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Supported bimetallic Pt-Au nanoparticles: Structural features predicted
by molecular dynamics simulations
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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
(PtgrAu;gg, PtiosAuy,s, and PtiggAug,, 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
Pty25Au;,5 forms a well-defined Pt core covered by an Au shell, regardless of the support. PtgyAu;gg exhibits
a mixed Pt-Au core with an Au shell. Pt ggAug, 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 Ptg,Augg and Pt;,sPt;,s, 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 compo-

sition and the support geometry. Such level of control is desirable for improving selectivity of catalysts.
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I. 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 successfully for methanol oxidation>® and oxygen
reduction*® reactions used in fuel cells, for selective
hydrogenation,’””!! and in remediation of groundwater.'>!3 In
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 mul-
tiwalled carbon nanotubes have been shown to have im-
proved 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 identify-
ing 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 ab initio 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 com-
monly used for the selective hydrogenation of acetylene in
industry. Both of these predictions were verified experimen-
tally, demonstrating that simulation can be used to develop
new catalytic materials. Classical molecular dynamics (MD)
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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 operat-
ing conditions, provide insights into the performance of het-
erogeneous catalysts.

We have previously performed MD simulations of plati-
num nanoparticles supported by graphite and carbon
nanotubes.!?2% The diffusion of the nanoparticles was found
to be 1 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 num-
bers of surface atoms, both of which features play a role in
determining catalytic activity. Many other MD studies of
supported metal nanoparticles can be found in the
literature,?>~38 illustrating the importance of this technique in
characterizing heterogeneous catalysts.

Molecular dynamics has also been used to study the prop-
erties 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-Pt** nanoparticles. Oviedo et al.*® studied the forma-
tion of core-shell nanoparticles composed of combinations of
Au, Ag, and Pt atoms. Size and composition effects on the
stability of Au-Pt were examined by Xiao et al*’ Mejia-
Rosales et al.*® investigated surface sites on Au-Pd nanopar-
ticles. Several other examples exist in the literature of MD
simulations of bimetallic nanoparticles.**>* Fewer studies
have been reported for supported bimetallic nanoparticles.
Sankaranarayanan et al.3? 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 nano-
particles. Huang et al.?? studied the structure and dynamics
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of graphite-supported Cu-Ni and Pt-Au nanoparticles.

In the present paper, we consider supported Pt-Au nano-
particles. In several cases, Pt-Au alloys are more efficient
catalysts than monometallic Pt or Au nanoparticles. Dimitra-
tos et al.>® found that carbon-supported Pt-Au had a signifi-
cantly higher activity for the oxidation of glycerol than
carbon-supported Pt. Comotti et al.’’ found that, for the oxi-
dation 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 multiwalled
carbon nanotubes show good electrocatalytic activity for
methanol oxidation.”® No molecular dynamics studies of
CNT-supported bimetallic nanoparticles exist in the litera-
ture. 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 fo-
cusing on the atomic-level properties of the nanoparticle sur-
face, which determine the catalytic activity and selectivity.

II. COMPUTATIONAL DETAILS

Nanoparticles were created by carving a 250-atom sphere
out of a perfect face-centered cubic lattice. The lattice con-
stant used was that of Pt, 3.92 A. The lattice constant for Au
is slightly larger at 4.08 A.% For each composition consid-
ered, the proper numbers 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) CNTs. 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, Ref. 19). 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 sup-
ported nanoparticles produced at large 7 (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 Pt;,sAu;,5 nano-
particles supported on the four substrates considered are
shown in Fig. 1.

Simulations were performed in the NVT ensemble (con-
stant number of particles N, simulation box volume V, and
temperature 7) 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 time step.

When graphite was used as a support, the carbon atoms
were fixed in place. When CNTs were used as support, the
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FIG. 1. (Color online) Snapshots of Pt;;sAu;,s nanoparticles
supported on (a) graphite, (b) (10,10) CNTs, (c) (13,13) CNTs, and
(d) (20,20) CNTs. Red (black in print), yellow, and gray spheres
represent platinum, gold, and carbon atoms, respectively.

carbon atoms were allowed to interact via the Tersoff poten-
tial (see below). 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
supported metal nanoparticles,®>-% was used to model metal-
metal interactions. In the EAM model, the total potential
energy is given by

U:EFi(E pj(r,j)>+%22 d)ij(rij)’ (1)

i J#Fi i j#Fi

where F;(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 and gold are those devel-
oped by Foiles et al%? as included in the Pt_u3.eam and
Au_u3.eam potential files in the LAMMPS package, respec-
tively.

