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Electrical properties and microstructure in the 
system ceria-alkaline earth oxide 
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H I R O M I C H I  A R A I *  
Department of Materials Science and Technology, Graduate School of Engineering Sciences, 
Kyushu University 39, Kasugakoen, Kasuga-shi, Fukuoka 816, Japan 

The ionic conduction of oxygen in the ceria-alkaline earth oxide system was investigated as a 
function of temperature, partial pressure of oxygen and oxide composition, together with its 
crystal structure, density, and microstructure. Undoped ceria and its solid solution with alkaline 
earth oxides have a cubic fluorite structure. The ionic conductivity of ceria is greatly enhanced 
by additions of calcia and strontia, even when they are added in excess of the solubility limit. 
The conductivities of ceria-calcia and ceria-strontia were much higher than those of calcia- 
and yttria-stabilized zirconia. Up to the limit of calcia and strontia, the ionic transference number 
was nearly unity in the temperature range between 600 and 900 °C. With an increase in calcia 
and strontia content, the ionic conductivity was little affected by the presence of a second 
phase of CaO and SrCeOa. 

1. Introduction 
Solid electrolytes with a high ionic conduction of 
oxygen have been attracting great interest for applica- 
tion in high-temperature fuel cells [1, 2] and oxygen 
sensors [3]. The materials used for these purposes are 
fluorite-type oxides which are doped with divalent or 
trivalent cations so as to introduce a high concentra- 
tion of oxygen vacancies [4, 5]. Stabilized zirconia has 
been investigated as a popular solid electrolyte [6]; 
however, its conductivity is insufficient to derive the 
desired output for a fuel cell. There is much interest in 
the use of cation-doped ceria, which possesses a much 
higher ionic conductivity than stabilized zirconia, as 
several investigators have reported previously [7]. A 
series of cations in oxide form, such as CaO [8, 9], SrO 
[10, 11], Y203 [4, 12] and rare-earth oxides [13-15] 
were investigated as dopants for CeO 2. It is reported 
that a part of the alkaline earth oxides were soluble in 
the ceria lattice resulting in the formation of oxygen 
vacancies; however, the electrochemical properties of 
alkaline earth oxide-doped ceria have not been fully 
reported as a function of  additive content. In the 
present paper, the electrical conductivity and ionic 
transference number of the ceria-alkaline earth oxide 
systems are investigated and discussed in terms of the 
crystal structure, density, and microstructure. 

2. Experimental procedure 
2.1. Sample preparation 
Polycrystalline powder was prepared from cerium 
dioxide and alkaline earth oxide or carbonate. The 
calculated amount of CeO2 (99.9%) and CaCO3 
(99.0%), SrCO3 (99.9%), BaCO3 (99.9%) or MgO 
(99.99%) mixture was milled overnight with urethane 
balls and calcined at 1300°C for 10 h. The oxide pow- 
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ders were pressed into a compact (20 mm in diameter 
and 2 to 5mm in thickness) axially at 1 to 2.5 x 
103kgcm -2 and isostatically at 2.7 x 103kgcm -2. 
The disc was finally sintered at 1450 or 1650°C for 
15 h in air. 

The density of the sintered disc was determined by 
a water pycnometric technique. The crystal structure 
was determined at room temperature by X-ray diffrac- 
tion using CuK~ radiation after crushing the discs into 
powders. Sodium chloride crystals were used as an 
internal standard for diffraction angles. 

2.2. Measurement of ionic transference 
number of oxygen 

The mean ionic transference number, ti, is given by 

t i = obs/L- ~ In (11 \eo2lJ 

where Eob ~ stands for the observed e.m.f, of the follow- 
ing cell: 

P62, Pt/solid electrolyte/Pt, P~z (2) 

