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Abstract: Periodic, self-consistent, density functional theory calculations have been performed to
demonstrate that subsurface oxygen (Os)) dramatically increases the reactivity of the Ag(111) surface.
Osh) greatly facilitates the dissociation of H,, O,, and NO and enhances the binding of H, C, N, O, O, CO,
NO, C;H,, and C;H,4 on the Ag(111) surface. This effect originates from an Opy-induced upshift of the
d-band center of the Ag surface and becomes more pronounced at higher Opy coverage. Our findings
point to the important role that near-surface impurities, such as Ogp), can play in determining the
thermochemistry and kinetics of elementary steps catalyzed by transition metal surfaces.

Introduction

Itis well-known that small atoms can diffuse into the lattices
of transition metals in appreciable quantities, affecting bulk
properties and causing various macroscopic phenomena, suc
as corrosion and embrittlemehtWhen these impurities reside
in interstices near the surface, they may directly affect surface

properties. The importance of such “subsurface” species has

long been speculated upon. A recent STM study of the Pd-
(111) surface by Rose et al. suggests that subsurface carbon
and oxygen are probably commémnd studies of H in Ni-
(111) point to the unique reactivity of subsurface H for the
hydrogenation of surface species.

Subsurface oxygen (&) is an entirely different species from
oxygen adsorbed on the surface 0 It has been invoked to
explain both modified adsorption behaviors of H and®G@d
kinetic oscillation phenomena observed in reaction systems,
including CO and Hoxidation on Pt and Rh surfacégThere
is even indirect evidence thatd) facilitates Q dissociatior?
Furthermore, @, may be viewed as the initial stage in the
corrosion and the growth of metal oxides.

The rich interaction between oxygen andAg makes Ag
one of the best partial oxidation catalysts for industrial reactions,
including the oxidative coupling of methaf®partial dehydro-
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genation of methanol to formaldehyéfeand epoxidation of
ethylenet* Consequently, the oxygersilver system has been
studied extensively, experimentally as well as theoreticatist

The oxidative coupling of methane can achieve high selectivity
to G, products over CO and CGafter an induction period. A
Lewis basic oxygen species intercalated in the near-surface
region is proposed to be the catalytically active ceftetor
ethylene epoxidation, it has been suggested thaf @odifies

the electronic properties of thegpatoms in its vicinity so that
The latter become more vulnerable to attack by the ethylene C
C bond!®>22 More recently, it has been proposed that a
substoichiometric surface oxide is the catalytically active
phasé’?! and that the epoxidation reaction proceeds via an
oxametallacycle intermediat€23-26 The interaction between
Oshy and transition metals, particularly Ag, is therefore tech-
nologically important and needs to be elucidated. In this
contribution, we demonstrate, with a series of density functional
theory (DFT) calculations, the dramatic effect of#pon the
reactivity of the Ag(111) surface, in particular, howsgp
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modifies both the adsorption of some common adsorbates,adsorbate in the gas phase. Wheg,@ present, the reference slab
including H, C, N, O, @, CO, NO, GH,, and GH,4, and the includes the @patoms. The binding energies are verified to converge

dissociation of H, O,, and NO. within 0.05 eV with respect to thk-point sampling density and slab
thickness. Unless otherwise specified, zero point energies are not
Methods included.

The spin-polarized DFT calculations are performed using DA- The minimum-energy dissociation pathways are determined using
CAPOZ25The exchange-correlation energy and potential are described 1€ climbing-image nudged elastic band (CNEB) method. This method
by the generalized gradient approximation (GGA-PWR# Although is designed to rigorously locate the highest saddle point on the

other GGA exchange-correlation functionals have been developed sinceTinimum-energy pe_lth for a aen element_a_ry reaction tephe
the advent of PW9#73L3there has been no evidence, so far, that any vibrational frequencies of the initial and transition states are calculated

one of them always gives more accurate results for surface adsorptionIn the harmonic approximation. The second derivatives of the energy

