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Abstract: We describe a theoretical analysis of the structures of self-organizing nanoparticles formed by
Pt and Ru—Pt on carbon support. The calculations provide insights into the nature of these metal particle
systems—ones of current interest for use as the electrocatalytic materials of direct oxidation fuel cells—
and clarify complex behaviors noted in earlier experimental studies. With clusters deposited via metallo-
organic Pt or PtRus complexes, previous experiments [Nashner et al. J. Am. Chem. Soc. 1997, 119, 7760;
Nashner et al. J. Am. Chem. Soc. 1998, 120, 8093; Frenkel et al. J. Phys. Chem. B 2001, 105, 12689]
showed that the Pt and Pt—Ru based clusters are formed with fcc(111)-stacked cuboctahedral geometry
and essentially bulklike metal—metal bond lengths, even for the smallest (few atom) nanoparticles for which
the average coordination number is much smaller than that in the bulk, and that Pt in bimetallic [PtRus]
clusters segregates to the ambient surface of the supported nanoparticles. We explain these observations
and characterize the cluster structures and bond length distributions using density functional theory
calculations with graphite as a model for the support. The present study reveals the origin of the observed
metal—metal bond length disorder, distinctively different for each system, and demonstrates the profound
consequences that result from the cluster/carbon-support interactions and their key role in the structure
and electronic properties of supported metallic nanoparticles.

Introduction promoter effect§,and the control of heat and mass transfer
properties. Improving catalysts for important future applications

The chemical and topological s.tructures of metallic nano- requires significant improvements in our understanding of both
particles are key elements that provide the templates that mediate, physical and electronic structures. Understanding the

th_e complex mglecu!ar transformations of heterogene_ous Cata-tactors that most critically serve to control the structures of
Iy_tlc pro_cesseé'. The mterfgces present_ ‘?‘t the nanopa_lrnc_le often supported catalytic systems at the nanoscale would constitute a
dictate important properties, ones critical for applications of significant advance in the field, one that would directly impact

catalysts in technology. These include such notable issues asapplications. The present theoretical work seeks to provide such

thelr”st.ructure f"md.s'[a?]'"t)]f (e.g.., resflstancg to smté)gr;g insight by examining a set of previously studied nanoscale
sensitivity to p0|son[ng,t e formation o rgactwe ENSembIES  materials that hold a special utility for fuel cell and catalytic
that lead to selective forms of catalytic transformatiens, applications

We have recently synthesized a series of well-defined
nanoclusters using metallo-organic complekés The metallic
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nanoclusters of Pt and PRu prepared in this way were shown obtained from in situ extended X-ray absorption fine structure
to self-organize and form close-packed clusters on high-surface-spectroscopy (EXAFS), scanning transmission electron micros-
area carbon supports (Vulcan XC-72). Structural characteriza- copy (STEM), microprobe energy-dispersive X-ray analysis, and
tions made of clusters with sizes ranging from 9 to 92 atoms electron microdiffraction. These studies showed that nanopar-
reveal them to be essentially bulklike with fcc(111)-stacked ticles obtained from PtRumolecular-cluster precursor are
cuboctahedral geometries and, for bimetallic clusters, segregat-exceptionally well-defined materials having a Pt:Ru composition
ing the Pt atoms preferentially to the ambient (i.e., nonsupport of 1:5, an average diameter of ca. 15 A, and an oblate (truncated)
interacting) surfaces of the supported cluster. These structuralcuboctahedral structure based upon face-centered-cubic close-
behaviors are fully studied here using advanced methods of packed structure. The supported pure Pt nanoparticles made via
theory and computational modeling. the same process also have the same structure. For bimetallic

Many conflicting claims have appeared in the recent literature nanoparticles, the local metal coordination environments, as
regarding the structures of metal overlayers and clusters onrevealed by multiple scattering path analysis of the EXAFS
carbon surfaces. For example, in the case of Ru overlayersdata/: show that Pt atoms strongly segregate to the ambient
deposited on graphite, various forms of data have suggestedsurface of the nanoparticles and reside on a Ru-rich ‘étsach
that growth proceeds via both monolalfeand island-baséé that Pt atoms form quasi-2D, raft-like structures, presumably
mechanismsinterpretations that are mutually exclusive. Scan- to maximize the number of RtRu bonds. Detailed investiga-
ning tunneling microscopy experiments that examine the tions of two representative carbon-supported systesnsall
structure of Pt overlayers on graphite found that the growth bimetallic [PtRy] clusters of average size and composition, and
proceeds via the intermediary two-dimensional islands of Pt in a carbon-supported pure Pt clustshowed broad, nonstatistical
an hcp array# an intriguing observation given our experimental  distributions of metatmetal bond lengths whose averages were
work on cluster growthand the fcc structure of bulk Pt. These close to, but slightly contracted from, values found in the bulk
selected examples illustrate the range of interesting and fre-metals. In our previous studies, the polydispersity of the particle
quently contradicting behaviors that are found in the literature sizes, as ascertained by STEM, was small, depending on the
on supported-metal model systems, an area that has beersystem’!! and its effect on the bond length distribution was
developed in several recent comprehensive reviéws? ruled out even in the larger particles (ca.~8D A)1! Thus,

Here we clarify the nature of the impact that support We associate the enhanced width and the nonstatistical bond

interactions have on the structures adopted by nanoscale metalength distribution observed in the smallest particlésolely
clusters and determine the Origin for the observed structure Oleth the intracluster disorder, rather than the disorder due to

nanoparticles and associated bond length disorder. We comparé&nsemble average over the polydispersity.
first-principles, electronic-structure calculations of one repre-  Thus, due to the observed narrow size distributions, we expect
sentative cluster structure directly with experimentally deter- that a single nanocluster already will have bond length disorder
mined prof“es of the bonding present in 37-atom clusters. One that reflects that of the ensemble. Therefore, to make direct
can expect different behavior for Pt and mixee-Ru clusters, comparisons to the distribution of bond lengths of homometallic
as Pt (Ru) is at the end (middle) of the transition-metal series, Pt and bimetallic [PtRg} nanoclusters deduced from experiment,
with d-levels almost filled for Pt, while half-filled for Ru. Present ~ We Simulated By and P§Rus; clusters on graphite with an fcc-
theoretical studies confirm that Pt and—Ru a||0ys form (lll)-staCked cuboctahedron geometry via full structural mini-
incomp|ete|y Wet“ng 3D nanopartic|es on graphite and provide mization. (We note that a calculation of a 37-atom Pt cluster
full profiles of atom-by-atom bond distributions whose natures ©n graphite requires similar number of basis functions and
are not possible to obtain directly from experiment. We directly computational intensity as four 800-atom proteif)s.The
relate the calculated and experimentally assessed bond lengtt$tability of the “segregated” Pt atoms in ambient-surface
distribution, provide an atomic analysis (structure, electronic configuration was verified as being the lowest-energy config-
charge, and density of states) that reinterprets the experimentatration for P§Rus/C. Calculations involving carbon were
data, and helps guide future analysis. performed on a 7 7 hexagonal, two-dimensional supercell
Background on Experiment and Theory.The synthesis and with two atoms per basis to mimic an infinite honeycomb

structural characterizations of Pt andHRu clusters supported ~ 9raphite sheet. Separate calculations verified that the use of a
on high surface area of carbon black have been describedSingl€ graphite sheet as an approximation for the support did
earlier’-11 and are summarized here. Bimetallic nanoparticles not affect the results while markedly reducing the computational

on carbon were obtained either by the reduction of the neutral COSt. _ ) _
molecular carbony! cluster precursor PER(CO);s dispersed Fo_r the electronic strgc@ure calculatlon,_ we use der_15|ty
on carbon or via reduction of Ru(lll) and Pt(Il) complexes functlonal_theory (DFT) within the Ic_>ca| density ap_proxmat|on
coimpregnated on the same support phase. In separate experf-DA), using the exchang;e;correlatlon (XC) functional con-
ments, Pt and RuPt clusters were deposited on carbon black structed by CeperleyAlder!® and parametrized by Perdew and

