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Reduced ceria (CeO2−x) has a rich phase diagram comprising a variety of bulk phases with stoichiometries
ranging from CeO2 to Ce2O3 as the reduction conditions are increased. Some observed reduced ceria (111) surface
reconstructions are terminations of stable bulk phases, such as

√
7 × √

7, whereas others are not associated with
any known stable phases, namely,

√
7 × 3, 3 × 3, and

√
3 × √

3. In this paper, we analyze different periodic
reconstructions of reduced ceria (111) surfaces within a theoretical framework. We describe the surfaces of
stable bulk phases and elucidate the structure of the observed periodicities not corresponding to terminations of
known stable bulk phases. Extending the 3 × 3 and

√
3 × √

3 terminations into a bulk structure, we find a new
quasistable Ce3O5 bulk phase, which explains both periodicities. On the contrary, the

√
7 × 3 surface structure

cannot be extended into a bulk but stabilizes as a very thin overlayer. We also analyze other reported bulk structures
with stoichiometry close to the Ce3O5 one, namely, the C-type Ce2O3+δ bulk phase, which cannot describe the
observed terminations. Our goal is to provide a unified picture to describe the road map of CeO2−δ (111) surface
reconstructions and, when possible, their relationship to reduced ceria bulk phases.
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I. INTRODUCTION

Due to the singular capability of ceria (CeO2) to easily
absorb and release oxygen, it is widely employed in redox
catalytic reactions [1–4] necessary for applications, such as
hydrogen production, and for its most ubiquitous application,
automotive exhaust treatment [5–8]. Furthermore, ceria-based
materials were proposed and used for a variety of applications,
such as fuel cells [9,10], sensors [11,12], gate oxides in mi-
croelectronic devices [13], and nonvolatile resistive memories
[14]. In these applications, both oxygen vacancies and the
charge left behind upon the vacancy formation play a crucial
role. Therefore, it is of the upmost importance to obtain
a detailed understanding of the density and distribution of
oxygen vacancies as well as the charge localization to tailor
the functionality of ceria-based materials in applications.

Upon the formation of an oxygen vacancy in ceria, two elec-
trons localize in two Ce cations, changing their valence number
formally from Ce4+ to Ce3+, preferably at Ce sites which
are next-nearest neighbors to the vacancy [15–26]. Under
increasing reducing conditions, the stoichiometry is gradually
changed in a reversible way from CeO2 to the most reduced
state Ce2O3. A rich phase diagram was predicted for reduced
bulk ceria [27–31], nonetheless only a few stable bulk phases
were experimentally found and described in detail. Namely, the
fluorite-related phases Ce11O20 (CeO1.81), Ce7O12 (CeO1.71),
and the cubic-type C-Ce2O3 (bixbyite), as well as the
hexagonal-type A-Ce2O3 phases (CeO1.5) [21,32]. In addition,
a C-type Ce2O3+δ phase with a composition range from
CeO1.66 to CeO1.68 has been reported [27,32].
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Ceria surfaces are of particular importance due to their
chemical and reactivity properties as stand-alone catalysts
[4,33,34] or as catalyst support [35–38] and thus have been
the subject of intensive works during the past years espe-
cially the (111) surface because it is the most stable one.
Since the pioneering work of Nörenberg and Briggs [39],
scanning tunneling microscopy and atomic force microscopy
(AFM) techniques have been employed to observe the ordering
of the near-surface oxygen vacancies which form isolated
defects, clusters, or periodic structures [40–47]. For example,
Torbrügge et al. found experimental evidence of a 2 × 2
ordering of subsurface vacancies at the (111) surface of ceria
[41]. This result was later confirmed by theoretical works
evidencing the subsurface preference of oxygen vacancies
and explaining the stability of the periodic array [17]. After
that, other periodic arrangements of vacancies at reduced ceria
surfaces were observed. Using low-energy electron-diffraction
(LEED) techniques on (111) surfaces obtained under differ-
ent growth and reduction conditions, surface reconstructions
with periodicities

√
7 × √

7, 3 × 3, 4 × 4, and 1 × 1 were
reported [42–47]. More recently, the

√
7 × 3 and

√
3 × √

3
periodicities were also observed in reduced thick films of ceria
using noncontact AFM microscopy [48].

Some of the periodic reconstructions observed on reduced
ceria (111) surfaces can be traced back to surface planes
of reduced bulk ceria phases. For instance, the

√
7 × √

7
and 4 × 4 reconstructions have been attributed to surface
terminations of Ce7O12(111) and C-Ce2O3, respectively. On
the contrary, the 3 × 3,

√
7 × 3, and

√
3 × √

3 periodicities
cannot be assigned to any known stable bulk structure. In this
paper we show that the 3 × 3 and the

√
3 × √

3 periodicities
can be described as (111) terminations of a metastable bulk
phase with Ce3O5 (CeO1.67) stoichiometry which is different
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from the previously reported C-type Ce2O3+δ phase [32]. In
contrast, we show that the oblique

√
7 × 3 structure, which

has the same Ce3O5 stoichiometry, does not correspond to any
crystallographic termination of that metastable bulk structure.
Therefore, the aim of this paper is twofold. On one hand, to
model the surface distributions of oxygen vacancies with var-
ious periodicities, several of which have been experimentally
observed for different degrees of ceria reduction and to analyze
their relative stability using density functional theory plus U

(DFT + U ). On the other hand, to relate the observed surface
reconstructions to appropriate bulk phases when possible. We
undertake this paper with the final goal of providing a unified
picture to describe the road map of surface reconstructions and
their relationship to reduced ceria bulk phases.

