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ABSTRACT: Oxide supports play an important role in enhancing
the catalytic properties of transition metal nanoparticles in
heterogeneous catalysis. How extensively interactions between
the oxide support and the nanoparticles impact the electronic
structure as well as the surface properties of the nanoparticles is
hence of high interest. In this study, the influence of a magnesium
oxide support on the properties of copper nanoparticles with
different size, shape, and adsorption sites is investigated using
density functional theory (DFT) calculations. By proposing simple
models to reduce the cost of the calculations while maintaining the
accuracy of the results, we show using the nonreducible oxide
support MgO as an example that there is no significant influence of the MgO support on the electronic structure of the copper
nanoparticles, with the exception of adsorption directly at the Cu−MgO interface. We also propose a simplified methodology that
allows us to reduce the cost of the calculations, while the accuracy of the results is maintained. We demonstrate in addition that the
Cu nanowire model corresponds well to the nanoparticle model, which reduces the computational cost even further.

■ INTRODUCTION
Oxide supported transition metal particles constitute an
important class of heterogeneous catalysts, being employed
for reactions ranging from hydrogenation over oxidation to
emission control.1 The composition of such catalysts in terms
of oxide and transition metal, greatly determines the
interaction between metal particles and the support surface.
This interaction additionally both depends on and dictates
particle size and shape as well as the long-term stability of the
catalysts,2−10 with typical sizes of the transition metal particles
used in industry being in the nanometer range, mostly
somewhere in between 3−20 nm.11

Importantly, the activity and selectivity of a catalyst often
depend crucially on the exact nature of the particle−oxide
interaction.12−23 There are multiple ways being discussed via
which the oxide support can alter the catalytic function of the
particle: indirectly, through changing the shape and thus
faceting of the nanoparticle6,24 or through an electronic
interaction between the support and the particle, changing
the electronic structure and thus the d-band of the
metal,4,25−28 or directly, when the reaction occurs at the
metal−support interface with the reactants and intermediates
binding to both the transition metal and oxide support.29,30

While these phenomena offer a plethora of possibilities to
enhance the performance of catalysts,16 it also makes the

identification of active sites and reaction mechanisms, and thus
a knowledge-based improvement, difficult to achieve.

Theoretical studies, mainly based on density functional
theory (DFT) calculations, have found widespread application
in the catalysis field as they are able to reveal the nature of the
interaction of the transition metal with the reactants and
intermediates. Furthermore, these calculations are now
routinely used to compute transition state energies that can
be directly linked to a catalyst’s activity and selectivity.31−34 As
the size of the real catalytic system is intractable for
computations, these are typically performed using simple
models of the active site. While small nanoparticles are
subjected to quantum size effects,35−37 traditional metal
nanoparticles (NPs) with diameters larger than 3 nm are
conveniently modeled using the extended surfaces of the facets
constituting the particle, thus greatly reducing the size of the
system. These models do, however, not include support effects
other than those on particle shape. To include also other
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support effects, more and more attempts are made for
modeling of supported nanoparticles (NPs).38−40 Due to the
increasing computational demand with increasing particle size,
these models typically consist of particles well below 3 nm,
where they are subject to quantum size effects and might thus
not be representative of the much larger catalytic system.

An elegant way to circumvent these limitations has been
found in so-called “nanowire” or “nanorod” models of the
transition metal supported on the oxide of interest.41−43 Such
an approach ensures that the model mimics the behavior of
large particles and is able to simulate the influence of the
support while being computationally feasible. The accuracy of
these models in representing the true interaction of large
particles with oxide surfaces and the metal−support
interaction, however, has not been fundamentally addressed
to date.

Herein, we study the influence of MgO on copper, measured
by changes in the binding strength of an oxygen atom, to
evaluate the impact of parameters such as particle size and
shape and, most importantly, the effect of the interface. Using
supported copper NPs with diameters up to 2.6 nm, we will
also compare their performance with nanowire models and
make an assessment of how well they can serve as models for
metal−support interfaces.

■ METHODS
All periodic DFT calculations were carried out using the
Vienna Ab initio Simulation Package (VASP)44−47 version
5.4.1 and the functionalities of the Atomic Simulation
Environment (ASE)48 python library, employing the Bayesian
error functional with van der Waals corrections (BEEF-vdW)49

and the projector-augmented-wave (PAW)46,50 method with
standard potentials for metal atoms and soft PAW potentials
for oxygen atoms. Γ-centered k-point sampling was used in all
calculations. Copper nanoparticles were computed at the Γ-
point. For the copper nanowire model, a 2 × 1 × 1 k-point was
employed. The plane-wave kinetic energy cutoff was set to 350
eV for the calculations of the oxygen adsorption energy on
systems including Cu NPs and NW. A 16 × 16 × 16 k-point
sampling and a cutoff energy of 800 eV were used for the
calculations of bulk Cu and MgO. All calculations used a
Gaussian smearing with a width of 0.1 eV. The bulk lattice
parameters were calculated to be 3.664 and 4.262 Å for Cu and
MgO, respectively, in good agreement with experimentally and
theoretically reported values.51−55 During the optimization of
the MgO-supported Cu NPs and NW structures, the positions
of Mg and O atoms were fixed (with respect to its lattice in the
bulk), whereas the positions of all copper atoms were allowed
to move until the forces of relaxed atoms converged to below
0.01 eV/Å. The distance between the copper nanoparticles and
the MgO support, which was used for the fixed-geometry
models, was obtained from the relaxation of a three-layered
copper slab with a unit cell of (1 × 1) on a two-layered MgO
slab with the same unit cell size.

The adsorption of oxygen atom was modeled on a p(4 × 4)
Cu(111) slab to determine the reference oxygen chemisorp-
tion energy and the distance of the atom from the Cu atoms in
fcc and hcp positions (used further for the adsorption on the
fixed-geometry nanoparticles). The O was allowed to fully
relax, while the Cu was kept frozen. The oxygen adsorption
energy was calculated as follows

= +E E E Eadsorption Cu/MgO O Cu/MgO O (1)

where ECu/MgO+O stands for the total energy of an oxygen atom
adsorbed on a MgO-supported copper nanoparticle, ECu/MgO
for the total energy of a MgO-supported copper nanoparticle,
and EO for the energy of an oxygen atom (1/2 EO2).

