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a  b  s  t  r  a  c  t

Spin-polarized  density  functional  theory  (DFT  +  U)  periodic  calculations  have  been  performed  to  study
water  adsorption  and  dissociation  on  the 12.5%  Mn-doped  CeO2(1 1  1)  surface.  Our  results  indicated  that
Mn  cation  is the  surface  active  site  for water  adsorption  and dissociation  reactions.  The  H2O  molecule
preferably  adsorbs  on  a Mn  cation,  causing  some  relaxation  of  the  surface  O-layer  and,  thus,  facilitating  the
bonding  of one  of the HH2O with  the  nearest  oxygen  atom.  After  overcoming  an  energy  barrier  of  0.46  eV,
the  water  molecule  could  dissociate  into  OH and  H  species.  The  latter  configuration  is  about  50%  more
exothermic  than  the molecular  one,  suggesting  the  Ce0.875Mn0.125O1.9375(1 1  1) surface  would  be  easily
hydroxylated  under  reaction  conditions.  In addition,  the calculations  showed  that  water  adsorption  on
eria
FT + U calculations

the  Mn-doped  CeO2(1  1 1) surface  did  not  favor  the  creation  of surface  oxygen  vacancies  as  it has  been
reported  for  pure  CeO2(1  1  1).  On  the other  hand,  we  created  a surface  oxygen  defect  in  the  slab  with
structural  oxygen  vacancies  and  computed  water  interactions  on  the reduced  surface.  Although,  the
adsorption  of OH species  in  the O-hole  caused  many surface  and  subsurface  atomic  displacements,  no
changes  in  the  oxidation  state  of  Mn  and  Ce  cations  were  detected.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

CeO2-based solids have numerous technological applications,
ainly due to the important oxygen storage capacity (OSC) of

erium oxide (ceria) [1]. These solids, with a fluorite-type struc-
ure, are extensively used as catalyst supports as well as active
hases [1–4]. The catalytic performance of CeO2-based materials
as mainly been connected with the ability of ceria to undergo fast
eversible redox cycles (Ce4+ → Ce3+), which accompany the release
r uptake of oxygen [5,6].

Oxygen storage capacity, formation of Ce4+/Ce3+ couples and
xygen mobility of ceria have been improved with the addition of
ate transition, alkaline or rare-earth metals [2,7]. Usually, transi-
ion metals (TM) exhibit several oxidation states and better redox
roperties than rare-earth metals [8]. Therefore, TM incorporation
nto the fluorite-type structure of CeO2 facilitated the formation of
xygen vacancies and resulted in catalysts with enhanced OSC and
mproved redox properties [7,9,10].

∗ Corresponding author. Tel.: +54 11 45763241; fax: +54 11 45763241.
E-mail address: beatriz@di.fcen.uba.ar (B. Irigoyen).

ttp://dx.doi.org/10.1016/j.apsusc.2014.06.076
169-4332/© 2014 Elsevier B.V. All rights reserved.
Particularly, Mn-doped CeO2 materials have shown excellent
OSC and catalytic performance in many valuable oxygen-
consuming processes [8–19]. The high activity of MnOx–CeO2
catalysts was ascribed to the synergistic interaction between MnOx

and CeO2 [12]. MnOx–CeO2 mixed oxides were used as catalysts in
many environmental processes: oxidation of diesel soot, ethanol,
formaldehyde and phenol [8,13,14], selective reduction of NO with
NH3 [11], and oxidation of small hydrocarbon molecules and CO
[15–19]. Mn  dopant has also been considered a good candidate to
take part of the CeO2-based catalysts employed in the water-gas
shift (WGS) reaction [20–22], which is of paramount importance
for production of CO-free hydrogen [1].

In many of the previously discussed applications, water adsorp-
tion has been advised as an unavoidable process due to the presence
of water either as a reactant or spectator [23]. Industrially, the
adsorption of water is considered as an elementary step of the WGS
reaction [1]. Moreover, in the case of phenol oxidation, it has been
reported that hydroxyl species played a predominant role in the

first step of phenol adsorption-oxidation reaction [24]. Therefore,
water is impossible to exclude from realistic environments and this
fact has raised the importance of understanding water interactions
with CeO2-based surfaces [25].

dx.doi.org/10.1016/j.apsusc.2014.06.076
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.06.076&domain=pdf
mailto:beatriz@di.fcen.uba.ar
dx.doi.org/10.1016/j.apsusc.2014.06.076
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Several works have investigated water interactions on the
eO2(1 1 1) surface performing ab-initio calculations [23,25–33].
ome of these studies reported that H2O molecule could adsorb
n the stoichiometric surface, through single H Osurface bond con-
guration [26,33], or forming two H Osurface bonds [28,31]. The
dhesion of water molecule to CeO2(1 1 1) surface has also been
eported from experimental measurements [34]. Other theoretical
orks concluded that dissociative adsorption of water is energet-

cally favored on the ideal surface [27], or that both molecular
dsorption (no H-bond configuration) and dissociative adsorp-
ion (surface hydroxyl) states are possible on the slightly reduced
eO2(1 1 1) surface [33]. Dissociative adsorption of water has also
een evaluated through experimental measurements [35–39]. Both
educed CeO2−x surfaces and CeO2(1 1 1) films promoted dissocia-
ion of H2O on the ceria substrate [36–39]. Besides, theoretical and
xperimental works suggested the filling of surface O-vacancies by
ydroxyl groups [28,33,34]. On the other hand, X-ray photoelec-
ron spectroscopy (XPS) and temperature-programmed desorption
TPD) measurements indicated the absence of irreversible water
ecomposition on reduced CeO2(1 1 1) films grown on yttria-
tabilized ZrO2(1 1 1) [35].

Water interaction with a particular oxide is strongly dependent
n the surface structure (presence, accessibility, and coordination
f metal cations) [40]. In that sense, we underline that MnOx–CeO2
ixed oxides expose surface Mn  and also Ce cations with a differ-

nt O-coordination environment than that of pure CeO2. Besides,
espite the extensive research effort dedicated to understand water
ehavior on CeO2, to the best of our knowledge, no research stud-

es of H2O interactions on MnOx–CeO2 catalysts are available.
herefore, in this work, we performed density functional (DFT + U)
alculations to characterize molecular and dissociative adsorption
f water on the Mn-doped CeO2(1 1 1) surface.

