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The Role of Surface and Subsurface Point Defects for Chemical Model
Studies on TiO,: A First-Principles Theoretical Study of Formaldehyde
Bonding on Rutile TiO,(110)
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Abstract: We report a systematic inves-
tigation of the effects of different sur-
face and subsurface point defects on
the adsorption of formaldehyde on
rutile TiO,(110) surfaces using density
functional theory (DFT). All point de-
fects investigated—including surface
bridging oxygen vacancies, titanium in-
terstitials, and subsurface oxygen va-
cancies—stabilize the adsorption signif-
icantly by up to 56 kJmol™' at a cover-
age of 0.1 monolayer (ML). The stabili-
zation is due to a decrease of the coor-
dination (covalent saturation) of the
surface Ti adsorption sites adjacent to
the defects, which leads to a stronger
molecule-surface interaction.  This

On the stoichiometric reference sur-
face, the most stable adsorption geom-
etry of formaldehyde is a tilted n>-di-
oxymethylene (with an adsorption
energy E,4=—125kJmol™), in which
a bond forms to a nearby bridging O
atom and the carbonyl-O atom in the
formaldehyde binds to a Ti atom in the
adjacent fivefold coordinated lattice
site. The n'-top configuration on five-
coordinate Ti** is much less favorable
(E,s=—69 kImol~'). The largest stabi-
lization is exerted by subsurface Ti in-
terstitials between the first and second
layers. These defects stabilize the 1-di-
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oxymethylene structure by nearly
40 kJmol™! to an adsorption energy of
—164 kJmol™. Contrary to popular
belief, adsorption in a bridging oxygen
vacancy (E,=—86kJmol') is much
less favorable for formaldehyde com-
pared to the n>- dioxymethylene struc-
tures. From these results we conclude
that formaldehyde will bind in the n*-
dioxymethylene structure on the stoi-
chiometric surface as well as in the
presence of Ti interstitials and bridging
oxygen vacancies. In the light of these
substantial effects, we conclude that it
is essential to include all the types of
point defects present in typical, re-
duced rutile samples used for model

change in the Ti is caused by the re-
moval of a neighboring atom (oxygen
vacancies) or substantial lattice relaxa-
tions induced by the subsurface defects.

Introduction

The rutile TiO,(110) surface is one of the most-widely inves-
tigated models of reducible oxides surfaces.'! Titania is an
important material for catalysis and photocatalysis, render-
ing it a key material to investigate. However, the characteri-
zation of titania represents a great challenge. Defects—
shear planes, interstitials, surface and bulk oxygen vacan-
cies—lend titania surfaces their interesting chemical!"* and
physical>>*"l properties; however, they complicate experi-
mental and theoretical characterization. The types of defects
present in a titania sample depend strongly on the environ-
ment, the sample, and its “experimental history”.***1 Even
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studies, at realistic concentrations to
obtain correct adsorption sites, struc-
tures, energetic, and chemi-physical
properties.

subsurface

under atmospheric conditions, significant amounts of ap-
proximately 0.5% bulk oxygen vacancies have been report-
ed.ll

Point defects are crucial in governing the chemical proper-
ties of titania surfaces!"? because of their potential to stabi-
lize the binding of surface species and act as electron donors
and oxygen acceptors in reductive processes. Ti interstitials
in the subsurface region stabilize, for example, the molecu-
lar adsorption for O, on Ti** sites.'''? Once sufficient ther-
mal energy is available, the oxygen dissociates, and the Ti
interstitials (5-6% ML) are drawn to the surface, forming
new “TiO,” clusters.""'¥ Surface oxygen vacancies stabilize
the adsorption of as many as three O, molecules on adjacent
sites at low temperatures.” The dissociation of O, in a
bridging oxygen vacancy induced by annealing to approxi-
mately 150 K heals the defect!""'*'” and leaves an O-
adatom on an adjacent five-coordinate Ti** site
behind 114161819 Adsorption in surface oxygen vacancies is
generally also preferred by other oxygenated molecules such
as alcoholst"> 22 or water,[">1121:2326 which leads to disso-
ciative channels forming a bridging hydroxyl or an alkoxy in
the and a capping bridging hydroxyl from the O—H dissocia-
tion.
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A variety of surface and subsurface point defects are pres-
ently being considered to be formed in titania by reduction
procedures, for example with hydrogen, as well as typical
sample preparation methods under vacuum conditions.'™!
Bulk oxygen vacancies are created by annealing titania to
temperatures above 800 K in vacuum*% leading to para-
magnetic behavior.!*?3:321 UVyB33# and IR spectroscop-
ies®! suggested that bulk oxygen vacancies lead to defect
states in the band gap around 0.7 to 1.2 eV below the con-
duction band (CB), which have been correlated with theo-
retical computations of density of states (DOS) using non-
time dependent density functional theory (DFT).[>!%-36-38
The excess electrons of the defect are transferred to ad-
jacent Ti‘* lattice ions, transforming them into reduced
“Ti**+” species.'*¥

Close to the surface, two different types of oxygen vacan-
cies are possible: oxygen vacancies below five-coordinate Ti
ions, and those below bridging-oxygen-row Ti ions. Al-
though energetically much less favorable than surface
oxygen vacancies,”” their presence has been implied from
scanning tunneling microscopy and spectroscopy (STM/STS)
experiments. >4

Surface oxygen vacancies can be created similarly by an-
nealing, reduction or bombardment of the surface with elec-
trons or inert gases.[l:!111 16 24 28, 30. 35, 4181 Tynical surface
bridging oxygen vacancy concentrations obtained for sam-
ples prepared under ultrahigh vacuum conditions are in the
range of approximately 7-15 %.["11:26: 4] They lead to simi-
lar band-gap states bulk oxygen vacancies, ' 2 4 4. 4] which
is supported from theoretical studies that also found spin-
polarized ground states.'” 3 4% The localization of the
excess charge left due to the unsaturated valence of the Ti
atoms at the oxygen vacancies is highly controversial and
complicated by temperature effects. Resonant photoelectron
diffraction (RPD)PY and STM/STS™! experiments per-
formed at room temperature suggest that the excess elec-
trons are delocalized over several Ti lattice sites, which is
consistent with DFT-GGA (generalized gradient approxi-
mation) cluster calculations by Bredow and Pacchioni.[*”]
Electronic structure calculations excluding temperature ef-
fects (“0K”), on the contrary, performed by Morgan and
Watson™ using a different exchange-correlation functional
(PBE+U) found a strong localization and a polaronic dis-
tortion. A recent study on anatase showed a similar localiza-
tion with the PBE+U (for a sufficiently large ad-hoc pa-
rameter U) and the hybrid functional B3LYP, but also found
delocalized states only slightly higher in energy.”

