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The activation energies and rate constants characterizing dissociative oxygen adsorption on transition and
noble metal surfaces are calculated using a previously developed analytical formalism. Three approaches are
considered: classical and quantum nonadiabatic approaches as well as a classical adiabatic approach. The
results show a nonlinear relationship between the activation energies and the corresponding reaction energies.
The effects due to the quantum description of the@bond and due to the Condon approximation are
discussed. Calculated activation energies are compared with published experimental data.

1. Introduction describing structure reorganization of metal atoms in the
neighborhood of the adsorption site. The developed formalism
does not require calculation of the whole potential surface and
allows one to use the results of quantum chemical calculations
for the initial and final states or the corresponding experimental
reaction is necessary to describe the whole multistep catalytic data to calculate the transition state. Unlike published numerical
reaction. Predicting these reaction characteristics from data abou{:alcglatlons, the theory gives an analytical descrlptlop of the
oxygen molecule interaction with the metal will enable us to relat|onsh|_p between th_e activation energy and reaction ther-
reduce (or even avoid) experimental work or laborious com- mo_dyn_amlcs characterlstlc_:s and, specifically, between the
putations and will allow us to optimize the catalyst. The 2ctivationenergy and the differenat = AE; — AE;) of heats
correlations between the activation enerBy énd reaction heat ~ ©f the atomically AEq) and the molecularly AE;) adsorbed
(AE) for gas-phase reactions or betwégrand the free energies states. The theory also predicts a nonlinear dependence between

Oxygen dissociation on metal surfaces is an important step
in catalytic oxidation reactions, and it frequently determines the
direction and kinetics of the overall rate. Knowledge of the rate
constant and/or the height of the activation barrier of this

of homogeneous catalytic reactions (BrenstEsans-Polanyi- Ea and AE. Although the quantitative difference between the
Semenov relationshipl9 represent a dependency of similar nonlinear and linear description & vs AE relationship may
kind and are considered to be a fundamental principle. be small, particularly over a narrow domain of energies, it is of

Recent works reported the relation between a calculated fundamental imp(_)rtance since the nonlinear dependence supports
apparent activation energg{apparenty= E, — |AE|) and the ~ the used theoretical models.
corresponding heaiE; (see Figure 5 of appendix C for A confirmation of the theoretical predictions have been
notations) of N, CO, NO, or Q adsorption on flat and stepped obtained in ref 22 where the correlation betwdgnand AE
surfaced~14 On the basis of extensive, numerical (DFT) studies was studied for the dissociative oxygen adsorption on Rh(111),
the authors found a linear relationship,(@pparenty= 2.07 + Ag(111), Ag(110), and Au(111) surfaces using approach (iii)
0.9AE; for close packed surfaces abkg(apparenty= 1.34 + only. An extension of the study to other metals (Ni, Cu, Pd, Pt,
0.87AE; for stepped surfaces, energies in eV). The linear Ir, and Ru), that span a wider rangefE, and using the three
character of these relations was attributed to the fact that, for aapproaches {iiii) for each case, will render credibility to the
given metal surface geometry, the transition state structures areheoretical conclusions, and this is the main goal of the present
essentially independent of the molecule and metal considered,work. We apply all these approaches to calculate the activation
and therefore, such linear relations were claimed to have aenergies and the rate constants for the dissociative oxygen
universal character. The free energy relations in heterogeneousadsorption on the transition metals listed above (the (111) metal
catalysis and electrocatalysis were also considered in refs 15 surfaces of Ni, Cu, Pd, Pt, Ir, Ru, Rh, Ag, and Au as well as
17. Ag(110)).

Recently, a simple analytical formalism was sugge'Stéd The other goal of the work is to compare the various models
for describing the kinetics of dissociative adsorption of X i grder to estimate the role of quantum effects due to the€0

molecules.fTrr:e r?te gogqstaréts n the;ﬁe works wr?re C?lcﬁlate%ond and the role of the Condon approximation on the activation
in terms of the classical and quanturt approaches of the 55 cteristics of the oxygen dissociative adsorption.

nonadiabatic method or by using the adiabatic potential energy The remainder of the paper is organized as follows. In section

surface (PESY 22 (we refer to these as approaches i, ii, and X ; ;
( y bp 2, the reaction model and the main theoretical approaches are

iii.) In contrast to laborious ab initio numerical calculations using ‘bed. Th din the th h dth
high-dimensional PESs, three reaction coordinates are employe escribed. eparamgters use |_nt e_t ree approaches an the
esults of the calculations are given in section 3. Section 4

to construct the model PESs used in these three approachesr. . . .
the distance of X, molecular axis from a metal surface, the concludes the paper. Four appendices are supplied with the

distancey between the X atoms, and the effective coorditate  PaPer- Appendix A summarizes selected published data on
oxygen molecular and atomic adsorption on transition metals.

