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Adsorbate Reorganization at Steps: NO on Pd(211)

B. Hammer and J. K. Ngrskov

Center for Atomic-scale Materials Physics, Department of Physics, Building 307,
Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 4 June 1937

The interaction of nitric oxide, NO, with the stepped Pd(211) surface is studied using density
functional theory slab calculations. Calculated chemisorption energies and geometries reveal that
surface sites are not populated in a sequential manner as the NO coverage is increased. This
comes about through mutual NO interactions that reorganize the adsorbates during the adsorption.
The finding of nonsequential site population allows a reinterpretation of existing experimental data.
[S0031-9007(97)04652-8]

PACS numbers: 71.15.Mb, 73.20.At, 73.61.At, 82.65.My

Most surfaces are heterogeneous in the sense that thée metallic surface. Twelve metal Pd fcc(211) layers
will include different facets or steps and other defects [1].are repeated periodically in a supercell geometry with
Adsorbates and reaction intermediates may exhibit largelg.4 A of vacuum between the slabs. The Pd-GGA lattice
different stability and bonding character at various surfacgarameter of 3.96 A is used. In all cases, we use a
sites, and control of the reactivity and selectivity of a(2 X 1) surface unit cell, with two Pd atoms in the close-
surface is closely related to the ability to design surfacepacked direction parallel to the step edge. Adsorption
with particular structures [2]. of NO is done on one of the two slab surfaces and

The discussion of surface heterogeneity in adsorptiothe uppermost four Pd(211) layers are relaxed together
often relies on the assumption of a sequential populatiowith the adsorbate(s) in the search for stable sites. The
of the various sites. In this linear model the adsorptiononic cores are described by pseudopotentials [9] and
sites with the largest bond energy are filled first, and ashe Kohn-Sham one-electron valence states are expanded
the chemical potential of the adsorbate is increased, sitds a basis of plane waves with kinetic energies below
that are less and less stable are populated [3—7]. In th40 Ry at a uniform 4 X 4) sampling mesh within the
present Letter we provide theoretical evidence from selffirst Brillouin zone [10]. NQ'Pd(211) bond energies are
consistent density functional theory calculations that sucliound to change by less than 20 meV upon expansion of
a simple view is not always applicable. We will show the basis set with plane waves up to 50 Ry while the
that adsorbate-adsorbate interactions can be as strong differences between bond energies change by less than
the intrinsic surface inhomogeneity so that the stabilityl meV. The exchange-correlation energy and potential
of different adsorption sites interchanges as the surfacare described by the GGA-Il expression [11]. The bridge
coverage is increased. In other words, the adsorbateite adsorption of NO on (100) facets of Ni, Rh, Pd,
reorganize at the surface at higher coverage due to theand Pt has recently been shown by Hassal.[12] to
mutual interactions. lead to a complete quenching of the magnetic moment

To illustrate our point we have studied nitric oxide on the NO molecule. In our work, we find similar
(NO) adsorption on Pd(211). This surface consists ofesults for both bridge and threefold bonded NO on the
(111) terraces and (100) steps and therefore has a strofgge of the Pd(211) step and we therefore here report
intrinsic heterogeneity. Moreover, the experimental re0n the results of spin-restricted calculations without any
sults for this surface are very interesting. Combined ESloss of accuracy. The self-consistent GGA density is
DIAD and HREELS experiments have shown [6,7] thatdetermined by subsequent iterative diagonalization of
at low coverages NO is adsorbed in a state with the N@ghe Kohn-Sham Hamiltonian, Fermi population of the
axis perpendicular to the terraces and as the coverage f®hn-Sham stateskf7 = 0.1 eV), and Pulay mixing of
increased a new state, which is tilted with respect to théhe resulting electronic density [10]. All total energies
terrace plane, is observed. In the sequential adsorptidpave been extrapolated tz7T = 0 eV. The reported
model this is interpreted as NO adsorbed first at the teroond energies of theith NO in the P@11)(2 X 1)
races and then—uwith a smaller adsorption energy—at theell are calculated byEyonan = —(Ew" ~ — EP4 —
steps. This makes the N®d(211) system an exception n - ENC) — S""1E\P" . where Efe™ is the total
to the general rule that the adsorption at steps is strongenergy of the fully relaxed interacting N®d211) (2 X
than at terraces [3—5,8]. In this Letter we show that whenl) system withn NO molecules EF¢ the total energy of
adsorbate-adsorbate interactions are taken into account tttee clean, fully relaxed Pd(211) surfacENO the total
anomaly disappears. energy of the gas-phase, spin-polarized NO molecule,

