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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
systemssones of current interest for use as the electrocatalytic materials of direct oxidation fuel cellss

and clarify complex behaviors noted in earlier experimental studies. With clusters deposited via metallo-
organic Pt or PtRu5 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 [PtRu5]
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

The chemical and topological structures of metallic nano-
particles are key elements that provide the templates that mediate
the complex molecular transformations of heterogeneous cata-
lytic processes.1,2 The interfaces present at the nanoparticle often
dictate important properties, ones critical for applications of
catalysts in technology. These include such notable issues as
their structure and stability (e.g., resistance to sintering3),
sensitivity to poisoning,4 the formation of reactive ensembles
that lead to selective forms of catalytic transformations,5

promoter effects,6 and the control of heat and mass transfer
properties. Improving catalysts for important future applications
requires significant improvements in our understanding of both
their physical and electronic structures. Understanding the
factors that most critically serve to control the structures of
supported catalytic systems at the nanoscale would constitute a
significant advance in the field, one that would directly impact
applications. The present theoretical work seeks to provide such
insight by examining a set of previously studied nanoscale
materials that hold a special utility for fuel cell and catalytic
applications.

We have recently synthesized a series of well-defined
nanoclusters using metallo-organic complexes.7-11 The metallic
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nanoclusters of Pt and Pt-Ru prepared in this way were shown
to self-organize and form close-packed clusters on high-surface-
area carbon supports (Vulcan XC-72). Structural characteriza-
tions made of clusters with sizes ranging from 9 to 92 atoms
reveal them to be essentially bulklike with fcc(111)-stacked
cuboctahedral geometries and, for bimetallic clusters, segregat-
ing the Pt atoms preferentially to the ambient (i.e., nonsupport
interacting) surfaces of the supported cluster. These structural
behaviors are fully studied here using advanced methods of
theory and computational modeling.

Many conflicting claims have appeared in the recent literature
regarding the structures of metal overlayers and clusters on
carbon surfaces. For example, in the case of Ru overlayers
deposited on graphite, various forms of data have suggested
that growth proceeds via both monolayer12 and island-based13

mechanismssinterpretations that are mutually exclusive. Scan-
ning tunneling microscopy experiments that examine the
structure of Pt overlayers on graphite found that the growth
proceeds via the intermediary two-dimensional islands of Pt in
an hcp array,14 an intriguing observation given our experimental
work on cluster growth8 and the fcc structure of bulk Pt. These
selected examples illustrate the range of interesting and fre-
quently contradicting behaviors that are found in the literature
on supported-metal model systems, an area that has been
developed in several recent comprehensive reviews.13,15-17

Here we clarify the nature of the impact that support
interactions have on the structures adopted by nanoscale metal
clusters and determine the origin for the observed structure of
nanoparticles and associated bond length disorder. We compare
first-principles, electronic-structure calculations of one repre-
sentative cluster structure directly with experimentally deter-
mined profiles of the bonding present in 37-atom clusters. One
can expect different behavior for Pt and mixed Pt-Ru clusters,
as Pt (Ru) is at the end (middle) of the transition-metal series,
with d-levels almost filled for Pt, while half-filled for Ru. Present
theoretical studies confirm that Pt and Pt-Ru alloys form
incompletely wetting 3D nanoparticles on graphite and provide
full profiles of atom-by-atom bond distributions whose natures
are not possible to obtain directly from experiment. We directly
relate the calculated and experimentally assessed bond length
distribution, provide an atomic analysis (structure, electronic
charge, and density of states) that reinterprets the experimental
data, and helps guide future analysis.

Background on Experiment and Theory.The synthesis and
structural characterizations of Pt and Pt-Ru clusters supported
on high surface area of carbon black have been described
earlier,7-11 and are summarized here. Bimetallic nanoparticles
on carbon were obtained either by the reduction of the neutral
molecular carbonyl cluster precursor PtRu5C(CO)16 dispersed
on carbon or via reduction of Ru(III) and Pt(II) complexes
coimpregnated on the same support phase. In separate experi-
ments, Pt and Ru-Pt clusters were deposited on carbon black
via the reduction of single metal source precursors. Detailed
structural models of the nanoparticles were deduced from data

obtained from in situ extended X-ray absorption fine structure
spectroscopy (EXAFS), scanning transmission electron micros-
copy (STEM), microprobe energy-dispersive X-ray analysis, and
electron microdiffraction. These studies showed that nanopar-
ticles obtained from PtRu5 molecular-cluster precursor are
exceptionally well-defined materials having a Pt:Ru composition
of 1:5, an average diameter of ca. 15 Å, and an oblate (truncated)
cuboctahedral structure based upon face-centered-cubic close-
packed structure. The supported pure Pt nanoparticles made via
the same process also have the same structure. For bimetallic
nanoparticles, the local metal coordination environments, as
revealed by multiple scattering path analysis of the EXAFS
data,7,8 show that Pt atoms strongly segregate to the ambient
surface of the nanoparticles and reside on a Ru-rich core,7,8 such
that Pt atoms form quasi-2D, raft-like structures, presumably
to maximize the number of Ru-Ru bonds. Detailed investiga-
tions of two representative carbon-supported systemsssmall
bimetallic [PtRu5] clusters of average size and composition, and
a carbon-supported pure Pt clustersshowed broad, nonstatistical
distributions of metal-metal bond lengths whose averages were
close to, but slightly contracted from, values found in the bulk
metals. In our previous studies, the polydispersity of the particle
sizes, as ascertained by STEM, was small, depending on the
system,7,11 and its effect on the bond length distribution was
ruled out even in the larger particles (ca. 40-80 Å).11 Thus,
we associate the enhanced width and the nonstatistical bond
length distribution observed in the smallest particles7,11 solely
with the intracluster disorder, rather than the disorder due to
ensemble average over the polydispersity.

Thus, due to the observed narrow size distributions, we expect
that a single nanocluster already will have bond length disorder
that reflects that of the ensemble. Therefore, to make direct
comparisons to the distribution of bond lengths of homometallic
Pt and bimetallic [PtRu5] nanoclusters deduced from experiment,
we simulated Pt37 and Pt6Ru31 clusters on graphite with an fcc-
(111)-stacked cuboctahedron geometry via full structural mini-
mization. (We note that a calculation of a 37-atom Pt cluster
on graphite requires similar number of basis functions and
computational intensity as four 800-atom proteins.18) The
stability of the “segregated” Pt atoms in ambient-surface
configuration was verified as being the lowest-energy config-
uration for Pt6Ru31/C. Calculations involving carbon were
performed on a 7× 7 hexagonal, two-dimensional supercell
with two atoms per basis to mimic an infinite honeycomb
graphite sheet. Separate calculations verified that the use of a
single graphite sheet as an approximation for the support did
not affect the results while markedly reducing the computational
cost.

