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Fig. 1-1. Metastable-stable phase diagram in the ZrO2-CeO2 system: ( ) c-phase(cubic), ( ) 
t”-form, ( ) c’(c or t”), ( ) t’. The lines represent the metastable phase boundaries. The 
broken lines represent the stable phase boundaries [14].
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Table 1-2. UV-Vis diffuse reflectance charge transfer band maxima (in nm) for ceria 
and zirconia materials [18]. 

Nature of species and transition* Charge transfer band 
maxima (in nm) 

LC surface Ce3+ -O2-, Ce3+←O2- 250 

LC surface Ce4+ -O2-, Ce4+←O2- 297 

Surface Ce3+/Ce4+ pair, Ce3+→Ce4+ 588 

f→d transitions of in CeO2 208 218 

Interband transitions in CeO2 320 340 

LC surface t-ZrO2, Zr4+←O2- 325 

Interband transitions in m-ZrO2 218, 228 

*LC low coordination 
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Fig. 3-2-1. Schematic illustration of the preparation of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 
0.8) samples. 
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Fig. 3-2-2. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples 
after calcination treatment at 500  for 3 h. 
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Fig. 3-2-3. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples 
after heat treatment at 900  for 3 h (c, CeO2; c’, Ce-rich cubic; t, tetragonal; m, monoclinic 
ZrO2). 
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Fig. 3-2-4. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples after 
calcination treatment at 500  for 3 h.  
 

 

Fig. 3-2-5. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples after heat 
treatment at 900  for 3 h.
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Table 3-2-1. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples after 
calcination treatment at 500  for 3 h. 

x  L* a* b*  
0 94 -4 15  

0.2 91 0 16  
0.4 91 -2 36  
0.6 89 -3 44  
0.8 90 -4 32  

 
Table 3-2-2. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples after heat 
treatment at 900  for 3 h. 

x  L* a* b*  
0 94 -2 8  

0.2 92 -3 25  
0.4 88 -1 45  
0.6 87 -1 48  
0.8 91 -4 31  
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Fig. 3-2-6. The b* values in CIE L*a*b* system for ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) 
powders after heat treatment at 500 ( ), and 900 (□). 
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Fig. 3-2-7. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) 
samples after calcination treatment at 500  for 3 h. 
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Fig. 3-2-8. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples after 
calcination treatment at 500  for 3 h. 
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Fig. 3-2-9. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) 
samples after heat treatment at 900  for 3 h. 
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Fig. 3-2-10. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, and 0.8) samples after 
heat treatment at 900  for 3 h. 
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Fig. ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8)  
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Fig. 3-3-1. Schematic illustration of the preparation of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 
0.8, 0.9, and 1) samples. 
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Fig. 3-3-2. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 
1) samples after dry heat treatment at 110 . 
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Fig. 3-3-3. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 
1) samples after calcination treatment at 600  for 3 h. 
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Fig. 3-3-4. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 
1) samples after heat treatment at 900  for 3 h (c, CeO2; c’, Ce-rich cubic; t, tetragonal; m, 
monoclinic ZrO2). 
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Fig. 3-3-5. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) samples 
after dry heat treatment at 110 . 

 

 
Fig. 3-3-6. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) samples 
after calcination treatment at 600  for 3 h. 
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Fig. 3-3-7. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) samples 
after heat treatment at 900  for 3 h. 
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Table 3-3-1. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) samples 
after dry heat treatment at 110 . 

x  L* a* b*  
0 91 -5 24  

0.2 90 -4 24  
0.4 87 -3 28  
0.6 87 -4 37  
0.7 87 -4 43  
0.8 88 -4 48  
0.9 90 -5 36  
1 93 -1 3  

 
Table 3-3-2. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) samples 
after calcination treatment at 600  for 3 h. 

x  L* a* b*  
0 90 -5 31  

0.2 89 -3 37  
0.4 88 -2 39  
0.6 86 0 39  
0.7 86 0 42  
0.8 87 -1 42  
0.9 90 -3 30  
1 94 -1 4  

 
Table 3-3-3. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1)  
samples after heat treatment at 900  3 h. 

x  L* a* b*  
0 83 -1 19  

0.2 87 -1 39  
0.4 86 -1 39  
0.6 86 0 38  
0.7 85 1 41  
0.8 85 0 39  
0.9 89 -2 29  
1 93 0 4  
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Fig. 3-3-8. The b* values in CIE LAB colour system for ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 
0.8, 0.9, and 1) powders after heat treatment at 110 (○), 600 ( ), and 900 (□). 
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Fig. 3-3-9. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
0.9, and 1) samples after dry heat treatment at 110 . 
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Fig. 3-3-10. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) 
samples after dry heat treatment at 110 . 
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Fig. 3-3-11. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
0.9, and 1) samples after calcination treatment at 600  for 3 h. 
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Fig. 3-3-12. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) 
samples after calcination treatment at 600  for 3 h. 
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Fig. 3-3-13. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
0.9, and 1) samples after heat treatment at 900  for 3 h. 
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Fig. 3-3-14. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1) 
after heat treatment at 900  for 3h. 
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Fig. ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 1)  
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Fig. 3-4-1. Schematic illustration of the preparation of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 
0.8, and 1) samples. 
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Fig. 3-4-2. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
and 1) samples after dry heat treatment at 110 . 
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Fig. 3-4-3. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1) 
samples after calcination treatment at 600  for 3 h. 
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Fig. 3-4-4. X-ray diffraction patterns for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8 and 1) samples 
after heat treatment at 900  for 3 h. 
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Fig. 3-4-5. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1) samples after 
dry heat treatment at 110 . 
 

