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Determination of Uet of Th, Zr, and Ti impurity atoms

Th, Zr, and Ti atoms contain d-orbital electrons, which have a strong correlation ef-
fect. The traditional LDA or GGA cannot describe the strong correlation effect well, so the
DFT + U method is used for calculation. Impurity atoms occupy the position of U atoms
in crystalline UO2 and combine with the surrounding oxygen atoms to form +4 valence
ions. To better describe the influence of impurity atoms on the dissolution and nucleation
behavior of Xe atoms in UOz, we evaluated the ground state properties of ThO2, ZrO», and
TiOz2 under different Uetr, compared the calculated lattice constants, band gaps, and elastic
constants with the experimental values, and finally determined the most suitable Uk
value of impurity atoms.

The band gap of ThO: can be increased using the DFT + U method. When the U
value is larger than 7.0 eV, the calculated band gap can be close to the experimental value
of 5.9 eV[1], but at this time, the lattice is seriously distorted, as shown in Table S1. Shields
et al. [2] studied Th and believed that adding the U.tt parameter would not increase struc-
tural accuracy. Therefore, for Th, we used Ueit = 0 eV for calculation. Table S1 shows the
ground state properties of ThO2. It can be seen that the calculated results are in good
agreement with the experimental values except for the band gap.

For ZrO2, we found that the band gap of ZrO: can reach the experimental value of
5.25 eV only when the Ue value is 9.5 eV, but the lattice distortion is serious, as shown in
Table S2. Delamelina et al. [3] found that the values of Ue larger than 4 eV should be
avoided in these calculations due to the deterioration observed in the description of the
structural parameter, relative energies, and dielectric constants. When U.it = 4 eV, alt-
hough there is a certain deviation between the lattice parameters and the experimental
values, the deviations of elastic constant, dielectric constant, and energy band gap from
the experimental values are significantly reduced, and the calculated phonon dispersion
curve is also improved considerably. Therefore, when Ukt = 4.0 eV, the properties of ZrO:
can be better described.

In TiOz, due to the existence of the 3d electron orbital of the Ti atom, it is necessary
to use DFT + U method. The calculation results show that the band gap can only reach the
experimental value of 3.2 eV when Uett = 8.5 eV, as shown in Table S3. Stausholm et al. [4]
believe that since TiO2 is more of a charge-transfer type semiconductor than a Mott-Hub-
bard insulator, we do not expect to be able to open up the band gap to its experimental
value using any reasonable value of Ue. Combined with the literature research [5-8], we
finally determined Ue.t = 4.0 eV, which is enough to describe the properties of TiO2 well.
In Table S3, the lattice constant and bulk modulus of TiO: calculated theoretically have
only about a 2% error with the experimental value, which shows that the calculation
method in this paper is reasonable.



Table S1. Ground state properties of ThO: under different Ues values. Lattice parameter (a, b, c),
band gap (Egap), bulk modulus (B), shear modulus (G), Young's modulus (E), and elastic constant
(Cu1, C12, Cas), compared to the reported experimental values (Exp.).

Lattice constant

Ue(eV)  Egap(eV) (A) Cn (GPa) Ci12 (GPa) Csu4 (GPa) B (GPa) G (GPa) E (GPa)
a=b=c
0.0 4.464 5.617 355.6 106.3 71.7 189.4 89.6 232.3
1.0 4552 5.632 353.1 106.4 74.4 188.6 91.2 235.7
2.0 4.626 5.646 349.0 103.4 74.8 185.3 91.3 2353
2.5 4.764 5.652 352.6 107.9 75.3 189.5 91.5 236.5
3.0 4.683 5.658 357.4 113.8 74.8 195.0 91.0 236.3
3.5 4.820 5.664 351.5 108.1 74.7 189.2 91.0 235.2
4.0 4725 5.672 3522 109.3 74.6 190.3 90.7 234.9
45 4741 5.678 357.2 116.1 75.2 196.4 91.0 236.4
5.0 4753 5.684 350.1 111.5 75.8 191.1 91.0 235.5
5.5 4.878 5.690 347.9 110.2 75.8 189.4 90.8 234.9
6.0 4.770 5.696 3474 110.7 76.0 189.6 90.8 235.0
6.5 4.873 5.701 334.6 98.8 75.7 177.4 90.5 232.0
7.0 4782 5.707 340.8 107.2 75.0 185.1 89.6 231.5
7.5 4.831 5.712 339.4 106.8 75.7 184.3 90.0 2322
5.600[10] 198 +2[10]

Exp. 5-6[1,9] 367[11] 106[11] 79[11] 97[11] 249[11]

5.598[9] 195+ 2[9]

Table S2. Ground state properties of ZrO: under different Uett values. Lattice parameter (a, b, c),
band gap (Egap), bulk modulus (B), shear modulus (G), Young's modulus (E), and elastic constant
(Ca1, Cr2, Cs3, Cu, Ces), compared to the reported experimental values (Exp.).

