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ABSTRACT: Molecular dynamics simulations have been
performed to investigate the mechanism of thermal energy
transport at the interface between n-heneicosane in solid and
liquid phases and few-layer graphene at different temperatures
under two heating modes (in the “heat-matrix” mode, heat is
flowing from the heated heneicosane molecules to the cooled
ones through the graphene layers and in the “heat-graphene”
mode, the energy is flowing from the heated graphene to the
cooled heneicosane). The effect of orientation of the perfect
crystal structure (heneicosane molecules are positioned
perpendicular and parallel to the graphene basal plane) on
the interfacial thermal conductance has been examined. It is
observed that the interfacial thermal conductance is 2 orders
of magnitude higher under the heat-matrix mode than under
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the heat-graphene mode, for liquid or solid heneicosane and monolayer graphene. With an increase in the number of graphene
layers, the interfacial thermal conductance under the heat-matrix mode decreases and reaches a plateau when the number of the
graphene layer is more than eight. This is caused by the decreasing contribution of direct heat transfer from the matrix to matrix
across the graphene layers via nonbonded intermolecular interactions. The interfacial thermal conductance becomes similar for
both heating modes, once the number of graphene layers in the system is over 15. The influence of temperature on the
interfacial thermal conductance is found to be insignificant in the range (175—250 K; 350—400 K). Both the phase and
structure of heneicosane significantly influence the interfacial conductance. Spectral analysis suggests that graphene vibrational
modes of all frequencies contribute to the interfacial heat transfer.

1. INTRODUCTION

Solid—liquid phase change materials (PCMs) are commonly
utilized for storage of solar energy which is intermittent in
nature, passive cooling of electric devices,' and waste heat
recovery systems.2 Latent heat thermal energy storage units are
a very attractive choice among the thermal energy storage
techniques because of their high energy density and isothermal
operation.” > Organic PCMs are desirable because of their
stability, insignificant supercooling, and low cost.’ It is
preferable, though, for PCMs to have high thermal
conductivity in both solid and liquid states because the rate
of energy storage and discharge is directly proportional to the
thermal conductivity of the PCMs. However, organic PCMs
are notoriously poor heat conductors.” Hence, intense efforts
have been made to improve the thermal conductivity of PCMs.

Over the past few years, different materials with high thermal
conductivity have been used as fillers to improve the thermal
conductivity of a base material in either liquid or solid phases.
Among these materials, carbon-based nano-additives, for

example, graphene and carbon nanotubes have a superior
performance in improving the overall thermal conductivity.” ™"
The enhancement in thermal conductivity is influenced by
many parameters, for example, the thermal conductivity of the
fillers and the matrix, the weight percentage of the fillers, their
distribution and alignment, the thermal conductance at the
filler—matrix interface, and so forth.”*'™*? Among these
parameters, the interfacial thermal conductance is considered
to play an important role in dictating the overall thermal
conductivity of carbon-based nanocomposites, and it is also an
important input parameter in the effective medium theory."*
The heat transfer across the interfaces at the molecular level is
difficult to study via experiments. Molecular dynamics (MD)
simulations can be used to obtain the value of the interfacial
thermal conductance and also to provide an insight into the
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molecular mechanisms of thermal energy transfer across the
interfaces."> >

A comprehensive review on thermal conductivity enhance-
ment of PCMs by dispersing highly conductive metal and
metal oxide nanoparticles and carbon allotropes is given by
Fan and Khodadadi et al.>' Early MD work has investigated
the interfacial thermal conductance between graphene and
simple molecular liquids.””*® Lately, the thermal energy
transfer between liquid polymers and graphene has been
studied by a few researchers. For example, Liu et al.” evaluated
the interfacial thermal conductance between graphene and
liquid octane and examined the influence of two modes of heat
transfer (in the first mode, heat enters from matrix into the
graphene from one side and immediately leaves it through the
other side back into the matrix and in the second mode, heat
goes into or leaves the graphene simultaneously from both side
of its basal plane from or to the matrix) on its magnitude.
Furthermore, it has been suggested that the magnitude of the
interfacial thermal conductance depends on the analysis
method.”* Recently, Rastgarkafshgarkolaei et al.”® examined
the influence of interfacial thermal conductance on the thermal
conductivity of ideal crystals of different alkanes (C,oHy,
CyHso CagHsy CioHgy). Babaei et al.”® suggested that the
improvement in thermal conductivity of solid paraffin filled
with high aspect-ratio carbon-based nano-fillers is primarily
due to the enhancement in thermal conductivity of the matrix
itself and to the ordering of molecules in the vicinity of
graphene. To investigate the mechanism of thermal energy
transfer across solid, liquid, and gas interfaces, Giri et al*” have
systematically examined the systems composed of simple
Lennard-Jones (L]) particles. However, it is not clear, how the
interfacial thermal transport at the interface will change, if the
phase of the alkane is changed from liquid to solid. More
studies are needed to understand the mechanism of thermal
energy transfer over the interfaces between an alkane matrix
and nanoinclusions during the phase change of nanoparticle-
based organic composites to improve its overall thermal
performance.