In the present measurements, P62 was fixed at 1 atm 
and the e.m.f, was obtained as a function of P~2 
(1.0 x 10 3 to 0.21 atm). The electromotive force of a 
gas concentration cell was measured in a temperature 
range between 600 and 900 ° C with a gas flow rate of  
200 to 300 cm 3 min ~. On each flat surface of a cylin- 
drical disc, a platinum paste (Tanaka Matthey KT-5, 
Tokyo) was applied as an electrode and fired at 
1000 ° C for 10 min to obtain an electrical contact. The 
disc was attached to a mullite tube by fusion welding 
of silver to ensure the gas-tightness of the cell at 
elevated temperatures. 
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2.3. Measurement of electrical conductivity 
The electrical conductivity of a sintered sample 
(15mm x 4mm x 5mm) was measured by a con- 
ventional d.c. four-probe method. Electric contacts 
between current probes and the sample were made by 
platinum wires and paste. A galvanostatic d.c. source 
was used to supply current to these probes. Potential 
probes were located between two current probes by 
tightly winding platinum wires around the sample. 
The potential drop between two potential probes was 
measured with a digital voltmeter. Ionic conductivity 
was assumed to be the product of the observed con- 
ductivity and the ionic transference number. 

2.4. Microstructure of samples 
Microstructures at the fracture surfaces of ceria-based 
oxides were observed by SEM (Jeol JSM-10A). The 
compositions of CeO2-SrO systems were observed 
with a Jeol JXA-5A electron microanalyser. The 
samples were polished with a diamond suspension 
prior to the measurement. The back-scattered electron 
image and X-ray image were obtained to determine 
the distribution of phases and components. 

3. Results and discussion 
3.1. Crystal structure and phases of sintered 

samples 
Dissolution of alkaline earth metal in a ceria crystal 
leads to the quantitative formation of oxygen vacan- 
cies because of charge compensation. Phases in the 
sintered specimens and the solubility of the additive 
were measured by X-ray diffraction. Pure CeO 2 and 
alkaline earth oxides have the fluorite and rocksalt 
structures, respectively. Fig. 1 shows X-ray diffraction 
patterns of ceria-alkaline earth oxide systems. Here- 
after, the sample composition is expressed as a molar 
fraction of alkaline earth oxide, x, i.e. (CeO2)1 x(MO)x 
(M = Ca, Sr, Ba, Mg). The diffraction pattern of 

Figure 1 X-ray diffraction patterns of (CeO2) I x(MO)x: 
(a) (CeO2)o.90(CaO)o.lo, (b) (CeOz)o.vo(CaO)0.30, (c) 
(CeO2)o.90(SrO)o.lO, (d) (CeO2)o.70(SrO)0.30, (e) (CEO2)090 
(BaO)o.to, (f) (CeO2)o.vo(BaO)0.30, (g) (CeO2)o.90(MgO)0.10, 
(h) (CeO2)o.70(MgO)0.3 o. (O) Fluorite-type structure of 
CeOz, (e) perovskite-type structure of SrCeO3, (A) 
perovskite-type structure of BaCeO3, ( i )  rocksalt-type 
structure of MgO. 

pure CeO 2 consisted of lines from the cubic fluorite 
structure. The lattice constant (a = 0.541 nm) agreed 
well with the reported value. The diffraction pat- 
terns of (CeO2)o.90(CaO)o.lO, (CeO2)o.90(SrO)0.10 and 
(CeO2)o.90(MgO)0.1o are essentially unchanged from 
that of pure CeO2 except for slight shifts in diffraction 
angles. These shifts are due to dissolution of the addi- 
tives in the fluorite lattice. The diffraction angles of 
(CeOz)o.90(BaO)o.10 also shifted and diffraction peaks 
of BaCeO3 with a perovskite structure were super- 
posed on those of the fluorite structure. 

A precipitated second phase was contained in 
every sample at x = 0.30 in addition to the fluor- 
ite phase. Perovskite-type oxides of SrCeO3 and 
BaCeO 3 were precipitated for (CeO2)0.70(SrO)0.30 and 
(CeO2)070(BaO)0~30, whereas rocksalt-type oxides of 
CaO and MgO were precipitated for (CeO2)0.70(CaO)0.30 
and (CEO2)0.70 (MgO)0.30 . 

