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ABSTRACT: Understanding CO, activation on ceria is central to elucidating elementary - IRRAS

steps in catalytic CO, conversion, yet direct vibrational identification of carbonate species on & \{ “peT
well-defined ceria single crystals has remained elusive. Here, we use polarization-resolved AR\ dls<
infrared reflection—absorption spectroscopy to identify surface carbonates formed upon CO, 43 T ) 5
adsorption on oxidized CeO,(110), with surface quality confirmed using CO as a probe -

molecule and X-ray photoelectron spectroscopy. Alongside molecularly physisorbed CO,, we
observe bands at 1510 and 1280 cm™" that we assign to a monodentate carbonate on the
stoichiometric surface; their distinct polarization dependence matches the adsorption

,f\“‘; [ -
“*ﬁt:ﬁ?;&??@ }

CO, on Ceria

geometry predicted by density functional theory, giving direct experimental validation of the

proposed structure. Additional bands at 1570 and 1610 cm™’, absent from the ideal-surface picture, are tentatively assigned to
carbonates at defective sites such as step edges or oxygen vacancies. By establishing definitive, structurally validated vibrational
fingerprints for CO, activation on a single-crystal ceria surface, this work provides an essential molecular-level reference for

interpreting infrared spectra of ceria-based powder catalysts.

B INTRODUCTION

The catalytic hydrogenation of CO, is widely recognized as a
key process for the sustainable production of fuels and
chemicals, offering a route to close the anthropogenic carbon
cycle and mitigate greenhouse gas emissions.'~* A molecular-
level understanding of CO, activation and transformation at
solid surfaces is therefore of central importance for the rational
design of improved catalysts. In this context, vibrational
spectroscopy—most notably infrared (IR) spectroscopy—has
proven to be an indispensable tool for unraveling fundamental
aspects of surface chemistry, as it provides direct access to the
structure, bonding, and dynamics of adsorbed species.
Furthermore, DRIFTS (diffuse reflectance infrared Fourier
transform spectroscopy) can be applied to powder samples at
ambient pressure,” allowing for operando studies.

Despite the extensive body of work on cerium dioxide as a
model and technologically relevant oxide, the interaction of
CO, with well-defined ceria surfaces remains insufficiently
understood. While the formation of carbonate species on single
crystal ZnO(10—10) surfaces has been studied using IRRAS
(infrared reflection—absorption spectroscopy),’ no experimen-
tal infrared spectroscopic studies on carbonate species resulting
from CO, exposure at ceria single-crystal surfaces have been
reported to date. In an earlier NEXAFS (near edge X-ray
absorption fine structure) and XPS (X-ray photoelectron
spectroscopy) study, exposure of CeO,(110) surfaces to CO,
was reported to lead to the formation of two species, a
physisorbed and chemisorbed species.” The latter was
identified as carbonate. No IR data were reported in this
study, which hampers the assignment of peaks observed when
exposing ceria powders to CO,.

© XXXX American Chemical Society

@ ACS Publications

On the theoretical side, vibrational frequencies of carbonate
species on ceria have been reported for the CeO,(111)
surface,”” whereas for the more reactive CeO,(110) facet only
adsorption geometries and binding energies have been
addressed.'”"" Experimental investigations are largely limited
to DRIFTS studies on powder samples.'> However, owing to
the irregular morphology and heterogeneous nature of oxide
powders, these measurements do not permit an unambiguous
assignment of vibrational bands to specific adsorption
configurations or surface sites. For a reliable assignment of
species formed after exposing powders to CO,, reference data
for well-defined single-crystal surfaces are urgently required.

Under ultrahigh vacuum (UHV) conditions, it has been
shown experimentally using IRRAS that on the thermodynami-
cally most stable CeO,(111) surface, CO, adsorbs exclusively
in a linear, physisorbed configuration at low temperature and
pressure (80 K, pressure <1 X 107 mbar)." Carbonate species
were predicted by theory® to exist on this close-packed,
energetically most favorable surface of ceria, but experimentally
such a chemisorbed species has not yet been observed on
CeO,(111). More open and thus more reactive surface
terminations must therefore be considered in order to
experimentally access chemically activated CO, species on
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this oxide. Among the low-index ceria surfaces, CeO,(110) is
of particular interest, since the third low-index surface,
Ce0,(100), undergoes reconstruction and is therefore less
suitable as a well-defined model system for determining the
vibrational frequencies of activated CO, on ceria. Previous
theoretical work by Saniz and co-workers'® identified the
formation of a carbonate species on CeO,(110) and provided
detailed structural insight; however, vibrational frequencies for
these species were not reported, precluding direct comparison
with experiment and assignment of the peaks observed for
CO,-exposed ceria powders.

