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Abstract

The electronic properties of a single Ru atom and a Rujo cluster adsorbed on stoichiometric and
reduced anatase, a-TiO2(101), and tetragonal zirconia, t-ZrO> (101) surfaces have been determined
with Density Functional Theory calculations with Hubbard corrections (DFT+U). The main purpose
of the work is to better understand the role of dispersed metals on the surface of titania and zirconia
catalysts in conversion of biomass to biofuels. On the stoichiometric surfaces, the metal adsorption
does not imply major charge transfers. The situation is different on the reduced surfaces where
electron transfer occurs from the oxide to the metal; this effect is more pronounced on zirconia than
on titania. On both surfaces, the presence of the Ru nanoparticle favors the removal of O from the
surface layers. This can result in the occurrence of O reverse spillover, with displacement of an O
atom from a lattice position of the stoichiometric surfaces to a specific adsorption site of Ruio. This
process is thermodynamically accessible for both TiO2 and ZrO- surfaces showing that the metal
deposition can result in an easier reduction of the oxide support due to this effect more than to a

direct electron transfer from the metal.
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1. Introduction

Metal clusters and nanoparticles deposited on an oxide surface are at the basis of heterogeneous
catalysis, both industrial and environmental, and for this reason are intensively studied
experimentally and theoretically.!>>* The motivation of this paper is related to a specific class of
catalytic reactions, i.e. the production of biofuels from cellullosic biomass.” A key step in this
process is to lower the oxygen content and eliminate the high water content of the biomasses.%"
To achieve an industrially viable efficiency of the reaction, effective catalysts are needed. In bio-oil
upgrading, metal oxides like TiO; and ZrO; are of particular interest for their activity and selectivity
in the ketonization of carboxylic acids, an important step in biomass conversion.”:!0-!!
Experimentally, it has been found that the ketonization rate can be enhanced by adding metal
particles, such as Ru, on the surface of the oxide catalyst.!>!> The role of the metal in enhancing the
activity of the catalyst is still matter of debate. It has been suggested that the addition of Ru helps to
enhance the reducibility of TiO2 and that this should result in the easier formation of coordinatively
unsaturated Ti** sites. A similar effect has been found for ZrO, where the activity is enhanced by the
presence of Zr** ions. Another important observation, which holds true for both TiO, and ZrO,, is
that pre-reduction in H» significantly, enhances the activity of the catalyst, while the activation
energies and reaction orders remain unchanged.’ This leads to the conclusion that the pre-reduction
treatment determines an increase of the active sites. While there is no doubt that reduction processes

in TiO, and ZrO> may lead to an increase of Ti*" and Zr** ions,'*!°

their role in the adsorption and
reaction of carboxylic acids from biomass needs further studies. A possibility is that the addition of
small amounts of transition metal particles like Ru favor the H» dissociation hence the reduction of
the oxide, but other mechanisms are possible and will be discussed in this paper.

In this work we compare, using the same computational setup, the adsorption of a single Ru
atom and of Rui cluster on stoichiometric and reduced anatase a-TiO> and tetragonal t-ZrO, (101)
surfaces. Thermodynamically, rutile is the most stable polymorph of TiO> at all temperatures,
exhibiting lower total free energy than the metastable phases of anatase or brookite.!®!”:!8 However,
anatase is the most common phase in catalytic applications.!*-?21:2223 7rQ, can exist in at least five
polymorphs.?*?> At room temperature, only monoclinic zirconia exists; at around 1480 K a
transition to a tetragonal phase occurs, further converted at 2650 K into the cubic fluorite phase.?®
The most stable monoclinic polymorph has little practical applications because of the crumbling of
the ceramic components commonly observed during cooling from the tetragonal phase.?” On the
contrary, the high temperature polymorphs (tetragonal and cubic) exhibit excellent mechanical,

thermal, chemical and dielectric properties. %% The incorporation of impurities, such as Mg or Y



cations tends to remarkably stabilize tetragonal and cubic phases, also at lower temperatures.’*3!

Here we have chosen to concentrate our attention to the tetragonal phase. However, it must be
pointed out that, when focusing on surfaces, the most stable surfaces of tetragonal and cubic
zirconia, (101) and (111) respectively, display exactly the same structure.>?

We have studied the adsorption of Ru; and Ruio on the most stable (101) surfaces of both
oxides to identify the nature of the interaction of the metal with the support and to compare the
behavior of the two oxides. As discussed in the computational part, the calculations have been
performed at the DFT+U level in order to obtain an acceptable description of the electronic
structures of the two oxides.

The paper is organized as follows. After a brief computational section (Section 2), we
compare the electronic properties of a-TiO> and t-ZrO> surfaces, with particular attention to the
band alignment and the stability and electronic structure of surface and sub-surface O vacancies in
TiO2x and ZrOx. Next, Section 3, we discuss the binding properties of isolated Ru atoms on the
stoichiometric and reduced (101) surfaces of the two oxides. In Section 4 we describe the results for
Rujo adsorption on non-defective and defective TiO» and ZrO; surfaces. We also consider the
possible occurrence of O spillover, i.e. migration of O atoms from the oxide surface to the metal
nanoparticle with consequent reduction of the oxide. Some conclusions are reported in the last

section.

2. Computational methods

All calculations are performed with the VASP 5 simulation package.** The core electrons are
treated with the Projector Augmented Wave approach.34=35 O(2s, 2p), Ti(3s, 4s, 3p, 3d), Zr(4s, Ss,
4p, 4d) and Ru(5s, 4p, 4d) are considered as valence electrons and treated explicitly. The exchange
and correlation energy is calculated with the generalized gradient approximation (GGA) of the
density functional theory, using the PBE functional.*® To partially circumvent the well-known self-
interaction error, which affects the electronic structure of semiconducting oxides calculated with
GGA, we adopt the so called GGA+U approach.®’:3® This method partly removes the
underestimation of the electronic band gap and the excessive tendency to delocalize the electron
density.***! This approach consists in defining a Hubbard’s effective parameter to penalize multiple
occupation for Ti and Zr d-orbitals. In the present work, we empirically set this parameter to 3 eV
and 4 eV for Ti and Zr, respectively, which ensures a good qualitative description of structure and
electronic properties of Ti and Zr oxides. In particular, we checked that the relaxed lattice

parameters are in reasonable agreement with the experiment (i.e. errors on the cell volume are no



larger than 5-6%). Moreover, we ensured that a typical point defect such as the oxygen vacancy is
properly described (see Section 3). These topics have been the subject of numerous publications in
recent years, 4424344

For the relaxation of lattice and internal coordinates of anatase TiO> and tetragonal ZrO, we
used a cut-off of 600 eV and a I'-centred high-density grid of K-points (8x8x4 for anatase TiO» and
8x8x8 for ZrO,). Surface properties are studied by means of proper slab models of the most stable
surfaces of a-TiO; and t-ZrO», which with our computational setup turned out to be the (101), in
agreement with previous reports.’>#464748 Convergence of the surface energy is reached for five-
MO, layer models (M = Ti or Zr).

