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Abstract Titanium dioxide is an important photocatalytic material with much activity in modifying
it to achieve visible light absorption. Recently, studies targeting the modification of TiO, with
metal oxide nano clusters have investigated heterostructures which show potential as new TiO,-

10 based photocatalytic materials with visible light absorption and improved photocatalytic activity.
Obtaining detailed insights into the influence of surface modification on the photocatalytic
properties of TiO, will further the possibilities for using this approach to develop new
photocatalysts. In this paper, we present the results of density functional theory (DFT) simulations
of the TiO, rutile (110) surface modified with TiO, nanoclusters ((Ti0;),: TisOy¢, TigO12, TigO1s,

@

Ti16032, Ti300¢0), With diameters up to 1.5 nm, which is a cluster size achievable in experiments.

The clusters adsorb strongly at the surface giving adsorption energies from -2.7 eV to -6.7 eV. The
resulting structures show a large number of new Ti-O bonds created between the cluster and the
surface, so that the new bonds enhance the stability. The electronic density of states (EDOS) shows
that the valence band edge is shifted upwards, due to new nanocluster derived states in this region,
20 while the conduction band is unchanged and composed of the Ti 3d states from the surface. This
reduces the band gap over bare TiO,, potentially shifting light absorption into the visible region.
The valence and conduction band composition of these heterostructures will favour spatial
separation of electrons and holes after light excitation, thus giving improved photocatalytic

properties in these novel structures.
25

1. Introduction

Photocatalytic technologies have great potential as low cost,
environmentally friendly catalysts for environmental
depollution by destruction of organic pollutants"? removal of
s bacteria such as MRSA** and the interesting possibility of
solar hydrogen production from water splitting®’. A leading
material is titanium (IV) dioxide, TiO,, which is cheap,
readily available and non-toxic. Since the band gap of the
rutile and anatase forms of TiO, lies in the UV region
(typically in the range of 3 eV to 3.2 eV) a major activity in
delivering widespread photocatalytic technologies is to shift
the band gap in order to have a material that will be active in
the visible region of the solar spectrum, thus using a larger
fraction of the available solar energy than that available in the
20 UV,
Until recently, most efforts in modifying TiO, to enhance
visible light absorption have focused on substitutional cation
or anion doping at Ti or O sites '*'® to achieve a band gap
reduction. Recent work has treated co-doping with
4s compensating cation-anion pairs'*?'. The aim of narrowing
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the band gap is an important activity, however, it has to be
emphasised that there are other issues like stability, solubility
and reproducibility in doping TiO,, as well as the impact of
doping on electron-hole recombination. There are other
so semiconductors with photoactive properties, including ZnO,
StTiO;, CeO,, WOs, Fe,05, GaN, Bi,S;, CdS, and ZnS™.
Recent results indicate that an alternative approach, namely
fabricating heterostructures of two different metal oxides is a
promising avenue for inducing visible light absorption and
improving photocatalytic activity”>®, in particular for
photodegradation of molecules®™'. Of course, the mixed
rutile-anatase heterostructure, also known as Degussa P25, is
a well known photocatalyst with better photocatalytic
properties than pure rutile or anatase’’ . This is attributed to
the presence of the interface between rutile and anatase®’™*!
although there is still some debate as to the origin of the
photocatalytic activity of the rutile-anatase heterostructures.
ZnO-TiO, heterostructures have also been studied in
photocatalysis***', and displays a charge separation as a result
6s of heterostructure formation While the idea of TiO, based
photocatalytically heterostructures is of course not new, there
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has been an increased activity in alternative materials and in
using nanostructures.

A heterostructure of doped rutile Sn:TiO, and doped anatase
N:TiO, was synthesised® and showed improved
photocatalytic activity in the visible and UV regions, when
compared to rutile TiO,-Sn or anatase TiO,-N, due to
heterojunction formation in the interface and an increase in
the amount of photogenerated charge carriers”. Recent
studies have revealed that oxide heterostructures such as
BiOBr-ZnFe,0,%, Agl-BiO”, BiVO,WO0;%, Bi;Ti;01,-
TiO,*" and SnO,-ZnGa,0,”® and their interfaces feature
enhanced photocatalytic activities compared to the pure
oxides. These heterostructures have a reduced band gap which
shifts the photoactivity into the visible region, while
promoting electron and hole separation.

Recently, novel heterostructures formed from surface
modification of TiO, with metal oxide nanoclusters have been
investigated by Libera et al.”’ and Tada et al.’® for FeO,
modified TiO,. Libera at al deposited Fe,O; nanoclusters by
atomic layer deposition (ALD) on TiO, and found visible light
absorption and efficient photocatalytic degradation of
methylene blue”. (FeO,)-modified TiO, was synthesised
using the chemisorption-calcination-cycle (CCC) by Tada and
co-workers, depositing highly dispersed metal oxide
nanoclusters on the TiO, surface at a molecular scale’®. The
(FeOy)/TiO, system showed greatly improved visible light
activity and also good UV-light activity for degradation of
naphthol (a dye precursor) which arose from band gap
narrowing due to the presence of the (FeOy) clusters shifting
the top of the TiO, valence band®®. Moreover
photoluminescence (PL) spectroscopy indicated a decrease in
electron-hole recombination™.

In subsequent work, Tada and co-workers have studied NiO*!
and Sn0,*** modified TiO, for their ability to enhance
visible or UV photocatalytic activity of TiO,; with NiO-
modified TiO, showing similar visible light absorption and
enhanced photocatalytic activity to FeOx modified TiO,.
Interestingly, while SnO,-modified anatase TiO, showed only
UV activity’?, SnO, modified rutile displayed some visible
light activity and improved UV activity®. In all cases, the
activity was reported for dye degradation, which is important
for environmental applications. The question of the potential
utility of these structures for photocatalytic water splitting has
not been addressed to date and remains an interesting avenue
of exploration.