. . . . 20 - . .
via the reduction of single metal source precursors. Detailed ZUnger=> We confirmed that the generalized gradient ap-

structural models of the nanoparticles were deduced from dataP'oXimation (GGA) to the exchangeorrelation, PW9E! gave
similar structural results in a series of direct, but limited
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(15) Heiz, U.; Bullock, E. LJ. Mater. Chem2004 14, 564-577. (20) Perdew, J. P.; Zunger, ARhys. Re. B: Condens. Matter Mater. Phys.
(16) Henry, C. RChem. Phys. Solid Sur2003 11, 247-290. 1981, 23, 5048-5079.
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parameters, the LDA method was sufficient to develop these interactions. Here, from first-principles calculations, we detalil
correlations; moreover, it is known that in metal solids and at the complete explanation of the experimental observations for
surfaces the GGA does not necessarily give improved réddfts.  Pt/C and P+Ru/C. Before presenting our results on supported
We utilized a plane-wave basis set, as developed in the clusters, we make pertinent remarks on bond distributions within
Vienna Atomic Simulation Package (VASP¥,27 with projected freemetallic clusters that will help guide the interpretation and
augmented wave (PAW) method. A kinetic energy cutoff of analysis of the theoretical and experimental results.
250 eV in the plane-wave basis set was tested for convergence Metal—Metal Bonds in Free Clusters.Here we focus on
and found sufficient. All calculations were done in a hexagonal the analysis of metalmetal bond distributions to identify the
supercell of 17.15¢ 17.15x 19.92 A with periodic boundary  origin of the bond disorder. To facilitate the discussion, we will
conditions. Sufficient surrounding vacuum (at least 12 A) is refer to the first nearest-neighbor bond between two core atoms,
included to avoid unphysical interactions among repeating slabstwo surface atoms, and a core and surface atonoes-core,
in the z direction. The k-point mesh of 2 2 x 1 was used. surface-surface(in a nonradial direction around the perimeter
The total energy is converged to 2 meV/atom, and the systemof a cluster), andsurface-core bonds, respectively. For free
is fully relaxed until the absolute force on each atom is smaller clusters, we show that surfaesurface bonds can be much
than 0.02 eV/A. Finally, to validate subsequent structural longer than corecore bonds due to the close packing inside
comparisons, we note the VASIPAW method used is suf-  the core, while the shortest bond is always the suffacee in
ficient to reproduce (within the expected 6.8.0% error for the radial direction, as usually assumed in experimental analyses.
LDAZ28) the elemental lattice constants of hcp Ru (2.68 A, 4.24 For the supported clusters we show that the support-mediated
A), fcc Pt (3.91 A), and hexagonal graphite (2.45 A, 6.69 A), surface-core and surfacesurface bonds are responsible for the
which compares well with the observed values of (2.71 A, 4.28 observed large bond length disorder. Here we contrast free-
A),293.92 A2 and (2.46 A, 6.71 A0 respectively. standing icosohedrall{ symmetry) and cuboctahedraDy
symmetry) clusters of Bfand Rus, which both have 13-atom
core regions, to highlight the effects of symmetry and atom type
As noted, even in nominally Pt-dilute binary phases such as on the bond distributions within a cluster.
P&RuWs1/C, there are nonstatistical distributions of metadetal Figure 1 shows the relaxed structures of free 55-afpand
(M—M) bonds, which yield bulklike average bond lengths, and O, Pt and Ru clusters. The relaxed structures are calculated with
there is a strong tendency to segregate Pt to the ambient surfac®FT—LDA in a 20 A cubic box with at least 12 A of vacuum
of the cluster. Such outcomes are unique to nanoscale binaryand only thel” point being sampled. The icosahedral cluster is
clusters of Pt and Ru in several regards. First, although surfacep.03 and 0.04 eV/atom lower in energy than the cuboctahedral
segregation occurs in bulk PRu, the stable structural form at  cluster for P§s and Rus, respectively. We find that, except for
the 1:5 composition of the [PtRbased nanoparticles in the Oy, Russ, the other three clusters all have a nonzero magnetic
bulk phase diagram remains a mixed attéycp, Ru-rich and moment, with 7ug for Iy, Russ, 12 ug for Iy, Pts, and 8ug for
fcc, Pt-rich phaseswhich are exceptionally stable. Clearly, the O, Pt For Pts, previous DFF-GGA studied'33 found that
nanoparticle alloys are too small to support a comparable system|,, Pgs with 12 ug has a lower energy tha®y, Ptss with 10 ug.
of structures. The surface segregation seen in the small clustersor Ryss, a study at the Hatree-Fock level found thak Russ
is sufficient to deplete the Pt atoms in the core of the clusters. has Qug. Using DFT-LDA but without relaxing the geometry,
Second, the experimental data indicates a bias to maximizepeng et aPf® found thatOy, Russ with 6 ug has lower energy
formation of Ru-Ru bonds. Such a bias has not been described than |, Rugs with 12 us. Geometry relaxation is important, as
in the literature to date. Third, the system (as judged by shown by our results that tHg Russ is actually energetically
experiment) tends to prefer bonding between the Ru atoms andpreferred tharO, Russ. Such preference is also reported by
the carbon support for bimetallic clusters. Bulk thermodynamics recent DFF-PW91 studie¥3"thatl, Russ with 14 ug has lower
of Pt=Ru alloys cannot resolve such issues. Finally, the clusters energy tharO, Russ with 10 ug. We found that, although the
formed are oblate, close-packed structureses that strongly ~ magnetic moment of the Ru and Pt cluster is sensitive on XC
select habits mirroring the localized geometries of an fcc habit  functional, I, is preferred ove©y, for both Pgs and Rus, and
which is intriguing given that Ru atoms that form the cores of the discussion on structural analysis does not change when

Results and Discussion

these particles adopt an hcp structure in bulk. switching from LDA to PW91.
The above discussion highlights a number of complex  As seen in Figure 1a for the ftcluster withl, symmetry,
structural behaviors that are found in SupportedFlPlll nano- there are two types of coreore, surfacecore, and surface

particles, ones that presumably follow from the unique electronic syrface bonds. The coreore bond in the radial (nonradial)
structure of small metal clusters and the consequence of supporirection is 2.57 A between atoms 1 and 2 (2.71 A between
atoms 2 and 3). The surfaeeore bond in the radial (nonradial)

(22) Mattsson, A. E.; Schultz, P. A.; Desjarlais, M. P.; Mattsson, T. R.; Leung,

K. Modell. Simulation Mater. Sci. En@005 13, R1—R31. direction is 2.50 A between atoms 2 and 4 (2.71 A between
(23) |9((l),lgl’th, S.; Perdew, J. P.; Blaha, Iat. J. Quant. Chem1999 75, 889— atoms 2 and 5) F|na”y the Surfaeeurface bond has two
(24) Kresse, G.; Hafner, Phys. Re. B: Condens. Matter Mater. Phy$993

47, 558-561. (31) Apra, E.; Fortunelli, AJ. Mol. Struct.-Theocher00Q 501, 251—259.

