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Metal oxide clusters of-sub nm dimensions dispersed on a metal oxide support are an important
class of catalytic materials for a number of key chemical reactions, showing enhanced reactivity
over the corresponding bulk oxide. In this paper we present the results of a density functional
10 theory study of small sub-nm TiO, clusters, Ti,O4, Ti;O6 and Ti4Og supported on the rutile (110)
surface. We find that all three clusters adsorb strongly with adsorption energies ranging from -3 eV
to -4.5 eV. The more stable adsorption structures show a larger number of new Ti-O bonds formed
between the cluster and the surface. These new bonds increase the coordination of cluster Ti and O
as well as surface oxygen, so that each has more neighbours. The electronic structure shows that
15 the top of the valence band is made up of cluster derived states, while the conduction band is made
up of Ti 3d states from the surface, resulting in a reduction of the effective band gap and spatial
separation of electrons and holes after photon absorption, which shows their potential utility in
photocatalysis. To examine reactivity, we study the formation of oxygen vacancies in the cluster-
support system. The most stable oxygen vacancy sites on the cluster and show formation energies
that are significantly lower than in bulk TiO,, demonstrating the usefulness of this composite
system for redox catalysis.
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1. Introduction models of this system to assign the most likely adsorption
structure?®.
ss The application of supported oxide nanoclusters in catalysis is
a very active field. The composites in refs. '"**?°2% have
focussed instead on their photocatalytic properties. The
composite systems show enhanced photocatalytic activity over
the individual compenents, which is encouraging for the
development of suitable materials based on TiO,. A key
finding is that the valence and conduction band of the
composite systems are found on different parts of the
composite. For example, in ref. 25, it is shown clearly that the
valence band has its origin in rutile TiO,, while the
conduction band has its origin from anatase TiO, — this then
leads to separation of electrons and holes after
photoexcitation, thus reducing recombination. A similar

Nanoparticles of metal oxides show very different behaviour
to the bulk oxide. In particular, at the sub-nm length scale,
25 they show no features that can be obviously derived from the
bulk oxide, including band gaps and reactivity that can be
tuned by cluster size'™. Supported sub-nm metal oxide
clusters dispersed on oxide supports are widely used in
catalysis*'*, a paradigm example being supported vanadium )
oxide (VOx)'"""". The interface between the cluster and the
support is thought to be important for the resulting properties.
Recently small nanoclusters of oxides have been deposited on
the rutile TiO, (110) surface; this includes (WO5); >'%, CeO,
71920 Nb,05 22, as well as WO, on ZrO, 2 and IrO, ' on
Fe,03. In addition, composite structures formed between two
different oxides are being explored with an emphasis on the

) i finding has been published for FeOxTiO, ''**. Thus,
resulting band structures and photocatalysis; recent examples . .
. . 24 . It nanocluster-support material systems show great promise for a
include Fe,05/TiO, ., FeO,-TiO, and doped-

. . number of interesting technology areas.
anatase/doped-rutile TiO, e ! Flrlom the theor slid§ there ha%/}; ;een many studies of small
Recently Rodriguez et al. have studied well-defined Y S, Y

. . . oxide cluster structures supported on a metal oxide, for
CezOf‘/.CezO3 (CeO,) species on Tutlle Ti0, ,(1 10) as a example7’14’19’20’27'34, which have elucidated the nature of the
promising WGS  catalyst using experiment and

. - bonding between the two species and the impact of formati
modelling'®***’.  The supported cluster is formed by & DOLw WO Sp tup rmation

.. . o 75 of the interface between the two species. Deskins et al. have
depositing Ce metal onto the TiO, surface and oxidising. The . . . 35
o ) studied the interface between rutile and anatase surfaces™.
supported CeO, species is more reducible than the bulk and . .
.. . Other work has considered these structures for catalytic
leads to a strong reduction in the energy barrier for water

di it idered th te limiti tep in the WGS reactions. Metiu and co-workers have studied a number of
i iation nsi a mitin in . . .

SS(:.C on, considere ¢ rate imiting step ¢ oxidised metals adsorbed at the rutile TiO, (110) surface,
reaction.

