Structure and Dynamics of Graphite Supported Bimetallic Transition Metal
Clusters.

Subramanian KRSS, Venkat R. Bhethanabotla”and Babu Joseph
Sensors research laboratory, Chemical Engineering Department,
University of South Florida, Tampa, Florida, 33620, USA

Abstract

Supported bimetallic clusters are used extensively in catalysis and sensor
applications, with the support used primarily to provide mechanical stability. The
properties of metal clusters such as those of gold, platinum, and Cu-Ni on a graphite
substrate have been studied in the past and the metal-substrate interactions have been
found to result in properties that are different from those of isolated clusters.
Understanding of the cluster-substrate interactions at the molecular scale can yield
useful insights into parameters that can affect the sensitivity, selectivity and speed of
response of sensors, thereby leading to improved designs.

Molecular dynamics simulations have been carried out for Pd-Pt, Pd-Rh and
Pd-Cu nanoclusters supported on a static graphite substrate. The Quantum Sutton-
Chen potential was utilized for the metal-metal interaction, which we found to be better
suited to predict thermal properties of bimetallic system. The graphite substrate is
represented as layers of fixed carbons sites, with the Leonard-Jones model potential
and parameters utilized in the literature for small molecular physisorption studies.
Metal-graphite interaction potentials obtained from fits to experimental cohesive
energies were utilized. Monte-Carlo simulations employing the Bond Order simulation
model have been used in this work to generate minimum energy initial configurations.
These surface segregated initial configurations are utilized as starting configurations in
molecular dynamics simulations. Melting characteristics are studied by following the
changes in potential energy and heat capacity as functions of temperature. Structural
changes accompanying the thermal evolution are studied by the bond order parameter
method (BOP). Various thermodynamic, structural and dynamic functions and order
parameters are calculated to characterize the structural deformations, melting
transitions, wetting characteristics, surface segregation and surface diffusion in these
systems. Comparisons with free nanocluster results as well as bulk melting behavior will
be presented.

1. Introduction

Metal nanoparticles exhibit physical, chemical and electrical properties that are
different from those of bulk materials or single molecules (Edelstein and Cammarata,
1996). These unique properties imparted to nanoparticles by the large fraction of
surface atoms, helps them find applications in areas such as heterogeneous catalysis,
sensors, as well as micro-electronics. The size, shape and composition of these
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nanoparticles are also known to affect their physical and chemical properties. In
sensing applications for instance, the increased surface area leads to improved
sensitivity, selectivity and speed of response. One such nanoparticle is Pd which finds
extensive use in hydrogen sensing, along with its alloys (Favier, et al., 2001; Chaudhari,
2004). Literature suggests that bimetallics exhibit superior properties in comparison to
their single metal counterparts (Sinfelt, 1983). In catalysis and sensing applications,
bimetallic nanoparticles supported on substrates such as alumina, graphite, quartz or
lithium niobate are commonly used. The behavior of nanoclusters under the influence
of a substrate is different from that of isolated nanoclusters (Huang, et al., 2003; Longo,
et al., 1999; Antonelli, et al., 1993; Lewis, et al., 2000). The properties in these cases
are not only dependent on the particle size and surface composition, but also on the
surface morphology and nature of metal-substrate interaction. The key to all potential
applications lies in a thorough understanding of thermal, structural and dynamic
properties of these nanoparticles especially under the influence of a substrate. Recent
advances in experimental techniques (Bardotti, et al., 2000; Prevel, et al., 2004) as well
as the insights gained by using first principles calculations such as DFT (Walter, 1999;
Zhukovski, et al. 2001; Vervisch, et al., 2002) have led to improved understanding of
the same.