(25) Kresse, G. Technische Univeisit&ien, Ph.D. Thesis, 1993. (32) Apra, E.; Fortunelli, AJ. Phys. Chem. 2003 107, 2934-2942.
(26) Kresse, G.; Furthiitler, J. Phys. Re. B: Condens. Matterl996 54, (33) Xiao, L.; Wang, L. CJ. Phys. Chem. 2004 108 8605-8614.

11169-11186. (34) Guirado-Lopez, R.; Spanjaard, D.; Desjonqueres, M. C.; Aguilera-Granja,
(27) Kresse, G.; Furthiitler, J. Comput. Mater. Sci1996 6, 15-50. F.J. Magn. Magn. Mater1998 186, 214-222.

(28) Dreizler, R. M.; Gross, E. K. WDensity Functional Theory: An Approach (35) Deng, K. M.; Yang, J. L.; Xiao, C. Y.; Wang, K. Phys. Re. B: Condens.

to the Quantum Many-Body Proble®pringer-Verlag: New York, 1990. Matter 1996 54, 2191-2197.

(29) Kittel, C.Introduction to Solid State Physicgth ed.; Wiley: New York, (36) Kumar, V.; Kawazoe, YEur. Phys. J. D2003 24, 81-84.

1996. (37) Zzhang, W. Q.; Zhao, H. T.; Wang, L. Q. Phys. Chem. R004 108
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Pt-Pt Bonds Pt-Pt Bonds
1-2,257A 1-2,2.67 A
2-3,271A 2-3,2.6TA
2-4,2.50 A 2-5,258 A
2-5271A 2-7,2.70A
4-5,268 A 4-6,2.81 A
5-6,2.80 A 6-7,2.65A
5-7,2.62 A
7-8,2.77TA
(b)
Ru=-Ru Bonds Ru=Ru Bonds
1-2,2.54 A 1-2,2.64 A
2-3,2.67A 2-3,2.64 A
2-4,2.41 A 2-5,2.46 A
2-5,2.52A 2-7,2.54 A
4-5,260A 4-6,2.55 A
5-6, 2.66 A 6-7,2.58 A
5-7,2.50 A
7-8,2.50 A

(© (d)
Figure 1. DFT—LDA relaxed structures for a free fgtcluster with (a)l, and (b)On symmetry, and a Ry cluster with (c)ln and (d)On symmetry. The
light (dark) spheres stand for Pt (Ru) atoms. Metaktal bonds are indicated in black lines and the corresponding bond lengths are listed. Metal atoms are
labeled with numbers and bonds are defined by the two connected atomg.(Bgr symmetry, the core atoms are 1, 2, and 3 (1, 2, 3, and 4), and surface
atoms are 4, 5, and 6 (5, 6, 7, and 8).

nonradial types: 2.68 A between atoms 4 and 5, and 2.80 A average surfacesurface bond tends to be longer than the
between atoms 5 and 6. So, the shortestRtond is the radial average corecore bond. For the less spheri&@| cluster, the
surface-core bond of 2.50 A, whereas the surfasarface bond surface atoms relax toward a spherical shape, especially for the
of 2.80 A is the longest. (100) facet, which has more surface area than a (111) facet.
For the less stabl®y Ptss seen in Figure 1b, two types of ~ The central atom in the (100) facet is relaxed outward and causes
core—core bonds are almost equal at 2.67 A. There are threethe corresponding surfaeeore bond length to increase, becom-
types of surfacecore bonds: 2.58 A in the radial direction ing the longest one. The next longest bond is that of the surface
between atoms 2 and 5, and two nonradial bonds of 2.70 A surface bond. This feature of the Pt atoms in the (100) facet
between atoms 2 and 7, and 2.81 A between atoms 4 and 6relaxing outward to make th®, Ptss spherical agrees with the
Similarly, three types of surfaeesurface bonds are evident: study by Apra et af!
2.65 A between atoms 6 and 7, 2.62 A between atoms 5 and 7, As shown in parts ¢ and d of Figure 1, the shortest bond in
and 2.77 A between atoms 7 and 8. Thus, the shortesPPt  both I, and O, Russ cluster is again the radial surfaeeore
bond is the radial surfaeecore bond of 2.58 A, and the longest  bond of 2.41 and 2.46 A, respectively. The longest-Ru bond
is a nonradial surfacecore bond of 2.81 A. formed in thely, Russ is a nonradial corecore bond of 2.67 A,
Clearly then, even for different symmetries, the shortest Pt slightly larger than the surfaeesurface bond of 2.66 A. In the
Pt bond remains the radial surfaeeore bond, which is due to ~ On Russ, the longest bond formed is also a cewmre bond of
the same electronic effect as for the contracted outermost2.64 A, but in both nonradial and radial directions. Since the
interlayer distance for most semi-infinite metal surfaces. We radial core-core bond is much smaller than the nonradial one
note that although the outermost interlayer distance for Pt(111) in In Russ, while both the radial and nonradial cereore bonds
surface is slightly expanded by 1%,%0 the curvature of the  are the longest IO, Rues, it is evident that the core atoms in
cluster surface matters. The difference for the longestPPt  the I Russ experience a larger compression than thos@in
bond can be explained from a geometric argument. For the moreRuss, which agrees well with those found by Jennison et al.
sphericall,, cluster, the closed-packing of atoms leaves more  In contrast to R, the core-core bond in Res is the longest
interatomic space on the surface than in the core region. So thedue to the different electronic structures of Ru and Pt. First,
the ratio between the radial surfaceore and corecore bond
(38) A"\"atggf]; og‘alséal(esu% ggffé%f'sv ?2'5'32%"73'2;2'?'6'"2’ K.; Vanhove, M. s 0.95 (0.93) foll, (On) Russ, which is smaller than 0.97 (0.97)
(39) Crljen, Z.; Lazic, P.; Sokcevic, D.; Brako, Rhys. Re. B: Condens. Matter

