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Abstract

Due to unique features in surface activity, thermal stability, electrical and thermal conductivity, and compatibility with biomol-
ecules such as DNA and proteins, carbon-based nanoparticles are raised potential as a candidate for various applications such as
catalytic processes, drug delivery, light, and electrical engineering. Based on this premise, thermodynamic features of pure,
graphene, and carbon nanotube (CNT)-based gold nanoparticles (AuNPs) are investigated using molecular dynamics approach.
Melting, heat capacity, thermal conductivity, contact angle of molten AuNPs, and phase transition are calculated as indicators of
thermodynamic properties of pure and carbon-based AuNPs. Simulation results indicate that the presence of a carbon platform
and its contact surface area has a significant role in the thermodynamic properties of AuNPs and leads the phononic heat capacity
and thermal conductivity to decrease for AuNPs. The platform also causes the melting point temperature of AuNPs to increase.
The melting of gold on the carbon base is of the first-order type. In addition, contact angle for molten AuNPs on the Graphene is
significantly higher than the one on the CNT due to more contact area on the Graphene substrate.
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Introduction nanoparticles is their catalytic activity [5]. Meanwhile, the size

of nanoparticles as a catalyst has significant effects on their

Nano-particles are one of the most promising alternatives for
common metals and materials at the industrial catalytic appli-
cations due to a series of extraordinary performances such as
the possibility of production in a wide range of dimensions
[1], increased surface area [2], ability to chemical and physical
adsorption [3], and low environmental problems compare
with chemicals [4]. One of those interesting features of
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surface behaviors [6] and high surface-to-low volume ratio on
the metallic nanoparticles such as gold, cobalt [7], and iron
nanoparticles leads to make the more catalytic active sites on
their surfaces causing their surface readily available to arriving
reagents [8]. This unique performance in the production of
catalytic active sites has promoted substantial interest and
work on using the nanoparticles as one of the main candidates
for a new generation of catalysts [9—12].

For instance, Balbuena et al. [13] studied the oxidation
of catalytic processes on the surface (111) of Pt and Pt/
PtCo/Pt;Co using molecular dynamics. Simulation results
show that the production of oxygen and water causes
some changes in the structure and arrangement of catalyst
top-level atoms affecting the activity and stability of the
catalyst. Thermal stability is one of the key essentials of
industrial catalytic structures [14], which nanoparticles as
a catalyst must also have this capability. This property
makes scientists look for new and more heat-stable types
of catalysts. In recent years, several approaches have been
proposed to increase the thermal stability of catalysts, es-
pecially nanoparticle-based catalysts [15—17] that one of
these proposals is to create a base or platform for catalysts.
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Table 1 Calculated lattice heat
capacity for simulation systems at System name (abbreviation) AuNPs AuNPs@CNT AuNPs@Graphene
300 K
Cy. at (. mol " K" 14.65 + 0.01 1435+ 0.01 13.88 + 0.01

For example, Sarangi et al. [18] had an investigation on the
melting point temperature of silicon-based gold nanoparticle
(AuNPs). Molecular dynamics simulation results show that
the silicon substrate for AuNPs is found to lead a significant
change on the melting point temperature of AuNPs where an
AuNPs melts in lower temperatures than the one on a silicon
platform. Navarro et al. [19] studied bimetallic Pt-Pd nano-
alloy. In this research, the melting point temperature of pure
Pt—Pd alloy was compared with the same alloy with graphite
support. Their results show that the presence of graphite sup-
port causes the melting point temperature of Pt—Pd alloy to
increase from 1000 to 1200 °C.

In this study, we particularly investigate the thermal char-
acteristics of pure and carbon-based AuNPs from a molecular
point of view. AuNPs, with straightforward synthesis and spe-
cial physical and chemical properties such as optical, electri-
cal, and thermal, are utilized as semiconductors and catalysts
in photo-thermal therapy [20]. With a melting point above
3000 k [21] and more flexibility to adapt to host, Graphene
and carbon nanotubes (CNT) are chosen as a substrate to
investigate the effect of a carbon-based platform on the ther-
mal features of AuNPs. Some investigations confirm that
graphene and CNT as a substrate have a significant effect on
their host’s physical and physicochemical properties [22]. As
a unique member of carbon-based nanoparticle family,
Graphene and CNT also have a variety of extraordinary me-
chanical, chemical, and surface properties. Zero partial
charges of carbon atoms in the Graphene structure leads to
its surface to have a naturally hydrophobic behavior [23].

