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Abstract We report plane wave basis density functional
theory (DFT) calculations of the oxygen vacancies forma-
tion energy in nanocrystalline CeO2-x in comparison with
corresponding results for bulk and (111) CeO2 surface.
Effects of strong electronic correlation of Ce4f states are
taken into account through the use of an effective on-site
Coulomb repulsive interaction within DFT+U approach.
Different combinations of exchange-correlation functionals

and corresponding U values reported in the literature are
tested and the obtained results compared with experimental
data. We found that both absolute values and trends in
oxygen vacancy formation energy depend on the value of U
and associated with degree of localization of Ce4f states.
Effect of oxygen vacancy and geometry optimization
method on spatial spin distribution in model ceria nanopar-
ticles is also discussed.

Keywords Cerum dioxide . Density functional theory .
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Introduction

Cerium is a rare earth element, the first in lanthanide series.
Cerium oxide, or ceria, is technologically important
material with remarkable properties that is used in a
number of applications. Major applications of ceria are in
catalysis [1] and solid oxide fuel cells [2]. The unique
property of ceria nanoparticles in radical scavenging makes
it a high promising material for biomedical applications [3].

Bulk cerium oxide has two stable stoichiometric forms:
the cubic [4] fluorite-type dioxide (CeO2) Fm3m and the
hexagonal [5] cerium sesquioxide (Ce2O3) P3m. In these
compounds Ce atoms have +4 and +3 oxidation states
respectively. In Ce2O3 one electron per cation occupies the
Ce4f subvalent orbital, which remains empty in CeO2.
Close thermodynamic stability of these stoichiometric
forms leads to continuous range of partially reduced (also
called “mixed valence”) phases CeO2-x, where oxygen
vacancy (VO) can be easily formed or eliminated [6]. This
“oxygen storage capacity” of ceria is well known and is
widely used in a number of catalytic processes, most
notably for purification of exhaust gases in three-way
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automotive catalytic converters [7, 8]. The formation of
oxygen vacancies in CeO2-x results in the change in cerium
oxidation state [9, 10]. The valence and defect structure of
ceria is dynamic and may change in response to physical
parameters such as temperature, presence of other ions, and
oxygen partial pressure [9, 11, 12]. Nanocrystalline form of
ceria was shown to increase the oxygen vacancy concentra-
tion with the decrease of particle size [13, 14]. Measurements
of defect formation energy revealed that for nanoceria heat of
reduction is by a factor of 2 lower than the corresponding
single crystal value [15–17]. Thus, defect thermodynamics of
nanoceria significantly differs from the bulk material.

Qualitatively correct and internally consistent computa-
tional description of cerium oxides in both oxidation states
presented a challenge for electronic structure approaches.
The computational description of perfect CeO2 structure is
not so complicated due to the absence of Ce4f electrons.
Density functional theory (DFT) calculations somewhat
underestimate the band gap value [18–20], which is a
general drawback of pure DFT. However, for insulating
Ce2O3 standard DFT calculations fail to reproduce the
localized nature of of Ce4f electrons and predict the band
structure that corresponds to a metallic state [18, 20, 21].
These shortcomings may be eliminated in advanced DFT
approaches including: (i) addition of semiempirical or self-
consistent Hubbard parameter U to take into account on-site
electron correlations (DFT+U method) [19, 22–25], (ii)
self-interaction-corrected DFT (SIC-DFT) [26, 27], and (iii)
hybrid Hartree-Fock/DFT approach [28, 29].

Hybrid functionals, that include a fraction of the
Hartree-Fock exchange, provide a reasonably balanced
description of lattice constants and optical properties of
both CeO2 and Ce2O3 [28, 29], while the relative
energetics is predicted less accurately [29]. Due to lower
computational cost, DFT+U approach is used to study
ceria more often [19, 20, 22, 25, 29–36]. This method
presents the simplest form of the orbital-dependent
exchange-correlation functional and has two parameters
for each atomic orbital: the Hubbard parameter U (which
reflects the strength of on-site Coulomb interaction), and
parameter J (which adjusts the strength of the exchange
interaction). In the simplified rotationally invariant
method due to Dudarev et al. [37], these parameters are
combined into a single parameter Ueff = U-J. This
parameter, determined self-consistently for Ce4f orbital
by Cococcioni et al. [31] amounts to Ueff=2.5–3.5 eV for
local density approximation (LDA) and Ueff=1.5–2.0 eV
for gradient-generalized approximation (GGA) in Perdew-
Burke-Ernzerhof (PBE) parametrization. However, semi-
empirical adjustment of Ueff to fit certain observables to
their experimentally determined values proved to be a
more practical approach. For instance, the value of Ueff=
6.3 eV combined with PBE functional was found to give a