2003 68, 195411-195411. (41) Jennison, D. R.; Schultz, P. A.; Sears, M.JPChem. Phys1997, 106,
(40) Ho, K. M.; Bohnen, K. PPhys. Re. B 1985 32, 3446-3450. 1856-1862.
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Figure 2. Top view of a bimetallic RRus; cluster supported on a graphite surface in a(7) unit cell. The small dark sphere stands for C atoms, large
light (dark) spheres for Pt (Ru) atoms. Part a shows three adsorption sites: T for atop, H for hollow, and B for bridge site. Three configurations with
different adsorption sites and orientations are considered: (b) atop, (c) atop-R60 (cluster rotatédviiin 68spect to part b), and (d) hollow.

for I (On) Ptss. So the Ru atom has relatively less space than analysis of EXAFS data. Finally, as a particle increases in size
Pt on the cluster surface. This same feature is reflected in thefrom 2 to 100 atoms to 100s to 1000s of atoms, the €ooze
surface layer relaxation of Ru(0001) and Pt(111) surfaces, wherebonds eventually control the distribution.

the outermost Ru interlayer distance is reduced by*#9n,
contrast to Pt which is expanded only by $86° Second, as
Ru has half-filledd orbitals, whereas Pt has almost filled
orbitals, the Re-Ru bond is more directional than-P®t bond.

Adsorption Configurations and Energies for Supported
Clusters. A truncated cuboctahedron cluster with 37 atoms has
three atomic layers stacked in the fcc(111) direction, which we
refer to as the direction (see Figure 2). The bottom layer has

The more directional bond results in a less spherical cluster, 19 atoms and forms a hexagon, the central layer has 12 atoms,
manifested by less outward relaxation of atoms in the center of and the top layer has 6 atoms in a triangle. In the perimeter of

(100) facets of Ru cluster than Pt.
Finally, for completeness, fapmetals, such as Au clusters,

the bottom hexagon, there are 6 atoms located at the corners.
Of the other 6 atoms, 3 of them are in the (111) facet and 3 are

we note that similar features are found as in the bond length in the (100) facet, which we refer to asdvh) and Muoo),

distributions of Pt. For example, in dp and Op Auss cluster,
the longest bond is a surfaesurface bond of 2.91 A and a
nonradial surfacecore bond of 2.89 A, respectively. As
reported by Hkkinen et. al® a cuboctahedral Ay cluster
calculated using EAM (embedded atom method) shows a-core

respectively, with M being either Pt or Ru. In this study, for
Pt3; and PgRus; clusters, we consider two high-symmetric
adsorption sites on the graphite surface for the starting config-
uration, atop and hollow sites, as shown in parts b and d of
Figure 2. (We considered a number of starting positions for

core bond is the longest; whereas present LDA results (as didsmaller 10-atom clusters to limit search space for the 37-atom

ref 43) show that the bonds have a narrower distribution (2.73

cluster, including bridge sites, which always shifted to atop

2.77 A). But, in addition, we find that the longest bond is now sites.) For atop site, the cluster can have a second configuration

a surface-surface bond on the (111) facets.
Generally speaking, the radial surfaaore bonds are always

formed by rotating the entire cluster 6@long thez axis (we
refer to this as atop-R60), as shown in Figure 2c. Initially, we

the shortest; depending on the symmetry and electronic naturePut each of the 19 metal atoms in the bottom layer of the clusters

of atoms, the longest bond can be surfaserface, surface
core, or core-core bond. However, the first two types of bonds

on the same type of site and stack the other two atomic layers
accordingly. We then use geometry optimization to let the

can play a more significant role in the bond length distributions System relax to its equilibrium.

than that of the corecore when the clusters are formed on a

Some previous theoretical studies suggest that a Ru overlayer

substrate because they are in direct contact with the substratePn graphite can be magnetic if the overlayer is kept above the
as we will show later. This fact can have a large impact on the €quilibrium height'* Nonetheless, magnetism is lost via a first-

(42) Mannstadt, WSurf. Sci.2003 525, 119-125.
(43) H&kinen, H.; Barnett, R. N.; Landman, Bhys. Re. Lett.1999 82, 3264—
3267.

order collapse for a smaller height of the overlayer, with

(44) Hergert, W.; Rennert, P.; Demangeat, C.; Dreyss§u. Re. Lett. 1995
2, 203-217.
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Table 1. DFT—LDA Adsorption Energies (eV) for a Pts7 and
PtsRuz1 Nanocluster Supported on a Graphite Surface for Atop,
Atop-R60, and Hollow, as Shown in Figure 2

nanocluster atop atop-R60 hollow

Pt//C(0001) 2.69 2.32 2.59
PR Us/C(0001) 8.39 8.15 6.25

equilibrium being nonmagnetic. As for nanoclusters, magnetic (a)
structures are expected, especially in free clusters, as seen i
the previous section. However, for intermediate-sized nano- _ )- 10.13A
clusters, magnetic structures are less likely to be formed in
supported clusters as for similar reasoning for the collapse of
magnetism in supported Ru overlay&t4#In our calculations,
we find that the carbon-supportedsRis; and Pt clustersare 9993390099
indeed nonmagnetic. b
The adsorption energies of the three different initial configu- o (®) _
rations for both R and PgRue; clusters are listed in Table 1. f’:o"?t(’; e) f)-bf;gg ‘(’t')‘;"lng’éi‘lecrlﬁﬁzfg ;&gﬁ‘ﬁj gf}"‘;“'garfgh‘i’;’ghsmgg The
For the P47 cluster, the adsorption energies show that atop is legends are the same as in Figure 2. In each panel, both the intralayer
preferred by at least 0.10 eV to hollow and 0.37 eV to atop- buckling and interlayer distances are listed.
R60. For the RRus; cluster, atop is preferred by at least 0.24
eV to atop-R60 and 2.14 eV to hollow. Clearly, the atop site is is 2.09 A. For the RRus/C(0001) system, the buckling deduced
energetically preferred for both clusters. For both Pt and Pt  from the calculations is 0.76 A in the graphite surface, 0.36 A
Ru, the similar adsorption energies for the atop and atop-R60in the bottom Ru layer, 0.11 A in the central Ru layer, and
configurations arise from the fact that the bottom layer in contact 0.13 A in the top Pt layer, respectively. Again, the effect of
with support has very similar electronic interactions. Regardless buckling is diminished in going from the bottom to the top metal
of the different adsorption sites, the bimetalligRs; cluster layer. The adsorption distance is 2.10 A, the interlayer distance
with Ru on the bottom layer has much larger adsorption energiesis 1.94 A between the bottom Ru and central Ru layers, and
than the homometallic Pt cluster. This shows that Ru has 2.18 A (largest) between the central Ru and top Pt layers. The
stronger interaction with the carbon support than Pt does. Thesmaller adsorption distance as a result of the larger binding
different strength of interaction with carbon is determined by energy for the mixed cluster than the pure Pt cluster indicates
the difference in the filling of the metal orbitals, since Ru that the Ru-C interaction is stronger than the-RE interaction.
has a half-filledd orbital, while Pt has an almost filledlorbital. The Ru-Ru interlayer distance is smaller than the-Pt and
Configurations with Pt sandwiched internally to the supported Pt—Ru interlayer distance, which is understandable, considering
PtRus1 cluster are at least 4 eV higher than the surface- that Pt has a larger lattice constant than Ru (as would be inferred
segregated Pt configuration. Because both the supported Pt from the different atomic radii of Ru and Pt).
and P§Rus; clusters are the energetically most stable with the A closer look at Figure 3 shows that the buckling in the
configuration starting from the atop site, we concentrate on the bottom Ru and Pt layer is different in each case. In this side
structural analysis of this configuration for the remainder of view of the supported clusters, we see that one (100) facet is in
this discussion. the center with a square shape and two (111) facets are on the
As the result of the relaxation, the bottom hexagon is not side each with a triangular shape. As seen in Figure 3a, the
commensurate with the graphite surface anymore. The metalpyy,,)atoms have the highest position in theirection in the
atoms in the bottom layer can relax toward different adsorption bottom Pt layer, which determines the magnitude of the
sites nearby. Due to the interaction between the substrate anchuckling. In contrast, the buckling in the bottom Ru layer, as
cluster, anintralayer buckling is induced in both the graphite shown in Figure 3b, is determined by the lowest position of
surface and the atomic layers of the clusters. In Figure 3, the Rug14) atoms in thez direction. These different behaviors in
intralayer buckling together with the interlayer distances are the relaxation of the M11) atoms for Pt and Ru have a large
shown schematically. For theg7C(0001) system, as seen in  impact on the metaimetal bond disorder, which we will discuss
Figure 3a, the supporting graphite surface evidences a bucklingin detail in the next section.
of 1.30 A. The buckling is 0.55 A in the bottom Pt layer, 0.23  Metal—Metal Bond Length Distribution Analysis: Theory
A in the central Pt layer, and 0.07 A in the top Pt layer, vs Experiment. EXAFS is often used to probe the local
reSpectiVEly. This shows that the structure modification inside coordination environment of an atom in a nanoscale metal

