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Molecular Precursors in the Dissociative Adsorption of0, on Pt(111)
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Ab initio local-spin-density calculations for the adsorption of @n Pt(111) are presented. We
identify two distinct, but energetically almost degenerate chemisorbed precursors. A superoxolike
paramagnetic precursor is formed at the bridge site, with the molecule parallel to the surface. A second
peroxolike nonmagnetic precursor is formed in the threefold hollow, with the atom slightly canted in
a top-hollow-bridge geometry. The nature of the barrier for dissociation into atoms adsorbed in the
hollows is explored. [S0031-9007(97)04669-3]

PACS numbers: 82.65.My, 34.50.Dy, 73.20.At

Trapping into a physisorbed state, chemisorption irhas been postulated on the basis of the NEXAFS data
molecular form and dissociation are considered to be thfll]. EELS studies [5,8] have also revealed the existence
fundamental steps in gas-surface interactions [1]. Howef two different O-O stretching frequencies, and the pos-
ever, despite the experimental evidence for the existencgble coexistence of two different chemisorbed molecular
of physisorbed (van der Waals bonded) and chemisorbespecies is also supported by different core-level spectro-
molecular precursors to dissociation there are still mangcopies [7]. The two different chemisorbed states have
open questions concerning the geometric, electronic, angeen interpreted as due to adsorption at steps or due to
magnetic properties of molecules in the precursor stateswo different adsorption sites. A common conclusion of
In principle, the dissociative adsorption of a diatomicall these studies is that dissociation of @n Pt(111) is a
molecule on a rigid surface can be described in terms afhermally activated process that occurgat- 150 K via
a six-dimensional potential-energy surface (PES). Precui molecular precursor (or molecular precursors) and that
sor states can be identified in terms of local minima oratomic oxygen is adsorbed in the threefold hollows.
the PES. Because of the recent progresshinitio total- Our investigations have been performed in two steps:
energy calculations using density-functional techniques, & the first we explore in detail the potential-energy sur-
determination of a six-dimensional PES from first prin-face of the @ molecule in contact with the Pt(111) sur-
ciples is now within reach. However, so far such cal-face, and we identify two metastable minima representing
culations have been performed only for the most simpléwo distinct molecular precursor states. In the second step
cases such as,Hon Pd(100) [2] or Rh(100) [3] where we analyze in detail the electronic and magnetic proper-
dissociation occurs in a direct process via activated antles of the precursor states.
nonactivated pathways. The intention of the present work The calculations have been performed using a spin-
is to perform anab initio density-functional study of the polarized version of the Viennab initio simulation pro-
formation of chemisorbed molecular precursors. gramvAspP[13,14]. vAspP performs an iterative solution of

The system selected for our study is/@t(111), both  the generalized Kohn-Sham equations of local-spin den-
because of the importance of Pt as a catalyst in oxisity (LSD) theory via an unconstrained minimization of
dation reactions and because the different adsorptiothe norm of the residual vector to each eigenstate and
phases have been thoroughly investigated using variousptimized routines for charge- and spin-density mixing.
spectroscopic technigues. Photoemission spectroscopy Bkchange and correlation are described by the functional
valence states [4,5] and core levels [6,7], electron enproposed by Perdew and Zunger [15], adding nonlocal
ergy loss spectroscopy (EELS) [5,8], thermal desorptiortorrections in the form of the generalized-gradient ap-
spectroscopy (TDS) [4,8,9], and near-edge x-ray absorgroximation (GGA) of Perdewet al.[16]. The calcu-
tion spectroscopy (NEXAFS) [10—12] have distinguishedlations are performed in a plane-wave basis, using fully
a physisorbed state and molecular as well as atominonlocal Vanderbilt-type ultrasoft pseudopotentials to de-
chemisorbed phases. While there is general agreemestribe the electron-ion interaction [17]. The Pt(111) sub-
that during the chemisorption process charge transfer frorstrate is modeled by a four-layer slab with a rectangular
the substrate to the molecularr, orbital of the adsor- V3 X 2 unit cell [leading to ac(4 X 2) structure], sepa-
bate leads to a profound modification of the molecularated by a 14 A thick vacuum layer. Tests with an
bond, there is disagreement on the precise nature of theght-layer slab have shown that even for the final ad-
chemisorbed molecular state: While the EELS resultsorption configuration in the fcc hollow (where the ad-
have first been interpreted in terms of a nonmagnetic peisorbate sinks deepest into the substrate), the adsorption
oxolike G}~ phase, a paramagnetic superoxolike Sate  energy changes only by 23 meV. Oxygen is adsorbed on
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both sides of the slab, at one molecule per cell the atomisociative adsorption of Qis a direct, strongly activated
coverage is® = 0.5. Brillouin-zone integrations have process with barriers varying betweei.3 and~1.5 eV.
been performed on a grid & X 4 X 1 k points, using The adsorption energy is largest in the fcc hollows; (=

a Methfessel-Paxton smearing [18] af = 0.2 eV. All —1.65 eV/molecule) and considerably smaller in the hcp
calculations have been performed at the equilibrium lathollows (E,s = —0.99 eV/molecule).
tice constant ofz = 3.99 A (experimentala = 3.92 A). Along channels 1, 2, 6,'26' we observe various local