Carbon-carbon interactions within one 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 CNTs 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 parameters ec.=0.0024 eV and occ=3.4 A7
The Lennard-Jones potential was also used to model 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 ob-
tained are ep.c=0.0408 eV, 0p.=2.936 A, er,c
=0.0332 eV, and 04, =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 as-
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FIG. 2. (Color online) Same as Fig. 1, but with half of the
nanoparticles removed to provide a cutaway view of the interior of
the nanoparticles.

sess the extent by which uncertainties in metal-carbon inter-
actions affect MD results. We found that, except for small
nanoparticles or for Pt nanoparticles 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 per-
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formed here are conducted for rather large nanoparticles, we
expect that the force fields implemented yield semiquantita-
tive results for the nanoparticle morphology.

III. RESULTS AND DISCUSSION
A. Atomic segregation within nanoparticles

Snapshots for Pt;,sAu;,s supported nanoparticles, with
half of the nanoparticles not shown to provide a view of the
interior of the nanoparticles, are shown in Fig. 2. As can be
seen from the snapshots, the gold atoms tend to segregate to
the nanoparticle surface, leaving a Pt-rich core. The geom-
etry of the support affects to some extent the atomic segre-
gation. 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 yield-
ing different atomic distributions compared to those ob-
served for unsupported nanoparticles of similar composition.
The support curvature in some cases enhances this effect
(see, e.g., panel b in Fig. 2 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
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FIG. 3. (Color online) Number of Pt (red) and Au (black) atoms as a function of distance from the nanoparticle center of mass for
Pt;5sAu 5 in vacuum (unsupported) and on the four carbonaceous supports considered. The statistical uncertainty is estimated as one

standard deviation.
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FIG. 4. (Color online) Number of Pt (red) and Au (black) atoms as a function of distance from the nanoparticle center of mass for
PtgrAuggg, PtiosAuy,s, and PtiggAug, nanoparticles supported by bundles of (10,10) CNTs. The statistical uncertainty is estimated as one

standard deviation.

function of the distance from the nanoparticle center of mass.
These results for Pt;,sAu;,5 are reported in Fig. 3.
Although the results are qualitatively similar for the nano-
particle in vacuum (unsupported) or supported on each car-
bonaceous material studied here [graphite, (10,10), (13,13),
and (20,20) CNTs], some quantifiable differences can be ob-
served as a function of the support. Closer to the center of
mass of the nanoparticle, only Pt atoms are present. Au at-
oms 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 distribu-
tion occurring at around 9 A. When the nanoparticle is un-
supported, the atomic distributions show sharp peaks, reflect-
ing the symmetric lattice structure of the metal 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. De-
spite the statistical uncertainty intrinsic in our calculations
(the error in Fig. 3 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 ex-
ample, at ~6 A, the number of Pt atoms is lowest on (20,20)
CNTs and the number of Au atoms at ~8.5 A is almost two
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 models*’ and
MD simulations**#77¢ have predicted the formation of Pt-Au
core-shell nanoparticles. Reyes-Nava et al.”’ used atomic
properties of constituent elements to predict trends for sur-
face segregation in bimetallic nanoparticles and supported

their predictions with MD and DFT calculations. Their re-
sults indicate an Au-rich shell in Pt-Au nanoparticles, in
agreement with our results. Pt-Au core-shell nanoparticles
have been observed experimentally,’®-8! although Au-Pt
core-shell nanoparticles can also be prepared.’?%3

As detailed below, and not surprisingly, our simulations
show that the atomic distribution within the nanoparticles
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expansion of the results shown in the top panel for Ptg,Au;gg and
Pt;,5Au;,5 nanoparticles.
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FIG. 6. Average number of Pt atoms on the nanoparticle surface.
Three nanoparticle compositions are considered: PtgAugg,
Pty5Au;,5, and Pt;ggAug,. The bottom panel provides an expansion
of the results shown in the top panel for PtgyAu;gg and PtypsAugos
nanoparticles.

changes more significantly when the nanoparticle composi-
tion varies. In Fig. 4, we report the atomic distribution as a
function of distance from the center of mass for Pts,Augg,
Pt155Au;,5, and PtiggAug, nanoparticles, all supported by
(10,10) CNTs. Results for PtgyAu;ge and Pt ggAug, on all the
supports are not shown for brevity because the atomic distri-
butions are qualitatively similar for all cases studied. Specifi-
cally, in the case of Ptg,Au,gg, 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 Pt;,5Au;,5 where Au atoms
are at least 5 A away from the center of mass. The distribu-
tions of Pt and Au atoms are 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 com-
posed of Au atoms. As discussed above, Pt;,sAu;,5 nanopar-
ticles display a Pt-Au core-shell structure. In the case of
Pt,gsAug, 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;,sAu;,s
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 Ptg,Au;gg, a mixed Pt-Au core
covered by a nearly pure Au shell is formed. When the nano-
particle is predominantly Pt, as in Pt;ggAug,, the structure
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FIG. 7. (Color online) Average number of surface Pt clusters of
given size, for PtgAu;gg (top), PtjasAups (middle), and PtggAug,
(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 Pt;ggAug,

consists of a pure Pt core covered by a mixed Pt-Au shell.