systems than the re%t3* To be consistent with our previous reports, are determined using_a finite-diﬁ_erence approx im_ation an_d useq to
only self-consistently calculated PW91 results will be reported below. construct the mass-weighted Hessian matrix, which is then diagonalized
The energies of the PW91-optimized structures are also recalculated!© 9'V@ th_e. vibrational frequenciédhe frequencies are U.SEd to verify
using the RPBEOS8 functionin agreement with previous findings® the transition states and to calculate the pre-exponential factp_r of the
RPBE98 yields increased binding energies (less negative, correspondind ate constant for each gleme_n.tary reaction é%ﬁagh of th_e tra.nsmon

to weaker binding) for all the adsorbates studied. Because atomic andSt_ates rep(_)rted below |s_ver|f|ed_ to possess a smglg V|brat|or_1al mode
molecular species are affected to different extents, the RPBE98 with negative curvature in the direction of the reaction coordinate.

activation energies also differ from their PW91 counterparts, with the _ Before closing this section, we note that an O/Ag surface phase
former generally being larger by0.2 eV. diagram has been constructed based on our results for the energetics

of 0, 1/4, 1/2, and 1 ML of adsorbed O on Ag(1¥1Pur phase diagram
the Kohn-Sham (KS) valence states are expanded in a plane-wave is qualitatively c_onsiste_nt_ with analogous diagrams publish_ed by other
basis set cut off at 340 eV. The electron density is determined by 2uthorsi?'butsince this is not directly connected to the main message
iterative diagonalization of the KS Hamiltonian, Fermi population of of the present contribution, it is not included here for the sake of brevity.
the KS stateskgT = 0.1 eV), and Pulay mixing of the resultant
electronic density? Total energies are then extrapolatedksd = 0
eV .38 For reference, the calculated PW91 equilibrium lattice constant  The binding energies of H, C, N, O,,0CO, NO, GH, and
of Ag is 4.14 A, in good agreement with the experimentally measured CzH,4 on Ag(111) are calculated when 0, 1/4, 1/2, and 1 ML of
4.09 A** The calculated gas-phase, kD,, and NO bond energies are o\ are present. In real catalytic systems, coverages of 1/2 and
—4.57, —5.64, and—6.73 eV, and the corresp_ondmg experimental 1 ML of Owy may be unrealistically high, although the
values are-4.48, ~5.12, and6.51 eV, respectivelf: possibility cannot be excluded that densg,®Phases exist on
The Ag surface is represented by a four-layer Ag(111) slab S
a local scale, that is, in small &) patches or under a more

constructed from a (X 2) unit cell repeated in all three directions. idizi hemical . In the f K of del
Successive slabs in tlzalirection are separated by a vacuum equivalent oxidizing chemical environment. In the framework of our mode

to six Ag(111) layers, or-14 A. The top two layers of the slab are ~ SyStem studies, we choosg these §pgcitgg)©overages only
relaxed. We calculated 1/4 and 1 monolayer (ML) qf,@n a five- to demonstrate the trends in the binding energy of adsorbates
layer slab with the top three layers relaxed, and we found the vertical as a function of Q) coverage. The fg, atoms are initially
displacement of the second-layer Ag atoms from their bulk positions located in the octahedral sites, which, as our calculations
to be negligible and the difference in binding energy compared to the indicate, are energetically the most favorable sites for pusig O
corresponding four-layer results to be within the accuracy of our phases at all coverages up to 1 ML. Table 1 shows the calculated
calculations (see below) in both cases. Thus, the four-layer slab modelpinging energies as well as the experimentally determined
is sufficient. Adsorption is allowed on the relaxed side of the slab only, binding energies on Ag(111), where availatfe?’ Given the
with the electrostatic potential adjusted accordirfglythe surface uncertainties in the experir‘ﬁental estimates. the calculated
Brillouin zone is sampled at 18 special Chadiohenk-points. Lo . S

binding energies on clean Ag(111) are generally in agreement

The binding energy of an adsorbed atom or molecule is calculated ~". 8 )
aSEb = Eioral — Esiap— Eagsorbate(g that is, with respect to the adsorbate with them. Atomic and molecular adsorption tends to be more

in the gas phase and the metal slab at infinite separéfi@g, Esan exothermic (binding energy decreases or becomes more nega-
and Eagsomare(g)@re, respectively, the total energies of the relaxed tive) in the presence of @) than on the clean surface. This
adsorbatesubstrate system, the relaxed clean Ag slab, and the agrees with the finding by Kokalj et al. that) enhances
ethylene adsorption on Ag(003Li et al. have demonstrated