better agreement with experiment for equilibrium lattice
constant and elastic bulk moduli [33].

A number of papers discuss appropriate U values for
both LDA and GGA methods [20, 22, 25, 29, 30, 32, 36,
38]. Surprisingly, LDA+U approach describes geometry
and thermodynamics of both cerium oxides forms more
accurately than GGA+U one [22, 25]. Loschen et al. argued
[22] that thermodynamic properties of ceria are reproduced
more accurately by LDA+U due to fortuitous error
cancellation and it is more rigorous to use GGA+U
approach. Da Silva et al. suggested [29] values of Ueff=
2.0 eV (for PBE) and Ueff=3.0–4.0 eV (for LDA) to give
the best overall description for the energetics, lattice
constant, and magnetic ordering in Ce2O3. Castleton et. al.
[25] investigated Ce4f electron localization and suggested
the best choice for Ueff to be 6.0 eV for LDA and 5.5 eV
for PBE. Overall, the published studies that consider both
CeO2 and Ce2O3 cover the range of Ueff parameter
between 2 and 8 eV, depending on the property of interest
[22, 25, 29, 30, 38].

In the present contribution we explore DFT+U approach
with the most popular LDA, PBE and PW91 exchange-
correlation functionals using previously suggested values of
Ueff to find the most reasonable description of oxygen
vacancies formation energies in nanoceria. The spin den-
sities are used to analyze the degree of electron localization,
closely related to Ueff value. Experimentally measured
energies of oxygen vacancies formation in both bulk and
nanoparticles are used as a reference [15–17].

Computational details

All calculations were carried out with the plane-wave based
Vienna ab initio simulation package (VASP) [39, 40]. The
geometry optimization of electronic ground state was
performed using local density (LDA+U) approximation.
On-site Coulomb and exchange interaction are treated by a
single effective parameter Ueff = U-J. We used plane waves
energy cutoff of 415 eV, projected augmented wave
(PAW) method, and Ueff=5 eV [41]. These calculation
parameters were recently employed for investigation of
defect formation in ceria nanoparticles [34, 35]. We adopt
computational protocol from these papers to investigate
the effect of exchange correlation functional and the
choice of Ueff value on the electron distribution and
thermodynamic predictions.

The selection of model nanoparticle structure is critical
for the reliability of computed observables. In this
investigation we selected nanoparticles of octahedral shape
constructed by (111) planes cut from the bulk fluorite CeO2

lattice. These nanoparticles with chemical formula Ce19O32

and Ce44O80 are presented in Fig. 1. Our assumption of
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thermodynamic stability of octahedral nanoceria is consis-
tent with preferential stability of (111) surface of CeO2

[42]. The choice of these model nanostructures is also in
line with experimental findings that report truncated
octahedral shape for smaller nanoparticles (3–10 nm) and
the octahedral shape for the larger ones [43, 44].

Recently Loschen et al. performed a versatile investiga-
tion of structural and energetic properties of a number of
nanoceria structures with both octahedral and truncated
octahedral shapes [35]. They demonstrated that among
small clusters the stoichiometric moiety Ce13O26 is the
most stable one. The disadvantage of this system is the
absence of Ce3+ ions, making it a poor model to study
nanoceria. For instance, the lattice constant increase for
smaller nanoparticles (known as the lattice anomaly), is
observed for oxygen deficient nanoparticles, but not for
stoichiometric ones [45]. In this study we used symmetric
octahedral non-stoichiometric nanoparticles based on the
fact that essential properties of moderately large ceria
nanoparticles were adequately reproduced by using bulk-
derived octahedral models [34, 35].

