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The role of subsurface oxygen in Ag(111) and the step edge of vicinal Ag(221) on CO oxidation were studied
by using density functional theory calculations. For high oxygen coverage, the formation of subsurface oxygen
is not only energetically favorable but also kinetically likely. CO oxidation with on-surface atomic oxygen is
facile with a barrier of about 0.16 eV, whereas the reaction with subsurface oxygen is hindered because of
the significant barrier for diffusion of the subsurface oxygen to the surface from the subsurface region. It is
found that the adsorption of molecules (CO, atomic O and O,) is stabilized in the presence of subsurface
oxygen, and surface reactivity is enhanced. An energetically favorable reaction pathway for CO oxidation
with O, is identified, with a reaction barrier of 0.23 eV via a unique four-center O,+++CO intermediate. A
catalytic cycle for CO oxidation on Ag(111) in the presence of subsurface oxygen is proposed. On Ag(221)
surfaces, our calculations show that both the adsorption of the reactants and O, dissociation, with a calculated
barrier of 0.42 eV compared to 0.95 eV for the clean Ag(111), are promoted significantly at the step edge,
and the reactivity for CO oxidation is improved accordingly.

1. Introduction

As one of the unique partial oxidation catalysts for industrial
reactions, such as methanol to formaldehyde and ethylene
epoxidation, the interaction between silver and oxygen has been
studied extensively, both experimentally and theoretically.!™33
Activation of silver catalysts and the formation of various
distinct oxygen species are thought to be crucial for the activity
and selectivity of silver catalyzed reactions. So far, various
oxygen species, different in terms of their functionalities (partial
and full oxidation) and/or geometrical locations (on-surface,
subsurface, and bulk-dissolution) have been proposed. Among
them, the interactions between oxygen and Ag, for example,
O, activation, oxygen-induced reconstruction, and the formation
of subsurface oxygen have received great attention.'

To activate bulk silver catalysts and O, molecules forming
active oxygen species, severe pretreatment of catalysts at
elevated temperatures and high pressures (typically 780 K and
atmospheric pressure) are required.’ However, the activation of
the silver catalysts and the formation of subsurface oxygen can
be facilitated by decreasing the size of silver catalysts down to
the nanoscale.*> In this work, it was found that the activated
silver nanoparticles have high activity and selectivity for the
reactions such as oxidative coupling of methane and partial
oxidation of methanol to formaldehyde, and high activity was
seen for complete CO oxidation at room temperature (RT). Size
dependence of the activity was also reported by Kim and co-
workers by using X-ray photoemission spectroscopy (XPS).%
Compared to the oxygen uptake by larger particles and bulk-
like Ag, they found that oxygen uptake by the smaller Ag
nanoparticles is significantly higher. Two distinct oxygen species
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in silver nanoparticles were identified, with either Ag,O and/or
AgO being active for CO oxidation at RT. For activated silver
particles, both of on-surface and subsurface oxygen, were
proposed to be the active species for CO oxidation.®® In addition,
CO oxidation with superoxide has been proposed in surface-
science studies on Ag(110) surface.''~!*

To rationalize these experimental findings, a mechanistic
study of silver catalysts upon O, activation, by considering the
formation of subsurface oxygen and the effect of the particle
sizes on well-defined Ag(111) and vicinal surfaces, would be
necessary. In the past, various oxygen species (on-sur-
face oxygen, subsurface oxygen, and bulk dissolved oxygen),
surface reconstructions, and the formation of surface oxides and
bulk oxide on single crystalline surface have been studied
extensively both experimentally and theoretically at a wide range
of temperatures and oxygen partial pressures, providing a
comprehensive picture of oxygen and silver interactions.'3~2
Corresponding thermodynamic phase diagrams based on density
functional theory (DFT) calculations have been constructed.'>!
Although previously proposed O—Ag—O trilayer surface oxide
model was subsequently shown to be a surface reconstruction
with the same periodicity and the same number of oxygen atoms
by Schnadt et al.?! and Schmid et al.,?? the phase diagram was
only affected slightly because of their similar energetics. Klust
and Madix studied the reduction of p(4 x 4) reconstruction
surface with CO at RT by using scanning tunneling micros-
copy.? They found that the reconstructed p(4 x 4) surface is
not reactive. Instead, the boundary between p(4 x 4) and clean
Ag(111) is responsible for the source of the reactive oxygen.
The effect of subsurface oxygen on the reactivity of Ag(111)
was addressed by Mavrikakis and co-workers by using DFT
calculations. Their calculations indicate that subsurface oxygen
may facilitate the dissociation barriers of O, and NO,*® whereas
ethylene epoxidation elimination from surface oxametallacyles
becomes demanding because of the presence of subsurface
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oxygen.?’ Recently, by using in situ surface X-ray diffraction
at one bar and 773 K, Stierle and co-workers showed that a
p(7x7) O—Ag—O trilayer surface oxide and bulk oxide Ag,O
in (111) orientation exhibit similar honeycomb symmetry, which
coexists with a p(4x4) reconstruction.”® This study suggested
that all these structures may be involved in silver catalyzed
reactions under realistic conditions.

