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Abstract

In this work, by combining FTIR results with periodic DFT calculations, we highlight the
role of different anatase surface sites in the CO, adsorption and in the subsequent reactions.
It is shown that CO, is mainly adsorbed in linear form at the (101) surface, while the
formation of a variety of surface carbonates is occurring at the (001) one. The role of co-
adsorbed water in the formation of surface bicarbonates is also investigated. All the
structures identified by FTIR spectroscopy were modeled by DFT and the adsorption
geometries and the energy of formation for the surface species were carefully analyzed. For
the most stable structures we also performed the calculation of the vibrational frequencies

that were compared with the FTIR data.
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1) Introduction
The increase of concentration of carbon dioxide in the atmosphere is one of the major contributors
(together with methane and CFC) to the greenhouse effect and the consequent global warming. The
main reason of the atmospheric CO; increase is ascribed to anthropic activities related to
combustion of fossil fuels." Several strategies have been indicated in order to deal with CO,
management: i) reduction of CO, emission that is driving innovative research projects towards CO,
neutral energetic technologies, (hydrogen as fuel or energy vector, photovoltaics, wind farms,
etc...); ii) CO, sequestration and storage strategies similar to those adopted for radioactive waste;?
i) chemical fixation on reactive substrate like metals and metal oxides.® This latter approach
appears to have a great potential and has gained an increasing attention in the last decade, since it
combines the possibility to produce, through (photo)catalytically driven reactions, raw materials
and valuable chemicals, together with a substantial mitigation of the greenhouse effect.

Among various catalysts proposed, TiO,-based materials have been considered the most
appropriate candidate for photocatalytic processes due to their powerful oxidation properties,
superior charge transport properties, and corrosion resistance. In 1979 Honda and coworkers
reported the photoreduction of CO, to form formic acid, formaldehyde, methyl alcohol and methane
in aqueous suspension of semiconductors such as TiO,, once the suspension had been illuminated
with light absorbable by the catalyst.> After this pivotal work, many attempts to improve the
efficiency of the photoreaction have been made over the past few decades. In this respect, several
strategies have been adopted including the use of metal particles as co-catalyst,%’ the modulation of
the electron structure of the oxide by dopants,® the use of organic molecules as sensitizers’ and the
nanostructuration of the materials.>°

Despite such a considerable amount of studies, the conversion efficiency of CO; into useful
hydrocarbons is still too low for technological applications. Further progress requires the
understanding of the (photo)reduction processes at the atomic level that cannot be obtained without
a detailed knowledge of how CO; interacts with TiO,. This implies a comprehension at the atomic
level of the structure of the exposed surfaces, of their reactivity and of which is the bonding
mechanism. To this extent, quantum chemical calculations have shown the unrivalled capability to
elucidate at the atomistic level the mechanism of many phenomena involving surface reactivity.
Nonetheless, in the case of COy/titania interaction, only a handful of simulations have been
performed and almost only limited to the most stable (110) rutile and (101) anatase surfaces (see
Refs. ' and references therein). This finding is somewhat surprising since, for instance, in the
case of anatase, Fourier transform infrared spectroscopy (FTIR) of adsorbed CO has highlighted a
significant presence of the less stable (001) surface'®**. Furthermore, density functional theory
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(DFT) calculations dealing with the interactions of anatase surfaces with small molecules such as
water, ammonia and formic acid, have suggested a higher reactivity of the (001) surface over the
most stable (101).*>® Finally, a recent combined FTIR and DFT study showed that the surface Ti
sites exposed by the anatase (101) and (001) surfaces exhibit significantly different Lewis acidity
and polarizing power, possibly resulting in different reactivity toward CO,."’

In this paper we present a combined FTIR and periodic DFT study of the interaction of CO,
with the (101) and (001) anatase surfaces. Carbon dioxide can interact with the surface acid Lewis
centers through the O ends but can also interact with the surface basic Lewis center through the C
atom leading to the formation of surface carbonates; on hydrated surfaces the interaction with the
exposed hydroxyls may produce bicarbonates. In this respect CO, can be also considered as a
valuable probe to evaluate the basicity of the surface oxygen centers.

The surface structures possibly deriving from CO, adsorption on TiO, usually considered in
the literature are sketched in Scheme 1.*%' They can grouped in: i) linear structures (L) that
include, considering the orientation of the molecule with respect to the surface, parallel and
perpendicular configurations; ii) monodentated carbonates (MC) that can be conceived of two
types: a carbonate coordinated to a surface Ti center or a sort of “surface” carbonate in which one
the oxygen of the —CO3; moiety is itself a surface oxygen kept nearly fixed at its lattice position; iii)
bidentated carbonates (BC) that can be divided into bridging BC, where the carbonate is bound to
two adjacent Ti centers, and chelating BC, where the bidentated bond is with a single Ti center; iv)
modentated and bidentated bicarbonates (MB and BB) derived from the corresponding carbonate
structures.

We modeled all the relevant structures and we carefully analyzed the relative adsorption
geometries and energetics involved in the formation of the surface species. For the most stable
structures we performed the calculation of the vibrational spectra which were compared with the
experimental ones recorded at room temperature. Combining experimental and theoretical results,

we were able to rationalize the different reactivity of the two surfaces under analysis.

2) Experimental and computational details

Computational parameters. The CO, adsorption at the (001) and (101) anatase surfaces has been
modeled employing the periodic CRYSTALO9 code,?® using the hybrid PBEO DFT functional.?®
Indeed, the PBEO functional has been reported to give accurate structural and electronic properties
for TiO, crystals;* in addition a recent report concerning the interaction of CO with TiO,
nanocrystals has demonstrated that the selected functional is able to provide a feasible description
of the energetic and the vibrational properties of the surface adsorbates.'’



