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In the present study, molecular dynamics simulations have been utilized to provide fundamental 
understanding of melting behavior of pure Pd and Pt nanoparticles with the size of 10 nm in diameter, 
both free and graphene-supported during continuous heating. The embedded atom method is employed 
to model the metal-metal interactions, whereas a Lennard-Jones potential is applied to describe the 
metal-carbon interactions. In addition, interactions between carbon atoms are defined by the adaptive 
intermolecular reactive bond order potential. Heating curves calculated between 298 K-2000 K are used to 
determine solid-liquid transitions. Based on simulation results, three approaches are used to investigate the 
thermal behavior of Pd and Pt nanoparticles. These include potential energy variation, the percentage of 
FCC atoms as a function of temperature and the mean square displacement method. Melting temperature 
of nanoparticles is found to decrease when the particles are supported by the graphene substrate. 
The decrease in melting temperature of particles is ascribed to the interaction of carbon atoms with 
nanoparticles. Structural changes during melting of nanoparticles are also detected through the common 
neighbor analysis and the mean square displacement method. The analyses of crystal structure shows 
that the supported nanoparticles melt from surface. In addition, a sharp increase in the mean square 
displacement of supported nanoparticles is observed after melting which is suggested to be responsible for 
the reduction of melting point of nanoparticles. 

1. Introduction
Structural and thermal properties of 

nanoparticles are important because of their 
synthesis and applications. Due to the excellent 
reactivity and stability, large surface-to-volume 
ratios, quantum size and structure sensitivity 
effects in nano-scales, metal nanoparticles (NPs) 
play a significant role in many applications such 
as electronics, optics and catalysis [1-6]. In recent 
years, significant efforts have been carried out to 
improve catalytic activities by loading NPs onto 

suitable supporting materials. The support can alter 
catalysts activity in different ways such as changing 
the structure and shape of the NPs, charge transfer 
to or from NPs and providing additional reaction 
sites [7]. In particular, carbon-supported Pt-based 
NPs are commonly used for hydrogen storage, 
oxygen reduction reaction, electrochemical sensing 
and fuel cell applications [8]. Fabrication routes 
for supported NPs can be categorized in three 
categories: physical (e.g. sonication, microwaves, 
UV), chemical (e.g. electrochemical, impregnation) 
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Table 1. LJ parameters of Pt–C and Pd–C interactions [23]. 

Material 𝜺𝜺(𝟏𝟏𝟏𝟏−𝟐𝟐𝒆𝒆𝒆𝒆) 𝝈𝝈(Å) 
Pt-C 4.0922 2.936 
Pd-C 3.3500 2.926 

 

Table 1- LJ parameters of Pt–C and Pd–C interactions [23]

and physicochemical (i.e. sono-electrochemical) 
routes [9]. These routes are governed by 
thermodynamic principles which can be adjusted 
by synthetic parameters such as ligand type and 
ligand to metal ratios. These parameters affect the 
catalytic activity and selectivity by controlling the 
size of NPs [10]. Surfactants used for binding the 
surface of NPs as ligands, can control the structure 
and prevent coalescence of NPs by lowering the 
surface energy with modifying electronic structure 
of catalytic sites [11]. So, properties depending on 
surface energy including the melting temperature 
can change. In addition, it is found that many 
monometallic NPs such as Pd, Au, Pt and Ag 
efficiently dispersed on graphene supports exhibit 
impressive catalytic performance [12]. Graphene, 
a monolayer of carbon atoms densely packed into 
a two-dimensional honeycomb lattice, has recently 
received a great deal of attention due to its larger 
specific surface than graphite or carbon nanotubes 
[13], impressive mechanical properties [14], and 
unique electronic properties [15]. Therefore, 
graphene is a promising candidate for dispersing 
catalytically active metal NPs and it is important 
to determine thermal characteristics of graphene 
supported transition metal nanoclusters. Although 
there are few studies on graphene supported nano-
catalysts, one main difficulty is the poor control 
of synthesis of NPs on the surface of graphene 
[12]. Furthermore, experimental techniques, i.e. 
diffraction and calorimetry, are not precise enough 
to study thermal behavior of catalysts at nanometer 
scale [16].

