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Abstract. Previous studies on the ceria-gadolinia system have 

mainly been done on oxides rich in ceria. The purpose of the 

present work is therefore to establish how the conductivity, 

density and structure depend on the gadolinia content especially 

at high doping levels. 

Five different compositions were examined: Ce, Gd 02_ ,_ with 

x = 0.1, 0.3, 0.5, 0.7 and 0.9. Oxide powders of these compositions 

were prepared by homogeneous precipitation of carbonates by 

hydrolysis of urea followed by calcination in air. Specimens were 

prepared by pressing and sintering in air at 1550 C. 

Conductivity measurements on discs cut from the sintered specimens 

in the temperature range 400 - 900 C showed that the oxygen-ion 

conductivity decreases with increasing gadolinia content with a 

corresponding increase of the activation enthalpy for oxygen-ion 

migration. A model describing the variation of the theoretical 

density in this system is presented. From this model the densities 

of the sintered specimens was found to be in the range 93-99% TD. 
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Finally X-ray diffraction on the calcined powders showed that 

fee single-phase material exists up to about x = 0.4 after which 

a bec phase is formed 
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SUMMARY 

Gadolinia-doped cer ia i s one of the best oxygen-ion conductors 
known today. The ionic conduc t iv i t i e s obtained for these oxides 
a t low dopant c o n c e n t r a t i o n s ( 4 - 8 roole% Gd01<5) are con
s i d e r a b l y higher than t h o s e obta ined for the doped z irconium 
oxides and they are therefore of i n t e r e s t for low-temperature 
(500 - 600°C) oxygen sensors , fuel c e l l s and e l e c t r o l y z e r s . The 
d e f e c t r e s p o n s i b l e for t h e high c o n d u c t i v i t y i n t h e s e o x i d e s 
i s , as for the doped zirconium ox ides , oxygen vacancies formed 
by doping w i t h o x i d e s w i t h a l i o v a l e n t c a t i o n s of a lower v a 
lence than that of the host ca t ions . In the case of high doping 
l e v e l s (50% or h i g h e r ) , however, t h e s i t u a t i o n i s r eversed . 
Here the system can be considered as ceria-doped gadol inia in 
which the predominant defect i s i n t e r s t i t i a l oxygen. Previous 
s t u d i e s on t n e s e o x i d e s have mainly been on o x i d e s r i c h in 
cer ia whereas, to the knowledge of the authors, no systematic 
s tudies have h i therto been done on oxides with a high gadolinia 
c o n t e n t . The purpose of the p r e s e n t work i s t h e r e f o r e t o e s 
tab l i sh how the conduct iv i ty , dens i ty and structure depend on 
the gadolinia concentration e s p e c i a l l y at high doping l e v e l s . 

Five d i f ferent compositions were examined. If the s t o i c h i o 
metr i c formula of o x i d e s in t h i s system i s expres sed as Ce^. 
x G d x°2-x /2 ' t n e compositions covered in the present work corre
spond t o x r 0 . 1 , 0 . 3 , 0 .5 , 0.7 and 0.9 . Powders of doped 
oxides were prepared by homogeneous prec ip i ta t ion of carbonates 
by hydrolysis of urea fol lowed by ca lc inat ion in a i r . Specimens 
were prepared by pressing and s in ter ing in a ir at 1550°C. EDAX 
measurements showed t h a t a good homogeneity was obta ined by 
t h i s process. The structure of the specimens was determined by 
X-ray d i f f r a c t i o n , whereas the e l e c t r i c a l propert ies were de
termined in a ir in the temperature range 400 - 900°C by 2-probe 
ac-measurements on d i s c s cut from the s intered specimens. F i 
n a l l y , the d e n s i t i e s of the s intered specimens were determined 
by buoyancy measurements , and from a model d e s c r i b i n g the 
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variation of the theoretical density in this system the per

centage of the theoretical densities obtained could be deter

mined. 

The results obtained in this work indicate: (a) that the 

oxygen-ion conductivity decreases with increasing gadolinia 

content. The interstitial oxygen formed at higher doping levels 

thus cannot contribute to the conductivity probably due to 

geometrical factors; (b) that the activation enthalpy for oxy

gen-ion migration increases with increasing gadolinia content 

(c) that the process developed for the fabrication of specimens 

can give sintered densities in the range 93 - 99% TD, and 

finally (d) that fee single-phase m ^rial exists up to about 

x = 0.4 after which a bec phase is formed. The monoclinic Gd203 

phase could only be detected for x> 0.95. 

This work is part of Mr. Heggestad's thesis research for his 

Master degree at the Technical University of Trondheim, Norway. 

It was presented as a poster at the Euchem Conference on Solid 

State Chemistry and Electrochemistry, Oxford, March 1984. This 

poster is reproduced in the present report. 



