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Electronic Structures and Oxygen Ion Migration Energies of Metal Doped
CeO, Systems: A DFT+U Study

Jia, Guixiao™* Hao, Wenxing” Pan, Fei® Yang, Jichun“ Zhang, Yongfan”
(“ School of Materials and Metallurgy, Inner Mongolia University of Science and Technology, Baotou 014010)
(®*Department of Chemistry, Fuzhou University, Fujian 350108)

Abstract Doping energies of Ca, Ba, Sm and Zr in CeO, systems and influences of dopings on oxygen ion migration ener-
gies and vacancy formation energies were studied using DFT and DFT+U methods. The calculated results showed that the
doping energies increased with doping cation radius for doped CeO, systems without oxygen vacancies, and for doped CeO,
systems with oxygen vacancies, the doping energies were related to the valence of the doping cations besides their radius.
Calculations on electronic structures of various doped CeO, systems showed that Fermi level shifted to the high energy in
reduced CeO,, Zr- and Sm-doped CeO, systems, however, in Ca- and Ba-doped CeQO, systems, negative charges due to the
substitution of Ca?" and Ba®" with lower chemical valence for Ce** and positive charges due to the formation of oxygen
ion vacancy were neutralized, so Fermi level scarcely shifted. Ce*" existed in the reduced CeO, system and the Zr-doped
Ce0, system, which would lead to mixed conductivity with ion and electron one, and electron state of Ce®" layed between
Ce4f and O2p. However, the reduction of Ce*" was restrained in Ca-, Ba- and Sm-doped CeO, systems. The migration of an
oxygen vacancy was investigated using the nudged elastic band method. The calculated results indicated that a
straightforward migration path between two adjacent oxygen sites for oxygen vacancy hopping was obtained. For Ca- , Ba-,
Sm- and Zr-doped CeO, systems, the migration energies of oxygen ions were smaller than that of CeO, system. In these
doped CeO, systems, the migration energy of oxygen ions for Ba was the smallest and its doping energy are the largest, so Ba
was maybe introduced through adding the third class dopant in experiment.

Keywords cerium dioxide; DFT+U; doping energy; vacancy formation energy; ion migration energy
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FER, 87 i R 5 28R B 1 1 o K, E B A
WREH, 37 S A BE 5 A% U 0 19 v ek /s B,
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Figure 1 Geometric structures of various doped CeO, systems. Black balls are oxygen ions and the others are Ce and doping ions. The structure of figure
(a) was obtained from the DFT method and others from the DFT+U method. Oxygen ion vacancies were noted in figures, Ca, Ba, Sm and Zr doped ions
were also noted. Arrow directions indicate moving directions of atoms after optimization.
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Figure 3 Density of state (DOS) of Zr (a), Ba (b), Ca (c) and Sm (d) in various doped systems. Fermi energy is at 0 eV
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Table 1 Vacancy formation energies (£,) and doping energies (Eqqp) of different systems
'ﬂi% #}/%%—%ﬂé‘ffé V/A Edope(I)/eV Edope(H)/eV E, eV
Ces,063 0.97 (Ce*") 2.57 (3.03%)
BaCes,064 1.42 (Ba*") 2.86
BaCes Og; (NN) —0.88 —1.17
BaCes Og; (NNN) —0.69 —0.98
CaCe; Ogs 1.12 (Ca*") 2.20
CaCes Og; (NN) —1.56 —1.20
CaCes Og; (NNN) —1.23 —0.87
SmCe;3 04 1.08 (Sm*") 0.83 (2.44%, 5.13%)
SmCe;s,0¢; (NN) —1.41 0.68
SmCe;s,0¢3 (NNN) —1.25 0.84
ZrCesOg4 0.84 (Zr*") 0.20
ZrCe31063 (NN) —0.50 1.86
ZrCes,06; (NNN) 0.12 2.48
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Figure 4 Possible migration routes of oxygen ions in the NN systems
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Table 2 Migration energies (E,) of oxygen ions in various systems

(23 BEEm/A BB En/eV
0.79 (DFT+U)
Ce;;Om 0 97 (CC‘H) 0.32 (DFT)
) ’ 0.53 3231 (DFT+U)
0.46!" (DFT)
1>V 0.10
V-l 0.29
BaCe;3,0¢; 1.42 (Ba*")
25V 1.57
V-2 1.57
1>V 0.28
V-l 0.61
CaCes Og; 1.12 (Ca*")
25V 0.84
V-2 0.84
1V 0.35
V-l 0.51
SmCes;Og3 1.08 (Sm*")
25V 0.62
V-2 0.62
1V 0.25
V-l 0.87
ZrCe;10¢3 0.84 (Zr*")
25V 0.23
V-2 0.23
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