Molecular dynamics (MD) has been proven 
to be a useful technique for investigation of 
processes involving nanoparticle-support interface 
interactions at the atomic level. Huang and 
Balbuena [17] studied melting behavior of small Pt 
clusters on graphite for the first time and reported 
surface melting below the melting point. Later, 
Huang et al. [18] found that the Cu-Ni and Pt-Au 
bimetallic particles on graphite display slightly 
higher melting point than isolated nanoclusters of 
identical size and composition. Morrow and Striolo 
[19] studied Pt nanoparticles on carbon nanotube 

and graphite. They explored that the diffusion 
coefficient of Pt nanoparticles on carbon nanotubes 
(CNTs) is one order of magnitude lower than the 
one on graphite. However, it is worth noting that 
Pt NPs trapped between CNTs possesses a lower 
surface area which is a serious drawback in catalyst 
application. Although extensive studies have been 
performed to design, synthesis, characterize and 
evaluate performance of NPs, there is still lacking 
a full atomic-level understanding of structural and 
thermal stabilities of NPs. 

In the present work, MD simulations are 
conducted to study the thermal behavior of free 
and graphene supported pure Pt and Pd NPs. The 
entire previous studies considered the support to be 
static and hence relaxation of support was missed. 
Here, the particle-support interaction is considered 
to be more realistic by letting graphene substrate 
to move and relax in contact with the nanoparticle. 
The goal of the present study is to investigate the 
effect of carbon interactions on properties of 
supported metal NPs including the melting point, 
structure evolution and diffusion coefficient. The 
Pt-Pt and Pd-Pd interactions are modelled with 
embedded atom method (EAM) and the Pt-C 
and Pd-C interactions with a Lennard-Jones (LJ) 
potential. The interactions between carbon atoms 
are also defined by the adaptive intermolecular 
reactive bond order (AIREBO) potential. Finally, 
structural changes of NPs during a heating cycle 
are detected and the results are discussed.

2. Simulation Details
MD Calculations are performed using the 

Large-Scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) [20], an open source 
program designed to simulate a large variety of 
different materials in atomic resolution. Initial 
models are constructed from pure Pt and Pd NPs 
on a graphene surface. The graphene sheet is 
considered to be 20×20 nm2 made of 15936 atoms 
providing enough apparent area for allocating Pt 
and Pd nanoparticles with the same diameter of 
10 nm. Pt and Pd NPs include 34881 and 35529 
atoms respectively and are placed approximately 
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2 Å above a graphene support. Free standing Pt and 
Pd NPs with the same number of atoms mentioned 
above are also constructed.

The EAM method is used to model metal-metal 
interactions, as described by Foiles et al. [17]. The 
total potential energy in the EAM model is given 
by equation (1):

                                                                        
                                                                         (eq. 1)

where Fi is the energy required to embed 
atom i into the background electron density rj, 
is the electron density due to atom j and jij(rij) 
is the repulsion between the cores of atoms i and 
j separated by a distance rij [21]. The force field 
parameters used to model Pt and Pd are included 
in the Pt_u3.eam and Pd_u3.eam potential files in 
the LAMMPS package, respectively.  

To describe the carbon-carbon interactions in 
graphene, AIREBO potential is employed. This 
potential includes dispersion forces, intermolecular 
repulsion and torsional interactions. Equation (2) 
represents the formulation of AIREBO potential [22]:

                                                                         (eq. 2)

The metal-carbon interaction is modeled via a 
12-6 LJ potential [23]. Equation (3) represents the 
formulation of LJ potential:

                                                                         (eq. 3)

where e is the depth of potential well, s is the 
distance at which the potential is zero, and rij 
the distance between atoms i and j [24]. The LJ 
parameters are obtained from [23], listed in Table 1.

