First principles study of the water adsorption on

anatase (101) as a function of the coverage.

Ruth Martinez-Casado,* '+ Giuseppe Mallia,¥ Nicholas M. Harrison,¥ and Rubén

Pérez%

T Univ Turin, Dipartimento Chim, IFM, I-10125 Turin, Italy
IC.R.F. S.C.p.A Strada Torino 50, 10043 Orbassano (TO), Italy
Y Department of Chemistry, Imperial College London, South Kensington, London, SW7
247, UK
§ Departamento de Fisica Teorica de la Materia Condensada, Universidad Autonoma de
Madrid, E-28049 Madrid, Spain
| Condensed Matter Physics Center (IFIMAC), Universidad Auténoma de Madrid, Madrid
28049, Spain

E-mail: ruthmcasado@gmail.com



Abstract

An understanding of the interaction of water with the anatase (101) surface is cru-
cial for developing strategies to improve the efficiency of the photocatalytic reactions
involved in solar water splitting. Despite a number of previous investigations, it is
still not clear if water preferentially adsorbs in its molecular or dissociated form on
anatase (101). With the aim of shedding some light on this controversial issue, we
report the results of periodic screened-exchange density functional theory calculations
of the dissociative, molecular and mixed adsorption modes on the anatase (101) surface
at various coverages. Our calculations support the suggestion that surface adsorbed
OH groups are present which has been made on the basis of recently measured X-ray
photoelectron spectroscopy, temperature programmed desorption and scanning tun-
nelling microscopy data. It is also shown that the relative stability of water adsorption
on anatase (101) can be understood in terms of a simple model based on the number
and nature of the hydrogen bonds formed as well as the adsorbate-induced atomic dis-
placements in the surface layers. These general conclusions are found to be insensitive
to the specific choice of approximation for electronic exchange and correlation within
density functional theory. The simple model of water-anatase interactions presented

here may be of wider validity in determining the geometry of water-oxide interfaces.

1 Introduction

TiO,, as a wide band gap semiconductor, has many applications including, as an heteroge-
neous catalyst,! as the transport medium in dye-sensitised solar cells,? and as the catalysis
in photoelectrochemical water splitting for the carbon free production of hydrogen.®* An
understanding of water chemistry on TiO, is crucial to facilitate the design of more efficient
systems. Water can adsorb on TiO, surfaces molecularly or dissociatively. Molecular ad-
sorption (in its most energetically favourable configuration) involves the direct interaction of

the oxygen atom of the molecule with the fivefold-coordinated titanium, Tis., of the surface.



In the dissociative adsorption mode an hydrogen atom is transferred from the molecule to a
nearby under-coordinated surface oxygen ion. Two surface hydroxyls are thus formed: the
hydroxyl bonded to the surface Tis., which is generally called terminal hydroxyl, OHy,, and
that resulting from the detached hydrogen and nearby oxygen ion; the bridging hydroxyl,
OHyp,.

Rutile is the most stable bulk phase of titania; however, anatase nanoparticles are the
most active photocatalyst.> The (101) surface is the most stable anatase surface and repre-
sents a significant portion of the exposed surface area in nanostructures.”® Despite significant
research effort in this area, there is still some controversy over the nature of the first water
monolayer on the anatase (101) surface and in particular over whether there is molecular or
dissociative adsorbtion. Until a few years ago, X-ray photoelectron spectroscopy (XPS),°
temperature programmed desorption (TPD),® and scanning tunneling microscope (STM)!!
experiments seemed to agree with density functional theory (DFT) calculations'? 1 that only
molecular adsorption occurs on the pristine anatase (101) surface. A recent high-resolution
XPS study,*® however, reported the presence of OH groups at the surface and challenged the
accepted model of the interface. Subsequent DFT 17 and force field!® studies support this
result predicting mixed molecular and dissociative adsorption on anatase (101) for cover-
ages from half to one monolayer. In recent calculations the detailed energetics of adsorption
have been computed using hybrid exchange density functional theory, PBEO, but without
an analysis of the structure at the full monolayer coverage that is observed or a discussion
of the number and nature of the hydrogen bonds present at the interface.!® It is now well
established that consideration of inter-molecular interactions is essential for an understand-
ing of the water-oxide interface structure.'%2° The importance of the quantum nature of the
hydrogen bonds for interface structure and properties has also been explored.?!:?2