In the CRYSTAL code, the level of accuracy in evaluating the Coulomb and the exchange
series is controlled by five parameters® for which 107, 107, 107, 107, 10"*® values have been used
for all calculations. The convergence threshold for SCF energy was set to 10° Ha. The reciprocal
space was sampled according to a regular sublattice determined by the shrinking factor?® which was
ranged from 2 to 6 (4 to 20 independent k-points in the irreducible part of the Brillouin zone)
depending on the dimension of the adopted cell.

The surfaces of crystals were modeled with bidimensional slabs characterized by two
infinite dimensions (x, y) and a finite thickness. Different CO, coverages were considered and
modeled by employing supercell of appropriate size; we define the coverage 0 as the ratio between

the number of adsorbed molecules and the number of surface fivefold coordinated Ti sites. For

0=0.25 and 0.5, 2x2 and ~/2x2 supercells have been built up, respectively, whereas 6=1
corresponds to the 1x1 cell. The thickness of the slab was set to about 8-10 A (6 Ti-layers) since our
previous report has proven that slabs of this thickness provide negligible differences in the adsorbed
CO properties (i.e. binding energy, variation in the CO bond length, CO stretching frequencies)
with respect to thicker slabs.’

Concerning the basis set, to find an appropriate compromise between accuracy and
computational cost, the CO, molecule was described with a TZ-P basis set, the surface O and Ti
atoms with a [511111-411-1] basis set resulting in (6s/3p/1d) and a [84211-631-411]/(5s/3p/3d)
respectively; while a [8-411-1]/(1s/3sp/1d) and a HW/411-31/(3sp/2d), exploiting the Hay-Wadt
small-core pseudopotential,? have been employed for the inner O and Ti atoms respectively. This
basis set combination was already employed in our previous CO/anatase investigation and the
associated basis set superposition error (BSSE) did not exceed 1.5 kcal mol™.*

The geometry optimization has been performed relaxing all the atoms in the cell and
keeping fixed the lattice parameters at the bulk values. All the symmetry constraints have been
removed. Adsorbate frequencies have been computed at the I' point, within the harmonic
approximation, by diagonalizing the mass-weighted Hessian matrix only for the adsorbate fragment,
once checked that its vibrational modes are not coupled with other crystal phonons. Computed
frequencies have been scaled by a factor 0.9525 in order to facilitate comparison with experiments.
The scaling factor has been determined by matching for gas phase CO, the calculated vas(CO) =

2466 cm * to the experimental value, vas(CO) = 2349 cm ™.

FTIR spectroscopy. TiO, anatase nanopowder (hereafter nanoanatase) was purchased from Sigma-
Aldrich. The rutile content of the material, evaluated considering the relative intensity of the rutile



(110) and of the anatase (101) diffraction peaks,?® was below 3%. The BET surface area was found
to be 140 m%/g.

Before CO and CO; adsorption the TiO, samples, in form of thin self-supporting pellet suitable for
transmission FTIR measurements, were outgassed under high vacuum (residual pressure < 10™
mbar) at 823 K in the same cryogenic cell (a properly modified closed circuit liquid helium Oxford
CCC 1204 cryostat) allowing the infrared investigation of species adsorbed in controlled
temperature (between 300 and 14 K ) and pressure conditions. The thermal treatment was followed
by an oxidation step at 723 K with 15 mbar of O, in order to obtain fully stoichiometric TiO,.

The infrared spectra were recorded on a Bruker Equinox 55 FTIR spectrometer, equipped with an
MCT cryogenic detector, with the sample compartment modified to accommodate the cryogenic
head; 128 interferograms (recorded at 2 cm™ resolution) were typically averaged for each spectrum.

3) Results from periodic DFT calculations.
a) Modeling the CO; interaction with the dry surfaces
The (001) surface. The surface is characterized by the presence of Ti(5f) and O(2f) atoms, see
Figure S1 of Supplementary Information. At this surface, the formation of linearly adsorbed CO,
(L) together with the formation of mono (MC) and bidentated (BC) carbonates has been
hypothesized (see Scheme 1). Considering the linear configurations, we found that the favored
adsorption structures depend on the coverage. At low coverage (6=0.25), the molecule adopts a flat
configuration (001-L1) and is located between two facing Ti-O-Ti bridged moieties (Figure 1).
Increasing the coverage, the parallel arrangement, because of its steric hindrance, cannot be any
longer accommodated on the surface, and the molecule moves to a linear perpendicular
configuration. At 0=1, the stable configuration, 001-L2, is characterized by a O atom of the
molecule bound to a surface Ti(5f) site (d(Ti0)=2.92 A); the bond is considerably tilted with
respect to the normal to the surface, o(Ti-O-C)=130° and d(OsC)=3.42 A, see Table 1. In both
configurations, CO retains almost entirely its gas phase geometry, d(CO)~1.157 A, the same bond
distance as in the free molecule, and o(O-C-O) ~179°. The interaction with the surface is rather
weak, AEgm=-5.3 and -3.4 kcal mol™ for 001-L1 and 001-L2, respectively; the asymmetric CO
stretching, 2336 (001-L1) and 2354 (001-L2) cm™* is shifted by few wavenumbers with respect to
the gas phase value, Table 2.