 
Fig. 3-4-6. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1) samples after 
calcination treatment at 600  for 3 h. 
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Fig. 3-4-7. Raman spectra for the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8, and 1) samples after heat 
treatment at 900  for 3 h. 
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Table 3-4-1. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1) samples after 
dry heat treatment at 110 . 

x  L* a* b*  
0 91 -7 40  

0.2 89 -4 51  
0.4 89 -4 47  
0.6 88 -3 48  
0.7 88 -3 44  
0.8 90 -5 41  
1 93 -1 3  

 
Table 3-4-2. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1) samples after 
calcination treatment at 600  for 3 h. 

x  L* a* b*  
0 90 -5 38  

0.2 85 1 50  
0.4 85 2 51  
0.6 85 2 50  
0.7 84 2 47  
0.8 87 0 43  
1 94 -1 4  

 
Table 3-4-3. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1)  samples 
after heat treatment at 900  for 3 h. 

x  L* a* b*  
0 89 -3 24  

0.2 82 3 42  
0.4 83 2 42  
0.6 84 2 42  
0.7 89 0 37  
0.8 86 0 37  
1 93 0 4  



 
 

58 
 

 

0

10

20

30

40

50

60

0 0.2 0.4 0.6 0.8 1

b*

x

110

600

900

 
Fig. 3-4-8. The b* values in CIE L*a*b* system for ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
and 1) powders after heat treatment at 110 (○), 600 ( ), and 900 (□). 
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Fig. 3-4-9. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
and 1) samples after dry heat treatment at 110 . 
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Fig. 3-4-10. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1) samples 
after dry heat treatment at 110 . 
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Fig. 3-4-11. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
0.9 and 1) samples after calcination treatment at 600  for 3 h. 
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Fig. 3-4-12. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8 and 1) samples after 
calcination treatment at 600  for 3 h. 
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Fig. 3-4-13. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 
and 1) samples after heat treatment at 900  for 3 h. 
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Fig. 3-4-14. KM functions, F(R) of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, and 1) samples 
after heat treatment at 900  for 3 h. 
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Fig. ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.7, 0.8, 1)  
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Fig. 4-1. Schematic illustration of the preparation of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 
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Fig. 4-2. X-ray diffraction patterns for the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) 
samples after dry heat treatment at 110 . 
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Fig. 4-3. X-ray diffraction patterns for the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) 
samples after calcination treatment at 600  for 3h. 
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Fig. 4-4. X-ray diffraction patterns for the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) 
samples after heat treatment at 900  for 3 h. 
 



 
 

70 
 

 

5.10

5.15

5.20

5.25

5.30

5.35

5.40

5.45

0 0.2 0.4 0.6 0.8
x / mol

600

900

 
Fig. 4-5. The lattice parameter (a) of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) 
samples calculated by WPPD method. 
 

 

 

Fig. 4-6. Fitting results for (a) x=0.3 and (b) x=0.7 samples in ZrxCe0.8-xY0.2O1.9 heated at 
900°C. Difference between observed and calculated profile intensities are plotted at the 
bottom of the diagram of the same scale as above. 
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Fig. 4-7. Raman spectra for the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) samples 
after dry heat treatment at 110 . 
 

 
Fig. 4-8. Raman spectra for the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) samples 
after calcination treatment at 600  for 3 h. 
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Fig. 4-9. Raman spectra for the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) samples 
after heat treatment at 900  for 3 h. 
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Table 4-1. L*a*b* values of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) samples 
after dry heat treatment at 110 . 

x L* a* b*  
0 90 -4 20  

0.1 90 -3 19  
0.3 85 -2 28  
0.5 86 -4 32  
0.7 88 -4 30  
0.8 94 0 2  

 
Table 4-2. L*a*b* values of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) samples 
after calcination treatment at 600  for 3 h. 

x L* a* b*  
0 87 0 19  

0.1 85 -1 31  
0.3 82 0 39  
0.5 85 0 40  
0.7 90 -3 30  
0.8 95 0 2  

 
Table 4-3. L*a*b* values of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) samples 
after heat treatment at 900  for  3 h. 

x L* a* b*  
0 83 2 21  

0.1 86 -1 25  
0.3 84 -2 34  
0.5 86 -1 35  
0.7 90 -3 26  
0.8 92 0 5  
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Fig. 4-10. UV-Vis diffuse reflectance spectra of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, 
and 0.8) samples after dry heat treatment at 110 . 
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Fig. 4-11. KM functions, F(R) of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) 
samples after dry heat treatment at 110 . 
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Fig. 4-12. UV-Vis diffuse reflectance spectra of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, 
and 0.8) samples after calcination treatment at 600  for 3 h. 
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Fig. 4-13. KM functions, F(R) of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) 
samples after calcination treatment at 600  for 3 h. 
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Fig. 4-14. UV-Vis diffuse reflectance spectra of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, 
and 0.8) samples after heat treatment at 900  for 3 h. 
 

0

2

4

6

8

10

12

200 300 400 500 600 700 800

F(
R)

 / 
(a

. u
. )

Wavelength / nm

x=0

x=0.1

x=0.3

x=0.5

x=0.7

x=0.8

 

Fig. 4-15. KM functions, F(R) of the ZrxCe0.8-xY0.2O1.9 (x=0, 0.1, 0.3, 0.5, 0.7, and 0.8) 
samples after heat treatment at 900  for 3 h. 
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Fig. 5-1. Schematic illustration of the preparation of the Fe2O3-doped CeO2-ZrO2 samples. 
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Fig. 5-2. X-ray diffraction patterns for the ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.99) samples after dry heat treatment at 110 . 
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Fig. 5-3. X-ray diffraction patterns for the ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.99) samples after calcination treatment at 600  for 3 h. 
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Fig. 5-4. X-ray diffraction patterns of the ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 
0.99) samples after heat treatment at 900  for 3 h(●, cubic; ▲, tetragonal; ■, monoclinic). 
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Fig. 5-5. X-ray diffraction patterns for the ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.95) samples after dry heat treatment at 110 . 
 