II. METHODS

We use the spin-polarized DFT in the DFT + U approach
with the gradient-corrected approximation (GGA) Perdew-
Burke-Ernzerhof (PBE) functional [49]; we only consider
high spin states. The Kohn-Sham equations are solved via the
projected augmented-wave method using the implementation
of the Vienna ab initio simulation package (VASP) [50]. In
the DFT + U calculations we use Ueff = 4.50 eV [51] for
the Ce 4f states [52,53], hereinafter referred to as U . For
Ce atoms, the 5s, 5p, 6s, 4f , and 5d states are treated as
valence states, whereas oxygen valence is given by the 2s and
2p states. A plane-wave cutoff energy of 400 eV is used. We
note that questions regarding the proper way for deriving the
best value for the U parameter are still under debate [53–55].
Nonetheless, most DFT + U studies of reduced ceria-based
systems agree that U values in the range of 4.5–6.0 eV with
the GGA are suitable [16,21,53,56–58]. However, one should
bear in mind that there is in general no unique U value that
gives a reasonable account of all systems’ properties [59,60].

To model reduced CexOy overlayers on CeO2(111), we
use supercells containing (111)-oriented slabs of fluorite ceria
with up to 18 atomic layers (i.e., six O-Ce-O trilayers) and a
vacuum region of 13 Å. We employ the calculated equilibrium
lattice constant of bulk ceria 5.485 Å [17]. The optimization of
the CexOy/CeO2(111) structures consists of two steps. First,
the location of the vacancies needed to accommodate a given
stoichiometry is optimized taking into account certain ordering
rules (R1–R3) as described in the following sections, but the
location of the excess electrons (Ce3+) is not simultaneously
optimized, i.e., the excess charge is localized at cationic sites,
but its distribution may not correspond to the lowest-energy
structure for each vacancy configuration. Next, for the best
vacancy configuration obtained in the previous step, the distri-
bution of the excess electrons is fully optimized, keeping the
location of the vacancies fixed. Ionic relaxations are performed
until all forces are smaller than 0.01 eV/Å while keeping the
unit cell and the atomic positions of the bottom CeO2 trilayer
fixed. Moreover, to achieve different localizations of the Ce3+

ions, we use a two-step relaxation procedure. First, the intended
Ce3+ ions are replaced by La3+ ions, and an ionic relaxation
is performed. Then, Ce ions are placed back into the La sites,
and the structure is relaxed again.

The Ce3O5 and Ce32O53 (C-type Ce2O3+δ) bulk structures
are first modeled starting from ceria supercells with the

appropriate vacancies and allowing for ionic relaxation of all
atoms with fixed unit cells as derived from the fluorite structure
(termed CexOy-like structures, using the same notation as in
Ref. [21]). The localization of the excess electrons is also
optimized. In a second step, in order to evaluate the stability
of these bulk structures, we further perform a full geometry
optimization of each unit cell for the energetically preferred
Ce3+ localization obtained in the previous step (noted as
CexOy-real structures, cf. Ref. [21]).

The Brilloiun zones are sampled using a (6 × 6 × 1)
Monkhorst-Pack grid for the 1 × 1 ceria (111) surface, a (4 ×
4 × 1) grid for the

√
3 × √

3 phase, and a (2 × 2 × 1) grid
for the surface structures with 3 × 3 and

√
7 × 3 periodicities,

whereas for the Ce3O5 and Ce32O53 (C-type Ce2O3+δ) bulk
unit cells, we use a (3 × 3 × 3) grid.

The average vacancy formation energy (Ev) is calculated as

Ev = 1

m

[
E(CenO2n−m) + m

2
E(O2) − E(CenO2n)

]
, (1)

where E(CenO2n−m) and E(CenO2n) are the total energies of
the reduced and unreduced unit cells, m and n are the number of
Ce atoms and O vacancies in the cell, respectively, and E(O2)
is the total energy of the isolated O2 molecule in the triplet state.
The latter is calculated using an orthorhombic box [(12 × 13 ×
14) Å

3
] with �-point sampling of the Brillouin zone.

