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ABSTRACT

The binding energy and the vibrational stretching frequency of the probe molecule CO adsorbed on the low-index CeO, surfaces [(100), (110),
and (111)] were benchmarked using the coupled-cluster singles, doubles, perturbative triples [CCSD(T)] method, employing an embed-
ded cluster approach. Using the same methodology as for the top configuration of CO on the (111) surface [J. Vizquez Quesada et al.,
J. Chem. Phys. 161, 224707 (2024)], the best theoretical estimate for the CO frequency on the CeO,(100) surface (CO bridge configura-
tion) obtained at the CCSD(T)/def2-TZ/QZVPP level of theory and under low-coverage conditions (2193 em V) is 17 cm™ larger than the
experimental value (1 ML coverage saturation), which is in agreement with previous estimates for the CO adsorption on the CeO,(111)
surface (12 cm™}). For the (110) surface, theoretical and experimental data compare differently. The CCSD(T)/def2-TZ/QZVPP values are
—7 cm™! (top configuration) and —21 cm™! (tilt-x configuration) lower than the two experimental features measured at 2170 cm™" (neg-
ative feature) and 2160 cm™" (positive feature). MP2 predictions suggest the existence of a case of multiple-configuration dynamics with
various almost isoenergetic configurations in a low-coverage situation. The CO harmonic vibrational frequencies were not semi-empirically
scaled but explicitly corrected for anharmonic effects, which amount to 25-26 cm™" with all tested methods. CO adsorption energies of
—0.40 £ 0.07 eV, —0.17 + 0.07 eV, and —0.20 + 0.07 eV for the (100), (110) (top), and (110) (tilt-x) adsorption sites, respectively, are obtained
at the CCSD(T)/def2-TZ/QZVPP level of theory. These results agree well with those proposed for the (111) surface (-0.22 + 0.07 eV)
[J. Vazquez Quesada et al., J. Chem. Phys. 161, 224707 (2024)] and confirm the physisorption character of the adsorption of CO on the
three low-index surfaces of CeO,.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0292423
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. INTRODUCTION

Any attempt to contribute to the establishment of reference
data for the characterization of vibrational features of molecules
adsorbed on metal and metal oxides requires two main contribu-
tions: first, experimental techniques to provide a precise settlement
of these spectroscopic features for various adsorbates; and second,
a theoretical methodology to interpret, support, and clarify at the
molecular level the adsorbate—surface interaction.

In the experimental area, infrared reflection absorption spec-
troscopy (IRRAS) has been very successful in investigating the

vibrational features of different molecules on metal and metal
oxide surfaces, despite the challenges related to reflection and
refraction that arise when working with dielectric surfaces."* It
has been essential, however, to conduct measurements on true
macroscopic single crystals, or mono-crystals, to provide con-
sistent and more accurate information about surface dynamics.’
This raises the need for monitoring characteristic shifts of vibra-
tional bands of probe molecules for establishing “highly” accu-
rate reference data. In this regard, carbon monoxide (CO) pos-
sibly represents one of the most prominent examples. A reliable
assignment of CO vibrational frequency, or rather the shift with
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respect to the gas phase frequency, has become a standard to be
tested.”’

Regarding the theoretical methodologies, there exist mod-
els based on the Born-von-Kidrmén periodic boundary condi-
tion (PBC),” " which capture the properties of bulk, surfaces,
and chains by repeating a single (primitive) unit cell in three,
two, and one dimensions, respectively. In surface studies, a slab
periodic model is constructed, allowing the treatment of surface
relaxation for a given electronic structure method, usually density
functional theory (DFT), and making possible a careful exami-
nation of high surface concentration of adsorbed molecules—the
so-called high coverage.”'’ For low coverage molecular adsorp-
tion, however, a large super-cell is required to minimize the inter-
actions of the adsorbate units on the surface, causing the peri-
odic models to become computationally expensive, especially if
hybrid functionals or wavefunction-based correlation methods are
employed.

Even though the application of methods such as coupled-
cluster singles and doubles with perturbational treatment of triple
excitations [CCSD(T)] to materials by imposing periodic bound-
ary conditions has been pursued during the last years (see
Refs. 11-14 and references therein), the high computational demand
has made its routine application difficult. The latter has made neces-
sary the development of different reduced-scaling techniques—for
example, the local natural orbital (LNO) coupled-cluster (CC)
method (LNO-CC) (see Refs. 15 and 16 and references therein).
Alternatively, there exists the finite cluster model approach, which
selects a part of the extended system, the so-called quantum-
mechanical (QM) cluster, and where medium- and long-range inter-
actions between the QM cluster and the rest of the extended system
are simulated by means of one or another embedding scheme.' """ **
This quantum-mechanical (QM) cluster model enables the use
of many of the currently available advanced wavefunction-
based quantum-chemical methods for molecules, being a very
valid approach when the molecule-surface phenomena is well
localized.

Once experimental techniques and theoretical approaches are
available, a substrate on which a large number of molecules can
be adsorbed is necessary. This is the case for some metal and
rare earth oxides” % and undoubtedly for cerium dioxide (CeO,
ceria).”” " The latter plays a significant role in fields such as
film formation, solid oxide fuel cells,”* biology,” components of
emission control systems,”””” and heterogeneous catalysis. In this
latter area, its importance is clearly distinct by its redox proper-
ties in reactions”””***"" and its dual use as a catalyst and as a
support.”* The investigation of molecules adsorbed on CeO, sur-
faces has gained relevance as a means to study electron transfer
processes, surface reactions, and the presence of vacancies and
dopants.”*

Focusing on the three low-index CeO, surfaces—that is, (111),
(110), and (100)—and taking CO as a probe molecule, for which
there exists a sound set of experimental data,””"** the spectral
range between 2140 and 2180 cm™' still stays, even after years
of work, under discussion. The stretching CO vibrational fre-
quency is identified with CO bound perpendicular or tilted to
the surface, with CO adsorbed on a more or less reduced surface
(Ce** vs Ce’), and with CO adsorbed more or less close to sur-
face oxygen vacancies."° To shed light on the wide range of
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possibilities, different theoretical studies using periodic DFT have
been carried out during the last decades, trying to explain and con-
firm the experimental evidence. On this matter, the most compre-
hensive investigations have been carried out by Ganduglia-Pirovano
et al. (see Refs. 46-53 and references therein), concluding both
experiment and theory in a blueshift of the vibrational frequency of
CO adsorbed on the three oxidized and reduced low-index surfaces
of ceria.”””’

At this point, it is worth mentioning that CO is weakly bound
to the CeO, surfaces,” ie., often called “physisorbed.” Thus, the
prediction of vibrational frequencies and binding energies, signifi-
cantly smaller than those of chemisorption cases, with a particular
degree of accuracy, represents a significant challenge. Physisorp-
tion is distinguished by two types of interaction, viz., dispersion
and classical electrostatics. In other words, electron correlation
plays a central role, and a consistent treatment requires the use
of wavefunction-based post-Hartree-Fock methods such as those
based on Moller-Plesset perturbation (MP) or Coupled-Cluster
(CC) theory.

