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ABSTRACT 

To study the dependence of the relative stability of surface (VA) and subsurface (VB) oxygen 
vacancies with the crystal facet of CeO2, the reduced (100), (110) and (111) surfaces, with two 
different concentrations of vacancies, were investigated by means of density functional theory 
(DFT+U) calculations. The results show that the trend in the near-surface vacancy formation 
energies for comparable vacancy spacings, i.e. (110) < (100) < (111), does not follow that in the 
surface stability of the facets, i.e. (111) < (110) < (100). The results also revealed that the preference 
of vacancies for surface or subsurface sites, as well as the preferred location of the associated Ce3+ 
polarons, are facet and concentration dependent. At the higher vacancy concentration, the VA is 
more stable than the VB at the (110) facet whereas at the (111), it is the other way around, and at 
the (100) facet, both the VA and the VB have similar stability. The stability of the VA vacancies, 
compared to that of the VB, is accentuated as the concentration decreases. Nearest neighbor 
polarons to the vacant sites are only observed for the less densely packed (110) and (100) facets. 
These findings are rationalized in terms of the packing density of the facets, the lattice relaxation 
effects induced by vacancy formation and the localization of the excess charge, and the repulsive 
Ce3+ Ce3+ interactions. 

Keywords: cerium oxide surfaces, facet-dependent stability, oxygen vacancies, lattice relaxations, 
excess charge localization 

 

1. INTRODUCTION 

Cerium dioxide (CeO2) and CeO2-based materials have been extensively studied for their 

excellent oxygen storage capacity (OSC), redox catalytic properties [1], and recently for strong 
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metal-support interaction effects in ceria-supported metal nanoparticles [2].  The unique role of 

ceria has been confirmed in many catalytic applications, including advanced car converters for 

exhaust gas pollution control [3], hydrogen production and fuel cells [4-6], CH4 conversion to fuels 

and chemicals [7-11], soot oxidation [12], CO oxidation to CO2 [13], oxygen sensors [14] and complex 

organic reactions [15], as well as it holds promise for biological applications [16, 17] Ceria 

nanoparticles with controlled morphologies, such as nanooctahedra ((111) facet), nanocubes ((100) 

facet), and nanorods ((100) and (110) facets), are fabricated [18], and their chemisorption and 

reactivity properties investigated [19-25], with the caveat that under reaction conditions, ceria 

facets can undergo restructuring [26-31]. There is ample evidence of the facet-dependent 

properties of ceria nanoparticles, many of which are related to differences in the  ease with which 

oxygen vacancies can be created, which is accompanied by localization of the excess charge on 

cerium ions, driving the Ce4+  Ce3+ reduction and the formation of two Ce3+ polarons per vacancy  

[32-35]. For ceria, the in-depth understanding of the facet-dependent oxygen vacancy structure 

provides a means to interpret the system functionality. To date, in this context, the reduced (111) 

facet has been the most experimentally and theoretically studied, and the stability of near-surface 

oxygen vacancies and the excess charge localization have been addressed [36-57]. However, similar 

studies for the other low-index reduced (110) and (100) facets are relatively scarce and limited to 

theoretical investigations [42, 44, 46, 47, 58-62], within which, those that study the stability of 

vacancies in the subsurface are even more scarce [63, 64].  Moreover, in the cases of the less studied 

(110) and (100) facets, there is a lack of consistency on the relative stability of surface and 

subsurface vacancies and on which are the preferred cation sites for the localization of the Ce3+ 

cations created upon oxygen vacancy formation. 

With regard to theoretical studies on the reduced (111) facet, the computational 

methodology varies, but there is general consensus that subsurface vacancies are more stable than 

surface ones and, for some time now, that the Ce3+ ions are preferably located in the outermost 

cationic plane in sites not adjacent to the vacancies, as much as possible [43-45, 49, 51-54, 56, 63, 

65], in full accord with experimental results [33, 37, 38]. Therefore, the recent result by Wu et al. 

[57] which reports that Ce3+ are first neighbors to both surface and subsurface vacancies, is striking. 

Vacancy-induced lattice relaxation effects were used to explain the preferred localization of both 

vacancies and excess charge [43, 49, 51]. 

Nolan et al. [42] were among the first to study surface oxygen vacancies at the three low-

index facets of ceria with the Ce3+ ions in nearest-neighbor positions to the vacancies, by means of 
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density functional theory (DFT+U) calculations, providing the (110) < (100) < (111) trend for the 

vacancy formation energy. Moreover, Nolan et al. [42] noted that the trend did not follow the one 

of the stability of the pure surfaces, namely, (100) < (110) < (111), however, no explanation was 

provided.  

The theoretical understanding of the structures of near-surface oxygen vacancies at the 

(110) facet is shallower than at the (111) facet [32, 33, 42, 44, 58, 59, 61, 63, 66]  with hardly any 

consideration of subsurface vacancies [63]. Initially, Nolan et al. [46] and Fabris et al. [44] performed 

DFT+U calculations for a surface vacancy at the surface with the excess charge localized on two Ce3+ 

adjacent to the vacancy. Scanlon et al. [61]  later reported the higher stability (by about 0.3 eV with 

DFT+U, (22) unit cell) of a configuration for which both Ce3+ are next to the vacancy, but one is in 

the surface layer and the other in the layer below.  Afterwards, Nolan confirmed the higher stability 

of that configuration using hybrid-DFT, [58] and Song et al. [65] also reported that it was the most 

stable with DFT+U. However, Kullgren et al. [59]  revealed that another configuration with both Ce3+ 

in the outermost ceria layer, one adjacent to the vacancy and the other one in a next-nearest 

neighbor position, is energetically preferred compared to both the one with two Ce3+ adjacent to 

the vacancy in the surface layer and the one with one of the nearest-neighbors Ce3+ in the layer 

below (by about 0.7 and 0.3 eV, respectively, with DFT+U, (22) unit cell).  The high stability of the 

last-reported vacancy structure is maintained for different unit cell sizes, although the energy for 

creating the vacancy can vary in a range of 0.5 eV [59]. The recently reported Ce3+ distribution for a 

surface vacancy at the (110) surface by Wu et al. [63] is consistent with what was found by Kullgren 

et al. [59] Moreover, a greater stability of surface vacancies than subsurface ones has been recently 

reported [63] with the subsurface vacancy having both Ce3+ adjacent to the vacancy, but neither of 

them in the outermost layer but in deeper layers, what is surprising. The dependence of the relative 

stability of vacancies near the (110) surface with the unit cell size was not considered. 

The reduced (100) facet is probably the least studied [34, 42, 58, 63, 64], Nolan et al. [42, 

58]  reported that the stable surface vacancy has two Ce3+ adjacent to the vacancy (with DFT+U and 

hybrid-DFT, p(22) unit cell)  and the more recent results by Kropp et al. [64]  (DFT+U, c(22) unit 

cell) are consistent with that finding. Moreover, Kropp et al. [64] indicated that subsurface oxygen 

vacancies are notoriously less stable than surface ones (by about 1.8 eV). However, Wu et al. [63] 

have recently showed that a surface vacancy configuration, with one Ce3+ adjacent to the vacancy 

in the outermost ceria layer, and the other one in a next-nearest neighbor position in a deeper layer, 

is the most stable structure (DFT+U, p(22) unit cell), and that the stability of a subsurface vacancy,  
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with one next-nearest neighbor Ce3+ in the outermost ceria layer and the other one nearest-

neighbor in a deeper layer, is comparable to that of the surface vacancy (within 50 meV).  

