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Abstract A theoretical investigation of the adsorption of
CO, onto ZrO, is presented. Various cluster models were
used to mimic different basic and acidic sites on the surface.
The method used was the density functional theory with the
generalized gradient approximation and including Grimme’s
empirical model in order to properly describe the weak
interactions that may occur between the adsorbate and the
surface. We found that the adsorption at sites exhibiting two
adjacent unsaturated zirconium atoms led to either the exo-
thermic dissociation of CO, or to a strongly physisorbed
state. By contrast, on a single unsaturated zirconium, CO,
was adsorbed in an apical manner. In this case, the molecule
is highly polarized and the adsorption energy amounts to
—64.6 kJ mol™'. Finally, the weakest adsorption of CO,
occurred on the basic OH sites on the surface.

Keywords Carbon dioxide - Zirconium oxide - Clusters -
Computational chemistry - Density functional theory
Introduction

For the last three decades, zirconium dioxide has found an
increasingly wide range of applications due to its interesting
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properties as a ceramic material. Properties such as its high
temperature resistance (its melting point is around 3000 K)
and corrosion resistance, as well as its combination of
acidic, basic, oxidizing, and reducing properties [1], have
prompted its use in a large number of applications, such as
thin-film coating [2] and catalysis [3—10]. The chemisorp-
tion of CO, has been intensively studied from an experi-
mental viewpoint, particularly using infrared spectroscopy
[11-16]. By contrast, as far as we know, theoretical inves-
tigations of the adsorption of CO, onto ZrO, are rare [17], or
even totally absent if we focus on theoretical insights
obtained from density functional theory calculations.

The aim of the work described in this paper was to study
the adsorption of CO, onto various clusters of ZrO, at the
density functional theory level. Details about the theoretical
approach used are presented in the next section, followed by
a description of the results. The third part of this paper
describes a comparative analysis of the adsorption of CO,
onto various oxide supports.

Theoretical approach

In this section we describe the computational strategy that
we used and the model clusters of ZrO, that were designed
in order to study the adsorption of the molecule.

Theory

The calculations were performed with the meta-GGA (gener-
alized gradient approximation) TPSS exchange-correlation
functional [18]. This ab initio functional, which is based on
the PKZB one [19] and contains the PBE [20] GGA function-
al, improves upon the physical descriptions of systems pro-
vided by these two functionals by requiring that the meta-
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GGA exchange potential is finite at the nucleus for ground-
state one- and two-electron densities [18]. Indeed, when PBE
fails, TPSS improves the description of the property of interest
(see, for instance, [21-24]). In addition, because the system
contains CO, as the adsorbate species, we accounted for the
dispersion interactions by using Grimme’s approach, which
consists of inserting an empirical C¢/r® potential into the
Hamiltonian (see [25] and references therein).

The all-electron TZVP basis set of localized atomic orbitals
developed by Ahlrichs et al. [26] was used to optimize the
geometrical parameters of the structures. The BSSE (basis set
superposition error) was corrected for using the Boys and
Bernardi approach [27]. In addition, for sake of comparison,
the TZV(2df,2pd)++ basis set was utilized to obtain the total
energies in conjugation with the TZVP-optimized structures.
Later, we will see that a sizeable effect on the adsorption
energies is observable. However, because pseudopotentials
were not available, it was not possible to optimize the struc-
tures with such a large basis set. In addition, since we were
most interested in observing the trends in both the adsorption
energies and the intermolecular interactions, not in obtaining
accurate absolute adsorption energies, we believe that our
approach was sufficient for our purpose.

In order to speed up the calculations, the resolution of the
identity algorithm was used [28—34]. The ORCA 2.6.35
software package was used throughout [35].

Structure of the clusters

At room temperature, zirconium oxide crystallizes into a
monoclinic structure (group 14, P21/c) known as baddeleyite
[36]. Phase transformations occur at high temperatures, leading
to tetragonal structures near 1440 K [37, 38] and the cubic one
of the fluorite type (group 225, Fm-3 m) near to 2370 K [39].

