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Due to the high demand for clean, economic, and recyclable energy, phase change materials (PCMs) have
received significant attention in recent years. To improve the performance of PCMs, they are confined in
micro- and nano-capsules composed of organic or inorganic materials. In this study, encapsulated
phase change material (EPCM) systems were constructed with paraffin molecules as the core material
and capped carbon nanotubes (CNTs) as the shell. We investigated the effects of different parameters
including CNT diameter, length, and chirality and the length of the alkane molecule chain. We also
investigated metal nanocluster-enhanced PCM systems via the addition of Cu, Ag, and Al clusters to the
EPCM systems. Different thermodynamic, dynamic, and structural properties including configurational
energy, melting range, mean square displacement, self-diffusion coefficient, radial distribution function
(RDF), and average end-to-end distance of the confined molecules were examined. We also investigated
the effect of metal doping in CNT on the different properties of the confined PCM. The results indicated
that a longer CNT has a lower melting point than the normal CNT system. It was also observed that the
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Accepted 24th June 2021 bigger (30,0) CNT, (14,14) armchair CNT, and icosane systems have higher melting ranges than the
normal (25,0) system. The metal cluster systems also have a lower starting melting point than the normal

DO 10.1039/d1ra02033a system. Furthermore, it was found that the Al cluster system has the lowest starting melting point among
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1. Introduction

PCMs (phase change materials) are materials that absorb (or
release) significant latent heat during the melting (or solidi-
fying) process. PCMs are good materials for the storage of
thermal energy, and therefore have received much attention in
recent years.'”

Proper PCMs must have a suitable phase transition
temperature, large specific and latent heat and high thermal
conductivity.® Straight chain n-alkanes (which are also known as
paraffins) have high latent heat, low vapor pressure, low
supercooling, and high thermal and chemical stability, and
therefore have been broadly used as PCMs in experimental and
theoretical investigations.”™ However, paraffins have some
disadvantages such as flammability, large volume change
during the phase transition, and low thermal conductivity.* To
improve these PCMs and overcome their deficiencies, paraffins
are confined into micro and nano capsules usually made from
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polymer and inorganic materials."** These encapsulated PCMs
(also known as EPCMs) exhibit superior properties compared to
the usual PCMs, which can improve their energy efficiency as
heat transfer materials.*

Due to the high demands for clean, economic, and recyclable
energy, EPCMs have been the subject of numerous experimental
investigations in recent years."*****” For example, Choi et al.**
prepared EPCMs via in situ polymerization. Specifically, they
loaded microcapsules with tetradecane as the core and mela-
mine formaldehyde as the shell. They reported that their
microcapsules had a high latent heat capacity and durability.
Chang et al.** developed EPCMs using n-octadecane molecules
as the core and poly methyl methacrylate-silica as the shell of
their microcapsules. They reported that the highest amount of
latent heat was achieved using the inorganic/organic ratio of 5%
in the capsules. Chao et al.*® synthesized microcapsules using n-
octadecane as the core material using an interfacial poly-
condensation method. Their capsules exhibited the phase
transition of octadecane at 29 °C to 30 °C. Recently, Qiu et al.**
fabricated microcapsules using n-octadecane as the core and
methylmethacrylate copolymers as the shell of EPCM. They
found that the enthalpies of the PCM contents increase by
decreasing the length of the side chain of the monomers.
Recently, Wang et al.*” synthesized micro-EPCMs consisting of
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n-octadecane as the core and melamine formaldehyde resin as
the shell material. They reported high latent heat and stable
performance for the produced micro-EPCMs.

However, although there are numerous experimental inves-
tigations on EPCMs, molecular dynamics (MD) simulations are
rarely applied in the investigation EPCMs because of their
complex structures.”** Rao et al.* investigated the melting
process of nanocapsulated PCMs using MD simulations. They
constructed EPCMs using n-octadecane molecules as the core
and SiO, as the shell. Their results showed that MD simulation
is an effective approach to better understand EPCMs. Nie et al.*®
investigated the properties of paraffin encapsulated in carbon
nanotubes (CNTs) using experimental and MD approaches.
They obtained a melting point and latent heat smaller than that
of the bulk values. Their MD results showed an ordered distri-
bution of paraffin molecules near the inner wall of the CNT,
which disappeared gradually by increasing the temperature.
Recently, Keshavarzi and Mansoori and co-workers presented
the structures, properties, and phase transitions of confined
fluids in carbon nanotubes.***

