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Interaction of CO, O, and S with metal nanoparticles on Au11l): A theoretical study
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Density functional theory and slab models are used to study the unusual behavior of Mo, Ni and Ru
nanoparticles on a A1) substrate. After considering several different structures and compositions for the
metal nanoparticles on the ALL]) interface, the calculations show that the metal particles energetically prefer
to be embedded into the surface or form Au/metal particle@/Al) sandwich like structures. The calculations
also indicate that the observed deactivation of the Mo/Au interface to GOafl S adsorption is due to the
passivation of Mo as a result of the intermixing between Mo and Au. Mo atoms in the substrate can be pulled
out to the surface by interacting with oxygen or sulfur adatoms, eventually forming molybdenum oxides or
sulfides. This process depends on a delicate balance between the adsorbate-Mo and Mo-Au interactions, and
usually requires high coverages of the adsorbate. It can lead to big changes in the morphology of nanoarrays.
Ru/Au(111) and Ni/Au(111) exhibit a similar behavior to that of Mo/Ali11). Thus, the phenomena described
above must be taken into consideration when preparing nanoparticles on a Au template.
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I. INTRODUCTION lic bonding induces electronic perturbations in Mo and Au.
The Mo/Au11l) surfaces ©y,<0.3 ML) display an ex-
Recently, the behavior of metal nanoparticles is receivingremely low reactivity towards CO, 9 and GH,.****Thus,
a lot of attentiort™* In principle, nanoparticles can have while surfaces of pure Mo adsorb and dissociajea@d CO
unique mechanical, electronic, optical, magnetic, and chemiat room temperaturt;'® the nanostructures in Mo/Ali11)
cal properties with respect to those of bulk and single parinteract poorly with the molecules even at 1004° The
ticle specied and thus have many fascinating potential supported Mo nanoparticles interact well with very reactive
uses>’ For example, these systems can be useful in the fabmolecules like NQ and S (MoO, and Mo$ formation, but
rication of electro-magnetic devices and sensofsNano-  only at elevated temperaturs™® The modifications in the
particles also have significant potential as higher activity anathemical properties of Mo are among the largest observed
selectivity catalysts for chemical and electrochemicalfor an element in bimetallic systems?1>®There are two
processed®-10 possible explanations for the deactivation of Mo nanopar-
In the emerging field of nanotechnology, a goal is to maketicles on Au111). One is a combination of ligad®?%2*or
metal nanostructure in well-defined and controlled spatial arsize’® effects. The electronic structures of Mo on the surface
rays. Gold surfaces are commonly used as templates for there modified by the Au substrate plus the limited size of the
growth of self-assembled monolayer of organic molectiles. nanoparticles and therefore deactivate Mdhe other pos-
Since gold is a chemically inert eleméitt®a Au(111) sub-  sible explanation is site exchange or intermixing of Mo and
strate can be an ideal template for growing and probing théu.!® The Au substrate may strongly segregate to the surface
physical and chemical properties of metal oxide, sulfide anénd block the interaction of adsorbates with the Mo patrticles.
carbide nanoparticles'*®In the first step, metals can be Therefore, the nanostructures exhibit a low reactivity as Au
deposited on the A1l substrate either by direct evapora- does. The existing experimental data do not allow one to
tion!® or by decomposition of metal-carbonyl precur- establish which of these effects is responsible for the deacti-
sorst*1517|n the second step the metal nanoclusters deposration of Mo’
ited can be studiéd'®or undergo additional treatment to be  In this paper, first principle density-functional calculations
transformed into sulfide, oxide or carbide nanopartiéfés®  are employed to study the surface morphology of Mo/
For this type of studies, it is very important to understand atAu(111) and the adsorption of CO, S, and O. By considering
a fundamental level the interactions between the gold subseveral different surface structures and compositions, we ex-
strate and supported metals. plore in detail relationships between the structural and
Scanning tunneling microscopySTM)*'’ and high-  chemical properties of Mo/Ad11). It is shown that the Mo
resolution photoemissidh have been used to examine the particles are energetically much more stable when penetrat-
behavior of Mo particles on Adll). The results of STM ing into the Au instead of sitting on the surface. The embed-
studies show the formation of nanostructures at defectgjed Mo atoms are electronically perturbed and the activity of
steps, and dislocations of the A1) substrate upon the the bimetallic system is determined by the shift of these at-
deposition of Ma"'’ The STM images do not allow a clear oms from inside to above the gold substrate. These phenom-
identification of Mo and Au atoms, and site exchange beena are also observed in density functional calculation for
tween Mo and Au could occur near the surfat@he Mo/ other bimetallic system¢Ni/Au and Ru/Ay, and must be
Au(111) systems exhibit Mo 8, core level binding ener- taken into consideration when preparing nanoparticles on
gies that are 0.2—0.3 eV higher than those measured for bulku(111).
Mo.® Valence photoemission spectra also show that bimetal- The paper is organized as follows. We first introduce the
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method of calculation and the supercell set up used to de ;
scribe the configuration of Mo particles on @d1). We then J
show the energetically preferred configurations according ta
the calculations. Based on these, we illustrate the interesting
activities of the Mo particles on/in A@11) for CO, O, and S .
adsorptions. Finally, we compare the behavior of several bi-

metallic systems formed by deposition of metals orfJ4d).

