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Size-dependent mobility of platinum cluster
on a graphite surface

JIAN CHEN†,‡ and KWONG-YU CHAN*†

†Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, China
‡Department of Chemical Engineering, Tsinghua University, Beijing 100084, China

(Received January 2005; in final form January 2005)

Molecular dynamics simulations of platinum (Pt) clusters on a graphite surface were performed to study their diffusion and
aggregation. The Sutton-Chen many-body potential was used for the Pt–Pt interaction, whereas, a Steele potential was used
to calculate the interaction between Pt atoms and carbon (C) atoms of graphite. The results show that at room temperature, the
Pt clusters with less than 40 atoms are very mobile with a two-dimensional diffusion coefficient higher than 10211m2 s21, but
decreasing rapidly with size. The diffusion coefficient of larger cluster has variable size-dependence with local minima at
cluster sizes of 50 and 300 Pt atoms and a local maximum at cluster size of 100 atoms. In additional to the overall size of the
Pt cluster or nanoparticle, the mismatch between the bottom layer of Pt and graphite also affected the overall Pt–graphite
affinity and hence the Pt cluster mobility. The presence of a neighboring Pt cluster can greatly affect mobility. The
aggregation of two 50-atom clusters to form a single cluster was observed with the simulation. The relatively stable short
dumbbell-like structure of the new cluster resembles previous experimentally observed network of connected Pt
nanoparticles on graphite.
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1. Introduction

Metallic nanoparticles is an important class of nano-

materials with diverse applications. Platinum (Pt) is a

versatile catalyst, which has been used for many gas-

phase and liquid-phase reactions. In heterogeneous

catalysis, Pt nanoparticles are normally dispersed and

supported on high surface area porous silica or alumina.

In electrocatalysis, it is necessary to have the Pt

nanoparticles supported on C, which is electronically

conducting, in addition to being inert and stable.

Important examples of electrocatalytic applications of C

supported Pt nanoparticles are found in water treatment

and fuel cells [1]. For the high cost of Pt and the best

activity of the Pt nanoparticles, it is necessary to keep the

nanoparticles dispersed and protected from aggregation

in the porous C support. In general, there is a concern of

the agglomeration of Pt nanoparticles over time leading

to the loss of surface area and activity [2]. Common C

supports, like Vulcan 72 have complex structures.

Fundamental studies of supported Pt nanoparticles have

focused on highly orientated pyrolytic graphite (HOPG)

with a well defined planar geometry. The morphology

and dynamics of Pt nanoparticles have been studied by

scanning tunneling microscopy [3–7] and atomic force

microscopy [8–13]. Lee et al. [8,9] reported that the Pt

cluster size distribution was a function of Pt loading and

the average cluster size increased as the Pt loading

increased. Clark and Kesmodel [6] studied Pt deposited

on HOPG. Very small Pt clusters had the tendency to

migrate from one place to another to form a more stable

and larger cluster. Lee et al. [9] reported that the number

of mobile clusters had a maximum around the cluster

diameter of 14 nm.

Complementing experimental investigations, molecular

dynamics (MD) simulation can probe picosecond time

scale dynamics and for smaller length scales of clusters,

where experimental studies are difficult. Molecular

simulation studies require accurate and computationally

convenient interaction potential functions between Pt and

C atoms. Relativistic effects of Pt have been of concern

[14], but their inclusion in studies of many-atom clusters is

computationally prohibitive. A bond-order potential for

metal–semiconducator interaction has recently been
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proposed with chemical interaction between Pt–C [15]

and C–C atom pairs. C on graphite may not exhibit much

semi-conducting behaviour. A combination of physical

and chemical adsorption of Pt on HOPG is expected.

A simple two-body pair-wise Lennard-Jones (LJ)

interaction has been applied for Pt– C simulation

[16,17], but fails to capture the many-body interaction

and the binding character of decentralized electrons in Pt.

A popular and convenient semi-empirical model for Pt has

been the Sutton-Chen potential [18] while the Steele

potential [19] has been widely used to represent a HOPG

surface. Liem and Chan [20] combined the use of the

Sutton-Chen potential and the Steele potential by using an

effective LJ potential for the Pt–C interaction. This

approach of a many body embedded potential for the

metal and a pair-wise potential for metal-carbon has also

been adopted in a number of simulation studies of Pt on

HOPG [21–27] and other metals on HOPG [27–31].