From a wider perspective, it is necessary to study the
different properties of EPCMs using MD simulations for
expanding both the understanding and applications of phase
change materials.**** Therefore, in this study, our aim was to
investigate the thermal properties of octadecane and icosane
molecules encapsulated in different CNTs using MD simula-
tions. The configurational energy, self-diffusion coefficient, and
radial distribution function (RDF) of the different systems were
also computed. We investigated the effects of different param-
eters in this study, including the length, diameter, and chirality
effects of the CNTs and also the effect of the length of the
paraffin molecule. To improve the thermal conductivity of the
systems, we also examined the effect of the addition of different
metal nanoclusters (such as Cu, Ag, and Al) to the octadecane
molecules encapsulated in the CNTs.

2. Simulation details

In this study, the EPCM system was constructed with 17 octa-
decane molecules as the core material and a graphene-capped
(25,0) CNT with the length of 42.68 A as the shell. The
capping of CNTs with graphene surfaces has been experimen-
tally investigated in previous studies.*® The capped CNTs with
the confined molecules were put in the center of the simulation
box with the dimensions of 100 x 100 x 100 A®. Firstly, we put
17 octadecane molecules with an ordered configuration in the
middle of a CNT. Then, to anneal the molecules, we heated the
systems from 200 K to 1000 K, and then cooled them from 1000
K to 200 K at the temperature interval of 50 K. The final struc-
ture of the cooling process at 200 K was adopted as the initial
configuration for the different simulations.

All the simulations were carried out in the NVT ensemble
using the Nosé-Hoover thermostat and DL_POLY software.?®
The Ewald summation technique was used for the electrostatic
interactions. We used 12 A as the cutoff distance. Periodic
boundary conditions were also employed in three directions.
The MD simulations were performed for 2 ns (1 ns for the
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equilibration step followed by 1 ns of production for computing
the properties), which is comparable to that of previous MD
simulations***” on confined water molecules between graphene
plates. We kept the CNTs fixed in these simulations. The OPLS
AA force field** was adopted for the PCM (alkane) molecules
and the Lennard-Jones model with the Lorentz-Berthelot
combination rules*®* was employed for the interactions
between the PCM and the CNT.

To examine the effect of the CNT length, we used the (25,0)
CNT with a length of 64.86 A. To study the effect of the CNT
diameter, we used the (30,0) CNT with a length of 42.68 A. To
investigate the effect of the chirality of the CNT, the (14,14) CNT
with a similar diameter (19.45 A) and length (42.68 A) was used.
To study the effect of the chain length of the PCM, we used 17
icosane molecules in the (25,0) CNT.

Metal nanoclusters have also been used with different PCMs
experimentally.*>** For example, Qian et al** experimentally
investigated organic PCMs with Cu nanoparticles. They used
silver nanoparticles decorated on diatomite with polyethylene
glycol (PEG) and found that the presence of metal nanoparticles
decreased the melting and freezing periods. They also
concluded that the heat transfer is enhanced through the
thermal conductivity improvement by the metal nanoparticles.
Jafarian et al*®® experimentally examined paraffin wax (as
a PCM) with Cu nanoparticles. They concluded that the
concentration, size, and type of metal nanoparticle have an
important effect on the thermal conductivity of PCMs. They
found that the thermal conductivity of the PCM increased with
an increase in the nanoparticle concentration. It also increased
with a decrease in the nanoparticle size.

To examine the effect of the presence of metal nanoclusters,
we confined 32-atom nanoclusters of Cu, Ag, and Al (with the
initial fec structure) with 17 octadecane molecules in the (25,0)
CNT. Previous simulations on the melting of small metal
nanoclusters also used the initial fcc structures.***> We also ran
some test simulations using different initial structures of the
metal clusters (fcc, icosahedral, and annealed structures) and
found that the initial structure has a small effect on the results.
The snapshots of these test simulation results are presented at
initially and after 0.7 ns of simulation in Fig. S1 in the ESL{

