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Reversible oxygen release makes ceria �CeO2� among the most efficient oxide supports for low-temperature
oxidation reactions. A clear identification of the species responsible for this oxygen buffering is still missing
since only indirect information is available. We present a systematic study of O adsorbates on the most stable
ceria surfaces based on density functional theory calculations. The results rationalize the experimental findings
supporting the interpretation that superoxide species are the key factors in promoting low-temperature oxida-
tion reactions on ceria. The high reactivity of nanocrystalline ceria is explained in terms of the surface
selectivity towards superoxide adsorption.
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Oxide-supported noble-metal nanoparticles have been
shown to efficiently promote low-temperature oxidation
reactions.1 Their reactivity is controlled by the presence of
metal ions,2 often nucleated at surface defects,3 as well as by
the active role of reducible-oxide supports in supplying re-
active oxygen,4 effectively acting as oxygen buffers. Ceria-
based materials are among the most efficient of these active
supports: The origin of their unique oxygen buffering capac-
ity is often traced back to facile oxygen vacancy formation
and surface reduction.5 At high temperatures �T�500 °C�,
oxidation reactions involve lattice oxygen resulting from O
vacancy formation and surface reduction, while at low tem-
peratures �T�200 °C� surface O adspecies are involved.4

The defective surfaces resulting from O release have been
recently studied in detail,6–9 but the O adsorbates relevant in
the low-temperature O buffering are not easily accessible by
local scanning techniques with the same high spatial resolu-
tion. As a result, the oxygen adspecies relevant in this pro-
cess are not clearly characterized and, more generally, a fun-
damental understanding of the mechanisms by which O is
released and exploited in the low-temperature oxidations on
oxide supports is missing.

Spectroscopic studies on Au/CeO2 catalysts suggest that
the reactive oxygen supplied at the active sites during CO
oxidation at low temperature �below 200 °C� might not be in
the form of neutral atoms or O2 molecules �resulting from
oxygen vacancy formation�, but rather in the form of charged
adspecies.4 These radicals may act as important intermedi-
ates in catalytic oxidations,10 and can be particularly relevant
in the context of many technologically important reactions,
like low-temperature water gas shift or CO oxidation.4,11

Charged adspecies may result from redox reactions, acti-
vated, for example, by the supported noble metals whose
reactivity has been related to the formation of metal ions,2

but the precise nature of the O adspecies reactive at low
temperature remains unclear.

In this study, the oxygen adspecies relevant in the low-
temperature O buffering property of ceria are identified via a
systematic analysis based on density functional theory �DFT�
calculations. To this end, we consider neutral �atomic and
molecular� as well as charged oxygen species adsorbed on
different surface sites, such as CeO2�111� and �110� terraces,

one electron defects �Ce3+ ions isolated on the CeO2 sur-
face�, two electron defects �neutral oxygen vacancies�, and
fully reduced Ce2O3�0001� surfaces. The energies, electronic
structures, and the adsorbate stretching frequencies resulting
from the calculations allow us to rationalize the experimental
finding and to identify superoxide species as key factors in
controlling oxidation reactions.

The calculations are based on the DFT with the Perdew-
Burke-Ernzerhof generalized gradient corrected approxima-
tion �GGA� for the exchange and correlation functional in
the framework of ultrasoft pseudopotentials and plane waves
as implemented in the Quantum-ESPRESSO computer
package.12 The wave function and electron density represen-
tation were limited by kinetic energies of 30 and 300 Ry,
respectively. The CeO2�111�, �110�, and Ce2O3�0001� sur-
faces were modeled with �2�2� supercells �nine, six, and
ten layers thick, correspondingly�, and separated by more
than 10.9 Å of vacuum. The upper half of the supercells
�containing the adsorbates� were fully relaxed. Brillouin-
zone integration was performed on a �2�2�1� Monkhorst-
Pack grid conveying total-energy convergence to less than
0.03 eV. A value of Gaussian smearing of 0.07 eV was used
in the calculations, and the reported results were extrapolated
to 0 eV smearing. Charged adsorbates were simulated by
including a uniform compensating background. Energy bar-
riers and transition states for diffusion were calculated with
the nudged elastic band �NEB� method.13 Reduced ceria was
modeled with the GGA+U method.9,14 Since GGA and
GGA+U calculations provide the same description of non-
defective surfaces �differences in GGA and GGA+U binding
energy are below 0.03 eV�, only the GGA results will be
reported in this case. Further calculation details can be found
in Ref. 8. The stretching frequencies of the adsorbates were
calculated with the frozen phonon method.