. Theoretical method

.1. Calculation details

All spin polarized calculations were carried out using the Vienna
b-initio Simulation Package (VASP) [41,42].

The Kohn–Sham equations were solved with the generalized
radient approximation (GGA) using the exchange-correlation
unctional of Perdew–Burke–Ernzerhof (PBE) [43]. The core elec-
rons were represented with the projector augmented wave (PAW)

ethod [44]. The valence electron wave functions were expanded
sing a truncation energy value of 408 eV, and a Gaussian smear-

ng of 0.2 eV. We used the valence configurations 5s2, 5p6, 6s2, 5d1,
f1 for Ce; 3d6, 4s1 for Mn;  2s2, 2p4 for O, and 1s1 for H. The Bril-

ouin zone was  sampled with a 3 × 2 × 1 k-points grid according to
he Monkhorst–Pack scheme [45]. Structural relaxations were per-
ormed according to the Hellmann–Feynman approximation and
he atomic positions were relaxed until the force acting on each
tom was smaller than 0.02 eV/Å. For the energy calculations we
onsidered spin polarization effects.

We  also checked the possible effects of surface dipoles on the
nergetics of both water adsorption and oxygen vacancies for-
ation on the Ce0.875Mn0.125O1.9375(1 1 1) surface, by adding a

ompensating electric field as implemented in the VASP code. The
alculations were affected in less than 0.01 eV, and thus, dipole
orrection was not included in the results reported in the present
ork.

The standard DFT formulation usually fails to describe strongly

orrelated electrons due to a deficient treatment of electron cor-
elation. This limitation has been corrected to some extent by
sing the DFT + U method, where the introduction of a Hubbard
arameter U modified the self-interaction error and enhanced the
Fig. 1. Ce0.875Mn0.125O1.9375 bulk supercell.

description of the correlation effects [46,47]. Recently, the perfor-
mance of a precise van der Waals density functional (vdW-DF)
approach has been tested for a range of solids, showing that some
of the modified vdW functionals lead to average errors which are
similar to those of PBE, while atomization energies are slightly
better than those from PBE [48]. According to our previous study
[49], in the present work we  used the Hubbard parameter: U = 5 eV
for Ce(4f) states, and U = 4.5 eV for Mn(3d) orbitals. The U value
of 5 eV was  chosen for the Ce(4f) states as it correctly described
the atomic and electronic structure of both CeO2 and CeO2−x sys-
tems [7,50–54]. On the other hand, a value of U = 4.5 eV was reliable
for the description of the strong on-site Coulomb repulsion among
Mn(3d) electrons [55,56]. The selected value has shown to be rea-
sonable, reproducing the experimentally available data for MnO
such as lattice constant, band gap and Mn  O bond lengths [56].

2.2. Model of the 12.5% Mn-doped CeO2 bulk and (1 1 1) surface

The cerium oxide (CeO2) has a fluorite-type structure with a
lattice parameter value of 5.4113 Å (JCPDS 43-1002), and can form
solid solutions when doped with Mn  [9,11,12]. The reported limit
for MnOx solubility in CeO2 was  about 15% Mn  cationic content
(i.e. Mn/(Ce + Mn)  < 0.15) [13,57]. Besides, for a 10% Mn  mixing into
CeO2, it was  observed a slight decrease in the lattice parameter
value (5.406 Å [8], 5.408 Å [11], 5.4108 Å [58]).

Starting from the stoichiometric supercell, formed by 32 cations
and 64 oxygen anions, we  introduced the four Mn dopant cations
as two pairs of second nearest-neighbors of Ce cations (see Fig. 1).

For the resulting Ce0.875Mn0.125O2 supercell, we calculated an
optimized lattice constant value of 5.463 Å [49]. Therefore, the
doping of CeO2 with 12.5% of Mn  resulted in a reduction of its lattice
parameter, from 5.49 to 5.463 Å, in good agreement with reported
experimental data noticing a small lattice parameter shrinkage for
MnOx–CeO2 solid solutions [8,11]. In addition, we observed dis-
tortions in Ce-O bond lengths, which changed from 2.37 Å in pure
CeO2 to values in the 2.36–2.38 Å  range. After that, we  removed
two bulk oxygen atoms from the Ce0.875Mn0.125O2 supercell (see
Fig. 1), because experimental studies indicated that MnOx–CeO2
solid solutions present structural O-vacancies [8,11,13,57,10]. The
calculations gave a negative value for these O-vacancies forma-
tion energy (�EBulk 2O-vac. = −2.23 eV), indicating a more stable
O-deficient 12.5% Mn-doped CeO2 fluorite-type bulk structure with

a Ce0.875Mn0.125O1.9375 composition.

For the study of H2O interactions on the 12.5% Mn-doped CeO2
catalyst, we  considered the (1 1 1) surface terminated with an
extra O-layer. Considering the scarce experimental data related to
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ig. 2. The structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab. (a) Top
iew, (b) side view. Different Ce cations and O anions are labeled.

elative stability of the low-index faces of MnOx–CeO2 mixed
xides, our (1 1 1) structural assignment was based on that of pure
eO2 [59–62]. In that sense, DFT calculations performed on well
efined CeO2 surfaces, using both GGA + U and B3LYP exchange-
orrelation functionals, consistently predicted that CeO2(1 1 1) is
he most stable low-index surface [59]. This theoretical finding
grees with experimental results reported from X-ray photo-
mission spectroscopy (XPS) and low-energy electron-diffraction
LEED) measurements, which demonstrated the higher stabil-
ty of the CeO2(1 1 1) surface [59]. Besides, oxygen-terminated
eO2(1 1 1) surfaces were visualized by noncontact atomic force
icroscopy (NC-AFM) [61]. Accordingly, theoretical ab-initio

hermodynamics calculations showed that, under oxygen-rich
onditions, the most stable surface structure of CeO2 is the stoichio-
etric (1 1 1) surface; while, for a highly reducing environment, the

1 1 1) Ce-terminated surface becomes energetically favored [62].
In the present calculations, we employed the same model for the

e0.875Mn0.125O1.9375(1 1 1) surface as in our previous work [49]; a
tack of O-cations-O sandwiches, which prevents the appearance
f a nonzero dipole moment normal to the surface [63]. This surface

as modeled with a slab formed by twelve atomic layers, two struc-

ural oxygen vacancies and a vacuum space of 20 Å (see Fig. 2a).
he latter avoids periodic interactions with the atoms of the upper
mage. For all energy calculations we allowed the adsorbate (H2O or
cience 313 (2014) 784–793

OH and H species), and Ce, Mn  and O ions located in the six upper-
most layers of the slab to fully relax, while keeping fixed the atomic
positions of the ions at the six lowermost layers.

The structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1)
slab exposes surface Ce cations with different environments and
also a Mn  cation. In Fig. 2b, we labeled some of these surface
cations, including Ce2, Ce5, Ce6, Ce7 and Mn1, which were con-
sidered for studying water interactions. Note that Ce1 is similar to
Ce5, Ce2 to Ce4 and Ce3 to Ce7. In addition, Ce2 and Ce4 are located
near a structural O-vacancy, Ce1 and Ce5 are close to the Mn1
dopant, and Ce6 is neighbored by Mn1  and a structural O-vacancy.

For molecular and dissociative adsorption of water on the
structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) surface,
we calculated the adsorption energy as follows:

�Eads,H2O = E[H2O/Ce0.875Mn0.125O1.9375(1 1 1)] − E[Ce0.875Mn0.125O1.9375(1 1 1)]−E[H2O],

�Eads,H−OH = E[H−OH/Ce0.875Mn0.125O1.9375(1 1 1)] − E[Ce0.875Mn0.125O1.9375(1 1 1)] − E[H2O]

where E[H2O/Ce0.875Mn0.125O1.9375(1 1 1)] and
E[H−OH/Ce0.875Mn0.125O1.9375(1 1 1)] represent the total
energy of the systems resulting from molecular and
dissociative adsorption of water on the structural-oxygen-
deficient Ce0.875Mn0.125O1.9375(1 1 1) surface, respectively.
E[Ce0.875Mn0.125O1.9375(1 1 1)] is the total energy of the structural-
oxygen-deficient bare surface, while E[H2O] represents the energy
of a water molecule in the vacuum. A negative value of �Eads,H2O
or �Eads,H−OH means these interactions are exothermic.

3. Results and discussion

In the following we discuss the energetics of H2O adsorption
on the Mn-doped CeO2(1 1 1) surface. We  studied molecular and
dissociative adsorption of water on the structural-oxygen-deficient
Ce0.875Mn0.125O1.9375(1 1 1) slab with and without surface oxygen
vacancies.

3.1. Molecular adsorption of H2O on the
structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab

The computed energy values for molecular adsorp-
tion of H2O on different surface Ce and Mn  cations of the
Ce0.875Mn0.125O1.9375(1 1 1) slab are reported in Table 1. Besides,
the structural parameters for stable configurations of adsorbed
H2O molecule are shown in Table 1. The calculated energy values
clearly indicate the interaction of water on the Mn  dopant was
most favorable than on Ce cations. In this concern, we underline
the stability of water adsorption process related to different surface
sites was: Mn  (−0.81 eV) > Ce6 (−0.53 eV) > Ce5 (−0.50 eV) > Ce2
(−0.44 eV) > Ce7 (−0.39 eV).

Water chemisorbed on the Mn site (�Eads,H2O = −0.81 eV), with
a tilt angle of ∼49◦. Due to this interaction, the OH2O bonded to the
Mn cation, while the hydrogen that pointed to the surface formed a
bond with the nearest oxygen atom of the O-extra layer. The length
of the OH2O-Mn  bond resulted in 2.16 Å and that of the formed
H Osurface bond in 1.46 Å (see Fig. 3a). Due to formation of the later
bond, the corresponding (O-H)H2O bond enlarged up to 1.06 Å and
the angle of H O H bonds resulted in 108.02◦ (see Table 1). Note
that, after optimization of water molecule in vacuum, we calcu-
lated O-H bonds length of 0.97 Å and H O H angle of 104.55◦. This
interaction also reflected in relaxations of surface oxygen anions.
In Fig. 3a, it can be seen that a surface oxygen anion was  displaced

0.17 Å parallel to the (1 1 1) plane, toward the position of the water
molecule. Besides, the oxygen placed near the H2O molecule moved
0.18 Å outward the surface, while another oxygen descended 0.15 Å
(see Fig. 3b).
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Table  1
Water molecule interactions on different active sites of the structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab. Adsorption energy and structural details.

Site Neighbors �Eads,H2O (eV) d(O-cation) (Å) d(O-H1) (Å) d(O-H2) (Å) H1-O-H2 (◦)

Mn1  −0.81 2.16 0.97 1.06 108.02
Ce6  Structural O-defect, Mn dopant −0.53 2.62 0.97 1.01 108.92
Ce5  Mn  dopant −0.50 2.63 0.97 1.01 108.16
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Ce2  Structural O-defect −0.44 

Ce7  −0.39

As mentioned before, we found that interactions of water
olecule on Ce2, Ce5, Ce6 and Ce7 cations were less stable than

n Mn  dopant. As it can be seen in Table 1, water physisorbed on
e sites. Even considering the more favorable water interactions
n Ce5 and Ce6 cations, which are located near a Mn  dopant (see
ig. 2b), the computed adsorption energy values were −0.50 and
0.53 eV, respectively. Clearly, these two structures resulted to be
ery close in energy. The H2O molecule bonded to the Ce6 cation
y its oxygen, which located at 2.62 Å on top of Ce6. As a result, one
f its hydrogen pointed out of the surface; while the another tilted
oward the surface, finishing at 1.72 Å from the nearest Osurface.
onsequently, the corresponding water H O bond stretched about
% (see Table 1: d(O–H2) = 1.01 Å) and the H O H angle resulted

n 108.92◦. Concerning the interaction on Ce5 cation, we  underline
he H2O molecule adopted a geometric configuration similar to that
n Ce6; the OH2O-Ce5 and the H Osurface bond lengths were 2.63 Å
nd 1.69 Å, respectively. On the other hand, molecular interactions

f water on Ce2 and Ce7, which are located far from a Mn  dopant
see Fig. 2b), were weaker than adsorption on Mn. Due to water
nteraction on Ce2 (�Eads,H2O = −0.44 eV), the OH2O sited above the