In this work, we investigated the heat transfer at the interface
between heneicosane (C,H,,), both solid and liquid and
graphene by performing nonequilibrium MD (NEMD)
simulations. The effect of the number of graphene layers and
the orientation of the alkane molecules in the solid state with
respect to the graphene layer as well as different modes of
heating on interfacial thermal conductance has been examined.
Vibrational density-of-states (VDOS) and spectral analysis of
the interfacial heat flux are examined to understand which
vibrational modes are important to transfer the thermal energy
across the interface when the phase and structure of alkane is
changed.

2. MOLECULAR MODEL AND MOLECULAR
SIMULATION DETAILS

The computational systems as shown in Figure 1 have been
created. Because of its frequent use as PCM (melting point
313.55 K*%), heneicosane (C,,H,,) is selected as n-alkane. The
past study suggests that the united atom model for alkane
performs superior to the all-atom model for the investigation of
thermal transport properties.”” It has been suggested that this
is possibly because the united atom models do not consider
high-frequency degrees of freedom (C—H vibrations) in
simulations, which are quantum-mechanical oscillators in
nature in their ground state and do not contribute to heat

Figure 1. Schematics of the monolayer graphene—heneicosane system
when heneicosane phase and its structure is different (a)
perpendicular-aligned crystal system, (b) parallel-aligned crystal
system, (c) liquid system, and (d) disordered solid system. The
yellow and blue beads correspond to the CH; and CH, united atoms
of a heneicosane molecule, respectively. The graphene layer is shown
in cyan color.

conduction.” A united atom model is used to describe

heneicosane molecules. In this model, CH; and CH, groups
are treated as single interactions sites. The NERD potential is
used for the descrigtion of molecular interaction between
heneicosane atoms.’” The intramolecular interactions consist
of bond stretching, bond bending, and torsional motion. The
potential parameters are summarized in Table S1 (Supporting
Information).** The intermolecular interaction between united
atoms is treated using the L] potential

ool ()

where r is the distance between two united atoms. The size
parameters for CH, and CHj; groups are ocy, = 0.393 nm and

Ocp, = 0.391 nm, respectively. The energy parameters for CH,
and CHj; groups are ecy,/ky = 45.8 K and ecy, /ky = 104 K,

respectively. An all-atom model is used to describe graphene.
The optimized Tersoff potential’’ is used for intralayer
interactions (Table S2, Supporting Information). The
interlayer interaction in multilayer graphene is treated using
the LJ potential. The size and energy parameters for carbon
atoms are 6 = 0.383 nm and ec/ky = 27.7 K.** The Lorentz—
Berthelot mixing rules are applied to obtain the L] parameters
between unlike atoms.

e. = [e€ and % ¥ %
L= £ and o, = ———
e A 2)

In order to investigate the effect of the solid structure of
heneicosane on the interfacial thermal conductance, we have
created three types of systems which are named as
“perpendicular-aligned system”, “parallel-aligned system”, and
“disordered-solid system”. In the perpendicular-aligned sys-
tems, all heneicosane molecules are aligned in the direction
perpendicular to the graphene basal plane as shown in Figure
la. In the parallel-aligned systems, heneicosane molecules are
aligned in the direction parallel to the graphene basal plane as
depicted in Figure 1b. A previous study has used an ideal-
crystal model, where all the alkane molecules are aligned in one
direction, to study thermal transport in solid n-alkanes.” It is
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experimentally known that the heneicosane molecules pack
themselves in an orthorhombic crystal system. Perfect
heneicosane crystals in the perpendicular-aligned and paral-
lel-aligned systems are created with the lattice parameters
reported for heneicosane crystals from X-ray diffraction by
Jouti et al”® Each graphene layer in the parallel-aligned
systems has a cross section of L, X L, = §.27 X 5.62 nm” and
contains 1092 carbon atoms. For perpendicular-aligned
systems, a cross section of L, X L, = 522 X 5.87 nm? is
used for each graphene layer and contains 1176 carbon atoms.
The cross sections of disordered solid and liquid systems were
in the range of 5.19—5.31 nm along x-direction and 5.58—5.90
nm along the y-direction depending on the temperature and
the initial dimensions of the parent system, from which they
were constructed. The lengths of the perfect crystal systems
along the x- and y-directions are considered in such a way that
the lattice mismatch between graphene and perfect crystal is
minimum. The lengths of the monolayer graphene systems in z
direction were in the range of 15.1—22.1 nm depending on the
system temperature, phase, and structure of heneicosane. In
multilayer graphene systems, graphene sheets were AB-stacked
at a distance of 0.335 nm apart from each other along the z-
axis. All simulations were performed using the LAMMPS
package.”* A cut-off radius of 1.4 nm was used for the LJ
potential. For equilibration, a time step of 1 fs was used in all
the simulations. Periodic boundary conditions were applied in
all three directions.