20 30 40 50 60 70 80

In
te

ns
ity

 / 
(a

. u
. )

2θ / degree

x=0

x=0.20

x=0.40

x=0.60

x=0.80

x=0.95

 
Fig. 5-6. X-ray diffraction patterns for the ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.95) samples after calcination treatment at 600  for 3 h. 
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Fig. 5-7. X-ray diffraction patterns of the ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 
0.95) samples after heat treatment at 900  for 3 h(●, cubic; ▲, tetragonal; ■, monoclinic). 
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Fe0.01  

 
Fig. 5-8. Raman spectra for the ZrxCe0.99-xFe0.01O2 δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after dry heat treatment at 110 . 
 

 
Fig. 5-9. Raman spectra for the ZrxCe0.99-xFe0.01O2 δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at 600  for 3 h. 
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Fig. 5-10. Raman spectra for the ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at 900  for 3 h. 
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Fe0.05  

 
Fig. 5-11. Raman spectra for the ZrxCe0.95-xFe0.05O2 δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after dry heat treatment at 110 . 
 

 
Fig. 5-12. Raman spectra for the ZrxCe1-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 600  for 3 h. 
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Fig. 5-13. Raman spectra for ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900  for 3 h. 
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Fig. 5-14. Raman spectrum for Fe2O3. 
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Table 5-1. L*a*b* values of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after dry heat treatment at 110 . 

x L* a* b*  
0 83 1 40  

0.20 84 0 40  
0.40 85 -1 38  
0.60 86 -2 35  
0.80 87 -2 32  
0.99 91 0 8  

 
Table 5-2. L*a*b* values of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after calcination treatment at 600  for 3 h. 

x L* a* b*  
0 72 6 31  

0.20 74 5 35  
0.40 76 4 39  
0.60 79 3 36  
0.80 82 2 31  
0.99 87 1 13  

 
Table 5-3. L*a*b* values of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at 900  for 3 h. 

x L* a* b*  
0 63 9 20  

0.20 73 6 30  
0.40 76 5 32  
0.60 79 4 29  
0.80 80 3 27  
0.99 84 2 12  
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Fig. 5-15. The L* values of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at different temperatures. 

 
Fig. 5-16. The a* values of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at different temperatures. 

 
Fig. 5-17. The b* values of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at different temperatures. 
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Table 5-4. L*a*b* values of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after dry heat treatment at 110 . 

x L* a* b*  
0 66 10 40  

0.20 67 10 41  
0.40 69 9 39  
0.60 73 6 38  
0.80 74 6 34  
0.95 78 4 23  

 
Table 5-5. L*a*b* values of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after calcination treatment at 600  for 3 h. 

x L* a* b*  
0 53 11 26  

0.20 56 12 31  
0.40 62 10 33  
0.60 64 9 36  
0.80 67 8 32  
0.95 68 8 27  

 
Table 5-6. L*a*b* values of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900  for 3 h. 

x L* a* b*  
0 47 19 15 

0.20 47 16 16 
0.40 56 17 23 
0.60 60 11 25 
0.80 57 12 26 
0.95 57 20 20 
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Fig. 5-18. The L* values of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at different temperatures. 

 
Fig. 5-19. The a* values of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at different temperatures. 

 
Fig. 5-20. The b* values of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at different temperatures. 
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Fig. 5-21. UV-Vis diffuse reflectance spectra of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.99) samples after dry heat treatment at 110 . 
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Fig. 5-22. KM functions, F(R) of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after dry heat treatment at 110 . 
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Fig. 5-23. UV-Vis diffuse reflectance spectra of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.99) samples after calcination treatment at 600  for 3 h. 
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Fig. 5-24. KM functions, F(R) of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after calcination treatment at 600  for 3 h. 
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Fig. 5-25. UV-Vis diffuse reflectance spectra of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.99) samples after heat treatment at 900  for 3 h. 
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Fig. 5-26. KM functions, F(R) of ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at 900  for 3 h. 
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Fig. 5-27. UV-Vis diffuse reflectance spectra of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after dry heat treatment at 110 . 
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Fig. 5-28. KM functions, F(R) of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after dry heat treatment at 110 . 
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Fig. 5-29. UV-Vis diffuse reflectance spectra of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after calcination treatment at 600  for 3 h. 
 

0

2

4

6

8

10

12

200 300 400 500 600 700 800

F(
R)

 / 
(a

. u
. )

Wavelength / nm

x=0

x=0.20

x=0.40

x=0.60

x=0.80

x=0.95

 
Fig. 5-30. KM functions, F(R) of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after calcination treatment at 600  for 3 h. 
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Fig. 5-31. UV-Vis diffuse reflectance spectra of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after heat treatment at 900  for 3 h and Fe2O3. 
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Fig. 5-32. KM functions, F(R) of ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900  for 3 h and Fe2O3. 
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Fig. ZrxCe0.99-xFe0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.99)  
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Fig. ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.95)  
 
 



 
 

109 
 

5.3.2 CF  
5.3.2.1  
Ce1-yFeyO2-δ y=0, 0.01, 0.05, 0.10, 0.20 110 600 900

X Figs. 5-33~35
900 y CeO2

y=0.10 Fe2O3

Fe CeO2 Fe2O3

 [9] 800 Ce0.8Fe0.2O2−x

Fe CeO2 CeO2 Fe2O3

 
Ce1-yFeyO2-δ y=0, 0.01, 0.05, 0.10, 0.20 110 600 900

Figs. 5-36~38  
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Fig. 5-33. X-ray diffraction patterns for the Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) 
samples after dry heat treatment at 110 . 
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Fig. 5-34. X-ray diffraction patterns for the Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) 
samples after calcination treatment at 600  for 3 h. 
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Fig.5-35. X-ray diffraction patterns of the Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) 
samples after heat treatment at 900  for 3 h and Fe2O3 (*, Fe2O3) . 
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Fig. 5-36. Raman spectra for the Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after 
dry heat treatment at 110  and Fe2O3. 
 

