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Abstract

Supported metal nanoparticles play an important role in heterogeneous catalysis.
In recent years, carbon nanotubes, because of their unique properties, have drawn
interest as supports. The structural and dynamic properties of the supported metal
nanoparticles can have a large effect on their catalytic properties. Towards
understanding how the geometry of the support affects the properties of the metal
nanoparticles, we performed molecular dynamics simulations of platinum and platinum-
gold nanoparticles on graphite and bundles of carbon nanotubes of various diameters.
Our results indicate that diffusion of the nanoparticle center of mass is one order of
magnitude slower for Pt nanoparticles supported by carbon nanotube bundles than for Pt
nanoparticles supported by graphite. Density profiles, radial distribution functions, and
coordination numbers were used to characterize the morphology of the Pt nanoparticles.
We found that carbon nanotube-supported nanoparticles exhibit a more disordered
structure than graphite-supported nanoparticles. Simulations of nanoparticles containing
130, 249, and 498 atoms were conducted to assess how nanoparticle size affects
nanoparticle morphology and mobility. It was found that increasing the nanoparticle
size decreased its diffusion coefficient and increased its melting temperature. The size
of the nanoparticle appears to affect the nanoparticle structure less than the geometry of
the support. The effect of the metal-carbon interaction strength on the structure of the
supported nanoparticles was studied, and our results indicated that there are not
dramatic differences in the nanoparticle structure when different interaction parameters
are used. Bimetallic Pt-Au nanoparticles were simulated in an effort to determine how

the support and nanoparticle composition affect the distribution of atoms within and on

Xiv



the surface of the nanoparticles. We found that, regardless of the support, Au atoms
tended to segregate to the exterior of the nanoparticles. However, different supports lead
to different arrangements of surface atoms in the nanoparticle, which has an effect on
the nanoparticles catalytic activity. We also performed density functional theory
calculations for CO adsorption on 13-atom Pt-Au clusters. We found that changing the
environment around the metal atom on which CO adsorbs changes the adsorption
energy and C-O vibrational frequency. Electronic structure properties of the clusters,
such as charges on relevant atoms and densities of states, were discussed to explain the

observed results.
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1. Introduction

Metals on supports are utilized as catalysts in many industrially important
reactions, such as hydrogenation of organic compounds and the Fischer-Tropsch
process." One possible material for use as a catalyst support is carbon nanotubes.
Carbon nanotubes (CNTs) have many properties which make them attractive as
supports for heterogeneous catalysis. They have high surface areas® of 300-400 m?/g,>*
with samples of up to 790 m%/g reported.® Nanotubes can be synthesized to be metallic
or semiconducting; the band gap in semiconducting CNTSs inversely depends on the
diameter.®” Because of their one-dimensional structure, electron transport in metallic
CNTs occurs ballistically (without scattering), meaning they can carry high currents
with little to no heating.®® Simulations have shown H, and CH, transport rates through
CNTs are orders of magnitude faster than in zeolites with similar pore sizes.™
Experimental data has shown that CNT-supported platinum nanoparticles have higher
catalytic activity than Pt supported on other forms of carbon for many reactions,
including oxygen reduction**” and methanol oxidation.** **2! The use of CNT-
supported Pt in proton exchange membrane fuel cells has also been investigated.?*%
Supported Pt nanoparticles also retain their electrochemical surface area better on CNTs
compared to carbon black.?*?* Although CNT-supported platinum is a promising
catalyst, both platinum and carbon nanotubes are expensive, so in order to reduce cost
these catalysts must be as active and selective as possible in order to utilize less of these

materials.



Many factors must be considered when designing efficient catalysts. The size
and shape of the metal nanoparticles are important, as they influence such
characteristics as the coordination numbers of metal surface atoms and the
crystallographic planes on the nanoparticle surface, both of which affect the catalytic
activity and selectivity. For example, for the aromatization of n-hexane, Pt(111) terraces

.2” showed that in benzene

are 3-7 times more active than Pt(100) terraces.? Bratlie et a
hydrogenation, both cyclohexane and cyclohexene were formed on cuboctahedral Pt
nanoparticles, while only cyclohexane was formed on cubic Pt nanoparticles. The rate at
which the nanoparticle moves on the support also plays a role, as higher mobility will
lead to sintering, which increases particle size. However, properties such as the
coordination number of surface atoms and the mobility of the nanoparticles on the
support are difficult to measure experimentally, especially at the relatively high
temperatures and pressures that are used in practical catalytic applications.

In order to further understanding of supported metal nanoparticles, and to aid in
the design of efficient catalysts, molecular dynamics simulations can be utilized.
Molecular dynamics (MD) is a simulation technique that involves integrating the
classical equations of motion to follow the time evolution of atoms and molecules, and
can be used to study metal nanoparticles in atomistic detail, and do so at conditions
which are difficult to study experimentally. MD has previously been used to study
nanoparticles supported by graphite. The diffusion of Au?®*3" and Pt**** nanoparticles
supported by graphite has been investigated, and among the predicted results are a high

diffusion coefficient of the nanoparticle center of mass, on the order of 10 cm?/s. It has

been found that defects in graphite supports do not significantly affect the diffusion



coefficient, but the nanoparticles are attracted to ascending steps and repelled by
descending steps and vacancies.®** In Chapters 2 and 3 we utilize molecular dynamics
simulations to study Pt nanoparticles of three different sizes on graphite, and compare
the properties of graphite-supported Pt to carbon-nanotube supported Pt. We find that
the support alters both structural and dynamic properties of the nanoparticles, which
could help explain the experimentally observed high catalytic activity and stability of
CNT-based catalysts. Molecular dynamics simulations are only as accurate as the
potentials utilized. Therefore, in Chapter 4 we examine the effect of the Pt-C interaction
used in our simulations on the structure of the supported nanoparticles.

One way to further increase the efficiency of catalysts is to utilize bimetallic
nanoparticles, which have a high chemical versatility, as their catalytic activity and
selectivity can be tuned by changing their composition and size.*® For example, Pt-Au

catalysts have been shown to have higher catalytic activity than Pt for reactions such as

|37-39 d ’40-42 43-44

oxidation of methano and formic aci and reduction of oxygen.
Multiwalled CNT-supported Pt-Au shows good electrocatalytic activity for methanol
oxidation.* In Chapter 5 we study Pt-Au nanoparticles using molecular dynamics,
concentrating on how the support and the nanoparticle composition alter the distribution
of atoms within the nanoparticles, and the arrangement of atoms on the nanoparticle
surface.

While molecular dynamics simulations are extremely useful in elucidating the
structure and dynamics of metal nanoparticles, they are limited in that they are classical

simulations, and electronic effects are not considered. Ab initio density functional

theory (DFT) is a relatively computationally inexpensive way to calculate the electronic



structures of materials. DFT can be used to obtain adsorption energies of molecules

such as CO on metal surfaces, such as Pt(111),%¢*°

and metal clusters and nanoparticles
of various sizes, such as Pdss and Pdiss,>° and Pt clusters with 2-4 atoms,®* up to 7
atoms,>® or up to 28 atoms.”® CO is a useful probe molecule, as its adsorption energy
and C-O stretching frequency depend on the adsorption site and can be determined
experimentally via methods such as Fourier transform infrared spectroscopy.
Adsorption of CO also plays an important role in reactions such as CO oxidation and
the Fischer-Tropsch process. DFT calculations can be used to aid in the development of
new catalysts. Linic et al.>* used DFT to formulate a Cu/Ag alloy that has higher
selectivity for ethylene epoxidation compared to the traditional Ag catalyst. Studt et
al.,” by performing DFT calculations of hydrocarbon heats of adsorption, identified Ni-
Zn alloys as an alternative to the Pd catalysts most commonly used for the selective
hydrogenation of acetylene in industry. Both of these predictions were verified
experimentally. In Chapter 6 we use DFT calculations to study CO adsorption on Pt-Au
clusters containing 13 atoms. We investigate how the local environment of a metal atom
changes the properties of CO adsorbed on that atom. These calculations will aid in the

understanding of the properties of small metal clusters, and help link our previous MD

simulations to experiment.



2. Morphology and Diffusion Mechanism of Platinum Nanoparticles on

Carbon Nanotube Bundles

The material presented below was published in 2007 in volume 111, issue 48 of the

Journal of Physical Chemistry C.

2.1. Abstract

Molecular dynamics simulations have been used to investigate the mobility and
morphology of platinum nanoparticles supported on carbonaceous materials. The
embedded-atom method was used to model Pt-Pt interactions. The Pt-C interactions
were modeled using the Lennard-Jones potential. The positions of carbon atoms were
fixed. The supports considered include a single graphite layer as well as carbon
nanotubes, regarded as bundles. The goal of our work is to assess the effect of the
substrate morphology on the properties of the metal nanoparticles. The properties of
interest include the mobility and morphology of the supported nanoparticles. Our results
show that the diffusion coefficients of Pt nanoparticles on carbon nanotube bundles are
one order of magnitude lower than those of Pt nanoparticles supported by graphite.
Density profiles, radial distribution functions, and average coordination numbers were
calculated to study the structure of the supported nanoparticles. Pt nanoparticles
deposited on carbon nanotubes differ structurally from those deposited on graphite. In
particular, they are characterized by a lower average coordination number than those
supported by graphite. These results indicate that the catalytic properties of supported Pt
nanoparticles can be tuned by changing the substrate and may provide partial
explanation of recent experimental studies according to which metal nanoparticles

deposited on carbon nanotubes make effective catalysts.
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2.2. Introduction

Supported metal nanoparticles are used in fields such as nanoelectronics,
optoelectronics, and catalysis. Recently the use of metals supported on carbon
nanotubes as electrocatalysts for fuel cells has been investigated, as the unique
properties of carbon nanotubes (e.g. their high surface area and electrical conductivity,’
high gas transport rate,"® and tunable diameter) render them promising candidates for
catalyst supports. The reported data indicate that platinum-carbon nanotube composites
exhibit high catalytic activity for oxygen reduction and methanol oxidation,***3 *® have
very high electrochemically active surface areas,™ and are more stable under operating
conditions than platinum supported by carbon black.?** However, because of the high
cost of both carbon nanotubes and platinum, it is necessary to optimize these novel
catalysts. To achieve such a goal it must be remembered that both the size and the
morphology of the metal nanoparticles affect a given chemical reaction, as the rates of
structure-sensitive reactions depend on factors such as the coordination numbers and
crystallographic arrangement of the exposed metal atoms. The mobility of the metal
nanoparticles on the support is a concern with respect to the lifetime of a catalyst, as
over time small nanoparticles could migrate and agglomerate into larger ones, thus
decreasing the catalytic activity. All of these factors are important to consider in order
to develop economically viable catalysts. Unfortunately, however, the mobility and
precise structure of supported metal nanoparticles can be difficult to measure
experimentally, especially under operating conditions. Under such restraints, molecular
dynamics simulations can be performed to understand the thermodynamic and transport

properties of supported metal nanoparticles. Such calculations allow us not only to



examine space and time scales that would be inaccessible experimentally, but also to
study supported metal clusters in atomistic detail.

Molecular dynamics simulations have been used previously to examine the
properties of metal nanoparticles supported by graphite. Diffusion of gold?®*3! and

platinum??3*

nanoparticles on graphite has been investigated, and high diffusion
coefficients, on the order of 10° cm?s, have been predicted. In order to consider
systems of experimental relevance, metal nanoparticles have also been simulated on
defective graphite surfaces, and the calculations predict diffusion coefficients similar to
those obtained on perfect graphite.®*3 As expected, it has been observed that the cluster
size increases as loading (i.e., the amount of metal per unit surface area) increases,*® and
that the rate of diffusion depends on cluster size.* It has been found that supported
platinum nanoparticles containing ~260 atoms melt at ~1000-1020 K,>" a temperature
much lower than that at which bulk platinum melts (2028 K).*® It has also been
predicted that supported and unsupported metal nanoparticles of similar sizes melt at
different temperatures. >

The goal of the present manuscript is to investigate whether the morphology of
the support (i.e., carbon nanotube bundles versus graphite) influences the properties
(e.g., mobility and structure) of the supported metal nanoparticles. We hypothesize that
when the surface roughness typical of a bundle of carbon nanotubes becomes
comparable to the size of one supported metal nanoparticle, both the morphology and
the mobility of the supported nanoparticle are significantly affected, and this may be

responsible for the enhanced catalytic performance observed experimentally. To test our

hypothesis, we employ canonical molecular dynamics simulations to examine the



morphology and mobility of platinum nanoparticles on large bundles of carbon
nanotubes. By changing the diameter of the carbon nanotubes we can easily alter the
roughness of the supporting bundle. The results are then compared to those found for

the same nanoparticles on graphite.

2.3. Computational Details

Molecular dynamics simulations are performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).%® The embedded-atom
method (EAM)® is used to model Pt-Pt interactions. The total potential energy in the

EAM model is given by

j#i i j#i
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where Fi(p) is the energy required to embed atom i into the background electron density,

p,; Is the electron density due to atom j, and ¢, (r,) is the repulsion between the cores
of atoms i and j separated by a distance rij. The functions Fi(p) and ¢, (r,) are

determined empirically by fitting to experimental data for sublimation energy,
equilibrium lattice constant, elastic constants, and vacancy-formation energies of pure
metals, and heats of solution of binary alloys. The validity of the functions was then
assessed by computing properties such as migration energy of vacancies and surface
energy and geometries of low-index surfaces.®* The EAM has been used to calculate

properties such as thermal expansion coefficients,®” the melting point of Cu, Ag, Au, Ni,



Pd, and Pt,%® and grain boundary structure,® with results that agree with experiment.
The force field parameters used to model platinum are those developed by Foiles and
Baskes®™ as included in the ptu3.eam potential file in the LAMMPS package. The cutoff
distance for Pt-Pt interactions is set to 5.3 A.

Following others®” we employ a 12-6 Lennard-Jones potential® to describe

( ) |[_ Gi- 12 o G—I
E(r )=4e || 2| —|—2
i JLL " ] [ " J J (2)

The parameter ¢;; has units of energy and indicates how strongly atoms i and j

metal-carbon interactions:

are attracted, while oj; has units of length and is related to the size of atoms i and j. The
Lennard-Jones parameters used here are 6 = 2.95 A and & = 0.02206 eV.*" These are
derived® by fitting the Lennard-Jones potential to simulation data for platinum obtained

using a many-body potential (the Sutton-Chen potential®’

) to obtain Pt-Pt parameters,
then using Lorentz-Berthelot mixing rules® to determine Pt-C parameters. The cutoff
distance for the Pt-C interactions is set to 9.0 A,

As a first approximation the carbon atoms in the substrate (either graphite or

carbon nanotubes) are held fixed. Lewis et al.*!

simulated gold clusters on graphite with
both static and dynamic substrates, and found that in both cases simulations yield
qualitatively similar results. Given the uncertainty involved in the metal-carbon
interaction, we do not consider it necessary at this time to improve upon the assumption

of fixed carbon atoms. However, we point out that this approximation is expected to

become less accurate as the diameter of the carbon nanotubes increases.



Simulations were performed in the canonical ensemble® (constant number of
atoms, simulation box volume, and system temperature), using the velocity-Verlet
algorithm® to integrate the equations of motion, with a timestep of 2.5 fs. Each
simulation ran for 30 million time steps, for a total of 75 ns. The first 1 ns of simulation
data were discarded, and the final configuration was used to initiate a subsequent
simulation. The results reported here are sub-block averages obtained from at least 5
subsequent simulations. Such long simulations are necessary to ensure reliable results.

Several substrates were employed, and these are shown in Figure 1. Substrate (a)
is a single graphite sheet containing 1560 atoms. The simulation box is 63.96 A x 63.90
A. Graphite does not naturally occur as a single layer of carbon atoms. To assess
whether or not including layers deeper than the first affects the results presented here
we conducted test simulations for one nanoparticle of 249 Pt atoms at 700 K modeling
graphite as three layers of carbon atoms. The results for both diffusion coefficient and
structural properties were not distinguishable from those reported in this manuscript.
Thus, for economy of computing time all subsequent simulations were conducted by
considering only one layer of carbon atoms, as shown in Figure 1. Substrate (b) consists
of four (4,4) single-walled carbon nanotubes (CNTs), each containing 320 atoms. The
spacing between atoms of adjacent CNTSs is set to 3.4 A, which is approximately the
distance between basal planes of graphite. The axis of each nanotube is parallel to the y-
axis, which is 49.188 A long. The CNTs are arranged along the x-axis, which is 35.296
A long. Substrate (c) consists of four (10,10) CNTSs, arranged in a manner similar to
substrate (b). The x and y dimensions are 67.840 A and 49.188A respectively. Substrate

(d) consists of alternating (10,10) and (4,4) nanotubes, arranged similarly to substrates
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(b) and (c). The x and y dimensions are 68.528 A and 49.188 A respectively. In all cases
periodic boundary conditions are implemented only along the x and y directions. The z
dimension of the simulation box (perpendicular to the substrate) equals 70 A in all cases
considered. Because no periodic boundary condition is considered in the z direction, the
results obtained here should be considered as for supported clusters in vacuum. The
(4,4) and (10,10) nanotubes have diameters of 0.5424 nm and 1.356 nm, respectively.
One platinum nanoparticle of 249 atoms (Pt,s9) is placed on these substrates. This
nanoparticle has a diameter of 1.7-2.0 nm, similar to the size of Pt clusters
experimentally deposited on carbon nanotubes.®®®® From Figure 1b it can be seen that
the diameter of Pty4g is only slightly smaller than the x-dimension of the simulation box
when (4,4) CNTSs are considered as support. To ensure that the results presented below
are not dependent on the size of the simulation box we conducted additional simulations
with eight (4,4) CNTSs as substrate. The resultant simulation box measured 70.592 A in
the x-direction. The results obtained for Pty4 at 900 K were indistinguishable from
those reported below. The simulation protocol is as follows. Spherical metal
nanoparticles are carved out of a perfect FCC lattice. These nanoparticles are then
annealed for 1 ns at 700 K in vacuum, then the annealed particles are placed on the
substrates. To ensure that the simulation results do not depend on the initial
configuration, the deposited nanoparticles are further annealed for 1 ns at 700 K. The
final configuration is used as the initial configuration for all simulations at all
temperatures. The temperatures of interest are within the 400 to 1100 K range. The

system is equilibrated for an additional 1 ns, and after this equilibration period a
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production run lasting 74 ns is performed. The final configuration of a run is used as the

initial configuration for the next simulation at the same temperature.

Figure 1: Snapshots of the 4 different substrates used in the simulations: (a) single
graphite sheet, (b) four (4,4) nanotubes, (c) four (10,10) nanotubes, (d) alternating
(10,10) and (4,4) nanotubes. In each case the Pt cluster, which contains 249 atoms, is
shown in red, and the carbon atoms are shown in grey. Temperature is 500 K. For
visualization purposes we provide two views, one along the y-axis (top in each panel),
and the second from an angle (bottom in each panel).
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The diffusion coefficient, D, of the cluster center of mass is determined from the

mean-squared displacement 4r(z) by the equation®

lim Ar(t) = 2nDt : 3)

t— o

In Equation (3) n is the number of dimensions in which the cluster is undergoing
diffusion, which in our case is 2 for clusters on graphite and 1 for clusters on CNTs (see
below). Results reported for D are the average of 5 simulations, each using the final
configuration of one run as the initial configuration for the next simulation. The error in
these calculations is taken to be one standard deviation.