The quantum Sutton-Chen model was used for the metal-
metal interactions and their parameters are presented in Table
S1 in the ESI.1*** The metal-CNT and metal-PCM interactions
were modeled using the L] potential. Finally, we investigated
the thermal properties of the PCM molecules confined in the
(25,0) CNT doped with Al atoms. Recently, we showed that the
metal doping of CNTs can affect the different properties of the
confined molecules.*®

3. Results and discussion
3.1 The normal EPCM system

In the normal EPCM system, 17 octadecane molecules were
placed in the middle of the capped (25,0) CNT with a length of
42.68 A. The configurational energy of the system from 280 to
350 K is presented in Fig. 1a. The configurational energy is the
result of the forcefield effect on the system and the sum of the
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Fig.1 Normal system consisting of 17 octadecane molecules in the capped (25,0) CNT with a length of 42.68 A. (a) Configurational energy, (b)
mean square displacement (MSD), (c) self-diffusion coefficient, (d) octadecane—octadecane radial distribution function (RDF), (e) octadecane—

CNT RDF, and (f) average end-to-end distance.

different intermolecular and intramolecular energies such as
the van der Waals energy and coulombic energy.

As shown in this figure, the energy of the confined octade-
cane molecules increases with an increase in temperature. Also,
sudden changes in the configurational energy can be

24596 | RSC Adv, 2021, 11, 24594-24606

distinguished, which may indicate a phase transition process
from the solid phase to the liquid state. However, the configu-
rational energy curve cannot represent the phase transition
range alone. According to the inserted snapshots of the system
in Fig. 1a, the confined molecules have an ordered structure at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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200 K and this ordered configuration disappears at 320 K. The
confined molecules also form a two-layer structure in the CNT
after melting.

The experimental melting temperature of bulk octadecane is
301 K.*** This result shows that the encapsulation of the
octadecane molecules in the CNT increases their melting
temperature. This result is in agreement with simulation result
of Akbarzadeh et al.* on the melting of ionic liquids (ILs) in
carbon nanotubes, where they showed that the confinement of
IL molecules in CNTs increased their melting temperature and
thermal stability. Yafei et al.>° also experimentally investigated
encapsulated systems containing octadecane molecules as the
core and polystyrene as the shell. They concluded that the
microencapsulation of octadecane increases its melting range.

To investigate the melting range and to examine the
dynamics of the confined octadecane molecules in the CNT, the
self-diffusion coefficients were also calculated from the mean
square displacement (MSD) plots using the following equation,
where they show linear behaviors:*

—r(0)*) 1)

where N is the number of carbon atoms of the alkane, and the
position vectors of the atoms at time ¢ = 0 and ¢ are shown by
r{0) and r{t), respectively. The MSD plots for the confined
octadecane molecules in the (25,0) CNT at different tempera-
tures are presented in Fig. 1b.

As shown in this figure, the slope of the MSD plots exhibits
a sharp change and increases in the temperature range of 320 to
325 K (see the MSD line at 325 K). The sharp increase in the
dynamics of the confined molecules at the melting range can be
better distinguished in the self-diffusion plot shown in Fig. 1c,
which indicates a first-order phase transition. Our simulated
self-diffusion coefficients are in good agreement with the
previous simulation results of Rao et al.*> Although our simu-
lated self-diffusion coefficients are in the same order of the
experimental values® of bulk octadecane, they are somewhat
smaller. For example, the experimental self-diffusion of bulk
octadecane at 323 K is 0.046 x 10~ % (m” s "), which is greater
than our calculated value for the confined octadecane at this
temperature (0.018 x 10~ % (m> s~ ')). This result means that the
encapsulation of the octadecane molecules decreases their
dynamics. The same result was obtained by Akbarzadeh and
Abbaspour® in the simulation of ionic liquids confined in
different nanotubes. They also concluded that the self-diffusion
of the confined ionic liquid is less than that of the bulk ionic
liquid.

Our simulated self-diffusion coefficients are greater than
that reported by Rao et al.>® They simulated the self-diffusion of
octadecane molecules encapsulated in an SiO, shell. This
difference is due to the stronger interactions of the Si atoms
with the octadecane molecules than the CNT atoms. Specifi-
cally, confining the paraffin molecules in the CNT leads to faster
dynamics of the molecules compared to the SiO, nanocapsules.
According to Fig. 1c, some fluctuations in the diffusion coeffi-
cient can be observed. This phenomenon may be due to the
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smaller accessible volume for the confined alkane molecules,
which causes the diffusion value to fluctuate. In fact, when an
alkane molecule starts to melt, the chains of the neighboring
molecules hinder the twisting of the molecule. After melting,
twisting occurs, and the diffusion coefficient increases and the
length of the alkane chain decreases (Fig. 1f). This phenomenon
was not observed in the longer nanotube with a larger accessible
volume to the alkane molecules (Fig. 2c). We will discuss this
phenomenon in the next section.