For ionic systems—as in the case of CeO,—the embedded
cluster approach can be an alternative where the QM cluster is
embedded in a grid of point charges (PCs) playing the role of
the remaining part of the crystal. The boundary region between
these PCs and the QM cluster is represented by pseudo-potentials
(effective core potentials, ECPs), which occupy the position of the
positive point charges. These ECPs avoid over-polarization of the
cluster or charge transfer to the point charge field. This electro-
static embedding model has been applied to investigate oxygen
vacancies in metal-oxides,”””* as well as adsorption energies of
H,O, NH3, CH4, CH30H, and CO; on different surfaces.”””" In
the case of ceria, electrostatic embedding models have also been
applied to CeO, bulk'" as well as the (111)"°"%* and (110)* %
surfaces, including the computation of the CO binding energy
on the (110)°** % and (111)°" ** surfaces and of the CO vibra-
tional frequency in the case of its adsorption on the CeO,(110)
surface.””"”

In relation to the use of post-Hartree-Fock methods, only
early studies that applied the method of increments”® "’ to estimate
the CO@CeO,(111) and CO@Ce0,(110) binding energies calcu-
lated from partial energy contributions computed at the MP2 and
CCSD(T) level of theory have been reported.”””” In addition to
this, our group has recently published a benchmark study on the
adsorption of CO on CeO,(111), including correlated methods such
as MP2 and canonical CCSD(T) in conjunction with the periodic
electrostatic embedded-cluster model (PEECM)""""" to predict the
CO binding energy and vibrational frequency. Furthermore, in the
latter study, an explicit correction for anharmonic contributions to
the CO stretching frequency was included.®” In the present work,
this benchmark model is extended to the adsorption of CO on the
other two low-index surfaces of CeOy, i.e., (110) and (100).

This article is organized as follows: Sec. II covers the methodol-
ogy and technical details applied in this work. Results are presented
in Sec. I11. Section I1I A analyzes the influence of the size and shape
of the clusters used in the embedding model when predicting the CO
harmonic vibrational frequency. Computed harmonic CO stretch-
ing frequencies as well as anharmonic effects are further elaborated
in Sec. I1I B. The CO binding energies are discussed in Sec. I1I C.
Finally, Sec. [V summarizes the present work.
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Il. QUANTUM-CHEMICAL METHODS

As in our recent study on CO adsorption on CeO,(111),%
optimized bare surfaces for CeO,(110) and CeO,(100) were taken
from the literature (Ref. 51). In Ref. 51, the slab layer model in
conjunction with the super cell approach’” and using the PBE™
functional, within the generalized gradient approximation (GGA),
along with a Hubbard U-like term™ (U = 4.5 eV for the 4f
states of Ce), as well as the HSE06 functional,”®”’ was employed.
For the (100) polar surface, the checkerboard (100)-O termination
(40-4Ce-80- - -4Ce-40) was considered.”’ Setting up the point
charge field directly from the above-mentioned structure for the
(100) surface led to a dipole moment perpendicular to the sur-
face. This issue was solved by including additional charges at some
distance from the adsorption site and according to the PEECM
scheme.!” The tested surfaces have cell sizes of (1 x 1) and (2 x 2)
with calculated lattice constants of 5.485 A (PBE+U)°! and 5.398 A
(HSE06)°! for the bulk ceria (Fm3m space group). All embed-
ded calculations in the present work were carried out employing
the Turbomole program package.”’ In particular, the second-order
Moller-Plesset perturbation theory (MP2)"' as well as the coupled-
cluster singles and doubles with perturbational treatment of triple
excitations [CCSD(T)]*> methods in conjunction with the Karlsruhe
def2-SVP, def2-TZVPP, and def2-QZVPP basis sets"*" were uti-
lized in this work. Basis sets with the inclusion of diffuse basis
functions, i.e., def2-SVPD, def2-TZVPPD, and def2-QZVPPD,**
were also used with the MP2 method. In all post-Hartree-Fock
methods, the resolution-of-the-identity approximation (also called
density fitting) was applied. While optimized auxiliary basis sets pre-
sented in Refs. 85 and 87-89 were used in most cases , for the D-
basis sets of cerium, the auxiliary basis sets were constructed based
on the procedure described in Ref. 90. A scalar-relativistic effective
small core potential (ECP) of the Wood-Boring (WB) type cover-
ing the inner 28 electrons’ was included in all calculations with
“def2” basis sets for cerium. For energies and Cartesian gradients,
convergence thresholds of 107°E;,, and IO_IOEh/ao, respectively,
were used. To guarantee a numerical accuracy better than 1 cm™
for the vibrational frequencies computed from numerical first
and/or second derivatives of the potential energy, the convergence
criterion of the energy with respect to the previous iteration and
the Euclidean norm of the residual for the iterative solution of the
coupled-cluster equations were set to 107, Although for most of
the post-HF methods the core electrons were not correlated (fc),
core-valence electron correlation effects were investigated at the
MP2 level correlating all electrons (ae) and using the correlation
consistent polarized weighted core-valence basis sets (cc-pwCVnZ,
n = D,T)” for carbon (C) and oxygen (O), as well as the cc-
pwCVDZ-X2C and cc-pwCVTZ-X2C basis sets’ for cerium (Ce).
For consistency, the “def2” ECP for cerium and the corresponding
optimized auxiliary basis sets’””* were also employed in building
those for cerium according to the procedure presented in Ref. 90.
For all the embedded-model computations, the automated periodic
electrostatic embedding method (PEECM)'” as implemented in the
Turbomole program package®’ was employed. In this approach, the
embedding is created by adding terms to the Fock or Kohn-Sham
matrix using and distinguishing two parts within the interactions
between the QM cluster and the point charge field, that is, the
near-field (NF) interaction terms, which are computed by direct
integration, and the far-field (FF) interaction terms evaluated by
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employing the multipole expansion of the Coulomb interactions’ "

and by means of the fast multipole method.” " In order to prevent
polarization effects in the area between the QM cluster and the point
charges, a boundary region was created at points where the Ce** ions
closer to the QM cluster are located. This region was built with the
electrostatic core potential (ECP) ecp-18-mhf'*! for Ti**, ions given
that its ionic radius is similar to that of Ce*". In addition, the rest
of the point charge field was represented by charges of +4 for Ce
and -2 for O. The periodic electrostatic embedding cluster model
(PEECM)'” also includes additional charges to achieve a rapid and
correct convergence.”””"">!>!% The harmonic stretching frequency
of the CO molecule adsorbed on all the embedded clusters studied in
this work was numerically computed from analytic gradients when
applying the MP2 method. For the CCSD(T) computations, this
frequency was evaluated from an HF-Hessian obtained from ana-
Iytical gradients with correlation contributions estimated by means
of double numerical differentiation of energy points using cen-
tral differences of gradients obtained by central differences, which
results in (6N)? energy points (with N being the number of atoms).
Displacements of 0.002 ao were applied. The accuracy of the numer-
ical procedure was verified with the analytical procedure at the MP2
level, obtaining an agreement better than 1 cm™'. Using a one-
dimensional representation of the anharmonic potential along the
CO vibrational normal coordinate, the anharmonic contribution to
the potential energy was evaluated by numerical integration employ-
ing a Gauss-Hermite quadrature and reaching convergence with
13 grid points.'

lll. RESULTS AND DISCUSSION

It has been well established in the literature that the low-index
ceria surfaces follow the stability sequence (111) > (110) > (100).'%
The nonpolar (111) surface is characterized by an open structure
with oxygen in the first layer, followed by a cerium layer and a build-
ing O-Ce-O sequence in the z direction. This surface exhibits only
one type of Ce** ions with a sevenfold coordination, i.e., Ce is bound
to seven oxygen atoms [Fig. 1(a)]."" The CO molecule adsorbed
on CeO,(111) shows an experimental stretching vibrational fre-
quency at 2154 cm™".' Our most recent benchmark study,*’ as
well as multiple other investigations'**”"**'>'% have confirmed
that in this case, CO is adsorbed on top of the Ce** ion and almost
perpendicular to the surface.