Il. METHOD OF CALCULATION

In the present theoretical work, we use density functional
theory to calculate the formation energies and the CO, S, ant
O adsorption energies on various MofAli1) bimetallic sur-
faces. The calculations are performed using the CASTEF
(Cambridge Serial Total Energy Packagesuite of i
programs-? which have proved to be very useful in theoret- ¢
ical studies dealing with metal surfacés® The Kohn- . 5
Sham one-electron equations are solved on a basis of plan g
waves with kinetic energy below 25 Ry and ultrasoft pseudo- &%
potentials are used to describe the ionic céPedle have
found that the pseudopotentials used in this work reproduce ,
well the results of all electron calculations for systems that £ €7 &
involve Au, Mo, and S’ The K-points used are chosen so }
that the sampling of the Brillouin zond8Zs) for different
surface unit cells is ensured using the Monkhorst-Pack £ %4
schemé® 16 K points are considered for the BZ sampling
and integration in the present calculation. We have also
checked that Increasing the number Kfpoints up to 64 in this paper. For each configuration, “I”is the top view and “II” is
changes the adsorption energy by less than 0.02 6\_/' The e side view. The big light and dark balls represent Au and Mo,
effects are much smaller than the effects of changing th?espectively.
surface composition, which is the interest of the present
study. The exchange-correlation energy and the potential aig CO, S, and O on each Mo/Al1) surface is also calcu-
described by the revised version of the Perdew-Burkejaieq. |n the present study, the CO adsorption site is atop for

. 9 F
Ernzerhof functionaf: all the cases as observed on most transition metal surflces,

The structural parameters of each system are determingghije the high coordination sites are preferred for O and S
using the Broyden-Fletcher-Goldfarb-Shanno m'”'m'Zat'onadsorptiorﬁl'25'3l

techrjisque, with an energy change per atom less than 2 the calculated CO molecule, atomic O and S adsorption
X 10 ° eV, residual force less than 0.05 eV/A, and the d's‘energy is expressed as
placement of atoms during the geometry optimization less
than 0.002 A. . _ AE 4= E(adsorbate/metat E(meta) — E(adsorbatg
In most cases, we describe the surfaces using a four-layer (1)

slab with a 2<2 unit cell, as shown in Fig. 1. The only ) o )
exception is the case shown in Figh}, for which we use a The dissociative adsorption energy of the moleculgsafd

five-layer slab. Previous theoretical studies have shown thatz IS deduced from the corresponding atomic adsorption en-
four-layer slabs can be enough to t%%sgibe pure metal suf'dy. which can be expressed as

faces and adsorbate/metal interfaces <’ For a full Mo
monolayer on A@l11), [Fig. 1(b)], we obtained essentially AEqqs= 2% E(atom/metal— 2* E(meta) — E(moleculs.

the same results using four, six or eight Au layers to repre- @

sent the substrate. In addition, very similar results were obn all the cases under study, the adsorbates and the first three
tained after comparing the adsorption of sulfur on four-andslab layers are allowed to relax in all dimensions while the
six-layer slabs representing Al1),%" or CO on a Mo mono-  metal atoms in the bottom layer are fixed at the lattice posi-
layer supported on three-or five layer Au slabs. The two+ions of the substrate.

dimensional periodic slabs are embedded in a three dimen-

sional _periodic supercell, with a vacuum 11-A-thick Ill. CONFIGURATION OF THE Mo /Au(111) INTERFACE
separating the top and the bottom of the slabs along the

surface direction. Eight different kinds of Mo/ALL1) sur- To understand the interesting behavior of nanoparticles in
faces have been investigatéeig. 1). They involve configu- Mo/Au(11)), it is very important to know the surface com-
rations in which the Mo is either on top of the gold surface orposition first, which is not possible to obtain from STM
embedded in the first, second or third layer. The adsorptioexperiments. Density functional calculations can be used to