During the fabrication process, nanomaterials are subjected to chemical,
thermal, and mechanical treatments which alter their surface morphology and hence
their catalytic activity. A detailed study of the melting process of metal nanoclusters is
critical to understanding their thermal stability (Antonelli, et al., 1993). The melting point
is defined as the temperature at which transition from a solid phase with long-range
order to a liquid with short-range order occurs. This solid-liquid transition in
nanoclusters differs significantly from that in bulk materials (Borel, 1981; Ercolessi and
Tosatti, 1991). Both experimental and theoretical studies indicate that melting starts
from the surface and propagates to the interior, with the surface melting starting at
temperatures significantly lower than the homogeneous transition temperature.
(Frenken,1985; Stoltze, 1988; Lewis, 1997). This phenomenon is a result of reduced
coordination of surface sites compared to bulk atoms making them less constrained in
their thermal motion. Melting at the nanoscale is known to proceed through an
intermediate state at which solid and liquid state coexist (dynamic coexistence) and the
structure fluctuates between solid and liquid (Cleveland, 1998). Experiments and
molecular simulations (Hou, 2000; Bardotti, 2000) give further insights into the
dependence of the nanomaterial melting point on their size, shape and composition. In
most cases, the cluster melting point is lower than bulk melting values and is known to
decrease with cluster size. The variation of melting point is not always monotonic, with
guantum effects playing a role at smaller cluster sizes (Garcia-Rodeja, 1994; Calvo,
2000; Lee, 2001).

Previous studies in catalysis and sensing applications have indicated improved
selectivity towards specific reactions obtained by controlling surface composition of
alloys (Bazin, 1997, 2000). The alloying process leads to variations in shape, structure,
and surface atomic distribution depending on nanocluster size, shape, and overall
composition. At nanoscale, bimetallic nanoclusters experience a phenomenon known
as surface segregation in which one of the metals segregates to the surface. The
relative surface energy difference dictates the extent to which segregation occurs (Zhu,



1995). Additional complexities are induced by micromixing. As a result, the melting
behavior of alloys differs significantly from that of single component metals.

The presence of substrate induces additional complications. Substrate induced
effects on nanoparticle properties are difficult to predict due to the lesser known nature
of metal-substrate interactions (Mottet, 2004). Graphite supported cubic and tetrahedral
platinum nanocrystals were found to evolve to spherical shapes at temperatures higher
than 500 °C, with surface and total melting occurring at a slightly higher temperature
(Wang, 1998). Nanocluster diffusivity on surfaces plays a key role in cluster
aggregation processes. Experimental studies suggest rapid diffusion of small antimony
clusters on graphite substrates, a fact corroborated by molecular dynamics (MD)
studies of Lennard-Jones clusters diffusing on non-epitaxial crystalline surfaces
(Bardotti, 1995). Similar MD studies conducted on 249-atom gold nanoclusters
indicated high diffusivity of the same on graphite surface (Lewis, 2000). The role played
by substrate atoms on the thermal stability and melting behavior of nanoclusters has
been studied only to a limited extent. A comprehensive understanding of the structure
and dynamics of substrate supported metal nanoclusters and its effect on the melting
behavior of bimetallics is needed.

In most of the experimental studies, melting is characterized by changes in
shape. This specification is not valid in cases when particles hop from one local
minimum to another with increasing temperature (Schmidt, 1997). Thus, shape
changes could occur without the particle actually melting. Besides being cost intensive,
it is difficult to understand the role played by the substrate through experiments. MD
simulations offer a simple and comprehensive tool to understand the complex
microscopic phenomena of segregation and micromixing, and insights into the role
played by substrate atoms. In the present work, we employ MD simulations to study the
dynamics of Pd-Cu, Pd-Rh and Pd-Pt nanoclusters of varying compositions and sizes,
supported on a graphite substrate.

2. Initial configuration set-up

All the transition metals under study (Cu, Pd, Pt and Rh) have an FCC
structure. Hence, an FCC block/lattice of 500 atoms was constructed from an FCC unit
cell by replication in the ABC direction with centre located at (0, 0, 0). The initial atomic
positions of the bimetallic system were determined using Metropolis Monte Carlo (MC)
simulations employing bond order simulation (BOS) model (Zhu, 1995, 1997). The
energy parameters and site energies needed for the BOS model were generated using
DFT (Yang, 1994) and the same values have been used in the present study. This
approximately cubic nanocluster is supported on a graphite substrate, with the initial
metal-substrate distance to 2 A. The graphite substrate containing 3600 atoms in two
layers was built by AB type stacking to have 73.8 x 73.8 x 6.7 A dimensions. The
surface segregation phenomenon present in bimetallic nanoclusters results in lower
surface energy atoms being located at low coordination number sites such as surface,
edges, and corners. The extent of surface segregation depends on a number of factors
such as difference in surface energy, mixing energy, and entropy. The final
microstructure is a result of interplay between these factors (Zhu, 1995, 1997). In the
present case, the segregation profile of Pd atoms is different amongst the three