Similar to Graphene, CNTs are cylindrical-shaped novel
nano-systems that have a wide range of applications in sci-
ence, engineering, and environmental issues due to their spe-
cial properties such as high mechanical strength, low weight,
and flexibility [24].

Considering admissible results of simulation and
modeling methods based on molecular dynamics (MD)
[18, 25, 26] in the similar cases, molecular dynamics is
chosen for calculating the interactions between AuNPs—
Graphene and AuNPs—CNT atoms. Specifically, we study
the effect of carbon base on thermal and thermodynamic
properties of gold nanoparticle by using classical molec-
ular dynamics. Thermodynamics attributes on the bare
and Graphene and CNT-based AuNPs is discussed with
heat capacity, thermal conductivity, and phase transition
phenomena. The process of melting, the formation of
molten AuNPs nano-droplet, and its contact angle on the
Graphene and CNT bases are also discussed. The physi-
cochemical and thermodynamic aspects of this investiga-
tion can be considered one of the initial steps for future
fundamental studies on the development of a new gener-
ation of catalysts known as nano-catalysts.

Computational details

As shown in Fig. 1 and Table 1, three simulation systems
compatible with investigation scenarios are made with
PACKMOL [27] to perform the molecular dynamics studies.
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Fig. 1 Initial configuration of simulation systems, Au and C atoms are represented in yellow and black, respectively
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Fig. 2 Schematics of heat flow in
Graphene-based AnNPs
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AuNPs simulation system (A) is performed to investigate the
thermodynamics behavior of pure gold nanoparticle. To study
the effect of Graphene (AuNPs@Graphene (AG)) and CNT
(AuNPs@CNT (AC)) base on the thermodynamics features of
AuNPs, adsorption of gold nanoparticle on the armchair con-
figuration of Graphene and CNT surfaces and its effect on the
physical and physicochemical behavior of AuNPs are simu-
lated. The dimension of performed AuNPs in the simulation
systems are 29 x 71 x 29 A® in the x-, y-, and z-directions,
respectively. The shape of AuNPs was assumed to be cubic
because according to Ling et al. [28], Au (111) is a mostly
exposed plan in gold NP conjugates. In addition, Siming
Zhang showed the most stable structure for AuNPs larger than
2 nm is the truncated-octahedral structure (fcc) [29]. The di-
mensions of the Graphene sheet as the substrate of AuNPs in
the AG simulation system are 90 x 90 A? in the x- and y--
directions, respectively. The dimensions of CNT as the sub-
strate of AuNPs in the AC simulation system are also 30 x
90 A% in the x- (and z-) and y-directions, respectively. Periodic
boundary conditions are considered in the x-, y-, and z--
directions due to the physics of the simulation systems.
Initially, the isolated AuNPs were optimized, subse-
quently; Au NPs were simulated on Graphene. To evalu-
ate the equilibrium of the considered systems, energy and
entropy were measured (Fig. S1, S2). Inter- and intra-
atomic interactions between nanoparticle and substrate in
the simulation systems are simulated with the open-source
code large-scale atomic/molecular massively parallel
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Fig. 3 Thermal conductivity of
12

AuNPs (red), AuUNPs@CNT

L.

simulator (LAMMPS) [30]. Visual molecular dynamics
(VMD) is used for the visualization of structures, and
post-processing of simulation data [31]. The Embedded-
atom method (EAM potential) is used to calculate the
interactions between Au atoms [32] (Table S1). The con-
sistent valence force field (CVFF) is used to describe
bonded and non-bonded interactions between carbon and
gold atoms [33, 34]. A 6—12 Lennard-Jones potential
energy model [35] is used to model all non-bonded inter-
actions. Verlet algorithm is used to integrate the motion
equations for atoms in the simulation boxes. The substrate
is considered fixed at its initial position during simulation
time. The time-step of simulation is set to one femtosec-
ond for all simulations. Systems are simulated for 6 ns
with the constant-temperature, constant-volume ensemble
(NVT), and the Nose-Hoover thermostat [36] at tempera-
ture of 300 K.