The clusters used in this work were built from the cubic
form of zirconia. The dangling bonds were saturated with
hydrogen atoms. The positions of these atoms were opti-
mized while the remaining atoms were kept fixed at their
crystallographic positions. Two types of sites were consid-
ered in this study: those that exhibit naked zirconium atoms
at the surface (to model reduced active sites) and those that
are oxidized by either oxygen atoms or hydroxyl groups that
interact with the adsorbate. We only considered uncharged
adsorption sites in this work.

The smallest cluster used to model the adsorption of CO,
contained only two zirconium atoms, leading to the stoichi-
ometry Zr,O14H,(. The corresponding structure is depicted in
Fig. 1a. This cluster contains an oxygen atom bridging the two
zirconium atoms. Two clusters containing three zirconium
atoms, as shown in Fig. 1b and c, had stoichiometries of
Zr30,6H,0 and Zr;0,9H,4. The first cluster allowed us to
model the adsorption onto a capping oxygen, and corresponds
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to the (111) basal plane. The Zr;0,9H,¢ cluster was almost
identical to the previous one except that it represented an
oxidized adsorption site with surface hydroxyl groups.
Zr4016H16, which bears four Zr atoms (Fig. 1d), allowed us
to model adsorption on the (001) basal plane. Here, two out of
the four Zr atoms were available for interactions with a CO,
molecule. Hence, it corresponded to a strongly reduced ad-
sorption site. Finally, ZrsO,4H,g, which was the largest cluster
used (Fig. 1e), contains one accessible Zr atom on the surface.
It was used to model the (001) basal plane.

Results

The results for the structural parameters and atomic charge of
CO; calculated at the TPSS/TZVP//TZV(2df,2dp)++ level are
given in Table 1. The C-O bond length is 117 pm, which is
only 3.5 % larger than the experimentally measured length
(113.1 pm), as obtained from microwave spectroscopy [40].

The total energies of the structures and the adsorption
energies of CO, on the various clusters are reported in Table 2.
The adsorption energies calculated with at the BSSE-
uncorrected level (TZVP basis set) are predicted to be greater
than those calculated with the larger basis set TZV(2df,2pd)++,
the exception being the case where CO, is adsorbed onto the
Zr406H;6 cluster. The difference in adsorption energy
amounts to about 5 kJ mol ' for the small clusters containing
two or three Zr atoms, but more than 20 kJ mol ™! for the largest
cluster. We can see that the differences between the BSSE-
corrected adsorption energies and those calculated with the
TZV(2df,2dp)++ basis set are small for the small clusters (with
less than four zirconium atoms). The mean average difference
amounts to only 3 %. This contrasts with the case for the two
largest clusters, which show much larger differences (9 % and
22 % for Zr40,¢H ¢ and ZrsO,4H,g, respectively). In addition,
the BSSE correction slightly increases (on average) with clus-
ter size. This observation has already been reported by Fuen-
tealba et al. in their study of the BSSE in copper clusters Cu,,
(1<n <13) [41], although the authors claimed that these results
may not be transferable to other systems.

The nondissociative adsorption energies vary from
—25 kJ mol ! to =65 kJ mol ' (if one excludes the case of
the Zr,0,6H ¢ cluster, for which the description is given in the
next paragraph) depending on the type of cluster and the
nature of the surface atoms that interact with CO,. The weak-
est adsorption energies (—24.9 kJ mol ' and —32.6 kJ mol ")
correspond to adsorption onto a surface oxygen (Zr,O4H,q
and Zr;0,¢H,(). In both cases, CO, is adsorbed parallel to the
surface: either CO, is aligned with the Zr-O—Zr axis (Fig. 2b)
or it is slightly tilted with respect to this axis (25°, see Fig. 2a),
in order to increase the interactions between the CO, oxygen
and the surface hydroxyl groups. The adsorption distance
ranges from 210 pm to 270 pm, depending on the structure
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Fig. 1 Structures of the neutral clusters of zirconia used in this study.
The bond distances Zr—O correspond to the crystallographic ones. The
signed values correspond to the Mulliken charges. a Zr,O,4Ho with a
bridging oxygen. b Zr;O0,4H,o with a capping oxygen atom. ¢

