
3. RESULTS   and   DISCUSSION 

2. EXPERIMENTAL 
 

       Modified glycine/nitrate procedure (MGNP) was applied for powder 

synthesis. The following compositions were prepared: 
 

   single - Ce0.8Gd0.2O2-δ 
 

  double - Ce0.8Gd0.12 Sm0.08O2-δ and 
 

   triple doped - Ce0.8Gd0.01Sm0.01Y0.18O2-δ 
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Figure 1. XRD patterns of nanometric 

doped ceria powders 

             X-ray lines broadening effect that implies nanometric particle size can be seen in Fig. 1. Except for 

single doped ceria, crystallite size decreases in multiply doped compositions, Ce0.8Gd0.12Sm0.08O2-δ and 

Ce0.8Gd0.01Sm0.01Y0.18O2-δ, when compared to pure ceria (Table 1). It can be seen in Fig. 1 and Table 2 that 

lattice parameter increases with doping, but can be kept the same as in pure ceria by adjusting the dopant 

fractions.  

Table 1. Crystallite size (D), microstrain (e) and unit 

cell volumes (V) of ceria solid solutions. 

A B C 

Figure 2. TEM micrographs of CeO2 (A), Ce0.8Gd0.2O2-δ (B) and Ce0.8Gd0.01Sm0.01Y0.18O2-δ (C) 

               TEM micrographs (Fig. 2) show that synthesized powders are nanometric indeed, and indicate gradual decrease in size with increasing 

number of dopants. Specific surface area values (Table 3) are in accordance both with data in Table 1 and with data in Fig. 2 and they increase in 

multiply doped powders, respective to undoped ceria. 

Conclusion 
 

           Synthesis of multidoped ceria powders was 

performed by MGNP method. Very fine 

nanometric powders were obtained, with particles 

size 15 - 20 nm and high specific surface area. 

Obtained powders were single phase and 

remained single phase after sintering at 1500°C, 

in oxygen atmosphere. Low green density pellets 

from 35 to 41.77 (%) TD of nanometric powders 

achieved high densification levels during 

sintering. Densification degree increased with 

increasing number of dopants in multiply doped 

samples. It is believed that this was 

predominantly because of increased sinterabiliy 

of powders themselves. The obtained results on 

conductivity show that with increasing number of 

dopants the ionic conductivity at higher 

measuring temperatures increases. Maximum 

value of 1.14 x 10-3 Scm-1 was obtained for triple 

doped sample. 

Composition 
Specific surface 

 area (m2/g) 

Ce0.8Gd0.01 Sm0.01Y0.18O2-

δ 
49.44 

Ce0.8Gd0.12 Sm0.08O2-δ 51.86 

Ce0.8Gd0.2O2-δ 35.94 

CeO2 38.26 

Table 3. Specific surface area of the 

synthesized solid solutions 

Composition V (Å3) D (nm) e (×10-3) 

Ce0.8Gd0.01 Sm0.01Y0.18O2-

δ 
158.67 10.10  34.3 

Ce0.8Gd0.12 Sm0.08O2-δ 160.29 10.15  28.8 

Ce0.8Gd0.2O2-δ 159.83 19.20    3.4  

pure CeO2 158.60 16.86  11.8 

Composition ap (Å) as (Å) 

CeO2 
5.412 5.413 

Ce0.8Gd0.2O2-δ 5.432 5.430 

Ce0.8Gd0.12 Sm0.08O2-δ 5.427 5.424 

Ce0.8Gd0.01Sm0.01Y0.18O2-δ 5.412 5.412 

Table 2. Lattice parameters of starting 

powders (ap) and bodies (as) sintered at 

1500°C, 1 h. 
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            Sintering was carried out under the conditions found earlier by 

studying shrinkage behavior of ceria at different heating rates and 

different atmospheres. 

Figure 4. Density of samples sintered at a constant heating rate 

in air and oxygen atmosphere and calculated nonstoichiometry 

of CeO2 in air as functions of sintering temperature 
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Figure 3. XRD pattern of 

sintered sample 

             Green pellets were prepared under 

225 MPa, and sintered in oxygen at 1500°C, 

for 1h, while heating rate was 5°/min. The 

XRD pattern of Ce0.8Gd0.01Sm0.01Y0.18O2-δ 

(Fig. 3), obtained after sintering, illustrates 

that compositions studied remained 

unchanged, i.e. single phase. Lattice 

parameters were very close to those 

measured for starting powders (Table 2).  

0 200 400 600 800 1000 1200 1400 1600
-18

-16

-14

-12

-10

-8

-6

-4

-2

0

- 10 
O
C/min

-   5 
O
C/min


L

/L
0
 (

%
)

T (
O
C)

Figure 5. Shrinkage curves in 

oxygen for Ce0.8Gd0.01Sm0.01Y0.18O2-δ 

                Densification of ceria was more intense in oxygen (Fig. 4) as compared to the results obtained in air. This, however, is not 

consistent with some literature data according to which density increased due to reduction of ceria which is followed by anion vacancies 

formation. It is said that accelerated sintering accompanied by oxygen release is due to enhanced bulk diffusion in non-stoichiometric 

ceria. Contrary to that, we showed that densities of nanopowder compacts did not decrease in oxygen atmosphere. Density increased in 

comparison with values obtained in air, although the non-stoichiometry as shown in Fig. 4 increases in air with increasing temperature. 