Deposition of a single Ru atom is simulated on 2x1 supercells of a-TiO; and t-ZrO, (101)
surfaces. Rujo metal clusters are studied in larger supercells, 3x1 and 3x2 for TiO; and ZrO»,
respectively. In all cases, at least 10 A of empty space above the adsorbate is included to avoid
spurious interactions between the replicas of the slab model.

For all models, we perform structural relaxations of all atoms with convergence criteria of
10° eV and 102 eV/A for the electronic and ionic loops, respectively. The sampling of the
reciprocal space is reduced to a 2,2,1 mesh for the 2x1 supercell of ZrO» and to the I"-point only for
the other cases. This choice is justified by the large dimension of the supercells. Atomic charges are

computed using the decomposition scheme proposed by Bader.*

3. Results and discussion

3.1 Stoichiometric and reduced a-TiO:2 and t-ZrO: surfaces

The (101) surface of a-TiO; displays 2- and 3-coordinated oxygen atoms (O2c and Oz, respectively),
while the (101) surface of t-ZrO> exhibits only Os. sites. Both surfaces are remarkably stiff, i.e. the
surface ions display a limited relaxation compared to the bulk lattice positions. We adopt

stoichiometric oxygen-terminated models for both oxides.

3.1.1 Stoichiometric a-TiO: and t-ZrO:

In Figure 1 we report the density of states (DOS) curves of a-TiO; and t-ZrO> (101) surfaces. With
the adopted computational setup, the TiO> surface displays a band gap of 2.6 eV. The bulk value,
2.4 eV, is underestimated with respect to the experiment, 3.2 eV.?> The fact that the gap is smaller in
the bulk than on the surface is due to the problem of oscillations of the band gap in titania with the
number of layers.® A correct reproduction of the band gap would require very high values of the U

parameter in DFT+U, a choice that can severely affect other properties and in particular the surface



reactivity.’! Also the band gap of the t-ZrO, (101) surface (3.8 eV) is smaller than that calculated
for the bulk (4.5 eV), as should be expected due to the presence of surface atoms with lower
coordination. Also for ZrO; the bulk value, 4.5 eV, is underestimated with respect to experiment for
the same reasons mentioned above (there are several values reported in the literature for the band
gap of ZrOs; recent estimates give an approximate value of about 5.0 eV;'"> Electron energy loss
spectroscopy (EELS) gives 4.2 eV > while Vacuum ultraviolet absorption spectroscopy
measurements give values between 5.8 and 6.6 eV>?).

The projected DOS, pDOS, Figure 1, reveal that, for both oxides, the valence band (VB) is
mainly due to O 2p orbitals, while Ti 3d or Zr 4d orbitals prevail in the composition of the
conduction band (CB). The alignment of the energy levels with respect to vacuum, Figure 1, allows
us to directly compare the position of the bands of the two surfaces. This is an important
information to rationalize the behaviour of supported metal particles on these two oxides. The edges
of both occupied and virtual states of TiO: lie at lower energy compared to those of ZrO, indicating
that TiO; is more reducible than ZrO,. In particular, the top of the VB in a-TiO; is calculated at -7.3
eV. A recent study of band alignment in anatase TiO» based on combined hybrid functional
calculations and XPS measurements places the value of the top of the VB at -8.3 eV, i.e. about 1 eV
lower than in our case.>* On the contrary, the position of the bottom of the CB, -4.7 eV, Figure 1, is
close to the estimate of ref. 54, -5.1 eV. The too high value of the top of the VB is also the main
reason for the too small band gap in a-TiO>(101) surface with the present computational approach.
In t-ZrO> the top of VB is found at -6.6 eV and the bottom of the CB at -2.8 eV, with a band gap of
3.8 eV. A direct comparison with experiments in this case is complicated by the scattered values of
the band edges as a function of the method used. These results are consistent with TiOz being easier

to reduce (lower CB minimum) and harder to oxidize (lower VB maximum) than ZrOx.
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Figure 1. Total and projected density of states of (101) surfaces of (a) a-TiO2 and (b) t-ZrO,.

Energies with respect to the vacuum level set to zero.

3.1.2 Reduced a-TiO:.x and t-ZrO:-x

The electronic structure of reduced anatase TiO».x has been the subject of many theoretical studies
and does not need to be discussed.'* Also reduced ZrO> has been addressed previously,' although
the number of studies on this system is smaller than on TiO2. Here we discuss only those elements
that are essential for the comparison of the two systems and for the analysis of the metal/oxide
interaction. We model reduced TiO».x and ZrO»«x (101) surfaces by creating an oxygen vacancy (Vo)

in various positions like surface, sub-surface and bulk sites, Figure 2.

hdhd

Figure 2. Side view of oxygen vacancy sites, Vo, in (101) slabs of (a) a-TiO2 and (b) t-ZrO,. See
also Table 1. Red: O; blue: Ti; violet: Zr.

The reducibility of the oxide surface is determined by the formation energy of an O vacancy with

respect to the stoichiometric oxide and a gas-phase oxygen molecule:

AEyvac= E(MOz-x) - E(MOz) + 1 E(OZ) (M = Tl, ZI') (1)

In Table 1, we report AE,. and the total number of unpaired electrons (N« — Np) for various Vo

centers in a-TiOz and t-ZrO; (101) surfaces. The anatase (101) surface displays non-equivalent



surface oxygen atoms, Oac and Osc sites. Os3c sites can be further distinguished according to the
nature of the closest Ti ions, Tisc or Tiee. This variety of sites reflects in rather different stabilities of
the vacancies. The removal of an Ozc atom leads to the most stable structure with AEy..= 4.53 eV
(Vol). The removal of an Osc has an higher cost, 5.82 eV (Tiec case, Vo2) or 5.35 eV (Tisc, Vo3).
When moving away from the surface, toward the sub-surface layer and the bulk zone, the formation
energy decreases to 4.78 eV (sub-surface Vo4) and 4.72 eV (bulk Vo5). The lowest configuration is
always magnetic, with two unpaired electrons localized on two Ti*" ions. However, singlet open
shell solutions are very close in energy and result from spin contamination. A detailed analysis of
the magnetic nature of the ground state is however outside the scope of this work.

