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In this supplemental information, we describe the computational procedures for the 

properties of the paraffin matrix and graphene fillers used in the present study in section S1 and 

S2. The simulation settings not explicitly written here are the same as those of the composite 

simulations explained in section 2.2 in the main text. In addition, figures to support the 

description in the main text are included in section S3, S4, and S5. 
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S1. Thermal conductivity of a single-layer graphene 

Thermal conductivity of a single-layer graphene (SLG) sheet in a vacuum was calculated 

for the square and ribbonlike graphene fillers using non-equilibrium molecular dynamics 

(NEMD) simulation under steady heat conduction. The simulation setup for the square filler is 

illustrated in Fig. S1. The setup for the ribbonlike filler is much the same. The graphene sheet 

was placed inside an MD box with the free boundary conditions in all x, y, and z directions, so 

that the longer edge is parallel to the heat conduction direction (the z direction). The square and 

ribbonlike fillers used in the NEMD simulations were elongated in the heat conduction direction 

by 3.0 nm so that the regions 1.5 nm from the left and right armchair edges were used for the 

hot and cold heat sources. In addition, the outermost C and H atoms in the shorter edges were 

frozen throughout the simulation. 

After all graphene atoms except the frozen ones were equilibrated at 360 K with an NVT 

run for 2.5 ns, a steady state under constant temperature gradient was reached by a 5 ns run, 

where the temperature of the hot and cold heat sources were controlled to 365 K and 355 K, 

respectively, using the Langevin thermostat while the atoms in other regions followed the NVE 

dynamics. The production run was then continued for 50 ns. During the production run, the 

temperature profile along the heat conduction direction was calculated at 2.0 Å interval. The 

average heat flux applied to the control volume, JQ, was calculated from the average rate of 

energy injected to the hot source, e , and that removed from the cold source, e , as 

2 3( ) / (2 )QJ e e l l    , where l2 is the length of the shorter edge. The effective thickness of an 

SLG, l3, was approximated to be 3.4 Å following other MD studies [1,2]. The value of 

temperature gradient zT was obtained from a linear fit to the temperature profile within the 

control volume that was placed 4 Å apart from the hot and cold sources. Finally, thermal 

conductivity was derived using the Fourier law as λ = −JQ/zT. The thermal conductivity thus 

obtained for a single-layer square filler was 54 ± 5 W/(mꞏK) with JQ = 52.2 ± 0.8 GW/m2 



whereas that for the ribbonlike filler was 66 ± 4 W/(mꞏK) with JQ = 31 ± 1 GW/m2. Thus, the 

ribbonlike filler has a higher thermal conductivity than the square filler with the relative 

difference of 22%. Our results were consistent with literature values 46–78 W/(mꞏK) calculated 

for nanographenes with similar surface area (~2 × 10 nm2) using the AIREBO potential [3]. 

 

 

Fig. S1. Setup for the NEMD simulation for a single sheet of the square graphene 

filler in a vacuum. 

 

S2. Phase change properties of nonacosane 

Although melting temperature Tm can be estimated by simply heating or cooling a system 

at a certain rate, this method usually suffers from a hysteresis that melting and freezing occur 

at different temperature points [4]. Here, to avoid the hysteresis, we used the local equilibrium 

NEMD (LE-NEMD) scheme [5] to determine the melting temperature Tm and the specific 

enthalpy of fusion, Δh, of nonacosane. This scheme conducts a single run of NEMD simulation 

under steady heat conduction to evaluates equilibrium properties at different temperature 

conditions on the basis of the local equilibrium hypothesis. We constructed the system of LE-

NEMD simulation as illustrated in Fig. S2(a), where we chose the z direction as the heat 

conduction direction. The crystalline phase of nonacosane just below Tm is called the R-IV 



rotator phase. In this phase, molecules align parallel, but there is no order in the molecular 

orientation about the molecular axis [6]. Therefore, we started from an initial configuration 

where 2752 nonacosane molecules were aligned in a face-centered-cubic (fcc) structure in the 

manner that all molecules were parallel to the y direction. These molecules were put in a 

rectangular MD box whose initial dimensions were 80 × 73 × 338 Å3 and the periodic boundary 

conditions were imposed on all x, y, and z directions. The fcc crystal state was equilibrated by 

a 2.5 ns NpT run at 260 K and 1 atm, where the x, y, and z lengths of MD box were relaxed 

