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ABSTRACT

A comprehensive theoretical study of an Au15Cu15 cluster on MgO(100) supports and its catalytic

activity for CO oxidation has been performed based on the density functional theory and

microkinetic modeling. Molecular adsorption and different reaction paths based on the

Langmuir−Hinshelwood (LH) and Eley−Rideal (ER) mechanisms have been explored by tuning the

location of vacancies in MgO(100). The charge states of the Au15Cu15 cluster are negative on all

supports, defect-free, O-vacancy (F-center) and Mg-vacancy (V-center), and the effect is

significantly amplified on the F-center. In each case, the O2 molecule can be effectively activated

upon adsorption and dissociated to 2×O atoms easily, and the reaction modeling takes into account

also the reaction paths with adsorbed O atoms. Overall, CO oxidation has lower reaction barriers on

the cluster on the F-center. The microkinetic modeling analysis reveals that CO oxidation is very

sensitive to the CO partial pressure, as the relatively strong CO binding leads readily to CO

poisoning of the cluster surface sites and hinders CO2 formation. For low CO partial pressures, the

catalytic reaction takes place already at 150 K for the cluster on the F-center. The CO2 production

rates are much lower for the defect-free and V-center supports which display similar increased

activity at elevated temperatures. In all cases, the right combination of CO and O2 partial pressures

is instrumental for CO2 production.
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1. INTRODUCTION

    Oxidation of CO to CO2 using gold nanoparticles as catalysts has been a topic of great interest

since the work of Haruta et al. in 1987.1 Comprehensive experimental and computational studies

have been carried out to reveal the fundamental mechanisms for high catalytic activity, including

the exploration of the role of the oxide support, the most active sites on oxide-supported gold

nanoparticles, as well as the size- and shape-dependence of the nanoparticles.2-10 Up to now, several

factors have been discussed in relation to the high catalytic activity of Au nanoparticles on

supports,11-14 for example, the chemical structure of support, charge transfer between the

nanoparticle and support, and perimeter sites at the support interface. Specifically, the charge

transfer between a gold cluster and support depends strongly on the atomic structure and chemistry

at the interface.15-17

    Experiments have shown the presence of positively charged gold sites result in the formation of

AuOx or AuO(OH) phases in supported catalysts, such as in Au/Mg(OH)2,18 Au/MgO,19-20

Au/CeO2,21 Au/TiO2,22 and Au/α-Fe2O3
23 systems, and these phases are important for CO oxidation.

On the other hand, negatively charged Au clusters can exist on supports with defects.24-25 For

instance, the oxygen-vacancy (F-center) defects present on MgO surfaces were suggested to cause

charge transfer to supported Au8 clusters.9 The negatively charged Au8 clusters were capable of

catalyzing CO oxidation at temperatures as low as 140 K. In comparison, clusters on the defect-free

MgO surface were much less active.

    More recently, Stamatakis et al.17 performed density functional theory (DFT) calculations with

kinetic Monte Carlo simulations and found a complex behavior for CO oxidation, which depends on

support-induced charge states that are induced by support vacancies. The investigated Au6 clusters

are neutral and positive, respectively, depending whether they have been positioned on a clean MgO

surface or an Mg vacancy, and O2 does not bind strongly enough to the clusters, while CO poisons

the catalyst. On the other hand, O2 binds stronger (chemisorbs) on negatively charged Au6 clusters
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as a result of the charge gained from F-centers. Here, the active catalyst eventually deactivates due

to CO3 (carbonate) accumulations via an unusual catalyst “breathing” mechanism (restructuring).

    While there is an immense interest in supported (elemental) gold nanoparticles, the use of

nanoalloys as catalysts is developing fast since they enable fine-tuning the catalytic properties of

metals by chemical composition. Gold and copper have had many uses in catalysis for a long time,26

and their combination enables to reduce the cost of gold and ameliorate the instability of copper.

Gold, silver and copper form alloys very easily since they have the same face-centered cubic (fcc)

crystal structure and similar lattice spacing. Three ordered alloys exist for the AuCu system in bulk

crystals: Au0.5Cu0.5 (fcc, L10), Au0.25Cu0.75 and Au0.75Cu0.25 (both fcc, L12). The reproduction of the

stoichiometric bulk alloys for AuCu clusters has been achieved in experiments.26 For example,

Pauwels et al.27 reported the generation of AuCu clusters on amorphous carbon and MgO substrates

by laser vaporization and deposited at low energy. Several geometrical motifs such as cuboctahedra,

decahedra and various quasi-spherical geometrical structures were observed on carbon substrate.

The truncated octahedral morphology was the only one observed on MgO substrate. All the clusters

with the stoichiometric compositions Au0.25Cu0.75, Au0.5Cu0.5 and Au0.75Cu0.25 exhibit fcc structures

and a cube-on-cube epitaxy relation with the MgO(100) substrate. From the computational point of

view, Ferrando and co-workers28 searched the structures of AuCu clusters adsorbed on MgO(100).

The fcc pyramids and five-fold daisy structures were found to be close in total energy for the AuCu

cluster of 30 atoms. For 40 and 50 atoms, icosahedral isomers prevailed.

    The motivation of our theoretical study stems from a recent review by Hutchings and co-workers

where the importance of AuCu alloy in catalysis was addressed.26 So far, studies on AuCu clusters

have focused on nanoparticle synthesis and characterization as well as fundamental investigations to

understand the properties of nanoalloy particles.26,29 There are only few investigations on catalysis,

and they have been limited to the oxidation of CO,30-33 benzyl alcohol34 and propene on supported

AuCu nanoparticles.35-37 For CO oxidation, it has been shown that AuCu catalysts are more active
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than elemental gold or copper catalysts, and that the temperature for CO conversion is lowered.30-31

This has been described in terms of a synergistic interaction between Au and Cu, which increases

the catalytic activity. In this article, we use DFT calculations combined with microkinetic model

simulations to reveal the CO oxidation reaction mechanism on an MgO-supported Au15Cu15 cluster

with a pyramidal shape (fcc). We elucidate the role of vacancies in the MgO support and their

effects in the cluster structure/shape and charge states.