The nonpolar (110) surface is characterized by having both Ce
and O atoms in the top layer; it is marked by three rows (O-Ce-0)
at the first layer with the Ce** cations coordinated to two O®~ ions
in the first layer and to four in the second [see Fig. 1(b)]. The IRRAS-
SLIR experiments of CO adsorbed on the oxidized (110) surface
show two peaks blueshifted with respect to the CO frequency in
the gas phase.!” In particular, a strong negative band at 2170 cm™
(+27 em™! shift) and a positive, less intense feature at 2160 cm!
(+7 cm™! shift) are observed.'®® This surface has been the most
controversial regarding the possible CO adsorption sites. Already,
the first theoretical studies””*" using an embedding model and the
DFT functional B3LYP explored five adsorption sites, of which two
resulted in being distinctly more stable. In one, CO was located
above a Ce*" ion in the first layer in a position slightly tilted
to the surface, resulting in a CO harmonic frequency blueshifted
with respect to that of CO in the gas phase. In the other, CO was
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positioned between two Ce** ions of the first layer and two oxygen
O ions of the second layer, predicting a redshifted CO har-
monic frequency.””* Later studies also within the embedded cluster
framework obtained for CO bound to the Ce** ion a blueshifted
peak (+9 cm™!) when employing the hybrid functional B3LYP,
while when using the GGA functional PW91, the shift went to the
red (-5 cm™).° A more recent investigation based on periodic
DFT assigned the experimental band at 2170 cm™" to CO bound
to Ce'* cations’””' and the weaker positive peak at 2160 cm™
to two notably tilted configurations, the so-called tilt-1 and tilt-
2 configurations.”’ In the first, tilt-1, the CO molecule is between
a Ce'™ ion of the first layer and another Ce** ion of the sec-
ond layer, pointing the oxygen atom of CO to the second layer
Ce*". The second, (tilt-2), is equivalent to the most stable tilted
arrangement found by Miiller et al,® ie., the CO molecule is
located between two Ce** ions in the first layer and two O ions
of the second layer.”! This latter study also showed that the top
and tilted configurations were nearly isoenergetic, with binding
energy differences of 0.03 eV (2.9 kJ/mol) [PBE-U low CO cov-
erage (0 = i)] and 0.02 eV (1.9 kJ/mol) [HSE06 low CO coverage
(6 = 1)1, with the tilted CO arrangement being slightly more stable.
In Refs. 19, 54, and 110, the formation of strongly bound carbonate
CO3™ -like species has also been reported, resulting in a reduction of
the ceria surface; however, such species have not been observed in
the IRRAS experiment.!’® All configurations previously found in the
literature were investigated in this work within the framework of an
embedded cluster model and in the case of a low-coverage (6 < 1)
scenario.

The Ce0(100) surface shows a more open structure, being
genuinely polar, which results in an inherent instability and, con-
sequently, induces surface reconstructions [Fig. 1(c)].”*'"" The first
layer is constituted by oxygen atoms and the second by “non-
reachable” cerium atoms [Fig. 1(c)]. The Ce:O coordination number
on the uncovered surface is 6:2.!°° The CO adsorption on the
Ce0,(100) shows an experimental vibrational spectrum with an
intense band at 2176 cm™!, a shoulder at 2168 cm™ ", and a weaker
peak at 2147 cm™'.*? Theoretical studies based on periodic DFT"'
have found two sites for the adsorption of CO. One presents in cases
of low (0 < i) and high (6 = 1) coverages and where CO is found
on a Ce*"~Ce** bridge position. The other one is identified only in
cases of high coverage (0 = 1) and is much less stable where CO is on
top of the Ce*" ions. After exploring different CO adsorption sites

b dd
Sew

(c)

employing the MP2 method and different basis sets (def2-SVP, def2-
TZVPP, and def2-QZVPP) and considering that this work covers
low coverage cases (6 < 1), onlya CO on a Ce**-Ce** bridge posi-
tion was found. Thus, the rest of this study focuses on this bridge
configuration.

A. Analysis of the size of the QM cluster

In the case of rare earth oxides, the use of methods such as
CCSD(T) clearly represents a computational challenge, even within
the framework of the embedded cluster model. Therefore, clusters
of different sizes and shapes were analyzed in order to determine the
size necessary and sufficient to reach the desired accuracy. The CO
harmonic stretching frequency was chosen to analyze the influence
of the size and shape of the cluster used. In the case of CO adsorbed
on Ce0,(100), the impact of the bare surface employed as a start-
ing point to apply the embedded cluster model, that is, PBE(1 x 1),
PBE(2 x 2), HSE06(1 x 1), and HSE06(2 x 2), was also studied. For
this aim, the MP2 method and the def2-SVP, def2-TZVPP, and def2-
QZVPP basis sets have been utilized in all the cases discussed here.
Regarding the structural parameters to be optimized, only the struc-
ture and position of the CO molecule were relaxed, while the surfaces
were kept with the starting structures obtained by periodic DFT.
This criterion regarding the relaxation of structural parameters was
adopted based on the results reported for CO@CeO,(111),°> show-
ing that the difference in CO frequency is only about 2 cm™ when
surface relaxation effects are included.

1. CO on CeO,(100)

For the CeO,(100) surface with CO adsorbed on a Ce**-Ce?*
bridge configuration, three clusters of different size and shape were
designed, i.e., cluster 1 [Ce2011Ti12]34+, cluster 2 [Ce4020Ti13]48+,
and cluster 3 [CegO32Ti26]72+ (see Fig. 2). The boundary region
represented by ECPs of Ti** (blue color) is also included in the struc-
tures. The effect of utilizing different surface structures obtained
with the functionals PBE-U [(1 x 1) and (2 x 2) cell sizes] and HSE06
[(1 x 1) and (2 x 2) cell sizes] was analyzed in the case of cluster
1 ([CezOllTi12]34+), obtaining that the prediction of the harmonic
frequency of CO is practically independent of the surface used with
differences of <1 cm™" with values for the HSE06 (2 x 2) surface
of 2180, 2148, 2155, and 2156 cm ™" using the basis sets def2-SVP,
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FIG. 2. Structure of the three clusters studied in this work for the CeO,(100)
surface: (a) [C92011Ti12]34+, (b) [Ce4020Ti18]48+, and (C) [CegO32Ti26]72+. In all
cases, the CO molecule is located perpendicular to the surface and in a bridge
position between two Ce** ions, with the central oxygen (top view) being that of
the CO molecule (cerium: green, titanium: blue, and oxygen: red).

