[bookmark: _Hlk116132434][bookmark: _Hlk118722063]Supplementary Information for “ Discovering the Advanced High-Entropy Oxides Through the Hybrid Knowledge-Assisted Data-Driven Machine Learning ”

[bookmark: OLE_LINK4][bookmark: OLE_LINK3]Ying Zhang 1, 2, Ke Ren 3, William Yi Wang 1, 2, *, Xingyu Gao4, Ruihao Yuan1, 2, Jun Wang1, 2, Yiguang Wang3, Haifeng Song4, *, Xiubing Liang 1, 5 and Jinshan Li 1, 2*

1 State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi′an, Shaanxi 710072, China
2 Innovation Center, NPU Chongqing, Chongqing 401135, China
3 Institute of Advanced Structure Technology, Beijing Institute of Technology, Haidian District, Beijing, 100081, China
4 Laboratory of Computational Physics, Institute of Applied Physics and Computational Mathematics, Beijing, 100088, China
5 Defense Innovation Institute, Academy of Military Sciences of the PLA of China, Beijing 100071, China
[bookmark: _Hlk116104624]* Corresponding authors: W. Y. Wang (wywang@nwpu.edu.cn); H. F. Song (Song_haifeng@ iapcm.ac.cn); J. S. Li (ljsh@nwpu.edu.cn) 
 
 
 


Materials and Methods
Supplementary Tables
Table S1.  The reported thermal conductivity κ-origin (W/(m·K)) and corresponding lower and upper limit κ-extend (W/(m·K)) of HEPOs and their binary, tripartite and quaternary derivatives at room temperature.
Table S2.  The calculation lattice parameter (a), equilibrium energy (E0), bulk modulus (B) and its first derivative with respect to pressure (B'), Fermi energy (Efermi), direct band gap energy (Egap) predicted by first-principles calculations together with other theoretical predictions in the literature.
Supplementary Figures
Figure S1.  Property map of HEPOs surviving from best descriptor set (r*, rA/rB and Eneg).
Figure S2.  Frequency distribution of the RE elements for the component of HEPOs in G1, G7 and G8.
Figure S3.  Frequency distribution of the RE elements for the component of HEPOs in G1~G8.
Figure S4.  The thermal properties of (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 pyrochlore oxide.
Figure S5.  The chemical bonding morphology of the screened is one of the worst candidates of our designed HEPOs, which are generated by the SAE method.  
Figure S6.  XRD pattern of HEPO powder.
Figure S7.  Combinatorial diagram for lattice thermal conductivity.