the Pt7 cluster is the |argeSt in the bottom Pt Iayer (WhICh isin cluster. Using the latest advances in EXAFS thé@mes that
direct contact with the carbon Substrate), and that this modifica- take into account mu|tip|e_scattering and non-Gaussian bond-
tion is effectively screened by the electrons to make the top Pt |ength disorder, a theoretical EXAFS spectrum can be generated
layer almost flat. The adsorption distance for the;Rtuster  for essentially any model cluster. The experimental EXAFS
supported on the graphite surface is 2.34 A, which is calculatedsignal is then fitted with a theoretical simulation, and the
as the difference between the average position of the bottom Ptstructural parameters are varied until the best agreement is found
layer and that of the carbon atoms in thedirection. The  petween the data and theory. For a converged structural model,

interlayer distance in the cluster can be calculated in a similar the |ocal coordination numbers, metahetal bond lengths, and
way. The interlayer distance between the central and bottom Pt

layers is 2.22 A, and that between the top and central Pt layers(s) Rehr, J. J.; Albers, R. Rev. Mod. Phys200Q 72, 621—654.
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Figure 4. (a) Distribution of first NN P+Pt bond lengths calculated with DFLDA for relaxed P%; cluster supported on a graphite surface. The average
first NN Pt—Pt bond length is 2.68 A. The relaxed structure is shown in part b. The legends are the same as in Figure 2. Signifieararbuetand
metak-metal bonds are drawn in black lines, and the corresponding bond lengths are listed. Each bond is defined by the two connected atoms. Metal and
carbon atoms are labeled in numbers and letters, respectively. Thg),FR{100) atoms and the closest C atoms to them are highlighted.

bond-length disorder parameters are then determined, and thdarge, as found experimentally and discussed below. More
uncertainties in the results are evaluated. Previously, we havesurprisingly, the bond length distribution is bimodal. Although
used this method and the UWXAFS data analysis packdge most of the PtPt bond lengths are shorter than 2.76 A, there
characterize the metametal bond lengths for both homome- are some PtPt bond lengths longer than 2.84 A, and there are
tallic Pt and bimetallic PtRu nanoclusters supported on no bond lengths between, see Figure 4a. The longer bonds
carbon’~911 contribute significantly to the calculated= 0 K average value
Using the present DFT calculations, we can make a direct of 2.68 A.
comparison between experiment and theory and provide new Experimentally, the bond length disorder can be quantified
insights as to how the structure of the metal cluster is relaxed as the standard deviation?j of the bond length. From their
in the presence of the carbon support. A detailed atom-by-atomtemperature-dependent EXAFS study of bond lengths in the
description of the metalmetal bonding present in the supported smallest (17 A diameter) Pt/C nanoclusters, Frenkel ét al.
metal nanocluster is a level of structural understanding that is deduced a significant (0.0017(2p)%contribution of the static,
typically inaccessible to experiment, yet are readily accessible configurational disorder to the? of the data. To understand
via theory-guided modeling. In this section, we will focus on the origin of this structural disorder experimentally, a simple
the metat-metal bond length distributions calculated from DFT  model of surface relaxation was constructed using a universal
and compare them to the experimental EXAFS dataAn force field that assumed radial, isotropic bonds for core atoms
analysis is made to identify the origin of the significant having one fixed bond length and surfagmre bonds having
contributions to the bond disorder from some specific bonds. a statistical distribution. It was found that a broad and, notably,
Pts7 Cluster. In Figure 4, we present the calculated bond bimodal distribution was needed to fit both the averageRRt
length distribution and a description of the relaxed structure bond length and the static component of & parameter
for a P; cluster supported on a graphite surface at zero Kelvin determined from experiments. The bond length distribution
(T =0K). DFT-LDA yields 2.68 A as the average first nearest showed significant contributions from substantially larger bond
neighbor (NN) P+Pt bond length. From EXAFS data analysis  length. This bimodal distribution of bond lengths agrees very
of the smallest (17 A in diameter) Pt/C nanoclusters measuredwell with the present DFT results for AC and is expected to
at room temperaturel(= 300 K), the experimental 1NN Pt hold true for larger Pt clusters as well. It is remarkable that
Pt bond length is 2.756(3) & The DFT-LDA (T = 0 K) value such a simple ad hoc model produces the same quantitative
is less than 3% smaller than the EXAFS value, but note that aspects in the inferred distribution as does the DFT results.
the average bond length from DFT (expected to be smaller than Importantly, the longest MM bonds in the simple model
experiment due to LDA error) will increase with temperature sed in the EXAES analysis correspond to those of coree
due to the large bond disorder (see below). Comparing the honds. However, as noted earlier, the cerere bonds are not
EXAFS value to the bulk first NN PtPt bond length of 2.76  npecessarily the longest. The correct identity depends on both
A, the supported Ricluster already has a bulklike average bond. the type of atoms present and the symmetry of the cluster. From
In our calculation, the second, third, and fourth NN-Ptbond oy detailed first-principles results, we find that the precise origin
lengths are found to be 3.72, 4.61, and 5.25 A, respectively. of the large bond length disorder is due to the combined effects
Figure 4a shows the atom-by-atom DFIDA calculated  of the anisotropic relaxations within the carbon-supported
distribution of the first NN bond lengths for PPt in the clusters and the interaction of the bottom layer of metal atoms
graphite-supported Rtcluster. The PtPt bond length has a  ijth the carbon support (i.e., interfacial interactions).
broad distribution from 2.55 to 2.91 A, corresponding-t6% Figure 4b shows the nature of some of the significant
and +9% change of the LDA average value of 2.68 A_' perturbations of the first NN PtPt and P+C bond lengths
respectively. The magnitude of the bond length disorder is quite 5 ,nd in the relaxed Bi cluster supported on the graphite
(46) Stern, E. A.; Newville, M.; Ravel, B.; Yacoby, Y.; Haskel, Bhysica B surface. Alon_g the perimeter Of_the bottom hexago_n’ theret
1995 209, 117—120. bond length in the (111) facet is 2.60 A and that in the (100)
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Table 2. Average Bond Lengths from EXAFS, LDA, and PW91 for
Supported [PtRu5] Clusters?