B. 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

155437-5



BRIAN H. MORROW AND ALBERTO STRIOLO

FIG. 8. (Color online) Snapshots of Pt;,5Au;,s (left panel) and
Pt gsAug, (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 nanoparticle surface are colored
gray. Carbon atoms are not shown for clarity. Arrow indicates the
direction of the CNT axes.

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 Fig. 5, 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 Pt;ggAug,, 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) CNTs, without a
clear trend as a function of support. For both Pts,Au;gg and
Pt,,5Pt;,5 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,Au, g, where the percentage decreases slightly on (20,20)
CNTs. As can be seen in detail in the bottom panel of Fig. 5,
for the Ptg,Au;gg nanoparticle, the percentage ranges from
8.9% on (10,10) CNTs to 11.6% on (13,13) CNTs. For the
Pt,5Au;,5 nanoparticle, the percentages range from 18.1%
on (10,10) CNTs to 19.0% on (20,20) CNTs.

To explicitly quantify the results for the surface composi-
tion, in Fig. 6, we report the number of Pt atoms on the
surface of the three nanoparticles as a function of the sup-
port. The results in Fig. 6 are quite important. For example,
in the Ptg,Au;gg nanoparticle in vacuum <1-2 of the Pt at-
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oms are on the surface, while when the same 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 Pt;ggsAug, nanoparticle on graphite,
~35% of the Pt atoms are on the nanoparticles surface, but
when the same nanoparticle 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 per-
centage of Pt atoms on the surface does not vary because
when the support changes, due to the effective surface rough-
ness, the nanoparticles rest between contiguous nanotubes
and the total number of surface atoms changes compared to
when the nanoparticles rest on flat graphite. 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 sur-
face 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 Figs. 5 and 6
suggest that for Pt-Au bimetallic nanoparticles, it is possible
to control the nanoparticle surface features by choosing the
appropriate support.

Even more important for catalytic applications is the co-
ordination state of the Pt atoms on the nanoparticle surface.
In Fig. 7, we report the average number of Pt atom clusters
found on the nanoparticle surface as a function of the num-
ber 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 PtjggAug,. A “surface cluster” is de-
fined 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 neigh-
bors, then atoms 1-4 are part of one surface cluster of size 4.
On Ptg,Au;gg nanoparticles, we predominantly see single-
atom clusters when CNTs are supports. When graphite is the
support, clusters of three atoms are present. On Ptj>5Au;,s
nanoparticles, there are no clusters larger than six Pt atoms
and the support influences the distribution of cluster sizes.
For example, there are ~3 times as many clusters of five
atoms when the support is graphite compared to when the
support is CNTs. The most pronounced differences are found
for Pt g3 Aug, nanoparticles, in which case the support geom-

8.0 95
7.8 - rzzsa PlgpAuygg
5 76 3 PligsApys | o 901
g 74 ] Pt Aug, -g 1
2 7] 2 85 - %
s 5 S
T 7.0 % ®
.5 :: E 8.0 -
6.8 - 0
8 :: 8
O 66 :: O ;5|
6.4 | %
%
6.2 T B 7.0 : 4 : ,
0@ e &2 o W@ &% <o )
o o .\e\@\ > govﬂ"’(\ Nl .\s\““ \'5\°$ 10\0“
off \,\Q, R\ (\0\ \\'b\ (-LQ,

FIG. 9. Average coordination number of all surface atoms (left) and Pt surface atoms (right) with any other atom.
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etry 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) CNTs, the peak shifts to around 35-40 Pt atoms, and
when the support is (13,13) CNTs, there is a high concentra-
tion of surface clusters of 12 Pt atoms.

Snapshots of Pt;,sAu;,5 and Pt gsAug, nanoparticles, with
the supporting carbon atoms not shown for clarity, are shown
in Fig. 8. These snapshots qualitatively confirm the results
discussed above and additionally indicate that the coordina-
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FIG. 11. Nanoparticle adsorption energy on the four
supports.

tion state of the surface Pt atoms is affected by the support
and by the nanoparticle composition. Specifically, Pt,5Au;,s
shows chains of Pt and isolated Pt atoms on the surface,
while the surfaces of the Pt ggAug, nanoparticles have larger
clusters of Pt atoms and fewer isolated Pt atoms.