As shown in the SI (Figure S3), to find a sufficient distance
between the periodic images of MgO-supported Cu NPs that
guarantees negligible interaction, test calculations of oxygen
adsorption energies were performed on some of the Cu NPs by
varying the distance between the clusters. The results show
that a small distance of 5 Å is sufficient, and for computational
efficiency, this separation was chosen. The possible interactions
between the periodic images of Cu/MgO structures
orthogonal to the surface were avoided by applying a vacuum
of ∼16 Å in the z-direction.

The calculations of the oxygen chemisorption on different
copper FCC-type surfaces (Cu(111), Cu(100), Cu(211),
Cu(110), and Cu(321)) were performed using four layers of
a Cu slab, where the two bottom layers were fixed to the lattice
of copper in the bulk. The copper atoms in the unconstrained
layers were relaxed until their forces were smaller than 0.01
eV/Å. For the Cu(111) slab: a unit cell of (3 × 3) with the k-
point grid of 4 × 4 × 1; for the Cu(100) slab: a unit cell of (4
× 4) with the k-point grid of 3 × 3 × 1; for the Cu(211) slab: a
unit cell of (3 × 3) with the k-point grid of 5 × 4 × 1; for the
Cu(110) slab: a unit cell of (2 × 2) with the k-point grid of 4 ×
6 × 1; and for the Cu(321) slab: a unit cell of (3 × 3) with the
k-point grid of 3 × 4 × 1 were used. For all of the surfaces, a
cutoff energy of 450 eV was used. The oxygen adsorption
energy was calculated relative to the energy of 1/2 O2 in the
gas phase. For visualizing the structures shown, iRASPA56 and
VESTA57 software were used.

■ RESULTS AND DISCUSSION
The choice of the copper supported on magnesium oxide (Cu/
MgO) system is motivated by related studies in methanol
synthesis.29 The fact that MgO is a nonreducible support and
that both MgO(100) and Cu(100) have square unit cells
greatly simplifies the Cu/MgO model construction. Our
investigations span from cluster sizes of 55 atoms (Cu55) to
particles consisting of 561 atoms (Cu561) that are ∼2.6 nm in
diameter. These large particles require a tremendous amount
of computational capacity in DFT simulations, and we
therefore turn to approximate models using single-point
energy calculations, greatly reducing this effort. We chose the
oxygen binding energy as this is a simple enough descriptor
that is sensitive to the underlying electronic structure of
copper58 and is often used to estimate the activity of copper as
well as other transition metals for the hydrogenation of CO2 to
methanol.59

First, we start with the influence of magnesia on the intrinsic
stability of the copper nanoparticles. The nanoparticles binding
with their {100} facet to the MgO(100) show stronger
adhesion energies than the others which bind via {111} facets.
This is caused by the difference in symmetries and alignments
between the two interacting interfaces. This can be observed in
Figure 1, which shows the structures of both Cu(100) and
MgO(100). For a perfect match at the interface, an interfacial
Cu atom would always be placed exactly on top of an oxygen
atom. However, due to the fact that the MgO lattice constant is
16% larger (lattice mismatch), this will be increasingly difficult
for larger clusters.

Two types of models are considered in this work, First of all,
Cu clusters are fully relaxed on a two-layered MgO(100) slab,
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with the Mg and O atoms frozen in their bulk positions (see
Figure 1b). Since this is computationally very demanding, we
furthermore explored a simplified model, where the Cu
particles are also frozen with the atoms in their bulk positions.
Due to the mentioned lattice mismatch, this simplified
approach requires one lattice constant to be adjusted and we
chose to scale the MgO lattice so that it matches that of Cu
and keep Mg and O atoms again fixed in their (scaled) bulk
positions (see Figure 1c). The distance of the copper
nanoparticles from the support was obtained from a calculation
of a Cu(100) slab on MgO(100). This approach was chosen
mainly to have strain-free Cu clusters for the subsequent
calculation of adsorption energies.

The adhesion energy per copper surface atom that interacts
with the MgO support (Eadhesion) is calculated by subtracting
the energy of the free-standing Cu NPs (ECu) and that of the
MgO slab (EMgO) from the energy of the supported Cu NPs
(ECu/MgO) normalized through division by the number of
copper atoms facing the oxide interface (n).

=E
E E E

nadhesion
Cu/MgO Cu MgO

(2)

The results of the adhesion energies of Cu NPs are depicted
in Figure 2. The solid circles and hollow shapes shown in
Figure 2 represent the adhesion energies of the fixed
geometries (Cu bulk lattice constant, see Figure 1c) of copper

nanoparticles adsorbing on lattice-matched MgO (compressed
by 16% to match the lattice of Cu in the bulk) and relaxed Cu
nanoparticles on MgO, respectively (see Figure 1b). The
dashed line in Figure 2 at −0.21 eV shows the adhesion energy
of a relaxed three-layered (7 × 7) unit cell of a Cu(100) slab
on a two-layered (6 × 6) unit cell of a MgO(100) slab
(constrained to the MgO lattice in the bulk), and the other
dashed line, at −0.46 eV, shows the adhesion energy of a
relaxed three-layered (1 × 1) unit cell of a Cu(100) slab
adsorbed on a two-layered (1 × 1) unit cell of MgO(100) slab
(compressed lattice to match with the copper lattice in the
bulk). Theoretical investigations for alumina and silica60

showed that adhesion energies computed with either the
lattice constant of the metal or that of the oxide adjusted lead
to adhesion energies that differ by less than 15 meV/Å2, if the
symmetry of the metal is not broken and if the strain is <3%.
However, as discussed above for the case considered here, the
small supercell with MgO compressed by 16% is shown to give
adhesion energies that agree well with the larger supercell with
<1% strain. The reason is that strain-free supercells lead to
incommensurate interfaces, while the compressed MgO(100)
is less reactive despite forming a commensurate interface with
Cu(100), as discussed below in more detail.

