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The electrical conductivity of undoped polycrystalline CeO,-, was measured in the temperature range 
SOO-looo”C and I-IO-) atm of oxygen partial pressures. It was found that the results were consistent 
with a defect model involving doubly ionized oxygen vacancies arising from both impurities and 
nonstoichiometry. Based on this model the conductivity results were analyzed to determine the 
effective concentration of the lower valent impurities. The ionic transference number obtained from 
the analysis agrees with that measured using the electrochemical cell technique. It was also found that 
the effect of the lower valent impurities can be compensated by counterdoping with Ta205. The fully 
compensated specimen exhibits the predicted behavior of pure ceria (i.e., IX&“). The relative 
oxygen partial molal enthalpy, AR@, of ceria was calculated from the temperature dependence of the 
conductivity of the counterdoped specimen at constant PO>. The value of Aao2 thus obtained, 9.96 k 
0.66 eV, is in good agreement with previously reported values obtained from thermogravimetric 
nWISUIX!InentS. 0 1988 Academic Press, Inc. 

I. Introduction 

Nonstoichiometric cerium dioxide, ceria 
(i.e., CeO&, has been the subject of many 
investigations (Z-13). Based on the results 
of these studies, ceria may be classified as 
an oxygen deficient n-type semiconductor. 
The electronic conduction takes place via a 
hopping-type mechanism (8, 9). The exten- 
sive single-phase region of CeOzeX at ele- 
vated temperatures permits the deviation 
from stoichiometry, X, and the electrical 
conductivity, u, to be studied over a wide 
range of partial pressures of oxygen, PO* (S- 
13). 

Although there is general agreement that 
the predominant type of point defect is the 
oxygen vacancy, there are different inter- 
pretations concerning the state of ioniza- 

tion of the oxygen vacancies in the regions 
of PO, and temperature where the -I depen- 
dence of x and u on PO, is observed (5-11). 
Recently, it was found that the disagree- 
ment with respect to ionization state was 
the result of neglecting the effect of lower 
valent cation impurities in ceria (12). 

The major impurities in ceria were found 
to be those of lower valent cations (i.e., 
Ca+2) (14). The substitutional incorporation 
of CaO in CeOZeX produces charge compen- 
sating doubly ionized oxygen vacancies 
(15-I 7). Consequently, these impurities 
would influence the POI dependence of the 
measured properties, especially in the near- 
stoichiometric composition range (i.e., 
small values of x). Dawicke and Blumenthal 
(Z2), taking CaO impurities into account, 
have shown that the experimentally ob- 
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served P;i” dependence of both u and x is 
consistent with a defect model involving 
only doubly ionized oxygen vacancies. The 
relation, ~tioj’~, only holds true in pure 
CeOzPX. For ceria containing lower valent 
impurities, the relation should be x(~Piji’~ in 
the near-stoichiometric composition range. 
However, due to difficulties in obtaining 
small values of x, experimental data in sup- 
port of POi’4 has not been obtained. There- 
fore, it is important to study the effect of 
impurities and to determine the types and 
the equivalent amounts of these impurities 
and, optimally, to compensate for their ef- 
fects such that the predicted PO? depen- 
dence of pure Ce02 can be obtained. 

II. Theory 

Ceria samples used by all investigators 
contain lower valent cation impurities. For 
example, samples used in this laboratory 
usually have the designated purities of 
99.9% (3 N Ce02-,), 99.99% (4 N Ce02-J, 
and 99.999% (5 N CeO*-,); all designations 
are with respect to the total rare earth ox- 
ides. These materials reportedly contain a 
calcium impurity of 200 to 300 ppm by 
weight, and may be considered to have 
been doped with 0.1 mole% calcia (14). 
Calcium is known to substitute for cerium 
producing charge compensating doubly ion- 
ized oxygen vacancies (25-27), which is 
also the nonstoichiometric defect. Dawicke 
and Blumenthal (12) examined the PO, de- 
pendence of x as a function of CaO dopant 
concentration. They found that CaO impu- 
rities have a significant effect in the region 
where x is small. Although they assumed 
CaO to be the only impurity, similar results 
would apply for any M +* or M+3 dopant 
producing charge compensating oxygen va- 
cancies. Therefore, the impurity consid- 
ered in this study is CaO, in accord with 
Dawicke and Blumenthal, and the amount 
of calcia is the equivalent of the sum of all 
lower valent impurities. 

The overall nonstoichiometric reaction to 
be considered is 

Ce, -,CaY02-Y = Ce, -YCaY02-Y-X + : O*(g). 

