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polar iza t ion  and kinet ic  da ta  arise ma in ly  f rom the 
d i f f e r e n t  cathodic react ions involved.  

A model  for  the rmal  oxide  growth  at  -~1 #m in 
thickness is proposed,  based on the k inet ic  and po la r -  
izat ion data.  

1. When  oxidizing in steam, the  reduct ion  of the 
protons  re leased  is assisted by  thei r  surface conduc-  
t ion in  the  adsorbed  wa te r  phase on the zirconia sur-  
face and the e lec t ron t r anspor t  a t  the  in te rmeta l l i c  
sites. Therefore,  the  rest  potent ia l  s tays at  low nega-  
t ive values  and the oxida t ion  proceeds  a t  a fast  ra te  
comparab le  to tha t  in the mol ten  salts. 

2. In  d r y  air, the oxida t ion  proceeds at  a much s lower  
ra te  t han  in s team and the mol ten  salts. The e lec t r ica l  
conduct ion proper t ies  of the  oxides grown in air, 
however ,  a re  s imi lar  to those of the oxides  g rown 
in the mol ten  salts. Therefore,  the low rates  of ox ida-  
t ion in a i r  a re  a t t r ibu ted  to a h igh ly  negat ive  rest  
po ten t ia l  on the  a l loy  brought  about  by  a high re -  
s is tance for the surface conduction of electrons and 
the absence of a reduct ion step involving cationic 
species. The r a t e  of oxidat ion,  in i t ia l ly  l inear,  is 
cont ro l led  by  the reduct ion  of oxygen at  the surface;  
then  the ra te  changes due to the bu i ldup  of an elec-  
t ronic  space charge in the oxide  and control  by  the 
combinat ion  of e lec t ron conduct iv i ty  at  the in te r -  
metal l ics  and surface conduction. 
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ABSTRACT 

The phase  d i ag ram of the  Bi203-Dy203 sys tem was invest igated.  A mono-  
phasic fcc s t ruc tu re  was s tabi l ized for  samples  containing 28.5-50.0 mole  pe r -  
cent  (m/o )  Dy203. Above and below this concentra t ion range  polyphas ic  re -  
gions appear .  The fcc phase showed high oxygen ion conduction. The ionic 
t ransference  n u m b e r  is equal  to one for specimens containing 28.5-40.0 m / o  
Dy203, whereas  an electronic component  is in t roduced at low t empera tu re s  
for specimens containing 50.0 m/o  Dy203. The conduc t iv i ty  of(Bi203)0.715 
(Dy203)0.2s5 is 0.71 ~ - 1 m - 1  and 14.4 a - l m - 1  at  773 and 973 K, respect ively.  
Relat ions  were  found be tween  the ionic radius,  the conduct ivi ty ,  and  the min i -  
m u m  concentra t ion  of l an than ide  necessary  to s tabi l ize  the  fcc phase.  I t  is con- 
c luded tha t  the highest  ionic conduct iv i ty  wi l l  be found in the sys tem Bi20~- 
Er203 or  Bi2Os-Tm203. F r o m  a s tudy of re la t ions  be tween  the ac t iva t ion  en-  
ergy,  log ~o and the composi t ion it is concluded tha t  two conduct iv i ty  mecha-  
nisms p lay  a role .  

Recent ly  Harwig  inves t iga ted  the e lect r ica l  and 
s t ruc tu ra l  p roper t ies  of Bi20~ (1-5).  A t  room tem-  
pe ra tu re  the monoclinic  a -phase  is s table  and the con- 
duc t iv i ty  is p r edominan t ly  electronic.  On heat ing to 
1002 K the oxide t ransforms to the face centered cubic 
(fcc) 5-phase, which is s table up to the mel t ing  point  
a t  1097 K. In the 5-phase the e lect r ica l  conduct iv i ty  is 
about  100 ~ - 1 m - 1  and var ies  l i t t le  wi th  t empera ture .  
The ionic t r anspor t  number  is equal  to one (6). On 
cooling this h igh ly  conduct ive phase m a y  be ex tended  to 

Key words: ionic conductor, solid electrolyte, bismuth oxide, 
lanthanide oxide, phase relations. 

923 K, where  it t ransforms into the t e t ragona l  #-phase  
or  to 912 K where  it t ransforms into the body-cen te red  
cubic (bcc) *y-phase. These phase t ransformat ions  are  
accompanied by  sudden volume changes which cause 
de ter iora t ion  of the mechanical  proper t ies  of the ma-  
terial .  The conduct iv i ty  in the  ~- and -v-phase is 
ma in ly  ionic and about  three  orders  of magni tude  lower  
than  in the 8-phase. 

The t empera tu re  range  at  which  this ma te r i a l  can be 
used as a solid e lec t ro ly te  can be ex tended  by  subst i -  
tut ing Bi203. The region of h ighly  ionic conduct ive 
8-phase can be ex tended  to room t empera tu r e  by  in t ro-  
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d u c t i o n  of 17.5-45 m / o  Er2Os (7,8), 25-43 m / o  Y20~ (9), 
3 5 - 5 0  m / o  Gd203 (1O), 25 m / o  WO~ (11), 15-25 m/o  
Nb205 and 18-25 m/o  Ta205 (12). The highest  ionic 
conduct iv i ty  is found in the sys tem Bi203-Er20~. The 
conduct iv i ty  of [Bi2Os]0.s0(Er203)o.20 is 2.3 and 37 
12-1m -1 at  773 and 973 K, respec t ive ly  (7). 