Feature engineering 
[bookmark: OLE_LINK38]In this work, introducing the empirical principles1-3, guiding the advanced development of high-entropy alloys, we adopt size disorder parameter ( r* ) to measure the difference of atomic sizes in A-site and B-site of pyrochlore structure 4, which are defined as:
                                    (S1)
Where rA and rB for multiple cations can be modified as  , xi is the atomic fraction, ri is the effective ionic radius of corresponding elements,  are the overall weighted average of ionic radius.
Typically, with the increasing number of doped elements, the increasing mass disorder can induce the saturation of phonon scattering reducing the thermal conductivity 5.  Therefore, the mass disorder parameter (m*) is used to represent the thermal transport effect 4.  Similar with r*, m* is defined as:
                                  (S2)
Where mA and mB for multiple cations can be modified as , xi is the atomic fraction, mi is the mass of corresponding elements,  are the overall weighted average of atomic mass.
The four-parameter Birch-Murnaghan (BM4) equation 6-8 is used to describe the relationship between the volume and energy, shown as follows,
                     (S3)
where the fitting parameter, a, is defined as .  The parameters of V0, E0, B, and , represent the equilibrium volume, energy, bulk modulus, and its first derivative with respect to the pressure, respectively.
Figure S1 displays the correlation between the thermal conductivity of 6459 synthesized samples (6288 points relate to the current work and the other 171 relate to the previous work (listed in Table S1)) and the average radius ratio (rA/rB) and size disorder and electronegativity (Eneg) of A and B cations.  In the 3D plot combining r*, rA/rB and Eneg, the variation tendency in our designed five-component pyrochlore-type rare-earth oxides with different compositions and phases were captured (rA/rB <1.46 for fluorite, 1.46<rA/rB <1.78 for pyrochlore, r* = 0 for single component oxide).  (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 is predicted as one of the novel thermal barrier materials for keeping a lower thermal conductivity among 6188 five-component HEOs.  Then, this (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 pyrochlore is studied in detail by DFT calculations.  Figure S1b shows the contour plot of the predicted thermal conductivity as a function of the size disorder, rA/rB and electronegativity of each component.  It could be seen that the thermal conductivity does not show a strong systematic dependence on electronegativity but does tend to decrease with increasing size disorder and structural transformation. 
[bookmark: _Hlk118722049]Experimental Section
Synthesis and X-Ray Diffraction :
we synthesized the composition (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 using the solid-state reactive sintering method via Spark Plasma sintering (SPS).  ZrO2, La2O3, Ce2O3, Pr(NO3)3⸱6H2O, Sc2O3, and Y2O3, which were purchased from Beijing HWRK Chem Co., Ltd., were used as raw materials to fabricate the (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7.  The raw powders were weighed according to the designed molecular formula and ball-milled with ultrapure water by a planetary mill for 24h (220 r/min).  The mixed slurry were dehydrated via freeze drying.  The obtained mixed powder were densified by using SPS at 1600 ºC for 15min.  The densities of sintered specimens were measured by the Archimedes method with ultra-pure water as the immersion fluid. 
[bookmark: _Hlk120626751]Thermal property measurement
Thermal conductivity was determined by measuring the thermal diffusivity (α) and density (ρ) of the bulk materials using the following equation: , Where  is the specific heat capacity, which was calculated by thermodynamic calculation with Gibbs2 9 and Neumann–Kopp law 10 based on the values of pure oxides (ZrO2, La2O3, Ce2O3, Pr2O3, Sc2O3, and Y2O3), respectively.   is the thermal diffusivity coefficient, which can be measured by using Laser-flash Thermal Conductivity Apparatus (NETZSCH LFA 427, Germany) at temperature of 25 ºC, 400 ºC, 800 ºC and 1000 ºC.  The samples for measurement were machined into discs with size of 1.5 mm × φ12.7 mm.  The density of (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 HEPO is 5.844g/cm3.  Meanwhile, the porosity of HEPO is 6.805%, which is determined by comparing it with the theoretical density calculated by DFT simulation.
Thermal properties modification
[bookmark: OLE_LINK1]Figure S4 depicts the temperature-dependent experimental thermal diffusivity of (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 pyrochlore oxide.  It reveals that the inverse thermal diffusivity increases with temperature and drops at elevated temperatures beyond ~673 K.  The classic heat transport theory suggests that the Umklapp process-dominated phonon thermal diffusivity tends to decrease linearly with temperature 11.  Due to the increased radiation losses at elevated temperatures, the reciprocal thermal diffusivity deviates from the proportional law and its thermal diffusivity decreases continuously with temperature rapidly, as shown in Figure S4a.  To obtain the intrinsic lattice heat diffusivity and got a better understanding of the intrinsic heat conductivity of (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 HEPO, the thermal radiation effect should be modified in experimental thermal diffusivity data.  First, data points at 298 and 673 K were picked to fit the linear relationship between reciprocal thermal diffusivity and temperature and extrapolate to higher temperatures 12.  The modified and original thermal diffusivity data is obtained in Figure S4b, thus, the intrinsic lattice thermal conductivity of HEPO can be calculated by eliminating the thermal radiation effect, as shown in Figure S4c.  The results indicate a good correlation between simulation (DFT and ML) results and experimental data, in which both methods only contain intrinsic anharmonic Umklapp phonon-phonon scattering and extrinsic porosity scattering mechanisms.  
Bonding nature in HEPO
Additional understanding of the nature of the HEPOs bonding can be obtained from investigating the RE cation in a local disordered environment.  The Similar Alloy Environment (SAE) method was applied to construct the supercells of (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 HEPOs, considering the effect of local clustering for RE atoms in A-site 13.  The electron contribution of RE atoms in single principal oxide is uniform, while the chemical bonding in HEPOs is interrupted by both chemical disorder and lattice distortion effect as shown in Figure S5, which displays the line profile of the bonding charge distribution of RE-O1 in oxides and HEPOs.  Ideally, Zr atom with six adjacent O atoms and RE atoms with eight adjacent O atoms showed strong charge transfer, O atoms gained electrons and Zr/ RE atoms lost electrons, which was the main charge transfer location. This chemistry complexity in the HEPO creates mass fluctuation and strain field fluctuations which can disturb the regular distribution of bonding charge. Because the RE−O units are highly distorted in HEPO, the relative proportions of electronic structure differ from regular shape, and additional peaks are apparent in the line profiles as a result of the crystal distortion.  Additionally, the line profile in HEPOs is bilateral asymmetry, which can be attributed to the decrease in the symmetry of the local environment.  Considering the main orbital interactions in RE2Zr2O7 are due to Zr 4d – O 2p and RE 5p – O 2s, while O atoms gained electrons while RE and Zr atoms lost electrons.  Referring to the charge distribution among the O-Ce1#/Ce2#-O unit, it indicates more electrons between the Ce3# site and the O1 atom and therefore enhances the local bond strength of HEPOs, as shown in Figure S5e.  



