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Doped Ceria as a Solid Oxide Electrolyte 

H. L. TulleH and A. S. Nowick 
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ABSTRACT 

Ceria (CeO2) doped with divalent  or t r ivalent  cations is a mixed con- 
ductor; conduction occurs predominant ly  by the motion of oxygen vacancies 
or by electrons, depending on the departure from stoichiometry. In  order 
to establish the electrolytic domain (T vs. p02) at which (CeO2)o.9s(Y20~)o.05 
behaves pr imari ly  as an ionic conductor with t ransference number  ti => 0.99, 
a careful study was made of the conductivity, ~, as a function of temperature  
and oxygen partial  pressure., covering the POu range of 100-10 ,-22 arm in small  
steps. From these data the electrolytic domam was determined;  it extends to 
about i0 -I~ arm at 600~ When compared to ealcia-sCabilized zirconia (CSZ), 
doped ceria shows a higher conductivity, lower activation energy (0.76 eV) 
for anion vacancy migration, and absence of polarization effects to lower 
temperatures. These results indicate that doped ceria may be an attractive 
candidate for fuel cells and other applications at temperatures below those at 
which CSZ is useful. 

There has been much interest  in  oxide materials 
which can serve as solid oxide-ion electrolytes for ap- 
plications in oxygen concentrat ion cells and in fuel 
cells (1, 2). The criteria to be met  include: (i) a high 
anionic (i.e., 0 2- ion) mobility, and (it) negligible 
electronic conductivity. I tem (it) is equivalent  to the 
s ta tement  that  the ionic transference number  ti mus~ 
be close to unity, although the max imum acceptable 
value of 1 -- ti depends on the specific application. 
Relat ively few oxides meet  both of the above criteria. 
The two materials most often used as solid oxide elec- 
trolytes are ZrO2 and ThOu, doped with divalent  or 
t r ivalent  cation impurit ies so as to introduce oxygen 
vacancies for charge compensation. 

Ceria, CeO2, has the same (fluorite) s t ructure as 
thoria and (doped) zirconia, but  is different in that 
pure  CeOu undergoes large departures from stoichiom- 
etry at elevated temperatures  in a reducing atmo- 
sphere, with accompanying electronic conductivity 
(3). Although doped CeO2 is often ment ioned as show- 
ing predominant ly  ionic behavior  (2, 4), the exact 
extent  of the ionic vs. electronic contr ibutions has nor 
been well established. Generally, the tendency has been 
to regard it as unsui table  as an electrolyte material  
because of its electronic component. Nevertheless, 
Takahashi  et al. (5, 2) have made ti measurements  of 
CeOu doped with LauO3, using galvanic cell measure-  
ments, and have even tr ied this mater ial  in a fuel cell. 
The values for ti that  they obtain, however, general ly 
fall in the range from 0.6 to 0.9, indicating a substan-  
tial electronic contribution. 

In  the present  paper, it is in tended to investigate the 
ionic transference number  and electrolytic domain of 
doped CeO2. The term "electrolytic domain" refers 
here to the range of Pou and temperature  at which 
ti is greater than 0.99. The information will be ob- 
tained not through direct galvanic cell (emf) mea-  
surements,  since these are deemed to be insufficiently 
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precise to obtain ti values close to 1.0, but  rather  
through measurement  of conductivity, ~, as a funct ion 
of Poe. Although such measurements  have been per-  
formed earlier by Blumenthal  et aL (6), one cannot 
obtain the type of quant i ta t ive  information desired 
for present purposes from those measurements,  pri- 
mari ly  because of the existence of large gaps in the POe 
range covered. 

In  the present work, with special care, it was pos- 
sible to cover the entire range from P02 ---- 1-10-22 arm 
in sufficiently close steps to obtain the electrolytic 
domain with reasonable precision for the case of 
(CeOu)o.9~ (Y203)0.05. In  addition, some of the Faram- 
eters which characterize ionic migrat ion in CeO2 are 
obtained. Finally, some experiments on polarization 
effects are reported. 

