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Effect of Strain on the Reactivity of Metal Surfaces
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Self-consistent density functional calculations for the adsorption of O and CO, and the dissociation
of CO on strained and unstrained Ru(0001) surfaces are used to show how strained metal surfaces have
chemical properties that are significantly different from those of unstrained surfaces. Surface reactivity
increases with lattice expansion, following a concurrent up-shift of the ndetdhtes. Consequences
for the catalytic activity of thin metal overlayers are discussed. [S0031-9007(98)07198-1]
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The ability to grow and characterize one metal on topposition for the calculation of the CO dissociation barrier.
of another has developed rapidly over the last few yeardonic cores are described by ultrasoft pseudopotentials
In a number of cases it has become possible to epitaxialli8] and the Kohn-Sham one-electron valence states are
grow several layers of one metal on top of another. Ifexpanded in a basis of plane waves with kinetic energies
the lattice constants of the two metals diffatrained below 25 Ry. The surface Brillouin zone is sampled at
overlayers are formed. It has been shown experimentall§8 specialk points. The exchange-correlation energy
that such strained overlayers can have chemical propertiesd potential are described by the generalized gradient
that are significantly different from those of the pureapproximation (PW91) [9,10]. The self-consistent PW91
overlayer metal [1-3]. Most recently strain in the surfacedensity is determined by iterative diagonalization of the
region has been introduced not just by growing one metakohn-Sham Hamiltonian, Fermi population of the Kohn-
epitaxially on another, but by local deformation of a singleSham stateskg7 = 0.1 eV), and Pulay mixing of the
metal phase [4]. Such strain has been shown to modifyesulting electronic density [11]. All total energies have
the chemisorption properties of the metal considerablybeen extrapolated tkg7T = 0 eV.

If strain generally induces changes in the ability of a We first examine the effect of changing the lattice
surface to form bonds to adsorbed atoms or moleculegonstant parallel to the surface of the Ru(0001) slab on
the possibility arises of using strain to manipulate thethe chemisorption properties of the surface. In this way
reactivity of a metal. we focus directly on the strain effects. For thin layers of

In the present Letter we investigate the generality ofone metal on top of another it can be difficult to isolate the
the effect of strain on surface reactivity and its origin bystrain effects because they are folded with the effects due
performing a set of density functional (DFT) calculations.to the interaction of the overlayer with the substrate. We
We study a metal [Ru(0001)] slab under compressive owill later return to the overlayer structures. The calculated
tensile stress and show that both molecular (CO) aneéquilibrium lattice constantd(,) for bulk Ru(0001) was
atomic (O) chemisorption energies as well as barriers fofound to be 2.74 A, in reasonable agreement with the
surface reactions (CO dissociation) vary substantially orexperimental value of 2.70 A [12]. The equilibriueya
strained lattices. We further proceed to show that thizvalue used for Ru is 1.582 [12]. For the purposes of the
effect can be explained on the basis of shifts in the metgbresent study, we vary the lattice constadit parallel to
d bands induced by the stress. This allows us to develothe surface between 2.70 and 2.80 A corresponding to
a model for the effect which can be readily extended tea maximum absolute value of relative straifd(/d.q)
several catalytically important systems. of ca. 2%. All the results shown here were obtained

We used a three layer slab of Ru periodically repeatedrom calculations on a three-metal-layer slab, where the
in a super cell geometry with five equivalent layers ofdistance between the middle and bottom metal layers
vacuum between any two successive metal slabs. @as kept fixed at the value of the interlayer distance
adsorption and CO dissociation were treated within aorresponding to the equilibrium structueg ). We have
(2 X 2) unit cell, whereas CO chemisorption was studiedalso tested an alternative model, where the interlayer
on a+/3 X /3 unit cell. These specific choices representdistance between these two layers is changed with in
the most stable overlayer structures for the correspondinglane strain according to Ru’s Poisson ratio [13] of 0.29.
systems, as determined by experiments [5,6]. AdsorptioWe found no significant difference between the results
is allowed on only one of the two surfaces exposed andf these two approaches. Furthermore, additional test
the electrostatic potential is adjusted accordingly [7]. Thecalculations performed with up to six metal layers show
top surface layer was relaxed for the atomic and moleculathat the results presented here remain practically invariant
chemisorption problems, but kept fixed at its initial with the number of metal layers used.
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First, consider the adsorption of CO and O. Figure Imolecules invisible to the STM in these regions. Gsell
shows the calculated adsorption energy et al. [4] suggest that further experiments are needed to
AE., = E(adgmeta) — E(ad9 — E(meta) (1) clarify the situation with CO. We believe that the second