 Given the the inconsistencies and disparity in some results, in this paper we present a 

systematic study of the stability of near-surface oxygen vacancies and the excess charge localization 

at the reduced (110) and (100) ceria surfaces for two different vacancy concentrations, and compare 

with results in the literature, as well as with those for the (111) surface, clarifying the disagreements, 

and providing important information and insight on the formation of oxygen vacancies at the low-

index ceria facets, which are particularly interesting in catalysis. The results are discussed in terms 

of energetics and features of the different ceria facets and vacancy structures. Our findings should 

be useful in the interpretation of the facet-dependent reactivity of ceria nanoparticles with tailored 

shapes. 

2. METHODS AND MODELS 

Spin-polarized DFT calculations were carried out using the slab−supercell approach [67], 

with the Vienna Ab-initio Simulation Package (VASP, http://www.vasp.at; version 5.4.4) [68, 69]. We 

explicitly treated the Ce (4f, 5s, 5p, 5d, 6s) and O (2s, 2p) electrons as valence states within the 

projector augmented wave (PAW) method with a plane-wave cutoff energy of 415 eV, whereas the 

remaining electrons were considered as part of the atomic core. Strong correlation effects due to 

charge localization were modeled by adding a Hubbard U-like term [70] (Ueff= U-J, i.e., the difference 

between the Coulomb U and exchange J parameters, from now on referred to simply as U) to the 

Perdew, Burke and Ernzerhof (PBE) generalized gradient approximation (GGA) functional [71]. We 

used a value of U = 4.5 eV for the Ce 4f states [44, 72]. 

Bulk ceria has a cubic fluorite structure (Fm3m) with a calculated lattice constant of 5.486 

Å. The low-index CeO2 (111), (110) and (100) facets were modeled employing unit cells of two 

different sizes, namely, (22) and (33),  (22) and (42), and p(22) and c(22) periodicities, 

respectively (see Figures 1 and S1,  and Table 1), respectively, with the optimized lattice parameter. 

The Monkhorst−Pack method [73] has been used to sample the Brillouin zones and the k-meshes 

used for each structure are included in Table 1. All supercells were set with a vacuum space of at 

least 12 Å. 

The bulk-truncated oxygen-terminated (100) surface is polar, and thus surface 

reconstructions are expected. Different surface terminations with either Ce or O atoms in the 
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outermost layer have been proposed in studies employing theoretical and experimental approaches 

[74-76] We considered the relative stability of two of them, namely, an O-terminated 

(4O4Ce8O4Ce4O), in which fifty percent of the oxygen atoms in the bulk-truncated surface 

oxygen layer has been removed and placed at the bottom of the slab, and a Ce-terminated 

(2Ce8O4Ce8O2Ce), in which the cerium atoms are those that are equally distributed between 

the top and the bottom of the slab (hereinafter (100)O  and (100)Ce, respectively, cf. Figure 1).  

All atoms in the bottom atomic layers were fixed, as indicated in Table 1, at their optimized 

bulk-truncated positions during geometry optimization, whereas the rest of the atoms were allowed 

to fully relax. Total energies and forces were calculated with a precision of 10-6 eV and 10-2 eV/Å for 

electronic and force convergence, respectively. 

Table 1. Characteristics of the different supercells studied. 

Surface (111) (110) (100) 

Unit cell 
periodicity 

(22) (33) (22) (42) p(22) c(22) 

k-points mesh 331 221 231 121 331 221 

No. atomic 
layers 

12 12 5 5 11 11 

Relaxed/fixed 
layers 

9/3 9/3 4/1 4/1 8/3 8/3 

CeO2 units 16 32 20 40 20 40 

CeO2 units per 
repeat units  
to the surface 

4 9 4 8 4 8 

Surface area 
(nm2) 

0.52 1.17 0.85 1.70 0.60 1.20 

Molecular 
Density        

(CeO2/nm2) 
7.69 4.71 6.67 

 

Surface energies (𝛾) were calculated as: 

𝛾 = 𝛾௨௡௥௘௟௔௫ + 𝛾௥௘௟௔௫      (1) 

𝛾௨௡௥௘௟௔௫ =
1

2𝑆
ൣ𝐸௦௟௔௕

௨௡௥௘௟௔௫ − 𝑚 ∙ 𝐸௕௨௟௞൧     (2) 
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𝛾௥௘௟௔௫ =
1

𝑆
ൣ𝐸௦௟௔௕

௥௘௟௔௫ − 𝐸௦௟௔௕
௨௡௥௘௟௔௫൧     (3) 

where 𝑆 is the surface area of the surface unit cell, 𝑚 is the number of unit cells with CeO2 

composition in the slab, 𝐸௕௨௟௞ is the energy of bulk CeO2 per formula unit, and 𝐸௦௟௔௕
௥௘௟௔௫ and 𝐸௦௟௔௕

௨௡௥௘௟௔௫ 

are the total energies of the relaxed and unrelaxed supercells, respectively. Thus, a lower surface 

energy corresponds to a more stable surface. 

 

Figure 1. Top and side views of the unrelaxed ceria surfaces: a) (22)-(111), b) (22)-(110) and, c1) 

p(22)-(100) O-terminated, and c2) p(100) Ce-terminated. Color code: Ce (O) atoms in the 

outermost layer are white (red) whereas those in deeper layers are gray (light red). This color code 

is used in all subsequent figures. The images were created employing the VESTA software [77]. 

 

Reduced surfaces were modeled by removing one oxygen atom from the surface or 

subsurface layers. Hereinafter, a capital letter A (B) denotes a surface (subsurface) vacancy, VA/B. For 

all three p(22) surfaces, the shortest vacancy-vacancy distance is 776 pm, before lattice relaxation. 

In the larger cells, the corresponding distances are comparable, i.e., 1164, 1097, and 1098 pm for 

the (111), (110), and (100) facets, respectively. We define the oxygen vacancy concentration as 

ΘOvac

A/B
=  𝑁v/𝑁A/B, where 𝑁v and 𝑁A (𝑁B) are the number of surface (subsurface) vacancies in the 

reduced layer and the total number of oxygen atoms in a single non-reduced oxygen atomic layer 

of the same cell, respectively. Therefore, the removal of a surface or subsurface oxygen atom from 

the p(22) surfaces corresponds to  ΘOvac

A  (ΘOvac

B ) = 1/4 (1/4), 1/8 (1/8) and 1/4 (1/8)  for the (111), 
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(110) and (100) facets, respectively. In the case of the larger cells, the corresponding concentrations 

are ΘOvac

A  (ΘOvac

B ) = 1/9 (1/9), 1/16 (1/16) and 1/8 (1/16). 

The formation of a neutral oxygen vacancy in ceria is accompanied by the formation of two 

nearby Ce3+ polarons, which result from the transfer of two electrons originally residing in 2p states 

of the missing oxygen ion to Ce 4f states of two cations. In order to inspect different configurations 

of the reduced Ce3+ sites, a two-step relaxation procedure was applied. In the first step, we replaced 

two selected Ce4+ by La3+ ions (with a larger ionic radii) per O vacancy and performed non-spin-

polarized calculations. The so-obtained relaxed structure was further optimized using the regular 

Ce4+ PAW potentials. We limit the discussion to high-spin states because the difference between 

these states and any other spin state is generally less than 0.01 eV. The oxidation state of a given Ce 

ion (Ce4+ or Ce3+) was determined by considering its local magnetic moment (the difference between 

up and down spins on the ion), which can be estimated by integrating the site- and angular 

momentum-projected spin-resolved density of states over spheres with radii chosen as the 

Wigner−Seitz radii of the PAW potentials. The magnetic moment of the Ce4+ (4f 0) and Ce3+ (4f 1) ions 

is 0 and ~1 μB, respectively, because the occupation of the Ce f states is 0 and ~1, respectively. 