Titanium interstitials are mobile in the lattice and facili-
tate the “bulk-assisted” reoxidation of titania above about
700 K by diffusion into the bulk.”**! Ti interstitials are also
proposed to account for band-gap states at approximately
0.8 eV below CB observed spectroscopically and in para-
magnetic response,” ' 3 3% 331 which renders their experi-
mental differentiation from oxygen vacancies problematic.
Jenkins and Murphy,® for example, proposed that the ma-
jority of Ti’* ESR bulk signal stems from O vacancies
rather than Ti interstitials. Aono and Hasiguti®! showed
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that Ti interstitials have a formal charge state of +III and
retain a single unpaired electron (S=1/2), thus donating
excess electrons to the surrounding lattice. Careful RPD ex-
periments by Kriiger et al.’'! also indicate an electron deloc-
alization over adjacent Ti lattice ions similar to the behavior
observed for surface oxygen vacancies. Although the “ap-
parent Ti’T” charge state and electron transfer is repro-
duced in recent DFT-GGA and B3LYP studies, a paramag-
netic triplet (S=1) ground state with donor levels at 1.1-
1.8V below CB has been found.” The disagreement in
the spin state may be attributed to the formation of Ti, pairs
at higher reduction states.”"

Herein, we report a systematic investigation of the effect
surface and subsurface vacancies on the bonding of formal-
dehyde to TiO,(110) as a prototype for aldehyde binding.
All adsorption structures considered are stabilized by sub-
surface vacancies. These results are different than the
commonly-held view that oxygenates, including aldehydes
and ketones, preferentially bind in bridging oxygen vacan-
cies.?* 3 31 The most stable configuration of formaldehyde
is a n’-dioxymethylene structure, in agreement with recent
work by others,*® but at odds with the more common pro-
posal of an n'-structure with the oxygen bound to a five-co-
ordinate Ti** site.”’) Recently, a structure similar to paraf-
ormaldehyde was proposed, though, based on vibrational
measurements.” The 1’-dioxymethylene structure remains
the most favorable adsorption form in the presence of sub-
surface Ti interstitials and/or surface oxygen vacancies.

These results are discussed in the context of chemical re-
activity. Aldehydes readily undergo reductive coupling to
olefins requiring loss of oxygen to TiO,(110).2* > 57 31 A].
though oxygen vacancies had been proposed as these cou-
pling sites,** ! recent experiments point to Ti interstitials as
the main active point defect for reductive coupling.””*

Results and Discussion

I. Stoichiometric TiO,(110): Two configurations with very
similar energies were identified for an n'-top geometry, in
which the O of the H,C=0 is bound to a five-coordinate Ti
ion (“Tis.”) on a stoichiometric TiO,(110) slab (Table 1;

Table 1. Adsorption energies of the formaldehyde configurations on the
stoichiometric and defective surface slabs [kJmol'].

Binding n'-top  m’-dioxy- 7 n>-dioxy-
configuration/ methylene methylene
adsorption energy on Tis,  Tis/Oy, in O,—Vy in O, —Vq
[kJmol ]

stoichiometric TiO, —69 —125 - -

surface

TiO,/O,, vacancy —66 - —86 -95

Iy in <110> channel  —90 —164 - -

I; between two -82 -129 - -
channels

TiO,/sub-Tis. Vo —135 - - -
TiO,/sub-Oy, Vo —63 - - -
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(b) n'-top formaldehyde II

(¢) n’-dioxymethylene

Figure 1. Optimized adsorption geometries of formaldehyde on a stoi-
chiometric TiO,(110) (a, b and c). For clarity only the surface layer of
the 5x2 supercells is shown. Black spheres represent O atoms, gray Ti,
dark gray C, and white H.

Figure 1). These calculations were for a low coverage of
formaldehyde, 0.1 monolayer (ML), for which interactions
between molecules are negligible.

The two configurations differ in the orientation of the ver-
tical molecular plane with respect to the unit cell vectors.
One n'-top configuration, in which the CH, group points di-
agonally to the bridging oxygen rows in the [001] direction
(Figure 1a), has a weak a C—H—O,, hydrogen bridge bond
(bond length 274 pm) and an adsorption energy of
—69 kJmol™'. The optimized Ti—O bond length is very long
at 223 pm (Table 2) in comparison to the Ti—O lattice bonds
on the clean surface,’"! and the C=O bond length of the ad-
sorbed molecule is close to the optimized gas-phase value
(121 pm). A second stable m'-top configuration (E,=
—66 kJmol™'; Figure 1b), in which the CH, group is rotated
at right angles to the closest bridging oxygen shows very
similar structural parameters.

The most stable adsorption configuration of formaldehyde
on the stoichiometric rutile (110) surface at low coverages is
an n>-dioxymethylene structure (Figure 1¢) with an adsorp-
tion energy of —125kJmol™! (Table 1). This structure was
previously proposed on TiO,(001) to form by nucleophilic
attack of a lattice oxygen on the n'-top structures, and un-
dergo a subsequent Cannizarro type disproportion to me-
thoxy and formate.”® Analogously, Henderson and Zehr®*
> proposed the formation of acetone—oxygen and acetalde-
hyde—oxygen complexes from addition of oxygen adatoms.
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Table 2. Optimized bond lengths in pm and harmonic vibrational fre-
quencies in cm™' for n/'-top formaldehyde configurations on the stoichio-
metric, subsurface V- or Iy-containing slabs. The outward relaxation is
calculated relative to the position in the clean slab with point defect.