To investigate the structural properties of the confined
octadecane molecules, the radial distribution function RDF or
(g(r)) was calculated using the following formula:**

0= {50000 60 ) = (S0 )

i j#Fi i j#i
(2)

where p is the number density and the angle brackets denote
a spherical average and the usual configurational average. The
center of mass RDFs of the octadecane molecules at different
temperatures are presented in Fig. 1d. As shown in this figure,
the RDF peaks suddenly change in the melting range and
become smaller, which is due to the weakening of the mole-
cule-molecule interactions by the increase in temperature. The
RDFs of the center of mass of the octadecane molecules with the
CNT wall are also presented in Fig. 1e. According to this figure,
the RDF peaks suddenly change in the melting range (see, for
example, T = 325 K) and the RDF peaks become slightly smaller,
which is also due to the weakening of the molecular interac-
tions with the CNT wall by the increase in temperature.

The octadecane molecules may exhibit different configura-
tions. The trans configuration (in which the carbon atoms are in
a plane) and the gauche configuration are the two common
structures of alkanes. The end-to-end distance is the longest
distance when all sections of a molecule are in the trans
configuration (solid state). We also present the average end-to-
end distance of the confined octadecane molecules at
different temperatures in Fig. 1f. As shown in this figure, the
end-to-end distance decreases with an increase in temperature,
which obeys the thermodynamic theory that the order param-
eter decreases with the melting process. This is due to the fact
that the alkane molecules gain more kinetic energy after
melting and tend to twist and orient to the gauche configuration
and roll in the nanotube, and therefore the end-to-end distance
decreases. Therefore, the end-to-end distance can be considered
a thermodynamic order parameter to monitor the melting of
long chain alkanes.** Fig. 1f also shows a sudden change in the
end-to-end distance in the melting range, which supports the
energy and diffusion results.

3.2 The effect of CNT length

To investigate the effect of the length of the CNT, 17 octadecane
molecules were positioned in the middle of the capped (25,0)
CNT with a length of 64.86 A. According to Fig. 2a, the config-
urational energy increases with an increase in temperature, but
the melting range is not obvious. The snapshots in this figure
also show that the confined molecules are in the melted state at
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310 K. This result shows that an increase in the CNT length
decreases the melting temperature. In agreement with the
configurational energy results in Fig. 2a, the MSD curves show
an increase in the slope of the curves from 310 K, which indi-
cates the melting process (Fig. 2b). The jump in the self-
diffusion coefficients of the confined octadecane molecules
obviously exhibits the melting process in the melting range of
around 310-320 K in Fig. 2c. It can also be found that the self-
diffusion of the confined molecules in the longer CNT is greater
than that in the normal system. This is due to the increase in
the accessible volume of the confined molecules in the longer
CNT than the shorter CNT, which leads to the faster melting of
the alkane molecules. We also present snapshots of the octa-
decane molecules in both the normal and long CNTs at the
same temperature (7 = 305 K) in Fig. S2 in the ESL.{ As shown in
this figure, there is more accessible volume to the confined
molecules in the longer CNT. The octadecane molecules are
rolled more completely in the longer CNT and are in the melted
state, whereas the octadecane molecules are more compacted
and in the solid state in the normal CNT at the same
temperature.

The center of mass RDFs of the octadecane molecules at
different temperatures are presented in Fig. 2d. As shown in this
figure, the octadecane-octadecane RDF peaks increase in the
melting range. This is due to the increase in the alkane-alkane
interactions in the melting range, where the confined molecules
tend to roll in the inner CNT wall (Fig. S21). The RDFs of the
center of mass of the octadecane molecules with the CNT wall
are also presented in Fig. 2e. According to this figure, the RDF
peaks suddenly change in the melting range and the RDF peaks
become slightly smaller, which is due to the weakening of the
molecule-wall interactions by the increase in temperature. It is
also shown that the octadecane-octadecane RDFs are smaller,
whereas the octadecane-CNT wall RDFs are higher than the
corresponding peaks of the normal system. These results show
that the confined octadecane molecules have less interactions
with each other, but have stronger interactions with the CNT
wall. This is another reason for the decrease in the melting
point of the confined molecules with an increase in the CNT
length.

