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Investigation of chemisorbed molecular states for oxygen on rhodium (111)
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Using density-functional theory, we provide the first conclusive evidence of the existence of a
molecularly chemisorbed state for oxygen on the (Rh1) surface. Four species are identified: a
paramagnetic state above the bridge site with a binding energy of 1.95 eV, a more weakly bound
paramagnetic state above the top site with a binding energy of 0.95 eV, and two nonmagnetic states
above the face-centered-culfitc) and hexagonal-close-packédcp hollow sites each with a
binding energy of 1.98 eV. We compare these results with our calculations of the binding energy for
atomic oxygen on the fcc and hcp hollow sites and an upper bound on the dissociation barrier to
understand major portions of the dissociation reaction coordinate. Combining our data with the
experimental and theoretical results for oxygen dissociation on many oth@rlficmetal surfaces,

we conclude that all these metal surfaces possess similar minima corresponding to physisorption,
molecular chemisorption, and dissociative chemisorption. Despite these similarities, the differing
binding energies and barrier heights account for the varying mechanisms of oxygen dissociation on
different fcc(111) surfaces. ©2000 American Institute of Physids$S0021-9606)0)70633-1

I. INTRODUCTION molecularly chemisorbed species, but no direct evidence was
shown. Because the apparent lack of stable molecularly
A fundamental step in heterogeneous catalytic oxidation:hemisorbed states sets the behavior of oxygen ofiLRb
is the initial adsorption of oxygen onto metal surfaces. Muchypart from other metals, it is important to investigate the
attention has been directed towards understanding the poteRatyre of molecular oxygen on this surface. In this paper, we
tial energy surfaceéPES involved in this process. Detailed present calculations using density functional theory
knowledge of the species involved in the PES can allow for(DFT 10.11 showing the first conclusive evidence of the exis-

a greater understanding of ways to improve the catalytigence of a molecularly chemisorbed oxygen species on the
properties or impede oxidation and corrosion of metal surrp (111) surface.

faces.
On most fcg(111) metal surfaces, evidence of three gen-
eral types of adsorptioriphysisorption, molecular chemi- !l METHOD
sorption, and dissociative chemisorpfidmave been shown In this investigation, all calculations were performed us-

gxpe_rimentally and/or the_oretically. In many cases adsor|_o|-ng the plane-wave pseudopotential meth®d Unless oth-

tion is seen to go sequentially through these three steps withyise specified, all calculations used the generalized gradi-
the physisorbed state_ Ieadmg fII’St. tq moleculgr chem|sorpém approximatiolf self-consistently as well as spin-
tion and then progeedlng to dissociation. Pt, Ni, Pd, Cu, Agpolarization. Oxygen was modeled using the optimized
Ir, and even the simple metal Al are examples of fcc metalgyse dopotential meth&iwhile rhodium was modeled with

for which there is evidence for a molecularly chemisorbed, designed nonlocal pseudopoteriab achieve higher ac-
state!~" However, there is no direct evidence for such a Stat%uracy. Before calculations with oxygen on the rhodium sur-
on Rh (111). There have been two recBfltexperimental  face were performed, we first investigated bulk rhodium and
investigations of the adsorption of oxygen on 1. The o pare(111) surface. Using 60 irreducible-points in the
first study directly probed the low-temperature adsorption ofyimitive fcc unit cell we obtained an equilibrium lattice con-
oxygen and found no evidence of a stable chemisorbed pregant of 3.81 A and a bulk modulus of 2.82 Mbar. This lattice
cursor. The second investigation detailed the adsorption Kiggnstant was used in all subsequent calculations. These val-
netics for oxygen on RIi111). In this second paper, disso- yeg are in excellent agreement with the experimental values
ciation kinetics suggested the existence of a transients 3 go3 A and 2.69 Mbat® For the bare(111) surface, a
relaxation of—1.7% for the first layer spacing and1.0%
dElectronic mail: ewalter@sas.upenn.edu for the second are in excellent agreement with experimental
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low-energy electron diffraction(LEED) studied® which
show(—1.4+0.9% and(—1.4*+ 1.8% for the first and sec-
ond layer spacing, respectively.

Because of the small bond length in gas phase &
small core radius must be used when computing an atomiza-
tion energy with pseudopotentials. Because of this, we have
followed a procedure for adjusting the zero of energy of the
oxygen pseudopotential to match a smaller core calculation
as given in Ref. 20. For the small core data, we have chosen
the highly accurate calculation given by Porezagl?!