The finding that it is easier to remove an O atom from the surface than from the deeper

layers contrasts with the results reported by Selloni et al.>>¢>7

on this topic. This discrepancy,
which reflects the very similar formation energies of O vacancies in different positions, is due to the
slightly different computational setup used, like for instance the choice of the U parameter in

DFT+U.

Table 1. Formation energy, AE,.., and number of unpaired electrons, N,—N;, of oxygen vacancies in

a-TiO; and t-ZrO> (101) surfaces

AE i, €V Ng—Np
a-TiO» Surface Vol, O 4.53 2

Surface Vo2 5.82 2

Surface Vo3 5.35 2
Sub-surface Vo4 4.78 2

Bulk Vo5 4.72 2

t-ZrO» Surface Vol 6.04 2
Surface Vo2 5.89 0
Sub-surface Vo3 5.49 0
Subsurface Vo4 5.58 0

Bulk Vo5 5.55 0

For ZrO,, two possible surface vacancies are found: one with a triplet ground state and a
formation energy of 6.04 eV, Vol, and the other one with singlet closed shell configuration and
AEvac =5.89 eV (Vo2). The most stable vacancy is Vo3, obtained by removing an oxygen from sub-

surface; the formation energy is 5.49 eV. By further moving towards the bulk region, we encounter



structures of comparable stability, 5.58 eV (Vo4) and 5.55 eV (Vo5). All oxygen vacancies in
subsurface and bulk regions lead to singlet structures.

From these data we can conclude that energetically the formation of a vacancy on anatase
TiO> costs about 1 eV less than on ZrO», in agreement with the general view of titania being easier
to reduce than zirconia.

In Figure 3 we report the pDOS curves for surface and sub-surface Vo defects in a-TiO, and
t-ZrO,. The presence of the vacancy induces occupied states in the gap due to the formation of
reduced Ti- or Zr-centers. The precise location of the defect states in the gap depends on the
position of the vacancy (shallower for surface vacancies, deeper for sub-surface ones) and on the
nature of the oxide (in TiO; the gap states are more shallow than in ZrO;). In a-TiO; the defect
states corresponding to Ti** ions are at about 0.3-0.7 eV below the bottom of the CB, Figure 3a.
This is close to experimental measurements that indicate the formation of defect states just below
the bottom of the CB. In bulk or sub-surface sites of ZrO: the creation of an O vacancy leads to a
doubly occupied state about 2.3-2.6 eV, depending on the site, above the top of the VB, Figure 3d.
The two trapped electrons are shared among the four Zr ions around the vacancy. This is consistent
with recent results on the Vo center in the bulk of tetragonal zirconia obtained with the hybrid
B3LYP functional;'® in this work the defect state is found at about 3.3 eV above the VB but the
band gap is 5.8 eV, compared to a gap of 4.5 eV obtained here using the DFT+U approach. The fact
that the extra electrons are largely localized in the cavity left by the removed O atom is common to
both DFT+U and B3LYP treatments. In this respect, the bulk O vacancy in ZrO; closely resembles a
neutral F center in alkaline-earth oxides. Things are different on the surface where the ground state
of the defect is magnetic, Figure 3¢, with two unpaired electrons localized on surface Zr** ions close

to the defect.
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Figure 3. Left: Density of states of oxygen vacancies in a-TiO2(101); (a) surface, Vol; (b) sub-
surface, Vo4. Right: Density of states of oxygen vacancies in t-ZrO2(101); (¢) surface, Vol; (d) sub-

surface, Vo4. The zero of energy corresponds to the maximum of the valence band.

3.2 Ru atom adsorption on a-TiO2 and t-ZrO:

Until a few years ago the study of isolated metal atoms on a support for catalytic purposes was
mostly restricted to theoretical calculations dealing with the general problem of supported metal
nanoparticles. In the last years, however, also thanks to the use of more sophisticated techniques
like transmission electron microscopy with aberration correction, the existence of single atom
catalysts has been proven and these systems have gained more attention due to their potential role in
catalytic reactions.’®>*:%:61 Here we consider the properties of single Ru atoms adsorbed on

stoichiometric and reduced a-TiO; (101) and t-ZrO2 (101) surfaces.

3.2.1 Ruj on stoichiometric a-TiO> and t-ZrO:

Various possible adsorption sites of a Ru adatom have been considered. It turns out that the
preferred adsorption sites are quite different for the two surfaces. On a-TiO2 the adsorption occurs
preferentially on a hollow site where Ru is coordinated to four O atoms, two Ozc and two Osc; the
metal atom is almost incorporated into the hollow site and lies in the same plane of the O atoms of
the oxide support, Figure 4(a). On t-ZrO> the most stable site is in a bridge position between two
Os3c atoms, and the Ru atom protrudes above the surface and thus is much more exposed than on

TiO», Figure 4(d).
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Figure 4. Left: Ru atom adsorption on a-TiO2(101); (a) Structures (side and top view); (b) projected
DOS; (c) 3d region. Right: Ru atom adsorption on t-ZrO»(101); (d) Structures (side and top view);
(e) projected DOS; (f) 4d region. The zero of energy corresponds to the Fermi level.

In Table 2 we report the adsorption energy of Ru on the two oxide surfaces (Euds), the total

magnetic moment, and the Bader charge. E.qs 1s defined as:

Eais= E(Run/MO,) — E(MMO2) — E(Ruy, gas phase) (M=Ti, Zr;n=1,10) (2)

For Ru on a hollow site of a-TiO> Eads is -2.99 eV. The Ru-Oa bond lengths are 2.04 A while
different Ru-Osc bond lengths of 2.06 and 2.20 A, respectively, are found. This is consistent with

10




the results found by Zhang et al. on the same system.5?

The adsorption mode is characterized by a
covalent-polar bond with partial depletion of the electronic charge from Ru which, according to the
Bader analysis, has a charge q = +0.6 |e|, Table 2. However, formation of Ti** ions is not observed
as shown by both the pDOS curves, Figure 4(b) and (c), and the spin density plots, Figure 5(a). The
formation of Ti** ions would be indicative of the occurrence of a net charge transfer, and should
also result in a change in configuration of the Ru atom. On the contrary, on a-TiO, Ru has a 4d®
configuration, Figure 4(c), i.e. the same number of valence electrons of the free atom (4d’ 5s'). The
change in configuration from 4d’ 5s' to 4d® is a consequence of the interaction with the surface and
is also at the origin of the complete quenching of the magnetic moment from quintet (free atom) to
singlet (supported atom). We have also considered a solution where the system is forced to have two
unpaired electrons (triplet) to check other possible configurations for the Ru atom. The results,
Table 2 and Figure S1, clearly show that one unpaired electron is on Ru and the other one is
delocalized over several Ti ions. This means that a charge transfer has occurred; the Ru atom has
assumed a 4d’ configuration with consequent reduction of the TiO, surface, Table 2. Attempts to
localize the transferred electron failed. This charge transfer solution is slightly higher in energy than

the previous one (by 0.17 eV), Table 2.