ig. 3. Preferential molecular adsorption of water on the structural-oxygen-
eficient Ce0.875Mn0.125O1.9375(1 1 1) slab. (a) Top view, (b) side view.
 0.97 1.00 106.58
0.97 0.99 111.80

metal cation with the longer calculated distance (see Table 1: d(O-
Ce2) = 2.70 Å), while the HH2O tilted downward and located at 1.78 Å
distance from the nearest Osurface. Besides, the calculated adsorp-
tion energy value for water-Ce7 interaction resulted in -0.39 eV (see
Table 1). The analysis of this configuration showed an OH2O-Ce7
distance of 2.61 Å, while the H Osurface distance (1.88 Å) resulted
to be the longest one. We  emphasize this process was the less stable
among all those studied on the Ce0.875Mn0.125O1.9375(1 1 1) sur-
face. Even more, our calculated energy values for water molecule
interactions on Ce sites are in agreement with those previously
reported on pure CeO2. In that sense, water interactions with Ce
cations on the undoped CeO2(1 1 1) surface have been previously
assessed with DFT + U (U = 5 eV) approach and the PW91 exchange-
correlation functional [27,29,31]. These works reported that H2O
physisorbed on the ideal CeO2(1 1 1) surface with energy values of
−0.36 eV [27], −0.51 eV [29], or −0.49 eV [31]. The presence of step
sites moderately affected the molecular interaction of water, which
adsorbed on the CeO2(3 3 1) surface with an adsorption energy
value of −0.72 eV [32]. From calculations with a PBE + U (U = 5 eV)
approach, water adsorption energy values of −0.54 eV [25] and
−0.57 eV [30], have been reported on the CeO2(1 1 1) surface. In
addition, the negligible coverage dependence for adsorbed water
on the stoichiometric (1 1 1) surface was ascribed to a lack of inter-
actions among adsorbed H2O molecules [23]. On the other hand, a
combined experimental and theoretical study indicated that water
adsorption at both the terrace (�Ead(H2O) = −0.50 eV) and step
(�Ead(H2O) = −0.89 eV) sites of CeO2(1 1 1) surface are favorable
[39].

Furthermore, in the present work we also studied the elec-
tronic effects of molecular water interactions on the structural
O-deficient Ce0.875Mn0.125O1.9375(1 1 1) surface. Therefore, in order
to evaluate the oxidation state of Mn  and Ce cations, we performed
Bader charge and spin-magnetization analyses [64]. The electronic
structure of CeO2, when treated with the PAW approximation,
has been reported as tetravalent Ce cations with an unoccupied
Ce(4f) band (4f0) and a completely filled O(2p) valence band [50].
In this approach, the reduction of a Ce cation was  originated by one
electron being localized in Ce(4f) band (4f1), in accordance with
UPS/XPS experimental data [65]. Accordingly, Bader charge anal-
ysis always assigns 9.6 electrons to Ce4+ and 9.9 electrons to Ce3+

cations.
On the other hand, the oxidation state of Mn cation could

best be determined by integrating the spin-polarization density
due to Mn  is a high-spin transition metal [66]. This procedure,
in comparison with integrating charge density, allowed to filter
out the O(2p) contributions. Considering Bader charge analysis
of the spin-polarization density, it is worthy to note the pro-
cess of Ce4+ → Ce3+ reduction results in a change from 0 �B to
1 �B. However, the assignment of Mn  oxidation states in the
Ce0.875Mn0.125O1.9375(1 1 1) surface is more complex as it was
extensively discussed in our previous work [49]. The spin mag-
netization of Mn1, Mn2, Mn3  and Mn4  cations (see Fig. 2a, for

identification of these cations) was calculated therein as 4 �B,
4.16 �B, 4.15 �B and 4.13 �B, respectively; while that of Ce cations
resulted in 0 �B. Meanwhile, the DOS curve showed several local-
ized unoccupied gap states associated to the contribution of both
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n(3d)-O(2p) states and Ce(4f) orbitals. From these results, we
oncluded that Mn  and Ce would be as Mn3+ and Ce4+ ions in the
lean Ce0.875Mn0.125O1.9375(1 1 1) surface [49]. Accordingly, charge
alculations performed in the present work indicated the oxida-
ion state of Mn  dopants and that of surface and inner Ce cations
emained unaltered as Mn3+ and Ce4+, after water adsorption on
op of Mn  or Ce cations. Therefore, we underline that our results
id not show neither Mn3+ → Mn2+ nor Ce4+ → Ce3+ reduction due
o molecular adsorption of H2O.

.2. Dissociative adsorption of water on the
tructural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab with
nd without surface oxygen vacancies

In this section, we discuss the structure and energetics of
he dissociative adsorption of water (OH and H species) on the
e0.875Mn0.125O1.9375(1 1 1) surface.

.2.1. OH and H species adsorption on the
e0.875Mn0.125O1.9375(1 1 1) slab without surface oxygen vacancies

The computed energy values for the dissociative adsorption of
ater (OH and H species) on different surface sites of the structural-

xygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab are reported in
able 2. The structural parameters for the corresponding stable con-
gurations are also shown in Table 2. As it can be seen, all optimized
onfigurations led to OH fragment bonded to a surface cation, while
he H species bonded to oxygen anions.

Our results indicate that OH and H species could adsorb on
etal cation and Osurface sites, respectively, with calculated adsorp-

ion energy values of: −1.21 eV (Mn) > −0.67 eV (Ce6) > −0.50 eV
Ce5) > −0.38 eV (Ce2) > −0.27 eV (Ce7). These dissociated water
tructures followed the same stability trend that molecular water
onfigurations. The most exothermic interaction resulted from
inding of the OH and H species to a Mn  cation and to an oxygen
nion coordinated with Ce cations (OCe), respectively. The com-
uted energy value (�Eads,OHH = −1.21 eV) implicates that water
nderwent strong dissociative chemisorption on Mn  dopant at the
e0.875Mn0.125O1.9375(1 1 1) surface. The calculated OOH–Mn  dis-
ance resulted in 1.89 Å,  which is similar to the length computed for
he Mn–O bonds on the bare surface (in the range of 1.91–1.95 Å).
he OH species bonded to Mn  tilted downward, forming a H O Mn
ngle of 103.51◦. In addition, the H species was attracted to the
djacent OCe cation forming a H OCe bond of 1.01 Å length.