Oxygen  ion conductors  based on b i smuth  sesquioxide 
a r e  subs tan t ia l ly  more  conductive than the s tabi l ized 
zirconias. In  the t empera tu re  range  773-973 K the con- 
duc t iv i ty  of (Bi~Os)o.s0 (Er203)0.20 is about  50-100 t imes 
h igher  than  the conduct iv i ty  of (ZrOD 0.915 (Y203)o.0s~. 

Because of the re la t ive  ease of reduct ion at  h igher  
t e m p e r a t u r e s  (6, 13, 14), the b i smuth  sesquioxide-  
based mate r ia l s  a re  not  sui table  for  fuel  cell  appl i -  
cations. Thei r  appl ica t ion  wil l  be l imi ted  to oxygen 
pumps  [e.g., for  oxygen-en r i chmen t  (15)] or  e lec t ro-  
ly te  for "second genera t ion"  oxygen sensors [e.g., the 
device developed by  Heyne (16, 17)]. The "second 
genera t ion"  oxygen sensor is used for automot ive  con- 
t rol  and  operates  in the lean a i r / fue l  rat io region, 
e.g., an oxygen- r i ch  exhaus t  gas (1-10% O2). The 
s e n s o r  produces  a feedback signal  to keep the gas 
mix tu re  fed to the motor  oxygen  rich. So all  the fuel  
i s  burned  and most  pol lu tants  can be removed ca ta-  
ly t i ca l ly  (16, 18, 19). 

The occurrence of the cubic phase (fcc) in the 
Bi2Os-Dy203 sys tem is r epor ted  for 3Bi20~.Dy208 by  
Dat ta  and Meehan  (20) and for Bi20~.Dy203 by  
Nasanova et al. (21). The fcc phase in comparab le  b i -  
n a r y  compounds exhibi ts  h igh oxygen  ion conduction 
over  a wide  t empe ra tu r e  range.  Therefore,  the  authors  
have inves t iga ted  the phase d iagram and the conduc-  
t iv i ty  of the Bi2Os-Dy2Os system. 

The invest igat ions  are  a pa r t  of our  studies on a 
number  of Bi203-Ln20~ compositions. Phenomenologi -  
cal re la t ions be tween  the ionic radius  of the lanthanide ,  
the s t ructure ,  and the conduct iv i ty  are  given. Some 
predic t ions  about  high ionic conduct iv i ty  in s tabi l ized 
Bi~O~ are  made.  

Exper imenta l  

Preparation and analysis of the specimens.--Bi~O~ 
(Merck, ve ry  pure)  and Dy20~ (Serva,  99.9%) were  
thoroughly  mixed  and prefired at  1020-1120 K for 16 
hr, f inely ground  and isostat ical]y pressed at about  400 
MPa, s in tered  in a i r  for  45 hr, and  cooIed down (1/2 K 
min-~)  to room tempera ture .  The s inter ing t empera -  
ture was ra ised as the content  of Dy203 was increased,  
see Table I. Pref i r ing and s in ter ing  were  pe r fo rmed  in 
p la t inum crucibles.  

Af te r  the synthesis  the composit ion of the samples  
was checked wi th  x - r a y  fluorescense. The accuracy 
is 0.1% absolute.  The specimens were  analyzed  for  
smal l  amounts  of  a luminum and silicon. The pro-  
cedure is descr ibed e lsewhere  (7, 22). The detect ion 
l imits  of these ana]yses are  0.005 weight  percent  (w/o)  
A1 and 0.001 w/o  Si .  

T h e  crys ta l  s t ruc tures  of the specimens were  ident i -  
fied by  a Phi l ips  P W  1370 diffractometer .  Cu K~ 
rad ia t ion  was used wi th  a Ni filter. The lat t ice 
pa rame te r s  were  ca lcula ted  f rom diffract ion angles in 
the 60~ ~ (20) region, obta ined  at  a scanning speed 
of 1/4" ra in-1  using Pb (NO~)2 as the in te rna l  s tandard.  
High t e m p e r a t u r e  x - r a y  exper iments  were  pe r fo rmed  
wi th  a Gu in i e r -S imon  camera  (heat ing rate:  5 K 
h r - 1 ) .  The ceramic s t ructures  of pol ished and ther -  

rea l ly  e tched samples  were  inves t iga ted  wi th  the 
scanning electron microscope (SEM) Type  JEOL 
JSM U3. Differential  t he rmal  analysis  (DTA) mea -  
surements  were  pe r fo rmed  wi th  a du Pont  990 Thermal  
Analyser ,  heat ing rate:  10 or 15 K min -1. The densi-  
ties of the  samples  were  m e a s u r e d  at  298 K by the 
Archimedes  method using mercury.  

Measurement of the ionic conductivity.--The elec-  
t r ica l  conduct iv i ty  was measured  at  a f requency of 
10 kHz. The ionic t ransference  number  was measured  
by  the emf of an oxygen gas concentra t ion cell. De- 
tails  of these measurements  a re  descr ibed e lsewhere  
(7). 

Results 
Samples prepared.--The densit ies  of the  specimens 

af te r  s in ter ing  were  92-94% of the theoret ical  density, 
see Table  I. The avrag  gra in  size of the samples is 
about  30 ~m. The ceramic s t ruc ture  of a specimen is 
shown in Fig. 1. On this photograph  i t  can be seen 
tha t  the gra in  growth  in this system is ve ry  fast  even 
at  t empera tu res  of 1273 K. The gra in  boundar ies  move 
so fast  that  they  become curved and pores are isolated 
wi th in  the grains. This implies  tha t  h igher  final densi -  
ties a re  difficult to obta in  wi thout  control l ing gra in  
growth.  

The color of the specimens was ye l low/o range  for 
low percentages  of Dy2Os and da rk  brown for high 
percentages.  