Most calculations have been performed at a fixed subminima that can be identified with molecular precur-
strate geometry, but for the molecular precursors a fulsors. In channel 1 we find a very deep PE minimum of
relaxation of the adsorbatsubstrate complex has been E,q = —0.72 eV/molecule at a distance af = 1.92 A,
allowed. corresponding to a bond length stretchedite= 1.39 A.

The potential-energy surface was explored by calculat€omparison of channel 1 with the neighboring channels
ing the potential energy as a function of the distapce 2, 2 (shifted along the axis) and 10, 8, 9 (corresponding
from the surface and the bond lengthof the G, mole- to helicopter rotations over the bridge position) demon-
cule along various reaction channels. Figure 1 showstrates that translation as well as rotation lead to a rapid
the surface cell and defines a shorthand notation for spéacrease of the PE, so that this configuration corresponds
cial points in the surface cell (t—on top; b—bridge; fcc, to a molecule chemisorbed parallel to the surface in a
hcp—threefold hollows, nt—*“near top”) and for the re- t-b-t position. Other local minima are identified in
action channels covered in our study. Channels 1 to 5hannels 6 and'gb-fcc(hcp)-t]. The energies are0.18
together with the channels © 4 located around the hcp to —0.27 eV/molecule for a position of the molecule
instead of the fcc hollow explore the variation of the po-parallel to the surface, at a height of= 1.84 A. For
tential energy (PE) as a function of the coordinateg  configurations 6 and '6the PE is not stationary with
in the surface cell. The dependence of the PE on theespect to cartwheel rotations. A free minimization of
angle ¢ for “helicopter” rotations parallel to the surface the PE starting from these configurations leads to the two
is tested in channels 5 and 7 for rotations around thessentially equivalent molecular precursor states described
top sites, in channels 2 and 6' @nd 6) around the fcc in Fig. 3: an Q molecule stretched td = 1.43(1.42) A
(hcp) hollows, and in channels 1, 8, 9, 10 for rotationsis adsorbed close to the fcc (hcp) hollow, in a position
about the bridge sites. Because of symmetry in all theseriented from top to bridge and slightly canted with
fourteen reaction channels except channels'@hé& PE respect to the surface plane. The adsorption energy is
is stationary with respect to the angte for “cartwheel” E,qg = —0.68(—0.58) eV/molecule, compared to the
rotations. Close to the local minimum of the PE we configuration parallel to the surface the molecule sinks
have relaxed all six degrees of freedom of ther@ole- somewhat deeper into the hollow, = 1.78(1.81) A.
cule. Figure 2 displays the variation of the PE at theExperimentally, the adsorption energy in the precursors
bottom for all fourteen channels as a function of the re-
action coordinate measuring the distance from the start-
ing point along the path of minimum PE, beginning at
a distance of 4 A from the surface (at this point we set
s = z = 4 A, s decreases when we approach the surface).
Along channels 3 to 5,'3to 4, 7, 8, and 10 the dis-
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FIG. 2. Variation of the potential energy along the bottom
of the fourteen reaction channels defined in Fig. 1 and in the
FIG. 1. Surface cell and geometry of the reaction channelsext. The reaction coordinatemeasures the distance from the
explored in our study, together with a shorthand notation forstarting point 4 A above the surface plane along the deepest
special points. Cf. text. points in each channel (cf. text).
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Molecular Precursorstates of O, on Pt(111) this picture: The relaxation leads to a slight increase of
(all lengths in Angstroem) the adsorption energies (by 130 meV for the t-b-t, and

1.43 by 80 meV for the t-fcc-b precursor), but does not affect
i T their relative stability, bond length, or adsorption height.