def2-TZVPP, def2-TZ/QZVPP, and def2-QZVPP, respectively
(see the supplementary material). Def2-TZ/QZVPP denotes the use
of the def2-QZVPP basis set for the CO molecule and the two
Ce atoms between which CO forms the bridge, while for the rest of
the QM cluster, the def2-TZVPP basis is utilized. At this point, it is
worth mentioning that, while the results obtained with def2-SVP are
unreliable, those with the def2-TZVPP and def2-TZ/QZVPP basis
sets differ only by 8 and 1 cm™, respectively, from those obtained
with the def2-QZVPP basis set. Based on these results, the influence
of the cluster size will be analyzed only with the surface structure
obtained with the screened range-separated hybrid HSE06 func-
tional (2 x 2 cell size), whose superior performance has also been
proved several times in Refs. 112 and 113. The influence of cluster
size and basis sets is summarized in Fig. 3(a). It can be concluded
that the cluster size has a negligible influence (~2 cm™) on the pre-
diction of the CO frequency, even smaller than that observed in
the case of CO adsorbed on CeO,(111).%> In view of these results,
the use of cluster 1 for the prediction of the CO vibrational fre-
quency using the CCSD(T) method seems to be justified, which
means that, assuming a similar behavior to that observed with the
MP2 method, an overestimation of no more than 2 cm™! is to be
expected.

2. COon CeO;(110)

To investigate the CO configuration on top of the Ce** ions of
the CeO,(110) surface, three clusters were constructed from the bare
optimized surface obtained with the HSE06 functional (2 x 2 cell
size) and taken from Ref. 51 [see Fig. 4(a)]. These three clusters are
cluster 1a [CeOsTio]*®", cluster 2a [Ce3014Ti10]%°", and cluster 3a
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by ECPs of Ti** (blue color). In this case, the def2-TZ/QZVPP
basis set employs the def2-QZVPP basis set for CO and the Ce
atom directly interacting with the CO molecule and the def2-TZVPP
basis set for the rest of the QM cluster. As shown in Fig. 3(b), it
can be stated that the trend is very similar to that observed at the
Ce0,(100) surface. The def2-SVP basis set overestimates the pre-
dicted CO frequencies by about 35 cm™, while the def2-TZVPP and
def2-TZ/QZVPP basis sets differ by approximately 5-7 cm ™' and at
most 1 cm™?, respectively, from the value calculated with the def2-
QZVPP basis set. With reference to the influence of the cluster size,
itis observed [Fig. 3(b)] that the differences among the three clusters
decrease as the size of the basis set increases; the differences between
cluster 1a and cluster 3a are 4, 1, 2, and 2 cm™! with the def2-
SVP, def2-TZVPP, def2-TZ/QZVPP, and def2-QZVPP basis sets,
respectively. Thus, cluster 1a was further used for the CCSD(T) com-
putations. In addition, in all cases, two negative frequencies were
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systematically obtained and associated with two normal coordinates
characterized by a bending—and slightly translational—motion of
the CO molecule in the x and y directions (see Fig. 5), respectively. In
principle, one could assume that these negative frequencies are due
to structural constraints, since the surface remained fixed. However,
the relaxation of surface parameters such as the coordinates of the
Ce atom aligned to the CO molecule, as well as the four surrounding
oxygen atoms of the surface, does not change this behavior.

In order to find an absolute minimum, tilted configura-
tions along these two coordinates were investigated following the
same scheme employed with the (100) and (111)* surfaces. Thus,
Figs. 4(b) and 4(c) display the clusters that were designed to study
the tilted configurations in the x and y directions, respectively.
The resulting tilt-x configuration resembles the tilt-2 site reported
by Lustemberg et al.,”’ which also coincides with one previously
published using the embedded model®® (Qy-site). The tilted con-
figuration in the y direction (tilt-y) leads to a slightly tilted position

FIG. 5. lllustration of the two explored
directions for the relaxation of the top
position of the CO molecule adsorbed
on Ce0,(110) (cerium: green, titanium:
blue, and oxygen: red).
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of CO aligned to the Ce*" ion, which can be identified with the
Ce;-site obtained by Hermansson et al.””” The tilt-x config-
uration was studied, meaning three different clusters: cluster
1b [CezOlzTil4]40+, cluster 2b [Ce4Ooni14]32+, and cluster 3b
[CesO3:Tizs]®’. The convergence of the cluster size and shape was
analyzed through the prediction of the harmonic stretching fre-
quency of CO using the MP2 method and four distinct basis sets; see
Fig. 3(c). The trend is similar to that reported for the (100) surface
and the top site of the (110) surface. The def2-SVP basis set overesti-
mates the CO stretching frequency by 30-35 cm™". Compared with
the def2-QZVPP basis set, the def2-TZVPP and def2-TZ/QZVPP
basis sets underestimate the CO frequency by 5 and 2 cm™, respec-
tively. Concerning the difference between cluster 1b and cluster
3b, this amounts to 2, 3, 2, and 2 cm™! with the def2-SVP, def2-
TZVPP, def2-TZ/QZVPP, and def2-QZVPP basis sets, respectively.
Thus, cluster 1b was chosen to carry out the CCSD(T) computa-
tions. Following the same procedure for the tilt-y configuration,
three clusters were constructed: cluster 1c [CezOlzTiM]‘“H, cluster
2¢ [Ce4020T116]40+, and cluster 3c [Ce5032Ti26]6‘pr (see Fig. 4). As
shown in Fig. 3(d), first, it should be noted that the def2-SVP basis
set overestimates the CO frequency, although not as markedly as in
the previous cases [Figs. 3(a)-3(c)]. This is because it converges to
structures where the CO molecule is more tilted than with larger
basis sets, i.e., 30°, 28°, and 28° with respect to the surface nor-
mal, for clusters 1c, 2¢, and 3c, respectively. This tilt leads to lower
CO frequencies, compensating for the natural tendency of this basis
to overestimate the harmonic frequency. It is also worth mention-
ing that in this case and for the smallest cluster, cluster lc, the
basis sets def2-TZVPP, def2-TZ/QZVPP, and def2-QZVPP predict
the harmonic CO stretching frequency on the order of 10-20 cm™"
lower than the other two clusters and report tilt angles of 20° and
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contrasting with that of clusters 2¢ and 3c, for which the tilt angles
range between 13° and 15° (def2-TZVPP and def2-TZ/QZVPP basis
sets) and 0° (def2-QZVPP). Cluster 1c turns out to lead to mislead-
ing results, while clusters 2c and 3¢ conclude in similar frequencies
and tilt angles with differences of no more than 1 cm™ and 1°,
respectively.

B. CO vibrational frequency

The computed CO harmonic stretching frequency of CO
adsorbed on the low-index surfaces [(100), (110), and (111)] of
CeO,, calculated with the MP2 and CCSD(T) methods in conjunc-
tion with different basis sets, is presented in Table I. In all cases,
the optimized bare surfaces obtained by periodic HSE06 calculations
(2 x 2 cell size)”' were used.

