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1. Table S1. Chemical composition and crystal structure parameters for the 106 samples. 

 Sample 

Amount of Liquid [µL] ± 1% 

dispensing error 

Chemical concentration [at. %] ± 

standard deviation 
Crystal structure 

Lattice 

Parameter 

[Å] 

Crystallite 

size 

[nm] 

Y Sm La Ce Pr Y Sm La Ce Pr    

SI
N

G
LE

 O
X

ID
ES

 

1 100 - - - - 100 - - - - Ia-3(100%) 10.57291 139.8 

2 - 100 - - - - 100 - - - Ia-3(100%) 10.89494 159.2 

3 - - 100 - - - - 100 - - P63/m(100%) 
a=6.49999, 

c=3.84036 
151.4 

4 - - - 100 - - - - 100 - Fm-3m(100%) 5.38825 150.2 

5 - - - - 100 - - - - 100 Fm-3m(100%) 5.44705 180.4 

B
IN

A
R

Y
 O

X
ID

ES
 

6 50 50 - - - 49±3 51±3 - - - Ia-3(100%) 10.73466 124.7 

7 - 50 50 - - - 51±5 49±5 - - 

Fm-3m(38%), 
P-3m1(35.6%), 
P63/m(17.8%), 
P4/nmm(8.5%) 

*5.75345 *104 

8 - - 50 50 - - - 51±3 49±3 - 
Fm-3m(95.1%),  

P321 (4.9%) 
*5.51203  *67.5 

9 - - - 50 50 - - - 52±2 48±2 Fm-3m (100%) 5.39365 109.1 

10 - - 50 - 50 - - 53±2 - 47±2 
Fm-3m (95.2%),  
Fm-3m (3.7%)-Y,  
Fm-3m (1.1%)-Ce 

*5.53764 *102.9 

11 50 - 50 - - 53±3 - 47±3 - - 
Fm-3m (65.1%),  
P4/nmm(29%), 
P63/mmc(5.9%) 

*10.90395 *125.3 

12 50 - - - 50 49±3 - - - 51±3 Ia-3(100%) 10.78689 100.6 

13 - 50 - - 50 - 51±2 - - 49±2 Ia-3(100%) 10.88347 169.1 

14 - 50 - 50 - - 50±1 - 50±1 - Fm-3m (100%) 5.44442 110.5 

15 50 - - 50 - 53±3 - - 47±3 - Fm-3m (100%) 5.36719 101.5 

TE
R

N
A

R
Y 

O
X

ID
ES

 

16 - 50 50 - 50 - 33±2 35±2 - 32±1 
Ia-3(99%), 

P4/nmm(1%) 
*11.01371 *88.4 

17 - - 50 50 50 - - 35±2 33±2 32±1 Fm-3m (100%) 5.46875 73.6 

18 50 - - 50 50 37±2 - - 32±1 31±1 Fm-3m (100%) 5.38385 88.1 

19 50 50 - 50 - 33±2 33±1 - 34±2 - Fm-3m(100%) 5.4024 77.5 

20 50 - 50 50 - 34±2 - 34±2 32±2 - Fm-3m(100%) 5.48594 48.3 

21 50 - 50 - 50 34±3 - 35±3 - 31±1 Fm-3m(100%) 5.51504 81.6 

22 50 50 50 - - 34±2 32±1 34±2 - - 

Ia-3(41%), 
P4/nmm(27.4%), 
P63/m(16.6%), 

P-3C1(15%) 

*10.84606 *86.7 

23 - 50 50 50 - - 34±2 33±2 33±1 - 
Fm-3m (98.9%), 
P4/nmm(1,1%) 