The t-b-t precursor drifts 0.04 A away from the b position

1,78 10ldeg 8.4 deg . ' . i X .
into the direction of the fcc hollow; there is a slight buck-
—l—_fl, o2 t—'—_r_\lcg'i-b ling of the surface (Pt rows carrying.®ove outwards by
- 163 — 081 - 163 —F 081 4 0.09 A, the intermediate rows inwards by 0.08 A). Atoms
- 1,39 w around the t-fcc-b precursor move only slightly such as to
E* =0.68eV E* =-0.58 eV ; :
Mo, = 0.0 My = 0.0 1, increase the size of the hollow.
v =690cm’ 1.9 v =710cm’ Our calculations also allow for a unique character-
- ' ization of the electronic and magnetic properties of the
EY =072eV : )
R TP TSy W— molecular precursors. Figures 4(a) and 4(c) show the iso-
v =8s0cm' F 141 1414 surfaces of the difference electron densities and the spin

FIG. 3. G ensity of the precursor in the t-b-t configuration. We find
eometrical characterization of the chemisorbe

molecular precursor states given in addition the adsorptionhat the charge flow from the substrate to the adsorbate

energy E,q, the magnetic momentno,, and the stretching tends to fill the7TJ_ antlbondlng states oriented perpen-

frequencyr of the adsorbed molecule. dicular to the surface. The filling of the™ states, but not
the m’f states is also corroborated by the analysis of the
spin densities [Fig. 4(c)] which show that the remaining

have been estimated as0.4 eV/molecule (Ref.[19]) magnetic moment ofio, = 0.4 wp is carried by theyrﬁk

and—0.5 eV/molecule (Ref. [5]). The difference is to be states only—in contrast to the free, @olecule where

attributed to the one-dimensional model used to analyzthe spin density is distributed homogeneously over both

the experimental data, and to the notorious overbindingypes of7 states [see Fig. 4(d)]. Note that there is an in-

tendency of the LSD theory, which is not completely duced magnetization af,, symmetry of the Pt atoms in-

cured by the GGA. teracting with the adsorbate. The precursor in the t-fcc-b

Hence our calculations support the conjecture [5,8,7tonfiguration, on the other hand, has no magnetic mo-

of the existence of two distinct but energetically almostment; the difference electron densities demonstrate an in-

degenerate chemisorbed molecular precursor states foreased occupation aff and 7r|’|* states [see Fig. 4(b)],

0O, on Pt(111). In the first state, the molecule is ad-which is also confirmed by a detailed analysis of the local

sorbed in a symmetric t-b-t position characterized by gartial densities of states (results will be published else-

bond length ofd = 1.39 A and an O-O stretching fre- where). Again our charge-density analysis agrees with the

quency of » = 850 cm!. The predicted bond length results of the scanning tunneling microscopy studies [21]

is in good agreement with the experimental estimates

based on NEXAFS d = 1.37 A, Ref. [12]) and pho-

toemission spectroscopyd (= 1.39 A, Ref. [7]), the

stretching frequency is confirmed by various EELS

measurementsy(= 842 cm™!, Ref. [8], » = 875 cm™ !,

Ref. [5], » = 870 cm™!, Ref. [19]). In the second state,

the molecule sits in a slightly asymmetric t-fcc(hcp)-b

position in a threefold hollow, with a bond length

of d =143(142) A and a stretching frequency of

v = 690(710) cm™!. Again this is in good agreement

with estimates based on photoemission spectroscopy

(d =140 A, Ref.[20]; d = 143 A from core-level

and d = 1.47 A from valence-band spectra, Ref. [7]) J

and EELS ¢ = 700 cm !, Ref. [5,8]; » = 710 cm™ !,

Ref. [19]. Note that the adsorption sites determined for

the two precursor species differ to some extent from

those proposed previously in the literature [5,7], but agree

rather well with a recent scanning tunneling microscopy

(STM) study published while this manuscript was beingFIG. 4. (a), (b) Isosurfaces of the difference electron densities

completed [21] (although a detailed calculation of thelp(PULD + Oy) — p(PUl11)) — p(Oy)] for (a) the superoxo

STM intensiti ins to be d precursor in the t-b-t configuration and (b) the peroxo precursor
intensities remains to be done). in the t-fcc-b configuration. Charge flows from the dark into

A complete relaxation of the adsorbaseibstrate com- the light regions. (c), (d) Isosurfaces of the spin densities in

plex close to the molecular precursors does not changg) the superoxo precursor and (d) the freerfiblecule.
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interpreted in terms of a symmetrim’f state for the a more detailed dynamical exploration of the transition
t-b-t and a slightly asymmetric “pear-shaped” charge-state allowing for an eventual phonon-assisted lowering of
density distribution with the brighter feature on the topthe barrier.

site for the t-fcc-b-precursor. Hence the results for the This work has been supported by the Austrian Sci-
bond lengths, the stretching frequencies, and the chargence Funds (Fonds zur Férderung der wissenschaftlichen
and spin densities support an interpretation of the t-b-Forschung in Osterreich) under Project No. FWF P11353-
precursor as a paramagnetie Csuperoxo” state and of PHYS.
the t-fcc(hep)-b precursors as a nonmagnetic Cper-
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