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Abstract

The charge state of Ag and Au atoms and clusters (Ags and Aus, Ags and Aus) adsorbed on
defective TiO, anatase (101) and tetragonal ZrO, (101) has been systematically investigated as a
function of oxide doping and defectivity using a DFT+U approach. As intrinsic defects, we have
considered the presence of oxygen vacancies. As extrinsic defects, substitutional nitrogen- and
niobium-doping have been investigated, respectively. Both surface and sub-surface defects and
dopants have been considered. Whereas on surfaces with oxygen vacancies or Nb-doping, atoms
and clusters may become negatively charged, N-doping always leads to the formation of positively
charged adsorbates, independently of the supporting material (TiO, or ZrO,). This suggests the
possibility to tune the electronic properties of supported metal clusters by selective doping of the

oxide support, an effect that may result in complete changes of chemical reactivity.
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1. Introduction
Noble metal nano-particles supported on oxides show great potential for catalysis and bio-sensing
and have therefore been studied extensively in the past.***° To exploit this potential for catalytic
applications, detailed knowledge on the catalyst working principle is required and therefore studies
aim to determine the mechanisms of reactions catalyzed by supported nano-particles.’

The complexity of real catalytic systems makes it difficult to identify the underlying
mechanisms on a molecular level. To circumvent this problem, model catalysts can be designed and
investigated. So, the contribution of different aspects, such as (electronic) metal-support

9,10

interaction”®, size effects”'” and the co-adsorption of molecules that do not directly take part in the

112" can be determined. Metal nano-particles can be prepared and deposited on oxides via

reaction
various methods.">'* In some cases, information about the particle size distribution on the support is
obtained after deposition, e.g. via STM." Often, the catalytic activity is directly measured after
deposition.'® There is evidence that sub-nanometer clusters and atoms contribute significantly to the

18,19

catalytic activity of supported Ag and Au clusters'” for CO oxidation'", the water-gas shift

2122 just to mention a few examples. The charge state of these

reaction®’ and propylene oxidation,
nano-catalysts is of fundamental importance to determine their activity.

Titania as support has shown great promoting effects on the catalytic activity of noble metal
clusters.”>** Many theoretical studies are therefore dedicated to these systems, helping to illuminate
the underlying catalytic mechanisms.”**?"*® Under reaction conditions, the active metal
component can undergo large morphological changes, such as sintering, which can effectively
deactivate the catalyst.zg’30 A possibility to reduce the lateral mass transport could be to anchor the
metal particles on the oxide surface via a stronger metal-support interaction. For instance, the
presence of oxygen vacancies on titania surfaces is well known to increase the adsorption energy of
gold atoms and small clusters on the surface.’’

Zirconia, on the other hand, is also an insteresting material for catalysis due to its high
thermal stability and its mechanical chemical properties for applications as a catalyst support for
many reactions.”> The catalytic properties of zirconia supported metals have been studied
experimentally for reactions as the WGS reaction’, steam reformation of methanol for the
production of hydrogen®* and for the synthesis of methanol from CO, and H, with Au, Ag or Cu on
71r0,.%> Moreover, the Au/ZrO, system is of particular interest as a catalyst for CO oxidation.*®’

In general, oxide doping is an important strategy to modify the properties of supported

catalysts and to stimulate the occurrence of a charge transfer at the metal/oxide interface.”® There is

ample evidence that this can lead not only to changes in the electronic properties of supported metal
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particles, but even in their shape.*****'“** This is the case for instance of Au nanoparticles deposited
on Mo-doped CaO films.**” The Mo dopants act as electron donors towards the Au clusters that
from neutral and three-dimensional become negatively charged and bi-dimensional. Less frequent is
the opposite case, i.e. of a charge transfer from the metal particle to the support. However, the
possibility to selectively charge supported nano-clusters represents an interesting way to tune
catalytic properties.

In this computational study, we have investigated in a systematic way the effect of intrinsic
and extrinsic defects of titania anatase (101) and tetragonal zirconia (101) surfaces on their
interaction with small gold and silver clusters. We considered oxygen vacancies (intrinsic defects)
and nitrogen- and niobium-dopants (extrinsic defects) in titania and zirconia.

Titania anatase is widely used in catalysis because of its (photo-) catalytic activity as and its
promoting effects as support for catalytic applications of metal clusters.* The tetragonal phase of
zirconia is stable above 1480 K and has excellent mechanical, thermal, chemical and dielectric
properties and is therefore of special interest for applications in catalysis.44’45 Moreover it is
possible to stabilize the tetragonal phase under 1480 K by doping with impurities like Mg or Y
cations.***’

Nitrogen-doped titania has been the topic of many experimental and theoretical studies,
because of the potential use for environmental photo-catalysis.*® The chemical state of the dopant
largely depends on the dopant position®’ (e.g. interstitial or substitutional) and the oxidation state of
the host.”® Di Valentin et al. found that the presence of a nitrogen-dopant can strongly facilitate
oxygen vacancy formation on titania.”’ Uncompensated, nitrogen doping introduces an empty
acceptor state in the band gap of the hosting oxide (titania and zirconia) (see below). In this study it
is mainly used as a dopant with potential to introduce positive charge on adsorbates.

Niobium-doping on the other hand is used to introduce excess electrons in the material.
Being a pentavalent ion, Nb substituting Zr or Ti constitutes an electron donor centre. Eben et al.
found that Nb doping in titania is favorable even for a fraction of Y4 Nb:Ti.” The additional electron
introduced by Nb is found to facilitate the adsorption of molecular oxygen on titania,” a key step in
the CO oxidation reaction. As nitrogen-doping, niobium doping can facilitate oxygen vacancy
formation and therefore indirectly affect the cluster adsorption. However, in this study, we will
concentrate on the direct effects of the defects on the metal-support interaction and the charge state
of the metal clusters, which can have essential consequences for agglomeration behavior and
reactivity.

The article is organized as follows. In § 2 we describe the computational approach used. In §
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3.1, we will describe shortly the effect of oxygen vacancies, of N- and of Nb-doping on the
electronic structure of titania and zirconia surfaces. In § 3.2, we will report on the adsorption
properties of atoms and tetramers on stoichiometric and reduced surfaces. Subsequently, we will
discuss the effect of nitrogen doping (§ 3.3) and niobium doping (§ 3.4) on the adsorption of atoms
and tetramers. In § 3.5 we will consider the adsorption of pentamers on the defective oxide surfaces.

In § 4, some conclusion on the findings will be drawn.

2. Computational Details
Periodic, spin polarized density functional theory (DFT) calculations have been performed using the
Vienna Ab Initio Simulation Package (VASP 5.2).* Generalized gradient approximations (GGA)
for the exchange-correlation functional were applied within the Perdew, Burke and Ernzerhof
(PBE) formulation.™

For transition metal oxides such as TiO, and ZrO,, the GGA approach suffers from the self-
interaction error, which significantly affects the electronic structure. To circumvent this error, we

used the GGA+U approach as proposed by Dudarev et al.”