To evaluate the stability of bulk phases as a function of
temperature and oxygen pressure, we calculate the change in
the Gibbs free energy [21],

�γ (T , p) = Nv

V
[Ev + �μO(T , p)], (2)

being Nv and V , respectively, the number of vacancies and the
volume of the unit cell. �μO(T , p) = 1

2 [μO2 (T , p) − EO2 ] is
the variation of the oxygen chemical potential with respect
to the total energy of an isolated molecule at T = 0 K.
The chemical potential is related to actual temperature and
pressure conditions by assuming that the system is in thermo-
dynamic equilibrium with the gas phase. As the surrounding
O2 atmosphere is assumed to form an ideal gas reservoir,
the expression μO2 (T , p) = [μO2 (T , p◦) + RT ln(p/p◦)]
with μO2 (T , p◦) = [H (T , p◦) − H (0 K, p◦)] − T S(T , p◦) is
used where p◦ is the pressure of a reference state (p◦ = 1 atm).
In order to translate �μO(T , p) into a temperature scale at
a given pressure, tabulated values for the enthalpy H and
entropy S are employed [61]. We note that, for the evaluation
of the stability of reduced surface phases (see Sec. S2 of
the Supplemental Material [62]), we calculate the change
in the Gibbs free energy per unit area A, i.e., �γ (T , p) =
Nv/A[Ev + �μO(T , p)], where A is the area of the unit cell.

III. ORDERED PHASES AT REDUCED
CeO2(111) SURFACES

Experimental work has shown that oxidized CeO2(111)
surfaces exhibit a 1 × 1 atomic structure (cf. Fig. 1) [39,40,42–
45,48]. As mentioned above, some recently observed annealed
ceria (111) surfaces exhibit periodicities that correspond to
{111}F surfaces of CeO2−δ stable bulk phases where the “F”
subscript stands for the fluorite conventional cell of ceria. This
is the case for the

√
7 × √

7 [42–44,46,48] and 4 × 4 [42–45]
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FIG. 1. Top row: Unit cells of CeO2−δ bulk phases. Oxygen atoms (vacancies) are represented by red (green) small balls, respectively.
Ce4+ (Ce3+) ions are depicted as gray (blue) big balls. Bottom row: Trilayers composed of O-Ce-O layers corresponding to {111}F terminations
for each stable bulk phase in the top row. For clarity, oxygen ions and vacancies in the third layer are represented with a lighter color compared
to the atoms in the first layer. For simplicity, the structures are sketched without the slight distortion with respect to the ideal fluorite sublattice.

periodicities, which can be understood as surface terminations
of Ce7O12 and C-Ce2O3, respectively. Conversely, there are
other observed periodicities that cannot be ascribed to surfaces
of any known stable bulk structure, namely, the 3 × 3 [43–45],
3 × √

7 [48], and
√

3 × √
3 [48] ones. We note here that upon

extensive reduction of the CeO2(111) surfaces the appearance
of a 1 × 1 reconstruction has been observed and ascribed to the
(0001) termination of the A-Ce2O3-hexagonal bulk structure
[48,63–65].

We start by describing all possible nonequivalent {111}F

surfaces of known fluorite-related bulk phases and, afterwards,
we focus on the observed 3 × 3, 3 × √

7, and
√

3 × √
3

periodicities, which cannot be linked to surfaces of any known
stable bulk.

A. Surfaces associated with stable CeO2−δ bulk phases

Upon annealing bulk ceria, four stable reduced structures
have been reported, Ce11O20 (triclinic, P 1̄ space group),
Ce7O12 (trigonal, R3̄ space group), and, finally, Ce2O3 in two
distinct phases, namely, bixbyite cubic C-type (C2/m) and
hexagonal A-type (P 3̄m1) [31,32,66,67]. From a geometric
point of view, the crystal structures of Ce11O20, Ce7O12,
and Ce2O3 bixbyite can be easily derived from the CeO2

structure by removing selected oxygen atoms and allowing for
lattice relaxations which turn out to be small [21]. Therefore,
these reduced structures can be considered as sublattices of
CeO2 fluorite. The primitive vectors and the sites of the
oxygen vacancies of such sublattices are shown in Table I.
For completeness, we include in this table the Ce3O5 bulk
structure, which will be presented and discussed in the next
section. We note here that the hexagonal Ce2O3 emerges after

large structural relaxations with no resemblance to any CeO2

sublattice.
In Table II we list all the possible {111}F surface period-

icities of both ceria and reduced ceria bulk structures. In the
case of fluorite CeO2, all {111}F directions are equivalent and
display a 1 × 1 periodicity. However, the formation of oxygen
vacancies throughout the transition from CeO2 to CeO2−δ can
destroy the equivalence among the {111}F directions. In partic-
ular, for Ce11O20, this process gives rise to two nonequivalent
families of {111}F surfaces, namely, the

√
7 × √

13 surfaces
for two of the directions and the

√
3 × √

31 surfaces for the
two other ones. Similarly, Ce7O12 exhibits a

√
7 × √

7 surface

TABLE I. Primitive vectors �a1, �a2, and �a3 and location of oxygen
vacancies for Ce11O20, Ce7O12, Ce3O5, and C-type Ce2O3 bulk
structures. Primitive vectors are described in the fluorite unit-cell basis
(denoted by the subscript F). Oxygen vacancy sites are stated in terms
of the corresponding primitive vectors for each structure.

