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Abstract.  

CeO2 based materials are very attractive as catalytic component for industrial processes and 

environment friendly technologies, therefore, a reliable and computationally affordable theoretical 

description of the main properties of ceria is needed. In particular, the description of the 

interconversion between the Ce(IV) and Ce(III) oxidation states, on which lies the main chemical 

features of the Cerium Oxide, results quite challenging at the Density Functional Theory level.  Here, 

we tested several Density functional approximations, spanning from GGA to Hybrid (Global, Meta-

Global and Range Separated Corrected) functionals, on the structural, vibrational, electronic and 

thermochemical properties of bulk CeO2 and Ce2O3. GGA and Meta-GGA xc best predict the 

thermochemical data, while the discrepancies increase with the introduction of the exact exchange in 

Hybrid functionals. Overall, the Short Range Corrected and Global Hybrid functionals with a 

percentage of Exact Exchange between 16 and 25 give the best description of the crystal properties. 

Then, a group of the best performing functionals has been tested on the formation energy of an oxygen 

vacancy at the (111) CeO2 surface. In general, increasing the amount of exact exchange in the Hybrid 

functionals lead to a better description of the localized Ce 4f states, while the energy of formation of 

the O vacancy decrease, worsening compared to the experiment. 
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1. Introduction. 

Conventional exchange-correlation (xc) functionals of the LDA and GGA families are the most used 

in solid state physics, where electronic structure codes based on plane waves basis sets are generally 

employed. However, these functionals present several shortcomings related to the lack of dispersion 

interaction terms and the well-known Self-Interaction Error (SIE)1. The inability of standard xc 

functionals to describe long-range electron correlations causes serious difficulties in simulating the 

structure and properties of systems where van der Waals forces are dominating, and in the correct 

determination of the energy stabilities of transition metal oxides2. Instead, the latter deficiency 

negatively affects the simulation of the geometry and electronic structure (band gaps), defect 

formation energies, spin localization, magnetic and thermodynamic properties of highly correlated 

systems; that is, those containing d and f electrons.    

In this context, methods based on the addition of C6/R
6 empirical dispersion terms and correction for 

on-site Coulomb correlation effects by a Hubbard-type U term (DFT+U) have been proposed and 

usually applied in order to maintain affordable computational costs. The choice of the U value in the 

DFT+U approach is not straightforward since it must be large enough to correctly localize highly 

correlated d and f electrons (depending on the system under study), without introducing artefacts such 

as overestimated band-gaps. Moreover, it has been shown that in most cases it might be necessary to 

employ different U values for different properties or systems under study3. 

 Alternative approaches consist in using hybrid functionals (where a fraction of the HF exchange is 

added to the GGA-DFT exchange energy) or the Range Separated Hybrids (RSH) functionals (where 

the 1/r operators in the exact exchange (EE) term is partitioned in different regions based on inter-

electronic distance). However, whereas some hybrid functionals have been implemented in plane-

wave (PW) DFT based codes (albeit they are very computationally demanding) they have been 

considered impractical for crystalline solids, at least for Global Hybrids and Long Range Separated 

Hybids4.  On the contrary, approaches based on atom-centered basis functions (as for Gaussian Type 

Orbital (GTO)) permit an easier and efficient implementation; for instance several functionals 

belonging to all families (LDA, GGA, Meta-GGA, GH and RSH) have been recently implemented in 

the CRYSTAL code.5  

Since most of the Meta-GGA, GH and RSH functionals have been designed and optimized for 

molecular systems, it is interesting to assess their performances in predicting the structure and 

properties of highly correlated solid systems. 

Here, we have considered cerium oxides, either stoichiometric CeO2, non-stoichiometric CeO2-x, and 

the antiferromagnetic sesquioxide Ce2O3. These are important systems for several industrial 

applications, in fact ceria is traditionally used as support material in components of three-way 
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catalysts in automotive catalytic converters, fluid-cracking catalysts in refineries, fuel-cell electrodes 

and low-temperature CO and VOC oxidation catalyst, hydrocarbon reforming, water-shift reaction 

etc...6.  

The broad use of ceria in heterogeneous catalysis is due to the easy conversion between the two-

oxidation states Ce4+↔Ce3+. The simulation of stoichiometric ceria (with all Ce4+ ions) is not 

problematic with the conventional xc functionals since the 4f orbitals are empty. The problem arises 

for systems (defective bulk and surface ceria) containing Ce3+ ions, which have partially occupied 

atom-like localized 4f orbitals.  In fact, in the case of the formation of an oxygen vacancy the SIE, 

which tends to over-delocalize the electrons, prevents the localization of the excess of spin density in 

the 4f cerium orbitals with integer occupation numbers. Moreover, the SIE also leads to the 

underestimation of energy barriers for surface chemical reactions7 and the underestimation of band 

gaps leading sometimes to metallization8. 

Because of its large use in industry cerium oxides have been widely theoretically investigated in the 

past. Most of these studies were carried out using the cost-effective DFT+U approach3,9–13  and the 

main results relative to the oxygen defects and surface chemistry of Ceria have been reviewed in ref.14 

The electronic structure of CeO2 and Ce2O3 was first investigated by using meta-GGA (TPSS) and 

screened (HSE) hybrid functionals in conjunction with the Gaussian orbitals basis set by Hay et al15 

whereas periodic plane-wave DFT calculations using the PBE0 and the HSE hybrid functionals were 

carried out for the first time by Da Silva et al.9 They found that hybrid functionals correctly predict 

the antiferromagnetic form of Ce2O3 and the structural properties of the two oxides, whereas the band 

gaps were overestimated by 45% and 15% by PBE0 and HSE, respectively.  

The first B3LYP16 calculations on cerium oxides were performed by Kullgren et al.17 who found that 

B3LYP performs slightly better than PBE0 for the electronic properties but slightly worse for the 

structural ones. 

Subsequently, Graciani et al.18 examined the performance of the HH, HHLYP19PBE020, B3LYP16and 

the B1WC21 hybrid functionals on the reproduction of bulk properties (structure and band-gaps) and 

the reaction energies for reduction of CeO2 to Ce2O3 releasing O2.  All the functionals gave good cell 

parameters and overestimated 2p-4f-5d (CeO2) and 4f-5d (Ce2O3) band gaps that decrease with the 

drop of the exact exchange contribution in the xc functional. Instead, the reduction energies were 

underestimated. The B1WC functional was proposed as the one that best reproduces the 

aforementioned properties. Finally, surface properties and the oxygen vacancy formation energies in 

CeO2 were accurately described with the PBE0 functional and GTO basis sets by Désaunay et al.22 

and Evarestov et al23., respectively.  
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Finally, very recently Spin localization, magnetic ordering, and electronic properties of strongly 

correlated Ln2O3 sesquioxides (Ln=La, Ce, Pr, Nd) have been investigated by using global hybrids 

and GTOs including g functions.  

In this work, we report an extensive comparative study of the performance of 27 functionals 

belonging to the different Rungs of the Jacob’s Ladder namely GGA, Meta-GGA and Hybrid 

functionals (Hyper GGA), both Global and Range Separated Hybrids.  

