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ABSTRACT

The depression of melting point and latent heat is a common phenomenon for nanoporous
shape-stabilised phase change materials (ss-PCMs), however, the underlying mechanism is not
well understood, especially from the microscopic perspective. As PCMs are embedded in
nanopores, the depression of thermal properties may be due to the size effect, interaction effect
or both. In this paper, the size effect on thermal properties was studied using a molecular
dynamics simulation and the underlying mechanism was explored. NaCl was selected as PCM
and the size of the nanoparticle is from 2 nm to 9 nm. Bulk molten salt was also simulated to
validate the correctness of the simulation results. It is found that atoms in smaller nanoparticles
vibrate more intensely so the crystal structure of smaller nanoparticle is easier to be destroyed,
leading to a lower melting point. The lower coordination number indicates the more loosely
packed structure. Thus, less energy is required to destroy the crystalline lattice and the latent
heat is decreased. This paper reveals the underlying mechanism of the depression of melting
point and latent heat from the atomic point of view and paves the way for further studying the
depression of thermal properties of PCMs embedded in nanopores.
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1. Introduction

Using renewable energy is one of the most effective methods to cope with the worldwide
energy crisis and environmental pollution [1]. Some energy resources, such as solar energy,
have the drawbacks of intermittence and instability, which hampers their efficiency seriously
[2]. One of the solutions is to store surplus thermal energy into phase change materials (PCMs)
and release it when the energy is needed, which effectively addresses the mismatch between
energy supply and demand [3]. However, the thermal energy storage (TES) system using the
pure PCM commonly suffers from the leakage problem and the low thermal conductivity [4].
To overcome these drawbacks, the most popular method is to impregnate PCMs into porous
materials to fabricate shape-stabilised phase change materials (ss-PCMs) [5].

Melting point and latent heat are critical thermal properties for ss-PCMs because they
determine the application scenarios and heat storage capacity. However, the depression of
melting point and latent heat is a common phenomenon for nanoporous ss-PCMs. Nomura et
al. [6] prepared three octadecane/mesoporous SiO2 phase change composites and the average
pore size was 11.6 nm, 16.2 nm and 50.0 nm respectively. They found that the melting point of
the composite decreased with the decreasing pore size. The three composites had almost the
same porosity and impregnation ratio but their latent heat decreased as the decline of the pore
size. Mitran et al. [7] used lauric acid (LA) as PCM and three mesoporous silica as supports:
MCM-41 (2.8 nm), SBA-15 (6.3 nm) and MCF with a pore size range of 10.4 - 14.9 nm and 27
- 34.9 nm. In their report, the melting point of LA/MCF composite (14.4 °C) was much lower
than that of the pure LA (42.7 °C). The experimental latent heat of the prepared nanoporous ss-
PCM was less than the theoretical value. Later, they prepared nitrate eutectic/mesoporous silica
ss-PCMs. The depression of melting point and latent heat was also observed and the non-
melting layer theory was used to explain this phenomenon [8]. Liu et al. [9] fabricated a series

of adipic acid/silica-based ss-PCMs with the pore size ranging from 3.3 nm to 24.6 nm. The



melting point showed a linear relationship with the inverse pore size. They also found that
measured latent heat decreased with the decreasing pore size. Mitran et al. [8]

As PCMs are embedded in nanopores, the depression of melting point and latent heat may
be due to the size effect, the interaction effect or both. The size effect on thermal properties has
been observed by many researchers, both in experiments and in simulations. Lee et al. [10]
prepared Pd nanowires using mesoporous silicate materials as template. In their experiment,
the melting point of Pd nanowire with a diameter of 4.6 nm was 300 °C, a depression of more
than 1100 °C compared to the bulk melting point (1445 °C). Wang et al. [11] prepared Zn
nanowires with different diameters using porous anodic alumina membrane and found that the

melting point decreased with the decreasing nanowire size and was curvilinear with the

reciprocal of the nanowire diameter. In many times, it is difficult to use experimental methods
to measure thermal properties of nanoscale materials due to technical limitations and extreme
conditions [12, 13]. Thus, some researchers sought an alternative approach and adopted the
molecular dynamics (MD) method. Chen et al. [14] performed an MD simulation with the
isotropic PAHAP potential to study the size-dependent melting of Ci6H1o and CasHi2. They
found that the melting point decreased with the decreasing nanocluster diameter and it followed
a linear function with the inverse diameter. Loulijat et al. [15] simulated the melting of Cu
nanoparticles and found that the melting point of Cu nanoparticles decreases with the

decreasing particle size. They also used the Gibbs equation to calculate the melting point:

=T, (1- ﬁ(ys-yl (Z—j)m» (1)

where Trn® and Tn\ are the melting point of bulk material and nanoparticle, y,and y_are the
surface tension, p_and p, are the density, L is the latent heat and r is the nanoparticle radius.