Ce11O20 Ce7O12 Ce3O5 C-Ce2O3

�a1
1
2 [11̄2̄]F

1
2 [1̄12]F

1
2 [211]F [200]F

�a2
1
2 [2̄3̄1]F

1
2 [21̄1]F

1
2 [1̄2̄1]F [020]F

�a3
1
2 [2̄11̄]F

1
2 [121̄]F

1
2 [22̄2̄]F [002]F

Vacancies [ 1
2

3
4

1
4 ] [ 3

4
3
4

3
4 ] [00 5

6 ] [ n

8
n

8
n

8 ]a

[ 1
2

1
4

3
4 ] [ 1

4
1
4

1
4 ] [ 2

3
1
3

1
3 ] [ i

8
j

8
k

8 ]b

[ 1
3

2
3

1
3 ]

an = 1, 3, 5, 7 (four vacancies).
b(i, j, k) represent even permutations of three different numbers taken
from the [1,3,5,7] sequence (12 vacancies).
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TABLE II. Periodic reconstructions associated with their corresponding bulk structures of ceria and reduced ceria. The plane orientations
are indicated using both the fluorite and the reduced phases primitive vectors. The last row indicates whether the corresponding surface structure
was experimentally observed (along with the reference) or not.

Bulk structures CeO2 Ce11O20 Ce7O12 Ce3O5 C-Ce2O3

Reconstructions 1 × 1
√

7 × √
13

√
3 × √

31
√

7 × √
7

√
3 × √

13 3 × 3
√

3 × √
3 4 × 4

Orientations (111)F (121) (111) (21̄1̄) (111)
(111̄)F (13̄0) (1̄02) (12̄1) (111̄)
(11̄1)F (012̄) (021̄) (111) (11̄1)
(11̄1̄)F (201̄) (2̄10) (001) (11̄1̄)

Observed Yes No No Yes [42–44,46,48] No Yes [43–45] Yes [48] Yes [42–45]

periodicity in one of the {111}F directions and a
√

3 × √
13

surface in the other three. In the limit of high reduction, we
find C-Ce2O3, which, due to its cubic structure, recovers the
equivalence among the four {111}F directions, displaying a
unique 4 × 4 surface periodicity. Top views for the different
surface phases, including the optimal location of the Ce3+

ions [21] are shown in Fig. 1. Further details of the surface
terminations are described in Ref. [48].

As priorly mentioned, the experimentally observed
√

7 ×√
7 [42,43,48] and 4 × 4 [42–45,63] periodicities can be

related to known CeO2−δ stable bulk structures, i.e., Ce7O12

and Ce2O3 bixbyite, respectively, but, contrarily, the 3 × 3
[43–45], 3 × √

7 [48], and
√

3 × √
3 [48] periodicities can-

not. Furthermore, there are three possible periodicities that
have not yet been experimentally found in annealed ceria
surfaces (cf. Table II), namely, the

√
7 × √

13 and
√

3 × √
31

reconstructions, corresponding to Ce11O20, as well as the√
3 × √

13 reconstruction, corresponding to Ce7O12 (see the
Supplemental Material [62]). In the following, we will create
and discuss computational models of reduced O-Ce-O trilayers
with 3 × 3,

√
3 × √

3, and
√

7 × 3 periodicities.

B. (111) Surfaces not associated with stable CeO2−δ bulk phases

In this section we focus on periodicities that have been
experimentally observed but cannot be considered as surface
terminations of any stable reduced ceria bulk structure, such
as 3 × 3,

√
3 × √

3, and
√

7 × 3. Taking into account that the
outermost ceria layers are much more easily reduced than ceria
bulk and that mixtures of subsurface and surface oxygen vacan-
cies within the first O-Ce-O trilayer are energetically preferred
over deeper layers [17,26,68], we model these terminations
considering, in the first place, one reduced ceria trilayer on an
unreduced CeO2(111) slab.

At this point it is important to revisit three ordering rules
for oxygen vacancies in ceria, based on previous studies.
First, it is well known that the effective repulsion between
oxygen vacancies prevents the formation of vacancies at
nearest-neighbor sites, i.e., at 〈 1

2 00〉F relative positions. In
addition, it was suggested that pairs of vacancies try to avoid
relative positions 〈100〉F and 〈 3

2 00〉F, which correspond to
the fourth and ninth neighbors in the anion sublattice, as in
the case of the known stable bulk phases [21,32]. We will
refer to the ordering of vacancies avoiding the formation of
the first-, fourth-, and ninth-neighbor pairs as the first rule

(R1). Second, for ceria (111) surfaces, the lowest formation
energy of isolated oxygen vacancies corresponds to sites at
the subsurface oxygen layer, which leads to a tendency for
the vacancies to accumulate in such a layer, even at high
vacancy concentrations [17,18,26,69]. This constitutes the
second ordering rule for vacancies (R2). Finally, a repulsion
between pairs of vacancies in relative positions 〈 1

2
1
2 0〉F at the

subsurface oxygen layer has been previously observed [17,41].
This tendency to avoid first-neighbor vacancy pairs within
the oxygen plane is represented by the third rule (R3). In
this contribution, we first verify the validity of the mentioned
rules by considering diverse vacancy configurations with 3 × 3
periodicity. Moreover, we note that the vacancy structures with
periodicities

√
3 × √

3 and
√

7 × 3 previously reported [48]
also satisfy these rules.