bimetallics (Pd-Cu, Pd-Pt and Pd-Rh). In case of Cu-Pd, Cu with much lower surface
energy completely segregates to the surface with Pd atoms forming the cluster core.
The reverse is true for Pd-Rh where Pd has much lower surface energy than Rh. Pd-Pt
represents an intermediate case with more Pd atoms located at the surface than Pt,
due to slightly lower surface energy of Pd than Pt.

3. Computational details
3.1Pair potential function

MD simulations using DL_POLY (Smith, 1999) were performed to gain insights
into the melting process at the atomistic level. Each particle is treated as a point mass
and is governed by the classical Newton’s equations of motion. All the thermodynamic
and transport properties were obtained as time averages over the particle positions and
velocities. The embedded atom potential (Foiles, 1986) and other long range potentials
like the Sutton-Chen potential (Sutton and Chen , 1990) based on Finnis-Sinclair type
of potentials have been used in the literature successfully to predict the properties of
FCC based metals such as Pd, Cu, Rh and Pt. The local electronic density is included
to account for the many body terms.

Based on the Sutton-Chen potential, the potential energy of the finite system is given
by,

Utt = Y Ui =Z£|:
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Here, V (rj) is a pair potential to account for the repulsion resulting from Pauli’'s
exclusion principle.

Vo(ri) = (ijn (3.2)

Iij
The local density accounting for cohesion associated with any atom i is given by,

p=Y olr,) =2[3Jm (3.3)
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Sutton and Chen restricted values of m to be greater than 6 and fitted it to give
close agreements with bulk modulus and the elastic constants. The Sutton-Chen
potential predicts properties involving defects, surfaces and interfaces poorly. The
Quantum Sutton-Chen (Cagin, 1990) (hereafter referred to as QSC), which is a
modification of the Sutton-Chen potential, includes quantum corrections and takes into
account the zero point energy allowing better prediction of temperature dependent
properties. The QSC potential function was found to be better suited to melting and
phase transformation studies of bulk Cu-Ni and Cu-Au alloys (Qi, 1999, 2002). The
QSC parameters for the metal atoms are listed in Table 1. The geometric mean was



used to obtain the energy parameter € and the arithmetic mean was used for the
remaining parameters, to predict the nature of interaction between metal atoms.

Our studies indicate that the QSC potential functions predict the thermal
properties of transition metal alloys better than SC potentials (Subramanian, 2004).
Therefore, we have used QSC potential function in all our nanocluster studies
presented here. To represent the relatively weak interactions between the carbon
atoms in the graphite substrate and an adsorbed metal atom, the LJ potential function
has been used. Previous work on substrate supported clusters indicates that the LJ
potential for this interaction provides reasonable predictions of the complex system
(Huang, 2003). Hence, we employ LJ (12-6) model for metal-C interactions. The LJ
parameters (€=0.002413 eV, ¢ = 3.4 A) for graphite have already been determined
(Bhethanabotla, 1990). The LJ parameters for metal atoms were taken from published
values and Lorentz-Berthelot mixing rules were employed to find well depth and size
parameters for metal-C interactions. A static substrate with fixed positions of C atoms
was used to reduce the computational load.

3.2MD simulation details

The MD simulations were carried out in an ensemble approximating the
canonical with a constant number of atoms N and volume V (much larger than the
cluster size) without any periodic boundary conditions. A constant temperature
Berendson thermostat with a relaxation time of 0.4 ps was used. The equations of
motion were integrated using Verlet leapfrog algorithm with a time step of 0.001 ps. The
nanocluster was initially subjected to mild annealing in the 0-300 K interval. This was
followed by heating to 1800 K in increments of 100 K. Near the melting point, the
temperature increments were reduced to 10 K to account for the large temperature
fluctuations. The simulations were carried out for 400 ps of equilibration followed by
production time of 200 ps for generating time averaged properties.

