Downloaded via 217.241.70.87 on April 17, 2025 at 21:16:49 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/acscatalysis

Research Article

Proximity Effects in Electronic Metal—Support Interactions:
O-Vacancy Formation and CO Adsorption on Ru/ZrO, Model

Catalysts
Mengru Li, Axel Grof}, and R. Jiirgen Behm™

Cite This: ACS Catal. 2025, 15, 7153-7179

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations

| @ Ssupporting Information

ABSTRACT: Continuing our investigation of electronic metal—
support interactions (EMSIs) in heterogeneous catalysis, we have
investigated the influence of the position and the number of O-
vacancies on their stabilization by the Ru nanorod, on the charge
transfer from the support to the metal, and on CO adsorption on
the Ru nanorod. Employing density functional theory-based
calculations and using a model system consisting of a ZrO,(111)
support and a three-layer Ru nanorod, we find that O-vacancies are
significantly stabilized only if they are in direct contact with the Ru
nanorod, with the extent of stabilization depending on the distance
between vacancy and the nearest Ru atom at the interface. Vacancy
formation beside the Ru nanorod or in deeper layers of the support
is not enhanced by the metal. The Ru-induced stabilization of the
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O-vacancies is closely coupled with the charge transfer from the support to the metal upon vacancy formation, which is true also in
the presence of neighboring O-vacancies. The CO adsorption energy can be substantially modified by four characteristic effects,
including charge transfer from the support to the metal, coordination effects, a combination of CO,4-induced deformation energies
and changes in the interface energy and direct interactions between CO and partly reduced Zr surface ions directly neighboring to an

O-vacancy, depending on the adsorption site and on the number

and positions of the O-vacancies. Thus, it is not possible to

completely describe the adsorption properties by using the d-band model, in particular, not for adsorption on the interface sites. The
general relevance of these findings for adsorption and catalytic reactions is discussed.
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1. INTRODUCTION

Supported metal catalysts, consisting of metal nanoparticles
(NPs) of a few nm in diameter supported on high-surface-area
materials, mostly oxides, play a key role in heterogeneous
catalysis.' > While initially, the support was assumed to be
catalytically inert and mainly served to stabilize and separate the
active metal , this picture changed with time." Already in the late
1970s, Tauster introduced the concept of “strong metal—
support interactions (SMSIs)”, according to which the catalytic
activity of the catalyst can be modified (and mainly lowered) by
partial overgrowth of the metal surface by a thin layer of the
partly reduced oxide.’~” In 2012, Campbell introduced
“electronic metal—support interactions (EMSIs)” as another
fundamentally different type of metal—support interactions
(MSIs),® based on work by Bruix et al.” In this case, the
adsorption/reaction behavior of the metal surface sites was
modified by charge transfer between the support and the metal
NP (for recent overviews, see refs 10—12). Furthermore, it
turned out that in addition to other physical parameters of the
catalyst such as the size of the metal nanoparticles, the chemical
potential of the metal atoms in these particles,'”'* or their
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oxophilicity,"> also the reducibility of the support plays an
important if not decisive role."> It allows tuning the charge
transfer to the metal nanoparticles and thus their reactivity via
formation of O-vacancies'®™'? or even oxidation reactions to
proceed via a Mars—van Krevelen reaction mechanism.'®"’
Details of the charge transfer process and its impact on the
adsorption and reaction characteristics as well as of their range,
however, are still under debate. These aspects are the topic of the
present study, where we investigated O-vacancy formation and
its impact on the CO adsorption characteristics on Ru/
Zr0,(111) model catalysts.

Recently, we investigated the CO, methanation reaction on a
Ru/ZrO, catalyst in a combined experimental and theoretical
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approach, also including extensive density functional theory
(DFT)-based calculations on a Ru/ZrO,(111) model catalyst
system.”””' In that work, we had demonstrated that the
formation of surface O-vacancies can be enhanced and stabilized
by the presence of metal NPs, in this case of a Ru nanorod: The
formation of a surface O-vacancy at the interface, i.e., directly
underneath the Ru nanorod, was found to lead to a significant
transfer of (negative) charge to neighboring Ru atom(s) at the
interface and furthermore also to an increase of the CO
adsorption energy on these sites. In contrast, metal atoms
further apart from the O-vacancy and the interface, e.g, in the
second or third layer of the three-layer Ru nanorod, were little
affected by these O-vacancies.”' These results indicated that
charge transfer from the O-vacancy to the metal is essentially
limited to the metal atoms directly at the metal—oxide interface.
This is in contrast to the commonly published statement of a
charge transfer to the (entire) metal nanoparticle,”” which was
concluded, e.g, from shifts of the vibrational features of the
adsorbed species detected experimentally.””** This has
considerable consequences on the fundamental understanding
of the role of O-vacancies in catalytic reactions on metal catalysts
supported on reducible oxides as only a small fraction of the
accessible metal surface atoms will be modified, namely, those at
the interface perimeter of the metal nanoparticles. The other
ones, which depending on the shape and size of the NPs, may
often represent the majority of surface atoms, maintain their
typical character as essentially charge-neutral metal atoms.
Considering the close correlation between local adsorption
strength and catalytic activity, which is well known as the
Sabatier principle,” these interface perimeter sites may thus
represent (more) active sites in a catalytic reaction. Thus, the
introduction of vacancies allows tuning the reactivity of the
metal surface sites at the interface.*®

While these general principles had been clarified in the
previous calculations,”’ supported also by experimental
findings,” several important aspects are still open. These
include, first, the question whether the limitation to a strictly
local effect is true also for O-vacancy formation or whether O-
vacancies closely beside or deeper underneath the metal
nanorod can also be stabilized by the metal nanoparticle/
nanorod (see Figure la—c). One could imagine that the
formation of several O-vacancies (vacancy clusters), either
beside the Ru nanorod in the topmost layer or reaching from the
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Figure 1. Schematic representation of the O-vacancy formation in
direct contact (a) and in close proximity but not in direct contact with
the metal nanoparticle (b, c) and the effect on CO adsorbed on different
metal sites.
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metal—oxide interface to deeper layers, could result in an
enhanced charge transfer from the more remote O-vacancy.
These points are essential for clarifying whether the formation of
O-vacancies slightly oft from the metal—oxide interface is
energetically favorable as well or whether, in these cases, the
energetics are rather similar to O-vacancy formation in the
absence of metal NPs. A second important question deals with
the effect of O-vacancies on the CO adsorption behavior, in
particular on the CO adsorption energy and the vibrational
properties. The CO adsorption energy is not only highly
relevant, e.g, for all catalytic reactions where it serves as a
descriptor for the activity of the respective catalyst. Moreover,
based on the scaling relations, the CO adsorption energy can
also be considered as an indicator for the adsorption strength of
other chemisorbed species. Thus, the possibility of tuning the
CO adsorption energy and its comprehensive understanding are
highly relevant also for applications.

These aspects are addressed in the present work. Building on
the previous calculations and experiments, we explore the effect
of moving an O-vacancy laterally underneath the metal—oxide
interface or slightly away from the interface, either laterally or
vertically, on the vacancy formation energy (Section 3.1), on the
charge transfer to the Ru nanorod and to the different Ru
adsorption sites as well as on the CO adsorption energy
(Sections 3.2.1—3.2.3). Section 3.2 also contains a brief
evaluation and discussion of the influence of adsorbed CO on
the O-vacancy formation energy (Section 3.2.4). In both parts,
Sections 3.1 and 3.2, we are particularly interested in deriving
general principles and correlations such as the empirically
established correlation between the position of the center of the
d-band on the adsorption site and the adsorption energy on this
site, as well as in deviations from these correlations that seem to
be specific for supported metal nanostructures as compared to
smooth metal surfaces. Focusing on CO adsorption, these are
discussed in Section 3.2.5. Finally, we will test whether the
trends in adsorption energy fit to the trends in the calculated
vibrational properties of the adsorbed CO (C—O stretch
frequency) (Section 3.3).

2. METHODS

The computational setup is very similar to the one described
previously.””*" In short, spin-polarized periodic DFT calcu-
lations were performed utilizing the Vienna ab initio software
package (VASP),”’~* with ionic cores described by the
projected augmented wave (PAW) method.’>*" The Perdew—
Burke—Ernzerhof (PBE) functional® was used for exchange—
correlation energies within the generalized gradient approx-
imation (GGA). The cutoff 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®* to treat the highly localized 4d states of Zr. The
parameter U—] = 4.00 eV was taken from a previous work.”
Dispersion corrections were included within the DFT-D3
method.*® The k-point mesh was set to be 3 X 3 X 1 for the
slab calculations due to the negligible energy variation obtained
for S X 5 X 1and 3 X 3 X 1 meshes for the (1 X 3) super-cell of
ZrO,(111). A k-point mesh of 9 X 9 X 9’7 was utilized to
optimize the bulk structure of the ZrO, support. Here we used
the monoclinic y-phase, which is the most stable phase at room
temperature. Ionic bulk relaxations were considered to reach
convergence for forces below 0.001 eV/A. A dipole correction
was applied to mitigate interactions between surface dipoles and
their periodic images. We employed the charge partitioning
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method reported by Manz et al.***” to calculate local charges.

This method is well suited for strongly polarized systems."’
However, we also tested this approach against alternative charge
partition schemes, which resulted in consistent trends regarding
alterations and disparities in the charge states.

For the description of the Ru/ZrO, catalyst, we modified the
Ru/ZrO,(111) model described in our previous work by
removing the bottom three layers of the support to reduce the
computational cost.”’ This adjustment resulted in changes of the
O-vacancy formation energy and in the CO adsorption energy of
below 0.10 eV. Thus, the overall trends in these properties
derived in our previous work remained unaffected, while specific
numbers may change slightly. Overall, the Ru/ZrO, model
catalyst consists of a three-layer [1120] oriented Ru nanorod
with a (3 X 3) super-cell of Ru(0001), which is positioned on a
five-layer (1 X 3) super-cell of ZrO,(111) (see Figure 2). The
bottom two layers of ZrO, were fixed, while the Ru atoms and
the uppermost three layers of the ZrO,(111) support were
relaxed for optimization. Subsequently, we constructed Ru/
ZrO,_, catalysts with varying O-vacancy concentrations and
distributions by removing specified lattice oxygen atoms.
Systems with individual O-vacancies were modeled by removing
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Figure 2. Side views (a,b) and top view (c) of the Ru/ZrO,(111) model
system, illustrating also the numbering of the different sites. The
coordinate system is indicated in Figure 2b, with the x-axis pointing
along the Ru nanorod. The notations ni represent individual oxygen
vacancy (O,) positions in the top layer directly underneath or beside
the Ru nanorod, ii, iili, and iv denote positions in deeper layers
underneath the Ru nanorod. Formation of O-vacancies on positions 1i,
2i, 3i, 41, and Si leads to oxygen vacancy (O,) clusters 1 V5,2V, 3V, 4
Vo, and 5 Vo with 1—5 O-vacancies in the top layer underneath the Ru
nanorod, as illustrated in the schematic representation in Table 1 in our
previous report.”" O-vacancies on positions 1i, 17i, 18i, and 14i lead to
O-vacancy clusters 1 Vi, 2 Vg, 3 Vi, and 4 V in the top layer of the
support directly adjacent to the Ru nanorod. Finally, positions ii, iii, and
iv refer to newly formed O, sites in the deeper layers underneath the Ru
nanorod, which starting from the O, at site 1i contribute to the
formation of the O, clusters 1 Vg, 2 V5, 3 V, and 4 V.
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one lattice oxygen atom per unit cell. We investigated O-
vacancies located in different positions: in the uppermost layer
and deeper layers underneath the Ru nanorod, as well as in the
top layer of the support adjacent to the Ru nanorod. Among the
15 O atoms in the uppermost layer, labeled as ni (i = 1—15) in
Figure 2c, nine (from 1i to 9i) are covered by the Ru nanorod,
denoted as “lattice-O atoms underneath the Ru nanorod”. The
remaining six O atoms, labeled from 10i to 15i, were distributed
on both sides of the Ru nanorod without direct contact with the
Ru nanorod. Furthermore, O-vacancies underneath the edge of
created as depicted in Figure 2b. The distance between these O-
vacancies and the nearest Ru atom increases from 3.89 A to 5.14
A and 6.29 A, respectively. Based on our previous experimental
observation that overgrowth of Ru nanoparticles by a thin layer
of partly reduced Zr oxide can be excluded for Ru/ZrO, catalysts
under CO, hydrogenation conditions,”” we did not include this
possibility. This is different from Ru catalysts supported on more
reducible supports, such as TiO, or In,0;, where such kind of
encapsulation was observed.*""**

This also allowed us to separate changes in the vacancy
formation energy caused by the different location of the O-
vacancy from those introduced by the presence of neighboring
O-vacancies, in a growing O-vacancy island, which was not
possible in earlier calculations.””*" The driving force for the
formation of O-vacancy islands was calculated by consecutive
removal of neighboring O atoms in the lattice, both in the
presence and in the absence of the Ru nanorod. Furthermore, we
now included not only surface vacancy islands underneath the
Ru nanorod (removal of O atoms from 1i to Si in Figure 2c) but
also surface O-vacancy islands next to the Ru nanorod, formed
by sequential removal of O atoms 1i, 17i, 18i, and 144, and finally
vertical O-vacancy islands underneath the edge of the Ru
nanorod created by consecutive removal of O atoms 1i, i, iii, and
iv.

To further identify and characterize correlations between CO
adsorption strength and the electronic properties of the Ru
adsorption site, we calculated the local density of d-states
(LDOS) at these Ru atoms, using a 17 X 3 X 1 k-point mesh,
where the Ru nanorod extends in the x-direction (Figure 2b).

The energy for the formation of an (additional) O-vacancy, E;
in the fully oxidized, bare ZrO,(111) support and in the Ru/
ZrO, model system and the effect of the Ru nanorod on the
vacancy formation energy, AE,,, were calculated, respectively,
via eqs 1-3

Evac,ZrOz(x) = EZroH - Ez;oz,(x,w) -1/2 Eo2

(1)

Evac,Ru/ZrOZ(x) = ERu/ZrOZ_X - ERu/ZrO,__(X_‘ m 1/2 Eo2

()
AEvac(x). = Evac,Ru/ZrOz(x) - Evac,ZrOz(x) (3)

Here x again denotes the number of O-vacancies, including the
newly formed one, and Eq, refers to the DFT-calculated energy
of the O, molecule. n is the number of ZrO, units per Ru/ZrO,
unit cell.