For the electronic structure calculation, we use density
functional theory (DFT) within the local density approximation
(LDA), using the exchange-correlation (XC) functional con-
structed by Ceperley-Alder19 and parametrized by Perdew and
Zunger.20 We confirmed that the generalized gradient ap-
proximation (GGA) to the exchange-correlation, PW91,21 gave
similar structural results in a series of direct, but limited
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parameters, the LDA method was sufficient to develop these
correlations; moreover, it is known that in metal solids and at
surfaces the GGA does not necessarily give improved results.22,23

We utilized a plane-wave basis set, as developed in the
Vienna Atomic Simulation Package (VASP),24-27 with projected
augmented wave (PAW) method. A kinetic energy cutoff of
250 eV in the plane-wave basis set was tested for convergence
and found sufficient. All calculations were done in a hexagonal
supercell of 17.15× 17.15× 19.92 Å with periodic boundary
conditions. Sufficient surrounding vacuum (at least 12 Å) is
included to avoid unphysical interactions among repeating slabs
in the z direction. The k-point mesh of 2× 2 × 1 was used.
The total energy is converged to 2 meV/atom, and the system
is fully relaxed until the absolute force on each atom is smaller
than 0.02 eV/Å. Finally, to validate subsequent structural
comparisons, we note the VASP-PAW method used is suf-
ficient to reproduce (within the expected 0.5-2.0% error for
LDA28) the elemental lattice constants of hcp Ru (2.68 Å, 4.24
Å), fcc Pt (3.91 Å), and hexagonal graphite (2.45 Å, 6.69 Å),
which compares well with the observed values of (2.71 Å, 4.28
Å),29 3.92 Å,29 and (2.46 Å, 6.71 Å),30 respectively.

Results and Discussion

As noted, even in nominally Pt-dilute binary phases such as
Pt6Ru31/C, there are nonstatistical distributions of metal-metal
(M-M) bonds, which yield bulklike average bond lengths, and
there is a strong tendency to segregate Pt to the ambient surface
of the cluster. Such outcomes are unique to nanoscale binary
clusters of Pt and Ru in several regards. First, although surface
segregation occurs in bulk Pt-Ru, the stable structural form at
the 1:5 composition of the [PtRu5]-based nanoparticles in the
bulk phase diagram remains a mixed alloyshcp, Ru-rich and
fcc, Pt-rich phasesswhich are exceptionally stable. Clearly, the
nanoparticle alloys are too small to support a comparable system
of structures. The surface segregation seen in the small clusters
is sufficient to deplete the Pt atoms in the core of the clusters.
Second, the experimental data indicates a bias to maximize
formation of Ru-Ru bonds. Such a bias has not been described
in the literature to date. Third, the system (as judged by
experiment) tends to prefer bonding between the Ru atoms and
the carbon support for bimetallic clusters. Bulk thermodynamics
of Pt-Ru alloys cannot resolve such issues. Finally, the clusters
formed are oblate, close-packed structuressones that strongly
select habits mirroring the localized geometries of an fcc habits
which is intriguing given that Ru atoms that form the cores of
these particles adopt an hcp structure in bulk.

The above discussion highlights a number of complex
structural behaviors that are found in supported Pt-Ru nano-
particles, ones that presumably follow from the unique electronic
structure of small metal clusters and the consequence of support

interactions. Here, from first-principles calculations, we detail
the complete explanation of the experimental observations for
Pt/C and Pt-Ru/C. Before presenting our results on supported
clusters, we make pertinent remarks on bond distributions within
freemetallic clusters that will help guide the interpretation and
analysis of the theoretical and experimental results.

Metal-Metal Bonds in Free Clusters.Here we focus on
the analysis of metal-metal bond distributions to identify the
origin of the bond disorder. To facilitate the discussion, we will
refer to the first nearest-neighbor bond between two core atoms,
two surface atoms, and a core and surface atom ascore-core,
surface-surface(in a nonradial direction around the perimeter
of a cluster), andsurface-core bonds, respectively. For free
clusters, we show that surface-surface bonds can be much
longer than core-core bonds due to the close packing inside
the core, while the shortest bond is always the surface-core in
the radial direction, as usually assumed in experimental analyses.
For the supported clusters we show that the support-mediated
surface-core and surface-surface bonds are responsible for the
observed large bond length disorder. Here we contrast free-
standing icosohedral (Ih symmetry) and cuboctahedral (Oh

symmetry) clusters of Pt55 and Ru55, which both have 13-atom
core regions, to highlight the effects of symmetry and atom type
on the bond distributions within a cluster.

Figure 1 shows the relaxed structures of free 55-atomIh and
Oh Pt and Ru clusters. The relaxed structures are calculated with
DFT-LDA in a 20 Å cubic box with at least 12 Å of vacuum
and only theΓ point being sampled. The icosahedral cluster is
0.03 and 0.04 eV/atom lower in energy than the cuboctahedral
cluster for Pt55 and Ru55, respectively. We find that, except for
Oh Ru55, the other three clusters all have a nonzero magnetic
moment, with 7µB for Ih Ru55, 12 µB for Ih Pt55, and 8µB for
Oh Pt55. For Pt55, previous DFT-GGA studies31-33 found that
Ih Pt55 with 12 µB has a lower energy thanOh Pt55 with 10 µB.
For Ru55, a study34 at the Hatree-Fock level found thatOh Ru55

has 0µB. Using DFT-LDA but without relaxing the geometry,
Deng et al.35 found thatOh Ru55 with 6 µB has lower energy
than Ih Ru55 with 12 µB. Geometry relaxation is important, as
shown by our results that theIh Ru55 is actually energetically
preferred thanOh Ru55. Such preference is also reported by
recent DFT-PW91 studies36,37thatIh Ru55 with 14µB has lower
energy thanOh Ru55 with 10 µB. We found that, although the
magnetic moment of the Ru and Pt cluster is sensitive on XC
functional,Ih is preferred overOh for both Pt55 and Ru55, and
the discussion on structural analysis does not change when
switching from LDA to PW91.