. . . namely Mo, V, Cr, which they found to be most stable as MO
(WO3); nanocluster on TiO, has been studied for catalytic ¥ y29,3o Y . }
. 518 clusters™". These were found to be reactive centres for
so dehydrogenation of propanol™® and a structure of the - . 29 1o
. oxidative dehydrogenation of methanol™ and oxidation of
supported cluster has been proposed. A later first principles

density functional th tudy h ined b ; co*. Recently a Ce,O, cluster was studied on different metal
ensity tunctional theory study has examined a number o oxide supports, i.e. CeO,-Al,05 and CeO,-ZrO, *', where the
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emphasis was on the effect of the support on the reactivity of
the system.

We are interested in studying TiO, clusters on TiO, surfaces
as new photocatalyst materials and reactive catalytic centres
for reactions such as WGS or methanol oxidation. In this
paper, we study TiO, clusters, (TiO,),, where n = 2, 3 and 4,
that are supported on a rutile TiO, (110) surface.
Experimental synthesis and deposition of supported metal
oxide clusters is possible via cluster deposition or by metal
deposition and oxidation, as outlined above, but to date has
not been described for TiO, supported on TiO,. Until now
cluster deposition has been used mainly for assembly of
porous thin films, however it is a possible approach to deposit
small well defined clusters on an oxide substrate. Until such
experiments are performed, first principles modelling can be
used to study the properties of supported metal oxide clusters.
For reactions such as CO oxidation, a common descriptor to
understand the ability of a metal oxide to catalyse this
reaction is the oxygen vacancy formation energy’*>®, i.e. the
energy needed to remove a neutral oxygen atom from the
oxide. This is a good descriptor since the CO oxidation
reaction generally undergoes a Mars van Krevelen
mechanism®’, in which CO removes oxygen from the catalyst
and the oxygen is returned by adsorption of O, from the
atmosphere; the key step is the initial removal of oxygen from
the catalyst by CO. In this regard, undoped TiO, should not be
a very good catalyst since the formation energy of an oxygen
vacancy in the (110) surface is 3.66 eV from DFT+U*"*!
however an energy from periodic B3-LYP studies was not
given*"* It is possible that small clusters of TiO, could be
more favourable for oxygen vacancy formation, as it is
generally the case that small clusters are more reactive than
their bulk counterpart; this has been discussed for ceria
clusters recently®.

We determine stable adsorption configurations for the TiO,
clusters on the rutile (110) surface and study the electronic
properties of these structures as well as their reactivity in
terms of oxygen vacancy formation. We find (i) the clusters
bind strongly to the surface, (ii) have a reduced effective band
gap and (iii) removal of oxygen from the cluster is more
favourable than from the surface or the bulk. These findings
have important implications for potential photocatalytic
activity and for chemical reactivity.

2. Methodology

To model the rutile (110) surface, we use a three dimensional
periodic slab model and a plane wave basis set to describe the
valence electronic wave functions within the VASP code®.
The cut-off for the kinetic energy is 396 eV. For the core-
valence interaction we apply Blochl’s projector augmented
wave (PAW) method*’, with Ti described by 4 valence
electrons and oxygen by 6 valence electrons. We use the
Perdew-Wang91 approximation to the exchange-correlation
functional®®. k-point sampling is performed using the
Monkhorst-Pack scheme, with sampling at the I'-point; in ref.
47 a comparison of a (2x2x1) sampling grid and I'-point
sampling for Ti adsorbed at the same rutile (110) surface
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showed that both gave consistent results. Results from these
tests show minimal influence of the k-point sampling grids
tested.

The (110) surface is made up of neutral O-Ti-O tri-layers
along the slab and no dipole moment is present upon cleaving.
It has rows of two-fold coordinated bridging oxygens (denoted
0" terminating the slab, and in the next layer there are two
types of Ti: 6-fold coordinated Ti (Ti®") and exposed 5-fold
coordinated Ti (Ti’"). For this surface, a (2 x 4) surface cell
expansion is employed, while the slab is 6 O-Ti-O layers thick
and the vacuum gap is 12 A; this slab model has been used in
previous work?’. All calculations are spin polarised with no
restrictions on the overall spin.