In the present Letter we use density-functional theoryand Ebfjfld,,- the largest bond energy found for thin NO
and adopt a slab approach towards the description ahf the cell.
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We first consider NO adsorption on the Pd(211) surfacéavored over adsorption of one-sixth of a monolayer of
at a low NO coveragefno = 1/6 (one NO per six Pd NO in the fcc threefold site on the flat Pd(111) surface for
atoms exposed by the surface). The NO is adsorbed iwhich a separate calculation gives an adsorption energy
a number of surface sites, the nuclear coordinates amef 2.17 eV. Among the step bound NO on the Pd(211),
relaxed, and for five of the starting configurations we findsite Il is slightly preferred over site I. The terrace bound
that the total energy exhibits a local minimum close by.NO on Pd(211) has an adsorption energy which resembles
These configurations are shown as sites | through V inhat of NO on the flat Pd(111); however, on Pd(211) NO
Fig. 1. Other starting configurations were tried (some ofbecomes more and more weakly bound the further into the
which are shown aga throughc in the figure), but did terrace the NO is moved. We shall return to a discussion
not reveal any stable configurations near by, other thaof the origin of this behavior below.
the ones already found. Of the five stable configurations First, however, we increase the NO coveragéig =
found, three (I through Ill) involve NO bound to at 1/3 [two NO per P@211)-(2 X 1)]. To find the optimum
least one step Pd atom while the remaining have theonfiguration at this coverage, we start by populating one
NO bound to terrace Pd atoms only. NO is threefoldof the NO sites | or Il that were found above to be the
coordinated with respect to the Pd atoms in most sitesnost stable ones in the low coverage limit. These species
the only exception being site I, where the NO is twofoldare shown by the small white circles in Fig. 3. Then
coordinated. The notion aftep bound NQwill be used a number of structural optimizations are performed from
in the following for sites | and Il as the NO in these starting configurations with a second NO in the sites |-
mostly coordinate to Pd step atoms, while the NO in thev shown by the shaded circles in the figure. Except for
remaining sites will be termetrrace bound NO one system [P@11)-(2 X 1)-2NO-II, lll] where the two

The NO-Pd(211) bond energy at the various sites iSNO molecules were initiated in very close proximity, local
given in Table | and shown in Fig. 2. Step bound NOenergy minima were found close by for all these starting
is seen to be favored over terrace bound NO. It is als@onfigurations. The corresponding bond energies of the
last NO added to the2(X 1) cell are reported in Table |
and Fig. 2. The second NO in the Rdi1)-(2 X 1) cell
clearly prefers to become terrace bound. The configura-
tion where the step bound NO species is in the threefold
site is, however, no longer the preferred one. This implies
that even for the relatively low coverage situation consid-
ered Pno ~ 1/6—-1/3), the adsorption of NO on an NO
precovered Pd surface induces a change in the site pref-
erence of the preadsorbed NO which consequently moves
from site Il to I. We illustrate schematically in Fig. 4 the
dynamics of this surprising result.

Before considering what the possible reasons are for the
Side view calculated site preferences and for the adsorbate reorgani-
zation, we turn to a comparison to the experimental results.
At first, the exceptional experimental finding [6,7] of pref-
erential adsorption onto the terraces for the /RG(211)

e X system mentioned above seems to be at variance with the
hic il present Letter. However, this comes about only when the
X experimental data is interpreted in terms of a traditional
\% sequential site population model. In the light of our find-
ing above that such a model is not always applicable we
L now revisit the experimental data [6]. The experiment was

= a(l RIL
" TABLE |I. The NO-Pd(211) bond energ¥uong, in eV of the
last NO added to the configurations shown in Figs. 1 and 3.

Pd(211)-(2x1)-INO, top view Ephia1 = 2.26 €V is used for allEyq values.

