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Origin of hydroxyl pair formation on reduced anatase TiO,(101)
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The interaction of water with metal oxide surfaces is of key importance to several research fields and applications. Because
of its ability to photo-catalyze water splitting, reducible anatase TiO, (a-TiO,) is of particular interest. Here, we combine

experiments and theory to study the dissociation of water on bulk-reduced a-TiO,(101). Following large water exposures at

room temperature, point-like protrusions appear on the a-TiO,(101) surface, as shown by scanning tunneling microscopy

(STM). These protrusions originate from hydroxyl pairs, consisting of terminal and bridging OH groups, OH, / OH,, as revealed

by infrared reflection absorption spectroscopy (IRRAS) and valence band experiments. Utilizing density functional theory

(DFT) calculations, we offer a comprehensive model of the water / a-TiO,(101) interaction. This model also explains why the

hydroxyl pairs are thermally stable up to ~480 K.

1 Introduction

Reducible metal oxides are of high interest in research fields such as
photo-electrocatalysis, gas sensors, and heterogen-eous catalysis.> 10
To advance these fields, good understanding of molecular
interactions with reducible metal oxides is essential. Particularly the
water / oxide interaction is important, because water is fundamental
in several physical and chemical processes and it is almost
everywhere.'"13 Titania (TiO,) is a very promising, prototypical
reducible metal oxide,& 7> 9% 10 6 7.9, 10 3nd the interactions of
numerous molecules with its surfaces have been studied.”- 1416

A wealth of studies have addressed the thermodynamically stable
rutile TiO,(110) surface (r-TiO,(110)),” % % 15 17 gnd water / r-
TiO,(110) is one of the most intensely studied systems in oxide
surface science.” 13-15 18-28 On the one hand, it is known since long
that water molecules dissociate at surface O vacancies (O,,.’s).> 1> 18
24 On the other hand, it has long been debated whether water also
dissociates on stoichiometric surface areas, i.e. at regular 5-fold
coordinated Ti sites (5f-Ti).13:27.28

Meanwhile, a number of studies appeared addressing also the
technically very relevant anatase TiO,(101) surface (a-TiO,(101)).16
Notice that the a-TiO,(101) surface is the most stable and thus
predominating facet of a-TiO, nanoparticles.?’ Owing to the ability of
TiO, nanoparticles to photo-catalyze water splitting,®1%it is crucial to
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understand the water / a-TiO,(101) interaction as a benchmark
system. The a-TiO,(101) surface is unreconstructed and has a
sawtooth-like appearance, containing two under-coordinated sites:
the 5f—Ti and the 2-fold coordinated O sites (2f—0), see Fig. 1a,b.
After its preparation in ultrahigh vacuum (UHV) using standard
recipes,3 3! there are no O,,'s on the very surface. Instead, O,.¢’s
are located in the subsurface region of a-TiO,(101).32-34 This is in stark
contrast to the r-TiO,(110) surface, where plenty of O,,/s are present
on the very surface.”? 14 15,19

Several research groups have studied the interaction of water with
the a-TiO,(101) surface.33 3>48 At low temperature (< 200 K) and at
low coverages, water was found to adsorb molecularly on a-
Ti0,(101).33, 35 36, 38,4547 By contrast, evidence for partly dissociated
water was found following heating of water multilayers,*** and at
higher water pressures in room temperature (RT) experiments.37- 40
Thus far, a link between these different experimental findings and an
atomistic understanding is lacking. For example, there is a
discrepancy between X-ray photoelectron spectroscopy (XPS) and
STM studies. Whereas most XPS studies point toward mixed
dissociative and molecular water adsorption,3” 4143 STM studies
predominantly reported molecularly adsorbed water
Ti0,(101).33 36,45, 46

The adsorption of water on a-TiO,(101) was also modeled using DFT
calculations, see, for example, Refs. 33 36 4954 Most of these DFT
calculations point to molecular adsorption on non-defected
(stoichiometric) a-TiO,(101) at low coverages. However, with the
introduction of electron donors such as O,,/s, Ti interstitials or
impurities such as Nb dopants, water dissociation was found to be
favorable.33 51 53 Li and Gao’s DFT calculations®! promoted the idea
that subsurface O,,.‘s facilitate water dissociation on a-TiO,(101).
Taking all the experimental and theoretical studies together, the
nature of water adsorption on a-TiO,(101) is still puzzling. Whereas
it is now clear that some water molecules indeed adsorb
dissociatively, the mechanism for this process is elusive.