The lattice constant of the fluorite structure is 
plotted as a function of oxide composition in Fig. 2. 
With increasing CaO content, the lattice constant 
increased linearly up to x -- 0.23, but the value was 
almost constant at x > 0.3. The plots indicate that 
the solubility limit of CaO in CeO2 is about 23 mol %, 
in agreement with that reported by Longo and Podda 
[16]. 

The lattice constant increased very steeply with 
increasing SrO content, but the solubility limit was 
about 8 mol %. Although the lattice constant of MgO- 
and BaO-doped ceria also deviated from that of 
undoped ceria, their solubility limits were too small to 
be determined. The solubilities of alkaline earth oxides 
as well as the change in lattices parameters can be 
qualitatively explained by the sizes of the cations. The 
ionic radii of Ce 4+, Mg 2+, Ca 2+, Sr 2+ and Ba 2+ are 
reported as 0.097, 0.089, 0.112, 0.125, and 0.142nm, 
respectively. Additives with ionic radii close to that of 
the cerium cation, especially Ca 2+, are very soluble. 
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Figure 2 Lattice constant of ceria alkaline earth oxide systems as 
a function of content of dopant: (0) (CeO2)]_~(SrO)x (zx) 
(CeO2)~_x(CaO)x, (n) (CeO2) ~ ~(BaO)x, (O) (CeO2)l_~(MgO)z. 

The crystal lattice expands or shrinks depending on 
whether the ionic radius is larger or smaller, respect- 
ively, than that of cerium. A large solubility results in 
a great number of oxygen vacancies in the fluorite 
lattice. In a separate experiment, some rare earth 
oxides such as Yb203, Gd203 and Sm203 with ionic 
radii close to that of Ce 4+ were much more soluble in 
ceria than alkaline earth oxides. 

Fig. 3 shows the density of sintered CeO2-SrO and 
CeO2-CaO. The broken line and dotted line in this 
figure represent theoretical densities which are cal- 
culated from the X-ray data of the CeO2-SrO and 
CeO2-CaO systems, respectively. It is seen that the 
samples of both systems almost attained the theoreti- 
cal density after sintering at 1450 or 1650 ° C. These 
samples had a relative density above 95%. Other 
samples, i.e. the CeO2-MgO and CeO2 BaO systems, 
also exhibited a high relative density of more than 
95%. 

3.2. Electrical properties of sintered samples 
The ionic conductivities of CeO2 based oxides 
measured in air by the d.c. four-probe method are 
plotted as a function of reciprocal absolute tempera- 
ture in Fig. 4. The ionic conductivity, a~, plotted here 
is the product of the observed conductivity and the 
ionic transference number obtained from the e.m.f, of 
the oxygen concentration cell. Since the ionic trans- 
ference numbers of CaO- and SrO-doped ceria are 
almost unity, straight lines are obtained in the log 
(a~T) against 1/T plots in the temperature range 
between 500 and 900 ° C. However, the ionic conduc- 
tivities of BaO- and MgO-doped CeO2 were about two 
orders of magnitude lower than for the CaO- and 
SrO-doped systems. Their ionic conductivities devi- 
ated from straight lines. The ionic conductivity of 
(CeO2)l _x(SrO)~ decreased gradually with increasing 
x, due to the formation of the SrCeO 3 phase. On the 
other hand, the ionic conductivity of CaO-doped 
C eO 2 was almost constant with an increase in C eO 2 
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Figure 3 Densities of sintered CeO2-SrO and CeO2-CaO systems: 
(0) (CeOz) I x(SrO)x, (zx) (CeO2) 1 x(CaO)x, ( ) calculated den- 
sity of (CeO2)l_x(SrO)x, ( - - ~  calculated density of (CeO2)l_x 
(CaO)x. 
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Figure 4 Arrhenius plots of ionic conductivity for (zx) (CeO2)o.9o 
(CaO)oAo ' (A) (CeO2)o.70(CaO)o.30, (O) (CeO2)o.90(SrO)oJo, (e) 
(CeO2)o.70(SrO)0.30, (n) (CeO2)o.90(BaO)o.lo, (O) (CeO2)o.90(MgO)oJo, 
(~.) (ZrO2)o.85(CaO)o.15, (@) CeO2. 
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Figure 5 Conductivities of ceria-alkaline earth oxide systems at 
800 ° C as a function of content of dopant: (zx) (CeO2) 1 _x(SrO)x, (o) 
(CeO2)L_x(CaO)~, 03) (CeO2)l_x(BaO)x, (©) (CeO2)i_~(MgO)x, 
( - - )  (ZrO2)~_x(CaO)x [18]. 