 
Fig. 5-37. Raman spectra for the Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after 
heat treatment at 600  for 3 h and Fe2O3. 
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Fig. 5-38. Raman spectra for Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after heat 
treatment at 900  for 3 h and Fe2O3. 
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5.3.2.2  
Ce1-yFeyO2-δ y=0, 0.01, 0.05, 0.10, 0.20 110 600 900

Tables 5-7~9 Ce1-yFeyO2-δ

Fe L* b* a* y=0.10 0.20
600 900
110 600 900

Fe2O3 900
y=0 0.05 a* -4 19 y

L* y=0.05 92 47
y  

Ce1-yFeyO2-δ y=0, 0.01, 0.05, 0.10, 0.20
(2-1) KM 110 600 900

Figs. 5-39~44 y 400 nm

900 y=0.05 0.20 600 nm
Fe2O3

y=0.01 600 nm
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Table 5-7. L*a*b* values of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after dry 
heat treatment at 110 . 

y L* a* b*  
0 91 -7 40  

0.01 83 1 40  
0.05 66 10 40  
0.10 59 14 39  
0.20 48 15 33  

 
Table 5-8. L*a*b* values of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after 
calcination treatment at 600  for 3 h. 

y L* a* b*  
0 92 -7 32  

0.01 76 6 34  
0.05 58 13 30  
0.10 51 12 25  
0.20 40 10 17  

 
Table 5-9. L*a*b* values of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after heat 
treatment at 900  for 3 h. 

y L* a* b*  
0 92 -4 19  

0.01 63 9 20  
0.05 47 19 15  
0.10 45 19 14  
0.20 39 17 12  



 
 

116 
 

(CF ) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

200 300 400 500 600 700 800

R
ef

le
ct

an
ce

 / 
(a

. u
. )

Wavelength / nm

y=0

y=0.01

y=0.05

y=0.10

y=0.20

(Fe2O3)

 
Fig. 5-39. UV-Vis diffuse reflectance spectra of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) 
samples after dry heat treatment at 110  and Fe2O3. 
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Fig. 5-40. KM functions, F(R) of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after 
dry heat treatment at 110  and Fe2O3. 
 



 
 

117 
 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

200 300 400 500 600 700 800

R
ef

le
ct

an
ce

 / 
(a

. u
. )

Wavelength / nm

y=0

y=0.01

y=0.05

y=0.10

y=0.20

(Fe2O3)

 

Fig. 5-41. UV-Vis diffuse reflectance spectra of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) 
samples after calcination treatment at 600  for 3 h and Fe2O3. 
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Fig. 5-42. KM functions, F(R) of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after 
calcination treatment at 600  for 3 h and Fe2O3. 
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Fig. 5-43. UV-Vis diffuse reflectance spectra of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) 
samples after heat treatment at 900  for 3 h and Fe2O3. 
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Fig. 5-44. KM functions, F(R) of Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after 
heat treatment at 900  for 3 h and Fe2O3. 
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6.2  
6.2.1  

(Tb0.01 )ZrxCe0.99-xTb0.01O2-δ x=0, 0.10, 0.20, 0.40, 0.60, 0.80, 0.99  
(Tb0.05 )ZrxCe0.95-xTb0.05O2-δ x=0, 0.10, 0.20, 0.40, 0.60, 0.80, 0.95  
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Fig. 6-1. Schematic illustration of the preparation of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 
0.60, 0.80, and 0.95) samples and ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples. 
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600 900 Figs. 6-5~6-7
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Fig. 6-2. X-ray diffraction patterns for the ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.99) samples after dry heat treatment at 110 . 
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Fig. 6-3. X-ray diffraction patterns for the ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.99) samples after calcination treatment at 600  for 3 h. 
 



 
 

128 
 

 

20 30 40 50 60 70 80

In
te

ns
ity

 / 
(a

. u
. )

2θ / degree

x=0

x=0.20

x=0.40

x=0.60

x=0.80

x=0.99

 
 

Fig. 6-4. X-ray diffraction patterns of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 
0.99) samples after heat treatment at 900  for 3 h (●, cubic; ▲, tetragonal; ■, monoclinic). 
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Fig. 6-5. X-ray diffraction patterns for the ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.95) samples after dry heat treatment at 110 . 
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Fig. 6-6. X-ray diffraction patterns for the ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.95) samples after calcination treatment at 600  for 3 h. 
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Fig. 6-7. X-ray diffraction patterns of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 
0.95) samples after heat treatment at 900  for 3 h (●, cubic; ▲, tetragonal; ■, monoclinic). 
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(Tb0.01 ) 

 

Fig. 6-8. Raman spectra for the ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80 and 0.99) 
samples after dry heat treatment at 110 . 
 

 
 

Fig. 6-9. Raman spectra for the ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80 and 0.99) 
samples after heat treatment at 600  for 3 h. 
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Fig. 6-10. Raman spectra for the ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at 900  for 3 h. 
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Tb0.05  

 
Fig. 6-11. Raman spectra for the ZrxCe0.95-xTb0.05O2 δ samples (x=0, 0.20, 0.40, 0.60, 0.80 and 
0.95) after dry heat treatment at 110 . 
 

 
Fig. 6-12. Raman spectra for the ZrxCe0.95-xTb0.05O2-δ samples (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.95) after heat treatment at 600  for 3 h. 
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Fig. 6-13. Raman spectra for ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900  for 3 h. 
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6.3.2  
Tb0.01 ZrxCe0.99-xTb0.01O2-δ x=0, 0.20, 0.40, 0.60, 0.80, 0.99