An autocorrelation function was used to examine the behavior of the Pt atoms in
contact with the substrate. The term Pt;(t) describes whether or not platinum atom i is in
contact with any carbon atom. Ptj(t)=1 when platinum atom i is in contact with the
substrate at time t, and Pt;j(t)=0 when the atom is not in contact with the substrate. A Pt
atom is considered to be in contact with the substrate when the distance between it and
any carbon atom is less than twice the distance parameter in the Pt-C Lennard-Jones

interaction. The autocorrelation function C(t) is then calculated as

> Pt (1)Pt,(0)
c == (4)

N

Y Pt,(0)

i=1
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where the angular brackets indicate an ensemble average. The autocorrelation function
yields a constant value when the same atoms remain in contact with the substrate, and
decreases as these atoms change position in the cluster and are no longer in contact with
any carbon atoms. Thus by calculating C(t) we can determine if a nanoparticle glides

over the substrate or if some other diffusion mechanism, such as rotation, takes place.”

2.4. Results and Discussion

2.4.1. Diffusion

In Figure 2 we show plots of the center of mass coordinates of Ptz at 500 K on
substrates graphite (top left), (4,4) CNTSs (top right), (10,10) CNTs (bottom left), and
alternating CNTs (bottom right). For CNT substrates, the center axes of the CNTs are
shown as red lines. Solid lines represent the axes of (10,10) CNTs, and dotted lines
represent the axes of (4,4) CNTs. The data shown are collected during 18.75 ns of
simulation time, and the center of mass coordinates were recorded once every 125 ps.
The data indicate that the nanoparticle can move freely in two dimensions on the xy
plane on graphite, as expected. In contrast, when the nanoparticle is placed on
nanotubes it is constrained to diffuse only in the y-direction, parallel to the axes of the
tubes. This one-dimensional diffusion is similar to the behavior of nanoparticles near an
ascending graphite step, where the particles diffuse parallel to the step.***®> We observe
that the particle settles in the trenches between the nanotubes, as shown by the center of
mass coordinates (see also Figure 1 for a visualization). In the case of substrates
composed of nanotubes of the same diameter, the trench is located between two

neighboring carbon nanotubes. When the substrate is composed of alternating (4,4) and
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(10,10) CNTs, the trench is located between two of the larger (10,10) nanotubes, and
the center of mass of the nanoparticle is on top of the axis of a smaller (4,4) nanotube
(see Figure 2d). Movement from one trench to another was not observed in our
simulations when the nanoparticles were supported by (10,10) CNTs or alternating
CNTs at any temperature. At temperatures above 600 K, nanoparticles deposited on
(4,4) nanotubes appear to be able to hop between trenches. In our simulations these
hops were observed 1-2 times over a span of 375 ns at temperatures of 700 K. We
expect that hopping will become more frequent as the temperature increases, but current
computational limitations prevent us from performing the extremely long simulations

required to characterize statistically this diffusion mechanism.
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Figure 2: Center of mass coordinates for Pty at 500 K, on graphite (top left), (4,4)
CNTs (top right), (10,10) CNTs (bottom left), and alternating CNTs (bottom right). Red
lines represent the center axes of the carbon nanotubes. Solid lines are for (10,10)
CNTs, broken lines are for (4,4) CNTs. Note that the y axes have different scales
reflecting the mobility of the nanoparticles.

The results presented in Figure 2 suggest that metal nanoparticles deposited on
carbon nanotube bundles are able to diffuse primarily along the nanotube axis. This in
itself is an interesting result because it implies that the metal nanoparticles deposited on
a bundle will not be able to easily coalesce unless they are deposited on the same trench
or in trenches that are very close to each other. To quantify the mobility of the metal
nanoparticles on the various supports we computed the diffusion coefficient of the

nanoparticle center of mass as a function of temperature.
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A plot of In(D) vs 1000/T and D vs T for Ptas9 On substrates (a), (b), (c), and (d)
is given in Figure 3. For platinum on graphite we find a diffusion coefficient of
2.84x10”° cm?/s at 500 K, which is comparable to previously reported values for similar
systems.®*** Interestingly, our results indicate that the substrate has a large effect on the
diffusion coefficient. The diffusion coefficients for platinum on CNTSs are significantly
lower than those for platinum on graphite. At most temperatures the diffusion
coefficients on graphite are larger than those on CNTs by one order of magnitude. This
result in our opinion is of significant practical relevance. Because of their lower
diffusion coefficients, platinum clusters on nanotube bundles would experience less
sintering, thus increasing the long-term durability of the electrocatalyst.?* Further, the
type of CNT-based support also affects the diffusion coefficient, as can be seen from
Figure 3c. From 800 to 1100 K, the diffusion coefficients are lowest for the metal
clusters supported by alternating CNTs, and highest for metal clusters supported by
(10,10) CNTs. The fact that the diffusion coefficients computed for the alternating
CNTs support are the lowest of all the substrates considered is important because most
carbon nanotube bundles are composed of carbon nanotubes of different diameter.”
Thus, our results suggest that the polydispersity in carbon nanotube diameter can be
exploited to achieve practical advantages, since it seems to decrease the surface
mobility of supported metal nanoparticles.

At temperatures below 900 K a plot of In(D) vs 1000/T is nearly linear, and
activation energies can be extracted from the Arrhenius formalism.”? These are reported
in Table 1. The results show that nanoparticles on graphite have the lowest activation

energy for diffusion, and that nanoparticles on (10,10) CNTs have the highest activation
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energy. These differences in activation energy appear to be due to the morphology of
the substrate. The perfectly flat graphite surface results in the lowest activation energy,
while the deep, narrow trenches formed between the (10,10) CNTs increase the
activation energy by almost a factor of two. The wider trenches present in the
alternating CNTs support yield a lower activation energy compared to the nanoparticles
on pure (10,10) CNTs but larger than that on graphite. The nanoparticles on the support
with the least amount of roughness, the (4,4) CNTs, have activation energy only slightly
larger than that on graphite. These results suggest that the ratio between the diameters
of the metal nanoparticle and the trench size may influence the activation energy for the

diffusion.
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Figure 3: (a) In(D) vs 1000/T and (b) D vs T for Pty on graphite (diamonds), four
(4,4) CNTs (squares), four (10,10) CNTs (triangles), and alternating CNTSs (circles). In
panel (c) we report an enlargement plot of D vs T for Pt,49 supported on the three CNT-

based substrates.
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Table 1: Activation energy for the diffusion of Pty

Activation
Substrate energy (kJ/mol)
graphite 36.9
(4,4) CNTs 37.6
(10,10) CNTs 71.9
Alternating CNTSs 46.7

We note that the results reported in Table 1 were obtained for temperatures
below 900 K. In fact, we observe that on all substrates, the diffusion coefficient
increases as the temperature rises, reaches a maximum, and then decreases. This is
likely due to the melting of the nanoparticles. To assess our hypothesis (e.g., that
melting of the metal nanoparticles causes a decrease in the diffusion coefficient at
temperature above 900 K), we seek to determine the melting temperature of the
supported nanoparticles. In Figure 4 we report the potential energy as a function of
temperature for Pty on graphite, (4,4) CNTs, (10,10) CNTSs, and alternating CNTs. The
melting temperature is determined from this plot by observing a change in the slope of
the potential energy as a function of temperature. The nanoparticles supported by (4,4)
CNTs appear to melt at ~950 K, while the nanoparticles on the other three substrates
appear to melt at ~1000. This result agrees with molecular dynamics simulations
reported by Huang and Balbuena,®” which indicate a melting point of 1000-1020 K for a
256-atom cube-shaped Pt cluster and 260-atom ball-shaped Pt cluster on graphite. The
slightly lower melting temperature observed in our work could be due to the smaller
nanoparticle size, and differences in the potentials used to model Pt-Pt interactions.
Other techniques can be used to determine the melting temperature of a metal

nanoparticle. For example, we have calculated the radial distribution function g(r) for
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those metal atoms that are within 5 A of the nanoparticle’s center of mass. For small,
finite systems such as the metal nanoparticles considered here, g(r) can only provide
short-range detail, but it can be used qualitatively to determine whether a cluster is solid
or liquid. In Figure 5 we report g(r) at temperatures of 800 and 1100 K for platinum
nanoparticles supported on all four substrates. At 800 K, g(r) exhibits a large, sharp
peak at small separation, and several smaller peaks at intermediate separations,
indicating a solid structure. At 1100 K, the peak at small separation decreases, and the
weak intermediate peaks disappear. Only three broad peaks are still detected. This
liquid-like radial distribution function indicates that the nanoparticle has melted. Thus,
our results for g(r) corroborate those obtained from the potential energy as a function of
temperature, that the supported nanoparticles melt at 900-1000 K. From the results
shown in Figure 3, the maximum of the diffusion coefficient occurs at ~900 K. Since
these temperatures roughly correspond to the melting points found for the cluster by
examining the potential energy vs temperature and the radial distribution function, this
confirms our hypothesis that at temperatures above approximately 900 K, the diffusion

coefficient decreases due to the melting of the nanoparticle.
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Figure 4: Potential energy vs temperature for Ptye on graphite, (4,4) CNTs, (10,10)
CNTs, and alternating CNTSs.
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Figure 5: Radial distribution functions g(r) for Pt.49 on (a) graphite, (b) (4,4) CNTSs, (c)
(10,10) CNTs, and (d) alternating CNTs, at 800 K (bottom) and 1100 K (top).

2.4.2. Diffusion Mechanism

The results shown so far indicate that the morphology of the substrate has a
significant effect on the diffusion of supported metal nanoparticles of 249 Pt atoms. It
should be pointed out that the size of such clusters is comparable to the diameter of the
carbon nanotubes considered in our simulations. Our results cannot at present be
extrapolated to systems in which the size of the nanoparticle is much smaller, or much
larger, than the diameter of the carbon nanotubes. We now attempt to characterize the
diffusion mechanism for the supported metal nanoparticles. In particular, we would like

to determine whether the supported nanoparticles glide, rotate, or move following some
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other diffusion mechanism. This information is important because the mechanism of
diffusion could affect the sintering and final structure, and thus the catalytic properties,
of supported metal nanoparticles.

An autocorrelation function, see section 2.3, was used to examine the behavior
of the platinum atoms in contact with the substrate. An autocorrelation function
constant with time indicates that as the nanoparticle diffuses the same Pt atoms remain
in contact with the substrate; as these Pt atoms move away from the carbon substrate,
the autocorrelation function decreases. A slowly decreasing C(t) would suggest a
gliding type of motion, while a more rapidly decreasing C(t) could indicate rotation or a
similar type of diffusion mechanism. The autocorrelation functions were calculated
from a single simulation, using 10 time origins spaced 5 ns apart. Results were
reproducible for different simulations. Our results for Pty on the four substrates are

given in Figure 6.
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Figure 6: Autocorrelation functions for Ptyg on graphite (top left), (4,4) CNTs (top
right), (10,10) CNTs (bottom left), and alternating CNTs (bottom right). In each panel
temperatures, from top to bottom, are 600, 700, 800, 900, 1000, and 1100 K.

The behavior of C(t) for the platinum nanoparticle on graphite, (10,10) CNTs,
and alternating CNTSs is similar. For the nanoparticles supported by (4,4) CNTSs, the
behavior of C(t) at 1000 K differs from that observed on the other substrates. At this
temperature for the nanoparticle supported by (4,4) CNTs, C(t) exhibits a rapid
decrease, reaching a value of 0.2 in ~1 ns. In contrast, C(t) at 1000 K for (10,10) CNTs
supported nanoparticles takes ~4.5 ns to reach a value of 0.2, and C(t) at 1000 K for
nanoparticles supported by the other two substrates doesn’t reach a value of 0.2 in the 5
ns considered. This is likely due to the fact that the nanoparticles on (4,4) CNTs have a

lower melting temperature than they do on the other substrates. Based on the results

25



shown in Figure 4, we expect that the nanoparticles supported by (4,4) CNTs melt at
~950 K, while the melting temperature of the nanoparticles on the other substrates was
~1000 K. It is possible that at 1000 K the nanoparticles supported by graphite, (10,10)
CNTs, and alternating CNTs are not completely melted, and thus C(t) behaves
differently. This hypothesis is supported by the behavior of C(t) at 1100 K, above the
predicted melting temperature of all the nanoparticles. At 1100 K, C(t) for the Pt
nanoparticles supported on all four substrates decreases rapidly, matching the behavior
at 1000 K for the nanoparticles supported on (4,4) CNTSs.

The autocorrelation function indicates that at low temperatures, those platinum
atoms that are in contact with the substrate at the beginning of the simulation remain
that way for long periods of time, suggesting a gliding motion. At higher temperatures,
however, platinum atoms in contact with the substrate move away from it as the
simulation proceeds, and other atoms come into contact with the substrate, as indicated
by the decrease in the autocorrelation function. At first sight this result may seem to
indicate that the diffusion mechanism is gliding at low temperatures, and becomes
rotational at higher temperatures. Visual inspection of sequences of simulation
snapshots does not support such interpretation. To better understand the diffusion
mechanism at high temperatures, we highlighted the metal atoms in contact with carbon
atoms at the beginning of a simulation (red atoms in Figure 7), and examined their
position after 7.5 ns of simulation time. This is visualized in Figure 7 where we
represent the initial (Figure 7a) configuration and final (Figure 7b and Figure 7c)
configurations after 7.5 ns of simulations at 2 different temperatures. At 600 K (Figure

7b), the metal atoms initially in contact with the substrate remain that way as expected
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from results for the autocorrelation function. At 1000 K (Figure 7c), the Pt atoms
initially in contact with the substrate are scattered throughout the nanoparticle. If
diffusion was occurring via a rotational mechanism, we would expect that the initial
contact atoms would remain grouped together. Thus, these results suggest that neither
gliding nor rotation are occurring at high temperatures. Our results indicate that when
the nanoparticle melts a disordered motion occurs, although the metal atoms remain
aggregated at the temperatures considered here. Comparing the final snapshot obtained
after 7.5 ns of simulation at 1000 K (Figure 7c) we note that the red Pt atoms are
somewhat more dispersed when the substrate is composed of (4,4) CNTs than when it is
composed of alternating CNTs. This is in agreement with the fact that C(t) at 1000 K
decays more rapidly for nanoparticles supported by (4,4) CNTs that for nanoparticles

supported by alternating CNTs (see Figure 6).

Figure 7: Pty on (4,4) CNTs (top) and alternating CNTs (bottom). a) Initial
configuration, b) after 7.5 ns at 600 K, c) after 7.5 ns at 1000 K. Platinum atoms
initially in contact with a carbon atom are colored red, all other platinum atoms are
shrunk and colored blue.
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2.4.3. Morphology

The structure of metal nanoparticles has a large effect on their chemical
reactivity. As discussed in Chapter 1, there are structure-sensitive reactions whose
Kinetics are strong functions of crystallographic plane, coordination number of exposed
atoms, etc. We have investigated the structure of the supported metal nanoparticles in
order to determine if the type of substrate affects the morphology of the supported
nanoparticles. Simulation snapshots at 500 K are shown in Figure 1, and suggest that
the type of substrate affects the morphology of the supported metal nanoparticle. The
results discussed above have shown that the metal nanoparticles below 900 K are solid.
For comparison purposes, we report in Figure 8 simulation snapshots at 1100 K, at
which temperature the nanoparticles are melted. A visual inspection reveals obvious
differences in structures of the nanoparticles on carbon nanotubes compared to that of

the nanoparticle on graphite, differences that we quantify below.

28



@)
(b)

Figure 8: Same as Figure 1, but the simulation snapshots are obtained at 1100 K.

We first calculate the density of Pt atoms along the z-axis (perpendicular to the
support). The z-density profiles for Pty are given in Figure 9 at various temperatures.
At low temperatures, the profile for Pt on graphite exhibits sharp, regular peaks,
indicating an ordered structure, which is similar to the face-centered cubic structure of
bulk platinum. The profiles for Pt on nanotubes have a larger number of smaller, less-
defined peaks, indicating a higher degree of disorder, and a different structure compared

to the graphite-supported nanoparticles. The curved shape of the nanotube support
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likely causes this effect, as the substrate distorts the face-centered cubic structure of the
platinum. Note the changes in the density profiles at temperatures below the melting
point of the nanoparticles, such as for the nanoparticles deposited on (4,4) CNTs at 600
K and 800 K, and on the nanoparticles deposited on (10,10) CNTs at 800 K. These
changes occur as the temperature increases, giving the Pt atoms sufficient energy to
rearrange themselves into a more energetically favorable position. Such rearrangements
have been observed in previous molecular dynamics studies of Pt nanoparticles,®” and
are attributed to an increase in self-diffusion of Pt atoms within the nanoparticle, and to
surface melting. In our case, the geometry of the substrate clearly affects the
morphology of the supported metal nanoparticles, as can be seen visually in Figure 1
and Figure 8. To better appreciate the effect of substrate on the morphology of the 249
Pt atom nanoparticle, we report in Figure 10 the density profiles away from the surface
obtained at 700 K. These results indicate that while the cluster structure on graphite is
characterized by regular peaks, those on the (4,4) and on the (10,10) CNTs show several
small peaks that apparently do not suggest any specific order for the metal atoms within
the cluster. The density profile obtained on the alternating CNTs (light blue in Figure
10) is more interesting. In fact, the density profile is characterized by small and
irregular peaks near the carbon surface, and by intense and regular peaks at large z.
Interestingly, the spacing between two consecutive intense peaks at z > 10 A is similar
to that observed for the Pt cluster on graphite, indicating that, away from the CNTs, the
249 Pt atom cluster supported on the alternating CNTs resembles that supported on
graphite. At short separations, however, the substrate surface roughness affects the

cluster morphology significantly.
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The disorder indicated by the density profiles could result in more steps, corners,
etc. on the surface of the nanoparticles supported by nanotubes. This expectation is
supported by the average coordination number of the nanoparticles, shown in Figure 11,
which is calculated as a function of the simulation temperature. Bulk platinum has a
coordination number of 12, while platinum nanoparticles have smaller average
coordination numbers. For Pt atoms not in the bulk structure, the coordination number
depends on the atom position. For example, in a perfect truncated octahedron FCC
nanoparticle, atoms on a (111) surface, (100) surface, on an edge, and on a vertex have
coordination numbers of 9, 8, 7, and 6, respectively. At all temperatures considered
here, the platinum nanoparticles on graphite have a higher average coordination number
than those observed on CNT-based substrates. This indicates that clusters on nanotubes
have more low-coordination-number atoms compared to clusters on graphite, which
means nanotube-supported clusters could exhibit more catalytic activity for specific
chemical reactions. It should be noted that one specific chemical reaction may be sped
up by Pt atoms of coordination number, say, 5, while another might be sped up by
coordination number 7. Thus for the purpose of obtaining the optimum catalyst for a
given application it is crucial to understand how to maximize the amount of metal atoms
with a specific coordination number. To further understand how the choice of substrate
can affect the catalytic activity of a platinum nanoparticle, we calculated the
coordination number of all the atoms in the nanoparticle. In Figure 12 we report the
number of atoms having coordination number of 6, 7, 8 and 9. The type of substrate
does not appear to have a significant effect on the number of atoms with coordination

number 6 or 7, as these coordination numbers exhibit the same trends as a function of
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temperature on all four substrates. The number of atoms with coordination number 6
increases as the temperature increases, while the number of atoms with coordination
number 7 increases from 400 to 600 K, then reaches a plateau. More interestingly, the
number of atoms having coordination number 8 and 9 appears to be affected by the
substrate. Our results indicate that at temperatures from 500 K to 700 K, the
nanoparticles supported by carbon nanotubes have a higher number of atoms with
coordination number 8 compared to those supported on graphite. Also, the carbon
nanotube-supported nanoparticles have fewer atoms with a coordination number of 9
from 500 K to 900 K compared to those supported on graphite. Thus, based on the
reaction of interest, simulations such as those reported here could allow one to select the
substrate that maximizes the number of metal atoms with a specific coordination

number.
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Figure 9: Density profiles for Pt,49 On (a) graphite, (b) (4,4) CNTSs, (c) (10,10) CNTs,
and (d) alternating CNTs. Temperatures from bottom to top are 400, 500, 600, 700, 800,
900, 1000, and 1100 K.
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Figure 10: Comparison of density profiles of Ptys9 supported by, from top to bottom,
graphite, (4,4) CNTs, (10,10) CNTs, and alternating CNTs. Temperature is 700 K.