*5.50664 *93.4 

24 - 50 - 50 50 - 35±2 - 34±1 31±1 Ia-3(100%) 10.95435 60.7 

25 50 50 - - 50 35±2 33±1 - - 32±2 Ia-3(100%) 10.80213 126.4 

Q
U

A
TE

R
N

A
R

Y 
O

X
ID

ES
 

26 50 50 50 - 50 25±5 23±3 26±3 - 26±5 Ia-3(100%) 10.90459 83.2 

27 - 50 50 50 50 - 25±2 26±2 25±1 24±1 Fm-3m(100%) 5.49182 94 

28 50 - 50 50 50 27±1 - 26±1 24±1 23±1 Fm-3m(100%) 5.47679 70.2 

29 50 50 - 50 50 27±1 25±1 - 24±1 24±1 Fm-3m(100%) 5.41069 93.9 

30 50 50 50 50 - 25±2 24±1 27±2 24±1 - Fm-3m(100%) 5.47701 53.4 
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D
o

p
ed

 

w
it

h
 C

e 

31 50 50 50 12.5 50 25±3 23±1 24±2 5±1 23±1 Ia-3(100%) 10.95868 82.5 

32 50 50 50 25 50 23±4 23±3 22±3 11±1 21±2 Fm-3m(100%) 5.49655 80.1 

33 50 50 50 37.5 50 20±2 21±2 23±2 15±1 21±1 Fm-3m(100%) 5.48187 71.8 

D
o

p
ed

 

w
it

h
 Y

 

34 12.5 50 50 50 50 5±1 24±2 24±2 24±1 23±1 Fm-3m(100%) 5.49139 90.9 

35 25 50 50 50 50 10±1 22±1 24±1 23±1 21±1 Fm-3m(100%) 5.48662 86.7 

36 37.5 50 50 50 50 15±2 21±1 23±1 21±1 20±1 Fm-3m(100%) 5.48508 81.9 

D
o

p
ed

 

w
it

h
 S

m
 37 50 12.5 50 50 50 25±3 6±1 25±2 23±1 21±1 Fm-3m(100%) 5.47359 73.7 

38 50 25 50 50 50 23±3 10±1 24±3 22±1 21±1 Fm-3m(100%) 5.48112 75.5 

39 50 37.5 50 50 50 22±2 15±1 22±2 21±1 20±1 Fm-3m(100%) 5.47173 77.9 

D
o

p
ed

 

w
it

h
 L

a 

40 50 50 12.5 50 50 26±2 23±1 6±1 23±1 22±1 Fm-3m(100%) 5.43235 89.7 

41 50 50 25 50 50 25±2 21±1 11±1 22±1 21±1 Fm-3m(100%) 5.45701 87.5 

42 50 50 37.5 50 50 21±2 21±1 16±2 21±1 21±1 Fm-3m(100%) 5.45987 84.2 

D
o

p
ed

 

w
it

h
 P

r 

43 50 50 50 50 12.5 25±3 23±1 24±3 23±1 5±1 Fm-3m(100%) 5.47296 57.5 

44 50 50 50 50 25 24±2 22±1 23±1 21±1 10±1 Fm-3m(100%) 5.48452 62.1 

45 50 50 50 50 37.5 22±2 21±1 22±2 21±1 14±1 Fm-3m(100%) 5.49842 70.6 

D
o

p
ed

 w
it

h
 

C
e 

&
 Y

 