2. COMPUTATIONAL DETAILS

2.1. DFT Calculations

The DFT calculations were carried out using the spin-polarized, generalized gradient

approximation of the exchange-correlation energy and the functional form by Perdew-Burke-

Ernzerhof (GGA-PBE)38 as implemented in the CP2K program package.39,40 The Kohn-Sham

orbitals and electron density were represented by Gaussian and plane wave (GPW) basis sets. For

the Gaussian expansion of the wave functions, a molecularly-optimized double-zeta valence plus

polarization (DZVP) basis set was used, where the basis set superposition error (BSSE) has been

reduced by construction.41 The additional complementary plane wave basis set with a 600 Ry

kinetic energy cutoff was used for describing electron density, and the interaction between valence

electrons and ions (nuclei + core electrons) was based on the analytical pseudopotentials by

Goedecker, Teter, and Hutter (GTH).42

    A 6×6 MgO(100) slab model with four atomic layers (288 atoms) and a vacuum layer of 20 Å

was prepared for the MgO support, which is sufficient to describe the energetics of the oxidation

catalysis by MgO-supported AuCu clusters.28,43 The two lower layers of the substrate were held

fixed at the optimal DFT lattice constant of 4.24 Å, which is in agreement with the experimental

lattice constant of 4.22 Å.43 An fcc pyramidal structure of the Au15Cu15 cluster, which has been

characterized in previous studies,27,28 was chosen as a model of the AuCu particle on MgO(100).
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Ferrando and co-workers28 found that the daisy structure competes with the fcc structure by only

0.07 eV higher total energy. We re-optimized these two structures by the present computational

scheme and found that the fcc structure is 0.75 eV more favorable than the daisy structure. All the

molecular adsorption calculations were done at the low coverage limit, so that only few molecule

and/or atoms were considered. The higher coverages would result in an enormous number of

configurations and such computations are not feasible in this context.

    Bader algorithm was used to analyze the spatial charge decomposition among constituent

atoms.44 The Climbing Image Nudged Elastic Band (CI-NEB) method was applied for mapping the

reaction paths.45 The vibrational analysis was performed to further identify the obtained minima and

transition states structures. Zero-point energy (ZPE) corrections were systematically included in the

energy calculations. Furthermore, our previous benchmarks for CO oxidation on Cu clusters with

hybrid DFT functionals (PBE0 and B3LYP) (Ref. 46) have shown that while the reaction barriers

are somewhat lower for GGA-PBE, the energetic ordering of different reactions paths (barriers)

remains the same.

2.2. Microkinetic Modeling

    Microkinetic modeling was used to investigate catalytic reaction systems according to elementary

reactions and their interrelations. The technique does not require any prior assumptions about the

rate-determining steps or surface coverages of intermediates in the reactions. In this way, the rate

expressions can use measured and/or estimated physical and chemical parameters for modeling

reactions.47

    For the surface reactions, the forward rate constant (kf,i) was calculated for each reaction step

using the harmonically approximated Eyring equation48 based on the transition-state theory:

, = ℎ

∆ (1)

where kB is the Boltzmann’s constant, h is the Planck’s constant, T is the absolute temperature, and

∆  is the Gibbs activation free energy for the reaction pathway i. The reverse rate constant (kr,i)
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was calculated correspondingly. From the forward and reverse rate constants, the thermodynamic

equilibrium constant Ki was calculated as

= ,

,
=

∆ ‡ (2)

where ∆ ‡ is the Gibbs free energy of reaction.

The ideal gas limit was used to estimate the free energies. The difference of Gibbs free energy

between two states was calculated as48

∆ = ∆( + ) − ∆ (3)

where Eelec is the electronic and EZPE is the zero-point energy of a configuration (state). ΔS is the

change in entropy between the two states. For immobile adsorbed species, bond vibrations were

treated as harmonic oscillations, whereas for the gaseous molecules, translational and rotational

modes contributions were also included.

    In addition, the particle flux from the kinetic gas theory48 was used to express the forward rate for

a non-activated unimolecular adsorption process:

, =
( , )

2
(4)

where the P is the pressure of the adsorbant, m is mass of the precursor molecule and Ai is the area

of the adsorption site i. The adsorption site area was considered to be equal to the area of the

adjacent triangle for O2 molecule adsorption (bridge site). For CO molecule adsorption (top site), it

is one third of the area of the adjacent triangle. σ(T,θ) is the sticking probability of the adsorbant,

which was estimated to be temperature-independent and approximated as the fractional coverage of

the free adsorption sites (see Supporting Information). The initial sticking coefficient of one is

assumed for O2 and CO adsorption. The previous studies show that CO adsorbs non-dissociatively

on Au surfaces with high initial sticking probability.49,50 For oxygen adsorption on Cu(100),51 the

sticking coefficient of the incoming O2 molecules is low at small energies, which has been
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interpreted as an indication of the existence of a small dissociation barrier for the O2 dissociation at

the clean Cu(100) surface. Our calculation (below) of O2 dissociation is consistent with this finding.

    For the sake of thermodynamic consistency, the reverse rate constant is again given as

, = , (5)

After defining the forward and reverse rate constants (above), the surface coverages of the possible

reaction intermediates and the fraction of free sites were obtained from the solution of the full set of

steady-state rate equations (see Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Au15Cu15 on MgO Supports

The interaction between the AuCu cluster and the oxide support plays an important role in the

cluster properties and strongly affects its catalytic activity. Thus, we first investigated the structural

behavior and the nature of support/cluster interaction of the Au15Cu15 cluster on MgO(100) before

examining the catalytic mechanisms. To illustrate how the support vacancies influence the

morphology and nature of the AuCu cluster, we considered three cases: an ideal MgO support,

MgO support having an O-vacancy (F-center), and MgO support with an Mg-vacancy (V-center) on

the surface. An F-center or a V-center can be created by removing an O atom or an Mg atom from

the surface. For the sake of consistency, we have considered the same pyramidal (fcc) cluster

geometry as the starting point for each case, while we cannot completely rule out the existence of

other structural low-energy motifs for the Au15Cu15 cluster on supports with defects.

    Different point defects sites exist for the vacancies with respect to the adsorption of Au15Cu15 on

MgO(100). Here, we examined the different vacancy sites to locate the energetically most favorable

adsorption configurations. The adsorption energies of Au15Cu15 clusters ( )  on MgO(100)

supports were computed as:

= ( ) + ( ) − ( / ) (6)
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where ( ) is the total energy of the corresponding system X.