94
t *
& 921 ' ;
*

£
2 2
c 9.0 -] ‘
ie]
T *
5 881 : ]
5 ¢ graphite "
8 B (4,4)CNTs
© 8.6 1 4 (10,10) CNTs e
g @ alternating CNTs
@)
I 8.4 - .

8.2

300 400 500 600 700 800 900 1000 1100
T (K)

Figure 11: Average coordination numbers of Pt,49 on graphite (diamonds), (4,4) CNTs
(squares), (10,10) CNTs (triangles), and alternating CNTSs (circles).
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Figure 12: Number of atoms having coordination number (a) 6, (b) 7, (c) 8, and (d) 9 as
a function of temperature. Different symbols represent results obtained on the four
different substrates. Diamonds are for graphite, squares are for (4,4) CNTs, triangles are
for (10,10) CNTs, and circles are for alternating CNTSs.

2.5. Conclusions

We presented molecular dynamics simulation results for the morphology and the
diffusion mechanism of platinum nanoparticles of 249 atoms supported on carbon
materials. We consider supports with different geometry. Graphite was chosen for a flat
substrate, and carbon nanotubes of different diameter were chosen to alter the surface
roughness. Our results show that it is possible to alter the morphology and mobility of

metal nanoparticles by changing their support. When deposited on carbon nanotubes,
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platinum particles diffuse at a slower rate than on graphite, which should lead to
increased long-term performance in catalytic applications. The lowest diffusion
coefficient occurs on the substrate expected to most closely resemble experimentally
produced carbon nanotube bundles, that composed of alternating (4,4) and (10,10)
CNTs. The melting temperatures of the supported nanoparticles was determined by
calculating the potential energy as a function of temperature and by examining the
radial distribution function for those atoms near the center of mass of the nanoparticle.
On all substrates examined here the diffusion coefficients reach a maximum at a
temperature near the melting temperature of the metal nanoparticle. At lower
temperatures the Pt nanoparticles glide over the substrates and the diffusion coefficient
increases as the temperature increases, while at higher temperatures a different diffusion
mechanism occurs and the predicted diffusion coefficient decreases. The results for the
diffusion coefficients at T lower than the melting temperature of the supported
nanoparticles were used to assess the activation energy for the nanoparticle diffusion.
We found that the activation energy strongly depends on the support geometry, and is
lowest on graphite and the highest on (10,10) CNTs. We also found that the
nanoparticles supported by carbon nanotubes have a lower average coordination
number, which could affect their catalytic behavior. These findings suggest that it is

possible to tailor the behavior of metal nanoparticles by changing their support.
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3. Platinum Nanoparticles on carbonaceous materials: the effect of
support geometry on nanoparticle mobility, morphology, and melting

The material presented below was published in 2008 in volume 19, issue 19 of

Nanotechnology.

3.1. Abstract

Molecular dynamics simulations have been used to investigate the morphology
and mobility of platinum nanoparticles of various sizes supported by carbon materials.
The embedded-atom method was used to model Pt-Pt interactions, and the Lennard-
Jones potential was used to model the Pt-C interactions. The C atoms in the supports
were held fixed during the simulations. The supports considered were a single graphite
sheet and three bundles of carbon nanotubes. Three sizes of Pt nanoparticles were
considered: 130 atoms, 249 atoms, and 498 atoms (Pt130, Ptosg, and Ptagg respectively). It
was found that for all three sizes, diffusion coefficients were approximately one order of
magnitude higher for graphite-supported nanoparticles than for carbon nanotube-
supported nanoparticles. In addition, increasing the size of the nanoparticle decreased
its diffusion coefficient, with Pti3 having the highest and Pt the lowest diffusion
coefficients. More interestingly, we found that for the Pt nanoparticles of all three sizes
the diffusion coefficient increases as temperature increase, reaches a maximum at the
melting temperature of the nanoparticle, and then decreases. The melting temperature
was found to be strongly dependent on the particle size, but only slightly dependent on
the features of the supports. While the size of the nanoparticle was seen to affect the
particles’ mobility, it did not significantly affect their structure. The nanoparticles

supported by graphite have density profiles that indicate a highly-ordered, fcc-like
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structure, while the particles supported by carbon nanotubes have a more disordered
structure. An order parameter confirms that the nanoparticles structure depends on the

support morphology.

3.2. Introduction

Metal nanoparticles supported by solid materials are widely used in catalysis.
Carbon materials are often used as supports in electrocatalytic and fuel cell™
applications because of their high electrical conductivity. Recently carbon nanotubes
(CNTSs) have been investigated as possible support materials for such applications.
Several CNTs properties, such as their high electrical conductivity and mechanical
strength, high gas transport rate, and tunable diameter, make them promising candidates
for fuel cell supports. Indeed, experiments have shown that platinum-carbon nanotube
composites exhibit high catalytic activity for oxygen reduction and methanol
oxidation,'?** '8 have very high electrochemically active surface areas,** and are more
stable under operating conditions than platinum supported by carbon black.?* We have
previously used molecular dynamics simulations to study the morphology and diffusion
mechanism of 249 atom platinum nanoparticles supported on four carbon substrates.”
Our simulations have shown that a 249 atom Pt nanoparticle deposited on graphite has a
diffusion coefficient one order of magnitude higher than an identical particle deposited
on carbon nanotubes. We have also found that the structure of the nanoparticle is altered
by the morphology of the support. These results suggest that for this particle size, both

the morphology and mobility of the nanoparticle can be tailored by appropriate choice

of the support. However, even the best experimental methods produce nanoparticles
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with a distribution of sizes, and the size of a nanoparticle can affect its structure and
mobility, which in turn play a role in the nanoparticle’s catalytic activity.”® In this work
we report our most recent results obtained, as an extension of our previous simulations,
to include platinum nanoparticles of 130 atoms and 498 atoms to investigate the effect
of nanoparticle size on structure and diffusion. We also employ an order parameter to
more precisely pinpoint the melting temperature of the supported nanoparticles, as well

as to better understand the process of melting.

3.3. Computational Details

Calculations are performed using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).?® To model the Pt-Pt interactions we employ the embedded-
atom method (EAM),*! which was discussed in Section 2.3. We again employ a 12-6
Lennard-Jones potential®® to model the Pt-C interactions. The Lennard-Jones parameters
used here are o = 2.95 A and & = 0.02206 e¢V. These are derived® by fitting the
Lennard-Jones potential to simulation data for platinum obtained using a many-body

potential (the Sutton-Chen potential®’

) to obtain Pt-Pt parameters, then using Lorentz-
Berthelot mixing rules® to determine Pt-C parameters. The cutoff distance for the Pt-C
interactions is set to 9.0 A.

The carbon atoms in all substrates are fixed in place during the simulations.

Lewis et al.>

simulated gold nanoparticles on graphite with both static and dynamic
substrates, and found that in both cases simulations yield qualitatively similar results.
Density functional studies of a single Pt atom on a carbon nanotube’ have indicated

that the interaction between Pt and CNTs is weak, which could mean that little
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deformation of the CNTs occurs and that our assumption of static substrates is
sufficient. However, DFT studies of 37-atom Pt and Pt-Ru nanoparticles on graphite’”"
have shown that adsorption of the nanoparticles causes a small deformation of the
graphite sheets. Preliminary simulations we have conducted using the Tersoff
potential”® to model the C-C interactions have indicated that with the Pt-C Lennard-
Jones parameters used here CNTs of large diameter only deform slightly, and that the
strength of the Pt-C interaction has a significant effect on this deformation. Given the
uncertainty in the Pt-C interactions, the assumption of fixed carbon atoms is expected to
provide a reasonably accurate first approximation.

Our simulations were performed in the canonical ensemble®® (constant number
of atoms N, simulation box volume V, and system temperature T), using the velocity-
Verlet algorithm® to integrate the equations of motion, with a timestep of 2.5 fs. Each
simulation ran for 30 million time steps, for a total of 75 ns. The final configuration of a
simulation run was used as initial configuration for the next simulation at the same
temperature. Simulations were repeated at least 5 times to ensure reliable results, for a
total of at least 375 ns of simulation time per system investigated.

Four substrates and three different particle sizes were used. The substrates are
shown in Figure 13, and consist of (a) a single graphite sheet, (b) a bundle of (4,4)
CNTs, (c¢) a bundle of (10,10) CNTs, and (d) alternating (4,4) and (10,10) CNTs.
Platinum nanoparticles of 130, 249, and 498 atoms, with diameters of ~1.2-2.5 nm
(designated as Pti3g, Ptasg, and Ptsgg in what follows) were placed on these substrates.
The nanoparticles were constructed by carving out spherical particles from bulk face-

centered cubic platinum. These spheres were then annealed for 1 ns at 700 K. These
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nanoparticles are shown in Figure 14. The annealed particles are placed on the
substrates, and annealed for an additional 1 ns at 700 K. The final configuration of this
annealing process is used as the initial configuration for subsequent simulations at
temperatures of 400-1300 K. This procedure is expected to mimic the mass-selected
soft-landing process with which it is possible to deposit clusters of tens and hundreds of

metal atoms on solid surfaces.®
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Figure 13: Snapshots of the 4 different substrates used in our simulations. (a) single
graphite sheet, (b) four (4,4) nanotubes, (c) four (10,10) nanotubes, (d) alternating
(10,10) and (4,4) nanotubes. In each case a Pt nanoparticle, which contains 130 atoms,
is shown in red, and the carbon atoms are shown in grey. Temperature is 700 K. For
visualization purposes we provide two views, one along the y-axis (top in each panel),
and the second from an angle (bottom in each panel).
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Figure 14 : Snapshots of the three platinum nanoparticles used in our simulations.
Snapshots shown are from the final configuration after initial annealing at 700 K. (a)
130 atom nanoparticle (Pt130), (b) 249 atom nanoparticle (Pt249), and (c) 498 atom
nanoparticle (Pt498).

The diffusion coefficient, D, of the cluster center of mass is determined from the

mean-squared displacement 4r(z) by the equation®

lim Ar(t) = 2nDt : (@)

t— o

In Eq (1) n is the number of dimensions in which the cluster is undergoing diffusion,
which in our case is 2 for clusters on graphite and 1 for clusters on CNTSs (see below).
Results reported for D are the average of 5 simulations, each using the final
configuration of one run as the initial configuration for the next simulation. The error in
these calculations is taken to be one standard deviation.

Radial distribution functions® were calculated for atoms within a 5 A radius of

the nanoparticle center of mass by:

2
N i

g(r) = — <zza(r—ru)> : (2)
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In Eq (2) V is the volume of the simulation box, N is the number of platinum atoms, r;;
is the distance between atoms i and j, and the brackets indicate an ensemble average.

An autocorrelation function was used to examine the behavior of the Pt atoms in
contact with the substrate. The term Pt;(t) describes whether or not platinum atom i is in
contact with any carbon atom. Ptj(t)=1 when platinum atom i is in contact with the
substrate at time t, and Pt;(t)=0 when the atom is not in contact with the substrate. A Pt
atom is considered to be in contact with the substrate when the distance between it and
any carbon atom is less than twice the distance parameter in the Pt-C Lennard-Jones

interaction. The autocorrelation function C(t) is then calculated as

> Pt,(t)Pt, (0)
c)=( = : (3)

N

Y Pt,(0)

i=1

where the angular brackets indicate an ensemble average. The autocorrelation function
yields a constant value when the same atoms remain in contact with the substrate, and
decreases as these atoms change position in the cluster and are no longer in contact with
any carbon atoms. Thus by calculating C(t) we can determine if a nanoparticle glides
over the substrate or if some other diffusion mechanism, such as rotation, takes place.”
In order to analyze the structure of the nanoparticles we calculated an order
parameter, Qs.2"® We define the neighbors of particle i as all platinum atoms that are

within a radius of 3.4 A from i. We then calculate
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Ny (1)

i (')—TZ |m(r”) , (4)

where f, is the unit vector joining atoms i and j, Ny(i) is the number of neighbors of

atom i, and Yy is a spherical harmonic. The value obtained from Eq. (4) is then

averaged over all atoms in one nanoparticle to obtain the orientational order parameter

O EN @, 0
Qp="7F— : (5)
SN, (i)

Since q,, depends on the choice of reference frame, a rotationally invariant order

parameter is constructed, and defined as

1/2

W . (6)

P Z\ Q,,

(21+1,=,

The order parameter Qg gives values of ~0.5 for most crystalline arrangements of atoms,
and equals O for a liquid, as described below. In some cases up to 10 independent

simulations were necessary to obtain reliable values for the order parameter Qs.
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3.4. Results and Discussion

3.4.1. Diffusion

In our previous simulations™ involving 249-atom Pt nanoparticles (see Chapter
2) we found that graphite-supported particles diffuse in two dimensions, while CNT-
supported particles are constrained to diffuse primarily along the direction parallel to
the CNT axis. The nanoparticles settle into the “trenches” formed by two adjacent
nanotubes. The 249 atom nanoparticles were observed to hop to neighboring trenches
very rarely (1-2 times in 375 ns) on (4,4) CNTs, and never on (10,10) and alternating
CNTs. Similar behavior was observed for both Pti30 and Ptsgs. The calculated diffusion
coefficients for Ptiszo, Ptasg, and Ptseg On each substrate are shown in Figure 15 as a
function of temperature T. On each substrate, as T increases the diffusion coefficients
increase in a nearly Arrhenius fashion, reach a maximum, and then decrease. In the
linear Arrhenius-type region, the smaller nanoparticles have higher diffusion
coefficients. At higher temperatures, above the melting temperatures of the
nanoparticles, this is not always true. Diffusion coefficients for the graphite-supported
nanoparticles are consistently at least one order of magnitude higher than those for the
CNT-supported nanoparticles. In Figure 16 we compare diffusion coefficients at 700 K
for Ptiso, Ptasg, and Ptagg. On all four substrates, the diffusion coefficient increases as the
particle size decreases. A larger nanoparticle having a lower diffusion coefficient is the
intuitive result, but Chen and Chan® calculated the diffusion coefficients for Pt
nanoparticles of various sizes on graphite and found that D in fact did not decrease
monotonically with increasing nanoparticle size. They predicted that at 298 K a 300

atom nanoparticle would have D =~ 5 x 10”° cm?/s, compared to D =~ 8 x 10°® cm?/s for a
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500 atom nanoparticle. This variation of D with size was attributed to two competing
factors — as nanoparticle size increases, the inertia increases, slowing diffusion, but at
the same time the number of metal atoms that are not in the minima of the potential
energy surface of the graphite increases. This results in faster diffusion as the
nanoparticle attempts to rearrange itself so that more atoms are at the minima.
Therefore, according to Chen and Chan, it is not possible to predict the change in
diffusion coefficient for different sized clusters, as these size and mismatch effects have
differing importance for different particle sizes. Our results indicate that larger
nanoparticles consistently have lower diffusion coefficients. However, since we have
only investigated three nanoparticle sizes, we cannot extrapolate our data to larger
nanoparticles. It is also worth noting that all of the simulations conducted by Chen and
Chan were performed at 298 K. Since the lowest temperature used in our simulations is
400 K, it is possible that the higher temperatures considered here affect the size-
dependent behavior observed for the supported nanoparticles. Because of the increased
atomic motion due to the high temperatures considered here, the size effect could be
more important than the mismatch effect, resulting in a diffusion coefficient which

always decreases as the nanoparticle size increases.
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Figure 16: Diffusion coefficient at 700 K for the three Pt nanoparticles (Pti30, Pt249, and
Pt498) simulated on graphite, (4,4) CNTs, (10,10) CNTs, and alternating CNTSs.

As observed for Ptaa, the diffusion coefficients of Pti3p and Ptsgg increase as the
temperature increases from 400 K in a nearly Arrhenius fashion, reach a maximum, and
then decrease. We hypothesized™ that the maximum was a result of the melting of the
nanoparticle, as the temperature at which D reaches a maximum for the 249 atom
nanoparticle corresponds to the melting point of that nanoparticle. To determine the
melting temperatures of Pty3o and Ptsgs, a radial distribution function was calculated for
Pt atoms within a 5 A radius of the nanoparticle center of mass. This radial distribution
function can be used to approximately determine the nanoparticle melting temperature,

and is shown for Pt,gg in Figure 17. At 1000 K, the radial distribution function indicates
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a solid structure, with sharp, well-defined peaks and several smaller intermediate peaks.
The nanoparticles have a very similar structure at 1100 K, but at 1200 K the radial
distribution function has only smooth, broad peaks, with the intermediate peaks
disappearing completely. This type of radial distribution function is typical of a liquid,
and indicates that the nanoparticle has melted. Therefore the melting temperature for
Ptyos is between 1100 and 1200 K, which agrees very well with the temperature at
which the diffusion coefficient reaches a maximum. The radial distribution functions for
Pt130 on graphite and (4,4) CNTs are shown in Figure 18. These are similar to those for
Ptsgs, except the nanoparticles melt between 700 and 800 K. Again, the melting
temperature identified by this method corresponds to the temperature at which the
diffusion coefficient reaches a maximum. Interestingly, our results indicate that the
melting temperature does not depend significantly on the support, but only on the size
of the nanoparticle. We also point out that the determination of the melting temperature
via the calculation of the radial distribution functions corroborates the results obtained
by plotting the potential energy as a function of temperature for an individual
nanoparticle. These results are not reported here for brevity, but sample calculations can

be found in Section 2.4.1.
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Figure 17: Radial distribution functions for Ptses on (a) graphite, (b) (4,4) CNTs, (c)
(10,10) CNTs and (d) alternating CNTs. The RDF is only calculated for Pt atoms

within a 5 A radius of the center of mass. Temperatures, from bottom to top, are 1000,
1100, and 1200 K.
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Figure 18: Radial distribution functions for Pt;3, on (a) graphite and (b) (4,4) CNTs.

The RDF is only calculated for Pt atoms within a 5 A radius of the center of mass.
Temperatures, from bottom to top, are 700, 800, and 900 K

In order to further assess the melting of the supported nanoparticles we
calculated an order parameter (Qg)®! for the nanoparticles of interest here. In a bulk
crystal, the order parameter Qg depends on the crystallographic arrangement of the
metal atoms. In Table 2 we report the values for Qg for a variety of ordered crystalline

structures. For our purposes, it is important to note that Qg equals zero for a liquid.
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Table 2: Order parameters for different crystal structures.®

Structure Qs
Face-centered cubic 0.575
Hexagonal close-packed 0.485
Body-centered cubic 0.511
Simple cubic 0.354
Icosahedral 0.663
Liquid 0.000

Since the order parameter equals ~0.5 for regular structures and 0 for liquids, it
is possible to use it to analyze the structure and pinpoint the melting temperature of a
supported nanoparticle. The order parameter calculated for Pti3g, Ptas, and Ptsgg as a
function of temperature is reported in Figure 19. The order parameter for Pti3o and Pty4g
varies widely with temperature, probably because of the low number of atoms used to
calculate the average order parameter. The order parameter for Ptsog exhibits a sharp
drop from 1100 to 1200 K that corresponds to the melting of the nanoparticle. We note
that Qs for our nanoparticles is never 0, which would correspond to a liquid structure. It
is likely that this is due to the presence of the solid substrate, which affects the structure
of the adjacent Pt atoms. The temperature at which Qg drops abruptly corresponds to the
melting temperature estimated via the radial distribution functions shown in Figure 17.
It is also interesting to point out that the substrate has a pronounced effect in

determining the order parameter for each simulated nanoparticle. For example, Qg for

52



Ptyos IS ~0.3 at 600K on graphite, but drops to ~0.15 on the alternating carbon
nanotubes.
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Figure 19: Order parameter for Pt;3o (left) and Ptsgs (right) on graphite (diamonds), four
(4,4) CNTs (squares), four (10,10) CNTSs (triangles), and alternating CNTSs (circles).