on a-
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Fig. 1 Possible adsorption states of water on a-TiO,(101) and STM
measurements after high water exposures at RT. (a) Ball model of molecularly
adsorbed water on a-TiO,(101) (top view). The water molecule forms a dative
bond to the under-coordinated 5f-Ti site. (b) Ball model of a OH, / OHy—pair
adsorbed on a-TiO,(101). OH, groups adsorb on 5f-Ti sites and OH, groups on
neighboring 2f-0 surface sites. Both structures result from DFT calculations
that are described in the text. In a) and b), 5f-Ti and 2f-0 sites are indicated.
O atoms of the adsorbed water molecule and of OH, are shown as dark red
balls, and H’s are shown as small white balls. (c) Large scale STM image (40 x
40 nm) of a-TiO,(101) acquired after 60 L H,O exposure at RT. Evenly
distributed, bright features (white circles) are assigned to OH, / OHy—pairs. (d)
High-resolution STM image (15 x 10 nm) of the same surface.

Here we utilized STM, XPS, temperature-programmed desorption
(TPD), electron-stimulated desorption (ESD) and IRRAS experiments
to study the effect of relatively large water exposures onto bulk-
reduced a-TiO,(101). We found the formation of paired hydroxyls
groups upon water exposure at RT and after annealing of water
multilayers. The hydroxyl pairs consist of neighboring terminal and
bridging hydroxyls (OH,/ OH, or OD;/ ODy,) and are stable up to ~480
K. The presented data and our proposed DFT-based reaction
mechanism provide a deep understanding of the water interaction
with reduced a-TiO,(101) and reconcile previous studies.

2 Experimental section

Experimental details

The STM images were acquired in the constant current mode with a
home-built Aarhus STM>> 36 that was mounted in an UHV chamber
with a base pressure of ~8 x 10! Torr. This UHV chamber was
additionally equipped with a quadrupole mass spectrometer (Hiden
Analytic), an AES instrument (Physical Electronics) an Ar ion source
and capabilities for heating and cooling of the sample. For further
details of this apparatus, see Ref. °’. The STM measurements were
conducted at RT using a Pt/Ir tip. STM images were acquired in
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Aarhus (Denmark) using tunneling voltages, Vs, of ~+1.0 V and
tunneling currents, Iy, of ~0.1 nA.

The valence band (VB) XPS spectra were acquired at the ASTRID2
synchrotron source at ISA, Centre for storage ring facilities, Aarhus,
at the AU-MatLine beamline.>® This setup is equipped with a SX-700
monochromator, a SPECS Phoibos 150 electron energy analyzer and
a similar setup for sample preparation as available in the STM
chamber. The VB spectra were acquired using a photon energy of 170
ev.

The IRRAS, TPD and ESD experiments were performed in an UHV
system with a base pressure of ~1 x 107 Torr that has been
described previously.*® ° The system (at PNNL, Richland, USA) is
equipped with a molecular beam source, a closed-cycle helium
cryostat for sample cooling, a low-energy electron gun (Kimball
Physics, Model ELG-2), a quadrupole mass spectrometer (Extrel,
Model EXM 720), and a Fourier-transform infrared (FTIR)
spectrometer (Bruker, Model Vertex 80) for IRRAS measurements
performed in external reflection mode. In the IRRAS experiments,
the p-polarized infrared (IR) light was incident on the a-TiO,(101)
single crystal at 20° to the [101] azimuth and grazing incidence (~85°,
with respect to the surface normal) and detected in the specular
direction. The resolution was set to 4 cm™. All IRRAS spectra were
acquired at 30 K.

In both laboratories, natural a-TiO,(101) single crystals (SurfaceNet)
were prepared either by Ar* or Ne* sputtering and annealing in O, at
720-950 K and subsequent sputtering followed by vacuum-
annealing, likewise at 820-950 K. Such preparation cycles (with and
without O,) were repeated until the surfaces were found clean
(judged by STM and XPS, or TPD and LEED). In each case, the sample
temperature was monitored by a K-type thermocouple spot-welded
to the back of the sample plate. Water (H,%0, H,'80, D,0) was
cleaned via several freeze-pump-thaw cycles. In Aarhus, water was
dosed via back-filling the UHV chambers through leak valves. At
PNNL, a molecular beam was used to dose water. Water exposures
are given either in monolayer (ML) equivalents (1 ML = density of 5f—
Ti sites = 5.2 x 10%** molecules/cm?) or in Langmuir (L; 1 L =1 x 107
Torr x s). More experimental details are given in the ESI.