The oxygen vacancy formation energy (𝐸௙) was calculated as 

𝐸௙ = 𝐸େୣ౤୓(మ౤షభ)
+

1

2
𝐸୓మ

− 𝐸େୣ୓మ
 

𝐸௙ = 𝐸௙
௨௡௥௘௟௔௫ − ∆𝐸௙

௥௘௟௔௫ 

 

    (4) 

    (5) 

 

where 𝐸େୣ౤୓(మ౤షభ)
 is the energy of the cell with a vacancy, 𝐸୓మ

 is the energy of the triplet O2 molecule 

in gas phase, and 𝐸େୣ୓మ
 is the energy of the unreduced cell. 𝐸௙ can also be written as the difference 

of two terms 𝐸௙
௨௡௥௘௟௔௫ and ∆𝐸௙

௥௘௟௔௫, where 𝐸௙
௨௡௥௘௟௔௫ is the energy required to remove an oxygen 

atom with fix structure, and ∆𝐸௙
௥௘௟௔௫(> 0) is the energy gained from structural relaxations in the 

presence of the oxygen vacancy. 
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Figure 2. Top and side views of the unrelaxed and reduced (111), (110) and (100) O-terminated low-
index ceria surfaces, with (22), (22) and p(22) periodicity, respectively. The bottom six, two and 
six atomic layers of the respective slabs are not shown. Oxygen vacancies are shown in purple. The 
labeled Ce atoms denote the order of the neighboring cationic coordination shell with respect to 
the oxygen vacancy to which they belong (nത and nധ are in the second and third atomic layer, 
respectively). Ogem indicate a surface oxygen atom at the (110) surface with a change in coordination 
upon creation of a surface vacancy (see text). O1 and O2 represent the two inequivalent subsurface 
oxygen positions at the (100) surface. 

 

3. RESULTS AND DISCUSSION 

3.1 Surface stability 
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In order to understand the stability of near-surface oxygen vacancies at the different ceria 

facets, it is important to first consider some structural aspects of the corresponding oxidized 

surfaces, such as the coordination of surface and subsurface oxygen atoms, OCe distances, and the 

relative stability between the facets. 

In the (111) and (110) facets, surface oxygen atoms are threefold coordinated and in the 

(100)O, they are twofold, whereas the subsurface oxygen atoms in all facets are fourfold-

coordinated (see Figure 1 and Table S1). Calculated surface energies, 𝛾, with and without lattice 

relaxations  follow the same trend, i.e. (111) < (110) < (100)O < (100)Ce (Table 2). These results 

are in good agreement with previous studies. The (100)O terminated (relaxed) surface is 0.32 J/m2 

more stable than the (100)Ce terminated one. Therefore, from now on, we will only focus on the 

(100)-O terminated surface. It should be mentioned that a mixture of O- and Ce- terminations can 

reduce the surface energy. For instance, the calculated surface energy for a 87.5% [(100)O]-12.5% 

[(100)Ce] mixed termination (c(22) unit cell) is by 0.03 J/m2 smaller than that of the pure (100)O 

termination, in agreement with what was observed by Pan et al. [74] with a 75%-25% mixed 

termination. We will not consider these mixed terminations of the (100) facets in more detail, 

because it is beyond the scope of this work, and only discuss the (100)O, hereinafter referred as 

(100). 

Table 2. Surface energy of different CeO2 facets. 

Methoda 
𝜸 (hkl) (J/m2) 

Reference 
(111) (110) (100)O (100)Ce 

PBE+U(4.5) 0.71 (0.73)b 1.00 (1.36)b 1.45 (2.15)b 1.77 (3.15)b This work 

PBE+U(4.5) 0.72 1.06 - - [44] 

PBE+U(4.5) - - 1.68c 1.78c [74] 

PBE+U(4.5)  - - 1.71 1.92 [75] 

PBE+U(5) 0.73 1.09 1.48 1.83 [76] 

PW91+U(5.0) 0.68 1.01 1.41 - [46] 

PBE+U(4.5) 0.68 - 1.44 - [64] 

PW91+U(6.3) 0.60 0.96 - - [78] 

PBE+U(5.0) - - 1.48 1.89 [79] 

PW91 0.60 1.01 1.43 - [47] 

PW91+U(5) 0.64 1.39 1.65  [80] 
a Flavor of the generalized-gradient approximation (GGA) functional, GGA+U (U in eV).  
b Unrelaxed structures. 
c Includes ZPE correction and configurational entropy contributions. 
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Table 2 also shows that relaxation contribution to the surface energies, ∆𝛾,  increases in the 

following order: (111) < (110) < (100)O, namely, 0.02 J/m2 < 0.36 J/m2 < 0.70 J/m2, respectively. 

This trend had previously been reported [42, 47, 48, 64, 76, 80], with ∆𝛾 values in the 0.010.04, 

0.180.24, and  0.550.74 J/m2 ranges for the (111), (110) and (100)O surfaces, respectively. As 

Nolan et. al.46 already noted, the (111) surface is the one that becomes less stabilized through lattice 

relaxation, because it is the most compact low-index surface, whereas the (100) surface is the one 

that gains more stabilization energy, as a consequence of significant rearrangements after cleavage. 

In geometrical terms, the lattice relaxations produce vertical displacements of the outermost O and 

Ce atoms. The calculated displacements (in pm), which we describe as (O, Ce)z are: (6.7, 5.0)111, 

(10.9, 25.5)110 and (28.8, +6.2,)100O, where negative (positive) values indicate an inward 

(outward) relaxation perpendicular to the surface. As expected, the displacements of the O and Ce 

atoms in deeper layers are smaller, but even so, in the second O layer of the (100) termination a 

strong rumpling is observed, with half of the subsurface atoms of O moving vertically upwards by 

+29.1 pm and the other half inwards by 18.5 pm, which can be compared with the smaller 

displacement of the subsurface O atoms in the (110) surface of 8.3 pm.  Moreover, an in-plane 

displacement of the surface O atoms at the (110) surface of about 7 pm is seen. These displacements 

correlate with changes in the OCe bond lengths at the surfaces when compared to the 237.5 pm 

in the CeO2 bulk (Table S1). The average OCe bond length for the surface oxygen atoms are  237, 

233  and 219 pm for the (111), (110) and (100)O facets, respectively. The OCe bond length at the 

(111) facet is similar to that in the  bulk, because the magnitude of the inward relaxation of the 

outermost O and Ce atoms is comparable. The 1.7% compression of the average OCe bond length 

in the (110) surface, results from the combination of the different vertical displacements of the 

surface O and Ce atoms with the in-plane displacement of the O atoms. In the case of the (100) 

facet, the 7.6% compression of the average OCe bond length results from the inward and outward 

vertical displacements of the O and Ce atoms, respectively. 

 

3.2 Oxygen vacancy formation 

For the study of the formation of oxygen vacancies we follow the same notation used by 

Otero et al. [49], i.e., we will refer to Vn,m
A  and Vn,m

B  for surface and subsurface oxygen vacancies, 

respectively, as mentioned above. The pair of subscripts (n,m) (m ≥ n) are used to indicate the 

neighboring cationic coordination shells, with respect to the oxygen vacancy, in which the two 
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excess electrons (Ce3+) are located (nത and mഥ , and nധ and mന , are in the second and third layer, 

respectively, see Figures 2 and S1; (n,m’) indicates a non-equivalent configuration to (n,m)).  

Lattice relaxations are known to be crucial to both the established higher stability of 

subsurface vacancies at the (111) ceria surface and the localization of the two excess electrons in 

Ce sites that are not adjacent to the vacancy [37, 43, 52]  Therefore, we analyze next their 

contributions in the cases of the most stable near-surface vacancy structures at the (110) and (100) 

surfaces, and compare them with those for the (111) surface, using the p(22) unit cells. 