The binding energy Ebind of neutral adsorbates is calcu-
lated in terms of total energies of supercells containing �i� the
adsorbate in the gas phase Eads

gas, �ii� the clean surface
Esurf, and �iii� the surface and the adsorbate Eads/surf: Ebind
= �Eads

gas+Esurf�−Eads/surf. For charged adsorbates, the term in
parentheses is calculated as the total energy of the supercell
containing both the surface and the molecule, the latter being
in the middle of the vacuum region, i.e., at 5.45 Å from the
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surface. Increasing this distance to 6.6 Å conveys differences
in binding energy below 0.06 eV. Each of the binding ener-
gies reported in Table I refers to the corresponding adsorbate
in the gas phase. Zero-point energy and entropic effects are
not included in the reported binding energies and barriers. In
the following, adsorbate O atoms will be denoted as O*.

An O* adatom binds to a surface O atom of a flat
CeO2�111� terrace by forming a characteristic spin unpolar-

ized peroxo unit tilted by 60° with respect to the surface
normal and with an O-O* bond length of 1.44 Å �Fig. 1�a��.
The O* atom lays on a bridge position with respect to two Ce
atoms of the second layer. This adsorption geometry is al-
most degenerate with the metastable configuration �0.02 eV
higher in energy� resulting from the rotation of the peroxo
group by 60° around the surface normal centered on the sur-
face O atom. In this metastastable configuration, the O*-O
bond length and the spin magnetic moment are unchanged
with respect to the lowest energy ones. The bonding charge
density clearly shows that the charge redistribution due to O
adsorption involves only the O* and the neighboring surface
O atom �Fig. 1�a��. The Löwdin charges of these two atoms
are equal. Similar peroxide species have been recently iden-
tified on the surfaces of alkaline-earth oxides.15,16 The ad-
sorption of atomic oxygen on ceria does not modify the oc-
cupancy of the Ce-4f states, therefore GGA and GGA+U
calculations provide equivalent descriptions of the process.
The binding energy with respect to atomic oxygen is large,
2.47 eV for the lowest energy configuration �Table I�. The
same peroxo unit is also formed on the �110� surface, with an
equally large binding energy of 2.61 eV �Table I�.

Two fundamental mechanisms control the O* mobility on
the most stable �111� surface: the rotation of the peroxo unit
around the given surface O atom and the actual diffusion of
the O* adatom on the surface. The energy barrier for rotation
is only 0.02 eV. The peroxo unit is therefore free to rotate
with virtually no energy cost. The energy barrier for adatom
diffusion is 1.42 eV and the adsorbate spin is conserved dur-
ing diffusion �in all configurations, the initial spin of the O*

adatom was unconstrained during the self-consistent proce-
dure and always resulted in a spin unpolarized system�. This
large activation energy suggests that, once the peroxide unit
has been formed, the O* adatom is unlikely to diffuse except
at high temperatures. A similar high barrier �1.70 eV, Table
I� for the direct O adatom diffusion has been identified on the
�110� surface, but in this case the adsorbate spin is not con-
served along the path resulting from the NEB calculation.

TABLE I. �Color online� Binding energies, energy barriers for diffusion �estimated values displayed in gray boxes�, and superoxide
stretching frequencies for the adsorption of atomic O, molecular O2, and superoxide O2

− species on the flat CeO2�110� and �111� terraces,
on a �111� surface O vacancy site, on an isolated Ce3+ ion, and on a Ce3+ ion of the Ce2O3�0001� surface.