3. RESULTS AND DISCUSSION

3.1. Vacancy Formation Energies. In this part, we
calculated the energy required for the formation of O-vacancies
in a ZrO, support, both as individual O-vacancies and as part of a
growing O-vacancy cluster in the presence and in the absence of
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Figure 3. (a) Energies for the formation of individual O-vacancies on different interface sites (1i to 9i, see Figure 2c) on the fully oxidized, relaxed ZrO,
(pink bars) and Ru/ZrO, model systems (gray bars). Blue dots indicate the distance between the O-vacancy and the closest Ru atom. (b) Plot of the O-
vacancy formation energies on the different sites of Ru/ZrO, vs the charge transfer from the support to the Ru nanorod upon O-vacancy formation.
Vo(ni) (n = 1-9), etc., denote the O-vacancy formation at the site ni on Ru/ZrO,. The full line is a fit to the data points V(1i)—V(7i) (see below).
(c) Corresponding data for the Ru-induced lowering of the O-vacancy formation energy AE,,. on Ru/ZrO,. The full lines are fits to the data points
Vo (1i)=Vo(7i), i.e., all points except those marked by a dashed red square, which exhibit structural contributions (Egfo™ + E‘:j;‘;ﬂ)“r‘t 0£0.29 eV or more
(see text and Table S4).

a Ru nanorod. We considered various positions in the top layer The respective energies and the resulting differences are also
and also positions in deeper layers of the ZrO, support. summarized in Tables S1—S3 in the Supporting Information
Furthermore, we explored the relationship between the (SI). A common trend of these data is that the O-vacancy
reduction in O-vacancy formation energy caused by the formation energies differ rather little relative to their total value,
presence of the Ru nanorod and the charge transfer from the varying by at most 0.7 eV, for the different sites on the bare ZrO,
support to the Ru nanorod upon O-vacancy formation. We will support. In contrast, the variations are significantly more
demonstrate that there is an approximately linear relationship pronounced, up to ~2.5 eV, for the Ru/ZrO, model systems.
between the Ru-induced lowering of the O-vacancy formation A more detailed inspection reveals that the O-vacancy
energy and the charge transfer from the support to the Ru formation energies in Ru/ZrO, seem to be correlated with the
nanorod upon O-vacancy formation. This will be discussed for distance between the O-vacancy and the nearest Ru atom, where
different types of O-vacancies, at the interface directly the latter are indicated by blue dots in Figure 3a. As an example,
underneath the Ru nanorod, in the top-layer beside the Ru for the 9i, 3i, and in particular for the 6i sites, where the distances
nanorod, and in deeper layers underneath the Ru nanorod, as to the nearest Ru atom are above 3 A, the energy costs for O-
well as for individual O-vacancies and O-vacancy clusters. vacancy formation in the presence of the Ru nanorod are closer
3.1.1. Formation of O-Vacancies Directly underneath the to those on ZrO, alone, with energy differences within 0.8 eV. In
Ru Nanorod. 3.1.1.1. Formation of Individual O-Vacancies. In contrast, for the 1i, 2i, 4i, Si, 7i, and 8i O atoms, where the
a first step, we calculated the energy costs for the removal of an shortest distances to a neighboring Ru atom are around 2 A, the
individual surface O atom (O-vacancy formation energy, E,,.) at reduction of the O-vacancy formation energy induced by the Ru
different positions underneath the Ru nanorod, to gain an nanorod is more than 1.50 eV. Apparently, this distance is a
impression of the variation in these values, both in the absence decisive parameter for the Ru nanorod-induced promotion of
and in the presence of the Ru nanorod. This differs from our the O-vacancy formation, although there is no linear correlation
previous work,”" where we had calculated the formation energy between these parameters. Sizeable effects can be expected if the
for an O-vacancy at a specific interface site at the edge of the Ru distance to the closest Ru atom is around 2 A. For comparison,
nanorod (interface perimeter site) in a stepwise increasing O- the Ru—O bond length in rutile RuO, is about 1.49 A.
vacancy cluster. The O-vacancy formation energies obtained for 3.1.1.2. Charge Transfer upon O-Vacancy Formation.
nine different surface oxygen sites (1i to 9i), all of which are Previously, we had reported that the formation of O-vacancies
located underneath the Ru nanorod (Figure 2c), are illustrated is accompanied by a partial reduction of the neighboring Zr ions
by the colored bars in Figure 3a for the bare ZrO, (pink bars) and, in the presence of the Ru nanorod, by a less pronounced
and for the Ru/ZrO, model system (gray bars), respectively. reduction of the Zr ions and an electron transfer from the
7156 https://doi.org/10.1021/acscatal.5c00519
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support to the Ru nanorod.”' Regarding the partial reduction of
the Zr ions adjacent to the O-vacancy, one should keep in mind,
however, that the charge partitioning procedure assigns the
electron charge in the O-vacancy region to the neighboring ions.
Nevertheless, in the presence of the Ru nanorod, the reduction
of the Zr ions adjacent to the O-vacancy is less pronounced,
leading to a lower energy cost for O-vacancy formation. Actually,
there seems to be an essentially linear relation between the O-
vacancy formation energy E,,. on the one hand and the charge
transfer from the support to the Ru nanorod upon O-vacancy
formation on the other hand, with more charge transfer going
along with a lower O-vacancy formation energy (Figure 3b).
The correlation is even more obvious when plotting the Ru-
induced lowering of the O-vacancy formation energy AE,
rather than the O-vacancy formation energy itself versus the
charge transfer from the support to the Ru nanorod upon O-
vacancy formation (Figure 3c). In this case, effects from
structural differences between the different oxygen sites in the
Ru-free ZrO, surface should be largely canceled. Indeed, except
for the data points 2i, 8i, and 9i, there is a strict correlation
between the Ru-induced lowering of the O-vacancy formation
energy and the charge transfer, which is indicated by the full line
(see also the following discussion).

To identify possible reasons for the less pronounced Ru-
induced lowering of the O-vacancy formation energy AE,,  at
the sites 2i, 8i, and 9i, we decomposed the Ru-induced change in
vacancy formation energy AE,, into contributions arising from
changes in the interaction between the Ru nanorod and the
support (AER;_qppor) While maintaining the previous structure,
i.e, without any structural modification, and contributions
resulting from the structural modification of the Ru nanorod,
Egor™ and of the support, ES:;%‘;?U which are induced by the
presence of the O-vacancy
int

AEvaC — AEIc{llelform + AEdeform + AE

'support ( 4)

This approach, which is based on ideas outlined in our
previous work,?! but differs in details, is described and illustrated
in the schematics in Figure S1. In short, AEi{‘ﬁ_support can be
calculated as the difference in interaction energy in the relaxed
Ru/ZrO, model catalyst and in the relaxed Ru/ZrO,_, model
catalyst, with the (additional) O-vacancy, where the interaction
energy is calculated as the energy difference between the
complete system and the separate components, while maintain-
ing their structure. AEg®™ corresponds to the energy required
for changing the structure of the separate Ru nanorod from that
in the relaxed Ru/ZrO, to that in the relaxed Ru/ZrO,_, system,
after creation of an O-vacancy in the support. Accordingly,
AEf]f}f,‘}’,;Tt can be calculated as the energy required for changing
the structure of the separate ZrO, support from that in the
relaxed Ru/ZrO, to that in the relaxed Ru/ZrO,_, system.
Furthermore, it also contains the difference in energy for the
removal of an O atom (see Figure S1). Splitting this up into
separate contributions would be ambiguous, since depending on
whether the O-removal would take place before or after
restructuring, the resulting numbers would be different. As
illustrated in the reaction cycle in Figure S1, the O-vacancy
formation energy in the ZrO, support cancels out since we are
considering the difference in O-vacancy formation energy AE,
between the Ru/ZrO, model catalyst and the pure ZrO,
support, rather than the O-vacancy formation energy E,, itself.

The sums of the structural contributions (AE&P™ and

AEsﬂ;;"(f:‘tl) and the differences in interaction energies

Ru—support
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Ru_support) calculated for the formation of a single O-vacancy
at different sites are listed in Table S4. Obviously, in all cases, the
difference in interaction energy is the dominant contribution to
the Ru-induced lowering of the O-vacancy formation energy. In
many cases, the interaction energy is about 2.0 eV more negative
for the Ru/ZrO,_, system than for the Ru/ZrO, system, leading
to a corresponding stabilization of the O-vacancy by the Ru
nanorod. In contrast, the structural contribution is generally
rather low. This is particularly true for the Ru deformation
energy AEER™ which except for few exceptions is below +0.1
eV.

It is obvious that the two data points with the largest deviation
from the red line in Figure 3c, V(8i) and V5(9i), are also those
with the largest structural contribution, underlining that the
structural contribution has an important effect on this deviation.
For illustration, we marked all data points with medium or high
structural contributions (>0.29 eV) with a red dashed rectangle.
On the other hand, a simple correlation between the size of the
deviation from a linear relationship between the O-vacancy
formation energy change caused by the Ru nanorod and the
Ru—support charge transfer, which is indicated by the red line,
and the contribution from restructuring effects (structural
contribution) is not possible. Furthermore, these structural
contributions are an important, but not the only effect that can
result in a sizable deviation of a data point from the linear
correlation indicated by the red line. This is illustrated, e.g., by
the O-vacancy formation on the 2i site, where the structural
contribution is very small (see Table S4). These questions will
be investigated in more detail in future work. Nevertheless,
despite these deviations, the energy required for O-vacancy
formation depends mainly on the feasibility of charge transfer
from the support to the Ru nanorod upon vacancy formation,
and this in turn depends mainly on the distance between the O-
vacancy and the closest Ru atom.

Finally, we would like to note that these arguments and
considerations refer to the energetics of the O-vacancy
formation process, where additional kinetic barriers are not
included. Most importantly, kinetically, the exchange at the
perimeter of the interface will be favored as compared to O-
vacancy formation on more central sites underneath the Ru
nanorod. Formation of O-vacancies underneath the Ru nanorod
is only possible via subsequent migration of interface perimeter
O-vacancies, e.g., at elevated temperatures.

3.1.1.3. Formation of O-Vacancies in a Growing O-
Vacancy Cluster. Next, we calculated the formation energy of
O-vacancies at the same sites underneath the Ru nanorod as
before but now in a growing two-dimensional (2D) O-vacancy
cluster. Following the first O-vacancy formation at the 1i site,
additional O-vacancies were generated at neighboring oxygen
sites (from the 2i, 3i, 4i to the i site), finally resulting in an O-
vacancy cluster with five adjacent O-vacancies. In Figure 4a, we
compare the energy cost for the formation of an additional O-
vacancy in the growing cluster (blue bars) with that of a single,
isolated O-vacancy at the same site (gray bars). The data are also
listed in Table S1. In most of the cases, the energy cost for the O-
vacancy formation in the cluster is lower than or equal to that for
the formation of an isolated vacancy, but the differences are
generally small. They are most pronounced for the energetically
most costly O-vacancy formation at the 3i and Si sites, where the
differences are 0.38 and 0.44 eV, respectively. Hence, promo-
tional effects induced by the presence of neighboring O-
vacancies are generally small. A similar trend is also observed for
the formation of an O-vacancy in a growing cluster in the
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Figure 4. (2) Energy for the formation of an individual O-vacancy at the
site indicated on fully oxidized Ru/ZrO, (gray bars) or of an O-vacancy
in a growing 2D O-vacancy cluster (O—vacancies on sites 1i, 1i/2i, 1i/
2i/3i, 1i/2i/3i/4i, 1i/2i/3i/4i/5i) sites 1i — Si on fully oxidized Ru/
ZrO, (1i)/partly reduced Ru/ZrO,_, (blue bars), with the first O-
vacancy on the li site, followed by O-vacancies on sites 2i via 3i, 4i to 5i.
(b) O-vacancy formation energy AE,,. on Ru/ZrO, as a function of the
charge transfer from the support to the Ru nanorod upon O-vacancy
formation for individual O-vacancies (black symbols) and for O-
vacancy formation in the growing 2D O-vacancy cluster (blue
symbols). (c) Corresponding data for the Ru-induced lowering of the
O-vacancy formation energy AE,. on Ru/ZrO,. The red lines
represent the fits to the data in Figure 3b,c; the data points within
the red dashed rectangles have structural contributions
(AEEP™ L AEERm™Y 6f 0.29 eV or more.

support.

absence of a Ru nanorod (see Table S2). The only exception in
these sequences is the formation of the third O-vacancy at the 3i
site in a cluster, which is by 0.83 eV less costly than that of an
isolated vacancy at that site. In total, these results indicate that
the formation of O-vacancy clusters rather than of individual O-
vacancies is energetically feasible or even favorable. Since there
is no obvious reason that formation of O-vacancies as part of a
growing 2D O-vacancy cluster should involve higher kinetic
barriers than the formation of individual O-vacancies, formation
of 2D O-vacancy clusters is also expected under experimental
conditions.

As before, we also plotted the relation between the O-vacancy
formation energy E, .. and the charge transfer from the support
to the Ru nanorod upon O-vacancy formation in the O-vacancy
clusters growing from one to five vacancies (blue squares in
Figure 4b) and the relation between Ru-induced lowering of the
O-vacancy formation energy AE,, and the above charge transfer
(blue squares in Figure 4c). For comparison, we also included
the corresponding data for individual O-vacancies from Figure
3b,c (black dots). In all cases, the additional charge transfer
upon formation of an O-vacancy in a growing O-vacancy cluster
is smaller than that for the individual vacancy at the same
location, which can be understood based on depolarization
effects [Note that this comparison is only possible for the
vacancies V(2i)—V(Si)]. Except for these depolarization
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effects and the resulting shift to lower charge transfer, the data
points seem to fit reasonably well to the linear correlations
derived in Figure 3b,c, which are included as red lines. Hence,
the linear relation between charge transfer and Ru-induced
lowering of the O-vacancy formation energy, which was derived
for the formation of individual O-vacancies, is also applicable to
O-vacancy formation in a cluster. For the V(5i) vacancy, where
the O-vacancy formation energy and the Ru-induced lowering of
it are significantly lower than expected from the linear
regression, the structural contribution ( AEgeform AESj;‘;,Tt
(Table SS) is significantly higher than for the Vo(2i) and V5(4i)
O-vacancies, supporting the role of restructuring effects as
discussed before. On the other hand, these deviations (Figure
4b,c) are much smaller for the V(3i) site, supporting our above
suggestion that larger structural contributions are an important,
but not the only possible origin for a significant deviation from
the linear relation between charge transfer and Ru-induced
stabilization of an O-vacancy. Finally, we would like to note that
this relationship between metal-induced stabilization of the O-
vacancy and charge transfer from the support to the metal was
derived for the present model system, which we assume to be
representative of oxide-supported metal catalysts involving
metal NPs of few nanometers in size. The situation is likely to
be very different if the metal is present as single atoms or small
metal clusters.*’

3.1.2. Formation of Surface O-Vacancies beside the Ru
Nanorod. Next, we explored in a similar approach the formation
of individual surface O-vacancies and surface O-vacancies in a
growing 2D cluster, where either all O-vacancies or most of them
are beside the Ru nanorod.