In understanding the findings of these experimental studies
and in particular, the effect of surface modification on the
light absorption properties and on the reactivity, density
functional theory (DFT) simulations of TiO, modified with
small metal oxide clusters have confirmed the origin of the
band gap reduction in FeO, modified rutile TiO,™ as well as
the origin of the enhanced UV or visible light activity of
SnO,-modified anatase®® or rutile* TiO,. In addition, we
previously showed that sub-nm diameter (TiO,), clusters, with
n=2-4, adsorbed on the rutile TiO, (110) surface can lead to a
reduced band gap compared to pure rutile TiO,, which should
enhance the photocatalytic activity in these heterostructures®>,
although a focus in that paper was on the reactivity of these
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structures. DFT simulations have also shown that modifying

o the rutile (110) surface with small transition metal oxide

nanoclusters, e.g. Cr,03, M0,04, could also lead to a band gap
reduction®. One point to note is that these DFT studies have
all considered metal oxide clusters with diameters smaller
than 1 nm. Such clusters show size dependent properties, such
as energy gaps. Transmission electron microscopy
investigations of CCC synthesised structures have indicated
that the FeO, and NiO particles adsorbed by the CCC
technique have diameters around 1 - 2 nm®**' and that the
oxide nanoclusters supported on rutile or anatase do not
aggregate into larger clusters or films.

In this paper we investigate with DFT heterostructures of the
rutile (110) surface modified with TiO, nanoclusters with
diameters up to 1.5 nm as new visible light active
photocatalytic materials. This study therefore includes
nanoclusters at the dimensions found in experiment,
facilitating a more direct comparison with experiment. We
generate representative cluster-surface structures, determined
from initial interatomic potential simulations of adsorbed
(Ti0O,), clusters, where n = 5, 6, 8, 16, 30 on the rutile TiO,
(110) surface and present the electronic properties of the
heterostructures. We find that all clusters adsorb strongly at
the surface creating new interfacial Ti-O bonds between the
cluster and the surface. Analysis of the electronic structure
and optical absorption spectrum indicates that a narrowing of
the band gap by deposition of TiO, nanoclusters is possible,
with the precise extent of narrowing depending on the size of
the TiO, nanocluster, while the energy band alignments
indicate that charge carrier separation upon excitation will be
enhanced. This work demonstrates that surface modified TiO,
with nanoclusters is a potentially useful approach for
engineering the photocatalytic properties of TiO,.

2. Methodology

For modelling TiO, rutile (110) we use a three dimensional
periodic slab model in the VASP code*. The valence
electrons are described by a plane wave basis set and the cut-
off for the kinetic energy is 396 eV. The core-valence
interaction is described with the projector augmented wave
approach” and there are 4 valence electrons for Ti and 6
valence electrons for O. In a previous paper*!, we compared
the description of the properties of TiO, with small and large
core Ti PAW potentials and found no significant differences
between the two potentials. The exchange-correlation
functional is the approximation of Perdew-Wang (PW91)*.
The Monkhorst-Pack scheme is used for k-point sampling
with a (2x2x1) sampling grid, while the largest structures use
I'-point sampling. The (110) surface is terminated by two-fold
coordinated bridging oxygen atoms and the next sublayer
consists of 6-fold and 5-fold coordinated Ti atoms. In order to
ensure that the clusters are isolated we employed a (2x4)
surface supercell, while a (4x8) surface supercell is used for
adsorption of Tij¢03, and TizOgo clusters. The cluster
supercells have the same parameters as the corresponding
supercell for the cluster-surface heterostructures.

1s For the calculations we use DFT and DFT corrected for on-
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site Coulomb interactions (DFT+U)***" where we have
applied U = 4.5 eV on the Ti 3d states®*. The need to
introduce the U parameter in order to describe properly the
electronic states of d shells, such as reduced Ti*", is well
known***°. While we do not have Ti’" states directly formed
in the present heterostructures, the possibility of Ti*"
formation in subsequent reactions at the heterostructures
makes the use of DFT+U necessary”, as does the choice of U
=4.5 eV, which is suitable for describing oxygen vacancies in
TiO, surfaces’’. We also present some results for the DFT
simulations for selected structures to show the insensitivity of
our key results to the choice of DFT or DFT+U. While both
DFT and DFT+U underestimate the band gap and the energy
gap depends on the precise DFT+U set up, we are aware of
this issue and hence the change in band gap, which is reliable,
is our primary focus. DFT shows reasonable reliability in
qualitatively determining energy gap changes upon doping,
despite the error in the energy gap, with refs. 11, 19, 21, 51,
52 showing that changes in the energy gap of TiO, with
doping are reliable.

To investigate the effect of modifying rutile TiO, with the
nanoclusters, we compute the optical (Tauc) gap of these
structures. The optical gap is obtained by plotting the
absorption coefficient against photon energy and extrapolating
the linear part of the plot. To do this, we use the
postprocessing routines of Furthmueller™ to calculate the real
and imaginary parts of the dielectric function, €, and &,. From
this the extinction coefficient, «, is obtained:

K= 12 (- g+ (e + &) 2)
and from k, we compute the absorption coefficient:
o =2km/ A (D

Where A is the free space wavelength of light. Extrapolating
the linear part of the plot of absorption coefficient against
photon energy gives the optical gap.