The time integration of the equation of the 
motion is performed utilizing the Verlet Algorithm 
[21] with a time step of 3 fs. These conditions 
are designed to generate positions and velocities 
sampled from canonical (NVT) ensemble and 
the temperature is controlled by the Nosé-Hoover 
thermostat method. First, the system is relaxed 
for 106 time steps, for a total of 3 ns at 298 K, then 
heated up from 298 K to 2000 K in 3 ms. Finally, 
the relaxation process is repeated for 3 ns. Periodic 
boundary conditions are used to avoid problems 
with boundary effects caused by the finite size of 
graphene. Same parameters are used for heating 
both free standing and supported NPs. 

3. Results and Discussion
3.1. Potential Energy 

Melting behavior of NPs is determined by using 
three different approaches. First, the potential 
energy variation of free and supported NPs is 
plotted versus temperature as shown in Figures 1 (a) 
and 2 (a). The potential energy of supported ones 
includes both the metal-substrate interactions as 
well as the metal-metal interactions. These figures 
clearly illustrate a jump in the so called potential 
energy curve corresponding to the melting 
transition. The variation of potential energy with 
increasing temperature is clearly presented by 
increasing the number of red atoms with higher 
potential energy at the particle surface (Figure 1 (b) 
and Figure 2 (b)). 

Thermodynamic properties of NPs strongly 
depends on the size which is mainly associated 
with the fraction of surface atoms. The surface 
to volume ratio obeys the invert scaling law and 
atoms on the surface have a lower coordination 
number than inner ones due to the presence of 
breaking bonds. Therefore, by reducing the size of 
a nano-particle the energy of system increases [26]. 
Consequently, the surface-dependent properties 
such as melting point and crystal structure may 
change. The melting temperature of NPs is normally 
below the bulk melting point temperature and 
decreases with cluster size [27] but our simulations 
investigate a specific size of NPs with 10 nm in 
diameter. One may expect that even by further 
reducing the size of a nano-particle from 10 nm to 
much smaller sizes such as 1 nm, the melting point 
temperature decreases significantly. According to 
Figures 1(a) and 2(a), the graphene supported Pt 
and Pd NPs start to melt at 1530 K and 1430 K, 
respectively while the free standing counterparts 
melt at 1650 K and 1570 K, respectively. These 
results are consistent with the fact that the melting 
temperature of free stranding and supported NPs 
is lower than the melting point of bulk ones [27]. 
It is also found that the melting temperature of 
supported NPs is lower than the one for free NPs. 
According to Figures 1(a) and 2(a), in the solid-
liquid transition region at a given temperature, the 
potential energy curve for supported NPs is above 
the one for free standing NPs. The increase in 
potential energy accelerates atomic vibration and 
therefore melting occurs at lower temperatures. 
This increase in potential energy can be related to 
the metal-carbon interactions which are confirmed 
by capping NPs on the graphene support near the 
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melting point as illustrated in Figures 1(b) and 
2(b). In addition, Figures 1(a) and 2 (a) show the 

deviations from linearity in the potential energy 
curves of supported ones which indicate the 

 

 

 

 

 
(a) 

 
(b) 

Figure 1. (a) Potential energy versus temperature and (b) the corresponding snapshots for free and 

supported Pt NPs. 
 

 

 

 
 

 

 

 

 

 
(a) 

 
(b) 

Figure 2. (a) Potential energy versus temperature and (b) the corresponding snapshots for free and 

supported Pd NPs. 
 

 

 

 
 

Fig. 1- (a) Potential energy versus temperature and (b) the corresponding snapshots for free and supported Pt NPs.

Fig. 2- (a) Potential energy versus temperature and (b) the corresponding snapshots for free and supported Pd NPs.
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Fig. 4- Percentage variation of FCC atoms by increasing tem-
perature in both free and supported Pt NPs.

Fig. 3- Variations of normalized potential energies for both free 
and supported Pt and Pd NPs.

tendency of the supported NPs to surface melting 
but free ones melt homogeneously. This difference 
of melting behavior is shown by the common 
neighbor analysis (CNA) in the next section.    