Accordingly, one can say that due to redox reaction the densfication gets retarded. We believe that the reason may be searched in 

intensified surface diffusion in nonstoichiometric ceria, which exhibits an inhibiting effect to volume diffusion due to decreasing of neck 

curvature. Therefore, and also due to data in Fig. 5 sintering experiments were carried out at 5°/min heating rate, in oxygen atmosphere, 

at 1500°C, 1h, in an electro resistant furnace. 

Table 4. Green (di) and sintered (ds) densities as 

well as ds-di parameter, 1500°C, 1 h.  

           Densification degree increases with increasing number of dopants, which is obvious from densification parameter (ds-di) values (Table 4) that in our case better 

describe the influence of dopants on the densification, because it eliminates the influence of green density variation. The obtained results are consistent with literature, 

as well as with powders properties shown above. It is well known that specific surface area increase, and particle and crystallite sizes decrease are very relevant for 

sinterability. Since total concentration of dopant cations was kept to a great extent constant, oxygen vacancy concentration must be the same in all compositions. This 

could indicate that diffusion of slower species may be enhanced in all the studied compositions. Yet, difference in densification degree was proved. We believe that 

different sinterability was mostly due to powder characteristics, as mentioned above, which on the other hand may be indirectly the consequence of the presence of 

different kind of dopants. 

Composition 
di 

(% TD) 

ds 

(% TD) 

ΔV/V

0 

(%) 

p 

(MPa) 

Ce0.8Nd0.01Sm0.015Gd0.025Dy0.04Y0.05Yb0.06O2-δ 35.66 89.43 61.36 130 

Ce0.8Nd0.01Sm0.015Gd0.025Dy0.04Y0.05Yb0.06O2-δ 37.47 81.08 44.86 225 

Ce0.8Gd0.12 Sm0.08O2-δ  40.09 99.10 61.42 130 

Ce0.8Gd0.12 Sm0.08O2-δ 41.77 97.30 56.26 225 

Composition 
di 

(% TD) 

ds 

(% TD) 

ds di  

 (%) 

Ce0.8Gd0.01 Sm0.01Y0.18O2-δ 39.89 95.14 55.25 

Ce0.8Gd0.12 Sm0.08O2-δ 41.49 97.31 55.82 

Ce0.8Gd0.2O2-δ 40.82 88.60 47.78 

CeO2 45.64 91.35 45.71 

Table 5. Green (di) and sintered (ds) densities and volume shrinkage 

(ΔV/V0) for different pressing pressures (p)  

              For practical reasons we tried to sinter green pellets obtained 

at much lower pressing pressure under the described sintering 

conditions. Volume shrinkage of two different compositions was 

followed depending on pressing pressure (130 and 225 MPa). It was 

found that lower density samples can be sintered to high density and 

that both sintered densities and shrinkage were higher for samples 

obtained under lower pressing pressure (Table 6), indicating faster 

process development. The obtained data seem to support the results 

in [Chen]. During the rearrangement process the sliding of particles 

over each other in low density compacts is more intense since there is 

much more space for the process. One can imagine the situation that 

during these processes the particles achieve best possible packing.  
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3.1.  Powder characterization 

3.2. Densification 

T(°C) Ce0.8Gd0.12Sm0.08O2-δ 
Ce0.8Gd0.01Sm0.01Y0.18O2-

δ 

200 1.50 x 10-6 

250 8.29 x 10-6 6.82 x 10-6 

300 2.76 x 10-5 3.75 x 10-5 

350 6.29 x 10-5 1.43 x 10-4 

400 9.75 x 10-5 4.49 x 10-4 

450 1.56 x 10-4 1.14 x 10-3 
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1. INTRODUCTION 
 

            Multiply doped ceria nanopowders were synthesized by 

applying MGNP (modified glycine/nitrate procedure). The overall 

concentration of dopants was kept constant (x = 0.2) whereby Gd ion 

as the main dopant was gradually substituted by Sm and by Sm +Y. 

Densification was performed at 1500°C, in an oxygen atmosphere for  

1h. The results showed that with increasing number of dopants, 

specific surface area of powders increased, followed by decrease of 

crystallite and grain sizes. Densification degree was also found to rise 

with increasing number of dopants. According to impedance 

measurements, it was found that ionic conductivity was the highest in 

sample doped with Gd, Sm and Y simultaneously.  

3.3. Electrical properties 

               Electrical conductivity was measured by impedance spectroscopy.  According to these results, the ionic conductivity increases with 

increasing number of dopants. The highest conductivity was proved in sample doped with three cations at higher temperatures which is consistent 

with literature data that multiply doped ceria compositions are favorable as far as conductivity is concerned. 

Table 6. Bulk conductivities σ (Scm-1) 

           The obtained results on conductivity show that with 

increasing number of dopants the conductivity at higher 

measuring temperatures increases. Maximum value was 

obtained for triple doped sample (Table 6),  which we expected.  

1,4 1,6 1,8 2,0 2,2
-6

-5

-4

-3
 Ce

0.8
Gd

0.01
Sm

0.01
Y

0.18
O

2

 Ce
0.8

Gd
0.12

Sm
0.08

O
2

0.806 ± 0.008 eV

0.61 ± 0.03 eV

L
o
g
 

 (
(

c
m

)-1
)

1000/T (K
-1
)

         The obtained values for 

activation energy correspond to 

the ionic conductivity, and are 

consistent with data published 

in the literature. 

Fig. 6. Arrhenius plot for ionic conductivities of co-doped sintered 

samples Ce0.8Gd0.12Sm0.08O2-δ and Ce0.8Gd0.01Sm0.01Y0.18O2-δ 