    In Figure 1, we show the most stable adsorption geometries of Au15Cu15 clusters on MgO(100)

supports and the corresponding MgO(100) surfaces with assigned point defects sites. The

adsorption energy, geometric parameters, and charge transfer between Au15Cu15 and MgO(100) are

listed in Table 1. We see for the three supports that the adsorption geometries of Au15Cu15 are

different. On the defect-free MgO surface [Figure 1(a-d)], the Au15Cu15 cluster is an fcc pyramidal

structure (C2v) with Au-O and Cu-O bonds between the AuCu/MgO interface. The Au-Au, Cu-Cu,

and Au-Cu bond lengths of the cluster are in the range of 2.70-2.78 Å, 2.44-2.94 Å, and 2.60-2.88

Å, respectively. The shape of the bottom layer of the cluster is a square with 12 Au atoms on the

periphery and 4 Cu atoms on the center. Upon adsorption, the Cu atoms directly above support O

atoms move down forming Cu-O bonds in the range of 2.07-2.09 Å, which are considerably shorter

than the Au-O bond lengths (2.66-3.10 Å). According to the Bader charge analysis, the cluster

carries a negative net charge of -1.96 e, which indicates that the MgO(100) surface has transferred

charge (electrons) to the Au15Cu15 cluster. Compared with the previous reports on Au/MgO(100)

systems, different charge transfers are reported. For example, Au6 cluster is almost neutral on an

ideal support, attracting a negligible electron density (-0.2 e).17 Au8 is also not charged on

MgO(100).9 However, electron charge transfer has been reported to Au1, Au2 and Au10.52 Here, a

detailed analysis of the atomic charges shows that all Au atoms in the AuCu cluster gain electron

density up to 0.4 e, each. On the contrary, Cu atoms lose electron density up to 0.3 e, each, except

the one located in the interior site of the pyramidal cage. This site is screened by the surrounding

metal atoms which results in almost no charge transfer.

    On defected MgO surfaces, the F-center causes geometric change to the supported Au15Cu15

cluster (Cs) [Figure 1(e-f)], primarily by the downward movement a single Au atom. Figure 1(e)

shows how the corner Au atom tilts towards the F-center but does not move deeper into the vacancy

(distance from the vacancy site is 1.69 Å). The rest of the Au atoms at the interface form Au-O
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bonds with the range of 2.68-3.12 Å, which are longer than the Cu-O bond lengths (2.16-2.25 Å).

The cluster adsorption energy increases to 7.65 eV. Bader charge analysis shows that the Au15Cu15

cluster is strongly negatively charged (-3.54 e). In comparison with the defect-free case, the F-

center has now donated its two additional electrons to the cluster. Similar behavior has been

reported for other MgO-supported Au clusters, which are also negatively charged on F-

centers.9,10,17,52 The Au atom above the F-center is negatively charged by -1.27 e, which differs

considerably from the defect-free case (-0.37 e). The rest of the Au atoms are negatively charged

down to -0.5 e and all Cu atoms are positively charged up to +0.3 e. The charge transfer from the F-

center has both local and nonlocal components as approximately one half of the charge transferred

locates in the pointing Au atom and the rest is mainly distributed across the other Au atoms.

    We have also considered another adsorption position with F-center in the middle of the cluster

bottom plane (below Cu atom). The optimized adsorption geometry (Cs) is given in the Supporting

Information [Figure S1(a-b)]. The configuration is 0.90 eV less stable than the F-center below an

Au atom, and the net charge of the cluster is -3.36 e. The facing Cu atom above the F-center is

strongly negatively charged with -0.83 e which is in a marked contrast compared to the defect-free

surface (+0.27 e). The location of the defect has a deep influence on the charge transfer at the

cluster-support interface.

    For Mg-vacancy (V-center), the defect locates below the center of the bottom layer of Au15Cu15

cluster [Figure 1(g-h)]. The supported cluster retains the fcc pyramidal structure (C2v) after

optimization [Figure 1(g)]. The V-center adsorption causes that the bond lengths of Au-O and Cu-O

decrease down to 2.57-2.92 Å and 1.91-1.94 Å, respectively. The binding energy of Au15Cu15/MgO

is the highest (9.40 eV) for all supports. Despite the inherent electron-depletion in the vacancy, the

cluster still receives electron density from the support. However, the charge transfer is the smallest

in this case (Table 1) although the interaction between the support and cluster is the strongest. There

are two reasons for the reduced charge transfer on the V-center. First, Mg atoms donate electrons in
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ionic bonding (MgO), and in the case of a missing Mg atom, the substrate makes less charge

donation to the cluster. Second, the four Cu atoms around the V-center lose more electrons (~0.3 e,

each) than those on the defect-free surface (~0.19 e, each). From above, we can see that there is no

direct relationship between the interaction energy and the charge transfer for AuCu/MgO systems,

and that the amount of charge transfer relates primarily to the supports with different defects (e.g. F-

center).

    To gain more insight on the electronic structure with different supports, a detailed analysis of the

molecular orbitals has been performed through the examination of the projected density of states

(PDOS), which includes the contribution of s, p and d orbital components. Figure 2 gives the PDOS

of Au15Cu15/MgO(100) with F-center. The PDOS is projected on Au and Cu atoms within the

cluster and Mg and O atoms on the surface layer of MgO. For the defect-free and V-center supports,

the corresponding PDOS are given in Figure S2. For the highest occupied energy levels, the

contributions of p- and d-orbitals of Au and Cu atoms (cluster) are the most prominent, while the p-

orbitals of O atoms (support) also have visible weight.

In order to discern the difference in the PDOS, the d-band center has been calculated by

                                                                =
∫

∫
                                                                                   (7)

for the Au15Cu15 cluster on different supports. Here  is the energy of each state,  is the

corresponding density of d-states, and  is the Fermi level. The  values are -2.91eV, -2.76eV,

and -3.17eV, respectively, for Au15Cu15 on the defect-free, F-center, and V-center supports. The F-

center support pushes the d-band center higher than the two others due to the strong charge

(electron) transfer towards the cluster adsorbate.

