  
p a r a m e te r s  f o r  ( L a ,S r ) - j_ x MnC>3 a r e  sum m arized in  T a b le  I .

The r e a c t i v i t y  t e s t s  o f  t h e  L a i _ xMnO3( x = 0 ,0 . 0 5 ,  
0 .1 0 ,  0 .1 5 ,  0 .2 0 )  w ith  8YSZ and  th e  L ag . 9_x Srg # -| MnO3 (x = 0, 
0 .1 5 )  w ith  8YSZ w ere  c a r r i e d  o u t  a t  1200 , 1250 , 1300 and
1350 °C w ith  v a r io u s  r e a c t i o n  t im e s .  The t y p i c a l  r e s u l t s  a t  
1 2 0 0  a n d  1 3 0 0  °C a r e  s h o w n  i n  F i g .  2 a n d  F i g .  3 ,  
r e s p e c t i v e l y .  The o b s e rv e d  p h a s e s  a f t e r  r e a c t i v i t y  t e s t s  
w ere La2Zr2C>7 and  a s o l i d  s o l u t i o n  o f  YSZ and La2O3 and  / 
o r  MnOx w hich  was c o n f irm e d  by th e  change  in  th e  l a t t i c e  
p a r a m e te r  o f  YSZ. A t 1 200 °C, t h e  s t o i c h i o m e t r i c  LaMnC>3 
r e a c t e d  w ith  8YSZ t o  p ro d u c e  La2Zr2O7 w ith  r e a c t i o n  tim e  
o f  24 h .  T h e  a m o u n t  o f  t h e  r e a c t i o n  p r o d u c t  La2Zr2C>7 
i n c r e a s e s  w i t h  t h e  r e a c t i o n  t i m e .  I n  t h e  c a s e s  o f  
L a g .8 5 MnO3 an<  ̂ L a0 .8 0 MnO3 ' La2 Z r2°7 was n o t o b s e rv e d  w ith  
r e a c t i o n  t i m e  o f  1 92  h .  S t r o n t i u m - d o p e d  l a n t h a n u m  
m a n g a n ite ,  Lag e 9S rg  e -| MnC>3 , a l s o  r e a c t s  w ith  8YSZ t o  p ro d u c e  
L a2 Z r2 O 7 . H o w e v e r, t h e  am o u n t o f  t h e  r e a c t i o n  p r o d u c t  
La2Zr2C>7 w ith  th e  same r e a c t i o n  tim e  was d im in is h e d  w ith  
th e  s u b s t i t u t i o n  o f  S r f o r  L a. At a much h ig h e r  te m p e r a tu r e  
o f  1300 °C, a b o u t 4 m ole % o f  La2Zr2<07 was o b s e rv e d  w ith  
th e  r e a c t i o n  tim e  o f  24 h f o r  th e  c o u p le  LaMnC>3 and  8YSZ, 
th e  am ount o f  w hich  i s  a ro u n d  two t im e s  l a r g e r  th a n  t h a t  a t  
1200 °C. In  th e  c a s e  o f  th e  c o u p le  L a g egMn03 and  8YSZ, no 
r e a c t i o n  p r o d u c t  was fo u n d  w ith  th e  r e a c t i o n  t im e  o f  48 h . 
A f t e r  72 h , a b o u t  0 .7  m ole % o f  La2Zr2O7 i s  o b s e r v e d ,  and  
th e  am ount o f  i t  i n c r e a s e s  w i th  f u r t h e r  r e a c t i o n  t im e .

The l a t t i c e  p a r a m e t e r  o f  t h e  c u b i c  z i r c o n i a  8YSZ 
h e a te d  w ith  LaMnC>3 a t  1 300 °C f o r  24 h , ch an g ed  t o  5 .144A  
from  th e  o r i g i n a l  5 .134A  and w ith  f u r t h e r  r e a c t i o n  t im e  no 
c h a n g e  i n  t h e  p a r a m e t e r  w as  f o u n d .  T h e  l a t t i c e
p a ra m e te r  o f  th e  sy s te m  10YSZ and Lag e 9S rg  . -|MnO3 a t  1 400 °C 
was found  by Lau and S in g h a l  t o  be in  th e  ra n g e  o f  5 .1540A  
(145h) to  5 .1 545A (10 9 8 h ) ( 7 ) .  The o r i g i n a l  l a t t i c e  p a r a m e te r  
o f  10YSZ i s  5 .1 4 4 4 A . The i n s e r t i o n  o f  La i o n s  i n t o  t h e  
c u b i c  ZrC>2 l a t t i c e  w as  f o u n d  t o  h a v e  a n e t  e f f e c t  o f
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e x p a n d in g  t h e  l a t t i c e .  On t h e  o t h e r  h a n d ,  t h e  l a t t i c e  
p a r a m e te r s  o f  8YSZ w ith  L a o .8 5 Mn03 and L a o .8 Mn03 h e a te d  a t  
1 300 °C w ere  o b s e rv e d  to  be i n  th e  ra n g e  o f  5 .137A (24  h) and 
5 .1 4 1 (1 9 2 h ) . The s o l i d  s o l u t i o n  f o rm a tio n  r a t e  o f  8YSZ w ith  
t h e  La d e f i c i e n t  L a ^ _ x MnO3 i s  lo w e r  t h a n  t h a t  w i t h  t h e  
s t o i c h i o m e t r i c  LaMnO3. From o u r  and  L a u ' s r e s u l t s ,  we 
c o u ld  assum e t h a t  La'i _xMnO3 r e a c t s  w ith  th e  c u b ic  z i r c o n i a  
t o  p ro d u c e  th e  s o l i d  s o l u t i o n  and  th e n  th e  s o l i d  s o l u t i o n  
r e a c t s  w ith  La-] _xMnC>3 to  p ro d u c e  La2Zr2C>7 a c c o r d in g  to  th e  
f o l lo w in g  r e a c t i o n  ;

2ZrC>2 + 2LaMnC>3 ----- > La2Zr2O7 + Mn2C>3.

T h e  c o n t i n u o u s  s o l i d - s t a t e  r e a c t i o n  p r o c e e d s  b y  t h e  
d i f f u s i o n  o f  io n s  th ro u g h  th e  r e a c t i o n  p r o d u c t s .  In  t h i s  
c a s e ,  t h e  r a t e  d e te r m in in g  p r o c e s s  may be th e  d i f f u s i o n  o f  
L a ^ + o r  Z r 4+ th r o u g h  La2Zr2C>7. The s o l i d  s t a t e  r e a c t i o n  
k i n e t i c s  w i th  d i f f u s i o n  c o n t r o l  i n  t h e  i d e a l  c o n d i t i o n  
o b e y s  th e  f o l lo w in g  p a r a b o l i c  g ro w th  law  ;

x^ = 2 k t ,

w h ere  x i s  th e  t h i c k n e s s _ o f  t h e  r e a c t i o n  p r o d u c t  l a y e r ,  t  
t h e  r e a c t i o n  t i m e  a n d  k t h e  p r a c t i c a l  r e a c t i o n  r a t e  
c o n s t a n t .  The m ole f r a c t i o n  o f  La2Zr2C>7 v s .  t 1 '2  c u r v e s  
a t  1 250 °C an d  1 350 °C a r e  show n i n  F i g .  4 a n d  F i g .  5 ,  
r e s p e c t i v e l y .  LaMnC>3 a n d  L a g . 9 S rg .1  MnC>3 show  a g o o d  
l i n e a r i t y ,  and LaQ.9MnO3 and  L a o .8 Mn03 a l s o  show a good 
l i n e a r i t y  a f t e r  a n  i n d u c t i o n  p e r i o d .  From  t h e  s l o p e s  o f  
t h e s e  c u r v e s ,  k a t  v a r io u s  t e m p e r a tu r e s  w ere c a l c u l a t e d .  
The te m p e r a tu r e  d e p e n d e n c e s  o f  k a r e  shown in  F ig .  6 . The 
a c t i v a t i o n  e n e r g y  c a l c u l a t e d  f ro m  lo g  k v s .  1 /T  c u r v e s  
c o u ld  be a t t r i b u t e d  to  th e  a c t i v a t i o n  e n e rg y  f o r  d i f f u s i o n  
o f  th e  r a t e  d e te r m in in g  m o b ile  i o n ( 1 3 ) .  As shown in  F ig .  6 , 
t h e  s l o p e s  a r e  a l m o s t  t h e  sa m e  f o r  a l l  t h e  s y s t e m s  
(L a , S r )1 _xMnO3. The a c t i v a t i o n  e n e rg y  i s  c a l c u l a t e d  t o  be 
a b o u t  25 K J/m o le . T h is  a c t i v a t i o n  e n e rg y  may c o r re s p o n d  t o  
t h a t  f o r  t h e  d i f f u s i o n  o f  L a ^ + o r  Z r 4+ i n  L a 2 Z r2 0 y . We 
c a n n o t d i r e c t l y  com pare t h i s  v a lu e  w ith  any o th e r  r e p o r t e d  
v a l u e ,  b e c a u s e  no d i f f u s i o n  d a t a  in  La2Zr2C>7 i s  a v a i l a b l e ;  
h o w ev e r, in  s i m i l a r  sy s te m s  su c h  a s  Z r4+in  (Z r ,C a )O 2 , th e  
a c t i v a t i o n  e n e r g y  i s  a l s o  a b o u t  25 K J /m o le  ( 1 4 ) .  The 
d i f f e r e n c e  in  r e a c t i o n  a c t i v i t y  b e tw e en  th e  s t o i c h i o m e t r i c  
LaMnC>3 and  th e  L a - d e f i c i e n t  L a o .8 Mn03 , e s p e c i a l l y  i n  th e  
i n i t i a l  s t a g e s ,  may be e x p la in e d  by th e  slow  d i f f u s i o n  o f  
La and Mn io n s  in  L aQ .8MnO3 th a n  t h a t  i n  LaMnC^. Lau and 
S i n g h a l  r e p o r t e d  t h a t  Mn a n d  L a  d i f f u s e d  f r o m  
L a g . 9S r 0 .1 Mn03 i n t o  ZrC>2 (Y2O3) w h e re a s  th e  d i f f u s i o n  o f  Zr 
and  Y i n t o  L ag . gSrg . 1 MnC>3 was f ° un^ t o  be n e g l i g i b l e .  The
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s lo w  d i f f u s i o n  o f  La a n d  Mn i o n s  i n  L a g .8 MnO3 c o u l d  be 
e x p la in e d  by th e  much d e n s e r  s t r u c t u r e  o f  L aQ .8MnO3 th a n  
t h a t  o f  LaMnO3 a s  shown in  F ig .  1 .

In  a p r e v io u s  p a p e r ,  we r e p o r t e d  t h a t  th e  c a th o d ic  
o v e r p o t e n t i a l  f o r  th e  s p u t t e r e d  L a^_x S rxM03 (M=Cr ,Mn, Fe , Co) 
a s  oxygen  e l e c t r o d e  in c r e a s e d  w ith  th e  a n n e a l in g  p e r io d  a t  
1 0 0 0 ° C  o r  h i g h e r  ( 6 ) .  T h i s  d e c l i n e  i n  t h e  e l e c t r o d e  
p e r fo rm a n c e  can  be e x p la in e d  by th e  c h e m ic a l r e a c t i o n  of 
8YSZ and La î _xS r xMC>3. In  F ig  7 , th e  e l e c t r i c a l  c o n d u c t i v i t y  
o f  t h e  m a in  r e a c t i o n  p r o d u c t  La2Zr2C>7 i s  s h o w n .  T he 
c o n d u c t i v i t y  i s  a b o u t tw o and a h a l f  o r d e r s  o f  m a g n itu d e  
lo w e r th a n  t h a t  o f  8YSZ. The c h a rg e  c a r r i e r  i n  La2Zr2O7 may 
b e  o x id e  i o n s  s i m i l a r  t o  t h a t  i n  t h e  p y r o c h l o r e - t y p e  
s t r u c t u r e  Gd2Zr2O7( 1 5 ) .  The h ig h  c a th o d ic  p o l a r i z a t i o n  o f 
t h e  La-| _ x S r xMnC>3 e l e c t r o d e  p r e - a n n e a l e d  a t  1 000 °C o r  
h i g h e r  c o u l d  b e  e x p l a i n e d  by t h e  f o r m a t i o n  o f  t h e  low  
c o n d u c t i v i t y  p h a se  La2Zr2C>7 .

4 . CONCLUSIONS

From  t h e  r e a c t i v i t y  s t u d i e s  o f  t h e  p e l l e t s  o f  t h e  
m ix tu re  o f  (L a , S r)- j_ xMnO3 and  c u b ic  z i r c o n i a  w ith  8 m ole % 
Y2O3, i t  can  be c o n c lu d e d  t h a t  (La , S r ) -j _xMnC>3 r e a c t s  w ith  
z i r c o n i a  t o  fo rm  a s o l i d  s o l u t i o n  o f  t h e  c u b i c  z i r c o n i a  
w i th  La2O3 a n d /o r  MnOx and  th e n  th e  s o l i d  s o l u t i o n  r e a c t s  
w i th  (L a ,  S r ) ' | _ xMnO3 t o  fo rm  com pound L a 2 Z r2 0 y . The 
r e a c t i o n  k i n e t i c s  i s  d e p e n d e n t on th e  (L a+Sr)/M n r a t i o ,  
and  th e  La d e f i c i e n t  la n th a n u m  m a n g a n ite  i s  l e s s  r e a c t i v e  
th a n  th e  s t o i c h i o m e t r i c  o n e . F o r p r a c t i c a l  a p p l i c a t i o n  a s  
th e  c a th o d e  m a t e r i a l  o f  SOFC, ( La , S r ) q _xMnC>3 ( x = 0 .1 - 0 .2  ) i s  
t h e  m o s t s u i t a b l e  e l e c t r o d e  m a t e r i a l ,  b e c a u s e  o f  i t s  
c h e m i c a l  s t a b i l i t y  w i t h  YSZ a n d  h i g h  e l e c t r i c a l  
c o n d u c t i v i t y .
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REACTION KINETICS AND MICROSTRUCTURE OF 
Lao.6Cao.4Mn03/YSZ AIR ELECTRODE

Ju n ic h iro  Mizusaki and H iroaki Tagawa 
I n s t i t u t e  o f Environm ental Science and Technology,

Yokohama N ational U n iv e rs ity ,
156 Tokiwadai, Hodogaya-ku, Yokohama 240, Japan

K ikuji Tsuneyoshi and A kihiro  Sawata 
Advanced Technology R esearch C en ter, 

M itsub ish i Heavy In d u s tr ie s ,  L td .,
1-8-1 S ach iu ra , Kanazawa-ku, Yokohama 236, Japan

A b strac t

By complex-impedance and ca th o d ic  p o la r iz a t io n  
measurements and SEM o b se rv a tio n , s tu d ie s  were made on the  
r e la t io n s h ip s  between m ic ro s tru c tu re  o f th e  porous oxide lay e r 
and e lec tro ch em ica l p ro p e r tie s  of SOFC a i r  e le c tro d e s , a i r  /  
Lap. gCao.4MnO3/YSZ. I t  was shown th a t  th e  re a c t io n  ra te  was 
e s s e n t ia l ly  determ ined by the m ic ro s tru c tu re  o f th e  oxide 
la y e r  a t  the  air/Lag.gCao.4M11O3/YSZ t r i p l e  phase boundary.
The e le c tro d e  in te r fa c e  c o n d u c tiv ity  and ca th o d ic  c u rre n t a t  
th e  a i r  e le c tro d e  in c rea se  w ith  in c re a se  in th e  a i r  /  oxide 
la y e r  /  YSZ t r i p l e  phase boundary. However, th e  k in e t ic s  of 
th e  r a te  determ in ing  re a c tio n  was e s s e n t i a l ly  th e  same 
ir r e s p e c t iv e  o f the d i f f e r e n t  morphology o f th e  oxide lay e r .

1. INTRODUCTION

To reduce environm ental im pacts caused by th e  use of f o s s i l  fu e ls ,  
such as green house e f f e c t  by CO2 em ission , a c id  ra in  by SO2» and waste 
h e a t p o l lu t io n s , i t  i s  u rg en t to  develop h igh e f f ic ie n c y  system s fo r 
f o s s i l  energy conversion . We co n sid e r SOFC a s  one of th e  more d e s ira b le  
system s and have s t a r te d  b a s ic  re se a rc h  on th e  e le c tro d e  re a c tio n s  in 
SOFC (1 ,2 ) .

In  a p rev ious paper (1 ) , we prepared  p e ro v sk ite - ty p e  ox ides,
Lag,gCap,4MO3 (M=Mn, Co), by a ceram ic method, and s tu d ied  the 
r e la t io n s h ip s  between th e  th ick n ess  of porous o x id e -e le c tro d e  la y e r  and 
th e  e le c tro d e  p ro p e r t ie s  o f th e  a i r  e le c tro d e  system , a i r  /  
t«a0 . 6Ca0 .4^03 (M=Mn, Co) /  YSZ. I t  was shown th a t  the  e lec tro ch em ica l 
p ro p e r t ie s  a re  e s s e n t ia l ly  independent o f th e  th ic k n e ss  of oxide la y e r . 
From th e  r e s u l t s ,  i t  was concluded th a t  th e  r a te  o f e le c tro d e  re a c tio n  
i s  determ ined by the re a c tio n  a t  th e  a i r  /  e le c tro d e  oxides /  YSZ t r i p l e  
phase boundaries. Thus, c lo se  r e la t io n s h ip s  were expected between th e  
e le c tro d e  p ro p e r tie s  and th e  m ic ro s tru c tu re  o f th e  porous oxide la y e r  /  
YSZ in te r f a c e .
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In the p re se n t paper, our in t e r e s t  i s  focused on th e  r e la t io n s h ip s  
between th e  m ic ro s tru c tu re  o f porous oxide la y e r  and e le c tro c h e m ic a l 
p ro p e r tie s  o f the SOFC a i r  e le c tro d e , a i r  /  Lag. 6Ca0 . 4MnO3 /  YSZ. To 
o b ta in  th e  porous e le c tro d e s  of d i f f e r e n t  morphology, we sy n th e s iz e d  
Lao.gCaQ,4MnO3 by d i f f e r e n t  p rocedures and prepared  e le c tro d e  /  YSZ 
in te r fa c e s  a t  d i f f e r e n t  f i r in g  tem p era tu res .

2. EXPERIMENTAL

M a te ria ls . Lag. gCag. 4MnC>3 were prepared  by two methods, a 
ceram ic method and a ’d r ip  p y ro ly s is ’ method. In the ceram ic method, we 
used carb o n a tes  of La, Ca, and Mn as s t a r t i n g  m a te r ia ls . They were 
mixed to g e th e r in th e  d e s ire d  r a t io  by a b a l l  m ill fo r  24 h r , baked a t  
1200°C fo r 20 h r, crushed  in to  powders of < 100 pm in  d iam ete r, 
re ca lc in ed  a t  1200°C fo r  20 hr and again  crushed in to  powders. The 
powders c o n s is te d  of chunks of i r r e g u la r  shapes and s iz e s ,  most of them 
1-3 Um in s iz e .

In the  ’d r ip  p y ro ly s is ’ method, we used n i t r a t e s  o f La, Ca and Mn as 
s t a r t i n g  m a te r ia ls . Aqueous so lu tio n s  of th ese  n i t r a t e s ,  about 0.1M in 
c o n c e n tra tio n s , were mixed to g e th e r in a p roper m e ta ll ic  r a t i o .  The 
s o lu tio n s  were in tro d u ced  in to  c a p i l la r y  a t  a r a te  of about 0.5cm^min"^, 
and then dripped  from th e  t i p  of th e  c a p i l la r y  in to  a q u a rtz  tube  w ith  
a i r  flow. The tube was p laced  in a fu rnace kept a t  600+10°C. The drops 
were sp lashed  upon th e  heated  q u a rtz - tu b e  w a ll, ab ru p tly  d r ie d  and 
ox id ized  in to  p e ro v s k ite - ty p e  ox ides . The powders c o n s is te d  o f 
p o ly c r y s ta l l in e  p a r t i c l e s  of 0 .1 -0 .5  pm in d iam eter.

Powder X-ray a n a ly s is  rev ea led  th a t  the  ox ides thus formed showed 
no o th e r peaks than  th e  s in g le  s e r ie s  o f th e  p e ro v s k ite - ty p e .

For th e  e le c t r o ly te ,  s in te re d  YSZ (ZrC^-Sm/oYgOs) p e l l e t s  were 
used. YSZ powders su p p lied  by Tosoh Co. L td. were p ressed  and s in te r e d  
in  a i r  a t  1400°C in to  p e l l e t s  o f 10mm in  d iam eter and l-3mm in th ic k n e ss  
w ith  r e la t iv e  d e n s i ty  o f more than 95%.

P rep a ra tio n  of E lec tro d es  w ith  D iffe re n t Morphology The ox ides 
were mixed w ith  tu rp e n tin e  o i l  and p a in ted  on one s id e  of th e  YSZ 
p e l l e t .  The e le c tro d e s  w ith  oxides by th e  ceram ic method were f i r e d  a t 
e i th e r  1000, 1100 o r 1200 °C fo r 2-4 h r . The e le c tro d e s  w ith  o x ides 
p repared  by d r ip  p y ro ly s is  were f i r e d  a t  1100 o r 1200 °C fo r  4 h r. The 
th ick n ess  o f th e  porous o x id e -e le c tro d e  la y e r was c a lc u la te d  by the  
w eight change o f th e  p e l l e t  befo re  and a f t e r  the  e le c tro d e  m ounting. As 
a coun ter and a  re fe re n c e  e le c tro d e , P t p a s te  was mounted on th e  o th e r  
s id e  of th e  p e l l e t .

E lec trochem ical Measurements The complex impedance measurements 
were made over th e  frequency range of lOOkHz-lmHz using  th re e  te rm in a l 
method. S te a d y -s ta te  c a th o d ic  p o la r iz a t io n  was measured u sing  a c u rre n t 
in te r ru p t io n  method. Measurements were made in  a i r  a t  tem p era tu res  900
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and 1000°C.

3. RESULTS AND DISCUSSION

E lec tro d e  Morphology F igu res  1 and 2 show ty p ic a l SEM images of 
Lao.6^a0.4MnO3/YSZ in te r fa c e s .  In F ig . 1, comparison is  made between 
th e  e le c tro d e s  f i r e d  a t  1100°C and 1200°C w ith  Lag,gCaQt4MnO3 prepared  
by th e  ceram ic method. When th e  e le c tro d e  was f i r e d  a t  1100°C, th e  
oxide p a r t ic l e s  s t i l l  showed i r r e g u la r  edges and were connected w ith  
each o th e r  by narrow b o ttle n e c k - ty p e  b rid g e s . The co n tac t a re a  between 
YSZ and the oxide p a r t i c l e s  was sm all and most of th e  c o n ta c ts  were 
r a th e r  c lo se  to  a p o in t c o n ta c t. When th e  f i r in g  tem perature  was 
1200°C, the su rface  of th e  oxide p a r t i c l e s  became smooth and th e  
c o n ta c ts  between th e  p a r t i c l e s  were th ic k .  The c o n ta c t between th e  
oxide p a r t ic l e s  and YSZ su rface  was a ls o  th ic k ,  and each co n ta c t between 
a p a r t i c l e  and YSZ was fa c e - to - fa c e  ty p e . The a re a  of c lo se ly  co n tac ted  
in te r fa c e  of oxide e le c tro d e  /  YSZ in c reased  co n sid e rab ly  and th e  th re e  
phase boundary of a i r  /  oxide e le c tro d e  /  YSZ in c reased  s l ig h t ly  w ith 
in c re a se  in  f i r in g  tem pera tu re .

F igure 2 shows th e  change w ith  f i r in g  tem perature  in  th e  oxide 
e le c tro d e  /  YSZ in te r fa c e  fo r th e  e le c tro d e  prepared  by th e  d r ip  
p y ro ly s is  method. When f i r e d  a t  1100°C, th e  m ic ro s tru c tu re  i s  f in e r  
than  th a t  o f th e  e le c tro d e  prepared  by th e  ceram ic method and, in 
c o n tr a s t  to  th e  ox ides prepared  by th e  ceram ic method, the oxide by th e  
d r ip  p y ro ly s is  method has smooth su rfa c e  and the  p a r t ic l e s  c o n ta c t each 
o th e r  w ith th ic k  necking. At the  e le c tro d e  /  YSZ in te r fa c e ,  each oxide 
p a r t i c l e s  co n tac ted  w ith  YSZ in  fa c e - to - f a c e . When f i r e d  a t  1200°C, 
oxide p a r t ic l e s  grew rem arkably. Due to  t h i s  growth, the  a re a  of 
c lo s e ly  co n tac ted  in te r fa c e  in c rea sed , some o f th e  pores in  the  
e le c tro d e  were c lo sed  from the  o u te r  gas phase, and th e  t r i p l e  phase 
boundary a t  the  in te r fa c e  decreased .

E lec trode  In te r fa c e  C onductiv ity  and C apacitance From the  
impedance a rc s  o b ta in ed  by complex impedance measurements, we determ ined 
th e  e le c tro d e  in te r fa c e  c o n d u c tiv ity , OE and apparen t c ap ac itan ce , Cg by 
th e  eq u a tio n s ,

OE = (1)

and

0? = GE/2TTfT ( 2 )

where A i s  th e  apparen t a re a  of YSZ su rfa c e  on which LaQ.gCaQ,4MnO3 was 
mounted, i s  th e  e le c tro d e  in te r f a c e  r e s is ta n c e  ob ta ined  from th e  
impedance arc  and fp i s  the  frequency correspond ing  the  top of th e  
impedance a rc . In t h i s  a n a ly s is ,  we assumed th a t  the  e le c tro d e  
in te r fa c e  impedance can be expressed  by a RC p a r a l le l  eq u iv a len t c i r c u i t  
(3 ) .
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Figure 3 shows th e  dependence o f Cfc and Cfc on th e  th ic k n e ss  of the 
porous e le c tro d e  la y e r , d, fo r th e  e le c tro d e s  f i r e d  a t  1100°C. The 
upper sc a le  shows th e  th ic k n e ss  in  pm c a lc u la te d  u s in g  th e  th e o r e t ic a l  
d e n s ity  o f Lag,gCaQ.4MnC>3. Because th e  oxide e le c tro d e  i s  porous, the 
a c tu a l th ic k n e ss  is  about 1 .6 -1 .7  tim es the  c a lc u la te d  one. og and Cg 
fo r the  e le c tro d e  prepared  by d r ip  p y ro ly s is  a re  much la r g e r  than th a t  
o f the  e le c tro d e  p repared  by the ceram ic method. They a re  e s s e n t ia l ly  
co n stan t i r r e s p e c t iv e  of th e  e le c tro d e  th ick n ess .

F igure 4 shows th e  dependence o f ag and Cfc a t  1000°C on the f i r in g  
tem pera tu res  o f th e  e le c tro d e . For th e  e le c tro d e s  p repared  by the  
ceram ic method, ag and Cg in c rease  w ith tem pera tu re . For th e  e le c tro d e  
prepared  by d r ip  p y ro ly s is , ag decreases w hile Cfc in c re a se s  w ith  
in c rea se  in  tem pera tu re .

In th e  s tu d ie s  o f th e  A r-02(g ), Pt /  YSZ e le c tro d e  (4 ,5 )  and the 
SOFC e le c tro d e  using  the oxide prepared  by a ceram ic method (1 ) , the 
au th o rs  and co-w orkers have proposed a model o f e le c tro d e  re a c t io n . 
According to  th i s  model, ag i s  p ro p o r tio n a l to  th e  len g th  o f the  t r i p l e  
phase boundary of gas /  e le c tro d e  /  YSZ, and Cfc i s  p ro p o r tio n a l to  the 
a re a  of m icro -c lo sed  pores l e f t  a t  th e  c lo s e ly  co n ta c te d  e le c tro d e  /  YSZ 
in te r fa c e . Based on th i s  model, we can ex p la in  th e  r e la t io n s h ip s  
o b ta ined  in  t h i s  work between the  r e s u l t s  on Og and Cg and th e  e le c tro d e  
morphology by SEM o b se rv a tio n s . From th e  SEM o b se rv a tio n  in  th e  p resen t 
study , the  t r i p l e  phase boundary is  maximum fo r  th e  e le c tro d e  prepared 
by d r ip  p y ro ly s is  and f i r e d  a t  1100°C. For th i s  e le c tro d e ,  th e  maximum 
crgwas observed . For the  e le c tro d e s  w ith oxide by th e  ceram ic method, 
both the t r i p l e  phase boundary by SEM o b se rv a tio n  and ag in c reased  w ith 
tem pera tu re . For th e  e le c tro d e s  w ith oxide by d r ip  p y ro ly s is ,  the  
t r i p l e  phase boundary dec reases w ith  tem perature  due to  g ra in -g row th , 
and ag a ls o  decreased .

The c lo s e ly  c o n tac ted  a re a  of e le c tro d e  /  YSZ in te r f a c e  i s  la rg e r  
fo r  th e  e le c tro d e s  by d r ip  p y ro ly s is  than those  by th e  ceram ic method, 
and becomes la rg e r  w ith  in c re a s in g  f i r in g  tem pera tu re . The la r g e s t  a rea  
i s  observed fo r  th e  e le c tro d e  prepared  by d r ip  p y ro ly s is  and f i r e d  a t 
1200°C. The d ir e c t io n  o f changes in  Cg w ith the  change in  th e  
p re p a ra tio n  procedure and f i r in g  tem perature  is  th e  same w ith  th a t  of 
the  changes in th e  c lo s e ly  co n tac ted  a re a  a t  the e le c tro d e  /  YSZ 
in te r fa c e .