This theoretical equation is based on equating the Gibbs free energies of solid and liquid

nanoparticles. Zhang and He [16] investigated the melting point of Cu nanowire. Their



simulation results indicate that the melting point decreased from 1087 °C to 207 °C when the
diameter of Cu nanowire reduced from 6 nm to 2 nm.

Although some work has been done to investigate the size effect on melting point and
latent heat, the underlying mechanism is not well understood, especially from the microscopic
perspective. Thus, this paper aims to reveal the mechanism of the size effect on thermal
properties from the atomic point of view. NaCl was selected as PCM and a molecular dynamics
simulation was performed. The size of NaCl nanoparticles is from 2 nm to 9 nm. The bulk
molten salt was also simulated to validate the correctness of the simulation results. This paper
provides microscopic insights into the depression of melting point and latent heat and paves the

way for further studying the depression of thermal properties of PCMs embedded in nanopores.

2. Theory and methods
2.1. Force field
The Born-Mayer-Huggins pair potential has been proved to properly reproduce the
pairwise interaction between ions in molten chloride salts [17]. Thus the Born-Mayer-Huggins
potential is adopted in this study:
Cj Dj
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where ;; is the distance between two ions; Ajj, gij, Cij and Dj; are Born-Mayer-Huggins
potential parameters; p is the ionic-pair dependent length parameter, taken as 0.317 A for NaCl
[18]. The first term in Equation (2) stands for Born-Huggins short distance repulsive force; the

second term and the third term denote the van der Waals interactions [19, 20].

Columbic interaction is computed as:

q9:4;
Ecoul =— (3)

Tij
where giand g; are the charge of ion i and ion j.

The parameters of Born-Mayer-Huggins potential are provided in Table 1.



Table 1. Born-Mayer-Huggins potential parameters for NaCl [12]

Ajj, keal mol! oy, A Cy, kcal mol'' A® Dy, kcal mol! A3
Na-Na 6.0848 2.34 24.196 11.522
Na-Cl 4.8676 2.755 161.301 200.187
Cl-Cl 3.6509 3.17 1670.622 3355.646

2.2 Nanoparticle configuration

Before performing the MD simulation, nanoparticles with different sizes were built. Firstly,
the crystal structure of chloride salts was generated, as Figure 1a shows. Then, this structure
was integrated into spherical nanoparticles (Figure 1b). The diameter of nanoparticles ranges
from 2.0 nm to 9.0 nm and the maximum ion number is 17072. The details of nanoparticle
configuration are listed in Table 2. Finally, the produced nanoparticles were subjected to the

cvff force field to optimize the structure [21]. The optimized nanoparticles were used as the

initial configuration of MD simulation.

Figure 1. (a) Cubic crystal structure of NaCl and (b) NaCl nanoparticle (diameter = 3 nm). Na* and Cl-are

colored purple and green respectively.



Table 2. Nanoparticle configuration

No. Number of ion pairs Total number of ions Diameter, nm
#1 87 174 2.0
#2 298 596 3.0
#3 752 1504 4.0
#4 1473 2946 5.0
#5 4061 8122 7.0
#6 8536 17072 9.0

2.3 Simulation details

All the simulations were performed using the open-source MD simulation software
LAMMPS. The Born-Mayer-Huggins and Coulombic interactions were truncated at 20 A and
the long-range corrections were applied [22]. The long-range Coulombic interactions were
handled using the particle-particle-particle-mesh (pppm) method, meaning that interactions
within the cutoff were computed directly while those outside the distance were calculated in
reciprocal space. Verlet algorithm was employed to solve Newton’s motion equations with a
time step of 1 fs [23].

In all the simulations, we adopted the “multi constant temperature” method rather than the
“gradually heating and cooling” method so that the system can be equilibrated at each specific
temperature for a long enough time [14]. Each simulated system was first subjected to a process
of energy minimization. Subsequently it was equilibrated for 1000 ps at the desired pressure
and temperature in the isothermal-isobaric (NPT) ensemble [24]. The pressure was fixed at 0.1
MPa while the temperature ranged from 400 K to 1200 K to cover both the solid and liquid
state. During the simulation process, Nose-Hoover thermostat and barostat were employed to
control the pressure and temperature. The damping parameters which determine how rapidly

the temperature and pressure were relaxed are set as 100 fs and 500 fs, respectively.



