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Understanding the physical and chemical behavior of supported nanoscale catalysts is of fun-
damental and technological importance. However, much of nanocatalyst behavior remains poorly
understood due to the complex, dynamical nature of catalytic interactions at a nanomolecular scale.
It has been demonstrated that real-time ab-initio calculations may provide fundamental insight into
the dynamical electronic and physical structure of catalytic nanoparticles, yet these calculations can
prove to be extremely computationally intensive. In order to examine longer time relaxations of
these systems, we have used a classical molecular dynamics simulation based on the Sutton-Chen
potential to model Pt19 nanoparticles supported on a [110] 4-AlaO3 surface. Results are compared
to previous density functional theory/molecular dynamics (DFT/MD) simulations, and calculated

thermal and diffusive properties are presented.

INTRODUCTION

Nanoparticles are very attractive candidates as cata-
lysts due to an increased surface to volume ratio com-
pared to bulk materials, allowing for increased selectiv-
ity for chemical reactions.! Nanocatalysis is widely used
over a range of industrial applications, including catalytic
conversion of vehicle emissions and petroleum reforma-
tion.2 However, despite being one of the oldest applica-
tions of nanoscience,! the mechanism of nanocatalysis is
not very well understood due to the complex, dynamical
nature of catalytic interactions at a nanomolecular scale.
Previous x-ray absorption spectroscopy (XAS) experi-
ments have reported that oxide-supported Pty nanopar-
ticles display a variety of interesting characteristics, such
as large structural disorder, negative thermal expan-
sion, and thermally induced changes in electronic struc-
ture.® Density Functional Theory/Molecular Dynamics
(DFT/MD) calculations have been implemented previ-
ously to investigate these systems, and have successfully
reproduced many of the phenomena described in these
XAS experiments. Given that nanocatalysis presents
a chemically complex system in which surface reactions
give rise to many different interatomic interactions and
the electronic structure of the system is changing quali-
tatively with time, ab-initio molecular dynamics calcula-
tions are well-suited in exploring the dynamic nature of
these systems.

Nevertheless, DFT/MD calculations can prove to be
impractical in terms of sheer computational demand.
When restricted to ab-intio calculations, the phase space
accessibility of a system becomes largely dependent on
the affordability of computational resources. Previous
DFT/MD calculations of Pty nanoclusters have required
more than 10* cpu hours of computation for systems
with time evolutions ranging near 10 picoseconds.® Thus,
physical quantities requiring long relaxation times, such
as diffusive properties and long-period thermal fluctua-
tions, are tremendously difficult to resolve using ab-initio

methods.

The purpose of our classical molecular dynamics sim-
ulation is to offer an economical alternative to ab-initio
molecular dynamics in terms of computational tractabil-
ity. Our approach utilizes a potential model introduced
by Sutton and Chen which employs many-body terms.®
The potential is tailored for f.c.c. transition metals and
has been shown to accurately model long range van der
Waals pair interactions and approximate the many-body
metallic bonding of the crystal.” The Sutton-Chen po-
tential has been successfully applied in many other stud-
ies and has demonstrated a reasonable agreement with
experiment.® More importantly for the purposes of our
model, the potential can be implemented in simulation
without necessarily requiring the calculations to be com-
putationally intensive. The speed of our calculations al-
lows us to probe very long time evolutions of many differ-
ent nanoscale systems. Furthermore, the parameterized
form of the potential provides a flexibility for the model,
allowing the potential to be readily adjusted as needed
dependent on an individual system, although such meth-
ods are not addressed in the scope of this paper. The
results of previous DFT/MD calculations will be com-
pared to those of the potential model, when possible, us-
ing unadjusted parameters for Pt provided by Sutton and
Chen. In addition, energy fluctuations, autocorrelation
functions, and the temperature-dependent diffusivity of
the Pt nanoparticles are presented.