S tead y -S ta te  C athodic P o la r iz a t io n  C urren t F igu re  5 shows 
ty p ic a l ca th o d ic  s te a d y -s ta te  p o la r iz a t io n  c u rre n t a t  1000°C.
A pparently , th e  c u rre n t i s  no t a f fe c te d  by the  th ic k n e ss  o f th e  porous 
oxide la y e r . The la r g e s t  c u rre n t i s  observed fo r th e  e le c tro d e  w ith 
LaQ.gCaQ,4MnC>3 la y e r  by d r ip  p y ro ly s is  and f i r e d  a t  1100°C. In F ig . 6, 
comparison i s  made fo r  th e  ca th o d ic  p o la r iz a t io n  cu rv es a t  900°C fo r the 
e le c tro d e  f i r e d  a t  d i f f e r e n t  tem pera tu res  w ith Lag. 6Cag. 4MnO3 by the  
ceram ic method. Comparing th e  morphology and p o la r iz a t io n  cu rv es , we 
fin d  th a t  th e  steady  s t a t e  p o la r iz a t io n  c u rre n t i s  la r g e r  fo r  th e  
e le c tro d e  w ith  longer t r i p l e  phase boundary.
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R e la tio n sh ip s  between K in e tic s  and Morphology Because ag is  
p ro p o r tio n a l to  the exchange c u rre n t (4 ) , we norm alized the steady  s t a te  
c u r re n t by Og o f each e le c tro d e , so th a t  we can examine i f  the  re a c tio n  
k in e t ic s  changes w ith  the  e le c tro d e  morphology. F igure 7 shows the p lo t 
o f i / a g  v s . o v e rp o te n tia l ,  p , a t  1000°C; a l l  the  d a ta  f a l l  on one curve, 
su g g es tin g  th a t  the re a c tio n  k in e t ic s  i s  e s s e n t ia l ly  th e  same
independent of th e  e le c tro d e  th ic k n e ss  and m ic ro s tru c tu re .

In  a p rev ious paper (2 ) , we rep o rted  ag and s te a d y -s ta te  
p o la r iz a t io n  c u rre n t as a func tion  of tem pera tu re  and oxygen p a r t i a l  
p re s su re , P (0 2 )» using  Ar-02» LaQ.gCap. 4M11O3 /  YSZ e le c tro d e s  f i r e d  a t  
1100°C w ith  Lap.6CaQ,4MnO3 prepared  by d r ip  p y ro ly s is . For the 
c o n d itio n s  o f sm all o v e rp o te n tia l ,  th e  re a c tio n  r a te  was summarized in to  
em p iric a l eq ua tions

o E = (4 i’i / i r ) p ( 0 2 )1/2 (3)

i = k[aQ -  PiOglao- 1 ! (4)

2riF = RT In [ao/P(O 2 ) 1/ 2] (5)

where A i s  a r a te  c o n s ta n t, P(02) i s  oxygen p a r t i a l  p re ssu re  in  the gas 
phase, and aQ i s  th e  oxygen a c t i v i t y  a t  th e  e le c tro d e  /  YSZ in te r fa c e . 
Under la rg e  ca thod ic  o v e rp o te n tia l ,  l im itin g  c u rre n t appeared which was 
p ro p o r tio n a l to  P(02).

From Eqs. ( 3 ) - (5 ) ,  i/ag i s  c a lc u la te d  as

i/a g  = /?r/4F[exp(2pF//?T) -  exp (-2 qF/RT) (6)

The s o l id  curve in  F ig . 7 shows the  r e la t io n s h ip  of Eq. (6 ) . The 
r e s u l t s  o f th e  p re se n t work e s s e n t ia l ly  agree w ith  Eq. (6 ) , suggesting  
th e  r a t e  eq u a tio n s  ho lds fo r  th e  Lag. gCage4MnO3 /  YSZ e le c tro d e s  of 
d i f f e r e n t  morphology.

F igu re  8 shows i /a g  v s . p a t  900°C fo r  th e  e le c tro d e s  f i r e d  a t  
d i f f e r e n t  tem pera tu res w ith  Lagt gCagt 4MnO3 p repared  by the  ceram ic 
method. Under low o v e rp o te n tia l ,  th e  i/aE  v s. p r e la t io n s h ip s  obey Eq. 
(8 ) . However, fo r  la rg e r  o v e rp o te n tia l ,  l im itin g  c u rre n t was observed. 
The l im i t in g  c u rre n t depends on th e  e le c tro d e  f i r in g  tem pera tu re , and 
th e re fo re  on th e  e le c tro d e  morphology. At p re s e n t, the d e ta i l s  of 
r e la t io n s h ip s  between th e  l im itin g  c u rre n t and morphology a re  no t ye t 
c le a r .

4. CONCLUSIONS

C lose re la t io n s h ip s  between th e  m ic ro s tru c tu re  o f th e  porous oxide 
la y e r  and e lec tro ch em ica l p ro p e r tie s  o f e le c tro d e s  were shown using  a i r  
/  Lag t gCag 14M11O3 /  YSZ e le c tro d e  system s. The e lec tro ch em ica l 
p ro p e r t ie s  a re  e s s e n t ia l ly  determ ined by the  m ic ro s tru c tu re  of a i r  /
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porous oxide la y e r  /  YSZ t r i p l e  phase boundary, and th e  re a c t io n  ra te  
in c rea se s  w ith  in c rea se  in the  len g th  of the  t r i p l e  phase boundary.
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1 0 p m

F ig . 1. SEM images o f Lag. gCag. 4M11O3 /  YSZ in te r f a c e .  Lag. 6Ca0 .4 MnO3 
was p repared  by th e  ceram ic method.
(A): f i r e d  a t  1100°, (B): f i r e d  a t  1200°C.
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10 pm

La0.6Ca0,4Mn03

YSZ

La0.6Ca0.4Mn03

10 ym

Fig. 2. SEM images o f Lag,gCag,4MnO3 /  YSZ in te r f a c e .  Lag, gCag, 4MnO3 
was p repared  by th e  d r ip  p y ro ly s is  method.
(A): f i r e d  a t  1100°, (B): f i r e d  a t  1200°C.

YSZ
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Fig. 3. OE and CE a t  1000°C in 
a i r  as a fu n c tio n  of the  
th ick n ess  o f Lagt gCag, 4Mn03 
la y e r , cl. E lec tro d es  were 
f i r e d  a t  1100°C. The upper 
s c a le  shows th e  th ic k n e ss  
c a lc u la te d  using  the  
th e o r e t ic a l  d e n s ity  o f the  
ox ide. A ctual th ic k n e ss  is  
about 1 .6 -1 .7  tim es th e  
th e o r e t ic a l  one. C losed 
symbols: Lag.gCagt 4Mn03
prepared  by th e  ceram ic method, 
open symbols: p repared  by d r ip  
p y ro ly s is .

F ig . 4. c E and Cfe a t  1000°C in  
a i r  as a fu n c tio n  of the 
e le c tro d e  f i r in g  tem pera tu re  
fo r Lagt gCagt 4MnO3 /  YSZ.
A: prepared  by d r ip  p y ro ly s is ,  
o, • :  p repared  by the  ceram ic 
method.
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F ig . 5. S te a d y -s ta te  c a th o d ic  p o la r iz a t io n  c u r re n t a t  1000°C in  a i r  fo r  
LaO.oC&O.4 ^ 0 3  /  YSZ p repared  by d i f f e r e n t  p ro ce sse s .

ri/mV

Fig . 6. S te a d y -s ta te  ca th o d ic  p o la r iz a t io n  c u rre n t a t  900°C in a i r  fo r 
Lag.6Cao,4MnO3 /  YSZ. Lag,6^a0 .4 ^ 0 3  was p repared  by th e  ceramic- 
method. E lec tro d e  f i r in g  tem pera tu re  is  d i f f e r e n t .
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Fig. 7. Steady-state cathodic polarization current at 1000°C in air 
normalized by og for Lag t gCa0.4^nO3 / YSZ prepared by different 
processes. The solid curve was calculated from Eq. (6).

F ig . 8 . S te a d y -s ta te  ca th o d ic  p o la r iz a t io n  c u r re n t a t  900°C in  a i r  
norm alized by Cg fo r  Lag. gCaq, 4Mn(>3 /  YSZ. Lag.6cao.4MnC>3 was p repared  
by the  ceram ic method. E lec tro d e  f i r in g  tem pera tu re  i s  d i f f e r e n t .  The 
s o l id  curve was c a lc u la te d  from Eq. (6 ) .
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OXYGEN REDUCTION AT THE La1 x SrxMnO3/ZIRCONIA ELECTRODE
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ABSTRACT

The kinetics of oxygen reduction at the ZrC^-YzC^/La,! ^S^MnO^
electrode (O^x^O.5) has been studied by steady-state polarization 
and transient measurements. The electrode behavior is similar to 
that of conventional metal electrodes for low cathodic polarization. 
A t high polarization, a sudden increase of the electrode kinetics is 
observed. This can be related to the creation of oxygen vacancies 
in La^ xSr MnO^, as demonstrated by redox potentiometric measu
rements. 7$ie strontium content in the electrode is a determining 
parameter for this property. The experimental results suggest two 
different reaction pathways under low and high cathodic polarizati
on. Rapid oxygen diffusion through the electrode material is the 
main characteristic of the newly observed behavior.

1. INTRODUCTION

The choice of cathode material in a solid electrolyte fuel cell is of great 
importance since the cell efficiency is mainly governed by the cathodic process. 
Besides obvious conditions to be fu lfilled  such as phase stability, low vapor 
pressure at 1000°C, chemical compatibility, matching expansion coefficient and 
good adherence with the solid electrolyte, other important characteristics 
include high electronic conductivity and high electroactivity for the oxygen 
reduction.

Oxides having the perovskite structure have been proposed as alterna
tives to platinum (1-4). Among them, lanthanum manganite has been reported to 
be the best candidate (5,6). Pure LaMnO^ is not su ffic ien tly  conducting. When a 
fraction of La is replaced by divalent cations such as Sr , the charge défiâ t 
is compensated by a valence change on manganese ions from Mn to Mn 
and, under certain experimental conditions, the formatiop ofoxygen vacancies. 
This increases the conductivity up to several hundred Q cm depending on the 
dopant concentration. An oxide ion conduction may also be expected, due to the 
presence of oxygen vacancies (1).

Few kinetics studies on the oxygen reduction mechanism have been 
reported on these compounds at high temperature. Takeda et al. (4,7) have 
studied the cathodic polarization of La. Sr MO,, where M = Fe, Mn, Cr or 
Co, sputtered on yttria  stabilized zirconia, xat 800°C in air in the potential 
range 0-400 mV. The best performances, in the case of La^_xSrxMnD3, were
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obtained for x = 0.5. A dependence of the current density on the electrode 
thickness showed that the optimum is obtained for 2 pm. The observed high 
electroactivity was attributed to its high catalytic activ ity and to the large 
effective reaction area due to the high oxide diffusion in the material. In a 
previous study, Hammouche et al.(8) have compared the electrocatalytic acti
vity of pin-shaped electrodes. This kind of electrode was used to overcome 
difficulties in separating the effect of morphology from the effects of the 
electrode composition itself. The best results were also obtained for the compo
sition x = 0.5 within the same potential range. In aqueous electrolyte, a similar 
behavior was demonstrated a few years ago (9) and correlated with the 
electronic structure of the compound.

Here we w ill report on the oxygen reduction kinetics of the system 
La,j_ SrxMnO,/ZrO2-Y2O^ (9 mol %) over a wide electrode potential range as a 
function* of me oxygen pressure P and strontium doping x.. A conventional 
platinum electrode will be used for comparison.

2. EXPERIMENTAL

Y ttria  stabilized zirconia (9 mol %) noted YSZ was used as the electro
lyte. It was prepared from a mixture of Y2O^ and ZrC^ powders calcined at 
1050°C. A fter grinding, the product was compacted into pellets and then 
sintered at 1850°C for 2 hours. The final density was greater than 95%.

The perovskites were also synthesized by high temperature solid state 
reactions. The starting materials were La2CL, SrCO^ and MnCO^ with high 
purity. Compositions ranging from 0 to x = 0.5 were"2 prepared by mixing the 
appropriate amounts of reagents. The mix^d powders were calcined at 1200°C 
for 20 hours, ground, pressed under 2t/cm and sintered at 1500°C in air for 2 
hours. Chemical analysis, microscopic investigation and X ray diffraction pat
terns were made for each sample to confirm the composition. All the com
pounds were found to be single phased and had the selected composition and the 
right crystalline structure. The results of this microscopic investigation and of 
the study of structural, electrical and thermal properties have been reported in 
detail (8,10). The compounds crystallize in the hexagonal-rhombohedral strucg 
ture^The thermal expansion coefficient diverges by no more than 2.6 x 10 
deg. with respect to that of YSZ. The electrodes behave as p type semi-condu
ctors with conductivities of the order of 100 Q" cm" at 950°C.

The electrochemical experiments were carried out on a three electrode 
cell similar to that assembled by Schouler (11) and illustrated in Fig. 1. The 
electrolyte was a thin pellet of YSZ (20 mm in diameter and 1.5mm thick). Two 
platinum-pasted electrodes (Degussa 308^\) were applied on its upper-side. One 
of the electrodes measured about 1 cm and was used as a counter-electrode. 
The other one, with a smaller area, acted as a reference electrode. The 
single-point contact working electrode was made of a pin-shaped sample of the 
investigated perovskite oxide. The electrode-electrolyte contact area was small 
(-10 cm ). Three working electrodes could be simultaneously tested under the 
same operating conditions. For comparison, a single-point electrode made of a
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pure platinum ball, produced by melting the end of a wire in an acetylene 
/oxygen flame, was also tested. The oxygen pressure in the surrounding atmos
phere was controlled by an electrochemical oxygen pump coupled to an oxygen 
gauge (12). Pure argon was used as the vector gas. The working temperature 
was maintained at 960°C.

To compare the characteristics of the investigated electrodes, we mea
sured their contact area with the electrolyte according to Newman's formula 
(13), recommended by Isaacs et al. (2) :

r = 1/4oR

where r is the surface contact radius, R the electric resistance of the 
electrolyte and a its conductivity under the measurement conditions. The 
resistance R was measured by impedance spectroscopy.

The electrochemical studies were carried out by steady-state I (E) 
polarization curve analysis. The ohmic drops were determined by impedance 
spectroscopy. The transient behavior of the electrode was also measured under 
different experimental conditions. A Solartron Electrochemical Interface 1186 
coupled with a Solartron 1250 Frequency Response Analyser was used for this 
study.

3. RESULTS AND DISCUSSION

The overall oxygen reduction reaction can be w ritte n :

1/2 0 ,  + V" . . —*- 2 h’ + Ox . „ [1]2 gas Oelyte mang o elyte

(Kroger notation is used.)
The subscript mang (respectively elyte) means that the species is located in 
La^ ^Sr MnO ,̂ (respectively YSZ). Previous studies on single point platinum 
electirocfes (1A) have shown that under high polarization, the current reaches a 
lim iting value which is commonly attributed to a lim itation by the oxygen 
supply process to the electrode reaction zone. It has been demonstrated on 
different metal electrodes that the general shape of the steady-state 1(E) curve 
depends neither on the texture nor on the nature of the metal.

A typical example of j  steady-state current-potential curve obtained 
with La^ ^Sr^MnCL under 10 atm is shown in Fig. 2. For comparison, the 
curve obtained witn a Pt electrode of similar contact area, under the same 
experimental conditions, is also plotted on the figure. The essential difference 
between the two curves is that in the case of the manganite electrode, two 
regions noted I and II on the figure can easily be distinguished:
Low cathodic potential region (I) - Here, the 1(E) curve is similar to that of a 
platinum electrode. The catalytic activ ity for oxygen reduction is of the same 
order of magnitude. It has already been reported that in this potential range 
the electrode activ ity increases as the degree of strontium substitution in
creases. Fig. 3 shows for example the current densities per length of the
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electrode contact perimeter recorded under -100 mV polarization. The best 
performances are obtained for x = 0.5 for which the manganite appears to be 
better than Pt.
High cathodic potential region (II) - Under high cathodic polarization, a sharp 
transition is observed. The current markedly increases as shown in Fig. 2. After 
this transition, the 1(E) curve also shows a lim iting current 1  ̂ plateau at higher 
cathodic potential. It is much greater than that measured on platinum. A 
detailed investigation as a function of the oxygen pressure, showed that 1̂  
obe^s a square root dependence on the oxygen partial pressure in the range 
10 - 10 atm. As a consequence, in this potential region the performance
characteristics of La^ Sr MnO^ are markedly higher than that of Pt.

We checked that this sudden increase of the electrode kinetics could not 
be attributed to the sole electrochemical reduction of the electrode material. A 
calculation shows that the complete reduction of the electrode according to 
reaction [2] can account for only 1% of the quantity of electricity which 
crosses the cell during the electrode polarization study. The current increase 
can neither be attributed to the electrolyte reduction which would only occur 
at overpotentials more cathodic than -1.3V. We must therefore conclude that 
after the transition, the main electrode process is still an oxygen electrode 
reaction. Moreover, the definite dependence of the lim iting current on the 
oxygen pressure confirms this statement.

On the 1(E) curve, a rather accurate transition electrode potential Er can 
be determined (cf Fig.2). It depends on x as shown in Table I. The higher the 
strontium content, the easier the transition occurs (the lower the overpotential 
magnitude| Er | ). In this respect, the x = 0.5 compound also appears to be the 
best in terms of electrode kinetics.

Our assumption is that a change in the electrode reaction mechanism 
occurs at Er leading to the onset of an important electrocatalytic effect.

This point is confirmed by the analysis of the voltammograms and the 
transient responses of the electrode to a current or a potential step. A typical 
voltammogram obtained for a scan rate of 1mV/s is given in Fig. 4. The 
starting potential is OmV. As usually observed, a hysteresis loop is present. 
However, in contrast to the response of a classical redox system, the current 
is larger during the backwards scan and the hysteresis becomes increasingly 
important as the scan rate decreases. Consistently with that, the steady-state 
curve shows current magnitudes much larger than those observed on the 
voltammogram plotted under the same experimental conditions. This behavior 
indicates that the enhancement of the electrode kinetics is due to a slow 
modification of the electrode material.

A typical response of the electrode to a current or a potential step 
corresponding to region II is shown in Fig. 5. At the beginning the response is 
similar to the usual transient behavior observed when a concentration supply 
overpotential is the rate determining step (15). More precisely, the variation 
of the transient current obeys with a good?accuracy the classical Cottrell-type 
linear relationship as a function of t . This relationship is checked in
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Fig. 6. A fter a certain time, noted T on the figure, the electrode process is 
characterized by a depolarization phenomenon. The E(t) curve shows an 
overshoot while the I(t) curve shows a net current enhancement. This behavior 
is consistent with the voltammogram analysis and confirms that a modification 
in the electrode material occurs at the transition leading to a new reaction 
mechanism which favors oxygen reduction.

A fter polarization in region II, the open circuit electrode potential 
relaxes as shown in Fig. 7. It shows a typical plateau at a redox potential 
noted E . A second small inflexion point located at -330 mV/air was also 
noticed. 7\s this potential does not depend either on the electrode composition 
or on the oxygen partial pressure in the gas, it was attributed to the 
reoxidation of an impurity. Because of the small amplitude of this pheno
menon, it will not be taken into consideration in what follows and only the 
principal wave w ill be examined. A study as a function of the electrode 
composition and of the oxygen pressure was performed. The E values are 
highly dependent on the degree of strontium eloping x in the efectrode. The 
higher the x values, the lower the magnitude of | E | (cf.Table I). The 
variation is parallel to that observed for| E<̂| . No signiffcant influence of the 
oxygen partial pressure on E was detected. The parameter E is therefore 
characteristic of the electrode material.

The basic principle of this kind of transient measurement has been 
described in detail by Fabry et al. who used this experimental technique for 
the measurement of thermodynamic data on oxides (16) and for the determi
nation of the redox potential of point defects dissolved in solid electrolytes 
(17). According to the arguments developed in these papers, it can be 
concluded, in our case, th a t:

- When a cathodic current flows through the cell, the electrode material 
is partly reduced. The following reaction can be proposed :

Mn’ „Mn o mang + Vq elyte 2 MnMn V"O mang elyte 2h* [2]

Such a reduction w ill result in a marked increase of the oxide vacancy 
concentration in the electrode material

- As soon as the current is interrupted, the electrode is reoxidized by 
the oxygen present in the surrounding gas. The potential plateau can be 
interpreted by assuming that the reoxidation proceeds according to the fo l
lowing equation :

ads V“O mang 2 MnMn O x + 2  Mn'o mang Mn [3]

and by assuming that the oxygen flux is constant throughout the reoxidation 
process. The related electrode potential variation can be calculated with the 
assumption that the component activities are equal to their concentrations. 
The theoretical curve also presents a wave whose potential at the inflexion 
point increases as the strontium content increases.
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All the observations converge to the same conclusion : under high 
cathodic polarization (E<ET) the electrode is partly reduced and oxygen 
vacancies are created. The electrode is no longer mainly an electronic 
conductor. A mixed conductivity has been generated resulting in a new 
reaction mechanism. This change of mechanism is schematically depicted in 
the Fig. 8.

In region I, the electrode is regarded as an electronic conductor (diagram 
a in the figure). The behavior of the electrode is typical of a conventional 
metal electrode for which the reaction zone is concentrated around the triple 
contact line. A concentration overpotential is clearly identified as rate deter
mining (18). The marked influence of the strontium doping on the electrode 
kinetics in region I can be explained in two ways, i.e. either by the effect of 
the variation of the electronic Fermi ^level in the electrode on the electrode 
parameters or by assuming that Mn are active adsorption sites on the 
electrode surface. This second assumption supposes that the electrode surface 
plays a determining role in the oxygen supply to the triple contact line. In 
order to explain the enhancement of the electrocatalytic activ ity as a function 
of x, Matsumoto et al. (9) proposed to establish a parallelism between the 
Mn-0 interactions in the bulk of the material and those existing at the surface 
between the Mn cation and the oxygen molecule. The former determines the 
magnitude of the resistivity of the oxide, the la tter determines its catalytic 
activ ity  for oxygen reduction. The adsorbed oxygen molecules are viewed as 
completing the octahedral coordination polyhedra of the Mn cations on the 
electrode surface. The degree of the overlap integral between their orbitals 
seems to be reflected by that of the overlap integral between the corres
ponding orbitals of the cation and oxygen ion in the oxide bulk. This parameter 
increases as the dopant content increases leading to an improved electronic 
exchange in the bulk and on the surface of the electrode (20). We also 
observed a parallel increase in the conductivity and the catalytic activity of 
these electrodes.

In region II, the electrode is a mixed electronic-ionic conductor (diagram 
b with figure 3). The oxygen reduction pathway is modified. The drastic 
increase in the reaction rate can be related to the sudden increase in the 
oxygen vacancy concentration inside the electrode. The actual oxygen reduc
tion therefore occurs on the manganite surface. The oxide ions produced 
during this reduction diffuse to the electrode-electrolyte interface where a 
simple ionic transfer occurs. This reaction scheme can be written as :

O elyte

—>OX + 2h*O mang o mang mang 

^0  elyte”"* ^o  elyte + mang

[4]

[5]

The catalytic effect of the reduced manganite can be attributed to the 
simultaneous presence of the two electroactive species h* and v5  in this 
phase. The same conclusion has already been proposed by Schouler regarding 
the surface of the electrolyte (11).
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More recently, a detailed analysis of the impedance diagrams plotted at 
different overpotentials of the steady-state polarization curve (21) has 
confirmed the mechanism proposed for oxygen reduction on the La^ Sr MnO, 
/YSZ electrode. In region II, the diagram shape indicates a lim ited dftfusion 
process confirming the mechanism proposed above. The overall process would 
be partly lim ited by the oxygen vacancy diffusion in the manganite. A 
corresponding,! diffusion coefficient has been calculated to be approximately 
4x10 cm s at 960°C for oxygen in reduced manganite.
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X ET, mV/air 
determined at 0.2 atm

Ew , mV/air 3 
determined at 10’ atm

0.00 -516
0.10 -160 -730
0.19 -158 -591
0.30 -110 -547
0.37 - -498
0.50 -94 -405

Table I. Influence of the strontium concentration in Laj_xSrxMnO3 on Ex and Ew

Fig. 1 - Polarization cell diagram
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Fig. 2 - Steady-state I(ri) characteristics of a Pt and a La1.xSrxMnO3 electrode. ET is 

the transition potential. P = 10_3atm, T = 960°C, x = 0.3.

Fig. 3 - Dependence of the current density 
on electrode composition for La1.xSrxMnO3 
at -lOOmV overpotential.

Fig .4 - Typical voltammogram for the 
reduction of O2. x = 0.4, P = 0.2atm.
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Fig. 5 - Typical transient responses of an electrode to: a) a current step and 
b) a potential step, located in region n  (x = 0.1).
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Fig. 7 - Relaxation of the electrode under open circuit, after polarization in region II, 
x = 0.4.

Fig. 8 - Diagram of the oxygen reduction in a solid oxide electrolyte cell with: 
a) a pure electronic conductor b) a mixed (electronic and ionic) conductor.

0  0
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DESIGN AND PERFORMANCE OF TUBULAR 
SOLID OXIDE FUEL CELLS

N. J. Maskalick
Westinghouse Electric Corporation 
Research and Development Center 

Pittsburgh, PA 15235

ABSTRACT

Single solid oxide fuel cells which, when series- 
parallel interconnected, combine to form multi-kW modules, 
are examined in detail to quantify processes affecting 
available running power. These processes involve power 
losses across internal resistances, most of which are 
accounted for by the geometry and known resistivities of 
the materials employed. Other major power losses are due 
to diffusion of gases through the electrodes and porous 
support tube of the cell. The experimental methods 
employed to determine these quantities are described, 
along with examples describing the effect of temperature 
and of current density.

BACKGROUND

High-temperature solid oxide electrolyte cells are the product 
of much theoretical and experimental work extending from 1900, when 
Nernst (1) observed the electrolytic evolution of oxygen from a rod of 
(ZrO2)_ 8c(Y203)o lg. Solid electrolytes were studied in oxygen 
concentration cells by Haber and Moser (2) in 1905.

The transference number of the oxygen ion in 
(ZrO2)Q gg(Ca0)o electrolyte is near unity as demonstrated by 
Kingery,* et al. '(3J. The same electrolyte was used in a cell by 
Weissbart and Ruka (4) to measure near-theoretical voltages for the 
hydrogen-oxygen reaction. Archer (5) f et al., constructed multi-cell 
batteries using stabilized zirconia electrolyte and platinum 
electrodes.

The electrolyte employed by Archer was in a self-supported 
"bell-and-spigot" geometry. To decrease internal resistance as much as 
possible, the active cell region of the electrolyte was machined to a 
minimum practical thickness of approximately 400/i. The machined 
electrolyte was a comparatively thick structure, wasteful of power due 
to excessive voltage drop across the large internal resistance.
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Electrolyte having considerably less thickness was needed to 
decrease internal resistance and also to minimize the cost of dense 
zirconia, particularly where yttria rather than calcia is the 
stabilizing agent. Isenberg, et al. (6) evaluated a cell with an 
approximately 30/4 thick zirconia-yttria electrolyte, formed by chemical 
vapor deposition (CVD); which developed near-theoretical open-circuit 
voltage.

Isenberg (7) also evaluated a 7-cell, series-interconnected 
unit with 12 cm2 active cell area. The 40/4 thick air electrode was a 
composite oxide type with porous and partially electronically 
conducting stabilized zirconia backed by a CVD tin-doped indium oxide 
current collector. A 30/4 electrochemically vapor deposited (EVD) 
yttria-stabilized zirconia electrolyte and a 30/4 sintered cobalt- 
zirconia cermet completed the cell structure. Interconnection of cells 
was accomplished with EVD-deposited, magnesium-doped lanthanum 
chromite. Support for the cells in this design was provided by a 
porous, calcia-stabilized zirconia tube on the inner (fuel electrode) 
surface of the 7-cell unit. Such cells were capable of operation at an 
average power density of 0.24 electrode area) at 1000*0. More
than 5000h of operation was achieved with the 7-cell stack using 
simulated coal gas as fuel. With this data base, the high-temperature 
solid oxide fuel cell design was then developed into the present type, 
which is envisioned as best for electrical generator configurations.

This paper describes one part of a multi-phase program to 
pursue the high-temperature SOFC (Solid Oxide Fuel Cell) technology 
toward its use in the commercial generation of electrical power. The 
objective is to establish baseline performance capability under a 
variety of test conditions for specific sources of fuel such as natural 
gas. The technology is based on materials, processes and designs 
developed for technical and economic feasibility.

EXPERIMENTAL

The new cell structure and method of cell interconnection, 
according to Isenberg (8), is as follows:

The tubular, single-cell design employs a strontium-modified 
lanthanum manganite cathode, an yttria-stabilized zirconia electrolyte 
and a nickel cermet anode (Figure 1). The cell component layers are 
supported on a porous, calcia-stabilized zirconia tube. The anode 
(outermost layer) of the cell is contacted directly by nickel felt.
The cathode (innermost layer) of the cell is contacted by a sealed 
interconnection (IC) material, which is stable both in oxygen and in 
fuel/Ha0 gas mixtures. The IC then contacts nickel felt on the 
exterior surface of the cell. The design thus establishes both 
cathodic and anodic electrical terminals in the fuel (reducing)
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The experimental apparatus is shown schematically in Figure 2. 
It comprises an alumina muffle tube which contains the test cell in 
such a way that fuel gas flows upward oyer the cell exterior while air 
is admitted to the cell interior. The air is pre-heated within an 
alumina air feed tube; initially contacts the cell air electrode at the 
closed, or lower end; then reverses direction and flows toward the open 
end, where partially spent air and partially spent fuel mix and 
combust. Typical cell operation is at 85% fuel utilization and 25% air 
utilization, followed by direct combustion of the remaining gases. The 
fuel cell produces both electrical and thermal energy.