Vibrational
frequencies [cm™']
V(C=0) V(Tiy—O)

Slab Distance [pm]

r(Tis—O) r(C-0O) Tis,

outward

relaxation
stoichiometric 223 123 11 1694 275
sub-Tis. Vo 196 126 77 1510 335
I;in <110> 213 123 15 1640 283
channel
I; between 216 123 16 1658 286
two <110 >
channels

[a] The v(Tis,—O) modes show strong coupling to 8(H-C-O) modes,
which represent the leading component of a normal mode computed
around 270 cm ™' for these structures.

According to the bond lengths, this structure resembles a
geminal diolate with one oxygen atom binding to a Tis, site
(r(Tis,—O) =183 pm, see Table 3), and the second one being
an adjacent bridging oxygen atom that attacked the carbon-
yl carbon atom (r(Tig—Oy,) =206 pm). In contrast to the n'-
top configurations, the Ti—O bond lengths for this configura-
tion are much shorter, but slightly longer than lattice Ti—O
bond lengths (185pm), and both C=O bond Ilengths
(142 pm) are substantially elongated compared to those in
the gas phase.

Table 3. Optimized bond lengths in pm for n>dioxymethylene formalde-
hyde configurations binding to a Tis, site and a bridging oxygen on the
stoichiometric and subsurface Iy; containing slabs. The outward relaxation
is calculated relative to the position in the clean slab with point defect.

Distance [pm]/ r(Tis,—O) r(C—O) Tis, r(Tige—Oy,) r(C—Oy,)

slab outward

relaxation
stoichiometric 183 142 42 206 142
Iy in <110> 182 143 66 208 141
channel
I; between 183 142 70 198/218 143
two <110 >
channels

The bonding in the n* configuration has covalent charac-
ter, in contrast to the primarily electrostatic character of the
n'-top configurations as can be seen from comparison of the
density of states (DOS) projected on the bonding C, O, and
Ti atoms (Figure 2). Clearly, the DOS projections on the
binding atoms of the m'-top configuration (Figure 2b) have
strong similarities to the bonding MOs of gas-phase formal-
dehyde (Figure 2a). Although all levels are shifted to lower
energies away from the vacuum level (or Fermi energy, re-
spectively), the 60 level appears to be perturbed slightly
more. This MO, which in the gas phase corresponds to a
linear combination primarily of the axial 2p, components of
C and O, is suitable in symmetry to contribute to a very

Chem. Eur. J. 2011, 17, 4496 -4506
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gas phase:
5.0' 6,‘6 1n 7o 2r

(a) IP=6.60eV

(b) WF =6.61eV

(c) WF =6.07 eV

partial DOS

A ~. (d) WF =6.08 eV

(e) WF =6.61eV

H AN (f) WF =6.08eV
emeems . ARRERRE TP L TSR OIS e
i
jl ‘\.\ A (9) WF =607 eV,
I T I_._l—. T I T T T T T.‘I_‘Nl-.—l_.-l—._l——. T -
-15 -10 5 0

Energy relative to vacuum [eV]

Figure 2. Density of states (DOS) projected on the C, O, and H atoms of
formaldehyde in the vacuum between two slabs (gas phase, (a)), and re-
spective 1) (b—d) and 1? (e-g) binding configurations on the stoichiomet-
ric slab (b and e), with the Ij; in a <110> channel (c and f), and in be-
tween two <110> channels (d and g). Workfunctions (WF) are given in
eV.

weak covalent interaction with the out-of-plane Ti states
such as d,.. In contrast to the binding of the n'-top configu-
rations, the resulting “bands” of n*-adsorbed molecules on
stoichiometric TiO, (Figure 2¢) indicate that new orbitals
have been formed with the valence s, p, and, importantly, d
states of the bonding Tis, site and the states of the incorpo-
rated bridging oxygen.

The low activation barrier to form the n>-dioxymethylene
structure from the diagonal n'-top adsorption configuration
of 7kJmol™" (obtained using the climbing nudged elastic
band method) implies that the latter structure can easily
convert into the dioxymethylene either during or after ad-
sorption. In the transition state of the pathway, which corre-
sponds mostly to a flipping motion of the CH, group over to
the nearest bridging oxygen, two C—O bond lengths to the
bridging oxygen and the aldehydic oxygen atom are very
asymmetric at 228 pm and 125 pm.

II. Bonding to defective surfaces with subsurface Ti intersti-
tials: Subsurface Ti interstitials (“Iy;”) stabilize the bonding
of formaldehyde substantially by up to 39 kImol™" with re-
spect to stoichiometric TiO,(110) and lead to the most
stable adsorption configurations on any of the surfaces con-
sidered. To obtain an upper bound of the stabilization ef-
fects, we considered an I; right below binding sites between
the first and second trilayer. A recent DFT study proposed
the most stable binding site of an interstitial in a five trilayer
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slab to be between the second and third trilayers (more
stable by up to 20 kITmol™"),!" but found the diffusion barri-
er to the surface to be as low as 72 kJmol™" in the presence
of a surface O, molecule, which indicates that their move-
ment may be facile around and above room temperature.

Two different binding sites of Ti interstitials below the
surface have been obtained and both are energetically very
similar in the clean slab (the second one lower by only
2 kJmol ™). The tested positions are I) in a vertical <110>
channel (Figure 3a and 3b), and II) between two such adja-
cent <110> channels (Figure 3¢ and 3d). We found the op-
timized solutions for spin-polarized triplet states of those Iy
at 5 and 1 kJmol ! higher in energy than the singlet states,
respectively.

Top view Side view
(J

(¢) Ti between two [110] (d) Ti between two [110]
channels channels

Figure 3. Optimized geometries of the two Ij; binding sites obtained in
between the first and second trilayer. a) Top and b) side views of the Iy;
(highlighted in yellow) bonded in a [110] channel; c) and d) the geome-
tries for the Ij; bonded between two [110] channels.

