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Abstract

We present a study based on first principles methods on the adsorption of carbon
dioxide on stoichiometric ceria (110) surfaces. We consider all inequivalent potential
adsorption sites and different molecule orientations. We find that there are in all five
stable adsorption states. The COg molecule either chemisorbs on a surface oxygen or
converges to one of four possible physisorption states, depending on the site approached
an on the initial molecule orientation. In the chemisorption state, the molecule and
surface oxygen form a carbonate species. The binding to the surface is monodentate

and strongly involves the CO9 molecule non-bonding orbitals. Physisorption is of the



Debye type, i.e., the interaction occurs due to the induction of a dipole moment on the
molecule and the polarization of the on-site surface atoms. In one of the physisorption
states the dipole moment is linear, and physisorption is of moderate strength. In
the other three physisorption states the dipole moment is mainly caused by molecule
bending, resulting in stronger physisorption. Our findings suggest that chemisorption

should be observed more often than physisorption in this system.

1 Introduction

Furthering our understanding of the surface chemistry of CO5 has been at the center of con-
tinued research efforts for decades now.!? Environmental problems directly related to CO,
emission and the refinement or development of research techniques have fueled even wider
and more concerted efforts. For instance, the International Conference on Carbon Dioxide
Utilization (ICCDU), a long-running international series, is a forum where topics ranging
from fundamental research to industrial applications are discussed every year. Prominent
among the topics covered in recent years are catalytic CO, splitting, hydrogenation and con-
version. Major technologies for that purpose include thermal, photochemical, electrochemical
and plasma catalysis. The latter has emerged as a prime technology because of the various
technical and practical advantages it presents.?® It has been applied in CO, hydrogenation
research as it is one of the especially promising applications of plasma catalysis. %"
Needless to say, the choice of catalyst is as critical for traditional heterogeneous catalysis
as for all the above technologies. Thus, over the years a wide range of materials have been
used or considered as possible catalysts, depending on the application envisaged.?® Ex-
perimentally, there has long been interest in transition metal oxides, with works frequently
addressing specifically COs adsorption on a range such oxides, some investigating in par-
ticular whether chemisorption and/or physisorption occurs.?1? From the theoretical point

of view, studies based on density functional theory have benefited from the more recent

development of reliable approximation methods and functionals to treat the van der Waals



interaction. Indeed, it is important to recognize that the van der Waals interaction can affect
significantly the adsorption process and the adsorption energies.!® There are quite remark-
able works studying specifically the interplay between physisorption and chemisorption, and
showing how the former can lead to the latter.'* 7 As could be expected, most current works
concerning CO, adsorption exploit those approximation methods and functionals.!®2°

Ceria and ceria-based materials have long been used as catalysts with success, with the
automotive three-way catalysis arguably being its most successful early technological appli-
cation.?"?? Interest in ceria as a catalyst on a wider range of applications has thereafter
grown steadily, specially in the last decade.? 26 Not surprisingly, ceria has been considered
by many experimental and theoretical groups as a possible catalytic material, not only for
the purposes of CO, hydrogenation or reduction,?”3? but also CO, and, more generally,
conversion.3¥ 37 These works contribute greatly to the development of strategies to convert
COy into high-value products. However, as the focus of these works is mainly on the de-
velopment of the particular catalytic processes considered, there are fundamental aspects
of CO, adsorption on ceria that are not addressed directly. In particular, the phenomena
determining the adsorption on stoichiometric CeO, (110) surfaces, adsorption typically con-
sidered in the mentioned works. Note that, because of its structure, and unlike the water
molecule, the dipole moment of the CO5 molecule is zero and only presents a quadrupole
moment.3® Molecular quadrupole moments, however, are in general are not expected to lead
to a significant molecule-surface interaction if the molecule is not close to its equilibrium
position.3* 4! Moreover, in this context it is important to recall that the CeO, (110) free sur-
face is nominally non-polar. Thus, whether physisorbed or chemisorbed, a quite intriguing
question is what mechanism and what changes in the molecular and surface structure and
energy levels lead to one or the other adsorption.

It also calls our attention that the different computational works in the reports above,
all based on density-functional theory (DFT), are not always consistent with each other

and show puzzling quantitative and even qualitative differences. Indeed, the earlier studies



suggested that CO, would only physisorb and not chemisorb on stoichiometric ceria (110)
surfaces.?”?® The more recent works, however, all indicate that CO, can chemisorb on such
surfaces, at an oxygen site.3¥37 On the other hand, while Refs. 34 and 35 mention only
chemisorption and Ref. 37 indicates that no stable physisorption was found, Ref. 36 reports
both physisorption and chemisorption. Furthermore, the chemisorption energies at a surface
oxygen reported are all different and vary from —1.32 eV in Ref. 34 to —0.32 eV in Ref.
36. Also, in Refs. 36 and 37 the CO5 molecule chemisorbed at the surface oxygen appears
to be rotated by approximately 90° compared to what is found in Refs. 34 and 35. It is
also surprising that while in Refs. 34 and 35 the molecule will chemisorb preferentially at an
oxygen vacancy, i.e., the adsorption energy in that case is lower than in the case of adsorption
at a surface oxygen, in Ref. 37 the adsorption at an oxygen vacancy is endergonic (+0.47 or
+0.68 eV, depending on the calculation approach). The discrepancies arise most probably
because supercells of different characteristics are used to model the surface and also different
approximations/computational parameters are applied. We come back to these points in
relation to our findings in Section 4. We point out that from the experimental point of view,
we only are aware one work specifically devoted to study CO, adsorption on CeOs (110)
surfaces, namely the XPS/NEXAFS study of Yang et al.*> They observe both chemisorbed
and physisorbed species in the spectra, albeit as a minority species in the latter case, and
this on reduced as well as on fully oxidized surfaces.

In this work, we revisit the question of the adsorption of COy on a fully oxidized or
stoichiometric CeOs (110) surface using first-principles methods. We consider all five in-
equivalent potentially stable adsorption sites on the (110) surface, as well as different CO,
orientations (e.g., parallel or perpendicular to the surface) at each site. We find that in
almost half of the cases considered the molecule will eventually chemisorb as a carbonate
on a surface oxygen. In the rest of the cases it will physisorb, but there are only four
particular physisorption states to which the molecule will converge. To shed light on the

phenomenology behind our findings, we analyze the results in the light of the CO5 molecule



energy levels, electronic structure of the surface-adsorbate system, and charge distributions.
As one might expect, in the case of physisorption, the molecular energy levels as well as the
surface states are relatively unperturbed. Nevertheless, we will see that the interaction is
enough to cause polarization and an induced dipole moment in the CO5 molecule leading to
its adsorption. In the case of chemisorption, on the other hand, all levels are considerably
perturbed, participating directly or indirectly in the interaction. Essentially, molecular lev-
els and surface states hybridize strongly, resulting in a carbonate species. Interestingly, the
molecular non-bonding levels play a leading role in the bonding resulting in the carbonate
state.

In the following Section we describe the methods and modeling used. In Section 3 we
present our results, followed by a discussion in Section 4. We end the paper with conclusions

in Section 5.