Table 2. Adsorption energy, Euas, number of unpaired electrons, No—Np, and Bader charge, g, of Ru

atom adsorbed on stoichiometric and reduced a-TiO> and t-ZrO> (101) surfaces

Surface Supercell Adsorption  Equs Nao—Np Ru q(Ru)

site (eV) Ru  MO;  Config. e
a-TiO> Stoichiometric Ti40030 Hollow  -2.99 0.0 0.0 4d®  +0.61
Stoichiometric Tia0Os0 Hollow  -2.82 0.9 0.8 4d’”  +0.82
Reduced Tis0O79 (Vol) Vo top -3.22 0.0 0.0 44 -0.18
Reduced Tis o079 (Vo4)  Hollow  -2.53 0.0 +08,-0.7 4d® +0.51
t-ZrO>  Stoichiometric 7120040 Bridge 245 1.7 0.1 44 +0.18
Reduced Z120039 (Vol) Vo top -3.99 1.9 -0.1 448 -0.80
Reduced 7120039 (Vo4) Bridge -2.65 1.0 0.5 4d° -0.19

On the bridge site of stoichiometric t-ZrO> Ru is bound with E.us = -2.45 eV. The Ru atom
lies 2.1 and 2.7 A away from the closest O and Zr ions, respectively. The ground state configuration

is 4d®, Figure 4(e) and (f), and shows the presence of two unpaired electrons, Figure 5(d), with a
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partial quenching of the magnetic moment of the free Ru atom. According to the Bader charge, on t-
ZrO; the Ru atom almost preserves its neutrality; the small positive charge of +0.18 |e| originates
from a mixing of the Ru and O 2p orbitals and indicates only a moderate charge displacement. As
reported in the case of TiO», formation of Zr** ions is not observed, excluding a direct reduction of
the support, Figure 5(d). For comparison, coinage metals (Cu, Ag, Au) are adsorbed preferentially
on O-Zr bridge sites of the (111) surface of cubic ZrO, with a weaker adsorption energy (smaller
than 1 eV).%

The metal ad-atom introduces a manifold of occupied and empty states in the oxide band

gap, Figure 4(c) and (f). In the case of a-TiO; these states are closer to the conduction band.

Figure 5. Left: spin density plots of Ru adsorbed on a-TiO»; (a) Tis0Os0; (b) Ti40079 (Vol); (c)
Tis0O79 (Vo4). Right: spin density plots of Ru adsorbed on t-ZrO»; (d) Zr20040; (€) Z1r20039 (Vol); (f)
Z120039 (Vo4).

On the basis of these results we can conclude that the adsorption of Ru on the two oxide

12



surfaces has similar strength, about 3 eV on TiO; and about 2.5 eV on ZrO», but that the different
morphology of the two surface leads to quite different bonding modes. In the case of titania the
presence of open hollow sites leads to a stronger bond, a more pronounced polarization of the
electronic charge towards the oxide, and the incorporation of Ru into the surface layer. On the (101)
surface of t-ZrO the Ru atom is almost charge neutral and protrudes from the surface. On this basis,
quite different reactivity is expected for isolated Ru atoms on the two oxide supports. However, in
neither TiO> nor in ZrO> we find evidence of a direct reduction of the oxide by simple deposition of

the Ru atoms.

3.2.2 Ruj on reduced a-TiOz.x and t-ZrO>.

Now we consider Ru adsorption on the reduced surface. This may take place directly on top of a
surface vacancy, Vol, or in the same sites described for the stoichiometric samples with the vacancy
located in a sub-surface site. The adsorption of Ru on top of a Vol site, Figure 6(a) and 6(d), is
always stronger than on the non-defective surface (-3.22 eV versus -2.99 eV on TiO, and -3.99 eV
versus -2.45 eV on ZrO», Table 2). Thus, while on TiO» the increase of stability is modest; on ZrO-
the effect is very pronounced. This can be quite relevant in terms of reducing the mobility of the
surface species and their tendency to aggregate and sinter, a serious drawback in heterogeneous
catalysis. Atom diffusion on the surface depends on the diffusion barrier. When different adsorption
sites have very similar adsorption energies, like on regular and defect sites of a-TiO, Table 2, the
barrier is also expected to be relatively low and diffusion to occur already at low temperatures.
When defective and regular adsorption sites have very different adsorption energies, like on t-ZrO»,
the barrier is also going to be significant. In fact, the minimum energy to move a Ru atom from a
Vo site to a regular site in t-ZrO» is of about 1.5 eV, Table 2, and the actual barrier will be even
larger. This suggests that in the presence of O vacancies on the t-ZrO; (101) surface isolated atoms
can be stabilized and their mobility can be strongly reduced. This effect is much less pronounced on
a-TiOs.

We consider now the electronic structure. Remember that on both TiO; and ZrO; a surface
vacancy has two unpaired electrons localized on Ti or Zr ions, Table 1 and Figure 3. The value of
the Bader charge on Ru, Table 2, suggests the occurrence of a charge transfer from the reduced
oxide to the Ru atom. However, while on reduced TiO: this electron transfer is only partial, -0.18 |e|,
on ZrQO; it is substantial, -0.8 |e|. Net charges are not physical observables and they are obtained
from a more or less rigorous partitioning of the charge density among atoms. More relevant for the

discussion is the analysis of the spin density. On a-TiO> there is no residual spin density on Ru nor
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on the vacancy after adsorption, Table 2 and Figure 5(b). This means that a spin pairing occurs
between the two electrons in the defect site and the 4d electrons of Ru, with formation of a covalent
bond. This is clearly shown by the pDOS curves, Figure 6(b) and (c): there are five doubly occupied
4d states in the gap, corresponding to a formal configuration 4d'® for Ru, which explains the
absence of magnetization. Notice that this corresponds to a formal charge on Ru of -2, in clear
contradiction with the Bader charge of -0.18 |e|, Table 2.

