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ABSTRACT 

An i n i t i a l  survey o f  t h e  l i t e r a t u r e  produced a  l i s t  o f  cer -  

amic m a t e r i a l s  (o the r  than l i t h i u m  aluminate)  w i t h  p rope r t i es  

which made them p o t e n t i a l  candidates f o r  use i n  molten-carbonate 

f u e l  c e l l  t i l e s  o r  e lect rodes.  Seven of t he  m a t e r i a l s  i n  t he  . 

o r i g i n a l  l i s t  were dropped from cons ide ra t i on  because o f  un- 

f avo rab le  thermodynamic p rope r t i es ;  four m a t e r i a l s  were se t  

as ide  because o f  h igh  cost ,  l a c k  of a v a i l a b i l i t y ,  o r  f a b r i c a t i o n  

d i f f i c u l t i e s .  Th i r t een  composit ions werc tes ted  s t a t i c d l l y  a t  
1000 K i n  a  Li2C03-K2C03 bath  under a  d r y  C02 atmosphere. Only 

f o u r  o f  t h e  m a t e r i a l s  t es ted  showed severe degradat ion re- 
a c t i o n s  i n  t h e  mol ten carbonate. 

A  low-temperature process f o r  forming small diameter, h igh-  

aspect r a t i o  ceramic f i b e r s  f o r  f u e l  c e l l  use has been developed. 

A  pa tent  a p p l i c a t i o n  c u r r e n t l y  i s  being f i l e d  by DOE. 

A  shor t - te rm program t o  i n i t i a t e  a  computer study on t h e  

thermodynamic ana lys i s  o f  f u e l  c e l l  ma te r i a l s  was i n i t i a t e d  a t  

Montana S ta te  u n i v e r s i t y .    he r e p o r t  on t h i s  program i s  i n -  

c luded as Appendix B. 

The MHD and high-temperature f u e l  c e l l  1  i t e r a t i r r e  was sur- .  

veyed, and m a t e r i a l  p rope r t i es  were eval uated ' t o  i d e n t i f y  MHD 

m a t e r i a l s  w i t h  p o t e n t i a l  use f o r  fue l  c e l l  app l i ca t i ons .  A 

technology t r a n s f e r  r e p o r t  o f  these f ind ings  was prepared. This  

, . r e p o r t  i s  inc. luded as Appendix A. Laboratory f a c i l i t i e s  were 

es tab l  i shed t o  conduct research on i n t e r f a c i a l  d i f f u s i o n  pro- 

cesses which cou ld  be de t r imen ta l .  t o  successful  long-term 

opera t i on  of t h e  s n l i d - e l e c t r o l y t r !  f11e1 c e l l .  A v d r i e t y  .of phys- 

i c a l  and chemical techniques were examined f o r . t h e  prepara t ion  o f  

h igh-dens i ty  s u b s t i t u t e d  LaCsD3 which was t o  be one componentof  

a  d i f f u s i o n  couple w i t h  Y20J-stabi l  i zed  ZrOp.  Hydro lys is  o f  a  

mixed metal - n i  t r a t e  s o l u t i o n  w i t h ,  urea produced the most r e a c t i v e  

powder. A f i n a l  t h e o r e t i c a l  dens i t y  o f  almost .98% was a t t a i n e d  

i n  cold-pressed . s in te red  d i scs  o f  t h i s  m a t e r i a l .  
. . 
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I. OBJECTIVE AND SCOPE OF WORK 

The, objective of the program was to define and demonstrate components 

for improved, fuel -versati 1 e medi urn- and hi gh-temperature fuel cell s with 

potential appl ication to large-scale util i ty power generation. Two tasks 

were carried out to obtain the data required to meet this ob~ective: 

, 1 Survey and develop materials and material systems with micro- 

structural properties suitable.for the containment of molten- 

carbonate electrolytes in a fuel cell envir.onment. Emphasis was 

placed on developing improved tile fabrication techniques and im- 

proved tile and container materials. 

.2. Identify materials developed for MHD energy conversion that 
may have applicability as high-temperature fuel cell components . 

such as electrodes , sol id-el ectrolytes , electrode interconnectors 
or support ,materials; .conduct a preliminary experimental program 
on the most promising materials to evaluate their applicability 

in fuel cells; and prepare a repoft .on these findings. 

11. ' SUMMARY OF PROGRESS TO DATE 

A. Holten-Carbonate Fuel Cell 

An initial search of the '1 iterature was made to identify ceramics 

, . 1:nown to be corrosion resistant at elevated temperatures. Both electron- 

ical ly conducting (electrode) and non-conducting (tile) material s' were 

considered'. Thermodynamic functions were collected, and calculations were 

performed for postulated materials interactions. Of the materials selected 

in the 1 i terature search, sevell were Pound to ,be unsuit.ahla because of un- 

favorable thern~odynamic properties. Four materials were set aside because 

of high materia.1~ cost, lack of availability, and/cr fabrication diffi- 

culties; Thirteen compositions were tested statically at 1000 K in a 

Li2C03-K2C03 bath under adry C02 atmosphere. Only four of the materials 

tested showed severe degradation in' the molten-carbona,te bath. 

Toward the end of the contract period, the literature survey and cal- 

culations perfortlied under Task B to evaluate MHD- material s suitable for. use 

in fuel cells was completed. The conclusion of that ,report (Appendi.~ A) in- 
dicates several materials which could be added to the initial list of 

. . 

., . . .- . , . . , . . .  
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candidates f o r  use i n  the  molten-carbonate fue1 ,ce l l .  Perovskites such as 

rare-ear th  nickelates,  cobaltates, and manganates should be corrosion- 

tes ted f o r  use as a i r  electrodes. '. The most promising materi 'als f o r  the 

e l e c t r o l y t e  support incqude the aTkal ine-earth tiafnates and zirconates, 

l i t h i u m  and a lka l ine -ear th  tantalates,  and rare-ear th  aluminates. 

A low-temperature process f o r  forming small diameter (1  ) h i g h  .' 

aspect r a t i o  ceramic f i b e r s  f o r  reinforcement o f  f ue i  - c e l l  t i l e s  has been 

developed; The de ta i  1 s o f  t h i s  process are' described i n  a DOE -patent 

app l i ca t i on  which w i l l  be f i l e d  i n  the 'near  future.  The f i be r  diameter i s  

l i m i t e d  on the  l o w  s ide  by the  s i ze  o f  fhe powder' p a r t i c l e s  which are 
. . 

u t i l i z e d .  

Sol id- 'Elect 'rolyte Fuel Cel l  
. . .  

The MHD and high-temperature fuel c e l l  1, i terature was surveyed f o r  data 
. . 

pe r ta in ing  t o  mate r id l  s' prope,rties t d  i den t i f y  mater ia ls  used i n  MHD .power 

gene t i t i on  which a lso  might be su i tab le  for use i n  high-temperature f ue l  

c e l l s .  The classes o f  MHD mater ia ls  evaluated include the carbides, n i -  

t r i des ,  s i l i c i d e s ,  borides; composites, and oxides. Y203-stabi l ized Zr02 

was used as a reference po in t  t o  evaluate mater ia ls  f o r  use i n  the so l id -  

oxide fue l  c e l l .  Physical and chemical proper t ies  such as e l e c t r i c a l  re-  

s i s t i v i t y ,  c o e f f i c i e n t  of thermal exp'ansion, and thermodynamic s t a b i l i t y  
. . 

toward ox idat ion were used t o  screen candidate mater ia ls.  This repor t  i s  
. . 

included i n  i t s  e n t i r e t y  as ' ~ p p e n d i x  A. 
, . 

Laboratory f a c i l i t i e s  were establ ished t o  ca r ry  out  research on i n t e r -  

f ac i a l  d i f f u s i o n  processes which could be detr imental t o  the successful 

long-term operat ion of the so l i d -e l ec t ro l y t e  fuel c e l l .  A va r i e t y  o f  phys- 

i c a l  and chemical techniques was exanlined for  the preparation o f  high- 

dens i t y  subs t i tu ted  LaCr03 which was planned t o  be one component o f  a d i f f u -  

s ion couple w i t h  Y203-stabi l ized Z r O Z  Hydrnlysis o f  a mixed meta l -n i t ra te  

so lu t i on  w i t h  urea produced the most reac t i ve  powder.. A f i n a l  Lheoretical 

dens i ty  of almost 98 percent was a t ta ined i n  sintered, cold-pressed discs 

o f  t h i s  mater ia l .  

I I I. DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

A. Mol ten-Carboriate Fuel Cel.1 
. . 

~t ' the onset o f  the IlIERDI fuel ce l  I: mater ia ls  research program, 1 i t e r -  

a ture  was searched t o  i d e n t i f y  ceramics known t o  be corrosion res i s t an t .  



Both e l ec t ron i ca l l y  conducting (e lectrode) ' and non-conducting ( t i l e )  ma- 

t e r i a l s  were considered. Thermodynamic funct ions were assembled, and ca l -  

cu la t ions  were performed fo r  postulated ca t ion  subst i tu t ion,  ca t i on  exchange, 

and ox idat ion chemical reactions. Because o f  incomplete values i n  the l i t e r -  

a ture  f o r  various compounds o f  i n te res t ,  not  a l l  o f  the  react ions were t reated 

thermodynamically. The r e s u l t s  ind icated t h a t  the r e a c t i v i t y  o f  the 1 i th ium 

and potassium carbonates would'make mater ia ls  se, lect ion d i f f i c u l t .  The possi- 

b i l i t y  of k i n e t i c  bar r iers ,  p ro tec t i ve  coatings,! and nonstoi.chiometric a l l o y i n g  

tempered t h i s  pessimism. O f  the mater ia ls  selected i n  the  1 i te ra tu re  search', 

seven were found t o  be.unsui table due t o  unfavorable r e s u l t s  o f  the  thermo- 

dynamic ca lcu la t ion,  and four mater ia ls  were set  a5ide due t o  h igh cost, 

lack.  of avai l a b i  1 i . ty, o r  f ab r i ca t i on  considerat ions. Thir teen ceramic 

compositions were tested s t a t i c a l l y  a t  1000 K .under a d r y  carbon d iox ide a t -  

mosphere using 62 mol % L i  CO --38 mol % K2C03 as the e l ec t ro l y t e .  The d is -  
2 . 3  

pos i t i on  o f  the various ceramics considered i s  l i s t e d  i n  Table 1. 

Toward the end o f  FY 78, the l i t e r a t u r e  survey and appropr iate ca l -  

cu l  at ions were completed f o r  MHD mater ia ls  t h a t  might have  app l i ca t ion  f o r  

f ue l  c e l l s .  The conclusion o f  t h a t  repor t  (Appendix A)  ind icates more can- 

d idate  mater ia l  s  could be added t o  Table 1. For the  a i r  e lec t rode i n  t h e  

molten-carbonate f ue l  c e l l ,  perovskites such as the rare-earth nickelates,  

cobaltates, and manganates should be corrosion-tested. '  The most promising 

MHD mater ia ls  f o r  the e l e c t r o l y t e  support ( t i l e )  are  a7 ka l ine-ear th  haf- 

nates and zii-conates, l i t h i u m  and a lka l ine -ear th  tantalates,  and rare-  

ear th  aluminates. 

Short-term corrosion t es t s  were-completed on the  ceramic mate r ia l s  i n  

Table 1 . t ha t  are l i s t e d  as "tested". Tests were conducted .from 112 t o  162 

hours. Samples were tes ted i n  dense, c ruc i b l e  form and were dimensioned 

and weighed before and a f t e r  tes t ing.  The carbonate was leached from the  

cruc ib les  using g l a c i a l  acet ic '  ac id  and ace t i c  anhydride (70/30 vol Z). 
Ana ly t i ca l  t e s t s  (atomic absorption--AA, e lec t ron  microprobe) were used t o  

determine impur i t y  cor,,;:ntrations i n  the carbonate and potassium dispo- 

s i  t i o n  i n  the ceramic.. An X-ray d i f f rac tometer  was used t o  i d e n t i f y  second- 

phase compounds t h a t  were 'present i n  the  ceramics. Arrangements were made 

f o r  the  use o f  a scanning Auger microprobe t o  analyze t h e  ceramics f o r  

l i t h i u m  and carbon content. This  would a l l ow  quan t i t a t i ve  determinat ion of 



M a t e r i a l  

. Magnesium Aluminate .. 
Sp ine l  (MgA1204) . 

AlumJna-Rich Sp ine l  
(MgA12+x04 ) 

~ e r ~ l  i urn Oxide 
(BeO) 

L i  thiu-m Chromate 
. (L iCr02J 

Calcium Oxide 
( CaO). 

TABLE 1. - -Pred ic ted Corrosion Resistance 

Resu l ts  o f  Free Energy C a l c u l a t  tons- 

Favorable ( S l i g h t l y  p o s i t i v e  dG1s) 

Favora b' e 

Inadequate In fo rma t  i o n  . 

Inadequate In fo rma t ion  ; 

Inadequate I n f o r m a t  i o n  
(known t o  p l s s i v a t e  on Type 
300 stain1e;s s t e e l  ) 

Unfa.vorab1 e 
( D i s s o l u t i o n  p r e d i c t e d )  

D i s p o s i t i o n  

f e s t e d  .. 

Tested 

Tested 

Dropped due t o  hazardous. 
f a , b r i c a t i o n  and a v a i l a b i l i t y  

S i d e l i n e d  - Hot p ress ing  
necessary ; POI sonous ; 
Purchased powders 

Tested 

Chromium Oxide Unfavorable 
(crp03 ) ' ( L i t h i u m  chromate fo rma t ion )  ; . . 

Hafnium Oxide Inadequat: I n fo rma t  i o n  
(Hf02) 

Thorium Oxide Inadequate I n f o r m a t i o n  
(Thop 

.. L i t h i u m  Aluminum S i ' i c a t e  Inadequate . I n f o r m a t i o n  
(Rosol i t e )  

Mu1 1 i t e  Unfavorable 
[ 3 A 1 2 0 3 . ,  2Si02) :,. ( L i S i 0 3  and ~ i ~ 1 0 ~  format ion) . . 

. . 
~ i t a n i u m  Carbide ... Unfavorable ,,, 

(Ti.C) ( o x i d a t i o n )  

Dropped 
t 

Dropped due t o  cos t .  

Tested - Hazardous 
f a b r i c a t i o n  

Tested 

Dropped 

Cropped 



Table 1. - -Pred ic ted  C o r r i s i o n  Resistance (Cont inued) 
. . 

M a t e r i a l  Resu l ts  o f  .Free Energy C a l c u l a t i o n s  

T i  t a n i  um Oxide ~ n f a v o r a b l  e 
( T i  O2 ( L i T i 0 3  fo rmat ion)  

Inadequate Informati-on T i t an ium Bor ide  
(T iBZ)  

Z i rconium Oxide . Inadequate I n fo rma t i on  . ' 

(Zr02 +:CaO) 

A1 uminum Oxide . Inadequate I n f o r m a t i  on . . 

( I m p u r i t y  doped) ' . . 
.. . 

, ELECTRODE MATERIALS . , 

%annic Gxi.de Inadequate- I n fo rma t i on  . . 

( Sn02 
. . 

Tan ta l  um-doped ,Rut i  l e  , Unfavorable '  . . 

(Ti.OZ + :a) ( L i T i 0 3  format ion)  

Unfavorable. Calcium T i  t ana te  . . 
. . 

(CaTiOg). . . . 

~ a l  b i  urn Doped Manganese Oxide Inadequate I n fo rma t i on  
( M ~ O ~  + Ca) .. . 

- .  

. . 

' I  

. .. . 

.. D i s p o s i t i o n  - 
. Dropped . 

. . - .  
: Tested . . 

. , 

Tested :' . 

Tested - ' . : 

Tes t.ed 

Dropped . . 

. Dropped . 

. "  

Purchased powders 
~ e e +  ho tp ress i  ng . 

-. 



l i t h i u m  d i s t r i b u t i o n  and d i f f e ren t i a te  between elemental l i t h i u m  and l i t h -  

ium carbonate. Due t o  t he  length  o f  t ime needed t o  se t  up t h i s  new i n -  

strument, t h e  l i t h i u m  analys is  work w i l l  be s ta r ted  i n  FY 79, i f  the nec- 

essary funding i s  received. A p a r t i a l  summary of the short-term corrosion 

work ,on c ruc ib les  i s  tabulated i n  Table 2. 

L i th ium aluminum s i l i c a t e ,  ca lc iumoxide,  stannic oxide, and t i tan ium 

bor ide  reacted s u f f i c i e n t l y  w i t h  t he  carbonate t o  make them unusable i n  fue l  

c e l l  app l i ca t ions  under t h e  t e s t  condi t ions.  The h igh-pur i t y  MgO gained 

over 6 w t .  Z which seems cont rary  t o  the predicted d i sso lu t i on  mechanism. 

However, m ic ros t ruc tu ra l  ana lys is  ind icated t h a t  the c ruc ib l e  was 92pcrcen to f  

t heo re t i ca l  dens i t y  and t h a t  the pores had f i l l e d  w i t h  carbonate. This was 

v e r i f i e d  by e l ec t ron  microprobe analys is  f o r  potassium and X-ray d i f f r a c t i o n  

patterns of t h e  c ruc ib le .  The carbonate contained high l eve l s  o f  magnesium, 

support ing t h e  conclusion t h a t  a d i sso lu t i on  mechanism had been act ive .  

O f  the spinels,  s to ich iometr ic  spinel  (50/50) had an intermediate 

weight change. .Based on weight change/area exposed, spinels r i c h  i n  : 

aluminum (35/65) had the lowest weight change. Both the carbonate and 

. microprobe analyses (see Figures 1 and 2 )  i nd ica te  t h a t  alumi num-rich 

sp ine l  i s  more cor ros ion res i s t an t  than o ther  spinels;  t ha t  i s ,  less  alumi- 

num and magnesium were found i n  the leached carbonate and less potassium 

found i t s  way i n t o  t he  ceramic. This i s  s i g n i f i c a n t  because cp ine l  has a 

wide solid so lu t i on  phase f i e l d .  sp in& l  r i c h  i n  ~ 1 ' ~  ions should have 

l a t t i c e  defects. If ~i+' o r  K+' enters the sp ine l  l a t t i c e ,  i t  can be ex- 

pected t h a t  a p a r t i a l  a n n i h i l a t i o n  of defects can take place and the cer- 

amic w i l l  be s t a b i l i z e d  w i t h  respect t o  corrosion. There i s  rn icrostructural  

evidence v e r i f i c d a b y  X-ray d i f f r a c t i o n  t h a t  some a-alumina second phase i s  

present i n  the  35/65 %p ine l .  I n  the future longer f i r i n g  times and higher 

temperatures w i l l  be used t o  move i n t o  the single-phase f i e l d .  I f  t h i s  

approach i s  unsuccessful, the c o m p ~ s i t i a n  w i l l  be adjusted t o  40/60. 

The AA r e s u l t s  on the  leached carbonateindicate t h a t  potassium and 

perhaps l i t h i u m  replaced NCJ+' i on  i n  the spinel  l a t t i c e  more r e a d i l y  than 

the A I + ~  ion. The low l e v e l  of K found i n  the  a'lulllina samples supports t h i s  

concept. This in format ion a lso would i nd i ca te  the alpha a1,umina could. be 

dopea w i t h  ca t i on  o r  anion impu r i t i es  i n  such a way as t o  reduce corrosion 



Cruel b l @  Analys i  s - 
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TABLE 2 , - - R e s u l  t s  s f  Corrosion Tes t s  i n  62 m ~ l  P bi2C03-38 mol % K2C0 a t  1000 K ( C o n t .  ) 

T e s t  Welght \Jef g h t  Ckange/Araa 
Sam~Se . Jime Change% -- - - E x ~ ~ s e d  -- - - Carbonate -- - - A n a l y s i s  -- - C r u c i b l e  Analysis 

-*= I _ m  Warped, Broken ,Swol len  

T ~ d i c a t i a n  o f  h igh  
Ca s o l u t ~ o ?  

Slumped and d i s s o l v e d  

Swollen and crqcked 
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Figure 2.--ElectronHicroprobe Analysis of  Stoichiometric Spinel Cruci blgs 



. . o r  compensate f o r  t h e  presence of a +1 valence i n p u r i  t y  ( ~ i "  , k1 ). A t  
t h i s  t ime, t h e  most c o r r o s i o n  r e s i s t a n t  ceramics a r e  sta.bi1 i z e d  z i r con ia ,  

impuri ty-doped alpha alumina, t h o r i a ,  65/35 sp ine l ,  and 35/65 sp ine l .  

The goal o f  t h e  c o r r o s i o n  t e s t s  on ceramic c r u c i b l e s  was t o  i d e n t i f y  

m a t e r i a l s  s u i t a b l e  f o r  f a b r i c a t i o n  i n t o  a form useful  i n  a fuel  c e l l .  In 
' 5 . .  

s u p p o r t s o f  t h i s  goal MERDI has deve1,oped a low-temperature process .to 

form smal l  diameter,  h i g h  aspect r a t i o  ceramic f i b e r s .  This process is 
unique, and a Un i ted  Sta tes  pa tent  'has been applied for v i t ! h  .the ~Deipa~rt-, 

ment o f  Energy as ho lde r  of  t he  r i g h t s  (D0E.Case No. 5-49, 753 ! [~~-.7146])~ 

A wide. range o r  experiments has beein idis&ct!ed toward pmd~ucilm:g a 

v a r i e t y  of f i b e r  types t n  cover ma'ny possibl ie applic~iLiio:ms, Thlesc aplplii- 
cat4  ons a r e  n o t  1 im i  t e d  s t r i c t l y  t:o h i ~ g h - t e r n ~ p e ~ r a t ~ u ~  fiwcel ccrells arnd lmag 

i n c l  ude low-temperature fue l  c e l l  s , ,battc:r.iie's , dad 1o.tihie1r elmeirgy cic~~rn\ve~rsiow 

devices .. F ibe rs  of t h e  smal l  e s t  possiib9 e diame&elr .Iha\ve !b.e.e:m ~macd~, Tlhre 
. . 
, s i z e  was governed by t h e  p a r t i c l e  s i z e  of the  powdsr :ascRd, ibihe; w/iied 

under, a microscope, these f i bers show i ndividiu,a-1 ~pa~r&lcil(er slwt(eirie:d .itco , 

each o t h e r  i n  a s i  ng l  e 1 i ne t o  form a f i ber. !Em!p:eri~men&;atal g~rimd.b,g :slhoys 
' .. 
t h a t  t h e  f i r e d  f i b e r s  of A1 0 can be ground I n  ;a ,mrmo!rt&r iatnd Ip:e:st'ilte t o  

2 3 
produce f i b e r s  w i t h  a s h o r t  1 ength and an 8: 1 ' (asipecit rst.l(o I(.e.i,g'ht rmiccr.av,ns in 

l e n g t h  and one micron i n  d iameter) .  S i z i n g  of fi'ber.s ,has been ~a~c~~c~tqpii l~l~s'hel 

by us ing  a hydro-c lass i  f i c a t i o n  process. ' St appea1r.s t h a t  :s . in te r i~d  :Fiitbers 

can be made,from any ceramic t h a t  has a reasonable s.inter.ijng r a t e  a t  ~hi!g.h 

temperature. I n  a d d i t i o n  t o  the  A1203, f i b e r s h a v e  been formed %nim 501!50 
s p i n e l  , 35/65 sp ine l  and' 65/35 'sp inel  . 

Corros ion t e s t s  were conducted a t  1006 K i n  82 mol % Li2603-,38 :mo'l % 

K2C03 f o r  120 hours on bundles o f  longer  length ,  smal l  diameter -f-i!b.er;s.. , 

Composi t i o n s  which were tes ted .  inc luded a1 pha a1 umina (A1203) and 5'0P5.0 

qnd 35/65 s p i n e l .  A f t e r  t e s t i n g ,  t h e  carbonate was leached from the  f.iibar:s 

us ing  ac ids .  Weight changes i nd i ca ted  t h a t  t h e  carbonate was leached fr?om 

t h e  alumina i n  24  hours, b u t  carbonate s t i l l  remained i n  the  sp ine l  f i b e r  

bu'ndles a f t e r  72 hours. A f t e r  leaching,  t h e  s o l u t i o n s  were f i  1 tered, '  

was,hed ,' and d r i e d .  It i s  apparent t h a t  q u a n t i t a t i v e  weight  change measure- 

lments w i  11 be impossib le us ing  o r d i n a r y  f i l t r a t i o n  techniques. Accurate 

.determinat ions o f  c o r r o s i o n  r a t e s  w i l l  be d i f f i c u l t  compared t o  c r u c i b l e  

a n a l y s i s .  The pr imary  t e s t s  used t o  determine t h e  e x t e n t , o f  r e a c t i o n  . 

w i l l  be scanning e l e c t r o n  and auger.microscopy and X-ray d i f f r a c t i o n .  



, . 

visual observation indicated that  the alpha alumi'na ' suffered .from breakage 
t '  I 

of the f ibers  while the spinels did not. 
- .  

. . 
B. Solid-Electrolyte ~ u e l  Cell . , . .  

A major objective of the fuel ce l l  program was to scrutinize the formal 
and informal MHD l i t e r a t u r e  f o r  performance character is t ics  of materials used 
i n  MMD generators with the intent  of identifying materials which might be su i t -  

able for use a s  components ' in  the solid-electrolyte and molten-carbonate fuel 
s 

cell. The components i w  the ssl'id-electrollyte fuel ce l l  include the anode, 
cathode, el 'e~tm~ylte, amd cell interconnector. The components in the molten- 

carhmafk fueT cell irrcluide the aimode, cathode, and electrolyte  support ( t i l e )  . 
Tihe gemera1 physircal and chmicsll r ~ u ~ i r e m e n t s  fo r  materials for  MHD and fuel 
cell appl icatlioms, are siimirllar for certai  n components. 

Classes of  ~ ~ l ~ ' m ~ ~ r i i a 1 1 i ~ ' w t i n i c b  were evaluated include the carbides, 

n.i( t r ides. ,  sill iicides, b&ri!d!es, axiide,s;,, and compos i t e s  . An el ec t ro 1 y te  of Y 203- 

sttrbi'l!izedl ZrO w:as khosxgm~ as a re.fe.rence: point for evaluation. 'of mater-ials 2 I .  

For the! s;oilii;d-~~x~i~d!e fu.e!li ce:1~li., Phgsi'cal and chemical properties such as elec- 

f.r.i'csb msiistfvi ty , coe\ffffiio:iiem~t of thermal tixpansi on, and thermodynamic s ta -  
. . . . bi i1 i . t~  t:ow.a\ridi .(i~x(iida~h:i;on\.we.r~ used.for screen'ing of candidate materials. 

. . . . .  

" A  report: o;n~ the'fi'(nd1ings of the 's tudy was prepared in which promising 
. . . . 

maiteriiail!~ a,md~ areas  'For additional research were delineated. A copy of t h i s  
. , .  

tecb.oil:o:g# thainisfer. report i s i ncl uded herein as  Appendix A. 

A second major area of ac t iv i ty  during the contract period involved. the 
ex;ti.b!l~i'shmknt of t h e  necessar$l aboratory faci l i  t i e s  t o  conduct research i n  

p&enid i  probl'em areas det'kirnental t o  t h e  succ&.sful 1 ong-term operation of 
% .  

the? s:wl id-electrolyte fuel ce l l .  A number of these problem areas 'were out- 
- '  

1 ined by Weitinghouse i n  a f e t t e r  t o  t h e  ~ e ~ a i t m e n t  of '  ~ n e r ~ ~ '  on August 2 ,  
' 

19:37/.. Cationic diffusion across the component interfaces of t h e  cel l  was 
ratedl h,ighe.st. on the .Westinghouse s c a l e  of importance. The i t u d y  "of the ' r a t e  

and extent  o f .  the interfacial  diffusion both w i t h  and without cur; 

rent  flow, i s  an area which merits study and one .in which MERDI f e l t  i t  could 
make. an important contribution. MERD.1, therefore, chose to  undertake.this 

area, of study, with i n i t i a l  emphasis on cation diffusion across the 

interconnector-electrolyte interface.  Examination of diffusion processes a t  
t h e  electrolyte-anode, electrolyte-cathode, in te rconnec tor -ca thode ,yd  . . .. ..$ . . 



interconnector-anode .interfaces was.envisioned as part.of a, subsequent 

(fol'low-on) research .effort. 

The electrical res is t iv i ty  of the diffusion couple was to  be measured . . 

temperature to  monitor the interfacial diffusion process. These data were to  
he corrobdrated w i t h  quantitative diffusion profiles on sectioned samples 
a f t e r  testing. ' I n i t i a l l y ,  simple a-c and d-c res i s t iv i t i es  were t o  be 

measured. Ul t imatel y , however, the complex admittance technique was felt  

necessary to sor t  out. interfacial contributions fmm grain, bulk, and ,elec- * 

trode !effects. 

The poss i b i  11 ty ot undertaking a study of interfacial diffumsiona pm- 

cesses in , the sol id-electrolyte fuel cell1 dad mot occur uwtll appmximtely 

a third of the contract period had el a'p:s(e.d.. ' A t  Rltnat ~point ,  (w~msicdte1paI$;T1c 

time and ef for t  was. spent in determinilrkg ne1,ewaunU ~ i ~ i t ,  ~Dmitriiaxell pmr,  

and supply .needs. A large part of the ~r~ema.dlni~m~ cmc~~t~racit period was I-!$- 

f o r  s e t t i n g  up and. establis'hincj the neces:sary f i a (c i l . i t i~ ' f fa r  axe1qiiw out fWis 

anticipated research effor t .  
, . 

For- conducting long- term testing of d,i Fhwslan moup1e.s a t  a ttypiiml %el 
cell  operating temperature of 1273 K ,  wirewound Whe 5u1mces weme mlilsttlvwcM 

with heating elements rated a t  1475 K. Com~ne~rci~al tube ,ikIm- \wiiUltii siiiliimm 

carbide heating elements were procured for acceil(elrait~ed Wsltimg ait tmpena$ur;e5 
of I473 K to  1773 K.  or sinte'ring tes t  samples,, a tildSi2-l&pz? lbmi $ma~mcoe 

rated a t  1973 K was acquired (Figure 3) .  

$!illiv,oit shunts and potentioneter ,and a pr?ec.i!s.icon cd-;c pmmr !sl;~rp'~fl~.\w,ne 
o,btained for  measurement of the d-c res i s't i v i  t i e i  ' i f  itest spe;c~~meke.. A !s\u~r- 
plus impedance bridge was renovated and combined kith an -a+c d l . 1  dkbxcdmr 
and fuimcti on generator for ' a-c impedance measurements. \X.-'Y ;amti (s%riip:dhairit 
resoirailers were purchased for .  recording data. 

A gas-manifold system necessary for control: tof the ite$t ~ a i i m ~ : s ; w , ~ e  ((!P~02s) 

was assernbl ed and 1 eak-checked, and the flowneters were cal i.b.nait(e:de. A 

schematic of the system i s  shown in Figure 4. Figure 5 shows .the mani6old 
as~s~embly and anci l lary equipment to be used for electrical con:ducit':i:vi'ity 
measurements f o r  te~nperatures. up  to 1773. K. . 

!Once, the apparatus for interfacial d i  ffusion tes ts  had !been as!s<enib'l e d  :and 
ch.erik(ed., attention then was focused on the actual preparaticon coR .ime t e s t  qpec- 

imens. A number of techniques were considered for prepanix8lon coi f  ithe dhi-f#iu:s'.icm 
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couples. One technique involves the use of a  d isc  of one mate r ia l  (A )  s in-  

te red  t o  a  h igh t heo re t i ca l  dens i ty  i n  contact w i t h  a  second mater ia l  (B) i n  

the form of a  powder o r  as a  f i l m  coat ing using various organic binders and 

solvents. A second method involves cold-pressing powder B around a s in tered 

d i sc  o f  mate r ia l  A i n  a  d i e  o r  i s o s t a t i c  press, followed by f i r i n g .  I n  the 

t h i r d  method, pressing o r  s l  i pcas t ing  mu l t ip le - layer  d iscs i s  fo l lowed by 

s i n t e r i n g  t o  prepare the  d i f fus ion couple. A four th  method involves heating 

high-densi ty pol ished d iscs o f  mater ia ls  A and B together under a  small 

app l ied pressure. The f i f t h  approach u t i l i z e s  hot-pressing techniques t o  form 

t e s t  d iscs  from pawders of matcr ia ls  A dnd 0 o r  from a s in tered d i sc  o f  ma- 

t e r i a l  A w i t h  powder B. Platinum-wire markers would be incorporated i n t o  the 

t e s t  samples t o  define t he  l oca t i on  o f  the i n i t i a l  A-B i n t e r f ace  p r i o r  t o  

d i f fus ion.  The d i f f u s i o n  couples u l t ima te l y  would be prepared by r-f 

spu t te r ing  o r  chemical vapor depos i t ion o f  one component onto a  s in te red  

sample o f  the second component (probably the subst i tu ted LaCr03) t o  siin- 

u l a t e  the  condi t ions expected i n  the f a b r i c a t i o n  o f  the th in - f i lm ,  s o l i d - <  

e l e c t r o l y t e  f u e l  c e l l .  

It was decided t h a t  subst i tu ted LaCr03 would be used f o r  mater ia l  A be- 

cause o f  v o l a t i l i z a t i o n  of chromium a t  elevated temperatures. By "sandwiching" 

o r  coat ing i t  w i t h  mate r ia l  B ( the  Zr02 e l ec t ro l y t e ) ,  a  BAB d i f f us i on  couple 

would be formed, which would reduce the  tendency f o r  vapor izat ion o f  chromi~~rn 

dur ing tes t ing .  

O f  t he  f i v e  methods considered, the  t h i r d  method appeared l e a s t  des i r -  

able. D i f f e r e n t  r a tes  of s i n te r i ng  f o r  the two mater ia ls  could r e s u l t  i n  an 

in te r face  which i s  no t  as wel l -def ined as i.n the other methods. The f o u r t h  

method would make. the use of p l  atinum-wire markers somewhat impract ica l  

(extremely low ra tes  o f  d i f fus ion,  however, could make the plat inum markers 

unnecessary). Thus, methods one, two; and f i v e  appeared l u  be the most 

feas ib le .  

Hot pressing (as i n  method f i ve )  would requ i re  the l e a s t  time. I n  one 

experiment, a  three-layered d isc  was hot-pressed from La0. 95Mg0,05Cr0, 75 
0 and ZrQ2- 10 w t  41 Y2O3,wltbthe subst i tu ted LaCr03 i n  the center. A10.25 3-x 

The powdered samples were cold-pressed successively i n  a  graphi te  d i e  before 

f i n a l  hot-pressing a t  1623 K and 5000 p s i  f o r  20 minutes. An extremely dense 

composite resu l ted  which was almost b lack i n  co lo r  because the  reducing condi- 

t i o n s  present (vacuum and graphi te  d i e )  caused some loss o f  the O2 from the 



Zr02 and substituted LaCr03. (The sample readily oxidized, however, by 

heating to 1273 K in air.) 

As can be seen in Figure 6, the interface between the substituted 

LaCr03 and the stabilized Zr02 was not as well-defined as needed for critical 

diffusion tests. This was the result of using powdered materials for the 

three 1 ayers. Replacement of the powdered, substi tuted-LaCr03 with a high- 

density, polished disc undoubtedly would resolve this problem. 

While method five would be the preferred technique for preparation of 

the diffusion couples, the current lack of in-house facilities and the long 

distance to the nearest hot-pressing establishment precluded the use of this 

technique, except on a 1 imited basis. As .a result, methods one and two were 

chosen for fabrication of the diffusion samples. 

Before suitable diffusion couples can be prepared, the component-mixed 
oxides first must be synthesized in suitable purity, chemical composition, 

and homogeneity (i.e., with little or no second-phase formation). A pre- 
requisite for utilizing techniques one and two for interdiffusion tests is 

the preparation of homogeneous discs of substituted LaCr03 of high density. 

This requires a combination of reactive oxides as well as very high temper- 

atures because this material is difficult to sinter. 

While Y203-Zr02 solid solution can be prepared readily from the oxides, 

substituted LaCr03 is not prepared as easily by this method as a single-phase 

material. Alternate techniques which were examined for preparing substituted 

LaCrO are listed in Table 3; the mixed-oxide technique is included as a ref- 3 2 erence point. Pyrolysis of mixed alkoxides was not considered because it - 
is expensl ve artd t ime-consuming . According to puhl i ched results .' LaCr03 
can be prepared at temperatures as low as 873 K using technique three 
of Table 3. To determine the suitability of this as well as the other methods 

of Table 3 for preparation of substituted LaCrOg, powdered samples of com- 

position Lao, 95Mg0.05Cr0. 75A1 0. 2503-x were prepared by each technique. 

Since there are indications that 14~" substitutes for ~ r + ~  and not La 13 

in the pseudo-perovski te lattice,' the formula i s  wri t l a n  rnore proper1 y 2 s  

Lao.g(Hg9,05Cr0.71A10.24)02.82. It is important thatathe A:B ratio be less 

than stoichiometric (i.., slightly ~ a + ~  deficient) to avoid the possibility 
' 

of any uncombined La203 which will react with atmospheric moisture to form the 

hydroxide : 
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. 
TABLE 3. --Techniques U t i  1 ized f o r  Fabr icat ion o f  Subst i tuted LaCr03 A 

, . 

No. - Technique 

1. M i l l i n g  o f  mixed oxides, fo l lowed by ca lc in ing,  f u r t h e r  gr inding,  and 

reca lc in ing.  

2. Coprec ip i ta t ion o f , n ~ i x e d  hydroxides/oxides from n i t r a t e  so lu t i on  

w i t h  gaseous NH3. fo l lowed by ca lc in ing.  

3. ~ v a p o r a t i d n  o f  a m ixed -n i t r a t&so lu t i on  contain ing c i t r i c  ac i d  

t o  produce a homogeneous mu1 t i -component sol  i d  so lu t i on  o r  f i n e l y  

d iv ided oxide mixture contained i n  a r e s i n  matr ix .  Subsequent 

ca l c i na t i on  removes the organic binder producing a reac t i ve  oxide 

powder. ' 

4. ~ i m i l i r  t o  method three but  using ethylene g lyco l  as wel l  as c i t r i c  

ac id  t o  form the res in .  

5. Simi la r  t o  method t h ree -bu t  using an inexpensive~polymer-forming 
organic po l  yhydroxy compound. 

6. Simil 'ar t o  method f i v e  but  w i t h  ethylene g lyco l  added. 
/ ' 

9 .  Homogeneous p r e c i p i t a t i o n  o f  a mixed hydroxide/oxide from a , 
1 .  

mixed n i t r a t e  so lu t ion  using urea t o  destroy the n i t r a t e ,  re- 
' ,  

su l  t i n g  i n  metal hydrolysis.  

8. ~ o d i f i c a t i d n  o i  nlethods three, four or f i v e  using urea for 
' . . '  

n i t r a t e  reinoval. 



Even hot-pressed samples of LaCr03 compounds w i th  excess La203 have been 

found t o  react  i n  t h i s  manner, a1 b e l t  very slowly.4 The above composition 

has an e f fec t i ve  A:B r a t i o  of 0.9:1.0, where AB03 i s  the general formula f o r  

perovs k i  tes . 
Powders o f  subst i tuted LaCr03 synthesized by the d i f f e ren t  techniques 

presented i n  Table 3 were heated a t  923 K for fourhours todecompose the or- 

ganic precursor and remove water and excess n i t r a t e  and were examined by 

X-ray d i f f r a c t i o n  and SEM techniques. Simi lar test ing was carr ied uul  a f t e r  

ca lc in ing the sampf es a t  1673 K fnr nine hours. The Lest resul ts  nhtained 

are  presented i n  Table 4. 

Only tes ts  two, five, and nine yielded mult i-colored nonhomogeneous 

mater ials a f te r  heating a t  923 K f o r  four hours. This was confirmed by X-ray 

d i f f r a c t i o n  analysis. Further heating t o  1673 K, however, resul ted i n  

single-phase LaCr03 i n  a l l  cases. Monitoring o f  the solut ion temperature 

during tests  two and f i ve  confirmed e a r l i e r  suspicions o f  an exothermic 

react ion between c i t r a t e  and n i t r a t e  during heating t o  423 K. A peak tem- 

perature i n  excess o f  723 K was observed i n  one tes t .  Addit ion o f  ethylene 

g lycol  ( t es t  four), however, prevented t h i s  react ion from occurring. The 

ethylene g lycol  acts t o  ra ise  the bo i l i ng  po in t  o f  the solut ion s u f f i c i e n t l y  

t o  a1 low n i t r a t e  decomposition t o  occur over a longer time during heating, 

thus avoiding the sudden oxjdat ion of c i t r a t e  which occurs when the water 

( i n  the absence o f  g lycol )  i s  removed too rapidly.  

Sample morphology of the subst i tuted LaCrOg varied great ly  among the 

preparative techniques. The react ion of c i t r a t e  wi th  n i t r a t e  (method three 

i n  Table 3) caused rapid formation of large qas bubbles (Figure 7) .  Sim- 

i l a r  morphology resul ted when c i t r i c  acid was replaced by the organic poly- 

hydroxy material (method f i ve ) .  The f i n e r  sample porosi ty which resulted 

when r t t~y lene  glycol  was present (method four) can be seen i n  Figure 8; the 

uni formi ty  o f  the pores i s  evident i n  Figure 9. 

n r u  . a i r  

Ci? Figure 10 shows the conchoidal fracture surfaces which r e s u l t  from the 
' . use o f  the organic polyhydroxy precursor w i th  the mixed n i t ra tes  so lut ion 

(method s ix) ;  the pa r t i c l es  appeared dense, as seen i n  Figure 11. 



TFBLE 4 .--Properties o f  LaO. g(f lg0~05Cr0~71A10~ 2l ,002 .82 , Prepared by Various ~echniques.. 

Test - Preparation Technique 
No. - 
1. Mixed oxides 

A f t e r  Heating aai 923 K/4h --- 
Color Phase 

A f t e r  Heating a t  1673 K/9h 
Color Phase 

- - + + 
Choc. bn. M=LaCr03 

2. Coprec ip i ta t ion w i t h  NH3 Green M=La203 + unid. ; Choc. bn. M=LaCr03 

m=LaCr03 

3. C i t r i c  ac id  precursor Brown M=LaCrO 
3 

4. C i t r i c  ac id  + ethylene g lyco l  Brown M=LaCr03 

5. Organic polyhydroxy precurspr Brown, w i t h  M=LaCr03; 
een second m=unid. 

!Lase 
N 
w 6. Organic po1yhydro:lcy + 

ethylene g lyco l  

7. Urea hydro1 ys i s 

8. C i t r i c  ac id  t urea 

9. Evapn. o f  NO3 soln. 

Black - 

Brown M=LaCr03 

Choc. bn. M=LaCr03 

Choc. bn. M=LaCr03 

Choc. bn. M=LaCr03 

Choc. bn. M=LaCr03 

L i gh t  bn. M=LaCr03 

Brown M=LaCr03 Choc. bn. M=LaCr03 

Green M=La203 + unid.; Choc. bn. M=LaCr03 

m=LaCr03 

u 
Sta r t i ng  so lu t ion  equivalent t o  0.46 t l  Lao~g(Mgo~05CrO~71A10~ 21 .002.82 i n  HA03. t 
A f t e r  heatfng a t  1923 K f o r  19 h. 



Wm 
Figure 8.--LaCrOg Prepared from C i t r i c  Acid Precursor wi th  

Ethylene Glycol Present, Heated a t  923 K f o r  4 
Hours; (1000X maqnification) 



Figure 10.--LaCrO Prepared from Pol yhydmxy-Resin Pre- 
curso$ w i  t h  Ethylene Glycol Present, H a t e d  
a t  923 K for  4 Hours; (100X magnifichtion) 

F i  gure I 1 . --LaCrO p1.epaV& frm Pdlghyclro*y-Res l n 'We- 
curse$ with. Ethyl ene OV$@@l W@Ssnt, . Haa t& 

. a t  923 K for 4 HPU~S; ( P ~ O X  mgnification) 



Coprecipi tat ion of the mixed oxides using gaseous NH3 (method two) pro- 

duced porous granules when the mater ial  was heated t o  923 K for four  hours 

(Figure 12). Closer examination r e ~ e a ~ l e d  the presence o f  submicron agglom- 

erates (Figure 13). 

Evaporation of the mixed-nitrate so lut ion t o  dryness produced a hard 

cake which became porous when heated t o  923 K (Figure 14). The cratered 
surface (Figure 15) probably resul ted from the rapid dehydration o f  the 

mixed oxides o r  from gas evolut ion during n i t r a t e  decomposition. Addi- 

t i o n s  o f  urea t o  the  mixed n i t r a t e  so lut ion produce material w i th  a flakey, 

plate-1 i ke morphology (Figure 16). 

Sinter ing tes ts  conducted a t  1673 K w i th  subst i tuted LaCr03 prepared 

from the c i t r i c  ac id precursor showed evidence o f  some s in te r ing  a f t e r  nine 

hours (Figure 17). Because o f  the wide di f ference i n  sample morphologies, 

noticeable di f ferences i n  density might be expected i n  t e s t  discs prepared. 

by the various techniques a f t e r  f i r i n g  a t  1923 K . .  This was confirmed i n  sub- 

sequent sinter'ing tes ts  w i th  cold-pressed pe l l e t s  formed from mater ials cal-  

cined a t  923 K and 1673 K. 

The calcined powders were m i l l ed  f o r  30 minutes wi th  an aqueous solu- 

t i o n  of 1 t o  2 w t  % binders and lubr ican t  and 2 t o  3 w t  % surfactant. 

After evaporation o f  the water, the crushed powders (-80 mesh) were cold- 

pressed i n  a double-acting d ie  a t  10,000 psi. The pe l l e t s  were bisqued and 

heated t o  1273 K be fo re ' f i na l  s in te r ing  a t  1923 K f o r  24 hours. The f i n a l  

t e s t  resu l ts  are shown i n  Table 5. 