In the present study, we employ polarization-resolved
IRRAS to investigate CO, adsorption on Ce0,(110) single-
crystal surfaces under well-controlled conditions. Measure-
ments were carried out for fully oxidized substrates using both
s- and p-polarized light, enabling a detailed analysis of
adsorption geometries via transition dipole moment selection
rules. The structural quality of the CeO,(110) surface was
verified by surface-ligand infrared spectroscopy (SLIR) using
CO as a probe molecule and the amount of residual vacancies
was determined by XPS. The spectra are dominated by the
characteristic CO stretching vibrations associated with
Ce0,(110), confirming the high structural purity of the
surface. From the XPS data, the residual amount of Ce3* ions
in the surface planes was determined to amount to roughly
10%.

Beyond its catalytic relevance, this work may inform
actinide-oxide surface chemistry. CeO, serves as a non-
radioactive surrogate for PuO,, and both oxides show similar
facet-dependent CO, adsorption, with stronger interactions at
the open {100}/{110} surfaces than at {111}. Our carbonate
fingerprints on CeO,(110) may thus benchmark theoretical
studies of CO, adsorption on PuO,, relevant to nuclear-
material storage and environmental surface chemistry. Note
that a previous study for CO adsorption on UO,(111) yielded
rather similar results to CO on CeO,(111)."*

In the IRRAS data, in addition to physisorbed CO, species,
we clearly identify the formation of carbonate species. A band
at 1510 cm™' can be unambiguously assigned to a
monodentate carbonate, in perfect agreement with the
structure proposed by Saniz et al.'’ This assignment is further
supported by the presence of a corresponding band at 1280
cm™!, also observed in the experiments. The pronounced
polarization dependence of these vibrational features is in
excellent agreement with the adsorption geometry predicted by
theory. Notably, despite extensive theoretical efforts, no
additional carbonate species were identified on the stoichio-
metric surface. Therefore, we tentatively attribute the addi-
tional bands observed at 1570 and 1610 cm™' to carbonate
species formed at defective regions of the surface, such as step
edges or oxygen vacancies.

B EXPERIMENTAL SECTION

The surface was characterized by CO adsorption at 82 K (see
Figure S1). A strong band at 2170 cm™' was observed,
characteristic for the CeQ,(110) surfaces.'>'® A low-intensity
band at 2154 cm™ indicated a small (less than 10%) fraction
of (111) facets, typical for CeO,(110) surfaces.'”

In Figure 1 we show experimental IRRAS data recorded after
exposure to S Langmuir (L) of CO, at a temperature of 125 K.
We clearly observe a double-peaked feature at 2350 cm™" in p-
polarized light and a single peak in s-polarized light, which can
be assigned to physisorbed, linear CO,, similar to CeO,(111)
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Figure 1. p- and s-polarized IRRA spectra of CO, at the fully oxidized
Ce0,(110) surface. The sample was exposed to S Langmuir of CO, at
125 K.

and other oxides such as ALO,'° The splitting of the
asymmetric stretch is a result of the so-called Berreman
effect.'® For a dielectric substrate, the tangential and surface-
normal components of p-polarized light contribute to the
IRRAS signal with opposite signs and slightly different
frequencies. Consequently, the sign of an IRRAS band depends
on the orientation of its transition dipole moment. This
accounts for both the positive/negative Berreman-type feature
of physisorbed CO, near 2350 cm™ and the opposite phases
of the carbonate stretching bands. For a more detailed
discussion see refs 13 and 18. For the cd-b carbonate, DFT
predicts distinctly different TDM orientations for the
asymmetric and symmetric O—C—O stretching modes,
consistent with their opposite signs in the p-polarized
spectrum. At lower wavenumbers, we observe, in p-polarized
light, positive peaks at 1510, 1570, and 1610 cm™, and a
negative peak at 1280 cm™". For s-polarized light, only a band
at 1280 cm™! can be seen.