In these structures, the Iy induces strong changes in the
lattice, particularly around the adjacent Tis, adsorption sites
at the surface. The Tis, atom is relaxed outward by effective-
ly 20 pm in both cases, with the bonds to the underlying lat-
tice oxygen elongated from 183 pm to 193 pm (Iy; type I)
and 190 pm (Ij; type II), and the bonds of the latter oxygen
to its bulk Tig neighbors stretched to 210 pm and 212 pm
(compared to 203 pm without Ip;). The bond elongations and
outward relaxation lead to a decrease of the coordination of
the surface Tis, atom, resulting in a more reactive surface
site. While weakening the Ti—O bonds to the nearby Tis,
and Ti,, ions in the surface, the I also create new, short
bonds to the surrounding lattice oxygens below. They are
coordinated by a distorted octahedral environment of lattice
oxygens, with Ti—O distances between 189 pm and 206 pm
for the first and between 188 pm and 219 pm for the second

Iy type.
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The n’-dioxymethylene is stabilized by 39 kJmol™ by a
subsurface Ti interstitial in the <110> channel exactly
below the binding site (Figure 4a); the adsorption energy of
—164 kJmol ™! is the most stable binding configuration of
formaldehyde on all surfaces considered herein (Table 1). If
the Iy; is translated by half a unit cell along the [001] direc-
tion into a binding site between two neighboring <110>
channels, the effect on the n>dioxymethylene structure (Fig-
ure 4b) is much smaller (E,=-129kJmol™'). The ob-

(a) n’-dioxymethylene with Ti in
<110> channel

(c) n'-top formaldehyde with Ti in
<110> channel below

8T
oy | 'h
.
(d) n'-top formaldehyde with Ti
between two <110> channels

Figure 4. Optimized adsorption geometries of formaldehyde on the TiO,-
(110) slab containing an Iy in a [110] channel site in between the first
and second trilayers (a and b, n’>-dioxymethylene structures), and the cor-
responding structures with the Iy in between two [110] channels (¢ and d,
n'-top forms). The Iy; is highlighted in yellow. For clarity only the two up-
permost layers of the 5x2 supercells are shown.
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served stabilization by the defect is a result of a combination
of the substantial lattice relaxations around the adsorption
site and the correlated decrease the coordination covalent
saturation of the surface atoms, which leads to increased ad-
sorption bond strength.

Analysis of the projected DOS of formaldehyde in these
structures reveals that the bonding is of the same character
as it is on the stoichiometric slab and that no different
bands (MOs) are formed (Figure 2e—g), but the levels are
shifted to lower energy by on average approximately 0.6 eV
in the presence of Ti interstitials consistent with a strength-
ening of the covalent molecule-surface bonds of the 1’
structures. The work functions of the substrate are generally
decreased by approximately 0.5 eV to a value of 6.1 eV. To
exclude any finite-size effects from the size of the slab in
the estimate of the energetic shifts, we performed a calcula-
tion with a CH,O molecule in the middle of the vacuum
region between the slabs and found that the presence of Ti
interstitials in this case does not affect the MO levels, indi-
cating that the aforementioned downward shift is a real
effect in the case of the adsorbed molecule.

The stabilization of the m* configurations is linked to
strong geometric relaxation of the surface-adsorbate struc-
tures, particularly of the Tis. binding site and the bridging
oxygen that bonds to the aldehydic carbon atom. Although
the Iy; induce only small length changes to the C—O and the
O—Ti bonds of the adsorbate structure (Table 3), they cause
an increase in the outward relaxations of the Tis. site by
28 pm. This leads to larger separations from the subsurface
oxygen below. For example, the bonds of the adsorbing Tis,
ions to the lattice O below are stretched to 265 pm in the
two n>-dioxymethylene cases as compared to 183 pm in the
oxidized slab and 190 pm when the Iy is included.

On the opposite site of the six-coordinate Ti ions and the
neighboring bridging oxygens, the Tig. ions are likewise re-
laxed outward by the adjacent Ti defects as compared to the
situation on the stoichiometric slab, but the bond lengths in
the lattice below are affected much less (ca. 10 pm) by the
I;. With the Iy in the <110> channel, the two Tig ions in
the bridging row are pushed outward symmetrically by
20 pm, whereas an Iy; in the site between two <110> chan-
nels (2nd n? configuration) leads to asymmetric relaxations
of 58 pm and 16 pm (closer and farther away from Iy, re-
spectively; this asymmetry can be seen clearly in Figure 4b).
The bonds of the Tig lattice ion to the bridging oxygens are
only slightly perturbed, but the asymmetry due to the Iy po-
sition is found here too (note: r(Tig—Oy,) =185 pm on the
clean slab). Clearly, the internal bond lengths are rather in-
sensitive to the amount of stabilization, but the adsorption
site changes dramatically.

A harmonic frequency analysis of the normal modes sen-
sitive to the adsorption provides unambiguous evidence for
the stabilization (Table 4): While the symmetric and asym-
metric v(O—C—0O) stretching modes are only weakly affect-
ed by the defects, the molecule surface stretching vibrations
v(Tis,—O) and the two linear combinations of the involved
bridging oxygen to the Tig, sites show increases of their fre-

Chem. Eur. J. 2011, 17, 4496 -4506
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Table 4. Harmonic vibrational frequencies in cm™" for n’-dioxymethylene formaldehyde configurations binding
to a Tis, site and a bridging oxygen on the stoichiometric and subsurface Iy; containing slabs.
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for the electron transfer. As
mentioned above, we expect

Frequencies [em™')/ V(0O—C-0Oy) Vvix(0-C-O) V(TissO)  Vvi(TieeOn)  Vi(TiewOw)  the contribution due to electron
slab transfer to be small since the
stoichiometric 1041 899 599 372 309 Mulliken electronegativity —of
I in <110> channel 1046 870 644 440 353 f .

i ormaldehyde is comparabl
I; between two <110 > channels 1013 859 640 409 340 y P y

low.> %3

quencies by 40 and up to 70 cm ™, respectively. The strongest

bonded w? structure with the Ti atom in the adjacent
<110> channel shows large frequency increases consistent
with the stronger molecule—surface interaction.