The bare TiO, surface, the free TiO, clusters and the clusters
adsorbed at the (110) rutile surface are calculated in the same
periodic supercell, with the same plane wave cut off energy,
the same k-point sampling grid, the same DFT approach and
the same PAW potentials, ensuring consistency between
calculations. To study cluster adsorption, the clusters are
positioned in a number of configurations at the (110) surface
and then a full relaxation is performed within a fixed
supercell. The adsorption energy is computed from

E** = E((Ti0,),-TiO2) — { E((TiO,),) + E(TiO) } (1)
Where E((TiO,),-TiO;) is the total energy of the cluster
supported on the surface, and E((TiO,),) and E(TiO,) are the
total energies of the free cluster (made up of n TiO, units) and
the bare surface; a negative adsorption energy signifies that
cluster adsorption is stable.

To study oxygen vacancies, we remove one oxygen atom from
a number of sites on the cluster, oxygen atoms shared by the
cluster and bridging oxygen atoms from the surface and allow
full relaxation. The formation energy of an oxygen vacancy in
the cluster is given by:

B = [E(Ti02.)y-TiO,) + E(1/20,)]- E((Ti02),-TiOy)  (2)
and in the support surface by:
B = [E(Ti0,),-TiO2) + E(1/20,)]- E((Ti02),-TiO)  (3)

Throughout, a positive energy signifies that there is a cost for
formation of an oxygen vacancy. To describe oxygen vacancy
formation in the cluster-support system, we apply the DFT+U
approach*®*’, which adds a Hubbard U correction to describe
the reduced Ti states that result from vacancy formation. The
need for an approach like DFT+U or hybrid DFT (which is too
costly in a plane wave basis set for the present calculations
with up to 300 atoms) to describe localised reduced cation
states is defective systems is well known and has been the
subject of a number of papers*®*'**3. We have tested DFT
and DFT+U with U= 3 eV* and U = 4.5 ¢V*’ on a number of
oxygen vacancy structures and find that, of the two values of
U, U = 45 eV is a more suitable approach to describe
defective TiO,, in particular the localisation of charge on Ti
species after removal of oxygen, and this value of U is also
consistent with values of U in the literature. Some extra
details of the comparison between DFT and DFT+U are
presented in the supporting information. Calculations of non-
defective systems also use DFT+U with U = 4.5 eV for
consistency between the two sets of calculations.
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Fig.1 (a): Atomic structure of the bare TiO, (110) surface .Structure of the
free (b) Ti,O4, (c) Ti30¢ and (d) Ti4Os clusters. In this and subsequent
figures, Ti is grey and O is red.

s 3. Results

3.1 Adsorption Structures of (TiO;), clusters on Rutile
Ti0,(110)

In figure 1 we show the atomic structure of the bare TiO,
(110) surface and the free Ti,O4, Ti;O¢ and TisOg clusters.
10 The cluster structures shown in figure 1 are global energy
minima obtained from Monte Carlo sampling and are similar
to cluster structures in earlier studies®*>*. In the clusters, the
major different with regard to bulk TiO, is the non-bulk
environment experienced by Ti and O. For example, Ti atoms
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show reduced coordination, with 3-coordinated Ti in Ti,O4
and 4 and 5 coordinated Ti present in Ti3;O¢ and TisOyg; there
are no 6 coordinated Ti atoms in these clusters. Oxygen can
be 1, 2 or 3 coordinated and in each cluster there is always at
least one terminal oxygen bound to one Ti. The majority of
oxygen atoms are two coordinated.

Ti-O distances are therefore shorter than in the bulk, e.g. in
the Ti,O4 cluster, Ti-O distances are 1.68 A and 1.86 A to
terminal O and 2-fold coordinated O. We compared Ti Oy,
Ti304, Ti4Og structures with two codes, namely Turbomole
(PBE and PW91 exchange-correlation functionals, with a
TZVPP basis set on all atoms) and VASP. For all clusters
after relaxation with the PBE and PW91 exchange-correlaion
functional (common to both codes) we found that two
methods show the same configurations with the bond lengths
showing differences of around 0.02 A.

Comparing the structure of Tiz;O¢ and TisOg clusters we
observe that both clusters have two terminal oxygen atoms b
with Ti, with Ti-O distances 1.68 A and 1.69 A for (Ti;Oy)
and 1.68 A and 1.78 A for Ti4Os. For the three-coordinated
oxygen atoms the Ti-O distances are 2.08 A (the longest) and
1.84 A (the shortest) and two-coordinated oxygen atoms bind
to Ti with distances 2.01 A (the longest) and 1.77 A (the
shortest).