While DFT calculations are excellent at providing details on
the electronic properties of the type of heterostructures
studied in this paper, screening many different adsorption
structures becomes unfeasible for structures of the size
considered herein. Therefore, a realistic atomistic potential
based model can be used to determine favourable adsorption
structures for further refinement with DFT. There is much
interest in using the charge equilibration (QEq) scheme of
Rappé and Goddard®*> for TiO, structures, in which the
electronegativity of the ions is used to adjust the charge
distribution in an adaptive manner. In our recent work, the
application of this approach to TiO, has been demonstrated
via the QEq methodology’® which allows charge transfer
between ions to minimise the electrostatic energy Ees, whilst
including contributions from the charging energies for each
ion which takes a parabolic form:

E, =B+ a4+ 1)+ 5D 44,

i#j

(D

where ¥ 1.0 and J 1.0 are related to the electronegativity and
hardness of the ions, respectively. J i is the shielded
Coulomb interaction between ions. The shielding is estimated
by the overlap of s-type Slater orbitals. For any ionic
configuration, the charge ¢; on the Ti ions is adjusted to
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minimise equation (1) under the constraint of conserved total

charge
Zq ; =0

without moving the ionic positions. Once equilibration has
been achieved, the forces on the ions are used to move them in
a standard minimisation or dynamics algorithm. The atomistic
model includes short-range potentials to represent the
covalent bonding which is significant for TiO,. A criticism of
the QEq approach is that it can underestimate ionic
contributions to the energetics and elastic properties of TiO,
and that the electrostatics actually play no role in the
description of TiO,, e.g. in the Swamy-Gale model’”®. Hallil
et al have corrected the deficiency in the QEq approach by
changing the functional form of the covalent interactions, by
using a pair-functional form to describe Ti-O covalent
bonds>*. This provides a more responsive description of the
short-range bonding terms, and allows the variable-charge
advantage of the QEq scheme to be retained®’. We have found
that the behaviour of oxygen within the Hallil model indicates
that the energetics of the QEq component underplay the costs
of moving the charge both to and from the oxygen and in our
calculations we keep the charge on all oxygens fixed to their
bulk value of 1.26e’, with only the Ti ions able to transfer
charge between themselves using the original charging self-
energies™. This modification better reproduces the very small
changes seen in oxygen charge found with DFT+U; further
details can be found in refs.>***,

In determining the structures of the free TiO, clusters, we
have used the QEq potential in conjunction with a Monte
Carlo search approach to compute the lowest energy structural
isomers of a given TiO, composition. Minimised TiO, clusters
were created using the parallel tempering technique® with the
charge equilibration (QEq) potential®®®. The initial positions
of the ions in the cluster were randomly chosen, followed by
Monte Carlo simulation in an ordered series of replicas
1,2,...N. Each replica had a different temperature; replica 1
was at 300K, and the temperature of replica N (7000K) was
chosen so that the cluster is just able to dissociate with the
potential field employed. At regular intervals during the
simulation, the energies of the configurations in neighbouring
replicas were compared, and the replica configurations
swapped according to Boltzmann probabilities. The frequency
of the comparisons, and the value of N, is chosen to allow a
reasonable rate of exchange (about 20%) amongst the replicas.
We found N=7 worked well. The QEq potential allows for the
transfer of charge between the Ti ions. In our simulation, we
treated the movement of charge (preserving overall charge
conservation) as an alternative Monte Carlo step to the
positional changes of the ions. At the end of the tempering
simulation, the replica structures were minimised so that
charge equilibration is established and the configuration is at
its energy minimum. The lowest energy structure of each TiO,
nanocluster found in the low-temperature replicas were then
input into VASP and relaxed with DFT+U to provide the final
free cluster structures, which were then adsorbed onto the
rutile (110) surface in different adsorption configurations.



QEq relaxations were further used to determine the energies charge of +1.70 electrons, giving a net charge of +2.30

of a number of cluster-surface structures for each TiO, electrons. The variation in the Bader charge on the cluster
cluster, with the adsorption structures ranked by energy. Since 0 oxygen, +/- 0.12¢, is similar in magnitude to that found in our
the QEq approach gives a good description of the structure in study of adatoms and interstitials in the rutile (110)

s TiO, compared with DFT**® and DFT+U>®, the most stable selvedge™, where our modified QEq methodology was
cluster-surface heterostructures found with QEq are a reliable derived.

starting point for subsequent relaxation with DFT+U (with
DFT for selected comparisons) and the resulting adsorption
energy is computed from:
0 E* = E((Ti0,),-TiOy) — { E((TiO2),) + E(TiOy) } (2),
where E((TiO,),-TiO,) is the total energy of the (TiO,),
cluster supported on the rutile (110) surface, E((Ti0O,),) and
E(TiO,) are the total energies of the free cluster and the bare
surface respectively. A negative adsorption energy signifies
15 that cluster adsorption is stable relative to the free cluster and
bare surface.

