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Abstract The adsorption of the molecules CO, CO,, and H,
on several ceria and zinc oxide surfaces was studied by means
of periodical DFT calculations and compared with infrared
frequency data. The stable CeO,(111), CeO,(331), and
ZnO(0001) perfect faces were the first substrates considered.
Afterwards, the same surfaces with oxygen vacancies and a
ZnO monolayer grown on Ceria(111) were also studied in
order to compare the behaviors and reactivities of the mole-
cules at those surfaces. The ceria surfaces were substantially
more reactive than the ZnO surface towards the CO, mole-
cule. The highest adsorption energy for this molecule was
obtained on the CeO,(111) surface with oxygen vacancies.
The molecules CO and H, both presented low or very low
reactivities on all of the surfaces studied, although some
reactivity was observed for the adsorption of CO onto the
surfaces with oxygen vacancies, whereas H, exhibited reac-
tivity towards the CeO,(111) surface with oxygen vacancies.
This work was performed to provide a firm foundation for
novel process development in methanol synthesis from carbon
oxides, steam reforming of methanol for hydrogen produc-
tion, and/or the water-gas shift reaction.
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Introduction

Recent UN Climate Change Conferences have predicted that
fossil fuel usage will prevail throughout the present century,
meaning that the accumulation of CO, and the resulting
greenhouse effect require urgent attention. After signing up
to the Kyoto treaty in 1997, several countries have decreased
their net emissions of CO,. This has been possible because—
at least, near point sources—CO, and CO can be recycled via
chemical processes to produce liquid derivatives such as
methanol and dimethyl ether, which are viable alterna-
tives and intermediates to clean fuels [1-3]. Methanol,
which is technologically and industrially relevant for the
synthesis of several chemicals, is expected to play a key
role in the next generation of renewable energy sources
for use in fuel cells [4, 5], and also as a medium for H,
storage and transportation.

Indeed, it is most probable that hydrogen will become the
most efficient and clean fuel in the future [6], but this energy
vector has serious disadvantages when utilized directly in
automobiles due to transport and storage issues. An alternative
solution to this problem is to use the catalytic synthesis of
methanol as an intermediate, via steam reforming, to facilitate
the production of H; in situ [7]. The water-gas shift (WGS)
reaction CO, + H, «> CO + H,0 is involved in both cases too.

Catalysts are used to increase the rate of a given chemical
reaction. Despite the fact that the catalyst does not enter into
the overall stoichiometric balance, its accelerating effect is
generally due to the creation of a reaction pathway (usually
multistep) that is characterized by a lower activation energy.
Appropriate selection of the catalyst and reaction conditions
makes it possible to lead the reaction along a preselected
pathway to obtain the required product(s). The selectivity of
a given catalyst fundamentally depends on the type of inter-
mediates formed, and on their interactions with the surfaces
present.
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When suitable supports are applied, palladium-based cata-
lysts have been shown to excel in the hydrogenation of CO
and CO, [8-12] to methanol. For the steam reforming of
methanol in particular, systems based on Pd/ZnO show re-
markable selectivity for CO,. Owing to their poor stability in
fuel-cell applications, though, new supports have also been
actively searched for [13]. In this regard, since the pioneering
work of Iwasa et al. [ 14], it has been proven that the use of rare
earth oxides increases both the thermal stability and long-term
catalytic stability of Pd-ZnO under SRM conditions, even
above 673 K [15]. A novel MSR catalyst consisting of palla-
dium and zinc supported on promoted ceria was recently
developed by the BASF Corporation, and exhibited remark-
able catalytic performance in this process [16].