of the proposed possibilities is most likely describing the
actual events. The high mobility of CO molecules on
this surface (calculated diffusion barrier of ca. 0.15 eV)
dds to the degree of difficulty for the CO experiment.
herefore, the above mentioned room temperature STM

studies [5]. CO on the other hand, preferentially adsorb%xperiments had to trace very mobile CO molecules and

on an atop site in a/3 x \/§ overlayer structure, in differentiate between adsorption sites with only slightly
accord with experimental evidence [6]. The results for Od'ﬁerent binding energies between each other. Results

and CO adsorption on the unstrained surface are in googl o : - :
. X . rtaining t rption are much ier to interpret
agreement with previous DFT calculations [14,15]. ertaining to O adsorption are much easier to interpret,

The results illustrated in Fig. 1 suggest that thereSInCe the binding energy difference between competing

. derabl ation in ad i .thsites is considerably larger, and the diffusion barrier for O
IS a considéraple variation in-adsorption €nergy Withy,, g is muych higher (calculated ca. 0.40 eV) compared

strain, and in both cases the chemisorption bond 9ty co. In support of these arguments, several studies

stronger as the lattice constant increases. However, tt‘b% CO adsorption on strained overlayers show that an
effect on O chemisorption strength is about 5 times

; expansion of the lattice constant increases the CO binding
more pronounced than the corresponding effect for Coenergy (see, for example, [1])
The trend calculated for O adsorption is in accord with We next éonsider the dissolciation of CO on Ru(0001)
Scaf.‘”‘”g tunneling microscopy (STM) observations on %he barrier for CO dissociation over several metal sur-
strained Ru(0001) _surface [4], wher_e Oxygen atoms werg ces has been determined in the past [16]. Extending this
fou_nd to preferentially adsorb on sites at the expande ork to CO dissociation on Ru(0001), we determined the
regions of the surface. The same experiments suggest W, ’

possibilities for CO: (i) either the opposite chemisorption fansition state (TS) for the unstrained surface as shown
trend with lattice strain holds (i.e., CO prefers sites at th in Fig. 2. The TS is very stretched compared to the bond

compressed regions of the surface), o (i) a dense C ength of the gas phase molecule (calculated at 1.15 A,

I S f d at th ded . deri ersus an experimental value [17] of 1.12 A), and the
overiayer 1S formed at the expanded regions, renderngy, qion proceeds almost entirely as a stretch of the CO

as a function of the surface strai/d.,. The geometry
of adsorption is illustrated in Fig. 2. O is chemisorbed
on its preferred hcp site in 2 X 2 overlayer structure
as suggested by several experiments, including LEE

) bond with the C end of the molecule already in its final,
—~ -5.25} ‘\. hcp site on the surface. When the surface lattice con-
2 L ‘\‘ stant is varied, we search for the new transition state by
v -535 | N making variations in this reaction coordinate. This is il-

c'isLuo I .\. lustrated in Fig. 3, where, as the lattice constant increases,
-5.45 | (a) \' the TS moves sllghtly towards smalle_r C-0 distances, but
oy the overall trend is not affected significantly. In the bot-

PY tom panel of Fig. 1 the variation in the energy of the TS,
—~ -1.99 | N . I . .

S i ‘e defined similarly to Eqg. (1), is also shown as a function
L ‘\‘ of strain. Again the interaction strength increases with in-
ﬁ 8 ~2.01 N creasing tensile strain (ca. 0.15 eV for each 1% of strain,
I o on the average), making the stretched slab considerably
-2.03 F (b) e ° more reactive towards CO dissociation.

' ' ' It seems that molecular and atomic adsorption energies
< 1.00 .\ as well as activation energies for dissociation show similar
2 '

8o 080F *. O/Ru(0001) CO/Ru(0001) TS/Ru(0001)
SO L \\\
Yoot () °
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FIG. 1. Effect of relative change in surface lattice constantrig 2. A top vi ;
_— . 2. p view of the preferred geometry for chemisorbed
(d = deg)/deq of @ RU(0001) surface on the (a) binding energy 5 and co, and the TS for CO dissociation on a Ru(0001) sur-

ads

of atomic oxygen £o") (top panel), (b) binding energy of face for the equilibrium (unstrained) lattice constant (2.74 A).