2 Methodology

2.1 Computational aspects

We performed our first-principles calculations using the Vienna Ab Initio Simulation Package
(VASP version 6.4.1).4345 We used projector augmented-wave (PAW)46 data sets to describe
core-valence interactions, as implemented in VASP.4” More specifically, we used GW__PAWs
in all cases. Because of the highly localized states arising from the Ce 4f orbitals, to treat
the exchange-correlation energy we adopted the PBE+U scheme, where PBE represents
the generalized gradient approximation (GGA) functional due to Perdew-Burke-Ernzerhof
(PBE).*® For the Hubbard U term we used the rotationally invariant approach of Dudarev

1'49

et al.*” Furthermore, to account for the van der Waals energy, we used the optB86b-vdW

nonlocal functional. %52 In this approach, a nonempirical nonlocal functional is added to the
correlation functional to describe the van der Waals interaction in sparse systems in general.

It has been shown to provide a robust description of adsorption.!3



Other computational specifics are as follows. The value chosen for the Hubbard U pa-
rameter is 5 eV. This was shown to be a good value for ceria by Nolan et al.,’ and is the
value typically used in computational studies of adsorption on ceria surfaces, such as those
cited earlier.®® The plane wave basis set energy cutoff was set at 500 eV and total energies
were converged to within 107 V. For bulk CeO,, a I'-centered 6 x 6 x 6 regular k-point mesh
is used. Its lattice parameter was determined via fitting to the Birch-Murnaghan energy-
volume equation of state.’ We find a = 5.488 A, which is just 1.4% above the experimental
value of 5.411 A% obtained from powder diffraction data.’” (See Supporting Information
for more details on this and other calculated properties of bulk CeOy).

In its ground state CeO, adopts the fluorite structure, space group Fmdm (#225). Based
on our calculated lattice parameter, to model a (110) surface we constructed a supercell
consisting of a p(2 x 2) slab cut perpendicular to the [110] direction, five atomic layers thick,
topped by a vacuum layer of 15 A (see Figure 1). The purpose of the latter is to ensure a
free surface model by preventing any spurious effects due to the periodicity in the direction
perpendicular to the slab. For structural calculations the corresponding Brillouin zone was
sampled by a I'-centered 5 x 7 x 1 regular mesh. As for the bulk calculations, the energy
cutoff is 500 eV and total energies were converged to less than 1076 eV. The structure of
the surface was determined by relaxing the top three layers, keeping fixed the two bottom
ones. Forces were converged to within 0.01 eV/ A using the conjugate-gradient algorithm
implemented in VASP. For density of states (DOS) calculations, we used the tetrahedron
method®® and a I'-centered 10 x 14 x 1 k-point mesh.

We determined the COq structure and molecular orbitals using the PBE functional (in
conjunction with the nonlocal van der Waals functional discussed above, for consistency in
energy comparisons). The molecule was put in a cubic box of side 12 A for this purpose. The
box is large enough that the properties determined are those of a free molecule within the
accuracy of the approach used. The energy cutoff, as well as energy and forces convergence

criteria were the same as for the slab calculations. The C—-O bond length found is 1.173 A,



to compare with the experimental value of 1.163 A. The difference is less than 0.9%.
Polarization was estimated using the Tkatchenko-Scheffler method with iterative Hirsh-
feld partitioning (Hirshfeld-I), as implemented in VASP. In this method, the original Hirsh-
feld partitioning method used by Tkatchenko and Scheffler®® is replaced with the iterative
procedure introduced by Bultinck et al.®® The Hirshfeld-I method accounts better for charge
polarization and redistribution as it reflects the relative electron affinity of the atoms in a
molecule, as well as the overall bonding environment. It has been shown to lead to more
accurate results in systems where van der Waals interactions are important.%:52 Charge
transfers were estimated via a grid-based Bader charge analysis. %

A note on figures. Crystallographic plots were made using VESTA.% For all other plots,

including the CO, orbitals plots, we used Matlab.%

2.2 Adsorption geometries

In Figure 1 we show a side view and a top view of the supercell used to model the surface.
We adjoin to the supercell axis labels the corresponding directions in the fluorite structure.
The layers are stoichiometric, so the surface is charge neutral. Relaxation causes the upper
interlayer distances to contract, a phenomenon common to other fluorite oxides surfaces,
such as UO,.% The contraction of the subsurface layers decreases gradually. Also, the Ce
atoms respond more strongly to relaxation than the O atoms, in line with what Nolan et

al. report,?

causing the Ce-O layers to slightly split. This is the reason for the jagged
appearance of the upper Ce-O layers in Figure 1, especially the top layer. See Supporting
Information for detailed data on the interlayer distances.

In Figure 2(a) we show a top view of the supercell indicating the five inequivalent poten-
tially stable adsorption sites considered in our study. For clarity, the atoms in the subsurface
layer are shown in faded colors, acknowledging that their direct effect on adsorption can be

expected to be considerably weaker than the effect of the top layer atoms. The Ce atoms

in the subsurface layer are ~1.7 A below the top layer Ce atoms, and the O atoms in the



Figure 1: Slab supercell used in our adsorption calculations. The vacuum space above the
slab is 15 A high. The left side of the figure shows a side view of the supercell. Relaxation
causes top interlayer distances to contract. Contraction decreases gradually going downward.
Also, the different response of the Ce and O atoms causes a jagged behavior especially
noticeable in the top layer. The right side of the figure shows a top view of the supercell.




same subsurface layer are ~1.9 A below the top layer O atoms.%” In the figure we show the
label used for each site. The abbreviations used hereafter for simplicity are also indicated —
Diamond-hollow: dh; O-top: ot; O-O bridge: oo; Hexagonal-hollow: hh; Ce-top: ct. Notice
that, except for the O-top, the sites coincide with high symmetry lattice points. Further

down we will see that it is important to take this into account when running the calculations.

Figure 2: Adsorption sites and CO5 molecule orientations. The carbon atom is colored black.
(a) Top view of the slab supercell, showing the possible COy adsorption sites considered in
this work. The atoms in the subsurface layer are shown in faded colors for clarity. Site
names and abbreviations are as follows — Diamond-hollow: dh; O-top: ot; O-O bridge:
0o; Hexagonal-hollow: hh; Ce-top: ct. (b) Molecule along the a-direction (|001]) at the
Diamond-hollow site: dh,. (¢) Molecule along the b-direction ([110]) at the O-top site: oty,.
(d) Molecule along the c-direction ([110]) at the Hexagonal-hollow site: hh.. In all cases the
molecule is placed at a height of 2.6 A above the top oxygen atoms plane. The reference
atom in the molecule for this is the carbon atom in Figs. (b) and (c¢), and the bottom oxygen
atom in Fig. (d).