considered. The Mulliken charges on the atoms of the clusters
Z1,014H,( and Zr;0,¢H,q (Fig. 1a and b) are barely modified
when CO, is adsorbed (Fig. 2a and b). For the clusters, the
charge on the central oxygen is —0.63 |e|, and those on the Zr

Table 1 Structural and electronic data for CO, obtained at the TPSS/
TZVP//TZV(2df,2dp)++ level of approximation

Property Calculated data
C-0O bond distance (pm) 117
O-C-O bond angle (°) 180

Mulliken charge (e) q(0) =-0.2;q(C)=04

d(OH)=98.1 pm

Zr30,9H,4 with hydroxyl groups. d Zr,O¢H ¢ exhibits two zirconium
atoms that are available for interactions with CO,. e ZrsO,4Hyg is a
reduced site with one Zr atom on the surface

atoms are around +1.0 |e| (for Zr;O,¢H»(). The adsorbent
therefore seems unperturbed by the adsorption of CO,. By
contrast, the charges on the adsorbate are significantly de-
creased (by a factor of 2) with respect to those on the free
molecule. It appears that the adsorption process leads to a
redistribution of the electron density inside the adsorbate. Anal-
ysis of the frontier orbitals shows that in the absence of CO,,
the HOMO (highest occupied molecular orbital) of Zr,O4H;q
(Fig. 3a) possesses 7t* character and is localized on the oxygen
atoms, while the LUMO (lowest unoccupied molecular orbital)
corresponds mainly to the d,, orbital of Zr (Fig. 3b). For the
cluster Zr;016H»9, the HOMO again has 7t* character and is
localized on the oxygen atoms, while the LUMO is more

@ Springer



4822

J Mol Model (2012) 18:4819-4830

Table 2 Total energies and adsorption energies calculated at the TPSS/
TZVP and TPSS/TZVP//TZV(2df,2pd)++ levels of theory. For adsorp-
tion onto Zr4O;cH ¢, two types of adsorption state were found for CO;:

a physisorbed one termed COz(ad) and a dissociated one termed COz(di),

where CO, gives (CO + O) adsorbed onto the cluster

Structures Total energy Adsorption energy Adsorption energy Total energy (Ha) Adsorption
(Ha) TZVP (kJ mol ") TZVP including the basis TZV(2df,2pd)++ energy (kJ mol ")
set superposition TZV(2df,2pd)++
error (kJ mol™")
CO, —188.684082 - - —188.695373 -
Zr,0,4Hs0 —8147.954923 - - —8148.042728 -
COy/Zry014H,0 —8336.653308 -37.5 -33.5 —8336.750504 -32.6
Zr30,6Hs0 —11839.646423 - - —11839.751938 -
CO,/Zr;06Hz0 —12028.341847 -29.8 —24.4 —12028.456800 -24.9
Zr;019Ho —12069.050891 - - —12069.173549 -
COy/Zr3019Hz6 —12257.750317 —40.3 =355 —12257.881848 -33.9
Zr,016H16 —15377.974895 - - —15378.077611 -
CO,™/Zr,016H,4 —15566.772927 —299.2 —289.1 —15566.896948 —325.5
CO,/Zr,014H6 ~15566.760640 —266.9 -261.4 ~15566.880555 -282.4
Zrs0,4Hog —19528.776008 - - —19528.935740 -
COy/ZrsOp4Hyg —19717.4492961 —86.3 —83.0 —19717.655722 —64.6

localized on the Zr atoms (d,» and d, orbitals, Fig. 4a and b).
These characteristics are clearly unmodified by the presence of
CO, (Figs. 3c and d and 4c and d). However, we can see that
the electron density on the clusters is slightly increased when
CO, is present (all of the contour plot isovalues being equal for
comparison). It is likely, then, that a small amount of the
redistributed charge from CO, is transferred to the surface.