3. Results 6s  Figl Atomic structure of (a) TiO; rutile (110) surface, (b) TisO1, (c)
Ti6012, (d) TisO1s, () Ti1sO3, (£) TizoOso clusters; the nanocluster
Figure 1 presents the atomic structure of the pure TiO, (110) structures shown are relaxed with the DFT+U setup described in section
20 surface and the free TiO; clusters (which are DFT+U relaxed 2. The grey spheres are Ti atoms and the red spheres are O atoms; this

structures from the initial Monte-Carlo and QEq generated colour scheme is used in the remainder of the figures.

structures) namely: Ti5010, Ti6012, TigOm, Ti16032, Ti30060.
62-65

70

Consistent with earlier studies the TiO, nanoclusters show Figure 2 presents the atomic structure and adsorption energies
smaller Ti and O coordination numbers, e.g. 4 and 5 of four configurations of TisO; deposited on TiO, (110)

25 coordinated Ti compared to 6 coordinated bulk Ti and 1, 2 and surface. We use this cluster-surface heterostructure as an
3 coordinated oxygen compared to 3 coordination in bulk example to discuss the properties of different adsorption
rutile. The clusters we consider do not show any faceting into ;5 configurations of the same cluster on the rutile (110) surface.
surfaces, as is seen for CeO, clusters of similar size® For the other cluster-surface structures, we show only the
However, SiO, clusters also show non-bulk like structures most stable structures as measured by the adsorption energy in

30 even up to 2 nm diameter, which is typical for materials with figure 3, while other, less stable, configurations of these
a covalent character, while ionic materials tend to show bulk- cluster-surface structures are shown in the supporting
like structures at smaller sizes. so information (figure S1, S2).

Each cluster presents terminal oxygen atoms that are
coordinated to one Ti - for TisO;o there are two terminal
35 oxygen atoms while the biggest cluster Tiz;gOgg, has eight
terminal oxygen atoms. The Ti-O distances in the clusters are
usually shorter than in the bulk and for terminal oxygen atoms
the Ti-O distances are particularly short, at 1.68 A while
remaining Ti-O bonds are in the range of 1.7A - 2.1A. The
40 Ti0, clusters considered are stoichiometric because for these
clusters we compute that the formation of an oxygen vacancy,
to give a reduced nanocluster, has an energy cost.
Finally, for reference, we consider the computed Bader®’
charges on Ti and O in the free clusters. Ti atoms in the free
clusters are all in the Ti*" oxidation state, with computed
Bader charges of 1.38 — 1.45 electrons (net charge of +2.62 to
+2.55 electrons), typical for oxidised Ti*'. With oxygen
having three different coordination numbers, we obtain three
sets of Bader charges: terminal oxygens have the least
negative charge of 7.14 electrons (net charge of -1.14
electrons), 2-fold coordinated oxygen have negative charges
around 7.30 electrons (net -1.30 electrons) and 3-fold
coordinated oxygen have computed charges around 7.40
electrons (net -1.40 electrons). By comparison, in bulk rutile,
ss the computed Ti and O charges are 1.38 (net +2.62 electrons)
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Fig.2 Relaxed adsorption structures with adsorption energies (in eV) for
different configurations of the TisOo cluster on the TiO, rutile (110)
85 surface. The Roman numerals shows the numbering of cluster
and 7.31 electrons (net -1.31 electrons) and a Ti’* species configurations.

(arising from an oxygen vacancy) has a computed Bader
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The computed adsorption energies for the four adsorption
configurations of TisO;y show a strong interaction between
the cluster and the surface, being in the range from -2.95 eV
to -5.70 eV. The most stable Ti5010, Ti6012, TigOm, Ti16032
and Ti30Og clusters adsorbed on the TiO, rutile (110) surface
show adsorption energies in the range from -2.72 eV for
TigO1, cluster to -6.71 eV for the Tiz;Og cluster, displaying
both strong anchoring of the nanocluster at the rutile surface
and a distinct cluster size effect.

When nanoclusters adsorb at the TiO, surface, it is important
to consider the possibility of cluster aggregation that could
take place during, e.g. sintering treatments. To examine this in
a simple fashion, we consider the energies involved in the
stability of a supported TiO, nanocluster that is aggregated
from smaller nanoclusters in comparison to the situation
where these clusters are isolated. For example, we can
examine the energies of a supported TigO;, cluster compared
to the energy of two Ti;O4 clusters. The energies computed
for a selection of possible cluster aggregation schemes are
shown in the supporting information; we note that in
examining the energetics for modified rutile (110), we can
only compare those structures with the same rutile (110)
surface model, limiting our analysis to the structures for
which energies are given in the supporting information.

These results show the following. Gas phase nanoclusters
display a preference to aggregate to form larger nanoclusters.
However when the nanoclusters are anchored at the rutile
(110) surface, we find the opposite, namely that cluster
aggregation is energetically disfavoured, so that the
adsorption of a nanocluster at the rutile surface will prevent
aggregation of the nanoclusters to larger structures and
isolated nanoclusters will be present at the surface. While
TiO, nanocluster modification of rutile has not been presented
experimentally, the work from Tada et al. modifying rutile
and anatase with other metal oxide nanoclusters**>* is shown
to involve isolated metal oxide nanoclusters that do not
aggregate to form larger clusters or films, even during the
sintering treatment. Finally, experiments have been performed
on the re-oxidation of reduced titania, and as illustrated in ref.
68, stoichiometric (1x2) ad-strings would appear to require a
particular size of ad-cluster to form, hinting that other cluster
sizes will not be favourable for this process.