To investigate the thermal energy transfer across the
graphene—heneicosane interfaces, computational systems that
consist of desired numbers of graphene layers sandwiched
between two heneicosane films in the desired state have been
created as shown in Figure 1. Initial configurations of the
crystal systems were constructed by positioning the heneico-
sane molecules in an orthorhombic crystal with Ilattice
parameters given in Jouti et al.”’ After that, the systems were
first simulated in the NPT ensemble for 2 ns with the Nose—
Hoover thermostat and barostat with coupling times of 1.0 and
5.0 ps, respectively. It has been verified that the pressure
components along normal (z) and lateral directions (x and y)
are close to same value in the bulk region of the system (see
Supporting Information). It is worth mentioning that the
pressure value given in the manuscript is the arithmetic mean

of the main pressure components in the bulk region away from
Po+P,+P

the graphene P = =. Similar type systems have been

used to investigate heat and mass transport characteristics in
the solid—liquid interface regions.">'®'®*>*® NVE simulations
were followed for 2 ns to equilibrate the systems. To simulate
the systems at different temperatures, the equilibrated systems
were cooled/heated at a rate of 10 K/ns in the NPT ensemble.
After reaching the target temperature, the systems were
simulated in the NPT ensemble for 2 ns and subsequently in
the NVE ensemble for 2 ns. To construct graphene—liquid
heneicosane systems, the two crystal systems equilibrated at
250 K and 1 atm were gradually heated to the target
temperatures (350, 375, 400 K) with a rate of 10 K/ns. After
that the systems were simulated in the NPT ensemble for 2 ns
and later in the NVE ensemble for 2 ns for equilibration. A
snapshot of the monolayer graphene—liquid heneicosane
system is shown in Figure lc. For the liquid state of
heneicosane, the systems are simulated at 350, 375, and 400
K and 1 atm. The graphene—disordered solid heneicosane
systems were obtained by cooling the liquid system from 400

K and 1 atm, which was obtained from heating the parallel-
aligned system, to the target temperature (225, 200 and 175
K) and pressure (1 atm) in the NPT ensemble with a rate of 2
K/ns. After attaining the target temperature, the system was
simulated in the NVT ensemble in the range of 15—20 ns.
Then, a simulation of 2 ns in the NVE ensemble has been
performed for equilibration. A schematic representation of a
disordered solid heneicosane—graphene system is depicted in
Figure 1d. It is to note that the disordered structure of the
heneicosane in these systems is not reproducible and will
depend on the cooling rate and the starting equilibrium
configuration used for the construction of the system. We have,
therefore, created three disordered systems from different
equilibrium configurations, and the thermal conductance
values obtained from each system have been averaged to
obtain the value at the target temperature.

In order to determine the interfacial thermal conductance at
the interface, steady-state NEMD simulations have been
performed on the equilibrium systems. Previous studies have
suggested that two modes of heat transfer occur in graphene-
based nanocomposites as shown in Figure 2.>* In the first
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Figure 2. Schematic representation of two different modes of
interfacial thermal transport in graphene-based nanocomposites that
is, heat-matrix mode and heat-graphene mode. The red arrows
indicates the direction of heat transfer.

mode, heat enters graphene layers from one side of its basal
plane and leaves through the other side. In the second mode,
heat enters or leaves graphene simultaneously and symmetri-
cally from both sides of its basal plane. Therefore, the NEMD
simulations were performed in two ways. To examine the first
mode, a constant amount of energy per time is injected into
the source region, which is located in the heneicosane matrix at
one end of the computational system and an equal amount of
energy per time is extracted from the sink region that is
situated in the matrix at the other end of the system (Figure S1
in Supporting Information). From here onwards, the NEMD
simulations performed in this manner are named as “heat-
matrix mode”. Thus, a constant heat flux was introduced in the
system along z-direction. To investigate the second mode of
heat transfer, a constant amount of energy per time, is injected
into the central graphene layer and half of that amount is
removed from each of two heneicosane regions, which are
located at the two ends of the system. This case is henceforth
denoted as “heat-graphene mode”. The widths of the source
and sink regions in the matrix are taken as S A. Furthermore,
the atoms of heneicosane molecules in two regions with a
width of 7 A on the left and right end of the system that is
beyond the heat source and sink regions are frozen as shown
Figure SI in Supporting Information. This step ensured that all
heat had to flow through the graphene. As an additional
measure, the simulation box has been extended by 10 nm of
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vacuum in the z direction, effectively isolating periodic images
of the system from each of them. We have also verified that the
width of the heat source region in graphene layers has nominal
effect on the obtained thermal conductance values (see
Supporting Information). A thermal gradient in the NEMD
simulations is imposed by maintaining a source region at T +