Computational details

Electronic structure calculations were performed using DFT with the
plane wave approach as implemented in GPAW® in the framework
of the Atomistic Simulation Environment (ASE).8! The exchange-
correlation interaction was treated by the generalized gradient
approximation using the Perdew—Burke—Ernzerhof (PBE) functional.
62 The effect of the core electrons in the valence density was taken
into account by means of the projector-augmented wave (PAW)
method® with an energy cutoff of 450eV. For some of the
calculations, the on-site coulomb interactions of localized electrons
were described by additionally adding a normalized effective
Hubbard correction of U = 4.1 eV, which results in a band gap of
3.065 eV. Optimized cell parameters of 3.810 A and 9.760 A have
been calculated using a 11 x 11 x 11 k-point sampling of Monkhorst
and Pack.®* A 4 x 1 surface cell with four TiO, tri-layers was used for
all calculations with ~12 A vacuum to both sites of the slab. Due to
the size of the repeating cell, a 3 x 3 x 1 k-point sampling of
Monkhorst and Pack® was used. All atoms were allowed to fully

This journal is © The Royal Society of Chemistry 20xx
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relax. The reaction and migration pathways were determined using
the climbing-image elastic band method (ci-EB).5>

Vibrational energies were calculated using finite difference in
the harmonic approximation. Partial hessians considering just
the adsorbed species (water or hydroxyls) were calculated, and
the IR intensities were calculated from a finite difference
approximation of the gradient of the dipole moment,%®
implemented in ASE.®! The atomic mass of hydrogen was set to
2.014 g mol? in order to simulate vibrational spectra of
deuterated species. For calculating the vibrational energies, the
Hubbard correction was not used, because different U values
tend to lead to larger variations of the vibrational energies.®” In
the ESI, we provide the Python script we used for simulating the
IR spectra, which needs the calculated wavenumbers and
intensities as input.

3 Results and discussion

H,0 exposure at room temperature. Fig. 1c shows an STM image of
an a-Ti0,(101) surface that was exposed to 60 L H,O at RT. The
continuous rows of faint protrusions along the [010] direction
originate from the 2f—0 / 5f—Ti pairs of bare a-Ti0,(101),3% 3% and the
surface areas with brighter appearance (grayish) are associated with
subsurface Ti3d electron donors.32 The homogeneously distributed,
bright protrusions (some marked by white circles in Fig. 1c) appeared
after the water exposure. As will be shown below, these protrusions
originate from pairs of terminal (OH,) and bridging (OHp) hydroxyl
groups (see the computed structure in Fig. 1b). The rather low
densities of OH; / OH, features found in this and additional RT
experiments are plotted in Fig. S2 in the ESI. From now on we will
denote a-TiO,(101) surfaces with OH, / OH,—pairs as “a-Ti0,(101)—
OH” (or “a-TiO,(101)-0D”, if D,0 was used for the hydroxylation).
The zoom-in STM image depicted in Fig. 1d we recorded within the
same experiment as the STM image shown in Fig. 1c. However, a
special tip state allowed us to resolve the OH, / OH}, features with
higher resolution, revealing dumbbell-like shapes and an apparent
STM height of ~1 A. The appearance and the STM height is similar to
previously reported STM results of water molecules3? 36 44,45 53 gnd
OH groups.?* >3

Although the observed STM features are similar to those of water
molecules on a-TiO,(101), such an assignment is inconsistent with
other results: (i) Previous® and current TPD data (see Fig. S3 in the
ESI) show that most of the first ML desorbs at temperatures clearly
below RT. (ii) The diffusivity of water species on TiO, surfaces3® 68 is
rather high, so that STM imaging of them at RT is not possible with
our instrument. Notice that the species observed here diffuse only
very little at RT. Thus, it is unlikely that the observed features
originate from water molecules.

Fig. 2a shows VB spectra of a-TiO,(101) recorded before and
after a high water exposure at RT (12 x 103 L). The most obvious
difference in the VB spectra is the OH-30 feature at a binding
energy (BE) of ~11.0 eV that is evident in the spectrum of a-
TiO,(101)—OH. A faint OH-15 feature at ~8.0 eV BE can also be
recognized in this VB spectrum, even though it is superimposed
by the dominating O2p feature of TiO,. For adsorbed water,
three peaks are expected to appear within the VB (at ~8, ~11
and ~13 eV BE), whereas two peaks (at ~8 and ~11 eV BE), as

This journal is © The Royal Society of Chemistry 20xx
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found here, are characteristic for the presence of OH groups.?*
38 |t is evident that OH groups have formed at RT upon large
water dose onto reduced a-TiO,(101).

