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Physical Properties of Mixed Conductor 
Solid Oxide Fuel Cell Anodes of Doped CeO2 

Mogens Mogensen,* Thomas Lindegaard, and Uffe Rud Hansen 
Ris~ National Laboratory, Materials Department,  DK-4000 Roskilde, Denmark 

Gurli Mogensen 
Haldor Tops~e A/S,  DK-2800 Lyngby, Denmark 

ABSTRACT 

Samples of CeO2 doped with oxides such as CaO and Gd203 were prepared. Their conductivities and expansions on 
reduction were measured at 1000~ and the thermal expansion coefficients in the range 50 to 1000~ were determined. The 
ionic and electronic conductivity were derived from curves of total conductivity vs. oxygen partial  pressure. For both types 
of conductivity a dependence on dopant valency was observed. The electronic conductivity was independent of dopant 
radius in contrast to the ionic which was highly dependent. These measured physical properties are compared with the ideal 
requirements for solid oxide fuel cell anodes. Not all requirements are fulfilled. Measures to compensate for this are 
discussed. 

Mixed ionic and electronic conductors (MIEC) seem to be 
the best type of electrode materials for electrochemical 
devices such as solid oxide fuel cells (SOFC) and electro- 
lyzers. However, unt i l  now most developers of SOFC do not 
use effective MIEC electrodes. The reason for this is that it 
is not sufficient for a material  to be an MIEC. For an MIEC 
to act as both an efficient electrode and current collector 
several requirements must be fulfilled: (i) ionic conductiv- 
ity, ai -> 0.1 S/cm and electronic conductivity, Ore --> 100 S/cm 
at operating conditions; (ii) dimensional and thermody- 
namic stability over wide ranges of oxygen partial  pressure 
and temperature; (iii) good thermal expansion coefficient 
match with the electrolyte; (iv) chemical compatibility 
with the electrolyte during operation and fabrication; and 
(v) high electrocatalytic activity for oxygen reduction and 
fuel oxidation for cathode and anode, respectively. 

Ceramics based on CeO2 exhibit qualities which to a 
great extent meet the requirements of an SOFC anode fu- 
eled with CH4 + 3%H20 (methane saturated with water at 
25~ ~-~ This is at t r ibuted particularly to the mixed 02- and 
e- conductivity introduced by the large departure from 
stoichiometry realized in CeO2 at high temperatures in re- 
ducing atmosphere. The higher these two conductivities 
are, the better the CeO2-based electrode may be. The ionic 
conductivity is increased by orders of magnitude when ox- 
ide ion vacancies are formed as a consequence of doping 
with lower valent cations. Such doping however, may cause 
a considerable decrease in the electronic conductivity, 
which makes it important  to find a suitable dopant giving 
a good combined e- and O 2 conductivity. 

A problem associated with CeO2 is a large expansion and 
contraction which is observed during reduction and oxida- 
tion, respectively. The consequence is formation of cracks 
at the electrode/electrolyte interface and eventually de- 
tachment of the electrode. This problem may be reduced 
significantly by suitable doping. 4 

Even though doped CeO2 has been studied extensively 
(see e.g. Ref. 5-10 and references therein), consistent data 
sets from the literature may be derived only for ionic con- 
ductivity, and at 1000~ it is not possible to get a clear 
picture of the importance of the grain boundary resistance. 
The literature contains clear discrepancies about electronic 
conductivity, and only limited data are available on ther- 
mal expansion and on the dimensional change as a function 
of oxygen partial  pressure, Po2. Therefore, experimental 
work was undertaken with the aim of creating a basis for 
optimizing ceria-based anode. 
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Experimental 
Pure CeO2 samples were prepared by uniaxial  pressing of 

commercial powder (REACTON 99.9% CeO2, the impuri-  
ties being mainly other rare earths). CeO2 samples doped 
with Gd203, Sm203, Y203, CaO, Pr203, Sc203, etc. were pre- 
pared from Ce(NO~)3 �9 6H20, Gd(CH3COO)3, Sm(NO3)3, 
Y(CH3COO)3, Ca(NO3)2, Pr(NO3)3, or Sc(CH~COO)3 by a pro- 
cess similar to that of Pechini. 11 The purity of the Ce(NO3)3 �9 
6H20 was better than 98.5% and of other salts better than 
99.9%. In the cerium compound the impurities were stated 
to be mainly other rare earths (La < 0.2%, Er < 0.2%, oth- 
ers < 0.04%). The level of impurities such as Fe and Pb were 
below 20 ppm. The sample doped with V205 was prepared 
directly from the oxides by a solid-state reaction route. All 
samples prepared according to the Pechini method plus the 
pure CeO2 were sintered at 1600~ for 2 h, the rest were 
sintered at 1600~ for 12 h. All samples had densities close 
to 90 % of the theoretical value except the pure ceria (74%). 
In all cases the measured conductivities were corrected for 
the porosity by dividing with the actual density and multi-  
plying with the theoretical. 