Diamond hollow
O-top

0-0 bridge
Hexagonal hollow
Ce-top

The CO5 molecule is linear, so for the adsorption calculations it can be set in three main

orientations with respect to the surface. Referring to Figure 1, these are the [001], [110],



and [110] CeO, fluorite structure directions, or equivalently, the a, b, and ¢ supercell axis
directions. Thus, in the first two cases the molecule lies parallel to the surface, and in the

latter case it is perpendicular to it. Taking the results of previous works as a guide,?"2®

we
chose to always set the CO, molecule initially at a height of 2.6 A above the plane of the top
oxygen atoms. Specifically, when the molecule is parallel to the surface, it is the carbon atom
that is the reference for this. That is, it is the carbon atom that lies directly above the site
considered at the height indicated. When the molecule is perpendicular to the surface, it is
the lower oxygen atom that is the reference atom. To simplify the notation, the orientation
of a molecule at a given site is indicated by a subindex. A molecule initially set at site
Diamond-hollow (dh) oriented parallel to the a axis is said to be set in the dh, geometry. A
similar convention applies to the initial orientation in the other directions, i.e., along [110]:

subindex b; along [110]: subindex c. In Figs. 2(b), (c), and (d) we present an example for

each one of the three cases. In this work we consider, thus, fifteen initial geometries.

3 Results

3.1 CO; molecular orbitals and energy levels

For a closer analysis of the interaction of the COy molecule and the CeOq surface, it is
important to know what the energy spectrum of the molecule is in comparison with the
electronic structure of the surface. For completeness and for further reference in this work we
show in Figure 4 the free molecule energy levels we computed and the associated orbitals. The
latter are readily obtained using the wavefunction expansion coefficients in the WAVECAR
file output by VASP. Our calculated valence energy levels correlate very well with the x-ray

photoelectron spectroscopy results of Allan et al.%

The lowest occupied orbital is the 3o,
and the highest occupied orbitals (HOMO) are the 1m,, with a total valence spectrum width
of ~20 eV, matching very well experiment. The width of the upper part of the spectrum

(~4.7 eV: 40,—1m,) is rather close to experiment as well. Also, in Ref. 68 it is deduced that
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Figure 3: Calculated CO, energy levels and molecular orbitals. The plots show the orbital
amplitudes times the sign of the phase of the corresponding wavefunction; the color indicates
the sign (purple: positive, light green: negative). The isosurfaces are such that 90% of the
charge is enclosed by them, except in the case of 50, and 40,, for which it is 70% for
visualization purposes. The dotted line separates the occupied and unoccupied orbitals, i.e.,
the HOMO states are the 17, and the LUMO the 50,. Notice the large energy gap between

these levels.
Energy (eV) '”

4oy 4.610
Antibonding 2 X 2my 4.053
50, 3.395

Non-bonding 2x1m, —4.460

‘ 3oy —7.989
2% 1w,  —8.037
40, 9122

Bonding

= 305 _94.505

200 _93.520 .“,
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the lowest unoccupied molecular orbital (LUMO) is the 50y, in coincidence with what we
find.% Note that the measurements reported are not able to resolve the splitting between
the 30, and 1, orbitals in the valence band. Based on the self-consistent molecular orbitals
computational methods available at the time, Allan and co-workers tentatively designate
the 30, to be lower. Our calculations indeed predict nearly degenerate energies, but we find
the reverse ordering, as shown in Figure 3. Of course, this has little effect on the molecule
total energy. In any case, we shall see later that this ordering does not play an important
role as regards the CO, adsorption cases we consider. Finally, Allan et al. suggest that
the orbital lying above the LUMO is the 40, with the two 2w, orbitals lying higher up in
energy. We find it to be the reverse, as shown in Figure 3. Again, this is of no consequence
to our analysis further down, as these energy levels lie above the CeOs surface calculated
conduction band minimum and do not contribute to adsorption. It would be interesting,

nonetheless, to have more recent experimental results on the CO5 molecular energy levels.

3.2 Physisorption and chemisorption

The adsorption energies were calculated as E, = Epigsiab+co. — Epigsiab — Fco,. Here
Ef110)s1ab+-C0, is the total energy of the slab-+CO;, molecule system. This is calculated after a
full relaxation of the molecule and again the upper three atomic layers of the slab. Ejigjgiab
and Fco, represent the total energies of the relaxed free slab and free CO5 molecule, respec-
tively. Starting from the fifteen geometries indicated above, we found that there are in all
only five stable adsorption states. Their characteristics are specified in Table 1. The adsorp-
tion states labels in the first column indicating their location and orientation follow the same
convention as for the initial geometries. To avoid confusion between the adsorbed state label
and the initial geometry label, we added a superscript (¢, for “adsorbed”) to the former. The
last column in Table 1 indicates which initial geometries lead to the corresponding adsorbed
state. The five stable adsorption states are depicted in Figure 4. The adsorption energies

in the second column of Table 1 very strongly suggest adsorption either by physisorption
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Table 1: CO, adsorption energies (V) on CeO, [110], heights above the surface, C-O bond
lengths, and O-C-O angle. The height is relative to the closest oxygen in the topmost
oxygen plane. The CO, molecule is bent to different degrees. Bond lengths are also affected
differently. In the otj' case the adsorbed molecule forms a carbonate species with a top
oxygen atom, so there are three C-O bonds. The (2) in the corresponding entries means that
two bond lengths and two angles share the same value.

state B, (eV) H (A) lc_o A lo—c—o (°)  initial geom.

dhy  —0551 25 1.176 173.9 dhy, dh,, cty

oty —1.765 - 1.278(2),1.347 116.4(2),126.7 dh,, ot,, oty, ot., 004, 00, hh,
ooy  —0.514 2.2 1.177 171.2 00y

hh§  —0.549 2.4 1.173 177.0 hh,, hh,, ct,

cte  —0.266 2.8 1.173,1.170 180.0 cte

or by chemisorption. Indeed, in physisorption adsorption energies typically range from 10
to a few hundred meV, while chemisorption adsorption energies are typically larger than 1
eV. 152070 The reason for the low adsorption energies in physisorption is that it is governed
by van der Waals interactions. It consists of the Pauli repulsion in the short-range, and the
comparatively weak polarization or dispersion forces at long-range. This results in general in
a shallow attractive potential. When trapped, the adsorbate keeps its chemical species and
does not attach chemically to the surface. On the other hand, in chemisorption the adsorp-
tion energies are larger, of the order of chemical bonding energies, because a chemical bond
is formed between the adsorbate and the surface. Hence, as can be expected, there are clear
changes in the structure and energy levels of the adsorbate and the surface that correlate
directly with the resulting adsorption energy. Our analysis in the next Subsection, based
on the surface electronic structure and energy levels of the molecule of three representative
cases, corroborates this.