BACKGROUND ' ~ 

The purpose of this work is to develop 
alternatives to stabilized zirconia as 
oxygen ion conductors. Ceria has several 
advantages compared to zirconia: 

- Recent works show that ceria doped with 
approximately 5 moleZ gadolinia has a 
better conductivity then stabilized zirc
onia at temperatures lower than 800°C 

- Ceria needs less doping than zirconia 
to achieve optimal conductivity. 

- Pure ceria possess the fluorite struc
ture and can accommodate large amounts 
of doping. This is an advantage for the 
study of defect interactions as a function 
of doping level. 

- The electrical properties of compositions 
with more than 50 moleZ gadolinia have 
not been fully investigated before. The 
conductivity drops as the gadolinia con
tent increase towards 50 moleZ. Our aim is 
to see if this trend continues throughout 
the system. 



THEORY 

It is convenient to divide the system into 
three parts: 

-CeQ2doped with GdQls. 
All compositions up to about 40 moleZ 
GdOl5 keep the fluorite structure of 
pure CeOz. The defect reaction is: 

2GdOU5-> 2Gd'tM + 30o + VJ 

Oxygen vacancies are the charge carriers. 

-GdOls doped with Ce02. 
It is here reported (see below), that com
positions with more than 75 moleZ Gd01 

have the cubic gadolinia structure. The 
defect reaction suggested is: 

2Ce09 -> 2Ce' +30+0" 
Z Gd o i 

In this case the interstitial oxygen is 
the charge carrier. 

-Compositions containing between 40 and 75 
moleZ GdOJS consist of two phases; one with 
40 moleZ GdO, _, the other with 75 moleZ CdOt .. 

1.9 1.5 
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The electrical conductivity can be expressed 
by the general equation: 

(T=A/Texp (åS/k) exp CåH/kT) 

A, AS and AH will depend on the degree of 
defect interactions. Table I and II lists 
the three terms for VQ and 0, respectively. 
In both tables it is assumed either complete 
defect association or -dissociation. 

The defect interaction equation in the two 
cases is, for V0 and 0i respectively: 

Table I: Va 

A (K/dhm en) 

J i ssoc. def: ez a\ v 0 n0 /2k 
\ssoc. def: e2 a\ »QN^ /4k 

AScaV) 

*Sm 

AS. ̂ ASD 

AH<«V) 

AH. 
AH tfttt, 

Table II: 0, 
A (K/ohM CM) 

lissoc. def: e2a\ vQnQ/8k 

tssoc. def: ezOovo^cd /J®* 

AS<«V) 

AS. 
AS. +AS„ 

^HdV) 

AH. 
*HU+*H0 

msmigration, D-dissoci at i on. 

file:///ssoc


MODEL FOR CALCULATION OF THEORETICAL 
DENSITY IN THE SYSTEM. 

The model is based on the general equations 

d=l. 66020 TA/V 

ZA: weight sum of all atoms in the unit celL 
V: volume of unit cell (A3) 
1. 66020: converts amu/A3 to g/ccm. 

This is applied in the two one-phase regions: 

Reg i on 1: Ce^ _r Gdn Q>,n/? - x-0-0. 4 
The term ZA for this region is: 

I.A-CC1 -x) Ap +xA^ )4+(l -x/4) AD8 
Cm Gd o 

Region 2: Gd^Cey015^/2 . y=0-0. 25 

ZA-((l-y)AM +yAu )4+(l+y/3)A06 

Region 3: The model assumes a linear increase 
in the 75 moleZ GdOl5 phase from 0 to 100Z 
in the two-phase region. The density is: 

d=dn __ C+dn Jl -C) 
0.75 0.40 

C is fraction of the 75 moleZ Gd0l5 phase. 



1 

7.70 

7.60 

t 7.50 

s 7.40 

7.30 

7.20 

REGION 2 

Th«or«tical density in tho 
my•torn, according to tho 
nod«) presented in this 
work. 

0.0 .1 . 2 . 3 .4 .6 .7 .8 .9 1.0 

ML, COMPOSITION. X-> GdOh5 



EXPERIMENTAL 

- 5 compositions were prepared containing 
10. 30. 50. 70 and 90 moleZ Gd0lm5 respect
ively. The precipitated powder was cal
cined at 800°C overnight and pressed to 

pellets at 3tons/cm2 pressure. The pellets 
were sintered at 1600°C for 1 hour. Three 
samples were cut of each composition; the 
lengths being approximately 0, 75. 1.0 and 
1,5mm, The samples were cut from the same 
sintered pellet. Each sample was coated 
with platinum paste and fired at 900°C, 

- The frequency dependent impedance was meas
ured using a 1250 Solartron Frequency Re
sponse Analyser, The measurements were all 
within the frequency range 65kHz-WOmHz. 
and the temperature range 350-900°C. 