Theory 
Ionic conductivity.--It  will be assumed that the 

only defect giving rise to ionic conductivity in CoO2 -is 
the doubly ionized oxygen vacancy, Vo'" [in the 
KrSger-Vink (7) notation]. If the concentration of 
these vacancies is denoted by nv, we may write, for the 
ionic conductivity r the expression 

~i : nvq~i [i] 

where q = 2e is the (positive) charge on the vacancy 
and ~i is its mobility, given by (8) 

~aUq 
~i ---- - -  exp (--AGi/kT) [2] 

4kT 

Here AGI is the free energy of activation for ionic 
motion, expressible in terms of an enthalpy of activa- 
tion aHi and entropy of activation ASi by 

AGi : AHi -- TASi [3] 

v is a frequency factor and a is the lattice parameter  
of the cubic uni t  cell. (a/2 is the nearest  neighbor 
oxygen spacing and, therefore, the jump dis,lance of a 
vacancy.) Thus, in  the semiempirical  equation 
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Ci 
~i = -~--exp ( - -E i /kT)  [4] 

the parameters  Ei and Ci are given by 

Ei = A H i  [ 5 ]  

and 
Ci = (va2e2/k)nv exp (ASi/k) [6] 

assuming that nv is not tempera ture  dependent.  
The "act ivat ion energy"  Ei is obtained in the usual 

way from a plot of log ~iT vs. 1/T. It should be noted 
that if instead, one plots log ~i vs. l /T ,  a straight  line 
will  usually be obtained within  exper imenta l  error, 
but its slope gives an apparent  activation energy Ea 
given by 

d In r 
E a  = - -  - -  - -  E i  - -  k T  [ 7 ]  

d (1 /kT)  

where  T is the average t empera tu re  over  the range of 
the measurements .  

Two factors determine nv, viz., charge compensation 
and nonstoichiometry.  To produce vacancies by means 
of charge compensation we may dope with  an alio- 
valent  cation, e.g., CaO or Y203. In this way we obtain 
one Vo" for every  molecule of dopant, since the Ca 2+ 
and Ya+ ions enter  the CeO2 lattice as Ca"ce and Y'ce, 
respectively. Therefore  

1 
~Ca" nv ---- L CeJ -}- "~ [Y'ce] - n M  [8] 

that  is, the quant i ty  nM defined here is the total effec- 
t ive dopant concentration. (It is defined so as to allow 
both Ca and Y to be present s imultaneously;  actually 
only one will  be present in significant concentrat ion at 
a time.) On the basis of Eq. [8] and [1], we expect  
that r oc nM and also, f rom Eq. [2]-[5], that  Ei is in- 
dependent of both }ZM and the type of aliovalent do- 
pant. Actually, this s ta tement  is only valid at low con- 
centrations. In fact. for ceria, ~i vs. nM is l inear up to 
a value of nM corresponding to less than 4% oxygen 
vacancies, and then it shows a broad max imum as a 
function of dopant concentrat ion (2, 6). In the case of 
ThO2:Y203 the departure  apparent ly takes place even 
ear l ier  (9). Such results mean that  defect interactions 
become important  at high concentrations. In the case 
of ZrO2: CaO, for example, it is well  known that  order-  
ing effects take place (10). In the range where  in ter -  
actions are appreciable, the semiempirical  relat ion [4] 
still holds, but  the simple interpretat ions of Ei and C~ 
given by Eq. [5] and ' [6]  no longer  apply. 

When vacancies are produced by departures from 
stoichiometry, one also obtains electronic defects which 
give rise to an electronic contribution to the conduc- 
tivity, ~e. 

Nonstoichiometry and electronic conduct ivi ty . - -The 
reaction which leads to nonstoichiometry is 2 

1 
Oo = Vo'" -}- 2e' -}- ~-  O2(g) [9] 

The electronic defect e' may be regarded as equivalent  
to the ~resence of a Ce 3+ ion, or in defect notation, 
Ce'ce. The mass action equation which follows from 
the react ion [9] is, at low defect concentrations 

nvne2po21/2 : KI (T)  : KI0 exp ( - ~ H 1 / k T )  [10] 

in which ne is the electron concentration, Po2 the oxy-  
gen partial  pressure, and t i l l  the enthalpy change of 
the reaction. In doped samples, we will  be interested in 
the range where  nonstoichiometry is small, specifically, 
r~e ~ riM. Under  these conditions nv N 7~M and so 
f rom Eq. [10] 

ne = [K~ (T)/nM] 1/2 po2 - t /4  [Ii] 

'~ For large departures from stoiehiometry, singly ionized vacancies 
can also be produced (II), but this complication can be ignored for 
the p u r p o s e s  of t h i s  p a p e r .  