-2.99 eV

-4.23 eV

Fig2 Relaxed adsorption structures and computed adsorption energies for Ti;O4 deposited on the TiO, (110) surface. The roman numerals signify the
45 numbering of the cluster structures. The adsorption energies are given under each structure in eV, computed from eq. (1). The colour scheme is the same
as figure 1.
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Fig. 3 Atomic structure of adsorption structure V for Ti,04 adsorbed at the TiO, (110) surface showing different views. The left panel is a side view, the
middle panel is a front view and the right panel is looking down on the surface. In the right panel, the atoms of the surface are represented as lines to
highlight the structure of the adsorbed Ti,04 cluster.

The TiO, clusters deposited on the (110) surface are chosen to
be stoichiometric, since such clusters are more stable in the
gas phase than reduced clusters. Thus, fully oxidised
nanoclusters of TiO, are a good starting point. The surface
cell expansion is large enough that the clusters are deposited
in an isolated fashion.

In figure 2, we show five stable (as measured by negative
adsorption energy) adsorption structures for Ti,O, adsorbed
on the rutile TiO, (110) surface, numbered L, 11, III, IV and V.
For the most stable structures of Ti,04 supported on TiO,, i.e.
structures I and V, we have also run some ab initio molecular
dynamics simulations — for 2 ps, in the NVE ensemble, at a
temperature of 500 K — to allow a wider configuration space
to be sampled. Upon relaxing the MD structures (heat and
quench approach) we find little change to the structures shown
in figure 2, indicating that these are stable adsorption
structures. A similar test for the other supported clusters
(Ti30¢ and Ti4Og) also shows that the structures presented for
these clusters are stable and lower energy structures were not
found. For each cluster, we will focus the remainder of the
paper on the most stable adsorption structure.

In depositing TiO, clusters, we find that maximizing the
number of new Ti-O bonds is a good guide to the relative
stability of the adsorption structure. For example, in structures
II and IV, there are only two new Ti-O bonds between the
cluster and the surface and these structures have the least
negative adsorption energies. Structures I and IV have more
Ti-O bonds and a more negative adsorption energy, while the
most stable structure, V, has the largest number of new Ti-O
bonds.

In the most stable adsorption structure of Ti,O,4, the two Ti
atoms are coordinated to bridging oxygen atoms of the surface
— one Ti (Ti*) making bonds to two of these oxygen and the
second Ti (Ti®) making a bond to one bridging oxygen atom,
with Ti-O distances of 2.11 and 2.20 A (Ti*) and 2.22 A
(Ti®); figure 4 shows the important geometrical parameters in
this supported cluster. The cluster Ti atoms also bond with in-
plane oxygen, with Ti-O distances between 2.19 and 2.22 A.
The increased coordination of cluster Ti and O upon
adsorption is shown in the Ti-O distances in the cluster. The
least affected atom is the terminal oxygen atom that does not
bind to the surface — this shows a small increase in its Ti-O
distance to 1.68 A, the other terminal oxygen atom binds to Ti
from the surface, and has a Ti-O distance of 1.93 A, consistent

so with the Ti-O distance in bulk TiO,.

Fig.4 Selected geometry parameters for Ti,O4 supported on rutile TiO,
(110) surface. Each panel shows a selection of Ti-O distances to show
more clearly cluster and surface geometry.

55
For Ti;04 adsorbed at the (110) surface, we show three stable
structures found after relaxation in the top panel of figure 5.
The adsorption energies for this cluster are similar in
magnitude to those found for Ti,O4 adsorption. In the most
60 stable adsorption structure, structure I, two cluster Ti atoms
create bonds with bridging oxygen from the surface. The first
Ti bonds to a bridging oxygen atom with Ti-O distance 2.07
A, while the second Ti bonds with Ti-O distances of 2.04 and
2.12 A. The same Ti also creates an additional bond to in-
es plane oxygen atom with a Ti-O distance of 2.23 A. Moreover
two oxygen atoms from the cluster make two bonds with 5-
fold coordinated Ti from the surface with Ti-O distances of
1.87 A and 1.94 A. The two terminal oxygens of the cluster do
not bond to the surface and we observe that their Ti-O
70 distances show a small increase to 1.68 A, similar to the case
of Ti,04. Figure 6 shows the important geometry parameters
and in the cluster and between cluster and surface for Ti;Og.
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The 5-fold coordinated Ti from the surface is pulled up by the 2.13 A
oxygen from the cluster and the distance in the surface Ti-O is

