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Towards understanding the effect of solid supports on the catalytic activity of supported metal nanoparticles, all-atom
molecular dynamics (MD) simulations are often conducted. However, these calculations are hampered by the uncertainty
related to describing metal—support interactions (typically described as Lennard-Jones (LJ) 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 LJ parameter should be about four times that used in previous simulation studies from our
group, as well as from others. Stimulated by these findings, MD 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 LJ 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 (CNTs) 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 CNT 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 CNTs of small diameter.

Keywords: molecular dynamics; metal nanoparticles

1. 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 [1], oxidation of formic acid and formal-
dehyde [2], and, perhaps most notably, in reactions such as
oxygen reduction that occur in fuel cells [3-5]. Often
these nanoparticles are supported by carbon-based
materials such as graphite or carbon nanotubes (CNTs).
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 [6,7], 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
(MD) can be used to study the behaviour of these systems
over time, although due to computational demands the
timescale accessible by these simulations is limited. 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 CNTs [8,9]. Many other MD studies of supported
metal nanoparticles can be found in the literature [10—24].
One drawback to these simulations is that there is no
well-established potential for modelling the interaction of
the metal with the carbon support. A simple Lennard-Jones
(LJ) potential 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 electron-structure calculations.
A recent study by Acharya et al. [25] used DFT to
parameterise an LJ potential between carbon atoms in
graphite and one platinum atom, obtaining a value for the
LJ energy parameter, g, approximately four times higher
than those previously used. Other previous DFT studies for
Pt adsorption on CNTs [26] revealed that the adsorption
energy increases as the curvature of the support increases,
almost according to a linear dependency. This suggests
that the & used to describe Pt—C interactions should
increase as the CNT 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
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Pt—C interactions affect the structure of platinum
nanoparticles supported by graphite and CNTs.

2. Computational details

Calculations were performed using the large-scale
atomic/molecular  massively parallel simulator
(LAMMPS) [27]. All simulations were performed in the
NVT ensemble (constant number of particles N,
simulation box volume V and temperature 7). 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 700K, a temperature high enough to allow fast atomic
mobility, but below the melting temperature of the
nanoparticle. Furthermore, our previous simulations
indicate that the structure of the supported metal
nanoparticle does not change significantly as the
temperature decreases below 700 K. Similar observations
are expected within the range of Pt—C interaction
potentials considered herein.

Periodic boundary conditions were used in all
simulations. The embedded-atom method (EAM) [28],
which has been used to successfully model the
properties of both free and supported metal nanoparticles
[29-31], was used to model platinum—platinum
interactions. In the EAM model, the total potential
energy is given by

U= ZFi <ij(rij)> +%ZZ¢U(’"U)’ M

JFi i j#E

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 et al. [28] as
included in the Pt_u3.eam potential file in the LAMMPS
package. The cut-off distance for Pt—Pt interactions is
set to 5.3A. The simulation procedure is described at
length in our previous manuscript [8]. The platinum—
carbon interactions were modelled using the 12-6 LJ

potential:
E(r;) = 4g; Y Y . 2
(rs) 8’[(’:’;‘) <Vu> ] @

The parameter g;; has units of energy and indicates how
strongly atoms i and j are attracted, while o;; has units of
length and is related to the size of atoms i and j. We have
used four different sets of LJ parameters in our

simulations. The first set was used in our previous work
[8,9] and that of others [13,14,32]. The parameters were
derived [15,33] by simulating pure platinum using the
Sutton—Chen many-body potential [34], and then fitting
the LJ parameters to these results. The Pt—C parameters
were then obtained from the Pt—Pt ones using C-C
parameters and the Lorentz—Berthelot mixing rules [35].
These parameters, referred to in the text below as potential
1, are e; = 0.02206eV and o; = 2.95 A. The second set of
parameters was obtained by Acharya et al. [25], 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 centre of the hexagonal carbon rings in
graphite. According to this parameterisation, referred to in
the text below as potential 2, the LJ parameters are
g, =0.09¢eV and o, = 1.60 A for the carbon atoms and
g, =0.25¢eVand 0, = 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 centre of
the hexagonal rings.