On the other hand, the calculated adsorption energy values
or the dissociative interaction of water on Ce2, Ce5, Ce6 and
e7 sites ranged from -0.27 to -0.67 eV. Overall, the analysis of
he optimized structures showed that lengths of OOH–Ce bond
anged between 2.18 Å and 2.31 Å (see Table 2: d(OOH–Ce2) = 2.18 Å,
(OOH–Ce6) = 2.31 Å), while the computed values for H Osurface
ond distances ranged from 0.98 Å (Ce2) to 1.04 Å (Ce6). The calcu-

ated OOH–Ce distances resulted to be shorter than those calculated
or O-Ce bonds in the bare Ce0.875Mn0.125O1.9375(1 1 1) surface (in
he range of 2.30 Å - 2.43 Å). Moreover, we underline the interac-
ions of lower binding energy corresponded to those of OH species
n Ce7 (�Eads,OH H = −0.27 eV) and Ce2 (�Eads,OH H = −0.38 eV)
ations, which are located far from a Mn  dopant, with the hydro-
en species bonded to the nearest surface oxygen anion. These
nteractions were also less favorable than those of H2O molecule
n Ce2 and Ce7 sites (13.6% and 30%, respectively). We  also
ote the obtained dissociative geometries exhibit the OH species
ainly tilted toward surface Ce cations, forming H O Ce2 and

 O Ce7 angles of 127.39◦ and 134.78◦, respectively. However,

he adsorption on Ce5 cation, which is located near Mn1  (see
ig. 2b), was more favorable (�Eads,OH H = −0.50 eV), although no
nergy difference was found between both dissociated and molec-
lar interactions. On the other hand, an adsorption energy value
cience 313 (2014) 784–793

�Eads,OH H = −0.67 eV was obtained when the OH species inter-
acted on the Ce6 site, which is neighboring by Mn1  and a structural
O-defect (see Fig. 2b). Noticeably, the calculated energy value for
dissociative interaction of water on Ce6 is about 55% of that com-
puted on Mn  dopant. The dissociative geometry shows the OH
species tilted toward the surface, forming a H–O–Mn angle of
137.45◦, with the H species bonded to the nearest OCe anion (see
Table 2: d(H OCe) = 1.04 Å). Our computed values on Ce sites are in
agreement with the reported energetic for the dissociative adsorp-
tion of water (−0.59 eV) on the stoichiometric CeO2(1 1 1) surface
[23]. On the oxidized CeO2(1 1 1) surface, the calculated energy val-
ues for dissociative interaction of water were −0.59 eV [23], and
−0.66 eV [27]. The OH group became adsorbed at 2.22 Å above a
Ce cation, while the H bonded to the adjacent surface O anion
forming a H OCe bond of 1.65 Å length and stretching the corre-
sponding O–Ce distance to 3.00 Å [23]. Besides, H2O dissociative
adsorption was favored by its interaction on the stepped surface
of ceria (-1.21 eV) [39]. Recently, water interactions on Ce cations
of the CeO2(1 1 1) surface have been evaluated considering van der
Waals interactions and different approximations to exchange and
correlation functionals, predicting similar energies (∼ 0.7 eV) for
the molecular structure with one H Osurface bond and the hydroxyl
pair [25]. On the other hand, experimental studies on fully oxidized
CeO2(1 1 1) thin films showed that hydroxyls could adsorb atop Ce
cations; but these hydroxyls recombined and desorbed between
200 and 300 K [40].

With regard to the most stable configuration of dissociatively
adsorbed water on the Ce0.875Mn0.125O1.9375(1 1 1) surface, we
highlight that binding of OH and H species to Mn  dopant and
OCe anions, respectively, reflected in important atomic displace-
ments. As can be seen in Fig. 4a, the Mn  dopant itself moved
0.78 Å, acquiring a similar arrangement to that of its neighbor-
ing Ce cations. Meanwhile, the surface OCe anion that bonded to
hydrogen relaxed 0.48 Å in the same direction. Among all observed
atomic movements in the direction of the normal (see Fig. 4b), the
more noticeable displacements were those of an oxygen coordi-
nated with Ce cations and bonded to H, which ascended 0.47 Å, and
a Mn  cation located at an inner layer of the slab, which descended
0.23 Å.

Finally, in order to quantify the effect of the van der Waals (vdW)
dispersion forces during water interactions, and detect whether
these forces could improve the stability of both molecular and
dissociative states, we performed calculations taking vdW forces
into account as implemented in the DFT-D2 method [67]. With
this correction, we  found differences of approximately 0.001 and
0.06 eV for molecular and hydroxyls configurations, respectively.
These results suggested that vdW dispersion forces have very little
influence in water interactions on the 12.5% Mn-doped CeO2(1 1 1)
surface. Moreover, the only detected structural difference was  that
of the formed H Osurface bond which length enlarged 0.01 Å (less
than 0.5%) when considering wdW corrections. Therefore, vdW dis-
persion forces were not further considered in our calculations.

3.2.2. OH and H species adsorption on the
Ce0.875Mn0.125O1.9375(1 1 1) slab with a surface oxygen vacancy

We also studied the dissociative interaction of H2O on the Mn-
doped CeO2 system with a surface oxygen vacancy. In a previous
paper [49], we computed the formation of surface oxygen vacan-
cies on the structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1)
slab. The considered oxygen anions have different neighboring
cations and were labeled as O2, O3 and O4 (see Fig. 2b). The oxygen

O2 is near a structural O-vacancy. The oxygen O3 coordinates with
Mn and Ce cations, while the oxygen O4 is bonded to Ce cations and
is relatively far from a Mn  dopant or structural O-defect. We  cal-
culated the energy required for surface O2-, O3-  and O4-vacancy
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Table  2
Dissociated water adsorption on different active sites of the structural-oxygen-deficient Ce0.875Mn0.125O1.9375(111) slab. Adsorption energy and structural details.

Site Neighbors �Eads,OH H (eV) d(O-cation) (Å) d(O-H1)OH (Å) d(Osurf-H2) (Å)

Mn1  −1.21 1.89 0.98 1.01
Ce6  Structural O-defect, Mn  dopant −0.67 2.31 1.00 1.04
Ce5  Mn dopant −0.50 2.22 0.97 1.01
Ce2  Structural O-defect −0.38 2.18 0.96 0.98
Ce7  −0.27 2.23 0.97 1.02
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ig. 4. Dissociative adsorption of water on the structural-oxygen-deficient
e0.875Mn0.125O1.9375(1 1 1) slab. (a) Top view, (b) side view.

ormation as these anions represent different oxygen sites of the
2.5% Mn-doped CeO2(1 1 1) surface.