In spite of the fact that ne < <  nv, however ,  the elec- 
tronic conductivi ty 

O'e : n e e ~ e  [12] 

can become appreciable because ~e > >  m. Since elec- 
trons migra te  by a hopping mechanism (11), ~e is 
given by 

~e -: (b /T)  exp ( - -Ee /kT)  [13] 

where  Ee is a small act ivation energy. From Eq. [11] 
and [12], fie cc Po2-1/4.  The total conductivi ty 

- ~ i  -}- ~ e  [ 1 4 ]  

is then clearly made up of a po2-independent part, ~i, 
and a part, ~e, which is proport ional  to po2 -1/4. This 
pressure dependence provides a convenient  way to 
separate ~i f rom ~e and thereby to obtain the ionic 
t ransference number  

ti = ~ri/r [15] 

The electrolytic domain.--The electrolytic domain 
is defined as the region, in a plot of log Po2 vs. l I T  in 
which ti is greater  than some selected value (often 
0.99) (12). Substi tut ing [4] and [10] through [13] into 
Eq. [14] and [15], we obtain 

lnpo2 = 41n Ci(1 -- ti)nM 1/~ 

~H1 + 1 

which shows that  a plot of In Po2 vs. 1/T for a given 
ti value gives a straight line whose negative slope is 
(4/k) (1/2_xH! § Ee -- El) and whose intercept  depends 
on ti and on the dopant concentration. 

The straight line given by Eq. [16] separates the 
po2-1/T space into two regions, the region above the 
line being the domain for which ti is greater  than the 
selected value. From the intercept  formula it is clear 
that, for ti close to 1.0, the line shifts upward by close 
to 4 decades for every  decade in (1 -- tD; for example,  
in going from ti = 0.9.0 to 0.99, the shift is 4.17 decades 
in Po2. 

Experimental Methods 
The specimens used in this study were fabricated 

from nominally pure CeO2 powder (99.9% pure with 
respect to other rare earths). Analysis shows an alio- 
valent impurity content in the range 150-200 ppmw. 
Samples doped with Y203 or CaO were prepared by 
mechanically mixing appropriate amounts of Y203 or 
CaCO3 powders with the CeO2. Cylindrical samples (3/4 
in. diam • 0.I in. high) of the mixed powders were 
prepared by pressing in a steel die at 40,(]00 psi. ~fhe 
pressed specimens, covered by additional loose powder 
to minimize contamination and loss of dopant, were 
placed in high purity alumina holders and heated 
slowly to 15.~0~ in an argon atmosphere. They were 
held at this temperature for 12-14 hr. The densities of 
the samples so obtained were greater than 80% of 
theoretical density. 

After  samples were cut to size (12 X 5 X 5 mm 3) 
electrodes were  prepared using plat inum paste (Engle-  
hard No. 6082) which was fired in air at 8C9~ to burn 
off the organic binder. Such electrodes are known (13) 
to be porous enough to allow the sample to come to 
equi l ibr ium (with respect to oxygen) wi th  the sur-  
rounding gas phase. 