O f  the powders calcined a t  923 K, the highest theoret ica l  density was 

observed i n  the  sample prepared by homogeneous hydrolysis o f  the mixed- 

n i t r a t e  solution. Simi lar resu l ts  were obtained w i th  the polyhydroxy resin- 

precursor. The chemically prepared sample wi th  the lowest density was 

powder from the  evaporation o f  the mixed-nitrate solution; i t  was essen- 

t i a l l y  ident ica l  i n  density t o  the disc prepared from the mixed oxide. 

Examination o f  the SEM photomicrographs o f  the s ta r t i ng  materials revealed 

t h a t  the two sintered samples w i th  the highest density were prepared from 

powders which exhibi ted l i t t l e  agglomeration and porosity, i.e., the i n -  
d iv idual  par t i c les  appeared t o  be dense. 



TABLE 5. --Densities of Substi tuted-LaCr03 Discs Preparea ~y Various 
Chemical Techniques and Sintered at 1923 K for 24 Hours 

* 
Preparation Met hod 

Citric acid resin-precursor 

Citric acid resin-precursor + 
ethylene glycol 

Citric acid + urea, homogeneous 
coprecipitation 

Polyhydroxy resin-precursor 

Polyhydroxy resin-precursor 
+ ethylene glycol 

Urea homogeneo'us hydro'lysis ,.' 

Coprecipitation with gaseous NH3 

Evaporation of mixed-nitrate 
solution 

Mixed oxides 

+ 
Theoretical Density (Percent) 

Calcined at 923 K/4h Calcined at 1673 K/19h 

* 
~ i x e d  nitrate solution o f  equivalent concentration of 0.46 M Laoeg 

0 (Mg0.05Cr0.71A10.21 1.0 2.82 in HN03. 
4- 
Measured by 1 iquid displacement; theoretic 1 density for this compo- = 

sition = 6.53 g/cc, by X-ray measurements. 3 
Ground twice and heated at 1923 K for 19 hours. 
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Figure 12. --LaCrO? Prepared by Coprecipi tatlon wjth Wlj, 
Heatd st 923 -X. for 4 Hours; 11 00X.mgnifIeation)- 

u 
79 DM 

Figure 13. --LrCPO !bepared by Copracf pitation w i t h  M . 
H=&! ~ d t  923 K for 4 iburs; fPbOOx mgntf crtlon.) ? 





Figure 16. A G r O  Prepared from ~ v a p o h t i o n  o f  -Mixed 
& ~ i t r a E e  solution with Urea Added, ~ e a t e d  

a t  923 K fo r  4 Hours; (2000X ~ a g n i f  ication) 

I 

' Figure 17. --LdGr03 Prepared from .Ci t r ic  Acid Pre- 
cursor, Heated a t  3673 K for 9 hours ; 
(20OOX magnif3catian) 



Calcination of the substituted-LaCr03 powders at 1673 K for 19 hours 
caused a substantial increase in theoretical density (relative to the powders 

calcined at 923 K forfour hours) of test discs prepared via the polyhydroxy- 
resin precursor plus ethylene glycol. Some improvement in theoretical density 

also was noted for the disc prepared via evaporation of the mixed nitrate 

solution. The remaining chemically prepared samples showed little or no im- 
provement in theoretical density for powders calcined at 1673 K relative to 
calcination at 923 K. 

Parallel sinterina tests were attempted with discs prepared by slip- 

casting. Severe contamination problems were encountered, however, 
from the plastic content of the container used for grinding the powders. 
There was difficulty, as well, in obtaining sufficiently stable slips of 
substituted LaCr03. The resultant sl i pcast discs tended to crack readily 
during drying and were not suitable for further testing. For these reasons, 
a sintering study of slipcast substituted-LaCr03 specimens was not carried 
out. 

The microstructure of the two sintered samples in Table 5 with the high- 

est theoretical density is shown in Figures 18 and 19. The samples were 

polished to 6 w with diamond powder and then were "etched" thermally at 
1873 K for one-half hour. The average grain size and morphology of the 

urea-mixed nitrate sample (Figure 18) was similar to that for the--polyhydroxy 
resin-precursor sample (Figure 19). 

With the successful preparation of high-density substituted-LaCr03 discs, 
subsequent canbinition with Y203-stabilized Zr02 to form test specimens for 

interfacial-diffusion measurements appears to pose no difficulties. 

IV. CONCLUSIONS 

Lithium aluminum silicate, calcium oxide, stannic oxide, and titanium 
boride reacted sufficiently in a 62 no1 % Li2C03-38 mole % K203 solution at 
1000 K to eliminate them from consideration for use in mol ten-carbonate 
fuel cell s. 

Techniques were developed for the production of 98 percent theoretical 
density substituted LaCr03 for use in sol id-electrolyte fuel cell s. 



Figure 18. --Microstructure of pol ished Section of Sintered, 
Substituted LaCrO3. Prepared from Urea Hydrolysis 
of Mixed Nitrate Solut jon. 

. . ' I ' ,  . I 

Flgure 19. --Wcrostrueture BP 
Subs t ftttted L&03 
Relsiln-Prmrsar* 
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ABSTRACT 

The MHD and h igh- tempera tu re . fue1  c e l l  l i t e r a t u r e  was surveyed 

f o r  da ta  p e r t a i n i n g  t o  m a t e r i a l s  p r o p e r t i e s  i n  o rde r  t o  i d e n t i f y  ma- 

t e r i a l s  used i n  MHD power genera t ion  which a l s o  might  be suitab1.e f o r  

component use i n  h i  gh-temperature f u e l  c e l l  s. Clsasses , o f .  MIID- 

e l e c t r o d e  m a t e r i a l s  eva lua ted  i n c l u d e  carb ides,  n i t r i d e s ,  s i l  i c i d e s ,  

bor ides ,  composites, and oxides. ' Y203-stabi 1 i z e d  ,Zr02 used as a 

r e f e r e n c e  ' p o i n t  t o  eva lua te  mater i ' a l s  f o r  use i n  t he  so l  i d -ox ide  f u e l  

c e l l .  Phys i ca l  arid chemical  p r o p e r t i e s  such as e l e c t r i c a l  r e s i s t i v i t y ,  

c o e f f i c i e n t  o f  thermal expansion, and thermodynamic s t a b i l i t y  toward 

o x i d a t i o n  were u s e d ' t o  screen. candidate ma te r i a l s .  

A number o f  t he  non-oxide ceramic MHD-el e c t  rode mater i  a1 s appear 

p rom is i ng  f o r  use i n  t h e  so l  i d - ' e l e c t r o l y t e  and mol ten-carbonate f u e l  

c e l l  as anodes o r  anode cons t i t uen t s .  The MHD-insulator m a t e r i a l s  

appedr  S u i t a b l e  candidates f o r  e l e c t r o l y t e - s u p p o r t  t i l e s  i n  t h e  

.mol ten-carbonate f u e l  c e l l s .  The m e r i t s  and' p o s s i b l e  problem areas 

f o r  these a p p l i c a t i o n s  a re  d iscussed and a d d i t i o n a l  needed areas o f  
. 8 

research a r e  de l  i neated. 
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INTRODUCTION 
:. . 

Th i s  technology-transfer r e p o r t  - i s  prepared as. a pa r t  o f  the re- 

quirements o f  Contract No. EC-77-C-03-1485, "High Temperature Fuel 

C e l l  Research and Deve.lopment ," t o  i d e n t i f y  ma te r i a l s  developed f o r  , 

. . 

magnetohydrodynamic (MHD) .energy conversion t h a t  may have appl i c -  

ab i  1 i t y  as high-temperature f u e l  c e l l  components. 

Generat ion o f  e l e c t r i c a l  power by MHD us ing  a coaj - f i , red com- 

b i n a t i o n  creates an extremely h o s t i l e  environment f o r  the  e lect rodes 

a n d  i n s u l a t i o n  ' i n  t h e  channel. The h igh temperatures and eros ive  and 
, . 

c o r r o s i v e  e f f e c t s  ' o f  the  coal slag-seed mix ture  presents fo rm id ih le  . ,  

m a t e r i a l s  requirements wh'ich can be met by on ly  a l i m i t e d  c lass .  o f  

compounds. The chemical and physical  requirements o f  mater ia l  s  f o r  

use i n  t he  MHD generator are l i s t e d  i n  Table 1; comparable data f o r  

the, . high-temperature . . so l  i d - e l e c t r o l y t e  f u e l  c e l l  are presented i n  

Table, 2. , 

. . 
As i nd i ca ted  . , i n  these tab les ,  the  general mater ia l -s  requ i re -  

ments aye s i m i l a r  fo r  c e r t a i n .  components. Operat ing condit ion's f o r  
. . 

t h e  so l  i d -e l  e c t r o l y t e  f u e l  c e l l  , however, a re  l ess  severe-,-1 ower 

c u r r e n t  densi ty ,  temperature, and pressure. The requ i  rements f o r  

t h e  e l e c t r i c a l  p rope r t i es  o f  the fue l  c e l l  components, on the  o ther  

hand, . are more s t r i n g e n t  because o f  the manner o f  f a b r i c a t i o n  o f  t he  
, . 

mu l t i - . ce l l  stack. (see F igure  1 f o r  a cross i e c t i o n a l  view o f  . . . ,  . 

Westinghouse's t h i n - f i  l m  f u e l  c e l l  stack).  The electrodes, e lec t ro -  

l y t e ,  and in te rconnector  used t o  connect i n d i v i d u a l  c e l l s  together  



TABLE 1. --Material s requi rements for an 1IHD generator1 y2  
Parameter El ec t rode Interelectrode Insulator 

* 
Electrical Resistivity P < 10 ohm-cm, P > 100 ohm-om; dielectric 

electronic breakdown > 4KV/m 
* - 

Current density > 1 A/cm 2 --- 

Channel wall' temp. 

a). ,Cold 
b) Intermediate 
c) Hot 

* 
Therrnionic. emission 

* 
Chemical stability 

* .  
Pressure 

. . 
. Good electr-uri transfer between. plasma II 

electrodes. 

* 
Thermal conductivity 

Therma 1 shock 

* . '  
Erosion resistance 

* 
Corrosion resistance 

General Requirements 

Stable at P = to atm, low vapoi 
O2 pressure and high melting point. 

. . .  

Maximum of 10 atm. 

* 
Compati bi 1 i ty 

. . * 
~echanical stabi 1 i ty 

. . 

Fabrication 
Porosity 

Able to maintain wall temperature below 
melting point. -.- 

Good shock resistance during s t a r t = ~ ~  and 
cool -down; must tolerate thermal ' stresses 
due to large temperature gradients. 

r.linimum material loss under slagning con- 
ditions and when exposed to high-velocity 
gases and particulates, 

~esistant to coal slag, K~so~," K*C03, and 
mixtures thereof. 

. ~ u s t  be chemically and mechanically com- 
pati ble with other components ; especial ly 
important for graded materials. 

Creep resistant; no destructive phase 
changes from ambient to operating . 

temper+a tures . 
> 10,000 hr. 
Economical and easy to fabricate. 
Mi nimum porosity (dense). 

* . . .  

At. temperature 



TABLE 2. - - l l a t e r i a l s  requirements f o r  a s o l  i d - e l e c t r o l y t e  f u e l  c e l l  
(394) 

Cathode (A i  r )  ; 
Elec t rode  

Anode (Fuel ).. 
E lec t rode  E l e c t r o l y t e  

E l e c t r i c a l  R e s i s t i v i t y *  p<50 ohm-cm, %loo% p/b <"-l ohm, p / 6  < 1 ohm, . P = 25-50 'ohm-cm, 
e l e c t r o n i c  e l e c t r o n i c ' +  e l e c t r o n i c +  i o n i c  . 

Porosi  t y  

Cur ren t  Densi t:~* , 

Temperature - .., 

Pressure* . . 

Chemical S t a b i l i t y *  

Compati b i  1 i t y *  

Mechanical S tab i  1 i ty  . 

L i f e *  

F a b r i c a t i o n  

Gas- t i gh t  Moderate ; gas Moderate; gas Gas- t i g h t  . 
permeable . ,permeable 

'0;4 t o  0.8 ~ / c m ~  
I 

7000 t o  l O O O O C  

~ t m o s ~ h e r i  c . .  

S tab le  under ox- . S tab le  i n  a i r ;  ,.Stable. w i t h  .re- Same as f o r  i n t e r -  
i d i z i n g .  and r e -  1 ow vapor duc ing atm connector .  
duci  ng .atmosphere; pressure 
low vapor pressure . 1 ow vapor pressure 

Must be chemical l y  .and mechanical l y  . . : 

: compat ib le;  c o e f f i c i e n t  o f  thermal 
; expansion o f  10 x I O - ~ / O C .  '. 

Creep , r e s i s t a n t ,  w i t h  no d e s t r u c t i v e  
. ' phase changes f rom ambient t o  1 OOOoC 

> 30,000 h rs  

Moderate i n '  c o s t  and. easy t o  f a b r i c a t e  
. . 

* A t  temperature . . 

+ g=, th ickness,  g e n e r a l l y  20 t o  50 Pm 



e lec t r i ca l ly  are successively applied to a porous-tube substrate in 

the  form of films 20 t o  50 thick. The very thin layers require 

an . e lec t r ica l  conductivity as high as possible to  minimize power 

1 osses during operation of the fuel . cel l .  

The MHD electrodes and interelectrode insulators, are exposed to  

the  same mild11 oxidizing atmosphere ( P  
' 

0.10 atm, t y p i c a l l y ) .  . 
0 2 

The electrolyte  and interconnector of the solid-electrolyte fuel ce l l ,  . . 

however, are exposed t o  dual atmosp'heres r . i1-1lu1 . taneously. On the a i r -  

electrode (cathode) s ide ,' the atmosphere -is quite oxidizing (P  
0, = Oo2: 

atm), while extremely reducing conditions ( P  as l?w as 10-lBL atm) o2 
are  found on the fuel-electrode (anode) side. Thus, while some ma- 

t e r i a l s  may possess properties compatible under ei ther  oxidizing or 

reducing conditions, imposing bo th  c r i t e r i a  at once severely r e s t r i c t s  
. . 

material options available. 

The corrosive action of mol ten mixtures of coal slag, K2 So4, and 

K2 C0 upon the MHD inter'electrode insulator has an analogy in the 

mol ten-carbonate fuel cel !. Even though the op&at ing temperature of 

the fuel cell  (580" t o  730°C) i s  considerably lower than that f o r  the 

typical MHD channel (1200" t o  1700°C), the molten electrolyte--binary 

and ternary mixtures of Na2CU3 , K 2  C0 3 ,  and Li CO - - is  s t i l l  quite 
2 3 . . 

corrosive.. Thus,. the ceramic matrix ( t i l e )  used to contain the el- 

ectrolyte  must ,be quite resis tant  t o  attack i f  a 40,000-hour cell  l i f e  

i s  t o  be realized. Candidate materfals for the . t i le ,  however, do not 

need the extremely hi gh me1 t i'ng point requi red of MHD i nterel ect  rode 



i n s u l a t o r s .  

The general  s i m i l a r i t y  o f  t h e  chemical and phys ica l  p r o p e r t i e s  o f  

m a t e r i a l s  used f o r  MHD and h igh- temperature f u e l  c e l l s  suggests t h e  

poss i  b i  1 i t y ,  where appropr ia te ,  o f  t r a n s f e r r i n g  m a t e r i a l s  techno1 ogy 

f r om one area t o  another. A good e l e c t r i c i  ty -conduct  i ng ceramic found 

t o  be su i - t ab le  f o r  MHD e l e c t r o d e - u s e  cou ld  be an app rop r i a te  candidate 

f o r  t h e  . i n t e r connec to r  . i n  t h e  so l  i d - e l e c t r o l y t e  f u e l  c e l l .  S i m i l a r l y ,  

a m a t e r i a l  which i s  r e s i s t a n t  t o  c o r r o s i o n  by coal  s l a g  as an i n t e r -  

e l e c t r o d e  i n s u l a t o r  i n  t h e  MHD channel, may show promise as a t i l e  i n  

t h e  mo1,ten-carboriate , f u e l  . - ce l l .  As ;a, sesu l  t , o f  t h e  general l y  l e s s  

s t r i n g e n t  component, requiremen'ts, m a t e r i a l s  examined f o r  MHD use as 

e l ec t rodes  o r  i n s u l a t o r s  and, found t o  be d e f i c i e n t  ' i n .  performance may 

prove more than  adequate .for.:. use ' i n  t h e  so l  i d - e l e c t r o l y t e .  . o r .  molten- 

carbonate f u e l '  c e l l  s. , . . . 

The purpose o f  t h i s  r e p o r t ,  t h e r e f o r e  i s  t o  examine and eva lua te  

t h e  pub1,ished da ta  i n  t h e  MHD and f u e l  c e l l  f i e l d s  as r e l a t e d  t o  

: m a t e r i a l s  p r o p e r t i e s  and t o  i d e n t i f y , .  mat,erialbs used o r  considered f o r  
". , 

:MHD .power generat i.on which, a1 so mjg.ht . prove s u i  tab1  e candidates. f o r  

cgmponents i n  t h e  h igh- temperature f u e l '  c e l l s .  

. . . . 



DISCUSSION 

I. SOLID-ELECTROLYTE DESIGN CONSIDERATIONS 

The heart of the sol i d -e l ec t ro l y t e  fue l  c e l l  i s  the oxide elec- 

t r o l y t e .  I t  i s  important t ha t  the oxide. system chosen f o r  use as the 

e l e c t r o l y t e  have the proper electrochemical charac te r i s t i cs  (i .e., 

h i gh . , i on i c  conduc t i v i t y )  .as we1 1 as stabi  1 i t y  :from .destructuve phase 

transformat ions I.lpon. thermal cycl i ng. Once an dppropri a te  ''oxide has 

been chosen f o r  the  e lec t ro ly te ,  ,materials f o r  t h e  remaining c e l l  

components--ai r and fuel electrodes and c e l l  interconnector--can be 

selected f o r  physical  and chemical. ;ompat i b i l  i t y  w i t h .  the e l ec t ro l y t e  

and each other. The physical property o f  prime concern i s  the co- 

e f f ' i c ien t  o f  thermal expansion. The reason f o r  t h i s  becomes c lear  

a f t e r  examining the current  Westinghouse design f o r  a t h i n - f i l m  c e l l  

shown i n  Figure 1 . 3  A substantial, mismatch i n  thermal expansion o f  the 

e l e c t r o l y t e  and interconnector could cause cracking o f  the impervious 

f i lms ,  r e s u l t i n g  i n  severe degradation o r  f a f l ~ l r e  o f  the fuel  c e l l  

upon thermal .cyc l  ing. I n  'order t o  'evaluate. MHD mater ia ls  proper ly f o r  

po ten t i a l  use i n '  sol i d -e l ec t ro l y t e  fue l  ce l l s ,  it i s  f i r s t  necessary 

t o  examine those mater ia ls  which can possib ly be used as oxide- 

, conducting e lec t ro ly tes .  Aux i l  i a r y  materi a1 s then can be screened f o r  

t h e  remaining c e l l  components t o  ensure t h e  thermal expansion behavior 

i s  compatible w i t h  t ha t  o f  the chosen e lec t ro ly tes .  
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Figure 1. --Westinghouse high-temperature fuel cell structure (from ref. 3. ) 



A. I o n i c a l l y  Conducting Oxides 

The bulk o f  research on 14(D electrodes has been o r i m t e d  toward 

i dent i fyi ng materials which are good electronic conductors, because of 
- ' n  1 ' 8  

R, t 

.ic,+ t h e  inherent material propert ies needs. The use o f  i on i ca l l y  
' : 

conducting oxides for MHD electrodes has been lirni@d d t~ glee- 
, . 5 >..? $.,' I ,. --.- , 

t ro l ys i s  problems. Zd2-based systems have recei vecf >'the most atten- 

t i o n .  o f  the i o n i c a l l y  conducting oxides because o f  the high- 
2,596 

temperature capabil i t i e s  o f  ZrOz. Oxides such as CaO or  Y Z  03 are 

added t o  the ZrO2 t o  s tab i l i ze  the cubic f l o u r i t k  structure and pre- 

vent the occurrence o f  the destruct i ve*'mnocl i n i  c-to-tet ragonal phase 
8 ., 

. change a t  1100%. Addit ipn o f  CaO or  Y2 O 3  imparts almost t o t a l  ionic 
-u.+-, 3 _ -  _ I 

f r q  conduct iv i ty  t o  Zr02 at MHD-electrode temperatures. A t  high enough 8 ;  .-a 

a. . n 

c--11 . + - current densit ies .(depending upon the electrode temperature and 
- k = . . . -.-.' - .  

Po2  ), cathodes o f  stab!l_l-zedr Zr02 exhibit '  darkening at the interface 
- ,  8 '  - ' ., 

between the ceramic b n b  n d t a l  current-leadout , as depletion o f  O2 
. . 

- 1 X  

b .  

? leads t o  electrolysis.  
*- 

, I.. 
Problems caused by the use o f  ion ic  oxide conductors f o r  MD 

., , . k  . 
I $&;: b!.* $.& 

3 I electrodes do not ex is t  when such materials are used as so l i d  elec- 
$$<it; ! 
.t -- .-%,-' Sro ly tes  i n  fuel c e l l  s. The ~ a r i d ~ ~  oxides which have been examined 

> , ~ ~ $ , : ~ l (  . 
' , c .a*-f ?j for t h i s  purpose have been reviewed i n  de ta i l  by E tse l l  and ~ l e n ~ a s ?  

The resul ts  o f  t h e i r  review ar.e sumarized below t o  j u s t i f y  the sel- 

ect ion o f  the mnst: promising systems as so l i d  eleclrrr lytes f o r  high- 

tarrperature fue l  c e l l  s; eva'l uat ion  o f  MHD material s f o r  potent ial  use 

f o r  the remaining c e l l  components i s  discussed separately. 



Oxide systems based upon Zr02 , Hf02 , Tho2 , and Ce02 have been 

s tud ied  ex tens i ve l y  as s o l i d  e l e c t r o l y t e s .  D iva len t  (e.g., a l -  

' k a l  i n e  ea r th )  and t r i v a l e n t  (e.g., r a r e  ea r th )  oxides are'  added t o  

s t a b i  1  i z e  the  desi red cubic f l o u r i  t e  s t r u c t u r e  o r  t o  ' inc ikase:  t he  

e l e c t r i c a l  conduc t i v i t y .  . I n  a d d i t i o n  t o  being'  a  good .conductor, a  .: 

p o t e n t i a l  s o l i d - e l e c t r o l y t e  should have an i o n i c  t ransference number 

( t i )  as c lose  t o  u n i t y  as possib le,  over the  range P expected 
02 

d u r i n g  f u e l  c e l l  operat ion-40.2 atm -at the  cathode and %I0 a t  t he  

anode. The e l e c t r o l y t e  a lso  should e x h i b i t  a  res is tance t o  o rder ing  

and d e s t a b i l i z a t i o n  o f  t he  cubic s o l i d  s o l u t i o n  a f t e r  prolonged 

per iods ( 10,000 hr.) a t  opera t ing  temperature. 
. . 

1. Zr02 Systems, . .. 

The e l e c t , r i c a l  p rope r t i es  o f  t y p i c a l  Z% -based e l e c t r o l y t e s  . '  

a re  summari zed i 'n  Tab1 e  . 3  f o r  composi t i ons where the  conduct i vi . ty  

i s  greatest .  . The th ree  oxide s t a b i l  i z e r s  which best' meet t he  de- . 

, . 
s i r e d  e l e c t r i c a l  requirements a r e  Sc2 O3 , Y20 3, and CaO. U n f o r t u -  

. .! 

na te ly ,  the  cos t  o f  sc203 i s  t oo  p r o h i b i t i v e  t o  wdrrant ser ious 

cons idera t  ion f o r  commercial app l ica t ion .  While . .  Y2 03  , i s  more ex- 

pensive t h a t  CaO, t h e  a d d i t i o k l  k o s t  i s  " j u s t i f i e d  because o f ,  the  

i ncreased c o n d u c t i v i t y  'and greater  s l d b  i 1  i ty of Y2 03-ZrO 2  sol i d  

s o i u t i o n s .  7-10 . . 

The e l e c t r i c a l  t r anspor t  p rope r t i es  o f  Hf02-based systems are, 

as might be expected,' s i m i l a r  t o  t h e i r  ZrOe counterpar ts .  For ex- 



TABLE 3 . - - E l e c t r i c a l  p r o p e r t i e s  o f  Zr02-based s o l  i d  e l e c t r o l y t e s  a t  1000°C and i n  a i r  

Oxide A d d i t i v e  

Sc2Q j 

Y2°3. 

Gd203 

Y b2b3 

CaO 

*MgO 

P r60; 

Nd2$ 

La20-; 

. . .  

 rans sport P rope r t i es .  - 
Avg. ti - L O ~ , ~ O ~ ~  a tm References 

. -7 

* Cubi: s o l i d  s o l u t i o n  i s  1;nstable below 13000 t o  1400°C 



. ample, ~ f . 0 ~  -y2 o 3  and HfOp-CaO sol  i d  so lu t i ons  are good i o n i c  

conductors a t  . 1000°C. The e l e c t r i c a l  c o n d u c t i v i t i e s  , however, 

a r e  on ly  a  f r a c t i o n  as great as t h e  Zr02 s o l i d  so lu t i ons  a t  the  

1 0 .  t o  12 m/o a d d i t i v e  l eve l ,  where c o n d u c t i v i t y  i s  greatest  .' 
. . 

The use o f  Hf02 s o l i d  so lu t i ons  as s o l i d  e e c t r o l y t e s  i n  f u e l  

c e l l  s  does n o t  appear warranted because ' of . lower cdriduct i v i  t i e s  
.. . 

and h igher  cos ts  r e l a t i v e  t o  the  Zr02 systems. ,''; 
3. Tho2 Systems 

Lower-valent ' oxides are added t o  Tho2 . s o l e l y  ... t o  increase 
. . 

t h e  e l e c t r i c a l  conduc t i v i t y ,  as Tho2 . a1 ready , has a  cub'ic f l o u r -  

., i t e  s t ruc ture .  The. e l e c t r i c a l  p rope r t i es  o f  Tho2 -based sol i d -  

e l e c t r o l y t e s  are summarized i n  Table 4 , f o r  a  number '.'of the more 

common 'systeins. The Tho2 -based e l e c t r o l y t e s  are character ized 

a s  being i o n i c a l l y  conduct ing t o  a  much lower Po than the  cor- 
2  

responding: ' z ro2 systems. un for tunate ly ,  t he  magnitude o f  the 
' /  

e l e c t r i c a l  ' c o n d u c t i v i t y  i s  one o r  two 'orders o f  magnitude less  

f o r  t he  rho2 so1,id e l e c t r o l y t e s .    ore i m p o r t a n t l y , - ' a t  a  Po, , 

L 

grea te r  than 10" atm e l  ec t  r o n i  c  (p-type) conduct ion becomes 
. I .  

' s i g n i f i c a n t .  Thus, a  fue l  c e l l  sol  i d  e l e c t r p l y t e  .:baZsed on Tho2 

i s  n o t  f e a s i b l e  because o f  the  incompat.ibl& & l e c t r o l ~ t i c  domain. 

4.. Ce02 Systems . ' 

, . 

CeQ. i s  s i m i l a r  t o  T h q  i n  t h a t  both have the  f l o u r i t e  

s t ruc tu re .  A considerable amount o f  research has been c a r r i e d  

ou t  w i t h  Ce02 -based e l e c t r o l y t e s  because nf the  promise of e l -  
. . 



TABLE 4 . . - - E l e c t r i c a l  P r o p e r t i e s  o f  Tho2-Based 
and ~ n - : a ~ r  

Ox ide  A d d i t i v e  COIJC. , m/o . p , R - c ~  -Log Po2,ats 
. . 

CaO . 5 ., 2,120 15 

*- 
pO2 = avg.  P - I [P . . .. + [p . .  

'2 - 2 . '2 ca thode . ' 2  (anode) 
I 

~ r a n s ~ o r t  P r o p e r t i e s  
/.vg. t i -Log Po2,atm References 



e c t r i c a l  c o n d u c t i v i t i e s  comparable t o  some o f  . . t h e .  b e t t e r  

s t a b i l  ized-Zr02 systems a t  1000°C, ' but  . a t  much. 1owe.r tem- 
, . 

pe ra tu res - - t yp i ca l  l y  7 0 0 ~ ~ .  The e l  e c t r i c a l  p roper t  i'es o f  

a  number o f  Ce02 -based s o l i d - e l e c t r o l y t e s  are  presented i n  

Table 5. 
- .  

~ o ~ i  ng o f  Ce02 w i t h  . . a1 k a l  i ne-earth and r a r e i e a r t h  ox-., 

i d e s  r e s u l t s  i n  good . i o n i c  c o n d u c t i v i t i e s  a t  temperatures 

below 1000°C and h igh  oxygen pressures (e.g., 
po2 

> atm), ' 

i n  many cases. . However; a t  temperatures near 1000°C o r  a t  low 

which 'gives r i s e  t o  unacceptable l e v e l  s  o f  e l e c t r o n i c  (n-type) I 

conduct ion. The l a r g e  increase i n  e l e c t r i c a l  c o n d u c t i v i t y  f o r  - 

CaO-doped Ce0 2  under s t r o n g l y  . reduci ng condi t ions,  re1 a't i ve t o .  
. . .  

a i r ,  i 'ndicates the  presence of e l e c t r o n i c  conduct ion. S i m i -  

l a r l y ,  wh i l e  good i o n i c  c o n d u c t i v i t y  r e s u l t s  when Ce02 i s  doped 

w i t h  a  number o f  ra re-ear th  oxides a t  a  P o  o f  0.2-1.0 atm, the  
2  

i onic  transferen& number i s  s t rong ly  dependent upon 'Po: and drops ': 
2  

markedly under reduci  nq cond i t ions .  Thus, t he  best so l  i d -  .:. 
.. . 

e l e c t r o l y t e  ,developed t o  date based upon .CeOZ would: appear mar- 
, . 

g i n a l l y  acceptable i t  hest.  , T h i s  conclus ion i s  ;uppopted in : ; .  
'. . . . -- . . 

recent  work by Ross and a en jam in,^^ who analyzed the  thermal ::'; 

e f f i c i e n c y  ( r l T )  which could be expected f o r  a  H2 - a i r  f ue l  c e l l  

u t i  1  i z i n g  var ious,  so l  i d  e l e c t r o l y t e s .  
' I  

,The thermal e f f i c i e n c i e s  o f  c e l l s  us ing various Ce02-based 



TABLE 5.--Elec:rical propert ies of Ce02-based so l id  e l e c t ro ly t e s  

0x.i de 
.Addi t ive Corc., m/o 

CaO 

Temp. ,'C -Log P , atm 
O2 

Transport Propert ies 
Avg.  t i .  -Log ' P  , atm 

09 



electrolytes  are shown in Table 6. The ~ l e c t r i c  Power ,Research 

Ins t i tu t e  goal f i r  a solid-oxide fuel cell  i s  an overall  thermal 

efficiency of 45.5 percent. None of the CeOZ -based systems ap- 

proach the efficiency goal  a t  700°C, except Ce02 -La2% ; unfortu- 

nately, t h i s  combination has .'a power density that i s  too low to 

be of practical use in thin-film fuel cells.  

5. Other Oxides 

Takahaski .and cdworkers have conducted extensive research on 

development of solid-oxide electrolytes with .ionic conductivities 

comparable t o  stabilized-Zr4 a t  1000°C, but a t  temperatures as 

1 ow as 700°C. Doped Bi203 was reported to  be a .  good oxide con- 
37 

ductor at  a relat ively high Po a t .  temperatures as low as 800°C. 
2 

Substituted perovskites studied included La -,xCd,AIOg- a, 

Ba,AlO> a, CaTil -xMgx03-,q~ CaTil-.$I x 0 - 3t.a ,SrTi 1-.x A 1  x 0 3- a' 

BaTh0.95L'a0.~503+ BaZro. 9Bi0. 03- a, and BaCe0.9Bi0. 03,a. 

The electrolyte  of composition CaTii., A10-'3 4-, , showed the mod 

promise. 

The electrolytes l i s ted  above are not purely ionic conductors 

and exhibit changes in conduct i vi t y  and ionic transference number 

a5  a function o f  Po. . This mixed conduction generally ' has been 
2 

considered undesirable for  fuel cell  purposes. ~ a k a h a s h i ~  has 

considered the ramifications of mixed conduction in sol id-oxide, 

high-temperature fuel . cell  s., ' According t o  his calculations, a 

purely ionic electrolyte '  with a ti =l in a solid-electrolyte fuel 



36 TABLE 6. --Max imun thermal efficiencies of HZ-air fuel cell s' with various sol id electrolytes 
. . Ionic * . Power 

Electrolyte Conductivity, ' ' P o ,  atm Density, lo-3 W/cm . -*T Y 
4 ' .  

. . 10-~f'cm-' , ' t y  o 

- - . .. . 
. .. . . 

. . Zr02-7 m/o Y203 1.27 . I  .OO x 1 0 - ~ ~  1.5 .50.2 
. . 

. . 

Ce02-18 m/o GdpOj 3:. 3 :, : 3.16 ~ 1 0 ' ~ ~  4.8' , ,  40:0 

. . , . 

CeO - 5 n/o Yi0, 1 .03 5.31 xi0 .-I8 1.7' . 36.6 
: :  2 r. 

. :  

* .? 

P = P where ionic o = electronic o (i,e., t. = 0.5) . . 

O2 1 



c e l l  'would be comparable i n  energy .. convers ion e f f i c i e n c y  

(rl=0.6) t o  a  mixed-conductor e l e c t r o l y t e  w i t h  ti =0.94, if t h e  
. . 

c o n d u c t i v i t y  were 5 0  perckr i t  

' A  s i m i l a r  t h e o r e t k a l  s tudy  has been pub l i shed  r e c e n t l y  

, ,  b y  Tannhauser 4 4  and apbl  i k d  t o  d o p e h - ~ e o ~  e l e c t r o l y t e s .  The  

equ i va len t  c i ' r c u i t  used f o r  'model i n g  'was not  found t o  represen t .  
. . 

t h e  system very .wel l  i n  p rac t i ce .  S t i l l ,  i t  was f e l t  t h a t  doped 

CeOe should be cons idered more s u i t a b l e  as a so l  i d  e l e c t r o l y t e  i n  

h igh- temperature f u e l  c e l l s  thar, be1 ieved p rev ious ly .  

Whi le a  number o f  t h e  above s u b s t i t u t e d  pe rovsk i t es  appear 
. . 

p romis ing  f o r  use as so l  i d  e l e c t r o l y t e s  i n  high-temperature f u e l  

c e l l s ,  t h e r e  a re  s t i l l  a r e a i  o f  d e f i c i e n c y  which must be reso lved  
. . . . . . . .  , 

. b e f o r e  t hey  can be cons idered conpet i t i ve w i t h  o ther ,  more. 

s u i t a b l e  e l e c t r o l y t e  m a t e r i a l  s. 

B. choosing a' Sol id-Oxide ~ l e c t r o l y t e  

As mentioned e a r l i e r ,  mechanical s t a b i l i t y  under t he rma l - cyc l i ng  
, '  

' c o n d i t i o n s  i s  ve ry  impor tant  f o r  l o n g - t e r m  i n t e g r i t y  o f  f u e l  c e l l  op- 

e r a t  ion. The thermal - s t r ess  p rob l  elos can ' be approached i n  severa l  

ways. One i nvo l ves  c a r e f u l l y  matching t h e  c o e f f i c i e n t  o f  thermal ex- 

pans ion of t h e  c e l l  i n t e r connec to r  t o  t h a t  o f  t h e  e l e c t r o l y t e .  A l -  

t e r n a t i v e l y ,  t h e  i n te r connec to r  can be p l a s t i c  dnd have a low modulus 

o f  e l  a s t i c i t y  a t  ope ra t i ng  temperature t o  min imize 'thermal stresses. 

Genera l l y ,  t h i s  i nvo l ves  t h e  clse of a  g lassy  m a t r i x  c o n t a i n i n g  t h e  

i nterconnec to r  m a t e r i a l  .45 This  approach, w h i l e  p o s s i b l y  s o l v i n g  one 



problem, presents a d d i t i o n a l  problems o f  long-term chemical sta- 
. . 

. . , .  

b i l i t y .  i n  contac t  with t h e  e l e c t r o l y t e .  ' I n  add i t ion ,  incorpor- 

a t i o n  o f  a g lassy  phase i n h e r e n t l y  lowers t h e  ove ra l l  conduc t i v i t y  

o f  t h e  in terconnect ing  layers. Thus, t h i s  l a t t e r  approach does not 
. . 

appear . . p r a c t i c a l .  . For t h e  purposes of t h i s  report,,. p o t e n t i a l  i n t e r - .  
.' I 

. ..' 

connector m a t e r i a l s  should have , an. average . l i n e a r  c o e f f i c i e n t  o f  . . 

thermal expansion ( a  1' compatible w i t h  . t h a t ,  o f  Zr02 -10 m/o Y O 3  , 

which i s  10 x 1 6 ~  / O C  up t o  1000".4. . . 

A t  1l1is t ime, none o f  t h e  so l id -ox ide  e l e c t r o l y t e s i  fo r  which 

., . pub l ished in fo rmat ion ,  i s  ava i l ab le  appears t o  s a t i s f y  a l l  the  elec- 
, - ,' 

t rochemical  requirements fo r  e f f i c i e n t  operat ion o f  high-temperature 

f u e l  c e l l s  a t  temperatures as low as 700°C. Doped-CeO. systems have 

, unacceptable e l e c t r o n i c  . .: conduction ( low ti ) r e s u l t i n g  i n  low fue l  c e l l  
, . .  . .. .. . 

e f f i c i e n c i e s ,  whi l e  doped-Zr02 systems .. . have ionic.~,conduct i  v i t i e s  which 

a re  i n s u f f i c i e n t  ( a t  700°C) f o r  . . t h e  desi red power-density leve ls .  I n  
* .. . . . .  . 

add i t i on ,  .. . 1 i t t l e  i s  kn0w.n about t h e ,  long-term , beha i i o r  o f  the  CeOp 
i i  

based e l e c t r o l y t e s  and , subs t i t u ted  peroy,skites under fue l  c e l l  con- 
.. .. ~. , . .iY: . . 

. d i t i ons ,  a1 . . though work cur . rent ly  i s  ,underway a t  t h e  Nat ional  Bureau 
. - 

o f  Standards t o  s t u d y  long-term . . . : . .  degradation: ,, mechanisms i n  C?OZ7Gd2O3 
\ '  

andY203 s o l i d  s o l u t i o , n s . 4 6 ~ ~ 7  . , . : .  
':.! : 

. Of  a1 1 t h e  sol  id-oxide, e l e c t r o l y t e s  discussed above, ,only the  
. . 

Zr02-CaO and Z,,rO 2-Y2 O3 sol i d  so lu t ions  meet. t h e  requi  rements net- 
. , . .. '  

essary f o r  e f f i c i e n t  electrochemical.. conyersion a t  lOOO0C 
. :,; , . 

o f  

f u e l s  such as h2 ., and , CO a t  a ,rea.sonable ma te r ia l  cost. The 
. . ;, . . .  

Zr02-Yz03 system i s  t h e  preferred choice f o r  use as a s o l i d  



e l e c t r o l y t e  .i.n h igh- temperature f u e l  . c e l l  s  because o f  h i ghe r  conduc- 

t i v i t y  g.reater s tab i1 . i  t y  aga ins t  long- term s t r u c t u r a l  order ing.  

Roh r  48 has repo r ted  a  s i g n i f i c a n t  . i nc rease  . i n  t h e  e l e c t r i c a l  con- 

$ u b t i v i t y  o f  Zr02-Y203 so l  i d  . s o l u t i o n s  i n  which p a r t  o f  t h e  

... Y203 has been. rep laced.  by . .Yb2O3 (e.g., Zr02-4 . m/o . Y20 3  - 
4 m/o ,Yb203).  Ev.en though t h e  conduc t i v i . t y  may - be lower  f o r  

Zr02-10 m/o Y203--the composi t ion wi. th ' the h i ghes t  c o n d u c t i v i t y  

i n  t h e  ZrO2-Y203 system-- th is  composi t ion .was chosen .as a  r e f -  

erence p o i n t  o r  bas'is . f o r  e v a l u a t i n g  and .screening var ious  MHD 

. . m a t e r i a l s  , f o r  poss ib l e  use as . anc i  1  l a r y  components i n  t h e  so.1 i d -  

. . e l o e c t r o l y t e  f u e l  c e l l  because it has been s tud ied  .more e x t e n s i v e l y  f o r  

t , h i  s purpose. Phys ica l  and chemic'al . p rope r t i es  data a1 so are more 

,; . r ead i l y  . a v a i l  ab le  f o r  comparison.: . . 
5 ,  

I I. MHD ELECTRODE MATER.IALS . . 

. M a t e r i a l s  examined f o r  use as'.: MHD e lec t rodes  can be c l a s s i f i e d  

i n t o  t h r e e  general  categor ies: '  meta ls ,  non-oxide ceramics, and ox ide  

' .  ceramics. . : 

A. Meta ls  , '  ( ... .. 

A v a r i e t y  o f  meta ls  has h ~ ~ n  examined f o r  use as MHD e lec t rodes ,  

w i t h  t he  cho ice  o f  ~ l i a t e r i a l s  based upon propert . ies such as chemical 

i n e r t n e s , ~ ,  e l e c t r i c a l  and thermal conduc t i v i t y , '  and low vapor 'pres- 

sure . a t  e leva ted  . temperatures.. Classes . o f  metal s which have been 

. tes ted  . include .noble meta ls  (e.g., P t ,  Rh, Pd, Au, and Ag), r e f r a c -  

t o r y  meta ls  (e.g,. , W, Mo, Ta, Nb, Hf, and Z r ) ,  and base meta ls  (e.g., 



Fe; Ni ,  and Cu) and t h e i r  a1 loys. The use o f  noble rnet'al s  i n  the 

s o l i d - e l e c t r o l y t e  fuel c e l l  would be p r o h i b i t i . v e l y  expensive and, 

t he re fo re ,  w i l l  not be considered fur ther .  A number o f  t he  base and 

r e f r a c t o r y  meta ls  s u i t a b l e  fo r  MHD e lec t rodes a t  temperatures o f  200" 

t o  700°C would be l i m i t e d  t o  use as fuel e lect rodes i n  t h e  so l i d -  

e l e c t r o l y t e  f u e l  c e l l  by P - c o n s t r a i n t s .  The e q u i l i b r i u m  Po s  a t  
O2 2  

1000°C f o r  a  number o f  these metal-metal oxide systems are tabulated 

I n  comparison t o  the  P of 10'l6' t o  1 6 1 8  a t m  expected f o r  the 
02 

f u e l ,  copper i s  s tab le  over a  wider range o f  P than any o f  t he  o ther  
02 

b a s e  meta.ls, e . ,  CuO format ion  would not be expected u n t i l  the  PO 
2 

had reached a  value o f  5.75 x 10 -7 atm. Unfort-unately,  copper has a  

n i e l t i n g  p o i n t  o f  on ly  1083OC, which i s  very c lose  t o  the  operat ing 

temperature of the  s o l i d - e l e c t r o l y t e  f u e l  c e l l ,  thus making i t  un- 

s u i t a b l e  fo r  anode use. Cur ren t ly ,  n i cke l  i's the  ' p re fe r red  choice f o r  

t h e  anode i n  both the  s o l i d - e l e c t r o l y t e  and molten-carbonate f u e l  

c e l l s .  As i n d i c a t e d  i n  Table 7, i t  has a  greater  s tab i1 i t .y  range than 

e i t h e r  coba l t  o r  i ron ,  w i t h  respect t o  ox ida t  i o n  by the  f u e l  m i x t u r e .  

The present' technique employed f o r  t h e  f a b r i c a t i o n  o f  the  n i cke l  

anode i n  the  s o l i d - e l e c t r o l y t e  f u e l  c e l l  i s  r e l a t i v e l y  simple and 

s t ra igh t fo rward .  The Ni-Zr02 cermet e lec t rode  i s  prepared by f i r s t  
8 

s i n t e r i n g  ( a t  1 6 0 0 " ~ )  a  coa t i ng  o f  NiO and CaO-stabi l ized ZrOi on a  

porous support tube, and reducing t.he m i k t l r r ~  a t  1350°C i n  hydrogrri!' 

The r e s u l t  i s  a  porous, mechanical ly 'sound s t r u c t u r e  cons i s t i ng  o f  

cont inuous i n t e r l o c k i n g  phases o f  Zr02 and n i cke l  ; The n i cke l  anode 



TABLE 7. --Equil i brium Po . :for s e l g q t  metal-metal oxide sys:tems'at 1000°C 
, . 

2 
.... . . . ; .  . . .. .. ... . . .  

~ e t a l h i e t a l  oxide ~ys t6m -Log P (atm) 
. . , . . .  Reference 

.,' . 0 2 , .  , . .: .. . . %  

. . . .  . 

. . . 
Cr-Cr203 21.6 . . . . 7  

. , ., .. 
. .. t i . '  . 

.. . .; Mn-filnO' . .  . ' . , 24.0 7 



produced i n  t h i s  manner a lso provides a  good surface f o r  bonding t o  

t h e  other c e l l  components, such as the porous support tube, elec- 

t r o l y t e ,  and interconnector fi lms, which reduces the tendency f o r  

cracking due t o  thermal stresses. 