All calculations of molecular chemisorption energies
were performed in a 2 \/3 surface unit cell with a (22
x 1) k-point sef? and a temperature broadening of 0.3 eV.
The Brillouin zone sampling was checked by comparing it to
calculations using a (86x1) k-point set which is con-
verged to within 5 meV/unit cell. Our testing shows that
although the (X 2X 1) k-point set yields errors of 150 meV/
unit cell, energy differences are converged to 30 meV. In alkg 1 justration of the RN(111) surface. Outlined in black is the 2
molecular chemisorption calculations the oxygen coverage 3 unit cell used in the calculations. The shaded triangle is the irreducible
was one molecule for every four rhodium surface sitbd wedge of the surface. The top, bridge, fcc, and hcp hollow sites are marked
coverage Because of the complexities involved in searchingn the enlarged frame. Also marked are the three low-symmetry &iies

. . . . . . Is2, and Is3 that were investigated.
the six-dimensional coordinate space associated with chemi-
sorption of molecular oxygen, a preliminary search of the

coordinate space was first performed by using a number oif 3 COM or orientation. Sites Is1 and Is3 show a clear COM
less well-convergedand therefore, less expensivealcula-  force toward more stable bridge and hollow sites. Also, the
tions to locate the preferred oxygen orientations. A first seyrigge site shows rotational forces towards its preferred 110°
ries of calculations used a three layer rhodium slab with fougyientation. This comprehensive search identifies the top, fcc
layers(8.73 A) of vacuum. Also, this first set of calculations gng hcp sites with 30° rotations and the bridge site with
was performed with the non-spin-polarized local density110° rotation as the most probable candidate structures for
approximatioR® for the exchange and correlation energies.pound molecular states based on binding energies. These
Using these preliminary results as a guide, a second set @hyr candidates were also the only structures to have nearly
calculations was performed to determine the binding enefaqual and opposite forces on the oxygen atoms directed

gies of the molecules accurately. This second phase usedgfong the molecular bond axis, indicating a preference for
five layer rhodium slab with seven layers of vacult®.28  the selected rotation.

A). Also, the generalized gradient approximati®GA) and To complete the identification of the candidate sites and
spin-polarization were used in this final phase. orientations of the molecule, a relaxation of the in-plane de-
grees of freedom of the molecule and the top layer of the

IIl. RESULTS

TABLE I. Local density approximatiofLDA ) binding energies and oxygen

During our comprehenswe search for minima, OXYQ€N,tom forces for candidate geometries for molecular chemisorption of oxygen

was placed on one side of the rhodium slab and the top lay&jh rhodium(111). In this table,d is the in-plane rotation angle in degrees.
of rhodium and the perpendicular coordinates were relaxedlhe oxygen atoms are designated “left” or “right” relative to the COM in
(in-plane oxygen coordinates were fixed throughout the rethe plane of Fig. thmg is the magnitude of the force on the left oxygen
laxation). This process was repeated for many differentatom in eV/IA andF';, is the angle(in degreesthat the force on this atom

. . makes with Cartesiar axis shown in Fig. 1.
center-of-mass(COM) positions and rotation anglesf)

about the COM parallel to the surface. In all calculations, the com 0 = Frag = FRag FR

initial tilt angle (¢) was s_elected to be 0 gnd allqwgd to ¢ 0 220 0 338 14 165
relax. Seyen CQM locations were examined, dlstrlbgted fec 30 265 0.2 208 09 33
about the irreducible wedge of tli#11) surface, as shown in hcp 30 277 1.0 210 05 29
Fig. 1. For each COM position, from 1 to 6 lateral rotation  bri 0 2.08 2.2 150 1.9 328
angles were chosen as starting positions for the molecule. Ef! 30 1.50 0.3 197 11 215
The binding energies and lateral forces obtained are reported b:: 138 g'gg é‘é ?1’(5)8 é‘é 279?1
in Taple I. Restricting the relaxatl_on to the perpendicular 110 265 06 118 06 203
coordinates allowed for a systematic study of the effects that pri 120 258 0.6 113 0.5 289
the rotation angle and COM position have on the binding top 0 1.37 0.4 182 0.4 358
energy of the molecule. For example, the low binding energy t|°p 30 143 0.5 206 0.5 26
of Is2 compared to all its neighbofks1, Is3, top, and bridge Iz; 38 i'g;‘ 1; ggi 2? 1§g’
mark it as a local maximum. The lateral forces on the mol- |3 30 153 0.4 7 11 13

ecule give additional information concerning the preference
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TABLE II. Binding energies and geometries for molecular chemisorption of TABLE Ill. Binding energiegin eV/aton) of atomic oxygen on selected fcc
oxygen on rhodium(111). In the table,R is the oxygen—oxygen bond (111 surfaces.
length, z is the distance between the COM of the molecule and the surface;

# is the rotation angle ang is the tilt angle. Metal Coverage Efcc EncP
Rh 1.0 1.67 1.55
fcc 1.98 1.37 1.75 30 11 Ni2 0.25 2.3 2.2
hcp 1.98 1.37 1.76 30 10 Ni2 0.5 1.9 1.8
bri 1.95 1.32 1.93 116 0 pt 0.25 1.23 0.78
top 0.95 1.32 1.94 27 0
From Ref. 2.