The apparatus employs nickel bus bars for current leads to a 
controlled-resistance external load. Platinum leads measure cell 
potentials directly at the cell anode and cathode. The muffle tube 
housing is contained within a 3-zone furnace. Cell temperatures are 
measured within the air chamber with a Pt, Pt, 10% Rh thermocouple. 
Control over the fuel/Ha0 ratio fed to the cell is accomplished by 
bubbling hydrogen through water which is thermostatically controlled at 
a temperature corresponding to the desired water partial pressure.

Mixtures of fuel and ILO are admitted to the cell (anode) at 
flow rates designed to keep fuel utilization at a constant value, e.g. 
85%, during changes in cell operating current. Similarly, air flow 
matches any cell current to provide for constant air utilization, e.g., 
25%.

Experimental values of total cell resistance, R, were obtained 
by measurement of the virtually instantaneous voltage drop observed by 
oscilloscope upon interruption of a known current through the cell. 
These experimental values are in reasonable agreement with calculation 
based upon the dimensions of the cell, the known resistivity of the 
electrolyte, and estimates of electrode resistivities.

Since cell construction employs nickel bus bars comprising an 
equipotential along the entire length of the cell, the working cell 
voltage, VT , is constant along the length of the cell, even though 
fuel/Ha0 ratios vary. When current passes through the cell, the 
terminal voltage is given by:

VT = E - IR - 7. (1)

where VT = the working voltage of the cell, volts.
E = the reversible voltage of the cell, volts.
I = the current passing through the cell, amps.
R = the electrical resistance of electrodes and electrolyte, 

and contacts, ohms.
17. = the polarization voltage losses associated with 

irreversibilities in electrode processes, volts.
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In general, E, I and rj. are nonlinear functions of position 
along the length of the cell. These parameters are subject to the 
condition that their sum, at any specific set of operating conditions 
is equal to, V^, as in Equation [1]. Thus, each are some mean or 
weighted average of their local values.

Total voltage losses at the cathode are basically derived by 
comparison of loaded cell voltage for the cathode in air vs. the 
cathode in pure oxygen. Within this total cathodic voltage loss, J/d , 
that portion due to N2~02 counter diffusion in macro pores, is 
estimated by measurement of the difference of loaded cell voltages in 
air versus He - 21% (k. The difference between total cathodic voltage 
loss, and TJ& is attributed mainly to Knudsen flow in very fine 
capillaries and is labelled ?yx .

Anodic voltage losses, 7., are estimated by reference to a 
performance model for the fuel electrode. The model estimates that the 
observed voltage loss when the fuel gas is diluted with nitrogen, 1:1, 
volumetrically, is approximately equal to fuel electrode H2-H20 
counterdiffusion losses in macro pores.

Values of IR-free voltage losses were plotted by adding the 
applicable IR value to data for the terminal voltage, VT , versus 
current, I. ’Zj, Vx and tyf are similarly added to generate cumulative 
fjd~free, iyx-free and fyf-free curves which illustrate the individual 
contributions of each of these voltage-loss components as a function of 
current density.

RESULTS AND DISCUSSION

Upon connecting the cells to an external load, reproducible V-I 
curves are obtained. Figure 3, the case of 950*C operation up to 450 
mA/cm2, shows that virtually all of the voltage drop at 150 mA/cm2 is 
due to IR (ohmic) voltage losses. At 450 mA/cm2 , diffusion losses, J7d, 
»7x , Vf have greatly increased, and constitute approximately 50% of the 
total voltage drop. The topmost curve represents idealized operation 
with zero voltage loss. Other activated processes, such as charge 
transfer, comprise negligible contributions to cell power losses.

Figure 4, the case of 1025*C operation up to 450 mA/cm2 , shows 
a similar, decreasing voltage loss due to diffusion effects except 
that, at 450 mA/cm2, diffusion-type losses account for only 
approximately 30%, with w -type losses virtually absent. In general, 
diffusion voltage losses decrease rapidly with increasing temperature 
so that fuel cell operation is most efficient at higher temperatures.
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Cell performance stability is illustrated by output voltage, 
under constant running parameters, over a period of time. Figure 5 
illustrates the loaded voltage of a cell as a function of time at 
950*C, 250 mA/cm2, 85% H2 fuel utilization and 25% air utilization. 
Another aspect of performance stability is the voltage drop due to 
electrical resistance of the cell. As previously mentioned, IR drop 
constitutes the major voltage loss in the cell over current densities 
of practical interest. Figure 5 also shows resistance levels for this 
test cell during time on test.

SUMMARY

The results of the high temperature cell tests have provided 
insights with respect to specific voltage losses, and performance 
stability for tubular solid oxide fuel cell. VT , the working cell 
voltage, is affected by four voltage loss components. IR, the 
material/geometry-based voltage loss due to resistance, constitutes the 
major inefficiency over current densities of interest. The electrical 
resistance of the cell is the sum of its parts, metallic and 
semiconducting. The overall result of increasing operating temperature 
is to lower cell resistance moderately, resulting in a second-order 
effect on overall performance, compared to diffusion mechanisms.

Cathode voltage losses derive from N2-02 counterdiffusion 
through the pores of the cathode structure and also through the porous 
support tube. Another, lesser cathodic loss is measured which is 
attributed to Knudsen flow of through very small capillaries or
grain boundaries.

Anode voltage losses due to counter diffusion of H2-H2O are 
minor and play less of a role in affecting fuel cell performance. In 
all cases of diffusion limitation, however, increasing operating 
temperature helps to lower voltage losses and increase performance.
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Active Cell Region Interconnection Region

Fig. 1 - Tubular fuel cell in cross-section.
Exhaust

Fig. 2 - Fuel cell test stand schematic.
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F ig . 3 -  The in f lu e n c e  o f t h r >x nd> Hx> and Hf on tu b u la r  fu e l c e l l  
perform ance a t  950°C, 85% H2 fu e l  u t i l i z a t i o n  and 25% a i r  
u t i l i z a t i o n .
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F ig . 4 -  The in f lu e n c e  o f nxR» ^d» ^x and nf  on tu b u la r  fu e l  ce l1
perform ance a t  1025°C, 85% H2 fu e l u t i l i z a t i o n  and 25% a i r  
u t i l i z a t i o n .
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Fig. 5 - Fuel cell voltage versus time on test at 950°C, 250 mA/cm2, 
85% H2 fuel utilization and 25% air utilization.
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THIN FILM SOLID OXIDE FUEL CELLS WITH 
ZrO2- AND CeO2-BASED ELECTROLYTES

H. A ra i, K. E guchi, T. Setoguchi 
H. I to h , and T. Inoue

Department of M ate r ia ls  Science and 
Technology, Graduated School of

E ng ineering  S ciences, Kyushu U n iv e rs ity  39 
6-1 Kasugakoen, K asuga-shi, Fukuoka 816,

Japan

A b strac t

Thin f ilm  s o l id  oxide fu e l c e l l s  (SOFC) were 
f a b r ic a te d  u sin g  plasma sp ray in g  and RF-ion 
p la t in g  m ethods. The NiO e le c tro d e  and s t a b i l iz e d  
z irc o n ia  (YSZ) film s  were p lasm a-sprayed  onto a 
porous alum ina s u b s tra te .  The open c i r c u i t  
v o ltag e  (OCV) and maximum power were 0 .9  V and 
260 mW-cm-2 fo r  a s in g le  c e l l ,  r e s p e c t iv e ly .  The 
fu e l c e l l  w ith  a c e r ia -b a se d  e le c t r o ly te  
e x h ib ite d  h ig h er o u tpu t power than th a t  w ith  a 
YSZ e le c t r o ly te .  The open c i r c u i t  v o ltag e  of 
c e r ia -b a se d  SOFC could be improved by c o a tin g  YSZ 
th in  f ilm  on the  e le c t r o ly te  a t  th e  fu e l  s id e ,
s in ce  th e  red u c tio n  o f c e r ia  w ith  H2
su p p re sse d .

was

1. In tro d u c tio n

Development of fa b r ic a t io n  tech n iq u es fo r th in film
e le c t r o ly te s  and porous f ilm  e le c tro d e s have been
in c re a s in g ly  req u es ted  fo r the  p r a c t ic a l  u ses of SOFC to  
a t t a i n  high o u tp u t power. Not only development o f th in  
f ilm  techno logy , but a lso  use of h igh  co n d u c tiv ity  
m a te r ia ls  such as c a tio n  doped c e r ia  as an e le c t r o ly te  i s  
one of the  s o lu t io n s  fo r  enhancing the c e l l  perform ance. 
In  th i s  s tu d y , we f a b r ic a te d  SOFC w ith  Zr02- or Ce02-based  
s o l id  e l e c t r o ly te s  by plasma sp ray in g  method or RF-ion 
p la t in g  method and measured the  c u r re n t-v o lta g e  (I-V) and 
th e  cu rren t-pow er (I-P ) c h a r a c te r i s t ic s  o f the  hydrogen- 
oxygen fu e l c e l l .

2. Experim ental

F igure 1 i l l u s t r a t e s  th e  design  o f tu b u la r  SOFC
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f a b r ic a te d  by plasma sp ray in g . Porous fu e l  e le c tro d e  
(ca . 60 pm th ic k  NiO) and y t t r i a - s t a b i l i z e d  z irc o n ia  
(YSZ)(ca. 200 pm th ic k )  were sprayed in  sequence onto  a 
porous alum ina support tube by using  Onoda Cement, APS-7000 
equipm ent. P t p a s te  was ap p lied  on the e le c t r o ly te  su rfa ce  
as an a i r  e le c tro d e  and f i r e d  a t  800 °C. A th in  f ilm  of 
YSZ was coa ted  on sam aria-doped c e r ia  d isk  by RF-ion 
p la t in g  tech n iq u e . I-V and I-P  c h a r a c te r i s t i c s  o f H2 + 
H2O - O2 fu e l c e l l  were measured in  a flow ing  system .

3. R esu lts  and D iscussion

3.1 SOFC w ith  p lasm a-sprayed  YSZ th in  f ilm

I-V and I-P  c h a r a c te r i s t i c s  o f p lasm a-sprayed  
hydrogen-oxygen fu e l  c e l l  were measured a t  800-1000 °C in  a 
flow ing  system . The open c i r c u i t  v o ltag e  o f the 
s in g le  c e l l  (0 .9  V) was lower than the th e o r e t ic a l  value

Maximum power of the fu e l c e l l  was about 14 
fo r  th e  i n i t i a l  type c e l l .  The reasons fo r 

and power a re  a) gas leakage from e le c t r o ly te -  
in te r f a c e ,  b) o x id a tio n  of fu e l  e le c tro d e  and 

le ad , and c) dense m ic ro s tru c tu re  of the  fu e l 
Gas perm eation through th e  e le c tro d e  was 

by the  c o n tro l  of sp ray ing  co n d itio n  and film  
to  5 . 0 x 10"6 cm4 •g”l •sec -4 a t  room tem p era tu re ,

the NiO p a r t  exposed to  oxygen was sea le d  by alum ina 
t ig h t  film  which was p lasm a-sprayed. The p o ro s i ty  of 

e le c tro d e  was found to  change w ith sp ray in g  ang le  to  
s u b s tr a te .  The perm eation c o e f f ic ie n t  o f N2 a t  room 

tem peratu re  became la rg e r  when the plasma sp ray in g  to rch
was s e t  a t  a sm alle r angle to  the s u b s t r a te .  Under 
op tim ized  c o n d itio n s , we fa b r ic a te d  the  c e l l  s ta c k s  by 
plasma sp ray in g  and measured t h e i r  perform ance. The open 

v o ltag e  and maximum power were 0.91 V and 260 
fo r  a s in g le  c e l l  and 3 .5  V and 0.82 W-cm“2 fo r  a

(1 .1  V) 
mW•cm 2 
low OCV 
alum ina 
e l e c t r i c
e le c t ro d e . 
minimized 
th ick n ess  
A ll 
gas 
the 
the

c i r c u i t  
mW-cm-2
f o u r - c e l l  s ta ck  ( F ig .2 ).

3 .2  SOFC w ith  Ce02”based s o l id  e le c t r o ly te  coa ted  w ith  
YSZ th in  film

The c e r ia -b a se d  ox ides g e n e ra lly  have h ig h er io n ic  
c o n d u c tiv ity  than  s t a b i l iz e d  z irc o n ia . Sam aria-doped 
c e r ia ,  (Ce02) 0 .8 (Sm02 )0 .2  (SDC), has the h ig h e s t io n ic  
c o n d u c tiv ity  o f c e r ia -b a se d  oxides as re p o rte d  
p re v io u s ly (1 ). However, the open c i r c u i t  v o ltag e  o f fu e l 
c e l l  w ith  c e r ia -b a s e d  oxide was sm a lle r than  the 
th e o r e t ic a l  value which i s  es tim ated  from the p a r t i a l
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p re s su re  of H2, H2O, and O2 (F ig .3 ), because of p a r t i a l  
re d u c tio n  of the  c e r ia -b a se d  oxide a t  the fu e l s id e . We 
a ttem p ted  to  suppress the  re d u c tio n  of e l e c t r o ly te  by 
c o a tin g  th in  film  of s t a b i l iz e d  z irc o n ia  by RF-ion p la t in g  
method on the fu e l  s id e  o f th e  e l e c t r o l y te (2 ) . The f ilm  
q u a l i ty  was optim ized by c o n tro l l in g  RF-power, b ia s  
v o lta g e , and s u b s tra te  tem peratu re  during  ion p la t in g  
p ro c ess . The open c i r c u i t  v o ltag e  o f the fu e l c e l l  w ith  YSZ 
coated  SDC approached th a t  o f the  c e l l  w ith  YSZ and 
was very  s ta b le  during  o p e ra tio n  fo r  20 h. The v o lta g e  
drop in  the I-V curve of the  c e l l  p a r t i a l l y  r e s u lte d  from 
th e  la rg e  anodic o v e rp o te n tia l  a t  the  YSZ-anode in te r f a c e ,  
whereas the anodic o v e rp o te n tia l  was q u ite  sm all fo r  non- 
coa ted  SDC-anode in te r f a c e .  Of v a rio u s  m etals examined 
as anode, the power o f th e  fu e l  c e l l  w ith  Fe or Ni 
anode was h ig h er than th a t  w ith  P t anode, because the  
o v e rp o te n tia ls  of Fe and Ni anode were sm aller than th a t  of 
P t anode.

4. C onclusions

(1) A s in g le  SOFC fa b r ic a te d  by plasma sp ray in g  method 
showed th e  OCV of 0 .9  V.
(2) The p o ro s ity  of th e  e le c tro d e  was c o n tro l le d  by 
changing the sp ray ing  angle to  s u b s tra te  ; the  
perm eation  c o e f f ic ie n t  of N2 was la rg e  fo r  the  f ilm  
sprayed from the sm all an g le .
(3) SDC has high io n ic  c o n d u c tiv ity , but the re d u c tio n  a t
the  fu e l  s ide  d e te r io r a te  OCV. With co a tin g  YSZ th in  
film  by RF-ion p la t in g  method on the fu e l s id e  of the  
SDC, th e  open c i r c u i t  v o ltag e  approached the
th e o r e t ic a l  OCV and was s ta b le  du ring  the o p e ra tio n .
(4) The o v e rp o te n tia ls  o f Fe and Ni anode were sm a lle r 
than  th a t  of P t .
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TEMPERATURE DISTRIBUTION IN TUBULAR SOLID 
OXIDE FUEL CELL
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ABSTRACT

The temperature distribution in tubu' r solid 
oxide fuel cell (SOFC) was calculated by using finite element 
method. In order to estimate the temperature distribution, 
the current distribution and the partial pressure 
distributions of hydrogen, water, and oxygen were obtained. 
From the temperature distribution in the tubular SOFC, it can 
be seen that the heat generated in SOFC flows from the 
electrolyte region to the porous yttria stabilized zirconia 
substrate and the hydrogen electrode. The half of heat 
generated in SOFC was transported to hydrogen gas chamber. If 
such heat is utilized for the reforming reaction of a 
hydrocarbon to hydrogen, the total energy conversion 
efficiency is improved from 70% to 90%. Therefore, the 
internal reforming fuel cell is attractive.

1.INTRODUCTION

Solid oxide fuel cells (SOFC) have been investigated and 
developed, because of their high energy coversion efficiency. These 
researches concentrated on the development of materials for 
electrodes and electrolytes and the construction of the cell [1] . 
Recently, the excellent design of SOFC has been achieved by using 
Electrochemical Vapor Deposition (EVD) [2]. In such a SOFC, the thin 
electrolyte was deposited on the conductive oxide cathode which was 
deposited on the porous calcia stabilized zirconia. In this study, the 
temperature distribution in such a solid oxide fuel cell was 
calculated by finite element method in order to offer the fundamental 
data for the development of the high energy conversion SOFC.

The maximum work generated by SOFC corresponds to AG of the 
hydrogen combustion. The energy of TAS cannot be utilized as electric 
energy in SOFC. Moreover, additional work caused by the 
overpotentials of hydrogen and oxygen electrodes and the ohmic loss of 
the electrolyte cannot be utilized as electric energy. In order to 
minimize such unutilized work, the thickness of electrolyte must be 
decreased and excellent oxygen and hydrogn electrodes must be 
developed.

On the other hand, the heat generated in SOFC may be utilized for
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the reforming reaction of a hydrocarbon. The calculation of the 
temperature distribution in SOFC is important to determine the 
practical operation conditions.

2.CURRENT AND PARTIAL PRESSURES DISTRIBUTIONS 
IN TUBULAR SOFC

In this calculation, the heat generation elements and the heat 
absorption elements were considered as follows. In the case of the 
tubular solid oxide fuel cell, the heat is generated or absorbed by 
the follwoing factors;

(1) Overpotentials of hydrogen and oxygen electrodes.
(2) 0hmic resistance of yttria stabilized zirconia.
(3) 0hmic resistance of electrodes.
(4) Entropy changes of hydrogen and oxygen electrodes.

The overpotentials of hydrogen and oxygen electrodes are dependent on 
the current. The relationship between the overpotentials and the 
current has been examined and suggested by many researchers [3,4,5]. 
In this study, the model cell was constructed by using LaCo03 as a 
cathode, Ni cermet as an anode, and yttria stabilized zirconia as an 
electrolyte. The foilwing equations were adopted in the calculation of 
the heat generation from the ovrpotentials [3]. The electrochemical 
parameters are listed in Table 1.

For hydrogen electrode, the overpotential (»?ia) is

RT I 
»?ia ----- ln(«-— )

cmF io
(1)

where I is current and I q is excahnge current.

For oxygen electrode, if the activation and diffusion 
overpotential is assumed to be neglegible, the overpotential (r?ic) is

r?ic ~ 0 (2)

The heat generation from the ohmic resistance of yttria stabilized 
zirconia is also dependent on the current. The ohmic resistance of 
electrodes is negligibly small. The relationship between the voltage 
loss in the electrolyte (AV) and the current (I) obeys Ohm's law.

AV = I x R (3)

where R is the resistance of yttria stabilized zirconia. It can be 
measured by using the impedance method [6].

The heat generation from the thermodynamic entropy change
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becomes larger with increasing temperature. The heat of TAS has to be 
taken into account for the calculation of the temperature 
distribution. The total reaction in SOFC is the hydrogen combustion. 
TAS is easily estimated from the thermodynamic consideration. However, 
in the electrochemical system, the total reaction is separated into 
cathode and anode reactions. The entropy change is also separated.

TAS = TASc a t h o j e  + TASa n o cLe  ( 4 )

The entropy changes at cathode and anode can be estimated from Seebeck 
coefficients of oxygen and hydrogen electrode reaction as reported in 
[7]. The entropy change of oxygen electrode reaction was estimated to 
be -81.6 J K"1 mol'l per two electrons under 0.21 atm oxygen partial 
pressure. The dependence of entropy change on partial pressure can be 
represented by the following equations.

Total reaction 
1

H2 + - 02 -- > H20 (5)

For hydrogen electrode,
p h 2 o

! dlnP) - (S h 2 - R ! dlnP)

(6)

2(S°2- R

'P°2

dlnP)
1

(7)

ASanode “ (^H^O ~ R 

- So2-*

For oxygen electrode,

AScathode “ -

where Sq 2 - *  is transported entropy of 0^~ ion. The entropy changes of 
hydrogen and oxygen electrodes under various partial pressures can be 
calculated from equations (6) and (7).

Thus AScathode changes with the partial pressure of oxygen and 
ASanode changes with the partial pressure of hydrogen and water in 
solid oxide fuel cell. In other words, the heat generation depends on 
the partial pressure of hydrogen, water and oxygen. Therefore, the 
partial pressure distribution has to be estimated in order to 
calculate the temperature distribution in the tubular SOFC.

The current distribution was calculated by using a model, as 
shown in Fig.l. The SOFC was divided into n elements. The current 
passed through each element is represented by In . The total current
(I) is given by the sum of each element current (In).
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I  =  I]_  +  I 2 + ----------- +  I j .  + ---------------+  I n  ( 8 )

If the electrode or bus bars have excellent electronic conductivities, 
the cell voltage of each element is equal to total cell voltage (V).

V = VX = V2 .........Vn (9)

For element 1, the relationship between V]_ and 1^ is represented by 
the following equation,

V], = Ee - rii - Rli (10)

where rfi is given by equation (11) and Ee is determined from the 
partial pressures of hydrogen, water, and oxygen according to the 
Nernst equation.

»ji = r?ia + »7ic (11)

p0
RT 2

Ee = E0 - (— )ln(-------) (12)
nF p0 PH 0

2 2

For other elements, the same relationship can be estabilished. The 
hydrogen and air flow horizontally through the chambers in the cell at 
constant rate, where the flow rate of air is the same as that of 
hydrogen. The partial pressures of oxygen and hydrogen at the 
entrances of chambers are higher than that at the exits, because 
oxygen and hydrogen are consumed by the electrode reactions. The 
partial pressure in element 2 is given by the following equation,

UH l ----
2’ 2F

pH ,2 (13)
2 uh2, i + uh2o, i

The air and water patial pressures are given by similar equations.

I,

0-2luair,l " ~  
’ 4F

P02 ,2 - (14)

uair,l ’
II

4F
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Ph 0 , 2 ------------------------------------- <1 5 )2 UH20,l + u H2 ,1

where Uf ]_ is the molar flux of species i at the entrance of SOFC (mol 
s'l) and is calculated from the flow rate. In this way, the partial 
pressures in element 2 can be obtained. As a result, Ee can also be 
determined. From Ee and V, I2 can be calculated by using equation 
(10). Such a procedure is repeated n times. Finally, the current 
distribution and the partial pressure distribution can be calculated.

Fig.4 shows the current distribution in SOFC at various flow 
rates of hydrogen. The average current density is 200 mA cm’2. The 
partial current near the entrance of SOFC is larger than that near the 
exit. The distribution depends on the flow rate and current. The 
distribution becomes larger with decreasing flow rate. Fig.5 shows the 
partial pressure distributions in SOFC at 5 cm s"l (0.0376 mol s“l) 
flow rate of hydrogen and air. The hydrogn partial pressure gradually 
decreases along the Z axis from the entrance to the exit. Under these 
conditions, 90% of hydrogen introduced in SOFC is consumed by the 
electrode reaction. The oxygen partial pressure also decreases. The 
partial pressure distribution of hydrogen is larger than that of 
oxygen. Thus the flow rate influences the distributions of current and 
the partial pressures.

In this way, the partial pressure distributions of hydrogen, 
oxygen, and water and the current distribution in SOFC were obtained. 
From these results, the heat generation at each element can be 
estimated. The temperature distribution in SOFC can be calculated by 
using finite element method.

3.TEMPERATURE DISTRIBUTION IN TUBULAR SOFC

Fig. 6 shows the model of the tubular SOFC and the initial and 
boundary conditions of the calculation. At the interface between the 
oxygen chamber and the porous yttria stabilized zirconia, the thermal 
boundary is assumed. Thermal conductivity at the interface is 
calculated from p (density) , p (viscosity), Cp (heat capacity), k 
(heat conductivity), u (velocity), and D (diameter or length), as 
summarized in Table 2. The hydrogen and oxygen flow along the Z axis 
from the entrance to the exit. The hydrogen electrode is made from 
nickel cermet and its thickness is 500 /2m. The oxygen electrode is 
made from LaCo03 and its thickness is 500 /zm. The electrolyte is 
yttria stabilized zirconia and its thickness is 500 /xm. Thermal 
conductivities of these materials are listed in Table 3.
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Thus, all parameters used in the calculation of the temperature 
distribution in the tubular SOFC can be estimated. Therefore the 
calculation by finite element method was carried out. Fig.7 shows the 
temperature distribution in the electrolyte along the Z axis. The 
temperature at the entrance is lower than that at the exit. From the 
current distribution, it is expected that the heat generated at the 
entrance is larger than that at the exit. This fact indicates that the 
heat generated near the entrance of SOFC is transported to the 
hydrogen gas and oxygen gas and the temperatures in hydrogen and 
oxygen chambers increase. As a result, the temperature in electrolyte 
near the exit also increases. The temperature distribution in SOFC 
strongly depends on the flow rate, and the uniform temperature 
distribution can be obtained at 30 cm s"l, where the flow rate of air 
is the same as that of hydrogen gas. With increasing flow rate, the 
amount of heat transported to gas decreases; as a result the 
temperature difference between the entrance and the exit becomes 
small.

Fig.8 shows the temperature distribution along the R axis near 
the entrance of SOFC. The highest temperature is observed at the 
cathode region. The temperatures at the porous yttria stabilized 
zirconia and the nickel cermet electrode are lower than that at the 
electrolyte. The heat is transported from the electrolyte to hydrogen 
gas and oxygen gas. The temperature gradient is largest at the 
electrolyte region.
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Electrochemical Parameters used in the calculation of 
the cuurent distribution.

Table 1

Electrochemical parameters

io 9.8 A m"
an 1.8*
a** 0.1 S cm'I

*:from reference [8].
**:R=(l/<j) (L/S) ; L: thickness of YSZ element, S: surface area of

YSZ element.

Table 2 Physical parameters of hydrogen and air at 1273 K.

p/g cm'3 /x/g cm'I s'I Cp/J g-1 K-l k/J cm'I s"I K'l

Air 0.276 6xl0-5 l.lxlO3 0.2

h 2 0.019 3x10-5 1.4xl04 0.1

Table 3 Heat conductivities of the materials in SOFC

material k/J cm'I S-1 £-1

YSZ 0.027
porous YSZ 0.011
LaCo03 0.022
Ni cermet 0.11
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cathode

anode

electrolyte porous zirconia substra te

F i g . l  S c h e m a tic  i l l u s t r a t i o n  o f  t u b u l a r  SOFC.

F i g . 2 M odel f o r  c a l c u l a t i o n  o f  c u r r e n t  a n d  p a r t i a l  
p r e s s u r e  d i s t r i b u t i o n s .
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F i g . 3 E q u iv a le n t  c i r c u i t  o f  m odel i n  F i g . 2 .

L/cm

F i g . 4 C u r r e n t  d i s t r i b u t i o n  i n  t u b u l a r  SOFC.
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F i g . 5 P a r t i a l  p r e s s u r e  d i s t r i b u t i o n  i n  t u b u l a r
SOFC.

t = 0
T = 1000 °C

Iheat transferí

Fig.6 Model for calculation of temperature distribution
and initial and boundary conditions.
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Fig.7 Temperature distribution in YSZ along the Z axis 
at various flow rates.
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Fig.8 Temperature distribution along the R axis 
near the entrance of SOFC at 10 cm s"l.
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ABSTRACT

The principal technical challenge in the development of the monolithic 
solia oxide fuel cell (MSOFC) is fabrication of the intricate 
structure. Fabrication of the MSOFC requires incorporation of four 
thin fuel cell layers (anode, electrolyte, cathode, and interconnect) 
into a self-supporting structure. At present, the MSOFC is fabricated 
by forming the fuel cell as a green body and cofiring the cell at 
elevated temperatures to form a sintered monolithic structure.
Forming the MSOFC involves fabricating thin tapes, laminating, 
corrugating, and bonding the various layers into the required 
structure. Cofiring the mel cell involves sintering the green body 
at selected processing conditions. Parameters of the forming and 
processing steps must be tailored and controlled to produce MSOFC 
structures with desired properties and free of defects. This paper 
presents and discusses the results obtained on forming and processing 
the MSOFC using a fabrication sequence based on the calendering 
technique.

1. INTRODUCTION

The monolithic solid oxide fuel cell (MSOFC) is a design concept that places the 
thin ceramic components of a solid oxide fuel cell in a lightweight, compact 
structure (1) and so achieves high efficiency, excellent performance, and 
extraordinarily high power density. In the coflow version of the MSOFC, the 
fuel cell consists of a honeycomb-like array of adjacent fuel and oxidant 
channels that resemble corrugated paperboard (Figure 1). The walls of the 
channels are formed from multilayer laminates of the cell components. As can be 
seen from Figure 1, the coflow MSOFC is made of two types or laminated 
structures, each composed of three ceramics -  anode/electrolyte/cathode (A /E /C ) 
and anode/interconnect/cathode (A /I/C ). The A /E /C  composite is appropriately 
corrugated and is stacked alternately between flat A /I/C  composites. Typical 
thickness of cell components in the coflow MSOFC is 25 to 100 microns, and the 
distance from cell to cell is 1 to 2 mm. In the crossflow version of the MSOFC, 
fuel and oxidant channels are formed from corrugated anode and cathode layers,
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respectively (Figure 2). Fuel and oxidant flows are at right angles to each 
other. The A /E /C  and A /I/C  composites are flat and stacked alternately between 
the corrugated anode and cathode layers (2).