In the bent configuration, the CO; is bound to the surface through the C atom with a surface
O site (d(OsC)=1.31 A) and through the O atoms that are bound to the surface Ti centers
(d(Ti0)=2.05 A). It results in monodentate carbonate species (001-MC) indentified in Scheme 1 as



“lattice MC” since one O from the TiO; lattice contributes to the formation of the carbonate moiety
according to the reaction:

TiO, + CO, > TiO-CO4 (1)

The formation energy of surface carbonate is highly exothermic, AEom= -30.1 kcal mol™,
despite the energy cost to bent the molecule from its gas phase linear shape, 38.6 kcal mol™, and the
considerably deformation that the surface undergoes. Indeed the O(2f) site moves inwards by about
0.6 A and the Ti-O-Ti angle varies from 148° to 180° moving from the bare to the carbonated
surface. The two adjacent Ti-O distances that in the free system are remarkably different, d(TiO) =
1.71 and 2.25 A, become almost of the same length, d(TiO) = 2.09 A, value considerable longer
than in the inner layers, d(TiO) = 1.93 A, where the lattice geometry resembles the bulk one.

The formation of very stable “lattice” carbonates at the (001) anatase surface was also
reported in previous works.?"?®

The CO; adsorption energy varies dramatically with the coverage: for 6=0.125 and 0.0625,
AEfom= -46.7 and -48.1 kcal mol™. This strong dependence of AEsm on 6 has been already
highlighted in the case of MgO where at step sites CO, adsorption leads to surface carbonates
whose AE¢om varies from -28.8 to -52.11 kcal mol™ by reducing 6 from 0.67 to 0.33.% Nevertheless,
the rationalization of this strong dependence of the adsorption energy on the CO, coverage requires
an accurate analysis of the electron properties of the CO,/TiO, interface that will be addressed in
the last section.

Starting from the 001-MC structure, through a on-site rotation of the CO3 moiety, a bridging
bidentated carbonate (001-BC) can be conceived, Scheme 1 and Figure 1. According to such
arrangement the carbonate specie, that has originated by incorporating a bridging surface oxygen, is
bound to two adjacent Ti surface sites through two oxygen atoms, leaving on the surface an oxygen
vacancy. Although the final bonding with the surface is rather strong, AEsom=-20.9 kcal mol™, 001-
BC is considerably less stable, by about 10 kcal mol™, than 001-MC. In addition this structure could
not be localized for 6=0.5: in this case 001-BC spontaneously moves to 001-MC. We think
therefore that 001-BC may be a metastable structure that, passing a very low barrier, can move to
001-MC.

Finally a bent structure, B1, with C pointing away from the surface has been considered, see
Scheme 1. Our attempts to stabilize a 001-B1 structure were unsuccessful since B1 spontaneously

moves to a linear shape. This finding is in agreement with recent results®***

concerning the anatase
(101) surface, showing that the B1 structure could be localized at the reduced surface (even if

unstable) but never at the neutral one.



The vibrational frequencies of the surface carbonates are reported in Table 4 and compared
with the corresponding values computed for a carbonate ion in CaCO3 considered as representative
of a free carbonate. The -CO3 in CaCOs is characterized by a three-fold symmetry; the asymmetric
stretching, IR active, is double degenerated and is located at vas(CO)=1407 cm™*, whereas the
symmetric stretching, located at vss(C0)=1086 cm ™, is IR inactive.** With respect to the reference
free carbonate, adsorption leads to the splitting of the double degenerate asymmetric stretching
vibration that depends on the bonding properties at the interface, and to a tiny IR activity of the
symmetric stretching. Indeed 001-MC and 001-BC are characterized by different and specific
features; in 001-MC the v.s(CO) splitting generates two components located at 1576 and 1376 cm ™™

whereas for 001-BC the two components are located at 1802 and 1125 cm ™.

The (101) surface. The surface is characterized by the presence of both five-fold Ti(5f) and six-fold
Ti(6f) coordinated Ti atoms and two-fold O(2f) and three-fold O(3f) coordinated O atoms, see
Figure S1 of Supplementary Information. At low coverage (6=0.25), we have explored three
different linear (101-L1, 101-L2, 101-L3) and two bent (101-B and 101-MC) configurations of
adsorbed CO,, see Scheme 1 and Figure 2. 101-MC is the analogous for the 101 surface of the
“lattice” carbonate already discussed in the case of the 001 one. In L1 and L2 the CO, molecule
binds through one O atom to a surface Ti(5f) site (d(TiO0)=2.62 and 2.54 A, respectively) and with a
bond contact with the closest surface O(2f) sites (d(OsC)=3.10 and 2.99 A, respectively); in
configuration 101-L3 CO, lies in a plane that is roughly perpendicular with respect to the one
containing L1 and L2 structures with the shortest bond contact with the surface d(TiO)=2.40 and
d(0sC)=3.3 A. Indeed, in all the three configurations, the molecule is largely tilted relative to the
surface normal, being the angle a(Ti-O-C)=149, 126 and 134° for 101-L1, 101-L2 and 101-L3,
respectively. The adsorbed molecules are slightly deformed with respect to the gas phase structure
since they retain almost entirely the linear structure, i.e. a(O-C-0O) is close to 180° in all the three
configurations, see Table 3. The 101-L1 configuration has the highest binding energy (AEsom= -9.5
kcal mol™), followed by 101-L2 and 101-L3 (AEsm= -7.8 and -8.5 kcal mol™, respectively). In the
101-B adsorption structure the molecule, bonded to adjacent Ti(5f) and O(2f) atoms, is largely
deformed with respect to the linear shape, a(O-C-O) =131° and the surface configuration is not
stable, AEsm=2.7 kcal mol™. The 101-MC configuration is even less stable than 101-B, by about 5
kcal mol™ in agreement with previous periodic DFT calculations.™>* The order of stability of the
surface structures, 101-L1>101-L2>101-B>101-MC is indeed similar to what obtained in the
previous studies.***° In particular, computed AEsm(101-L1) is quite close to the value of 11.05 kcal

mol™ determined using the more accurate PBE plus the Tkatchenko and Scheffler long range
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dispersion corrections (PBE-TS) and also the higher stability of the most stable linear configuration,
101-L1, over the most stable bent one, 101-B, of about 10 kcal mol™ well compares with the PBE-
TS value (7 kcal mol ™).