*To whom correspondence should be addressed. E-mail: COmputation details are presented in appendix B. The theoretical
ernst_german@yahoo.com. details are described in appendices C and D.
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x describes the vibrations of the metal atoms (Figure 6 of appendix
initial state final state C). Thus, providing these components with the subscripts “"
and “", we write these PESs in the following fotfn

Uixy{rd) = w{rd) + uly) + vi(x 1)
%i i ke— Uy {rd) = w{rd) + uly) + v(x) + AE (1)

whereAE is the difference of the energy values at the minima
OTO of the potential energy surfaces of the final and initial states;
the minimum energy of the initial state is taken to be zero.
0y - Nonadiabatic Approaches.Using the nonadiabatic approach
for the calculation of the dissociative adsorption kinetics is,
*of . e . .
strictly speaking, justified if only the resonance interaction
¥ between a molecule and a metal surface at the reaction distances,
V(X,9), is lower thankgT. However, the nonadiabatic approach
® O 00O & 00 O 00 proves to be useful even if the adiabaticity criterion is not
fulfilled: the adiabatic case results may be obtained from the
® 6000 060090 090 nonadiabatic one by correcting the activation energy using the
Figure 1. Equilibrium positions of adsorbed oxygen molecule and approximate expression (see ref 25). The classical limit calcula-
oxygen atoms on a metal surface. tions of the activation energies of dissociative oxygen adsorption
_ (Table 1) performed in this work demonstrate that the adiabatic
2. Model and Theoretical Approaches values are really close to the “corrected” nonadiabatic energies
(see section 3.2). In terms of nonadiabatic approaches, the rate
constant \) is calculated as the average probability of the
transition per unit time from the initial PEB; (molecularly
adsorbed state) to the final PEE (atomically adsorbed state).
The calculations are performed using both a classical ap-
proximation and quantum mechanical description.
(i) Classical Approximation.® The most appropriate method
O, + metal— O,*/metal (0 for this purpose is thEermi golden rule The calculations lead
to the following equation for the rate constant of the nonadia-
where an “asterisk” denotes that the-O bond is somewhat  batic reaction
stretched compared to that in a free molecule, due to a partial

A generally accepted vie\?4 of the mechanism of dissocia-
tive adsorption of an @molecule on transition metals is that
of a two-step process. The first step is the nonactivated formation
of a stable, molecularly adsorbed complex (precursor) between
O, and a metal surface

charge transfer from the metal to the molecule. The second step @MV
is the activated transition of the precursor to the atomic adsorbed g = ——e 2)
(final) state when the ©0 bond is disrupted, and the O atoms hZ,Z A/ IT(%,9.,0)|

approach closer to the metal surface o )
where the activation energy is equal to

O,*/metal— (O---O)/metal ()} . oA
he=vi(® + U@ + 0%, =
In this paper we consider only reaction II, for which the rate AE + 2:(R) + u(D) — () — u(9) + E12
constant of formation of the dissociated state {O)/metal from (%) + u(§) + [ u®) + u@) — v ~ u@) d
the precursor @/metal is calculated. This reaction is the rate- 4E, 3
determining step of the above mechanism since step | is believed (3)

to be nonactivated. In eqs 2 and 3V is the effective electron matrix element
The detailed descriptions of the approaches used here haveyhich is of the ordeksT or smaller,Z, andz, are the partition
been published elsewhet&?® a short review follows. The ©  functions, ands, is the reorganization enerd§o is the effective
molecule is assumed to be in a position parallel to the metal coordinate which may be introduced (in harmonic approxima-
(Figure 1). The initialJ;, and final,Ur, PESs are introduced to  tion) instead of the set of the coordinatgs} for describing
describe step Il. Each of these potential surfaces represents thghe movement of the system over the coordingte} along
total energy of the whole system that depends on a set ofthe potential surfaced; and Us. The “cap” overx, y, and 6
coordinateqr} describing the vibrations of the metal nuclei, denotes that these coordinates are taken at the saddle point that
on the distancex between the center of mass of @nd the is determined by a set of three equations. The quahtityay
metal surface, and on the distangdetween oxygen atoms. be represented as a combination of the first and the second
The symbol Qis used here as a general notation of the reactant derivatives of the functionv and u over x andy, of the 0
in the undissociated and dissociated state. The simplest formcoordinate, and of the reorganization enetgy.
of Ui and U is that obtained under the assumption that the  (ii) Quantum Mechanical Description.23 In contrast to the
vibration modes along the coordinatesy, and{ry} are not previous approach, in this model the motion along the
coupled. In this case, both potential surfaces may be written asy-coordinate (i.e., @0 vibration) is considered as having
a sum of three separate component§) which characterizes  quantum character. It physically means that the transition along
the interaction between nd a metal surface in the direction this coordinate proceeds by tunneling from the ground and some
perpendicular to the surface (Figure 5 and eqs C1 and C2 ofexcited C-0O vibration levelsy in the initial potential ui(y), of
appendix C)u(y) which is the vibration potential for &XFigure the molecularly adsorbed oxygen into the a continuous mani-
6 and eqs C4 and C6 of appendix C), am{{rc}) which fold of energies in the final decaying potentiat(y), under
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TABLE 1: Comparison of the Classical Nonadiabatic and Adiabatic Activation Energies and Rate Constants