Pt—Pt Pt-Ru Ru-Ru

NNshell EXAFS LDA PW91 EXAFS LDA PW91 EXAFS LDA PWIl

1 269(3) 2.67 2.74 2.70(1) 2.64 2.69 2.67(1) 2.56 2.60
2 3.78(3) 3.79(2) 3.71 3.79 3.78(1) 3.57 3.63
3 466(4) 462 475 470(2) 452 461 4.68(1) 4.48 455
4 538(3) 528 542 540(1) 513 522 5.42(2) 520 5.28

aBond lengths (A) per NN shell for PRu clusters on C are reported
in the same assignment used in ref 7, where the NN shells are defined on
an fcc lattice (see Figure 5).PPt second NN bond is not present igfRs;
due to Pt segregation to the uppermost (third layer) of the supported cluster.
Experimental bond lengths (ref 7) were obtained via analysis of EXAFS
data on the truncated cuboctahedral structure. Theoretical data are the
average bond lengths calculated for a Pt6Ru31 cluster supported on a
graphite surface using LDA and PW91. 4

1

U

. . Figure 5. Assignment of NN shell bond lengths defined on an ideal fcc
facet is 2.62 A. While these bond lengths are almost the same,jatiice as listed in Table 2. Two consecutively stacked (111) planes are

the positions of the Rt1y and Pgoo) atoms in thez direction highlighted in red and blue. The black (gray) numbers labeled on the atoms
are nfact quie dierent. As mentioned above, theiftoms _P3Ese e Qoo el e s ikeser
tend to relax upward and have the highest position among the, .. ’ ’
bottom Pt layer. The upward movement of the.Rfinduces
strain and pushes atoms 5 and 6 in the central Pt layer apart, agf |ess than 3% from the bulk valudés.The DFT-LDA
indicated by the long PtPt bond of 2.85 A between them. This  c5jculated first NN bond lengths of 2.67 A for-FRt, 2.64 A
effect also results in the shortestft bond of 2.56 A between  for pt—Ruy. and 2.56 A for R&Ru also have a difference of
atoms 6 and 7 in the neighboring (100) facet in the central Pt ess than 3% from the theoretical bulk values. For the higher
layer. The longest PtPt bond of 2.91 A is between atom 7in NN shells, the bond lengths calculated from DAIDA
the center of the (100) facet and atom 4 in the bottom layer. compare well with the experimental data. GGA(PW91) calcula-
Unlike Ptu1y) atoms, Rioo) atoms remain in the same level as  tions only slightly improves the PRu and Ru-Ru bond
the other Pt atoms (3 and 4) in the bottom layer. In contrast, |engths, but it overestimates the-fRt first NN bond length.
the PPt bond between two core Pt atoms in the central layer gee Taple 2.
is 2.67 A (not shown in the figure). So the longest Pt bonds As a general trend found in the theoretical data, we found
in the supported cluster are not among the e@@re atoms of  hat the PPt bonds in different NN shells are always the
surface-surface atoms but between surface Pt atoms in the longest among the three, followed by-fRu, then Re-Ru
central layer and Pt atoms in direct contact with the substrate: pqnqs. Although the experimental data citethows that the
these are interlayer bonds. Pt—Ru bond lengths are the largest, they overlap with the Pt
The different relaxation between thegiPt and Plioo) atoms Pt bond lengths within the experimental uncertainties. A more
can be related to the local adsorption environment. Initially, recent experimental pagawvith smaller uncertainties shows that
both the Pg11)and Ptoo)atoms adsorb on the atop site. Due to  the first NN Pt-Pt bonds are always longer thanfRu bonds
expansion of the cluster during the relaxation, the;Btatoms for a wide range of temperatures, which agrees with the trend
are pushed toward the nearby hollow sites, while theodpt seen in our DFT calculations.
atoms are pushed toward the nearby bridge sites. After the Figure 6 shows the distribution of the first NN bond lengths
relaxation, as seen in Figure 4b, the fffatom has three closest  for Pt—Pt in part a, PtRu in part b, and RteRu in part c,
carbon atoms with one at 2.97 A and two at 3.06 A around the respectively. The RuRu bond length has a broad distribution
hollow site, while the Riog)atom has two closest carbon atoms  from 2.36 to 2.82 A as seen in Figure 6¢, which corresponds to
with one at 2.31 A and one at 2.48 A around the bridge site. about+10% change with respect to the average LDA value of
As indicated by the PtC bond lengths, the Rii) atom has 256 A. The magnitude of the bond disorder found in the
weaker interactions with the carbon support than thgdpatom. calculations is as large as that seen for the supported|Bster.
This shows that the Pt atoms prefer to adsorb on the bridge Most of the Ru-Ru bond lengths are shorter than 2.70 A;
over the hollow site on the graphite surface. however, there are several RRu bond lengths of 2.82 A,
PtsRus; Cluster. A similar analysis of bond length distribu- ~ which are even longer than the largest-Pt or Pt-Ru bond
tions was made for the §Rus; cluster supported on a graphite lengths of 2.76 A, as seen in Figure 6a,b.
surface. The shell-wise average bond lengths calculated with As shown in Figure 6d, both the shortest and longest Ru
LDA and GGA, along with those deduced from EXAFS Ru bonds are from the perimeter of the bottom hexagon, which
experiment&for supported [PtRu5] clusters, are listed in Table is in direct contact with the graphite: these are intralayer bonds
2. When studying Table 2, one notes that the bonds determined(in contrast to pure Pt cluster, where bond disorder arose via
from the EXAFS data are geometric, e.g., the fourth nearest- interlayer bonds). Three of them are 2.36 A, and the other three
neighbor bond is twice that of the nearest-neighbor within the
uncertainties, as expected or an fcc lattice, (see Figure 5). For(47) For simplicity, we define the PRu "bulk” values by considering the
. ) . concentration-weighted average of Pt and Ru fcc lattice constants (so-called
the first nearest neighbor bond lengths, the experimental data