As is well known, the localization of the excess charge
created by oxygen vacancies in ceria, driving the Ce4+ to Ce3+

reduction, affects their formation energies. More precisely,
Ce3+ sites which are next-nearest neighbors to the vacancies
are the energetically most favorable ones [15,17–19,21,25,26]
and, at reduced ceria surfaces, Ce3+ ions prefer to localize
in the outermost Ce layer [15,17,18,26]. Despite the Ce3+

preference to localize in the first Ce layer, when the density
of Ce3+ ions is moderately high, some of the Ce3+ ions would
rather localize in the second Ce layer [17]. This is because
the Ce3+ ions would rather be in deeper layers than next to a
vacancy. The driving force for adopting such configurations is
the better ability of the system to relax lattice strain induced
by the more spacious Ce3+ ion compared to its Ce4+ counter-
part. The competition and interplay between the guidelines for
the ordering of oxygen vacancies and Ce3+ ions, turns difficult
the prediction of the lowest-energy structure for a given
vacancy concentration and requests DFT + U calculations of
many different configurations for the vacancies, as well as
of numerous Ce3+ configurations for each specified vacancy
distribution; this is a formidable task. In the following, we focus
first on the localization of the vacancies without predetermined
excess charge localization and, once the lowest-energy vacancy
arrangement at a given vacancy concentration is determined,
we optimize the Ce3+ localization (cf. Sec. II).

3 × 3 periodicity

Reduced (111) surfaces with 3 × 3 periodicity were ob-
served in thin films using LEED techniques and different grow-
ing and annealing procedures as mentioned before [43,45,47].

083609-4



REDUCED CeO2(111) ORDERED PHASES AS BULK … PHYSICAL REVIEW MATERIALS 2, 083609 (2018)

FIG. 2. The two most stable 3 × 3 CeO2−x (111) structures with
three vacancies in the first trilayer. The configuration with the lowest
formation energy is depicted in (a) and has two vacancies at the
subsurface layer and one vacancy at the surface one. (b) The structure
with energy slightly above the lowest-energy one has all the vacancies
located at the subsurface layer. Only the first atomic trilayer (O-Ce-O)
and the second Ce layer are depicted for simplicity. The color coding
for the atoms is the same as in Fig. 1. Ce4+ and Ce3+ ions in the second
Ce layer are represented lighter than those in the first one.

According to these studies, the outermost reduced trilayer
should have three vacancies within a 3 × 3 unit cell, i.e.,
a Ce3O5 stoichiometry. However, it is not clear from the
experiments how these vacancies are precisely located within
the overlayer.

In principle, there are 816 possibilities for generating
three vacancies among the 18 oxygen atoms lying within the
first surface trilayer, but only 26 of them are nonequivalent.
These cases can be arranged in groups which we label as
(ns-mss), where n denotes the number of vacancies at the
surface (s) and m stands for the subsurface (ss) vacancies. The
above-mentioned possibilities are then grouped in the families
(3s-0ss), (2s-1ss), (1s-2ss), and (0s-3ss). A scheme for
each structure within these families is presented in the Supple-
mental Material [62] alongside the vacancy formation energies
calculated using DFT + U . These calculations were performed
as indicated above, i.e., by initially letting the excess Ce3+

charge localize without a suggested initialization. Afterwards,
several Ce3+ distributions were considered taking into account
the Ce3+ localization guidelines outlined above.

The structure with the lowest average vacancy formation
energy Ev (2.03 eV) belongs to the (1s-2ss) family, and we
label it [1s-2ss]0 [see Fig. 2(a)]. The next configuration,
not far in energy from the previous one, corresponds to the

(0s-3ss) family with Ev = 2.04 eV, and we name it [0s-3ss]0

[Fig. 2(b)]. However, this last configuration should be ruled out
from the list of potential candidates to explain the observed 3 ×
3 LEED diffraction pattern because it reduces to a

√
3 × √

3
periodicity due to symmetry reasons. Regarding the preferred
oxygen vacancy orderings, we note that the two mentioned low-
energy configurations present most of the vacancies located at
the subsurface, in consonance with the tendency to accumulate
vacancies in such an oxygen layer asserted by R2. These
lowest-energy structures do not present pairs of vacancies at
the distances given by the relative positions 〈 1

2 00〉F, 〈100〉F,
and 〈 3

2 00〉F, in agreement with R1. Moreover, the vacancy
configuration [1s-2ss]0 is the only one within the (1s-2ss)
group without pairs of vacancies at those distances. Finally,
we point out that [0s-3ss]0 is the only structure within the
(0s-3ss) group fulfilling R3. The fact that the lowest-energy
configurations tend to obey most of the vacancy ordering rules
suggests that these rules should be taken into account when
proposing the distribution of oxygen vacancies in reduced
ceria. The validity of them is also corroborated when the
energies of the whole set of possible distributions of three
vacancies in the 3 × 3 unit cell are compared as discussed in
detail in the Supplemental Material [62].

