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Molecular dynamics simulations were used to investigate the cluster-size, tube-size and metal–tube interaction effects
on the melting of Pd clusters encapsulated inside carbon nanotubes (CNTs). The second moment approximation to the
tight-binding potential was used to model Pd–Pd metal–metal interaction and the Tersoff potential was used for C–C
interactions. Pd–C interaction was modelled by the typical weak van der Waals Lennard-Jones (VDW-LJ) potential to
understand the cluster-size and tube-size effects on the thermal behaviour of supported Pd clusters. Linear decrease in
cluster melting point with the inverse in cluster diameter is predicted for the CNT containing Pd clusters, well known as
Pawlow’s law. It is also found that the melting temperature of the supported Pd cluster is much lower than that of free one,
and the rearrangement and transformation of the cluster at higher temperatures before melting are responsible for this
lowering. In this case, the downward shift is independent of the CNT diameter for the same Pd cluster. In addition, the Pd–C
interaction was redefined to assess the metal–tube interaction effect on the thermal evolution of the CNT-containing Pd
clusters by fitting to first-principle calculations. Using the fitted strong density functional theory-Morse Pd–C potential,
deformation for the CNT and structural transformation from the icosahedral to the stacked for the Pd cluster inside the CNT
are found, which is not shown by using the VDW-LJ potential.

Keywords: molecular dynamics; melting; metal cluster; carbon nanotubes

1. Introduction

Recent experimental and theoretical advances in metal

clusters have attracted widespread interest [1,2]. From the

point of view of applications, metal clusters are promising

nanomaterials in catalytic [3], magnetic [4] and optical

fields [5]. In addition, interest in metal clusters arises

because their properties and structures are size dependent

[6,7]. On the other hand, carbon nanotubes (CNTs) are

provided with a well-defined tubular morphology with inner

hollow cavities, making them the ideal support for metal

clusters [8]. Several studies have shown that metal/CNT

encapsulates exhibit various fascinating new properties

and are suitable for applications as, for instance, magnetic

recording media [9,10], biological sensors [11] or

nanocatalysts [12–15]. Most often, transition metal clusters

are dispersed on the outer CNT surface in experiments

[9,11,13,15], since the confinement of transition metal

clusters inside CNTs is still a challenge [12,14]. However,

the introduction of transition metal clusters inside CNTs

may improve the performances of the materials because of

the combination of short-channel effects and the extraordi-

nary physical and chemical properties of CNTs [12,14].

We are interested in CNT-supported Pd clusters since

Pd is widely used as a high-performance sensor [16,17] and

is a catalyst for hydrogenation reactions [12,14]. Recent

literature results [17,18] showed that Pd clusters located

outside CNT exhibit high sensitivity and selectivity towards

hydrogen, and are able to sense hydrogen with excellent

mechanical flexibility and durability at near room

temperature. Lu et al. [16] found that CNTs loaded with

Pd clusters can be used for the detection of methane ranging

from 6 to 100 ppm in air at room temperature. On the other

hand, Pd clusters encapsulated inside CNTs exhibit

excellent activity, selectivity and stability for the hydro-

genation of cinnamaldehyde into hydrocinnamaldehyde at

low temperatures, compared with those observed using

traditional catalysts [14]. Zhang et al. [12] found that Pd

clusters in CNTs exhibit higher activity in liquid-phase

benzene hydrogenation than other supports such as Y zeolite

and activated carbon.

Considering the high cost of both CNTs and palladium,

it is necessary to optimise the structure and properties of

Pd clusters in CNTs, in order to get better efficiency for

sensors or catalysts at low cost. To achieve such a goal, it

is necessary to study both the cluster-size and tube-size

effects on the properties of Pd clusters encapsulated in

CNTs, and to identify the role of the interaction of metal

clusters with the CNTs. Unfortunately, the measure
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of cluster size, tube size and metal–tube interaction effects

is experimentally difficult. Therefore, it is necessary to use

molecular simulation or other theoretical methods to

address this topic.

Molecular simulation, based on semi-empirical poten-

tials, is suitable to study the structures, properties and

thermodynamics of metal clusters encapsulated inside

CNTs. Cheng et al. [19] studied the thermal evolution of a

platinum cluster encapsulated in CNTs, using a Monte

Carlo method, and found that the tube size affects

significantly the melting-like structural transformation of

the icosahedral clusters. Arcidiacono et al. [20] investi-

gated the solidification of gold clusters inside CNTs using

molecular dynamics (MD) and found that the solidification

temperature of the supported cluster is higher than that of

the corresponding unsupported cluster. Moreover, Morrow

and Striolo [21,22] studied the morphology and mobility

of platinum nanoparticles of various sizes supported by

CNTs. They found that the structures and properties of the

Pt clusters depend on the support morphology. However,

the theoretical studies on the Pd clusters encapsulated

inside CNTs are still scarce.

