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Abstract

Continuing our investigation of electronic metal-support interactions (EMSIs) in heterogeneous
catalysis, we have investigated the effect of an increasing number of oxygen vacancies at the
Ru-ZrO:> interface of supported Ru/ZrO: catalysts on the CO adsorption properties. Employing
density functional theory based calculations and using a model system consisting of a
ZrOo(111) support and a Ru nanorod, we determined and discuss trends in the O-vacancy
formation energy, in the interaction and charge transfer between support and Ru nanorod, in
the local density of states on the Ru adsorption sites, in the CO adsorption energy and in the C-
O vibrational frequencies as a function of an increasing number of oxygen vacancies at the Ru-
ZrO; interface. Finally, we address consequences for our understanding of the role of EMSIs
in heterogeneous catalysis and implications for the catalytic performance of realistic catalysts

supported on reducible oxides.
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1 Introduction

Metal-support interactions (MSIs), i.e., interactions between a support and an active metal
phase, are well known to often decisively affect the performance of supported metal
nanoparticle (NP) catalysts.!> These include both structural effects, e.g., by partial overgrowth
of the metal nanoparticles by a thin layer of the partly reduced oxide support material, the so-
called classical strong metal-support interaction,'? and electronic effects, induced by charge
transfer between support and active metal NPs (electronic metal-support interactions —
EMSIs).>¢ Separation of these two different fundamental effects, however, is often
cumbersome or even impossible, as in many or even most cases they both occur concurrently.
Furthermore, contributions from these effects may sensitively depend on genuine catalyst
properties such as size and shape of the metal NPs and on the reaction conditions. Considering
electronic metal support interactions, it is furthermore unclear whether these affect the entire
nanoparticle, as commonly indicated in the catalysis literature (‘charge transfer to the metal
nanoparticle’), or whether the charge transfer and the related modifications in the chemical
properties are locally confined, as indicated in more recent theoretical studies.”® For the former
case one would expect a continuous change in the chemical / catalytic properties with increasing
number of O-vacancies, while in the latter case modified and non-modified sites are expected

to coexist.

Recently, we have reported on the influence of O-vacancies on the CO; methanation reaction
at Ru/ZrO; catalysts and could demonstrate that their presence can significantly modify the
catalyst performance in this reaction.” In particular, they affect the selectivity for methane
formation (‘CO2 methanation’) or, alternatively, for the formation of CO via the reverse water
gas shift (RWGS) reaction. This catalyst system is particularly suited for model studies of
metal-support interactions as structural modifications of the catalyst could be excluded under

the conditions used in that study.® Accordingly, the observed changes in reaction performance



are solely caused by changes in the electronic properties of the Ru nanoparticles, due to
electronic metal-support interactions. The changes in the electronic properties of different Ru
sites in the Ru nanoparticle were tested by density functional theory (DFT) based calculations.
Using a Ru nanorod supported on a ZrO»(111) substrate as a model, we could demonstrate that
the presence of an O-vacancy at the interface can lead to a significant modification of the local
charge on the Ru atoms and a corresponding increase in the CO adsorption energy, if the Ru
atom is in close proximity to the O vacancy. This means that mainly interface Ru atoms were

affected.

In that previous study we focused on the changes in the electronic and chemical properties
introduced by a single O-vacancy, without considering that under reaction condition also more
than one O-vacancy may be present, depending on the reductive character of the reaction gas
mixture and a possible pre-treatment of the catalyst. In fact, there is ample of evidence for such
kind of accumulation of O-vacancies underneath the active metal during reaction in reductive
gas mixtures, e,g., during methanol synthesis from CO; and H: over supported Au/ZnO
catalysts.!%!! Even for CO oxidation over Au catalysts supported on reducible oxides such as
TiO2 it was demonstrated that exposure to a stoichiometric CO / O2 gas mixture leads to the

formation of lattice oxygen vacancies (O-vacancies) at the perimeter of the Au

12;13 14;15

nanoparticles, and to the formation of negatively charged Au® sites. where more than
one O-vacancy per nanoparticle is expected to form. Finally, our previous work also
demonstrated that O-vacancies can be formed on ZrO; underneath Ru nanoparticles during the
CO; methanation reaction, under reaction conditions.’ Most likely this occurs by reaction at the
interface perimeter sites, where the Ru nanoparticle reduces the barrier for surface lattice

oxygen removal,'®!7 and subsequent migration of the resulting O-vacancy to the region

underneath the Ru nanoparticle.



For a better understanding of the effect of O-vacancy accumulation and the related charge
transfer on the reactivity and adsorption properties of a supported catalyst, and specifically of
a Ru/ZrO; catalyst, we now systematically explored the effect of an increasing number of O-
vacancies at interface sites on the electronic and chemical properties of different Ru sites and
on the CO adsorption behavior on these sites, using the same Ru nanorod model as employed
previously.? Since we had shown previously that the energy for O-vacancy formation is by more
than 2 eV lower for lattice oxygen species in contact with the Ru nanorod, we here only
considered such sites. We calculate the energy for vacancy formation, the charge transfer
between support and Ru nanorod and the interaction energy between the Ru nanorod and the
ZrOo(111) support for an increasing number of O-vacancies at the interface (section 3.1). Next,
we determine the CO adsorption energies and preferable CO adsorption sites at four different
representative locations of the Ru nanorod, as well as the total charge transfer to the adsorbed
CO (section 3.2). For comparison with trends expected from the d-band model,'® we also
determine the center of the d-band on the respective adsorption sites and also calculate the
frequencies of the C-O stretch vibration. For a more fundamental understanding of the
underlying physical effects, we also determine the LDOS of the 4d-states of the Ru atoms
binding to CO and of the n-states of CO for the different adsorption sites as a function of O-
vacancy concentration (section 3.2). To identify synergistic effects of the support and the Ru
nanorod in the CO adsorption properties we furthermore evaluate contributions from different
regions in the Ru nanorod and from the support to the charge transfer to the adsorbing CO
(section 3.3). Finally, we discuss consequences of our findings for our understanding of the role
of EMSIs in heterogeneous catalysis and implications for the catalytic performance of realistic

catalysts supported by reducible oxides (section 3.4).



2 Computational details

Spin-polarized periodical DFT calculations were performed using the Vienna ab initio software
package (VASP) %! with ionic cores described by the projected augmented wave (PAW)
method.?*?* The Perdew-Burke-Ernzerhof (PBE) functional 2* was used to describe exchange-
correlation effects within the generalized gradient approximation (GGA). The cut-off energy of
the plane wave basis in the expansion of the wave functions was set to be 600 eV. On-site
Coulomb interactions were considered using the DFT+U approach 2522¢ to treat the highly
localized 4d states of Zr. The parameter U-J = 4.00 eV was taken from a previous work.?’
Dispersion corrections were taken into account within the DFT-D3 method.”® At room
temperature, the most stable bulk ZrO» phase is y-monoclinic ZrO, which was also used in this
work. A k-point mesh of 9 x 9 x 9 ?° was employed to determine the bulk structure of y-
monoclinic ZrO>. Ionic bulk relaxations were supposed to reach convergence for forces below
0.001 eV/A. The Ru/ZrO»(111) model from our previous work ° was used, in which a three-
layer nanorod with a (3 x 3) super cell of Ru(0001) was placed on the (1 x 3) super cell of
ZrOo(111). The bottom six layers of ZrO, were fixed, and we relaxed the Ru atoms and the
uppermost three layers of the ZrOx(111) support. The k-point mesh was set to be 3 x 3 x 1 for
the Ruyx/ZrO; slabs, due to the observed negligible energy variation between 5 x 5 x 1 and 3 x
3 x 1 meshes for the (1 x 3) super cell of ZrO>(111). Finally, we used the charge partitioning
method reported by Manz et al. 3%3! to calculate charges. This method is well-suited for strongly
polarized systems.?? Still, we tested this approach against other charge partition schemes, which

yielded the same trends as far as changes and differences in the charge states are concerned.