(e-ID) : (&1D

FIG. 1. Configuration of Mo/A(L11) bimetallic surfaces studied
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find out the energetically favored configuratitif® The 0.7
chemical composition at the surface of an alloy can differ

from the composition in the bulk. If segregation occurs, one 08 Mo(110)
of the alloy components may enrich the surface region. A - A-b
database of the surface segregation energies of siogle 05

isolated transition metal impurities in transition metal sub- —

strates has been presented based on quantitative firsig 04
. . . 8.21 . . . . [
principle calculations®?! It is shown that for single impuri- S | A-g

ties, like Mo, Ni, or Ru, in A¢111), the impurities should =03 F At Ae
remain in the substrate with a positive segregation energy. "
In the present study, therefore, we consider the cases o %2}
Mo placed on the surface of Au, Mo intermixing with Au [ Au(111)
both in the surface and in the substrate, and Mo being totally 1|~
driven into the substrate with only Au atoms in the surface. [ Mo and Au Bulk
Eight different structures have been included as shown in 99
Fig. 1, where we can see t@p and side(ll) views of each : ! IConfigulration : ! :

configuration. Figure (B) (A-a, in the notation beloywshows
the case of pyramidal Moclusters on Aulll). Figure 1b) FIG. 2. Formation energy of Aa11), Mo(110 and Mo/Au111)
(A-b) describes the case of one Mo overlayer onJ4d). systems. Here, the formation energy is relative to bulk Mo and Au.
Figure Xc) (A-¢) stands for the case of isolated Mo atoms onThat is, we assume here that the formation energies of both bulk Mo
the Au(111) surface in a X2 array. Figures ()—1(h) corre- and Au are equal to zero. The coverage of Mo for the different
spond to the cases of intermixing. Figur@e)l(A-e) comes Mo/Au(111) systems is 1 ML. A" represents the Mo/Au alloy.
from embedding Mg clusters into the A(l11) substrate, “a’'-" g"labels correspond to the configurations shown in Fig. 1.
whereas Figs. () (A-f), 1(g) (A-g and 1h) (A-h) result

from completely or partially embedding a full layer of Mo.

And finally, Fig. 1(d) (A-d) represents the case of a Au OVer- Therefore, even Mo clusters energetically prefer to be driven

layer on Md110). into the substrate instead of staying on the surface. The be-

To describe the surface stability, we use the formation,,yior seen for the Mo aggregates on(ALl) is consistent
energyE;. Here, we note that the formation energy ShownWith Green function linear muffin-tin orbitals calculations for

in this paper is relative to bulk Mo and Au. That B¢ of  \, 50 ities i
purities in AU111), where the energy cost to remove
\t/)vl#ilge':\/lc;sand Au are assumed to be zef. then can be 5, fom the surface is 0.67 eV/atof2L A comparison of
the surface free energies of pure(Al0 eV A ?) (Ref. 32

E;=E(Mo,Au;_,) —XE(Mo)— (1-x)E(Au), (3) and Md0.18 eVA? (Ref. 32 also suggests that gold
) ) _should be the dominant element in the surface of Mo/Au
whereE is the total energy of the corresponding composmona”Oys

in bulk. Our DF calculations show quite clearly that the Mo In the present study, we only consider the case of Mo
atoms are more stable when penetrating into the substraga;3 !

rather than sitting on the surface independently of their pres- posited on the ideal flat Au surface. In many situations, the
g P y PreSieal Au111) surface undergoes a herringbone reconstruc-

ence as flat overlayers or isolated clusters. As shown in Figﬂon 3334 STM images show that the Mo atoms easily aggre-

2, with a 1-ML Mo coverage, the most stable configuration is .
A-f. Mo atoms are located in the second layer with Au atom ate and form nanostructures on the elbows of the herring-
' one structuré:!’ The Au atoms in such elbows are under

in the surface, as shown in Fig(fL In fact, we also find that i . .
driving the Mo layer further down to the third layer with two stress and more reactive towards Mo than atoms in an ideal

Au layers on top is a little more stable by 0.02 eV/atom. It isflat terrace of Al(|111).1'35'36Th§ Mo atoms deposited on the
also shown that the more Mo atoms sit in the surface, the les@lbows then act as preferential nucleation centers for trap-
stable the corresponding surface configuration. CompareBing additional Mo atoms and forming clustéfs'® Accord-
with the most stable configuratiofA-f), it becomes circa ing to our calculations, the binding energy of a free Mo atom
0.01 eV/atom less stable by pullidgML Mo to the surface  on a Au111) surface with already; ML Mo is almost two
(A-e), circa 0.04 eV/atom less stable by pulliggML (A-g)  times bigger than that on pure Aii1). The reason is that the

to the surface, and 0.25 eV/atom less stable by forming admetal-admetal bonding is stronger than the admetal-Au
Mo overlayer on A@l1l) (A-b). The A-e configuration with  bonding. Thus a free diffusing Mo atom would be eventually
Mo atoms embedded in both the surface and subsurface layrapped by the Mo adsorbed on the elbows. Therefore, STM
ers[Fig. 1(e)] is very close in energy to th&-f and A-h  observes the formation of nanostructures on the elbows of
configurations. Thus, entropic and kinetic factors could dethe herringbone structufe’’ The same is valid for F&
termine the degree of penetration of Mo into the Au sub-Co*® Ni,**2 Pd*® Rh** and Ru(Ref. 45 deposition on
strate. According to the results in Fig. 2, the formation of MoAu(111). On the contrary, preferential nucleation is not ob-
clusters on A(l11) should not prevent the penetration of the served if the admetal-admetal bonding is not strong enough
admetal into the gold substrate. Tea configuration is compared with admetal-Au bonding, such as the cases of
circa 0.3 eV/atom less stable than thee configuration.  Al,*® Cu*’ Ag,*® and Au(Ref. 49 deposition on A(111).
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TABLE I. Calculated adsorption energiésV). “ A" represents a MoAu alloy. &" to “ g” is correspond-
ing to the configuration shown in Fig. 1.