Several simulation studies have investigated the diffusion

and mobility of metallic nanocluster on HOPG including

gold [27,29–31] and other metals [27]. It is of theoretical

and practical interest to study the mobility of Pt clusters on

HOPG. In this paper, we report here molecular dynamics

simulations of Pt clusters of different sizes on HOPG, with

a particular focus on the two-dimensional diffusion

behaviour. The aggregation of two clusters into a single

cluster was also studied.

2. Interaction potentials and simulation details

The simulations were set up as described in previous

works [20–23]. The Sutton-Chen potential [18] has been

successful in describing the interaction between metal

atoms in the bulk solid state. The many-body energy of the

N-atom cluster is

U ¼ 1pp

XN
i¼1

1

2

XN
j–i

spp

rij

� �n

2c
ffiffiffiffi
ri

p
" #

ð1Þ

The first term in equation (1) accounts for the repulsion

between Pt atomic cores and the second term approxi-

mates the bonding energy between these cores due to the

surrounding electrons. Since electrons are not explicitly

included in the potential function, the local density of

atoms, ri with the expression

ri ¼
XN
j–i

spp

rij

� �m

ð2Þ

is used to represent the action of electrons.

In equations (1) and (2), rij is the separation distance

between atoms i and j, c is a dimensionless parameter, 1pp is

the energy parameter, spp is the lattice parameter of fcc Pt,

m and n are positive integers with n . m:For Pt, the Sutton-

Chen parameters, c, 1pp, spp, n and m are 34.408,

1.9833 £ 1022 eV, 3.92 Å, 10 and 8, respectively [18].

The surface potential proposed by Steele [19] has

energy minima representing the adsorption sites and was

employed for the interaction between Pt and the HOPG

surface. LJ pair-wise interaction was assumed in the Steele

potential with the expression

USteele ¼ E0ðzÞ þ
X5

i¼1

EiðzÞf iðs1; s2Þ; ð3Þ

where E0(z) and Ei(z) are defined as

E0ðzÞ ¼
2pq1pcs

2
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EiðzÞ ¼
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In the Steele potential expression, 1pc and spc are LJ

parameters of the Pt–C interaction. The LJ parameters 1pc

andspc are obtained by the Lorentz-Berthelot mixing rules,

which require the effective LJ parameters of the Pt–Pt

interaction. The effective LJ parameters of the Pt–Pt

interaction were obtained by a fitting to MD results [20], but

the resulting parameters are temperature dependent.

At 298 K, the values 1LJ
pp and sLJ

pp are found to be 2336 K

and 2.41 Å. ThesLJ
pp parameter in the LJ potential represents

the core of the atom, whereas, spp in the Sutton-Chen

potential represents the crystal lattice. Therefore, they have

different values and a small confusion may be caused with

the same symbol used conventionally. Since sLJ
pp is not used

in the MD simulations here except to arrive at sLJ
pc ; we use

spp to strictly represent the Sutton-Chen parameter and spc

to represent the LJ Pt–C parameter. Similarly, 1pp is a

Sutton-Chen parameter and 1pc is a LJ parameter. The

corresponding LJ values of 1pc and spc are 256 K and

2.905 Å, respectively. Details of the Steele potential can be

found in [19–21].

The MD simulation was carried out in a three-

dimensional cell, which was periodic only along x and y

directions. The graphite wall was perpendicular to the

z-axis and was set to be the lower boundary of the box.

The box is rectangular in the x and y dimensions in order to

fit the periodic hexagonal graphite lattice. The x and y

dimensions were set to be 40 £ 2.46 and 40 £ 2.13 Å.

The z-axis cell height was taken to be 20 spp with zero at

the midpoint of the axis. The temperature of the system

was maintained by ad hoc scaling. A timestep of 5 fs was

used to integrate the equations of motion in all simulation

runs. The annealing method was used to generate the

starting configuration of the clusters. First, a face center

cubic (FCC) initial configuration of the N-atom cluster

was created and equilibrated at 2000 K and then the

temperature was lowered 100 K for every 1000 time steps.

The final configuration was allowed to equilibrate at room

temperature with more than 1 million time steps.