With this approach the multiple
occupation of d orbitals is penalized so that the underestimation of the band gap and electron
delocalization is attenuated. In this work, we set the U-parameter to 3 eV for the 3d levels of Ti and
to 4 eV for the 4d levels of Zr. Also for Nb 4d levels, the U-parameter was set to 4 eV. These
parameters provide a good qualitative description of electronic and geometric structures.”””**’ We
obtain lattice parameters of ag = 3.803 A and ¢y = 9.717 A for titania anatase and the corresponding
experimental values® are ap = 3.796 A and co = 9.444 A. The deviation of the calculated from the
experimental unit cell volume is 3.27%. Setting the U-parameter for the Ti 4d levels to 4 eV
increases the deviation from the experimental values. This is one argument for using a U-parameter
of 3 eV. Another argument is that we aim to calculate the adsorption energies of the metal clusters
on the titania surface. A U value of 2-3 eV for the Ti 3d levels has been proposed by Hu et al. to
calculate reaction energies on titania.%! For zirconia, lattice parameters obtained are ay = 3.664 A
and ¢y = 5.228 A. The parameters are in very good agreement with the experimental values®,
showing a deviation of the experimental unit cell volume of less than 1%.

The GGA approach in combination with the PBE exchange-correlation functional does not
include dispersion forces. However, these forces may be important for the description of the cluster-

support interaction.*>**

Therefore, we used the semi-empirical dispersion correction as proposed by
Grimme known as the DFT-D2 approach.®’ It is generally assumed that the DFT-D2 method

produces an overestimate of the dispersion interactions. For this reason we changed the parameters
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Cs and R of the DFT-D2 approach, as suggested by Tosoni and Sauer.®® We denote this method as
DFT-D2' (see also ref. 64). We used this last approach for all the calculations discussed in the
following. Considering the bulk lattice parameters, we used those obtained by DFT without vdW-
correction. This is justified by the fact that the unit cell volumes of the bulk materials change by
much less than 1% (for titania and zirconia, respectively) when the DFT-D2’ method is applied with
respect to the volume obtained with DFT without dispersion correction.

To describe electron-ion interactions, the projector augmented wave (PAW) method was
used.®’ O(2s, 2p), Ti(3s, 4s, 3p, 3d), Zr(4s, 5s, 4p, 4d), Ag(4d, 5s) and Ag(5d, 6s) are described as
valence electrons and were consequently treated explicitly. For electronic relaxations, we used the
blocked Davidson iteration scheme. ®® In geometric structure optimizations, all ions were allowed to
relax until ionic forces are smaller than |0.01] eV/A. Calculation of the bulk structures were done
using a kinetic energy cut-off of 900 eV for TiO, and 600 eV for ZrO,. A I'-centred K-point grid in
the Monkhorst-Pack scheme® was used which was set to (8x8x4) for TiO, and (8x8x8) for ZrO,.

To investigate the (101) surface, which is the most stable surface for both materials, we
designed slabs with 5 layers of MO, (M=Ti or Zr). The slabs were separated by more than 12 A and
all ions were allowed to relax during structure optimizations. We chose a (3x1) surface unit cell for
TiO; and a (2x2) surface unit cell for ZrO,. For all subsequent structure optimizations, I"-point
calculations were performed and wave functions were expanded in the plane wave basis up to a
kinetic energy of 400 eV. To calculate the projected density of states (PDOS), K-Points were
adjusted to (3x3x1). This finer grid was also used to estimate for atomic charges, as described
below.

Adsorption energies were calculated as defined in equation (1), where X = Ag, Au and n=1,

4,5 and M = Ti, Zr. All components refer to structure optimized systems.
Exps (Xo/MO2) = E(X/MO>) - E(X:) - E(MO») (D

Our unit cells contain 60 Ti or Zr atoms and 120 O atoms, respectively. In the case of
titania, we have three different types of oxygen atoms at the surface. All together, the total number
of 2-fold coordinated oxygen atoms at the surface is 6 in the (3x1) surface unit cell. Furthermore,
there are 12 3-fold coordinated oxygen atoms. Removing one oxygen atom, the concentration of
oxygen vacancies is therefore 1/6 or 1/18, depending on the definition. Zirconia shows 8§ 2-fold

coordinated atoms and 8 more O atoms with higher coordination number. For zirconia, the surface
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concentration of O vacancies is therefore 1/8 or 1/16. So we have a similar concentration of oxygen
vacancies. Nitrogen doping was introduced by substitution of one oxygen; niobium doping by
substitution of one Ti (or Zr) atoms. In Fig. 1 we show the positions where the defects or dopants
are located. Two different positions of the defects, namely at the surface or at the sub-surface, were
considered.

Atomic charges have been estimated with the Bader decomposition scheme.”’ Effective
Bader charges are defined as Q. = Zyvar — q , where Zyay is the number of valence electrons and q

is the Bader charge as given by the Bader analysis.

(a) (b)

‘sVO’N

e
Nb GA
\ \ 2]

Fig. 1: Positions of defects in (a) titania and (b) zirconia as investigated in this study. For each

defect, both surface and sub-surface defects were investigated, respectively. Vo = O vacancy; N =

Nitrogen replacing O; Nb = Niobium replacing Ti or Zr.

3. Results and discussion
3.1 Defective titania and zirconia surfaces
Before the adsorption of metal clusters on defective titania and zirconia surfaces will be addressed,
a brief summary the effect of the defects on the electronic structure of the systems is given. With
the DFT+U approach used we obtain a band gap of 2.6 eV for titania and 4.0 eV for zirconia,
smaller than the experimental ones, 3.2 and around 5 eV, respectively.’"”* The different position of
the conduction band minimum (CBM) has essential consequences for the chemistry of the two
surfaces. Since the CBM is lower for titania, electrons can be accepted more easily than for
zirconia.

The electronic density of states (DOS) of stoichiometric and defective titania and zirconia
are shown in Fig. 2. In titania, oxygen vacancies lead to two occupied Ti 3d states in the band gap,
Fig. 2 (d). "7* The resulting electronic configuration is a triplet. In zirconia, the electrons are singlet

coupled and the corresponding state is localized in the vacancy (Vo), Fig. 2 (j).”” When the vacancy
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is on the surface, the defect states can be found a few tenths of an eV below the CBM.

N-doping creates a N 2p empty state in the band gap which in titania does not change much
as a function of the location of the dopant (surface or sub-surface). In the case of zirconia, however,
the position of the defect state in the band gap changes significantly with the location of N: if N is at
the surface, the defect state can be found at around 1 eV above the valence band. When N is sub-
surface, the defect state lies only around 0.3 eV above the valence band. The difference in the
electronic structure reflects also the difference in stability of the two dopant positions. The surface

N-dopant is significantly more stable than the sub-surface one.
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Fig. 2: Projected DOS of (a-f) titania and (g-1) zirconia. (a) Defect-free titania, (b, €) N-doped
titania with (b) N at the surface and (e) N at the sub-surface, (c,f) Nb-doped titania with (c¢) Nb at
the surface and (f) Nb at the sub-surface and (d) titania with an oxygen vacancy at the surface. (g)
Defect-free zirconia, (h,k) N-doped zirconia with (h) N at the surface and (k) N at the sub-surface,
(i,1) Nb-doped zirconia with (i) Nb at the surface and (1) Nb at the sub-surface and (j) zirconia with

an oxygen vacancy at the surface. The value of 0 eV corresponds to the Fermi level.

3.2 Ag and Au atoms and clusters on dopant-free surfaces

Ag and Au atoms and clusters have been adsorbed on dopant-free surfaces, i.e. stoichiometric and
reduced surfaces of titania and zirconia (101). We will generally discuss first the results for silver
and then for gold.

3.2.1 Ag and Au atoms

Silver and gold atoms were adsorbed at different positions of stoichiometric and reduced titania and
zirconia. We will show only the thermodynamically most stable cases, for brevity. The resulting

adsorption energies, magnetic moments and effective Bader charges are summarized in Table 1.

Table 1: Adsorption energies E,q4 [eV] magnetic moments p [pg] and effective Bader charges Q.gr
[le|]] of Ag and Au atoms deposited on stoichiometric and reduced TiO, and ZrO,.

