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FOREWORD 

High e f f i c i e n c i e s  o f  c l o s e  t o  6P/, have been p ro jec ted  f o r  
t h e  convers ion of c o a l  t o  e l e c t r i c i t y  w i t h  s o l i d  oxide f u e l  c e l l s  
and a  bo.ttoming cycle., The high e f f i c i e n c i e s  make t h e s e  systems 
a t t r a c t i v e  f o r  f u t u r e  c o a l  consuming power p l a n t s  and have l e d  t o  
renewed resea rch  and development e f f o r t s  i n  s o l i d  oxide e l e c t r o l y t e  
f u e l  c e l l s .  I n  view of these  developments, t h e  .Division of  Power 
Systems of  t h e  U.S. Department of  Energy requested t h a t  a  Workshop 
be  held  t o  determine t h e  s t a t e  of  the  technology of  t h e  s o l i d  
--tide e l e c t r o l y t e  f u e l  c e l l s  and provide recommendations f o r  

i t u r e  resea rch  and development, l ead ing  t o  t h e  development of  
)al-based s o l i d  e l e c t r o l y t e  ' fue l  c e l l s .  

The emphasis of t h e  Workshop was t o  determine t h e  s t a t e  of 
t h e  technology and needed resea rch  of only  t h e  f u e l  c e l l  and i ts  
components, i . e . ,  t h e  e l e c t r o d e s ,  t h e  e l e c t r w i y t e ,  and t h e  i n t e r -  
connection m a t e r i a l .  Aspects concerning c.&l g a s i f e r s ,  and t h e  

/ 
impuri ty  l e v e l s  i n  t h e  gases ,  were n o t  considered a t  t h i s  Workshop 
b u t  w i l l  r e q u i r e  f u t u r e  a t t e n t i o n .  The Workshop was he ld  on 
May 5-6, 1977 and was a t t ended  by 55 r e p r e s e n t a t i v e s  from indus- 
t r i e s  and academic i n s t i t u t i o n s  from f i v e  c o u n t r i e s .  The f i r s t .  
day' of  t h e  Workshop was devoted t o  formal p r e s e n t a t i o n s .  On t h e  
second day, panel  s e s s i o n s  on " E l e c t r o l y t e s " ,  " In te rconnec t ion  
Mate r ia l s " ,  and "Elec t rodes"  were arranged t o  cons ide r ,  i n  d e t a i l ,  
t h e  p r e s e n t  s t a t e  of unders tanding t h e  d e f i c i e n c i e s  i n  t h e  a r e a s  
of  e l e c t r o d e s ,  e l e c t r o l y t e s ,  and in te rconnec t ion  m a t e r i a l s .  
P rofessors  A. S. Nowick, G. P. Wir tz ,  and T. H. E t s e l l  served 
a s  chairmen of  t h e s e  t h r e e  pane l s ,  r e s p e c t i v e l y .  

Advances i n  s o l i d  e l e c t r o l y t e  f u e l  c e l l  technology wil.1 
r e q u i r e  a  m u l t i d i s c i p l i n a r y  approach t o  produce a n  e l e c t r i c a l  
genera to r  w i t h  l i f e  t imes over  40,000 hours.  Previous d e v e l o p  
ments have ind ica ted  t h a t  l a r g e  systems a r e  conceivable  and t h e  
shortcomings i n  previous  des igns  o r  m a t e r i a l s  can be overcome 
wi th  fo reseeab le  t echno log ica l  advances. 

I t  i s  hoped t h a t  t h e  Proceedings of the' Workshop w i l l  s t i m u l a t e  
a i n t e r e s t  i n ' r e s e a r c h  and development of s o l i d  oxide f u e l  c e l l s  and 

a s s i s t  i n  guiding f u t u r e  t echno log ica l  i n v e s t i g a t i o n s .  

The o rgan ize r s  wish t o  acknowiedge t h e  a s s i s t a n c e  of 
r s .  V i rg in ia  Sayre  and Mrs. Dorothy Schroeder i n  making t h e  necessary 

arrangements f o r  t h e  Workshop. S p e c i a l  thanks a r e  a l s o  due t o  
M s .  Debra Abruzzo f o r  h e r  devoted e f f o r t s  i n  t h e  o r g a n i z a t i o n  of. 
and dur ing  t h e  Workshop. 
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RECOMMENDATIONS'OF THE WORKSHOP 

The workshop proceedings summarize t he  s t a t u s  of components tech- 
nology development of high temperature s o l i d  oxide e l e c t r o l y t e  f u e l  
c e l l s  which show promise of being t he  energy conversion device i n  
highly e f f i c i e n t  coal-fed power p lan ts .  Many of t he  l im i t a t i ons ,  en- 
countered i n  the  pa s t ,  with s o l i d  e l e c t r o l y t e  f u e l  c e l l s  have been 
assessed and mater ia l s  and processes a r e  ava i l ab l e  fo r  t he  fabr ica-  
t i o n  of interconnected f u e l  c e l l s .  Areas i den t i f i ed ,  during presen- 
t a t i o n s  and panel discussions,  f o r  s p e c i f i c  fu tu r e  developments and 

f e s t i ga t i ons  y i e l d  t he  b a s i s  f o r  t he  recommendations of t he  work- 
~ p .  The recommendations a r e  presented below by sub j ec t  matter  and 

are not  intended t o  r e f l e c t  s p e c i f i c  orders  of p r i o r i t y .  

1. Future'work should emphasize e l e c t r o l y t e s  supported on a  
porous subs t ra te .  The increase i n  e f f i c i ency  of t he  f u e l  c e l l s  de- 
pends on reducing t he  r e s i s t ance  of t he  e l e c t r o l y t e ,  which can be 
accomplished by using th inner  e l ec t ro ly t e s .  The use of supported 
e l e c t r o l y t e s  wi th  thicknesses  below 50 pm can be used, whereas un- 
supported o r  free-standing c e l l s  w i l l  r equi re  s i g n i f i c a n t l y  t h i cke r  
e l e c t r o l y t e s  t o  maintain'mechanical s t rength .  

2 .  There is  a  need t o  determine the  f ac to r s .wh ich 'w i l l  lead t o  
h-igher'conducting e l e c t r o l y t e s  including t he  r o l e  of dopant valency, 
i on i c  s i z e ,  and concentrat ions on t he  r e s i , s t i v i t y  of t h e  e l e c t r o l y t e .  

3. The most successful  method f o r  producing t he  supported elec-  
t r o l y t e  layers  has been by electrochemical vapor deposi t ion.  Inves- 
t i g a t i o n s  -should be ca r r i ed  out  t o  charac te r ize  t he  minimum thick-  
ness  of a  .pore-free e l e c t r o l y t e ,  t he  dependence.on sur face  p rope r t i e s  
of t he  subs t r a t e ,  and development of de f ec t s  during operat ion.  Other 
methods of producing e l e c t r o l y t e  l aye r s  plasma spraying, ion implan- 
t a t i o n ,  and s i n t e r i n g  techniques w i l l '  a l s o  have t o  be examined. 

4. The e f f e c t s  of e l ec t ron i c  conduction i n  t he  e l e c t r o l y t e s  
(notably f o r  Ce02-based ceramics) on t he  fue l - ce l l  e f f i c i e n c i e s ,  
k i n e t i c s ,  and l o s se s  requi re  fu r the r  considerat ion.  Theory should 
be compared with experimental observat ions i n  in tegra ted  s o l i d  elec-  
t r o l y t e  f u e l  c e l l s ,  incorporat ing a  f u e l  and a i r  e lec t rode  where d i -  
, r e c t  t e s t i n g  of t he  inf luence of e l ec t ron i c  conduction can be car-  

!d out.  

5. Methods t o  reduce po l a r i za t i on  overvoltages a t  t he  e lec t rode /  
e l e c t r o l y t e  i n t e r f ace  should be  developed. A t  p resen t ,  even wi th  
r e l a t i v e l y  t h i ck  e l ec t ro lye s  ( 4 . 5  mm), the  po l a r i za t i on  l o s se s  a r e  



about  30% of  t h e  t o t a l  vo l t age  l o s s e s .  The r e l a t i v e  c o n t r i b u t i o n  
of t h e  i n t e r f a c i a l  l o s s e s ,  which a r e  independent of  e l e c t r o l y t e  
t h i c k n e s s ,  w i l l  i n c r e a s e  a s  t h e  e l e c t r o l y t e  th ickness  decreases  and 
could dominate t h e  l o s s  i n  e f f i c i e n c y  of t h e  c e l l s .  A wide range 
o f  cathode m a t e r i a l s  has  been considered and f u t u r e  work should 
c h a r a c t e r i z e , t h e s e  m a t e r i a l s  and determine t h e  f a c t o r s  which w i l l  
reduce t h e  overvol tage.  

6. Techniques f o r  d e p o s i t i n g  in te rconnec t ion  m a t e r i a l s . w i l 1  
r e q u i r e  f u r t h e r  development. Long-term s t u d i e s  should be  s t a r t e d  
on m u l t i c e l l  s t r u c t u r e s  t o  t e s t  t h e  s t a b i l i t y  of t h e  m a t e r i a l s  i n  
a n  a c t u a l  environment i n  a d d i t i o n  t o  t h e  methods of production. 

7. There i s  a  d e f i n i t e  l a c k  of  informat ion on d i f f u s i o n  r a t e s  
of  c a t i o n s  and an ions  i n  t h e  in te rconnec t ion  m a t e r i a l s  o r  cathodes.  
The informat ion is requ i red  t o  determine m a t e r i a l  migra t ion  with  
pore  format ion o r  inc reased  i n t e r f a c i a l  r e s i s t a n c e s  and, compatibil-  
i t y  of components. Oxygen d i f f u s i o n  r a t e s  i n  t h e  cathode m a t e r i a l  
w i l l  i n f l u e n c e  t h e  e l e c t r o d e  k i n e t i c s .  

8. c o m p a t i b i l i t y  o f  t h e  e l e c t r o d e s ,  . e l e c t r o l y t e s ,  and i n t e r -  
connect ion m a t e r i a l s ,  should b e  determined under p o t e n t i a l  g r a d i e n t s  
w i t h  c u r r e n t  f l u x e s  t o  determine any tendency f o r  induced migrat ion.  

9. The e f f e c t s  of i m p u r i t i e s ,  i n  coal-derived f u e l s ,  on f u e l  
c e l l  performance should b e  i n v e s t i g a t e d .  S u l f u r  c o n t a i n i n g  impuri- 
t ies and a s h  could l ead  t o  degradat ion of  t h e  n i c k e l  f u e l  e l e c t r o d e s  
and sea l ing ,  o f  pores  jn a  porous s u b s t r a t e .  
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A .  S. Nowick, Panel Chairman 
Columbia University 

The exploration of this topic of solid oxide electro- 
lytes presupposes that we are not completely satisfied with. 
Zr02:Y203 as.a solid electrolyte for fuel cells and are 
interested in seeking different materials which will show 
nigher conductivities, or at least, make it possible to 
attain the same conductivities at lower temperatures. The 
benefits of dropping the operating'temperature of a high 
temperature fuel cell to the range 5000-7000C are quite 
considerable, as has often been pointed out in the litera- 
ture. For one thinq, It can ease some of the demands on 
electrode and interconnection materials. 

In ordcr to determine in which directjmns to go for 
better electrolytes, we need to know what are the factors 
that control the conductivity. A number of these factors 
have been discussed by members of this panel. Some of the 
important questions that we cannot yet answer completely 
are: 

a) Why is the conductivity generally higher for tri- 
valent dopants, e.g. Y3+, than for divalents, e.g. Ca2+? 

b) What role is played by the ionic size of the dopant, 
and is there any other factor than the size and valence of 
the dopant that determines the electrical properties? 

C )  What is the defect structural unit or interaction 
effect that is responsible for the existence of a maximum 
in conductivity as a function of dopant con cent ratio^^? 

A broader question is whether we can apply what we have 
learned about fluorite-type oxides to select possible ' . 
oxygen-ion conductors from among other oxide materials. 

Perhaps the most controversial question arising at this 
meeting concerns the role of electronic conduction in 
limiting fuel-cell behavior, and just how much electronic 
conduction can be tolerated. It appears that this question 
is first beginning to be examined with care, and for the 
first time, the arbitrary requirement of an ionic transfer- 
ence number, ti, of 0.99 over all oxygen partial pressures 
is being questioned. Thus, Dr. Patterson in the present 
panel, has suggested that lower ti values might be accept- 
able as a trade-off against other favorable properties. 



In a recent (unpublished) paper, D.S. Tannhauser has 
arrived at a similar conclusion from a somewhat different 
viewpoint. This conclusion has heen challenged, however, 
by other members of this workshop, and a final resolut1,on 
of the question remains to be achieved. 

,' 
As various members of the pane1,have shown; the techni- 

ques for the study of solid oxide electrolytes are quite 
numerous and varied, and involve much more than the mere 
measurement of conductivity at one frequency or under d-c 
conditions. It is only by applying these varied techniques 
that we can understand the defect chemistry of these 
materials. It is clear from what we have heard that there 
is much good science in such studies, as well as the 
potential practical achievement of improved electrolytes for 
fuel cells. 



A Review of Experimental Electrical and Electrochemical 
Methods 

Robert A .  Rapp 
Ohio State University 

A kn~wledge af the p a r t i a l  ionic and electronic con,- 
ductivities, and their component carrier concentrations 
and mobilities as a function of the oxygen partial pressure, 
dopant concentration,, and temperature represents a 
minimum 'lclassical" descri tion of an oxide electrolyte 
conductivity (1). For sufPiciently high temperatUYe5, a 
PoZ-independent a.c. total conductivity may be independent 
of frequency for two, three, or four electrode arrangements 
of noble metal electrodes in a defined gaseous environment. 
This Po -inaependent ionic conductivity measurement, however, 
masks t6e lower-magnitude p- and n-type partial electronic 
conductivities. These electronic conductivities are separate- 
ly established through a Hebb-Wagner d.~. polarization 
measurement, involving a reversible electrode to define a 
known Po2 and an ion-blocking (non-reversible) electrode. 
A stagnant liquid meta1,enclosed in an electrolyte tube 
represents an excellent blocking electrode (2). The result- 
ing polarization data of steady-state electronic current 
vs applied voltage are best treated by a Patterson-plot (3) 
which allows the simultaneous determination of both the p- 
type and n-type conductivity at the oxygen activity corres- 
ponding to the reference electrode. A three-dimensional 
drawing of the "electrolytic domain"(4) assists the classical 
description of electrolyte conductivity. The study of the . 
kinetics of relaxation of a polarized electrolyte is limited 
by the diffusion of electrons and.holes and can be used to 
establish the electron and hole mobilities and therefore 
their concentrations ( S ) ,  

Open-circuit measurements of the voltage of galvanic 
cells for electrodes with differing oxygen chemical 
potentials should be consistent with Wagner's classic theory 
16) and Schmalzried's evaluation of the transference number 
as a function of oxygen activity (7). Again, liquid metals 
polarized to steady-state by applied voltages provide 
electrodes of known oxygen activity for a measurement of 
open-circuit voltages by a third reference electrode. In 



a gaseous environment, the relaxation of the potential of 
a polarized point electrode will identify the electrode 
potentials where redox reactions are possible (8). 

To discern further iiformation about the equivalent 
electrical circuit of an electrolyte/electrode combination, 
the trace of the complex impedance (or admittance) 
diagram introduced by Bauerle (9),may provide a separation 
of processes inherent to the electrode and those specific 
to the electrolyte. In this method, by variation of the 
temperature, of electrode materials and gaseous environments, 
and by the study the aging behavior of the sytem, a more 
refined electrochemical description of the system can result 
(10) . 
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I. Introduction 

The purpose here is  t o  describe a  simple model for  an oxide so l id  
e lec t ro ly te  which demonstrates its most important features  i n  re la t ion  
t o  fuel  c e l l  performance. The model a l so  divides these considerations 
i n t o  d i f fe ren t  regimes which can i n  l a rge  measure be addressed separately. 
The r e s u l t  is  a  view of fue l  c e l l s  tha t  f a c i l i t a t e s  an organized approach 
to assessing the performance of exis t ing systems and bringing more clear ly 
i n t o  focus the areas i n  which future research should be dedicated. 

Some of the "knotty" questions t h a t  can be c la r i f i ed  by the approach 
outlined below a r e  the following: 

A) What would be the e f fec t  on the performance of an oxide f u e l  
c e l l  i f  hydrogen (1,2) o r  some o ther , fo re ign  ingredient were 

'. t o  become incorporated i n  the e lec t rb ly te  a s  a  mobile charged 
species? 

B) To what extent w i l l  the inherent e lectronic  conductivity of 
oxide e lec t ro ly tes  compromise the performance of a  fue l  c e l l  
system? In te rna l  e lectronic  conduction is ordinari ly  neglected 
i n  analyses of f u e l  c e l l  and bat tery systems even though its 
existence has been documented (3). 

C) What is the maximum power tha t  can be delivered by a  given oxide 
e lec t ro ly te ;  how does t h i s  depend on the ionic  and electronic  
transport properties of the e lec t ro ly te  and what is  the e f f f -  
ciency when operating under maximum power'! 

D) How do electrode polar izat ion losses  enter  into the evaluation 
uf c e l l  perfurmanee? 

E), How can one calculate  the eff ic iency of a  f u e l  c e l l  fo r  a  given 
dc load condition and what is the maximum efficiency tha t  can be 
achieved by a  given sol id e lec t ro ly te?  

F) How would the foregoing fac tors  a f f e c t  the process by-which an 
oxide e lec t ro ly te  fue l  c e l l  can be driven backwards ( in  the 
charging mode) i n  order to  ex t rac t  pure oxygen and generate 
hydrogen gas from steam as i n  the GE e lec t ro lys i s  process? 

The dc analog c i r c u i t  t o  be described below is an extension of the 
one given by Choudhury and Patterson (4.5) and of tha t  inherent i n  the 
Hoar-Price(6) "electrochemical interpretat ion" of Wamers. theory of 



tarnishing reactions (7). Before going into those matters, however, it 
i a  appropriate to outline some of the basic concepts involved and some 
of the underlying assumptions. 

11. Basic Concepts 

Casider the generalized electrochemical c e l l  sham in Figure 1 in 
which electrons e in addition to  the k ionic species i - 1,2,3,...,k are 
a l l  considered to  be mobile. The chemical potentials of these spec* 
(in joulw/pol) are represented by ~ 5 ;  i - 1,2,3,...k, e with the end 
point values being denoted by pi (I = 0) and UP. 

Following the analysis given by MacInnes (7), we arrive a t  the fol- 
lowing expression for the reversible open circuit  d E which would appear 
over the l e f t  and right electrodes: 

where Z is the valence of the i t h  speciw (Zi< 0 for aeions and electrons 
and Zi 4 0  for cations), the Faraday 3 is 96,500 coul and t f  is the open 
circuit  tranaferancs number (fractional conductivity) for species i and 
is dinuxmionlese. To expedite simple interpretatione, the mean value 
theoram of $ntegral calculus is invoked to recast equation [ l ]  into the 
following "weighted average" format : 



Each Vf plays the ro le  of a thermodynamic (open circuit)  voltage whose 
valw' in  volts  is given by 

and clearly each < t f>  is simply the open c i rcui t  transference number of 
the i th mobile species averaged over the entire electrolyte. 

To be sure, equation [ I ]  - on which equations 121 and [3] are  based - 
was derived by contemplating the reversible passage of 3 - 96,500 coul- 
d s  through the cell .  Z t  is postulated here, however, that  the same kind 
of relat ion can also be used to characterize the chemical forces which 
drive ce l l s  under non-reversible conditions - such as prevail when an 
external current flows. Under these circumstances, of course, the values 
of ~ ' j  and p i  may be somewhat altered (electrode polarization effects, etc)  
and this should be emphasized by replacing the effective open c i rcui t  
voltages Vf in equations 121 and f31 with the altered values Vi where 
the super "zero" haa been deliberately dropped. Similarly, the trans- 
ference numbers t f  should be replaced by (non-superscripted) ti's in 
case loading in f l i c t s  a significant perturbation on the various par t ia l  
conductivities. Accordingly, the following expression is proposed to 
characterize the active driving forces in cel ls  operating under E- 
reversible conditions (load or charging) 

I n  th is  equation, the contributing voltages Vi are given by 

- (-2, Dl 

They repreaent the thennochemical driving force acting on each mobile 
mpecies. Under load conditions these voltages wi l l  drop a b i t  from their  
respective open c i rcui t  values because polarization effects a t  the elec- 
trodes w i l l  cause the chemical potentials pi' and p j  to s h i f t  s l ightly 
toward each other. 'bus, i n  the present picture, electrode polarization 
effects only serve t o  influence the value of V that  prevails in a given 
si tuation and hence are  considered ae a to ta l ly  separate issue. By 
using the perturbed value of V in the analysis, the resul ts  remain 
valid fo r  any V that may eventuate. That way, polarization effects can 
be incorporated a t  some l a t e r  time when thei r  impact on V can be charac- 
terized quancitatlvely. 

In accordance with the traditional definition of transference numbers 
as fractional conductivity rat ios,  we may represent ti with any one of the 
fallowlug equlvalenr fernrularr: 



where the usual interrelationships relate the specific conductivity Q, 
conductance G and resistance R am follows: 

111. gquivalent Circuit Analysis 

The value of the proposals put forward l a  Sectloo I1 is that the 
essence of quatione 121. 143, and 671 m [81 can be portrayed in term 
of the very simply equivalent circuit shown in Figure 2. 

Figure 2. Equivalent circuit for fuel ce l l  system 
(load mode). 



Kirchhof f ' s l a w  relates the load current IL to  that f loving in each 
branch of the equivalent circuit  as follows:- 

But since the load voltage VL - whatever it turns out to  be - is neces- 
sar i ly  impressed over every one of the parallel  branches, we have the 
k + 1 relations: 

Inserting these results  into [lo] and then invoking the definition of ti 
from equation ['8], there results  

IL ZGi[Vi - VL] ZGzVi - VLZQ ' ZGiVi - VLf+ - f+[Zti7 1 .  

But thia ia squivaleat to 

where V i s  the fundamental emf quantity defined by equation [4] above. 
Finally, inspection of the external load circuit  also provides the Ohms 
relation 

=L - G ~ V ~ .  1131 

Equations [12] and 1131 imply the following three very important relations 

vL - - [I41 

and Gc9 
w ~ a  - q F , 2  q2 

and a g a h  the quantity V in a l l  three cases is  simply the emf quantity 
of equation [4]. 



These equations are of very general applicability for electrochemical 
systems. For example by merely,setting GL = 0 (RL - 0 0  ) ,the open cir- 
cuit mode is described because IL and WL both vanish. Emf sensors such 
as the oxide probes used to measure PO2 in high temperature environments 
operate in this mode in which case equation [14] reduces to equation [2]. 
The lower temperature so-called ion selective electrodes can be des- 
cribed in this way and equation [2] is the simple*t way to interpret 
the emfs they exhibit. Specifically, an ion selective electrode is 
simply a membrane (often of "doctored" glass) for which the transference 
number of only one ionic species dominates equation [2]. 

To analyze any other situations (such as, for example, the process 
for generating hydrogen from steam by driving an oxide fuel cell back- 
wards) one can simply insert an external dc supply in series with RL and 
proceed accordingly. 

However, +I connection with fuel cell applications, we are interested 
in examining the implications of equations [141, [I51 and [16] under load 
conditions. For example, equation [16] can be differentiated to deter- 
mine the maximum possible power GL that can be delivered to load by the 
cell in question (fuel cell, battery, etc). The result is 'found to be 
simply 

where V is agaig given by equation [4]. This occurs at a load resistance 
such that GL GL = GT and amounts to impedance matching with the electro- 
lyte. Clearly one wishes to shoot for systems with the lowest possible 
values of RT (largest GT's) consistent with the largest possible V values. 
As one might expect, this amounts to electrolytes with high ionic con- 
ductance and very low, or no, electronic conductance. Also, the electrodes 
should be capable of supporting large chemical potential differences 
wfthout causing the electrolyte to decompose. Actually, halide ion con- 
ductors would be the best for getting high V values because Z would be 
in unity in equation [4]. However, oxides can be considered in this 
connection and it is therefore worthwhile to specialize the general 
theory to those materials. 

111. Implications for Oxide Solid Electrolytes 

' The foregoing equations and considerations become s~bstantiali~ sim- 
plified when we specialize to the oxide electrolytes. In these materials 
the lattice cations are purported to exhibit negligible mobility and, as 
with all transport media (electrolyte or otherwise) there seems to be no 
known way to establish a non-zero value for Ve. Consequently, equations 
[41 and [51 simplify to 

v = t v  + t  o =  [l-telVo 
0 0  e [I81 

because to + te = 1 with 



However, i f  t h e  e l e c t r o l y t e  is  exposed t o ,  say ,  hydrogen gas on one 
s i d e  and i f ' i t  can indeed d i f f u s e  through t h e  oxide .as a mobile i o n  
(e.g.,l a s  protons) , then another term would simply have t o  be  added t o  
equation [18] above t o  y i e l d  

where now 

and where VI1 would be given by 

Ordinar i ly ,  Ll~e high and low PO s i d e s  of the  e l e c t r o l y t e  w i l l  correspond 
t o  the  low and high P H ~  s ides .  2 ~ e n c e ,  both t h e  opera t ive  thermodynamic 
vol tages  w i l l  tend t o  a c t  i n  consor t  i n  the  sense  of wanting t o  d r i v e  
e l ec t rons  i n  the  same d i r e c t i o n  through t h e  e x t e r n a l  c i r c u i t .  

Note, however, t h a t  i n  p r i n c i p l e  one of these  two vol tages  could 
overpower t h e  o the r  t o  such an ex ten t  t h a t  t he  l a t t e r  might be forced 
t o  run backwards. For example, i f  t h e  vo l t age  due t o  oxygen chemical 
p o t e n t i a l  d i f f e rence  is not  exac t ly  balanced by t h a t  due t o  t h e  hydrogen, 
,some of t h e  oxygen flow w i l l  be consumed by d r iv ing  hydrogen backwards 
(charging mode) through the  c e l l .  This amounts to  a new kind of i n t e r n a l  
sho r t ing  process - an shor t .  It can cause i n e f f i c i e n c i e s  which a r e  
s imi l a r  i n  some re spec t s  t o  t h e  i n e f f i c i e n c i e s  t h a t  a r e  known t o  r e s u l t  
from i n t e r n a l  e l e c t r o n i c  shor t ing.  

It i s  of i n t e r e s t  t o  no te  t h a t  maintenance of i d e n t i c a l  H20 pressures  
on both s i d e s  of t h e  c e l l  would help  t o  ensure t h a t  the  02 and H2 vol tages  
w i l l  be proper ly  balanced - but  only i f  t h e  d i s s o c i a t i n g  r eac t ions  
H20(g) + H2(g) + 1L2O2(g) a r e  i n  equi l ibr ium on both s i d e s  and i f  
e l ec t rode  p o l a r i z a t i o n  co r rec t ions  can be  neglected. 

I n  any event,  t h i s  s e rves  t o  demonstrate the  waytohandle the  fncnr- 
pora t ion o t  extraneous substances when they can permeate t h e  e l e c t r o l y t e  
a s  mobile ions .  Other spec ie s  could a l s o  be considered simply by con- 
t empla thgo the r  p a r a l l e l  branches i n  t h e  equivalent  c i r c u i t  f o r  t h e  elec- 
t r o l y t e .  The major d i f f i c u l t i e s  w i l l  have t o  do with determining t h e  
cons t r a in t s  which may r e l a t e  the  corresponding thermodynamic vol tages  t o  
one or  more of t he  o the r s  ope ra t ing  i n  t h e  c e l l  and a l s o  t h e r e  may be 
considerable  unce r t a in ty  a s  t o  t h e  magnitude of the  conduct iv i ty  o r  trans- 
ference  number associa ted  with t h e  new migrant spec ie s  (2). 

From he re  on,we w i l l  neglect  t h e  e f f e c t  of extraneous imvur i t i e s  
t o  focus a t t e n t i o n  on c e r t a i n  o the r  mat ters  of importance, such a s  the  
r o l e  of i n t e r n a l  e l e c t r o n i c  conduction. 



As melitioned e a r l i e r ,  t he re  seems t o  be no obvious means f o r  
e s t ab l i sh ing  a non-zero value  f o r  Ve over an e l e c t r o l y t e  system. Con- 
sequently,  we w i l l  always keep Ve s e t  t o  zero. This means t h a t  t h e  r igh t -  
most term teVe of equation [4] w i l l  always vanish, and hence t h e  vol tage 
V cannot be augmented by e l e c t r o n i c  e f fec t s .  Moreover, i f  we examine 

- t h e  maximum power formula equation [17] i n  conjunction wi th  equation [18] 
f o r  V,  we s e e  t h a t  t h e  maximum de l ive rab le  power is a l s o  compromised by 

, t h e  presence of mobile e l ec t ron ic  c a r r i e r s .  I n  p a r t i c u l a r ,  equation [17] 
can be  combined with  [18] t o  y i e l d  

Thus, f o r  a given geometry (AIL), a given oxygen pressure  d r iv ing  fo rce  
(RT I n  Pg21Pb ) and oxygen ion conductivity; t h e  parameter iS decreases 
r egu la r ly  a s  8 increases  from zero. On t h e  o the r  hand, t h e  f a l l -o f f  
wi th  t o r  U fs  no t  too severe s o  t h a t  one might be  ab le  t o  gain some 
b e n e f i t  frome-. dopant additionswhich increases  'ae so  long a s  they a l s o  
increase  Uo and do so  t o  a g rea t  enough extent .  

Incidental ly , .  equation [23] shows t h e  b e n e f i t  t h a t  can be derived 
by changing geometry. I f  t h e  e l e c t r o 1 y t e . i ~  i n  t h e  form of c y l i n d r i c a l  
tubes ins tead of a planar geometry, one merely replaces  AIL by ZrrL/ 
1 r r  where L is t h e  length of t h e  tube and t h e  r's a r e  t h e  out- 
s i d e  and ins ide  r a d i i .  Not ' too much can be gained t h i s  way, a t  l e a s t  
a s  concerns t h e  mat ters  of i n t e r e s t  i n  t h i s  paper. 

The usual  agreement f o r  evaluat ing the  e f f i c i ency  of an operat ing 
c e l l  is  t o  d iv ide  t h e  power del ivered t o  load by t h e  enthalpy consumption 

' r a t e  due t o  f u e l  oxidation. Thus, t h e  denominator amounts t o  a s  
f a c t o r  mul t ip l ied by t h e  f l u x  of ions  i n  moles per  u n i t  time, i . e . ,  
I,/[-Zo2 ] i n  t h e  present  context.  Thus, t h e  conventional expression 
f o r  c e l l  e f f i c i ency  0 f o r  an oxide e l e c t r o l y t e  under load takes the  
followine form 

where b2 means t h e  amount of enthalpy associa ted wi th  t h e  c e l l  r eac t ion  
f o r  one mole of 02 (two moles of 0). 

It is a r e l a t i v e l y  simple mat ter  t o  determine t h e  maximum possible  
e f f i c i ency  f o r  an  e l e c t r o l y t e  by merely d i f f e r e n t i a t i n g  equation 1241. 
The r e s u l t  can be  wr i t t en  e x p l i c i t l y  in terms of t h e  e lect ronic . . t rans-  
ference number a s  follows: 

This max occurs a t  t h e  r e l a t i v e l y  low load s i t u a t i o n  i n  which. 



where GT is the total conductance of the electrolyte, i.e., Go + Ge. The 
power being delivered during max efficiency is found by substituting 
[ 2 6 ]  into 

1 - te 2 

[271 

Another use of the power-efficiency formulas is to determine the 
efficiency that prevails when the cell is operating at maximum power 
(i.e., in the impedance matched mode). This occurs when GL = GT and 
then equation [ 2 4 ]  becomes 

Because of space restrictions it is not possible to delve into a 
more meaningful discussion of all the results that can be developed by 
the method proposed in this paper. However, it is believed that the pro- 
posed model and the results which issue therefrom can provide very 
valuable guidlinesfor assessing the performance of electrochemical de- 
vices in general - and oxide solid electrolyte fuel cells in particular - 
for a wide variety of hypothetical and actual applications. 
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PHASE RELATIONSHIP AND ORDERING I N  Zr02-CaO 
AND Zr02-Y203 SYSTEMS 

S.  P. Ray and V. S.  S tub ican  
Department of M a t e r i a l  Sc iences  

The Pennsylvania S t a t e  Unive r s i ty  
Uniye r s i ty  Park,  PA 16802 

The ghase  diagrams ~ ' O P  t h e  systems Zr02-Ca6 and Zr02- 
Y2O3 have b e e n , r e v i s e d .  Desp i t e  numemus ~ r e v i o i l s  works, a 
number of q u e s t i o n s  i n  r e l a t i o n  t o  ghase  6ql l i l i .hr ia  and 
o r d e r i n g  phenomena remained t o  be answered. 

Duwez e t  a l .  ( 1 )  r e p o r t e d  t h a t  t h e  cub ic  f i e l d  i n  t h e  
Zr02-CaO system was between 16 and 30 m/o CaO at. 2000°C. 
According t o  t h e i r  work, t h e  f l u o r i t e  type cubic  phase ,  
u s u a l l y  c a l l e d  s t a b i l i z e d  z i r c o n i a  (CSZ), i s  s t a b l e  from 
room tempera tu re  t o  t h e  l i q u i d u s  l i n e .  D i e t z e l  and Tober ( 2 )  
r e p o r t e d  an  e u t e c t o i d  i n  t h e  Zr02-CaZr03 composit ion reg ion  
which i n d i c a t e d  t h a t  t h e  f l u o r i t e  type s o l i d  s o l u t i o n  of 
CaO i n  Z r Q 2  i s  u n s t a b l e  below -1220°C. Roy, Miyabe and 
Diness ( 3 )  used hydrothermal t echn iques  t o  f i n d  an e u t e c t o i d  
below 80o0C. Fernandes and Beaudin ( 4 ) ,  who used CaC03 and 
Z r O  powders a s  s t a r t i n g  m a t e r i a l s  a l s o  formed f l u o r i t e  type 
s o l f d  s o l u t i o n  u n s t a b l e  below -80o0C. Garvie ( 5 )  on t h e  
o the r  hand claimed -1230°C as t h e  e u t e c t o i d  temperature .  

Order d i s o r d e r  t r a n s i t i o n  i n  CSZ has  been t h e  s u b j e c t  
o f  s e v e r a l  s t u d i e s .  Tien and Subbarao (6)  r e p o r t e d  t h a t  a 
s o l i d  s o l u t i o n  Zr0.80Cao. 00 80 samples s i n t e r e d  a t  2000°C 2 J. f o r  2 hours  annealed a t  1 00 C f o r  one week showed only  
f l u o r i t e  phase whi le  t h e  sample annealed a t  1000°C f o r  one 
Week developed e x t r a  d i f f r a c t i o n  l i n e s .  C a r t e r  and Roth ( 7 )  
by use o f  x-ray and neutron d i f f r a c t i o n  experiments and long 
annea l ing  t r e a t m e n t s  a l s o  concluded t h a t  one o r  more ordered 
compounds a r e  formed i n  t h i s  system. Michel ( 8 )  claimed t h a t  
a t  20 m/o CaO, two ordered compounds ( @ l )  and $2 e x i s t .  From 
e l e c t r o n  d i f f r a c t i o n  o f  fragments of 20 m/o CSZ A l l p r e s s ,  
Rossel  and S c o t t  ( 9 )  suggested t h a t  CaZr40g i s  probably  i so -  
s t r u c t u r a l  w i t h  CaHf40g; ' the e x i s t e n c e  of o rde red  compounds 
a t  22 and 24 m/o CaO was s t i l l  i n  ques t ion .  

I n  t h e  p r e s e n t  work, we have redetermined t h e  e x t e n t  of 
t h e  cub ic  s o l i d  s o l u t i o n  f i e l d  by us ing  high t empera tu re  
x-ray camera, p r e c i s e  l a t t i c e  parameter  measurements and a 
hydrothermal t echn ique .  The cubic  s o l i d  s o l u t i o n  was found 
t o  decompose by an e u t e c t o i d  r e a c t i o n  a t  850° + 100°C. A 



reasonable agreement for the position of the eutectoid in 
this system was obtained by comparison of extrapolated data 
from.high temperatures with the data obtained by the hydro- 
thermal technique. Long range annealing of samples contain- 
ing 15-24 m/o CaO-Zr02 in the temperature range 950-1360°C 
showed that only one ordered compound, CaZrbOg is present in 
this system. Liquidus line bas been determined with the help 
of a microoptical pyrometer and a strip furnace. Determina- 
tion of the liquidus line indicated an eutectic at 40 m/o CaO 
and at 2250 f 20°C which has been incorporated in the revised 
phase diagram. The revised phase diagram is shown in Fig. 1. 

Zr02 CaZr,O, CaZr03 

MOLE '10 CaO 

Figure 1. Phase diagram for the system ZrOp-CaO. 



2. ZrO2-Y9O3 System: 

The f i r s t  r e p o r t e d  phase diagram f o r  t h e  z i r c o n i a - y t t r i a  
system was by Duwez, Brown and Ode l l  (10) .  Desp i t e  numerous 
subsequent ' i n v e s t i g a t i o n s ,  t h e r e  i s  no g e n e r a l  agreement 
between t h e  proposed phase diagrams. 