We preliminary have compared the accuracy of the combination of three basis set for Ce (Ce1, Ce2, 

Ce3) and two for O (O1, O2), from the less extensive combination Ce1/O1 to the larger one Ce3/O2 

using the PBE0 functional on the reproduction of the bulk properties (cell parameters, bulk modulus, 

elastic constant and band gaps) and the thermochemistry of reduction of the two cerium oxides. Then, 

chosen the smallest effective basis set, we have tested all the aforementioned functionals on the 

reproduction of the same bulk properties. Finally, the most promising functionals have been used to 

investigate the relative stabilities and the spin localization of oxygen vacancies at the (111) ceria 

surface. 

2. Computational Details 

All the calculations were performed with the package CRYSTAL14 5 at exception of the calculations 

that made use of the CAM-B3LYP functional for which the CRYSTAL17 version was used.24 

A total of 27 different flavours of exchange correlation functionals were used:1 GGA (PBE25), 1 

Meta-GGA (M06-L26), 5 Meta-GHs (M0527, M05-2x28, M0629, M06-2x29, M06HF26), 9 global 

hybrids (B3LYP16, B3PW16,30, PBE020, PBE0-1331, PBEsol032, PW1PW9133, WC1LYP34, B97H35,36,  

B1WC21) and 10 RSH (HSE0625,37, HSEsol32,38, HISS25,39,40, LC-ωPBE25,41, LC-ωPBEsol32,41, LC-

ωBLYP42, RSHXLDA43,44, ωB9735,45, ωB97-X35,45, CAM-B3LYP24) functionals. (See table S1 of the 

ESI for an overview of the main characteristics of the xc functionals employed). 

To compare the results of Hybrid functionals with a method not suffering from SIE we have also 

performed calculations within the Hartree-Fock framework.  

Cerium was described using  a relativistic small core Effective Core Potential (ECP) developed by 

Dolg and co-workers46 which replaces the 1s22s22p63s23p63d10  inner core, while the remaining 

4s24p64d105s25p64f16s25d1 electrons were treated as valence.  

This ECP was the same used in previous works 13,15,16,20 and it has been showed to be the most suitable 

to describe both CeO2 and Ce2O3. Then, three  valence  basis sets were employed  to describe the Ce 

valence electrons: the one used by Graciani et al.18 (named Ce1, hereafter), a modification of this with 

an added contraction constituted of a single Gaussian primitive with exponent 0.27 for the 5d shell  

(named Ce2, hereafter) and finally, a pruned version of the segmented basis set developed by Dolg 

and co-workers47. In the latter case, we removed all g functions, not supported by CRYSTAL14, and 
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all the functions with exponents lower than 0.11, to avoid pseudolinear dependency issues. The 

resulting basis was named as Ce3. 

For Oxygen we used the same basis set employed by Graciani et al18 (named O1, hereafter) and a 

larger basis set of Quadruple-Zeta plus polarization quality48(O2). For Hydrogen a Triple-Zeta plus 

polarization BS was used49. All the BSs have been reported in the ESI. 

To check the effect of the BS on the properties of the two oxides, the 6 combinations of the 

aforementioned BSs of different sizes were tested with the PBE0 functional.  

To reduce the computational burden we investigated only the ferromagnetic state for Ce2O3 instead 

of the ground state antiferromagnetic, which requires a broken symmetry or a supercell approach. 

This decision is supported by the extremely low difference in energy of the two states, found by 

previous works and demonstrated by the extremely low Neel temperature50 (proof of a very weak 

magnetic coupling). To accelerate the SCF (Self Consistent Field) convergence of the Ce2O3 the 

initial occupation of 4f AOs of Ce have been set using the keyword FDOCCUP to have a ground state 

formed by a mixing of the components (2z2-3x2-3y2)z and (x2-3y2)x.  

The reciprocal space of the primitive lattices of both oxides was sampled with a Monkhorst-Pack grid 

6 x 6 x 6 for all the calculations with the hybrid functionals, except for the computation of the elastic 

properties, which required the use of a finer k-point mesh of 12 x 12 x 12. The radial and angular 

point for the integration grid were generated according to the Gauss-Legendre radial quadrature and 

Lebedev two-dimensional angular point distribution schemes. The default grid (XLGRID) was 

employed for all calculations. The truncation criteria of the Coulomb and exchange infinite lattice 

series are controlled by five thresholds (T1,T2,T3,T4 and T5), which have been set to 8 (T1–T4) and 

20 (T5) for all the calculations. 

Default convergence thresholds on gradients and displacements were used for all the geometry 

optimizations of the primitive cells of CeO2 and Ce2O3, while the threshold on energy change was 

raised to 10-8 Hartree for the geometry optimization and elastic properties computations and to 10-10 

Hartree for frequencies calculations at the Γ point. Both the atomic positions and the lattice 

parameters were optimized for the primitive structures until the full convergence of atomic gradients 

and displacements. 

Elastic properties were calculated according to the model of Reuss-Voigh-Hill for polycrystalline 

materials, following the automated procedure implemented in the code51,52.  

Defects calculations. Oxygen vacancies were modelled on the surface (111) of CeO2, employing a 

2D slab model with a p(2x2) periodicity of the surface unit cell, composed by 3 CeO2 layers (overall 

36 atoms for the pristine cell). This is the same model employed by Ganduglia-Pirovano et al53 in 

their HSE06 and DFT+U investigation on the stability of the configurations  of the O vacancy and it 
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is justified by the experimentally observed ordering of oxygen vacancy after annealing of a surface 

111 of CeO2
54. The model does not simulate the isolated vacancy, the defect concentration is θ=1/4, 

but it is considered sufficiently accurate to allow a consistent comparison of the results with different 

xc functionals. 

In our approach, we remove the O atom but leaving the basis set of Oxygen as ghost functions to 

describe the electron density of the vacancy.  

The reciprocal space for the periodic 2D slab model were sampled with a k-point mesh of 4 x 4 x 1 

for the structure optimization, employing the basis set Ce2/O1.  

We investigated only the ferromagnetic ordering of the Ce3+ since most authors reported extremely 

low magnetic coupling. 

The total energy was then computed from single point calculations on the optimized structures 

employing the largest basis set combination Ce3/O2, with a k-point mesh of 6 x 6 x 1. 

In all these calculations, the lattice constants were fixed to the bulk optimized values while the atomic 

positions in the cell were free to relax.  The starting guess for the occupation matrix was made by the 

atomic configuration of Ce and O, without assigning an initial spin polarization to the single atoms. 

With this relaxation scheme the excess of spin density localize on two Ce nearest neighbours (nn_nn 

configuration) to the vacancy, with all the hybrid xc tested.  

The structures were considered optimized when the maximum atomic gradient was below 0.00045 

Hartree/Bohr and the energy change from subsequent steps was below 10-6 Hartree.   

3. Result and discussion  

Before undertaking the extensive benchmarking of functionals for the prediction of the cerium 

oxides’s properties we tested different BSs using the PBE0 functional.  