Ice-treatment. Motivated by previous studies*? 44 6 we altered the
preparation of a-TiO(101)-OH such that more moderate water
exposures were sufficient for the hydroxylation. More specifically, >
~5 ML water were dosed onto clean a-TiO,(101) at low temperatures
(< 140 K), followed by annealing at a temperature > ~180 K. Fig. 2b
shows the VB spectrum acquired after applying this “ice-treatment”
(green curve). Even though we used a much smaller water exposure
(50 L at 130 K) compared to the RT experiment (12 x 103 L, see Fig.
2a), the degree of hydroxylation of the two compared a-TiO,(101)—
OH surfaces is similar. Fig. 2c depicts an STM image of an a-
TiO,(101)-OH surface that was obtained after applying the ice-
treatment (likewise 50 L at 130 K). Again, we find the elongated
protrusions originating from OH groups. The density of OH groups
(~0.09 ML) was four to five times higher than in the experiment
corresponding to Fig. 1c,d (~0.02 ML), where the water exposure was
similar but accomplished at RT. Accordingly, a-TiO,(101)—OH surfaces
with rather high OH densities can be created when applying the ice-
treatment. In addition to our STM and VB studies, we conducted TPD
experiments addressing the ice-treatment (see Fig. S4 in the ESI).

To disclose the nature of the hydroxyl groups on a-TiO,(101)-OH, we
conducted IRRAS experiments. In the IRRAS experiments, we worked
preferentially with D,0 to avoid interference with residual H,0 in the
UHV chamber. Here we focus on IRRAS data obtained for p-polarized
light, thus we are probing vibrations with transition dipole moments

a)| — a-Tio(101)
) —— a-Ti0z(101)-OH RT
> 0z2p
B
=4
o]
<
Ti3d
3o Ixm
b) Ice
Z
]
c
[}
5
\\‘:

16 14 12 10 8 6 4 2 0
Binding energy [eV]

Fig. 2 Two preparation methods for a-TiO,(101)-OH. (a) VB spectra of a-
TiO,(101) before and after 12x 103 L H,O exposure at RT (black and green
curves, respectively). The spectra were recorded at RT. (b) VB spectrum of
bare a-TiO,(101) (black curve) and after applying the ice-treatment (50 L H,O
exposure at 130 K, followed by annealing at RT) (green curve). The spectra
were recorded at 600 K (black curve) and RT (green curve). (c) STM image (15
x 10 nm; RT) of a-TiO,(101)—-OH acquired after 50 L H,0 exposure at 130 K and
subsequent annealing at RT.
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Fig. 3 IRRAS and VB measurements upon applying the ice-treatment. (a) IRRAS
spectrum (p-polarized light) of D,0 / a-TiO,(101) at 30 K. 1 ML D,0 was dosed
at 120 K. Data points shown in gray. A single peak at ~2715 cm is seen (curve
fit in blue). (b) Selected IRRAS spectra of the O-D stretch, measured at 30 K,
obtained after 5 ML D,0 exposure onto clean a-TiO,(101) followed by
annealing for 600 s at the given temperatures. Two peaks are resolved: One
centered at ~2715 cm™ (blue dashed line) and one at ~2751 cm™ (orange
dashed line). Curve fits are shown in maroon (annealing at 180 K), green
(annealing at 300 K), and black (annealing at 220, 260, 450, 500 and 600 K).
(c) Integrated areas (from the 2-peak curve fitting) of the peaks at ~2715 cm"
1 (blue data points) and ~2751 cm™ (orange data points) as function of
annealing temperature. Solid lines in blue and orange guide the eye. Notice
that the number of data points in c) is higher than the number of spectra in
b) because only selected spectra are shown. (d) VB spectra acquired after
exposing a clean a-TiO,(101) surface to 50 L H,0 at 130 K followed by
annealing for 600 s at the specified temperatures (180 K: maroon curve; 300
K: green curve; 600 K: black curve). VB data acquisition was accomplished at
the given annealing temperatures. Gray areas show the differences to the VB
spectrum of clean TiO, (black curve) for 9 eV < BE < 16.5 eV.

perpendicular to the (101) surface and also parallel to the surface in
the direction of the IR beam (see Fig. S1). For reference, Fig. 3a shows
an IRRAS spectrum of 1.2 ML molecular water (D,0) adsorbed on the
a-TiO,(101) surface. This spectrum was recorded at 30 K, after a D,0
exposure at 120 K. The single peak centered at ~2715 cm originates

from O-D stretching vibrations in water molecules (denoted O—DP2°),

IRRAS spectra obtained with s-polarized light do not show any
appreciable peaks exceeding noise (see Fig. S5 in the ESI).

Fig. 3b shows IRRAS spectra acquired upon applying the ice-
treatment. That is, we exposed an a-TiO,(101) surface to 6 ML
D,0, followed by annealing at specified temperatures, in each
case for 600 s. Each spectrum was acquired after starting with a
clean a-TiO,(101) surface. Following annealing at the selected
temperatures, we found two peaks in the IRRAS spectra: (i) one

4 | Chemical Science, 2023, 00, 1-3

at ~2715 cm! (blue dashed line) and, (ii), one at ~2751 cm™
(orange dashed line). These peaks partly overlap each other. As
argued in the following, the first peak can originate both from
the O-D stretch of molecular water (O—DP29), see Fig. 3a, and
the O-D stretch of bridging hydroxyls (ODy). From now on, we
refer to this peak as “O—DP2° + OD, peak”. The second peak at
~2751 cm™® we assign below to terminal hydroxyls (OD,), and is
from now on denoted as “OD, peak”.