-3.70eV

Fig. 5 Relaxed adsorption structures and computed adsorption energies for Ti;O¢ (top panel) and Ti4Os (bottom panel) deposited on the TiO, (110) surface.
The roman numerals signify the numbering of the cluster structures. The adsorption energies are given under each structure in eV, computed from eq. (1).
The colour scheme is the same as figure 1.

5

For Ti;Og we show three different adsorption structures in the Ti with an increased Ti-O distance of 1.76 A. The second

10 bottom panel of figure 5. The resulting adsorption energies are terminal oxygen does not bond with the surface and again
similar to those for the Ti,O, and Ti;O4 clusters, with shows a small increase in its Ti-O distance to 1.68 A.
structure I being the most stable. The adsorbed cluster is 20 Comparing geometry of free cluster we observe that the
bonded to the surface by three new Ti-O bonds as shown in adsorbed cluster has only one terminal oxygen with the Ti-O
figure 6: two Ti from the cluster bond to two bridging distance 1.66 A, shown in figure 5. The second terminated Ti

15 oxygens from the surface, with Ti-O distances of 1.96 A and atom bonds to Ti from the surface. However other Ti-O
2.01 A. One terminal oxygen from the cluster bonds to surface distances in the clusters are little affected.

25
Fig. 6 Geometry data for the most stable Ti30¢ (left panel) and Ti40s (right panel) adsorption structures

35 bulk value with cluster size, as has been demonstrated in
3.2 Electronic properties of supported TiO, clusters. carlier calculations on the bare clusters'**.
For the most stable adsorption configuration of each
The band gap in the present calculations is underestimated for supported TiO, cluster we show the partial electronic density
30 the (110) surface, being 2.1 eV (U = 4.5 ¢V on Ti), compared of states (PEDOS) projected onto Ti 3d and O 2p states of
to ca. 3 eV from experiment. For the clusters we compute ,, both the cluster and the support in figure 7. We have also
with DFT+U band gaps of 2.4 eV, 2.1 eV and 2.8 ¢V for computed Bader atomic charges on the supported clusters>®.

Tiy04, Ti306 and TisOs, respectively. The TiO, cluster band The first aspect of the electronic structure is that there are no
gaps do not necessarily follow a monotonic decrease to the




defect states in the band gap associated with formation of
reduced Ti*". The Bader charges for the (110) surface show a
charge on Ti of ca. 1.40, while the in the clusters, Ti ions
show Bader charges of 1.45 (Ti,04), 1.40 (Ti304) and 1.40
(Ti4Og), so that Ti in the cluster and the surface can be
considered oxidised Ti*".
The second, and key, finding is the makeup of the top of the
valence band (VB) and the bottom of the conduction band
(CB). The highest occupied states of the cluster lie higher than
the VB edge of the surface, as shown in figure 7 for both Ti
3d and, in particular, the O 2p states of the cluster and the
surface atoms. This means that the highest occupied VB states
of the composite structure are composed of electronic states
from the adsorbed TiO, cluster. The bottom of the CB is
derived from the TiO, surface, with the empty electronic
states from the cluster lying higher in energy.
Looking briefly at the oxygen 2p PEDOS for individual
oxygen atoms, the topmost states of the cluster derived VB
edge are derived from the oxygen atoms indicated with blue
20 spheres in the insets of figure 7. These are the oxygen atom(s)
of the cluster where the hole produced upon electronic
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4

excitation would most likely be trapped. These oxygen atoms
are generally undercoordinated atoms in each adsorbed cluster
structure, e.g. for Ti;O¢ and Ti;Og, we find that terminal
25 oxygen atoms contribute most to the top of the cluster VB
states.
The PEDOS indicates that adsorption of these small clusters
on the TiO, (110) surface will lead to a reduction in the
effective band gap relative to the bare surface. Importantly,
30 the composite structure results in the valence band and
conduction band being spatially separated on different parts of
the composite system. Thus, electrons and holes formed upon
photon absorption will be separated — electrons on the surface
and holes on the cluster - and this could be of importance for
;s charge sepration in photocatalysis. Figure 8 shows a
schematic of the positions of the valence and conduction band
for the composite systems, with the numbers giving the offsets
of the surface and cluster VB and CB edges.