MODEL POTENTIALS

Three different potentials are used to model the dy-
namics of the simulation in order to most accurately rep-
resent the interactions between the nanocluster and sub-
strate. The intracluster interactions are modeled using
the Sutton-Chen potential as noted in the introduction.
The Sutton-Chen potential is a Finnis-Sinclair type po-
tential with two terms providing the pair-wise repulsive



TABLE I: Model potential parameters used in the simulation.

Potential € (eV) a (A) a (A) c n m
Usc,pi—pt 1.9835x10~° 3.92 34.408 10 8
Urj,pt—0 0.228 1.866
UrLg,pt—al 0.044 2.420

and approximate many-body cohesive contributions sep-
arately. The form of the potential is:
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where the V;... and ,/p; terms serve as the repulsive and
many-body contributions, respectively. The parameters
of the potential are defined by Sutton and Chen for a
variety of transition metals.” € is a scaling term with
dimensions of energy, a is the lattice constant, ¢ is a
dimensionless constant, and n and m are positive integers
such that n > m. The parameters for Pt are listed in
Table I.

The substrate of the system is modeled by atoms which
oscillate in three dimensions about fixed points in space,
corresponding to a [110] Al,O3 surface, according to a
harmonic potential:

UH = %krﬁ (4)
where 7. is the displacement of the surface atom from its
equilibrium position. The restoring parameter k is cho-
sen to be 6.0 eV/ A2 such that the oscillation frequency
and mean square displacement of the oxygen atoms corre-
spond to experimental values.? The interaction between
the Ptqg cluster and the Al;O3 surface is modeled sepa-
rately using a Lennard-Jones potential, given by:

(7)) e

The Pt-O and Pt-Al interactions each use separate poten-
tial parameters € and o. The parameters were determined
by adjusting the parametric equation of the radial distri-
bution function for Lennard-Jones fluids to reproduce the
same distributions for Pt-O and Pt-Al interactions pro-
duced by ab-initio molecular dynamics simulations. The
parameters are also listed in Table I. The cluster forces

F ¢ and surface forces F'g are then given by the gradient
of their respective potentials.

Fo=-V(Usc+ULy) (6)
Fg=-V(Uyg+ULy) (7)

COMPUTATIONAL DETAILS

Algorithms

The simulation uses the velocity-Verlet algorithm with
the Nosé-Hoover thermostat to evolve the system in
time at constant temperature. The velocity-Verlet al-
gorithm is a well known second-order symplectic integra-
tion scheme for solving the canonical equations of motion,
and is well-regarded for its accuracy in preserving the
phase space behavior of its system.? ' The Nosé-Hoover
thermostat algorithm, like velocity-Verlet integration, is
also used extensively by the molecular dynamics commu-
nity for being a deterministic, stable, and time-reversible
method of simulating constant-temperature dynamics.'?
Incorporating the Nosé-Hoover with the velocity-Verlet
scheme, the algorithm to evolve the system from a time
t to a short time later ¢t + h is given by the following
equations:

r(t+h) =r(t) + ho(t)
W (F;fj) - <<t>v<t>> )
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K (t) is the kinetic energy of the system at time ¢, T} is the
thermostat temperature, N is total number of degrees of



freedom of the system, and kp is the Boltzmann constant.
The ¢ term is a variable derived from the addition of a
virtual degree of freedom into the Hamiltonian, which
dictates the effective temperature relaxation time.'? ¢
incorporates an analogous thermal inertia quantified by
“mass” @, and both are given by:

(o) = 2K () —QNkBTO

Q = NporkpTor” (13)

(12)

where 7 is the characteristic time describing the strength
of the coupling to the heat bath. 7 cannot be chosen
arbitrarily, but must be selected such that the Nosé-
Hoover thermostat remains thermally coupled to the sys-
tem. Loose coupling will lead to poor temperature con-
trol, while tight coupling results in high frequency os-
cillations in the temperature. For the purposes of our
simulation, 7 is chosen to be 0.2 ps.