The nearly unperturbed structure of adsorbed CO, in L1-L3 configurations is resembled in
the CO, vibrational frequencies that remain close to the gas-phase values. The asymmetric CO
stretching, 2359 (L1) and 2360 (L2) cm*, is blue-shifted with respect to the gas phase value;
similar behavior can be recognized for the symmetric CO stretching, 1340 (L1) and 1336 (L2) cm™
that becomes weakly IR active because of the polarizing effect of the surface (see Table 2). The
main effect of the increased coverage (6=1) on the IR spectra, analyzed in the case of 101-L1, is a

displacement of the vibrational frequencies by few wavenumbers (Table 2).

b) Modeling the CO, interaction with partially hydrated surfaces

Water interacts with anatase in different ways depending on the surface involved in the adsorption
and on the water coverage 6. On the (101) surface, from low coverage up to 6=1, water adopts a
molecular form of adsorption; while on the (001) surface, from low coverage up to 6=0.5, water
prefers a dissociated form of adsorption. At 6=1 water moves to a mixed state where half of the
molecules are dissociated while the other half are molecularly adsorbed: the molecules that are not
dissociated form a kind of “second layer” above the “first layer” of dissociated molecules.™>*

These observations are interesting since CO,, once activated by the surface, can interact
with hydroxyls to form surface bicarbonates according to the reaction:***23*

TiO,-(OH,) + CO; = TiO,-(OH)-HCO; (2)

This implies that in the experimental condition of a partially hydrated surface the (001)
surface can lead to the formation of bicarbonate species. The resulting surface configurations can be
grouped in modentated bicarbonates (MB) where the —HCO3 interacts through one oxygen with
one surface sites, and in bidentated bicarbonates (BB) where the —-HCOj3 interacts through two
oxygens with one or two adjacent Ti sites leading to either chelating or bridging structures, see

Scheme 1.

The (001) surface. The first step was the setup of a feasible model for the hydrated (001) anatase
surface. The model adopted in this work, 001-OH, has been reported schematically in Figure S2 of
Supporting Information. In 001-OH, a quarter of water monolayer (6=0.25) is adsorbed in a
dissociative way on a Ti-O surface couple, resulting in the formation of hydrogen bonded
hydroxyls. According to this model, the computed hydration energy Enyg=-31.8 kcal mol™ is in

agreement with estimates from a previous work (Enys=-36.7 kcal mol™).*®



In the case of a quarter of a monolayer of CO,, 6=0.25, that impinges on a (001) surface hydrated
by a quarter of monolayer of water (001-OH), different configurations of surface MB and BB were
considered: they are reported in Figure 3 and the most relevant adsorption properties are
summarized in Table 5. Four different species of bidentated bicarbonates were analyzed, namely:
001-BB(1-3) of bridging type and 001-BB4 of chelating shape. These four configurations are the
result of two slightly different reaction paths as reported in Scheme 2. According to reaction 2a, one
CO; molecule interacts with a hydroxyl group leading to a bidentated bicarbonate and leaving on
the surface a linear Ti-OH hydroxyls (001-BB1); according to reaction 2b, one CO, molecule
interacts with a hydroxyl group leading to a bidentated bicarbonate either chelating or bridging and
leaving on the surface a bridging hydroxyl (configurations 001-BB2-4). The bridging configurations
are always more stable than the chelating one and indeed the order of stability is: AEsm(001-BB2)
> AEfom(001-BB1)> AE;om(001-BB3) >AEf,m(001-BB4). In the most stable configuration, 001-
BB2, AEsum= -14.6 kcal mol™, the bicarbonate moiety is bound to two Ti sites adjacent to a O(3f)
site; 001-BB3 differs from 001-BB2 only for the fact that the bicarbonate is bound to two Ti sites
adjacent to a O(2f) site. In order to maximize the -HCOs/oxide interaction at the interface, the O(2f)
largely downshifts (by 0.8 A) with respect to the bare surface, leading to a reduced stability of 001-
BB3 over 001-BB2 by more than 10 kcal mol™, AE¢m(001-BB3) = -4.3 kcal mol™, Table 5.

The vibrational frequencies of the surface bicarbonates are reported in Table 4. The most
interesting features are the two vas(CO) at 1620 and 1490-1440 cm™, which are quite shifted with
respect to the MC species, and the -COH bending vibration, vg(COH), at about 1200 cm™.

Monodentated bicarbonates (see Scheme 1) are not stable on the surface since they
spontaneously move to a bidentated configuration. However they can be stabilized by the
interaction with surface hydroxyls. Three configurations of MB, namely 001-MB1-(3), have been
hypothesized, which are reported in Figure 3. They differ for the local arrangement of hydrogen
bonds between surface hydroxyls and bicarbonate. MB configurations are always less stable than
BB and are all characterized by a non favorable formation energy, Table 5. The most stable
structure 001-MB1 is characterized by AE¢m= 0.1 kcal mol™ followed by 001-MB2 with AEfom=
3.5 kcal mol™. The formation of MB specie cannot be ruled out on the basis of the slightly
unfavorable formation energies since other effects have to be considered. First of all AEgm i
largely affected by the model adopted to simulate the hydrated TiO, surface and in particular by the
degree of hydration included in the model and by the localization of the hydroxyls groups on the
surface. Secondly, on a partially hydrated surface hydroxyls are more likely localized at defective
sites (steps, edges), a situation which is not completely accounted for by the model proposed in this

work. On this kind of low-coordinated sites the AEsm 0f MB is reasonably expected to be larger.
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The vibrational frequencies of 001-MB1 are reported in Table 4. The most interesting feature is the
presence of a vas(CO) at 1652 cm™, considerably shifted with respect to the BB structures, that can
therefore provide a fingerprint for the identification of MB species.