One of the major technical challenges in developing the MSOFC is fabricating the 
intricate structure. Fabrication of the MSOFC involves forming four thin fuel 
cell layers, incorporating them into the monolithic structure, and cofiring the 
structure at elevated temperatures to form the required sintered structure. A 
critical aspect in the fabrication of the MSOFC is to tailor and control forming 
and processing conditions to produce MSOFC structures with desired properties 
and free of defects. This paper presents and discusses the results obtained on 
forming and processing the MSOFC using a fabrication sequence based on the 
calendering technique.

2. FABRICATION PROCESS

The materials currently used for the MSOFC are YnOystabilized ZrO2 f°r 
electrolytes, Ni/Y2O3-ZrO2 cermet for anodes, Sr-doped LaMnO3 for cathodes, and 
Sr- or Mg-doped LaCrO3 for interconnects. Fabrication of these materials into 
the monolithic structure must yield: (l) dense electrolyte and interconnect 
along with porous anode and cathode layers, (ii) good interfacial bonding 
between adjacent layers, (iii) insignificant reaction and interdiffusion between 
neighboring layers, and (iv) reliable and crack-free structures. The MSOFC 
fabrication work reported in this paper is based on the calendering technique 
for forming the thin ceramic layers.. The calendering technique has been used 
for making ceramic tapes (3) and has been developed for preparing electrolyte 
support structures (LiA102) in molten carbonate fuel cells (4,5).

TAPE CALENDERING

The tape calendering process consists of dispersing the ceramic powder in a 
thermoplastic organic vehicle system to form a plastic mass. The mass is then 
sheeted into thin tape using a two-roll mill.

Organic vehicle systems used in calendered ceramic tapes are almost exclusively 
composed of two components: binders and plasticizers. The binder is a 
thermoplastic resin and qualitatively, the binder should possess the following 
properties:

• Confer plasticity upon the ceramic powder sufficient for rolling.

• W et the powder to aid dispersion and minimize entrapped gas.

• Show stability under mixing and rolling conditions.

• Impart adequate tear strength to the body during forming and 
sufficient rigidity during the initial stage of binder burn-out.

• Leave a minimal amount of residue after burn-out.

• Have an adequate storage life.
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The plasticizer is a minor organic additive the function of which is to increase 
the plasticity (fluidity) of the ceramic-binder mixture. The plasticizer should 
have the following properties:

• Compatibility with the binder: It should not react but form a 
softened mixture with the binder, thereby increasing flexibility of 
the ceramic-binder mixture.

• Low volatility: This ensures the retention of the plasticizer during 
forming operations which is necessary for consistent rheology ana 
moldability.

The criteria for the selection of an organic vehicle system for ceramic tape 
calendering is that it will tolerate a high solid volume fraction, provide good 
tear strength, impart proper rheological properties to the ceramic-binder 
mixture during rolling, and provide easy removal of the tape from the rolls and 
molds.

The ceramic-binder mixture must be prepared prior to tape calendering and, 
therefore, dispersive mixing of the ceramic powder in the organic vehicle is an 
important initial step. High-intensity mixers are often used to soften the 
binder through heat of friction and to achieve uniform dispersion. Additional 
mixing is promoted by the shear resulting from passage o f  the plasticized mass 
between two rolls travelling at different speeds. Final passes through the mill 
are made with the rolls travelling at approximately the same speeds to achieve 
high-quality, tear-free tape surfaces. The important factors in tape rolling 
are roll speed, roll temperature, and number of passes. Good temperature 
control of the roll surface and a high number of passes are essential for 
producing tapes of uniform thickness. The tape temperature rise during 
calendering must be carefully controlled to prevent binder and plasticizer 
loss. Organic material loss may cause formation of gas bubbles and may result 
in brittle tape that is susceptible to cracking during forming.

FABRICATION PROCESS FOR MONOLITHIC SOLID OXIDE FU EL CELLS

The fabrication scheme for the MSOFC based on the calendering technique is shown 
in Figure 3 (6). In this fabrication process, ceramic powder, binder, and 
plasticizer are first blended in a jar mill. The blended materials are then 
mixed in a high-intensity Banbury mixer to form a plastic mass. The mass is 
calendered into a thin flat tape using a Farrel two-roll mill. The Farrel mill 
has two counter-rotatingchromium-plated stainless steel rolls with independent 
variable speed control. The temperature of the two rolls is regulated by 
independently controlled circulating oil baths, and the separation between the 
counter-rotating rolls is also adjustable. Tape thickness is controlled by the 
spacing of the two rolls.

Multilayer composites are fabricated by laminating individual tapes in a second 
rolling operation. The mechanical force from this second rolling operation 
bonds the layers of the composite. Two types of composites, A /E /C  and A /I/C , 
are required for the MSOFC. To form coflow M SOrC stacks, for example, tne 
A /E /C  composites are corrugated. These corrugated layers are then bonded 
between flat A /I /C  tapes. The MSOFC stack is then processed to remove the 
binder and plasticizer and sintered into rigid structures.
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During processing, the integrity of the fuel cell stack depends upon several 
factors. First, the individual cell materials must have acceptably close 
coefficients of thermal expansion to minimize thermal expansion mismatch 
stresses during cofiring. In addition, the sintering characteristics of the 
individual layers should match in linear shrinkage rates so that the multilayer 
composites do not crack or delaminate during firing. In general, there are two 
stages of shrinkage during firing of a ceramic tape. An example of a typical 
shrinkage plot o f  an electrolyte tape during firing as a function of temperature 
is given in Figure 4. At low temperatures, a small percent of shrinkage of the 
tape is observed as the organic components are extracted and the ceramic grains 
are drawn closer together. This amount of shrinkage is directly dependent on 
the binder and plasticizer loading relative to the surface area of the ceramic 
powder. At high temperatures, a large percent of shrinkage occurs due to 
sintering of the ceramic particles. The shrinkage due to high-temperature 
sintering is directly dependent on the ceramic particle size, surface area, and 
volume loading. In firing the laminated structures of the MSOFC, it is critical 
to match the shrinkage profile for all of the components. Any mismatch in the 
shrinkage profile can cause stress in the fired bodies, resulting in cracking.
Cracks through the electrolyte and interconnect layers of the MSOFC will permit 
cross-leakage of fuel and oxidant. Thus, matching the shrinkage over the 
temperature range of binder burn-out and sintering is vital to successfully 
firing the MSOFC stacks.

3. FORMING AND PROCESSING MONOLITHIC SOLID OXIDE FUEL CELLS

Individual cell components, A /E /C  and A /I/C  composites, and coflow MSOFC 
stacks have been formed by the fabrication process described above and have 
been processed at elevated temperatures.

CELL COMPONENTS

Electrolyte: The electrolyte fabricated in this work is made from 
Tosoh yttria-stabilized zirconia (8 mol% yttria). Thin electrolyte tapes made 
by calendering have been sintered to above 94% of theoretical density at 1400°C.

Anode: The anode is made from yttria-stabilized zirconia and nickel 
oxide powder (The NiO will be reduced to nickel metal when exposed to the fuel 
in the fuel cell). Porous anodes (up to 23% porosity before hydrogen reduction) 
have been fabricated. Due to the nickel content, the anode has the highest 
thermal expansion among the MSOFC components (7,8); therefore, anode raw 
materials have been tailored to obtain a good coefficient of thermal expansion 
match with the other components.

Cathode: The cathode is made from HUA Associates strontium-doped 
lanthanum manganite. Cathode layers of up to 25% porosity have been produced in 
this work. The properties (specifically, sintering shrinkage and porosity) of 
the cathode are tailored by varying the starting powder characteristics. Pore 
formers are also used to increase cathode porosity.

Interconnect: The interconnect used in this work is made from 
strontium- or magnesium-doped lanthanum chromite. Because of the high 
volatility of chromium in oxidizing atmospheres, it is difficult to sinter 
LaCrC>3 to full density in air at temperatures below 1400°C (9,10). Sintering
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aids (fluxes) have been used to improve the sinterability of LaCrO j. Densities 
of up to 100 percent of theoretical have been attained oy adding certain 
sintering aids to the LaCrOj.

COMPOSITES

Anode Zelectrolyte/cathode composite: Single cells or A /E /C  composites 
have been fabricated using the calendering technique. Figure 5 shows the 
cross-section of a single cell in green state. Green single cells have been 
fired successfully at 1400°C. Figure 6 shows a scanning electron micrograph of 
a fracture surface of a sintered single cell. Figures 7A and 7B are 
high-magnification photographs showing the porous microstructures of the anode 
and cathode layers, respectively. As can be seen from Figure 6, the electrolyte 
is dense, while the anode and cathode layers are porous. The single cell has no 
cracks and displays good bonding between layers.

Anode/interconnect/cathode composite: Fluxed interconnects have been 
incorporated into A /I/C  composites. Figure 8 is a scanning electron micrograph 
of a polished cross-section of an A /I/C  composite. The porous layer at the top 
is the Sr-doped LaM nOj cathode. The middle layer is the high-density 
interconnect, and the porous layer at the bottom is the N iO /Y nO j-ZrC ^ anode. 
The micrograph shows that the composite can be cofired to yield a porous anode 
and cathode along with a dense interconnect.

STACKS

Coflow MSOFC stacks of various sizes have been built in this work to demonstrate 
fabricability of the monolithic structure. Stack fabrication has concentrated 
on forming corrugations, bonding the composites together, and processing the 
stack at high temperatures. The corrugation method currently used in stack 
fabrication is based on compression molding. The A /E /C  composite is corrugated 
using a heated press and a mold that consists of a rubber top and a metal 
bottom. The corrugations of the mold have right angle peak and valley edges 
with a side slope o f 15 degrees. Uniform corrugations have been formed by this 
technique. Corrugated A /E /C  layers have been bonded between flat A /I /C  layers 
to form coflow stacks (Figure 9). Green stacks have been sintered at 1400bC, 
and Figure 10 shows a stack after firing. The fired stack exhibits minimum 
cracking and delamination.
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ANODE

ELECTROLYTE

INTERCONNECT

ELECTRON/ION PATH

Figure 1. Coflow Monolithic Solid Oxide Fuel Cell.

Figure 2. Crossflow Monolithic Solid Oxide Fuel Cell.
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Figure 3. Fabrication Process Based on CalenderingTechnique.

Figure 4. Shrinkage Profile Figure 5. Cross-Section of Green
of Electrolyte. Single Cell.
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ELECTROLYTE CATHODE

Figure 6. Scanning Electron Micrograph of Fracture Surface of Single Cell.

Figure 7. Scanning Electron Micrograph of
(A) Anode
(B) Cathode
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Figure 8. Scanning Electron Micrograph Figure 9. A Green Coflow MSOFC 
of Polished Cross-Section of Stack.
A /I/C  Composite.

Figure 10. A Sintered MSOFC Stack Made from Calendered Multilayer Tapes.
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INTERFACIAL EFFECTS IN MONOLITHIC SOLID OXIDE FUEL CELLS

Dennis W. D ees, Uthamalingam Balachandran, Stephen E. D o rr is , 
John J . H eiberger, C harles C. M cPheeters, and John J . P ic c io lo

Argonne N ationa l L aboratory ,
Chemical Technology D iv is ion  and 

M ateria ls  and Components Technology D iv is io n ,
Argonne, I l l i n o i s  60439

ABSTRACT

The in t e r f a c ia l  re s is ta n c e  of th in  th r e e - la y e r  ceram ic 
s o l id  oxide fu e l c e l l  com posites was s tu d ied  a t  1000°C using  
AC impedance techn iques. The anode in t e r f a c ia l  r e s is ta n c e  
was found to in c rease  d ra m a tic a lly  when the H20 con ten t 
decreased  below 0.03 atm in  a H2/H20 fu e l system . In c rea se s  
in  the anode in t e r f a c ia l  r e s is ta n c e  were a lso  observed in  the 
p resence of H2S. S ig n if ic a n t d ecreases in  the anode 
in t e r f a c i a l  re s is ta n c e  were accom plished by t a i lo r in g  the 
e le c t r o d e 's  m ic ro s tru c tu re .

INTRODUCTION

The M onolithic Solid  Oxide Fuel C ell (MSOFC) under development a t  
Argonne N ational Laboratory is  an oxide-ceram ic s t ru c tu r e  in  which 
a p p ro p r ia te  e le c tro n ic  and io n ic  conductors a re  fa b r ic a te d  in  a 
’’honeycomb” shape s im ila r  to a b lock of co rrugated  paperboard (1 ) . The 
fundam ental b u ild in g  block fo r the s t ru c tu r e  is  an in d iv id u a l fu e l c e l l  
made of a th in  th re e - la y e r  ceram ic com posite. The com posite i s  a 
y t t r i a - s t a b i l i z e d  z irc o n ia  (YSZ) e le c t r o ly te  sandwiched between a 
nickel-YSZ cermet anode and a strontium -doped lanthanum manganite 
ca thode , shown in  F igure 1. The fu e l c e l l  is  operated  a t  1000°C. The 
e le c tro ch em ica l performance of the th ree  la y e r  com posite i s  lim ite d  by 
the bulk  re s is ta n c e  of the e le c t r o ly te  and in t e r f a c ia l  r e s is ta n c e s  of 
each of the e le c tro d e - e le c tr o ly te  in te r f a c e s .  R eduction of these  
in t e r f a c i a l  re s is ta n c e s  is  im portant to  o b ta in in g  high power d e n s i t ie s  
w ith  the MSOFC.

AC impedance s tu d ie s  a re  used to  examine the fu e l c e l l ' s  
e le c tro ch em ica l performance and to se p a ra te  the bulk r e s is ta n c e  from 
the in t e r f a c i a l  r e s is ta n c e s  (2 ) . A re fe ren ce  e le c tro d e  is  used to 
se p a ra te  the in t e r f a c ia l  r e s is ta n c e  in to  the a n o d e /e le c tro ly te  
component and the ca th o d e /e le c tro d e  component. A n o d e /e le c tro ly te  and 
c a th o d e /e le c t ro ly te  in t e r f a c ia l  re s is ta n c e s  of le s s  than 0 .1  2 cm2 have 
been o b ta in ed . In  order to  determ ine the i n t e r f a c ia l  impedance 
in fo rm ation  more a c c u ra te ly , symmetric a n o d e /e le c tro ly te /a n o d e  and 
c a th o d e /e le c tro ly te /c a th o d e  com posites a re  fa b r ic a te d  and examined. 
While both the a n o d e /e le c tro ly te  and c a th o d e /e le c t ro ly te  in te r fa c e s
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have been examined e x te n s iv e ly , the a n o d e /e le c tro ly te  i n t e r f a c i a l  
r e s is ta n c e  s tu d ie s  a re  d iscu ssed  here in  d e ta i l .

RESULTS

A complex impedance p lo t of an an o d e /e le c tro ly te /a n o d e  com posite i s  
g iven in  F igure 2. The high frequency l im it  of the r e a l  impedance a x is  
i s  used to  determ ine the bulk re s is ta n c e  of the com posite, and the 
i n t e r f a c i a l  r e s is ta n c e  of the composite i s  determ ined by the d if fe re n c e  
between the  low and high frequency l im i ts .  Two c i r c u la r  a rc s  a re  
c le a r ly  v is ib l e  in  the complex impedance p lo t ,  n e ith e r  o f which i s  a 
s e m i-c i rc le .  C irc u la r  a rc s  th a t do not have tru e  s e m i-c irc u la r  shapes 
a re  q u ite  common in  s o l id  oxide systems and a re  g e n e ra lly  a t t r i b u te d  to  
the d is t r i b u t io n  of in t e r f a c i a l  p ro p e r tie s  (3 ) . Both c i r c u la r  a rc s  can 
be a s s o c ia te d  w ith the e le c t ro d e /e le c t ro ly te  in te r fa c e s  and they have a 
lo c a l  maximum a t  approxim ately  10 and 500 Hz.

The e f f e c t  of changing the co n cen tra tio n  of H2 and H20 in  the fu e l  
was examined. G enera lly  changing the co n cen tra tio n  of H2 between a few 
mole p e rcen t and pure hydrogen has only a sm all e f f e c t  on the 
i n t e r f a c i a l  r e s is ta n c e  of the e le c tro d e . Likewise d i lu t in g  the fu e l 
w ith  He does l i t t l e  to  change the in t e r f a c ia l  r e s is ta n c e .  C onversely , 
the p a r t i a l  p re ssu re  of H20 has a s ig n if ic a n t  in f lu en ce  on the 
i n t e r f a c i a l  re s is ta n c e  of the e le c tro d e . An o rder of magnitude 
red u c tio n  in  the p a r t i a l  p re ssu re  of H20 from 0.03 atm in c re a se s  the 
i n t e r f a c i a l  re s is ta n c e  by approxim ately  a fa c to r  of f iv e ,  w ith  most of 
th i s  in c re a se  o ccu rrin g  in  the  low frequency c i r c u la r  a rc . The 
d ecrease  in  i n t e r f a c ia l  re s is ta n c e  w ith in c rea s in g  H20 con ten t i s  not 
s ig n i f i c a n t  once the H20 con ten t reaches a few p e rcen t. I t  was a lso  
observed th a t  changes in  i n t e r f a c ia l  re s is ta n c e  re s u l t in g  from 
v a r ia t io n  of H20 p a r t i a l  p re ssu re  were found to  be to t a l l y  r e v e r s ib le .

Evidence in d ic a te s  th a t  H20 is  not the c r i t i c a l  component, but 
oxygen-con ta in ing  m olecules a re  im portan t. An example of th i s  i s  the 
f a c t  th a t  C0/C02 system s perform  as w ell as H2/H20 fu e ls .  The e f f e c t  
o f H20 p a r t i a l  p re ssu re  on the i n t e r f a c ia l  re s is ta n c e  has been observed 
by o th e r  re se a rc h e rs  in  s im ila r  systems (4 ) .

The e f f e c t  o f s u l fu r  on the a n o d e /e le c tro ly te  i n t e r f a c ia l  
r e s is ta n c e  was examined by adding H2S to the H2/H2O fu e l .  While th e re  
was some in c re a se  in  in t e r f a c i a l  re s is ta n c e  the lo s s  in  perform ance of 
the e le c tro d e  was no t d e v a s ta tin g . This is  tru e  even a t  H2S 
c o n c e n tra tio n s  in  excess of 100 PPM. At co n cen tra tio n s  s ig n i f i c a n t ly  
h ig h e r than 100 PPM H2S the n ic k e l i s  not therm odynam ically s t a b le .  I t  
should be noted th a t these  t e s t s  were r e la t iv e ly  sh o rt term in  th a t the 
c r i t e r i a  fo r  a s teady  in t e r f a c i a l  r e s is ta n c e  was on an hourly  b a s is .
The change in  the complex impedance p lo t fo r a composite between 0 and 
105 PPM H2S is  g iven in  F igure 3. The in t e r f a c ia l  r e s is ta n c e  in c re a se s  
from 0.271 to 0.446 2 cm2. The in te r e s t in g  aspect i s  th a t the c h ie f  
change in  the i n t e r f a c i a l  re s is ta n c e  is  in  the high frequency c i r c u la r
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a rc .  P ost t e s t  exam ination of the com posites a f t e r  the s u l fu r  t e s t s  
re v e a l th a t a l l  the e le c t ro ly te  was d isc o lo re d  (darkened). The 
d is c o lo ra t io n  could be a r e s u l t  of s u l fu r  in co rp o ra tio n  o r oxygen 
d e p le tio n  of the e le c t r o ly te .  S u lfu r being in co rpo ra ted  in to  the 
e le c t r o ly te  could ex p la in  why the s u l fu r  e f f e c ts  were not r e v e r s ib le .

The m ic ro s tru c tu re  of the in te r fa c e  has a s tro n g  e f f e c t  on the 
in t e r f a c i a l  r e s is ta n c e . C lea rly  in c re a s in g  the th ree -p h ase  (g as , 
n ic k e l ,  and YSZ) e le c tro c h e m ic a lly -a c tiv e  a rea  should reduce the 
in t e r f a c i a l  re s is ta n c e . An example o f th i s  i s  the e f f e c t  of n ic k e l 
p a r t i c l e  se p a ra tio n  on the in t e r f a c i a l  r e s is ta n c e .  The r e s u l t s  of ten  
d i f f e r e n t  fu e l c e l l  t e s t s  i s  given in  F igure 4. G enera lly , red u c tio n  
in  the average n ic k e l p a r t ic l e  s e p a ra tio n  was accom plished by reducing  
the n ic k e l p a r t i c l e  s iz e  ra th e r  than by in c re a s in g  the  n ic k e l co n te n t. 
One can conclude th a t s ig n if ic a n t  red u c tio n  i r  the in t e r f a c i a l  
r e s is ta n c e  can be ob tained  by reducing the n ic k e l p a r t i c l e  s e p a ra tio n .

CONCLUSIONS

The in t e r f a c ia l  re s is ta n c e  of the anode in  the MSOFC is  in f lu en ced  
by gas com position and e le c tro d e  m ic ro s tru c tu re . H2 fu e l should 
co n ta in  a t  le a s t  a few percen t H20 in  o rd e r to minimize the in t e r f a c i a l  
re s is ta n c e  of the a n o d e /e le c tro ly te  in te r f a c e .  S ig n if ic a n t d ecreases 
in  the  i n t e r f a c ia l  re s is ta n c e  a re  p o ss ib le  by ta i lo r in g  the e le c t r o d e 's  
m ic re s tru c tu re .
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F igu re  1. O p tica l micrograph of a ty p ic a l  a n o d e /e le c tro ly te /c a th o d e  
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F igu re  2. Complex impedance p lo t of a n o d e /e le c tro ly te /a n o d e  com posite 
a t  1000°C w ith H2/H20 = 97/3 (Area = 6 .8  cm2)
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F igu re  3. Complex impedance p lo ts  of a n o d e /e le c tro ly te /a n o d e  com posite 
a t  1000°C w ith H2/H2O = 97/3 (Area = 6 .4  cm2)
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MEAN NICKEL PARTICLE SEPARATION IN MICRONS
F igure  4. MSOFC anode in t e r f a c ia l  re s is ta n c e  vs. mean n ic k e l p a r t i c l e  

s e p a ra tio n
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2- 11-1 I w a to - k i t a ,  Komae, Tokyo, 201 Jap an

A b s tr a c t

T h is  p ap e r sum m arizes th e  p r e s e n t  s t a t u s  o f  
in v e s t i g a t i o n  on s o l id  o x id e  f u e l  c e l l  (SOFC) a t  
N a tio n a l C hem ical L a b o ra to ry  f o r  I n d u s try  (N CLI). The 
main t a r g e t  o f  th e  i n v e s t i g a t i o n  i s  to  c l a r i f y  th e  
p o s s i b i l i t y  o f  a la r g e  p la n a r  SOFC, w hich i s  s u i t a b l e  
fo r  o n - s i t e  power g e n e ra t io n  (10 - 100 MW). Emphases 
w ere p la c e d  on th e  fo l lo w in g  p o in t s .
(1) Therm odynam ical s tu d y  on th e  c o m p a t ib i l i ty  among 

m a t e r i a l s ;
(2) D evelopm ent o f  a h ig h ly  a c t i v e  n ic k e l  an ode ;
(3) D evelopm ent o f  new lan thanum  c h ro m ite s  f o r  

s e p a r a to r  m a te r i a l  and i l l - s i n t e r a b l e  lan thanum  
m an g an ite s  f o r  c a th o d e  m a te r i a l ;

(4) D evelopm ent o f  a m ethod o f  f a b r i c a t i n g  a p la n a r  
SOFC by cheap ta p e  c a s t i n g  and c o - f i r i n g .

1. I n t r o d u c t io n

P la n a r  s o l id  o x id e  f u e l  c e l l  (SOFC) w i l l  be more s u i t a b l e  
th an  tu b u la r  SOFC as f a r  a s  r e l a t i v e l y  la r g e  s c a le  (10 - 100 MW) 
o n - s i t e  power p la n t s  a r e  c o n c e rn e d , b ecau se  (1) th e  i n t e r n a l  
ohmic r e s i s t a n c e  o f  tu b u la r  c e l l s  w i l l  be l a r g e r  th a n  t h a t  o f  
p la n a r  c e l l s [ l ]  and (2) th e  tu b u la r  c e l l s  r e q u i r e  a la r g e  number 
o f  c e l l  tu b e s .  Our t a r g e t  i s  to  f a b r i c a t e ,  u s in g  cheap  ta p e  
c a s t i n g  p ro c e s s ,  c e l l s  w hich have e f f e c t i v e  e le c t r o d e  a r e a  a s  
l a r g e  a s  1000 cm^ o r even much l a r g e r ,  i f  p o s s ib l e .  The 
p o s s i b i l i t y  o f  a la r g e  s c a le  p la n a r  c e l l  i s ,  how ever, s u s p e c te d  
from  two re a s o n s ;  (1) d i f f i c u l t i e s  a s s o c ia te d  w ith  th e
f a b r i c a t i o n  p ro c e s s  and (2) c e l l  d e s t r u c t i o n  by th e rm a l
s t r e s s [2 ] .

D i f f i c u l t i e s  in  f a b r i c a t i o n  a r i s e  m a in ly  from  th e  f r a g i l i t y  
o f  f u l l y  y t t r i a  s t a b i l i z e d  z i r c o n ia  (F S Z ). A la r g e  s i n t e r e d  
p l a t e  o f  FSZ w i l l  be to o  f r a g i l e  to  be h an d led  by h a n d s . Two 
m ethods have been i n v e s t i g a t e d  in  th e  p r e s e n t  s tu d y  to  overcom e 
t h i s  f r a g i l i t y  o f  FSZ; (1) a t t a c h in g  b o rd e r s  to  a FSZ p l a t e s  and
(2) c o - f i r i n g  g reen  c e l l  com ponents a s  one p ie c e .

The c o - f i r i n g  method r e q u i r e s  c o m p a t ib i l i ty  o f  c o n s t i t u e n t  
m a t e r i a l s  d u r in g  s i n t e r i n g .  I t  i s  w e ll known t h a t  a s e p a r a to r  
m a t e r i a l ,  lan thanum  c h ro m ite , c a n n o t be s i n t e r e d  to  a g a s - t i g h t
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d en se  p l a t e  in  a i r .  I t  was found  t h a t  a c a th o d e  m a t e r i a l ,  
lan thanum  m an g an ite , a l s o  ca n n o t be f i r e d  and jo in e d  to  a FSZ 
p l a t e  above 1470 K b ecau se  i t  lo s e s  a c t i v i t y  a s  an e l e c t r o d e .  
T h e re fo r e ,  new m a te r i a l s  have been in v e s t i g a te d  f o r  a s e p a r a to r  
and a c a th o d e  to  make th e  c o - f i r i n g  p ro c e s s  f e a s i b l e .

2 . New m a te r i a l s

2 .1  S in t e r a b l e  lan thanum  c h ro m ite ; (La1_xCax )(C r^ .y C a y )0 3

A dense g a s - t i g h t  s e p a r a to r  ( in te r c o n n e c to r )  i s  an 
in d is p e n s a b le  com ponent o f  SOFC, b o th  f o r  tu b u la r  and p la n a r  
c e l l s .  Therm odynam ical s tu d y  s u g g e s te d  t h a t  lan thanum  c h ro m ite  
i s  th e  o n ly  one p e r o v s k i te  w hich i s  s t a b l e  in  h y d rogen  a s  w e ll  a s  
in  a i r  a s  shown in  F i g . l .  I t  i s  a l s o  c h e m ic a lly  c o m p a tib le  w ith  
th e  FSZ e l e c t r o l y t e ,  th e  Ni an ode , and th e  lan thanum  m an g an ite  
p e r o v s k i te  c a th o d e . T e c h n o lo g ic a l  d i f f i c u l t y  a r i s e s  from  th e  
i l l - s i n t e r a b l e  n a tu r e  o f  t h i s  compound. High s i n t e r i n g  
te m p e ra tu re s  make chromium t r i o x i d e  e v a p o ra te  v e ry  r a p i d ly .

We found t h a t  chromium d e f i c i e n t  lan thanum  ca lc iu m  c h ro m ite  
can be s in t e r e d  in  a i r  to  g a s - t i g h t  dense  p l a t e s .  The 
c o m p o s it io n  re g io n  o f  t h i s  p e r o v s k i te  i s  shown in  F i g . 2. For 
c o n v e n ie n c e , t h i s  compound i s  e x p re s se d  a s  (La-, _xCax ) (Cr^_ 
y C a„)03 , a l th o u g h  i t  h as  n o t been  y e t  co n firm ed  w h e th e r c a lc iu m  
r e a l l y  s u b s t i t u t e s  B s i t e  o r n o t .  The w id th  o f  chromium d e f i c i t  
”y ” seems to  be sm a ll (ab o u t 1 - 3 %). The p r e c i s e  d e te r m in a t io n  
o f  chromium d e f i c i t  ”y ” i s  now u nder p ro g r e s s .  The v apo r 
p r e s s u r e s  o f  chromium t r i o x i d e  gas shown in  F i g . 2 have been 
e s t im a te d  u s in g  "CTC/SOLGASMIX” sy s te m [3 ] . The e s t im a te d  vap o r 
p r e s s u r e  o f  chromium t r i o x i d e  s u g g e s ts  t h a t  th e  low v ap o r 
p r e s s u r e  o f  chromium d e f i c i e n t  p e r o v s k i te  h e lp s  th e  s i n t e r i n g  o f 
t h i s  compound. As shown in  F i g . 3, t h i s  new c h ro m ite  h as  h ig h  
e l e c t r i c a l  c o n d u c t iv i ty ,  s u f f i c i e n t  enough f o r  s e p a r a to r  
m a t e r i a l s .  F i g .4 shows t h a t  t h i s  p e r o v s k i te  was s i n t e r e d  to  more 
th a n  90 % o f t h e o r e t i c a l  d e n s i ty  in  a i r .