The clean Ru/ZrO; and Ru/ZrO;.x models with one O-vacancy were taken from our previous
work, using a ZrO»(111) support and a 3-layer [1120] oriented Ru nanorod (see Figure 1).°
Additional O-vacancies close to the CO adsorption site were created by removing up to 4

adjacent surface lattice O-atoms, forming an O-vacancy cluster with up to 5 oxygen vacancies.



All of the O-vacancies were in contact with the Ru nanorod. The resulting model catalysts are
denoted as 0 Vo, 1 Vo, 2 Vo, 3 Vo, 5 Vo; a structural model is presented in Figure 1. This model
also shows the positions of the O-vacancies relative to the Ru nanorod. Since this work focuses
on clarifying local effects of O-vacancies on CO adsorption, the first three O-vacancies are
located along the edge of the Ru nanorod in the [1120] direction. The fourth and fifth O-

vacancies are created closer to the center of the Ru nanorod.

The interaction strength between the Ru slab and the support per contact area is evaluated
using the equation

Einteraction™ (ERu-zr02x- Eru- Ezr02x)/A (1)
where x denotes the number of O-vacancies, and Eru-z:02-x, Eru and Ez:02-x are the energies of
the interacting Ru/ZrOx system and of the isolated Ru nanorod and the ZrO»x support,

respectively. A denotes the area covered by the Ru nanorod which equals 77.46 A2,

The energy for the formation of an (additional) O-vacancy, Eformation, for the bare support and
the Ru/ZrO; model system, and the effect of the Ru nanorod on the vacancy formation energy,

Eyac.stab., were calculated using equations (2) — (4)

Eformation,zr02(X)= Ezr02-x) - Ezr02-x-1) - /2 Eo2 (2)
Eformation,Rw/zr02(X)= ERu-z:02-(x)~ ERu-z102-(x-1) - /2 Eoz 3)
Evacistab(x).: Eformation,Ru/ZrOZ(X) - Eformation,ZrOZ(X) -2 Eo2 (4)

where x again denotes the number of O-vacancies, including the newly formed one, and Eo2

refers to the total energy of the Oz molecule.
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Figure 1 Side-views (a) and b)) and top-view (c) of the Ru/ZrO»(111) model system including the

location of the oxygen vacancies (lower panel).

3 Results and discussion

Before exploring the influence of O-vacancies on the CO adsorption properties, we first
characterized the effect of the presence of the Ru nanorod on the energy required for the
formation of O-vacancies at the interface and the effect of O-vacancies on the metal-support
interaction and electron distributions at the interface. This will be followed by a systematic
evaluation of the CO adsorption energies and sites. Finally the consequences of the O-vacancies
on the binding of CO on these model systems with increasing concentration of O vacancies at
the ZrO> / Ru interface will be addressed. Based on the Sabatier principle,*® the adsorption
energies should be directly related to the catalytic activity of Ru/ZrO; catalysts, e.g., for CO2

methanation (see also ref. °).

3.1 Metal — Support Interaction

Vacancy formation energies: First, we calculated the energy required for the formation of an
additional O vacancy for different sizes of the O-vacancy cluster according to equation (2), to
learn about possible trends favoring the formation of vacancy clusters, both on the pristine ZrO»-
x(111) surface and underneath the Ru nanorod, as compared to dispersed individual O-vacancies.

As reported already earlier,” the formation of a single O-vacancy requires 6.34 eV for the bare



ZrO(111) support, while underneath the Ru nanorod, this is reduced to 3.52 eV (for the same
O-vacancy) (see Table S1). Hence, energetically the presence of the Ru nanorod significantly
eases the formation of an O-vacancy as compared to a bare support by 2.82 eV in good
agreement with experimental observations.” The energies required for the formation of
additional, neighbored O-vacancies, in an increasing cluster of surface O-vacancies, are
illustrated in Figure 2, both for the bare support (grey bars) and at the Ru-ZrO» interface (orange
bars). While for the bare ZrO»(111) the energies do not vary much with increasing number of
vacancies, variations are quite substantial for the Ru/ZrO»(111) model system. Therefore, for
the bare ZrO>(111) support interactions between neighboring vacancies are rather small. For
the Ru/ZrO>(111) model system, the vacancy formation energies are lowered to a different
extent. The promotion caused by presence of the Ru nanorod strongly depends on the distance
between the closest Ru atom and the surface O atom before its removal. For the first three O-
vacancies underneath the edge of the Ru nanorod, with distances between the nearest Ru atom
and the O-vacancy increasing from 2.13, 2.15 to 3.33 A, the energy for the O-vacancy formation
increases from 3.52 to 4.01 and 5.59 eV. In contrast, for the fourth and fifth vacancies 4Vo and
5Vo, which are further away from the edge of the Ru nanorod, the O-vacancy formation
energies are rather similar (4.24 eV and 4.29 eV). The higher energy required for the formation
of the third O-vacancy (3Vo) results from its larger distance to the nearest Ru atom (Ru-3a).
Obviously, the Ru nanorod promotes the O-vacancy formation of 1Vo and 2Vo close to its edge
more strongly than of the vacancies below the center of the Ru nanorod (4Vo and 5Vo). For a
more extended Ru/ZrO; catalyst this would mean that O-vacancies are preferentially generated
at the edge of the Ru nanoparticle, at perimeter sites, and might then migrate further below the

Ru nanoparticle upon the formation of new vacancies at the perimeter.



For a better understanding of the physical reasons leading to these pronounced variations in the
O-vacancy formation energy we split the O-vacancy formation energy into two parts. The first
part (pink bars in Figure 2) describes the O-vacancy formation energy on the bare ZrO,.x(111)
support, but using the respective optimum structures of the support obtained in contact with the
Ru nanorod in the corresponding initial and final states for addition of an O-vacancy (frozen
ZrO2x(111)). The second part (blue bars in Figure 2) accounts for the change in metal — support
interaction when bringing the ZrO».x in their initial and final configurations (frozen ZrO».x, see
above), respectively, into contact with the Ru nanorod. This process corresponds to the
chemical interaction between support and Ru nanorod upon contact, without modifying their
structure. Together, these two contributions yield the energy required for creating a O-vacancy

in the Ru/ZrO».«(111) model system, where both initial and final state are fully relaxed
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Figure 2 O-vacancy formation energy for an increasing number of vacancies on the bare, relaxed
ZrOs4(111) (grey bars, see also Table S1), on the ZrO».«(111) using the frozen initial and
final state structures obtained in contact with the Ru nanorod (pink bars), and on the relaxed
Ru/ZrO,(111) model system using relaxed initial and final states (orange bars, see also
Table S1). Blue bars indicate the change in metal - support interaction energy when
bringing the frozen ZrO,.4(111) support (see text for explanation) into contact with the Ru

nanorod. OV etc. denote the surface before O-vacancy formation.
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(see Table S1). The data in Figure 2 clearly demonstrate that it is mainly the second part, the
change in metal — support interaction energy for the different ZrO».x(111) supports, which varies
more significantly as a function of the number of vacancies. In contrast, the energy required for
O-vacancy formation on the frozen ZrO».x(111) closely follows the behavior observed for O-
vacancy formation on bare relaxed ZrO».x(111). Hence, the variation in the metal - support
interaction for an increasing number of vacancies is the decisive contribution for the variation

in the O-vacancy formation energy at the Ru — ZrO».x111) interface.