Measurements were  carried out inside a quartz tube 
suspended inside a Kantha l -wound  resistance furnace. 
Electric feedthroughs were  mounted in a stainless steel 
cap from which four (15 rail) p la t inum leads ran to 
the specimen through insulating alumina tubes. Fine 
plat inum wires (5 mid  were  wrapped around the sam- 
ple at both ends and at 1/3 and 2/3 of the length. The 
sample was then suspended by spot welding the sam- 
ple leads to the heavier platinum wires contained in 
the alumina tubes. For improved contact, the area of 
contact between sample and wires was also coated 
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with several  layers of p la t inum paste. A standard four-  
probe d-c technique was used to measure  the con- 
ductivity. A fixed current  was passed through the sam- 
ple and the potential  drop across the two center  leads 
was measured  with a Kei th ley  Model 640 vibrat ing 
capacitor e lec t rometer  (input impedance of 1016 ohms).  
In addition, a-c measurements  at 1592 Hz (104 r a d /  
sec) were  made with a W a y n e - K e r r  Model B221A 
universal  bridge; results obtained by the two methods 
were  essentially identical. 

The sample tempera ture  was measured  by means of 
a P t - P t  + 10% Rh thermocouple  placed close to it, 
while the furnace was controlled to wi thin  •176 by 
another  thermocouple  placed close to the furnace 
windings. 

Atmosphere  control, ranging over  22 orders of mag-  
nitude in oxygen part ial  pressure, Po2, was achieved 
as follows. For  the range po 2 = 1-1.0 -4 atm Q - A r  
mixtures  were  used, and for the range 10-4-1.0 -22 atm 
CO-CO2 mixtures  were  used. The value of Po2 of a 
CO-CO2 mix ture  with known ratio CO/CO2 can be cal- 
culated at any tempera ture  using the we l l -known free 
energy values for the CO-CO2 reaction (14). Fixed 
ratios of CO/CO2 premixed  and analyzed, were  pur-  
chased from the Matheson Gas Company, but  these 
mixtures  were  l imited to CO/CO2 ratios be tween 10 ,3 
and 10 -3. The value for P02 for CO/CO2 : 10 -3 is 
~10 -~2 arm, a t  8'0'0~ Thus, a gap of approximate ly  
8 decades in Poe exists be tween the lowest available 
Oc/Ar  ratio and the least reducing CO/CO2. Since 
critical data fall  wi thin  this gap, we have closed 
it by sett ing up a system for: (a) mixing the pre-  
mixed  CO/CO2 ---- 10-s gas with pure COe under  con- 
t rol led re la t ive  flow rates, and (b) moni tor ing the Poe 
level  by means of a calcia-stabil ized zirconia cell lo- 
cated in the hot zone close to the sample under  study. 
The same technique was also used to span the gap be- 
tween other  premixed  pairs of CO-CO2 mixtures.  In 
this way, it became possible to obtain p% values f rom 
1 to 10 -22 atm in intervals  as close as desired. 
Fur the r  details wil l  be described in a later  publication 
(11). 

Results 
Data for the variation of conductivity with tem- 

perature at p% = 1 arm is shown in Fig. I for 
(CeO2)0..o~(Y2Os)o.0~ and (CeO~)0.0(CaO)o.~. Good 
straight lines are obtained in the log r vs. I/T plot 
for the range between ~00 ~ and 10'00~ In anticipation 
of the fact that the conductivity is almost entirely 
ionic in this range, the results for Ei and Ci (of Eq. 
[4] ) are listed in Table I. Also shown, for comparison, 
in Fig. 1 are data (15) for calcia-stabilized zirconia 

TEMPERATURE (~ 
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Fig. 1. Variation of conductivity with reciprocal absolute temper- 
ature for Ce02 doped with 5% Y20a and with 10% CaO at 1 arm 
of oxygen, and comparison with data for calcia-stabillzed zirconia. 
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L 

Table I. Values of activation energy Ei and pre-exponential 
constant Ci for two compositions 

C e O e  C ,  ( o h m -  
d o p e d  w i t h  E i  ( e V )  * c m ) - ~  ~  

5 %  Y e O ~  0 . 7 6  1 . 9 5  x 10~  
1 0 %  C a O  0 . 9 1  5 . 2 5  • 105  

�9 U n c e r t a i n t y ,  " ~ 0 . 0 1 5  e V .  

(CSZ), the conduct ivi ty  of which is at least a decade 
lower than for the two doped ceria samples in the 
range T < 90,0~C, and which has an act ivation energy 
Ei ---- 1.3 eV. 