nonadiabatic model adiabatic model
metal AE Ena E2d.approx log kagg?PProx Edtrue E2dapparent lodkogs true

1 Ni(111) —88 0.85 —-0.24 13.13 0 —17 12.65

2 Cu(111) —-73 3.60 2.54 10.49 2.56 —10.4 10.62

3 Rh(111) —61 3.50 2.23 10.78 2.25 —21.8 11.09
41r(111) —-57.1 5.13 3.71 9.59 3.73 —-4.17 10.0

5 Ru(111) —46.4 9.80 8.29 6.23 8.29 —25.3 6.66

6 Pd(111) —45.5 7.52 6.10 7.91 6.11 —2.4 8.24

7 Pt(111) —-39.5 11.92 10.51 4.63 10.51 2.0 5.00
8 Ag(110) -32.0 13.78 12.60 3.23 12.69 3.0 3.33
9 Ag(111) -19.5 20.77 19.26 ~1.86 19.26 8.7 —-1.37
10 Au(111) 12 44.0 42.59 —19.14 42.60 37.6 —18.40

a AE = AE; — AE;, energies in kcal/mol, rate constants ir;E.24aPProx= Ena — 2V, "qH(1 — 0))Y'2 25whereV," = Voo &*)(1 — e 0V0o)) (see
appendix C).

conditions of the FranckCondon principle. The equation for ~ wherez is the partition sum of the initial (molecularly adsorbed)
the rate constant obtained in the quantum model (for details, state andZ’ is that of the transition state.
see ref 23) has the form

3. Discussion

V(S na
W= S Ae “exg— E() = Alexy — Baau ) ~ 3.1. Parameters of EquationsTo locate the transition state
= kg/T u ke/T in terms of the above approaches, one needs to specify the
structures of the initial (molecularly adsorbed) and the final
where (dissociated) equilibrium states of an oxygen molecule on a

metal surface (111). This implies knowledge of characteristics
of both the interaction of the oxygen molecule or atoms with
the metal surface and the mutual interaction of oxygen atoms
(see appendix A, Tables-B). These adsorption characteristics
Here o(v) is the quantity characterizing tunneling from the are indeed parameters of the equations determining the saddle
quantum energy levety” of the initial potentialui(y), € is the point coordinate$®-23 Thebond-hole-togstructure is considered
zero-point vibration level, an& denotes the value of this  as theinitial state for the systems described here, whileatioen-
coordinate at the transition state for an arbitrary mutual hole structure is considered for thiissociatedoxygen atoms;
disposition of the curves; and ur; an “asterisk” atk means  these are energetically more favorable than other molecular and
that the value ok* corresponds to the optimum disposition of  atomic adsorbed structures (see for example ref 27). The
these curves. The effective activation enefgly, [ and the  required parameters may be extracted from experimental data,

E)(%) =€ — ¢ + v,(%) + 0°E,

preexponentialq," are then determined numerically ddn obtained from quantum chemical calculations, or estimated from
W/d(1/T) (the preexponentid,,"includes the tunneling factor).  a similarity between the considered system and a system the
(iii) Adiabatic Approach, Classical Approximation.19-22 parameters of which are known.

According to this approach, the coordinates of the saddle point These parameters may be formally divided in three groups.

on the adiabatic PES determine the activation barrier of the one group characterizes mainly the adsorbed oxygen molecule
dissociative adsorption in the classical limit. The adiabatic PES 4t g |arge distance of a metal surface. The corresponding

U is constructed from the diabatic PESsandUr of the above  harameters are the-@D bond lengthy, the O-O vibration

model (i) by a usual way frequencywy, and the dissociation enerdgy; of the O-O
interaction potential and the preexponential facBt (see

U=1/2U, + U; — ((U; — U)* + A 5) appendix C). These quantities may be approximately assumed

constants for all considered metals. fageandw values may

The saddle point coordinate®, §, and @, are calculated by ~ be set equal to 1.4 A and 850 chrespectively, according to

solving a set of equations similar to that for the model (i) in the data in Tables-38. The values oB; = 80 kcal/mol and3®

which, however, the dependence of the half-splittiigon = 0.3B (appendix C) are considered to be constant for all the

coordinates andy is taken into account (without use of a non- metals.