This correction procedure probably gives values slightly 
too low. It was chosen in spite of this for two reasons; 
(i) most of the literature data available for comparison are 
stated to be corrected this way and (ii) to make a theoreti- 
cally well-founded correction we must make a careful 
characterization of the porosity structure. This takes a 
major effort and probably only changes the conductivity 
values by a few percent. Brugner and Blumentha112 re- 
ported a comparison of conductivity values for a single- 
crystal CeO2 and sintered CeO2 samples 70 and 85% dense, 
and found excellent agreement using this simple correction 
procedure. 

The samples were examined by x-ray diffraction (XRD) 
and with one exception consisted of a single-phase fluorite 
structure. Traces of undissolved Sc203 were detected in the 
compound with the nominal  formula Ceo 905Sc009501.95~. 

The conductivity measurements were carried out in a 
furnace where the oxygen partial  pressure was controlled 
by well-defined mixtures of air, Ar, CO2, CO, H20, and H2. 
In all cases the oxygen potential was measured with an 
oxygen sensor and showed good agreement with values 
derived from thermodynamic data. The measurements 
were performed using a two-electrode setup and a com- 
puter-controlled Solartron 1260 impedance analyzer simi- 
lar to the procedure described by Bentzen et al. ~ The resis- 
tances of the leads were measured frequently by short- 
circuiting the sample holder. The resistances of leads were 
in the range of 3.8 to 4.2 l~. Changes in this resistance were 
observed only after occasional replacement of leads or elec- 
trodes. The uncertainty of the measured resistances of the 
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Fi~. 1. A raw impedance plot for the sample Ce08Ca02018 meas- 
ured in air at 1000~ R1 is equal to the sample lattice resistance plus 
the lead resistance. R2 - R1 is the grain boundary resistance, and 
R3 - R2 is the electrode resistance. The lead resistance is measured in 
a separate experiment. 

sample s were 0.05 II resulting in a maximum uncertainty of 
5% for the specific conductivity. The temperature was 
measured in all cases to 1000 - 3~ 

The measurements on expansion on reductions and of the 
thermal expansion coefficients were performed according 
to previously described proceduresJ 

Results and Discussion 
The measured impedances were plotted in the complex 

plane and the contributions from lattice, grain boundaries, 
and electrodes were separated using LEVM which is a PC- 
based fitting program developed by Macdonald. ~4 

Examples of impedance plots for the sample Ceo.sCa0.2Ot.8 
obtained at different Po2 are given in Fig. 1, 2, and 3. The 
vertical part below the real axis in all the plots is due to 
inductive elements in the experimental setup. Figure 1 
shows an impedance spectrum measured in air. How the 
response is separated into contributions from lattice, grain 
boundaries, and electrodes is indicated. The conductivity 
measured in air is assumed to be entirely ionic. The spec- 
trum in Fig. 2 is measured while the sample was exposed to 
an atmosphere of CO and CO2, Po2 = 4.5 - i0 -natm. Besides 
the inductance Fig. 2 shows only a Warburg type of elec- 
trode response. This means that the grain boundary resis- 
tance becomes insignificant when the atmosphere is suffi- 
ciently reducing. This is attributed to the introduction of 
electronic carriers short-circuiting the grain boundaries. 
Also, this electronic conductivity decreases the lattice re- 
sistance as revealed by comparing R~ of Fig, 2 with R1 of 
Fig. 1. In Fig. 3 the atmosphere is H2 + 3% H20, Po2 = 4 - 
10 -~8 arm. In this case substantial  electronic conductivity is 
introduced and the impedance spectrum is reduced to a 
single dot; no capacitive elements are observed and no 
change in the real part  is observed when varying the fre- 
quency from 100 kHz to 0.1 Hz. This is better illustrated by 
the Bode plot in Fig. 4 where both real part and imaginary 
part are given as a function of logarithm of frequency. 