The ionic cores are described by ultrasoft pseudopotestialsd

Results and Discussion
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Table 1. Calculated Binding Energy (B. E.,

Surface Adsorbates on Ag(111) at a Coverage of 1/4 ML as a Function of Osp) Coverage?

in eV), Magnetic Moment (um, in ug), and Geometry of the Most Stable State of the Various

Oshy coverage

0ML 1/4 ML 1/2 ML 1ML
adsorbate B.E. U geometry B.E. U geometry B.E. U geometry B.E. U geometry Exp.

H —2.08 0 f —-235 0 1] —-2.70 O 7] —-3.00 0 h
C -329 0 f —-389 0 133 -384 0 B —4.27 0.1 h
N —2.00 O f —284 0 r] —2.68 0 1] —279 01 h
(6] —-328 0 f —-382 0 I —-4.07 O 7] =397 01 h -3.5
O, —0.17 1.0 die/Ot-b-Ot —0.21 0.8 die/Ot-f5-Ob —0.36 0.2 dig/Ot-f5-Ob —1.12 0.7 die/Ot-b-OtPc —0.4
Cco -0.29 0 perp/t -0.55 0 perptiP -097 0 perp/g° -1.10 0 perp/h >—0.28
NO —0.42 0.7 perplf -034 0 perp/i -0.69 0 perp/A —1.21 0.1 perp/h —0.26
CH; —0.04 0 flaty¥(C,C)t —041 0  cisydCh-h3-Cb —1.08 0  cisy¥Cb-hu-Ct —1.14 0.4 cisy%Cb-h-Cb
CHs —011 0 flatm¥(C,Ct —021 0 flaty(C,C)® —0.49 0  flaty¥/(C,C)> —2.82 0  flaty(C,C)pc >-0.48

@ um is the magnetic moment on the adsorbate only. Experimental estimates of binding energies (Exp.) on clean Ag(111) (i.e., @Marefiaxiuded
where available. Abbreviations: t, b, h,d, andf, see Figure 1; perp- perpendicular; flat= molecule lies in a plane parallel to the surface;=i$l and
surface on opposite sides of the-C bond. The meaning of the notations: al®t-b-Ot= di-o O, state with each O bound to the top of a Ag atom; perp/t
= perpendicularly adsorbed to the top of a Ag atepH{C,C)t = two C atoms bound to the top of the same Ag atg#Ch-h-Cb= two C atoms bound
to two adjacent bridge sites over an hcp sit&ky hook effect, in which the surface adsorbate pulls the contacting Ag atom up from the surface by0.5
A. cSubstantial surface reconstructiérzrom ref 44.2 From ref 45. Value is initial heat of adsorptidErom ref 46.9 From ref 47. Value is based on
desorption barrier and become®.5 eV with 0.1 ML of coadsorbed surface oxygen.

Table 2. Calculated Activation Energies (Ea), Pre-exponential Factors (T'), and Forward Rate Constants; (k=T x exp(—EiZFF/kgT)) for the
Dissociation of Hz, Oz, and NO on Ag(111) with 0 and 1/2 ML of Oy at 300 and 550 K

Ogsp) E, ZPE-corrected r'(s™) k(s™) r'(s™) k(s™)
reaction coverage (eV) EZPE (eV) (T= 1300 K) (T=1300K) (T=1550K) (T=1550K)
H, — 2H 0 1.11 1.04 6.7 10° 2.03x 107° 1.02x 108 2.85x 1072
2 1/2 0.74 0.72 1.3% 10° 1.17x 104 3.72x 107 9.92x 10°
0,— 20 0 1.11 1.06 7.4% 1012 1.01x 10°° 4,17 x 10%2 7.49% 107
2 1/2 0.90 0.86 2.7 108 1.07x 10t 1.96x 1013 2.72x 10°
NO—N + O 0 3.12 3.08 1.13¢ 1012 2.23x 10740 4.74x 101 2.97x 107V
1/2 2.38 2.33 2.16¢ 10%2 1.43x 10727 9.41x 101 4.02x 10710