There are no apparent advantages o f  subs t i tu t ing  a  more exot ic o r  

cost1 i e r  .a1 1  oy o r  metal for pure nickel ,  un.less perhaps ' a  s i gn i f i can t  

resistance' t o  s u l f u r  pois ioning was rea l ized and the l i f e  o f  the fue l  

c e l l  substant ia l ly  increased. A number o f  n ickel  al loys, suph as the 

I f ~ c u l o y  a1 loys and s ta in less steels. have increased resistance t o  

s u l f u r  (as YS), r e l a t i v e  t o  pure nickel.  Unfortunately, these a l loys 

a lso have e l e c t r i c a l  r e s i s t i v i t i e s  which are an order: o f  magnitude 

higher. 51. With today's desu l fu r i za t ion  technology, no serious pro- 

blems are envisioned i n  lowering the su l f u r  content of the fue l  t o  

acceptable . level s  -(< 0.05 ppm) f o r  sa t i s fac to ry  long-term performance 

of  n icke l  anodes i n  fue l  ce l ls .  5 2 

B. Non-Oxide Ceramics 

Mater ia ls  used f o r  MHD electrodes i n  the non-oxide ceramic cat- 

egory include carbides, n ~ t r i d e s ,  s i l i c i des ,  and borides and t h e i r  

mixtures. 

1. Carbides 

Only a  l i m i t e d  number o f  elements form carbides o f  potent ia l  

i nterest  f o r  MHD electrodes, i .e., good e lec t ron ic  (metal 1  i c )  

conductors. These are general ly  the t r a n s i t i o n  elements o f  

Groups I V A  t o  V I A  (Ti ,  V, and C r  Pamilies). Elemknts t o  the l e f t  

o f  these groups i n  the Per iodic   able. form' reactive, i on ic  ( sa l t -  



l i k e )  ' ca rb ides  which a re  hydro lyzed  by water  t o  t h e  hydrox- 
. ' . . 

i d e  and acety lene,  methane,. e thy lene,  o r  m i x tu res  thereo f ,  
. . 

53 ~ h &  ra re -  depending upon t h e  o x i d a t i o n  s t a t e  o f  t h e  metal. 

e a r t h  carb ides  a re  s i m i l a r l y  . r e a c t i v e  t o .  mois ture.  Of t h e  

elements t o  t h e  r i g h t  o f  t h e  t r a n s i t i o n  meta ls  i n  t h e  P e r i o d i c  

Table, o n l y  Al ' ,  B, and S i  form carb ides  o f  a n y .  thermal s t a b i l -  

i t y .  A14C3, however, i s  l i k e  t h e  a l k a l i n e - e a r t h  carb ides  i n  

t h a t  i t hydro lyzes  r e a d i l y .  

Phys ica l  p r o p e r t i e s  f o r  t r a n s i t i o n - m e t a l  ca rb ides  which 
. . 

have been s tud ied  o r  cons idered f o r  MHD e lec t rodes  are l i s t e d  

i n  Table 8; da ta  f o r  severa l  n o n - t r a n s i t i o n  metal  carb ides;  

B q C  and S ic ,  are i n c l  uded for-:compa:ri son.. . The t r ans i t i on< -me ta l  

ca rb ides  a re  cha rac te r i zed  by .h igh  m e l t i n g  p o i n t s  and, i n .  gen- 

e r a l ,  a  h i g h  metal1 i c '  co i i d~ .~c f  i v i t y ,  so t h a t  t h e  values repor ted  

here  f o r  room temperature would be cons ide rab l y  h i ghe r  a t  t h e  , 

so l . id -e l  e c t r o l y t e  f u e l  c e l l  operat ' ing temperature o f  1000 C. 

The r e s i s t i v i t i e s  ' o f  ZrC, HfC, and TaC, however, are repo r ted  

t o  decrease w i t h  temperature. Carbon-def i c i e n t  (meta l - r ich. )  

phases show ' h i ghe r  r e s i s t i v i t i e s  than  t h e  s t o i c h i o m e t r i c  

54,55 phases. 

.. El e c t r i c a  I c o n d u c t i v i t y  d a t d  d l  e leva ted  tempcratures were 

n o t  r e a d i l y  a v a i l a b l e  f o r  most o f  t he  carbides. Sources o f  ad- 

d i t i  onal phys i ca l  p r o p e r t i e s  informat i o n  f o r  t r a n s i t i o n  metal  

carb ides--  i n c l  u d i  ng t he  above t ype  r e s i  s t i  v i  t y  data--are 1 i s ted  

i n  Appendix A. These re fe rences  predominant ly  are i iuss i  an j o u r -  

, . n a l s  t o  which t he  author  d i d  not  have ready access d u r i n g  t h e  



TABLE 8. - -Phys ica l  p r o p e r t i e s  o f  meta l  cai-bi.des' 
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a1 1 ot t 'ed time. Only ' i n f r e q u e n t l y  d i d  t h e  publ  i shed  Eng l i sh  

a b s t r a c t  c o n t a i n  numerical  da ta  f o r  t h e  des i r ed  phys ica l  

p rope r t i es .  A c q u i s i t i o n  o f  copies o f  these j o u r n a l  a r t i c l e s  a1 so 

was hampered s e r i o u s l y  by r e c e n t l y  enacted f e d e r a l .  copy r i gh t  leg-  

i s l a t i o n  which . l i m i t s  t h e  number o f  a r t i c l e s  which any one or-  

g a n i z a t i o n  .can ob ta in ,  th rough  i n t e r 1  i b r a r l y  loan,. from a g iven  

j o u r n a l  i n  a  p a r t i c u l a r  ca lendar  year.  Under t h e  new law, o n l y  

f i v e  copies o f  a r t i c l e s  f rom t h e  p rev ious  f i v e  years  . o f  publ i- 

c a t i o n  o f  a  j o u r n a l  a re  a l l o w e d  per  o rgan i za t i on  per  year.  

. Whi le  t h e  c o n d u c t i v i t i e s  o f  most o f  t h e  carb ides a r e  compat- 
.. ' 

i b l  e  w i t h  t h e  e l e c t r i c a l  requirements f o r  t h e  in terc .onnector  and. 

f u e l  e l ec t rodes  (Tab le  2 ) ,  none o f  t h e  ca.rbides, except f o r  per- 

haps C r 3 C  2, possess thermal-expansion p r o p e r t i e s  t h a t  would be 

s u i t a b l e  f o r  use w i t h  t h e  Zr02-Y2 0 so l  i d  e l e c t r o l y t e .  Perhaps 

I t h i s  de f i c i ency ,  however, can be . 'm i t i ga ted  by sui tabl 'e m a t e r i a l s  

engineer ing.  

The requirement o i  s t a b i  1  i t y  t o  p a r t i a l  pressures o f  oxygen as 

h i g h  as 0.2 atm i s  p r o h i b i t i v e l y  s t r i n g e n t  and does not a l l o w  t h e  

carb ides  t o  be used as i n te r connec to r  ma te r i a l .  A t  1300K., a1 1 t he  

carb ides  a re  thermodynamical l y  uns tab le  i n  a i r  w i t h  respect  t o  t'he ' 

, . oxides, i.e., t h e  f r e e  energy o f  o x i d a t i o n  i s  ext remely  negat ive,  .. 

as i n d i c a t e d  i n  Tabl'e 9. Data are inc luded  i n  Table 9 f o r  ox i -  

d a t i o n  a t  900K, a lso,  f o r  e v a l u a t i n g  carb ides  f o r  . p o s s i b l e  use i n  

t he  mol ten-carbonate. f u e l  c e l l .  

I n  s p i t e  o f  thermodynamic p r e d i c t  ions ,  however, k i riet i c  fac- 

t o r s  can be o v e r r i d i n g  t o  prevent  t h e  reac t i ons  f rom occu r r i ng  a t  



TABLE 9 . - . - ~ r e e  energy of bxida t ion  of inetal carbides 

&-Sic + 202 - Sic2  ( q u a r t z )  + CO 

Tic + 202  - Ti32 ( r u t i l e . )  + C02' 

ZrC + 202 + ZrCl 
+ 2' m & 

0-l m 
I 

VC + 2.2502 + C..5'd2O5 ( 2 )  + C O ~  

TaC + 2. 2502 - 9. 5Ta205 + COe 

.-AG" f o r  Reaction, . . 
':. kcal /g-at  C 

T = 1300K . T = 900K References 

6 1 

6 1 



a s i g n i f i c a n t  ra te . .  For example, a p ro tec t i ve ,  impervious ox- 

i d e  layer  can form t o  prevent f u r t h e r  ox ida t i on  fkom t a k i n g  

place., (The format ion o f  a Si02 l a y e r  on S i c ,  for  example, a l -  
r 

lows i t s  use as a heat ing  element i n  a i r  a t  temperatures as h igh  

Even i f  some o f  t he  'carbides'. i n  Table 8 were t o  form a pro- 

t e c t i v e  ' ox ide  l a y e r  upon heat ing  i n  a i r  a t  . l 0 0 0 " ~ ,  'they s t i l l  
,.:, 

would not  be p r a c t i c a l  f o r  in te rconnector  use i n  t h e  s o l i d -  
. . 

e l e c t r o l y t e  f u e l  c e l l  f o r  a number o f  reasons. Loss o f  the  i n -  

i t i a l  l y  impervious in te rconnector  f i l m  would very l i k e l y  occur as 

t h e  s ide i n  contac t  w i t h  a i r  began ox id iz ing .  W h i l e t h e  t rans-  

i t i o n  metals i n  Table 8 form a cont inuous,  ser ies  o f  sol  i d  so l -  
I ) 

u t i o n s  w i t h  many o f  the i n t e r s t i t i a l  elements, format.ion o f  a 

separate oxide .phase would eventu 'a l ly  occur once the  oxide- 

s o l u b i l i t y  l i m i t  was exceeded.  his wou'ld' very l i k e l y  r e s u l t  

i n  separat ion a t  t he  in te rconnector -a i  r e lec t rode i n te r face ,  

causing r a p i d  d e t e r i o r a t i o n  i n  c e l l  performance and . u l t i m a t e l y  

' resul t ing. ,  , i n  f a i l u r e .  Even i f  mechanical separat ion d i d  not 
. . 

t a k e  place immediately, a  subs tan t i a l  increase i n  t he  i n t e r -  
\ 

f a c i a l  r e s i s t i v i t y  would occur d u r i n g  ox ida t ion ,  si'nce the  ox- 

i des  o f  t he  t r a n s i t i o n  metals i n  Table 8 ' are poor conductors. 

 here a lso  i s  the  o f  t he  l o n g - t e r ~ , ~  chemical compati- 

b i l i t y  w i t h  the  o ther  c e l l  component's o f  any o x i d e .  which might 

form. Thus, t r a n s i t i o n  metal carbide; would appear  s u i t a b l e  f o r  

high-temperature f u e l  . c e l l  use on ly  under reduci'ng dondi t ions,  

i.e., as f u e l  electrodes. 



To determine the  thermodynamic s t a b i l i t y  o f  t he  carbides 

under t y p i c a l  anode cond i t i ons  du r ing  fuel, c e l l  operat ion,  values 

o f  Pg2 f o r  t h e  reac t i ons .  i n  Table 9 were ca lcu la ted  f o r  e q u i l i b -  

r i u m  p a r t i a l  pressures o f  C 0 2  expected fo r  fuel mixtures der ived 

f r o m  t h e  g a s i f i c a t i o n  o f  coal. The L u r g i  Medium-Btu g a s i f i c a t i o n  

was chosen t o  be representa t ive  o f  a process w i t h  a low conver- 

s i o n  e f f i c i e n c y  (37 percent)  f o r  CO+H2 p'roduction, wh i l e  the 

Combustion~ E r ~ g  ir~kerlngl Medium-Btu g a s i f i c a t i o n  was chosen t o  he 
.. . 

r e p r e s e n t a t i  vc o f  a process w i t h  a h igh  conversion e f f i c i e n c y  

(79 percent) .  

The composit ions o f  t h e  gas streams e x i t i n g  the  g a s i f i e r s  
. . 

are'  1  i s t e d  i n  Table 10, along w i t h  t h e  e q u i l i b r i u m  compositions 

a t  1300K and 900K f o r  t he  water-gas s h i f t  reac t ion :  

(1) C02 + H2 f  CO + H20(g) 

 h he h igher  temperature i s  representa t ive  o f  the sol i d - e l e c t r o l y t e  

f u e l  c e l l ,  w h i l e  the  lower temperature i s  app l icab le  t o  the 

mol ten-carbonate f u e l  c e l l  ). The composit ions were ca lcu la ted  

from the  r e l a t i o n s h i p :  P 
' ~ 0  ' Hz0 

(2)  Kp = exp ( - A  G?, ) /RT) = ~ 6 ~ 2 .  PH2 
n 

A t  1300K; A G ~ ~ )  i s  -1444 . c a l ,  which t r a n s l a t e s  i n t o  a K o f  

1.75. The corresponding values a t  900K are 1,50U c a l  and 0.432, 

respec t i ve l y .  The data i n  Table 10 i n d i c a t e  t h a t  t he  gases 

ar.e ,very c lose .to t he  equi l i b r i u m  composit ion w i t h  regard t o  re- 

a c t i o n  (1) a t  1300K. . The e q u i l i b r i u m  composit ion o f  the  L u r g i  

gas, however, was s u b s t a n t i a l l y  changed a t  900K. 



TPBLE 10.- as ~.omposi tion from low- and high-efficiency coal gasifiers 64 
Exit Gas composition, m/o * 

Gas'if ication Process H, CO CH4 H20 . C02 N2 . Po , atm Condition 
. .L 2 .. 

Lurg'i bledi urn-Btu 21 8 '  5 . 5 0 .  15 0.2 - From gasifier at 1088K 

20 . 9 5 -51 14 0.2. 5.0. x 10 - I 4  . Calculated for equilibrium 
. . at 1300K; 

25 4 ' 5 46 1 9  0.2" 3.5 Calculated for equilibrium 
. at 900K. 

. .. 

I 
O, N. Combustion.Engineering', 30 63 0.05. 2 2 1 . . - From gasifier 'at lOOOK . 
. a  a 

I . .  
30 63 . 0.05 2 .2 1 2.7 1.0-l~ , '  ..Calculated for equilibrium 

at 1300K. .' . .... . . 

31 62 .. -27 0.05 ~1 3 - . 5.3 x 10 Calculated for equilibrium . .. 
at 900K. .. - . 

* 
For the reaction: COZ + Hz CO + H20(9). 

. . 



The equ iva len t  P values fo r  the  two gas mixtures are de- 
02 

termined by the  equ i l i b r i um:  

(3 )  co + 1/202* co2 

The equi 1 i b r i u n  PCO2/PCO values determined f o r  the  gas mixtures 

were used t o  c a l c u l a t e  Po2 ,from t h e  . e q u i l i b r i u m  expression 

Table 11 f o r  a . t e ~ ~ ~ p e r a t u r e  o f  1300K and i n  Table 12 f o r  a tem- 

pe ra tu re  of 900K. A t  1300K, t h e  Po2 f o r  .the high-C02 .gas 

(Table 10) i s  h igher  than t h e  P 0 f o r  ox ida t i on  o f  the  carbides 
2 

i n  a l l  cas'es; iq.e., the carb ides would not be thermodynam.ically 

s t a b l e  against  ,ox ida t ion  by the  fuel from the L u r g i  g a s i f i e r  a t  

t h i s  temperature, according t o  the  ' reac t ions  o f   able 9 :  The 

low-C0 gas from the   omb bust ion Engineering g a s i f i e r ,  on the  

o t h e r  hand, would be reducing enough t o  prevent ox ida t i on  o f  two 

carbides--WC and' VC. A t  900K, t h e  d i f f e r e n c e  bet.wwn the  Po2 

o f  t h e  gas m ix tu re  and t h a t  f o r  t h e  ox ida t i on  reac t ions  i s '  much 

l e s s  than a t  1300K. hk and V C  are almost s tab le  against ox i -  

d a t i o n  by the  high-C02 gas. As a t  1300K, VC and WC are ther -  

modynamically s t a b l e  against  fo rmat ion  o f  the  h igher  oxides i n  

t h e  low-C02 gas from the  Combustion Engineering g a s i f i e r  a t  

900K; NbCOa 98 i s  almost s tabl r !  under the  sdmc cond i t io r~s .  i%us, 

f rom the  v iewpoint  o f  thermodynamic s t a b i l i t y  against ox ida t ion ,  

t h e  carb ides would be su i ted  b e t t e r ,  f o r  use i n  fuel ' c e l l  oper- 
.. . 

a t  i n g  a t  900K (e.g., the  mol ten-carbonate . f u e l  c e l l  ) on fue l  from 

a g a s i f i e r  o f  t he  Combust i o n  Engineering type. 



TABLE 11. - -Calcu lated P f o r  ox ida t i on  o f  metal 
(32 

I.: For Ox ida t ion  
P 

* 
carbides a t  1300K a t  e q u i l i b r i u m  P o f  f u e l  gases co, 

L 

P f o r  Ox ida t ion  f o r  ' P  f o r  Ox ida t ion  f o r  
02 0 9 .L 

L + 
P C O2 = 0.14 atm 

- 

P = 0.02 atm' 
c 0  9 

* .  
Refer t o  Table 9. . . 

-1 4  + 
Lu rg i  g a s i f i e r  (Table 10);  Po = 5.0 x  10 atm. 

-1 7 
t~ombus t i on  engineering g a i i f i 6 r  '(Table 10); P O 2 = 2.7 x  10 atm. 

. . 



* 
TABLE12. - -Ca lcu la tedPo f o r o x i d a t i o n o f m e t a l  c a r b i d e s a t  9 0 0 K a t  e q ~ i l i b r i u m p  o f  f u e l  gases 

2  co, 

T iC IT i02  ( r u t  i l e )  

ZrC/Zr02 

vc /v205(e ) .  

Nb 0  Nbco..98 2  5  

Po2 
f o r  Ox ida t i on  a t  

.I< f o r  Ox ida t i on  
P P = 0 . 1 9 a t ~ + .  

C02 . . 

4.04 x 1 1 1 ~ ~ '  2.61 x  

PO2 f o r  Ox ida t i on  a t  

P  = 0 .03a tmt  
0  9 

* 
+ . . 
' ~ e = e r  t o  Table  9. 

L u r g i  g a s i f i , e r  (Tab le  10) ;  P  = 3.5 x 10"~atm. 
. . o2 

i Combustion eng ineer ing  g a s i f i e r  (Ta3 le  10) ;  P  = 5 . 3 ' ~  10-'~atrn. 
O2 



However, thermodynamic p r e d i c t  i ons  (such as above) ' a re  not  

r e a l i z e d  i n  p r a c t i c e  i n  many cases because o f  ext remely  l i m i t i n g  

k i n e t i c  f a c t o r s ;  i.e;, . t h e  r a t e  of  ox i da t i o r i  may be so low t h a t  
. . 

t h e  reac t i ons  do not  occur  t o  any measurable ex ten t .  Exper i -  

me'ntal data would be ne'eded t o  a s c e r t a i r ~  t h i s ,  however. 

I n  add i t i on ,  ' t h e  o x i d a t i o n  o f  t h e  carb ides may not proceed as 

w r i t t e n  f o r  t h e  reac t i ons '  o f  Table 9, and lower-ox ide phases may 

, i n s t e a d  be formed. The e q u i l i b r i u m  Po values may be more favor -  
2  

ab l  e  f rom a  thermodynamic-stabi 1  i t y  v iewpofnt  under these condi- 

" ' t ions. Since s o l i d  s o l u t i o n s  o f  oxygen and carbon a re .  q u i t e  
. .. 

s t a b l e  f o r  many o f  the t r a n s i t i o n  met.als,' format ion o f  such so l -  

.. u t i o n s  e . ,  oxycarb ides)  cou ld  be expected. d u r i n g  t h e  e a r l y  
. . 

s tages '  o f  t h e  o x i d a t i o n  'process. O f  t h e .  carb ides o f  Table 8,' 

MO-MC s o l i d  s o l u t i o n s  a re  p o s s i b l e  f o r  T i ,  . ? ,  2nd .Nb, s ince  on l y  

these  elements form a  c r y s t a l l i n e  $metal monoxide which i s  s t a b l e  

a t  fue l  c e l l  temperatures. Tungsten, on t h e  o t h e r  hand, forms 

W02 as i t s  lowest  oxide. 

The o x i d a t i o n  of T i c ,  VC, NbC, and WC t o  the. lowest  s t a b l e  

. ~ b x i d e  was c a l c u l a t e d  a t  ' 9 0 0 ~  and 1 3 0 6 ~ ,  bu t  w i t h  CO as t h e  pre- 

,. f e r r e d  gaseous product,  The corresponding P o  f o r  t h e  reac t  i o n  
2 

was determined f rom the  Kp express ion  and Equat ion ( 4 )  us ing,  as 

be fo re ,  va lues f o r  P  f rom Table 10. These data are summarized 
Co 2  

i n  Table 13.. 

As can be seen, none o f  t h e  carb ides .would be thermodynam- 

i c a l  l y  s t a b l e  i n  t h e  high-Cop f u e l  ' gas a t  e i t h e r  9 0 0 ~ '  o r  1300K, 

wh j 1  e  NbCO ..98, and WC would be cu~npa t i b i e  w i  i t 1  tibe 'low-C02 f u e l  gas 



TABLE 13.--Calculated Po f o r  ox ida t icn  of metal carbides t o  lower oxides a t  900 and 1300K a t  equ i l ib r ium 
2 'co2 o f  fuel gases 

P for  Oxi,dation f o r  
O2 

for  Oxidation f o r  
)2 ** .L * Kp a t  1300K Pco; = 0.14 atm' 
C02 

= 0.02 atm' 
Reaction .L . : 

TIC + O2 4 6-Ti0 + CO - - 
p l e 5 =  1.39 x 10 P~o,/Kpc3) o2 19 . 1.32 1n-18 3.61 10-l9 

V w 
D ,a f o r  : PO2 f o r  Oxidation f o r  

1 

K a t  900K '~0, = 0.03 atm t .- 

TIC + O2 4 a-Ti0 + CO . 8.70 x l oz6  4.47 1.30 
' 25 26 ‘ VC + 0 4 vo + co 2 ' 1 ' . 2 3 x 1 0  7.63 x 10- 2 . 2 3 " ~  1 0-26 

2 3 
. . 

1 .02NbC0.g8+ 1.010.,+1.02NbO+CO 1.38-x 10 2.89 6.46 x 10 -25 . 

3 3 WC + 1. - NO, + CO ,. 5.99 x 10 6 . 5 ~  lo-24.. 2.62 i 
L .  

* 
..AG> f o r  metal oxides .from Reference 63.  

** 6 'pi3).= Kp for e g ~ a t i o n  3 = P /P P 0.5 = 6.64 X 10. a t  1300 K and 1-31 x loj'l ,t ~ Q Q K ,  + co2 ' CO. 0 2 .  
Lurg i  g a s i f i e r   able 10). 

 onbu bust ion engineering g a s i f i e r  (Table 10). 



a t  1300K. At 90DK, a l l  b f  t h e  carb ides except Tic--and i t i s  
. . 

bo rder1  ine--wou ~ d  be s t a b l e  aga ins t  metal- monoxide format i o n  i n  . 

t h e  low-C02 gas mix ture.  The data o f  Table 13 a r e  on l y  a p p r o x i -  

mate, as they  do no t  r e f l e c t  ' t h e  i n t e r a c t i o n  of t h e  MO and MC 

phases t o  form the  s o l i d  so . l u t i on  o r  oxycarbide. S t i l l ,  t he  abo.ve 

i n f o r m a t i o n  p o i n t s  out  t h a t  thermodynamic c a l c u l a t i o n s  are on l y  a  
. . 

' s t a r t i n g  p o i n t  i n  p r e d i c t i n g  mat 'er ia ls c o m p a t i b i l i t y ,  unless t he  

exac t  r e a c t i o n  path- i s  known w i t h  cer ta i ,n ty .  Even so, l a b o r a t o r y  

t e s t i n g  under t h e  expected'  exper imenta l  cond i t i ons  must u l t i m a t e l y  

be conducted t o  determine i f  t h e  k i n e t i c s  o f  a  thermodynamical ly 

poss ib l e  r e a c t i o n  are f avo rab le  o r  not. 

The curren.t  des ign be ing used f o r  f a b r j c a t i o n  o f  t he  anode i n  

t h e  t h i n - f i  l m  so l  i d - e l e c t r o l y t e  f u e l  c e l l  i n vo l ves  app l y i ng  a  

porous N i -Z r02  cermet t o  a  Zr02 suppor t  tube which a1 so i s  porous. 
. . 

The ZrO i n  t h e  cermet ac t s  as a  separa to r  t o  ma in ta i n  ' t h e  des i r ed  

e l e c t r o d e  p o r o s i t y  and t o  prevent  shr inkage and ' excess ive s i n -  
. . 

t e r i n g  which would r e s u l t  i n  t h e  absence o f  t h i s  d ispersed ox ide 

phase. Because ZrOq i s  a  poor e l e c t r o n i c  conductor,  t h e r e  i s  

some problem i n  o b t a i n i n g  a  Ni-Zr02 cermet o f  h i gh  enough con- 

d u c l  i vity. Westinghousc has overcome t h i s  problem t o  a  l a r g e  ex- 

t e n t  by e l e c t r o p l a t i n g  a d d i t i o n a l  n i c k e l  i r l t o  t he  pores o f  the  

cermet .65 

M o d i f i c a t i o n  o f  t h e  present  anode- fabr i ca t ion  technique by 

s u b s t i t u t i n g  a  powdered ca rb ide  phase f o r  t h e  Z* would be d i f -  

f i c u l t ,  as carb ides  do no t  s i n t e r  except under extreme condi-  

t i o n s  (e.g. ,  as i n  ho t  o r  i n  t h e  presence o f  a  s i n t e r i n g  
. . 



a id ) .  Any o v e r a l l  increase i n  e l e c t r i c a l  c o n d u c t i v i t y  could be 

a t  t h e  expense of s t r u c t u r a l  i n t e g r i t y .  A compromise' might be 

r e a l i z e d  by subs t i ' tu t ion  of on ly  a p o r t i o n  o f  t he  oxide phase, 

r e t a i n i n g  s u f f i c i e n t  z r o p ' t o  form an i n t e r l o c k i n g  ma t r i x  dur ing  

t h e  'iriit i a l  s ' i r i ter ing step'  o f  the  fabr ic 'a t ' ion process. For best 

r e s u l t s ,  however, the  carb ide should' have an average l i n e a r  co- 

e f f i c i e n t  of expansion t h a t  i s  w i t h i  n  t e n  perce.nt (p re fe rab l y  
. . . . - 6 

l e s s )  o f  t h a t  f o r  the  Zr4-Y2 0 e l e c t r o l y t e  o f  10 x 10 /OC,  t o  

mi'nimi ze poss ib le  thermal stresses. 

Values o f  9.0 t o  11.7 r ~ o - ~ / ' c  'and 10.8 t o  17.6 x ~ o - . ~ / Q c  

have been repor ted  f o r  thermal expansion o f  Tic-Ni o r  -Co and 
P 

C r 3  Cq-Ni composites, f o r  example, over a temperature range o f  

25 t o  980°C. These ma te r ia l s  a lso  showed good ox ida t i on  res i s -  

, tance a t  e levated temperatures. 57 There i s  the  p o s s i b i l i t y ,  how- 
-\ 

. . 

ever, o f  reac t ions  between the  n i cke l  ma t r i x  and carb ide phase o f  

a composite anode t a k i n g  p lace over a long per iod  o f  t ime t o  form 

i ntermetal  1 i c  compounds. A number o f  t he  n i c k e l - t r a n s i  t i o n  metal 

i n t e r m e t a l l i c s  have subs tan t i a l  heats and free energies o f  f o r -  

mation.66 Cdr-b ides o f  uranium, f o r  example, reac t  w i t h  n i cke l  
. . 

between 900" and 1300°C t o  form a riumber o f  Ni-U and Ni-U-C com- 

pounds, depending on t h e  carb ide and temperature. 67 Such re- 

a c t i o n s  cou ld  be det r imenta l  t o  t he  performance o f  .composite 

e lect rodes.  

I n  theory, t h e  fuel -e lec l r -ude f l  l m  could be so le l y  ' cons t i -  

t u t e d  o f  the  carb ide phase, accomplished by a modi f ied chemical 

vapor-deposi t ion technique such as i s  c u r r e n t l y  done f o r  the  e l -  

ectro1yt.e l a y e r  o f  t h c  f u e l  c e l l  .4 This  approach i s  - not as 

1 i k e l y  t o  be success fu l ,  however.' Even i f  s u i t a b l e  porous car- 

b i d e  f i l m  c o ~ t l d  be deposited w i t h  thermal-expansion proper t  i e s  

- 36- 



engineered so as t o  be compat ib le  w i t h  t h e  ZrO - Y  0 e l e c t r o l y t e ,  
2 2 3  

i t  appears u n l i k e l y  t h a t  t h e  c o n d u c t i v i t y  can be increased su f -  

f i c i e n t l y  t o  equal t h a t  o f  n i cke l .  A t  rooin temperature, f o r  ex- 
.., ...,. : , 

ample., t h e  e l e c t r i c a l  r e s i - s t i v i t y  o f ' :n icke l  ' i s .  o n l y  6.87 p%cm, 

wh ich  i s  about a  f o u r t h  o f  t h a t '  f o r  t h e  be t te r -conduc t ' i  ncj cb rb ides  
. , 

o f    able 8.68 
:. , 

I n  s p i t e  o f  t h e  shbr tcok ings  o f  ca rb ide  m a t e i i a l s ,  t h e  poss i -  
I '  ' 

b l e  i n c o r p o r a t i o n  o f  a  c a r b i d e  o r  carbide-based m a t e r i a l  i n t o  t he  
. . 

anode s t r u c t u r e  o f  the  so l  i d - e l e c t r o l y t e  f u e l  c e l l  t o  increase t h e  

o v e r a i l  c o n d u c t i v i t y  o f  t he  f u e l  el&'ctrode meri  t s  f u r t h e r  a t t en -  

. t i o n .  It may be p o s s i b l e ,  t o  increase t h e  c o e f f i c i e n t  o f  thermal 

'expansion and nlai n t a i  n  adequate e l e c t r i c a l  c o n d ~ c t i v i t ' ~  by doping 

t h e  ca rb ide  'phase w i t h  t r a n s ' i t i o n '  metal s--many o f  t he  t r a n s i t i o n -  

meta l  ca rb ides  form a  ' cont inuous s e r i e s  o f  so l  i d  s o l u t i o n  w i t h '  

each o t h ~ i r ~ ~ - - o r  w i t h  & h e r i n t e r s t i t i a l s  (,6.9., Si  o r  8). Any 

research  e f f o r t  i n  t h i s  area should examine c r i t i c a l l y ' b o t h  t he  
. . 

sho r t - t e rm  as w e l l  as t h e  . long- term s t a b i l i t y . .  o f  any newly dev- 

e loped anode ma te r i a l  and i t s  dhemical cqmpat'i b i  1  ity wi , th  o the r  

;el 1 components under t y p i c a l  f u e l  be1 1  ope ra t i ng  c o n d i  t i b n s .  

A d d i t i o n a l l y ,  p o t e n t i a l  e x i s t s  f o r  us i ng  such m a t e r i a l s  as 
. . 

anodes i n  t h e  molten-cbarbonate f u e l  c e l l .  I n  t h i s  case, prep- 

h r a t i o n  o f  a  t h i n - f i l m  (20 t o  50 e l e c t r o d e  would not be nec- 

e'ssary. Typi 'cal  ly ,  t h e  e l e c t r o d e  plaque , i s  made, by s i n t e r i n g  

o r  c o l d  p ress ing  n i c k e l  powder onto a '  suppo i t  grid.69 Th i s  ob- 

v i a t e s  many s ' t r i c t  requirements f o r  thermal-expansion p r o p e r t i e s  . . 



. i n h e r e n t  i n  t h e  p o s s i b l e  use ' o f  new m a t e r i a l s  i n  t h e  s o l i d -  

e l e c t r o l y t e  fue l  c e l l .  If deemed desirable, .  it 'shou ld  not  be d i f -  

f i c u l t  t o  i nco rpo ra te  a 'carbide phase i n t o  t he  e l ec t rode  . s t r u c t u r e  

s i n c e  n i c k e l  ac t s  as a good b inde r  and i s  used commonly t o  form 

cemented carb ides  f o r  c u t t i n g  b i t s .  There may be some d i f f i c u l t y ;  

however., i n  ach iev ing  t h e  des i r ed  po ros i t y ,  pore -s i  i e  d i  s t r i  b- 
. . 

u t i o n ,  and t o r t u o s i t y  w i t h  such a composite e lec t rode .  

Even though t h e  molten-carbonate f u e l  cel.1 operates a t  a  much 

l owe r  temperature (an average .o f  660°C) t han  t h e  s o l i d - e l e c t r o l y t e  

fue.1 c e l l ,  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a  composite e l ec t rode  

w i l l ,  i n ,  a l l  p r o b a b i l i t y ,  be s u b s t a n t i a l l y  l e s s  than  t h a t  o f  an 

a l l  n i c k e l  one.' S t i l l ,  i f  t h e  compos.ite anode e x h i b i t s  a  s i g r i i f -  

i c a n t l y  improved . r e s i s t a n c e  t o  s u l f u r  r e l a t i v e  t o  n i c k e l ,  t h e  net 

r e s u l t s  may be benef ic ia .1  enough f o r  long- term f u e l  c e l l  .operat ion 

t o  war ran t  i t s  use. 

Some o f  t h e  t r a n s i t i o n - m e t a l  ca rb ides  may be r e s i s t a n t  t o  the  

. . mol ten-carbonate e l  e c t r o l y t s ,  For  example, Mo2C has been e l  c c t r o  

depos i t ed  f rom a, hsi yh-temperature n ~ o l  ten-sa l  t bath con ta i  n i  n j  car-. 

bonate. 70 It has a1 so been repor ted,  however, t h a t  T i c ,  ZrC, TaC, . . 

-Mo2C, and WC d i s s o l v e  i n  mol ten NapCOj (and NaOH) a t  900°C under 

vacuum t o  form Ti02,  Z r O Z ,  NaTa03, Na2Mo04, and Na2 NO4, respec- 

t i  ve ly .  71 (The f a c t  t h a t  Mo2C can be prepared e l e c t r o l y t i c a l l y  

>. from a carbburra'te-containi ng bath resu'l t s  fr-un~ the  p o t e n t i a l  ap- 

p l  i e d  .across t h e  sample d u r i n g  e l e c t r o l y s i s ,  which coun te rac ts  any 

tendancy f o r  chemical d i s s o l u t i o n . )  S i c  has been repor ted  t o  have 



good long- term c o r r o s i o n  r e s i s t a n c e  t o  bas ic  coal  s lags  a t  max- 

i'mum temperatures o f  1250°C. 72 L i t t l e  i s  known, however, o f  t he  

1  ong-term chemical compat i b i  1  i t y  o f  ca rb ides  o r  : . ca rb ide  compos- 

i t e s  under ac tua l  ope ra t i ng  . c o n d i t i o n s  o f  t h e  molten-carbonate 
': ' 

f u e l  c e l l .  A d d i t i o n a l  s tudy  i s  necessary be fo re  t he  s u i t a b i l i t y  
a .  , 

o f  such m a t e r i a l s  f o r  f u e l  c e l l  use can be evaluated p roper ly .  
. . 

I n  many cases, t he re  i s  a  l a r g e  d iscrepancy . 
. 

between t he  e lec -  

t r i c a l  r e s i s t i v i t i e s  r e p o r t e d  f o r  many o f  t h e  t r a n s i t i o n - m e t a l  

ca rb ides ,  as w e l l  as o t h e r  i n t e r s t i t i a l  a l l oys .  Th is  d iscrepancy 
. . 

i s  c.aused' by a  number o f  f a c t o r s ,  such as d i f f e r e n c e s  i n  t h e  meth- 

od o f  p repa ra t i on  and i m p u r i t y  l e v e l s ,  inadequate a n a l y t i c a l .  char- 
' ! 

a c t e r i z a t i o n ,  and t h e  wide range o f  homogeneity demonstrated by a  

number of systems. I f  ser ious  cons ide ra t i on  i s  g iven  t o  t h e  pos- 
. . 

s i b i l i t y  o f  us i ng  t r a n s i t i o n - m e t a l  ca rb ides  i n  high-temperature 

f u e l  c e l l s ,  i t f i r s t  w i l l  be necessary t o  r eso l ve  these d isc rep-  

anc ies  and t o  o b t a i n  r e l i a b l e  e l e c t r i c a l  r e s i s t i v i t y  data a t  e le-  

vated temperatures. , , 

. . . . : 

2. N i t r i d e s  
. . 

The elements ' whose ' n i t r i d e s  a re  good me ta l  1 i c  conductors a re  
. . ? * 

genera l  l y  t he  same ones t h a t  f o rm  conduct i ng ca rb i  d e i  : elements 
. . 

o f  t h e  T i ,  V, and C r  f a m i l i e s .  S i m i l a r l y ,  elements t h a t  form 

i o n i c  carb ides  a l s o  for111 i o n i c  n i t r i d e s .  Thus, n i t r i d e s  o f  t he  . 

a1 k a l  i, a1 k a l  ine-ear th ;  and ra re -ea r th  meta ls  hydro lyze  r e a d i l y :  

3  
(5) M3N + 31I20(a ,g)+ M(OHIx ( 5 )  + N H ~ ( ~ )  

X 
where M i s  a m e t a l l i c  c a t i o n  and x i s  t h e  o x i d a t i o n  s t a t e  of t he  



metal .  73 L i k e  t h e  carb ides,  t h e  n i t r i d e s  o f  B, Al ,  and S i  a l so  

have cons ide rab le  thermal s t a b i l i t y .  BN, AlN, and Si3N4 are  elec- 

t r i c a l  i n s u l a t o r s ,  even a t  e leva ted  temperatures. (The e l e c t r i c a l  
. . .  

r e s i s t i v i t y  of hexagonal BN, f o r  example, i s  1900 a-cm a t  2000 C. 3 4 
. . 

o n l y  a  l i m i t e d  number of n i t r i d e s  have 'been t e s t e d  as MHD elec- 
: .. . . . . .  . . . .  . .. 

t rodes.  he phys i ca l  p r o p e r t i e s  o f  t h e  more s t a b l e  t r a n s i t i o n -  
I . .  

me ta l  n i t r i d e s  a re  l i s t e d  i n  Table 14. M e l t i n g  p o i n t s  are no t  in -  
. '  , 

:I ' 
. . .. . , 

c l uded  because of t h e  ques t iona lbe  l i t e r a t ~ ~ r c !  values i n  many cases 
. . 

The m e l t i n g  p o i n t  i s  a f u n c t i o n  of n i t r o g e n  pressure over t h e  sam- 
I '  . . . . 

p l e  and t h i s  i s  not  spec i f i ed  f o r  most o f  the  repor ted  values. The 
. . i :  . 

c .  

m e l t i n g  point 's r epo r ted  f o r  some mononi t r ides (e.g., NbN), i n  a l l  
I .  

. . . . ' !  

p r o b a b i l i t y  p e r t a i n ,  t o  me ta l - n i t r ogen  s o l  i d  so lu t ions .  
. .  . 

, . 

I n  genera l ,  t he  t r a n s i t i o n - m e t a l  n i t r i d e s  o f  Table 14 a r e  much 
. . . .  . , .  , . . I 

b e t t e r  e l e c t r o n i c  conductors  and have h ighe r  c o e f f i c i e n t s  o f  t he r -  
, . . . 

ma1 expansion than  t h e  corres.ponding carbides. Four o f  t he  n i -  

t r i d e s  (TiN, VN, NbN, and Cr2N) have c o e f f i c i e n t s  o f  thermal ex- 

pans ion which approximate t h a t  f o r  Y203-s tab i l i zed  Zr02. 

The n i t r i d e s  are no t  as t h e r m a l l y  s t a b l e  as t h e  carb ides,  i n  

t h a t  t hey  d i s s o c i a t e  a t  h i g h  temperatures. The t h e o r e t i c a l  equi 1  - 
' .  . . 

i b r i u m  p a r t i a l  pressure o f  n i t r o g e n  (PN ) f d r  t h e  d i s s o c i a t i o n  o f  
. .  . 2  

t h e  mononi tri de, accord i  ng t o  t he  r e a c t i o n  

( 6 )  M,N(S) - xM(s) + 1 / 2 ~ ~ ( g ) ,  
' ."  , 

can be c a l c u l a t e d  frnm t h e  r e l a t i o n s h i p  

Values o f  P '  ob ta ined  i n  thi; manner are l i s t e d  i n  Table 15 f o r  a  
N2 



TABLE 14. - - s e l e c t  ~ h v s i c a l  o r o p e r t i e s  o f  t r a n s i  t i n n  m e t a l  n i t r i d e s  
75 

~ o e f f  i c i e n t  o f  
Thermal Ex ansion(u),  1 

: 10- 1 ° C  

' E l e c t r i c a l  , . . 

R e s i s t i v i t y  a t  25"C, 
pR- cm 



tempera tu re  o f  1300K. . Data f o r  t h e  d i s s o c i a t i o n  t o  a  lower  n i -  

t r i d e  a re  a l s o  inc luded.  The . r e s u l t s  i n d i c a t e  t h a t  t h e  t i t an ium-  

f a m i l y  members (T i ,  Zr, H f )  form t h e  most s t a b l e  n i t r i d e s .  As one 

moves t o  t h e  r i g h t  o f  t h e  ' p e r i o d i c  Tab le  across t h e  t r a n s i t i o n -  

me ta l  se r ies ,  t h e  thermal  s t a b i l  i t y  o f  t h e  mononi t r i d e s  r a p i d l y  

decreases a'nd PNi  s i m i l a r l y  increases. 

However, t h e  c a l c u l a t e d  PN values f o r  MN ma te r i a l s , .  a re  not 
2  

observed i n  p r a c t i c e  i f  lower  n i t r i d e  phases form :dur ing  decompo- 

s i t i o r ~  u f  MN, i .e . ,  i t  MN does not d i s s o c i a t e  accord ing t o  re- 

a c t i o n  (6) ;  t h i s  i s  t h e  case f o r  VN, NbN, and TaN. The P over 
2 

NbN, f o r  example, i s  an o rde r  o f  magnitude l a r g e r  when - N ~ * N ,  

r a t h e r  than  Nb; i s  taken  as t h e  phase i n  e q u i l i b r i u m  w i t h  NbN. 

Conversely,  t h e  P f o r  t h e  N ~ ~ N - N ~  - system i s  severa l  orders  o f  
N2 . . 

magnitude sma l l e r  t han  f o r  t h e  NbN-Nb2N 'system. [By us ing  a  
. . 

vacuum t o  d r i  ve t h e  r e a c t  ion,  n i t r o g e n  can be. success ive ly  removed 
. . 

a t  e l eva ted  temperatures f rom bo th  NbN and TaN (e.g., by  arc 

m e l t i n g )  t o  form lower  n i t r i d e s  ar~il, even tua l l y ,  'pure Nb and' Ta 

metals.76 The n i t r o g e n  i n  VN, i n  comparison, can be taken t o  on l y  

t h e  s o l  i d - s o l  u t  i on  l e v e l  under .comparable condit ions.] .  
. . 

' Whi le  a  number o f  t h e  t r a n s i t i o n - m e t a l  n i t r i d e s  have a low 

therma l  . s t a b i  1  i t y ,  a1 1  have one rnajor , shortcoming: ' poor r e s i s -  

t ance  t o  nx ida t i on .  L i k e  t h c  carb ides,  t h e  r ~ i l r - i d e s  are ehermo- 

dyrsamical ly uns tab le  i n  a i r  a t  1300K w i t h  respect  t o  t h e i r  most 

. .  s t a b l e  oxides, as -shown i n  Table 16. Ox ida t i on  t o  lower  oxides 
.! . 

. i s  incl 'uded f o r  n i t . r i d e s  o f  ' T i ,  V Nb, and Mo,  f o r  conipar..ison. 

Exper imenta l l y ,  t he  n i t r i d e s  have been noted t o  o x i d i z e  more 



TABLE 15.--Calculated equi'librium dissociation pressures of N2. at 1300K for various transition- . 

metal nitrides 

bli tri de 

Ti N 

ZrN. 

H ~ N '  , 
. . 

V N 

NbN 
Ta M 

CrN . 

VN - ~ ~ 0 . ~ 6 ~  

. NbN -+ NbiN . : 

TaN + Ta2N .. 
CrN -+ cr2N , 

Dissociation PF,, atm 
2 .  ~eferences 

:. . : .  

5 . 2 7 ~  10-18 . - z -  . . .. 6 1 
3..02 k : : .% 61' 

-,2 0 2 x 10 . (est.) . 62 
2.51 x lo-'* 63 

m 

**Calculated for hyopthetical reaction: MN - M t 112 N2. 
Value for 800K. 



r e a d i l y  than t h e  corresponding carbides. 59 Thus, t h e i r  possib le 

use i n  t he  s o l i d - e l e c t r o l y t e  f u e l  c e l l  i s  l i m i t e d  t o  the  fue l  

e lec t rode,  as i n  the case o f  the carbides. 

Ca lcu la ted  values o f  P o  a re  l i s t e d  i n  Table 17 f o r  the  ox i -  
2 

d a t i o n  reac t i ons  a t  1300K f o r  PN equal '  t o  the e q u i l i b r i u m  pres- 
2 

sure  over t h e  n i t r i d e  phases. (Ox ida t ion  of TaN and Ta2N does not 

e x h i b i t  a P dependency i n  the  Kp expression). Thus, a t  an equi- 
N2 

l i b r i u m  f o r  VN-V,N of 2 - 7 4 x  1 0 - 6 a t r n  (Tahle 15) ,  a P o f  
L O2 

4.88 x 10-16 a t m  I s  Calculated f o r  t he  ox ida t i on  o f  VN t o  V205 a t  

1300'K. This  i s  i n  t he  range of Po2 expected a t  t he  f u e l  elec- . 

t r o d e  o f  the  s o l i d - e l e c t r o l y t e  f u e l  c e l l .  Only the VN oxidat ion.  

has a Po2 t h a t  f a l l s  i n t o  the  same range. . . 