All the conductivities reported from this work are lattice 
conductivities, which supposedly are material properties 
unaffected by the preparation route. The literature data 
given, however, are total conductivities including the grain 
boundary resistance because pure lattice conductivity data 
at 1000~ are not reported. In this work all measured grain 
boundary resistances were less than 10% of the total resis- 
tance. They are not reported because the values were not 
revealing any clear trends. It has been reported that grain 
boundary resistance in fluorite oxides ion conductors in 
general is dependent on grain size, porosity, and trace im- 
puritiesJ ~ A careful control of these parameters was not 
attempted here. 

Total conductivity.--Using the KrSger Vink notation the 
reduction of CeO2 may be writ ten as 

1 
O~ ~ Vo" + ~ O2(gas) + 2e" [1] 

O~ is an 02- ion on its normal site in the CeO2 lattice (re- 
garded as neutral) and V~ ~ is a double positively charged 
vacancy. 

The electronic conductivity is induced when the material 
is reduced as given in Eq. 1. Additional oxygen is removed 
from the material when dopants of valence lower than +4 
are incorporated in the lattice. This happens according to 
Eq. 2 

Gd203 --> 2Gd~e + V~" + 30~  [2] 

The vacancies that are formed as a consequence of the dop- 
ing shift the reaction in Eq. 1 to the left, with a decrease in 
electron concentration and a, as the result. 

An overview of the differences between Gd~O~ and CaO- 
doped CeO2 is given in Fig. 5, 6, and 7. Figure 5 shows the 
total conductivity vs. - l og  Po2 for different levels of 
gadolinia doping. At high Po~ (oxygen partial  pressure) the 
conductivity is only slightly affected by changes in Po2- Un- 
der more reducing conditions the conductivity increases 
and eventually becomes constant or goes through a maxi- 
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Fig. 2. Impedance plot for the sample of Fig. 1 measured in CO/ 
C02, Po~ = 4.5 �9 10 -1] aim 1000~ 
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quency. The data are the same as in Fig. 3. 

mum. When the dopant concentration is increased the re- 
sistance to reduction increases_ The result of this is a shift 
toward lower Po~ values for the same conductivity. 

Figure 6 shows the total lattice conductivity v s .  - l o g  
Po~ for samples with composition Ce08Gd020~.9 and 
Ce0.0Ca0.tO1.9. Ce0.sGd0~2Ol~9 has a slightly higher ionic con- 
ductivity, but  a significantly lower electronic conductivity. 

Figure 7 shows the total lattice conductivity v s .  - log 
Po~ for samples with composition Ce0.6Gd0.40~.8 and 
Ce0.sCa0.20~.~. The difference in electronic conductivity has 
been further increased compared to the results in  Fig. 6 and 
the ionic conductivity of the calcia-doped sample is now 
clearly highest. 

I o n i c  c o n d u c t i v i t y  i n  air . --For all samples including pure 
CeQ, the conductivity measured in air is regarded as being 
ionic, the electronic conductivity contribution being negli- 
gible. This is assumed to be a reasonable approximation as 
the impedance plots clearly showed the presence of semi- 
arcs indicating that the capacitance of the grain 
boundaries was not short-circuited. All ionic conductivi- 
ties reported in the following are lattice conductivities ob- 
tained from measurements performed in air. 

The ionic lattice conductivity, %~, at 1000~ for CeO2 
doped with either Gd~O~ or Ca�9 is shown in Fig. 8. ai,~ is 
plotted as a function of the nominal  vacancy concentration, 
[Vo'], which is the concentration of vacancies necessary to 
obtain electrical neutral i ty in the lattice, assuming unasso- 
ciated double-charged vacancies. 

