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We studied the interaction of perfect and lightly reduced ceria (111) surfaces with hydrogen and water molecules
using density functional calculations implementing the generalized gradient approximation (GGA) and on-
site Coulomb interactions (GGA+U). We predicted the relative surface energies at different states of reduction
and in the presence of water, allowing insight into surface processes under a variety of conditions. Several
unusual properties of the ceria surface were brought to the fore: the dissociation of water molecules on the
ideal surface, the rapid dissociation of water at vacancy sites, and the strongly exothermic dissociation of H2

on the ideal surface. These results have strong implications for the interpretation of experimental data and the
construction of reaction schemes for this technologically important metal oxide surface.

Introduction

Ceria is an important surface for many applications, particu-
larly catalysis. Its ability to accommodate varying charge states
facilitates relatively facile surface oxidation/reduction that allows
it to mediate the oxygen concentration when it is part of a mixed
metal oxide catalyst.1-4 There is an extensive literature on the
reduction/oxidation behavior; however, experimental conditions
and uncertainties in sample preparation complicate interpretation
of experimental data. It is now appreciated that the extent of
hydroxylation of metal oxide surfaces can have a significant
effect on their properties, especially those that are highly surface
dependent. Water is virtually impossible to exclude from realistic
environments, and its behavior on a variety of metal oxide
surfaces, particularly TiO2, has been extensively studied.5-7

Often, the interplay between associated/dissociated states and
interactions with surface defects are complex and connecting
theoretical calculations to experiment can be difficult.8-10

Another aspect of the redox behavior of ceria is its reduction
under a H2 atmosphere. Generally, there appear to be two peaks
in the temperature-dependent reduction measurements: one at
around 770 K and another at 1100 K.1-4 The high-temperature
peak is interpreted as arising from bulk reduction, whereas the
lower temperature peak at 770 K, which is not observed in
samples with low surface area, is interpreted as arising from
the reduction at surfaces.

In this article, we present the results of ab initio calculations
that shed light on the thermodynamics of surface reduction and
the probable state of lightly reduced surfaces in the presence of
water, allowing insight into surface processes under a variety
of conditions.

Computational Details

We considered two types of surfaces: fully oxidized CeO2

(111) and reduced CeO2 (111) where a single oxygen vacancy
was introduced into the simulation cell. Both of these systems

have been examined theoretically in the past few years.11-13

However, the electronic structure of the reduced ceria surface
is still somewhat controversial. Reduction of the surface, by
either oxygen vacancy formation or hydrogenation, produces
extra electrons that must occupy either conduction-band states
or states localized within the band gap. Depending on the
character of the metal(s) present, these electrons are accom-
modated in two qualitatively different ways in metal oxides:
either the electrons are located predominantly in a vacancy site,
e.g., F center in MgO, or, if the metal is easily reduced, extra
electrons reside on metal ions and a mixed-valence compound
is formed, e.g., TiO2. Ceria is readily reduced, because of the
presence of the low-lying 4f states; however, a further question
is whetherindiVidual Ce4+ ions are reduced to Ce3+ ions or
whether electrons are delocalized over many metal atoms. To
cover both possibilities, the plane-wave density functional theory
(DFT) calculations in this work were carried out using two
related functionals: one using the generalized-gradient ap-
proximation (GGA) and another incorporating a local on-site
Coulomb repulsion term (GGA+U) within the formulation of
Dudarev et al.14 as implemented in the VASP package.15 More
specifically, we used PW91-GGA16-18 and PW91-GGA+U
functionals, which are expected to cover the two extremes:
GGA usually causes excess electrons to be delocalized over
several Ce ions, whereas GGA+U is designed to localize one
electron per Ce3+ ion. As described in refs 14 and 19, in the
latter case, a Hubbard-U term is added to the plain GGA
functional. This additional exchange repulsion term serves to
stabilize solutions to the Kohn-Sham problem with localized
electrons on cerium. As a further check on our results, we
repeated the majority of the calculations with the local
density approximation (LDA) to ensure that the results were
not unduly sensitive to the exact form of the exchange-
correlation functional used, though without the addition of the
Hubbard-U correction.