3.4.2. Diffusion Mechanism

The process by which metal nanoparticles diffuse (gliding, rotating, etc) could
affect the final structure of prepared nanoparticles, and could also result in structural
changes as the nanoparticles sinter. For this reason we wish to characterize the diffusion
mechanism using an autocorrelation function C(t) as described in Eg. 3. In Figure 20 we
report C(t) for various temperatures for Pt and Ptses diffusing on alternating carbon
nanotubes. Results for nanoparticles on other substrates are similar and are not shown.
We have previously performed these calculations for Pty (See Section 2.4.2)."* Our
results indicate that at low temperatures (temperatures well below the nanoparticle
melting temperature) C(t) remains nearly constant as a function of time, indicating the
same platinum atoms remain in contact with the substrate and the nanoparticles glide
across the substrate. As the temperature increases, C(t) exhibits a gradual decrease,

caused by either self-diffusion of platinum atoms within the nanoparticle, or by the
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nanoparticle motion. At temperatures above the melting point C(t) drops to a value of
~0.2 in less than 0.5 ns. Visual observation of sequences of simulation snapshots
indicates that such a rapid decrease in C(t) is not caused by a rotational motion of the
whole nanoparticle, but rather by a more chaotic diffusion mechanism which involves

all the atoms within a nanoparticle.
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Figure 20: Autocorrelation function for Pty3 (left) and Ptses (right) on (4,4) CNTSs.

Temperatures are, from top to bottom, 400, 500, 600, 700, 800, 900, 1000, 1100, and
1200 K. The arrows in both panels indicate increasing temperatures.

3.4.3. Morphology

The structure of supported metal nanoparticles can affect their catalytic activity
and selectivity, so it is important to understand how different substrates affect the
structure of the nanoparticles. For this purpose, we calculated the z-density profiles of
the nanoparticles, which are reported for Ptses in Figure 21. Density profiles for Ptizg

and Pty49 are qualitatively very similar to those for Ptsgg and are not reported here for
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brevity. On graphite, the profiles have sharp, regular peaks, which indicate a highly
ordered structure. The distance between consecutive peaks is commensurate with the
distance between (111) planes in the FCC crystal structure of bulk Pt. When the
nanoparticles are supported by CNTSs, the density profiles show a number of smaller,
less-defined peaks. In several of the density profiles there are changes in the structure at
temperatures below the melting point of the nanoparticle, such as between 800 and 900
K on the alternating CNTs, and 500 and 600 K on graphite. These were also observed in
our simulations of Ptyg and in previous molecular dynamics simulations of Pt
nanoparticles.>” They are attributed to an increase in mobility of Pt atoms within the
nanoparticle and to surface melting. The density profiles in Figure 21 demonstrate that
the CNT-supported nanoparticles have a different structure than nanoparticles supported
on graphite, and this could affect both their reactivity and selectivity in catalytic

applications.
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Figure 21: Z density profiles for Ptsss on (a) graphite, (b) (4,4) CNTs, (¢) (10,10)
CNTs, and (d) alternating CNTs. Temperatures, from bottom to top, are 400, 500, 600,
700, 800, 900, 1000, 1100, and 1200 K.

Another method used to characterize the structure of the supported nanoparticles
was calculating the coordination numbers of those platinum atoms on the surface of the
nanoparticle and not adjacent to any carbon atoms. The results are reported in Figure
22. As expected, as the size of the nanoparticle decreases, the average coordination
number at a given temperature also decreases, although only slightly. For a given
nanoparticle size, the average coordination numbers for the nanoparticles on all four
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different substrates are nearly identical, with the largest difference occurring between

Pt249 0N alternating and (10,10) CNTs.
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Figure 22: Average coordination number of atoms on the nanoparticle surface for Pti3g
(left), Ptasg (middle), and Ptyog (right).

We also calculated the percentage of surface atoms having a particular
coordination number. We do not count as ‘surface atoms’ those metal atoms that are in
contact with the carbon supports. In Figure 23 we report the data obtained for
coordination numbers of 5 (top), 7 (middle), and 8 (bottom). For all three nanoparticle
sizes (Ptyso, left, Ptasg, center, Ptss, right), the number of atoms with coordination
number 5 increases with increasing temperature, and is nearly identical for
nanoparticles on different substrates. The substrates have a more interesting effect on
the number of atoms with higher coordination numbers. In particular, when the
nanoparticle P4 is considered, the number of atoms with coordination number 7
increases as the temperature increases from 400 to 700-800 K depending on the
substrate, but then decreases. When atoms with coordination number 8 are considered,

the results in Figure 23 suggests that increasing temperature has the general effect of
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decreasing the availabilily of such atoms on the nanoparticle surfaces (this is
particularly true for P24g). The results are nevertheless interesting. For example, for Ptasg
on (10,10) CNTs almost 41% of the surface atoms have coordination number 8 at 500
K, while only 28% of the surface atoms of Pty on graphite have that coordination
number. At temperatures above about 900 K, any significant differences between the
substrates disappear. This is probably due to the increased thermal energy of the
platinum atoms overcoming any platinum-substrate interactions that were affecting the
structure of the nanoparticles. Figure 22 and Figure 23 suggest that while the substrate
morphology does not significantly alter the average coordination number of the
nanoparticle’s surface atoms, the relative proportions of coordination numbers change
at temperatures below 900 K, and this could have an effect on the nanoparticles’

catalytic activities and selectivities.
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Figure 23: Percentage of surface atoms having a coordination number of 5 (top row), 7
(middle row), and 8 (bottom row) for Pt130 (left column), Pt249 (middle column), and
Pt498 (right column).

3.5. Conclusions

We studied the mobility and morphology of three sizes of platinum
nanoparticles on carbon supports via all-atom molecular dynamics simulations within

the NVT ensemble. Using graphite and three bundles of carbon nanotubes, we
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investigated how the roughness of the substrate affects the supported metal
nanoparticle. For all three nanoparticle sizes (130, 249, and 498 atoms), the diffusion
coefficient increases in a nearly Arrhenius manner as the temperature increases from
400 K, reaches a maximum at the melting temperature of the nanoparticle, and then
decreases. Increasing the size of the nanoparticle decreases the diffusion coefficient.
Pt130 had the highest diffusion coefficients and Ptagg the lowest. The predicted diffusion
coefficient was the lowest on the carbon nanotube supports for all three particle sizes,
which indicates nanotube-supported nanoparticles may undergo less sintering than on
graphite. The structure of the nanoparticles is not affected greatly by particle size
(within the limits of the current study), but is affected by the substrate. Density profiles
for the nanoparticles are qualitatively similar for all three sizes, but are much more
ordered for graphite-supported nanoparticles than for those supported by carbon
nanotubes. Order-parameter calculations support this observation. More interestingly,
the study of the coordination numbers of platinum atoms on the nanoparticles’ surface
revealed that while the substrate geometry does not significantly affect the average
coordination number, the individual coordination numbers are altered at low
temperatures. These results suggest that it may be possible to tailor the catalytic
properties of supported metal nanoparticles of a wide range of sizes by changing their

support.
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4. Assessing How Metal-Carbon Interactions Affect the Structure of
Supported Platinum Nanoparticles

The material presented below was published in 2009 in volume 35, issue 10/11 of

Molecular Simulation.

4.1 Abstract

Towards understanding the effect of solid supports on the catalytic activity of supported
metal nanoparticles, all-atom molecular dynamics simulations are often conducted. However,
these calculations are hampered by the uncertainty related to describing metal-support
interactions (typically described as Lennard-Jones potentials) at the atomic length scale. Ab
initio electron-structure calculations are expected to refine such calculations by providing better
estimates for the metal-support pair interaction potential. In the case of platinum nanoparticles
supported on graphite, recent ab initio results suggest the correct energetic Lennard-Jones
parameter should be about four times that used in previous simulation studies from our group,
as well as from others. Stimulated by these findings, molecular dynamics simulations have been
used here to investigate the effect of the magnitude of the metal-carbon interaction on the
structure of supported metal nanoparticles. The Lennard-Jones potential was used to model the
metal-carbon interactions, and the embedded-atom method was used to model the metal-metal
interactions. The morphology of platinum nanoparticles of 130, 249, and 498 atoms supported
on graphite and various bundles of carbon nanotubes was studied. For the larger nanoparticle it
was found that, although the details of platinum-carbon interactions are important for correctly
capturing the morphological details, the morphology of the support is the primary factor that
determines such features. Platinum-carbon interactions affect more significantly the results
obtained for metal nanoparticles supported by carbon nanotube bundles. In this case, we found
that the deviations become significant for small supported nanoparticles, as well as for

nanoparticles of any size supported on carbon nanotubes of small diameter.
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4.2. Introduction

Supported metal nanoparticles are used in a wide variety of applications,
including nanoelectronics, nanosensing, and catalysis. In catalysis, metal nanoparticles,
often platinum, are used in such reactions as selective hydrogenation,®® oxidation of
formic acid and formaldehyde,® and, perhaps most notably, in reactions such as oxygen
reduction that occur in fuel cells.®*®" Often these nanoparticles are supported by carbon-
based materials such as graphite or carbon nanotubes. The interaction between the metal
and the support is important, as it affects the structure and thus the catalytic activity of
the metal. Weak interactions may lead to sintering and, consequently, increased
nanoparticle size. Density functional theory (DFT) can be used to study such
interactions,”” ® but these calculations are limited to small systems containing tens of
metal atoms, rather than the hundreds to thousands of atoms typically found in catalytic
nanoparticles. Ab initio molecular dynamics (AIMD) can be used to study the behavior
of these systems over time, although due to computational demands the time scale
accessible by these simulations is limited. Molecular dynamics (MD) simulations can be
used to study large nanoparticles at any temperature, and can yield dynamic properties.
For example, we used MD simulations to study the structure and diffusion of platinum
nanoparticles of 130, 249, and 498 atoms supported by graphite and different types of
carbon nanotubes (see Chapters 2 and 3).”* ® Many other MD studies of supported
metal nanoparticles can be found in the literature.? 33 37 39.90% Qna grawback to
these simulations is that there is no well-established potential for modeling the

interaction of the metal with the carbon support. A simple Lennard-Jones (LJ) potential
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is commonly used, often with parameters obtained from MD simulations of pure
compounds (metals and carbon supports) according to the Lorentz-Berthelot mixing
rules. Alternatively, the parameters could be obtained from ab initio electronic structure
calculations. A recent study by Acharya et al.”” used DFT to parameterize an LJ
potential between carbon atoms in graphite and one platinum atom, obtaining a value
for the LJ energy parameter, epsilon, approximately four times higher than those
previously used. Other previous DFT studies for Pt adsorption on carbon nanotubes®
revealed that the adsorption energy increases as the curvature of the support increases,
almost according to a linear dependency. This suggests that the epsilon used to describe
Pt-C interactions should increase as the carbon nanotube diameter decreases. In this
report we have used the potential of Acharya et al., modified to account for the
curvature of the support, to study how the Pt-C interactions affect the structure of

platinum nanoparticles supported by graphite and carbon nanotubes.

4.3. Computational Details

Calculations were performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS).?® All simulations were performed in the
NVT ensemble (constant number of particles N, simulation box volume V, and
temperature T). Because we expect that the results, in terms of qualitative comparison
between the morphology of the supported metal nanoparticles obtained by
implementing different force fields, will not depend significantly on the simulation
temperature, the simulations were conducted at 700 K, a temperature high enough to

allow fast atomic mobility, but below the melting temperature of the nanoparticle.
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Periodic boundary conditions were used in all simulations. The embedded-atom method
(EAM),®* which has been used to successfully model the properties of both free and

99-101

supported metal nanoparticles, was used to model platinum-platinum interactions.

In the EAM model the total potential energy is given by

E:Z FI[Z pj(rij)]+§zz¢ij(rj) (l)

j#i i =i

where Fi(p) is the energy required to embed atom i into the background electron density,

p, is the electron density due to atom j, and ¢, (r, ) is the repulsion between the cores

of atoms i and j separated by a distance r;;. The force field parameters used to model
platinum are those developed by Foiles and Baskes®* as included in the Pt u3.eam
potential file in the LAMMPS package. The cutoff distance for Pt-Pt interactions is set
to 5.3 A. The simulation procedure is described at length in our previous manuscript.”

The platinum-carbon interactions were modeled using the 12-6 Lennard-Jones potential:

el (o]
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The parameter ¢;; has units of energy and indicates how strongly atoms i and j are
attracted, while aj; has units of length and is related to the size of atoms i and j. We have
used three different sets of LJ parameters in our simulations. The first set was used in
our previous work™ ® and that of others.?* " 1% The parameters were derived®® ** by

simulating pure platinum using the Sutton-Chen many-body potential,®’ then fitting the
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LJ parameters to these results. The Pt-C parameters were then obtained from the Pt-Pt
parameters using C-C parameters and the Lorentz-Berthelot mixing rules.®> These
parameters, referred to in the text below as Potential 1, are &= 0.02206 ¢V and 61;=2.95

A. The second set of parameters was obtained by Acharya et al.,*’

who performed DFT
calculations to determine the binding energy of one Pt atom at various sites on graphite.
The data were used to generate a potential energy surface, which was reproduced by
appropriately fit LJ parameters. In order to match the DFT results, ghost atoms with
zero mass were introduced in the center of the hexagonal carbon rings in graphite.
According to this parameterization, referred to in the text below as Potential 2, the LJ
parameters are £,=0.09 eV and 6,=1.60 A for the carbon atoms and £,=0.25 eV and
64=2.20 A for the ghost atoms. In all simulations conducted below for nanoparticles
supported on graphite, a single graphene sheet is used. When Potential 2 is used, ghost
atoms are inserted in the center of the hexagonal rings.

Bundles of (4,4) and (10,10) carbon nanotubes (CNTSs) were also considered as
substrates. DFT simulations by Chi et al.”® have shown that the binding energy of an
adsorbed platinum atom increases with the curvature of the graphene substrate. For
example, on a flat graphene sheet (curvature of 0 A™) Chi et al. found a binding energy
of 1.45 eV, while on a (10,10) CNT (curvature of ~0.147 A™) the binding energy
increases to ~2.28 eV. Therefore the smaller the nanotube, the higher the binding
energy is. We mimic this effect by scaling €, when Pt nanoparticles are supported on
CNTs. The ratio of the binding energy of platinum on (10,10) CNTs to platinum on

graphite, as calculated by Chi et al., is 1.517, so & was multiplied by this factor for the

simulations on (10,10) CNTSs. This potential is referred to in the text as Potential 3. The
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(4,4) CNTSs, which we have used in previous simulations, were not included in the work
of Chi et al. Assuming a linear extrapolation of the binding energy versus curvature
graph, we estimated the binding energy of Pt on (4,4) CNTs to be 2.07 times that on
graphite and the & parameter was scaled accordingly. This potential is referred to as
Potential 4. We caution that these factors are approximate and are only used to
qualitatively study the effect of curvature on the structure of supported metal
nanoparticles; in fact DFT-derived force fields are not available for Pt atoms on CNTSs.
For this latter reason it is not possible to implement the force fields by describing
‘ghost’ atoms, as was done in the case of graphite. The four sets of Lennard-Jones
parameters used here [two for graphite, one for (4,4) CNTSs, and one for (10,10) CNTS]

are summarized in Table 3.

Table 3: Summary of Lennard-Jones parameters used to describe Pt-C pair interactions

e (eV) o (A)
Potential 1 0.02206 2.95
Potential 2 0.09 1.60
Potential 3 0.1365 1.60
Potential 4 0.1863 1.60

4.4. Results

4.4.1. Nanoparticles on Graphite
Sample simulation snapshots for Pty3, Ptoge, and Ptsgg On graphite at 700 K are
reported in Figure 24, with the results obtained using Potential 1 on the top and those

obtained using Potential 2 on the bottom. The most obvious difference occurs in the
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structure of Pty3o, in which case Potential 2 causes the nanoparticle to flatten and spread
out, while Potential 1 allows the nanoparticle to maintain a more spherical structure. As
the particle becomes larger, the change due to the different potentials becomes less
pronounced, although the contact angle appears smaller when Potential 2 is used. In the
case of both Ptas9 and Ptags, When Potential 2 is implemented the nanoparticles show a
somewhat pyramidal shape. The base is wide and the nanoparticle width decreases, to

some extent, farther from the graphite sheet.

Figure 24: Simulation snapshots obtained at 700 K for Pti3 (left), Ptasg (center), and
Ptsos (right). Platinum atoms are red, carbon atoms are gray. Snapshots obtained using
Potential 1 are on the top; those obtained using Potential 2 are on the bottom.

These changes in the nanoparticle morphology were quantified by calculating a
radial distribution function,®® g(r), for atoms within 5 A of the nanoparticle’s center of
mass, as well as by density profiles along the z-axis (perpendicular to the graphite
sheet). These results, averaged over one 1.0 ns simulation run at 700 K, are reported in
Figure 25. For all three particle sizes the radial distribution functions obtained with the
two potentials are similar, with the large peaks occurring at the same distances from the
center. For Ptyyg and Ptseg the radial distribution functions obtained using the two Pt-C
potentials are nearly identical, with the positions of the intermediate peaks almost

identical. In the case of Pti3o there are no intermediate peaks when Potential 2 is used.
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To some extent, it appears that implementing Potential 2 yields less structured
nanoparticles for Ptizo. This observation is corroborated by the snapshots shown in
Figure 24, which demonstrate how Ptj3 undergoes a dramatic change when Potential 1
was switched to Potential 2. The differences in the density profiles away from graphite
(Figure 25, bottom panels) reflect the differences in morphology shown in Figure 24
and discussed above. The features of the supported nanoparticles obtained
implementing Potential 1 are extensively discussed in our previous publications (see
Chapters 2 and 3).”* ® In the case of Potential 2, because the nanoparticles assume a
pyramidal structure (see Figure 24), the density profiles are consistent with the
nanoparticles tapering, with peaks close to the surface enhanced and peaks farther from
the surface decreased as compared to the density profile found using Potential 1. The
first peak in the density profiles is also shifted closer to the graphite sheet, since o, is
smaller than 3. The position of the first peak in the density profile, which appears due
to the carbon-platinum LJ size parameter, should in principle be accessible from
experimental observation. Unfortunately, to the best of our knowledge, such
information is not available, presumably because of experimental limitations. However,
and most importantly, the distance between subsequent peaks in the density profiles of
Figure 25 using both potentials is identical, indicating that the Pt-Pt interactions are
strong enough to maintain the crystal structure of the platinum within the nanoparticles

despite the increased Pt-C interactions.

68



Pt130 Ptrag Ptiog

Potential 1
Potential 2

g(n)

r(A) r(A) r(A)

Pt130 Ptaag Ptsosg

p(z)

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

z (A) z (A) z (A)

Figure 25: Radial distribution functions (top) and density profiles (bottom) for Pt;3o
(left), Ptasg (center), and Ptsog (right). Results obtained using Potential 1 are shown in
blue; those obtained using Potential 2 are shown in red.

To further characterize the nanoparticles’ structure we calculated the
coordination numbers of the surface platinum atoms. The coordination number of a
given atom is defined as the number of neighbors within 3.4 A of that atom. The
number (top) and percentage (bottom) of surface atoms having a given coordination
number are reported in Figure 26. Increasing the strength of the Pt-C interaction causes
a decrease in the number of surface atoms. This is a direct consequence of the change in
morphology of the supported nanoparticles, and therefore the effect is stronger for the
smaller nanoparticles considered. However, the percentage of surface atoms having a
given coordination number does not change significantly when different potentials are

used to describe Pt-C interactions. The largest difference occurs for surface atoms in
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Pt130 with a coordination number of 8, which undergoes a decrease of about 10% when
Potential 1 is switched to Potential 2.