The typical weak van der Waals Lennard-Jones

(VDW-LJ) potential was used in most of the previous

investigations, including all of those simulations men-

tioned above. These VDW-LJ potential parameters were

commonly derived from MD simulations of pure metals

and carbon supports using the Lorentz–Berthelot mixing

rules [23,24]. Nevertheless, the metal–carbon interaction

could be fitted to first-principle calculations. Recent ab

initio results by Acharya et al. [25] showed that the metal–

carbon interaction is much stronger than those previously

used. By using the potential of Acharya et al., Morrow and

Striolo [26] studied the structure of platinum nanoparticles

supported on graphite and various bundles of CNTs. They

found that the Pt–C interaction has a great effect on the

structures of the supported Pt clusters. In addition, Chen

and Kawazoe [27] studied the interaction between a single

Pt atom and a CNT using density functional theory (DFT),

and strong binding energies were found for the Pt atom on

the outer wall of a small radius nanotube.

In the present work, we use the MD method to

investigate the thermal behaviour of the Pd clusters

encapsulated inside CNTs. The typical VDW-LJ potential

is used to understand the effects of the metal cluster size

and the size of the CNT on the melting of the Pd clusters.

Another Pd–C interaction is fitted to first-principle

calculations so as to address the metal–tube interaction

effect on the thermal evolution of CNT-containing Pd

clusters.

2. Computational details

MD was used to study the melting of free and CNT-

supported Pd clusters using the DL_POLY version 2.19

codes [28]. MD simulations were performed with a

constant number of atoms N with a nearly zero fluctuating

pressure P. The temperature was maintained constant by

the Berendsen thermostat [29] with a relaxation time of

0.4 ps. Newton’s equations of motion were integrated

using the Verlet leapfrog algorithm and the integration

time step was set to 0.5 fs. For the melting of the free Pd

clusters, no periodic boundary conditions were applied.

However, one periodic boundary condition was applied

along the nanotube axis for studying Pd clusters inside

CNTs. At each temperature, the first 100 ps were used for

the atomic structure relaxation, and the next 200 ps were

used for statistical averaging. The Pd clusters inside CNTs

were first equilibrated in the 0–50 K interval. Then,

simulations were performed in a series of temperature

conditions starting from 50 K with 50 K temperature

increments. Near the melting point, the increment was

reduced to 10 K.

Five armchair (n, n) single-walled nanotubes with the

chirality of (15, 15), (20, 20), (25, 25), (30, 30) and (35,

35) were adopted in this work. The Pd clusters of interest

possess closed shell icosahedral structures. Accordingly,

clusters with sizes of 55, 147, 309 and 561 were used.

Figure 1(a) depicts the initial configurations of the Pd

clusters inside a (30, 30) CNT. Figure 1(b) gives the initial

snapshots of the Pd147 cluster inside (15, 15), (20, 20), (25,

25), (30, 30) and (35, 35) CNTs. In all cases, the centre of

mass of the clusters was initially located at the centre of

the CNT.

Three interactions have to be distinguished in this

work. The second moment approximation to the tight-

binding (TB-SMA) potential [30] was used to model the

interaction between Pd and Pd. In this potential, the total

Pd–Pd interaction energy, EPd – Pd, can be expressed as

EPd–Pd ¼
XN
i

XN
j–i

A e2p rij=r021ð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
j–i

j2 e22q rij=r021ð Þ

vuut
0
@

1
A;

ð1Þ

where rij is the distance between atoms i and j in the cluster,

r0 is the equilibrium nearest-neighbour distance in the pure

metals and N is the number of metal atoms. The TB-SMA

potential parameters for the Pd–Pd interaction are taken

from Ref. [30], as shown in Table 1.

The C–C interactions were modelled using a many-

body empirical Tersoff potential since it describes the

C–C bonds in CNTs reliably [31]. It should be mentioned

that the Tersoff potential has already been employed for

the theoretical study of metal systems encapsulated into

CNTs successfully [32,33].