The importance of the processes that lead to the adsorption
of the molecules CO, CO,, and H, onto ZnO and CeO,
surfaces as well as onto other metallic oxides has been
underlined by several works [2, 3]. Stampfl and coworkers
studied the reactivities and reaction pathways of various in-
termediates during the synthesis of methanol on the polar ZnO
(0007) surface by performing DFT calculations. They inves-
tigated the effect of surface coverage and found that a lower
coverage is energetically more favorable [17]. The same sur-
face, but with oxygen defects present, was also studied by
Kiss et al. to characterize molecular adsorption during meth-
anol synthesis. They found that O defects are active sites for
CO and H, too. CO interacts strongly with oxygen vacancies
on the ZnO (0001) surface, in particular at F>* sites [18].
When ZnO is used as the catalyst support, there are still some
unanswered questions about the reaction mechanism that
yields methanol. Under high-pressure conditions, methanol
is formed from CO on Cu-free ZnO catalysts [19], but some
experimental data indicate that CO, is the primary C source
for generating the alcohol on Cu/ZnO/Al,O3 [20].

Martins et al. [21, 22] studied the adsorption of CO and H,
and also the dissociation of H, on ZnO using cluster models
and Hartree—Fock calculations. They found that the CO mol-
ecule interacts with the surface of ZnO at sites representing the
atoms with the lowest coordination number on the surface,
and that the bond length changes slightly depending on the
degree of charge transfer between the adsorbate and the su-
perficial ZnO atoms.

Cerium oxides possess excellent properties for oxygen
storage and release due to their ability to easily shift between
the Ce** and Ce*" oxidation states [23, 24]. Thus, CeO, is the
most effective catalytic component for converting noxious
exhaust gases from cars, and it is a key component in modern
three-way catalysts (TWCs) [25].

In the last few years, there have been many studies of
several aspects of bulk ceria and the reactivity of ceria surfaces
from both theoretical and experimental perspectives [26-36].
Teschner et al. studied the adsorption of CO,, NH;3, and CO on
CeO, using infrared spectroscopy [37]. Even though these
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authors used a hydrated ceria surface as substrate, they were
able to detect the signal corresponding to CO physisorption,
which is almost the same as the IR frequency of CO in the gas
phase. Using DFT calculations, Chen et al. analyzed CO,
adsorption on CeO,(110) [38]. They found that the most
stable adsorption configuration involves the adsorption of
the molecule parallel to the reduced CeO,(110) surface and
near to an oxygen vacancy. They also found that the adsorbed
molecule adopts an OCO angle of ~137° and shows C-O
bond lengths of about ~1.2 and ~1.3 A.

Fabris et al. studied the adsorption and oxidation of CO on
CeOy(111) and (110) using DFT + U calculations. Their
findings agreed with previous results in that they concluded
that the CO molecule is physisorbed on the (111) face and
chemisorbed on the more open (110) face of ceria [39]. They
attributed this behavior to the surface formation of CO,
complexes.

On this basis, in this paper we report a systematic analysis
of the adsorption of CO, and H, on the surfaces of promising
oxide co-catalysts, such as ZnO, CeO,, and ZnO, grown
epitaxially onto ceria. We studied all of these adsorptions on
the perfect surfaces and on the same surfaces but with oxygen
defects. We believe that this kind of approach can substantial-
ly contribute to the construction of a comprehensive database
to aid with novel process development in methanol synthesis
from CO,, the steam reforming of methanol (SRM), and/or the
WGS reaction.