Charge redistribution within the support and the Ru nanorod: For a more detailed picture
of the changes in the surface and interface properties we furthermore evaluated the charge
distribution at the surface of ZrO,«(111) and at the interface in the Ru/ZrO>«(111) model
system, as well as the changes therein caused by the formation of O-vacancies. Before
addressing these charge modifications, one should note that already the interaction with the Ru
nanorod, i.e., the formation of the ZrO(111)-Ru interface, leads to a charge redistribution,
namely a charge transfer from the ZrO2(111) support to the Ru nanorod. This is illustrated in
Figure 3, showing both the complete charge transfer from the support to the Ru nanorod and
the partial charge transfer to the different layers of the nanorod. Clearly, this is dominated by
the direct transfer to the Ru atoms in the interface layer (‘bottom layer’), while for the higher
layers the charge transfer is much smaller. Exhibiting an oscillatory trend, the middle layer
shows a slightly positive charge, and the top layer is again negatively charged, but to a very
small extent. The resulting charges on the different Zr surface and interface ions and on the
different Ru atoms are listed in Tables 1 and 2, respectively (0Vo). The numbering of the

relevant Zr surface/interface ions and of the Ru atoms is illustrated schematically in Figure 4.
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Figure 3 Charge transfer from the support to the Ru nanorod in total and to the top, middle and
bottom layers of Ru atoms in the nanorod upon interaction of the Ru nanorod and the
support as a function of the number of O-vacancies (increasing from O to 5).
In general, the formation of O-vacancies leads to the reduction of the neighboring Zr ions,
resulting in partly reduced Zr"* species. On the pristine ZrO>(111) surface, where one lattice
oxygen coordinates to three Zr ions, the creation of a first oxygen vacancy (1 Vo, Fig. 1¢) mainly
leads to a modification of the charge on the neighboring Zr ions. This is illustrated in Table 1,
where the charge states of the relevant Zr ions are summarized, including the charge states in
the fully oxidized surface. Here it should be noted that the charge on the Zr surface ions does
not correspond to the formal value of 4+ because of surface effects and covalent contributions
to the bonding. The same is true also for the O surface ions, where the calculated charge does
not correspond to -2 e, but rather to -1.29 e. In the case of a single 1 Vo vacancy the charge on
the neighboring Zr ions 2Zr, 3Zr and 4Zr changes by 0.69 e (from +2.59 e to +1.90 ¢), 0.67 ¢
(from +2.55 e to +1.88 e) and 0.69 e (from +2.59 e to +1.90 e), respectively (see Table 1), while
the remaining Zr ions are only slightly reduced by 0.08 e. Interestingly and in contrast to
expectations, also the neighboring oxygen ions are positively polarized by +0.84 e, which
corresponds to about 0.1 e per O surface atom in contact with these reduced Zr ions. Hence,

essentially the entire charge of the former O'2%- is transferred to the neighboring Zr and O ions.
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Table 1 Above the table: Schematic representation of the surface and indication of the
different Zr surface atoms and O-vacamcies (see also Figure 1 for comparison). In
the table: Charges on the different Zr surface ions before and after formation of a
single oxygen vacancy at the surface / interface in ZrO>x(111) and Ru/ZrO,«(111)

model systems (unit: e).

'C QﬁQ 0%0 O

Zr

Without Ru nanorod With Ru nanorod
atom

OVo 1Vo 2Vo 3Vo 5Vo O0Vo 1Vo 2Vo 3Vo 5Vo
1Zr +2.56 +2.55 +1.76 +192 +1.83 +2.57 +2.55 +236 +231 +2.24
2Zr  +2.59 +1.90 +1.82 +1.88 +1.91 +2.55 +2.21 +220 +2.19 +2.19
3Zr 255 +1.88 +1.22 +0.73 +0.53 +2.32 +2.03 +1.84 +1.38 +1.32
4Zr +259 +190 +1.82 +1.13 +0.68 +2.35 +2.08 +2.08 +1.58 +1.36
5Zr  +2.56 +2.56 +2.54 +2.54 +1.30 +2.28 +229 +2.26 +2.20 +1.55
6Zr +2.60 +2.59 +2.58 +2.55 +1.28 +234 +233 +232 +230 +1.67
7Zr  +2.55 +2.55 +2.56 +2.55 +2.54 +2.55 +2.54 +2.54 +2.54 +2.353

In the presence of the Ru nanorod, creating the same oxygen vacancy leads to less pronounced
reduction of the neighboring Zr ions. Still, 0.34, 0.29 and 0.27 electrons are transferred to the
Zr ion closest to the oxygen vacancy, leading to a decrease of the neighboring Zr ion charge
from +2.55 e to +2.21 e, from +2.32 e to +2.03 e, and from +2.35 e to +2.08 e, respectively. In
addition, 0.05 electrons are transferred to more distant Zr ions. The remaining charge is partly
transferred to the Ru nanorod, whose total charge increases by 0.67 electrons upon 1Vo
formation, from -0.79 e to -1.46 e (see Figure 3), while the other oxygen ions lose 0.62 e. This
can be understood by an increased covalent contribution. The charging of the different Ru layers

follows the trend in the fully oxidized case, namely that the charge transferred to the interface
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layer exceeds the total charge transferred to the nanorod, while the central layer is slightly
positively charged, followed by an even lower negative charge in the surface layer of the Ru
nanorod. While the average electron density per Ru atom in the nanorod changes from 0.03 to
0.17 e, the average electron density per Ru atom in the interface layer increases from 0.11 to
0.36 e. Furthermore, there is an obvious distance dependence in the charge transfer, i.e., the
closer to the O-vacancy, the more negatively charged the Ru atom (see Table 2). Upon O-
vacancy formation, the Ru atom (Ru-1a), which is closest to the O-vacancy with a distance of
2.13 A, is charged by -0.82 e (from +0.20 to -0.62 e). Charging changes by -0.25 e and +0.03 ¢
for distances of 2.53 A (Ru-2a) and 3.26 A (Ru-4b), and by 0.06 ¢ for a distance of 4.39 A (Ru-
4a) (see Table 2). Hence, for larger distances the changes in the Ru charge state become

negligible.

Table 2  Charge on the Ru interface atoms (1a - 3a, 4b - 9b) and on the Ru atoms involved
in CO binding (1a — 9a) on the Ru/ZrO»«(111) model systems in the presence of 0

— 5 oxygen vacancies at the interface (unit: e). Numbering of the Ru atoms see

Figure 1.
Ru atom Catalyst

0Vo 1Vo 2Vo 3Vo 5Vo
la +0.20 -0.62 -1.02 -0.99 -1.04
2a -0.24 -0.49 -0.48 -0.35 -0.16
3a -0.19 -0.05 -0.40 -0.54 -0.51
4a +0.06 +0.12 +0.05 -0.03 -0.17
5a -0.10 +0.03 +0.10 +0.06 +0.04
6a +0.00 +0.01 +0.02 +0.02 +0.01
Ta +0.00 -0.01 -0.01 +0.03 +0.06
8a -0.01 -0.04 -0.04 -0.06 -0.06
9a -0.04 -0.04 -0.04 -0.05 -0.07
4b -0.41 -0.38 -0.33 -0.36 -0.25
5b -0.13 -0.12 -0.07 -0.08 -0.71

6b +0.04 +0.02 +0.05 +0.06 -0.54
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7b -0.08 -0.12 -0.10 -0.11 -0.01
8b -0.10 -0.11 -0.12 -0.13 +0.03
9 -0.08 -0.04 -0.05 -0.04 -0.11

Note: 0Vo, 1Vo, 2Vo, 3V and 5V refer to a system with 0 — 5 oxygen vacancies

The formation of the second oxygen vacancy on the pristine ZrO>.x(111) surface (model system
2Vo (Figure 1c¢)) further reduces the Zr"" site in contact with both O-vacancies (3Zr) from +1.88
e to +1.22 e, and the site (1Zr) adjacent to the new O-vacancy is reduced from +2.55 e to +1.76
e, while there are little changes for the other Zr ions. In total, 1.45 electrons are transferred to
the neighboring Zr ions, and 0.21 electrons to Zr ions more distant to the O-vacancy Zr ions.
To compensate for the charge of the removed O-surface atom (1.18 e), also the charge on the
(neighboring) O atoms changes by 0.48 e. In the presence of the Ru nanorod, the charge transfer
to the neighboring Zr ions and hence their reduction is less pronounced, as already observed for
the first O-vacancy formation. The charges on the Zr ions adjacent to the new vacancy, 3Zr and
1Zr, change from +2.55 e and +2.03 e to +2.36 e and +1.84 e. Hence, only 0.38 electrons are
transferred to the Zr ions directly neighbored to the new oxygen vacancy. Another 0.53
electrons are transferred to the Ru nanorod after 2Vo formation, leaving the Ru nanorod with a
negative charge of 1.99 e afterwards. Also in this case we find an oscillatory trend in the charge
transfer to the different Ru layers, with a mean negative charge of 0.28 e on the interface atoms,

whereas the Ru atoms directly neighboring the two O-vacancies are affected most.