Since the metal–carbon interaction is presently still not

well known until now, two different Pd–C potentials were

used to compare the outcome. One is a weak interaction

model using the 12-6 Lennard-Jones (VDW-LJ) potential
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function. The potential parameters were derived from the

data of pure metals and carbon supports using Lorentz–

Berthelot mixing rules [23,24,34], as shown in Table 1. It

should be mentioned that the VDW-LJ potential was used

to understand the effects of the metal cluster size and the

size of the CNT on the melting of the Pd clusters. On the

other hand, a Morse-type potential fitted to the first-

principle calculation was proposed so as to understand the

metal–tube interaction effect on the thermal evolution of

CNT-containing Pd clusters.

The first-principle calculations used for fitting the

atom–atom interaction potential of Pd–C were performed

in the framework of DFT with the Gaussian 03 program

package [35]. The cluster model method was used in the

first-principle calculation, and a large curved graphite-like

sheet was adopted to represent the CNT adsorbent. Similar

cluster models for CNTs were used in Refs [36–38].

Figure 2 shows a schematic diagram of the cluster model

used in this work for the first-principle calculation of the

(15, 15) CNT. It is found in Figure 2 that 22 framework

carbon atoms are included in this model. All the

calculations in this paper were carried out with the

PW91 exchange-correlation function [39].

On the inner wall of CNT surface, there are three

typical adsorption sites: on top, bridge and hollow. Our

results show that the hollow site is the most favourable

adsorption one for a single Pd atom. Therefore, the

Table 1. Parameters of the TB-SMA potential for the Pd–Pd
interaction the 12-6 Lennard-Jones (VDW-LJ) potential for the
Pd–C interaction and the Morse (DFT-Morse) potential by fitting
for the Pd–C interaction.

TB-SMA
potential for Pd–Pd

VDW-LJ potential
for Pd–C

DFT-Morse
potential for Pd–C

A (eV) 0.1746 1 (eV) 0.0335 E0 (eV) 0.1132
j (eV) 1.718 s (Å) 2.926 r0 (Å) 2.73
p 10.867 k 1.56
q 3.742
r0 (Å) 2.7485

Figure 2. The fitted Pt–C potential energy curve, compared
with the points calculated by the first-principle calculations.
Sketch in the inner panel represents the CNT cluster model with a
single Pd atom at the hollow site.

Figure 1. The initial configurations of (a) the Pd clusters with the sizes of 55, 147, 309 and 561 inside a (30, 30) CNT and (b) the Pd147

cluster inside (15, 15), (20, 20), (25, 25), (30, 30) and (35, 35) CNTs.
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potential energy curve at the hollow site was used to derive

the Pd–C atom–atom interaction in this work. Figure 2

shows the potential energy curve of Pd interaction with the

inner walls of (15, 15) and (20, 20) CNT surfaces at the

hollow site. The Pd–C atom–atom interaction was then

parameterised by fitting the first-principle calculation

results for the Pd atom on the graphite-like sheet including

22 framework carbon atoms. The fitted analytical form is

based on a Morse potential (DFT-Morse) as follows:

EPd–C ¼ E0 {1 2 expð2kðrij 2 r0ÞÞ}
2 2 1

� �
; ð2Þ

where rij is the distance between Pd atom and the inner

wall of the tube surface in units of Å. In the fitting process,

the Pd–carbon surface interactions are calculated by the

summation of all the Pd–C atom–atom interactions. The

parameters E0, r0 and k are given in Table 1. Figure 2 gives

the fitted dependencies, compared with the discrete

potential energies derived from the first-principle calcu-

lations. It should be mentioned that the potential energy

curves of the Pd–C atom–atom interaction obtained by

the first-principle calculations are nearly the same for the

(15, 15) and (20, 20) CNTs, as shown in Figure 2. We thus

used the same parameters to model the DFT-Morse Pd–C

atom–atom interaction for the Pd clusters inside different

CNTs. It is acknowledged that much more DFT

calculations are necessary in order to improve and verify

the Pd–C atom–atom interaction.

3. Results and discussion

We identify melting from the caloric curve of the Pd

subsystem and the corresponding heat capacity Cv per

atom. For the heat capacity, the following relationship is

used:

Cv ¼
E 2
� �

2 Eh i
2

� �
nkBT 2

; ð3Þ

where E is the potential energy, kB is the Boltzmann

constant, n is the total number of the atoms in the cluster

and T is the temperature. In addition, we used two

indicators to analyse the melting processes, including the

deformation parameter 1def [40] and the bond-order

parameter (BOP) method [41,42]. Deformation parameter

1def represents a type of quadrupole deformation, and can

be used to model the shape evolution during the melting.