When comparing the four TisO,0-TiO, configurations, in all
cases the clusters bond to surface with the creation of new Ti-
O bonds. Configurations I, III and IV create five new Ti-O
bonds and their adsorption energies are in the same range
around -3 eV, while configuration II has four bonds and the
most favourable cluster adsorption energy. For this
configuration, two Ti atoms from the cluster (Ti.) bond to two
bridging O atoms from the surface (O,) with Ti.-Oy distances
of 2.08 A and 1.99 A. Two bonds come from the O atoms
from the cluster (O.) with two 5 fold Ti atoms from the
surface (Ti,), with Tig-O, distances of 1.88 A and 1.99 A.
Comparing the cluster shape after deposition there is a
reduction in the number of terminal oxygen atoms from two in
the bare cluster to one after deposition. Finally, in the most
stable configuration, distortions to the cluster structures are
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smallest. In all configurations the Ti. - O; bonds have the
distances are in the range of 1.90 A to 2.28 A-and Ti-O,
bonds have distances in the range from 1.89 A to 2.17 A.
Figure 3 (a) — (e) presents the atomic structures of the most
stable Ti5010, Ti6012, TigOm, Ti16032 and Ti30060 clusters
adsorbed on the TiO, rutile (110) surface. The adsorption
energies of the clusters range from -2.72eV for TigO,, cluster
to -6.71eV for the TizoOgy cluster and show a distinct effect
due to cluster size. The clusters bond to the surface forming
new bonds: TigO;, creates four new bonds, TigO¢ has eleven
bonds, Ti;03, creates seven bonds and TizyOg has six new
cluster-surface bonds. Table 1 presents the bond lengths for
new Ti-O bonds between the cluster and surface. The smaller
clusters namely: TisO;¢ and TigO,, are characterized by Ti.-
O, distances in the range from 1.92 A to 2.08 A. The bigger
clusters, TigOy4, Ti;603, and TizgOg, present Ti.-O; distances
in the range 1.87 A to 2.12A.

For all clusters O.-Tis distances are similar, ranging from 1.84
A to 1.99 A. In general the Ti-O distances involving the
surface Ti interacting with cluster oxygen are shorter than in
the Ti-O distances involving cluster Ti interacting with the
surface oxygen. This occurs since the surface Ti atoms reach a
6-fold coordination environment upon binding to the cluster,
but cluster Ti atoms are not always able to maximise
interaction with the surface oxygen, so that longer Ti-O
distances are obtained for some cluster Ti species. In the
adsorbed TigOq, cluster, the cluster Ti that bind to the surface
oxygen are able to form Ti-O bonds with typical Ti-O bond
distance and achieve 6-fold coordination. In other clusters,
some cluster Ti species can bind in this way, but the clusters
are unable to relax their structure to allow all Ti atoms find 6-
fold coordination.

Comparing the geometries of the bare and deposited clusters
there is generally not a big change in terms of Ti-O bond
distances and the number of terminal oxygen atoms stays the
same. A different situation is found for the TigO;4 cluster
where there is a big change in the geometry of the deposited
cluster and the number of terminal oxygen atoms is reduced
from three in the bare cluster to zero in deposited one. Ti;sO3;
has an unchanged number of terminal oxygen atoms after
relaxation. The adsorbed Tiz;pOg¢ cluster results in small
changes to the geometry, as a result of cluster-surface
interfacial bonding, and a reduction in the number of terminal
oxygen atoms from eight in bare cluster to four. It is
important to point out that the cluster with the least negative
adsorption energy has no change in the number of terminal
oxygen atoms while in other clusters, with more favourable
adsorption energies, there is always a reduction in the number
of terminal oxygen atoms, so that increasing the coordination
of terminal oxygen atoms may play an important role in the
stability of adsorbed clusters at the TiO, surface.



Table 1: Surface — cluster Ti-O distances, in A, for: TisO\9, TiO12, TisO16, 10 find some examples of titanyl species 62:65, 6374, including in

Ti16032, TizoOgo clusters on TiO, rutile (110) surface. Ti° and O° signify Ti free TiO, nanoclusters® (which are also found in this work)

and O from the TiO; cluster and Ti* and O° signify Ti and O from the d din th e (011) (2x1 d surface’™
surface. Also included are Ti-O distances in bulk rutile TiO, ?311 p.ropose in the rutile ( ) (2x1) reconstructe .sur ?ce

. Given that the free nanoclusters are stable with titanyl

Structure Ti*-0 Ti-0° groups, it is not so surprising that the majority of the adsorbed

TisOro ?gg }gg 15 cluster structures are also stable with titanyl groups and these
’ ’ are found in both the QEq and DFT+U relaxations. Examining
Tis0;; 1.92 1.94 the impact of annealing and processing over time and any
1.92 1.91 change to the titanyl species will require dynamics
. simulations, but in addition, experimental synthesis and
TisO6 1.90 1.87 L .
2.09 1.96 20 characterisation of these structures would also shed important
2.08 1.91 information on the formation and stability of the titanyl
1.95 1.87 species found in these simulations.
;?Z 2.09 A final important point to consider is that of the possibility of
water adsorption, in particular given the terminal oxygens
Ti60s; 2.12 1.98 »s present in the adsorbed nanoclusters. The structures studied in

2.00 1.85 this paper could be potentially useful for photocatalytic water
2.06 1.90 e . . .
508 splitting to hydrogen. This process would involve adsorption
’ of water at the nanocluster, adsorbing most likely at
Tiz3O060 2.11 1.90 undercoordinated Ti sites and likely dissociating into H and

2.18 1.84 s OH, with adsorption of H at the titanyl oxygen atoms®*, which

582 may be important for realistic photocatalytic activity. While

Bulk Rutile  1.96,2.00 this is an important issue to examine, it requires a detailed

5 modelling and experimental treatment, and therefore lies

A final point is that of the terminal, titanyl, oxygens that are beyond the scope of this paper, which is to examine the basic

found in the anchored TiO, nanocluster on many of our 35 properties of potential photocatalysts, but this is work that is
heterostructures and the question of their stability, given the ~ being undertaken.

expected reactivity of such species. In the literature, one can

(a) () § (c)

o e e e e s -

-5.73eV 272ev -4.97 eV

O Y i Y L Y

-3.89eV

Fig. 3 Atomic structures and adsorption energies (in eV) of most stable (a) TisO1o, (b) TisO12, (¢) TigO1s, (d) Ti16032, (€) Ti300e0 clusters adsorbed on TiO,
40 rutile (110) surface. The colour scheme is the same as figure 1.