FIG. 1. �Color online� Bonding charge �top panels� and spin
�bottom panels� densities for �a� an O adatom bound to the nonde-
fective �111� surface, �b� molecular oxygen adsorbed on a one-
electron Ce3+ defect of the �111� surface, and a superoxide molecule
bound to a Ce4+ ion of the �c� �111� and �d� �110� surfaces. Relevant
bonding distances �in Å, top panels�, and spin polarizations �in �B,
bottom panels� are also shown. Red �dark gray� and light gray
spheres represent surface O and Ce atoms, respectively, while ad-
sorbates are displayed in yellow �light gray�. Positive and negative
density values are displayed in red �lighter gray� and blue �darker
gray�, respectively.
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The actual diffusion mechanism is therefore likely to be dif-
ferent from the �111� case, probably similar to the one pro-
posed for the MgO �001� surface,15 involving first the spin
polarization of the adatom and then the diffusion along the
spin-polarized path. Overall, once bound into the peroxide
unit, the mobility of the O* adatoms around room tempera-
ture is therefore very low, and will be activated only at tem-
peratures larger than 300–400 °C.

The effect of an O vacancy on the adsorption of an O*

atom is very local, being limited to the first rim of neighbor-
ing surface O atoms. When an O* atom is placed inside the
rim it is readily attracted by the electrostatic field of the
vacancy, resulting in vacancy annihilation and surface re-
oxidation. The binding energy at a vacancy site of the �111�
surface is 5.08 eV �Table I�. Binding to a surface O atom of
the rim results in the formation of the peroxo unit described
above and in a binding energy of 2.49 eV, quite close to the
asymptotic value for an O* atom on an oxidized flat terrace
�2.47 eV�. The process of vacancy annihilation by an ad-
sorbed O* atom is also strongly exothermic �2.67 eV�, but
despite this large driving force, re-oxidation is probably hin-
dered by the large energy barrier for diffusion �1.42 eV�. As
a result, peroxo units are likely to be present at low tempera-
ture also on partially reduced surfaces as metastable adsor-
bates.

Adsorption of an O* atom to a surface O atom close to a
one-electron defect �an isolated Ce3+ ion� of the CeO2�111�
or of the Ce2O3�0001� surfaces results in the formation of the
same O*-O peroxo unit described above, with slightly lower
binding energies, 2.23 and 2.32 eV, respectively �Table I�.
We can therefore estimate that the energy for O* diffusion on
these surfaces is likely to be similarly large ��1.4 eV� as the
one on the oxidized CeO2�111� flat terrace. Overall, O ada-
toms forming the peroxo units are relevant as reaction inter-
mediates in the surface chemistry of ceria, but, due to their
high diffusion barrier, their dynamic role in promoting low-
temperature oxidations on ceria surfaces is predicted to be
minor.

Molecular O2 physisorbs very weakly on the flat nonde-
fective surfaces. Our estimate of Ebind=0.01–0.03 eV �Table
I� does not include van der Waals contributions, which are
known to be important in this weak physisorption regime,
but is, however, consistent with Raman spectroscopy data on
oxidized ceria surfaces. These measurements11 show that the
characteristic frequency of adsorbed molecular O2
�1551 cm−1� is present only below 153 K. Defective surfaces
are reoxidized by O2 molecules, forming the strongly bound
and immobile peroxo units described above. The driving
force for this oxidation reaction with respect to a free O2
molecule is 1.72 eV �Table I�. Molecular oxygen binds stron-
ger above one-electron defects, Ebind=0.09 eV �Table I�. The
bonding does not involve charge transfer between the adsor-
bate and the surface. The O*-O* bond length �1.25 Å�, as
well as the magnetic moments of the O2 molecule and of the
Ce3+ ion are unaffected upon adsorption �Fig. 1�b��. The dif-
fusion of this O2-Ce3+ unit is likely to be controlled by elec-
tron hopping between neighboring Ce sites. We thus assume
the energy barrier for diffusion to be close to the activation
energy for polaron electron transport in bulk, �0.4 eV.17

This value is larger than the binding energy, therefore the
direct diffusion of these species is unlikely and, given the
very low binding energy, they can exist on partially reduced
surfaces only at very low temperatures.