110 600 900
 Tables 6-1~3 CIE LAB L* a* b* x

Figs. 6-14~16  
110 Tb

Tb
Tb4+ L*

x=0 110 900 81 44
35 x=0.99 94 80 14 x=0.2~0.8

5~9 a* 5~10 b* x=0 41 8
x=0.20 0.60 x=0.80

x=0.99 ZrO2 3 41  
x=0 0.20  Ce, Zr x=0.40 0.60 a*
b* Zr

x=0.80 x=0.99
L* 80 a* 11 b* 41  

Zr 900  L*
x=0 0.20 x 44 74 x=0.20 0.99

80 a* x=0 0.20
x x=0.2 0.6 x x=0.60

0.99 b* x=0~0.2 x
x=0.20 0.99 40  

Tb0.05 ZrxCe0.95-xTb0.05O2-δ x=0, 0.20, 0.40, 0.60, 0.80, 0.95
110 600 900

 Tables 6-4~6-6 CIE LAB L* a* b* x
Figs. 6-17~19  

L* a* b* Tb0.01
L* x=0 75 35 40

x=0.95 93 69 24
x=0.4 0.6 a*

x=0 x x=0.95 0 20
b* x=0 0.60 x=0 39

6 x x=0.60 38
37 x=0.80 x=0.99 ZrO2

3 41  
Zr 900 L*

x=0 35 a* 7 b* 8 x=0 0.60 x
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L* x=0.60 0.95 x L*
L* x=0.60 73 a* x=0 0.4 x

x=0.40 0.60 x=0.6 0.95  x=0.60
a* Tb0.01 a* x=0.95 18

a* x=0.20 0.95 CeO2-ZrO2 0 10
ZrxCe0.95-xTb0.05O2-δ  

b* x x=0.95 46  
x=0 x=0 0.80 x=0.95

Tb
x=0 L* a* CeO2

Tb  
Tb0.01 ZrxCe0.99-xTb0.01O2-δ x=0, 0.20, 0.40, 0.60, 0.80, 0.99 110 600 900

(2-1) KM Figs. 6-20~6-25  
900 290 300 nm
x=0 0.60 320 340 nm 300 nm

Ce Zr
Ce-O Ce4+→O2- 297 nm

Zr CeO2

 [5] Zr CeO2

400 nm

Tb
x=0.20 0.80 600 nm Tb

 
Tb CeO2 x=0 500 nm Tb ZrO2 x=0.95 390 nm

  
Tb0.05 ZrxCe0.95-xTb0.05O2-δ x=0, 0.20, 0.40, 0.60, 0.80, 0.95 110 600 900

(2-1) KM Figs. 6-26~6-31  
Tb0.01  290 300 nm x=0 0.60

320~340 nm  
Tb0.05 Tb CeO2 x=0 500 nm Tb ZrO2 x=0.95

390 nm
CeO2-ZrO2 Tb

 
Tb ZrxCe1-xO2 x=0(CeO2) Fig. 6-32

x=1(ZrO2) Fig. 6-33 , x=0.20~0.80 Figs. 6~34~6-37 Tb 0
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0.01 0.05 mol Tb4O7

 
Tb4O7 350 nm 500 nm

Tb
Tb4O7 3 4 Tb

 
x=0 Tb 500 nm Tb

(Fig. 6-32, y=0.01 0.05) 500 nm
CeO2

x=1 380 nm
(Fig. 6-33, y=0.01 0.05)

Tb
4 3 Tb

x=0.20 0.80 Tb
(Figs. 6-34~37, y=0.01 0.05) 400 600 nm

x=0.60 Tb
Fig. 6-36 Tb4O7

x=0.20 0.60 x
x=0.60 CeO2 Tb  

Tb

Tb
Tb x=0 500 nm

L* x=0.99 0.95 Zr0.99Tb0.01O2-δ

Zr0.95Tb0.05O2-δ 380 nm
a*

x=0.20 0.80
Tb 600 nm
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Table 6-1. L*a*b* values of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after dry heat treatment at 110 . 

x L* a* b*  
0 81 3 41  

0.20 81 3 45  
0.40 83 1 43  
0.60 84 1 41  
0.80 87 -2 35  
0.99 94 0 3  

 
Table 6-2. L*a*b* values of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after calcination treatment at 600 for 3 h. 

x L* a* b*  
0 50 7 11  

0.20 75 8 42  
0.40 78 6 46  
0.60 79 5 45  
0.80 81 5 39  
0.99 80 10 42  

 
Table 6-3. L*a*b* values of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at 900 for 3 h. 

x L* a* b*  
0 44 7 8  

0.20 74 10 39  
0.40 78 7 41  
0.60 79 6 38  
0.80 78 9 36  
0.99 80 11 41  
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Fig. 6-14. The L* values in CIE LAB colour system of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 
0.60, 0.80, and 0.99) samples after heat treatment at different temperatures. 
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Fig. 6-15. The a* values in CIE LAB colour system of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 
0.60, 0.80, and 0.99) samples after heat treatment at different temperatures. 
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Fig. 6-16. The b* values in CIE LAB colour system of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 
0.60, 0.80, and 0.99) samples after heat treatment at different temperatures. 
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Table 6-4. L*a*b* values of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after dry heat treatment at 110 . 

x L* a* b*  
0 75 8 39  

0.20 74 9 41  
0.40 75 8 42  
0.60 80 5 38  
0.80 83 3 35  
0.95 93 0 4  

 
Table 6-5. L*a*b* values of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after calcination treatment at 600 for 3 h. 

x L* a* b*  
0 38 9 12  

0.20 59 12 29  
0.40 67 13 40  
0.60 73 9 41  
0.80 70 13 40  
0.95 76 15 37  

 
Table 6-6. L*a*b* values of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900  for 3 h. 

x L* a* b*  
0 35 7 8  

0.20 57 12 23  
0.40 67 13 35  
0.60 73 11 37  
0.80 69 15 38  
0.95 69 18 46  
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Fig. 6-17. The L* values in CIE LAB colour system of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 
0.60, 0.80, and 0.95) samples after heat treatment at different temperatures. 
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Fig. 6-18. The a* values in CIE LAB colour system of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 
0.60, 0.80, and 0.95) samples after heat treatment at different temperatures. 
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Fig. 6-19. The b* values in CIE LAB colour system of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 
0.60, 0.80, and 0.95) samples after heat treatment at different temperatures. 
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Fig. 6-20. UV-Vis diffuse reflectance spectra of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.99) samples after dry heat treatment at 110 . 
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Fig. 6-21. KM functions, F(R) of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after dry heat treatment at 110 . 
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Fig. 6-22. UV-Vis diffuse reflectance spectra of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.99) samples after calcination treatment at 600  for 3 h. 
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Fig. 6-23. KM functions, F(R) of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after calcination treatment at 600  for 3 h. 