    To visualize the interaction between Au15Cu15 cluster and MgO support, Figure 3 gives the

charge density differences (CDD) of the Au15Cu15/MgO(100) systems. CDD is calculated as:

∆ = ( + )) − ( ) − ( )                                    (8)
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where ρ(X) is the electron density of system X. CDD shows the interaction at the interface between

the AuCu cluster and MgO substrate, and it is especially pronounced (strong) for the vacancy

regions of the F- and V-centers. In addition, the visualizations of the HOMO and LUMO states for

the systems with different supports are displayed in Figure S3. Combined with the information in

PDOS and CDD, one can see that the bonding between the MgO support and AuCu cluster is

coupled to the hybridization of Au-5d, Cu-3d, and O-2p orbitals, in agreement what has been

reported for an MgO supported Au cluster.9

    On the whole, the binding between Au15Cu15 and MgO(100) increases from the defect-free

surface to F-center, and then to V-center. The cluster is negatively charged on all three supports,

and the F-center exhibits the strongest net charge transfer. All Au atoms gain electrons, while Cu

atoms lose electrons except the ones above the F-center. This can be explained by differences in

electron negativities, which are 2.4 and 1.9 for Au and Cu, respectively.53 The average bond lengths

(Table 1) show almost no change for the three cases. Together with the cluster symmetry changes

from C2v to Cs, and then back to C2v, we can see that the structural fluctuation is very weak on

different supports.

3.2. Reaction Mechanisms for CO Oxidation

    The general consensus is that large dissociation energy barriers hinder the dissociation of O2 on

Au.54,55 The bimolecular Langmuir-Hinshelwood (LH) mechanism has been commonly used to

describe the reaction of Au clusters catalytic CO oxidation, which involves an OCOO* intermediate

formation and the following breaking of the O-O bond.4,5 However, recent experimental and

computational studies have revealed that O2 can adsorb dissociatively on Cu clusters.46,56 Moreover,

both the Eley-Rideal (ER) and LH pathways were considered for CO oxidation on Cu clusters.46,57

We address here both reaction pathways using the most stable binding geometries of

Au15Cu15/MgO(100) with or without defects.

3.2.1. Adsorption and Dissociation of O2 Molecule
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    The optimal binding sites of O2 molecule on the Au15Cu15 cluster with MgO(100) supports were

located via extensive adsorption site sampling. The symmetrically inequivalent atop, edge, and face

binding sites were systematically tested, including different molecular orientations. Similarly, the

2×O atoms were placed independently on different cluster surface binding sites representing

dissociated configurations. A full geometry optimization was performed for all starting

configurations. Here, the adsorption energy and the barrier height for dissociation are the two key

parameters. For a given arrangement of O2 or 2×O adsorption, the adsorption energy ( ) was

computed as

= ( / ) + ( ) − ( / + ) (9)

where E(X) is the total energy of system X. For the O2 dissociative adsorption, E(adsorbate)

corresponds to the total energy of the triplet state, the correct spin state of gas phase O2. The O2

dissociation processes and the energy barriers were calculated by the CI-NEB method.45

    The geometries of the reactant, the transition state and the product of the identified lowest-energy

reaction path for the O-O bond cleavage on the F-center surface are shown in Figure 4. For the

defect-free and V-center supports, the corresponding reaction paths are given in Figure S4. The

adsorption energies ( ) of O2 and 2×O, bond length of O2 ( ), charge transfer (Q) to O2 and

2×O, and activation energy barrier (O2 → O + O) for the most stable adsorption complex are listed

in Table 2. The corresponding values for CO molecule adsorption are also included in Table 2.

    The adsorption patterns of O2 and 2×O are similar on Au15Cu15 with different MgO supports

(Figures 4 and S4). Moreover, both O2 and 2×O prefer binding sites on Cu atoms. For the O2

molecule, the bridge site at the edge of Au15Cu15 is the preferable adsorption with the molecule

parallel to a Cu–Cu bond. For dissociated O2, the most stable configuration is the one where the two

O atoms are located on the neighboring hollow sites. This route for O2 adsorption (chemisorption)

is energetically more favorable, and there is more charge transfer (Table 2).

    The O2 adsorption energy is lowest for the cluster on the F-center and highest on the V-center
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support. A reverse sequence is found for the 2×O adsorption. The O2 bond length is significantly

expanded in all cases, having a maximum (1.41 Å) on the F-center. The calculated dissociative

reaction barriers are very small on all supported clusters, but in particularly on the F-center (0.15

eV). From the above results, we can see that the F-center activates the dissociation of molecular O2,

and that this is due to additional charge from the support which is mediated by the AuCu cluster.

    Activation energy barriers for O2 dissociation have been reported on Cu clusters46 and low index

Cu surfaces.58 The calculated energy barriers on Cu20 and Cu20
- clusters were 0.51 eV and 0.14 eV,

respectively.46 On the low index Cu(100) and Cu(111) surfaces,58 dissociation energies of 0.46-0.47

eV were observed. Furthermore, the two lowest energy dissociation channels on the Cu(110)

surface corresponded to energy barriers of 0.15eV and 0.22 eV along the [100] and [110] directions,

respectively.

3.2.2. LH Mechanism

    The LH reaction mechanism is initiated by the co-adsorption of CO and O2 (with or without

dissociation). We have screened the most stable co-adsorption configurations for CO + O2, CO +

2×O, and CO + O on Au15Cu15/MgO(100) with different supports, and they are shown in Figure S5

(Supporting Information, see also Table S1). For CO + O2, the preferable co-adsorption pattern

involves the top site for CO and the bridge site for O2 on Au15Cu15. However, the underlying metal

atom site varies for CO depending on the support. For the defect-free surface, CO binds on an Au

site near the AuCu/MgO(100) interface. For F-center, CO locates on the Cu atom at the face center

of the pyramidal Au15Cu15 cluster. For V-center, CO adsorbs on an Au atom at the vertex of the

cluster. While the O2 bond length is significantly elongated, the C=O bond is hardly influenced

upon adsorption.

    The co-adsorption of CO + O2 is the crucial initial step for CO oxidation according to previous

studies.4,54 Generally, it is argued that the molecule with a stronger adsorption energy is likely to

cover the cluster first. Here, the adsorption energy of a single CO is 0.70-0.84 eV with the different
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supports, which is higher than those for O2 (Table 2). Furthermore, the co-adsorption energies are

slightly higher than the sum of single O2 and CO adsorption energies by 0.09-0.20 eV, which means

that the co-adsorption systems are energetically lower than those of the individual adsorbates. A

previous study of CO oxidation on Au clusters also found a relatively strong CO binding as

compared to O2, leading to CO poisoning and a low oxidation rate.59

    The CO adsorption sites vary case-by-case on Au15Cu15 for the co-adsorption of CO + 2×O and

CO + O depending on the MgO support. There is almost no charge transfer for CO adsorption on

Au sites, while the Cu sites exhibit charge transfer of 0.10-0.25 e towards CO. The adsorbed O

atoms are strongly negatively charged, similarly as in Table 2 for the pre-dissociation case.