=

L)

P{P:sb])= ﬁ ML

@

Figure 1. Top-view schematics identifying adsorption sites on the Ag-
(111) surface at different ) coveragesf{(Osty) as indicated in each panel;

0 ML refers to a surface without&). The abbreviations are:=t top; b=
bridge; h= hcp; f= fcc. Large open circles represent Ag atoms, and small
gray circles represent O atoms. The surface unit cells are outlined.

Figure 2. Side (upper panel) and top (lower panel) views of: (a)40O

with 1/2 ML of O(sb); (b) Og(a) with 1 ML of O(sb); (C) CgH4(a) with 1 ML

of Owny Large silver spheres represent Ag atoms; medium red spheres

represent O atoms; medium gray spheres represent C atoms; and small white
spheres represent H atoms. The dashed lines in (c) outline a structure similar

induced surface reconstruction and movement @B)@toms' to thep(4 x 4)—Ag1.60 phase. Coverage of surface adsorbates is 1/4 ML.

For instance, in the presence of 1/4 and 1/2 ML ¢, 2CO

pulls the contacting Ag atom up by 1.1 and 0.6 A from the together with the @y atoms, relax into a structure (see Figure
surface, respectively (see Figure 2a), an example of the “sky 2¢) akin to the previously reportgi§4 x 4)—Ag1.¢0 phasél 0
hook” effect#84°In the case of @with 1 ML of O, the top Even more significant is the finding thatdg enhances the
Ag layer buckles to form an oxide-like -©Ag—O trilayer kinetics of H, O,, and NO dissociation on Ag(111). Figure 3
structure (see Figure 2b). When coadsorbed with 1 ML@fyO  summarizes the results for,HO,, and NO dissociation at 0
the GH, molecule pulls a Ag atom completely out of the and 1/2 ML of Qspy Complete minimum-energy paths have been

surface, and the remaining Ag atoms of the surface layer, calculated, but for brevity, only the binding energy levels of
the initial, transition, and final states are shown. Sample reaction

kinetic parameters are tabulated in Table 2. It can be seen that

(48) Horch, S.; Lorensen, H. T.; Helveg, S.; Leegsgaard, E.; Stensgaard, |.;
Jacobsen, K. W.; Ngrskov, J. K.; BesenbacheN&ure1999 398 134.

(49) Greeley, J,; Gokhale A A, Kreuser J.; Dumesic, J. A.; Topsge, H.; Topsge, (50) Bocquet M.-L.; Sautet, P.; Cerda, J.; Carlisle, C. I.;
N. Y. Mavrlkakls M. J. Catal 2003 213 63. A.J. Am. Chem 80(2003 125 3119

Webb, M. J.; King,
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2 Table 3. Average Center (eg) and Spread (o) of the d-Band of the
Ag(111) Surface at Different Oy Coverages: e¢ Values in Bold
are used in Figure 4

oy’ ; oML 1/4 ML 1/2 ML 1ML

(1.25A) slabwith Qs ea(eV) —4.10 —4.01 —357 —3.25
o 3.13 3.59 371 4.03

"