Simulation Conditions

Simulations were carried out using a Pty nanocluster
on a [110] surface of -Al;O3 over a range of tempera-
tures between 100 K and 800 K. Simulation times of 210
ps and 1.01 ns were run with temperature separations of
25K and 100 K respectively. Initial configurations of the
cluster were selected from a trajectory of a thermalized
Pt1g nanocluster in free space at a random time, to en-
sure an initial potential near a local minima. The clus-
ter is placed in close proximity to the «-Al,O3 surface
and allowed 10 ps to adsorb and thermalize before the
remaining trajectory is used for resulting calculations.
Multiple initial configurations were used at each temper-
ature. Initial velocities of the atoms were randomized
with a normal distribution and rescaled to produce ener-
gies corresponding to the system thermostat.

RESULTS AND DISCUSSION

Internal Structure and Dynamics

The internal structure of the Ptig nanocluster can be
characterized by the pair distribution function (PDF)
g(R), which indicates the relative probability of finding a
pair of atoms within the cluster with separation Rp;_ p;.
A plot of g(R) for Pt1p for a number of temperatures
is shown in FIG. 1. At lower temperatures, g(R) ex-
hibits very structured second and third Pt-Pt coordina-
tion shells which diminish with increasing temperature.
These results differ from those of previous ab-initio cal-
culations which do not display any well-ordered struc-
ture beyond the first coordination shell. This is likely
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FIG. 1: Averaged pair distribution function (PDF) for a Ptig
cluster at various temperatures. The PDF's are averaged over
10 trajectories each with randomized initial cluster configu-
rations. At low temperatures, the PDFs exhibit structured
second and third Pt-Pt coordination shells. The attenuation
of these shells with increasing temperature is indicative of the
melting of the structure.

due to the long range attractive term of the Sutton-Chen
potential, which may lead to an over-structured behav-
ior of the cluster. Furthermore, the distributions of the
first atomic coordination shells of the PDFs are not as
sharply peaked as those seen in DFT/MD, as will be dis-
cussed further below. Visual inspection of the system
reveals dynamic bond breaking and reforming between
the nanocluster and surface with large librational motion
between surface-bonded and non-surface-bonded atoms.
The cluster experiences sizeable center of mass fluctua-
tions which scale with increasing temperature, resulting
in translation across the surface at high temperatures.
Another important physical quantity is the Debye-
Waller factor (DWF), which describes the attenuation
of x-ray scattering due to the thermal motion of atoms
within a crystal. In this case, the DWF is indicative of
the thermally-induced vibrational disorder of the cluster,
and is proportional to the mean square relative displace-
ment (MSRD) between Pt-Pt pairs. A Gaussian fit of the
first coordination shell (FIG. 2), determined by enforc-
ing a cut-off of 3.2 A on the PDF, was used to determine
the mean distances and MSRDs of atomic pairs, ¢ and
o? respectively. FIG. 3 gives an indication of how pu,
o2, and mean coordination numbers vary with tempera-
ture. As mentioned before, the distributions of the first
coordination shell are more broad than those found by
DFT/MD. Values of 62 obtained by DFT/MD for Pt1g
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FIG. 2: Averaged 1st shell pair distribution function with
Gaussian fit for temperatures of 300 K and 600 K. The dou-
bling of o2 corresponds to a doubling of the temperature as
expected, and an average decrease in mean atomic distance
can be seen from the plots of pu.

were 5.2x1073 A2 and 10.0x 1073 A2 for temperatures of
165K and 573K respectively, which are smaller than the
values obtained by the MD simulation by about a factor
of two.® The mean distances y are in rough agreement
with DFT/MD as well as experimental values (within
0.01 A) and exhibits a decrease with higher temperatures
suggestive of negative thermal expansion. However, a de-
crease of 1 is not seen between temperatures of 175K and
575K as observed in x-ray absorption spectroscopy exper-
iments.? The mean first neighbor coordination numbers
found by the simulation are in much better agreement
with the experimental value (~ 5.5) for 5-25 atom clus-
ters when compared to DFT/MD calculations which give
a mean of ~ 3 nearest neighbors for Ptq.°

