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ABSTRACT: Engineering a bimetallic system with comple-
mentary chemical properties can be an effective way of tuning
catalytic activity. In this work, CO oxidation on CeO,(111)-
supported Pd-based bimetallic nanorods was investigated using
density functional theory calculations corrected by on-site
Coulomb interactions. We studied a series of CeO,(111)-
supported Pd-based bimetallic nanorods (Pd—X, where X =
Ag, Au, Cu, Pt, Rh, Ru) and found that Pd—Ag/CeO, and
Pd—Cu/CeO, are the two systems where the binding sites of
CO and O, are distinct; that is, in these two systems, CO and
O, do not compete for the same binding sites. An analysis of
the CO oxidation mechanisms suggests that the Pd—Ag/CeO,
system is more effective for catalyzing CO oxidation as
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compared to Pd—Cu/CeQ, because both CeO, lattice oxygen atoms and adsorbed oxygen molecules at Ag sites can oxidize CO
with low energy barriers. Both the Pd—Ag and Pd—CeO, interfaces in Pd—Ag/CeO, were found to play important roles in CO
oxidation. The Pd—Ag interface, which combines the different chemical nature of the two metals, not only separates the binding
sites of CO and O, but also opens up active reaction pathways for CO oxidation. The strong metal—support interaction at the
Pd—CeO, interface facilitates CO oxidation by the Mars—van Krevelen mechanism. Our study provides theoretical guidance for

designing highly active metal/oxide catalysts for CO oxidation.

1. INTRODUCTION

Catalytic CO oxidation has been extensively studied not only
because of its industrial importance but also as a prototypical
reaction in heterogeneous catalysis." Because of a remarkable
oxygen storage capacity,” " ceria-based catalysts have been
widely used for low-temperature CO oxidation.” Recently, Pd-
based catalysts, which have a high oxygen adsorption ability and
a lower cost than Pt- and Rh-based catalysts,®”* have attracted
considerable attention, for example, as a replacement for the
expensive catalysts used to remove CO from vehicle exhaust.®
Experimental studies have shown that ceria-supported Pd
catalysts have a high activity for catalytic CO oxidation.”™ "

In our previous theoretical study,'” we studied the reaction
mechanism of CO oxidation on a CeO,-supported Pd nanorod.
A limitation of the CeO,-supported Pd system for CO
oxidation is that CO and O, need to compete for the same
Pd binding sites. The high adsorption energy of CO to Pd can
result in CO poisoning, which hinders the coadsorption of O,
and thus prevents CO oxidation. It is therefore desirable to
separate the binding sites of CO and O,.

Bimetallic catalysts have been widely used in heterogeneous
catalysis."> Adding a second metal can be an effective strategy
to tune catalytic performance through modification of
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3,14 . . .
or via a bifunctional effect

electronic and structural factors'
in which atoms of the two metals provide catalytic sites which
play unique roles, such as separating the adsorption of different
reactants or intermediates.'” Designing a CeO,-supported Pd-
based bimetallic system where the binding sites of CO and O,
are separated is our goal for improving CO oxidation activity.

For oxide-supported metal catalysts, it has been recognized
that the interface between the oxide support and the supported
metal can have a pronounced effect on the catalytic
activity.'“*° Green et al. reported that Au—TiO, interfacial
sites are active for CO oxidation, partial oxidation of acetic acid,
and low-temperature H, oxidation.'® Cargnello et al. also found
that ceria—metal interfacial sites greatly enhance the activity of
CO oxidation.'"® The explicit role of interfacial sites has
additional support from the clear relationship between the
length of the Au—CeO, interface and the CO oxidation activity
on Au—CeO, multilayers."”

The nature of metal-oxide interfacial effects has been the
subject of considerable debate. Bruix et al. suggested that strong
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Figure 1. Structures of CeO,(111)-supported (a) Pd nanorod and (b, c) bimetallic Pd—X nanorods where the X metal is in the top and bottom

layers, respectively.

electronic perturbations induced by Pt—CeO, interactions lead
to the high catalytic activity at the interface of Ptg/
Ce0,(111).*" Aranifard et al. proposed that the high activity
for the water-gas shift reaction at the interface of Pt/CeO,
catalysts originates from the interfacial oxygen vacancies, which
facilitate water activation and dissociation.”” The formation of a
thin Pd oxide layer at the Pd—Fe;0, interface has also been
proposed to be the origin of the high activity for CO oxidation
on Pd/Fe;O, catalysts.”> The origin of metal—support
interfacial effects remain a controversial topic.