According to the adsorption energies in Table 1, there are four physisorption states and
one chemisorption state. Specifically, each of the high symmetry locations (see Figure 2)
harbors a physisorption state, while the chemisorption state occurs at the O-top site. Ta-
ble 1 further shows that whether physisorption or chemisorption occurs is highly dependent
on the initial orientation of the molecule relative to the surface, as well as on the site ap-

proached. What is more, in several cases, COy molecule will be drawn to move toward a
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neighboring site and/or rotate until finally physisorbed or chemisorbed. Thus, eight out of
the fifteen initial geometries considered lead to one of the four physisorption states. The
energies suggest moderate (ct?) and strong (dh, ooy, hh®) physisorption. Except for the
ctd case, the molecule is slightly bent in the physisorbed states. In the ct case, the molecule
remains essentially linear, but the C-O bond lengths are slightly different. Table 1 also shows
that, remarkably, all seven remaining initial geometries lead to the oty chemisorbed state.
Its adsorption energy of —1.765 eV clearly falls in chemisorption range. As will be illustrated
in the next Subsection, the CO5 molecule forms a carbonate species with the surface oxygen.
The bond length of 1.347 A given in Table 1 corresponds to the carbon atom-surface oxygen
bond length. In forming the carbonate, the COy molecule pulls upward the surface oxygen
atom by 0.274 A; it also displaces it in the direction of the a axis by 0.165 A (see Fig. 4;
the upward displacement is clearly seen, but the a-direction displacement is less discernible).
Note also that the bond angles and bond lengths in Table 1 indicate that the carbonate devi-
ates from the trigonal planar symmetry. It is slightly tetrahedral because of the interaction
with the surface.

Let us point out that taking into account the site multiplicity because of the symmetry
of the surface, as well as the molecule initial molecule orientations, the actual ratio of initial
geometries or configurations leading to chemisorption to those leading to physisorption is 5
to 4. Our calculations do not take into account temperature effects, but in experiment these
can be important. In particular, it is known that physisorption generally decreases with
temperature. For instance, the actual adsorption energy can be weaker due to vibrational
energy. On the other hand, chemisorption benefits from temperature if it is not too high,
as it can provide the necessary activation energy for bond formation. Thus, with increasing
temperature the chemisorption to physisorption ratio can be expected to be higher. In this
sense, our results point in the same direction as the experimental findings of Yang et al.*?
Indeed, in their the XPS/EXAFS study they observe that CO5 adsorbs mainly as a carbonate

on fully oxidized CeOs (110), and only physisorbs as a minority species.
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Figure 4: The five stable adsorption states found in this work. States dhj’, ooy', hh$, and ct?
are physisorbed states; oty’ is a chemisorbed state. The later is a carbonate species; notice
that the surface oxygen atom participating in it is pulled upward. The slight bending of the
CO2 molecule in states dhj', oo, and hh{ indicate an induced dipole moment. State ctg
presents a dipole moment as well, but it is essentially linear. The colored arrows refer to
the supercell axes (see Figs. 2). The view in the top row plots is from above. In the bottom
row, the vertical axis is the c axis.

dhy oty ooy hh¢ cty

————————————————————————————————————————————————— TOp VIEW  osemmemcn e s v o e o s oo ey s e oo

—> b —>a —*a
————————————————————————————————————————————————— SIdeVIBW e e e e
000 0—0-0 i
O+ i
M z’“}(
\“/ -
—> b - a —>a

We call attention to the following regarding the calculation of the adsorption state in the
neighborhood of a high symmetry site. If the initial position of the CO5 molecule is exactly
on-site in a high symmetry location, it will not necessarily relax to the corresponding lowest
energy adsorption state. The reason for this is that the electrostatic force on a charge
located in such a symmetric position is zero. The CO, molecule is not a point charge, but
it is linear and symmetric with respect to the carbon atom. Even if symmetry is disabled in
the calculations (ISYM=0 in VASP), the site symmetry will be reflected in the forces acting
on the molecule. Thus, relaxation in such a setting leads sometimes to a metastable state.

For instance, setting the COy molecule exactly in the hh, geometry, it will come to rest
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at a height of 2.2 A directly below the initial point, keeping its vertical orientation. The
calculated adsorption energy would then be —0.141 eV. But the state is not stable. Restarting
the calculation after perturbing the molecule position slightly, i.e., moving it ~ 0.2 A in a
diagonal direction to break the unintended symmetry effects, results in the molecule evolving
further, reorienting itself parallel to the surface and finally falling into the much lower state
indicated in Table 1 (note that the molecule moves away from the surface). To avoid such
problems; it is enough to locate the COy molecule initially slightly off-site. Of course, if
indeed a locally stable adsorption state preserving the initial orientation can be found at a
high-symmetry location, the molecule will still be driven to it (as implicitly shown in the
table). For completeness and for the purposes of comparison, we carried out the calculations
for all the fifteen cases considered in this work starting from the on-site settings as well (same
initial height as for the off-site calculations). The adsorption data for these cases are given
in Table S1 in the Supporting Information.

To close this subsection, we point out that the above shows that the five adsorption
states identified exhaust all the stable adsorption sites. Indeed, if the COy molecule is
initially set at an intermediate location between those considered above, it will be in the
basin of attraction of one or the other adsorption state, and will eventually converge to it.
In the following subsection we look now at the insight on adsorption that can be gained by
comparing the energy structure and energy levels of the clean slab, the free molecule, and
the surface-adsorbate system, as well as the charge distribution in them. We consider three

representative adsorption cases among the above.

3.3 Electronic structure and charge distribution

As suggested in the previous Subsection, the adsorption energies in Table 1 can be roughly
classified as moderate physisorption, strong physisorption, and chemisorption. As represen-
tative of each case, we analyze below the phenomenology behind the adsorption states ctZ,

dhy, and ot}
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3.3.1 Moderate physisorption

Prior to our analysis we note that compared to the bulk, the slab Ce 5s energy levels are
split because the Ce atoms in different layers are inequivalent. Also, the bandwidths are
larger than those of the bulk. This is due to the contraction of the upper Ce-O layers that
was discussed before. Such an effect on bandwidths due to contraction is well known in
insulating or semiconducting materials”™ (see Supporting Information for more details on
the bulk-slab electronic structure comparison).

Now, an electronic structure comparison requires a common energy reference. Since the
Ce 5s levels of the free slab are quite deep in energy, one can expect that they will not
be significantly affected by the adsorbed molecule and can be used for that purpose. We
begin by considering the ct? adsorption state, for which the adsorption energy is moderate
in comparison with those of the other physisorption states (see Table 1). In Figure 5(a)
we plot simultaneously the DOS corresponding to that case and of DOS of the clean slab,
aligning their Ce 5s levels.” The inset in the figure is an enlargement showing the close
alignment of the Ce 5s manifold of levels of the two spectra. One immediately notices the
series of narrow peaks in the spectrum of the slab with CO, adsorbed that is absent in the
spectrum of the clean slab. Obviously, these peaks are due to the adsorbed molecule. Aside
from this, the alignment leads to a nearly perfect overlapping of the CeOy levels. Notably,
the band widths and the valence band maximum (VBM) of both spectra coincide. Note,
however, that at certain energy values there is a slight difference in intensity, for instance in
the [—5,0] eV energy interval.