Charged superoxide O2
− species adsorb on hollow sites of

the �111� surface, above a Ce4+ ion, in a side-on configura-
tion �Fig. 1�c��. The calculated spin polarization and the
O*-O* bond length �1.36 Å� are compatible with those of a
free superoxide �1.35 Å, Ref. 18�. The superoxide adsorbate
is located at 1.78 Å over the surface O atoms and forms two
O*-Ce bonds at 2.43 and 2.57 Å. The Ce ion bound to the
adsorbate relaxes outward by 0.20 Å. The binding energy
with respect to free molecular superoxide is 0.17 eV �Table
I�. The spin density is mostly distributed on the superoxide
molecule, but the underlying Ce ion is also weakly polarized
�Fig. 1�c��. The occupancy of the Ce 4f states is not modified
in the adsorption process. A metastable end-on adsorption
configuration, almost degenerate with the side-on one, has
been also identified �0.04 eV higher in energy�. This is in
agreement with spectroscopic studies showing that both
end-on and planar geometries can be present on ceria
surfaces.11 A similar adsorption configuration has been iden-
tified also on the �110� surface �Fig. 1�d��, but here the bind-
ing energy is larger, 1.10 eV �Table I�, resulting from the
stronger electrostatic interaction with the more exposed Ce4+

ions. Finally, on the �111� surface, the driving force for va-
cancy annihilation by these superoxide radicals is 2.74 eV,
leading to the peroxide units on the one-electron Ce3+ defects
described above.

Direct experimental characterization of the O adsorbates
involved in oxidation reactions is missing, but the measured
vibrational frequencies, �1123–1135 cm−1,4,11 are consis-
tent with those of superoxide species, whose frequency in
vaccum is 1108 cm−1 �Ref. 18� �the corresponding calculated
value is 1117 cm−1�. By this analogy, these frequencies have
been tentatively associated to superoxide species adsorbed to
Ce4+ sites. We have calculated the stretching frequency of
the superoxide radicals adsorbed on the �111� and �110� sur-
faces to be 1163 and 1139 cm−1, respectively. The calculated
frequency shift upon adsorption �22–46 cm−1� is larger than
the measured one �15–27 cm−1�, but in overall good agree-
ment with the experimental values, hence allowing for a di-
rect interpretation of these frequencies.

Moreover, the calculated weak binding energies of
0.17 eV are consistent with the Raman spectra11 showing
that these superoxide species are not stable even at room
temperature on pure polycrystalline CeO2 samples, which are
known to expose almost exclusively �111� surfaces. The fre-
quencies at 1123–1135 cm−1 are present only below 213 K
on polycrystalline ceria,11 but are observed up to �470 K on
nanocrystalline Au/CeO2 samples,4 which expose a larger
fraction of �110� surfaces. Besides the presence of the sup-
ported metal, this increase in stability of superoxide adsor-
bates up to technologically relevant temperatures is deter-
mined by the strong surface selectivity predicted by the
calculations, resulting from the larger fraction of exposed
Ce4+ ions in nanocrystalline samples.

The interplay between the O2-Ce3+ and O2
−-Ce4+ species,

together with the presence of supported metal atoms, opens
up new possibilities for the participation of adsorbed O2 in
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oxidation reactions and is controlled by the possibility to
reduce the Ce ions. In the specific case of pure �111� surface,
the O2

−-Ce4+ is predicted to be a reactive intermediate, since
the O2-Ce3+ unit is more stable by 0.2 eV, but in general, the
presence of one or the other unit is likely to be determined
by the local mechanism of superoxide formation �the specific
redox couple�, by the presence of adsorbed metal atoms, by
the degree of reduction of the surface, and by the activation
barrier for the electron transfer transforming one unit in the
other.

In summary, we demonstrate that highly stable surface
peroxo units result from the adsorption of atomic oxygen
onto flat undefective surfaces and onto one-electron defects,
as well as from the vacancy annihilation process by O2 and
O2

− molecules. These peroxide units are predicted to be
abundant both on oxidized and reduced surfaces. Due to the
high barrier for diffusion, atomic O mobility is not activated
in the low-temperature oxidation regime ��200 °C�. Mo-

lecular oxygen is shown to be almost unbound on oxidized
surfaces, to rapidly seal vacancy sites, and to be weakly
bound to one-electron defect sites. The binding of superox-
iodes displays strong surface selectivity, being governed by
the electrostatic interaction with surface Ce4+ ions, and being
at the basis of the higher reactivity of nanocrystalline ceria.
The calculated stretching frequencies for the O2

− species al-
lows for a direct association of the specific peaks at
1123–1135 cm−1 to the reactive species controlling low-
temperature oxidation reactions on ceria. These results point
to the general importance of charge-transfer processes at the
interface between metal oxides, oxygen adsorbates, and sup-
ported metal particles, and are going to be relevant to a
broader class of metal-oxide surfaces.
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