Thermal Properties

The thermal properties of the Pt1g nanocluster will dif-
fer considerably from those of bulk materials due to finite
size effects. A substantial discussion of the thermal prop-
erties of nanoscale systems is provided elsewhere.'? To
summarize, the energy of the cluster is not well-defined,
but instead characterized by energy fluctuations between
the cluster and the surface. Energy fluctuates between
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FIG. 3: Three temperature-dependent plots characterizing
the intracluster dynamics of Pt1o. At the top is a plot of o2
which corresponds to the Debye-Waller factors, and depicts a
linear increase of thermal disorder with an increase of temper-
ature. At the center are the mean distances between Pt-Pt
pairs which exhibit a decreasing trend at higher temperatures.
The bottom plot relates the mean first coordination number
with the temperature of the system. The results were aver-
aged over the results of 10 unique initial conditions for each
temperature, and the error bars correspond to their standard
deviation.

the two with a probability distribution given by:

P(E,T) = Q(E)e PP = ¢ #F(ET) (14)
where (E) is defined as the number of microstates avail-
able to the system at energy E with kIn(Q(E)) = S(E)
and F(E,T) = E — TS(F). Assuming equipartition,
the mean energy will be (E) = 3NkT and the en-
tropy will be given by S(F) ~ 3NkIn(E/Ey). Since
the probability distribution is approximately Gaussian,
we can find the fluctuations about the mean energy (E)

by taking the second derivative of the entropy, 0% =

k/ (825 (B)/ 8E2). The energy fluctuations are then ex-
pected to be o = (E)/v/3N.13 The kinetic energy prob-

ability distribution of the system at 300 K and 600 K is
shown in FIG. 4 along with the predictions of the the-
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FIG. 4: Kinetic energy probability distributions for systems
at temperatures of 300 K and 600 K fitted to a Gaussian
distribution. The mean energies and fluctuations are com-
pared to those predicted by the theory, (E) = 3NkT and
or = (E)/v3N. The Nosé-Hoover equations produce mean
energies within 2.6% of (F), and the relative fluctuations are
greater by 8.6% and 15.2% for temperatures of 300 K and 600
K respectively.

ory. The simulation energies are found to be within 2.6%
of the expected value, and the fluctuation discrepancies
scale with the temperature, with differences of 8.6% and
15.2% for temperatures of 300 K and 600 K respectively.

As noted previously, the Nosé-Hoover equations used
in the simulation result from a virtual variable introduced
into the Hamiltonian, resulting in the temperature damp-
ening term (, described by Eqn. 12. Due to the nature of
¢, heat is allowed to flow between the heat bath and the
system, regulating the system temperature. Heat flowing
in or out of the system will do so in an oscillatory man-
ner, which results in approximately periodic fluctuations
in temperature about the thermal equilibrium value.'?
The frequency of these oscillations is driven by the “ther-
mal inertia” @, given by Eqn. 13, which determines the
coupling of the thermostat. If coupled properly, the Nosé-
Hoover thermostat will produce thermal fluctuations on
order of og, as shown in FIG. 4. These near-periodic
oscillations can be seen in FIG. 5.

Diffusive Properties

The mass-transport processes of the Pt nanocluster are
good indicators of its performance as a catalyst, which
will depend upon the structural properties and accessi-
bility of the nanoparticle. The Green-Kubo method of
calculating the self-diffusion coefficient relies on the ve-
locity autocorrelation function (VACF) of the system,'4
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FIG. 5: Kinetic energy fluctuations with respect to time for
systems with temperatures of 300 K and 600 K. The near-
periodicity of the fluctuations is due to the oscillatory flow of
heat between the Pt1¢ nanocluster and the v-Al>Ogz surface.
The thermal energy of the surface is held at a constant, and
serves as a heat bath for the Nosé-Hoover thermostat.

and is given by:

N

D= ;/too (zlv ;vi(O) ~vi(t))dt (15)

=0

While it is necessary to make this an infinite integral in
theory, in practice the VACF is averaged over many in-
tervals within a single MD trajectory to allow for smaller
statistical errors.'® The VACF is a measurement of the
rate at which the system velocities no longer correspond
to their initial values, or rather, how quickly the system
loses the information of its initial conditions. The VACF
of the system at three different temperatures can be seen
in FIG. 6, with higher temperatures corresponding to a
more rapid degradation of the “memory” of the system.