The difference be tween  the calcula ted composit ion 
and the composi t ion measu red  by  x - r a y  fluorescence 
was 2.0% absolute  or less. Concentrat ions of silicon 
and a luminum impur i t ies  a re  lower  than  0.002 and 
0.03 w/o,  respect ively.  

Structural aspects.--Table II  gives a survey  of the 
exis t ing s t ructures  if the specimens are  subjec ted  to 
different  hea t - t rea tments .  In  the "quenching" p ro -  
cedure the samples  were  suddenly  removed  from the 
furnace and cooled down to room t empera tu re  by  
na tu ra l  convection, wi th  the  resul t  tha t  the high t em-  

p e r a t u r e  s t ruc ture  could be retained.  Lower  t empera -  
ture  phases are  occasional ly achieved by  cooling down 
ve ry  s lowly (1/2 K rain -1)  or  by  anneal ing  at  a 
sui table  tempera ture .  

The sample  containing 5 m / o  Dy20~ has a t e t ragona l  
s t ructure.  The high t empera tu re  s t ructure  is cubic 
(fcc) as de te rmined  by  the High Tempera tu re  Guinier  
technique (HTG).  The t rans i t ion  t empera tu re  is 913 K, 
see Table  III. If  this sample  is annealed,  minor  con- 
centra t ions  of o ther  phases appear .  This was also 

Table I. Sinter|ng temperature and density 

z in (Bi~s)l- . (Dy~Os)~ Temperature (K) Density* (%) 

0.05-0.10 1073 
0.15-0.25 1173 
0.28~-0.35 1273 92 
0.40-0.~0 1373 94 
0.60 1373 

" Density is given as a percentage of the theoretical density 
based on defect fluorite-type lattice, Fig. 1. The ceramic microstructure of (Bi20~)o.65 (Dy2Oa)o.s5 
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Table II. Sur~ey of the structural information of the ~i20~-Dy20~ 

system 

77 

x in 
(Bi20~) t_, (DyeOs) 

"Quenched" at 
sintering temperature 

Temperature  t rea tment  
Cooled down 
by 1/= K m i n - ~  Annealing temperature (K) Annea led  for  350 hr  

0.05 /~* ~ 823 /~ + a + e 
0.10 ~ <~ + el4 823 ,'., + ~ + �9 
0.15 ~ e + <~ 903 �9 + a 

0.20 ~ e + "~ 973 �9 + "~ 
0.25 ~i ~ 973 �9 + 

0.28~-0.50 ~ ~ 973 8 

0.60 ~ + 8"* 8 + 8  

* The  ~-phase has  a te tragonal  structure.  
** In this table # denotes the unknown structure. 
t In this table e denotes  the rhombohedra l  structure.  

$ The underlined structures appear in minor concentrations.  

observed in the Bi203-Er203 system (7). Possibly the 
tetragonal  solid solution phase is stable at higher 
temperatures  (i.e., between 823-913 K) whereas at 
lower temperatures  the solid solution exists over a 
nar rower  range of composition and u l t imate ly  only 
one tetragonal  compound exists. It is suggested that  
this is the case in  the Bi20~-Y203 system (20). 

The high tempera ture  s t ructure  of the sample con- 
ta in ing 10-25 m/o  Dy2Q is cubic (fcc). This can be 
concluded from the quenching experiments  and was 
checked by  HTG. The low tempera ture  s t ructure  is 
rhombohedral ,  as can be seen from the samples cooled 
down by  1/2 K min  -1 as we l l  as from the anneal ing  
experiments.  The anneal ing experiments  indicate that  
the rhombohedral  solid solution is found from about 
15 m/o  Dy203 to 25 m/o  Dy203. After  anneal ing  for 
2 0 0 0  hr at 880 K the s t ructure  of the specimen con- 
ta in ing 25 m/o  Dy2Q was - -  95% rhombohedral .  Table 
III  shows the t ransi t ion tempera ture  of the rhombo- 
hedral  s t ructure  to the cubic s t ructure  measured by 
DTA. 

The equi l ibr ium monophasic fcc s t ructure  was ob- 
served at low temperatures  for samples containing 
28.5-50.0 m/o  Dy203. These results do not agree with 
the observations of Datta and Meehan (20) who re-  
ported the existence of the fcc phase for 3Bi20~.Dy203 
at low temperatures.  It  is very l ikely that  these authors 
reported the nonequi l ib r ium high tempera ture  struc-  
ture. Possibly contaminat ion by the porcelain or silica 
crucibles used for the synthesis of the materials  may 
play a role. The observations of the fcc phase for 
Bi203.Dy20~ by Nasonova et al. (21) is confirmed. 

As shown in  Fig. 2 we see that  in the whole range 
of the stabilized fcc phase (28.5-50 m/o  Dy203) and in 
the range where the high temperature  fcc phase can 
be retained by quenching (10-25 m/o  Dy203) the 
lattice constant  decreases l inear ly  with an increasing 
Dy203 content, i.e., Vegard's rule holds. 

The specimen containing 60 m/o  Dy20~ shows an f c c  

phase and an u n k n o w n  phase. Attempts  to determine 
the composition of the two phases wi th  the EDAX 
uni t  of the SEM failed because the size of the separate 
phases was too small  compared to that  of the analyzed 
area (0.5-1 ~m2). The deviation of the lattice constant  
o f  t h e  f c c  phase, see Fig. 2, cannot  be explained. 

Table I I I .  Transition temperatures measured by DTA in the 

heating-up direction* 

z in (Bi=O=)t-=(Dy=Os)s Trans i t ion  Temperature  (K) 

0.05 ~ --~ s 91.~ 
0.10 �9 ".* 8 848 
0.15 �9 .-* 8 946 
0.20 �9 ~ ~ 989 
0.25t e -~ ~ 1010 

�9 M e a s u r e d  on s ample s  coo l ed  d o w n  by  1/2 K min-Z f r o m  sin- 
terLng t e m p e r a t u r e .  

t ~ueasu~,eu ou the  a n n e a l e d  s a m p l e  (2000 hr at  800 K).  