46 25 50 50 12.5 50 11±2 28±2 29±3 6±1 26±1 Fm-3m(100%) 5.48942 88.7 

47 37.5 50 50 12.5 50 17±2 26±2 26±2 6±1 25±1 Fm-3m(100%) 5.49175 82.1 

48 12.5 50 50 25 50 6±1 27±2 30±3 12±1 25±1 Fm-3m(100%) 5.50687 100 

49 37.5 50 50 25 50 16±1 24±1 25±2 11±1 24±1 Fm-3m(100%) 5.49675 84.9 

50 12.5 50 50 37.5 50 5±1 25±1 28±2 17±1 25±1 Fm-3m(100%) 5.50623 94 

51 25 50 50 37.5 50 12±2 24±1 25±2 17±1 22±1 Fm-3m(100%) 5.48862 85.4 

D
o

p
ed

 w
it

h
 

Sm
 &

 Y
 

52 12.5 25 50 50 50 6±1 13±1 29±2 28±1 24±1 Fm-3m(100%) 5.49107 81.2 

53 12.5 37.5 50 50 50 6±1 17±1 27±2 27±1 23±1 Fm-3m(100%) 5.49239 86.7 

54 25 12.5 50 50 50 13±1 6±1 30±2 27±1 24±1 Fm-3m(100%) 5.48344 73.9 

55 25 37.5 50 50 50 12±2 17±1 25±1 24±1 22±1 Fm-3m(100%) 5.48714 84.5 

56 37.5 12.5 50 50 50 17±2 6±1 29±3 25±1 23±1 Fm-3m(100%) 5.48289 73.2 

57 37.5 25 50 50 50 16±2 12±1 26±2 24±1 22±1 Fm-3m(100%) 5.48685 75.5 

D
o

p
ed

 w
it

h
 

Sm
 &

 L
a 

58 50 12.5 25 50 50 30±4 6±1 13±1 27±2 24±2 Fm-3m(100%) 5.44105 80.7 

59 50 12.5 37.5 50 50 26±2 6±1 18±2 26±2 24±1 Fm-3m(100%) 5.46116 74.3 

60 50 25 12.5 50 50 30±2 12±1 6±1 27±1 25±2 Fm-3m(100%) 5.42529 84.1 

61 50 25 37.5 50 50 25±2 12±1 18±2 23±1 22±1 Fm-3m(100%) 5.46363 81.8 

62 50 37.5 12.5 50 50 28±2 17±1 6±1 26±1 23±2 Fm-3m(100%) 5.42862 88.7 

63 50 37.5 25 50 50 23±3 17±1 13±1 24±1 23±1 Fm-3m(100%) 5.43636 76.8 

D
o

p
ed

 w
it

h
 

La
 &

 P
r 

64 50 50 12.5 50 25 28±2 27±1 7±1 27±1 11±1 Fm-3m(100%) 5.42222 75.3 

65 50 50 12.5 50 37.5 26±2 25±1 7±1 26±1 16±1 Fm-3m(100%) 5.44468 80.2 

66 50 50 25 50 12.5 29±1 26±1 13±1 27±1 5±1 Fm-3m(100%) 5.44681 67.8 

67 50 50 25 50 37.5 24±1 23±1 13±1 24±1 16±1 Fm-3m(100%) 5.44879 74.4 

68 50 50 37.5 50 12.5 26±2 25±1 18±1 26±1 5±1 Fm-3m(100%) 5.46367 67.9 

69 50 50 37.5 50 25 23±2 24±1 18±1 24±1 11±1 Fm-3m(100%) 5.47372 68.9 

D
o

p
ed

 w
it

h
 

P
r 

&
 S

m
 

70 50 25 50 50 12.5 27±2 12±1 29±2 27±1 5±1 Fm-3m(100%) 5.4668 54.1 

71 50 37.5 50 50 12.5 27±2 17±1 26±1 25±1 5±1 
Fm-3m(98.3%) - CeO2, 

Fm-3m(1.7%) - Ce 
*5.46585 *60.5 

72 50 12.5 50 50 25 27±3 6±1 30±3 26±1 11±1 Fm-3m(100%) 5.45911 57.5 

73 50 37.5 50 50 25 26±3 17±1 25±3 22±1 10±1 Fm-3m(100%) 5.47901 60.1 

74 50 12.5 50 50 37.5 27±3 6±1 26±2 25±2 16±1 Fm-3m(100%) 5.47586 64.9 
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75 50 25 50 50 37.5 25±2 11±1 25±2 24±1 15±1 Fm-3m(100%) 5.48406 68.6 