3.1.2.1. Formation of Individual O-Vacancies beside the Ru
Nanorod. First, we present the vacancy formation energies for
removing individual O surface atoms at positions 13i to 18i
beside the Ru nanorod (see Figure 2c). We disregarded the 10i—
12i sites since they are located underneath the interface
perimeter, similar to the 1i—3i oxygen atoms. From these
sites, 16i—18i and in particular 16i and 17i are closer to the edge
of the Ru nanorod and therefore termed as first row sites, while
sites 13i—1Si are further apart (second row). O-vacancy
formation energies obtained for the bare ZrO, system and on
the Ru/ZrO, model system are plotted in Figure Sa (see also
Tables S1 and S2); the distance to the nearest Ru atom is again
indicated by blue squares. First of all, the data clearly
demonstrate a very small difference between O-vacancy
formation energies on ZrO, and Ru/ZrO, for these positions
without direct contact with Ru atoms, with distances between O-
vacancy and nearest Ru atom from 3.82 to 7.33 A. This is
equivalent to a rather small Ru-induced stabilization of the O-
vacancies on these sites. It fits our previous general conclusion
(Section 3.1.1) that a significant lowering of the O-vacancy
formation energy by the Ru nanorod is only possible if the
distance to the nearest Ru atom is short, on the order of 2 A. The
higher energy level of these vacancies beside the Ru nanorod
compared to O-vacancies directly underneath the Ru nanorod,
i.e,, atinterface sites, also means that they are much less probable
than the latter ones.

Possible correlations between the charge transfer from the
support to the Ru nanorod and the O-vacancy formation energy
or the Ru-induced lowering of that quantity are illustrated in
Figure Sb,c, respectively (see also Table S4). Also for these sites,
there is still some charge transfer possible, up to above 0.32
electrons (16i), while the effect on the Ru-induced lowering of
the O-vacancy formation energy is only very limited (Figure Sc).
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Figure 5. (a) Energies for the formation of individual O-vacancies at different sites beside the Ru nanorod (13i—18i, see Figure 2c) on the fully
oxidized, relaxed ZrO, (pink bars) and on the fully oxidized, relaxed Ru/ZrO, model system (gray bars). Blue squares indicate the distance between the
O-vacancy and the nearest Ru atom. (b) Plot of the O-vacancy formation energies on the different sites of Ru/ZrO, vs the charge transfer from the
support to the Ru nanorod upon O-vacancy formation. Note that we used the same scale as in Figure 3 to better illustrate the spread in the data points.
(c) Corresponding data for the Ru-induced lowering of the O-vacancy formation energy AE,,. on Ru/ZrO,. Vo(ni) (n = 13—18) denote the O-
vacancy formation at the site ni on Ru/ZrO, (Figure 2c). The red lines represent the fits to the data in Figure 3b,c; the data points within the red dashed

deform

rectangles have structural contributions (AES™ + AESj;‘;,“r‘t of 0.29 eV or more.

As aresult, all of these data points lie above the red line reflecting stabilization of the O-vacancy. This is often connected with a
the linear correlation between charge transfer from the support greater influence from local, structural contributions.
to the Ru nanorod upon O-vacancy generation and the Ru- 3.1.2.2. Formation of O-Vacancies in a Growing O-
induced lowering of the O-vacancy formation energy deduced in Vacancy Cluster. Similar to Section 3.1.1, we also determined
Figure 3c. However, the O-vacancy-induced charge transfer the O-vacancy formation energies in a growing 2D vacancy
cannot be easily correlated with the distance to the closest Ru cluster, which is formed by the stepwise removal of lattice O
atom (Figure Sa). As an example, the charge transfer upon O- atoms from site 1i via sites 17i, 18i to finally 14i, where the latter
vacancy formation at the 13i site is significantly larger than that three are located beside the Ru nanorod. Note that due to the
upon O-vacancy formation on the 17i site (Figure Sb,c), despite periodicity of the system, the O atom 14i is neighbored to atoms
the larger distance to the closest Ru atom. This supports our 17i and 18i. Figure 6a (see also Table S1) shows the resulting O-
earlier conclusion that the correlation between charge transfer vacancy formation energies (blue bars) and those obtained for
upon O-vacancy formation and Ru—O distance is more individual O-vacancies at the same locations (gray bars), where
qualitative, with significant charge transfer and energy effects the latter were presented already in Figure Sa. Similar to the
only for distances about 2 A, while at larger distances, the O- general trend obtained for O-vacancy formation underneath the
vacancy stabilization becomes significantly smaller and more Ru nanorod, the removal of lattice O atoms costs slightly less
dominated by local effects (see Section 3.1.1). Such effects may energy in the presence of the neighboring O-vacancies than for
include, e.g,, structural contributions as discussed before, which the isolated O-vacancies. In the present case, the differences are
are generally more pronounced than those from vacancies even smaller, and therefore, if formed, O-vacancy clusters can
underneath the Ru nanorod (Table S4). For instance, they are coexist with the individual O-vacancies in the surface layer (see
higher for the V5 (13i) and V5(16i) vacancies (marked by a red also Tables S1 and S2). Both individual O-vacancies and 2D O-
square), in agreement with our suggestion that the less vacancy clusters next to the Ru nanorod are, however, much less
pronounced Ru-induced lowering of the O-vacancy formation favorable than similar structures directly underneath the Ru
energy is at least partly due to structural factors. On the other nanorod.
hand, for the V(15i) vacancy, which also shows a significant In Figure 6b, we illustrate the relationship between the O-
deviation from this linear correlation, the structural contribution vacancy formation energy and the charge transfer from the
is even negative and of similar size as the difference in interaction support to the Ru nanorod upon the formation of O-vacancies in
energies (Table S4). This supports our previous conclusion that a growing 2D O-vacancy cluster (blue squares). Figure 6c
these structural contributions are one but not the only important presents a similar plot of the Ru-induced lowering of the O-
contribution to deviations from this linear correlation. vacancy formation energy AE,,. (blue squares). For comparison,
In general, when the O-vacancy is located close to but not in the data for individual O-vacancies (black squares) are included
direct contact with the Ru nanorod, there is significantly less as well in these figures. For these O-vacancies, the charge
charge transfer between the Ru nanorod and a lower Ru-induced transfer from the support to the Ru nanorod upon O-vacancy
7159 https://doi.org/10.1021/acscatal.5c00519
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Figure 6. (a) Energy for the formation of an individual O-vacancy at the
site indicated on fully oxidized Ru/ZrO, (gray bars) or of an O-vacancy
in the presence of neighboring O-vacancies in a growing 2D O-vacancy
cluster (O-vacancies on sites 1i, 1i/17i, 1i/17i/18i, 1i/17i/18i/14i) on
partly reduced Ru/ZrO,_, (blue bars), with the first O-vacancy on the
1i site (not shown), followed by O-vacancies on sites 17i and 18i to 14i.
(b) Plot of the O-vacancy formation energies on Ru/ZrO, for O-
vacancies in the 2D O-vacancy cluster (blue squares) and, for
comparison, for individual O-vacancies (black squares) vs the charge
transfer from the support to the Ru nanorod upon O-vacancy
formation. (c) Corresponding data for the Ru-induced lowering of
the O-vacancy formation energy AE,,. on Ru/ZrO,. Vo (ni) (n=17, 18,
14) denote the O-vacancy formation at the site ni on Ru/ZrO, and Ru/
ZrO,_, (Figure 2c). The red lines represent the fits to the data in Figure
3b,¢; the data points within the red dashed rectangles have structural

contributions (AESP™ 4 AESS;‘:,‘O“& of 0.29 eV or more.

formation is very small (<0.2 electrons per new O-vacancy), and
except for the V(14i) vacancy, very close to that in the
individual O-vacancies. For the V5(14i) cluster vacancy, the
charge transfer is about 0.15 e less than for the formation of an
individual O-vacancy, which would again be consistent with a
depolarization effect. The Ru-induced lowering of the O-
vacancy formation energies AE,,  for the 1 Vo—3 V|, systems,
which is anyway very small, is only little affected by the presence
of the neighboring O-vacancies, mostly by around 0.1 eV. The
highest energy deviation from the linear correlation between
charge transfer and Ru-induced O-vacancy stabilization is
observed for the 17i site, which also shows the highest structural
contribution (Table SS, marked by a red rectangle in Figure 6¢).
This agrees well with the significant deviation from this linear
regression for the O-vacancy formation at the 17i site,
supporting our previous suggestion that such deviations are
particularly likely for higher structural contributions. In contrast,
these contributions are smaller for the 14i and 18i sites (Table
SS), in agreement with the lower magnitude of the Ru-induced
stabilization for O-vacancies at these sites.

3.1.3. Formation of O-Vacancies in Deeper Layers under-
neath the Ru Nanorod. 3.1.3.1. Formation of Individual O-
Vacancies. Diftusion of O-vacancies from the top layer to
deeper layers of the support may allow O-vacancy formation also
in deeper layers. Therefore, we also calculated the O-vacancy
formation energies in deeper layers underneath the interface
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perimeter sites, on sites ii, iii, and iv. Energies for O-vacancy
formation on these sites (see Figure 2b) were calculated for the
pure support ZrO, and for the Ru/ZrO, model system. These
oxygen atoms were found to be most favorable for O-vacancy
formation in the respective layers. The resulting energies are
displayed in Figure 7a (see also Table S1), together with the
distance between the O-vacancy and the nearest Ru atom (blue
squares). Different from the O-vacancy in the topmost layer
(site 1i, see Figure 3a), the influence of the Ru-nanorod on the
vacancy formation energy is very small (—0.4 eV at site iii) or
negligible (other sites) (Figure 7a). Hence, the Ru-induced
lowering of the O-vacancy formation energy is essentially limited
to O-vacancy generation in the topmost layer, with direct
contact to the Ru nanorod. The slight stabilization of the O-
vacancy in the third layer (site iii) seems to be related to a higher
charge transfer (see below), indicating that in addition to the
distance to the nearest Ru atom also other, local effects can play a
role, though the latter is by far the most dominant factor. This
will be discussed further in the next paragraph.

Plots of the O-vacancy formation energy E,,. and the Ru-
induced lowering of the O-vacancy formation energy AE,,. on
Ru/ZrO, against the charge transfer from the support to the Ru
nanorod upon O-vacancy formation are shown in Figure 7b,c,
respectively. While in two cases, V(i) and V(iv), the charge
transfer is negligible, there is still some charge transfer to the Ru
nanorod for the V(iii) vacancy formation, despite the distance
of about 5 A to the nearest Ru atom. We tentatively rationalize
this charge transfer upon O-vacancy formation at the iii site by
the direct contact between the Zr ion above the O-vacancy
(4Zr) and the Ru atom 2a (distance 2.20 A), which seems to
promote the electron transfer and thus vacancy formation
compared to the ZrO, support (Figure 7a). In contrast, although
the O-vacancy at the ii site is close to the 3Zr ion with a distance
of 2.17 A, the 3Zr ion does not interact directly with a
neighboring Ru atom (1la) but via the uppermost lattice O
atoms. Consequently, the lack of direct contact between the Ru
atom la and the 3Zr ion (distance 2.86 A) at the ii site results in
almost no charge transfer. Thus, in specific cases, charge transfer
between the support and the Ru nanorod can also occur via
direct contact between a Ru atom and a Zr ion neighboring an
O-vacancy.

Similar to O-vacancy formation beside the Ru nanorod, also in
this case, the Ru-induced lowering of the O-vacancy formation
energy is less than that expected from the linear correlation
between Ru-induced lowering of the O-vacancy formation
energy and the charge transfer from the support to the Ru
nanorod derived in Figure 3c (red line in Figure 7c). This is
particularly evident for O-vacancy formation at the iii site. Again,
the structural contribution is much higher, by about 1.0 eV, than
in the other cases (marked by a red dashed rectangle in Figure
7c¢, see also Table S4), supporting our suggestion that significant
structural contributions to the O-vacancy formation energy
generally result in more pronounced deviations from the linear
correlation between the O-vacancy induced charge transfer to
the Ru nanorod and the Ru-induced lowering of the O-vacancy
formation energy.

3.1.3.2. Formation of O-Vacancies in a Vertical O-Vacancy
Cluster. Finally, we also calculated the effect of neighboring O-
sites, i.e., on the O-vacancy formation in a growing 2D vacancy
cluster for comparison (see Table S1). Starting with an O-
vacancy at the 1i site (see Figure 3), we sequentially added
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oxidized Ru/ZrO, (gray bars) and ZrO, (red bars). Distances between the O-vacancy and the nearest Ru atom are indicated by blue squares. (b) Plot
of the O-vacancy formation energy E,,. for isolated O-vacancies on Ru/ZrO, in deeper layers (black squares) vs the charge transfer from the support to
the Ru nanorod upon O-vacancy formation. (c) Corresponding data of the Ru-induced lowering of the O-vacancy formation energy AE,,. on Ru/
Zr0O,. V(ii)—Vp(iv) denote the O-vacancy formation at the respective sites of Ru/ZrO, (Figure 2b). The red lines represent the fits to the data in

Figure 3b,c; the data points within the red dashed rectangles have structural contributions (AEgsform 4 AESE;‘;‘D“& of 0.29 eV or more.

vacancy formation energies are essentially identical to those neighboring the O-vacancy and a Ru interface atom, which
obtained for isolated O-vacancies on these sites, with differences allows some charge transfer also for larger distances.

of at most 0.10 eV (Figure 8a). Hence, also in this case, the As a general result, the Ru nanorod can only lead to a
presence of neighboring O-vacancies does not significantly affect significant promotion of O-vacancy formation for oxygen atoms
the ease of the formation of O-vacancies in deeper layers, leaving in direct contact with the Ru nanorod (black squares in Figure
both of them much less favorable than similar structures directly 9). O-vacancy formation in the surface layer beside the Ru
underneath the Ru nanorod. Plotting the O-vacancy formation nanorod (green squares in Figure 9) or in deeper layers of the
energy vs the charge transfer upon O-vacancy formation (blue ZrO, support underneath the nanorod (blue squares in Figure
symbols, Figure 8b), the data are rather close to those obtained 9) results in a very small or even negligible lowering of the O-

vacancy formation energy as compared to the corresponding O-
vacancy formation energy on the bare ZrO, support, although
there is still some charge transfer possible. Consequently, the
related data points are above the red fit line. Furthermore, for O-
vacancy formation in O-vacancy islands, in the neighborhood of
existing O-vacancies (open symbols), the charge transfer is
mostly slightly lower than upon formation of individual O-
vacancies at the same site, which was attributed to depolarization
effects, or it is identical. Nevertheless, despite these deviations,
the charge transfer from the support to the Ru nanorod upon O-
vacancy formation can be used as a primary indicator for the Ru-
induced lowering of the energy cost for creating that O-vacancy.
Note that it is not a descriptor as this would refer to a physical
property of the model before formation of the O-vacancy.
Finally, we would like to note that while the numbers may

for the formation of individual O-vacancies (black symbols),
both in charge transfer and in the O-vacancy formation energy.
The same is true also for the Ru-induced lowering of the O-
vacancy formation energy (Figure 8c). Similar to the individual
O-vacancies, also in this case, all data points are located above
the fit line derived in Figure 3c. Hence, depolarization effects
play a negligible role in these clusters.