Table 3. Formation energy of surface (VA) and subsurface (VB) oxygen vacancies (with respect to ½ 
O2, in eV) at ceria surfaces. 𝐸௙

௨௡௥௘௟௔௫ and 𝐸௙ correspond to the values for the unrelaxed and relaxed 
structures, respectively. ∆𝐸௙

௥௘௟௔௫ corresponds to the energy gained from lattice relaxations upon 
vacancy formation. Ce3+ (n,m) indicates the positions of the Ce3+ ions in the relaxed structures.  
 

Facet (111) (110) (100) 

Unit Cell 2  2 3  3 2  2 4  2 p(2  2) c(2  2) 

Vacancy Type VA 

𝑬𝒇
𝒖𝒏𝒓𝒆𝒍𝒂𝒙 3.79  3.41  2.61  

𝑬𝒇  2.22 1.96 1.29 1.06 1.78 1.35 

∆𝑬𝒇
𝒓𝒆𝒍𝒂𝒙 1.57  2.12  0.83  

Ce3+ (n,m) (2, 2ത) (2,2) (1,2) (1,2) (1, 2ത) (1,1) 

Vacancy Type VB 

𝑬𝒇
𝒖𝒏𝒓𝒆𝒍𝒂𝒙 4.01  4.47  3.86  

𝑬𝒇 1.81 1.76 2.17 2.29 1.75 1.82 

∆𝑬𝒇
𝒓𝒆𝒍𝒂𝒙 2.20  2.30  2.11  

Ce3+ (n,m) (2, 2ത) (2,2) (2,2) (1,2) (2, 2ത) (1,2) 

 

3.2.1 Stability trend: unrelaxed structures 

 Table 3 shows the calculated vacancy formation energy values obtained from unrelaxed 

oxygen vacancies, 𝐸௙
௨௡௥௘௟௔௫, according to equation (4). The first observation is that for the three 
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ceria facets, the formation energy of a surface vacancy is smaller than that of a subsurface vacancy: 

𝐸௙
௨௡௥௘௟௔௫ (VA) < 𝐸௙

௨௡௥௘௟௔௫ (VB). This result is expected [43, 49] because fewer CeO bonds are cut to 

create surface vacancies (2 or 3, cf. Table S1) than subsurface ones (4). 

Regarding the dependence of the vacancy formation energies on the ceria facet, two 

different trends can be observed, depending on the location of the vacancy. For VA, the following 

trend in 𝐸௙
௨௡௥௘௟௔௫ is observed: (100) < (110) < (111), whereas for VB is: (100) < (111) < (110). Nolan 

et al.42, 48 already observed that the ordering of stability of unrelaxed surface oxygen vacancies 

follows that expected from the surface energies [42, 48], i.e., (111)  < (110) < (100) (cf. Tables 2 

and 3), according to which, less stable surfaces will be more favorable for the formation of oxygen 

vacancies and thus more catalytically active. This is certainly true for VA, but not for VB.  

We here further inspect the unrelaxed structures and consider the distribution of the two 

excess electrons. As mentioned above, lattice relaxations are crucial to the formation of 2Ce3+, 

which leads to the structure stabilization [43, 50]. However, in the unrelaxed structures, the excess 

charge is ‟delocalized’’ over all nearest-neighbor cations to the vacancies, which are partially 

reduced, Ce(4-)+. When a surface (subsurface) oxygen vacancy is created without allowing for lattice 

relaxations, the excess charge is then distributed among 2 (4), 3 (4) and 3 (4) adjacent Ce atoms in 

the (100), (110) and (111) surfaces, respectively (see Figure S2). Moreover, we recall that reduced 

Ce ions are larger than the Ce4+, e.g., the average bond length of the eightfold coordinated Ce4+ ions 

in CeO2 is 2.37 Å, whereas that of the sevenfold coordinated Ce3+ ions in Ce2O3 is 2.50 Å [43, 50] This 

implies that in the unrelaxed structures, the larger Ce(4-)+O bonds  are compressed, which 

increases lattice strain, destabilizing the structures. We here find a correlation between the number 

of compressed Ce(4-)+O bonds (NB) and the vacancy formation energy (𝐸௙
௨௡௥௘௟௔௫), i.e., the larger 

NB is, the larger is 𝐸௙
௨௡௥௘௟ . 

The coordination of the outermost Ce atoms is 6 in the pristine (100) and (110) surfaces, 

and 7 in the (111), whereas it is 8 for Ce atoms in deeper layers for all three facets. In the case of 

the VA surface vacancies at the (100) facet,  there are two adjacent Ce(4-)+ ions in the outermost 

cationic layer and thus there is a total of  2  5 = 10 compressed bonds (cf. Figure S2). However, in 

the (110) facet,  out of the three neighboring Ce(4-)+ ions, two are in the first ceria layer and the 

other one is in the second layer,  and therefore NB equals 2  5 + 7 = 17. Finally,  in the (111) facet, 

the three Ce(4-)+ ions are in outermost cationic plane, so that NB is equal to 3  6 = 21. This analysis 
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indicates that for VA vacancies, NB and 𝐸௙
௨௡௥௘௟௔௫ follow the same trend, namely, (100) (NB=10) < 

(110) (NB= 17) < (111) (NB=18). 

Inspection of the unrelaxed structures with a VB subsurface vacancy (cf. Figure S2), reveals 

that NB follows the (100) (NB=24) < (111) (NB= 25) < (110) (NB=26) trend, which is consistent with 

the corresponding trend followed by 𝐸௙
௨௡௥௘௟௔௫  (cf. Table 3). It is important to note that these results 

are independent of the unit cell size, since the distribution of the excess charge among adjacent 

cations to a vacancy in the unrelaxed structures is the same for any cell size (cf. Figures S2 and S3). 

 

3.2.2 Stability trend: relaxed structures 

Table 3 also shows the lowest vacancy formation energies values for near-surface oxygen 

vacancies at the three ceria facets, 𝐸௙, which include relaxation effects. The vacancy structures have 

the excess electrons localized in their energetically preferred cationic sites, which are either in the 

first or second coordination sphere of the vacant oxygen site. In general terms, the results show that  

the near-surface oxygen vacancy formation energy (p(22) cells) follows the trend:  (110) (1.29, VA) 

< (100): (1.75/1.78, VB/VA) < (111) (1.81 eV, VB), which is in accordance with previously reported 

results [42, 46, 48, 63, 65, 81] and is not the one expected from the surface energies [cf. (111)  < 

(110) < (100), Table 2]. The near-surface oxygen vacancy stability trend can be related to 

differences in the packing density of the facets according to which the more compact the facet, the 

greater is 𝐸௙ (see density of CeO2 units per repeat units  to the surface in Table 1). This is in line 

with the results of Han et al. [51] and Wu et al. [81] that analyzed the near-surface oxygen vacancy 

stabilization in CeO2(111) under strain. They both find that tensile strain, involving the decrease in 

the packing density, is accompanied by the decrease in the energy of vacancy formation. 

We further observe that the relaxed surface VA vacancies follow the (110) < (100) < (111) 

stability trend in relation to the surface facet orientation (cf. 𝐸௙ in Table 3), which is not the same 

as that discussed above for the corresponding unrelaxed structures (i.e, (100) < (110) < (111), cf. 

𝐸௙
௨௡௥௘௟௔௫ in Table 3). We note that the stability trend of the VA vacancies is in line with previous 

works [42, 63], but actual 𝐸௙ values differ since either the Ce3+ were not located in their preferred 

positions [42] or the details of the DFT+U methodology used are not identical, or both (Table S2). 