40

—0 2p Surface

— O 2p cluster

PEDOS

6 5 4 3 -2 1 0 1 2 3 4

Energy / eV

=0 2p TiO2
— O 2p cluster —

PEDOS

6 5 4 3 -2 - 0 1 2 3 4
Energy / eV
—Q2pTIOZ — — O 2p cluster —

PEDOS

€ 5 4 3 2 4 0 1 2 3 4
Energy / eV

Fig. 7 Electronic density of states projected (PEDOS) on Ti 3d states (left panels) and O 2p states (right panels) for (a) Ti,O4 cluster, (b) Ti3Og cluster and
(c) TisOs cluster supported on the rutile (110) surface.
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Fig. 8 Schematic diagram showing the VB and CB offsets for the composite systems.

While no experimental information exists for the precise

s material system in this study, very recent work on FeOy
supported on rutile TiO, (110)"" has indicated that the VB and
CB are spatially separated, similar to our present findings. Of
course, in commercially available TiO,, such as Degussa P25,
which is a mix of rutile and anatase TiO,, the separation of

o valence and conduction bands is well known®"®'. An
interesting recent finding is in ref.”> in which a composite of
doped rutile and doped anatase results in a spatial separation
of the composite VB and CB. The composite is demonstrated
to show higher photocatalytic acitivity than either of the

s individual materials. These initial experimental results
indicate that these composite systems will be useful for
photocatalytic applications.

3.3 Exploring reactivity of supported TiO, clusters: oxygen
vacancy formation

S

To investigate if the reactivity of the supported clusters is
enhanced over the bulk oxide, we have studied the formation
of oxygen vacancies on different sites in the three supported
clusters. Such knowledge is useful in developing new redox
catalysts for reactions such as CO oxidation and NOy
reduction or for the water gas shift reaction. The oxygen
vacancy formation energy is considered a good descriptor of
how useful a particular material can be for oxidation reactions
— the smaller is the vacancy formation energy, the more
o reactive the oxide will be to oxidation via the Mars van
Krevelen mechanism™.
Figure 9 shows the numbering of the different oxygen
vacancy sites on each supported cluster. The choice of
vacancy sites includes cluster oxygens with different
s coordination, oxygen shared by the cluster and the surface and
the two-fold coordinated bridging oxygen from the surface. In
each case, we remove one neutral oxygen atom and allow the
structure to relax in response to this change.

G

Fig.9 Labelling of the oxygen vacancy sites for adsorbed (a) Ti,Os, (b)
Ti305, (C) Ti40g.




Table 1 Oxygen vacancy formation energies, E>**, for adsorbed TiO,
clusters from DFT+U. The most stable vacancy site is highlighted in bold
font for each supported cluster
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O Vacancy Site 1 2 3 4 5 6

Ti,04E%* / eV 2.87 3.09 3.03 3.08 397  2.54
Ti;06 O™ /eV  1.53 0.54 2.48 0.54 3.93 0.54
Ti,0s EO eV  2.13 2.14 - 2.99 1.70 0.57

Table 1 presents the oxygen vacancy formation energies for
the different oxygen atoms in each supported cluster, while
figure 10 shows the most stable oxygen vacancy structures.
Other oxygen vacancy structures are shown in the supporting
information - as an example to compare DFT and DFT+U
results, figures S1 and S2 of the supporting information show
the excess spin density computed from DFT and DFT+U in an
oxygen vacancy structure for Ti,O4 and TiyOg supported on
the (110) surface. It is clear that DFT delocalizes the two
electrons over many Ti in the surface, as expected, while
DFT+U localizes the two electrons on two Ti atoms, which is
the correct behaviour®'.