When annealing the substrate, we found that the bands
related to the physisorbed species disappear at around 150 K,
consistent with the theoretical binding energies of 0.3—0.5 eV
with the theoretical value for the 0.3—0.5 eV binding energy eV
reported for these species.'’

In a second set of experiments, exposure to CO, was carried
out at 150 K, above the desorption temperature of physisorbed
CO,. The results shown in Figure 2 reveal that now the peaks
at 2350 cm ™! are absent, only the peaks at about 1510 (1513
exactly), 1570, and 1610 (1627 exactly) cm™ as well as the
negative peak at 1280 cm™ are left. The intensity of these
peaks did not change significantly relative to the adsorption at
125 K. As shown in Figure 3, the species at 1610 cm™" exhibits
a relatively low adsorption energy. As the temperature rises to
300 K, its peak intensity diminishes to the noise level,
indicating nearly complete desorption at this temperature. By
contrast, the species at 1510 cm™! has the highest adsorption
energy, as demonstrated by its slow decline in peak intensity
with increasing temperature. The adsorption energy of the
species at 1570 cm™' lies between those of the other two
species. Both the 1510 and 1570 species desorb completely
upon heating to 400 K.

Previous studies have frequently assigned the absorption
band at approximately 1610 cm™' to adsorbed bicarbonate
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Figure 2. p- and s-polarized IRRA spectra of CO, at the fully oxidized
Ce0,(110) surface. The sample was exposed to S Langmuir of CO, at
150 K.

species (see, e.g, refs 12 and 19). However, this assignment
appears unlikely for the present system. Both density functional
theory calculations and experimental infrared studies of
adsorbed bicarbonate consistently show that, in addition to
the band near 1610 cm™!, two further characteristic absorption
bands should be observed at approximately 1400 and 1200
cm™". These three bands have been assigned to the v_as(CO),
v_s(CO), and §(COH) vibrational modes of surface
bicarbonate species, respectively.””” While our IRRAS data
of CO, adsorbed on CeO,(110) exhibit a distinct band at 1610
cm™, no corresponding absorption features are detected in the
1400 or 1200 cm™' regions. The absence of these two
characteristic bicarbonate vibrations strongly argues against the
assignment of the 1610 cm™" band to a bicarbonate species.
We therefore conclude that this feature must originate from a
different adsorbed surface species, e.g., near an oxygen vacancy
or a step edge.

B THEORETICAL SECTION

In the previous section, six positive and negative features were
identified in the experimental s- and p-polarized IRRAS data,
each exhibiting distinct characteristics. In order to shed light
on the underlying adsorption species we conducted a
systematic search across the configurational space of CO,
adsorption geometries on CeO, (110) within the framework of
periodic density functional theory (DFT). A total of 1008

Figure 3. p-polarized IRRA spectra recorded directly after exposure to
S L of CO, on the fully oxidized CeO,(110) surface (upper trace).
The sample was gradually heated to indicated temperatures and
spectra were recorded upon cooling back down to 150 K. The
reported peak intensities reflect the species that survived the
annealing process.

different initial geometries on the (1 X 1), the (1 X 2), and the
(2 x 2) surfaces were relaxed to the nearest local minimum of
the potential energy surface as described in the Supporting
Information. We discarded 202 of these calculations since they
did either not converge or resulted in unphysical/irrelevant
configurations, e.g., positive adsorption energy or dissociation
of CO, into CO and O. The remaining 806 configurations
were closely examined and categorized. Eventually, a multitude
of different physisorbed and a total of seven unique
chemisorbed states could be identified. The following
discussion focuses on the antisymmetric and symmetric
stretching modes f; and £, of these configurations. Additionally,
numerical values on the bending modes f; can be found in
Table S2 in the Supporting Information and a list of all
calculated vibrational frequencies is available as stated in the
Data Availability Statement. All electronic structure calcu-
lations were carried out with the VASP*'~** code employing
the projector augmented wave method”* and the functional
form of the flavor of Perdew, Burke, and Ernzerhof,** including
the Hubbard-U approach™ and Grimme’s D3 correction
scheme.”® A thorough discussion on the computational details
can be found in the Supporting Information.