Results and discussion
Thermal conductivity

Thermal conductivity, capability of a material to transmit heat,
is a thermodynamic feature of materials calculating in watts
per square meter of surface area for a temperature gradient of
1-K per unit thickness of 1 m [37]. Total thermal conductivity
coefficient (k) for a material is equal to the algebraic
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addition of the electronic (K.;) and phononic (K,nenon) coeffi-
cient [38]. For conductive solid and metals, 90-95% of total
thermal conductivity is due to electronic coefficient contribu-
tion and 5-10% of total thermal conductivity is due to
phononic part contribution [39]. Based on molecular dynam-
ics approach of this research work, the classical part of total
phonon, Kp,nenon, is used to present and discuss the effect of a
carbon-based platform on AuNPs thermal conductivity [40].
Figure 2 shows a schematic view of non-equilibrium molecu-
lar dynamics (NEMD) [41] simulation used to study the ther-
mal conductivity and heat transport along Graphene-based
AuNPs.

Heat flux, J, of three simulation systems are calculated by
Eq. (1) where E; is total energy, V; is the velocity of atom 7, and
S; is stress tensor. The steady state temperature gradient is
created in pure and carbon-based AuNPs due to certain heat
flux applying to AuNPs.

1
J =1 REVESiVi] (1)
Then, thermal conductivity is obtained by Eq. (2):
J
Kph =—= 2
phonon T (2)

where J is the flux of thermal energy or the energy trans-
mitted across unit area per unit time, V7 is a temperature
gradient, and Kpponon 18 the thermal conductivity coeffi-
cient. The applied temperature gradient (VT) of AuNPs on
the simulations are considered from 5 to 10 K. The rage

Fig. 5 Phonon DOS of AuNPs 1
(red), AuNPs@CNT (green), and
AuNPs@Graphene (dark blue)
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Fig. 6 Energy diagram of AuNP (red), AuNP on CNT platform (green),
and AuNP on the Graphene platform (dark blue)

of temperature (AT) variation is considered from 300 to
500 K in the calculations. Gold total thermal conductivity
is reported 317 (% ) in literature [42]. In Fig. 3, thermal
conductivity diagrams are shown for the simulation sys-
tem. There are many common theorems about the heat
capacity of solids such as the Einstein approximation the-
orem and the Debye approximation theorem [31]. These
theorems have different behaviors in low temperatures
(near to zero Kelvin) but the convergence of their vol-
umes increases at high temperatures (Fig. 4).

In this research, the Einstein approximation theorem is
used for AuNPs, AuNPs@CNT, and AuNPs@Graphene to
validate the results of C,.;;; and K,,5,0,. Phonon density of
state (DOS) is used at temperatures above 300 K to evaluate
the relation between C,. ;51, K, onon» and vibration frequency of
phonon. Solid materials are considered an N harmonic oscil-
lator by wy frequency in Einstein approximation theorem.
Based on this premise, total energy of solid material is given
as follows:

th
exp(hwo /kT)—1
hwo

+3N 2 (3)

1
U = 3N(<n> +E>hw0 =3N

where & is Boltzmann constant and 7 is temperature. Heat
capacity is defined as follows:

Au
Au@CNT
Au@Graphene

15 2 25 3 35 4 45 5
v (THz)
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Fig. 8 Heat capacity for (a) AuNPs, (b) AuNPs on CNT, and (c) AuNPs
on the Graphene platform at 300-1200 K temperature range

DOS for three simulation systems are shown in Fig. 5. As
shown in Fig. 5, pure AuNPs shows a higher phonon frequency
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Fig. 10 RDF results for (a) AuNPs, (b) AuNPs on CNT platform, and (¢) AuNPs on Graphene platform

compare with the AuNPs on the CNT and Graphene platforms.
Based on the kinetic theory of gases [43] relation between ther-
mal conductivity and heat capacity is:

K= 1Cvl (6)
3

where C is heat capacity per unit volume, v is the av-
erage particle velocity, and / is the mean free path of a
particle between collisions. The thermal conductivity
process of pure, CNT, and graphene-based AuNPs can
be explained by Eq. (6). According to Eq. 6, there is a
direct relation between K and C, and constant values for
v (related to temperature) and / (nano-cluster length)
cause the trend of C and K to be the same.

The circles denote the experimental results for copper [44].

Heat capacity

Heat capacity or specific thermal is the amount of heat
per unit mass of material that is required to raise the
temperature by 1 °C [45]. Heat capacity at the constant
volume is equal to Eq. (7) where E is total energy, K is
Boltzmann constant, and T is the absolute temperature.