Relaxed clusters binding to MgO(100) via the Cu(100)
facet show the strongest adhesion energy per interfacial Cu
atom (−0.5 to −0.75 eV). We attribute this to the fact that the
very small fcc(100) facets can more easily adapt to the lattice
mismatch. For larger interfaces, as described by the (7 × 7)-
Cu(100) on (6 × 6)-MgO(100) model, the surfaces are not
atomically aligned, leading to much weaker binding, on the
order of −0.2 eV per atom. The structural models based on the
MgO(100) support adjusted to the lattice constant of Cu(100)
show a comparably weak adhesion energy. This applies to the
periodic interface of (1 × 1)-Cu(100) on (1 × 1)-MgO(100)
and the models using frozen Cu clusters (solid circles).

Due to the strong interaction of truncated octahedral copper
nanoparticles with MgO, we also used them to introduce and

Figure 1. Illustration of the interface models studied in this work (a)
Clean surfaces and (b, c) interfaces that arise when using (b) a relaxed
Cu192 particle on MgO and (c) a Cu192 particle with atoms fixed in
their bulk positions on top of MgO, where the atomic bulk positions
have been scaled to match the lattice of Cu. For the top views, only
one layer of Cu(100) is shown; in the case of interfaces, it is the
interfacial layer.

Figure 2. Adhesion energy of copper NPs supported by MgO per
interacting surface copper atom plotted against the total number of
copper atoms in the nanoparticles. Solid and hollow shapes represent
the fixed-geometry and fully relaxed Cu NPs on MgO, respectively.
Circle shapes are used to show the adhesion energies of copper NPs
on the MgO via their Cu(100) facets, and triangle shapes are used to
show the adhesion of Cu NPs on the MgO surface via their Cu(111)
facets. Black, blue, and red colors are used to differentiate the series of
cuboctahedral (Cu55, Cu147, Cu309, and Cu561), truncated octahedral
(Cu75, Cu176, Cu192, and Cu305), and droplet-like (Cu175, Cu252, Cu284,
Cu371, and Cu480) nanoparticles, respectively.
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validate our simplified methodology against full geometry
optimized systems. To this end, the oxygen adsorption energy
on various adsorption positions on Cu75 and Cu192 truncated
octahedral particles was calculated. These results are shown in
Figure 3a. The oxygen adsorption energies were calculated

from full relaxation and single-point calculations of MgO-
supported copper nanoparticles and the adsorbate (oxygen
atom). For single-point calculations, the distance of the
adsorbate from the adsorption position of the copper
nanoparticles was taken from the relaxation of oxygen atoms
adsorbed on FCC and HCP positions on a frozen four-layered
Cu(111) slab, where all Cu atoms were fixed at their bulk
positions. In all cases, the oxygen atom was adsorbed on
FCC(111) facets of the Cu NPs.

The differences of the oxygen adsorption energies between
the supported and unsupported (free-standing) fixed geo-
metries of Cu75 and Cu192 nanoparticles are plotted against the
same differences from the fully relaxed particles in Figure 3b.

As can be seen from Figure 3b, the computationally cheaper
procedure of calculating single-point energies yields compara-
ble results with those from full relaxation, with a mean absolute
error below 0.1 eV. The only exception is the oxygen adsorbed
directly at the interface between the copper particle and the
MgO support (hollow circle in Figure 3b). Since there is a
significant interaction of the oxygen with both the copper
particle and the MgO surface, only fully relaxed particles yield
reasonable results.

Having verified that the static model employing single-point
energy calculations is in fact able to reproduce the results and
trends from the full geometry optimized particles, we now turn
to calculating the oxygen adsorption on various copper clusters
and particle models on the MgO(100) surface.

The extent of interaction of the MgO(100) surface with the
various copper clusters and particles on the corresponding
oxygen binding energy is shown in Figure 4 for a series of
truncated octahedral (Cu75, Cu176, Cu192, and Cu305),
cuboctahedral (Cu55, Cu147, Cu309, and Cu561) and droplet
models (Cu175, Cu252,Cu284,Cu371, and Cu480).

The impact of oxygen adsorption site distance from the
support was evaluated, only considering positions on the
copper clusters that are equivalent in terms of adsorption site
geometry (see structures and adsorption sites in Figure 4). As
can be seen from Figure 4, the influence of the MgO support
on the oxygen binding energy is rather small (<0.10 eV for
most cases). There is a slight, albeit not very pronounced,
effect at a close distance to the MgO(100) facet, where oxygen
is binding to a position on the copper clusters less than about 4
Å from the MgO(100) plane. Here, the oxygen adsorption
energy seems to slightly increase for some clusters by up to
−0.17 eV. Importantly, the MgO support has only a small
effect on the oxygen binding energy for all clusters and
particles considered in this study, independent of their size and
shape. The influence of the MgO support (see Figure S4), for
some of the nanoparticles, is given as the difference between
the oxygen chemisorption energy of the unsupported (free-
standing) copper clusters and their MgO-supported counter-
parts (ΔΔEO) as a function of the vertical distance of the
chemisorbed oxygen from the MgO(100) plane. As can be
seen, large variations only exist when comparing NPs of
different sizes rather than one size as a function of the metal−
support interaction. The size effect is similar to what has been
observed in a recent study.36,37,58,61