molecular CO E&5) (middle panel), and (c) CO dissociation The TS is very close to a center (C)-bridge (O) configuration.
barrier ESS), referenced to a zero of the clean surface plusShaded metal atoms illustrate the unit cell used. Smaller cir-
a gas phase CO molecule (bottom panel). Dashed lines amdes, above the surface plane, represent the respective adsorbed

drawn as a guide to the eye. species.
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FIG. 3. Calculated energy along the reaction coordinate of O/Pd(211)—terrace
C-O distance during CO dissociation over three different -4.0 F \Q/Pd(lll)
Ru(0001) surfaces. The corresponding surface lattice constants N//PA(211)~terrace O/PAR11)step

are shown as labels to the curves. Continuous lines represen
the best fits through the calculated data points shown with 45 F N/PA(111)
circles, squares, or diamonds. Calculated forces along the é

reaction coordinate have been used for the slopes of these 8
lines. The highest point on each curve is taken as the respective ®
activation energy barrier shown in the bottom panel of Fig. 1. [ —5.0 O/Ru(0001)-2.70A
The energy scale is referenced to a zero of the clean surface
plus a gas phase CO molecule.

“(eV)

N/Pd(211)-step

chem

O/Ru(0001)-2.80A

trends. We will now discuss possible explanations for
this, trying to elucidate the underlying mechanism leading
to the observed behavior. In particular, we will examine
if the effect of strain on surface chemisorption and CO/Ru(0001)-2.70A

reactivity can be reduced to the strain-induced change in a 1.0 CH//Ni@Cu(111
more fundamental parameter determining these variations

CH/Ni(111)

—_
Finally, the generality of the strain effect for different = H,/Cu(111) CO/Ru(0001)-2.74A
surfaces and adsorbates within the framework of both ~
uniformly strained slabs and thin overlayers is argued. % 0.5 H/Cu(100) CO/Ru(000D-278A

We will start by postulating that the underlying parame- =
ter determining the strain-induced variations shown in
Fig. 1 is the position of the center of the metabands. 0.0 NOZGLD
There are good reasons for this [18]. The interaction be-
tween the adsorbate states and the métakates is an NO/PA(211)
important part of the interaction energy, and while the ~05 . . . 5
sp bands of the metal are broad and structureless, the ’ 30 25 =20 -15 -1.0
d bands are narrow, and small changes in the environmen VvV

g4 (eV)

can change théd states and their interaction with adsor-
bate states significantly. Thé-band center d;) is the  FiG. 4(color). Molecular £52.) and atomic £22™) binding
simplest possible measure for the position of ¢thetates. energy as a function of thé-band center ;) of the metal
In Fig. 4 we show the data of Fig. 1 as a function of thesurface (top and middle panel, respectively). The barrier
center of mass of the density of states projected onto thi@" dissociation of small molecules, referenced to gas phase

. - Zzero, as a function ofe; is shown in the bottom panel.
atomicd states of the clez_;m surface. For convenience, Weommon colors are used for data corresponding to the same
use all thed states here, instead of the ones with the cormetal throughout the three panels. Lines drawn represent best
rect symmetry for bonding with the various adsorbateslinear fits. X:XY reflects chemisorption on or dissociation
This makes no major difference, when the adsorption geo;/er @tom?_(t in al}XY-?Ion sgrfacg—g_. ?é@tY m_eatms anffk

; . e atom impurity in aY surface. Specific data points are taken

olrlntla'E[rytrr(]emamfs 5|mtllr<]ar. Whlen tgetlattlcedlqsé;axp:anded par?rom: 20] for N, O, and NO on Pd: [2324] for CO on
allel to the surtace, the overlap between dnelectrons On - py N cu, and Pd; [22,25] for CHon Ni; [21] for H,
neighboring metal atoms becomes smaller, the bandwidthn cu. Data for O and CO on Ru are those shown in

decreases and to keep thieccupancy fixed, thd states Fig. 1.
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have to move up in energy [19]. According to Fig. 4 thisin general be used to tailor the catalytic activity of
gives a stronger interaction in all cases. metals.

In order to show that the-band center is the under-  The present work was in part financed by The Danish
lying parameter we have included in Fig. 4 a large hum-Research Councils through The Center for Surface Reac-
ber of data from the literature [20—25], all extracted fromtivity and Grant No. 9501775. The Center for Atomic-
similar DFT calculations. These data represent calculatescale Materials Physics is sponsored by the Danish
adsorption energies of atomic and molecular adsorbates &kational Research Foundation. M. M. gratefully acknowl-
well as activation energies for surface reactions. They alkkdges financial support from EU through a Marie-Curie
describe a situation, where the adsorbate interacts with thgrant (Contract ERBFMBICT No. 961691).
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