3.1.4. Correlation between Charge Transfer upon O-
Vacancy Formation and O-Vacancy Formation Energy.
Combining the data presented in the previous sections, we
obtain a broader trace of data points, which lie along the linear
relation between charge transfer upon O-vacancy formation and
the Ru-induced lowering of the O-vacancy formation energy
derived in Figure 3¢ for O-vacancies in direct contact with the

Ru nanorod. The charge transfer was shown to be qualitatively change, the general trends in the stabilization of O-vacancies are
correlated with the distance between the O-vacancy and the considered to be of general validity for oxide-supported metal
nearest Ru atom, resulting in significant charge transfer only for nanoparticle systems with particle sizes in the low-nanometer
distances around 2.0 A. This is only possible for O-vacancies in range or more.
the interface layer. But also other, more local effects can play a 3.2. CO Adsorption Energy. To probe the influence of O-
role, though on a smaller scale; one example for this is a charge vacancies on the CO adsorption energy, we calculated the CO
transfer mediated by a close, direct contact between a Zr ion adsorption energy for different sites of the Ru nanorod, with O-
7161 https://doi.org/10.1021/acscatal.5c00519
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Figure 8. (a) Energy for the formation of an individual O-vacancy at the
site indicated on fully oxidized Ru/ZrO, (gray bars) or of an O-vacancy
in the presence of neighboring O-vacancies in a growing 2D O-vacancy
cluster (O-vacancies on sites 1i, 1i/ii, 1i/ii/iii, 1i/ii/iii/iv) on partly
reduced Ru/ZrO,_, (blue bars), with the first O-vacancy on the 1i site
followed by O-vacancies on sites ii via ii to iv. (b) Plot of the O-vacancy
formation energies E,,. on Ru/ZrO, for O-vacancies in a 2D O-vacancy
cluster, in deeper layers (blue squares) and, for comparison, for
individual O-vacancies (black squares) vs the charge transfer from the
support to the Ru nanorod upon O-vacancy formation. (c)
Corresponding data for the Ru-induced lowering of the O-vacancy
formation energy AE,,. on Ru/ZrO,. V,(ii)—V(iv) denote the O-
vacancy formation at the respective sites (from ii to iv in Figure 2b) on
Ru/ZrO,_,. The red lines represent the fits to the data in Figure 3b,c;
the data points within the red dashed rectangles have structural

contributions (AEgr™ 4. AEf‘f;‘;‘o“r‘t of 0.29 eV or more.

vacancies at the different positions discussed in the previous

clusters (Sections 3.2). The resulting trends in adsorption
energy are compared with those in various physical parameters
such as the charge on the respective Ru adsorption sites or shifts
in the center of the local density of d-states on the different Ru
surface atoms acting as or contributing to the different
adsorption sites, following the established d-band model.**
Stimulated by the Blyholder model,” we also evaluated the
change in the charge state of the ZrO, support, of the Ru
nanorod, and of the CO molecule upon CO adsorption, which
provides information on the charge transfer to the CO molecule
(see Figure 10d). Obviously, this is a considerable simplification
of the Blyholder picture, where the charge transfer (donation)
from metal d-states into the 277 orbital of the CO molecule in
combination with backdonation from the 5o orbital of the CO
molecule into metal states with appropriate symmetry is decisive
as the latter distinguishes between different metal states. It
would allow even a considerable strengthening of the metal—-CO
bond with no net charge transfer, if the contributions from
charge donation into the 27* orbital and from the So orbital
compensate each other. Nevertheless, it would be interesting to
see whether there is a correlation between the charge on the Ru
adsorption site (before CO adsorption), total charge transfer to
the CO, and CO adsorption energy. For adsorption sites
involving more than one surface Ru atom, we used the mean
value of the d-band centers of the individual Ru surface atoms
involved in the bonding. Finally, we performed a similar analysis
as described for the O-vacancy formation, splitting the total CO
adsorption energy (E,4ru/z0, ) into contributions from the
CO-induced deformation of the Ru nanorod (E&™) and of the

support (ngg’; ™), from the difference in interface energy in the

presence and absence of adsorbed CO (AEiﬁ‘é_suPpm , and finally
the actual CO binding energy on the relaxed adsorption site
(Eping,co) according to
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Figure 9. Ru-induced lowering of the O-vacancy formation energy AE,,. on Ru/ZrO, as a function of the charge transfer from the support to the Ru
nanorod upon O-vacancy formation, including all configurations discussed so far. Formation of individual O-vacancies on a fully oxidized Ru/ZrO,
model system is presented as full symbols and O-vacancies as part of a growing O-vacancy cluster on a partly reduced Ru/ZrO,_, system as open
symbols. The red line represents the fit to the data in Figure 3¢; the data points within the red dashed rectangles have structural contributions (AEg™
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Figure 10. (a) Schematic representation of the support surface layer (top view) and labels of the different Zr surface ions and O-vacancies (see also
Figure 2 for comparison). (b) CO adsorption energies on different Ru sites of the fully oxidized, relaxed Ru/ZrO, model system (gray bars) and on the
relaxed Ru/ZrO,_, model systems with a single O-vacancy at different positions underneath the Ru nanorod [positions see panel (a)]. The dashed bar
indicates a change in the CO adsorption site during relaxation (see text). (c) Total charge on the Ru atoms binding to CO on the interface (i) and (ii)
sites before CO adsorption. (d) Change in the charge state of the support (black squares and line), the Ru nanorod (blue triangles and line), and the
CO molecule (red circles and line) upon CO adsorption on interface (i) and (ii) sites. (e) Energy of the d-band center on the Ru surface atoms forming
the interface (i) and (ii) sites relative to the Fermi level for the bare model system (black) and for the system in the frozen structure that would be
obtained with CO adsorbed on the respective interface site but without the CO (red). (f) Different contributions (deformation energies, change in
interface energy, and CO binding energy, see the figure) to the total CO adsorption energy.

The way these energies are calculated is schematically this can be derived as the difference between the O-vacancy
illustrated in Figure S2. formation energy of a Ru/ZrO, model system with an adsorbed
These data also provide information on the effect of adsorbed CO and the CO,4-free Ru/ZrO, model system. Such effects will
CO on the energetics of O-vacancy formation, considering that be briefly discussed in Section 3.2.4. Finally, we present an
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ACS Catal. 2025, 15, 7153-7179


https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c00519/suppl_file/cs5c00519_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c00519/suppl_file/cs5c00519_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00519?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00519?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00519?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00519?fig=fig10&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c00519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

overview of the correlations between the CO adsorption energy
on the one hand and the charge on the Ru adsorption site as well
as the position of the d-band center on the other hand (Section
3.2.5).

In these calculations, we considered CO adsorption on the flat
top layer (site Ru-1c in Figure 2b), denoted as “top layer terrace
site”, on the edge site at the top layer (sites formed by Ru atoms
7aand 8ain Figure 2b), denoted as “top layer edge site”, on a site
in the middle layer at the side of the Ru nanorod (mostly site Ru-
Sain Figure 2b), denoted as “middle layer site”, and on two sites
at the bottom layer, in the interface region. These two interface
sites, which differ by their distances to the ZrO, support, are
formed either by Ru atoms 1a and 5a or by Ru atoms 2a and 6a in
Figure 2b. For adsorption on the “interface (i)” site, CO may
also move to a hollow site formed by Ru atoms 1a, 4a, and Sa, or
a bridge site formed by Ru atoms 4a and Sa during optimization.
For adsorption on the “interface (ii)” site, CO may also move to
a hollow site formed by Ru atoms 2a, 3a, and 6a, or to a bridge
site formed by Ru atoms 2a and 3a. Furthermore, CO adsorbed
on interface (i) and (ii) sites can also interact with the 2Zr and
1Zr cations, respectively. These and other changes in the initial
adsorption site are indicated in the following figures by hatched
bars for the CO adsorption energy. The energetically preferred
adsorption sites on the different systems are listed in Tables S6
and S8, respectively, and also mentioned in the discussion. It
should also be noted that in some cases, CO was not (meta-)
stable on the initial adsorption site and relaxed to another site,
e.g,, from an interface (i) site to a middle layer site. This would
be indicative of a very small or absent energy barrier for CO
migration between the two configurations.

3.2.1. Effect of O-Vacancies Directly underneath the Ru
Nanorod on the CO Adsorption Energy. 3.2.1.1. Effect of
Individual O-Vacancies. To probe the influence of the position
of an O-vacancy underneath the Ru nanorod, we first calculated
the CO adsorption energy on systems with a single isolated O-
vacancy at the interface perimeter, under the edge of Ru nanorod
(the first and third row of oxygen atoms in Figure 10a) and away
from the perimeter sites (the second row oxygen atoms in Figure
10a). While the O atoms in the first and third rows appear
symmetric in Figure 104, their interactions with the Ru nanorod
differ due to the mismatch of the Ru nanorod and the support
lattices. The most favorable sites for O-vacancy formation, as
given by the O-vacancy formation energy (see Figure 3), are the
1i site for the first row, the 4i site for the second row, and the 7i
site for the third row. Therefore, we calculated the CO
adsorption energies on the different adsorption sites “(top
layer (terrace)”, “top layer (edge)”, “middle layer”, “interface
(i)”, and “interface (ii)” sites) for Ru/ZrO,_, systems with a
single O-vacancy at the lisite (pink bar), at the 4i site (blue bar),
and at the 7i site (orange bar), respectively (see Figure 10). For
comparison, we also included CO adsorption energies on the
fully oxidized Ru/ZrO, model system (gray bar), using the same
Ru adsorption sites. In our previous work,”" we had attributed
changes in the CO adsorption energy caused by the introduction
of O-vacancies mainly to variations in the charge state of the Ru
nanorod, more specifically, of the Ru atoms forming the CO
adsorption site, due to electron transfer from the support to the
Ru nanorod. Therefore, in the subsequent discussion, we are
particularly interested in possible correlations between CO
adsorption energy and the charge state of the Ru atoms
contributing to the adsorption site.

The trend in these CO adsorption energies is illustrated in
Figure 10b and listed in Table S22. Obviously, the presence of
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the O-vacancy and the location of the O-vacancy underneath the
Ru nanorod have very little influence on the CO adsorption
energies on the top layer sites. This follows the trend of the
charge variation on the 1c and the 7a/8a sites for the different O-
vacancies, which are also negligible (see Table S30), as expected
for an efficient screening by the underlying metal layers.
Comparing the CO adsorption energies on the two top-layer
sites also shows that adsorption on the edge site is by about 0.25
eV more stable than on the terrace site, which can be understood
from the lower Ru coordination at the edge site. The difference
is, however, smaller than obtained in earlier calculations for CO
adsorption on different metal surfaces, which showed a more
pronounced difference of about 0.5 eV for adsorption on Pt
terrace and step sites, respectively.*® This discrepancy may be
attributed to the strain on the Ru nanorod induced by the
support lattice, which changes the distance between Ru-1c and
the neighboring Ru atoms in the terrace area from 2.70 A to a
range between 2.51 and 2.78 A.

Adsorption on the middle-layer site is significantly stronger
than on the topmost layer, by about 0.4—0.6 eV. The presence of
an O-vacancy leads to a slight increase in CO adsorption energy
compared to the fully oxidized Ru/ZrO, system, with little
difference for the different O-vacancy positions (Figure 10b and
Table $22). Since the charge on the middle layer adsorption site
(Ru-5a) is essentially identical with that on the top-layer terrace
site (Ru-1c), both for the fully oxidized surface and also in the
presence of an O-vacancy (Table S30), this larger adsorption
energy cannot be simply explained by differences in the charge of
the Ru adsorption sites before CO adsorption. We tentatively
attribute this stronger bond between the Ru-5a atom and the
adsorbed CO to a lower coordination of this Ru surface atom
due to larger bond lengths to some of the neighboring Ru atoms.
For the Ru-Sa atom, only four Ru neighbors show bond
distances of up to 2.70 A, the Ru—Ru distance in bulk Ru, while
for the Ru edge atoms 7a and 8a, six neighboring Ru atoms can
be found within this distance. This may shift the d-band center
without significant changes in the total charge.*” Such effects will
be discussed in more detail later in this section.

CO adsorption on the interface (i) site is unstable on the fully
oxidized Ru/ZrO, system, in the absence of an O-vacancy.
Instead, CO, 4 will diffuse to the Ru-5a site in the middle layer
during relaxation. Since CO changed the type of adsorption site
during relaxation, we did not represent its adsorption energy on
the interface (i) site in Figure 10b. In fact, after relaxation, the
CO adsorption site and energy correspond to those on the
middle layer site for this system. In the presence of an O-
vacancy, CO adsorption becomes stable on the interface (i) site
and shows a rather high adsorption energy, comparable to
adsorption on the middle layer site, with a subtle decay with
increasing distance to the O-vacancy. In this case, the adsorbed
CO is also rather close to the Ru-5a atom, though not as close as
for adsorption on the middle layer site (Table S10). In the
presence of an O-vacancy, CO adsorption on this site is further
strengthened by an interaction between the O atom of the CO
and the 2Zr surface cation, which is indicated by their rather
close distance of about 2.3 A (Table S10). This CO—Zr
interaction decreases with increasing distance of the O-vacancy
from the adsorption site (Table S10).

To test for a correlation between the charge on the Ru
adsorption site and the CO adsorption energy, we plotted the
charge on the Ru atoms interacting with CO (before CO
adsorption) in Figure 10c. The charge on the Ru adsorption site
(Ru-1a and Ru-Sa atoms) is rather low for the fully oxidized
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system (0 V), which may explain the instability of CO
adsorption on the interface (i) site under these conditions. It
drastically increases upon formation of the O-vacancy at the 1i
site, respectively, and then decreases again for the more distant
O-vacancies (see also Table S30). Interestingly, despite the
significant modification of the charge on the Ru adsorption site
upon O-vacancy formation on the 1i site, this is not reflected by a
similarly significant change in the CO adsorption energy,
underlining again that the charge on the Ru adsorption site is an
important but not the only factor affecting the CO adsorption
energy and/or that the variation in adsorption energy with
charge is only small (see also Section 3.2.5).

Next, we evaluated the change in the charge state of the ZrO,
support, of the Ru nanorod, and of the CO molecule upon CO
adsorption, which provides information on the charge transfer to
the CO molecule (see Figure 10d). For adsorption on the
interface (i) site, there are only negligible CO adsorption-
induced changes of the charge on the support, independent of
the position of the O-vacancy. For the Ru nanorod, the change is
more pronounced, around +0.2 e, independent of the position of
the O-vacancy. Accordingly, we find a slightly bigger negative
change in electron charge for the adsorbing CO. Also, here, the
variation is too small to have a sizable impact on the CO
adsorption energy. Apparently, the significantly higher charge on
the Ru adsorption site on the 1 V(1i) system has little effect on
the charge transfer to the CO. In combination, these effects lead
to rather similar CO adsorption energies on the middle layer and
interface (i) sites, which is also independent of the presence of
an O-vacancy and its position.