The fact that the 𝐸௙ and 𝐸௙
௨௡௥௘௟௔௫  do not follow the same trend indicates that the surface vacancy 

induced lattice relaxation effects,  ∆𝐸௙
௥௘௟௔௫, that are facet-dependent, can be as significant as to 

change the stability order (Table 3), with differences between facets of up to about 1.3 eV. As 
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example, Figure 3 shows the average displacements toward the surface vacant site of the differently 

coordinated first-neighbor oxygen atoms, i.e., 46, 47 and 152 pm at (111), (100) and (110) surfaces, 

respectively, which reveal that relaxation effects are important. 

 

 

Figure 3. Top and side views of the most stable surface (VA) and subsurface (VB) oxygen vacancy 
structures for the (111), (110) and (100) ceria facets, with (22), (22) and p(22) periodicity, 
respectively. The bottom six, two and six atomic layers of the respective slabs are not shown. The 
oxygen vacancies are shown in purple and the Ce3+ in blue. The vacancy formation energy, 𝐸௙, and 
selected displacements of the oxygen atoms (in pm), with respect to their positions in the pristine 
surface, are also indicated. 

In the case of the subsurface VB vacancies, both 𝐸௙ and 𝐸௙
௨௡௥௘௟௔௫ follow the same trend, 

namely, (100) < (111) < (110). Vacancy induced lattice relaxations effects are also significant and 

generally even more important than for surface vacancies, but differences between facets are 

smaller (up to about 0.2 eV, Table 3). We note that the stability trend of the VB vacancies is not 
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consistent with that recently published by Wu et al. [63] [i.e., (110) < (100) < (111)], which we will 

address later in the text (section 3.3.2). 

Regarding the preferred location of the vacancy, it can be observed that at the least densely 

packed (110) facet, the VA is more stable than the VB, whereas at the most densely packed (111), it 

is the other way around, and at the (100) facet, both the VA and the VB have similar stability (Table 

3 and Figure 3). We observe that these results would be in line with those of Han et al. [51] who 

reported that the relative stability of surface and subsurface vacancies at the (111) facet depends 

on strain, with tensile strain favoring the formation of surface vacancies (VA), whereas subsurface 

vacancies (VB) are energetically favored under zero or compressive strain. Furthermore, regarding 

the location of the Ce3+, we observed that next-nearest neighbor positions to the vacant sites are 

generally preferred, rather in the outermost layer than in deeper ones (cf. Table 3).  However, at 

the less compact (100) and (110) facets, configurations with nearest neighbor Ce3+ are stable. We 

will rationalize all of these observations in the following sections. 

 

3.3 Oxygen vacancies and excess charge localization  

The existence of multiple local minima with respect to the localization of the excess charge 

may be significant for surface chemistry, since knowing the relevant vacancy structures is important 

when interpreting results such as the nature of active sites. The preferred cation sites for the 

localization of the Ce3+ polarons created upon oxygen vacancy formation near the surface of the 

(111), (110) and (100) ceria facets, and the relative stability of surface and subsurface vacancies, are 

analyzed below using the p(22) surface unit cells. 

 

3.3.1 CeO2(111) 

 As already mentioned, the reduced (111) facet has been the most studied, and the relative 

stability of near-surface oxygen vacancies and the excess charge localization have been addressed 

[36-56]. Here, we briefly review the current understanding, as far as relevant for comparison with 

the reduced (110) and (100) surfaces, and point the reader to works that have compiled most results 

in the literature [48, 50, 55, 56]. The most recent works in the literature (after 2009), independently 

of the specific implementation of periodic DFT calculations (different unit cell sizes, underlying 

exchange-correlation functional, U value in DFT+U, etc), generally agree that the subsurface vacancy 

is more stable than the superficial one and that the Ce3+ ions prefer sites that are not adjacent to 
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the vacancies, preferably in the outermost cationic layer. The preference of the Ce3+ for the not 

adjacent sites to the vacancies was explained as being sites in which the Ce3+O bonds are less 

compressed compared to the adjacent ones (cf. Table S3) [37, 43, 49]. Even though the outermost 

cerium layer is generally the energetically preferred location of the Ce3+ ions, they would rather be 

in deeper layers than compressed next to a vacancy, as it is the case with the (22) surface unit cell 

(cf. Table 3) [43, 49, 53]. Therefore, it is noticeable that Wu et al. [57] missed to provide any 

calculated defect formation energy for  V2,2ത
A/B configurations using a (22) unit cell, but reported a 

Vଵ,ଵ
A/B configurations with both Ce3+ in the first cationic coordination shell.  

Lattice relaxations have also been used to explain the preference of vacancies for subsurface 

sites. Our results for the (111) reduced facet with (22) and (33) periodicities (Tables 3 and S3, 

Figures 3 and S4) are in line with the previous knowledge of the system (cf. Table S2). We further 

here note that the distance between the Ce3+ ions increases by up to 32 pm as the location of the 

two Ce3+ ions changes when comparing the least with the most stable surface and subsurface 

vacancy structures (V1,1
A/B  V2,2ത

A/B, (22) unit cell, Table S3, Figure S4). We observed that a wide 

spread of values has been reported in the literature for the vacancies formation energies, indicating 

a strong dependence of the results on the details of the computations (cf. Table S2) [48, 50, 55, 56, 

82].  

 

3.3.2 CeO2(110) 

As mentioned in the introduction, for the CeO2(110) surface, most authors studied only the 

formation of surface vacancies [32, 33, 42, 44, 58, 59, 61, 63, 66], and  the information on subsurface 

vacancies is scarce [63]. Moreover,  the location of the two Ce3+ ions in the surface vacancy 

structures considered have varied from being nearest-neighbors in the outermost ceria layer (V1,1
A ) 

[42, 44] to nearest-neighbors but one in the outermost and one in the second layer (V1,ଵഥ
A ) [58, 61, 

65], to both Ce3+ in the first ceria layer, one nearest-neighbor and the other one in a next-nearest 

neighbor position (V1,2
A ) [32, 33, 59, 63, 66]. As in the case of the (111) facet, the spread of 𝐸௙ values 

in the literature is considerable due to differences in the computational details (cf. Table S2), but 

there is consensus that the latter Ce3+ configuration (V1,2
A ) is the most stable one and that the result 

is independent of the size of the unit cell.59 However, the reason for the preference of the V1,2
A  
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structure has not yet been explained in sufficient detail. The here calculated stability trend ((22) 

unit cell, Table S4) is: V1,1
A  (1.88 eV) > Vଶഥ,ଶന

A , V1,ଵഥ
A , V2,2

A , V2,ଶഥ
A  (1.591.48 eV) >V1,2'

A , V1,2
A  (1.32, 1.29 eV). 

In accordance with the aforementioned importance of lattice relaxations upon vacancy 

formation for the localization of the excess charge, we here briefly discuss the effect upon creation 

of surface VA vacancies at the (110) facet. It is the combination of three main reasons what results 

in the actual stability trend, namely, the general preference of Ce3+ ions to be at the surface, the 

destabilizing compression of the larger Ce3+ sites in surface sites adjacent to the vacancy, and the 

repulsive Ce3+ Ce3+ interaction. The shortest distance between the Ce3+, considering the periodicity 

of the surface unit cells (Table S4, Figure S5), follows the V1,1
A  (364 pm) < Vଶഥ,ଶന

A , V1,ଵഥ
A , V2,2

A , V2,ଶഥ
A  (380400 

pm) < V1,2'
A , V1,2

A  (549666 pm) trend that is generally consistent with that of the stability. 