ESi Egus Ec E3es EZ,
(eV/moleculg (eV/atom (eV/moleculg (eV/atom (eV/molecule
Mo(110) -1.89 -6.81 -8.36 -6.08 -6.97
Au(111) 0.07 -2.02 1.22 -3.23 -1.28
A-a -2.22 -7.51 -9.76 -6.30 -7.41
A-b -2.79 -7.69 -10.14 -7.00 -8.81
A-C -1.91 -6.69 -8.12 -5.76 -6.33
A-d -0.11 —2.41 0.44 —-3.50 -1.81
A-e -1.03 —4.75 —4.24 —4.16 -3.14
A-f -0.35 —-2.05 1.16 -3.39 -1.59
A-g -0.93 -5.18 -5.11 ~-4.58 -3.98

As we mentioned above, the Mo atoms form particles aparticles with the effects of Mo-Au interactions, without in-
the elbows of the herringbone of ALL1). On the other hand, cluding Mo-Au intermixing®® The validity of this hypothesis
we also indicate that the Mo atoms prefer to be driven intacan be tested using density functiof®fF) calculations?
the gold substrate. The combination of these two phenomena |t has been reported that CO strongly bonds and easily
leads to a complex situation. This raises an important quesgissociates on Md10,*® while has no interaction with
tion. Are the Mo atoms deposited on the elbows above the\y(111).5! The DF results in Table | show that CO bonds
surface or in the substrate during the growth of the nanopakye|| to a Ma(110) surface AE,4—=—1.89 eV), while a
ticles? We suggest that the Mo atoms are located on or Nealy(111) surface interacts weakly with CO A€au

the surface during the dosing and forming of the nanopar— 0.07eV), in agreement with previous theoretical

ticles. Once the formation of a Mo particle is completed, thestudie§9'52We have considered CO adsorption on the vari-

;Autﬁtomsrfwouk_j”t})iegm tcl)dsnenexrc?ange W(';[h 'Mk? otr setgrega.tt(Bus Mo/Au bimetallic surfaces displayed in Fig. 1. It can be
0 the surtace. This could generate a sandwich SUCturé Wity oy i, tapje | that the adsorption energies change a lot with

Mo atoms oc_cupying sites in the substrate and Au atoms %itferent surface compositions and configurations.

top. As we will see below, the idea of Mo-Au site exchange For the case of 1 ML of Mpclusters A-a) and a pseudo-
and Au segregation is consistent with the chemical behavioI[norphic Mo overlayer sitting on the surface of AAFi(o) as
found for the Mo{Au[lll) surfaces. The chemlcallact|V|t|es shown in Figs. () and 1b), the Mo-CO bonding strengths
of these bimetallic systems seem to be determined by th re even much stronger than that for the case oI

shifts of Mo atoms from inside to above the gold surface. The activation of Mo is due to electronic modification caused
by ligand or size effects. In these configurations, the Mo-Mo
IV. SURFACE REACTIVITY bonds are stretched with respect to (#t0) and thus thed

- d of Mo becomes narrow with its center) shifting up
In the present paper, we use CO, O, and S adsorption %@n . d -
the probes to study the chemical activities of all the Mo/Au Circa 1 ej towards the Fermi level to keep thfilling. It

alloy surfaces. By comparing our results for adsorption Orrlas been found that the bonding of an adsorbate with a metal

well-defined sites of the surface to experimental datawe S“ffa‘;e becomes stronger witfy shifting up, and vice

1,53-55 ; H
obtain a direct indication of the morphology of the Mo/ V€S2 Therefore, Mo-CO bonding i-a and A-b
Au(11D) systems. then becomes strongé€Fable ). In addition, after decreasing