To elucidate the interaction strength with the surface
(Ein), we performed a decomposition of the adsorption en-
ergies of formaldehyde into the respective elementary com-
ponents related to surface (E,) and molecule (E,,,) relaxa-
tion energies for each configuration.™ This scheme, though
strictly speaking valid only in the absence of electron trans-
fer, allows us to approximate the true bond strength be-
tween the molecule and the surface, which is related to the
corresponding vibrational frequencies. We expect the charge
transfer from the reduced TiO, to molecule to be small
based on the Mulliken electronegativity of formaldehyde.!'>
%1 The interaction energies of the n’-dioxymethylene config-
urations in the cases that involve Ti interstitials are calculat-
ed at approximately —570 kJmol™', which is an increase of
roughly 40 kJmol ! with respect to stoichiometric TiO, and
is consistent with the higher frequencies of the v(Ti—O)
stretching modes. The surface relaxation components of the
structures with the Ip; in <110> channels and between two
such channels are quite large but markedly different, at 206
and 244 kJmol™', which suggests that the asymmetry in-
duced by the defect in the second case results in a higher
surface deformation and, hence, a lower adsorption energy.
This is consistent with the geometric perturbations from the
optimized structure discussed above. Obviously the Iy
enable much larger outward relaxations of the atoms of the
binding site in the adsorbate structure with a similar energy
cost as in the absence of the defect.

For the stabilization of the n?* structures, we conclude that
the I; induce strong changes in the lattice around the ad-
sorption site, which then partially lowers coordination of the
Tis. atom by a weakening of its bonds to the underlying lat-
tice oxygens and leads to stronger molecule—surface interac-
tion. The weakening of bonds of the Tis. atom to the lattice
oxygen corresponds to a decrease of the valence saturation
of the adsorption site, which is furthered by the larger out-
ward relaxations in the case of the structures with the sub-
surface defect. The increased interaction strengths translates
into substantially enhanced adsorption in the case of the Iy
in adjacent <110> channels. Electron transfer from the Ti
defect, which has been reported for Ti interstitials as well as
oxygen vacancies,l*" 77 3 51351 may contribute to this stabili-
zation, although the insensitivity of the internal bond
lengths including the two C—O bonds suggest rather unaf-
fected bond strengths in the molecule and only a minor role

Chem. Eur. J. 2011, 17, 4496 -4506
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The stabilization of the n'-
top structures by the subsurface
Iy, though similar in nature and also significant, is less pro-
nounced with only up to 21 kJmol™" adsorption energy gain
and these structures remain less favorable than the n?-dioxy-
methylene configurations. With an interstitial in the <110>
channel adjacent to the Tis, binding site (type I; Figure 4c¢),
an adsorption energy of —90 kJmol™" is obtained, whereas
an Iy between two neighboring <110> channels (type II;
Figure 4d) is less effective in stabilizing the adsorbate
(Eus=—82 kImol ™).

Comparison of the projected DOS features for the n'-top
structures (Figure 2b-d) on the different slabs with and
without Ti interstitials points to a consistently unchanged
bonding mechanism and no formation of different covalent
bonds. This is supported by structural features of the ad-
sorbed molecules, which in the presence of the Iy; only differ
slightly from those on the stoichiometric slab. The C=0O
bond length remains unchanged at 123 pm (Table 2) despite
the presence of the Iy below, and is not very sensitive to the
stabilization. The harmonic frequency analysis (Table 2), on
the other hand, reveals a low-frequency shift of 40-50 cm™
of the v(C=0) vibration in the presence of the Iy, indicating
a weakening of the C=0O double bond by the stabilization.
This is likely due to a small charge transfer from the Tis, site
into the antibonding 2rt* level of the adsorbed molecule.

The Tis.—O adsorption bond is shortened by the defects
more evidently by approximately 10 pm to 213-216 pm,
which correlates with a slight frequency increase of the v-
(Tis,—O) stretching modes by approximately 20cm™
(Table 2) and an increase of the interaction energies by 25—
30 kJmol™! (Table 5). The Tis, ion itself is moved outward
slightly farther with 16 pm from its relaxed position without

Table 5. Energy decomposition of the adsorption energies of formalde-
hyde on stoichiometric and defective TiO, surfaces at a coverage of 0.1
ML. E.4, Equ, Eno, and Ej, are the adsorption energy, surface, and mole-
cule relaxation energy, and total interaction energy, respectively.

Energies [kJ mol ']/ E,q Eg Eol Ein
slab

n'-top:

stoichiometric —69 21 1 -91
sub-Tis. Vo —135 19 10 —164
I in <110 > channel -90 27 2 -119
I; between two —-82 29 3 —114

<110> channels
w’-dioxymethylene:

stoichiometric —125 219 189 —534
Iy in <110> channel —164 206 204 —574
Ip; between two -129 244 199 —572

< 110> channels
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adsorbate, stretching the bond to the lattice oxygen below.
This causes slightly increased surface relaxation energies by
27-29 kJmol .

The stabilization effect of the subsurface interstitials is
quite short-ranged and a translation of the Ij; by a unit cell
along the row [001] direction away from formaldehyde re-
covers the binding energies to within 5 kImol ™' of the value
on the stoichiometric surface. For the n'-top configurations,
displacing the I to a deeper site between the second and
third trilayer likewise reduces the adsorption energies to
values close to the reference on the stoichiometric TiO,
slab. However, since computational limitations force us to
use only a four trilayer slab with the third and fourth layers
frozen, the geometry relaxation around the Iy is incomplete
and, hence, the resulting effect represents a lower bound for
the stabilization.

III. Bonding to defective surfaces with oxygen vacancies:
Surface and subsurface oxygen vacancies (“Vy”) lead to
comparable stabilization of the formaldehyde bonding, but
the resulting adsorption energies remain substantially lower
than those obtained in the presence of subsurface intersti-
tials. Before we present the results, we discuss briefly the
formation energy of the four types of possible Vg in the
near-surface region: surface bridging and in-plane oxygen
vacancies, and subsurface vacancies below five-coordinate Ti
sites and below the bridging oxygen row, both of which
become equivalent by symmetry in the bulk.