% and sink region at T — AZ—T, where T is the equilibrium

temperature of the system. In all heat-matrix simulations, a AT
of 50 K is used and a AT of 25 K is used in heat-graphene
simulations. Because of the simulation setup the center of the
system in NEMD simulations is extremely close to the target
temperature under the heat-matrix mode. Under the heat-
graphene mode, the graphene temperature is maintained at the
target temperature and two heat sink regions are maintained at
T + AT. In few-layer graphene systems, heat was always
injected into the middle graphene layer under the heat-
graphene mode. It should be noted that we have only
constructed systems with odd number of graphene layers for
studying the effect of number of graphene layers on thermal
conductance under the heat-graphene mode. The systems are
simulated at a constant energy and volume (NVE). The heat
source and heat sink regions are maintained at the target
temperature by means of velocity rescaling. A time step of 0.2
fs is used in the NEMD simulations. NEMD simulations were
first performed for 6 ns to ensure that a constant heat flux was
generated and a steady-state temperature profile was
established in all the systems. After that, the data were
collected for 18 ns to evaluate the interfacial thermal
conductance. The data collection run was divided into three
blocks and from each of which an interfacial thermal
conductance value was calculated. These values were used to
calculate the standard deviation, which is taken as the error bar.
The temperature distribution in the computational system was
computed along the z-direction in slabs of 0.05 nm thickness
to obtain the temperature jump at the interface for the
evaluation of the interfacial thermal conductance. Note that in
the NEMD simulations the total energy of the system is
conserved because the amount of thermal energy added in the
heat source region was identical to the amount of thermal
energy removed in the heat sink region. In order to ascertain
that the selection of the thermostat used in the nonequilibrium
simulations have negligible influence on the value of interfacial
thermal conductance, we have also performed simulations with
the Berendsen and the Langevin thermostats. The interfacial
conductance results obtained from simulations with different
thermostat are identical within error bars. This indicates that
the value of the interfacial thermal conductance is independent
of the type of thermostat used.

3. SPECTRAL ANALYSIS OF INTERFACIAL THERMAL
ENERGY TRANSFER

In order to understand the mechanisms involved in the heat
transfer at the interfaces between heneicosane and graphene,
two types of spectral analysis were performed. The first spectral
analysis of interfacial heat transfer is the calculation of the
VDOS D(w) as

1 +o0 .
D) ==Y m [ " dr <" (u(x)4(0))
kBT,Z o 3)
where m; and v; are the mass and velocity of atom i,

respectively. 7 is time and @ is the frequency. Fourier
transform of atomic velocity autocorrelation function is

proportional to the VDOS.” The modulus of D(w) is
investigated below. The spikes in the VDOS were smoothed
out by applying a Gaussian convolution with a width of 1.6 A.
For the analysis of heat transfer results, the VDOS of atoms in
the graphene layer that is in contact with heneicosane
molecules and the VDOS of heneicosane united atoms in
the first adsorption layer (which can be identified as the first
peak in the atomic density profile) next to the graphene was
utilized (Figure S2 in Supporting Information). For the
calculation of two vibrational spectra, the velocities of the
selected heneicosane and graphene atoms were collected every
20 time steps for 0.8 ps time blocks after the system had
reached equilibrium in the NVE ensemble. The VDOS were
averaged over the production run (1 ns).

The second spectral analysis is the resolution of the
interfacial heat flux in the spectral domain, which has been
evaluated as’®

s@) = 3R 3 [ e n0-(0)

jehicg © % (4)

where R represents the real part of the Fourier transform of the
force—velocity cross-correlation function (F,j(T)-vi(O)), F; is
the total force acting on a carbon atom i in the graphene (g)
due to the all atoms of heneicosane (h) in the first adsorption
layer, v; is the velocity vector of the carbon atom i in the
graphene, and A is the area of the interface. The data were
saved every 20 time steps for 0.8 ps and averaged over the last
6 ns of the nonequilibrium simulation run to calculate g(®).

4. RESULTS AND DISCUSSION

4.1. Interfacial Thermal Conductance. Heat transfer
across the interface between two dissimilar materials is
characterized by the interfacial thermal conductance G

S

AT )
where g is the magnitude of the heat flux [(heat)-
(time)™*(cross sectional area)™!] across the interface and AT
is the temperature jump at the interface. To obtain the
temperature jump at the interface, the steady-state temperature
distribution along the heat flux direction (z) was computed
during the production run of the NEMD simulations for the
evaluation of the interfacial thermal conductance. As an
illustrative example, Figure 3 shows the temperature profile in
the liquid heneicosane—monolayer graphene system at 400 K
and 1 atm under the heat-graphene mode and heat-matrix
mode. The position of the interface is defined as the midpoint
between the average position of atoms of the top graphene
layer and the position of the first peak in the density profile of
heneicosane united atoms. To calculate the temperature of
heneicosane at the interface, the temperature profile of
heneicosane atoms is obtained in slabs of 0.05 nm thickness.
This it is then fitted to a straight line, which is extrapolated to
the interface position. Similarly, the graphene temperature at
the interface is obtained in systems with more than two
graphene layers. For the monolayer graphene system, the
temperature of the single sheet is used as is to calculate the
temperature jump (Figure 3). Note that in the nonequilibrium
simulation, the average temperature in the system is equal to
the equilibrium temperature. As expected, the temperature is
higher in the source region and decreases toward the sink
region and a temperature jump is evident at the interface which
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Figure 3. Temperature profiles along the direction of heat transfer (z)
in the monolayer graphene—liquid heneicosane system at 400 K and 1
atm under (a) heat-matrix mode and (b) heat-graphene mode. The
vertical dash-dotted lines represent the interface between monolayer
graphene and heneicosane. ATy /2 and ATy g are temperature
jumps at the interface in systems under the heat-matrix mode and
heat-graphene mode, respectively.

is due to the resistance to the heat transfer. Note that the
graphene might be at different temperatures for the two
heating modes. Below we show that the effect of the
temperature on the interfacial thermal conductance is
marginal. This indicates that the different temperatures of
graphene in the heat-matrix mode and heat-graphene mode are
not the primary reason for the large difference in the
magnitude of interfacial thermal conductance between these
two heating modes.