In this work, we carry out density functional theory
calculations corrected by on-site Coulomb interactions (DFT
+U) to investigate the reaction mechanisms of CO oxidation
over Pd-based bimetallic nanorods supported on CeO,(111).
We identify a CeO,(111)-supported Pd—Ag bimetallic system
which separates the binding sites of CO and O, and provides
active reaction pathways for CO oxidation with low energy
barriers. Both the Pd—Ag and Pd—CeO, interfaces in this
system are found to play important roles in CO oxidation.

2. COMPUTATIONAL DETAILS

2.1. Computational Methods. All the DFT calculations
were performed using the Vienna ab initio simulation package
(VASP).”*** To accurately treat the highly localized Ce 4f-
orbitals, we conducted spin-polarized DFT+U calculations with
a value of Ug = 5.0 eV applied to the Ce 4f states.”® This U
value has been reported to describe the electronic structure of
reduced ceria in previous studies.””** The projector-augmented
wave method was used to represent core—valence interac-
tions.” Valence electrons were described by a plane wave basis
with an energy cutoff of 400 eV. The generalized gradient
approximation with the Perdew—Burke—Ernzerhof functional
was used to model electronic exchange and correlation.”
Gaussian smearing with a width of 0.05 eV was used to improve
convergence of states near the Fermi level. The Brillouin zone
was sampled at the Gamma point. Optimized structures were
obtained by minimizing the forces on each ion until they were
less than 0.05 eV/A.

The adsorption energy was defined as

E,4 = E(adsorbate + surface) — E(adsorbate) — E(surface)
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where E(adsorbate + surface) is the total energy of the
adsorbate interacting with the surface; E(adsorbate) and
E(surface) are the energies of the free adsorbate in gas phase
and the bare surface, respectively. A negative value corresponds
to exothermic adsorption, with more negative values corre-
sponding to stronger binding.

Transition states (TSs) for the elementary reactions were
located using the climbing-image nudged elastic band
method®"** and were confirmed as having a single imaginary
frequency. Energy barriers (E,,,) were calculated as the energy
difference between the transition and initial states.

2.2. Computational Models. It has been demonstrated
that the CeO,(111) surface is the most stable among the three
low index surfaces of ceria, namely CeO,(111), (110), and
(100).*** Accordingly, a slab model of CeO,(111) surface was
used in this work, consisting of 9 atomic layers (three trilayers)
with a 3 X 3 surface supercell. The CeO, slab contains 81
atoms and is separated from periodic images by a 12 A vacuum
gap perpendicular to the surface. During geometry optimiza-
tion, the atoms in the bottom three atomic layers were fixed at
their bulk-truncated positions; all other atoms were allowed to
relax. The CeO,-supported Pd nanorod system was modeled by
adding a two-layer Pd rod on the top of the stoichiometric
Ce0,(111) surface, as shown in Fizgure la, which has been
described in our previous work.'” The Pd—X bimetallic
nanorod (where X is Ag, Au, Cu, Pt, Rh, or Ru) was modeled
by replacing one Pd layer with a X metal layer, as shown in
Figures 1b and lc.

In order to determine whether the X metal layer prefers to be
in the top layer or bottom layer, the exchange energy E,,, is
calculated, defined as the energy change due to exchange of the
top X metal layer with the bottom Pd layer

Eex = Exbottom — EX—top

A negative E,, value indicates that the X metal layer prefers to
be in bottom layer. Table 1 contains the calculated exchange
energies E, for the bimetallic Pd—X/CeO, systems. These
results indicate that Ag and Au prefer to be in the top layer, as
shown in Figure 1b. Cu, Pt, Rh, and Ru prefer to be in the
bottom layer, as shown in Figure Ic.
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Table 1. Calculated Exchange Energy E,, for the Bimetallic
Pd—X/CeO, Systems

alloying element X Ag Au Cu Pt Rh Ru
E,, (eV) 101 169 —245 —031 —291 —646
3. RESULTS

3.1. Separating the Binding Sites of CO and O,. The
binding energies of CO and O, on the Pd and X-metal layers of
the six bimetallic Pd—X/CeQO, systems were calculated, as
shown in Table 2. It can be seen that CO binds more strongly
than O, at all of the binding sites in the Pd—Au, Pd—Pt, Pd—
Rh, and Pd—Ru systems, indicating that they would become
saturated by CO under CO oxidation conditions.