X Surface  Position (X)  Eags [eV]  [l(X) [us] [1[(MO2) [us]  Qerd(X) [le]]
Ag TiO, 2¢-O-hollow -1.04 0.00 0.70 +0.66
Vo,surf.  On Vo, surf -1.94 0.00 0.68 -0.26
Vo,sub.  2c-O-hollow -1.05 0.00 2.46 +0.66
71O, Zr-O-bridge -0.62 0.19 0.22 +0.01
Vo,surf.  3c-O-hollow -2.83 0.01 0.48 -0.72
Vo,sub. Zr-top -1.13 0.01 0.49 -0.44
Au TiO, Sc-Ti-top -0.61 0.41 0.21 -0.01
Vo,surf.  On Vo, surf -3.07 0.00 0.68 -0.46
Vo,sub. Sc-Ti-top -1.61 0.00 0.79 -0.43
V4{0)} Zr-O-bridge -1.20 0.38 0.20 -0.16
Vo,surf.  3c-O-hollow -4.22 0.06 0.46 -0.89
Vo,sub. Zr-top -2.43 0.00 0.51 -0.57

Let us first consider the Ag atoms, Fig. 3. The Ag atom adsorbed on the stoichiometric

titania surface binds preferentially on a hollow site, Fig. 3 (a) with a relatively large adsorption
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energy of -1.04 eV (~0.4 eV more than Au). There is no magnetic moment (no unpaired electron)
associated to the Ag atom. However, on the substrate the magnetic moment is 0.7 pg. This suggests
that the 5s valence electron of Ag has been transferred to the titania substrate. The effective Bader
charge of +0.66 |e| on the silver atom is consistent with the idea of a charge transfer from Ag to
TiO,. In the projected electronic density of states, Fig. 4 (a), the empty S5s orbital above the Fermi
level and an occupied Ti 3d state can be observed. It can be concluded that a charge transfer occurs

and its direction is from the silver to the titania support.

(a) (b) (c) 2R

Fig. 3: Positions and adsorption energies of Ag atoms on (a) stoichiometric TiO,, (b) on TiO, with
a surface oxygen vacancy (Vo, surf.), (c) on TiO, with a sub-surface oxygen vacancy (Vo, sub.), (d)
on stoichiometric ZrO,, () on ZrO, with a surface oxygen vacancy (Vo, surf.) and (f) on ZrO, with

a sub-surface oxygen vacancy (Vo, sub.).

The spin density (not shown) shows that the transferred electron is delocalized over the first
two layers of Ti atoms, probably a consequence of the use of a small U value in the DFT+U
approach. When Ag is positioned on top of a Ti ion, no charge is transferred and the adsorption
energy is only around -0.4 eV. However, this is not the global minimum, and therefore it is not
relevant for the discussion. We can assume that the higher coordination by oxygen atoms at the 2c-

hollow position stabilizes the Ag” ion and therefore the charge transfer is facilitated.

Considering the adsorption of the Ag atoms on top of a surface oxygen vacancy, we see that

the adsorption energy is enhanced by 0.9 eV, Table 1 and Fig. 3 (b). Again, there is no magnetic

10
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moment on Ag while a value of (MO,) close to 1 is found on titania, Table 1. This time, however,
the effective Bader charge on Ag is negative and the 5s state of Ag is below the Fermi level, Fig. 4
(b). This indicates that the charge transfer is reversed: An Ag” ion is formed on the surface.

If Ag is deposited above a sub-surface oxygen vacancy, Fig. 3 (c), the obtained parameters are very
similar to the case of Ag on the stoichiometric surface, including the charge transfer from Ag to
TiO,. The calculations suggest that a reduction of the Ag” adsorbate to Ag™ is only possible if a
direct contact between Ti’" ions and the Ag atom can be realised. So, in the case of the sub-surface
vacancy, the titania substrate hosts three unpaired electrons per supercell, two from the vacancy and

one from the Ag atom which are delocalized over the first two Ti layers.

.
Ny

G

projected DOS (arb. units)

g "l
Agx10 &
3 -2 -1 0 1 3 2 -1 0 1 3210 1
E-EF [eV] E-Ef [eV] E-Ef [eV]

Fig. 4: Projected DOS of Ag atoms on (a) stoichiometric TiO,, (b) on TiO, with a surface oxygen
vacancy (Vo, surf), (c) on TiO, with a sub-surface oxygen vacancy (Vo, sub.), (d) on
stoichiometric ZrO,, (e) on ZrO, with a surface oxygen vacancy (Vo, surf.) and (f) on ZrO, with a

sub-surface oxygen vacancy (Vo, sub.).

Let us now consider the Ag atoms on zirconia. On the stoichiometric surface, the Ag atom
adsorbs on a Zr-O-bridge site, Fig. 4 (d) with an adsorption energy of -0.62 eV, which is smaller in
modulus compared to Ag on stoichiometric titania (-1.04 eV). Considering the DOS, Fig. 4 (d), it
can be observed that Ag 5s orbital is half filled indicating an atomic-like configuration, 5s'.
However, a strong orbital mixing with the surface oxygen atoms leads to a delocalization of the

magnetic moment also on the substrate.

11
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As soon as Ag is in direct contact with a surface oxygen vacancy, Fig. 3 (e), the adsorption
energy is strongly enhanced, even more than in the case of titania. The charge transfer from the
zirconia oxygen vacancy to the Ag atom is confirmed considering the DOS, Fig. 4 (e). In the
presence of a sub-surface zirconia oxygen vacancy, Fig. 3 (f), we observe the same bonding
mechanism as for Ag on the surface vacancy. This trend is different from that of found for Ag on
titania where the charge transfer occurs only when the vacancy is on the surface. So, whereas on
titania Ag does not directly interact with the sub-surface vacancy, on zirconia we detect a charge
transfer from the support to the Ag atom. This may be a consequence of the fact that the occupied
defect states lye at around 3.2 eV above the valence band maximum (VBM) in zirconia, but only at
around 1.8 eV above the VBM for titania. The difference of the positions of the defect states
reflects the higher reducibility of titania compared to zirconia.

We now consider Au adsorption, Fig. 5, starting also in this case with the titania surface. On
stoichiometric TiO,, Fig. 5(a), Au adsorbs on a 5c-Ti atom with an adsorption energy of -0.61 eV.
The metal atom stays neutral and the bonding is due to polarization effects, orbital mixing with Ti
and O states and vdW-forces.

On the surface vacancy, Fig. 5 (b) the adsorption energy of Au on titania is enhanced by a
factor of five with respect to Au on the stoichiometric surface. The strong bonding is characterized
by a charge transfer from Ti’™ ions to Au forming Ti*" and Au™ species. A low lying completely
filled Au 6s orbital can be observed in the projected DOS, Fig. 6 (b). When Au is adsorbed on
titania with a sub-surface vacancy, Fig. 5(c), charge transfer in the same direction as for the surface
oxygen vacancy can be observed, at variance with Ag. However, the adsorption energy is smaller

than for the case where the vacancy is on the surface, Table 1.

12
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Fig. 5: Positions and adsorption energies of Au atoms on (a) stoichiometric TiO,, (b) on TiO, with
a surface oxygen vacancy (Vo, surf.), (c) on TiO, with a sub-surface oxygen vacancy (Vo, sub.), (d)
on stoichiometric ZrO,, (¢) on ZrO, with a surface oxygen vacancy (Vo, surf.) and (f) on ZrO, with

a sub-surface oxygen vacancy (Vo, sub.).