Fan, Kuznetsov and K e l l e r  (11)  have i n d i c a t e d  t h e  e x i s -  
t ence  of a  pyrochlore  type compound Y2Zr207. Smith (12)  
could no t  confirm t h e  presence o f  t h e  pyroch lo re  phase .  
S r i v a s t a v a  e t  a l .  (13)  have incorpora ted  t h e  t e t r a g o n a l  
oubia t r ans fo rmat inn  in Zr02 found by Smith and Cl ine  (14)  
i n t o  t h e  r e v i s e d  phase diagram. Recent ly  S c o t t  ( 1 5 )  has  
proposed t h e  e x i s t e n c e  of a  m i s c i b i l i t y  gap c losed  below t h e  
s o l i d u s  temperature  i n  t h e  y t t r i a  r i c h  s o l i d  a o l u t i o n  r e g i o n .  
S c o t t ' s  (15)  diagram a l s o  i n c l u d e s  t h e  format ion of hexagonal 
y t t r i a  above -2300°C. The l i q u i d u s  of t h e  system has  been 
st.?ldfpd hy Noguchi and SkaggS. The p resen t  s tudy inc luded  
de te rmina t ion  of ( i )  t h e  e x t e n t  of t h e  z i r c o n i a  and y t t r 8 i a  
s o l i d  s o l u t i o n  f i e l d s ,  ( i i )  t h e  e x i s t e n c e  and s t a b i l i t y  of 
ordered phases ,  and ( i i i )  l i q u i d u s  boundary. F i g .  2  shows 
t h e  r e s u l t s  of t h e  f i n d i n g s .  

The maximum s o l u b i l i t y  of Y 0  i n  t e t r a g o n a l  Z r O  was 
found t o  be l e s s  t h a n  2  m/o a t  1$5aoc and 1900°C. ~ u g i c  
y t t r i a  s o l i d  s o l u t i o n  f i e l d  was found t o  extend from 
pure  y t t r i a  t o  24 m/o Zr02 at  2150°C. Long range ordening 
was found t o  occur  a t  40 m/o Y203 corresponding t o  t h e  .com- 
pound Zr3Y4012. The com\pound has  a  rhombohedra1 symmetry and 
decomposes above 1250 + 6o0C. 

Using a  h igh  t empera tu re  x-ray c  e r a ,  t h e  cubic  hexa- 
gonal  i n v e r s i o n  was l o c a t e d  a t  2280 +?O0C. An e u t e c t i c  was 
l o c a t e d  a t  83 + 1 m/o Y20 and 2360 + 20QC from t h e  s t u d i e s  
on l i q u i d u s  an; a  s tudy  o? t h e  morphology of t h e  d i r e c t i o n a l l y  
s o l i d i f i e d  sample. The diagram a l s o  i n c o r p o r a t e s  a  p e r i t e c t i c  
a t  7 6  m/u Y2O3. 



MOLE PERCENT Y203 

Figure 2. Phase diagram for  the system Zr02-Y203. 
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DEFECT INTERACTIONS 

A.S. Nowick 
Columbia University 

It is now widely recognized that the basic compensat- 
ing defect when oxides of the fluorite structure are doped 
with di- or tri-valent cations, is the oxygen-ion vacancy, 
Vo. Further, it is.established that the ionic c0nductivj.t~ 
of these materials is due to the migration of Vo defect's. 
(1,2) Thus, if there were no defect interactionstone would 
predict a )  that the cdndi.~ctivity, a, will be proportional 
to the dopant concentration and b) that the magnitude and 
activation enthalpy, HI of the conductivity will be inde- 
pendent of the type of dopant. These predictions are 
contradicted by observations that a goes through a maximum 
as a function of [vo], that it is dependent on the type of, 
dopant, and that H increases sharply with dopant concentra- 
tion, in some systems at least. (1) 

The simplest type of interaction is pairing between 
dopant cations and Vo defects as a consequence of their 
Coulombic interactions. Such a concept leads to the pre- 
dictionthatthe conductivity curves (In aT vs T-l) will 
show three regions: region I (intrinsic), which would 
occur at temperatures too high to observe in these oxides, 
region XI (extrinsic, dissociation) where Vo's are primarily 
dissociated and H =  the migration energy Of a Vo deLecL, 
and region I11 (extrinsic, association) where H = Hm + HB/2 
(where HB is the binding enthalpy of an impurity-Vo pair). 
Examination of conductivity data shows that most measure- 
ments heldw 1000°C fall in reqion 111 or in the transition 
between regions I1 and III.(3) Direct observation ot 
dielectric realxation ettects due tu cd7'-vo pairs in CcOp 
at lower temperatures shows that practically all of the 
vacancies are bound up as pairs. Such measurements show a 
single Deb e peak for 6 1% CaO, and that the peak broadens 
as the Ca2' concentration goes beyond 2%. Relaxation 
measurements therefore provide a more sensitive indication 
~f interaction effects than do conductivity data. In the 
case of Y2O3 doped Ce02,the results are differe~~t. A 
double peak is obtained in the dielectric relaxation'for 
low Y2O3 concentrations. At the same time, the conduc- 
tivity measurements show that, while H is constant at a 
value of 0.78 eV for compositions up to % 4% Y2O3, it rises 
sharply beyond this concentration, to reach values as high 
as 1.1-1.2 eV near 15% Y2O3. It is this increase in 



a c t i v a t i o n  energy t h a t  appears  t o  be  t h e  major f a c t o r  i n  
t h e  c o n d u c t i v i t  , s i n c e  a goes through a  sharp  maximum a s  . 
a func t ion  of Yrt dop ing  i n  t h e  composition range where H 
is r i s i n g  most sha rp ly .  The e x a c t  n a t u r e  of  t h e  i n t e r a c t i o n  
e f f e c t s  which g i v e  rise t o  t h i s  s h a r p  i n c r e a s e  i n  H i s  n o t  
y e t  unders tood,  b u t  f u r t h e r  experiments a r e  aimed a t  
achievsng such an understanding. 

D i f f r a c t i o n  s t u d i e s ,  p a r t i c u l a r l y  neutron and e l e c t r o n  
s c a t t e r i n g ,  g i v e  cons ide rab le  informat ion about  i n t e r a c t i o n  
e f f e c t s  on a  c o a r s e r  s c a l e ,  a s  a l ready  reviewed by D r .  Ray. 
For example, b a s i c  u n i t  of  a  "Bevan c l u s t e r " ,  i . e .  a  6- 
coordinated c a t i o n  surrounded by a  shea th  of 7-coordinated 
c a t i o n s ,  has  provided a  very u s e f u l  concept i n  t h e  i n t e r -  
p r e t a t i o n  of  v a r i o u s  ordered s t r u c t u r e s . ( 4 )  However, t h e  
Bevan c l u s t e r  i s  n o t  an e l e c t r i c  d i p o l e  and t h e r e f o r e  
cannot account  f o r  t h e  l a r g e  d i e l e c t r i c  r e l a x a t i o n  e f f e c t s  
a l ready  mentioned. F u r t h e r ,  d i e l e c t r i c  r e l a x a t i o n  invo lves  
t h e  r e o r i e n t a t i o n  of  a  d i p o l a r  d e f e c t  through t h e  migrat ion 
of oxygen vacancies  and n o t  through c a t i o n  migrat ion ( s i n c e  
t h e  a c t i v a t i o n  e n e r g i e s  f o r  r e l a x a t i o n  a r e  always i n  t h e  
range 0.7-0.8 eV).  A d e f e c t  invo lv ing  a  p a i r  o f  y 3 +  i o n s  
i n  Ce02, of t h e  t y p e  suggested by Fender(5)  based on h i s  
neukron s c a t t e r i n g  work, would n o t  meet t h i s  requirement.  

I n  summary, it i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  whi le  it 
is c l e a r  t h a t  t h e  e l e c t r i c a l  p r o p e r t i e s  a r e  c o n t r o l l e d  i n  
a  l a r g e  measure.by d e f e c t  i n t e r a c t i o n s ,  t h e  t y p e s  of i n t e r -  
a c t i o n s  p o s t u l a t e d  t h u s  f a r  by va r ious  i n v e s t i g a t o r s  have 
u s u a l l y  .been based on a  s i n g l e  t echn ique ,  .which t ends  t o  
g i v e  a  very l i m i t e d  p i c t u r e .  A more comprehensive s tudy  of 
i n t e r a c t i o n  problems, invo lv ing  t h e  a p p l i c a t i o n  of  s e v e r a l  
techniques  t o  t h e  same m a t e r i a l  over  a  range o f  composi- 
t i o n s ,  should l e a d  t o  a  more complete unders tanding of t h e s e  
i n t e r a c t i o n  phenomena. 
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OTHER OXIDE ELECTROLYTES 

M.P. Anderson 
Columbia University 

Many investigations into the use of solid electrolytes 
for high temperature fuel cells have dealt almost exclu- 
sively with the stabilized zirconias having the fluorite 
structure, such as zirconia-calcia and zirconia-yttria. 
These have proved to be somewhat inconvenient tor commercial 
application due to an insufficiently high conductivity; in 
order to increase fuel cell efficiency it has either been 
necessary to operate at high temperature (l00O0C) or to use 
thin oxide layers, both of which involve technical 
difficulties. 

Takahashi and coworkers in Japan have attempted'to 
expand the base of materials exhibiting oxide ion conduc- 
tion by turning to oxides with different crystal structures. 
(1-3) He has had partial success with a number of systems, 
nuLaLly : 

.(a) Certain Perovskite oxide solid solutions 
(b) Bi203 - Y203 
(c) Bi203 - WO3 

Conduction enhancement in the Perovskite solid solu- 
tions occurs via the same mechanism as for the quadrivalent 
fluorites, viz., the substantial replacement of the host 
cation by a metallic ion of lower valence, with the conse- 
quent creation of an oxygen vacanc Conductivity at 1000°C 
is on the order of (ohm-cm.)-r; equivalent to ZrOz - 
8% Y2O3. Enhancement for Bi203 - Y203 and ~i203 - wo3 
'occurs via the stabilization of a cubic phase having a 
defect fluorite structure. conductivity in this case is at 
least one order of magnitude larger than for the optimum 
stabilized zirconia in the range 500-800~~. 

Since these materials exhibit such enticing properties, 
there are two areas which require further investigation: 

(1) Because of possible problems with electronic con- 
duction in reducing environments, the characteristics of 
Bi2O3 - Y2O3 and W03 need to be examined under actual fuel 
cell conditions. 



( 2 )  The s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  s t a b i l i z e d  
c u b i c  phase  (and t h e  k i n e t i c s  i n v o l v e d ) . n e e d  t o  b e  
de termined.  S i n c e  it appea r s  t h a t  vacancy o r d e r i n g  may b e  
a key a s p e c t  i n  t h e s e  m a t e r i a l s ,  t h i s  w i l l  r e q u i r e  c a r e f u l  
neu t ron  d i f f r a c t i o n  work. 
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B. INTERCONNECTION MATERIALS 
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R . ' J .  Ruka, Westinghouse E l e c t r i c  Corporat ion 



SUMMARY OF PANEL SESSION ON INTERCONNECTION MATERIALS 

G. P. Wirtz, Panel Chairman 

University of Illinois at Urbana-Champaign, Urbana, IL 61801 

The highlight of the discussion of interconnection materials 

was the virtual unanimity of opinion that LaCr03, modified by 

various dopants, will be the choice of material for the inter- 

connection in the high temperature, thin-film, fuel cell. 

The chromium ion is unique among transition elements of 

the third period in that it is stable in the trivalent state 

over the 18 orders-of-magnitude difference in oxygen 

fugacity required in this application. The perovskite struc- 

ture lends itself better than other chromium compoynd struc- 

tures to m e  formation of partially filled collective electron 

bands, yielding high conductivity. Doping with strontium or 

magnesium improves the electrical conductivity while varying 

thermal expansion. Aluminum as a dopant increases the thermal 

expansion markedly, although decreasing the conductivity. LsCr03, 

therefore, provides us with a material which can be "enqineered" 

to a remarkable extent to meet exacting requirements for elec- 

trical conductivity and thermal and mechanical properties. Life 

tests reported by Rohr of Brown, Boveri and C=e in West Germany 

indicate that lifetimes of 5 years or more should be readily 

achieved. The outlook for high-temperature fuei cells from the 

standpoint of the interconnection material is therefore very 
, 

optimA~fia.  



While the materials selection seems to be essentially 

accomplished, there is work yet to be done on processing.or 

device fabrication. The primary techniques which have 

been used to fabricate thin-films of the interconnection mate- 

rial on the porous substrate have been: a) sintering, b) chem- 

ical vapor deposition, and c) 'r.f. sputtering. Due to the 

volatility of the chromium ion, fabricating temperatures must 

be kept as low as possible, which favors the latter two 

fabrication' techniques. Completely gas-tight films to date 

have only been claimed by the Westinghouse group for.their 

chemical vapor deposition process. It seems clear that there 

is a definite art involved in fabricating gas-tight films 

over porous substrates. With the materials selection 

accomplished then, there appears to be three major steps yet to 

be taken before the interconnection material hurdle can be 

said to be completely overcome: 

1. Development of technology for fabrication. 

2. Building of'hardware. 

3. Performing necessary life-tests. 

On the more basic side, there are two major areas in 

which knowledge of the properties of lanthanum chromite seems 

to be still inadequate. Most immediate is the question of what 

' exactly are the anion and cation diffusion rates in the chromite. 

Of particular .interest and concern is the question of hydrogen 

or proton diffusion through the structure. Apparently no data 

is available in this area. Secondly, our knowledge of the 



d e f e c t  s t r u c t u r e  of  t h e  r a r e  e a r t h  pe rovsk i t es  i s  very sketchy. 

A s  po in ted  o u t  by Anderson, d i v a l e n t  dopants may b e  compensated 

i o n i c a l l y  by oxygen vacancies ,  under c e r t a i n  cond i t ions ,  a s  

w e l l  a s  e l e c t r o n i c a l l y .  I o n i c  compensation r e s u l t s  i n  decreased 

e l e c t r i c a l  c o n d u c t i v i t y ,  b u t  would a lmost  c e r t a i n l y  i n c r e a s e  

t h e  anion d i f f u s i o n  r a t e .  Defect  s t r u c t u r e s  and t h e i r  r e l a t i o n  

t o  t r a n s p o r t  p r o p e r t i e s  i n  t h e  r a r e  earth perovsk i t c  oystems 

c l e a r l y  war ran t s  f u r t h e r  r esea rch .  
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Other papers (1,2,3) in this conference have presented 

a wealth of data on the properties of rare earth perovskites 

and their use as interconnection materials for high-temper- 

ature fuel cells. ~odification of the base material by appro- 

priate dopants has been shown to vary both electrical conduc- 

tivity and thermal expansion in these materials. The primary 

purpose of this paper is to provide a qualitative, phenome- 

nological, explanation for the variation of the electrical 

properties with various dopants, which might serve as a basis 

for further "engineering" of these materials for this 

application. 

Modern discussion of highly conductive oxide materials 

begins (and often ends) with the. Goodenough "one-electron" 

energy band scheme (4). The basic premise of this theory 

is that knowing the crystal structure of an oxide, one can 

apply molecular orbital theory to come up with one or more 

possible energy level diagrams consistent with the known 

crystal structure. The conservation of electronic states is 

basic to chemical bonding theory. Knowing the composition, 

therefore, one knows the number of electrons per unit cell, 

and by simply starting at the lowest energy state and filling 
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them with available electrons one can determine the position 

of the Fermi level relative to the energy bands for each of 

the possible energy level diagrams. From this one can 

predict whether the material will be an insulator--semicon- 

ductor, or conductor, and whether the majority carriers will 

be electrons or holes. Experimental confirmation of the 

correctness of a model is required. 

To a first-order approximation, the perovskite structure 

is a primitive cubic structure with one formula unit of AB03 

per unit cell. In the present casetB is a transition metal 

ion and A is a rare earth ion. The unit cell may be pictured 

as in Figure 1 with the B atoms at the cube corners, the 

oxygen atoms at the centers of the cube edges, and the rare 

earth atom at the body centering position. For most cases 

the A atom may be seen as a donor which merely gives up its 

valence electrons to the bands formed by the BOj sublattice. 

The outer s and p states of the transition metal cations form 

sigma bonds with the s and pa orbitals of the oxygen ions; 

however, the unfilled d levels in the cation are also avail- 

able for bonding. The octahedral coordination of the trans- 

ition metal site will split the five d states into the doubly 

degenerate e states and the triply degenerate t states, 
4 2 9 

the orientations of which are partially shown in Figure 1. 

The e orbitals point along the cube edges and are sirnildrly 
4 

available for o bonding with the 2s and 2p oxygen orbitals. 

The t orbitals are directed at an angle from the cube edges 
2g 

but may form n bonds with the pn orbitals of the oxygen. 



Whether chemical bonding leads  t o  l oca l i zed  e l ec t ron  

s t a t e s  (Mott i n su l a to r s )  o r  c o l l e c t i v e  e l ec t ron  bands. i s  

pr imari ly  a  matter  of t he  degree of overlap of bonding o r b i t a l s .  

The g rea t e r  t he  .overlap, t he  broader t he  band w i l l  be. I t  

can be e a s i l y  seen t h a t  t he  degree of overlap i s  g r e a t e s t  

between s and po o r b i t a l s ,  somewhat l e s s  between e  and pa 
4 

o r b i t a l s ,  and even l e s s  between t and p r  o r b i t a l s .  The, 
2g 

ou te r  e lec t rons  t he r e fo re  w i l l  always form c o l l e c t i v e  elec-  

t ron  o and a*, o r  bonding and anti-bonding, bands. The e  and 
g 

t e l ec t ron  s t a t e s  may o r  may not  form c o l l e c t i v e  e l ec t ron  
2g 

bands, but  i f  only one does it w i l l  be t he  e  a  bonds which 
g 

f o r m ~ c o l l e c t i v e  e l ec t ron  bands due t o  g r e a t e r  overlap. 

To a  f i r s t  approximation then, assuming a l l  d  e l ec t rons  

a r e  i n  c o l l e c t i v e  e l ec t ron  bands, t h e  f l a t  band energy l e v e l  

diagram f o r  a  perovski te  would be a s  shown i n  Figure 2. The 

number of e l ec t ron  s t a t e s  ava i l ab l e  i n  each band a r e  shown 

i n  t he  square'  brackets  w i t h  t h e  m u l t i p l i e r  of two represent-  

ing  the. sp in  mu l t i p l i c i t y .  For a  t r i v a l e n t  A i on  t he r e  a r e  

3 e l ec t rons  per  A atom, 6 e l ec t rons  per  oxygen atom and 2 

plus  t he  number of d  e l ec t rons  per B atom. Considering t h e  

B atom a s  a  t r i v a l e n t  atom t h e r e  would be then 24 ou t e r  

e lec t rons  assoc ia ted  with t h e  oxygen ions pe r  u n i t  c e l l .  

This w i l l  exac t ly  f i l l  t he  bonding s t a t e s  and t h e  non-bonding 

pn s t a t e s  shown'in Figure 2,  which would be assoc ia ted  with 

t he  oxygen atom. Additional d  electrons 'would then go i n t o  

t he  a* band. The degree t o  which t h e  n* band would be f i l l e d  

w i l l  vary from ha l f  f u l l  f o r  C r . t o  completely f i l l e d  f o r  Co, 
i 



to an excess of one electron which must spill over into the 

o* state for Ni. The n* and o* bands are shown separated 

but they may in fact be close or even overlap. 

Immediately and most importantly this model predicts that 

with the possible exception of the nickel compound, the majority 

carriers in the rare earth perovskites should be holes. This 

seems consistent,with available experimental data and allows 

one to make predictions about the effects of dopants on 

oonduotivity . 
The most common dopants to increase the conductivity of 

these materials are strontium and magnesium. The strontium 

is believed to substitute for the rare.earth element on the 

A site, but controversy exists over whether the magnesium 

occupies an A or B site. The effect of substituting,'a 

divalent cation for a trivalent cation on the A site is to 

decrease the number of electrons in the system by one. In a 

p-type conductor this will increase the number of carriers, 

thereby increasing the conductivity. While the majority of 

other data seems to indicate magnesium occupies the B site, 

the electrical conductivity indicates that ~t most probably 

occupies an A site. 

As pointed out by Anderson, .et al. (21, aluminum has the 

very desirable effects of increasing the thermal expansion 

coefficient and depressing the orthorhombic to rhombohedra1 

phase transition to below room temperature in L ~ c ~ o ~ .  At the 

same time, however, it decreases the eledtronic conductivity 



of t h e  m a t e r i a l .  It  i s  agreed t h a t  aluminum occupies  a  B 

s i t e  i n  t h i s  m a t e r i a l .  I t ' s  e f f e c t  on c o n d u c t i v i t y  can b e  

p r e d i c t e d  from t h e  f a c t  t h a t  it c o n t r i b u t e s  t h r e e  fewer 

e l e c t r o n s  than  t h e  chromium w h i c h ' i t  replaced,  b u t  it con- 

t r i b u t e s  10 fewer s t a t e s  ( t h e  d  e l e c t r o n  s t a t e s )  f o r  t h e s e  

e l e c t r o n s  t o  occupy. The n e t  r e s u l t  i s  an i n c r e a s e  i n  t h e  

Fermi Level r e l a t i v e  t o  t h e  conduct ion band and a  decrease  

t h e r e f o r e  i n  t h e  number of  h o l e s  i n  t h e  conduction band. 

Magnesium on t h e  B s i t e s  should have a  s i m i l a r  b u t  less 

marked e f f e c t  on conduc t iv i ty .  

F i n a l l y ,  s i n c e  t h e s e  m a t e r i a l s  a r e  asked t o  func t ion  

over  a  wide range of oxygen f u g a c i t y ,  t h e  e f f e c t  of  non- 

s to ich iomet ry  on t h e i r  e l e c t r i c a l  c o n d u c t i v i t y  i s  important .  

For p-type conducting oxides  a  dec rease  i n  oxygen c o n t e n t  

must y i e l d  a  dec rease  i n  e l e c t r i c a l  conduc t iv i ty .  An oxygen 

vacancy removes 8 e l e c t r o n i c  s t a t e s  from t h e  band s t r u c t u r e  

b u t  only  6 e l e c t r o n s ,  aga in  g iv ing  rise t o  an i n c r e a s e  i n  t h e  

Fermi Level and a decrease  i n  t h e  number of conduction ho les .  

A c a t i o n  i n t e r s t i t i a l  would have a  s i m i l a r  e f f e c t .  F igure  3 

shows t h e  e f f e c t  of r educ t ion  i n  forming gas  on t h e  conduc- 

t i v i t y  of  LaCo03 and Lal-xSrxCo03 ( 5 ) .  The p r e d i c t e d  e f f e c t  

i s  observed; however,note t h a t  a t  temperatures  approaching t h e  

o p e r a t i n g  temperature  f o r  t h e  f u e l  c e l l s  i n  q u e s t i o n  t h e  

c o n d u c t i v i t i e s  a r e  very s i m i l a r .  Hence, it must be  remembered 

t h a t  t h e s e  m a t e r i a l s  w i l l  be  asked t o  perform a t  h igh  temperatures ,  

and p r e d i c t i o n s  of  t h e  e f f e c t  of  any dopant on t h e  c a r r i e r  

concen t ra t jons  may be  outweighed by changes i n  t h e  temperature  

dependence of  t h e  conduc t iv i ty .  
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Figure 1. The perovskite unit cell for compound AB03. 

Figure 2. One-electron energy band diagram for the 
perovskite structure assuming de-localization of all 
d-states. 
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Figure 3. E l e c t r i c a l  r e s i s t i v i t y  of LaCoOj and 
SrO. 1 5 ~ ~ 0 .  85C003. 

1.  S ~ 0 ~ 1 5 1 . a 0 ~ ~ 5 C ~ 0 3  Reduced 4 . 2  w/o. 

2 .  LaCo03-, Reduced 1 . 2  w/o. 

3 .  LaCoOg. 

4 .  Sr~.15La0.85C003. 
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Introduction 

The rare earth and alkaline earth chromites are unique 
in combining high melting points (>  20000~) and high elec- 
tronic conductivity. Of the chromites investigated to date, 
acceptor doped LaCr03 appears to be best in fulfilling most 
high temperature electrode requirements with the exception 
of volatilization and possibly corrosion. Weight loss mea- ' 

surements indicate that volatilization limits the tempera-. 
ture which it can be used as an electrode to about 17500~. 
In order to achieve higher operating 'temperature the vola- 
tilization rate of the electrode material needs to be re- 
duced by one to two orders of magnitude. 

In an earlier investigation La.g5Mg-05Crl-~A1~03 spec- 
mens were prepared in which up to 100% of the Cr.was re- 
placed by A1 (1). The results of this study are tabulated 
in Table I and illustrated in Figures 1 and 2. As can be 
seen in Table I the replacement of Cr by A1 in La.ggMg.05 - 
Crl-xA1x03 reduces the volatility of the oxide both in dry 
and moist atmospheres. An extrapolation of the data indi- 
cates that volatilization will'not limit the use of these 
compositions .for temperatures as high as 2000°C. The elec- 
trical conductivity measurements (Figure 1) show that up to 
50% of the Cr can be replaced by A1 before the conductivity 
is too low for MHD electrode application. It was also ob- 
served that the thermal expansion increases as the A1 con- 
tent is increased (Figure 2). In addition, the orthorhombic 



TABLE I 

Measured Rate of Weight Loss at 17400C 

atm A - po2 = 10-3 .atm 

atm B - PO2 = 10-3 atm + 10-I atm H20 
Gas Flow Rate = 1 linear cm/sec 

Specimen 

* Uncertainty in measurement = 5 ug/cm2/hr . 



Figure 1. Electrical conductivity of 

La. ggMg. 05Crl-xA130 ' 

TEMPERATURE (OC) 

Figure 2. Thermal expansion of La.g5Mg.05Crl-xA1x03. 



to rhombohedra1 transition is depressed to below room tem- 
perature when the A1 content exceeds 20%. 

Sipce these data showed that properties could be con- 
trolled in a very reproducible manner an investigation of 
the LaCr03-LaA103 system was initiated with the objective of 
obtaining more detailed i'nformation on the interrelation 
between the composition and properties. 

To make this study, a number of compositions based on 
La.ggMg.05Cr03 were prepared with A1 substituted for Cr from 
0 to 100%. The'influence of cation stoichiometry was deter- 
mined on the base compositions Lal-x(Mg.05Cr.5A1.5).g5203 
and Lal_,Cr03. The ratio of La to (Mg.05 + Cr.5 + A1.5) or 
La to Cr was varied from 0.8 to 1.1. 

Experimental 

The required compositions were prepared with a chemical 
preparation technique which allowed precise compositional 
control and produced highly sinterable powders of < 0.1 urn 
crystallite size. The compositions were then dry pressed 
and sintered into disc-shaped test specimens whose densities 
all exceeded 93% of theoretical density with no surface po- 
rosity. X-ray diffraction analysis showed that all of the 
compositions were single phase with essentially complete 
solid solution between LaCrOj and LaA103. Thus it.was felt 
that the preparation technique was such that property mea- 
surements should reflect variation in either A1 content or 
cation stoichiometry rather than extraneous influences which 
result from the preparation process. 

The volatilization rates were determined by measuring 
the weight changes occuring on sintered specimens after ' 
heating to 1740 + 1 5 O ~  in a controlled atm Mo tube furnace 
in flowing atmosFheres of either N2 + 10-3 atm 02 or N2 + 
10-3 atm O2 + 10-I atm Hz0 for times up to 48 hours. A flow 
rate of 1 linear cm/sec was maintained throughout the exper- 
ments. The oxygen pressure was determined by sampling the 
gas stream with a solid state electrolytic~cell. The water 
content was maintained at 10-I atm by bubbling the gas 
through a 46OC water bath. 

Both thermal expansion and electrical conductivity mea- 
surements were made on sintered specimens in air atm at tem- 
peratures to 15000~. jome electrical conductivity measure- 
ments were made at 10- atm 02, but they were found to dif- 



fer from those measured in air by only 10% so no more mea- 
surements as function Po2 were made. 

Results 

The volatilization rates as function of A1 content and 
cation stoichiometry are listed in Tables I and 11. As can 
be seen the rate of volatilization decreases as A1 and La 
increases. 

Electrical conductivity measurements were made both as 
a function of A1 and La content. Figure 1 shows that the 
electrical conductivity is very dependent upon A1 content. 
Typically the room temperature electrical conductivity var- 
ies from 1 to < 10-13 (~cm)-1 as the A1 content increases 
from 0 to 100%. No systematic relationship between La con- 
tent and electrical conductivity was observed. All of the 
measurements are in agreement with those shown in Figure 1 
even though the La content was varied from 10 m% excess to 
10 m% defiqit. 

The thermal expansion as function of A1 content is 
shown in Figure 2. As can be seen the addition of A1 does 
two things: 1) increases the thermal expansion coefficient 
of the rhombohedral phase from 9.1 x 10-6 m/m/oC to 11.3 x 

m/m/oC is it increases from 0 to 100 m% and 2) shifts 
the orthorhombic to rhombohedral transformation temperature 
to lower temperatures. Figure 3 illustrates the temperature 
shift of the transformation temperature. No measurements 
were measured below room temperature so only specimens con- 
taining less than 15 m% A1 could be measured. An extrapola- 
tion of the data suggests that 13 m% of A1 is sufficient to 
shift the.transfonnation temperature to room temperature. 

The influence of La content or cation stoichiometry on 
thermal expansion was investigated. As can be seen in Fig- 
ure 4, the thermal expansion is little influenced by La con- 
tent. Both the rhombohedral phase and orthorhombic phase 
have expansion coefficients similar to those reported in 
Figure 1, 9.2 x 10-6 m/m/O~ and 6.7 x m/m/oC respec- 
tively. However,' as can be seen in Figure 5, the tempera- 
ture over which the orthorhombic to rhombohedral transfor- 
mation occurs is dependent upon La content. The onset tem- 
perature of the transformation ranges from 240°c to 251°c 
for La/Cr ratios of 0.9 and 1.1 respectively. The transfor- 
motion is somewhat slri yish, it is sll~all ( c  2 x loe2%) and 8 occurs over about a 10 C temperature range. Upon cooling, 



TABLE I1 

Measured w e i g h t  loss a f t e r  48 h o u r s  i n  Po2 = 10-3  atm, 

- 
' ~ 2 0  - 

I n i t i a l  W t  

4 . 1 0 0 7  . 

4 . 0 3 2 4  

3 . 8 3 3 4  

7 . 2 7 3 4  

5 . 0 7 3 3  

10-1 atm a t  

bW ( g )  

- 0 . 0 1 4 1  

- 0 . 0 0 8 2  

-0.0022 

: - .0 .0071 

- 0 . 0 0 0 2  

- 0 . 0 0 5 6  

- 0 . 0 0 9 4  
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Figure 3. Temperature of onset of orthorhombic- 
rhombohedra1 transformation. 
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Figure 4. Thermal expansion of Lal-xCr03. 
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Figure 5. Dependence of orthorhombic-rhombohedra1 
transformation upon La/Cr ratio. 



the onset of the transformation is depressed by about 100C. 
The extent of hysteresis does not appear to be dependent up- 
on either La or A1 content. 

Room temperature lattice parameter and crystal struc- 
ture determinations were made both as function of La/Cr ra- 
tio and A1 content. The results are listed in Tables I11 
and IV. As can be seen in agreement with the thermal expan- 
sion the crystal structure changes from orthorhombic to 
rhombohedral for A1 content greater than 10 m%. 

The rhombohedral lattice parameter 5 and angle a de- 
crease smoothly as the A1 content increases from 10 m%. For 
100 m% A1 the crystal structure is very nearly cubic with an 
angle of about 60.1°. 

It is evident from Table IV that the room temperature . 
of a crystal structure of Lal-xCrOg is orthorhombic over the 
ranges -.l ( x ( .1 with no measureable changes in lattice 
parameters. 

Discussion and Conclusions 

It is apparent that both the thermal expansion and 
electrical conductivity of LaCr03 can be controlled by. sub- 
stitution of either aliovalent or isovalent ions into the 
structure. The substitution of an isovalent ion, ~ 1 + 3  in- 
creases the thermal expansion coefficient, depresses the 
orthorhombic-rhombohedra1 phase transition and decreases 
the electrical condu tivity. The substitution of the ac- 
ceptor-type io" Mgi4 greatly increases the electrical con- 
ductivity. No attempts were made to study the influence of 
Mg content upon the electrical conductivity since this has 
been reported elsewhere (2). All of the compositions with 
Mg additions contained a constant level of Mg (5 m%). 

The influence of La content upon thermal expansion, 
electrical conductivity and crystal structure is essentially 
insignificant. However, the temperature of the orthorhom- 
bic-rhombohedra1 phase transition does show a sufficiently 
strong dependence that we should be able to use it as a way 
of determining cation stoichiometry. For example, for the 
composition La 95Mg.05Cr03 the question arises as to whether 
the Mg substitbtes for La or Cr. The transformation temper- 
ature is 23g°C, which indicates a A/B ratio for ABO3 of 0.9 
which is what results if Mg substitutes on the Cr(B) lattice 
A transition temperature of 246O~ should be expected if Mg 



TABLE I11 

Lattice Parameters for La . 95Mg. 
b ( 2 )  - C (2) Remarks 

5.5176 7.7466 (ortho) 

5.5176 7.7763 (ortho) 

5.115 7.7664 (ortho) 

u : GO-G2 (R11) 

a = 60.60 (Rh) 

a = 60-52 (Rh) 

a - 60.52 (Ith) 

a = 60.46 (Rh) 

a = 60'28 (Rh) 

cubic 



TABLE IV 

Lattice Parameters for  La 
13Fr03 



substitutes on the La(A) lattice. Therefore, we conclude 
that Mg does substitute on the Cr lattice in agreement with 
Brodmann and Morgan (2) . 

The combination of the continuous changes in lattice 
parameters, crystal structure, thermal expansion and elec- 
trical conductivity with A1 content offers strong evidence 
that the LaCr03-LaA103 system forms complete solid solution. 
The lack of detection of second phases by x-ray diffraction 
in any of the compositions prepared also supports our con- 
clusion that complete solid solutions exist in this system. 

In conclusion, some of the significant results of this 
investigation are: 

1) The substitution of A l  for Cr subst.antially de- 
creases the volatilization rate of La-g5Mg.05Crl-xA1x03. 

2) The room temperature electrical conductivity of 
La g5Mg. 05Crl-~Al,O~ varies systematically from 1 (ohm cm) -l 
£0; x = 0 to about 10-13 (~cm)-l for x = 1. 

.3) The thermal expansion coefficient of rhombohedra1 
MgaO5Crl xAlxOd vakies from 9.1 x m/m/O~ for x = 0 

k:.11.3 x 10-6 m/m/ c for x = 1. 

4 )  The room temperature crystal structure of La.95 - 
Mg 05Crl-xA1x03 is orthorhombic for x < .15 and is rhombo- 
hedral for x > .15. The system La.g5Mgao5Cr03-La.ggMg.05 - 
A103 appears to form a complete solid solution series. 

5) The orthorhombic-rhombohedra1 phase transition is 
sluggish, occuring over about a lOoC temperature span and 
shows about a 10°C hysteresis upon cooling. 

6) Variation of the La/Cr ratio does not significantly 
alter the thermal expansion or the electrical conductivity. 

7) The temperature of the orthorhombic-rhombohedra1 
phase transition shows enouqh dependence upon the La/Cr 
ratio that we should be able to use it as a measure of the 
La/Cr ratio. 

8) This study demonstrated that by careful control of 
preparation techniques and by the application of the "Verwey 
controlled ionic valency principle" the properties of LaCrOj 
can be altered in both a controllable and predictable manner. 
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HIGHLY CONWnING OXIDE MATERIALS 
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Oxide perovskites such as hVO3, Ln.= rare earth, alkaline earth, 
lead and M = chromium, manganese, iron, cobalt or nickel, are often good 
electronic conductors and some could find application as electrodes or 
intcrcanncetdr mtorialc in_ fuel cells. 

One of the most studied,, ~ a ~ .  84~r0.  16~r03 (1-4) , -has a resist ivitv;  
R, of 0.2 + 1 fl,m a t  room temperature dropping t o  a minimum % 3 x 10-2 
i2.m a t  1000°C. Pure LaCrO has a melting point of 2430°C, almost cer- 
tainly the highest of a l l  J e  conducting perovskites, and so ha? been 
the prime candidate for MHD, electrode application (5). LaFe03 has a 
melting point ?. 1880°C (6) and LaMnOg is probably similar, Lac003 and . 
LaNiO3 seem to  melt a t  - 1400°C.La0.5Sr0.5C00j has metallic type conduc- 
tivity* with R % 1 x Q , m  a t  room temperature and - 6 x 10.4 h ,m 
a t  1200°C. Lao.sSr0.5Fe03 i s  a semiconductor (p type) with R 2. 7 x 
n, 'an a t  room temperature and % 5.5 x n,an a t  900°C, as is 
Lag 7Srg.$n03, R - 9 x 10-2 n,m a t  room temperature and - 1 x io-zn,an 
a t  iooo C. 