The vacancy formation energy was calculated as:

Evac ¼ Edef þ 1

2
nEO2 � Eperf

� �
=n; ð1Þ

where Eperf and Edef are the total energies of the structures
before and after the formation of n vacancies and EO2 is the
energy of the oxygen molecule. The energies Edef and Eperf

were obtained in calculations of the relaxed structures, and
the energy EO2 was obtained in spin-polarized calculations
of the O2 molecule in periodical box with the side of 10Å
in length.

Results and discussion

Defect formation energies

The values of Evac for bulk, CeO2 (111) slab and octahedral
nanoparticles Ce19O32 and Ce44O80 calculated in the
present work are summarized in Table 1 and compared
with available results from the literature. As one can see,
our PW91+U results (Ueff=3 eV) for optimized Ce19O32

and Ce44O80 nanoparticles confirm the results of Loschen
et al. [35]. The surface oxygen vacancy formation energies
obtained with LDA+U and GGA+U noticeably differ, while
both PW91 and PBE functionals give very close results at
the same values of Ueff. For this reason we focused our
attention on LDA and PBE functionals only.

Next we investigated the effect of parameter Ueff on the
binding energy of Ce44O80 ceria nanoparticle calculated
with PBE exchange-correlation functional using equation

Eb ¼
E CenCeOnOð Þ � nCemCe þ 1=2nOmO2

� �
nCe þ nO

; ð2Þ

where nCe and nO are the number of Ce and O atoms in
ceria nanoparticles and μCe and mO2

are chemical potentials
of cerium and oxygen atoms, respectively. The μCe was
calculated for γ-Ce and mO2

is the chemical potential of the
oxygen molecule in the gas phase. Results are presented in
Fig. 2a. In contrast to bulk ceria, where formation energies
of both crystal modifications of ceria slightly increase with
Ueff, the absolute value of Eb of nanoceria steadily
decreases. In other words, theory predicts less stable ceria
nanoparticle as Ueff grows. The minimum appearing on the
Eb(Ueff) curve coincides with the minima in formation

Fig. 1 Investigated octahedral
ceria nanoparticles which are
cut from the bulk fluorite CeO2

by (111) planes: (a) Ce19O32,
and (b) Ce44O80
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energies obtained for both modifications of ceria and
corresponds to delocalization of f-electrons at Ueff<2 eV
accompanied by Mott transition (collapse of electronic
solution for the γ-Ce to solution for α-Ce with itinerant f
electrons) [22].

Increase of Eb leads to decrease of Evac for one vacancy
formation (Fig. 2b). For Ueff>5.3 eV, Ce44O80 becomes
unstable with respect to one surface oxygen vacancy
formation. At Ueff=2 eV predicted value of Evac is
5.19 eV, that is larger than experimental value of oxygen