I n  a l l  cases, the P f o r  ox ida t i on  o f  n i t r i d e s  t o  lower ox- 
O2 

i d e s  i s  considerably smal l e r  ' than tha t .  f o r  the  corresponding 

h ighest ,  s t a b l e  oxide. I f  reac t i on  k i n e t i c s  were t o  favor  forma- * 

t i o n  o f  t h e  suboxide over the  h ighest  oxide, then none o f  the n i -  

t r i d e s  i n  Table 16 would be thermodynamically s tab le  as f u e l  elec- 
, 

trodes. F v ~ n  thnllgh P o  c a l c u l a t i o n s  i n d i c a t e  ;1 number o f  tlie 2 
t r a n s i t i o n - m e t a l  n i t r i d e s  would be unstable w i t h  respect t o  oxide 

f orrnat i on =i n a duel -gas envi ronment , unf avorabl e react  i on k i  net i cs 

f o r  the  o x i d a t i o n  could permi t  most'; i f  not. a l l ,  o f  the n i t r i d e s  

t o  be used i n d e f i n i t e l y  ( i n  t h i s  respect) under anode condi t ions.  

I n  other  words, e q u i l i b r i u m  may ncver he achieved i n  pi 'dct icdl-  
. . 

t ime  terms f o r  the  reac t ions  o f  Table 16. To determine i f  k in -  

e t  i c  fac tors  are 1 i m i t  i ng would r e q u i r e  actual  experimental 



TABLE 16. - - O x i d a t i o n  :of t r a n s i  t ion- .meta l  n i t r i d e s  a t  1300K 

-AGO f o r  Rehc t ion ,  
Reac t i on  . . . . . k c a l / g - a t  :N 

. . References .. . , 

T i N  t O2 t . ~ i o ~ ( r u t i l e  ) + 0.5N 
2 

1 1 8 :2: 
. .  . i i N  + 0..502 - T i 0  + 0.5N2 48.7 

ZrN + O2 '+ Z r O  + 0 .  5N2 
2 . . 

1:45.;4 ' 

HfN + O2 - Hf02 + 0.5N2 
? -. .. . . 

148 ( e s t . )  62 . 
.. . 

. I. 6 3 VN + 1.250, - 0.5V205(2) + 0.5N2 97.3 

VN + D.502+ V0 + 0.5N2 .50.9 : 6 3 

NbN + 1.2502 . . 7 0.5Nb205 + 0.5N2 . . 129.8 
. , 

.63,77 .; ... 

NbN + 0.502 - NbO + 0.5N2 42.1 63,77 
I .  

6, 6 : 
~n ~n TaN + 1. 2502-+ 0. 5Ta205 + 0,. 5N, . . 142.3. . : .  

I L 63,77' 
TaN .+' 0. 502 - TaON .<.  . . 55.9+ 77.,79 . . 

C r M  + 1 3 . 7 5 0 ~  - 0.5Cr203 + 0.5U2 90.5 

2 - .1 5'lN jiqG5 + 2.690, - + 1 . 0 8 ~ ~ 0 ~ ( 2 )  + 0.5N2 . ,228.1 . . 

2.15YN6.46j t 1.08n2 + 2.15VO + 0.5N2 127.3 
% .  . .  .. 

Nb N + 2. 5112 -+ Nbp05 + 0.5N, - 
2 . .  

' 286.9  

NbiD + 02 + 2Nb0 + 0.5N2 . .. 111.5. 

Ta2N + 2. 532 - Ta205 + 0. 5N2 336 

Ta2M + 3.532 - TaON + 0.5Ta205 -255t i '  
. . 

[.lo2W + 302 - 2Mo03 + C.5N2 ~ 6 3 . 6 ~  01, Y 62 , : . .  . % .: . ". 

Mo2N t 202 + 2Mo02 + 0 . 5 ~ ~  207.5* 61,62 
. . . .. . . . . .... . . . . . .  

+ ' 
. . .  .:. I - . . . '.. 

*Value'  for -  1100K. 
Value f o r  800K. 



.* 
TABLE 17.-l~dlc~lated Pi for the oxfdation of transi tion-metal nitrides at 1300K .for,equilj byium nitride P 

2 .. . . . 
. . 

2 
. . '0, at Equilibrium 

Kn for Oxidation 

L + 
P , atm 

2 

3.07 



* 
TABLE 17.--Calculated Po . for the oxittation o f  transition-aetal nitrides at 1300K for equilibrium nitride P 

(Cont. ) 2. PJ 9 

. ' P at Equilibrium 
02' + 

K for Oxidation P , atm 
Nitrideloxide P 2 

r'r. . .. 
-- 

Refer to Table 1 2  
+ 
P = equilibrium pressure of h, over-nitride phase, or over nitride-subnitride mixture (for V, Nb, . 
N2 Ta, Cr, and Mo). L 

t 
'.Value for 800K. 
X Value for 1100E. 



t e s t i n g .  Un t i l .  then, n i t r i d e s  should s t i  11 be considered poten- 

t i a l l y  usable as 'node mater ia l .  , . 

The data i n  Table 17 c a l c u l a t e d  f o r  formation o f  suboxides 
. . . . 

(e.g., TiO) should be considered as on ly  approximations, 'as oxy- 

n i t r i d e  format i o n  would almost c e r t a i n l y  occur i n  actual  p rac t ice ,  

which cbu ld  change the  e q u i l i b r i u m  PO considerably. The e f f e c t  
2 

o f  o x y n i t r i d e  format ion upon P i s  ev ident  i n  t he  ox ida t i on  .of 
02 . . 

Ta2N. A t  1100K, P f o r  format ion o f  TaON + 0.5 Ta205 i s  3.28 x 
02 

10- l5  (Table 17); format ion of on ly  ~ a i 0 ~  r e s u l t s  i n  a ca lcu la ted  

'09 o f  1.96 x 10 '30 atm ( a t  the  e q u i l i b r i u m  d i s s o c i a t i o n  pressure 
L 

f o r  ~ a &  o f  5.34 x 1 0 - l 1  atm). 

I The ;g rea te r  thermal s t a b i l i t y  o f  T ~ N ,  Z ~ N ,  and WfN makes them 

t h e  pre fer red  choice o f  t he  t r a n s i  t ion-metal n i t r i d e s  . f o r  consid- 

e r a t i o n  as poss ib le  anode ma te r ia l  f o r  .the sol  i d - e l e c t r o l y t e  fue l  

c e l l .  However, of these, on ly  T i  N has , a  c o e f f i c i e n t  o f  thermal 

expansion s u i ~ a b l e  f o r  . use w i t h  the  so l s id  e lec t ro l y te . ,  Even 

though VN, NbN, and' Cr2N a l s o  have compatible thermal expansion 

p rope r t i es ,  they lack  the thermal s t a b i l i t y  o f  TIN. 

Ma in ta in ing  . . long-term s tab i  1 i t y  o f  a n i t r ide-based f u e l  elec- 

t r o d e  i s  important  from an e l e c t r i c a l  ' s tandpoint,  as the res i s -  

t i v i t y  can vary s u b s t a n t i a l l y  w i t h  n i t rogen content f o r  some 'ma- 

t e r i a l s ,  as shown i n  F igure  2 fo r  t he  Ti-N and Zr-N systems. 7.5 '. 
t4. 

(Note that the  mononitr ides are b e t t e r  conductors than the  
I 

metals.) The composit ional e f f e c t  upon e l e c t r i c a l  r e s i s t i v i t y  i s  
. . 

pronounced f o r  b o t h  systems. Loss o f  one-fourth o f  the  ni,trogen 



x i n  MNx 

F igure 2 . - - E l e c t r i c a l  R e s i s t i v i t y  o f  Zr-N and T i -N Systems a t  2 5 O C  



f r om TiN, f o r  example, causes a doub l ing ,  of t h e  r e ~ i s t i v i t y .  (T iN  

has a  very  l a r g e  homogeneity range--from .TiN0.46 t o  TiNiSl6). 7 4  

The. da ta  i n  F igu re  2 t hus  r e f e r  t o  s ingle-phase ma te r i a l .  ". T i t a -  

nium (as we1 1  as t h e  o the r  Group IVA elements) does not form lower 

n i t r i d e s ;  t h e  on ly  confirmed, s t a b l e  phases are t he  wonorii t r i d e  

(T iN)  and t h e  Ti-N ( i n t e r s t i t i a l  ) s o l  i d  so l  ~ t i o n . ' ~  

, The c o n f i r m a t i o n  o f  t h e  long-term s t a b i l i t y  under f u e l  c e l l  

o p e r a t i n g  c o n d i t  io,ns o f  any n i t r i d e  m a t e r i a l  .considered f o r  anode 

use (e.g., TIN) I s  an I tem g f  pr ime concern i n  e v a l ~ l a t i n g  o v e r a l l  

s t a b i l i t y .  The , ,po ten t ia l  f o r  composi t ional  changes w i t h  t ime  i s  

i n h e r e n t l y  g rea te r  f o r  n i t r i d e s  than  f o r  t h e  corresponding car- 

b i d e s  because o f  t h e  increased tendency f o r  d i  ssoc i  a t  i on a t  el e- 

va ted  temperatures. . I f  t h e  e q u i l i b r i u m  P i s  low enough a t  
2 

1000°C, however, ,it should be p o s s i b l e  t o  ma in ta i n  t h e  n i t r o g e n  

p ressu re  above , ' this va lue i n  t h e  f u e l  atmosphere and thus prevent 

1  oss o f  n i t r o g e n  from a  n i  t r ide -based  anode. Excessive d'i l u t i o n  
. . 

.. . . 

o f '  t h e  f u e l  m i x tu re  w i t h  n i t r ogen ,  . however, would adversely e f -  

f e c t  f u e l  c e l l  e f f i c i e n c y .  

. .' A  n i  t r i de -based  anode f o r '  t h e  s o l  i d - e l e c t r o l y t e  f u d l  c e l l  

c o u l d  be f a b r i c a t e d  i n  t he  form of a N i - n i t r i d e  cermet o r  t h i n  

n i t r i d e  f i l m s ,  much i n  t h e  same manner descr ibed e a r l i e r  ' f o r  a  

h y p o t h e t i c a l  carbide-based e lec t rode .  It would be necessary, how- 

ever ,  t o  ma in ta i n  a s u f f i c i e n t l y  h i g h  p a r t i a l  prcr;r,lrrr of n i t r o g e n  

above t h e  n i t r i d e  m a t e r i a l  t o  prevent  d i s s o c i a t i o n  d u r i n g  s in -  

. . . . . . .. . t e r i n g  , and . .  reduc t ion .  . As an a1 t e r n a t i v e ,  chemical vapor depos- 
. . 

i t i o n  o f  a ~ i ~ - e l e c t r o d e  f i l m  f rom TiC14 and Hz-N2 O ~ - N H ~  gases 



c o u l d  be cons idered ( f a c i l i t a t e d  by t he  f a c t  t h a t  t h e  T ic14 i s  a  

1  i q u i d  a t  room temperature).  

Composites o f  t r a n s i t i o n - m e t a l  n i t r i d e s  w i t h  metals,  , such as 

n i c k e l ,  a re  p o t e n t i a l  candidates f o r  .anodes i n  high-temperature 

f u e l  c e l l s .  By app rop r i a te  man ipu la t i on  o f  composi t ion and chc i ce  

o f  m a t e r i a l s ,  t he  des i r ed  thermal expansion and e l e c t r i c a l .  p r o e r -  

t i e s  can most p robab ly  be achieved. Cons idera t ion  should be gfven 

t o  t h e  p o s s i b l e  format- ion o f  i n t e r m e t a l l i c  compounds o r  so . l i d  so l -  

u t i o n s  which cou ld  cause decomposit ion o f  t he  n i t r i d e  over 

an extended p e r i o d  of. t ime. Th is  decomposit ion, i n  t u rn ,  could 

r e s u l t  i n  performance degradat ion o f  f u e l  c e l l s  us ing  such anodes. 

L i k e  t he  t r a n s i t i o n - m e t a l  carb ides,  the  nitt- idel;,  f r ,  asr!.y !:I.- 

stances, form a  cont inuous se r i es  o f  s o l i d  s o l u t i o n  w i t h  each 

o t h e r  (e.g., ZrN-TiN) and w i t h  o t h e r  i n t , e r s t i t  i a l  s  (e.g., carSon 

and oxygen, d u r i n g  c a r b o n i t r i d e  and o x y n i t r i d e  format ion,  respec- 

t i v e l y ) .  Th is  c a p a b i l i t y  can be used t o  advantage f o r  app rop r i a te  

m o d i f i c a t i o n  o f  t h e  e l e c t r i c a l  and thermal expansion p r o p e r t i e s  o f  

a  system t o  meet m a t e r i a l  requi rcments necessary f o r  poss ib l e  u t i -  

l i z a t i o n  i n  t h e  h igh- temperature f u e l  c e l l s .  

While t h e  thermal expdr~s ion  p r o p e r t i e s  o f  TiN (Tab le  14)  match 

c l o s e l y  those f o r  t h e  Z r O Z  e l e c t r o l y t e ,  an inc redse  i n  t h e  elec- 

t r i c a l  c o n d u c t i v i t y  would be des i rab le .  A d d i t i o n  o f  oxygen (as 

T iO)  has an apprec iab le  e f f e c t  upon t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  

75 
TiN, as seen i n  F igu re  3. T h e . r e s i s t i v i t y  drops t o  a m i n i m u m o f  

. . 
11.3 ~IR-crn 'at  about 30 m/o T i 0  i n  T jN .  S i m i l a r  st;crdSes w i t h  o the r  





i n t e r s t i t i a l s  o r  t r a n s i t i o n  meta ls  cou ld  l e a d  t o  f u r t h e r  im-  

provements i n  t h e  e l e c t r i c a l  p rope r t i es .  A1 1 t h e  r e s i s t i v i t y  

da ta  repo r ted  here a re  f o r  room temperature; t h e r e  i s  a  need f o r  

s i m i l a r  data a t  e l eva ted  temperature f o r  a  more v a l i d  comparison 

w i t h  n i c k e l  f o r  anode use (Appendix B l i s t s  o the r  phys ica l  prop- 

e r t  i e s  re ferences f o r  t r a n s i t  i on-metal n i t r i d e s )  . 
N i t r i d e s  o r  n i t r i de -based  m a t e r i a l s  may be s u i t e d  f o r  use as 

anodes i n  t h e  molten-carbonate f u e l  c e l l  i f  s i g n i f i c a n t  amounts o f  

hydrox ide  a re  not  present.  Thermodynamic c a l c u l a t i o n s  i n d i c a t e  

t h a t  t h e  n i t r i d e s  should be compati b l e  w i t h  mol ten carbonates. 

However, the  presence o f  hydrox ide cou ld  l ead  t o  ex tens ive  n i t r i d e  

co r ros ion ,  s ince  TiN and ZrN, f o r  example, are r e p o r t e d l y  decom- 

posed by mol ten a1 k a l  i , w i t h  t h e  evol  u t  i on o f  N H ~ .  74 

The f o rma t i on  o f  hydrox ide occurs i n '  t h e  presence o f  water 

accord ing  t o  t h e  r e a c t i o n  

(8)  M2C03(so1n.) + H20(g) jZMOH(so1n.) + C02(g) 

where M i s  a  m e t a l l i c  ca t ion .  The e q u i l i b r i u m  constant  f o r  t h i s  

r e a c t i o n  i s  a2 
MOH PCOi 

= aM2c03 
For' t h e  t e r n a r y  e u t e c t i c  43.5 m/o LizC03-31.5 m/o NazC03-25.51 m/o 

- 4 
'K2C03, Kh i s  approx imate ly  4.06 x  10 a t  l000K. 69 The a c t i v i t y  

( concen t ra t  ion ,  f o r  p r a c t i c a l  purposes) o f  t h e  hydrox ide i n  t h e  

carbonate s o l u t i o n  thus  w i l l  ' be  i n f l uenced  by t he  PC02/PH20 r a t i o  

i n  t h e  gas atmosphere over t h e  melt .  Because o f  t he  h i gh  P 
C% 

no rma l l y  present,  however, t h e  hydrox ide composi t ion i s  not  ex- 

pected t o  exceed severa l  mole percent.  



Another  process which produces a molten-carbonate i m p u r i t y  

r e a c t i v e  t o  n i t r i d e s  i s  t h e  decomposit ion o f  carbonate by t h e  

r e a c t  i on 

The e q u i l i b r i u m  constant ,  Kd, f o r  t h e  decomposit ion r e a c t i o n  i s  

much s m a l l e r  than f o r  t h e  h y d r o l y s i s  reac t ion .  A K d  o f  1.66 x 

has been r s p o r t e d  f o r  t h e  above te rnary -carbonate  eu tec t  i c  a t  

1000K. 69 However, a c l e a r  understanding o f  t he  var ious  reac t i ons  

wh ich  can t ake  p lace d u r i n g  ope ra t i on  o f  t h e  molten-carbonate f u e l  

c e l l ,  and t h e  d i s p o s i t i o n  o f  t h e  var ious mo ie t i es  which can form, 

i s  s t i  11 l ack ing .  Relevant  oxide-carbonate phase diayrams, f o r  

example, are avai  1 a b l e  o n l y  f o r  Li2C03 and N ~ ~ O - N ~ ~ C O - J .  64 Workers 

a t  Montana S t a t e  U n i v e r s i t y ,  however, c u r r e n t l y  are i nvo l ved  i n  e- 

v a l u a t i o n  and computat ion o f  phase diagrams p e r t i n e n t  t o  t h e  

mol ten-carbonate f u e l  c e l l ,  us i ng  a s o p h i s t i c a t e d  computer pro- 

8 0 gram. 

S ince  t h e  ope ra t i ng  temperature o f  t h e  rnol ten-carbonate f u e l  

c e l l  i s  s i g n i f i c a n t l y  lower  t h a n  t h a t  o f  t h e  s o l i d - e l e c t r o l y t e  

f u e l  c e l l ,  t h e r e  w i l l  be a s u b s t a n t i a l  r educ t i on  i n  t h e  e q ~ . ~ i l i b =  

r i u m  d i s s o c i a t i o n  pressure o f  n i , t rogen (PN ) over the  n i t r i d e s .  2 

The A G O  f o r  t h e  o x i d a t i o n  r e a c t i o n  w i l l  be a f f e c t e d  s i m i l a r l y ,  

wh ich  i n  t u r n  w i l l  change t h e  K and the  P f o r  ox ida t ion .  The 
P 02 

e f f e c t  o f  temperature upon th,ese parameters was examined a t  900 K 

f o r  t h e  o x i d a t i o n  o f  V N  and VN0.465 t o  V205 ( a ) .  These n i t r i d e s  

were chosen as they  would be expected t o  be thermodynamical ly stable 



w i t h  respect t o  V205 i n  the  fuel-gas environment. 
-16 

For  t he  VN-V205 reac t ion ,  t he  P o f  4.88 x 10 atm cal -  
O2 

Culated a t  1300K was reduced t o  1.69 x atm a t  9 0 0 ~  

S i m i l a r l y ,  t he  P f o r  t he  VN0.46rV205 reac t ion .  decreased from 
O2 

2.62 x 10 - l7  atm a t  1300K t o  on ly  8.78 x atm a t  the  lower 

temperature. Thus, by lower ing  . the temperature 400K , the' van- 

dium n i t r i d e s  are no longer thermodynamically s t a b l e  i n  t he  anode 

environment. S i m i l a r  l a r g e  changes i n  P occur f o r  the  o ther  n i -  
O2 

t r i d e s  under comparable condi t ions.  

By s t r i c t l y  thermodynamic considerat ions,  then, the  n i t r i d e s  

would not  appear, a t  f i r s t  glance, t o  be as su i ted  f o r  use i n  the  

1 ower- temperature, mol ten-carbonate f u e l  c e l l  as i n  t he  sol  i d -  

e l e c t r o l y t e  f u e l  c e l l .  A t  the lower temperature, on the  o ther  

hand, the  ox ida t i on  k i n e t i c s  may be l ess  favorable, so t h a t  in -  

creased res is tance t o  ox ida t i on  could r e s u l t .  This res is tance 

w i l l  be o f f s e t ,  however, by an acce le ra t i ng  e f f e c t  caused by the  

f l u x i n g  a c t i o n  o f  the  carbonate me1 t. D i s s o l u t i o n  o f  ox ida t i on  

products i n  t he  molten carbonate as r a p i d l y  as they form w i l l  act  

t o  d r i v e  the  reac t i on  t o  completion. It i s  exceedingly d i f f i c u l t -  

- impossib le a t  t imes--to p r e d i c t  - a p r i o r i  which f a c t o r s  w i l l  be 

c o n t r o l l i n g .  There i s  d d e r i n i t e  need f o r  experimental data i n  

t h i s  area t o  reso lve  these questions. 

3. S i l i c i d e s  

A t h i r d  category o f  non-oxide ceramics which has been studied 

f o r  use as MHD elect rodes i s  the  s i l i c i d e .  A l a r g e r  number o f  



elements form stable  s i l i c ides  than carbides or nitrides.  For a 

given element, s i l icon also forms a larger number of compounds 

than do carbon or nitrogen. In addition to  the t ransi t ion metals, 

the  alkal i ,  a1 kal ine-earth, and rare-earth metals a1 1 form stable 

s i l i c ides .  Aluminum does not form a s i l i c ide ,  although i t  i s  

miscible with s i l icon in the liquid state.  

The s i l i c ides  are more closely related to  the intermetall ic 

than the typical i n t e r s t i t i a l  compounds and possess many of the 

properties associated w i t h  metals, ~ I J C ~  as metal1 i c  luster  and 

high e lec t r ica l  and thermal conductivity. Many of the s i  1 icides 

are metall ic conductors, i.e., they have a positive temperature 

coefficient of res i s t iv i ty .  The higher s i l ic ides ,  however, show 

semiconducting behavior in many cases, much as s i l  icon i t s e l f .  

The s i  l i c ides  also exhibit an absence of homogeneity ranges, ex- 

cept for  VSi2, in marked contrast to  th.e corresponding carbides 

and ni t r ides .  59 

For hi gh-temperature appl ications (up to  1500°~) ,  the s i l  i -  

cides of primary interest  are those o f '  Group IVA to VIA trans- 

i t i on  metals, the actinide metals, the rare-earth metals, the 

platinum metals, and rhenium. Since the precious-metal s i l  icides 

are prohibitively expensive and the actinide s i l  icides are radio- 

act ive,  they will not be considered further in th i s  report. While 

the rare-earth s i l i c ides  are not as reactive to  water vapor as the 

corresponding carbides and ni t r ides ,  they are s t i l l  insufficiently 

iner t  t o  be considered practical for fuel cell  use. As a resul t ,  



t h i s  sec t i on  w i l l  concentrate on the  s t a b l e  s i l i c i d e s  o f  t h e  

Group I V A  t o  V I A  t r a n s i t i o n  metals. 

The key phys ica l  p rope r t i es  o f  se lec t  t rans i t i on -me ta l  s i l i -  

c i des  are presented i n  Table 18. Compared t o  the  carbides and 

n i t r i d e s ,  a l a r g e r  number o f  the  s i l i c i d e s  have thermal expansion 

p r o p e r t i e s  which are compatible w i t h  the  Y203-stabi l  i zed  Zr02 f o r  

poss ib le  f u e l  c e l l  use. Unfor tunate ly ,  the r e s i s t i v i t y  and ther -  

mal-expansion data are e i t h e r  not ava i l ab le  f o r  many o f  the  s i l i -  

c i des  o f  Table 18 o r  have been publ ished i n  a number o f  f o re ign  

(most ly  Russian) j ou rna l s  t o  which the  author d i d  not have ready 

access ( these references are l i s t e d  i n  Appendix C). S t i l l ,  suf-  

f i c i e n t  data 'are avai lab1 e t o  make resonable value judgments re-  

gard ing  the  p o s s i b i l i t y  o f  u t i l i z i n g  such ma te r ia l s  i n  high- 

temperature fue l  c e l l s .  

The data i n  Table 18 show t h a t  the d i s i l i c i d e s  T iS i2 ,  NbSi2, 

and TaSiZ have the  lowest r e s i s t i v i t i e s  as we l l  as the  most s u i t -  

a b l e  thermal-expansion p rope r t i es  f o r  poss ib le  use i n  the  so l i d -  

e l e c t r o l y t e  f u e l  c e l l .  A t  room temperature, t he  repor ted e lec-  

t r i c a l  r e s i s t i v i t y  o f  NbSi2 i s  a c t u a l l y  lower than t h a t  o f  n icke l .  

The temperature c o e f f i c i e n t  i s  probably l ess  than t h a t  or  n i cke l  

f o r  HbSi2 as wel l  as a number o f  t he  other  h igher  s i l i c l d e s ,  as d 

r e s u l t  o f  t h e i r  semi-conducting nature (T iS i  2, however, i s  re- 

po r ted  t o  be a r r ~ e t a l l i c  conductor 82) .  I f  t h i s  i s  so, the  elec- 

t r i c a l  c o n d u c t i v i t y  o f  NbSi a t  1 0 0 0 ~ ~  would be super io r  t o  t h a t  

of.  n icke l .  The c o e f f i c i e n t  o f  thermal expansion f o r  NbSi2, how- 

ever, e x h i b i t s  a l a r g e r  change over the temperature range o f  20' 



TABLE 18. --Selezt physical properties o f  t-ansi tion-metal si 1 icides 

Coefficient of 
Thermal Expansion (a], 

10-6/0c 

Electrical 
Resistivity at 

20"C, 1.10-cm References 

57,81 

81,82 

81,82 

Sil icide Me1 ting Point,"C 

21 20 

1760(p)+ 

1540 



Silicide 

Cr3S i 

Cr5Si 

CrSi 

CrSi 

WSi 

Co3Si 

Co2Si 

CoSi 
CoSi 

Ni3Si 

Ili 5Si 

Ni *Si 
Ni 3Si 

Ni Si 
Ni Si 

Table 18.--Select physical properties of transiticn-metal silicides 
(Cont. ) 

Coefficient of Electrical 
Thermal Expansion (a), Resistivity at 

Melting PointyOC 2OCC, ptl-cm 

1710 10.5 (20"-1070°C) 45.5 

1 560 (des . ) 5.9-14.2 (20~-1000~~)* 114 

1545 11 .3 (20"-770°C) 143 

References 

57,81 

57 ,81,83 

57,81 

81,83 



T A B L E  18.--Select physical properties o f  transition-metal s i l  icides 
(Cont .  1 

Coefficient of Electrical 
Thermal Expansion (m) , Resistivity a t  

Si 1 i;cide Melting Point,OC 10-6/Oc 20°C.rtn-cm References 

Fe5Sij 
FeS i 

Mn3S i 

Mn5S i3 

MnSi 

MnSi, 
+ A L s 7 

.I. 

I Per i tect ic  = l i p ) ,  
* 

Range given for a ,  due to  change in slope of AA/Lo-T p l o t  over indicated temperature range. 



t o  1 0 7 0 ~ ~  than do T iS i2  and TaSi2. 

The stoichiometry o f  the s i l i c i d e  has a profound e f f e c t  upon 

i t s  e l e c t r i c a l  propert ies. The e l e c t r i c a l  r e s i s t i v i t y  data o f  

Table 18 are p l o t t ed  i n  Figure 4 as a funct ion o f  the atomic ra- 

t i o  o f  s i  1 icon t o  metal. The FeSix , CrSi ,, and ZrSix systems show 

a rap id  increase i n  r e s i s t i v i t y  w i t h  increase i n  x. CoSi,, on the 

other  hand, exh ib i t s  a maximum i n  r e s i s t i v i t y  near x = 1. Due t o  

the  lack of data points, it i s  not c lea r  whether W S i x  shows a lack 

o f  compositional dependence i n  r e s i s t i v i t y  or  exhi b i t s  a maximum 

between x = 0.2 and 2. 

The behavior o f  the T is i x  system, however, d i f f e r s  d r a s t i c a l l y  

from the other s i l i c i d e s  i n  tha t  the r e s i s t i v i t y  r ap id l y  decreases 

a f t e r  a very sharp maximum near x = 0.5 ( t h i s  same behavior i s  ev- 

ident  f o r  the n i t r i d e s  o f  t i tanium, as well, as indicated i n  Fig- 

ure 2). From x = 1 t o  2, the r e s i s t i v i t y  o f  TiSi, i s  lower than 

t ha t  o f  pure t i t a i ~ i um.  I n  add i t i on  t o  T iS i  the d is iT ic ides  o f  
2 '  

the vanadium fami l y  also have e l e c t r i c a l  r e s i s t i v i t i e s  o f  the 

parent metals. 

O f  the three types o f  i n t e r s t i t i a l  compounds considered thus 

far ,  the s i l i c i d e s  have the best resistance t o  high-temperature 

ox idat ion and increased resistance a t  higher s i  1 icon contents. 

The formation o f  a nonporous, adherent oxide f i l m  protects the 

s i l i c i d e  from fu r t he r  oxidation. Use o f  s i l i c i d e s  a t  elevated 

temperatures under reduci nq condi t ions , however, can lead t o  de- 

s t r uc t i on  o f  the p ro tec t i ve  S i O p  f i l m .  For MoSi2, f o r  example, 



F i g u r e  4 . - - E l e c t r i c a l  R e s i s t i v i t i e s  of T r a n s i t t o n - M e t a l  S i l i c i d e s  a t  25OC 
as a  Funct ion  o f  C.omposition 



t h i s  occurs r e a d i l y  above 1350'~ i n  hydrogen: 85 

(11) S i O  (on MoSi2)(s,e) + H2(g) + S i O  (9 )  + H20(g) 2 

MoSi2 i s  perhaps t h e  most well-known s i l i c i d e  employed f o r  

high-temperature app l ica t ions .  I t  has received extensive use as 

e l e c t r i c a l  heat ing  elements a t  temperatures up t o  1 7 0 0 ~ ~  i n  a i r .  

The genera l l y  recommended opera t ing  rdnge, however, i s  between 

1 0 0 0 ~  and 1700°c, as i n  t h i s  temperature i n t e r v a l  t he  oxide f i l m  

i s  dense and adherent. A t  temperatures between 300' and 800°c, 

f o r  example, the S i 0 2  which forms i s  porous and spa1 1s from the 

element, a l l ow ing  f u r t h e r  ox idat ion.  8 5 

Besides s i l i c i d e s  o f  molybdenum, those o f  tungsten and t i t a n -  

ium a lso  e x h i b i t  good res is tance t o  ox ida t i on  a t  h igh  tempera- 

tu res .  I n  the  case o f  the T i -S i  system, the  p r o t e c t i v e  l a y e r  i s  

thought t o  he a s i l i c a t e  phase, r a t h e r  than Si02. 57 The r e s t  o f  

t h e  s i l i c i d e s  i n  Table 18 genera l l y  form porous, nonadherent 

coat ings which are not p r o t e c t i v e  against  ox ida t ion .  

The format ion o f  a s i l i c a t e  o r  Si02 f i l m  under o x i d i z i n g  con- 

d i t i o n s  precludes the use o f  t r a n s i t i o n  metal s i l i c i d e s  f o r  i n t e r -  

connector ma te r i a l  s f o r  t he  sol  i d - e l e c t r o l  y t e  f u e l  c e l l ,  even 

though the  thermal and e l e c t r i c a l  p rope r t i es  may be acceptable. 

The chemical - coinpati b i l  i t y  and i n t e r f a c i a l  problems discussed 

e a r l ' i e r  f o r  s i m i l a r  f i l m s  f o r  the  carbides apply t o  the  s i l  i c i d e s  

as  wel l .  Thus, the poss ib le  use o f  s i l i c i d e s  f o r  high-temperature 

f u e l  c e l l s  should be r e s t r i c t e d  t o  the f u e l  electrode. 

It would be des i rab le  t o  know the  P f o r  the  o x i d a t i o n '  o f  the  
O2 

t r a n s i t  ion-met a1 s i  1 i c i d e s  a t  1 ' 3 0 0 ~  i n  order t o  ascerta i n  the  



thermodynamic s t a b i  1 i t y  under anode condi t ions,  as was done w i t h  

t h e  carbides and n i t r i d e s .  This can be determined r e a d i l y  f o r  t he  

general r e a c t i o n  
wz+2 

(12) M,Si + - 
2 

O2 + xM0, + 510 2 

once the  h6 iXn i s  known a t  t h 2  desi red temperature. The P can 
02 

then be ca l cu la ted  from the  r e l a t i o n s h i p  

(13) Pop = (Kp) exp[-2/(xz+2)] = exp 

Unfor tunate ly ,  l i m i t e d  thermodynamic data 

1  l t e r a t u r e  f o r  many o f  t he  s i l i c i d e s ,  espce ia l l y  a t  elevated tem- 

peratures. t h e  bulk o f  t h e  pub1 ished data per ta ins  t o  enthalp ies 

o f  fo rmat ion  (AH') at 298K and heat capaci t ies;  l i t t l e  i n f o r -  
f 

mat ion was r e a d i l y  ev ident  fo r  t h e  free energies o f  format ion f o r  

many o f  t he  s i l  i c i d e s  as a  func t i on  o f  temperature. 
0 

Values o f  A H f  a t  1300K were ca l cu la ted  f o r  s i l i c i d e s  from 

AH: a t  298K and heat capac i t ies  according t o  
1300 

(M S i )  + I A Cp(Mxs i )d~  (I4) h~fq1300(Mxsi) = AHf,298 298 

where A Cp  i s  t he  d i f ference i n  heat capac i t ies  o f  the  s i l i c i d e  and 

the  component elements, i.e., 

(15) A C  (M S i )  = C (MxSi) - xC (M) - C (S i  ) 
P x  P P P 

Where heat capac i t i es  were not ava i l ab le  fo r  t he  s i , l i c i des ,  add i t -  

i v i t y  o f  t h e  heat capac i t i es  o f  t he  metal and s i l i c o n  was as- 
86 

sumed 

(16) C (M S i )  = xC (M) + C ( S i )  
P x  P  P 

Combining equations '15 and 16 r e s u l t s  i n  a  AC o f  e s s e n t i a l l y  zero 
p  0. . 

under these condi t ions.  O r ,  i n  o ther  words, A H f  i s  no1 temper- 

a t u r e  dependent. This was found t o  be the  case f o r  a  number of 



t h e  s i l i c i d e s .  Values o f  AH: a t  298 and 1 3 0 0 ~  (ca l cu la ted  

us ing  repor ted  C,, data),  f o r  example, d i f f e r e d  by l ess  than one 
r 

81,87,88 
percent f o r  Nb S i  and W S i  

5 3  5 3. 
Values o f  AS0 were obtained from repor ted  C data f o r  t he  

f P 
s i l i c i d e s  as a  f u n c t i o n  o f  temperature from t h e  r e l a t i o n s h i p  

1300 a Cp (M,Si )dT 
(M S i )  =  AS^,^^^ (I7) A s0f,1300 X (M S i  +29$ T 

TO c a l c u l a t e  A s O ~ , ~ ~ ~  t he  value o f  s!&(M~s~) r n k t  f i r s t  be 

known 

Th is  i s  u s u a l l y  obtained by heat-capacity measurements down t o  ab- 

s o l u t e  zero 

0 General 1  y , S 298 f o r  t he  s i l i c i d e  was not  reported, so t h a t  as- 

sumption o f  a d d i t i v i t y  o f  en t rop ies  was necessary. Th is  r e s u l t s  
0 

i n  a  value f o r  ASzg8 o f  zero f o r  t he  s i l  i c ide ,  us ing  equat ion 18. 

The e r r o r  in t roduced i n t o  subsequent ca l cu la t i ons  as a  r e s u l t  o f  

t h i s  assumption i s  q u i t e  acceptable f o r  t he  purposes o f  t h i s  re- 

0 
p o r t ,  as a v a i l a b l e  data genera l l y  i n d i c a t e  low values of A Sf,2g8 

f o r  s i  l i c ides .  S i  1  i c l d e s  o f  ctlr.omium, f o r  example, have reportced 
8  9  

AS: values ranging from -0.9 t o  0.3 g ibbs lg -a t  S i  a t  298K. 
0 

The f r e e  energy o f  formation, AGf, was then ca l cu la ted  f o r  the  

s i l i c i d e  a t  1300K from . 

Where heat-capaci ty  data as a  f u n c t i o n  o f  temperature o r  entropy 

da ta  were miss ing f o r  s i  1  i c i des ,  As0f,, 300 was set  equal t o  zero, 



s o  t h a t  t h e  f o l l o w i n g  r e s u l t e d  

( ' l)  aHfq298 = A HO f ,I 300 A G O  ( f o r .  ~1 S i  ) 
f ,1300 x 

The es t imated  thermodynamic data f o r  a  number o f  t h e  s i l i c i d e s  

a t  1300K ( o r  exper imenta l  values, where ob ta i nab le )  a r e  presented 

i n  Tab le  19. The values o f  A G O  f o r  t h e  s i l i c i d e s  were used w i t h  
f 

o t h e r  thermodynamic data t o  c a l c u l a t e  t h e  f r e e  energ ies o f  ox i -  

d a t i o n  l i s t e d  i n  Table 20. The corresponding K and e q u i l i b r i u m  
P 

P va lues f o r  these  r e a c t i o n s  a re  presented i n  Table 2 1  f o r  f o r -  
O2 

m u l a t i o n  o f  t h e  h ighes t ,  s t a b l e  ox ide  and, where app l i cab le ,  the  

most s t a b l e  suboxide. The da ta  i n d i c a t e  t h a t  none o f  t h e  s i l i -  

c i d e s  would be thermodynamica l ly  s t a b l e  r e l a t i v e  t o  bo th  the  
- 16 

h i g h e s t  ox i de  and suboxide a t  a  fue l -gas P o f  10 
O 2 

atm. A t  a  
- 18 

P o f  101 atm, o n l y  Ni  S i  and N i  S i  would be s t a b l e  against  
O2 2 3 

ox ide  fo rmat ion .  

At. t h e  average o p e r a t i n g  temperature o f  t h e  mol ten-carbonate 

f u e l  ceTT c f  900K cu rso ry  c a l c u l a t i o n s  i n d i c a t e  t h a t  none o f  the  

s i l i c i d e s  would be thermodynamica l ly  s t a b l e  w i t h , r e s p e c t  t o  ox i -  

da t i on .  Th i s  l 'a rge Po dependency as a f u n c t i o n  o f  temperature 
2 

was noted e a r l  i e r .  f o r  t he  n i t r i d e s  and carbides. . 

I n  a  number o f  cases, t h e  c a l c u l a t e d  Po data' are der i ved  from 
2 

e x t r a p o l  a ted  o r  est imated values f o r  A G O f o r  t h e  s i  1  i c i d e s .  The 
f 

t r u e  equi  1  i b r i u m  Po cou ld  be h i g h e r  than  ca lcu la ted ,  t he re fo re ,  
2  

w i t h  a  r e s u l t a n t  g r e a t e r  chance f o r  s i l i c i d e  c o m p a t i b i l i t y  w i t h  

t h e  fu.el gas. The f o rma t i on  o f  compound ox ides o r  s i l i c a t e s  i n -  



TABLE 19.--Thermodynamic data for transition-metal silicides 

References Sil icide 

Zr2Si 

Zr,Si 
3 3 

ZrSi . , 
ZrSi 

TaSiO ,,2 . L 

Ta2Si 

Ta5Si3 

TaSi ;, 
- 

Cr3Si 

Cr5Si3 

CrSi 



S i l  i c i d e  

TABLE 19. --Thermodynamic da ta  f o r  t r a n s i  t i on -meta l  s i  1 i c i d e s  (Cont. ) 
0 

Fe5Si 

FeS i 

FeSi 

1300' - A G O  * f '1300' 
g i  bbs/g-at  S i  kca l  / g -a t  S i  

*AS O Q 0 g ibbs /g -a t  S i ,  un less  nclted otherwise, 
:~sf/6!8ed va lues a r e  i n  parentheses. 

References 

59 

59 

59 

A ~ a l u e s  a re  f o r  298 K.  + 
Values are f o r  1023 K. 



TABLE 20.--Oxidat ion o f  t r a n s i t i o n - m e t a l  s i l i c i d e s  a t  1300K 

React ion 
I 

0.33Ti5Si3 + 2.6702 + 1 .67T i02 ( ru t i l e )  + s i 0 2 ( q ) '  

0 .33Ti5Si3 + 1.8302 - 1.67TiO + S i02 (q )  

T i S i  + 2112 - T i 0 2 ( r u t i l e )  + S i02 (q )  

T i S i  + 1  .502 - T i 0  + S i02 (q )  

0.5 T i S i Z  + 1 .502 + 0.5TiO.,(ruti le) + s i 0 2 ( q )  

0.5 T i S i 2  + 1 .250 ,  -+ 0 . 5 ~ i 6  + SiOZ(q) 
.. - 

- A G O  f o r  Reacsion, 
k c a l l g - a t  S i  

399.2 

283.1 

300.7 

231.2 

230.1 

195.4 



TABLE 20. --Cc ?ti nuedl 

Reaction 

CrSi + 1.750i -+ 0.50Cr203 + Si02(q) 
0.5CrSi2 + 1.3802 - 0.25Cr203 + Si02(q) 

Mo Si + 5.50i - 3Mo03 + Si02(q) 3 

- A G O  f o r  Reaciion, 
kcallg-at S i  



TABLE 211. - -Cont inued 

R e a c t i o n  

FeSi + 1 .7502 + 0.5Fe2O3 + S i 0 2 ( a )  

FeSi + 1 .5302 + 1 :05Fe0.g50 + .SiC12(q) 

0 . 5 ~ e ~ i : ~  + 1 . 3902 - 0. 25Fe203 + S i 0 2 ( q )  

.0.5FeSi2 + 1 .2602 + 0.53Fe0.950 + S i 0 2 ( q )  

Co2Si + 202 - 2Co0 + s i o p ( q )  

+ L 
+ 4 

CoSi + 1.502 - COO + S i 0 2 ( q )  
I 0.SCoSi2 + 1 . 2 5 0 2 -  0 . 5 ~ ~ 0  + s i 0 2 ( q )  

-AGO f o r  Reackion,  
k c a l / g - a t  S i  

327.8 

245.5 

254.3 

236.4 

* 
AG; f o r  s i l i c i d e s  f r o m  T a b l e  18; AG; f o r  o x i d e s  f r o m  ~ e f e r e n c e s  61-63. 

'quar tz  = ( q ) .  
+ 

Values a r e  f o r  1000K. 



* 
Table 21 :--Cslculatec PC for oxidation of transi tion-metil sil icides at 1300K 

2 

TiSi2/Ti02 (ruti le) 

TJSi2/TiO 

Zr2Si /Zr02 

Zr5Si /Zr02 

ZrSi l .  7/Z~07 - 
Zrji 2/Zr02 

I( f o r  Oxidation'' 
P 

Equi 1 i brium 
Po ,atm 

2 



Table 21.:--Continued 

Sil icide/Oxide 

Cr,Si a 2/Cr203 

Cr5Si3/Cr203 

CrSi/Cr203 

CrSi 2/Cr;03 

W5ji 3/W03 

W5ji 3/W02 

WSi 2/W03 

WSi 2/W02 

K for oxidationt 
P 

Equilibrium 

P02' 



Fe3Si / Fe203 

Fe3Si/FeOag50 

Fe5Si $Fe203 

Fe S i  /FeO. 950 5 3 
FeS i / Fe203 

FeSi /Fee. g50 

FeSi 2/Fe203 

FeSi 2 /FeOsg5O 

Co2Si/Co0 

CoSi /COO 

* 
Refer  t o  Table 19. 

KD f o r  o x i d a t i o n "  
E q u i l i b r i u m  
Po , atm 

3 

1 . l o  10 - l 7  

5.98 x 

9.95 x 

6.74 x 

5.58 x lo-"  
9.63 x 

2.40 

1.04 

t 
= P ~ "  where n = number of moles g2 r e a c t i n g  (Tab le  19) .  

t 
K~ 02 
Values a r e  f o r  1000K. 



s tead  o.f s imple ox ide  m ix tu res  w i l l  . a1 so . a f f ec t  t h e  e q u i l  i b r i u m  

P f o r  ox ida t ion .  Oxidat ion o f  ZrSi  o  form Z r S i O .  + 0.17Si0 (q )  ..: o2 1.1s 
-29 2  

f o r  example, r e s u l t s  i n  a  c a l c u l a t e d  Po o f  5.65 x  10 atm a t  
- 28 2  

1300K, compared t o  1.36 x  .10 atm f o r  fo rmat ion '  o f  t h e  mixed 

oxides. The use of a  n~lmber o f  t r a n s i t i o n - m e t a l  s i l i c i d e s  as 

anodes may s t i l l  be p o s s i b l e  i n  t h e  .face o f  un favorab ie  P i n d i -  
07 - 

ca t i ons ,  i f  k i n e t i c  f a c t o r s  (e.g., negl i g i b l e  o x i d a t i o n  r a t e s )  a re  

more impor tan t  and ove r r i d i ng .  . . 

O f  t h e  s i l i c i d e s  o f  Table 19, V2Si, MojSi, Mo5Si3, W S i  Ni-Si ,  
5 3 3  

and N i . 2 S i  o f f e r  t h e  g rea tes t  p o t e n t i a l  f o r  use as anode m a t e r i a l  

i n  hi,gh-temperature f u e l  c e l l  s, based on approximate thermodynamic 

s t a b i l  i t i e s  aga ins t  oxidat i ,on. Un fo r t una te l y ,  no s i n g l e  s i l  i c i d e  

possesses t h i s  s t a b i l i t y  as w e l l  as a  h i gh  e l e c t r i c a l  c o n d u c t i v i t y  

and thermal -expansion p r o p e r t i e s  compat ib le  w i t h  requirements o f  

. . t he  s o l i d - e l e c t r o l y t e  . , f u e l  c e l l .  T ~ S ,  some. compromise w i l l  be 

necessary t o  s a t i s f y  a l l .  f u e l  cel.1 needs. , . , 

The s i l i c i d e s  a re  t he  most. a t t r a c t i v e ,  i n  terms o f  . t h e i r  over- 

a1 1  phys i ca l  p rope r t i es ,  o f  t he  i n t e r s t  5 t i a l  . (non-oxide ceramics) 

compounds discussed so f a r  f o r  use as. anode m a t e r i a l s  i n  high- . . 

temperature . fue l  c e l l s .  The s to i ch iome t r y  o f  t he  s i . l j c i d e s  can be 

readi ly  a l t e r e d .  t o  engineer  changes i n  t he .  e l e c t r i c a l  .CIS we l l  d s  

t h e  thermal.-expansion p rope r t i es .  . Doping w i t h  o t h e r  . t r a n s i t i o n  

meta ls  o r  i n t e r s t i t  ia,s i s  a1 so possib1,e. t o  ef f .ect .  t h e  des i red  

change i n  phys ica l  p roper t ies .  