The theoretical densities can be calculated from 
the measured lattice constants assuming several defect 
models and can be compared with the observed densi-  
ties. These defect models are extensively described 
and discussed in  Ref. (7) and will  not be repeated 
here. i t  appears that  the system Bi203-Dy203 shows 
the same features as repor ted ' for  Bi203-Er208 (7). So 
we conclude that  all  cations occupy their normal  
sites in the fluorite s t ructure  and that  there are two 
vacancies in a un i t  cell, i.e. 

Bi4cl-x)Dy4~Oe[q~ 

Conductivi ty  o~ the sintered specimens. - -The conduc- 
t ivi ty of the s intered Bi2Q-Dy20~ samples measured 
in air is shown in  Fig. 3 and 4. In  Fig. 4 the conduc- 
t ivi ty of pure Bi203 [after Takahashi  et al. (6)] is 
given as a reference material .  Table IV s u m m a r i e s  the 
values of the activation energies E a  and the pre-  
exponent ial  terms r for the Arrhenius  plots of the 
conductivity, while the deviation is given in  the 90% 
rel iabil i ty interval .  

Figure 3 gives the conductivi ty of the cubic and 
rhombohedral  s tructures of (Bi203)0.75(DyeO3)0.25. 
Below 1018 K the cubic phase is uns table  bu t  can 
exist metastable because the t ransformat ion is too 
slow in order to take place dur ing  the rapidly pe r -  
formed conductivi ty measurements ,  see Table II. For  
the rhombohedral  specimen these is a change in  the 
activation energy at about  780 K. Possibly this may be 
correlated with a change in  the ordering of oxygen 
in the lattice, as proposed for the cubic samples (see 
below). At 1010 • 15 K there is a sudden increase in  
the conductivity. According to the HTG experiments  
this increase is caused by the s t ructural  change from 
the rhombohedral  to fcc phase. The t ransformat ion 
tempera ture  corresponds with the DTA data, see 
Table III. In  the Arrhenius  plot of the cubic sample 

0.555 

~ o.5,45 

0.535 

o'.~ ' 0'.3 ' o'5 

x in (B1203)1_• (Dy203)• 

Fig. 2. Lattice constant of the fcc phase of the specimens cooled 

from the sintering temperature to room temperature by i / 2  K min - 1 .  

(For x = 0.I-0.2 the specimens were quenched.) 
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Table IV. Activation energies and pre.exponential terms for the 

Arrhenius plots of the conductivity 

z in Temperature  
(Bl~OI)z-z(Dy~O,) z r a n g e  (K)  log ~o(f l4m -1) Es (k j  mole  4 )  

0.25 ( r h o m )  609-780 5.3 • 0.2 97 __. 3 
780-1000 4.4 • 0.1 85 • 2 

0.25 (cubic)  600-870 7.2 --  0.2 104 • $ 
870-1060 5.0 • 0.2 66 • 4 

0.28 s 600-870 7.17 -- 0.04 108 • 1 
870-1140 5.1 - 0.1 73 -~- 3 

9.38 600-950 8.33 • 0.98 101 • 1 
950-1140 4.8 -- o.1 73 --.+ $ 

0.40 800-1050 8.34 • 0.06 107 • 1 
0.45 600-1050 6.4 -4- 0.4 112 • 6 
0.50 600-1050 5.9 • O.1 109 ----- 2 
0.60 600-1050 8.1 ~ 0.1 112 - -  $ 

there is a change in the ac t iva t ion  energy  at  about  
870 K, this is discussed below. 

The s t ruc ture  and the dimensions of the lat t ices of 
these phases a re  ve ry  different  and the influence on 
the conduct iv i ty  is s t r iking.  The volume of the rhombo-  
hed ra l  and  cubic uni t  cells is 0.123 and 0.166 nm 8, 
respect ively.  The cubic la t t ice  is "b lown up" compared  
wi th  the rhombohedra l  one. Therefore  a flat potent ia l  
profile a long the t r anspor t  pa th  be tween  oxygen ion 
la t t ice  sites can be expected and r ap id  t r anspor t  can 
occur  in the cubic latt ice,  as suggested for  o ther  sys-  
tems by  Huggins  (23). 

F igure  4 gives the Ar rhen ius  plots  of the conduc-  
t iv i ty  of the  cubic specimens containing 0.25-0.60 m/o  
Dy2Os. The samples  conta ining 0.25-0.35 m / o  Dy203 
show a knee in  the Ar rhen ius  plot  at about  870-950 K. 
The changes in the act ivat ion energies and the p re -  
exponent ia l  te rms a re  given in Table  IV. Presen t  
authors  (7) cor re la ted  this knee to a change in the  
la t t ice  constant,  p robab ly  caused by  changes in the 
o rde r ing  of oxygen  in the  lattice.  The increase  of the 
la t t ice  constant  for  (Bi203)0.s0(Er20~)0.20 was con- 
f i rmed by  the Simon camera  and is in the order  of 1.5%. 
However ,  for the samples  containing Dy20~ no in-  
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Fig. 4. Conductivity of (Bi ,~O3)l-~ (Dy203)x in air. e ,  x = 

0.25 (fcc); A ,  x ---- 0.285; � 9  x ---- 0.35; [ ] ,  x ---- 0.40; A ,  x = 
0.45; ~7, x = 0.50; B, x = 0.60. The broken line represents the 
conductivity of pure Bi20a in the heating-up direction. 

crease in the la t t ice  constant  could be measured  with 
HTG. We conclude tha t  the change in ac t iva t ion  
energy  and the change in log Vo is caused by  a minor  
change in  the s t ruc ture  which is not  a lways  accom- 
panied  by  a measurab le  change in the unit  cell volume. 