D
o

p
ed

 w
it

h
 

Sm
 &

 C
e 

76 50 12.5 50 25 50 28±1 6±1 28±1 11±1 26±1 Fm-3m(100%) 5.49203 78.7 

77 50 12.5 50 37.5 50 27±2 5±1 27±1 17±1 24±1 Fm-3m(100%) 5.47933 73.5 

78 50 25 50 12.5 50 27±3 12±1 29±3 7±1 25±2 Fm-3m(100%) 5.48839 83.2 

79 50 25 50 37.5 50 24±3 11±1 26±1 16±1 23±1 Fm-3m(100%) 5.49984 77.8 

80 50 37.5 50 12.5 50 27±4 17±1 25±3 6±1 25±2 Fm-3m(100%) 5.499954 85.7 

81 50 37.5 50 25 50 26±1 17±1 24±1 10±1 23±1 Fm-3m(100%) 5.49531 83.2 

D
o

p
ed

 w
it

h
 

C
e 

&
 P

r 

82 50 50 50 12.5 25 27±3 26±2 30±3 6±1 11±1 Ia-3(100%) 10.94121 67.3 

83 50 50 50 12.5 37.5 27±1 26±2 25±2 6±1 16±1 Fm-3m(100%) 5.48981 76.5 

84 50 50 50 25 12.5 28±1 27±1 28±2 12±1 5±1 Fm-3m(100%) 5.46896 62.8 

85 50 50 50 25 37.5 26±4 22±2 26±3 11±1 15±1 Fm-3m(100%) 5.47508 70.6 

86 50 50 50 37.5 12.5 26±1 26±1 26±1 17±1 5±1 Fm-3m(100%) 5.48653 59.3 

87 50 50 50 37.5 25 24±2 23±2 27±2 16±2 10±1 Fm-3m(100%) 5.48005 66 

D
o

p
ed

 w
it

h
 

P
r 

&
 Y

 

88 25 50 50 50 12.5 12±1 26±2 29±2 27±1 6±1 
Fm-3m(98.5%), 
P4/nmm(1.5%) 

*5.49497 *63.6 

89 37.5 50 50 50 12.5 16±2 25±1 28±2 26±1 5±1 Ia-3(100%) 10.95435 60.7 

90 12.5 50 50 50 25 6±1 27±1 28±2 28±2 11±1 Fm-3m(100%) 5.49823 71.5 

91 37.5 50 50 50 25 15±2 23±2 26±3 25±1 11±1 Fm-3m(100%) 5.47675 70.5 

92 12.5 50 50 50 37.5 5±1 24±1 30±2 25±1 16±1 Fm-3m(100%) 5.4952 63.2 

93 25 50 50 50 37.5 11±1 23±1 26±1 24±1 16±1 Fm-3m(100%) 5.49486 77.1 

D
o

p
ed

 w
it

h
 

Y 
&

 L
a 

94 12.5 50 25 50 50 6±1 27±1 13±2 28±1 26±1 Fm-3m(100%) 5.46391 105.1 

95 12.5 50 37.5 50 50 7±1 26±2 18±1 25±1 24±1 Fm-3m(100%) 5.46736 90.2 

96 25 50 12.5 50 50 11±1 28±2 7±1 28±1 26±1 Fm-3m(100%) 5.44692 99.1 

97 25 50 37.5 50 50 12±1 23±1 18±1 25±1 22±1 Fm-3m(100%) 5.47179 89.6 

98 37.5 50 12.5 50 50 17±2 25±1 7±1 26±1 25±2 Fm-3m(100%) 5.43249 98.2 

99 37.5 50 25 50 50 17±1 24±1 13±1 24±1 22±1 Fm-3m(100%) 5.45781 83.7 

D
o

p
ed

 w
it

h
 

La
 &

 C
e 

100 50 50 12.5 25 50 26±3 26±1 7±1 11±1 30±3 Ia-3(100%) 10.85715 101.5 

101 50 50 12.5 37.5 50 26±3 25±2 6±1 18±2 25±2 Fm-3m(100%) 5.42465 93.4 

102 50 50 25 12.5 50 29±2 27±1 13±1 6±1 25±1 Ia-3(100%) 10.89865 98 

103 50 50 25 37.5 50 26±3 24±1 11±1 16±1 23±1 Ia-3(100%) 10.88859 92.5 

104 50 50 37.5 12.5 50 28±3 25±1 17±2 6±1 24±1 Ia-3(100%) 10.93557 87.9 

105 50 50 37.5 25 50 26±1 24±1 17±1 10±1 23±1 Fm-3m(100%) 5.46623 83.3 

H
EO

 