Prepara t ion  o f  a  t h i n - f - i l m  s i l  i c i d e  anode .by  chemical vapor 

d e p o s i t i o n  can be accomplished. r e a d i l y  i f  t h i s  technique i s  s e r i -  



ous ly  considered fo r  f a b r i c a t i o n  purposes and if the resu l tan t  

f i l m  has the  proper chemical and physical  p roper t ies  f o r  use i n  

t h e  so l  i d - e l  e c t r o l y t e  f u e l  c e l l .  

The i n c o r p o r a t i  on of s i  1  i c i  des i n t o  t h e  anode s t ruc tu re  a1 so 

can be accomplished, as was described e a r l i e r  w i t h  the  carbides 

and n i t r i d e s ,  by rep lac ing  a  p o r t i o n  of t h e  Zr02 i n  the  Zr02-Nicer- 

met. The s i  1  i c i d e s ,  thargh,sintermore r e a d i l y  and should bond b e t t e r  

w i t h  n i c k e l  than the  carbides and n i t r i d e s .  The one area o f  con- 

ce rn  i s  t h e  p o s s i b i l i t y  o f  the  formation o f  n i cke l  s i l i c i d e s  (o r  

s i  1  i c i d e s  o f  o ther  metals used f o r  cementing) over prolonged per- 

i ods o f  t ime a t  temperatures o f  700' t o  1000 f .  Thermodynamic ss-' 

t imates  i n d i c a t e  t h a t  t h e  reac t i on  o f  s i l i c i d e s  w i t h  n i cke l  t o  

form Ni2Si,  Ni3Si2, and N i 3 S i ,  for example, should not be favor- 

a b l e  a t  1300 K ,  except f o r  several s i l  i c i d e s  o f  i r o n  and cobalt .  

There i s  a  p o s s i b i l i t y  t h a t  ternary-system (M-MI-Si) compounds or  

s o l i d  so lu t i ons  w i l l  form, as i nd i ca ted  by publ ished dat'a f o r  t he  

5  9 various b i n a r y - s i l i c i d e  systems. 

A t  very h igh  temperatures, it has been reported tlral: the clfs- 

c i l i c i d e s T i S i  ZrSi2, ThSi2, TaSip, WSi2, and MoSi are soluble 
2" 2  

i n  l i q u i d  n icke l .  The lower s i l i c i d e s  T i5Si3  and ZrSi, on the 

o t h e r  hand, were not attacked. 81 This suggests t h a t  the  lower 

s i l i c i d e s  would be b e t t e r  s u i t n d  f o r  prepar ing composite elec- 

t rodes us ing  t r a n s i t i  on-metal binders, such as n icke l .  K i n e t i c  

d a t d  un the  ex tent  o f  poss ib le  i n t e r a c t i o n s  a t  temperatures o f  

700 O t o .  1 0 0 0 ~ ~  wou-ld be inva luab le  f o r  such mater ia ls  f o r  engi- 

neer i  ng and eva luat ion  purposes. 



The poss ib le  use o f  s i l  i c i d e s  as anode mate r ia l  i n  the  molten- 

carbonate f u e l  c e l l  may be l im i ted ,  as was ind ica ted,  e a r l i e r  f o r  

t h e  n i t r i d e s ,  by the  presence o f  hydroxide i n  the  melt. S i l  i c i d e s  

of t he  Group IVA t o  VIA elements are repor ted ly  so lub le  i n  molten 

a l k a l i  hydroxides;81 t h i s  i s  a  func t i on  o f  t h e  atnosphere used and 

may occur on ly  under o x i d i z i n g  condi t ions.  . . Chemical c o m p a t i b i l i t y  . . 

da ta  are needed under reducing cond i t ions  f o r  s i l i c i d e s  i n  contact 

w i t h  molten-carbonate mel ts  conta in ing  vary ing  amounts o f  impur- 

i t i e s  (e.g., hydroxides, oxides, etc.) which can be considered as 

rep resen ta t i ve  o f  me1 t cond i t ions  dur ing  operat i o n  o f  t he  molten- 

carbonate f u e l  c e l l .  

I n  a d d i t i o n  t o  the  lack o f  chemica l -compat ib i l i t y  data f o r  the  

t r a n s i  t ion-metal  s i  1  ic ides ,  there i s  1  i t t l e  known about the  elec- 

t r i c a l  and thermal- expansion proper t ies  o f  b inary  and te rna ry  

s i  1  icon-based systems. Unt i 1 add i t i ona l  experimental data f o r  

such parameters are avai lable--especia l  l y  at  the  higher temper- 

a tures  (700 ' t o  1000~~)- -comprehens i  ve eval ua t i on  o f  the use o f  

s i  1  i c i d e s  f o r  p o t e n t i a l  anode use i n  high-temperature fue l  c e l l  s  

i s  not possible. 

4. Borides 

The l a s t  category o f  the non-ceramic mater ia ls  t o  be discussed 

i n  t h i s  repo r t  i s  the  borides. Transit ion-metal borides o f  Croups 

I V A  t o  V I A  have received the  most a t t e n t i o n  f o r  considerat ion as 

MHD e lectrodes because o f  t h e i r  h igh  me l t i ng  po in ts  ( 1 9 0 0 ~  t o  

3000 OC) , low vol  a t  i 1 i ty  and h i  gh s tab i  1  i ty  a t  e l  evated temper- 

atures, h igh  hardness, and good e i e c t r i c a l  conduct iv i ty .  The only 



' o t h e r  c l a s s  o f  i ! i t e r s t i t i a I  compound ~ i t h  s i m i l a r  p r o p e r t i e s  i s  

t h e  tri.;nsitio!!-:i:etai carb ide.  The bo r i des  have t he  w ides t  range 

o f  compos i t  i o'ns f o r  compound format! on--M3B t o  MB1 - - o f  a1 1  t h e  

i n t e r s t i t i a l  compourrds because o f  t h e  cha ins and network con f i g -  
. . 

u ra t i c l ns  assumed by t.he boron atcms ir! these cor~!~,oi lnds.~' The 

b o r i d e s  of ' the alk.al  i n e - e a r t h  and r a r e - e a r t h  meta ls  are not  re- 

a c t i v e  t o  water  as a re  t h e i r  cor responding carb ides,  n i t r i d e s ,  

and s i l i c i d e s ;  t h i s  i s  i n d i c a t i v e  of t he  h i gh  chemical s t a b i l i t y  

o f  bo r ides .  

The key phys i ca l  p r o p e r t i e s  of a  number o f  bo r ides  a re  l i s t e d  

i n  Tab le  22. As i s  r e a d i l y  ev iden t ,  da ta  f o r  many o f  t h e  bor ides  

a r e  ~ i l i s s i n g .  Data o f  t h i s  type, however,. flay be conta ined i n  a  

number o f  re fe rences  l i s t e d  i n  Appendix D which were no t  r e a d i l y  

a c c e s s i b l e  d u r i n g  t h e  course of th . is  study. Thus, some o f  t he  

1  ower bo r i des  may have thermal expansion and e l e c t r i c a l  proper-  

t i e s  which a re  b e t t e r  s u i t e d  t o  h igh- temperature f u e l  c e l l  needs 

t han  i s  i n d i c a t e d  i n  Table  22. 

Compared t o  t h e  s i  1 i c i d e s ,  t he  t r a n s i  t i on -meta l  bo r ides  gen- 

e r a l l y  nave lower  e l e c t r i c a !  r e s i s t i  v i . t  i e s  ';irle s i l  i c i d e s  o f  t he  

vanadium farn i ly  be ing  t h e  excep t ions )  and lower c o e f f i c i e n t s  o f  

the rma l  expansion. The bo r i des  a re  m e t a l l i c  conductors,  i.e., 

t h e y  have a  p o s i t i v e  tempera tu re -coe f f  i c i e n t  o f  r e s i s t i v i t y .  The 

rVes is t :  i v i t y  ~ ~ T I B *  a t '  IOOO"C, f o r  example, i s  two t o  f o u r  t imes 

as g rea t  as a t  room temperature (Tab le  22). 

c~ a :. ; , ,-. -. ? r.;i;:t.ivity d z t a  ?f Ta51e 22 arci s l o t t e d  irl 

F i g u r e  5 a: f u n c t i o n  o f  composi t ion.  The TaBx, VBx,  and CrB 
X 



TABLE 22 . - -Se lec t  p h y s i c a l  p r o q e r t i e s  o f  me ta l  b o r i d e s  

B o r i d e  -- 

ZrB 

C o e f f i c i e n t  of  E l e c t r i c a l  
Thermal Egpansion ( a ) >  R e s i s t i v i t y ,  

Me1 t i n g  Poirt ,OC 13- 1 ° C  pR-cm 

2,250 ( d e c . )  - - - - 

2,060 (dec . )  - - 4 C: 

2,871 7.3 - 9.1 (250-2041 "c)' 1 5-28 
I I - - 6 0 
I 1 9.7 (2OO0-1800°C) 7 E* 

2,093 (dec.  ) - - - - 

Temp. , 
" C Reference 



TABLE 22. --Sel ec: p h y s i c a l  p r o p e r t i e s  o f  me ta l  bo r i des  (Cont inued) 

C o e f f i c i e n t  of E l e c t r i c a l  
Thermal Egpansion ( a )  R e s i s t i v i t y  

10- 1 ° C  uQ-crn 
Temp, , 

"C Bor i de Y e l t i n g  P o i n t Y o C  

1,900 

2,040 

2,430 

2,650 

3,095 

Reference 

Cr4B 

Cr2B 

Cr5B3 
CrB 

Cr3B4 
CrB2 

Cr2B5 

2,280 (PI 
2,180 ( P I  

2,665 

2,475 (dec.  ) 

2,14Cl ( P I  

2,670 

2,170 (dec.)  

2,662 (dec.  ) 

2,365 



TABLE 22. - -Select  phys i ca l  p r o p e r t i e s  o f  meta l  bo r i des  (con t inued)  

C o e f f i c i e n t  of E lec t . r i ca1  
Thermal E ~ p a n s i o n  (9) R e s i s t i v i t y  Temp. , 

Bor i de M e l t i n g  Point,"C 10' 1 ° C  \.la-cm "C Reference 

2,150 

2,190 
- - 

2,540 

2,750 ( e s t .  ) 

2,300 

2,250 

3,030 e s t . )  

X 

a~ 
c a l c u l a t e d  f rom X-ray da ta  us ing  4 = 1 a, t 2 aa; range of va lues g i ven  due t o  changes i n  s lope  

? o f  PP/I,-T p l o t  over  i n d i c a t e d  temperature ange. 3  

' P e r i t e c t i c  = (p) .  
t 

Est imated va lue.  



systems e x h i b i t  maxima near x  = 1, w h i l e  t h e  CrBx system has a  

maximum r e s i s t i v i t y  a t  x  = 2. Wi th  t h e  excep t ion  o f  t h e  VBx sys- 

tem, t h e  r e s i s t i v i t i e s  of t h e  bor ides  are g rea te r  than t h a t  o f  t h e  

paren t  meta l  s. 

The r e s i s t i v i t y  behav io r  o f  t h e  CrBx system c o n t r a s t s  w i t h  

t h a t  o f  CrSix  a1 l oys ,  which d i d  not  show maximum values as a  func- 

t i o n  o f  x  ( F i g u r e  4) .  Conversely, t he  bor ides  of t i t a n i u m  show a  

decrease i n  r e s i s t i v i t y  w i t h  i nc reas ing  boron con ten t ,  

w h i l e  t h e  corresponding r e s i s t i v i t y - c o m p o s i t i o n  curve f o r  t he  s i l -  

i c i d e s  i s  cha rac te r i zed  by a  pronounced maxima. The r e s i s t i v i t y -  

compos i t ion  curves f o r  HfB and ZrBx a re  s i m i l a r  t o  t h a t  o f  t he  
X 

t i t a n i u m  bor ides ,  except w i t h  a  reversed cu rv3 tu re  ( t h e  l a r g e  

s c a t t e r  i n  r e s i s t i v i t y  da ta  f o r  ZrB2 makes t h e  apparent minimum i n  

t he  curve  f o r  ZrB i nconcl u s i  ve) . 
Four  o f  t h e  bor ides--ZrB, Z r R  HfB, and HfB,--have e l e c t r i c a l  

2  ' L 

r e s i s t i v i t i e s  o f  10 pR-cm o r  l e s s  a t  25 C. However, none o f  them 

-6 0 has a  c o e f f i c i e n t  o f  thermal expansion o f  ~ 1 0  x  10 / C necessary 

f o r  c o m p a t i b i l i t y  w i t h  t h e  l rQ2-Y203sol id-~lcr t rn!yte .  O f  ' t he  

b o r i d e s  i n  Table 22, o n l y  ScB2, CrB2, and p o s s i b l y  T i B Z  have 

thermal  expansion p r o p e r t i e s  which would make them p o t e n t i a l l y  

usab le  i n  t h e  s o l  i d - e l e c t r o l y t e  f u e l  c e l l .  The p r o h i b i t i v e .  cos t  

o f  scandium compounds, however, e s s e n t i a l l y :  ~ 1 , i m i n a t e  ScBt f rom 

f u r t h e r  cons ide ra t i on .  

The bo r i des  o f  thc  Croup I V  elenleti ts dr-e Lhe rnost res ' is tant  t o  

ox ida t i on .  L i k e  t h e  s i l i c i d e s ,  they  depend upon t h e  f o rma t i on  o f  

an imperv ious ox ide  f i l m  f o r  p r o t e c t i o n  aga ins t  . d e s t r u c t i v e  ox i -  



Figure 5. --Electrical Resistivities o f  Transi tion-Metal Borides at 25°C 
as a Function o f  Compus:i l ' i o i ~  . - 

9- l l- 78 8-000-042 



da t i on .  T i t an ium bor ide ,  f o r  example, i s  r epo r ted  t o  be s t a b l e  

up t o  1 5 0 0 ~ ~ .  I n  c o n t r a s t ,  bor ides  o f  Mo, W, V. Nb, and Ta ox i -  
95 

d i z e  r e a d i l y  a t  1000°C. The f o rma t i on  o f  a  bo ra te  o r  ox ide f i l m  

under o x i d i z i n g  c o n d i t i o n s  l i m i t s  t h e  use o f  metal bor ides  i n  

h igh- tempera tu re  f u e l  c e l l s  t o  t h e  fue l  e lec t rode .  Such f i l m s  

would r e s u l t  i n  chemical c o m p a t i b i l i t y  and i n t e r f a c i a l  problems 

w i t h  o t h e r  c e l l  components over pro longed per iods  o f  t ime a t  op- 

e r a t  i n g  temperatures. 

The thermodynamic s t a b i l i t y  of t he  metal bor ides  under t he  re-  

duc ing  c o n d i t i o n s  a t  t he  anode i n  high-temperature f u e l  c e l l s  can 

be es t ima ted  f r om A G  O da ta  f o r  t h e  bor ides  a t  e leva ted  temper- 
f 

a tu res ,  u s i n g  a simp1 i f i e d  r e a c t i o n  f o r  o x i d a t i o n  

The e q u i l i b r i u m  P, f o r  o x i d a t i o n  then  can be c a l c u l a t e d  frorn 
" 2  AGO 4 

(23)  PO2 = ( ~ ~ ) e x p [ - 4 / ( 2 x z + 3 ) ]  = exp (22)  . 
Ri- --. 

x z t  ) &fO i n f o r m a t i o n  f o r  many o f  the  bor ides  i s  even les!2evl jent than 

t h a t  f o r  t h e  s i l  ic ides--even a t  lower  temperatures. 

Therniodynamic data which was r e a d i l y  a v a i l a b l e  are presented 

i r ,  Tdb le  23. F o r  some bor ides,  o n l y  AH: a t  2 9 8 ~  was found. I n  

these  cases, A GOf a t  1300K was set  equal t o  H O  a t  298K , as was 
f 

done w i t h  t h e  s i  1  i c i d e s  (Table .19). Examinat ion o f  A H O  and 
f ,298 

ffi O da ta  f o r  TiB., TiR2, . ~ n d  Z r B  i r r  T 6 b l r  23 show l ess  than 
f, 1300 

ten  percent  d i f f e r e n c e  i n  these va lues.  Thus, t h i s  would appear 

t o  be adequate, as d f l r s t  approx imat ion,  f o r  purposes 

o f  c a l c t i l a t i n g  t he  thermodynamic s t a b i l i t i e s  o f  t h e  

b o r i  des toward o x i d a t  ion. The f r e e  energy changes f o r  ox i da t  i o n  



TABLE 23.--Theraodynaniic d a t a  f o r  s e l ec t  metal borides 

-AHOf ,298 -AHOf , 3 ~ 9 0  
Bori de kcal/g-at  0 kcal/g-at B References 

6 1 

6 1 

6 1 

102 

103 

104 

104 

105 

106 

106 

107 

* 
Estimated values a r e  in parentheses. 

t Values a r e  f o r  1200K. 



o f  a s e l e c t  number of metal  bor ides  are presented i n  Table 24 (ad- 

d i t i o n a l  da ta  may be con ta ined  i n  a  number o f  t h e  re ferences o f  

Appendix 3, which then  would p e r ~ i t  l c t o r  u p d a t i n g  o f  the  i n f o r -  

ma t i on  i n  Tab le  24). The corresponding values of K and P f o r  
P  0, 

c 

t h e  o x i d a t i o n  reac t i ons  a t  1300K are l i s t e d  i n  Table 25. 

Only M2B and W2B are thermodynamica l ly  s t a b l e  toward o x i d a t i o n  

under  P c o n d i t i o n s  o f  1 0 - l 6  t o  1.0 -I8 atm expected a t  t he  f u e l  
02 

e l e c t r o d e  i n  t h e  so l  i d - e l  e c t r o l y t e  f u e l  c e l l .  Tungsten bo r i de  

- 18 
would be s t a b l e  on l y  a t  a  P o f  10 atm. Th is  i s  t r u e  f o r  f o r -  

O2 
ma t i on  of t h e  h i ghe r  as w e l l  as t h e  lower  oxides. None o f  the  

b o r i d e s  a re  thermodynamica l ly  s t a b l e  w i t h  respec t  t o  t h e i r  oxides 

a t  900K , under c o n d i t i o n s  expected a t  t h e  fue l  e l ec t rode  i n  the  

mol ten-carbonate f u e l  c e l l .  Th is  para1 l e l s  s i m i l a r  behavior  f o r  

t h e  o t h e r  i n t e r s t i t i a l  compounds under comparable cond i t ions .  

K i n e t i c  f a c t o r s ,  o f  course, cou ld  s t i l l  pe rmi t  t he  use o f  bor ides 

wh ich  a re  no t  p r e d i c t e d  t o  be s t a b l e  i n  t he  f u e l  gas environment. 

The f o rma t i on  o f  borates r a t h e r  than mixed oxides, as i n d i c a t e d  i n  

Tab le  20, w i l l  i n f l u e n c e  t.he e q u i l i b r i u m  PO f o r  ox i da t i on ,  anal- 
2 

ogous t o  t h e  p r e v i o u s l y  noted e f f e c t  o f  s i l i c a t e  fo rmat ion  du r i ng  

o x i d a t i o n  o f  s i l  i c i des .  

None o f  t h e  bo r i des  possess t h e  des i r ed  res i s tance  t o  ox i -  

da t i on ,  h i gh  e l e c t r i c a l  conduct . iv i ty ,  and compat ib le  thermal ex- 

pans ion p r o p e r t i e s  which would rnake i t i d e a l l y  s u i t e d  f o r  use i n  

t h e  so l  i d - e l e c t r o l y t e  f u e l  c e l l .  Thus, some m o d i f i c a t i o n  o r  com- 

p o s i t i o n a l  changes i n  t h e  bor ides  w i l l  be necessary i n  o rder  t o  

meet a l l  the f u e l  ce;l requi t-er~ler~ts.  



TABLE 2 4 . - - O x i d a t i o n  o f  s e l e c t  111eta1 b o r i d e s  a t  1300K 

React ion - - - - -. - -. . - . 

T iD -+ 1 .7502 - i i 0 2 ( r u t i l e )  + 0.5B2O3(t)  

T i e  4 1 .2502 .. 1 V i 0  + 0 .5B203( t )  

0.5Tii3, + 1 .2502 0.!jTi02 ( t t i l )  I O.5D 0 ( , I )  

L 2 3 '" 
O.5TiB, t O2 -* 0 ,51 ; i i 3  4- 0.5G203(:) 

L 

0. 5;ifG, + 1.250, -. 0. 5Hf02 + 0.  5D2O3(t) 
L L 

0.52.3, t 1.250 - 0.5Zr02 + 0 . 5 B 2 0 3 ( 0  
L 2 

0 .  STaG., + 1 .  3802 -+ 0.25Ta2C5 + 0 . . 5 ~ ~ 0 ~ ( k ? )  
.+ 
N C O  
Y;"  

NO,? + 3.750 2 .+ 2MoO3(,t) + 0 . 5 R 2 0 3 ( ~ )  

Plo,Z + 2.750 -+ 2Mo0 + 0.58 0 ( C )  2 2 2 3 

!!i 5 . 3 . 7 5 0 .  + 2W03 + 0.5G O ( c )  
2 L 2 3 

Ib12C i ?.7502 + 21.102 + 0.5B 0 ( 2 )  2 3 

\4R : 2. 2502 + NO3 + 0.  5B,03(t) 
L 

1.15 + 1 . 7502 -+ NO3 + 0 .  56,g3 ( 2  ) 
L 

Co3R + 2 .?5b2 - 3Co0 + 0 .  5B203(k) 

Co2B + 1 . 7502 - 2Co0' + 0 .  ~ B ~ O ~ ( P )  

0.17LaB6 + 0.8802 - 0 . 0 8 3 ~ a ~ O ~ ( ! L )  + 0 . 5 ~ ~ 0 ~ ( % )  

-AGO f o r  React ion 
k c a l l s - a t  - B ---.- References 

9: 

Values f o r  1200K. 



TABLE 25.--Calculated P f o r  o x i d a t i o n  o f  meta l  bor ides  a t  1300K 
O 2 

K f o r  Ox ida t i on  
P 

TiB/T iQ2 ( r u t i  1 e)  

P f o r  Ox ida t i on  
O2 a  t m  



T,ABLE 25. - - C a l ~ u l a t ~ e d  P f o r  o x i d a t i o n  o f  metal bor ides  a t  1300K (Cont inued)  
0, 

L 

K f o r  Oxidat ion 
P 

f o r  Oxida t ion ,  
a t m  

* 
Values a r e  f o r  1200K. 



Metal  bo r i des  can be i nco rpo ra ted  i n t o  t he  f u e l  e l ec t rode  of 

t h e  so l  i d - e l  e c t r o l y t e  fue l  c e l l  by  severa l  techniques. A t h i n -  

f i l m  anode c o u l d  be f a b r i c a t e d  s o l e l y  f rom t h e  bo r i de  by chemical 

vapor e x p o s i t i o n .  Z i rcon ium bo r i de  f i l m s  have been prepared i n  

109 t h i s  manner u s i n g  metal  ha1 i d e  m ix tu res  , as we1 1  as borane mix- 

t u res .  The f i l m  cou ld  be a p p l i e d  by plasma spraying, 111,112 

a l though t h i s  g e n e r a l l y  does not  produce as coherent a  f i l m  as 

does CVD. R-F s p u t t e r i n g  a l s o  can be used f o r  t h e  p repa ra t i on  o f  

t h i n  f i l m s .  The s p u t t e r i n g  process i s  g e n e r a l l y  much s lower  than  

CVD, however. For  f u e l  c e l l  a p p l i c a t i o n s ,  t he  morphology and 

phys i ca l  p r o p e r t i e s  o f  t h e  f i l m  a re  e q u a l l y  as impor tant  as t h e  

chemical  composit ion. A1 1  of these f a c t o r s  w i l l  r e q u i r e  eva l -  

u a t i o n  i n  any o f  t he  above techniques and are considered f o r  t h i n -  

f i l m  f a b r i c a t i o n  o f  t he  s o l  i d - e l e c t r o l y t e  f u e l  c e l l .  

An a1 t e r n a t e  anode- fabr i ca t  i o n  technique i n v o l  ves t he  use o f  

meta l  b i nde rs  t o  form a  cermet. Thus, p a r t  o f  the  Zr02 i n  t h e  

Zr02-Ni cermet c u r r e n t l y  used f o r  t h e  s o l i d - e l e c t r o l y t e  f u e l  c e l l  

cou ld  be rep laced  by a  metal bo r i de  o r  boride-based ma te r i a l .  Un- 

f o r t u n a t e l y ,  n i c k e l  forms a  number o f  s t a b l e  bor ides (see Table 

22) .  A t  1000°C, t h e  metal  bo r i de  cou ld  begin t o  r eac t  w i t h  t h e  

n i c k e l  t o  form i n t e r m e t a l  1  i c  compounds, e u t e c t i c  so lu t i ons ,  o r  . 

so l  i d  s o l u t i o n s  a f t e r  pro1 onged per iods. The r e s u l t i n g  change i n  

t h e  e l e c t r i c a l  and thermal expansion p r o p e r t i e s  could be d e t r i -  

mental t o  a  f u e l  c e l l  u t i l i z i n g  such a  cermet e lec t rode .  

There a re  i n d i c a t i o n s  t h a t  a  number o f  the  metal bor ides  reac t  

w i t h  n i c k e l  a t  temperatures expected i n  the  so l  i d - e l e c t r o l y t e  f u e l  



c e l l .  The system TaBq-Ni, fo r  example, forms an e u t e c t i c  a t  

10900C a t  17  a/o Tag.. 59 S i m i l a r  behavior has been i nd i ca ted  f o r  

TaB2-Fe and -Co systems, and between Fe, Co, o r  Ni and TiB2 o r  

. ZrB2. 59 Tungsten bor ide  i s  repor ted t o  form a  l i q u i d  phase w i t h  

n i c k e l  a t  1300K which i nd i ca tes  bor ide  d i s s o l u t i o n  occurs t o  

form a  eu tec t ic .  I n  t he  V-B-Ni system, a  phase o f  composit ion 

Ni20,4V2.6B6 has been observed a t  a  temperature as low as 

800OC. Extreme caut ion  must be exercized, there fore ,  i n  cho- 

os ing  s u i t a b l e  b o r i d e - t r a n s i t i o n  metal combinations f o r  anode use 

i n  h i  gh-temperature fue l  c e l l  s  t o  avoid the reac t  i v i  t y  problems 

out  1  i ned above. These potent i a1 compat i b i  1  i t y  probl ems do not oc- 

c u r  when n i c k e l  i s  used t o  bond t rans i t i on -me ta l  n i t r i d e s  and car- 

b ides under s i m i l a r  cond i t ions  because o f  the i n s t a b i l i t y  o f  car- 

b ides and n i t r i d e s  o f  n i cke l  and the low s o l u b i l i t y  o f  carbon and 

n i t rogen  i n  n i cke l  a t  1 0 0 0 ~ ~ .  

The bor ides are repor ted t o  be so lub le  i n  molten a l ka l i , 95  

which would appear t o  preclude t h e i r  use as anodes i n  t he  molten- 

carbonate f u e l  c e l l .  However, wi thout  oxygen present, no f e a s i b l e  

chemical reac t ions  can be w r i t t e n  t o  descr ibe poss ib le  d i s s o l u t i o n  

m~chanisms. I t  appears l i k e l y ,  there fore ,  t h a t  borides would be 

compatible w i t h  the  molten-carbonate e u t e c t i c  i n  t he  absence o f  

subs tan t i a l  amounts o f  hydroxide and water vapor and under s u i t -  

ab le  reducing cond i t ions ,  as would e x i s t  a t  the  fue l  electrode. 

C o m p a t i b i l i t y  s tud ies  should be conducted under such cond i t i ons  

i f  ser ious cons idera t ion  i s  given t o  the  use o f  bor ide ma te r ia l s  

as anodes. 



5. Composite, Non-Oxide Ceramics 

A number o f  composite, non-oxi de ceramics have been exami ned 

f o r  use as MHD e lect rodes.  Add i t i on  o f  SiC t o  ZrB2 was found t o  

increase t h e  o x i d a t i o n  res is tance o f  t h i s  ma te r i a l  by the  forma- 

t i o n  of a p r o t e c t i v e  S i02  f i l m  a t  h igh  temperatures. MoSip 

a l s o  has been used w i t h  ZrE$ f o r  t h i s  purpose. LaB has been 
6 

added t o  ZrB2 t o  increase i t s .  thermionic emission f o r  MHD use. 117 

The p r o p e r t i e s  o f  such ma te r ia l s  a l so  makes them candidates f o r  

poss ib le  use i n  high-temperature fue l  c e l l s .  

Whi le many o f  the  carbides, n i t r i d e s ,  s i l i c i d e s ,  and bor ides 

have c e r t a i n  ma te r i a l s  p rope r t i es  which would make them poten- 

t i a l l y  s u i t a b l e  f o r  anode use i n  t h e  s o l i d - e l e c t r o l y t e  f u e l  c e l l ,  

i n v a r i a b l y  no one ma te r ia l  appears t o  s a t i s f y  a1 1 o f  t he  f u e l  c e l l  

needs. Thus, m o d i f i c a t i o n  o f  the  chemical composit ion o f  a prom- 

i s i n g  m a t e r i a l  o r  combining it w i t h  a second o r  t h i r d  mater ia l  

would appear t o  be necessary t o  e f f e c t  t h e  desi red change(s) i n  

phys i ca l  p r o p e r t i e s  (e.g., thermal c o e f f i c i e n t  o f  expansion, e l -  

e c t r i c a l  r e s i s t i v i t y ,  me1 t i n g  po in t ,  etc.) .  Such e f f e c t s  are not 

as c r i t i c a l  f o r  anode use i n  t he  molten-carbonate f u e l  c e l l ,  a l -  

t houy l~  chemical compat i b i  l i t y  w i t h  the  carbonate then becomes a 

pr imary p re requ is i t e .  

The e f f e c t  o f  var ious i n t e r s t i t i a l  s  upon the  p rope r t i es  o f  a 

g iven metal i s  t y p i f i e d  f o r  the case o f  t i t a n i ~ l m  i n  T a h l ~  26. Ad- 

d i t i o n  of T i S i 2  t o  TiB2 would be expected t o  increase the  coef- 

f i c i e n t  o f  thermal expansion and t h e  e l e c t r i c a l  conduct iv i ty ,  but  

lower t h e  Po f o r  ox ida t ion ,  i f  the  e f f e c t s  were add i t i ve .  This 
r .  



TABLE 26.--Comparison o f  s e l l c t  p h y s i c a l  p r o p e r t i e s  o f  i n t e r s t i t i a l  compounds o f  t i t a n i u m  
P f o r  o x i d a t i o n  

C o e f f i c i e n t  o f  E l e c t r i c a l  O 2 

T i S i  

T i  G 

klel t i  ng Thermal Expansion, 
P o i n t  ,"C I O - ~ / O C  -- 

( f u n ~ .  o f  PN) 9.5 (20"- 1 ,lOO°C) 
2 

1,760 (dec. )  10.4 (370"-1 ,O7O0C) 

2,060 (dec. )  ? 

61 1,750 186. 6 (25°C) 

R e s i s t i v i t y  
a t  25"C, pS2-cm ---- 

t o - ~ i ~  ( r u t i l e )  
a t  130 K, atm - 6 

t 
L 

18 
For PA, = e q u i l i b r i u m  d i s s o c i a t i o n  p ressure  o f  5,27 x 10- atm, 



may not  always be the  case, however, as evidenced by the  minimum 

i n  the  e l e c t r i c a l  r e s i s t i v i t y  of TiN-Ti0 s o l i d  so lu t i ons  as a  

f u n c t i o n  o f  composi t ion (F igu re  3). 

I n  general, s i l i c i d e s  have h igher  thermal c o e f f i c i e n t s  o f  

e l e c t r i c a l  r e s i s t i v i t y  (TCOER) than carbides and n i t r i d e s .  The 

TCOER f o r  mixed i n t e r s t  i t i  a1 compounds varies, depending upon the 

m a t e r i a l  and composit ion. HfC and TaC, for  example, have low 

TCOERs compared t o  T i c  and ZrC. Chromium carb ide (Cr3C2) 

a l s o  has a  low TCOER. The TCOER increases w i t h  WC content f o r  

s o l i d  s o l u t i o n s  w i t h  T i c ,  ZrC,  and vcm119 

The c o e f f i c i e n t  o f  thermal expansion fo r  in terst . i t . ia1 a1 1 oys - 

i s  s i m i l a r l y  a f fec ted  by composit ion, as i nd i ca ted  i n  Table 27 by  

da ta  f o r  Zr  and Hf. S u b s t i t u t i o n '  o f  oxygen for  carbon and n i t r o -  

gen r a i s e s  t h e  c o e f f i c i e n t  o f  thermal expansion. S i m i l a r l y ,  f o r  
121 

TiCOy, a increases w i t h  increas ing  y  a t  constant  (x+y) o r  x.  ! 

Thus, by appropr ia te  choice o f  mater ia ls ,  composites may be 

engineered t o  have the  'des i red  physical  p rope r t i es  such as in -  

creased ox ida t  i o n  res i s tan re ,  h igher  c l e c t t - i c a l  cur~cluctl\ i ' l ty, o r  

compati bl 'e c o e f f i c i e n t  of thermal expansion f o r  t he  p a r t i c u l a r  

use envisioned. I n  c e r t a i n  cases, i t w i l l  not always be poss ib le  

t o  determine 2 p r i o r i  t h e  value of a  s p e c i f i c  physical  p r r r p ~ r t y  

. f o r  a composite ma te r i a l  based on the  values o f  t he  i n d i v i d u a l  

components. A CrB2-TiB2 composite, f o r  example, has a  h igher  

e l e c t r i c a l  r e s i s t i v i t y  a t  b i y h  temperatures than each o f  the in -  

d i v i d u a l  component borides. 59 This may r e s u l t  from the format ion 

o f  a  compound between the  bor ides r a t h e r  than a  simple s o l i d  so- 



TABLE 27.--Effect of composition upon the thermal e x p a n ~ i o n ~ ~ ~ o p e r t i e s  
of interstitial alloys of zirconium and hafnium 

Composition 

ZrCO. 957 

ZrCO. 83O0.18 

ZrN0.7600. 19 

Hf CO. 95 

Hf'cO. 66'0.2 1 

Hf C0.5700.13 

HfN1 .I 

HfN0.7400.16 

Coefficient of Thermal, 
Expansion ( a ) ,  1 o-~/"c 

* 
Assumed temperature range of 25' to 1000°C. 



l u t i o n ,  The nature  o f  t he  i n t e r a c t i o n  between components o f  a 

p o t e n t i  a1 composite must be known before , e f f e c t s  upon t h e  prop- 

e r t i e s  o f  t h e  resu1,tant mater ia l  can be predicted. 

Knowledge o f  the i n t e r s o l ~ b i l i t i e s  o f  r e f r a c t o r y  phases i s  

importa'nt when the  prepara t ion  o f  composite , mater i  a1 s i s  being 

considered. I n  some' cases, the  component compourrds may be com- 
122 

p l e t e l y  mutua l ly  soluble (e.g., TaC-Tic o r  Zr9-TiB2).  I n  

o the r  instances, one mater ia l  may be only p a r t i a l l y  so lub le  i n  a 

second o r  t h i r d  mater ia l  (e.g., TiB2 i n  TaSi2, MoSi2, o r  T ic) .  
122 

Compound formation may r e s u l t  i n  s t i l l  a t h i r d  p o s s i b i l i t y  (e.g., 

TaC o r  Mo9 w i t h  TaSi2, Nb5Si3, o r  MoSi?). 
122 

S o l u b i l i t y  l i m i -  

t a t i o n s  can the re fo re  place cons t ra in ts  on the  range o f  concen- 

t r a t i o n s  which can be considered i n  composites f o r  p o t e n t i a l  use 

i n  t h e  high-temperature f u e l  c e l l s .  

Considerable research has been conducted i n  the  development , 

f o r  a v a r i e t y  of purposes, o f  composite mater ia ls  based on i n t e r -  

s t i t i a l  a l loys .  I n  some cases, the goal was t o  develop a hard, 

r e f r a c t o r y  ma te r ia l  f o r  use i n  c u t t i n g  t o o l s  and d ies.  Compos- 

i t e s  a l so  have been examined as a means o f  reducing cor ros ion  i n  

s i t u a t i o n s  where a p a r t i c u l a r  mater ia l  alone d i d  not s a t i s f y  the 

necessary requirements. Add i t i on  o f  BN t o  TiB2, TIC, o r  ZrB2, 

f o r  example, r e s u l t e d  i n  a conta iner  mater ia l  s u i t a b l e  f o r  vapor- 
123 

zat  i on o f  molten a1 umi nun. Because BN i s )  an i nsu la to r ,  hnw- 

ever, t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  the. composite was consider- 

a b l y  h ighe r  than t h e  i n t e r s t i t i a l  a l l o y s  wi thout  BN. A t  25'~, 



t h e  r e s i s t i v i t y  o f  a  70 w/o TiB2-30 w/o BN composite was 

180 p~-cm,123 compared t o  o n l y  15-28uDcm f o r  TiB2 

a lone  (Table 22). Whi le t h e  des i r ed  goal o f  c o r r o s i o n  r e s i s -  

t ance  may have been a t t a i ned ,  t he  cons iderab le  increase i n  e i -  

e l c t r i c a l  r e s i s t i v i t y  o f  t h e  composite, as a r e s u l t  o f  the  

presence o f  BN, makes i t s  use as a hea te r  t o  vapor ize  aluminum 

i m p r a c t i c a l .  I n  add i t i on ,  t h e  a d d i t i o n  o f  BN r e s u l t e d  i n  re -  

duced r e s i s t a n c e  t o  mois ture.  The mo i s tu re  r e s i s t a n c e  was im- 

proved, however, when TiN was i nco rpo ra ted  i n t o  t h e  com- 

posite.124 

As i n d i c a t e d  i n  t h e  example f o r  t h e  TiB2-BN ,cornposit?, 

improvement o r  change i n  one p rope r t y  o f  a  m a t e r i a l  by compos- 

i t e  f o rma t i on  can a l s o  r e s u l t  i n  undesi red changes i n  o ther  

p rope r t i es ,  I n  t he  case o f  t he  s o l i d - e l e c t r o l y t e  f u e l  c e l l ,  

des ign  o f  a  composite t o  have s u i t a b l e  thermal-expansion prop- 

e r t i e s  may cause an unacceptable inc rease  i n  t h e  e l e c t r i c a l  

r e s i s t i v i t y  o r  a  reduced s t a b i l i t y  toward ox ida t i on ;  i t  may be 

i m p r a c t i c a l  t o  f a b r i c a t e ,  by convent ional  techniques, a  t h i n -  

f i l m  f u e l  c e l l  us ing  such a composite ma te r i a l .  These falctors 

a l l  must be cons idered when such m a t e r i a l s  are considered f o r  

p o t e n t i a l  use i n  the  s o l  i d - e l e c t r o l y t e  f u e l  cel I .  

Perhaps t h e  most p romis ing  area o f  use o f  composite and 

cermet r e f r a c t o r i e s  i s  f o r  t h e  anode i n  t h e  molten-carbonate 

f u e l  c e l l .  A number o f  t h e  i n d i v i d u a l  i n t e r s t i t i a l  compounds 

o f  t r a n s i t i o n  meta ls  a re  be ing  examined a l r eady  f o r  use as 

e l e c t r o c a t a l y s t s  i n  low-temperature aqueous f u e l  c e l l  sys- 

t ems .46 947 S i m i l a r  work w i t h  bo r i de  and s i l  i c i d e  



composites as anodes a l s o  has been repor ted.  Cermets o f  noble 

and t r a n s i t i o n  meta ls  w i t h  carb ides,  oxides, and n i t r i d e s  have 

shown promise as cathode ma te r i  a1 s. lZ6 

R e f r a c t o r y  composites a1 so haive been used f o r  e l e c t r o l y t i c  

a p p l i c a t i o n s  a t  h i gh  temperatures. Composites o f  80 w/o TiB2- 

20 w/o T i c  and 95 w/o ZrB -5 w/o Mo were t e s t e d  as cathodes i n  
2 

t h e  e l e c t r o l y s i s  o f  c r y o l ' i t e  me1 t s  f o r  aluminum product ion.  127 

( E l e c t r i c a l  r e s i s t i  v i t i e s  o f  T iBp-Tic  composi~tes ranged from 62 

t o  125 pR-cm a t  1000°~.)  128 Composite cathodes o f  ZrB2 and T i 5  
129 

a l s o  were used i n  aluminum-reduct ion c e l l s  a t  9 9 0 5 0  1 0 1 0 ~ ~ .  

The corrosi ,ve.  na tu re  o f  t h e  me1 t i3n t h e  aluminum c e l l  p a , r a l l e l s  

t h a t  o f  t he  mo,l.ten.-.carbonate c e l l .  

These i s .  a, vast  number o f  p o s s i b l e  combinat ions o f  i n t e r -  

st.iit.i:a:l: a1 l o s s  w+th each o t h e r  and w i t h  s u i t a b l e  t r a n s i t i o n  

m e t a l s  t o  form mult icomponent systems w i t h  cons iderab le  promise 

i n hi 'gh-temperature f u e l  c e l l  s, especi  a1 l y  the  mo1 ten-carbooate 

.-fuel c e l l .  Pub1 fshed research r e l a t i v e  t o  t h i s  s p e c i f i c  appl i- 

ca. t ion,  howev,er, has been r a t h e r  l i m i t e d .  There i s  a d e f i n i t e  

need' t o  eva lua te  c r i t i c a l l y  t h e  most promis ing candidate mat- 

e r i a l s  f o r  t h i s  a p p l i c a t i o n ,  i n  o rder  t o  determine whether ad- 

d i t i o n a l '  i n -dep th  research i n  t h i s  area i s  warranted. 

I t i s  i n t e r e s t i n g  t o  note t h a t  work o f  t h i s  nature has been 

repor ted '  j u s t  r e c e n t l y  by t h e  I n s t i t u t e  o f  Gas Technology. 

Tungsten ca rb ide  i s  be ing  exp lo red  (a long  w i t h  o the r  m a t e r i a l s )  

as a s i n t e r i n g  i n h i b i t o r  f o r  t h e  porous n i c k e l  o r  coba l t  anodes 
130 

o f  t h e  mol ten-carbonate f u e l  c e l l .  I n i t i a l  t e s t s  i n d i c a t e  



t h a t  ten w/o WC added t o  a  c o b a l t  anode r e s u l t s  i n  an inc rease  i n  

t h e  measured su r f ace  area. E lec t rochemica l  t e s t s  have no t  y e t  

bccn conducted, hoiiever. 

C. Oxide Ceramics 

The ox i de  ceramics have rece i ved  t h e  most a t t e n t i o n  f o r  use as 

MHD e l e c t r o d e s  because o f  t h e i r  i nhe ren t  s t a b i l i t y  i n  an o x i d i z i n g  

environment a t  h i g h  temperatures.  Fo r  d i s c u s s i o n  purposes, t h e  ox- 

i d e s  i n  t h i s  s e c t i o n  o f  t h e  r e p o r t  w i l l  be grouped i n t o  t h e  f o l l o w i n g  

genera l  ca tego r i es :  pe rovsk i t es  and pseudoperovski tes,  sp i ne l s ,  

Zr02 -based oxides, and o t h e r  meta l  oxides. 

1. Pe rovsk i t es  

The phys i ca l  p r o p e r t i e s  o f  pe rovsk i t es  used f o r  MHD e lec -  

t r o d e s  a re  l i s t e d  i n  Table  28. M e l t i n g  p o i n t  da ta  were no t  a l -  

ways ava i  l ab1  e  f o r  many o f  t h e  complex, mult icomponent systems. 

However, s i nce  most o f  these  m a t e r i a l s  were be ing  used o r  t e s t e d  

a t  temperatures o f  1 5 0 0 ~ ~  o r  h igher ,  t h e i r  m e t l i n g  p o i n t s  a re  a t  

leasr .  a r e a t e r  than  t h i s .  The ra re -ea r t h  n i c k e l a t e s  and c o b a l t -  - 

a t es  are except ions,  however, i n  t h a t  they  a re  not s t a b l e  a t  MHD- 

e l e c t r o d e  tempe ra tu res .  (L%. Sr-,. Coo3, f o r  example, begins t o  

d ~ c o m p n z ~  i n  a i r  a t  1200°c.) 
144 

The bu lk  o f  t h e  e l e c t r i c a l  (d-c)  
0 

c o n d u c t i v i t y  da ta  a re  repor ted  f o r  t empe ra t~ l r es  o f  1000 and 

7 2 7 ' ~ ~  t o  be r e p r e s e n t a t i v e  o f  ope ra t i ng  temperatures o f  t h e  

so l  i d - e l e c t r o l y t e  and' mol ten-carbonate f u e l  c e l l  s, r e s p e c t i v e l y .  