Condon approximation). These coordinates when substituted into  The second group of parameters characterizes the interaction

the equation fotJ lead to the activation energy equal to of the oxygen molecule and atoms with a metal surface. Some
of these are weakly dependent on the metal nature while others
ad A V(X,9) depend strongly on the metal nature (Table8R Fortunately,
Eoa= Uk 9.0) - ——== the adsorption heights and frequencies (shown in the tables)
v —0)o V&, 9) are usually well predicted by quantum chemical methods
. ~ 22 XY, (periodic DFT and cluster models); similar values are obtained
u(®) + u@) + 0°F — m either from experimental data or from results of various

computation methods. We chose to use, in this work, the
o Parameter values obtained by the cluster model (appendix A,
Table 9). However, the quantum chemical methods are not very
successful in describing the adsorption he®E and AE; as
ke 5 can bee seen from Tables-8. Therefore, it seems reasonable
= £ eXp[—E:dC/kBT_I = A exp[—E:dC/kBT_I (7) to use the experimental data (when available) to calculate the
h Z ' ' transition states in terms of our theory. Experimental values for

In the adiabatic model, the rate constant is calculated by th
standard equation

W =

Ci
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TABLE 2: Comparison of the Nonadiabatic Classical and 50 4
Quantum Activation Energies and Rate Constant3
classical model guantum model 404 0
metal AE E"  logkugst Ed®  logkpegst

1Ni(111)  —88 0.85 12.50 30

2Cu(11y) -73 3.60 9.71 2.15 10.17 E’

3 Rh(111) —61 3.50 9.84 1.72 10.10 =

41r(111) —57 5.13 8.56 2.99 9.72 £ 20+ 7,

5Ru(111l) —46.4  9.80 5.11 7.13 6.61 B /

6Pd(111) —455 7.52 6.88  4.97 8.37 5 /

7Pt(111) —39.5 11.92 3.60 9.04 5.17 10+ 4/%//8

8 Ag(110) —32  13.78 2.36  10.89 3.77 2 ) /g

9Ag(111) -—195 2077 —297 179 -1.22 S

10 Au(111l) 12 440 —20.18 07 3

2 Energies in kcal/mol. 40 s e0 40 @20 o =

AZ, kecalfmol

the adsorption heat&E;, were used for all systems considered Figure 2. Activation energies calculated by the nonadiabatic and adia-

xE f batic approaches vs the reaction h&&t quadratic, circles, and triangle
here, but the measurekE; values were available only for the symbols refer to models i, ii, and iii, respectively. The numeration of

Pt(111)/Q and Pd(111)/@systems (as well as for the noble  ints corresponds to the metals listed in Tables 1 and 2.
metals to which we refer in this work or as well as for the noble
metals considered in ref 22). Therefore calculated valuédof
were used for the remaining systems. Since the adsorption heats,
AE;, change within a rather small range, as compared to that
for AE;, an inaccuracy in these calculations will not be of 404 E%4-3272773+0.76307AE +0.00451 A 10
important significance. | R?=0.0044

The last parameter we consider here is the metal reorganiza-
tion energyE;, characterizing the local change of a metal
structure near the adsorption center (appendix D). The value of
E; was estimated from the six atoms {Mluster model using
the changes of the cluster bond lengths M under formation
of the dissociated oxygen state (Figure 4a) from the molecularly
adsorbed state (Figure 4b). Estimated values of the reorganiza-
tion energies are equal to about 4 kcal/mol for the Pd(111), 21

50

30

20 o

E% kcalfmol

kcal/mol for the Ni(111), and 25 kcal/mol for the Cu(111). We 0

were not able to accurately estimate the changes of thé/M e

bond for the Ir(111), Pt(111), and Ru(111) clusters; therefore, -100 -80 -60 -40 -20 0 20

the reorganization energy for these metals was intuitively taken AE, kealimol

as that for palladium and for noble met&tsAlthough this Figure 3. Quadratic approximation of the correlation between the true

choice does not have a rigorous quantitative basis, it should adiabatic activation energies and the reaction ha&sBars denote
provide a plausible initial step for studying the correlation values of experimental intervals of the activation energies; the metals
relations. One should note that according to our estimations, are numbered as in Tables 1 or 2.
inaccuracy of; in the range 0f:30% will affect the activation
energy for these systems by only eg0.6 kcal/mol.