Similar trends are also observed for the formation of the third and fifth oxygen vacancy (3Vo
and 5Voin Figure 1c), as is evident from the charge distributions shown in Figure 3 and those
listed in Tables 1 and 2. As shown in Figure 4a, this results in an essentially linear increase of
the accumulated charge transfer to the Ru nanorod with increasing of O-vacancy concentration.
The variations in the individual O-vacancy formation energies (Figure 3) are reflected by slight

deviations from a linear fit. Again, most of the electrons transferred to the Ru nanorod are
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localized at the interface, i.e., in the bottom layer of the Ru nanorod. Furthermore, the increased
charge transferred from the support to the interface also lowers the reduction of the Zr ions
neighboring theo O-vacancies. Overall, these data show a pronounced local confinement of the

charge transfers induced by the O-vacancy formation, both vertically and laterally.

Metal — support interaction energies: Finally, to demonstrate the influence of the O-vacancies
on the metal-support interaction, we calculated the mean interaction energies between the
support and the Ru nanorod per interface area and its variation upon introducing an increasing
number of O-vacancies. Because of the significant deformation of the epitaxial Ru structure,
the interaction energy was calculated using the oxide support and the Ru nanorod of the strained
structure taken in the Ru/ZrO,«(111) system °. As illustrated in Figure 4b, the O-vacancies
enhance the interaction strength between the Ru nanorod and the support. Note that this differs
from the values given in Figure 2 (blue bars), as in the latter the frozen ZrO».«(111) support was
used as initial state. The mean interaction energy increases from -147.34 meV A~ for the fully
oxidized ZrO»(111) support without any vacancies to -289.90 meV A for the 5Vo system.
Actually, there is an almost linear relationship between the metal-support interaction and the

number of oxygen vacancies (Figure 4b). This trend is consistent with the effect of metal-
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Figure 4 a) Charge on the entire Ru nanorod, b) mean interaction energy between the Ru nanorod
and the support (structures see text) as a function of the number of O-vacancies, and c) total
charge change of all Zr ions upon formation of an additional O-vacancy on ZrO,, and
Ru/ZrO,«(111) models.
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support interactions on the O-vacancy formation process indicated by the blue bars in Figure 2,
in agreement with the small variations in O-vacancy formation energies on the bare support. As
shown in Figure 2, the Ru nanorod favors the O-vacancy formation process through the metal-
support interaction, causing a charge transfer to the Ru nanorod. Figure 4c compares the change
in the charge of the Zr ions (in the entire unit cell) upon O-vacancy formation in the absence
(grey bar) and presence (pink bar) of the Ru nanorod. While for the bare ZrO».x(111) this charge
transfer is between 1.5 and 2.1 e, the charge transfer to the Zr ions is by about 1 e per O-vacancy
lower for the Ru/ZrO2x(111) system. Only for the third O-vacancy formation there is almost
no difference between these two scenarios, which we attribute to the relatively larger distance
between the oxygen atom to be removed and the closest interface Ru atom. These variations in
the charge transfer are also responsible for the deviation of the data points from a purely linear
relation in Figure 4a and also in Figure 4b. Generally, a higher number / density of O-vacancies

leads to an increasing accumulated electron transfer from the support
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(d) Shift of the 4d-band center of the Ru atoms in the top, middle and bottom layer of the

Ru nanorod in contact with the support.
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to the Ru nanorod (Figure 4a) and an enhanced metal-support interactions. In order to obtain
more insights into the interaction between support and Ru nanorod, we evaluated the (averaged)
local density of the 4d states of the Zr ions directly underneath the Ru nanorod, both for the
pure ZrO2(111) support and for the Ru/ZrO».4(111) model catalyst with 0, 1 and 5 O-vacancies
(0Vo, 1Vo, and 5Vo, Figure 5a - 5¢). For the 0Vo system, a mostly unoccupied broad d-band
with its center well above the Fermi energy is visible for the pure ZrOx(111) surface. After
depositing the Ru nanorod, the band broadens significantly and shifts to lower energies,
resulting in d-LDOS close to the Fermi level, as shown in Figure 5a. The presence of a single
O-vacancy leads to a downshift of the Zr-4d LDOS for the free support, but the majority of the
band still remains well above the Fermi energy. In contact with the Ru nanorod the band
broadens, also increasing the portion of the LDOS below the Fermi level (Figure 5b). Finally,
for the 5Vo system, there is significant of the LDOS below the Fermi level already for the free
Ru/ZrO2«(111) support (Figure 5c), but also upon deposition of the Ru nanorod. Note that the
Ru 4d-band within the nanorod is also affected by the interaction with the support. These
changes are reflected in the shifts of the center of the 4d-band in the different Ru layers of the
nanorod upon interaction with the ZrO>.x(111) support, which are illustrated in Figure 5d as a
function of the number of O-vacancies, from 0Vo to 5Vo see also Figure s1). In general, the center of
the Ru 4d-band shifts to lower energies upon interaction with the support. This shift is most
pronounced, with values of around -0.5 eV, for the Ru atoms in the lowest layer at the interface.
Except for the 5Vo system, the shifts vary little as a function of the number of O-vacancies, by
less than £0.1 eV. Only for the 5Vo system the downshift is significantly reduced by about 0.25
eV (Figure 5d). As a result, we expect a stronger hybridization of the 4d-states of the Ru atoms
in the interface layer with the Zr surface atoms upon increasing the concentration of O-
vacancies, leading to a higher binding energy between support and metal, as shown in Figure

4b.
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Thus, the physical reason for the stronger metal-support interaction with an increasing number
of O-vacancies should be related to a combination of increased chemical bonding and increased
electrostatic interactions. The former results from changes in the electronic structure of the Zr
ions and Ru atoms at the interface, allowing more efficient hybridization between the 4d states
of Zr"* and the Ru interface ions/atoms. The latter arises from an increasing charge transfer
from the support to the Ru nanorod, and in particular to its interface layer, which in turn leads
to an attractive electrostatic interaction between the negatively charged Ru layer and the
positively charged ZrO- surface layer, which becomes stronger with an increasing number of

vacancies.

3.2 CO adsorption on the Ru nanorods

Using CO as a chemical probe, we investigated the adsorption properties of different sites and
their variation in the presence of an increasing number of O-vacancies at the interface. For a
comprehensive picture of the adsorption characteristics, we calculated not only the CO
adsorption energy and determined the preferred adsorption site, but also evaluated the charge
transfer to the adsorbed molecules and the vibrational frequencies of the COaq species. In this
approach, we tested CO adsorption on four different sites, one at the Ru surface layer, one at
the middle layer and two in the Ru interface region, which we consider as being representative
for CO adsorption away from the interface / O-vacancies and close to them, respectively. For
adsorption at the interface between bottom Ru layer and support, two favorable adsorption
regions were tested, termed as region i and region ii, which consist of the Ru atoms 1a, 4a and.
5a and of 2a, 3a and 6a, respectively. The different adsorption sites are illustrated in Figures 6
— 9, the CO adsorption energies resulting for the different adsorption sites are plotted also as a

function of the number of O-vacancies in Figure 10a.
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Side views illustrating the CO molecule adsorbed in the interface region ii (Ru atoms 2a
3a and 6a) of a 3-layer [1120] oriented Ru nanorod and the related adsorption energies in