The computed energy values for surface O4-, O3- and O2-
acancy creation were 0.38, 0.66, and 0.77 eV, respectively [49].
ue to the removal of O4 from the surface, the Mn2  and Mn3
ations became reduced and adopted the (2+) oxidation state [49].
esides, the density of states (DOS) curve showed the occupied
n2(3d)–O(2p) and Mn3(3d)–O(2p) states on and below the Fermi

evel (see supplementary information in Ref. [49]), indicating that
he electron density left behind by O4 removal was transferred to

n2  and Mn3  cations.
Therefore, we evaluated the dissociative adsorption of water

n the structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab
ith the surface O4-vacancy. The computed adsorption energy for

his interaction is �Eads,H OH = −0.69 eV. The calculations showed
he OH species adsorbed, through its oxygen, in the hole left by

urface O4-vacancy formation (O4-hole), while the H bonded to
he oxygen O6 (see Fig. 5a and b). The distance from the hydroxyl
xygen (OOH) to the original O4 position is 0.33 Å. Due to the OH
pecies adsorption on the O4-hole, the OOH coordinated to three Ce
Fig. 5. Dissociative adsorption of water on the structural-oxygen-deficient
Ce0.875Mn0.125O1.9375(1 1 1) slab with a surface oxygen vacancy. (a) Top view, (b)
side view.

cations. The resulting OOH–Ce distances are 2.57 Å (2) and 2.58 Å.
Note that, on the bare Mn-doped CeO2(1 1 1) surface, the length of
O4-Ce bonds are 2.30 Å and 2.34 Å (2). The HH2O adsorbed on the
oxygen O6 and the length of the formed HH2O-O6 bond is 0.97 Å.
The O6-Ce bonds were enlarged to 2.58, 2.61 and 2.66 Å (2.30 Å
(1) and 2.34 Å (2), in the bare surface). Consequently, many surface
and subsurface atomic displacements were detected. Moreover, the
two hydroxyl species (HH2O-O6 and (H O)H2O) drained the corre-
sponding oxygen anions outward the surface by 0.42 and 0.33 Å
(see Fig. 5b).

Our findings about dissociative interaction of water on the
structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab with
the surface O4-vacancy (�Eads,H OH = -0.69 eV), are in agreement
with both theoretical [23,27–29,33], and experimental studies
[34,35,37,40], which indicated that H2O could dissociate on the

reduced CeO2(1 1 1) surface. Also, it was reported that formed OH
groups are able to fill the surface oxygen vacancies [27,28,33]. On
the reduced CeO2−x(1 1 1) thin films, water could adsorb and dis-
sociate on the 3-fold Ce sites; but most of these hydroxyls reacted
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Fig. 6. Spin polarization surfaces at a 0.05 e Å–3 isovalue (side view) for different structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) systems. Positive and nega-
t n0.125O
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ive  values are indicated in yellow and gray, respectively. (a) The bare Ce0.875M
e0.875Mn0.125O1.9375(1 1 1) surface without O4. Mn2  and Mn3  are as Mn2+, while M
ithout O4, interacting with OH and H species. Mn2  and Mn3  remain as (2+).

t 560 K, producing H2 and leaving oxygen on the surface [40]. In
ontrast, the dissociation of water on reduced CeO2 was  found to be
ully reversible yielding H2O (by recombination of the OH groups)
r releasing hydrogen and oxygen into the gas phase [39].

Finally, in order to evaluate the possibility of surface reoxida-
ion, we performed Bader charge and spin-magnetization analyses.
he results of the spin-polarized charge density for different
tructural-oxygen-deficient 12.5% Mn-doped CeO2(1 1 1) slabs, can
e seen in Table 3. The corresponding spin-polarization sur-
aces, at a 0.05 e Å−3 isovalue, are shown in Fig. 6. Related to the
e0.875Mn0.125O1.9375(1 1 1) system without surface O-defects, as
reviously discussed, the spin magnetization of Mn1, Mn2, Mn3
nd Mn4  cations was calculated in 4 �B, 4.16 �B, 4.15 �B and
.13 �B, respectively, while that of Ce cations in 0 �B. Accordingly,
he spin-polarization surface of the substrate without surface O-
acancies shows the four Mn  cations of the slab in the (3+) oxidation
tate and the Ce cations in (4+) (see Fig. 6a). On the other hand,
ig. 6b shows the spin-polarization curves of the substrate when
he O4-vacancy was formed, which led to the reduction of two  Mn3+

ations to Mn2+ (see Mn2  and Mn3) as it was discussed in Ref. [49].
inally, Fig. 6c shows the spin-polarization curves of the substrate
ith the O4-vacancy and a dissociated H2O molecule, with the OH

ragment replenishing the O4-hole and the remaining H species
nteracting with a surface oxygen anion (O6, as labeled in Fig. 2b).
n this last picture, it can be observed that Mn  cations have the same
xidation states as those of Fig. 6b, despite OH replenishing the O4-
ole. Therefore, our results indicate that dissociative adsorption of

ater on the Ce0.875Mn0.125O1.9375(1 1 1) slab with a surface oxygen

acancy did not reoxidize the Mn2+ cations (Mn2 and Mn3), which
ere previously reduced due to the O4-vacancy formation. In addi-

ion, it is worthy to note that when Ce4+ cations become reduced

able 3
ader charge, spin magnetization and estimated oxidation state of Mn cations in the diffe

System Cation Bader charg

Ce0.875Mn0.125O1.9375(1 1 1) surface Mn1  5.15 

Mn2  5.15 

Mn3  5.15 

Mn4  5.15 

Ce0.875Mn0.125O1.9375(1 1 1) surface with
the O4-vacancy

Mn1 5.16 

Mn2  5.41
Mn3  5.40 

Mn4  5.15 

OH  and H species adsorbed on the
Ce0.875Mn0.125O1.9375(1 1 1) surface with
the O4-vacancy

Mn1 5.15 

Mn2  5.39 

Mn3  5.40 

Mn4  5.14 
1.9375(1 1 1) surface. All Mn  cations are present in (3+) oxidation state. (b) The
nd Mn4  remain in (3+) oxidation state. (c) The Ce0.875Mn0.125O1.9375(1 1 1) surface

to Ce3+, the isosurface of the excess spin charge density associated
with the occupied gap state is incorporated with geometries, and
the localized spin electrons have obvious 4f-orbital characteristics
[52]. This picture is not observed neither in Fig. 6b, nor in Fig. 6c,
indicating that Ce cations remained as Ce4+. This lack of ability of
the adsorbed hydroxyls to reoxidize the reduced surface was  also
observed in pure CeO2, despite the OH species filling of the O-hole
left by the oxygen removal [35].