The best  oxygen  ionic conductor  in this sys tem is 
found in the  ma te r i a l  wi th  the composit ion 
(Bi20~)o.n~(Dy203)o.286. The conduct iv i ty  at  773 and 
973 K is 0.71 and 14.4 ~ - l m - t ,  respect ively.  This is 
about  three  t imes lower  than  the conduct iv i ty  of 
(Bi2Os)o.8o(Er2ODo.~o (7) and more  than  ten  times 
higher  than the conduct iv i ty  of (ZrO2)o.195(Y2Oa)o.o, 
at the  same tempera tures .  

The ionic transference number.--The ionic t rans-  
ference number  was measured  wi th  an  oxygen  gas 
concentra t ion cell  under  the condit ion of P'o2 = 0.21 
a tm and P"o~ --  1.00 arm. The rat io  of the measured  
emf to the theore t ica l  emf is given in Table V. 

For  (Bi208)1-x(Dy20~)x wi th  x --  0.25-0.40 the ionic 
t ransference  number  is app rox ima te ly  one, therefore  
the  conduct iv i ty  in the  range  1-100% O2 can be almost  
whol ly  a t t r ibu ted  to oxygen  ions [this work, (27), 
(31)].  I t  m a y  be r e m e m b e r e d  tha t  the  devia t ion  of 

Table V. Ratios of the measured emf E to the theoretical value Eo 
of the following cell: 

02 (0.21 arm), Pt I (Bi~Os)z-x(Dy203)x l Pt, 02 (I arm) 
at different temperatures 

Z In E/Eo 

(Bi2Os)z-,(DyM)a)= 823 K 873 K 923 K 973K 1023 K 1073 K 

0.28 - -  0.93 0.96 0.97 0.98 0.98 
0.285 0.94 1.00 0.98 0.98 0.98 0.98 
0.40 0.95 0.97 0.99 1.00 1.01 1.00 

0.50 - -  0.85 0.99 0.94 0.95 0.95 

0.60 0.42 0.47 0.54 0.61 0.69 0.72 
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the  ionic t ransference  number  measured by oxygen  
concent ra t ion  cells is about  5%. Addi t iona l  expe r i -  
ments  are  necessary to de te rmine  the (smal l )  cont r i -  
but ion  of the electronic conduct ivi ty.  The sample  con- 
t a i n i n g  50 m / o  Dy203 had an electronic component  
a t  low t empera tu re s  (T < 900 K) .  For  the sample  
containing 60 m/o  Dy2Oa an electronic component  was 
measured  for al l  t empera tures .  Because the ionic t r ans -  
ference number  for the monophasic  fee samples  co- 
exis t ing wi th  the  second phase  is app rox ima te ly  one, 
the  e lec t r ica l  conduct iv i ty  has to be ascr ibed to the 
second phase. In  this t e m p e r a t u r e  range and at  these 
oxygen  pa r t i a l  pressures  pure  Dy2Os is an electronic 
conductor  (24). Poss ib ly  the unknown phase is 
Dy~O~ rich. 

Discussion 

The  resul t s  of this s tudy were  combined wi th  l i t e ra -  
ture  da ta  of the fol lowing systems:  Bi2Oa-Er208 (7, 8), 
Bi2Os-Y2Os (9), Bi2Os-Gd2Os (10), and Bi2Os-Yb203 
(25). Our  a t ten t ion  is d i rec ted  to two subjects,  first, 

the  op t imal iza t ion  of the conduct iv i ty  in s in tered  oxides 
of  the  Bi2Os-Ln2Os sys tem and, second, some con-  
s idera t ions  concerning the defect  s t ructure .  

The optimalization o~ the conductivity.--The condi-  
t ions lead ing  to an opt imal  conduct iv i ty  of s in tered 
oxides  of the Bi203-Ln208 sys tem were  inves t iga ted  
concerning severa l  aspects. These are, first, the influ- 
ence of the  ionic radius  on the conduct ivi ty,  second, 
the  influence of the  composit ion on the conduct ivi ty ,  
and  third,  the influence of the  ionic radius  on the 
m in imum subs t i tuen t  concentra t ion  necessary  to 
s tabi l ize  the  fcc phase. 

F igure  5 gives the conduct iv i ty  of b i smuth  sesqui-  
ox ide  s tabi l ized b y  severa l  l an thanides  as a funct ion 
of the  ionic rad ius  of the subst i tuent .  The ionic radi i  
a re  based on r ( v z o 2 - )  = 0.140 nm, coordinat ion n u m -  
be r  VHI, as given by  Shannon  and P rewi t t  (26). The 
conduct iv i ty  increases s l ight ly  wi th  increas ing ionic 
radius.  No precise  da ta  about  the  la t t ice  constants  for 
some of the composit ions a r e  known. However ,  there  
is a l inea r  re la t ion  be tween  the ionic rad ius  of the 
subs t i tuent  and the la t t ice  constant,  as shown by  
Cahen (27), and thus the re  is a l inea r  re la t ion  be-  
tween  the conduct iv i ty  and the la t t ice  constant.  There  
is too l i t t le  precise  da ta  known up t i l l  now to analyze  
this re la t ion  fu r the r  in terms of re la t ionships  be tween  
the la t t ice  constant  and log Vo respect ive ly  Ea. 