Due to the high computational cost of DFT calculations for
large systems, simplified computational models of the particle−
support interface have been introduced recently. These are
based on nanowires (NWs) of the transition metal interacting
with the support.41 By using nanowires, one can achieve a
model with a smaller number of atoms per unit cell that
mimics the electronic structure of larger particles as a metallic
character is obtained due to the periodic calculation. One
therefore avoids the quantum size effects of sub-nanometer
clusters that are typically used in computational studies. Here
we employ a Cu nanowire model to simplify the calculations of
the larger nanoparticles. The MgO-supported copper nanowire
used in this study is shown in Figure 5. Similar to the models
of nanoparticles (shown in Figure 4), the structures of the Cu
NW as well as MgO were also fixed to the bulk lattice of
copper to perform single-point calculations on the systems
generated. The surface of the support is modeled by two layers
of MgO(100) with a p(7 × 6) unit cell. The distance between
two nanowires is approximately 5 Å, which we verified as

Figure 3. (a) Calculated adsorption energy of oxygen atoms (relative
to 1/2 gas phase O2) on Cu75 (black symbols) and Cu192 (blue
symbols) both supported by magnesia (full symbols) and free-
standing (hollow symbols) against the distance of the adsorbate from
the support. The triangle and circle points represent the optimized
and fixed-geometry structures, respectively. (b) Parity plot of the
difference of the oxygen adsorption energy between supported and
free-standing fixed geometries of Cu75 and Cu192 against the same
calculated energies of relaxed structures. The numbers on each of the
points in the figure show the distance of the oxygen atom adsorbate
from the magnesia support.
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sufficient to suppress possible interactions between the
periodic images (see Figure S3).

Having shown that the support effect is visible only at the
exact Cu−MgO interface, we have evaluated the influence of
the adsorption site for all other adsorption positions on all
considered models more generally using the concept of
generalized coordination numbers (GCN), introduced by
Sautet and co-workers.62 GCNs are calculated by counting the
nearest neighbors of the atoms on which adsorption takes
place (nj), weighing them by their own coordination numbers
(cn(j)) and dividing by the maximum number of neighbors for
a given adsorption position (cnmax).

=
=

i j nCN( ) cn( ) /cn
j

n

j
1

max

i

(3)

This analysis reveals how the variation of the adsorption site
on the cluster and particle models is affecting the oxygen
adsorption strength. Figure 6 shows the adsorption energies of
oxygen (ΔEO) for various positions on both the MgO-
supported Cu192 and Cu(7 × 5 × 5) nanowire structures as a
function of the GCN of the respective adsorption positions. As
evident from Figure 6, ΔEO is mostly a function of GCN, and
the relation has a low mean absolute error (MAE).

Next, we compare the MgO-supported NW model with
calculations of Cu192/MgO (Figure 7). Figure 7a shows the
positions of the adsorbed oxygen on the Cu192/MgO and Cu(7
× 5 × 5) NW models, with identical adsorption positions
being shown in the same colors. To make sure that the results
are comparable, the lattice constant of MgO was modified such
that it fits the copper bulk lattice. For both models, we
calculated adsorption energies for fixed (full circles) and fully
relaxed Cu (open circles). For fully relaxed Cu, the oxide
support was rotated by 45° so that the interface atoms of the
copper nanowire face both magnesium and oxygen atoms of
the support. The reason for this approach is that an unrotated
nanowire, when fully relaxed, visibly distorts and bends to form
patches, where Cu fits to the underlying MgO lattice, which we
do not consider a realistic model of a Cu NP. As shown in
Figure S2, the adhesion energy computed for a periodic
interface rotated by 45° is very similar to that shown in Figure

Figure 4. Oxygen adsorption energies calculated on the fixed structures of the MgO-supported copper NPs. The lattice constant of MgO, as
described in the model section, is compressed to match with the lattice constant of copper in the bulk (Cu−Cu distance of ∼2.59 Å). From left to
right: oxygen adsorption energy on cuboctahedral, droplet-like models, and truncated octahedral copper nanoparticles against the distance of
oxygen (adsorbate) from the oxide interface.

Figure 5. Left: Front view and right: perspective view of the Cu(7 × 5
× 5)/MgO nanowire model. The Cu(111) and Cu(100) planes are
shown in the figures. Colors: Cu (brown), Mg (green), and O (red).
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2. For the models of fixed-geometry calculations, the MgO has
not been rotated by 45°.

As can be seen from Figure 7, there are only small
differences between the supported Cu192 and NW models
when identical adsorption sites are compared. As established
earlier, the only marked influence of the support on oxygen
adsorption energies is given for adsorption at the Cu/MgO
interface (see Figure 3). This adsorption is about ∼0.6 eV
stronger, both for the interfaces of Cu192/MgO and CuNW/
MgO. We hence conclude that the NW model does reproduce
the outcome of calculations with larger particles well.

■ CONCLUSIONS
We have systematically investigated the extent of metal−
support interactions using DFT calculations. Choosing MgO
as a nonreducible support and copper nanoparticles of various
sizes, we showed that the electronic effect of MgO on the
reactivity of Cu, as measured by the oxygen adsorption energy,
is rather small (about 0.1 eV), independent of particle size or
shape. The only adsorption site where a strong influence of the
support was present was the direct interface between MgO and
the copper particles. When oxygen was bound to both MgO
and Cu, an increased adsorption energy was obtained. Due to
the lack of geometry optimizations, our models were not able
to reproduce the interface site accurately. We further
introduced a nanowire model, inspired by similar recent

investigations in the literature, and showed that it is indeed
representative of supported copper nanoparticles. Due to its
small size, this model is able to predict interface sites efficiently
while being representative of large nanoparticles.