The configurations thus obtained have a roughly spherical

shape with the height less than the diameter. Figure 1
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shows a typical cluster of 200 Pt atoms after annealing. As

discussed in [27], a Pt nanoparticle is more spherical on

HOPG compared to a gold nanoparticle, which spreads

more on HOPG. This is due to the relative interaction

strengths of Pt–Pt and Pt–C. The cutoff in the lateral

directions is equal to the dimension of the HOPG surface

and minimum image convention was applied in the lateral

dimensions. Since there is one cluster in the simulation

cell and, inter-cluster interactions only exist between

image clusters in neighboring cells. In our simulations, the

two-dimensional cluster number density is low and inter-

cluster interactions are assumed to be small and

negligible. The two dimensional diffusion coefficient of

a Pt cluster was calculated by

D ¼ lim
t!1

kDr 2=4tl ð6Þ

in which Dr 2 ¼ Dx 2 þ Dy 2 is the mean lateral square

displacement for all Pt atoms or the centre of mass of the

cluster. In this work, a period of one million time steps was

used in each run for every system. Five consecutive runs

were simulated with the input configuration taking from

the output configuration of the previous run. The diffusion

coefficients of the five runs were averaged to give the final

results.

3. Results and discussion

3.1. Diffusion of clusters on graphite surface

A series of MD simulations were made with one Pt cluster

on HOPG. The atom number of the cluster varies from 10,

20, 30, 40, 50, 75, 100, 200, 300, 400 to 500 and the

simulations were performed at an equilibrium temperature

of 298 K. Figure 2 shows the diffusion coefficient of the Pt

cluster as a function of its size in number of atoms.

Beyond N ¼ 30; the diffusion coefficient is in the order of

10212 m2 s21: This is in the same order of magnitude as

experimental findings of other metal clusters on HOPG

[32]. In figure 2, there are two local minima of diffusion

coefficient at cluster size 50 and 300. When the cluster

size is 10 , 30, the diffusion coefficient is greater than

5:0 £ 10211 m2 s21: From the animation of the trajec-

tories of the clusters, much higher mobility can be

observed for these smallest clusters, compared to larger

clusters simulations. The diffusion coefficient decreases

rapidly and monotonically with size until reaching a

minimum at cluster size of 50. At sizes between 50 and

500 atoms, there is no clear indication of size dependence

and a larger particle can be more mobile. In this range of

cluster size, the diffusion coefficient oscillates within an

order of magnitude. Due to limitation in computing time,

behaviour and size dependence of large clusters N . 1000

were not studied.

Factors with opposite effects on mobility appeared to be

of dominant importance within different range of cluster

sizes. A decrease of mobility with size of the Pt cluster can

be explained by a larger inertia and more uncooperative

trajectories of atoms preventing motion. The increase of

mobility can be attributed to increased misfit of the bottom

layer Pt and graphite lattice. Based on some experimental

Figure 1. A three-dimensional view of a cluster with 200 Pt atoms on
a graphite surface.

Figure 2. Diffusion coefficient of Pt clusters on the graphite surface.

Figure 3. Location of Pt atoms in the lowest layer of the cluster
ðN ¼ 30Þ compared with the adsorption energy minima (dots) of the
graphite surface.
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results and simulation studies, Jensen et al. [31]

commented that the misfit between the gold cluster and

graphite substrate was the main parameter determining the

diffusion. The commensurability of the bottom layer of

the Pt cluster and the graphite lattice shows some

dependence on size. The lattice constant of Pt is smaller

than that of graphite. While the Pt–Pt interaction is much

stronger than that of Pt–C interaction, the cluster

maintains its lattice and is physically adsorbed without

changing its lattice constant. For a cluster with a small foot

area, it is relatively easier to register the bottom Pt atoms

with the energy minima of the graphite lattice. For a large

cluster, many of the Pt atoms will not fit into the energy

minima of the substrate. From figures 3 and 4 for a cluster

size of 30 and 50, one can see that the Pt atoms are in good

registration with the adsorption sites of the graphite

surface. For the Pt cluster with 100 atoms as shown in

figure 5, the atoms at the outer rim of the clusters are not in

registration with the adsorption sites of the graphite

surface. For the Pt cluster with 500 atoms as shown in

figure 6, many of the atoms are located at adsorption

energy maxima of the graphite lattice. As a result, the

average height relative to the graphite lattice, of the

bottom layer of the Pt cluster is higher compared to

the smaller clusters with better commensurability. The

percentage of misfit Pt atoms varies with particle size and

is an important factor affecting the mobility of the cluster.

Variable dependence of mobility of Pt nanoparticles on

HOPG has been observed by tapping mode atomic force

microscopy (AFM) [9]. Maximum mobility was observed

for nanoparticles of 10 nm diameter and 1.5 nm height.