Computational details

We performed first-principles density functional calculations
(DFT) for supercells representing different oxide surfaces.
Periodic slab models and periodic plane-wave basis sets were
used to study the adsorption of the CO, CO,, and H, mole-
cules on the perfect surfaces of CeO,(111) and CeO,(331),
CeO,(111) with oxygen vacancies, ZnO(0001) without or
with oxygen vacancies, and ZnO/CeO,(111). The (111) and
(331) faces were selected because they are the most stable
surfaces of CeO, crystals [40] and, likewise, the polar
Zn0O(0001) surface was selected because of its relevance to
both methanol synthesis and the water-gas shift reaction [17].
A monolayer of ZnO on CeO,(111) was also analyzed to
compare its reactivity with those of the pure oxides. The
ZnO monolayer was placed on an optimized slab representing
the CeO,(111) surface. This monolayer was then geometrical-
ly relaxed, together with the three nearest layers of CeO,.
The projector augmented wave (PAW) method [41] was
used to represent the interaction between the valence electrons
and the atomic cores. The one-electron state was expanded on
a plane-wave basis set with a kinetic cutoff energy of 415 eV.
A proper Monkhorst—Pack grid of special k-points was used
for all calculations [42]. Considering the strong localization of
the 4f electrons at the Ce ™, all calculations were performed
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using the local density approximation (LDA + U) and the
generalized gradient approximation (GGA + U), where U is
the Hubbard parameter that penalizes double occupation of
the 4f orbital [43-47]. The optimal values of the Hubbard
parameters selected by the LDA + U and GGA + U calcula-
tions were U = 5 and U = 3, respectively, in agreement with
previous DFT studies [32, 34, 48, 49]. The local density
approximation (LDA + U) was used to find the optimal
geometry, and both the LDA + U and GGA + U
approximations were used to calculate adsorption ener-
gies [50] and IR vibrational frequencies. Methfessel—
Paxton smearing of width ¢=0.05 eV was applied ,and
the reported total energies were then extrapolated to
0 eV [51]. The total energy threshold defining the
self-consistency of the electron density was set to
10* eV, and the convergence criterion for structural
optimization was set to be such that the maximum force
acting on each atom was less than 0.01 eV/A. All
calculations were carried out with the VASP code
[52-56].

The size of the cell used to model the surface depended on
the size and shape of the molecule to be adsorbed and the
surface coverage to be studied. In this work, the perfect
surface of CeO,(111) and the surface with oxygen vacancies
were represented by 2x2 slabs with 9 atomic layers. The
perfect surface of CeO,(331) was represented by a 2x 1) slab
with 18 atomic layers, and ZnO was represented by a 3x3)
slab with 9 atomic layers. Finally, a slab with one layer of ZnO
over the slab of CeO,(111) was built to represent ZnO grown
epitaxially on CeO,(111). All the slab models were separated
by >14 A of vacuum.

Imposing periodic boundary conditions on the electrostatic
potential of an asymmetric slab could give rise to an artificial
electric field across the slab. Therefore, because the
slabs analyzed in this work are not symmetric, we
conducted single-point calculations using dipole correc-
tion to analyze possible changes in the adsorption ener-
gy [57, 58].

IR vibrational frequencies were calculated using a harmon-
ic approach for the minimum of the potential energy. The
corresponding Hessian dynamical matrix was calculated by
a finite difference method where the atoms of the adsorbed
molecules were independently displaced by + 0.015 A along
each Cartesian coordinate direction. Afterwards, the harmonic
molecular frequencies were obtained by diagonalizing the
Hessian dynamical matrix.

Results and discussion
This work is a follow-up to another study published by us at

the beginning of this year, which mainly focused on the
reactivity of the surfaces of pure oxides toward these

adsorbates as well as the charge distribution on the adsor-
bate(s) and surface(s) before and after adsorption [50]. The
present work focuses instead on the infrared (IR) frequency
data for all of the studied species and the relationships be-
tween these data, the geometries of the adsorbates, and their
adsorption energies when adsorbed onto different ceria, ZnO,
and ZnO/ceria surfaces. Therefore, although some of the
adsorption energy (FE,qs) data we published previously are
repeated in Table 1, it also shows new results on
CeO,(111)vacO (“vacO” indicates that the surface contains
oxygen vacancies) and on ZnO(0001)vacO. The optimized
geometries of CO, CO,, and H, on all of the studied surfaces
are displayed in Table 2. These molecules were initially placed
at different surface sites; the reported geometries correspond
to the most stable adsorption sites. Finally, the calculated IR
vibrational frequencies are shown in Table 3. For comparison
purposes, stretching frequency data for the free molecules are
displayed in Table 4, which also includes values reported by
Stamfl and coworkers (PBE calculations, [17]) and NIST
(experimental IR data, [59]).

