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Abstract

The catalytic properties of bimetallic clusters will be influenced by the detailed
structure of the cluster surface. Enrichment of one metal at the surface is one feature
of obvious importance. Other, less obvious, features are preferential population of
edge and corner binding sites on the surface and micromixing that influences
ensemble size on the surface planes.

We review the range of methods developed to treat this problem, from the
computationally demanding corrected effective medium (CEM) theory (a semi-
empirical density functional based method) to the computationally simple method of
partial bond energies. Parametrization of the latter is shown to be feasible using the
former.

Comparisons of theoretical predictions with experimental data will be made for
heats of formation in selected alloys and for surface segregation behavior in
Rhyy gPty 1(111). Detailed results on the shape, site composition and surface
micromixing will be shown for selected systems chosen from Rh Pd, ., Ni Pd,_, and
Rh,Ni, ,, Rh,Pt, . and Pt,Cu,_, with x=(0,1] for sizes between 200 and 1200 total
atoms.

Introduction :

The prediction of structure and energies of bimetallic clusters in the range of
200-2000 atoms provides an important technological problem for fundamental
descriptions of metal-metal bonding. These systems are relevant to the performance
of bimetallic catalysts! and also small enough to be treated by reasonably accurate
theoretical density functional theory methods.2* They are also large enough to be
treatable by empirical bonding models.>7 Thus, such systems can provide an excellent
testing ground for theoretical methods as well as demonstrate the utility of new
theoretical methods in conjunction with rapidly advancing computer technology.

Theory

A hierarchy of theories have been used to describe bimetallics. We give a brief
overview of each here. The reader interested in more details should consult the
references, especially ref,(2d) for CEM, ref.(2¢c) for MD/MC-CEM and ref.(4) for
construction of embedding functions in either theory. Applications to bimetallic
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surfaces can be found in ref.(3). For the method of partial bond energies, the reader
should consult refs.(5-7) for an overview.

For a set of N-atoms, (A;,i=1,...,N}, the CEM theory utilizes the following
equations to calculate the interaction energy:

N N N
AE(A}D = Y AE,p(An) + L V(1,7 + Acilah 1
1% ? - RBOn(f - &) dF (2)

n, = 2_215‘\:‘1 fn(]: - Ry)n(f - Ry) dF

n(_)r - _fti) is the unpolarized atomic electron density distribution (from Hartree-Fock
calculations) while Z; and R; are the atomic number and nuclear position, respectively.
This equation is valid under the assumption that the total system electron density can
be approximated as the superposition of atomic electron densities.

The first term is the sum of the embedding energy for each atom, each term of
which is solely a function of the average electron density environment of that
particular type of atom. The subscript 'LMTQ’ indicates that these are provided
by forcing the CEM method to duplicate the results of self-consistent Linearized
Muffin Tin Orbital density functional calculations on the cohesive energy of the
homogeneous bulk solid at lattice constants from 30% expansion to 10% contraction.*?
Since these embedding energies are a major component of the system interaction
energy, it is important to determine them accurately and this procedure does so, at
least for coordinations approaching that of the bulk. For very low coordinations, it is
necessary to supplement the LMTO calculated values with experimental data from the
diatomic binding curve.*

The second term consists of pairwise additive coulombic energies. V(i) is the
sum of electron-electron, electron-nuclear and nuclear-nuclear coulomb interactions
between atoms A; and A;. These are determined from the electron densities of each
atom and are not adjustable.

The last term, AG , is the difference in kinetic-exchange-correlation energies of
the N-atom and atom-in-jellium systems. It is a true many body term which is
extremely time consuming computationally since it involves computation of a three
dimensional multicenter integral of complicated functions of both the electron density
and its gradient with respect to electronic coordinates.

To lower the computational effort, a simpler theory has been developed with
acronym MD/MC-CEM since it is fast enough to use in direct MD and MC simulations
of large systems. In this method, the AG term is approximated as a function of n; and
incorporated into new effective embedding terms. This yields the working equation as:

N N N
AE(AD = ¥ AF,p(Ain,) * % pIDIRAEH) (3)

1=1 1=1 y*I

The effective embedding functions, AFy 31 are determined again from LMTO
calculations on the homogeneous bulk system.
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The above two methods involve continuous change in interaction energies with
separations between atoms. Neither is pairwise additive, and thus describes the
delocalized bonding in metals. The CEM method can be derived from the fundamental
density functional theory under the assumption of additive atomic densities. The
MD/MC-CEM method is more empirical, depending upon a rather uncontrolled
approximation to the kinetic-exchange-correlation energy difference energy. This
method is very similar to the EAM method which simply postulates a form like Eq.(3)
and replaces all terms by empirical forms. (e g. Morse potentials or shielded coulomb
like terms for the two body interactions). 8.9 The EAM approach also utilizes the
density at the nucleus of atom A, instead of the average in Eq.(2), to identify a jellium
density.

We have also utilized a much simpler formulation than either CEM theory.
This calculates the energy of an atom by counting the bond energies with each of its
nearest neighbors, adjusting the strength of each bond according to the number of
neighbors. This is the method of partial bond energies and leads to the working
equation for a system of one atom type:

AE([A]) = Y Nie(A;:N;) (4)

where €(A;;N;) is the bond energy of atom A, with N; nearest neighbors. This equation
must be supplemented with the interchange energy when there are different types of
atoms.5 Note that bond lengths are not required in the application of this method
because the interatomic potential is a function of coordination rather than distance.
However, this approach does require the assumption that the metal particle maintains
a fixed lattice type during the simulation. In the results reported below the
simulations are fixed in an fec lattice.