1. Bridge configuration of CO on CeO,(100)

For the (100) surface and comparing the predictions made with
the MP2 method with those obtained with the CCSD(T) method,
it is observed that MP2 systematically underestimates the CO fre-
quency by 52-62 cm™". With regard to the basis set convergence, the
def2-SVP basis set predicts the CO harmonic frequency to be 32 and
25 cm™ larger than the def2-TZVPP basis set employing the MP2
and CCSD(T) methods, respectively. With the def2-TZVPP basis set,
the same frequency is 7 cm ™ (MP2) and 10 cm™! [CCSD(T)] lower
than with the def2-TZ/QZVPP basis set.

2. Top and tilted configurations of CO on CeO,(110)

The harmonic stretching frequencies of CO on CeO,(110) with
top and tilt-x configurations are underestimated by 36-44 cm™" and
25-30 cm ™, respectively, with the MP2 method in comparison with

TABLE I. Harmonic CO stretching frequencies (in cm~") on CeO,(100) cluster 1 CO@[Ce,041Tif,]*** and CeO,(110)
cluster 1a CO@[CeOgTig]28*, cluster 1b CO@[Ce,01,Tisa]***, and cluster 2c CO@[Ces 0 Tisg]*** obtained using the

optimized surface HSE06(2 x 2).

6G:8¢:20 920z Arenuer G|

Ce0,(100) Ce0,(110) CeO,(111)"
Top* Tilt-x Tilt-y
Method Basis set Cluster 1  Cluster 1a Cluster 1b  Cluster 2¢* Cluster 1
def2-SVP 2180 2176 2164 2151 (28°) 2166
fe-MP2 def2-TZVPP 2148 2140 2130 2141 (14°) 2140
def2-TZ/QZVPP 2155 2145 2132 2147 (15°) 2148
def2-QZVPP 2156 2146 2134 cee 2148
def2-SVP 2232 2212 2189 cee 2200
fc-CCSD(T) def2-TZVPP 2207 2179 2158 s 2179
def2-TZ/QZVPP 2217 2189 2164 s 2190

*In the case of the (100) site, the designation def2-TZ/QZVPP refers to the use of the def2-QZVPP basis set for the CO molecule
and the two Ce atoms between which CO forms the bridge, while for the rest of the QM, the def2-TZVPP basis is utilized. For
the top configuration, the (110) surface refers to the use of the def2-QZVPP basis set for CO and the Ce atom directly interacting
with the CO molecule and of the def2-TZVPP basis set for the rest of the QM cluster. In the case of the tilt-x configuration, the
def2-QZVPP basis set was employed for the CO molecule and the two Ce atoms near it, while for the rest of the system, the
def2-TZVPP basis set was utilized.

bReference 62. Cluster 1 was defined as CO@[CeO;Ti .

“Refer to a configuration perpendicular or nearly perpendicular to the surface (see the text for more details).

4Values in parentheses indicate the tilt angle of the CO molecule with respect to the normal of the CeO,(110) surface.
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CCSD(T). The largest underestimations amount to 44 cm™! (top)
and 30 cm™! (tilt-x) and are obtained with the def2-TZ/QZVPP basis
set. Comparing the top and tilt-x configurations, it is observed that
the harmonic CO stretching frequency in the former is of the order
of 10-13 cm™ (MP2) and 23-25 cm™2 [CCSD(T)] larger than in
the latter (see Table I). While this MP2 difference agrees well with
the experimental Av (10 cm™!), the CCSD(T) data predict a dif-
ference about 10 cm™! larger. Of course, this evaluation assumes
that the anharmonic contribution is the same for both configura-
tions. Finally, for the tilt-y, position the data reported in Table I are
those obtained for cluster 2c (see Secs. III A 1 and III A 2). As can
be seen, a tilt angle of 15° or less leads to results similar to those
of the top configuration. Because of the prohibitive computational
cost due to a cluster with four Ce atoms, CCSD(T) calculations for
cluster 2c were not carried out in the present work. The previously
described MP2 vs CCSD(T) behavior and basis set trend has also
been observed for the CO@CeO,(111) system.®” As is now the case,
the latter study also pointed out that the Karlsruhe basis set def2-
SVP tends to overestimate the harmonic frequencies much more
than its correlation-consistent counterpart (cc-pVDZ).!'* More-
over, it was concluded that with the def2-QZVPP basis set, the
results could be considered converged with an underestimation of
~5cm "' due to the non-inclusion of contributions such as relativis-
tic effects and higher-order coupled-cluster corrections. In contrast,
core-valence corrections showed no effect on the frequency shift
between CO@cluster and gas-phase CO.®” For example, for CO
adsorbed on CeO, (110) (top configuration), the core-valence cor-
rection (ae—fc) effects for cluster 1b and CO(gqs) amount to 4 and 3
cm™!, respectively, using the cc-pwCVDZ/cc-pwCVDZ-X2C basis
set, while employing the cc-pwCVTZ/cc-pwCVTZ-X2C basis set
adds up to 9 cm™" in both cases.

At this point and in the case of CO@CeO,(110), where different
configurations are possible, it is interesting to study the influence of
diffuse functions. MP2 calculations were carried out for cluster 1la
(top) and cluster 1b (tilt-x) using the def2-SVPD, def2-TZVPPD,
and def2-QZVPPD basis sets. For the CO harmonic vibrational
frequency and the top configuration, the inclusion of diffuse func-
tions results in differences of —10, —2, and +4 cm™! in comparison
to the def2-SVP, def2-TZVPP, and def2-QZVPP basis sets, respec-
tively. For the tilt-x configuration, these differences are —16 cm™
(def2-SVP), =7 cm™" (def2-TZVPP), and -2 cm™! (def2-QZVPP),
respectively. From these results, it can be deduced that as the basis set
becomes larger, the effect of diffuse basis functions becomes almost
negligible.

Furthermore, and independently of the evaluation of the bind-
ing energies discussed in Sec. III C, a qualitative study of the
relative stability of the three CO configurations on the CeO,(110)
surface was also carried out. Cluster 3a [CO@Ce7O31Ti24]62+ (see
Fig. 4) was used to optimize the three configurations using the
MP2/def2-TZVPP level of theory (see Fig. 6). First, the tilt-x con-
figuration is found to be the most stable, while the top and tilt-y
configurations are nearly isoenergetic. These results are consistent,
first, with the fact that the configuration with CO on top of the
Ce** ions and perpendicular to the surface appears to be a tran-
sition state (see Sec. III A 2); second, with the fact that previous
periodic DFT studies'””"”" identified a “nearly perpendicular” top
configuration; and third, with the possibility that the three config-
urations coexist experimentally, since the energy difference is only
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FIG. 6. Structure of the three CO configurations studied in this work for the
Ce0,(110) using the cluster 3a [Ce; 03, Tixg]®+ and employing the MP2/def2-
TZVPP level of theory. Color code: cerium: green, titanium: blue, and oxygen: red.
For the surface atoms, faded colors were chosen to highlight the CO positions.