(B’

Cy = ) (7)
kT

Table 2 Contact angle and com determination results from MD
simulations
System name (abbreviation) AuNPs@CNT AuNPs@Graphene
Measured contact angle (°) 117 134
Center of mass (A) 13.78+£0.01 15.17+£0.01

@ Springer

The calculation of lattice heat capacity for three simulated
models is presented in Table 1.

The MD-based calculation is performed at 300 K for
all simulation systems. The results confirm that the car-
bon platform has a significant effect on lattice heat ca-
pacity because the lattice heat capacity reduces for gold
nanoparticle due to the presence of carbon substrate.
The results also show that heat capacity for AuNPs on
the Graphene platform is lower than the one on the
CNT platform confirming the effect of contact area
and non-bond interactions between Gold and carbon
atoms on heat capacity.

Melting point temperature

The melting point temperature of a substance is defined as
the temperature at which it changes from a solid phase to
a liquid phase; that is, undergoes fusion [46]. In
molecular-scale studies, energy diagrams and mean square
displacement (MSD) are used to analyze melting point
temperature and phase change. Figure 6 shows steady
values of total energy in different simulated systems where
horizontal and vertical axes show temperature (K) and
energy (eV) values, respectively. As seen in Fig. 6, the
melting process for pure AuNP is signalized by a jump in
the energy diagram at 970 K. In the carbon-based sys-
tems, AuNP on the Graphene and CNT platforms jumps
in the energy diagrams are observed at 1052 K and
1025 K, respectively. The phase change from solid to
liquid, melting, causes the range of motion for atoms to
change form vibration movement to free movement.

In molecular systems, mean square displacement is an
indicator of mobility and movement for atoms; therefore,
phase change and melting point is observable by MSD
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Fig. 11 Stabilized molten AuNPs o ol
nano-droplet on the (a) CNT and
(b) Graphene platform a

[47]. Figure 7 shows the MSD values of Au atoms as a
function of temperature in different simulation systems.
As seen in Fig. 7, phase transition in different simulation
systems are in good agreement with energy diagrams in
Fig. 6. MSD values verify that phase transition from solid
to liquid for pure AuNP, CNT-based, and Graphene-based
AuNP occurred at 970 K, 1025 K, and 1052 K,
respectively.

Energy and MSD results show that the LJ interactions be-
tween the carbon-based platform and AuNP have a significant
effect on the AuNP melting point and lead the melting point
temperature of AuNP to increase. They also illustrate that
melting point temperature for AuNP on the Graphene plat-
form is higher than the one on the CNT platform due to more
contact area and a further amount of LJ interactions between
gold and carbon atoms.

A phase transition is a change in state from one phase
(solid, liquid, or gas) to another [48]. All matters or systems
in any phase and state have certain physical properties. Phase
transition for a matter leads physical properties of the system
like volume, viscosity, and specific heat to change. In physics
and thermodynamics of materials, each system is defined by
an equation of state relating state variables and describing the
state of matter under a given set of physical conditions such as
temperature, pressure, and volume. Equation of phase, which
is a function of state, changes with phase transition. Phase
transition is divided to first, second, third, fourth, and nth-
order categories based on the rate of derivative of the state
equation. If the subcritical changes are observed in the first-
order derivative of the state equation, the phase transition is
first order; otherwise, the phase transition is second order (Fig.
S5) [49].

Figures 8 and 9 show calculated heat capacity and entropy
for pure AuNPs, AuNPs on the CNT, and the Graphene plat-
form. The major peaks in heat capacity and entropy graphs
confirm that phase transition is first order. The location of
major picks in Figs. 8 and 9 are in good agreement with pre-
vious results and prove that carbon base has a significant ef-
fect on the thermal properties of AuNPs. In addition, there are
clear differences between Graphene and CNT results that con-
firm the more the contact area between platform and

nanoparticle, the higher the changes in the thermal property
of nanoparticle.