W e  propose tha t  i t  m a y  be  ascr ibed to a change in 
ga. Assuming  the same defect  s t ruc ture  for  a l l  subs t i tu-  
ents a t  x = 0.35 the amount  of vacancies is constant ,  
so log ~o wil l  also be constant.  Increas ing the ionic 
radius  of the subs t i tuent  wil l  cause an increase  in the 
la t t ice  constant.  This m a y  cause a decrease  in the  
contr ibut ions  of the  local  s t ra in  components  dur ing  
the passage of oxygen  ions th rough  the latt ice,  which 
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Fig. 5. The logarithm of the conductivity of (Bi203)o.65(Ln203)o.85 
vs. the ionic radius of the substituent Li 3+ at 737 K (closed circles) 
and at 973 K (open circles). 

leads to a decrease in the ac t iva t ion  energy.  This 
exp lana t ion  agrees  wi th  the  observat ion  tha t  the  
slope of the log ~ vs. rion re la t ion  a t  773 K is l a rge r  
than  tha t  a t  973 K. This hypothes is  is confirmed in a 
re la ted  system. Kubo and Obayashi  (28) showed tha t  
in Cel-xLn~O2-x/2 for x --  0.30 the ac t iva t ion  energy  
decreases wi th  increas ing ionic radius  of the lanthanide .  

In  Fig. 6 the  oxygen ion conduct iv i ty  in  the 
Bi~Os-Dy20~ sys tem is p lot ted  agains t  the  Dy2Os con- 
tent  a t  different  tempera tures .  The conduc t iv i ty  of 
(Bi20~)o.so(Er2Os)0.20 (7) is given as a reference.  In  
the fcc solid solut ion phase  field the conduct iv i ty  de -  
creases l i nea r ly  wi th  the composition. For  x = 0.60 
there  is a negat ive  devia t ion  f rom this l inear  relat ion.  
This is due  to the  second phase. The devia t ion  at  
x = 0.25 is caused by  a s t ruc tura l  phase t ransformat ion.  
The conduct iv i ty  of the  metas tab le  fcc phase  at  x = 
0.25 satisfies this l inea r  re la t ion  as shown in Fig. 6. I t  
should be noted tha t  a l inear  re la t ion  be tween  con- 
duc t iv i ty  and concentra t ion holds at  t empera tu re s  
above and be low the observed  knee in the  Ar rhen ious  
plot. A l inear  re la t ion  in the fcc solid solut ion phase  
field is also found for Bi2Os s tabi l ized  wi th  Er~O~ (7), 
Y203 (9), and Gd~O~ (10). 

F rom the Fig. 5 and 6 i t  is c lear  tha t  the  highest  
ionic conduct iv i ty  wi l l  be found for l a rge  ions and 
low subs t i tuent  percentages.  As wil l  be shown, these 
are  cont rad ic tory  requirements .  At ten t ion  should be 
pa id  to the  influence of the ionic radius  of the Ln  S+ ion 
on the  m i n i m u m  subs t i tuen t  concentra t ion (xmin.) 
necessary to s tabi l ize the  fcc s t ruc ture  at  room tem-  
pera ture .  The corre la t ion  be tween  the ionic radius  and 
Xmin. is given in Fig. 7. I t  should be noted tha t  the  
min imum concentrat ions  given in (9, 10) for Gd~O~ 
and Y2Os may  be too low. Presen t  work  and (7) show 
tha t  high t empe ra tu r e  s t ruc tures  m a y  be eas i ly  r e -  
ta ined at  low tempera tures .  So the cooling procedures  
appl ied  in (9, 10) to de te rmine  the phase bounda ry  
of the  fcc s t ruc ture  m a y  not  be sufficient to produce  
the "equi l ibr ium" phase boundary .  F igure  7 shows 
that  there  is a m in imum in this curve at  rion. = 0.100 
nm (ErS+), In  l i t e r a tu re  there  a re  no da ta  about  
Xmin. for  Ln = T m  3+ (rion = 0.009 nm) .  So i t  
is possible  tha t  Xmin. for  Tm ~+ is somewhat  lower  
than  for Er~+. 
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Fig. 6. Conductivity vs. composition at different temperatures. At 
the right the conductivity of (Bi203)o.so(Er2Os)o.2o is given as a 
reference. Curve 1,673 K; curve 2, 773 K; curve 3, 873 K; curve 4, 
973 K; curve 5, 1073 K. (The open circles represent the conductivity 
of the metestable fcc phase.) 
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The shape of the curve may be qual i ta t ively ex-  
plained in the following way. We assume that  stabiliz- 
ation of the (very open) high temperature  s t ructure  
occurs at a certain contraction of this s t ructure  by the 
substi tuent .  If the difference between the ionic radii  
of Bi s+ (0.111 nm)  and the subst i tuted 1VI 3+ is 
large, this will  resul t  in  a large distort ion in  the host 
lattice and  a small  amount  of subst i tuent  is necessary 
for supplying the energy required to stabilize the fcc 
phase, i.e., for Er  ~+. Reversely, a small  difference be-  
tween the ionic radii  needs a large amount  of subst i tu-  
ent  to supply the energy to stabilize the fcc phase, 
i.e., for Gd ~+. For too large differences between the 
ionic radii  of the Ln 3+ ion and the Bi a+ ion the fcc 
phase becomes disfavored. At  this stage we do not  
unders tand  the stabilization-of the fcc phase at higher 
concentrat ion of Yb s+, i.e., a subst i tuent  with a rela-  
t ively large difference in  ionic radius with respect to 
BIB+. 

From Fig. 5 we can conclude that  the fcc s t ructure  
will also be stabilized at low temperatures  for Ln  = 
Tm (rion = 0.099 rim), Ln  = Ho (rion -- 0.102 rim), 
Ln  = Tb (rioa = 0.104 nm) ,  and possibly for Ln  = 
Sm (rio, = 0.102 nm) .  The Xmin. values for these sub-  
st i tuents  are predicted in  this figure. 