even though CaO is added after its solubility limit is 
reached. The ionic conductivities of CaO- and SrO- 
doped CeO2 were much higher than those of calcia- 
stabilized zirconia at every temperature investigated in 
this study. 

The slope of the linear region in the Arrhenius plot 
gives the apparent activation energy for transfer of the 
oxygen ion: 

o~T = A exp ( - E a / k T )  (3) 

The activation energies for SrO- and CaO-doped 
CeO2 were much smaller than that of calcia-stabilized 
zirconia. The activation energy for (CeO2)0.90(SrO)0.10 
has the value 0.80 eV, which is the lowest in the family 
of CeO2-alkaline earth oxide. 

Overall electrical conductivities of ceria-based oxides 
are plotted as a function of the content of added 
metal oxide in Fig. 5. The conductivities are sharply 
enhanced by the addition of a small amount of Ca 2+ 
and Sr 2+, accompanied by the introduction of oxygen 

vacancies. On the other hand, the conductivities 
increased only slightly with the addition of BaO and 
MgO because of their small solubility in CeO2. The con- 
ductivities of (CeO2)t /(CaO)x and (CeOz)~_x(SrO)x 
are obviously higher than that of calcia-stabilized zir- 
conia at the same additive composition. These results 
confirm the ease of the diffusion of oxygen ions in the 
cation-doped ceria oxides as compared with stabilized 
zirconia. 

The conductivity of calcia-stabilized zirconia sharply 
decreased with increasing CaO content at x > 0.15. 
Such a decrease in conductivity is ascribed to defect 
association and/or concentration-dependent mobili- 
ties. On the other hand, the corresponding decreases 
in conductivity for CeO2-SrO and CeOz-CaO after 
passing through the maximum were only gradual. 
These decreases in conductivity resulted in the pre- 
cipitation of second phases. The slope of the decrease 
for CeO2-SrO was steeper than that for CeO2-CaO. 
This difference is associated with the formation of 
SrCeO3, whereas in the CeOz-CaO system no binary 
compounds are formed. 

The ionic transference number of CeO2-alkaline 
earth oxide systems was obtained from the e.m.f, of 
the oxygen concentration cell as a function of tem- 
perature. Although the ionic transference number 
of undoped ceria is only 0.4, those of the CeO2-CaO 
and CeO2-SrO systems were greatly'enhanced. The 
(CeOz)l_x(CaO)x and (CeOz)l_x(SrO)x samples were 
regarded as almost pure ionic conductors in a wide 
composition range (0 < x < 0.4) at 600 to 900 ° C. In 
the CeOz-MgO and CeOz-BaO systems, however, 
the ionic transference number was less than unity 
(ti = 0.5 to 0.8), though it was slightly enhanced with 
the addition of MgO and BaO. 

3.3. Microstructure of samples 
The microstructures of the CeO2-SrO system were 
investigated by X-ray microanalysis. A back-scattered 
image of(CeO2)0.70(SrO)0.30 is shown in Fig. 6a. Fig. 6b 
is the SrL~ image of the sample in which bright regions 
are abundant in strontium. Since the solubility limit of 
strontia in the ceria lattice is approximately 8 mol %, 
as mentioned, the sample at x = 0.30 contains SrCeO3 
as the second phases. 

Figure 6 X-ray microanaiysis of (Ce02)o.7o 
(SrO)o.3 o calcined at 1450°C for 15h: (a) 
back-scattered electron image, (b) X-ray 
image (SrLct). 
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Figure 7 SEM photographs of fractured surfaces of sintered samples from two kinds of oxide precursor: (a) CeO2-CaCO 3 mixture, (b) 
co-precipitation. 