the Mo particle size from pyramidal Mcclusters A-a) to
isolated Mo atoms A-c), the Mo-CO bond is still very
strong by reducing its strength only 0.3 eV. From these re-
The interaction of CO with bimetallic systems has beensults, we can conclude that any Mo atom or cluster located
the subject of many work:16:2021.5%rhe strength of the CO above A111) should bond CO strongly, a trend not consis-
adsorption bond is very sensitive to electronic perturbationgent with the experimental observatiots.
induced by bimetallic bondin®?>*° The distribution of With 3 ML of Mo driven into the substrateX-g), the CO
electrons around the metal centers and shifts in the valkénceadsorption energy decreasesH,;— —0.93 eV}, which we
bands can have a strong influence in the CO adsorptioapeculate to be partly due to the decreasing number of Mo
energies??° Results of core-level photoemission show noneighbors in the surfacetigand effec and to steric block-
big electronic perturbations after depositing Mo oning of the Mo-CO interaction by gold. The same phenomena
Au(111).1° But the changes in the CO chemisorption proper-occur when further driving ML of Mo atoms into the sub-
ties of Mo are very large, and Mo/Aiil]) surfaces are un- strate A-e), and the CO adsorption energy becomek03
able to adsorb CO at 300 K under ultrahigh vacuumeV, which is also considerably weaker than for pure Mo.
conditions®® This unusual behavior can be attributed to aFinally, we reach the cas&-f. With only Au atoms in the
consequence of combining the limited size of the Mo nanosurface and the Mo atoms in the substrate, CO cannot inter-

A. CO adsorption
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TABLE II. Calculated surface stabilities before and after theindicate that a Fig. @ = Fig. 3(b) transformation is a
adsorption of CO, O, or S. A-a~A-g"” represent the Mo/  highly exothermic reactionE;=—2.99 eV) with Mo be-
Au(111) alloy surfaces with different configurations, which are the jng pulled out to the edgéhalf-embeddedby three CO mol-
same as shown in Fig. 2 and Table I. The energies for all the casqscyles. In addition, the CO molecules pulling Mo from the
shown here are relative to the case/sf and correspond to the edge[Fig. 3b)] to the surface of AUFig. 3c)] is also an
energy of the four-layer 2 2 supercells with one layer of Mo at- exothermic transformation with a reaction energy,, of
oms antlj three layers of Au atoms. The coverage of all the adsor;o_43 eV. It is therefore clearly seen that, at high CO cov-
bates is; ML. The exceptions are the values in parentheses, Whicrbrage’ Mo in the substrate becomes energetically unstable
correspond to a full monolayer of sulfur on the surface. and should move to the surface to allow CO strongly adsorb.
Under the ultrahigh vacuum conditions of the experiments in

Clean surface CO/surface O/surface  S/surface

Ref. 15, the coverage of CO is very low on the surface and
V) (eVimoleculy (eviatom  (eViaton) the Mo/Au11)) interfaces eventually behave as(All). To
A-f 0 0 0 0 see a CO induced migration of embedded Mo to the surface,
A-a 4.70 2.82 -0.07 1.74 substantial pressures of CO are necessary. Recent STM ex-
A-b 4.07 1.64 -157  0.41(-3.39 periments show results which are consistent with this
A-e 0.45 ~053 ~255 ~0.67 idea®">’
A-g 0.65 0.06 —2.48 —0.59 In summary, according to this theoretical study, Mo-Au

site exchange and Au segregation are the reasons for the low
reactivity towards CO of the nanostructures in Mo(&l0).

act with Mo and the adsorption energy dropst0.35 eV, It ~ The idea that the Mo nanoparticles have special chemical
appears that the configurations in which a skin of Au coverdroperties due to their limited si2&'**°and/or Mo-Au elec-
Mo have an almost negligible reactivity towards CO. tronic interaction$’ can be ruled out.

In order to explain the chemical deactivation of Mo/
Au(111) observed experimentally;*® it seems that one has
to involve Mo-Au site exchange or Au segregation. Before
we reach this conclusion, there is another issue we should Molybdenum oxides are widely used for the transforma-
consider. It has been found that adsorption can significantlyion of hydrocarbons in the chemical industhand a general
change the surface composition of bimetallic alléy&>°® interest exists for preparing arrays of well-defined MoO
We wonder whether it is possible for CO to pull the Mo back hanoparticles. Therefore, it is worthwhile to examine the ad-
to the surface of Mo/Au alloys to form a much strongersorption of oxygen on the nanostructures in Mo(ALl)
Mo-CO bond. Thermodynamically, it would be very difficult systems:*!’ Figure 4 shows a summary of experimental re-
for a few CO moleculeg: ML) to move the Mo atoms from sults for the formation of Mo@on Au(111).***" The dosing
the inside to above the Au substrdsee Table ). But the  of O, to Mo/Au(11]) (®,,,=0.05 ML) at 300—-850 K pro-
situation changes at higher coverage of CO. As shown in Figduces no changes in the Ma Zore levelgFig. 4@)]. The
3(a), we begin with a Mo/A@111) bimetallic surface with nanostructures in Mo/Ad11) are unreative towards Q'+’

Mo in the substrate which is the most stable in energy with-although the surface of pure Mo readily adsorbs and disso-
out CO present. After exposure favIL of CO, the configu- ciate the oxygen molecufé.In addition, the experiments
ration shown in Fig. 3a is not stable at all. The calculationsalso show that Mo@nanoparticles are formed when reacting
Mo/Au(111) with a strong oxidant like N@[Fig. 4(b)]. Sur-
prisingly, this oxidation process is accompanied by a very
large increase in the Mo intensity measured in photo-
emission[Fig. 4(c)]. Such a phenomenon is very hard to
explain, because the adsorption of oxygen on the surface
should attenuate the Mod3signals if Mo nanopatrticles are
spreaded-out above the Au substrate.