bFrom Ref. 28.

surface was performed. After achieving the optimized struc-
ture, a perturbation of the rotation angle and bond length oéngle at the hcp site, a very similar result. The Pt study also
the molecule was performed. Then, a final relaxation wasdentified a magnetic superoxo state at the bridge site, with
performed to ensure that the same minimum structure wai¢s bond axis parallel to the surface and a bond length shorter
obtained. than that of the peroxo state. These structural results are in
After identifying the sites for molecular chemisorption, a agreement with our results for the bridge site of @i1).
full relaxation of each candidate geometry was performedrhe relative energetics will be discussed below.
using a 5 layer slab with 7 layers of vacuum. This final set of =~ We find one additional weakly bound state at the top
molecular calculations was performed using GGA and spinsite. This state appears to be similar to a state that has been
polarization in order to determine the binding energies accuseen experimentally on Rd11) with a stretching frequency
rately. These results are shown in Table II. For these calcusf 1035 cm 1.2 This high stretch frequency implies a weaker
lations, oxygen was placed on both sides of the surface tmteraction with the surface compared to the normal peroxo
remove any dipole effects. The data show that the fcc andnd superoxo states seen on most(fctl) surfaces. These
hcp states are the lowest energy configurations, with a bind-esults combine to demonstrate that the molecularly chemi-
ing energy of 1.98 eV for both and no magnetic moment.sorbed species we have found on RH11) are typical for
The bridge site is slightly less stable with a binding energy ofoxygen interacting with a fc€111) metal surface.
1.95 eV. One more weakly bound state is identified at the top  To learn more about the PES for oxygen adsorption it is
site with a binding energy of 0.95 eV. Both the bridge andinstructive to compare the binding energy of the oxygen mol-
the top site have a magnetic moment of aboutgl ecule to that of the atom. R11) binds atomic oxygen very
strongly, and, as was shown in a recent atomic beam
experiment® is limited only by the dissociation step of mo-
lecular oxygen in forming coverages beyond a half mono-
The existence of molecular chemisorption on®h1) is  layer. Using a seven layer, two site unit c@lll other com-
not surprising when one considers that all other (tt1) putational parameters equivalent to the molecular
transition metalgexcluding gold which does not adsorb oxy- calculation$, we have determined the binding energy of a
gen at low temperaturgfave been shown to exhibit a mo- half and full monolayer of oxygen adsorbed in the fcc and
lecularly chemisorbed precursor state. For example, a peroxacp hollow sites. These results are shown in Table Ill. These
state (Og’) at the bridge site and the top site have beerndata are in reasonable agreement with prevatuitio cal-
identified on Cu111) using high-resolution electron energy- culations by Ganduglia-Pirovano and Schefffe@ur results
loss spectrdHREELS.* Similarly, a peroxo and superoxo show that both atomic and molecular oxygen are strongly
(0O;) state have been found on K111) using EELS bound to the RH111) surface. The fact that experiment has
measurementSalthough the states were not seen until a parnot shown a molecular species with any observable lifetime
tial coverage of atomic oxygen was formed. Recent molecumay seem to contradict our findings. Examining the PES will
lar beam experiments have shown evidence suggesting thakplain how these results complement experiment.
molecularly chemisorbed states form on(iL1).2* This was Much can be learned by comparing our results with pre-
verified by first-principles calculations of molecular precur-vious studies of oxygen adsorption on other f¢d1) sur-
sor states on N{111).> Molecular beam experiments have faces. The Rh(111) surface shows behavior similar to Ni
also shown evidence for molecular precursors on(&tl).>  (111). For instance, on both surfaces strongly bound molecu-
Platinum is perhaps the most widely studied example ofarly chemisorbed states exist above many high symmetry
oxygen chemisorption on an f¢d11) surface. Experiments sites. Furthermore, the difference in the fcc and hcp adsorp-
have conclusively shown that the bridge, fcc and hcp hollowtion energies is quite small for both atomic and molecular
sites are locations for stable molecular chemisorptioA.  adsorption. On Ptl11) however, molecular and atomic oxy-
recentab initio study of the molecular states on Ft11) gen (see Table Il bind much more weakly and there is a
found non-magnetic peroxo states at the fcc and hcp hollowizeable difference between binding energies at the fcc and
sites? Both states were found to be tilted downward towardshcp hollow sites. This points to the overall trend that the
the bridge sit€10.4° for the fcc and 8.4° for the hcp bound atomic and molecular chemisorption potential wells are dra-
statg. On Rh(111) we find a non-magnetic peroxo state with matically shifted downward in energy on Rh and Ni com-
a 10° tilt at the fcc site and one with almost the same tiltpared to Pt.

IV. DISCUSSION
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