In order to show the difference of melting point 
for free and supported NPs, the potential energies 
of NPs are divided by the number of their atoms so 
the variations of energy are reported as normalized 
values in Figure 3. This Figure illustrates that 
supported NPs melt at lower temperatures than 
free ones. Furthermore, both free and supported Pd 
and Pt NPs melt at lower temperatures than bulk 
Pt and Pd. 

Although we simulate NPs having the same size 
in both free and supported conditions, the size 
effect can impact metal-carbon interactions. The 
NPs size effect on the interaction with the support 
is the combination of dispersion interactions and 
adsorption energy. The nanoparticle size affects 
the number of atoms at the interface of metal-
graphene. The dispersion interactions increase 
with the size of NPs but the adsorption energy 
of metal-carbon decreases. For large NPs such 
as our system, it is expected that the dispersion 
interactions are dominant [28]. Therefore, the 
size effect change the metal-carbon interactions 
which affects the potential energy of the system. 
The free and supported NPs display different 
melting points in our simulations due to the metal-

carbon interaction. In addition, the influence of 
temperature should not be ignored on metal-
carbon interactions. The temperature-dependent 
potential energy plots in Figure 1 interpret that 
by increasing temperature, atomic vibrations rise 
up. The sphere shape of NPs change to a cap on 
the substrate thereby increasing the contact area 
between NPs and the graphene support. Finally, by 
increasing temperature metal-carbon interactions 
as well as the potential energy of supported NPs 
increase which could be the cause of the melting 
point reduction of supported NPs.

3.2. Common Neighbor Analysis (CNA)
The second approach for investigating melting 

behavior is monitoring the percentage of FCC 
atoms as a function of temperature. Recently, CNA 
method has been proven to be a useful tool for 
defining melting temperature as it provides the 
possibility of identifying the local crystal structure. 
This method determines crystal structure of each 
cluster based on a nearest-neighbor graph that 
encodes the bond connectivity among neighbors of 
a given central particle [29]. The evolution of crystal 
structure for both free and supported NPs is shown 
in Figures 4 and 5. The crystal structure of crystalline 
materials disappears completely at the melting 
point. Figures 4 and 5 demonstrate that the degree 
of crystallinity for both Pt and Pd NPs decreases 
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Fig. 5- Percentage variation of FCC atoms by increasing 
temperature in both free and supported Pd NPs.

Fig. 6- Snapshots of changing crystal structure from crystalline to amorphous (disordered) by distortion at the interface of graphene 
and increasing temperature in Pt NPs. The upper and lower rows represent supported and free standing NPs, respectively. (blue and 
orange colors show FCC and amorphous structures, respectively).

sharply near the melting point and their crystal 
structures become disordered completely at their 
melting point. Based on simulation results given 
in Figures 4 and 5, melting point temperatures for 
supported and free Pt NPs are 1530 K and 1650 K, 
respectively. Also melting point temperatures for 
supported and free Pd NPs are found to be 1430 K and 
1570 K, respectively. Simulation results presented in 
this section are in agreement with the ones presented 
in Figures 1 and 2. 

It is known that large reduction in surface 
energy is responsible for embedding particles at 
interfaces [30]. This is commonly explained by 

the reduction of particle interface in one phase 
and developing its interface with a second phase. 
There are evidences of particle sinking at elevated 
temperatures [31, 32]. As mentioned in the previous 
section, supported and free metallic particles 
show different melting behavior due to metal-
carbon interactions. Different melting behavior 
for supported and free standing NPs as a result of 
metal-carbon interactions is confirmed in Figures 
6 and 7 illustrating cross sections of NPs during 
heating. The metal-carbon interaction causes 
particle sinking on graphene in order to reduce the 
surface energy. Therefore, distortion appears and 
the crystal structure disappears at the interface. The 
disordered structure of the interface could be the 
main cause of surface melting in supported NPs.