On t-ZrO», the spin on Ru is the same as for the stoichiometric surface, triplet, while no spin
density is left on the surface, Table 2. In the presence of a net charge transfer, as suggested by the
Bader charge of -0.8 |e|, the configuration of Ru should become 4d° with a single unpaired electron.
On the contrary, Ru is still 4d%, as indicated by the pDOS, Figure 6(e) and (f), and by the spin
population, Figure 5(e), showing the presence of two unpaired electrons. We conclude that the value
of the Bader charge is misleading, and that while the electrons of the vacancy are partially
delocalized over the Ru atom via covalent bonding, the formal configuration of Ru remains
unchanged, 4d%, compared to the regular surface.

We consider now the case where Ru atom adsorbs on a reduced oxide where the O vacancy
is in deeper layers, not on the surface. On a-TiO,x with a sub-surface vacancy Eags = -2.53 eV is
smaller (in absolute value) than on the stoichiometric surface (-2.99 eV); on t-ZrO> with sub-surface
Vo Eags = -2.65 eV is similar to the stoichiometric case (-2.45 eV), Table 2. The similarity of the
binding energies could suggest a similar bonding mechanism on the two oxides. However, this is
not the case. For a-TiO: there is clear evidence that the two extra electrons associated to the
vacancy are still located on two Ti** atoms (see Figure 5(c), Table 2 and Figure S2 (c)) and are not
transferred to the Ru adatom. The charge on Ru is similar to that of the stoichiometric case. The
sub-surface vacancy is not affected by the presence of Ru, and the bonding is similar to the non-
defective surface. Therefore, on a-TiO2 only when the O vacancy and the Ru atom are in direct
contact a stronger interaction and a partial charge transfer occur.

On ZrO; the presence of a sub-surface vacancy has a completely different effect. The Vo
center in the bulk of ZrO» has a singlet configuration with two electrons trapped in the vacancy,
Figure 3. When a Ru atom is adsorbed on this system, a spin density appears in the cavity due to the
formation of a Vo' center , Figure 5(f), and the number of unpaired electrons on Ru is reduced from
two to one, Table 2. This is consistent with a Ru 4d’ configuration indicating that one electron is
transferred from the vacancy (from Vo to Vo©) to the Ru atom (from 4d® to 4d”). Also in this case
the Bader charge is not able to grasp the essence of this bonding mechanism as only a small

negative charge of -0.19 |e| is found on Ru, due to the hybridization of the Ru 4d and O 2p orbitals.
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However, the occurrence of an electron transfer is clear from the pDOS, Figure S2(f), and the spin
density plots, Figure 5(f). The fact that this phenomenon occurs on ZrO> and not on TiO> is related
to the different position of the defect states in the gap of the two oxides, Figure 3.

Ru adsorption on a reduced oxide with sub-surface or bulk vacancies shows also another
interesting phenomenon. On reduced ZrO», in particular when the O vacancy is sub-surface (Vo3,
see Figure 2), we observe a strong reconstruction. A surface O atom moves towards the sub-surface
vacancy, leaving behind a vacancy in Vol position, in direct contact with Ru. This process is
spontaneous, indicating that migration of O vacancies from bulk or sub-surface towards the surface
can be simply induced by Ru atoms deposition. The process can be favoured by a mild thermal
annealing but, at least for sub-surface vacancies, is non activated. The same trend is found also for
TiO> since Ru adsorption on a surface O vacancy is preferred compared to the case where the
vacancy lies sub-surface, Table 2. However, in this case we have no evidence of a spontaneous
migration of a vacancy from the internal layers to the surface of a-TiO», indicating an activated

Process.
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Figure 6. Left: Ru atom adsorption on a-TiO2x(101); (a) Structures (side and top view); (b)
projected DOS; (c) 3d region. Right: Ru atom adsorption on t-ZrO» (101); (d) Structures (side and
top view); (e) projected DOS; (f) 4d region. The zero of energy corresponds to the Fermi level.

3.3 Ruio adsorption on a-TiO2 and t-ZrO:

The theoretical study of metal clusters on a supporting oxide surface is complicated by the existence
of several minima. A gas-phase 10-atoms cluster has a large number of possible isomers, often
separated by tiny energy differences. The situation can be even more complex on a surface. The
search for the global minimum is not only computationally very intensive and requires specific
methods like molecular dynamics with simulated annealing or the use of genetic algorithms,** but it
is also delicate in terms of outcome, as different computational methods can provide rather different
structures. This is not surprising if we consider the fluxional nature of metal clusters and the easy
interconversion of an isomer into another one. In particular, when there is sufficient thermal energy
at disposal, a cluster on a surface is not a rigid object but rather a kind of liquid nano-droplet that
can continuously change shape and structure. Here we are interested in the chemical and electronic
modifications that are induced by the formation of small aggregates of Ru atoms on the surface of
titania and zirconia. The search for a global minimum is outside the scope of the present work.
Rather, we are interested in understanding the mutual interaction of each oxide with a Ru
nanoparticle. To this end we use a Rujo two-layer cluster as a model of Ru nanoparticles. The
Ruio(7,3) cluster is a hemi-spherical section of a Ruis cluster with cubo-octahedral shape with seven
atoms in the bottom plane and three atoms in the upper plane. This structure is useful to model a
supported cluster since it has a large metal-oxide interface, which favours the adhesion of the

cluster to the support, and a second layer of metal atoms which are exposed to the vacuum region
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and are only indirectly affected by the presence of the oxide support. Starting from this
configuration, the Ruio(7,3) cluster has been optimized both in the gas-phase and on the a-TiO; (101)
and t-ZrO; (101) supports. Several starting points have been considered for the geometry
optimization, so that a partial exploration of the complex potential energy surface has been
performed. Still, we cannot exclude that more stable isomers exist. From this search a number of
structures have been obtained, some of which retain the original (7,3) structure. They will be
discussed first since they allow to separate the electronic effects due to the cluster-surface
interaction from other effects related to the more or less pronounced rearrangement of the atoms in

the cluster (these have been observed only for the anatase TiO; surface).

3.3.1 Rujg on stoichiometric a-TiO: and t-ZrO:

We start considering Ruio on a-TiO». The central Ru atom of the bottom layer has been placed on
top of an Oz or an O3 atom of the surface. The O3, site appears to be more strongly binding (Eus =
-5.99 eV on Os3c compared to Euis = -4.70 eV on Oxc). The reason for the different stability is that
there are only three Ru-Oxc bonds in the first structure, Figure 7(a), and four in the second one.
Since O sites are more reactive, this can provide a general principle for the adhesion of Ru
particles to anatase. For the most stable geometry, the Ru-O and Ru-Ti bond lengths are around 2.1
and 2.7 A, respectively.