Pti130 Ptoag Ptyog
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Figure 26: Number of surface atoms (top) and percentage of surface atoms (bottom)
with a given coordination number for Pti3p (left), Ptasg (center), and Ptsgs (right) on
graphite. Results obtained using Potential 1 are shown in blue; those obtained using
Potential 2 are shown in red.

4.4.2. Nanoparticles on Carbon Nanotubes

Additional simulations were performed for Pt,49 supported by (4,4) and (10,10)
carbon nanotubes. As described above, three sets of Lennard-Jones potentials were used
for the Pt-C interactions: the base-case Potential 1, the DFT-derived Potential 2, and
Potentials 3 and 4 which account for the curvature of the carbon nanotubes. Snapshots
obtained at 700 K are shown in Figure 27 and Figure 28, with Potential 1 on top,
Potential 2 in the middle, and Potentials 3 or 4 on the bottom. To clarify the following
comments we point out that the € parameter increases from Potential 1, to Potential 2, 3,

and 4. As observed on graphite, as the LJ & parameter increases the base of the
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nanoparticle near the support becomes wider. In addition, when large € values are used
Pt atoms are pulled between the nanotubes, with this effect becoming more pronounced
using Potential 4 (Figure 27, bottom panels), which is the most attractive potential

considered here.
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Figure 27: Side view (left) and top view (right) of simulation snapshots obtained at 700
K for Pty on (4,4) CNTs. Platinum atoms are red, carbon atoms are gray. Snapshots
obtained using Potential 1 are on the top, snapshots obtained using Potential 2 are in the
middle, and snapshots obtained using Potential 4 are on the bottom.
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Figure 28: Side view (left) and top view (right) of simulation snapshots obtained at 700
K for Pty49 0n (10,10) CNTSs. Platinum atoms are red, carbon atoms are gray. Snapshots
obtained using Potential 1 are on the top, snapshots obtained using Potential 2 are in the
middle, and snapshots obtained using Potential 3 are on the bottom.

We quantified the simulation results summarized in Figure 27 and Figure 28
using density profiles perpendicular to the substrate, as reported in Figure 29. For all Pt-
C potentials considered the radial distribution functions are similar to those on graphite,
and are not shown for brevity. This is quite surprising given the large differences in
morphologies discussed above, but is consistent with the fact that Pt-Pt interactions
predominantly determine the arrangement of metal atoms near the nanoparticle center

of mass.
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Differences between the simulation results are more evident when the density
profiles are compared. The profiles calculated using Potential 1 and Potential 2 do not
exactly match, but the peaks have similar locations and intensities. The profiles
calculated using Potential 2 and Potentials 3 or 4 have peaks in the same location at
distances below ~10 A, although the peaks are more intense when Potentials 3 or 4 are
used. It appears that the effect of accounting for nanotube curvature within the Pt-C
interaction becomes significant for nanoparticles supported on (4,4) CNTSs, but is not
dramatic for nanoparticles on (10,10) CNTSs, although in both cases the nanoparticles
are more ‘flat” when Potentials 3 or 4 are implemented.

The differences and similarities between the platinum nanoparticles on graphite
and on carbon nanotubes should also be examined. For both potentials, Pt on graphite
has regular density profiles, with evenly spaced peaks. On carbon nanotubes, the
density profiles are much more disordered, with many smaller irregular peaks, because
of the structural change caused by the curvature of the nanotube. These disordered
density profiles are observed independently of which Pt-C potential is implemented.
The differences between the density profiles on graphite and on carbon nanotubes are
indicative of a change in the nanoparticle structure due primarily to the geometry of the
support. These structural changes are captured by both potentials, indicating that either
would be suitable for a qualitative investigation of the structure of supported metal
nanoparticles. However, our results suggest that when small nanoparticles are simulated
and/or when the nanoparticles are supported on CNTs of small diameter (large

curvature) the details of the force fields do affect the simulation results, and therefore,
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not surprisingly, the most accurate force fields available should be implemented when

all-atom MD simulations are performed.

Pt,,, On (4,4) CNTs Pt,,, 0n (10,10) CNTs
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Figure 29: Radial distribution functions (top) and density profiles (bottom) for Pty on
(4,4) CNTs (left) and (10,10) CNTs (right). Results obtained using Potential 1 are

shown in blue, results obtained using Potential 2 are shown in red, and results obtained
using Potential 3 (right) or 4 (left) are shown in black.

To complete the analysis of our comparative study we calculated the number
and percentage of surface atoms with a given coordination number for Pty49 0n (4,4) and
(10,10) CNTs, reported in Figure 30. As was observed for nanoparticles on graphite,
increasing the strength of the Pt-C interaction decreases the number of surface atoms,
with nanoparticles simulated with Potential 1 having the most surface atoms and those
simulated with Potential 3 or 4 having the least. However, the percentage of surface
atoms having a given coordination number remains almost identical in all cases
considered. In this case the largest difference is about 5% for atoms on the (4,4) CNTs
with coordination number 8. It is expected that the differences will become smaller as
the nanoparticles size increases. This latter result is encouraging when simulations such

as those presented here are conducted within the field of catalysis, in which case the
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coordination numbers of the surface metal atoms are expected to strongly affect the

catalytic activity of supported metal nanoparticles.
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Figure 30: Number of surface atoms (top) and percentage of surface atoms (bottom)
having the given coordination number for Ptys on (4,4) CNTs (left) and (10,10) CNTs
(right). Results obtained using Potential 1 are shown in blue, results obtained using
Potential 2 are shown in red, and results obtained using Potential 3 (right) or 4 (left) are
shown in black.
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4.5. Conclusions

Molecular dynamics simulations were conducted for platinum nanoparticles
supported on carbonaceous materials at 700 K. The results were compared when four
sets of parameters were implemented to describe the metal-carbon Lennard-Jones
interactions. Potential 1, taken from literature, had been derived using molecular
dynamics, while Potential 2 had been derived using density functional theory. Potentials
3 and 4 were obtained by modifying Potential 2 to account for the effect of the
curvature of the carbon support. The value of the LJ energetic parameter & is
approximately four times higher in Potential 2 than in Potential 1, which has been used
in several previous simulations. The parameter ¢ further increases in Potentials 3 and 4.
As expected, our calculations show that implementing different potentials to describe
metal-carbon interactions quantitatively affects the results. Thus, when possible, the
most accurate potentials should be used, especially when small (less than ~200 atoms)
metal nanoparticles are simulated. However, limited to the conditions considered in this
work, our results, expressed in terms of the density profiles of Pt atoms perpendicular to
the support, radial distribution function around the metal atoms near the nanoparticles’
center of mass, and number and percentage of surface metal atoms on the supported
metal nanoparticles with given coordination number, do not show dramatic differences
when different force fields are implemented to describe Pt-C interactions. This
observation suggests that the geometry of the carbon support (i.e., flat graphite vs.
curved nanotubes) is the predominant factor that affects the supported metal
nanoparticles morphology, and in particular the coordination number of the metal atoms

on their surfaces.
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5. Supported Bimetallic Pt-Au Nanoparticles: Structural Features
Predicted by Molecular Dynamics Simulations

The following material was published in 2010 in volume 81, issue 15 of Physical

Review B.

5.1. Abstract

We have utilized all-atom molecular dynamics simulations to study bimetallic
Pt-Au nanoparticles supported by carbonaceous materials at 700 K. Nanoparticles
containing 250 atoms with 25, 50, and 75% Pt (Pts2Auiss, PtizsAuizs, and PtigsAusy,
respectively) were considered. A single graphite sheet and bundles of seven (10,10),
(13,13), and (20,20) single-walled carbon nanotubes were used as supports. It was
found that Pt;,5Au;,5 forms a well-defined Pt core covered by an Au shell, regardless of
the support. Pts;Ausgs exhibits a mixed Pt-Au core with an Au shell. PtiggAus, has a Pt
core with a mixed Pt-Au shell. The support affects the atomic distribution. We
investigated the percentage of nanoparticle surface atoms that are Pt. Our results show
that for PtspAuigs and PtiosPtios this percentage is lowest when there is no support and
highest when carbon nanotubes are supports. We studied the size of clusters of Pt atoms
on the nanoparticle surface, finding that the geometry of the support influences the
distribution of cluster sizes. Finally, we found that the coordination states of the atoms
on the nanoparticle surface are affected by the support structure. These results suggest
that it is possible to tailor the distribution of atoms in Pt-Au nanoparticles by controlling
the nanoparticle composition and the support geometry. Such level of control is

desirable for improving selectivity of catalysts.
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5.2. Introduction

Bimetallic catalysts have been the focus of much research because of their
chemical versatility, and the ability to tune their activity and selectivity by varying their

composition and size.*® For example, bimetallic nanoparticles have been used

103-104 105-107

successfully for methanol oxidation and oxygen reduction reactions used in

108-112 113-114 In

fuel cells, for selective hydrogenation, and in remediation of groundwater.
addition to increasing activity or selectivity, it is possible to use an alloy to replace
expensive metals. For example, Fernandez et al.'*> found that, when used as catalyst for
the oxygen reduction reaction, carbon-supported Pd-Co showed catalytic activity close
to that of carbon-supported Pt, the traditionally-used, expensive, catalyst. Carbon
nanotubes (CNTs), because of their unique properties, are attractive supports for
bimetallic catalysts. Pt-Ni nanoparticles on multi-walled carbon nanotubes have been
shown to have improved resistance to CO poisoning during methanol oxidation,*'® and
CNT-supported Pd-Rh has a high activity for the hydrogenation of benzene under mild
conditions.™’

While bimetallic catalysts show great promise, the vast number of potential
catalysts poses the problem of identifying the promising candidates while limiting the
number of expensive and time-consuming experiments. Computer simulation can aid in
the development of new materials. For example, Linic et al.>* used density functional
theory (DFT) calculations to formulate a Cu/Ag alloy that has higher selectivity for
ethylene epoxidation compared to the traditional Ag catalyst. Studt et al.,> by

performing DFT calculations of hydrocarbon heats of adsorption, identified Ni-Zn

alloys as an alternative to the Pd catalysts most commonly used for the selective
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hydrogenation of acetylene in industry. Both of these predictions were verified
experimentally, demonstrating that simulation can be used to develop new catalytic
materials. Classical molecular dynamics (MD) simulations can also be used to study
catalytic nanoparticles. While classical simulations cannot directly measure catalytic
activity, they can examine the structure and dynamics of the nanoparticles at the atomic
level. Such data, which cannot always be obtained experimentally, especially under
operating conditions, provide insights into the performance of heterogeneous catalysts.

We have previously performed MD simulations of platinum nanoparticles supported by
graphite and carbon nanotubes.”* ®° The diffusion of the nanoparticles was found to be
one order of magnitude slower on carbon nanotubes than on graphite, possibly one
reason for the decreased sintering for CNT-supported catalysts found experimentally.?*
We have also found that the geometry of the support affects the morphology of the
nanoparticles and the coordination numbers of surface atoms, both of which features
play a role in determining catalytic activity. Many other MD studies of supported metal

28, 31-35, 57, 59, 90-96, 118-119

nanoparticles can be found in the literature, illustrating the

importance of this technique in characterizing heterogeneous catalysts.

Molecular dynamics has also been used to study the properties of bimetallic
nanoparticles, including, e.g., the effect of size, structure, and composition on the
melting behavior of unsupported Ag-Pd,'®® Au-Pd,*?**?* Cu-Ni,'*® Pd-Pt,*** and Au-
Pt125—126

nanoparticles. Oviedo et al.*?" studied the formation of core-shell nanoparticles

for combinations of Au, Ag, and Pt. Size and composition effects on the stability of Au-

128 129
l. l.

Pt were examined by Xiao et a Mejia-Rosales et a investigated surface sites on

Au-Pd nanoparticles. Several other examples exist in the literature of MD simulations
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of bimetallic nanoparticles.***** Fewer studies have been reported for supported
bimetallic nanoparticles. Sankaranarayanan et al.>® studied Pd-Pt, Pd-Rh, and Pd-Cu
supported on graphite. Calvo and Balbuena'® calculated the phonon spectra of graphite-
supported Pt-Ag and Pt-Au nanoparticles. Huang et al. studied the structure and
dynamics of graphite-supported Cu-Ni and Pt-Au nanoparticles.

In the present manuscript we consider supported Pt-Au nanoparticles. In several
cases, Pt-Au alloys are more efficient catalysts than monometallic Pt or Au
nanoparticles. Dimitratos et al.**” found that carbon-supported Pt-Au had a significantly
higher activity for the oxidation of glycerol than carbon-supported Pt. Comotti et al.*®
found that, for the oxidation of glucose, pure platinum yields a turnover frequency of 60
h, while a Pt-Au alloy with a Au:Pt ratio of 2:1 results in a turnover frequency of 924
h™. It has also been reported that Pt-Au nanoparticles supported on multi-walled carbon
nanotubes show good electrocatalytic activity for methanol oxidation.* To our
knowledge, no molecular dynamics studies of CNT-supported bimetallic nanoparticles
exist in the literature. We have performed simulations of Pt-Au nanoparticles containing
25%, 50%, and 75% Pt atoms, supported on graphite and bundles of different-sized
CNTs. Our goal is to study the effect of composition and support geometry on the
structure of bimetallic Pt-Au nanoparticles, in particular focusing on the atomic-level
properties of the nanoparticle surface, which determines the catalytic activity and

selectivity.
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5.3. Computational Details

Nanoparticles were created by carving a 250-atom sphere out of a perfect face-
centered cubic lattice. The lattice constant used was that of Pt, 3.92 A. The lattice
constant for Au is slightly larger at 4.08 A.**® For each composition considered the
proper number of atoms (25%, 50%, or 75%), selected randomly, were designated as Pt
atoms, with the remaining atoms designated as Au. Starting from this initial
configuration, the nanoparticle was heated from 300 to 1000 K, then cooled to 300 K, at
a rate of 100 K/ns. The annealed nanoparticle was placed on four supports: a single
graphite sheet, a bundle of (10,10) CNTs, a bundle of (13,13) CNTs, or a bundle of
(20,20) CNTSs. Each of these systems was heated to 1000 K, and then cooled to 700 K at
a rate of 100 K/ns. All subsequent production runs were performed at 700 K. This
temperature is sufficiently high to permit mobility of the metal atoms, but remains
below the nanoparticles melting temperature (supported Pt nanoparticles of 250 atoms
melt at ~1000 K’*). Thus the simulated nanoparticles are at conditions representative of
practical catalytic applications (although no reactants or products are considered
herein). Further, our results can be considered representative of supported nanoparticles
produced at large T (at which condition the atomic distribution is presumably at
equilibrium) and then rapidly quenched to room conditions, where the atomic mobility
is reduced. Sample snapshots of PtissAuizs hanoparticles supported on the four

substrates considered are shown in Figure 31.
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d %
Figure 31: Snapshots of PtiosAuizs nanoparticles supported on (a) graphite, (b) (10,10)

CNTs, (c) (13,13) CNTs, and (d) (20,20) CNTs. Red, yellow, and grey spheres
represent platinum, gold, and carbon atoms, respectively.

a b O%

Simulations were performed in the NVT ensemble (constant number of particles
N, simulation box volume V, and temperature T) at T=700 K. All simulations were
performed using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS),®® implementing the velocity-Verlet algorithm® to integrate the equations
of motion with a 2 femtosecond timestep.

When graphite was used as a support, the carbon atoms were fixed in place.
When CNTs were used as support, the carbon atoms were allowed to interact via the
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Tersoff potential (see below). Periodic boundary conditions were used in all
simulations.
The embedded-atom method (EAM),®* which has been used to successfully

99-101 \nas used to

model the properties of both free and supported metal nanoparticles,
model metal-metal interactions. The force field parameters used to model platinum and
gold are those developed by Foiles and Baskes®" as included in the Pt _u3.eam and
Au_u3.eam potential files in the LAMMPS package, respectively.

Carbon-carbon interactions within a CNT are described by the Tersoff
potential,”® which is a three-body potential that has previously been used to model the
structural and mechanical properties of carbon nanotubes.**®*** This force field allows
the carbon atoms in CNTSs to vibrate and move in response to the presence of the metal
nanoparticles.

Carbon-carbon interactions between atoms in different CNTs were modeled

using the 12-6 Lennard-Jones potential, using the parameterse___= 0.0024 eV, o =

c

3.4 A The Lennard-Jones potential was also used to model the metal-carbon
interactions. Starting with the metal-metal parameters developed by Agrawal et al.,**®
the metal-C parameters were then obtained using the C-C parameters and the Lorentz-

Berthelot mixing rules.®> The metal-C parameters thus obtained are, = 0.0408 eV,

C

on.= 2936 A £, . =00332 eV, and -, .= 2.985 A. Recent ab initio DFT

simulation results suggest that these parameters for metal-carbon interactions
(specifically for Pt-C interactions) may be too weak.**’ We previously performed
simulations to assess the extent by which uncertainties in metal-carbon interactions

affect MD results. We found that, except for small nanoparticles or for Pt nanoparticles
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supported on carbon nanotubes with large curvature (small radius), the Lennard-Jones
epsilon value does not significantly affect the structure of the supported nanoparticle.**®
Because the simulations performed here are conducted for rather large nanoparticles, we
expect that the force fields implemented yield semi-quantitative results for the

nanoparticle morphology.

5.4. Results and Discussion

5.4.1. Atomic Segregation within Nanoparticles

Snapshots for Pt;zsAusss supported nanoparticles, with half of the nanoparticles
not shown to provide a view of the interior of the nanoparticles, are shown in Figure 32.
As can be seen from the snapshots, the gold atoms tend to segregate to the surface of the
nanoparticle, leaving a Pt-rich core. The geometry of the support affects to some extent
the atomic segregation. For all four supports, there is a core of Pt atoms surrounded by a
shell of Au atoms interspersed with a few Pt atoms, but the supports deform the
nanoparticles, thus yielding different atomic distributions compared to those observed
for unsupported nanoparticles of similar composition. The support curvature in some
cases enhances this effect (see, e.g., panel b in Figure 32 where it appears that Pt atoms,
and not Au ones, are in contact with the CNTs). To quantify the distribution of the
atoms within the metal nanoparticles we calculated the average number of atoms of
each type as a function of the distance from the nanoparticle center of mass. These

results for Pt12sAus2s are reported in Figure 33.
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Figure 32: Same as Figure 31, but with half of the nanoparticles removed to provide a
cutaway view of the interior of the nanoparticles.

Although the results are qualitatively similar for the nanoparticle in vacuum
(unsupported) or supported on each carbonaceous material studied here [graphite,
(10,10), (13,13), and (20,20) CNTs], some quantifiable differences can be observed as a
function of the support. Closer to the center of mass of the nanoparticle only Pt atoms
are present. Au atoms can be found starting at ~4 A when the nanoparticle is supported
by graphite, and at around 5-6 A on CNTs and in vacuum. The Au atoms are
concentrated farther from the nanoparticle center of mass, with the peak in their
distribution occurring at around 9 A. When the nanoparticle is unsupported, the atomic

distributions show sharp peaks, reflecting the symmetric lattice structure of the metal
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atoms. When supports are present, the symmetry is broken and radially averaging the
distribution of the atoms results in fewer, smoother peaks. All five systems clearly
indicate a well-defined Pt-Au core-shell structure, with the support affecting, albeit
slightly, the radial distribution of the metal atoms. Despite the statistical uncertainty
intrinsic in our calculations (the error in Figure 33 is estimated as one standard
deviation from the five independent simulations conducted for each system), some of
the differences observed for the atomic distribution within the nanoparticles are
relevant. For example, at ~6 A, the number of Pt atoms is lowest on (20,20) CNTSs, and
the number of Au atoms at ~8.5 A is almost 2 atoms higher on (13,13) CNTSs than on
any other support. We do not examine these differences in any more detail, as small
changes of the arrangement of the interior atoms are not expected to have a significant
effect on the catalytic activity of the nanoparticle. The segregation of the Au atoms to
the nanoparticle surface is driven both by the fact that Au atoms have larger diameters
than Pt atoms and because Au has a lower surface energy than Pt. Thermodynamic

128

models'?® and MD simulations'?> *?® *** have predicted the formation of Pt-Au core-

shell nanoparticles. Reyes-Nava et al.**° used atomic properties of constituent elements
to predict trends for surface segregation in bimetallic nanoparticles, and supported their
predictions with MD and DFT calculations. Their results indicate an Au-rich shell in Pt-

Au nanoparticles, in agreement with our results. Pt-Au core-shell nanoparticles have

151-154

been observed experimentally, although metastable Au-Pt core-shell nanoparticles

d155—156

can also be forme which are not in thermodynamic equilibrium.
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Figure 33: Number of Pt (red) and Au (black) atoms as a function of distance from the
nanoparticle center of mass for Pt;;sAus in vacuum (unsupported), and on the four

carbonaceous supports considered. The statistical uncertainty is estimated as one
standard deviation.