The back-scattered electron image in Fig. 6a con- 
sists of bright continuous regions and some dark 
patches. The back-scattered image of (CeO2)0 v0(SrO)0.3o 
also consists of two kinds of region with different 
contrast. The X-ray image indicates that the bright 
region in the back-scattered image is abundant in 
strontium, and this is attributed to a perovskite phase. 
The other continuous region is attributed to a solid 
solution of the fluorite-type oxide. Since the second 
phase in the CeO2-SrO and CeO2 CaO [17] systems 
is dispersed in the matrix of the fluorite phase, ionic 
conduction in the solid solution is maintained even 
above the solubility limit of additives. 

3.4. Preparation method of CeO2-CaO 
The effects of the preparation method on the micro- 
structure and electrical properties was investigated by 
using two oxide precursors; the mixture of commercial 
CeO2 and CaCO3 powders, and the co-precipitate 
from an aqueous solution of Ce(NO3)3 and Ca(NO3)2. 
In the latter case the calculated amount of nitrate salts 
was dissolved in water, and ammonia water was added 
to obtain the precipitate. Both precursors were cal- 
cined and sintered into discs at 1450°C for electrical 
measurements. SEM photographs of fractured sur- 
faces of sintered samples from two kinds of oxide 
precursor are shown in Fig. 7. The microstructure is 
obviously different between the two methods. The 
sintered material from the CeO2-CaCO3 mixture 
consists of grains with diameter ca. 0.1 tol #m, and 
grain boundaries are clearly recognized at the frac- 
tured surface. The co-precipitated sample obviously 
possesses a dense microstructure in which the grain 
boundaries are not identified clearly. The density of 
the sintered disc measured from the pycnometric 
technique was in fact higher for the co-precipitated 
sample than for the mixture of oxides, in agreement 
with the SEM observation. This indicates that the 
preparation by co-precipitation gives well-sintered 
materials. 

Arrhenius plots of the electrical conductivity of 
samples of the two preparation methods are shown in 
Fig. 8. The electrical conductivity is largely unaffected 
by the preparation method; however, the preparation 
by co-precipitation always gives rise to a slightly 
higher conductivity than the sample from the CeO2- 
CaCO3 mixture. The dense microstructure of co- 
precipitated samples should be effective in lowering 
the grain boundary resistance. Since the two oxide 
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components seem to be well mixed and to consist of 
very fine particles in the co-precipitated precursor, 
sintering as well as solid-state reaction proceeds easily. 

Co-precipitation from nitrate solution was also 
effective in the preparation of the CeO2-SrO system. 
High density and conductivity of sintered discs were 
similarly attained. Therefore, it is concluded that co- 
precipitation is a better preparation method for CeO2- 
alkaline earth oxides than the mixing of oxides and/or 
carbonates. 

4. Conclusion 
Ceria-calcia and ceria-strontia in the ceria alkaline 
earth oxide systems of this study showed excellent 
ionic conductivities and high ionic transference num- 
bers for oxygen. The ionic conductivities ofcalcia- and 
strontia-doped ceria were the highest in the family of 
cation-doped fluorite-type oxides. The cation-doped 
fluorite phase in the ceria-calcia and ceria-strontia 
systems is continuous and ionic conduction is scarcely 
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Figure 8 Arrhenius plots of electrical conductivity for two prepara- 
tion methods: (m) (CEO2)0.90 (CaO)0.10 by CeO2-CaCO 3 mixture, (0) 
(CeOz)0.9o(CaO)0.10 by co-precipitation, (A) (CeO2)0.90(SrO)0.10 by 
CeO2-SrO~ mixture, (zx) (CeO2)090(SrO)0 l0 by co-precipitation. 



suppressed, even in the presence of a second phase as 
observed by X-ray microanalysis. The second phase in 
both those systems is dispersed in the matrix of fluor- 
ite phase, and ionic conduction in the solid solution 
is maintained even above the solubility limit. For 
excellent ionic conductivity, calcia- and strontia-doped 
ceria should be candidates for the oxide electrolyte 
material of the third-generation fuel cell. 
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