the presence of an increasing number of O-vacancies (0, 1, 2, 3, 5, see Figure) at the
interface.
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Starting with the adsorption energy and the type of adsorption site occupied by CO, we had
already shown in our previous work that there is a distinct difference in the adsorption energy
at interface and surface different sites, both for the fully oxidized support and for the support
with one O-vacancy at the interface.’ For the fully oxidized support surface we obtained CO
adsorption energies of -2.48 eV and -2.09 eV for adsorption on the interface site (region i) and
on the surface site, respectively. ? For adsorption on the top layer of the Ru nanorod (see Figure
6), we find preferential CO adsorption on an on-top site. Here it should be noted, that we would
expect an even lower CO adsorption energy if the top-layer CO is located in the middle of the
rod rather than at the edge, which in some cases was also confirmed by tests. Also for adsorption
in the middle layer, we find preferential adsorption on an on-top site, on the 5a Ru atom (Figure
7). For adsorption at the metal-support interface (see Figures 8, 9), CO generally binds to one
or more Ru atoms, involving also the interface layer, and a Zr ion at the support surface, forming
Ru-C and O-Zr bonds. For the pristine support and adsorption in the region i (Ru atoms la, 4a
and 5a, Figure 8), such kind of adsorption is not stable, and the COa.q molecule relaxes
spontaneously to adsorption on a Ru edge atom in the middle layer (Ru 5a, -2.48 eV). The
situation is different for adsorption in region ii (Ru atoms 2a, 3a and 6a), where CO can adsorb
on a bridge site (Ru atoms 2a and 6a). The adsorption energy of -1.82 eV (Figure 9) is, however,
significantly smaller than in the previous cases. Overall, this means that for a Ru/ZrO; catalyst
CO adsorption on the Ru atoms in the second layer above the interface is most stable, and these
sites will be populated first, followed by adsorption on edge/surface atoms in higher layers,
which for realistic nanoparticle sizes are the by far dominant number of sites. The tendency of
CO to bind more strongly to the Ru atoms in the middle layer than to atoms in the interface
layer can be explained by bond order effects. The strong interaction between metal atoms in the

interface layer of the nanorod and the substrate can lead to a weaker interaction with the next
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metal layer, which increases their reactivity towards CO adsorption.** This may over-
compensate effects cause by the more pronounced charging of the Ru atoms in the interface
layer and structural effects, due to the close proximity to the support. In the end, both of them

should of course be reflected in the LDOS of the binding Ru atoms close to the Fermi level.

In the presence of a single O-vacancy and for adsorption on the nanorod surface, the most
favorable adsorption site changes from the top site to a bridge site (see Figure 6). The adsorption
energy remains about constant at about -2.00 eV (see Figure 10a). Apparently, despite the very
small change in charge density on this site (before adsorption) and also in adsorption energy
compared to the pristine support, this is enough to induce a change in adsorption site.
Adsorption on the middle layer edge atom leads to a slight increase of adsorption energy
compared to 0Vo to -2.61 eV (on-top adsorption). For adsorption close to the interface, we find
now stable adsorption in region i on a bridge site involving Ru atoms in the middle layer (5a
site) and in the interface layer (1a site), respectively. The adsorption energy of -2.62 eV is very
close to that for adsorption on the middle layer Ru atom 5a, indicating that the additional
interaction with the Ru bottom atom,la and the neighboring Zr ion (Zr — O distance 2.33 A)
and the tilt energy cancel out. Adsorption in region ii, on a bridge site formed by Ru atoms 2a
and 6a and involving also bonding interactions to a neighboring Zr (Zr — O distance 2.45 A), is
less favorable than in region i (adsorption energy -1.93 eV), which may be related to the
relatively long distance between the Ru atom 2a and the O-vacancy. The higher adsorption
energy in region i goes along with a higher charging of the Ru atoms in region i compared to
those in region ii. Furthermore, we expect a direct interaction between Ru (Ru 1a) and the most
reduced Zr"" ion (3Zr), based on their short distance. From the same reason we expect a bonding
interaction between the less reduced Zr™" ion (2Zr) and the O-atom of the CO molecule adsorbed
in region I, while it is slightly longer for CO adsorbed in region ii. This goes along with a

significant increase of the CO adsorption energy compared to the 0Vo system, reaching -2.62
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eV (see Figure 7). Obviously, the influence of the O-vacancy depends strongly on its distance
to the adsorption site. Overall, also in this case, adsorption on a Ru atom in the second
(‘middle’) layer is most favorable.
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Figure 10  Variation of a) the adsorption energy, of b) the total charge transfer to CO, of ¢) the position
of the d-band center of the Ru atoms involved in CO binding and of d) the vibrational

frequency of CO adsorbed on the four different adsorption sites as f(O-vacancies).
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In the presence of two O-vacancies, adsorption at the nanorod surface preferentially occurs at
a bridge site (Ru atoms 7a and 8a, see Figure 6). In this case, there is also a slight increase of
the adsorption energy to -2.21 eV (Figure 6). The adsorption energy at the middle layer remains
around -2.60 eV (top site adsorption, Figure 7). For adsorption close to the interface, we again
find stable adsorption both in region i and region ii, with rather similar adsorption energies of -
2.73 and -2.74 eV, respectively. In region i, CO adsorbs on a hollow site created by two Ru
atoms in the middle layer (1a and 4a) and one Ru atom (5a) in the interface layer (Figure 8). As
before there is a binding interaction between the O atom of CO and an adjacent Zr"* ion (Zr —
O distance 2.30 A, vs 2.55 A in the absence of O-vacancies). In region ii, CO also adsorbs on
a hollow site, involving two Ru sites (2a, 3a) in the bottom layer and one Ru atom in the middle
layer (6a) (Figure 9), and again we expect some binding interaction with an adjacent Zr"" ion
(Zr — O distance 2.16 A). The similar adsorption energies obtained for adsorption in regions i
and ii mainly result from the fact that in this case each of the adsorption sites has an O-vacancy
closely neighbored. At this charge concentration, CO adsorption at the interface becomes at
least equally stable as that at the middle layer, indicating that Ru charging effects become

comparable to structural and simple bond order effects.

Comparable results are obtained also for CO adsorption on the Ru nanorod with three O-
vacancies underneath, both with respect to the adsorption energies and with respect to the

preferential adsorption sites.

Finally, for five O-vacancies and adsorption at the Ru nanorod surface, we find preferential
adsorption on a bridge site, with an adsorption energy slightly lower than obtained for lower
numbers of O-vacancies (-1.96 eV, Figure 6). The adsorption energy on the middle layer of the
Ru nanorod remains around -2.60 eV, with the same on-top adsorption site (Ru 5a, Figure 7).
The situation is different for adsorption at the interface sites (Figures 8, 9), where the adsorption

energies decrease to -2.14 eV (region 1) and -2.53 eV (region ii), while the adsorption sites
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remain the same as in the case of three O-vacancies. Hence, in this case adsorption on the
second (‘middle’) layer is again slightly more stable than adsorption closer to the interface (in
region ii), indicating that with the higher number of O-vacancies Ru charging effects again

overcompensate structural and simple bond order effects.

In a first step to better understand the CO adsorption strength we split the interaction with the
Ru atoms binding to the adsorbing CO into two different contributions, the energy required for

deform

deformation of the catalyst in the process of CO adsorption (deformation energy Eg,,, ") and the
binding energy between the deformed catalyst and gaseous CO (Eguco). Here the catalyst
deformation energy was calculated from the energy difference of the bare Ru/ZrO,(111)
catalyst in its stable structure (without adsorbed CO) and in the structure obtained after CO
adsorption. This shows (see Figure S2) that the contributions of Egco and also the changes
therein are much larger than those of the deformation energies E&:™ , indicating that the

formation of the Ru-CO bond dominates the changes in the CO adsorption energy with

increasing number of O vacancies, while catalyst deformation plays only a minor role.