Its definition can be found elsewhere in Refs [40,43].

BOPs can capture the symmetry of bond orientations

regardless of the bond length, which is useful to analyse

the structural changes during the melting as well as to

distinguish the atoms whether they are solid or liquid.

Definitions of the BOPs and their standard values for a

number of structures can be found elsewhere in References

[34,41,43].

In Figure 3(a), an example is shown of the caloric

curve and the heat capacity Cv per atom with respect to the

temperature for the free Pd561 cluster. The temperature

corresponding to the maximum peak value in the heat

capacity Cv is in good agreement with the step jump in the

caloric curve, and a melting temperature of about 910 K is

predicted. Figure 3(b) gives the Pd caloric curve and the

corresponding temperature dependence of Cv for the Pd561

cluster, encapsulated inside a (30, 30) CNT. In this case, a

step jump in the caloric curve is found to be in agreement

with the sharp peak in the corresponding heat capacity Cv

per atom. Then, the melting point of the Pd561 cluster

encapsulated inside a (30, 30) CNT is estimated to

be 820 K.

In Figure 3(c), we give the temperature dependences

of the deformation parameter 1def for free and CNT-

supported Pd561 clusters. At lower temperature before

melting, 1def < 1 for both the free and CNT-supported

Pd561 clusters. At higher temperatures near melting, some

small jumps in 1def are found for the free and CNT-

supported Pd561 clusters, corresponding to the shape

changes of the clusters upon melting, even the premelting

phenomenon. At the melting points, sharp jumps are found

for the free and CNT-supported Pd561 clusters, indicating

the giant shape changes during the melting transition.

Figure 3(d) shows the temperature dependence of BOP

W6 for the free and CNT-supported Pd561 clusters. At

lower temperature, the Mackay icosahedral structure is

found for the free and CNT-supported Pd561 clusters,

characterised by the standard value of W6. However, at

temperatures near the melting point, W6 takes small

jumps, indicating the structure evolution upon heating

before melting. Then, giant jumps are found in W6 during

the melting temperatures. At the temperatures after

melting, W6 < 0 is found for both the free and CNT-

supported Pd561 clusters, corresponding to the appearance

of liquid phase after melting, characterised by the standard

value of W6.

The melting transitions of the free Pd55, Pd147 and

Pd309 clusters and those clusters encapsulated inside a

(30, 30) CNT were analysed by means of the same four

parameters. All melting points are summarised in Table 2.

Melting temperatures are plotted as a function of N 21/3 in

Figure 4, where N represents the total number of Pd atoms

in the free or CNT-supported Pd clusters. Linear decrease

in cluster melting point with N 21/3 is found for both the

free and CNT-supported Pd clusters. This behaviour is in

qualitative agreement with Pawlow’s law [44].

It is clear from Table 2 and Figure 4 that the melting

temperatures of the CNT-supported Pd clusters are lower

than that of free Pd clusters, and the CNT support is thus

responsible for this lowering. Previous results in the

literature [45–47] related to a series of different clusters

on an oxide substrate reveal that the substrate stabilises the

clusters against melting. On the contrary, our results reveal
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that even the Pd55 encapsulated inside a (30, 30) CNT

could decrease the calculated melting point from 590 to

530 K, as shown in Table 2. The downward shift of the

melting point may correlate with the reconstruction of the

icosahedral Pd clusters at higher temperatures before

melting. It is well known that the icosahedral structure

is not the most favourable one for the system with cluster

inside a CNT. The rearrangements and transformations

of the clusters occur with the appearance of defects at

higher temperatures before melting. Therefore, the sizes

considered in this work are magic numbers (relatively

more stable) for free clusters but not for supported clusters.

This is an important factor, which could lead to the melting

point depression of supported clusters.

Figure 4. Melting temperatures changing with the inverse
diameter of the cluster for the free (squares) and CNT-supported
(circles) Pd clusters. A linear behaviour of the melting
temperature with N 21/3, the inverse diameter of the cluster, is
found, which is in good qualitative agreement with Pawlow’s law.

Free Pd561 cluster

εdef of Pd561 clusters W6 of Pd561 clusters

ε d
ef W

6

Pd561 cluster inside (30, 30) SWNT

Temperature (K)

Temperature (K) Temperature (K)

Temperature (K)

T
he

 P
d-

Pd
 in

te
ra
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io

n 
en

er
gy

 p
er
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to

m
 (

eV
)

E
ne

rg
y 

pe
r 

at
om

 (
eV

)

Free cluster
Cluster inside
(30, 30) SWNT

Free cluster

Cluster inside
(30, 30) SWNT

Figure 3. The caloric curve and the heat capacity Cv per atom of (a) the free Pd561 cluster and (b) the Pd561 cluster encapsulated inside
the CNT. The temperature dependence of (c) the deformation parameter 1def and (d) the BOP W6 for the free (squares) and CNT-supported
(circles) Pd561 clusters.