4.2. Interfacial Thermal Conductance as a Function of
Temperature, Phase and Structure of the Matrix. The
interfacial thermal conductance at the interface between
monolayer graphene and heneicosane in the liquid and in all
solid phases (perfect crystal and disordered solid state) have
been calculated at different temperatures under the heat-matrix
mode as well as heat-graphene mode (Figure 4). It is first
observed that the thermal conductance calculated under the
heat-matrix mode is 2 orders of magnitude larger than for the
heat-graphene mode irrespective of the phase and structure of
heneicosane. Some past studies also investigated the mode of
heating effect on the thermal conductance at the graphene—
liquid octane and graphene—polymer interfaces.””** The
trends of our results are in agreement with the past studies.
This effect will be addressed separately below. Second, within
each phase, solid or liquid, there is a tendency for the thermal
conductance to increase with an increase in temperature for
both heating modes. However, the tendency is more noticeable
under the heat-graphene mode in comparison to the heat-
matrix mode. It should be noted that the cross-section sizes of
all systems are already large enough that it has negligible effect
on the values of interfacial thermal conductance (Figure S3 in
Supporting Information). Similar tendencies have been

(

LA

<

NE 320 4 —3— Parallel-aligned system
g —¥— Disordered-solid system
S 280 4 —f— Perpendicular-aligned system
Py

o

| 4

S 240

o

-

©

c

S 200 4

©

£

¢ 160

£

-

T T T T T T T
175 210 245 280 315 350 385 420
Temperature (K)

2

—J— Parallel-aligned system
9 1 —¥— Disordered-solid system
—J— Perpendicular-aligned system

Thermal conductance (MW /m?K)

T T T T T T T
175 210 245 280 315 350 385 420
Temperature (K)

Figure 4. Thermal conductance of the interface between heneicosane
in solid and liquid phases and a monolayer graphene as a function of
temperature under (a) heat-matrix mode and (b) heat-graphene
mode. The melting point (T,) of heneicosane obtained from
experiments is 313.55 K,*® which is shown as a vertical dash-dotted
line.

reported for solid—liquid systems.”” Third, among the
interfaces of graphene with the solid heneicosane phases, the
ranking is parallel-aligned crystalline > disordered >
perpendicular-aligned. In the heat matrix-mode, the latter is
ever so low that it connects smoothly to the conductance of
the graphene—liquid interface. The conductance depends
much more on the heneicosane phase than the temperature
(Figure 4). An improvement of about 73.9% in the interfacial
thermal conductance is observed for the parallel-aligned crystal
system at 250 K in comparison to the liquid system at 350 K.
On the other hand, for the disordered solid system, an
improvement of only about 53.2% is noticed as compared with
the liquid system. The ordering of the different solid phases is
explained by the molecular structure of the interface (Figures
1, S2 in Supporting Information). The highest conductance is
found for the parallel-aligned crystalline phase. In this
orientation, the heneicosane brings a maximum number of
atoms in close contact with the graphene (Figure 1b). In
contrast, the lowest number of contact is seen for the end-on
orientation (Figure 1a). The disordered phase (Figure 1d) falls
in between. This is explained by the nature of this phase: it is
not a supercooled liquid or glass but, rather, crystalline with
small domains. This allows enough heneicosane, to be packed
edge-on against the graphene to ensure a higher conductance
than either the end-on crystal or the liquid.

4.3. Molecular Mechanism of Interfacial Heat Trans-
fer. To better understand the mechanism of heat transfer at
the interface between graphene and heneicosane vibrational
spectral analysis has been performed. The VDOS profiles for
graphene and the heneicosane molecules in the first adsorption
layer in the monolayer graphene—liquid heneicosane system
are shown in Figure S. It is observed that a large percentage of
graphene vibrations occupy the middle- (15—40 THz) and
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Figure 5. VDOS of graphene and heneicosane molecules in the first
adsorption layer in the monolayer graphene—liquid heneicosane
system at 350 K and 1 atm.