To gain more information about the interaction between metal and CO, we evaluated the charge
transfer to the adsorbed CO in a next step. According to the Blyholder scheme,*> CO adsorption
is based on two contributions: 1) electron donation from the CO-5c orbital to the Ru-d states

(CO-50 — Ru-4d) and ii) back-donation from Ru-d states to the CO-2n* orbital (Ru-4d — CO-

27t*). Since the 5o orbital is located well below the Fermi level, the Ru — CO interaction is

dominated by the interaction of the Ru-4d — CO-2n* states. In that case, the electron transfer

from the Ru nanorod to the adsorbing CO will be decisive for the Ru-CO interaction. Therefore
we determined the effective electron transfer to the adsorbed CO, by comparing the CO charge
before and after CO adsorption. The charge transfers resulting for CO adsorption on the

different sites, on the top layer, on the middle layer, and close to the interface in regions i and
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i, respectively, are summarized in Figure 10b for an increasing number of O-vacancies. The
data clearly resolve very different trends in the charge transport behavior. For CO adsorption
on the top layer (black line) and middle layer (red line) sites the charge transfer to CO is rather
small, mostly around -0.1 e, and does not change much for an increasing number of O-vacancies.
Only for the fully oxidized support (0Vo), the charge transfer is smaller for CO on the on-top
site and larger on the middle-layer site. In contrast, for CO adsorption close to the interface, in
regions i and ii, the charge transfer is significantly larger and for adsorption in the region ii, it
varies strongly with increasing number of O-vacancies. While for adsorption in region i, the
charge transfer is around -0.3 e, independent of the number of O-vacancies (blue line),
adsorption on region ii (orange symbols / line) leads to a small charge transfer for 0Vo, which
increases up to -0.5 e for 2Vo, and then decays slightly to about —0.4 eV for 5Vo. In general,
the trends in the charge transfer closely follow those in the CO adsorption energy, with one
exception. While the charge transfer to CO is approximately identical for adsorption on the top-
layer and middle layer sites, the adsorption energies differ significantly, with adsorption on the
middle layer sites being significantly stronger. Thus, charge transfer to the CO is not the only

effect determining the binding strength of the adsorbed CO.

Alternatively, trends in adsorption energies and for CO adsorption in particular are often

described in terms of the d-band model.!®

which relates the adsorption energy of an adsorbate
on a specific metal to the position of the center of the d-band on the respective adsorption site.
An upward shift of the center of the d-band typically leads to an increased adsorption energy.
Consequently, we evaluated the energy positions of the center of the Ru 4d-band on the different
adsorption sites for an increasing number of O-vacancies. The resulting trends are plotted in
Figure 10c. In general, there is much less agreement between the trends in the d-band center

and in the adsorption energy than for charge transfer and adsorption energy. E.g., for adsorption

on top-layer (black line) and middle-layer (red line) sites, the d-band center shifts to
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significantly higher energy, while the adsorption energy remains almost constant. Also, there
is little difference in the d-band center energy for these sites, while the adsorption energies
differ significantly. For adsorption on the interface region 1 (blue line), we find a pronounced
discrepancy in trends when going from 3V, to 5V, where the d-band center shifts closer to the
Fermi level, while the adsorption energy decreases significantly. For lower number of O-
vacancies, the trends in these properties are comparable (no significant change with number of
O-vacancies), but on an absolute level the energy of the d-band center is close to that of the top-
layer adsorption site, while the adsorption energies differ significantly. Finally, the pronounced
increase of the adsorption energy for adsorption on the region ii with increasing number of O-
vacancies goes along with only small up-shifts of the d-band center. Overall, the position of the
d-band does not seem to be a good descriptor for trends in the adsorption energy in this system,
and other effects need to be considered as well. Here it should be noted that there are also other
systems in which the adsorption energies do not follow the trends predicted by the d-band

mode] 3637

Finally, we also calculated the vibrational frequency of the adsorbed CO (see Figure 10d).
While absolute values of frequencies derived from DFT calculations often have to be taken with
caution, trends in the calculated frequencies herein are generally considered to be reliable.*® For
adsorption on top-layer sites (black line), the frequency closely follows the trend of the charge
transfer, with slightly lower vibrational frequencies for increasing (negative) charge transfer to
adsorbed CO. This fully agrees with expectations based on the Blyholder picture for stronger
back-donation from the metal to the adsorbed CO. For adsorption on middle-layer sites (red
line), the trends also seem to agree rather well. For adsorption on the interface region i (blue
line), the generally lower vibrational frequency as compared to the previous sites agrees well
the larger charge transfer to adsorbed CO, from 1Vo to 5Vo, and also the trends (no significant

changes) agree well. Finally, for adsorption on interface sites in region ii (orange line), where
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the changes with increasing number of O-vacancies were most pronounced, we find reasonable
agreement between frequency shifts and charge transfer for the lower number of O-vacancies,
where increasing (negative) charge transfer goes along with decreasing vibrational frequency,
as expected for stronger back-bonding. This seems to be different for the 5Vo system, where
decreasing charge transfer goes along with a decay in vibrational frequency, though the overall
changes are rather small compared to 3Vo, both for charge transfer and vibrational frequency.
Overall, the trends in the C-O vibrational frequencies agree reasonably well with those in the
charge transfer to adsorbed CO, as expected in the Blyholder model if charge transfer is
dominated by transfer to the 2n* state of CO, while there are discrepancies compared to the
trends in the CO adsorption energy. Interestingly, changes in the C-O vibrational frequency do
not always correlate well with changes in the CO adsorption energy, as it is often assumed,

although in many cases these trends agree quite well.

In summary, we find a general trend that CO adsorption is much stronger for adsorption at the
middle layer Ru atoms than on the surface of the Ru nanorod (top-layer sites). For adsorption
close to the interface, in regions i and ii, this depends on the number / concentration of O
vacancies. Furthermore, for CO adsorption on top-layer sites and at the middle layer of the Ru
nanorod the adsorption energy varies only little with increasing number (concentration) of O-
vacancies at the interface, underneath the Ru nanorod. This is different for CO adsorption at Ru
atoms close to the interface, in regions i and ii, where the adsorption energy is either initially
almost constant and then decreases (region i) or first increases and then decreases again (region
i1) with increasing number of O-vacancies. Comparing the trends in CO adsorption energy with
those in the three characteristic properties charge transfer to CO, d-band position of the metal
atoms acting as adsorption site, and C-O frequency of adsorbed CO, we find that these can give
a reasonable description of part of the trends in the adsorption energy, but fail to provide a

complete picture, even on a qualitative scale. Among these properties, the energy of the center
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of the d-band turned out to show the strongest deviations from the trends in CO adsorption
energy as a function of the O-vacancy concentration. The sequence of adsorption energies was
mainly explained by a competition between bond order effects, favoring adsorption at the
second (‘middle’) layer, and charge transfer effects, which can stabilize adsorption more closely
to the interface, both of which are reflected also in the LDOS of the binding Ru atoms in the
region below the Fermi level (see also section 3.3). Charge transfer and charge transfer effects
depend strongly on the distance between the Ru atoms binding to CO and the interface (vertical
separation) and also to the closest vacancy (vertical and lateral separation). Thus, the influence
of the O-vacancies on the CO adsorption characteristics is essentially confined to CO adsorption
close to the interface (regions i and ii), which agrees well with the highly localized electron
transfer from the support to the interface (bottom) layer of the Ru nanorod. In this case also
interactions between the O atom of CO and a neighboring Zr"" ion can play a role, based on the
short bond distance. Finally, even very small changes in the adsorption energy may result,

however, in a change in the preferential adsorption site.