2 .2  New a i r  e le c t r o d e  m a t e r i a l ;  (La-L_xS rx ) (Mn1_y Cry ) 03

Therm odynam ics p r e d i c te d  t h a t  p e r o v s k i te  o f  c o b a l t  o r  n ic k e l  
w i l l  r e a c t  w ith  z i r c o n ia  a s  shown in  F i g .5. Lanthanum  m a n g a n ite , 
c a th o d e  m a t e r i a l ,  has a lm o s t th e  same th e rm a l e x p a n s io n
c o e f f i c i e n t  a s  FSZ. F eduska  e t  a l [ 4 ] ,  M izusak i e t  a l [ 5 ] ,  and 
Okuyama e t  a l . [ 6 ] ,  found  t h a t  t h i s  m angan ite  d eg rad ed  i t s  
e l e c t r o d e  a c t i v i t y  and in  some c o n d i t io n s  r e a c t e d  w ith  FSZ 
y i e l d in g  SrZrOg o r La2Z r20y, a f t e r  b e in g  f i r e d  w ith  FSZ 
e l e c t r o l y t e  above 1470 K. We found  t h a t  10 % m anganese e x c e ss  
p e r o v s k i t e ,  ( L a i xS rx ) 0 gMnOg, i s  r e l a t i v e l y  s t a b l e .  The 
s i n t e r a b i l i t y , how ever, i s  prom oted  by e x c e ss  m anganese. We have 
in v e s t i g a te d  th e  ch em ica l s t a b i l i t y  o f  t h i s  compound 
th e r m o d y n a m ic a l ly [7 ] . F ig . 6 shows th e  th e rm o d y n am ica lly  
p r e d i c te d  r e l a t i o n s h i p  betw een  A - s i te  d e f i c i t ( 1 - y ) ,  0^ d e f i c i t  
(¿f) , and v a le n c e  o f  m anganese(n ) . The shaded  a r e a  in  F i g . 6 shows 
th e  re g io n  in  w hich lan th an u m  m an g an ite  can  e x i s t  s t a b ly  b u t can
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r e a c t  w ith  z i r c o n ia  (betw een  A1 and A 3). The p e r o v s k i te  in  th e  
low er r e g io n  (betw een  A2 and A3) can  make s t a b l e  c o n ta c t  w ith  FSZ 
a t  1573 K. The ch em ica l s t a b i l i t y  can  be sum m arized a s  fo l lo w s : 
(1) T h is  p e r o v s k i te  i s  a n o n - s to ic h io m e t r i c  compound; (2 ) th e  
ch em ica l s t a b i l i t y  w ith  FSZ depends on th e  e x te n t  o f  m anganese 
e x c e s s ,  and (3) th e  d e f ic ie n c y  o f  m anganese w i l l  p rom ote  th e  
r e a c t io n  w ith  FSZ.

These r e s u l t s  i n d i c a te  t h a t  th e  s t a b i l i z a t i o n  o f  lan thanum  
m an g an ite  i s  in d i s p e n s a b le  f o r  c o - f i r i n g  p ro c e s s .  We have t r i e d  
to  s t a b i l i z e  lan thanum  m an g an ite  by m ix ing  lan thanum  c h ro m ite  
w ith  an aim o f  p r e v e n t in g  s i n t e r i n g  and r e a c t io n  w ith  FSZ. I t  
was found  t h a t  L a(S r)M n(C r)0g  h as  i l l - s i n t e r a b l e  n a tu r e  com pared 
to  La(Sr)MnOo and can  be mounted on FSZ a t  a te m p e ra tu re  a s  h ig h  
a s  1720 K. The a c t i v i t y  i s ,  how ever, r e l a t i v e l y  low com pared to  
th e  c o r r e s p o n d in g  m an g an ite  mounted a t  1420 K. F u r th e r  
im provem ent i s  now b e in g  a tte m p te d .

2 .3  Ni-FSZ ce rm e t anode

F i g .7 shows a s in g l e  c e l l  p e rfo rm an ce  w ith  a 0 .1 7  mm th i c k  
FSZ p l a t e .  A nodic p o l a r i z a t i o n  was th e  l a r g e s t  i r r e v e r s i b l e  
l o s s .  I t  was found  t h a t  f i n e  d is p e r s io n  o f  Ni i s  r e q u i r e d  to  
o b ta in  h ig h  e le c t r o d e  a c t i v i t y  from  X -ray  m icro  p ro b e  a n a l y s i s .
I t  was a l s o  found  t h a t  p r e - s i n t e r i n g  o f  Nl-FSZ ce rm et i s  a l s o  
r e q u i r e d  to  o b ta in  h ig h  e le c t r o d e  a c t i v i t y  a s  shown in  F i g . 8 . 
R e a c tio n  r e s i s t a n c e s  in c r e a s e d  a t  th e  i n i t i a l  s ta g e  o f  c e l l  
o p e r a t io n  u s in g  Ni-FSZ ce rm et anodes w hich w ere p r e p a re d  a t  low er 
p r e - s i n t e r i n g  te m p e ra tu re s .  T h is  r e s u l t  s u g g e s te d  a p o s s i b i l i t y  
o f  Ni p a r t i c l e  m ig ra t io n  d u r in g  c e l l  o p e r a t io n .  E le c t r o d e s  
p re p a re d  from  th r e e  d i f f e r e n t  raw m a te r i a l s  showed a lm o s t th e  
same a c t i v i t y  a s  shown in  F i g .9. I t  w i l l  be r e q u i r e d  to  add some 
p ro m o te rs  o r  to  r e g u l a te  e le c t r o d e  t e x t u r e  to  o b ta in  h ig h e r  
e le c t r o d e  a c t i v i t y .

3 . C e ll  F a b r i c a t i o n

3 .1  B o rd ered  c e l l  and i t s  p e rfo rm an ce

B o rd e rs  w ere a t t a c h e d  to  an e l e c t r o l y t e  p l a t e  in  o r d e r  to  
r e i n f o r c e  f r a g i l e  e l e c t r o l y t e  p l a t e  and a ls o  to  f u r n i s h  gas i n l e t  
and o u t l e t :  f u e l  gas h o le s  opened o n to  th e  to p  s u r f a c e  o f  
e l e c t r o l y t e  and c lo s e d  a t  th e  b o tto m , and v ic e  v e r s a  f o r  a i r  
h o le s .  G reen f i lm s  o f  FSZ w ere p re p a re d  by a d o c to r  b la d e  
m ethod, la y e r e d  a t  b o r d e r s ,  and th e n  c o - f i r e d .  The c e n t r a l  p a r t  
o f  e l e c t r o l y t e  p l a t e  th u s  p re p a re d  was s t i l l  to o  f r a g i l e  to  
f a b r i c a t e  la r g e  c e l l s .  A lan thanum  c h ro m ite  s e p a r a to r  p l a t e  was 
a l s o  p re p a re d  by s i n t e r i n g  o f  a d o c to r  b la d e  f i lm .  The s in g l e  
c e l l  p e rfo rm a n c e s  a r e  shown in  F i g . 10. R e s u l t s  o f  a v e ry  sm a ll 
c e l l  (0 .3  cm2 ) showed f a i r l y  h ig h  l a t e n t  p o t e n t i a l i t y  o f  p la n a r  
S0FC, w hereas th o s e  o f  e n la rg e d  c e l l s  (7 cm2 ) w ere w orse th a n  th e  
sm a ll c e l l ,  though  im provem ent was a c h ie v e d  s t e p  by s t e p  a s  shown 
in  F i g . 10. T h is  was a c h ie v e d  m ain ly  by im p ro v in g  c u r r e n t  
c o l l e c t i o n .  S ta c k e d  c e l l s  w ere f a b r i c a t e d  w ith  th e s e
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e l e c t r o l y t e s  and s e p a r a to r s .  A p e rfo rm an ce  t e s t  i s  now under 
p ro g r e s s  w ith  th e  s ta c k e d  c e l l s .

3 .2 .  C o - f i r in g  p ro c e s s

A c o - f i r i n g  method was i n v e s t i g a t e d  on th e  fo l lo w in g  th r e e  
c o m b in a tio n s  o f  g re e n  f i lm s  and ce ram ic  foam mem branes:
(A) d i s t r i b u t o r / a n o d e / e l e c t r o l y t e / c a t h o d e / d i s t r i b u t o r
(B) d i s t r i b u t o r / b i n d i n g  f i lm / s e p a r a to r / b in d i n g  f i l m / d i s t r i b u t o r
(C) (A) + (B)
C eram ic foam membranes were a d o p te d  a s  d i s t r i b u t o r  in  an a t te m p t 
to  re d u c e  th e rm a l s t r e s s  d u r in g  c o - f i r i n g  and c e l l  o p e r a t io n .  
M a te r ia l s  f o r  d i s t r i b u t o r  were FSZ, lan thanum  c h ro m ite , lan thanum  
m a n g a n ite , Ni-FSZ c e rm e t, o r  m ix tu re s  o f  them . G reen ce ram ic  
foam membranes w ere p re p a re d  by d ip p in g  p o ly - u re th a n e  foam 
membranes in  s l u r r i e s  o f  ce ram ic  pow ders and o rg a n ic  b in d e r s .
V ery p o ro u s  (80 - 90 % p o r o s i ty )  c e ram ic  foam membranes w ere 
o b ta in e d  on b u rn in g  o rg a n ic  b in d e r  and th e n  s i n t e r i n g .

Good a d h e s io n  i s  th e  m ost im p o r ta n t f a c t o r  to  c o - f i r e  
c o m p o s ite  p l a t e s  w ith o u t c ra c k s .  Use o f  b in d in g  f i lm s  c a n n o t be 
a v o id e d  to  e n su re  good ad h e s io n  betw een  f i lm s  and ce ram ic  foam 
m em branes. I t  sh o u ld  be n o te d  t h a t  p in  h o le s  w ere d e te c te d  
e s p e c i a l l y  when s o lv e n ts  w ere u sed  to  a t t a i n  good a d h e s io n  
betw een  f i lm s  and ce ram ic  foam m em branes. I t  was o b se rv ed  t h a t  
s o lv e n ts  d e s tro y e d  u n ifo rm  te x t u r e  o f  g re e n  f i lm s .  G reen 
co m p o s ite  p l a t e s  w ere s i n t e r e d  to  f l a t  p l a t e s  when th e  same k in d s  
o f  raw m a te r i a l s  w ere u se d , w hereas c o m p o s ite  p l a t e s  waved when 
d i f f e r e n t  k in d s  o f  m a te r i a l s  w ere com bined . In  th e  ca se  o f  
c o m b in a tio n  (C ) , a lm o s t a l l  sam ples s e p a r a te d  betw een  f i lm s  and 
ce ram ic  foam m em branes. S tack ed  c e l l s  can  be f a b r i c a t e d  p i l i n g  
c o m p o s ite  p l a t e s  (A) and (B) a l t e r n a t e l y .  S e v e ra l  a t te m p ts  w ere 
made to  com bine th e  ’’b o rd e r in g ” and th e  ’’c o - f i r i n g ” m ethods to  
f u r n i s h  gas i n l e t  and o u t l e t  on th e  co m p o s ite  p l a t e  in  o rd e r  to  
f u r n i s h  an i n t e r n a l  gas m a n ifo ld . H o les w ere fu r n is h e d  
s u c c e s s f u l ly  w hereas b o rd e r s  p ro d u ced  c ra c k s  in  some c a s e s .  The 
m e r i t  o f  p i l i n g  co m p o site  p l a t e s  (A) and (B) i s  e a sy  s e a l in g  o f  
gas h o le s ,  b ecau se  we can u se  a d h e s iv e  o r  f i l l e r  a g e n ts  to  h e lp  
gas s e a l in g  o f  h o le s .  We th in k  t h a t  su ch  a f a b r i c a t i o n  m ethod 
w i l l  be more s u i t a b l e  f o r  a la r g e  p la n a r  c e l l  th a n  f a b r i c a t i n g  a 
c e l l  a s  one p ie c e .  The l a r g e s t  co m p o s ite  p l a t e s  o b ta in e d  was 
ab o u t 80 mm sq u a re  w hich was th e  l i m i t  o f  s i z e  p ro d u c ib le  by o u r 
e l e c t r i c  fu r n a c e .

4 . C o n c lu s io n s

New m a t e r i a l s  w ere found  f o r  a s i n t e r a b l e  s e p a r a to r  and an 
i l l - s i n t e r a b l e  c a th o d e ; (La-^_xCax ) (C r|_ y C ay )0o and (La^_ 
xS rx ) (Mn-j _yC ry)03 . These two m a t e r i a l s  made th e  c o - f i r i n g  
f a b r i c a t i o n  o f  a p la n a r  SOFC f e a s i b l e .  A d i s t r i b u t o r  w hich h as 
ce ram ic  foam s t r u c t u r e  was found  to  be an e f f e c t i v e  m a te r i a l  to  
red u ce  th e rm a l s t r e s s  d u r in g  c o - f i r i n g .  F r a g i l e  e l e c t r o l y t e  
p l a t e s  can  be r e in f o r c e d  by s u p p o r t in g  w ith  t h i s  d i s t r i b u t o r s  o f  
c e ram ic  foam m em branes. T h is  m ethod w i l l  be a p p l ie d  to
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f a b r i c a t i o n  o f  a la r g e  p la n a r  c e l l .
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(LQ]_x5 rx )y Mn 0 3 p (0 2) =0. 2 bar 
T =1 573 K

Fig. 6 Stability of La_(Sr)MnO, in Relation, with A-site 
Deficit(1-y), 0 Deficit(6), and Average Valence 
of Mn(n): Shaded region between A1 and A3 is 
unstable against the reaction with YSZ and the 
region between A2 and A3 is stable at 1573 K.
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FABRICATION TECHNOLOGIES FOR A PLANAR SOLID OXIDE FUEL CELL

P .A . L e s s in g ,  L.W. T a i and K.A. Klemm

M a te r ia l s  and M e ta l lu r g i c a l  E n g in e e r in g  D ep a rtm en t 
New M exico I n s t i t u t e  o f  M ining and T ech n o lo g y

S o c o r ro ,  New M exico , 87801, USA

ABSTRACT

P r o m is in g  m e th o d s  f o r  f a b r i c a t i o n  o f  a p la n a r  
SOFC s ta c k  a r e  re v ie w e d . A p r o c e s s i n g  s e q u e n c e  
u n d e r s tu d y  a t  NM Tech u t i l i z e s  m eth o d s s e l e c t e d  
t o  m in im iz e  l a y e r  i n t e r d i f f u s i o n  by k e e p i n g  
s u b s t r a t e  t e m p e r a t u r e s  low  d u r in g  f a b r i c a t i o n  
w h i le  p r o d u c in g  t h e  op tim um  d e n s i t y  ( lo w  o r  
h ig h )  r e q u i r e d  i n  e a c h  c o m p o n e n t.  R e s u l t s  o f 
a low te m p e r a tu r e  CVD s tu d y  u s in g  o r g a n o m e ta l l ic  
p r e c u r s o r s  to  p ro d u c e  Zr02 doped w ith  Y2O3 and 
a s i n t e r i n g  s tu d y  in  a i r  o f  LaCrO3 doped w ith  
SrO a r e  p r e s e n te d .

1 . INTRODUCTION

S in c e  S e p te m b e r  1 9 8 6 , t h e  a u t h o r s  h a v e  b e e n  p u r s u in g  
a p ro g ra m  to  d e v e lo p  new p l a n a r  s o l i d  o x id e  f u e l  c e l l  
d e s ig n s  and a p p r o p r i a t e  f a b r i c a t i o n  t e c h n o l o g i e s .  A s c h e m a tic  
o f  a t y p i c a l  p la n a r  d e s ig n  ( F i g u r e  1) show s u t i l i z a t i o n  
o f  v e ry  t h i n  l a y e r s  o f z i r c o n i a  b ased  e l e c t r o l y t e ,  p e r o v s k i t e  
ty p e  m a t e r i a l s  f o r  th e  a i r  e l e c t r o d e  ( c a th o d e )  and i n t e r 
c o n n e c t ,  and a Ni-ZrC>2 c e rm e t f o r  th e  f u e l  e l e c t r o d e  ( a n o d e ) .  
P r o p e r t i e s  r e q u i r e d  f o r  th e  v a r io u s  c o m p o n e n ts  a r e  g iv e n  
in  T a b le  I .

Many v a r i a t i o n s  o f  th e  b a s ic  p la n a r  d e s ig n  and a l t e r n a t e  
m a t e r i a l s  a r e  p o s s i b l e .  I t  may be f e a s i b l e  t o  r e p l a c e  
t h e  Z rO 2~N i c e r m e t  anode w ith  a " n - ty p e "  s e m i-c o n d u c t in g  
c e r a m ic .  D oped " n - t y p e "  c o n d u c t i v e  c e r a m i c s  f o r  u s e  a s  
f u e l  c e l l  e l e c t r o d e s  w ere s tu d ie d  by L e s s in g  e t .  a l . ^ l .  The 
dc r e s i s t i v i t i e s  o f th e  v a r i o u s  co m p o u n d s w e re  m e a s u re d  
u n d e r  g a s  c o m p o s i t i o n s  and  t e m p e r a t u r e s  t y p i c a l  o f  h ig h  
te m p e r a tu re  f u e l  c e l l s .

O xide c e ra m ic s  a r e  much more t o l e r a n t  to  s u l f u r  c o n ta m in a t io n  
i n  t h e  f u e l  g a s  t h a n  n i c k e l .  Work a t  t h e  I n s t i t u t e  o f
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G as T e c h n o lo g y  [ 2 ]  c l e a r l y  d e m o n s t r a t e d  t h a t  n i c k e l  i s  
s u b j e c t  t o  s e v e r e  d e g r a d a t i o n  due to  s p e c i e s  l i k e  H2S 
in  th e  f u e l  gas  a t  l e v e l s  a s  low  a s  10 ppm. C o n d u c t in g  
o x i d e s  l i k e  Nb do p ed  T i0 2  w e r e u n a f f e c t e d .  A ls o ,  doped 
n - ty p e  c o n d u c to r s  can be made from  in e x p e n s iv e  raw m a t e r i a l s  
an d  h a v e  b e e n  fo u n d  to  be c a t a l y t i c  l i k e  p l a t i n u m  f o r  
many f u e l  gas  ty p e  r e a c t i o n s  a t  e l e v a t e d  te m p e r a tu r e s .

Some p r o p e r t i e s  o f  c a n d id a te M +^ doped t i t a n a t e s  ( e . g .  CaTiO3 
o r  S rT iO 3 )  a r e  shown in  T a b le  I I .  Low r e s i s t i v i t i e s  w ere 
m easu red  a t  h ig h  te m p e r a tu r e s  f o r  a l l  th e  t i t a n a t e - b a s e d  
sy s te m s  ( such  a s  ZrTiC>4, MgTiO3, CaTiO3, and SrTiO 3 ) [ 1 ]  
w h en : ( a )  d op ing  w ith  M+5 i m p u r i t i e s  su ch  a s  Nb, and (b )  
when t h e  a tm o s p h e re  was r e d u c in g  (lo w  PO2 s im u la te d  f u e l  
g a s ) .  I t  was co n c lu d e d  t h a t  t h e s e  m a t e r i a l s  s h o u ld  make 
e x c e l l e n t  a n o d e s .  R e s i s t i v i t i e s  m e a su re d  on low d e n s i ty  
sa m p le s  (50% TD) w ere co m p a ra b le  to  th o s e  f o r  p - ty p e  p e ro v -  
s k i t e s  t y p i c a l l y  used  f o r  th e  a i r  e l e c t r o d e  and b i - p o l a r  
p l a t e  in  th e  SOFC (S ee T a b le  I I I ) .

I t  i s  v e r y  im p o r ta n t  t h a t  th e  th e rm a l e x p a n s io n  o f  th e  
e l e c t r o d e  m atch  th e  o t h e r  c e l l  c o m p o n e n ts .  W hat e n a b le d  
W e s t in g h o u s e  to  s u c c e s s f u l l y  f a b r i c a t e  ( p r e v e n t  c r a c k in g  
o f )  t h e i r  t u b u l a r  d e s ig n  w as t h e  d i s c o v e r y  an d  u s e  o f  
doped la n th a n u m  m a n g a n ite s  and c h r o m i te s  f o r  th e  a i r  e l e c t r o d e  
an d  i n t e r c o n n e c t o r  [ 9 ] .  T h e s e  m a t e r i a l s  m atched  th e  CTE 
o f th e  doped z i r c o n i a  e l e c t r o l y t e  f a i r l y  c l o s e l y  a s  i s  
shown in  T a b le  I I I .

The L aC r03  h a s  a lw a y s  b e e n  10-20%  low  in  i t s  th e rm a l 
e x p a n s io n  when co m p ared  t o  t h e  z i r c o n i a  e l e c t r o l y t e  o r  
t h e  c a l c i a  d o p ed  z i r c o n i a  s u p p o r t  t u b e .  The i n c l u s i o n  
o f  th e  A1 i n t o  th e  LaCrO3 b r in g s  up th e  CTE b u t a l s o  lo w e rs  
th e  e l e c t r i c a l  c o n d u c t i v i t y .  The doped LaMn03 h as a c l o s e r  
CTE m atch  to  th e  z i r c o n i a  ( e v e n  a l i t t l e  b i t  h ig h )  and  
h as  a lw a y s  p e rfo rm ed  v e ry  w e l l .

The doped ZrTiO4 was in c lu d e d  in  T a b le  I I  f o r  a p a r t i c u l a r  
r e a s o n .  When th e  SOFC i s  o p e r a t e d  a t  h ig h  t e m p e r a t u r e s  
f o r  lo n g  p e r io d s  o f  tim e  th e r e  have been  v e r i f i e d  i n s t a n c e s  
o f i n t e r d i f f u s i o n .  T h is  i n t e r d i f f u s i o n  c a n  l e a d  to  th e  
f o r m a t i o n  o f  n o n - c o n d u c t i v e  com pounds such  a s  L a2Z r20y . 
W e s tin g h o u s e  r e p o r t s  h a v e  i n d i c a t e d  t h a t  th e y  h a v e  n o t  
o b s e r v e d  an y  s i g n i f i c a n t  d i f f i c u l t i e s  in  th e  e l e c t r i c a l  
p e r fo rm a n c e  o f c e l l s  from  t h i s  p ro b le m . I f  an anode  ( f u e l  
e l e c t r o d e )  w ere to  be made from  a t i t a n a t e  ( e . g .  C aT iO 3), 
i n t e r d i f f u s i o n  w o u ld  l i k e l y  fo rm  a compound l i k e  ZrTiO4 
(a  c o n d u c to r  when re d u c e d  on th e  f u e l  s id e  o f th e  c e l l ) .  
A l s o ,  Ca c a n  e x i s t  a s  a s u b s t i t u t i o n a l  c a t i o n  d o p a n t in  
z i r c o n i a  and i s  n o rm a lly  co m p en sa ted  by o x y g e n  v a c a n c i e s  
w hich  le a d  to  en hanced  oxygen c o n d u c t i v i t y .
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A s s o c i a t e d  w i th  t h e  i n t e r d i f f u s i o n  p h e n o m e n a , r u t i l e  
( T i 0 2 )  p e r h a p s  d e s e r v e s  som e a t t e n t i o n .  R e d u c e d  r u t i l e  
and Nb o r Ta doped r u t i l e  have v e ry  e x c e l l e n t  e l e c t r o n i c  
c o n d u c t i v i t y ,  even th o u g h  i t s  CTE a p p e a r s  to  be som ew hat 
lo w . T h e r e  h a s  b e e n  some r e c e n t  w o r k t ^ ]  t h a t  i n d i c a t e s  
t h a t  s o l i d  s o l u t i o n s  in  t h e  Z r0 2 -Y 2 0 3 ~ T i0 2 s y s te m  a r e  
s in g l e - p h a s e  w ith  mixed e l e c t r o n i c  and oxygen io n  c o n d u c t
i v i t i e s .  Up to  a b o u t  15 m ole  p e r c e n t  T i0 2  c a n  d i s s o lv e  
a s  a s o l i d  s o l u t i o n  in  s i n g l e  p h a s e  Z r0 2  w i th  12 m o le  
p e r c e n t  Y2O3. The e l e c t r o n i c  c o n t r i b u t i o n  a p p e a r s  to  be 
PO2 i n s e n s i t i v e  and i s  a b o u t th e  same o rd e r  o f  m a g n itu d e  
a s  th e  i o n i c  c o n d u c t i v i t y .  Thus d i f f u s i o n  o f  T i from  e i t h e r  
a T i0 2  o r  t i t a n a t e  ( e . g .  C aT iO 3) f u e l  e l e c t r o d e  m ig h t  
r e s u l t  in  a m ixed e l e c t r o n i c / i o n i c  c o n d u c to r .  The n a t u r a l  
a p p l i c a t i o n  i s  f o r  c a th o d e s  t h a t  a r e  n o t r e q u i r e d  to  be 
p o ro u s .  H ow ever, an o d es may a l s o  b e n e f i t  by h a v in g  a mixed 
e l e c t r o n i c / i o n i c  c o n d u c t in g  r e g i o n  in  c l o s e  p r o x i m i t y  
to  th e  f u e l  g a s / e l e c t r o d e / e l e c t r o l y t e  l i n e  i n t e r f a c e s .  T h is  
m ig h t  a i d  t h e  r e a c t i o n  r a t e  by e f f e c t i v e l y  w id e n in g  th e  
r e a c t i o n  a r e a .  T h is  w o u ld  r e d u c e  p o l a r i z a t i o n s  a t  h ig h  
c u r r e n t  d e n s i t i e s .

F i g u r e  1 shows th e  g as  c h a n n e ls  form ed in  th e  b i - p o l a r  
p l a t e ,  w h ich  r e q u i r e  th e  b i - p o l a r  p l a t e  to  be r e l a t i v e l y  
t h i c k  ( l a y e r s  n o t shown a t  t r u e  t h i c k n e s s e s ) .  The c h a n n e ls  
c o u ld  a l s o  be in  th e  p o ro u s  e l e c t r o d e  l a y e r ( s )  w hich  t y p i c a l l y  
have lo w e r r e s i s t i v i t i e s  ( i f  m easu red  on th e  h ig h  d e n s i ty  
m a t e r i a l s  m ost o f te n  c i t e d  in  l i t e r a t u r e ) .  H ow ever, ’’a s - f a b 
r i c a t e d ’1 e l e c t r o d e s  a r e  n o r m a l ly  o n ly  a ro u n d  50 % d en se  
and hen ce  t h e i r  a c t u a l  r e s i s t i v i t i e s  a r e  h ig h e r  th a n  t a b u l a t e d  
v a l u e s .  R e s i s t i v i t i e s  on a c t u a l  e l e c t r o d e  s t r u c t u r e s  
a r e  r a r e l y  r e p o r t e d .  T h e r e f o r e  l o c a t i n g  th e  c h a n n e l s  in  
t h e  d e n s e  b i - p o l a r  p l a t e  m ig h t p ro v e  a d v a n ta g e o u s .  E i th e r  
c o u n te r - f lo w  o r c r o s s - f lo w  g as  c h a n n e ls  a r e  p o s s i b l e  d e p e n d in g  
upon th e  f a b r i c a t i o n  m ethod .

R e c e n t  e f f o r t s  a t  A rgonne N a t io n a l  Lab ( t h e  m o n o l i th ic  
d e s ig n )  hav e  been  d i r e c t e d  p r im a r i l y  a t  p r o d u c in g  a h ig h  
e n e r g y  d e n s i ty  d e s ig n .  T h is  d e s ig n  i s  f a b r i c a t e d  by g re e n  
f o r m in g  t h i n  l a y e r s  v i a  t a p e  c a s t i n g ,  th e n  l a m i n a t i n g  
an d  c o - f i r i n g  th e  l a y e r s  i n t o  a s t r u c t u r e  t h a t  r e s e m b le s  
a c r o s s - s e c t i o n  o f  a c u t  s t a c k  o f  c o r r u g a t e d  c a r d b o a r d  
b o x e s . T h is  d e s ig n  i s  q u i t e  p ro m is in g  b u t h a s  v e ry  d i f f i c u l t  
f a b r i c a t i o n  p ro b le m s . T h e se  p r o b le m s  a r e  o n ly  p a r t i a l l y  
s o lv e d  on p r o to ty p e s  u s in g  a s m a ll  number o f  c e l l s .

Some p l a n a r  SOFG d e s i g n s  a l s o  u t i l i z e  ta p e  c a s t i n g  to  
f a b r i c a t e  t h e  e l e c t r o l y t e  l a y e r .  The c h a l l e n g e  i n  t a p e  
c a s t i n g  i s  t h e  d i f f i c u l t y  i n  m a k in g  t h e  e l e c t r o l y t e  as  
t h i n  a s  i s  p o s s i b l e  by u s i n g  t h e  CVD t e c h n i q u e .  L a y e r s
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d e p o s i te d  by CVD a t  W e stin g h o u se  have been  a b o u t 1 3 -25x10"^  
m t h i c k  w h i le  f r e e - s t a n d i n g ,  f i r e d  t a p e c a s t  s t r u c t u r e s  
u s u a l l y  h a v e  a m inim um  t h i c k n e s s  o f  a b o u t  7 5 -2 5 0 x 1 0 “ ^ 
m. The e l e c t r o l y t e  l a y e r  m ust be v e r y  t h i n ,  y e t  c o n t i n 
u o u s ,  b e c a u s e  i t  i s  t h e  h i g h e s t  r e s i s t i v i t y  c o m p o n e n t 
o f  th e  f u e l  c e l l  s t a c k  and we w ant to  r e d u c e  IR l o s s e s .  Typ
i c a l l y  t h e  z i r c o n i a  h as  a r e s i s t i v i t y  o f  a b o u t 10 ohm-cm 
a t  1000 °C, w hich  i s  a b o u t 100 to  1000 t im e s  h ig h e r  th a n  
t h a t  m easured  f o r  d en se  a i r  e l e c t r o d e  o r  f u e l  e l e c t r o d e  
m a t e r i a l s .