The (101) surface. As already pointed out, in the case of a partially hydrated surface, CO, retains its
molecular shape and is not activated by the surface. The interaction with surface hydroxyls from
adsorbed water is not expected to lead to a significant formation of bicarbonates. Therefore, the

formation of surface bicarbonates on this surface was not considered.

4) FTIR spectroscopy of dehydroxylated surfaces

a) Study of the exposed surface sites by CO adsorption

To obtain an accurate picture of the surface of the nanoanatase sample in terms of exposed Lewis
and Bragnsted sites, we performed low temperature CO adsorption before studying the interaction of
CO.. Indeed, carbon monoxide provides information on the polarizing power of the exposed metal
centers, on their two-dimensional arrangement and, indirectly, on the particle morphology since it is
able to discriminate the Ti*" sites present on different crystal faces.

The FTIR spectra, recorded at 60 K, of different CO coverages on dehydroxylated nanoanatase are
reported in Figure 4. On the basis of the comprehensive set of periodic DFT calculations and

experimental data thoroughly discussed in previous papers,*>!"3*

a complete assignment can be
provided. Besides the band due to liquid-like CO centered at 2140 cm™, the spectra are dominated
by the band centered at 2179 cm™ which can be assigned to CO adsorbed on the (101) face. The
nanocrystals expose also the less stable (001) surface, as testified by the presence of the weaker
peak at 2166 cm™. Finally, the signal at 2208 cm™ is due to CO adsorbed on highly acidic Ti Lewis
sites exhibiting very low coordination like those located on edges, steps and corners. The presence
of this band confirms that the sample is heavily dehydroxylated. However, few residual OH groups

located on defect sites are still present and originate the broad band in the 2156-2158 cm™ range.

b) CO, adsorption and comparison with the DFT results

Combining the results of the periodic DFT calculations (section 3a) with the information about the
exposed surfaces obtained by low temperature CO adsorption (section 4a), we can now provide a
complete assignment of the FTIR spectra of CO, adsorbed at room temperature on heavily

dehydroxylated nanoanatase (Figure 5):
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1)  The band which dominates the IR spectrum (inset of Figure 5) is undoubtedly
originated by the vas(CO) of CO, linearly adsorbed on the (101) anatase surface (101-L1,
see Figure 2 and Table 2-3). This signal appears at 2357 cm™ and shifts down to 2353 cm™
before going out of scale at high coverage. Its broad character suggests the presence of a
variety of slightly different binding configurations (e.g. 101-L2, 101-L3, 101-B, see Figure
2) in addition to the most stable one (101-L1). The vas(CO) of the **CO, isotope (natural
abundance ~ 1%) can be detected at 2285 cm™.

2)  Based on the literature," the doublet centred at 1376 and 1268 cm™ can be
assigned to a Fermi resonance between the symmetric stretching, vss(CO), and the first
overtone of the deformation mode, 2vg(OCO), of CO, adsorbed on the (101) surface (101-
L1, see Figure 2). This resonance is IR inactive in gaseous CO; and can be found at 1388
and 1285 cm™ by Raman spectroscopy. These signals completely disappear together with
the main band due to the vas(CO) after outgassing at room temperature. Their reversible
nature is in full agreement with the low calculated AEsom (-5.7 kcal mol™) for 101-L1 at 6 =
1 (Table 3).

3)  The most intense band in the 1800-1200 cm™ region, initially centred at 1584
cm™ and progressively shifting to 1587 cm™ while increasing the coverage, can be assigned
to the vas(CO) of monodentate carbonates on the anatase (001) surface (001-MC, see
Figure 1 and Table 1-4). However, similar species can be formed also on the low
coordinated sites located on edges, steps and corners, which have been highlighted by the
preliminary CO adsorption (section 2a). Another vas(CO) can be found at 1321 cm™ at low
coverage. This signal progressively shifts to 1316 cm™ and its intensity grows in parallel to
the vas(CO) band as expected. These bands are still present even after prolonged outgassing
at room temperature in agreement with the calculated AEzom of -30.1 kcal mol™ for 001-MC
at 6 = 0.25 (Table 1).

4)  The weak signals centred at 1673, 1434 and 1222 cm™, which appear only at
higher CO, coverages, can be ascribed to surface mono and bidentate bicarbonates which are
originated by the reaction of CO, with the few residual hydroxyl groups. Their assignment
will be discussed in greater details in the following section which is devoted to the partially

hydrated anatase surfaces.