To shed light on the catalytic role of subsurface oxygen in
CO oxidation on Ag(111) and the effect of the step edge on
the Ag(221) surface, we performed a systematic DFT study with
emphasis on the formation of subsurface oxygen and its effects
on adsorption of reactants (O, and CO) and O, activation as
well as CO oxidation. We find that, at high oxygen coverage,
the formation of subsurface oxygen on Ag(111) is not only
energetically favorable but also kinetically likely. CO oxidation
with on-surface atomic oxygen is a facile process, but the
reaction with subsurface oxygen is kinetically hindered because
of the significant barrier for diffusion to the surface from the
subsurface region. The presence of subsurface oxygen enhances
the surface reactivity and stabilizes the adsorbates. An energeti-
cally favorable reaction pathway between coadsorbed CO and
O, molecules via a four-center O,-+-CO intermediate is
identified. On stepped Ag(221) surface, we find that O,
dissociation (the rate limiting step on closed packed Ag(111)
surface) at the step edge is facilitated, and the dissociated atomic
oxygen reacts quickly with adsorbed CO to form CO,. The role
of the step edge in silver nanoparticles is highlighted. The
remainder of the paper is organized as follows. The calculation
methods are introduced in Section 2. In Section 3, the formation
of subsurface oxygen as well as its effects on the adsorption,
dissociation, and CO oxidation are presented. O, dissociation
and CO oxidation on Ag(221) are discussed in Section 4.
Finally, the conclusions are briefly summarized in Section 5.

2. Methods

DFT calculations were performed by using the DACAPO
code,*® in which the ionic cores were described by ultrasoft
pseudopotentials. The Kohn—Sham one-electron valence states
were expanded in a plane-wave basis set with a kinetic energy
cutoff at 340 eV, with the exchange and correlation energies
approximated by a generalized gradient functional, GGA-
PWO91.%”3 During iterative diagonalization of the Kohn—Sham
Hamiltonian, a Fermi population of the Kohn—Sham states (kg7
= 0.1 eV) and Pulay mixing of the resulting electronic density
were used to improve the numerical stability. The total energies
calculated were then extrapolated to absolute zero.

The Ag(111) surface was represented by a four-layer slab,
and the Ag(221) surface was represented by three equivalent
(111) layer slabs. Both slabs were separated by seven equivalent
layers of vacuum. Adsorption was allowed on the relaxed side
of the slab where the induced dipole moments was taken into
account by applying a dipole correction.’® The adsorbates, the
top two metal layers of Ag(111), and the topmost metal layer
of Ag(221) were optimized until a maximum force of 0.02 eV/A
was obtained. Supercells with a periodicity of (2 x 3) and (2
x 2) for Ag(111) and (2 x 1) for Ag(221) were employed to
study adsorption and reactivity at different coverages, and a
Monkhorst Pack mesh with a (4 x4 x 1) grid was used for k-point
sampling in the surface Brillouin zone of the unit cells. For
reference, a calculated equilibrium lattice constant of 4.14 A
was obtained for Ag, in good agreement with the experimental
value of 4.09 A% and previous calculations,? and has been used
throughout the present work. Calculated binding energies for
H, and O, molecules in the gas phase were —4.56 and —5.57
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eV, and corresponding experimental values were —4.48 and
—5.12 eV, respectively.*!