The results obtained for the lattice parameters, elastic constants, energy reduction, band gaps and 

vibrational frequencies computed for both oxides are reported in Tables S2 and S3 and discussed in 

the section 3 of the ESI.  

The largest BS (Ce3/O2) provides higher accuracy with respect to the experimental data for most of 

the properties investigated. Moreover, overall the modified basis Ce2/O1 performs better than the 

original one for all the properties tested, the results being similar to those obtained with the largest 

BS used (Ce3/O2).  

Therefore, in the following all the calculations on CeO2, Ce2O3, and defective CeO2 are performed 

with the basis Ce2/O1, with the exception of the energy of reduction and of formation of the O 

vacancies for which the largest BS Ce3/O2 has been used.  
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3.1 Structural and elastic properties. 

Ceria. CeO2 crystallizes in the fluorite structure and belong to the same space group Fm 3 m, with 

an experimental lattice constant value for the crystallographic cell of 5.411 Å at room temperature55 

and a 0 K extrapolated value of 5.391 Å56, which would be the best reference for static DFT 

calculations.  

The cell parameters computed with the tested functionals are reported in Table 1. All functionals 

reproduce well the lattice parameter, with the largest deviation (about 0.1 Å) computed by the Meta-

GGA M06L functional. The smallest deviations are provided by hybrid functionals based on the PBE 

exchange correlation, while the ones with the LYP correlation slightly overestimate the lattice 

parameter. The same behaviour was also reported for other systems by Paier et al57 and it was 

attributed to the failure of the LYP correlation in reproducing the energy of the homogenous gas limit. 

In fact, the B3PW functional, in which the correlation term is formed by the PWGGA correlation, 

performs similarly to PBE0, and gives results close to experiment, as well as PW1PW91. 

PBE0 and HSE06 give results very similar and close to experimental values, while the related xc for 

solids PBEsol0 and HSEsol give slightly smaller cell parameters.   

The results obtained with PBE, PBE0 and B3LYP are closer to experiment data than the ones reported 

by Désaunay et al22 and in agreement with those reported by Kullgren et al17 using GTO BSs. 

The PBE, PBE0 and PBE0-13 results show that increasing the fraction of Exact Exchange  (0, 0.25 

and 0.33, respectively)  shorten the lattice parameter, confirming the results by Graciani et al18. 

Regarding the Minnesota family of hybrid functionals, M06, M06-2x and M05-2x seem to provide 

the best results. 

The adiabatic bulk modulus computed with all the functionals are also reported in Table 1, as well 

the independent elastic tensor components. The bulk modulus is significantly sensitive to the 

equilibrium structure from which it is calculated, and thus small deviations in the lattice constants 

lead to significant variations in the elastic tensor components: the smaller lattice parameter the larger 

bulk modulus, and vice versa. Figure 1 shows the trend observed for the different families of 

functionals, with Meta Global Hybrids (M-GHs) and Long Range Separated-Hybrid (LRHs) 

providing more rigid structures compared to Short Range and Global Hybrids (SRHs and GHs). The 

M-GHs shown higher slope than the others. 

HF calculations predict a higher bulk modulus compared to the xc functionals that predict similar 

reticular lattice, probably due to the higher ionic character yielded by this method. To this regard, we 

find for the series PBE, PBE0, PBE0-13 a direct proportionality between the Mulliken’s charge of Ce 

(2.35, 2.59, 2.66 respectively) and the bulk modulus (176.9, 212.6, 222.7 GPa). 

https://en.wikipedia.org/wiki/Cubic_crystal_system#Rock-salt_structure
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M-GHs incorporating a high fraction of EE (above 50 %), as M05-2x, M06-2x, and M06HF, better 

reproduce the lattice parameter compared to the M06 and M05, but the computed bulk modulus is 

higher than the one obtained from GHs with a similar lattice constant. The high amount of exact 

exchange is not sufficient to explain the higher rigidity obtained by the Minnesota family of 

functionals. A possible explanation for this behaviour is the inclusion of the description of the 

dispersion forces by the Minnesota family of functional resulting in stronger cohesive forces.  

Overall, the smallest deviation from the experimental adiabatic bulk modulus and the elastic tensor 

components has been obtained with HSE06 and the GHs family, the largest with the Minnesota M-

GHs family. 

 

Ce2O3. Cerium sesquioxide (phase A) belongs to the hexagonal spatial group P 3 m1, with a ratio 

between the lattice vectors c/a of 1.56. The experimental room temperature values for a and c are  

3.891 Å  and  6.059 Å81, respectively.  The structure has been optimized without constrains on the 

lattice parameter ratio. As anticipated in the computational section the ferromagnetic ground state of 

Ce2O3 has been investigated instead of the antiferromagnetic one, although the latter is slightly lower 

in energy, due to the higher computational cost of the latter. The results, reported in Table 2, show 

that the lattice parameter a of the hexagonal base is little affected by the different xc approximations; 

a smaller dispersion of the values compared to the c parameter is highlighted. The same behaviours 

observed for the structural features of CeO2 is found for Ce2O3: PBEsol based functionals show 

overbinding with respect to the PBE based ones, while LYP correlation overestimate the c lattice 

vector more than a, leading to an elongation of the cell along the z axis.  

Table 2 reports the Hill values for the adiabatic bulk modulus, calculated as average of the Voigt and 

Reuss bulk modulus, which have been obtained from the computed elastic constants. To the best of 

our knowledge, there are no other hybrid DFT studies of the elastic properties of the Ce2O3 crystal in 

the literature and only one experimental data of the  bulk modulus has been found to be 111 GPa58.  

All the functionals used overestimate the experimental bulk modulus (of about 10-45 GPa) at 

exception of the PBE one that provides a very good agreement (109 vs 111 GPa) and M06L functional 

which overestimates it by 10 GPa. All the Hybrids that reproduce accurately the lattice structure 

overestimate the bulk modulus of at the least 25 GPa, while smaller deviations are observed for the 

xc predicting structures with larger volumes. However, given the dispersion on the experimental data 

reported in the literature most of the results can be considered acceptable.  

 

3.2 Cohesive energies  
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Table 3 compares the computed cohesive energies (referred to the primitive unit cells) for both oxides 

with the experimental values. The formers have been obtained by subtracting to the total electronic 

energy of the solid the atomic energy of O and Ce, both calculated in the triplet states. For computing 

atomic Ce, the basis Ce3 has been augmented including all the diffused primitives of symmetry s, p 

and d of the original basis set. The atomic energies have been calculated with Crystal14 for all the 

functionals, and checked with  Gaussian0959 for few functionals (PBE0, M06L, PBE, B3LYP, HF): 

the differences are all below 0.01 eV. The inclusion of g functions to the Ce basis set (Gaussian09) 

decreases the atomic energy of about 0.02 eV, which is negligible to the purpose of the benchmark. 

The latter have been obtained by subtracting to the tabulated standard enthalpy of formation of the 

solid, the enthalpy of atomization of α-Ce (most stable phase) and of dissociation of O2. 