The value ofU ) 5 eV used in our calculations should be
considered as an empirical parameter. It was optimized to
position the cerium 4f states at∼1.3 eV above the oxygen 2p
states in bulk Ce2O3, as determined from the onset of PES
signals attributed to Ce3+ 4f electrons20 (3.6 eV was obtained
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with the GGA functional). We should note, however, that direct
comparison between the merits of the two pictures is difficult
and the implementation of GGA+U used here has certain
problems.21 Within a plane-wave implementation of DFT, the
inclusion of the Hubbard-U term requires that the wavefunction
be projected onto a local atomic basis, in this case, a set of
spherical harmonics within some assumed Wigner-Seitz radius
centered on the atoms (1.323 and 0.82 Å for cerium and oxygen,
respectively). However, this projection, especially if there is
some degree of covalency, is somewhat arbitrary, and even in
pure ceria, some fractional occupancy of the cerium 4f states
(mixed into the valence band) will be found, which is energeti-
cally penalized by the functional. Ce3+ has a larger atomic radius
than Ce4+, and consequently, bond lengths around a Ce3+ ion
will be increased; this reduces the spurious penalty due to the
fact that the projection scheme unphysically stabilizes the
reduced state. This is also the origin of the increase in calculated
lattice constant for CeO2 within GGA+U compared to GGA
(5.49 vs 5.43 Å; the appropriate theoretical bulk lattice constant
was always used in our calculations). The LDA functional, as
expected, predicts a smaller lattice constant of 5.36 Å. In all
calculations, the equilibrium lattice constant for the appropriate
density functional was used.

Periodic boundary conditions were used throughout the
calculations. A plane-wave cutoff of 500 eV converged the total
energy to 4 meV per CeO2 unit in bulk ceria and was used
with projector augmented-wave (PAW) pseudopotentials.22 A

3 × 3 × 1 Monkhorst-Packk-point grid was used for 2× x2
surface cells, andΓ point was used only for the larger cells. In
surface calculations, we used periodic slabs that were nine
atomic layers thick and were separated by a 15-Å vacuum gap.
This slab thickness was found to be sufficient to converge the
surface energy to 0.01 J/m2. All calculations were performed
using spin-polarized functionals, which were essential for all
systems where the ceria surface was reduced, and structures
were considered to be relaxed when ionic forces were less than
0.03 eV/Å. All energies quoted are for the GGA+U functional
(GGA in parentheses) unless otherwise stated. To test some of
our predictions and to gain more insight into the dynamics of
adsorption and dissociation processes, we also ran molecular
dynamics (MD) calculations using anNVE microcanonical
ensemble. These MD simulations were started from fully relaxed
geometries, the plane-wave energy cutoff was reduced to 350
eV, and the final temperature was approximately 300 K.

Given that both the water molecule and any dissociation
products formed have a significant dipole, it was important to
check that our results were converged with respect to the
supercell size. To check this, we calculated the energies of
adsorption, dissociation, and separation of dissociated products
on the ideal surface using the GGA+U functional for three
supercell sizes: 2× x2, 4 × x2, and 4× 2x2. The results
show that the energies calculated differ by no more than 0.12
eV between the different cells. The results show a linear relation
plotted againstR-3, whereR is the average distance between

Figure 1. Reactions of water on the reduced and ideal ceria (111) surfaces. Important bond lengths are marked; energetics are from the GGA+U
calculations (see Computational Details). The large chemisorption energy of H2 (4.65 eV) is the reverse of the energy of adsoprtion of H2O at a
vacancy.
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images of defects in the supercells considered, as expected for
artificial dipole or elastic interactions due to finite supercell size.
Given the magnitude of the energies we were considering, we
were happy with this level of convergence with cell size and
considered the reduced surface only using the smaller cell. The
interaction of periodically repeating images in thez direction
(perpendicular to the slab) was found to be negligible, on the
order of 1 meV, obtained by introducing a dipole layer into the
vacuum region to decouple the artificial interaction introduced
by the boundary conditions.

Using these methods, we obtained good agreement with the
previous calculations carried out with similar techniques,
particularly quantitative agreement with the calculations of
Nolan et al. for the CeO2 (111) surface energy and vacancy
formation energy.13 As has been discussed previously,13,19 the
electrons remaining in the surface on vacancy formation are
localized on 4f orbitals of Ce ions neighboring the vacancy site
when the Hubbard-U term is included in the functional or
delocalized across the top layer of cerium ions using the GGA
functional.

Results

First, we considered H2O adsorbing on the ideal surface. The
adsorption energy was found to be-0.36 (-0.35) eV and
corresponds to a state with the water bound to a Ce ion by the
oxygen with the two hydrogens oriented toward a single oxygen
of the ceria surface (upper right of Figure 1). Because of the
symmetry of the ceria surface, there are three equivalent
configurations for this physisorbed water molecule (Figure 2
shows the equivalent top-layer oxygen atoms). A further energy
gain of-0.3 eV occurs if the water molecule dissociates, leaving
an OH group bound to the initial physisorption site and another
OH group formed by transfer of a proton from water to a surface
O ion; we note that there are three equivalent surface sites
(Figure 2). The energy to separate the two OH groups to next-
nearest sites is+0.5 eV. The surface O-H bond distance is
also longer than a typical O-H bond at 1.03 Å. To determine
whether there was a significant barrier to dissociation, a
molecular dynamics simulation was run, and dissociation of the
H2O molecule was observed within 50 fs, which suggests that
dissociation will be facile at room temperature. The distance
between the two O ions forming OH bonds is only 2.52 Å,

which can be expected to fall into the range of “strong”
hydrogen bonds23 where the potential energy surface for the
motion of the proton between the two O ions has a single broad,
strongly asymmetric minimum. In this case, the proton lies closer
to the surface O, implying that the ceria surface is more basic
than water.