 
 

144 
 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

200 300 400 500 600 700 800

R
ef

le
ct

an
ce

 / 
(a

. u
. )

Wavelength / nm

x=0

x=0.20

x=0.40

x=0.60

x=0.80

x=0.99

 

Fig. 6-24. UV-Vis diffuse reflectance spectra of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.99) samples after heat treatment at 900  for 3 h. 
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Fig. 6-25. KM functions, F(R) of ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.99) 
samples after heat treatment at 900  for 3 h. 
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Fig. 6-26. UV-Vis diffuse reflectance spectra of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after dry heat treatment at 110 . 
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Fig. 6-27. KM functions, F(R) of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after dry heat treatment at 110 . 
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Fig. 6-28. UV-Vis diffuse reflectance spectra of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after calcination treatment at 600  for 3 h. 
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Fig. 6-29. KM functions, F(R) of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after calcination treatment at 600  for 3 h. 
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Fig. 6-30. UV-Vis diffuse reflectance spectra of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after heat treatment at 900  for 3 h. 
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Fig. 6-31. KM functions, F(R) of ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900  for 3 h. 
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Fig. 6-32. KM functions, F(R) of Ce1-yTbyO2-δ (y=0, 0.01, and 0.05) samples after heat 
treatment at 900  for 3 h and Tb4O7 as reference. 
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Fig. 6-33. KM functions, F(R) of Zr1-yTbyO2-δ (y=0, 0.01, and 0.05) samples after heat 
treatment at 900  for 3 h and Tb4O7 as reference. 
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Fig. 6-34. KM functions, F(R) of Zr0.20Ce0.80-yTbyO2-δ (y=0, 0.01, and 0.05) samples after heat 
treatment at 900  for 3 h and Tb4O7 as reference. 
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Fig. 6-35. KM functions, F(R) of Zr0.40Ce0.60-yTbyO2-δ (y=0, 0.01, and 0.05) samples after heat 
treatment at 900  for 3 h and Tb4O7 as reference. 
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Fig. 6-36. KM functions, F(R) of Zr0.60Ce0.40-yTbyO2-δ (y=0, 0.01, and 0.05) samples after heat 
treatment at 900  for 3 h and Tb4O7 as reference. 
 

0

2

4

6

8

10

12

200 300 400 500 600 700 800

F(
R)

 / 
(a

. u
. )

Wavelength / nm

y=0

y=0.01

y=0.05

Tb4O7

 
Fig. 6-37. KM functions, F(R) of Zr0.80Ce0.20-yTbyO2-δ (y=0, 0.01, and 0.05) samples after heat 
treatment at 900  for 3 h and Tb4O7 as reference. 
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Fig. ZrxCe0.99-xTb0.01O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.99)  
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Fig. ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.95)  
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Table 7-1.  
 

Fe
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O

3
(mass%) 

100  
 L* a* b* 

0 ( ) 
 

80 -1 10 

1  74 -1 24 

2  70 1 28 

4  53 3 28 

8  36 4 10 

30  31 2 -1 

(Fe2O3)  
33 27 27 
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Fig. 7-1. UV-vis diffuse reflectance spectra of the glazes containing different amounts of 
Fe2O3 after glost firing at 1230  for 0.5 h in air.
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1230 0.5 ZrxCe1-xO2

 

1230 1250 Fig. 7-3
1230 320 nm
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Fig. 7-2. Schematic illustration of production of glaze specimens. 

 
 
Table 7-2. The powder samples added to the basic glaze and the amounts in mass% in outer 
percentage. 

Powder samples Heat treatment 
The amount of 

sample (mass%) 
ZrxCe1-xO2 
(x=0, 0.2, 0.4, 0.6, 0.8, and 1) 

900 , 3 h 10 

Ce1-yFeyO2-δ 
(y=0, 0.01, 0.05, 0.10, and 0.20) 

900 , 3 h 
1230 , 3h 

10 

ZrxCe0.95-xFe0.05O2-δ 

(x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
900 , 3 h 
1230 , 3h 

10 

ZrxCe0.95-xTb0.05O2-δ 

(x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
900 , 3 h 
1230 , 3h 

5 

 

 A Sample Powder 

Mixing 

Glaze Firing (Glost Firing) 
(at 1230  for 0.5 h)  

Glaze Specimens 

H2O 

Glazing biscuit fired bodies  

The Basic Glaze 

Slurry 
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Fig. 7-3. UV-Vis diffuse spectra of 3-go yu after glost firing at 1230  for 0.5 h in air. 
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7.3  
7.3.1 ZrxCe1-xO2 

900 ZrxCe1-xO2 x=0, 0.2 0.4, 0.6, 0.8, 1
Table 7-3 , 1230 Table 7-4

x=0.2~0.8
b* 40

b* 10 a* x=0.2 0.6
0 x=0.4

-3 10 mass%
SiO2

SiO2 Ce
4 3 SiO2 Ce

4 3 x=1 ZrO2

SiO2

900
ZrxCe1-xO2 x=0, 0.2 0.4, 0.6, 0.8, 1 Fig. 7-4

, 1230 Fig. 7-5
x=0.2 0.6 400 nm

500 nm 400 nm
x=0.4
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Table 7-3. L*a*b* values of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8, and 1) samples after heat 
treatment at 900  for 3 h. 

x L* a* b*  
0 89 -3 24  

0.2 82 3 42  
0.4 83 2 42  
0.6 84 2 42  
0.8 86 0 37  
1 93 0 4  

 
 
Table 7-4. L*a*b* values of the glazes containing the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8, and 
1) samples heated at 900 after glost firing at 1230 . 