Bundles of (4,4) and (10,10) CNTs were also
considered as substrates. DFT simulations by Chi et al.
[26] 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 01&_1) Chi et al. found a binding
energy of 1.45eV, while on a (10,10) CNT (curvature of
~0.147 A7) 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)
CNTs. This potential is referred to in the text as potential 3.
The (4,4) CNTs, 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

Table 1. Summary of LJ parameters used to describe Pt—C pair
interactions.

& (eV) o (&)
Potential 1 0.02206 2.95
Potential 2 0.09 1.60
Potential 3 0.1365 1.60
Potential 4 0.1863 1.60
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Figure 1.

Simulation snapshots obtained at 700 K for Pt;3, (left), Pty49 (centre) and Ptyog (right). Platinum atoms are red, carbon atoms

are gray (colour online). Snapshots obtained using potential 1 are on the top; those obtained using potential 2 are on the bottom.

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 CNTs. For this 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 LJ parameters used here [two for graphite, one of
(4,4) CNTs and one for (10,10) CNTS] are summarised in
Table 1.

Ptiao

Ptosg

3. Results and discussion
3.1 Nanoparticles on graphite

Sample simulation snapshots for Pt;3, Pt49 and Ptyeg on
graphite at 700 K are reported in Figure 1, 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 structure of Pt;3q, in which case
potential 2 causes the nanoparticle to flatten and spread
out, while potential 1 allows the nanoparticle to maintain

Ptagg

—— Potential 1
—— Potential 2

g(r

6 8 100 2 4 6 8 10

r(A) r(A) r(A)
Ptiso Ptagg Ptsos
N
=
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
z (A) z (A) z (A)

Figure 2. Radial distribution functions (top) and density profiles (bottom) for Pt 3 (left), Pty49 (centre) and Ptyog (right). Results
obtained using potential 1 are shown in blue; those obtained using potential 2 are shown in red (colour online).
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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 Pt,49 and Ptog,
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.

These changes to the nanoparticle morphology were
quantified by calculating a radial distribution function
[35], g(r), for atoms within 5 A of the nanoparticle’s centre
of mass, as well as by density profiles along the z-axis
(perpendicular to the graphite sheet). These results,
averaged over one 7.5ns-long simulation run at 700 K,
are reported in Figure 2. 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 centre. For Pt,49 and Ptyog the
radial distribution functions obtained using the two Pt—C
potentials are very similar, with the positions of the
intermediate peaks almost identical. In the case of Pt;3,
there are no intermediate peaks when potential 2 is used.
To some extent, it appears that implementing potential

Ptia0
18

2 yields less structured nanoparticles for Pt;3(.
This observation is corroborated by the snapshots shown
in Figure 1, which demonstrate how Pt;3, undergoes
a dramatic change when potential 1 was switched to
potential 2. The differences in the density profiles away
from graphite (Figure 2, bottom panels) reflect the
differences in morphology shown in Figure 1 and
discussed above. The features of the supported nanopar-
ticles obtained implementing potential 1 are extensively
discussed in our previous publications [8,9]. In the case of
potential 2, because the nanoparticles assume a pyramidal
structure (see Figure 1), 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
oy. The position of the first peak in the density profile,
which is 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. However, and most
importantly, the distance between subsequent peaks in the

Pt249 Pt498

—e— Potential 1

16 7| _e— Potential 2
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Figure 3. Number of surface atoms (top) and percentage of surface atoms (bottom) with a given coordination number for Pt,3, (left),
Pty49 (centre) and Ptyog (right) on graphite. Results obtained using potential 1 are shown in blue; those obtained using potential 2 are

shown in red (colour online).
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density profiles of Figure 2 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.