Physisorbed states are characterized by weak adsorption
energies in the order of a few hundred meV and only minor
changes of the adsorbate spatial and electronic structure
compared to its isolated state. Table 1 lists the adsorption
energies and vibrational frequencies of all unique physisorbed
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Table 1. Adsorption Energy E_ 4 and IR Frequency f; of All
Unique Physisorbed Species that Resulted from Our
Screening Categorized with Respect to the Investigated Slab
Sizes®

(1x1) (1x2) 2x2)
B, f; Eo fy B fi

spl -0.28 2352 -0.27 2343 —0.28 2356
sp3 (hh,) —0.45 2359 —0.45 2353 —0.46 2363
sp4 —-0.42 2332 —0.42 2313
sp4-cr —-0.44 2338 —-0.41 2328 —-0.41 2324
spS (dhy) —0.43 2340 —0.43 2339
sp6 (ooy,) —0.43 2327 -0.43 2325
sp6-cr —0.37 2338

sp7 -0.12 2352 -0.12 2350
svl —0.12 2365 —0.12 2361
sv2 (ct.) -0.21 2401 -0.23 2387 -0.24 2382
sv2-cr -0.30 2375

sv3 —0.06 2359 —0.06 2352
sv4 —-0.12 2363 -0.12 2356

“E,q, is given in eV and f; in cm ™. The labels are given in accordance
with Cheng et al.”” and Saniz et al.'’.

states resulting from our screening for three different
coverages. The states are labeled in accordance with the
work of Cheng et al.”” who described 11 different physisorbed
states. Here, “sp” indicates that the molecule is aligned parallel
to the surface whereas “sv” indicates vertical orientation. In
addition to that we found a few states to be crooked compared
to these configurations, which we indicate by the suffix “-cr”. In
a more recent work, Saniz et al.'’ reported only four
physisorbed states, the labels of which are given in brackets,
too.

Overall, for the (1 X 2) and the (2 X 2) surfaces we find the
configurations described by Cheng et al. except the state “sp2”
which is associated with a CO, molecule centered on a surface
Ce atom. The (1 X 1) surface exhibits less states compared to
the larger surfaces. The crooked state “sp4-cr” is found on all
three surfaces whereas the states “sp6-cr” and “sv2-cr” are
found on the (1 X 1) surface only. Hence, we find a multitude
of different physisorbed configurations and do not agree with
the claim of Saniz et al. that only four unique geometries exist.
The adsorption energies we found differ significantly from the
ones reported by Cheng et al. but agree qualitatively rather
well with Saniz et al. The differences are to be attributed to the
different functionals used. In particular, Cheng et al. did not
consider dispersion interactions that may have deteriorated
their results, as discussed in the Supporting Information.

The frequency f, reported in Table 1 corresponds to the
asymmetric stretch vibration.”® Other vibrations (reported in
the SI) show intensities reduced by a factor of at least 5—10 in
most cases compared to the asymmetric stretch vibration and
are thus not expected to be visible in the experimental
spectrum. The majority of the frequencies show numerical
values of f; = 2340—2365 cm™’, but also values as low as f; =
2313 cm™' and as high as f; = 2400 cm™' are found. These
results indicate that the vibrational modes of the physisorbed
states only slightly deviate from the vibrations of the isolated
molecule which was calculated to 2365 cm™ (cf. Supporting
Information). In Figure 4, the geometry of four selected
configurations on the (2 X 2) surface is displayed and the
transition dipole moment (TDM) i is given as an example. As
a general result for the case of physisorption we find the
expected result that the transition dipole moment fully aligns
with the orientation of the linear CO, molecule.

Chemisorption on the other hand is associated with much
stronger adsorption energies which are typically accompanied
by changes in the geometry and electronic structure of the
adsorbed molecule. While several earlier theoretical studies did
not find any chemisorbed state for CO, on the CeO,(110)
surface,””””>" more recent works reported one chemisorbed
state.*>** Our comprehensive search reported here resulted
in a total of seven unique chemisorbed states for which the
adsorption energies and two vibrational frequencies are listed
in Table 2.