As seen in Figure 1a for the Pt55 cluster withIh symmetry,
there are two types of core-core, surface-core, and surface-
surface bonds. The core-core bond in the radial (nonradial)
direction is 2.57 Å between atoms 1 and 2 (2.71 Å between
atoms 2 and 3). The surface-core bond in the radial (nonradial)
direction is 2.50 Å between atoms 2 and 4 (2.71 Å between
atoms 2 and 5). Finally the surface-surface bond has two
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nonradial types: 2.68 Å between atoms 4 and 5, and 2.80 Å
between atoms 5 and 6. So, the shortest Pt-Pt bond is the radial
surface-core bond of 2.50 Å, whereas the surface-surface bond
of 2.80 Å is the longest.

For the less stableOh Pt55 seen in Figure 1b, two types of
core-core bonds are almost equal at 2.67 Å. There are three
types of surface-core bonds: 2.58 Å in the radial direction
between atoms 2 and 5, and two nonradial bonds of 2.70 Å
between atoms 2 and 7, and 2.81 Å between atoms 4 and 6.
Similarly, three types of surface-surface bonds are evident:
2.65 Å between atoms 6 and 7, 2.62 Å between atoms 5 and 7,
and 2.77 Å between atoms 7 and 8. Thus, the shortest Pt-Pt
bond is the radial surface-core bond of 2.58 Å, and the longest
is a nonradial surface-core bond of 2.81 Å.

Clearly then, even for different symmetries, the shortest Pt-
Pt bond remains the radial surface-core bond, which is due to
the same electronic effect as for the contracted outermost
interlayer distance for most semi-infinite metal surfaces. We
note that although the outermost interlayer distance for Pt(111)
surface is slightly expanded by 1%,38-40 the curvature of the
cluster surface matters. The difference for the longest Pt-Pt
bond can be explained from a geometric argument. For the more
sphericalIh cluster, the closed-packing of atoms leaves more
interatomic space on the surface than in the core region. So the

average surface-surface bond tends to be longer than the
average core-core bond. For the less sphericalOh cluster, the
surface atoms relax toward a spherical shape, especially for the
(100) facet, which has more surface area than a (111) facet.
The central atom in the (100) facet is relaxed outward and causes
the corresponding surface-core bond length to increase, becom-
ing the longest one. The next longest bond is that of the surface-
surface bond. This feature of the Pt atoms in the (100) facet
relaxing outward to make theOh Pt55 spherical agrees with the
study by Apra et al.31

As shown in parts c and d of Figure 1, the shortest bond in
both Ih and Oh Ru55 cluster is again the radial surface-core
bond of 2.41 and 2.46 Å, respectively. The longest Ru-Ru bond
formed in theIh Ru55 is a nonradial core-core bond of 2.67 Å,
slightly larger than the surface-surface bond of 2.66 Å. In the
Oh Ru55, the longest bond formed is also a core-core bond of
2.64 Å, but in both nonradial and radial directions. Since the
radial core-core bond is much smaller than the nonradial one
in Ih Ru55, while both the radial and nonradial core-core bonds
are the longest inOh Ru55, it is evident that the core atoms in
the Ih Ru55 experience a larger compression than those inOh

Ru55, which agrees well with those found by Jennison et al.41

In contrast to Pt55, the core-core bond in Ru55 is the longest
due to the different electronic structures of Ru and Pt. First,
the ratio between the radial surface-core and core-core bond
is 0.95 (0.93) forIh (Oh) Ru55, which is smaller than 0.97 (0.97)(38) Materer, N.; Starke, U.; Barbieri, A.; Doll, R.; Heinz, K.; Vanhove, M.

A.; Somorjai, G. A.Surf. Sci.1995, 325, 207-222.
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(41) Jennison, D. R.; Schultz, P. A.; Sears, M. P.J. Chem. Phys.1997, 106,
1856-1862.

Figure 1. DFT-LDA relaxed structures for a free Pt55 cluster with (a)Ih and (b)Oh symmetry, and a Ru55 cluster with (c)Ih and (d)Oh symmetry. The
light (dark) spheres stand for Pt (Ru) atoms. Metal-metal 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 atoms. ForIh (Oh) 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).
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for Ih (Oh) Pt55. So the Ru atom has relatively less space than
Pt on the cluster surface. This same feature is reflected in the
surface layer relaxation of Ru(0001) and Pt(111) surfaces, where
the outermost Ru interlayer distance is reduced by 4%,42 in
contrast to Pt which is expanded only by 1%.38,39 Second, as
Ru has half-filledd orbitals, whereas Pt has almost filledd
orbitals, the Ru-Ru bond is more directional than Pt-Pt bond.
The more directional bond results in a less spherical cluster,
manifested by less outward relaxation of atoms in the center of
(100) facets of Ru cluster than Pt.

Finally, for completeness, forspmetals, such as Au clusters,
we note that similar features are found as in the bond length
distributions of Pt. For example, in anIh andOh Au55 cluster,
the longest bond is a surface-surface bond of 2.91 Å and a
nonradial surface-core bond of 2.89 Å, respectively. As
reported by Ha¨kkinen et. al,43 a cuboctahedral Au38 cluster
calculated using EAM (embedded atom method) shows a core-
core bond is the longest; whereas present LDA results (as did
ref 43) show that the bonds have a narrower distribution (2.73-
2.77 Å). But, in addition, we find that the longest bond is now
a surface-surface bond on the (111) facets.

Generally speaking, the radial surface-core bonds are always
the shortest; depending on the symmetry and electronic nature
of atoms, the longest bond can be surface-surface, surface-
core, or core-core bond. However, the first two types of bonds
can play a more significant role in the bond length distributions
than that of the core-core when the clusters are formed on a
substrate because they are in direct contact with the substrate,
as we will show later. This fact can have a large impact on the

analysis of EXAFS data. Finally, as a particle increases in size
from 2 to 100 atoms to 100s to 1000s of atoms, the core-core
bonds eventually control the distribution.

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 thez direction (see Figure 2). The bottom layer has
19 atoms and forms a hexagon, the central layer has 12 atoms,
and the top layer has 6 atoms in a triangle. In the perimeter of
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
in the (100) facet, which we refer to as M(111) and M(100),
respectively, with M being either Pt or Ru. In this study, for
Pt37 and Pt6Ru31 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
smaller 10-atom clusters to limit search space for the 37-atom
cluster, including bridge sites, which always shifted to atop
sites.) For atop site, the cluster can have a second configuration
formed by rotating the entire cluster 60° along thez axis (we
refer to this as atop-R60), as shown in Figure 2c. Initially, we
put each of the 19 metal atoms in the bottom layer of the clusters
on the same type of site and stack the other two atomic layers
accordingly. We then use geometry optimization to let the
system relax to its equilibrium.