√
7 × 3 periodicity

Recently, the unexpected oblique
√

7 × 3 periodicity on the
reduced (111) ceria surface was observed for the first time by
Olbrich et al. using noncontact AFM techniques [48]. In that
work, by annealing in ultrahigh vacuum at 1020 K, terraces
with coexisting

√
7 × 3 and

√
7 × √

7 surface domains were
found, displaying a larger predominance of the

√
7 × 3 phase

at the domain boundaries. This coexistence under the same
reduction conditions suggests that the vacancy concentration
of both phases should be similar. The

√
7 × 3 surface phase,

being predominant in the border domains, should actually have
a slightly larger vacancy concentration than the

√
7 × √

7 one
[48]. This last structure corresponds to a (111) termination
of the Ce7O12 bulk, having a vacancy concentration of 2/7
in the outermost surface trilayer, defined as the number of
surface plus subsurface vacancies in the reduced layer divided
by the total number of atoms in a nonreduced oxygen layer
of the same cell. Therefore, to model a

√
7 × 3 trilayer, we

consider a corresponding slightly higher concentration of 1/3
in the outermost surface trilayer and choose three vacancies
among the 18 oxygen sites. The precise distribution of vacan-
cies and Ce3+ ions in this trilayer was obtained in a previous
work using a combination of AFM images and theoretical
analysis [48], yielding the structure shown in Fig. 3, which
has one vacancy in the first oxygen layer and two vacancies
in the second one [it belongs to the (1s-2ss) family] without
first-, fourth-, and ninth-neighbor vacancy pairs, in coincidence
with the 3 × 3 trilayer and in agreement with the previously
mentioned rules. Note that the

√
7 × 3 model has the same

stoichiometry as the 3 × 3 periodicity, i.e., Ce3O5. This is
consistent with the fact that both structures were observed
under similar reducing conditions, although in different ceria
films and using distinct experimental techniques [43,45,48].
In particular, the

√
7 × 3 structure was obtained in a bulklike
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FIG. 3. Most stable
√

7 × 3 CeO2−x (111) structure with three
vacancies in the first trilayer. Only the first atomic trilayer (O-Ce-O)
and the second Ce layer are depicted for simplicity. Color coding as
in Fig. 2.

180-nm-thick film, whereas the 3 × 3 periodicity was found in
thin films.

√
3 × √

3 periodicity

In the same theoretical-experimental work where the
√

7×3
surface periodicity was reported [48], (111) surface reconstruc-
tions of reduced ceria with

√
3 × √

3 periodicity were also
found at higher temperatures, concluding that such a surface
does not present vacancies in the upper oxygen layer. The
distribution of vacancies and Ce3+ ions was also obtained in
the mentioned work [48], resulting in the structure shown in
Fig. 4(c). In this last structure, the first two vacancies are placed
at the subsurface oxygen layer according to R2, and a third

vacancy is located in the third trilayer in order to fulfill R1.
Note that the reduced ceria overlayer with a thickness equal
to three O-Ce-O trilayers has a Ce3O5 stoichiometry. In the
next section we show that this structure and the 3 × 3 one are
actually different (111) terminations of the same quasistable
reduced bulk structure.

IV. PROPOSAL OF A Ce3O5 BULK STRUCTURE

Starting from the vacancy configurations of the trilayers
with Ce3O5 stoichiometry introduced in the previous section,
we gradually expand the overlayer by successively repeating
the density of vacancies in each of the two oxygen layers of
the next trilayers. To locate the new vacancies, we avoid pairs
of vacancies at the distances given by the relative positions
〈 1

2 00〉F, 〈100〉F, and 〈 3
2 00〉F, taking into account R1.

For the 3 × 3 periodicity, there is a unique way of extending
the reduced overlayer from two to three oxygen layers; the
newly added oxygen layer has one vacancy. The next step is to
remove two oxygen atoms from the fourth oxygen layer. There
are three possibilities to accommodate these two vacancies,
and we choose the one that produces a second reduced trilayer
similar to the first one, namely, a rigid translation of the first
trilayer along the [111̄]F direction [see Fig. 4(a)]. Afterwards,
we continue piling up identical reduced trilayers along the
[111̄]F direction to obtain a reduced overlayer with the desired
thickness. With this procedure, we generate a bulk arrangement
with Ce3O5 stoichiometry as depicted in Fig. 4(b). This
bulk structure has not yet been experimentally observed, and
therefore, it is expected that it should only be stable for thin
overlayers. The structures in Fig. 4 show also the optimized
positions of the Ce3+ ions.