The interaction of H2O with the reduced surface is much more
dramatic. The water molecule binds to the vacancy site with an
energy gain of-0.8 eV (Figure 3a). Upon dissociation (Figure
3b), a further gain of-1.7 eV occurs, giving a total reaction
energy of -2.45 (-2.45) eV. Two surface OH groups are
formed with the water oxygen occupying the original vacancy
site. To check whether the dissociation could occur readily,
another molecular dynamics simulation was carried out. H2O
dissociation was found to occur within 100 fs. As noted above,
two cerium ions neighboring the vacancy are reduced to Ce3+

when the on-site Coulomb correction term is included. The
localization of these electrons is not strongly influenced by the
presence of water, as the energies of the localized states shift
by less than 0.2 eV. The dissociated water molecule then forms
two charge pairs: two OH groups with a positive charge
compared to an ideal lattice oxygen site and two Ce3+ ions with
a negative relative charge. Separation of the two charge pairs
into isolated groups was calculated to be energetically neutral
and, hence, will be controlled by the kinetics of their motion.
We emphasize that this means that observation of, e.g., XPS
signals attributed to Ce3+ 24 does not necessarily imply the
existence of vacancies. Although hydroxyl groups and vacancies
might not be distinguishable via XPS or magnetic balance
measurements, they could exhibit quite different chemistry on
the surface, acting as trapping centers for different species. A
possible means of discriminating between OH groups and
vacancies would be to correlate XPS signals with OH bond IR
signals.25

As shown in Figure 1, calculations of water at a vacancy
site allowed us to obtain the energy of H2 dissociation into two
OH groups at the ideal surface with two electrons transferring
to Ce ions. We found that the dissociation of H2 on the terrace
of CeO2 (111) is strongly exothermic at-4.65 (-3.24) eV per
molecule of H2. The GGA and LDA results of-3.24 and-3.37
eV, respectively, although smaller than the GGA+U value,
confirm that the H2 dissociation is a strongly exothermic process.
The smaller energy for GGA is expected,21 as the GGA+U
functional tends to overestimate the stability of the reduced ceria
surface (see discussion below).

The large energy gain upon hydrogen dissociation can be
attributed to the unusual properties of the cerium 4f states.
Instead of the two electrons originally forming the H-H bond
having to be located in the conduction band formed by cerium
5d orbitals at ca. 6 eV above the valence band, the 4f states
provide levels at approximately 1.5-2.5 eV above the valence-
band maxima. This is a reflection/cause of the large electron
affinity of Ce4+ and drives this reaction. We note that after, the

Figure 2. Dissociated water molecule having three equivalent binding
sites (white oxygen ions) with a proton from water transferring to either
of the three highlighted surface O atoms neighboring the cerium
adsorption site of the water molecule. A top view of the relaxed
geometry of a single configuration is shown.

Figure 3. H2O adsorption at a vacancy site on CeO2 (111): (a)
physisorbed H2O at a vacancy and (b) H2O dissociated to form two
surface OH groups.
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initial reaction, two main channels for further reaction are
available: the two OH-Ce3+ centers can diffuse apart, or H2O
can be released from the surface in the reverse of the reaction
considered in the previous paragraph, forming a vacancy site
at the surface. These processes would form one or two electron
defect sites on the ceria surface, respectively.

Discussion and Conclusions

Several of the results above demonstrate the rather unusual
properties of ceria and, as such, need to be placed into a wider
context. First, we comment on how the methods of calculation,
specifically the functionals used, might influence the results.
Table 1 provides a comparison of the three functionals used
for each reaction considered. Energies for reactions with similar
numbers of Ce3+ ions appear little affected by the choice of
functional, e.g., the water adsorption energy is-0.325 eV with
GGA+U and-0.353 with GGA, and the dissociation energy
of H2O at a vacancy is-2.45 eV with GGA+U and-2.17 eV
with the GGA functional. However, when excess electrons have
been transferred to the surface, there is a sizable difference in
the energetics between the two functionals. This error appears
to be largely systematic: the difference in energy between the
two functionals for the one-excess-electron system [Ce3+-OH]
is 0.52 eV, whereas for the two-electron centers considered, it
is 1.14 and 1.41 eV (for the vacancy and 2[Ce3+-OH] systems,
respectively). Fabris et al.21 found a shift of 1.4 eV for the two-
electron reduction process CeO2 f 1/2Ce2O3 + 1/2O2. We also
note that the reduction energy for the process CeO2 f 1/2Ce2O3

+ 1/2O2 is overestimated in the GGA approach by∼0.35 eV.21

In the cases considered, there are no significant differences
between the LDA and GGA functionals.