The formation energies show that oxygen vacancy formation
is more favourable in the TiO, clusters than in bulk TiO, or in
the bare (110) surface, for which formation energies are ca.
4.2 eV and 3.66 eV, respectively*”*2. The Ti;O¢ and TisOs
clusters show especially reduced vacancy formation energies.
Thus, the supported cluster will be more reactive than the bulk
material oxide which is important for applications in catalysis.
We have also healed the most stable oxygen vacacy site in
each supported cluster with an oxygen atom and allowed full
relaxation in order to investigate if new adsorption structures
with potentially higher stability can be obtained, since the
defective clusters show some changes in structure and an
increase in the number of Ti-O bonds to the support after
removal of an oxygen atom. For Ti,O4, we find that structure
V (figure 2) is recovered, or a higher energy adsortption
structure is found. For the other reduced clusters, Ti;O5 and
Ti40, we also find either the original adsorption structure or
new structures that higher in energy compared to the most
stable structure in figure 5.

For the Ti,O4 cluster, the most stable oxygen vacancy
structure has a formation energy of 2.54 eV and is shown in
figure 10 (a), while the other clusters show formation energies
that are quite small, 0.54 — 0.75 eV. This oxygen is a terminal
oxygen from the cluster. Interface oxygen atoms show larger
formation energies (vacancy sites 1 and 2) and the highest
energy cost is for oxygen atoms from the surface (vacancy site
5). One way to understand an origin of these vacancy
formation energies is to examine the structures upon
relaxation after vacancy formation. In the Ti,O, cluster, the
structure in figure 10(a) is not substantially different to that
from the oxidised cluster, so that the structural relaxations
after vacancy formation are relatively small. Figure 11 shows
the Ti-O distances and the cluster Ti atom neighbouring the
oxygen vacancy site shows the largest change in geometry
upon vacancy formation.

S

a

S

Py

ll/( Il/‘\* ll*

Fig.10 The most stable oxygen vacancy sites for (a) Ti;O4, (b) Ti30 and
(c) TisOs. The “V” on each structure signifies the position of the vacancy
site.

In the other clusters, we see notable changes in the structure
upon relaxation. For the supported Ti;0¢ cluster, sites 2, 4 and
6 in table 1 and figure 9(b) have the same vacancy formation
energy. Inspection of the three structures shows that they have
the same structure after removal of oxygen, which is mirror
symmetric upon removal of O2 in figure 9(b). For oxygen
vacancy sites 4 and 6 in figure 9(b), the final structure is
obtained by a more complex process in which the oxygen
originally at site 2 moves to fill the oxygen vacancy at site 4
or 6, so that ultimately the most stable oxygen vacancy
structure is obtained by removing the oxygen at site 2. The
relaxed structures from OV4 and OV6 are shown in the
supporting information, figure S3. The mirror symmetry in the
resulting reduced cluster is apparent from figures 10(b) and
11(b). In addition, there are a number of additional Ti-O
bonds formed compared to the oxidised cluster, so that this
will stabilize the reduced cluster and hence give a smaller
oxygen vacancy formation energy. Comparing the oxidized
cluster and reduced cluster, we observe that two Ti atoms
from the reduced cluster create more bonds with the surface
with the distances Ti-O 2.02 A (shortest), and 2.22 A
(longest). The reduced cluster has only one terminal O atom
with the distance 1.69 A; the second terminal oxygen was

s0 oxygen site 2. There is the same number of 2 coordinated O
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atoms with the distances 1.77 A (shortest), and 1.99 A
(longest) and 3 coordinated O atoms with distances 1.77 A
(shortest), and 2.16 A (longest).

5 Fig.11 Geometry in the most stable oxygen vacancy structures for (a)
Ti204, (b) Ti305 and (C) Ti40g.

For TisO4, the formation of the vacancy also leads to
structural relaxations in the cluster and the formation of
10 additional Ti-O bonds between the cluster and the surface,
again contributing to enhanced stability of the reduced cluster
at the surface and the small vacancy formation energy. We see
that oxygen vacancy sites Ol and O2 have very similar
vacancy formation energies, but the structures, shown in the
15 supporting information, figure S4, are rather different. The
similarity in the oxygen vacancy formation energies is most
likely co-incidental.
The most stable reduced Ti4O- cluster creates six Ti-O bonds
to the surface while the oxidized cluster only three bonds.
20 Two Ti atoms from the reduced cluster bond to four bridging