independently. Next, the NEMD run of steady heat conduction was performed for 65 ns using 

the NpH (isobaric-isoenthalpy) dynamics, where the hot and cold heat sources were controlled 

by velocity scaling to 420 K and 260 K, respectively. During the NEMD run, the geometries of 

the MD box were fixed except the position of the right end in the z direction so that only the z 

length can be relaxed. As shown in Fig. S2(a), the system was partly melted to make a solid–

liquid interface. From the last 25 ns of the NEMD run, the local profile of temperature T(z) and 

specific enthalpy h(z) were computed at the interval of Δz = 0.478 nm. The former is shown in 

the bottom panel of Fig. S2(a). In the analysis below, the local profiles of T(z) and h(z) were 

considered only for the z values greater than the right end of the cold slab (z ≥ 14 nm). 

As shown in Fig. S2(b), a jump was seen when h(z) was plotted as a function of T(z). 

Numerical differentiation of this plot gave the specific heat at constant pressure, cp = h/T, 

which showed a peak as a function of temperature as shown in Fig. S2(c). This peak was 

approximated by a gaussian of the form Aexp[–(T–Tm)2/B]+C with A, B, C, and melting 

temperature Tm being fitting parameters, from which Tm = 348 K was determined. Then, back 

to Fig. S2(b), enthalpy of fusion was determined to be Δh = 83.9 kJ/mol as the difference at Tm 

between the two linear extrapolations of h(T) from the solid and liquid sides. The simulated 

melting temperature was well compared with the experimental one [7], Tm = 336.8 K, although 

the simulated enthalpy of fusion was somewhat higher than the experimental observation Δh = 

66.939 kJ/mol. 



 

 

 

Fig. S2. Summary of our LE-NEMD simulation to determine the phase change 

properties of nonacosane. (a) MD system and temperature profile. The 

temperature dependence of (c) specific enthalpy and (d) specific heat. 

  



S3. Example for the initial configuration of the composite system 

As an example, we show the simulation snapshot of initial molecular arrangement for the 

case of 20 wt% rectangular fillers in Fig. S3(a). First, 1440 paraffin molecules were put at the 

lattice positions of an fcc crystal and in the same molecular orientation, so that they roughly 

uniformly fit into a cubic simulation box with 170Å on a side. Overlaid on this paraffin lattice, 

graphene sheets were aligned apart at a regular interval and in the same orientation so that its 

longest axis is parallel to the paraffin molecular axis. Then, a paraffin molecule was deleted if 

any C atom in the molecule overlapped with a graphene C atom within (σCP + σCG)/2, where σCP 

and σCG are the distance parameters of the Lennard-Jones potential of C atoms in graphene and 

paraffin, respectively. Finally, the number of graphene sheets and paraffin molecules were fine-

tuned so as the filler mass fraction to be close to the desired value. 

Fig. S3(b) illustrates the snapshot during the NpT simulation at 600 K for agitation, where 

the memory of the initial configuration appears to be erased. This configuration in the middle 

of relaxation stage is also different from the final state at 360 K displayed in Figs. 1(e) and 1(f) 

in the main text and Fig. S4(b). Thus, the high orientational order of ribbonlike filler at the final 

state is not the artifact of the initial molecular arrangement. 

 

Fig. S3. Simulation snapshots for the system with 20 wt% ribbonlike fillers (a) 

at the initial configuration and (b) at the agitation stage at 600 K (2.0 ns after the 

initial configuration). Figs. (a) and (b) are displayed in the same scale. 

  



S4. Simulation snapshots all systems.  

 

 

Fig. S4. Simulation snapshots for systems with (a) square filler and (b) 

ribbonlike filler examined in the present study. The snapshot of the larger system 

with 20 wt% ribbonlike fillers is also shown. 

  



S5. Thermal conductivity decomposition in terms of the absolute value 

In the main text, Fig. 6 shows the partial thermal conductivity as the percentage to the total 

thermal conductivity. For reference, the same data is plotted in terms of the absolute value in 

Fig. S5. 

 
Fig. S5. Decomposition of the isotropic thermal conductivity of the 

paraffin/graphene composite with (a) square filler and (b) ribbonlike filler. The 

total thermal conductivity was decomposed into contributions from the thermal 

energy transfer associated with intermolecular interaction (Inter), intramolecular 

interaction (Intra), molecular transport (Trans), and heat–mass coupling (Mass), 

and P and G indicate paraffin and graphene, respectively. 
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