The Bader charge of the Rujo cluster is 1.18 |e|, suggesting the occurrence of an electron
transfer from Ruyo to the TiOx surface, which is consistent with previous work.>% As we have seen
above, Bader charges must be taken with some care. Still, to gain further insight, we have
decomposed the charge on the cluster into individual atomic contributions and found that the Ru
atoms bound to surface O atoms have charges of +0.2 |e| or more; the Ru atoms bound to both O
and Ti atoms have charges between +0.05 and +0.26 |e|, while the Ru atoms not in contact with the
TiO; surface or bound only to Ti sites are slightly negative, -0.02 ~ -0.14 |e|. However, no evidence
of the formation of Ti*" ions is found even after artificial distortion of the lattice to favor the
formation of the small polaron around the Ti** center. This clearly indicates that the Ruio cluster is
bound to TiO; mainly via Ru-O covalent bonds and that there is a moderate electron polarization
from Ru to O which without occurrence of a direct charge transfer. Ruio does not induce a reduction
of the oxide surface. We also notice that there are nearly four unpaired electrons on Ruio, two with
spin up and two with spin down, Table 3, indicating an antiferromagnetic ordering that is probably

due to spin contamination effects.
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Table 3. Adsorption energy, Eas, number of unpaired electrons, No—Np, and Bader charge, ¢, of

Ruio adsorbed on stoichiometric and reduced a-TiO> and t-ZrO; (101) surfaces.

Surface Supercell Adsorption  Eqds Nao—Np q (Ruio)
site (eV) Ruio MO, le]
a-TiO2 Stoichiometric TisoO120/Ruio(7,3) Osc -5.99 +1.9,-1.9 -0.1 +1.18
Stoichiometric  TisoO120/Rui0(6,4) - -6.94 2.8 0.3 +1.28
Reduced Tis0O119/Ruio Vol -8.20 +2.5,-0.9 0.2 +0.50
Reduced Tis0O119/Ruio Vo4 -5.95 1.5,-1.5 1.3 +1.02
t-ZrO2 Stoichiometric ~ ZroO120/Ruio Osc -8.49 +1.9,-0.1 0.0 +0.28
Reduced Zr600119/Ruio Vol -10.73 +0.5,-0.5 0.0 -0.49
Reduced Zr600119/Ruio Vo4 -8.40 +1.9,-0.1 0.0 +0.26

A similar procedure has been followed for Rujo on t-ZrO>. The central Ru atom in the
bottom layer of Rujo has been placed on top of O or on-top of Zr, with the former clearly more
stable. The adsorption energy of Ruio on-top of O, -8.49 eV, is considerably higher than that of the
corresponding isomer on a-TiOz (-5.99 eV), Table 3. Differently from the anatase surface, a major
structural rearrangement occurs on the ZrO; surface upon deposition of Rujo. In fact, the Oz atom
just below the cluster moves down significantly to allow a closer interaction between the cluster and
the surface, Figure 7(c). The final Ru-O and Ru-Zr bond lengths, about 2.0 and 2.8 A, are not very
different from those found on TiO,. The local atomic rearrangement of the zirconia surface leads to
an almost undistorted Ruio cluster, Figure 7(c). In other words, the strain at the metal/oxide surface
is distributed on the oxide more than on the metal. The Bader charge on the entire cluster is 0.28 |e],
and there is no evidence of the formation of Zr*" ions indicating that practically there is no direct
reduction of the oxide surface by deposition of Ruio (even attempts to localize the charge on Zr by

distorting the structure did not result in the formation of Zr**).
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Figure 7. Left: Rujo cluster adsorption on a-TiO2(101); (a) Structures (side and top view); (b)
projected DOS. Right: Rujo cluster adsorption on t-ZrO>(101); (c) Structures (side and top view); (d)

projected DOS. The zero of energy corresponds to the Fermi level.

So far we have considered only structures of the Rujo cluster where the original (7,3) layered
structure is preserved also after adsorption on the surface. However, in some cases the original
structure is completely lost after optimization. This is basically restricted to the a-TiO2 (101) surface
which exhibits a higher level of corrugation compared to the t-ZrO> (101) surface. In particular,
there are three different types of O atoms (with different coordination) on a-TiO2 (101) and the
corrugation due to the surface structure is about 1.6 A. Although the t-ZrO,(101) surface also
displays a zigzag profile, the corrugation is much smaller, 0.8 A, and there is only one type of O site.
The indentation in the anatase surface allows for more metal atoms to be accommodated into this
depression. For instance, by adsorbing the Ruio cluster with a reversed orientation, (3,7) instead of
(7,3), one can fill with Ru atoms the valleys in the anatase surface. When the cluster is reoptimized,
the shape changes completely and does not resemble anymore the initial structure (see Figure 8).
The adsorption energy of this Ruio(6,4) isomer is about 1 eV larger, in absolute value, than the
corresponding case of the Ruio(7,3) isomer, Table 3. This is different on zirconia where the Ru10(3,7)
cluster does not fit with the surface morphology and the resulting energy is higher than the Ru0(7,3)
case discussed above. The nature of the bonding of the more stable Ru0(6,4) isomer on a-TiO; does
not differ substantially from that described above for the less distorted Ruio(7,3) cluster. Also in this
case, in fact, there is no clear evidence of a direct reduction of the oxide support, Table 3. To sum up,
the deformed Ruio cluster only forms on TiO> (101) and not ZrO; (101) surfaces, but the bonding to

the surface resembles that of the less distorted structure.
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Figure 8. Side and top views of TiO2/Rui0(6,4) distorted cluster.

3.3.2 Rujo on reduced a-TiOz.x and t-ZrO:-

We consider now the adsorption of Rujo on the reduced TiO».x and ZrO,.x surfaces. Here the
situation is considerably more complex since the vacancy can be created in various positions. For
every vacancy the structure of Ruio has been re-optimized. We restrict the discussion to some
relevant cases.

We have explored several possible configurations by removing each of the O atoms directly
bound to one of the Ru atoms of the cluster (vacancy at the metal/oxide interface); the central Ru
atom of the bottom layer of Ruio has been placed on top of Oz. and Osc atoms, as for the
stoichiometric surface. Among all of configurations, the most stable ones with the central Ru on O3
and Oxc sites are considered. The adsorption mode with the Os. site at the center (Euas = -8.20 €V,
Table 3 and Figure 9(a)) is preferred with respect to the Oxc case (Euss = -7.20 eV), for the same
reasons discussed for the non-defective surface, Table 3. The adsorption energy increases markedly,
going from about 6 eV on the stoichiometric surface to more than 8 eV on the reduced one, Table 3.
A similar effect has been found for Pt and Au clusters on the same surface.®! The presence of the O
vacancy below the cluster is essential for its stabilization. In fact, if the vacancy is far from the
cluster the resulting Ruio/TiO2x structure is about 1.4 less stable, Table 3. Focusing on the most
stable configuration, the Bader charge of Ruio is +0.5 |e|, i.e. 0.68 |e| smaller than on the regular
surface, Table 3. Since the Ruio structure and adsorption site are very similar, we can conclude that
there is charge redistribution from the O vacancy towards Ruio cluster which contributes to
reinforce the bonding of the cluster to the surface.