As detailed below, and not surprisingly, our simulations show that the atomic
distribution within the nanoparticles changes more significantly when the nanoparticle
composition varies. In Figure 34 we report the atomic distribution as a function of
distance from the center of mass for Ptg,Auiss, PtiosAuizs, and PtigsAus, nanoparticles,
all supported by (10,10) CNTSs. Results for Pts,Auigs and PtigsAugs, on all the supports
are not shown for brevity, because the atomic distributions are qualitatively similar for
all cases studied. Specifically, in the case of Ptg;Auigs, there are not enough Pt atoms
within the nanoparticle to form a well-defined core-shell structure. There are Au atoms
found at less than 2 A from the center of mass, compared to PtizsAuizs where Au atoms

are at least 5 A away from the center of mass. The distributions of Pt and Au atoms are
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nearly equal within ~7 A of the center of mass, indicating that they are evenly mixed
near the center of the nanoparticle. More than 7 A away from the center of mass the
nanoparticle is almost exclusively composed of Au atoms. As discussed above,
Pt125AU125 nanoparticles display a Pt-Au core-shell structure. In the case of PtiggAus:
nanoparticles, aside from a small peak near 2 A, there are no Au atoms present within 7
A of the nanoparticle center of mass. At ~9 A from the center of mass, Pt and Au are
mixed, with slightly more Au atoms present at any given distance. Summarizing, our
results show that Pt;,5Au;25 nanoparticles consist of a core almost entirely composed of
Pt and a shell consisting almost entirely of Au. When fewer Pt atoms are present, as in
Pts2Au1gs, @ mixed Pt-Au core covered by a nearly pure Au shell is formed. When the
nanoparticle is predominantly Pt, as in Pt;gsAug,, the structure consists of a pure Pt core
covered by a mixed Pt-Au shell.

PtgoAugg Pt125Au125 Pt1ggAug2

Average number of atoms
B~

Average number of atoms
=

Average number of atoms

v T T T v T T T T T T T r T
0 2 4 6 8 10 12 14 0 2 4 6 8 0 12 14

r(A) r(A)

Figure 34: Number of Pt (red) and Au (black) atoms as a function of distance from the
nanoparticle center of mass for PtgAuigs, PtizsAuizs, and PtigsAug, nanoparticles
supported by bundles of (10,10) CNTs. The statistical uncertainty is estimated as one
standard deviation.
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5.4.2. Nanoparticle Surface Characterization

The different distributions of Pt and Au atoms in the nanoparticles’ shells
suggest that the atomic distribution on the nanoparticle surface may depend on the
nanoparticle composition, and to some extent also on the support. Because of the
importance of such results in catalysis, we quantify herein the distribution of atoms on
the nanoparticle surface. In Figure 35 we report the percent of surface atoms that are
platinum for each of the three compositions considered, as a function of the support.
The values reported are the averages of five simulations, and the error bars represent
one standard deviation in each direction. In the case of PtiggAusy, our calculations show
the percentage of surface atoms that are platinum ranges from 55% for unsupported
nanoparticles to 62% for nanoparticles supported by (13,13) CNTSs, without a clear
trend as a function of support. For both Pts;Auigs and PtiosPtios nanoparticles the
percentage of surface atoms that are platinum is lowest when there is no support,
increases on graphite, and is highest when CNTs are used as supports, increasing
slightly as the CNT radius increases, except for Pts,Auigs, Where the percentage
decreases slightly on (20,20) CNTs. As can be seen in detail in the bottom panel of
Figure 35, for the Ptg,Auigg nanoparticle the percentage ranges from 8.9% on (10,10)
CNTs to 11.6% on (13,13) CNTs. For the Pti;sAuixs nanoparticle the percentages
ranges from 18.1% on (10,10) CNTs to 19.0% on (20,20) CNTs.

To explicitly quantify the results for the surface composition, in Figure 36 we
report the number of Pt atoms on the surface of the three nanoparticles as a function of
the support. The results in Figure 36 are quite important. For example, in the Ptg,Auigs

nanoparticle in vacuum <1% of the Pt atoms are on the surface, while when the same
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nanoparticle is supported by (13,13) CNTs, ~10 of the 62 Pt atoms (~16% of the Pt
atoms) are located on the nanoparticle surface. As another example, in the PtiggAuss
nanoparticle on graphite ~35% of the Pt atoms are on the nanoparticles surface, but
when the same nanoparticles is supported on bundles of (20,20) CNTs only ~17% of the
Pt atoms are available for catalytic applications. Note that the total number of Pt atoms
on the nanoparticles surface can change even though the percentage of Pt atoms on the
surface does not vary because when the support changes, due to the effective surface
roughness, the nanoparticles rest between contiguous nanotubes, and the total number
of surface atoms changes compared to when the nanoparticles rest on a flat graphite
surface. We do not count as ‘surface atoms’ those metal atoms that are in contact with
the carbon supports. As the number of Pt atoms on the surface varies, their coordination
state (as discussed below) also varies. This effect, when considered combined for the
large number of nanoparticles typically used for practical catalytic applications, will
yield macroscopic effects on both catalytic activity and selectivity. Overall, the results
in Figure 35 and Figure 36 suggest that for Pt-Au bimetallic nanoparticles it is possible

to control the nanoparticle surface features by choosing the appropriate support.
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Figure 35: Average nanoparticle surface composition as a function of support. Three
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Figure 37: Average number of surface Pt clusters of given size, for Pts;Auigs (top),
Pt12sAu125 (middle), and PtiggAus, (bottom). Error bars are not shown for clarity, but are
+ ~0.2-0.3 for surface cluster sizes less than ~4, and + ~0.01-0.02 for the larger cluster
sizes found on PtiggAue;
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Figure 38: Snapshots of Pti»sAuizs (left panel) and PtigsAus, (right panel) on (a) a
single graphite sheet, (b) (10,10) CNTs, (c) (13,13) CNTs, and (d) (20,20) CNTs. Pt and
Au surface atoms are represented by red and yellow spheres, respectively. Metal atoms
that are not on the surface are colored grey. Carbon atoms are not shown for clarity. The
arrow indicates the direction of the CNT axis.

Even more important for catalytic applications is the coordination state of the Pt
atoms on the nanoparticle surface. In Figure 37 we report the average number of Pt
atom clusters found on the nanoparticle surface as a function of the number of Pt atoms
in the cluster. Error bars are not shown for clarity, but are + ~0.2-0.3 for surface cluster
sizes less than ~4, and are much smaller (£ ~0.01-0.02) for the larger cluster sizes found
on PtigsAugo. A ‘surface cluster’ is defined as a group of surface Pt atoms that are
neighbors with each other. For example, if atoms #1 and #2 are neighbors, atoms #2 and
#3 are neighbors, and atoms #2 and #4 are neighbors, then atoms #1, 2, 3, and 4 are part
of one surface cluster of size 4. On Ptg,Auigg nanoparticles we predominantly see
single-atom clusters when CNTSs are supports. When graphite is the support clusters of 3
atoms are present. On Pti,sAuis nanoparticles there are no clusters larger than 6 Pt
atoms, and the support influences the distribution of cluster sizes. For example, there

are ~3 times as many clusters of 5 atoms when the support is graphite compared to

04



when the support is CNTs. The most pronounced differences are found for PtiggAus
nanoparticles, in which case the support geometry appears to play a large role in the
distribution of atoms on the nanoparticles’ surface. When the support is graphite, there
is a peak around cluster size 45-50, when the support is (10,10) CNTSs the peak shifts to
around 35-40 Pt atoms, and when the support is (13,13) CNTs there is a high
concentration of surface clusters of 12 Pt atoms.

Snapshots of Pt;,5AuU;25 and PtiggAus, nanoparticles, with the supporting carbon
atoms not shown for clarity, are shown in Figure 38. These snapshots qualitatively
confirm the results discussed above, and additionally indicate that the coordination state
of the surface Pt atoms is affected by the support and by the nanoparticle composition.
Specifically, PtisAuizs shows chains of Pt and isolated Pt atoms on the surface, while
the surfaces of the PtigsAug, nanoparticles have larger clusters of Pt atoms, and fewer
isolated Pt atoms.
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Figure 39: Average coordination number of all surface atoms (left) and Pt surface
atoms (right) with any other atom.

To further examine the nanoparticles’ surfaces we calculated the coordination

numbers of the surface atoms. In Figure 39 we report the average coordination number
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of all surface atoms (left panel) and of the Pt surface atoms (right panel). We point out
that the data in Figure 39 correspond to the coordination with any other metal, either Au
or Pt. The values reported are the averages of five simulations, and the error bars
represent one standard deviation in each direction. For unsupported nanoparticles, the
average coordination number decreases as the Pt content of the nanoparticle increases,
both when all surface atoms and only Pt surface atoms are considered (left and right
panel, respectively). When all surface atoms are considered, the average coordination
number is lower when the nanoparticle is supported than when it is not, but there is no
clear trend in the variations of the average coordination number as the support changes.
When the average coordination number of the Pt surface atoms is calculated for a given
composition the unsupported nanoparticles have the highest average coordination
number, and nanoparticles on CNTs have higher average coordination number than
those on graphite.

We have also calculated the Pt-Pt coordination number of Pt atoms on the
surface; that is, for every Pt surface atom we count the number of nearest-neighbor Pt
surface atoms. This is important to quantify because different sizes of groups of Pt
atoms can catalyze different, sometimes competitive chemical reactions. The average
number of surface Pt atoms having a given Pt-Pt coordination number is reported in
Figure 40. A Pt-Pt coordination number of zero represents a single surface Pt atom
surrounded by gold atoms. Surface Pt atoms with coordination number 1 are arranged in

pairs surrounded by gold atoms, etc.
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Figure 40: Average number of surface Pt atoms of a given coordination number with
other Pt surface atoms. Results are shown for Ptg,Auigs (top), PtizsAuiss (middle), and
Pt1gsAus, nanoparticles (bottom).
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For Pts2Auigs the distribution of coordination numbers is similar on all three
sizes of CNTs studied. For these nanoparticles most of the surface Pt atoms are
surrounded only by Au atoms. On graphite, however, we find a larger number of Pt
surface atoms with a Pt-Pt coordination number of 2, meaning that on graphite there is a
larger concentration of islands of 3 Pt atoms on the nanoparticle surface. For Pti25AuU;2s,
the nanoparticle on (13,13) CNTs has the highest concentration of atoms with a
coordination number of 1 (pairs of Pt atoms on the nanoparticle surface). For Pt;gsAusy,
on all supports as well as for the unsupported nanoparticle, the distribution increases as
the coordination number increases from 0 to 3, then decreases as the coordination
number increases further. The distribution for coordination numbers 2, 3, and 4 is
similar for nanoparticles on graphite, (10,10) CNTs and (13,13) CNTs, but is ~50%
lower for nanoparticles on (20,20) CNTs. At the lower Pt compositions, Pts,Auiss and
Pt125Au12s, there are fewer Pt atoms on the surface (see Figure 36), so many of the Pt
atoms are isolated or only have 1 or 2 surface Pt neighbors. As the coordination number
increases the number of Pt atoms having that coordination number decreases. There are
many more Pt atoms on the surface of PtiggAus, nanoparticles, so a smaller percentage
compared to PtgAuigs and PtiosAuiss are isolated or have only 1 or 2 surface Pt
neighbors. As the coordination number increases past 3 it is more difficult for an atom
to have a large number of neighbors on the surface. This explains the maximum at
coordination number 3 in the case of the Pt;ggAus, nanoparticle. While experimental
verification of our predictions is currently not available, the results in Figure 40 suggest
that by appropriately tuning the nanoparticle composition and the support it is possible

to tailor the catalytic activity of supported metal nanoparticles. Towards improving
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selectivity, when single Pt atoms are required the best choice would be PtgAuiss
nanoparticles on (10,10) CNTs. When chains of Pt atoms or isolated Pt atoms are
required, PtisAuizs nanoparticles on (13,13) CNTs is the best choice. When small
islands of Pt are required PtiggAus, nanoparticles on (13,13) CNTs bundles are the
recommended catalyst, etc.

Experimental validation of our predictions could be attempted by EXAFS,
which yields the coordination number of surface atoms to be compared to our results;
XPS, which vyields the composition of a surface and may yield information about
surface enrichment; and, more importantly, by spectroscopy analysis of CO adsorption.
CO is expected to have different adsorption energies on metal atoms of different
coordination, thus yielding different vibration frequencies. To enable the comparison
between experimental and simulation data for vibration frequencies of adsorbed CO we
are conducting ab initio density functional theory calculations.

All of the changes in the arrangement of the surface atoms discussed above are
related to the change in the curvature of the support. As can be seen in the snapshots in
Figure 38, nanoparticles on supports of different curvature have different shapes, a
result which leads to different arrangements of atoms. To elucidate the molecular
driving force for the observed results we calculated the adsorption energy and the
‘deformation’ energy for the nanoparticles on each of the supports. The adsorption
energy is calculated by subtracting from the energy of the particle plus CNT bundle
system the sum of the energy of the nanoparticle in vacuum and that of the CNT bundle
without the nanoparticle. The deformation energy is the difference between the energy

of the supported nanoparticle, deformed by the CNT bundle, and the energy of the
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nanoparticle in vacuum. The results for the adsorption energy are reported in Figure 41
and indicate that the adsorption energy depends strongly on both the nanoparticle
composition and the support geometry. The most favorable adsorption occurs on the
(20,20) CNTs, likely because the nanoparticles are ‘sandwiched’ between neighboring
CNTs, and consequently more atoms interact with carbon atoms (see snapshots in
Figure 31). The results for the ‘deformation’ energy, reported in Figure 42, show that
any of the supports considered here deform the nanoparticles. The deformation energy
for the nanoparticles is largest on the (20,20) CNT bundle, where the adsorption energy
is the most negative (see Figure 41). These results demonstrate that the support actively
affects the properties of the supported nanoparticles, and therefore affects the

distribution of metal atoms on the nanoparticle surface.
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Figure 41: Nanoparticle adsorption energy on the four supports.
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5.5. Conclusions

We have conducted all-atom molecular dynamics simulations of bimetallic Pt-
Au nanoparticles supported by graphite and bundles of carbon nanotubes of various
radii. The embedded-atom method, Lennard-Jones potential, and the Tersoff potential
were used to model metal-metal, metal-carbon, and carbon-carbon interactions,
respectively. We have found that PtipsAuis nanoparticles form a well-defined Pt-Au
core-shell structure, and that the support slightly affects the atomic segregation within
the nanoparticle. PtspAuigs and PtiggAus, nanoparticles form structures with a mixed Pt-
Au core surrounded by an Au shell and a Pt core covered by a mixed Pt-Au shell,
respectively. The support affects not only the number of Pt atoms on the nanoparticles
surface, but also their arrangement. For PtiggAus, nanoparticles the number of Pt atoms
on the nanoparticles surface decreases when the nanoparticles are supported on bundles
of carbon nanotubes. For Ptg,Auigg nanoparticles the maximum number of Pt atoms is
found when the nanoparticles is supported on bundles of (13,13) CNTs. For PtisPtios
nanoparticles the minimum number of Pt atoms on the surface is found when the
nanoparticles are either unsupported or supported by bundles of (20,20) CNTs. Our
calculations suggest that because the supports deform the supported nanoparticles, it
determines changes in surface properties. Because of their importance in catalytic
applications, we also studied the size of the clusters of Pt atoms on the nanoparticles’
surface. Our results show that changing the support geometry alters the distribution of
the sizes of the surface clusters, especially for PtiggAus, nanoparticles. Because the
coordination states of the surface atoms are also affected by the support, our results

suggest that it should be possible to tailor the distribution of atoms in bimetallic
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nanoparticles by careful selection of the nanoparticle composition and geometry of the

support, with important implications in controlling the selectivity of catalysts.

6. CO Adsorption on Noble Metal Clusters: Local-Environment
Effects

6.1. Abstract

We have used ab initio density functional theory calculations to study the
adsorption of CO on clusters of 13 noble metal atoms. The cluster composition ranges
from 100% Pt to 100% Au. Because our goal is to study the effect of local environment
on CO adsorption, adsorption is only studied on the top atom site. This atom can be
either Pt or Au, depending on the cluster considered. Results are analyzed in terms of
CO adsorption energy, CO bond stretching frequency, geometry of the CO+cluster
system, and HOMO-LUMO gaps. It is found that, as expected, the CO adsorption
energy on Pt is >1 eV more favorable than that on Au. As expected, the cluster
composition affects both adsorption energy and stretching frequency. Specifically,
when CO adsorbs on Pt, increasing Au content decreases the adsorption energy. In
contrast, when CO adsorbs on Au, increasing Pt content increases the adsorption
energy. In general, higher adsorption energies lead to lower C-O stretching frequencies.
Electronic-structure details (i.e., density of states) are discussed to explain the observed
results, towards improving the interpretation of experimental spectroscopic data, and

possibly designing new catalysts.
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6.2. Introduction

Bimetallic catalysts are useful because of their versatility, such as the ability to
tune their catalytic activity and selectivity by varying properties such as composition,
particle size, and support.®® In particular, Pt-Au catalysts have been shown to exhibit
enhanced activity and selectivity in specific reactions when compared to monometallic
catalysts. For example, Dimitratos et al.**" showed that carbon-supported Pt-Au has
higher catalytic activity for the oxidation of glycerol than carbon-supported Pt, and that
the catalyst preparation method affects the selectivity. Selvarani et al.™’ determined that
the optimum Pt:Au ratio for carbon-supported Pt-Au as a direct methanol fuel cell
catalyst is 2:1, at which composition the catalyst delivers a peak power density 1.5
times that of pure Pt. Comotti et al."*® found a turnover frequency of 60 h™ for the
oxidation of glucose over pure platinum, while a Pt-Au alloy with Au:Pt ratio of 2:1
yields a turnover frequency of 924 h™*. The authors also found that, for 7 different Au:Pt
ratios ranging from 4 to 0.25, the minimum and maximum turnover frequencies are 240
h™ and 924 h™, observed for Au:Pt ratios of 1 and 2, respectively. It is likely that these
results depend on the atomic arrangement on the surface of the bimetallic nanoparticles
used as catalysts. Unfortunately, direct experimental visualization of the composition
and structure of nanoparticle surfaces is at present problematic, especially at operating
conditions. Techniques such as high-energy resonant x-ray diffraction can be used to

158 Molecular simulations could be useful to

probe the structure of bimetallic catalysts.
interpret such experiments, and also identify the local structure of supported mono- and
bi-metallic nanoparticles.”® * *3* For example, we have previously used molecular

dynamics (MD) simulations to study the effect of composition and support geometry on
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the properties of Pt-Au nanoparticles containing 250 atoms,™® finding that it should be
possible to tailor the distribution of atoms by manipulating nanoparticle composition
and support geometry. This could lead to greater control of catalyst selectivity by
maximizing the active sites on the nanoparticle surface that catalyze a certain reaction.
In order to link our previous MD results to experimentally verifiable
measurements, we report here ab initio density functional theory (DFT) calculations for
CO adsorption on Pt-Au clusters. CO is often employed as a probe molecule because its
adsorption energy and C-O stretching frequency depend on the adsorption site, as can
be observed experimentally via, e.g., Fourier transform infrared spectroscopy.*®® CO
adsorption is also important in CO oxidation, which occurs in automobile catalytic
converters,'®! in preferential CO oxidation (PROX reaction) in hydrogen feeds,'®* and
CO hydrogenation, the critical step in Fischer-Tropsch processes.'®® DFT has been used

46-49

to study adsorption of CO on metal surfaces, such as Pt(111), on Pt(111) overlayers

194185 and on metal nanoparticles.'® For example, Sadek and Wang®*

on other metals,
have investigated CO adsorption on Pt/Au clusters containing 2-4 atoms, while Song et
al.'®" have reported adsorption energies for CO on Pt/Au clusters of up to 7 atoms.
Sadek and Wang'® found that CO vibrational frequency and CO bond length depend
primarily on the adsorption site. Specifically, bridge site adsorption leads to CO bond
vibrational frequencies in the range 1737-1927 cm™ and bond lengths in the range
1.167-1.204A, irrespectively of cluster composition. When adsorption occurs on the top
site, vibrational frequencies are in the range 2000-2091 cm™ and bond lengths are in the

range 1.151-1.167A. These results did not show a direct relationship between

adsorption energy and CO bond vibrational frequency, although the authors found that
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CO frequency decreases linearly with the decrease in CO bond length. Song et al.™

found that CO adsorption on Pt atoms is more favorable than that on Au atoms. They
found that cluster composition affects the adsorption energy, and in particular they
found that when CO adsorbs on Au atoms the most favorable cluster composition is that
with 25% Pt. They also found that, for a 6-atom cluster, CO adsorption energy increases
with Pt composition. However, they did not report data for either CO bond stretching
frequency or CO bond length. A detailed understanding of how the cluster composition
affects the observed results remains elusive.