Going back to the peaks due to CO,, we looked at the spd-projection data to find out
the character of the corresponding states. Remarkably, these were found to be of pure COq
character, with a clear one to one correspondence with the levels of the free molecule. The
character of the levels is corroborated in the energy bands plot corresponding to this state;
see Supporting Information. To study more closely the effects on the adsorbed molecule levels

due to the interaction with the slab, in Figure 5(b) we overlaid the energy level spectrum of
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Figure 5: (a) DOS of the CeOs clean slab and of the slab with the molecule adsorbed in the
ct® state above a Ce atom, aligned according to the lowest Ce 5s levels. The main difference
comes from the CO; levels in the slab with the molecule adsorbed. Otherwise, although
real, the difference is small. (b) Plot overlapping the DOS of the slab with the adsorbed
molecule and of the free CO5 molecule. The peaks corresponding to COs in the former can
be readily identified thanks to spd- and site projections. The adsorbed molecule is very
weakly perturbed, but enough to lead to an induced dipole moment and physisorption.
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the free CO, molecule on top of the the DOS of the slab with the adsorbed COy molecule.
The labels indicate the orbital character of the peaks due to the adsorbed molecule.”™ The
3o, peaks to were used to align the two spectra. The degeneracies of the m,, 7,, and 27,
levels of the CO5 molecule in the slab are very slightly lifted (recall the degeneracies shown
in Figure 3). The differences are of the order of the meV, so not resolved in the plot. It is also
quite significant that the relative differences in energy levels appear to be relatively weakly
affected by the interaction with the slab. Nevertheless, the 40, level is shifted noticeably
downward, and, moreover, the 30, and 7, levels present a reversed order compared to the
free molecule. In any case, as the spd-projection and band structure analysis show, the
ground state levels of the molecule remain fully occupied. As can be expected, a Bader
charge analysis shows that the total charge of the COy molecule remains unchanged (see
Supporting Information). This implies that there is no charge transfer between the molecule
and the surface and no chemical bond. On the other hand, at the equilibrium position
the interaction between the molecule and the surface leads to a change in the polarization
of the CO, molecule. Indeed, a Hirshfeld-I calculation shows that the carbon and upper
lying oxygen atoms become more positive (+0.073e and +0.004e, respectively),™ while the
lower oxygen atom becomes more negative (—0.112¢). Hence, although the molecule remains
essentially linear (see Table 1), it presents an induced dipole moment. By the same token,
the surface atoms are subject to a slight polarization mutation, reflected in the slight changes
in the surface density of states mentioned before; in particular the Hirshfeld-I charges show
that the Ce atom below the molecule becomes more positive (40.040¢).”™ Therefore, the
adsorption mechanism can be seen as follows. An equilibrium height of 2.8 A (see Table 1),
means that the molecule has been pushed away from the surface, as the initial height was
2.6 A. Thus, initially the dominant force is the short-range Pauli repulsion. Thereafter,
the molecule reaches equilibrium owing to the polarization of the surface and the induced
dipole in the molecule.”™ Thus, the interaction can be seen as a Debye type of van der Waals

interaction, where the attractive forces are essentially due to induced polarization. 34
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Figure 6: (a) DOS of the CeO, clean slab and of the slab with the molecule adsorbed in the
dhj state above a Diamond-hollow area, aligned according to the lowest Ce 5s levels, as in
the previous case. Here, the effects of the molecule-surface interaction are more noticeable,
both in the intensities of the slab and the molecule. (b) Plot overlapping the DOS of the
slab with the adsorbed molecule and of the free CO5 molecule. The degeneracy of the m,
and 7, is more markedly lifted, and the order of the m, and 3o, levels is inverted. In this
case the molecule bending associated with the induced dipole moment is stronger, and so is
the physisorption.
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3.3.2 Strong physisorption

We now consider the dhj' adsorption state. With a —0.551 eV adsorption energy, it is in the
strong physisorption class. Figure 6(a) shows, similar to the previous case, the DOS of the
clean slab and of the slab with the adsorbed molecule aligned as determined by the lowest Ce
5s level (not shown explicitly in the figure). Again, band widths are conserved and result in
coincident VBMs. As in the previous case, the DOS shows some slight intensity differences,
signaling some charge distribution changes. The effect of the interaction on the COs levels is
similar to what was observed in the ct? case, only stronger. In Figure 6(b), the free molecule
levels are plotted on top of the DOS of the slab with the molecule adsorbed (here too the 3o,
levels are used to align the spectra). With respect to the two lowest levels, which conserve
their relative energy difference, the 40, level is shifted, as in the cty case. The order of the
m, and 30, is also inverted with respect to the free molecule. The degeneracy of the m, and
7y levels is lifted as in the previous case, only more markedly. This is more obvious in the 7,
case in Figure 6(a). Similarly, the 27, degeneracy is visibly lifted [this is also more clear in
Figure 6(a)]. There is no significant hybridization of the COq levels with the CeO, surface
states, and the affected ground state levels of the molecule remain fully occupied. A Bader
analysis again shows basically no charge transfer between the CO5 molecule and the surface
(see Supporting Information). That the interaction is stronger here than in the moderate
physisorption case is manifest in two ways. First, the molecule shows greater polarization.
Indeed, the Hirshfeld-I charges show that carbon becomes more positive by 40.144¢ and the
oxygen atoms become more negative by —0.105e each. In addition, there is the bending of the
molecule (173.9°), which certainly translates in a stronger induced dipole moment. Second,
because of the interaction both the Ce atoms closest to the molecule oxygen atom show an
increase in polarization; the Hirshfeld-I charges show that they become more positive by
+0.028¢ each. Note that the equilibrium position is 2.5 A above the surface, i.e., it is drawn
closer to the surface, lower than in the previous case (2.8 A, taking as reference the lower

oxygen atom). This can also be seen as reflecting a stronger force, which generally correlates
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with the height above the surface at which a physisorbed molecule reaches equilibrium.
Again, the net effect is that the CO5 molecule reaches equilibrium through the interplay
between the surface polarization and the induced dipole moment in the molecule. Hence,
also in this case the physisorption can be considered of Debye type.

Let us add here that the same can be concluded about the two other strong physisorption
case, ooy and hh$. Although the adsorption energies, bond lengths, and bending angles are

somewhat different, the phenomenology is essentially the same.

3.3.3 Chemisorption

We turn now to the chemisorption case, the oty state. In Figure 7(a), we show the DOS
plots of the clean slab and the slab with the adsorbed CO, molecule, aligned according to
the lowest Ce 5s level, as in the preceding cases. The DOS of the slab with the adsorbed
molecule presents substantial differences compared to the two preceding cases. Although
bandwidths and VBM remain remarkably the same, the contribution to the DOS of the
states due to COs is quite different from those in the physisorption cases. As the inset
shows, the splitting of the reference Ce 5s levels is no longer preserved. Furthermore, the
number of distinct peaks due to CO; is not the same as in the physisorption cases and
the energy spectrum of the free molecule does not seem recognizable any more. Also, the
DOS intensity changes in the upper valence band are more important. To understand this
better, in Figure 7(b) we show the DOS of the slab with the adsorbed CO, in the ot state,
overlapped with the projected DOS of the adsorbed molecule (multiplied by 10 for clarity).
There is obviously a much stronger interaction between the CO, levels and the slab states.
Thanks to the spd- and site projection it is still possible to identify the main character of
the states arising from the COs levels. These are strongly shifted upward compared to their
value for the free molecule, if the Ce 5s levels are used as a guide. Quite significantly, in
contrast with the physisorption cases, they all have some level of hybridization with CeO,