O th e r  p ro b le m s  a r i s e  i f  t h e  e l e c t r o d e s  a r e  d e p o s i t e d  
by a pow dered s l u r r y  m ethod . I f  t h e  p o w d er i s  n o t  f i r e d  
t o  h ig h  en o u g h  t e m p e r a t u r e s  t h e r e  w i l l  be p o o r  bon d in g  
b e tw e e n  th e  p o w d er c r y s t a l l i t e s  an d  p o o r  a d h e r a n c e  to  
t h e  e l e c t r o l y t e .  T h is  w i l l  r e s u l t  in  a h ig h  r e s i s t a n c e  
e l e c t r o d e .  C o n v e r s e l y ,  i f  t h e  e l e c t r o d e s  a r e  f i r e d  t o  
a v e r y  h ig h  t e m p e r a t u r e ,  t h e  e l e c t r o d e s  m ig h t  d e n s i f y  
and s h r in k  to o  much w ith  th e  p o s s i b i l i t y  o f  d e l a m i n a t i o n  
( h i g h  c o n t a c t  r e s i s t a n c e ) .  T here  m ig h t a l s o  be fo rm a tio n  
o f  a h ig h  r e s i s t a n c e  l a y e r  s u c h  a s  L a 2 Z r2 0 y . T h e r e f o r e  
i t  i s  d e s i r a b l e  to  f in d  a good ’’low  t e m p e r a t u r e ” m e th o d  
to  form  w e ll-b o n d e d  e l e c t r o d e s .

2 . NEW MEXICO TECH DESIGN

The NM Tech p rog ram  i s  i n v e s t i g a t i n g  an o p t im iz e d  p la n a r  
SOFC d e s ig n  t h a t  can  ta k e  a d v a n ta g e  o f  a c o m b in a t io n  o f  
ad v a n ce d  f a b r i c a t i o n  te c h n iq u e s .  F e a tu r e s  a r e :

[ 1 ]  I t  i s  a f l a t  b i - p o l a r  p l a t e  d e s i g n  u t i l i z i n g  t h i n  
l a y e r s .

[2 ]  M ethods a r e  b e in g  i n v e s t i g a t e d  t h a t  a v o id  s im u lta n e o u s  
s h r in k a g e ,  i n c l u d in g :

( a )  T ape c a s t i n g  an d  s i n t e r i n g  o f  a d e n s e  p e r o v s k i t e  
b i - p o l a r  p l a t e  p r i o r  to  ad d in g  o th e r  l a y e r s .

(b )  V a r io u s  g re e n  fo rm in g  m ethods f o r  p la c in g  g a s  c h a n n e ls  
in  th e  s t r u c t u r e s  .

( d )  P la s m a  s p r a y i n g  a s  t h e  f a v o r e d  m ethod o f  a p p ly in g  
th e  p o ro u s  e l e c t r o d e s .

( e )  C h e m ic a l  v a p o r  d e p o s i t io n  (CVD) to  form  d en se  t h i n  
l a y e r s  o f s t a b i l i z e d  ZrÛ2.

[ 3 ]  M a t e r i a l s  u s e d  f o r  t h e  v a r i o u s  c o m p o n e n ts  a r e  v e ry  
s i m i l a r  to  th o s e  u se d  by W e s tin g h o u se , w ith  th e  e x c e p t io n
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o f  t h e  b i - p o l a r  p l a t e  w h ic h  w i l l  be L a g . 8 5 $ r 0 . 1 5 ^ r ^ 3 • 
The s t r o n t iu m  d o p in g  o n to  t h e  A s i t e  r a t h e r  t h a n  Mg on 
t h e  B s i t e  i n  t h e  p e r o v s k i t e  (ABO3) s t r u c t u r e  r e s u l t s  
in  a b o u t an o r d e r  o f m a g n itu d e  i n c r e a s e  in  th e  c o n d u c t iv i t y  
o v e r  t h e  Mg d o p ed  m a t e r i a l .  The Sr d o p in g  h as  th e  added  
b e n e f i t  o f  a lm o s t a p e r f e c t  m a tc h  o f  CTE w i th  z i r c o n i a .  
The Mg d o p in g  h a s  been  u sed  by W e stin g h o u se  b e c a u s e  th e y  
have found  i t  im p o s s ib le  to  f a b r i c a t e  th e  Sr doped m a t e r i a l  
when u s in g  th e  EVD m eth o d .

[ 4 ]  Some c e r a m i c / c e r a m i c  b o n d in g  t e c h n i q u e s  a r e  b e in g  
i n v e s t i g a t e d  f o r  th e  s ta c k e d  c e l l  co m p o n en ts .

[ 5 ]  A l i m i t e d  am o u n t o f  s i n g l e  c e l l  p e rfo rm a n c e  t e s t i n g  
i s  s c h e d u le d  to  be p e r fo rm e d .

One p o s s i b l e  f a b r i c a t i o n  se q u e n c e  f o r  a c o u n te r - f lo w  d e s ig n  
u s in g  th e  NM Tech a p p ro a c h  w ould b e :

[1 ]  Tape c a s t ,  c a le n d a r /e m b o s s  and s i n t e r  a b i - p o l a r  p l a t e  
o f  th e  s t r o n t iu m  doped la n th a n u m  c h ro m ite  c o m p o s i t io n .

[ 2 ]  S c r e e n  p r i n t  s t r i p e s  o r  f i l l  in  g as  c h a n n e ls  in  th e  
b i - p o l a r  p l a t e  w ith  a th e r m a l ly  t r a n s i e n t  m a t e r i a l .

[ 3 ]  P la s m a  s p r a y  e l e c t r o d e  ( l i k e l y  a i r  e l e c t r o d e  u s in g  
s t r o n t i u m  d o p ed  la n th a n u m  m a n g a n i t e )  o n to  t h e  b i - p o l a r  
p l a t e .  T h is  w i l l  r e s u l t  in  a good bond betw een  th e  b i - p o l a r  
p l a t e  and th e  a i r  e l e c t r o d e .

[ 4 ]  The p o s s i b l e  u s e  o f  a p r o p r i e t a r y  p r o c e s s  to  f i l l  
i n  th e  e l e c t r o d e  p o r o s i t y .

[5 ]  Use CVD to  form  a v e ry  t h i n  ( a p p r o x .  10x10“ ^ m) e l e c t r o l y t e  
( s i m u l t a n e o u s  d e p o s i t i o n  o f  z i r c o n i a  an d  s t a b i l i z a t i o n  
d o p a n t to  form  a s o l i d  s o l u t i o n ) .  B oth  c o ld  w a l l  a p p a r a tu s  
u t i l i z i n g  o r g a n o - m e t a l l i c  p r e c u r s o r s  and h o t w a ll  a p p a r a tu s  
u t i l i z i n g  h ig h  v a p o r  p r e s s u r e  i n o r g a n i c  p r e c u r s o r s  a r e  
b e in g  i n v e s t i g a t e d .

[ 6 ]  P la sm a  s p r a y  ( o r  o t h e r  m e th o d )  a p p l i c a t i o n  o f  t h e  
f u e l  e l e c t r o d e .  I t  i s  a n t i c i p a t e d  t h a t  a c o m b in a t io n  o f  
z i r c o n i a  and n i c k e l  w ould be u sed  s i m i l a r  to  th e  W e stin g h o u se  
and A rgonne d e s ig n s .  The a d d i t i o n  o f p o r e  f o r m e r s  d u r i n g  
th e  p lasm a s p r a y in g  p r o c e s s  i s  b e in g  i n v e s t i g a t e d .

[ 7 ]  S ta c k  and  c r e e p  f l a t t e n  f o r  en h an ced  b o n d in g  o f  th e  
r e p e a t  u n i t s  a t  m o d e ra te  t e m p e r a tu r e s  u s in g  low s t r e s s e s .
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We n o te  t h a t  o t h e r  s l i g h t l y  v a r y i n g  s e q u e n c e s  w ould be 
p o s s i b le  f o r  a c r o s s - f lo w  c h a n n e l d e s ig n .

3 . CVD OF ZrO?

K lem m t^O ] h a s  r e c e n t l y  p u b l i s h e d  a re v ie w  o f  z i r c o n i a  
c h e m ic a l v ap o r d e p o s i t i o n  (CVD) l i t e r a t u r e *  CVD o f z irc o n iu m  
an d  y t t r i u m  o x i d e s  by t h e  o x i d a t i o n  o f  Z rC l4  a n d  YCI3 
h as  been  a c c o m p lish e d  by s e v e r a l  g ro u p s  to  y i e ld  c o n t in u o u s  
h ig h  q u a l i t y  f i l m s .  F or CVD o f p u re  z irc o n iu m  o x id e ,  su p p ly  
o f  t h e  c h l o r i d e  v a p o r  i s  made by s im p ly  h e a t i n g  Z rC l4  
to  160 -2 0 0 °C . C o - d e p o s i t io n  o f  Zr02 and Y2O3 i s  much more 
c o m p l i c a t e d  p r i m a r i l y  b e c a u s e  YCI3 i s  v o l a t i l e  o n ly  a t  
o r  a b o v e  8 0 0 °C . F o r  c h l o r i d e  CVD o f  Z r0 2  t h e  s u b s t r a t e  
t e m p e r a t u r e s  r e p o r t e d  a r e  80 0 -1 6 0 0 °C , w ith  no d e p o s i t i o n  
a t  t e m p e r a t u r e s  below  800°C . O x id a n ts  a r e  n e c e s s a r y  u s in g  
such  v a p o rs  a s  O2, H2O, and CO2/H2 m ix tu r e s .  Low p r e s s u r e s  
have r e p o r t e d l y  in c r e a s e d  th e  g row th  r a t e s .

The c o m p le x i ty  o f  th e  h ig h  te m p e r a tu re  sy s te m s  n e c e s s a r y  
to  su p p ly  b o th  z i rc o n iu m  and y t t r iu m  c h l o r i d e ,  a lo n g  w ith  
th e  n o x io u s  and c o r r o s iv e  n a tu r e  o f th e  r e a c t a n t  and e x h a u s t  
v a p o rs  have s t i m u la t e d  e f f o r t s  to  u se  v o l a t i l e  o r g a n o m e ta l l i c  
com pounds. The o r g a n o m e ta l l i c  r e a c t a n t s  have th e  a d v a n ta g e s  
o f v o l a t i l i t y  f o r  low d e l i v e r y  te m p e r a tu r e s ,  e x h i b i t  lo w er 
d e p o s i t i o n  t e m p e r a t u r e s ,  an d  a b s e n c e  o f  e x t r e m e l y  h o t  
and c o r r o s iv e  v a p o r s .  Two c l a s s e s  o f  com pounds t h a t  h a v e  
b e e n  u s e d  f o r  m e t a l - o r g a n i c  c h e m ic a l  v a p o r  d e p o s i t i o n  
(MOCVD) o f  m e ta l  o x id e s  a r e  t h e  m e ta l  a l k o x i d e s  an d  th e  
b e t a - d i k e t o n e  c h e l a t e s .  C om pounds fro m  b o th  o f  t h e s e  
c l a s s e s  o f  o r g a n o m e ta l l i c s  have been  u sed  to  CVD z irc o n iu m  
o x id e  f i l m s ,  w h ile  o n ly  th e  d ik e to n e  c h e l a t e s  ( n o t  a l k o x id e s )  
have d e m o n s tra te d  th e  v o l a t i l i t y  n e c e s s a r y  f o r  v a p o r  t r a n s p o r t  
o f  y t t r i u m .  A p a p e r  d e t a i l i n g  Klemm’ s MOCVD o f  Zr02+Y203 
w i l l  be p u b l is h e d  in  th e  n e a r  f u t u r e .

4 . SINTERING OF LANTHANUM CHROMITE

The NM T ech  p r o c e s s in g  s e q u e n c e  c a l l s  f o r  ta p e  c a s t i n g  
and s i n t e r i n g  o f  b i p o l a r  p l a t e s  made from  la n th a n u m  c h ro m ite  
doped w ith  s t r o n t iu m .  S in c e  t h e  t a p e  c a s t  body  c o n t a i n s  
l a r g e  a m o u n ts  o f  o r g a n i c s  an d  b i n d e r s  i t  i s  p r e f e r a b l e  
t o  s i n t e r  t h e  p a r t s  d u r in g  a s i n g l e - s t e p  f i r i n g  in  an 
a i r  a tm o sp h e re  f u r n a c e .

The p r im a ry  d i f f i c u l t y  e n c o u n te re d  in  s i n t e r i n g  la n th an u m  
c h ro m ite  in  a i r  i s  th e  v o l a t i l i z a t i o n  o f  ch ro m iu m  o x id e  
s p e c ie s  in  o x id iz in g  a tm o s p h e re s .  P re v io u s  s t u d i e s  s u g g e s te d  
t h a t  th e  maximum d e n s i f i c a t i o n  o f  a S r - d o p e d  la n th a n u m
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c h r o m i t e  (LSC ) w i t h o u t  u s in g  a s i n t e r i n g  a i d  c o u ld  o n ly  
be a c h i e v e d  a t  low  o x y g e n  a c t i v i t i e s  ( 1 0 “ H  to  1 0 ” 12) 
a n d  a t e m p e r a t u r e  a b o v e  1 7 0 0 ° C . [ ^ l  A n d e r s o n  r e p o r t e d  
th e  d e n s i t i e s  o f  a i r  f i r e d  LSC ( S r  = 16 mol% ) w ere  71.4%  
an d  77.6%  T .D . a t  1625°C  an d  1720°C  r e s p e c t i v e l y ,  w h ile  
99 .85%  T .D . w as o b t a i n e d  a t  1740°C  u s in g  a PO2 o f  1 .0  
x 10“ H  a tm . F i r i n g  ta p e  c a s t  b o d ie s  in  a r e d u c in g  a tm o sp h e re  
w ould r e q u i r e  a t w o - s t e p  f i r i n g  s c h e d u l e  t h a t  i n c l u d e s  
b in d e r  b u rn o u t in  a i r  and th e n  f i n a l  s i n t e r i n g  in  a re d u c in g  
a tm o s p h e re .

T h e o r e t i c a l l y  s e v e r a l  f a c t o r s  s h o u ld  a id  i n  p ro d u c in g  
a LSC body t h a t  w i l l  s i n t e r  in  a i r .  Very f i n e  u n a g g lo m e ra te d  
p o w d e rs  a r e  d e s i r a b l e .  The f i n e  p o w d e rs  h a v e  a h i g h e r  
d r iv in g  f o r c e  and s h o r t e r  d i f f u s i o n  p a t h s  f o r  s i n t e r i n g  
and sh o u ld  s i n t e r  a t  lo w e r te m p e r a tu r e s  and s h o r t e r  t im e s .  The 
lo w e r e d  t e m p e r a t u r e  s h o u ld  h e lp  m in im iz e  v a p o r i z a t i o n  
e f f e c t s .  I t  i s  w e l l  known in  th e  s i n t e r i n g  o f  LaCrO3 com pac ts 
in  a i r  t h a t  th e  m ass t r a n s p o r t  i s  d o m in a ted  by v a p o r i z a t i o n -  
c o n d e n s a t i o n  a n d / o r  s u r f a c e  d i f f u s i o n  m e c h a n ism s . R apid 
n e c k  an d  g r a i n  g ro w th  w i th  l i t t l e  s h r i n k a g e  i s  a lw a y s  
o b s e r v e d .  T h e r e f o r e  i t  s h o u ld  a l s o  be b e n e f i c i a l  to  use  
a h ig h  h e a t in g  r a t e  acco m p an ied  by a s h o r t  s o a k in g  t i m e .  
T h is  sh o u ld  m in im iz e  th e  e f f e c t s  o f  v a p o r i z a t i o n - c o n d e n s a t io n  
and s u r f a c e  d i f f u s i o n  w h i le  m a x im iz in g  v o lu m e  an d  g r a i n  
b o u n d a ry  d i f f u s i o n  w hich  have h ig h e r  a c t i v a t i o n  e n e r g i e s .  
The r a t e  l i m i t i n g  volum e d i f f u s i o n  c o e f f i c i e n t  ca n  som etim es 
be i n c r e a s e d  by a p p r o p r i a t e  d o p in g  t e c h n i q u e s .  D o p an ts  
have b een  u sed  in  th e  s t u d i e s  o f  s i n t e r i n g  la n th a n u m  c h ro m ite  
by means o f  e i t h e r  i n c r e a s i n g  th e  p o in t  d e f e c t s  o r  s t a b i l i z i n g  
th e  chrom ium  io n s  in  a +3 o x id a t io n  s t a t e .  H ow ever, d e g r a d a t io n  
in  e l e c t r i c a l  c o n d u c t i v i t y  and l a r g e  c h a n g es  in  CTE r e s u l t e d .

The m o s t v o l a t i l e  Cr o x id e  s p e c ie  i s  Cr03 w h ich  e x i s t s  
i n  g a s  fo rm  a t  h ig h  t e m p e r a tu r e s  in  a i r .  When Cr203 i s  
h e a t e d  to  a b o v e  1000°C  i n  an  o x i d i z i n g  a tm o s p h e r e ,  th e  
f o l lo w in g  r e a c t io n t l - 5 ]  ta k e s  p la c e :

C r203 ( s )  + 3 /2  0 2 (g )  -------- > 2 C r03 (g )  (1 )

The e v a p o r a t i o n  o f  C r03  from  LSC a t  h ig h  te m p e r a tu r e  in  
a i r  i s  b e l ie v e d  to  d e g ra d e  th e  m a te r i a l  by th e  f o l l o w i n g  
r e a c t i o n :

2 LaCrO3 ( s )  + 3 /2  0 2 (g )  ---------> 2CrO3 (g )  + L a20 3 (2 )

S in c e  t h e  e q u i l i b r i u m  v a p o r  p r e s s u r e  o f  C r0 3  o v e r  LSC 
i s  o n ly  a b o u t 1 /5  o f  i t s  p r e s s u r e  o v e r  Cr203 a t  h ig h  te m p e r 
a t u r e s ,  a C r 0 3 ( g )  s a t u r a t e d  a tm o sp h e re  can  be m a in ta in e d  
o v e r  LSC i n  a ’’c l o s e d ” s y s te m  c o n t a i n i n g  C r 2 0 3 . [ 1 6 ]  
W ith  an  e x c e s s  o f  C r 0 3 ( g )  b e in g  g e n e r a t e d  by r e a c t i o n
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( 1 ) ,  r e a c t i o n  (2 )  can  be r e t a r d e d  o r p e rh a p s  even  r e v e r s e d .  
The same m ethod h a s  b e e n  u t i l i z e d  i n  s i n t e r i n g  o f  b e t a  
a lu m in a  by u t i l i z i n g  a s o d a - r i c h  a t m o s p h e r e t ] .

5 . EXPERIMENTAL PROCEDURE

T he a p p a r a t u s  u sed  f o r  th e  o r g a n o m e ta l l i c  CVD i s  shown 
i n  t h e  s c h e m a t i c  d r a w in g  o f  F i g u r e  2 . The CVD o f  Z r0 2  
was i n v e s t i g a t e d  a t  a t m o s p h e r i c  an d  r e d u c e d  ( 7 - 1 2  t o r r )  
p r e s s u r e s ,  a t  te m p e r a tu r e s  b e tw een  450 and 750°C , w i th o u t  
o x i d a n t ,  and u s in g  H2O and O2 a s  o x i d a n t s .  L a te r  c o - d e p o s i t i o n  
o f  y t t r i a  doped z i r c o n i a  was a c c o m p lis h e d . The o r g a n o m e ta l l ic  
b e t a - d ik e t o n e  c h e l a t e  com pounds z i rc o n iu m  t r i f l o u r o a c e t y l -  
a c e t o n a t e  [ Z r ( t f  a c a c )  4 ] an d  y t t r i u m  2 , 2 , 6 , 6 - t e t r a m e t h y 1 - 
h e p ta n e d io n a t e  [Y ( th d )3 ]  p r e c u r s o r s  w ere u s e d .

LSC p o w d e rs  w ere p r e p a re d  f o r  t h i s  s tu d y  by a m o d if ie d  
P e c h i n i  r e s i n - i n t e r m e d i a t e  m ethod w i th  a f i n a l  c a l c i n i n g  
t e m p e r a tu r e  o f  800°C . D e t a i l s  o f  th e  c o m p le te  pow der p r e p 
a r a t i o n  s tu d y  w i l l  be r e p o r t e d  in  an upcom ing p a p e r .

P o w d e rs  w e re  w e ig h e d ,  m ix e d  w i th  a l i t t l e  d i s t i l l e d  
w a te r  a s  a l u b r i c a n t ,  a n d  th e n  u n i a x i a l l y  p r e s s e d  i n  a 
1 /2  in c h  c y l i n d r i c a l  d ie  a t  30 k p s i .  One g roup  o f  p e l l e t s  
was p r e - p r e s s e d  u n i a x i a l l y  and th e n  p r e s s e d  i s o s t a t i c a l l y  
t o  207 MPa. The g re e n  d e n s i ty  o f  th e  i s o s t a t i c a l l y  p r e s s e d  
s a m p le s  w ere a b o u t 65% T .D .

A L in d b e r g  1700  °C box  f u r n a c e  an d  a CMVHT 1700 tu b e  
f u r n a c e  w ere u sed  f o r  a i r  f i r i n g s  in  t h i s  s tu d y .  A s i n g l e - s t e p  
f i r i n g  was d e s ig n e d  to  d u p l i c a t e  s i n t e r i n g  o f  ta p e  c a s t  
p a r t s .  One s e t  o f sa m p le s  w ere f i r e d  in  an A s tro  fu rn a n c e  
i n  Ar g as  f o r  co m p a riso n  p u r p o s e s .

F iv e  c o n f ig u r a t io n s  f o r  f i r i n g  LSC p e l l e t s  in  a c h r o m ia - r ic h  
a tm o s p h e re  e s t a b l i s h e d  i n s i d e  an  in v e r t e d  a lu m in a  c r u c i b l e  
on a s e t t e r  p l a t e  w e re  u s e d :  1) C o v e r in g  g re e n  p e l l e t s  
w i th  LSC p o w d e r , 2 ) C o v e r in g  g r e e n  p e l l e t s  w i th  C r2 0 3  
p o w d e r s ,  3 ) P e l l e t s  s u r r o u n d e d  w i th  C r2 0 3  p o w d e rs  b u t  
w i th o u t  p h y s i c a l  c o n t a c t ,  4 )  P e l l e t s  f i r e d  b e tw e e n  two 
f i r e d  C r2 0 3  p l a t e s ,  and 5) F o r c o m p a r iso n , p e l l e t s  f i r e d  
in  a i r  w ith o u t  any e x t e r n a l  s o u r c e  o f C r.

A f t e r  t h e  m o st p r o m is in g  s i n t e r i n g  c o n f i g u r a t i o n s  w ere 
s e l e c t e d ,  p a ra m e te r s  l i k e  s i n t e r i n g  t e m p e r a t u r e ,  h e a t i n g  
r a t e ,  an d  s o a k in g  t im e  w e re  t h e n  s t u d i e d  by m o d i f y in g  
th e  f i r i n g  s c h e d u le s .  B u lk  d e n s i t y  o f  e a c h  f i r e d  s a m p le  
w as m e a s u re d  by t h e  A rc h im e d e s  m e th o d . The t h e o r e t i c a l  
d e n s i t y  f o r  15 mol% SrO d o p e d  LaCrO 3 w as i d e n t i f i e d  a s
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6 .5 8 6  g /c m 3 [ 1 8 ]  and  w as u s e d  t o  c a l c u l a t e  t h e  r e l a t i v e  
d e n s i t y .  A R agku x - r a y  d i f f r a c t i o n  s y s te m  w as u s e d  f o r  
p h a s e  i d e n t i f i c a t i o n  an d  a H i t a c h i  HHS-2R w i th  T r a c o r  
N o r th e rn  5400 a t ta c h m e n t  was u sed  f o r  SEM and EDS i n v e s t 
i g a t i o n s  •

6 . RESULTS AND DISCUSSION

S in t e r in g  S tudy:

P e l l e t s  p r e s s e d  from  LSC pow der made from  th e  m o d if ie d  
P e c h in i  p r o c e s s  s i n t e r e d  to  a b o u t 98% t h e o r e t i c a l  d e n s i t y  
w hen f i r e d  i n  a r e d u c in g  a t m o s p h e r e  (A r)  a t  1700°C f o r  
1 h o u r .  F ig u re  4 shows t h a t  a s i m i l a r  p e l l e t  when s i n t e r e d  
u n d e r an a lu m in a  c r u c i b l e  in  a i r  to  a b o u t 1675°C a c h ie v e d  
o n ly  a b o u t 74% T .D . H ow ever, LSC sa m p le s  can  be s i n t e r e d  
to  o v e r  80% T .D . when c o v e re d  w ith  C r203 pow der o r  p la c e d  
b e tw e e n  f i r e d  C r2 0 3  p l a t e s .  The C r2 0 3  p o w d er te n d e d  to  
bond t i g h t l y  to  th e  LSC p e l l e t s  when i t  w as i n  i n t i m a t e  
c o n t a c t  and i n c o n s i s t e n t  r e s u l t s  w ere  o b ta in e d  when C r203 
was k e p t  u n d e r  t h e  a lu m in a  c r u c i b l e  b u t  n o t  i n  c o n t a c t  
w ith  th e  LSC p e l l e t .  O v e r a l l ,  t h e  b e s t  r e s u l t s  w ere  o b ta in e d  
u s in g  th e  Cr203 p l a t e s  a s  shown in  F ig u re  6 .

A ll  f i r e d  sa m p le s  w ere c o o le d  from  th e  s i n t e r i n g  t e m p e r a tu r e  
to  room te m p e r a tu r e  " i n - s i t u " .  The c o v e r  c r u c i b l e  w o rk e d  
a s  a c o ld  t r a p  when g a s e o u s  Cr03 was re d u c e d  b ack  to  C r203 
d u r in g  c o o l in g  w hich  s u c e s s f u l l y  p r e v e n t e d  c o n d e n s a t i o n  
o f Cr203 on th e  f i r e d  LSC.

T h re e  d i f f e r e n t  h e a t i n g  r a t e s  w e re  u s e d  i n  s i n t e r i n g  
LSC p e l l e t s  p l a c e d  betw een  Cr203 p l a t e s .  The r e s u l t s  a r e  
shown in  F ig u re  5 and a l l  c a s e s  s u g g e s t  t h a t  h ig h e r  h e a t in g  
r a t e s  a r e  v e r y  d e s i r a b l e  f o r  e n h a n c e d  s i n t e r i n g .  H ig h e r  
d e n s i t i e s  (u p  to  94% T .D .)  an d  l e s s  g r a i n  g r o w th  w e re  
o b s e r v e d  in  t h e  s a m p le s  f i r e d  w i th  t h e  h i g h e r  h e a t i n g  
r a t e s .

A m ost i n t e r e s t i n g  o b s e r v a t io n  o f p o l i s h e d  c r o s s  s e c t i o n s  
show ed  t h a t  d e n s i f i c a t i o n  p r o c e e d e d  fro m  t h e  e x t e r i o r  
to w a r d s  t h e  i n t e r i o r  o f  t h e  LSC p e l l e t s .  T h is  e f f e c t  i s  
shown in  F ig u r e  7a w h ile  F ig u re  7b show s th e  s p a t i a l  r e l a t i o n 
s h ip  b e tw een  th e  d e n s i f i e d  l a y e r  a t  th e  s u r f a c e , t h e  p o ro u s  
r e g io n  i n  t h e  i n t e r i o r  and  a t r a n s i t i o n  r e g i o n .  F i g u r e  
7b a l s o  show s a s p e c u la t i o n  t h a t  Cr io n s  may be d i f f u s i n g  
i n  f ro m  t h e  s u r f a c e .  The s u r f a c e s  o f  s a m p le s  s i n t e r e d  
up to  16 h o u r s  a t  1670°C  show ed  no e v i d e n c e  o f  s e c o n d  
p h a s e s  when exam ined  by XRD. R e s u l t s  fro m  EDS a n a l y s i s  
on p o l i s h e d  c r o s s  s e c t i o n s  o f  th e  LSC p e l l e t s  show ed no 
s ig n s  o f  p h a s e  s e p a r a t i o n s  in  th e  d e n s i f i e d  r e g io n .
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F i g u r e  8 sh o w s th e  m i c r o s t r u c t u r e  o f  t h e  d e n s e  l a y e r  
fo rm e d  n e a r  t h e  s u r f a c e  a d j a c e n t  to  th e  Cr2Ü3 p l a t e .  The 
s i n t e r i n g / d e n s i f i c a t i o n  was a c c o m p a n ie d  by g r a i n  g ro w th  
a s  c a n  be s e e n  by c o m p a r is o n  w ith  th e  m ic r o s t r u c t u r e  o f 
th e  l a r g e l y  u n d e n s i f i e d  i n t e r i o r  show n i n  F i g u r e  9 .  The 
m i c r o s t r u c t u r e  o f  F i g u r e  9 i s  a lm o s t i d e n t i c a l  to  th o s e  
o f  LSC p e l l e t s  s i n t e r e d  in  a i r  (no  Cr2Ü3 p a c k in g ) .