Table 1 Adsorption energies (eV) of CO, CO,, and H,, as calculated
using the LDA and GGA approaches for all of the surfaces investigated.
E.qs = E(molecule/surface) — E(free molecule) — E(surface)

E.qs (LDA) E.qs (GGA)
Co CeO,(111) 021 +0.11
CeOy(111)vacO © —0.91 -0.27
CeO(111)vacO ® -0.23 +0.26
Ce0,(331) —-0.44 +0.34
ZnO(0001) -1.96 -1.28
Zn0O(0001)vacO * -0.45 —-0.01
Zn0O(0001)vacO ® —0.22 +0.38
ZnO/CeOy(111) —4.05 =5.51
CO, CeO,(111) -1.20 -0.37
CeOy(111)vacO ® -1.85 -091
CeOy(111)vacO ® ~145 -0.75
CeO5(331) ~1.18 -0.45
Zn0O(0001) —0.09 +0.44
Zn0O(0001)vacO * —-0.12 +0.61
Zn0O(0001)vacO ° -0.60 +0.27
Zn0O/CeOs(111) —0.65 +0.99
H, CeO,(111) -0.05 +0.01
CeO,(111)vacO?® -0.31 —-0.09
Ce0,(331) —0.13 —0.07
Zn0O(0001) ~0.06 +0.06
Zn0(0001)vacO ® ~0.20 +0.11
ZnO/CeOy(111) -0.21 +0.26

# C is linked to a surface O near the vacancy
® O of the molecule occupies the hole generated by the oxygen vacancy

¢ C occupies the hole generated by the oxygen vacancy

@ Springer



2270, Page 4 of 10

J Mol Model (2014) 20:2270

Table 2 Bond lengths and
shortest distances from the
adsorbed molecule to the surface,
as calculated using the LDA
approach

% C is linked to a surface O near
the vacancy

® O of the molecule occupies the
hole generated by the oxygen
vacancy

¢ C occupies the hole generated
by the oxygen vacancy

Table 3 Frequency values of the
stretching modes of the adsorbed
species, as calculated using the
LDA approach

? C is linked to a surface O near
the vacancy

® O of the molecule occupies the
hole generated by the oxygen
vacancy

¢ C occupies the hole generated
by the oxygen vacancy

9 First value is for the symmetric
stretching mode; second value is
for the asymmetric stretching
mode

@ Springer

Bond length in the Shortest distance from Geometrical
adsorbate (A) molecule to the surface (A) characteristics
(€(0) CeOy(111) 1.14 C+0y=291 c-O
CeOy(111)vacO © 1.18 CCe=2.64 c-O0
CeO,(111)vacO ® 1.20 Ce0=2.63 c-O0
Ce0,(331) 1.20 C+0s=1.39 £0CO =121°
ZnO(0001) 1.15 C+0Os=1.19 £0CO = 180°
ZnO(0001)vacO * 1,18 C+0,=1.26 £0CO = 141°
ZnO(0001)vacO ® 1.15 O-Zn=257 c-O
Zn0/CeO,(111) 1.15 C+0,=1.18 £0CO = 180°
CeOy(111) 1.25-1.26 C+0O=1.37 Planar CO;>
CeOy(111)vacO ? 1.26-1.26 C+Ce=2.61 £0CO = 128°
CeOy(111)vacO ® 1.41-1.15 O+C. =245 £0CO = 121°
CO, Ce0,(331) 1.21-1.30 C+0s=1.39 Planar CO;>
Zn0O(0001) 1.23-1.23 C+0Os=149 Planar CO;>
ZnO(0001)vacO * 1.17-1.20 C+0,=2.08 £0CO = 180°
ZnO(0001)vacO ® 1.15-1.19 O-Zn=228 £0CO = 180°
ZnO/CeO,(111) 1.25-1.25 C+0O=1.31 Planar CO;>
CeOy(111) 0.77 H-O,=2.25 H-H
CeOy(111)vacO ° 0.82 H-Ce=2.56 H-H
H, Ce0,(331) 0.77 H-Ce=2.87 H-H
Zn0O(0001) 0.78 H-O,=2.17 H-H
ZnO(0001)vacO * 0.77 H-O=2.03 H-H
ZnO/CeO,(111) 0.78 H-0,=1.92 H-H
Adsorbed molecule Substrate Frequencies (cm ') ¢ Vibrational mode
Cco CeOy(111) 2155 Uc_o
CeO,(111)vacO © 1804
CeOy(111)vacO ® 1635
Ce0,(331) 1733, 740
ZnO(0001) 2429, 1319
ZnO(0001)vacO * 2031,103
ZnO(0001)vacO ° 1954
ZnO/CeOy(111) 2207, 1413
CeO,(111) 1669,1286
CeO,(111)vacO ? 1610, 1251
CeOy(111)vacO ® 1785, 671
CO, CeOy(331) 1759,1183 Uc_o
Zn0O(0001) 1713, 1281
ZnO(0001)vacO * 2404,1308
ZnO(0001)vacO ® 2281, 1288
ZnO/CeOy(111) 1556, 1428
CeO,(111) 4070
CeOy(111)vacO * 3043
H, Ce0Oy(331) 4080 U H
Zn0O(0001) 4041
ZnO(0001)vacO ° 3996
ZnO/CeOy(111) 4000
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Table 4 Calculated and experi-
mental stretching frequencies of