The deviation of the calculated values with respect to the tabulated ones are reported in Figure 2 for 

both CeO2 and Ce2O3. Very small deviations for both solids are obtained by using M06L, PBE, 

B1WC, HSESol and PBESol0 functionals. 

3.3 Electronic Structure. 

Ceria. Several experimental studies have investigated the electronic structure of CeO2 to characterize 

the band gaps without providing definitive results, since the lack of accurate experimental band gaps 

makes the assessment of the theoretical methods difficult.3 However, as shown in Figure S1 of the 

ESI, the conduction band (CB) of CeO2 is constituted by Ce 5d like states, while the upper valence  

(VB) is well described as O 2p filled states, and between them there are the empty Ce 4f states.   

The reported experimental range of values spawns the interval 2.6-3.9 eV for the O 2p - Ce 4f gap 

and 5.5-8 eV for the fundamental O 2p – Ce 5d gap, but many previous theoretical investigations took 

as reference value 3 and 6 eV for the two gaps, respectively. For the sake of simplicity, we report in 

Figure 3 the difference between the calculated gaps and the experimental values of 3 and 6 eV, being 

aware that the experimental uncertainty is large. The full set of numerical data are reported in Table 

S4 of the ESI. 

All the LRHs largely overestimate the band gaps, showing that a high amount of EE at long range is 

not suitable to describe accurately the electronic structure, as has been reported by Pernot et al60. 

Instead, HISS, which use only 60% of exact exchange at medium range, predicts a gap barely over 

the upper limit, similar to PBE0 with the 25% of EE at full range. HSE06 gives an appropriate 

description of the electronic structure of CeO2, in agreement with previous work23, as well as HSEsol. 

PBE0 and PBEsol0 overestimate the gaps. The Minnesota functionals give results highly dependent 

on the amount of exact exchange: M06L, which does not incorporate the exact exchange, predicts a 

small band gap, slightly over the one computed with PBE.  M05 and M06, with respectively 28 and 
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27 % of full range exact exchange, reach the upper limit of the interval. M05-2x and M06-2x, in 

which the exact exchange is doubled compared to the original formulations, overestimate it. M06HF, 

with 100% of exact exchange in the full range severely overestimate the band gap, giving results very 

similar to the Hartree-Fock ones. With both M06HF and HF the Ce 4f and the Ce 5d empty bands 

results almost merged, with virtually no gap among them, while for all the other functionals the 2 

virtual bands are separated by about 2.5-3.5 eV. All the Density of States for CeO2 and Ce2O3 are 

reported in the ESI, section 7 and 8, respectively. 

Xc functionals able to reproduce the O 2p - Ce 4f gap within the experimental interval are global 

hybrids that employ a fraction of exact exchange between 0.16 and 0.21 (B1-WC, WC1LYP, 

PWPW91, B3PW and B3LYP) and the Short Range corrected HSE06 and HSEsol.  

The gap O 2p – Ce 5d is overestimated by most hybrids functionals, the only results close to the lower 

limit are the one from PBE and M06L. Interesting, for GHs a steeper linear dependence of the band 

gaps by the amount of EE is observed compared to M-GHs. 

Ce2O3. The band gaps of Ce2O3 computed with all the tested functionals are compared with the 

experimental ones in Figure 4 and Table S5. The reported experimental gap for Ce2O3, which involve 

the valence formed by the localized Ce 4f states and the conduction constituted by a mixture of Ce 4f 

and Ce 5d states is an optical gap: it should be a lower bound to the fundamental gap, which instead 

is better reproduced by the hybrid functionals61. Once again, the lack of an accurate reference for the 

experimental band gap62 makes the assessment of the functionals rather difficult. Similarly, to the 

CeO2 case, the gap is largely overestimate by all the LRHs and M-GHs and most GHs. The best 

performers are, as for CeO2, the SRHs HSE06 and HSESol, together with B1WC, PW1PW91, 

WC1LYP. M06L, which predict a gap of 0.6 eV, performs similarly to TPPS, predicting a small band 

gap compared to the metallic solution of the GGA PBE, but still 1.8 eV below the experimental value. 

Recently, Tran and Blaha63 have investigated the performance of many functionals, including hybrids 

and Meta-GGAs, on the band gap for several solids: the Meta-GGA mBJLDA64 has obtained the best 

results outperforming  B3PW91 and HSE06, that are known to be  among the best performers for 

semiconductors. They, as many others before, studied small, medium and large gap solids, including 

many correlated transition metal oxides, except cerium oxides and other highly correlated f electrons 

compounds.  

Table S5 shows an inverse dependence of the Ce 4f – O 2p intragap with the amount of EE. This 

relation is more evident for the GHs and M-GHs were the exact exchange is computed in the full 

range. A larger amount of EE widens the band gap by increasing the energy of the virtual band and 

decreasing the energy of the occupied levels but affecting more the states closer to the Fermi level: 

the occupied Ce 4f states are downshifted more than the O 2p states, reducing the energetic difference. 
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M06HF with 100% in the full range, reduce the gap to zero, leading to an overlap of the two occupied 

bands and providing the same picture obtained with the non-correlated Hartree-Fock. This odd 

behaviour is similar to the one observed with DFT + U for higher values of U65, and it has been 

attributed to the non-orthogonality of the O 2p and Ce 4f states66. 

 

3.4 Vibrational Properties. 

Ceria. The harmonic frequencies have been computed at the Γ point exploiting the full symmetry of 

the lattice space group. Results obtained for PBE0 show that the computed frequencies are 

significantly affected by the basis set quality, approximating the experimental values as the basis set 

increase. For PBE0/Ce2O1, the basis set effect leads to a blue shift of 21 cm-1 for the IR active 

bending (F1u) and of 7 cm-1 for Raman active stretching (F2g) of CeO2. The results can be used as 

references to evaluate the best functional for furthermore accurate investigations of phonon dispersion 

and thermodynamic functions. All the calculated frequencies are reported in the Table 4.  

The difference between the calculated Harmonic frequencies and the experimental ones for the two 

modes (F1u and F2g) are reported in Figure 5. The best agreement with the experiment is observed for 

HSE06 and GHs (which better approximate the lattice parameter and the bulk modulus), with the 

exception of B97H. The PBE0 frequencies computed with the basis Ce3/O2 are similar to the HSE06 

ones. The results obtained with HSE06 are in good agreement with recent work67, where the 

vibrational properties of CeO2 and Ce2O3, other than pristine and defective CeO2 surfaces, were 

compute with HSE06 and PBE+U.   

Overall, the functionals that predict lattice structures with good accuracy should also reproduce the 

frequencies reasonable well, as overbinding leads to higher frequencies and underbinding leads to 

lower ones, but we have observed in the previous sections that M-GHs, as well as LRHs, overestimate 

the rigidity of the structure, predicting higher frequency with the same lattice parameters. 

Ce2O3. Only the Raman Spectrum has been recently recorded for the hexagonal phase of Ce2O3
68, 

and very partial data of the IR spectrum exist. Table 4 lists all the computed stretching and bending 

modes Raman and IR active. We selected three of the best performing GHs to simulate the Raman 

spectra employing the largest basis set combination Ce2/O3. Figure 6 reports the simulated Raman 

Spectra for the selected xc, superimposed on the experimental spectra (anti-Stokes Raman scattering) 

from Ref 68. Even if the intensities are not perfectly reproduced, the best agreement is obtained with 

PBE0.  