106 50 50 50 50 50 19±3 19±1 22±2 21±2 19±1 Fm-3m(100%) 5.46832 76.2 

*Crystallite sizes and lattice parameters are given for the major phase. 
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2. Chemical composition maps 

 

 
Figure S1. Chemical composition map obtained from the scanning electron microscope 

coupled with energy dispersive X-ray spectroscopy (SEM-EDS) for samples 1-15. The 

distribution of the elements in the quartz plate shows no cross contamination or segregation in 

the samples. The SEM-EDS map was acquired over an area of 60x14 mm and consist of a total 

of 106 images. The Si map displays the shape of the wells in the quartz plate. For proof of 

principle sample 28 was fabricated in the same plate.  
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Figure S2. Chemical composition map obtained from the scanning electron microscope 

coupled with energy dispersive X-ray spectroscopy (SEM-EDS) for samples 16 - 106. The 

distribution of the elements in the quartz plate shows no cross contamination or segregation in 

the samples. The SEM-EDS map was acquired over an area of 60x70 mm and consist of a total 

of 568 images. The Si map displays the shape of the wells in the quartz plate. Sample 106 was 

repeated for proof of principle purposes. 
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3. X-ray diffractograms for repeated samples without Ce and that displayed a single phase  

 
Figure S3. X-ray difractograms for the repeated samples. a, sample 21-repeated 

(Y0.33La0.33Pr0.33)O2-δ displays a Fm-3m crystal structure. b, sample 25-repeated 

(Y0.33Sm0.33Pr0.33)O2-δ displays an Ia-3 crystal structure. c, sample 26-repeated 

(Y0.25Sm0.25La0.25Pr0.25)O2-δ displays a Fm-3m crystal structure. d, Sample 26-RCP, prepared 

by manual reverse coprecipitation following a procedure analogous to the one described by 

Sarkar et al.,[1] displays an Ia-3 crystal structure. 

 

Sample 26-RCP was prepared by mixing nitrate salts of the corresponding elements (as 

described in the methodology section of the manuscript for La, Pr, Sm, and Y) in water (50 ml) 

with a concentration of 0.1 M/L. The precursor solution was titrated into Ammonia solution 

(28-30% aqueous solution) and the resulting precipitates were separated out using a centrifuge. 

The precipitates were dried at 80 °C for 12 hours and calcined at 750 °C for 6 hours in an air 

flowing furnace (heating rate 5 °C/min), and let to cool down to room temperature. The 

chemical composition of Sample 26-RCP was obtained via SEM-EDS (following the procedure 

described in the methodology section of the manuscript) and was found to be 25±1 at.% La, 

23±1 at.% Pr, 24±1 at.% Sm, and 27±1 at.% Y. 
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4. Transmission electron microscopy study for the repeated sample 26 

 
Figure S4.  Repeated Sample 26-r crystal structure and chemical composition characterization 

conducted by TEM. a, TEM micrograph showing the crystallinity of the sample. b, Selected 

area electron diffraction, the 211 diffraction plane indicates that the sample crystallized in an 

Ia-3 crystal structure. c, STEM-EDS chemical composition map demonstrating that the 

elements are homogeneously distributed. The fast Fourier transform (inset in a) confirms the 

Ia-3 crystal structure at nanometer scale.  
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5. Machine learning 

 
Figure S5. Training and validation set accuracy as a function of the epochs during training 

of the convolutional neural network (CNN). 

 

The CNN was applied to the experimental X-ray diffractograms which were analyzed manually 

to obtain reference labels for comparison and model evaluation. Even though the entire training 

set was generated in an artificial way, the performance on the experimental test set was 86 %, 

with 91 of 106 samples classified correctly. 15 of the pure XRD diffractograms were 

misclassified as mixed, while all of the mixed XRD diffractograms were detected correctly. 