The adsorption of CO, onto oxidized surfaces is slightly
more energetic. In the case of the cluster Zr;O0;9H,¢, the
adsorption energy amounts to —33.9 kJ mol'. The distance
of the adsorbate from the substrate is large (260 pm), which
explains the relatively weak interaction energy. The atomic
charges on the naked cluster are only weakly modified by
the presence of CO, (Figs. 1c and 2¢). The same observa-
tions can be made about the frontier orbitals as before: the
HOMO possesses 7t* character (surface oxygen atoms) and
the LUMO corresponds to the Zr d,, and dy, orbitals,
whether CO, is adsorbed onto the cluster or not (Fig. 5).

Two possible states were found for the adsorption of CO,
onto the cluster Zr4O;4H;4, which has two unsaturated
zirconium atoms.

The first one is obtained with a starting structure where the
Zr—0-Zr—O—C-0 sequence of atoms forms a six-membered
ring in which O—C-O is linear. Geometry minimization leads
to the strong adsorption of CO, where the molecule is strongly
bent (128.4°) and the carbon atom is capping both zirconium
atoms. The atoms of Zr,CO, are coplanar. The C—O bond
lengths are drastically elongated (128.5 pm on average) com-
pared to the gas-phase molecule (117.0 pm). The Zr—C bond
distance is 238.8 pm on average, which is about 20 pm longer
than the Zr—O bond in the ZrO, crystal. There is a net charge
transfer from the surface, which bears a charge of +0.5 |¢|, to
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the molecule (=0.5 |e|, ¢(C)=+0.22 |e|, g(0)=-0.36 |e|). Fur-
thermore, the structure exhibits a strong dipole moment of
3.15 D. As a consequence, most of the interaction between the
cluster and the molecule arises from electrostatic forces, which
may explain the extremely strong adsorption energy of the
CO, molecule onto ZrsO¢H16 (—325.5 kJ molfl).

The second adsorption state corresponds to the dissociation
of the molecule into the adsorbed CO species and a remaining
oxygen atom linking both zirconium atoms. This state is
obtained when the CO, molecule approaches the cluster with
an apical orientation, where one of the oxygen atoms of CO, is
located equidistant from the Zr atoms. In this case, the dissoci-
ation process is spontaneous, and no reaction path with a local
adsorption minimum and transition state was found on the
potential energy surface. However, we cannot rule out the
possibility that the adsorption state of CO, described in the
previous paragraph corresponds to the aforementioned local
minimum, and that a transition state exists between this mini-
mum and the dissociated state. Attempts to localize such a
transition state have been made without success. In order to
evaluate if the nondissociated species is a local minimum on
the PES (potential energy surface), harmonic vibrational fre-
quencies were calculated. These are gathered in Table 3. Note
that none of the normal modes that involve CO, have an

Fig. 2 Structures of the CO, species adsorbed onto the clusters. The
signed values correspond to the Mulliken charges. a CO, onto
Zr,014H,p. Distances in pm: O--Zr, C--O, and O-H. The torsion
angle between the CO, axis and the Zr—O—Zr one equals 25°. b CO,
onto Zr;O;¢H,o. Distances in pm: O--Zr and C:--O. ¢ CO, onto
Z13019Hy6. Distances in pm: O-—H (dotted lines) and C--O (dashed
lines). d) CO, onto Zr,O;¢H;¢. Dissociative adsorption. e CO, onto
Zrs0,4H5g. Apical adsorption