    The catalytic reaction pathways of CO oxidation are shown Figures 5 and 6 for the lowest energy

co-adsorption sites with the defect-free and F-center MgO(100) supports (the same for the V-center

is displayed in Figure S6). To compare the energies easily, the activation and reaction energies of

different reaction pathways are summarized in Table 3.

    Upon the co-adsorption of CO and O2 on the defect-free surface (Figure 5), the molecules move

closer to each other, followed by the breaking of O-O bond to form the first CO2 molecule. The

activation energy barrier is 0.93 eV, and the C=O bond is practically unchanged (1.16 Å) in the TS

state. After the first CO2 molecule release, the remaining oxygen atom is negatively charged by 0.97

e, and co-adsorption of a new CO molecule leads to formation of another CO2 with a barrier of 0.66

eV (middle row in Figure 5). The resulting CO2 is ejected out from the cluster. After this step, the

catalytic cycle for CO* + O2* is completed. Furthermore, the first CO2 formation may involve an

alternative reaction path, CO* + O* + O* ↔ O* + CO2, and this is shown in the bottom row of

Figure 5. The corresponding TS configuration has an activation energy of 0.74 eV. The rest of the

catalytic cycle repeats the step with a single oxygen, CO* + O* ↔ CO2.

    For the F-center case (Figure 6), CO and O2 move closer to each other to form the TS state with

an elongated O-O bond of 1.43 Å (C=O bond is 1.17 Å). The formation of the first CO2 molecule
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involves a very small energy barrier (TS) of 0.16 eV, which is much less than that without the

defect on MgO(100). For the dissociated O2 (bottom row), the same energy barrier is 0.42 eV, while

CO moves from a bridge to a top Cu site with no change in the bond length (1.17 Å) during the

process. The second CO2 formation involves a reaction barrier of 0.55 eV.

3.2.3. ER Mechanism

    The ER mechanism involves an attack of a gaseous CO molecule on a pre-adsorbed O2 or 2×O

on Au15Cu15/MgO(100). The reaction pathways are displayed in Figure 7 for the F-center support

and Figures S7 and S8 for the defect-free and V-center supports. The corresponding energy barriers

are listed in Table 3. The reaction schemes on Au15Cu15/MgO(100) with and without defects are

similar. The calculated activation energy barriers for CO + O2* vary between 0.07-0.33 eV on the

AuCu cluster at different MgO(100) surfaces. Apparently, the F-center support (lowest energy

barrier) is the most favorable towards CO oxidation, which stems from the high-degree of activation

of O2 upon adsorption on Au15Cu15. However, it should be noted that the LH mechanism (and the

corresponding TS) is lower in energy overall due to the adsorption energies of both CO and O2 (or

2×O). Correspondingly, the ER reactions (Table 3) are systematically higher in the absolute energy

scale due to the missing CO adsorption.

    The subsequent step is CO oxidation with the remaining O atom. The corresponding reaction

barriers (Table 3) are small again, and the pathways for a direct O abstraction by the gaseous CO

molecule are displayed in Figures 7, S7 and S8. The abstraction of the second oxygen for 2×O

repeats the pathway for CO+O*.

3.3. Microkinetic Model Analysis

    To further investigate the catalytic activity of the Au15Cu15/MgO(100) system under different

conditions, a 7-step microkinetic model was developed based on the DFT calculations. We

emphasize that this model is a simplification compared to the molecular reactions studied here. The

microkinetic model ignores the two O* containing (predissociated) pathways and the model does
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not include atomistic details of the reactions. However, it allows us to address the real experimental

variables, such as partial pressures and temperatures. It also includes the average surface coverage

effects which were not addressed in the DFT calculations and complements these results.

    Although no direct experimental data has been reported for CO oxidation on MgO-supported

AuCu clusters, CO oxidation on Au/MgO has been studied extensively.9,17 Especially, Yoon9 et al.

found that CO2 was produced at 140 K and 280 K on F-center-rich Au8/MgO(100) thin films. On

the contrary, almost no CO2 was obtained on defect-free MgO(100) thin films. Inspired by this, we

have used temperatures at 150 K and 300 K in combination with different partial pressures [P(CO)

= 1×10-4 bar – 1 bar, P(O2) = 5×10-1 bar – 2 bar] in the microkinetic model to evaluate catalyst

coverages and CO2 formation at longer time scales. The elementary steps and the details of the

model are described in the Supporting Information and the results are collected in Table 4.

    Table 4 shows that the CO2 formation rate on the F-center support with P(CO) = 1×10-2 bar and

P(O2) = 5×10-1 bar is much higher than that on the other two supports, while the defect-free and V-

center supports are comparable with each other. Moreover, the rate of CO2 formation increases with

temperature. Interestingly, at higher CO partial pressures (1 bar or 5×10-1 bar), the coverage of CO

is high, while that of molecular and atomic oxygen remains negligible for all three MgO supports.

The DFT calculation showed us above that CO binding is stronger than O2, and this leads to CO

poisoning of the cluster surface. This indicates that a high CO partial pressure hinders the oxidation

process because of the lack of oxygen source. Tuning the CO partial pressure smaller (1×10-2 bar or

1×10-4 bar) affects the CO coverage considerably, especially on the F-center support. Moreover, the

rate of CO2 formation is already high at 150 K on the F-center support. For the defect- free and V-

center supports, the rate of CO2 formation increases noticeably as the CO/O2 ratio is decreased

[P(CO) = 1×10-4 bar, P(O2) = 2.0 bar] and the temperature is increased to 300 K. Based on these

observations, we chose to investigate further the conditions at which the CO2 formation rate appears

relatively high.



18

    Figure 8(a) shows the coverages of reactant species (O2, CO, O) and the turn-over frequency

(TOF) of CO2 from microkinetic model simulations as a function of time for the F-center support at

low temperature [T = 150 K, P(CO) = 1×10-2 bar, P(O2) = 5×10-1 bar]. Throughout the process, the

coverage of O remains at a high level, while the coverage of O2 is negligible. The CO overage is

saturated at a moderate level. Moreover, CO2 production stays constant after the steady state is

reached. This combination of coverages is beneficial for CO2 formation. Previously, the DFT

calculations showed that O2 dissociates easily to O atoms on the AuCu cluster. From Figure 8(a),

we conclude that O2 molecules dissociate immediately after adsorption or they are rapidly

consumed in the CO oxidation processes (LH mechanism), which keep the coverage of O2

molecules negligible.