The enhancement of the adsorption energy in the presence of vacancies will have an
important impact on the nucleation and aggregation behaviour of Au on titania.”® Whereas on the
stoichiometric surface, the weak bonding of Au may be accompanied by diffusion of Au atoms and
sintering to form larger aggregates, on surface vacancies, Au binds very strong on the vacancy, so
that further diffusion on the surface may be inhibited.

Considering Au on zirconia, we can observe essentially the same trend as Au on titania. In
general, the adsorption energies of the atoms on zirconia are larger in modulus than on titania, Table
1. The only exception is found for Ag on the stoichiometric surfaces since on titania a net charge
transfer bonding occurs, which is not found on zirconia, and which contributes to form a stronger

bond.

13
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Fig. 6: Projected DOS of Au atoms on (a) stoichiometric TiO,, (b) on TiO, with a surface oxygen
vacancy (Vo, surf), (c) on TiO, with a sub-surface oxygen vacancy (Vo, sub.), (d) on
stoichiometric ZrO,, (e) on ZrO, with a surface oxygen vacancy (Vo, surf.) and (f) on ZrO, with a

sub-surface oxygen vacancy (Vo, sub.).

To summarize, we have seen that the presence of oxygen vacancies on titania and zirconia
can lead to negatively charged Ag and Au atoms on the surface, which may constitute reactive
centres for various reactions. At finite temperatures, it is however expected that metal clusters form
by aggregation of individual atoms. For this reason we have investigated Ags and Auy clusters. In
contrast to the atoms, the tetramers are closed shell systems which may exhibit quite different

interactions with the surfaces.

3.2.2 Ag4 and Auy clusters
A significant contribution to the different adsorption properties of atoms or clusters comes from the
different ionization potentials (IPs) and electron affinities (EAs). In Table 2, we have summarized

the IPs and EAs of the different adsorbates taken from the literature.

14
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Table 2: Ionization potentials and electron affinities [eV] of Ag and Au atoms, tetramers and

pentamers.

Ag Au Agy Auy Ags Aus
IP [eV] 7.57® 9.22® 5.83® 7.32® 5.52® 6.84®
EA [eV] 1.30® 2.31® 1.63® 2.56® 2.12®@ 3.06®

@ Taken from ref.”’, ® taken from ref.”®

Considering Table 2, we see that the IP values are larger for the atoms than for the clusters.
Not surprisingly, IPs as well as EAs are generally higher for gold than for silver. Whereas IPs
decrease with increasing cluster size, the EAs increase with increasing cluster size. Based on this
information, it may be expected that the atoms show a stronger tendency to remain neutral than the
clusters. In the following, we will see if this is actually the case. In this section, we will discuss the
adsorption of Ag and Au tetramers on dopant-free surfaces, Table 3. Later, in § 3.5, we will also
shortly discuss the adsorption of the pentamers.

In general, the adsorption energies of the tetramers are larger in modulus than for the
corresponding atoms. This is not obvious considering that we compare open and closed shell
systems. The adsorption energy of Au atom on the surface vacancy of titania (3.07 eV) is for
instance only slightly smaller than that of Aus (3.45 eV).

Let us first consider Ags on titania. The silver tetramer keeps the structure of a rhombus,
lying more or less flat on the surface, Fig. 7 (a). Coordination of the silver atoms occurs mainly
with the surface oxygen atoms. On the stoichiometric surface, Ags remains neutral and is bound
with an adsorption energy of around -2.0 eV, Table 3. The cluster remains closed shell, see the DOS
in Fig. 8 (a). Only a slight orbital mixing with the surface oxygen and titanium atoms can be

detected.

Table 3: Adsorption energies E,qs [eV], magnetic moments p [pgs] and effective Bader
charges Qs [|e[] of Ags and Auy clusters deposited on stoichiometric and reduced TiO;

and ZrO, surfaces.

X4 Surface Eags [eV] [H(MO2) [ps]  Qe(X4) [lef]

Ag TiO, -2.02 0.00 +0.36
Vo,surf. -2.91 0.00 +0.45
Vo,sub. -2.08 1.71 +0.34

15



Physical Chemistry Chemical Physics

7r0, 2.17 0.00 0.00
Vo,surf. 4.30 0.00 -0.95

Vo,sub. 2.24 0.00 -0.02

A TiO, 2.19 0.00 +0.03
Vo,surf. -3.45 0.00 -0.82

Vo,sub. 241 1.61 +0.01

710, 3.51 0.00 0.32

Vo,surf. -6.18 0.00 122

Vo,sub. 3.52 0.00 -0.35

When Agy is deposited on titania with a surface vacancy, Fig. 7 (b), the geometric structure
changes with respect to the cluster on the stoichiometric surface. Whereas on the stoichiometric
surface, the cluster has a rhombic shape, it assumes a Y-shape when deposited on the surface
vacancy with two Ag atoms inside the oxygen vacancy.

When the Ag tetramer is deposited on the sub-surface vacancy, Fig. 7 (c), its structure
remains like that of the Ag cluster on the stoichiometric surface. In any of these three cases, a
charge transfer can be observed, see DOS in Fig 8 (a-c). For Ags on the surface vacancy, mixing of
the Ag and Ti 3d orbitals can be observed and as a consequence of the Ag-Ti interaction, the Ti
states assume a singlet. The lowest triplet is 0.1 eV higher in energy. For the Ag tetramer on the
sub-surface vacancy, the Ti 3d state retains the triplet state, as in the case of the oxygen vacancy

without additional adsorbates. In summary, the Ag tetramers remain neutral upon adsorption on

stoichiometric and reduced titania.
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(a) O vo,surf (c) 2R

Fig. 7: Structures and adsorption energies of Ags clusters on (a) stoichiometric TiO,, (b) on TiO,
with a surface oxygen vacancy (Vo, surf.), (c) on TiO, with a sub-surface oxygen vacancy (Vo,
sub.), (d) on stoichiometric ZrO,, (¢) on ZrO, with a surface oxygen vacancy (Vo, surf.), which is
located behind the uppermost middle oxygen atom, and (f) on ZrO, with a sub-surface oxygen

vacancy (Vo, sub.).

On stoichiometric ZrO,, Ags assumes a Y-shaped structure, Fig. 7 (d). The cluster remains
neutral and closed shell, Fig. 8 (d) and is bound by -2.17 eV, Table 3.

On zirconia with a surface oxygen vacancy, Fig. 7 (e), the cluster geometry changes with
respect to that on the stoichiometric surface. Upon deposition on the surface oxygen vacancy, the
cluster assumes a rhombic structure. The adsorption energy becomes -4.30 eV, which is much
larger in modulus than for the Ag cluster on the stoichiometric surface (-2.17 eV). On the contrary
no effect is observed for a sub-surface vacancy where the bonding, -2.24 ¢V, is similar as on the
stoichiometric surface, Table 3. Also the structure, Fig. 7 (f) is similar to that of the stoichiometric
surface.

The larger bonding of Ags on the surface vacancy is due to the strong mixing of the Agy

with the Vo(ZrO,) states. On the sub-surface vacancy, instead, less mixing between the states is
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found and the binding energy is close to that found on the stoichiometric case, Table 3. The DOS
curves, Fig. 8 (d-f), show the absence of electron transfer. This is consistent with the zero magnetic
moment of the clusters in all cases. Also the magnetic moment on the substrates is always 0.00 g,

except for the subsurface vacancies in titania, Table 3.