(1) 

while in the Kroger-Vink notation (18), the 
defect reaction is 

2Ce& + 0x0 = 2Ce& + V, + 40*(g). (2) 

In the above reaction, the electrons are ex- 
plicitly written as occupying cerium sites 
because conduction in ceria is known to 
proceed via a hopping-type mechanism. 
The mass action constant associated with 
reaction (2) is 

K = KXe12WXJhi12 
tnd WJ[Ce&12 ’ (3) 

where the bracketed terms are site fractions 
for each corresponding species. Applying 
site conversion and the electroneutrality 
condition (7), the mass action constant may 
be written as 

(W2 (+) 

Kma = (1 -y - Zx)2 (1 -5 - ;) 
x PG,‘“. 

(4) 

The Pol dependence of x, as a function of x 
and y, has been discussed by Dawicke and 
Blumenthal (12). They pointed out that, 
with a defect model involving V’c; only, the 
PQ dependence of x should approach a 
value of -4 in the region where x < 10e4, 
with a nominal y value of 0.1 mole%. How- 
ever, this dependence has not been experi- 
mentally obtained because of the limita- 
tions in measuring small values of x (7, 12). 

Since the electronic conductivity, a,, is 
proportional to x, the PO, dependence of the 
total conductivity, ut , can be derived based 
on the law of mass action. While small val- 
ues of x are difficult to measure, ut can be 
accurately determined in the high PO2 re- 
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gion. This enables the defect model to be 
tested in the near-stoichiometric composi- 
tion range. The two major charge carrier 
species involved in ceria are Vg and Ce&. 
The total electrical conductivity can be ex- 
pressed as 

8X 
ut=TXeXp,+ 

8(x + Y) 

a0 4 
X e x t+, 

(5) 
where a0 is the lattice parameter. 

In the low temperature and high PO, re- 
gion where x is small and y s x, ceria shows 
mixed conduction, ionic and electronic, 
even though pv7, is considerably smaller 
than pe (19, 20). For this limiting case (i.e., 
1 P y % x), the denominator of the mass 
action expression in Eq. (4) may be ne- 
glected, and, since x < y in this region, Eq. 
(4) can be simplified to 

K, = 2x2 x y x P/-j;. 

If Eq. (6) is used to solve x, then 

(6) 

(7) 

Eq. (5) can thus be rewritten as 

X e X j.hv2 (8) 

The second term on the right hand side of 
Eq. (8) is independent of PO,. Therefore, 
Eq. (8) can be tested by plotting ot vs PG,‘” 
in the near-stoichiometric range. A linear 
relationship would confirm this limiting 
case treatment. 

If the above analysis is correct, the slope 
of the straight line can be related to the 
mass action constant as 

8 K 
SlOpe=~Xex~.,x 2. 

QO d- 2Y 
(9) 

Since all parameters except y in Eq. (9) are 
known (4, ZZ), the “calcia” content, y, can 
be calculated. 

The intercept of the straight line is the 
partial conductivity due to the charge com- 
pensating Vg, and denoted by uvn, and 

8Y 
UVij = 7 X e x pv..e 

a0 
(10) 

0% should be a good approximation of the 
ionic conductivity of ceria in the near-stoi- 
chiometric composition range because the 
change in [ViJ due to nonstoichiometry is 
relatively small (i.e., y 9 x). Therefore, the 
ionic transference number may be obtained 
by 

Another limiting case of interest is for the 
region where x % y. However, defect inter- 
actions in ceria become significant at log x 
> -2.4 (7, 22, 14), and since the impurity 
content, y, is inherently large, the law of 
mass action is not applicable for x + y. 
Thus, to obtain the predicted Pijj’6 depen- 
dence of o and x, the value of y would have 
to be reduced. This may be accomplished 
through counterdoping. When ceria is 
doped with Ta205, a donor, the charge 
compensating defect is Ce& (21). On the 
other hand, the lower valent impurities 
(e.g., Ca2+), substituting for cerium, are es- 
sentially acceptors. When donors and ac- 
ceptors are present simultaneously, com- 
pensation results and the concentration of 
the remaining defect (i.e., [Ce&] or [VJ) is 
determined by the net excess of their con- 
centrations. 