To study the effect of modifying the rutile (110) surface with gap and determine the effect of cluster deposition on the band

the TiO, clusters on the electronic structure, figure 4 presents gap of TiO,.

the projected electronic density of states (PEDOS), projected The PEDOS firstly indicates that there are no defect states in

onto the Ti 3d and O 2p states of the cluster and the surface, so the band gap, which would arise from formation of reduced
4s which allows us to examine the relative positions of the Ti*" species after cluster deposition and relaxation. To further

cluster and surface derived electronic states around the band confirm this, the computed the Bader charges for Ti and O
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ions in the (110) surface and the supported clusters are shown
in table 2, where we have grouped the oxygen into 1, 2, or 3-
fold coordinated. In the (110) surface, we compute Ti charges
of around 1.4¢", typical of Ti*" in TiO,, while in the deposited
clusters, the Bader charges are as follows: in TisOjy the Ti
charge is 1.33 - 1.38¢", in TisO,, the Ti charge is 1.35 - 1.45¢",
in TigOy¢ the Ti charge is 1.33 - 1.39¢", in Ti;Os;, the Ti
charge is 1.27 - 1.39¢” and in Ti30Ogo the Ti charge is 1.28 -
1.41¢". Thus, the clusters also have exclusively Ti*" ions.

The oxygen charges show the most interesting effects due to
formation of the heterostructures. Firstly, the TigO-TiO,
structure is found to have no terminal oxygen atoms and the
Bader charges for oxygen in the cluster also show that there
are no terminal oxygen atoms upon formation of the
heterostructure. Instead, only 2 and 3-fold coordinated oxygen
are present, with the Bader charge being modified to one
consistent with 2 or 3 coordinated oxygen.

For the other TiO, nanoclusters, we find that the terminal
oxygens have Bader charges that are similar to those
computed for terminal oxygen in the free nanoclusters, thus
also confirming the presence of these oxygen. For Tis0y,, one
previously terminal oxygen is now 2-fold coordinated by
binding to a surface Ti atom and the computer Bader charge
reflects this, being 7.27 electrons. The computed Bader
charges for oxygen in ther other nanoclusters also show a
similar change in the oxygen coordination.

Table 2: Computed Bader Charges for Ti and O in the heterostructures.
The O charges are divided into different groups depending on O
coordination.

Structure QTi QOlfold QOZfold QO}fold
TisO1o 1.35; 1.38; 7.14 7.3; 74,
1.39; 1.33; 7.27 7.34
1.37;
TigO12 1.45:145; 7.11;,7.17;7.12 7.29 7.38;7.37;
1.38; 1.35; 7.3 7.35;7.39
1.42
TigO16 1.34; 1.33; - 7.31 7.32
1.39; 1.33; 7.28;7.26; 7.39
1.35; 7.33
Ti;603 1.37; 1.34; 7.11 7.31 7.37
1.27; 1.30; 7.28 7.38;7.4;7.37,
1.38; 1.34; 7.29;7.26; 7.41;7.34;
1.32; 1.36; 7.27:7.28 7.38;7.35
1.37; 1.34;
1.35;1.40;
Ti30060 7.13 7.27 7.38;7.35;
7.28;7.26; 7.37;7.38;
7.31;,7.27;7.3; 7.39;7.42
Bulk Rutile 1.40 7.70
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We are interested in determining the effect of nanocluster
surface modification on the energy gap of TiO, and any
changes to the composition of the valence (VB) and
conduction bands (CB) as a result of interface formation
between the surface and the clusters. In all cases, except for
TigOy6, the PEDOS shows, as a result of the formation of
interfacial Ti-O bonds, that the top of the VB now
predominantly comes from TiO, cluster electronic states, with
the surface dominated VB states liying at lower energy. We
find, upon examination of the cluster O 2p DOS, that the
terminal oxygen atoms on the clusters dominate the top of the
cluster-derived VB states (supporting information, figure S3,
in which the PEDOS for terminal cluster oxygen and non-
terminal cluster oxygen are shown). As a consequence of the
cluster-surface interaction, the VB edge is shifted to higher
energy compared to the bare surface, with the magnitude of
the shift depending on the size of the cluster. At the same
time, the bottom of the conduction band is made up of
contributions from surface Ti 3d states, with the cluster
derived states generally lying higher in energy; for the larger
clusters this is around 0.2 eV above the CB edge. We
therefore propose that the shift in the position of the VB edge
upon adsorption of TiO, cluster will lead to a reduction in the
energy gap relative to bare TiO,, consistent with our previous
results for smaller TiO, clusters® and FeO, deposited on
rutile (110)*, as well as experimental results on FeO, and
NiO clusters deposited on TiO,*-3!. Table 3 presents the
simple valence conduction band energy gaps for each
heterostructure, as well as the bare rutile (110) surface.
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The TigO4 cluster is the only deposited cluster that gives no
states in the band gap of the TiO, surface and therefore leads
to no change in the energy gap relative to the bare surface.

10 One of the reasons for this may be that there is a substantial
change in the geometry of cluster TigO,¢ after deposition
when compared to other clusters, including the loss of the
terminal oxygen atom. This results in a structure in the cluster
that is more consistent with bulk TiO,, with Ti-O distances in

15 the cluster 1.85A - 2.11A. In addition, this may be a cluster
that has an energy level alignment with the surface such that
upon formation of the interface, the cluster and surface VB
and CB edges coincide.