The transition states (TSs) of the reactions were searched by
constraining the distance between the reactants at various values
with a step size of 0.1 A while relaxing all the other degrees of
freedom simultaneously.*? For the diffusion of oxygen penetra-
tion into subsurface regions, the TS corresponds to the O atom
in the plane of the surface Ag layer from the on-surface fcc
site to the subsurface octahedral or tetrahedral site.!® We fully
relaxed the first two Ag layers, but to stay at the TS, we
constrained O to be in the plane of the first Ag(111) layer.

The average adsorption energy per oxygen atom, E,4(O), is
calculated according to

E, . (0)=[E® — (E* 4 0.5 x NoE*)1/N,,

where Np is the total number of oxygen atoms of the
adsorbate—substrate system per unit cell, and the total energy
of the adsorbate—substrate system, the clean surface (Ag(111)
and/or Ag(221)), and the free oxygen molecules are represented
by EOAe, EA2 and E®?, respectively. That is, E%A¢ represents
the O/Ag system under investigation, which, for example, may
involve purely subsurface O or on-surface and subsurface
species. The CO adsorption energy, E,(CO), is defined
similarly.

To study the interaction between on-surface and subsurface
oxygen, we consider how the stability of on-surface O is affected
by subsurface O (and vice versa). To do this, we define a so-
called removal energy, Ei$™", which is the energy required to
remove an on-surface O atom into the vacuum. It is given as

Esmovt = FO'Re — (FOWA 4.5 x N E®)

on
where EOw/A¢ ig the total energy of the reference” system, that
is, that containing only (one or more) subsurface O species.
EXmovadl can also be thought of as the adsorption energy of an O
atom onto the substrate which contains the subsurface O atoms.
An obvious analogous equation holds for the removal energy
of a subsurface O atom E<povd
Eremoval — EO/Ag _ (EOO,,/Ag +0.5x% NOEOZ)

sub

where E9«/A¢ is the total energy of the reference system, that
is, that containing only (one or more) on-surface O species. The
adsorption and removal energies are defined such that a positive
number indicates that the adsorption is exothermic (stable) with
respect to a free O atom and a negative number indicates an
endothermic (unstable) reaction.

3. Results

3.1. Oxygen Adsorption and Formation of Subsurface
Oxygen. Our earlier calculations* show that O, molecules bind
weakly on Ag(111) with an adsorption energy of —0.16 eV and
the barrier for O, dissociation (1.03 eV) is significant. These
results agree well with previous theoretical calculations? and
Campbell’s experimental findings of a very low sticking
coefficient.® At low coverage, a dissociated oxygen atom on
Ag(111) prefers to adsorb at on-surface fcc hollow sites, and
occupation at subsurface interstitial sites is energetically unfa-
vorable because of the significant deformation induced by
subsurface oxygen.'>~!® At high coverage, the electrostatic
repulsion between adsorbed on-surface oxygen increases, and
adsorption on the surface becomes energetically less favorable.
At 1/6 ML (see Table 1 and Figure la,b), the calculated
(dissociative) adsorption energy E,4(O) on the fcc sites is —0.51
eV/O (exothermic), but E,4(O) at subsurface tetrahedral (de-
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TABLE 1: Calculated Average Adsorption Energies for Dissociative Oxygen Atoms E,4,(0O) and CO on Ag(111) as a Function

of O Coverage (ML)*

6&0{ eon Glclra Eads(o) Eads(co)

0.00 0.00 0.00 —0.31

1/6 1/6 0.00 —0.51 —0.43

1/6 0.00 1/6 0.12 —0.64

1/4 1/4 0.00 —0.42 —0.44

1/4 0.00 1/4 0.42 —0.70
9101 eon elc[ra Eads(o) E'ge“moval Egi\%l‘)"al Eads(CO)
173 1/6 1/6 —0.37 —0.85 —0.22 —0.48
12 1/4 14 —0.35 —1.12 —0.28 —0.22

@ premoval and Epvdl are the corresponding removal adsorption energies for O,y and Oyr,. The unit of energy is eV.
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Figure 1. (Color online) Top-view of oxygen adsorption on Ag(111):
on-surface oxygen (a) and subsurface tetrahedral oxygen adsorption
(b) at coverage of 1/6 ML and adsorption involved both on-surface
and subsurface tetrahedral oxygen at total coverage of 1/3 ML (c). The
favorable CO adsorption sites (triangle) are indicated. Silver and oxygen
atoms are represented by big blue and small red balls, respectively.

noted by tetra) sites is 0.12 eV/O and endothermic. At 6 = 1/4
ML, E4(O) are —0.42 eV/O (for on-surface fcc oxygen) and
0.42 eV/O (for subsurface tetra oxygen). This means that, at
1/4 ML, oxygen continues to prefer sites on the surface, although
the bond strength between oxygen and substrate decreases
slightly.