»

projected DOS (arb. units)
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Fig. 8: Projected DOS of Ag, clusters on (a) stoichiometric TiO,, (b) on TiO, with a surface oxygen
vacancy (Vo, surf), (c) on TiO, with a sub-surface oxygen vacancy (Vo, sub.), (d) on
stoichiometric ZrO,, (e) on ZrO, with a surface oxygen vacancy (Vo, surf.) and (f) on ZrO, with a

sub-surface oxygen vacancy (Vo, sub.).

Considering gold on titania, Fig. 9 (a-c), the tetramers take less flat configurations on titania
than the silver tetramers. Gold takes a Y-shape configuration in which one Au atom is pointing
towards the vacuum, Fig. 9 (a-c). The adsorption energy of the gold tetramer on the defect-free
titania anatase ( -2.02 eV) is larger in modulus than the adsorption energy found by Plata et al. (-
1.10 eV).” This difference is most likely due to the slightly different model and the different
treatment of vdW-forces. Whereas we applied the DFT-D2’ approach, no vdW-correction was
applied in the referred study.

The structure of the Au tetramer does not change significantly going from the stoichiometric
surface (Fig. 9 (a)) to the surface vacancy (Fig. 9 (b)) to the sub-surface vacancy (Fig. 9 (c)). As for
the Ags, also for Aus the bonding is stronger on the reduced titania surfaces than on the

stoichiometric surface, in particular if the O vacancy is on the surface. From the DOS curves, Fig.
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10 (b) a coupling of the gold states with the Ti 3d vacancy states is observed, for the surface oxygen
vacancy. The ground state is non magnetic, with the lowest triplet solution 0.1 eV higher in energy,
as for the Ag tetramer. Considering the DOS of the sub-surface vacancy, Fig. 10 (c), we can see
clearly the two Ti 3d states assuming a triplet. So, as for Ags, which is not affected by the presence

of a sub-surface oxygen vacancy, also Auy is not affected.

\i

\ﬁsjﬁ%¥ eV %075 =96'13 M\%dg: 5

( \Vo,

Fig. 9: Structures and adsorption energies of Auy clusters on (a) stoichiometric TiO,, (b) on TiO,
with a surface oxygen vacancy (Vo, surf.), (c) on TiO, with a sub-surface oxygen vacancy (Vo,
sub.), (d) on stoichiometric ZrO,, (e) on ZrO, with a surface oxygen vacancy (Vo, surf.) and (f) on

ZrO, with a sub-surface oxygen vacancy (Vo, sub.).

The optimized structures for Aus on stoichiometric and defective zirconia are shown in Fig.
9 (d-f). Similar to Agy, the adsorption energy is enhanced in the presence of oxygen vacancies. The
binding energy goes from -3.51 eV in the stoichiometric surface to -6.18 eV on the surface vacancy,
Table 3. Also in this case the presence of a sub-surface vacancy has no influence, and the

adsorption energy (-3.52 eV) remains similar to that of the stoichiometric case. On the surface
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vacancy the preferred configuration is a rhombus, Fig. 9 (e), while on the sub-surface vacancy the
structure maintains the Y-shape, Fig. 9 (f). The interaction between Auy and ZrO, is similar to that
of Agy with ZrO,. There is an important mixing of the Au and O ions states in both stoichiometric

and defective surfaces, Fig. 10 (d-f), but no charge transfer can be observed.

projected DOS (arb. units)

E-EF [eV] E-EF [eV] E-EF [eV]
Fig. 10: Projected DOS of Au4 clusters on (a) stoichiometric TiO,, (b) on TiO, with a surface

oxygen vacancy (Vo, surf.), (c) on TiO, with a sub-surface oxygen vacancy (Vo, sub.), (d) on
stoichiometric ZrO,, (e) on ZrO, with a surface oxygen vacancy (Vo, surf.) and (f) on ZrO, with a

sub-surface oxygen vacancy (Vo, sub.).

3.3 N-doped a-TiO; and t-ZrQO; surfaces

Nitrogen-doping is an effective method to tune the electronic properties of oxides. We can
distinguish at least two ways to introduce a nitrogen dopant in the oxide. If N is substitutional to O,
a new singly occupied 2p state appears just above the top of the valence band.*® The low lying
empty 2p component can act as an electron acceptor from higher lying occupied states of
adsorbates. If N is interstitial, N-O species form but the electronic structure is similar to that of the
substitutional case.®' Here we concentrate on substitutional N-doping and on the effect it has on the

adsorption of Ag and Au atoms and tetramers.
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3.3.1 Ag and Au atoms
Silver and gold atoms have been adsorbed on N-doped titania and zirconia, whereby two different
positions of the nitrogen dopant have been considered. The N atoms were positioned at the same

two places as the oxygen vacancies, i.e. at the surface and at the sub-surface, Fig. 1.

Table 4: Adsorption energies E,y [eV] and effective Bader
charges Q. [|e|]] of Ag and Au atoms deposited on N-doped
MO, (M=Ti, Zr).

X MO, Dopant, position  E,gs [eV] Qer(X) [lel]

Ag TiO, N, surf. -3.35 +0.60
N, sub. -2.89 +0.67

ZrO, N, surf. -2.67 +0.27

N, sub. -2.97 +0.51

Au TiO, N, surf. -3.01 +0.32
N, sub. -2.14 +0.45

ZrO, N, surf. -3.14 +0.14

N, sub. -2.77 +0.29

In Fig. 11, the adsorption positions of Ag and Au atoms on N-doped titania and zirconia are shown.
If the N atom is at the surface position, the Ag and Au atoms stay in close contact to it, Fig. 11 (a, c,
e, g). On N-doped titania, atoms prefer a hollow site, as the Ag' ion on stoichiometric titania, Fig. 3
(a). The only exception of this trend is Au on the surface N-dopant. Here, Au is positioned directly
above the N atom, Fig 11 (c).

This position directly above the N-dopant can be observed also for Ag and Au on zirconia
when the dopant is on the surface, Fig. 11 (e, g). For the sub-surface N-dopant, the adsorbates are
preferentially coordinated by oxygen, Fig. 11 (f, h), as it is also the case for titania.

In general, the adsorption energies of Ag and Au atoms are higher in modulus for N-doped
MO, than for the stoichiometric and reduced oxides (compare Tables 1 and 4). In no case, a net
magnetic moment was found, neither on the noble metal atoms nor on the substrates. The magnetic
moment on the tetramers and also on the supports are always 0.00 pg. Another observation is that
all Bader charges on Ag and Au are positive, Table 4, in contrast to the variety of charge states

observed for the non-doped surfaces, Table 1. These features strongly suggest that a charge transfer
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from the adsorbates to the low-lying N 2p state occurs.

Fig. 11: Positions and adsorption energies of Ag (a,b,e,f) and Au atoms (c,d,g,h) on N-doped titania
(a-d) and zirconia (e-h): (a,c,e,g) N at the surface, (b,d,f,h) N at the sub-surface.

The analysis of the DOS curves, Fig. 12, reinforce the conclusions. In each case, the silver
S5s state and the gold 6s state are located above the Fermi level, whereas no unoccupied nitrogen
state is present in the band gap. The charge transfer from the adsorbates to the nitrogen dopant is
confirmed. So, N-doping in both titania and zirconia is able to ionize Ag and Au atoms forming Ag"

+ .
and Au’ ions.
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Fig. 12: Ag (a,b,e,f) and Au atoms (c,d,g,h) on N-doped titania (a-d) and zirconia (e-h): (a,c,e,g) N
at the surface, (b,d,f,h) N at the sub-surface. Note that in (g), the Nitrogen-projected DOS coincide
with the Au-projected DOS.