3.3 Synergistic effect of support and Ru bottom layer

For a more detailed understanding of the role of the support for the interaction with adsorbed
CO and of possible synergistic effects therein, we tried to separate different contributions to
CO binding and charge transfer to/from adsorbing CO. As illustrated in Figure 11, these include
interactions of Ru edge atoms in the different layers of the Ru nanorod and of the Zr"" ions with
the adsorbed CO, and charge transfer from these species to/from the adsorbed CO. For charge
transfer from the Zr"" surface species, this includes direct and indirect contributions, charge
transfer directly to the adsorbed CO and charge transfer via the Ru nanorod. In addition, there
may be a change in the ZrOx and Ru interaction and a related charge transfer induced by
adsorbing CO. Since we cannot separate such CO adsorption induced charge transfer from the

support ZrOz via the Ru nanorod to CO from charge transfer to the Ru nanorod and, decoupled
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from that, charge transfer from the Ru nanorod to the adsorbed CO, the latter is essentially

included in the direct charge transfer from the support to the adsorbed CO.

—» Back donation from Ru middle layer to CO
—» Back donation from Ru bottom layer to CO
Donation from Zr ion to CO

—» Donation from Zr ion to Ru nanorod

Figure 11  Schematic representation of the different contributions to the electron transfer to CO and
to the adsorption energy for CO adsorbed on the different CO adsorption sites of the
Ru/ZrOs.4(111) model catalyst (see Figures 7 — 10).

The different contributions to the charge transfer from the catalyst to the adsorbed CO are

plotted in Figure 12 as a function of an increasing number of O vacancies for the different

adsorption sites. Note that the total charge transfer to CO was shown already in Figure 10b. The
different trends can be summarized as follows. For CO adsorbed on a top-layer site (Figure
12a), the electron transfer from the Ru nanorod dominates (green and orange symbols / lines).

Interestingly, for the fully oxidized support (0Vo), most of the electron transfer stems from Ru

atoms which do not bind to CO directly (green symbols / line), such as the slightly negatively

charged Ru 8a site. (Note that these charges refer to the charge state of the Ru atom before CO
adsorption.) Hence, in this case the charge transfer is mediated via the neutral Ru 7a adsorption
site. In the presence of O-vacancies, electron transfer mostly comes from Ru atoms binding to

CO directly, in this case from the slightly negatively charged Ru 7a and 8a atoms.

For CO adsorbed on middle-layer sites, contributions from charge transfer from the support are

significantly larger (blue symbols / line), and this increases with increasing number of O-
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vacancies. But still, charge transfer is dominated by transfer from the Ru nanorod. In this case,

charge comes mainly from Ru atoms not binding directly to CO, rather than from the slightly

(@ " Ru atoms without binding to CO = Support
Ru atoms binding to CO & Total
0.5/Top layer Middle layer Region i Region §
. M,
04 v
L vy
© 0.3 Y
=
G v
_g n n
o 0.2 v g A A -
qo)) Vy . v A : "
E 0.1 . e x L L u n
N LY A a
o . A A
00r® 5 =& "
-0.1 .
|
-0.2

01 2 3 501 2 3 501 2 3 501 2 3 5
O-vacancy number

(b) = Top layer e Middle layer 4 Bottom layer
A Support —w- Total
05 Top layer Middle layer Region i Region u
. v v
04 v
m . 7y
~ v ;s‘
()] 03 A o
(@)} /
c y
2 0.2 . a * e .
(&) A, A :
qé) Vo ' % A7 A
01 Ve Iow i* e . R
&) : R " R 2 4 A P A
0 0 f ey ° L ® @ . A
[ ] A [ ] = = - n . . ] - ]
-0.1

01235012 35012 35012 35

O-vacancy number

Figure 12. a) Charge transfer from the Ru atoms forming the CO adsorption sites to CO, from the
remaining Ru atoms to CO and from the support to CO as f(O-vacancies). b) Charge
transfer from the top, middle and bottom layers in the Ru nanorod and from the support to
CO adsorbed on the top layer, middle layer, and in regions i and ii) as f(O-vacancies). Here
CO adsorption induced charge transfer from the support ZrO via the Ru nanorod to CO

is essentially included in the direct charge transfer from the support to CO.
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positively Ru 5a adsorption site. Because of the still rather long distance between support and
CO, we expect that the charge transfer from the support to the adsorbed CO mostly results from
indirect charge transfer, via the Ru nanorod. The situation becomes more complex for
adsorption in the interface regions i and ii. In both cases, the relative and also absolute amount
of charge transfer from the support increases again. For CO adsorbed on interface region i,
electrons are transferred with about equal fractions from the Ru atoms directly binding to CO,
from the other Ru atoms and from the support. For higher numbers of O-vacancies, 3Vo and
5Vo, the total charge transfer increases significantly, coming mostly from Ru atoms directly
involved in CO binding, in particular from the Ru atom 1a, but also from the support. For CO
adsorbed in region ii, where electron transfer to CO is most pronounced, transfer from the
support first increases from 0Vo to 2Vo, and then decreases again to 5Vo. But also in this case,
electron transfer to CO comes mostly from the Ru nanorod. For low O-vacancy concentrations
it predominantly stems from atoms not binding directly to CO adsorption site, while for higher
concentrations (2Vo and higher) charge transfer from the adsorption site dominates. Thus, for
all adsorption sites we find that charge transfer from the Ru nanorod does not only originate
from Ru adsorption sites but also from more distant Ru atoms, illustrating the non-local effects

for adsorption on a metal.

A comparable formal analysis of the charge transfer, but in this case distinguishing between
charge contributions from the different layers of the Ru nanorod (Figure 12b), results in the
following trends: For CO adsorbed at the top layer, most of the charge transfer comes from the
top-layer Ru atoms (red symbols / line), independent of the number of O-vacancies, and
contributions from the other two layers are small. The trend of constant charge transfer, which
for all O-vacancy concentrations comes mostly from the Ru adsorption site, correlates well with
the negligible changes in CO adsorption energy for this site. For adsorption at the middle layer

(red symbols / line), the trend is different. Here, most electrons are transferred from the support
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and from the bottom layer, mainly from the la and 2a sites with their higher charge density,
and the charge on the Ru atoms in the top layer increases, while changes in the middle layer
(Ru 4a, 5a, 6a) are small and have cancelled out. The slow decrease in the total charge transfer
is first (OVo - 1Vo) dominated by the decreasing charge transfer from the Ru bottom layer
(purple symbols / line), while the other contributions increase slightly or change little (transfer
from the middle layer). For increasing O-vacancy formation (2Vo - 5Vo), there is almost no
charge transfer from the middle and top layer Ru atoms, while that from the support increases
significantly, almost compensating the further decreasing charge transfer from the Ru bottom
layer. In this case, the trend of little changes in the CO adsorption energy fits best to the trend
in total charge transfer, while effects from the more pronounced changes in the individual
contributions are less obvious. Overall, we find that electron transfer from more distant Ru
atoms comes mostly from Ru atoms neighboring to O-vacancies. Finally, the compensating
charge transfer contributions from support and bottom seem to be responsible for the almost

constant CO adsorption energy.

For adsorption on interface region i, charge is mainly transferred from the Ru atoms in the
middle and bottom layers and from the support to the adsorbed CO, while for Ru atoms in the
top layer CO adsorption results in an increase of negative charge (negative charge transfer).
With increasing O-vacancies (1 Vo, 2Vo) the bottom Ru layer, specifically the Ru atoms 1a and
2a, contribute more to the electron transfer than those of the support and middle layer. After the
third O-vacancy formation, more electrons are transferred from the middle layer, specifically
from the Ru 4a and 5a atoms, than from the support and the bottom layer, with the last
contribution decreasing almost to zero. The change of the dominant contribution, from bottom
layer to middle layer, agrees well the increasing electron density of the middle layer sites (Ru
4a, Ru 5a) and the decreasing electron density of the Ru 1a and Ru 2a sites in the bottom layer

(Table 2). Finally, despite of the more pronounced charge transfer from the middle layer Ru



34

atoms to CO at the third O-vacancy formation, the adsorption energy decreases, most likely due

to the significant decrease of the total charge transfer to CO.