high-frequency ranges (>40 THz). In contrast, the majority of
the heneicosane vibrations fall into the low- and middle-
frequency range. The overlap area between the VDOS of two
dissimilar materials has been used to qualitatively indicate
which vibrational modes are important for heat transfer at the
interface.’””™** The overlap area (green shaded area) between
the VDOS of graphene and heneicosane occurs mainly in the
low- and middle-frequency range. This suggests that the
transfer of thermal energy at the interface is primarily via the
coupling between low-frequency vibrational modes of
graphene and heneicosane, which is in agreement with
previous studies.””>* Note that the vibrational spectra of
heneicosane in the crystal and disordered solid exhibit similar
tendencies and also have the same range (Figure S4a—c in
Supporting Information). Under the heat-graphene mode, the
heat is injected into the graphene, and the energy is added to
the all vibrational modes at the same time. As shown in Figure
S, the density of high- and medium-frequency vibrations in
graphene is substantially higher than low-frequency vibrations.
Furthermore, the in-plane (xy) VDOS of graphene occupies
mostly high-frequency vibrational modes (longitudinal acoustic
and transverse acoustic modes) (Figure S4d in Supporting
Information). The low-frequency region is dominated by out-
of-plane vibrational modes (out-of-plane acoustic modes). The
middle-frequency region consists of out-of-plane and in-plane
vibrational modes (Figure S4d in Supporting Information).
Therefore, the majority of the injected heat must be distributed
into the middle- and high-frequency vibrational modes in
graphene under the heat-graphene mode. Previous studies”**
have suggested that the energy stored in middle- and high-
frequency vibrations of graphene must first be transferred into
lower-frequency vibrations before it can be transported to the
heneicosane molecules under the heat-graphene mode. This
“internal” heat transfer within the graphene layer in the heat-
graphene mode is thought to be responsible for the low
conductance of the interface compared with the heat-matrix
mode.

To gain a deeper insight into which frequency vibrations are
important for the interfacial heat transfer, the spectral heat flux
g(w) is evaluated from eq 4. The spectral heat flux q(w) was
normalized with respect to the maximum value of q(®) and a
cumulative of q(®) against frequency is examined in order to
get a clearer picture of which frequency-ranges make dominant
contribution to heat transfer. Figure 6a,b show that the out-of-
plane vibration modes contribute more to the total heat
transfer through the interface than the in-plane modes in the
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Figure 6. Directional decomposition of the normalized cumulative
spectral heat flux at the interface between graphene and parallel-
aligned heneicosane crystal when the system is under (a) heat-matrix
mode and (b) heat-graphene mode. Here, q(®) is calculated from
graphene to heneicosane.

parallel-aligned system for both heating modes (calculation
procedure is given in Supporting Information). The advantage
of the out-of-plane cumulative q(®) under the heat-graphene
mode (Figure 6b), in particular in the middle- and high-
frequency range, is much higher than under the heat-matrix
mode (Figure 6a). This means that the in-plane vibrational
modes contribute less to the total heat flux under the heat-
graphene mode than under heat-matrix mode. The lower
contribution suggests that energy added into the high
frequency in-plane modes is less efficiently transferred to the
heneicosane and first must be internally converted into other
(slow and out-of-plane) modes. Furthermore, as discussed
above, there is no overlap between the VDOS of graphene and
heneicosane above the maximum frequency of heneicosane
@ o 13- However, it is obvious from cumulative g(®) that high-
frequency vibrations still contribute to the interfacial heat
transfer. This indicates that other channels, namely, surface
modes, could facilitate the transfer of heat at the interface.>>>*
The magnitude of interfacial thermal conductance of the
disordered solid system is comparatively close to the parallel-
aligned system under the heat-matrix mode. This can be
attributed to the similar characteristics exhibited by the
disordered solid system (Figure 7) of directional decom-
position of normalized cumulative q(w) with the parallel-
aligned system (Figure 6). In contrast, the perpendicular-
aligned system and liquid systems exhibit lower magnitude of
thermal conductance under the heat-matrix mode, which can
be seen to be related to the large gap between out-of-plane and
in-plane modes of cumulative (@) (Figures 8 and 9).

In total, we observed that out-of-plane vibrational modes
make larger contribution [up to 60% (Figures 6b and 9b)]
than the in-plane vibrational modes to the total heat transfer at
the interfaces for all the systems under both heat transfer
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Figure 7. Directional decomposition of the normalized cumulative
spectral heat flux at the interface between graphene and disordered
solid heneicosane when the system is under (a) heat-matrix mode and
(b) heat-graphene mode. Here, q(@) is calculated from graphene to
heneicosane.
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Figure 8. Directional decomposition of the normalized cumulative
spectral heat flux at the interface between graphene and
perpendicular-aligned heneicosane crystal when the system is under
(a) heat-matrix mode and (b) heat-graphene mode. Here, q(®) is
calculated from graphene to heneicosane.

modes. In the low- and middle-frequency range, heat is
primary transported [up to 77% (Figure 8a)] by the out-of-
plane vibrations in all the systems studied. Moreover, the
increased gap in contribution between in-plane vibration and
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Figure 9. Directional decomposition of the normalized cumulative
spectral heat flux at the interface between graphene and liquid
heneicosane when the system is under (a) heat-matrix mode and (b)
heat-graphene mode. Here, q(®) is calculated from graphene to
heneicosane.

out-of-plane vibrations to the total heat flux is caused by the
resistance to “internal” heat transfer between the vibrational
modes in the graphene layer that is heated and poor coupling
between vibrational modes of graphene and heneicosane.