3.5 Thermochemistry of reduction  
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In order to assess how different functionals are able to reproduce the energetics of reactions involving 

the CeO2 and Ce2O3 oxides the following reduction reactions have been considered: 

2CeO2  Ce2O3 +O2; ΔH = 4.03 eV        (R1)     

2CeO2 +H2 Ce2O3 +H2O; ΔH = 1.54 eV        (R2)   

As stated by Paier et al14,  Zero-Point vibrational energies and  thermal contributions are small for the 

enthalpies of formation of the two oxides69, as well for the reactions involved, so that these enthalpies 

can be compared to the DFT energies at 0 K without further corrections. As mentioned before, the 

reduction energy is an important descriptor of the energy of formation of the oxygen vacancy in the 

metal oxide. Therefore, a method able to reproduce the reduction energy is expected to give also a 

good description of the oxygen vacancy formation, provided that the correct nature of the vacancy is 

reproduced70.  

PBE gives a good approximation of the reduction energy, but it doesn’t reproduce correctly the 

enthalpy of formation of CeO2 and Ce2O3, neither the 4f localized states of the O vacancy14.  

To calculate the enthalpy of the reaction 1 (R1) it is necessary to calculate the electronic energy of 

O2 and O, both in the triplet state. Graciani’s BS O1 gives bonding energy that are on average 0.9 eV 

lower than the one computed with our highest quality basis BS O2 (see Table S6).  

This is because Graciani’s BS is a small one optimized to minimize the energy of CeO2, but it has not 

been optimized to well describe molecular O2. Larger basis set usually do not need to be re-optimized 

since the high number of primitives in the BS should ensure enough variational freedom. However, 

to avoid convergence problems in solid state periodic calculations it is often required to remove or 

adjust too diffused primitive functions, at the cost of losing applicability to molecular systems.  

The Reaction 2 (R2) avoids the general problem of the DFT methods in describing open shell systems, 

which for our case can lead to large errors in the prediction of the strength of the O-O bond. However, 

as can be seen in Figure 7, the results shown that both reactions provide similar deviations from the 

tabulated enthalpies. The corresponding numerical values are reported in Table S7 of the ESI.   

After PBE, M06L gives the better performance for both reactions, and differently from PBE it also 

reproduces the experimental bonding energy of O2. This result is interesting in view of the fact that 

this M-GGA has been developed and parameterized to study reactions involving transition metals. 

However, as observed previously, its performance is poor concerning many other properties of 

interest.  
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All the hybrid functionals investigated underestimate the reduction energies of both reactions 1 and 

2, with an average error of 1.88 eV and 1.97 eV with respect to the tabulated experimental data. GHs 

give the smallest average deviations, as well the SRHs, while the Long Range Corrected ones 

underestimate both reaction enthalpy by 2 eV or more.  The Minnesota family of M-GHs is the worst 

performer, apart from M06, which predicts energies comparable to the ones of GHs. 

Previously, Graciani et al18 found an inverse relation between the amount of EE and the reduction 

energy of CeO2 to Ce2O3 for the xc PBE0, B1WC and B3LYP. The results obtained here with the 

several xc functional confirm this finding: the highest energies of reduction, which are more similar 

to the experimental ones, are obtained with PBE and M06L (0% EE) followed by B1-WC and 

WC1LYP (16% EE).  Within the GH family, which cover the range 16-33% of EE, the highest and 

smallest energies are found for the two extremes, respectively. Indeed, in the interval 20-25% the 

effect of the HF like exchange is covered mainly by the effect of the local part of the xc. For the 

LRHs, the high fraction of exact exchange at long range heavily reduce the reduction energies; the 

smallest deviation from experiment is obtained by CAM-B3LYP, with 90% EE at long range against 

100% of all the others. Among the Minnesota M-GHs, M06, with 27% EE produces results similar 

to GHs with 20-25% EE, while M05 with 28% EE gives much worsen results. M06-2x, with 54% EE 

gives the largest deviation from the experimental results.  

To explain these results, we have considered the effect of the EE on the filled bands of the solid: the 

intra-gap of O 2p – Ce 4f in Ce2O3 decreases as the weight of the exact exchange increases. The 

reaction of reduction involves the extraction of a neutral O atom, which leave in the solid two unbound 

electrons, which occupy the 4f states of Ce. The cost for extracting the atom is then associated to the 

energy required to fill the 4f band, rather than to the structural relaxation induced by the process. In 

the totally reduced Ce2O3, the extraction of O involves the transfer of 2e- from the O 2p band to the 

Ce 4f valence band. Figures 8 shows the correlation between the reduction energies and the intra gap 

O 2p – Ce 4f. A linear direct correlation is observed for gap greater than 0.5 eV, whereas it is reversed 

for smaller band gap obtained with M05-2x and M06-HF.  

3.6 Oxygen vacancy on the surface 111. 

Because of the importance of surface defects on the catalytic properties of Ceria we have extended 

the benchmark also to the formation energy of an oxygen vacancy at the (111) CeO2 surface. To this 

goal the HSE06 and 3 GHs with 25, 20 and 16 % of EE: PBE0, PW1PW91 and B1WC functionals 

have been chosen.  

Figure 9 shows the slab model employed. An active oxide surface as the one considered here can 

transfers O atoms to a substrate following the mechanism proposed by Mars and van Krevelen71, with 
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the formation of a superficial oxygen vacancy and an oxygenated substrate. The surface vacancy can 

then be healed by the migration of a subsurface oxygen into the cavity, or in presence of partial 

pressure of O2 or other oxygenated species, by the capture of the O by the vacancy72. Therefore, the 

cost of formation of an O vacancy is a good descriptor for the thermodynamics and the kinetics of 

these processes. When the O vacancy is modelled into the pristine bulk or surfaces of CeO2, a 

reorganization of the excess of electron density left in the vacancy is observed. Driven by atomic 

relaxations of the defective sites environment, the excess of electron density localizes on the 4f states 

of the nearby Ce atoms, which are formally reduced to the open shell species Ce3+. Many 

configurations can be formed, with Ce3+ in different cationic coordination spheres with respect to the 

vacancy: in the first (nearest neighbour, nn), second (next nearest neighbour, nnn) and so on. The 

theoretical works of Pirovano et al53 and Li et al73 show that for the most stable surface, the (111),  

the most stable configurations are the ones with both the Ce3+ in nnn positions (nnn-nnn), followed 

by nnn_nn and then nn_nn. In addition, they find the vacancy in the second layer of O from the surface 

(subsurface vacancy) more stable than the vacancy in the outer layer (surface vacancy).   