Figure  2 shows isothermal  measurements  on a 5% 
Y203 sample as a function of Po2 in the range f rom 
635 ~ to 1150~ For  each isotherm the Po2 range was 
covered in close enough intervals  to obtain the range 
in which ~ was independent  of P02 as wel l  as to ob- 
serve the manner  in which it increases wi th  decreasing 
Poc. The constant ~ region shrinks with increasing tem-  
pera ture  and has pract ical ly disappeared by 1150~ In 
accordance with  Eq. [11], the increase of ~ wi th  de- 
creasing Po2 indicates the appearance of nonstoichio- 
metr ic  carriers. The nonstoichiometric  component, i.e., 
the difference be tween  the total ~ and the poc-inde- 
pendent  value, is shown as dashed lines in Fig. 2. Al -  
though there  is some scatter, the slope of 1/4, predicted 
by Eq. [11], fits the data in all cases. A similar Ya 
power law has been found by Neuimin et aL (16) for 
CeO2:La203 and is also obtainable f rom the data given 
by Blumenthal  et aI. (6) for CeO2: CaO, so that  the re-  
lat ion may  be regarded as well  established. It  is there-  
fore reasonable to regard the poc-independent  con- 
duct ivi ty as ~i and the Poc-dependent part  as ~re. ~ 

On this basis, one may obtain ti as a function of log 
Po2 directly f rom the data of Fig. 2 as the ratio ~i/r 
where  ~i is the Poc-independent value. Such a plot is 
given in Fig. 3. The figure shows that  ti remains close 
to unity over  a larger  range of Po2, the lower  the t em-  
perature.  

In order to establish the electrolytic domain, we 
must be able to determine the Po2 and T values at 
which a given ti is obtained. For good precision it is 
convenient to select ti ~ u For each temperature, the 
value of PO2 at which ti = u i.e., ~e ~ ~i, was oh- 

This is not quite true when the pos-dependent part is much 
greater than the po~*independent part, since nonstoiehiometry intro- 
duces vacancies as well as electrons (Eq. [9]). Since ~e/~i ~ 20 (Ii) 
in the temperature and composition range of interest, ti will be 
~0.05 even when all of the conductivity is due to nonstoithiemetry. 
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Fig. 2. Electrical conductivity as a function of p% for a sample 
of (CeO.~)o.g5 (Y203)0.05 at five different temperatures. The dashed 
lines indicate the electronic component of the conductivity, ~e. 
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Fig. 3. The ionic transference number, ti, as a function of po 2, 
as derived from Fig. 2 for various temperatures. 

tained from Fig. 3. When plot ted as log Po2 vs. 1 / T  the 
results fall  on a straight line, as shown in Fig. 4 and 
predicted f rom Eq. [16]. The same procedure was also 
followed for the case of ti ----- 0.9. Al though the data so 
obtained from Fig. 3 are  less precise than that  for the 
case of ti ----- 0.5, the results shown in Fig. 4 strongly 
indicate that  the the domain line for ti ---~ 0.9 is paral le l  
to that for tz ~- 0.5, as expected f rom Eq. [16]. Also, 
while  Eq. [16] predicts a shift in intercept  of 3.8 de- 
cades in Po2 be tween  these two ti values, the actual 
shift obtained is 4.0. It  thus appears that  the predic-  
tions of Eq. [16] are wel l  confirmed. It therefore  seems 
reasonable to use this equat ion to extrapolate  beyond 
the range at which ti can be directly estimated. In 
particular, the predicted domain line for ti ---- 0.99 is 
shown as the uppermost line in Fig. 4. The region 
above this line is then the electrolytic domain for 
(CeO2) o.9,~ (Y2Os)o.o5. It should be noted that, although 
this region is small at high temperatures, it increases 
rapidly with decreasing temperatures, reaching values 
as low as Po~ ~ i0 -~I arm at 450~ 
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Fig. 4. Curves of Po2 vs. T - 1  at fixed values of ti for (Ce02)o.95 
(Y203)o.o5. The upper curve, obtained by extrapolation, marks the 
boundary of the electrolytic domain (ti ~ 0.99). 