(076 A) ..~
N slab with c(@v) —-410 -387 -371 —3.60

[
Ogpyremoved o 3.13 2.98 2.80 2.60
\ the dissociation products, namely, atomic H, O, and N, are

stabilized by @)to a much greater extent than the respective
molecular initial states. The transition states, being located
between the initial and final states, are stabilized to an
-2 intermediate extent. The different&rinduced stabilization
1S TS FS experienced by the transition and molecular states results in
(a) markedly reduced reaction barriers (by 0.37, 0.21, and 0.73 eV
for Hy, O,, and NO dissociation, respectively), which translates
2 into substantially higher reaction rates (see Table 2). The
BT AT [ increase in the reaction rates, with respect to those on the clean
- Ag surface, is on the order of 4QT = 300 K) and 18 (T =
550 K; actual catalytic partial oxidation temperafdydor H,
and Q dissociation but is much greater for NO dissociation
because the rate for NO dissociation is vanishingly small on
clean Ag(111). These findings are in accord with the general
trend established previously for the dissociation of diatomic
molecules on transition metal surfaces, which suggests that
surfaces that bind dissociation products more strongly are
characterized by smaller dissociation barrf@r§* We note here
that G, dissociation has been recently identified as one of the
rate-controlling steps in £, epoxidation on Ag? Our finding
that subsurface oxygen facilitates the kinetics gfi@sociation
suggests that &, might play an important role in ethylene
epoxidation catalysis.

To see how Qp) modifies the properties of the Ag(111)
L‘.«“ surface, we calculate the surface d-band cemtgrds proposed
/“- in the HammerNgrskov model, to characterize surface reactiv-
ity at different coverages of @235 The DACAPO code
calculates the density of states as projected onto each atom. As
a first-order approximation, the of the average surface d-band
is equal to the average of tlkg of each surface Ag atom. For
heterogeneous surfaces (i.efcoverage other than 0 and 1
ML), we have calculated the arithmetic average of ¢kie of
the Ag atoms in the surface unit cell, as has been done
before>*57 More specifically, we have calculated the average
(1.23 A) eq and the average spread) Of the surface d-band at different
S TS Osh) coverages, for both the Ag(111) surface loaded witO

and the same surface, frozen, with thg,@emoved. The results
(C) are listed in Table 3. The binding energies of H, C, N, O, CO,
Figure 3. Summary of (a) H, (b) Oz and (c) NO dissociation on Ag- ~ NO, and GH; are plotted against the calculategin Figure 4.

(111). The binding energies and snapshots of the initial (IS), transition (TS), O, and GH,4 cause substantial surface reconstruction in the

and final (FS) states of each reaction are shown. Dashed (continuous) Iinespresence of 1 ML of @y and are not included.
give the energy profiles on Ag(111) with 0 ML (1/2 ML) of &) The zero
of the energy axis corresponds to the total energy of the adsorbate molecule(Sl) Berty, J. M.Appl. Ind. Catal.1983 1, 207.

in the gas phase and the corresponding Ag slab at infinite separation. Large(s2) Ngrskov, J. K.; Bligaard, T.; Logadottir, A.; Bahn, S.; Hansen, L. B.;
silver spheres represent Ag atoms; medium red spheres represent O atoms; ~ Bollinger, M.; Bengaard, H.; Hammer, B.; Sljivancanin, Z.; Mavrikakis,
medium blue spheres represent N atoms; and small black spheres represent _ M.; Xu, Y.; Dahl, S.; Jacobsen, C. J. H. Catal. 2002 209, 275.

H atoms. The molecular initial states ob@and NQa, are those listed in 3) AMrifhéﬁi(:r?séﬁélﬁgjé 21-2';'?327'63”9’ C.J.; Alavi, A.; King, D. A, Hu, P.
Table 1. For H dissociation, the initial states are essentially gas-phase H (54) Xu Y. Ruban. A. V.- Mavrikakis. MJ. Am. Chem. S02004 126, 4717.