FIG. 1. Adsorption sites, | through V, for an NO (small

; ; A Ebond1 Ebond 2 Ebond.2
shaded circles) put in the Pd1)-(2 X 1) surface cell (indi- : y .
cated by the rgc?angle). Only one site is populated {gt a time (2 X 1)-INO (2 X 1)-2NO | (2 X 1)-2NOI
Species | is pointing 17in the downstairs direction while | 2.23 1.28 1.67
species Il through V all are pointing more or less in the di- || 2.26 1.67 1.45
rection normal to the terrace plane; Il is for instance pointingj 217 1.78
15° in the upstairs direction. The small dotted circles,b, v 2.06 1.96 1.79
andc, show the NO in nonstable configurations, which are onIyV 1.86 1.79 1.79

partially relaxed.
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1 n m v 14 adsorbed in the RA11)-(2 x 1) surface cell (shaded circles:
Site stable sites; dotted circles: unstable sites). In the upper panel,

) ) the preadsorbed NO (small open circles) is in the twofold step

FIG. 2. (a) NO bond energies on Pd(211) (solid symbols:hound site, I, while in the lower panel it is in the threefold step

stable configurations; open symbols: estimates for unstablgound site, Il (see Fig. 1).

configurations; lines: guides to the eye). The sites |-V are

defined in Figs. 1 and 3. (b) The effectideband center seen . o .

by the NO at the various sites. The centers are calculatef’€ Order of population and reorganization of the NO sites.

before the last NO is added—i.e., from the clean, unrelaxedVhile the stretch modes of NO in the two threefold sites II

Pd(211) surface and from the @d1)-(2 X 1)-INO surface and IV are calculated to bE730 and1710 cm™!, respec-
with the NO in sites | and Il, respectively. The connectionstive|y’ the corresponding stretch mode of the twofold step
between twofold and threefold sites are only dashed. bound NO in site 1 is found to b&s50 Cm_l—i.e., about

130 cm™! higher than the other two. This agrees well with
performed at a range of NO exposures. At low NO cov-the experimental HREELS data which evidences low en-
erage, an HREELS energy loss was found %5 cm™'  ergy losses at all coverages while a loss at approximately
and a corresponding ESDIAD peak-at4° (indicative of 115 cm™! higher energy is detected only at large NO cov-

upstairs pointing NO). At high NO coverage, HREELS en-erages [13]. The present reanalysis of the experimental
ergy losses were detected at arousds and 1655 cm™!

while ESDIAD features now were present &tl6° and
—16°. Now, the important step in the analysis of this data
is to realize that the two small HREELS energy losses and
the two ESDIAD features at positive angles do not neces-
sarily originate from the same NO species. Our calcula-
tions reveal that at low NO coverage an upstairs pointing
NO is in the step bound site I, while at high coverages an-
other upstairs pointing NO is in the terrace bound site IV.
This explains why the ESDIAD probes upstairs pointing
NO at an extended range of coverages (without the as-
sumption that these NO are absorbed in the same site).

At higher NO coverages, the calculations give ewdenceFIG. 4. Schematic illustration of the presumed pathway for

of a downstairs pointing NO in sitg I in_ agreement Wi_th the reorganization of NO at Pd(211) upon adsorption of two
the ESDIAD results. Calculated vibrational frequenciesno per ¢ x 1) surface cell. The adsorption of NO into site IV

of the adsorbed NO also support the present assignment sifabilizes site | over Il for the preadsorbed NO.
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results shows that step bound NO species are present atThe variation ofe, from one site to the next is deter-

both low and high coverages. It thus supports the genmined by the Pd coordination numh®r—the smaller the

eral picture that the bonding of adsorbates at step sites @ordination number, the higher in energy theand. The

more stable than at terrace sites. But it also shows thatep sites therefore bond most strongly and the terrace sites

this sometimes becomes apparent only when considerirgg the bottom of the steps bond most weakly. In Fig. 2(b)

that sites may populate in a nonsequential manner due ibcan be seen that Pd atoms coordinated to an adsorbed NO

adsorbate reorganizations. molecule have an additional down-shift ef. The NO-
Having established that the present theoretical resultSiO coupling is therefore also largely related to theand

are consistent with the experimental data we turn to thehift. The stability of the second NO molecule in site IV

guestion of the reasons for the order of site preference higher when the first NO molecule is moved from site 1l

and the adsorbate reorganization during the adsorptioto site I, because in the latter site the NO does not coordi-

We suggest that the trends can be rationalized using twoate to Pd atoms which also coordinate to site IV.

principles: (1) NO prefers to adsorb on threefold sites on In summary, we have presented density-functional

Pd(111), and (2) all other things equal, NO prefers tatheory results for NO bonding at Pd(211). The site

adsorb at metal atoms with high lyinfjbands. occupation is observed to be nonsequential with an NO
The first principle is a somewhat weak effect. Onreorganization at higher coverage.