Calculated frequency (cm ™)

the free molecules and ions

This work® GGA-PBE [17] Experimental [59] Vibrational mode
CO 2191 2146 2100 Vc_o
CO, 2424, 1354 2310,1300 2350,1350 Vc_o
.
*First value refers to the sym- COs 1757, 1104 - - vc-o
metric stretching mode; second H, 4224 - — VH_H
value refers to the asymmetric H,0 3835, 3718 3827, 3708 3650 Von

stretching mode

CO adsorption

The adsorption of CO is rather weak on the perfect surfaces of
ceria, and the adsorbate only shows some reactivity when the
carbon atom of CO is located on the oxygen vacancy in
CeOy(111)vacO (see Fig. 1), with E,4 values of approximate-
ly —0.9 eV and —0.3 eV obtained using the LDA and GGA
approaches, respectively. Nevertheless, considering that the
calculated bond length in free C—O was 1.14 A, it is clear from
Table 2 that there is a significant decrease in C—O bond
strength upon the adsorption of the molecule at both
sites on CeO,(111) with O vacancies and on the stepped
surface, CeO,(331), given that the impact of the adsor-
bate—surface interaction can be assessed by noting the
lengthening of the C—O bond caused by the adsorption
process. Such a change is typical of a significant
charge-transfer interaction from the substrate to the an-
tibonding o*(C-O) orbital [60].

As the C-O bond length does not change on the perfect
CeO,(111) surface but the adsorbate molecule does stretch at
the two sites analyzed on CeO,(111)vacO (see Table 2), these
stretches (i.e., C—O bond weakening) are correlated with
decreases in vc_o, with (down)shifts of ~400 and ~550 cm '
with respect to the free CO observed (see Tables 3 and 4).

Fig. 1 Adsorption of CO onto the CeO,(111)vacO surface. Blue spheres
Ce atoms, red spheres O atoms, yellow spheres C atoms. Interatomic
distances are in A

In addition, the CO molecule binds to the stepped surface
of ceria, CeO,(331), to generate CO,, but this species is
deformed (its LOCO angle is 121° with respect to that of the
linear free molecule; see Fig. 2). In this case, the vc_o values
are very similar to those calculated for the CO;*” ion
(Table 4).

On the other hand, CO binds to the surface oxygen atom to
form linear CO, on almost all of the ZnO surfaces (see
Table 2), and the vc_g calculations yielded values that agree
well with that of free CO, (see Tables 3 and 4). The only
exception to this behavior occurs on ZnO(0001)vacO when
the O of the molecule occupies the oxygen vacancy (see
Fig. 3). Here, the value found for vc_g is similar to but slightly
smaller than the stretching frequency mode of the free CO
molecule.