The chromi te- type oxides have rece ived  t he  most a t t e n t i o n  , 

rvi t h  the  ma jo r  emphasis on LaCr03-based systems. Pure LaCr03 i s  

not s u i t a h l  e  f o r  use a t  e l e c t r o d e  use a t  MHD temperatures because 



T!,3LE 28. - -Select  phys ica l  p rope r t i es  o f  perovs k i  t e s  and pseudo-perovski t es  

C o e f f i c i e n t  o f  
Thermal Expa2s i on ( a  1, 

Oxide 1 0 - q " ~  

E l e c t r i c a l  (d-c ) 
R e s i s t i v i t y ,  

$2- cm 

- i og  P 
O2 

(a  tm) 

0 

3 

4 

0.7' 

Temp. ,"C 

727 ; 1,000 

727 ; 1,000 

727; 1,000 

D ,900 

References 

131 -133 

132 

131 

4 

0.7 

0.7 

es t  5 (A r )  

e s t  5 (Ar") 

9gSr0. 01 Cr03 
- 

98sr0.~2Cr03 
- 

975r0.03Cr03 
- 

94Sr0. 0 6 ~ ~ ~ 3  
- 

C r O ,  9.2 (50"-287°C) 
9oSr0. 10 



TABLE 28. --Select physical properties of perovski tes and pseudo-perovski tes (Cont. : 
Coeffizient of Electrical (d-c) -Log P 

Thermal Exgansion ( a ) ,  Resistivity, O2 
Oxide 1@-3/ C* 9- cm Temp. ,"C (atm) Reference 

80Sr0. 2oCro3 
- 0.06 

La0.84Sr0. 1 6 ~ ~ 0 . 7 5  10.0 (25"-1 ,0003C) - 
0 A10.25 3 

LaCr03-8 m/o CaO - 0.27 

0.39 

LaCr03-24 mjo CaO - 
I 

w - 
- 3  . I-' LaCr03-32 m;o CaO 



Oxide 

TABLE 28. --Select  physical properties of  perovski t es  and pseudo-perovski tes (Cont. ) 

Coefficient of Electrical (d-c) 
Thermal -Expansion (a), Resistivity, 

1 0 - 0 / 0 ~ *  R- cm - 

-Log Po 
2 

Temp. , " C  (atm) References 

Vacuum 4 

4 



TABLE 28. --Sei e c t  phys ica l  p rope r t i es  o f  perovck i  t es  afid pseudo-perovski t e s  (Cont . ) 
C o e f f i c i e n t  o f  E l e c t r i c a l  (d-c) -Log 

Thermal Ex ansion (a), R e s i s t i v i t y ,  
Oxid2 -- 

0-6/ ocf R-cm - Temp. ,"C 
O2 

(atrn) --- Reference: 

'0. 95Ca0. 05F203-y 10.7-11.8 (25"-1 , l l O O ° C  ) 0.074 

3 ranges) 0.086 

'0. 8 5 C a ~ .  1 5Fe03-y 10.8-12.0 (20"-1 ,10O0C; 0.074 
3 ranges) .. 



- 
-ABLE 28. - -Se lect  phys ica l  p r o p e r t i e s  o f  perovski  t e s  and 'pseudo-perovski t e s  (Cont. ) 

Coef f ic ient  o f  E l e c t r i c a l  (d-c) -Log P 
Thermal Expansion (a) R e s i s t i v s t y ,  

Oxide 10-6,0,* 0- cm Temp. , O C  (atm> References 
O2 

Y0.70Ca0. 24Fe0.;0 - - 0.26;0.20 727 ; 1,000 0.7 147 

ZrO. 10'3-~ 
0.44;0.30 727 ; 1,000 3 147 

0.44;0.47 727 ;1,000 5.2 147 

I 
w - 
P 0 * 
P P I n  a i r .  

t 
A i r .  



o f  v o l a t i l i z a t i o n  o f  chromium ox ides [e.g., Cr03, Cr02, and 

Cr02(0H)]. Whi le t h e  e l e c t r i c a l  c o n d u c t i v i t y  i s  e s s e n t i a l  l y  

who1 l y  e l e c t r o n i c  (ti>0.995 a t  980°C), 
132 

i t  a l so  shows a  s t r ong  

P dependency. The inc rease  i n  r e s i s t i v i t y  under reduc ing  con- 
O2 

d i t i o n s  i s  thought  t o  r e s u l t  f rom t h e  fo rmat ion  o f  t r i p l y - i o n i z e d  

chromium vacancies. 
132 

The s u b s t i t u t i o n  o f  by d i v a l e n t  
+2 +2 +2 +2 

c a t i o n s  such as Mg , Ca , S r  , and Ba , however, leads t o  a  

s u b s t a n t i a l  i nc rease  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y  (p - type)  by 

t h e  f o rma t i on  o f  crt4 f o r  charge cornpensat ion.' 31' The e l e c t r i c a l  

r e s i s t i v i t i e s  o f  a1 k a l  ine-earth-doped LaCr03 show on l y  a  s l i g h t  

P and temperature dependency, as can be seen by t h e  data i n  
0, 

+ 3  + 3  
When a  p o r t i o n  o f  t he  C r  i n  LaCr03 i s  rep laced by A1 , the  

d e s i r e d  reduc t i on  o f  t h e  v o l a t i l i z a t i o n  o f  chromium oxides i s  ob- 
142,143 

t a i ned ;  u n f o r t u n a t e l y ,  i t  a l s o  causes an increase i n  t he  

e l e c t r i c a l  r e s i s t i v i t y .  However, t h e  r e s i s t i v i t y  remains more 

t han  adequate t o  meet MHD-electrode requirements o f  l ess  than t e n  
+ 3 

Q-cm. The A1 s u b s t i t u t i o n  has a  second e f f e c t  upon t h e  phys- 

i c a l  p r o p e r t i e s  o f  doped-LaCr03 i n  t h a t  t h e  c o e f f i c i e n t  o f  t he r -  

mal expansinn i s  increased. I n  a d d i t i o n ,  t h e  . d e s t r u c t i v e  

rhombohedral-to-orthorhombic phase t r a n s f o r m a t i o n  i s  e l im ina ted  
4 

i n  t h e  25' t o  1000°C temperature range. 

I n  e v a l u a t i o n  o f  t h e  oxides o f  Table 28 f o r  poss ib l e  use i n  

t h e  h i  gh-temperature so l  i d - e l e c t r o l y t e  f u e l  c e l l ,  i t can .be seen 

t h a t  v i r t u a l  l y  a1 1 t h e  m a t e r i a l s  have e l e c t r i c a l  r e s i s t i v i t i e s  

which are compat ib le  w i t h  t h e  requirement o f  50 R-cm f o r  t h e  



i nterconnector  (Table 2) .  However, p o t e n t i  a1 in te rconnector  

candidates must be p r i m a r i l y  e l e c t r o n i c  conductors and simul- 

taneous ly  must be s tab le  under both severe reducing cond i t ions  
-16 -1 8 

(Poq = 10 t o  10 atm) as' we1 1 as an a i r  environment a t  

1000°c. Not -a1 1 of the  oxides o f  Table 28 have been examined at. 

such low values of P , nor have transference measurements been 
O2 

ca r r i ed '  out  f o r  many of them. The P dependence o f  conduc t i v i t y  
O2 

f o r  a number of t he  perovski tes,  however, suggests the  presence 

o f  an undes i rab le  i o n i c  con t r i bu t i on .  I n  add i t ion ,  the candidate 

ox ide must have a c o e f f i c i e n t  o f  thermal expansion which c l o s e l y  

matches t h a t  of t he  Y2O3-stabi l ized Zr02 e l e c t r o l y t e  o f  10 x 

10'~/0c.  

With these needs i n  mind, researchers a t  Westinghouse eval.,- 

uated many perovsk i tes  f o r  poss ib le  in te rconnector  use. The most 

promis ing candidate was doped, substituted-LaCr03. By ad jus t i ng  

t h e  ~ 1 ' ~  content ,  a  very c lose '  thermal expansion match was ob- 

t a i n e d  w i t h  adequate e l e c t r i c a l  conduct i v i t y  at a composit ion o f  

L a. 0 . 9 5 ~ ~ 0 . 0 5 ~ ~ 0 . 7 5 ~ ~ 0 . 2 5  0 . Ttie physical  and ct~ernical p roper t ies  

o f  t h i s  ma te r i a l  have subsequently been studied ex tens ive ly  by 
+ 2 + 3 

Westinghouse. It now appears t h a t  the  Mg subs t i t u tes  f o r  C r  

r a t h e r  than t h e  La + 3  and t h a t  on ly  about h a l f  the  M$' added i n  

149 
t h e  above cornpsosit ion a c t u a l l y  goes i n t o  sol i d  so lu t ion .  I n  

o the r  words, t h e r e  appears t o  be evidence f o r  second-phase f o r -  

mation, where excessive MgO exsolves. 

A t a  low P , l o s s  of 02 from 
O% -18 

9 5 M g ~ .  0 5 ~ ~ 0 .  7sA10. 25'3 

become pronounced a t  10 atm. Under these condi t ions,  oxygen 



148 
vacancies a re  formed and t h e  e l e c t r i c a l  r e s i s t i v i t y  increases. 

There i s  concern t h a t  oxygen t r a n s p o r t  ( leakage)  t hen  cou ld  occur 

a s  a r e s u l t  of i o n i c  conduc t ion  d u r i n g  ope ra t i on  o f  t h ~  :l:lid-- 

e l e c t r o l y t e  f u e l  c e l l ,  which would a f fec t  t h e  performance advers- 

ly. Th i s  process i s  under study by' R. ~ u k a  a t  Westinghouse i n  

r e l a t i o n  t o  p o s s i b l e  d e l e t e r i o u s  long- te rm e f fec ts  upon t h e  per- 
134 

formance o f  t h e i r  t h i n - f i l m  s o l i d - e l e c t r o l y t e  b a t t e r y .  

+2 +2 
I n  t h e i r  o v e r a l l  phys i ca l  p r o p e r t i e s ,  t h e  Mg - and S r  - 

doped LaCr03s have t h e  most promise o f  t h e  pe rovsk i t es  o f  Table 

28 f o r  use as i n t e r c o n n e c t o r  ma te r i  a1 f o r  t h e  h i  gh-ternper;ti ir~ 

s o l  i d - e l e c t r o l y t e  f u e l  c e l l .  The r a r e - e a r t h  c o l  b a l  t a t e s  and 

n i c k e l a t e s  a re  not  expected t o  be s t a b l e  under t he  reduc ing con- 

d i t i o n s  of t he  anode s i d e  o f  t h e  f u e l  c e l l .  The equ i l i b r i i i r ; :  PC.> 
- 

f o r  COO and N i O ,  f o r  example, i s  g r e a t e r  than t h a t  o f  the  f t : ; :  

(Tab le  7 ) ,  so t h a t  f o rma t i on  o f  elemental  Co and N i  would prob- 

a b l y  r e s u l t  a t  1 0 0 0 ' ~  f o r  Lac003 and L ~ N ~ o ~ ,  accord ing t o  

t h e  r e a c t i o n :  

(24)  2LaM o3 + 3H + La2 O3 + 2M + 31I20(g), 
. . 

where M i s  a  metal  ca t ion .    his i s  an approximat ion, of course, 

as t h e  f r e e  energy o f  f o rma t i on  o f  LaCo03 w i l l  be more negat i ve  

t han  t h e  sum of t h e  component oxides as a  r e s u l t  o f  compound f o r -  

mat ion. The e q u i l i b r i u m  Po , under these cond i t i ons ,  would be 
2  

l e s s  than  t h a t  i n d i c a t e d  i n  Table 7. Lack ing  AGO da ta  f o r  LaCo03 
f 

and LaNiO a t  ~ O O O ~ C ,  t h e  P  f o r  r e a c t i o n  24 was not c a l c u l a t e d  
,02  

f o r  f u e l  c e l l  cond i t i ons .  
. .. 

S i m i l a r  arguments apply  f o r  t he  case o f  t he  s t a b i l i t y  of fe r -  



r i t e s  i n  a  s t r o n g l y  reduc ing  environment, a l though t h e  ra re -ea r th  

f e r r i t e s  have a  much g r e a t e r  thermal s t a b i l i t y  than t h e  cor res -  

ponding n i c k e l  a tes  and c o l  b a l  t a tes .  
145 

I n  comparison t o  t h e  r~on-ox ide ceramics p r e v i o u s l y  discussed, 

t h e  e l e c t r i c a l  r e s i s t i v i t i e s  o f  t h e  conduc t ing  pe rovsk i t es  are 

o r d e r s  o f  magnitude greater .  T h e i r  lower  c o n d u c t i v i t i e s  makes 

t h e  p e r o v s k i t e s  u n a t t r a c t i v e  f o r  p o s s i b l e  use as anode mater i  a1 s  

i n  t h e  so l  i d - e l e c t r o l y t e  f u e l  c e l l .  Th i s  i s  aggravated, as d i s -  

cussed above, by t h e  i n s t a b i l  i t y  problems o f  c e r t a i n  perovsk i  t e s  

under ex t reme ly  reduc ing  cond i t i ons .  O f  course, these mater i  31  s 

c o u l d  be reduced d e l i b e r a t e l y  t o  form a  metal cermet, much as i s  

now done by Westinghouse w i t h  a  s i n t e r e d  NiO-Zr02 m i x t u r e  t o  form 

t h e  .fuel c e l l  anode. I n  t h e  case o f  LaCoO o r  LaNiO f o r  er:- 
3  3 '  

ample, a  Co- o r  Ni-La203 cermet would form (see equat ion 24) .  

T h i s  o f f e r s  no advantages, however--i ndeed, i t  p r o f e r s  d i  sad- 

vantages--and would be more c o s t l y  than  t h e  techn ique  p r e s e n t l y  

used. 

The pn t .~n t . i  a1 fnr  sing t h e  conduc t ing  perovslt i t c s  as anodes 

o r  cathodes i n  t h e  mol ten-carbonate . f u e l  c e l l  i s  more l i m i t e d  

t h a n  i n  t h e  so l  i d - e l e c t r o l y t e  f u e l  c e l l  by t h e  h i gh  p r o b a b i l i t y  

f o r  chemical  r eac t i on .  As t h e  mol ten carbonate i s  bas ic ,  bzs i c  

and amphoter ic metal  ox ides o f f e r  t h e  bes t  chance f o r  compati- 

b i l i t y .  An a l t e r n a t e  p o s s i b i l i t y  i s  t o  use t h e  ox ide  i n  t he  form 

o f  t he  f i n a l  reac t ion-p roduc t ,  so t h a t  t h e  l i k e l i h o o d  o f  f u r t h e r  

r e a c t i o n  i's reduced s u b s t a n t i a l l y .  Th i s  i s  t he  r a t i o n a l e  by 

which L iAIOp-- the product  of r e a c t i o n  o f  A1203 and t he  carbonate 



melt--was chosen as t h e  . p r e f e r r e d  t i l e  m a t r i x  i n  t h e  c u r r e n t  

mol ten-carbonate f u e l  c e l l  program. 

Whi le  a  number o f  t h e  conduc t ing  pe rovsk i t es  have keen s:~b- 

j e c t e d  t o  c o r r o s i o n  t e s t s  i n  t h e  mo l ten  coa l  s l a g  (as would h? 

exper ienced  by t h e  e l ec t r odes  i n  t h e  MHD channel) ,  t h e r e  has hrerl 

o n l y  a  l i m i t e d  amount o f  c o m p a t i b i l i t y  t e s t i n g  with m " 1 t e ~ -  

ca rbona te  me l ts .  I n  one t e s t ,  a  doped ch rom i t e  o f  composi! io:< 
.. ..* 
; :; 

La0.84~a0.  16Cr03 was found t o  r e a c t  w i t h  mo l ten  K ~ C O ~  a t  925%. 

The apparent r e a c t i o n  was between t h e  carbonate 2nd' tk:? ch:-i:,i;!.- 

i t e  p o r t i o n  o f  t he  ox ide  (La203 and CaO do no t  form s t ib ! ;  2,::- 

an ion  compounds) 

Thus, p e r o v s k i t e  chromi tes do no t  appear t:, be compat-ib'ii.: K : . . : , ~  

t h e  mol ten -carbona te  me1 t. Even i f  c o r r c s i  on ;s not  a  p~oi: ' in:; i ,  

. . 
t h e  h i g h e r  e l e c t r i c a l  r e s i s t i v i t y  o f  t he  cor idt ict i  ng p e r c . j s ~ * t e s  

makes them uncompet i t i ve  w i t h  t h e  n i c k e l  and c o b a l t  anor l t i~  ( j r i ! ;  

d l  j o y s  [ h e r e o f )  c u r r e n t l y  used. 

I n  a d d i t i o n  t o  s e l e c t i v e  doping o f  LaCa3 t o  . improve i t s  

p r o p e r t i e s  f o r  MHD-clcctrodc use, format  i o n  of LaCrOj cermets hzs 

a l s o  been explored. A d d i t i o n  o f  chromium t o  LaCrO increases t he  
3 

e l e c t r i c a l  c o n d u c t i v i t y  and t h e  r e s u l t i n g  cermet has a h i gh  re-  

s i s t a n c e  t o  o x i d a t i o n .  Represen ta t i ve  e l e c t r i c a l  r e s i s t i v i t y  

da ta  f o r  Cr-LaCr03 cerrnets a re  shown i n  Table  29. Cermets o f  

t h i s  t y p e  would o f f e r  no advantage over  t h e  l ess  expensive and 

n2-F: i 3 s i : y  fa;?.--,icated Ni -Zrg2 cerm2t f o r  anodc use i ! .~ : i : c  ..:,i i . : ---  



138 
TABLE 29. --Ll ectrical rrsistivi ties o f  LaCrOj -Cr cermets at 1 0 2 7 ~ ~  

Cr Content .of 
Cr-LaCrOq Cermet, w/o 

Electrical (d-c. ) 
Resistivity, 

R- cm 



e l e c t r o l y t e  f u e l  c e l l ,  o r  over  t h e  nicke: o r  c o b a l t  plaques i n  

t h e  mol ten-carbonate f u e l  c e l l .  

The ra re -ea r th  n i c k e l a t e s  and c o b a l t a t e s  o f  Table 28 which 

do  no t  appear s u i t a b l e  f o r  use as anodes i n  t h e  so l  i d -ox ide  f u e l  

c e l l  per form q u i t e  w e l l  as cathodes. Brown, Bover i ,  and C ie  have 

r e p o r t e d  success i n  u s i  ng p l  asma- sprayed cathodes o f  Bi-doped 

LaNi03  i n  c e l l s  ope ra t i ng  a t  1 0 0 0 ~ ~  f o r  over f o u r  years!8 

Plasma-sprayed Sr-doped LaMnO and LaCo03 a1 so are e f e c t i  ve a i r  

e l ec t rodes .  Whi le PrCoOj shows a  l i i gh  e l e c t r o n i c  c o n d u c t i v i t y ,  

i t  tends t o  sca le  f rom t h e  e l e c t r o l y t e  sur face,  most l i k e l y  be- 

cause o f  t h e  i n c o m p a t i b i l i t y  i n  t h e  c o e f f i c i e n t s  o f  thermal ex- 

pansion o f  t he  two ma te r i a l s .  

Even though t h e  ra re -ea r th  c o l b a l t a t e s ,  n i cke la tes ,  ar1f.l n:dr:;- 

anates have adequate e l e c t r i c a l  c o n d u c t i v i t y  f o r  use as ca?,.ir.de 

m a t e r i a l s ,  t h e i r  thermal expansion c h a r a c t e r i s t i c s  are not corn- 

p a t i  b l e  w i t h  t h a t  o f  t he  Y2 0 3 - s t a b i l  i z e d  Zr02 e l e c t r o l y t e ,  which 

has a lower  a. These m a t e r i a l s  would appear promis ing candidates 

f o r  t h e  cathode i n  t he  molten-carbonate f u e l  c e l l  (where thermal 

expansion p r o p e r t i e s  are not  as c r i t i c a l  ) ,  prov ided they  are not 

r e a c t i v e  w i t h  t . h ~  me1 t. Inc reas ing  t h e  e l e c t r o n i c  component o f  

c o n d u c t i v i t y  o f  these m a t e r i a l s  would make them even more a t -  

t r a c t i v e  as cathode ma te r i a l s .  Th i s  area o f  research m e r i t s  f u r -  

t h e r  a t t e n t i o n .  

The Sr-doped, Cr -subs t i  t u t e d  Y Fe03 (Tab1 e  28) has e l e c t r i c a l  

and thermal expansion p r o p e r t i e s  which make i t  promis ing  as a  

p o s s i b l e  cathode m a t e r i a l  f o r  t h e  so l i d -ox ide  f u e l  c e l l  us ing  a  



ZrOp e l e c t r o l y t e .  No t e s t s  o f  t h i s  na tu re  have been repo r ted  yet, 

however. One area of concern i s  t he  long- term chemical compati- 

b i l i t y  o f  t h e  Zr02 and f e r r i t e .  The h igh  mobil i t y  o f  ~e~~  cou ld  

r e s u l t  i n  degrada t ion  of c e l l  performance as a  r e s u l t  o f  i n -  

creased i n t e r f a c i a l  r e s i s t a n c e  caused by F e f 3  d i f f u s i o n .  A  d i f -  

-11 2  
f u s i o n c o e f f i c i e n t  o f  i r on ,  DF , i n  F e 3 0 4 0 f 8 . 3 x  10 cm/sec  

a . c - 10 
a s t  1 0 2 7 ' ~  has been repo r ted  a t  a  P o ?  o f  10 atm, i nc reas ing  t o  

- 9  2  - 6 151 
3.6 x 10 cm /sec a t  a  Po of  10 atm. . 

.2 
The two ox ides (non-perovsk i tes )  which have rece ived  t he  most 

a t t e n t i o n  at. Westinghouse f o r .  cathodes i n  t he  s o l i d - n x i c i ~  f ~ i e l  

c e l l  are. Sb-doped SnO and Sn-doped I n  0 ,  
2  3' 

152 The e l e c t r i c a l  and 

thermal  expansion p r o p e r t i e s  o f  .these ox ides a re  cornharod i n  

Tab le  30. The severe the.rmal expansion mismatch o f  the  Sa-doped 

Sn02 made i t s  use as c'athode m a t e r i a l  i m p r a c t i c a l  , even though i i  

has a h i g h  e l e c t r i c a l  c o n d u c t i v i t y .  Sn-doped In203 has a  h i ghe r  

c o n d u c t i v i t y  and a  value o f  .a which i s  more compat ible w i t h  the  

Zr02 e l e c t r o l y t e .  It has been s u c c e s s f u l l y  t es ted  CIS a ' ca thode  

i n  t h e  s o l  i d - o x i d e  fuel  c e l l s  a t  1 0 0 0 ~ ~  f o r  1100 hours. 152 

Whi le  t h e  Sn-doped In20g  i s  a  b e t t e r  conductor than  t h e  ra re -  

e a r t h  n i c k e l a t e s ,  c o l b a l t a t e s ,  and manganates and has much b e t t e r  

thermal  expansion p rope r t i es ,  problems can r e s u l t  when i t  i s  used 

a lone  as t h e  cathode. Because i t .  i s  an almost p u r e l y  e l e c t r a n i c  

conductor ,  i t  must be porous t o  a l l o w  r a p i d  mass t r a n s f e r  a t  t h c  
154,155 

t hree-phase i n t e r f a c e  ( a i  r, cathode, and e l e c t r o l y t e )  A t  

h i gh .  c u r r e n t  d e n s i t i e s ,  oxygen d i f f u s i ' o n  through t he  porous f i l m  

can become the ,  r a t e - l i m i t i n g  s tep  i n  t he  e lec t rochemica l  process, 



TABLE 30. - - E l e c t r i c a l  c o n d u c t i v i t y  and thermal  -expans ion p r o p e r t i e s  o f  Doped Sn02 and In203 a t  1  0 0 0 ~ ~  

C o e f f i c i e n t  o f  E l e c t r i c a l  (d-c ) 
Thermal x  a n s i o n  (a ) ,  b R e s i s t i v i t y ,  

Form -- 10- I c R- cm References 

C V D  F i l m  

S i n t e r e d  
b a r  

( I n 2 0 3 - 2 . 4 ~ 1 0  Sn02) + 2w/o S i n t e r e d  9.23 

k a o l  i n +  b a r  

I n 2 0 3 - 2 . 4 ~ 1 0  Sn02 CVD f i l m  

* 
Sb.0 i s  t h e  a c t u a l  s t a b l e  SbOx phase under  f i r i n g  c o n d i t i o n s .  

2 4 + 
K a o l i n  added as  a  s i n t e r i n g  a i d .  153 



r e s u l t i n g  i n  severe e l e c t r o d e  p o l a r i z a t i o n .  By i n c o r p o r a t i o n  

o f  a  h i  gh ly-conduct  i n g  p e r o v s k i t e  (e.g., LaNi03, PrCo03, 

e tc . )  i n t o  t h e  In203 cathode s t r u c t u r e ,  however, t h e  e lec -  

t r ochemica l  r e d u c t i o n  o f  oxygen can t a k e  p lace  a t  t h e  twc-phase 

i n t e r f a c e  between t he  a i r  and t h e  cathode, because t he  mixed con- 

d u c t i v i t y  o f  t h e  p e r o v s k i t e  phase now permi ts  ox ide- ion  m o b i l i t y .  

The development o f  a  b e t t e r ,  mixed-conduct ing cathode ma- 

t e r i a l  based on pe rovsk i t e - t ype  ox ides m e r i t s  f u r t h e r  research 

f o r  improv ing  t h e  e l e c t r o n  and mass- t rans fe r  processes d u r i n g  

oxygen reduc t  i on ,  thereby  reduc ing  po l  a r i  za t  i o n  losses. 

2. Sp ine l s  

A number of t h e  s p i n e l  ox ides have been s tud ied  f o r  use as 

MHD e l ec t rodes .  The phys i ca l  p r o p e r t i e s  o f  these m a t e r i a l s  o.t-l? 

presented i n  Tab le  31. I n  general ,  t h e  s p i n e l s  have cons iderab ly  

1  ower e l e c t r i c a l  r e s i s t i v i t i e s  and c o e f f i c i e n t s  o f  thermal expan- 

s i o n  t h a n  perovski tes.133 

A number o f  t h e  s p i n e l s  have e l e c t r i c a l  c o n d u c t i v i t i e s  h i gh  

enough f o r  use as i n te r connec to r  mat.eri'a31 i n  t h e  h igh- temperature 

s o l  i d - o x i d e  f u e l  c e l l .  The bu l k  o f  t h e  sp ine l s ,  however, are 

mixed conductors ,  which W O U ' ~  p r e d i c a t e  aga'nst t h e i r  use f o r  

t h i s  purpose. The c o e f f i c i e n t s  o f  thermal expansion a l s o  are 

l e s s  t han  t h a t  f o r  t he  Zr02 e l e c t r o l y t e .  Only CoCr204 o f  the  

s p i n e l s  o f  Table 31 has been s tud ied  .as a  poss ib l e  i n te r ccn -  

nec to r ,  srid t h a t  was years  ago bei'ur~t! Lt~e improved pe rovsk i t es  

were developed. 156 As might  be expected, t h e  r e s u l t s  were not  

encouraging. 



TABLE 31. - - S e l e c t  p h y s i c a l  p r o p e r t i e s  o f  s p i n e l s  

Cx ide  
.L 

C O C I - ~ O ~  (482  T.D.)' 

CoCr 0 -1 m/o V(64% T.D.) 
. 2 4  

CoCr204-2 m/o V( iO% T.D. ) 

CoCr204-2 m/o Hn 

N i A l  0 -15 m/o Fe304 2 4 
(87% T.D. ) 

Fe 0 -29.5 m/o Co304 3 4 
MgCr204 
14gCr204- 20 m/o Fe304 

MgCr204- 33 m/o Fe304 

MgA1204 :13 m/o Fe304 

(82.7% T.D.) 

C o e f f i c i e n t  o f  
Thermal Expansion (a), 

1 o - ~ / " c *  -- 

7 .28 (25"-1 ,0OO0C) 

E l e c t r i c a l  (d -c  ) 
R e s i s t i v i t y ,  

R-cn~ 
Temp. , 

O C 

-Log Po 
2 

( a tm) References --- 
3.7+ 133,156 

1 4  156 

0.7 156 

0.7 156 

0.7 156 

14 156 

0.7 157 



Oxide 

TABLE 31. - - S e l e c t  p h y s i c a l  p r o p e r t i e s  o f  s p i n e l s  (Cont.  ) 

C o e f f i c i e n t  o f  E l e c t r i c a l  ( d - c )  
Thernaal Expansion (c), ~ e s i s t i v i  t y ,  

l f - 6 / . , ~  * R- c~r. 

FeAl 0 -8 .3  r!o MnAI2O4 - 
2 4 

FeAl 0 -25  m/o Fe304 2 4 9 . 0  (100"-1300°C) 

FeAl 0 - 7 5 . 5  r i / c  Fej04 - 
2 4 0.00E1 

Temp. , 
" C 

-Log P 
O 2 

( a t r )  References 

0.7 ( ? )  164 

* 
I n  a i r .  

. .. 
' T.D = t h e o r l t i c a l  d e n s i t y  
+ 

A i r .  



The he rcyn i  t e  (FeA1204) s p i n e l  s  have t he  lowest  e l e c t r i c a l  

r e s i s t i v i t i e s ,  bu t  a re  l i m i t e d  i n  t h e i r  s t a b i l i t y  under va ry i ng  

reduc ing  cond i t i ons .  The r e s i s t i v i t i e s  o f  these m a t e r i a l s  show a 

s t r u n g  P dependency. A t  low values o f  Po reduc t  i o n  o f  ~ e ' ~  
O2 2 '  

t o  ~ e + ~  increases t h e  concent ra t  i o n  o f  c u r r e n t  c a r r i e r s  v i a  e l  ec- 

t r o n  "hopping" between t h e  two o x i d a t i o n  s ta tes  o f  i r o n .  The 

e q u i l i b r i u m  Po f o r  t h e  var ious  ox ides .of  i r o n  a re  l i s t e d  Sn 
2 

Table 32 f o r  temperatures o f  1306 and 900K. 
-1 6 -18 

A t  a  Po  of 10 t o  10 atm a t  t he  anode o f  a  f u e l  c e l l  op- 
2 

e r a t i n g  a t  1300K . Fe304 would not be s t a b l e  toward reduc t i on  t o  

Fe. Th i s  would r u l e  out  t h e  use o f  Fe 0 - con ta in i ng  mix tu res  as 
3 4 

p o s s i b l e  f u e l  e l ec t rodes  i n  t h e  so.1 i d - e l e c t r o l y t e  f u e l  c e l l .  I n  

comparison a t  900K Fe 0 would 'be  t h e  thermodynamical ly s t a b l e  
3  4 

phase which, i n  theory,  would a l l o w  hercyni te-Fe304 mix tu res  !:o 

be used as anodes i n  t h e  molter l -carbonate f u e l  c e l l .  Even i f  

t h e r e  were no chemical c o m p a t i b i l i t y  problems, i t does not  ap- 

pear  l i k e l y  t h a t  such m a t e r i a l s  would be considered s e r i o u s l y  f o r  

use as fue l  e l ec t rodes  i n  such c e l l s ,  as t h e  e l e c t r - i c a l  r e s i s -  

t i v i t i e s  a re  a t  l e a s t  two o rders  o f  magnitude g rea te r  than  t h e  

n i c k e l  and coba l t  anodes c u r r e n t l y  i~sed.  

Whi l e  severa l  o f  the  Fe304-contai n i n g  oxides have low e lec-  

t r i c a l  r e s i s t i v i t i e s  under reduc ing  cond i t i ons ,  t h e i r  much h ighe r  

va lues under more o x i d i z i n g  c o n d i t i o n s  precludes t h e i r  cons ider-  

a t i o n  as p o s s i b l e  a i r  e lec t rodes  f o r  high-temperature f u e l  c e l l s .  

The thermodynamica l ly -s tab le  ox ide  o f  i r o n  i n  a i r  a t  900 and 

1300K i s  Fe203, which i s  a  poor e l e c t r o n i c  conductor.  



TABLE 32 . - -Equ i l i b r i um Po f o r  i r o n  ox ide  m ix tu res  
2 

Temp., K -Log Po (atm) 
2 

ir 
Thermodynamic da ta  f rom Reference 61 used f o r  c a l c u l a t i o n  purposes. 



I n  shor t ,  none o f  t he  s p i n e l s  of Table 31 appear t o  o f f e r  any 

promise f o r  p o s s i b l e  use i n  t h e  s o l i d - e l e c t r o l y t e  o r  molten- 

carbonate f u e l  c e l l  when compared t o  more s u i  tab1  e, a1 t e r n a t e  

ma te r i a l s .  

3. Zr02-Based Ox ide j  

I n  a d d i t i o n  t o  t h e  perovsk i tes ,  Zr02-based oxides a l s o  have 

rece i ved  cons iderab le  a t t e n t  i o n  f o r  use as MHD e l ec t rodes  because 

o f  h igh- temperature s t a b i l i t y  o f  Zr02. However, s ince  i t  i s  an 

i o n i c  conductor,  doping w i t h  var ious  ra re -ea r th  ox ides (ma in ly  

Ce02) i s  necessary t o  i m p a r t  t he  des i r ed  e l e c t r o n i c  conduc t i  v- 

i t y  and t o  avo id e l e c t r o l y s i s  problems. The phys i ca l  p rope r t  i e s  

o f  Zr02-based ox ide systems examined f o r  MHD e lec t rodes  are pre 

sented i n  Table 33. 

Compared t o  t he  pe rovsk i t es  and sp ine l s ,  t h e  Zr02-based 

ox ides  have e l e c t r i c a l  r e s i s t i v i t i e s  w h i c h  s r e  cons ide rab l y  

h igher .  These m a t e r i a l s  a1 so e x h i b i t  mixed cond~ l c t i on ,  which i s  

dependent upon t he  Po2 o f  t h e  surrounding atmosphere. I n  

many cases, t he  i o n i c  t r a n s p o r t  numbers vary  cons iderab ly  w i t h  

temperature.  162 Except f o r  Y203-doped Zr02-- the 

p r e f e r r e d  so l  i d  e l e c t r o l y t e  f o r  h i  gh-temperature f u e l  c e l l  use-- 

t h e  ox ides of Table 33 do not appear t o  have s u i t a b l e  a p p l i c a t i o n  

i n  e i t h e r  t h e  so l  i d - e l e c t r o l y t e  o r  t h 2  ten-carbonate f u e l  c e l l  

The e l  ec t  r i c a l  and Lher~r~a l  expansi1:)n ;.jr-npert i e s  are not cornpat- 

i b l e  w i t h  t he  requirements o f  t he  e l ec t rode  o r  in te rconnec to r .  

MHD INSULATOR MATERIALS 

A number of m a t e r i a l s  have been examined f o r  use as i n t e r e l e c -  

t r o d e  i n s u l a t o r s  i n  t h e  MHD channel. Genera l ly ,  they  have been t he  

r e f r a c t o r y  ox ides o r  ox ide  composites. Because they  are i n s u l a -  



TABLE 33. - - S e l e c t  p h y s i c a l  p r o p e r t i e s  o f  ZrOjbased o x i d e  systems 

Oxide 

ZrO -78 m/o Ce02- 
2 $0 T ~ ~ o ~  

C o e f f i c i e n t  o f  
~ ~. 

Thermal Exparp ion  (a), 
1 0 - 6 1 " ~  

E i e c t r i 4 c a l  ( d - c )  
R e s i s t i v i t y ,  

R- cm 
Temp. , 
" C 

Log P 
O2 

(atm> 

c.? 
0.7 

6 

6 

0.7 

0.7 

0.7 

0.7 

6 

6 

0 .7  

0.7 

0.7 

6 

6 

0.7 

0.7 

6 

6 

0.7 

References 

4,165 

165 
165 

165 

166 

166 

165,167 

165,167 

165,167 

165,167 

166 

166,167 

165,167 

165,167 

165,167 

165,167 

165,167 

165,167 

165,167 

165,167 



Oxide 

TABLE 33. - -Sei  e c t  p h y s i c a l  p w p e r t i e s  o f  Zr02-based o x i d e  systems (Cont inued)  

C o e f f i c i e n t  o f  E l e c t r i c a l  ( d - c )  -Log Po 
Thermal Exptns ion  ( u )  , R e s i s t i v i t y ,  Temp. , 2 

110-6/ o c  - R-cm " C (a tm)  

ZrC,-10 m/o La, 0 -10 mjo  Ce02 - 
L 2 3 

Zr0,-20 m/o La 0 -10 mjo  Ce02 - 
L 2 3 

ZrC?-10 m/o La203-20 mi0  Ce02 - 
L 

References 

w - - 
m PO ZrO,- L 5 m/o La. 2 0 3 -1 5 mio  Ce02 7 9 1,027 0.7 
I - ' -  

138 
I 

~r0 , -10  m/o N ~ , D ~ - ~ O  m/o CeO, 28 1,027 0.7 138 
L - 

Zr0,-10 m/o rid 0 -20 o io  C?02 - 0.7 138 2 3 
48 1,027 

ZrCl,>-20 m/o Nd 0 -20 m i o  Ce02 - 0.7 138 2 3 6 3 1,027 

* 
In  a i r  

+ 
A i r  



t o rs ,  these m a t e r i a l s  would have no a p p l i c a t i o n  as a c t i v e  components 

i n  t he  s o l i d - e l e c t r o l y t e  fuel  c e l l .  - They would have p o t e n t i a l  use, 

however, as t i l e  candidates i n  t he  molten-carbonate f u e l  c e l l .  A 

1 i s t i n g  o f  m a t e r i a l s  used f o r  considered as MHD e lec t rode  i nsu la to rs  

i s  presented i n  Table 34. 

A1 1 these m a t e r i a l s  have me1 t i n g  po in t s  ( o r  d i s s o c i a t i o n  temper- 

atures, f o r  t h e  n i t r i d e s )  above 1 5 0 0 ~ ~ ;  there fore ,  no problems are 

a n t i c i p a t e d  i n  t h e i r  p o t e n t i a l  use as t i l e s  i n  the  molten-carbonate 

f u e l  c e l l  a t  600' t o  7 5 0 ~ ~ .  The e l e c t r i c a l  r e s i s t i v i t i e s  a t  lOOOoC 

a r e  more than adequate f o r  t i l e  use, a l so  being genera l l y  greater  

3 than  10 R -cm. The pr imary area of concern regarding the  s u i t a b i  1 ity 

o f  the  m a t e r i a l s  o f  Table 34 f o r  t i l ' e  use i s  t h e i r  chemical and 

e lect rochemical  compat i b i  1 i ty w i t h  the  carbonate me1 t. 

Both BN and Si3N4 s u f f e r  from low res is tance t o  moisture, which 

would reduce t h e i r  usefulness as t i l e s  a t  the  fue l  e lec t rode side. 

Over l ong  per iods o f  c e l l  operat ion, ox ida t i on  o f  S i  N could occur 
3 4 

s l o w l y  a t  the  cathode s ide of the fue l  c e l l .  This ox ida t i on  would be 

acce lera ted  by the f l u x i n g  ac t io r !  o f  the  basic  carbonate sol u l  iur~ .  

These p o t e n t i a l  problems appear t o  r u l e  out the use o f  BN and Si3N4 

as t i l e s .  S i02-conta in ing  ma te r ia l s .  such as SiAlON, 3A1 0 . 2Si02, 2 3 

and 2Mg0.2Si02 do not  appear s u i t a b l e  f o r  t he  use, as we l l ,  because 

o f  the  r e a c t i v i t y  o f  the  S i O p  p o r t i o n  o f  these ceramics w i t h  the 

molten carbonate t o  form s i  1 i c a t e  ; 

MgO has been used i n  the  past i n  s i n t e r e d  form as t i l e  mater ia l  

and i n  powdered form t o  form a paste fo r  contai.nment o f  the  carbon- 



TABLE 34.--Materials used or csnsidered for MHD electrode Insulators 

Material Reference ' ' 

Nitrides 

BN 2,168,169 

Si3N4 2,138 

SiAlON : 1,162 

Perovs ki tes 

Spinel s 
. . a  

Other Oxides 



a t e  e lec t ro ly te .69  The MgO was not s u f f i c i e n t l y  i n e r t ,  however, f o r  

l o n g  c e l l  l i f e t i m e s .  Work a t  the  Nat iona l  Bureau of Standards has 
137 

shown t h a t  MgO forms a  e u t e c t i c  w i t h  K2C03 a t  2  m/o and 896'~. 

MgA1204 sp ine l  (MgO combined w i t h  A 2 % )  has shown good res i s -  
175 

tance  t o  molten coal  slag-seed mixtures. MgA1204 r e c e n t l y  was ex- 

amined by .General E l e c t r i c  Company as a  poss ib le  t i l e  ma te r i a l  i n  

p a r t  o f  i t s  molten-carbonate research program. Powdered MgAl 0  ap- 
2  4  

peared t o  reac t  w i t h  a  mel t  o f  62 m/o Li2C03-5C03 a t  6 4 0 ' ~  i n  a  

C02-enriched a i r  atmosphere a f t e r  two hours. The f o l l o w i n g  re- 

a c t i o n  was presumed t o  occur :  

(27) MgA1204(s) + Li2C03(2) + MgO(s) + 2  LiAIOq(s ) + C02(g) 

T h i s  was conf irmed by  X-ray d i f f r a c t i o n  ana lys i s  o f  t he  sample 

a f te rward ,  which showed the  presen.ce o f  LiA102and the  absence o f  

MgAl ,04. 

These r e s u l t s  a re  somewhat su rp r i s i ng ,  as t h e  ca l cu la ted  f ree  

energy o f  r e a c t i o n  f o r  equat ion 27 i s  +21,608 cal /mole MgA1204 a t  

6 1  
900K. This  corresponds t o  an egui l  i b r i u m  r.nn<t:ant o f  on ly  5.65 x 

- 6 
10 , which approximated the P ( i n  atm) f o r  t h i s  react ion.  The 

02 
Po was no t  s p e c i f i e d  f o r  t he  t e s t ,  but  was c e r t a i n l y  greater  than 

2  

t h e  above value, which should have prevented r e a c t i o n  (26) from 

t a k i n g  place. As no l i n e s  o f  MgO were repor ted i n  t he  d i f f r a c t i o n  

pa t te rn ,  perhaps t h e  reac t i on  which a c t u a l l y  occurred was not t he  one 

w r i t t e n  i n  equat ion (27); t h i s  could e x p l d i r ~  the apparent discrep- 

ancy between the  observed and p red i c ted  behavior o f  MgA1204 w i t h  the  

carbonate melt .  Other a l ka l i ne -ea r th  sp ine l s  o f  A1203 may be more 

co r ros ion  r e s i s t a n t  t o  the  carbonate me1 t. 



S i m i l a r  cor ros ion  t e s t s  i n  the  L iz  CO3-I(L CO3 e u t e c t i c  are cur- 

r e n t l y  underway a t  MERDI , wi th  nonsto ichiometr ic  M'gA1204 sp ine ls  as 

w e l l  as o ther  candidate t i l e  ma te r ia l s  as pa r t  o f  the  cur rent  fuel 

c e l l  contract .  ." I n  the  MERDI t e s t s ,  however, h igh-densi ty  ckuci b'les 

o f  t h e  t e s t  ma te r ia l s  are being used i n i t i a l l y  i n  an atmosphere o f  

C02 a t  a temperature o f  727'~. (Subsequent t e s t s  w i t h  powdered 

samples are  planned also.) Pre l im inary  t e s t s  w i t h  c ruc ib les  of pure 

MgO, 65 m/o MgO-A1 0 35 m/o MgO-A1 0 and MgAl 0 i nd i ca te  t h a t  
2 3' 2 3 '  2 4' 

t h e  cor ros ion  r a t e  i s  lowest when nonsto ichiometr ic  MgAb O 4  sp ine ls  

a re  employed; i.e., when e i t h e r  excess A1203 o r  MgO i ,s  present. 
80 

The disagreement between t e s t  r e s u l t s  by General E l e c t r i c  and MERDI 

on t h e  cor ros ion  behavior o f  MgA1204 i s  probably a r e s u l t  o f  the 

h igh-dens i ty  samples used i n  the  l a t t e r  case. F i n e l y  d i v ided  A1203, 

f o r  example, i s  q u i t e  r e a c t i v e  t o  molten carbonate wh i l e  high-density 

A1203 i s  r e l a t i v e l y  i ne r t .  

Zr02 has been examined as a support ma te r ia l  f o r  t h e  molten- 

carbonate fuel c e l l ,  but was found t o  e x h i b i t  a chemical s t a b i l i t y  

which was dependent upon the  P . This could cause problems dur ing  
O2 

actual  f u e l  c e l l  operat ion. 6 9 

While data f o r  t h e  chemical c o m p a t i b i l i t y  o f  Tho2 w i t h  molten 

carbonates do not appear t o  have been publ'ished, i t s  r a d i o a c t i v i t y  

would make it less  than des i rab le  f o r  t i l e  use. 

No cor ros ion  data on molten carbonates was found f o r  t h e  re- 

maining oxides o f  Table 34. The hafnates and zirconates, however, 

would appear t n  be promising t e s t  candidates f o r  e lec t ro ly te-suppor t  

mater ia ls ,  as they would be t h e  f i n a l  products o f  reac t i on  between 



t h e  parent  ox ides (Hf02 and Zr02) and t h e  carbonate melt. This i s  

analogous t o  t h e  present use o f  LiA102 f o r  t i l e s  i n  t he  molten- 

carbonate c e l l  by reac t i on  of A1203 and Li2C03. 64 Once the  LiA102 

has formed, f u r t h e r  r e a c t i o n  does not occur. Thus, molten-carbonate 

c o r r o s i o n  s tud ies  of the  a1 k a l  i ne-earth z i rconates  and hafnates ap- 

pear meri ted. 

The p r e f e r r e d  mol ten-carbonate e l e c t r o l y t e  i s  an eu tec t  i c  

m i x t u r e  o f  62 m/o Li2C03 and 38 m/o K2CO3, w i t h  a me l t i ng  po in t  o f  

491°c. 64 There i s  t he  p o s s i b i l i t y  o f  metathesis reac t ions  tak ing  

p lace between z i rconates,  f o r  example, and t h e  components o f  the 

mol ten-carbonate me1 t: 

(28) MZr03(s) + Li2C03(g) +Li2Zr03(s)  + MC03(s) 

where M i s  qn a l k a l i n e - e a r t h  metal. A t  f u e l  c e l l  temperatures 9 f  

670°C, t h e  a1 k a l  i ne -ea r th  carbonate would begin t o  deconlpr~s~ 

(29) MC03(s)' MO(s) + C02(g) , 
so t h a t  a m ix tu re  o f  a l ka l i ne -ea r th  oxide and a l k a l i  z i rconate  would 

r e s u l t .  There i s  considerable quest ion, however, as t o  t h e  s t a b i l i t y  

and sol u b i  1 i ty of a1 k a l  i z i r c n n a t ~ z  i n  the  mol t c n  carbonate ei1v-i r.ur~- 

ment. I f  stable,  s o l i d  r e a c t i o n  products are formed, the r a t e  o f  

c o r r o s i o n  may slow o r  stop a f t e r  a shor t  per iod  o f  time, so t h a t  even 

s l i g h t l y  r e a c t i v e  oxides may be s u i t a b l e  f o r  e lec t ro l y te -suppor t  use. 