A schematic comparison of the influence of the metal−
support interaction with those stemming from particle size
effects and particle faceting is shown in Figure 8. Differences in
binding energies from various adsorption sites on different
facets (from Cu(111), CN = 9 to Cu(321), CN = 6) are on
the order of 0.4 eV. The particle size effect is slightly larger
(about 0.7 eV for particles > 1 nm) but vanishes at diameters
above approximately 2.5 nm (an oxygen binding energy
difference of around 0.1 eV between the particles above 2 nm).
The influence of the MgO support results in moderate
deviations of about 0.1 eV. Note that we observe remarkable
differences for two cases, which are (1) extremely small
clusters (Cu13 (∼0.5 nm) binding oxygen more strongly by ∼1
eV) and (2) the exact interface of the MgO support with the

Figure 6. (a) Oxygen adsorption energies calculated on different
positions of MgO-supported Cu192(blue circles) and Cu nanowire
(black triangles) fixed-geometry against the calculated values of GCN
of the adsorbing positions. The blue fitted line shows the
extrapolation of the oxygen adsorption values calculated for Cu192/
MgO. The hollow points in the figure represent the adsorption on
HCP positions on the structures. (b) Left: The structure of a
truncated octahedral Cu192 nanoparticle. Right: The side view of the
structure of a Cu(7x5x5) nanowire. The atoms are colored with
respect to their GCN values for which the range of the values is
shown by the color scale bars below the structures. We observe the
general trend that an increasing adsorption strength correlates with a
decreasing GCN.

Figure 7. (a) Left: The structure of the 45° rotated Cu192 NP on
MgO. Right: The 45° rotated Cu(7 × 5 × 5) NW on MgO. The
numbered (I, II, and III) structures are {111} facets on the upper and
lower planes of Cu192 and the upper plane of CuNW, respectively. The
blue, black, and cyan highlighted circles depicted on the adsorption
sites of the structures represent the intersecting FCC position
between {111} and {100}, HCP position between {111} and {111},
and HCP position between {111} and {100} facets, respectively. (b)
Comparison of calculated oxygen adsorption energies on different
adsorption sites between Cu192/MgO and NW/MgO. The solid and
hollow circles represent the energies of fixed-geometry structures and
fully relaxed ones, respectively.
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copper particle (∼0.5 eV) where oxygen binds to both MgO
and Cu. We note that MgO is a nonreducible support, and the
conclusions drawn here are not directly transferable to
reducible supports such as, for example, ceria. In these cases,
we would expect additional effects, such as the formation of
oxygen vacancies, to play an important role, both for the
electronic interaction between the support and metal particle

but also for the reaction mechanism occurring at the interface.
Extending our computational models to accurately describe
these types of supports will be the subject of future research
directions.

Using the Cu/MgO system, we have investigated the impact
of metal−support interactions for a nonreducible oxide on the
reactivity of copper, in addition to effects from particle size and
surface faceting. While the Cu/MgO system is interacting
strongly (−0.5 to −0.2 eV per copper surface atom depending
on the specific structure), the support is nonreducible. The
effect of reducible oxidic supports such as, e.g., CeO2 or ZnO
might be substantially larger as electron donation could play a
larger role.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c00502.

Studied structures in Cartesian coordinates (ZIP)
Cohesive energies of the free-standing and MgO-
supported copper nanoparticles; adhesion energies of
copper nanoparticles on MgO; distance between the
copper nanoparticles on MgO; influence of MgO
support on oxygen binding energy; Cartesian coordi-
nates of structures (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Felix Studt − Institute of Catalysis Research and Technology,
Karlsruhe Institute of Technology, 76344 Eggenstein-
Leopoldshafen, Germany; Institute for Chemical Technology
and Polymer Chemistry, Karlsruhe Institute of Technology,
76131 Karlsruhe, Germany; orcid.org/0000-0001-6841-
4232; Email: felix.studt@kit.edu

Authors
Amir H. Hakimioun − Institute of Catalysis Research and
Technology, Karlsruhe Institute of Technology, 76344
Eggenstein-Leopoldshafen, Germany

Bart D. Vandegehuchte − TotalEnergies OneTech Belgium, B-
7181 Seneffe, Belgium

Daniel Curulla-Ferre − TotalEnergies OneTech Belgium, B-
7181 Seneffe, Belgium

Kamila Kaźmierczak − TotalEnergies OneTech Belgium, B-
7181 Seneffe, Belgium

Philipp N. Plessow − Institute of Catalysis Research and
Technology, Karlsruhe Institute of Technology, 76344
Eggenstein-Leopoldshafen, Germany; orcid.org/0000-
0001-9913-4049

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c00502

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been part of the “Metal-based Nanocatalysis”
Consortium funded by TotalEnergies, and it was supported by

Figure 8. Above: Oxygen adsorption energy calculated on different
copper surfaces ({111}, {100}, {211}, {110}, and {321}) indicating
the influence of different adsorption sites. Middle: Oxygen
chemisorption energy calculated on the free-standing fixed geometries
of cuboctahedral copper structures (from 13 to 1415 atoms) revealing
the influence of the particle size on oxygen adsorption. Bottom:
Oxygen adsorption energies calculated on a MgO-supported Cu192
particle against the distance of the adsorbate from the oxide interface
(in nm). The shaded areas as well as the scale bars (with values) on
the right side of the plots represent the difference between the highest
and lowest calculated oxygen adsorption energies. All energies are
given in eV.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00502
ACS Omega XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsomega.3c00502?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00502/suppl_file/ao3c00502_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00502/suppl_file/ao3c00502_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Studt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6841-4232
https://orcid.org/0000-0001-6841-4232
mailto:felix.studt@kit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amir+H.+Hakimioun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bart+D.+Vandegehuchte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Curulla-Ferre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamila+Kaz%CC%81mierczak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+N.+Plessow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9913-4049
https://orcid.org/0000-0001-9913-4049
https://pubs.acs.org/doi/10.1021/acsomega.3c00502?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00502?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00502?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00502?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00502?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the Research Program Agreement with reference to Total-
Energies/IPA-5441 between TotalEnergies OneTech Belgium
and the Karlsruhe Institute of Technology (KIT).