The energy of each final state is calculated as the sum of the atomic products(s5) CRC Handbook of Chemistry and Physi@th ed.; CRC Press: Boca

Binding energy (eV)

Binding energy (eV)

N W A

(1'.21'A)
0 b

(1.96 A)

Binding energy (eV)

at 1/4 ML (therefore only one product atom is shown) with respect to the Raton, FL, 2004.
gas-phase molecule (e.&N + Ex° — bond energy(N@)) gives the energy (56) Hammer, B.; Narskov, J. K. Theory of Adsorption and Surface Reactions.
of the final state of NO dissociation). The numbers below the snapshots N Chemisorption and Reaetty on Supported Clusters and Thin Films

indicate the length of the intramolecular bond. For reference, the gas-phase E%%?ggﬁt thgﬂi{,e?ﬁgrfgr']%ns" 1(3§7E352'é35l_<luwer Academic. Publishers:

Hz, Oz, and NO bond lengths are 0.74, 1.21, and 1.15 A (experinféntal  (57) Pallassana, V.; Neurock, M.; Hansen, L. B.; Ngrskov, dl.kChem. Phys.
and 0.75, 1.24, and 1.18 A (calculated), respectively. 200Q 112 5435.
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Figure 4. The binding energies of H, C, N, O, CO, NO, angHz plotted
against the d-band centeg) of the clean Ag(111) surface (without surface
adsorbates) at different) coverage. Theq values here are those shown
in bold in Table 3.

The data in Table 3 show that, as a result of the interplay
among various geometric (§rinduced strain, etc.) and elec-
tronic (coupling to Q) etc.) effects, a consistent upshift of
the ¢4 is observed. The binding energies correlate fairly well
with theeq; as the coverage of §)increases, they shifts toward b
the Fermi level, and the absolute magnitude of the binding ( )
energies of the surface adsorbates tends to increase. This trengigure Z.(bl)flﬁctron dAen(Slitill;izferencﬂ(n) contours for 1/4 rl]\/lL of (a)

I i 1 i 1 2(a) AN ) ON AN = Ntotal — Nslab — Nadsorbate WNEI€Ntotal,
e e et A 1 At it e S e

(111) slab with 0 ML (left panels) or 1/2 ML (right panels) ofs§ and

surfaces caused by We note that the effect of §,on the the adsorbate in the gas phase, respectively. The values of the contours are
binding energies of the atomic species is most pronounced atas labeled and have the units of number of electrons peA#0Blue
low Oy coverage. At higher @y coverage, the effect of @) [t 0 o 09 e o CIomE e eepondl o the nfia states
seems to reach saturation at least for some of the adsorbatess o, and NO dissociation shown in Figure 3. The gray circles indicate the
considered. For instance, the binding energies of N and O showpositions of the atoms as labeled. The smaller circle labeled Ag in the right

little further change when the @) coverage increases beyond image of panel (a) indicates that the contour plane does not cut through the
¢ center of that Ag atom.

1/4 ML.
We note in passing that charge transfer from Ag te,ill intramolecular bond. This observation is in agreement with the
also tend to generate negatively chargeg)Qvhich would, in Hammer-Ngrskov model, which suggests that an upshittgd

turn, enhance the dipole generated by alkali atoms adsorbed oneads to stronger interaction of the d-band with a high-lying

the Ag surface, thereby further enhancing the promoting effect antibonding adsorbate state, thus causing the adsorbate to adsorb
that alkali elements have been shown to have on ethylenemore strongly?

epoxidation on Ag?

To gain further insight, we compare the electronic structure
of O, and NO on Ag(111) at 0 and 1/2 ML of &) in Figure Subsurface oxygen (&) increases the reactivity of the Ag-
5.80 Upon adsorption, there are donation and back-donation of (111) surface by inducing an upshift of the surface d-band center.
charge density between the adsorbate and the surface, as welk stabilizes the adsorption of H, C, N, O,0CO, NO, GHy,
as internal charge density redistribution (first image of each and GH4 on Ag(111) and enhances the kinetics of B,, and
panel). These processes are manifested in the depletion of theNO dissociation substantially. These findings suggest thaj O
bonding orbitals, namely, the of O, and the &, and probably may play an important role in industrial reactions involving Ag
the 4 and Ir,** of NO, and in the enhancement of the and other transition metal catalysts. Furthermore, one could
antibondingz* orbital of O, and 2r* orbital of NO. In the envision using @) and perhaps other near-surface impurities
presence of ), the respective loss and gain are intensified to systematically alter or fine-tune the catalytic properties of
(second image of each panel), indicating enhanced couplingtransition metal surfaces.
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