TiOp, l i k e  the  o ther  d iox ides  o f  t he  t i t a n i u m  fami ly ,  formes uxy- 

anion complexes w i t h  basic  oxides, The t i t a n a t e s  d i f f e r  from the  

z i r cona tes  and hafnates, however, i n  t he  ease i n  which lower-valent 

t i t a n i u m  i s  formed. Zr02 and Hf02 do not  form s t a b l e  lower oxides 

l lnder normal circurn&ances. FormdC.iun o f  ~i +3 under reduci  ng con- 



d i t i o n s  would i n t r o d u c e  unwanted e l e c t r o n i c  c o n d u c t i v i t y  i n t o  t h e  

o x i d e  by e l e c t r o n  exchange between ~ i + 3  and ~ i + 4  i n  t h e  c r y s t a l  
176 

l a t t i c e .  Reduced SrTiO f o r  example, i s  semiconducting. 
3  ' 

Thus, f o r  good i n s u l a t i n g  p r o p e r t i e s  under t h e  Po2 g rad ien t  t o  

wh ich  t h e  t i l e  i s  exposed d u r i n g  normal f u e l  c e l l  opera t ion ,  oxides 

wh ich  . r e a d i l y  assume m u l t i v a l e n t  o x i d a t i o n  s ta tes  should be avoided. 

T h i s  would i n c l u d e  oxides o f  T i ,  V, Nb, C r ,  Mo, W, Mn, and Sn--a l l  o f  

which form oxyanion compounds. Except f o r  t h e  t i t a n a t e s ,  n iobates,  

and some stannates,  these oxyanion compounds have l i m i t e d  thermal 

s t a b i  1 i ty  as we1 1. 

C a l c u l a t i o n  o f  t he  e q u i l i b r i u m  Po2 f o r  t h e  Ti&-Ti02 

coup le  y i e l d s  a  va lue o f  2.1 x  atm a t  9 0 0 ~ . ~ l  S i m i -  

, l a r l y , .  Po2 f o r  t h e  Nb02-Nb205 coup le  i s  found t o  be 3 . 4  x  

atm. This  would i n d i c a t e  t h a t  t h e  lower  ox ides o f  t i t a n -  

ium and n iob ium would no t  be s t a b l e  a t  t h e  PO2 o f  10 - l 6  atm 

expected a t  t h e  f u e l  e lec t rode .  However, t h e  p r o b a b i l i t y  o f  t h e  for -  

ma t i on  o f  oxygen vacancies under reduc ing  c o n d i t i o n s  i s  h igh,  and 

t h i s  l i k e w i s e  would reduce t h e  i n s u l a t i n g  q u a l i t i e s  o f  these mater- 

i a l s  and make them l e s s  s u i t a b l e  as cndidates f o r  t i l e s  i n  t h e  mol ten 

carbonate f u e l  c e l l .  

I n  comparison, tan ta lum does no t  form lower  oxi'des, even lunder 

seve re l y  reduc ing  cond i t i ons .  Thus, a1 k a l  i n c - e a r t h  and p o s s i b l y  

a l k a l i  t a n t a l a t e s  may i n s u l a t e  s u f f i c i e n t l y  t o  m e r i t  c o n s i d e r a t i o n  as 

e l  e c t r o l y t e - c o n t a i  nment ma te r i  a1 . 
Other pe rovsk i t es  p o t e n t i a l l y  s u i t a b l e  f o r  t i l e  use a re  t h e  ra re -  

e a r t h  aluminates. As w i t h  t he  z i r cona tes  and hafnates,  t h e r e  i s  t h e  

poss i  b i  1  i t y  o f  meta thes is  r e a c t i o n s  o c c u r r i n g  

(30)  2 L a A l O ~ ( s )  + Li2CO3(%) + 2LiA102(s)  + La203(s) + C02(g) 



Lacking thermodynamic data fo r  LaA103, however, i t  i s  not poss ib le  t o  

c a l c u l a t e  i f  t h e  A $  of r e a c t i o n  i s  favorab le  o r  not. Thus, d i r e c t  

exper imenta l  t e s t i n g  o f  these m a t e r i a l s  i s  necessary t o  determine 

compati b i  1  i ty w i t h  molten carbonates. 

It i s  important  t o - n o t e  t h a t  t he  r a t e  of co r ros ion  of ceramics by 

mol ten  carbonates' can be accelerated g r e a t l y  i n  t he  presence of an 

a p p l i e d  d-c f i e l d .  A mate r ia l  which may be apparent ly  i n e r t  t o  the 

mol ten  carbonate under emf-free cond i t i ons  can experience c a t a -  
177 

s t r o p h i c  f a i l u r e  i n  t h e  presence o f  an imposed emf. The cor ros ion  

r a t e  o f  MgO i n  mol ten K2S0 4, f o r  exampie, i s  increased by two orders 

o f  magnitude i n  t h e  presence o f  an app l ied  d-c f i e l d .  178 ~ h u s ,  any 

r e a l i s t i c  screening program f o r  ma te r i a l  c o m p a t i b i l i t y  w i t h  the  

mol ten-carbonate e l  e c t r o l y t e '  should incorpora te  t e s t  i ng i n  the  pres- 

ence o f  an app l i ed  emf o f  magnitude comparable t o  t h a t  expected under 

t y p i c a l  f u e l  c e l l  opera t ing  condi t ions.  



SUMMARY AND CONCLUSIONS 

I. SOL ID-ELECTROLYTE FUEL CELL 

A. E l e c t r o l y t e  

A number o f  ox ide- ion conductors were evaluated as  s o l i d  

e l e c t r o l y t e  t o  e s t a b l i s h  a reference po in t  f o r  comparison o f  o ther  

compat ib le ma te r i a l s  f o r  a n c i l l a r y  components i n  t he  high-temperature 

s o l  id -ox ide  fue l  c e l l .  It was concluded t h a t  Zr02-10 m/o Y203 i s  the  

p r e f e r r e d  e l e c t r o l y t e  f o r  use i n  t he  fuel c e l l  a t  a  temperature o f  

1000°C, as it has been s tud ied  the  most ex tens i ve l y  f o r  t h i s  app l i -  

c a t i o n  and i t s  long-term behavior under f u e l  c e l l  cond i t ions  i s  de- 

f i n e d  more completely. 

A number o f  o ther  oxides, such as doped-Ce02 and subs t i t u ted  

perovsk i tes  (e.g., a1 uminates, t i  tanates, and b i  smuthates) show con- 

s ide rab le  promise f o r  use as s o l i d  e l e c t r o l y t e s  a t  temperatures as 

low as 700'~. Add i t i ona l  research i s  needed, however, before these 

mixed conductors can equal Y203-stabi 1 i zed Zr02 i n  e lect rochemical  

performance. A t  such time, the MHD 1 i t e r a t u r e  can be re-eval uated t o  

i d e n t i f y  ma te r i a l s  compati b l e  f o r  use w i t h  these improved oxides. 

B. In te rconnector  -" . . ...- - ... . 

A v a r i e t y  o f  MHD-el ect rode mater i  a1 s were exarni ned f o r  poss ib le  

use as in te rconnectors  i n  the  s o l i d - e l e c t r o l y t e  f u e l  c e l l .  The car- 

b ides,  n i t r i d e s ,  s i l i c i d e s ,  and Sorides are not s u i t a b l e  because of .  

t h e i r  poor ox ida t i on  res is tance a t  the  a i r  s ide o f  the  in terconnector .  

The bulk  o f  t he  sp ine l s  examined a.re mixed conductors and exhitbi t  

a  s t rong P dependence i n  e l e c t r i c a l  conduc t i v i t y ,  which makes them 
O 2 



u n s u i t a b l e  f o r  in te rconnector  use. Only CoC? O 4  has been studied as 

an in te rconnector ,  and i t s  performance was not e n t i r e l y  sa t is fac tory .  

The e l e c t r i c a l  p r o p e r t i e s  o f  Z r O  -based oxides a lso  do not meet the 
2  

i nterconnector  requirements Of t h e  perovski  tes ,  Mg- and Sr-doped 

LaCr A1 0 have t h e  best o v e r a l l  physical  p rope r t i es  f o r  use as 
1-x x  3 

i.nterconnectors. West i nghouse p resen t l y  . i s  us ing  the  composi t i or., 

La 0 as the  in te rconnector  i n  t h e i r -  t h i t l - f i  l r : ~  
0. 95Mg0.~5Cr~.75 A10.25 3  

s o l  i d - e l e c t r o l y t e  ba t te ry ,  because i t s  c o e f f i c i e n t  o f  thermal e x p n -  

s i o n  i s  compat ib le w i t h  t h a t  o f  the 5 0 j s tab i l  i zed  Z r O  e lec t  v*n'iy?.e 2 

and i . t s  e.lectr.i'ca1 p rope r t i es  are not s i g n i f i c a n t l y  temperatgre ?:id 

P dependent. 
02 

C. Cathode 

. . 
As was noted f o r  t he  in te rconnector ,  carbides, :.% ;.- 

~ i d e s ,  and. bor ides  are not s u i t a b l e  fo r  use as cathodes becausc: of 

t h e  incompat ib le oxidi .z. ing environment . However, a number o f  ti!? 

r a r e - e a r t h  n i c k e l  &es, cobal t a tes ,  and manganates, have been oper- 

a ted  successful  l y  as a i r  e lect rodes i n  sol i d - e l e c t r o l y t e  f u e l  ce'l 1 s. 

These ~ t la te r i 'a ls  have adequate e l e c t r i c a l  conduct iv i t .y ,  bu t  t h e i r  - 

thermal expansion p rope r t i es  do not match those o f  Y203-s tab i l i zed  

Zr02. These pe rovsk i te  mixed-conductors are best used i n  t he  s o l i d -  

e l e c t r o l y t e  f u e l  c e l l  by i nco rpo ra t i on  i n t o  the  a i r  e lec t rode t o  in -  

crease oxygen i o n  rnobi 1  i t y  and thus reduce cathode p o l a r i z a t i o n .  

Sr-doped, Cr-subst i t u t e d  YFe03 has e l e c t r i c a l  and thermal- exp8.n- 

s i o n  p rope r t i es  which appear promis ing as a  p o t e n t i a l  cathode ma- 

t e r i , a l .  The expected h igh  m o b i l i t y  o f  i r on ,  however, may pose chem- 

ica.1 c o m p a t i b i l i t y  problems w i t h  the  e l e c t r o l y t e  o f  the  f u e l  c e l l  



ove r  l o n g  per iods  o f  operat ion.  

None o f  t he  s p i r e l s  and Zr02-based oxides examined appear s u i t a b l e  

f o r  use as cathodes when compared t o  t h e  c u r r e n t  cho ice  o f  Sn-doped 

D. Anode 

Me ta l s  and non-oxide ceramics appear t o  have t he  best promise . fo r  

use i n  t h e  s o l i d - e l e c t r o l y t e  f u e l  c e l l  as anodes. 

1. Meta ls  

O f  t h e  meta ls  used f o r  MHD e l ec t r cdes ,  n i c k e l  and cobaq t and 

perhaps some o f  t h e i r  a1 l o y s  would be s u i t a b l e  f o r  use as anodes 

i n  t h e  s o l i d + l e c t r o l y t e  f u e l  c e l l .  These m a t e r i a l s  are be ing 

used a l ready  f o r  t h i s  a p p l i c a t i o n  i n  t h e  form o f  Zr02-metal cer-  

mets. 

2. Non-Oxide Ceramics 

Table 35 1  i s t s  t h e  best  non-oxide ceramics i n  each categoi-y 

f o r  .key m a t e r i a l s  p r o p e r t i e s  ( e l e c t r i c a l  c o n d ~ c t i v i t y ,  thermal 

expansion, and thermodynamic s t a b i  1  i t y  toward ox ida t  i o n )  f o r ,  corl- 

s  i d e r a t  i o n  as anode components i n  t h e  so l  i d - e l  e c t r o l y t e  f u e l  

c e l l .  No s i n g l e  compound i n  each ca tegory  meets a1 1  o f  t h e ,  key 

m a t e r i  a1 s  p r o p e r t i e s  requ i  rements necessary f o r  optimum anode use 

The non-oxide ceramics have t h e  bes t  p o t e n t i a l  f o r  u t i l i z a t i o n  i n  

t h e  fo rm o f  composites o r  m ix tu res  w i t h '  o the r  ceramics o r  meta ls  

(e.g., n i c k e l ) .  These m a t e r i a l s  o p t i m a l l y  would be used t o  re- 

p l a c e  a  p o r t i o n  o f  t h e  Zr02  i n  t h e  Wi-Zr02 cermet anode c u r r e n t l y  

used i n  o rde r  t.o inc rease  the e l e c t r i c a l  c o n d u c t i v i t y .  The s i l i -  

c i d e s  o f f e r  t h e  most promise, as they  a re  g e n e r a l l y  b e t t e r  con- 



TABLE 35.--,Possible non-oxide ceramics f o r  anode use i n  t h e  s o l i d  e l e c t r o l y t e  fue l  c e l l  as r e l a t e d  t o  
key m a t e r i a l  s p r o p e r t i e s  

C o e f f i c i e n t  o f  Thermodynamical l y  S tab le  
Thermal Expansion Thermodynamically Toward Formation o f  

H i g h l s t  E l e c t r i c a l  Compatible w i t h  Stab1 e Toward Formati,on Lowest Stab1 e Suboxide 
C m d u c t i  v i  tg  Z r O ,  E- e c t r o l  y t e  of H ighest  Oxide a t  1300K 

L 
a t  1300K 
- 

WC, 'TaC C r 3 C 2  None (high-C02 gas ) .  None (high-C02gas) 
+ 

VC,  bJC (low-C02 gas) NbC ,WC ( 1  ow-C02gas) 

Mo2N, T iN TiN, VN. NbN, Cr2N VN, V2PI None 

I 

F - NbSi,, TaSi2, i S i ? ,  T i S i 2  
4 N w ';3 L Ti5Si3 ,  T i S i ,  T i S i 2 ,  V2Si, Mo5Si, MogSi, 

V5Si,, - Y S i 2 ,  NbSi2, . Mo3Si, W g S i , ,  d Fe,Si .2 , 

ZrE, ZrB2, HfB, HfB2 ScB2. CrB2 Mo2B, W2B, WB 

* 
L u r g i  g a s i f i e r  (See Table 10) .  

None 

+ 
Combustion e.ngineering g a s i f i e r  (see Table 10'). 



duc to rs  and a  l a r g e r  number meet t h e  othe:. two key anode re-  

q u i  rements. 

3. Oxide Ceramics 

The ox ide  ceramics a re  no t  cons idered compe t i t i ve  w i t h  t he  
. . 

non-oxide ceramics f o r  anode use because t h e i r  e l e c t r i c a l  r e s i s -  

t i v i t i e s  are o rde rs  o f  magnitude g rea te r .  

I I. MOLTEN-CARBONATE FUEL CELL 

A. Cathode 

The a i r  e l e c t r o d e  i n  t h e  mo;ten-carbonate f u e l  c e l l  i s  exces- 

s i v e l y  o x i d i z i n g  f o r  t h e  p o s s i b l e  use o f  carb ides,  n i t r i d e s ,  s i l i -  

c ides ,  and bor ides.  Perovsk i tes ,  such as t he  ra re -ea r th  n i c k e l a t e s ,  

coba l t a tes ,  and manganates o f f e r  promise i n  t h i s  area, however. Cor- 

r o s i o n  s tud ies  o f  these m a t e r i a l s  i n  mol t e n  carbonates f i r s t  are nec- 

essary t o  a s c e r t a i n  chemical c o m p a t i b i l i t y .  Reduct ion i n  t h e  i o n i c  

component o f  e l e c t r i c a l  c o n d u c t i v i t y  by m o d i f i c a t i o n  o f  t he  chemical 

compos i t ion  then would be mer i t ed  f o r  t h e  more p romis ing  ma te r i a l s .  

None o f  t h e  s p i n e l s  o r  ZrO7-based ox ides evaluated have s u i t a b l e  e l -  .- 

e c t r i c a l  p r o p e r t i e s  f o r  use as cathudes. 

B. Anode 

Meta ls  and non-oxide ceramics appear t o  have t h e  bes t  prorsise Fur. 

use i n  t h e  molten-carbonate f u e l  c e l l  as anodes. 

1. Meta ls  

O f  t h e  meta ls  used f o r  MHD e lec t rodes ,  n i c k e l  and c o b a l t  and 

perhaps some o f  t h e i r  a l l o y s  would be s u i t a b l e  f o r  use as anodes 

i n  t h e  so l  i d - e l e c t r o l y t e  f u e l  c e l l ,  and are i n  use a l ready  f o r  



t h i s  app l i ca t i on .  

2. Non-Oxide Ceramics 

Except f o r  t h e  thermal-expansion data, the  proper t ies  1 i s t e d  

i n  Table 35 would be app l i cab le  equa l ly  f o r  eval;ating non-oxide 

ceramics f o r  anode use i n  t h e  molten-carbonate f u e l  c e l l ,  except 

t h a t  t h e  temperature would be 900K ins tead  o f  1300K. The ther -  

modynamic s t a b i  1 i ty  o f  non-oxide ceramics toward ox ida t  i o n  i s  i n -  

creased a t  900K, so more ma te r ia l s  can be considered s u i t a b l e  

f o r  anode use. There i s  some question, however, as t o  the  chemi- 

c a l  compati b i  1 i t y  o f  these mate r ia l s  w i t h  the  molten carbonate. 

The carb ides  are supposedly so lub le  under vacuum and t h e  n i t r i d e s ,  

s i l i c i d e s ,  and hor ides a lso  are sa id  t o  be reac t ive ,  but perhaps 

o n l y  under o x i d i z i n g  condi t ions.  Corrosion in format ion  i s  needed 

under a f u e l  -gas environment before f i n a l  conclusions can be 

drawn regard ing t h e  o v e r a l l  s u i t a b i l i t y  o f  the  non-oxide ceramics 

as anodes o r  anode cons t i t uen ts  i n  mol ten-carbonate fue l  c e l l  s. 

3. Oxide Ceramics 

'Ihe oxide ceramics are not considered l i k e l y  candidates f o r  

anodes i n  t h e  molten-carbonate f u e l  c e l l  because o f  h igh  elec- 

t r i c a l  r e s i s t i v i t i e s ,  r e l a t i v e  t o  more s u i t a b l e  a l t e r n a t e  ma- 

t e r i a l s  (e.g., n i c k e l ) ,  and chemical- compat ib i l  i t y  problems w i t h  

t h e  e l e c t r o l y t e .  

C. E l e c t r o l y t e  Support 

The mate r ia l s  u t i l  i zed  as MHD i n t e r e l e c t r o d e  insu la to rs  are best 

s u i t e d  at  e l  ec t ro ly te-suppor t  t i  1 es f r l  the  mol ten-carbonate f u e l  ce l l .  

N i t r i d e s  such as BN and s ~ ~ N ~  s u f f e r  from low res is tance t o  water 



vapor, w h i l e  S i O T r i c h  m a t e r i a l s  a re  r e a c t i v e  w i t h  t h e  e l e c t r o l y t e .  

MgO has been used a l ready  as t i l e  m a t e r i a l  but  has an unacceptable 

s o l u b i l i t y  i n  t h e  mol ten carbonate. M a t e r i a l s  which appear promis ing 

f o r  sc reen ing  as t i l e  m a t e r i a l s  inc lude :  a l ka l i - ne -ea r th  hafnates and 

z i r cona tes ,  1  i t h i u m  and a1 k a l  i ne -ea r th  t a n t a l a t e s ,  and r a r e - e a r t h  

a luminates.  The corresponding t i t a n a t e s  and n ioba tes  a re  l e s s  prom- 

i s i n g  candidates. 
. . 

111. FUTURE RESEARCH 

To eva lua te  p r o p e r l y  t h e  many p romis i  ng MHD m a t e r i  a1 s del  i neated 

i n  t h i s  r e p o r t  f o r  u t i l i z a t i o n  i n  h igh- temperature f u e l  c e l l s  w i l l  

r e q u i r e  an exper imenta l  research e f f o r t  t o  v e r i f y  t he  p r e d i c t e d  ' s u i t -  

a b i l i t y  o r  n o n s u i t a b i l i t y .  

A. Bas ic  I n f o r m a t i o n  

There are major  d isc repanc ies  i n  t he  pub l i shed  l i t e r a t u r e  f o r  re-  

s i s t i v i t y  da t 'a : fo r  many o f  t h e  non-oxide ceramics. '1n a  number o f  
. ~ 

cases, t h e r e  i s  1  i t t l e  re1  i a b l e  i n f o r m a t i o n  rega rd ing  e l  e c t r i c a ' l  

p r o p e r t i e s  a t  e l eva ted  temperatures. I t  i s  f e l t  t h a t  t h i s  i s  due, i n  

1  arge p a r t ,  t o  poor c h a r a c t e r i z a t i o n  (e.g., ana l ys i s )  o f  t h e  samples. 

R e l i a b l e  da ta  on t h e  e l e c t r i c a l  r e s i s t i v i t i e s  o f  non-oxide cer-  

amics a t  temperatures o f  700' t o  1000°C would be h e l p f u l  i n  con- 

f i r m i n g  t h e  p r o j e c t e d  s u i t a b i l i t y  o f  these m a t e r i a l s  f o r  use i n  high- 

temperature f u e l  c e l l  s, based on p r e s e n t l y  ava i  1  ab le  in fo rmat ion .  

Fac to r s  which must be cons idered i n  such research are method o f  prep- 

a r a t i o n  (e.g., chemical syn thes is ,  CVD, r-f s p u t t e r i n g ) ,  and s to i ch -  

iometry ,  and p u r i t y  o f  the  prepared m a t e r i a l .  Such research cou ld  



serve  t o  r e s o l v e  e x i s t i n g  d isc repanc ies  i n  pub l i shed  values of re-  

s i s t i v i t y  and would a i d  i n  t h e  f o r m u l a t i o n  o f  b e t t e r  candidate ma- 

t e r i a l s  f o r  use i n  h igh- temperature f u e l  c e l l s .  

B. S t a b i l i t y  Toward O x i d a t i o n  

K i n e t i c  f a c t o r s  can prevent  p r e d i c t e d  o x i d a t i o n  r e a c t i o n s  from 

o c c u r r i n g  a t  s i g n i f i c a n t  o r  measurable ra tes.  R e l i a b l e  data a re  

needed f o r  t h e  k i n e t i c s  of o x i d a t i o n  and t h e  s t a b l e  products  formed 

d u r i n g  o x i d a t  i o n  under t y p i c a l  fue l -gas  c o n d i t i o n s  o f  anode m a t e r i a l s  

such as carb ides ,  n i t r i d e s ,  s i l i c i d e s ,  bor ides ,  and t h e i r  composites. 

A temperature range o f  700" t o  1000°C would be rep resen ta t i ve  o f  both 

t h e  mol ten-carbonate and s o l  i d -ox ide  h igh- temperature f u e l  c e l l s .  

C. Chemical and E lec t rochemica l  C o m p a t i b i l i t y  

Any new promis ing  m a t e r i a l  cons idered f o r  i n c o r p o r a t i o n  i n t o  com- 

ponents o f  t h e  h igh- temperature f u e l  c e l l s  must pass a chemical com- 

p a t i b i  1 i t y  t e s t .  Th i s  i s  espec ia l  l y  impor tant  f o r  non-oxide ceramic 

cermets cons idered f o r  anodes. A t  t h e  anode, t he  p o s s i b i l i t y  of a l -  

l o y  and in te rmeta l l i c -compound f o rma t i on  should be examlned as a 

f u n c t i o n  o f  compos~ t i on ,  temperature, t ime, and t h e  gas environment. 

The e f f e c t  o f  such i n t e r a c t i o n  upon t h e  e l e c t r i c a l  and thermal prop- 

e r t i e s  o f  t h e  cermet should be determined. 

I n  t h e  s o l i d - o x i d e  f u e l  c e l l ,  t h e  main area o f  concern w i l l  be 

i n t e r a c t i o n  o f  anode candidates a t  i n t e r f a c e s  w i t h  o the r  c e l l  com- 

ponents. T h i s  i n t e r a c t i o n  should a l s o  be s tud ied  under t h e  i n f l u e n c e  

o f  an a p p l i e d  d-c f i e l d ,  as e l e c t r o t r a n s p o r t  processes w i l l  be pro- 

moted under these  cond i t i ons .  



I n  t he  mol ten-carbonate f u e l  c e l l ,  t he  main area o f  concern w i  11 

be t h e  chemical r e a c t i o n  o f  anode and t i l e  m a t e r i a l s  w i t h  t h e  mol ten 

carbonate. Cor ros ion  r a t e  o f  candidate non-oxide. ceramics (cons id-  

e red  f o r  anode use) under t y p i c a l  f u e l  c e l l  c o n d i t i o n s  would be de- 

s i r a b l e ,  both i n  the  absence and t h e  presence of an app l i ed  emf. 

S i m i l a r  in fo rmat ion  i s  needed f o r  p o t e n t i a l  candidates based on oxy- 

an ion compounds (e.g., z i r .conates) .  
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The b u l k  o f  our '  work has been on t h e  thermodynamic a n a l y s i s  o f  b i n a r y  

ox ide  subsystems o f  importance t o  work on mo l ten  carbonate f u e l  c e l l s .  These 

systems have i nc l uded  r e l a t i v e l y  s imp le  ones w i t h  r e a d i l y  a v a i l a b l e  da ta  

such as t he  potass ium c a r b o n a t e - l i t h i u m  carbonate pseudo-binary.  However 

most o f  t h e  e f f o r t s  have been on d i f f i c u l t  and i ncomp le te l y  understood systems 

such as KOS5-0 and KOa5-C02. These systems a r e  s u f f i c i e n t l y  impo r tan t  t h a t  

a  s u b s t a n t i a l  amount o f  exper imenta l  da ta  e x i s t s .  However, i n  p a r t  because 

t h e  da ta  have n o t  been c l e a r l y  understood, they a r e  o f t m  a v a i l a b l e  o n l y  i n  r e -  

p o r t s  and i n  m inor  j o u r n a l s .  The c l e a r e s t  example o f  t h i s  concerns vapor iza -  

t i o n  data f o r  potassium perox ide  where t h e  JANAF t a b l e s  c i t e  a 1935 IUPAC 

r e p o r t  ( 1 )  and one o f  t h e  b e s t  s t ud ies  i s  a v a i l a b l e  o n l y  i n  t h e  ' f o r m  o f  a  

t h e s i s  (2 ) .  Our i n i t i a l  t rea tment  o f  t h e  KOS5-O system was based p r i m a r i l y  

upon t h e  oxygen pressure da ta  of  L e f f l e r  and Wiederhorn (3 )  b u t  as more 

da ta  have been analyzed i t  has become i n c r e a s i n g l y  c l e a r  t h a t  t h e  measure- 

ments a t  h i g h  KO. concen t ra t i ons  a r e  n o t  equi  1  i b r i u n ~  oxygen pressures. 

Apparen t l y  ( 4 )  ( 5 )  t h e r e  i s  app rec iab le  v a p o r i z a t i o n  as  KO(g) o r  K202(g) 

and t h i s  spec ies r e a c t s  w i t h  g l ass  w a l l s  t o  form oxygen. A t  t h e  moment t h e  

comment o f  ( 6 )  t h a t  "The ex tens i ve  l i t e r a t u r e  da ta  on t h e  d i s s o c i a t i o n  

oxygen pressures ove r  t h e  vario.us o x i d e  phases cannot  be r e c o n c i l e d  w i t h  

any reasonable thermodynamic da ta"  i s  v a l i d .  However, we expec t  a  recon- 



c i l i a t i o n t o  come f rom our  conbinuing study of t h i s  l i t e r a t u r e  w i t h  the  r e -  

c o g n i t i o n  of K202(g) as a  s i g n i f i c a n t  species. 

The f i r s t  system we analyzed was t h e  potassium carbonate- l i th ium 

carbonate pseudobinary. Equations were obta ined from which . the  a c t i v i t i e s  

o f  K(C03) .5 and L i  (C03) can be ca l cu la ted  over  a  range of temperatures and 

composit ions. The vapor pressures o f  var ious gaseous potassium and l i t h i u m  

con ta in ing  species can be ca l cu la ted  i n  t u r n  from these a c t i v i t i e s .  Th is  

c a l c u l a t i o n  i s  q u i t e  s t ra igh t fo rward  fo r  gaseous species o f  known thermo- 

dynamic values such as K and KOH. Recent work of T. C. E h l e r t  ( 5 )  ( 7 )  

has provided good data f o r  K2C03(g) and K20(g), and the  most important  

gaseous potassium species f o r  which there  are s t i l l  major u n c e r t a i n t i e s  

i s  probably K202(g). I n  the  presence o f  subs tan t ia l  C02 pressures, K ~ C O ~ ( ~ )  

i s  t h e  major potassium species. Table 1  shows ca lcu la ted  e q u i l i b r i u m  

constants over  a  range o f  temperatures f o r  t he  r e a c t i o n  K2C03(l) = K2C03(g). 

I n  t h e  presence o f  substant ia ' l  pressures o f  both H20 and Cop, a$ in t h e  

anode gas stream i n  f u e l  ce l l s , the  p r i n c i p a l  gaseous species o f  t he  a l k a l i  

metals are KOH and LiOH. A t y p i c a l  c a l c u l a t i o n  o f  t he  pressures o f  KOH 

i g n o r i n g  t h e  e f f e c t  o f  H20 on the  l i q u i d  phase a c t i v i t i e s  i s  shown i n  

Table 2. A s i m i l a r  ana lys is  o f  l i t h ium-con ta in ing  gaseous specdes i n  

equi 1  i b r i  um w i t h  1  i t h i  um carbonate should be undertaken. 

The f i r s t  s tep  i n  t h e  thermodynamic ana lys i s  o f  b ina ry  systems i s  

the  s e l e c t i o n  of thermodynamic values f o r  t he  pure ma te r ia l s .  For p u r s l y  

hypothet ica l  m a t e r i a l s  such as O(1) and COp(l) a t  h igh  temperaturss, t he  

s e l e c t i o n  of values i s  n o t  c r i t i c a l  because the re  i s  no experimental data 



i n  t h e  Raou l t ' s  law reg ion  fo r ' these mate r ia l s .  It has proved t o  be sur-  

p r i s i n g l y  d i f f i c u l t  t o  o b t a i n  s a t i s f a c t o r y  values f o r  l i q u i d  potassium 

oxide, KO ,-(I). There i s  an accepted (8)  (9 )  value f o r  t h e  heat of format ion 

of so l  i d  KO. based upon some 01 d heat o f  s o l u t i o n  values ( l o ) ,  b u t  there  

do n o t  seem t o  be any d e f i n i t i v e  recent  measurements t o  support t h i s  value. 

I n  f a c t  the  L e f f l e r  and Wiederhorn study (3) i nd i ca tes  t h a t  e r r o r s  o f  as 

much as 9 kca l  mol-' a re  poss ib le  f o r  potassium oxides. Potassium ox ide i s  

so r e a c t i v e  and so co r ros i ve  t h a t  good experimental data on i t  are  very 

d i f f i c u l t  t o  obta in,  and o n l y  est imates a re  a v a i l a b l e  f o r  such bas ic  pro-  

p e r t i e s  as t h e  standard entropy, me l t i ng  po in t ,  and heat  o f  fus ion.  We 

have been ab le  t o  analyze potassium oxide systems such as K0.5-Si02 (1 1 ) 

w i t h  a p a r t i c u l a r  s e t  o f  est imates because none o f  t he  experimental data 

used i n  the  ana lys is  i s  i n  a reg ion o f  h igh  KOa5  concentrat ions.  I n  con t ras t ,  

L e f f l e r  and Wiederhorn (3 )  r e p o r t  oxygen pressures f o r  the  KOs5-0 system a t  

mole f r a c t i o n s  as h igh  as 0.90 f o r  KO*5. These data a l so  extend t o  near the  

KOp composition, X1=0.40, and e x c e l l e n t  thermodynamic values are  a v a i l a b l e  

f o r  s o l i d  and l i q u i d  potassium superoxide ( 6 )  (9) (12).  Su rp r i s ing l y ,  t he  

data o f  L e f f l e r  & Wiederhorn (3)  do n o t  show a break i n  the  curve o f  oxygen 

pressure vs. composition a t  t h e  peroxide composition. The measured pressures 

i n  the  peroxide t o  superoxide reg ion  (3) a re  i n  reasonable agreement w i t h  o the r  

measurements (2,13) i n c l u d i n g  some data on t h e  KOp l i q u i d u s  curve (14).  Our 

i n i t i a l  eva luat ion  o f  thesedata was t o  accept them over the  whole composit ion 

range, even though t h i s  requ i res  a change o f  -5.884 kca l  mol-' i n  t h e  enthal  py 

c f  l i q u i d  KOe5.  I t  was then poss ib le  t o  c a l c u l a t e  a reasonable KOS5-0 phase 



diagram using 960K f o r  the me l t ing  po in t  of potassium oxide. The r e s u l t s  

of t h i s  ca l cu la t i on  .are  shown i n  Figure 1. Unfortunately t h i s  s h i f t  i n  the 

enthalpy o f  K O e 5  i s  incons is tent  w i t h  mass spectrometr ic  data on the vapori- 

za t ion  o f  s o l i d  KO 5(4) .  I t  i s  c l ea r  now t h a t  the KOe5  l i qu idus  w i l l  be 

much steeper than t h a t  shown i n  Figure 1, and a co r rec t  f i n a l  ca lcu la ted 

phase diagram w i l l  have a higher mel t ing po in t  f o r  KOe5  and a lower temperature 

f o r  the eu tec t i c  between and K2OY Work w i l l  continue i n  order t o  

reso lve the discrepancy . 
There i s  a substant ia l  body of l i t e r a t u r e  (7,15-17) inc lud ing an NSRDS 

review (18) on the vapor izat ion o f  potassium carbonates. The recent work 

o f  Eh le r t  ( 7 )  resolves some of the previous discrepancies and gives good 

thermodynamic values for  K2C03(g). I t a lso provides vapor pressure data, 

and hence a c t i v i t i e s  and a c t i v i t y  coef f ic ients  f o r  K O a 5  and C02 over a 

narrow bu t  s i g n i f i c a n t  range o f  compositions and 'temperatures. ' We have 

analyzed thesedata (4,7) and f i t t e d  Redl ich-Kister  coe f f i c ien ts  t o  them. 

However, because o f  the uncer ta in t ies  remaining i n  the thermodynamic values 

f o r  KO ,-(I ) we have been unable t o  complete these ca lcu la t ions.  The de- 
* 

f i n i  t i v e  referance f o r  the L i0 .  5-C02 binary system (19) has been located 

and obtained on i n te r -1  i b r a r y  loan, bu t  these data 'have no t  y e t  been analyzed. 

The bulk o f  our e f f o r t s  i n  the l a s t  month have been devoted t o  the 

Li0.5-A101 .5 system. The l i t e r a t u r e  work was i n i t i a t e d  e a r l y  i n  the con- 

t r a c t  period, b u t  ca lcu la t ions  on t h i s  system were deferred wh i le  wa i t i ng  

f o r  photocopies o f  the s i g n i f i c a n t  a r t i c l e s .  This matter  o f  scheduling 

of the ca lcu la t ions accounts. f o r  the number s f  systems upon which ca lcu la-  

t i o n s  have started;but are no t  y e t  completed. 



The Li0.5-A101.5 ca lcu la t ions have now aeen ca r r i ed  through t o  the 

second complete ca lcu la ted phase diagram, shown here as ~ i gu re  2. This 

phase diagram i s  subs tan t ia l l y  more de' ta i led than the best  e x i s t i n g  1 i tera -  

t u re ,  sketches (20,21) and i s  supported by q u i t e  re1 i a b l e  thermodynamic 

values for  the so l ids  present, and reasonable a c t i v i t y  c o e f f i c i e n t  ca l - ,  

cu la t ions i n  the spinel  and l i q u i d  phases.. The quan t i t y  o f  l i t e r a t u r e  - 
analyzed i n  t h i s  system i s  s u f f i c i e n t  t h a t  the discussion has been w r i t t e n  

up separat,ely, and const i tu tes  an appendix t o  t h i s  report.. 



REFERENCES 

1. M. Centnerszwer and M. B l  umenthal , I X  Congr. IUPAC, 201 (1935). 

2. John F. Ri ley,  Diss. Abstr.  - 30 5988 (1969); Ph.D. thesis,  Univ. 
o f  Rhode Is land,  (1968). 

3. A. J. Le f f l e r  and N. M. Wiederhorn, J. Phys. Chem., - 68, 2882 (1964). 

4. T. C. Eh le r t ,  p r i v a t e  communication. 

5.  T. C. Eh le r t ,  High Temp. Sci . , - 9, 237 (1977). 

6. L. Brewer, Chem. Reviews, 52, 1 (1953). 

7. L. L. Simmons, L. F. Lowden, and T. C. Eh ler t ,  J. Phys. Chem., - 81 
706 (1977). 

8. D. D. Wagman, U. S. Nat. Bur. Stand., C i r cu l a r  500 (1950). 

9. JANAE Thermochemical Tables. Nat. Stand. Ref. Data Ser. Nat. Bur. 
Stand. NSRDS37 (1971 ) . 

10. M. E. Ren ade, Compt. Rend., 145, 236 (1907); Ann. Chim Phys., 14, 
540 (19087. 

- 

11. N. El iezer ,  R. A. Ilowald,M. Mar i t~kov ica t - id I .  E l iezer ,  J. Phys. Cher~. 
82, 1021 (1978). - 

12. P. W. G i  l l e s  and J. L. Margrave, J. Phys. Chem., - 60, 1333 (1956). 

13. R. deforcrand, Compt. Rend - 158, 843, 991 (1914). 

14. A. B. Tsents iper and T. 1. Rogozhni kova, Bu l l .  Akad. Nauk, SSR, 
189 (1967). 

15. J. T. Howarth and W. E. S. Turner, J. Soc. Glass. Tech., - 15 360 (1931). 

16. T. Kosugi., B u l l .  Chem. Soc., Japan, 45 15 (1972). 

17. C. Kroger and J. Stratmann, Glastechn. Ber., 34 311 (1961). 

18. Nat l .  Stand. Ref. Data. Ser. Nat l .  Bur. Stand., 30 (1969). 

19. M. V .  Smirnov and I. Ya. Liubimtseva, Tr .  I n s t .  Electrokhim. Ural 
Nauchn. Tsentr, Akad. Nauk SSR. , - 16, 82 (1970). 



20. D. W.  ~ t r i c k l e r  and R. Roy, J. Am. Ceramic Soc., 44, 225 (1961). 

21 . A. M. Le jus and R. Call ongues , Compt . Rend. 254, 2005 (1 962) . 



TABLE 1 

h> 975. OOK 

Equil ibrium Cons t .~~ ts ,  KEQ, Calculated f o r  the Reaction 

5CJ3( t )  + K2C03(g) 

Values o f  AH and AG i n  cal  mol are also 1 i rted. 

AH, cal/mol 

0.680616E 05 
0.678000E 05 
0.675077~ 05 
0.671843E 05 
0.668291E 05 
0.664411E 05 
0.660197E 05 
0.655646E 05 
0.650744E 05 
0.645490E 05 
0.639872E 05 
0.633889E 05 
0.627530E 05 
0.620792E .05 
0.613665E 05 
0.606143E 05 
0.598221 E 05 
0.58989 1 E .05 

AG, cal/mol 

0.398005E 05 
0.390190E 05 
0.382450E -05 
0.374791 E 05 
0.367219E 05 
0.359739E 05 

a 

0.352358E 05 
0.345081 E 05 
0.337915E 05 
0.330864E 05 
0.323934E 05 
0.3171 30E 05 
0.31 0456E .05 
0.303920E 05 
0.297525E 05 
0.29.276E 05 
0.2851 78E .05 
0.279238E 05 



Calcu la t ion  o f  Equi l ibr ium Pressures o f  ~ 0 H ( g )  i n  

Atmospheres Over K ( C O ~ ) .  - L i  (C03). L iquids a t  

1  OOOK and 900K w i  t h  P(c02) = P ( H ~ O )  

* A c t i v i t i e s  were ca lcu la ted  using the  f o l  lowing Red1 ich-Kis ter  c o e f f i c i e n t s  
f o r  the K(C03) - Li ( ~ 0 ~ )  ,5 l i q u i d  phase. 

enthal  py ( c a l  mol -' ) -3972.2 525. 
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Fiqure 2. Preliminary calculated phase diagram for the l i t h i  lm~ ox!de-.;;i mirrum 

oxide system. 

Pre l im inary  calculated phase diagram for  the t.iO 5-AIG 1.5 system. 
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L i th ium oxide i s  a s t rong base, and i t  forms a whole se r ies  o f  

compounds w i t h  aluminum oxide, even though aluminum oxide i s  a weak 

acid. The best  charac ter ized compound i s  t h e  one-to-one r e a c t i o n  .pro-  

duct, LiA102. A t  l e a s t  th ree d i f f e r e n t  c r y s t a l  s t ruc tures ,  a, f3 and 

y(1,2) a re  known f o r  LiA102, b u t  i t  appears t h a t  o n l y  the  ganma form i s  

thermodynamically s table.  There i s  a s t a b l e  sp ine l  s t r u c t u r e  on the  

a lumina-r ich s ide  o f  the  phase diagram(3,4) which can be formulated 

as Ll.5A12.504, al though these c r y s t a l s  are  s t a b l e  over  a subs tan t ia l  

range of s to ich iomet ry  a t  h igh  temperature(5-6). The compounds a t  t h e  

l i t h i u m - r i c h  s ide  o f  t he  phase diagram a re  n a t u r a l l y  more h i g h l y  bas ic  

and thus q u i t e  reac t ive ,  b u t  a t  l e a s t  two have been i d e n t i f i e d  and 

characterized, Li5A104 and Li3A103(7). The s to ich iomet ry  Li3A103 i s  

nominal ly  an orthoaluminate, w i t h  a l l  t he  hydrogen atoms o f  A1 (OH)3 

replaced w i t h  l i t h i u m ,  b u t  i t  i s  n o t  excep t iona l l y  s tab le .  I n  f a c t  

Li3A103 d ispropor t ionates  t o  LiA102 and Li5A104 on heat ing  above 723 

K(7) 

The degree o f  a c i d i t y  o f  aluminum oxide i s  somewhat va r iab le  as 

i s  the coord inat ion  number o f  aluminum'with ox ide ions.  Alumina 

tet rahedra r e a d i l y  share corners t o  form l a r g e  polymeric anions analo- 

gous t o  Si02 and s i l i c a t e s .  However,since A1 has one less  e lec t ron  than 

S i ,  these s t ruc tu res  have one n e t  negat ive charge per  A1 atom, and the  

LiA102, NaA102 and KA102 s to ich iomet r ies  are na tu ra l .  I n  aqueous 

solut ions, aluminum ions can adopt s i x - f o l d  coord inat ion  i n  species 

such as A~(H~O):: ~1 ( H ~ O ) ~ O H ~ +  e tc .  The hydrated aluminum i o n  i s  



amphoteric, but  even i n  strong hydroxide so lu t ions the most negat ively 

charged i o n  produced i s  A1 ( H ~ O ) ~ ( O H ) ;  , w i t h  on ly  one negative charge 

per  a1 uminum atom. I n  c r y s t a l  . structures, a1 umina octahedra o f t en  share 

edges o r  faces. It i s  common t o  f i n d  OH ions shared between two 

octahedra, as one H and two ~l~~ octahedra w i l l  completely s a t i s f y  the 

e l e c t r o s t a t i c  valence r u l e ( 8 )  f o r  an oxygen atom. F u l l  layers  o f  such 

octahedra are found i n  c r y s t a l l i n e  A1(OH)3 and there are  s i m i l a r  layers 

i n  micas and clays. I n  the corundum c rys ta l  structure,each oxygen atom 

i s  a p a r t  o f  f ou r  A I~+  octahedra, which again exac t l y  s a t i s f i e s  the 

e l e c t r o s t a t i c  valence ru l e .  Thus A1203 reacts w i t h  oxide ions no t  

because o f  any inherent  r e a c t i v i t y  o f  the corundum st ruc ture ,  but  

simply t o  help d i s t r i b u t e  the charge on the oxide i on  

I n  principle, t h i s  type of react ion can proceed t o  form or thoa l  um- 
3 - i na te  ions, A103, and t h i s  can even form a coordinate covalent bond t o  

5 - another oxide i on  g i v i ng  A104 . I n  fact, the react ion w i t h  the f i r s t  

oxide. i o n  i s  on ly  m i l d l y  exothermic, and as negative charge bu i lds  up 

per A1 atom, the tendency f o r  f u r t h e r  react ion r a p i d l y  decreases. I n  

most cases i t  i s  the meta-aluminate, w i t h  on ly  one negative charge per 

A1 a toqwh ich  i s  most stable.  



Thus t h e  compounds NaA102 and KA102 a r e  w e l l  known, w h i l e  

Na3k103 and K3A103 a re  prepared o n l y  w i t h  g r e a t  d i f f i c u l t y  i f  a t  a l l .  