For the formation of subsurface oxygen, penetration of on-
surface oxygen into the subsurface region is necessary. Calcu-
lated barriers at @ = 1/9 ML are 0.86 and 0.18 eV for the oxygen
diffusing to the surface from the subsurface region.'® From
Figure 2a, it is clear that for the low oxygen coverages, the
formation of subsurface oxygen is not only energetically
unfavorable but also kinetically unstable. When the coverage
is higher than 1/4 ML, oxygen starts to penetrate into the
subsurface region.'®!” To simulate this, two oxygen atoms are
placed initially at the on-surface fcc and hcp hollow sites in a
(2 x 3) supercell (corresponding to a total coverage 1/3 ML),
and on-surface fcc oxygen and subsurface tetrahedral oxygen
(Figure 1c) from the penetration of on-surface hcp oxygen act
as the final states. The incorporated barrier is 0.39 eV, and that
for the reverse process is 0.60 eV. In contrast to oxygen
incorporation at the low coverage (1/9 ML), which is endo-
thermic (0.68 eV) and kinetically demanding (Figure 2a), the
incorporation process at higher coverage (1/3 ML) is exothermic
(0.21 eV) and kinetically favorable, as shown in Figure 2b. The
calculated (average) adsorption energy for the fcc+tetra con-
figurations formed is —0.37 and —0.35 eV/O when on-surface
oxygen and subsurface oxygen are placed in a (2 x 2) supercell
(corresponding to a total coverage of 0.5 ML). As noted above,
when oxygen atoms are exclusively at on-surface fcc sites and
subsurface tetra sites at 1/4 ML, the calculated adsorption
energies are —0.42 and 0.42 eV/O, respectively. The structure
formed involving both on-surface fcc and subsurface tetrahedral
oxygen resembles the O—Me—O trilayer structures, which is a
typical structure found in the late transition metal surfaces under
oxidizing conditions,!31%44746

3.2. CO and O, Adsorption. CO adsorption on Ag(111)
with and without the presence of subsurface oxygen is studied
in this section. A number of high-symmetry sites are explored,

1(a) 6= 17/9ML
0.0

Potential Energy(eV)

-0.9

R S

Figure 2. (Color online) The potential energy surfaces of oxygen
penetration into the subsurface region: (a) from on-surface fcc sites
(IS) into subsurface octahedral sites (FS) at coverage of 1/9 ML
(adopted from ref 18) and (b) from configuration of Ag(111)-(2 x 3)-
2(OgectOnep) (IS) to Ag(111)-(2 x 3)-2(OfectOperra) (FS) at total
coverage of 1/3 ML. Corresponding structures are shown schematically
in the inset. The barriers for the penetration into the subsurface region,
the reversed process, and the reaction energies with AE in eV are
indicated.

and only energetically favorable configurations are described
here. Calculated adsorption energies are listed in Table 1.
Compared to CO adsorption on the clean Ag(111)-(2 x 3)
surface, which has a binding energy of —0.31 eV (top site),
CO adsorption at oxygen precovered (1/6 ML and 1/4 ML)
Ag(111) surfaces is enhanced slightly, and calculated adsorption
energies are —0.43 and —0.44 eV, respectively. As shown in
Figure 1a, CO adsorbs preferentially at top sites with on-surface
oxygen atoms nearby not sharing any surface metal atoms. There
is no site competition between reactants, but coadsorbed O and
CO are close enough to interact through the substrates.