Some examples of misclassified diffractograms are shown in the following plots, along with 

the three reference diffractograms of pure phases, and the SHAP analysis indicating why the 

neural network (mis)classified the samples as mixed. 
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Figure S6. Samples 24, 26, 85 and 92, 

manually classified as pure samples, but misclassified by the neural network as a mixed phases. 

In all cases, the CNN model detects signals in a range of 10-20° and interprets them as signs 

of mixed phase samples. In samples 26, 85 and 92, the CNN model furthermore finds signals at 

~30° and interprets them as traces of an additional phase. 
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6. Calculated oxygen vacancy concentration landscape 

 
Figure S7. Landscape for the normalized empirically calculated oxygen vacancy concentration 

in the multicomponent phase diagram. The symbols are used to highlight if the specific sample 

has or not multiple phase. Note that in order to fit all the 91 samples in one multicomponent 

phase diagram the constituent element axes are repeated, and the amount of points in the figure 

increases by 20. The blank sections in the contour plot belong to samples that have an Ia-3 

crystal structure or multiple phase systems.  

 

Flourite structure is a CaF2 type structure. Each unit cell in a CaF2 structure has 4 cations and 

8 anions with a ration of 1:2. Most of the oxides synthesized in this study have a fluorite 

structure. Therefore, 2 oxygen ions exist for each cation and the cation charge should be +4. 

Oxygen vacancies arise as the charge of the cation deviates from +4. 

For a Fluorite structure with multiple cations and mix oxidation states (e.g., +3,+4), the 

calculation of the oxygen vacancy concentration can be obtained based on A1−x
+4 Bx

+3O
2−

x

2

−2 , where 

A is any cation with +4 charge state and B is any cation with +3 charge state (in the case of Pr 

we assumed mixed charge state to be 10% of +3). The chemical composition in Table S1 was 

used for the value of x.  
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7. Polyamide tape X-ray diffractogram 

 
Figure S8. X-Ray Diffractogram for polyamide tapes.   
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8. Table S2. Calculated band gap and comparison with samples reported in literature 

Table S2. Calculated band gap for the 106 samples. 

 Sample 

Chemical concentration [at. %] ± 

standard deviation 

Band gap 

[eV] 

Reported band gap 

[eV] 

Reported oxides 

in the literature 

Y Sm La Ce Pr    

SI
N

G
LE

 O
X

ID
ES

 

1 100 - - - - 5.718±0.004 5.72[2,3] [4,5] 

2 - 100 - - - 4.828±0.011 4.9[3] [5,6] 

3 - - 100 - - 5.208±0.01 5.4[3,7] [5,8] 

4 - - - 100 - 3.376±0.003 3.17[3,7] [9] 

5 - - - - 100 2.468±0.038 3.2[3,10]-2.5-3.9[11] [12] 

B
IN

A
R

Y
 O

X
ID

ES
 

6 49±3 51±3 - - - 4.977±0.001 5.97[13] [14] 

7 - 51±5 49±5 - - 4.838±0.006  [5] 

8 - - 51±3 49±3 - 3.234±0.005 3[15] [16,17] 

9 - - - 52±2 48±2 1.864±0.02 2.65 – 2.97[18] [19,20] 

10 - - 53±2 - 47±2 1.992±0.015  [21] 

11 53±3 - 47±3 - - 5.063±0.013 5.5 – 5.7[22] [23] 

12 49±3 - - - 51±3 2.004±0.005  [24] 

13 - 51±2 - - 49±2 2.013±0.022   

14 - 50±1 - 50±1 - 3.3±0.011 3.58[25] [26] 

15 53±3 - - 47±3 - 3.308±0.007 3.01[27] [28] 

TE
R

N
A

R
Y 

O
X

ID
ES

 

16 - 33±2 35±2 - 32±1 2.015±0.012   

17 - - 35±2 33±2 32±1 1.843±0.022 1.95[29] [29,30] 

18 37±2 - - 32±1 31±1 1.92±0.028 1.95[27] [31] 

19 33±2 33±1 - 34±2 - 3.29±0.019   

20 34±2 - 34±2 32±2 - 3.299±0.01 3.22[32] [33,34] 