Pd(111) the bond energy of NO in twofold sites is 0.3 eV We thank J. T. Yates, Jr. for discussions initiating this

smaller than in the threefold sites. The second principlevork. The work was in part financed by The Danish Re-

is evident from Fig. 2(b). For sites [I-V which are all search Councils through The Center for Surface Reactiv-

threefold sites there is an excellent correlation betweeity and Grant No. 9501775. The Center for Atomic-scale

the bond energy and th&band centeg,, averaged over Materials Physics is sponsored by the Danish National Re-

the three Pd neighbors—the higher thdand center, the search Foundation.

stronger the bond. Even the adsorbate reorganization at

higher coverage can be understood on this basis. First of

all, it is seen in Fig. 2(b) that when NO is preadsorbed [1] M. Jaroniec and J. MadeyPhysical Adsorption on

in either site | or Il, sites IV and V become the ones Heterogeneous Solid&lsevier, Amsterdam, 1988).

with the highestd-band centers and hence the highest [2] G-A. Somorjai, Introduction to Surface Chemistry and

expected bonding energies. It can also be seen that th? Catalysis(John Wiley, New York, 1994).

center of thed states at site IV is considerably higher ! '\S/".R'HMC%EIT‘S&J'L' Gland, and F.R. McFreeley, Surf.

when the preadsorbed NO is in site | compared to Il. As ci. 112, €3 ( )

. . . [4] B.E. Hayden, K. Kretzschmar, A. M. Bradshaw, and R. G.
the energy difference between these two sites is small Greenler, Surf. Scil49, 394 (1985).

in the first place, thel-band upshift at site IV provides (5] 3. T. vates, Jr., J. Vac. Sci. Technol. 18, 1359 (1995).

the driving force for the adsorbate reorganization at high[6] Q. Gao, R.D. Ramsier, H. Neergaard Waltenburg, and
coverages. It is thus the ability of the substrate to bond  J.T. vates, Jr., J. Am. Chem. Sdl6 3901 (1994).

more strongly to terrace bound NO introduced at higher [7] R.D. Ramsier, Q. Gao, H. Neergaard Waltenburg, K.-W.
coverages that drives the preadsorbed step bound NO Lee, O.W. Nooij, L. Lefferts, and J.T. Yates, Jr., Surf.
out of its preferred threefold bonding site to the twofold Sci. 320, 209 (1994).

bonding site. We note that the correlation between thel8] P-J. Feibelman, S. Esch, and T. Michely, Phys. Rev. Lett.
d-band center and the calculated bond energy in Fig. 2 77, 2257 (1996). ,

applies only where the NO-NO separations are sufficiently [°! Nl'gg£°”|l'er and J.L. Martins, Phys. Rev. B3, 1993
large that direct NO-NO Pauli and dipole repulsion term ( )

. 10] G. Kresse and J. Forthmiller, Comput. Mater. $¢il15
can be disregarded. In fact, for very small NO-NOS[ ] (1996). P e

separations, such repulsive terms may even dominate the) 3 p. Perdew, J. A. Chevary, S.H. Vosko, K.A. Jackson,

energetics as seen in Fig. 2 for a couple of cases—in ~ M.R. Pederson, D.J. Singh, and C. Fiolhais, Phys. Rev. B

particular for the case of simultaneous NO adsorption in 46 6671 (1992).

sites Il and Ill, which turns out to be unstable [the open[12] K. C. Hass, M.-H. Tsai, and R. V. Kasowski, Phys. Rev. B

diamond in Fig. 2(a)] apparently because the NO’s are 53, 44 (1996).

in neighboring threefold sites. Apart from such speciall13] In terms of absolute numbers the computed vibrational

cases, however, thé-band centere, generally seems frequencies are overestimated. This also applies to NO

a reasonable reactivity measure. The question is why? @adsorbed on the flat Pd(111) surface for which we

We suggest that the coupling between the antibonding calculate stretch modes of 1730 and 181Q for fcc thr_eefold

27 molecular state above the Fermi level and the bonded and bridge bonded NO, respectively. A similar
frequency overestimate is reported by M. P. Jigetal.,

states becomes stronger as the latter moves up towards g+ Sci.380, 83 (1997).

the former [14]. The degree to which thestates move [14] B. Hammer and J.K. Nerskov, iChemisorption and

in energy from one site to the next can be described in a Reactivity on Supported Clusters and Thin Filresljted

moment expansion of theé density of states, the first term by R.M. Lambert and G. Pacchioni (Kluwer Academic

of which is the centere,. Publishers, The Netherlands, 1997), pp. 285-351.
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