CO adsorption on the interface (ii) site is less stable than on
the interface (i) site, more comparable to that on the top layer
sites. In the presence of an O-vacancy, we find a subtle increase
of the CO adsorption energy, which remains about constant
with increasing distance of the O-vacancy from the adsorption
site, from —1.84 eV (fully oxidized) to —1.98 to —2.0S eV. In this
case, there is some variation in the charge on the Ru atoms
interacting with CO upon varying the O-vacancy position
(Figure 10c), but this seems to be too small to significantly affect
the trend in the CO adsorption energy. Note that the increase in
electron charge on the Ru adsorption site when going to the 1
Vo(7i) system is mainly due to a change in the Ru adsorption
site, from Ru-2a/Ru-6a to a Ru-2a/Ru-3a bridge site, while the
charges on the different Ru surface atoms remain almost
constant. Finally, the data in Figure 10d indicate that the
changes of the charge on the support, the Ru nanorod, and CO
upon CO adsorption are generally small, significantly less than
for CO adsorption on the interface (i) site. Hence, the net
charge transfer to the CO, into the 27* orbital, and from the 56
orbital of CO, is much less. Only for the 1 V5(7i) system, there is
a stronger increase in charge transfer to the CO molecule for this
system, similar to the increase in charge on the Ru adsorption
site in this case. Most simply, this is due to the change in
adsorption site, with its higher total charge. However, this does
not seem to have a significant impact on the CO adsorption
energy on this site, which is comparable to that on the 1 V(4i)
system.

The energies of the d-band centers on the individual Ru
surface atoms are tabulated in Table S47. The resulting energies
obtained for the interface sites are illustrated in Figure 10e. In
perfect agreement with the trend in the CO adsorption energy,
there is essentially no change in the d-band center on the Ru-5a
atom (middle layer site) (Table S47). For the interface (i) site,
the bridge site with the Ru-la and Ru-Sa atoms is rather
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unfavorable due to the low d-band center of the Ru-1a atom
(—2.95 eV), which is in good agreement with the spontaneous
shift of CO adsorbed on the interface (i) site to the middle layer
site. Formation of an O-vacancy on the 1i site, directly
underneath the edge of the Ru nanorod (Figure 10a), results
in a significant upshift of the d-band center (Figure 10e), which
goes along with stable adsorption on this site. For O-vacancies
located further away from the edge of the Ru nanorod and hence
from the interface (i) site, the d-band center decreases again, in
good agreement with the slight decrease of the CO adsorption
energy (Figure 10b).

In general, the d-band model relates the CO adsorption
energy to the energy of the d-band center of the respective
surface atom on the bare metal, in the absence of an adsorbate.**
Considering that adsorption can go along with a more or less
pronounced restructuring of the metal, it would appear more
plausible to use the d-band center of the restructured metal as a
reference. Therefore, we performed similar calculations for the
Ru/ZrO, systems with the structure frozen to that of the system
carrying an adsorbed CO atom, but without the CO atom. This
also means that the LDOS and thus the d-band centers on the
respective Ru surface atoms may vary for different CO
adsorption sites and hence slightly different Ru nanorod
structures. Such effects are expected to be minor for adsorption
on single-crystalline low-index metal surfaces, where adsorbate-
induced structural modifications are mostly small, while on
structures like the present nanorod structures, they may be more
significant. The d-band centers resulting for the frozen structures
of the Ru/ZrO,, systems with a CO molecule on the top-layer
edge site or on the middle-layer site are compiled in Tables S48
and $49, respectively. They exhibit slightly more pronounced,
but still small changes, in the range of +0.1 eV, which is
comparable to the trend in the CO adsorption energy. Hence,
structural effects seem to be negligible in this case. For the
systems frozen into the structure obtained for CO adsorbed on
the interface (i) site, but with the CO,4 removed, the resulting d-
band center energies are plotted as a red line in Figure 10e and
listed in Table SS0. These data show a similar trend upon O-
vacancy formation as obtained for the original system (black
line) but with the d-band center about 0.2 eV higher. Hence, the
CO,g4induced structural deformation leads to an enhanced
ability to interact with CO (formation of the adsorption bond),
while the trend for different O-vacancy locations does not
change.

Similar calculations were performed for CO adsorption on the
interface (ii) site. For the original structure of the model system,
we obtain the trend in the d-band center illustrated in Figure
10e, right panel. For the first three systems, there is little
difference compared to the d-band center energies of the
interface (i) site, while there are considerable differences in the
CO adsorption energies on these sites. A possible reason for this
discrepancy will be discussed below in this section. Second,
there are only small changes in the d-band center for O-
vacancies at the 1i and the more distant 4i site compared to the
fully oxidized state, which also agrees well with the trend in the
CO adsorption energy. For the O-vacancy on the 7i site, the d-
band center suddenly up-shifts. This shift is mainly caused by the
change in the Ru adsorption site, from Ru-2a/Ru-6a to Ru-2a/
Ru-3a (Table SS1), since for this O-vacancy position, the d-band
center on the Ru-3a atom shows a pronounced upshift, while on
the Ru-5a atom, it down-shifts by 0.3 eV. These counteracting
shifts provide a clear driving force for the spontaneous change in
adsorption site during relaxation (see Table S6). This trend also
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Figure 11. (a) CO adsorption energies on different sites on the fully oxidized, relaxed Ru/ZrO, (gray bar) and on the partly reduced, relaxed Ru/
ZrO,_, model systems with different O-vacancy clusters underneath the Ru nanorod (1 V: pink bar, 2 V: blue bar, 3 V: orange bar, and S V: green
bar). (b) Total charge on the Ru atoms binding to CO on the interface (i) and (ii) sites before CO adsorption. (c) Change in the charge state of the
support (black squares and line), the Ru nanorod (blue triangles and line), and the CO molecule (red circles and line) upon CO adsorption on
interface (i) and (ii) sites. (d) Energy of the d-band center on the Ru surface atoms forming the interface (i) and (ii) sites site relative to the Fermi level
for the bare model system (black) and for the system in the frozen structure that would be obtained with CO adsorbed on the respective interface site
but without the CO (red). (&) Contributions from CO,g-induced deformation energies, change in interface energy, and CO binding energy (see figure)

to the total CO adsorption energy.

fits to the enhanced charge transfer to the CO for this system
(Figure 10d), while the CO adsorption energy increases only a
little. Finally, for the d-band center on the frozen structure (red
line in Figure 10e, right, see the explanation above), the values
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follow the trend obtained for the original structure of the Ru
nanorod (black line in Figure 10e, right), only up-shifted by
about 0.2 €V. Similar to adsorption on the interface (i) site,
CO,4-induced restructuring increases the ability to form a strong
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CO adsorption bond. Only for the last system, with an O-
vacancy on the 7i site, the d-band center energy does not follow
the trend obtained for the original structure but rather exhibits a
slight further down-shift. The much smaller change from the 1
Vo (4i) system to the 1 V(7i) system seems to fit better to the
small change in CO adsorption energy than the bigger change
obtained for the original structure, although we consider
changes in the d-band center of >0.2 eV to be at the limit of
the predictive power of the d-band model.

Finally, analysis of the different contributions to the total CO
adsorption energy (E, 4 ru/z:0,-) on the interface (i) site

revealed that the O-vacancy on the li site results in a slightly
higher negative contribution from the change in interface energy
upon CO adsorption (AER;_qppor) than obtained for the O-
vacancies on 4i and 7i sites, which are further away from the
adsorption site (Figure 10f and Table S24). This, however, is
compensated by a slightly higher positive contribution from the
deformation energies, leaving the total CO adsorption energy
essentially constant. For adsorption on the interface (ii) site
(Figure 10f and Table S25), the difference between CO binding
energy and CO adsorption energy, which is given by the sum of
the CO,4-induced deformation energy and difference in
interface energies, is generally bigger than for adsorption on
the interface (i) site. Apparently, these latter contributions are
mainly responsible for the lower adsorption energies on the
interface (ii) site. This is particularly true for adsorption on this
site in the 1 V(7i) system.

In total, the effect of these O-vacancies on the CO adsorption
strength is rather small, less than 0.2 eV at most, which is
significantly less than the difference in adsorption energy
between adsorption on the top layer or interface (ii) sites on the
one hand and middle layer or interface (i) sites on the other
hand. The remaining small changes in the CO adsorption energy
for different positions of the O-vacancies seem to largely follow
the trend given by the charge on the respective Ru adsorption
sites and by the position of the d-band center. The difference in
adsorption energy on different Ru adsorption sites was assigned
to a number of different effects, including charge transfer to the
Ru adsorption site, coordination effects, and CO,4-induced
changes in the deformation and interface energies of the model
system. For adsorption on the top layer and middle layer sites,
the small O-vacancy-induced changes in the charge state or the
CO adsorption energy reflect an effective metallic screening of
the transferred charge. The higher adsorption energy on the
middle layer site and on the interface site (i) site compared to
the adsorption on the top layer sites is mainly attributed to
coordination effects, which are reflected also in the up-shifted
energies of the d-band center (see Table S47). The generally
observed difference between adsorption on the interface (i) and
interface (ii) sites seems to mainly result from the higher
(positive) contributions from the CO,g-induced deformation
energies and changes in the interface energies, which are more
pronounced for adsorption on the interface (ii) site than for
adsorption on the interface (i) site, leading to lower adsorption
energies on the interface (ii) sites. Furthermore, for adsorption
on the interface sites, direct interactions between the O atom of
CO and a Zr surface ion beside an O-vacancy with Zr—O
distances of around 2.3 A may play a role as well in some cases,
though these distances point to weak interactions. Such
interactions are not captured by the d-band model, and the
same is true also for CO,g-induced deformation energies and
changes in the interface energies. Finally, focusing on a specific
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adsorption site, the correlation between CO adsorption and
charge/energy of the d-band center on the adsorption site works
rather well (see also Section 3.2.5), underlining the potential of
using the charge or d-band center position before CO
adsorption as descriptor for the CO adsorption energy also in
such complex systems as the present ones.

3.2.1.2. Effect of O-Vacancy Clusters. Due to the more
pronounced total charge transfer to the Ru nanorod, the
presence of an O-vacancy cluster directly underneath the Ru
nanorod may lead to stronger effects in CO adsorption than the
single O-vacancies discussed so far. Following the procedure in
Section 3.1.1, we started by removing the surface oxygen atom
from site 1i, followed by removal from the 2i and 3i sites, forming
the 1 Vg, 2 Vj, and 3 V clusters. Subsequent removal of the
more central O atoms at the 4i and i sites leads to the § Vg
cluster. It should be noted that this cluster does not include O-
vacancies in the third row such as site 7i. The CO adsorption
energies, calculated for the same CO adsorption sites as
described above, are presented in Figure 11a. For comparison,
we also included CO adsorption energies on the fully oxidized
Ru/ZrO, system (gray bars), which are already shown in Figure
10b.

Similar to the results obtained for individual O-vacancies at
different locations, also the effect of growing O-vacancy clusters
underneath the Ru nanorod and thus with increasing charge on
the Ru nanorod (see Table S31) on the adsorption energy (see
Table S23) is generally rather small for CO adsorption on the
topmost layer and on the middle layer site (AE,4 < 0.25 eV).
This can again be explained by an efficient metallic screening. In
contrast, there are significant changes in the CO adsorption
energy for adsorption at the interface sites. For adsorption on
the interface (i) site, where CO adsorption is not stable on the
fully oxidized system but stabilized by an O-vacancy on the 1i
site (Figure 11a), we find little variation up to the 3 V, system
but a distinct decrease of the CO adsorption energy for the 5 Vg
system. Possible reasons for that will be discussed in more detail
below.

Figure 11b illustrates the total charge of the Ru atoms binding
to CO at the interface sites. For adsorption on the interface (i)
site (Ru-1a, Ru-5a, 2Zr) of the fully oxidized Ru/ZrO, system,
where CO adsorption is not stable, the charge on this site would
be rather small, around 0.1 e (Table S31), which may provide a
simple explanation for the spontaneous shift of CO,4 from this
site to the middle layer site (Ru-Sa) during relaxation. In the
presence of one or two O-vacancies, this charge increases from
—0.59 e (1 V) to —0.92 e (2 V), which is mostly due to a
pronounced charge increase on the Ru-1a atom in the bottom
layer, from —0.62 e (1 V5) to —1.02 e (2 V5) (Table S31). For
the 3 Vg system, CO,4 moves to the 3-fold hollow site formed by
the Ru-1a, Ru-4a, and Ru-Sa atoms (Table S8). Because of the
little charge on the Ru-4a atom and the small charge changes on
the other two Ru atoms (Table S31), formation of the third O-
vacancy (3 Vo) has little effect on the charge on the adsorption
site (—0.96 e). Finally, upon formation of the fourth and fifth
vacancy, for the 5 Vg system, the charge on the Ru adsorption
site decreases abruptly to —0.13 e. Also, this is mainly due to a
change in the Ru adsorption site, since the more strongly
charged Ru-la atom, with its significantly enhanced Ru-la—
C(CO) bond distance (2.29 A, Table S13), is not considered as
part of the adsorption site in the most stable configuration
anymore. On the other hand, however, based on the distance
between Ru-1a and CO, there still seems to be some interaction
between CO and the Ru-1a atom in the 5 V5 system. Therefore,
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we additionally plotted a data point which also includes the
charge on the Ru-1la atom for comparison. Assuming that the
real situation will be somewhere between the two data points for
the S Vg system, there is some decrease in the charge state, by
about 0.3 e to a lower charge, which brings it back to the value
obtained for the 1 V, system. Considering this, the change in the
charge state from 3 Vg to 5 V5 seems to be much less than the
change in CO adsorption energy. Finally, it is interesting to note
that this decay in adsorption energy is not reflected by a change
in electron charge on the support, Ru nanorod, or CO upon CO
adsorption (Figure 1lc, left). We will get back to this open
question when discussing the shifts in the energy of the d-band
center further below.

For CO adsorption on the interface (ii) site, adsorption on the
fully oxidized Ru/ZrO, and on the 1 V, system are comparable
in strength to adsorption on the top layer terrace site. Here, we
find an increase in charge, mostly on the Ru-2a atom, already
when moving from the 0 Vj, to the 1 V, system (Figure 11b),
while the bridge adsorption site (Ru-2a and Ru-6a) is
maintained. This charge increase goes along with a small
increase in the CO adsorption energy (Figure 11a). The rather
low adsorption energy fits well also to the rather low charge
transfer from the Ru to the CO for adsorption on the 0 Vyand 1
Vo systems (Figure 11c).

Moving on to the 2 V system, we find a pronounced increase
of the charge on the Ru-3a surface atom (Table S31), which
leads to a change in the adsorption site to the (Ru-2a, Ru-3a, Ru-
6a) 3-fold hollow site. Hence, for the 2 V system, adsorption on
this site is more stable than on the Ru-2a/Ru-6a bridge site,
while for the 0 Vg and 1 V systems, it is the opposite. This goes
along with a pronounced increase in CO adsorption energy on
the 2 Vg system (Figure 1la). Furthermore, the change in
adsorption site causes a further steep increase of the charge on
the adsorption site, which is mainly due to the additional
contribution of the Ru-3a atom (Table S31). This also leads to
an increased charge transfer from the Ru nanorod to the
adsorbed CO. With further increasing O-vacancy cluster size,
the CO adsorption energy decreases slightly, but the decay is
much less than that observed for adsorption on the interface (i)
site when going to the 5 Vg system. For the 3 V, system, this
goes along with an essentially constant total charge on the Ru
adsorption site and a slightly smaller electron transfer to the CO
molecule upon CO adsorption. Finally, when moving from the 3
Vo to the 5V system, we find a significant decrease in charge on
the Ru adsorption site, mainly on the Ru-2a atom (Table S31),
while there is only a minor decay in the charge transfer to the
adsorbing CO, and also, the decay in CO adsorption energy is
less pronounced than observed for the interface (i) site at this
point (Figure 11a,c). Also, this will be dealt with further when
discussing the related shift in the d-band center.