FIG. 4. Extension of the 3 × 3 reduced trilayer to thicker overlayers towards a Ce3O5 bulk structure. (a) Starting from the topmost trilayer
of the 3 × 3 slab, the density of the vacancies is gradually extended to more trilayers as explained in the text. The resulting structure consists
of a piling of reduced trilayers along the [111̄]F direction in the fluorite basis. This Ce3O5 bulk structure has trigonal symmetry, and its [111̄]F

planes exhibit the
√

3 × √
3 periodicity. (b) The Ce3O5 unit cell with a symmetry axis along the [111̄]F direction highlights the

√
3 × √

3
periodicity. This cell presents the same distribution of vacancies and Ce3+ ions as the primitive cell of the

√
3 × √

3 reduced overlayer pictured
in (c). Color coding as in Fig. 1. The [111̄]F plane orientation is highlighted in orange for the three cases.
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In the following we discuss the geometry and stability of
this Ce3O5 bulk, which has trigonal symmetry (P 31m). It is
interesting to note that the C3v symmetry axis of this structure
lies in the [111̄]F direction and that the crystalline planes
(111̄)F have

√
3 × √

3 periodicity, in coincidence with one of
those experimentally observed for reduced ceria surfaces. In
addition, both crystalline (11̄1)F and (11̄1̄)F planes exhibit the
same 3 × 3 periodicity as the original (111)F ceria surface [cf.
Fig. 4(a)]. This means that surface terminations of the Ce3O5

bulk in three of the {111}F directions would exhibit 3 × 3
periodicity, whereas in the fourth one, it would be

√
3 × √

3
(see Table II). It is noteworthy that the conventional cell
of the proposed Ce3O5 structure [Fig. 4(b)] presents exactly
the same vacancy distribution as that of the thin reduced
ceria layer with

√
3 × √

3 periodicity previously discussed
[Fig. 4(c)], allowing for an explanation of the observed 3 × 3
and

√
3 × √

3 reconstructions as terminations of this Ce3O5

bulk structure.
In order to study the stability of the Ce3O5 bulk structure,

we calculate its average vacancy formation energy (Ev =
2.56 eV) performing an ionic relaxation within the fixed
primitive cell, i.e., with a unit cell as derived from the fluorite
structure (noted as Ce3O5-like, cf. Sec. II). In Fig. 5(a) this
formation energy is compared with those of known bulk
phases, such as Ce11O20, Ce7O12, and C-Ce2O3 and with
those of a wide set of nonstable bulk structures with differ-
ent degrees of reduction (Ce32O63, Ce32O62, Ce8O15, Ce8O14),
diverse distributions of vacancies, and Ce3+ ions, that were
calculated in our previous work (cf. Ref. [21]). In this figure,
all formation energies correspond to (CexOy-like) structures
where the ionic positions have been relaxed keeping the
primitive cell derived from the fluorite structure fixed. Thus,
these cells are not fully relaxed, and consequently their total
energies are slightly higher than those of corresponding fully
relaxed structures (CexOy real, cf. Sec. II) [21]. Inspection of
Fig. 5(a) shows that the average vacancy formation energy
of the Ce3O5-like structure is slightly larger than those of
the known stable phases, for example, it lies 0.08 eV above
that of the C-Ce2O3-like structure, but it is notoriously lower
(at least 0.24 eV) than those corresponding to nonstable
structures.

To compare the stability of the found Ce3O5 bulk structure
with that of the known stable ones as a function of the reduction
conditions, we perform a full structural relaxation optimizing
ionic positions as well as the volume and shape of the unit
cell (CexOy real). In Fig. 5(b) we show the stability plot
in terms of the Gibbs free energy per unit volume of the
known stable Ce11O20-, Ce7O12-, and Ce2O3-real structures
along with the Ce3O5-real one. This plot shows that the
Ce3O5-real bulk structure is not the most stable phase for any
value of the oxygen chemical potential, but its low average
vacancy formation energy suggests that this bulk structure
could be considered as a quasistable phase. We further calculate
the density of states and the phonon dispersion relations
along selected high-symmetry directions in the Brillouin zone
for this Ce3O5 phase; no unstable (imaginary frequency)
phonon mode was found (see Sec. S3 of the Supplemental
Material [62]).

As mentioned in the Introduction, a C-type Ce2O3+δ struc-
ture with a stoichiometry close to Ce3O5 was reported in the

FIG. 5. (a) Histogram for the formation energies (Ev) for a wide
set of reduced bulk ceria structures [21] with a concentration of vacan-
cies ranging from 1.6% to 12.5% without relaxing the lattice param-
eters. (b) Stability plot for the fully relaxed Ce3O5 bulk phase along
with the known bulk phases CeO2, Ce11O20, Ce7O12, C-Ce2O3, and
C-Ce2O3+δ with stoichiometry CeO1.66.

literature [27,32]. To evaluate the stability of such a structure,
we model a bixbyite-like structure selecting 11 out of the 16
oxygen vacancies in a C-Ce2O3-like unit cell, leading to a
Ce32O53 (CeO1.66) stoichiometry. Ev of this last structure is
by about 80(5) meV smaller (larger) than that of the Ce3O5-
like (C-Ce2O3-like) structure [cf. Fig. 5(a)]. After full lattice
relaxation is considered, the difference between the Ev values
of the C-Ce2O3+δ-real and Ce3O5-real structures is reduced
to approximately 60 meV [cf. Fig. 5(b)]. However, there is an
important difference regarding the possible bulk terminations
of these two structures in the {111}F directions. The Ce3O5

structure can explain both the
√

3 × √
3 and the 3 × 3 observed

terminations whereas the C-Ce2O3+δ cannot. The reported√
3 × √

3 and the 3 × 3 periodicities could then be due to the
formation of thin layers of the here proposed Ce3O5 phase,
which, although it is not a stable bulk phase, could increase its
stability near the surface.