Radial distribution function

Radial distribution function (RDF) as a known pair correlation
function is a useful quantity to represent the average distribu-
tion of atoms around any given atom within molecular dynam-
ics. RDF shows several peaks that correspond to the first,
second, third, etc. coordination spheres. Fluctuation in the
RDF is a strongly dependent type of matter. Solids have peri-
odic structures, broadened peaks caused by molecules vibrat-
ing around their lattice sites, but gases do not have a regular
structure. In liquid because of dynamically moving, the first
coordinate sphere will occur at ~o, and in large r value, the
distribution returns to the bulk density. RDF is a common
method of structural arrangement evaluation. In Fig. 10,
RDF graphs are shown for a three simulation systems in dif-
ferent temperatures.

In statistical mechanic, RDF is used to evaluate the density
of neighboring atoms in a molecule or set of molecules or in a
crystal relative to each other. RDF graph has a direct relation-
ship with system phase and its temperature [48]. This depen-
dency leads to a series of delta Dirac functions for a solid
structure at the low temperature, while for the same structure
at high temperature and liquid or gas phase, the Dirac func-
tions convert to Gaussian distribution functions due to in-
crease in the vibration and movement domain of atoms.
RDFs are calculated relative to the gold atoms. The RDF
results clearly show changes from delta Dirac function in
low temperature to Gaussian distribution function in high tem-
perature proving the melting of pure and carbon-based
AuNPs. The results also confirm that the carbon platform
has a significant effect on the RDF picks, and its presence
causes the change from delta Dirac function to Gaussian dis-
tribution function to shift to a higher temperature which is in
fair agreement with Energy and MSD results.

Contact angle of molten AuNPs

For a solid substrate in immediate contact with a liquid drop-
let, wetting and contact angle result from a balance of

@ Springer


https://en.wikipedia.org/wiki/Specific_heat

307 Page 80f9

J Mol Model (2020) 26:307

cohesion and adhesion forces between liquid molecules and
the surface atoms, respectively. Based on contact angle be-
tween the substrate and liquid droplet, solid surfaces are di-
vided to hydrophobic and hydrophilic in behavior. On a hy-
drophilic surface (surface-philic), the contact angle between a
liquid droplet and solid surface is lower than 90°, and liquid
wets solid surface, while on a hydrophobic surface (surface-
phobic), the contact angle between a liquid droplet and solid
surface is higher than 90° [50].

The molten gold nano-droplets, which are used in the cal-
culations of the contact angle, show asymmetries and a variety
in values in different directions. To minimize the effect of
these variations in contact angle calculations, contact angles
for each nano-droplet are calculated along the z-axis in the
four main sides by image processing analysis in MATLAB
[23, 51], and then the mean of the measured values is consid-
ered the nano-droplet contact angle (Fig. 11 and Table 2). The
position of the center of mass (COM) for the nano-droplets is
also calculated along the z-axis (Table 2). As seen from
Fig. 11 and Table 2, the contact angle for molten gold nano-
droplet on the Graphene platform is higher than the one on the
CNT platform that causes the com for nano-droplet on the
Graphene to shift from 13.78 to 15.17 A with respect to the
surface. It is due to more LJ interaction between gold and
carbon atoms on the Graphene platform leading to less surface
energy and more surface-phobic on the Graphene platform. In
general, the simulated contact angles are in good agreement
with previous studies [52].

Concluding remarks

In this research work, molecular dynamics is used to perform a
study on the thermodynamic features of carbon-based gold
nanoparticles. Graphene and CNT are chosen as a platform
to evaluate the effect of carbon base on the thermodynamic
properties of AuNPs. The Graphene and CNT bases lead the
melting temperature for AuNPs particles to increase from
970 K to 1052 K and 1025 K, respectively, showing the melt-
ing temperature of AuNPs on the CNT substrate is lower than
the one on the Graphene. The effect of the platform on the
phononic heat capacity (C,,;,,) and thermal conductivity
(Kphonon) of AuNPs is also significant and reduces them. On
the carbon bases, a clear difference in the surface tension for
molten AuNPs is observed leading the contact angle for mol-
ten AuNPs on the Graphene to be significantly higher than the
one on the CNT. In sum, outcomes reveal that the carbon
platform and its contact surface area have a direct effect on
the physical and physicochemical properties of AuNPs. In
General, the results are in good agreement with previous stud-
ies and show that carbon-based nanoparticles can be consid-
ered a promising alternative to various common laboratory

@ Springer

and industrial-scale catalytic applications due to its higher
thermal stability.

Funding MD simulations and post-simulation analysis were performed
using computing clusters at the Tarbiat Modares University, Tehran, Iran.
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