In the case of the Pd—Ag system, the Pd layer prefers CO
binding while Ag prefers O, binding; the two reactants have
distinct binding sites. In the case of the Pd—Cu system, the Pd
layer also binds CO (—1.71 eV) more strongly than O,(—1.02
eV) while the Cu layer prefers to bind O,. Therefore, Pd—Ag
and Pd—Cu are the two systems which separate the binding
sites of CO and O,. The adsorption geometry of CO and O, on
the Pd—Ag/CeO, and Pd—Cu/CeO, systems are shown in
Figure 2. These two systems was selected for analysis of CO
oxidation mechanism.

3.2. CO Oxidation on CeO,-Supported Pd—Ag
Bimetallic System. Three reaction pathways for CO oxidation
on Pd—Ag/CeO, were considered, including the (1) CO—0O
association pathway, (2) direct O, dissociation pathway, and
(3) Mars—van Krevelen mechanism.

3.2.1. CO-00 Association Pathway. The calculated
structures of the intermediates and transition states in the
CO—-0O0 association reaction pathway and the corresponding
energy profile are shown in Figure 3. First, O, binds to the Ag
layer (IM1 in Figure 3) and CO binds to the Pd layer (IM2).
These two molecules react with a energy barrier of 0.45 eV
(TS1) to form an OCOO intermediate (IM3). CO, is released
from the OCOO intermediate by breaking the O—O bond in a
spontaneous and exothermic process (IM4). A desorption
energy of 0.21 eV is required for CO, desorption (IMS). Then,
a second CO molecule adsorbs on the Pd layer (IM6) to react
with the remaining atomic O at the Pd—Ag interface with an
energy barrier of 0.42 eV (TS2), leading to the formation of an
adsorbed CO, molecule (IM7). Finally, CO, desorbs into the
gas phase (FS), closing the catalytic cycle.

3.2.2. Direct O, Dissociation Pathway. In the direct O,
dissociation pathway, as shown in Figure 4, the adsorbed O, on
the Ag layer dissociates into two oxygen atoms (IM2) with a
low energy barrier of 0.31 eV (TS1). This O, dissociation
process is exothermic by 1.29 eV. Next, CO adsorbs on the Pd
site (IM3) and reacts with a dissociated O atom to form an
adsorbed CO, complex (IM4) with a very low energy barrier of
0.04 eV (TS2). This energy barrier is much lower than that for
CO oxidation by the coadsorbed O, in the CO-0O

(a) Pd-Ag/CeO,(111) (b) Pd-Cu/CeO,(111)
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SR
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Figure 2. Calculated structures of CO and O, adsorption on the Pd—
Ag/Ce0O, and Pd—Cu/CeO, systems.

association pathway discussed previously. An energy of 0.19
eV is then required for CO, desorption (IMS). Next, a second
CO molecule adsorbs on the Pd layer (IM6) and reacts with
the other dissociated O atom to form CO, (IM7) with an
energy barrier of 0.42 eV (TS3).

3.2.3. Mars—van Krevelen Mechanism: CO Oxidation by
Lattice Oxygen at Interface. The Mars—van Krevelen (M—
vK) process, as shown in Figure S, starts with a reaction
between an adsorbed CO molecule on the Pd layer and a lattice
O atom of CeO,(111) at the Pd—CeO, interface. A CO
molecule adsorbs on Pd site (IM1 in Figure S) and reacts with
an adjacent lattice oxygen atom to form a triangular type CO,
intermediate (IM2; 0.57 eV barrier through TS1). The
desorption of CO, leaves an oxygen vacancy on the
Ce0,(111) surface (IM3). A gas-phase O, molecule then
spontaneously adsorbs at this vacancy (IM4) and a second CO
molecule adsorbs on the Pd layer (IMS) to react with the
adsorbed O, species forming adsorbed CO, (IM6; 0.46 eV
barrier through TS2). Finally, CO, desorbs into the gas phase
(FS) and the oxygen vacancy of CeO,(111) is filled by the
remaining O atom to complete the catalytic cycle.

3.3. CO Oxidation on CeO,-Supported Pd—Cu Bimet-
allic System. Three reaction pathways for CO oxidation on
Pd—Cu/CeO, system were also considered, including the (1)
CO—-00 association, (2) direct O, dissociation, and (3)
oxygen spillover.