In Fig. 2, the points at Po2 ---~ 1 arm do not agree 
exact ly wi th  the data as a function of tempera ture  
shown in Fig. 1. It is bel ieved that  some of the dis- 
crepancies are due to the drastic expansions and con- 
tractions of the sample which occurred during the suc- 
cessive cycles of reduction and oxidation which were  
carried out. (Other samples have even shown evidence 
of cracking after such repeated cycling.) It is there-  
fore bel ieved that  the tempera ture  dependence of ~ at 
a given PO2 as obtained f rom Fig. 2 is not near ly  as re-  
l iable as are the re la t ive  values of ~ vs. Po2 at each 
given temperature.  

Aside f rom the question of the magni tude of t~, the 
other  factor that l imits the ut i l i ty  of a mater ia l  as a 
solid electrolyte is the onset of polarization. This factor 
usually sets the low tempera ture  l imit  of usefulness of 
a given electrolyte. In order to determine at which 
level  of current  density significant polarization sets in, 
the voltage across a (CeOf)0.95(Y203)o.05 sample was 
measured as a function of t ime when  current  was ap- 
plied in steps. Figure 5 shows the results of some of 
these measurements  at 635~ first when the current  is 
increased in steps of 1 mA and then in steps of 10 mA. 
The results show no evidence of polarization up to 
I ,-, 4 mA (current  density ~20 m A / c m f ) .  On the 
other  hand, at 10 mA, polarization is apparent. Such 
polarizat ion behavior  suggests the onset of ion block- 
ing. Often the behavior  is dependent  on the type of 
electrodes used (17). In the present work, only the 
pla t inum paste electrodes (described in the Exper i -  
menta l  Methods section) were  used. 

Discussion 
Ion ic  m o b i l i t y  p a r a m e t e r s . - - V a l u e s  o f  the act ivation 

energy Ei and pre-exponent iaI  constant Ci for the two 
doped materials  studied are given in Table I. The 10% 
CaO specimen clearly falls in the range where  interac-  
tion effects are important,  as indicated by its composi- 
tion being at about the value at which a max imum 
occurs in the plot of ~ vs. nM (6). Since Ei increases in 
the interact ion range (1'0) it is not surprising that  Ei 
for (CeO2)0.9(CaO)0.1 is substantial ly higher  than for 
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Fig. 5. The d-c potential across a sample of (Ce02)o.95 (Y2Oz)o.os 
at 635~  as a function of time, when the current is applied and 
removed in steps of 1 or 10 mA. 
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(CeO2) 0.95 (Y203)0.05. The lat ter  composition may still 
fall in  the range where interact ion effects are small, 
and it is therefore interest ing to compare it to re- 
sults at still lower concentrations. Da~ta for 1 and 2% 
CaO are available from Blumentha l  et at. (6), al- 
though the range of temperature  covered is smaller, 
and therefore the precision poorer, than  that  in the 
present work. In  addition, the activation energies that 
they reported were obtained from plots of log ~ vs. 1/T 
instead of log r vs. 1/% so that the additional correc- 
t ion given by Eq. [7] is required. In  this way their  
"best value" is found to be 0.72 eV. This agrees with 
the present result  of 0.76 eV to wi thin  experimental  
error. 4 Accordingly, we may conclude that  (~) in te r -  
action effects are relat ively small in the 5% YzO3 
specimen, 5 and (it) the activation energy for migra-  
t ion of Vo" in  CeO2 is close to 0.76 eV. This value is 
lower than the activation energy of about 0.85 eV ob- 
tained by Steele and Floyd (19). for oxygen self-dif-  
fusion in Y203-doped ceria, as well as the value of 0.86 
eV obtained by Lay and Whitmore (20) for dielectric 
relaxat ion in CeO2:CaO. (The lat ter  represents the acti- 
vation energy for migrat ion of a vacancy which is as- 
sociated with a Ca"cep) 

Insert ing the value of Ci for (CeO2)0.95(Y203)0.05 into 
Eq. [6], we obtain for the effective frequency factor 
~' (defined so as to include the activation entropy 
term) 

~' = v exp (ASi/k) ---- 1.4 X 10 18 sec -1 

From this result, and the expectation that the at tempt 
frequen, cy v falls in  the mid 10 TM range, we may con- 
clude that the entropy of activation is positive but  not 
very large (ASi/k ~ 0.7-1.8). 