Vegard's rule), which just indicates a completely geometric expectation.
are 2.69+ 0.03 A for P=Pt. 2.70+ 0.01 A for P=Ru. and However, we note that there are always deviations from Vegard's rule in
2.674+ 0.01 A for Ru-Ru, respectively, which have a difference
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any alloy system, i.e., positive (negative) deviation for segregating (ordering)
type.
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Figure 6. Distributions of first NN metatmetal bond length calculated with DFLDA for PtsRus1 supported on a graphite: (a)-FRt, (b) Pt-Ru, and

(c) Ru—Ru. Average first NN bond lengths are 2.67, 2.64, and 2.56 A ferP®Rt Pt-Ru, and Ru-Ru, respectively. Relaxed structure for the supported
PtsRus1 cluster is shown in part d. The legends for atoms are as in Figures 2 and 3—gkatabn and metalmetal bonds are drawn in black lines and listed
as in Figure 4. The Rui1y, Ruio0) atoms and the closest C atoms to them are highlighted.

are 2.82 A. In contrast, the RtRu bond between two core Ru Electronic Structures and Origin of Bond Disorder. The
atoms in the central layer is 2.60 A (not shown in the figure). different binding of Mz11) and Maoo) with a graphite surface
Besides the effect of the interaction with the carbon support, it can be analyzed in the view of electronic structures. Figure 7
is well-known that a cluster has intrinsic static bond disorder shows the iso-surfaces of electron density differencé@b5

due to the relaxation from the close packing, which has been /A3 for the P§; and P§Rus; clusters supported on the graphite
confirmed by many studie®:*°In a perfectOy cluster, due to  surface in parts a and b, respectively. The electron density
symmetry, the surface bonds along the perimeter of the centralgifference is calculated by subtracting electron densities of the
hexagon are equivalent. When the Pt or-Ru clusters form  sypstrate and the clusters from the whole supported system with
on a support, the cuboctahedron is truncated and the symmetryihe same relaxed geometry. Most of the electron density
is lowered. The 3-fold rotational symmetry (with no inversion edistripution upon adsorption happens in the meRinterface.
point) will make the six surface bonds in the bottom hexagonal There s very little electron density redistribution around the
layer inequivalent. This inequivalence can be enhanced wheny,, meta| layer, which shows that the support effect diminishes
the cluster interacts with a graphite surface. This effect is much ; | going away from the interface region. This is in agreement
larger for PgRus; than P§,7 cluster. For the former, the longer with the analysis of the intralayer buckling in the previous
bonds get even larger (mcrgasmg to 2.82 A) and thg Sh.ortersection. It is easy to see that Figure 7b has much more electron
bonds get smaller (decreasing to 2.36 A). As seen in Figure density redistribution than a. From this we see that the-®u

6d, the Ry atoms move toward the hollow sites on the ;o ion is much stronger than the- interaction, due to

graphite and have lower positions in thelirection than the .

. charge-transfer/bond enhancement, and agrees with the calcu-
other atoms in the bottom layer. In contrast, the,yatoms lated adsorption distance being shorter forRuthan P+C
move toward the bridge sites and do not change their positions . P g i '
in the z direction. The closest C atoms to the Ry atom are In Figure 7b, around the ReC interface region, the electron
at 2.14 A and two at 2.37 A, while those to the Ry atom ~ density is depleted (shown in red) from thetype orbitals

are at 2.18 A and at 2.27 A. The shorter -RD distances around the Ru atoms. In contrast, the electron density is ac-

between Ry and the hollow site than between () and cumulated (shown in yellow) mostly in the middle of the-RD

the bridge site show that the former is preferred. interface region and right on top of the C atoms. These features
show the strong interaction between Ru atoms in the bottom

(48) 'l“l”g“ldg;g‘i}lg-lg-? Rehr, J. J.; Low, J. J.; Bare, S.RChem. Phys2002 layer and the C substrate, most of which is the overlap between

(49) Boyanov, B. I.; Morrison, T. 1J. Phys. Cheml996 100, 16310-16317. the Rud orbitals and the Cr orbitals pointing out of the
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Figure 7. Electron density difference for (a)ftand (b) PéRus; clusters supported on a graphite surface. The value of the iso-surfa€eas e/&. Red
stands for electron depletion and yellow for electron accumulation. Green, blue, and purple spheres stand for Pt, Ru, and C atoms, respectively.
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Figure 8. Projected density of states on (a):R§ and Pioo) atoms and (b) Reh1y and Ruioo) atoms.

substrate. There are three lobes of electron density accumulatiorsee Figure 8b, there are more states frony fuatoms than
around each Ru)atom, which are the result of the interactions  Ruz00) atoms, also indicating, as discussed above, that Ru
of the Ryy11y atoms with the three nearby C atoms around the atoms form more RaC bonds than Ruggy atoms. For the B
hollow site. Around the Ruoo)atoms, there are only two lobes  cluster in this energy range, see Figure 8a, there are more states
of electron density accumulation because they are only in closefrom P00 atoms than Ri11yatoms, confirming also that 4o
interaction with two C atoms crossing the bridge site. In contrast, atoms form stronger P{C bonds than Rt1y atoms. So the
as shown in Figure 7a, there is no electron density redistribution enhancement of bond length disorder is a consequence of
around the Ri11) atoms and some around theg:R atoms at anisotropic relaxation in different facets of the metal clusters
the iso-surface value a£0.05 e/&8 , which agrees with the  and is enhanced by the different binding sites for the metal atoms
observation that the Rt;)atoms relax upward and away from in the bottom layer on the graphite surface.
the hollow site and no carbon atom is in close interaction with  Topology of Supported Bimetallic Clusters and Bond
it, while the Pfiog) atoms have close interactions with the Counting. Several aspects of the results from detailed calcula-
underlying carbon atoms. These features can also be seen irions warrant further explicit comment. Here, we point out that
the Ru-C and PtC bond lengths in Figures 4b and 6d. the tendencies toward segregation and the adoption of the close-
The difference in bonding environment can also be seen packed structure can be explained in several ways, depending
clearly in the projected density of states (PDOS) on the i/ upon one’s physical perspective. In a material science view,
and Mqog)atoms in Figure 8. Inside the supported 37-atom metal the phase segregation of Pt and Ru in bulk is predicted by the
cluster, the Nh11y atom has seven first NN, while joy atom Hume—Rothery rule$® These largely empirical correlations
has six first NN and two second NN. As seen in parts a and b predict patterns of solubility and compound formation in binary
of Figure 8, both Riop) and Ruyiog) atoms have more states in  metallic systems based on considerations of atomic radii, bulk
a lower energy range thanRtyand Ryi11)atoms, respectively.  crystal structures, electron affinities (and ionization potential),
This shows that the binding of the o) atoms inside the metal ~ and valency. These rules, of course, have an electronic origin,

cluster is stronger than the@M;)atoms. From-20 to—10 eV, arising rigorously from electronic bandwidth differences of
there is some overlap between Rwand Cur orbitals, while alloying elements, which affects such aspects as orbital overlap