A h igher  negat ive charge on oxygen atoms i s  s t a b i l i z e d  by  more h i g h l y  

charged ca t ions ,  and a l a r g e  v a r i e t y  o f  c r y s t a l 1  i n e  calcium aluminates . 

a r e  known. 'CaO i s  a weak base, so none o f  t h e  reac t i ons  o f  CaO w i t h  

A1203 i s ,  very exothermic, b u t  again the  most exothermic corresponds , 

t o  the  meta-a1 urninate composit ion (9) 

1/3 ~ a 0 t s )  + 113 A1203(s) = 1/3 CaAlZOq(s), AH = -1.2366 kca l  n o l - l .  

The s to ich iomet ry  f o r  a calcium orthoalumfnate i s  known, b u t  here 

t h e  heat of reac t i on  i s  even smal ler  (9) 

- 1 3/5CaO(s) + 1/5A1203(s) = I/SC~~AI~O~(,S),' AH = -0.326 kca l  m01 . 

Table 1 sumnarizes the  data compiled by the  NBS (9) on t h e  heats o f  

format ion o f  c r y s t a l l i n e  calc ium aluminates a t  298.15K 

Table 1. 

' C ~ O  formula heat o f  format ion ,, heat  of format ion 
from elem n t s  from oxides, kca l  
kca l  m 0 1 - ~  per  inole metal ato~a.; 



The format ion  o f  sodium meta-aluminate i s  considerably more 

exothermic (10) 

1/4NapO(s) + 1/4Al2O3(s) = 1/2 NaA102 AH = -10.32 kca l  mol-' 

b u t  even here we do n o t  expect t h e  r e a c t i o n  w i t h  a d d i t i o n a l  sodium 

ox ide t o  be ve ry  exothermic. 

The reac t ions  o f  L i 2 0  should be in termedia te  between those o f  

NaZO and CaO, and. as expected. the  reac t i on  

1 / 4 ~ i ~ O ( s )  + 1/4A1203(5) = 1/2LiA1O2 AH = -6.2025 kca l  mol-' 

i s  moderately exothermic (10-12) us ing the  best  cu r ren t  data f o r  

L i20(s) ,   AH;^^^ = -142.89 (10.12). 

La Ginest ra  e t .  a1 (7) have repor ted  d i f f e r e n t i a l  thermal ana lys is  

r e s u l t s  f o r  t he  heats of r e a c t i o n  

3 ~ i ~ O ( s )  + A1203(c,y) = 2 ~ i ~ A 1 0 ~ ( s )  
AH673 = -16.5 + 2kcal mol-' 

and 

51.i20(c) + AlZO3(c ,y j  - 2Li5A104(s) AH743 -13.5 .8 kcal mol-' 

We have se lec ted and publ ished values f o r  t he  thermodynamic pro-  

p e r t i e s  of gamma alumica (13) from which we can c a l c u l a t e  AHfor the  

r e a c t i o n  

L i 0  5 ( s )  + A I O 1  .5(c ,y) = LiAIOp(s) AH700 = -15.02 kca l  mol-' 

w i t h  on ly  a  s l i g h t  v a r i a t i o n  w i t h  temperature. Combining t h i s  w i t h  the  

r e a c t i o ~ l s  u f  La Glnestr-a e t  a l .  ( 7 )  g ives 

~ i A l O * ( s )  + 4Li0 5 ( s )  = ~ i ~ A 1 0 ~ ( s )  AH = +8.27 kca l  mol - I .  

and 

LiA102(s) + 2L i0  5(s )  = Li3A103(s) AH = +6.77 kca l  mol- '  



We assume t h a t  AC i s  zero f o r  these reactions, so these AH values 
P 

are v a l i d  a t  the temperatures of measurement and a t  298.15K. Thus we 

can ca lcu la te  the heats of formation a t  298.151: as  -420.22 kcal  m o ~ - ~  

f o r  Li3A103 and -561.61 for  Li5A104. These values are s i g n i f i c a n t l y  

d i f f e ren t  from the heats of formation a t  h igher temperatures given i n  

the abst ract  o f  the experimental work (7 )  p r i m a r i l y  because the me l t ing  

po in t  o f  l i t h i u m  comes below the experimental react ion temperatures. 

These values can be used t o  ca lcu la te  the heat for  the dispropor- 

t i ona t i on  o f  Li3A103 t o  Li5A104 and LiA102 

1/4Li 3A103 = 1/8Li5A104 + 1/8LiA1O2 AH = -.66 kcal  mol- l .  

Since t h i s  reac t ion  occurs when Li3A103 i s  heated ( I ) ,  we know tha t  i f  

t h i s  react ion i s  exothermic, Li3A103 i s  thermodynamically unstable a t  

a l l  temperatures. The formation o f  Li3A103 a t  673K from Li202 plus 

gamma alumina does not  es tab l i sh  t h a t  Li3A103 i s  thermodynamically 

stable a t  t h i s  temperature, and we have chosen t o  omit Li3A103 from the 

equi 1 i brium phase diagram. However the range reported f o r  the enthal py 

o f  ~ i ~ A 1 0 ~ ( 7 ) ,  f2 kcal mol-l, i s  almost wide enough t o  admit a s l i g h t  

endothermicity f o r  the react ion.  Li3A1.03 could have a heat o f  formation 

o f  -423 kcal mol-' and be a thermodyn&nically s tab le  phase a t  298K. 

Li5A104(c) i s  a thermodynamically stable phase, but  since i t s  

formation from LiA102 and Li0.5 i s  endothermic, i t  i s  s t a b i l i z e d  by 

entropy o f  mixing on the ca t ion ic  s i t e s  ra ther  than by enthalpy. Thls 

i s  f u r t he r  evidence t h a t  meta-aluminates are not  very ac id ic .  Thus we 

are on qu i te  safe grounds i n  assuming t ha t  the minimum excess enthalpy 



of m ix ing  f o r  L iO 5(p+) and AlO1 . 5 ( ~ )  occurs a t  a mole f r a c t i o n  -.near .5, 

and c e r t a i n l y  n o t  a t  t he  or thoaluminate composit ion XI = .75. There are  

e s s e n t i a l l y  no heat  data f o r  l i t h i u m  aluminate l i q u i d s .  Even the  heat  

o f  f u s i o n  o f  LiA102 i s  on l y  an est imate i n  the JANAF tab les  which g i v e  

Tm = 1883K, AHm = 6 kca l  mo l - '  i n  1961 (10) and Tm = 1883K, AHm = .21 

kca l  mol-' i n  1973 (14) .  The data i n  support o f  t h e  m e l t i n g  p o i n t  a t  1083 K 

(3.15) a r e  somewhat shak.y s ince  the'same pappr ~ h o w s  a sample o n l y  p a r t i a l l y  

fused a f t e r  a considerable t ime a t  1973K. On the o the r  hand there  i s  a 

s u b s t a n t i a l  body o f  data f o r  a m e l t i n g  p o i n t  near 1975K (16) o r  1973 

f 1 5 ~  (17) ,  and t h i s  value has been accepted i n  t he  phase diagram o f  

Le j u s  and Col 1 ongues (6) .  

The thermodynamic p rope r t i es  of s o l  i d  gamma ( te t ragona l  ) LiA102 

are  q u i t e  we1 1 es tab l ished (14) i n c l u d i n g  th ree  independent enthalpy 

values (18,20), low temperature heat capac i ty  data (21) and drop 

c a l o r i m e t r i c  values t o  1795K (22). We have f i t t e d  the heat  capac i ty  

values (10,14,22) from 800 t o  1800K t o  the power se r ies  C = 24.35106 + 
P 

2 .0040882(T-1000) - .83333 x 1 o w 6 ( ~ - 1  000) tn f a c  i 1 i t a t e  the  c a l c u l a t i o n  o f  

enthalpy values and e q u i l i b r i u m  constants a t  any temperature desi red.  Table 

2 i s  a computer c a l c u l a t i o n  of the  thermodynamic p rope r t i es  o f  LiA102 a t  

a se lec ted  s e t  o f  temperatures. Table 3 summarizes the  i n p u t  parameters 

f o r  t h i s  c a l c u l a t i o n  together  w i t h  s i m i l  s r  values f o r  the  o the r  p r i n c i p a l  

s o l i d s  and l i q u i d s  i n  t h i s  s,ystem. The cho ices  fnr alpha and l i q u i d  

AIO1 .5  a re  discussed i n  connection w i t h  the A IO1  .5-Si02 system (13), 



and the LiOe5 values a re  chosen t o  match the JANAF values (10). With 

these values the enthalpy o f  LiA102(c) i s  -243333 c a l  mol-' a t  1973K. 

If the heat of fus ion  i s  21 kcal mol- l ,  the enthalpy o f  the l i q u i d  i s  

-222333 c a l  mol-l, 9911 ca lo r i es  more negative than the sum o f  one mole 

of each of the pure l i q u i d s  a t  t h i s  temperature. Thus the excess enthalpy 

of mix ing i s  -4955 ca lor ies  mol-I,' and can be represented by the Redlich- 

K is te r  (23) coe f f i c ien ts .  

A(H) = -19821, B(H) = 0, and C(H) = +11256. 

The equ i l i b r ium constant for  LiA102+Li0 5(a) + A101,.5( a) i s  .0117542 a t  

1973 K. I f  t h i s  i s  accepted as the co r rec t  mel t ing point ,  i t  gives 

l og  yly2 = -1.3278 a t  1973 K, which can be corrected using the  enthalpy 

terms t o  l o g  yly2 = -1.34470 for  X = .500 a t  1943, the ea tec t i c  temperature. 

A s im i l a r  ca lcu la t ion  f o r  the eu tec t i c  composition, X = .45 a t  1943K (4 ) ,  

gives l o g  Y 1 2  Y = -1.37619. 

We can get  both yl and yq a t  t h i s  composition i f  we have good thermo- 

dynamic values fo r  the sol  i d  sp inc l  present i n  t h i s  equi l ibr ium. Verier-o 

and Westrum (24) have tneasured the heat capacfty o f  sol  i d  LiAl5o8 from 

7.4 t o  541K, which. gives the value sig8 = 35.798 ca l  mol -1 K-l . We can assume 

w i th  very l i t t l e  e r ro r  t ha t  the heat capacity a t  higher temperature i s  

given as the sum CD(LiO 5)  + 5[C (AIO1 .5)]. Using t h i s  i n  conjunction w i t h  the 
P 

heat of formation a t  968 K ( 25) reported i n  .ref. 24 gives a f u l l  se t  o f  

thermodynamic values f o r  the spinel .  However these values cannot be 



completely cor rect ,  since' they i nd i ca te  df spropor t ionat i  on o f  LiA1 508 

t o  LiA102 and corundum a t  a l l  temperatures.   here i s  evidence t h a t  the 

sp ine l  i s  s tab le  (3)  even below the  order-disorder t r a n s i t i o n  near 1563K 

(6,26). Preventing t h i s  d ispropor t ionat ion requires an entropy of mix ing 

o f  a t  l e a s t  3.3 ca l  mol-' K-' even i n  the "ordered" form. Complete 

randomization of L i  and A1 i n  both tetrahedral  and octahedral s i t e s  

-1 -1 w i l l  g i ve  5.4 ca l  mol K entropy o f  mixing, p a r t  o f  which should be 

shown i n  the t h i r d  law entropy value. For the h igh temperature form o f  
, '  

LiAl5O8 i n  Table 3 we have added the f u l l  5.4 ca l  mol -1 K-l t o  the 

entropy a t  298.15 and t o  the f r ee  energy funct ion a t  1000K. The enthalpy 
. . $ 

measured a t  968K must apply t o  a more ordered mater ia l  and t o  ca lcu la te  

the enthalpy of the h igh temperature form we assumed t h a t  the t r a n s i t i o n  
, I  : 

a t  1563K involves AH = +I563 ca l  mol-I  and AS = + I  .0 cal  no1 -1 K-l. 
, I 

Later  i t  was necessary t o  increase AH t o  2563 ca l  mol-' t o  get  a b e t t e r  

phase diagram. This gives reasonable values f o r  the enthalpy and 

entropy o f  the high temperature form o f  LiA1508 which are shown i n  Table 
< 

3. The equi l  ibr iu ln constant a t  1943K ca lcu la ted from these values f o r  

the react ion 

~ i ~ l ~ O ~ ( c )  .- LiOe5(!L) + 5A101.5(!L) 

i s  .6062 x This correspo,nds t o  l o g  ylyZ5 = -1.572, which goes 

wel l  w i t h  l o g  ylyp = -1.376 f o r  the same temperature and eu tec t i c  
Z 

composition. From these values we can ca lcu la te  l o g  y2 = -.049, y2 = .893 and .. 



an a c t i v i t y  o f  a2 a .491-for l i q u i d  alumina a t  the eu tec t i c .  We have 

used these values. However, i t  i s  posslb le t h a t  LiA1508 i s  more s tab le  

than t h i s ,  and t h a t  A10ie5 has an a c t i v i t y  coe f f i c i en t  subs tan t i a l l y  

smaller than .89 a t  a mole f r a c t i o n  o f  .55. 

There i s  i n  f a c t  good evidence f o r  an enthalpy f o r  LiA1508(c) 

substant ia l  l y  more negative than the va l  ue H ; ~ ~ .  = -1080.4 kcal mol- I  

which corresponds t o  y2 = .89 a t  the eu tec t i c .  Guggi, I h l e ,  and 

Neubert (20) have studied the vapor izat ion of l i t h i u m  oxide and 1 i t h i um 

aluminates, provid ing both second and t h i r d  law enthalpy values f o r  

these compounds. The values f o r  LiA102 (20) are  i n  excel l e n t  agreement, ' 

w i t h i n  0.2 kcal m o  , w i th  the other studies on gamma LiA102(18,19). 

Guggi e t  a1 . repor t  an enthalpy of -568 f 3 kcal  mol" f o r  Li5A104, i n  

fair.agreement w i t h  the value -561.6 ca lcu la ted here from the data o f  

La Ginestra e t  a l .  (7 ) .  Unfortunately, the measurements (20) f o r  LiA102 

+ LiA1508 and f o r  LiA1508 + A1203 are no t  i n  agreement, g i v i ng  values o f  

0 
"298.1 5 f o r  L iA l  o f  -1096 2 3 and -1091 kcal mol-I .  Both o f  these 

values are subs tan t ia l l y  more negative than the value -1080 kcal  mol-' 

which we obtained from the heat o f  so lu t ion  o f  Gross (24). Guggi e t  a l .  

(20) a lso c i t e  a value around -1093 kcal mol-' from an unreferenced repor t  

(27) 

With the d i r e c t  experimental data on enthalpy covering t h i s  wide 

a range, i t  i s  reasonable t c  t u rn  t o  the phase diagram f o r  guidance. 

The mel t ing po in t  o f  LiA1508 i s  reported as 1 9 5 0 ~ ~  o r  2123K w i t h  a 



quest ion  mark(6). Presumably LiAl5O8 mel ts  over a  range o f  temperatures 

as the composit ions of bo th  l i q u i d  and s o l i d  vary, bu t  we can expect 

t ha t  pure s o l i d  LiA1508 would be i n  e q u i l i b r i u m  w i t h  l i q u i d  o f  t he  

same composit ion somewhere i n  the  range 2100 f 200K. At  1973K a t  x = .5 

f o r  L i O a 5  - A1D1.5 l i q u i d  we have l o g ' y  = -.664.The value w i l l  increase e 
as t h e  temperature, i s  r a i s e d  t o  about l o g  y = -.63 a t  2100K dnd X = .5. e  

We can then es t imate  l o g  ye a t  X = .i66667 as -.21, and t h e  e q u i l i b r i u m  

constant  f o r  t h e  r e a c t i o n  

LiA1508(c) -% L iO + 5  AIO1 . 5 ( ~ )  

should be approximately K = .0037 a t  t h e  m e l t i n g  p o i n t .  Th is  value f o r  

t h e  e q u i l i b r i u m  constant  i s  reached a t  about 2175K f o r  H ; ~ ~ =  -1080.4 

kca l  mo l - l .  Even f o r  the  next  lower value, HO = -1091 kcal.  mol-' , t h i s  

c a l c u l a t i o n  g ives a  me l t i ng  p o i n t  above 2450K. Thus the  i n fo rmat ion  

a v a i l a b l e  on t h e m e l t i n g  p o i n t  o f  LiAl5O8 provides e x c e l l e n t  support 

. , f o r  t he  -1080 kca l  mole' v a l u e  fo r  the enthalpy (24,251, and t h i s  value 

has been se lec ted f o r  Table 3. . 

Wi th  these values se lec ted f o r  t he  two, so,l i d s ,  'we can c a l c u l a t e  the  

a c t i v i t i e s  o f  bo th  components i n  the  e u t e c t i c  1  i qu id ,  al = 10211876 and 

a2 = .491249. The value f o r  a2 i s  o n l y  about 10% less  than the  mole 

f r a c t i o n .  Thus t h e  Raou l t ' s  law reg ion f o r  AIOl extends o u t  t o  a . . 
mole f r a c t i o n  o f  nea r l y  0.45 f o r  L iOa5.  This behavior w i t h  a break 

a t  X = .0.50 i s  approximated by .a  s e t  of: th ree Red l ich-K ls ter  c o e f f i c i e n t s  

proport iona' l  t o  those:se lec ted f o r  t he  enthalpy. T o  g i v e  l o g  y1y2 = 

-1.34470 a t  X = .500 one can use the s e t  A(1og y) = -2.6894,  log Y) 

= 0, and C(1og y) = 1.52724 a t  1943K. T h i s  s e t  was tes ted  i n  the 



ca lcu la t ion  bu t  i t  g i ves  a  eu tec t i c  fo r  LiA102 - LiA1508 subs tan t i a l l y  

below' 1943K.. A much b e t t e r  phase diagram i s  obtained using on ly  two 

~ e d l i c h - ~ i s t e r  coe f f i c i en t s  a t  1943~ ;  w i t h  the B value selected t o  

g ive l o g  y2 = -.0628 a t  X = .45. Thus the Redl ich-Kister  coe f f i c i en t s  

a t  1943K are -2.6894, -1.9826,. and 0.0.  he ~ e d l  i c h - ~ i s t e r  coe f f i c i en t s  

a t  l O O O K  can .be ca lcu la ted from these, using the enthalpy coe f f i c ien ts  

given above. The three values a t  1000K are -4.7918, -1.9826 and 1.1939. 

They are l i s t e d  i n  Table 4. With these values we can ca lcu la te  the 

1  iquidus curve f o r  LiA102 'shown i n  Figure 1. This curve shows a  s i g n i f i c a n t  

s o l u b i l i t y  o f  gamma LiAlO (X = X2 = .24) i n  l i q u i d  l i t h i u m  oxide a t ,  
A101.5 

1400K. The re la ted  s o l u b i l i t y  i n  carbonate e l ec t ro l y t es  w i t h  excess l i t h i u m  

oxide present may be d s i g n i f i c a n t  feature  i n  fuel c e l l  longevi ty,  and i t  

i s  important t o  extend t h i s  work t o  the ca lcu la t ion  o f  L iOe5 and A101e5 

a c t i v i t y  coe f f i c i en t s  i n  three and four  component systems. 

The LiA102 l i qu idus  curve i n  Figure 1  gives a  mel t ing p o i n t  o f  1973K 

a n d  a  good f i t  a t  the eu tec t i c  w i t h  LiA1508 because these data were used i n  

the curve f i t t i n g  process. However the curve on the L iOe5 r i c h  s ide also! 

looks qu i t e  reasonable. Even the ca lcu la ted temperature f o r  the LiA102 - 
Li5A104 eu tec t i c  i n  Figure 1  i s  reasonably c lose t o  the temperature, 1320 

* 10K, reported (20) fo r  the mel t ing po in t  of Li5A104(c). 

The c rys ta l  s t ruc tu re  o f  the compound Li5A104 i s  a  d i s t o r t e d  form 

o f  the L i20  l a t t i c e ' w i t h  ~ 1 ~ '  ions subst i tu ted f o r  ~ i +  and ca t ion  vacancies 

(28,29). This has in te res t ing  consequences f o r  the i o n i c  conduc t i v i t y  o f  

t h i s  mater ia l  (30,31). For the phase diagram, i t  'suggests t h a t  both 



cubic L i 2 0  and orthorhombic L15A104 w i l l  e x l s t  over a 'substant ia l  range 

o f  .compositions. I t  would be valuable t o  include t h i s  i n  a calculated 

phase diagram. However,this would requ i re  more data t hanam avai lab le  on 

t he  various so l  ub i  1 i ty re la t ionsh ips  a t  h igh temperatures. The general 

features o f  the  l i qu idus  curves are indicated by ca lcu la t ions f o r  e q u f l i h r f a  

w i t h  s to ich iometr ic  L iOe5 and Li5A104, and t h i s  i s  what i s  shown i n  Figure 

1. The heat capac i ty  used f o r  Li5A104 i s  estimated as the sum o f  those 

f o r  LiA102 and 4Li0.5, and the f r ee  energy funct ion a t  lOOOK l i s t e d  i n  

Table 3 was selected t o  g ive Li5A104 a congruent mel t ing po in t  

i n  one o f  the pre l iminary  ca lcu la t ions.  With the f i n a l  values used f o r  

the l i q u i d  phase, Li5A104 must melt  incongruently unless the melt ing po in t  

i s  1400K o r  higher. 

A t  t he  o ther  s ide of the phase diagrahwe have a substant ia l  amount 

o f  data f o r  the sp ine l  phase. The thermodynamic values i n  Table 3 for  the 

s to i ch iome t r i t  form, L i  A1 correspond t o  an excess enthal py o f  formation 

from LiO-5(c) and A101.5(c,y) o f  3.97 .20 kcal  mol- l .  The value f o r  

1 og ye depends upon the f ree  energy of pure so l  i d  gamma a1 umi na, which 

i s  alumina w i t h  a sp ine l  s t ructure.  The value selected i n  our work on the 

AIO1 .5-Si02 system corresponded t o  equi 1 i brium between a and y a1 umina 

a t  2342K. This low value was necessary f o r  a good f i t  o f  the highest 

temperature po in t  o f  Aksay and Pask (32). The l a t e s t  (6/30/75) JANAF 

estimates (33) g ive  24POK f o r  t h i s  temperature. The s o l u b i l i t i e s  o f  

A10, , i n  LiA1508 reported by Lejus and Col longues extrapol a te  t o  3465K 

f o r  pure alumina, which i s  much too high. The JANAF value (33) i s  a 



reasonable compromise, sq .we have used i t  f o r  the ca lcu la t ions here 

and f o r  .the gamma a1 umina values i n  Table 3. 

With the JANAF values (33) selected for  the standard s ta te  o f  pure 

gamma a1 umina we can ca lcu la te  l o g  y values for  the  po ln ts  where. we have 

experimental data. A t  1673K we get  l o g  ye = -.314074 a t  X = .I66667 from 

the propert ies o f  sto ichiometr ic LiAl5O8 and l a g  y2 = -.07287 from the 

composition reported by Lejus and Collongues (6), X2 = .85714 f o r  

saturat ion w i t h  corundum. I t i s  possible t o  fit these two values w i t h  

two Redlich-Kister coefficients. However, we have chosen t o  use a se t  o f  

four coeff ic ients which give more curvature a t  X = .16667. The f i n a l  

set  of coe f f i c ien ts  used f o r  the ca lcu la t ions o f  the l i t h i u m  aluminate 

spinel  phase boundaries i n  Figure 1 are l i s t e d  i n  Table 5. 

The l i qu idus  and sol idus curves fo r  the me1 t i n g  o f  l i t h i u m  aluminate 

spinel  consist  o f  two l i n e s  in te rsec t ing  a t  the mel t ing po in t  o f  g a m  

a'lumina, 2284 K. I n  t h i s  pa r t i cu la r  calculat ion, the two l i n e s  are tangent 

a t  a maximum mel t ing point .  However f o r  most compositions a sp ine l  w i l l  

mel t  over a range o f  temperatures. Both published phase diagrams (4,6) 

show a mel t ing po in t  o f  2223K for  LiAl5O8, which i s  i ns i de  the range o f  

2030 t o  2340 shown i n  f i gu re  1 f o r  mel t ing o f  t h i s  composition. 

The maximum mel t ing po in t  f o r  LiA1508 a t  X = .065 i s  one o f  

the most s t r i k i n g  features o f  Figure 1. A mel t ing p o i n t  above t h a t  f o r  

pure gamna alumina (2284~)  impl ies t h a t  the add i t ion  o f  L iOa5 s tab i l i zes  

the spinel  more than i t  s tab i l i zes  the l i q u i d  phase. This i s  no t  a t  a l l  

unreasonable; i n  fact, the behavior i s  shown f o r  MgO i n  the Mg0-A10,. 



phase diagram (34). However, the s o l u b i l i t y  data for  corundum i n  1 i t h i um 

alumina sp ine l  (6) i nd i ca te  pos i t i ve  deviat ions from i d e a l i t y ,  wh i le  the 

l i q u i d  phase i s  c lose t o  Raoult 's law. It i s  thus l i k e l y  t h a t  the 

maximum i s  an a r t i f a c t  of the ca lcu la t ion .  It could e a s i l y  be el iminated 

by t he  use o f  an add i t i ona l  Red1 i ch -K is te r  c o e f f i c i e n t  f o r  the l i q u i d  

phase. ' 

The shape of the l e f t  hand edge of the spinel  region i s  p r e t t y  much 

determined by the temperature used fo r  equ i l  i b r i  um between gama a1 umina 

and corundum, and the po in t  of Lejus and Col longues (6)  a t  X = .I4286 and 1673K. 

They a i so  repo r t  a value of X . =  . I03 a t  2173K, .which i s  i n  on ly  f a i r  agree- 

ment w i t h  our ca lcu la ted value of X = .085 a t  t h i s  temperature. An exper i -  

mental reexamination of .the range of equi 1 ib r ium spinel  compositions would 

be very valuable. This could be done q u i t e  e a s i l y  w i t h  d i f f u s i o n  couple 

technfques. 

There are a number o f  other questions concerning the equ i l i b r ium 

behavior o f  the LiO 5-A101.5 system which are n o t  answered by the pre- 

1 iminary phase diagram i n  Figure 1. The most important o f  these questions 

are considered i n  the  fo l low ing  sections o f  t h i s  repor t  together w i t h  

pe r t i nen t  l i t e r a t u r e  references and suggestions f o r  f u r t he r  work which 

might prgvide f u r t h e r  c l a r i f i c a t i o n .  

The s t a b i l i t y  o f  alpha LiA10,. Hexagonal c r ys ta l s  of alpha LiA10, a re  

r e a d i l y  prepared i n  a v a r i e t y  o f  react ions (1,2,35,36-38). . On heating, 

the alpha c rys ta ls  a re  converted t o  gamma ( tetragonal  ) c r ys ta l s  (35,6,38 - 
41), b u t  d i f f e r e n t  samples appear t o  undergo the transformation somewhat 
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d i f f e ren t l y .  I t  has been observed as low as 873K (35) b u t  samples have 

been h e l d  a t  983K f o r  3 days w i thou t  r e a c t i o n  (2). The d i l a t o m e t r i c  r e s u l t s  

of Lejus and Col 1 ongues (6) c l e a r l y  show an i r r e v e r s i b l e  t rans format ion  

a t  about  1173K. A t  these temperatures, t he  y phase i s  c l e a r l y  the  s t a b l e  

form a t  one atmosphere pressure. There a r e  c la ims t h a t  t h e  a phase 

i s  s t a b l e  a t  lower temperatures (6), b u t  i t  i s  a l s o  l i k e l y  t h a t  i t  i s  n o t  

thermodynamical l y  stablie #even a t  298K (35). The reverse t rans format ion  

i s  observed a t  h igher  pressures, 35 kbar a t  1123K (35) .  Since the  

volume change on r e a c t i o n  i s  known 1(5,35,36), t h i s  g ives  us an approxi -  

mate value fo r  AG o f  the  t r a n s i t i o n ,  4.56 k c a l  mol", i f  the  e q u i l i b r i u m  

pressure i s  30 kbar. The enthalpy and entropy f o r  t he  a form could be 

independently es tab l ished e i t h e r  by s tud ies  o f  t he  e q u i l i b r i u m  ,pressure 

a t  two temperatures o r  by carefu l  enthalpy measurements o f  heats o f  so lu-  

t i o n  o r  o f  heats o f  t ransformat ion by d i f f e r e n t i a l  thermal ana lys is .  The 

gamma form has te t rahedra  shar ing edges, so i t  i s  l i k e l y  t h a t  the $alpha 

form can have greater  d isorder  o f  the  ca t ions  and a h igher  entropy. 

Thus i t  i s  l i k e l y  t h a t  the  alpha t o  gamma t r a n s i t i o n  a t  h i g h  temperatuve 

i s  exothermic, b u t  n o t  enough t o  make the  alpha form s t a b l e  a t  1 atm before 

the me1 t i n g  p o i n t  i s  reached. The t r a n s i t i o n s  between t h e  c r y s t a l  forms 

are slow and I t  i s  d i f f i c u l t  t o  measure the  enthalpy o f  t r a n s i t i o n  by 

d i  f f e r e n t i  a1 thermal ana lys is  (42) . However, a t  temperatures around 1,200K, 

the alpha t o  gama t r a n s i t i o n  has been shown t o  be endothermic (38).  It 

cannot be h i g h l y  endothermic o r  the  alpha form would n o t  t ransform t o  the 

gamma form a t  t h i s  temperature (38) a t  1 atm pressure. This i s  s u f f i c i l e n t  



in format ion combined w i t h  reasonable entropy estimates t o  estimate the 

phase boundary between the  alpha and gamma forms of LiA102 i n  a temycrature- 

pressure p l o t .  I f  AG i s  p o s i t i v e  a t  1200K . f o r  the reac t ion  

but AH i s  negat ive ( t he  reverse reac t ion  i s  endothermic), there must be a 

negat ive A S  i n  the  equation 

AG = AH - T A S  

I't i s  reasonable t o  expect t h a t  the lower dens i ty  gamma form has a 

higher thermal entropy ,, and 1200K could be below the expected order-disorder 

t r a n s i t i o n  f o r  the alpha c rys ta ls .  A S  could be as low as -2 ca l  "01-'K. 

With t h i s  value f o r  A S ,  the minimum possible value f o r  AH i s  -2.4 kcal  mol- l ,  

and $t i s  reasonable t o  expect i t  t o  be i n  the range -1*1. AG a t  1123K i s  

thus probably 1.2 t 1 kcal  mol-' . This i s  consid&rably less than the +4.56 

kcal' mol-' value f o r  equ i l i b r ium a t  30 kbar, bu t  i t  i s  possib le t h a t  the 

equ i l i b r ium pressure i s  as low as 8 kbar.  

A l p l~d  LiA102 has both cat ions i n  octahedral pos i t ions , and considerable 

ca t i on  d isorder  should be possib le a t  h igh temperatures. Complete cat ion 

-1 - 1  randomization would g ive  an entropy of 2(4.5756 l og  2) = 2.7  ca l  mol K . 
We can expect an order-disorder t r a n s i t i o n  i n  alpha LiA102. We have estimated 

a t r a n s i t i o n  a t  1400K w i t h  AS = +2 cal  rnol- '~- '  and AH = + 2.8 kcal  mol-l . 
These, estimates together w i t h  an assumed value o f  AC'=O give the estimated 

P 
temperature pressure phase diagram i n  f i g u r e  2. This i s  c e r t a i n l y  not  an 

accurate ca lcu la t ion,  bu t  i t  i s  a very useful  s t a r t i n g  po in t  ir, i n t e r -  

p re t i ng  experimental data. It ind ica tes  for  example t h a t  the very slow 

gamma t o  alpha t r a n s i t i o n  reported by Lejus and Collmgues (6 )  a t  about 

370K may be cor rect .  



The l i q u i d  region i n  Figure 2 i s  sketched assuming t h a t  the 

liquid a t  1 atm is  less dense than even the gamna crystals, b u t  t h a t  

the liquid i s  quite compressible. 

Stability of the beta form of LIAIOp . Beta L i A I O Z  (1,2) has both 

tetrahedral and octahedral cations and a density close to  t h a t  of 

the gamma farm (43). I t  can be prepared a t  one atmosphere pressure 

(1.43) although h i g h  pressure (2) was used in the init ial  

preparations. Work i s  needed here to  determine both the equilibrium 

pressure and the heat of transition. There i s  no reason to  believe 

t h a t  beta LiA102 i s  thermodynamically stable a t  one atmosphere pressure 

and h i g h  temperatur'es, so we expect beta LiA102 t o  canvert to the gamma 

form on heating. I t  i s  no t  clear a t  w h a t  temperature we can expect this 

t o  OCCUR However, a recent paper cf tes 11 73K (43). The range of transi - 
tion temperatures observed for the alpha t o  gamma transition i s  an indi- 

cation t h a t  these transformations can be catalyzed, and they should be 

studied both in the presence and absence of a molten carbonate liquid 

phase. Alpha and beta L1A1U2 have cations in octahedral sites!, so they 

stlould be stabilized by the presence of larger ions such as M~~~ and 

~ a ~ ' .  The transitions and, i f  possible, the equi 1 i bria in the presence 

of up t o  10% doping w i t h  additional ions should be studied. Even .a 

rough estimate of the region of T and P in which beta LiA102 i s  sta,ble 

would assist i n  the interpretation of the available d a t a  on beta LiA102. 

If the density i s  as low as 2.61 g cm-3 (43) i t  has roughly the same 

molar volume as gamma LiA102 and probably i s  not thermodynamically 

stable a t  any temperature and pressure. 



ihrmmodynamics o f  the sp ine l  phase. E a r l y  work w i t h  gamma LiA102 

(44)  repo r ted  a  r e v e r s i b l e  t r a n s i t i o n  i n  the  range 1473 t o  1573K. 

This has n o t  been conf irmed i n  l a t e r  work ( 4 )  and was probably the  

r e s u l t  o f  t h e  order -d isorder  t r a n s i t i o n  (6,45) i n  some LiA1 

c r y s t a l s  which may have been present.  The ca lcu la ted  phase diagram 

i n  F igu re  1 i n d i c a t e s  t h a t  t h i s  t r a n s i t i o n  s t a r t s  a t  a  lower temperature 

f o r  LiAl5O8 sa tu ra ted  w i t h  LiAIOZ than f o r  the s t o i c h i o m e t r i c  com- 

p o s i t i o n .  

I n  any case i t  i s  clear  t h a t  L iAlS08 can be present  i n  e q u i l i b r i u m  

w i t h  s o l i d  LiA102 from a  h i g h  temperature e u t e c t i c  down t o  a  temperature 

below 1200K where the equi 1 ib r ium favors d isproport ionat i .on t o  corundun 

and gamma L i A l O * .  The equi 1 ib r ium d isp ropor t i ona t ion  temperature was 

found a t  7110K in the ca l cu la t i ons  fo r  f i g u r e  1.  Unfor tunate ly  n e i t h e r  

o f  these equi 1 ib , r f  a are we l l  establ ished,  and the s t a b i l i t y  o f  LiA1508 

j s  somewhat unce r ta in .  Yowever any subs tan t ia l  change from the va? ues 

used i c  :='e;cre i w i l l  be i ncons is ten t  w i t h  the  h igh  temperature data 

( 3 , 4 ) .  I n  ~ C : I  :ase i t i s  des i rab le  t o  check . the heat capaci ty ,  entha'py 

and entropy o f  LiA1508 i n  as many ways as possib le.  

Choosir;g a lower enthalpy fo r  L iA l5o8 would tend t o  increase the  

area f o r  t h i s  phase i n  the phase diagram, i n c l u d i n g  increased s o l u b i l i t i e s  

o f  corundum i n  the s p i n e l .  The l i n e  i n  F igure  1  i s  constra ined t o  go 

through the  value reported by Lejus and Collongues (6)  a t  1673K, XI = 

.14286. I t  i s  quest ionable whether t h i s  cou ld  be maintained w i t h  the 

spinel a:most 8 times 3 s  s tab le  as suggested by the  enthalpy data of 

Guggi e t  a1 . (20). 
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It i s  d lso  desi iabl 'e to " tes t  the a c t i v i t y ~ c o e f f i c i t i n ' t  equations 

used i n  ca lcu la t ing  Figure 1 .  The temperatures f o r  l i q u i d s  i n  the 

high alumina s ide o f  t he  phase diagram are ra the r  h igh f o r  vapor presslrre 

measurements, and probably the best  check. that .can be obtained here i s  

by ca re fu l  measurements on the Li5A104 - LiA102 eutect ic .  An exper i -  

mental check f o r  the spinel  phase w i l l  be even more d i f f i c u l t ,  bu t  a 

de ta i led  theore t i ca l  study o f  the spinel  i n  the Mg0-A101.5 system could 

add t o  confidence i n  the LiO 5-A101 equations. I t  should be possib le 

t o  obtain. good a c t i v i t y  c o e f f i c i e n t  equations. for  sp ine ls  in. the ternary  

system Li0.5-A101 .5-Mg0. 

Other features on the alumina r i c h  s ide o f  the phase diagram. The 

maximum i n  the sp ine l  meting po in t  i n  f i g u r e  1 obscures most o f  the 

region where the corundum l iqu idus  curve should l i e .  The ca lcu la ted 

corundum 1 iquidus using a c t i v i t y  coe f f i c i en t s  f o r  the 1 i q u i d  phase 

calculated ,from the numbers i n  Table 4 i s  q u i t e  f l a t  around 2290Ki.1and 

X = .I6 because the ca lcu la t ion  gives p o s i t i v e  deviat ions from i d e a l i t y  

i n  t h i s  region. This can be adjusted w i t h  more Redl ich-Kister  c o e f f i -  

c ien ts  f o r  the l i q u i d ,  but  what i s  r e a l l y  necessary i s  add i t iona l  

a c t i v i t y  c o e f f i c i e n t  data i n  t h i s  range o f  compositions and temperatures 

t o  eval uate add i t iona l  coe f f i c i en t s  . The experimental problems i n  

working a t  such h igh temperatures are severe, but  i t  should be possib le 

t o  f i nd  and measure the 1 i q u i d  i n  equi 1 i brium w i t h  corundum, spinel,  

o r  both. Another i n t e res t i ng  possib le feature  o f  the phase diagram 
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i n  t h i s  reg ion which should be checked b i .  add i t iona l  experiments and 

ca lcu la t ions i s  the possible equi 1 i brium presence o f  de l ta  a1 umi na (46). 

Vaporization Studies of L i th ium Aluminates. L i th ium compounds are o f  

i n t e r e s t  as possible blanket mater ia ls  i n  a fusion reactor, where the 

l i t h i u m  serves as a source o f  t r i t i u m  by nuclear react ions (20,47-49). 

L i th ium aluminates are o f  special i n t e r e s t  because the react ions o f  

A1 and 0 w i t h  neutrons do n o t  cause serious addi t iona l  problems. Thus 

Guggi e t  a l .  (20, 50-51) and others (52) have undertaken studies 

o f  the vapor izat ion behavior af the 1 i th ium a1 uminates. L i th ium oxide 

vaporizes (53-59) p r ima r i l y  as L i  atoms and O2 and as Li20(g) 

0th. r gaseous l i t h i u m  oxides inc lud ing LiO(g) and Li202(g) are present 

t o  a minor extent .  The thermodynamics o f  the gaseous l i t h i u m  oxides 

are qu i te  we1 1 establ  ished (101, bu t  work i s  s t i l l  proceeding t o  r e f i n e  

t h e  values (60). I f  there i s  any water present. LiOH(g) i s  a major h igh 

temperature species (10,61-64) and mixed oxide species such as LiOK(g) 

and LiONa (10) may be s i gn i f i can t .  ~om~bunds  w i th  s tab le  small anions 

may sublime wi thout  decomposition t o  some extent, g i v i ng  species l i k e  

Li2C03(g) and Li2S04(g) a1 though t h i s  does no t  occur 'w i th  1 i thium com- 

pounds t o  the extent  found f o r  the heavier a1 ka l  i metals. I n  any case, 

gaseous l i t h i u m  alumjnates should no t  be s i gn i f i can t ,  and the i n t e r -  

p re ta t ion  o f  t h e i r  vapor izat ion data should be' stra ight forward.  Thus 

the agreement o f  the data f o r  LiA102(s) (20) w i t h  values of the ~ n t h i t l p y  

from other methods ( 1 6 ~ 1 9 )  i s  t o  be expected. The value fo r  Li5A104 



f rom vapor i za t i on  data (20) may be more accurate than the  d ' f f e r e n t i a l  

thermal ana lys i s  va lue ( 7 ) ,  b u t  t h i s  4;CFerence w i l l  n o t  make a  major  

change i n  the  c a l c u l a t e d  phase diagram. The reason f o r  t he  discreepancy 

observed f o r  LiAl5O8 i s  unclear,  and must awa i t  more d e t a i l e d  p u b l i -  

c a t i o n  o f  t h e  vapor pressure values. I t i 's poss ib le  t h a t  t h e  d i f f i c u l t y  

l i e s  i n  the  range o f  composit ions poss ib le  f o r  the sp ine l  as sllown Sn 

Figure  1. 

Other areas o f  a c t i v e  cu r ren t  work on l i t h i u m  aluminates. We have n o t  

attempted t o  c i t e  a l l  the  procedures repor ted  i n  the  l i t e r a t u r e  f o r  the  

format ion o f  l i t h i u m  aluminates. I t  i s  t r u e  t h a t  the changes observed 

f o r  d i f f e r e n t  s t a r t i n g  n a t e r i a l  s, temperatures, and pressures may g i v e  

s i g n i f i c a n t  data on r e l a t i v e  s t a t i l i t i e s ,  and a  d e t a i l e d  s tudy  cou ld  be 

valuable.  Annopol " s k i  i and coworkers have several  recent  papers (E5-.56) 

summarizing t h e i r  observat ions w i t h  var ious  a1 k a l  i hydroxides and 

carbcna tes.  Studies on te rna ry  r y s  terns such as Mg0-Li A1 02(67) and 

LiA1 02-LiGaC2 (65) may prove very va l  uabl e  when data become ava i  l a b l e  

cn the e f f e c t s  o f  s u b s t i t u t i u r l  or1 Ll~e alpha-gama equ i l i b r i um.  

The s u b s t i t u t i o n  o f  A13+ f o r  ~ e ~ +  i n  l i t h i u m  f e r r i t e s  i s  covered 

i n  such a w ide  range o f  papers t h a t  o n l y  a  few lead ing  references can 

be inc luded here ( 2 4 , 6 9 3 .  The 1  i t o r a t u r e  on 1  i t h i u m  aluminum s t l i c a t e s  i s  

even more voluminous, b u t  almost a1 1  o f  A i s i n  t he  reg ion  o f  over  40% Si02, 

q u i t e  f a r  from regions 9 f  poss ib le  i n t e r e s t  i n  fuel  c e l l s .  

One o f  t he  s i g n i f i c a n t  uses o f  LiA15g8 i s  as a  hos t  l a t t i c e  f o r  the 

luminescence o f  t r a n s f t i o n  metals.  This l i t e r a t u r e  inc ludes  s i g n i f i c a n t  



information on prepar ing both ordered and disordered fonns, and the 

spectra provide fu r ther  informat ion on cat ion posi t ions.  Thus a 

substant ia l  b u t  n o t  exhaustive l i s t i n g  o f  the references -is i n  order 

here (70-75). The spinel  s t r uc tu re  ex i s t s  a t  even lower LiOe5 

concentrations, and recent papers describe the s t ruc tu re  (76) , phase 

t r a n s i t i o n s  (77) , and e .s . r (78) o f  these sol  i d  so l  u t ions . 
On the 1 i t h i  urn-ri ch s ide of the phase diagram, there i s  addi t i n n a l  

IR data f o r  both a and f3 Li5A104 (79) and a ca lcu la ted Madelung energy 

(80) fo r  the observed c r ys ta l  s t r uc tu re  (80). The value ca lcu la ted 

f o r  5Li0 5 ( ~ )  + AIO1 . 5 (~ ,a )  + Li5A104 i s  AH = -6.8 kcal  mol-l . This 

i s  a good compromise between the value AH = -4.14 kcal mol-' ca lcu la ted 

from t a b l e  3 and AH = -10.5 from the heat o f  formation o f  Guggi e t  a l .  

(20). 

There i s  a lso one irnpcrrtaiit paper oir fiiirl c e l l  w0r.k whic!~ cuver-s 

equi 1 i b r i a  between mol ten a1 ka l  i carbonates and LiA102 (81 ) . 
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T,K 
1c~00.000 
5.00.000 
S25.000 
5 50.000 
575.000 

1 COO. 000 
1025.000 
1050.000 
1075.000 
1 1~00.000 
1125.000 
1.1 50.000 
1175.000 
1 200.000 
1225.000 
1250.000 
1275.000 
1330.000 
13.25.000 
T 350.000 



Substance -- 

-able 3. Thermr!dynaniic Pr.operties o f  the  Pure M a t e r i a l s  i n  the  L i ( !  .5-A101. Sys tem 

'0298 myOOO '$98 '-'YO00 Cp equat ion  

c a l  r i i o l - l ~ - '  c a l  r no l "~ - '  kca l  mol-' kca l  mol" --- - A - BXI o3 - .  cX1 o6 DXI o9 E X I O ~  

L iA1 508 41.198 75-90 ". -1080.437 -1027.637 84.5049 9.84839 -2.1074 0 -2.5592 
(c ,sp ine l  ,high temp form) 

L i A1 40.198. 74.399 -1 082.8' -1 030.0 0 -2.5592 84.5049 9.84639 -2.1074 
(c,ordered sp ine l  ,low T) 



Table 4 

Redlich-Kister Coefficients for the Liquid 

Phase i n  the ~ i 0 . ~  - A I O 1  .5  System 

l 0g Yl000 

enthalpy kcal mol-I 

Table 5 

Redlich-Kister Coeff icients f o r  the Sol id  Spinel Phase i n  the LiOB5 - A101a5 

System Referred t o  LiO ,-(c) and AIO, .5(c,y)  as Standard States. 

enthal py kcal mol-' -23.7622 5.0690 -3.4593 -0.4086 



Figure  I. 

Preliminary calculated phase diagram for the LiO 5-AI0 system: . 1.5 



Figure  2 

Estimated temperature pressure phase diagram for LiAICe L 
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