. Some dexterity is required m the a i r  sintering of polycrystalline 
boules, isopressed a r  50,000 ps i  from precalcined chemically prepared 
powders, for ,  at higher- temperatures suitable for rapid sintering, some' 
compositions also begin to  decompose, depending on the relative s tabi l i ty  
of the higher valent s ta tes  of M. Compositions where M = C r ,  Mn.and Fe 
are the most sfable. .Lao. 5Sr0. $003 begins to  decompose in  a i r  % 1200°C 
while the nickel composition, La0.5Sr0.5Ni03, does not even form as a sin- 
gle hase. . This is in  accord the known chemical s t ab i l i t i e s  hfi MnIV >. FeIV > co1V >> N?? However, annealing treaiments a i r  
a t  % 900°C.after sintering a t  higher temperatures allow some polyphasic 
ceramic compositions t o  be converted t o  the single phase perovskite e.g., 
L%.5Sr0,5Fe03; coincidentally the res is t iv i ty  drops gre t l y  , e .g. , for 
"Lsg.gSro.~FeO~~' from 2 n ,m before annealing t o  7 x l o -?  n ,an  af ter  the 
a i r  anncal. 

Especially where the higher valent s ta tes  of M are less stable, we 
may consider anoth-er series\of complex oxides of the KzNiF4, po ssium 1 jt nickel fluoride, type. Typical of th is  group is metallic LazCu 04, (7) 
while La2Ni04 i s  metallic above 500°K. Mixed types e.g., L ~ s ~ v I I I o ~  are 

"Similar metallic conductivity has been known i n  the perovskite "tungsten 
bronze$", NaxlV03 (x = 0 +. 1) , for  many years. 



also known (8). Conductivity #I this crystal type is two dimnsional as 
opposed t o  the three dimensional pemvskite. S' ring of the naninal 
caposition "Lao.5Sm. giO3" gavk instead LaSrN3f04 + excess NiO. 

Nevertheless the resistivity was s 3 x 10~' n,an a t  room t erature and 
8 x 10-3 0,an a t  9OO0C. Therefore, the pure cymund LaSr~i1 =? 104, with 
the K2NiFq structure, was prepared; R * 5 x 10- Q,an a t  roan temperature 
and 4 x 10-3 n, an a t  900°C. L ~ S ~ F ~ ~ I I O ~ ,  however, has a high resistivity.  

Sane of the Ln2M04 caqnmds may well be more refractory than the 
correqmding LnM03 although melting points have not yet been measured. 

An interesting consequence of very high electronic conductivity is 
the potential for  inneased t h e m 1  shock resistance. I t  has been shown 
C9) that for  a variety of good ceramic conductors, borides, si l icides,  
carbides, a sulphide etc., a modif ied Wiedemann-Franz-hrenz equation is 
applicable. If this  relation applies t o  (for example) Lag, ~ S r o  Coo3 then, 
B t  1000°C, the predicted thennal conductivity is greater than ai$ other 
knm oxides, with the exception of BeO. This may well confer supetior 
thenwl shock resistance t o  sane of these materials. 
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INTERCONNECTION MATERIALS FOR THE 
THIN LAYER ZIRCONIA ELECTROLYTE FUEL CELL 

R. J. Ruka 
Westinghouse Research & Development Center 

Pittsburgh, Pennsylvania 15235 

In a project ending in 1972, sponsored by the Office of 
Coal Research, Isenberg and coinvestigators (1) at the 
Westinghouse Research & Development Center developed the basic 
components of a high tmerature zirconia electrolvte fuel - 
cell. Electrodes, electkolyte, and cell intercon&ctions were 
thin layers 20-50 micrometers thick. A system combinim rhe 
fuel cell with a coal gasification unit, both operatingMnear 
1000°C, was proposed. Engineering calculations suggested a 
possible thermal efficiency as high as 60% based on the higher 
heating value of the coal. 

A schematic of an individual demonstration fuel cell 
stack built during that earlier project is shown in Fig. 1. 



An experimental model of a 15 cell stack was made on that 
project and was leak-tight as produced, .but after 100hours 
operation at 1000~~.was found to have developed severe cracks 
at the interconnections. In contrast, individual tests of the 
air or fuel electrodes in contact with the zirconia electro- 
lyte had shown little deterioration in 1000 hour tests. This 
suggested that an improved interconnection material, or perhaps 
structural design or fabrication method, was needed. 

Last year, work on this fuel cell design was renewed 
under sponsorship of ERDA (2) and'work on the interconnection 
problem was given priority. 
I 

Our approach to the interconnection problem was to select 
a limited number of mixed oxide systems in which the metal ion 
content could be substantially altered to tailor the proper- 
ties of the interconnection material to the rather severe 
requirements for an interconnection material. Guidelines for 
our selection were as follows: (1) moderate material cost.- 
(2) nearly invariant composition in both fuel and air atmos- 
pheres, (3) non-reaction with other cell components at 1000°C, 
(4) resistivity of less than 50 ohm cm and nearly 100% elec- 
tronic conduction at 10000C, (5) negligible metal ion conduc- 
tion, (6) thermal expansion characteristics compatible with 
other cell components, (7) absence of destructive phase trans- 
formations in the region from room temperature to 1000°C, 
(8) low volatility of oxide components in the working atmos- 
phere, (9) fabricability as a thin, gas-impervious layer. 

These stringent requirements eliminate all but a few 
mixed oxide systems from consideration. One of the few, the 
rare earth chromite system, is particularly good from the 
standpoint of low reactivity with other cell components, good 
conductivity, and composition'invariance. In fact, of the 
various combinations of the rare earths with the 3-d transi- 
tion metal oxides to form perovskite crystal structure com- 
pounds, only the rare earth chromites remain "essentially" 
invariant in composition in the air and fuel atmospheres 
typical of fuel cell operation. 

We are presently concentrating our work on modifications 
of lanthanum chromite, lanthanum being the preferred rare 
earth constituent from the standpoint of cost, conductivity, 
and thermal expansion. An orthorhombic to rhombohedra1 phase 
transformation (3) between room temperature and 1000°C is an 
undesirable feature of lanthanum chromite. This transformation 
involves two forms of the same basic perovskite structure 
having different degrees of crystalline distortion from the 
ideal cubic. An essentially "dif fusionless" transformation 
occurs readily in this system at the relatively low temperature 



of ~ 2 7 0 ~ ~ .  This transformation is eliminated from the 25-1000~~ 
range by substitution for part of the cr3+, or part of the ~ a ~ +  
in the perovskite ,crystal structure. Thermal expansion match 
with the electrolyte can also be adjusted in this way. 

Fabrication of interconnection films of the lanthanum 
chromite system is a difficult problem. Because of the low 
metal ion diffusion rates, these materials can't be simply 
sintered to form films at feasible preparation temperatures of 
12000C or below. Two methods are being investigated for this 
purpose: (1) chemical vapor deposition, and (2) radio frequency 
sputtering. The major difficulty with the former is obtaining 
the desired chemical compqsition of the oxide, while retaining 
non-porous films after annealing or over porous substrates is 
the major difficulty with the latter method. 

It is anticipated that interconnection film thicknesses 
of 20-50 micrometers will be used in the thin-layer fuel cell 
stacks. A t  these thicknesses, the lanthanum chromite materials 
exhibit physical, chemical, and electrical properties that are 
essentially the same as the bulk oxides at the operating fuel 
cell temperature ('b1000~~). 

Critical areas for further study and development include: 
(1) fabrication of films, (2) ionic conduction properties as 
related to possible damage to the interconnection-electrode 
interfaces while current is being drawn from the fuel cell, 
and (3) long term stability as a non-reactive, invariant 
composition and non-porous film under operating fuel cell 
conditions. 

In summary,lanthanum chromite, with various substitutions 
which improve the thermal expansion match, conductivity, and 
reduce the volatility of chromium components, has the basic 
characteristics necessary for an interconnection material in 
the thin layer, zirconia-electrolyte fuel cell for use near 
1000~~. Fabrication, composition optimization, and long 
term operational stability remain for further.investigation. 

1. Final Report - Project Fuel Cell, Research and Development 
Report No. 57, office of Coal Research, Department of 
Interior, Washi?~gton, D.C. (1971) 

2. Thin Film Battery/Fuel Cell Power ~enerating System, ERDA 
Contract No. E (04-3) -1197. 

3 .  J. S. Ruiz, A. M. Anthony, and M. Foex, C. R.   cad. Sci. 
Paris, 264, Serles B, 1967 ( I Z i l j  . 
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SUMMARY OF PANEL SESSION ON ELECTRODES 

T. H. Etsell, Panel chairman 
University of Alberta 
Edmonton, Canada 

(a) Recoiiunendations : 
Consistent with most high-temperature systems,oxide 

fuel cell development is dependent upon solving materials 
problems. This is typified by the variety of requirements 
stipulated for suit&Le electrodes; 

.Moderate cost 
Good adherence 
Thermodynami-cally stable 
Chemically inert 
Electrochemically active 
Minimal interdiffusion with.adjacent components 
Low volatility 
Compatible thermal expansion 
Resisti.vity-thickness ratio < 0.2 R 
Ease of fabrication into thin poroug layers 

( -  30 pm) that resist excessive sintering 
Mechanical strength 

  he most succ.essfu1 electrode materials to date are as 
follows : 

Co 
Ni 
Co-stabilized ZrO2 cermet, 
Ni-stabilized Zr02 cermet 
CeU2 (+ Y2n3 or Tda203) - 

Cathode 

The cathode may also be supported by a stabilized zirconia 
.matrix and may be incorporated with a current collector. 
Unlike the cathbde, the anode materials appear widely 
accepted. 

Further effort is required in the quest for a fully 
satisfactory cathode material, e.g., mixed conducting 
perovskite- and. f luorite-type- oxtdes. .should be. more fully 
characterized. Cathodes with.high oxygen ion mobility 



eliminate the need for three-phase contacts. Although some 
single cell data forup to four years at 1000°C are avail- 
able, information on the long-term behavior of electrodes in 
multiple cells, e.g., chemical and thermal compatibility 
with the interconnector and stability of their resistivity, 
is needed. Furthermore, the effect on the, anode from using 
real rather than,clean laboratory fuels should be determined. 

As sophisticated preparation techniques can now be 
used to prepare very thin impervious electrolytes, knowledge 
of electrode polarization is more important since it-repre- 
sents a greater percentage of the cell losses. Unfortunately, 
despite a considerable effort, the polarization behavior of 
solid electrodes on oxide electrolytes .is unclear. Take, 
for example, the cathode reaction 

Neglecting some of the transport steps, this occurs as fol- 
lows on aporous Pt electrode: 

(in bulk) + OZIq (in Pt pores) 
O2, g 

O2,9 
(in Pt pores) + 02,ad (on Pt and s.e.1 

'2, ad (on Pt and s.e.1 + 02,ad (near tpb) 

02,ad (near tpb) + 2 Oad (near tpb) 

2 Oad (near tpb) + 2 Oad (at ers) 

2 oad (at erst + 2Vi + 2 O0 + 4h' 

4h,. + 4e' + 0 

In this sequence, ad is adsorbed, s.e. is solid electrolyte, 
tpb means three-phase boundary, ers is electrochemical re- 
action site, V; is a doubly ionized oxygen vacancy, OO,is an 
oTygen ion, h' is an electron hole in the electrolyte and 
e is an excess electron. Processes of gaseous diffusion, 
adsorption, surface diffusion, dissociation, bulk diffusion, 
dissolution, ionic and electronic transport, and charge 
transfer are involved. All the above seven steps have been 
advanced as rate limiting with Pt electrodes,indicative of 
the difficulty in obtaining and interpreting high-temperature 
data and the great influence of often ill-defined electrode 
structure. 

To obtain a better fundamental understanding of 



electrode processes on oxide electrolytes, careful polariza- 
tion studies are needed on well-characterized Pt electrodes 
while appreciating the difficulties: 

1) electrode structure may be time dependent 
2) active electrode areas are uncertain and may change 
3) Pt oxides may influence the results 
4) Pt reacts with stabilized zirconia at high cathodic 

overpotentials (>  1 V) 
5) Pt evaporation can be seriousiin long-term. 

experiments. 

Greater advantage should be taken of a-c impedance measure- 
ments although interpretation of the results is often dif- 
ficult. For practical fuel cells, investigations should be 
carried out on cermet anodes and oxide cathodes, and the 
influence of electrolyte composition, long times ( >  10,000 hr) 
and lower temperatures (<  900°C) should be evaluated. Determ- 
ination of exchange current densities for H2 fuel would prove 
interesting. Extrapolation of single cell polarization. 
losses tu fuel cell power stacks seems realistic if one is 
aware that operating on real rather than clean fuels could 
corrode or' poison the electrodes. 



(b) Discussions 

Regarding the loss in performance after 10,000 hr at 
830°C of a cell with a Pt cathode,'Meschter suggested that 
this could be due to sintering of the electrode. However, 
replacing it did not help. Despite this observation, sub- 
sequent experiments revealed that Pt evaporation was the main 
problem rather than an increase in cell resistance. Both 
its tendency to evaporate and reactivity with oxygen and 
zirconia make Pt not as attractive a choice as an experimental 
electrode material. 

Srinivasan wondered if any efforts had been made with 
H2 as fuel to separate the ohmic contribution during dis- 
charge from activation overpotential. Etsell replied that 
this has been done in several instances but invariably the 
electrolyte resistance was large making separation'of the 
small activation overpotential contribution very imprecise. 
With'thin-film techniques, better polarization data for H2 
should be forthcoming. 

With CO fuel, the non-ohmic contribution to the cell 
voltage drop is larger but considerable confusion exists 
as to the rate-limiting step. Tafel slopes of RT/F have 
aften been observed. Appleby remarked that this slope 
cannot be interpreted by assuming charge-transfer control 
with two electrons involved (n=2) and the symmetry factor 
a = 0.5 since modern electron transfer theory shows that it 
is impossible to transfer two electrons together in a packet. 
Instead, rate control by a chemical, diffusion or adsorp- 
tion process is needed. The latter may be possible in CO and 
perhaps in O2 to explain RT/F slopes. Etsell commented that 
it is very &fficult to separate adsorption from charge 
transfer as part of'the transfer of charge-often occurs with- 
in the adsorption step, while Meschter indicated that earlier 
work on CO fuel suggested the two were not independent. 
Etsell mentioned that charge-transfer control with n = 1 and 
a = 1 might be possible but not probable. It might also be 
feasible to observe an apparent two-electron process if the 
single electron transfer steps were not independent. 
Appleby remarked that the observed TafeI slope 'depends on 
the partial charge on the species involved in the slow step. 

Bergmann introduced the possibility of rate control 
by oxygen ion transport in the electrolyte which, Appleby 
stated, cniild also give an RT/F slope as found for H2 evolu- 
tion at Pt electrodes in aqueous solution. Rotating disc 
electrode experiments show that H2 diffusion is rate 



determining,  i . e . , t h e  r e a c t i o n  i s  under Nernst ian c o n t r o l .  
A s i m i l a r  s i t u a t i o n  may be p r e s e n t  i n  c e r t a i n  s o l i d  e l e c t r o -  
l y t e  systems. However, Meschter contended t h a t  t h e  f u e l  
must be involved t o  e x p l a i n  t h e  q u i t e  d i f f e r e n t  behavior  of 
CO from H2. E t s e l l  remarked t h a t ,  u n f o r t u n a t e l y ,  o t h e r  pos- 
s i b l e  r a t e - l i m i t i n g  s t e p s ,  e.g. ,  chemical r e a c t i o n ,  can a l s o  
y i e l d  RT/F s l o p e s  from T a f e l  p l o t s .  Prompted by t h e  re- 
a c t i o n  between CO and adsorbed oxygen dur ing  i s o t o p i c  ex- 
change measurements, Appleby p o s t u l a t e d  a  mechanism f o r  t h e  
anode r e a c t i o n  t o  exp la in  an RT/F s l o p e  c o n s i s t i n g  of  e l e c -  
t r o n  t r a n s f e r  t o  g i v e  0' a t  t h e  e l e c t r o l y t e  s u r f a c e  and 
chem.ica1 r e a c t i o n  with  CO t o  produce C O ~ f o l l o w e d  by r a p i d  
d i scharge  t o  C02. This  w i l . 1  g i v e  t h e  observed s l o p e  i f  t h e  
chemical s t e p  i s  r a t e  determining.  Nonetheless,  such con- 
t r o l  would r e s u l t  i n  a tendency toward l i m i t i n g  c u r r e n t s  
which h a s  g e n c r a l l y  n o t  been observed. 

Appleby asked i f  t h e r e  were any d a t a  on t h e  CO 
r e a c t i o n  o r d e r  f o r  t h e  p rocess  t h i n k i n g  t h a t  it might be zero 
o r d e r ,  i .e. ,  f u l l  s u r f a c e  coverage of CO a t  a l l  CO/C02 r a t i o s .  
E t s e l l  r e p l i e d  t h a t  t h e  exchange c u r r e n t  d e n s i t y  v a r i e s  a s  
~ ~ ~ 0 . 5  P ~ ~ , O . ~ .  Meschter emphasized t h a t  i s o t o p i c  exchange 

I 

r e s u l t s  i n d i c a t e  t h a t  CO i s  n o t  s t r o n g l y  adsorbed on f a i r l y  
noble meta l s .  

I s a a c s  wondered about  t h e  use  of  T a f e l  p l o t s  f o r  
i n t e r p r e t i n g  p o l a r i z a t i o n  measurements on oxide e l e c t r o l y t e s .  
A l a r g e  p o t e n t i a l  g r a d i e n t  a t  t h e  i n t e r f a c e  is r e q u i r e d  t o  
i n f l u e n c e  an a c t i v a t e d  p rocess  involvinq charged s p e c i e s .  
Can t h i s  b e  developed a t  a  s o l i d  e l e c t r o l y t e  i n t e r f a c e  
s i n c e ,  u n l i k e  aqueous e l e c t r o l y t e s ,  e l e c t r o n i c  conduc t iv i ty  
is  p r e s e n t  sp read ing  t h e  g r a d i e n t  a c r o s s  a  much g r e a t e r  d i s -  
tance? Accordingly,  one might normally expec t  t o  f i n d  some- 
t h i n g  more l i n e a r  than  logar i thmic .  Aqueous and s o l i d  e lec -  
t r o l y t e s  appear  t o  form two d i f f e r e n t  i d e a l  systems and 
r e a l  s o l i d  e l e c t r o l y t e  systems a r e  somewhere i n  between. 

Super io r  cathode m a t e r i a l s  g e n e r a l l y  a r e  mixed oxygen 
and e l e c t r o n i c  conductors .  I n  response t o  an i n q u i r y  about  
a n i o n i c  m o b i l i t y  i n  In2O3, a  d i s t o r t e d  f l u o r i t e - t y p e  ox ide  
w i t h  one q u a r t e r  of  t h e  an ions  miss ing,  Isenberg s t a t e d  
t h a t  t h e  oxygen i o n  m o b i l i t y  i s  very low being comparable 
t o  Y203. I t  is  a  pure ly  e l e c t r o n i c  conductor and is used 
a s  a  c u r r e n t  c o l l e c t o r .  However, LaNi03 is a  reasonab le  
mixed conductor the reby  a l lowing two-phase reduc t ion  of 
oxygen ( a i r - e l e c t r o d e  i n t e r f a c e )  and oxygen i o n  migra t ion  
through t h e  e l e c t r o d e  bulk i n t o  t h e  e l e c t r o l y t e .  I senberg  
noted t h a t  many p e r o v s k i t e s , e . g . ,  LaNi03, Pro,, P r C O O j r  



display good oxygen ion mobility and, therefore, function . 
well as electrodes although they have high resistivity and 
cannot withstand thermal cycling. Meschter felt that the 
best approach appears to be a mixed conductor with a current 
collector. 

Weppner asserted that the important parameter for 
mixed conducting electrodes is not oxygen ion mobility but 
the chemical diffusion coefficient which may be several 
orders of magnitude larger than the tracer diffusion coeffic- 
ient as electron transport creates an electric field which 
enhances oxygen ion transport. Isenberg 'replied that this 
makes the situation even more favorable but, as a first 
approach, tracer diffusion coefficients are suitable to 
evaluate cathode materials. Weppner cautioned that the re- 
lationship between tracer and chemical diffusion coefficients 
is widely variable. 



PERFORMANCE OF SOLID OXIDE FUEL CELL ELECTRODES 

T. H. Etsell 
Department of Mineral Engineering 

University of Alberta 
Edmonton, Canada T6G 2G6 

Acceptable electrochemical characteristics and long- 
term stability of solla oxide fuel cell eloattodss R r P  1.i~- 
ited by several problems inherent in high-temperature 
systems. Carbon deposition at the anode may occur if the 
fuel gas composition is not carefully controlled, interdif- 
fusion between cell components can affect critical properties, 
temperature changes can cause cracking due to thermal expan- 
sion mismatches, hermetic seals must be maintained, and the 
nature of the electrodes may change due to sintering. Non- 
uniform current distribution resulting from small three-phase 
interfacial areas or high-resistivity oxide cathodes can 
produce hot spots and associated mechanical stress. Consid- 
erable research effort has been made towards the resolution 
of some of these problems although long-term performance 
data are often lacking. 

Fuel cell electrode performance can often not be sep- 
arated from overall fuel cell performance and consequently 
will be discussed by first briefly describing several import- 
ant cell designs and the influence of critical design para- 
meters. Cell discharge characteristics and stability will 
then be summarized. 

Design 

~enesal Electric originally described a cell with a 
Zr02-CaO or Zr02-Y203 tubular or fldlue sprayed clectroJytn, 
carbon anode and liquid silver cathode (impregnated in porous 
zirconia) operating on CH4 fuel (1). The clectrodes were sub- 
sequently replaced by a nickel anode and PrCoO3 cathode (2). 

Brown, Boveri and Cie developed the ce l l  IllustraLed 
in Fi 1 (3). Such a bell yields a power dcnsity of 250 
mW/cm3.et 900°C if the electrolyte is 0.5 mm thick. Parallel 
plate (4) and bell-and-spigot des'igns (5) were subsequently 
studied. The' electrolyte was either ZrO2-YzO3 or Zr02-Y203- 
Yb203 while nickel and cobalt anodes, and silver, doped. 
T , a N i 0 3 ,  Sn-doped In203 and Lac003 cathodes have been tried. 

The Wc~tinqhouse +,bin-film cell in Fig. 2 (6) is 
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I. ELECTROLYTE 5. REGULATOR 

2.ELECTRODE 6.FUEL GAS INLET 

3.CURRENT COUECTER 7. WASTE GAS OUTLET 
4. ENAMEL SEAT 8.AIR 

Figure 1. Browa, Boveri and Cie fuel cell. 
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Figure 2. Westinghouae thin-film fuel cell. 



built up from 20-50 ym layers (air sprayed, plasma sprayed, 
vapor deposited or painted) of a porous nickel- or cobalt- 
stabilized zirconia (70% metal) cermet anode, dense ZrO2-CaO 
or ZrO2-Y203 electrolyte, dense manganese-doped CoCr2Oq 
(2 atom % Mn) interconnection material and porous tin-doped 
In203 (2 atom % Sn) cathode. Short-circuiting is inevitable 
near the interconnection-electrolyte interfaces as electrons 
can flow from the inside to the outside of the cell through 
the interconnection material without passing through both 
electrodes while oxygen ions migrate inthe opposite direc- 
tion through the electrolyte. 

Power densities for these cells as o function of temp- 
erature are compared in Fig. 3 (5). The three lower curves 

TEMPERATURE ( OC) 

800 SgP 1000 1100 

Figure 3. Power densities for industrial fuel 
cell denigns. 

are for Brown, Boveri and Cie cells consisting Of a 0.5 ibm 
thick Zr02-Y203-Yb203 electrolyt6, N$. anode a d  Ga203- doped 
LaNioj- cathode. Note that the General Electric cell real- 
ized a power density of 400 m~/cm2 at 1000°C. 

Reqardinq design parameters, one of the most exten- 
sively studied variables is ceramic electrolyte cw~uposiLionr 
Since IR drop across the electrolyte is often the major source 
of voltage loss, performance is highly dependent on mininiz- 
ing electrolyte resistivity and thickness. The ionic con- 
ductivity of ZrO2 doped with 12 mole % CaO can be expressed 
as 



while  t h a t  f o r  both Zr02 and Ce02 con ta in ing  9 mole % Y 2 0 3  
c l o s e l y  fol lows 

The l a t t e r  a r e  over  twice a s  conductive a s  7202-CaO a t  
1000°C wi th  t h i s .  f a c t o r  becoming g r e a t e r  a t  lower temperatures  
due t o  t h e  a c t i v a t i o n  energy d i f f e r e n c e .  

Comparing Z r O  - and CeO -based e l e c t r o l y t e s ,  r e c e n t  
work has  i n d i c a t e d  d a t  c e o 2 - d 2 0 3  has  an i o n i c  conduc t iv i ty  
four  t o  f i v e  t imes h igher  than  t h a t  given by Eq. 121 a t  
1000°C ( 7 ) .  However, CeO2 is e a s i l y  reduced a t  t h e  f u e l  
e l e c t r o d e  which in t roduces  n-type conduc t iv i ty .  Nevertheless ,  
although energy e f f i c i e n c y  is accordingly lowered going 
through a maximum a t  a c e r t a i n  c e l l  c u r r e n t ,  it can e a s i l y  
exceed thak f o r  an e l e c t r o l y t e  with  t. = 1 and lower con- 
d u c t i v i t y  (8 ) .  Furthermore, inc reas ihQnthe  t o t a l  conductiv- 
i t y  (cons tan t  t.o ) l e a d s  t o  l a r g e r  c u r r e n t  and, t h e r e f o r e ,  
power a t  maximdl ? f f i c iency .  Ear ly  work i n d i c a t e d  t h a t  P t  
e l e c t r o d e s  on CeP2-La203 e l e c t r o l y t e s  a r e  l e s s  p o l a r i z a b l e  
than  on Zr02-CaO e l e c t r o l y t e s ,  e s p e c i a l l y  a t  low tempera- 
t u r e s  (' 800°C) ( 9 ) .  Fur ther  r e s e a r c h  is  c e r t a i n l y  j u s t i f i e d  
a s  t o  e lectrochemical  p r o p e r t i e s  and s t a i l i t y  of CeO2-based 
e l e c t r o l y t e  f u e l  c e l l s .  

To maximize t h e  power p e r  u n i t  volume of t h e  c e l l  i n  
Fig; 2, t h e  product  of c e l l  r e s i s t a n c e  and o v e r a l l  c e l l  
l eng th  must b e  minimized (10) .  Subsequent a n a l y s i s  combined 
wi th  s e l e c t e d  m a t e r i a l  r e s i s t i v i t i e s  and cel l  dimensions 
produced t h e  p l o t  i n  Fig.  4. The r e s i s t i v i t y - t h i c k n e s s  
products  f o r  t h e  e l e c t r o l y t e  and in te rconnec t ion  were chosen 
t o  b e  equa l  (0.04 ohm-an2) which l e d  t o  equa l  a c t i v e  c e l l  
( s e c t i o n  of e l e c t r o l y t e  between both e l e c t r o d e s )  and i n t e r -  
connect ion leng ths .  The maximum power of 7.8 kw/ft3 (280 
mw/cm3) corresponds t o  t h e  i n f l e c t i o n  p o i n t  on t h e  c u r r e n t  
d e n s i t y  curve (0-66~/cm2).  Also, t h e  shallow minimum i n  t h e  
r e s i s t a n c e  curve co inc ides  w i t h  t h e  i n f l e c t i o n  p o i n t  on t h e  
power p e r  u n i t  volume curve. 

The optimum e l e c t r o l y t e  and in te rconnec t ion  l e n g t h  a t  
maximum power ou tpu t  i n c r e a s e s  wi th  i n c r e a s i n g  e l e c t r o l y t e  
and in te rconnec t ion  r e s i s t i v i t y - t h i c k n e s s  products  o r  in-  
c reas ing  a i r  and f u e l  e l e c t r o d e  gap leng ths  ( l a , l f , c f .  
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Figure 4. Parameters for the Westinghouse fuel cell. 

Fig. 21, but decreases with increasing average electrode 
resistivity-thickness ratio (10). Changes are such as to 
keep the cell resistance - cell length product at its optimum 
value. 

Recently, an analysis has been made of the performance 
of a cylinder type cell using H2-H 0 fuel with the cathode 
and anode terminals at opposite enis (11). The cell chosen 
was assumed to be at 750°C with a Ce07-Gd203 electrolyte 
(p = 20 ohm-cm), Ni anode (p = 3.6 x 10-5 ohm-cm) and Lac003 
cathode (p = 10-3 ohm-cm). Results are presented in Fig. 5. 
Cases A and B are for the fuel entering at the cathode 
terminal end and anode terminal end, respectively. The fuel 
consumption, X, is the fraction of Hz0 in the H2-H20 fuel 
gas and the mean current density was 0.1 ~ / c m ~ .  Current 
density is proportional to fuel consumption rate (gradient 
of X) and is, therefore, a minimum at the fuel consumption 
inflection point. Note the high current density at the 
cathode terminal in case A (since the cathode has a high 
resistance). However, in case B, the current distribution 
is approximately symmetrical since the small H? concentra- 
tion (large X) at the cathode terminal yields a small emt, 
i . e . ,  driving force, cancellinq the resistance effect\ 



Figure 5. Influence of gas flow direction on 
performance of cylinder type fuel cell. 

I 

Clearly,  f u e l  gas should be supplied from the  end with t h e  
terminal of the  lower res i s tance  electrode.  

J ( A  
I I 

A s  seen i n  Fig. 6 ,  c e l l  length is a l s o  a c r i t i c a l  
parameter. Stacks 20 c m  long composed of 2 and 10 c e l l s  
would give t heo re t i ca l  power d e n s i t i e s  of 55 and 217 mw/cm2 
a t  750°C, respec t ive ly  (11). 

I 

0 

Discharge 

0 2 4 6 '  8 10 

DISTANCE FROM ANODE TERMINAL, cm 

Performance is  most commonly categorized by discharge 
c h a r a c t e r i s t i c s  ( E - i  curves) .  Open-circuit c e l l  vol tages a r e  
general ly reproducible and agree t o  within 3% of t h e o r e t i c a l  
values f o r  s ing l e  o r  mul t ip le  c e l l s .  

Linear p l o t s  i n  Fig. 7 (12) f o r  P t  e lec t rodes  i n  co'n- 
t a c t  with O2 o r  Ar-02 mixtures have ,a  s lope approximating the  
e l e c t r o l y t e  r e s i s t ance ,  i nd i ca t ive  of so l e ly  r e s i s t ance  over- 
po t en t i a l .  This agreement may not  be r ea l i zed  s ince  porous 
e lec t rodes  only contac t  p a r t  of t h e  s o l i d  e l e c t r o l y t e  surface 
reducing i ts  e f f e c t i v e  cross-sect ional  area f o r  conduction 
(13) .  A l t e r n a t i v e l y , i n s u f f i c i e n t  cathode poros i ty  can cause 
marked polar iza t ion  ( 1 4 ) ,  although cathodes with s u i t a b l e  
composition, poros i ty  and pore s i z e  should not cause s e r ious  
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Figure 6 .  Influence of c e l l  length on performance 
of cylinder type fue l  c e l l .  

Figure 7 .  Pt electrode characterist ics  i n  contact 
with O2 and Ar-O2 mixtures. 



losses at 900°C - 1000°C (15,16). Mixing the cathode with an 
oxide powder of si,milar composition as the electrolyte can 
greatly lower the polarization (14,17). Although low oxygen 
pressures at the cathode result in significant diffusion over- 
potential (12), oxygen or air is invariably the oxidant in , 

fuel cells. 

A major advantage in high-temperature operation 
should be rapid electrochemical reactions without the need 
for catalysts. However, considerable discrepancy has existed 
as to the presence or absence of non-ohmic polarization at 
the fuel electrode. In the presence of Hz, additional polar- 
ization is essentially absent in Fig. 8 (18). Reformed pro- 
pane or hydrogen contacted the anode'side of a 0.5-1.0 mm * 

thick Zr02-CaO disc. For all gases, essentially only ohmic 
polarization is present (there is a small non-ohmic.contribu- 

.tion at low i) since H2 + 0= + H20 + 2e is the overall anode 
reaction. Some concentration polarization is evident from 
the lowest curve at high current densities due to dilution 
with N2. 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 -  

- . ELECTROLYTE : Zro.as Cao,,,O ,.,, 

. - - 
0 > 

w 

0 . 5  - 

- 
O i l t l l l l l l t ' l l l l '  5 0  100 I SO 

CURRENT DENSITY i ,  r n ~ / c m '  

Figure 8 .  Discharge curves for various f u e l s  a t  
1000°C. Pt e lectrodes.  



E x c e l l e n t  performance f o r  a 1.4 mm t h i c k  Zr02-Yb203 
e l e c t r o l y t e  cel l  a t  800°C w i t h  e i t h e r  a Hz-H~O o r  CO-CO2 
mix ture  a t  t h e  anode has  been r e p o r t e d  i n  Fig .  9 (19) .  . 

CURRENT DENSITY 

Figure 9. Discharge characteristics for a Zr02-Yb203 
electrolyte cell at 800°C. Ni anode. Ag cathode. 

For  H2 f u e l ,  t h i s  type  of  behavior  h a s  been v e r i f i e d  a t  
1000°C f o r  a Zr02-CaO e l e c t r o l y t e ,  Ce02-La203 o r  Ce02-Y20 
anode and P t  ca thode  (16,20) ,  and, f o r  a Zr02-Y20t-Yb20j elec- 
t r o l y t e  d i s c ,  N i  anode and Sn02 +' 8 atom $ sb cathode . (21). 
However, charge t r a n s f e r  a t  t h e  anode g e n e r a l l y  does  n o t  
occur r e a d i l y  i n  d r y  CO-CO2 mixtures .  Considerable  t r a n s -  
i t i o n  o v e r p o t e n t i a l  is apparen t  when t h e  I R  drop is sub- 
t r a c t e d  from t h e  d a t a  i n  Fiq.  10  (22) and Fig.  11 (12) ob- 
t a i n e d  from ZrOq-CaO e l e c t r o l y t e  t u b e s  0.8 and 2.0 mm t h i c k  
r e s p e c t i v e l y .  Exchange c u r r e n t  d e n s i t i e s  a r e  about  1 d / c m  2 
and decrease  f u r t h e r  a s  t h e  g a s  mixture  becomes d i l u t e  i n  
e i t h e r  component. 

C e l l  performance f o r  s i n g l e  Westinghouse t h i n  f i l m  
cells h a s  been repor ted  (23) .  A c e l l  wi th  a 60 pm r e a c t -  
i v e l y  s i n t e r e d  ZrOa-CaO e l e c t r o l y t e ,  a c o b a l t - s t a b i l i z e d  
z i r c o n i a  anode i n  c o n t a c t  w i t h  H2 f u e l ,  and a cathode con- 
s i s t i n g  of  PrCo03-impregnated porous Zr02-Y203 coated with  
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Figure 10. Discharge c irves  for CO-C02 mixtures 
a t  940°C. P t  e lectrodes.  A = 27.6 cm2. 

Figure 11. Discharge curves for CO-CO2 and Hz-HzO 
mixtures a t  1000' and llOO°C. Pt e lectrodes.  



In203 + 2 atom 8 Sn still maintained a terminal voltage at 
2 960°C of 0.6 V at 150 mA/cm . 

Westinghouse results from Fig. 10 have been extended . 
to a stack of 20 bell-and-spigot cells in Fig. 12 !22). 

20 7. 1o2o0c 
H2 = 3.1 cc/aec 

IR PMAX = 8.1 w a t t s  

-dv/d~ =9.5n 

-dV/d 1 = 8.5 fl 

T =  1025OC W 

Figure 12. Discharge character i s t i c s  for a 20 c e l i  
stack. Pt e lectrodes.  A = 13 cm2. 

Excess hydrogen has been supplied to the anode in the upper- 
most curve whereas complete hydrogen combustion was realized 
for the lower curves. Further extension to 20 stacks of 20 
cells (2 groups of 200 series-connected cells in parallel) 
appears in Fig. 13 (22). At 1000°C using hydrogen as fuel, 
the maximum power of 110 W was produced at s current of 
1.2 A. 

Prom the last results, it would appear that discharge 
characteristics for single cells can be extrapolated to 
predict power system performance with some degree of 
confidence. However, this cannot be adequately assessed 
without further data. 
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Figure 13. Westinghouse 100 W s o l i d  e lec tro ly te  
f u e l  c e l l  power system. Pt e lectrodes.  

Stability 

Structural changes with time in cell components at 
high temperatures pose many serious problems. 

If not fully stabilized, zirconia will progressively 
destabilize on thermal cycling (24). Stabilized zirconia 
electrolytes tend to age due to cation and oxygen vacancy 
ordering leading to a decrease in conductivity. Unfortu- 
nately, aging kinetics are most rapid at the temperatures 
of fuel cell operation (1). Typical behavior for Zr02-Y203 

is presented in Fig. 14 (25). Samples were held for 9 days 
in air and a further 16 days in HZ-H20. The data at the 

- 

various temperatures were obtained using interpolated . 
values from log u vs. 1/T plots taken in the vicinity of 
800°C at.selected times. Electrolyte resistance increases 
considerably and obeyed, firat order kinetics given by 

where a, is the final conductivity. Furthermore, aging 
depends on atmosphere. 



f ,  Tage 

Figurc 14. Aging of Zr02 + 9 mole % Y203 at 
800°C in air  and Hz-HZO. 