[bookmark: OLE_LINK6]TableS1   The reported thermal conductivity κ-origin (W/(m·K)) and corresponding lower and upper limit κ-extend (W/(m·K)) of HEPOs and their binary, tripartite and quaternary derivatives at room temperature.  The data number marks the data points used in machine learning, whose reported compositions are listed behind.  The bold font represents the average value of reported thermal conductivity, and the following two values indicate the maximum and minimum values within the error range.

	Data Number
	[bookmark: _Hlk116291367]Composition
	κ-origin
W/(m·K)
	Ref
	κ-extend
W/(m·K)

	No.1
	La2(Hf1/2Zr1/2)2O7
	2.29±0.06
	Exp.4
	2.29

	No.2
	
	
	
	2.35

	No.3
	
	
	
	2.23

	No.4
	Sm2(Sn1/4Ti1/4Hf1/4Zr1/4)2O7
	1.73±0.05
	Exp.4
	1.73

	No.5
	
	
	
	1.78

	No.6
	
	
	
	1.68

	No.7
	Gd2(Sn1/4Ti1/4Hf1/4Zr1/4)2O7
	1.58±0.05
	Exp.4
	1.58

	No.8
	
	
	
	1.63

	No.9
	
	
	
	1.53

	No.10
	(Sm1/2Gd1/2)2(Ti1/3Hf1/3Zr1/3)2O7
	1.47±0.04
	Exp.4
	1.47

	No.11
	
	
	
	1.51

	No.12
	
	
	
	1.43

	No.13
	(Eu1/2Gd1/2)2(Ti1/3Hf1/3Zr1/3)2O7
	1.52±0.05
	Exp.4
	1.52

	No.14
	
	
	
	1.57

	No.15
	
	
	
	1.47

	No.16
	(La1/2Pr1/2)2(Sn1/3Hf1/3Zr1/3)2O7
	2.24±0.07
	Exp.4
	2.24

	No.17
	
	
	
	2.31

	No.18
	
	
	
	2.17

	No.19
	(Eu1/2Gd1/2)2(Sn1/3Hf1/3Zr1/3)2O7
	2.24±0.07
	Exp.4
	2.24

	No.20
	
	
	
	2.31

	No.21
	
	
	
	2.17

	No.22
	(La1/3Pr1/3Nd1/3)2(Hf1/2Zr1/2)2O7
	2.16±0.06
	Exp.4
	2.16

	No.23
	
	
	
	2.22

	No.24
	
	
	
	2.1

	No.25
	(Sm1/3Eu1/3Gd1/3)2(Hf1/2Zr1/2)2O7
	1.97±0.06
	Exp.4
	1.97

	No.26
	
	
	
	2.03

	No.27
	
	
	
	1.91

	No.28
	(Sm1/3Eu1/3Gd1/3)2(Sn1/3Hf1/3Zr1/3)2O7
	2.21±0.07
	Exp.4
	2.21

	No.29
	
	
	
	2.28

	No.30
	
	
	
	2.14

	No.31
	(Sm1/3Eu1/3Gd1/3)2(Ti1/4Sn1/4Hf1/4Zr1/4)2O7
	1.67±0.05
	Exp.4
	1.67

	No.32
	
	
	
	1.72

	No.33
	
	
	
	1.62

	No.34
	(Sm1/4Eu1/4Gd1/4Yb1/4)2(Ti1/4Sn1/4Hf1/4Zr1/4)2O7
	1.45±0.04
	Exp.4
	1.45

	No.35
	
	
	
	1.49

	No.36
	
	
	
	1.41

	No.37
	(Sm1/3Eu1/3Gd1/3)2(Ti1/2Sn1/6Hf1/6Zr1/6)2O7
	1.71±0.05
	Exp.4
	1.71

	No.38
	
	
	
	1.76

	No.39
	
	
	