Of the two subsurface oxygen defects, the calculated for-
mation energy of a sub-Tis, vacancy right below the first
layer is 520 kJmol™ (using as a reservoir the O atoms in O,
gas). This value exceeds the experimental bulk vacancy for-
mation energy of 439 kImol /! whereas the formation of a
sub-bridging oxygen row vacancy is energetically less costly
(323 kJmol ") and more favorable than that of a surface in-
plane oxygen vacancy (378 kJ mol™).1! The formation ener-
gies of surface-bridging oxygen vacancies are considerably
lower, 272 kImol™" at 0.1 ML coverage, but depend strongly
on the concentration and rise to 282 and 331 kJmol™ in 3x
2 and 2 x2 supercells, which correspond to coverages of 0.16
and 0.25 ML, respectively. The formation energies of the
subsurface oxygen vacancies show a similar increase to 526
and 345 kJmol ! in a 3x2 supercell.

Since GGA functionals are known to overbind O, in the
gas phase (ca. 92 kImol™! for PW91),%! the reported defect
formation energies in the literature are usually underesti-
mated unless corrected. A correction of the overbinding
would increase the formation energies by a constant value,
but not their order, so for the following discussion we only
present the uncorrected results. Our estimated vacancy for-
mation energies are generally in line with earlier results,
which reported values of 340 kImol™' (GGA-PBE function-
al, 0.25 ML coverage, triplet state),’” 355 kITmol™! (PBE+
U functional, 0.25 ML coverage),” and 366 kImol™! (PW91
functional, 0.25 ML coverage)™ for bridging oxygen vacan-
cies, and somewhat lower than previous LDA results.””)
Bulk oxygen vacancy formation energies have been reported
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in the literature with a considerable spread, with values as
low as 431 kIJmol ' (PW91 functional, 1 V, per 54 atom su-
percel)!"! to 543 kIJmol™' (PBE functional, 1V, per 54
atom supercell).'”] Interestingly, the authors of the afore-
mentioned study also obtained a value of 491 kJmol™’
(PWI1PW functional, 1V, per 54 atom supercell) using a
hybrid functional, which suggests the vacancy concentrations
implied by the size of the supercell is more important in de-
termining accurate formation energies than the choice of
the exchange-correlation functional and may explain the
spread of values in the literature.

The adsorption of formaldehyde in a bridging oxygen va-
cancy (Figure 5a) is enhanced by 17 kJmol™' to a value of
—86 kJmol ™' (Table 1) as compared to the n'-top configura-

(c) n'-top formaldehyde over sub-Ti, V,

Figure 5. Optimized adsorption geometries of formaldehyde binding in
the presence of a surface containing a bridging (a and b) or a subsurface
V, defect below a formerly five-coordinate Ti site ¢). The subsurface V
is below the Ti surface atom that is at a higher position than other Ti
atoms and to which the formaldehyde is bonded.

tion on a stoichiometric slab. In the optimized geometry, the
molecular plane is oriented parallel to the bridging oxygen
rows and the symmetrically identical r(Tig,—O,q4) distances
in the former vacancy site are elongated to 230 pm. The cal-
culated aldehydic C=O bond length is 124 pm, suggesting
that the double-bond character is mostly intact and the ad-
sorption perturbs the molecule only weakly. Compared to
the n*-dioxymethylene structure, the Ti—O bond lengths on
the bridging oxygen site are elongated and the binding
energy is lower by approximately 40 k] mol .

Since this configuration is clearly less stable than the 1>
dioxymethylene structure on the stoichiometric surface,
bonding in a bridging oxygen vacancy is clearly unfavorable.
This is in contrast to experimental studies, which suggest
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that adsorption in bridging oxygen vacancies should be fa-
vored and would lead to a coupling pathway to olefins, thus
healing the vacancies.”” However, recent experimental re-
sults from our own work on acrolein and benzaldehyde are
in contrast to those earlier findings and show that the point
defects driving the reaction are bulk interstitials.”” ¢

The slight stabilization of the adsorption by the bridging
oxygen vacancy is due to the formation of a new, covalently
bonded configuration (as evidenced by the distances r(Tig.—
O,4)), which is very different from the n' and n?’ structures
of the stoichiometric surface. Hence the stabilization is a
direct consequence of the changed electronic bonding situa-
tion of the new adsorption site, in which the excess electrons
from the defect,!'>* % which correlate with the loss of coor-
dination of the Tis atoms, participate in the formation of
the covalent bonds.

Furthermore, our calculations identified a second stable
configuration of formaldehyde on a V,, which resembles an-
other n*-dioxymethylene intermediate (Figure 5b) that
occurs during the diffusion process of vacancy-bonded form-
aldehyde along a bridging oxygen row. This configuration
has a binding energy of —95kJmol™' (Table 1), slightly
more stable than the simple vacancy adsorption. The meth-
ylene group is rotated by 90° with respect to the rows and
binds to two bridging oxygen atoms in this structure, but
both sides are slightly asymmetric with the CH, unit being
closer to one lattice O (r(C—0O)=140 pm, vs. 144 pm to the
other bridging oxygen). The asymmetry is reflected in the
O-Tig, distances, which on the closer side are elongated to
194 and 214 pm to the outer and central Ti ions, respectively.
On the longer side, the bridging oxygen is detached from its
outer Tig, neighbor (r(O—Tis)=291 pm), whereas the dis-
tance to the center Tig is 192 pm. Compared to the distance
on the clean surface (185 pm), all the Tic.—O bonds are sig-
nificantly stretched and point to a strong covalent bond of
the new “bridging oxygen” to the CH, fragment, giving it a
dioxymethylene character rather than an isolated “carbene”.

The effective range of significant stabilization by a bridg-
ing Vg is very narrow, similar to the case of the Ti intersti-
tials, and indicates that again the lack of valence saturation
of the adsorption site (caused here by the loss of bond
neighbors) is crucial for the effect: The binding energy in
the in n'-top structure on a five-coordinate Ti ion adjacent
to the vacancy is —66 kImol™! and the geometry of this di-
agonal formaldehyde configuration is essentially unaffected.
Although this is different than the adsorption behavior re-
ported for 0,7 it is reasonable since the charge transfer
from the defect to molecule is much smaller in the case of
formaldehyde as estimated from its electronegativity.['> *!