The effect of subsurface oxygen (1/6 ML) on CO adsorption
was studied, and the optimized configuration is indicated in
Figure 1b: CO adsorbs at the top sites, and the Ag atoms
underneath coordinates with subsurface oxygen. Corresponding
adsorption energies (Table 1) are —0.64 eV (1/6 ML) and —0.70
eV (1/4 ML). The enhanced binding of CO with respect to the
clean Ag(111) substrate comes from the Ag 4d-band upshift
(not shown here) of coordinated Ag atoms induced by subsurface
oxygen. Similar stabilization can also be seen for oxygen, which
can be recognized by calculating the so-called removal energy
of on-surface and subsurface oxygen in O —Ag(111)—Oery
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Figure 3. (Color online) The potential energy surfaces of CO oxidation
with on-surface oxygen (a) and subsurface tetrahedral oxygen (b) on
Ag(111)-(2 x 3)=2(OfectOrerra). The initial state (IS) and the TSs
identified (CO oxidation with on-surface O, for path (a) and oxygen
diffusing to the surface from the subsurface region for path (b)) are
shown schematically in the inset. Silver, carbon, and oxygen atoms
are represented by big blue, small gray, and red balls, respectively.

TABLE 2: Calculated Reaction Barriers E, (in eV) and
Important Structural Parameters (in A) at TSs for CO
Oxidation on Ag(111) -(2 x 3) Involved with both
On-Surface and Subsurface Oxygen at Total Coverage of 1/3

ML
d d d d
Eacl (C_Oon) (C_Ag) (Oon_Ag) (Osb_Ag)
TS@3) 0.16 2.15 2.08 2.13 2.10
TSGi) 091 4.32 2.31 221 2.17

trilayer structures. As listed in Table 1, calculated removal
energies are EX™Yd = —(.85 eV and EXpovd = —(.22 eVfor
the (2 x 3) surface with an overall oxygen coverage of 1/3
ML, and ES™¥ = —1.12 eV and EXpovd = —(.28 eVfor the
(2 x 2) surface (1/2 ML).

Molecular (for instance CO and O,) adsorption on Ag surface
involved with both on-surface and subsurface oxygen, Og..—
Ag(111)=O-(2 x 3) trilayer structure are also studied. The
most favorable CO adsorption site is shown in Figure lc, and
acorresponding adsorption energy of —0.48 eV is obtained,
which is similar to CO adsorption on the oxygen precovered
surface. For O,, the calculated adsorption energy is —0.10 eV,
the binding energy of which is slightly weaker than that of O,
adsorption on the clean Ag(111)-(2 x 3) surface (— 0.16 eV).

3.3. CO Oxidation. In our previous study, we found that
clean Ag binds weakly with various adsorbates, which limits
its overall reactivity.** Accordingly, activation of a silver surface
is required. On the Oz —Ag(111)—Oe, surface, the adsorption
energies for CO and O, are —0.48 and —0.10 eV, respectively.
This shows that CO adsorption on activated O —Ag(111)—Oyera
surface is preferential. For CO oxidation on this surface, the
following questions should be addressed. First, which oxygen
will react with adsorbed CO, on-surface or subsurface oxygen?
Second, once on-surface and/or subsurface oxygen is consumed,
how may of these active oxygen species will be replenished to
close the catalytic cycle?

We first studied CO reaction with on-surface Og.. The
potential energy surface is plotted in Figure 3a (TS given in
the inset), and the main structural parameters are listed in Table
2. At the TS, the OC—Oy¢., bond length is 2.15 A, and the
calculated reaction barrier is 0.16 eV. This is similar to of clean
Ag(111) which has a barrier of 0.20 eV.** This result shows
that the elementary reaction step for CO oxidation with on-
surface oxygen is facile and less affected by subsurface oxygen.
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Figure 4. (Color online) Schematic structures of the initial state (a)
and TS (b) of O, dissociation on Ag(111)-(2 x 3) with presence of
subsurface tetrahedral oxygen. Silver and oxygen atoms are represented
by big blue and red balls, respectively.

For CO oxidation with subsurface oxygen, subsurface oxygen
(Orera) has to diffuse to the surface from the subsurface region
through the close-packed Ag(111) surface. The calculated
potential energy surface is plotted in Figure 3b, and the
corresponding TS is indicated in the inset. Here, the diffused
subsurface oxygen is embedded in the surface Ag layer. The
main structural parameters of the TS are given in Table 2, and
the calculated barrier is 0.91 eV. Compared to the surface
without coadsorbed CO (0.60 eV, Figure 2b), the significant
increase of the barrier shows that the presence of coadsorbed
CO prevents the diffusion of subsurface oxygen, because both
species share common surface metal atoms as indicated in Figure
3. Because the barrier is higher than the adsorption energy of
CO (—0.48 eV), CO will desorb from the surface instead of
reacting with subsurface oxygen; that is, explicit CO oxidation
with subsurface oxygen cannot take place.