>
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Fig. 3 Frontier orbitals of the
cluster Zr,0,4H,y: a HOMO,
b LUMO, ¢ HOMO with
CO, adsorbed, d LUMO with
CO, adsorbed

imaginary frequency, which proves that this adsorbed species is
a local minimum. It is worth mentioning that if the physisorbed
and chemisorbed structures are linked by a reaction pathway,
the corresponding PES, or equivalently the chemical reaction
coordinate, should be quite complex. In effect, the adsorbed
molecule should first perform a 180° rotation for the oxygen
atoms to point toward the surface, and then a translation on the
surface to undergo dissociation. Most likely, the reaction coor-
dinate is a combination of rotational and translational moves

Fig. 4 Frontier orbitals of the a
cluster Zr;0,6H>y: a HOMO,
b LUMO, ¢ HOMO with
CO, adsorbed, d LUMO with
CO, adsorbed

along the path. It could be that calculations based on con-
strained ab initio molecular dynamics would be more appro-
priate for carrying out this search for a transition state.
However, that is beyond the scope of this work. Based on all
of these results, it appears that this adsorption site is rather
unstable due to the large dipole moment generated by the
“missing” surface oxygen atom, so the dissociative adsorption
of CO, leads to the reconstruction of the (001) surface (Figs. 1d
and 2d). After the relaxation of the structure, the bridging atom
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Fig. 5 Frontier orbitals of the
cluster Zr;0,9H,6: a HOMO, b
LUMO, ¢ HOMO with CO,
adsorbed, d LUMO with CO,
adsorbed

is located roughly at the crystallographic site of the oxygen
atom in the bulk solid. In addition, the charge on this atom
corresponds to that in the solid (Fig. 2d). The charge on the
zirconium atom, which is not really affected by the presence of
the adsorbate (CO), amounts to about +1 |e|. The carbon mon-
oxide molecule adsorbed onto Zr is located at around 250 pm. It
is then physisorbed onto the surface and interacts with the
surface (probably weakly; the corresponding energy has not
been calculated). This assumption is confirmed by the C-O
bond distance of the adsorbed species, which is close to that of
the free molecule (113.4 pm vs. 112.8 pm, respectively), as
obtained from microwave spectroscopy [42]. The HOMO and
LUMO of the naked cluster (Fig. 6a and b) present a very large

Table 3 Harmonic frequencies (cm '), intensities (km mol "), and
vibrational motion of CO, adsorbed onto the cluster Zr,O¢H ¢

Harmonic Intensity Vibrational motion

frequency

109.9 6.4 CO, wagging

133.3 6.3 CO, twisting

195.4 5.1 CO, twisting

246.9 3.8 C out-of-plane

249.0 11.9 C out-of-plane

365.3 109.8 CO, rocking

392.9 52.9 Symmetric ZrC stretching

722.1 64.7 CO, bending

1243.8 147.0 Symmetric CO + ZrC stretching
1466.0 134.2 Antisymmetric CO + ZrC stretching

isosurface above each zirconium atom; this corresponds to a
bonding combination of the d,, orbitals of Zr atoms. As CO,
adsorbs dissociatively, the HOMO and LUMO essentially
relocalize on the oxygen atoms of the cluster (7t and 7t* orbitals,
Fig. 6¢ and d). The chemisorption energy, which comprises
both the dissociation energy of CO, and the relaxation on the
surface, is then highly exothermic (—282.4 kJ mol ).
Zrs0,4H,g presents a single, unsaturated, available zirco-
nium atom on the surface (Fig. 1¢). As shown in Fig. 2e, the
CO, molecule is adsorbed in an apical position via one of
the oxygen atoms. The situation where the CO, molecule is
adsorbed by the carbon atom is not stable and spontaneously
leads to the apical conformation. The adsorption energy
amounts to about —65 kJ mol ' and the distance between
both species is 239 pm. The charge on the zirconium atom is
substantially modified by the interaction with the CO, mol-
ecule when compared with the naked cluster. It decreases
from +77 |e| down to +0.29 |e|, which corresponds to a
donation of about 0.5 |e| from the 7t orbitals of CO, to the
Zr d orbitals. This effect can easily be observed in the
charges of the topmost C and O atoms. In addition, some
of the oxygen atoms located beneath the surface also con-
tribute drastically to the donation, as evidenced by their
positive Mulliken charges (+0.09 |e|, +0.15 |e|, and +0.25 |
e, Fig. 2d) compared with their situation in the naked cluster
(+0.07 |e], —0.3 |e|, and —0.07 |e|, Fig. 1d). The strong charge
transfer is particularly visible for the oxygen of CO, that
binds with the zirconium atom: it bears a charge (—0.4 |e|)
that is twice as large as that in the free molecule. The
HOMO of ZrsO,4H,g is of binding character between the
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Fig. 6 Frontier orbitals of the
cluster Zr;O,6H;s: a HOMO,
b LUMO, ¢ HOMO with
CO, adsorbed, d LUMO with
CO, adsorbed