x L* a* b*  
0 83 1 13  

0.2 82 0 10  
0.4 79 -3 8  
0.6 82 -1 11  
0.8 85 1 13  
1 88 0 6  
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Fig. 7-4. UV-Vis diffuse reflectance spectra of the ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8, and 1) 
samples after heat treatment at 900  for 3 h. 
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Fig. 7-5. UV-vis diffuse spectra of the glazes containing 10 mass% ZrxCe1-xO2 (x=0, 0.2, 0.4, 
0.6, 0.8, and 1) samples heated at 900  after glost firing at 1230  for 0.5 h in air. 
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Fig. ZrxCe1-xO2 (x=0, 0.2, 0.4, 0.6, 0.8, 1)  
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7.3.2 CeyFe1-yO2-δ 
Ce1-yFeyO2-δ y=0, 0.01, 0.05, 0.10, 0.20  Fig. 7-6 Fig. 7-7 900

1230 X 900
y CeO2 y=0.10

Fe CeO2 Fe2O3  
1230 900 CeO2 Fe2O3

 
Table 7-5 Ce1-yFeyO2-δ 900

y=0 0.05 a* -4 19 y
L* y=0.05 92 47 y

1230 y=0.01 a*
y=0.20 L* a* b*

 Fe2O3

[1]  y=0.20 Fe2O3

Fe2O3 y=0.01
Fe2O3 Fe CeO2  

Table 7-6 Ce1-yFeyO2-δ 900
a* y=0.05 8 0.10 0.20

3 2 b* 20
1230 a* y=0.05 0.20

20 CeO2

Fe2O3 Fe2O3

900 1230 SiO2

Fe3+ CeO2 Fe
 1230

Fe CeO2 Fe
1230

900
1230

Fe Fe SiO2

CeO2 Fe
y=0.10 0.20 Fe

y=0.05 Fe
Fe2O3 2.4 mass% Fe2O3

2.4 mass% Fe SiO2

Fe CeO2

y=0.05
a* 20 Fe CeO2
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Fe2O3  
y=0.05   

Fig. 7-8 Ce1-yFeyO2-δ UV-vis 900
y=0.05 0.20 600 nm Fe2O3

y=0.01 600 nm
1230 y=0.01 600 nm

 
Fig. 7-9 Ce1-yFeyO2-δ 900

Fe (y=0) 400 nm 600 nm

1230
400 nm 600 nm y=0.05
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Fig. 7-6. XRD patterns of the Ce1-yFey O2-δ (y=0.01, 0.05, 0.10, and 0.20) samples after heat 
treatment at 900  for 3 h and Fe2O3. 
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Fig. 7-7. XRD patterns of the Ce1-yFey O2-δ (y=0.01, 0.05, 0.10, and 0.20) samples after heat 
treatment at 1230  for 0.5 h and Fe2O3. 
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Table 7-5.  L*a*b* values of the Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 0.20) samples after 
heat treatment at 900ºC for 3 h and 1230ºC for 0.5 h. 

 
y 

900ºC for 3 h 1230ºC for 0.5 h 

L* a* b*  L* a* b*  

0 92 -4 19   

0.01 63 9 20  57 19 15  
0.05 47 19 15  41 19 12  
0.10 45 19 14  35 18 10  
0.20 39 17 12  34 13 6  

 
Table 7-6.  L*a*b* values of the glazes containing Ce1-yFeyO2-δ (y=0, 0.01, 0.05, 0.10, and 
0.20) samples after heat treatment at 900ºC for 3 h and 1230ºC for 0.5h in an amount of 10 
mass% in the outer percentage. 

 
y 

900ºC for 3 h 1230ºC for 0.5 h 

L* a* b*  L* a* b*  

0 81 1 14   

0.01 80 1 13  78 7 19  
0.05 75 8 23  66 22 30  
0.10 78 3 20  69 20 31  
0.20 78 2 21  70 17 30  
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Fig. 7-8. UV-Vis diffuse reflectance spectra of the Ce1-yFeyO2-δ (y=0.01, 0.05, 0.10, and 0.20) 
samples after heat treatment at (a) 900  for 3 h and (b) 1230  for 0.5 h. 

 

 
Fig. 7-9. UV-vis diffuse spectra of the glazes containing 10 mass% CeyFe1-yO2-δ (y=0, 0.01, 
0.05, 0.10, and 0.20) samples

 
heated at (a) 900  and (b) 1230  after glost firing at 1230  

for 0.5 h in air. 
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Fig. CeyFe1-yO2-δ (y=0, 0.01, 0.05, 0.10, 0.20)  
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Fig. CeyFe1-yO2-δ (y=0, 0.01, 0.05, 0.10, 0.20)  
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7.3.3 ZrxCe0.95-xFe0.05O2-δ 

1230 Table 7-2 900
Zr
x=0.4  

Fig. 7-10 Fig. 7-11 ZrxCe0.95-xFe0.05O2-δ x=0, 0.20, 0.40, 0.60, 0.80, 0.95
900 1230 X

900 x=0~0.60
x=0.80 x=0.95 x=0 0.8

x X
1230 x=0.40 0.60 Ce

Zr  
Table 7-7 ZrxCe0.95-xFe0.05O2-δ 900  

x=0.60 0.80 a* b*  
1230 L*a*b* L* 40

a* 20 b* 13 Fig. 7-12 ZrxCe0.95-xFe0.05O2-δ

UV-vis 900 x=0.60
0.80 600 nm

1230 600 nm

Fe2O3   
Table 4 ZrxCe0.95-xFe0.05O2-δ 900

a* x=0.20 0 b* x=0.40
10 x=0.20 0.60

x=0.80 0.95 1230 x=0.20 0.60 900
x=0.80 x=0.95 ZrxCe1-xO2

Fe

Fe
x=0.40 x

1230 Ce Zr

 
Fig. 7-13 ZrxCe0.95-xFe0.05O2-δ 900

1230 x=0.20~0.80 400 nm 600 nm
x=0.40 1230 x=0.20
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Fig. 7-10. X-ray diffraction patterns of the ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.95) samples after heat treatment at 900  for 3 h. 
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Fig. 7-11. X-ray diffraction patterns of the ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 
and 0.95) samples after heat treatment at 1230  for 0.5 h. 
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Table 7-7. L*a*b* values of the ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900ºC for 3 h and 1230ºC for 0.5 h. 