Moreover, in-plane oxygen vacancies can be conceived on
the TiO,(110) surface and, in some cases, they could stabi-
lize adsorption slightly less than bridging oxygen vacancies.
Since to our knowledge such V, have not been identified on
TiO,(110), they appear to be unimportant under experimen-
tal conditions and will only be discussed briefly. Unlike
bridging oxygen vacancies, in-plane oxygen vacancies do not
truly stabilize adsorption on adjacent Tis ions, but in every
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tested configuration we find that formaldehyde heals the
defect by moving with its oxygen into the V during the op-
timization. A set of different structures resulted in which a
methylene group was bonded to the new in-plane oxygen,
and either an adjacent bridging oxygen (E,=
—79kJmol™), or a neighboring Tis, ion (E,=
—33kJmol™). In both cases singlet ground states are ob-
tained and O;,—C bond lengths of 148 and 144 pm, respec-
tively, implying that the character of the aldehydic bond is
reduced to a single bond. The O, —C bond length of 139 pm
in the first configuration (O,-CH,-O;,) also suggests single-
bond character. The Ti—C bond of the second configuration
is 210 pm, close to distances found for Ti'V—compounds.!*”!

In contrast, subsurface oxygen vacancies lead to a much
more substantial stabilization of the binding than surface
V. Of the two types of subsurface oxygen vacancies, only
vacancies right below the Tis. (“sub-Tis.”) binding formalde-
hyde in an n'-top configuration lead to a significant stabili-
zation of approximately 66 kJmol™ (E,4=—135kJmol™
for the diagonal n' orientation; Figure 5c). Geometrically,
adsorption above the sub-Tis, oxygen vacancy leads to a
large outward relaxation of the five-coordinate Ti ion by
77 pm (Table 2). The strong adsorption correlates with a
much larger interaction energy of —164 kJmol™' (compared
to —91 kJmol™" on stoichiometric TiO,) and a shortened
bond from the aldehydic oxygen to the Tis. (r(Tis,—O)=
196 pm).

With an adsorption energy of —135 kJmol !, these n'-top
configurations above oxygen vacancies below the Tis, could
compete with the n>-dioxymethylene configuration on defect
free regions of the surface. However, the formation energies
of such subsurface Vg are very high compared to surface
bridging oxygen vacancies, and therefore subsurface V de-
fects are quite unfavorable, probably playing only a minor
role. EPR studies by Jenkins and Murphy™ as well as mo-
lecular dynamics simulations by Jug et al.l®®! provide evi-
dence against the presence of subsurface (and bulk) oxygen
vacancies since their migration to the surface at conditions
used typically for cleaning of titania is a rather facile pro-
cess.®™ In fact, the n' configurations on top of sub-Tis, va-
cancies are 207 kJmol™ higher in total energy than the
structure of the m’-dioxymethylene binding in a surface
bridging oxygen vacancy, which reflects the unfavorable for-
mation cost of subsurface Vi,

By analogy to the behavior of surface oxygen vacancies,
the effects of subsurface oxygen vacancies decay quickly
with the distance form the binding site. A translation of the
sub-Tis, oxygen vacancy by one unit cell along the [001] di-
rection away from the formaldehyde binding site leads to es-
sentially unperturbed adsorption energies (—70 kJmol™" for
the diagonal n'-top configuration). Also, an oxygen vacancy
below the bridging oxygen row adjacent to a Tis. binding
site is already too far away, and leads to an adsorption
energy of —63 kImol ™! for the n!-top configuration. We per-
formed a limited set of computations on the variation of the
stabilization with vertical distance and found that formalde-
hyde adsorption is little affected by oxygen vacancies below
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the second layer. Using the four-trilayer slab, we removed
an oxygen atom in between the second and third trilayers
below a Tis. binding site and optimized the adsorption n'
structure on top, while keeping the bottom layers frozen. In
this case the adsorption energy of formaldehyde varied only
slightly (=71 kJmol™") from the value obtained for the cor-
responding diagonal n'-top configuration on the stoichio-
metric slab.

In summary, we find that all defects exert significantly dif-
ferent, characteristic stabilization effects on the formalde-
hyde adsorption depending on the binding structure, and
induce it to assume different surface configurations. This, in
turn, influences the chemical character of the different sur-
face species. The presence of subsurface interstitials leads to
the most favorable adsorption energies, followed by subsur-
face oxygen vacancies and surface bridging oxygen vacan-
cies. Generally the covalently bonded m’-dioxymethylene-
type structures involving bridging oxygens are significantly
more stable than n'-top configurations in all cases consid-
ered. Such structures are likely to dominate the adsorption
on oxidized and reduced rutile TiO,(110) surfaces.

Conclusion

We report the first systematic investigation of the effects of
different surface and subsurface point defects on the adsorp-
tion of formaldehyde as a probe for carbonyls on rutile
TiO,(110) surfaces using first-principles DFT calculations.

The most stable adsorption structure of formaldehyde at
low coverages of 0.1 ML is n’>-dioxymethylene with a second
C-O bond stretching to a nearby bridging oxygen atom
(E,qs=—125 kJmol™). Though still strongly bonded, the n'-
top configuration bonding in electrostatic fashion with an
oxygen lone pair to a five-coordinate Ti*" site is clearly less
favorable (E,4,=—69 kImol™).

Point defects such as surface bridging oxygen vacancies,
titanium interstitials, and subsurface oxygen vacancies stabi-
lize the adsorption significantly. The stabilization is due to a
combination of lattice changes due to the presence of the
defects, which result in partial loss of coordination of the
surface atoms, particularly at the Tis, sites, and lead to stron-
ger molecule—surface interactions. The I; induce a weaken-
ing of the bonds between the Tis, atoms and the lattice
oxygen underneath, while itself creating new bonds with
these lattice oxygen. Additionally, the presence of a subsur-
face defect leads to a substantial increase of the outward re-
laxation that further enhances the adsorption bonding
through a stronger interaction energy.