Five different concentrations of Gd~O~ have been investi- 
gated including pure CeO2. The highest ionic conductivity 
found was 0.21 S - cm -~, which was measured for the 
compound Ce0.~Gd0~O~. This is in reasonable agreement 
with literature data TM regarding the concentration as well 
as the conductivity. As the literature data include grain 
boundary resistance it indicates that the grain boundary 
resistance is relatively low in all cases at 1000~ The 
values measured within this work also confirm literature 
data on other dopant concentrations [4, 6, 8, and 40 atom 
percent (a/o)]. ~-~ 

Doping with Ca�9 gives lower values of c% than Gd~Os in  
the concentration range from 0 to 10 a/o Ca. The m a x i m u m  
c% was 0.19 S/cm, measured for Ce0.gCa0.~O~.9. The values 
obtained here are, with one exception, very close to the 
results of Blumenthal e t  aI.  ~ and Arai e t  a l .  ~o T h e  sample 
doped with 20% Ca�9 also had an ionic conductivity of 
0.19 S �9 cm -~. This is higher than found by Arai e t  a l .  
(0.16 S/cm). 2~ 

Three main  parameters determine the ionic lattice con- 
ductivity %~: temperature, dopant concentration (concen- 
trat ion of oxide ion vacancies), and dopant metal ion ra- 

dins, see e .g .  Ref. 15. The assumption of unassociated 
vacancies is only valid for dilute dopant concentrations, 
recognized in Fig. 8 as the range with a l inear correlation 
between ~ and [Vo']. When the nominal  vacancy concen- 
tration [V~'] is increased above 2 to 3 % of oxide lattice sites 
the curve levels off and goes through a maximum. For 
gadolinia the maximum is located at [V~'] = 5% corre- 
sponding to 20 a/o Gd. Increasing the dopant concentration 
above this level causes the formation of defect clusters 
which make a part  of the vacancies less mobile. The maxi-  
mum ionic conductivity for samples doped with Ca�9 is ob- 
tained at a concentration range above 10 a/o Ca, [V~'] > 5%. 

The effect of the dopant ionic radius on ~ is illustrated 
in Fig. 9 showing ~,i vs. Ar. Ar is defined as the difference 
between the critical radius, r~, and dopant ionic radius, ro is 
defined by Kim 2~ as the dopant ionic radius which causes 
no change in the lattice parameters when the dopant oxide 
is dissolved in the fluorite structure, rc = 1.106 A for diva- 
lent dopants and 1.038 A for trivalent dopants (the ionic 
radius of Ce +4 is 0.97 &).2~ In Fig. 9 results obtained here are 
presented together with literature data. For all samples 
[Vo'] = 2.5% of the total amount of anion sites in the lattice. 
The general trend shown in this figure points out that the 
smaller the difference between the radius of dopant ion and 
re the higher is c% for a given dopant valency. There is also 
an indication that the correlation between Ar and %1 varies 
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with the valency of the dopant ion. The figure implies that 
~,~ is more affected by ion radius of trivalent dopants than 
by the divalent. The two curves have been drawn to guide 
the eye, the experimental data are too few to make any 
definite conclusions on this matter. 

The implication of Fig. 9 is that the best trivalent dopant 
ion is Tb 3+ for which hr  is only 0.002 ,A, but  only marginally 
better than Gd 3+ with Ar = 0.015 A. Gd203 was chosen for 
the detailed investigation because Gd203 is considerably 
cheaper than Tb203. 

Ionic  c o n d u c t i v i t y  in  reduc ing  a t m o s p h e r e . - - I n  the liter- 
ature t~ ~r~ is often regarded as constant, independent of Po2- 
This however is not fully true. As CeO2 is reduced according 
to Eq. 1 the concentration of vacancies is increased which 
leads to a change in cry. The maximum in c5 is probably 
obtained close to [Vo'] = 5% of anion sites. Direct measure- 
ment of cr~ has not been possible under  reducing conditions, 
but  an estimate has been obtained using the data of 
Zachau-Christ iansen et  al. ~ where the oxygen stoichiome- 
try has been determined for pure and Gd-doped ceria as a 
function of Po~ using a procedure previously described by 
Jacobsen et  al. 2~ ~ is expected to be affected by the reduc- 
tion process in the same way as when the concentration of 
trivalent dopant is increased. In this case the dopant is Ce ~+. 
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The ionic radius of Ce 3+ is close to that of La 3+ (1.143 and 
1.16 A, respectively).22 Knowing that the ionic radius of the 
dopant material is an important parameter for the value of 
~i it has been assumed that a~ (measured in air) for the 
compound Cel-2~La2=O2-~ is a good estimate for ~i in CeO2-= 
(alternatively writ ten as Ce~*2xCe~O2_=). Combining the 
stoichiometry measurements of Zachau-Christiansen ~3 
with conductivity measurements on Ce~_2=La2~O2_=, ~6 a 
curve showing log (~q) vs. - l o g  Po~ for CeO2_= has been con- 
structed (Fig. 10). The curve goes through a maximum with 
the highest ~ = 0.07 S/cm obtained at Po~ = 10 -18 atm and 
[V~'] = 5.3% of anion sites. The maximum r obtained from 
Fig. 10 is approximately 18 times higher than a~ measured 
in air, the latter being controlled by the impurity level of 
lower valent dopants. 