 
x 

900ºC for 3 h 1230ºC for 0.5 h 

L* a* b*  L* a* b*  

0 44 19 18  41 19 12  
0.20 46 16 19  39 19 13  
0.40 54 15 21  41 19 14  
0.60 56 11 22  44 19 13  
0.80 56 10 24  43 18 13  
0.95 54 20 20  40 21 14  

 
Table 7-8. L*a*b* values of the glazes containing ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after heat treatment at 900ºC for 3 h and 1230 ºC for 0.5 h in an 
amount of 10 mass% in the outer percentage. 

 
x 

900ºC for 3 h 1230ºC for 0.5 h 

L* a* b*  L* a* b*  

0 75 8 23  66 22 30  
0.20 79 0 16  76 -3 10  
0.40 76 -2 10  74 -3 10  
0.60 79 0 15  78 -1 13  
0.80 82 1 15  81 1 14  
0.95 83 0 12  72 8 27  
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Fig. 7-12. UV-Vis diffuse reflectance spectra of the ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after heat treatment at (a) 900  for 3 h and (b) 1230  for 0.5 h. 
 

 
Fig. 7-13. UV-vis diffuse spectra of the glazes containing 10 mass% ZrxCe0.95-xFe0.05O2-δ (x=0, 
0.20, 0.40, 0.60, 0.80, and 0.95) samples

 
heated at (a) 900  and (b) 1230  after glost firing 

at 1230  for 0.5 h in air. 
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Fig. ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.95)  
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Fig. ZrxCe0.95-xFe0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.95)  
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7.3.4 ZrxCe0.95-xTb0.05O2-δ 
Fig. 7-14 Fig. 7-15 ZrxCe0.95-xTb0.05O2-δ x=0, 0.20, 0.40, 0.60, 0.80, 0.95
900 1230 X

900 x=0~0.60
x=0.80 x=0.95

x=0 0.8 x X
1230

Fe  
Table 7-9 ZrxCe0.95-xTb0.05O2-δ 900 1230

x=0 L*,a*,b* x=0 0.60 x
L* 70 a* x=0~0.40 x

x=0.40 0.60 x=0.60 0.95
a* x=0.95 1230 20

CeO2-ZrO2 Tb
Fig. 7-16 ZrxCe0.95-xTb0.05O2-δ UV-vis

900 1230
x=0 600 nm x=0.20

400 nm x
x=0.40 0.95 400 nm

x=0 x
 

Table 7-10 ZrxCe0.95-xTb0.05O2-δ 900
a* x=0 11 x=0.2 x
x=0.95 0 b* x=0

29 x=0.20 x=0.95 17
x=0 x=0.20 0.60 x=0.80

0.95 1230 Fig. 7-17
ZrxCe0.95-xTb0.05O2-δ UV-vis

900 1230 x 400 nm 600 nm
x=0

x
x=0.95  

ZrxCe1-xO2 ZrxCe0.95-xFe0.05O2-δ

Tb SiO2

Fe  
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Fig. 7-14. X-ray diffraction patterns of the ZrxCe0.95-xTb0.05O2 (x=0, 0.20, 0.40, 0.60, 0.80, and 
0.95) samples after heat treatment at 900  for 3 h. 
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Fig. 7-15. X-ray diffraction patterns of the ZrxCe0.95-xTb0.05O2 (x=0, 0.20, 0.40, 0.60, 0.80, and 
0.95) samples after heat treatment at 1230  for 3 h. 
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Table 7-9. L*a*b* values of the ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, and 0.95) 
samples after heat treatment at 900ºC for 3 h and 1230ºC for 0.5 h. 

 
x 

900ºC for 3 h 1230ºC for 0.5 h 

L* a* b*  L* a* b*  

0 35 7 8  35 6 6  
0.20 57 12 23  59 14 24  
0.40 67 13 35  68 16 31  
0.60 73 11 37  71 14 33  
0.80 69 15 38  68 17 36  
0.95 69 18 46  70 20 47  

 
Table 7-10. L*a*b* values of the glazes containing ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after heat treatment at 900ºC for 3 h and 1230ºC for 0.5 h in an 
amount of 5 mass% in the outer percentage. 

 
x 

900ºC for 3 h 1230ºC for 0.5 h 

L* a* b*  L* a* b*  

0 72 10 30  74 8 29  
0.20 74 4 21  77 4 26  
0.40 72 3 25  80 1 18  
0.60 76 2 22  80 1 21  
0.80 80 2 24  83 1 15  
0.95 81 0 17  82 0 15  
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Fig. 7-16. UV-Vis diffuse reflectance spectra of the ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 
0.80, and 0.95) samples after heat treatment at (a) 900  for 3 h and (b) 1230  for 0.5 h. 
 

 

 
Fig. 7-17. UV-vis diffuse spectra of the glazes containing 5 mass% ZrxCe0.95-xTb0.05O2-δ (x=0, 
0.20, 0.40, 0.60, 0.80, and 0.95) samples

 
heated at (a) 900  and (b) 1230  after glost firing 

at 1230  for 0.5 h in air. 
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Fig. 7-18. UV-Vis diffuse spectra of 3-go yu and the 1 mass% Tb4O7 doped 3-go yu after glost 
firing at 1230  for 0.5 h in air and Tb4O7 powder. 
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Fig. ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.95)  
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Fig. ZrxCe0.95-xTb0.05O2-δ (x=0, 0.20, 0.40, 0.60, 0.80, 0.95)  
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