Subsurface Ti interstitials between the first and second
layer exert a strong stabilization on the adsorption. Ti inter-
stitials in a <110> channel near a five-coordinate Ti site
stabilize the m>-dioxymethylene structures by as much as
95 kJmol ™! (E,q,=—164 kJmol™"). The adsorption of formal-
dehyde in a bridging oxygen vacancy leads to an n’-dioxy-
methylene (E,4=-95kJmol™") structure between two
bridging oxygens, which is slightly more stable than n*form-
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aldehyde (E,=—86 kIJmol™) in a single vacancy. The larg-
est stabilization is found for a subsurface oxygen vacancy
below a five-coordinate Ti site, which favors the n'-top ad-
sorption of formaldehyde by —66kImol™ (E,=
—135 kJmol™!). However, the n’-dioxymethylene structures
stabilized by interstitials represent the most strongly bonded
species.

From these results we conclude that the preferred adsorp-
tion structure of formaldehyde on a stoichiometric surface,
in the presence of small concentrations of subsurface Ti in-
terstitials or surface oxygen vacancies, is an n>-dioxymethy-
lene configuration with involvement of a five-coordinate Ti
ion. Clearly, for all tested surface defects we find substantial
stabilization of the adsorption energies, which indicates that
reaction intermediates and activation barriers will be affect-
ed strongly by the presence of defects. Thus, even if the
point defects remain static and do not participate directly in
surface reactions, they may lead to major changes in the sur-
face reactivity. It is, therefore, essential to consider all the
types of point defects at realistic concentrations in investiga-
tions on TiO, and other reducible oxides to obtain correct
adsorption sites, structures, energetic, and chemiphysical
properties, and to successfully connect to experiments per-
formed on reduced titania samples, as employed in UHV
model studies.

Computational Details

All calculations in the present study have been carried out using the
Vienna Ab-Initio Simulation Package (VASP).I”” ™ The Generalized-
Gradient-Approximation functional PW91™! was employed together
with the Projector-Augmented Wavefunction method." Despite the fact
that GGA functionals underestimate the band-gap by as much as approx-
imately 30% and fail to reproduce the band gap states caused by point
defects, > 102673 ] we have chosen this functional since it has been
shown to give very reliable energetics and structures on titania. The theo-
retical results, for instance, for oxygen vacancy formation* %1% 267374 op
dissociative H,O adsorption™® > 7 match experimental data well. The
unoccupied states of a band gap are excited states and, thus, require the
use of time-dependent DFT or other excited-state methods such as com-
plete active space or configuration interaction theories for a physically
correct treatment. Although time-independent DFT employing hybrid ex-
change-correlation functionals such as B3LYP,”™ PW1PW!* or PBEO,”
is often used to reproduce the gap states and spin-polarized ground states
of oxygen vacancies and interstitials, these functionals lead to an asym-
metry in the lattice relaxation caused by oxygen vacancies."” However,
no significant asymmetry around bridging oxygen vacancies has been ob-
served in STM thus far.!!: 15 26:40. 83, 44.79. 801 A ccordingly, we have restricted
our studies to calculations using a GGA functional since we are primarily
interested in energetic and geometric details of the adsorption of a probe
molecule on the defective TiO,(110) surfaces.

We use a plane-wave basis set with a kinetic cut-off energy of 400 eV and
Gaussian smearing (0=0.2 eV) to determine electronic occupancies. The
structural model that represents the surface consists of a four trilayer
slab of TiO,(110) terminated on both sides by bridging oxygen rows, sep-
arated by vacuum (ca. 15 A) from its periodic images, using interatomic
distances from the optimized bulk rutile unit cell. We considered several
different supercell sizes including 2x2, 3x2, and 5x2 supercells of the
ideal surface cell to estimate the magnitude of lateral interactions. Corre-
sponding I'-centered 3x3x1, 2x3x1, and 1x3x1 Monkhorst-Pack k-
point meshes® were used for integrations in reciprocal space. For the
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sake of simplicity, we will focus in this article on the low coverage repre-
sented by the 5x2 supercell with one adsorbed formaldehyde molecule,
corresponding to a theoretical coverage of 0.1 monolayer.

Formaldehyde was placed in initial structures on one side of the slab and
optimizations were carried out relaxing all degrees of freedom of the
molecule, and the two uppermost trilayers. Thresholds of 107 eV were
used for electronic, and 0.01 eV A" for force convergence. Dipole cor-
rections were employed along the vacuum direction of the supercell.*!
Oxygen vacancies were modeled by removing atoms from the slab, and
interstitials by placing Ti atoms at appropriate sites. The dependence of
the energies on the lateral distance between defects and the molecules
was tested in all cases, and a rough estimate for the effect of vertical sep-
aration was obtained by placing vacancies or interstitials in between the
second and third layers below the surface.

Adsorption energies are calculated as the relative energy difference be-
tween an optimized molecule-surface complex and the respective relaxed
clean surface and gas-phase molecule. The convergence of the adsorption
energies reported here has been carefully tested by increasing the plane-
wave cutoff (up to 600 eV), the k-points meshes (up to 3x5x1), the
smearing parameter (0.15 to 0.3 eV) and the slab thickness (5 trilayers).
Our relative energies and structures are well-converged to within
5kJmol™'. All obtained local minima were characterized by a harmonic
vibrational analysis at the I" point, by calculating the frequencies of the
adsorbate vibrations (including the atoms of the first TiO, trilayer) from
diagonalization of the Hessian matrices. The Hessians have been comput-
ed by numerical second derivation of the total energy with respect to the
Cartesian coordinates (displacements of +0.025 A were found to give
converged frequencies). Since the mass of Ti is only about three times
heavier than O, strong coupling between energetically close molecular
modes and phonons spreads the molecule surface vibrations out into vari-
ous normal modes at close frequencies. For the sake of simplicity, we
only report the frequencies that correspond to linear combinations of
atomic motion which have dominant contributions of the vibrations of in-
terest.

Spin-polarization was tested in all cases, but we will only report spin-po-
larization for the few cases in which a non-singlet ground state was
found. We caution the reader that GGA functionals generally find the
singlet states at similar or slightly lower total energies as the triplet
states, thus usually not correctly reproducing the spin-polarized character
of point defects.[* %1% 350 The error induced by this shortcoming, for in-
stance, in the oxygen vacancy formation energy, is much smaller than the
change in energy due to higher coverages/densities compared to typical
vacancy concentrations (smaller supercells)'® 3 3! or the well-known
overbinding of O, by GGA functionals.'*’!
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