The electroneutrality condition of the 
counterdoped system (ceria doped with 
Ta205 to compensate for “CaO” impuri- 
ties) is 

]Ce&l + 2[Ca&l = [Ta&] + 4[V;]. (12) 

Thus, if ceria is appropriately doped with 
Ta205 the effect of the lower valent impuri- 
ties can be fully compensated, and Eq. (12) 
can be simplified to 
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[Ce&] = 4[Vg]. (13) 

Eq. (13) is identical to the electroneutrality 
condition of pure ceria (7). Therefore, 
properly counterdoped ceria should behave 
as pure ceria (i.e., Ce,-3YCaYTa2,02-,). In 
this case, Eq. (4) can be written as 

K,, = 2x3 x P;;. (14) 

Since be > pi,; (19,20), the conductivity of 
counterdoped ceria is predominantly elec- 
tronic, and it is apparent from Eqs. (5) and 
(14) that 

cr,axcuK:: x PO,-? (15) 

Experimental conductivity data exhibiting 
an isothermal Piji’6 dependence would indi- 
cate that the impurities in the sample are 
fully compensated. Thus, the electrical 
conductivity of the appropriately counter- 
doped sample is truly representative of the 
charge carriers arising from nonstoichiome- 
try. For this case, the standard enthalpy 
change, AH”, associated with Eq. (2), can 
be obtained from the temperature depen- 
dence of the conductivity at constant PO,. 
Since 

pe = 14 ew(-QlkT), (16) 

where Q is the activation energy for elec- 
tron motion (8, 12, 22), it can be seen from 
Eqs. (5), (15), and (16) that (23) 

afaPo,‘t6 X exp 

(17) 

it follows that at a constant temperature, ct 
is proportional to Piji’6. Eq. (17) also sug- 
gests that at a constant oxygen pressure, a 
plot of log ut vs l/T would yield a straight 
line with a slope of -(AH”/3 + Q)/2.303 x 

k. Since Q is known (8, I2,22), the quantity 
AH” can be obtained. For ceria, as a conse- 
quence of the dilute solution behavior for a 
defect mechanism of doubly ionized oxy- 
gen vacancies and electrons localized on 
cerium sites, the relative oxygen partial 

molal enthalpy is (7) 

AHo2 = -2AH”. (18) 

Thus, the thermodynamic quantity, AHo,, 
can be determined from the conductivity 
measurement for the fully compensated 
condition. 

III. Experimental 

In this study, sintered specimens of ceria 
and ceria doped with Ta,O, were used for 
all measurements. The samples were pre- 
pared from Ce02 powder having a desig- 
nated purity of 99.9% (3 N CeOz). This pu- 
rity designation is with respect to rare earth 
impurities only. Table I shows the chemical 
analysis of this material (obtained from the 
product data accompanying the material). 
The tantalum pentoxide was purchased 
from Matheson, Coleman and Bell. Doped 
specimens were prepared by intimate mix- 
ing of appropriate proportions of the metal 
oxide powders. They were pressed into 
bars of dimensions 2 x f x f in. and pellets 
of $ in. diameter. A surface layer was 
scraped off to avoid contamination from the 
die walls. They were placed in alumina 
boats and covered with powders of the 
same composition to minimize the change 
in sample composition during the sintering 

TABLE I 

CHEMICAL ANALYSIS OFC~O? 
POWDERY 

Ce02/REOb 
La20,/RE0 
NdzOJREO 
Pr601 ,/REO 
CaO 
SrO 
Fe&h 
MnOz 
Na20 

99.9% 
40 mm 
20 wm 
20 wm 

300 wm 
50 wm 
50 pm 
20 ppm 

2000 wm 

a Obtained from the product 
data of Molycorp. 

h Total rare earth oxides. 
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process. A glowbar furnace was used to 
sinter the samples at 1470°C in air for 10 hr. 

The pellets were used to measure the 
transference number, while the bars were 
used for the conductivity measurements. 
The bulk density of specimens was deter- 
mined from the mass and the volume, 
which was obtained from the external di- 
mensions of the specimen. In this study, 
the density of all sintered specimens is in 
excess of 80% of the theoretical density. 

The standard four-probe d.c. technique 
was employed for the electrical conductiv- 
ity measurements. The apparatus was the 
same as that described in a previous publi- 
cation (6). Equilibrium was assumed when 
the potential across the inner probe re- 
mained unchanged. The measured values of 
the conductivity, omeas., were normalized 
for porosity (24). 

The ionic transference number was mea- 
sured by an electrochemical cell technique. 
The apparatus was the same as that de- 
scribed elsewhere (19). Pure oxygen and 
10% 02-Ar were used to maintain the oxy- 
gen potentials at the two electrodes. The 
average ionic transference number was ob- 
tained from 

ti = &d&h > (19) 

where heas. is the emf measured and Eth is 
the theoretical emf. 