In total, these results support a picture in which the CO
adsorption strength is mainly determined by the charge transfer
from the Ru nanorod to the adsorbed CO molecule upon
adsorption, which in turn is mainly determined by the charge on
the Ru atoms serving as adsorption sites. Hence, a decreasing
electron density at the adsorption site disfavors electron transfer
from the Ru adsorption site atoms to the adsorbed CO molecule.
Considering also that the charge transfer from the support to the
Ru nanorod upon O-vacancy formation is highly local, CO
adsorption is mainly affected by O-vacancies formed close to the
adsorption site. Additional surface O-vacancies further away
from the Ru atoms at the interface perimeter have less or very
little effect on the CO adsorption energy at these Ru atoms, due
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to metallic screening. For the same reason, due to the
localization of charge transfer to the interface Ru atoms, CO
adsorption in higher layers is hardly affected by the formation of
O-vacancies underneath the Ru nanorod.

Similar to the evaluation of the role of individual O-vacancies,
we calculated the local density of states (LDOS) on the Ru
surface atoms contributing to the respective middle layer and
interface adsorption sites, and the resulting energies for the
center of the d-band. As before, there is essentially no change in
the d-band center on the Ru-Sa atom (middle layer site) (Table
§52), in full agreement with the trend in the CO adsorption
energy. For the interface (i) site, we obtain a continuous increase
of the d-band center up to the 3 V, system (black line in Figure
11d, left), in qualitative agreement with the trend in the CO
adsorption energy (Figure 11a). For the S V, system, this trend
would continue if we only consider the Ru-4a and Ru-5a atoms
for the adsorption site, which would be opposite to the trend in
the adsorption energy. When including, however, also the Ru-1a
atom, which in this case is still rather close to the CO (Table
S13), the d-band center decreases slightly (see Figure 11d and
Table S52), though less pronounced than the decay of the
(calculated) CO adsorption energy. For the interface (ii) site,
similar calculations result in the trend of the d-band center
illustrated in Figure 11d, right (see also Table $52). Also in this
case, the trend of the d-band center does not fully reproduce that
of the CO adsorption energies, with their distinct increase for
the 2 Vj and larger O-vacancy clusters. We assume that this is
mainly due to an increased interaction between CO and the 1Zr
surface cation, as reflected by the sudden drop in their bond
distance (Table S13). Obviously, such effects cannot be
captured by the d-band model.

Next, we explored the effects of restructuring. The d-band
centers resulting from the frozen structures of the Ru/ZrO,_,
systems with a CO molecule on the top-layer edge site or on the
middle-layer site are compiled in Tables S53 and SS54. The
changes in the d-band center on the Ru-5a atom (middle layer
adsorption site) are slightly more pronounced than on the
original system, but still small, in the range of 0.1 eV, and thus
comparable to the trend in the CO adsorption energy. Hence, in
this case, structural effects seem to be negligible.

For the systems frozen into the structure obtained for CO
adsorbed on the interface (i) site, but with the CO,_; removed,
the resulting d-band center energies are listed in Table SSS.
Similar to our findings for the individual O-vacancies, the d-band
centers follow the trend obtained for the original structure up to
the 2 V, system (two O-vacancies) but shifted upward by about
0.2 eV (red line in Figure 11d). Hence, also in this case, COq4-
induced restructuring stabilizes the Ru—CO interaction. Going
to the 3 V, system, the d-band center down-shifts significantly,
different from the further upshift obtained without structural
modification (black line in Figure 11d). In this case, the
structural modification would be expected to weaken the CO
adsorption energy compared to that on the 2 V system. The
calculated CO adsorption energy indeed decreases from the 2
V,, to the 3V, system, but the change is very small (Figure 11a).
Finally, for the S5 V system, the d-band center remains about
constant, while the CO adsorption energy decreases significantly
(Figure 11a). Considering that also the interaction between CO
and the 2Zr surface ion changes very little, as indicated by the
about constant distance (Table S13), this illustrates the limits of
a quantitative correlation between d-band center energy, in
particular on more complex systems. Comparison with the
trends in the different contributions to the CO adsorption
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Figure 12. (a) Schematic representation of the surface and indication of the different Zr surface ions and O-vacancies (see also Figure 2 for
comparison). (b) CO adsorption energy on different sites of the relaxed Ru/ZrO, (gray bar) and the partly reduced, relaxed Ru/ZrO,_, model system
with a single O-vacancy at 16i (pink bar), 18i (blue bar), and 13i (orange bar). (c) Charge state of the Ru adsorption sites [middle layer site, interface
(i) site, interface (ii) site] on these model systems before CO adsorption. (d) Change in the charge state of the support (black squares and line), the Ru
nanorod (blue triangles and line), and the CO molecule (red circles and line) upon CO adsorption on interface (i) and (ii) sites. (e) Contributions
from CO,4-induced deformation energies, change in interface energy, and CO binding energy (see figure) to the total CO adsorption energy.

energy (Figure 1le) shows negligible changes in the
deformation and interface energies when going from the 1 V
to the 3 V, system, which also remain for the 5 Vg system,
leaving the CO adsorption energy almost constant. Apparently,
this change in deformation and interface energy is related to a
CO,q4-induced repositioning of the Ru-4a atom by about 0.5 A,
as a consequence of a strong interaction between CO,q4 and the
Ru-4a atom, which is responsible also for the change in
adsorption site from Ru-la/Ru-5a to the Ru-la/Ru-4a/Ru-5a
site. Addition of two more O vacancies in the 5 V system causes
a decrease of the CO binding energy, which is lower than in
other cases. Together with the positive contributions (about 0.4
€V) from the deformation energies plus the difference in
interaction energies, this leads to a significant lowering of the
CO adsorption energy (Figure 11a and Table S27).

Also for the interface (ii) site, we find a similar trend for the
restructured Ru nanorod as for the original structure up to the 2
V, system, with a continuous upshift of the d-band (see Figure
11d, right, and Table S56). Like for the interface (i) site,
restructuring up-shifts the d-band center by about 0.2 eV
compared to the systems in the original structure. Compared to
the CO adsorption energy, the continuous slight increase from 0
Vo to 1V, followed by a significant increase to the 2 V system,
is at best qualitatively reproduced by the more continuous shift
of the d-band center. Going to the 3 V and S V, systems, we
find distinct differences in the trend of the d-band center
between restructured and nonrestructured systems. While for
the nonrestructured systems it first continues to upshift and then
down-shifts again, the trend is opposite for the restructured
systems. For comparison, the CO adsorption energy remains
almost constant when going to the 3 V, system and decreases
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(see figure) to the total CO adsorption energy.

when going to the 5 V system. Since the interaction between
CO and the 1Zr cation hardly changes (Table S13), the question
of the physical origin of the pronounced decay in CO adsorption
energy in the 5 V system must remain open. Most likely, these
changes are too small to be reproduced by the more qualitative
nature of the d-band model. In this case, the trend in the CO
adsorption energy mostly follows that in the CO binding
energies, while changes in the deformation energies and in the
interface energies seem to largely compensate each other.
Finally, analysis of the different contributions to the total CO
adsorption energy (E 4, ru/z:0, ) revealed distinct changes in the

interface and deformation energies for adsorption on the
interface (i) site when going from the 2 V, to the 3 V, system.
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These changes, however, seem to cancel each other, leading to
an essentially constant CO adsorption energy. Upon addition of
two additional O-vacancies (S V, system), these contributions
slightly change in the opposite direction. In this case, however,
they do not fully cancel, which in combination with a slight
lowering of the CO binding energy results in the lower CO
adsorption energy illustrated also in Figure 11a.

For adsorption on the interface (ii) site, the changes are more
subtle. In this case, the CO adsorption energy follows the trend
in the CO binding energy, while changes in the other two
contributions, from restructuring and changes in the interface
energy, largely cancel out. This change in CO adsorption energy
is most pronounced when going from the 2 V to the 3 Vg
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system, similar to the increase in CO binding energy at this
point. Similar to our observation for individual vacancies, the
differences between CO binding energy and CO adsorption
energy are bigger for adsorption on the interface (ii) site (Table
$25) than for adsorption on the interface (i) site (Table S24),
indicating that also in this case, the lower CO adsorption
energies on the interface (ii) site are mainly due to larger
(positive) contributions from the CO,g-induced deformation
energies and differences in the interface energies.

In total, comparison of these data on the effect of an O-
vacancy as part of a growing O-vacancy cluster directly
underneath the Ru nanorod with those obtained for individual
O-vacancies in the same position shows that in most cases, the
influence of the pre-existing neighboring O-vacancies is small. If
not, this deviation can be rationalized in a very local picture: If
one or more of the existing O-vacancies had induced a significant
increase of the CO adsorption strength, independent of whether
this was caused by charge transfer to the Ru adsorption site,
modification of the CO,g-induced deformation/changes in
interface energies, or by direct interaction of CO with a Zr
surface ion, this increase will remain also when adding another
O-vacancy that itself has little effect on the CO adsorption
strength.

3.2.2. Effect of O-Vacancies beside the Ru Nanorod on the
CO Adsorption Energy. In a similar way, we evaluated changes
in the CO adsorption energy on the different sites induced by
the presence of individual O-vacancies and O-vacancy clusters
beside the Ru nanorod, without direct contact with it (see
Section 3.1.2).

3.2.2.1. Effect of Individual O-Vacancies. Here, we tested
the influence of vacancies at sites 16i, 18i, and 13i, which because
of their different distances to the closest Ru atom of ~4 A, ~6 A,
and ~7.3 A (see Figure 5a) can be considered as representative
for the sites in the first row (sites 16i, 18i) and second row (13i—
15i) (Figure 12a). A schematic representation of the different
surface species as well as trends in the CO adsorption energy, in
the charge on the Ru interface atoms binding to CO (interface
sites), in the change of the charge state of Ru nanorod, support,
and CO, and finally in the different contributions to the CO
adsorption energy (CO binding energy, deformation energies,
and change in interface energy) upon CO adsorption on the
model systems with a fully oxidized ZrO, support or on a partly
reduced support including a single surface O-vacancy beside the
Ru nanorod are illustrated in Figure 12. A detailed discussion of
the data and trends, along the lines of the discussion in the
previous section, is given in Section S1 in the SI. The main
results can be summarized as follows.

In total, the presence of individual surface O-vacancies further
away from the Ru nanorod hardly affects the CO adsorption
energy. The only exceptions are cases where CO can directly
interact with a partly reduced Zr surface ion, which results, e.g.,
upon O-vacancy formation on the 16i site. These interactions
and the resulting charge transfer from the support to the CO are
much stronger than in the case of fully oxidized Zr surface ions.
This is illustrated by the abrupt increase of the CO adsorption
energy due to direct interaction of CO with the partly reduced
Zr surface ions neighboring the O-vacancy on the 16i site, which
is much more pronounced than observed for O-vacancies
directly underneath the Ru nanorod (Section 3.2.1). Such
interaction is observed for adsorption on both interface sites and
for adsorption on the middle-layer site. Variations in the other
contributions to the CO adsorption energy, the CO binding
energy, or the CO,g-induced deformation energies and change
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in interface energy largely compensate each other. Differences in
the CO adsorption strength between adsorption on different Ru
adsorption sites can be explained by the same effects as listed in
Section 3.2.1, including contributions from charge transfer to
the Ru adsorption site, changes in coordination, and CO,4-
induced deformation and changes in interface energies.
3.2.2.2. Effect of O-Vacancy Clusters. As in Section 3.2.1, we
also evaluated the CO adsorption energies, etc., at similar or
comparable sites in the presence of surface O-vacancies in
vacancy clusters beside the Ru nanorod, starting from a surface
vacancy on site 1i in the 1 Vg system and proceeding to site 17i
in the 2 V system, site 18i in the 3 V, system, and finally to site
14iin the 4 V, system. These sites were chosen because they are
adjacent to each other, with an increasing distance from the Ru
nanorod. Figure 13a illustrates the CO adsorption energies at
the aforementioned sites in the 1 Vi, 2 V5, 3 Vg, and 4 Vg
systems, along with the fully oxidized Ru/ZrO, system denoted
as 0 V. Note that during optimization, CO adsorbed at the edge
site of the top layer systems shifts to the hollow site formed by
the Ru-7a, Ru-8a, and Ru-5a atoms in the 2 V5 and 3 V systems
(Table S8). Similarly, upon adsorption at the interface (i) site
(Ru-1a, Ru-5a), CO relaxes to the 3-fold hollow site formed by
the Ru-la, Ru-4a, and Ru-5a atoms for the 3 Vg and 4 Vg
systems. A comparable shift is also observed for CO adsorption
at the interface (ii) site (Ru-2a, Ru-6a), where CO relaxes to the
bridge site formed by the Ru-2a and Ru-4a atoms in the 2 V5, 3
Vo, and 4 Vg systems (Table S8). Therefore, the energies related
to these configurations in Figure 13a are marked as hatched bars.

As before for the individual surface O-vacancies in Figure 12,
trends in the CO adsorption energy, in the charge on the Ru
interface atoms binding to CO (interface sites), in the change of
the charge state of the Ru nanorod, support, and CO, and finally,
in the different contributions to the CO adsorption energy (CO
binding energy, deformation energies, and change in interface
energy) upon CO adsorption on the model systems with a fully
oxidized ZrO, support or on a partly reduced supports including
1—4 surface O-vacancies in a growing O-vacancy cluster beside
the Ru nanorod are illustrated in Figure 13. A detailed discussion
of the data and trends, along the lines of the discussion in the
previous section, is given in Section S2 in the Supporting
Information. The main results can be summarized as follows.

Similar to the case of O-vacancy clusters directly underneath
the Ru nanorod (Section 3.2.1), the influence of the additional
O-vacancies is mostly small. If present, it can again be
rationalized in a very local picture. If one or more of the pre-
existing, neighboring O-vacancies had induced a significant
modification of the CO adsorption strength, this modification
will also remain when adding another O-vacancy to the O-
vacancy cluster that itself has little effect on the CO adsorption
strength. An example of such behavior is the increase in CO
adsorption energy on the interface sites upon formation of an O-
vacancy on the 17i site.

3.2.3. Effect of O-Vacancies in Deeper Layers underneath
the Ru Nanorod on the CO Adsorption Energy. Finally, we
calculated the influence of O-vacancies in deeper layers
underneath the Ru nanorod on the CO adsorption strength,
using the same positions of the O-vacancies and adsorption sites
as before (see Section 3.1.3).