Further inspection of the surface vacancy structures reveals that by moving a Ce3+ from 

position 1 to 1ത, V1,1
A   V1,ଵഥ

A , not only an increase in the shortest Ce3+ Ce3+ distance by 36 pm is 

achieved (Figure S5), but also the initially threefold coordinated surface oxygen ion neighboring the 

vacancy (the “geminal oxygen ion” [59], Ogem, Figure 2) is pushed outwards to finally occupy a 

twofold coordinated bridging site between the two top-layer cerium ions next to the vacancy, as 

previously reported [58, 61].. Moreover, the average Ce3+O bond length of the atom moving from 

position 1 to  1ത increases by about 11 pm, and it is only 7 pm smaller (243 pm, V1,ଵഥ
A  in Table S4) than 

the  sevenfold coordinated Ce3+ ions in Ce2O3 (250 pm). The stronger distortions around the vacant 

site in the V1,ଵഥ
A  structure, compared to theV1,1

A , with the oxygen atoms that are first neighbors to the 

vacancy moving towards the vacant site and the cerium atoms moving away from the empty 

negative ion, the better possibility of the V1,ଵഥ
A  structure to relax lattice strain induced by the Ce3+ 

ions, and the decrease in repulsion between the Ce3+ atoms, result in a 0.33 eV reduction of the 

vacancy formation energy (from 1.88 to 1.55 eV, Table S4). In addition, a further decrease in the 

repulsive Ce3+ Ce3+ interaction is achieved by moving a Ce3+ from position 1ത to 2, V1,ଵഥ
A    V1,2

A , which 

is accompanied by and additional energy gain of 0.26 eV (from 1.55 to 1.29 eV, Table S4). In the 

most stable V1,2
A  configuration, compared it with the V1,ଵഥ

A  configuration, the germinal oxygen atom 

has moved 16 pm less with respect to its original position, the two Ce3+ are in the outermost ceria 

layer and further apart by 266 pm, and the average Ce3+O bond length of the atom that moved 

from position 1ത to 2 is comparable (Table S4, Figure S5). The energy gain of 0.59 eV associated to 

the V1,1
A    V1,2

A  structural changes (Table 4) is in very good agreement with that reported by Huang 
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et al. [66], where they reported energy differences with respect to the more stable oxygen 

vacancies.  

 
Table 4. Energy gain by the re-localization of excess charge (in eV) upon creation of surface (VA) and 
subsurface (VB) oxygen vacancies at the (111), (110) and (100) ceria facets, with (22), (22) and 
p(22) periodicity, respectively. The configurations compared are the one obtained without 
specifying the location of the Ce3+ sites and the most stable one. 

 
 (111) (110) (100) 

VA 
V1,1

A    V2,ଶഥ
A    

0.29  

V1,1
A    V1,ଶ

A  

0.59 

V1,1
A    V1,ଶഥ

A  

0.20 

VB 
V1,1

B    V2,ଶഥ
B  

0.54 

V1,ଵന
B    V2,ଶ

B  

0.48 

Vଵഥ,ଵഥ
B    V2,ଶഥ

B  

0.42 

 

To our knowledge, Wu et al. [63] were the only ones that have recently reported on the 

stability of subsurface vacancies at the (110) facet using a (22) unit cell. They found that in the 

most stable configuration, the Ce3+ are adjacent to the vacancy and below the surface, one in the 

second and the other in the third ceria layer (1.48 eV63, V
ଵഥ,ଵന
B ,   Table S2), whereas the second most 

stable configuration has a next-nearest and a nearest neighbor Ce3+, in the first and third layer, 

respectively (2.43 eV63, Vଵന,ଶ
B , Table S2). Comparing with their more stable surface vacancy (1.14 eV 

[63], V1,2
A , Table S2), they predicted a greater stability of the latter by 0.34 eV. At this point, it is 

already striking that in their most stable subsurface vacancy configuration both Ce3+ are below the 

surface.  

We have attempted to reproduce the  Vଵഥ,ଵന
B  configuration and found that it is unstable, 

transforming into a surface vacancy with the Vଶഥ,ଶന
A  configuration, after considerable relaxations, 

particularly of the anions. The fact that for both configurations, Vଵഥ,ଵന
B  and  Vଶഥ,ଶന

A , they obtained 

practically the same defect formation energy (1.48 and 1.46 eV, respectively [63], cf. Tables S2), 

could provide an additional indication that the structure Vଵഥ,ଵന
B  does not actually exist. (Note that in 

the original reference by Wu et al. [63], the Vଶഥ,ଶന
A  structure has been mistakenly labelled as Vଵഥ,ଵന

A  in 

their Table S2, according to the atomic numbering in their Figure 1a). 
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We have considered a number of selected different subsurface vacancy structures with 

respect to the location of the excess charge ((22) unit cell, Table S5), and the stability trend for the 

low-lying vacancy structures is: Vଵഥ,ଵഥ
B   (2.97 eV) > V1,ଵന

B , V1,ଶഥ
B , V1,2'

B , Vଵന,ଶ
B , V1,2

B  (2.652.41 eV) > V2,2
B  (2.17 

eV). As in the case of the surface vacancies, the shortest distance between the Ce3+, considering the 

periodicity of the surface unit cells (Table S5, Figure S6), follows a trend  that is generally consistent 

with that of the stability, i.e. Vଵഥ,ଵഥ
B  (377 pm) < V1,ଵന

B , V1,ଶഥ
B , V1,2'

B , Vଵന,ଶ
B , V1,2

B  (375545 pm) < V2,2
B  (670 pm). 

Moreover, in the most stable V2,2
B  configuration (Table S5, Figure S6), the two Ce3+ are in the surface 

layer, and the average Ce3+O bond lengths are only by 4 and 7 pm smaller than the  sevenfold 

coordinated Ce3+ ions in Ce2O3 (250 pm). 

Similar to the case of the surface vacancies, local structural distortions are strong. In the 

case of the most stable V2,2
B  subsurface vacancy structure, the two adjacent surface oxygen atoms 

move by 54 pm (Figure 3, Table S5) and the first Ce neighbors move within a range of approximately 

10 to 30 pm, with that in the surface layer having the largest displacement (Table S5). In our work, 

the surface vacancies at the (110) facet are considerable more stable than subsurface ones (by 0.88 

eV, Table 3), compared to previously published results (by 0.34 eV) [63], and both most stable 

surface and subsurface vacancy structures (V1,2
A  and V2,2

B , respectively) have the Ce3+ located in the 

topmost layer and at a distance between them of approximately 670 pm. 

 As mentioned above (sec. 3.3.2), the stability trend of the subsurface vacancies with 

respect to the orientation of the ceria facet (Table 3), i.e. (100) (V2,ଶഥ
B : 1.75 eV) < (111) (V2,ଶഥ

B : 1.81 eV) 

< (110) (V2,ଶ
B : 2.17 eV), is not consistent with that recently published by Wu et al. [57, 63] , i.e. (110) 

(Vଵഥ,ଵന
B : 1.48 eV) < (100) (V2,ଶഥ

B : 1.67 eV) < (111) (V2,ଶഥ
B : 1.75 eV). The reason for this inconsistency has to 

do with the instability, that is, the non-existence, of the Vଵഥ,ଵന
B  configuration that Wu et al. [63] found 

it to be more stable, but according to our calculations it becomes a Vଶഥ,ଶന
A . 