O atoms from the surface with the Ti-O distances 2.00 A
(shortest), and 2.28 A (longest) where the Ti from the
oxidized cluster bonds to the surface bridging O atom with
only two bonds with distances 1.96 A and 2.01 A. In both
clusters we can find one terminal O atom with Ti-O distance
1.70 A for the reduced cluster and 1.66 A for oxidized cluster.
The spin density for the most stable oxygen vacancy
structures is shown in figure 12 for each cluster. The spin
density is the difference between the up spin and down spin
electron density and shows the destination of the the two
electrons released by the neutral oxygen vacancy. For each
adsorbed cluster the two electrons are localised on two Ti
atoms.
On Ti,04 one electron is found in a subsurface Ti site and the
second electron is found on a Ti atom from the cluster,
indicating that cluster Ti atoms can be reduced. The
corresponding Bader charges on these Ti are 1.7 and 1.8
electrons, consistent with formation of Ti*" ions. For the most
stable oxygen vacancy in the Ti;O¢ cluster the two electrons
are found in surface Ti sites, with corresponding Bader
charges of 1.7 electrons. In Ti;Og one electron is in a
subsurface Ti site and the second is on Ti on the cluster and
the Bader charges on these Ti are 1.7 electrons. In all cases
DFT+U approach localizes the electrons on two Ti’" sites.
The corresponding PEDOS is shown in figure 13 for the three
clusters. For each cluster, the PEDOS shows the introduction
of electronic states in the band gap after the oxygen vacancy
forms. The origin of the gap state depends on the particular
cluster structure, but for all structures considered is indicative
of formation of reduced Ti** ***% consistent with the spin
density plots.
For Ti,04 and TisOg, one peak in the gap state has its origin in
Ti from the cluster, which is the peak nearest the valence band
edge. The second peak has its origin in Ti from the supporting
ss oxide, which lies deeper in the gap, at an offset of 0.8 eV
from the top of the VB. The two peaks are quite distinct and
are separated by ca. 0.7 eV.
The TizO¢ cluster with a vacancy behaves rather differently —
its gap state is made up of contributions from two Ti*" ions in
the support oxide, as shown in figure 13(c). These are two
distinctly different Ti*" species, as can be seen from the spin
density plot, and hence they show up as two different peaks in
the PEDOS. The highly symmetric structure of the defective
Ti304 cluster prevents a Ti atom of the cluster being reduced,
6s as this would break the symmetry and therefore only surface
Ti can be reduced.
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Fig. 12 Spin density for the most stable oxygen vacancy in the supported TiO; clusters. (a) Ti,O4, (b) Ti3Og, (¢) TisOs.
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Fig. 13 PEDOS projected onto Ti 3d states for the oxygen vacancy in the supported TiO; clusters. (a) Ti,O4, (b),(c) Ti30s, (¢) TisOs. For Ti306, we show
5 in part (c) the PEDOS projected onto the two surface Ti ions carrying the spin density from figure 12, as their PEDOS is swamped by the contributions
from the remaining Ti of the TiO, support.
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4. Conclusions

Metal oxide clusters of-sub nm dimensions dispersed on a
metal oxide support are a key class of catalytic materials and
also show promise for photocatalytic applications. The results
of a density functional theory study of small sub-nm scale
TiO, clusters, Ti,O4, Tiz30¢ and TisOg deposited at the rutile
(110) surface show the following:

(1) all clusters adsorb strongly in a number of adsorption
configurations, with adsorption energies ranging from -3 eV
to -4.5eV.

(i1) the more stable adsorption structures show a larger
number of new Ti-O bonds formed between the cluster and
the surface.

(iii) the electronic structure shows that the valence band edge
is derived from cluster electronic states and the conduction
band edge is made up of surface electronic states

(iv) a reduction in the effective band gap and spatial
separation of electrons and holes after photon absorption is
predicted

(v) to examine reactivity, oxygen vacancy formation was
studied and the most stable oxygen vacancy sites are on the
cluster, showing reduced formation energies compared to the
bulk oxide and making them potentially useful in redox
catalysis.

These results show that supported oxide nanoclusters have
great potential as materials in photocatalysis and redox
catalysis.
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