Anode mater ia l s  must not  densify and block gas.chan- 
ne ls ,  corrode in. the  f u e l  atmosphere o r  r e a c t  with t h e  elec- 
t r o l y t e .  The cobal t  concentrat ion p r o f i l e  i n  a Zr02-Y203- 
Yb 03 e l e c t r o l y t e  a f t e r  c e l l  operat ion f o r  10,000 h r  a t  
83i°C is shown i n  Fig. 15 (26) .  The cobal t  d i f fu s ion  coef- 
f i c i e n t  was. ca lcu la ted  t o  be 5 x 10-15 cm2/sec. 

Cathode mater ia l s  must r e s i s t  chanqes i n  their con- 
d u c t i v i t y  and, l i k e  t h e  anode, must have an expansion coef- 
f i c i e n t  s imi l a r  t o  the  e l e c t r o l y t e .  

Coincident discharge curves f o r  a c e l l  comprised of 
a Zr02-Y203-Yb2U3 e l e c t r o l y t e  and a LaCo03 cathode and ~i 
anode were found during 220 h r  of c e l l  operat ion a t  1000°C 
(27). . A power dens i ty  of 202 mw/cm2 was maintained. A s i m -  
i l a r  c e l l  with a Sn02 + 8 atom % Sb cathode operated s a t i s -  
f a c t o r i l y  f o r  262 h r  ( 2 1 ) .  Reasonable behavior f o r  1000 h r  
a t  830°C was reported f o r  c e l l s  with a N i  o r  Co anode and 
Ag cathode ( 4 ) .  Do ed In203 operated successfu l ly  a s  , t h  
cathode f o r  over 1196 h r  a t  f000" ( 1 4 ) .  Over 300 mW/cm 9 
was maintained f o r  over 7000 h r  a t  1000°C in a c e l l  with a 
N i  anode and PrCo03 cathode ( 2 ) .  However, considerable 
power l o s s  was experienced with a c e l l  involving a 0.9 mm 
thick ZrOTY2O3-~b2O3 e l e c t r d l y t e ,  Co + 10 atom % Fe anode 
i n  contac t  with H2 f u e l ,  and P t  cathode a s  indicated i n  

, ,F ig .  16 (26 ) .  Although the  open-circui t  vol tage was 



Figure 15. Diffusion of a cobalt anode in to  a 
ceramic e lec tro ly te  a f ter  10,000 hr. 

Figure 16. Ce l l  deterioration a f t e r  10,000 hr 
of operotjon n t  R3n°C. 



unaltered, the power decreased from 105 to 45 mw/cmL after 
10,000 hr of operation. This was attributed to an increase 
in electrolyte resistance. However, the necessary change 
would be too excessive to account for the entire performance 
loss. Vaporization of the Pt cathode is most probable 
although cooling the cell and replacing the electrodes did 
not help. 

More research is definitely needed.on the long-term 
changes (5000-10,000 hr) in oxide cell components at about 
1000°C as a function of time, atmosphere, current and 
electrolyte composition. Emphasis should be placed on thin- 
film materials. Secondly, more long-term cell performance 
information is needed. In this case, great care must be 
exercised in extrapolating single cell results to power 
stacks. 
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MECHANISMS OF ELECTRODE POLARIZATION IN 
HIGH-TEMPERATURE SOLID ELECTROLYTE SYSTEMS 

Peter J. Meschter 
Department of Chemical, Metallurgical, and Polymer 

Engineering 
The University of Tennessee 

Knoxville, TN 37916 

Possible atomistic mechanisms of cathodic and anodic 
polarization in electrochemical cells with solid oxide elec- 
trolytes are reviewed. Polarization phenomena have been 
investigated by d.c. and complex admittance techniques. 
Rate limiting electrode processes are identified from the 
variation of limiting current I' and electrode resistance 
Re with temperature, Po , compoff?kon of electrode and elec- 
trolyte, and electrode geometry. 

I 
The cathode or air electrode may be either an electronic 

conductor (typically Pt, PrCo03, In203-Sn02) or a mixed ionic 
and electronic conductor (pure ZrOg or Pr02-x). In the 
former case, incorporation of oxygen into the electrolyte 
requires three-phase gas-electrode-electrolyte conthct. Thus' 
the porosity of the supporting electrode becomes critical, 
and pore diffusion a likely rate-limiting step. Polarization 
data obtained on microporous electrodes (1-4) are evaluated 
on the basis of a pore-diffusion formalism presented by 
Schwerdtfeger and Turkdogan (5). Pore diffusion control pre- 
dominates for small (< 111) pore sizes; small. (<  0.02) vques 
of Po ; and high temperatures. , For this case, Ilim a Po2- 

2 
Polarization studies on macroporous ele odes show wide fF5 variations in results. In.genera1, I a P . Adsorp'tion- 

dissociation of 0 , surface diffusion~i&rg?2transfer, 'and 
migration of elec?ronl'c defedts in t£ie 'electfolyte 'hive all 
been adduced as rate-limiting steps. Well defined studies of 
rigorously characterized systems are required to resolve 
these discrepancies. 

In mixed-conduction cathodes, roughly equal transport 
numbers for ions and electrons through the overall electrode 
are desirable. In the absence of a suitable intercalation 
compound, use of an embedded current collector'seems 
necessary to achieve this goal. No basic research on these 
systems exists in the open literature. 

The anode (fuel electrode] presents fewer problems. For 



sufficiently porous Pt or Ni anodes, no overpotential is 
observed in Hz-H20 (10) or 02-Ar (31 mrxtures. Polarization 
does appear in CO-C02 mixtures (3), but is reduced when H 0 
is added to the fuel gas (11). Apparently a combined surLce 
reaction-charge transfer step is rate-controlling. Results 
of Grabke (12) indicate that 0 transfer from 820 to metal and 
oxide surfaces is generally much faster than Srom C02, in 
agreement with the proposed anodic polarization mechanism. 
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A DOE OVERVIEW OF SOLID 
OXIDE ELECTROLYTE FUEL CELL TECHNOLOGY 

Ian Leslie Harry, Program Manager 
Division of Power Systems 
U.S. Department of Energy 

On behalf ot EKUA, I wuuld like to woloome you tn the \ 
First Solid Oxide Electrolyte Fuel Cell Workshop. It is gratify- 
ing tn see such a qood turnout of the leading experts in this 
field. Before we get on with the agenda, I wuuld like to cay 
just a few words about the ERDA Fuel Cell Progran, about 
workshops, and about the background of solid oxide electrolyte 
fuel cell technology. 

As most of you probably know, the ERDA Fuel Cell Program 
is almost two years old. Clean, quiet, highly efficient power 
generation from a variety of fuels at a lower cost is our 
major objective. With this in mind, and in order to accelerate 
the implementation of fuel cell technology, our program has been 
divided into six major project areas. These are: Utility 
Demonstrations, Systems Development, First Generation Technology, 
Second Generation Technology, Fuels Utilization, and Applied 
Research. 

The solid oxide electrolyte fuel cell program is an integral 
component of the Applied Research Project Area. This project 
area supports emerging fuel cell systems by developing a technology 
base to ensure continuing improvements and the development of 
future advanced technology options. The solid oxide fuel 
cell, with its potential for high system efficiency and reject 
heat utilization, and with its limited technology base is an 
appropriate project for the Applied Research area. Workshops, 
like this, help determine the present state-of-the-technology 
and provide inputs to determine the direction in which future 
research and development Should be d i ~ e c l e d .  

Initial offorts on the development of solid oxide electrolyte 
fuel cells for electric power generation from coal began in the 
early 1960's at Westinghouse under the sponsorship of the 
Department of Interior, Office of Coal Research (OCR). This 
early work resulted in the initial development of a technology 
base, the design of a 100 kw coal reacting fuel cell power plant, 
a practical fuel cell configuration -- the thin-film battery, and 
construction and testing of a 100 w a t t  fuel cell battery. 
Unfortunately, this early thin-film battery experienced severe 
materials problems resulting in a useful life of less than 100 
hours. 

Thus, the present solid oxide electrolyte fuel cell program 
is building on this technology base. Although technical feasibility 
has been previously achieved, the short-lived demonstration and 
its accompanying failure ]*quire a rethinkin9 from a techtwlow 



development prospective. It is the intent of ERDA's efforts 
in- solid oxide electrolyte fuel cells to develop this coal 
utilizing option to the point where the Nation may share in 

' 

the benefits derived from successful application of this 
technology to our energy problem. 



DISCUSSION OF POTENTIAL OF H I G H  TEMPERATURE 
SOLID OXIDE FUEL CELL POWERPLANT SYSTEMS 

Marvin Warshay 
NASA, Lewis Research Center 

Cleveland, Ohio 

Fuel c e l l  powerplants were one of ten classes of advanced 
energy conversion systems studied i n  the Energy Conversion A l -  
te rnat ives  Study (ECAS) undertaken by NASA (1) f o r  ERDA and NSF. 
The powerplant systems were t o  operate on coal or  coal-derived 
fuels  and were primarily fo r  centra l -s ta t ion base load power gene- 
ration. The objective of ECAS was t o  provide an evaluation of ad- 
vanced foss i l - f i r ed  centra l -s ta t ion powerplants under common . 
ground ru les  and constra ints  and to  a comparable l eve l  of de ta i l .  

The ECAS Study consisted of two phases: 1- a parametric analy- 
sis and 2- conceptual designs of selected powerplant systems to- 
gether with implementation assessment plans fo r  each system. The 
prime contractors f o r  the ECAS Phase 1 parametric analyses were 
General Electr ic  (2) and Westinghouse (3) who conducted essent ia l ly  
p a r a l l e l  studies. The major r e s u l t s  included performance and cost 
(e.g., efficiency, cap i t a l  cost ,  and cost  of e l e c t r i c i t y  (COE)). 
I n  the study, emission and natural  resource requirements were con- 
sidered. Based upon Phase 1 and other considerations, 11 powerplant 
system cases were selected by the ECAS Steering Committee f o r  more 
deta i led study i n  the Phase 2 conceptua1,designs. 

The high temperature zirconia so l id  oxide f u e l  c e l l  (SE) was 
one of the systems studied a s  pa r t  of the fue l  c e l l  study i n  Phase 
1. Based upon the conclusions of ECAS, the present repor t  d is-  
cusses very b r i e f l y  the po ten t i a l  of the SE fue l  c e l l  powerplant 
f o r  base load e l e c t r i c  power generation from c o d .  

The ECAS r e s u l t s  support the expectation tha t  efficiency .in- 
creases with f u e l  c e l l  temperature. In par t icular ,  the r e s u l t s  in- 
d icate  t h a t  high temperature f u e l  c e l l s  (both SE systems which 
operate a t  approximately 1832OF and the molten carbonate (MC) sys- 
tem studied by Westinghouse which operates a t  approximately 1200°F) 
f i t  well  in to  the ECAS Study framework. I n  fac t ,  t h e i r  high quali-  
ty  waste heat i s  best  u t i l i z e d  i n  l a rge  powerplant systems such as  
the "coal-fired" base load powerplants upon which the ECAS Study is  
based. The fue l  c e l l  waste heat can be used e i the r  by a bottoming 
cycle or  by a coal gas i f i e r  or  i n  some cases by both. Further, ' . 
close in tegrat ion can effect ively  improve the energy efficiency of 
the coa l  conversion process. Finally,  temperature helps the fuel 



c e l l  t o  approach i t s  high ef f ic iency po ten t i a l  by reducing c e l l  
po la r i za t ion  losses.  

While the  r e s u l t s  of both contrac tors  generally support t h i s  
conclusion, the  ove ra l l  SE powerplant system e f f i c i enc ies  by West- 
inghouse a r e  s ign i f i can t ly  higher than those of GE. General Elec- 
t r i c  considered four SE cases all with steam bottoming cycles. 
Westinghouse looked a t  twenty SE cases,  three  of which were in t e -  
grated powerplant systems. The primary difference'between the  GE 
and the'westinghouse SE concepts i s  r e l a t ed  t o  the  thinner SE 
c e l l s  envisaged by Westinghouse which de l ive r  higher performance 
than t h e  more conservative GE SE concept. This r e s u l t s  i n  a maxi- 
rmun of 34.3 percent ef f ic iency f o r  the GE in tegra ted  SE systems 
compared t o  a 53.0 percent m a x i m  f o r  the Westinghouse SE in te -  
gra ted  cases. 

The most i m p o m t  question, t h a t  of c o s t  of e l e c t r i c i t y  (COE), 
f o r  t h e  SE system can be discussed r e l a t i v e  t o  the  COE of a 3500 
psi/lOOO°F/lOOOOF steam system with a conventional furnace. ECAS 
characterized t h i s  system a s  having 37 percent ef f ic iency and a 
32 mills/kW-hr COE (based on 1974 as  the  reference year f o r  cos t  
est imates).  The COE r e s u l t s  f o r  all in tegra ted  SE system cases ex- ' 

ceeded the  32 m i l l s h w - h r .  For GE the  COE range was 42 t o  45 mi l ls /  
kW-hr. The Westinghouse COE values ranged from 40 t o  52 m i l l s h w -  
hr. I n  general, est imates of f u e l  c e l l  e f f i c i enc ies  a re  more re-  
l i a b l e  than estimates of f u e l  c e l l  powerplant costs.  However, a 
number of important generalizations r e l a t i n g  t o  c o s t  can be drawn 
from the  ECAS Study. 

The f i r s t  i s  t h a t  s ince  the f u e l  c e l l  systems i n  ECAS Phase 1 
had not  been optimized lower c o s t  systems a r e  possible. For the  SE 
high temperature powerplant system, 'this is  especia l ly  l i k e l y  v ia  
a more thorough system in teg ra t ion  than had been poss ib le  i n  t h e  
scope of Phase.1. This f a c t  was made evident from the  r e s u l t s  of 
Phase 2 which"consisted of 11 conceptual design cases,  including a 
molten carbonate fuel .  c e l l  powerplant system. These Phase 2 re-  
sults w i l l  be covered b r i e f l y  in the  presentation t o  i l l u s t r a t e  
the  impact of more de ta i l ed  treatments including p a r t i a l  optimiza- 
t ion .  

One of the  most important cos t  considerations f o r  the  SE sys- 
tem is  l i f e .  For all t he  f u e l  c e l l  systems studied in ECAS, both 
low temperature and high temperature, the e f f e c t  of f u e l  c e l l . u s e -  
ful l i f e  upon COE is  pronounced u n t i l  a t  l e a s t  30,000 hours. For 
the Westinghouse SE systems which were based upon 10,000-hour l i f e ,  
increas ing l i f e  t o  beyond 30,000 hours could lower COE'to the  l ave r  
30's mills/kW-hr. However, f o r  the  SE f u e l  c e l l s  which have been 
operated, l e s s  than 1000 hours l i f e  has been demonstrated. This 
represents  a major materials  hurdle. 



Performance a f f e c t s  COE i n  a number of ways. Efficiency 
d i r e c t l y  a f f e c t s  the f u e l  component i n  the  COE. I n  addit ion,  f u e l  
c e l l  power density a f f e c t s  the  c a p i t a l  and the  06M components of 
COE. Higher power density reduces required c e l l  a rea  and, there- 
fo re ,  c o s t  (assuming all u n i t  cos t s  remain t h e  same). Thus, even 
though t h e  GE SE cases were based upon a 40,000-hour l i f e ,  the  
COE's were a s  high a s  those of the  Westinghouse 10,000-hour cases 
because of lower power density and efficiency.  

I n  conclusion, the  SE f u e l  c e l l  has the  po ten t i a l  t o  be the  
hea r t  of  a very fue l - e f f i c i en t  in tegra ted  powerplant system f o r  
base load  generation of e l e c t r i c i t y  from coal. The a b i l i t y  of 
t h i s  system t o  achieve an a t t r a c t i v e  COE is  d i r e c t l y  r e l a t ed  t o  
achieving a SE technology capable of maintaining high power den- 
s i t y  f o r  30,000' hours and achieving optimum in teg ra t ion  of the  
balance of p l an t  through design, subsystems technology, and trade- 
o f f  analyses within the  t o t a l  system. 

REFERENCES 

1. Comparative Evaluation of Phase 1 Results  from the  Energy Con- 
version Alternatives Study (ECAS). NASA TM X-71855, 1976. 

2. Energy Conversion Alternatives Study (ECAS), General E lec t r i c  
Phase 1 Final  Report. NASA CR-134948, 1976. 

3. Energy Conversion Al ternat ives  Study (ECAS) ,' Westinghouse 
Phase 1 Final  Report. NASA CR-134941, 1976. 



C 0- - Lartemperaturp fuel cell 

Westinghouse. 0 - nigh-temperature fuel cell 

Fuellair or Open symbols denote G. L data 
80 fuellmcygen SolW symbolsdenote.Westiqhouse 

(no hydrogen cases) data 

'-General Electric: 
LBNla l r  wHh 
steam bottoming 

alr w hydrqpnloxygen 

a' 0 I 0  1, . lo  .A .I, . .d 
O w a l l  energy efficiency 

Figure 5.11-5. Energy efficiency - cost of electricity 
map for.various types of fuel-cell poverplants. 



S H O R T  S U M M A R Y  O F  R E S U L T S  

" I N T E G R A T E D "  S E  C A S E S  

A. GE 

4 SEPOWERPIANTS WlTH STEAM BOl lOMING CYCLE 

PARAMETER (1) (2) (3) (4) 

FUELIOX I DANT LBTUIAIR -> 
TEMP., OF 1832 A 
EL~C~HULYTE THICKNESS, cl11 a 051 - 0.013 . 

CURRENT DENSITY, ASF 200 200 700 700 
CELL VOLTAGE, V 0.59 0. 59 0.18 0.42 

POWER OUTPUT, M W  1112 1111 632 824 
FUEL CELL LIFE, HR 90, > 

RESULTS 

OVERALL EFF., % 32 34 25 28 
COE. MlLLSlKWlHR 45 44 45 42 

0. WESTINCHOUSE 

- (5) WESTINGHOUSE SE POWERPIANT WlTH STEAM B O l l O M l N G  
CYCLE 

- (6) WESTINGHOUSE SE POWERPIANT INTEGRATED WlTH GASIFIER 

- (7) WESTINGHOUSE SE POWERPLANT INTEGRATED WITH GASI -  
FIER AND WlTH STEAM B O l l O M l N G  CYCLE 

PARAMETER ( 5 )  (6) (7 

F1IEI.IOX IDANT l BTUlA l R l BTUlA l R LBTUlA l R 

TEMP., OF 1832 1832 1832 

ELECTROLME THICKNESS, cm 0.004 0.002 0. OM 

CURRENT DENSITY, ASF 400 800 400 

CELL VOLTAGE, V 0.66 .O. 68 0. 5t, 

POWFR OUTPUT, MW 1164 21 9 1064 

FUEL CELL LIFE, HR 1Q OOO 10,000 10,000 

RESULTS 
OVEKAU EFF., % 
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STUDIES ON GLASS COMPOSITES AND DOPED RUTILE AS 
INTERCONNECTION MATERIALS * 

P. G. Russell, H. S. Isaacs, A. C. C. Tseungt, 
and S. Srinivasan 

Department of Applied Science 
Brookhaven National Laboratory 

Upton, New York 11973 

The main problem hindering the successful development of 
a solid oxide electrolyte fuel cell is the crackin observed 
in fuel cell stacks, caused by the difference in t%e coeff i- 
cient of thermal expansion Of the chromium sesquioxide, Ct2O3, 
interconnection materia1,and the stabilized zirconia support 
tube and electrolyte(1). Recently,a mechanically stronger 
nickel-zirconia cermet structure was obtained by carrying out 
the reduction of the nickel oxide component at 13500C, i.e., 
closer to the sintering temperature(2). This development which 
gives a stronger anode bond both to the porous support tube and 
to the Cr203 interconnection layer, may overcome the cracking 
problem. Nevertheless, alternative oxide systems with improved 
coefficients of thermal expansion offer a more reliable long- 
term sslution. 

Any interconnection material that gives an adequate per- 
formance at the proposed operating stack temperature of 1000°C 
must meet the following criteria(1): (a) "chemical stability 
in air and fuel gas; (b) resistivity in the working environment 
of less than 50 ohm cm; (c) thermal expansion characteristics 
compatible with other fuel cell components; (d) nonreactivity 
toward other components; (e) fabricability as a gas-impervious 
layer, 40 pm or less in thickness;" (£1 no phase changes or 
recrystallization after extended periods of time; and (g) no 
significant mass transfer effects under the chemical gradient 
which, for example, may lead to the formation of voids and/or 
hiqh resistance contacts. Furthermore, additional thermal 
stresses will be present due to temperature differences in the 
system. A number of mixed oxide systems are being considered, 
which may satisfy these requirements. 

A different approach is to use an interconnection material 
which is plastic and has a low modulus of elasticity at the 
temperature of operation. In this case, differences in the 
coefficient of thermal expansion between the interconnector 

in his work was done under the auspices of the U.S. Department 
.of Energy. 

?Visiting Scientist from the Department of Chemistry, The City 
Univoreitv, London, Ensland, 



and the solid oxide electrolyte and/or differences in the tempera- 
ture would give low stresses and the chances of cracking would 
be greatly reduced. Work at The City University of London(3) 
has shown that Fez03 doped with TiOZ and mixed with soda-lime 
glass forms a conducting and impemlous coating on mild steel. 
This method depends on using a semiconducting oxide that is 
pgrtially soluble in the glass at the sintering temperature. 
Partial precipitation of the dissolved oxide following the sinter- 
ing process should result in a composite material consisting of 
a conducting oxide phase within the glassy component. When a 

tinuous oxide phase forms, the conductivity of the composite 
1 be strongly dependent upon the conductive properties of 
semiconducting oxide. In the absence of extensive recrystalli- 

zation,the conductivity of a glassy phase containing the transition 
metal oxide, which may be electronic(5) would be an important 
factor. The advantages of this approach are: (a) the coefficient 
of thermal expansion of this material can be adjusted within 
wide limits by selecting different glasses and/or oxides; (b) there 
is a wider choice of semiconducting oxides since considerations 
of the coefficient o! thermal expansion are relaxed; (c) theo 
composite.coating has a very low modulus of elasticity at700 to 1200°c, 
thus greatly reducing thermal stresses in the cell; (d) it is 
far easier to obtain gas tightness since these materials are 
similar to enamels and glazes used in the ceramic industry. As 
an example, the electrical resistivity in a low melting silica 
glass containing lead ferrite c?ystals in close proximity.has 
been found to be. as low as *1 ohm cm at 500°C(4). 

Chromium sesquioxide was chosen as a reference material 
because of its previous use in a high temperature fuel cell 
stack. Samples containing Cr203 and lead glass (Corning #0120) 
in a 1:l ratio by 'volume were slntered at 1 2 0 0 ~ ~ .  With this 
sintering temperature the room temperature resistivity is about 
lo8 ohm cm, while the values at 1000°c are *lo5 ohm cm. Much lower 
values would have been observed if samples containing less glass 
had been sintered at higher temperatures (*17000C). Chromium 
sesquioxide is only slightly soluble in silica at a high tempera- 
ture and is not a suitable oxide for use in an interconnection 
composite. 

Initial measurements 'showed that sintered pellets of Ti- 
doped Fez03 have a room t'emperature resistivity of less than 
100 ohm cm. Room temperature resistivity measurements (Figure 1) 
were made on a series of Ti-doped Fe203 pellets, pressed at room 
temperature and 12,000 psi, which were slntered for 24 hours at 

3110'00~ and 12000C. Some contact resistance is included in 
is& measurements. The resistivity decreases rapidly to a 

.---limum value upon the addition of a small amount of Ti02 and 
then increases more slowly in a linear fashion with further 
additions. The minimum value at room temperature was observed 



with a 1.5 at % (1000 ohm cm) and a 0.7 at % (35 ohm cm) 
Ti-doped Fe203 pellet for sintering temperatures of 1000 and 
1200°C, respectively. These results are in good agreement with 
the previous work.on glazes containing Fe203 doped with Ti02 
or SnOZ where an %lat % impurity ion content gives a minimum 
value In the surface resistivity(6). Titanium increases the 
conductivity as it enters the octahedral site.of the Fe3Oq sp'inel 

le3.+ [le:L2x Ti:]' O4 , where x 5 0.2, by increasing the 

numbe; of le2+ ions present. The charge hopping conduction 
mechanism is due to rapid electron transfer between le2+ and 
le3+ cations on adjacent octahedral sites which are closer 
to ether than the tetrahedral sites(7). The small number of 9 Fe + ions, obtained under the'slntering condl lbnS, aCCOUntS 
for the high resistivity in the absence of T i f +  ions. 

: = 
1 
I 

SlNTERlNG CONDITIONS 
o n  =IOOO°C FOR 24 hn 
=:12nn0r. FnR 24hrs 

F i g u r e  1. Log p versus a t  % Ti-doped Fe203 



Room temperature resistivity measurements were made on two 
series. of Ti-doped Fe203-glass composite materials sintered for 
24 hours at 1200°c (Figure 2) . In the series containing soda- 
lime glass,the logarithm of the resistivity increases in a 
linear fashion with the wt % glass (A log p/A wt % 2 0.04 ohm cm/wt $1, 
while in the series containing borosilicate glass the resistivity 
remains appaoximately constant as the amount of glass is increased 
to 16.7 wt %. 

SlNTERlNG TIME 24 hrs 
SODA LIME 

. 1000°C #0081  
'1200°C 0 .70  ATOM O/O Ti 

DOPED Fez 03 
8OROSlLlCATE 

-120O0C # 7 0 5 2  
0 .94  ATOM O/O Ti 
DOPED Fez% 

' 12OO0C SILICA 
b 7 9 3 0  

@DENSITY -lO/oTi 
DOPED FezOS 

wt ?/o GLASS IN Ti DOPED Fe203 

F i g u r e  2 .  Log p versus Ti-doped Fe2O3 - w t  % 
g l a s s  composites.  

In each case, the minimum value of the resistivity occurs 
close to the maximum relative 'density. A maximum densification 
of %88% was obtained with a sample containing 2.14 wt % soda- 
ime glass sintered at 1200°c. A densification of over 95% has 
leen reported previously with a Ti-doped Fe2O3 sample containing 
10 wt % soda-lime glass sintered at 1250°C(3). With a 25 wt % 
silica glass having a densification of s83%,the resistivity is 



still relatively Tow (%lo0 ohm an). Although the resistivity at 
100.00~ in air would be 2 to 3 orders of magnitude less than at. 
room temperature,-the-se composites must be chemically stable in a 
H2 environment. 

The chemical stability of these materials was examined in a 
H environment at 1 0 0 0 ~ ~ .  A number of samples containing 1 at% 
Tf-doped Pe203 and borosilicate glass were kept at 1 0 0 0 ~ ~  for 
96 hours in an argon +'8'.5% H2 mixture. In each case, the iron 
oxide component was reduced to metallic iron, the weight loss 
corresponding closely to the oxygen'content of the Fez03 present 
in the glass. Additional samples containing up to 75 wt % glass 
behaved in the same manner. These results rule out Fe20j-glass 
composites for use as an interconnection material since the 
glass does not prevent reduction by hydrogen. -In contrast, 
composites of Cr2O3 and soda-lime glass suffer a smaller weight 
loss (%3.5%) under the same conditions due to the formation of 
a volatile product that condenses downstream. High temperature 
glasses containing a chromite systein were not considered [or. 
further study. 

Doped rutile and alkaline earth titanates have been examined 
for use as interconnection materials. In previous work at 
Harwell(8), the examination of a large number of mixed oxides 
revealed that rutile (Ti02) was potentially useful as an inter- 
connectionpaterial in the YSZ solid oxide electrolyte fuel cell. 
The best results were obtained with Ti02 + 5 m/o Nb2O5, wh'eire the 
resistivity at lOOOOC was found to be 0.7.and 0.03 ohm cm in air 
and Hz, respectively. The rutile structure was retained after 
extended annealing at this temperature. 

Measurements were made in both'air and HZ on a Nb-doped 
Ti02 sgnple sintered at 1700°C (Figure 3). Hlgh resistivlties 
were observed at low temperatures'wheii the sample was tested 111 

air. The results obtained in air with decreasing temperature 
before and after treatment in H2 are in good agreement. The 
resistivity is lower in the reducing environment,and it increases 
with the tenperatwe, Here the hydrogen atoms in rutile act as 
electron donors(9) along with the interstitial Ti atoms. The 

. electronic mobility, which decreases with an increase in tempera- 
ture due to scattering effects, accounts for the increased 
resistivity observed here at higher temperature. 

The densification of Ti02 sintered at 1 7 0 0 ~ ~  was found to 
be about 83%. Since rutile is soluble in various glass composi- 
tions,-further densification could be obtained with the addition 
of small amounts of the proper glass.  his approach shuulil r'euul' 
in a gas-impervious sample having semiconducting proper'ties close 
to those of doped rutile in both air and hydrogen. 
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Figure 3. Log p versus Nb-doped TiOZ in both air 
and H2 environments. 
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OPTIMIZED ELECTROLYTIC DOMAIN BOUNDARIES 
I N  SOLID OXIDE ELECTROLYTES 

Harry L. T u l l e r  
' Massachusetts I n s t i t u t e  of Technology 

Department of  M a t e r i a l s  Science and Engineering 
Cambridge, Massachusetts 02139 

For many y e a r s  high oxygen i o n  conduction has  been 
known t o  e x i s t  i n  a  number o f  ox ides  which c r y s t a l l i z e  i n  
t h e  f l u o r i t e  s t r u c t u r e .  Enhanced conduction i n  t h e s e  oxides  
i s d u e  i n  l a r g e  P a r t  t o  t h e  r e a d i n e s s  wi th  which t h e  f l u o r i t e  
structure i n c o r p o r a t e s  l a r g e  numbers of  lower v a l e n t  i o n s  
i n t o  i ts  c a t i o n  s u b l a t t i c e  whi le  r e t a i n i n g  t h e  o v e r a l l  
s t r u c t u r e  i n t a c t :  The most s u c c e s s f u l  f l u o r i t e  t y p e  ox ide  
e l e c t r o l y t e s  have been based on t h e  ox ides  Zr02, Th02, Ce02 
and Hf02 having a d d i t i o n s  of  a l k a l i n e  e a r t h  ox ides ,  Sc2O3, 
Y203 o r  r a r e  e a r t h  ox ides  (1). These s u b s t i t u t i o n a l  lower 
v a l e n t  c a t i o n s  cause  t h e  format ion o f  anion vacancies  t o  
p rese rve  e l e c t r o n e u t r a l i t y .  The r e s u l t i n g  i n c r e a s e  i n  
oxygen i o n  c o n d u c t i v i t y  l e a d s  t o  e x c l u s i v e l y  i o n i c  conduction 
wi th in  c e r t a i n  ranges  o f  temperature  and oxygen p r e s s u r e .  
T h i s  r eg ion  i n  Po2, T space i s  o f t e n  c a l l e d  t h e  " e l e c t r o l y t i c  
domain". I t  i s  p r i m a r i l y  w i t h i n  t h i s  domain t h a t  t h e  above 
ox ides  may be expected t o  f u n c t i o n  a s  s o l i d  oxide e l e c t r o -  
l y t e s  i n  such a p p l i c a t i o n s  a s  e lec t rochemica l  probes ,  
oxygen pumps and s o l i d  s t a t e  f u e l  c e l l s .  Never theless ,  t h e  
p o s i t i o n s  o f  t h e s e  e l e c t r o l y t i c  domain boundar ies  have on ly  
been mapped o u t  p r e c i s e l y  f o r  a  l i m i t e d  number of p o t e n t i a l  
e l e c t r o l y t e s  ( 2 , 3 ) .  I n  a lmost  no c a s e  has  a  sys temat ic  
s tudy  been performed t o  i d e n t i f y  t h e  dopant and concentra t ion 
of  dopant which would l e a d  t o  optimized e l e c t r o l y t i c  
behavior .  I n  t h i s  paper  we w i l l  f i r s t  o u t l i n e  t h e  major 
requirements  f o r  optimized e l e c t r o l y t i c  behavior  and then  
revlew r e c e n t  experimental d a t a  which can be  d t % l i Z e d  i n  
e s t a b l i s h i n g  t h e  above requirements  o r  c o n d i t i o n s  f o r  a  
number o f  s o l i d  e l e c t r o l y t e s  based on t h e  c e r i a  and t h o r i a  
systems. 

The o p e r a t i o n  of  t h e  above e lec t rochemica l  dev ices  a l l  
depend on t h e  a b i l i t y  t o  e s t a b l i s h  a  s t a b l e  emf a c r o s s  an 
e l e c t r o l y t e  due t o  t h e  imposi t ion of an oxygen concen t ra t ion  
g r a d i e n t .  This  "Nernst" emf may under open circuit cond i t -  
i o n s  be approximated by ( 1) 
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E = ti RT/4F Rn (Po2/Po2) ; ti - 1 (1) 

w i t h  R and F r e p r e s e n t i n g  t h e  gas  and Faraday c o n s t a n t s  
r e s p e c t i v e l y , a n d  ti t h e  i o n i c  t r a n s p o r t  number de f ined  a s  



the fraction of the total conductivity which is ionic in 
nature. This configuration may, for instance, be used as 
a thermochemical probe to determine the oxygen activity of 
a system when pG2 is fixed at a known reference state. If 
an external load is connected across the oxygen ion 
conducting electrolyte, current will flow causing oxidation 
of the fuel gas at the anode and resulting in the direct 
conversion of chemical to electrical energy. In this mode 
the cell can be said to be operating as a "fuel cell". 

The two major parameters which control the relative 
usefulness of a given solid electrolyte are 

1. the magnitude of the ionic conductivity, Ui 
2. the size of the electrolytic domain. 

The first parameter is particularly important in fuel 
cell applications since the magnitude of a i  controls the 
internal resistance of the cell. The ability to pass high 
current densities depends, at least in part, on having 
sufficiently low internal cell resistances and therefore 
relatively high ails. Adequate levels of conductivity are 
usually only achieved for temperatures above 800-1000°C'in 
these oxide electrolytes. For sensor applications this 
requirement is not as critical, but Qne still needs 
sufficiently high U~'S so that equilibration times do not 
become excessively long. 

The second parameter, i.e., the extent of exclusive 
ionic conductivity (ti> 0.99),controls themaximumemfobtain- 
able under equilibrium conditions (see Eq. (1)). This is 
due to the fact that difficulties occur when the electronic 
conductivity becomes a significant fraction of the total 
conductivity. This causes a drop in the emf (due to 
decreasing ti) as well as allowing mass transport within 
the electrolyte even under open circuit conditions. For 
applications such as in thermodynamic probes,problems 
already arise when the electronic conductivity approaches 
%1% ( 4  ) of the total (i.e., for ti ( 0.99) . For fuel 
cell operation,up to %15% electronic conduction may still 
be tolerated (5). Electrolytes which exhibit exclusive 
ionic conduction over a wide range of conditions are 
therefore most desirable. Such properties are, for 
instance, exhibited by calcia stabilized zirconia ( C S Z ) ,  
which maintains an ionic transport number, ti > 0.99 at 
1000°C over a .Po2 range of from lo5 - atm ( 4 )  - 
i.e., over ~ 2 5  orders of magnitude! 

To summarize for optimum operation of a solid oxide 
electrulyte, one desires 

a) maximum possible magnitude of ionic conductivity 
b) as wide a range of ,operating conditions as 

possible 
C) minimal electronic contributions over the entire 

operating range. 



Unfortunately these  requirements do not  always go 
hand i n  hand. For instance t o  obta in  increased U i  one 
would move'to higher operat ing temperatures, but  t h i s  
could,,at the  same t ime, . resul t  i n  a shrinkage of t h e  e lec t ro-  
l y t i c  domain,not t o  mention the  general  problem assoc ia ted  
with decreased mater ia l s  s t a b i l i t y  a t  e levated temperatures. 
One must therefore  determine the optimum condit ions f o r  
which one obta ins  s u f f i c i e n t l y  high U i  ( t he  ac tua l  magnitude 
depending on how t h i n  one can f a b r i c a t e  t he  e l e c t r o l y t e )  
while s t i l l  maintaining a s u f f i c i e n t l y  wide domain. I n  
t h e  present  paper.we attempt t o  c o r r e l a t e  t h e  magnitude o f .  
t h e  i o n i c  conduction parameters and loca t ion  of t h e  e lec t ro-  
l y t i c  domain boundaries t o  both t he  type and concentrat ion 
of lower va len t  dopants used i n  t h e  f ab r i ca t i on  of c e r i a  
and t h o r i a  oxide e l ec t ro ly t e s , and  thereby determine the  
optimum composition and operat ing condit ions f o r  these  
e l ec t ro ly t e s .  

THEORY 

Ionic  Conductivity: I n  t he  oxide e l e c t r o l y t e s  considered 
herei ' the ...-+ ncentrat ion of mobile i on i c  de fec t s  (doubly 
ionized oxygen vacancies, VC; ) is  g rea t ly  enhanced above 
i n t r i n s i c  l e v e l s  by doping with lower va len t  ca t ions ,  eg., 
ca2+ and/or ~ 3 + .  The concentrat ion of these mobile i o n l c  
defec ts ,  n i  given by the  e l ec t roneu t r a l i t y  equation a s  

bhere M i s  the  appropriate  quadravalent ca t i on  of t h e  hos t  
l a t t i c e )  i s  therefore  expected t o  remain p r a c t i c a l l y  
independent of temperature and Po2. The ion i c  conductivi ty 
a i  however, given by 

w i l l  show the  temperature ac t i va t ed  dependence of i t s  
defec t  mobil i ty  p i .  Following the.above equations the  
i on i c  conductivi ty is  expected t o  increase l i n e a r l y  with 
dopant concentrat ion (Eq. 2)  and exponential ly with T,with 
an ac t iva t ion  enthalpy A H i  independent of dopant. 
Experimental evidence t o  be presented l a t e r  show,. however, 
t h a t  these  r e l a t i onsh ips  a r e  t r u e  only a t  small dopant 
l eve l s .  