Some previous theoretical studies suggest that a Ru overlayer
on graphite can be magnetic if the overlayer is kept above the
equilibrium height.44 Nonetheless, magnetism is lost via a first-
order collapse for a smaller height of the overlayer, with

(42) Mannstadt, W.Surf. Sci.2003, 525, 119-125.
(43) Häkkinen, H.; Barnett, R. N.; Landman, U.Phys. ReV. Lett.1999, 82, 3264-

3267.
(44) Hergert, W.; Rennert, P.; Demangeat, C.; Dreysse, H.Surf. ReV. Lett.1995,

2, 203-217.

Figure 2. Top view of a bimetallic Pt6Ru31 cluster supported on a graphite surface in a (7× 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 rotated by 60° with respect to part b), and (d) hollow.
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equilibrium being nonmagnetic. As for nanoclusters, magnetic
structures are expected, especially in free clusters, as seen in
the previous section. However, for intermediate-sized nano-
clusters, magnetic structures are less likely to be formed in
supported clusters as for similar reasoning for the collapse of
magnetism in supported Ru overlayers.13,44In our calculations,
we find that the carbon-supported Pt6Ru31 and Pt37 clusters are
indeed nonmagnetic.

The adsorption energies of the three different initial configu-
rations for both Pt37 and Pt6Ru31 clusters are listed in Table 1.
For the Pt37 cluster, the adsorption energies show that atop is
preferred by at least 0.10 eV to hollow and 0.37 eV to atop-
R60. For the Pt6Ru31 cluster, atop is preferred by at least 0.24
eV to atop-R60 and 2.14 eV to hollow. Clearly, the atop site is
energetically preferred for both clusters. For both Pt and Pt-
Ru, the similar adsorption energies for the atop and atop-R60
configurations arise from the fact that the bottom layer in contact
with support has very similar electronic interactions. Regardless
of the different adsorption sites, the bimetallic Pt6Ru31 cluster
with Ru on the bottom layer has much larger adsorption energies
than the homometallic Pt37 cluster. This shows that Ru has
stronger interaction with the carbon support than Pt does. The
different strength of interaction with carbon is determined by
the difference in the filling of the metald orbitals, since Ru
has a half-filledd orbital, while Pt has an almost filledd orbital.
Configurations with Pt sandwiched internally to the supported
Pt6Ru31 cluster are at least 4 eV higher than the surface-
segregated Pt configuration. Because both the supported Pt37

and Pt6Ru31 clusters are the energetically most stable with the
configuration starting from the atop site, we concentrate on the
structural analysis of this configuration for the remainder of
this discussion.

As the result of the relaxation, the bottom hexagon is not
commensurate with the graphite surface anymore. The metal
atoms in the bottom layer can relax toward different adsorption
sites nearby. Due to the interaction between the substrate and
cluster, anintralayer buckling is induced in both the graphite
surface and the atomic layers of the clusters. In Figure 3, the
intralayer buckling together with the interlayer distances are
shown schematically. For the Pt37/C(0001) system, as seen in
Figure 3a, the supporting graphite surface evidences a buckling
of 1.30 Å. The buckling is 0.55 Å in the bottom Pt layer, 0.23
Å in the central Pt layer, and 0.07 Å in the top Pt layer,
respectively. This shows that the structure modification inside
the Pt37 cluster is the largest in the bottom Pt layer (which is in
direct contact with the carbon substrate), and that this modifica-
tion is effectively screened by the electrons to make the top Pt
layer almost flat. The adsorption distance for the Pt37 cluster
supported on the graphite surface is 2.34 Å, which is calculated
as the difference between the average position of the bottom Pt
layer and that of the carbon atoms in thez direction. The
interlayer distance in the cluster can be calculated in a similar
way. The interlayer distance between the central and bottom Pt
layers is 2.22 Å, and that between the top and central Pt layers

is 2.09 Å. For the Pt6Ru31/C(0001) system, the buckling deduced
from the calculations is 0.76 Å in the graphite surface, 0.36 Å
in the bottom Ru layer, 0.11 Å in the central Ru layer, and
0.13 Å in the top Pt layer, respectively. Again, the effect of
buckling is diminished in going from the bottom to the top metal
layer. The adsorption distance is 2.10 Å, the interlayer distance
is 1.94 Å between the bottom Ru and central Ru layers, and
2.18 Å (largest) between the central Ru and top Pt layers. The
smaller adsorption distance as a result of the larger binding
energy for the mixed cluster than the pure Pt cluster indicates
that the Ru-C interaction is stronger than the Pt-C interaction.
The Ru-Ru interlayer distance is smaller than the Pt-Pt and
Pt-Ru interlayer distance, which is understandable, considering
that Pt has a larger lattice constant than Ru (as would be inferred
from the different atomic radii of Ru and Pt).

A closer look at Figure 3 shows that the buckling in the
bottom Ru and Pt layer is different in each case. In this side
view of the supported clusters, we see that one (100) facet is in
the center with a square shape and two (111) facets are on the
side each with a triangular shape. As seen in Figure 3a, the
Pt(111) atoms have the highest position in thez direction in the
bottom Pt layer, which determines the magnitude of the
buckling. In contrast, the buckling in the bottom Ru layer, as
shown in Figure 3b, is determined by the lowest position of
Ru(111) atoms in thez direction. These different behaviors in
the relaxation of the M(111) atoms for Pt and Ru have a large
impact on the metal-metal bond disorder, which we will discuss
in detail in the next section.

Metal-Metal Bond Length Distribution Analysis: Theory
vs Experiment. EXAFS is often used to probe the local
coordination environment of an atom in a nanoscale metal
cluster. Using the latest advances in EXAFS theory,45 ones that
take into account multiple-scattering and non-Gaussian bond-
length disorder, a theoretical EXAFS spectrum can be generated
for essentially any model cluster. The experimental EXAFS
signal is then fitted with a theoretical simulation, and the
structural parameters are varied until the best agreement is found
between the data and theory. For a converged structural model,
the local coordination numbers, metal-metal bond lengths, and

(45) Rehr, J. J.; Albers, R. C.ReV. Mod. Phys.2000, 72, 621-654.