With our protocol, we have obtained only the nn_nn configurations for both kind of vacancies, with 

localization of the spin density on two of the three Ce next to the vacancy. Figure 10 depicts the two 

vacancies on the surface (111). The reason is that for the starting geometries, the localization on 

nn_nn is favourite compared to a localization at further sites from the vacancy. Then, the geometry 

optimization leads to a local minimum with the aforementioned configuration. Without manipulations 

on the starting geometries or without an artificial stabilization of the desired SCF solution, it is not 

possible to obtain the configurations with Ce3+ in nnn position.  

Therefore, we limit the benchmark of xc functionals to the investigation of the nn_nn configurations. 

The main results concerning the relative stability of the surface/subsurface vacancies, energy of 

formation, spin localization on the Ce3+ sites, structural relaxation and electronic structure are 

reported in Table 5, whereas all the density of states for the pristine and defective structures can be 

found in the ESI, section 7. 

The surface vacancy is predicted less stable than the subsurface one with all the functionals, in 

agreement with the results obtained with PBE+U and HSE0653.73. However, the results for PBE0 

contradicts the ones reported by Burow et al74, who employing a Periodic Electrostatic Embedded 

Cluster method (PEECM) to simulate the isolated surface and subsurface vacancy, obtained the 

opposite order of stability. In the same work they also found the vacancy in the bulk (Efv= 3.00 eV)  

more stable than the one on the surface, in contrast with many other results14,76 which found lower 

energies of formation for the surface vacancy. This discrepancy may be explained by the large core 
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ECP employed in their work for Ce, which has been proved by Kullgren et al17 to perform poorly for 

the Cerium Oxides, compared to the small core ECP. 

The energy of formation for both types of vacancy follows the same trend observed for the reduction 

energy. This behaviour can be ascribed to the different weight of the EE: PBE0 predicts the smallest 

energies (3.00/2.77 eV for the surface and subsurface respectively), followed by HSE06 (3.10/2.88 

eV), PW1PW91 (3.39/3.04) and B1WC (3.78/3.63). B1WC predicts the energy closest to the 

experimental value of 4.02 eV. However, it is expected that the computed energy of formation 

decrease when larger supercell models are used to simulate more diluted vacancy, in fact, according 

to the finding of Paier et al14for  HSE06 the energy decreases of 0.86/0.95 eV. The electronic structure 

of the two types of vacancies has slightly different features: the gap O 2p - Ce 4f (unoccupied) appears 

unchanged with respect to the pristine surface case, whereas the occupied Ce 4f state lies closer to the 

conduction band for the subsurface vacancy with respect to the superficial ones. The electronic 

structures of both vacancies show that the defective states are characterized by two sharped spikes 

assigned to the occupation of Ce 4f states upon localization on Ce (see section 9 in the ESI). The 

presence of two spikes is assigned to the crystal field splitting of the occupied Ce 4f states. These 

states are closer to the conduction for the subsurface vacancy with respect to the superficial one. The 

gap O 2p - Ce 4f (unoccupied), results almost unchanged compared to the one of the pristine slab. For 

the O vacancies in bulk Ceria, Kullgren et al3 have reported that occupied Ce 4f states lie at about 2 

eV above the top of O 2p valence band and 1 eV from the conduction: assuming that this description 

hold for the surface 111, it is better reproduced by HSE06 and PW1PW91. As observed before, PBE0 

overestimates the fundamental gap, while B1WC seems to underestimate it of at least 0.5 eV. 

Concerning the spin localization, a very qualitative description is obtained by the Mulliken analysis: 

for both vacancies, PBE0 gives the largest spin localization on the two formally reduced 

Ce3+(1.000/1.000), while HSE06 and PW1PW91 localizes slightly less spin density at the surface 

(0.997 and 0.994, respectively), the minimum being reached by B1WC (0.969/0.962). The relaxation 

factor (Rf), computed as ratio between the average Ce3+-O distances for the defect and the average 

Ce-O distances in the relaxed pristine surface, show a larger relaxation for the subsurface vacancy, 

which explain the smaller energy of formation compared to the surface one. This factor increases 

with the weight of EE, being the smallest for B1WC (1.010/1.017) and largest for PBE0 (1.018/1.025) 

and reflect the degree of spin localization. These results show that among the xc functionals, the 

description of the localized nature of the defective states for the O vacancy on the 111 surface depends 

on the amount of EE in the xc functional. B1WC gives the worst description because the 16 % of EE 

is not enough to relive the SIE from this system. PW1PW91 with 20 % of EE provides results very 
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similar to HSE06 and gives higher energy of formations. PBE0 gives the best localization, but again 

overestimate the band gap and gives the lowest energy of formation. 

Conclusions 

The structural, vibrational, electronic and thermochemical properties of the strong correlated ceria 

and Ce2O3 were investigated with different families of xc functionals. 

From the initial evaluation of different GTO basis, the combination Ce2/O1 has emerged as the most 

balanced for the structural and electronic properties, however, the evaluation of more accurate 

thermochemical data requires the use of a more extensive combination, such as the Ce3/O2 one, 

proposed in this work. 

The lattice parameters are reproduced within the 2% of deviation from the experimental values and 

are mainly dependent by the semi-local component of the exchange correlation terms. For the 

vibrational and elastic properties, the better agreement with experiments is obtained by the Global 

Hybrids and HSE06, while M-Global Hybrids and, to a lesser extent, Long Range Corrected Hybrids 

predict a more rigid structure, with a higher bulk modulus. The fraction of EE and its spatial partition 

highly affects the band gaps, which are overestimated by all the xc with fraction of EE above 20%, 

with the exception of the Short Range Corrected Hybrid. The weight of the EE affects also the 

reduction energies of CeO2 to Ce2O3: the experimental values are better reproduced by local xc as 

PBE and M06L, which, however, perform much worse than hybrids for most of the other properties 

investigated. A strong correlation between the computed reduction energies and the intra gap O 2p -

Ce 4f of Ce2O3 has been found. 

Overall, xc functional with a percentage of EE between 16 and 25 give a good description of the 

investigated properties but it is not possible to identify the best performer. 

The PBE0, PW1PW91, B1WC and HSE06 functionals used to study the O vacancy on the surface 

111 of ceria predict the sub superficial vacancy more stable than the superficial one, but the geometry 

relaxations, the degree of localization of the spin density, the electronic structure and the energies of 

formation depend on the weight of the EE. For the study of the considered properties of the surface 

vacancies, PW1PW91 resulted the best performer, followed by HSE06. 
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The GTO basis set employed, the main features of the xc functionals employed and the results of the 

basis set assessment are reported, as well all the numerical results obtained for the band gaps and the 

reduction reaction energy of the two oxides. All the DOSS of CeO2, Ce2O3 and defective CeO2 (111) 

are also reported. 
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Figures 

 

 

Figure 1: Plot of the Bulk Modulus B0 vs lattice parameter a of ceria for the different family of functionals. 

PBE and M06L were included in the GHs and M-GHs respectively as special cases with EE contributions 

equal to zero.  
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Figure 2: Differences between tabulated and calculated cohesive energies per unit cell of CeO2 and Ce2O3. 
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Figure 3. Difference between the calculated Kohn Sham band gaps and the experimental O 2p – Ce 4f (blue) 

and O 2p - Ce 5d (red) gaps  for CeO2. The difference has been computed with respect to the commonly used 

value of  3 and 6 eV.  
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Figure 4. Difference between the calculated Kohn Sham band gap and the experimental optical gap (2.4 eV) 

for Ce2O3.  
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Figure 5. Calculated harmonic frequencies at the Γ point minus experimental frequencies of CeO2. Only the 

interval of plus and minus 30 cm-1 is represented to magnify the smaller differences. 