System Method Ueff, eV VO position Evac, eV

Bulk CeO2 LDA+Ueff 5 Inside 4.35a

PW91 0 Inside 4.73b

PW91+Ueff 5 Inside 4.55c

FP-LMTO-PW91 – Inside 4.55d

Experiment – Inside 4.67e

(111) CeO2 surface LDA+Ueff 5 Surface 3.33a

LDA+Ueff 5.3 Surface 3.21–3.31f

PW91 0 Surface 3.39b

PW91+Ueff 3 Surface 3.91a

PBE+Ueff 4.5 Surface 2.34–2.50f

PW91+Ueff 5 Surface 2.60 c

Surface/subsurface 2.13/1.94g

Ce19O31 LDA+Ueff 5 Surface/ inside 1.92a

PW91+Ueff 3 Surface/ inside 3.55/ 4.31h

PBE+Ueff 2 Surface/ inside 5.14a

5.5 Surface/ inside 3.44a

7 Surface/ inside 0.70a

Ce19O30 LDA+Ueff 5 Surface 3.29a

PW91+Ueff 3 Surface 4.54a

PBE+Ueff 2 Surface 4.42 a

5.5 Surface 3.71a

7 Surface 2.45a

Ce44O79 LDA+Ueff 5 Surface 0.72a

PW91+Ueff 3 Surface 3.52h

PBE+Ueff 2 Surface 5.19a

5.5 Surface −0.62a

7 Surface −2.07a

Ce44O78 LDA+Ueff 5 Surface 1.97a

PW91+Ueff 3 Surface 4.52a

PBE+Ueff 2 Surface 4.49a

5.5 Surface 0.93a

7 Surface −1.09a

Ce44O77 LDA+Ueff 5 Surface 2.36a

PW91+Ueff 3 Surface 3.73a

PBE+Ueff 2 Surface 4.21a

5.5 Surface 1.41a

7 Surface 0.36a

Ce44O76 LDA+Ueff 5 Surface 1.92a

PBE+Uef 2 Surface 4.16a

5.5 Surface 1.73a

7 Surface 1.12a

Ce85O159 LDA+Ueff 5 Surface 0.54a

Nanocrystalline Experiment – Extrinsic (grain boundary) 1.18–1.52i

Experiment – Intrinsic (inside grain) 1.77–2.28i

Table 1 Oxygen vacancy
formation energy

a This work; b Ref. [47];
c Ref. [36]; d Ref. [48]; e Ref. [49];
f Ref. [50]; g Ref. [51]; h Ref. [35];
i Refs. [15–17].
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vacancy formation in bulk ceria. Energies per one vacancy
required to remove two or three surface oxygen atoms at
Ueff=2 eV are equal to 4.49 and 4.21 eV, respectively.
These data are also close to Evac in bulk and seem to be
overestimated. On the other hand, at Ueff<3.5 eV the
energy cost of creating multiple oxygen vacancies becomes
smaller. On the other hand, at Ueff>3.5 eV the Ce44O80

nanoparticle becomes more stable with respect to formation
of two and three surface oxygen vacancies. The Ce19O32

nanoparticle demonstrates the same trend to increase Evac

with more surface vacancies formation, while the values of
Evac are significantly larger than for the Ce44O80 one.

To summarize all calculated data for both considered ceria
nanoparticles, we plot the Evac as a function of x=NCe3+/NCe

calculated with different Ueff in Fig. 3. NCe3+ and NCe are
the number of Ce3+ cations and total number of Ce atoms
in the nanoparticle, respectively. The function Evac(x) is not
monotonic at small (c.a. 2 eV), and large (c.a 7 eV) values of
Ueff, while at Ueff=5.5 eV it is steadily increasing. Such
behavior could be explained by the effect of f-electrons
localization. As it was demonstrated in [25], f-electrons
localization is described very well using PBE functional with
Ueff=5.5 eV while at Ueff=2 and 7 eV their delocalization is
significant. This peculiarity is reflected in non-monotonic
Evac(x) behavior. Slope of Evac(x) at the values of Ueff=2 and
7 eV is opposite: Evac(x) at smaller Ueff decreases, Evac(x) at
larger Ueff increases. At the value of Ueff=5.5 eV behavior of
Evac(x) represents an intermediate case of monotonic
function. In the following, all the properties will be discussed
assuming this value. At that value Evac per one vacancy
decreases with (i) decrease of number of introduced oxygen
vacancies and (ii) nanoparticle size increase. The only
parameter that is common for both of these characteristics
is Ce3+/Ce4+ ratio. In other words, Evac decreases with Ce3+/
Ce4+ ratio decrease.

At low Ce3+/Ce4+ ratio it is easy to create vacancy and
ceria nanoparticle is unstable while at large Ce3+/Ce4+ ratio
Evac exceeds some critical value where oxygen atom cannot
be removed even under strong reduction conditions. Using
results for Ce44O80-n nanoparticle we estimate the equilib-

rium concentration of Ce3+ to be about 45–55%. This is
more than twice as large as experimentally evaluated
concentration for Ce3+ ions of ∼18% ceria nanoparticle of
3 nm diameter [46]. This discrepancy could be explained
by a smaller size of the model nanoparticle, neglecting
environmental effects (aqueous solution), and neglected
structural details (truncated octahedral shape of ceria
nanoparticles of less than 10 nm in diameter). Removing
vertex Ce ions would allow to fine tune Ce3+/Ce4+ ratio
and may be used to improve description of nanoceria
energetics.