    Figure 8(b) shows the effect of varying O2 pressures on the rate of CO2 formation at long time

scales with different CO partial pressures at T = 150 K. For similar partial pressures of O2 and CO

there is no CO2 production due to the CO poisoning of the cluster surface. Correspondingly, we

chose to tune the CO partial pressures between 1×10-3 bar and 1×10-1 bar. For P(CO) = 1×10-1 bar,

there is no CO2 production in this range of O2 pressures. As the pressure is decreased to P(CO) =

5×10-2 bar, we can see the onset of the CO2 formation at the oxygen partial pressure of 2.8 bar. A

further decrease down to P(CO) = 1×10-2 bar results in that the CO2 formation starts already at low

O2 partial pressures and it saturates rapidly at a high level [P(O2) = 1.5-3.5 bar]. Even smaller

partial pressure P(CO) = 5×10-3 bar shifts the threshold and saturation points of CO2 formation at

lower oxygen partial pressures and reduces the formation rate. The same trend continues for P(CO)

= 1×10-3 bar.

    For the defect-free and the V-center supports, P(CO) = 1×10-4 bar, P(O2) = 2 bar, and T = 300 K

were chosen to analyze the coverages of species (O2, CO, O) and TOF of CO2 in Figure 9. For the

defect-free case [Figure 9(a)], the O2 coverage decreases from 0.5 below 0.1, while the CO

coverage increases close to 0.9. The coverage of O (dissociated oxygen) remains negligible.
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Obviously, CO is blocking O2 which causes that the TOF of CO2 does not reach high levels.

    For the V-center support [Figure 9(b)], the coverage of O rapidly reaches a high level at the

expense of the molecular oxygen. The CO coverage remains negligible throughout the process. The

high coverage of O atoms is beneficial here since the reaction barriers are considerably lower than

for the direct attack on the adsorbed O2 (Table 3). While the trends are rather different between the

two cases in Figure 9, the value in the TOF of CO2 is not significantly pronounced for the V-center

support. On the whole, the F-center support is most active for CO2 formation, and the observed

rates differ drastically with respect to the latter two cases.

    The microkinetic modeling above considers rather high O2 partial pressures, and this may cause

copper oxidation in a longer time scale. We note that our DFT calculations focus on low O2 and CO

concentrations and we have not studied the effect of several oxygen molecules (or oxidation).

However, the dissociation barriers of O2 (as presented in Table 2) are higher than those of the CO +

O* + O* → CO2 +O* reaction (in Table 3). Therefore, O2 dissociation is slower in this reaction

channel than CO2 formation and the oxide formation is unlikely based on these arguments.

4. SUMMARY

    We have investigated the atomic CO oxidation mechanisms on the MgO-supported Au15Cu15

cluster by combining DFT simulations with microkinetic modeling. We have systemically

considered the cluster on the defect-free, F-center (O-vacancy), and V-center (Mg-vacancy)

MgO(100) supports. Our calculations reveal that the supports induce negative charge transfer to the

Au15Cu15 cluster, and that the effect is pronounced for the F-center (3.54 e). In all cases, the

adsorption energy of CO is stronger than that of O2 and the stability of the co-adsorption (CO + O2)

system is higher than the sum of the individual adsorbates. The CO adsorption sites vary between

Cu and Au sites, while the oxygen species prefer Cu.
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    O2 can be effectively activated upon adsorption and dissociated to 2×O atoms by crossing low

energy barriers of 0.15-0.24 eV. The LH reaction barriers for CO2 production are significantly

reduced on the F-center (0.16 eV). The ER reaction barriers are lower than those of LH mechanism

for all three supports, but this mechanism is not favorable due to missing CO absorption (energy,

entropic contributions). The microkinetic modeling based on the collected DFT results confirms

that Au15Cu15 on the F-center support is the most beneficial for CO2 production as it can catalyze

CO oxidation already at the low-temperature (150 K), as long as the CO partial pressure is kept low

(the optimal combination is P(CO) = 1×10-2 and P(O2) = 2 bar). The catalyst surface is highly

sensitive to CO and gets poisoned when the partial pressure is increased. Selecting the right partial

pressures for CO and O2 turns out to be important for high CO2 production. Furthermore, the

MgO(100) support itself can be tuned more active by introducing defects, for example, via

sputtering.

    Finally, we want to mention that conflicting experimental results have been reported for the

catalytic activity of AuCu catalysts towards CO oxidation. Especially, the effect of redox treatments

on AuCu nanoparticles is still debated.60-62 In practice, several factors influence the catalytic

performance of bimetallic nanoparticles, e.g., nanostructure, composition, size, and the chemical

structure of the support (including the defects). Our theoretical results show that AuCu clusters are

potential catalyst for CO oxidation, although different substrates may result in subtle changes in the

Au and Cu sites, and this causes that the catalytic process is a complex problem.
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Table 1 Adsorption energy ( ), net charge (Q), bond length of Cu-O ( ) and Au-O ( ),

average bond length <R>, and symmetry of the Au15Cu15 cluster on three MgO supports.

Au15Cu15/MgO(100)  (eV) Q (e)  (Å)  (Å) < > (Å) symmetry
defect-free 5.42 -1.96 2.07-2.09 2.66-3.10 2.66
F-center 7.65 -3.54 2.16-2.25 2.68-3.12 2.65
V-center 9.40 -0.87 1.91-1.94 2.57-2.92 2.66

Table 2 Adsorption energy ( ) of O2, 2×O and CO, bond length of O2 ( ) and CO ( )

molecules, charge transfer (Q) from the adsorbent [Au15Cu15/MgO(100)] to the adsorbate (O2, 2×O

or CO), and activation energy barrier (O2 → O + O) for the lowest energy adsorption systems.