The CO molecule is strongly adsorbed onto the ZnO(0001)
surface, and adsorbed very strongly indeed when ZnO is
deposited epitaxially onto ceria, as seen in the ZnO/
CeO,(111) entry in Table 1 (and Fig. 4). The substantial
difference in the atomic structures of the Ce and Zn cations
can explain this discrepancy, as electron retrodonation to the

1.20]

~& 0
T~z$121

Fig. 2 Adsorption of CO onto the CeO,(331) surface. Blue spheres Ce
atoms, red spheres O atoms, yellow spheres C atoms. Interatomic dis-
tances are in A

@ Springer



2270, Page 6 of 10

J Mol Model (2014) 20:2270

Fig. 3 Adsorption of CO onto the ZnO(0001)vacO surface. Gray
spheres Zn atoms, red spheres O atoms, yellow spheres C atoms. Inter-
atomic distances are in A

antibonding ¢*(C—O) orbital is not expected from the latter.
We must underline here that even though these LDA results

Fig.4 Adsorption of CO onto the ZnO/CeO,(111) surface. Gray spheres
Zn atoms, blue spheres Ce atoms, red spheres O atoms. Interatomic
distances are in A

@ Springer

might overestimate E,q, they are nevertheless a fairly good
indicator of the relative adsorption tendencies of adsorbates,
thus making them useful for comparing data among the dif-
ferent substrates (surfaces).

CO, adsorption

The ceria surfaces are much more reactive towards the CO,
molecule than the ZnO surfaces are, with E,4, values of
between —1.20 and —1.85 eV obtained using the LDA ap-
proach and values of between —0.37 and —0.91 eV obtained
with the GGA approach (see Table 1). Planar CO5>~ species
are obtained on all the perfect surfaces: CeO,(111),
Ce0,(331), and ZnO(0001), as well as on ZnO that is grown
epitaxially onto ceria, ZnO/CeO,(111) (see Table 2 and Figs. 5
and 6). The values of the stretching frequency, vc_o, are
similar in all of these cases to that of the free CO5> ion, as
observed from a comparison of Tables 3 and 4.

It is worth noting that the energetic stabilities of the adsor-
bate on the surfaces agree fairly well with the geometrical
stability of the CO5>~ species: the geometries of CO5>~ on
CeO,(111) and (331) and on ZnO/CeO,(111), for which we
found C—O bond distances of between 1.31 and 1.39 A, are
very similar to that of the free species, whereas the
chemisorbed species on ZnO(0001) has a distorted geometry
with a C-O bond distance of 1.49 A.

Nonetheless, the highest adsorption energies are found for
both adsorption modes of CO, on CeO,(111)vacO (see
Fig. 7), i.e., with either the carbon or the oxygen atom of the
CO, molecule occupying the hole generated by the oxygen
vacancy. In both cases, the adsorbed carbon dioxide accepts
the electron pair from the hole and adopts the geometry of the

~1.25
\Y

Fig. 5 Adsorption of CO, onto the perfect CeO,(111) surface. Blue
spheres Ce atoms, red spheres O atoms, yellow spheres C atoms. Inter-
atomic distances are in A
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Fig. 6 Adsorption of CO, onto the ZnO/CeO,(111) surface. Gray
spheres Zn atoms, blue spheres Ce atoms, red spheres O atoms. Inter-
atomic distances are in A

CO5”" ion, with an angle of ~120—128° between the oxygen
atoms (see Table 2 and Fig. 7). The calculated vc_¢o values for
CeO,(111)vacO with the carbon of the CO, molecule occu-
pying the hole generated by the oxygen vacancy agree with
the antisymmetric and symmetric stretching values of the free
CO327 ion; however, the calculated symmetric stretching is
slightly lower for CeO,(111)vacO with the oxygen of the CO,
molecule occupying the hole (Tables 3 and 4). This behavior
can be attributed to the distorted CO5;> bond distances, as
reported in Table 2. Remarkably, despite the resemblance of
their geometries to the geometry of free carbonate, superficial

Fig.7 Adsorption of CO, onto the CeO,(111)vacO surface. Blue spheres
Ce atoms, red spheres O atoms, yellow spheres C atoms. Interatomic
distances are in A

cerium carbonates are extremely stable and cannot be removed
by heating [61]. On the other hand, on ZnO(0001) vacO
surface, the CO, adsorbs keeping the free molecule structure
with one O atom occupying the O-vacancy place (see Fig. 8).