Table 1. DFT-LDA Adsorption Energies (eV) for a Pt37 and
Pt6Ru31 Nanocluster Supported on a Graphite Surface for Atop,
Atop-R60, and Hollow, as Shown in Figure 2

nanocluster atop atop-R60 hollow

Pt37/C(0001) 2.69 2.32 2.59
Pt6Ru31/C(0001) 8.39 8.15 6.25

Figure 3. Side view of the relaxed structures calculated with DFT-LDA
for (a) Pt37 and (b) Pt6Ru31 clusters supported on a graphite surface. The
legends are the same as in Figure 2. In each panel, both the intralayer
buckling and interlayer distances are listed.
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bond-length disorder parameters are then determined, and the
uncertainties in the results are evaluated. Previously, we have
used this method and the UWXAFS data analysis package46 to
characterize the metal-metal bond lengths for both homome-
tallic Pt and bimetallic Pt-Ru nanoclusters supported on
carbon.7-9,11

Using the present DFT calculations, we can make a direct
comparison between experiment and theory and provide new
insights as to how the structure of the metal cluster is relaxed
in the presence of the carbon support. A detailed atom-by-atom
description of the metal-metal bonding present in the supported
metal nanocluster is a level of structural understanding that is
typically inaccessible to experiment, yet are readily accessible
via theory-guided modeling. In this section, we will focus on
the metal-metal bond length distributions calculated from DFT
and compare them to the experimental EXAFS data.7,11 An
analysis is made to identify the origin of the significant
contributions to the bond disorder from some specific bonds.

Pt37 Cluster. In Figure 4, we present the calculated bond
length distribution and a description of the relaxed structure
for a Pt37 cluster supported on a graphite surface at zero Kelvin
(T ) 0 K). DFT-LDA yields 2.68 Å as the average first nearest
neighbor (NN) Pt-Pt bond length. From EXAFS data analysis11

of the smallest (17 Å in diameter) Pt/C nanoclusters measured
at room temperature (T ) 300 K), the experimental 1NN Pt-
Pt bond length is 2.756(3) Å.11 The DFT-LDA (T ) 0 K) value
is less than 3% smaller than the EXAFS value, but note that
the average bond length from DFT (expected to be smaller than
experiment due to LDA error) will increase with temperature
due to the large bond disorder (see below). Comparing the
EXAFS value to the bulk first NN Pt-Pt bond length of 2.76
Å, the supported Pt37 cluster already has a bulklike average bond.
In our calculation, the second, third, and fourth NN Pt-Pt bond
lengths are found to be 3.72, 4.61, and 5.25 Å, respectively.

Figure 4a shows the atom-by-atom DFT-LDA calculated
distribution of the first NN bond lengths for Pt-Pt in the
graphite-supported Pt37 cluster. The Pt-Pt bond length has a
broad distribution from 2.55 to 2.91 Å, corresponding to-5%
and +9% change of the LDA average value of 2.68 Å,
respectively. The magnitude of the bond length disorder is quite

large, as found experimentally and discussed below. More
surprisingly, the bond length distribution is bimodal. Although
most of the Pt-Pt bond lengths are shorter than 2.76 Å, there
are some Pt-Pt bond lengths longer than 2.84 Å, and there are
no bond lengths between, see Figure 4a. The longer bonds
contribute significantly to the calculated T) 0 K average value
of 2.68 Å.

Experimentally, the bond length disorder can be quantified
as the standard deviation (σ2) of the bond length. From their
temperature-dependent EXAFS study of bond lengths in the
smallest (17 Å diameter) Pt/C nanoclusters, Frenkel et al.11

deduced a significant (0.0017(2) Å2) contribution of the static,
configurational disorder to theσ2 of the data. To understand
the origin of this structural disorder experimentally, a simple
model of surface relaxation was constructed using a universal
force field that assumed radial, isotropic bonds for core atoms
having one fixed bond length and surface-core bonds having
a statistical distribution. It was found that a broad and, notably,
bimodal distribution was needed to fit both the average Pt-Pt
bond length and the static component of theσ2 parameter
determined from experiments. The bond length distribution
showed significant contributions from substantially larger bond
length. This bimodal distribution of bond lengths agrees very
well with the present DFT results for Pt37/C and is expected to
hold true for larger Pt clusters as well. It is remarkable that
such a simple ad hoc model produces the same quantitative
aspects in the inferred distribution as does the DFT results.

Importantly, the longest M-M bonds in the simple model
used in the EXAFS analysis correspond to those of core-core
bonds. However, as noted earlier, the core-core bonds are not
necessarily the longest. The correct identity depends on both
the type of atoms present and the symmetry of the cluster. From
our detailed first-principles results, we find that the precise origin
of the large bond length disorder is due to the combined effects
of the anisotropic relaxations within the carbon-supported
clusters and the interaction of the bottom layer of metal atoms
with the carbon support (i.e., interfacial interactions).

Figure 4b shows the nature of some of the significant
perturbations of the first NN Pt-Pt and Pt-C bond lengths
found in the relaxed Pt37 cluster supported on the graphite
surface. Along the perimeter of the bottom hexagon, the Pt-Pt
bond length in the (111) facet is 2.60 Å and that in the (100)

(46) Stern, E. A.; Newville, M.; Ravel, B.; Yacoby, Y.; Haskel, D.Physica B
1995, 209, 117-120.

Figure 4. (a) Distribution of first NN Pt-Pt bond lengths calculated with DFT-LDA for relaxed Pt37 cluster supported on a graphite surface. The average
first NN Pt-Pt bond length is 2.68 Å. The relaxed structure is shown in part b. The legends are the same as in Figure 2. Significant metal-carbon and
metal-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. The Pt(111), Pt(100) atoms and the closest C atoms to them are highlighted.
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facet is 2.62 Å. While these bond lengths are almost the same,
the positions of the Pt(111) and Pt(100) atoms in thez direction
are in fact quite different. As mentioned above, the Pt(111) atoms
tend to relax upward and have the highest position among the
bottom Pt layer. The upward movement of the Pt(111) induces
strain and pushes atoms 5 and 6 in the central Pt layer apart, as
indicated by the long Pt-Pt bond of 2.85 Å between them. This
effect also results in the shortest Pt-Pt bond of 2.56 Å between
atoms 6 and 7 in the neighboring (100) facet in the central Pt
layer. The longest Pt-Pt bond of 2.91 Å is between atom 7 in
the center of the (100) facet and atom 4 in the bottom layer.
Unlike Pt(111) atoms, Pt(100) atoms remain in the same level as
the other Pt atoms (3 and 4) in the bottom layer. In contrast,
the Pt-Pt bond between two core Pt atoms in the central layer
is 2.67 Å (not shown in the figure). So the longest Pt-Pt bonds
in the supported cluster are not among the core-core atoms or
surface-surface atoms but between surface Pt atoms in the
central layer and Pt atoms in direct contact with the substrate:
these are interlayer bonds.