dyy orbital of Zr and the p orbitals of the surface oxygen
atoms, and is barely perturbed when CO, is adsorbed
(Fig. 7a and c¢). The LUMO of the cluster consists almost
totally of the d,, orbital of Zr (Fig. 7b). When adsorption of
CO, occurs, the HOMO becomes a combination of the d,»
orbital of Zr and the 7t* orbital of CO, (Fig. 7d).

Comparison with other systems and discussion

In this section we compare the adsorption of CO, onto ZrO,
with experimental or theoretical studies of its adsorption
onto other types of surfaces.

It appears that the adsorption of CO, onto ZrO, has been
studied to a lesser degree than its adsorption onto other sup-
ports, be they metallic or metal oxides. Indeed, to our knowl-
edge, there is no such report at the DFT level. In 1996, Freund
and Robert published a review on the adsorption of CO, onto
various supports [43]: (a) physisorption on Mg, Au, Ag, Bi, Ir,
BaO, Ca0O, Cr,03, MnO, NiO, TiO,, and ZnO; (b) chemi-
sorption on Mg, Bi, and ZnO; and (c) dissociative chemisorp-
tion on Mg, Al, Mo, and Bi. For the metals Fe, Ni, Rh, Pd, and
Pt, the species of CO, adsorbed depends strongly on the

@ Springer

crystallographic face and the elaboration process (film, pow-
der, etc.). Among the transition metal oxides, only ZnO is able
to yield the CO,® adsorbed species of CO,. The carbonate
form is obtained on the other oxides. The physisorbed and
chemisorbed species that give CO," are sketched in Fig. 8.
According to these authors, the physisorption of CO, occurs at
temperatures as low as 80 K. However, chemisorption leading
to either the CO," species or the dissociation of the molecule
occurs only in very specific cases, such as on rough surfaces,
when a high density of defects is present, or when surfaces are
modified by the presence of alkaline atoms. This behavior was
also observed in our calculations in the case where CO, is
adsorbed onto ZrO, sites with defects (clusters Zr,O;¢H;¢ and
Zr50p4H>3).

In 1998, Bachiller-Baeza et al. studied the adsorption of CO,
onto various polymorphs of ZrO,: monoclinic, tetragonal, and/
or cubic as well as monoclinic and tetragonal ones [44]. X-ray
diffraction, infrared spectrometric, and microcalorimetric meas-
urements were carried out. The X-ray diffractograms showed
that the cubic and tetragonal structures of ZrO, are barely
distinguishable due to the very similar environments of the
zirconium and oxygen atoms in both structures. As a conse-
quence, the authors did not exclude the possibility that the
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Fig. 7 Frontier orbitals of the
cluster ZrsO,4H,5: a HOMO, b
LUMO, ¢ HOMO with CO,
adsorbed, d LUMO with CO,
adsorbed

“purely” cubic or tetragonal ZrO, samples were in fact mixtures
of both polymorphs. The cubic form is characterized by a weak
concentration of hydroxyl end-groups. The OH groups are
either bridged or capped species. Since the authors did not
observe the formation of hydrogenocarbonate forms of CO,
on the tetragonal (or cubic) ZrO,, they concluded that the
formation of carbonate is mediated by the presence of the
hydroxyl groups, which are indeed much more abundant in
monoclinic ZrO,. The most basic species on the monoclinic
ZrO, are, according to the authors, pairs of unsaturated
Zr**—0% species. CO, is thus more strongly adsorbed as
a bidentate carbonate than on cubic ZrO,. Microcalori-
metric measurements showed that stronger adsorption of
carbon dioxide occurs on the monoclinic polymorph of
ZrO, than on the tetragonal/cubic one.