In the case of the doped samples the correlation between 
~ and Po2 depends on the dopant concentration, e.g., 
Ce0.sGd0.20~.9, where the optimum concentration of vacan- 
cies already has been achieved, ~ probably decreases when 
Po~ is lowered. 

Compared to the electronic conductivity obtained for 
oxygen partial  pressures lower than 10 -6 atm the change in 
cr~ caused by reduction is insignificant. For pure CeO2 
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Fig. 10. An estimated curve showing log (~i) vs. -log (Po2) for 
CeO2_x. 

Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



2126 J. Electrochem. Soc., Vol. 141, No. 8, August 1994 �9 The Electrochemical Society, Inc. 

0 

b 0.1  

0.01 

# 
D 

~ a  

"/~ 4.A, 

-4- 

z~ 

f0  

 1j4 
8 1'21:  f 6 f 8  

-Log(p0z )  

Fig. 11. Electronic conductivity ~ vs. -log P�9 for different dopants 
and dopant concentrations at 1000~ ~ is calculated from the total 
conductivity assuming a po~ independent ionic conductivity. (~ Pure 
CeO~, + 2% V, [] 10% Ca, �9 20% Ca, O 20% Gd, A 20% Pr, * 40% 
Gd, �9 40% Sm). 

3 . 0  

2.5 " ' ' ' - . .  o 

2 . 0  ~ " -  
o 

1 . 5  

J 

0 . 5  

0 . 0  . . . . . . . . . . . . . . . . . . . . . . . .  
0.00 0.05 0.10 0.15 0.20 0.25 

Y i n  Cet-~,zGd~yOa-y a n d  Ce~_vCay02_y 

Fi 9. 12. I=lectronic conductivity at I ~  = 10 1~ aim and 1000~ vs. 
Y in Gel_~zGd~yO=_z (A) and Ce,_yCayO2 y (�9 

12, and 13) confirm clearly that ae decreases when CeO2 is 
doped with lower valent cations. 

Figure 11 shows the electronic conductivity, ~e, vs. - l o g  
Po2 for various dopants in varying concentrations, a~ is 
simply found as atot - ~,  where atot is the total conductivity 
and a~ is the ionic lattice conductivity measured in air. Con- 
sidering the arguments given in the section Ionic Conduc- 
tivity in Reducing Atmosphere, this approximation seems 
reasonable. 

For undoped CeO2 it can be shown I5 that the concentra- 
tion of electronic charge carriers, n, is correlated to Po2: n 
po~/6 for small departures from stoichiometry, and n ~ po~/4 
for large departures from stoichiometry. In the case of the 
doped samples the theoretical correlation is: n ~ p8~/% 

The curves for the doped samples (Fig. 11) show that  the 
slope is close to the theoretical value 0.25 and that  it is 
virtually unaffected by both the kind of dopant and con- 
centration. For pure CeO2 the slope is approximately 0.2 
indicating a transition state between the two theoretical 
slopes. The observed decrease in conductivity, compared to 
pure CeO2, is almost the same when doping to equal con- 
centrations of Gd203 and Pr203 or Gd203 and Sm203. It 
appears that ~ is not affected by the choice of dopant as 
long as the valence of the dopant material  remains the same 
(+3 in this case). Doping with the divalent CaO also causes 
a lowering of (r~, but not as much as the trivalent lan- 
thanides do. 