	1.66

	No.40
	(Sm1/3Eu1/3Gd1/3)2(Ti3/4Sn1/12Hf1/12Zr1/12)2O7
	1.9±0.06
	Exp.4
	1.9

	No.41
	
	
	
	1.96

	No.42
	
	
	
	1.84

	No.43
	(Sm1/3Eu1/3Gd1/3)2Ti2O7
	2.88±0.09
	Exp.4
	2.88

	No.44
	
	
	
	2.97

	No.45
	
	
	
	2.79

	No.46
	(Sm1/4Eu1/4Gd1/4Yb1/4)2(Ti1/2Hf1/4Zr1/4)2O7
	1.36±0.04
	Exp.4
	1.36

	No.47
	
	
	
	1.4

	No.48
	
	
	
	1.32

	No.49
	(Sm3/4Yb1/4)2(Ti1/2Zr1/2)2O7
	1.4±0.04
	Exp.4
	1.4

	No.50
	
	
	
	1.44

	No.51
	
	
	
	1.36

	No.52
	(La1/5Ce1/5Nd1/5Sm1/5Eu1/5)2Zr2O7
	2.06±0.06
	Exp.4
	2.06

	No.53
	
	
	
	2.12

	No.54
	
	
	
	2.0

	No.55
	
	0.76±0.1
	Exp.14
	0.76

	No.56
	
	
	
	0.77

	No.57
	
	
	
	0.75

	No.58
	(La1/7Ce1/7Pr1/7Nd1/7Sm1/7Eu1/7Gd1/7)2(Hf1/2Zr1/2)2O7
	1.97±0.06
	Exp.4
	1.97

	No.59
	
	
	
	2.03

	No.60
	
	
	
	1.91

	No.61
	(La1/7Ce1/7Pr1/7Nd1/7Sm1/7Eu1/7Gd1/7)2(Sn1/3Hf1/3Zr1/3)2O7
	2.02±0.06
	Exp.4
	2.02

	No.62
	
	
	
	2.08

	No.63
	
	
	
	1.96

	No.64
	(Nd0.8Yb0.2)2Zr2O7
	1.21±0.1 a
	cal.15
	1.21

	No.65
	
	
	
	1.31

	No.66
	
	
	
	1.11

	No.67
	(Nd0.6Yb0.4)2Zr2O7
	1.32±0.1 a
	cal.15
	1.32

	No.68
	
	
	
	1.42

	No.69
	
	
	
	1.22

	No.70
	(Nd0.4Yb0.6)2Zr2O7
	1.24±0.1 a
	cal.15
	1.24

	No.71
	
	
	
	1.34

	No.72
	
	
	
	1.14

	No.73
	(Nd0.2Yb0.8)2Zr2O7
	1.63±0.1 a
	cal.15
	1.63

	No.74
	
	
	
	1.73

	No.75
	
	
	
	1.53

	No.76
	(Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7
	1.4±0.1a
	Exp.16
	1.4

	No.77
	
	
	
	1.3

	No.78
	
	
	
	1.5

	No.79
	(Sm0.2Eu0.2Dy0.2)2Zr2O7
	1.89±0.1a
	Exp.12
	1.89

	No.80
	
	
	
	1.99

	No.81
	
	
	
	1.79

	No.82
	(Sm0.2Eu0.2Tb0.2Dy0.2Lu0.2)2Zr2O7
	1.45±0.1a
	Exp.12
	1.45

	No.83
	
	
	
	1.55

	No.84
	
	
	
	1.35

	No.85
	(La5/6Yb1/6)2Zr2O7
	1.25±0.1a
	Exp.17
	1.25

	No.86
	
	
	
	1.35

	No.87
	
	
	
	1.15

	No.88
	(La4/6Yb2/6)2Zr2O7
	1.24±0.1a
	Exp.17
	1.24

	No.89
	
	
	
	1.34

	No.90
	
	
	
	1.14

	No.91
	(La3/6Yb3/6)2Zr2O7
	1.33±0.1a
	Exp.17
	1.33

	No.92
	
	
	
	1.43

	No.93
	
	
	
	1.23

	No.94
	(La2/6Yb4/6)2Zr2O7
	1.42±0.1a
	Exp.17
	1.42

	No.95
	
	
	
	1.52

	No.96
	
	
	
	1.32

	No.97
	(La1/6Yb5/6)2Zr2O7
	1.61±0.1a
	Exp.17
	1.61

	No.98
	
	
	