The acceptor state created by N doping on zirconia is found to be lower in the gap when N is in a
sub-surface position, Fig. 2 (k). The gain in energy when one electron fills such state should
therefore be larger when the Au and Ag atoms are deposited on the oxide in the presence of sub-
surface N-dopants. This behaviour is indeed found for Ag on N-doped zirconia, Table 4. For Au,
however, the opposite trend is observed. A higher binding energy is obtained when the atom is

adsorbed on N-doped zirconia with the dopant in sub-surface position, Table 4.

3.3.2 Ag,s and Auy clusters
Ags and Auy clusters were adsorbed on N-doped titania and zirconia, and the resulting adsorption

properties are summarized in Table 5.

Table 5: Adsorption energies Enq4s [eV], magnetic moments p [ug] and effective Bader charges Q.

[lel] of Ags and Auy clusters deposited on N-doped MO, (M=Ti, Zr).

X MO, Dopant, position  Eags [eV]  [1l(X) [u] ~ [1I(MO2) [uB]  Qer(X) [le[]

Agy TiO; N, surf. -3.82 0.33 0.16 +0.76
N, sub. -3.56 0.35 0.13 +0.78

71O, N, surf. -3.83 0.20 0.16 +0.38

N, sub. -4.33 0.21 0.17 +0.48

Auy TiO, N, surf. -3.54 0.52 0.25 +0.29
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N, sub. -2.65 0.60 0.14 +0.49
V4(0}} N, surf. -4.23 0.34 0.40 -0.19
N, sub. -4.53 0.50 0.24 +0.18

Considering Table 5, it can be observed that the adsorption energies of the clusters are larger
on N-doped substrates compared to the stoichiometric and reduced surfaces, respectively. The
geometric arrangements of the clusters, Fig. 13, resemble those found on the stoichiometric
surfaces, in particular, the thombus for Ags (Fig. 13 (a, b, e, f)) and the Y-shape for Auy (Fig. 13 (c,
d, g, h)).

We observe a non-zero magnetic moment on the clusters, Table 5, which is a first indicator
that a charge transfer has occurred since the tetramers have a closed shell ground state when neutral.
Considering the effective Bader charges, and keeping in mind the discussion of the previous
section, we can conclude that the metal clusters are oxidized by the N-doped substrates.

The magnetic moment on the oxide, which is exactly 1.00 pg for the pristine N-doped
substrates, decreases upon adsorption of the clusters, while a spin density appears on the metal
clusters (0.2-0.6 ug, Table 5). One electron is transferred from the HOMO of the cluster to the N-2p
level, an effect that can also be observed in the DOS plots, Fig. 14 (a-h)

N, surf. N surf.

Il Edgs= -42Bevl ! Ejyd = -4.58 eV

I Eads'= -3i83 ev Edgs = -4.33 e

24

Page 24 of 37



Page 25 of 37

Physical Chemistry Chemical Physics

Fig. 13: Structures and adsorption energies of Agy clusters (a,b,e,f) and Auy clusters (c¢,d,g,h) on N-
doped titania (a-d) and zirconia (e-h): (a,c,e,g) N at the surface, (b,d,f,h) N at the sub-surface.

On N-doped titania, the bond strength of the clusters is larger when the N dopant is on the
surface compared to a sub-surface defect. The direct interaction with the paramagnetic defect results
in a strong covalent bonding.

For zirconia similar considerations can be made. However, this time another effect has also
to be taken into account. As we have seen before in Fig. 2 (h, k), the empty N 2p states in zirconia
have quite different energies when N is at the surface or at the sub-surface. This affects also the
adsorption energy of the Ags and Auy clusters. Filling the N 2p hole of the sub-surface dopant

releases more energy and this results in a stronger bonding.
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Fig. 14: Projected DOS of Ag, clusters (a,b,e,f) and Auy clusters (c,d,g,h) on N-doped titania (a-d)

and zirconia (e-h): (a,c,e,g) N at the surface, (b,d,f,h) N at the sub-surface.

3.4 Nb-doped a-TiO; and t-ZrQO, surfaces

Nb doping in titania and zirconia can be realized by substituting one Ti or Zr atom by a Nb atom,
respectively, or by introducing Nb in interstitial sites. Here we considered only substitutional Nb
doping which has different effects on the electronic structures of titania and zirconia. Since Nb has
5 valence electrons, if it replaces the 4-valent Ti or Zr atoms in the lattice it can act as an n-type
dopant. However, the effect of introducing Nb in the lattice is completely different for the two
oxides. In titania, Nb becomes Nb>" and the excess electron is transferred to the lattice, effectively

reducing one Ti*" ion to Ti’". This means that Nb-doping has a similar effect as creating oxygen
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vacancies.® In zirconia, however, Nb becomes Nb*" and the fifth valence electron remains localized
on a Nb 4d orbital, with no reduction of the oxide. This difference is a direct consequence of the
different position of the CBM in the two systems. In the following section, we will see how Nb-

doping affects the adsorption of Ag and Au atoms and clusters on the two oxides.

3.4.1 Ag and Au atoms

The adsorption positions and energies of Ag and Au atoms adsorbed on Nb-doped titania and
zirconia are shown in Fig. 15. Is Nb positioned at the surface of titania, the atoms prefer to adsorb
directly above the Nb atom, Fig. 15 (a, ¢). Is Nb positioned at the sub-surface, the atoms take the
same positions as on the stoichiometric surface, Fig. 15 (b, d), compare Fig. 3 (a) and 5 (a). Ag and
Au atoms deposited on Nb-doped zirconia also prefer a position directly above the dopant, when
positioned at the surface. For Ag on zirconia with a sub-surface Nb-dopant, an oxygen-hollow
position is preferred. Au, on the other hand, keeps a position at the Zr-O-bridge site.

Interestingly, the adsorption energy and the magnetic moments of Ag adsorbed on titania
with a surface or sub-surface Nb dopant are exactly the same. However, the effective Bader charge
on Ag is negative in the first case and positive in the second case, Table 6. We have seen that when
Ag is directly adsorbed on oxygen vacancies it forms Ag’, while when the vacancy is sub-surface it
behaves as on the stoichiometric surface, i.e. it transfers the valence electron to the support with the
formation of Ag". Given that Nb-doping induces the formation of a Ti*" ion, it is no surprise that we

observe the same trend and charge transfer as for the oxygen vacancies.

Table 6: Adsorption energies Enq4s [eV], magnetic moments p [ug] and effective Bader charges Qs

[le|]] of Ag and Au atoms deposited on Nb-doped MO, (M=Ti, Zr).

X MO, Dopant, position  Eags [eV]  [0l(X) [u] ~ [1I(MO2) [uB]  Qer(X) [le[]

Ag TiO, Nb, surf. -0.95 0.00 0.00 -0.25
Nb, sub. -0.95 0.00 0.00 +0.67

V4(0)) Nb, surf. -0.82 0.18 1.26 +0.12

Nb, sub. -0.53 0.18 1.14 -0.01

Au TiO; Nb, surf. -2.21 0.00 0.00 -0.45
Nb, sub. -1.52 0.00 0.00 -0.42

V4(0)) Nb, surf. -1.17 0.38 1.27 -0.08

Nb, sub. -0.88 0.37 1.26 -0.13

26

Page 26 of 37



Page 27 of 37

Physical Chemistry Chemical Physics

Considering the DOS, Fig. 16 (a), we can see the completely filled Ag Ss state with a slight
mixing between Nb and Ag states. This can be interpreted as the formation of a polar covalent bond
between Ag and Nb lying at the surface. The DOS of Ag on a sub-surface Nb-dopant in titania
show that the charge transfer is reversed, Fig. 16 (b). The 5s Ag state is above the Fermi level, and
two occupied Ti’" 3d" states are present.