Our calculations demonstrate that the dissociation of water
at the ideal surface of ceria (111) is promoted by the formation
of a strong hydrogen bond between the OH- and H+ moieties
created. During the equilibration period of our MD simulations
of H2O adsorption at the ceria surface, we also observed a
diffusion event where the H2O molecule almost desorbed from
the surface; a small interaction with the surface remained, and
the water molecule reoriented itself during its motion to keep a
proton pointing to a surface O ion. This is a possible mechanism
of diffusion of a H2O molecule on the ceria surface by molecular
desorption and movement to an adjacent site, although motion
of the OH groups while dissociated could also contribute to
surface mobility. There are three equivalent dissociated, but
closely bound states for the water molecule (Figure 2), and they
are expected to be dynamically occupied at room temperature.
The frequency of such diffusion can be roughly estimated by
taking the rate equation to be of the form of an attempt frequency
multiplied by a Boltzmann factor. Our calculations allowed us
to estimate an upper limit to the energy barrier for reorientation
as the difference in energy of the molecularly adsorbed water
molecule and the dissociated state, as observed in our MD run.
Using a typical phonon frequency of 1013 Hz and our barrier of
∼0.3 eV to re-form the molecular physisorbed water species,

the rate of motion between the three equivalent dissociated states
would be∼3.1 MHz. Thus, any noninvasive probe observing
on a time scale of microseconds or longer would see only an
averaged configuration.

The large energy for water dissociation at vacancy sites has
a precedent in calculations on TiO2. For titania, calculations
suggest that the dissociation is exothermic by-1.35 eV on
anatase surface vacancies.26 In the titania structure, the missing
O site is only two-coordinate and has a lower Madelung
potential than the vacancy on ceria (111) where the site has
three cerium neighbors. A recent work27 appears to contradict
this result, finding that the dissociation of water at oxygen
vacancies is unfavorable. However, the investigation in ref 27
actually models a quite different situation. A supercell one-half
the size of our smallest model was used, and as a consequence,
the model system had an infinite chain of oxygen vacancies. A
calculation using the smaller supercell for a surface oxygen
vacancy confirmed their result: In the infinite chain, there was
a strong collective relaxation of a second-layer oxygen toward
the vacancy site; the presence of this raised oxygen atom then
blocked the dissociation of water in the short MD run they
performed. This upward relaxation of second-layer oxygen
atoms could be of some significance for the extended defects
observed by STM.11 These systems are in contrast to, e.g., MgO,
where the metal is not reducible and electrons in the vacancy
site prevent the dissociation of water from being so favorable
(although molecular dynamics simulations in ref 28 suggest that
dissociation can still occur). The predicted rapid dissociation
of H2O at vacancy sites appears to be at odds with the
experimental observation of reversible water adsorption on
heavily reduced ceria samples.24 We suggest, however, that the
energies we found are beyond the likely error of the calculation
methods used (particularly given the agreement between the
density functionals) and that the heavily reduced sample used
by Henderson et al.24 (estimated 44% surface reduction) had
reconstructed to areas of Ce2O3 through the aggregation of
mobile vacancies at the elevated reduction temperatures used.

To summarize, these results show that water dissociation at
vacancy sites is expected to be rapid, but notably, will not
change the character of electrons originally localized on cerium
ions neighboring the vacancy. We also predict a strongly
exothermic character for H2 chemisorption on the ideal ceria
(111) surface, which we attribute to the low-lying 4f states, and
hence large electron affinity, of ceria. The dissociated water
molecule forms two charge pairs: two OH groups with a
positive charge compared to an ideal lattice oxygen site and
two Ce3+ ions that would not be differentiated from vacancy
sites using XPS or similar experimental techniques. Finally, we
have shown that the dissociation of water is favored on the ideal
surface of ceria (111) and suggest that this is due to fortuitous
lattice spacing allowing the formation of a strong hydrogen bond
between the OH- and H+ moieties formed upon dissociation.
This would allow dynamic reorientation of H2O on a megahertz
time scale and a low diffusion rate on the order of seconds.
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TABLE 1: Comparison of Reaction Energies with Different
Functionals

reaction energy (eV)

reaction LDA GGA GGA+U

water physisorption on ideal surface -0.60 -0.32 -0.35
water dissociation on ideal surface -0.79 -0.53
hydrogen-atom chemisorption energy -4.09 -4.61
oxygen vacancy formation energy +4.08 +3.76 +2.63
physisorption of H2O at vacancy site -1.01 -0.79
chemisorption of H2O at vacancy site -2.42 -2.17 -2.45
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