Doping with the pentavalent V20~ shows a slight increase 
in cr~ compared to pure CeO2. This can be at tr ibuted to the 
introduction of cation vacancies. These react with oxide 
vacancies with the result that Eq. 1 is shifted to the 
right. The consequence of this is a decrease in ~ and an 
increase in ~ .  Similar observations have been reported in 
the literature. 3~ 

Figure 12 and 13 compare cr~ at Po2 = 10- ~5 atm for samples 
doped with Gd~O~ or CaO. In Fig. 12 ~ is plotted vs. y in 
Ce~_2~Gdz~O2_~ and Ce~_~Ca~O~_~, whereas in Fig. 13 r is 
plotted vs. the dopant concentration in atom fraction. Fig- 
ure 12 is shown to compare compounds which have equal 
nominal concentrations of defects in the anion lattice, e.g., 
Ce0~Gd0.~O~ and Ce0~Ca0~O~. The formulas in Fig. 12 do 
not represent the true stoichiometry at Po~ = 10 -~ atm. Due 
to the reducing atmosphere additional oxygen has been re- 
moved from the lattice. To find the exact extent  of this 
reduction we must measure the stoichiometry as in the 
work of Zachau-Christ iansen et  al. ~ or by thermogravime- 
try. One of the main findings of Ref. 23 is that  for a given Po~ 
value the oxygen stoichiometry, e.g., at Po~ = 10-~ atm is 
independent of the Gd concentration up to 40 a/o Gd. In the 
Po~ interval from 10 -~ to 10 .20 atm the oxide vacancy con- 

which has the ionic conductivity most sensitive to changes 
in Po2, ~i introduced by the reduction is less than 3 % of the 
total conductivity at Po2 = 10-G atm. At lower values of Po2 
the contribution is even smaller. 

E l e c t r o n i c  c o n d u c t i v i t y . - -  F u n d a m e n t a l  studies on the 
n-type conduction in CeO2-x have been reported in the liter- 
ature. ~-27 It is generally agreed that the conduction occurs 
via a small polaron hopping mechanism, but there is dis- 
agreement in the l i terature about how o- e depends on do- 
pant concentration. Ivers-Tiff~e and Kiistner 1~ and Ivers- 
Tiff~e and Oe128 have examined the electronic conductivity 
of samples with the composition Cel-xMxQ-z2 (M = Gd, Er, 
Nd and x = 0 to 0.16) in the temperature range from 700 to 
900~ and have found that  ~e is not affected by any changes 
in dopant material  or concentration. In contradiction to 
this, E1 Adham ~9 has found a slope of log (re vs. log x to be 
approximately - 1 / 2  for 0 < x < 0.15 at 793~ and Po~ = 1.5 �9 
10 -1~ atm, i.e., the electronic conductivity decreases with 
increasing concentration of dopants with valence lower 
than +4. The same slope has been obtained here at 1000~ 
and Po~ = 10 -~2 atm for 0.045 < x < 0.1. For values of x -> 0.2 
or Po2 -< 10-;3 atm other correlations have been found, but 
in all cases the results of the present work (shown in Fig. 11, 
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Fig. 13. Electronic conductMty at p02 = 10-15 arm and 1000~ vs. 

X in Cel-xGdxO2-x/2 (A) and Cel-xCaxO2-x (�9 
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Table I. Electronic canductivite, (r~, and ionic radii for 
dopant material. 

Z5 

r Ionic radius of dopant hr ~ 
Sample (S . em -~) (A) ~ (s 

Ce~.zPr0.~O~ 9 1.2 1.126 0.088 Z 
Ceo.sGdo.~O~.9 1.44 1.053 0.015 O 
Ce09Ca0 ~O~.9 2.38 1.120 0.014 03 
Ce0 ~Sm0.~O~.8 0.30 1.079 0.041 2: 
Ce0.6Gd0.40~.8 0.33 1.053 0.015 
Ce0.6La0.40~.8 0.33 1.160 0.122 
Ceo.~Ca~ ~O~.~ 1.6 .1.12 0.014 

Po~ = 10 ~5 atm, [Vo'] = 5 and 10%. 
The ionic radii are those given by Shannon n for a coordination 

number of 8. 
Ar = l r ~ l o p a n  t - -  rcl , see text. 

cen t ra t ion  seems to be a func t ion  of the oxygen  part ia l  
pressure  only. This is val id  for oxide  vacancy  concen t ra -  
t ions at least  up  to 10% of the  oxide  sites i r respect ive  of 
whe the r  the  dopan t  is Gd  3* or  Ce 3§ If i t  is assumed tha t  this 
is also va l id  if Ca is the  dopan t  then, according to Eq. 1, the 
e lec t ron concent ra t ion ,  n, should  be the  same for  
the  same y - v a l u e  in Fig. 12. The electronic  mobi l i ty  is de-  
f ined by  