This discussion allows us to make some predictions 
about  optimalization of the ionic conductivi ty of 
Bi203 stabilized by lanthanides.  There are two con- 
t radictory tendencies. First, the ionic conductivi ty in -  
creases wi th  increasing ionic radius (Fig. 5). Second, 
Xmfn. increases with increasing ionic radius (Fig. 7) 
and a high Xm~a. value results in  a low conductivi ty 
(Fig. 6). However, the influence of the ionic radius on 
the conductivi ty is smaller  than the influence of the 
Ln20~ content. Therefore the optimalization of the con- 
duct ivi ty  is only  possible by lowering Xmin.. Figure  7 
shows that  there is a m i n i m u m  in the xm~. vs. rion 
plot at 0.098 n m  ~ rion ~ 0.105 nm. The ions Er ~+ 
(rion = 0.100 nm)  and Tm ~+ (rion = 0.099 nm)  fall 
wi th in  this range. The highest conductivi ty occurs at 
the lowest Xmin., as shown in Fig. 8. We conclude that  
the highest ionic conductivi ty will  be found for Bi203 
stabilized by Er2Oa or Tm2Oa. 

If the conductivi ty above the knee could be stabilized 
a t  low temperature,  a fur ther  optimalization of the 
conductivi ty could be achieved. As shown below, the 
knee  is correlated with an ordering process in the 
oxygen lattice. Therefore it is not very l ikely that  the 
high tempera ture  conductivi ty can be stabilized at 
lower temperatures.  
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0.098 0100 0.102 0.104 0.106 
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Fig. 8. The conductivity of (Bi2Os)l-x(Ln20~)x for x is the 
upper boundary of Xm~. vs. the ionic radius of the substituted Ln 3+ 
at 737 K (closed circles) and at 973 K (open circles). 

Defect s tructure.~As pointed out before the knee in  
the Arrhenius  plot cannot  s imply be ascribed to a 
change in the lattice constant, but  has to be ascribed to 
a change in  the defect structure. At about the same 
tempera ture  a knee in  the Arrhenius  plot is reported 
for Bi~Os stabilized with Er2Os (7), Y2Os (9), and 
Gd20~ (10), for yt t r ia-s tabi l ized zirconia (29, 30) and 
for lanthanide-doped ceria (28). 

F rom this work and the results ment ioned in  l i tera-  
ture (7, 9, 10) we searched for relations between the 
activation energy, log r and the lanthanide  content. 
For  reasons of clari ty the data are separately given for 
temperatures  below 820 I{ and above 900 K. The results 
are given in Fig. 9 and 10. It appears that there are two 
different dependences, which can be related to different 
defect structures. 

Above 900 K for the samples showing a knee in the 
Arrhenius  plot the activation energy increases with in-  
creasing x whereas log vo is independent  of x. The 
values of the activation energy and log vo, extrapolated 
to x -- 0, come very  close to the values of 8-Bi20~. This 
suggests a disordered oxygen lattice analog to pure 
8-Bi203 (4). 

For  the samples showing no knee  in the Arrhenius  
plot, i t  appears that  the activation energy is indepen-  
dent of x and log ~o decreases l inear ly  with increasing 
x. The same holds below 820 K for the samples showing 
a knee in  the Arrhenius  plot. These relations suggest 
that in  this region the composition and therefore the 
lattice constant  have no significant influence on the 
thermal  activated passage of oxygen ions through the 
lattice, whereas the composition has a s trong influence 
on log ~o. The hypothesis is put  that in  this region the 
oxygen ions are ordered. The concentrat ion of the mo-  
bile oxygen ions s t rongly decreases with increasing 
lanthanide  content. 

This hypothesis is supported by neut ron  diffraction 
studies at room tempera ture  by  the present  authors on 
(Bi203) 0.s0 (Er208)0.20 which show a peak in the diffuse 
background, which can be correlated with a short dis- 
tance ordering of oxygen ions. Fur ther  neu t ron  diffrac- 
tion studies are now being performed and will  be cor- 
related with a detailed description of the conductivi ty 
mechanism. 

Conclusions 
High oxygen ion conduction is found in  the system 

Bi203-Dy~O3. The fcc phase can be stabilized by 28.5- 
60.0 m/o  Dy~O~. For the samples containing 28.5-40.0 
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m/o Dy2Os the ionic transference number is one over 
the whole temperature range investigated, whereas for 
the sample containing 50.0 m/o  Dy203 an electronic 
component is introduced at low temperatures. The con- 
ductivity of the most desirable composition in this 
system, i.e., (Bi20~)o.ns(Dy~Os)o.2ss, is about three 
times lower than the conductivity of the best oxygen 
ion conductor reported for Bi20~-based solid solutions. 

It  is concluded that the lowest percentage of lanthan- 
ide necessary to stabilize the fcc phase is found for 
Er203 or Trn~O~. 
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Fig. I0. The log ~o of the conductivity for the low temperature 
region (<820 K) and for the high temperature region (~900 K) as 
a function of the composition for several substituents. O ,  Ln = 
Y; I-1, Ln = Gd; Z~, Ln - -  D,/; V ,  Ln - -  Er. 