Pedersen et al.’® have performed experiments involving Pt overlayers on
Au(111). Among their findings was the fact that CO adsorption was weaker on single Pt
atoms in the Au(111) surface than on pure Pt(111) surfaces. They also found that a
monolayer of Pt on Au(111) exhibits stronger CO adsorption than pure Pt(111). Nilekar

et al.?®

showed via DFT calculations that CO adsorption on Pt(111) overlayers on Ru is
much weaker than on pure Pt(111) surfaces, and also that the monolayer coverage on
the former material is much less than on the latter. Combining DFT results with
experiments, they demonstrated that these effects lead to potent catalysts for the PROX
reaction, even when conducted at mild conditions.'®* Habrioux et al.'*®® found an
increase in CO-Pt binding energy with increasing gold content in nanoparticles with

diameters of ~4-10 nm. Irissou et al.}”

synthesized Pt-Au films that also showed an
increase in CO adsorption energy with increasing Au content. These experimental
findings, in agreement with DFT calculations conducted on flat surfaces, appear to

disagree with the DFT results of Song et al.**’ discussed above, which were obtained for

metal clusters of <10 atoms. This discrepancy suggests that size effects can play a very
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important role in the properties of metal nanoparticles and clusters. For example, Pt
clusters containing 8-10 atoms have been shown to have a 40-100 times greater activity
for the oxidative dehydrogenation of propane than a Pt-coated monolith.*™ This brief
literature survey suggests the need of better understanding the catalytic properties of
metal clusters of various sizes.

In this manuscript we investigate CO adsorption on Pt and Au atoms in Pt-Au
clusters of 13 atoms. Our goal is to quantify how the local environment around the
metal atom on which adsorption occurs affects the properties of the adsorbed CO. We
study how the CO adsorption energy, C-O stretching frequency, and cluster morphology
depend on the cluster composition. All our calculations are conducted using Pt-Au
clusters containing 13 atoms. While smaller than nanoparticles used in most industrial
and academic applications of catalysis, including those considered in our MD

74,189,148, 19 these clusters could serve as a useful model for atoms with low

simulations,
coordination numbers, such as those on corners and edges of nanoparticles, which are
expected to have high catalytic activity. We found that C-O stretching frequency and
CO adsorption energy are inversely related, with higher adsorption energies leading to
lower C-O stretching frequencies. To explain the local environmental effects on the
properties of adsorbed CO we studied the electronic properties of the clusters,
calculating the charges of relevant atoms, energy differences between highest occupied
and lowest unoccupied molecular orbitals (HOMO-LUMO gaps), and the density of
states for the various clusters.

The remainder of this chapter is organized as follows. First we describe the

details of our calculations. Next we discuss results for cluster geometries, CO
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adsorption energy, and C-O stretching frequency. To explain the observed trends in
adsorption energy and frequency, we characterize the electronic structure of the clusters

by examining atomic charges, HOMO-LUMO gaps, and density of states.

6.3. Computational Details
Ab initio density functional theory (DFT) calculations were performed using

Gaussian03.1"2

We performed calculations using six different exchange-correlation
functionals: (1) the Beck three-parameter hybrid functional'” with the non-local
correlation functional of Lee, Yang, and Parr'’* and the local correlation functional of
Vosko, Wilk, and Nusair'”® (B3LYP):;'"® (2) the functional of (1) but with the non-local
correlation functional of Perdew'’” (B3P86); (3) Becke’s 1988 exchange functional’®
with Perdew and Wang’s 1991 gradient-corrected correlation functional'”**® (BPW91);
(4) the exchange and correlation of Perdew and Wang’s 1991 functional (PW91); (5)
the functional of Perdew, Burke, and Ernzerhof*®* (PBE); and (6) the PBE functional as
rendered into a hybrid by Adamo®? (known as PBEO, but referred to as PBE1PBE in
Gaussian). Quantitative comparisons between the results are given as Appendix to the
text. All the results reported in this chapter were obtained using the B3LYP functional,
which was chosen because of its agreement with experimental results and its previous
use in similar calculations.*® 18318°

The LANL2DZ effective core potential and basis set'®” was used to describe

metal atoms, while the 6-311G* bhasis set was used to describe C and O atoms.

Calculations for an isolated CO molecule match the experimental bond length of 1.13
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A'®® The calculated C-O stretching frequency of 2212 cm™ overestimates the
experimental value of 2143 cm™ by ~3%.

Clusters containing 13 metal atoms were used in our calculations. We studied
both Auis and Ptis. We generated other clusters by replacing one atom in Auis (Pti3)
with Pt (Au). When the replaced atom is in the center of the cluster, the cluster name is
designated by “-c”. The atom on which CO is adsorbed is referred to as the “top” atom.

3

When that atom is replaced the cluster is designated as “-t”. By this naming convention,
the clusters studied here are designated as Auis, AuiPti-c, PtipAus-t, AuiPti-t,
Aui,Pt;-c, and Pti3 (see Figure 43).

Adsorption energies are calculated by subtracting the sum of the energies of
isolated CO and the metal cluster from the energy of the metal cluster with adsorbed
CO. More negative values indicate stronger adsorption. Density of states calculations

2.189

were performed using the program GaussSum 2. Atomic charges were calculated

by the Natural Bond Orbital analysis (NBO), using the NBO version 3 program

contained in Gaussian. %1%

6.4. Results and Discussion

6.4.1. Cluster Geometry

Optimized geometries of the six clusters studied with and without adsorbed CO,
with no symmetry restraints, are shown in Figure 43. In three of the clusters (Auis,
Aup,Pti-c, and Pt;,Aus-t) CO is adsorbed on Au, and in the other three (Aui,Pti-t,
Pt12Au;-c, and Pty3) CO is adsorbed on Pt. Our previous MD simulations, conducted at

700 K for Pt-Au bimetallic nanoparticles of 250 atoms,**® indicated, in agreement with
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a number of theoretical'® 2 149150 and experimental*>™* results, that Au tends to
segregate to the outer shell of Pt-Au bimetallic nanoparticles. However, individual Pt
atoms can still be found at the surface of such bimetallic nanoparticles.™>>**° It should
also be pointed out that experimental techniques are available to prepare Pt adlayers on
gold, even though such structures are not stable at high temperatures.*®*

In some of the energy-minimized structures for the 13-atom clusters in Figure 43
(e.g. in the Pt12Aus-c cluster) Au is located in the cluster interior. It should be noted that
DFT calculations are effectively conducted at 0 K, and that the energy minimization
procedure does not guarantee that the global minimum energy structure of the clusters
has been reached. Rather, the energy minimization routine finds a local minimum on the
potential energy surfaces. In fact, Pt;2Au;-t is 2.46 eV more stable than Pti2Au;-C prior
to CO adsorption. With CO adsorbed, the energy difference decreases to 1.3 eV. Prior
to adsorption, Au,Pt;-c is 1.15 eV more stable than Auj,Pt;-t. Upon CO adsorption, the
complex CO+Aui,Pt;-t is more stable than CO+Auj,Pt;-c by 0.25 eV, due to the strong
adsorption energy of CO on Pt. This change of the energetic stability of Auj,Pt;-t vs.
Aui,Pt;-c upon CO adsorption may be related to changes in the morphology of
heterogeneous catalysts under reaction conditions, a topic not further discussed here.

The energy-minimized clusters of Figure 43 are used to study the adsorption of
CO and therefore assess the effect of local environment on adsorption energy and
vibrational frequency, quantities that are experimentally observable. By comparing the
structures of the metal clusters before and after CO adsorption (top and bottom panels in

Figure 43, respectively), we observe that CO adsorption results in minimal changes in
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the geometries of the clusters, except in the case of Pt12Aui-t, which will be discussed
below.

Distances between the C atom of CO and the metal atom on which it is
adsorbed, as well as those between C and O atoms in adsorbed CO are reported in Table
4. When CO is adsorbed on Au, the C-metal distance ranges from 1.948 A, on Pt;,Au;-
t, t0 1.993 A, on Auyz. When CO is adsorbed on Pt, the C-metal distance is ~0.1-0.15 A
shorter, and ranges from 1.807 A, on Pt;pAus-c, to 1.852 A, on Auy,Pt;-t. Comparing
the C-metal to the C-O distance we find, for CO adsorbed on Pt, that the shorter the C-
metal distance is, the longer the C-O bond becomes. The C-O distance ranges from
1.147 A, on Aup,Pts-t, to 1.152 A, on Pt;,Aus-c. The Pt-C distance is shortest for CO on
Pt1,Au;-c and not for CO on Pt;3, as might have been expected. For CO adsorbed on Au
the C-O distance is 1.133 A for all three systems studied. Based on these results, one
could speculate that adsorption on Pt changes the CO electronic structure significantly,

while adsorption on Au does not perturb to a large extent the CO electronic structure.

Table 4: Bond lengths in CO+cluster systems.

Cluster C-metal distance (A) | C-O distance (A)

Auis 1.993 1.133
Aui,Pti-c 1.984 1.133
PtioAug-t 1.948 1.133
Aui,Pts-t 1.852 1.147
Pt;2Au;-C 1.807 1.152
Pti3 1.834 1.149

gas phase CO - 1.13
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Figure 43: Top: Optimized geometries of 13-atom metal clusters. Bottom: Optimized
geometries of 13-atom clusters with adsorbed CO. Pt, Au, C, and O atoms are
represented by blue, yellow, grey and red spheres, respectively.

6.4.2. Adsorption Energy

The adsorption energy for CO on the six metal clusters is reported in Figure 44.
The adsorption is the weakest on Auisz, -0.66 eV, and it is the strongest on Pt;3, -2.40
eVv.

Experiments for CO adsorption on alumina-supported Pt nanoparticles give an
adsorption energy of -2.13 eV.'*? Given the differences between the systems studied
(supported nanoparticles in Ref. ' versus clusters in vacuum here) and the inherent
uncertainties in both experiment and DFT calculations, our DFT-calculated result seems
to agree reasonably well with experiments. Experimental CO adsorption energies on
TiO,-supported Au nanoparticles with size of 1.8-3.1 nm were found to range from 0.54
to 0.79 eV, also in reasonable agreement with our data. Additional validation could

be attained by comparing our results to theoretical literature reports. Previous DFT
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calculations yield adsorption energies of -2.86 eV°*! for CO on Pt, and -2.73 eV'** for
CO on Pts, in reasonable agreement with our findings.

Not surprisingly, our calculations show adsorption energies >1 eV stronger
(more negative) when CO adsorbs on Pt than when it adsorbs on Au.

More importantly for the scope of the present paper, however, is that the results
show that changing the composition of the cluster has a quantifiable effect on the
adsorption energy even when CO adsorbs on the same metal atom (i.e., Au or Pt). When
CO adsorbs on Au, increasing the Pt content of the cluster increases the adsorption
energy. When the central atom of Auj; is replaced by Pt, the adsorption energy
increases (i.e., becomes more negative) by 0.07 eV; when CO adsorbs on a single Au
atom in an otherwise Pt cluster (Pt;,Au;-t), the adsorption energy is 0.40 eV higher than
on Auis. In contrast, when CO adsorbs on the Pt top atom, increasing the Au content
within the cluster decreases the adsorption energy. When the central atom of Ptys is
replaced by Au the adsorption energy becomes less negative by 0.12 eV; the adsorption

.18 showed

energy on AupPti-t is 0.27 eV lower than on Pt;3. Pedersen et a
experimentally that the CO desorption temperature is lower on single Pt atoms in
Au(111) than for clean Pt(111), analogous to our result of lower CO adsorption energy
on Aui,Pt;-t than Ptys. To highlight the relevance of our calculations, we point out that
changes in the CO adsorption energy on transition metal catalysts of the order of ~0.5
eV have led to the design of effective catalysts that promote the PROX reaction at mild
conditions.’®**® We notice that, in general, as the adsorption energy increases

(becomes more negative) the C- metal distance decreases and the C-O distance

increases (see Table 4). Some deviations from this general trend are, however, evident
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from our results (compare for example the results obtained on Pt;3 vs. those on Pti2Au;-

C).
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Figure 44: CO adsorption energy on 13-atom metal clusters. For identification of the
clusters see Figure 43.

6.4.3. C-O Stretching Frequency

Values for the C-O stretching frequency are reported in Figure 45. Although we
could rescale our CO vibrational frequency results to account for differences from
experimental values in the gas phase, we prefer to report the raw data. The experimental
value!® for CO adsorbed on alumina-supported Pt nanoparticles is 2075 cm™. Gruene et
al."® experimentally measured single-molecule CO adsorption on group 10 transition
metal clusters and reported a value of ~2070 cm™ for CO on Ptys. These results are
comparable to our calculated value of 2091 cm™ for CO on Ptys, especially when we
recall our calculations overestimate the vibrational frequency for isolated CO (2212 cm”
1

vs 2143 cm™ found experimentally). Meier and Goodman'®® found experimental

frequencies of ~2123 cm™ for CO adsorbed on Au nanoparticles with sizes of 1.8-3.1

114



nm, also in reasonable agreement with our calculations. As expected from the Blyholder
model,**® because of differences in adsorption energies, the C-O stretching frequency is
larger for CO adsorbed on Au, and lower for CO adsorbed on Pt.

Our results show that the local environment affects the C-O stretching
frequency. In the case of CO adsorbed on Pt, increasing the Au content of the cluster
slightly increases the C-O stretching frequency. Replacing the central atom of Pt;3 with
Au results in a frequency of 2093 cm™, while the frequency for CO on Auy,Pts-t is 2100
cm™. Frequencies for CO adsorbed on Au are ~70-80 cm™ higher than those for CO on
Pt.

According to the Blyholder model**

the C-O stretching frequency is expected to
increase as the adsorption energy decreases (the decreased back-donation of electrons
results in weaker adsorption, leading to a stronger C-O bond). Consequently, the
vibration frequencies should be highest on Auis, and progressively lower for Auj,Pt;-c
and Pty2Au;-t. This trend is generally obeyed by our data, as can be seen from Figure
45. Our results show the highest stretching frequency for CO on Ptj,Au;-t.

The somewhat peculiar behavior of the Pt;;Aus-t cluster can be explained by
examining the optimized geometries shown in Figure 43. In the Pt;,Aus-t cluster, the
Au atom is pulled away from the Pt ones, leaving the former isolated at the top of the
cluster. This geometrical effect changes the electronic properties of the Au atom,
resulting in different CO adsorption behavior compared to that on the ‘top’ Au atoms in

Aui; and Auj,Pti-c. Calculations for CO adsorption on a single Au atom (not discussed

in detail here for sake of brevity) support this hypothesis, yielding a C-O stretching
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frequency of 2180 cm™, very close to the frequency of 2183 cm™ found for CO on
Pt12Au;-t.

In Figure 46 we report the relationship between C-O stretching frequency and
CO adsorption energy. The result for the high frequency observed on the Ptij,Aus-t
cluster is included as a square symbol to differentiate it from the other data points. As
can be seen from Figure 46, our results show that as the CO stretching frequency
decreases the adsorption energy becomes more negative. It is important to reiterate that
for all cases considered in Figure 46 CO adsorbs on top of either Pt or Au, and that
changes in both adsorption energy and vibrational frequency are due to changes in the
cluster composition (i.e., local environment). Changes in the adsorption site (e.g.,

adsorption between adjacent metal atoms) have not been considered.
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Figure 45: C-O stretching frequency for CO adsorbed on 13-atom metal clusters.

116



2200

2180 ~

2160 -

2140 -

2120 +

2100 - °

C-O stretching frequency (cm'1)

2080 . . ‘
-2.8 -2.4 -2.0 -1.6 -1.2 -0.8 -04

CO adsorption energy (eV)

Figure 46: C-O stretching frequency vs CO adsorption energy, data from Figure 44 and
Figure 45. The square represents results obtained for CO adsorption on Pt12Aul-t.

6.4.4. Atomic Charges

To attempt rationalizing why CO adsorption energy changes for clusters of
different compositions, and to determine if there is a correlation between atomic
charges in the clusters and the adsorption energy, we calculated the atomic charges on
various atoms. There is no consensus in the literature on how to rigorously calculate
atomic charges.”®” All currently available methods, which include the Mulliken
population analysis,'*® the electrostatic potential (ESP),**® and the Natural Bond Orbital
(NBO) methods'***** involve approximations. We have used the NBO method, as it has
been found to be in good agreement with Lewis structure concepts and give accurate
results for bond hybridization and polarization.®

Reported in Figure 47 are the charges for carbon and oxygen atoms when CO is

adsorbed on the clusters. Additionally, we report the charges of the ‘top’ metal atom,
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both for bare clusters (no adsorbed CO) and for the clusters with adsorbed CO. In the
left panel of Figure 47 the first three clusters considered on the x-axis have CO
adsorbed on Au, while in the last three CO is adsorbed on Pt.

Comparing the charge on the carbon and oxygen atoms of CO prior to, and after
adsorption (left panel), it might be possible to differentiate among different mechanisms
of CO adsorption on the various clusters. However, the results do not show significant
changes when the cluster composition is altered. We can only report that when CO is
adsorbed on Pt, the charge of the oxygen atom is slightly more negative than when CO
adsorbs on Au, possibly a consequence of electronic back donation.