When the O vacancy is in the sub-surface, Figure 9(b), the bonding of Ruig to TiO»x is
strongly reduced, Eus = -5.95 eV, and becomes comparable to that of the same cluster on the
stoichiometric surface, Table 3. From an electronic point of view we found that one of the two extra
electrons associated to the vacancy is localized on one Ti atom, while the other becomes delocalized

at the TiO»/Ru interface (see the spin density plot in Figure S3). However, the structure and
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adsorption energy of Ruio adsorbed on stoichiometric TiO2 or on reduced TiO»-x with a vacancy in
sub-surface regions (Vo4) are similar, suggesting that only when the defect centers migrate towards
the surface they can have a direct effect on the interaction between Ruio and TiO».

The next case to consider is that of Ruig on ZrO,.«, Figure 9(c) and (d). Also in this case we
started by creating a surface O vacancy in two positions, under the metal cluster or far from it.
Similarly to TiO-x/Ruio the case where the removed O is away from Ruio is about 0.9 eV less stable.
Also for reduced zirconia the presence of the vacancy below the cluster, Figure 9(c), leads to a net
increase in the adsorption energy which becomes -10.73 eV (it is -8.49 eV on the stoichiometric
surface, Table 3). The Bader charge on Rujo is -0.49 |e|, indicating an electron delocalization from
the ZrO».x surface to the cluster.

When we create an O vacancy in the sub-surface (Vo4), Figure 9(d), the adsorption energy
drops by 2.3 €V, in parallel with the results found for TiO>.x/Ruio, Table 3. Also in this case, in fact,
the cluster structure, Eadssand Bader charge are very similar for ZrO2/Ruio and ZrOz.x/Ruio (sub-
surface vacancy). Another sub-surface vacancy (Vo3) has been considered but this is meta-stable
and tends to migrate to the surface and interact directly with the Rujo cluster once this is adsorbed.

In summary, we found that on both TiO> and ZrO» surfaces the presence of an O vacancy on
the surface results in a stronger adhesion and in a charge transfer from the surface to the cluster
provided that the vacancy is in direct contact with the metal. On the contrary, if the O vacancy is far
from the cluster (in sub-surface layers or on the surface but not in direct contact with the metal
particle) the effect on the adsorption properties is minor and little differences are found between the

stoichiometric and the reduced surfaces.
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Figure 9 — Left: Ruio adsorbed on reduced a-TiO> (101) surface; (a) Side and top views, vacancy
in the surface (Vol); (b) Side and top views, vacancy in sub-surface (Vo4). Right: Rujo adsorbed on
reduced t-ZrO»« (101) surface; (c) Side and top views, vacancy in the surface (Vol); (d) Side and

top views, vacancy in sub-surface (Vo4).

3.4 Oxygen reverse spill-over on TiO2/Ru1o and ZrO2/Ruio
We have mentioned in the introduction that one of the important aspects of the deposition of metal
nanoparticles on the surface of titania and zirconia is that they can help the chemical reduction of
the oxide support. This is relevant for the chemistry of the oxide catalyst in biomass conversion.
Reduction of MOz can occur via at least three different mechanisms. The first one is the already
mentioned direct transfer of electronic charge from the metal particle to the oxide support. This
charge should be localized on specific ions giving rise to the formation of paramagnetic Ti** or Zr**
species. A second possibility is that the metal nanoparticle helps the dissociation of H, the
formation of H atoms that then bind to surface O ions as protons and transfer their valence electron
to the oxide. This is an indirect process that requires the exposure to a specific reducing agent,
hydrogen, and will be analyzed in a forthcoming study. The other chemical mechanism is the
reduction of the oxide support by transfer of oxygen atoms from the oxide to the metal nanoparticle.
This process is also known as oxygen reverse spillover, and removes oxygen from the surface
leaving behind extra electrons that can occupy the empty d states of Ti or Zr ions. To study this
latter process we have considered a model where an O atom directly below the Ruio cluster is
removed from the surface and bound to the cluster surface (various positions have been considered).
Based on the most stable configurations of TiO2.x/Ruio or ZrO2«/Rujo, the O removed from
the surface has been re-adsorbed on top of the (7,3) Ruio structure (top adsorption) or on one of the
lateral faces of the polyhedron (side or bridge adsorption, where side-n indicates the number of Ru
atoms forming a lateral facet), Figure 10. In one case a stable structure was found where the O atom
is incorporated below the Ruig cluster, at the interface with the oxide (interface), Figure 10. In these

models, TiO2-x/Ruio-O or ZrO>.x/Ruio-O, the total number of atoms in the supercell is exactly the
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same for TiO2/Ruio or ZrOz/Ruio stoichiometric surfaces, and the respective total energies can be
directly compared (see Table 4). A positive value of the spillover process, AEgyu, indicates an
endothermic reaction. In this way an information on the thermodynamic stability of the initial
(stoichiometric) and final (reduced) surfaces can be obtained. The barriers involved in the O
displacement have not been investigated. Under experimental conditions the catalysts undergo a
substantial thermal treatment that can provide the thermal energy required to overcome the barriers

involved in the oxygen reverse spillover and reach thermodynamic equilibrium.