3.3.1. CO-00 Association Pathway. Following the
reaction pathway in Figure 6, O, binds to the Cu layer
(IM1) and CO binds to the Pd layer (IM2). These two
molecules react with an energy barrier of 0.35 eV (TS1) to
form an OCOO intermediate (IM3). The formation of CO,
from OCOO is spontaneous and exothermic by 1.95 eV (IM4).
CO, desorption requires an energy of 0.48 eV (IMS). Next, a
second CO molecule adsorbs (IM6) and reacts with the
remaining atomic O to form CO, (IM7; 047 eV barrier
through TS2) which then spontaneously desorbs into the gas
phase (FS).

Table 2. Binding Energies of CO and O, on All the Bimetallic Pd—X/CeO, Systems

binding energy, (eV)

Pd—Ag Pd—Au
Pd layer Co -1.66 -1.10
0, -1.10 —0.98
alloying metal layer Co —0.52 —0.69
0, —0.54 -031
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Pd—Cu Pd—Pt Pd—Rh Pd—Ru
-1.71 —1.47 —1.50 —1.84
—1.02 -1.16 -129 -133

—1.94 —-1.92 —2.16
—1.00 —0.78 —1.52 —-1.57
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J. Phys. Chem. C 2016, 120, 5557—5564


http://dx.doi.org/10.1021/acs.jpcc.6b00253

The Journal of Physical Chemistry C

TR
A, ! b~
1~ e W
IS: Pd-Ag/CeO,
0.00
04
> b
w
S
e
&0
=
o
=
)
v
2
o
s
) IM2: CO adsorption
=4
-6 -
8 () o (-] ()
(o] Ce Pd Ag

A
IM3: OCOO formation
-1.82

IM6: CO adsorption V- O
IM7: CO, formation

Figure 3. Calculated structures and energy profile in the CO—OO association pathway on Pd—Ag/CeO,(111).
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Figure 4. Calculated structures and energy profile in the direct O, dissociation pathway on Pd—Ag/CeO,(111).

3.3.2. Direct O, Dissociation Pathway. In the direct O,
dissociation pathway, as shown in Figure 7, O, adsorbs on the
Cu layer and dissociates into two oxygen atoms (IM2) with an
energy barrier of 0.55 eV (TS1). CO then adsorbs on the Pd
site (IM3) and reacts with a dissociated O atom to form an
adsorbed CO, complex (IM4). This CO oxidation process has
a high energy barrier of 1.86 eV (TS2), which is much higher
than that for CO oxidation by coadsorbed O, in the CO—00
association pathway discussed previously. This high energy
barrier can be attributed to the stability of the O atom at the Cu
site. Palagin et al. studied the Pd,Cu, cluster and proposed that
the higher affinity of oxygen for Cu eventually leads to the
poisoning of the catalyst.”> Zhang et al. studied the CO
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oxidation on Au—Cu bimetallic nanocluster and proposed that
oxygen atoms can oxidize the Cu atoms, converting them to
Cu,O or CuO, and thus deactivating the active sites.’® An
energy of 0.24 €V is then required for CO, desorption (IMS).
Subsequently, a second CO molecule adsorbs on the Pd layer
(IM6) and reacts with the other dissociated O atom, crossing a
barrier of 0.47 eV (TS3) forming CO, (IM7) which readily
desorbs.

3.3.3. Oxygen Spillover Mechanism. In the Pd—Cu system,
CO binds to the top Pd layer and O, binds to the bottom Cu
layer, so that CO cannot directly interact with the lattice
oxygen atom at the Cu—CeO, interface. Alternatively, Vayssilov
et al. proposed that oxygen spillover from nanostructured CeO,

DOI: 10.1021/acs.jpcc.6b00253
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Figure 6. Calculated structures and energy profile in the CO—OO association pathway on Pd—Cu/CeO,(111).

to the supported Pt nanoparticles occurs, and the transferred
oxygen acts as the active species for CO oxidation.”” In order to
determine whether lattice oxygen atoms in CeO, can take part
in CO oxidation, we calculated the energetics of lattice oxygen
spillover from the CeQ,(111) surface to the Cu layer. We find
that the oxygen spillover in our case is endothermic by 1.32 eV
(as shown in Figure 8), indicating that this process is
energetically prohibited. This is consistent with a report by
Kim et al. that oxygen spillover is energetically unfavorable for
Au clusters supported on Ce0,(111).*® Therefore, in the Pd—
Cu/CeO,(111) system, the lattice oxygen atoms in CeO,(111)
cannot react with the adsorbed CO on the top Pd layer.