Following annealing at 180 K, the OD; peak (orange dashed line)
appeared as a shoulder of the O—DP2° + OD, peak, see Fig. 3b.
As seen in Fig. 3b,c, the OD, peak was most intense following
annealing between 200 and 300 K and was diminished for
annealing temperatures above 450 K. There was no shift of the
ODy peak throughout the series of IRRAS spectra. In contrast,
the O—DP20 + ODy, peak was detected in all IRRAS spectra up to
annealing at 450 K, see Fig. 3b. Only annealing at temperatures
higher than 500 K led to the disappearance of this peak. The O—
DP2° + OD, peak was most intense at low annealing
temperatures, and its intensity decreased continuously with
increasing annealing temperature, see Fig. 3c. In addition, the
0-DP20 + OD, peak blue-shifted slightly (by ~5 cm-?) upon
annealing at temperatures higher than 220 K.

To facilitate a direct comparison of the IRRAS data with our VB data,
we show (again) VB data in Fig. 3d. The VB spectra in Fig. 3d were
acquired following a 50 L H,O exposure at 130 K and subsequent
annealing at either 180 K (maroon curve), 300 K (green curve) or 600
K (black curve). Considering the uppermost IRRAS spectrum in Fig. 3b
and the uppermost VB spectrum in Fig. 3d (maroon curves), we find
that annealing at 180 K led to a-TiO,(101) surfaces that were covered
with water molecules (in the sub-ML range). Otherwise, there should
not be any states at ~¥13 eV BE in the blue VB spectrum that originate
from 1b, water orbitals. In addition, the broad peak centered at ~11
eV BE indicates a dominating contribution of the 3a; state of
molecularly adsorbed water. Accordingly, the O-DP2° + OD,, peak in
the uppermost IRRAS spectrum of Fig. 3b originates largely from
molecularly adsorbed water.

The situation is different when the annealing temperature was 300 K
(see the green curves in Fig. 3b,d). In the VB spectrum, there is only
a feature of low intensity at ~11 eV BE and no peak at ~13 eV BE (Fig.
3d). As already argued in connection with Fig. 2b, this VB spectrum
indicates the presence of OH groups and the absence of molecular
water. That there is barely any molecularly water adsorbed on the
surface after annealing at 300 K is further supported by ESD
measurements presented in the ESI, see Fig. S6-58. Nevertheless,
there is a peak at 2715 cm™ in the corresponding IRRAS data (green
spectrum in Fig. 3b). Accordingly, the O-DP2° + OD, peaks in the
IRRAS data of Fig. 3b did not originate from molecularly adsorbed
water when the annealing temperature was ~RT or higher. Taking the
IRRAS and VB data together, we conclude that both, molecular water
and hydroxyls, contribute to the IRRAS peak at ~2715 cm™. The IRRAS
spectrum obtained following annealing at 180 K (maroon curve in Fig.
3b) is composed of three peaks: Two belonging to hydroxyl groups
(positioned at ~2751 cm™ and ~2715 cm) and one belonging to
molecular water, likewise positioned at ~2715 cm-2.
Isotope-labeling experiments. To ascertain the assignments of the
hydroxyl-related peaks in the IRRAS spectra we performed isotope-
labeling experiments, using H,'°0 and H,80 (see Fig. 4). Thus, we

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 9



Page 5 of 9

a) b) 60 ML water
i d
21(:0
1
i -
i L
@ 0 ) '_|
2| av = 11 om L 2 |av=115cm?
S v = cm™ 4 S v =11.5 cm
o o
S 53 r
18 1¢
2|HM”0 21H,*O
< # s <C

3900 3800 3700 3600 3500 3900 3800 3700 3600 3500
Wavenumber [cm™!] Wavenumber [cm~!]