B o i l i n g  p h o s p h o r ic  a c id  was u se d  a s  an  e t c h a n t  f o r  th e  
LSC m i c r o s t r u c t u r e s .  A p r e f e r e n t i a l  e t c h in g  o f  th e  p o r o u s  
a r e a  was o b s e rv e d .  A f te r  e t c h in g  and r i n s i n g  in  d e io n iz e d  
w a te r ,  a s t r o n t iu m  o r la n th an u m  d e f i c i e n t  r e g io n  was d e t e c te d  
on th e  p o ro u s  s u r f a c e  by EDS. We f e e l  t h a t  H3PO4, p r e f e r e n t i a l l y  
r e a c t e d  w i th  r e s i d u a l  SrO an d  La2Ü3 l e f t  in* th e  p o ro u s  
a r e a  (S e e  r e a c t i o n  2) when LSC decom posed a t  t h e  s u r f a c e  
o f  t h e  u n s i n t e r e d  p o w d e r .  The p h o s p h o r ic  a c id  r e a c t i o n  
fo rm e d  w a te r  s o l u b l e  p h o s p h a te  s a l t s  w h ic h  w ere  l a t e r  
w ash e d  aw a y . We f e e l  t h a t  when an  a tm o s p h e re  o f CrOg i s  
e s t a b l i s h e d  a t  t h e  s u r f a c e ,  Cr an d  0 i o n s  m u s t d i f f u s e  
from  th e  s u r f a c e  th ro u g h  th e  d e n se  l a y e r  and r e c o n s t i t u t e  
th e  LSC.

The t h i c k n e s s  o f th e  d en se  l a y e r  a s  a f u n c t i o n  o f tim e  
a t  t h e  ” s o a k ” o r  s i n t e r i n g  t e m p e r a t u r e  w as d e t e r m in e d  
by e x a m in in g  p o l i s h e d  c r o s s  s e c t i o n s  w i th  a c a l i b r a t e d  
o p t i c a l  m ic ro s c o p e .  F ig u re  10 show s a p a r a b o l i c  t im e  d ep en d en ce  
f o r  th e  t h i c k n e s s  o f  th e  d en se  l a y e r  a t  v a r io u s  s i n t e r i n g  
t e m p e r a t u r e s .  S in c e  t h e  p l o t  f i t s  a p a r a b o l i c - r a t e  law  
i t  a p p e a r s  th e  d e n s i f i c a t i o n  o r  g ro w th  r a t e  o f  th e  d e n s i f i e d  
l a y e r  i s  d i f f u s i o n  c o n t r o l l e d .  A l l  l i n e s  w ere  f i t t e d  by 
a l e a s t - s q u a r e  m e th o d . The l i n e  draw n from  d a t a  o b ta in e d  
a t  1670°C d o es  n o t p a s s  e x a c t ly  th ro u g h  th e  z e ro  p o i n t .  T h is  
ca n  be e x p la in e d  by th e  f a c t  t h a t  t h e  h e a t i n g  r a t e  u s e d  
was n o t v e ry  h ig h  (15  ° C /m in ) , so  t h e r e  was no c l e a r  d i s 
t i n g u i s h a b l e  p o in t  b e tw een  h e a t in g  and s o a k in g  s t e p s  f o r  
p o i n t s  w i th  a s h o r t  o v e r a l l  s i n t e r i n g  t im e .  Most l i k e l y  
th e  d e n s i f i e d  l a y e r  s t a r t e d  to  form  even  b e f o r e  th e  " s i n t e r i n g  
t e m p e r a t u r e "  w as r e a c h e d .  The e f f e c t  i s  s m a l l  an d  c a n  
be n e g le c te d  f o r  lo n g e r  s o a k in g  o r " s i n t e r i n g "  t im e s .

The w id th  o f  th e  d e n s i f i e d  l a y e r  c o u ld  be m easu red  r a t h e r  
e a s i l y  a t  a low  m a g n i f i c a t i o n ,  b u t  t h e r e  w as no s h a r p  
t r a n s i t i o n  i n  t h e  m i c r o s t r u c t u r e  w hen o b s e r v e d  a t  h ig h  
m a g n i f i c a t i o n s .  A g r a d i e n t  in  th e  d e g re e  o f  d e n s i f i c a t i o n  
and g r a in  s i z e s  was o b se rv e d  u s in g  a SEM. F ig u re  7b shows 
a s k e tc h  o f  th e  g e n e r a l  t r e n d  in  th e  ch an g e  in  g r a in  s i z e  
an d  d e n s i t y  f ro m  t h e  Cr2Ü3 i n t e r f a c e  t h r o u g h  th e  d en se  
LSC r e g i o n  a n d  th e n  i n t o  t h e  p o r o u s  i n t e r i o r .  The s e t  
o f  LSC s a m p le s  f i r e d  in  an Ar a tm o s p h e re  showed no su ch  
d e n se  s u r f a c e  l a y e r .
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A s im p le  m odel o f  t h e  s i n t e r i n g  m e ch a n ism  o f p r e s s e d  
LSC c o n ta in e d  in  a Cr203 ’’s a n d w ic h ” can  be d e v e lo p e d . The 
e v a p o r a t io n  o f  Cr03 from  LSC co m p ac ts  a t  h ig h  te m p e r a tu r e s  
c a u s e s  a c h r o m iu m -d e f ic ie n t  p e r o v s k i t e  o r  p o s s i b l y  p h a s e  
s e p a r a t i o n  e v e r y w h e r e  i n  t h e  s a m p le .  I n  t h i s  s t a t e  th e  
pow ders w i l l  n o t  s i n t e r .  The d e f i c i e n c y  o f  ch ro m iu m  i o n s  
a t  th e  i n t e r i o r  o f th e  com pact in  c o n ju n c t io n  w ith  a c o n s t a n t  
v a p o r  p r e s s u r e  o f chrom ium  io n s  from  a good e x t e r i o r  s o u rc e  
( C r 2 0 3 )  r e s u l t s  i n  a c o n c e n t r a t i o n  o r  c h e m ic a l p o t e n t i a l  
g r a d i e n t  from  th e  e x t e r i o r  to  th e  i n t e r i o r .  T h is  c o n c e n t r a t i o n  
g r a d i e n t  o f  ch ro m iu m  io n s  i s  th e  d r iv in g  f o r c e  f o r  mass 
t r a n s p o r t .

At h ig h  te m p e r a tu r e s  th e  chrom ium  s p e c i e s  f o r c e  a r e v e r s a l  
o f  r e a c t i o n  ( 2 )  t o  r e c o n s t i t u t e  s t o i c h i o m e t r i c  LSC and 
t h e  s u r f a c e  p o w d e rs  s i n t e r .  The Cr i o n s  ( a n d  p o s s i b l y  
0 i o n s )  th e n  d i f f u s e  th r o u g h  t h e  d e n s e  l a y e r  i n t o  th e  
i n t e r i o r  in  r e s p o n s e  to  th e  c h e m ic a l  p o t e n t i a l  g r a d i e n t .  T h is  
m ig h t  be e i t h e r  g r a i n  b o u n d a r y  o r  l a t t i c e  d i f f u s i o n .  
S in c e  th e  p a r a b o l i c  r a t e  law  seem s to  h o ld  a t  lo n g  t im e s  
i t  a p p e a r s  t h a t  t h e  g r a i n  g ro w th  we m e a s u re d  d o e s  n o t  
a p p r e c i a b l y  a f f e c t  t h e  d i f f u s i o n  c o n s t a n t .  T h is  m ig h t 
be an  a rg u m en t f o r  l a t t i c e  d i f f u s i o n  o r  i t  m ig h t  im p ly  
t h e  g r a i n  g ro w th  p r i m a r i l y  t a k e s  p l a c e  p r i o r  o r  d u r in g  
th e  d e n s i f i c a t i o n . S in c e  oxygen  d i f f u s i o n  i s  o f t e n  r a p i d  
i n  t h e  g r a i n  b o u n d a r i e s  o f  m e ta l  o x i d e s  i t  i s  l o g i c a l  
t h a t  th e  i o n i c  s p e c ie  l i m i t i n g  t h e  d i f f u s i o n  r a t e  i s  Cr 
d i f f u s i o n  i n  e i t h e r  t h e  g r a i n  b o u n d a r y  o r  th e  l a t t i c e .

We assum e t h a t  th e  d i f f u s i o n  c o e f f i c i e n t  i s  in d e p e n d e n t  
o f  c o m p o s it io n  and th e  sy s tem  can  be com pared to  th e  d i f f u s i o n  
o f  Cr fro m  a c o n s t a n t  s o u rc e  i n t o  a s e m i - i n f i n i t e  s o l i d .  
G r a in  g ro w th  and  s h r i n k a g e  o c c u r  i n  t h e  p o r o u s  r e g i o n  
d u r in g  d e n s i f i c a t i o n  w hich  makes th e  r e a l  s i t u a t i o n  c o m p li
c a t e d .  H ow ever, we can  a p p ro x im a te  th e  s i t u a t i o n  by f i x in g  
t h e  o r i g i n  o f o u r c o o r d in a te  sy s te m  a t  th e  o u te r  s u r f a c e  
su c h  t h a t  th e  o r i g i n  moves a s  th e  sam p le  s i n t e r s  and c o n s id e r  
t h e  d e n s i f i e d  r e g io n  to  be added  in  d i s c r e t e  l a y e r s  su ch  
t h a t  t h e  d i f f u s i o n  a lw a y s  t a k e s  p l a c e  t h r o u g h  a d e n s e  
hom ogeneous r e g io n .

U n d er th e  above a s s u m p t io n s ,  th e  b o u n d a ry  c o n d i t i o n s  th e n  
l e a d  to  e q u a t i o n  ( 3 )  a s  t h e  s o l u t i o n  t o  F i c k ’ s s e c o n d  
la w .

C ( x , t )  = C" [ 1 -  e r f (  x /2  < 5 t )  ] (3 )

w here C= c o n c e n t r a t i o n  a t  a c e r t a i n  p o i n t  x and  
tim e  t

C” = c o n s t a n t  c o n c e n t r a t i o n  o f  s o l u t e  ( e . g .C r )
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x = 
D = 
t  =

p ro v id e d  by Cr203 a t  
d i s t a n c e  (cm) 
d i f f u s i o n  c o e f f i c i e n t  
tim e  ( s e c )

th e  i n t e r f a c e  

( c m 2 /se c )

L o g i c a l l y  t h e  c o n c e n t r a t i o n  (C) a t  th e  v i s i b l e  f r o n t  o f 
th e  d e n s i f i e d  l a y e r  sh o u ld  be f a i r l y  low  and a l s o  c o n s ta n t  
f o r  a l l  s a m p le s .  I t  i s  c o n v e n i e n t  to  s e t  t h i s  C v a l u e  
to  0 .1 5 7 3 x C ” su c h  t h a t  t h e  r e l a t i o n  x = 2 -7D t ‘ w o u ld  h o ld  
t r u e  a t  th e  f r o n t  o f  th e  d e n s i f i e d  l a y e r .  Then th e  a p p a r e n t  
d i f f u s i o n  c o e f f i c e n t  D can  be e x t r a c t e d  by a m e a s u re m e n t 
o f th e  x v a lu e  o f  th e  f r o n t  f o r  a g iv e n  tim e  t .  The a p p a r e n t  
d i f f u s i o n  c o e f f i c i e n t s  f o r  0 .1 5  m ole % SrO doped  LaCrO3 
a t  v a r io u s  t e m p e r a tu r e s  w ere th e n  c a l c u l a t e d  by a g r a p h ic a l  
m ethod and p l o t t e d  a s  an A rrh e n iu s  p l o t  in  F ig u re  11 .

T he a c t i v a t i o n  e n e r g y  c a l c u l a t e d  was 5 6 .5  k c a l / m o l e  
f o r  th e  d i f f u s i o n  p r o c e s s .  S in c e  t h e r e  i s  a la c k  o f  l i t e r a t u r e  
f o r  d i f f u s i o n  c o e f f i c i e n t  v a l u e s  ( t r a c e r ,  s i n t e r i n g ,  o r 
c r e e p )  o f  v a r i o u s  i o n s  i n  la n th a n u m  c h r o m i t e  o r  LSC i t  
i s  i m p o s s i b l e  to  c o m p a re  o u r  m e a s u re d  d i f f u s i o n  v a lu e s  
and a c t i v a t i o n  e n e r g y .  H ow ever, s in c e  th e  a c t i v a t i o n  e n e rg y  
i s  m o d e r a te  i n  v a l u e  we m ig h t  v e n t u r e  a g u e s s  t h a t  th e  
p r o c e s s  i s  g r a in  b o u n d ary  d i f f u s i o n  o f Cr i o n s .

A s i n t e r i n g  s c h e d u le  in  an a i r  f u rn a c e  was s u b s e q u e n t ly  
d e s ig n e d  f o r  s i n t e r i n g  a t a p e - c a s t  LSC p l a t e  w ith  a t h i c k n e s s  
o f  2 mm and  u s i n g  a d i f f u s i o n  c o e f f i c i e n t  o f  1 .9 4 x 1 0 "^  
c m ^ /s e c  a t  1670  °C w i th  C ^ O g  ’’s a n d w ic h ” p l a t e s .  From 
t h i s  s i n t e r i n g  r u n ,  a s a m p le  o f  92% T .D . w as o b t a i n e d  
a f t e r  s i n t e r i n g  a t  1670°C f o r  7 h o u r s .

CVD stu d y :

C o a tin g s  d e p o s i t e d  a t  a tm o s p h e r ic  p r e s s u r e  u s in g  Z r ( t f a c a c ) 4  
w ith o u t  th e  a id  o f  an o x id a n t  a s  w e l l  a s  w i th  up to  10% 
H2O v a p o r  in  th e  CVD cham ber w ere am orphous w ith  v a r y in g  
c o n c e n t r a t i o n s  o f  o r g a n ic  i m p u r i t i e s  in  th e  f i l m s .  D e p o s i t io n  
o f  c o a t i n g s  a t  r e d u c e d  p r e s s u r e  (7 -1 2  t o r r )  u s in g  O2 a s  
an d  o x i d a n t  an d  low  Z r ( t f a c a c ) 4  p a r t i a l  p r e s s u r e  (< 3 0  
m to r r )  r e s u l t e d  i n  h e t e r o g e n e o u s  g ro w th  o f  c y r s t a l l i n e  
Zr02 c o a t in g s  s u i t a b l e  f o r  SOFC u s e .  F ig u re  3 show s m ic ro 
s t r u c t u r e s  o f th e  Z r02 f i lm s  d e p o s i te d  a t  600 -750°C  u s in g  
s c a n n in g  e l e c t r o n  m ic ro g ra p h y . The c h a n g e s  i n  m o rp h o lo g y  
w ith  s u b s t r a t e  te m p e r a tu r e  can  be e x p la in e d  u s in g  a s t r u c t u r e  
zone m o d e l. S im i la r  s t r u c t u r e s  w ere found  when c o - d e p o s i t i n g  
Zr02+Y 203, a l th o u g h  th e  d e p o s i t i o n  r a t e  was s u p p r e s s e d .
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7 . CONCLUSIONS

Two m a jo r  f a b r i c a t i o n  t e c h n i q u e s  h a v e  b e e n  d e v e lo p e d  
in  s u p p o r t  o f th e  p la n a r  s o l i d  o x id e  f u e l  c e l l .

The f i r s t  t e c h n i q u e  i s  CVD o f  d e n s e ,  f u l l y  o x i d i z e d  
f i lm s  o f  Z r02 s t a b i l i z e d  w ith  Y2O3 u s in g  v o l a t i l e  o rg a n o 
m e t a l l i c  p r e c u r s o r s  i n  a c o l d - w a l l  c h a m b e r. I t  w as fo u n d  
t h a t  t e m p e r a tu r e s  g r e a t e r  th a n  650°C , re d u c e d  t o t a l  p r e s s u r e s ,  
a d d i t i o n  o f  g a se o u s  o x i d a n t s ,  and  l i m i t i n g  t h e  r e a c t a n t  
p a r t i a l  p r e s s u r e s  a r e  n e c e s s a r y  to  make a c c e p ta b l e  e l e c t r o 
l y t e s .

A te c h n iq u e  was d e v e lo p e d  f o r  s i n t e r i n g  d en se  s t r o n t iu m -d o p e d  
la n th a n u m  c h ro m ite  b i - p o l a r  p l a t e s  in  an  a i r  a tm o s p h e r e  
f u r n a c e .  T he C r2 0 3 /L S C /C r2 O 3  " s a n d w ic h ” c o n f i g u r a t i o n  
a p p e a r s  to  be a f e a s i b l e  way to  s i n t e r  t a p e - c a s t  LSC b i - p o l a r  
p l a t e s .  G ra in  g ro w th  a lw a y s  accom pan ied  th e  d e n s i f i c a t i o n .  
A f a s t e r  h e a t in g  r a t e  and a h ig h e r  s i n t e r i n g  t e m p e r a t u r e  
th a n  p o s s i b l e  w i th  t h e  L in d b e r g  f u r n a c e  a r e  s u g g e s t e d  
f o r  e n h a n c in g  th e  s i n t e r i n g  to  p ro d u ce  a sam p le  w i th  g r e a t e r  
th a n  92Z T .D . and s u p p r e s s in g  th e  g r a in  g ro w th . The s i n t e r i n g  
c o n d i t i o n s  can be o p t im iz e d  f u r t h e r  as  d i f f u s i o n  m echanism s 
in v o lv e d  in  t h i s  s y s te m  a r e  b e t t e r  u n d e r s to o d .  D e ta i le d  
q u a n t i t a t i v e  a n a l y s i s  on t h e  f i n a l  c o m p o s i t i o n  o f  f i r e d  
LSC w o u ld  e n s u r e  t h a t  s t o i c h io m e t r y  and h en c e  e l e c t r i c a l  
c o n d u c t iv i t y  i s  m a in ta in e d .
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TABLE I

COMPONENT

PROPERTIES FOR PLANAR SOFC COMPONENTS

ATMOSPHEREPOROSITY CONDUCTIVITY

E l e c t r o l y t e D e n s e ,g a s  t i g h t >99.9%  I o n i c
O xygen

F u e l /A ir

B i - p o l a r  p l a t e D e n s e ,  g a s  t i g h t >99.9%  E l e c t r o n i c F u e l / A i r

A node A p p ro x . 50%
I n t e r c o n n e c t e d  p o r e s

P r im a r i l y  E l e c t r o n i c F u e l

C a th o d e A p p ro x . 50% P r i m a r i l y  E l e c t r o n i c A ir
I n t e r c o n n e c t e d  p o r e s

C o e f f i c i e n t s  o f  th e r m a l e x p a n s io n  o f  c o m p o n e n ts  m u st m atch  v e r y  c l o s e l y

TABLE I I .

CANDIDATES FOR SOFC FUEL ELECTRODES

R e s i s t i v i t i e s  f o r  a PO2 o f  a p p r o x . 10 “ 20  t o  1 0 “ 24 atm  a t  1 0 0 0 °C .

REFERENCE

S a m p le s  w e r e  a b o u t

COMPOSITION

50% d e n s e  u n l e s s  o t h e r w i s e  s t a t e d .

RESISTIVITY ohm-cm CTE o c - 1

C a T iQ .9 9 N b o ,O l° 3 < 2 .5  x l 0 - 2 1 0 .4 x 1 0 - 6 3
( 2 5 - 1 0 0 0 ° C )

S r T io .9 9 N b o .O lO 3 9 .1  x 1 0 -1 1 1 .1 x 1 0 - 6 4
( 9 3 - 1 4 0 0 ° C )

S rT iÛ 3  ( d e n s e ) 5 x l 0 - l 5

T i 0 2 8 ,8 2 x 1 0 - 6 6

( 2 5 - 1 5 0 0 ° C )

Z rT iO z +
0.01%  Ta 4 . 9  x l 0 - l 1
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TABLE I I I

S e l e c t e d  CTE’ s  o f  V a r io u s  SOFC m a t e r i a l s

R e s i s t i v i t i e s  m ea su red  a t  100 0 °C  in  a i r ,  CTE’ s  2 5 -1 0 0 0 ° C

COMPOSITION RESISTIVITY ohm -cm CTE °C -1 REF.

L a g . qS t q . iMnO3 7 .5  x 10 “ 3 ( d e n s e  i n  a i r ) 1 2 .0  x lO - 6 7

L a ^ .qS t q • 2^ n ^3 6 . 7  x 1 0 - 3  » 11 7

LaCrO3 1 .4 - 1 0  x lO °  " 8 . 9 2 x l 0 - 6 7 , 8 , 1 3

L aA 103 1 1 ,5 x 1 0 - 6 8

L a o .9 5 ^ 8 0 .0 5 C r0 . 75  
A 10 .2 5 0 3 3 .1 x 1 0 - 1 9 . 9 x 1 0 - 6 7 , 9 , 1 0

1 1 ,1 3

L a Q .8 4 S r 0 . 1 6 C r03 3 x lO -2 1 0 .9 x 1 0 - 6 9

ZrO£+ 8 mZ Y2O3 
+ AI2O 3 s i n t e r i n g  a id 1 0 .1 4 x 1 0 - 6 12

Z ir c a r  Z r02
( 8 . 3  mZ Y2 0 3 )

A p p ro x . 10 ( i o n i c ) 1 1 .3 1 x 1 0 - 6 12
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CZZ  ̂ LaCr03 Channeled Interconnecter 

NI-ZrOz Cermet Fuel Electrode 
CVD ZrO2 Electrolyte

<S£^ LaMn03 Air Electrode

Electron Travel

F i g u r e  1 . A dvanced  f l a t  p l a t e  s o l i d  o x id e  f u e l  
c e l l  d e s i g n

(c o m p o n e n ts  n o t  show n t o  s c a l e )
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Ar Oj
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0] Mass Flow Controllers
(2 Zr(tfacac)3 and Y(thd)3 oil bath evaporators
0] Absolute pressure gauge
0] Glass bell jar 
O Reactant mixer/diffuser 
El Resistance heated substrate holder 
EJ Substrate thermocouple 
OB Heated vapor supply lines 
OS Mechanical vacuum pump 
K8 Ceiling fan vent

F i g u r e  2 .  C o l d - w a l l  C h e m ic a l  V ap o r D e p o s i t i o n  
A p p a ra tu s
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(C) (d)
F ig u r e  3 .

Scanning electron micrographs of microstructures of heterogeneously deposited ZrO2 
(RPCVD) films. Coating in figure (a) was deposited at 600°C, (b) at 650°C, (c) at 
700 °C, and (d) at 750 °C.
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+  fired in air

Fig. 4 - Density of LSC compacts fired by various setups as function of sintering temperature. Sample thickness = 2 mm; heating rate = 15 C/min; theoretical density = 6.586 g/cm3.

1600

T em pera tu re  (°C)
1700

set between C r ^  plates; 

soaked for 1 hr 

heating rate (from 650 °C): 

20 °C /  min 

15 °C /  min

X 6 ®C /  min

Fig. 5 - Density of LSC compacts fired with various heating rates as function of sintering temperature.Sample thickness = 2 mm.
1625 1650 1675

T em pera tu re  (°C)
1700

Fig. 6 - Schematic drawing of the 
Cr203/LSC/Cr203 sandwich-type setup covered by an alumina crucible.
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Fig. 7-a Optical micrograph of the polished cross section of LSC sintered by a sandwich-type setup. Bright region is near the surface and densified. 50X.

D is ta n c e  fr o m  S u r fa c e

Fig. 7-b Schematic drawing corresponding to Fig. 7-a 
represents the observed trend on changes of density and grain size.
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Fig. 8 Scanning electron micrograph of the densifiedregion on the polished and etched cross section Sample was sintered at 1670 C for 3 hours.

Fig. 9 Scanning electron micrograph of the porousinterior on same LSC sample shown on Fig. 8.
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FABRICATION OF INTEGRAL FLOW-FIELD / 
INTERCONNECTS FOR PLANAR SOFC STACKS

Christopher Milliken and Ashok Khandkar

Ceramatec, Inc.
2425 South 900 West 

Salt Lake City, Utah 84119

Abstract

Acceptor doped LaCrO3 materials have been used 
for interconnects in SOFCs for about 20 years owing to 
their high conductivity and thermodynamic stability. 
These materials present fabrication challenges especially 
related to sinterability. This paper reports on 
investigations of the effect of processing conditions on the 
microstructure and properties of doped LaCrC>3 ceramics. 
LaCrO3 was green formed by tape casting as well as by 
uniaxial die pressing. Samples were densified by 
pressureless sintering in air. Liquid formers were added 
as sintering aids. Samples were also hot pressed in inert 
atmosphere in graphite dies. M icrostructural 
examination of the sintered ceramics revealed that in 
reducing conditions the material reacts with graphite 
forming complex carbide phases. Such decompositions 
were found to affect the mechanical stability by 
propagating microcracks in order to relieve stresses 
arising from volume changes associated with phase 
reconstitution. The electrical conductivity of sintered 
compacts is reported. Conditions for obtaining high 
densities and thermal and mechanical stability against 
both structural and chemical phase changes are 
discussed.
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Introduction

Development of planar geometry SOFC stack technology hinges 
critically on the ability to stack single cells connected electrically in 
series, with a ribbed bipolar separator serving as the interconnect. 
The interconnect, with integral flow-fields must channel the anodic 
and cathodic reactant gases to the electrode/electrolyte interfaces, 
prevent the direct chemical oxidation of the fuel gas and provide 
adequate electrical conductance from one cell to the adjacent cell. 
In a planar bipolar SOFC stack operating at 1273K, the interconnect 
is exposed to fuel gases which have low oxygen activity ranging 
between IO-20 to IO-15 on the anode side and oxidant gases with 
high oxygen activities ranging from IO*4 to 10_1 on the cathode 
side. In addition, there may be temperature variations present 
from the inlet to the outlet side leading to fairly large gradients in 
current density across the planar interconnect. Thus, the 
interconnect is typically subjected to extreme environmental 
conditions of high temperatures, chemical environments and 
thermal stresses arising from current density variations.

Doped LaCrO3, currently the interconnect material of choice, 
presents special difficulties in meeting the simultaneous functional 
requirements of high density, controlled stoichiometry and phase 
stability during fabrication and fuel cell operating conditions. The 
primary difficulty in air sintering of LaCrO3 based materials arises 
from the volatility of Cr from the structure at temperatures in 
excess of 1400°C, causing porosity to develop. This is minimized by 
sintering in reducing atmospheres, with oxygen activities of 1CH2- 
1 0 'l°  at 1500-1700°C, as reported by Groupp and Anderson (1). 
Meadowcroft (2) used SrCC>3 and Flandermeyer et. al. (3) used low 
melting oxide eutectics as well as La, Y and Mg flourides upto 8-10 
% by weight to increase density of sintered compacts. In an 
alternate approach, Balkevich et al. (4) have doped Ca (0.05 atom 
fraction per LaCrC>3 and Anderson (5) have incorporated various 
dopants, on both A and B sites of the perovskite structure, to 
enhance the sinterability in air. These dopants presumed to give a 
hitherto unidentified transient liquid phase, which help 
sinterability, in air at temperatures below 1500°C. In the 
fabrication of thin planar LaCrC>3 ceramics these sinterability 
problems pose rather severe challenges in reducing porosity to
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acceptable levels. Incorporation of liquid phase sintering aids can 
lead to variations in sintered density of thin structures as well as to 
deleterious surface reactions with other materials in direct contact 
during the sintering process.

A detailed fabrication study on doped LaCrC>3 was carried out 
with a view to determine the effect of processing conditions on 
microstructure and properties . Methods to obtain high density 
including variations in fabrication processes, and transient liquid 
sintering aids were examined. The resulting microstructure and 
measured properties were correlated with processing conditions. 
On the basis of the experimental results, the influence of specific 
processing conditions on the fabrication of the thin planar 
interconnects and evolution of the microstructure were examined. 
General conclusions on fabrication and long term stability of LaCrO3 
are made. This paper reports on the influence of various 
fabrication process conditions on the microstructure, properties and 
phase composition of interconnects.

Experimental

Strontium doped LaCrC>3 , Lai-xSrxCrO3 with x=0.1 and 0.2, was 
made by the liquid mix method (6). Briefly, this process involves 
dissolving soluble salts of the cations in a citric acid solution (1.14 % 
by weight ) , adding ethylene glycol and heating the solution 
carefully to dryness. The resulting polymer char is calcined at 
temperatures of between 800-1000°C to burn off all traces of 
organic residue and form the crystalline powder structure. The 
composition was characterized to be single phase using XRD. 
Typically these powders had a surface area of between 14-18 m2/g 
when calcined at temperatures of between 700-850°C . 
Densification studies were carried out on pressureless sintered 
powder compacts, tape cast substrates as well as on compacts 
sintered under controlled heating rates and temperature, pressure 
and atmosphere . The starting powders were milled in ethanol or 
acetone with the binders ( 1 - 2 % by weight poly-vinyl butyrol, B- 
78, Monsanto). The powders were dry screened -80 mesh after 
evaporation of the solvents. Powder compacts were made by 
uniaxial and/or isostatic pressing at 35 and 200 MPa, respectively,
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to the desired shape. Specimens were sintered in air and controlled 
atmospheres at temperatures between 1400-1650°C. The heating 
rate was kept constant at 2°/min and 10°/min. Samples were held 
at temperature for two hours. A ZrO2 crucible was used to cover 
the specimens. ( This was essentially to "contain" the Cr vapors). 
Sintering studies were also conducted on doped LaCrC>3 samples 
obtained from Anderson ( Dept. of Mat. Science, University of 
Missouri, Rolla ). Alternatively, hot pressing was performed at 
temperatures between 1200-1600° C in an Ar environment, using 
graphite dies loaded uniaxially under a pressure of 28-30 MPa. 
Densities were measured by the Archimedean method and 
correlated with porosity measurements on polished cross-sections 
observed by optical microscopy and scanning electron microscopy. 
The effect of sintering aids and process conditions was determined 
from examination of the microstructures using scanning electron 
microscopy (SEM) complemented with measurement of electrical 
conductivity (2- and 4-probe AC and DC methods), determination of 
phase assemblage by X-ray diffraction (XRD) , analytical microscopy 
such as scanning electron microscopy (SEM) and electron probe 
micro-analysis (EPMA) and thermal expansion characteristics.