4.4. Effect of Number of Graphene Layers on the
Interfacial Thermal Conductance. Evidence for Direct
Matrix-to-Matrix Heat Transport. The interfacial thermal
conductance between heneicosane ideal crystals in two
orientations and graphene as a function of the number of
graphene layers was evaluated at 250 K and 1 atm under heat-
graphene and heat-matrix modes (Figure 10). Under the heat-
graphene mode, the thermal conductance obtained from a
system is named in Figures 10b and 11 as follows: number of
layers on x-axis is equal to the number of the graphene layer on
one side of the central graphene layer plus heated graphene
layers. For example, thermal conductance for four number of
graphene layers in Figures 10b and 11 is obtained from a
system with seven graphene layer under the heat-graphene
mode. For both crystal orientations, the interfacial thermal
conductance decreases, as the number of graphene layers
increases. Under the heat-matrix mode, it reaches a plateau
after seven layers. In contrast, the thermal conductance of both
crystal systems increases gradually with the number of
graphene layers (until 4 layers) under the heat-graphene
mode. The thermal conductances of both modes converge with
an increasing number of graphene layers (Figure 11). They
reach similar values (about 100 MW/m? K) when the number
of graphene layers is above 15. To save computer time, we
have used smaller systems with an interfacial cross-section of
L,XL,=341X337 nm? to simulate the liquid heneicosane
system with larger numbers of graphene layers (>10). As
explained previously, the cross-section has a negligible
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Figure 10. Interfacial thermal conductance between graphene and
two alignments of heneicosane crystals as a function of the number of
graphene layers for (a) heat-matrix mode and (b) heat-graphene
mode.
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Figure 11. Variation of the interfacial thermal conductance between
liquid heneicosane and graphene interface with the number of
graphene layers under the heat-matrix mode and heat-graphene mode.

influence on the calculated value of the interfacial thermal
conductance (Figure S3 in Supporting Information).

In our molecular model, graphene interacts with heneico-
sane via L] potential. This means that heat is transferred
between heneicosane and graphene by means of nonbonded LJ
interactions as well. It can be hypothesized that under the heat-
matrix mode, for example, in a monolayer—graphene system,
heat flows from heneicosane of one side to the heneicosane on
the other side using two pathways. In the first, heat flows into
the graphene layer from the matrix and then leaves the
graphene to the opposite matrix. In the second, the heat can
directly transfer from matrix to matrix without first entering the
graphene layer between heneicosane molecules on both sides
because the distance between heneicosane molecules separated
by the graphene layer is below the L] cut-off radius. Increasing
the number of carbon layers increases the distance between
these heneicosane molecules. Therefore, the contribution of
the direct pathway should be reduced and eventually be zero.

Under this assumption, the reduction of matrix-to-matrix heat
transfer would be the reason for the decreasing trend of the
thermal conductance with increasing number of graphene
layers under the heat-matrix mode. To test this hypothesis and
to quantify the direct matrix-to-matrix energy transfer in a
monolayer graphene—heneicosane system, we have modified a
heat-matrix simulation by rigidly fixing the graphene atoms at
their positions. Thus, the graphene does not participate in the
dynamics and all heat transfer must take place via the direct
matrix-to-matrix pathway. As expected, a temperature jump is
noticed at the interface. The interfacial thermal conductance
calculated in this way is 51.4 MW/m? K. This value is very
close to the difference in conductance of a very thin graphene
(1 layer, ~160 MW/m”) and the converged value for many
layers (~100 MW/m?), where a direct matrix-to-matrix
transfer is impossible and heat is intermediately stored in
graphene before passing to the opposite side (cf. Figure 11).

Furthermore, the VDOS analysis can also be used to
qualitatively explain the lower interfacial thermal conductance
of multilayer graphene systems under the heat-matrix mode
(Figure 12). With an increase in the number of graphene

(a)

-== Out-of-plane-1
-== In-plane-1
—— Out-of-plane-4
—— In-plane-4

D(w) (arbitrary units)

0 60
(b) Frequency (w) (THz)
-=- Out-of-plane-1

41 --- In-plane-1
p"é’ —— Out-of-plane-4 A
21— In-plane-4 !
g
5 ]
< .
3] A 7\
a / HANWA

4 A -

II £l ~‘ ™M Nes R \
Y N
- > bt
T T T T T T
0 10 20 30 40 50 60

Frequency (w) (THz)

Figure 12. In-plane and out-of-plane VDOS D(w) of a graphene in
arbitrary units for the interface between one- and four-layer graphene
and heneicosane when it is in (a) parallel-aligned perfect crystal and
(b) perpendicular-aligned perfect crystal.

layers, the in-plane VDOS of graphene at high-frequency range
increases, while the low- and middle-frequency out-of-plane
VDOS of graphene is reduced. This reduces the thermal
coupling between low frequency vibrations of the matrix and
out-of-plane vibrations of graphene which leads to lower
thermal energy transfer across the interface. Similar observa-
tions have been reported by Namsani and Singh™ for
graphene—liquid gold systems.