IV. Results and Discussion 

The electrical conductivity of undoped 3 
N CeOz-X was measured as a function of 
PO, between 1 and lo-l9 atm in the tempera- 
ture range 800 to 1000°C. Figure 1 shows 
the isothermal plots of log crt vs log PO, at 
100°C intervals. For comparative purposes, 
the conductivity of undoped 5 N CeOz-X 
measured by Blumenthal et al. (6) is shown 
as solid lines in the figure. A qualitative de- 
scription of the data may be given in terms 
of two regions as follows: 

Region 1. In the low temperature and 

I I I 
6 10 lb 20 

-log PO* (atIn) 

FIG. 1. Isothermal pIots of log a, vs log PO2 for un- 
doped CeOzeI of different purities. 0, 3 N Ce02-x ; -, 
5 N CeOZeI (10). 

high PO2 region (i.e., small values of x), the 
impurities significantly influence the magni- 
tude and the PO, dependence of the conduc- 
tivity. For example, u of 5 N Ce02-X, a 
purer material, exhibits approximately a -4 
dependence on PO, whereas 3 IV CeOzmX has 
a higher conductivity which is less depen- 
dent on PO,. 

Region 2. At higher temperatures, and 
particularly in the low PO, region (i.e., 
larger values of x), the conductivities of 
these two samples are essentially the same. 
The impurities are less effective in this re- 
gion, because ut is controlled by the non- 
stoichiometric defects. 

Since one of the objectives of this study 
is to investigate the impurity effects, em- 
phasis was placed on the results in Region 1 
for 3 N CeOzeX. In this near-stoichiometric 
composition range, a nonlinear relationship 
exists between log vt and log PO, and the 
conductivity is less dependent on PO, at 
lower temperatures. These observations 
are consistent with a model involving lower 
valent cation impurities. From Eq. (8), ot 
should be proportional to PO, to the -a 
power. Figure 2 shows the linear plots of ct 
vs Poi’4 at 1000 and 900°C. For the 800°C 
isotherm, a similar plot was not presented 
because the dependence of crt on Pol is not 
significant. 

The slopes shown in Fig. 2 are tempera- 
ture dependent only. They can be related to 
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1 I I I I I 
0 1 2 3 4 5 8 

POP -1’4 (atm) 

FIG. 2. Isothermal plots of crt vs P&i’4 for undoped 3 
N Ce02-I. 

the “calcia” content, y, according to Eq. 
(9). From the 1000°C isotherm, the calcu- 
lated value of the slope was 1.8 x 10e3. If 
the values 1.1 x 1O-r2 for Km, (12), 5.47 A 
for a, (4), and 0.012 (cm*/V x s) for p, (12) 
were used, y was calculated to be -0.0015. 
From the 900°C isotherm, the calculated 
value of the slope was 2.4 x 10w4. Similarly, 
if 2.4 x IO-r4 for K mar 5.46 A for a,, and 
0.01 for pe were used, y was calculated to 
be =0.0013. 

The calculation of y involves the parame- 
ters (i.e., K,,,,, a,, and & experimentally 
determined from independent investiga- 
tions. The small difference between the val- 
ues of y calculated at 900 and 1000°C is 
most likely the result of the errors in choos- 
ing these parameters plus the experimental 
error involved in this study. However, a 
calcia impurity content of 450 ppm by 
weight is equivalent to a value of y = 
0.0014. When compared with the chemical 
analysis shown in Table 1, the calculated 
value of y appears to be reasonable. 

By knowing the value of y, the intercepts 
of the straight lines shown in Fig. 2 can be 
used to calculate the mobility of the oxygen 

vacancies according to Eq. (10). The calcu- 
lated values of pvs were 3.1 X lop4 (cm*/V 
x S) at 1000°C and 1.8 x 10e4 (cm*/V X S) at 
900°C. These values are within 20% of 
those obtained by Reddy (20). 

These intercepts can also be used to ob- 
tain the ionic transference number accord- 
ing to Eq. (11). By this method, the calcu- 
lated values of fi were 0.69 and 0.52 at 
1000°C and 0.87 and 0.78 at 900°C for PO, of 
1 and 0.1 atm, respectively. 

To check these calculations, the average 
ionic transference number of 3 N CeO,-, 
between PO, of 1 and 0.1 atm was measured 
using an electrochemical cell technique in 
the temperature range 800-1000°C. The 
results are shown in Fig. 3. It can be seen 
that the values of fi measured are in good 
agreement with those calculated from the 
conductivities. 