Table 1. Potential parameters used in MD simulations for metal-metal interactions

Quantum | n m | € (eV) C a(A)
Sutton-

Chen

Pd 12 6 |3.2864e-3 | 148.205 3.8813
Pt 11 7 |9.7894e-3 | 71.336 3.9163
Rh 13 5 |2.4612e-3 | 305.499 3.7981
Cu 10 5 |5.7921e-3 | 84.843 3.603
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4. Results and discussion
4.1 Melting point identification

The transition temperature from solid to liquid phase is usually identified by
studying the variation in either the thermodynamic properties such as potential energy
and specific heat capacity or some structural properties such as Bond Order
Parameters and Wigner values. The present study employs both these methods to
identify melting points for different cluster sizes and compositions. Details are
discussed in subsequent sections.

4.2.1 Potential energy

Figure 1 shows the temperature dependence of potential energy for the (Pdos-
Xo.s)s00 atom clusters where X=Pt, Rh or Cu. The transition from a solid to a liquid
phase can be identified by a simple jump in the total potential energy curve. This
corresponds to a melting temperature of 1390 £10K for (Pdo 5-Pto5)s500, 1540 K £10K for
(Pdo.5-Rhg5)s500 and 1020 +10K for (Pdo5-Cuos)s00, @s seen in Figure 1. The variation of
potential energy with temperature for clusters of different compositions is discussed in
subsequent sections. These melting temperatures are at least 100-200 K higher than
that for isolated clusters of similar composition and size. The delay in the onset of the
melting point could be a result of the lesser degree of freedom of atoms close to the
substrate. The implications of the graphite support on the dynamics of cluster melting
will be discussed in subsequent sections.
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Figure 1. Potential energy variation with temperature for (Pdos-Xo.5)s00 Clusters (a)
X=Pt (b) X=Rh (c) X=Cu

4.2.2 Specific heat capacity

The specific heat capacity in a weak coupling ensemble such as achieved with
the Berendson thermostat can be written as a function of fluctuations in the potential
energy <(5E,)*> (Morishita, 2000).
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where < (sg,)? >=<e? >-<g, ¥ and a is the ratio of the standard deviations of kinetic and
potential energies.

a =\J<(OKE)? >/ <(JEp)? > (4.2)

Morishita has proved that a weak coupling ensemble approaches a canonical ensemble
for very short relaxation times (a = 0) and to a microcanonical ensemble for longer
relaxation times (a = 1). In the present case, the Berendson thermostat with a coupling
parameter of 0.4 ps leads to a =10, making the calculations for specific heat capacity
similar to that of a canonical ensemble as given in equation (4.3)
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Figure 2. Variation of specific heat capacity with temperature for (Pdo.5-Xo.5)s00
clusters (a) X=Pt (b) X=Rh (c) X=Cu

To identify the melting temperature, the specific heat capacity at constant
volume is plotted in Figure 2. For all three (Pdos-Xo5)s00 Clusters, the maximum in the
specific heat capacity corresponds to the temperature where a jump in potential energy
is observed i.e 1390 +10K for X=Pt 1540 K +10K for X=Rh and 1020 +10K for X=Cu.
This leads to a melting temperature estimates of T,=1390+ 10 K, 1540 K +10K, and
1020 +10K for (Pdo.5-Pto,5)5oo, (Pdo.5-Rho.5)5oo, and (Pdo,s-CUo,s)soo, respectively. The
small peaks in the specific heat capacity curve at temperatures lower than the actual
melting point indicate onset of surface melting. The more prominent peak in case of Pd-
Cu would mean that the extent of surface melting is much more than in Pd-Pt and Pd-
Rh. Indeed, experiments suggest Pd and Cu to surface melt a lot more than Pt and Rh.