Once on-surface oxygen reacts with coadsorbed CO and the
CO, formed desorbs from the surface, free surface sites on the
Ag(111)-(2 x 3) surface in presence of subsurface Oy, are
available for O, adsorption. A number of high-symmetry sites
have been explored, and the most stable structure is shown in
Figure 4a. In this structure, every O atom in an O, molecule
binds with one surface Ag atom, which coordinates linearly with
Otetra, forming again a Ogc—Ag—Oyea-like structure. In com-
parison with O, adsorption on the clean Ag(111) surface, which
has an adsorption energy of —0.16 eV, the adsorption energy
of O, on this structure is —0.46 eV. O, adsorption is stabilized
pronouncedly in the presence of subsurface oxygen. The
adsorption energy of an O, molecule on Ag surface in the
presence of subsurface oxygen is comparable with that of CO
on the surface (—0.64 eV), which means that both molecules
may adsorb competitively on the surface.

The dissociation of adsorbed O, was studied by stretching
the O=O0 bond gradually, and the TS identified is shown in
Figure 4b. At the TS, two O atoms adsorb at the bridge sites
with an elongated bond length of 2.07 A. Compared to the bond
length of adsorbed O, at IS (1.47 A), the structure identified is
a typical late TS. The calculated barrier is 0.83 eV (Figure Sa,
solid line, TS1), which is 0.12 eV lower than that of clean
Ag(111) (Figure 5a, dash line, TS1). Similar results were
reported in ref 26. Though O, dissociation is promoted by the
presence of subsurface oxygen, the calculated barrier remains
too high compared with the adsorption energy of CO. Therefore,
the activity for CO oxidation via dissociated atomic oxygen
should be low.

In addition to CO oxidation with dissociated atomic O,
adsorbed O, may react directly with CO to form CO,. Exactly
this was found by our recent calculations on the clean Ag(111)
surface in the presence of water*? and by others on Au surfaces.*’
This was studied further in the present work, and an energetically
favorable reaction path has been identified, as shown in Figure
6a. At the initial state, CO adsorbs at the top site and the Ag
atom underneath coordinates with subsurface oxygen, whereas
O, adsorbs at the neighboring bridge-fcc-top site. The corre-
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Figure 5. Potential energy surfaces for CO oxidation via atomic oxygen
(0, — 20, CO + O — COy) (a) or molecular oxygen (b) on Ag(111)
without (dashed line) and with (solid line) the presence of subsurface
oxygen. Calculated barriers are indicated in the figure.

Figure 6. (Color online) The schematic structures (top view) of CO
oxidation with O, molecule on Ag(111)-(2 x 3) in the presence of
subsurface tetrahedral oxygen, as indicated in the potential energy
surfaces solid line in Figure 5b. Silver, carbon, and oxygen atoms are
represented by big blue, small gray, and red balls, respectively.

TABLE 3: Calculated Total Adsorption Energies E...4s and
Activation Energies E,. and Structural Parameters for CO
Oxidation via O, Molecules on Ag(111)-(2 x 3) in the
Presence of Subsurface Oxygen, as Indicated in Figure 5°

d d d d
energy (01—-02) (C—Ag) (Op—Ag) (C—01)
IS Ecoags = —0.91 1.37 1.99 2.22 3.34
TS1 E,=0.23 1.38 2.05 2.17 2.09
MS  E.pus = —1.41 1.48 2.09 2.18 1.36
TS2 E,=0.16 1.68 2.11 2.21 1.31

“The Units of Length and Energies are A and eV, respectively.

sponding removal energies for coadsorbed O, and CO are —0.40
and —0.58 eV, respectively. For the reaction between CO and
0O,, the O, molecule approaches the coadorbed CO, and after a
low barrier of 0.23 eV (TS3, Figure 6b), a metastable O,+++CO
intermediate is formed. Stretching the O—O bond of the
0,+++CO complex further to 1.68 A (other structural parameters
are presented in Table 3), the second TS (TS4, Figure 6¢) is
reached. The calculated barrier is 0.16 eV, and the low barrier
comes from the characteristic of the earlier TSs at TS4, in
comparison with the O—O bond length 1.37 A at the initial
state. The potential energy surfaces for CO oxidation via O,
molecules are plotted in Figure 5b. By calculating vibrational
frequencies of the metastable O,+++CO species, we find that
compared to the C—0O and O—O stretching in the gas phase,
there is a significant red shift by ca. 500 and 821 cm™! for O—C
stretching and O—O stretching, respectively. This may be used
as a fingerprint for verifying the existence of the intermediates
experimentally.