To further examine the nanoparticles’ surfaces, we calcu-
lated the coordination numbers of the surface atoms. In Fig.
9, we report the average coordination numbers of all surface
atoms (left panel) and of the Pt surface atoms (right panel).
We point out that the data in Fig. 9 correspond to the coor-
dination 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 con-
sidered (left and right panels, 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 aver-
age coordination number of the Pt surface atoms is calcu-
lated for a given composition, the unsupported nanoparticles
have the highest average coordination number and nanopar-
ticles 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 Fig.
10. 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.

For Ptg,Au,gg, the distribution of coordination numbers is
similar on all three sizes of CNTs studied. For these nano-
particles, 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
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FIG. 12. Nanoparticle deformation energy.

islands of three Pt atoms on the nanoparticle surface. For
Pt;»5Au,,5, 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
PtggAug,, 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 coordi-
nation number increases further. The distribution for coordi-
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nation numbers 2—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 composi-
tions, Ptg;Au;gg and PtipsAu, s, there are fewer Pt atoms on
the surface (see Fig. 6), 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 coor-
dination number decreases. There are many more Pt atoms
on the surface of Pt ggAug, nanoparticles, so a smaller per-
centage compared to Ptg,Au;gg and PtjosAuy,s is 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 ex-
plains the maximum at coordination number 3 in the case of
the Pt;ggAug, nanoparticle. While experimental verification
of our predictions is currently not available, the results in
Fig. 10 suggest that by appropriately tuning the nanoparticle
composition and the support, it is possible to tailor the cata-
lytic activity of supported metal nanoparticles. Toward im-
proving selectivity, when single Pt atoms are required, the
best choice would be Pt;,5Au;,5 nanoparticles on (10,10)
CNTs. When chains of Pt atoms or isolated Pt atoms are
required, Pt;,sAu;,s nanoparticles on (13,13) CNTs are the
best choice. When small islands of Pt are required, Pt;ggAug,
nanoparticles on (13,13) CNT bundles are the recommended
catalyst, etc.

Experimental validation of our predictions could be at-
tempted by extended x-ray-absorption fine structure (EX-
AFS), which yields the coordination number of surface at-
oms to be compared to our results, x-ray photoelectron
spectroscopy (XPS), which yields the composition of a sur-
face and may yield information about surface enrichment,
and, more importantly, by spectroscopy analysis of CO ad-
sorption. CO is expected to have different adsorption ener-
gies on metal atoms of different coordination, thus yielding
different vibration frequencies. To enable the comparison be-
tween experimental and simulation data for vibration fre-
quencies of adsorbed CO, we are conducting ab initio DFT
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 Fig. 8, nano-
particles on supports of different curvature have different
shapes, a result which leads to different arrangements of at-
oms. To elucidate the molecular driving force for the ob-
served 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 nanoparticle in vacuum. The results for the adsorption
energy are reported in Fig. 11 and indicate that the adsorp-
tion energy depends strongly on both the nanoparticle com-
position and the support geometry. The most favorable ad-
sorption occurs on the (20,20) CNTs, likely because the
nanoparticles are “sandwiched” between neighboring CNTs
and consequently more atoms interact with carbon atoms
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(see snapshots in Fig. 1). The results for the “deformation”
energy, reported in Fig. 12, 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 Fig. 11). These results demonstrate that the support ac-
tively affects the properties of the supported nanoparticles
and therefore affects the distribution of metal atoms on the
nanoparticle surface.

IV. CONCLUSIONS

We have conducted all-atom molecular dynamics simula-
tions 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 Pt;,5Au;,5 nanoparticles form a well-defined
Pt-Au core-shell structure and that the support slightly af-
fects the atomic segregation within the nanoparticle.
Ptg,Auygg and PtiggAug, 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 Pt;ggAug, nanopar-
ticles, the number of Pt atoms on the nanoparticles surface
decreases when the nanoparticles are supported on bundles
of carbon nanotubes. For Pts,Au;gg nanoparticles, the maxi-
mum number of Pt atoms is found when the nanoparticles

PHYSICAL REVIEW B 81, 155437 (2010)

are supported on bundles of (13,13) CNTs. For Pt;,sPt;,s
nanoparticles, the minimum number of Pt atoms on the sur-
face 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, they determine changes in surface properties.
Because of their importance in catalytic applications, we also
studied the size of the clusters of Pt atoms on the nanopar-
ticles’ surface. Our results show that changing the support
geometry alters the distribution of the sizes of the surface
clusters, especially for Pt;g3Aug, 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 nanoparticles by
careful selection of the nanoparticle composition and geom-
etry of the support, with important implications in control-
ling the selectivity of catalysts.
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