Lattice constant

Uest Egap (A) Cu Cuz Css Cus Ces B G E
(eV) (eV) a b . (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
1.0 3.708 5.209 5.263 5.383 312.8 157.6 271.2 80.3 119.8 190.0 89.6 232.2
2.0 3.812 5.231 5.274 5396 313.9 158.7 276.1 84.2 119.1 192.4 90.5 234.7
2.5 3.868 5.241 5.281 5.403 313.6 159.1 276.8 85.8 119.6 192.6 90.8 235.4
3.0 3.923 5.252 5.286 5.410 315.3 158.3 284.2 87.4 119.5 194.7 91.8 238.1
3.5 3981 5.264 5292 5418 316.6 158.0 282.0 88.7 119.3 195.0 91.8 238.1
4.0 4.039 5274 5298 5425 314.7 158.5 283.4 89.9 119.1 194.8 92.0 238.4
4.5 4.172 5.285 5.303 5433 315.8 159.2 281.4 90.6 119.2 194.8 91.8 237.9
5.0 4.164 5300 5.303 5449 316.4 163.8 275.4 90.7 117.5 194.7 87.2 227.5
5.5 4222 5310 5310 5455 3164 162.2 277.2 91.5 117.6 194.5 88.1 229.7
6.0 4284 5320 5314 5464 319.8 160.1 290.6 92.4 117.8 197.2 89.7 233.6
6.5 4346 5.332 5318 5474 323.0 155.9 303.1 933 116.9 198.7 91.5 238.0
7.0 4408 5.341 5323 5481 3234 154.0 308.4 94.1 116.5 198.8 92.8 241.0
7.5 4468 5.352 5.329 5489 3235 153.3 305.2 94.7 116.1 198.0 92.3 239.6
8.5 4.592 5.372 5338 5506 326.3 148.3 3114 95.5 115.6 197.0 92.5 239.9
9.5 4712 5391 5349 5.521 3259 145.9 3134 96.8 114.9 195.9 93.9 243.0
Ex 525 S5.51[5.212[5.317[ 361[13] 142[13]  258[13] 99.9[13] 126[13] 187[13] 94[13] 241[13]
P [12] 121  12] 12] 358[14] 144[14] 240[14] 99.1[14] 130[14] 177.5[14] 98.1[14] 248.6[14]
Table S3. Ground state properties of TiO2 under different Uert values. Lattice parameter (a, b, c),
band gap (Egap), bulk modulus (B), shear modulus (G), Young's modulus €, and elastic constant
(Cu1, C12, Ci3, Cs3, Cua4, Ces), compared to the reported experimental values (Exp.).
Uetr  Egap LattICEE(;nstant Cu Cu Cis Css Caa Ces B ¢ gPa E
V) (eV) p—y . (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) ) (GPa)

20 2364 3.831 9.714 346.4 129.7 137.9 210.6 253 59.5 185.2 47.8 132.1




2.5

2424 3837 9.723 342.0 131.5 137.1 214.6 45.2 59.8 185.3 59.8 162.0

30 2484 3.843 9.729 3449 122.2 135.1 220.5 41.3 62.4 184.6 59.4 161.0
35 2544 3850 9.732 348.7 119.8 129.2 218.2 51.5 60.7 181.6 65.4 175.3
40 2606 3.857 9.739 348.0 115.1 127.3 210.3 50.4 58.6 178.2 64.2 172.0
45 2675 3.862 9.751 353.9 112.2 125.3 208.2 50.1 56.5 177.2 64.4 172.3
5.0 2.741 3.868 9.758 358.0 114.3 124.5 206.6 48.0 54.2 177.5 63.2 169.4
5.5 2.808 3.874 9.773 352.9 106.5 125.3 208.6 57.0 60.3 176.3 68.6 182.1
6.0 2878 3.881 9.776 360.2 100.8 123.4 213.1 54.6 58.9 176.6 68.6 182.3
6.5 2945 3887 9.787 358.0 100.2 122.8 211.8 53.4 54.8 175.6 67.0 178.2
7.0 3.016 3.893 9.795 361.7 92.0 120.8 222.6 52.5 54.6 176.1 68.1 181.0
7.5 3.088 3900 9.804 365.6 91.0 118.2 220.1 42.7 52.2 174.8 63.0 168.7
8.0 3.160 3905 9.813 362.7 89.4 116.3 222.2 50.3 54.7 173.5 67.7 179.7
8.5 3201 3908 9.824 367.4 91.9 115.5 223.0 55.0 57.8 174.5 71.3 188.2
9.0 3313 3914 9.835 369.0 88.0 115.6 219.3 51.6 55.7 173.5 69.1 183.0
3 784[16]9'71]2[16 174116]
Exp. 3'2[15]3:785[17]9.512[17 320[16] 151[16] 143[16] 190[16] 54[16] 60[16] 179+  58[16] -
] 2[18]
Reference
1. Griffiths, T.R.; Dixon, ]. Electron irradiation of single crystal thorium dioxide and electron transfer reactions. Inorganica Chimica

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Acta 2000, 300, 305-313.