Before turning to the Mo/Au systems, we first study the
adsorption on pure surfaces. It is well known that O strongly
bonds with Mo>°~% As shown in Table I, our calculation
also indicates that Mo-O bonding is very strong with atomic
adsorption energy of 6.81 eV. The @ adsorption energy is

FIG. 3. Configuration change befof@ and after(b), (c) depos- ~—8-36 €V. For Q adsorption on A(L11), the calculated ad-
iting 2 ML of CO on a Mo/AU11]) surface Py,=2 ML). For  SOrption energy is 1.22 eV. It indicates thaj @oes not ad-
each configuration, “I" is the top view and “II” is the side view, SOTD at all on A(111) as observed in the experiméfital-
The big light and dark balls represent Au and Mo, respectively. Théhough the O-Au bonding for atomic O is not neligible with
small light and dark balls represent carbon and oxygen, respe@n adsorption energy of2.02 eV.
tively. (a) The reactanf ML of CO deposited on Mo/A(1.11) with Similar to the case of CO adsorption, it is shown in Table
Mo inside the substratéb) The intermediate CO molecules pulling | that the O adsorption energies are much bigger for the
Mo from the substrate to the surface ed@®.Product, CO mol- surface alloys with Mo atoms in the surface compared to
ecules pulling Mo to above the surface of Au. those with Mo atoms in the substrate. The O adsorptions on

B. Oxygen adsorption
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both A-a and A-b are even stronger than the case ofdissociation barrier of nitrogen dioxide (N© NOy,s
O/Mo(110 by almost 1 eV, which is due to ligand and size +Q,J is lower by about 1.58 eV than that for,@ccording
effects as indicated in Sec. IVA. Thus, thea and A-b  to our calculations. Therefore, O atoms would be more easily
configurations exhibit an affinity for oxygen which is not formed by NQ dissociation on a Mo/A{111) surface than
seen in the experimental measurements  for,. Once the O adatoms are generated from, Ntbey can
O,/Mo/Au(111) **" With the decreasing surface composi- pull the Mo in the substrate out to the surface and form Mo
tion of Mo to ; ML (A-g) and; ML (A-e), the O adsorption  oxides due to the strong interaction between O and Mo. This
energy drops to—5.18 and —4.75 eV, respectively. The processes of Mo migration easily explains the gain in Mo 3
weakening of O bonding is mostly ascribed to the decreasinghtensity seen during the oxidation of Mo/&i1) (Fig. 4).
numbers of high-fold Mo sites on the surfa@nsemble ef- |nitially, many of the Mo atoms in the Au substrate are not
fect) as compared with the cagea andA-b. For the case detectable at the photon energy used in the experiments due
A-f, the O bonding strength drops further down close to thato the limited scape-depth of the photo electrbhélpon
of O/Au(111). The corresponding adsorption energy-8.05  migration to the surface, they become “visible” and the Mo
eV, while the Q adsorption energy for the cagef is only  3d signal increases.
1.16 eV, which also indicates that,@oes not adsorb al-
though the O adsorption energy is substantial.05 e\j. _
Similarly as seen for the CO adsorption, the O adsorption is C. Sulfur adsorption
very strong when Mo is sitting on the Au substrafe §,b), In technological applications molybdenum sulfide is ex-
and becomes much weaker than O for the case of tensively employed as a lubricant and as a catalyst for the
Mo intermixing with Au (A-e,g) and Mo completely em- removal of the sulfur from the petroleuth.Environmental
bedded in the substraté{f ). Considering the deactivation regulations stress the need for cleaner oil-derived products
of Mo/Au(11]) to O, adsorption observed in photoemission and there is a continuous search for better desulfurization
experiments? it seems again that Mo particles should be catalyst€? Well-defined arrays of MaSnanoparticles offer
intermixing with Au or embedded in the substrate. interesting possibilities in this respéct Figure 5 summa-
Mo energetically prefers to stay on the surface in the presrizes experimental results for the reaction of sulfur with Mo/
ence of O(Table I). Configurations with Mo being pulled Au(111) surfaces?® In a series of experiments a Mo/Aii1)
out to form Mo-O bonds are up to 2.55 e¥{e) more stable (0,,,=0.05 ML) surface was fully covered by a layer of
than those with Mo in the substrata{f ). However, O ada- sulfur at 300 K and heated to higher temperatiiFég. 5a)].
toms cannot form by ©exposure to the Mo/Al1l) alloy  Although the system is very rich in sulfur and MpB the
surfaces, since Odoes not interact well with Au-rich sur- most stable species in S/Mo/AilLl), the formation of the
faces (Table ). Therefore, no reaction is observed in the sulfide is not observed until heating to elevated temperatures
experiment when exposing to,3* As for the strong oxida-  (>600 K).° A similar result was found at higher coverage of
tion ability of NO,, we consider that it is simply because the Mo.'® Furthermore, the formation of MQSs accompanied