We also present the average end-to-end distance of the
confined octadecane molecules in the longer CNT at different
temperatures in Fig. 2f. According to this figure, a sharp
decrease in the end-to-end distance can be observed at around
the melting range (310-320 K). It is also shown that the end-to-
end distance of the confined molecules in the longer CNT is
smaller than that in the normal CNT after the melting range.
This is due to the greater accessible volume for the confined
molecules in the longer CNT, in which the octadecane mole-
cules can roll more completely in the CNT in the melted state.

3.3 The effect of CNT diameter

To examine the effect of the diameter of the CNT, 17 octadecane
molecules were placed in the middle of the capped (30,0) CNT
with a length of 42.68 A. The configurational energy of the
system is presented in Fig. S3a.T The melting temperature range
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cannot be distinguished in this figure. However, according to
the inserted snapshots, the confined molecules are in the liquid
(melted) state at 310 K and the confined octadecane molecules
form one layer in the CNT due to the increase in the CNT
diameter.

To distinguish the melting range, the MSD plots for the
confined octadecane molecules in the (30,0) CNT at different
temperatures are presented in Fig. S3b.T As shown in the MSD
plots, the behavior and slope of the curves sharply increase from
310 K to 340 K, which indicates the melting process. The change
in the self-diffusion coefficients of the confined molecules also
indicates the melting process from 310-340 K, as shown in
Fig. S3c.t In comparison with the normal system, the self-
diffusion of the confined molecules increases with an increase
in the CNT diameter, which is due to the increase in the
accessible volume for the confined molecules to move. The self-
diffusion of the confined molecules in the (30,0) CNT is also
greater than that in the longer (25,0) CNT.

To investigate the structural properties of the confined
octadecane molecules, the center of mass RDFs of the octade-
cane molecules and the octadecane-CNT at different tempera-
tures are presented in Fig. S3d and e, respectively. As shown in
these figures, the RDF peaks become smaller with an increase in
temperature and the sharp changes correspond to the melting
range (from 310-340 K). We also present the average end-to-end
distance of the confined octadecane molecules in the (30,0) CNT
at the different temperatures in Fig. S3f.f However, the melting
temperature cannot be distinguished using the end-to-end
distance.

3.4 The effect of CNT chirality

To examine the effect of chirality, we positioned 17 octadecane
molecules in the middle of the capped (14,14) CNT with
a diameter of 19.45 A and length of 42.68 A. According to
Fig. S4a in the ESL,T a small jump can be observed at 320 K.
According to the snapshot, the confined molecules are in the
melted state at 320 K. The MSD curves also show an increase in
the slope of the curves from 320 to 340 K, which indicate the
melting process (Fig. S4b¥). A jump in the self-diffusion coeffi-
cients from 320 to 340 K can also be observed in Fig. S4c.} In
comparison with the results of the normal zigzag (25,0) CNT,
the octadecane molecules in the armchair (14,14) CNT have
almost similar but slightly more interactions, and thus they
have a higher melting temperature range. It should be noted
that the type of molecule-carbon wall interaction is the same for
the armchair or zigzag CNT but the different configurations of
the carbon atoms in the CNT wall result in different interactions
and a small difference in the melting range. As shown in Fig.-
S4c,t the self-diffusion of the confined molecules in the
armchair CNT is smaller, which also indicates the stronger
interactions in this system than the zigzag CNT. As shown in
Fig. S4d and e, the RDFs decrease with an increase in
temperature, but they do not help to distinguish the melting
range. We also presented the average end-to-end distance of the
confined octadecane molecules in the armchair (25,0) CNT at
different temperatures in Fig. S4f.f As shown in this figure,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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there is a sharp decrease in the end-to-end distance, which

indicates the melting range initiates from 320 K.