Au15Cu15/MgO(100)  (eV)  (Å)  (Å) Q (e) Reaction (eV)
O2 2×O CO O2 CO O2 2×O CO O2 → O + O

defect-free 0.51 1.96 0.75 1.35 1.15 0.69 1.82 0.05 0.23
F-center 0.40 2.00 0.84 1.41 1.15 0.84 1.83 0.08 0.15
V-center 0.52 1.74 0.70 1.34 1.15 0.68 1.82 0.03 0.24

Table 3 Calculated activation energy barriers (Ef) and the reaction energies (∆H) for CO oxidation

on the Au15Cu15/MgO(100). The symbol ‘*’ refers to the atom or molecule being adsorbed on the

Au15Cu15 cluster. Note that the starting configurations of the LH (three upper ones) and ER

reactions (three lower ones) are different which affects the overall energetics, where LH is

systematically lower due to CO adsorption.

Reaction defect-free F-center V-center
Ef (eV) ∆H (eV) Ef (eV) ∆H (eV) Ef (eV) ∆H (eV)

CO* + O2* ↔ CO2 + O* 0.93 -3.72 0.16 -3.73 0.77 -3.68
CO* + O* ↔ CO2 0.66 -1.12 0.55 -0.79 0.71 -1.15

CO* + O* + O* ↔ CO2 + O* 0.74 -2.15 0.42 -2.15 0.51 -2.25
CO + O2* ↔ CO2 + O* 0.33 -4.52 0.07 -4.49 0.28 -4.47

CO + O* ↔ CO2 0.20 -2.01 0.19 -1.97 0.37 -2.01
CO + O* + O* ↔ CO2 + O* 0.11 -3.34 0.05 -3.05 0.24 -3.20
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Table 4 The calculated coverage of species ( , , ) and the rate (s-1) of CO2 formation ( )

at long time scales with different CO/O2 partial pressures and different temperatures.

P(CO)  = 1 bar, P(O2)  = 2 bar P(CO) = 5×10-1 bar, P(O2) = 5×10-1 bar
defect-free 150K 300K 150K 300K

1.00 9.99×10-1 1.00 9.99×10-1

9.56×10-18 5.12×10-9 1.32×10-17 5.12×10-9

4.08×10-22 3.34×10-11 5.62×10-22 3.34×10-11

4.80×10-16 1.80×10-1 3.31×10-16 9.07×10-2

F-center 150K 300K 150K 300K
1.0 9.99×10-1 1.00 9.99×10-1

2.39×10-26 2.25×10-13 2.38×10-26 2.18×10-13

2.59×10-22 2.41×10-11 2.59×10-22 2.41×10-11

6.62×10-16 1.93×10-1 3.31×10-16 9.64×10-2

V-center 150K 300K 150K 300K
9.99×10-1 9.99×10-1 1.00 9.99×10-1

1.42×10-15 7.26×10-11 2.79×10-14 7.26×10-11

2.26×10-12 2.36×10-9 8.05×10-11 2.36×10-9

4.27×10-12 1.78×10-2 6.24×10-11 8.91×10-3

P(CO)  = 1×10-2 bar, P(O2)  = 5×10-1 bar P(CO) = 1×10-4 bar, P(O2)  = 2 bar
defect-free 150K 300K 150K 300K

9.10×10-1 9.99×10-1 8.82×10-5 8.60×10-1

4.00×10-2 1.17×10-5 4.90×10-1 6.00×10-2

1.75×10-6 7.68×10-8 2.12×10-5 4.25×10-4

2.07×10-2 4.16 2.51×10-3 2.31×102

F-center 150K 300K 150K 300K
2.16×10-1 6.65×10-3 5.30×10-6 1.67×10-7

7.08×10-5 9.18×10-3 9.22×10-5 9.42×10-3

7.83×10-1 9.75×10-1 9.99×10-1 9.81×10-1

2.00×104 7.79×107 2.55×102 7.84×105

V-center 150K 300K 150K 300K
2.14×10-1 9.99×10-1 5.55×10-5 4.88×10-3

7.23×10-4 1.81×10-7 9.39×10-4 2.87×10-2

7.83×10-1 5.92×10-6 9.98×10-1 9.37×10-1

1.75×10-2 4.45×10-1 2.26×10-4 7.05×102
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Figure 1 Optimized Au15Cu15 cluster geometry adsorbed on the MgO(100) support and the

corresponding MgO(100) surface with a dashed square denoting the cluster position: (a) top view,

(b) angular view with one layer of support, (c) side view, and (d) surface layer of the defect-free

structure, (e) side view and (f) surface layer of the F-center structure, and (g) side view and (h)

surface layer of the V-center structure. Color key: yellow, Au; coral, Cu; green, Mg; and red, O.

Figure 2 Projected electronic density of states (PDOS) of the Au15Cu15 cluster on the F-center

support and the zoom-in near the Fermi energy in each panel. The PDOS are projected onto the Au

and Cu atoms in Au15Cu15 cluster, and Mg and O atoms on the surface layer of MgO(100). The

Fermi energy is set at zero. Note the different vertical scale between the panels.

Figure 3 Charge density difference (CDD) of the Au15Cu15 cluster adsorbed on (a) the defect-free,

(b) F-center, and (c) V-center MgO(100) supports. Blue and pink colors represent charge depletion

and accumulation, respectively. The isosurface values are ±0.002 e/a0
3.

Figure 4 Structures of the initial state (IS), transition state (TS), and final state (FS) of the lowest

identified pathways for O2 → O + O on Au15Cu15/MgO(100) with the F-center surface and the

energy changes with respect to the IS. The symbol ‘*’ refers to the atom or molecule being

adsorbed on the Au15Cu15 cluster.

Figure 5 Structures of the initial state (IS), transition state (TS), and final state (FS) for the catalytic

CO oxidation on Au15Cu15/MgO(100) with the defect-free surface by Langmuir–Hinshelwood (LH)

mechanism and the energy changes with respect to the IS. The symbol ‘*’ refers to the atom or

molecule being adsorbed on the Au15Cu15 cluster.

Figure 6 Structures of the initial state (IS), transition state (TS), and final state (FS) for the catalytic

CO oxidation on Au15Cu15/MgO(100) with the F-center surface by Langmuir–Hinshelwood (LH)
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mechanism and the energy changes with respect to the IS. The symbol ‘*’ refers to the atom or

molecule being adsorbed on the Au15Cu15 cluster.

Figure 7 Structures of the initial state (IS), transition state (TS), and final state (FS) for the catalytic

CO oxidation on Au15Cu15/MgO(100) with the F-center surface by Eley–Rideal (ER) mechanism

and the energy changes with respect to the IS. The symbol ‘*’ refers to the atom or molecule being

adsorbed on the Au15Cu15 cluster.