■ REFERENCES
(1) Somorjai, G. A.; Li, Y. Introduction to Surface Chemistry and
Catalysis, 2nd ed.; Wiley: Hoboken, N.J., 2010; p 771.
(2) Hayek, K.; Kramer, R.; Paál, Z. Metal-Support Boundary Sites in

Catalysis. Appl. Catal., A 1997, 162, 1−15.
(3) Bell, A. T. The Impact of Nanoscience on Heterogeneous

Catalysis. Science 2003, 299, 1688−1691.
(4) Campbell, C. T. Catalyst-Support Interactions Electronic

Perturbations. Nat. Chem. 2012, 4, 597−598.
(5) Lykhach, Y.; Kozlov, S. M.; Skála, T.; Tovt, A.; Stetsovych, V.;

Tsud, N.; Dvorá̌k, F.; Johánek, V.; Neitzel, A.; Myslivecěk, J.; et al.
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Abild-Pedersen, F.; Zander, S.; Girgsdies, F.; Kurr, P.; Kniep, B.-L.;
et al. The Active Site of Methanol Synthesis over Cu/ZnO/Al2O3
Industrial Catalysts. Science 2012, 336, No. 1219831.
(18) Grunwaldt, J. D.; Molenbroek, A. M.; Topsoe, N. Y.; Topsoe,

H.; Clausen, B. S. In Situ Investigations of Structural Changes in Cu/
ZnO Catalysts. J. Catal. 2000, 194, 452−460.
(19) Hansen, P. L.; Wagner, J. B.; Helveg, S.; Rostrup-Nielsen, J. R.;

Clausen, B. S.; Topsoe, H. Atom-Resolved Imaging of Dynamic Shape
Changes in Supported Copper Nanocrystals. Science 2002, 295,
2053−2055.
(20) Wagner, J. B.; Hansen, P. L.; Molenbroek, A. M.; Topsoe, H.;

Clausen, B. S.; Helveg, S. In Situ Electron Energy Loss Spectroscopy

Studies of Gas-Dependent Metal-Support Interactions in Cu/ZnO
Catalysts. J. Phys. Chem. B 2003, 107, 7753−7758.
(21) Naumann d’Alnoncourt, R.; Xia, X.; Strunk, J.; Loffler, E.;

Hinrichsen, O.; Muhler, M. The Influence of Strongly Reducing
Conditions on Strong Metal-Support Interactions in Cu/ZnO
Catalysts Used for Methanol Synthesis. Phys. Chem. Chem. Phys.
2006, 8, 1525−1538.
(22) Tauster, S. J.; Fung, S. C.; Garten, R. L. Strong Metal-Support

Interactions - Group-8 Noble-Metals Supported on TiO2. J. Am.
Chem. Soc. 1978, 100, 170−175.
(23) Tauster, S. J. Strong Metal-Support Interactions. Acc. Chem. Res.
1987, 20, 389−394.
(24) Schauermann, S.; Nilius, N.; Shaikhutdinov, S.; Freund, H. J.

Nanoparticles for Heterogeneous Catalysis: New Mechanistic In-
sights. Acc. Chem. Res. 2013, 46, 1673−1681.
(25) Hammer, B.; Norskov, J. K.Theoretical Surface Science and

Catalysis - Calculations and Concepts. In Advances in Catalysis;
Elsevier, 2000; Vol. 45, pp 71−129.
(26) Hammer, B.; Norskov, J. K. Electronic Factors Determining the

Reactivity of Metal Surfaces. Surf. Sci. 1995, 343, 211−220.
(27) Hammer, B.; Norskov, J. K. Why Gold Is the Noblest of All the

Metals. Nature 1995, 376, 238−240.
(28) Ontaneda, J.; Bennett, R. A.; Grau-Crespo, R. Electronic

Structure of Pd Multi Layers on Re(0001): The Role of Charge
Transfer. J. Phys. Chem. C 2015, 119, 23436−23444.
(29) Nielsen, N. D.; Thrane, J.; Jensen, A. D.; Christensen, J. M.

Bifunctional Synergy in Co Hydrogenation to Methanol with
Supported Cu. Catal. Lett. 2020, 150, 1427−1433.
(30) Zhao, Z.-J.; Li, Z.; Cui, Y.; Zhu, H.; Schneider, W. F.; Delgass,

W. N.; Ribeiro, F.; Greeley, J. Importance of Metal-Oxide Interfaces
in Heterogeneous Catalysis: A Combined DFT, Microkinetic, and
Experimental Study of Water-Gas Shift on Au/MgO. J. Catal. 2017,
345, 157−169.
(31) Nørskov, J. K.; Abild-Pedersen, F.; Studt, F.; Bligaard, T.

Density Functional Theory in Surface Chemistry and Catalysis. Proc.
Natl. Acad. Sci. U.S.A. 2011, 108, 937−943.
(32) Morales-Garcia, A.; Vines, F.; Gomes, J. R. B.; Illas, F.

Concepts, Models, and Methods in Computational Heterogeneous
Catalysis Illustrated through CO2 Conversion. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2021, 11, No. e1530.
(33) Monai, M.; Banerjee, A. C. Catalyst-Support Interactions in

Heterogeneous Catalysis: From Fundamental Concepts to Applica-
tions Preface. Catal. Today 2021, 382, 1−2.
(34) Nørskov, J. K.; Studt, F.; Abild-Pedersen, F.; Bligaard, T.
Fundamental Concepts in Heterogeneous Catalysis; Wiley: Hoboken,
New Jersey, 2015; p 1.
(35) Li, L.; Larsen, A. H.; Romero, N. A.; Morozov, V. A.; Glinsvad,

C.; Abild-Pedersen, F.; Greeley, J.; Jacobsen, K. W.; Norskov, J. K.
Investigation of Catalytic Finite-Size-Effects of Platinum Metal
Clusters. J. Phys. Chem. Lett. 2013, 4, 222−226.
(36) Kleis, J.; Greeley, J.; Romero, N. A.; Morozov, V. A.; Falsig, H.;

Larsen, A. H.; Lu, J.; Mortensen, J. J.; Dułak, M.; Thygesen, K. S.;
et al. Finite Size Effects in Chemical Bonding: From Small Clusters to
Solids. Catal. Lett. 2011, 141, 1067−1071.
(37) Li, L.; Abild-Pedersen, F.; Greeley, J.; Norskov, J. K. Surface