20 Table 3: Computed energy gaps (the energy difference between valence
and conduction band edges) and the optical gaps (from Tauc plots, see
text) of the heterostructures from DFT+U.

Heterostructure Energy Gap Optical Gap

/ eV / eV
Rutile (110) 2.1 1.70
Ti5040-TiO, 1.6 1.55
Ti601,-TiO, 1.55 1.55
Ti30,6-TiO, 2.1 1.65
Ti1603,-TiO, 1.4 1.60
Ti30060-TiO> 1.1 1.45

The computed values of the simple valence-conduction band
25 energy gap is given in table 3 for the unmodified rutile(110)

4

4

= Er;:arg)? ! e\1l
Fig. 4 Electronic density of states projected (PEDOS) onto surface (black line) and nanocluster (red line) Ti 3d and O 2p states for (a) TisO1o, (b) TisO12,
(c) TigO1s6, (d) Ti16032, (€) TizOgp clusters supported on TiO, rutile 110 surface. O 2p PEDOS for different oxygen atoms in the nanoclusters are shown in
the supporting information as described in the text. For some structures, the cluster PEDOS is multiplied by the amount indicated in order to enhance its
5 visibility relative to the surface. The zero of energy is the top of the occupied states.
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surface and the nanocluster modified surface, showing (with
the exception of TigO;6) a reduction in the energy gap with
surface modification. This reduction arises from the presence
of the electronic states from the deposited cluster, which shifts
the valence band to higher energy, means that we predict that
these hetereostructures will have improved photocatalytic
activity, at least in terms of light absorption in the visible
region of the solar spectrum. There are no obvious trends in
the computed DFT+U energy gaps with the size of the
nanocluster, which would be expected for nanoclusters of
TiO; of this size®*®.

The shifts in the energy gaps determined from the DOS
analysis are from simple Kohn-Sham energy eigenvalue
differences, which do not have the same physical meaning as
an excitation energy. Therefore, care needs to be taken in
making predictions of shifts in the energy gaps as a result of
modifying TiO, with the nanocluster. To confirm the effect of
surface modification on the light absorption properties of
rutile (110), we have also computed the optical (Tauc) gap of
the heterostructures. Figure 5 and (figure S4 of the supporting
information) show the plots of absorption coefficient versus
energy for the bare rutile surface and the heterostructures. We
see that the optical gap changes with surface modification of
rutile with the TiO, nanoclusters, which is consistent with the
overall finding of the DOS analysis. With the largest Ti3Ogo
nanocluster, a reduction in the optical gap of 0.25 eV
indicates the potential to shift light absorption into the visible
region. We also generally see a smaller absorption coefficient

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 8
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for surface modified TiO,, consistent with localised O 2p
states at VB top which would be expected to show a smaller
transition matrix element compared to the bare surface, which
itself has localised O 2p states at the top of the VB arising
from the bridging oxygen atoms in the surface.

—Rutile (110) —Ti5010
----Ti6012 —Tig0o16
—Ti16032 —Ti30060

SO =T =0 W0VUTD

1.5 2
Photon Energy/ eV

25 3 3.5

Fig. 5 Computed optical absorption spectrum (Tauc plot) for unmodified
rutile (110) and TiO, nanocluster modified rutile (110). See figure S5 for
a close-up view of the linear extrapolation in determining the optical gap.

Since the top of the VB is (with the exception of the TigOy¢
cluster) dominated by electronic states from the adsorbed
TiO, cluster and particularly the terminal oxygen atoms, it is
reasonable to expect that the separation of electrons and holes
will be improved over bare TiO,. Di Valentin and Selloni”
and Jededi et al.”® have shown in a model of the triplet excited
state of bulk TiO, that upon excitation, a Ti** and an oxygen
hole (O") are formed after an electron is excited from the VB
to the CB. Similarly, in the present heterostructures the
composition of the VB (from the cluster) and CB (from the
surface) will result in holes being found on oxygen of the
cluster and electrons on Ti atoms of the surface, that is the
electron and hole will be spatially separated. In fact, upon
examination of the DOS at the VB edge, we suggest that the
terminal oxygen atoms in the supported cluster will be likely
sites for trapping the hole formed after excitation, while
electrons will be trapped at surface Ti atoms; a detailed
analysis of this point is beyond the scope of this paper and
further work is in progress to examine models of this excited
state. This is important for photocatalysis, since charge
separation generally leads to longer charge carrier lifetimes
and reduced charge recombination so that photocatalytic
activity will be improved compared to pure TiO,. PL
spectroscopy is used as a probe of charge recombination, with
particular peaks observed for TiO, arising from the
recombination of electrons and holes’’; the work of Tada et al.
shows a diminution of the TiO, PL peak at 540 nm for FeO,
modified TiO,* .
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Table 4: Computed workfunction of the bare rutile (110) TiO, surface and
the (Ti0,),-TiO; heterostructures from DFT+U.

Heterostructure Workfunction / eV
TiO, (110) 7.10 eV
Tis040-TiO; 6.83 eV
Tis01,-TiO; 6.89 eV
Tig046-TiO; 6.50 eV
Ti103-TiO; 528 eV
Ti3060-TiO; 6.25eV

We have computed the workfunction of the heterostructures
and compared this to the unmodified rutile (110) surface. The
workfunction is calculated as the difference between the
Fermi energy of the surface and the vacuum energy and is
shown for each case in table 4. Compared to the bare (110)
surface, while all heterostructures show a reduction in the
workfunction this change depends on the exact cluster size. A
workfunction reduction is of benefit as it facilitates a
reduction in the barrier for electron transfer to an adsorbed
species, e.g. gold, which could be important for applications
in catalysis using metal oxide heterostructures.