E l ec t ro l  t i c  Domain Boundaries and Elec t ronic  Conductivity: 
Under su%ic i en t ly  reducing o r  oxidizing conditi0nS a l l  



solids display some degree of nonstoichiometry which is 
almost always accompanied by electronic defects viz., 
electrons or holes. By considering the appropriate mass , 

action relations it can easily be shown (6) that the 
electron contribution, important under reducing conditions, 
takes the form 

while the electron-hole contribution under oxidizing 
conditions takes the f orm 

= -  2 exp (-AHh/kT) Po2 +1/4 
where AH and AH , the activation enthalpies for electrons 
and holes respecpively, include contributions both for 
defect formation and motion (when transport is by the 
hoppinq/yodel). One also finds (6) that De is proportional 
to ni- whlle (7) Dh is proportional to ni+1/2. From the 
above relations one expects the smallest overall electronic 
contributions and therefore the largest domains at low 
temperatures. (Note that enhanced ai is obtained instead 

. at elevated temperatures.) As far as the effects of dopant 
levels are concerned, the above shows that high dopant 
levels depress electron contributions while enhancing hole 
contributions in these electrolytes. 

One may experimentally locate .the positions of the 
domain boundaries and thereby check the validity of the 
above predictions by taking advantage of the fact that the 
e.lectronic contributions are strongly Po2 dependent while 
the ionic conductivity is not. By measuring the total 
conductivity at as a function of Po2 one can identify ui 
from the "plateau" in the data and a, from the difference 
between the total conductivity and Ui. One therefore 
has the means for determining the ionic transport number ti 
as a function of Po2 at each isotherm. 

One obtains an equation defining the electrolytic 
domain.boundaries by taking the ratio of the ionic to 
electronic conductivity in terms of ti given by 

u - ti 
iia. - -  ( 6 )  

electronic 

.S~~J~stituting in the above definitions for ui and aelectronic 
(ae or Oh) and solving for En Po2 one obtains 



under reducing c o n d i t i o n s  and 

under o x i d i z i n g  c o n d i t i o n s .  Thus one expec t s  t o  f i n d  a 
l i n e a r  dependence between Ln Po2 and 1/T. With t h e  above 
equa t ions ,  which combine t h e  c o n t r i b u t i o n s  of both t h e  
i o n i c  and e l e c t r o n i c  c a r r i e r s ,  it becomes p o s s i b l e  t o  
p r e d i c t  how t h e  l o c a t i o n  of t h e  domain boundar ies  .depend, f o r  
ins tance ,on  temperature  and dopant concen t ra t ion .  From t h e  
above r e l a t i o n s  it a l s o  beconles c l e a r ,  t h a t  
t h e  e l e c t r o l y t i c  domain need n o t  n e c e s s a r i l y  s h r i n k  a t  
nlpvat.ed temperatures ,  This w i l l  de  end on whether A H i  i s  
g r e a t e r  o r  l e s s  than  AHe and AHh. Sfrni lar ly  tire drpeiidenca 
on dopant c o n c e n t r a t i o n  can be p r e d i c t e d  from t h e  r a t i o s  
De /Ci  and Ci/Dh which,accordin  t o  t h e  @ve r e l a t i o n s ,  
should be  p r o p o r t i o n a l  t o  ni'332 and n i  r e s p e c t i v e l y .  
S ince  one d e s i r e s  Ln Po2(reducing)  to  be a s  low as p u s s i b l e  
and Ln Po2(oxidiz ing)  a s  h igh  a s  poss ib le ,  one would 
op t imal ly  choose a h igh  va lue  of  n i  and t h e r e f o r e  a high 
dopant l e v e l .  

One can use  t h e  above t echn ique  most e a s i l y  f o r  s o l i d s  
which e x h i b i t  a Po2 dependent r eg ion  of  a t  w i t h i n  a c c e s s i b l e  
exper imental  c o n d i t i o n s .  T h i s  o c c u r s ' f o r  i n s t a n c e  f o r  Ce02 
e l e c t r o l y t e s  f o r  Po2 's  < 10-4 - 10-lO atm ( 3  ) and f o r  Tho2 
e l e c t r o l y t e s  f o r  Po2 's  > 10-4 - 10-6 atm ( 7  ) a t  temperatures  
above s700-800°C. T h i s  i s  n o t  t h e  c a s e  however f o r  
s t a b i l i z e d  Zr02 which only begins  t o  g e n e r a t e  e l e c t r o n s  f o r  
~ 0 2 ' s  < 10-20 atm a t  1 0 0 0 ~ ~ .  - 

Experimental  r e s u l t s  o b t a i n e d  f o r  Ce02 and Tho2 
e l e c t r o l y t e s  doped w i t h  va r ious  types  and c o n c e n t r a t i o n s  .of  
i m p u r i t i e s  w i l l  be analyzed i n  t h e  n e x t  s e c t i o n  and compared 
wi th  t h e  p r e d i c t i o n s  ob ta ined  above. Furthermore,  s i n c e  
both pure  Ce02 and Tho2 c r y s t a l l i z e  i n  t h e  f l u o r i t e  
s t r u c t u r e  (Zr02 must be " s t a b i l i z e d "  i n t o  t h e  f l u o r i t e  
s t r u c t u r e  by a minimum of s10  m/o dopant) t h e  e f f e c t  of 
va r ious  dopants  on t h e  magnitude of  o l ,  t l ~ e  en tha lpy  of 
motion A H i  and t h e  l o c a t i o n  o f  t h e  domain boundar ies  may be 
s t u d i e d  a s  a f u n c t i o n  of  dopant c o n c e n t r a t i o n  a t  smal l  a s  
w e l l  a s  a t  l a r g e  dopant l e v e l s .  

RESULTS AND DISCUSSION 

Data f o r  t h e  v a r i a t i o n  of  c o n d u c t i v i t y  a s  a f u n c t i o n  
of  Po2, o b t a i n e d  r e c e n t l y  by t h e  au thor  ( 6 ) ,  f o r  CeO2 + 
5 m/o Nd2O3 a r e  p resen ted  i n  Fig .  1. 'The p r e d i c t e d  Po2 
dependence of  t h e  o v e r a l l  c o n d u c t i v i t y  is  observed! i . e . ,  
a Po2 independent  component ( a i )  a t  h i g h  Po2 's  and a po2-1i4 



dependent' component (electrons) at low Po2's as indicated 
by the solid curves (ae = at - a=). Similar curves were 
obtained for CeO2+2 and 7 1/2 m/o Nd2O3 and Ce02+ 5, 7 1/2 
and 10 m/o Y2O3 in the same study (6). ,For Tho2 + Y203 
electrolytes, on the other hand, the Po2 independent reglon 
has been observed by.Lasker and Rapp (7) to be at low P02's, 
while at high Pea's, a po2+1/4 dependence (ah = at - ai) 
is obtained indicating instead positive-hole contributions. 
Plots of the electrolytic domains for CeO2 + 5 m/o CaO, 
Nd2O3 and Y2O3 are presented in Fig. 2. The data points' 
shown represent the conditions of Poz'and T for which ti = 
1/2 for the various electrolytes. These were obtained (6) 
from a vs. log Po2 data of the type shown in Fig. 1 in the 
manner described above. The data points are seen to fall 
on a straight line (within experimental error) as predicted 
from Eq. (7). The slopes as well as the locations of 
these electrolytic boundaries can be seen to be strongly 
dependent on.the type of dopant. At-least. for this dopant 
concentration,additions of Y2O3 appear to result in the 
largest electrolytic domain. Values for AHe - AHi obtained 
.from the slopes 0.f these curves (Eq. 7) and other data on 
ceria electrolytes (3, 6 and 8 ) are listed in the first ' 

column of Table 1 as a function of composition. These 
values show a general tendency to decrease with increasing 
dopant concentrations. It thus appears that' the earlier 
assumption made,i.e., that these activation energies AHi 

Figure 1. Electrical conductivity Figure 2. Comparison of data for 
of Ce02 + 5 m/o NdzOj measured iso- leg P0g vs. T-1 at ti - 112 for 
thermally as a function of oxygen three different.ceria solid solu- 
partial pressure (6). The solid tions with equal dopant levels - - 
curves represent the electronic ( 6 ) .  Ce02 + 5 m/o Y203 is seen 
component, oe. to exhibit the largest electro- 

lytic domain of the three at low 
Po2's. 



TABLE 1 

Ionic and Electronic Conduction Parameters 

of Selected Ceria Electrolytes 

AH  AH^ 'i  AH^ u i ( l ~ ~ ~ O ~ )  
De AHe 

(ev) ( l o 5 ~ Q c m )  (ev) (10-~/Qcm) ( 1 0 ' ~  a t~nl /~ /~crn)  (ev) 

CaO 

'and AHe remain independent of dopant level, appears to be 
contradidted. 

Even more dramatic effects :of composition on the 
position and slopes of the domain boundaries can be observed 
in Fig. 3 for the thoria-yttria system where the yttria 
content varies from( 0.42 - 12.5 m/o Y203. Not only do the 
slopes of the curves vary dramatically from low to high 
dopant levels butthe size or extent of the domain is seen 
to pass through a maxima,at hiqh dopant levels i.n cnntradic- 
r f O f i  to our earlier predictions. An interesting.observation 
to be made is that in the thoria system the domain at high 
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Figure 3 .  Comparison of data for log PO2 vs .  a t  
t i  = 112 for a series of Tho2 + Y203 solid solutions. 
Data points were derived from data of Lasker and Rapp 
( 7 ) .  In almost a l l  cases, the electrolytic domain 
(at  high Po2's) increases with increasing temperature. 

Po2's'actually increases with increasing temperature, 
2articularly for the lower dopant levels, thus indicating 
that AHi > AHh in these solids. 

To unders,tand the above resultsmore clearly, it is 
useful to separate out the ionic and electronic contributions 
in Eqs. (7) and ( 8 ) .  For ceria electrolytes, for instance, 
we know the conductivity to be entirely ionic at high'Poils. 
Thus by measuring the conductivity in pure oxygen as a func- 
tion of temperature, one may obtain experimental values for 
Ci and AHi for the various solid solutions. Values for 
these parameters so obtained experimentally as well as Ui 
(lOOO°K) are presented in Table 1. qor dopant levels up to 
5-10 m/o, all the systems seem to show a consistent value . 
for AHj%0.7 - 0.8eV in agreement with predictions. Similarly, 
in this dopant.range, Ui (lOOO°K) is, as expected, roughly 
linear with concentration of a given dopant but does show a 
sensitivity to the type of dopant added 

ui [Ce02 + 5 m/o Gd203] 
(e.g., = 2.6). 

ui [Ce02 + 5 m/o Nd2O31 
, 

At larger dopant levels AHi increases rapidly with further 
increases of dopant while Ui is observed to pass through a 
maxima. Similar maxima in Ui have previously been observed 
for Zr02 (1) and Tho2 (4) electrolytes, the cause of which 
has generally been attributed to vacancy ordering. Given 
this information one may, with the aid of Eq. ( 7 1 ,  determine 
the values of De and AHe from the experimental data. Values 
for De and,AHe so obtained are also listed in Table 1. One 
finds that AHe, which is primarily associated with the 
formation energy of electrons or the ease with which the 
solid deviates from stoichiometry, generally decreases with 



increas ing  dopant l e v e l s  ( 6 ) .  This e f f e c t  p lus  t he  maxima 
exhib i ted  by U i  a t  high dopant l e v e l s  explains  why the  
domain s i z e  i t s e l f  goes through a  maxima a t  some concentraticm 
of dopant. What appears t o  be occurr ing a t  these  high 
dopant l e v e l s  i s  t h a t  u i  i s  decreasing due t o  ordering 
e f f e c t s  while,  a t  t he  same'time, ue i s  increas ing  due t o  
increased devia t ions  from stoichiometry (6 ) .  

I t  t he re fo re  becomes c l e a r  a t  t h i s  po in t  t h a t  c e r t a i n  
types of  dopants not  only g ive  higher  i o n i c  conduct iv i t i es  
than o t h e r s  ( f o r  a  given e l e c t r o l y t e  hos t )  but  a l s o  more 
ex tens ive  domains. S imi la r ly  f o r  a .g iven  dopant, t he r e  
e x i s t  optimum concentrat ions wi th  respec t  t o  t he  magnitude 
of U i  and t o  t he  s i z e  of the  e l e c t r o l y t i c  domain-the two 
not  being necessar i ly  i d e n t i c a l .  The exac t  choice of type 
and concentratiori  of dopant w i l l  depend on t he  s p e c i f i c  
appl ica t ion .  For f u e l  c e l l s ,  f o r  example, one would l i k e l y  
choose a  higher  a i  a t  t he  expense of a  somewhat smaller  
domain. The reverse  would be t r u e  f o r  sensor  appl ica t ions .  

I n  conclusion, it has been shown t h a t . t h e  two most 
important parameters con t ro l l i ng  e l e c t r o l y t i c  behavior,  
u i  and domain s i z e ,  a r e  very s e n s i t i v e  t o  both dopant type 
and concentrat ion.  X t  was f u r t h e r  shown experimentally 
t h a t  both these  parameters can be optimized separa te ly  by 
choosing t he  apl j ropriate  s o l i d  solut ions,while  t he  f i n a l  
choice of composition depends on t h e  s p e c i f i c  requirements 
imposed upon t h e  '@lectroly.te.  
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ELECTRODE REACTIONS, AND ELECTROLYTE DECOMPOSITION 
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I. Introduction 

This paper will discuss several factors which can provide fundamen- 
tal limitations to the application of solid electrolytes in high tempera- 
ture fuel cells. Although specific experiments are discussed which have 
been performed on ZrOZ the principles that are involved can ha appli.sd to 
any solid electrolyte. Topics to be discussed include electronic conduc- 
tivity and an experimental technique for the separation of the concentra- 
tions and mobilities of electrons and holes, reactions between the solid 
electrolyte and the electrode material, especially at low oxygen partial 
pressures, and a method for the experimental determination of the decom- 
position potential of solid electrolytes that have some electronic con- 
duction. 

11. Concentrations and Mobilities of Electrons and Holes in Doped ZrO 2 
Zirconia,which is stabilizedin the cubic Cab' structure by the in- 

corporation of several mole % of yttria or some ott?er lower valent oxide, 
has a high and predominantly ionic conductivity at elevated temperatures. 
It has been considered for use in various technological applications such 
as fuel cells and oxygen sensors. Such uses may be limited, however, if 
either electrons or holes make appreciable contributions to the total 
conductivity. Such electronic transport acts as a partial internal elec- 
trical short circuit, thus reducing the cell voltage and the efficiency 
of the  system. 

Several previous studies have been concerned with the partial elec- 
tronic conductivities of several doped zirconia compositions (e.g., 1-4). 
Little information exists, however, on the separate contributions of the 
concentrations and mobilities of the two electronic r.hhilree carriers. In- 
stead attention has been given only to the influence of oxygen partial 
pressure and temperature upon the total electronic conductivity. Separa- 
titon of the concentration and mobility contributions may provide guidance 
concerning the effectiveness of doping and the relative i.mpnrtance of var- 
ious types of impurlrles in the design of new solid electrolytes or im- 
provements upon existing ones. 

Experiments will be described in which the diffusion coefficients 
(related to the mobilities) of electrons-and holes have been separately 
measured in samples of 10 mole % yttria-doped zirconia (Zr Y 0 ) as a 
functiou UP the temperature. By use of data on the electr&i2da hole 
conductivities, the concentrations of electrons and hn . l .~n  h a w  heen calc1.1- 



. . 
l a t e d  a s  a funct ion.of  the  oxygen p a r t i a l  pressure  and temperature. 

The technique whj.ch was used t o  determine t h e  d i f fus ion  coe f f i c i en t s  
of the  e l e c t r o n i c  species  involved measurements of the  time dependence of 
the  vol tage r e l axa t ion  of the' following galvanic  c e l l .  . 

I 
I n e r t  

I 1 2r9y20~1  I Oxygen Reference Atmosphere ' Electrode 

At one s i d e  t h e  e l e c t r o l y t e  is exposed t o  a defined reference oxygen 
p a r t i a l  pressure ,  e i t h e r  a mixture of Fe and "FeO" o r  a i r ,  using a porous 
platinum e lec t rode  a s  a current  co l l ec to r .  An i n e r t  atmosphere, e i t h e r  
n i t rogen o r  argon, of very small  volume, is present  a t  t he  o the r  s ide .  
E l e c t r i c a l  contacts  were made using sput tered s i l v e r  layers .  Platinum, 
and a number of o the r  metals,  may not  be  used i n  contact  with the  i n e r t  
atmosphere because of t h e  p o s s i b i l i t y  of the  formation of zirconium - 
metal compounds a t  low oxygen p a r t i a l  pressures  (5-7), a s  discussed 
l a t e r .  

I f  a p o s i t i v e  vol tage l e s s  than t h a t  which would decompose the  elec- 
t r o l y t e  is  applied t o  the  galvanic  c e l l ,  no i o n i c  current  can e x i s t  under 
steady s t a t e  condi t ions ,  s ince  t h e  i n e r t  e l ec t rode  is  no t  ab le  t o  supply 
oxygen ions.  Thus any current  which passes through t h e  c e l l  must be  due 
t o  t h e  t r anspor t  of e l e c t r o n i c  species .  The p a r t i a l  conduct ivi t ies  of 
the  e l ec t rons  and holes  can be  determined by use of the  Hebb-Wagner method 
(8,9). The r e s u l t s  f o r  ZrgY20Zl a r e  shown i n  Fig. 1. 

The chemical p o t e n t i a l  of t h e  oxygen ions  can b e  regarded a s  uniform 
throughout the  s o l i d  e l e c t r o l y t e  because of t h e  presence of a high concen- 
t r a t i o n  of oxygen vacancies ( lo ) ,  which is  e s s e n t i a l l y  independent of the  
oxygen p a r t i a l  pressure.  Likewise, t h e  electrochemical p o t e n t i a l  of the  
oxygen ions  is  approximately constant because of the  very high ionicconduc- 
t i v i t y  of t h e  so l id .  Therefore,  the  e l e c t r i c  f i e l d  which e x i s t s  wi thin  
t h e  s o l i d  e l e c t r o l y t e  must be neg l ig ib le .  As  a r e s u l t  t h e  t r anspor t  of 
e l ec t rons  and holes  is due,only t o  d i f fus ion  r e l a t e d  t o  concentration 
gradients ,  which we can assume obeys P ick ' s  laws. 

T f  a constant vol tage is  appl ied ac ross  t h e  galvanic  c e l l ,  a l i n e a r  
concentration gradient  of t h e  f r eva i l ing  conductive e l e c t r o n i c  species  
(holes a t  po g r e a t e r  than 10- 0 atm and e lec t rons  a t  p l e s s  than 10-10 
a t  900°C) i s 2  obtained a f t e z  steady s t a t e  is  reached. '2 I f ,  subse- 
quently,  t h i s  ex te rna l ly  appl ied vol tage is  switched o f f ,  t he  e l ec t ron  
and/or ho le  concentration p r o f i l e s  w i l l  tend t o  f l a t t e n  out  a s  a r e s u l t  
of t r anspor t  under the  inf luence of t h e i r  concentration g rad ien t s  



according t o  normal diffusion laws. The concentrations a t  the interfaces 
determine the c e l l  voltage and ' their time dependence can be measured and 
compared with expectations related t o  theoret ical  solutions of the diffh- 
s ion  equations. 

Additional fac tors  which must be taken i n t o  account include the ex- 
is tence of an i n t e r n a l  p-n junction, recombination and formation of elec- 
tron-hole pairs ,  and the equil13rium between the electron and hole con- 
centrations. 

The d e t a i l s  of t h i s  technique and the data  analysis have been pre- 
sented elsewhere (4, 11, 12). 

The values obtained f o r  the electron diffusion coeff icient  a s  well 
a s  those f o r  the diffusion coeff icient  of the holes a re  presented i n  
Fig. 2 ,  a s  a function of the temperature. It is  seen tha t  the diffusion 
coef f ic ien t  of the electrons i s  about 2 orders of magnitude greater  than 
t h a t  f o r  the holes, and also' has a lower act ivat ion enthalpy (0.56 eV 
versus 1.4 eV). For t h i s  reason the stoichiometric point a t  which the 
electron and hole concentrations a r e  equal occurs a t  an oxygen p a r t i a l  
pressure about 8 orders of magnitude lower than tha t  a t  which the con- 
d u c t i v i t i e s  a re  equal. 

The concentrations of e lectrons and holes have been calculated from 
the  conductivity and diffusion coeff icient  data  and the r e s u l t s  a r e  given 
i n  Fig. 3, a s  a. function of the oxygen p a r t i a l  pressure f o r  tempera- 
tu res  from 700 t o  900°C. 

From the temperature dependence of the product of the electron and 
hole concentrations the electronic  band gap is estimated t o  be about 
4.1 eV. 

111. Reaction Between Z r O g  and Electrode Material 
- 

Another matter tha t  may be l i fe- l imit ing or  may influence the kin- 
' 

e t i c s  o r  voltage range over which a so l id  e lec t ro ly te  f u e l  c e l l  can be 
operated involves possible reactions between the  e lec t ro ly te  and the 
electrode or interconnection materials.  A new dynamic method tha t  might 
be u t i l i z e d  t o  quant i ta t ively invest igate  electrolyte-electrodc react ions 
has been developed and applied t o  the case of Z r O  -Pt.  interact ions a t  
luw uxygau p a r t i a l  pressure. 2 

It was iound t h a t  voltage relaxat ion experiments using the config- 
urat ion mentioned e a r l i e r  were characterized by voltage plateaus which 
remained essen t ia l ly  constant over long periods of time, when platinum 
was used instead of s i l v e r  a t  the polarized low oxygen p a r t i a l  pressure 
electrode. The temperature dependence of the values of these voltage 
plateaus in the Zr02-Ptcase is.shown i n  Fig. 4. These data  can be re- 
l a ted  t o  the f r e e  e n e r h  of the  reaction between the Z r O  e lec t ro ly te  
and platinum compounds. By comparison with t h e ~ o d ~ n a m i g  data  avai lable  
i n  t h e ' l i t e r a t u r e  (6) i t  is possible  t o  iden t i fy  which spec i f ic  compounds 
a r e  formed, assuming tha t  the  f r e e ' e n e r b  of formation of the e lec t ro ly te  
i t s e l f  is already known; 



Figure 1. Partial electron and hole conductivities 
in ZrgY2021 as a function of the oxygen partial 
pressure. 

log D 

-6 

Figure 2. The electron and hole diffusion coefficients 
as a function of thc temperature. 



Figure 3. Concentrations of electrons and holes 
in ZrgY2021 o n  a function of the oxygen partial 
pressure. 

Figure 4. Temperature dependence of che ylaLeau 
voltage due to the formation of Pt-Zr compounds. 



Figure 5. Decomposition voltage of yttria- 
doped zirconia. 



IV. Stability Range of Solid Electrolyte 

Direct measurements of the range of stability of solid electrolytes 
are sometimes' difficult to make because of the screening effect of elec- 
tronic conduction before the voltage necessary for decomposition is 
reached. An alternate method that might be applicable in such cases in- 
volves the use of electrochemical cells in which electrolyte-electrode 
reactions are deliberately caused to occur. If thermodynamic data re- 
lated to these reaction products are available or readily measured, this 
method caq give information about the free energy of formation of. the 
electrolyte without compliaations due to electronic,conduction. 

This method has been used to measure for the first time the free 
energy of formation of doped cubic Zr02, using its interaction with a 
platinum electrode at low oxygen partial pressure. The decomposition 
voltage of ZrOg doped with 10 mole X Y203 as well as its free energy of 
formation are shown versus temperature in F,ig. 5. These data indicate 
that the doped zirconia is slightly less stable at low oxygen partial 
pressures than is the case for the undoped monoclinic ZrQ2. 
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H I G H  TEMPERATURE SOLID OXIDE FUEL CELLS: 
PRESENT STATE AND PROBLEMS OF DEVELOPMENT 

F . - J .  Rohr . 
Brown, Bover i  & Cie  AG 
He ide lbe rg ,  W.-Germany 

The t e c h n i c a l  r e a l i z a b i l i t y  and economic u s e  o£ high- 
t e m p e r a t u r e  f u e l  c e l l s  a r e  dependent  on whether it w i l l  be 
p o s s i b l e  t o  s o l v e  a l l  problems i n  view o f  t echno logy  and 
m a t e r i a l ?  a r i s i n g  from t h e  h igh  o p e r a t i n g  t empera tu re ,  and 
t o  a t t a i n  t h e  expec ted  power d e n s i t y  and e f f l c i e ~ i c y  data f o r  
a  s u f f i c i e n t l y  long  l i f e t i m e .  ~ x t e n s i v e  r e s e a r c h  work h a s  
been done i n  some l a b o r a t o r i e s  t o  s o l v e  t h e s e  problems.  Above 
a l l ,  e f f o r t s  have been c o n c e n t r a t e d  on t h e  development o f  t h e  
s o l i d  e l e c t r o l y t e ,  t h e , f u e l -  and a i r - e l e c t r o d e ,  a s  w e l l  a s  on 
t h e  l i f e t i m e  t e s t i n g  o f  t h e s e  components i n  s i n g l e  c e l l s .  
Fur thermore ,  s t u d i e s  have been made conce rn ing  t h e  b a s i c  pro- 
blem o f  connec t ing  c e l l s  i n  s e r i e s  by means of an i n t e r c o n -  
n e c t i o n  m a t e r i a l ,  and a l s o  on  t h e  development o f  module con- 
c e p t s  f o r  t h e  c o n s t r u c t i o n  o f  b a t t e r i e s .  

I.  Development o f  C e l l  Components 

1 .  S o l i d  e l e c t r o l y t e  

The s o l i d  e l e c t r o l y t e  t o  be  used f o r  t h e  c o n s t r u c t i o n  o f  
h igh- tempera ture  f u e l  c e l l s  h a s  t o  meet t h e  f o l l o w i n g  
r equ i r emen t s  f o r  o p e r a t i n g  t e m p e r a t u r e s  up  t o  1000 O C :  

h igh  oxygen i o n  c o n d u c t i v i t y  a t  n e g l e c t a b l e  e l e c r r u n  curlP 
d u c t i v i t y ,  phase  s t a b i l i t y ,  mechanica l  s t r e n g t h ,  g a s  
t i g h t n e s s ,  thermoshock s t a b i l i t y ,  chemical  r e s i s . t a ~ i c e  to 
t h e  r e a c t i o n  g a s e s ,  a s  w e l l  a s  c o m p a t i b i l i t y  w i th  t h e  
e l e c t r o d e -  and i n t e r c o n n e c t i o n  m a t e r i a l s .  These r e q u i r e -  
ments  are  s u f f i c i e n t l y  s a t i s f i e d  by ceramic  s o l i d  e l e c -  
t r o l y t e s  of  doped z i r c o n i a .  I n s p i t e  o f  numerous t e s t s ,  it 
h a s  n o t  been p o s s i b l e  u n t i l  now t o  f i n d  b e t t e r  oxygen i o n  
conduc to r s ,  e .g .  by r e p l a c i n g  t h e  Zr02 w i t h  CeOz. S o l i d  
e l e c t r o l y t e s  on CeO2-basis s u f f e r  from t h e  disadvari tdye 
t h a t  due  t o  t h e  h igh  e l e c t r o n i c  c o n d u c t i v i t y  i r i  r educ ing  
a tmospheres  ce l l  v o l t a g e  and t h u s  e f f i c i e n c y  a r e  reduced.  



For the construction of high-temperature fuel cells Zr02- 
solid electrolytes are preferably used, which are doped with 
15 mole percent calcium oxide or 10 mole percent yttrium 
oxide (1) or 4 mole percent yttrium oxide and ytterbium 
oxide each'(2). Doping zirconia with low valued metal oxides 
results in a high oxygen ion conduction and stabilization of 
the cubic crystal structure over a very broad temperature' 
range. Fig. 1 shows the influence of doping material and 
temperature on ion conductivity. The specific electrical re- 
sistivities p~ which result at 800 and 1000 OC are shown in 
Table I. Moreover, the table gives the allowed maximum wall- 
thickness dE of the solid electrolyte for power densities 
up to 0.25 V7/cm2. 

TABLE I 

SPECIFIC RESISTIVITY OF ZIRCONIA SOLID ELECTROLYTES AT 800 OC 
AND 1000 OC AND CORRESPONDING MAXIMUM WALL THICKNESS d~ FOR 
POWER DENSITIES p = 0.25 w/cm2 

Production of thin-walled, gas tight Zr02-ceramics presented 
a lot of difficulties for quite a long time. By using special 
pressing and sintering techniques and pressing aids, as for 
instance NHbHCO,, it is now possible to make gas tight solid 
electrolytes in form of tubes and discs with wall thicknesses 
dE ' 0.3 mm ( 3 ) .  Even thinner gas tight Zr02-solid electrolyte 
films, having a thickness dE > 30 pm were coated on a porous 
ceramic substrate hy means of-special thin film procedures (4). 
By using thin film techniques it will be possible to reduce 
the operating temperature to 900 OC, when doping zirconia elec- 
trolyte with CaO, to 800 OC with Yz03, and to 700 OC with 
Y203/Yb203. In this latter case, material costs are cut con- 
siderably. Whereas until recently cell concepts with self- 
supporting solid electrolytes (dE > 0.3 mm) predominated, the 
development of thin film concepts will henceforth be emphasized. 

solid Electrolyte 

(ZrOz) 0.85 (CaO) 0.1 5 

(ZrOz) 0.3 (Y203 10.1 

(ZrOz) 0.32 (Y203) 0.04 

(Yb203) 0'0 4 

800 OC 

pE [Qcm] 

2 50 

4 5 

20 

1000 PC 

dE [m] 

0.04 , 
0.22 

0.5 

pE [Qc<l 

50 

10 

5 ' 

dE [mm] 

0.2 

1 

2 



Long-term behaviour under working.conditions as well 
as thermoshock resistance of Zr02-solid electrolytes have 
been sufficiently tested. Life tests of cells with Y203/ 
YbzO3-doped electrolytes at 1000 O C  showed that during a 
working period of 4. years the required properties of the 
electrolyte, iie. the oxygen ion conductivity, phase 
stability, gas thightness, mechanical strength, and chemi- 
cal compatibility with the electrode materials and the 
reaction gases will not be affected (5). 

2. Electrodes 

The voltage-current characteristics and the long time 
behaviour of a high-temperature fuel cell are not only in- 
fluenced by the quality of the solid electrolyte but a3sn 
by the properties of the air and fuel electrode. These are 
dependent on both the appropriate electrode materials and 
the structure of the electrode (porosity), as well as on 
the phase trahsition electrolyte - electrode (adherence). 
The electrical properties of the electrodes are usually 
evaluated by the resistivity to thickness ratio pe/de, 
resulVing.from the specific resistivity pe and the thick- 
ness de of the electrode, and by the polarization voltage 
losses V . The latter arises if the charge transition at 
the elecFrolyte - electrode interface is inhibited (charge 
transfer polarization) and if the mass transfer of the 
reacting gases or reaction products within the porous 
electrodes is hampered4 (concentration polarization). 

a) Fuel electrode (anode) 

Due to' the reducing atmosphere of the fuel. gas, normal 
metals can be used as electrode material for the anodes. 
In long time tests at 1000 O C  nickel and cobalt proved to 
be the most suitable. The porous electrode films of 30 to 
100 urn thickness are prepared either by plasmaspraying 
the fine metallic powder (6) , (2) or by sintering fine 
grained cobalt-zirconia or nickel-zirconia-cermets (7). 
Both processes produce porous electrode films of good 
adherence. Roughening the surface of the solid electro- 
lyte favourably affects adherence and polarization be- 
haviour of the electrodes. The polarization losses which 
occur at the nickel and cobalt electrodes at 1000 O C  are 
shown in Table 11. Tests with laboratory cells over a 
period of 34.000 hours at 1000 O C  have shown that plasma- 
sprayed nickel electrodes exhibit long time stability and 
that they are compatible with the solid electrolyte (5). 



TABLE I1 

PROPERTIES OF DIFFERENT ANODES.AND OXIDE CATHODES 
AT 1000 OC 

b) Air electrode (oxide cathode) . . 
Due to the high corrosion effect of oxygen at working 
temperatures of 800 to 1000 OC, only noble metals or 
electron conducting metal oxides can'be used as air 
electrode material. Noble metals such as platinum are 
completely out of question because of prohibitive costs 
and insuffic2ent long term stability. The search for 
suitable oxide cathodes to replace the platinum and 
silver electrodes which were originally used, turned 
out to be a difficult task. With operating temperatures 
up to 1000 OC in air or oxygen atmosphere, the electrode 
material has to meet the following requirements: high 

I electron conductivity, thermal and chemical stability, 
compatibility with the solid electrolyte, sufficient 
porosity and good adherence at the surface of the elec- 
trolyte. Fromthe many oxide compounds which were 
tested, only a few proved to be satisfactory with re- 
gard to long term operation and thermal cycling. For 
example, cathodes made from praseodym cobaltite 
(PrCoO3) show a high electronic conductivity, yet the 

Electrode material 

Anode : 

Nickel, PS 
(PS=plasmasprayed) 

Nl- or Co/ZrOz- 
cermet 

Oxide cathode: 

In203 (SnOs), CVD 

LaNiO3 (Bi) , PS 
LaMnO, (Sr) , PS 

I-R rm"l 
0,5 A/cm2 

< 20 

< 100 

< 150 

< 150 

< 100 

pe/de[S21 

<0.04 

< 0.2 

< 0.3 

< 0.3 

< 0.2 

Vp [m~:] . 
0,5 A/cm2 

< 80 

< 70 

50 - 100 
50 - 100 
50 - 100 



e l e c t r o d e s  p rocessed  by s i n t e r i n g  s c a l e d  o f f  t h e  s u r f a c e  
of t h e  e l e c t r o l y t e  d u r i n g  c o o l i n g  t o  room tempera tu re  
( 8 ) .  No such s c a l i n g  o f f  w i l l  t a k e  p l a c e  w i t h  o x i d e  ca- 
t h o d e s  made from indium o x i d e  doped w i t h  t i n  ( In203/Sn02) ,  
which a r e  a p p l i e d  t o  t h e  rough o r  porous  s u r f a c e  o f  t h e  
s o l i d  e l e c t r o l y t e  by means o f  chemical  vapor  d e p o s i t i o n  
(CVD) ( 9 ) .  Plasmasprayed o x i d e  c a t h o d e s  o f  doped lanthanum 
n i c k e l  ox ide  (LaNiO ) (10)  and lanthanum manganese. o x i d e  
(LaMn03) (51, showing a  p e r o w s k i t e - s t r u c t u r e  l i k e  t h a t  ,of  
PrCoO3, a l s o  s a t i s f i e d  t h e  r equ i r emen t s  a t  o p e r a t i n g  t e m -  
p e r a t u r e s  o f  1000 O C ,  w i th  r e g a r d  t o  e l e c t r o n  c o n d u c t i v i t y ,  
t he rma l  and chemical  s t a b i l i t y ,  c o m p a t i b i l i t y  w i t h  t h e  
s o l i d  e l e c t r o l y t e  and adherence  d u r i n g  the rma l  c y c l i n g .  
Oxide ca thode  made from doped LaNiO, have been t e s t e d  i n  
l a b o r a t o r y  c e l l s  a t  1000 O C  f o r  4 y e a r s  w i thou t  a 5 f e c t i n g  
t h e  p r o p e r t i e s  o f .  t h e  e l e c t r o d e s  ( 5 )  . 

The c h a r a c t e r i s t i c  d a t a  of some w e l l  t e s t e d  o x i d e  e l e c -  
t r o d e s  a r e  shown i n  Tab le  11. The ohmic l o s s e s  I.RC of  
t h e s e  c a t h o d e s  a t  0 .5  ~ / c m ~  caused by t h e  e l e c t r o d e  
r e s i s t i v i t y  pe/de r ange  between 70 t o  150 mV. The p o l a r i -  
z a t i o n  l o s s e s  Vp a r e  o f  s i m i l a r  s i z e .  With i n c r e a s i n g  
t h i c k n e s s  o f  t h e  e l e c t r o d e  de t h e  ohmic l o s s  is reduced ,  
bu t  p o l a r i z a t i o n  l o s s e s  a r e  i n c r e a s e d ,  due t o  r e t a r d e d  
t r a n s p o r t  o f  t h e  r e a c t a n t s  w i t h i n  t h e  po rous  e l e c t r o d e s .  
For  t h i s  r e a s o n ,  t h e  t h i c k n e s s  o f  t h e  ca thode  shou ld  
amount t o  de < 0.01 c m .  F o r  o x i d e  c a t h o d e s  wi th  v e r y  good 
e l e c t r o n  c o n d u c t i v i t y  (p, 5 10-3 R-cm a t  1000 O C )  a  
r e s i s t i v i t y  t o  t h i c k n e s s  r a t i o  pe/de 5 0.1 R might  be 
reached.  Hence it f o l l o w s  t h a t  due  t o  t h e  low ce l l  v o l t a g e  
o f  approx.  1  V o n l y  t h o s e  ce l l  and b a t t e r y  c o n c e p t s  a r e  
s u i t a b l e ,  i n  which t h e  c u r r e n t  p a t h  i n  t h e  a i r  e l e c t r o d e  
i s  n o t  more t h a n  1  cm. T h i s  i s  o f  s p e c i a l  s i g n i f i c a n c e  f o r  
t h e  c o n s t r u c t i o n  o f  b a t t e r i e s .  