Fig. 4 Isotope-labeling IRRAS experiments on a-TiO,(101)-OH. (a) IRRAS
spectrum of the O—H stretch, measured at 30 K, obtained after 6 ML water
exposures at 120 K followed by annealing at 350 K for 600 s. Both, H,'*0
(upper spectrum) and H,20 (lower spectrum) isotopes were used to prepare
the a-TiO,(101)-0OH surfaces. The peak on the left at the higher frequency
red-shifts by ~11 cm™ (orange dashed line). The peak on the right (blue
dashed line) does not depend on the oxygen isotope. (b) Internal reference
of the shift observed in a). 60 ML of H,*0 (upper spectrum) and 60 ML of
H,80 (lower spectrum) were dosed at 120 K to prepare thick water ice layers.
Data acquisition at 30 K. The measured region includes the dangling O—-H
stretches (baseline subtracted).

inspected the O—H stretch rather than the O-D stretch. The results
allow us to clearly distinguish between OH; and OH,, groups in the
IRRAS spectra. Exchanging 160 with 180 within the water adsorbate
should exclusively lead to a shift of the OH—related peak. The OH,—
related peak in the IRRAS spectra is not expected to shift because the
O’s of OH}, species belong to the a-Ti0,(101) surface (see Fig. 1b). Fig.
4a shows IRRAS spectra acquired after exposures of H,%0 (upper
spectrum) and H,80 (lower spectrum) followed by annealing at 350
K for 600 s. In each case, the water exposure was 6 ML and the
sample temperature upon adsorption was 120 K. Such sample
preparations result in a-TiO,(101)-OH surfaces without residual
adsorbed molecular water. Within the OH-related doublet,
exclusively the left peak at higher frequency (**0OH,: ~3729 cm™ for
H,1%0 and 180H;: ~3718 cm! for H,80) shifted upon the change of
the water isotope (see Fig. 4a). Specifically, we observed a red shift
by ~11 cm™ of the left peak whereas the right peak did not shift
(**0OHy: ~3681 cm for both H,®0 and H,'0). Assuming a harmonic
potential in the time dependent Schrédinger equation, we estimated
a red shift of the OHrelated IRRAS peak by ~12 cm if 160 is
replaced by 80.

As an internal reference, we have also measured the O—H stretch of
dangling hydroxyls (non-hydrogen bonded water molecules), OHy, of
a thick ice layer adsorbed on a-Ti0,(101), see Fig. 4b. In each case,
the water exposure (H,'80 and H,®0, respectively) at 120 K was 60
ML. We observed a red shift of the O—H stretch by ~11.5 cm™! when

This journal is © The Royal Society of Chemistry 20xx
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H,80 was used instead of H,®0. This red shift is very close to the
expected shift of ~12 cm™.

From the isotope-labeling experiments, we can conclude with
certainty that the left IRRAS peak of the hydroxyl doublet at the
higher frequency originates from OH, and ODy, respectively, and the
peak on the right (at lower frequency) from bridging hydroxyls, OHy,
or ODy,. With regard to Fig. 3b, it is clear that the peak at ~2751 cm™
originates from OD,. The peak at ~2715 cm™ can originate from
molecular D,0 (no annealing), from deuterium atoms adsorbed on
2f—0 surface sites (i.e. from ODy,), or from a mixture of molecular D,0
and OD,, species. The position of OD,, found here is very close to the
earlier reported OD,—IRRAS peak (at 2721 cm™) obtained following
dissociation of D,0 molecules at bridging O,‘s that were created via
electron bombardment.*®

With these assignments of the IRRAS peaks, we can explain the
observed trends of the integrated peak areas as a function of the
annealing temperature seen in Fig. 3c. Without any annealing of the
sample, the O-DP?° + OD, peak is large because the a-TiO,(101)
surface was covered by molecularly adsorbed water. Upon
subsequent annealing at temperatures > 140 K, a part of the
adsorbed water molecules desorbed from the sample (see Refs. 348
and Fig. S4 in the ESI). Upon annealing at 160-300 K, further water
desorbed and some water molecules dissociated, leading to OD; /
ODy—pairs on the surface. The latter leads to the OD; peak in the
IRRAS spectra. The integrated area of the O-DP2° + ODy, peak does
not clearly decline upon water dissociation because the OD,
hydroxyls also contribute to this peak. The small blue shift of the O—
DP20 + ODy, peak by ~5 cm™ upon annealing at temperatures higher
than 220 K is probably associated with the change of the adsorbate
from D,0 to ODy,.

The peak assignments put forward here likewise agree well with very
early studies addressing TiO, nanoparticles that indicated OH, groups
to vibrate at higher frequencies than OHy, groups.’® 7! Whereas OH—
related features observed on TiO, nanoparticles at frequencies
higher than 3700 cm™! are mostly assigned to OH, groups, vibrational
bands at lower frequencies are often assigned to OH,, groups.’> 73
DFT calculations. To understand the mechanism for water
dissociation on reduced a-TiO,(101), we have performed a set of DFT
calculations. We used mainly plain DFT with the PBE functional, but
also addressed spurious electron delocalization using Hubbard-U
corrections. Most DFT+U energies are close to those computed with
plain PBE-DFT (see Table 1). In the following text, we only refer to the
results obtained with plain DFT.