This result is qualitatively similar to some features of the

MD results, except for a different size range. There is a

gap in length scale for a direct comparison between

simulation and experimental results. The smallest

nanoparticle detectable by TMAFM is more than a few

nanometers, whereas, thousands of Pt atoms are needed to

simulate a 10 nm particle. Interactions between neighbor-

Figure 4. Location of Pt atoms in the lowest layer of the cluster ðN ¼ 50Þ compared with the adsorption energy minima (dots) of the graphite surface.

Figure 5. Location of Pt atoms in the lowest layer of the cluster
ðN ¼ 100Þ compared with the adsorption energy minima (dots) of the
graphite surface.

Figure 6. Location of Pt atoms in the lowest layer of the cluster
ðN ¼ 500Þ compared with the adsorption energy minima (dots) of the
graphite surface.
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ing Pt nanoparticles will also contribute to the movement

in the experiments, whereas, an isolated but adsorbed

Pt cluster is simulated here. In ref. [9], there is also

the influence of an external force of the AFM tip in the

proximity of the Pt nanoparticles. Simulations with

the presence of an external force could be made to have

a better comparison with the TMAFM results.

In addition to the commensurability of the Pt cluster

and the graphite lattices, there are other parameters

affecting the lateral diffusion. Since inter-particle forces

are absent, the only lateral force present could be due to

orientation of the cluster and lateral asymmetry of the atoms

within the cluster. These have not been analyzed in our

present simulations. The lateral asymmetry will result in an

net lateral force between the Pt cluster and the graphite

lattice and the orientation will also affect the ease of motion

along different directions relative to the basal axes of HOPG.

3.2. Aggregation of clusters and its effects
on configuration

To investigate the effect of inter-particle interaction,

simulations of a pair of equal size Pt clusters have been

performed on the HOPG plane. Pairs of N ¼ 20; 50, 100

and 200 Pt clusters have been studied. The two clusters in

all pairs attract each other and eventually aggregate to

become a single cluster. The aggregation process between

two clusters of 50 Pt atoms is reported here. The two

identical clusters are put together with a separation

distance of 4spp. They are attracted towards each other

and finally aggregated to become a single cluster.

Figure 7(a) and (b) shows the initial configurations and

the commensurability of the bottom Pt atoms with the

graphite surface. The configuration of first cluster was an

equilibrated configuration at 298 K. To generate the

second cluster, the x coordinates of the Pt atoms were

moved in the x direction for 6 £ 2.46 Å from the first

cluster. In figure 7(b), one can see that identical

arrangement of the lowest layer atoms in the two

clusters. Figure 8(a) and (b) shows the three-dimensional

view and the positions of the bottom atoms after 0.2 ns.

The two clusters are in contact with each other, but still

retain their own shapes. In figure 7(a), less commensur-

ability can be observed compared to figure 7(b). During

the migration, the two clusters not only translate towards

each other, but also re-orientate themselves to find the

best registration with the graphite surface and the best

Figure 7. (a) Two clusters with 50 Pt atoms before aggregation
ðt ¼ 0:0 nsÞ: (b) Location of the bottom Pt atoms of the two clusters.

Figure 8. (a) Two clusters with 50 Pt atoms during aggregation
ðt ¼ 0:2 nsÞ: (b) Location of the bottom Pt atoms of the two clusters.
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angle to merge with each other. Figure 9a and b shows

the configuration after 3.0 ns. The two clusters have

aggregated well, but one can tell that it is an aggregation

of two clusters with a neck in between. The height of the

new cluster is the same as the original height of the two

clusters. Figure 9b shows that the lowest layer atoms are

in good fit with the adsorption sites. A networked

configuration of Pt nanoparticles has been observed on

HOPG observed by TMAFM [9]. The two particle

connection observed here suggests the possible stability

of a networked particle structure, although, the size of

the clusters is much smaller than those observed

experimentally [9].

4. Conclusions

The simulations and results here are insufficient to

determine a clear trend of size dependence of the mobility

of Pt clusters on HOPG. The results suggest the mismatch

of Pt cluster and HOPG lattices to play a critical role. Size-

dependence is not a monotone function, as also observed

in experiments for a large range of Pt nanoparticles.

Pt clusters up to 200 atoms are in general very mobile on

HOPG and will aggregate easily. A connected two-particle

aggregate with a neck was observed over a period of a few

ns, suggesting the possible stability of a networked

structure which was also observed in experiments for

larger particles.
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