The different relaxation between the Pt(111) and Pt(100) atoms
can be related to the local adsorption environment. Initially,
both the Pt(111) and Pt(100) atoms adsorb on the atop site. Due to
expansion of the cluster during the relaxation, the Pt(111) atoms
are pushed toward the nearby hollow sites, while the Pt(100)

atoms are pushed toward the nearby bridge sites. After the
relaxation, as seen in Figure 4b, the Pt(111)atom has three closest
carbon atoms with one at 2.97 Å and two at 3.06 Å around the
hollow site, while the Pt(100) atom has two closest carbon atoms
with one at 2.31 Å and one at 2.48 Å around the bridge site.
As indicated by the Pt-C bond lengths, the Pt(111) atom has
weaker interactions with the carbon support than the Pt(100)atom.
This shows that the Pt atoms prefer to adsorb on the bridge
over the hollow site on the graphite surface.

Pt6Ru31 Cluster. A similar analysis of bond length distribu-
tions was made for the Pt6Ru31 cluster supported on a graphite
surface. The shell-wise average bond lengths calculated with
LDA and GGA, along with those deduced from EXAFS
experiments7 for supported [PtRu5] clusters, are listed in Table
2. When studying Table 2, one notes that the bonds determined
from the EXAFS data are geometric, e.g., the fourth nearest-
neighbor bond is twice that of the nearest-neighbor within the
uncertainties, as expected or an fcc lattice, (see Figure 5). For
the first nearest neighbor bond lengths, the experimental data
are 2.69( 0.03 Å for Pt-Pt, 2.70( 0.01 Å for Pt-Ru, and
2.67( 0.01 Å for Ru-Ru, respectively, which have a difference

of less than 3% from the bulk values.47 The DFT-LDA
calculated first NN bond lengths of 2.67 Å for Pt-Pt, 2.64 Å
for Pt-Ru, and 2.56 Å for Ru-Ru also have a difference of
less than 3% from the theoretical bulk values. For the higher
NN shells, the bond lengths calculated from DFT-LDA
compare well with the experimental data. GGA(PW91) calcula-
tions only slightly improves the Pt-Ru and Ru-Ru bond
lengths, but it overestimates the Pt-Pt first NN bond length.
See Table 2.

As a general trend found in the theoretical data, we found
that the Pt-Pt bonds in different NN shells are always the
longest among the three, followed by Pt-Ru, then Ru-Ru
bonds. Although the experimental data cited7 shows that the
Pt-Ru bond lengths are the largest, they overlap with the Pt-
Pt bond lengths within the experimental uncertainties. A more
recent experimental paper8 with smaller uncertainties shows that
the first NN Pt-Pt bonds are always longer than Pt-Ru bonds
for a wide range of temperatures, which agrees with the trend
seen in our DFT calculations.

Figure 6 shows the distribution of the first NN bond lengths
for Pt-Pt in part a, Pt-Ru in part b, and Ru-Ru in part c,
respectively. The Ru-Ru bond length has a broad distribution
from 2.36 to 2.82 Å as seen in Figure 6c, which corresponds to
about(10% change with respect to the average LDA value of
2.56 Å. The magnitude of the bond disorder found in the
calculations is as large as that seen for the supported Pt37 cluster.
Most of the Ru-Ru bond lengths are shorter than 2.70 Å;
however, there are several Ru-Ru bond lengths of 2.82 Å,
which are even longer than the largest Pt-Pt or Pt-Ru bond
lengths of 2.76 Å, as seen in Figure 6a,b.

As shown in Figure 6d, both the shortest and longest Ru-
Ru bonds are from the perimeter of the bottom hexagon, which
is in direct contact with the graphite: these are intralayer bonds
(in contrast to pure Pt cluster, where bond disorder arose via
interlayer bonds). Three of them are 2.36 Å, and the other three

(47) For simplicity, we define the Pt-Ru “bulk” values by considering the
concentration-weighted average of Pt and Ru fcc lattice constants (so-called
Vegard’s rule), which just indicates a completely geometric expectation.
However, we note that there are always deviations from Vegard’s rule in
any alloy system, i.e., positive (negative) deviation for segregating (ordering)
type.

Table 2. Average Bond Lengths from EXAFS, LDA, and PW91 for
Supported [PtRu5] Clustersa

Pt−Pt Pt−Ru Ru−Ru

NN shell EXAFS LDA PW91 EXAFS LDA PW91 EXAFS LDA PW91

1 2.69(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 4.66(4) 4.62 4.75 4.70(2) 4.52 4.61 4.68(1) 4.48 4.55
4 5.38(3) 5.28 5.42 5.40(1) 5.13 5.22 5.42(2) 5.20 5.28

a Bond lengths (Å) per NN shell for Pt-Ru 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). Pt-Pt second NN bond is not present in Pt6Ru31
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.

Figure 5. Assignment of NN shell bond lengths defined on an ideal fcc
lattice as listed in Table 2. Two consecutively stacked (111) planes are
highlighted in red and blue. The black (gray) numbers labeled on the atoms
indicate the in-plane (out-plane)nth shell that the atoms are in with respect
to the atom 0. The 5th NN shell is in the face of next cube, which is not
shown.
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are 2.82 Å. In contrast, the Ru-Ru bond between two core Ru
atoms in the central layer is 2.60 Å (not shown in the figure).
Besides the effect of the interaction with the carbon support, it
is well-known that a cluster has intrinsic static bond disorder
due to the relaxation from the close packing, which has been
confirmed by many studies.48,49 In a perfectOh cluster, due to
symmetry, the surface bonds along the perimeter of the central
hexagon are equivalent. When the Pt or Pt-Ru clusters form
on a support, the cuboctahedron is truncated and the symmetry
is lowered. The 3-fold rotational symmetry (with no inversion
point) will make the six surface bonds in the bottom hexagonal
layer inequivalent. This inequivalence can be enhanced when
the cluster interacts with a graphite surface. This effect is much
larger for Pt6Ru31 than Pt37 cluster. For the former, the longer
bonds get even larger (increasing to 2.82 Å) and the shorter
bonds get smaller (decreasing to 2.36 Å). As seen in Figure
6d, the Ru(111) atoms move toward the hollow sites on the
graphite and have lower positions in thez direction than the
other atoms in the bottom layer. In contrast, the Ru(100) atoms
move toward the bridge sites and do not change their positions
in the z direction. The closest C atoms to the Ru(111) atom are
at 2.14 Å and two at 2.37 Å, while those to the Ru(100) atom
are at 2.18 Å and at 2.27 Å. The shorter Ru-C distances
between Ru(111) and the hollow site than between Ru(100) and
the bridge site show that the former is preferred.