The purpose of the present work is to shed some light on the nature of the water-water
and water-anatase(101) interactions that determine the interfacial structure. To achieve

this, calculations are performed as a function of the coverage (defined as the ratio between



the number of adsorbed HyO molecules and the number of surface Tis, sites). The adopted
method is DFT using the screened hybrid exchange functional HSE;?? we also present results
obtained with the gradient corrected PBE functional to determine the sensitivity of the
conclusions to the approximate treatment of electronic exchange and correlation. The results
and discussion presented here lead to the idea that water adsorption on anatase (101) can
be described by a simple model that supports the suggestion that OH groups are present
at the surface. This model emphasises the importance of the number and nature of the
adsorbate-adsorbate and adsorbate-surface hydrogen bonds for determining the structure of
the interface.

The HSE functional has the advantage that in general it describes surface adsorption
energetics and structures somewhat better that the PBE functional, partially corrects for
electronic self-interaction and so yields qualitatively correct fundamental band gaps in wide
band gap transition metal oxides and retains a reasonable description of semiconductors and

metals. 242

2 Computational details

All calculations have been performed using the CRYSTAL14 software package,?® based on
the expansion of the crystalline orbitals as a linear combination of a local basis set (BS)
consisting of atom-centered Gaussian orbitals with s, p, or d symmetry. The choice of the
BS is the main numerical approximation in these calculations; in order to approach the
BS limit, a hierarchy of all-electron basis sets, labeled as BS1, BS2 and BS3 (see Table 1),
have been selected for O, Ti. The most complete basis set (BS3) has been used for the
calculations.

The anatase structure belongs to the 14/amd tetragonal space group and the unit cell is
defined by the lattice vectors a and ¢ and the oxygen internal coordinate u. The primitive

cell contains two atoms in the asymmetric unit: a Ti ion at (0,0,0) and an O ion at (0,0,u),
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Figure 1: (Color online) Top view of the optimised structures resulting from the adsorption of
water on anatase (101) at full monolayer coverage and for the cases: (a) molecular adsorption
by using the HSE functional, (b) mixed adsorption by using the HSE functional. Large (red),
medium (blue), and small (grey) spheres correspond to oxygen, titanium, and hydrogen,
respectively.

in fractional coordinates. Each Ti is octahedrally coordinated to six O ions. The TiOg
octahedron is distorted, with the length of the two apical Ti-Oap bonds slightly longer
than the four equatorial, Ti-Oegq, bonds. The anatase TiOg octahedron shares four edges in
adjacent pairs.

The surface is simulated by using a slab, which is periodic in two dimensions but finite
in the third for which the boundary condition is that the wave function decays to zero at
infinite distance from the surface. The slab is cut from the bulk crystal fully optimised with
respect to lattice parameters and atomic coordinates. The slab consists of four TiO, trilayers
with the in—plane periodicity given by a 1x2 supercell of the conventional surface cell. The
surface unit cell dimensions are therfore: 10.48 x 7.60 Afor PBE and 10.37 x 7.53 Afor HSE
(see Fig. 1).

Integration over reciprocal space was carried out on a symmetrised Monkhorst-Pack?”
with shrinking factor 4 for the 2D slab cell (and the shrinking factor was kept consistent for
supercells). Matrix elements of the exchange and correlation potentials and the energy func-
tional are integrated numerically on an atomcentered grid of points. The integration over

radial and angular coordinates is performed using Gauss-Legendre and Lebedev schemes,



Table 1: All-electron basis set hierarchy for Ti, O, and H.