5) FTIR spectroscopy of partially hydrated surfaces
a) Study of the exposed surface sites by CO adsorption
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To investigate the effect of adsorbed water on the CO, interaction with anatase surfaces, we
prepared a partially hydroxylated sample by re-adsorbing approximately half monolayer of water on
a sample previously outgassed at 823 K. The presence of molecular water on the surface is testified
by the appearance of the peak associated with the H,O bending mode and by the strong and
complex absorption in the OH region. In these conditions the less reactive faces are expected to be
partially covered by molecular water coordinated to fivefold coordinated Ti*" sites, while the most
reactive faces, the edges, steps and corners are nearly fully hydroxylated.™

In order to obtain an accurate surface picture also of the partially hydrated material, we
performed again a low temperature CO adsorption experiment before studying the interaction of
CO,. From Figure 6 we can note the disappearance of the bands which were present at 2166 and
2208 cm™ on the dehydroxylated surface (Figure 4). This observation suggests that the (001)
surface and the low coordinated sites, located on steps, edges and corners, are now completely
hydroxylated. This is further confirmed by the increased intensity of the broad band centred at 2153
cm™ which is due to CO interacting with OH groups. Moreover, the intensity of the peak at 2179
cm™, ascribed to the (101) surface, is approximately halved with respect to the dehydroxylated
surface. The reduced intensity of this band indicates that also part of the (101) surface is covered by

molecular water.*®

b) CO, adsorption and comparison with the DFT results
The knowledge of the surface Ti sites which are occupied by adsorbed water or hydroxyls in the
partially hydrated sample, achieved using CO as probe molecule (section 5a), allows us to better
understand the differences in the FTIR spectra of CO, adsorbed on heavily dehydroxylated (Figure
5) or partially hydrated (Figure 7) nanoanatase. The comparison of the two samples can further
clarify the origin of the weak signals ascribed to surface bicarbonates and confirm the proposed
spectral assignments. In particular, considering Figure 7, we can note that:
1)  The peak originated by the vas(CO) mode of CO; linearly adsorbed on the
(101) anatase surface (101-L1, see Figure 2 and Table 2-3) is still dominating the IR
spectra, but its intensity is considerably reduced with respect to the heavily dehydroxylated
sample (Figure 5). This is due to the fact that approximately half of the (101) surface is
covered by molecular water, as highlighted by CO adsorption. Moreover, because of the
presence of coadsorbed water, the main component of the band is now centred at 2344 cm™.
2)  Owing to the molecular water present on the (101) surface, also the intensity
of the doublet due to the vss(CO)-2vg(OCO) Fermi resonance of CO, adsorbed on the (101)
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surface is dramatically reduced and only the component at 1378 cm™ is now clearly
observable.

3)  The most intense band in the 1800-1200 cm™ region is now initially centred at
1577 cm™ and progressively shifts to 1586 cm™ while increasing the coverage. Its intensity
grows in parallel with the bands centred at 1432 cm™ and at 1222 cm™. These signals were
present also in the dehydroxylated sample, but they were weak: their increased intensity in
the hydrated sample confirm their assignment to surface bicarbonates. More in detail, by
comparison with the DFT calculations, we can ascribe them to the vas(CO) and vg(COH)
modes of bidentate bicarbonates similar to the 001-BB3 structure (see Tables 4-5 and
Figure 3). Other kinds of bidentate bicarbonates (like 001-BB1, 001-BB2, 001-BB4) can
contribute to the shoulder of the main peak at about 1610 cm™. The intensity of all these
bands can be considerably reduced after outgassing at room temperature in agreement with
their calculated AE¢om which ranges from -1.5 kcal mol™ for 001-BB4 to -14.6 kcal mol™ for
001-BB2 (Table 4).

4)  The peak centred at 1317 cm™, originated by the vas(CO) mode of
monodentate carbonates (001-MC, see Figure 1 and Table 5), is now very weak, as
expected, since in the hydrated sample the (001) surface and the low coordinated sites,
which readily form these kind of species in the dehydroxylated sample, are nearly fully
covered by OH groups.

5) The bands centred at 1674 and 1245 cm™ can be assigned to the vas(CO)
and vg(COH) modes of monodentate bicarbonates similar to the 001-MBL1 structure (see
Table 5 and Figure 1). These signals are the first to disappear after short outgassing at room

temperature confirming their assignment to labile species characterized by low AE¢om.

Discussion and Conclusions

The comparison between experimental and DFT results performed in this work highlights an

extraordinary different reactivity of the (101) and (001) anatase surfaces towards CO, adsorption.

When the linear configuration is considered, CO; interacts through the oxygen end with the Ti

Lewis acid sites. On both surfaces the interaction is rather weak and of comparable entity: AE¢om=-
9.5 and -5.3 kcal mol™ for (101) and (001), respectively. The acidity of the (101) Lewis acid sites,
as probed by CO,, appears slightly stronger than the acidity of the (001) ones in agreement with the

results obtained using CO.'" The easier formation of carbonate moieties at the (001) surface must be

therefore related to a stronger Lewis basicity of the two-fold oxygen centres with respect to those
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exposed by the (101) face. The projected density of states (PDOSs) reported in Figure 8 can shed
light on the different behaviour of the surface sites of the two anatase surfaces. As in bulk anatase,
the top of the valence band (VB) is characterized by O 2sp states, whereas the bottom of the
conduction band (CB) by Ti 3d empty states. However, with respect to the (101) surface, the (001)
exhibits the top of the VB considerably upshifted (by 0.7 eV) and with a major contribution from
O(2f) states: these findings are the indicators of an enhanced basicity of the surface sites. In
addition the Mulliken charges of O(2f) centres, -0.8 and -0.7 a.u. for (001) and (101) cases
respectively, are consistent with the PDOS analysis. It is worth noticing that the higher Lewis
basicity of (001) O(2f) sites is also accompanied by a higher Bronsted basicity as indicated by the
capability of dissociate water even at very low coverage.®