Table 2. The melting points,Tm, of the free Pd55, Pd147, Pd309 and
Pd561 clusters and those clusters encapsulated inside a (30, 30) CNT.

Clusters

Melting point
of free clusters,

Tm (free)

Melting point
of clusters

inside a (30, 30)
SWNT,

Tm (inside)
Tm (free)

2 Tm (inside)

Pd55 (K) 590 530 60
Pd147 (K) 740 670 70
Pd309 (K) 840 760 80
Pd561 (K) 910 820 90
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In general, the melting temperature of a cluster is

influenced greatly by the distance in energy between its

lowest energy structure and higher isomers [48]. There-

fore, highly symmetric clusters as those found at

geometric magic sizes (relatively more stable), which are

likely to be well separated from higher isomers, usually

melt at high temperature. In previous work, Mottet and

Goniakowski [45], Mottet et al. [46] and Goniakowski et

al. [47] compared the melting of supported magic clusters

and free magic clusters in the same size range, and found

that the supported clusters melt at much higher

temperature. On the other hand, we found that the CNT

substrate can destabilise the highly symmetric icosahedral

cluster. It means that the icosahedral structure is not

favourable on the curved surface of a CNT. This behaviour

can considerably decrease the melting point.

Figure 5(a) shows the temperature dependence of the

total Pd–Pd interaction energy per atom (i.e. the caloric

curve) for the Pd147 cluster, encapsulated inside (15, 15),

(20, 20), (25, 25), (30, 30) and (35, 35) CNTs. It is found in

Figure 5(a) that the steps in the caloric curves occur at the

same temperature for the Pd147 cluster, encapsulated inside

different CNTs. The melting processes of the Pd147 cluster

encapsulated inside different CNTs are also explored by

the temperature dependence of the deformation parameter

1def and the BOP W6, as shown in Figure 5(b),(c),

respectively. It is found in Figure 5(a)–(c) that the

pronounced changes in the deformation parameter 1def and

the BOP W6 are in good agreement with the step position

in the caloric curves. All the melting indicators used

thus converge to predict that the melting temperature of

encapsulated Pd147 inside (15, 15), (20, 20), (25, 25),

(30, 30) and (35, 35) CNTs is independent of the CNT

diameter, which are all 670 K. This is clearly illustrated

in Figure 6.

To understand the melting phenomenon, pair corre-

lation functions g(r) are employed, which are given by

gðrÞ ¼
1

nðn2 1Þ

Xn21

i¼1

Xn
j.i

dðr 2 rijÞ; ð4Þ

where n is the total number of the atoms in the cluster and

rij is the distance between atoms i and j. g(r) is calculated

from the trajectories of the MD simulation after

equilibrium, and the average first neighbour distance d is

the modal position of the first peak. It is noticed that the

Figure 5. The temperature dependence of (a) the total Pd–Pd interaction energy per atom (i.e. the caloric curve), (b) the deformation
parameter 1def and (c) the BOP W6 for the Pd147 cluster encapsulated inside (15, 15), (20, 20), (25, 25), (30, 30) and (35, 35) CNTs.
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properties of the second, third and fourth peaks in g(r) are

useful to characterise the crystalline state and phase

transition. Figure 7(a), (b) shows the pair correlation

functions of the free and (30, 30) CNT-supported Pd561

clusters, respectively, at several temperatures. As shown in

Figure 7, the pair correlation functions display clearly four

typical peaks at lower temperatures of 300 and 600 K,

corresponding to the four first neighbour peaks in the

fcc structure. It means that both the free and supported

clusters are ordered. At 800 K, the second and more distant

neighbour peaks are not so clear in the CNT-supported

Pd561 cluster, which is the signature of the disordering of

the fcc structure and may indicate that the cluster is in a

state near or after melting. However, the free Pd561 cluster

is still ordered at 800 K, identifying from the pair

correlation functions. It means again that the melting

temperatures of the CNT-supported Pd clusters should be

lower than that of free Pd clusters. At 900 K, no clear

second, third and fourth neighbour peaks are found for

both the free and supported clusters, indicating that both

the clusters are in a state near or after melting.