The self-diffusion coefficients D were determined using
both the 210 ps and 1010 ps MD trajectories and are
plotted in FIG. 7. The longer trajectories provide supe-
rior averaging of the VACF, increasing the accuracy of
the results and allowing the 210 ps diffusion coeflicients
to be cross-referenced. The trend of D with tempera-
ture masks two different power-laws, corresponding to
two possible regimes of reactivity.'® If we assume the re-
action rate of the system obeys an Arrhenius equation,
the diffusion coefficients can be used to give activation
energies for the different diffusive processes of Pty nan-
oclusters, corresponding to the slope of their linear fit
on an Arrhenius plot as seen in FIG. 7.1 At least two
regimes of reactivity are clear in the plot, with one ac-
tivation barrier appearing in the range of 300 K to 400
K. Interestingly, both the plots of mean distances and
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FIG. 6: Velocity autocorrelation function for three different
temperatures, 200 K, 400 K, and 600 K. The attenuation of
the curve corresponds to a degrading “memory” of the initial
velocities of the system. Predictably, higher temperatures in-
crease the rate of the degradation. The VACFs were averaged
over 10 unique initial conditions at each temperature, and the
error bars correspond to the standard deviation of their re-
sults.

nearest neighbors seem to corroborate the existence of a
regime change in the proximity of 400K; while the self-
diffusion coefficient begins to rise rapidly with increasing
temperature beyond 400K, the mean first atomic coor-
dination number begins to fall and the mean distances
between Pt-Pt pairs decrease. This may be an indication
of a phase transition of the Pt;o nanoparticle.

SUMMARY

We have presented a method of calculating the dy-
namical properties of nanoscale systems with classical
molecular dynamics simulations utilizing a model po-
tential. The Sutton-Chen potential is used with unad-
justed potential parameters for Pt provided by Sutton
and Chen. The simulation is capable of probing very
long time relaxations at low computational expense, al-
lowing for calculation redundancy in exchange for in-
creased statistical accuracy of the final results. The Nosé-
Hoover thermostat equations are used with the velocity-
Verlet algorithm and reproduce the referenced theoreti-
cal model for nanoscale thermodynamics, indicating that
the equations sample a canonical ensemble.'? The sim-
ulation provides trajectories with time scales necessary
to arrive at possible values for self-diffusion coefficients,
which have been calculated for temperatures in the range
of 100 K to 800 K. The coefficients suggest that there
are at least two regimes of temperature-dependent dif-
fusivity processes, with an activation barrier near 400
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FIG. 7: Plots of the diffusion coefficients, D. In the first
plot, D are plotted for various temperatures. The second
Arrhenius plot shows the different regimes corresponding to
different diffusion processes and activation energies given by
D. The slope has units of negative temperature.

K. The structural properties of Pty nanoclusters have
been compared between the the results of the classical
MD simulation and previous ab-initio MD calculations.
Pair distribution functions produced by the Sutton-Chen
potential are found to be over-structured compared to
DFT/MD; the second and third atomic coordination
shells are pronounced at lower temperatures, and the first
atomic coordination shell is more broad, corresponding
to Debye-Waller factors that are greater than those found
in DET/MD by about a factor of two. Nevertheless, the
flexibility of the potential model enables the potential
parameters to be adjusted if necessary to arrive at re-
sults that are consistent with ab-initio calculations and
experiment. With adjusted parameters, the simulation
could prove to be a powerful analytical tool for the in-
vestigation of long-time relaxations in dynamic nanoscale
systems.
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