Tension Effects on the Reactivity of Metal Nanoparticles. J. Phys.
Chem. Lett. 2015, 6, 3797−3801.
(38) Kumar, G.; Tibbitts, L.; Newell, J.; Panthi, B.; Mukhopadhyay,

A.; Rioux, R. M.; Pursell, C. J.; Janik, M.; Chandler, B. D. Evaluating
Differences in the Active-Site Electronics of Supported Au Nano-
particle Catalysts Using Hammett and DFTStudies. Nat. Chem. 2018,
10, 268−274.
(39) Suchorski, Y.; Kozlov, S. M.; Bespalov, I.; Datler, M.; Vogel, D.;

Budinska, Z.; Neyman, K. M.; Rupprechter, G. The Role of Metal/
Oxide Interfaces for Long-Range Metal Particle Activation During
CO Oxidation. Nat. Mater. 2018, 17, 519−522.
(40) Kozlov, S. M.; Aleksandrov, H. A.; Goniakowski, J.; Neyman, K.

M. Effect of MgO(100) Support on Structure and Properties of Pd

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00502
ACS Omega XXXX, XXX, XXX−XXX

H

https://doi.org/10.1016/S0926-860X(97)00243-3
https://doi.org/10.1016/S0926-860X(97)00243-3
https://doi.org/10.1126/science.1083671
https://doi.org/10.1126/science.1083671
https://doi.org/10.1038/nchem.1412
https://doi.org/10.1038/nchem.1412
https://doi.org/10.1038/nmat4500
https://doi.org/10.1016/j.surfrep.2015.01.001
https://doi.org/10.1016/j.surfrep.2015.01.001
https://doi.org/10.1021/ja0561441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0561441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijhydene.2009.10.019
https://doi.org/10.1016/j.ijhydene.2009.10.019
https://doi.org/10.1007/s10562-007-9236-0
https://doi.org/10.1007/s10562-007-9236-0
https://doi.org/10.1126/science.1240148
https://doi.org/10.1126/science.1240148
https://doi.org/10.1126/science.1240148
https://doi.org/10.1021/jacs.7b05362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jechem.2019.03.001
https://doi.org/10.1016/j.jechem.2019.03.001
https://doi.org/10.1016/j.jechem.2019.03.001
https://doi.org/10.1016/j.cej.2016.02.069
https://doi.org/10.1016/j.cej.2016.02.069
https://doi.org/10.1002/anie.201610166
https://doi.org/10.1002/anie.201610166
https://doi.org/10.1002/anie.201610166
https://doi.org/10.1038/s41929-019-0364-x
https://doi.org/10.1038/s41929-019-0364-x
https://doi.org/10.1038/s41929-019-0364-x
https://doi.org/10.1126/science.1219831
https://doi.org/10.1126/science.1219831
https://doi.org/10.1006/jcat.2000.2930
https://doi.org/10.1006/jcat.2000.2930
https://doi.org/10.1126/science.1069325
https://doi.org/10.1126/science.1069325
https://doi.org/10.1021/jp0277863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0277863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0277863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b515487a
https://doi.org/10.1039/b515487a
https://doi.org/10.1039/b515487a
https://doi.org/10.1021/ja00469a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00469a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00143a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300225s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300225s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0039-6028(96)80007-0
https://doi.org/10.1016/0039-6028(96)80007-0
https://doi.org/10.1038/376238a0
https://doi.org/10.1038/376238a0
https://doi.org/10.1021/acs.jpcc.5b06070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b06070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b06070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10562-019-03036-7
https://doi.org/10.1007/s10562-019-03036-7
https://doi.org/10.1016/j.jcat.2016.11.008
https://doi.org/10.1016/j.jcat.2016.11.008
https://doi.org/10.1016/j.jcat.2016.11.008
https://doi.org/10.1073/pnas.1006652108
https://doi.org/10.1002/wcms.1530
https://doi.org/10.1002/wcms.1530
https://doi.org/10.1016/j.cattod.2021.09.021
https://doi.org/10.1016/j.cattod.2021.09.021
https://doi.org/10.1016/j.cattod.2021.09.021
https://doi.org/10.1021/jz3018286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz3018286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10562-011-0632-0
https://doi.org/10.1007/s10562-011-0632-0
https://doi.org/10.1021/acs.jpclett.5b01746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2911
https://doi.org/10.1038/nchem.2911
https://doi.org/10.1038/nchem.2911
https://doi.org/10.1038/s41563-018-0080-y
https://doi.org/10.1038/s41563-018-0080-y
https://doi.org/10.1038/s41563-018-0080-y
https://doi.org/10.1063/1.4817948
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and Pt Nanoparticles with 49-155 Atoms. J. Chem. Phys. 2013, 139,
No. 084701.
(41) Polierer, S.; Jelic, J.; Pitter, S.; Studt, F. On the Reactivity of the

Cu/ZrO2 System for the Hydrogenation of CO2 to Methanol: A
Density Functional Theory Study. J. Phys. Chem. C 2019, 123,
26904−26911.
(42) Ghanekar, P.; Kubal, J.; Cui, Y. R.; Mitchell, G.; Delgass, W. N.;

Ribeiro, F.; Greeley, J. Catalysis at Metal/Oxide Interfaces: Density
Functional Theory and Microkinetic Modeling of Water Gas Shift at
Pt/MgO Boundaries. Top. Catal. 2020, 63, 673−687.
(43) Zhao, Z. J.; Li, Z. L.; Cui, Y. R.; Zhu, H. Y.; Schneider, W. F.;

Delgass, W. N.; Ribeiro, F.; Greeley, J. Importance of Metal-Oxide
Interfaces in Heterogeneous Catalysis: A Combined DFT, Micro-
kinetic, and Experimental Study of Water-Gas Shift on Au/MgO. J.
Catal. 2017, 345, 157−169.
(44) Kresse, G.; Hafner, J. Ab-Initio Molecular-Dynamics for Liquid-