The adsorption characteristics for nickel, copper, platinum,
palladium, iridium, and ruthenium used in our calculations are
listed in Table 9 along with the corresponding data for other

the calculation of the preexponential factor of the rate constant
in terms of a simpler procedure rather than that using the
adiabatic approach. Comparison of the classical (i) and the
metals taken from ref 22; experimental values of adsorption quantum (i) nonadiabatic models (Taple 2) shows'thalt account-
heats are denoted by bola characters ing for quantum effects Iead; to ad(_eclln_e of the activation barrier
) ] of a rate constant, and this decline is smaller for the more
3.2. ResultsTables 1 and 2 present the results of calculations eygthermic reactions (Cu(111)/xthan for the system charac-
using approaches—iii described above. In Table 1, the tgrized by a lower negative\E (Ag(111)/Q). Thus, the
activation energies and the corresponding rate constants calcutunne"ng along they-coordinate is more important for the
lated by the adiabatic approach (iii) are compared with those second system than that for the last one.
calculated by the nonadiabatic approach (i). The values of the  The activation energies calculated by approachéis(iTables
L are greater than those Bf?“ by a value corresponding to 1 and 2) show a nonlinear dependence on the reaction energies
the splitting of the diabatic terms in the transition state (Figure AE (Figure 2). This is even more evident in Figure 3 where the
5). The interesting result is that the approximate activation dependence of the adiabatic activation energig$on AE in
energiesE24aPPoX estimated from the nonadiabatic energies a wide range of the reaction heats is well approximated by a
using the approximate equation of ref EgdapProx= Ena — quadratic function (correlation coefficief®? = 0.994). The
2Vi"(6(1 — )2 (whereV" is given by eq C11), coincide  change inAE is mainly due to the change of the binding energy
exactly with the adiabatic energies. It implies that the coordinates for the dissociated staté\E;, since the adsorption heats of the
of the transition state%, §, and6 calculated in both of these  molecularly adsorbed stat&F;, change in a rather narrow range
models are very close to each other. This fact justifies the useof values (betweer-7 kcal/mol for Au(111) and-16.5 kcal/
of both the nonadiabatic models for studying the oxygen mol for Ni(111)), AE; = —33.6 kcal/mol for Ru(111) is
adsorption kinetics (see text after eqsafd 1'), which allows exceptional). This leads also to the quadratic relation between
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TABLE 3: Experimental Adsorption Data and Results of Theoretical Calculations Modeling the “Hole” Oxygen Adsorption on

a Pd(111) Surface

Xoi Yoi w;i* Y AE; Xof we* AE¢ Ea refs and comments
—7.6t0—9.1 —53;-55 experiment TPE: 38
850 485 7t07.5 experiment EEES 41
20 periodic DFP; y = Y/, mL*?
1.75 1.39 390 890 —23.1 1.19 490 —43 25.6 periodic DFT, y = ¥/, mL?743
1.67 450 -8.1 1.138 498 —42.3 DFT; cluster model; this wotk

2 Distances«;, Yoi andxo in angstroms (see Figure 1), frequencies imgrheats of the moleculang) and dissociative (atomic)\Er) adsorption

in kcal/mol, y is the surface coverageThis value ofE, characterizes the

reaction path involving formation oftthe-fcc—bondprecursor® The

data correspond to the reaction path involving formatiotopf-fcc—bondprecursord Average value of the frequenciesP@ and Pg—O. ¢ The
calculated values of the parameters refer to the triplet electronic state of the palladium comlexekp were calculated on the model complex
PdO; other characteristics in the row were calculated on the model compks.Pd

the apparent activation energiEgYapparenty= E24 — |AE;|
and the energieAE; (R2 = 0.965). This result is different from
that of refs 710 to which we referred in the Introduction where

may be simply obtained from eq 3, which includes the reaction
heatAE as a parameter. The reaction heat, being negative for
all metals except Au(111), is sensitively dependent on oxygen

the linear relationship between the apparent activation energiescoverage. For example, XE varies linearly with coverage),
andAE; is supposed to have a universal character. The nonlinearthat is, AE = AEy + Cy, then eq 3 predicts the following
character of the above relationships may be induced particularly approximate coverage dependence of the activation energy

from eq 3: The activation energy depends expligitlymlﬁ2
and implicitly on the saddle point coordinafesy, andé, which

in turn depend implicitly omAE also (see also appendix C, eqs
C1, C2, C4, and C6).

We compare now th&ue activation energies calculated via
approaches-iii with the corresponding experimental data. To
the best of our knowledge the experimental values were
measured for oxygen dissociative adsorption on palladium
(number 6 in Tables 1 and 2), platinum (7), and on other noble
metals (8 to 10). The experimental activation energy for
palladium was reported to be 7 to 7.5 kcal/mol (Table 3), which
is quite close to our estimations, 5 to 7.5 kcal/mol (Tables 1
and 2). The value obtained by the periodic DFT method leads
to 20 to 26 kcal/mol. The experimental value for Pt(111) is in
the range of 2 to 8 kcal/mol (Table 5) vs the calculated 9 to 12
kcal/mol (Tables 1 and 2). The value obtained by periodic DFT
method is equal to 19.8 kcal/mol.