Figure 8 (a) Coverages of the species (O2, CO, O) and TOF of CO2 from microkinetic model

simulations on the Au15Cu15/MgO(100) catalyst with F-center as a function of time [P(CO) = 1×10-2

bar, P(O2)  = 5×10-1 bar, T = 150 K]. (b) Rate of CO2 formation at long time scales as a function of

O2 pressure at P(CO) = 1×10-1 bar, 5×10-2 bar, 1×10-2 bar, 5×10-3 bar, 1×10-3 bar and T = 150 K.

Figure 9 Coverages of the species (O2, CO, O) and TOF of CO2 from microkinetic model

simulations on the Au15Cu15/MgO(100) catalyst with (a) the defect-free support and (b) V-center

support as a function of time [P(CO) = 1×10-4 bar, P(O2)  = 2.0 bar, T = 300 K].
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Microkinetic Model

    A microkinetic model was established to analyze the rates and selectivity in the O2 dissociation

and CO oxidation on Au15Cu15/MgO(100) with and without support vacancies. A 7-step reaction

network was included as following:

+ ∗ ↔ ∗                 (1)

+ ∗ ↔ ∗                 (2)

∗ + ∗ ↔ 2 ∗                 (3)

∗ + ∗ ↔ + ∗ +∗                 (4)

∗ + ∗ ↔ + 2 ∗                 (5)

+ ∗ ↔ + ∗                 (6)

+ ∗ ↔ +∗                 (7)

An asterisk (*) represents a free site on the cluster surface. The reaction rates  were calculated

using surface coverages , forward ,  and backward ,  rate constants:

= ( ) ∗ −                 (8)

= ( ) ∗ −                 (9)

= ∗ −               (10)

= − ( ) ∗               (11)

= −  ( ) ∗               (12)

= ( ) − ( )               (13)

= ( ) − ( ) ∗               (14)
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The ∗  is the coverage of unoccupied reaction sites on catalyst surface and P(*) is the partial

pressure of a species. The rate constants were computed as shown in Eq.s 1-5 of the main paper.

    Based on the reaction rates, the coverages of surface species and the production of CO2 can be

written with respect to time:

= − − −               (15)

= − −
              (16)

= − + −
              (17)

= + + +
              (18)

The cumulative CO2 production is written as

= ∫  { + + + }                                               (19)

The surface coverages was constrained to fulfill

∑ = 1               (20)

From eq. 15-20, we can obtain surface coverages of different species and the production of CO2 by

simple integrations. In practice, the turn over frequency (TOF) value of CO2 is more instructive,

                                                                             =                                                                    (21)

which can be obtained by eq. 21 at each time step.
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Table S1 Adsorption energy of different adsorbates, bond length of the adsorbed O2 and CO

molecules ( , ), charge transfer (Q) from the adsorbent [Au15Cu15/MgO(100)] to the

adsorbate (O or CO) for the adsorption systems in Figure S5.

Adsorbate  (eV)  (Å)  (Å) Q (e)
O CO

defect-free
CO+O2 1.35 1.36 1.16 0.71 0.04

CO+O+O 2.93 1.16 1.85 0.06
CO+O 2.43 1.16 1.00 0.13

O-vacancy
CO+O2 1.39 1.37 1.15 0.74 0.09

CO+O+O 2.93 1.17 1.86 0.23
CO+O 2.75 1.16 1.01 0.15

Mg-vacancy
CO+O2 1.42 1.34 1.16 0.66 0.02

CO+O+O 2.80 1.18 1.87 0.28
CO+O 2.42 1.16 1.00 0.12
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Figure S1 Optimized configures of (a) Au15Cu15 cluster adsorbed on an F-center MgO(100) with

the O-vacancy below the Cu atom, (b) the corresponding MgO(100) surface with a dashed square

denoting the cluster position, and (c) the charge density difference (CDD) of the corresponding

system Au15Cu15/MgO(100) as in the main paper of Figure 3. Color key: yellow, Au; coral, Cu;

green, Mg; and red, O.
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Figure S2 Projected electronic density of states (PDOS) of the Au15Cu15 cluster on (a) the defect-

free and (b) V-center supports. The PDOS are projected onto the Au and Cu atoms in Au15Cu15

cluster, and Mg and O atoms on the surface layer of MgO(100). The Fermi energy is set at zero.
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Figure S3 HOMO and LUMO orbitals of Au15Cu15 cluster adsorbed on the defect-free, F-center,

and V-center MgO(100) surfaces. The isosurface values are 0.02 e/a0
3.
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Figure S4 Structures of the initial state (IS), transition state (TS), and final state (FS) of the lowest

identified pathways for O2 → O + O on Au15Cu15/MgO(100) with  the defect-free (first row) and V-

center (second row) surfaces and the energy changes with respect to the IS. The symbol ‘*’ refers to

the atom or molecule being adsorbed on the Au15Cu15 cluster.
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Figure S5. Most stable co-adsorption configurations of CO + O2, CO + 2×O, and CO + O on

Au15Cu15/MgO(100) with the defect-free, F-center, and V-center supports. Color key: yellow, Au;

coral, Cu; green, Mg; red, O; and grey, C.
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Figure S6 Structures of the initial state (IS), transition state (TS), and final state (FS) for the

catalytic CO oxidation on Au15Cu15/MgO(100) with the V-center surface by Langmuir–

Hinshelwood (LH) mechanism and the energy changes with respect to the IS. The symbol ‘*’ refers

to the atom or molecule being adsorbed on the Au15Cu15 cluster.
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Figure S7 Structures of the initial state (IS), transition state (TS), and final state (FS) for the

catalytic CO oxidation on Au15Cu15/MgO(100) with the defect-free surface by Eley–Rideal (ER)

mechanism and the energy changes with respect to the IS. The symbol ‘*’ refers to the atom or

molecule being adsorbed on the Au15Cu15 cluster.
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Figure S8 Structures of the initial state (IS), transition state (TS), and final state (FS) for the

catalytic CO oxidation on Au15Cu15/MgO(100) with the V-center surface by Eley–Rideal (ER)

mechanism and the energy changes with respect to the IS. The symbol ‘*’ refers to the atom or

molecule being adsorbed on the Au15Cu15 cluster.