Ti @) H
BS1  8-6411d(1) (1s;4sp;1d) 8-611 (1s;3sp) 3-1p(1) (2s;1p)
BS2  8-6411d(11) (1s;4sp;2d) 8-611 3-1p(1)
BS3 8-6411d(11) 8-611(d1) (Is;3spild)  3-1p(1)

respectively. A pruned grid consisting of 99 radial points and 5 sub-intervals with (146,
302, 590, 1454, 590) angular points has been used for all calculations (the XXLGRID op-
tion implemented in CRYSTAL142%). This grid converges the integrated charge density to
an accuracy of about 107 electrons per unit cell. These meshes converge the integrated
charge density to an accuracy of about 107% electrons per unit cell. The Coulomb and
exchange series are summed directly and truncated using overlap criteria with thresholds
of [7,7,7,7,14].?8 The self-consistent field (SCF) iterations were considered to be converged
when the change in energy was less than 10~ Hartree per cell. Structural optimisation
of internal coordinates was performed using the Broyden-Fletcher-Goldfarb-Shanno scheme.
Convergence was determined from the root-mean-square (rms) and the absolute value of the
largest component of the forces. The thresholds for the maximum and the rms forces (the
maximum and the rms atomic displacements) have been set to 0.02 and 0.01 eV/A(0.0009
and 0.0006 A) Geometry optimisation was terminated when all four conditions were satisfied

simultaneously.

3 Results and Discussion

3.1 Dilute limit

An initial model of isolated molecular adsorbtion is generated by placing a molecule above
one of the four Tis. sites of the 2 x 1 surface supercell discussed above (Fig. 2 (a) and
(d)). This corresponds to a coverage of ©® = 0.25M L with the minimum intermolecular

spacing being 10.5A at which distance inter-molecular interactions may be considered to



be negligible. 6 Isolated dissociative adsorption is modelled by placing an OHy, group above
the Tis,. site, and a proton at a surface twofold coordinate O ion (Os.), thereby generating
a bridging hydrozyl group, OHy,. There are two possible configurations for the OH,;, which
we denote as intrapair (Fig. 2 (b) and (e)) and interpair (Fig. 2 (¢) and (d)) with the
classification based on the H-bond acceptor involved in the H-bond interaction; the OHy, or
the lattice O respectively. Both molecular and dissociative adsorption modes are found to
be locally stable during geometry optimisation.

A simple model based on the analysis of the hydrogen bonding can be used to rationalise
the computed adsorption energies. The hydrogen bond in water involves an hydrogen (H),
the oxygen (O1) to which is covalently bound, and a second hydrogen bond acceptor oxygen
ion (O2). There are many classifications for the hydrogen bond in the literature, the one
presented in Table 2 is the most commonly used and relates the strength of the bond to the
01-02 and H-O2 distances.?® An alternative method to assess the strength of hydrogen bonds
has been recently presented, based on the proton-transfer coordinate v, which is defined as
v =distance(H-O1)-distance(H-O2); hydrogen bonds are not formed for v > —1.25 A?!
In the current context, both classification methods yield the same conclusion that for a
distance(H-O2) > 2.3 A, only weak hydrogen bonds are formed. The optimised structures
computed in the HSE and PBE approximations are displayed in Fig. 2, together with the
computed H-O2 distances. Molecular adsorption yields two medium strength hydrogen bonds
in both approximations, while the dissociated water yields two weak bonds both for the
intrapair and interpair configurations.

The presence of a medium strength hydrogen bond implies a contribution to the binding
energy of around 0.17 eV (see Table 2); which is consistent with the fact that the computed
energy of molecular adsorption (with two medium strength hydrogen bonds) is found to be
more favourable by 0.30 eV than dissociative adsorption. This simple model is consistent
with the calculated adsorption energies of each configuration in Table 3.

In order to understand how the adsorption structure affects the photochemistry of the



Table 2: Classification of hydrogen bonds.

strong medium weak
bond energy (eV) 0.17-1.73 0.17-0.61 0.0-0.17
type covalent mostly electrostatic electrostatic
distance (01-02) (A)  2.2-2.5 2.5-3.2 3.2-4.0
distance (H-02) (A) 1.2-1.5 1.5-2.2 2.2-3.2
bond angle (degrees)  175-180 130-180 90-150

Table 3: Adsorption energies at the dilute limit for the HSE and PBE func-
tionals. Previous plane wave (PW) results with the PBE functional have been
added for comparison.