The two bonding behaviour of CO, (linear and bent) are characterized by completely
different bond mechanisms. PDOSs of Figure 8 illustrate the electron structures of 101-L1 and 001-
MC which can be considered explicative of the two bonding types. In the linear configuration, the
CO;, frontier orbitals, 1z (HOMO) and 2z* (LUMO), are slightly downshifted with respect to the
free molecule but retain their structure indeed confirming the formation of a weak interaction
mainly of electrostatic nature. In a free CO, frozen in a bent configuration by keeping fixed the
angle at the same value that the molecule adopts in the adsorbed state, the 17 and the 2x* are split
into the 1a,, and 4a, and into 6a; and 2b,, respectively. The most relevant feature of the interaction is
the downshift of the 6a; orbital below the Fermi level, and the strong coupling with the 2sp states of
surface oxygens, thus indicating the formation of a strong covalent bond. At the interface electron
charge is transferred from anatase to the CO, states, as documented by the downshift of the TiO,
VB by 0.85 eV, Figure 8. The charged nature of the adsorbates is also proven by Mulliken charges:
the surface —CO, moieties bear a charge of -0.7 au; this finding explains the remarkable increase of
AEsorm by decreasing the surface coverage, highlighted in the previous section, as due to electrostatic
repulsion between charged adsorbates.

Simulated spectra have been constructed by employing computed IR data of the structures
considered the most likely on the basis of the results discussed in the previous sections and namely:
101-L1 and 001-MC to describe the formation of linear adsorbates and carbonate species at the
(101) and (001) dehydrated surfaces; 001-BB2, 001-BB3 and 001-MB1 as the most representative
of bicarbonates at the (001) hydrated surface (see Figure 9). The agreement between experimental
and computed spectra is satisfactory and makes us confident that each surface species provides a
fingerprint that can be successfully used for its recognition.

To summarize, in this work we have highlighted the role of the different TiO, surface sites in

the CO; adsorption and in the subsequent reactions. We have highlighted that the formation of
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carbonate and bicarbonate species occurs preferentially on the anatase (001) surface and the higher
reactivity of this surface is related to a stronger (Lewis and Brgnsted) basicity of the surface oxygen
sites. On the contrary, at the most stable (101) surface CO; is weakly adsorbed and retains its
molecular properties. Hydroxylated low coordinated sites can play an important role to stabilize
monodentated bicarbonates.

We showed that our (1x1) model for the (001) surface can satisfactorily reproduce the
spectroscopic features of CO, adsorbed on nanoanatase, confirming the results previously obtained
for CO.™!"** However in the future we plan to extend our study also to the (1x4) reconstruction of
the anatase (001) surface, which has been reported to be the most common.*®=’

The results presented in this paper can be extremely useful to rationally guide the synthesis
of TiO, nanoparticles which preferentially expose the most suitable surface for the desired
application. Indeed, in the last years crystal facet engineering of semiconductors has become an
important strategy for fine-tuning the physicochemical properties and thus optimizing the reactivity
and selectivity of photocatalysts.®® Our findings suggest that a controlled variation of the exposed
anatase surfaces can modify the reaction paths and favour the formation of the desired chemicals.
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Table 1. Computed properties, using the PBEO functional, of the CO, adsorption on the (001) anatase
surface at different coverages 0. Bond distances, d, in A; bond angles, o, in degrees; formation energy,
AEfom, in kcal mol™. See also Figure 1.

System 001-L1 001-L2 001-MC 001-BC

0 0.25 1 0.25 0.5 0.25
d(Ti-0) 3.402 2.924 2.054 2.049 1.803
1.815

d(0s-C) 2.858 3.417 1.307 1.313 1.338
1.330

d(c-0)® 1.157 1.155 1.265 1.261 1.187

1.158 1.262 1.261

a(0-c-0)" 177.8 179.0 130.7 131.4 135.0
o(Ti-O-C) 107.4 130.3 92.6 92.6 155.4
AErorm ) -5.31 -3.41 -30.1 -27.3 -20.9

®) For free CO,: d(C-0)=1.157 A; a(O-C-0)=180°
"IAEfom = E(TIO,/CO,) - E(TIO,) - E(CO,)

Table 2. Main IR vibrational frequencies (v in cm™) of relevant linear CO, surface adducts computed using
the PBEO functional. In brackets the intensity of each mode in km mol™ is reported. vas and vss are the
symmetric and asymmetric stretchings; vg are angle bendings. All frequencies have been scaled of a factor
0.9525 in order to match the experimental and computed data in gas phase. See also Figures 1-2.

CO, 101-L1 101-L.2 001-L1 001-L.2
0 gas phase 0.25 1 0.25 0.25 1
vas(CO) 2349 (77) 2359 (1573) 2369 (1443) 2360 (1364) 2336 (1658) 2354 (875)
vss(CO) 1335 (0) 1340 (14) 1346 (8) 1336 (8) 1332 (1) 1337 (1)
vg(OCO) | 652 (694) 642 (108) 650 (103) 652 (98) 648 (98) 654 (53)
641 (107) 635 (126) 648 (88) 640 (127) 639 (73)

Table 3. Computed properties, using the PBEO functional, of the CO, adsorption on the (101) anatase
surface at different coverages 0. Bond distances, d, in A; bond angles, o, in degrees; formation energy,
AEform, in kcal mol™. See also Figure 2.