11. S i n g l e  C e l l  

1 .  Design and v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  o f  t h e  h igh-  
t e m p e r a t u r e  f u e l  cell 

The v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  o f  a  h igh- tempera ture  
f u e l  c e l l  a r e  dependent  on t h e  c e l l  pa rame te r s  and working 
c o n d i t i o n s ,  i n  p a r t i c u l a r  on t h e  e l e c t r i c a l  p r o p e r t i e s  and 
t h e  d imension o f  t h e  e l e c t r o l y t e  and t h e  e l e c t r o d e s  a s  
we l l  a s  on t h e  o p e r a t i n g  t empera tu re  and t h e  p a r t i a l  
p r e s s u r e  of t h e  r e a c t i n g  g a s e s .  For  t h e  i n v e s t i g a t i o n  of  
t h e  v o l t a q e - c u r r e n t  - a r&the  long  t e r m  behav iour ,  t u b u l a r  
c e l l s  a s  shown i n  F i g .  2 w e r e , u s e d .  The c y l i n d r i c a l  s o l i d  
e l e c t r o l y t e s  have a  d i a m e t e r  o f  DE 2 25 mrn, a  h e i g h t  o f  
hE 2 12 mm and a  w a l l  t h i c k n e s s  o f  d~ 2 0.4  mm. The h e i g h t  
of t h e  c e l l s  is  l i m i t 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  



pe/de of t h e  oxide cathode. According t o  t h e  composition 
and t h i c k n e s s  of t h e  s o l i d  e l e c t r o l y t e ,  t h e  o p e r a t i n g  
temperature  ranges  between 800 and 1000 O C .  The r e a c t a n t s  
f o r  c e l l  o p e r a t i o n  may be oxygen o r  a i r  a t  t h e  cathode 
and hydrogen o r  g a s  mixtures  of hydrogen, carbon monoxide, 
water and carbon d iox ide  a t  t h e  anode. The l a t t e r  can be 
generated from n a t u r a l  gas  o r  c o a l  i n  a  r e a c t o r  connected 
with  t h e  c e l l .  

Typical  vo l t age-cur ren t  c h a r a c t e r i s t i c s  of a  HT-fuel 
c e l l  when opera ted  with  H z  and O 2  o r  H2/CO-mixture and 
a i r  a r e  shown i n  Fig .  3. A t  1000 O C  and a  t h i c k n e s s  of  t h e  
e l e c t r o l  t e  d  = 0.5 mm, maximum power densities of 

2 02 )  o r  0.2 w/cm2 (3  H 2  + CO/air) a r e  achieved. 0 . 3  W/cmY ( H  7 
By reducing t h e  t h i c k n e s s  of  t h e  e l e c t r o l y t e  ( d ~  2 0 .3  mm) 
and shor ten ing  t h e  l e n g t h  of t h e  cathode i n  c u r r e n t  d i r e c t i o n  
t o  l e s s  than  5  mm, t h e  power d e n s i t y  can be improved t o  0.4 - 
0 .5  w/cm2. Depending on t h e  composition of t h e  f u e l  mixture ,  
t h e  exper imental  open c e l l  vo l t age  Eo amounts t o  0.9 - 1.1 V 
and corresponds wel l  wi th  t h e  t h e o r e t i c a l  va lues .  The vol-, 
t a g e  l o s s e s  under load ,  p a r t i c u l a r y  t h e  ohmic l o s s  I R  of 
t h e  s o l i d  e l e c t r o l y t e  and t h e  e l e c t r o d e s  a s  we l l  a s  t h e  
p o l a r i z a t i o n  l o s s e s  Vp a r e  shown i n  Fig .  6 .  

2. Operat ion a s  HT-elect rolysis  c e l l  

HT-fuel c e l l s  may a l s o  be used a s  e l e c t r o l y s i s  c e l l s  f o r  
t h e  genera t ion  of  hydrogen from water .  I n  t h i s  c a s e ,  water 
vapor ,  e l e c t r i c a l  energy and hea t  a r e  l e d  t o  t h e  c e l l .  Due 
t o  t h e . h i g h  o p e r a t i n g  temperature  of 800 - 1000 O C  t h e  
a p p l i e d  DC-voltage a t  t h e  e l e c t r o d e s  ranges  between 1 . 2  
and 1.5 V., F ig .  3 (curve 3 )  shows t h e  c u r r e n t  d e n s i t y  a s  
a  f u n c t i o n  of t h e  a p p l i e d  v o l t a g e  a t  1000 O C .  With an. e l e c -  
t r o l y , s i s  ,vo l t age .o f  about  1 .3  V,  a  t h i c k n e s s  of t h e  e l e c -  
t r o l y t e  of  dE = 0.5 mm and a  hydrogen/water r a t i o  
H2/H20 = 1 ,  c u r r e n t  d e n s i t i e s  of 0 .5  A/cm a r e  ob ta ined .  
I n  t h i s  c a s e ,  a d d i t i o n a l  h e a t  is needed f o r  t h e  decompo- 
s i t i o n  of  water ,  s i n c e  t h e  format ion en tha lpy  AH of  water 
corresponds t o  a  v o l t a g e  o f  n e a r l y  1 .5  V.  

Zr02-solid e l e c t r o l y s i s  c e l l s  can be a l t e r n a t e l y  used 
f o r  t h e  genera t ion  of hydrogen and e l e c t r i c i t y ,  t h u s  being 
ve ry  s u i t a b l e  f o r  energy s t o r a g e  and peak power l e v e l l i n g .  

3. Long term behaviour of HT-fuel c e l l s  

I n  a d d i t i o n  t o  t h e  vo l t age-cur ren t  c h a r a c t e r i s t i c s ,  t h e  
l i f e t i m e  i s  of c r u c i a l  importance f o r  t h e  e v a l u a t i o n  of 
t h e  high-temperature f u e l  c e l l .  L i f e  t e s t s  wi th  s i n g l e  
c e l l s  at. 1000 O C  have shown t h a t  open c e l l  vo l t age  and 
power d e n s i t y  remain p r a c t i c a l l y  c o n s t a n t  over  a  pe r iod  



o f  4 y e a r s  (34.000 o p e r a t i o n  h o u r s ) .  Even r e p e a t e d  swi tch-  
i n g  o f f  due  t o  power b r e a k s ,  and c o o l i n g  down o f  t h e  c e l l  
t o  room t empera tu re  fo l lowed by r e h e a t i n g ,  d i d  n o t  a f f e c t  
l i f e t i m e  ( 5 ) .  The t e s t  ce l l  s t i l l  i n  o p e r a t i o n  t h a t  
ach ieved  t h e  l o n g e s t  l i f e t i m e  up t o  now, c o n s i s t s  of  a  
t u b u l a r  s o l i d  e l e c t r o l y t e  o f  1 .2  mm t h i c k n e s s  having 
p lasmasprayed e l e c t r o d e s  o f  n i c k e l  (anode)  and o f  doped 
lanthanum-nickel  o x i d e  ( c a t h o d e ) .  With a  c o n s t a n t  l oad  
o f  120 m ~ / c m ~  o v e r  a  p e r i o d  o f  34.000 hour s ,  p r a c t i c a l l y  
c o n s t a n t  v a l u e s  o f  open c e l l  v o l t a g e  (approx.  1  V) and 
power d e n s i t y  (approx.  80 m w / c m 2 )  were o b t a i n e d  a f t e r  
some s t a r t - u p  e f f e c t s  d u r i n g  t h e  f i r s t  1.000 o p e r a t i o n  
hour s .  On t h e  b a s i s  of  t h e s e  r e s u l t s  it can  be  expec ted  
t h a t  w i t h  t h e  t e s t e d  s o l i d .  e l e c t r o l y t e s  and e l e c t r o d e s  a  
l i f e t i m e  o f  5  and more y e a r s  might be reached.  

111. B a t t e r i e s  

1 .  S e r i e s  connect ion .  ( i n t e r c o n n e c t i o n  m a t e r i a l )  

Except  f o r  t h e  l i m i t e d  e l e c t r o n i c  c o n d u c t i v i t y  o f  t h e  
o x i d e  ca thode ,  t h e  'main problems i n  deve lop ing  HT-fuel 
ce l l s  a r i s e  n o t  s o  much from t h e  s i n g l e  c e l l  and i t s  
components bu t  from t h e  d i f f i c u l t i e s  i n  combining t h e  
ce l l s  t o  m u l t i - c e l l  modules. For  series connec t ion ,  it 
i s  n e c e s s a r y  t o  f i t  t h e  t u b e l i k e  ce l l s  t o g e t h e r  i n  a  way 
t h a t  g a s  t i g h t n e s s  and e l e c t r o n i c  c o n d u c t i v i t y  a r e  
ach ieved  by means o f  a  s u i t a b l e  i n t e r c o n n e c t i o n  m a t e r i a l ,  
a s  shown i n  F i g .  2. T h i s  i n t e r c o n n e c t i o n  m a t e r i a l  (ICM) 
h a s  t o  m e e t  t h e  f o l l o w i n g  r equ i r emen t s  a t  o p e r a t i n g  tempe- 
r a t u r e s  u p  t o  1000 O C :  

h i g h  e l e c t r o n i c  c o n d u c t i v i t y  and n e g l e c t a b l e  low i o n  
c o n d u c t i v i t y  i n  oxyd iz ing  and r educ ing  a tmospheres  
(p ICM 5 20 Q c m )  

chemical  s t a b i l i t y  and p h a s e . s t a b i l i t y  

R g a s  t i g h t n e s s  and mechanica l  s t r e n g t h  

good adherence  and c o m p a t i b i l i t y  w i t h  t h e  Zr02- 
e l e c t r o l y t e  and t h e  e l e c t r o d e s  

Some o x i d e  m a t e r i a l s  have been developed which f u l f i l  
t h e s e  q u a l i f i c a t i o n s  t o  q u i t e  a  g r e a t  e x t e n t ,  a s  f o r  
i n s t a n c e  : 

c o b a l t  chromite :  CoCrzOs (11)  

lanthanum chromi te ,  doped wi th  S r  and N i  ( 1 2 ) ,  (13)  

lanthanum mangani te ,  doped w i t h  S r  ( 5 )  



With cobalt chromite, gas tight and stable connections 
are achieved, but the electronic conductivity in a redu- 
cing atmosphere is about 0.02 8-lcm-1, which does not 
completely satisfy the requirements. Interconnection mate- 
rials of doped lanthanum chromite and lanthanum manganite 
have the ad,vantage of better electronic conductivity in 
a reducing atmosphere (PICM < 5 Q c m ) ,  but the necessary 
gas tightness is not completely,reached, due to sintering 
difficulties. Insufficient electronic conductivity or gas 
tightness of the interconnection material result in elec- 
trical losses, which reduce the total efficiency ofthe 
battery. Future development mainly has to aim at improving 
the electronic conductivity and gas tightness of the 
interconnection material, thus reducing the electrical 
losses to an acceptable degree. 

2. Development of modules 

For series connection of the cells in a battery several 
concepts have been developed. On the one hand, there are 
self-sustaining concepts with ZrOz-solid electrolytes, 
having a minimum wall-thickness of 0.4 - 0.5 mm, thus 
giving the necessary strength to the battery, and on the 
other hand thin film concepts with a porous ceramic 
support, coated with the electrolyte- and electrode films 
of 30 to 100 pm thickness. 

a) Self-sustaining module concepts 

Tubular modules are obtained when cylindrical tubes ate 
fitted together at their front faces by means of inter- 
connection material (Fig. 2) . Following this concepts, 
modules with 20 - 30 series connected cells have been 
constructed and tested in sniall battery units, consisting 
of 100 - 120 series connected cells.'Fig. 4 shows a 
module constructed from 25 cylindrical cells and the 
photograph of a 100-cell-battery consisting of 4 of 
these modules is shown in Fig. 5. 

The voltage losses under load of a 10-cell-module at 
1000 OC, resulting from the ohmic resistivity of the solid 
electrolyte (RE), the oxide cathode (Rc), the nickel anode 
(RA), and the interconnection material (RICM), as well as 
from the polarization at the cathode and anode (VC + VA) 
are shown in Fig. 6. In order to diminish these losses,and 
to increase the power density, improvements should be aimed 
for with respect to the resistivity of the solid electro- 
lyte RE, the resistivity to thickness ratio RC of the 
cathode, and the polarization of the electrodes VC + VA. 



This can be achieved by using thin film techniques for 
the preparation of electrolytes, by shortening the length 
of the oxide cathode in current direction, as well as by 
improving the porous electrode structure of the anode 
and cathode. 

The power losses caused by series connection are part- 
ly due to the electrical resistivity RICM and partly to 
the fact that no complete sealing is obtained by the 
interconnection material. Thus, the quality of this inter- 
connection material has to be improved as well. 

Such module concepts suffer from the disadvantage that 
for the construction of huge batteries a lot of single 
cells have to be produced and series connected by means 
of a relatively expensive manufacturing process. Thus,. 
production and investment costs would be too high. 

b) Thin film module concepts 

A further simplification and a reduction of battery 
manufacturing costs is possible by using thin film 
techniques as demonstrated in Fig. 7. By means of special 
procedures, i.e. chemical vapor deposition, plasmaspray- 
ing or a combined spraying and sintering technique, a 
porous electrode layer, a gas tight Zr02-electrolyte film, 
and a second porous electrode layer as well as a gas 
tight ICM-film are applied one after the other onto a 
highly porous ceramic support. The thickness of the 
different film amount to 30 - 100 m. In this way, muiti- , 
cell.modules with tubular support according to Fig. 7a 
( 4 )  or plate-type support according to Fig. 7b ( 5 )  can 
be constructed. When using such thin film concepts, it i.s 
not only possible to cut co'sts by savings of material and 
simplification of the manufacturing process, but also to 
reduce the operating temperatur to 700 - 800 OC, thus 
reducing the technological problems which arise from 
11lqh wurkinq eemperaturcs: 
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Figure 1. Oxygen ion conductivity and s p e c i f i c  
r e s i s t i v i c y  Of z i tconia  s o l i d  e lec tro ly tes  a s  a 
function of temperature and reciprocal absolute 
temperature. 
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Figure 2. Conical and cylfndrical tubular solid 
electrolytes (a) with plasmasprayed electrodes 
(b end c). 

flectrol~te: (Zr02)0. 91 (Y203)0, w(~203)0.048 
diameter bg 5 25 mm; height % 5 
12 m; thickness $ 2 0,4 ~rm 

- 
Fuel electrode (inside): Hi 
Air electrode (outside) : M i 0 3  (Bi); LaIh03 (Sr) 



F w e  3. Valtage - current density characteristics 
of a El?-fuel ce l l  (-e 1 and 2) and FIT-electrolysis 
ce l l  (c- 3) at 10UO°C. Electrolyte and electrodes 
&aWorpW t 6  Figure 2. (DE - 22 m; BE - 11 m ;  dE - 
Q,5 mm). Gas composition (1) E2/4: (1) 3 + COIair; 
(3) 82 : E20 = 1. 

1.5 - - 1.5 

- 
1.25 - - 1.25 2 

S - 1.0 9 

-1 

!$ 0.5 - 
tL 

I 

& 
0.25 

0. b 0.2 0.3 0.4 0.5 0.6 
CURRENT DENSITY (A/&) 

- - 

I I I I I 

0.25 6 



Pigare 4. Battergoodule wish 25 series eormacc%d' 
ce l ls .  S d M  electrolyte (Dpl = 22 m; - l.l m: 
dg = 0.5 - 0.6 -) and elgetrudea earreapoad to 
P % W ~  2. Zauercorneetiod loaterial: La- ( l i ,  
st) or -05 (Sr). 



Figure 5. High temperature fuel cell batteries d t h  
100 (a) and 120 (b) series connected cellk 
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Figure 6.. Resistance'and polarization voltage losses 
of a 10-cell-battery as a function of current density 
at 100O0C. Module and cell components correspond to 
Figure 2 and 4. Fuel/oxidant: H2 (H20 at 70°C)/air. 
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Figure 7 .  Cross s e c t i o n  of thin-f i lm f u e l  c e l l  
b a t t e r i e s  with tubular (a) or plate-type (b) 
porous ceramic support. 
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INTRODUCTION 

Thin films (< 1 pm) have widely proved their usefulness in micro- 
electronics industry. Vacuum deposition techniques such as cathodic 
sputtering allows one to obtain thin films of metals, semiconductors and 
isolators having sinple or multilayered structures of well-defined 
geometry. Advantages of these techniques in the solid electrolyte fuel 
cells domain have been recognized by some authors (1, 2, 3, 4 ) .  In 1966. 
N.J. Naskalick proposed a thin fils solid electrolyte fuel cell using a 
thin film Zr02-Y203 as a solid electrolyte. The film was cbtained by 
anodization or sputtering method. It was concluded that the stabilized 
zirconia phase (fluorite type structure) could not be obtained by 
anodizatiori or sputtering techniques.Greene et a1 in two recent 9apers 
(1976, 1977) reported on results on Y203 stabilized zirccnia thin films 
obtained by RF sputtering ; polycrystalline films.were obtained ; their 
structure and electrical properties (transport number ti, activation 
energy of conduction Ec) seemed to be largely dependent of sputtering 
conditions. The ti (0 - 0.14) and Ec (0.2Br) values reported in the first 
paper evinced a predominant electronic conductivity, whereas in the 
second paper the measured conBuctivity was attributed to ionic transport 
(ti X 1 for T > 200°C and Ec ?. 1 eV). In 1975 we reported preliminary 
results ( 4 )  which showed that dense and stoichiometric films of CaO doped 
ZrO having the fluorite crystallographic structure can be obtained by RF 
spu$tering in oxygen atmosphere ; the activation energy of conduction in 
such films was near that found for oxygen in bulk materials. A detailed 
study of these layers and their use for sensor applications have been 
presented and published'recently (5 ,  6, 7). 

The aim of this paper is to discuss from a research point of view 
various advantages that may be associated with the use of thin films ; 
the device and system approach is a subject open to discussion. We shall 
try to cover the field of thin'solid electrolytes and electrodes for 
fuel cell' application (note that sensors applications have already been 
discussed in (7) ) .  



Thin s o l i d  o x i d e  f i l m s  a s  e l e c t r o l y t e s  

Up t o  now, work on  t h i n  e l e c t r o l y t e  f i l m s  was e s s e n t i a l l y  done on 
z i r c o n i a  based  o x i d e s .  The exper imenta l  t e c h n i q u e s  used f o r  t i i e i r  p repa-  
r a t i o n  a r e  anodic  o x i d a t i o n ,  RF s p u t t e r i n g  and e l e c t r o n  gun e v a p o r a t i o n .  
R e s u l t s  o b t a i n e d  a r e  s c a t t e r e d  and seem t o  depend n o t  o n l y  on t h e  t e c h n i -  
q u e  chosen b u t  a l s o  o n  i t s  p r a c t i c e .  Numerous p a r a m e t e r s  a r e  concerned 
(vacuum c l e a n l i n e s s ,  p a r t i a l  p r e s s u r e  o f  r e a c t i v e  g a s e s ,  n a t u r e  o f  t h e  
s o u r c e  - c a t h o d e  o r  e v a p o r a n t  - t empera ture ,  n a t u r e  o f  t h e  s u b s t r a t e ) .  
1t a p p e a r s .  t h a t  p r e c i s e  c o n t r o l  o f  t h e s e  parameters  is needed f o r  t h e  
a d j u s t m e n t  of  ccmpos i t ion  and ' s t r u c t u r e  o f  t h e  d e p o s i t s .  Such a c o n t r o l  
can  only  b e  ach ieved  by u s i n g  wel l -aeapted  c h a r a c t e r i z a t i o n  t e c h n i q u e s  
osed  i n  c l o s e d  loops .  S o p h i s t i c a t e d  c h a r a c t e r i z a t i o n  t o o l s ,  developped 
f o r  s u r f a c e  s c i e n c e  s t u d i e s ,  such a s  SIMS, RBS, ISS,  Auger, X r a y ,  SEM 
a r e  o f  v a l u a b l e  a s s i s t a n c e .  A s  an example, F iq .  1 shows t h e  RBS s p e c t r a  
o b t a i n e d  on  2r02-CaO l a y e r s  d e p o s i t e d  r e s p e c t i v e l y  by W s p i i t f e r i n g  Or a 
Zr02-CaO c a t h o d e  ( F i g .  l a )  and by e l e c t r o n  gun e v a p o r a t i o n  o f  a  Zr02-CaO 
s o u r c e  o f  t h e  same compos i t ion  ( ~ i g .  l b ) .  I t  a p p e a r s  t h a t  RF s p u t t e r i n g  
g i v e s  l a y e r s  having u n i f o m  Ca d i s t r i b u t i o n  ; by comparing p u r e  and 
dcped Zr02 d e p o s i t s  one may conc lude  t h a t  doped l a y e r s  a r e s o i c h ~ o m e t r i c .  
The Ca d i s c r i b u t i o n  i n  t h e  e v a p o r a t e d  f i l m s  is  n o t  r e p r o d u c i b l e  (15)  ,<?is . 
b e i n g  robabl :?  due t o  v a r i a t i o n  x i t h  t i m e  o f  t h e  s u r f a c e  composit ior .  o f  
t h e  source .  T h i s  e x a n p l e  e v i n c e s  c l e a r l y  t h a t  d e p o s i t  t e c h n i q u e s  may be 
r a p i d l y  conpared and opt imized  l e a d i n g  t o  t h e  r e a l i z a t i o n  o f  ch in  f i l m s  
o f  well  e e f i n e d  and uniform composit ion.  Note t h a t  a d j u s t m e n t s  c f  t h e  
t e c h n o l o g i c a l  parameters  d u r i n g  d e p o s i t i o n  would p e r m i t  t h e  r e a l i z a t i o n  
o f  f i l n s  having  graded  composit ion w i t h  d e p t h .  The e x t e n s i o n  o f  such 
t e c h n i q u e s  t o  t h e  d e p o s i t  of  o t h e r  e l e c t r o l y t e s  h a s  been announced l 3 j  
I n  f a c t  we have found t h a t  t h i n  s t o i c h i o m e t r i c  doped CeO2 f i l m s  a r e  
e a s i l y  o b t a i n e d  i n  t h e  same way a s  doped ZrO2 f i l m s .  

.F Sputtering 
(plnsmn : Kr+70°/c nt) 

P .  
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Figure l a .  Rutherford backscatteri'ng spectra of a  
pure zirconia f i lm ( 0 )  and aoCaO doped zirconia f i lm 
(0) (each having about 1500 A thick).  
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Figure lb .  Rutherford backscat ter ing spectra  of 
evaporation CaO doped zirconia f i lms (about 1000 
th ick) .  

The i o n  i m p l a n t a t i o n  technique  is  an  i n t e r e s t i n g  t o o l  l a r g e l y  used i n  
m i c r o e l e c t r o n i c s  t echnology .  Its use  f o r  modifying t h e  compos i t ion  o f  
t h i n  f i l m s  o f  e l e c t r o l y t e s  h a s  been tempted i n  o u r  l a b o r a t o r y .  Pre l imina-  
r y  e x p e r i m e n t s  have been done on  CaO-Zr02 f i l m s  o b t a i n e d  by i m p l a n t a t i o n  
o f  Ca i n  a  t h i n  thermal  o x i d e  o f  Zr and by d i r e c t  i m p l a n t a t i o n  i n  Zr 
fo l lowed  by thermal  o x i d a t i o n  i n  a i r  a t  600°C. I t  appeared  t h a t  un i form 
Ca d i s t r i b u t i o n  may b e  a c h i e v e d  by u s i n g  t h e  f i r s t  t e c h n i q u e  ; t h e  second 
one  seems t o  induce  CaO p r e c i p i t a t e s .  

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  t h i n  f i l m s  c a n  b e  e a s i l y  measured by 
a . c .  . t e c h n i q u e s  down t o  v e r y  low t e m p e r a t u r e s  ("+ 150°C). Note t h a t  t h e  
t ime  c o n s t a n t  o f  d i e l e c t r i c  r e l a x a t i o n  'i d e c r e a s e s  l i n e a r l y  w i t h  t h e  
e l e c t r o l y t e  t h i c k n e s s  ( f o r  1000 t h i c k  -0 doped Zr02,  T is i n  t h e  1 0 - ~ s  
r a n g e  a t  35O0C).  F i g .  2  shows. t h e  t o t a l  e l e c t r i c a l  c o n d u c t i v i t y  o f  Zr02- 
CaO f i l m s  o f  v a r i o u s  compos i t ions  between 11% and 19% ; a l l  t h e s e  l a y e r s  
were o b t a i n e d  by FtF s p u t t e r i n g ,  t h e  compos i t ion  o f  t h e  l a y e r  d e p e n d i n g .  
d i r e c t l y  on t h a t  o f  t h e  c a t h o d e ' u s e d  ( f o r  d e t a i l s ,  s e e  (6) ) .  One may 
deduce form Fig .  2  t h a t ,  f o r  t h i n  f i l m s ,  t n e  a c t i v a t i o n  er.ergy o f  t h e  
conduc t ion  is  n o t  v e r y  dependent  on compos i t ion  i n  t h e  range  s t u d i e d  ; 
t h i s  r e s u l t  seems t o  b e  i n  c o n t r a d i c t i o n  w i t h  t h a t  found on bu lk  m a t e r i a l .  
The r e s u l t s  o b t a i n e d  f o r  11% composition c o i n c i d e  w i t h  t h o s e  o f  b u l k  
m a t e r i a l s  ; p r e l i m n a r y  r e s u l t s  o b t a i n e d  on implan ted  l a y e r s  seem to 
i n d i c a t e  t h a t  a c t i v a t i o n  energy  of  conduc t ion  n e a r  t h a t  o f  s p u t t e r e d  
f i l m s  may be o b t a i n e d ,  whereas lower v a l u e s  o f  p r e e x ~ n e n t i a l  f a c t o r  may 
be a t t r i b u t e d  to, t h e  e x i s t e n c e  o f  d e f e c t s  due t o  i m p l a n t a t i o n  technique .  



Figure 2. Arrhesius plot of conductivity-temperature 
product (iI.cm)-l(O~) measured on CaO-Zr02 deposits of 
about 1500 2 thick. 

( 0 )  11.5 f 0.5 atomic % 
( m )  15.5 t 0.5 atoinic % 
( A )  19 t 0.5 atomic % 

The explored temperature (150°C - 450°C) with the  t h i n  f i lm  demonstrates 
the  u s a b i 1 i . t ~  of such f i lms a t  r e l a t i v e l y  low temperatures,  the  low 
conduct iv i ty  being compensated by the th inness  of the l aye r  ; i n  f a c t  
1000 t h i ck  CaO doped Zr02 has a  s p e c i f i c  r e s i s t ance  of  12 n.cm2 a t  
350°C ; the'same value on 1 cm th i ck  e i e c t r o l y t e  is obtained a c  ahout 
1000°C. 

Thin s o l i d  f i lms as '  e l ec t rodes  

Kineti.cs of t he  w'nole electrochemical r eac t ion  taking place  i n  
s o l i d  galvanic  c e l l s  based on oxygen conducting e l e c t r o l y t e s  i s  l imi t ed  
i n  p r a c t i c e  ( i n  known systems) by e l ec t rode  r eac t ions .  For example, the 
r e s i s t ance  o f  Pt/CSX in te r f ace  (8)  i s  equal t o  1u5 \?.cm2 a c  600°C 
(p02 = 1 8 t . m )  i . e .  many o rde r s  of  maqnitude higher than e l e c t r o l y t e  
r e s i s t ance  o f  1000 i th ick  e l e c t r o l y t e .  Many o the r  e l ec t rode  macerials 
have bean examined. The doped Sn02, PrCo03 and Ag were found t o  be the  
most s a t i s f a c t o r y .  Ag is very a t t r a c t i v e  because of i t s  high d i f f u s i o n  
c o e f f i c i e n t  f o r  oxygen ; i t s  rap id  evaporation i s  a  s e r ious  problem i n  
th ick  c l a s s i c a l  e l e c t r o l y t e  c e l l s  which need high temperature condi t ions .  

I t  15 well established (8 )  t h a t  t he  catalytic a c t l v l t y  of  the  
e l ec t rodes  depends str6llgly on t h e l r  Luclu~lqutla of prcpsrnt lon,  toxrura 



( p o r o s i t y )  and s u r f a c e  s t a t e  o f  t h e  e l e c t r o l y t e .  The i n f l u e n c e  o f  a l l  
t h e s e  p a r a m e t e r s  on  e l e c t r o d e s  p r o p e r t i e s  can be e a s i l y  s t u d i e d  on l a y e r s  - 
o b t a i n e d  by vacuum d e p o s i t i o n  t e c h n i q u e s .  Some p r e l i m i n a r y  r e s u l t s  ev inced  
t h e  r e l a t i o n s h i p  between t h e  P t  e l e c t r o d e  p o r o s i t y  and i ts  c a t a l y t i c  a c t i -  
v i t y  ( 7 ) .  Such c a t a l y t i c  a c t i v i t y  i s s f r o n g l y  r e l a t e d  t o  t h e  s u r f a c e  d i s o r -  
d e r .  ISS technique  i s ' n o w  i n . p r o g r e s s  i n  o u r  l a b o r a t o r y  t o  s t u d y  t h i s  
e f f e c t  by moni tor ing  t h e  oxygen a d s o r p t i o n - d e s o r p t i o n  e q u i l i b r i u m  on  P t  
a s  a  f u n c t i o n  o f  t empera ture  and F i r s t  r e s u l t s  seem t o  i n d i c a t e  t h a t  
i o n  bombardment o f  t h e  P t  d e p o s i t s  i n c r e a s e  i ts  a d s o r p t i o n  c a p a c i t y .  
Following o u r  r e s u l t s  and l i t e r a t u r e  d a t a ,  one can conc lude  t h a t  t h e  
oxygen c a t a l y t i c  a c t i v i t y  o f  e l e c t r o d e s  is a t  p r e s e n t  t ime t h e  l i m i t i n g  
f a c t o r  govern ing  t h e  u s e  o f  t h i n  f i l m  f u e l  c e l l s .  

Technologica l  a s p e c t s  o f  t h i n  o x i d e  f u e l  c e l l  p r e p a r a t i o n  

When t h i n  f i l m s  a r e  concerned,  bak ing  problems a r e  o f  g r e a t  importance 
and have t o  be taken  i n t o  a c c o u n t ,  wholly s e l f  suppor ted  t h i n  f i l m s  seem 
t o  be  o f  no p r a c t i c a l  use .  The s u b s t r a t e  h a s  t o  p r o v i d e  e l e c t r o n i c  c u r r e n t ,  
g a s  a n d . e v e n t u a l l y  p e r m i t  t h e  e l i m i n a t i o n  o f  r e a c t i v e  p r o d u c t s .  When 
u s i n g  t h e  1/2 02 + H 2  + H20 r e a c t i o n  w i t h  an o - ~  t h i n  f i l m  conductor ,  i t  
is b e t t e r  LO p r o v i d e  t h e  oxygen v i a  t h e  s u b s t r a t e  and c r e a t e  water  i n  
t h e  e x t e r n a l  medium. Maskalick developped a  porous  s u b s t r a t e  made by 
s i n t e r i n g  y203 powders and Z r  i n  ' o r d e r  t o  p r o v i d e  e l e c t r o n i c  conduct i -  
v i t y  and hydrogen p e r m e a S i l i t y  supply  ; some d i f f i c u l t i e s  may a r i s e  such 
a s  adhes ion  and c o n t i n u i t y  o f  t h e  d e p o s i t e d  f i l m  ; a compromise h a s  t o  
be  found between p o r o s i t y  o f  t h e  s u b s t r a t e  and t h i c k n e s s  o f  t h e  l a y e r .  
On dense  s u b s t r a t e s  ( m e t a l s  : C, A l ,  Fe, N i ,  Cu, Z r ,  No, Pd, Ag, Ta,  W, 
P t ,  Au ; semiconductors o r  i n s u l a t o r s  such  a s  S i 0 2  and A1203) we have 
found t h a t  1000 t h i c k  l a y e r s  d e p o s i t e d  by F S  s p u t t e r i n g . a r e  d e n s e ,  
p o r e  f r e e  and a d h e s i v e  w i t h  no c r a c k  format ion  a t  t emgera tures  a s  h i g h  
a s  600°C. The d e n s i t y  o f  d e f e c t s  i n  such  l a y e r s  i s  e s s e n t i a l l y  dependent  
on  s u r f a c e  c l e a n l i n e s s  and s u b s t r a t e  h a n d l i n g  p r i o r  t o  f i l m  d e p o s i t i o n .  
On porous  n i c k e l  ( w i t h  a  developped s u r f a c e  200t imes  h i g h e r  than  geome- 
t r i c a l  s u r f a c e ) ,  t h i c k e r  d e p o s i t s  (up  t o  3000 A )  a r e  needed t o  p r o v i d e  
c o n t i n u o u s  f i l m s .  
The 1/2 02 + H 2  -+ H20 r e a c t i o n  used w i t h  a n  H+ t h i n  f i l m  conductor  i f  
i t  was a v a i l a b l e ,  would s u r e l y  l i m i t  t h e  s u b s t r a t e  problems.  Dense 

' e l e c t r o n i c  conductors  s a t u r a t e d  w l t h  hydrogen,  such a s  FeTiHx c o u l d  
probably  be e a s i l y  used.  Known p u r e  H+ conductors  a r e  bad conductors  ; 
t h e  u s e  o f  a  t h i n  f i l m  technology ,  by l i m i t i n g  t h e  s e r i e s  r e s i s t a n c e  o f  
t h e  e l e c t r o l y t i c  l a y e r ,  might  be  i n  t h i s  c a s e  a  p a r t i c u l a r l y  i n t e r e s t i n g  
approach.  

I n  o r d e r  t o  provide  h i g h e r  v o l t a g e s ,  a  s e r i e s  i n t e r c o n n e c t i o n s  o f  
.a m u l t i  c e l l  assembly h a s  been d e s c r i b e d  i n  t h e  p a s t  (9). The proposed 
s t r u c t u r e  whicl'~ was%-aye@ upon r l ~ r  use o f  r a t h e r  t h i c k  e l e c t r o l y t i c  
f i l m s  ( x30 p )  is  complete*-ooppatible t o  t h i n n e r  e l e c t r o l y t e s .  



DISCUSSION 

The consequence o f  t h e  g e n e r a l  t h i n  f i l m  technology  c o n c e p t  a p p l i e d  
t o  f u e l  c e l l  f a b r i c a t i o n  i s  t h e  p o s s i b l e  d e c r e a s e  by s e v e r a l  o r d e r s  o f  
magnitude o f  t h e  s p e c i f i c  r e s i s t a n c e  o f  t h e  e l e c t r o l y t e .  T h i s  f a c t  may 
be  e x p l o i t e d  i n  two d i f f e r e n t  ways : f i r s t ,  t h e  u s e  o f  good e l e c t r o l y t e s  
a t  lower tempera tures  t h a n  c l a s s i c a l l y ,  and second t h e  p o s s i b i l i t y  o f  
u s i n g  poor i o n i c  conductors  having  no p r a c t i c a l  i n t e r e s t  a s  Sulk  m a t e r i a l .  
Two im-mrtant  c a s e s  can  be  d i s t i n g u i s h e d ,  depending o f  t h e  m a t e r i a l  used 
a s  e l e c t r o l y t e , ,  which may be a n  0-2 conductor  o r  an H+ conductor ,  t h e  
t e c h n o l o g i c a l  ~ r o b l e m s  a s s o c i a t e d  w i t h  each type  a r e  very  d i f f e r e n t .  I n  
t h e  f i r s t  c a s e ,  two d i f f i c u l t i e s  may a r i s e  : t o  f i n d  s u b s t r a t e s  having  
a h igh  g a s  p e r m e a b i l i t y  and e v e n t u a l l y ,  t o  f i n d  e l e c t r o d e s  working a t  
low tempera tures .  1n t h e  second cabe ( t h e  use  o f  H+ e l e c t r o l y t e s )  t h e  
e l e c t r o d e  problems may be l e s s  c r u c i a l .  I n  f a c t ,  e l e c t r o d e s  s u c h - a s  
p1.at.inum n r  Ni seem f~ have mucii lwer  r e s l s ~ d r l u e  tu Ule 112 i o n i s s t i o n  
t h a n  t h e  O2 one ( i f  one e x t r a p o l a t e s  t h e  d a t a  o b t a i r ~ u d  i l l  liquid 
s y s t e m s ) .  The second advantage  is  t h e  p o s s i b i l i t y  o f  u s i r ~ y  s u b s t r a t e s  
such  a s  m e t a l l i c  h y h r i d e s  which c o u l d  be used a s  hydrogen s t o r a g e  
qystems o r  permeable membranes connec ted  w i t h  H2 c o n t a i n e r s .  
Very l i t t l e  work h a s  been p u b l i s h e d  on annydrous H h  COIIOUSC~XS. 
p o s s i b i l i t y  o f  H+ 8-alumina p r e p a r a t i o n ,  p o i n t e d  o u t  by Kummer ( 1 0 )  and 
B e t m a n  ( l l ) ,  has  been r e c o n s i d e r e d  r e c e n t l y  by F a r r l n g t o n  ( 1 2 ) .  The 
conduct ion  mechanism i n  t h i s  m a t e r i a l  is  n o t  c l e a r ,  b u t  t h e  e l e c t r i c a l  
c a r r i e r  seems t o  be  H30+. The u s e  o f  new t e c h n i q u e s  such a s  i o n  implan- 
t a t i o n  i n  t h i n  f i l m s  has  been c o n s i d e r e d  i n  o u r  l a b o r a t o r y  a s  a  
p o s s i b l e  t o o l  f o r  p r e p a r i n g ,  i n  anhydrous c p n d i t i o n s ,  new p r o t o n i c  
conductors .  
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TRANSPORT CONSIDERATIONS IN OXYGEN EL~CTRODES 
OF THE TRIPHASE BOUNDARY TYPE FOR ZIRCONIA CELLS 

E. Bergmann and H. Tannenberger (1) 

~attelle Memorial Institute, Geneva Research Centre 
1227 Carouge-Geneva (&it zerland) 

In principle three types of gas electrodes can be built on solid electro- 
4 l ; e s  ( 2 )  : 

- electronic conductors with high gas diffusion capacity, 
- triphase boundary structures : gas / metal / solid electrolyte., 
- intercalation compounds with simultaneous high ele,ctronic and ionio 

conductivity. 