Within our data set, we found the carbon down b-species to
exhibit the strongest binding energy. The calculated bond
lengths and angles of this species (Figure Sa) agree very
favorably with those of the chemisorbed species identified by
Saniz and co-workers'® (called ot in their study as indicated in
Table 2), who characterized it as monodentate carbonate. The
binding energies determined in our analysis, E,4, = —1.32 eV
on the (1 X 2) and E 4, = —1.42 eV on the (2 X 2) surface,
support the finding of Saniz et al. that the adsorption strength
decreases with increasing coverage. The absolute binding
energy values are somewhat below those reported in the Saniz
work (a difference of 0.35 eV in the case of the (2 X 2)
surface) but are in very good agreement with those of
Symington et al,,>” the difference being most likely due to the
different treatment of dispersion interactions in the respective
studies. We were not able to stabilize this species for the higher
coverage using a smaller (1 X 1) surface unit cell
(corresponding to unity coverage), the reason being the
repulsion of the oxygen atoms of the two neighboring
carbonates. The calculated asymmetric and symmetric stretch
frequencies of the cd-b species amount to 1515 and 1254

sp3 sp5
f, = 2363 cm™? f, = 2339 cm™
0.91 0.00
= (0.00]eA = (o.az) eA
0.00 0.00

sp6 sv2

f, = 2325cm™ f, = 2382 cm™!

0.00 0.02
= (0.78 eA L= o.oo) eA
0.00

§ 116

Figure 4. Adsorption configurations of four selected physisorbed states on the (2 X 2) surface including the respective antisymmetric stretch

frequency f; and the TDM Ji,.
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Table 2. Adsorption Energy E_;, and IR Frequencies of the Unique Chemisorbed Species on the Investigated Slab Sizes”

(1x1) (1x2) (2x2)
E.u fy £ E.u fy £ E.a fy £

cd-a -0.77 1487 1253 —0.90 1477 1231 -0.83 1502 1203
cd-b (oty,) -1.32 1517 1253 —1.42 1515 1254
fl-a -0.92 1420 1258

fl-b —-0.83 1405 1238 —0.53 1425 1223
so-a —0.41 1716 1116

so-b —0.45 1174 1558
br-b -0.71 1109 1613

“E,q, is given in eV and f, in cm™". The first part of the naming abbreviates carbon down as “cd”, flat as “fl”, side-on as “so”, and bridged as “br”

whereas the letter indicates the orientation of the molecule.

a) cd-b

o

cd-a fl-a fl-b

c)

hafr ~nge ki -
MEEN . MR . e,

b) cd-b

f, = 1515cm™! f, = 1254 cm™!

0.00 —-0.37
Lb i, = (1.21) eA iy = ( 0.00 )eA
0.00 0.51
— _0— t
— NP
rm\ Ve M
=~V W = V™
| N | | N |

so-b br-b

SoO0-a

Cde Do ‘r* 52 2 ?z-}r"\ o
¥ o2 ? Q!
%?%:? L el

Figure 5. (a) Adsorption configuration cd-b including bond lengths and angles. (b) Antisymmetric and symmetric stretch modes, including
vibrational frequencies and TDMs of the cd-b species. (c) Adsorption configurations of the other unique chemisorbed species.

cm™', respectively. The corresponding modes and TDMs are
indicated in Figure 5b and are oriented parallel to the substrate
for the former and tilted upward from the surface for the latter.
In addition to the cd-b species, six other adsorbate
configurations were stabilized in our screening that had not
been reported to date, all of them carbonate-like species (Table
2 and Figure Sc). Many of these species exhibit adsorption
energies in the intermediate range from E_ 4, = —0.71 eV to E 4
= —0.92 eV, but there are weakly bound species with E 4, =
—0.41 eV to E,4; = —0.53 eV as well. The configuration of
species cd-a is geometrically similar to the cd-b species but
rotated by 90° around the surface normal, now with the O—0O
axis oriented along the a-direction. Species cd-a is stabilized at
all surface sizes studied here, exhibiting frequencies a little
(10-50 cm™') below the ones of species cd-b. The
configurations of species fl-a and fl-b resemble species cd-a
and cd-b with the CO,>” plane being tilted slightly more
toward the surface plane. In the case of fl-a the surface-O
which takes part in the carbonate is slightly displaced whereas
for fl-b the flat geometry is achieved by anchoring the
carbonate to a different surface-O compared to the cd-b
configuration. The frequencies of these species amount to f; =
1405—1425 cm™ and f, = 1223—1258 cm™'. The so-a/b
species exhibit interestingly low adsorption energies of E 4 =
—0.41/-0.45 eV, which are comparable to many physisorbed
species. The TDMs of all unique chemisorbed species are
provided in Figure S3 in the Supporting Information.