3.5 The effect of alkane chain length

To examine the effect of the alkane chain length, we put 17
icosane molecules in the middle of the capped (25,0) CNT with

© 2021 The Author(s). Published by the Royal Society of Chemistry

a length of 42.68 A. According to the jumps in the configura-
tional energy and the inserted snapshot in Fig. S5a in the ESI,{
the melting temperature range is 310 to 335 K. Comparing the
results for the octadecane molecules, the increase in alkane
chain slightly increases the melting temperature. The increase
in the MSD curves and the self-diffusion values also show that
the melting range initiates from 310 K (Fig. S5b and ct). The
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changes in the behaviors of the icosane-icosane and icosane-
CNT RDFs also confirm that the melting range is around 310-
335 K (Fig. S5d and et). The icosane-icosane RDFs decrease
with an increase in temperature, whereas the first peaks of the
icosane-CNT RDFs increase with the temperature. We also
present the average end-to-end distance of the confined icosane
molecules in the (25,0) CNT at different temperatures in
Fig. S5f.f According to this figure, the melting point exists at
around 325 K, which is in agreement with the other results
(310-335 K).

3.6 The effect of the addition of metal nanoclusters

3.6.1 Cu nanocluster. In the Cu-EPCM system, a 32-atom
copper nanocluster with 17 octadecane molecules was placed in
the middle of the capped (25,0) CNT with a length of 42.68 A.
The configurational energy of the system is presented in Fig. 3a.
As shown in this figure, the configurational energy of the
nanocluster-enhanced system is negative, which exhibits the
stronger interactions in this system compared to the normal
system without the metal cluster (due to the metal-metal and
metal-octadecane interactions). The negative configurational
energy also indicates that the nanocluster-enhanced systems
are more stable than the normal systems.

According to the sharp increase in the configurational energy
values, the phase transition process from the solid phase to the
liquid state can be observed from 310 K to 330 K. As shown in
the snapshot of the system in Fig. 3a, the ordered configuration
starts to disappear from 310 K. The starting melting tempera-
ture of the nanocluster-enhanced system is also lower than that
of the normal system (320 K). In addition to the increase in
thermal conductivity, the decrease in the melting temperature
is another result of the presence of metallic clusters in the
EPCM systems. These results are in good agreement with the
previous experimental results.* It should also be noted that the
presence of metal nanoparticles increases the melting range
compared to that of the normal system from 325 K to 330 K.

The slope of the MSD plots of the confined molecules
exhibits a sharp increase from 310 K to 330 K, as shown in
Fig. 3b. The sharp increase in the self-diffusion of the confined
molecules in Fig. 3¢ also indicates a first-order phase transition
in the melting range of 310-330 K. In comparison with the
normal system without the clusters, it can be found that the
presence of the metal nanocluster decreases the self-diffusion
value due to the stronger interactions between the octadecane
molecules and the metal atoms.

According to Fig. 3d and e, the octadecane-octadecane and
octadecane-CNT RDFs of the confined molecules in the cluster-
enhanced system show important changes in the melting range.
As shown in these figures, the octadecane-octadecane and
octadecane-CNT RDFs show a sharp increase in the melting
range, which represents the strengthening of the molecule-
molecule and molecule-CNT interactions in the melting range.
However, the octadecane-octadecane interaction decreases at
a higher temperature (T = 340 K). We also present the average
end-to-end distance of the confined octadecane molecules in
the Cu-EPCM system at different temperatures in Fig. 3f. The
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melting temperature cannot be distinguished using the end-to-
end distance, which is due to the presence of the metal cluster.
The end-to-end distance does not seem to decrease significantly
for the metal-encapsulated CNT systems in the melting range.
This is due to the fact that the alkane-nanocluster interaction
prevents the alkane molecule from twisting (or roll), and
therefore, its length does not decrease after the melting range.
However, the next sections show that the average end-to-end
distance decreases in the melting range for the nanocluster
systems with weaker interactions than Cu.

3.6.2 Ag nanocluster. In the Ag-EPCM system, a 32-atom
silver nanocluster with 17 octadecane molecules was placed in
the middle of the capped (25,0) CNT. The configurational
energy of the system in Fig. S6af shows the phase transition
process in the range 310-325 K. As shown in the snapshots of
the system in Fig. S6a,f the silver cluster shows a greater
distribution along the CNT than the copper cluster in the
melting range. The starting melting temperature of the silver
nanocluster-enhanced system is also smaller than the normal
system.