3.3. Mean Square Displacement (MSD)
Calculation the Mean Square Displacement 

(MSD) is the third approach for studying melting 
behavior of NPs. In addition to the structural 
evolution of NPs during continuous heating, 
the diffusion behavior of atoms in NPs is also an 
important issue which needs to be addressed due 
to its technological aspects for processing catalysts. 
The thermally driven diffusion is generally 
evaluated by the diffusion coefficient D, which can 
be calculated from the mean-square displacement 
(MSD) [33]. The self-diffusion coefficient Di can be 
obtained from the three-dimensional mean square 
displacement [23]:

                                                                         (eq. 4)

 

 

 

 

 

 

 

 

 

Figure 5. Percentage variation of FCC atoms by increasing temperature in both free and supported Pd NPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Snapshots of changing crystal structure from crystalline to amorphous (disordered) by distortion at 

the interface of graphene and increasing temperature in Pt NPs. The upper and lower rows represent supported 

and free standing NPs, respectively. (blue and orange colors show FCC and amorphous structures, respectively) 
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Fig. 8- Mean-square displacement versus temperature for Pt 
NPs.

Fig. 9- Mean-square displacement versus temperature for Pd 
NPs.

Fig. 7- Snapshots of changing crystal structure from crystalline to amorphous (disordered) by distortion at the interface of graphene 
and increasing temperature in Pd NPs. The upper and lower rows represent supported and free standing NPs, respectively. (blue and 
orange colors show FCC and amorphous structures, respectively).

where ri(t) represents the vector position of 
the ith atom at time t with averages taken over k 
time steps. In this manner, the relative change of 
diffusivity of atoms at different temperatures is 
more evident from computing the MSD parameter. 
The calculated MSDs for all NPs are given in Figures 
8 and 9. A sharp increase in MSD is observed at 
the melting point of NPs and this increase is more 
significant for NPs supported with graphene. In 
other words, the supported NPs have higher self-
diffusion coefficients than the free ones. Supported 
NPs absorb graphene substrate to reduce the 

surface energy. By increasing temperature, the 
surface to volume ratios rises and NPs form 
spherical cap. On the other hand, the distortion at 
the interface of graphene with the particle makes 
the crystal structure disordered. Large surface to 
volume ratio of the particle on graphene and the 
disordered structure at the interface lead to higher 
MSDs for supported NPs.

Figure 10 depicts that the MSD ratio of Pd NPs 
near the melting point is about 6 times higher than 
Pt ones. This difference in diffusivity is mainly 
associated with the difference of surface energy 
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Figure 8. Mean-square displacement versus temperature for Pt NPs. 

 

 

 

 
 

 

 

 

 

 

 

 
Figure 9. Mean-square displacement versus temperature for Pd NPs. 
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Fig. 10- Mean-square displacement ratio versus temperature 
for free and supported Pt and Pd NPs.

of Pd and Pt atoms as the surface energy of Pd is 
smaller than the surface energy for Pt [34]. 

4. Conclusions
In summary, atomistic simulations have been 

employed to examine the melting behavior of 
metallic NPs, free standing and supported with 
graphene, during continuous heating. The melting 
behavior of free particles is compared with the ones 
for supported particles on a graphene substrate. 
The melting point for supported NPs is about 130 
K lower than the melting point of free ones. This 
can be attributed to the increased metal-substrate 
interaction resulting from capping of NPs on the 
graphene support by increasing temperature. We 
observe that the melting behavior of supported and 
free NPs is different due to the disordered structure 
at the metal-substrate interface.  Moreover, it is 
found that self-diffusion coefficients for NPs on 
the graphene support are higher than the ones for 
free NPs. The larger self-diffusion coefficients stem 
from larger surface to volume ratio of particles 
on the graphene substrate and the disordered 
structure at the interface. These results suggest 
that the thermal properties of NPs can be tailored 
through adjusting the material for the substrate. 
The implications of these conclusions can be 
extended to other NPs. Due to the potential utility 
of NPs in catalysis, the present study is expected to 
be important not only for exploring the catalytic 

activity of NPs but also for further design of multi-
metallic nanostructures. Finally, the outcome of the 
present study can be extended to bi-metallic NPs 
for future investigations.
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