Metals. Phys. Rev. B 1993, 47, 558−561.
(45) Kresse, G.; Hafner, J. Ab-Initio Molecular-Dynamics Simulation

of the Liquid-Metal Amorphous-Semiconductor Transition in
Germanium. Phys. Rev. B 1994, 49, 14251−14269.
(46) Kresse, G.; Furthmuller, J. Efficient Iterative Schemes for Ab

Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169−11186.
(47) Kresse, G.; Furthmuller, J. Efficiency of Ab-Initio Total Energy

Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci. 1996, 6, 15−50.
(48) Larsen, A. H.; Mortensen, J. J.; Blomqvist, J.; Castelli, I. E.;

Christensen, R.; Dułak, M.; Friis, J.; Groves, M. N.; Hammer, B.;
Hargus, C.; Hermes, E. D.; et al. The Atomic Simulation
Environment-a Python Library for Working with Atoms. J. Phys.:
Condens. Matter 2017, 29, No. 273002.
(49) Wellendorff, J.; Lundgaard, K. T.; Møgelhøj, A.; Petzold, V.;

Landis, D. D.; Nørskov, J. K.; Bligaard, T.; Jacobsen, K. W. Density
Functionals for Surface Science: Exchange-Correlation Model
Development with Bayesian Error Estimation. Phys. Rev. B 2012,
85, No. 235149.
(50) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the

Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, 1758.
(51) Wander, A.; Bush, I. J.; Harrison, N. M. Stability of Rocksalt

Polar Surfaces: An Ab Initio Study of MgO(111) and NiO(111).
Phys. Rev. B 2003, 68, No. 233405.
(52) Alfonso, D. R.; Snyder, J. A.; Jaffe, J. E.; Hess, A. C.; Gutowski,

M. Opposite Rumpling of the MgO and CaO(100) Surfaces: A
Density-Functional Theory Study. Phys. Rev. B. 2000, 62, 8318−8322.
(53) Grönbeck, H. Mechanism for NO2 Charging on Metal

Supported MgO. J. Phys. Chem. B 2006, 110, 11977−11981.
(54) Williams, M. L. CRC Handbook of Chemistry and Physics,

76th Edition. Occup. Environ. Med. 1996, 53, 504.
(55) Grabow, L. C.; Mavrikakis, M. Mechanism of Methanol

Synthesis on Cu through CO2 and CO Hydrogenation. ACS Catal.
2011, 1, 365−384.
(56) Dubbeldam, D.; Calero, S.; Vlugt, T. J. H. Iraspa: Gpu-

Accelerated Visualization Software for Materials Scientists. Mol. Simul.
2018, 44, 653−676.
(57) Momma, K.; Izumi, F. Vesta 3 for Three-Dimensional

Visualization of Crystal, Volumetric and Morphology Data. J. Appl.
Crystallogr. 2011, 44, 1272−1276.
(58) Hakimioun, A. H.; Dietze, E. M.; Vandegehuchte, B. D.;

Curulla-Ferre, D.; Joos, L.; Plessow, P. N.; Studt, F. Theoretical
Investigation of the Size Effect on the Oxygen Adsorption Energy of
Coinage Metal Nanoparticles. Catal. Lett. 2021, 151, 3165−3169.
(59) Studt, F.; Sharafutdinov, I.; Abild-Pedersen, F.; Elkjær, C. F.;

Hummelshøj, J. S.; Dahl, S.; Chorkendorff, I.; Nørskov, J. K.
Discovery of a Ni-Ga Catalyst for Carbon Dioxide Reduction to
Methanol. Nat. Chem. 2014, 6, 320.
(60) Dietze, E. M.; Plessow, P. N. Predicting the Strength of Metal−

Support Interaction with Computational Descriptors for Adhesion
Energies. J. Phys. Chem. C 2019, 123, 20443−20450.

(61) Liu, J. X.; Filot, I. A. W.; Su, Y.; Zijlstra, B.; Hensen, E. J. M.
Optimum Particle Size for Gold-Catalyzed Co Oxidation. J. Phys.
Chem. C 2018, 122, 8327−8340.
(62) Calle-Vallejo, F.; Martinez, J. I.; Garcia-Lastra, J. M.; Sautet, P.;

Loffreda, D. Fast Prediction of Adsorption Properties for Platinum
Nanocatalysts with Generalized Coordination Numbers. Angew.
Chem., Int. Ed. 2014, 53, 8316−8319.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00502
ACS Omega XXXX, XXX, XXX−XXX

I

https://doi.org/10.1063/1.4817948
https://doi.org/10.1021/acs.jpcc.9b06500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b06500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b06500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11244-020-01257-4
https://doi.org/10.1007/s11244-020-01257-4
https://doi.org/10.1007/s11244-020-01257-4
https://doi.org/10.1016/j.jcat.2016.11.008
https://doi.org/10.1016/j.jcat.2016.11.008
https://doi.org/10.1016/j.jcat.2016.11.008
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1088/1361-648X/aa680e
https://doi.org/10.1088/1361-648X/aa680e
https://doi.org/10.1103/PhysRevB.85.235149
https://doi.org/10.1103/PhysRevB.85.235149
https://doi.org/10.1103/PhysRevB.85.235149
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.68.233405
https://doi.org/10.1103/PhysRevB.68.233405
https://doi.org/10.1103/PhysRevB.62.8318
https://doi.org/10.1103/PhysRevB.62.8318
https://doi.org/10.1021/jp0616415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0616415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1136/oem.53.7.504
https://doi.org/10.1136/oem.53.7.504
https://doi.org/10.1021/cs200055d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs200055d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/08927022.2018.1426855
https://doi.org/10.1080/08927022.2018.1426855
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1007/s10562-021-03567-y
https://doi.org/10.1007/s10562-021-03567-y
https://doi.org/10.1007/s10562-021-03567-y
https://doi.org/10.1038/nchem.1873
https://doi.org/10.1038/nchem.1873
https://doi.org/10.1021/acs.jpcc.9b06893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b06893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b06893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b12711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201402958
https://doi.org/10.1002/anie.201402958
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