there is alm_OSt n_o such overlap betweemat_]d Ca orbitals. (50) Hume-Rothery, W.; Smallman, R. E.; Haworth, C. Whe Structure of
The Cux orbitals lie mostly above-3 eV. In this energy range, Metals and Alloys5th ed.; The Institute of Metals: London, U.K., 1969.
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and band-filling>! For Pt and Ru binary alloys, the segregation mimicking a weaker support interaction, as expected for carbon).
effects experimentally appear to follow from the filling of For the cuboctahedral geometry, the corresponding numbers
unfavorable antibonding states in the Pt, which can be reducedwere 5.53 and 4.95 eV/atom, respectively. Not surprisingly, the
by segregating this component, rather than from perturbationslowest energy configurations found by EAM are for the strong
from the occupancy of the nonbonding states of the Ru. For metallic cluster-substrate cases, where the layered configuration
example, using VASP we calculated the formation energy for is favored, but differences are less pronounced between close-
an fcc(111) layer of Pt embedded between hcp(0001) or fcc- packed and layered. However, for the case with no or little
(111) layers of Ru, and for a fcc(111) layer Pt layer residing substrate interactions, the 3D structure clearly wins~)6
on the surface of the same hcp or fcc Ru. (For these calculations,eV/atom, as it produces more bonding in a metallic cluster.
we used 5 layers of Ru and 15 A of vacuum with a k-point  This simply highlights that the structural habits seen in
mesh of 20x 20 x 1.) The results reveal a strong energetic supported clusters will depend very sensitively on the electronic
preference for thesurface-segregatedPt structure over a  nature of those clusteisubstrate interactions. Bonding that
subsurfacePt by 0.15 eV/(surface atom) for an hcp Ru and by involves a more metallic substrate would promote the formation
0.14 eV/(surface atom) for an fcc Ru surface. (Recall that of cluster habits that are more layer-by-layer in nature (raft-
subsurface Pt configuration is 4 eV higher for the supported like). Weaker interactions prefer, instead, topologically close-
nanocluster, or roughly 0.11 eV per cluster atom.) Clearly, Pt packed motifs of the metallic clusters. The oblate closed-packed
prefers sitting on the ambient surfaces of Ru, as expected fromshapes formed on carbon thus represent an intermediate case,
a simple band-filling argument. and, as we have seen, the details of the interactions determine
With considerable accuracy, the identities of elements that the cluster structure, bond distributions, and bond disorder,
will tend to enrich a surface in a binary (or higher) phase, or sit which have different origins for pure Pt and mixed—Ru
at the ambient surface in a metallic cluster, are predicted from clusters on carbon.
the RCA gas table¥,developed for use in the design of vacuum  Clearly, then, the control and modification of the support
tubes. In this analysis, whichever element has the lowest re|ativeprovides an interesting area on which to focus the development
vapor pressure (a parameter correlated explicitly with its of new capacities for controlling nanoparticle structures and
cohesive energy density) will be the one found to enrich the dynamics. An interesting possibility in the present context would
surface. These tables notably predict the segregation of Pt onbe to modify the carbon-based support via intercalation of atoms
Ru surfaces. such as Li to enhance pinning metallic clusters in an orderly
The final question that remains then is one related to the arrangement, because the Li atoms order in a two-dimensional
nanoparticle’s structural motif. Why do the metal atoms in the array due to electrostatic interaction. Such modifications will
bimetallic Pt-Ru clusters supported on carbon form a close- be examined in future theoretical investigations.
packed topology, rather than a planar one? In a trivial physical _
sense, this is the most energetically favorable coordination asConclusion
it is one that is able to maintain more metallic electron density, In conclusion, we have used DFT calculations to study

e, It maximizes N_HV' bonds. A bond-counting argument can yycated cuboctahedral homometallig-Rind bimetallic R¢

be mgde that mimics the cal&ulated resglt_s (_extr_emely well. To Rus: clusters supported on a graphite surface and provided
0.'0 this, we performed E-Aﬁﬁ’ energy minimization calcula- insights into general expectations for bond length distributions
tions, based on potentials from JohnSbrfor a truncated  ,4'onq disorder in nanoclusters. We then used this as a guide
cuboctahedral B cluster and hexagonal planar cluster of 37, reinterpret the experimental EXAFS results. Segregation of
Pt atOF"SP” aPt_(111) surfa_ce with ful clus{substfate (strpng Pt to the ambient surface in mixed clusters was explained
metallu_:) mtera_ctlons anql V\_nth no clustesubstrate mte_ractlons electronically, which is also easily predicted by the RCA gas
(weak interactions to mimic carbon). These approximate, and (o (which is probably more broadly applicable). As indicated

significantly less intensive, calculations, which use an effective by adsorption energies, bonding distance, and change in the
medium approach and embedding function derived from density- oo ctronic structures upon adsorption, the-Ruinteraction is

functional-type arguments, reproduce the cluster structure andfound to be stronger than the -RE interaction, directly
bond lengths in reasonable agreement with VASP, although the;, 5 ing cluster structure and electronic properties. For direct

energies obtained in this way are not as accurate. comparison with experiment, we studied metadetal bonds
Generally, for a hexagonal planar cluster residing on a Pt- jn the supported clusters in detail. In agreement with our
(111) surface, there are 291 bonds generated (111 with SUbStfat?)reviously published EXAFS experimeritsiwe found that the
and 180 within cluster), while there are 261 bonds generated metal-metal bonds in these two types of clusters are bulklike,
(57 with substrate and 204 within cluster) for the supported while the bond length disorder is large due to a broad bimodal
close-packed 3D cluster. The calculated results for the binding djstribution for first NN meta-metal bonds. We determined
energies per cluster atom were 5.54 eV/atom for the hexagonthe origin of the bond length disorder from an atom-by-atom
with substrate interaction versus 4.40 eV/ atom without it (i.e., structural analysis and showed that it results from anisotropic
distortions in the cluster arising from interactions of the bottom
(51) Pinski, F. J.; Ginatempo, B.; Johnson, D. D.; Staunton, J. B.; Stocks, G. metal layer in contact with the graphite surface. The details of

M.; Gyorffy, B. L. Phys. Re. Lett. 1992 68, 1962-1962. : A .
(52) Honig, R. R.; Kramer, D. ARCA Reiew; RCA Laboratories: Princeton,  the bond length disorder are distinctly different for the pure Pt

NJ, 1969. ; e
(53) Daw, M. S.; Baskes, M. Phys. Re. B: Condens. Matter Mater. Phys. and mlx'ed, Segregated _H,Ru clusters due tO the dlffermg
1984 29, 6443-6453. electronic nature of the mid- and late-transition-metal atoms,

(54) ,\F/l‘;it'eef’|§Hy“é'-l?9‘38%3'§%s'7'g'é3'j7%%"l‘" M. Bhys. Re. B: Condens. Matter  anq the experimental data was reinterpreted. Such theoretically

(55) Johnson, R. APhys. Re. B: Condens. Matte989 39, 12554-12559. determined structural analysis can now be used to provide a
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