of the order of 3.9 kJ/mol. Regarding the CO harmonic vibrational
frequency, it is confirmed that for both the top and tilt-y cases, the
frequency values are higher than the tilt-x, although the shifts can
only be considered qualitative at this level of theory. In order to fur-
ther explore the influence of the CO position on the potential energy
surface (PES) and on the CO frequency shift between different
CO configurations, the qualitative study with cluster 3 was extended
to survey the tilt-x configuration along the xy plane and the top/tilt-
y configurations along the yz plane (see Fig. 7), the central Ce atom
of the cluster always being the rotation center. In both cases, a
90° rotation was performed in increments of 10°; in each, only the
CO distance was relaxed, keeping the position of the CO molecule
fixed with respect to the z and x axes for the tilt-x and top/tilt-y con-
figurations, respectively. From the information collected in Fig. 7,
it can be deduced that in the case of the tilt-x configuration, the
rotation around the z axis leads to progressively more unstable con-
figurations and to more redshifted frequencies. Nevertheless, the
configurations at 10°, 20°, and 30° are only 1.0, 3.9, and 6.7 kJ/mol
less stable than the tilt-x configuration, respectively, which means
they may coexist under experimental conditions (T = 75 K). In fact,
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FIG. 7. Movement of the CO molecule along the xy plane (tilt-x configuration) and
zy plane (top configuration) using cluster 3a [Ce; O3, Tixg]*** and considering as
rotation center the central Ce atom. Color code: cerium: green, titanium: blue, and
oxygen: red. For the surface atoms, faded colors were chosen to highlight the CO
positions.

the 20° position resembles the tilt-1 configuration identified by Lus-
temberg et al.”! using periodic DFT. With respect to the top/tilt-y
configurations and the CO displacement along the yz plane, it can
be confirmed that below ~15°, the energy difference is completely
negligible and that these configurations under experimental condi-
tions would be potentially feasible. It is again observed that the more
the molecule is tilted, the more the CO harmonic frequency experi-
ences a significant red shift that amounts to a range between 10 and
30 cm ™. The tilt movement of CO from the top position, but tak-
ing this time the carbon atom as the center of coordinates, was also
qualitatively (MP2/def2-TZVPP level of theory) explored along the
xy and yz planes; see Fig. 8. While energy and harmonic CO fre-
quency essentially do not change for slopes below ~15° and 10°,
configurations at 20° and 30° along the xz and yz axes, respectively,
are only 3-6 kJ/mol and 1-4 kJ/mol less stable than the top con-
figuration, also showing CO frequencies between 50 and 75 cm ™
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FIG. 8. Movement of the CO molecule in top configuration along the zx and zy
planes using cluster 3a [Ce7032Ti29]8°‘r and considering as rotation center the
carbon atom. Color code: cerium: green, titanium: blue, and oxygen: red. For the
surface atoms, faded colors were chosen to highlight the CO positions.

redshifted. It can be concluded that, starting from the tilt-x config-
uration, other nearly isoenergetic configurations would be possible
within a radius of about 20°-30° in the xy plane. Similar observa-
tions occur in the case of the top/tilt-y configuration defined along
the yz plane. In addition, for the CO top position itself, there exists a
10°-15° tilt-cone of possible configurations that could occur under
experimental conditions and that result in small redshifted CO fre-
quencies. These facts describe a case of multiple configurational
dynamics, in which, at least in the low-coverage case (6 < 1), various
CO configurations could be present experimentally.

3. Anharmonic contribution

Improvements beyond the results obtained so far involve the
incorporation of anharmonic effects into the harmonic frequen-
cies calculated at different levels of theory. Considering the weakly
bound nature of CO and its rather small anharmonic nature, the
anharmonic contribution was estimated using an approach that
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combines a Finite Basis Representation (FBR) with a Discrete Vari-
able Representation (DVR) of the potential energy based on vibra-
tional normal coordinates and in conjunction with an analytic form
of the kinetic energy operator.'’”* While the method-dependent
factor,”””"'"” usually employed in theoretical catalysis, simultane-
ously corrects the limitations of a specific DFT functional and
the lack of anharmonic corrections, the procedure followed here
takes only the anharmonic contribution into account. The values
obtained in this research are presented in Table II. As for the sys-
tem CO@Ce0O;(111), the anharmonic corrections amount to about
25-26 cm™ ! regardless of the method and basis set used. As already
mentioned in our previous work on CO@CeO,(111),%” this value
is close to the experimental anharmonicity of the CO molecule
(26.5716 cm™"),'% which again confirms the weakly bound character
of CO on the three low-index surfaces of CeO,. Analyzing the data
presented in Table I, it is observed that the best theoretical estimates
obtained at the CCSD(T)/def2-TZ/QZVPP level of theory for the
three low-index CeO; surfaces contrast differently with the experi-
mental data. While the data for the (111) and (100) surfaces estimate
the CO frequencies 12 and 17 cm™" above the experimental value,
respectively, in the case of the (110) surface, the predicted frequen-
cies are somewhat below the experimental data, in particular 7 cm™*
(top) and 21 cm™" (tilt-x) below the negative and positive exper-
imental features, respectively. At this point, it should be stressed
again that this study focuses only on the low coverage case (0 < ),
while the experimental data all come from a coverage saturation of 1
ML. Studies based on periodic DFT and using the HSE06 functional
compared the CO frequency in the high (8 = 1, i.e., 1 ML saturation)
and low coverage cases (0 < 1y and arrived at the conclusions that
in the case of the (111) and (100) surfaces, high coverage results in
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a redshift of about —4 and -8 cm™, respectively, while in the case
of the (110) surface, high coverage means a redshift of only —1 cm™
(top configuration) and a blueshift of about +4 cm™" (tilt-x configu-
ration).”! Taking into account these corrections on the low coverage
predictions made in this work, the differences with the experimental
data would become +8, +9, -8, and —17 cm™! for the (111), (100),
(110) (top), and (110) (tilt-x) surfaces, respectively. To this outcome,
it needs to be added that the methodology applied here assumes an
uncertainty of +5 cm™" already established in our previous work.”
According to what was previously discussed, a multi-configurational
character is identified in the adsorption of CO on the (110) sur-
face, especially for tilted positions, which is clearly poorly described
through only one configuration (tilt-x). In addition, it should be
asserted that a high coverage scenario is expected to modify these
multi-configurational dynamics to some extent, since the interac-
tion between different CO molecules adsorbed on the surface will
alter the PES and vibrational spectrum of this system.