Using a slab of stoichiometric a-TiO,(101) — labeled sa-TiO, in Table
1 and Fig. 5, we found that the most stable structure of molecular
water (see Fig. 1a und 5a) is favored over dissociated water (see Fig.
1b und 5b) by ~0.32 eV. This result is in good agreement with
previous results.3® 36 50 However, when the a-TiO,(101) slab is
reduced via removal of one O atom (i.e. through the introduction of
an Oy,; labeled ra-TiO, in Table 1 and Fig. 5), dissociative adsorption
of water is more favorable than molecular adsorption. Fig. 5¢c shows
the calculated PBE energies for three different positions of the O,
that are labeled “position 1”, “position 2” and “position 3”. For
example, the OH, / OH,—pair configuration is favored by ~0.15 eV if
the Oy, is placed between the first and second TiO, tri-layer beneath
of the adsorbate (position 1). In addition, we found that the barrier
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Table 1 Relative adsorption energies (in eV) of the considered H,O and
hydroxyl structures on ra-TiO, and sa-TiO, slabs computed with PBE and
PBE+U. Minus signs indicate that the hydroxyl structures are more stable than
molecular water. For the O, positions, see Fig. 5.

ra-Tio, PBE PBE+U
O,,c at position 1: molecular -0.15 -0.11
water on 5f—Ti vs. OH, / OH,
O,,c at position 2: molecular -0.16 -0.05
water on 5f—Ti vs. OH, / OH,
O,,c at position 3: molecular —0.35 -0.20
water on 5f—Tivs. OH, / OH,
O,,c at position 3: molecular -0.42 -0.62
water on 5f-Ti vs. 2 x OH,
O,,c at position 3: molecular —0.59 —-0.58
water in Oy, vs. 2 x OH,
sa-Ti0,(101)
no O,,.: molecular water on +0.32 +0.29
5f—Tivs. OH, / OH,

molecular dissociated

0
o %, {Q e %o,
DR ¥
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Fig. 5 Water adsorption structures found by DFT calculations (PBE), showing
that OH; / OHy—pairs are on reduced a-TiO,(101) more stable than water
molecules. (a) Ball model (side view) of molecularly adsorbed water on a-
TiO,(101) (color-coding as in Fig. 1). The lowest energy structure is shown that
was found for a stoichiometric a-TiO,(101) slab (sa-TiO,). Considered
positions of an O, within an reduced a-TiO,(101) slab (ra-TiO,) are also
indicated. The corresponding top view is shown in Fig. 1a. (b) Ball model of an
OH, / OH,—pair on ra-TiO, (side view). The lowest energy structure is shown
that was found with the O,,. at position 1 (see corresponding top view in Fig.
1b). (c) Computed adsorption energies of molecularly adsorbed water (on the
left) and of an OH, / OHy—pair on a-TiO,(101) (on the right). Computed
dissociation barriers are also given (middle). See also Fig. S11 in the ESI.
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for water dissociation is low regardless of the exact position of the
Ovac Within the slab. Water dissociation is favorable for all considered
ra-TiO, slabs (see Table 1 and Fig. S11 in the ESI). Notice that also an
OH,/ OH,—pair next to a surface O,,. is more stable than molecular
water on 5f—Ti. Thus, “healing” of the surface O, is not an essential
reaction step for water dissociation.

However, an OH, / OHy—pair is not the most-stable configuration of
adsorbed water. Instead, a configuration consisting of two OH,
species (see Fig. S9 and S11) is more stable by ~0.42 eV compared to
molecular water on a 5f-Ti site. Such a “2 x OH, configuration”
results if the subsurface O, in the considered ra-TiO, slab can
diffuse to the surface, where it is filled by the OH, group. When
considering an ra-TiO, slab with one O,,, this scenario is
characterized by very low barriers, in agreement with Ref. 1. Notice
that the considered ra-TiO, slab is modeling only initially a bulk-
reduced a-TiO,(101) sample because the Oy, is “healed” upon
reaction with the water molecule and 2 x OH, configurations are
located on the very surface.

To better model the diffusion of O,,.'s in bulk-reduced a-TiO,(101),
we also considered ra-TiO,(101) slabs with more excess electrons.
Specifically, we used plain DFT and a 3 x 3 x 1 bulk supercell.
Depending on the O, concentration, we found O, diffusion
barriers between 0.1 and 0.2 eV. This is similar as found for the ra-
TiO, surface slab considered above. However, the diffusion barrier
increased dramatically to ~0.95 eV after adding two additional excess
electrons to the supercell. The computed O,,. diffusion barriers are
almost independent on the O,,. concentration. Instead, the Oy,
diffusion barriers correlate with the number of excess electrons
within the supercell. Such high Oy, diffusion barriers agree well with
previously published data.3* Accordingly, the water dissociation
mechanism proposed by Li and Gao®! does not operate on bulk-
reduced a-TiO,(101) samples at low temperatures. If O,,;’s cannot
diffuse to the surface, water dissociation leads to the formation of
OH, / OHy—pairs, as observed experimentally. However, if Oy,¢'s can
diffuse to the surface and water is present, a-TiO,(101) with OH,
groups and without OH, species are expected.