To further characterise 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 neighbours within 3.1 A
of that atom. The number (top) and percentage (bottom) of
surface atoms having a given coordination number are
reported in Figure 3. 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

Molecular Simulation 799

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 Pt;3y with a coordination number of 8,
which undergoes a decrease of about 10% when potential 1
is switched to potential 2.

3.2 Nanoparticles on CNTs

Additional simulations were performed for Pt,49 supported
by (4,4) and (10,10) CNTs. As described above, three sets
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Figure 4. Side view (left) and top view (right) of simulation snapshots obtained at 700 K for Pt,49 on (4,4) CNTs. Platinum atoms are
red, carbon atoms are gray (colour online). 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 5. Side view (left) and top view (right) of simulation snapshots obtained at 700 K for Pt,49 on (10,10) CNTs. Platinum atoms are
red, carbon atoms are gray (colour online). 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.

of LJ 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
CNTs. Snapshots obtained at 700 K are shown in Figures 4
and 5, 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 potentials 2—4. As observed on
graphite, as the LJ & parameter increases the base of the
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 4, bottom panels), which is the
most attractive potential considered here.

We quantified the simulation results summarised in
Figures 4 and 5 using radial distribution functions and
density profiles perpendicular to the substrate, as reported
in Figure 6. For all Pt—C potentials considered the radial

distribution functions are similar, with only three
prominent peaks, and only minor differences in peak
intensity and location. This is quite surprising given the
large differences in morphologies discussed above, but is
consistent with the fact that Pt—Pt interactions predomi-
nantly determine the arrangement of metal atoms near the
nanoparticle centre of mass.

Differences between the simulation results are more
evident when the density profiles are compared. The profiles
calculated using potentials 1 and 2 do not exactly match, but
the peaks have similar locations and intensities. The profiles
calculated using potential 2 and potential 3 or 4 have peaks
in the same location at distances below ~ 10 A, although the
peaks are more intense when potential 3 or 4 is used.
It appears that the effect of accounting for nanotube
curvature within the Pt—C interaction becomes significant
for nanoparticles supported on (4,4) CNTs, but is not
dramatic for nanoparticles on (10,10) CNTs, although in
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Pto49 0N (10,10) CNTs
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Figure 6. Radial distribution functions (top) and density profiles (bottom) for Pty49 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 (colour online).

both cases the nanoparticles are more ‘flat” when potential 3
or 4 is implemented.

The differences and similarities between the platinum
nanoparticles on graphite and CNTs should also be
examined. For both potentials, Pt on graphite has regular
density profiles, with evenly spaced peaks. On CNTs, 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 CNTs are indicative of a
change in the nanoparticle structure primarily due 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 significantly, and
therefore, not surprisingly, the most accurate force fields
available should be implemented when all-atom MD
simulations are performed.

To complete the analysis of our comparative study we
calculated the number and percentage of surface atoms
with a given coordination number, reported in Figure 7.
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
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Figure 7. Number of surface atoms (top) and percentage of surface atoms (bottom) having the given coordination number for Pt;49 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 (colour online).

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 coordination numbers of the surface
metal atoms are expected to strongly affect the catalytic
activity of supported metal nanoparticles.

4. Conclusions

MD simulations were conducted for platinum nanoparti-
cles supported on carbonaceous materials at 700 K.
The results were compared when four sets of parameters
were implemented to describe the metal—carbon LIJ
interactions. Potential 1, taken from literature, had been

derived using MD, while potential 2 had been derived
using DFT. 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
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profiles of Pt atoms perpendicular to the support, radial
distribution function around the metal atoms near the
nanoparticles’ centre 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 obser-
vation suggests that the geometry of the carbon support
(i.e. flat graphite vs. curved nanotubes) is the predominant
factor that affects the morphology of the supported
nanoparticle, and in particular the coordination number of
the metal atoms on their surfaces.
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