3.3. From molecular to dissociative adsorption of water on the
structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab
without a surface oxygen vacancy

Our study of dissociative adsorption of water showed that on
the bare Ce0.875Mn0.125O1.9375(1 1 1) surface the OH and H species
preferably bonded to a Mn  dopant and to an oxygen coordinated
with Ce cations, respectively. Despite water could perform disso-
ciative interactions on surface Ce cations, the calculations showed
no significant difference in energy between molecular (H2O) and
dissociated (OH and H) configurations (−0.44 eV vs. −0.67 eV, for
the Ce2 site), suggesting that both configurations are not far from
equilibrium. However, water interaction on surface Mn  dopant led
to the higher energetic stability of dissociated OH and H species
(�Eads,OH H = −1.21 eV, see Table 2). Thus, we studied the process
by which the H2O molecule became dissociated into OH and H
products on Mn  sites.
We used the Climbing Image Nudge Elastic Band (CI-NEB)
method to find the minimum energy path between the initial
and final states, which correspond to molecular and dissociative
adsorption of water, respectively. In the initial state (IS), the H2O

rent structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) systems.

e (e) Spin magnetization (�B) Estimated oxidation state

4.00 3+
4.16 3+
4.15 3+
4.13 3+
3.99 3+
4.81 2+
4.83 2+
4.13 3+
4.00 3+
4.81 2+
4.84 2+
4.12 3+
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ig. 7. Water dissociation on the Ce0.875Mn0.125O1.9375(1 1 1) surface. The three snap-
hots correspond to initial state (IS): the adsorbed H2O molecule, transition state
TS), and final state (FS): the adsorbed OH and H species.

olecule located above the Mn  dopant. In the final state (FS), the
H group bonded to the Mn  cation and the H bonded to the nearest-
eighbor surface O anion.

Fig. 7, shows the resulting path for water dissociation on the oxi-
ized Mn-doped CeO2(1 1 1) surface. The indicated transition state
TS) is the state of maximum energy of this path and is necessary
o determine the activation energy of water dissociation process.
his energy barrier, i.e. E[TS] − E[IS], resulted in 0.46 eV.

At the transition state, the distance between the hydrogen that
issociated and the OH2O was 1.03 Å, while that between this OH2O

nd the surface Mn  dopant (the water adsorption site) was  2.04 Å.
he H species that dissociated was adsorbed atop the surface OCe
nion, at a distance of 1.67 Å. Considering the spin-polarized Bader
harge, our calculations indicate that oxidation states of Ce and
n cations remained unaltered after water interactions on the

2.5% Mn-doped CeO2(1 1 1) slab without surface O-defects, and
hat there were no charge transfer between H2O molecule or OH
nd H species and the corresponding active sites.

Recently, it was concluded from first-principles investigations
hat complete dissociation of water on CeO2(1 1 1) surface is not
avorable [25]. In this case, the calculated molecular and hydroxyl-
air structures are very close in energy with differences in the range
f ∼10–30 meV, depending on the exchange-correlation functional
onsidered, and are separated by an energy barrier of ∼100 meV
25]. On the other hand, our results show that Mn  dopant could
romote water dissociation into hydroxyls. Although this process

nvolved an energy barrier of 0.46 eV, it would be easily overcome
nder realistic reaction conditions. Therefore, it is important to
ighlight that this characteristic of the Ce0.875Mn0.125O1.9375(1 1 1)
urface being able to dissociate H2O molecule, could be the key
ehind the high performance of MnOx–CeO2 catalysts in oxidation
eactions, as will be considered in the Discussion section.

.4. Surface oxygen vacancy formation on the
tructural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab after

issociative adsorption of water over a Mn  dopant

Experimental and theoretical studies have indicated that
2O adsorption facilitated the O-vacancies formation on CeO2
cience 313 (2014) 784–793 791

[28,33,35,38]. Besides, previous calculations of anionic vacancy
formation energy indicated that Mn-doped CeO2(1 1 1) surface
is clearly more prone to release oxygen than pure CeO2(1 1 1)
surface [49,55]. Thus, we  evaluated the formation of a surface oxy-
gen vacancy on the Ce0.875Mn0.125O1.9375(1 1 1) slab with water
adsorbed on it. For that purpose, we  chose the most stable struc-
ture with the OH and H species adsorbed on top of Mn1  and OCe,
respectively. Starting from that H OH/Ce0.875Mn0.125O1.9375(1 1 1)
system, we  removed O4, the most easily removable surface oxygen
anion, and evaluated the O4-vacancy formation energy as follows:

�EvacO4,H−OHads
= E[VacO4−(H−OH)/Ce0.875Mn0.125O1.9375(1 1 1)]

+ 1
2

E[O2] − E[(H−OH)/Ce0.875Mn0.125O1.9375(1 1 1)]

where E[VacO4−(H−OH)/Ce0.875Mn0.125O1.9375(1 1 1)] and
E[(H−OH)/Ce0.875Mn0.125O1.9375(1 1 1)] represent the total energy of

the HOH/Ce0.875Mn0.125O1.9375(1 1 1) systems with and without
the surface O4-vacancy, respectively. E[O2] is the calculated energy
for the oxygen molecule in vacuum.

The computed O4-vacancy formation energy is
�EvacO4,H−OHads

= 1.49 eV. This value indicates that surface
oxygen defect creation on the H OH/Ce0.875Mn0.125O1.9375(1 1 1)
system resulted to be less favorable than that on the bare
Ce0.875Mn0.125O1.9375(1 1 1) surface (0.38 eV), but still more favor-
able than a single O-defect creation on the bare CeO2(1 1 1) face
(2.69 eV).