Eads (ev)

Method Mol Intra Inter Diff (Inter-Mol)
LCAO-PBE -0.71 -0.38 -0.34 0.37
LCAO-HSE -0.84 -0.54 -0.49 0.35
PW-PBE! -0.69 -0.42 -0.37 0.32

surface, the projections of the density of states (DOS) on the eight outermost Tis. and O,
atoms plus water are presented in Fig. 3 for the HSE functional. In the DOS of the anatase
(101) surface (see Fig. 3 (a)) the valence band (VB) — below -5 eV — displays predominantly
O-2p character, with some hybridization with Ti-3d orbitals; the conduction band (CB) —
above 0eV — is derived mainly from Ti-3d atomic orbitals with some hybridization with O-
2p orbitals.%3%3! No significant changes can be seen when a water molecule is molecularly
adsorbed on the surface (Fig. 3 (b)). On the other hand, the dissociately adsorbed molecules
display significant hybridisation of the molecular O-2p states with those of the surface (Fig. 3
(c) and (d)). The results presented in this section are in agreement with previous DFT

12,13,16

works, and generally support a model in which molecular adsorption dominates at the

dilute limit.

3.2 Half monolayer coverage

In the molecular adsorption at half monolayer coverage (© = 0.5M L), two water molecules

are placed above two of the four Tis. sites of the (101) surface. There is a significant change in
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Figure 2: (Color online) Optimised structures and hydrogen bonds resulting from the ad-
sorption of water on anatase (101) at the dilute limit for (a) HSE molecular, (b) HSE in-
tramolecular dissociative, (¢) HSE intermolecular dissociative, (d) PBE molecular, (e) PBE
intramolecular dissociative, and (f) PBE intermolecular dissociative cases. O2-H distance is
shown with dashed lines.

the optimised structure compared to the dilute case, as shown in Fig. 4, in calculations both
HSE and PBE approximations. Water is a polar molecule with a partial negative charge
at the oxygen end, while hydrogen atoms are partially positively charged. The hydrogen
atoms of contiguous water molecules tend to repel each other favouring the formation of an
hydrogen bond with the oxygen atom of the neighbouring water molecule. This behaviour,
where three weak hydrogen bonds are formed, is reproduced by both considered functionals.

Concerning the mixed molecular-dissociated adsorption, we have presented here the most
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Figure 3: (Color online) DOS for anatase (101) at the dilute limit projected on the eight
outermost Tis. and Og. atoms plus water, when using the HSE functional, for the following
cases: (a) clean surface, (b) molecular adsorption of water, (c) intramolecular dissociative
adsorption of water, and (d) intermolecular dissociative adsorption of water.

energetically favourable configuration found which is consistent with that previously re-
ported. %1632 Tn this configuration, shown in Fig. 4 (b) and (d), the OHy, group (at the Tis,
site) and the OHy, group form an hydrogen bond, ending up in three weak hydrogen bonds.
The undissociated molecule and OHy, show hydrogen bonds with a neighbouring O, while
the H in OHyy, is linked to the O in OHyy,. As a consequence, the same number of weak bonds
are formed as in molecular adsorption. The optimised structures for the mixed adsorption
are very similar for both functionals (Fig. 4). We have considered the detached hydrogen
atom to form the OH,, with the two possible Oy, sites allowed by our supercell, being the
one presented in Fig. 4 the lower in energy

The DOS projected on the eight outermost Tis. and O, atoms plus water computed in
the HSE approximation is presented in Fig. 5. In this mixed adsorbtion configuration, the
O states from OHy, are strongly hybridised with the O states of the surface valence band —
below -4 eV.

An analysis of the adsorption energies in Table 4 leads us to the conclusion that molecular

10



Table 4: Adsorption energies as a function of the coverage for the HSE and
PBE functionals. Previous plane wave (PW) results with the PBE functional
have been added for comparison.

Eads (G‘V)
Coverage (O) Method Mol Mixed Diff (Mixed-Mol)
0.5 LCAO-PBE -0.70 -0.63 0.07
0.5 LCAO-HSE -0.81 -0.75 0.06
1.0 LCAO-PBE -0.68 -0.65 0.02
1.0 LCAO-HSE -0.77 -0.75 0.02
1.0 PW-PBE! -0.64 -0.58 0.06

and mixed adsorption modes have a very similar stability at half monolayer coverage; this is
consistent with the number and type of bonds present. The DFT energy therefore suggest
that the mixed adsorption is stable, something that is confirmed by the simple bonding
model presented here. This result supports the conclusion that OH groups are present at

the anatase (101) surface recently obtained from analysis of XPS data.!®

3.3 Full monolayer coverage

Based on XPS measurements it has been suggested that at full monolayer coverage around
25% of the water molecules are dissociated.'® We explore this possibility by investigating a
number of water-oxide interface configurations, one consisting of only molecular adsorption
and several in which 25% of the molecules are dissociated (Fig. 6 (a) and (c)). The relaxed
geometries of the molecular and lowest energy mixed configurations, among those consistent
with the adopted 2D periodicity, found in the HSE and PBE approximations are displayed
in Fig. 6.