Comparison of the true activation energies of the dissociative

ER40) = Eqef0) + kyy + kot 8)
where the coefficientk; andk; are expressed by the terms of
eq 3. For example, according to ref 58 of Table 5, the coefficient
C for the oxygen adsorption on Pt(111) may be estimated to be
equal to 32 (kcal/mol)/mL for the range of coveragesdfom

0 to 0.25 mL. The use of this value Gfleads to the values of

ki andk, equal to 16 and 64 (kcal/mol)/mL, respectively (for
this coverage interval).

4. Conclusions

A nonlinear relationship between the activation energies and
the reaction heats of oxygen dissociative adsorption on transition
and noble metals was derived by the analytical formalism for
the dissociative adsorption of2Xnolecules on metal surfaces,
which is corroborated by numerical calculations for oxygen
molecule and by published experimental data. It was shown that

oxygen adsorption on noble metals calculated via approach iii {he nonadiabatic and adiabatic approaches lead to similar
with the corresponding experimental data has been done in refgyryctures of the corresponding transition states. Accounting for
22. Taking into account the calculations performed in this work the quantum character of the-@ vibration yields lower

by methods i and ii (Tables 1 and 2), we estimate the following activation barriers than the classical approach, and the effect is
ranges for the activation energies: 11 to 14 kcal/mol for Ag- greater, as the reaction is less exothermic. The coverage

(110), 18 to 21 kcal/mol for Ag(111), and 42.5 to 44 kcal/mol dependence of the calculated activation energy was described.
for Au(111) (the corresponding experimental values cited in ref

22 are 8 to 16+ 7 kcal/mol for Ag(110), 8 to 18 kcal/mol for
Ag(111), and 42 kcal/mol for Au(11l), respectively). The
pictorial comparison of the theory with the available experi-
mental data (for Pd, Pt, and noble metals) is also shown in
Figure 3 where the intervals of experimental activation energies
are presented.

Appendix

A. Summary of Physical Characteristics of Oxygen Mo-
lecular and Atomic Adsorption. In this appendix, we compile
(in Tables 3-9) the physical characteristics of oxygen adsorption
on metal surfaces using published data as well as data calculated

) o . . . in the present work using the simplesMluster model (Figure
The predictedapparentactivation barriers for dissociation 4. tor details of the calculations. see appendix B).

lie below the vacuum level for all studied transition metals B. Computation Details. DFT as implemented in Gaussi-

except for platinum (Table 1). Our estimation of the apparent 5,948 has been used for all calculations. We employed the
E, for Pt(111), based on parameters values of the of Table 9, g3) yp functional, which uses a combination of Becke-3 @33)
leads to a value (2 kcal/mol) which is above the vacuum level exchange functional and Le&/ang—Parr (LYP) correlation
and that is in contrast to the negative experimental value of f,4ctional® The basis set used for the Pd atom is LANL set
about —1.5 kcal/mol. This disagreement can be considered fq the effective core potentials of doubaype (LANL2DZ) 3!
mainly due to the slightly overestimated adsorption height  \hich provides good physical characteristics for Pd clugéefs.
calculated by periodic DFT in ref 43; using thg = 1.75 A For oxygen, the basis set aug-cc-p\V@cluding polarization
value (instead ofs = 1.78 A in Table 9) leads to the negative and diffuse functions was used to take into account a possible
apparent activation energy of ca0.2 kcal/mol. charge transfer to the adsorbate molecule used.

Before concluding, we will discuss the effect of the oxygen  The calculations on the cluster model depend on the spin state
coverage on the dissociation activation barrier. That dependenceof the cluster employed. Therefore, the energetic calculations
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TABLE 4: Experimental Adsorption Data and Results of Theoretical Calculations Modeling the “Hole” Oxygen Adsorption on
a Ni(111) Surfacé

Xoi Yoi wf* AE; Xof (o AE¢ Ea refs and comments
1.16+ 0.08 NEXAFS*
1.11+0.06 LEED®
—105 calorimetrg®
1.08+ 0.02 NEXAFS’
1.21+0.09 LEED®
1.14 -97.8 periodic DFTy = /3 mL*°
periodic DFP743¢

1.16 —-107 x=YsmL

1.62 1.47 —38 1.12 —97.6 5.1 =Y mL

1.689 478 —-16.5 1.200 566 —88 DFT; cluster model; this work

aSee footnote a to Table 1 Evaluated using the distaneéNi—Ni) = 2.49 and(O—Ni) = 1.85 A for 3-fold coordinated adsorption siteThe
data refer to the reaction path involving formation of top—fcc—bondprecursord Average value of the frequenciesND and Np—O. © Xgi, @,
andAE; were calculated on the b, molecular complex (Figure 4ajes andwi* were calculated on NO atomic complex (Figure 4c), both in the
septet electronic state, arxkE; was calculated on NO; in the quintet electronic state.