 

 

Figure 6: Simulated PBE0, B1WC and PW1PW91 Raman spectra of Ce2O3 compared with the experimental 

spectrum digitalized from ref 68. Calculated intensities were scaled to match the highest intensity experimental 

peak and convoluted with Gaussian functions. A standard band width of 15 cm-1 has been applied. 
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Figure 7: Deviation from the experimental values of the reaction energies of CeO2 to Ce2O3 according the R1 

(∆𝐻(𝑅1)=4.02 eV) and R2 (∆𝐻(𝑅2)=1.54 eV). Zero Point Energy contributions were not considered. 
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Figure 8: Correlation between the reduction energies ΔU R1 and ΔU R2  and the intra gap O 2p - Ce 4f 

(occupied) in Ce2O3  for R1(a) and R2(b). 

 

 

Figure 9: Side (a) and top (b) view of the CeO2 111 p(2x2) slab. The superficial layer of O is represented in 

light blue, the sub-superficial layer of O in light green. Between the two, the Ce layer in grey. The underneath 

layers of O and Ce are represented in red and white respectively.   
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Figure 10: The modelled vacancy in the superficial O layer (a) and in the sub superficial O layer (b). The 

vacant O is coloured in black for both cases. The three Ce atoms in the first cationic shell of the vacancy 

(nearest neighbours, nns) are represented in cyan. Ce atoms in the second cationic sphere of the vacancy (next 

nearest neighbour, nnn) are represented in grey. 
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Tables 

Table 1.  Computed cell parameter, bulk modulus and independent elastic tensor components for 

CeO2. 

 

 

 

Method a(Å) B0 (GPa) c11(GPa) c21(GPa) c44(GPa) 

 

Experimental 
5.41176 

5.40677 

5.39078 

20479-22076-

23079-23677 
40379 10579 6079  

CAM-B3LYP 5.431 214.4 417.8 112.7 59.7 

LC-ωBLYP 5.445 212.3 417.3 109.8 52.6 

Lc-ωPBE 5.384 226.3 438.2 120.3 59.7 

Lc-ωPBEsol 5.354 248.5 482.0 131.8 78.4 

RSHXLDA 5.399 220.2 432.2 114.2 59.5 

HISS 5.387 225.4 436.7 119.8 66.6 

ωB97X 5.450 211.6 418.6 108.1 48.6 

ωB97 5.456 207.8 418.0 102.7 41.1 

HSEsol 5.368 224.5 426.4 123.5 68.9 

HSE06 5.408 211.2 408.0 112.8 61.2 

PBE0 5.407 212.6 411.3 113.3 61.7 

PBEsol0 5.368 225.7 429.4 123.8 69.3 

PBE0-13 5.392 222.7 432.3 117.8 65.8 

B1WC 5.388 214.6 404.9 119.4 65.5 

WC1LYP 5.449 200.3 383.0 108.9 59.0 

B97H 5.458 196.2 377.7 105.5 56.8 

B3PW91 5.424 209.5 405.5 111.5 60.5 

PW1PW91 5.417 207.1 398.6 111.4 59.7 

B3LYP 5.473 193.5 378.8 100.8 53.0 

M06L 5.503 177.8 343.8 94.8 45.1 

M06 5.448 206.1 397.3 110.5 42.9 

M06-2x 5.423 229.8 439.9 124.8 62.8 

M06-HF 5.377 267.8 497.5 153.0 117.9 

M05 5.494 190.2 375.8 97.4 36.0 

M052x 5.402 241.1 457.5 132.9 87.3 

PBE 5.471 176.9 337.3 96.7 51.0 

HF 5.470 228.2 469.2 107.7 83.7 
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Table 2. Computed cell parameter, bulk modulus and independents elastic tensor component for 

Ce2O3 

 

 

Method 

a(Å) c(Å) c/a 

 

B0 (H) 

(GPa) 
C11 

(GPa) 

C12 

(GPa) 

C13 

(GPa) 

C33 

(GPa) 

C44 

(GPa) 

Experimental 3.89180 6.05980 1.56 11181      

CAM-B3LYP 3.883 6.143 1.582 135.6 236.4 135.4 92.1 157.2 72.5 

LC-ωBLYP 3.896 6.192 1.589 132.4 231.7 130.7 89.5 154.8 73.0 

Lc-ωPBE 3.866 6.034 1.561 139.4 247.1 139.4 96.9 155.3 80.8 

Lc-ωPBEsol 3.854 5.993 1.555 147.4 264.3 148.4 102.5 161.7 88.1 

RSHXLDA 3.868 6.119 1.582 134.9 239.6 134.1 90.1 157.2 74.5 

HISS 3.864 6.042 1.563 140.1 248.4 141.4 97.1 155.1 77.2 

ωB97X 3.895 6.209 1.594 135.4 230.6 136.1 92.5 159.1 72.9 

ωB97 3.901 6.231 1.585 133.5 224.1 134.2 89.7 161.4 70.6 

HSEsol 3.847 5.955 1.548 143.4 251.5 146.4 101.4 156.2 78.3 

HSE06 3.870 6.055 1.565 135.8 237.5 137.4 94.4 151.4 72.1 

PBE0 3.869 6.055 1.565 136.1 237.9 137.8 94.4 152.0 72.8 

PBEsol0 3.847 5.956 1.548 143.9 252.2 146.8 101.7 157.0 79.1 

PBE0-13 3.865 6.044 1.564 138.8 243.4 140.8 96.1 154.8 75.4 

B1WC 3.852 5.963 1.548 141.4 245.6 144.2 100.0 155.1 76.5 

WC1LYP 3.883 6.108 1.573 134.1 231.3 135.1 92.3 153.6 69.5 

B97H 3.896 6.135 1.575 131.1 226.8 124.3 89.8 155.9 72.0 

B3PW 3.874 6.078 1.569 133.8 232.9 135.0 92.2 151.2 70.5 

PW1PW91 3.871 6.056 1.564 135.7 236.1 137.2 94.3 152.1 71.8 

B3LYP 3.897 6.200 1.591 131.7 234.4 135.4 95.2 156.3 74.5 

M06L 3.930 5.970 1.519 122.2 221.2 132.4 91.8 116.6 69.3 

M06 3.870 6.172 1.595 145.5 237.7 143.0 102.3 173.5 75.9 

M06-2x 3.887 6.088 1.566 142.5 243.8 146.1 105.7 150.1 81.1 

M06-HF 3.866 5.987 1.548 155.3 274.1 163.4 109.9 165.9 93.7 

M05 3.906 6.249 1.600 127.6 220.4 118.9 84.7 155.0 67.4 

M05-2x 3.889 6.046 1.555 140.2 246.6 147.7 98.7 149.7 81.6 

PBE 3.879 6.059 1.562 108.6 201.3 104.6 74.9 114.8 57.8 

HF 3.930 6.256 1.592 131.5 241.7 126.7 86.4 153.5 73.2 
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Table 3: Cohesive Energies for the primitive cells of CeO2 and Ce2O3 