	1.71

	No.99
	
	
	
	1.51

	No.100
	(Sm0.75La0.25)2Zr2O7
	1.92±0.1a
	Exp.18
	1.92

	No.101
	
	
	
	2.02

	No.102
	
	
	
	1.82

	No.103
	(Sm0.5La0.5)2Zr2O7
	1.03±0.1a
	Exp.18
	1.03

	No.104
	
	
	
	1.13

	No.105
	
	
	
	0.93

	No.106
	(Sm0.25La0.75)2Zr2O7
	2.40±0.1a
	Exp.18
	2.40

	No.107
	
	
	
	2.50

	No.108
	
	
	
	2.30

	No.109
	(Gd0.94Yb0.06)2Zr2O7
	1.10±0.1a
	Exp.19
	1.10

	No.110
	
	
	
	1.20

	No.111
	
	
	
	1.00

	No.112
	(Gd0.925Yb0.075)2Zr2O7
	1.27±0.1a
	Exp.19
	1.27

	No.113
	
	
	
	1.37

	No.114
	
	
	
	1.17

	No.115
	(Gd0.865Sc0.075Yb0.06)2Zr2O7
	0.93±0.1a
	Exp.19
	0.93

	No.116
	
	
	
	1.03

	No.117
	
	
	
	0.83

	No.118
	(Gd0.8Sc0.1Yb0.1)2Zr2O7
	1.20±0.1a
	Exp.19
	1.20

	No.119
	
	
	
	1.30

	No.120
	
	
	
	1.10

	No.121
	(Gd1/6La5/6)2Zr2O7
	1.60±0.1a
	Exp.20
	1.60

	No.122
	
	
	
	1.70

	No.123
	
	
	
	1.50

	No.124
	(Gd2/6La4/6)2Zr2O7
	1.61±0.1a
	Exp.20
	1.61

	No.125
	
	
	
	1.71

	No.126
	
	
	
	1.51

	No.127
	(Gd3/6La3/6)2Zr2O7
	1.52±0.1a
	Exp.20
	1.52

	No.128
	
	
	
	1.62

	No.129
	
	
	
	1.42

	No.130
	(Gd4/6La2/6)2Zr2O7
	1.66±0.1a
	Exp.20
	1.66

	No.131
	
	
	
	1.76

	No.132
	
	
	
	1.56

	No.133
	(Gd5/6La1/6)2Zr2O7
	2.24±0.1a
	Exp.20
	2.24

	No.134
	
	
	
	2.34

	No.135
	
	
	
	2.14

	No.136
	(Sm5/6Yb1/6)2Zr2O7
	1.71±0.1a
	Exp.21
	1.71

	No.137
	
	
	
	1.61

	No.138
	
	
	
	1.71

	No.139
	(Sm4/6Yb2/6)2Zr2O7
	1.56±0.1a
	Exp.21
	1.56

	No.140
	
	
	
	1.46

	No.141
	
	
	
	1.66

	No.142
	(Sm3/6Yb3/6)2Zr2O7
	1.65±0.1a
	Exp.21
	1.65

	No.143
	
	
	
	1.55

	No.144
	
	
	
	1.75

	No.145
	(Sm2/6Yb4/6)2Zr2O7
	1.68±0.1a
	Exp.21
	1.68

	No.146
	
	
	
	1.58

	No.147
	
	
	
	1.78

	No.148
	(Sm1/6Yb5/6)2Zr2O7
	1.78±0.1a
	Exp.21
	1.78

	No.149
	
	
	
	1.68

	No.150
	
	
	
	1.88

	No.151
	Y2(Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)2O7
	1.30±0.1a
	Exp.22
	1.30

	No.152
	
	
	
	1.20

	No.153
	
	
	
	1.40

	No.154
	Ho2(Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)2O7
	1.36±0.1a
	Exp.22
	1.36

	No.155
	
	
	
	1.26

	No.156
	
	
	
	1.46

	No.157
	Er2(Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)2O7
	1.10±0.1a
	Exp.22
	1.10

	No.158
	
	
	
	1.00

	No.159
	
	
	
	1.20

	No.160
	Yb2(Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)2O7
	1.37±0.1a
	Exp.22
	1.37

	No.161
	
	
	
	1.27

	No.162
	
	
	
	1.47

	No.163
	La2(Zr0.8Ce0.2)2O7
	1.75±0.1a
	Exp.23
	1.75

	No.164
	
	
	
	1.65

	No.165
	
	
	
	1.85

	No.166
	La1.7Dy0.3Zr2O7
	1.62±0.1a
	Exp.23
	1.62

	No.167
	
	
	
	1.52

	No.168
	
	
	
	1.72

	No.169
	La1.7(DyNd)0.15(Zr0.8Ce0.2)2O7
	1.28±0.1a
	Exp.23
	1.28

	No.170
	
	
	
	1.18

	No.171
	
	
	
	1.38


[bookmark: OLE_LINK5]Note: Additionally added an error bar, ±0.1, for increasing the data tolerance.