TABLE 5: Experimental Adsorption Data and Results of Theoretical Calculations Modeling the “Hole” Oxygen Adsorption on
a Pt(111) Surfacé

Xoi Yoi i o AE; Xof WX AE¢ Ea refs and comments
AES,EELS,UPS,TDS,LEEDS!
390 870 —8.8 490 —47.8 ~8 %~ mL
-38 %= YsmL
—-8.4 —48 ~2 TDS, LEED? y ~ 0 mL
380 875 480 EELS, LEED, TS
1.18 LEED®
-73 calorimetryP$ y = 0 mL
-50 %~ 0.6mL
1.324+ 0.05 near-edge X-rayf
AES, LEED, UPS, HREELS, TPD
466 —51 x=0mL
-43 % =Y,mL
1.374+ 0.05 NEXAFS*
scattering of molecular beaffis
—50.9 -1.5 low coverage
—41 near saturation
1.37 X-ray photoemission specffa
1.43
380 855 475 HREELS, TDP
1.78 1.43 340 690 —15.6 1.23 470 —38 19.8 periodic DF77:43¢
510 -32 DFT; cluster model; fixed PtP£3
1.240 484 DFT,; cluster model; £t
1.237 DFT:; cluster model; this watk

2 See footnote a to Table % Apparent activation energy.For thetop—fcc—bond precursor state! Quintet electronic state.

TABLE 6: Experimental Adsorption Data and Results of Theoretical Calculations Modeling the “Hole” Oxygen Adsorption on
a Cu(111) Surfaceé

Xoi Yoi wi* Y AE; Xof wf* AE; Ea refs and comments
330 850 380 HREELS
1.1 SEXAFSE: fixed Cu—Cu
0.24+0.2 relaxed Cu-Cu
2—4° LEED-AES”
403 EELS®
—86.2 microcalorimetr§?
—81.2 DFT, cluster modé&l
1.35 —81.6 Cluster modét
1.5% 1.48 729 —-12.7 1.13 482 —74 5 Periodic DFTy = ¥, mL"
1.23 DFT; cluster model; two layer$
1.901 229 13 1.261 461 —77.7 DFT; cluster model; this wotk

2 See footnote a to Table % For thebond-hole—bondprecursor state’. Apparent activation energy .o, o, and AE; were calculated on the
CusO, molecular complex (Figure 4a), anxE; was calculated on GQ, dissociated complex (Figure 4b), both in singlet electronic stateind
w¢ were calculated on GO atomic complex in triplet electronic state (Figure 4c).

were performed for a number of the multiplicities of thes M The heats of the molecular and atomic adsorptidg, and
clusters and the Moxygen complexes. The results presented AE;, are calculated as the differenédsn = Ejy — Ewo(Me/
in Tables 3-9 correspond to the multiplicities of the lower O,), whereE; andE; are the total energies of the precursor and
electronic state (see footnotes to Tables). the dissociated state aii, is the energy of the systemdlD,



Oxygen Adsorption on Metal Surfaces J. Phys. Chem. A, Vol. 109, No. 35, 2008963

TABLE 7: Experimental Adsorption Data and Results of Theoretical Calculations Modeling the “Hole” Oxygen Adsorption on
an Ir(111) Surfacet

refs and
Xoi Yoi wi* Y AE; Xof wf AE;s Ea comments
740 550 EELZ
805 EELS®
—65+ 3 LEED, Auger;y ~ 078
1.75 1.48 —26 1.31 504 —65.7 1.4 periodic DFT;
x = Y mL ;fixed Ir—Ir77

1.715 450 —-7.9 1.244 630 —76.2 DFT; cluster

model; this work

2 See footnote a in Table 2xq, w, and AE; were calculated on thegD, molecular complex (Figure 4a), ankEs was calculated on 4©;
dissociated complex (Figure 4b), both in triplet electronic stafeand w¢* were calculated on ¢© atomic complex in triplet electronic state

(Figure 4c).