H, adsorption

The geometric configurations of the H, molecule on the CeO,
and ZnO surfaces with and without defects studied in the
present work are similar, as are the stretching frequency values
of the H, molecule on those surfaces, and these results indicate
weak interactions of H, with these surfaces (see Fig. 9). Even
though the H, molecule is physisorbed at all of the surfaces,
the strongest interaction occurs on the CeO,(111)vacO surface,
where the H-H bond length increases from 0.77 A (for the free
molecule) to 0.82 A (see Fig. 10). This lengthening shifts the
stretching frequency, vy_y, down by ~1,200 cm ™" with respect
to the free H; (see Tables 3 and 4). Notice that the lengthening
of the H-H bond occurs because of the charge transfer from the
substrate to the antibonding o*(H—H) orbital. The other vy_y
values are only slightly affected by the interactions with the

surfaces, showing downshifts of less than ~200 cm .

Fig. 8 Adsorption of CO, onto the ZnO(0001)vacO surface. Gray
spheres Zn atoms, red spheres O atoms, yellow spheres C atoms. Inter-
atomic distances are in A

@ Springer



2270, Page 8 of 10

J Mol Model (2014) 20:2270

Fig.9 Adsorption of H, onto the ZnO(0001)vacO surface. Gray spheres
Zn atoms, red spheres O atoms, white spheres H atoms. Interatomic
distances are in A

We wish to to underline here that the ZnO and ceria
surfaces studied here do not break the H-H bond, in contrast
to what was shown to occur on gallia surfaces with oxygen
vacancies, Ga,03(100)vacO, as well as on a monolayer of
gallia on ceria Ga,05/Ce,O5(111) [38], which is in close

or

Fig. 10 Adsorption of H, onto the CeO,(111)vacO surface. Blue spheres
Ce atoms, red spheres O atoms, white spheres H atoms. Interatomic
distances are in A

@ Springer

agreement with the recently reported [62] enhanced
reducibility (and improved redox properties) of the latter
mixed oxide.

Conclusions

The adsorption of CO is especially weak on perfect ceria
surfaces, and the Ce(111) surface only shows some reactivity
when it has oxygen vacancies and when the C atom of the CO
is located at the vacancy. A noticeable lengthening effect on
the C—O bond length was found to be caused by the adsorption
process; such an effect is typical of a strong charge-transfer
interaction from the substrate to the antibonding o*(C-0O)
orbital. In addition, significant (down)shifts in the vc_g values
with respect to that of the free molecule on CeO,(111)vacO
were observed. By contrast, ZnO(0001) and ZnO/CeO,(111)
surfaces are very reactive towards CO, which uses a surface
oxygen atom to generate a CO, molecule.

Ceria surfaces are substantially more reactive than ZnO
towards CO,. This reaction yields planar CO5>~ species. The
highest adsorption energies were found for the adsorption of
carbon dioxide onto CeO,(111)vacO, with either the C atom
linked to a surface O or any of the oxygen atoms of the CO,
molecule occupying the hole generated by the oxygen vacan-
cy. In such cases, the CO, accepts the electron pair from the
hole, adopts the planar geometry of the CO5>™ ion, and pre-
sents an angle of ~120—128° between the oxygen atoms. The
calculated vc_o values on CeO,(111)vacO agree fairly well
with the antisymmetric and symmetric stretching values of the
free CO3”.

Molecular hydrogen does not exhibit significant interac-
tions with CeO, and ZnO surfaces, whether or not oxygen
defects are present. Even though the H, molecule is slightly
physisorbed onto all of these surfaces, the strongest interaction
occurs at one site on CeO,(111)vacO, where the H-H bond
length increases by ~0.05 A with respect to that of the free
molecule. However, a significant downshift of ~1,200 cm™" in
the stretching frequency of the adsorbate, vyy_y;, was found in
this case.
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