The connection between these methods is that the CEM theory can be used to
provide the partial bond energies by using selected calculations on various metal
surfaces and metal vacancy formation.

Results and Discussion

First, consider the Rh,Pt; , system. The surface energies (in J/m?) predicted
by CEM (MD/MC-CEM) are 2, 37 (2 73), 2.52(2.88) and 2.71 ( 3.12) for Rh(111),
Rh(100), Rh(110), respectlvely 42 Experimental data on surface free energies of
polycrystalline samples!! at the metal’s melting %omt and at 298 K can be used to
extrapolate to 0 K w1th the result being 2.94 J/m®. The agreement is excellent as it is
for other fcc metals.*® The CEM predictions of the alloy formation energy are -2.4,
-2.2 and -1.7 kJ/mole for x=0.75, 0.5 and 0.25 respectively. Since Pt and Rh alloy even
at low temperatures, this small negative alloy formation energy is very reasonable.
The MD/MC-CEM method predicts 42.0, 53.3 and 39.1 kJ/mole, respectively, and is
thus inaccurate for this system. Indeed, we have found that MD/MC-CEM is
inaccurate for all mixtures of Ir, Pt and Au with all other metals, except Ir,Pt and Au.

Using CEM calculations of the various Pt and Rh systems yields the partial
bond energies shown in Fig.(1). For comparison, partial bond energies using a
quadratic fit to limited experimental data are also shown. The agreement is quite
good except at very low coordinations where the previous approach involves
extrapolation.

Predictions of the surface fraction of Rh in Rh,Pt; , bimetallics cluster with 201
total atoms is shown in Fig.(2) based upon Monte-Carlo simulations at 973 K. These
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are calculated using the partial bond energies assuming that the cluster retains a fec
lattice arrangement of atoms. Even though these simulations allow the structure of
the particle to deviate from the initial cubo-octahedral shape, no such morphology
change occurs due to the thermodynamic stability of that arrangement. The one point
from the CEM results is also shown. Since the latter allows for continuous
deformation of all atomic positions, it provides confidence that the use of the partial
bond energy/Monte-Carlo simulation with an fec lattice is adequate for this system.

Next, consider the Rh,Pd, , system. The surface energies (in J/m?) predicted
by CEM (MD/MC-CEM) are 1.63 (1.89), 1.74(2.00) and 1.87 (2.18) for Pd(111), Pd(100),
Pd(110), respectively.*? Experimental data on surface free energies of polycrystalline
samples!! at the metal’s melting point and at 298 K can be used to extrapolate to 0 K
with the result being 2.17 J/m?%. The agreement is again excellent. The CEM
predictions of the alloy formation energy are 1,5, 1.9 and 1.5 kJ/mole for x=0.75, 0.5
and 0.25 respectively. The experimental valueli at 1575 K is 10 kJ/mole with the
difference from 0 K easily made up by variation in heat capacity. The MD/MC-CEM
method predicts 2.2, 2.9 and 2.2 kJ/mole, respectively, and is thus quite acceptably
accurate.

Results for 201 and 1289 atom clusters are shown in Figs.(3) and (4),
respectively. The clusters exhibit increased enrichment of Pd on the surface and a
substantial favoring of edge-corner sites at the surface. Thus Pd atoms occupy low
coordination sites on the surface. There is only a slight temperature dependence of
the enrichment between 600 K and 1000 K.

In the Ni Pd, , and Rh Ni, . clusters (not shown), the metal segregating to the
surface is Pd for the former and Ni for the latter. From these and other systems, a
few general statements can be made: 1/ the metal with the smallest surface energy
segregates to the lowest coordination sites first, then to other low coordination sites; 2/
an increase in temperature drives the mixing and thus decreases the degree of
segregation; and, 3/ as the size of the cluster increases, the surface-segregating metal
populates the entire surface at lower total concentration.

Experimental verification of these predictions is problematic. Only surface
composition measurements have been attempted leaving site population and
micromixing properties to speculation. The standard surface science tools such as
Auger electron spectroscopy (AES) are not feasible due to the very nature of the
particles. In addition, traditional methods of estimating surface composition using
selective chemisorption are known to significantly perturb these bimetallic systems.’
In certain simple systems a combination of 'H NMR and hydrogen chemisorption have
indicated the predictions give reasonable results.3 We can apply the predictions to
low-index plane simulations that are more easily verified experimentally, however.
The fec(111) surface of Rh gPt, ; was simulated with the partial bond energy/Monte
Carlo method in the same manner as the 201 atom particle discussed above yielding
the results in Fig.(5). Recently, Fisher and co-workers have used AES and ion
scattering spectroscopy to determine that the surface composition of this system is
<70% Rh in the 1200 K temperature range,'? which is in good agreement with our
predictions.
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Fig. 1 Partial bond energies for Pt and Rh as determined from CEM calculations and
also from previous work using a quadratic form (in N) fit to surface energies.
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Fig. 2 Surface fraction of Rh in Rh Pt, clusters with 201 total atoms as predicted
by the partial bond energy model at 973 K. A single point for x~0.5 (W) is
shown based upon a full CEM simulation at 600 K. The dotted line separates
enrichment (above) and depletion (below) regions.
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Fig. 3 Fractional coverage of Rh at surface and edge-corner sites in Rh,Pd; , clusters
with 201 total atoms as predicted by the MD/MC-CEM model.
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Fig. 4 Same as Fig.(3) but for 1289 total atoms.
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Fig. 5 Surface fraction of Rh in Rhg gPty ; (111) as predicted by the partial bond
energy model,
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