B DISCUSSION

At first sight, it appears puzzling that after exposure of
Ce0,(110) to CO, at 125 K a coexistence of physisorbed and
chemisorbed states with rather different binding energies is

observed, in accordance with previous work using XPS and
NEXAFS for the same system.” This observation effectively
rules out that the adsorbate system is in thermodynamic
equilibrium. Indeed, previous theoretical work has proposed
that the distribution of adsorption states is governed by
adsorption dynamics and energy dissipation pathways, leading
to kinetic trapping in metastable configurations rather than
thermodynamic equilibrium.

The situation becomes simpler when adsorption is carried
out at 150 K. At this higher temperature, the physisorbed
species is no longer stable, and only chemisorbed species are
formed. At this higher temperature, the absolute as well as the
relative intensities of the bands at 1510, 1570, and 1610 cm™!
remain unchanged.

Using our theoretical results, the vibrational band at 2350
cm™! can be assigned to the multitude of physisorbed states,
many of which are assumed to coexist as their adsorption
energies are rather similar around E 4, &% —0.4 eV. Additionally,
the vibrations at 1510 and 1280 cm™" can be assigned to the
asymmetric and symmetric stretching vibrations of the most
stable carbonate species cd-b. The difference between
experimental and theoretical values for the symmetric stretch
frequency f, amounts to just under 30 cm™' which is well
within the error observed in other theoretical studies using
similar methods.”* The computed frequencies of the remaining
six less strongly bound chemisorbed species cannot be
observed in the experimental spectrum, rendering their
existence rather unlikely. We therefore speculate that these
configurations are metastable and convert to the energetically
more favorable cd-b configuration.

At present, we are unable to provide a precise assignment of
the additional species at 1570 and 1610 cm™. As discussed in
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the experimental part, the presence of bicarbonate species can
be excluded. From the fact that the widths of these unassigned
peaks are comparable to that of the carbonate species at 1510
cm™, we conclude that they correspond to two well-defined
carbonate species with different binding geometries to the
substrate. From the temperature dependence of the IRRAS
data, we further conclude that the binding energy of the species
at 1610 cm™ is lower than that at 1570 cm™'. Since no
additional peaks are observed in the region where the
symmetric carbonate stretch is expected (around 1280
cm™), we propose that the symmetric modes of these two
unassigned species overlap with that of the carbonate species
exhibiting the asymmetric vibration at 1510 cm™". Indeed, the
spectra (see Figure 1) reveal a slight asymmetry in this region.

While a definitive assignment cannot be made in the absence
of solid experimental or theoretical evidence, the most likely
explanation is that the two unassigned bands arise from
carbonate species bound to substrate sites with strongly relaxed
O and Ce atom positions — for instance, in the vicinity of
oxygen vacancies or at step edges. Such configurations were
not captured in our computational screening of adsorbate
geometries, which was restricted to the stoichiometric surface,
and may therefore account for vibrational signatures that fall
outside the range of the calculated reference frequencies. We
consider this the most plausible interpretation currently
available, though further targeted calculations — for example,
explicitly modeling carbonate adsorption near defect sites —
would be needed to confirm it.

B CONCLUSIONS

In the present study, a combination of IRRAS experiments and
DEFT calculations was used to identify CO, adsorption species
on Ce0,(110). The IRRAS experiments revealed five distinct
vibrational bands of CO, on a well-defined CeO,(110) single-
crystal surface, three of which could be properly assigned to
the theoretically obtained configurations after a comprehensive
configurational search conducted with DFT: The band at 2350
cm™ can be associated with the multitude of physisorbed
species, while the bands at 1510 cm™ and 1280 cm™ can be
related to the asymmetric and symmetric stretching vibrations
of the monodentate carbonate cd-b. We speculate that the
remaining two vibrational bands at 1570 and 1610 cm™'
correspond to adsorption species on surface defects or step
edges, which were not included in the configurational search.
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