Cathodes used in high temperature zirconia solid electrolyte fuel cells 
are usually made from porous layers of silver, platinum or indium oxide 
and combine, to a different degr e features Of the first two types. In 
the case of silver, it is known 73) that oxygen sorption takes place at 
the triphase boundary as well as on the metal surface. Oxygen ions are 
injected into the solid electrolyte at the metal/solid electrolyte inter- 
face and at the triphase boundary. With platinum contacts, electronic 
conduction in the solid electrolyte seems to be the rate limiting pro- 
cess ( 4 ) .  

Since true intercalation compounds with sufficient e,lectronic conducti- 
vity are not yet available for zirconia cells, the development of a spe- 
cial type of contact has been pursued and Could be called a gsaudotri- 
phase boundary. An oxide layer with good ionic conductivity a d  appre- 
cinhla electronic conductivity is intercalated between a metal or indium 
oxide structure .and the sol id electrolyte. Materials wed : ~ e  ceria (5) 
or doped zirconia (6) (7). These intercalation layers are-supposed to 
considerably decrease the polarization losses per unit triphase bounda- 
ry. When combined with a well elaborated porous superstrate, these ca- 
thodes permit current densities of several hundred milliamperes without 
significant polarization losses. 

To verify the envisaged mechanism of a pseudotriphase boundary contact 
we have compared the experimental and calculated current density / 
polarization relations of an idealized structure. 



The experiment was made on a line contact as ahow in the first two figures. 

COUNTERELECTRODE 

Figure 1. Cross-seetion through element d t h  linear 
threephase boundary electrode (sch-tic). 

Figure 2. V i e w  of the linear threephase boundary 
Prum above (t?ltW~t current collector). 



The alumina layer ensures complete oxygen impermeability. The intercala- 
tion layer has a slightly higher to ta l  conductivity than the electrolyte. 
A t  8 0 0 ~ ~  transport numbers for  ions and electrons are approximately 1/2. 
The electronic transport shows a higher activation energy. These elements 
vere placed in an air Nrnace and stationary characteristics measured 
between 700°C and 9 0 0 ~ ~ .  They are shovn i n  Fig. 3. 

CATHODE COMPRISING INTERCALATED 
LAYER 

SIMPLE CATHODE ,. 
1 1 '  I 

Figure 3. The counterelactrode use4 has very low 
polarization under anodic load, comparable to the 
ohmic conductivity af the electrolyte. 

F m  the model calculations we made two assumptions: 

the oxygen sorption at the solid electrolyte 
surface shows a linear response. - the metal / solid electrolyte interface has 
neglieible electronic polarieability. 

The first of these two assumptions implies that ye 
do not assume that oxygen sorption rrqulres Bd 
activation energy (8). We then remain with a mixed 
diffuoion/migration problem for holes between the 
surface and the metal contact described by the 
folloving set of equations for the variables: 

The f i r a t  of these two assumptions implies the. e do not assume that 
187 oxygen sorption requires an activation energy . We then remain n t h  

a mixed diffUsion/migration problem for holes between the surface and 
the metal contact described by the following set  of equation6 for  the 
variables : 



J (02-) : current carr ied by oxygen ions 

O : e lec t ros ta t i c  po ten t ia l  

'e : electron chemical po ten t ia l  

J ( @ I  : hole current 

div J (02-) = div J (a )  = 0 

J (02-) @ grad 4 

1 
J = o ( @ I  { ,grad ue - grad O ) 

with the  boundary conditions : 

ue = - FV a t  the  metal/solid e lec t ro ly te  interface 

J -= LI a t  %he e lec t ro ly te  / a i r  interface 
F~ 

K : oxygen sorption rate .  
The current density which is a l i n e a r  function of the  distance fr6m the  
l i n e  contact has.been calculated f o r  d i f fe ren t  values of hole conducti- 
v i t y  and sorption r a t e  t a k i w  i n t o  account the  dependence of the conduc- 
t i v i t y  on the  oxygen ac t iv i ty .  The r e s u l t s  show good qua l i t a t ive  agree- 
ment with t h e  experiments. 
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H. S. Isaacs, L.J. Olmer 
Brookhaven National Laboratory 

Upton, N. Y. 11973 

High temperature solid Zr02-Y203 electrolyte fuel cells 
offer a high efficiency route for the conversion of coal to 
electricity(1). The optimization of the electrochemical cells 
depends on minimizing voltage losses due to the resistance of 
the cell components and the characteristics of the interfaces. 
The voltage losses at the electrodes, for example, will depend 
on the rate-controlling steps in the reaction sequence and a 
knowledge of these mechanisms will indicate where improvements 
in design or manufacture of the cell can be made. A wide 
range of techniques are available for the study of the electri- 
cal and electrochemical characteristics of the fuel cells. 
The technique employed in this work incorporated a square 
current wave which was passed across the .system being studied 
and observing and interpreting the voltage response(2,3). 
There are advantages in using a square current wave. The 
method is rapid, it allows separation of any .series resistance, 
and it essentially incorporates a wide range of.frequencies. 
There are various methods for analyzing the.voltage response. 
An interpretation, in terms of an electrical analogue, 
was chosen as it was simple and rapid., The voltage response 
was approximated by a capacitance and resistance, Cp and Rp, ' 
in parallel, and a series resistance, R . The Rs values were 
not, however, true resistive responses gut rather the resistive 
contribution of one or more short time constants. The largest 
time constant of the voltage response at a given square wave 
frequency was measured, being equal to the product of Cp and 
Rp (which was usually 1000 Hz). Details.jof the apparatus 
have been discussed elsewhere (2,3). 

There were three types of ZrO2-Y203 oxides studied. The 
thinest oxide was about 30p thick and was grown by an electro- 
chemical vapor-depositor technique(4). This electrolyte is 
planned for use in solid oxide fuel cells(5) being developed 
by Westinghouse. The.other oxides were preparpd via green- 
sheet* and.slip-cast** routes. The s,lip-cast oxide contained 
8 m/o Y ~ n 3 ,  the othor oxides about 12 m/o Y203: ~lectrochemical 
cells were constructed from these oxides with platinum 

 his work was performed under the auspices of the U.S. 
Energy Research and Development Administration. 
*Obtained from T. B. Reed, MIT. 
**Obtained from Zircoa Corp. 



electrodes and studied in air. Leads were attached to the 
oxide with a Pt powder paste and the electrodes painted around 
them. Platinum pastes and Pt-organic solutions were used for 
the electrodes. Electrodes were applied on each side of the 
electrolyte adjacent to similar electrodes on the opposite 
side of the oxide. Two, three and four electrode configura- 
tions were used. Two electrode measurements included two 
opposite electrodes and the electrolyte between them. Three 
electrode measurements were used to study the interfacial 
characteristics of a single electrode/electrolyte contact. 
The four electrode measurements, on the other hand, eliminated 
any electrode contributions to the observed electrolyte 
resistances. 

When the vapor-grown oxide was studied, the electrodes 
dominated the overall characteristics of a two electrode ccll. 
When the impedance of a cell with annealed elecLrodes wan 
measured, the Rs and R values varied rapidly with temperature 
as shown by the largesf values in Figure 1. Electrodes were 
annealed by heating at 1000"~ u~ highcr for over an hour. The 
curves as plotted in Figure 1 were not linear, illdicating more 
than one process dominated the temperature dependence; the 
temperature dependence approximated an activation energy of 
25 to 30 Kcal/g mole. This temperature dependence was also 
observed for the resistance at higher frequencies of 
50,000 Hz as shown by the broken line in Figure 1. 

The magnitude of the impedances of the two electrode 
cell was markedly reduced when the electrodes were recoated 
with the Pt-organic paint. The curves shown for RS1 and Rpl, 
in Figure 1, were obtained during the first heating after re- 
coating. Holding or annealing the cell at 1 0 0 0 ~ ~  for one hour 
increased the resistances~which on cooling were the same as 
those observed prior to recoating the electrodes. These marked 
changes in resistances were the result of changes in the 
electrode characteristics alone and as recoating the electrodes 
would not influence the electrolyte behavior. 

The resistance of the electrolyte expected in the two 
electrode cell configuration with the vapor-grown oxide was 
calculated from four electrode measurements of the electrolyte 
resistivity. The calculated resistance @palc) was markedly 
lower than the observed resistances although the highly active 
nonannealed recoated electrode cell did approach the calculated 
electrolytc resistance, at the lower temperatures as shown in 
Figurc 1. In addition, the electrolyte resistivity showed a 
single activation energy of 2021 Kcal/g mole. This analysis 
and the results clearly demonstrated that with this electrolyte, 
the impedance of the electrodes don~inate the cell and the 
contribution of the electrolyte was negligible. Four electrode 
a-c resistance measurements on the vapor-grown and slip-cast 
oxides showed no discernible time dependence, whereas the 
green-sheet oxide did. This indicated a probable grain boundary 
impurity for this oxide (6,7) . 



Figure 1 .  The dependence of resistance on temperature 
for the vapor-grown Zr02-12 m/o Y2O3 oxide c e l l  with 
two electrodes 

measured a t  1000 Hz on annealed electrodes 
O 8  2' 5 measured a t  1000 Hz on Pt-organic recoated 

electrodes during heating --- Total resistance measured a t  50k Hz 
Rcalc resistance calculated from measured electro-  
l y t e  r e s i s t i v i t y .  

. 

The influence of d-c potentials on a single electrode was 
studied using a three electrode cell where the third electrode 
acted as a reference and carried no current. 

The variation of the analogue Rs, Rpr and Cp components 
of the interface are shown in Figure 2 for the vapor-grown 
oxide. The capacitance of an interface may be related to its 
electrical double layer, space changes or the electrochemical 
reactions taking place. If the capacitance was a function of 
the electrical double layer or space change, it would be 
expected that the measured resistance would be independent of 
the capacitance(8). This is not the case in Figure 2, as they 
were inversely related. At positive potentials, the capacitance 
was high (up to 500 pF/cm2 at 0.5 volts) and the parallel 
resistance is low. At negative potentials, the reverse was 
true and a minimum in capacitance was also reflected by a 
maximum in resistance. 

The d-c current was also not symmetrical about the zero 
potential. At positive potentials, the anodic currents were 



higher than the cathodic currents at negative potentials. 
This reflects a higher resistance or impedance at negative 
potentials than at positive potentials, as was observed from 
impedance measurements. These curves were interpreted in terms 
of a resistance or differential resistance, RDC, as can be seen 
from Figure 2. The differential resistance was obtained by 
graphical differentiation of the dc current/voltage curve and 
is plotted in Figure 2. All the resistance RDC, Rp and Rs were 
higher at negative potentials and had.a maximum at negative 
potentials. These similarities indicate that both the a-c 
and d-c behavior of the electrode are determined by the same 
factors. 

Figure 2. The potential dependence of (a) the anodic 
XA and c s t h ~ d i c  TI:: cyrrcntci (b) the a-c capacitance 
C p ,  resistance % and series resistance Rs measured 
at 1000 Hz; (c) the differential resistance RDC. The 
results wcrc for o cingle electrode on vapor-grown 
oxide at 1000°C. 

The polarization current for the electrode is shown again 
in Figure 3, plotted on a linear axis. It is interesting to 
note that both the anodic and cathodic curves are approximately 
linear but have distinctly different slopes. If the electrolyte 
resistance had controlled the polarization characteristics the 
anodic and cathodic curves would be linear and have the same 
slope. The slopes were determined by the potential dependence 
o f  the reaction kinetics a t  the electrodes. 



FQure  3. The variation of the anodic and cathodic 
currents plotted from Figure 2 as a linear function 
of potential. 

The electrode kinetic characteristics are significantly 
different fram those observed in aqueous systems(3). The 
approximately linear current behavlor over a range of potential 
of 800 mV as observed cathodically is not observed in aqueous 
electrouhemistrjl even taking into account the influence of 
increasing the absolute temperature from 300 ko 1270~~. At 
the reversible potential of the solid oxide electrodekin air, 
the electrode kinetics may be controlled by the heterogeneous 
reaction kinetics or concentration polarization. Concentration 
polarization would control the reaction rates when the reaction 
kinetics were ,rapid. Under these conditions, the capacitance 
should show a distinct maximum and the parallel resistance a 
minimum at the reversible potential (i.e., the Warburg 
impedance) (8). This was not observed which indicates that 
reaction kinetics and not concentration polarization determined 
the reaction rates. In aqueous systems, reaction kinetics 
control is referred to as activation polarization. Activation 
polarization is essentially the same as a high field conduction 
process and the current increases logarithmically with potential. 
This current was also not observed with the soli oxide and S attempts to increase the currents above 60 mA/cm with the vapor- 
grown oxide was unsuccessful because of heating effects. The 



heating was a consequence of the methods used in this investiga- 
tion and would not occur at these low current densities in a 
fuel cell system. In the fuel cell system,the mass of the cell 
is large and the heat transfer will be high. In these experi- 
ments, the mass of the film was low and the heat transfer 
coefficient to the air was low. The cell heated to extremely 
high temperatures and, as shown in Fiaure 4. both the platinum 
and the oxide melted. 

Figure 4. Part of a vapor-grown oxide ce l l  after 
passing high polarization currents. The rouuded 
edges of the oxide and beads of platinum indicate 
m e l t i n n  had occurred. 

These measurements have led to the following conclusions: 
1. The electrolyte resistance in fuel cells will be 

negligible in comparison to the effective resistances of the 
electrodes. The electrolyte composition can therefore be 
changed to maximize the electrochemical reaction rates even 
though the oxide resistivity would be lower. For example, the 
Y2O3 concentration could be increased to increase the oxygen 
vacancy concentration which may increase the rate of oxygen 
reduction. 

2. The resistance, as shown by recoating the electrodes, 
can be decreased by over an order of magnitude and the polariza- 
tion currents would be expected to increase markedly. However, 
the improved electrodes in this investigatxon were unstable 
and l o s t  their activity at higher temperatures. 



3. The mechanisms of electrode reactions on oxide 
electrolytes at present appear to be significantly more complex 
than those in aqueous electrolytes. These effects are possibly 
a result of the electronic conduction in the oxide which even 
though <I%, could markedly change potential distributions at 
the electrolyte/electrode interfaces. 

4. The a-c techniques employed encompass a wide range 
of variables relevant to solid oxide electrochemical cells 
and could be applied to monitoring cells, quality control, 
and understanding the reaction mechanisms which could lead to 
improvements in fuel cell performance. 
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ELECTROCATALYSIS OF COAL GAS COMPOUNDS 
ON SOLID OXIDE ELECTROLYTES 

David M. Mason and C. John Wen 
Department of Chemical Engineering 

Stanford University 
Stanford, CA 94305 

Abstract 

1t is qenerally accepted that the nature of the metal electrode is 
very critical in determining the rate of electrochemical reactions in 
cells employing solid oxides as electrolytes. On the other hand, the 
role of the oxide electrolyte in catalyzing cathodic electrochemical reac- 
tions involving gases containing oxygen has not been given much attention. 
In the investigation of NO decomposition on scandia or calcia stabilized 
zirconia by electrolytic removal of oxygen, there is a remarkable enhance- 
ment of reactivity by several orders of magnitude on the zirconia electro- 
lyte surface itself over that on platinum or gold. The purpose of this 
paper is to discuss some aspects of the electrocatalytic nature of the 
solid electrolyte electrodes including enhancement of the rate of the 
oxygen cathodic reaction by presence of protons on the electrolyte sur- 
face. Also, data on the anodic electrocatalysis H2 and CO are discussed. 

Experimental 

The experimental set-up is schematically shown in Figure 1. The 
essential part of the cell comprised an 8 mole% s~andia stabilized 
zirconia disc pressed.between two alumina tubes with two gold rings as 
seals which also served as current collectors. Gold wires 0.3 nun in 
diameter were welded on the gold seals by a spot-welder to provide the 
electrical leads. Generally, the gas samples were passed through a water 
saturator or a liquid nitrogen cold trap depending upon the purpose of 
experiment. Purified He gas was maintained in the chamber of the furnace. 
All electrical measurements were made on a Fluke 8200A digital voltmeter 
with an input impcdancc of loL4 ohm. 

The experimental observations consisted of measuring the currentpo- 
tential characteristics. The cell overpotential, ll, at given current, I 
was calculated from the .following relationship of: 

E = E  + T R  + 1 1  
0 -  ac- 

where E is tlie measured cell potenti'il, Eo is the open circuit potential 
and Ra, is the cell internal resistance obtained by A.C. method at 1kHz. 
The positive and negative signs in Equation (1) represent the situations 
for self-generating (fuel cells) and driven cells, respectively. Temper- 
ature was measured with a chromel-alumel thermocouple. 
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Results and Discussions 

Oxygen Reduction a t  the Cathode 

Unti l  recently metal electrodes were thought t o  play the predominant 
ro le  i n  catalyzing the reduction of gaseous oxygen compounds i n  sol id-  
oxide e lec t ro ly te  systems. However, Fabry and Klei tz  [ l ]  have noted t h a t  
the c a t a l y t i c  a c t i v i t y  of these electrode-electrolyte systems can be 
accounted f o r  by both the metal electrode and e lec t ro ly te .  Also i n  some 
recent work of Pancharatnam e t  a l .  [21, it was observed t h a t  the r a t e  of 
NO decomposition electrochemically on s tab i l i zed  zirconia with platinum 
a s  the electrode was several orders of magnitude greater  on the zirconia 
e lec t ro ly te  than on the platinum electrode. It was hypothesized t h a t  
F-centers on the surface of the zirconia created by the presence of the 
e l e c t r i c  po ten t ia l  were ac t ive  s i t e s  f o r  the NO decomposition, though 
t h i s  hypothesis has t o  be fu r ther  careful ly tested.  Also the  electro-  
chemical system gave decomposition r a t e s  a t  t(OOUC 108 times t h a t  observed 
by'~mirnazmi e t  a l .  [31 on zirconia i n  the absence of an e l e c t r i c  f i e l d .  

Figure 2 shows the influence of water vapor on the cathodic reduc- 
t ion of oxygen on a porous Au electrode. As it can be seen the  t o t a l  cur- 
rent  a t  a given overpotential rl i s  subs tan t ia l ly  increased by adding a 
small amount (3% by volume) of water vapor t o  the  oxygen-feed stream a t  
the cathode. The same behavior has been reported i n  the study by Yuan 
e t  a l .  [41 of oxygen pumps using s tab i l i zed  zirconia. Similarly, the 
electrode resis tance of an electrochemical c e l l  using calcia-s tabi l ized 
zirconia with porous Pt  paste  electrodes,has been observed by Yanagida 
e t  a l .  [51, t o  increase s ign i f ican t ly  i n  the absence of water vapor. In 
f a c t ,  t h i s  c a t a l y t i c  e f fec t  of water vapor on the  current  overpotential 
charac te r i s t i cs  has been observed not only i n  the  reduction of oxygen i n  
P t  but a l s o  i n  the decomposition of C02 as  demonstrated by Weisbart e t  a l .  
[61. For those runs in  which the  feed gas (CO + C02) is  mixed with a 
small amount of water vapor, the cathode current eff ic iency was much 
higher than f o r  runs using dry gaseous mixture. 

In order t o  in te rpre t  t h i s  behavior, it is  important t o  examine the 
overal l  cathodic reduction of oxygen v i a  the following defect  reaction 

OD X 
where V, denotes the doubly ionized oxygen-ion vacancies and 0, repre- 
sents  t h e  oxygen ions occupying the normal .s i tes .  It i s  c l e a r  t h a t  the 
three-phase contact zone where electrode, e lec t ro ly te  and gas a re  i n  
mutual contact  is the most reasonable location f o r  the  prepondernace of 
electrochemical ac t ive  s i t e s .  In f a c t ,  the necessity of maintaining as  
much three-phase contact a s  possible has been shown by Karapachev [71. 
Furthermore, it has been emphasized t h a t  the charge t rans fe r  overpotential 
f o r  cathodic-oxygen reduction is  not negl igible  by Casselton [ E l .  A s  a 
consequence, the r a t e  of formation of oxygen ions depends upon the elec- 
tron t rans fe r  s teps  and the  cathodic overpotent ial  a r i s ing  p a r t i a l l y  a s  a 
r e s u l t  of  the i r r e v e r s i b i l i t i e s  of electrochemical reactions. 

In the  presence of the water vapor, the oxygen ions,  however, can be 



Figure 2. Influence of water vapor on the cathodic 
overpotenttal i n  the reduction of oxygen on a gold 
electrode.  

(+) Air, Pt/Zr02 . Sc203/~u ,  02+H20(-) 



produced d i r e c t l y  according t o  the reaction 

AS a matter of f a c t ,  Wagner 191 has reported t h a t  the so lub i i i ty  of hydro- 
gen i n  the Zr02 + Y203 so l id  solution as  i n t e r s t i t i a l  protons is  propbr- 
t i o n a l  t o  square root  of the p a r t i a l  pressure of the  ambient water vapor 
a s  expressed by the equation: 

The mole fract ion of H i  was estimated t o  about 2 x l 0 - ~  a t  1000°C and 1 atm 
H20. The temperature dependence was small. Moreover, the diffusion coef- 
f f c l e n t  of ~f is  of the order of cm2/sec a t  900-1000°C. This value 
is  a t  l e a s t  two orders or magnitude higher than t h a t  of oxygen ions by a 
vacancy mechanism by Kingery e t  a l .  1101. Therefore, the c a t a l y t i c  e f f e c t  
of water vapor on oxygen reduction can be a t t r ibu ted  t o  i t s  so lub i l i ty  i n  
the oxide e lec t ro ly te .  

Effect  of Anode Reactions on Cel l  Total Overpotential 

It  has been suggested by Weisbart e t  a l .  1111 t h a t  the  anode reac- 
t ions can occur i n  one of two ways, e i t h e r  (i) the oxygen ion (05)forming 
oxygen (1/2 02) a t  the electrode surface and the l a t t e r  then reacting with 
the f u e l  o r  (ii) the  oxygen ion (0;) d i rec t ly  with the f u e l  a t  the  
electrode-electrolyte interface.  

The experimental r e s u l t s  of current  versus overpotential shown i n  
Figure 3 were obtained by passing various gases through the  anode compart- 
ment. Although the  datum points  denoted by d i f fe ren t  symbols a re  qu i te  
scat tered,  they (except f o r  H2 a t  the anode) generally f a l l  i n t o  a s ingle  
curve, thus suggesting t h a t  f o r  these species the behavior of the pro- 
cesses occurring a t  the cathode determines t h e  current  versus overgoten- 
t i a l  curves, oxygen being released without reaction a t  the anode except 
f o r  Ha--the overpotential a t  a given current f o r  H2 being considerably 
l e s s  than those f o r  other  gases. It is  in te res t ing  t o  note t h a t  unlike 
H a ,  CO i s  not appreciably react ive a t  the anode. 

The electrode reaction involving hydrogen may take a completely d i f -  
fe ren t  route than t h a t  suggested above, possibly t h a t  suggested by 
Wagner 131. 

In Figure 4 can be seen the excellent reproducibi l i ty  of current  
versus overpotential a t  707-C. It is  in te res t ing  t o  note t h a t  there  is 
no s ign i f ican t  difference i n  overpotential charac te r i s t i c  between a fue l  
c e l l  and a driven c e l l .  This behavior leads t o  the conclusion t h a t  the 
electrode p o t e n t i a l  appears not t o  a f f e c t  the  overal l  anodic oxidation of 
hydrogen appreciably. A more de ta i led  study of the so l id  e lec t ro ly te  
systems may be found i n  the  work of Wen [ l a ] .  
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Figure 3: Influence of  anodic gases  on over-' 
potent ia l  behavior. 
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Figure 4. Reproducibility of current-overpotential 
behavior at 980°K and gas flow rates of SO ml/min. 

Q (+)Air. Pt/Zr02 . Sc20g/Pt, Hz(-) Fuel Cell 
V(-)Air. PtlZr02 . Sc203/Pt, HZ(+) Driven Cell 

A(-)Air, Pt/Zro2 . Sc203/Pt, HZ(+) Driven Cell 



Conclusion 

Based on the preceding discussion, it is  ten ta t ive ly  concluded t h a t  
the solid-oxide e lec t ro ly te  c e l l  a c t s  a s  an oxygen concentration c e l l  and 
the presence of point defec t ssuch  a s  i n t e r s t i t i a l  protons on the oxide 
surface enhances the r a t e  of reduction of O2 a t  the cathode and may be 
responsible f o r  catalyzing the oxidation of H2 a t  the anode. In order t o  
obtain a much be t te r  understanding of the  electrode processes involving 
i n t e r s t i t i a l  protons and F-centers, it is  necessary t o  obtain more exten- 
s ive  r e s u l t s  by performing experiments using d i f fe ren t  e lectrode metals 
than jus t  gold and platinum and vary the metal-oxide surface morphology. 
Also d i f fe ren t  Solid-oxide e lec t ro ly tes  besides the zirconia family 
(e .g. , .cer ia ,  gadolinia, e tc . )  a r e  being studied with a focus on cathodic 
decomposition of NO and anodic oxidation of coal  gas ccnnpounds such a s  H2, 
CO, CH4 and t h e i r  der ivat ives such a s  CH30H. 
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CATHODIC AND ANODIC POLARIZATION PBENOMENA 
AT PLATINUM ELECTRODES WITH DOPED CERIA AS 

THE ELECPROLYTE 

~ a - Y U  Wang and A.S. Nowick 
Xenry Krumb' School of Mines 

Columbia Universi ty  
New York, New York ,10027 

Our understanding of e lec t rode  processes which give 
r i s e  t o  po l a r i za t i on  i s  very l im i t ed  due t o  t he  con f l i c t i ng  
r e s u l t s  of pa s t  s t ud i e s  ( 1 1 ,  most of which have been ca r r i ed  
ou t  using P t  e lec t rodes  and s t a b i l i z e d  z i rconia  a s  t he  
e l e c t r o l y t e .  I n  t he  presen t  s tudy,  t he  cu r r en t  i n t e r rup t ion  
method, i s  se lec ted .  This method is advantageous because 
( a )  it allows separa te  study of t he  anodic and cathodic 
po l a r i za t i on  e f f e c t s ,  and (b) it can e f f e c t i v e l y  separa te  
t he  ohmic po l a r i za t i on  ( I R  drop) from t h e  o the r  e f f e c t s .  
Porous platinum e lec t rodes  a r e  se lec ted  because these  haye 
been so.widely s tud ied ,  while doped c e r i a  i s  chosen f o r  t he  
e l e c t r o l y t e  because of i t s  promise f o r  f u e l  celZs ( 2 , 3 ) .  

A l l  of t he  samples a r e  c a l c i a  doped c e r i a  with CaO con- 
t e n t  from 6 t o  15.moIe.%.The mechanically mixed powders with 
t h e  r i g h t  composition a r e  f i r s t  calcined a t  1000°C, then 
ground and pressed i n t o  p e l l e t s  and s in t e r ed  a t  1600°C f o r  
24  hours. Before applying e lec t rodes ,  a l l  of t he  samples 
a r e  pol ished with 6p and 1~ diamond pas te  f o r  s eve ra l  hours.  

The e lec t rodes  a r e  appl ied by f i r i n g  platinum pas te  
(Englehard t6082) a t  800°C i n  open a i r .  Semi-circnlar 
e lec t rodes  a r e  put  on both s i d e s  of t he  sample a s  cathode 
and anode. The reference i s  on one s ide  of t he  sample 
separated by a t  l e a s t  0.5 cm from t h e  nea re s t  e lec t rode ;  i ts  
area  i s  kept  a s  small a s  poss ib le .  

A schematic diagram of t he  cu r r en t  i n t e r rup t ion  method 
i s  given i n  Fig. 1. The anodic o r  cathodic overpoten t ia l s ,  
11, ( r e l a t i v e  t o  t h e  reTerence e lec t rode)  a r e  measured with a 
s torage  type osc i l loscope  which records t he  r e s idua l  vol tage 
a f t e r  switching o f f  t he  appl ied  cur ren t .  The vol tage drop 
which occurs immediately upon switching is a t t r i b u t e d  t o  t he  
ohmic po la r iza t ion .  I n  general ,  t he  I R  drop from anode t o  
cathode o r  from e i t h e r  e lec t rode  t o  t he  reference shows a 
l i n e a r  r e l a t i o n  with tine appl ied  cur ren t .  The r e s i s t ance  
thus obtained ( a f t e r  co r r ec t i on  f o r  t he  e l ec t rode  r e s i s t ances  
which had been measured d i r e c t l y  by using a platinum f o i l  t o  



replace the sample) agrees well with the value of electro- 
lyte resistance which is obtained from independent 4-probe 
dc conductivity measurement. Therefore the residual voltage 
is believed to come purely from anodic or cathodic over- 
potentials. 

Thus far we have stod'jed several calcia doped samples 
with the compositionst 0.f 68, 8%, 10% and 15% CaO, over the 
temperature range from 600°c to 9000C, and with the partial 
pressure of oxygen from 1 atm to atm 'obtained wi'th 
argon-oxygen gas mixtures). 

For the anodic polarization, we have found that when 
the overpotentials ha are small (na 4 4  kT/e) the relation 
between qa and the applied current I is linear. At higher 
ovarpotentials,.the linear relation is no longer obtained. 
For large overpotentials (na >> kT/e), the characteristic 
Tafel behavior is observed (i.e. linear plot of loqaritnm of 
applied current I, vs. na) with a slope equal to e/2,3 k ~ .  
The entire curve can be fitted well wlth the Yutler-Volmer 
equation ( 4 )  

C 1 

with n = 2 and B = 0.5. Here I. is the "exchange current". 
This equation gives a linear I-na relation at low qg and 
Tafel behavior at high 0,. Figure 2 shows some typical 
examples of the fit of the above equation to the data for 
anode palarization. In this way, we have been able to 
obtain the dependence of 1, on temperature and oxygen 
partial pressure. In several cases, however, it was found 
that by using the values of I. obtained from small over- 
potentials we could not fit the data t b ~  tne range of 1 d ~ y e  
overpotentials unless the values of B were increased from 
0.. In these cases, it was also found that there was a 
step-wise change in the curve of IR drop vs. applied current. 
This irregularity is believed to be due to changes in the 
effective electrode area, often due to the deterioration of 
the electrode surface caused by a heavy currurlt. 

The Butlcr-Volmer equation with n = 2, f3 = 0.5, implies 
that at this electrode, the rate limiting process is the 
exchange charge process, which can be represented by 

The plot of cathodic overpotential qa vs. logarithm of 
applied current I at pure oxygen or, dry air atmosphere, also 



can be fitted with the Butler-Volmer equation with =0.5, 
n = 2. It is thus also consistent with the idea of an 
exchange charge process. When the partial pressure of 
oxygen is decreased further, however, the data deviate from 
the Tafd plot and, depending on the partial pressure, a 
limiting current is reached at different cathodic over- 
potential ranges. Using the idea that the transport of 
oxygen from the gas atmosphere through the cathode is slow, 
and combining the diffusion and exchange charge processes, 
the equation 

ne6nc ne (1-6) nc 
exp (-  -) - exp ( 

kT kT 
1 

is derived ( S ) ,  where 1: is the cathodic limiting current. 

e By choosing an appropriate value of I=, it was found 
that the data could be fitted to this equation, again with 
n = 2 and 6 = 0.5. In this way he temperature and oxygen 
partial pressure dependence of Ii could be obtained. When 
the cathodic overpotential was increased beyond the limiting 
current range, it was found that the current rises again. 
This effect is illustrated in Fig. 3, which shows typical 
cathodic overpotential curves. This last region gives;.a 
slope of 2.3 kT/e in the plot of nc vs. log I. At the same 
time, the electrolyte resistance, obtained from the'plot of 
the IR drop vs. I, decreases as the current increases. This 
suggests the onset of electronic conduction through reduc- 
tion of the electrolyte. Furthermore, we found that the 
range of cathodic overpotential at'bhich the current starts 
to turn up depends strikingly on the thickness of the , 

electrolyte, in support of this hypothesis (6). Finally, 
the electronic transference number deduced from the plot of . 
nc VS. log I falls into the same range of values as obtained 
from independent sources (3,7). See Fig. 4. 

In conclusion, we have found that, in contrast to the 
confusion in the literature pertaining to previous polariza- 
tion studies (mainly on stabilized zirconias), the present 
work using doped ceria and the current interruption method 
shows that the polarization phenomena can be interpreted in 
a relatively simple an4 straightforward way. In particular, 
thc p ~ c ~ c n t  data piuvide perhaps the clearest demonstration 
to date of the charge transfer process both in the anodic 
polarization and in the cathodic case for high po2. 
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Figure 1. Schematic diagram of current interruption 
apparatus, arranged to  measure cathodic polarization. 
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Figure 2. Typical anodic polarizat ion curves. Curve 
A Lu fur a CcOZ .I. 8H cau eleeeralyee, rua at ?UU'U and 
i n  an 0.012% 02-argon mixture; curve B i s  for  Ce02 + 
6% CaO. a t  6 0 0 " ~  and an 0 .92% 02-Ar mixture. 
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Figure.3. Typical cathodic polarization curves at 
three different oxygen partial pressures. 
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Figure 4 .  Comparison o f  data for  electronic trans- 

ference number, t e ,  a s  obtained from ana lys i s  o f  
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C~n2:Cao composCfions, with values  determined by 
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COMPLEX IMPEDANCE MEASUREMENTS OF Y3+ DOPED CeOz 

K. F. Young and A. D. F r a n k l i n  
Nat iona l  Bureau o f  Standards 

Washington, D. C. 20234 

We a r e  devel.oping e l e c t r i c a l  measuring techniques t o  determine the  
long-term s t a b i l i t y  o f  oxygen-transport ing s o l i d  e l e c t r o l y t e - e l e c t r o d e  
systems a t  h i g h  temperatures. Th is  should make i t  poss ib le  t o  e l u c i d a t e  
t h e  mechanism producing whatever degradat ion occurs i n  b u l k  t r anspo r t  
p rope r t i es  and i n  e l e c t r o d e - e l e c t r o l y t e  i n te r faces .  The complex impedance 
can be used, as shown by Bauer le [I], t o  o b t a i n  i n fo rma t i on  about t he  
i n t r i n s i c  c o n d u c t i v i t y  o f  t he  e l e c t r o l y t e ,  t he  i n f l u e n c e  o f  i m p u r i t i e s  on 
t h e  g r a i n  boundaries and the  rat 'e o f  e l e c t r o n  i o n  t r a n s f e r  a t  t he  e lec -  
t rodes. We a r e  us ing a network analyzer system t o  make these k inds of 
measurements on Y 3+ doped CeOz. 

Using a network analyzer system provides an. extended frequency ,range 
and r a p i d  measurement as compared t o  t h e  t ime honored technique o f  us ing  
an a .c. impedance br idge.  A network ana lyzer  s a c r i f i c e s  some r e s o l u t i o n  
i n  t he  mid range o f  f requencies (1  kHz t o  20 kHz), however, t he  ex tens ion 
o f  t h e  low frequency l i m i t  t o  10 Hz and the  h igh  frequency l i m i t  fo . I3  MHz 
p lus  i t s  f a s t e r  ope ra t i on  make i t  f a r  more use fu l  i n  s o r t i n g  'ou t  m u l t i p l e  
r e l a x a t i o n  processes and o the r  r e l a t e d  phenomena. We p resen t l y  dperate a 
network analyzer system i n  a semiautomatic mode and.data c o l l e c t i o n  i s  
about 5 t o  10 t imes f a s t e r  than us ing an a.c. b r idge.  We have developed 
computer programs us ing l e a s t  squares f i t t i n q  techniques f o r  our  data  
ana lys is .  