The MSD plots of the confined molecules and the self-
diffusion values also exhibit a sharp increase at 310 K and 325
K in Fig. S6b and c,t respectively. The octadecane-octadecane
and octadecane-CNT RDFs in Fig. S6d and et also confirm the
change in the behavior of the confined molecules in the melting
range. We also present the average end-to-end distance of the
confined molecules in the (25,0) CNT at different temperatures
in Fig. S6f.t According to this figure, the sharp decrease in the
end-to-end distance also confirms the melting range from 310
to 325 K, which is consistent with the other results.

3.6.3 Al nanocluster. In the AI-EPCM system, a 32-atom
aluminium nanocluster with 17 octadecane molecules was
positioned in the middle of the capped (25,0) CNT. The phase
transition range is from 300 K to 340 K, as shown in the energy
diagram in Fig. S7a.t According to the snapshots in Fig. S7a,
the Al atoms separate from the cluster and distribute along the
CNT in the melting range. This result is due to the weaker
interactions between the Al atoms than the other metallic
clusters. The MSD plots and the self-diffusion values also
confirm that the melting range is from 300 to 340 K, as shown in
Fig. S7b and c,t respectively. The initial melting temperature is
more obvious in the MSD curves. The self-diffusion of the
confined molecules is greater than that for the copper and silver
cluster systems, which is also due to the weaker interactions
between the aluminium atoms and the octadecane molecules
than the other metal atoms.

According to Fig. S7d and e,} the octadecane-octadecane
and octadecane-CNT RDFs also confirm the change in the
behavior of the confined molecules in the melting range. The
octadecane-octadecane interaction also increases in the
melting range, whereas it decreases at a higher temperature
(340 K). We also present the average end-to-end distance of the
confined molecules in the (25,0) CNT at different temperatures
in Fig. S7f.7 This figure indicates the sharp changes in the end-
to-end distance in the melting range of around 300 to 340 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to-end distance.

3.7 The effect of Al doping in CNT

In this system, 32 Al atoms were doped in the (25,0) CNT
randomly. Then, 17 octadecane molecules were positioned in

the middle of the capped metal doped-CNT. According to the

configurational energy and corresponding snapshots in Fig. 4a,

© 2021 The Author(s). Published by the Royal Society of Chemistry

the temperature range for the phase transition is from 310 K to
335 K, which is less than the melting point of the octadecane
molecules in the normal zigzag CNT. The MSD plots and the
self-diffusion values also confirm the melting range in Fig. 4b
and c, respectively (however, the dynamic results show the

RSC Adv, 2021, 11, 24594-24606 | 24601
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starting melting point of 305 K). The self-diffusion of the
confined molecules in the metal-doped CNT is lower than that
in the normal CNT, which is due to the stronger interactions
between the confined molecules and the Al-doped atoms.
According to Fig. 4d and e, the octadecane-octadecane and
octadecane-CNT RDFs of the confined molecules in the cluster-

24602 | RSC Adv, 2021, N, 24594-24606

enhanced system show important changes in the melting range.
According to these figures, the octadecane-octadecane inter-
action decreases with an increase in temperature, whereas the
octadecane-CNT interaction increases with an increase in
temperature. We also present the average end-to-end distance
of the confined octadecane molecules in the Al-doped system at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Snapshots of the metal clusters in the different systems at their melting ranges. The Cu, Al, and Ag atoms are in blue, yellow, and red,

respectively.

different temperatures in Fig. 4f. As shown in this figure, the
end-to-end distance decreases around the melting range, con-
firming the other results.

3.8 Comparison of the cluster structures in different systems

To examine the structures of the metal clusters in the different
systems, the octadecane-cluster and cluster—cluster RDFs are
presented at different temperatures in Fig. S8.f The following
trend can be observed for the metal-metal RDFs: Cu-Cu > Ag-
Ag > Al-Al, which is in good agreement with the order of the
interaction potential of the Sutton-Chen model (parameter ¢ in
Table S11).**” Due to the same reason, the snapshots of the
metal clusters in Fig. 5 show that the silver and aluminium
clusters (unlike the copper cluster) are distributed along the
CNT. Although the interaction potential of Cu is stronger than
that of Ag and Al, the Ag and Al cluster systems exhibit higher
cluster-octadecane RDFs than the Cu metal system. This is due
to the fact that the silver and aluminium clusters (unlike the
copper cluster) are distributed between the octadecane mole-
cules along the CNT, and therefore the octadecane-metal
interactions in the Ag and Al systems are greater than that in the
Cu system. It is also shown that the octadecane-metal RDFs
decrease with an increase in temperature, which indicates the
weakening of the alkane-metal interactions with an increase in
temperature.
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Fig. 6 Comparison of the melting ranges for the different systems in
this work.
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3.9 Comparison of the melting ranges of the different
systems