3.4. Discussion. Under realistic conditions (elevated tem-
peratures and oxygen partial pressures), a silver surface may
reconstruct to p(4 x 4) and form p(7 x 7) surface oxide
(trilayer) and/or bulk silver oxide.”® Present DFT calculations
show that the interaction between CO/O, on the O—Ag(111)—0

Su et al.

Figure 7. Catalytic cycle for CO oxidation on Ag surface in the
presence subsurface oxygen.

trilayer structure may be enhanced compared with clean
Ag(111), and the reactivity of silver surfaces in the presence of
subsurface oxygen increases correspondingly.

The overall potential energy surfaces obtained for O, dis-
sociation and CO oxidation with atomic oxygen are shown in
Figure 5a for clean Ag(111) (dashed line) and the O—Ag(111)—0O
surface (solid line), respectively. Although subsurface oxygen
stabilizes adsorption of O, molecules and facilitates O, dis-
sociation slightly, the barrier remains considerably higher than
that for the adsorption energy of reactants. Thus, the probability
that CO oxidation occurs via direct O, dissociation on
O—Ag(111)—0 is not very high.

An energetically favorable reaction pathway for CO oxidation
without involving O, dissociation explicitly was identified, and
the calculated potential energy surface is plotted in Figure 5b
(solid line). By forming a four-center O,+++CO intermediate,
the TSs are reached without significant stretching of the O,
molecules. The calculated overall reaction barrier is 0.23 eV
on O—Ag(111)—0, which is lower than the adsorption energy
of O, (—0.40 eV) and CO (—0.58 eV). This means that on
activated O—Ag(111)—O surfaces, not only the adsorption of
reactants are enhanced, but also the elementary activity with
respect to the CO oxidation is increased. After this, a CO,
molecule is formed and desorbs from the surface with an atomic
O remaining on the surface. This atomic O can be removed
quickly by combining with CO by a very low barrier (0.16 eV,
as shown above). The catalytic cycle is closed and shown
schematically in Figure 7.

We note that the calculated O, adsorption energy on a clean
Ag(111)is —0.16 eV, which is close to the CO oxidation barrier
(0.15 eV) via a similar four-center O,+++CO intermediate.*?
Nevertheless, the weak adsorption of various reactants on
Ag(111) limits its overall reactivity. The stabilization induced
by subsurface oxygen found here is crucial. In this context, we
note that the enhanced reactivity via the stabilization of the
reactants, intermediates, and TSs may be realized by the addition
of some water and the formation of the hydrogen bonds in the
systems. This was recently found by us** on Ag and Au surfaces
and by others on Pt*® and Au.®

Our calculations indicate that the Ag surface in the presence
of subsurface oxygen is a good catalyst for CO oxidation at
low temperatures, which is consistent with recent experimental
studies.*® Although the formation of subsurface oxygen requires
severe conditions, for example 1 bar and 773 K for bulk silver,?®
it can be formed under modest conditions by decreasing the
dimension of the silver catalysts, as found recently by our
experiments.*> Reactivity studies on nanosized silver catalysts
show that CO may be completely converted to CO, at RT. For
silver particles (>3 nm) pretreated by atomic oxygen, Kim and
co-workers observed two distinct oxygen species from XPS
measurements and attributed the treated silver particles to Ag,O
oxide.% Interestingly, they find that only one of the oxygen
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TABLE 4: Calculated Adsorption Energies E,4s for CO, O,,
and Atomic Oxygen as well as Reaction Barrier for O,
Dissociation and CO Oxidation with Atomic Oxygen at the
Step Edge of Ag(221). The Adsorption Sites and
Corresponding TSs are indicated in Figure 8°

Adsorption Energy

(€[0) —0.49 (—0.31)

0, —0.41 (—0.16)

O —0.80 (—0.51)
Activation Energy

0, — 20 0.42 (0.95)

CO + O — CO, 0.24 (0.20)

“The unit of energies is eV, and the numbers given in bracket
correspond the results of clean Ag(111).