On zirconia, the situation for Ag atoms is different. Here, no charge transfer occurs. The
excess electron remains localized on the Nb and the Ag atoms remain atomic-like. Also the
adsorption energy is similar to that of Ag on the stoichiometric surface (-0.62 eV). When Nb is at
the surface, the adsorption energy is slightly enhanced, due to the orbital mixing between Ag and
Nb, Fig. 16 (e). When Nb is sub-surface there is neither direct interaction nor charge transfer and
the bonding is similar as on the pristine zirconia surface.

Au on Nb-doped titania behaves very similar as Au on titania with oxygen vacancies. In
both cases, surface and sub-surface Nb-dopant, Au becomes negatively charged, as it can be seen
from the magnetic moments, the Bader charges, Table 6, and the DOS, Fig. 16 (c, d). On Nb-doped
zirconia, we find the same features as for Ag on zirconia. The adsorbate remains atomic-like and the
excess electron is located at the Nb-dopant. The interaction of the Ag and Au atoms with the defect
at the surface results in enhanced adsorption energies compared to the sub-surface Nb-dopant. The

direct interaction between adsorbate and dopant at the surface enables strong hybridisation of Nb

and Ag or Au states, respectively.

Fig. 15: Positions and adsorption energies of Ag atoms (a,b,e,f) and Au atoms (c,d,g,h) on Nb-
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doped titania (a-d) and zirconia (e-h): (a,c,e,g) Nb at the surface, (b,d,f,h) Nb at the sub-surface.
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Fig. 16: Projected DOS of Ag atoms (a,b,e,f) and Au atoms (c,d,g,h) on Nb-doped titania (a-d) and

zirconia (e-h): (a,c,e,g) Nb at the surface, (b,d,f,h) Nb at the sub-surface.
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3.4.2 Ags and Auy clusters

Silver and gold tetramers were deposited on Nb-doped titania and zirconia, Table 7 and Fig. 17. The
structural properties of the Ags and Auy are similar on TiO, and Nb-doped TiO,. The Ag tetramers
assume a rthombic structure and the Au tetramers show a Y-shape, Fig. 17 (a-d). A flat Y-shaped
structure is taken for Ag and Au tetramers on zirconia with Nb at the surface. The Ag tetramer on

the sub-surface Nb-dopant shows a rhombic shape. The Au tetramer shows a Y-shaped geometry.

Considering the adsorption energies, a first interesting observation is that the values are
similar to those of the clusters on the stoichiometric surfaces. Furthermore, in all cases the magnetic

moments on the metal clusters are zero, indicating the absence of charge transfer.

Table 7: Adsorption energies Enq4s [eV], magnetic moments p [ug] and effective Bader charges Q.

[lel]] of Ags and Auy clusters deposited on Nb-doped MO, (M=Ti, Zr).

X MOz Dopant, position  Ewas[eV]  [u/(X) [me]  [W(MO2) [us]  QerdX) [[el]
Agi  TiO, Nb, surf. -2.33 0.00 0.71 0.34
Nb, sub. -2.01 0.00 0.69 0.35
ZrO, Nb, surf. -2.37 0.00 0.97 +0.04
Nb, sub. -1.94 0.00 0.99 0.00
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Auy TiO, Nb, surf. -2.17 0.00 0.00 0.03
Nb, sub. -2.19 0.00 0.68 0.02

ZrO, Nb, surf. -3.34 0.00 0.99 -0.26

Nb, sub. -3.12 0.00 0.97 -0.27

More specifically, the adsorption energy for Ags on Nb-doped titania, -2.33 and -2.01 eV for
surface and sub-surface dopants, are very close to those of Ags on the stoichiometric surface (-2.02
eV). The DOS curves, Fig. 18 (a,b), confirm the absence of charge transfer for Ags on Nb-doped
titania. This is what we found also for the case where the oxide is reduced and oxygen vacancies are

present on the surface.
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Fig. 17: Structures and adsorption energies of Ags clusters (a,b,e,f) and Auy clusters (c,d,g,h) on

Nb-doped titania (a-d) and zirconia (e-h): (a,c,e,g) Nb at the surface, (b,d,f,h) Nb at the sub-surface.

Also for Au tetramers on Nb-doped titania the adsorption energies, -2.37 eV and -1.94 eV,
Table 7, are very similar as for Aus on the stoichiometric surface (-2.19 eV, Table 7). Considering
the DOS plots, Fig. 18 (c, d), the occupied Ti 3d state can be seen, a sign that no charge transfer has

occurred. In fact, the magnetic moments on the clusters are zero, Table 7. To summarize, the
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presence of the Nb dopant has no major effect on the adsorption behaviour of the closed shell Ag
and Au tetramers on titania.

Similar considerations can be made for Ags and Auy clusters on zirconia. Again a slight
enhancement of the adsorption energy can be observed for Ags with respect to the stoichiometric
case (-2.17 eV) when the Nb-dopant is at the surface. Aus on Nb-doped zirconia exhibits slightly
smaller adsorption energies (in modulus) with respect to the stoichiometric case, independent of the
location of the Nb dopant, surface or sub-surface. However, the structure of Aus on Nb-ZrO,
(surface dopant) has changed a bit, Fig. 17 (g). Analyzing the DOS, Fig. 18 (g), we can detect a
significant mixing of the Au and Nb states, which explains the structural changes: one gold atom

approaches Nb and the cluster becomes closer to the surface, Fig. 17 (g).
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Fig. 18: Projected DOS of Ag, clusters (a,b,e,f) and Auy clusters (c,d,g,h) on Nb-doped titania (a-d)
and zirconia (e-h): (a,c,e,g) Nb at the surface, (b,d,f,h) Nb at the sub-surface.

3.5 What about Ags and Aus?

In the previous sections, we have seen that in many cases the Ag and Au atoms show different
adsorption behaviour than the corresponding tetramers. This is partly the consequence of the fact
that the atoms are open shell systems while the tetramers have a singlet closed shell ground state.
This raises the question if the pentamers (with an open shell ground state) show a substantially
different behaviour than the tetramers. We have therefore investigated Ags and Aus on the
stoichiometric and defective titania and zirconia surfaces. Oxygen vacancies, N-doping and Nb-
doping have been considered. The analysis has been restricted to sub-surface defects, since this is
the most general case, Table 8.

On titania the Ag and Au pentamers are quite reactive and tend to transfer one of their
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valence electrons to the support, independently on whether there is a defect or not, as we will see in
more detail later. Also the kind of defect (O-vacancy, N- or Nb-dopant) does not influence the
charge transfer direction. One electron of the pentamer is always transferred to the support with
formation of Ms" on the surfaces, Table 8.

On zirconia, the situation is similar as for the tetramers, which means that no charge transfer
occurs for the stoichiometric surface, for oxygen vacancies and for Nb-dopants. There is only one
exception, for Aus on the sub-surface oxygen vacancy, where charge transfer from the vacancy to
the Au pentamer occurs. This may be a result of the increased EA of the silver pentamers with
respect to the tetramers and atoms. On the contrary, on N-doped zirconia the Ags and Aus clusters

become positively charged, as found for the corresponding tetramers.

Table 8: Adsorption energies Engs [eV], magnetic moments p [pug] and effective Bader charges Qg
[le|]] of Ag and Au pentamers deposited on defective MO, (M=Ti, Zr).