states. It is specially strong in the case of the 20, and 7, levels. The 20, is pulled into the
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Figure 7: (a) DOS of the CeO, clean slab and of the slab with the molecule adsorbed by a
top oxygen in a oty state, aligned according to the lowest Ce 5s levels, as in the previous
cases. The inset shows the alignment, and at the same time that the upper Ce 5s levels are
strongly perturbed. Also, the levels arising from COs appear very different from those of the
free molecule. (b) Plot overlapping the DOS of the slab with the adsorbed molecule and of
the projected adsorbed CO, DOS. The latter is multiplied by 10 for clarity. All COs levels
present hybridization with slab states, but it is particularly clear in the case of the 20, and
7y levels. The 30, and 7, levels give rise to mixed states peaks. An analysis of the DOS
data shows that not only the 7, hybridize with the slab O 2p states, but the o, and the ,,
and 30, as well. The hybridization signals bond formation. (The meaning of the red arrows
is explained below, in the discussion of Figure 8.)
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bottom of the lower CeOs slab valence band and is spread out because of the hybridization
with slab O 2s and Ce 5p levels. The 40, m,, and 30, are also hybridized with the slab O
2p levels, while conserving to an extent their original orbital character. But as suggested
in the figure, the latter two give rise to three mixed states (recall that the m, are originally
doubly degenerate). The 7, degeneracy is lifted and the split levels are largely hybridized
with the slab O 2p levels. The outcome of these interactions is that a bent CO, forms a
carbonate species with a surface oxygen, as shown in the plots in Figure 8. These plots show
the charge associated with the states in two narrow energy windows around the two 7, peaks
in Figure 7(b). The red arrows in Figure 7(b) point to the energy windows, their thickness
indicating qualitatively their width. Figure 8(a) corresponds to states giving rise to the sharp
peak just below the VBM, indicated by the thin arrow (66 meV window), and Figure 8(b)
corresponds to the states giving rise to the broader peak roughly 1 eV below, indicated by
the thicker arrow (340 meV window). The outer lobes arise mainly from the 2p levels of the
molecule oxygen atoms (), while the lower lobe arises mainly from the hybridized surface
oxygen 2p levels. The stronger hybridization associated with the broader peak is evident
in Figure 8(b), as the corresponding charge is shared by the surface oxygen atoms. This is
weaker in Figure 8(a). The binding to the surface is monodentate, as reflected in the plots.
Analysis of the projected DOS indeed shows negligible contribution to hybridization from
the Ce atoms, as compared to the dominant surface oxygen atoms contribution. Applying
a Bader charge analysis to the carbonate ion one can estimate the charge transfers involved
in its formation. The surface oxygen atom in the carbonate is more negative by —0.024e,
compared to its charge in the clean surface. The carbon atom is more positive by +0.110e,
and the oxygen atoms coming from COy are more negative by —0.170e each, compared to

their charge in free CO, molecule.
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Figure 8: (a) Charge density associated with the states around in the narrow peak just below
the VBM indicated by the thin arrow Figure 7(b). It shows the lobes arising mainly from
the m, levels of the molecule, but also the charge due to the 2p states of the slab oxygen
atoms. The carbonate species is clearly identifiable. (b) Charge density associated with the
states around the broader peak, indicated by the thicker arrow in Figure 7(b), which arises
mainly from the hybridization of the 7, levels and the surface O 2p states. This leads again
to a clearly identifiable carbonate species, but the interaction with the slab oxygen 2p states
is much more extended. Note that the default VESTA isosurface values were applied, which
in the present case means that roughly 50% of the charge is enclosed by the isosurfaces.
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4 Discussion

Let us begin by discussing the differences between our results and those of previous compu-
tational studies. We first briefly address works that neglect the van der Waals interaction
altogether. In Ref. 27 Cheng et al. report that CO, will only physisorb on stoichiometric
CeOy (110) surfaces. While they do find physisorption states similar to the ones we report
in Table 1, there are quantitative differences. In particular, the adsorption energies are sys-
tematically underestimated in comparison with our results. Moreover, they fail to find any
chemisorption state involving a top surface oxygen. Let us also mention the work of Kumari

et al.,?8

who report what is basically the dhy* physisorbed state we discuss in the previous
Section. The adsorption energy they find is considerably weaker than what we find, —0.243
eV vs —0.551 €V in our case. Similarly, no chemisorption state is reported. The discrepancies
can be understood as due to the omission of the van der Waals interaction in those works.
It is known that calculations omitting that interaction tend to systematically underestimate
adsorption energies. 37" Functionals accounting for the van der Waals interaction not only
improve the stability of physisorption states. It has been shown, in particular, that they can
correctly stabilize chemisorption states where standard functionals, such as GGA, predict
only weak physisorption. 77

Among the first reports on CO, adsorption on CeO, (110) taking into account the van
der Waals interaction there is the work of Kumari et al. in Ref. 30. In it they recalculate
adsorption energy for the dh{ state reported in their previous work.?® It is indicated that
for the van der Waals interaction a Grimme model is used, though without further details
(here are various Grimme-type models that are used in the literature). Surprisingly, the
recalculated adsorption energy is weaker than in their previous report, —0.197 eV vs —0.243
eV. The main reason for the unexpected result is probably the too thin slab used to model the
CeQs surface. Indeed, they use a three atomic layer slab, fixing the two bottom layers during
relaxation. This is unlikely to yield a properly relaxed surface and a correct adsorption state.

The chemisorbed state ot® we find is also reported in the work of Symington et al.?!
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The main methodological difference with our work appears to be that they use a seven
layer slab to model the surface. We verified, however, that a seven layer model essentially
corroborates our results (see Table 2 further down). The main results reported by those
authors are obtained without including the van der Waals interaction in their calculations.
The adsorption energy they thus find for the chemisorbed state is —1.32 €V, so somewhat
weaker than what we find (—1.765 e V). They indicate that they performed a calculation
for this case including the van der Waals interaction,® which yielded an adsorption energy
differing from their first result by +0.07 €V, a surprisingly small difference. Intriguingly,
moreover, they indicate that the binding to the surface is tridentate, with the molecule
oxygen atoms bound to the nearest surface Ce atoms. The reason for the discrepancies with
our findings is not clear to us, but we don’t find support for this. Not in the spd-analysis
of the adsorbed molecule oxygen atoms states, nor in the overall charge density. We note
that Symington et al. state that the tridentate state is also the favored state on the CeO2
(111) surface. This is in contradiction, however, with the findings of Hahn and co-workers,
who studied the same case and found the the monodentate adsorption is the one that is
energetically more favorable on that surface.®!