21 34±3 - 35±3 - 31±1 2.04±0.044 2.02[35]  

22 34±2 32±1 34±2 - - 5.01±0.018  [5] 

23 - 34±2 33±2 33±1 - 3.349±0.015  [26] 

24 - 35±2 - 34±1 31±1 2.059±0.025   

25 35±2 33±1 - - 32±2 1.98±0.013   

Q
U

A
TE

R
N

A
R

Y 
O

X
ID

ES
 

26 25±5 23±3 26±3 - 26±5 2.031±0.027   

27 - 25±2 26±2 25±1 24±1 2.018±0.016 2.14[29] [29] 

28 27±1 - 26±1 24±1 23±1 1.988±0.033 1.98[29] [29] 

29 27±1 25±1 - 24±1 24±1 2.052±0.03   

30 25±2 24±1 27±2 24±1 - 2.251±0.006   

D
o

p
ed

 

w
it

h
 C

e 

31 25±3 23±1 24±2 5±1 23±1 2.123±0.059   

32 23±4 23±3 22±3 11±1 21±2 2.074±0.036   

33 20±2 21±2 23±2 15±1 21±1 2.069±0.028   

D
o

p
ed

 

w
it

h
 Y

 

34 5±1 24±2 24±2 24±1 23±1 2.029±0.016   

35 10±1 22±1 24±1 23±1 21±1 2.049±0.006   

36 15±2 21±1 23±1 21±1 20±1 2.042±0.013   
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D
o

p
ed

 

w
it

h
 S

m
 37 25±3 6±1 25±2 23±1 21±1 2.022±0.014   

38 23±3 10±1 24±3 22±1 21±1 2.03±0.005   

39 22±2 15±1 22±2 21±1 20±1 2.055±0.042   

D
o

p
ed

 

w
it

h
 L

a 

40 26±2 23±1 6±1 23±1 22±1 2.032±0.042   

41 25±2 21±1 11±1 22±1 21±1 2.031±0.024   

42 21±2 21±1 16±2 21±1 21±1 2.058±0.017   

D
o

p
ed

 

w
it

h
 P

r 

43 25±3 23±1 24±3 23±1 5±1 2.222±0.022   

44 24±2 22±1 23±1 21±1 10±1 2.146±0.026   

45 22±2 21±1 22±2 21±1 14±1 2.093±0.01   

D
o

p
ed

 w
it

h
 

C
e 

&
 Y

 