3.2.3.1. Effect of Individual O Vacancies. A schematic
representation of the different surface species as well as trends in
the CO adsorption energy, in the charge on the Ru interface
atoms binding to CO (interface sites), in the change of the
charge state of Ru nanorod, support, and CO, and finally, in the
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Figure 14. (a) CO adsorption energies on different sites on the fully oxidized, relaxed Ru/ZrO, (gray bar) and on the partly reduced, relaxed Ru/
ZrO,_, model systems with a single O-vacancy at the ii site (pink bar), iii site (blue bar), and iv site (orange bar). (b) Total charge on the Ru atoms
binding to CO on the interface (i) and interface (ii) sites before CO adsorption. (c) Change in the charge state of the support (black squares and line),
the Ru nanorod (blue triangles and line), and the CO molecule (red circles and line) upon CO adsorption on the interface sites. (d) Contributions
from CO,4-induced deformation energies, change in interface energy, and CO binding energy (see figure) to the total CO adsorption energy.

different contributions to the CO adsorption energy (CO
binding energy, deformation energies, and change in interface
energy) upon CO adsorption on the model systems with a fully
oxidized ZrO, support or on a partly reduced support including
a single surface O-vacancy in deeper layers underneath the Ru
nanorod are illustrated in Figure 14. Here it should be noted that
for an O-vacancy at the (iv) site (indicated by the orange bar),
the CO adsorbed at the edge site of the top layer (bridge site
between 7a and 8a) will relax to the hollow site formed by Sa, 7a,
and 8a Ru atoms, and CO adsorbed on the middle layer site (Ru-
Sa) will relax to a bridge site between la and Sa (Table S6). For
adsorption on the interface (ii) site, the presence of an O-
vacancy on the ii site causes the adsorbed CO to relax from the
initial bridge site (Ru-2a, Ru-6a) to a bridge site formed by the
Ru-2a and Ru-3a atoms. Furthermore, in this case, CO
adsorption also causes a spontaneous migration of the O-
vacancy from the ii site to the 2i site, where it is stabilized by
interaction with the Ru nanorod. Therefore, the related energies
are indicated as hatched bars in Figure 14a. A detailed discussion
of the data and trends, along the lines of the discussion in the
previous sections, is given in Section S3 in the Supporting
Information. The main results can be summarized as follows.
Similar to the case of surface O-vacancies beside the Ru
nanorod, the presence of O-vacancies in deeper layers
underneath the Ru nanorod hardly affects the CO adsorption
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energy. This is only different for O-vacancies formed on the ii
site, in the second layer underneath the Ru nanorod, which upon
CO adsorption on one of the interface sites spontaneously
migrate to the 2i site in the topmost layer, directly underneath
the Ru nanorod. In that case, the CO adsorption energy also
contains contributions from the stabilization of the O-vacancy
by the Ru nanorod, which results in an increase of the CO
adsorption energy. Furthermore, CO,4 on the interface (ii) site
is also slightly stabilized by direct interaction of CO with the
weakly reduced 1Zr surface ions. Variations in the other
contributions to the CO adsorption energy, the CO binding
energy, or the CO_4-induced deformation energies and changes
in interface energies largely compensate each other. Differences
in the CO adsorption strength between adsorption on different
Ru adsorption sites can be explained by differences in the charge
transfer to the Ru adsorption site, in the coordination, and in the
CO,gq-induced deformation and interface energies.

3.2.3.2. Effect of O-Vacancy Clusters. Trends in the CO
adsorption energy, in the charge on the Ru interface atoms
binding to CO (interface sites), in the change of the charge state
of the Ru nanorod, support, and CO, and finally, in the different
contributions to the CO adsorption energy (CO binding energy,
deformation energies, and change in interface energy) upon CO
adsorption on the model systems with a fully oxidized ZrO,
support or partly reduced supports including 1—4 surface O-
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Figure 15. (a) CO adsorption energies on different sites on the fully oxidized, relaxed Ru/ZrO, (gray bar) and on the partly reduced, relaxed Ru/
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dots and line), the Ru nanorod (blue dots and line), and the CO molecule (red dots and line) upon CO adsorption on the interface sites. (d)
Contributions from CO,g-induced deformation energies, change in interface energy, and CO binding energy (see figure) to the total CO adsorption

energy.

vacancies in a growing O-vacancy cluster in deeper layers
underneath the Ru nanorod are illustrated in Figure 15. Starting
with an O-vacancy on the (1i) site (1 V), the vacancy cluster
grows by formation of additional O-vacancies at the neighboring
being denoted as 2 V, 3 Vp, and 4 V. Also in this series, we
have to consider several changes in adsorption site/behavior.
During optimization, CO adsorbed on the edge site of the top
layer relaxes to a hollow site formed by the 7a, 8a, and Sa Ru
atoms in the 2 V and 4 V, systems (Table S8). CO adsorbing
on the interface (i) site in the 2 V, system dissociates into C and
O. Therefore, the related CO adsorption energy is not included
in Figure 15a. For the 3 Vg and 4 V, systems, CO adsorbing at
the interface (i) site (1a, Sa) relaxes to a 3-fold hollow site
formed by the Ru-2a, Ru-4a, and Ru-5a atoms (Table S8)
(hatched bars in Figure 15a). Furthermore, CO adsorbed at the
interface (ii) site relaxes to a bridge site composed of 4a and 6a
for the 2 Vo—4 V, systems (Table S8) (hatched bar in Figure
15a). A detailed discussion of the data and trends, along the lines
of the discussion in the previous section, is given in Section S4 in
the Supporting Information. The main results can be
summarized as follows.

Similar to the case of surface O-vacancy clusters beside the Ru
nanorod (Section 3.2.2), the influence of the additional O-
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vacancies is mostly small, and if present, it can mostly be
rationalized in the local picture described before. If one or more
of the pre-existing, neighboring O-vacancies had induced a
significant modification of the CO adsorption strength, this
modification will also remain when adding another O-vacancy to
the O-vacancy cluster that itself has little effect on the CO
adsorption strength. In this case, however, we also found
evidence for a synergistic effect, where more distant O-vacancies
modify the impact of the dominant O-vacancy, as evidenced for
CO adsorption on the interface (i) site in the 3 Vo — 4 Vg
systems, which shows a different adsorption behavior than
obtained for the dominant O-vacancy on the ii site. Adsorption
on the interface (ii) site, in contrast, follows expectations based
on the local picture, where CO adsorption is dominated by the
O-vacancy on the ii site, along with the O-vacancy migration
from the ii to the 2i site.

3.2.4. CO,44Induced Lowering of the O-Vacancy Forma-
tion Energy. The data presented in the previous sections
indicated that adsorbed CO will lower the energy for O-vacancy
formation, which is defined as the difference of the O-vacancy
formation energy in a Ru/ZrO, model system with an adsorbed
CO (E,peru/zrosco) and in the CO,gfree Ru/ZrO, model

vac,
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Figure 16. Plots of the CO adsorption energies (a,b) and the center of the d-band density of states (c,d) on interface (i) (a,c) and (ii) (b,d) sites as a
function of the total charge on the Ru atoms binding with CO for individual O-vacancies or O-vacancy clusters in the top and deeper layers. The red
lines represent fits to the adsorption energies, center of the d-band, and charge data in Figures 10—15. Not included in these plots are those cases where
the adsorption energy includes either changes in the O-vacancy position or direct interactions between CO and Zr surface ions (see Sections

3.1.1-3.1.3).

system (E,,. ru/z:0,)- In that case, the CO,g-induced lowering of

the O-vacancy formation AE,, o can be determined as

AEvac,CO = Evac,Ru/ZrOZ+CO - Evalc,Ru/ZrOZ

—E 4 ru/z:0, T Evacru/z:0, T Eadru/z0,_,

- Evac,Ru/ZrO2

= Ead,Ru/ZrOz_x - Eald,Ru/ZrO2
(6)
where E,qry/z:0, and E,gry/z:0, , describe the CO adsorption

energies on the same Ru/ZrO, model system and on the partly
reduced Ru/ZrO,_, system on the same Ru site. Considering
that CO adsorption is generally stronger on the partly reduced
system, adsorbed CO will generally result in a lowering of the O-
vacancy formation energy.

We would like to note that in this relation, we only considered
adsorption of a single CO on the same site in both cases. But we
would expect a similar trend also for adsorption of several CO
molecules. On the other hand, considering practical applica-
tions, one needs to keep in mind that O-vacancy formation
requires considerable energy and thus will proceed only at
sufficiently high temperatures. Under these conditions,
adsorbed CO is likely to desorb, resulting in very low steady-
state coverages. Hence, a CO,4-induced lowering of the O-
vacancy formation energy can only be observed at sufficiently
high CO partial pressures, which allow for a measurable steady-
state CO,4 coverage.

3.2.5. Correlation between Charge on the Ru Atoms
Binding with CO and CO Adsorption Energy. The previous

sections indicated a clear correlation between the charge on the
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Ru adsorption site, i.e., on the Ru atoms contributing to the Ru—
CO bond, and the CO adsorption energy for CO adsorption on
the interface sites. For adsorption on the top-layer and middle-
layer sites, where due to the metallic screening, the charge on the
Ru atoms changes little upon O-vacancy formation, and O-
vacancy-induced changes in the CO adsorption energy are
generally very small. For adsorption on the interface sites, where
CO binds to Ru atoms in the bottom layer (interface layer),
whose charge state varies significantly with the position of the O-
vacancies and the size of O-vacancy clusters, the variations of the
CO adsorption energy are more significant. To test for a general
correlation between the charge state of the Ru adsorption site
and the CO adsorption energy, we plotted the CO adsorption
energy on the interface sites as a function of the charge state of
the Ru adsorption site. Figure 16 illustrates the correlation
between these properties for various different O-vacancy
positions and O-vacancy cluster sizes for CO adsorption on
the interface (i) site (Figure 16a) and on the interface (ii) site
(Figure 16b). In these plots, we did not consider those cases
where, as discussed in Sections 3.2, the adsorption energy
includes either changes in the O-vacancy position or direct
interactions between CO and Zr surface ions.

Figure 16a reveals a linear relationship between the CO
adsorption energy and the total charge on the Ru atoms binding
to CO on the interface (i) site. In this plot, we did not include
the data points for O-vacancies on the 16i site beside the Ru
nanorod [1 V(16i)] and on the i site in the second layer below
the Ru nanorod [1 V(ii)], where a direct interaction between
the O atom of the CO molecule and a partially reduced Zr
surface ion located near the O-vacancy leads to an additional
stabilization of the adsorbed CO. For adsorption on this site, the
variation of the CO adsorption energy with the charge state of
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the Ru adsorption site is rather small, reflected by a small slope of
the fit to the data (red line). The only significant deviation from
the fit line occurs for CO adsorption on the interface (i) site with
a5 Vg O-vacancy cluster in the topmost layer underneath the Ru
nanorod, where the CO adsorption energy is less than expected
from the linear correlation.

According to the analysis of the contributions from the CO 4

induced deformation of the Ru nanorod (ES™) and of the

support (ngg)z ™), from the change in interface energy in the

presence of adsorbed CO (AE}{‘;_SHPPM) and finally the actual
CO binding energy on the relaxed adsorption site (E};,q o), the
lower CO adsorption energy for CO adsorption on a Ru/ZrO,_,
system with a § Vg vacancy cluster underneath the Ru nanorod
is partly due to a significant (positive) contribution from the sum
of the CO,4induced deformation energies and change in
interaction energies, which is around 0.4 eV, which leads to a
lowering of the CO adsorption energy (Table S27). In addition,
the CO binding energy is lower than in other cases.

For CO adsorption on the interface (ii) site, we also find a
linear correlation between the charge on the adsorption site and
CO adsorption energy. Also for this fit, we did not include the
cases with significant contributions from direct interactions
between CO and partly reduced Zr surface ions or CO,4-
induced migration of the O-vacancy (see discussion in Sections
3.2). Interestingly, for adsorption on this site, the slope of the fit
line is much steeper than obtained for adsorption on the
interface (i) site. Apparently, CO adsorption on this site is much
more sensitive to changes in the charge on the Ru adsorption site
than adsorption on the interface (i) site. We will get back to this
in a moment.

Similar plots of the center of the d-band density of states vs the
charge on the Ru adsorption sites (Figure 16¢,d) lead to almost
identical results, with a linear correlation between these
parameters. Hence, a more negatively polarized Ru adsorption
site results in an upshift of the d-band center. Interestingly, in
this case, the difference in slopes between interface (i) and
interface (ii) sites is much less than that in the plots of the
adsorption energy (Figure 16a,b). In combination, this reflects
the experience that the energy of the center of the d-band LDOS
affects the CO adsorption energy to difterent extents, dependin
on the nature of the material and the exact adsorption site.***
The few systems which deviate from this linear correlation are
partly the same as in Figure 16a,b, namely, the 5 Vg system for
both interface sites and the 1 V5(7i) system for adsorption on
the interface (ii) site. All of these cases involve a change in
adsorption site, which affects the calculation of the charge and of
the d-band center on the adsorption site by addition/removal of
specific Ru atoms. Hence, most simply, these deviations are due
to limitations in the simple averaging procedure of these values
for adsorption sites with several surface atoms contributing.

In total, the data presented in this Section 3.2 result in the
following picture: O-vacancies in the support generally stabilize
CO adsorption on the Ru nanorod in cases where O-vacancy
and Ru adsorption site are in direct contact, with distances of 2 A
and less, which allows significant charge transfer from the O-
vacancy to the neighboring Ru interface atoms. Hence, such
effects are essentially limited to CO adsorption at the interface
sites and O-vacancies in the support in direct contact with the
Ru nanorod, while for adsorption at higher layers, at top-layer or
middle-layer sites, charge transfer is inhibited due to the very
effective metallic screening by the interface layer. The O-vacancy
induced stabilization of CO adsorbed on a given site is
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essentially linearly related to the charge on the Ru adsorption
site, which allows a more pronounced charge transfer to the
adsorbed CO molecule and thus results in a strengthening of the
Ru—CO bond, and also to the shift in the center of the d-band
LDOS on the adsorption site.

CO adsorption on the top-layer sites largely resembles that on
metal surfaces, where the coordination of the adsorption site
plays a dominant role. Due to metallic screening, charge transfer
from the support to these adsorption sites is negligible, and the
energy of the d-band center is rather low below the Fermi level
(Tables S48 and S53). Contributions from CO,s-induced
deformation and changes in the interface energies are small or
negligible as well. Furthermore, due to their distance, direct
interactions between CO and Zr surface ions can be neglected as
well.

For CO adsorption on the interface sites, charge transfer from
the support can be significant, in particular for O-vacancies that
are neighbored to the Ru adsorption site, and can lead to a higher
CO binding energy and an upshift in the d-band center.
Furthermore, contributions from the CO,4-induced deforma-
tion energies and changes in interface energies can be significant
as well. In the present case, they lead to a general lowering of the
CO adsorption energy on the interface (ii) sites compared to the
interface (i) sites, to the level of CO adsorption energies on the
top layer sites. Both charge and coordination have less effect on
the CO adsorption energy on the interface (i) sites than on the
interface (ii) sites. Finally, depending on the position of the O-
vacancy, CO,4 can directly interact with a partly reduced Zr
surface ion neighboring to an O vacancy, which can lead to large
increases in the CO adsorption energy.