Zhu et al. report an adsorption energy of —0.787 ¢V for the chemisorbed state,® which
represents a considerably weaker binding than what we find. They use for their calculations
a four layer slab to model the surface, fixing the positions of the two lower layers for the
relaxation calculations. In our view, relaxing only two layers is still not enough to simulate a
free surface. The supercell used appears to be a p(2 x 4) cell. The energy cutoff used in their
work is lower than what we use (450 eV vs. 500 €V), and they indicate that the van der Waals
interaction is accounted for using what we understand is one of the Grimme atom-pairwise
summation methods implemented in VASP (it is only specified that a D3 method is used),
but it is not certain to what extent this contributes to the difference with our results. We
also mention that Zhu et al. indicate that the adsorption they find is of “M-type”. There

is no direct clarification as to what this entails, but the figure provided by those authors
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suggests that they are referring to a tridentate binding, as in the work of Symington et al..
As indicated above, this is not supported by our findings.

In the work of Gao et al., CO, is found to chemisorb on a surface top oxygen with an
adsorption energy of —0.32 eV. This is a quite weak energy for chemisorption. Unfortunately
few details are given as to the model used.?® It appears that a p(2 x 2) supercell is used,
but the thickness of the slab and of the vacuum space above it are not indicated. The van
der Waals interaction is included in their calculations using the Grimme DFT-D3 method
implemented in VASP. The energy cutoff is somewhat too low (400 eV) and the calculations
are single-point (I point). The Hubbard U parameter value used is 4.5 eV. While they do
find that the CO5 binding to the surface oxygen is monodentate, the molecule is rotated 90°
with respect to what we and the works above find. Indeed, according to their Figure 5, the
CO; molecule is roughly parallel to the [001] direction, instead of the [110] direction (see
Figure 2). We note that a physisorbed state is reported that is quite similar to the hh state
we find, but the adsorption energy is much weaker, —0.250 eV vs. —0.549 V.

Finally, let us address the work of Keller et al.3” As in the work of Gao et al. just
discussed, these authors find that the molecule chemisorbed to a top oxygen atom is rotated
by 90°. In addition, they suggest that the binding is bidentate, as they indicate that one
of the molecule oxygen atoms interacts with the neighboring surface Ce atom. We already
mentioned that we do not observe any significant Ce-molecule oxygen interaction. The
adsorption energy reported by Keller and co-workers is stronger than in Ref. 36, —0.84 ¢V
(—0.81 eV without including a Hubbard U), but still considerably weaker than what we find.
In their work, Keller et al. also considered the adsorption of CO5 on a top oxygen vacancy.
Strangely, they find a positive value, +0.68 eV (40.47 eV without Hubbard U). This is in
contradiction with all the previous works that have considered such an adsorption on CeO,
(110) surfaces. The adsorption in the latter case is typically found to be not only negative,

30,34,35

but in fact stronger than the adsorption on a top oxygen. This is also what is suggested

1.42

by the experimental results of Yang et al.** Let us just mention that the energy cutoff used
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Table 2: CO4 adsorption energies (eV) on CeO, [110] using different methodologies. On the
left side we have the energies for the dhj' and otb® states obtained by setting the molecule
initially at different heights above the surface. The data at the center present the adsorption
energies obtained using different Grimme methods to account for the van de Waals interac-
tion; D3¢ stands for zero damping and D3° for Becke-Johnson damping. The right side data

present the oty adsorption energies for supercells of different sizes and slabs 5 and 7 layers
thick.

Init. height above surface Grimme method Slab model
Ads. energy (eV) Ads. energy (eV) oty ads. energy (eV)
| H (A) dhg oty | Method dhg otp. | Cell size 5 Layers 7 Layers |
2.6 —0.5513 —1.7653 | DFT-D2  —0.6212 —1.6673 | p(2 x2) —1.7653 —1.7605
3.0 —0.5512 —1.7653 | DFT-D3* —0.4150 —1.5630 | p(3 x3) —1.8784 —1.8706
3.5 —0.5514 —1.7650 | DFT-D3* —0.4675 —1.6287 | p(4 x4) —1.9092 —1.9063

by Keller and co-wokers is high (650 eV). For the van der Waals interaction the DFT-D3
Grimme method is used and the value taken for the Hubbard U parameter is 4.5 eV. The
thickness of the vacuum layer in their surface model is not indicated, but the supercells used
are p(1 x 2), p(2 x 2), and p(2 x 4), in our notation. It is not clear, though, which one was
used for the adsorptions discussed above.

Given the various dissimilarities between our results and those of the previous works
discussed, we report on some of the calculations we performed to verify our findings. A first
point is that the initial height at which the CO5 molecule is set above the surface is typically
not stated. Thus, to find out to what extent the height can be the source of a difference
we ran the full calculations for the dh, and ot, geometries, as they are representative of our
findings, with initial heights of 3.0 and 3.5 A. We found that the calculations converge to
the same adsorption states as before, independently of the initial height. As seen in Ta-
ble 2, the corresponding adsorption energies are essentially the same. Another aspect of the
methodology that could potentially result in clear differences is the approach to the van der
Waals interaction. Thus, we considered the three Grimme type of approaches implemented
in VASP. We find that although the energetics present noticeable differences, the adsorption
states themselves are geometrically basically the same. In the case of dhj the largest dif-

ference is ~ 0.14 eV, and in the case of oty ~ 0.20 eV. Finally, we considered the possible
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effect of the supercell size. In addition to the p(2 x 2) supercell, we considered supercells
of sizes p(3 x 3) and p(4 x 4), as well as five- and seven-layer slabs. In the latter case the
three bottom layers were kept fixed during the relaxation calculations. Since the calculations
starting from the initial ot, geometry lead to the state with strongest interactions, i.e., the
oty chemisorbed state, we performed the additional calculations for that case. We note first
that the results in Table 2 show that the slab thickness has a negligible effect on the adsorp-
tion energy. So with a slab five layers thick one obtains essentially converged results in this
sense. On the other hand, the adsorption energies do show an increase with supercell size.
Nevertheless, the increase seems to tend to saturate, as the increase in energy from p(2 x 2)
to p(3x3) is ~ 0.11 eV, while the increase from p(3 x 3) to p(4 x4) is ~ 0.03 eV. Calculations
with larger supercells would be needed to confirm this. This notwithstanding, these results
confirm the chemisorbed ot; state. We do not expect that calculations on a larger supercell

will lead to a qualitatively different result nor a significantly different adsorption energy.