The influence of the ionic radius on the conductivity 
is smaller than the influence of the lanthanide content. 
Therefore it is concluded that the highest ionic conduc- 
tivity based on Bi20~ will be found  in the systems 
Bi2Os-Er208 or Bi~O~-TmzOs. The knee in the Ar- 
rhenius plot of the conductivity of several specimens is 
ascribed to a charge in the defect structure. 
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Diffusion-Limited Charge Transport at 

Platinum Electrodes on Doped CeO  

D. Braunshtein, D. S. Tannhauser,* and h Riess 

Department of Physics, Technion, Israel Institute of Technology, Haifa, Israe~ 

ABSTRACT 

We have measured  the d-c  and a-c  proper t ies  of p l a t inum p a s t e  e l e c t r o d e s  
on samples  of the  solid e lec t ro ly te  (CeO~)0.9(Gd20~)0.1 in the t empe ra tu r e  
r ange  700~176 and the oxygen pressure  range  1 ~ Po2 ~" 10 .4  atm. The 
d-c  measurements  showed that  the cur ren t  through the sys tem sa tu ra t ed  at  a 
value  propor t iona l  to the oxygen pressure  and tha t  the cathode (the e lect rode 
where  oxygen  enters)  l imits  the current .  We expla in  the l imi ta t ion  by  a gas 
diffusion mechanism, which adds a smal l  t e rm to the dynamic  resis tance of the 
sample. The dynamic  resis tance is ma in ly  de te rmined  by the res is t iv i ty  of the 
e lec t ro ly te  together  wi th  the cur ren t  constr ict ion at  the t r ip le  l ine gas-e lec-  
t ro ly te-e lec t rode .  A-C  measurements  gave impedance  plots wi th  the  shape of 
a qua r t e r  circle, point ing to a diffusion process. We propose as model  tha t  pa r t  
of the  oxygen molecules a r r iv ing  at  the t r ip le  l ine is ionized d i rec t ly  and 
enters  the e lectrolyte ,  and a second pa r t  diffuses as atoms along the in ter face  
e lec t ro ly te -e lec t rode  before being ionized. This model  expla ins  the observed 
qua r t e r  circle as wel l  as the impedances  measured  for ~ = O and for  ~ = r 

I t  is wel l  known that  e lect rode impedance  plays  an 
impor tan t  role in the overa l l  impedance  of high tem-  
pe ra tu re  fuel  cells. A la rge  number  of papers  t r ea t  
the subject  phenomenologica l ly  but  only  a few t r y  to 
under s t and  the subjec t  in microscopic detail .  Some 
authors  measured  d-c  proPer t ies  and  proposed a de-  
ta i led  model  (1-3),  o ther  measured  also a - c  p rope r -  
ties but  did  not  analyze  the resul ts  microscopical ly  
(4-7).  

In the presen t  paper  we repor t  on d -c  and a-c  p rop -  
er t ies  of p l a t inum electrodes on gado l in ia -doped  ceria, 
combined wi th  scanning e lec t ron microscope studies of 
these electrodes.  We then presen t  a deta i led model  for  
the processes involved.  

Very  recen t ly  two papers  by  Wang and Nowick (8, 
9) repor ted  on a-c  and d-c  measurements  on the same 
system. We bel ieve  tha t  the differences be tween  the 
resul ts  of thei r  work  and ours  is due to the s t ruc ture  
of the electrodes and we shal l  come back to this in the 
discussibn. 

Sample and Electrode Preparation 

The s ta r t ing  ma te r i a l  for  the e lec t ro ly te  was p r e -  
p a r e d  by  coprecipi ta t ion of oxala tes  of cer ium and 
gadol in ium and calcinat ion at  100O~ to obta in  
(CeO2)0.9(Gd20~)o.v The powder  was then pressed at  
2000 ba r  (2 • l0 s N t / m  e) and s in tered  at  1700oa for  
3 hr. 

The shape af te r  s inter ing was a round  cy l inder  40 
m m  long and 11 m m  across. Pe l l e t - shaped  samples  
about  1 m m  thick were  cut wi th  a d iamond saw from 
this cylinder.  Some addi t ional  samples  were  p repa red  
d i rec t ly  as pel le ts  and s in tered under  s imi lar  condi-  
tions. P l a t i num electrodes were  p repa red  by  spreading  
a thin l aye r  of p l a t inum paste  (Engelhard  6082), hea t -  
ing to 900~ at  100~ and cooling to room t empera -  
ture in 1 hr. Scanning e lec t ron microscope (SEM) pic-  
tures  confirm tha t  the hea t ing  ra te  is crucial  for the  
electrode resis tance:  if the ra te  is too fast  (less than  a 
few hours  to 900~ the p l a t i num tends to form sepa-  
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ra te  islands. This was found to increase  the impedance  
of the sample.  F igure  1 shows an SEM picture  of a 
P t -pas t e  e lectrode hea ted  s lowly;  i t  is seen that  the 
p l a t inum grains  a re  connected and do not  form sepa-  
ra te  islands. 

The p l a t inum covered surface Spt equals  about  70% 
of the visual  gross e lect rode area  SE, which is 0.64 
cm~. The cross section of the  sample,  So, is 1.13 cm 2. 
The typica l  wid th  of the in terconnected  p l a t i num 
islands in Fig. 1 is 2 ~m. 

We observed also that  the surface condit ion of the 
sample  influences s t rongly  the  two-po in t  resis tance of 
the sample.  For  e lectrodes p repa red  on the surface of 
s in tered pel lets  (the SEM pic ture  of such a surface is 
shown in Fig. 2) the  two-po in t  resis tance was a few 
hundred  ohms at  800~ much higher  than  the 2.2~ 
ca lcula ted  f rom the bu lk  conduct iv i ty  wi th  the a s -  
sumpt ion of ideal  e lectrodes (see be low) .  I f  the sur -  
face of the sample  was roughened  wi th  sandpaper ,  the  

Fig. 1. SEM picture of Pt-paste electrode right after preparation. 
The lighter areas are platinum. 
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