Electronic Structures and Origin of Bond Disorder. The
different binding of M(111) and M(100) with a graphite surface
can be analyzed in the view of electronic structures. Figure 7
shows the iso-surfaces of electron density difference at(0.05
e/Å3 for the Pt37 and Pt6Ru31 clusters supported on the graphite
surface in parts a and b, respectively. The electron density
difference is calculated by subtracting electron densities of the
substrate and the clusters from the whole supported system with
the same relaxed geometry. Most of the electron density
redistribution upon adsorption happens in the metal-C interface.
There is very little electron density redistribution around the
top metal layer, which shows that the support effect diminishes
in going away from the interface region. This is in agreement
with the analysis of the intralayer buckling in the previous
section. It is easy to see that Figure 7b has much more electron
density redistribution than a. From this we see that the Ru-C
interaction is much stronger than the Pt-C interaction, due to
charge-transfer/bond enhancement, and agrees with the calcu-
lated adsorption distance being shorter for Ru-C than Pt-C.

In Figure 7b, around the Ru-C interface region, the electron
density is depleted (shown in red) from thed type orbitals
around the Ru atoms. In contrast, the electron density is ac-
cumulated (shown in yellow) mostly in the middle of the Ru-C
interface region and right on top of the C atoms. These features
show the strong interaction between Ru atoms in the bottom
layer and the C substrate, most of which is the overlap between
the Ru d orbitals and the Cπ orbitals pointing out of the

(48) Ankudinov, A. L.; Rehr, J. J.; Low, J. J.; Bare, S. R.J. Chem. Phys.2002,
116, 1911-1919.

(49) Boyanov, B. I.; Morrison, T. I.J. Phys. Chem.1996, 100, 16310-16317.

Figure 6. Distributions of first NN metal-metal bond length calculated with DFT-LDA for Pt6Ru31 supported on a graphite: (a) Pt-Pt, (b) Pt-Ru, and
(c) Ru-Ru. Average first NN bond lengths are 2.67, 2.64, and 2.56 Å for Pt-Pt, Pt-Ru, and Ru-Ru, respectively. Relaxed structure for the supported
Pt6Ru31 cluster is shown in part d. The legends for atoms are as in Figures 2 and 3. Metal-carbon and metal-metal bonds are drawn in black lines and listed
as in Figure 4. The Ru(111), Ru(100) atoms and the closest C atoms to them are highlighted.
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substrate. There are three lobes of electron density accumulation
around each Ru(111) atom, which are the result of the interactions
of the Ru(111) atoms with the three nearby C atoms around the
hollow site. Around the Ru(100) atoms, there are only two lobes
of electron density accumulation because they are only in close
interaction with two C atoms crossing the bridge site. In contrast,
as shown in Figure 7a, there is no electron density redistribution
around the Pt(111) atoms and some around the Pt(100) atoms at
the iso-surface value of(0.05 e/Å3 , which agrees with the
observation that the Pt(111) atoms relax upward and away from
the hollow site and no carbon atom is in close interaction with
it, while the Pt(100) atoms have close interactions with the
underlying carbon atoms. These features can also be seen in
the Ru-C and Pt-C bond lengths in Figures 4b and 6d.

The difference in bonding environment can also be seen
clearly in the projected density of states (PDOS) on the M(111)

and M(100)atoms in Figure 8. Inside the supported 37-atom metal
cluster, the M(111) atom has seven first NN, while M(100) atom
has six first NN and two second NN. As seen in parts a and b
of Figure 8, both Pt(100) and Ru(100) atoms have more states in
a lower energy range than Pt(111) and Ru(111) atoms, respectively.
This shows that the binding of the M(100) atoms inside the metal
cluster is stronger than the M(111) atoms. From-20 to-10 eV,
there is some overlap between Rus and Cπ orbitals, while
there is almost no such overlap between Pts and Cπ orbitals.
The Cπ orbitals lie mostly above-3 eV. In this energy range,

see Figure 8b, there are more states from Ru(111) atoms than
Ru(100) atoms, also indicating, as discussed above, that Ru(111)

atoms form more Ru-C bonds than Ru(100) atoms. For the Pt37

cluster in this energy range, see Figure 8a, there are more states
from Pt(100) atoms than Pt(111) atoms, confirming also that Pt(100)

atoms form stronger Pt-C bonds than Pt(111) atoms. So the
enhancement of bond length disorder is a consequence of
anisotropic relaxation in different facets of the metal clusters
and is enhanced by the different binding sites for the metal atoms
in the bottom layer on the graphite surface.

Topology of Supported Bimetallic Clusters and Bond
Counting. Several aspects of the results from detailed calcula-
tions warrant further explicit comment. Here, we point out that
the tendencies toward segregation and the adoption of the close-
packed structure can be explained in several ways, depending
upon one’s physical perspective. In a material science view,
the phase segregation of Pt and Ru in bulk is predicted by the
Hume-Rothery rules.50 These largely empirical correlations
predict patterns of solubility and compound formation in binary
metallic systems based on considerations of atomic radii, bulk
crystal structures, electron affinities (and ionization potential),
and valency. These rules, of course, have an electronic origin,
arising rigorously from electronic bandwidth differences of
alloying elements, which affects such aspects as orbital overlap

(50) Hume-Rothery, W.; Smallman, R. E.; Haworth, C. W.The Structure of
Metals and Alloys, 5th ed.; The Institute of Metals: London, U.K., 1969.

Figure 7. Electron density difference for (a) Pt37 and (b) Pt6Ru31 clusters supported on a graphite surface. The value of the iso-surface is(0.05 e/Å3. Red
stands for electron depletion and yellow for electron accumulation. Green, blue, and purple spheres stand for Pt, Ru, and C atoms, respectively.