155416-6



INTERACTION OF CO, O, AND S WITH META.. .. PHYSICAL REVIEW B 67, 155416 (2003

Mo 3d S/Mo/Au(111)

MosS, 35

| 800 K %0.6

3.0 1 FIG. 5. (a) Mo 3d core level
| 700K x0.8 spectra for the adsorption of sulfur

2.5 1 on 0.05 ML of Mo on Ay{111).
The surface was saturated with a
20 | layer of sulfur at 300 K and the

system was heated to the indicated
temperatures(b) Ratio of the Mo
3d intensity before and after sul-
fidation of Mo in Mo/Au(111) as a
1.0 1 function of Mo coverage(From
Refs. 15 and 6

PE Intensity (arb units)
<
g 8
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}Jé
»
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Binding Energy (eV) Mo coverage (ML)
by an increase in the Modsignal in photoemissiofiFig.  ing the temperature. As observed in the experim@ntplyb-

5(b)],*® a trend which is very difficult to explain if sulfur is denum sulfide cannot form on Mo/ALL1) at low tempera-
converting Mo nanoparticles spread out above(ld4d).  ture. By raising the temperature to 800 K, the formation of
These phenomena need an explanation. MoS, is observed in the experimeftTherefore, the major

As reported for sulfur adsorption on Mid.0),**%*our cal-  trend in the photoemission results of Fig(Hgh temperature
culations also indicate that sulfur and pure Mo surfaces havéormation of MoS with a simultaneous large increase in the
a strong interaction as shown in Table I. The calculated S anMo 3d signa) can be explained by the migration of Mo from
S, adsorption energies on NIL0) are—6.08 and—6.97 eV,  the bulk to the surface of the system. We take one reaction as
respectively. The DF calculation gives a substantial adsorpan example for the case of high S coverage. A full ML of
tion energy for S on A(L11), which is also found in recent sulfur is deposited on a Mo/Ali1l) surface with the most
theoretical studie$’*! It also predicts that Sdoes adsorb on stable configuratiod-f [Fig. 6a)]. Under these conditions,
Au(11)) but the bonding is not very strong with an adsorp-the DF results indicate that one must have adsorhet@®-
tion energy of—1.28 eV. For a total sulfur coverage of 0.25 ecules instead of S atoms, in agreement with results of core-
ML, the S, molecule dissociates spontaneously into S atomsevel photoemission for this systertsAt large surface cov-
on Mo(110 and Au111).2"65

According to our calculations Mo atoms of clusters sitting -
on Au(111) should not have any problem reacting with sulfur |
atoms. In fact, the Mo-S bonds for the cages,b are even
stronger than that of S/M@10. By gradually driving the ;
Mo atoms into the substrate, the surface-S bond becomepfg
weaker as shown for the caskse,g and gets close to that of ¢
S/AuU(111) for the caseA-f, in which all the Mo atoms are
inside the substrate with only Au atoms in the surface. As
indicated for CO and O adsorption, the observed deactivatior
of Mo/Au(11]) (Ref. 15 is due to Mo-Au site exchange and
the presence of a gold skin over the Mo nanoparticles.

Similar as for CO and O, the configurations with Mo in
the surface are also stabilized by the presence(@a8le II).
Considering the case of forming MgSthe DF results show
that the configurations with Mo being pulled out by &-¢)
are more stable thaA-f. Since $ interacts well with Au-
rich surfaces A-f ), there is no problem for the formation of
atomic S by dissociating,S%® However, compared with the
case of oxidation, the enthalpy contribution from S-Au bond-  FIG. 6. Configuration change befof@ and after(b) depositing
ing to S-Mo bonding(Table 1) seems not strong enough to 1 ML of sulfur on Mo/Au111) (®,,,=1 ML). For each configura-
overcome the kinetic barrier for Mo shifting at low sulfur tion, “I”is the top view and “II” is the side view. The big light and
coverages. To make molybdenum sulfide, one possibility islark balls represent Au and Mo, and the small balls represent sulfur,
to increase the mobility of the embedded Mo atoms by raisfrespectively.

@)
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TABLE lIl. Calculated surface stabilities and adsorption energy of oxy¢ew/atom. “ A-b’,”
“A-e"" and ‘* A-f’"" in the table indicate that the RNi)/Au(111) surface alloys have the same configu-
rations as shown in Figs(h), (e) and(f) substituting RUNi) for Mo. The energies of the clean surface and
Olsurface shown in the table are relative to the cas&-6f and correspond to the energy of the four-layer
2% 2 supercells with one layer of Mo atoms and three layers of Au atoms. The coverage of oxygen for all the
Pt
cases is; ML.