Shields, A.E.; Santos-Carballal, D.; de Leeuw, N.H. A density functional theory study of uranium-doped thoria and uranium
adatoms on the major surfaces of thorium dioxide. Journal of Nuclear Materials 2016, 473, 99-111.

Delarmelina, M.; Quesne, M.G.; Catlow, C.R.A. Modelling the bulk properties of ambient pressure polymorphs of zirconia.
Physical Chemistry Chemical Physics 2020, 22, 6660-6676.

Stausholm-Moller, J.; Kristoffersen, H.H.; Hinnemann, B.; Madsen, G.K.; Hammer, B. DFT+ U study of defects in bulk rutile
TiOz. The Journal of chemical physics 2010, 133, 144708.

Morgan, B.J.; Watson, G.W. Intrinsic n-type Defect Formation in TiO2: A Comparison of Rutile and Anatase from GGA+U Cal-
culations. Journal of Physical Chemistry C 2010, 114, 2321-2328.

Morgan, B.J.; Watson, G.W. A DFT+U description of oxygen vacancies at the TiO2 rutile (110) surface. Surface Science 2007, 601,
5034-5041, doi:10.1016/j.susc.2007.08.025.

Prada, S.; Rosa, M.; Giordano, L.; Di Valentin, C.; Pacchioni, G. Density functional theory study of TiO2/Ag interfaces and their
role in memristor devices. Physical Review B 2011, 83, doi:10.1103/PhysRevB.83.245314.

Morgan, B.J.; Madden, P.A. Lithium intercalation into TiO2(B): A comparison of LDA, GGA, and GGA+U density functional
calculations. Physical Review B 2012, 86, d0i:10.1103/PhysRevB.86.035147.

Olsen, J.S.; Gerward, L.; Kanchana, V.; Vaitheeswaran, G. The bulk modulus of ThO2—an experimental and theoretical study.
Journal of alloys and compounds 2004, 381, 37-40.

Idiri, M.; Le Bihan, T.; Heathman, S.; Rebizant, J. Behavior of actinide dioxides under pressure: UO22 and ThO2. Physical Review
B 2004, 70, 014113.

Macedo, P.; Capps, W.; Wachtman Jr, J. Elastic constants of single crystal ThO:2 at 25° C. Journal of the American Ceramic Society
1964, 47, 651-651.

Stefanovich, E.; Shluger, A.L.; Catlow, C. Theoretical study of the stabilization of cubic-phase ZrO: by impurities. Physical Re-
view B 1994, 49, 11560.

Chan, S.K,; Fang, Y.; Grimsditch, M.; Li, Z.; Nevitt, M.V.; Robertson, W.M.; Zouboulis, E.S. Temperature dependence of the
elastic moduli of monoclinic zirconia. Journal of the American Ceramic Society 1991, 74, 1742-1744.

Nevitt, M.; Chan, S.-K,; Liu, J.; Grimsditch, M.; Fang, Y. The elastic properties of monoclinic ZrOz. Physica B+ C 1988, 150, 230-
233.

Dalton, J.S.; Janes, P.A.; Jones, N.; Nicholson, J.A.; Hallam, K.R.; Allen, G.C. Photocatalytic oxidation of NOx gases using TiO2:
a surface spectroscopic approach. Environmental Pollution 2002, 120, 415-422.

Liu, X.; Fu, J. Electronic and elastic properties of the tetragonal anatase TiO: structure from first principle calculation. Optik
2020, 206, 164342.

Burdett, ] K.; Hughbanks, T.; Miller, G.J.; Richardson Jr, J.W.; Smith, J.V. Structural-electronic relationships in inorganic solids:
powder neutron diffraction studies of the rutile and anatase polymorphs of titanium dioxide at 15 and 295 K. Journal of the
American Chemical Society 1987, 109, 3639-3646.

Arlt, T.; Bermejo, M.; Blanco, M.; Gerward, L.; Jiang, J.; Olsen, J.S.; Recio, J. High-pressure polymorphs of anatase TiO2. Physical
Review B 2000, 61, 14414.