(re = ne p,~ [3] 

where  e is the e lementary  charge,  and  ~ the  e lec t ron mobi l -  
ity. In  Fig. 12 ~ is cons iderably  h igher  for the samples  
doped wi th  CaO. This impl ies  tha t  i t  is not  the  ex ten t  of the 
reduc t ion  which  a lone determines  (r e . If  the e lec t ron con-  
centra t ion,  n, is assumed to be equal  for Ce0.~Gd020~.9 and 
Ce0.~Ca0.10~.9 at  Po~ = 10-15 a tm then  the  only exp lana t ion  for  
the  difference in (ro is a cons iderable  va r i a t ion  in the  elec-  
t ron mobility. The e lec t ron mobi l i ty  in small  po la ron  con-  
ductors  is descr ibed by Tuller  and Nowick  25 as hav ing  the  
following form 

p,e = ( [ C e ~ a 2 v ~  �9 exp ( ~ T  H ) [4] 

where  a is the  jump  distance,  v0 the a t t empt  frequency, EH 
the hopp ing  energy, and k is the  B o l t z m a n n  constant .  

An impor t an t  var iab le  in the  mobi l i ty  is [Ce~j, i.e., the  
concen t ra t ion  of sites where  the  e lec t ron can jump.  If some 
Ce~ sites are  exchanged  wi th  a f ixed va lence  ion l ike G d ~  
or C a ~  fewer  sites are  ava i lab le  for  the  mobi le  electrons,  
thereby  reducing  the  mobi l i ty  and hence (r~. 

For  the  samples  compared  in Fig. 12 [Ca~] is only  half  the  
va lue  of [Gd~e] wh ich  par t ly  expla ins  the  difference in (re- In 
Fig. 13 (r~ is compared  for  equa l  concent ra t ions  of dopant  
meta l  ions. In  this case the  two curves  appear  a lmost  merg-  
ing wi th  a tendency  toward  CaO giving a h igher  va lue  of (r~. 

Were (r~ control led  solely by  [V6"] and dopan t  me ta l  ion 
concentra t ion,  the  samples  doped wi th  Gd203 wou ld  have  
exh ib i t ed  the  h ighes t  conduc t iv i ty  in Fig. 13. Apparen t ly  
o ther  pa ramete r s  have  a de te rmin ing  inf luence  on (r~ wi th  
the  consequence  tha t  ca lc ia -doped  samples  ob ta in  a h igher  
(r~ than  gadol in ia  doped. This m a y  be because  the  vacancy-  
dopan t  associates  in the  Ca case (Ca~e - V6") are neut ra l  
whi le  in the  Gd case (Gdc~ - Vo') they  are  posi t ively  
charged  and this may  decrease the  e lectron mobility. 

Table  I compares  r atpo~ = 10 ~5 a tm wi th  the  ionic radi i  
of different  dopants .  Aga in  as in Fig. 8 and 12 compounds  
wi th  the same nomina l  vacancy  concen t ra t ion  are  com- 
pared.  The  values  ind ica te  tha t  the  ionic rad i i  do not  inf lu-  
ence the  size of ~r~. 

Dimensional changes.-- When Ce ~§ is reduced  to Ce ~+ the 
la t t ice  of CeO2 expands  because  the  ion rad ius  of Ce *§ is 
cons iderably  la rger  t h a n  the  radius  of Ce ~§ At  room t e m -  
pe ra tu re  the  expans ion  can be ca lcu la ted  f rom XRD data  as 
compi led  by Kim ~ and  Shannon.  22 At  h igh  t empera tu re  
such XRD data  are not  ava i lab le  and therefore  the  expan-  
s ion was  measu red  by i so thermal  di latometry.  F igure  14 
shows the re la t ive  expans ion  as a func t ion  of Po2 at 1000~ 
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Fig. 14. Relative expansion as a function of oxygen potential, [] 
pure CeO2, x 20% Gd, V 40% Gd, # 50% Er, +10% Ca, & 20% Ca, 
all at 1000~ 

for  pure  and  5 doped  cerias.  The clear  t r end  is tha t  the 
h igher  the degree of doping wi th  two-  or  th ree -va len t  
cations,  the less the re la t ive  expans ion  associa ted wi th  the 
reduc t ion  of the samples.  This is in agreement  wi th  the  
equi l ib r ia  g iven by Eq. 1 and 2. 