According to the obtained results from the different nano-
systems, it is shown that the determination of the melting point
of the encapsulated alkane molecules is not an easy process and
cannot be distinguished using only the energy curves because
they show fluctuations in their properties and exhibit a range of
melting temperatures. The MSD, self-diffusion, and RDF curves
should be also considered to determine the melting range more
accurately. Recently, Rao et al®* investigated the melting
process of nanocapsulated PCMs using MD simulations. They
constructed the EPCMs using n-octadecane molecules as the
core and SiO, as the shell. However, they did not report the exact
melting point and only studied the melting range of the
confined octadecane molecules by observing the change in the
MSD and diffusion values. Previous experimental and MD
simulations on bulk octadecane have also reported melting
ranges and not melting points.>**”

The melting ranges of the different systems are compared in
Fig. 6. Due to the larger accessible volume for the confined
octadecane molecules, the longer (25,0) CNT has a lower
melting point than that of the normal (25,0) CNT system. It is
also shown that the (30,0) CNT, armchair CNT, and icosane
systems have higher melting ranges than that of the normal
(25,0) system. It is also shown that the metal cluster systems
have a lower starting point of melting than that of the normal
system. This result is in good agreement with the experimental
results of Alomair et al.>® They showed that the presence of
nanoparticles accelerates the melting process of phase change
materials. It is observed that the Al cluster system has the lowest
starting melting point among the studied systems.

4. Concluding remarks

In this research, EPCM systems were constructed with 17 alkane
molecules as the core material and a graphene-capped CNT as
the shell. We investigated the effects of different parameters
including the CNT diameter, length, and chirality and the
length of the alkane chain. We also investigated metal
nanocluster-enhanced PCM systems using Cu, Ag, and Al clus-
ters. The following important results were obtained:

(1) The energy of the metal nanocluster-enhanced systems is
lower (more negative) than that of the other systems, which is
due to the stronger metal interactions.

(2) Due to the larger accessible volume for the confined
octadecane molecules, the longer (25,0) CNT has a lower
melting point than that of the normal (25,0) CNT system. It was
also shown that the (30,0) CNT, armchair CNT, and icosane

RSC Adv, 2021, 11, 24594-24606 | 24603
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systems have higher melting ranges than that of the normal
(25,0) system.

(3) Our dynamics investigations using MSD curves and self-
diffusion coefficients confirmed the melting ranges obtained
using the configurational energy curves and also indicated that
an increase in the CNT diameter and length increases the
diffusion coefficient. The presence of metal clusters also
decreases the diffusion values due to the stronger interactions
with the confined molecules. The self-diffusion of the confined
molecules in the metal-doped CNT is also smaller than that of
the normal CNT.

(4) According to our structural investigations, the octade-
cane-octadecane and octadecane-CNT RDFs of the confined
molecules indicate important changes in the melting range,
which exhibit significant changes in their interactions in the
melting range.

(5) Although the interaction potential of Cu is stronger than
that of Ag and Al, the Ag and Al cluster systems exhibit higher
cluster-octadecane RDFs than the Cu metal system. This is due
to the fact that the silver and aluminium clusters (unlike the
copper cluster) are distributed between the octadecane mole-
cules along the CNT, and therefore the octadecane-metal
interactions in the Ag and Al systems are greater than that in
the Cu system.

(6) The metal cluster systems have a smaller starting melting
point than that of the normal system. It was shown that the Al
cluster system has the lowest starting melting point among all
the studied systems.

(7) The end-to-end distance of the confined molecules
decreases with an increase in temperature, which obeys the
thermodynamic theory that the order parameter decreases with
the melting process. The sharp decrease in the average end-to-
end distance of the confined molecules around the melting
temperature also confirmed the melting range obtained using
the energy, MSD, diffusion, and RDF results.
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