4. DISCUSSION

4.1. Comparison between Pd—Ag System and Pd—Cu
System. The Pd—Ag/CeO, and Pd—Cu/CeO, systems both
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separate the binding sites of CO and O,, but they have different
structures and correspondingly different reaction mechanisms
and catalytic activity. For Pd—Ag/CeO,, the CeO, support
binds to the Pd layer, while for Pd—Cu/CeO,, the CeO,
support binds to the Cu layer. The CeO, lattice oxygen in Pd—
Ag/CeO, can react with adsorbed CO at the Pd—CeO,
interface. In contrast, in the Pd—Cu/CeO, system, the CeO,
lattice oxygen atoms cannot react with adsorbed CO.
Therefore, Pd—Ag/CeO, is expected to be better for CO
oxidation because both CeO, lattice oxygen atoms and
adsorbed oxygen molecules can oxidize CO, both with a low
energy barrier.

The dominant reaction pathway for CO oxidation is also
different in these two systems. The direct O, dissociation
pathway is dominant for CO oxidation on Pd—Ag/CeO, due to
the low energy barriers, while the CO—OO association pathway

DOI: 10.1021/acs.jpcc.6b00253
J. Phys. Chem. C 2016, 120, 5557—5564


http://dx.doi.org/10.1021/acs.jpcc.6b00253

The Journal of Physical Chemistry C

Relative energy (eV)

IM2: O, dissociation

(0]

gc

Cu

s lM3
u—"\
,} §; .

IMJ CO adsorption

IM4: CO, formatmg

IM6: CO adsorption |

IM7: CO, formation

Figure 7. Calculated structures and energy profile in the direct O, dissociation pathway on Pd—Cu/CeO,(111).
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is favorable for CO oxidation on Pd—Cu/CeQ,. The affinity of
oxygen for the Cu layer in the Pd—Cu/CeO, system leads to a
high stability of the O atom at the Cu layer, energetically
preventing the oxidation of CO.

4.2. Comparison with CO Oxidation on CeO,-
Supported Pd Monometallic System. Compared with the
CeO,-supported Pd monometallic system in our previous
study,'” on the one hand, the Pd—Ag bimetallic system can
generate a potential oxygen binding site and separate the
binding sites of CO and O,, preventing the CO poisoning. On
the other hand, the Pd—Ag bimetallic system can lower the
energy barriers of CO oxidation. In the CO—0OO association
pathway, the energy barrier for CO oxidation by the
coadsorbed O, on the Pd—Ag bimetallic system is 0.45 eV,
which is much lower than that (1.17 eV'?) on the Pd
monometallic system. In the direct O, dissociation pathway, the
energy barrier for CO oxidation by the dissociated O atom on
the Pd—Ag bimetallic system is 0.04 eV, which is also much
lower than that (1.40 eV'*) on the Pd monometallic system.
These results indicate that the Pd—Ag bimetallic system tunes
the catalytic activity by lowering the energy barriers of CO
oxidation.

Palagin et al. showed that substitution of a Pd atom in the
Pd; cluster by a single Ag atom to form Pd,Ag; cluster leads to
a potential improvement of the catalytic properties for the CO
oxidation reaction,”> which is in agreement with our result.
Therefore, the Pd—Ag bimetallic system not only separates the
binding sites of CO and O, but also facilitates CO oxidation by
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reducing the reaction energy barriers. Experimentally, Bon-
darchuk et al. studied CO oxidation on Pd—Ag/SiO, bimetallic
catalysts, and they also found that the activity of the bimetallic
catalysts for CO oxidation increased compared with that of Pd/
SiO, monometallic catalysts,”” which is in agreement with our
theoretical result. Pd—Ag bimetallic catalysts have also recently
been reported to be catalytically active for various reactions.*”*'

4.3. Important Role of Metal-Metal Interface and
Metal—-Oxide Interface. It has been highlighted in previous
studies that interfacial effects play an important role in catalytic
reactions. Chen et al. studied interfacial effects in iron—nickel
hydroxide—platinum nanoparticles and proposed that the OH
groups at the Fe**—OH—Pt interfaces react with adsorbed CO
to produce CO,.*” Rodriguez et al. found that the multifunc-
tional combination of metal and oxide in the Cu—ceria and
Au—ceria 1nterfaces opens active reaction pathways for
methanol synthesis.* Cargnello et al. found that the ceria—
Pd interfacial sites greatly enhance CO oxidation reactivity on
Pd/CeO, catalysts."” Our results in this work indicate that both
the metal—metal and metal—oxide interfaces play an important
role in CO oxidation.