Figure 8. (Color online) Schematic structures for CO (a) and O, (b)
adsorption, and the TSs for O, dissociation (c) and CO oxidation with
atomic oxygen (d) on Ag (221) surface. Silver, carbon, and oxygen
atoms are represented by big blue, small gray, and red balls,
respectively.

species is active for CO oxidation at RT, whereas the other one
is not reactive. This is in line with the present calculations.

4. CO Oxidation on Stepped Ag Surfaces

Small metal nanoparticles are composed of various facets with
different orientations, which may facilitate the formation of
subsurface oxygen and surface oxide.>® On the other hand, there
is a considerable number of coordinate unsaturated sites (CUS),
such as edges and kinks, which are known to be highly active,
such as for O, dissociation.”! As a result, dissociated atomic
oxygen at the step edge may either diffuse into the subsurface
region to form subsurface oxygen, act as nucleation site for the
oxidation of metal particles, or react with CO to form CO,.
Because the local geometry at the step edge and on the various
exposed facets is very different from the close-packed surfaces
discussed above, the possible reaction pathways for nanocata-
lysts may be very different. Further, the catalytic activity and
selectivity could be modified significantly, as demonstrated by
recent DFT calculations.>>33

To study the edge effect on silver nanoparticles for CO
oxidation, the Ag(221) surface was used as a model system in
the present work. CO and O, adsorption energies at the step
edge were calculated, and the results are listed in Table 4.
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Calculated CO adsorption at the top site of the step edge (Figure
8a) is —0.49 eV, which is slightly stronger than that for the
clean Ag(111) surface (—0.31 eV), as expected. On the other
hand, for O, adsorption, the optimized configuration is shown
in Figure 8b, and the corresponding adsorption energy is —0.41
eV, which is much stronger than that for O, adsorption (—0.16
eV) on the clean Ag(111) surface. The high reactivity for CO
and O, adsorption at the CUS along the step edge can be seen.
Enhanced reactivity of the step edge can be seen more clearly
from the calculated barrier for O, dissociation, 0.42 eV, which
is significantly lower than that of clean surface (0.95 eV). The
low barrier for O, dissociation comes not only from the
electronic effect of the CUS along the step edge but also from
the geometric effect for the favorable TSs. As indicated in Figure
8c, the elongated O, bond of the TS coordinates with five silver
atoms (ensemble), and there is no site competition between the
dissociating oxygen atoms, which exists however on the perfect
Ag(111) surface. Dissociated atomic oxygen reacts with ad-
sorbed CO easily. The TS is plotted schematically in Figure
8d, and the corresponding barrier is 0.24 eV. The enhanced
reactivity of the step edge of the silver particles for CO oxidation
is thus clearly illustrated.

5. Conclusions

In summary, DFT calculations were used to study CO
oxidation on Ag(111) in the presence of subsurface oxygen and
stepped Ag(221) surfaces, which are relevant for the silver
nanoparticles under elevated temperatures and pressures. Al-
though subsurface oxygen is unstable at low coverage, our
calculations show that, at high coverage, formation of subsurface
oxygen is not only energetically favorable but also kinetically
likely. An increase in reactivity has been found due to the
presence of subsurface oxygen and coordinate unsaturated sites
along the step edge, which stabilize CO and O, adsorption.
Moreover, a favorable oxidation path between CO and O,
molecules via a four-center intermediate is identified on the
silver surface in the presence of subsurface oxygen. On Ag(221),
both electronic and geometric effects of the step edge facilitate
significantly O, dissociation, which leads accordingly to a high
activity of CO oxidation. The present work indicates that the
presence of subsurface oxygen and step edges enhances ef-
ficiently the oxidation reactivity of silver catalysts. Because the
ability to form subsurface oxygen and the amount of step edges
increase with decreasing the silver particle size, the present work
indicates that nanosized silver particles may be used as efficient
oxidation catalysts at low temperature such as CO oxidation
and methanol partial and oxidative methane coupling.*?
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