Method Ecoh CeO2(eV) Ecoh Ce2O3(eV) 

Exp (Tabulated) -20.7485 -34.9985 

CAM-B3LYP -19.02 -33.28 

Lc-ωBLYP -18.24 -32.75 

Lc-ωPBE -19.16 -34.00 

Lc-ωPBESOL -19.53 -35.19 

RSHXLDA -19.96 -34.93 

HISS -18.84 -33.29 

ωWB97X -18.96 -33.61 

ωB97 -18.64 -33.56 

HSESOL -20.69 -35.12 

HSE06 -19.42 -33.37 

PBE0 -19.37 -33.36 

PBESOL0 -20.64 -35.10 

PBE0-13 -19.13 -33.25 

B1WC -20.79 -35.07 

WC1LYP -20.20 -34.18 

B97H -19.29 -33.34 

B3PW -19.18 -32.90 

PW1PW1 -18.62 -33.65 

B3LYP -18.76 -32.25 

M06L -20.76 -35.07 

M06 -19.20 -33.46 

M06-2x -18.61 -33.90 

M06-HF -20.09 -36.31 

M05 -17.73 -31.59 

M052x -18.97 -34.37 

PBE -20.79 -34.39 

HF -25.50 -43.04 
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Table 4. Vibrational frequencies calculated at the Γ point for CeO2 and Ce2O3. 

 

Method 

CeO2 Ce2O3 

T1u T2g Eg A1g Eg A1g Eu A2u Eu A2u 

Experimental 
27281-

27682 

 

 

46579,83,84 10367 18967 40967 40967 - - - - 

CAM-B3LYP 288 465 106 193 424 431 200 214 386 473 

LC-ωBLYP 283 460 102 189 421 432 169 209 389 473 

Lc-ωPBE 298 472 110 197 432 437 220 230 396 479 

Lc-ωPBESOL 314 505 116 207 453 452 235 247 418 494 

RSHXLDA 288 468 107 194 427 438 201 218 388 478 

HISS 297 474 110 198 433 434 213 228 398 479 

ωB97X 249 461 103 193 429 441 201 213 388 475 

ωB97 245 446 102 194 419 446 197 218 377 475 

HSEsol 304 473 108 205 427 430 211 221 392 462 

HSE06 288 461 107 193 423 424 205 218 387 467 

PBE0 290 463 107 192 423 425 202 219 388 467 

PBEsol0 303 474 112 201 435 432 224 236 399 473 

PBE0-13 294 476 108 199 433 450 205 212 399 501 

B1WC 301 462 110 198 429 425 221 232 393 466 

WC1LYP 285 449 105 191 418 421 212 213 378 461 

B97H 164 444 105 195 396 424 202 224 367 478 

B3PW 285 454 105 190 418 422 193 214 382 464 

PW1PW 288 457 106 192 421 422 204 218 384 464 

B3LYP 270 443 100 183 410 418 179 195 372 458 

M06L 256 425 109 191 390 423 218 235 373 424 

M06 246 446 102 193 412 423 204 197 376 480 

M06-2x 324 472 111 195 434 436 236 223 401 484 

M06-HF 446 548 119 207 487 433 276 218 444 511 

M05 178 431 97 191 384 429 180 216 349 474 

M052x 378 499 107 199 469 428 227 212 437 475 

PBE 272 424 103 182 399 400 199 205 363 421 

HF 280 517 106 191 440 443 201 203 413 479 
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Table 5: Summary table for the Oxygen vacancies on CeO2(111). Oxygen vacancy formation energy on surface (EvSurf ) and subsurface (EvSub) positions. With µ 

Ce3+ we indicate the magnetic moment over the formally Ce3+. r (Errore. Il segnalibro non è definito.Errore. Il segnalibro non è definito.Ce3+-O) is the average 

distance between Ce3+ and the O in its first coordination shell. Rf is the relaxation factor, computed as the ratio between r (Errore. Il segnalibro non è 

definito.Errore. Il segnalibro non è definito.Ce3+-O) and the average Ce-O distance in the pristine surface. 2p - 4f is the gap between the valence O 2p states and 

the occupied Ce 4f states, while 4f - 4f is the gap between the occupied Ce 4f states and the conduction empty Ce 4f states. The slash divided the data for the two 

reduced Ce3+. 

Method EvSurf (eV)a 2p - 4f  

(eV) 

4f - 4f 

(eV) 
µ Ce3+(μB) r (Errore. Il 

segnalibro 

non è 

definito.Error

e. Il 

segnalibro 

non è 

definito.Ce3+-

O) (Å)b 

Rf EvSub (eV)a 2p - 4f 

(eV) 

4f - 4f 

(eV) 
µ Ce3+(μB) r   Ce3+-O 

(Å)b 

Rf 

PBE0(25)/this work 3.00 (3.10) 1.80 1.96 1.000/0.999 

 

 

2.374/2.371 

(2.330) 

 

1.018 2.77 (2.87) 1.99 

 

 

1.87 

 

 

1.000/1.000 

 

 

2.388/2.387   

(2.330) 

 

1.025 

 

 

HSE06(25, screen )/ 

this work 

3.10 (3.19) 1.89 1.25 0.997/0.996 2.372/2.371 

       (2.330) 

 

1.018 2.86 (2.96) 

 

 

1.99 

 

 

 

1.17 

 

 

 

1.000/1.000 

 

 

 

2.387/2.387 

(2.330) 

 

 

1.024 

 

 

 

PW1PW91(20)/this 

work 

3.39 (3.56) 2.02 1.26 

 

 

0.994/0.995 2.364/2.366 

(2.335) 

 

1.013 3.04 (3.20) 

 

 

2.13 

 

 

1.02 

 

 

1.000/1.000 

 

 

2.385/2.385 

(2.335) 

 

1.021 

 

 

B1WC(16) /this 

work 

3.78 (4.15) 2.40 0.55 

 

 

0.969/0.969 

 

 

2.347/2.346 

(2.323) 

1.010 3.63 (4.00) 

 

 

2.50 0.22 

 

 

0.962/0.961 

 

 

2.362/2.363 

         (2.323) 

1.017 

 

 

HSE06/p(2x2) 3L53 3.30  1.0    3.21 

 

 0.9    

HSE06/p(4x4)14 2.44      2.26 
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PBE0/PEECM 75 3.3(T)c  2.5    3.54(T)c/3.33(S)c  2.2    

a) In brackets: the energies calculated with respect to the ground state energy of O (triplet state) and 1/2 of the experimental binding for O2 (2.58 eV)86.  

b) In brackets: the average Ce-O distance for the Ce in the 2th atomic layer of the relaxed pristine surface 

c) T and S are respectively Triplet and Singlet spin multiplicity for the ferromagnetic and antiferromagnetic configuration.  
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