C. CO binding energy on the CeO,(100)
and CeO,(110) surfaces

The adsorption energy of CO adsorbed on the low-index
surfaces of ceria was calculated according to the following formula:

E.gs = E[CO@CeO; (afy)] — E[CeOz(aBy)] — E[COgs], (1)

where E[CeO,(afy)], E[CeO; (afy)], and E[COgq;] represent the
energy of the (100) and (110) surfaces with the adsorbed CO
molecule (i.e., one of the embedded clusters; see Figs. 2 and 4),
the energy of the (100) and (110) surfaces without adsorbate (i.e.,
embedded clusters without CO adsorbed), and the energy of the

TABLE II. Computed anharmonic CO stretching frequencies (in cm=") for cluster 1: CO@[Ce;044Tiso]*** of CeO,(100) and cluster 1a: CO@[Ce0gTig]2+ and cluster 1b:
CO@[Ce,01,Tirs]*0* of Ce0,(110) obtained using the bare surface HSE0B(2 x 2). The data in parentheses and italics correspond to the anharmonic correction (in cm=").2

Ce0,(100) Ce0,(110) CeO,(111)"
Top* Tilt-x
Method Basis set Cluster 1 Cluster 1a Cluster 1b Cluster 1
def2-SVP 2154(~26) 2151(~25) 2139 (=26) 2142(~24)
(e MP2 def2-TZVPP 2122(~26) 2114(-26) 2104 (=25) 2115(-25)
¢ def2-TZ/QZVPP 2129(-26) 2120(-26) 2107 (-25) 2123(-25)
def2-QZVPP 2129(-27) 2120 (-26) 2108 (-26) 2123(-25)
def2-SVP 2207(~25) 2187(~25 2163 (=26) 2176(~25)
fc-CCSD(T) def2-TZVPP 2181(~26) 2153(~25) 2133(-25) 2154(-25)
def2-TZ/QZVPP 2193(~25) 2163(-25) 2139 (-25) 2166(-25)
Exp.(1 2176, 21684,° 2170, 2160 2154

*In the case of the (100) site, the designation def2-TZ/QZVPP refers to the use of the def2-QZVPP basis set for the CO molecule and the two Ce atoms between which CO forms the
bridge, while for the rest of the QM, the def2-TZVPP basis is utilized. For the top configuration, the (110) surface refers to the use of the def2-QZVPP basis set for CO and the Ce
atom directly interacting with the CO molecule and of the def2-TZVPP basis set for the rest of the QM cluster. In the case of the tilt-x configuration, the def2-QZVPP basis set was
employed for the CO molecule and the two Ce atoms near it, while for the rest of the system, the def2-TZVPP basis set was utilized.

bReference 62. Cluster 1 refers to CO®@[CeO;Tip ).

“It refers to a configuration perpendicular or nearly perpendicular to the surface (see the text for more details).
dpolarization-resolved IRRAS experiment of 1 monolayer (ML) CO adsorbed on oxidized CeO,(100) and CeO,(110) single-crystal surfaces at low temperatures (70 K).

References 42, 107, and 108.
¢“sh” denotes the shoulder.
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CO molecule in the gas phase, respectively. Because of the basis-
set incompleteness, this expression for the adsorption energy was
approximately corrected for the basis-set superposition error (BSSE)
employing the full counterpoise (CP)!'® scheme. This means that the
final binding energy is given by

Eads+cp = Eags + AE[CeO,(afy) ] + AE[CO] 2)
being
AE[CeO;(apy)] = E [CeO:(apy)]
— Eghost[CeO2(aBy) ] [coaceo,(app)]  (3)

and
AE[CO] = E[CO] - Eghost[co] [CO@CeO, (afy)]. (4)

Equations (3) and (4) represent the fragment energies at the
same coordinates as in the embedded cluster with adsorbate [i.e.,
CO@CeO,(afy)] and using the basis set for the whole system,
in other words, a “ghost” basis for the missing fragment. Only
the relaxation of the CO molecule was considered. The contri-
bution coming from the harmonic vibrational zero-point energy

ARTICLE pubs.aip.org/aipl/jcp

(ZPE) includes only the 3N (N = 2) vibrational degrees of free-
dom of the CO molecule adsorbed on the surface as well as the
3N-5 vibrational degrees of freedom of the free CO. Values for
cluster 1 (CO@[Ce2011T112]34+) for Ce0,(100) and clusters la
(CO@[CeOsTis]***) and 1b (CO@[Ce; 01 Ti2]**) for the top and
tilt-x configurations, respectively, for CeO,(110) are reported in
Table 111, including data with (wCP) and without (woCP) counter-
poise correction (CP), ZPE corrections, and relaxation of the CO
molecule. It is important to mention that the CP correction has an
approximate character, typically converging only at the complete
basis set (CBS) limit.''® Thus, multiple studies have proposed the
use of only half of the CP correction, expecting that the most plausi-
ble values for the binding energy will lie between the data with and
without the CP contribution.'” '*" According to the results of our
previous study on CO@CeO,(111), the cluster size does not have
a relevant influence on the binding energy values.®” Thus, in the
present work, this physical magnitude was evaluated only on the
clusters in which the most detailed analysis of the CO vibrational
frequency was made, that is, those that appear in Tables I and I1. The
results obtained for the (100) and (110) surfaces, as well as those for
the (111) surface,®” using the same methodology as the one applied
in this research, are presented in Table III. Additional data from

TABLE Ill. CO adsorption energy (E,gs in eV) for cluster 1 (CO@[Ce; Oy Tisa]***) for CeO,(100) and cluster 1a (CO@[CeO; Tig]?3+) and 1b (CO@[Ce, 041 Tisa***) for the top
and tilt-x configurations, respectively, of CeO,(110) obtained using the optimized HSE0B(2 x 2) bare surfaces.5' Literature values (E™:_ in eV) are also included.?”

ads
Ce0,(100) Ce0,(110) CeO,(111)°
Top Top* Tilt-x Top

Method Basis set woCP wCP woCP wCP woCP wCP woCP wCP

def2-SVP —0.66 -0.21 -0.29 —-0.06 -0.56 -0.10 -0.32 +0.06
fe-MP2 def2-TZVPP -0.68 -0.44 -0.30 -0.19 -0.42 -0.23 -0.30 -0.15

def2-TZ/QZVPP —-0.68 —0.49 -0.33 -0.21 —-0.49 -0.22 -0.35 -0.17

def2-QZVPP —0.68 -0.49 -0.28 -0.22 -0.39 -0.25 —-0.30 -0.19

def2-SVP -0.58 -0.13 -0.26 -0.03 -0.54 -0.07 -0.30 +0.08
fc-CCSD(T) def2-TZVPP -0.59 -0.35 -0.27 -0.16 -0.39 -0.19 -0.27 -0.12

def2-TZ/QZVPP -0.58 —-0.40 -0.29 -0.17 -0.41 —-0.20 -0.32 -0.14

i -0.29¢,-0.31" —0.15°,-0.16" —0.19°,-0.21" ~0.26%,-0.28"

Euds —0.27i

*woCP and wCP refer, respectively, to without and with: counterpoise correction (CP), ZPE contributions, and CO relaxation.

®In the case of the (100) site, the designation def2-TZ/QZVPP refers to the use of the def2-QZVPP basis set for the CO molecule and the two Ce atoms between which CO forms the
bridge, while for the rest of the QM, the def2-TZVPP basis is utilized. For the top configuration, the (110) surface refers to the use of the def2-QZVPP basis set for CO and the Ce
atom directly interacting with the CO molecule and of the def2-TZVPP basis set for the rest of the QM cluster. In the case of the tilt-x configuration, the def2-QZVPP basis set was
employed for the CO molecule and the two Ce atoms near it, while for the rest of the system, the def2-TZVPP basis set was utilized.

“Data from Ref. 62.
Nearly perpendicular.

“Reference 51. Periodic DFT using the PBE functional together with a Hubbard U-like term.

fReference 51. Periodic DFT using the hybrid functional HSE06 and 6 = 1 CO coverage.
8Reference 117.