For systems with CO adsorbed on Pt, the adsorption energy is reported as a
function of the charge on the ‘top’ metal atom prior to CO adsorption in the right panel
of Figure 47. As the metal cluster composition changes, the charge in the top metal
atom also changes. As the charge on the top metal atom prior to CO adsorption
becomes more positive, the CO adsorption energy increases, going from -2.13 eV when
the charge is -0.20e, to -2.40 eV when the charge is 0.15e. This could indicate that a
lower electron density on the top Pt atom results in more electron donation from the
carbon atom of adsorbing CO, yielding stronger adsorption. There is no corresponding
trend when adsorption occurs on Au, suggesting that the electronic phenomena leading

to CO adsorption differ when CO adsorbs on Pt or on Au.
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Figure 47: Left: Charges for ‘top’ metal atoms on bare metal clusters, ‘top’ metal
atoms on clusters with adsorbed CO, and for C and O atoms of adsorbed CO. Right: CO
adsorption energy as a function of charge of ‘top’ Pt atoms. All charges are calculated
using the Natural Bond Orbital method. ™"

6.4.5. HOMO-LUMO Gaps

In order to characterize the electronic structure of the clusters considered, we
calculated the difference in energy between the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO gaps). From a catalytic perspective, systems with
smaller HOMO-LUMO gaps tend to be more reactive.?’*?% In Table 5 we report the
HOMO-LUMO gaps for the clusters studied here, both with and without adsorbed CO.
The results obtained for the HOMO-LUMO gap for the metal clusters before CO
adsorption are identified as ‘bare’ clusters. For these, we find that Aujz and Pty3 have
the highest and lowest HOMO-LUMO gaps, respectively. In general, correlating the
results in Table 5 to data for CO adsorption energy, we observe that a lower HOMO-
LUMO gap for the bare clusters results in higher CO adsorption energy (see Figure 48).
However, our data suggest that the correlation just described holds only when CO
adsorbs on the same type of metal (i.e., either Pt or Au). Further, because the trend just

documented is not obeyed for the Au;,Pt;-c cluster (which has the third-lowest HOMO-
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LUMO gap, while CO adsorption on Aui,Pt;-c shows the second-lowest energy of the
systems considered) it appears that CO adsorption on Pt is more easily explained than
that on Au. For the clusters with adsorbed CO, Pt;3 again has the lowest HOMO-LUMO
gap, but Aui,Pt;-t has the highest.

To visualize the effect of cluster composition on the overall electronic structure,
we report in Figure 49 the highest occupied molecular orbitals for the bare clusters.
Visualizations of both highest occupied and lowest unoccupied molecular orbitals for
each cluster considered here, with and without adsorbed CO, are reported in the

Appendix.

Table 5: HOMO-LUMO gap calculations for 13-atom clusters in vacuum (bare) or with
adsorbed CO.

Cluster HOMO-LUMO gap, | HOMO-LUMO gap,
bare cluster (eV) CO-+cluster (eV)
Alzs 1.497 1.252
Al12Pti-¢ 1.279 1.170
PlizAls-t 1.361 0.844
Al1zPt -t 1.306 1.361
PlizAus-C 1.088 0.844
Phis 0.925 0.762
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Figure 48: HOMO-LUMO gaps as a function of CO adsorption energy.
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Auy,Pt,-c Pt,,Au,-t

Auy,Pty-t Pt,Au4-C Pty3

Figure 49: Highest occupied molecular orbitals (HOMOs) for bare metal clusters. Pt
and Au atoms are represented by blue and yellow spheres, respectively. Red and green
represent positive and negative phases, respectively.

6.4.6. Density of States

In order to gain a deeper insight of the electronic mechanisms that play a role in
the adsorption properties of CO we analyzed the density of states (DOS) projected on
the metal atom on which CO adsorbs, as well as on the C and O atoms of CO.
Differences in densities of states can indicate changes in reactivity. It has been

168, 203-205

shown that the center of the d-band relative to the Fermi energy plays a role in

the reactivity of transition metals in different environments. For a variety of metals and

adsorbates, it has been shown that adsorption energy increases as the d-band center

|-204

shifts to higher energies. For example, Kitchin et a used DFT calculations to show
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that a subsurface alloy shifted the d-band center of Pt(111), and that a lower d-band
center led to a decrease in dissociative adsorption energy for hydrogen and oxygen.
These changes in the metal d-bands can be caused by forming alloys or overlayers, or
by changing the coordination state of the metal atom.?%®%"

Our results are shown in Figure 8 for the six bare clusters and for CO in
vacuum. Here, the energies are all referenced to the vacuum level and the black vertical
lines in each panel indicate the position of the Fermi level in the corresponding bare
metal cluster. In all cases the three CO bands below the clusters’ Fermi levels are
occupied, while the band located at ~ -1 eV corresponds to the CO LUMO. It is
interesting to point out that the cluster composition has a strong effect on the local
density of states for both Au (top panels) and Pt (bottom panels) atoms. In particular,
we observe a partial occupation of the top energy level in the clusters identified as Auis,
AuioPti-c, Auggptsi-t, and Ptis, while the top energy level appears fully occupied in the
Pt1,Au;-t and Pt;,Aus-c clusters (a sizeable gap exists between HOMO and LUMO for
the top metal atom). Furthermore, the cluster composition has a strong effect on the
position and intensity of the projection of the d-bands on the top metal atoms. From
visual examination of Figure 50, it appears that the d-band is shifted towards higher
energies for Pt than for Au. This may have important consequences from a catalysis
perspective, based on the importance of the d-band center as discussed above. To
quantify this effect, in Figure 51 we plot CO adsorption energy versus the d-band
center, calculated as the first moment of the projected d-band density of states on the
top atom referenced to the Fermi level.?®* As expected, the d-band center is higher for

Pt atoms, which have stronger CO adsorption than Au atoms. In general, CO adsorption
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is more favorable when the d-band center is higher, in qualitative agreement with DFT
results obtained using plane-wave approaches on flat surfaces.

The observed differences in the projected DOS become more pronounced upon
CO adsorption. In Figure 52 we report the projected DOS on the top metal atom in each
cluster, and on C and O atoms of adsorbed CO. The energies are now expressed relative
to the Fermi energy of the cluster+CO system. The DOS change significantly compared
to those obtained for isolated metal clusters and gas-phase CO. For example, in all cases
the metal atoms significantly contribute to the DOS of the three occupied bands of CO
(see the bands at the three lowest energies), a direct consequence of the hybridization
upon adsorption.

In all cases, CO adsorption causes large changes in the structure of the d-bands
and also in their position with respect to the cluster Fermi energy. This effect is
particularly pronounced for Auis, PtioAus-t, AuioPti-t, and PtioAu;s-c. When CO adsorbs
on Au atoms (top panels in Figure 52) the structure of the unoccupied molecular orbitals
belonging to both C and O atoms changes significantly compared to that observed for
gas-phase CO (in particular, the LUMO observed in gas-phase CO splits in two bands
when CO adsorbs). However, very little evidence is provided by the DOS of the top
three panels with respect to charge transfer from the metal to CO (only small and rather
broad peaks are observed in connection to either C or O atoms at energy levels below

the cluster Fermi level, but above -8 eV).
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Figure 50: Density of states for the C and O atoms of gas-phase CO (red and black,
respectively) and the top atom of the bare metal clusters (blue). The black vertical lines

give the Fermi energy for the bare metal clusters.

Figure 51: CO adsorption energy as a function of the d-band center of the top metal

atom.
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Figure 52: Density of states for the C (red) and O (green) atoms of adsorbed CO and
the top atom of the metal clusters with adsorbed CO (blue). The energy is relative to the
cluster Fermi energy.

When CO adsorbs on Pt atoms (bottom panels in Figure 52) both C and O atoms
contribute to a reasonable extent to well-defined occupied orbitals in the range -3 to 0
eV. The effect is less evident on Pty3, on which, however, the charge transfer is still
sufficient to change the position of the d-band of the metal atom with respect to that
observed before CO adsorption (compare Figure 10 to Figure 50). It is worth pointing
out that the metal-C bond (see Table 4) is shorter on Pt12Au;-c than on Pty3, possibly a
consequence of the different features of the DOS shown in Figure 52.

To visualize the electronic effects due to CO adsorption and in particular the
charge transfer consistent with the back-donation mechanism of Blyholder,*® in Figure
53 we report plots of the electrostatic potentials of the six cluster+CO systems. In these
plots a more negative value (shaded red) indicates higher electron density, while a more

positive value (shaded blue) indicates lower electron density. The results indicate that,
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for CO adsorbed on Au atoms, there is less electron density located around the C and O
atoms compared to CO adsorbed on Pt atoms. This difference is consistent with a more
significant back-donation of electrons to CO that appears to occur upon adsorption on
Pt. The most pronounced back-donation appears on the Pt;,Au;-c cluster, for which the
metal-C bond is the shortest (see Table 4). Also in qualitative agreement with results for
the C-O bond distance (Table 1), the results in Figure 10 suggest that when CO adsorbs
on Au (top three panels) the electrostatic potential around the adsorbed CO does not
depend significantly on the cluster composition. On the contrary, when CO adsorbs on
Pt (bottom three panels in Figure 10) the electrostatic potential shows significant

differences depending on the cluster composition.
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Figure 53: Electrostatic potential of the six clusters with adsorbed CO.

6.5. Conclusions

We have used DFT calculations to study the adsorption of CO on top of Pt and
Au atoms in clusters of 13 atoms. Our results show that the cluster composition affects
the adsorption energy and the C-O vibrational frequency even when adsorption occurs
on the same metal atom (i.e., Au or Pt). Specifically, when adsorption occurs on Au,
increasing the Pt content of the cluster increases the adsorption energy and decreases

the C-O vibrational frequency. Increasing the Au content of the cluster when adsorption

128



occurs on Pt yields a decrease in the adsorption energy and an increase in the C-O
vibrational frequency.

The electronic structures of the clusters were analyzed to rationalize these
observed changes due to the cluster composition. More positive charges on the top Pt
atom prior to adsorption result in stronger CO adsorption. For CO adsorption on a given
metal, CO+cluster systems with lower HOMO-LUMO gaps have higher adsorption
energy. Analysis of the density of states shows the effect of composition on the
electronic structure of the clusters, which shifts the d-band and alters the electronic
structure of adsorbed CO. Our results suggest that the closer the d-band center is to the
Fermi level in the isolated cluster, the more favorable CO adsorption is. The
electrostatic potential around the adsorbed CO molecule is more negative, providing
evidence for rather significant electronic back donation, when adsorption occurs on Pt
than when CO adsorbs on Au. Collectively, when compared to literature DFT results
obtained for CO adsorption on clusters of metal atoms smaller than those considered
here, as well as to those obtained for CO adsorption on flat metal surfaces, our results
show that the local environment of a transition metal atom determines the properties of
adsorbed CO. These effects appear to be strongly dependent on the cluster size,

especially for metal clusters of a few atoms.
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7. Conclusions and Future Work

This project could be expanded in several ways. MD simulations of
nanoparticles supported on functionalized or defective carbon nanotubes could be
performed. All of our simulations thus far have used pristine CNTSs. It is common to
create functionalized or defective CNT surfaces in order to anchor nanoparticles. MD
simulations could be used to investigate how these functionalities or defects affect the
structure and mobility of the supported nanoparticles. Our MD results have shown that
the support geometry affects the structure of supported nanoparticles. DFT calculations
could be performed to assess how changes in support alter the electronic structure and
catalytic properties of the nanoparticles. DFT could also be used to study reactions on
bimetallic clusters. We are currently studying hydrogen dissociation, which is important
in, for example, proton exchange membrane fuel cells, on bimetallic Pt-Au clusters.
Since hydrogen feeds produced by steam reforming of methanol contain CO, and CO
poisons Pt catalysts, it would be beneficial to determine what cluster compositions
maximize hydrogen dissociation while minimizing CO adsorption.

We have used molecular dynamics and density functional theory to study
platinum-containing nanoparticles and clusters. Our simulations have shown that the
diffusion of the nanoparticle center of mass is one order of magnitude slower for Pt
nanoparticles supported by carbon nanotube bundles than for Pt nanoparticles supported
by graphite. This could be one reason for the increased lifetime of carbon nanotube
supported catalysts observed experimentally. Carbon nanotube supported nanoparticles
exhibit a different structure than those supported by graphite. Density profiles for

nanoparticles on carbon nanotubes are more disordered, and both the average
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coordination number and the distribution of atoms with a given coordination number are
different than on graphite. These differences in nanoparticle structure will lead to
different catalytic activities and selectivities.

The effect of nanoparticle size on morphology and mobility was also assessed
via simulations of nanoparticles containing 130, 249, and 498 atoms. We determined
that nanoparticle size and diffusion coefficient are inversely related, and that increasing
nanoparticle size increases melting temperature. The size of the nanoparticle appears to
affect the nanoparticle structure less than the geometry of the support, as for all sizes the
nanoparticles are more disordered on carbon nanotubes than on graphite. All three
nanoparticles have different structures, as quantified by coordination numbers, on
different supports. These results suggest the reactivity and selectivity of a catalyst will
be affected by choice of support.

We also investigated the effect of the strength of the metal-carbon interaction.
Our results indicate that the largest differences occur for small (130 atom)
nanoparticles, and nanoparticles supported by small-diameter carbon nanotubes.

Bimetallic Pt-Au nanoparticles were studied to determine how the support and
nanoparticle composition affect the distribution of atoms within and on the surface of
the nanoparticles. We found that Au atoms tended to segregate to the exterior of the
nanoparticles, regardless of the type of support. However, we found that the distribution
of atoms on the nanoparticle surface varied for different supports and different
nanoparticle compositions.

We also performed density functional theory calculations for CO adsorption on

13-atom Pt-Au clusters. We found that changing the environment around the metal
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atom on which CO adsorbs changes the adsorption energy and C-O vibrational
frequency. Electronic structure properties of the clusters, such as charges on relevant
atoms, densities of states, and electronegativities, were calculated to explain these
differences in the properties of adsorbed CO. These calculations provide insights into
the behavior of small metal clusters, which can be important in catalysis, and could be
used to help link molecular dynamics simulations to experiment.

In conclusion, we have performed molecular dynamics simulations and density
functional theory calculations involving Pt and Pt-Au nanoparticles supported on
graphite and carbon nanotubes. These include, to our knowledge, the first published
molecular dynamics simulations of mono- and bimetallic nanoparticles supported on
carbon nanotubes, an important class of catalytic materials. Our calculations have
provided insight into the different behavior of nanoparticles on different supports, point
to some of the possible reasons for experimentally observed differences in catalytic
activity and selectivity caused by different supports, and could be used to aid in the

design of highly selective or active catalysts.
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8. Appendix

The CO adsorption energy calculated using six different exchange-correlation
functionals is reported in Figure 54. All 6 data sets predict adsorption on Pt to be >1 eV
more favorable than on Au. In general, the adsorption energies follow the trend
described in the main text for B3LYP, with a few exceptions. For example, the
adsorption energy on Auj,Pt;-t calculated with the PBE1PBE functional is larger than
that on PtjpAu;i-c and Pty The adsorption energy on Pt;; calculated with the PBE
functional is much lower than that on AuiPti-t and PtipAus-c. Aside from these
differences, which could be due to the geometry minimization procedure for a given
structure getting trapped in a local minimum with relatively high energy, the trend
discussed in the main text appears to be independent of the choice of exchange-
correlation functional. Calculations using all functionals other than B3LYP predict
higher adsorption energies for CO on Auis than the experimental range of 0.54-0.79 eV
for CO on Au nanoparticles.*®® Calculations using all functionals except for PBE
overestimate the adsorption energy for CO on Pty3 compared to the experimental value
of -2.13 eV for CO on alumina-supported Pt nanoparticles.'®> Calculations using
PBE1PBE and B3LYP come closest to the experimental value, at -2.22 and -2.40 eV,

respectively.
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Figure 54: CO adsorption energy on the 6 clusters for the 6 functionals considered
here.

In Figure 55 we report the C-O stretching frequency calculated using different
functionals. The results follow the trend described in the main text for all of the
functionals, with the highest frequency occurring for CO adsorption on Pt;;Au;-t and
the lowest frequency occurring for adsorption on Pti3. However, the different
functionals produce very different values. Frequencies calculated using hybrid
functionals (B3LYP, B3P86, and PBE1PBE) are consistently ~100 cm™ higher than
those calculated using non-hybrid functionals (PBE, PW91, and BPW91). Compared to
the experimental values®® % of ~2070-2075 cm™ for CO adsorbed on alumina-
supported Pt nanoparticles, B3LYP is the most accurate, predicting a frequency ~15 cm’
! higher. B3P86 and PBE1PBE overestimate the frequency by ~40 and ~50 cm¥,

respectively, while PBE, PW91, and BPW91 all underestimate the frequency by ~50
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cm™. For CO adsorbed on Au (experimental value'®® of 2123 cm™), calculations
performed using B3LYP, B3P86, and PBE1PBE predict frequencies ~50, ~65, and ~80
cm™ higher, respectively. Calculations performed using PBE, PW91, and BPWO1 all

predict frequencies ~40 cm™ lower than the experimental value.
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Figure 55: C-O stretching frequency for the 6 functionals considered here.

Figure 56 through Figure 61 show the highest occupied and lowest unoccupied
molecular orbitals (HOMOs and LUMOs, respectively) for the six clusters, both with
and without adsorbed CO. In these figures Pt and Au atoms are represented by blue and

yellow spheres, respectively. Red and green represent positive and negative phases of

the orbitals, respectively.
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Figure 57: HOMO (left) and LUMO (right) for Aui,Pti-c (top) and Aui,Pti-c with
adsorbed CO (bottom).
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Figure 58: HOMO (left) and LUMO (right) for Pt;,Aus-t (top) and PtipAus-t with
adsorbed CO (bottom).
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Figure 60: HOMO (left) and LUMO (right) for Pt;;Aus-c (top) and Pt;Aus-c with
adsorbed CO (bottom).
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Figure 61: HOMO (left) and LUMO (right) for Pt;3 (top) and Pti3 with adsorbed CO
(bottom).
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The following is a sample Gaussian input file for the geometry optimization of
Ptz with adsorbed CO. The first section contains the details such as number of
processors used, calculation type, the functional used, and other options. This is
followed by the initial positions of the atoms in z-matrix format, and the values for the
distances, angles, and dihedrals. Next comes a list of atoms, indicating where there are
bonds (for example, the line “2 14 1.0” indicates atoms 2 and 14 are connected by a
single bond). The final section specifies the basis sets and effective core potentials used
in the calculation. More details on the format of input files can be found in the Gaussian

documentation.

%Chk=Db3lyp.chk
%nproclinda=8
#p opt freq=noraman ub3lyp/gen pseudo=read scf=(maxcycle=999) geom=connectivity

CO adsorption on Pt13

03

Pt

Pt 1 Bl

Pt 1 B2 2 Al

Pt 3 B3 1 A2 2 D1
Pt 2 B4 1 A3 3 D2
Pt 3 B5 1 A4 2 D3
Pt 6 B6 3 A5 1 D4
Pt 4 B7 3 A6 1 D5
Pt 8 B8 4 A7 3 D6
Pt 3 B9 1 A8 2 D7
Pt 10 B10 3 A9 1 D8
Pt 10 B11 3 Al0 1 D9
Pt 10 B12 3 All 1 D10
C 2 B13 1 Al2 10 D11
) 2 Bi4 1 Al3 10 D12
Bl 2.78954332

B2 2.78954332

B3 2.78954332

B4 2.78954332

B5 2.78954332

B6 2.78954332

B7 2.78954332

B8 2.78954332

B9 2.78954332

B10 2.78954332

Bl1 2.78954332
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B12
B13
B14
Al
A2
A3
A4
AS
A6
AT
A8
A9
Al10
All
Al2
Al3
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12

1410

O©CoO~NO O WNPE

10
11
12
13
14153.0
15

cC 0

6-311G

D1 1.00
0.5870000

O 0

6-311G

D1 1.00
0.9610000

*kkk

Pt O

2.78954332
1.80000000
2.92000000
90.00000000
90.00000000
60.00000000
60.00000000
120.00000000
120.00000000
120.00000000
60.00000000
60.00000000
90.00000000
120.00000000
120.00000000
120.00000000
0.00000000
-125.26438968
125.26438968
-70.52877937
54.73561032
0.00000000
54.73561032
180.00000000
125.26438968
180.00000000
-180.00000000
-180.00000000

1.0000000

1.0000000
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LANL2DZ

*kkk

Pt O
LANL2DZ
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