 

3.3.3 CeO2(100) 

The here calculated stability trend for the lower lying  surface vacancy structures (p(22) 

unit cell, Table S6) is: V1,1
A  (1.98 eV) > V1,2'

A , V1,2
A  (1.92, 1.87 eV) > V1,ଶഥ

A  (1.78 eV). The energy gain 

associated to the V1,1
A    V1,ଶഥ

A  structural changes amounts to 0.20 eV (Table 4). The shortest distance 

between the Ce3+, considering the periodicity of the surface unit cells (Table S6, Figure S7), follows 

the V1,1
A  (353 pm) < V1,2'

A  (389 pm) <  V1,ଶഥ
A  (397 pm) trend that is generally consistent with that of the 
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stability. We note the existence of another V1,2
A -type configuration with 𝐸௙ = 1.87 eV and a 

Ce3+Ce3+ distance of 528 pm (Table S6, Figure S7). A more detailed inspection of  the four lower 

lying energy structures reveals that the percentage of Ce3+O bonds that are shorter than 250 pm 

(average Ce3+O bond length of the sevenfold coordinated Ce3+ ions in Ce2O3) follows the V1,1
A  (90%) 

> V1,2'
A  (81.8%) > V1,2

A  (72.7%) > V1,ଶഥ
A  (69.2%), which is in line with the calculated stability trend. As an 

example, we consider here the V1,1
A  configuration in which the two Ce3+ are fivefold coordinated, i.e. 

a total of ten Ce3+O bonds, out of which nine are shorter than 250 pm, i.e. nine out of ten (90 %) 

of the Ce3+O bonds are compressed. The Ce3+ configuration in the most stable V1,ଶഥ
A  surface vacancy 

structure agrees with that previously reported by Wu et al. [63]. In the most stable V1,ଶഥ
A   structure, 

the two adjacent Ce ions move away from the vacancy by 18 (Ce4+) and 24 (Ce3+) pm (Table S6), and 

the O atom right below the vacancy moves nearly perpendicular to the surface by 47 pm towards 

the vacant site (Figure 3, Table S6)  

When analyzing the subsurface vacancy, it should be noted that there are two types of 

subsurface oxygen atoms, OB and OB', where the former has a neighboring oxygen atom right above 

in surface layer, whereas the latter does not (cf. Figure 2).  We have found that removing the OB 

atom is considerable easier than the OB’ by up to 1.34 eV (cf. 1.75 and 3.09 eV, Table S7 and 8, 

respectively). Therefore, the removal of OB’-type oxygen atoms will not be considered further.  The 

here calculated stability trend for the lower lying subsurface vacancy structures (p(22) unit cell, 

Table S7) is: Vଵഥ,ଵഥ
B  (2.17 eV) > Vଵഥ,ଶഥ

B  (2.14 eV) >  Vଵഥ,ଶ
B  (1.77 eV) > V2,ଶഥ

B  (1.75 eV). 

Once more, the stability trend is generally consistent with that of the shortest  Ce3+ Ce3+ 

distance (Table S7, Figure S8), i.e. Vଵഥ,ଵഥ
B  (373 pm) < Vଵഥ,ଶഥ

B  (388 pm) ~ Vଵഥ,ଶ
B  (381 pm) < V2,ଶഥ

B  (392 pm). 

Furthermore, the  average Ce3+O bond lengths in the most stable V2,ଶഥ
B  subsurface vacancy structure 

are the largest among all the configurations considered, namely 258 and 250 pm for the Ce3+ in the 

second cationic neighboring shell at the first and second cationic plane, respectively. The Ce3+ 

configuration in the V2,ଶഥ
B  subsurface vacancy structure, agrees with that previously reported by Wu 

et al. [63] (Note that in the original reference by Wu et al. [63], the V2,ଶഥ
B  structure has been 

mistakenly labelled as V1,ଶഥ
B  in their Table S3, according to the atomic numbering in their Figure 1b). 

In all of these subsurface vacancy structures, the movements of the neighboring oxygen and 

cerium atoms towards the vacant site and away from it, respectively, are considerable (Figures 3 

and S8, Table S8). Most noticeable is the quasi perpendicular inward displacement of the 
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neighboring oxygen atom right above the vacant site in surface layer, which in the case of the most 

stableV2,ଶഥ
B  configuration amounts to 44 pm (Figure 3, Table S8). 

Summarizing our results for the most stable surface V1,ଶഥ
A  (1.78 eV) and subsurface V2,ଶഥ

B  (1.75 

eV) vacancies at the (100) facet with p(22) periodicity, we conclude that their stability are 

comparable, in line with previous results [63].  

 

3.4 Effect of vacancy concentration 

In this section, we briefly analyze the results on the formation of oxygen vacancies in the 

near-surface of the (111), (110) and (100) ceria facets using the (33), (42) and c(22) surface unit 

cells (Figure S1), respectively, which corresponds to a decrease in the vacancy concentration 

considered so far by a factor of two [ΘOvac

A  (ΘOvac

B ) = 1/9 (1/9), 1/16 (1/16) and 1/8 (1/16), 

respectively]. 

The interaction between vacancies is repulsive. At the lower vacancy concentration of 1/9, 

the most stable surface and subsurface configurations at the (111) facet, namely V22
A  and V2,2

B , 

respectively (Figure S4), are by 0.26 and 0.05 eV more stable than the corresponding most stable 

structures, namely V2,ଶഥ
A   and V2,ଶഥ

B , respectively, at the higher vacancy concentration of 1/4 (Tables 3 

and S3). Inspection of the near-surface vacancy structures at both concentrations reveals that the 

average Ce3+O bond lengths, and the shortest distance between the Ce3+, are comparable (Table 

S3, Figure S4), but at the lower concentration, the Ce3+ ions are located in the generally preferred 

surface layer, in cationic sites not adjacent to the vacancies. However, at the higher vacancy 

concentration of 1/4, they would rather be in a deeper layer than next to a vacancy. Furthermore, 

the relative stability of the subsurface vacancies decreases by 0.21 eV with decreasing vacancy 

concentration from 1/4 to 1/9 (cf. 0.41 eV and 0.20 eV, Table 3). 

At the (110) facet, we find that the most stable surface vacancy at the lower vacancy 

concentration of 1/16 (Table S9, Figure S10), namely  V1,2
A , has the same Ce3+ configuration than the 

corresponding one at the higher concentration, though the energy cost to form the vacancy is less 

by  0.23 eV (cf. 1.06  and 1.29 eV, Table 3). Inspection of both V1,2
A  vacancy structures reveals that 

they are very similar, with an increase in the shortest distance between the Ce3+ by 17 pm (cf.  666 

and 683 pm, Table S4, Figure S5 and Table S9, Figure S10, respectively). Concerning the subsurface 

vacancy, we found that an initial V2,2
B  configuration with (42) periodicity, equivalent to that 
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obtained with the (22) cell (Figure S6), is not stable. After structure optimization, a surface oxygen 

moves into the vacant subsurface site resulting in the most stable V1,2
A  surface vacancy structure 

(Table S9, Figure S10). The most stable subsurface vacancy structure at the lower concentration is 

V1,2
B  with 𝐸௙ = 2.29 eV (Tables 3 and S10, Figure S11), which is by 0.12 eV more stable than the 

corresponding V1,2
B  structure with the smaller cell (2.41 eV, Table S5, Figure S6).  

Finally, we observe that surface vacancies at the (110) surface at the lower concentration of 

1/16 are by 1.23 eV more stable than subsurface ones (cf. 1.06 and 2.29 eV, Tables S9 and S10, 

respectively), which implies that the relative stability of the former increases by 0.35 eV with 

decreasing vacancy concentration from 1/4 to 1/8 (cf. 0.88 eV discussed in sec. 3.3.2 and 1.23 eV 

noted here).  

At the (100) facet, to the equivalent structure to the most stable surface vacancy V1,ଶഥ
A  

configuration in the smaller p(22) cell with 𝐸௙ = 1.78 eV (Table S6, Figure S7), corresponds a 

vacancy formation energy that is by 0.33 eV smaller (1.45 eV, Table S11, Figure S12). We have found 

that other configurations of the V1,2
A  type are comparable in stability with 𝐸௙ in the 1.411.44 eV 

range, and that the most stable configuration is of the V1,1
A  type with 𝐸௙ = 1.35 eV (Table S11, Figure 

S12), in line with the results by Kropp et. al. [64]  At the higher vacancy concentration of 1/8, such a 

V1,1
A  configuration has a vacancy formation energy of 1.98 eV (Table S6, Figure S7). The larger c(22) 

unit cell allows for the possibility of better accommodating the lattice strain induced by the 

formation of the V1,1
A  vacancy, compared to the smaller p(22), as it is reflected by, for example, the 

larger displacements of the one nearest-neighbor oxygen (∆O) atom, right below the vacant site, as 

well as of the two cerium (∆Ce) atom in the outermost ceria plane, with respect to their positions 

at the pristine surface (cf. Tables S6 and S11 as well as Figures S7 and S12).   