3. Results and discussions

3.1 Simulation of bulk salt
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Figure 2. (a) Schematic of bulk NaCl system, red and blue spheres represent Na* and CI-. (b)~(c) Comparison

of simulated RDFs with literature values [12]: (b): Na-Cl, (c): Na-Na.

The bulk NaCl was also simulated and the system consists of 8192 atoms [23]. The
schematic of the bulk NaCl system is shown in Figure 2(a). The system was first heated at 2000
K and then cooled to the desired temperature within 2ns [12]. Next, it was equilibrated in NPT
ensemble for 1ns. The other simulation setup is the same as that mentioned in Section 2.3. The

radial distribution function (RDF) describes the local structure of materials [25]:

1 [dN,g(r)
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where a and § denote a—type ion and S-type ion, respectively; pg is the number density of 5—
type ion; N,(r) is the mean number of f—type ions lying in a sphere of radius » centred on an

a-type ion.



RDFs of Na-Na and Na-Cl in the liquid salt are presented in Figure 2(b)-(c). The RDFs
were compared with the literature vale [12] and it showed good agreement, which validates the
accuracy of the model used in this study.

3.2 Melting behaviour

Lindemann index characterises the atomic motion by measuring the distance between

atoms. The expression of Lindemann index of an individual atom is given by [26]:

5= —\W (5)
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where J; is the Lindemann index of atom i; N is the total ion number; R;; is the distance between
ion 7 and ion j; the bracket denotes the ensemble average. Lindemann index distributions (LIDs)
of 4nm nanoparticle are presented in Figure 3. At 700 K, the Lindemann index of most atoms
is small because the atomic motion is restricted by the crystal lattice and atoms vibrate “in place”
[27], indicating NaCl at the solid state. When the temperature increases to 900 K, the atomic
motion increases and the Lindemann index becomes larger. However, the overall intensity of
atomic motion is still weak. When the temperature rises to 1000 K, the Lindemann index of all
toms is obviously large. Atomic motion is free and not restricted, indicating the destruction of

the crystal lattice and the transition from the solid to liquid.
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Figure 3. Lindemann index distribution of 4nm NaCl nanoparticle at different temperature

3.4 Melting point

Lindemann index method [28] and total energy method [15] are used in the current study
to identify the melting point. The global Lindemann index is defined as the average value of
Lindemann index of all individual atoms:

=150, (6)

where N is the total ion number. The global Lindemann index characterizes atomic motion

by measuring the distance between atoms. The Lindemann index method determines the
temperature where the abrupt increase in the global Lindemann index ends as the melting point
[28]. By contrast, the total energy method identifies the temperature where the total system

energy jumps as the melting point [15].
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Figure 4. (a) Variation of global Lindemann index of different NaCl nanoparticles. (b) Variation of total
energy with temperature.

The variation of global Lindemann index and total energy is shown in Figure 4. It is seen
that both the global Lindemann index and total energy increases with the temperature and they

jump at a certain temperature. The jumps is used to determine the melting point.
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Figure 5. Melting point predicted by Lindemann index method and total energy method

Figure 5 presents the melting point of different NaCl nanoparticles. The melting point
decreases with the decreasing nanoparticle size, which is a common phenomenon for many
materials [14, 16, 29]. It is noted that, as Figure 5 shows, the melting point predicted by the

Lindemann index method is larger than those by the total energy method. It could be attributed

10



to the different definition of melting point in these two methods. For the Lindemann index
method, the melting point is identified as the temperature where the abrupt increase of the global
Lindemann index ends [28]. Atomic motion in the liquid PCM is obviously intensive than that
in the solid PCM, so the global Lindemann index is larger significantly. The Lindemann index
method considers the temperature where the abrupt increase of the global Lindemann index
ends as the melting point. It identifies the lower limit of the liquid state. Regarding with the
total energy method, the melting point is determined as the temperature where the total energy
jumps [15]. When the solid PCM converts into liquid PCM, its total energy increases abruptly
due to the latent heat. So, the total energy method identifies the upper limit of the solid state.
Nevertheless, the Lindemann index method and total energy method describe the same melting
process and the deviation in the melting point is reasonable. The simulated melting point of
bulk NaCl is 1050 K, as shown in Figure S1, agrees well with the experimental data [30].
The comparison of LIDs of different NaCl nanoparticles is presented in Figure 6. It is
obvious that at the same temperature, 2 nm nanoparticle has the largest Lindemann index,
indicating that atoms in small nanoparticles vibrate more intensively. The relation of the global
Lindemann index with the melting point is shown in Figure 6(d). It is seen that the larger the
global Lindemann index, the lower the melting point. The variation of the melting point may
be attributed to the relation of the destruction of the crystal lattice with the atomic vibration.
Atoms vibrate more intensively in small nanoparticles. As the temperature increase, the
vibration increases. For small nanoparticles, the vibration more easily reaches the critical value

to destruct the crystal lattice. Thus, the melting point of small nanoparticles is low.
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3.4 Latent heat