It is interesting to further explore the metal–tube

interaction effect on the melting process. Here, we

calculated the melting of the Pd147 cluster encapsulated

inside (30, 30) CNTs using the DFT-Morse potential to

model the Pd–C interaction (see definition in Section 2),

in order to compare with the results using the VDW-LJ

Pd–C potential. Figure 8(a) shows the temperature

dependence of the total Pd–Pd interaction energy per

atom (i.e. the caloric curve) for the Pd147 cluster

encapsulated inside a (30, 30) CNT using both the DFT-

Morse and VDW-LJ Pd–C potentials. The corresponding

snapshots at 200, 400, 600, 700 and 900 K are also shown

in Figure 8(b), (c) using the DFT-Morse and VDW-LJ

Pd–C potentials, respectively. At lower temperature (for

example, 200 K), the icosahedral structure remains for

both cases, as shown in Figure 8(a)–(c). Using the

DFT-Morse Pd–C potential, a step jump is found at the

temperature of 400 K corresponding to the structural

transformation, and the icosahedral structure is trans-

formed into the stacked one (see Figure 8(b)). Using the

VDW-LJ Pd–C potential, the Pd147 cluster remains the

icosahedral structure at the temperatures of 200, 400,

600 K before melting, and then a giant jump is found in

the caloric curve at 700 K corresponding to the melting

transition from solid to liquid. As shown in Figure 8(b),

(c), the (30, 30) CNT has a giant deformation using the

DFT-Morse Pd–C potential at even 200–900 K, but there

is no deformation for the CNT using the VDW-LJ Pd–C

potential at the same temperature. It may be due to the

different Pd–C interaction. It means that the Pd–C

potential representing the metal–tube interaction has a

great effect on the melting of the Pd clusters inside the

CNTs. In fact, the Pd–C interaction using the DFT-Morse

Pd–C potential is about three to four times stronger than

Figure 7. Pair correlation functions g(r) of the (a) free and
(b) (30, 30) CNT-supported Pd561 clusters at 300, 600, 800
and 900 K.

Figure 6. Melting temperatures as a function of the diameter of
the CNT for the Pd147 cluster encapsulated inside (15, 15), (20,
20), (25, 25), (30, 30) and (35, 35) CNTs. Those melting points
are all 670 K, meaning that the tube size has no effect on the
melting of the Pd clusters inside the different CNTs.

Molecular Simulation 811

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



that using the VDW-LJ Pd–C potential in this work (see

the parameters in Section 2). The similar difference is also

obtained by Acharya et al. [25] based on ab initio

calculations.

4. Conclusions

To summarise, thermal behaviours of the icosahedral Pd

clusters encapsulated in the CNTs were investigated by MD

simulation, based on the TB-SMA for metal–metal

interactions and Tersoff potential for the carbon–carbon

interactions. The Pd–C interaction was modelled by both

the weak VDW-LJ potential and the strong Morse-type

(DFT-Morse) potential, which was fitted to first-principle

calculations. The simulation results obtained using the

VDW-LJ Pd–C potential indicate that the melting

temperature of the CNT-contained Pd clusters is of linear

behaviour with the inverse diameter of the clusters, which is

in good agreement with Pawlow’s law. It is also found that

the melting temperature of the CNT-supported Pd cluster is

much lower than that of free Pd cluster, due to reconstruction

of the icosahedral clusters at higher temperatures before

melting. Moreover, the Pd147 cluster encapsulated inside

(15, 15), (20, 20), (25, 25), (30, 30) and (35, 35) CNTs is of

the same melting temperature, indicating that the tube size

has no effect on the melting of the Pd clusters inside different

CNTs. Using the DFT-Morse Pd–C potential, deformation

for the CNT and structural transformation from the

Figure 8. (a) The temperature dependence of the total Pd–Pd interaction energy per atom (i.e. the caloric curve) for the Pd147 cluster
encapsulated inside a (30, 30) CNT using the DFT-Morse (circles) and VDW-LJ (squares) Pd–C potentials. The corresponding snapshots
at 200, 400, 600, 700 and 900 K using the (b) DFT-Morse and (c) VDW-LJ Pd–C potentials.
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icosahedral to the stacked are found for the Pd cluster inside

the CNTs. We believe that the results presented in this study

will be helpful in applying and developing Pd clusters inside

CNTs as sensors/catalysts.
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J.R. Huntzinger, J.L. Vialle, M. Treilleux, P. Mélinon, J.-L. Rousset,
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