Our results seem to agree with these experimental find-
ings, in the sense that physisorption is the most common
form of CO, adsorption onto cubic ZrO,. The molecule is
then only weakly perturbed (or is even unperturbed) with
respect to the free one. In addition, in spite of the greater

abundance of OH groups in our models of cubic zirconia
than inferred from experiments, we did not observe the
formation of carbonate species. It is likely, then, that the
formation of carbonate species is an activated process.

Some studies have reported the adsorption of CO, onto
transition metals (Fe, Ni, Pt) [45] and other oxide surfaces,
such as TiO, [46—48], SnO, [49], ZnO [50, 51], and the
alkaline earth oxides CaO, SrO, and BaO [52].

On TiO, [45, 46], the monodentate adsorption of CO, onto
the surface (Fig. 8a) occurs at the acidic site (Ti) via the oxygen
atom (the basic site on the molecule). The interaction distance
is 223.6 pm, and the molecule is asymmetrical and highly
polarized. This situation seems to be generally very similar to
that observed for ZrO, in our calculations for ZrsO,4H,g. The
adsorption distance is large—even greater than that determined
for TiO,—and the molecule is polarized (see Fig. 2¢). The CO
bond lengths are 118.1 pm and 115.5 pm, respectively; the
longest one is closest to the surface. It is noticeable that,
according to the authors, there is no charge transfer between
TiO, and COs: a situation which differs from that seen for the
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Fig. 8 Sketch of the modes of adsorption of CO, onto various surfa-
ces: a monodentate physisorption, b M-nCO, physisorption, ¢ chem-
isorption of the CO,®" species, d bidentate physisorption

Zr0,/CO, duo. As mentioned above, the charge on Zr is
greatly modified by the adsorption of CO,, and the molecular
orbitals of both species combine. There is a net gain in electron
density on the oxygen near the zirconium (+0.206 |e| =
+0.1780 + 0.02871), a loss of electron density on the second
one (—0.127 |e] =+0.0290 — 0.15671), and a loss on the central
atom (—0.250 |¢| = —0.2160 — 0.0347). Table 4 presents the
calculated atomic orbital populations (OAPs) of the atoms

involved in the adsorption onto ZrsO,4H,g. We can see that
the OAPs of the oxygen and carbon atoms are considerably
modified between the free state of the molecule and the
adsorbed state. Finally, in contrast with ZrO,, the monodentate
adsorption of CO, onto TiO, is the most energetic, and
amounts to —79.5 kJ mol .

The adsorption of CO, parallel to the surface of TiO,
occurs preferentially with the oxygens of CO, pointing
towards the acidic sites (Ti; see Fig. 8d) at a distance of
about 237 pm (308.5 pm on average for ZrO,). For TiO,, the
corresponding adsorption energy is close to the one found
for the apical adsorption of CO, onto ZrO,, namely
—68.4 kJ mol'. As a consequence, the parallel adsorption
of CO, onto TiO, appears to be geometrically and energet-
ically very different from that observed for ZrO,. However,
some recent Hartree—Fock calculations using clusters
(Ti;0,,H ) [48] are, in terms of energetics, in better agree-
ment with those obtained for ZrO,. The adsorption energy is
—39.5 kJ molfl, which is much lower than that for mono-
dentate adsorption.