4.2.3 Bond order parameter

There are several criteria used to identify local and extended orientational
symmetries. One such method is the Bond Order Parameter method (Steinhardt, 1983),
which is used to analyze cluster structure as well as to distinguish between atoms in
solid (closed packed) and liquid environment generated at the onset of melting. To
determine the orientational order, spherical harmonic basis functions v, 0, are

associated with every bond joining an atom to its near neighbors. Here, © and & refer
to polar and azimuthal angles of vector r; in a given reference frame. The term “bond”
refers to the unit vector rj joining a reference atom i to any neighboring atom j within a
cutoff radius rey. The cutoff radius is generally taken to be 1.2 times the first minimum
in the radial distribution function. The function is calculated as an average over all
atoms, surface and interior, and ensures all atoms in the first coordination shells are
counted as near neighbors. To make the bonds independent of direction, only even |
shaped harmonics are considered which are invariant under inversion. The local order
around any atom i is an average over all its bonds with the neighboring Nn, atoms and
given by

N, (i)

i) = () z () (4.4)

A second order invariant can be constructed to give a local order parameter
independent of the choice of reference system.

a()= [ZI Y a0 J (4.5)
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An average of qm over all N atoms in a cluster gives the global bond order parameter.

(z 12 J (4.6)
where,
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The value of the global bond order parameter Q, in a solid cluster depends on
the relative bond orientations and has a unique value for each crystal structure. Based
on local solid symmetry, it was found that cubic and decahedral clusters have nonzero
values of q(i) for | 2 4 and at | = 6 for those with icosahedral symmetry. All global order
parameters vanish in isotropic liquids for | > 0. The global bond order values for
different types of symmetry are reported in



Bond order parameter

0.

Table 2. The atoms in a solid undergo vibrations about their equilibrium
positions leading to distortion of the crystal structure which is characterized by Q4 and
Qs values. The magnitude of the nonzero {Q} values depends on the definition of
nearest neighbors and can be changed by including surface bonds in the average. The
cutoff distance (rcu) for identifying the nearest neighbors was taken to be 3.6 A at 300
K. This corresponds to the position of the first minimum in the pair correlation function
for FCC Pd-Pt. Similarly, rc,: at other temperatures were identified.

Table 2. Bond Order Parameter values for various geometries.

Geometry Q4 Qs

FCC 0.19094 0.57452
HCP 0.09722 0.48476
BCC 0.03637 0.51069
Icosahedral 0 0.66332
Sc 0.76376 0.35355
Liquid 0 0
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Figure 3. Variation of bond order parameters with temperature for (Pdo.5-Xo.5)s00
clusters (a) X=Pt (b) X=Rh (c) X=Cu

Figure 3 indicates the variation in bond order parameter with temperature for
the three bimetallics. All the three bimetallics show rapid structural rearrangement when
subjected to annealing between 0-300K. The change in order parameters of Pd-Cu is
much steeper than in the cases of Pd-Rh and Pd-Pt. The rapid structural changes in the
Pd-Cu might be attributed to the early onset of surface melting. The effect of substrate
on the surface melting characteristics of the clusters needs to be explored further. At
the melting point, the order parameters of all the three nanoclusters show a sudden
decrease to zero indicating the transition from solid to liquid phase. The melting points
found using these order parameters matches those found using potential energy and
specific heat capacity curves.



5.

Conclusions

The melting characteristics of graphite supported bimetallic clusters have been
studied using MD simulations. The melting points of bimetallic nanoclusters have been
found by studying variations of thermodynamic and structural properties with
temperature. In all the cases, the effect of support is to delay the onset of melting
leading to higher transition temperatures compared with isolated nanoclusters, but still
lower than bulk melting points. Specific melting temperature depends on nanocluster
size and composition. Our studies indicate that structural solid-solid transitions take
place at temperature much below the phase transition. The extent of surface melting in
the three cases seem to be widely different and the role played by the substrate needs
to be investigated further.

The dynamics of substrate supported cluster melting are being studied using
deformation parameters, diffusion coefficients, and analysis of density profiles. The
effect of cluster composition on melting of graphite supported nanoclusters would also
be studied. Our preliminary results indicate a non-linear variation of melting points with
composition. The role of the support in this variation needs to be investigated further.
We find the cluster to diffuse as a single entity on the graphite surface. Quantification of
the same needs to be done by studying the variation of cluster diffusion coefficients
with temperature. Previous studies indicate that wetting behavior is influenced by the
nature of the metal-metal interactions. In the present case, the impact of metal-graphite
interactions on the wetting characteristics of the liquid nanocluster needs to be
investigated. A melting theory for substrate supported nanoclusters would provide
better insights into the melting phenomenon.
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