5 Conclusions

In this work we revisit the question of the adsorption of COy on stoichiometric CeOs (110)
surfaces using first-principles methods. We identified five distinct adsorption states, one
corresponding to chemisorption and four to physisorption. Whether the molecule will be
physisorbed or chemisorbed depends highly on both the site approached and on the initial
molecule orientation relative to the surface. In the chemisorbed state, the CO, molecule
forms a carbonate species with a surface oxygen. The molecular levels participating more
directly in the bonding are the 20, and, especially, the non-bonding HOMO 7, levels. The
surface Ce atoms play a negligible role in the interaction and the binding is monodentate.
Regarding the physisorption states, three of them fall in an energy range corresponding to
strong physisorption and one to physisorption of moderate strength. The mechanism behind

the physisorption in all four cases can be considered of the Debye type, i.e., the interaction
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obeys to the induced dipole moment in the molecule and the polarization of the surface
atoms at the site of the adsorption. In the strong physisorption case the molecule is bent in
addition to being polarized more strongly. In the moderate case the dipole moment induced
is linear. In the physisorbed states, the CO, molecule conserves its identity. Its molecular
levels are disturbed, but their orbital character is preserved. The shifts of the energy levels
with respect to the free molecule more clearly reveal the interaction. Finally, our results
suggest that chemisorption will occur more often than physisorption. This is in line with the
conclusions of XPS/NEXAFS studies of CO5 adsorption on oxidized ceria (110), reporting

physisorption as a minority species as compared to chemisorption.
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Figure S1: Plot of the Birch-Murnaghan fit used to determine the lattice parameter of bulk CeOy (Fm3m, #225).
The total energy calculations were done with the PBE+U approach, with U = 5 eV, as explained in the main text.

The results are: Equilibrium energy = —24.5102 eV; Equilibrium volume = 41.3183 A3; Equilibrium lattice constant
= 5.478 A? (recall the FCC unit cell volume is one 1/4 of the volume of the conventional cubic cell).
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Figure S2: Calculated density of states (DOS) of bulk CeOy overlaid on top of XPS+BIS data. The pronounced
peak above 2 eV, due to Ce 4f states, is too low compared to experiment. It lies sufficiently high above the VBM

(set at 0 eV) that the discrepancy is not relevant to our findings in the main text. Our DOS result is in agreement
with previous theoretical calculations [1].
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Figure S3: The figure shows a side view ([001] direction) of the 5 layer relaxed slab surface model used in our
calculations. The table gives the change of the coordinate coordinate value in the c-direction (in A) of the Ce and O
atoms positions in the uppper three layers with respect to their value in the unrelaxed slab.
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S3 Adsorption starting from exact positions

Table S1: COy adsorption states reached starting the calculations exactly at the locations indicated in Fig. 2(a) in
the main text. Nine out of the fifteen states are metastable. These are indicated by the superindex ™.

Site Ea (eV) H (A) eC—O A ZO—C—O (O>
dhy*  —0.072 3.6 1.174 179.9
oty"  —0.299 2.8 1.178-1.171 176.3
oo —0.290 3.0 1.173 1777
hh®  —0.549 2.4 1.173 177.0
ctyr —0.071 3.6 1.174 178.8
dhy  —0.551 2.5 1.176 173.9
oty —1.765 1.3 2x1.278,1.347 2x116.4,126.7
ooy —0.514 2.2 1.177 171.2
hh;*  —0.120 3.2 1.174 179.5
ctyt —0.091 3.7 1.174 178.9
dhy*  —0.127 2.9 1.174,1.172 180.0
oty  —1.765 1.3 2x1.279,1.347 2x116.4,126.6
oo —0.060 3.2 1.173,1.175 180.0
hh7* —0.141 2.2 1.173,1.175 180.0
cty —0.266 2.8 1.173,1.169 180.0
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Figure S4: In the slab, the Ce and O atoms in the different slabs are no longer equivalent, thus lifting their energy
degeneracy. This is clearly seen in the DOS plot of the slab, where there are five Ce 5s peaks instead of only one (it
appears like there are only three, but this is only due to the resolution of the plot). In addition, the contraction of
the distance between the atom sin the upper layers causes the band widths to increase and the band gap to decrease.
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S5 Band structures

Ce O (slab) C O (molecule)

r X S Y Ir S

Figure S5: Projected band structure for cases ctg, dhy, and oty, in Figs. (a), (b), and (c), respectively. In Figs. (a)
and (b) there is no hybridization between the molecule (blue and red) and slab states, consistent with the fact that
these are physisoprtion cases. Hybridization is evident in the chemisorption case, in Fig. (c), specially in the [-5,0]
eV interval, where the molecule and slab oxygen states strongly mix. It also occurs in the lower valence band, at
places in the interval roughly between —20 and —13 eV, but somewhat more difficult to see. These plots complement
and confirm what is seen in the DOS plots in the main text.
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S6 Bader charges

Table S2: Bader charges (e) of the COy molecule atoms in the five stable adsorption states discussed in the main
text. The data in the last column are for the free molecule. The figures were rounded to two decimals.

dhy oty ooy hh§ cty  COg
C 1.92 189 195 1.81 1.92 2.00
or 706 717 7.06 711 7.08 7.00
omnm 706 717 7.06 711 7.00 7.00
Tot 16.04 16.23 16.07 16.03 16.00 16.00
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S7 Hirshfeld charges
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Figure S6: Hirshfeld charges in the ct¢ state, corresponding to physisorption of moderate strength. The plot compares
the charges of the clean slab with those of the slab with the adsorbed CO2 molecule. (a) Ce charges. The label Cel
represents the Ce atoms in the first layer (i.e., the bottom layer) in the slab. The Cell label represents those in the
second layer, and so forth. The differences in charge are small, indicating a limited polarization change due a weak
surface-molecule interaction. (b) Oxygen charges. There are two subplots: the one in the left side (left y-axis scale)
shows the charges for the oxygen atoms in the slab, while the one in the right shows the charges for the carbon and
oxygen atoms of the molecule. The polarization changes of the slab oxygen atoms of the slab are more evident than
those of the Ce atoms, indicating that the former play a leading role in the molecule-surface interaction. The labels
OI, OI1, etc. indicate the layer to which the corresponding O atoms belong. The plot in the right side (right y-axis
scale) shows the charges of the carbon and oxygen atoms of the molecule. The square symbols represent the free
CO5 molecule Hirshfeld charges. The polarization changes are stronger in the molecule. The carbon atom and upper
lying oxygen atom increase their share of electrons (0.073 e and 0.004 e, respectively) while the lower lying oxygen
atom sees its share increase (0.112¢). This means that the COs molecule has acquired a dipole moment.
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Figure S7: Hirshfeld charges in the dh{ state, i.e., a strong physisorption case. As in Fig. S6 (ct? case), the plot
compares the charges of the clean slab with those of the slab with the adsorbed CO5 molecule, and the Ce and
O labels have the same meaning. (a) Ce charges. The effect of the interaction with the CO2 molecule is more
pronounced. (b) Oxygen charges. The polarization changes in the molecule are stronger than in the ct$ case. The
carbon atom loses 0.144 e and the oxygen atoms gain 0.105e each. The molecule is bent (see Table 1 in the main
text), i.e., there is an induced dipole moment.
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Figure S8: Hirshfeld charges in the otj state, which corresponds to the chemisorption case. Again, the plot compares
the charges of the clean slab with those of the slab with the adsorbed CO2 molecule, the Ce and O labels having the
same meaning. (a) Ce charges. The effect of the interaction with the CO5 molecule is clearly stronger. (b) Oxygen
charges. There is not only polarization changes but also charge transfer with the surface. The carbon atom loses
0.268 ¢ and each of the molecule oxygen atoms gain 0.413e. The surface oxygen atom forming the carbonate ion

with the CO5 molecule loses 0.409 e.
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