The
√

7 × 3 oblique surface reconstruction discussed above
has the same degree of reduction as the proposed quasistable
Ce3O5 bulk structure, but this periodicity does not correspond
to any of the {111}F bulk terminations of this crystal struc-
ture. Following the same method employed for the 3 × 3
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FIG. 6. (a) Extension of the
√

7 × 3 trilayer to thicker overlayer
terminations. This procedure can be performed up to the sixth oxygen
layer (see the text). (b) Average formation energy for 3 × 3 (red
squares) and

√
7 × 3 (blue triangles) terminations as a function of

the number of reduced oxygen layers. The color coding of the atoms
is the same as in Fig. 1.

reconstruction, we tried to extend the 3 × √
7 trilayer towards

a possible new bulk structure, but in this case the continuation
procedure can be performed only up to the sixth oxygen layer
(i.e., three O-Ce-O trilayers) as shown in Fig. 6(a). Beyond
this depth, no oxygen vacancies can be accommodated without
violating the ordering rule R1 and, therefore, it is not possible
to extend this surface into another Ce3O5 bulk phase.

In Fig. 6(b), we compare the average vacancy formation
energy for the 3 × 3 termination of Ce3O5 with the one corre-
sponding to the

√
7 × 3 periodicity, considering overlayers of

up to the allowed six oxygen layers. It can be observed that,
for overlayers thinner than three oxygen layers, the formation
energy favors the oblique reconstruction, whereas for wider
reduced overlayers, the 3 × 3 termination is the preferred one.
This result could imply that this thin

√
7 × 3 reconstruction

cannot be observed for characterization techniques which use
information coming from beyond the first trilayer (e.g., LEED)
and this could be the reason for it being observed only using
non-noncontact AFM techniques [48].

Summarizing, we find that 3 × 3 and
√

3 × √
3 reconstruc-

tions of (111)-oriented ceria surfaces can be understood as
{111}F terminations of a quasistable Ce3O5 bulk phase in a
similar way as the

√
7 × √

7 and 4 × 4 reconstructions are
terminations of the Ce7O12 and C-Ce2O3 stable bulk phases,
respectively. In contrast, the oblique reconstruction can only
be stabilized for thinner reduced overlayers and cannot be
associated with any quasistable bulk phase.

V. CONCLUSIONS

In this paper we have undertaken the task of providing a
global and unified picture to describe reconstructions of (111)-
oriented ceria surfaces with different degrees of reduction.
Some reconstructions cannot be attributed to reduced stable
bulk phases, namely, the 3 × 3, the

√
3 × √

3, and the
√

7 × 3
ones. However, we found that the first two mentioned recon-

structions can be associated with the same quasistable ceria
bulk structure with Ce3O5 stoichiometry, which is reported
here. The proposed Ce3O5 bulk structure is not the most
stable phase for any value of temperature and oxygen pressure,
although a thin overlayer of this reduced termination can be
stabilized. This overlayer become less stable as its thickness is
increased. This bulk phase is clearly more stable than a wide
range of other nonstable reduced ceria bulk structures having
a variety of vacancy concentrations, defect distributions, and
cell geometries, whereas the known Ce7O12, Ce11O20, and
C-Ce2O3 bulk phases are the only structures we found that
are more stable than the Ce3O5 one.

Through systematic total energy calculations for all possible
vacancy distributions, we obtained the most stable 3 × 3 re-
duced ceria trilayer on CeO2(111) compatible with experimen-
tal results and verified the validity of simple vacancy ordering
rules. The Ce3O5 bulk structure was constructed as a gradual
extension of the reduced 3 × 3 trilayer into deeper layers by
fixing the density of vacancies in the newly reduced trilayers
and avoiding pairs of vacancies at the distances given by the
relative positions 〈 1

2 00〉F, 〈100〉F, and 〈 3
2 00〉F. Following the

same method, we found that the
√

7 × 3 overlayer cannot
generate a bulk structure, but it can be extended for up to
three trilayers. The instability of thicker

√
7 × 3 layers can

explain the fact that this periodicity, recently observed using
noncontact AFM microscopy, has not been detected with
LEED techniques.

Our results provide a unified picture on how to describe
reconstructions of reduced ceria surfaces as terminations of
the bulk structures from which they derive when these bulks
exist. In this context, we have also suggested the existence
of a quasistable Ce3O5 structure that could be experimentally
confirmed. Although real catalysts are powders exhibiting
different facets and surface terminations, the rules found in this
paper for the distribution of oxygen vacancies as well as for
the excess charge localization will still be obeyed. For instance,
the excess charge will always prefer not to localize in nearest-
neighbor cationic sites to a vacancy, and first-neighboring
subsurface vacancies will be avoided if possible. Such detailed
knowledge is essential for the understanding of ceria-based
materials in catalysis as well as to the modeling of reaction
mechanisms on their surfaces. Summarizing, the insight here
obtained has fundamental and practical implications for un-
derstanding the geometry and electronic structures of reduced
ceria surfaces which is of great importance to tailor their
functionality in applications.
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