System 101-L1 101-L.2 101-L3 101-B 101-MC |

0 0.25 1 0.25 0.25 0.25 1 0.25

d(Ti-O) 2620 2670 2.543 2.40 1.904 1.871 2.185

d(Os-C) 3.008  3.109 2.992 3.341 1.375 1.396 1.417

d(c-0)® 1162  1.161 1.163 1.162 1.322 1.329 1.234

1150 1152 1.150 1.150 1.182 1.172 1.234

a(0-C-0)"” 177.6 177.4 178.7 179.0 130.2 131.4 136.9

a(Ti-O-C) 148.9 1487 125.9 134.1 101.3 101.3 -

AEqorm ) 9.5 -5.7 -7.8 -8.5 2.7 7.6 7.3

®) For free CO,: d(C-0)=1.157 A; a(O-C-0)=180°
"IAEfom = E(TIO,/CO,) - E(TiO,) - E(CO,)
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Table 4. Main IR vibrational frequencies (v in cm™) of relevant surface carbonates and bicarbonates, computed using the PBEO functional. In brackets the
intensity of each mode in km mol™ is reported. vas and vss are the symmetric and asymmetric stretchings; vg are angle bendings. All frequencies have been
scaled of a factor 0.9525 in order to match the experimental and computed data in gas phase. See also Figures 1-3.

001-MC 001-BC 001-BB1 001-BB2 001-BB3 001-BB4 001-MB1
0 0.25 0.25 0.25 0.5 0.5 0.25 0.25
o 1584 (3232) 11182052 ((189‘202) 1625 (4752) | 1625(2903) | 1574(2054) | 1613(819) | 1656 (2181)
Vas(CO) 178(214) | Ijoo(raes | 49785 | 1448(1312) | 1426(1162) | 1505(993) | 1432(1063)
vss(CO) 1058 (9) i 1117 2) 1068 (5) 1063 (2) 1048 (36) 1052 (125)
vs(OCO) 663 (23) 610 (6) 645 (16) 664 (13) 670 (18) 713 (66) 664 (31)
ve(COH) : : 1230 (293) 1218 (401) 1212 (276) 1193 (318) 1207 (516)
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Table 5. Computed properties, using the PBEO functional, of bicarbonates on the (001) anatase surface
(6=0.25). Bond distances, d, in A; bond angles, o, in degrees; formation energy, AEgwm, in kcal mol™. See

also Figure 3.
system 001-BB1 001-BB2 001-BB3 001-BB4 001-MB1 001-MB2 001-MB3
d(O-H) 0.966 0.965 0.966 0.965 0.965 0.964 0.974
d(Os-OH) - - - - 1.573 - 1.854
d(Ti-O) 1.958 2.038 2.065 2.161 1.951 1.924 1.854
1.982 2.054 2.067
d(Os-C) - 2.994 2.788 - 2.925 3.026 3.198
d(C-0) 1.319 1.254 1.254 1.253 1.229 1.206 1.188
1.247 1.261 1.265 1.259 1.279 1.310 1.328
1.253 1.337 1.332 1.325 1.337 1.349 1.358
a(0-C-0) 114.6 1154 116.2 119.3 113.2 109.8 113.0
115.9 116.2 118.3 119.6 120.8 122.4 122.2
129.5 128.0 125.5 121.1 126.0 127.8 124.9
a(C-0-H) 107.0 107.2 107.7 107.4 106.4 106.1 107.9
a(Ti-O-C) 135.8 137.6 143.1 89.9 146.7 135.7 147.4
AE g’ -10.3 -14.6 -4.3 -1.5 0.1 35 8.6

OAEom = E((TiO2)nya/CO2) - E((TiO2)nya) - E(COy)
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Figure 1. Investigated CO, adsorption geometries on the anatase (001) surface. Oxygen, titanium, and
carbon atoms are represented in yellow, red, and blue, respectively.

Figure 2. Investigated CO, adsorption geometries on the anatase (101) surface. Oxygen, titanium, and
carbon atoms are represented in yellow, red, and blue, respectively.
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001-BB2

001-MB3

001-MB1

Figure 3. Investigated bicarbonates on the anatase (001) surface. Oxygen, titanium, carbon and hydrogen
atoms are represented in yellow, red, blue and grey, respectively.
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Figure 4. FTIR spectra, recorded at 60 K, of CO adsorbed at progressively decreasing coverages on
nanoanatase previously outgassed at 823 K. The black curve refers to the maximum coverage (40 mbar), the

red curve to complete CO outgassing.
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Figure 5. FTIR spectra, recorded at room temperature, of CO, adsorbed at progressively increasing
coverages on hanoanatase previously outgassed at 823 K. The spectrum of the activated material has been
subtracted from all spectra. The black curve refers to the maximum coverage (10 mbar of CO,), the red curve
to the material before sending CO,. In the inset the CO, asymmetric stretching mode spectral region is

reported.
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Figure 6. FTIR spectra, recorded at 60 K, of CO adsorbed at progressively decreasing coverages on

nanoanatase previously outgassed at 823 K and then partially rehydrated. The black curve refers to the
maximum coverage (40 mbar), the red curve to complete CO outgassing.
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Figure 7. FTIR spectra, recorded at room temperature, of CO, adsorbed at progressively increasing
coverages on nanoanatase previously outgassed at 823 K and then partially rehydrated. The spectrum of the

rehydrated material has been subtracted from all spectra. The black curve refers to the maximum coverage
(10 mbar of CO,), the red curve to the material before sending CO,. In the inset the CO, asymmetric

stretching mode spectral region is reported.
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Figure 8. PDOS of 101-L1 (bottom panels) and 001-MC (top panels) systems compared to the reference
bare surfaces and free CO,. The bent free CO, has been optimized keeping fixed the angle at the same value
adopted in the surface configuration. The zero of energy corresponds to the vacuum level. Energy in Hartree.
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Figure 9. Comparison between experimental and simulated IR spectra constructed employing computed IR
data for the dehydrated (part a) and partially hydrated (part b) anatase surfaces. The structures considered are

the most likely on the basis of the analysis performed in the previous sections.
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