For molecular adsorption the water molecules form two medium and four weak hydrogen
bonds. In the mixed adsorption, two of the undissociated molecules form three medium
hydrogen bonds, while the OH,, group has a weak hydrogen bond to an Os.. This overall
bonding is insensitive to the choice of density functional.

The DOS for configurations at 1 ML coverage is presented in Fig. 7, there are no signif-
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icant differences with respect to the 0.5 ML coverage. In both projected DOS plots (Fig. 5
and 7), the oxygen states of OHy, are strongly hybridized with the O states of anatase (101)
at the top the valence band.

The adsorption energies presented in Table 3 suggest that at full coverage, as at half
coverage, molecular and mixed adsorption modes have very similar energies (within 0.02
eV). This is consistent with the model suggested on the basis of XPS experiments.!® Tt
is notable that a similar conclusion has been reached on the basis of STM data for water
adsorbed at the rutile (110) surface.®® The remarkably small change in the energy when one
water molecule undergoes dissociation can be understood in terms of the h-bonding model.
The loss of two of the three weak hydrogen bonds present in the molecular adsorption
configuration is compensated by the formation of a medium strength h-bond between a

remaining undissociated water molecule and a neighbouring Os,.

4 Conclusions

In this study, the interaction of water with anatase (101) has been explored, as a function of
the coverage, by analysing the geometrical and electronic properties. A detailed analysis of
this system could help in the prediction of the structure and properties of other water-oxide
interfaces. The model presented here is characterised by an interplay between chemisorp-
tion, hydrogen bonding and atomic displacements at the surface. Molecular, dissocitive and
mixed adsorption modes are studied at various coverage showing the mixed one to be more
favourable as coverage increases. The projected density of states of the surface in contact
with a mixture of adsorbed water molecules and adsorbed hydroxyls clarify the nature of the
chemical bonds involved. Adsorbed water states on anatase (101) hybridise strongly with
the O-2p states of the surface, this effect is not observed in other oxide surfaces as SnQ,.3
An analysis of the adsorption energies leads us to the conclusion that molecular and mixed

dissociated adsorption have a very similar stability at half and full monolayer coverage. This

12



results is confirmed by the simple bonding model presented here. This result is consistent

with the finding of OH groups at the anatase (101) surface recently reported by XPS.
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Figure 4: (Color online) Optimised structures and hydrogen bonds resulting from the adsorp-
tion of water on anatase (101) at half monolayer coverage and the cases: (a) HSE-molecular,

(b) HSE-mixed, (¢) PBE-molecular, and (d) PBE-mixed.O2-H distance is shown with dashed
lines.

18



20 {H 4 i B

— Ti {1t == A
— o0 — o0
— HO — OH,

DENSITY OF STATES (a.u.)

5 4 3 B2 4 0 1 2 <5 4 3 2 g 0 1 2
ENERGY (eV) ENERGY (eV)

Figure 5: (Color online) DOS for anatase (101) at half monolayer coverage projected on the
eight outermost Tis. and Os. atoms plus water and using the HSE functional for the cases:
(a) molecular adsorption of water, and (b) mixed adsorption of water.
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Figure 6: (Color online) Optimised structures and hydrogen bonds resulting from the adsorp-
tion of water on anatase (101) at full monolayer coverage and the cases: (a) HSE-molecular,
(b) HSE-mixed, (c¢) PBE-molecular, and (d) PBE-mixed. O2-H distance is shown with
dashed lines.
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Figure 7: (Color online) DOS for anatase (101) at full monolayer coverage projected on the
eight outermost Tis. and Oy, atoms plus water and using the HSE functional for the cases:
(a) molecular adsorption of water, and (b) mixed adsorption of water.
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