B Reference 60.

IReferences 107 and 108.
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the literature are also incorporated into the latter table. Comparing
the MP2 and CCSD(T) methods, the former tends to slightly over-
estimate the binding energy, with values about 0.03-0.04 eV larger
than the CCSD(T) results. This trend is in accord with a redshift
with respect to the harmonic frequency of COgs) as well as with
an underestimation of the harmonic frequency of CO in the system
CO@cluster in comparison with the predictions obtained with the
CCSD(T) method (see Sec. III B). Other conclusions to be drawn
from Table 1II are the following: first, that regardless of the sur-
face, the CP corrections account for ~50% of the contribution to the
total binding energy; this behavior has also been recently observed
for CO adsorption on Al,O3(0001);'** second, the binding energy
increases slightly with the size of the basis set; finally, based on the
best estimate obtained at the CCSD(T)/def2-TZ/QZVPP level of the-
ory, the data presented here describe a physisorption phenomenon
for the adsorption of CO on the three low-index CeO, surfaces with
binding energies in the range of —0.20 eV to —0.14 eV. In the spe-
cific case of the (110) surface and the two configurations studied in
this research up to the CCSD(T) level of theory (i.e., top and tilt-x),
the difference in binding energy amounts to 0.03 eV, with the tilt
configuration being the most stable. This confirms the data in the
existing literature’’ and is in line with the stability study discussed
in Sec. [1I B 2.

The addition of diffuse functions employing the MP2 method
shows for the three CO adsorption configurations analyzed in this
work—Ce05(100) (top) and CeO,(110) (top and tilt-x)—a gener-
alized increase between —0.10 and —0.05 eV of the binding energy
employing the def2-SVPD, def2-TZVPPD, and def2-QZVPPD basis
sets and without CP correction. The inclusion of the CP correc-
tion yields binding energies only between —0.04 and —0.02 eV larger
than without diffuse functions (see the supplementary material).
Thus, it can be concluded that these contributions do not alter
the qualitative interpretation of the adsorption energies. Regard-
ing the core-valence corrections, calculations carried out with the
MP2 method correlating all electrons (ae) and using the correlation
constant polarized weighted core-valence basis set (cc-pwCVnZ,
n = D,T) indicate that in all cases these contributions only increase
the binding energies in the order of —0.02/-0.03 eV, and it can
be surmised that core-valence corrections are negligible for the
adsorption energies determined in this study.

IV. SUMMARY

This work presents a systematic study of the CO adsorption on
three low-index CeO; surfaces, i.e., (100), (110), and (111), using
wave-function based methods such as MP2 and CCSD(T) in the
context of an embedded cluster model. From the theoretical per-
spective, it is concluded that the best results were those obtained
at the CCSD(T)/def2-TZ/QZVPP level of theory using CeO, bare
surfaces periodically optimized employing the HSE06 functional
[(2 x 2) cell size].”! The best theoretical estimates for the CO fre-
quency on the CeO,(111) (2166 cm™!) and Ce0,(100) (2193 cm™)
surfaces obtained at the CCSD(T)/def2-TZ/QZVPP level of theory
are 12 and 17 cm™! larger than the experimental values obtained
under 1 ML coverage conditions. Previous periodic DFT investiga-
tions’! already estimated a blueshift of ~4 cm™ (111) and 8 cm™

ARTICLE pubs.aip.org/aipl/jcp

(100) for low coverage conditions; then the calculated data would
likely be ~8 and ~9 cm ™" larger than the experimental evidence for
the CeO,(111) and CeO,(100) surfaces, respectively. This low cov-
erage blueshift has also been observed previously on the frequency
of CO adsorbed on MgO(001), where a shift from 2150.2 cm™!
(at 0= i) to 2157.5 cm™ ' (at 8 — 0) was observed.!> For this case,
periodic LNO-CCSD(T)'** computations predict, however, the CO
vibrational frequency on CO@MgO(001) (8 — 0) at 2173.9 cm™,
which is 16.4 cm™ larger than the experimental value.'”> For
the (110) surface, the theoretical and experimental data compare
differently. The CCSD(T)/def2-TZ/QZVPP values are -7 cm™
(top configuration) and —21 cm™ (tilt-x configuration) lower than
the two experimental features measured at 2170 cm™ (negative
feature) and 2160 cm™! (positive feature). In this case, the high-
coverage corrections were estimated to cause a redshift of 1 cm™
and a blueshift of 4 cm™ for the top and tilt-x configurations, respec-
tively. These contributions added to our best estimates result in final
values that differ from the experiment by —8 and —17 cm™" for the
top and tilt-x configurations, respectively. Moreover, in view of the
presented results concerning the adsorption of CO on Ce0O,(110),
the basis for assigning the experimental data to only two “static”
configuration figures (top and tilt) is insufficient. This alludes to
the existence of a range of configurations almost perpendicular
(10°-15°) to the surface and another where the molecule is clearly
tilted and adopts different positions in a range of 20°-25° rota-
tion along the xy plane. A similar situation was described in the
case of CO@MgO(001)!* and for CO@Ce0(110)°! in the con-
text of periodic DFT under 1 ML coverage. Our best predictions
(CCSD(T)/def2-TZ/QZVPP), which deviate by —5 cm™! (top) and
—16 cm™! (tilt-x) from the two experimental features, are plausible.
Any top configuration of CO on the low-index CeO, surfaces leads
to a blue shift; however, the tilted configurations found on the (110)
surface result in very close frequencies to the CO value in the gas
phase.”

Regarding the binding energies, the results obtained at the
CCSD(T)/def2-TZ/QZVPP level of theory indicate that the cases
where CO is most weakly bound to the surface are the top positions
on the (111) (=0.13 eV) and (110) (-0.17 eV) surfaces. For the (110)
surface, the most stable configuration (tilt-x) exhibits a slightly larger
binding energy of —0.20 eV (—0.03 eV more stable than the top con-
figuration). The CO bridge position on the (100) surface results in a
binding energy of —0.40 eV, which is almost twice the value of the
other two surfaces. Based on these results, it can be summarized that
the top configurations are those in which the CO-surface interac-
tion is weakest, followed closely by the tilted configuration (tilt-x) on
the (110) surface. Finally, the CO bridge position on the (100) sur-
face appears to be more strongly bound to the surface; however, it
is within the framework of what could be defined as a physisorption
case.

Limitations of the presented approach are (1) surfaces opti-
mized with the HSE06 functional as the best description of the bare
surfaces, (2) the fact that the model is based on a low coverage case
(0 < 1), (3) the no inclusion of relativistic effects and high-order
coupled-cluster-corrections, and (4) the intrinsic error associated
with the cluster size and shape. For the last three aspects an uncer-
tainty of 5 cm™" is estimated for the present work, as well as for our
previous study on the CeO,(111) surface.®
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SUPPLEMENTARY MATERIAL

The supplementary material contains information on the use
of bare surfaces for CeO,(100) optimized with different function-
als and supercell sizes. It also includes data on the effect of diffuse
basis functions on the prediction of the CO adsorption energy on
Ce0,(100) (bridge), Ce02(110) (top), and CeO2(110) (tilt-x).
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