3.5. Discussion

The DFT + U study performed in this work shows that molecular
adsorptions of water on Mn  and different Ce (Ce2, Ce5, Ce6 and Ce7)
sites of the structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1)
slab resulted in OH2O-cation binding interactions, with one of the
HH2O atoms interacting with an oxygen anion of the extra O-layer.
The most favorable interaction resulted from chemisorption of the
H2O molecule on Mn  dopant with a calculated adsorption energy
value of -0.81 eV. Besides, our computed energy values for molecu-
lar adsorption of H2O on Ce6 and Ce5 sites (�Eads,H2O = −0.53 and
−0.5 eV, respectively) are close to those previously reported for the
most stable configuration of water on undoped CeO2(1 1 1) surface
[23,25–32].

The most favorable dissociative interaction of water on the
structural-oxygen-deficient Ce0.875Mn0.125O1.9375(1 1 1) slab with-
out surface oxygen vacancies, resulted in chemisorption of the OH
species on Mn  dopant (�Eads,OH H = −1.21 eV). The energy released
due to this interaction is 50% higher than that of molecular adsorp-
tion on the same Mn  site. The length of the formed OOH–Mn  bond
(1.89 Å) is similar to that of Mn-Oslab bonds, suggesting that surface
Mn  cation could restore its O-coordination sphere when binding to
an OH group. Considering OH species interactions on Ce cations, we
note the computed configurations are significantly less stable than
the structure obtained when OH chemisorbed on Mn  site. Besides,
the calculated OOH–Ce distances from dissociated water interac-
tions on Ce cations (in the range of 2.18–2.23 Å) were ∼10% larger
than those of O–Ce bonds in the slab.

On the other hand, the CI-NEB calculations showed that
adsorbed H2O molecule (over Mn  dopant) needs to overcome an
energy barrier of 0.46 eV in order to dissociate into OH and H frag-
ments. We  noted the whole reaction is exothermic and, thus, the
energy required for those fragments to re-associate is higher than

the calculated barrier for the dissociation of water molecule. Con-
sequently, even if energy is provided to re-associate the OH and H
fragments, dissociation of H2O molecule would be faster. However,
on the undoped CeO2(1 1 1) surface, the adsorbed hydroxyl pair
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ould recombine to form the H2O molecule, and thus, it should be
xpected the coexistence of these two states at low temperatures
25]. Accordingly, the high catalytic performance of MnOx–CeO2

ixed oxides in reactions involving water, could be linked to their
bility to dissociate H2O after its molecular adsorption. Recently, it
as been reported that catalytic activity of bare supports toward the
GS reaction is higher in MnOx–CeO2 mixed samples than in pure

eria or manganese oxide [22]. We  underline the two main reac-
ion mechanisms proposed for WGS, the regenerative redox and
he associative [68], involve water dissociation. Water can dissoci-
te on the catalyst surface to produce H2 and refill an O-vacant site
redox mechanism), or to generate OH species, which combine with
dsorbed CO to form intermediates like formate and/or carbonate
associative mechanism). Particularly, for CeO2-based supports, it
as been observed the formation of intermediate species produced
y the reaction of CO with the terminal hydroxyl groups of ceria
69]. Therefore, the high catalytic activity of MnOx–CeO2 mixed
xides for the WGS  reaction could be related to their capacity to
issociate water. Furthermore, many authors have also reported
he high catalytic performance of Mn–Ce–O solid solutions toward
henol oxidation from solutions containing this pollutant [9,12,24].

n fact, it was suggested that OH plays a predominant role in the
rst stage of phenol adsorption-oxidation process on MnOx–CeO2
atalysts, resulting in a higher activity compared to that on pure
eO2 [24]. In this way, water becoming dissociated on the sub-
trate could lead to surface OH species that interact with phenol
olecules resulting in phenol chemisorption, which is essential for

he adsorbate to continue reacting.
On the other hand, the formation of O4-vacancy (O4

s the most easily removable surface oxygen) on the
 OH/Ce0.875Mn0.125O1.9375(1 1 1) slab was 1.1 eV less favor-
ble than that on the bare Mn-doped CeO2(1 1 1) face. In a previous
ork, we showed that after O4 removal from the bare surface, the

xygen O12 (see oxygen labels in Fig. 2b) displaced toward the
4-hole and fills it [49]. However, when O4 was removed from the

urface with adsorbed OH and H fragments on it, Mn1  bonded to
12 (see O12 location in Fig. 2b) restricting its mobility and, thus,
reventing the filling of the O4-hole. Consequently, dissociative
dsorption of water on Mn  sites would not facilitate the creation
f surface oxygen vacancies on Ce0.875Mn0.125O1.9375(1 1 1), in
ontrast with the promoting effect observed for undoped ceria
34,35,40].

In summary, our results indicated that Mn  dopant has a key role
n enhancing the dissociative chemisorption of water. In this regard,

e underline that CeO2–MnOx mixed oxides are very promising
atalysts for phenol oxidation and water-gas shift reaction, for
hich the dissociation of water is a essential step of the reaction
echanisms [9,12,22,24].

. Conclusions

The calculated energy values for water interactions on differ-
nt sites of the 12.5% Mn-doped CeO2(1 1 1) surface revealed that
n  is the most active site for both H2O adsorption and hydro-

yls formation. On the bare surface, H2O molecule could adsorb
ver a Mn  cation (-0.81 eV) forming an O-Mn bond as well as
ne H Osurface bond. On the other hand, OH and H species could
hemisorb (−1.21 eV) by bonding to surface Mn  and OCe ions,
espectively. Besides, the calculated energy barrier for the dissoci-
tion of adsorbed water molecule into hydroxyls is 0.46 eV, which
ould be easily overcome under average reaction conditions.
Dissociative interaction of H2O on the slab with a single surface
xygen vacancy is less favorable than that on the bare slab, leading
o adsorption of OH species over the O-hole (left by the surface
xygen vacancy formation) and HH2O bonding to surface oxygen.

[

cience 313 (2014) 784–793

In this regard, spin-polarized Bader charge calculations indicated
that no reoxidation of Mn2+ cations occur.

Finally, we found that the vdW interactions did not modify nei-
ther the calculated adsorption energies nor the geometry of the
molecularly and dissociatively adsorbed water structures on the
Ce0.875Mn0.125O1.9375(1 1 1) surface.
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