- The two photos show the sample holder. 
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HOMOGENEOUS PRECIPITATION 

This method is based on the hydrolysis of 
urea, which provide carbonate ions for the 
precipitation of the metal carbonates. The 
hydrolysis can be expressed by the following 
equation: 

H2NC0NH2 + 2H20 -> 2NH\ + CO\~ 

The advantage is that the precipitation takes 
place simultaneously in the whole reaction 
volume. This is because the hydrolysis does 
not occur at room temperature, but requires 
heating. This means that the urea and the 
metal nitrates may be dissolved together, 
and then heated. Precipitation starts when 
the solution reaches the boiling point, at 
approximately 103°C. 

In this work the precipitation time was 6hrs, 
and the yield was between 93 and 97Z of the 
theoretical. 
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STRUCTURE OF (Ce^xGdx)Oz-^ SOLID SOLUTIONS. 

X-ray analysis at room temperature showed: 

0=x 

0<x<0. 4 

0. 4<x<0. 75 

0. 75<x<0. 95 

0. 95<x<l 

x=i 

fee 

fee, single phase. 

fcc+bcc. two phases. 

bee, single phase. 

bcc+monocl inic, two phases. 

monoclinie (high temp. ) , 
single phase. 

LATTICE PARAMETER OF (Ce^GdJO^ 
SOLID SOLUTIONS 

The lattice parameters were determined by 
extrapolation using the Nelson & Riley 
method. The unit cell for the cubic struc
ture of CdOus consists of eight fee cells 
(cation lattice). Only half of the lattice 
parameter of this large cell is shown here. 
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RESULTS 

- TABLE I. Densities given in percent of 
theoretical value (ZTO): 

moleX GdOls: 10 
ZTD : 98.6 

30 
95.8 

50 
92.9 

70 
98.4 

90 
98.5 

- TABLE II. Activation enthalpy H for the 
five compositions. Two values are listed 
for the specimens containing 10 and 30 
moleZ Gd015. These represent stage II and 
III respectively. H is calculated from the 
regression line and is valid within ±0.5 
in the final digit. 

moleZ GdOy s 

10 
30 
50 
70 
90 

H (eV) 
0. 35 (st. ID 0. 70 (st. Ill) 
0. 53 (st. II) 1. 08 (st. Ill) 

1.38 
1.56 
1.68 



DISCUSSION 

The figure shows the Arrhenius-plot for the 
three samples of the composition with 90 
moleZ Gd0ls. The sample length is 0. 75mm(El), 
1. 0mm(E2), and 1. 5mm (E3). As can be seen from 
the figure the conductivity seems to increase 
with the length, and this effect is observed 
for all compositions. It is assumed that this 
is caused by a low degree of porosity in the 
electrodes, resulting in an inhomogeneous 
current flow near these. With the approxi
mation that the electrodes of the samples 
are equal one sees that this effect becomes 
less important with increasing sample length. 
The Solartron sees the current inhomogenei ty 
caused by lack of triple points as an extra 
resistance in the material. 

To compensate for this a 'true conductivity' 
has been calculated. The formula used is: 

IAT[ - a 2 p r y y / a 2 - v 

1 means sample length, pis resistivity and 
<T't is the true conductivity. The subscript 
indicates the sample number with increasing 
length J->3. Changing the subscripts 2 by 
3 gives (T't',and the average of these two <T'ts 
is taken as the true conductivity. 
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DISCUSSION 

The figure shows the Arrhenius-plot for one 
of the samples of the 10 moleZ GdOh5 compo
sition. This plot contains all the typical 
features for the 10 and 30 moleZ Gd0lm5 compo
sitions. 
- The lattice conductivity show two linear 

regions within this temperature range, the 
higher called stage II and the lower stage 
III. Stage II is connected with dissociated 
defects, hence the activation enthalpy for 
migration is lower than in stage III, the 
defect association range. 

- This plot has a relatively well defined 
break point between stages II and III. This 
transition region usually covers a wider 
temperature interval. 

- The grain boundaries give a considerable 
contribution to the total conductivity. As 
can be seen from the plot it is the domi
nating factor below 700°C for this speci
men. The grain boundary conductivity in
creases from 10 to 30 moleZ GdQlmS. For the 
other compositions, no grain boundary effect 
occur. Thus it seems that the lattice- and 
the grain boundary conductivity, varies in
versely with composition. 
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CONCLUSIONS 

- It is confirmed that doped ceria has a 
ionic conductivity that rivals that of 
stabilized zirconia at lower temperatures 
(down to 550-60Q°C). 

- The ionic conductivity decrease monoton
ously in the range 10 to 90 moleZ Gd01 5. 

- The correspondance between activation 
enthalpy and conductivity previously ob
served is verified in this work. It is 
not possible here to decide the optimal 
conductivity. 

- Considering the high densities of the sin
tered pellets, it can be concluded that 
preparation of powders by homogeneous pre
cipitation is a very attractive method. 
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