X MO, Dopant, position Eags [eV]  [ulX) [u8]  [WI(MO2) [us]  Qer(X) [lel]

Ags TiO, Defect free 271 0.00 0.84 0.82
Vo, sub. -2.59 0.00 2.90 0.81

N, sub. -4.52 0.00 0.00 0.82

Nb, sub. -2.64 0.00 0.00 0.81

710, Defect free -2.05 0.19 0.19 0.00

Vo, sub. -2.00 0.18 0.21 0.00
N, sub. -4.84 0.00 0.00 +0.49

Nb, sub. -1.61 0.20 1.14 0.02

Aus TiO, Defect free -1.97 0.00 0.83 0.52
Vo, sub. -1.77 0.00 0.81 0.51

N, sub. -3.79 0.00 0.00 0.52

Nb, sub. -1.89 0.00 0.00 0.52

710, Defect free -2.84 0.43 0.19 0.00

Vo, sub. -2.94 0.00 0.51 -0.52
N, sub. -5.01 0.00 0.00 +0.20

Nb, sub. -2.63 0.44 1.15 -0.32
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Fig. 19: Structures of Ag and Au pentamers on titania (a-h) and zirconia (i-p) surfaces exhibiting

different defects. (a) Ags on the stoichiometric TiO, surface, (b) Ags on TiO, with a sub-surface
oxygen vacancy (Vo, sub.), (c) Ags on TiO; with a sub-surface N-dopant (N, sub.), (d) Ags on TiO,
with a sub-surface Nb-dopant (Nb, sub.). (¢) Aus on the stoichiometric TiO, surface, (f) Aus on

TiO, with a sub-surface oxygen vacancy (Vo, sub.), (g) Aus on TiO, with a sub-surface N-dopant
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(N, sub.), (h) Aus on TiO, with a sub-surface Nb-dopant (Nb, sub.). (i) Ags on the stoichiometric
ZrO, surface, (j) Ags on ZrO, with a sub-surface oxygen vacancy (Vo, sub.), (k) Ags on ZrO, with a
sub-surface N-dopant (N, sub.), (I) Ags on ZrO, with a sub-surface Nb-dopant (Nb, sub.). (m) Aus
on the stoichiometric ZrO, surface, (n) Aus on ZrO, with a sub-surface oxygen vacancy (Vo, sub.),
(0) Aus on ZrO, with a sub-surface N-dopant (N, sub.), (p) Aus on ZrO, with a sub-surface Nb-
dopant (Nb, sub.).

The structures for the pentamers on TiO, are shown in Fig. 19 (a-h). In general, the
pentamers assume a trapeze shape in almost all cases, independently on the support (titania and
zirconia). Exceptions are found for the Ag and Au pentamers on N-doped zirconia (sub-surface N-
dopant), Fig. 19 (k, o). Considering the pentamers on titania, another general observation is that the
Ag pentamers lye more flat on the surface than the Au pentamers. On the other hand, no such
difference between Ag and Au pentamers is found for zirconia.

On titania, the presence of the defects does not introduce structural changes with respect to
the stoichiometric cases, neither for the Ag pentamers nor for the Au pentamers. Considering the
magnetic moments in Table 8 and the DOS in Fig. 3 of the Supplementary Information (a-h), it
becomes clear, that this uniform structural trend should be at least partly a consequence of the fact,
that the charge state of the pentamers is the same for all cases on titania: Charge transfer occurs
from the pentamers to the titania surfaces, forming Ags" and Aus’ ions. This can for instance be
seen clearly for the Ag and Au pentamers on the stoichiometric surface, Fig. 3 (a) and (e) of the
Supplementary Information. The presence of occupied Ti 3d states in the band gap and empty Ag
(or Au) s states above the Fermi level indicate the charge transfer. Similar considerations can be
done for the pentamers on the doped surfaces, Fig. 3 of the Supplementary Information (c, d, g, h).
The charge transfer behavior is therewith clearly different from that of the tetramers on titania.

Considering the pentamers on zirconia, Fig. 3 of the Supplementary Information (i-p), we
can observe that on the stoichiometric surface they remain neutral. On N-doped ZrO, there is
always a charge transfer from the pentamers to the doped oxide, Fig. 3 of the Supplementary
Information (k, o), as it is also the case for the tetramers and atoms on N-doped zirconia. On the
contrary, in the presence of a sub-surface oxygen vacancy or a sub-surface Nb-dopant, the Ag and
Au pentamers remain neutral, except for the case of Aus. Here charge transfer occurs from the
vacancy to the pentamer, with formation of a negatively charged cluster. The DOS, Fig. 3 of the
Supplementary Information, are thus completely consistent with the indications coming from the

magnetic moments and the Bader charges, Table 8.
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4. Conclusions

In this study we have investigated the effect of oxygen vacancies, N-doping and Nb-doping on the
adsorption characteristics of single Ag and Au atoms and small clusters. We found that oxygen
vacancies can reduce silver and gold atoms on titania and zirconia, enhancing significantly their
adsorption energy with respect to the stoichiometric surfaces. This effect may be exploited to
reduce sintering and the negatively charged species can be used to attract and bind electrophilic
species, such as O, and CO,. For the tetramers, however, such a charge transfer does not occur.
However the adsorption energy is enhanced, especially for the tetramers directly bond to the surface
vacancies. Here, the bonding is realized via a covalent polar interaction.

Niobium doping has different electronic effects on titania and zirconia. In titania, Nb
substitutional becomes Nb>", and a Ti*" ion is reduced by the excess electron introduced in the
system with formation of Ti*". In zirconia, the excess electron remains localized at Nb. Niobium
doping on the surface results in covalent polar bonds between Ag and Au atoms and Nb. When the
dopant is located at the sub-surface, the chemical interaction between the metal adsorbates and Nb
is minimized, except in the case of Au on titania, where a charge transfer from Nb to Au occurs. For
tetramers, virtually no effect of the Nb-dopant is found neither for either titania or zirconia.

Nitrogen doping induces charges transfer from the Ag and Au adsorbates to the empty N 2p
orbital, so that a N” species is formed. This behavior is found for all Ag and Au adsorbates (atoms,
tetramers, and pentamers) on both oxides. The charge transfer is accompanied by an enhancement
of the adsorption energies compared to the stoichiometric surfaces. Therefore, N-dopants at or
under the surface can act as anchoring points for small Ag and Au clusters. Since the adsorbates
become positively charged (oxidized), this can result in a significant change of their chemical
properties.

The bonding mechanism of Ag and Au pentamers is different on titania compared to
zirconia. Whereas on titania pentamers show a charge transfer to the support, independently on the
presence of the defects, they behave similarly as tetramers on defective zirconia where they remain
neutral. This is related to the different position of the bottom of the conduction band in the two
oxides.

For the atoms, the occurrence of a charge transfer correlates with the trends in ionization
potential and electron affinity. For the tetramers and pentamers, on the contrary, the IP and EA do
not seem to provide a solid descriptor to predict the charge transfer behavior.

The picture emerging from the present systematic study is rather complex. It shows the

potential effect that defects and dopants can have on the electronic and adsorption properties of
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metal clusters deposited on oxide surfaces. The occurrence and the direction of a charge transfer can
be rationalized a posteriori but is not always easy to predict. It depends on the balance of several
factors, and is related not only to the nature of adsorbate and dopant but, for instance, also by their
location in the supporting material. Notice that in our analysis we have considered simplified
models where the dopants are isolated and do not concur to the formation of other compensating
defects (for instance it is known that N doping favors the formation of O vacancies). This shows
that dopants in oxide materials and their effect on the properties of supported particles is a complex
problem. At the same time it offers a wide range of possibilities to modify the chemistry of

supported catalysts.
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