Previous studies have suggested that when the graphene is
heated, the internal thermal resistance to transfer of energy
between high-frequency vibrations to low-frequency vibrations
causes the lower thermal conductance at the interface.””**
This explanation is plausible but not yet proven quantitatively.
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In an attempt to evaluate the internal heat transfer
contribution to the interfacial heat transfer, we have injected
heat only into out-of-plane vibrations by scaling only the z-
component of the atomic velocities in the monolayer
graphene—liquid heneicosane system. However, the calculated
interfacial thermal conductance (10 MW/m? K) is fairly close
to the value for the cases where the heat is indiscriminately
injected into all vibrations. The probable reason for this
behavior is that although the heat is only added into the out-of-
plane modes of graphene, it will quickly thermalize into the
other directions too.

To further investigate the change of the characteristics of
interfacial heat transfer as the number of graphene layers
increases under the heat-graphene mode, spectral mapping of
the interfacial heat flux has been performed. Figure 13 shows
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Figure 13. Directional decomposition of the normalized cumulative
spectral heat flux distribution for the interface between one- and four-
layer graphene and heneicosane under the heat-graphene mode when
the heneicosane is in (a) parallel-aligned perfect crystal, “edge-on” and
(b) perpendicular-aligned perfect crystal, “end-on”.

the normalized cumulative q(w) that is decomposed into in-
plane and out-of-plane directions for interfaces between
heneicosane crystals (perpendicular-aligned and parallel-
aligned) and graphene (monolayer, four-layer) under the
heat-graphene mode. The gap between the out-of-plane and in-
plane vibrational mode contribution to the cumulative q(®) in
the four-layer system (solid lines) is lower than that in the
monolayer system (dashed lines) for both types of heneicosane
crystals. This indicates that the energy is less unfavorably
transferred by in-plane vibrational modes as the number of
graphene layers increases in the system under the heat-
graphene mode. Furthermore, the characteristics of cumulative
g(@) for the four-layer system under the heat-graphene mode
(Figure 13a,b) are found to be similar to the monolayer
systems under the heat-matrix mode for both crystal structures
(Figures 6a and 8a). This suggests that the interfacial thermal
energy transfer in a system with several graphene layers under

the heat-graphene mode tends to occur via similar channels as
in a monolayer system under the heat-matrix mode. This is
believed to be the reason for the reduction of the difference
between the interfacial thermal conductances under the two
heating modes, as the number of the graphene layer in the
system increases (Figure 11). As a result, the thermal
conductance under the heat-graphene mode approaches that
of the heat-matrix mode as the number of graphene layers
grows. Moreover, in the four-layer system, low-frequency in-
plane vibrational modes contribute less to the total heat
transfer compared with the monolayer system for both types of
heneicosane crystals. Conversely, high-frequency in-plane
modes in the four-layer system tend to transfer more heat
than in the monolayer system. This observation indicates that
the “internal” heat transfer process that is believed to be rate-
limiting in the monolayer system under the heat-graphene
mode becomes less problematic when there are more graphene
layers. Finally, the interfacial thermal conductance in a parallel-
aligned system increases more rapidly in comparison with a
perpendicular-aligned system with an increase in the number
of graphene layers (Figure 10b). This can be attributed to the
larger contribution of in-plane vibrations to the total heat
transfer in parallel-aligned crystals (Figure 13).

5. CONCLUSIONS

Thermal energy transfer across the interface between graphene
and heneicosane in solid and liquid states has been investigated
by performing series of NEMD simulations. We have evaluated
the interfacial thermal conductance. The effect of the
heneicosane structure in the solid state (for perfect crystal
systems, heneicosane molecules are positioned perpendicular
and parallel to the graphene basal plane. In disordered solid
systems, the heneicosane molecules are packed in small
domains without a particular ordering), heat transfer modes
(heat-matrix mode and heat-graphene mode), temperature,
and the number of graphene layers on the interfacial thermal
conductance has been examined.

The interfacial thermal conductance is found to be strongly
influenced by the phase and the structure of heneicosane and
weakly effected by the temperature. Past studies suggest that
the thermal energy is primary transferred by coupling between
low-frec;uency out-of-plane graphene vibrations and soft
matrix."”'® Contrary to this, it is found that a considerable
portion of the thermal energy (up to 40%) is transferred via
high-frequency vibrational modes. Furthermore, we have also
illustrated that the interfacial thermal conductance reaches a
similar value under both heating modes when the number of
graphene layers in the system is over 15. This supports the
hypothesis proposed by Hu et al.**

It should be noted that the value of the interfacial thermal
conductance calculated under the heat-matrix mode, that is 2
orders of magnitude higher than the value under the heat
graphene-mode, is to be used in the effective medium theory
calculations for determining the effective thermal conductivity
of the graphene-based alkane nanocomposites.””** Moreover,
we believe that the heat transfer analysis under the heat-
graphene mode is relevant in the development of thermal
therapy methods.**
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Force field parameters for alkane and graphene, NEMD
simulation setup under heat-graphene and heat-matrix
modes, density profiles, thermal conductance versus
widths of the system, VDOS profiles, pressure
components distribution in the liquid heneicosane—
graphene system, in-plane and out-of-plane spectral heat
flux and VDOS formulas, and width of heating region
influence on thermal conductance (PDF)
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