Ru/Au(111) Ni/Au(112)
A-b’ A-e' A-f’ A-b’ A-¢' A-f'
Surface 2.02 —0.48 0 2.48 0.46 0
Olsurface -1.75 —2.52 0 -1.12 -0.94 0
EQ -5.84 —-4.12 -2.08 -5.63 -3.44 -2.04
g2 —6.43 -2.98 1.10 -6.01 -1.62 1.18

ads

erages, gold surfaces bond the adsorbate but are not abledtomic O. There is a delicate balance between the oxygen-
dissociate the Smolecule®?’ The calculation shows that a admetal and admetal-gold interaction, and the presence of
complete migration of Mo from the second layer to the sur-oxygen can completely modify the morphology of a nanoar-
face by the dissociated S atofifdg. 6(b)] is highly exother-  ray in Ru/Au111) and Ni/Au111).

mic (AE=—3.36 eV).

V. BEHAVIOR OF Ru /Au(111) AND Ni/Au(111) VI. SUMMARY

SURFACE ALLOYS DFT periodic slab calculations were used to study the

Au(111) is frequently used as a template for growing andconfiguration and chemical activity of meté¥lo, Ni, Ru)
probing the physical and chemical properties of metainanoparticles on Al1l) interfaces. The results show that
nanoparticles:*>*°~*Many admetals can intermix or site- there is a strong site exchange or intermixing between the
exchange with gold® It is worthwhile to examine how gen- metal nanoparticles in the surface and the Au in the substrate.
eral are the phenomena seen above for M¢IAL). Both  The most energetically favorable structure is a sandwich
Ru/Au(111) and Ni/Au(111) surface alloys are also studied in structure with the atoms of the nanoparticles driven into the
this paper. As we will see, these two systems exhibit a simisubstrate and Au atoms segregating to the surface. But ki-

lar behavior to Mo/Ag112) alloys. netic or entropic effects could limit the penetration of the
Here we consider each bimetallic system with three kindsnetal nanoparticles into the Au substrate.
of configurationsA-b’, A-e’ andA-f’. They have exactly The calculations show that the reason for the experimen-

the same atomic arrangement for Mo(ALill) shown in Figs. tally observed deactivation of metal nanoparticles is due to
1(b), 1(e), and Xf), respectively, by substituting Ru or Ni for site exchange and not ligand or size effects. Mo atoms on top
Mo. The DF results are shown in Table Ill. These indicateof Au(111) bond CO, Q, and S more strongly than the
that, like Mo, Ni also prefers to be embedded in the substratatoms in M@110) due to an upward shift of thd valence
rather than on the surface, which is also shown by a previousand of the metal atoms in the nanoparticles. Once metal
theoretical and experimental stufyThe configurations be- nanoparticles are embedded inside gold, interactions with
come less stable by 0.46 and 2.48 eV with pullihdVL molecules such as CO,,@nd S are difficult and the bime-
(A-e’) and 1 ML (A-b") Nifrom the substrateA-f’) tothe tallic interface behaves mostly like gold under ultra high
surface, respectively. Similarly for Ru/ALLl) systems, the vacuum conditions.
configuration of 1-ML Ru sitting on Ad11) (A-b’) is 2.02 The calculations also indicate that large coverages of an
eV less stable thaA-f’ with all Ru occupying the second adsorbatg(CO, O, and S for examplewill pull the metal
layer, while, by pulling of & of 1 ML of Ru to the surface nanoparticles back to the surface. For &d S adsorption,
A-e’ is a little bit more stable. a critical factor is the formation of O and S atoms or the
Oxygen adsorption on Ru/AL1l) and Ni/Au11]) is also  dissociation barrier of the molecule. N@vith a lower dis-
included in Table Ill. Similarly to the case of Mo/Ald1), sociation barrier than Ooffers a convenient route to produce
our calculations showTable 1) that Ru/A111) and Ni/  large coverage of atomic oxygen. Also substantial pressures
Au(11)) are deactivated and behave like Au when Ru or Niof CO or O, can produce adsorbate coverage that eventually
migrate into the substrate and Au is on the surface. In addiwill lead to a change in the morphology of the interfaces. In
tion, it is also found that the Ru or Ni atoms on the surfacefact, such behavior is similar to that of metal nanoparticles
can be stabilized in presence of O atoms. Compared with then oxide surfaces as reported in a recent experiftfemhere
configurationA-f’, the configurations with Ru or Ni on the the shape of the nanoparticles changes under a gas environ-
surface A-b’ andA-e’, become 1 or 2 eV more stable after ment. Thus, the phenomena described above must be taken
adsorbing 1/4 of a monolayer of atomic oxygen. Thus, Ru ointo consideration when preparing nanoparticles on some
Ni atoms in the substrate can be pulled out to the surface bgpecific template.
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