A cons iderable  sca t te r  is seen in 20% Ca in Fig. 14. A 
possible exp lana t ion  may  be tha t  this composi t ion  is not  
s table in reduced  condi t ion  over  per iods  of t ime of 20 to 40 
h, i.e., some of the Ca is "p rec ip i t a ted"  in domains  wi th  
some ext ra  order ing  of Ca~  and V~" as compared  to the  
oxid ized  state.  This implies  tha t  the  ac tual  expans ion  is 
dependen t  on the  hold t ime  at a g iven condit ion.  This is 
being inves t iga ted  further. F igure  14 also reveals  tha t  even 
in case of as h igh  a degree of doping as 40% Gd or 50% Er  
there is still an appreciable expansion below - 1 V. 

The thermal expansion coefficients (TEC) of the samples 
in Fig. 14 are given in Table If. The ceria TECs are in all 
cases higher than for yttria-stabilized zirconia (YSZ). 

Extent of matching of the SOFC anode requirements . -  
The exper imen ta l  resul ts  show that. the  r equ i remen t  of an 
ionic conduc t iv i ty  of r -> 0.1 S /cm is easi ly met.  Otherwise  
wi th  the  e lectronic  conductivity.  I r respect ive  of wh ich  k ind  
and degree of dopant ,  o- e ~ 100 S / c m  n e v e r  can be met  for 
ce r ia -based  mater ia l .  So to use ceria as an  anode a current  
col lector  w i th  the requ i red  electronic  conduc t iv i ty  must  be 
implemented .  A possible cand ida te  for this may  be  porous 
ch romium steel  of a composi t ion  s imi lar  to the  meta l l ic  
SOFC in te rconnec tor  p la te  repor ted  by Drenckhahn  and 
Vollmar. 33 

The results  (Fig. 14) show tha t  we must  subst i tu te  about  
half  the Ce a toms wi th  Gd or s imi lar  r a re -ea r th  e lement  to 
ob ta in  a reasonable  d imens ional  stability. In doping wi th  
Ca there  may  be a p rob lem wi th  bo th  d imens iona l  and  
the rmodynamic  stability. It  is p robab ly  not  possible to 
avoid  an  expans ion  of at least  0.3 %. Whe the r  this is a l low-  

Table II. TEC for various doped cerias in air in 
the interval 50 to I000~ 

TEC 
Composition (10 -6 K -I) 

CeO2 12.3 
Ce0.sGd0.201.9 12.5 
Ce0 ~Gd0.401.8 12.1 
Ce05Er0.~O1.7~ 11.4 
Ce0.9Ca0101.9 12.8 
Ce0.sCa0.20~.s 13.6 

ZrQ.85Y0 t~O~.925 10.8 

TEC for the most widely used yttria-stabilized zirconia meas- 
ured with the same dilatometer is given for comparison. 
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able or not probably depends on the actual structure of the 
full cell stack. 

The TEC match with YSZ is believed to be acceptable at 
least for the heavily Gd- and Er-doped cerias. 

The chemical compatibility of CeO2 with YSZ is not 
without problems as the two materials diffuse into each 
other at the sintering temperature which typically is about 
1300~ or above. The CeO2-YSZ solutions have consider- 
ably lower oxide ion conductivities than YSZ itself. At 
1000~ Zr 085Y0.z~Oz.925 has a stable ion conductivity of about 
0.12 S/cm while for YSZ mixed with various amounts of 
Ce 4§ and Gd 3§ was in the range of 0.02 to 0.06 S/cm. 34 The 
same trend is seen in the work of Cales and Baumard? ~ This 
means that during the fabrication process measures should 
be taken to avoid the interdiffusion, e.g., by using low tem- 
perature methods or by applying a suitable diffusion bar- 
rier onto the YSZ surface? 6 

The requirement of high electrocatalytic activity seems 
to be fulfilled for oxidation of hydrogen, ~2 but  still more 
work is needed to see if it can be made high enough for 
direct CH4 oxidation. 

Conclusion 
For CeO2-based anodes it seems that the best composi- 

t ion is one where 40 to 50% of the Ce 4§ is substituted with 
three-valent rare-earth cations like y3+, Gd3§ or similar 
rare-earth cation with slightly smaller ion radius. 
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