Carbon dioxide is adsorbed preferentially in the mono-
dentate state (—34.7 kJ mol ') onto the surface of tin dioxide
[49], whereas the bidentate state is less favorable by about
15 kJ mol ' (~19.3 kJ mol™"). The sequence is then the same
as for ZrO,. However, the adsorption energy for the mono-
dentate state is much weaker on tin oxide, showing that tin is
less acidic. The adsorption distance Sn—O (233.4 pm) is
similar to that found for ZrO, [d(Zr—-0)=239.2 pm]. In
bidentate adsorption, the molecule is slightly more curved
(174°) on the SnO, surface than on the ZrO, one (177°).
Adsorption onto the basic sites of the SnO, surface leads to
the carbonate species CO; with an adsorption energy of
either —25.1 kJ mol ™" or —34.7 kJ mol ', depending on the
orientation of the molecule with respect to the surface.

A theoretical study of the adsorption of CO, onto
ZnO(10-10) using the ONIOM model has been reported
by Lopes Martins et al. [S0]. These authors used a model

Table 4 Atomic orbital populations of the atoms involved in the monodentate adsorption of CO, onto ZrsO,4H»g

Atoms Atomic orbital population
s Dx Dy Dz dyy dys dy, dyryo dy

Zr 8.80 6.09 6.09 6.09 2.29 2.46 2.49 2.52 2.35
Zry, co2 8.98 6.19 6.17 6.19 2.34 2.41 2.46 2.47 2.44
Ofree 3.92 1.49 1.51 1.25 0 0.01 0.01 0 0.01
Oads 3.97 1.38 1.53 1.5 0.01 0.01 0 0.01 0
Oext 391 1.29 1.41 1.43 0.01 0 0.01 0.01 0
Chree 297 0.81 0.82 0.73 0.01 0.07 0.09 0.01 0.05
Cads 2.8 0.74 0.78 0.77 0.04 0.05 0.02 0.07 0.04

Zr metal atom in the cluster; Zr,, o, metal atom with CO, adsorbed onto the cluster; Oj.. oxygen atom in CO; in the gas phase; 0,4, 0Xygen atom
that interacts with the cluster during CO, adsorption; O,,, oxygen atom that does not interact with the cluster during CO, adsorption; Cj. carbon

atom in CO; in the gas phase; C,;, carbon atom in adsorbed CO,
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cluster containing 348 units of ZnO and three levels of
approximations: molecular mechanics with the universal force
field (UFF), the HF/6-21 G* method, and CCSD/6-31 + G**.
Only adsorption onto the metallic center was envisaged in the
study. The results show that CO, is adsorbed as a monodentate
species, forming an angle of 23° with respect to the normal of
the surface. The adsorption energy is lower than for ZrO,
(—51.7 kJ mol "), and the metal-adsorbate distance is shorter
(209.7 pm). However, according to the theoretical and exper-
imental study of Kotsis et al. [S1], CO, is most commonly
adsorbed onto ZnO as the carbonate form.

Finally, CO, is adsorbed onto alkaline earth oxides as a
carbonate species [52]. The absolute value of the adsorption
energy increases from 125 kJ mol ™" up to 209 kJ mol ™' with
the basicity of the surface (CaO < SrO < BaO). The O-C-O
angle gradually decreases toward 120°, which corresponds
to the bond angle in CO;5 .

Conclusions

The adsorption of CO, onto clusters of zirconia has been
presented. The results show that adsorption onto two adja-
cent zirconium atoms leads to either the dissociation or the
adsorption of the molecule, depending on the geometry of
the initial structure. The energy released by the process is
high in either case. Adsorption onto hydroxyl groups corre-
sponds to weak physisorption, and the molecule does not
change geometrically. The adsorption of CO, as a mono-
dentate species onto a single unsaturated zirconium atom
yields an intermediate adsorption energy and a highly po-
larized molecule. Unlike other types of surfaces (e.g., SnO,
or BaO), the carbonate species CO5; has not been observed
to form spontaneously, which leads us to assume that the
formation of this adsorbate is an activated process.
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