Finally, to determine if the results presented above are
significantly affected by the use of DFT+U compared to DFT,
figure 6 presents a comparison of the PEDOS for the TisO -
TiO, heterostructure, for surface TiO, (110) Ti 3d states and
adsorbed cluster states from DFT and DFT+U. The energy gap
from DFT for pure rutile (110) is strongly underestimated at
around 1.8eV, but upon examination of the PEDOS plots we
find that the general description of the electronic states is the
same as DFT+U, namely that the top of VB is from the cluster
and the CB comes from the surface with a band gap reduction.

|

€ 5 4 3 2 - 0 1 2 3 4
Energy [ eV

(a)
—Ti3d Surface —
—Ti3d Ti5010 —

(b)
—Ti3d Surface —
—Ti3d Ti5S010 —

PEDOS
PEDOS

Energy / eV

Fig.6 Comparison of electronic density of states projected (PEDOS) on Ti
3d states for TiO, rutile (110) surface and adsorbed TisO, cluster (a) DFT
results, (b) DFT+U results.

4 Discussion

In this work, we have examined surface modification of rutile
TiO, by TiO, nanoclusters, with diameters up to 1.5 nm
diameter; these clusters are at the size that can be achieved in
experiments. The modification of the rutile surface and
formation of strong interfacial Ti-O bonds between the cluster
and the surface modifies the electronic structure, so that the
valence band edge is pushed upwards in energy, thus lowering
the energy gap compared to the bare surface; the precise shift
of the VB edge depends on the cluster size, typical for such
small metal oxide clusters. We suggest therefore that this
surface modification could lead to an increase in visible light
absorption compared to the unmodified surface.
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While much focus has been on modifying TiO, to give visible
light absorption, reducing the propensity for electrons and
holes to undergo non-radiative recombination is important. In
the present structures, the energy band alignments are such
that the VB edge is dominated by oxygen states from the
deposited cluster and the conduction band edge by Ti 3d states
from the surface, so that upon excitation, electrons will be
found on Ti in the rutile (110) surface and holes on the
cluster, which will improve the activity since recombination
of electrons and holes will now be reduced over the bare
surface. The presence of one or more terminal oxygen atoms
in the supported cluster provides potential hole trapping states
after excitation. Recombination of the trapped hole with
electrons will be diminished, facilitating the use of both
charge carriers in oxidation and reduction reactions. The
advantage of this for dye degradation has been discussed by
Tada and co-workers****. We also find that the workfunction
of the composite is reduced by around 1 eV compared to the
bare surface, which will be important for enhanced reactivity.
The importance of forming an interface between two materials
to enhance photocatalytic activity is discussed in the
literature”*! and new materials combinations are being
prepared, e.g. Ismail reported a synthesis of PdO-TiO,
nanocomposite through one-step sol-gel reaction with
enhanced photocatalytic activities’®. The activity was tested
by the determination of the rate of HCHO formation generated
by the photooxidation of CH;OH. While enhancement of
photocatalytic activity was found only in the UV region, with
no change in the TiO, band gap, achieving electron-hole
separation was a key feature to enhance the photocatalytic
activity. Tada at al showed that SnO, clusters dispersed on
TiO, anatase will enhance UV activity (tested by
photocatalytic decomposition of 2-naphthol) with improved
hole/electron separation because, as shown by DFT
calculations, the excited electrons will be found on the
adsorbed SnO, species which act as mediator for the electron
transfer to, e.g. 0,°2. The importance of interface in the light
absorption and photocatalytic activity of a heterostructure was
pointed out by Kong at al where two semiconductors different
in properties where combined to create photocatalyst with
high photocatalytic activities wunder visible-light on
degradation of Rhodamine B**; heterojunctions with a type II
staggered band alignment can improve transfer of charge
carriers and also reduce hole/electron recombination. The
present simulations show that formation of the interface is key
to modifying the electronic properties of photocatalytically
active materials and future work will focus on deepening our
understanding of the key factors determining the activity of
metal oxide heterostructures.

5. Conclusions

We have presented DFT+U simulations of the properties of
nanoclusters of (TiO,), (n=5, 6, 8, 16, 30) deposited on the
TiO, rutile (110) surface which form a novel heterostructure
that can function as a visible light active photocatalyst. These
heterostructures show the following important results:
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e The TiO, nanoclusters adsorb strongly on the rutile (110)
surface, with adsorption energies in the range of -2.7eV to -
6.7eV and forming new interfacial Ti-O bonds and the
clusters are thermodynamically stable towards aggregation
to larger clusters or films.

e  The electronic structure indicates a (nanocluster dependent)
reduction in the band gap in the heterostructure compared to
the unmodified surface. While the present results indicate
the possibility of visible light absorption, experimental
confirmation of this conclusion would be welcome.

e  The valence band edge is derived from the cluster electronic
states and the conduction band edge is composed of surface
states. Upon photoexcitation this will facilitate spatial
separation of electrons and holes, thus reducing charge
recombination. This in turn leads to improved photocatalytic
activity.

e A reduction in the workfunction compared to the bare
surface can be achieved, which is useful for reactivity in
catalysis.

These features of these novel heterostructured materials make

them promising for visible light active photocatalysis.
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Graphical Abstract

Heterostructured

photocatalysts:  (TiO,),  nanoclusters
supported on TiO, rutile (110) are potential photocatalysts
with visible light activity.
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