[bookmark: _Hlk117871614][bookmark: OLE_LINK137]Table S2 The calculation lattice parameter (a), equilibrium energy (E0), bulk modulus (B) and its first derivative with respect to pressure (B'), Fermi energy (Efermi), direct band gap energy (Egap) predicted by first-principles calculations together with other theoretical predictions in the literature
	
	a
Å
	E0/atom
eV
	B
GPa
	B'
	Efermi
eV
	Egap
eV

	La
	11.01
10.73a, 10.80b, 10.72a, 10.99 c
	-8.55
	149.71
176h
	4.24
	9.30
	4.14
4.1 h

	Ce
	10.89
10.59d,e
	-8.45
	145.96
	3.05
	8.28
	3.53

	Pr
	10.86
10.60f
	-8.59
	154.22
155 h
	4.21
	8.29
	2.85

	Sc
	10.41
	-8.52
	158.26
	4.25
	4.52
	2.17

	Y
	10.76
10.43g
	-8.70
	154.14
	4.14
	6.83
	3.17

	5RE
	10.84
	-8.59
	127.28
	3.47
	6.09
	1.44


Note The present first-principles calculation with PAW-GGA-PBEsol.
a Liu et al., first-principles calculation 24.
b Liu et al., Experiment 24.
c Pruneda et al., first-principles calculation 25.
d Venkatesh et al., Experiment 26.
e Popa et al., Experiment 27.
f Stopyra et al., Experiment 28.
g Li et al., Experiment, fluorite (space group Fm3m (225)) 29. 
h Feng et al., first-principles calculation 30.
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[bookmark: _Hlk116294927][bookmark: _Hlk108710317]Figure S1 Property map of HEPOs surviving from best descriptor set (r*, rA/rB and Eneg).  a The 3D plot.  The colored sphere indicates the collected thermal conductivity data listed in Table S1 and cubic points represent predicted thermal conductivity for 6188 HEPOs.  b The counter plot.  The black circle and the colored square are the projection of the colored sphere and cubic in Figure S1a.  
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[bookmark: _Hlk118107173]
[bookmark: _Hlk116156706]Figure S2  Frequency distribution of the RE elements for the component of HEPOs in G1, G7 and G8. 
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Figure S3  Frequency distribution of the RE elements for the component of HEPOs in G1~G8.
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Figure S4  The thermal properties of (Sc0.2Y0.2La0.2Ce0.2Pr0.2)2Zr2O7 pyrochlore oxide: a Inverse experimental thermal diffusivity; b Experimental thermal diffusivity together with intrinsic thermal diffusivity; c Experimental thermal conductivity (EXP) and intrinsic thermal conductivity (EXP-m1, EXP-m2).  Meanwhile, the temperature dependence of specific heat capacity for EXP-m1 and EXP-m2 were calculated using the Gibbs2 and Neumann–Kopp law, respectively.
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[bookmark: _Hlk116142444][bookmark: _Hlk111714318]Figure S5  The chemical bonding morphology of the screened is one of the worst candidates of our designed HEPOs, which are generated by the SAE method.  a Schematic structure in 3D view.  b Line profile of RE atoms in HEPOs (5A) and RE2Zr2O7 oxides (1A) with different local bonding environments.
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[bookmark: _Hlk120787506]Figure S6   XRD pattern of HEPO powder.  


[image: ]
[bookmark: _Hlk116294975][bookmark: _Hlk116152957]Figure S7  Combinatorial diagram for lattice thermal conductivity.   and  means calculating lattice thermal conductivity using Eq.(3) and Eq.(4), respectively.  The Grüneisen parameter , , ,  and  are calculated using five commonly used models respectively, including the thermal or macroscopic formulation, Slater, Dugdale–MacDonald, Vaschenko–Zubareand and the modified free-volume.   and  means calculating lattice thermal conductivity using Eq.(1) and Eq.(2), respectively.
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