Spatial distribution of spin density

The vacancy formation thermochemistry, discussed in the
previous section is closely related to the f electron
localization on certain cerium atoms. The preferable spatial
distribution of Ce3+ and Ce4+ cations on the surface and
interior of ceria nanoparticles can also be important for
catalytic activity of ceria. In order to analyze these details
of electron structure, we plotted spin distribution obtained
for Ce44O80 and Ce44O79 nanoparticles on Fig. 4. We
optimized the structure in spin polarized approach and
identified the oxidation state of Ce using the magnetic

Fig. 2 PBE+Ueff calculated (a)
binding energy and (b) Evac per
one vacancy for Ce44O80 ceria
nanoparticle as a function of Ueff

Fig. 3 PBE+Ueff calculated values of Evac as a function of x=NCe3+/
NCe, where NCe3+ and NCe are the number of Ce3+ cations and total
number of Ce in ceria nanoparticle, respectively

J Mol Model (2010) 16:1617–1623 1621



moment at Ce atoms as an indicator. Results for Ce44O80

are in perfect agreement with the predictions recently
reported by Loschen et al. [35]. The paramagnetic Ce4+

ions occupy inside, facet, and corner sites while edge
cations are in delocalized ferromagnetic spin state with
magnetic moment of 0.67μB (Fig. 4a).

The introduction of one surface vacancy drastically
changes spin density distribution. As shown in Fig. 4b, all
Ce cations at corner sites (except one) increase their
magnetic moment to 0.97μB, while the edge opposite to
the facet with vacancy has two Ce atoms with magnetic
moment equal to 0.57μB, sharing f-electron.

The geometry optimization at spin polarized level was
reported [35] to be critically important for the spatial
distribution of Ce3+/Ce4+ cations in Ce19O32 nanoparticle.
On the other hand for Ce44O80 nanoparticle there is no
difference in spin distributions calculated using geometries
optimized at spin polarized or spin restricted levels. We
performed spin polarized geometry optimization for octa-
hedral shaped Ce85O160 and found [35] that spatial spin
distribution differs from the one predicted for structure
optimized with spin restricted calculations. There are 6
corner, 36 edge, 24 facet and 19 internal Ce sites in
Ce85O160 nanoparticle. For structure optimized using spin
restricted level of theory, the corner and edge Ce cites
possess magnetic moments of 0.70 and 0.41μB respec-
tively, while magnetic moments at all other sites are zero.
In the case of structure optimized with spin polarized
approach, there are magnetic moment of 0.97μB localized
at corner sites and 0.62μB on 24 out of 36 edge sites. The
value of magnetic moment does not exceed 0.02μB on all
remaining Ce cations.

Conclusions

We reported the DFT+U predictions for oxygen vacancy
formation energy and spin distribution in model ceria nano-
particles. All systems were relaxed at LDA+Ueff (Ueff=5 eV)
level of theory [22, 34, 35]. Energy of oxygen vacancies
formation was evaluated using LDA, PBE, and PW91
exchange-correlation functionals and different on-site corre-
lation energies Ueff. We found that previously recommended
values of Ueff=3 eV for PW91 functional and Ueff=2 eV for
PBE one reproduce Evac for bulk ceria well, while for nano-
ceria calculated values of oxygen vacancy formation energy
are significantly overestimated. LDA+Ueff approach gives
better agreement with experiment for nanoceria due to
fortuitous error cancellation [22]. At PBE+Ueff level we
found that decreasing of Ueff parameter increases the value of
Evac, and the best agreement with experiment on both bulk
and nanoceria is obtained with Ueff=5.5 eV, previously
proposed by Castleton et. al. on the basis of different argu-
ments (Ce4f states localization) [25]. We also established that
creation of one surface vacancy in Ce44O80 nanoparticle
leads to significant spin redistribution. In the case of Ce85O160

the structures optimized at spin restricted or spin polarized
level of theory resulted in different surface spin distribution.
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Fig. 4 Spin distribution in (a)
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