TABLE 8: Experimental Adsorption Data and Results of Theoretical Calculations Modeling the “Hole” Oxygen Adsorption on
a Ru(111) Surfaceé

Xoi Yoi o Y AE; Xof off AE¢ refs and comments
—80 LEED,AES?®
—5t0—22 —107 TPD9b
1.758 496 —33.6 1.278 612 —105 DFT,; this work; cluster model

2 See ref a to Table P.Polycrystalline;;, *, andAE; were calculated on theglD, molecular complex (Figure 4a), akE; was calculated
on Irs0; dissociated complex (Figure 4b), both in quintet electronic sigtend w were calculated on ¢© atomic complex in triplet electronic
state (Figure 4c).

TABLE 9: Parameters Used to Calculate the Transition Configuration$
1Ni(111) 2Cu(11l) 3Rh(111) 4Ir(111) 5Ru(111) 6Pd(111) 7Pt(111) 8Ag(110) 9Ag(11l) 10 Au(111)

Xoi 1.689 1.901 1.696 1.715 1.578 1.67 1.78 0.97 1.67 1.78
i 476 229 409 450 496 450 380 250 450 380
AE; —-17 —13 —24 —7.9 —33.6 —8.5 —8.5 —9.7 —10.6 -5

Xof 1.20 1.26 1.191 1.244 1.278 1.138 1.18 0.104 1.138 1.18
wr* 566 461 572 630 612 498 480 317 498 480
AE; —105 —86 —85 —65 —80 —54 —48 —41.7 —30.1 7

a Distancesw;, Yoi, andxor in angstroms, frequencies in ctheats of the moleculaAg) and dissociativeAEr) adsorption in kcal/mol; experimental
adsorption heats are denoted by bold characters.

Figure 4. Structure of the metal/oxygen complexes used for the calculation of the corresponding adsorption characteristics: (a) molecular adsorption,
(b) dissociative adsorption, and (c) adsorption of a single oxygen atom. ANMMbonds are taken to be equal to each othgris the distance of

an oxygen from a surfaceyi is the distance between O atoms in the molecular adsorbed statg;; éthe distance of an oxygen atom from a

surface in the final (dissociated) state.

at a large distance (£320 A) that practically corresponds to  where x is the distance between the center of mass of the

the independent components; lfind Q. dioxygen and the surface and
C. Interaction Potentials and the Effective Resonance
Integral. The interactions of oxygen mol_ecule and atoms with ﬁi(f) = wi(f)x /M/ZDi(f) (C3)
the “holes” of the metal surface (111) (which are the components
of_eq 1) are approximated by the following Morse functitns? In eq C3,M is approximately the mass of the dioxygen, and
(Figure 5) wi*andw* are the vibration frequencies of the oxygen molecule
and oxygen atoms relative to the metal surface.
v(x) = D1 — e Pe)2 (C1) The potential energy of the oxygen molecule in the precursor

i 2 state is represented by the Morse function of the interatomic
u(¥) = D1 — ] (C2) distancey (Figure 6)
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Figure 5. Morse potential energy curves along tkeoordinate that illustrate Omolecularly adsorbed and dissociative stakgsandxo are the
initial and the final equilibrium distances of,@n a surfaceAE is the reaction heat\E; and AE; are the corresponding adsorption heats, Bnd
andD; are the dissociation parameters of the corresponding Morse curves.

Energy
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Figure 6. Morse/exponential potentials along tlgeoordinate describing the molecular adsorbed and dissociated ®ateshe dissociation
parameter of the potential cureg andAj is the energy of transition along the coordingte

u(y) = B[1 — e *0 )2 (C4)
where
o; = o \Jul2B, (C5)

In eq C5,u is the reduced mass of the-@ vibration andw;¥

is the corresponding frequency. The repulsive interaction

Uf(Y) — Bfee*ZOLf(y*yol) (C6)
with the parameter8® and a;. The dissociation energies of
the Morse potentials;i(x) and v:(x), depend on the adsorption
heatsAE; and AE; by eqs C7 and C8

_ diab
D, = |AE| + EAbza a (C7)

Dy = D(O,) + |AE| (c8)

between the dissociated oxygen atoms is described according

to refs 20 and 21 by the exponential function (Figure 6)

where D(Oy) is the dissociation energy anAo2420 is the
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Figure 7. Potential energy curves along the metal coordimate

adiabatic electron affinity of the oxygen molecule. Following
ref 21, we take the dissociation energy for the poteniigl),
B; = 80 kcal/mol, and the dissociation energy for the potential
ui(y), B¢ = 0.38i.

The potential energiesvi({re}) and wi({r}) for metal
atom vibrations are usually written in harmonic approxima-
tion (Figure 7) since metal atoms perform small vibrations in

J. Phys. Chem. A, Vol. 109, No. 35, 200065

value might be extracted from the spectrum of the frequency
dependence of the complex dielectric function of the solid as
discussed in more detail in ref 19. Following this reference, we
have taken this frequency to be equakidkgT/h = 210 cnrl.
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