Electrolytic domain and polarization.--In Fig. 4, it 
was demonstrated that  the present method oi separat-  
ing ~i and ~e through measurement  of ~ vs. Po2 can be 
used successfully to obtain the electrolytic domain. 
Equation [16] shows that the slope of the lines in Fig. 
4 gives the energy ~/2AH1 -t- Ee -- El. The experimental  
value obtained is 1.61 eV. Using the values Ei ---- 0.76 
eV from the present work, and Ee ---- 0.3 eV from 
Neuimin  et aL (16), 6 we obtain AH1 ---- 4.2 eV for the 
energy of the reaction [9] (see Eq. [10]). The value 
for the same reaction energy AH1 obtained in pure 
CeO~ (11) is 4.7 eV, thus indicating that AH1 may have 
decreased slightly with doping. 

As remarked earlier, the domain of pr imari ly  elec- 
trolytic conduction (ti -->_ 0.99) for (CeO2) 0.95 (Y20~) o.o5, 
though small  near  800~ broadens rapidly with de- 
creasing temperature.  While the widely used calcia- 
stabilized zirconia (CSZ) has a wider range  of elec- 
trolytic behavior at elevated temperatures  (12) [e.g., 
down ~o Po2 ---- 10 -15 atm at 1000~ as against only 
10 -2 for (CeO2)0.95(Y2Os)0.05], it is well  known (17) 
that its usefulness is l imited by the onset of appre-  
ciable polarization below 80,0~176 as well  as its 
Iow conductivity at these temperatures.  Suct~ factors 
l imit  the applicabili ty of CSZ as a solid oxide electro- 
lyte in a fuel cell to temperatures  above 1000~ and 
in an oxygen cell to temperatures  above 800~ The 
mater ial  (CeO2)0.9~(Y2Os)0.05, on the other hand, has 
a conductivi ty about 1,0 times larger than CSZ at 900~ 
(see Fig. 1) and, because of its smaller activation en-  
ergy, this factor increases to near ly  10.0 at 600~ Ac- 
cordingly, the question of whether  doped CeO2 can be 
useful as a solid oxide electrolyte, by comparison to 
CSZ, then centers on whether  polarization for CeO2 is 
absent to lower temperatures.  The results of Fig. 5 
provide evidence that this is indeed the case, showing 
that  at 635~ polarization is completely negligible to 
current  densities of 20 mA/cm 2 and higher. Similar  re- 
sults were obtained for CeO2: LazO~ by Takahashi  et aI. 

4 For  bo th  the  1 and  2% CaO spec imens ,  the  p lo t  of B l u m e n t h a l  
et  aL could  i n d e e d  h a v e  been  d r a w n  s l i g h t l y  steeper.  

F u r t h e r  e v i d e n c e  in  s u p p o r t  of th i s  s t a t e m e n t  comes f r o m  com-  
p a r i n g  T vs. Po~ plo t s  at  cons t an t  t i  f r o m  the  p r e s e n t  w o r k  w i t h  
da ta  f r o m  re fe rence  6 (18). 

A s im i l a r  v a l u e  fo r  Ee was  also o b t a i n e d  by  t he  p r e s e n t  a u t h o r s  
for  pure CeO~ (Ii). 

(5), who also found significant polarization for CSZ 
already at 80.0~ for current  densities less than 1 
mA/cm2. 

Takahashi et at. also carried out pre l iminary  mea-  
surements using CeO2:La203 as an electrolyte in a fuel 
cell at 1000~ and obtained a m a x i m u m  output  of 
0.17W. They concluded that the output  was l imited by 
the low value of ti at that temperature.  However, now 
that the electrolytic domain is established, it is clear 
that fuel cells uti l izing doped ceria as the electrolyte 
are more l ikely to be successful at lower temperatures,  
when operating with fuels which generate oxygen par-  
tial pressures wi thin  the allowable domain. 
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