Table 4 - Oxygen reverse spillover, AEi, and Bader charges, g, of TiO2/Ruio and ZrO2/Ruio

O ads. site  AEgy (€V) g(Ruio) (e)

Tis0O120/Ruio - 0.00 1.18

TioO119/Rui0-0®  Side-4 0.22 1.56
Side-3 0.33 1.46

Interface 0.27 1.16

Top 0.54 1.28

TisoO119/Ruio-O ® Top 1.84 2.05
Zrs00120/Ruio - 0.00 0.28

Zr60O119/Ruio-O @ Top 0.62 0.39
Side-3 0.92 0.33

Bridge 1.11 0.33

Side-4 1.44 0.37

(a) The O vacancy has been created on the surface layer, below the Ruio cluster

(b) The O vacancy has been created on the surface layer, far from the Ruio cluster

All cases considered exhibit AE,; > 0, Table 4. However, the values are relatively small,
indicating a small cost for the process on the (101) surface. More specifically, on TiO2 adsorption of
O on the one of Ruio(7,3) results in very small cost of the spillover process, AE i = 0.22 eV and
0.33 eV, Figure 10 and Table 4. Adsorption at the interface has also a very small cost, 0.27 eV, while
O adsorption on-top of Ruyo is less favorable, AE,,i = 0.54 eV, Table 4. In general, for anatase the
removal of surface oxygen and its re-adsorption on a Ru nanoparticle is almost thermoneutral.
Notice however that this is true only if the O vacancy is directly below the cluster or, in other words,

if the removed oxygen comes from the metal/oxide interface. In fact, when we compute a case
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where the O vacancy has been created far from the Ruio cluster the entire process is energetically
highly unfavourable and AE,; is 1.84 eV, Table 4. Oxygen spillover will involve those O atoms
that are in direct contact with the metal particle. The results for O spillover on TiO2/Ruio have been
checked by considering also a totally distorted Ruio cluster (results now shown for brevity) but the
conclusions are the same: also in this case AEgn = 0.25 eV indicates an almost thermoneutral
process. In all cases the adsorption of O on Ruio and the simultaneous formation of a Vo center
below the cluster results in a positively charged Ru cluster, Table 4: the oxidizing effect of O
adsorption is stronger than the reducing effect due to the delocalization of the electrons associated
to the vacancy over the metal cluster.

On ZrO; the most stable structure with AE,;; = 0.62 eV corresponds to an O atom adsorbed
on-top of the cluster, Figure 10 and Table 4. The adsorption on the lateral faces of the Ruio(7,3)
cluster is clearly less favourable with AE,,; of the order of 1 eV or more, Table 4. The overall
positive charge of Ruio is much smaller than on TiO,, Table 4. The reason is that here the charge
delocalization from the surface O vacancy to the cluster is more effective than on TiO», see Table 3,

compensating the oxidative effect of the adsorbed O atom.

=Y @)

Side-3 Bridge Side-4

Figure 10 - Side view of the optimal structures of supported Ruio clusters after O reverse spillover.

Top: TiO2x/Ruio-O; bottom: ZrOz.x/Ruio-O. Red: O; blue: Ti; violet: Zr; green: Ru.
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The fact that the calculations consistently indicate a positive value for AE,; should not lead
to the conclusion that this mechanism is not relevant for the reduction of the supporting oxide. In
fact, the calculations discussed so far refer to the flat, regular (101) surfaces of a-TiO> and t-ZrO.
Things could be substantially different on surfaces exhibiting line defects like steps, or high number
of undercoordinated atoms like on the surface of small nanoparticles. Various studies have shown
that O removal from the surface of an oxide occurs preferentially in correspondence of
morphological defects where atoms are low-coordinated. A recent study on O reverse spillover in
the presence of Pt nanoparticles supported on CeO; has shown that while the process is endothermic
on the regular (111) surface of CeO> it becomes thermodynamically favorable on ceria
nanoparticles.®® Our results show that on a-TiO» AEyu is about 0.2 eV, a very small quantity. It is
very likely that on a nanoparticle the same process will become exothermic. Different is the case of
t-ZrO2 where the lowest value of AEgin is about 0.6 eV. Here the role of low-coordination is less

easy to predict and requires further studies.

4. Conclusions
The adsorption properties of single Ru atoms and Ruio clusters adsorbed on stoichiometric and
reduced anatase TiO; and tetragonal ZrO; (101) surfaces have been considered based on a DFT+U
approach. Ru/TiOz and Ru/ZrO> have been proposed as efficient catalysts for biomass conversion in
biofuels, and in particular for the ketonization reaction, a key process in biofuel conversion.
Experimental results indicate that the addition of a metal like Ru on the surface of the two oxides
results in an increased catalytic activity,'* in particular when the catalyst is subject to a pre-
treatment in hydrogen. Metal deposition and reaction with hydrogen are all processes that lead to a
reduction of the metal oxide. It has been suggested that these processes increase the number of
exposed low-coordinated Ti and Zr ions on the surface of the catalyst, and that in particular reduced
Ti** and Zr** ions may be the active sites in the ketonization process.'> An unambiguous proof of
the nature of the active sites is still missing, and this is also a motivation for this theoretical study.
We have investigated the effect of the addition of the Ru metal on the two oxide surfaces and
performed a comparative study where the adsorption and electronic properties of the two systems
are computed on an equal footing. Deposition of Ru isolated atom has been considered, i.e. the limit
of ultra-dispersed supported metals, and a Rujo three-dimensional cluster representative of Ru
nanoparticles. Both stoichiometric and reduced surfaces have been considered, and the main
objective is to verify the possible occurrence of a direct charge transfer from the Ru metal to the

oxide surface, with consequent reduction of the oxide. This mechanism has been demonstrated for
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other systems, like for instance Ag nanoparticles deposited on CeO2.%” The results, however, seem
to rule out this possibility. For ZrO, we have no evidence of the formation of Zr’" ions by
deposition of Ru atoms or clusters. For TiO; the situation is a bit more complex as we have
evidence of the formation of Ti** ions in some specific cases, but the total energy is always higher
than that of the system with no charge transfer. This is consistent with the fact that TiO; is more
reducible than ZrO>. However, the general conclusion is that direct reduction of the TiO, or ZrO»
supports does not occur by simple deposition of the Ru metal.

We have also considered an alternative process, the indirect reduction of the oxide by effect
of an oxygen reverse spillover. In the presence of a metal nanoparticle O atoms diffuse from the
surface of the oxide to the metal, leaving behind an oxygen vacancy with consequent reduction of
the oxide. The thermodynamic cost to displace an O atom from the (101) surface of TiO; and ZrO»
in the presence of a Ru nanoparticle has been estimated: it is very small, about 0.2 eV, on TiO», and
moderate, about 0.6 eV, on ZrO;. This means that on the regular (101) surface the process is
endothermic. However, in general the formation of O vacancies on oxide surface is much lower on
steps, edges, and other defects which are particularly abundant on the surface of oxide
nanoparticles.®*® A reduction of the formation energy of the O vacancy by about 0.5 eV on a low-
coordinated site would result in an exothermic O reverse spillover on TiO; and an almost
thermoneutral process on ZrO». In this respect, the oxygen reverse spillover is a mechanism of
potential interest for the reduction of the oxide surface. Of course, other processes like the exposure
to hydrogen can be more efficient in terms of oxide reduction. Work is in progress in order to

analyze the role of Ru/TiO2 and Ru/ZrO> catalyst in hydrogen splitting and spill over.
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