Figure 8. Projected density of states on (a) Pt(111) and Pt(100) atoms and (b) Ru(111) and Ru(100) atoms.
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and band-filling.51 For Pt and Ru binary alloys, the segregation
effects experimentally appear to follow from the filling of
unfavorable antibonding states in the Pt, which can be reduced
by segregating this component, rather than from perturbations
from the occupancy of the nonbonding states of the Ru. For
example, using VASP we calculated the formation energy for
an fcc(111) layer of Pt embedded between hcp(0001) or fcc-
(111) layers of Ru, and for a fcc(111) layer Pt layer residing
on the surface of the same hcp or fcc Ru. (For these calculations,
we used 5 layers of Ru and 15 Å of vacuum with a k-point
mesh of 20× 20 × 1.) The results reveal a strong energetic
preference for thesurface-segregatedPt structure over a
subsurfacePt by 0.15 eV/(surface atom) for an hcp Ru and by
0.14 eV/(surface atom) for an fcc Ru surface. (Recall that
subsurface Pt configuration is 4 eV higher for the supported
nanocluster, or roughly 0.11 eV per cluster atom.) Clearly, Pt
prefers sitting on the ambient surfaces of Ru, as expected from
a simple band-filling argument.

With considerable accuracy, the identities of elements that
will tend to enrich a surface in a binary (or higher) phase, or sit
at the ambient surface in a metallic cluster, are predicted from
the RCA gas tables,52 developed for use in the design of vacuum
tubes. In this analysis, whichever element has the lowest relative
vapor pressure (a parameter correlated explicitly with its
cohesive energy density) will be the one found to enrich the
surface. These tables notably predict the segregation of Pt on
Ru surfaces.

The final question that remains then is one related to the
nanoparticle’s structural motif. Why do the metal atoms in the
bimetallic Pt-Ru clusters supported on carbon form a close-
packed topology, rather than a planar one? In a trivial physical
sense, this is the most energetically favorable coordination as
it is one that is able to maintain more metallic electron density,
i.e., it maximizes M-M bonds. A bond-counting argument can
be made that mimics the calculated results extremely well. To
do this, we performed EAM53,54 energy minimization calcula-
tions, based on potentials from Johnson,55 for a truncated
cuboctahedral Pt37 cluster and hexagonal planar cluster of 37
Pt atoms on a Pt(111) surface with full cluster-substrate (strong
metallic) interactions and with no cluster-substrate interactions
(weak interactions to mimic carbon). These approximate, and
significantly less intensive, calculations, which use an effective
medium approach and embedding function derived from density-
functional-type arguments, reproduce the cluster structure and
bond lengths in reasonable agreement with VASP, although the
energies obtained in this way are not as accurate.

Generally, for a hexagonal planar cluster residing on a Pt-
(111) surface, there are 291 bonds generated (111 with substrate
and 180 within cluster), while there are 261 bonds generated
(57 with substrate and 204 within cluster) for the supported
close-packed 3D cluster. The calculated results for the binding
energies per cluster atom were 5.54 eV/atom for the hexagon
with substrate interaction versus 4.40 eV/ atom without it (i.e.,

mimicking a weaker support interaction, as expected for carbon).
For the cuboctahedral geometry, the corresponding numbers
were 5.53 and 4.95 eV/atom, respectively. Not surprisingly, the
lowest energy configurations found by EAM are for the strong
metallic cluster-substrate cases, where the layered configuration
is favored, but differences are less pronounced between close-
packed and layered. However, for the case with no or little
substrate interactions, the 3D structure clearly wins by∼0.6
eV/atom, as it produces more bonding in a metallic cluster.

This simply highlights that the structural habits seen in
supported clusters will depend very sensitively on the electronic
nature of those cluster-substrate interactions. Bonding that
involves a more metallic substrate would promote the formation
of cluster habits that are more layer-by-layer in nature (raft-
like). Weaker interactions prefer, instead, topologically close-
packed motifs of the metallic clusters. The oblate closed-packed
shapes formed on carbon thus represent an intermediate case,
and, as we have seen, the details of the interactions determine
the cluster structure, bond distributions, and bond disorder,
which have different origins for pure Pt and mixed Pt-Ru
clusters on carbon.

Clearly, then, the control and modification of the support
provides an interesting area on which to focus the development
of new capacities for controlling nanoparticle structures and
dynamics. An interesting possibility in the present context would
be to modify the carbon-based support via intercalation of atoms
such as Li to enhance pinning metallic clusters in an orderly
arrangement, because the Li atoms order in a two-dimensional
array due to electrostatic interaction. Such modifications will
be examined in future theoretical investigations.

Conclusion

In conclusion, we have used DFT calculations to study
truncated cuboctahedral homometallic Pt37 and bimetallic Pt6-
Ru31 clusters supported on a graphite surface and provided
insights into general expectations for bond length distributions
and bond disorder in nanoclusters. We then used this as a guide
to reinterpret the experimental EXAFS results. Segregation of
Pt to the ambient surface in mixed clusters was explained
electronically, which is also easily predicted by the RCA gas
tables (which is probably more broadly applicable). As indicated
by adsorption energies, bonding distance, and change in the
electronic structures upon adsorption, the Ru-C interaction is
found to be stronger than the Pt-C interaction, directly
impacting cluster structure and electronic properties. For direct
comparison with experiment, we studied metal-metal bonds
in the supported clusters in detail. In agreement with our
previously published EXAFS experiments,7,11we found that the
metal-metal bonds in these two types of clusters are bulklike,
while the bond length disorder is large due to a broad bimodal
distribution for first NN metal-metal bonds. We determined
the origin of the bond length disorder from an atom-by-atom
structural analysis and showed that it results from anisotropic
distortions in the cluster arising from interactions of the bottom
metal layer in contact with the graphite surface. The details of
the bond length disorder are distinctly different for the pure Pt
and mixed, segregated Pt-Ru clusters due to the differing
electronic nature of the mid- and late-transition-metal atoms,
and the experimental data was reinterpreted. Such theoretically
determined structural analysis can now be used to provide a
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structural model for the analysis of experimental data and
provides a deeper insight into the details of structure and
properties of supported metallic nanoclusters. Clearly, for
supported catalytic clusters, the symmetry and type of support
(strength of interface interactions with the clusters) will greatly
affect the structural properties, which are the focus of our future
work, namely, Pt clusters on different substrates, such as TiO2,
Al2O3, and BN.
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