Figure 7 shows the variation of enthalpy with temperature. At the solid state, the enthalpy
increases with temperature. Near the melting point, it increases sharply due to the latent heat,

followed by a stable rise.
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Figure 7. Variation of enthalpy with temperature: (a)—(f): 2 nm, 3 nm, 4 nm, 5 nm, 7 nm and 9 nm NaCl

nanoparticle.
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The latent heat is calculated based on the sharp increase in the system enthalpy [31]:
L=H,-H, (7)

where H; and H; are the enthalpy of liquid NaCl and solid NaCl near the melting point.
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Figure 8. Latent heat of different NaCl nanoparticles.

The latent heat of different NaCl nanoparticles is shown in Figure 8. The result indicates
that the 9nm nanoparticle has the maximum latent heat and the latent heat is 9 nm (375.0 J/g),
7 nm (362.3 J/g), 5 nm (345.6 J/g), 2nm (305.1 J/g), 3 nm (259.8 J/g) and 4 nm (259.2 J/g) in
order from high to low. The simulated latent heat of bulk NaCl is presented in Figure S1 and

shows good agreement with experimental value.
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Latent heat is the energy required to destroy the crystalline lattice at the melting point [32].
The coordination number is the total number of atoms surrounding the central atom. It
characterises the intensity of the close packing of atoms stacked in a crystal. The larger the
coordination number, the tighter the atoms stack and the more stable the crystal structure [33].

The coordination number is calculated from the radial distribution function [25]:

T'min

Nyp= 4npﬁ j(; gaﬂ(r) 7 dr (8)
where r,,;, is the position of the first peak valley of RDF.

Radial distribution function curves of different NaCl nanoparticles are plotted in Figure 9
and the first peak valley is located at 4.05 A. Coordination number curves at 600 K are shown
in Figure 10. It is seen that the coordination number is 9 nm (5.73), 7 nm (5.63), 5 nm (5.60),
2 nm (5.51), 3 nm (5.37) and 4 nm (5.36) in order from high to low, which is consistent with
the latent heat. The smaller coordination number indicates the more loosely packed structure.

Thus, less energy is required to destroy the crystalline lattice and the latent heat is decreased.
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Figure 10. Coordination number curves of different NaCl nanoparticles at 600 K.

4. Conclusions

In this paper, the underlying mechanism of the size effect on the melting point and latent
heat of molten salt is revealed from the atomic point of view. NaCl was selected as the phase
change material in the molecular dynamics simulation. It is found that the atomic motion in
smaller nanoparticles is more intensive and thus the crystal structure of smaller nanoparticles
is easier to be destroyed, which leads to a lower melting point. The order of the latent heat is
consistent with that of the coordination number. The low coordination number means a loosely
packed structure. As a result, less energy is required to destroy the crystalline lattice and the
latent heat is decreased. Bulk molten salt was also simulated and the correctness of the
simulation results was validated.

This paper provides microscopic insights into the depression of melting point and latent
heat of nanoporous shape-stabilised phase change material. It is noted that as PCMs are

embedded in nanopores, the depression of thermal properties may be due to the size effect,

16



interaction or both. Therefore, further study is needed to explore the depression of thermal
properties of PCMs embedded in nanopores. In addition, the experimental work is very
important to support the numerical results. However, it is of great difficulty to measure the
melting point and latent heat of nanoscale molten salt due to the extreme high temperature and

corrosion problem. A practical experiment is needed in the future research work.
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Nomenclature

PCM
ss-PCM
TES
MD

LA

LID

Ajj, g, Cij, Dy
p

Ecour

4, 4;

a,p

Pg

Naﬁ(r)

Phase change material

Shape-stabilized phase change material
Thermal energy storage

Molecular dynamics

Lauric acid

Lindemann index distribution

Radial distribution function

Melting point

Melting point of bulk material and nanoparticle
Surface tension

Density of solid and liquid material
Latent heat

Nanoparticle radius

Pairwise potential between atom i and j
Distance between two atoms
Born-Mayer-Huggins potential parameters
Ionic-pair dependent length parameter
Columbic interaction

Charge of ion i and j

a—type ion and S—type ion

Number density of f—type ion

Mean number of f—type ions lying in a sphere of radius »
centred on an a—type ion

Radial distribution function of a—type ion and f—type ion
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Lindemann index of atom i
Total atom number

Global Lindemann index
Temperature

Enthalpy of liquid and solid PCM
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