Results and Discussion

Liquid Phase Sintering

Sr-doped LaCrO3 compacts made by uniaxial compaction at 35 
MPa gave typical green densities of about 42 - 45% of theoretical. 
Specimens pressed uniaxially followed by iso-static pressing at 200 
MPa gave somewhat higher green densities of about 45 - 48% of 
theoretical. Sintered densities at temperatures between 1500 and 
1650°C yielded densities of 58-80% of theoretical, consistent with 
the literature. Microstructural examination of polished cross- 
sections revealed a gradation in porosity with increased porosity at 
the surface. A greater amount of porosity was observed at the 
higher sintering temperatures. This is to be expected owing to the 
greater volatility of Cr at the higher sintering temperatures. 
Specimens compacted using iso-static pressing sintered to greater 
densities (upto 80% of theoretical) compared to those compacted by 
uniaxial pressing alone. No significant effect of heating rate was
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observed. The La2O3-Cr2C>3 phase diagram (7) suggests that 
transient liquid phase sintering may not occur below about 1900°C 
and hence no major effect of heating rate is to be expected. SEM 
examination of the calcined powders showed that they were porous 
agglomerates (15-20 pm mean size) with rather well formed necks 
between sub-micron sized primary particles. Figure 1(a) shows the 
morphology of Lao.9Sro.iCr03 calcined at 85O°C and milled for 6 
hours in ethanol using ZrC>2 media. Figures 1(b) and (c) show 
particle morphology after milling for 8 and 24 hrs. While the mean 
particle diameter has reduced there appears to be a substantial 
fraction of hard agglomerated particles. Sinterability studies on 
these milled powders are incomplete, however preliminary results 
show that green powder compacts have densities similar to those of 
powders milled for 8 hrs. Addition of lubricants such as poly
ethylene glycol helped to increase both green density and sintered 
density. These results are tabulated in Table 1.0

Several sintering aids were selected, from among transition 
metal and alkaline earth halides, on the basis of melting point, 
valence and ion size. The sintering aid ideally would assist in mass 
transport aiding the sintering process and would then completely

Table 1.0

Density of Lao.9Sro.iCr03 Specimens Pressed with Binder and 
Lubricant

Compaction Density ( % Theoretical) Comments
Green Sintered

Uniaxial
Uniaxial+ Iso-static 
Uniaxial
Uniaxial + Iso-static 
Uniaxial + Iso-static

40 58
47 66
47 72
53 80
55 90

1 % PVB 
1 % PVB

1% PVB + PEG 
1% PVB + PEG

1% PVB,; powder 
milled for 24 hrs.
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volatalize off without contaminating the grain boundaries (with a 
deleterious effect on the conductivity). With regard to the possible 
chemical effects, formation of insulating phases at the grain 
boundaries may not be entirely ruled out. Since the 
thermodynamic properties of many possible phases are not known, 
selection was made on the assumptions that any slight solubility of 
cations from the sintering aid should not be deleterious from the 
standpoint of conductivity. From prior literature as well as on the 
basis of initial trials, about 2 % (atom fraction) of the sintering aid 
was milled into the LaCrO3 powders as described above. 
Densification was clearly aided by the use of the fugitive sintering 
aids. Figure 2 shows the fired density for the selected sintering 
aids and Figure 3 shows the density variation as a function of the 
melting temperature and ionic size. Among the different sintering 
aids evaluated, MgF2 was shown to be the best sintering aid. In 
order to determine an optimal MgF2 content, various amounts of 
M gF2 were added and sinterability was investigated. Figure 4 
shows that about 2 % (atom fraction) of MgF2 is adequate in 
densifying LaCrO3. EPMA results on polished cross-sections of such 
specimens revealed clean grain boundaries with no Mg 
concentration at internal surfaces. Measured conductivities, plotted 
in Figure 5, on cylindrical specimens using standard 2-probe ac 
impedance methods and on bar specimens using 4-probe dc 
techniques were in agreement with previously reported literature 
values (8,9) indicating no effect of the sintering aid on the 
electronic conduction properties. The bulk thermal expansion 
coefficient measured using a dilatometer was also in agreement 
with the literature.

Sintering of Thin Planar Interconnects

Sintering of thin (100-150 pm thick) tape cast LaCrC>3 
interconnects resulted in a graded porosity microstructure similar 
to that described earlier. The sintered ceramic interconnects were 
fragile and exhibited systematic differences in surface conductivity 
which could be correlated with changes in stoichiometry of the 
surface layers compared to the bulk. Figure 6 shows the profile of 
normalized elemental Cr, Sr and La map across a 120 pm thick 
interconnect. The top surface shows Cr depletion and an associated 
La enrichment. The Sr content is uniform across the specimen. The
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arrows point to a Cr enriched area (with a corresponding La 
depleted area) along the profile. This is due to the presence of a 
large pore in the thin planar structure where Cr enrichment occurs 
most probably by the predominant evaporation-condensation mass 
transport mechanism operative at the sintering temperatures. 
Previous studies on volatalization of Cr2C>3 (10) suggest that Cr 
volatalizes off by forming CrO3 vapor. Assuming a similar volatility 
mechanism to be operative, the defect reaction can be written as:

3CrXCr + 3/2 02 -—> V Cr + CrO3 (v) + 3h‘....................  [1]

Electronic conductivity in LaCrO3 materials is p-type arising from 
charge compensation of Cr3+ to Cr4* (electron holes) upon divalent 
ion substitution on the La3* sites. The proposed conductivity 
mechanism is due a small polaron hopping on the Cr sites. This hole 
carrier density is sensitively affected by non-stoichiometry arising 
from Cr volatility. Associated with the Cr loss and the resulting Cr 
vacancies ,Vcr , addtional p-type defects may be formed in the 
lattice. This causes an increase in conductivity at the surface as 
was determined using the van-der Pauw technique. The above 
reaction assumes some non-stoichiometry being permitted on the 
Cr sub-lattice in the perovskite structure. The phase diagram 
shows that LaCrO3 is a line compound and therefore Cr loss must be 
accompanied by precipitation of La2C>3. Although the exact surface 
concentrations could not be estimated and while no La2C>3 or 
La(0H)3 was detected in XRD examination, clear evidence of non
stoichiometry in the Cr sub-lattice was seen from the EPMA results.

The above results suggest that in tape cast structures where 
the surface is a greater fraction of the ceramic compared to powder 
compacts, vapor transport and surface diffusion effects dominate 
the initial sintering process. This is because these processes 
generally tend to have lower activation energies and greater values 
than other mass transport processes. During the temperature 
regime where the sintering aid is molten, some particle 
rearrangement is expected. At higher temperatures, once the liquid 
evaporates from the ceramic, the dominant mechanism that will 
contribute to densification will be bulk diffusion. The build up of 
the CrOx rich phase in inter-particle necks with concomitant loss in 
grain surface area must greatly reduce the driving force for
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sintering. This can be inhibited by two factors: the diffusion 
distances are greater because of neck growth (possibly resulting in 
pore isolation also) as well as increased Cr volatility at the higher 
temperatures. The implications for sintering of thin planar 
interconnects, with or without integral flow-fields, are that a 
minimum amount of sintering aid must be used so as to minimize 
porosity caused by decomposition and volatility of the sintering aid. 
Further, in case of liquid phase assisted sintering, the sintering aid 
must be uniformly dispersed not only between agglomerates but 
also within each agglomerate. This will ensure uniform wetting of 
individual crystallites thus greatly aiding in densification. 
Alternative fabrication methods which give more uniform and high 
density green bodies with smaller interstices between agglomerates 
may alleviate densification problems. Ideally, appropriate dopants 
in LaCrC>3 which have a transient eutectic liquid phase at 
tem peratures below 1500°C, would be the best choice. 
Development in the latter direction is being carried out by 
Anderson (5) as well as by the authors.

Hot Pressed LaCrOs

Extensive work was performed to establish optimal hot 
pressing temperatures and time schedules required for densifying 
LaCrÛ3. Some hot pressing was also done with dies machined with 
flow-field grooves. Typical densification curves are shown in 
Figure 7. The powders were pressed for a minimum of 40 min. 
after reaching the desired highest temperature. Hot pressing could 
be accomplished at a minimum temperature of 1450°C at pressures 
of about 28 MPa. Generally, densification stopped after about 40 
minutes at temperature. Typical densities obtained were in excess 
of 98% of theoretical in the bulk of the specimens. This is 
attributed to particle sliding and rearrangement upon application of 
pressure. Further, the reducing conditions suppress the volatility of 
Cr thus enabling the densification process. Figure 8 shows the 
strain rate as function of temperature. The curve shows two 
densification regimes at about 1200 and at 1500°C. XRD of the 
surface of the as hot pressed specimens revealed the presence of 
additional phases such as La2Û3 , and the complex carbide Cr23C6. 
XRD of the bulk of the hot pressed specimens did showed peaks 
attributable to LaCrC>3 alone suggesting that the LaCrO3 may have
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reacted with graphite at the surface only. Examination of the 
microstructure for phase composition using EPMA revealed some La 
enrichment associated with pores both in the bulk as well as at the 
surface. Long term exposure of such hot pressed specimens to 
ambient air at room temperature caused the surface to form a 
powdery film which was identified by XRD as La(0H)3. Eventually, 
these specimens disintegrated. These latter observations support 
the XRD results.

The phase assemblage in hot pressed specimens can be 
understood by considering the thermodynamic stability of LaCrO3 
during the hot pressing process. The oxygen activity in the hot- 
press is controlled by C/CO equilibrium given by the reaction:

2C + O2 — > 2CO ............................ ......................  [2]

The equilibrium oxygen partial pressures for reaction [2] are 
plotted in Figure 9. Also plotted are the oxygen partial pressures 
for reaction [3] as below:

4/3Cr + O2 - > 2/3Cr2O3 ..................................................  [3]

Although thermodynamic data for Sr-doped LaCrO3 are not known, 
reaction of LaCrC>3 to form the complex Cr carbide phase appears to 
be favored under the experimental condition used. The reaction 
pathway is difficult to predict in the absence of available 
thermodynamic data. Based on the present results it appears likely 
to proceed directly by the carbothermal decomposition of LaCrC>3 to 
form the carbide phase at the surface. Figure 10(a) shows the 
microstructure of a hot-pressed specimen exhibiting high density in 
the bulk and surface porosity at the graphite/ ceramic interface. In 
Figure 10(b), the light contrast specks seen in the micrograph 
confirm the presence of Cr rich inclusions in the bulk. From the 
EPMA results the normalized Cr/C molar ratio can be calculated to 
be 1.7:1. This could result from a mixture of Cr and Cr-carbides or 
a mixture of Cr carbides of differing stoichiometry ranging from 
1.5:1 to 3.83:1. A La/Cr molar ratio about 2:1 was detected in 
association with these Cr rich areas, suggesting that La2C>3 lies in the 
vicinity of the Cr-rich inclusions. The possibility that LaCrO3 could 
dissociate to form La2O3 and Cr2O3 with a simultaneous reaction to
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form Cr23C6 may not be discounted. In iso-structural compounds 
such as Sr-doped LaMnC>3 as well as spinels such as Mg&204 such 
dissociations are well documented.

Conductivities of the as hot pressed surface, measured at room 
temperature by the Van-der Pauw method, indicated that the 
conductivity was about two orders of magnitude below that of 
specimens sintered in air. This degradation is due to the surface 
reactions of LaCrC>3 with the graphite die hardware. On grinding off 
this surface layer, the conductivity was measured to be lower 
compared to specimens sintered in air. This is readily understood 
by considering that in low activities of oxygen, the defect structure 
of p-type LaCrO3 will be dominated by oxygen vacancies with 
charge compensation given by:

OXO — > 1/2 V“o + l/2O2 + 2e .............................  [4]

X X
and Cr Cr + e’ -—> Cr cr .................................................  [5]

On annealing these hot pressed specimens at 1000°C in air for 
about 8 hours, the conductivity recovered to values similar to that 
of specimens sintered in air. This is consistent with the 
microstructural observations. However, after annealing, the
specimens warped presumably due to volume expansion of the 
lattice caused by oxygen uptake. This caused micro-cracking in the 
ceramic especially in ribbed interconnects with integral flow-fields. 
This is not surprising since differential stresses caused by volume 
expansion will be greater at regions where the cross-section of the 
ceramic changes.

These results suggest that the defect structure of hot pressed 
specimens is dominated by effects of oxygen non-stoichiometry in 
the LaCrC>3 lattice. Even if the interconnect material is "reduced" 
during hot pressing, the amount of La2O3 and Cr2C>3 phases present 
in the microstructure are below detectable limits of XRD and ,in any 
case, do not affect conductivity. The effects on long term stability 
are currently unknown and are being assessed by in-cell tests.
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Conclusions

Powder compacts of Sr doped LaCrC>3 can be sintered to high 
densities with closed porosities by incorporating liquid formers 
such as MgF2. The benefit of such liquid formers is difficult to 
realize for thin tape cast bodies, where a porosity gradient is 
formed with the surface layers having greater porosity. The 
volatility of Cr appears to be the main factor inhibiting densification 
of such structures.

Hot pressing was used primarily as a method of obtaining fine 
grained well sintered specimens of near theoretical density and as a 
tool to study sinterability of LaCrC>3 ceramics. While the technique 
is cumbersome and most likely not commercially viable for 
fabrication of SOFC interconnects, sinterability was shown to be 
greatly enhanced by the combined use of reducing atmospheres 
and pressure. The reaction products with graphite are localized at 
the surface of the ceramic and the graphite die interface and do not 
affect the conductivity after removal of the surface layers by 
grinding and annealing in air. The phase assemblage in the bulk of 
hot pressed LaCrC>3 ceramics can be controlled to give oxygen 
deficient LaCrC>3 . The conductivity can be as high as air sintered 
specimens after annealing in air. However, stresses arising from 
differential expansion can cause microcracking of interconnects, 
especially those with integral flow fields.
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■

FIGURE 1(a) - TYPICAL MORPHOLOGY OF 
Lao.9Sro.iCr03 CALCINED AT 800°C AND  

M ILLED IN  ETHANOL FOR 6 HRS.

FIGURE 1(b) - POWDER MORPHOLOGY OF 
Lao.9Sro.lCr03 CALCINED A T 800°C AND  

MILLED IN  ETHANOL FOR 8 HRS.

FIGURE 1(c) - POWDER MORPHOLOGY OF 
Lao.9Sro.iCr03 CALCINED AT 800°C AND  

MILLED IN  ETHANOL FOR 24 HRS.
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FIGURE 10(a) - MICROGRAPH OF HOT PRESSED LSC SHOWING DENSITY 
GRADIENTS AND SURFACE REACTION LAYER (133X)

FIGURE 10(b) - MICROGRAPH OF HOT PRESSED LSC SHOWING Cr RICH 
INCLUSIONS (LIGHT CONTRAST SPECKS, 1330X)
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Abstract

Development of planar geometry Solid Oxide Fuel 
Cells has received increasing attention recently due 
to their ability to perform at very high efficiencies as 
a high power density energy conversion device. Low 
cost fabrication techniques of planar SOFC devices are 
an added attractive feature. In order to derive the 
maximum performance it is necessary to achieve 
good interfaces between the electrolyte and the 
electrodes. Characterization of planar SOFC interfaces 
thus becomes necessary to optimize the fabrication 
m ethodology. In the present study the 
electrode/electrolyte interfaces are characterized by 
ac impedance spectroscopy. Single cell performance 
characteristics are correlated to interface 
characteristics which were observed to be a function 
of fabrication methods. Scanning Electron 
Microscopy of the interfaces with various fabrication 
techniques are currently underway. A quantitative 
model is being developed.

Introduction

Planar SOFCs offer the potential for high efficiency, high 
power density energy conversion devices. In addition, the current 
processing technology to fabricate planar cells is fairly
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inexpensive. In this process the electrodes are applied to a 
predensified zirconia electrolyte and fired at a temperature high 
enough to effect bonding but prevent the formation of deleterious 
interface reaction products. This process provides for 
in term edia te  inspection of e lec tro ly tes before the 
electrode/electrolyte sub-assembly is fabricated. It also 
eliminates co-sintering of materials of different sintering 
characteristics and has the potential of maintaining the electrode 
morphology required for efficient electrode kinetics. However, 
the various available techniques for application of electrodes may 
lead to varying electrode morphology and interfacial 
characteristics. Understanding performance characteristics of 
SOFCs requires correlation of morphological characteristics of 
electrodes with electrical properties of cell components as well as 
various intercomponent interfaces that connect them. This would 
then enable one to optimize the fabrication process to achieve 
high performance planar SOFCs.

Electrolyte/electrode interfaces in SOFCs represent an abrupt 
change in conduction mechanism, from ionic conduction in the 
electrolyte to electronic or mixed conduction in the electrode. 
Heterogeneous charge transfer across such interfaces causes loss 
of efficiency in an electrochemical system(l). In order to achieve 
fast electrode kinetics, it is essential for the electrodes to be well 
bonded to the electrolyte. Such well bonded interfaces usually 
result in linear I-V curves dominated by ohmic polarization 
losses(2). However, application of porous electrodes on to a 
densified zirconia electrolyte by methods such as screen printing 
or slurry coating followed by high temperature bonding often 
leads to poor interfacial bonding at the microscopic level. This 
phenomenon often manifests at the anode/electrolyte interface 
largely due to high thermal expansion mismatch between Ni/ZrO2 
anode and the ZrC>2 electrolyte. Earlier studies have shown that 
the interface morphology plays an important role in dc 
polarization characteristics of solid electrolytes(3,4). In the 
present study, the dc polarization characteristics of planar single 
cells were observed to be dependent upon the interfacial 
characteristics.

378



EXPERIMENTAL

AC impedance spectroscopy(5-8) was used to characterize the 
electrode interfaces in planar SOFCs under fuel cell operating 
conditions. The impedance spectra were analyzed using Nyquist 
as well as Bode plots to identify the impedance contribution from 
the electrode interfaces. Current-Voltage performance curves 
were also obtained as a function of temperature. Solartron 1250 
FRA and 1286 ECI were used in obtaining ac and dc characteristics 
of the cells.

Two different techniques were used to obtain varying 
bonding characteristics between the electrode (anode) and the 
electrolyte. The first technique is screen printing of electrode 
slurries on to the electrolyte with subsequent firing. The other 
improved technique provides superior bonding due to better 
bonding of the zirconia of the anode cermet with the electrolyte.

DISCUSSION

In the development of planar cells, a very interesting feature 
in cell I-V characteristics was observed. A non-linear 200-400 
mV polarization drop, similar to an activation polarization 
behavior of low temperature cells, was observed at low current 
densities (see Figure 1). Beyond this threshold current density, 
the I-V characteristics were linear with a slope that corresponds 
to the ohmic i-R losses. This behavior however is not unique to 
planar SOFCs and other developers of SOFCs have reported similar 
behavior (9). In a computer simulation of SOFCs, Dunbar et al. 
(10) assumed an activation polarization at low current densities 
and employed the Tafel equation to characterize the non-linear 
segment of the I-V curve in the cell performance data provided 
by Westinghouse. However, at the operating temperatures of 
SOFCs (-1000° C) losses due to activation polarization are expected 
to be negligible (see the references cited in 10).

Further study into the origin of this steep polarization drop 
was found to be very instructive in correlating interfacial 
morphology with observed dc and ac response characteristics of
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planar cells. This behavior is attributed to poor electrode 
interface, especially the anode/electrolyte interface. The complex 
impedance spectrum indicated a high interfacial resistance (Figure 
2). Conversely, at anode/electrolyte interfaces with good bonding 
characteristics, the interfacial component is small (figure 3) and 
the I-V characteristics indicate a smaller non-linear region (Figure 
4). Figure 5 Shows the I-V behavior of the well bonded cell at 
1000° C exhibiting a very small non-linear region.

The significant difference observed in dc polarization curves 
of various cells at low current densities can thus be attributed to 
variations in anode/electrolyte interface. A poorly bonded 
interface between the anode and the electrolyte constitutes a 
sudden decrease in reaction area across the interface for reduction 
of oxygen ions. This requires focussing of the oxygen ions towards 
a narrower anode/electrolyte interface for the charge transfer 
reaction and spreading of electrons in the anode. The resistive 
component due to focussing and spreading of conducting species 
may change as a function of current density introducing non
linearity in the I-V characteristics. Furthermore, the poor 
electrode/electrolyte contact would contribute a capacitive 
reactance to the interfacial component. Thus, the nature of 
interface is expected to play a major role in the dc polarization 
behavior. A quantitative model is being developed to explain this 
behavior.
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Figure 1. I-V Characteristics of Weakly Bonded Electrode 
(Temperature 900° C, Cell Area 5 cm2)

Figure 2. AC impedence Spectrum of cell in Figure 1
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Figure 3. I-V Characteristics of Well Bonded Electrode 
(Temperature 900° C, Cell Area 5 cm2)

Figure 4. AC impedence Spectrum of Ceil in Figure 3
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Figure 5. I-V Characteristics of Well Bonded Cell at 1000° C
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ABSTRACT

This review deals with the present state of solid oxide fuel 
cells (SOFC) in Japan. In a national project (Moonlight 
Project), feasibility study on SOFC started in 1989 and will 
last for three years. National institutes which promote 
R ft D on SOFC are the Electrotechnical Laboratory and the 
National Chemical Laboratory for Industry; universities are 
Yokohama National University, Mie University, Kyoto 
University, Tottori University and Kyushu University; and 
the companies are Mitsubishi Heavy Industry, Mitsui 
Engineering and Shipbuilding and the Tokyo Electric Power 
Company. The research on SOFC operation is promoted in the 
Tokyo Gas and the Osaka Gas Companies.

1. INTRODUCTION

The R & D on fuel cells by research organizations and industrial 
firms in Japan has been underway for over 30 years. This R & D on fuel 
cells accelerated since 1981 when a national R & D program was started 
in the "Moonlight Project" by MITI (1). In addition, the activities of 
many industrial companies and organizations contributed to the recent 
progress in solid oxide fuel cells.

The Agency of Industrial Science and Technology, MITI, started 
research on fuel cells in Fiscal year 1981 as a part of "Large-Scale R 
& D Projects for Energy conservation" (Moonlight Project), and it is 
presently engaged in research mainly on the phosphoric acid and molten 
carbonate fuel cells, but also on the solid oxide fuel cells. Figure 1 
shows the R & D program for developing fuel cell power generation 
technologies. The fuel cell R & D project is scheduled to be a 15-year 
program lasting until Fiscal year 1995 and the total R & D budget is 
estimated to be about Y57 billion.

In the Moonlight Project, The Electrotechnical Laboratory is engaged 
in research to develop a 500-MW class solid oxide fuel cell based on a 
cylindrical configuration. The National Chemical Laboratory for 
Industry is conducting research to develop a planar type fuel cell in 
the same project.
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Some private corporations are also very active in this field. Tokyo 
Gas and Osaka Gas Companies signed contracts in 1986 with Westinghouse 
to purchase 3 kW solid oxide fuel cell generators and have conducted 
demonstration tests on these generators since November 1987.

Fundamental research on SOFC is being conducted at universities such 
as Tottori University, Kyoto University, Mie University, Kyushu 
University and Yokohama National University.

A feasibility study on SOFC power generation system was conducted in 
FY 1987, and a report on this study published in March 1988 (2). The 
present status of SOFC research at various organizations is discussed 
in the following sections.

2. ELECTROTECHNICAL LABORATORY

The Electrotechnical Laboratory started R & D on SOFC in FY 1974; 
this R & D has continued as part of the Moonlight Project since FY 
1981.

Figure 2 shows the cross-sectional view of a solid oxide fuel cell 
stack developed at the Electrotechnical Laboratory. Materials used in 
this cell design are:

Electrolyte : (ZrO2)0.fl2(Y2O3)0.08 (YSZ)
Air electrode : LaCrO3, L a ^ M ^ O s ,  La1_xMxMnO3 (M = Sr or Ca)
Fuel electrode : Ni, NiO - YSZ
Interconnector : NiA£L, LaCrO3
Gas-tight layer : A&2O3
Substrate : Calcia-stabilized zirconia or A&2O3

Gas-tight films are made by plasma spray and the porous films are 
made by flame spray or slurry painting method. Laser spray/vapor 
deposition and chemical vapor deposition using organic precursors are 
also under development.

Cell and stack performance tests were conducted for solving problems 
of cell materials and configuration and long-term tests of 1000 hours 
were conducted for the inspection of chemical reactions between the YSZ 
electrolyte and the electrode materials. In FY 1986, the 500 W power 
generation experiment was conducted to evaluate the plasma spray 
fabrication method and the performance of the SOFC. The specifications 
for the stacks developed for 500 W test were as follows:

Number of cells connected in series: 15
Unit cell length: 24 mm
Interconnector length: 12 mm

The typical performance of a stack with 4 1/min hydrogen gas flow 
was as follows:
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Open circuit voltage: 0.986 volt per cell
Current density : 140 mA per square cm
Power output : 26.6 W at the cell voltage of 0.8 volt

The 500 W power generation test was conducted with 48 SOFC stacks 
connected in parallel. At the beginning of the test, the output power 
of 500 W was obtained at the cell voltage of 0.76 volt and the current 
density of 63 mA per square cm with hydrogen supply of 190 1/min and 
air supply of 1100 1/min.

3. NATIONAL CHEMICAL LABORATORY FOR INDUSTRY

The planar type SOFC is expected to be better suited than tubular 
type SOFC for large scale power plants because of its higher power 
generating efficiency, higher power density, lower production cost, 
etc. The National Chemical Laboratory for Industry (NCLI) has focused 
its research activity on planar type SOFC in the following fields:

(a) New separator material
(b) Design and feasibility of internal gas-manifold structure
(c) Material processing for cells with the above structure

The electrical resistances of the cells were measured with several 
Ni-Cr alloy separators in air at 1000 C with 100 mA per square cm 
current. It was found that the electrical resistance of the cell with 
Inconel-600 separator decreased during 600 hours testing. In this test, 
the YSZ membrane was reinforced by a framework and the gases sealed by 
inconel packing and silica cement; the evaluation of this design is 
presently under progress. Another type of internal gas-manifold was 
designed for a cell with corrugated lanthanum chromite separator as 
shown in Figure 3. The processing technology for this design is also 
presently under investigation.

4. TOKYO ELECTRIC POWER COMPANY, INC.

The Tokyo Electric Power Company, Inc. started investigating fuel 
cells in 1960’s and has already achieved many successes including that 
in the generation of 4.5 MW electric power by phosphoric acid fuel 
cells. In 1980’s, the company began the study of solid oxide fuel 
cells; at present, they are working on the development of this type of 
fuel cell jointly with Mitsubishi Heavy Industries, Ltd.

Their basic research efforts have concentrated on the investigation 
of cell component materials and their physical properties, methods for 
forming thin membrane and other flow fields, and trial production of 
cells. For the time being, these investigations employ tubular 
multi-cell type cell elements which can be made and evaluated easily in 
terms of basic technology. In the future, the development activities 
will focus on producing highly efficient and durable cells by improving
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their electrical properties, preventing cracking, peeling and chemical 
changes, as well as by solving the problems of modularization.

5. MITSUI ENGINEERING AND SHIPBUILDING COMPANY, LTD.

With the aid of the Japan Shipbuilding Industry Foundation, Mitsui 
Engineering and Shipbuilding Company is currently developing SOFC, 
which is being considered for the next generation ship propellent power 
plant, jointly with the Japan Marine Machinery Development Association. 
SOFC is better suited as a power unit on board a ship because it is all 
solid state and composed only of ceramic materials. Maintenance of a 
SOFC is also very easy because there is no fear of outflow of any 
corrosive liquids as is the case with electrolytes in fuel cells of 
other types. A SOFC can utilize hydrogen, carbon monoxide and air, and 
also can tolerate more impurities in these gases than other types of 
fuel cells. Thus, SOFC is expected to be easy to handle and highly 
resistant to vibrations and oscillations on board a ship. If a power 
system composed of SOFC’s with a DC motor is employed to propel a LNG 
ship, then the total weight can be reduced to about 30% of that of a 
conventional boiler and turbine system. Furthermore, the total volume 
will be reduced to about 20%.

SOFC’s operate at a temperature as high as 1000 C. This high 
operating temperature helps recover exhaust heat but it also could 
cause instability of materials and requires the selection of special 
materials for peripheral parts. It is therefore desirable to lower the 
operating temperature of a SOFC to accelerate its practical use. The 
operating temperature of a SOFC is determined by ionic conduction in 
the electrolyte and reaction kinetics in the electrodes. One objective 
of this research is to develop a SOFC that can operate at a lower 
temperature by using a suitable electrolyte material and improving the 
shape of the electrolyte film.

6. OSAKA GAS COMPANY, LTD.

Osaka Gas Company is interested in solid oxide fuel cell for on-site 
power generation because of its high electrical efficiency, high 
temperature exhaust heat and expected long life. They have tested a 3 
kW SOFC generator system from Westinghouse Electric Corporation since 
1987 to evaluate the state of the art SOFC. After test of the first 
generator was finished on March 18, 1988, a second generator was placed 
on test. This second generator has been running since its start-up on 
March 29, 1988 (2). The generator is shown in Figure 4. The results of 
the first generation operation were as follows:

Operating period: October 2, 1987 to March 18, 1988
Operating time : 3,012.5 hours
Availability : 97.9%
Average power : 2.02 kW
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