By employing the same technique, Van 
Handel and Blumenthal (19) reported that ti 
was -0.2 at 1000°C and ~0.6 at 900°C in a 
similar PO, region. The difference in the 
results is most likely a consequence of us- 
ing starting materials with different impu- 
rity levels. 

The results of this study are consistent 

.a- 

temperature (“Cl 

FIG. 3. Plot off, vs temperature in the PO, range 0. I 
to 1.0 atm for undoped 3 N CeO,-,. 
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with a point defect model only involving 
doubly ionized oxygen vacancies when 
lower valent cation impurities are taken 
into consideration. The impurity effect may 
be fully compensated by the counterdoping 
experiment, as described under Theory, 
The sample then should behave as pure ce- 
ria and the predicted PG,‘” dependence of u, 
should be obtained. 

Ceria with lower valent cation impurities 
was treated in this study as Ce,-$a, 
Oz-Y-X. Ceria doped with Ta205 has the for- 
mula Cel-zTaZ02+z,2-x when impurities are 
not included. However, if Ta205 and CaO 
are simultaneously present, the system may 
be expressed as Cel-y-zCayTaz02-y+zl?_, . 
When the amount of TazOS added to ceria is 
equivalent to the “CaO” impurity content 
(i.e., y = z/2), the fully counterdoped sys- 
tem behaves as pure ceria. 

The results of the conductivity measure- 
ment for a specimen of 0.1 mole% Ta205 
doped 3 N CeOz-, are shown in Fig. 4 as 
isothermal plots of log ot vs log Po,. For 
comparative purposes, data obtained with 
the undoped 3 N CeOZ-X are also included 
as dashed lines. It is observed that the fully 

-log PO2 (atm) 

FIG. 4. Isothermal plots of log r, vs log P,,. ---, 
undoped 3 N CeOz-x ; -0-, 0.1 mole% Ta205 doped 
3 N CeOzmx. 

counterdoped sample exhibits a more pro- 
nounced PO? dependence of u, than the un- 
doped 3 N Ce02-X. Furthermore, the slopes 
of log ut vs log PO, for the counterdoped 
sample are close to -Q for the three iso- 
therms. This result is consistent with the 
doubly ionized oxygen vacancy defect 
model for pure ceria. 

To obtain a -t dependence in the region 
studied, the amount of Ta205 doping may 
have to be controlled to a few parts per 
million of the “CaO” impurity content. The 
amount of “CaO” calculated from conduc- 
tivity data was approximately 0.14 mole%. 
The difference between 0.14 and 0.1 mole 
has to be errors in preparing samples with a 
small dopant concentration. The PO, depen- 
dence of ot provides a sensitive indication 
of the effective dopant level. It appears for- 
tuitous that the “CaO” impurities were 
fully compensated with -0.1 mole% Ta205 
counterdoping. 

As discussed in the theory, the standard 
enthalpy change associated with the non- 
stoichiometric defect reaction may be ob- 
tained from the temperature dependence of 
ut for the counterdoped specimen. Using 
the least-squares technique, an experimen- 
tal activation energy of 1.87 t 0.11 eV was 
calculated from the slope of the line in Fig. 
5 where log ot is plotted vs 103/T. By equat- 
ing the experimental activation energy with 
Eq. (17), 

AH 
3 + Q = 1.87 t 0.11 (eV). (20) 

By using 0.21 eV as the activation energy 
for electron motion (12, 22), the calculated 
value of AH” was 4.98 2 0.33 eV. Thus, 
Ahljo,, the relative oxygen partial molal en- 
thalpy of ceria, is -9.96 & 0.66 eV (from 
Eq. (18)). This result is in good agreement 
with the value (i.e., -10 eV) obtained at 
larger departures from stoichiometry (i.e., 
x = 10P3) using thermogravimetric mea- 
surement (7, 12). 

It should be noted that the thermogravi- 
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t 

103/T (OK)-’ 

FIG. 5. Log a, vs l/Tfor 0.1 mole% Ta205 doped 3 N 
CeOzeI in pure oxygen. 

metrically obtained AHo, is the result of a 
direct measurement where no assumption 
was made. In this study, measurements and 
analysis on CeOZPX were conducted in the 
near-stoichiometric composition range 
where the range of x is small. The calcula- 
tion of AhHo, was based on the assumptions 
that oxygen vacancies are doubly ionized 
and the law of mass action is applicable in a 
dilute system. The agreement in AHo, along 
with the Pijf'6 dependence of ot should jus- 
tify both assumptions. 
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