46 11±2 28±2 29±3 6±1 26±1 2.019±0.044   

47 17±2 26±2 26±2 6±1 25±1 1.977±0.016   

48 6±1 27±2 30±3 12±1 25±1 2.125±0.012   

49 16±1 24±1 25±2 11±1 24±1 2.069±0.025   

50 5±1 25±1 28±2 17±1 25±1 2.042±0.006   

51 12±2 24±1 25±2 17±1 22±1 2.024±0.013   

D
o

p
ed

 w
it

h
 

Sm
 &

 Y
 

52 6±1 13±1 29±2 28±1 24±1 1.923±0.021   

53 6±1 17±1 27±2 27±1 23±1 1.987±0.026   

54 13±1 6±1 30±2 27±1 24±1 2.012±0.023   

55 12±2 17±1 25±1 24±1 22±1 1.982±0.007   

56 17±2 6±1 29±3 25±1 23±1 2.002±0.011   

57 16±2 12±1 26±2 24±1 22±1 2.024±0.018   

D
o

p
ed

 w
it

h
 

Sm
 &

 L
a 

58 30±4 6±1 13±1 27±2 24±2 1.971±0.041   

59 26±2 6±1 18±2 26±2 24±1 1.982±0.024   

60 30±2 12±1 6±1 27±1 25±2 1.982±0.02   

61 25±2 12±1 18±2 23±1 22±1 2.002±0.007   

62 28±2 17±1 6±1 26±1 23±2 1.94±0.023   

63 23±3 17±1 13±1 24±1 23±1 2.016±0.013   

D
o

p
ed

 w
it

h
 

La
 &

 P
r 

64 28±2 27±1 7±1 27±1 11±1 2.136±0.029   

65 26±2 25±1 7±1 26±1 16±1 2.1±0.036   

66 29±1 26±1 13±1 27±1 5±1 2.223±0.004   

67 24±1 23±1 13±1 24±1 16±1 2.067±0.019   

68 26±2 25±1 18±1 26±1 5±1 2.267±0.016   

69 23±2 24±1 18±1 24±1 11±1 2.136±0.006   

D
o

p
ed

 w
it

h
 

P
r 

&
 S

m
 

70 27±2 12±1 29±2 27±1 5±1 2.258±0.021   

71 27±2 17±1 26±1 25±1 5±1 2.244±0.007   

72 27±3 6±1 30±3 26±1 11±1 2.11±0.006   

73 26±3 17±1 25±3 22±1 10±1 2.164±0.028   

74 27±3 6±1 26±2 25±2 16±1 2.029±0.013   

75 25±2 11±1 25±2 24±1 15±1 2.049±0.016   

D
o

p
ed

 w
it

h
 

Sm
 &

 C
e 

76 28±1 6±1 28±1 11±1 26±1 2.01±0.015   

77 27±2 5±1 27±1 17±1 24±1 1.989±0.028   

78 27±3 12±1 29±3 7±1 25±2 2.08±0.013   

79 24±3 11±1 26±1 16±1 23±1 2.042±0.011   

80 27±4 17±1 25±3 6±1 25±2 2.106±0.03   

81 26±1 17±1 24±1 10±1 23±1 2.068±0.003   
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D
o

p
ed

 w
it

h
 

C
e 

&
 P

r 

82 27±3 26±2 30±3 6±1 11±1 2.165±0.036   

83 27±1 26±2 25±2 6±1 16±1 2.149±0.043   

84 28±1 27±1 28±2 12±1 5±1 2.206±0.031   

85 26±4 22±2 26±3 11±1 15±1 2.066±0.009   

86 26±1 26±1 26±1 17±1 5±1 2.245±0.005   

87 24±2 23±2 27±2 16±2 10±1 2.148±0.008   

D
o

p
ed

 w
it

h
 

P
r 

&
 Y

 

88 12±1 26±2 29±2 27±1 6±1 2.243±0.014   

89 16±2 25±1 28±2 26±1 5±1 2.259±0.014   

90 6±1 27±1 28±2 28±2 11±1 2.077±0.017   

91 15±2 23±2 26±3 25±1 11±1 2.155±0.012   

92 5±1 24±1 30±2 25±1 16±1 2.073±0.006   

93 11±1 23±1 26±1 24±1 16±1 2.08±0.01   

D
o

p
ed

 w
it

h
 

Y 
&

 L
a 

94 6±1 27±1 13±2 28±1 26±1 1.97±0.02   

95 7±1 26±2 18±1 25±1 24±1 1.968±0.022   

96 11±1 28±2 7±1 28±1 26±1 1.94±0.038   

97 12±1 23±1 18±1 25±1 22±1 1.942±0.016   

98 17±2 25±1 7±1 26±1 25±2 1.995±0.011   

99 17±1 24±1 13±1 24±1 22±1 1.986±0.014   

D
o

p
ed

 w
it

h
 

La
 &

 C
e 

100 26±3 26±1 7±1 11±1 30±3 1.974±0.013   

101 26±3 25±2 6±1 18±2 25±2 2.055±0.041   

102 29±2 27±1 13±1 6±1 25±1 2.079±0.024   

103 26±3 24±1 11±1 16±1 23±1 2.043±0.016   

104 28±3 25±1 17±2 6±1 24±1 2.007±0.015   

105 26±1 24±1 17±1 10±1 23±1 2.06±0.017   

H
EO

 

106 19±3 19±1 22±2 21±2 19±1 2.069±0.026 2.06[29] [29] 
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10. Chemical Composition, X-ray diffractogram, Raman spectra, and UV-vis spectra for all 

the 106 samples. 