In section 3.2, the Pd—Ag interface is demonstrated to have
bifunctional catalytic sites combining the advantages of the two
metals and improving the CO oxidation activity. The Pd—Ag
interface not only separates the binding sites of CO and O, but
also reduces the energy barriers for CO oxidation as compared
to the monometallic Pd system.'” This improvement is
attributed to a lower binding energy of O, at the Ag layer.
Additionally, the adsorbed O, molecule can easily dissociate
into two O atoms at the Pd—Ag interface, providing a second
active reaction pathway for CO oxidation.

The metal—oxide interface also has a significant effect on CO
oxidation. In section 3.2.3, we show that CO oxidation by M—
vK mechanism at the Pd—CeO,(111) interface is active in the
Pd—Ag/CeO,(111) system. Compared with the M—vK
mechanism on clean CeO,(111) surface studied by Chen et
al,* the energy barrier for CO oxidation by the M—vK
mechanism on Pd—Ag/Ce0,(111) is lower (see Table 3). This
difference is related to geometric distortions at the Pd—CeO,

DOI: 10.1021/acs.jpcc.6b00253
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Table 3. Comparison of M—vK Mechanism on CeQ,(111)-
Supported Pd—Ag Nanorod and Clean CeO,(111) Surface

energy barrier of CO

Ce—O bond length of
oxidation (eV)

active lattice O (A)

CeO,(111)-supported 0.57 2.51
Pd—Ag nanorod
clean CeO,(111) 0.61* 2.37

interface, where the Pd metal layer strongly interacts with the
CeO, support. As a result, the lattice oxygen atoms in the CeO,
support adjacent to the Pd metal layer are pulled out by the Pd
metal, leading to an elongation of Ce—O bonds to 2.51 A at the
Pd—CeO, interface as compared to 2.37 A in the clean
Ce0,(111) surface. Consistent with these results, Cargnello et
al. reported a restructuring at the Pd—ceria interface when Pd
metal particles were supported on the ceria surface.'® The
increased Ce—O bond length is a good indication that the
breaking of Ce—O bond is facilitated, and the activity of lattice
oxygen is enhanced at the Pd—CeO, interface, promoting the
CO oxidation. Therefore, the strong metal—support interaction
at the Pd—CeO, interface facilitates the CO oxidation by M—
vK mechanism.

Overall, our results suggest that the activity of metal/oxide
catalysts can be improved by engineering a suitable bimetallic
system which generates metal-metal and metal—oxide
interfaces necessary for the binding and activation of CO and
0,.

5. CONCLUSIONS

A series of CeO,(111)-supported Pd-based bimetallic nanorods
(Pd-X, X = Ag, Ay, Cu, Pt, Rh, Ru) were studied as CO
oxidation catalysts using DFT calculations. Our results indicate
that Pd—Ag/CeO, and Pd—Cu/CeO, are the two systems
where the binding sites of CO and O, are distinct; that is, Pd
sites prefer to bind CO, while Ag and Cu sites prefer to bind
O,. An analysis of the reaction mechanisms shows that Pd—Ag/
CeO, is more effective for catalyzing CO oxidation than Pd—
Cu/CeO, because both lattice O atoms of CeO, support and
adsorbed O, molecules at Ag sites can oxidize CO with low
energy barriers. Although the binding sites of CO and O, are
separated in Pd—Cu/CeO,, the lattice oxygen of the CeO,
support cannot oxidize the adsorbed CO; only adsorbed O, at
the Cu layer is active for CO oxidation, indicating that the
CeO, support in the Pd—Cu/CeO, system has little direct
effect on catalytic activity. Both the Pd—Ag and Pd—CeO,
interfaces in the Pd—Ag/CeO, system were found to play
important roles in CO oxidation. The Pd—Ag interface not only
separates the binding sites of CO and O, but also facilitates CO
oxidation. The strong metal—support interaction at the Pd—
CeO, interface also facilitates CO oxidation by the M—vK
mechanism. This study provides a theoretical guideline on the
design of highly active metal/oxide catalysts for CO oxidation.
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