Finally, we have simulated IRRAS spectra corresponding to the found
adsorbate structures (see Fig. S9 and Table S1 in the ESI). Although
there is a constant shift of the modeled IRRAS peaks with respect to
the experimentally found peak positions (because of the PBE
functional), all essential features are reproduced. The peak corres-
ponding to OD; lays ~50 cm higher than that of the OD,, and the
antisymmetric stretching vibration of water and the stretching
vibration of OD,, differ only by a few wavenumbers, thus are almost
degenerated, as experimentally observed. These results are strong
support for the described IRRAS peak assighments, and thus confirm
that pairs of terminal and bridging hydroxyls have formed.

The formation of thermally stable and well-separated OH; / OH,—
pairs on otherwise bare a-TiO,(101) surfaces is not possible on
stoichiometric a-TiO,(101). Previously, a fraction of dissociated
water species has been predicted for full water ML's on
stoichiometric a-TiO,(101), i.e. when the OH groups, resulting from
water dissociation events, are surrounded by non-dissociated water
molecules.”? Here, we do not have such a surrounding of water
adsorbates, at least not in experiments conducted at RT and for T,,,
> 350 K. We thus consider the presented data as strong evidence for
the influence of subsurface defects on the adsorption of water on

This journal is © The Royal Society of Chemistry 20xx
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reduced a-TiO,(101), in agreement with previous results.3® 37 An
important unresolved question is how the level of bulk reduction for
the a-TiO,(101) samples influences the extent of dissociative
adsorption on the (101) surface. Our preliminary IRRAS data taken
on a less reduced sample show relatively lower amounts of hydroxyls
species.

The described dissociation mechanism for water / a-TiO,(101) differs
significantly from that one known for water / r-TiO,(110), where
water molecules dissociate directly at surface O,,/s.> 4 15 1824
Because any strong geometric contribution in favor of water
dissociation such as “filling of O, s” can be ruled out, we can
conclude that predominantly electronic effects cause water
dissociation events on a-TiO,(101). Our data also reveal that the
adsorption temperature plays an important role. Adsorption
experiments conducted at low temperatures (< 200 K) point to
molecular adsorption of water.3¢ This is plausible considering that,
(i), the water coverage was low in these experiments and, (ii),
subsurface O,,.'s are immobile at such temperatures.” However, for
temperatures > 200 K, where subsurface O,,’s are eventually
mobile,”* combined with sufficiently large water exposures, the
influence of subsurface O,,’s is high enough to measure that
molecular water adsorption is not the only adsorption mode. These
differences explain why most XPS studies pointed toward mixed
dissociative / molecular water adsorption, whereas most previous
STM studies concluded molecular adsorption of water on a-
TiO,(101).

4 Conclusions

In this combined experimental and theoretical work, we have
obtained atomic-scale insight into a very fundamental problem
—the dissociation of water molecules on bulk-reduced anatase
TiO,(101). We reached the following conclusions: (i) As the
result of water dissociation, pairs of terminal and bridging
hydroxyls (OH;/ OH,— or OD,/ ODy—pairs) form on the surface.
Both, large water exposures at RT and the ice-treatment
(annealing of water multilayers) lead to the formation of such
hydroxyl pairs. (ii) Both, molecular water and bridging hydroxyl
groups exhibit quite similar IRRAS peaks at ~2715 cm™ (for D,0).
OD; groups are characterized by a peak at ~2751 cm™ and thus
their signature in IRRAS is blue shifted by ~¥35 cm™ compared to
that of OD, groups. (iii) The hydroxyl pairs are thermally quite
stable species on the a-TiO,(101) surface. Annealing at
temperatures higher than 500 K is required to completely
remove the hydroxyl pairs. (iv) On the basis of DFT calculations,
we found that the dissociation of water molecules on a-
TiO,(101) is driven by O,,¢'s in the subsurface region, and there
is no need for O,, s to diffuse to the surface to make water
dissociation possible. (v) The diffusion of O,,’s in the bulk of a-
TiO, is strongly influenced by the degree of a-TiO, reduction.
The more excess electrons are present in the bulk, the higher
are the O diffusion barriers.
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