Regarding the subsurface vacancy at the (100) facet in the larger c(22) cell, to the 

equivalent structure to the most stable surface vacancy V2,ଶഥ
B  configuration in the smaller p(22) cell 

with 𝐸௙ = 1.75 eV (Table S7, Figure S8), corresponds a vacancy structure with 𝐸௙ = 1.88 eV (Table 

S12, Figure S13). Moreover, we found that several initial states such as Vଵഥ,ଶ
B   and  Vଵഥ,ଵഥ

B , which are 

stable with the smaller (22) cell (Table S7, Figure S8), are unstable and transform into surface 

vacancy structures, namely, Vଶഥ,ଶ
A  and  Vଶഥ,ଶഥ

A , respectively (Table S11, Figure S12). The most stable 

subsurface vacancy structure at the lower concentration is V1,2
B  with 𝐸௙ = 1.82 eV (Tables 3 and S12, 

Figure S13), which is by 0.49 eV more stable than the corresponding V1,2
B  structure with the smaller 
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cell (2.31 eV, Table S7, Figure S8). In the V1,2
B  structure, the Ce3+ are located in the outermost cationic 

plane with the Ce3+ in nearest and next-nearest neighbor positions.  

Furthermore, we note that at the (100) facet with the lower vacancy concentration, the 

surface vacancies are by 0.47 eV more stable than the subsurface ones (Table 3). Employing a p(22) 

surface unit cell, a similar stability for both vacancy types is obtained, and thus the preference for 

the surface becomes more pronounced as the concentration decreases, as modeled using a c(22) 

cell. This finding clarifies the apparent inconsistencies between previous results on the relative 

stability of the surface and subsurface vacancies at the (100) facet [42, 58, 63, 64] with results 

indicating pronounced preference for surface sites (by 1.75  eV)64 or the comparable stability of both 

sites [63] employing a c(22) and p(22) unit cell, respectively. By having considered both 

periodicities, we show that the reason for the disagreement is mainly related to the effect of the 

concentration of the vacancies. We further observe that the preference for surface sites predicted 

by Kropp et al. [64] is about 3.7 times larger than our prediction (cf. 1.75 and 0.47 eV). Our calculated 

surface vacancy formation energy using a c(22) cell (cf. 1.35 eV in Table 3) is in good agreement 

with their previously published value (cf. 1.38 eV in ref. [64], as listed in Table S2), but the 

corresponding values for the subsurface vacancy differ by 1.31 eV (cf. 1.82 in Table 3 and 3.13 eV in 

ref. [64], as listed in Table S2). We suspect that the discrepancy is related to either differences in 

the nature of the subsurface oxygen that was removed (O1 or O2, cf. Figure 2) or to the localization 

of the Ce3+, or to both, but no information on the subsurface vacancy structure was provided in ref. 

[64]. 

We finally observe that at the two vacancy concentrations here considered, the stability 

trend in the near-surface vacancy formation energies, in relation to the surface facet orientation, is 

the same (cf. Table 3), i.e. (110) < (100) < (111). 

 

4. SUMMARY AND CONCLUSIONS 

 

We have presented a computational study using the DFT+U methodology of the facet-

dependent stability of near-surface oxygen vacancies at the low-index (111), (110) and (100) CeO2 

surfaces for two different vacancy concentrations, addressing the excess charge localization effects, 

leading to the formation of Ce3+ polarons.  
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 The structural properties and stability trend of the pristine surfaces, i.e. (111) < (110) < 

(100), are in good agreement with previous DFT results. The calculations of the reduced surfaces, 

with smaller and larger cells, predict that the near-surface vacancy formation energies for 

comparable vacancy spacings, i.e. (110) < (100) < (111), do not follow the trend of the surface 

stability of the facets, but that of the packing density, according to which the more compact the 

facet, the greater is 𝐸௙. The relative preference of vacancies for surface or subsurface sites depends 

on facet and concentration. The lower concentrations favor a greater stability of surface vacancies 

at the less densely packed (110) and (100) surfaces, but not at the (111), for which vacancies always 

prefer the subsurface. 

Lattice relaxations occurring upon vacancy formation and the localization of the excess 

charge are as significant so as to modify various facet-dependent stability trends observed for the 

unrelaxed vacancy structures, such as that of the surface vacancies and the relative stability of 

surface and subsurface vacancies. For instance, upon lattice relaxations, the creation of surface 

vacancies is more facile at the (110) facet, whereas it is at the (100) facet for the unrelaxed 

structures. Moreover, subsurface vacancies become more stable than surface ones at the (111) 

facet, in contrast to the results of the unrelaxed structures. 

Finding the relevant low-lying vacancy structures is challenging, because of the existence of 

multiple local minima with respect to the sites on which Ce3+ polarons form. We find that the way 

for these electrons to distribute is facet dependent and is determined by the general preference of 

Ce3+ ions to be at the surface, the destabilizing compression of the larger Ce3+ sites in sites adjacent 

to the vacancy, and the repulsive Ce3+ Ce3+ interaction.  The current work reveals that the stability 

trends of near-surface vacancies generally correlate with those of the shortest Ce3+ Ce3+ distances, 

considering the periodicity of the structures, whereby the shorter the Ce3+ Ce3+ distance, the 

greater is 𝐸௙. Furthermore, we have observed that the Ce3+ ions are preferably located in the 

outermost cationic plane in sites not adjacent to the vacancies. This is particularly true for the most 

densely packed (111) facet, but at the less compact (110) and (100) facets, configurations with 

nearest neighbor Ce3+ are stable. The gain in energy through the re-localization of the excess charge 

when the most stable structures are compared with those obtained without having specified the 

location of the Ce3+ sites, can be as much as 0.6 eV. 

From the calculations performed in this work for the higher vacancy concentration, we learn 

that the higher stability of surface vacancies at the (110) facet compared to subsurface ones, is 

about 2.6 times larger than previously predicted [63], and that the stability trend of subsurface 
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vacancies is:  (100) < (111) < (110), and therefore the one recently reported [57, 63] is not correct. 

We further show that for the higher vacancy concentration, the electrons resulting from the 

formation of a subsurface vacancy at the (110) facet (ΘOvac

୆ = 1/8), do not localize on adjacent 

cations below surface (Vଵഥ,ଵന
B ), but that relaxations leads to a global minimum structure with the 

electrons localized on next-nearest neighbor sites in the surface layer instead (V2,2
B ). At a lower 

subsurface vacancy concentration (ΘOvac

୆ = 1/16), Ce3+ can occupy an adjacent site to the vacancy 

(V1,2
B ), but never below the surface.   

Inconsistencies were also found with respect to the relative stability of the surface and 

subsurface vacancies at the (100) surface with the lower concentration of the vacancies,64 with 

results indicating the surface preference by ~1.8 eV [64]. We produce computational evidence that 

at the lower vacancy concentration, the surface sites are preferred by ~0.5 eV. We think that the 

disagreement in the relative stability of the vacancies is related to either differences in the nature 

of the subsurface oxygen that was removed or to the localization of the Ce3+, or to both. In 

conclusion, our thorough study reveals how important is the localization of the excess charge for 

the interpretation of the oxygen vacancy structures of ceria surfaces and helps us to resolve some 

inconsistencies in the literature. These results may also have significant implications in many 

applications of shaped-controlled ceria-based nanostructures. 
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