CO adsorption on middle-layer sites, in this case specifically
on the Ru-5a adsorption site, is between the previous two cases.
Charge transfer to this site is small and hardly affected by O-
vacancies. Also, contributions from CO,4-induced deformation
energies and changes in interface energies, which could lower
the adsorption energy, are mostly small. Coordination effects
and the resulting upshift in the d-band center are the main
drivers for the higher adsorption energy on this site compared to
adsorption on top-layer sites. On the other hand, in some cases,
adsorbed CO can directly interact with partly reduced Zr surface
ions (see Figure 12b), which leads to an abrupt increase of the
CO adsorption energy and can also induce a change in
adsorption site during relaxation. Thus, the similar size of the
increase in CO adsorption energy for adsorption on the middle-
layer site and on the interface (i) site is fortuitous and does not
result from identical effects. The same is true also for adsorption
on the top layer sites and on the interface (ii) site.

Based on these data, we propose that the adsorption energies
on such a kind of supported metal systems are generally affected
by a number of different contributions:

e Adsorption on sites away from the interface is dominated
by coordination effects, which can be captured by the
energy of the d-band center of the adsorption site, in the
framework of the d-band model.

O-vacancy-induced charge transfer to Ru surface atoms
and accordingly charge-induced variations in the CO
adsorption energy are negligible for Ru adsorption sites
and/or O-vacancies away from the interface, while for
interface sites, they can be substantial, depending on the
position of the O-vacancy.

CO,gq-induced deformation energies and changes in the
interface energies are particularly important for adsorp-
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Figure 17. C—O vibrational frequencies of CO adsorbed at the Ru sites indicated in the figure for different positions (1st row: 1i, 2nd row: 4i, 3rd row:
7i O atom) of individual O-vacancies underneath the Ru nanorod (left panel) and for O-vacancies in a growing O-vacancy cluster (right panel).

tion at interface sites, where they can dominate changes in
the adsorption energy, while for adsorption on higher-
layer sites, their combined contribution is small.

Direct interaction between CO and a partly reduced
surface cation neighboring an O-vacancy can lead to
drastically increased adsorption energies and in the
present case even to CO dissociation.

A substantial increase of the CO adsorption energy can be
caused by a CO adsorption-induced migration of an O-
vacancy to a neighboring site at the interface, where the
stabilization of the O-vacancy by interaction with the
metal contributes to the CO adsorption energy.

The effect of several neighboring O-vacancies (O-vacancy
clusters) on the CO adsorption behavior can mostly be
described in a very local picture, by addition of the impact
of the individual O-vacancies.

While the numbers may differ for other systems, this overall
picture is proposed to be of general validity. This also means that
predictions solely based on the d-band model, using the energy
of the d-band center of the adsorption site as a descriptor, are
likely to fail, as they do not include these other effects that are
highly important in particular for adsorption on interface sites.

Finally, we demonstrated that adsorbed CO leads to a
stabilization of oxygen vacancies and hence to a lowering of the
O-vacancy formation energy.

3.3. C-0 Vibrational Properties. For further information
on the CO adsorption behavior and on the effect of O-vacancy
formation thereon, we also evaluated the C—O vibrational
properties. Here we focused on those cases where the adsorption
energies indicate a significant effect of the O-vacancies.
Therefore, the cases of O-vacancies beside the Ru nanorod or
in deeper layers underneath the nanorod were not considered. In
the left panel of Figure 17, we illustrate trends in the C—O
frequencies for CO adsorption on the different Ru sites
discussed before, including top-layer terrace sites (black), top-
layer edge sites (red), middle-layer sites (blue), interface (i) sites
(green) , and interface (ii) sites (orange). Frequencies were
calculated for CO adsorbed on the fully oxidized Ru/ZrO,
model system and on the partly reduced Ru/ZrO,_, systems
with a single O-vacancy located at representative sites in the first
row (1i site), second row (4i site), or third row (7i site)
underneath the Ru nanorod (see Figure 2), where CO
adsorption was most stable. Adsorption on the fully oxidized
Ru/ZrO, is denoted in these panels as the zeroth row and 0 V5
vacancy cluster. As evident from Figure 17, the CO molecules
adsorbed on the top layer terrace sites and, except for the fully
oxidized system, at the middle layer exhibit the highest
vibrational frequencies, which fits well with the generally higher
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frequencies of CO adsorbed on on-top sites. For adsorption on
the top layer edge site, the frequencies are generally lower, as
expected for adsorption on bridge sites (see Tables S6 and S7).
Changes in the frequencies with O-vacancy position are either
fully absent (top layer terrace sites) or small (top layer edge
sites). This fully agrees with expectations based on the constant
adsorption energies and charges on the top layer sites due to
metallic screening. For adsorption on the middle-layer site, we
find a distinct upshift by about 160 cm ™" when introducing an O-
vacancy, independent of the position of the vacancy. This
change in vibrational frequency is much more pronounced than
the small increase in CO adsorption energy on this site (see
Figure 10). It may be related to a change in the orientation of the
adsorbed CO. In the 0 Vj configuration, CO points downward
toward one Zr surface ion in the support, while in the presence of
an O-vacancy, the C—O bond is parallel to the support surface.
While a simple explanation of the physical origin of this change
in orientation is still missing, it nevertheless demonstrates the
complexity of these adsorption systems.

Adsorption on the interface sites results in the lowest
frequencies, as expected for CO adsorption on bridge or 3-
fold hollow sites. For adsorption on the interface (i) site, the
vibrational frequency is lower than expected for adsorption on
bridge sites (see Table S6), which may be related to the
additional interaction with the 2Zr surface ion. Here we find a
small increase of the C—O frequency when moving the O-
vacancy away from the adsorption site, from the first to the
second and then to the third row (There is no stable CO
adsorption on this site in the absence of an O-vacancy). The
small upshift of about 57 cm™ fits well to the subtle decrease in
CO adsorption energy (see Figure 10b). Both trends are related
to the decreasing electron charge transfer (see Figure 10a) to the
adsorption site upon O-vacancy formation with increasing
distance of the vacancy from the adsorption site.

The lowest vibrational frequencies and the most significant
changes of the C—O vibrational frequency with increasing
distance between the adsorption site and the O-vacancy position
are observed for adsorption on the interface (ii) site. The very
low frequencies must be due to the additional interaction of the
adsorbed CO molecule with the 1Zr surface ion. The zigzag
behavior of the C—O frequency seems to follow the trend in the
charge on the Ru adsorption site, which varies from —0.24 via
—0.48 e and —0.28 to finally —0.44 e (Figure 10c). This is
different for the CO adsorption energy, which shows a very small
steady increase (Figure 10b). The discrepancy between the
trends for CO adsorption energy and C—O frequency is most
likely due to the additional interaction of the CO with the 1Zr
ion.
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Changing to modifications in the CO vibrational properties
upon formation of O-vacancies in a growing O-vacancy cluster
underneath the Ru nanorod, we find no significant differences to
the effect induced by individual O-vacancies for CO adsorption
on the top-layer and middle-layer sites, consistent with the
generally weak effects of the O-vacancies on CO adsorbed on
these sites (Figure 17, right panel). Note that in this case,
neighboring O-vacancies had to be considered to simulate a
growing O-vacancy cluster (O-vacancies at position 1i, 2i, 3i, 4i,
5i). For adsorption on the middle layer site, the presence of an
O-vacancy on the 1isite (1 Vg system), which is present also in
the larger clusters, is sufficient to induce the upshift of the
vibrational frequency, and this does not change anymore for
larger O-vacancy islands.

For adsorption on the interface (i) site, the slight upshift of the
frequency with increasing distance between O-vacancy and CO
adsorption site, from the 1i to the 4i site (see left panel, Figure
17), which was observed for individual O-vacancies, changes
into a more pronounced down-shift for the growing O-vacancy
cluster, from the 1 Vg to the 2 Vg and in particular the 3 V,
system (see right panel, Figure 17). This goes along with a
considerable increase of the electron charge on the Ru
adsorption site (Figure 11b) and a slight decrease/increase of
the charge transfer to the adsorbed CO for the 2 V;/3 V system
(Figure 11c). The latter trend agrees with a decrease in C—O
vibrational frequency upon increasing charge transfer to the CO.
Similar agreement in trends is also obtained upon formation of
the fourth and fifth vacancies (S V, system), where a slightly
increasing charge C—O frequency correlates with a slightly
decreasing charge transfer.

Finally, for CO adsorption on the interface (ii) site, which also
for O-vacancy cluster shows the lowest C—O vibrational
frequencies and the most pronounced changes with increasing
size of the O-vacancy cluster, the trend of a decreasing C—O
vibrational frequency (Figure 17, right panel) correlates well
with the increasing charge and charge transfer to the adsorbed
CO molecule up to the formation of the second O-vacancy (2
Vo) (Figure 11c). Upon formation of the third O-vacancy, this
agreement ceases, as the subtle increase of the vibrational
frequency goes along with an essentially constant charge transfer
to the adsorbing CO molecule (Figure 11c). Most likely, this is
due to a change in the CO—1Zr interaction, although there is no
obvious change in the charge state of that ion. Finally, for the §
V,, system, this discrepancy is even more pronounced, since a
clear decrease in C—O vibrational frequency goes along with an
essentially constant charge transfer to the adsorbing CO,
different from expectations based on the Blyholder picture.

In general, these trends in the vibrational frequencies support
the conclusions drawn from the CO adsorption energies that the
presence of O-vacancies has significant impact on the CO
adsorption properties in cases where CO is adsorbed on
interface sites, which are directly affected by charge transfer from
the support to the Ru nanorod, and that the effects increase for
close distances between O-vacancy and adsorption site. They
mostly agree with the trend expected from the Blyholder picture,
where an increasing charge transfer to the adsorbing CO
molecule results in a decreasing C—O vibrational frequency, due
to an increasing population of the antibonding 27* orbital.
Deviations from the expected trends are observed in
configurations with significant interactions between CO and
partly reduced Zr surface ions adjacent to O-vacancies.

7177

4. CONCLUSIONS

As part of our comprehensive study of electronic metal—support
interactions (EMSIs) and their effect on the adsorption
properties of oxide-supported metal catalysts, we have
continued to investigate O-vacancy formation energetics on
Ru/ZrO, model catalysts and their impact on CO adsorption by
DFT calculations. Employing a model system consisting of a
ZrO,(111) support and a three-layer [1120] oriented Ru
nanorod, we have systematically evaluated the impact of the
position of the O-vacancy relative to the Ru nanorod on the
vacancy formation energy and its effect on CO adsorption
properties. The main findings of these calculations are as
follows:

e Energetically, O-vacancy formation is significantly
relieved mainly at interface sites, where the O atom is in
direct contact with the metal nanorod. Significant
stabilization is observed for O-vacancies close to a Ru
interface atom, at distances about 2 A, where it can reach
up to 2.8 eV. For O-vacancy formation in deeper layers
below the Ru nanorod or beside the nanorod, the
stabilization of the O-vacancy is very small or absent, i.e.,
its formation is comparable to vacancy formation in the
absence of the metal nanorod.

The Ru-induced stabilization of the O-vacancies is closely
correlated with the charge transfer from the support to the
Ru nanorod upon O-vacancy formation.

Considering also kinetic effects, O-vacancy formation
occurs preferentially at the interface perimeter sites, at the
edge of the Ru nanorod. Subsequent O-vacancy migration
can lead, however, to O-vacancies at more central
positions underneath the Ru nanorod, which are of
comparable stability. Generation of surface vacancies
away from the interface or in deeper layers and their
accumulation are energetically unfavorable.

These trends are also valid in the presence of neighboring
O-vacancies, in a growing O-vacancy cluster. The O-
vacancy formation energy on a given site is generally little
affected by the presence or absence of neighboring O-
vacancies in a growing O-vacancy cluster.

CO adsorption is mainly affected by O-vacancies if these
and the Ru adsorption site are in direct contact, i.e., for
adsorption at the interface layer, Ru atoms/sites and the
O-vacancies at the perimeter of the Ru nanorod. The CO
adsorption energy is increased by an O-vacancy enhanced
charge transfer to the Ru adsorption site and, correlated
with that, an increased charge transfer from the metal to
the adsorbing CO molecule. For adsorption at higher
layers or in the presence of more distant O-vacancies,
metallic screening hinders charge transfer to the
adsorption site.

In addition to this effect, which dominates the CO
adsorption energies on the same adsorption site, but with
O-vacancies at different positions, CO adsorption can also
be affected by (i) contributions from CO,4-induced
deformation energies and changes in interface energies, by
(ii) differences in the coordination of the adsorption site,
and in particular by (iii) the direct interaction of CO with
Zr surface ions that are partly reduced due to charge
transfer from a neighboring O-vacancy. Since this latter
charge transfer is very local, such effects are limited to
specific O-vacancy sites close to the Ru perimeter and to
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CO adsorption on the interface sites, where such effects
can be substantial.

For adsorption on top layer sites, these latter effects are
negligible, except for coordination effects, and adsorption
resembles that on metal surfaces. For adsorption on
interface sites, these effects can be substantial, depending
on the position of the O-vacancy. The systematic
difference in CO adsorption energy between interface
(i) and interface (ii) sites is mainly due to higher positive
contributions from CO, g-induced deformation energies
and changes in interface energy. For adsorption on the
middle layer Ru-5a site, its higher adsorption energy is
mainly attributed to coordination effects. Contributions
from charge transfer to the Ru adsorption site or
deformation/interface energies are generally small, and
except for a single case, direct interactions between CO
and a partly reduced Zr surface ion do not play an
important role.

A substantial increase of the CO adsorption energy can
also be caused by a CO adsorption-induced migration of
an O-vacancy to a neighboring site at the interface, where
the stabilization of the O-vacancy by interaction with the
metal contributes to the CO adsorption energy.

The effect of several neighboring O-vacancies (O-vacancy
clusters) on the CO adsorption behavior can mostly be
described in a very local picture, by addition of the impact
of the individual O-vacancies.

The vibrational properties of the CO molecules generally
follow the trend of the adsorption energies and of the
charge transfer from the Ru nanorod to the CO molecules
upon adsorption, except for the adsorption at the interface
sites, where they can be modified significantly by
interaction with the ZrO, support.

Adsorbed CO will generally lead to a stabilization of O-
vacancies and therefore to a lower O-vacancy formation
energy.

In combination, these results provide a detailed picture of the
formation and stability of O-vacancies in ZrO, in the presence of
a Ru nanoparticle, of the related charge transfer from the ZrO,
support to the Ru nanorod, and of the impact of O-vacancies on
the CO adsorption properties, including trends in the CO
adsorption energies on different Ru sites, on CO adsorption
induced charge transfer, and in the C—O vibrational frequencies.
They indicate a wide variation of the CO adsorption energies
and vibrational frequencies on different sites, which under
equilibrium conditions will be populated according to their
stability. While the numbers are specific for the present system,
the general effects and the contributions for adsorption on
interface sides, higher-layer sites, and the transition layer directly
on top of the interface metal layer are considered to be of general
validity for oxide supported metal nanoparticle systems with
particle sizes in the low nanometer range or more. In this sense,
they are of general relevance for the understanding of electronic
metal—support interactions (EMSIs) and their impact on
adsorption and catalytic reactions on catalyst systems consisting
of metal nanoparticles supported on reducible oxides.
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