Finally, for adsorption on interface region ii, where the change in total charge transfer to CO is
most pronounced, this first increases strongly from 0Vo to 2V and then decreases. This agrees
well with the opposite trend of the CO adsorption energy (Figure 10a). The trend in the total
charge transfer is first (OVo - 2Vo) dominated by charge transfer from the Ru bottom layer,
which is higher than that from the support, while the other contributions change little. For
further increasing O-vacancy formation (3Vo - 5Vo), charge transfer from the middle layer
rapidly increases, while the total charge transfer and in particular that from the bottom layer

decrease.

As a last step, we also calculated the local density of states (LDOS) for the 4d-states at the Ru
atoms binding to adsorbed CO and of the 56 and 27* orbitals of the adsorbed CO molecule for
the different CO adsorption sites as a function of the number of O vacancies. These calculations
well confirmed Blyholder's donation-backdonation model in agreement with previous
calculations *°: in all cases, there is a 56 derived LDOS at the CO molecule above the Fermi
energy, indicating electron donation to the Ru atoms, but also a 2nt* derived LDOS below the
Fermi energy confirming the electron backdonation. However, the differences in the LDOS as
a function of the number of vacancies at the different considered adsorption sites are not

significant enough to derive any new insights that go beyond those already discussed above.

3.4 Correlations between different effects induced by O-vacancies and implications

The results presented and discussed in the previous sections have provided a detailed picture of
the way how the presence of O-vacancies at the interface to a metal nanoparticle, in this case
of a Ru nanorod, can modify the CO adsorption properties and thus also the catalytic

performance of Ru/ZrO; catalysts. In a more general picture, we expect similar trends also for
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other oxide supported metal nanoparticle catalysts. Charge transfer from the O-vacancy to these
metal atoms results in a modified population of 2n* orbitals of the adsorbed CO, leading to a
change in adsorption energy and in the frequency of internal vibrations of the adsorbed
molecules. The fact that significant effects are only observed for O-vacancies close to the
adsorbate-carrying Ru atom, i.e., for CO adsorption close to the interface, means that such
effects are dominated by O-vacancies close to the perimeter of the metal nanoparticles. Deeper-
lying O vacancies or O-vacancies further away from the metal nanoparticle edge, both outside
the metal nanoparticle and more inside underneath the metal nanoparticles, can essentially be
neglected in the evaluation of electronic metal-support interactions. On the other hand, this also
means that for nanoparticles of sizes exceeding a few nanometers, EMSIs will affect only a
small amount of the metal surface atoms, namely those at the interface perimeter of the
nanoparticles, in contrast to a ‘charge transfer to the (entire) metal nanoparticle’, as it is often
stated in the literature. Therefore, spectroscopic measurements testing all adsorption sites, as,
e.g., in in situ DRIFTS measurements performed at close to saturation coverage, will hardly
resolve species adsorbed on these sites. On the other hand, for weakly adsorbing reactants, only
such sites may be populated under reaction conditions, which allows a facile identification of
the species. Examples are supported Au catalysts, where the (sole) observation of CO.q species
with vibrations well below 2100 cm™! was reported,'* which are characteristic for CO adsorption
on negatively charged Au sites / clusters.®*® Preferential adsorption on perimeter sites of 2D
Au aggregates on a MgO film was even observed directly by scanning tunneling microscopy.*!
Furthermore, gradually increasing charge transfer to the entire nanoparticle, i.e., to more or less
all surface sites of the metal nanoparticle, would result in a continuous change in the charge of
the surface sites. For adsorbed CO as a molecular probe this would result in a continuous shift

of the C-O vibrational frequency, in contrast to experimental observations, which reported co-
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existence of two bands typical for CO on essentially neutral sites and CO adsorbed on

negatively charged metal sites, e.g., for CO adsorbed on Au/TiO; catalysts.®

When considering the relevance of the present work for realistic supported catalysts and
catalytic reactions one has to keep in mind that in most cases the active metal nanoparticles
exhibit a multitude of different sites, which due to their different distance to the interface will
be differently affected by the presence of O-vacancies at the interface. For nanoparticles with
sizes exceeding a few nanometers this means that many if not most sites will essentially not be
affected by the formation of O-vacancies, at least not measurably. Nevertheless, the formation
of O-vacancies will allow to modify the adsorption energies on this fraction of available surface
sites. Since according to the Sabatier principle 3 there is a correlation between the activity of
the active sites and the adsorption energy of the adsorbed species (reactants, intermediates,
products), this will modify also the catalytic activity of these sites. In the extreme case, these
sites close to the interface represent the active sites, which despite of their low abundance
dominate the catalytic performance. In this case it would be hardly possible to spectroscopically
identify these active sites because of their low number. This also means that it should be
possible to tune and optimize the performance of a catalyst by proper optimization of the
reductive character of the reaction gas mixture or of the reducibility of the catalyst support, e.g.,

by doping.*?

Equally important for the charge transfer is also the surface structure of the support material.
Here we expect rather different results in the charge transfer for different polar surfaces of the
same material, and hence in the electronic modification of the interface metal atoms, depending
on the surface termination. For non-polar support surfaces like the ZrO»(111) surface
investigated here, the charge transfer and thus the electronic modification of the interface metal
atoms will still vary laterally, albeit with a lesser extent, depending on whether the respective

interface metal atom is closer to a metal cation or to an O* anion. Nevertheless, it should still



37

be possible to predict general trends in charge transfer, considering also the stability of different

surface and interface orientations.

Finally, one should also keep in mind that interface vacancy formation may not only affect the
activity of a catalyst by electronic metal-support interactions (EMSIs), as illustrated in the
present case, but may also be part of the reaction cycle itself, where formation of vacancies
provides active oxygen. This is well known for the Mars — van Krevelen reaction mechanism.*
Similar effects have been demonstrated previously, however, also for a number of reactions
over Au catalysts supported on reducible oxide supports, where continuous formation and
depletion of surface vacancies at the perimeter of Au nanoparticles (‘Au-assisted Mars-van
Krevelen mechanism’) is part of the reaction cycle.!%!%16

4 Conclusions

Based on systematic DFT calculations we have comprehensively investigated the effect of an
increasing number of O-vacancies at the interface between a reducible oxide and a metal
nanoparticle, modelled by a ZrO»(111) support and a Ru nanorod, on the adsorption of CO. We
demonstrated that the effect of an O-vacancy on the chemisorption behavior of Ru surface
atoms is highly localized, both laterally and vertically, and mainly affects Ru atoms at the Ru-
ZrOy interface directly neighbored to the vacancy. For an increasing number of O-vacancies
underneath the Ru nanorod, the changes in adsorption energy are negligible for adsorption on
the surface of the 3-layer nanorod. Similar results are obtained also for adsorption at the second
layer above the interface, which is also significantly more stable than that on higher layers.
Pronounced variations with increasing number of O-vacancies are obtained only for CO
adsorption energy on Ru interface sites, which can even make adsorption on these sites most
stable. We gave a detailed picture of the O-vacancy induced changes in the bonding situation,

both of the Ru nanorod (‘metal - support interactions’) and of adsorbed CO. This includes



38

changes in the charge of the Ru nanorod upon interaction with the support and of the CO upon
adsorption at different sites on the Ru/ZrO>x(111) model system, both as far as changes in the
total charge and locally resolved changes are concerned, which reflect CO adsorption induced
charge transfer from the support to the Ru nanorod and from both Ru and the support to the
adsorbed CO molecule. As a further parameter, we also calculated the C-O vibrational densities
on different adsorption sites and O-vacancy induced changes therein, and correlated these with
the trends in charge state and in adsorption energy. The trends in the adsorption energy are
rationalized by changes in the LDOS, which were calculated for the different adsorption sites
and for the adsorbed CO molecule. Finally, we outlined effects of O-vacancies on the adsorption
and catalytic properties of realistic, oxide supported metal nanoparticle catalyst, and proposed
the systematic optimization of electronic metal-support interactions by O-vacancy generation,
e.g., by tuning the oxidative character of the reaction gas or by modifying the reducibility of

the support, as an interesting strategy for improving the performance of these catalysts.
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