When a network 'analyzer i s  operated i n  an i n s e r t i o n  l o s s  mode, as we 
use it, then i t s  opera t ion  bears some resemblance t o  an a.c. b r i dge  
measurement technique. F ig .  ( 1 )  shows schemat ica l ly  t he  c i r c u i t  we use t o  
measure an unknown complex impedance Z*. It was drawn i n  such a way as t o  
show i t s  resemblance t o  an a.c. br idge. The most fundamental d i f f e r e n c e  
i s  t h a t  a b r i dge  i s  ad jus ted t o  a n u l l  ou tpu t  f o r  each des i red  frequency 
and a network analyzer j u s t  compares V * w i t h  V * and g ives  t h e  r e s u l t  
d i r e c t l y .  From the  c i r c u i t  shown i n  ~f~ (1)   can be w r i t t e n  as: 

where VA* and V * a re  complex vol tages. Since the  vo l tages vary  s inuso id-  
a1 l y  then they Fan be expressed as: 



Figure 1 .  Schematic diagram of measuring c i r c u i t  
for. a network analyzer. 

where w = frequency,, t = t ime and 4 = phase s h i f t  between VA* and VB*. 
The unknown Z* then becomes 

The ou tpu t  o f  t h e  network ana lyzer  opera t ing  over a f requency range 
o f  10 Hz t o  13 MHz i s  t h e  vo l t age  r a t i o  V / V B  and the  phase s h i f t  +. For 
ou r  purposes, V  / V g  can be considered as t h e  amount o f  a t t enua t i on  by t he  
unknown l o s s  whfch has been inser ted,  and + i s  t he  amount o f  capac i t i ve  
phase s h i f t  i n t roduced  by t he  unknown. 



Impedance measurements have been made f o r  several  sput tered P t  e lec -  
' 

t roded specimens o f  y t t r i a  doped c e r i a  up t o  800°C i n  both O2 and N2 
atmospheres. F igu re  2 i l l u s t r a t e s  reasonably t y p i c a l  data, t h e  main 
fea tures  o f  which can be summarized as f o l l ows :  

High Temperature-Low Frequency 

A t  h igh  temperature and low frequency a we1 1 -def ined r e l a x a t i o n  
-occurs, v i s i b l e  on t h e  r i g h t  s i d e  o f  t h e  p l o t s  i n  F ig .  2. Th is  r e l a x a t i o n  
i s  r a t h e r  s e n s i t i v e  t o  t he  atmosphere, and i s  a t  l e a s t  t e n t a t i v e l y  ascr ibed 
t o  reac t i ons  a t  t he  e lec t rodes.  Our h igh  temperature low frequency data  
appears t o  r e q u i r e  two p a r a l l e l  conduct ing paths. On the  r i g h t  hand s ide  
o f  Fig.  3 i s  presented an equ i va len t  c i r c u i t  capable o f  represent ing  t he  
data, i n  which R represents  a s imple charge c a r r i e r  exchange w i t h  an 
i n f i n i t e  reservoqr,  such as oxygen ions  w i t h  t h e  atmosphere o r  e lec t rons  
w i t h  t h e  Fermi sea o f  t h e  P t  e lec t rodes.  -W- i s  a Warburg impedance, 
represent ing  perhaps the  d i f f u s i o n  o f  r e a c t i o n  products i n t o  and ou t  of a 
rese rvo i r ,  as f o r  ins tance atomic o r  molecular oxygen. in  Pt .  

The Warburg impedance can be w r i t t e n  

where o i s  an i n t e n s i t y  constant,  j =J-1, and w i s  t he  c i r c u l a r  frequency. 
The impedance a t  low f requenc ies  o f  t he  equ iva lent  c i r c u i t  shown i n  F ig .  3 
i s  g iven by: 

z*. = Rd 
1 + ( j u r e ) %  

where 

Th is  equat ion i s  o f  t h e  form g iven by Cole and Cole ( 2 )  and descr ibes 
a sem i - c i r cu la r  a rc  w i t h  i t s  cen te r  depressed below t h e  r e a l  ax i s ,  such 
t h a t  t h e  angle subtended by t h e  r e a l  a x i s  and a l i n e  connect ing t he  center  
o f  t h e  a rc  w i t h  i t s  l e f t  i n t e r c e p t  on t h e  r e a l  a x i s  i s  (1114). R i s  t h e  
d is tance between the  i n t e r c e p t s  along t h e  r e a l  ax is ,  and re i s  t i e  t ime 





Z', OHMS 

Figure 2c. 

Figure 2. Complex impedance of ~ 3 +  doped Ce02 
specimen measured over the  same frequency range, 
10 Hz t o  13 MHz, a t  th ree  d i f f e r e n t  temperatures, 
a )  350°C, b) 450°C, c)  60O0C. 

LOW-TEMPERATURE i HIGH-TEMPERATURE 
HIGH- FREQUENCY ' LOW-FREQUENCY 

Figure 3. Equivalent c i r c u i t  capable of represent ing 
our complex impedance measurements. Cg,= geometric 
capaci tance of the specimen. RB = bulk res i s t ance ,  
Ztb = compleq impedance of the  d i s t r i b u t i o n  of g ra in  
boundaries, Z g 1  - complex impedance of the  e lec t rode  
processes. 



constant  f o r  t h i s  process. I n  F i g .  4 t h e  p a r t i a l l y  sketched.arc has been . 
obtained by f i t t i n g  eqn. ( 1 )  t o  t h e  a p p r o p r i a t e  d a t a  by a l e a s t  squares 
technique.  The agreement between data  and eqns a r e  e x c e l l e n t ,  thus pro- 
v id ing  a mathematical framework f o r  more i n t e n s i v e  study o f  t h e  e l e c t r o d e  
processes. 

2 '  O H M S  

~ i ~ u ; e  4 .  Complex impedance of y t t r i a  doped CeOp- 
specimen measured from 10 Hz to  12 MHz a t  6UU°C 
(enlargement of Figure 2'2). The arc shown i s  
calculated using-eqn.(2)  of t ex t  and least-squares 
fit, 
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Figure 5 .  Complex impedance of y3+ doped CeO2 
measured a t  250°C. The r i g h t  hand arc was 
least-squares f i t t e d  using eqn.(2)  and the l e f t  
hand arc i s  due t o  RB and Cg. These two arcs  
are  summed according t o  'the equivalent c i r c u i t  - 
(Figure 3)  and the r e s u l t  is the third curve 
which passes  through the  data po in t s .  

Low Temperature - High Frequency 

I n  our  a v a i l a b l e  frequency range (10 Hz - 13 MHz) and a t  temperatures 
below about 450°C a response i s  seen which appears t o  be compounded o f  
several  , re laxat ions .  The equ iva lent  c i r c u i t  o f  t he  l e f t  s i d e  o f  F ig .  3 
can be made t o  f i t  t h e  experimental data i f  the g r a i n  boundary impedance, 
Zib,  i s  g iven by 

F 
A z  

1 + ( jU-r ln 

Th is  equat ion  corresponds t o  a d i s t r i b u t i o n  o f  r e l a x a t i o n  t imes g iven by 
Cole and Cole (2 )  where AZ i s  t he  separa t ion  between i n t e r c e p t s  along the  
r e a l  a x i s  and n i s  a measure o f  how f a r  t he  arc  i s  depressed below the  
r e a l  a x i s  (4  < n,i 1 ) .  F igure  5 shows the  complex impedance o f  y t t r i a  
doped c e r i a  measured a t  250°C. The arcs  drawn represent  eqn (2)  on the  
r i g h t  hand (low-frequency) s ide,  and the re fo re  t he  "grain-boundary" 
e f f e c t ,  and t h e  simple p a r a l l e l  RB-Cg net.wnrk on the le f t . ,  a t  h i gh  f re -  
quencies. 



The "grain-boundary" e f f e c t  appears l a r g e  (AZ > R ) probably because 
t h e  specimen i s  q u i t e  porous and i t  i s  r e a l l y  t he  pore@ t h a t  c o n t r o l  t he  
e f f e c t  here.  The i n t e r n a l  r es i s tance  o f  t he  g ra ins  i s  represented by RB. 
Est imat ion  o f  i t s  va lue depends heav i l y  on t h e  goodness o f  f i t  t o  t he  
!'grain-boundary" e f f e c t .  A 4-probe measurement would produce a va lue f o r  
(R + AZ), which i n  t h i s  case would be useless as an es t imate  of t h e  
reg i s tance  t o  be assigned t o  t h e  ma te r i a l  i t s e l f .  

Here again, a mathematical framework f o r  separa t ing  and s tudy ing the  
responses o f  var ious  p a r t s  o f  t h e  e l e c t r o l y t e - e l e c t r o d e  system appears now 
t o  be a v a i l a b l e .  We a re  c a r r y i n g  ou t  f u r t h e r  experiments t o  conf i rm the 
assignment o f  t he  var ious  parameters i n  F ig .  3 t o  phys i ca l  processes. 
Then, us ing  t h i s  complex impedance measuring technique we w i l l  begin long- 
term s t a b i  1 i t y  experiments on h igh  temperature s o l  i d  e l e c t r o l y t e - e l e c t r o d e  
systems. 
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O f f A m t N l  OF APPUEO XIMCE T f ~ m ~ k  (516) US- 4078 

Dear 

A Workshop on High Temperature Solid Oxide Fuel Cells has been planned for 
May 5 and 6, 1977, at Brookhaven National Laboratory at the request of the 
Division of Conservation Research and Technology, Energy Research and Develop- 
ment Administration. Please consider this letter as an invitation to you or 
your organization to attend this Workshop. 

The purpose df the Workshop will be: (i) determine the present knowledge 
of factors limiting materials and processes taking place in this energy conA. 
version system and (ii) the direction in which future R6D should be directed. 

Contributions for,presentations are requ.ested and should be related to areas 
considered relevant to the development of solid oxide fuel cells. In order to maxi- 
mize the opportunity for discussion, participants who wish to contribute'to the dis- 
cussion should submit an extended abstract or summary (less than 2000 words) of their 
presentation for dist,ribution prior to the meeting. In addition, copies of 
visual aids presented during the Workshop.should'also be made available either 
prior to or during the meeting. 

The tentative plans are to have presentations on the first day. This.wil1 be 
followed by panels on the second day, which will be headed by a chairman, to 
assess the areas of: 

a. Electrolytes 
b. Electrodes' 
c. Interconnector materials 

n o  objectives of the panels will be to: (i) summarize present status of 
lerstanding and problem areas; (ii) 'develop recommendations for future research 
I development; (iii) establish any need for future activities or meetings; 

-..J (iv) provide a written summary of their conclusions. It is also intended 
to publish the proceedings of the Workshop. This report will include all 
relevant material presented and developed at the Workshop including extended 
abstracts, visual aids, and the conclusions of each panel. 

INFORMATION OPERATOR 15161 145-2123 



The following schedule has been set up: 

a. We would like to be informed, as early as possible and preferably 
before March 6, if you will be attending the Workshop and whether 
you wish to contribute any formal presentation. 

b. The extended abstracts of these presentations should be received 
by April 6 to allow sufficient time for their distribution prior 
to the meeting. 

c .  A final agenda, along with travel and accommodation details, will 
be sent out in mid-April at the same time as the extended abstracts. 

If there are any suggestions or questions you may have regarding the Workshop, 
please contact me or Dr. S. Srinivasan. 

Sincerely yours, 

dva 
Phone Numbers: 

H. S. Isaacs - (516) 345-4078 
S. Srinivasan -- (516) 345-4494 

Hugh S. Isaacs 



BROOKHAVEN NATIONAL LABORATORY 

ASSOCIATED UNIVERSITIES, INC. 

Upton. New YO&' 11973 

Deparhwnt of &plied Science (516) 345 4076 

June 10, 1977 

Dear Participant: 

At the request of Mr. I. Leslie Ha~ry, we are sending you here- 
with a paper entitled."Thermal Efficiency of Solid Electrolyte'Fuel Cells 
with Mixed Conduction", by P. Ross, Jr. and T. J. Benjamin of United 
Technologies Corporation. This paper will be published in the Journal 
of Power Sources. You may remember that Mr. Arnold P. Fickett referred 
'to this paper during a discussion session at the Workshop on "High Tempera- 
ture Solid Oxide Fuel Cells", to demonstrate the effect of low amounts of 
electronic conductivity of the electrolyte on fuel cell performance. 

With best wishes, 

Sincerely yours, 

H. S. Isaacs 

S. Srinivasan 

dva 
cc.: I. L. Harry, ERDA 

A. P. Fickett, EPRI 
attachment 



THERMAL EFTIClENCY OF SOLD ELECTROLYTE 
mTEL CELLS WITH M m  CONDUCTION 

P. N. Ross, ~ r . ~  and T. J. Benjamin 
Power Systems Division 

United Technologies Corporation 
~ d u t h  Windsor, Connecticut 06074 

The e f f e c t  of mixed.anionic and n-type e lec t ronic  conduct.ion i n  so l id  

e l ec t ro ly t e s  on the  thermal ef f ic iency of a f u e l  c e l l  system was analyzed 

q u m t i t a t i v e l y .  The mixed conduction observed when e l ec t ro ly t e s  based on 

c e r i a  are used i n  % / a i r  f u e l  c e l l  applications lowers the maximum at ta inable  

c e l l  thermal ef f ic iency t o  below 40%. Neither the z i rconia  nor the ces i a  

based s o l i d  oxide e l ec t ro ly t e s  studied t o  date can be used in a low teapera- 

t u r e  ( - (OO~C) system t h a t  meets simultaneously the requirements on power 

densi ty  .and thermal ef f ic iency f o r  e l e c t r i c  u t i l i t y  power plants .  The mate- 

r i a l  proper t ies  required fo r  an advanced f u e l  c e l l  power plant s o l i d  e lec t ro-  

l y t e  were derived in t e rns  of the ionic  conductivity and the  Schmalzried 

parameters Pg and Pe: oio* > 0.033 (R cm)-l, Pb > lo3 atm., Pe < atm. 

a t  7 0 0 ~ ~ .  

Introduction 

Many s o l i d  oxide systems have been considered f o r  application as oxide ion 

conducting e l ec t ro ly t e s .  i n  high temperature f u e l  c e l l s .  Solid e l ec t ro ly t e s  of 

the  doped z i rconia  type have been shown t o  be su i t ab le  f o r  ce r t a in  f u e l  c e l l  

applications(1-3~. They are purely ionic conductors over wide ranges of 

temperature and oxygen p a r t i a l  pressures but high temperature (- 900'~) are re-  

quired t o  obtain useful  conductivit ies and the high temperatures severely l i m i t  

the  materials which c u l  be used i n  f u e l  c e l l  fabr ica t ion.  Tne doped cerium 

oxides have been shown t o  e ~ 3 i b i t  high ionic conductivit ies a t  lower temperatures 

(700"~) .  However, recent s tudies  01'-'6) have reported t h a t  doped ce r i a s  are 

reduced in low oxygen p a r t i a l  pressure atmos~heres such as a t  the  f u e l  c e l l  

t t o  whom correspondence.shouId be addressed. Present address: united 
Technologies Research Center, S i lve r  Lane, Ea;t H ~ t f o r d ,  CT 06108. 



anode and s ign i f i can t  e l ec t ron ic  (n-t:,pe) conduction may r e s u l t  when doped 

ce r i a s  a r e  used a s  f u e l  c e l l  e1ectroi.fte.s. One of the consequences of nixed 

conduction i s  consumption of f u e l  even a t  zero t o t a l  current  t o  compensate 

f o r  the current 'drain by e l ec t ron ic  conduction, i .e.  the c e l l  e f f ic iency w i l l  

be reduced. The dele ter ious  e f f e c t  of mixed ( ion ic  and e l ec t ron ic )  conduction 

on the thermal e f f i c i ency  pf a f u e l  c e l l  system has not been detemined quanti- 

ta t ive ly '  f o r  any of the i e r i a  e l ec t ro ly t e s .  Calculation of thexzal e f f i c i ency  

w i l l  determine whether any of the  doped-cerias s tudied  t o  da te  w i l l  meet the 

E l e c t r i c  Power Research I n s t i t u t e  (EPRI) heat r a t e  f o r  advanced power p lants ,  

3500 Btu/kwh('ll o r  an overall .system thermal e f f i c i ency  of 45.s. The thermal 

e f f i c i ency  defined by the  power generation industry i s  the r a t i o  of the power 

del ivered  t o  the standard enthalpy of combustion of the f u e l  and should be d i s -  

t inguished from the e f f i c i ency  used by electrochemists which is the  voltage e f -  

f ic iency,  usual ly  defined a s  the r a t i o  of the power del ivered  t o  the t o t a l  

avai lable  Gibbs f r e e  energy i n  the fuel .  

I n  the present work, we repor t  the ca lcula t ions  o f  the performances and t h e m  

e f f i c i enc i e s  of cerie-based s o l i d  e l ec t ro ly t e s  and determine t h e i r  po t en t i a l  as  

e l ec t ro ly t e s  f o r  advanced f u e l  c e l l  power p lants .  The theory of mixed conduction . . 
i s  a l s o  used t o  e s t ab l i sh  the proper t ies  which a s o l i d  e l ec t ro ly t e  must possess 

i n  order t o  meet the EPRI systems t h e m 1  eff ic iency.  Following the analys is  used 

by patterson(') we haw chosen t o  characterize these mater ia l  proper t ies '  by the 

parameters introduced by S c h ~ a a l r r i e d ( ~ ) ,  Pe, the 0 i a r t i a l  pressure a t  which the 2 
.p-type e lec t ronic  conductiy$ty equals the ionic  conductivity,  and Pg, the O2 

p a r t i a l  pressure a t  which the n-type e l ec t ron ic  conductivity equals the  ionic  

conductivity. 

Theory 

The reduction of s o l i d  electrol-ftes r e su l t s  i n  the generation of excess 

e lec t rons  by 

- 1 
0- = - 0 ('g) + v = + 2e- 2 2 0 

The e lec t rons  cres ted  by ca t ion  reduction a r e  e a s i l y  promoted t o  the conduction 

band A d  e lec t ronic  conduction r e su l t s .  The s o i i d  ' e lec t ro ly te  cgn be wri t ten  

as  an equivalent c i r c u i t  a s  shown in  Figure 1. Wagner's t h e o q  of r,ised conduc- 

t i on ( lO)  can be used t o  derive equations which describe the voltage,  current ,  



power and e f f i c i ency  c t1arac ter is r ;~cs  *>f the c e l l  shown i n  Figure 1. -For  the 

purposes of t h i s  study, only losses  ; . i thin the e l ec t ro ly t e  w i l l  be considered. 

Therefore, the  anode and cathode w i l l  be assumed revers ib le .  Also, the terminal 

voltage,  VT, is assumed t o  be equal t o  the difference i n  the electrochemical 

po ten t i a l  of the  e lec t rons  a t  the cathode (q") and a t  the anode (11'). 
3 3 

FVT = q j '  - Tlj 

I n  Wagner's general  theory, the  l o c a l  charge f lux  of species i i s  

dhere o. 1s t h e  p a r t i a l  conductivity,  Zi i s  the valence, and G 1s  the c lec t ro-  \ .  
chemical p o t e n t i a l  gradient  of i. In  order t o  obtain q1 (ca t ions)  and % (anions),  

which a re  not exper inenta l ly  measurable, j.n terms ~f n3 ( e l ec t rons )  and !J , 
'JE Cnefnifal p o t e n t i a l  of molecular owgen i n  the gas ~ h a s e ,  fu r the r  asslvnptions must. 

be made. Local equil ibrium i s  assumed between neu t r a l  atoms, ions,  and. e lec t rons .  

V i r tua l  s to ichionet ry  i s  assumed and the Gibbs-Duhem re l a t i on  betweegneutra l  

metal atoms and oxygen anions i n  the e l ec t ro ly t e  i s  applied. Under these condi- 

t ions ,  equation ( 3 )  reduced t o  

Iion = -A o. lon (vU /2 Z2F + 0T13/i3F) 
O2 

( 4 ) .  . 
where 

Iinn = I1 + I2 and oion = o 1 + o2 . 
Also, 

The system i s  fu r the r  assumed t o  be a t  steady s t a t e  s o  tha t  a l l  currents 

are  independent .of locat ion  i n  the  e l ec t ro ly t e .  Following Choudury and Patterson'''), 

we define a current  parameter, r ,  a l so  independent of locat ion  i n  the  el.ectrn.l.yte, 

A t  f l xea  values of u", , each value of r defines an unique s e t  of vT and I 
O2 O2 ext '  

With the assunptions of steady s t a t e  and only e l ec t ro ly t e  uolar iza t ion ,  expressions 

f o r  VT and Iext can be wri t ten  i n  terns of r ,  the conduct iv i t ies ,  and tho chenical  

potent ia ls .  Combining equations ( 2 ) ,  ( h ) ,  ( 5 ) ,  (6 )  with Z3 = -1 resu l t s  i n  



The external  current  I i s  simply the sum of Iion and I,, so  equations (4) ,  ex t ,  
( 5 ) ,  and (6) are  used t o  obta in  

where t i s  the e l ec t ro ly t e  thickness. Equations (7) and (8)  haw ana ly t i ca l  

so lu t ions  i f  uion and u a r e  wr i t ten  i n  terms of IJ . For an idea l  gas, the 3 O2 chemical po ten t i a l  i s  r e l a t e d . t o  the p a r t i a l  pressure by 

p = R T I n P  
O2 O2 

( 9 )  

For a mixed conductor exhibi t ing  only excess electronic.conduction and no hole 

conduction, the I o n i c  and e lec t ronic  conduct iv i t ies  are  r e l a t ed  by 

where P is the Schmalzried parameter f o r  e lec t ronic  conduction and corresponds 
0 

t o  the oxygen p a r t i a l  pressure a t  which 'the ionic  transference number, t . ,  i s  

equal t o  one-half, where 

Subst i tu t ion  of equations ( 9 )  and (10) i n t o  equations (7)  and ( 8 )  a l l ov  integra- 

. t i on  of V and Iext. The f i n a l  r e su l t s  a r e  T 

and 

(13) 

where Eth i s  the t heo re t i ca l  open c i r c u i t  po t en t i a l  i n  the absence of mixed' 

conduction 



The f u e l  c e l l  power, P, i s  simply the product of the voltage and the current.  

The voltage ef f ic iency,  ($), i s  based on the t o t a l  Gibbs f r e e  energy of the 

fue l ,  equivalent t o  Iirn times Eth. Therefore, 

The thermal ef f ic iency,  ($1, of the c e l l  i s  based on the standard entnalpy of 

combustion of the fue l  

(VT) ( Iext )  
q, = 

41' of f u e l  electrochemically converted 

where MW i s  the molecular weight of the fue l  (in pounds), n i s  the number of 

e lec t rons  i n  the oxidation s tep ,  and HHV. i s  the higher heating value of the 

fue l .  1 f  only hydrogen i s  converted electrochemically,  then 

Performance cha rac t e r i s t i c s  f o r  a mixed-conducting s o l i d  e l ec t ro ly t e  can 

be ca lcula ted  from equations (12), (13),  (Lk), ( I s ) ,  and (17), given values f o r  

Po and qisn, by allowing r t o  t'ake on a l l  values from -1 t o  a. Alternatively,  

the equations can be used t o  determine the value of the schmalzried parameter, 

Pg, required t o  y i e l d  the desired value of 'l\r. 

As mentioned above, the EpRI goal f o r  a s o l i d  oxide e l ec t ro ly t e  f u e l  c e l l  

i s  a t o t a l  system heat r a t e  of 7500 Stu/kdh which i s  equivalent t o  an ove ra l l  

t h e n a l  ef f ic iency of 45.5;%. In order t o  evaluate the required properties of 

the g lec t ro lyfe ,  the ef f ib iency of the electrochenical .  c e l l  alone must be 



separated from the t o t a l  system efff. :iency. This separa t ion  w i l l  d'eGend i n  

general  on the ove ra l l  system desigt,, but it i s  possible t o  e s t ab l i sh  a .separa-  

t i on  t h a t  i s  reasonably general. We assume a hydrocarbon f u e l  c e l l  appl ica t ion  

which may: ( a ) , ox id i ze  the hydrocarbon d i r e c t l ~  i n  the f u e l  c e l l  anode, (b)  re- 

form the hydrocarbon t o  hydrogen and carbon monoxide which i s  electrochemically 

oxidized. For the l a t t e r  case,  we define a reformer e f f i c i ency  as  

4i0 of H~ and co consumeti 
1, = 

@HO of f u e l  i n t o  reformer 

This de f in i t i on  of the reformer ef f ic iency takes i n t o  account the degree of 

u t i l i z a t i o n  of the H;! and CO in the anode. Then the electrochemical c e l l  the& 

eff ic iency i s  defined a s  

;, = DC Power del iverea  by c e l l  

'.%I0 pf H;! and CO consuned 

and the inve r t e r  e f f i c i ency  i s ,  as  ususl ,  

% = AC Power out  
DC Power delivered by c e l l  ' 

The ove ra l l  e f f ic iency,  7, i s  then q ~?r", . 
Equations (18) and (19) a r e  eas\ily modified f o r  the  d i r e c t  hydrocarbon 

f u e l  c e l l .  i n  t h i s  7) represents the product of the mole f r ac t ion  of the. hydro- R .  
carbon t h a t  can be e l ec t rochemic~ l ly  converted e.nd the degree of u t i l i z a t i o n  of 

the fuel ,  o r  

;, = LHO of hydrocarbon consunied 

4 i 0  of f u e l  i n t o  system 

Using reasonable values f o r  \ arid ;) and ;l = 45.55, the required value f o r  % I 
i s  a t  l e a s t  5qa,  even f o r  a d i r e c t  hydrocarbon oxidation f u e l  c e l l .  

For the sake of convenience, and comparison with experiment, pure H2 w i l l  

be used as  the fuel .  Since r e v e r s i b i l i t y  i s  a s swed  f o r  the e lec t rodes ,  the 

use of H ra ther  than a hydrocarbon changes only the open c i r c u i t  po t en t i a l  and 
2 

the vzlue of Po a t  the anode. It t r i l l  be shown tha t  these changes a r e  r e l a t i ve ly  
2 



small  and do not a f f e c t  the conclus i .~ns  made using H2 as  the fuel .  .Kudo and 

b b a y a ~ h i ' ~ )  have preserlted a comple! ? .analys is  of ca t ion  reductiort and the 

resul t ing  ion-electron mixed conduction f o r  Cel-xGdx02-(:c12). For the com~osi -  
-1 -1 0 t ion  described by x = 0.3, a. = 0.333 (ohm-cz) and Pe = 3.16 x 1 0  -& atm. 

Ion 
a t  7 0 0 0 ~ ' ~ ) .  Figure 2 i s  a graphica l  representation of equations (12), (13), 

(15) ,  and (17) f o r  t h i s  system with a i r  a t  the cathode and P /P = 4 a t  the 
H2° . H2 anode (equivalent t o  the 8040 hydrogen u t i l i z a t i o n ) .  The curves nave been plo t ted  

using I ( t / ~ )  so  t h a t  they a re  independent of geometry. For conparison, ex t  
Figure 3 has %een ca lcula ted  f o r  (Zr02)0~93(~203)o.07J a t  a tenperature (82g°C) 

a t  which the conductivity of y t t r i a - z i r c 0 n i a . i ~  the same as  the ionic  csnduc- 

ti.vity of gadol in ia-cer ia  at. 7 0 0 ~ ~ .  

One cha rac t e r i s t i c  of mixed conduction in  oxide e l ec t ro ly t e s ,  a s  Figures 

2 and 3 c l e a r l y  demonstrate, i s  t h a t  the ef f ic iency passes through a mexinum 

with increasing current  density,  the maximum being located  of ten  a t  very high 

current  density.  The performances and thermal e f f i c i enc i e s  of f u e l  c e l l s  using 

d i f f e r e n t  e l ec t ro ly t e s  can be compared using two d i f f e r e n t  bases: (1 )  a t .  con- 

s t a n t  conductivity,  and (2 )  a t  constant tenper2tux-e. The comparissn a t  ccnstant 

conductivity nornalizes the electrochemical c e l l s  t o  the sane poaer decs i ty  i n  

the absence of any e lec t ronic  conduction in  the e l ec t ro ly t e .  Since the,  c a p i t a l  

c o s t  of the f u e l  c e l l  system i s  sca led  by the power density,  the conparison of 

d i f f e r en t  oxide e l ec t ro ly t e s  a t  constant conductivity i s  equivalent t o  an approxi- 

mately constant c a p i t a l  cos t  basis.  Based on present technology f o r  fabr ica t ing  

th in  (- 100 imgenrious, ceramic layers ,  0.033 (ohm-cm)-l i s  a minimuf^ con- 

duc t iv i ty  needed t o  provide adequate power dens i ty  (> 200 ~JSF) end reasonable 

c a p i t a l  cos t (14) .  Table 1 gives a conparison of the r e su i t s  a t  constant conduc- 

t i v i t y  f o r  severa i  doped ce r i a s  2gains.t y t t r i a - z i r con ia  and denonstrates c l ea r ly  

t h a t  i n  H2/air f u e l  c e l l  appl ica t ions ,  none of the doped ce r i a s  can provide 

t h e m a l  e f f i c i enc i e s  g rea t e r  than 4%. Table 2 shows the 'constant tenaerature 

ccmparison a t  an advanced power p l an t  temperature of 7 0 0 ~ ~ .  While lanthaaan 

doped c e r i a  has a maximum e f f i c i ency  close t o  505, the power dens i ty  i s  too low 

t o  be ~f i n t e r e s t ,  and the e f f i c i enc i e s  of the o ther  c e r i a  c e l l s  a re  f a r  below 

Fa. The comparisons i n  Tables 1 and 2 of' the perfotmances of i h e  y t t r i a - z i r con ia  

c e l l  with the doped-ceria c e l l s  c l ea r ly  i l l u s t r a t e  the severe ef f ic iency penalty 

frca the decree of e lec t ronic  conduction occurring in  doped c e r i s s  i n  Hp/air 

f u e l  c e l l  applications.  



One can legi t imate ly  question 'i!e v a l i d i t y  of conclusions deriyed e n t i r e l y  

from performances ca lcula ted  from a :heory. Performance measurements i n  our 

laboratory do confirm the e s s e n t i a l  elements i n  the theory of mixed conduction. 

F igure 'b  shows a comparison of the experimental and ca icula ted  performance, 

curves f o r  a s o l i d  e l ec t ro ly t e  of the  ceria-gadolinia family'. The vvales of 

o and P measured independently .for t h i s  mate.rial were 0.0672 (ohn-cm)-' and ion 
3.05 x lo-'' 'atm., respectively.  The c e l l  configurati6n was 

( 1  h m .  a i r ,  P t )  ,i 1 ~Cel-xGdx~2-x12] (Pt ,  .97 a t r .  *, + .03 a h .  5 0 )  I! 
Tbe close agreement between the measured and ca lcula ted  performance curves adds 

t o  the v a l i d i t y  of the analys is  of po ten t i e l  e l ec t ro ly t e  materials using Wagner's 

theory of mixed conduction. 

Discussion 

Using the analys is  presented here f o r  the e f f e c t  of mixed conduction on 

thermal ef f ic iency,  a map of the minimum proper t ies  required of oxide materials 

f o r  use as  s o l i d  e l ec t ro ly t e s  i n  %/a i r  f u e l  c e l l s  can be drawn, a s  done i n  

Figure 5, f o r  ambient pressure c e l l s .  It i s  c l e a r  t h a t  none of the materials 

whose proper t ies  have been reported i n  the l i t e r z t u r e  t o  date meet the require- 

ments f o r  a low temperature (700'~) application.  The e lec t ronic  conduction i n  

the doped ce r i a s  i s  too high t o  meet e f f i c i ency  requirements, and the conductivity 

of the doped zirconias i s  too low t o  provide both high power dens i ty  (low c a p i t a l  

cos t )  and high ef f ic iency.  - While the nap of Figure 5 appl ies  only t o  %/a i r  f u e l  

c e l l s ,  the general  p ic ture  i s  the same f o r  a hydrocarbon f u e l  c e l l .  Changing 

the anode gas from a H2-H20 mixture t o  a H2, CO, H20, C02 mixture does not 

r e s u l t  i n  a s ign i f i can t  change i n  P ' , since the equilibrium constant f o r  
O2 CO + 112' O2 = C02 i s  very close t o  t h z t  f o r  5 + 1/2 O2 = H20 f o r  the tempera- 

ture  range of i n t e r e s t (15 ) .  The magnitude of the component of e lec t ronic  con- 

duction i s  a f fec ted  by the value of the r a t i o  of P i n  the anode, but i n  the 

p r a c t i c a l  range of usage, e.g. 1 t o  20, the PQ i n  Figure 5 i s  not 

sh i f t ed  s igni f icant ly .  

The t o t a l  system pressure a f f ec t s  both power dens i ty  and thermal ef f ic iency.  

Because the gas pressures a r e  ra ised  t o  the 114 power i n  equation (12), subs t an t i a l  

pressur iza t ion  i s  required t o  produce any s ign i f i can t  e f f ec t .  I n  the case of 

the gadolinia-ceria e l ec t ro ly t e ,  pressur iza t ion  t o  100 a h .  increased TT f ron 4 6  



t o  only %$, s t i l l  wel l  below the r ?  luired ef f ic iency.  For y t t r ia -z i rconia ,  the 

e f f e c t  of t o t a l  pressure on the pow2.- dens i ty  a t  700 '~  f o r  T+ > 5% was examined, 

and it was determined t h a t  pressur iza t ion  within p r a c t i c a l  l i m i t s  (- 10 atm.) 

d id  not change the power dens i ty  by more than 5C$, s t i l l  i n su f f i c i en t  power 

dens i ty  f o r  use as  a low temperature s o l i d  e l ec t ro ly t e .  

The development of a low t emper~ tu re  s o l i d  e l ec t ro ly t e  f u e l  c e l l  s a t i s fy ing  

the EPRI requirements f o r  advanced power p lants  hinges on the discovery of oxides 

having both f a s t  anion t ranspor t  and a high res is tance  t o  the crea t ion  of excess 

e lec t rons  a t  low oxygen pressure by reaction (l),. There i s  some indica t ion  t h a t  

these two proper t ies  a r e  not independent. I f  we define c% as  the p a r t i a l  molar 

enthalpy change f o r  reac t ion  ( l ) ,  then the equil ibrium constant,  K, f o r  t h i s  reac- 

t i o n  w i l l  he 

Folloiiing t h e  analys is  of Kudo and ~ b a y e s h i ( ~ ) ,  i t  can be'shown t h a t  

where I, i s  the e lec t ron mobili ty,  and [V ] the t o t a l  number of oxygen vacancies in 

the l a t t i c e .  For a f ixed [V 1, which i s  a function p r inc ipa l ly  of the dopant l eve l ,  

and a t  a f i xed  P , the  l a r g e r  the L$I the smaller the l e v e l  of e lec t ronic  conduc- 
O2 

tion.  I f  t he  purely i on ic  component of conduction i s  represented i n  the usual way 

IJ: i s  a combination of mater ia l  proper t ies  such a s  the number of anion vecancies, 

the l a t t i c e  pa rme te r ,  and the anion jump frequency, and E. i s  the ac t iva t ion  

energy f o r  oxygen ion conduction. Our survey of the published proper t ies  of 

doped z i rconia  and doped c e r i a  indica ted  t h a t  the much higher i on i c  conduct iv i t ies  

i n  doped c e r i a  a r e  a r e s u l t  of much l a rge r  a0 values r a the r  than a decrease i n  E 
i i' 

Further,  a s  shown i n  Figure 6,. a co r r e l a t i on  was found between a; and & f o r  

doping l eve l s  i n  z i rconia  and c e r i a  of l e s s  than 20 a/o. A t  higher doping levels ,  

no co r r e l a t i on  was found, probably due t o  vacancy ordering causing deviation f rm 

the behavior predicted by equation (26). The co r r e l a t i on  of Figure b suggests 

there  i s  a cause and e f f e c t  re la t ionship  between high oxygen ion mobiii ty i n  the 

l a t t i c e  and r e l a t i ve ly  high v o l a t i l i t y  of oxygen ions from the l a t t i c e .  The 



values of & and o0 required of a l ~ t +  temperature s o l i d  e l e c t r o l y t e  a r e  i 
located  i n  the upper r i g h t  hand co rc i r  of Figure 6, assuming t h a t  Ei i s  approxi- 

mately 0.7 eV. It i s  c l ea r  t h a t  the mater ia l  properties required represent a 

subs t an t i a l  deviation in mater ia l  behavior from t h a t  obsemed i n  the oxides 

s tudied  t o  date.  
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Table 1: B:axinum T h e m 1  Ef f i  :iencies a t  Constant Ionic 
Conduc t i . ~ i t y .  

s ys tern Ref. T ('c) P, ( a h . )  P . ( t / ~ )  
(~ratts/cm) 

(zr02).93(Y203).07 12, 13 820 7 x 0.0028 

Table 2: Maximum The ma1 E f  f icienc&e,s. a t  Constant 
'Yemp&rature (700 L ) . 

System ~ e ' f .  oion (oh-cm)-l pg (atrn.) P . ( t / ~ )  IT (,%I 
(watts/crn) 

(zr02).93(Y203).07 3 0.0127 1 . 0 0 ~ 1 0  -44 0.0015 50.2 

(Ce02).a2(Gd203)..1e 4 0.033 3.16 x lo-'' 0.0048 43.0 

(ce02) .67(La203) .33 16 . O.n?1.4 1.34 x 0.00017 49.5 

(ce02) .95(ca~)  ,05 6 0.014 1.00 x 10 -17 0.0021 35.7 

(Ce02).g5(Y203).05 5 0.0103 5-31 x 1u-l' 0.0017 36. 
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CURRENT DENSITY (AMPS/CM) I,,t*t 

Figure 4 .  
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