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Abstract 
 

The mechanism of thermal resistance between graphene layers and nanofluids is essentially important to the performance 
and reliability of the graphene microchannels. In this paper, the interfacial thermal resistance of the graphene-water, 
graphene-ethanol, and graphene-ethylene glycol systems are systematically investigated using non-equilibrium molecular 
dynamics simulations (NEMD). The results showed that the interfacial thermal resistance of the three structures showed 
different trends as the temperature increased. The interfacial thermal resistance of the graphene-water, the graphene-
ethanol, and the graphene-glycol system achieve a minimum value at 285 K, 165 K, and 335 K, respectively. The effects of 
graphene width on graphene-water interfacial thermal resistance are greater than that of graphene-ethanol and graphene-
ethylene glycol systems, however, the thickness of the liquid cluster has greater effect on the interfacial thermal resistance 
for the graphene-ethanol and graphene-ethylene glycol interfaces than that of graphene-water system. The near-wall density 
analysis and phonon density of states analysis are calculated to explain the validity of our NEMD simulation results. Our study 
is helpful for improving the efficiency of the graphene microchannels. 
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1. Introduction 

The graphene microchannel with superior high-temperature 

stability,[1] outstanding mechanical properties,[2] and rapid heat 

transfer[3] has inspired massive interest in the thermal 

engineering fields of electronic devices and thermoelectric 

devices.[4-17] Understanding and predicting interfacial thermal 

resistance between graphene layers and nanofluids is essential 

to further the advance of these graphene-based nanoscale 

devices. At the nanoscale, the underlying physical 

mechanisms for the thermal transport at the solid-liquid 

interface are complicated. The mechanisms can be concluded 

as follows: systematically the van der Waals interaction at the 

interfaces,[18] the surface imperfection[19] and phonon 

scattering,[20] and the phonon attenuation due to the phonon 

scatterings.[21-23] The main factors that govern the interfacial 

heat transport across the solid-liquid interface are the bonding 

strength,[24] temperatures,[25-27] and surface size.[28-30]  

Thermal transport across the solid-liquid interface has been 

studied intensively since the discovery of Kapitza 

resistance.[31-35] Molecular dynamics simulation (MD) as a 

classical approach has many unique advantages to simulate 

thermal transport.[36] Konatham[37] investigated the thermal 

transport properties between graphene and liquid octane 

through molecular dynamics simulations, revealing that edge 

functionalization does not impair the heat transfer properties 

of graphene. Jian et al.[38] measured the thermophysical 

properties of graphene-containing nanofluids and explored the 

effect of temperature on their thermal transport properties. 

This new ionic liquid nanofluid has excellent potential as a 

heat transfer fluid. Pham[39] investigated the Kapitza length at 

the interface between the surface of graphene-coated copper 

nanocomposites and liquid water. The dramatic change in 

thermal resistance with the addition of single graphene was 

confirmed, showing that a single layer of graphene only 

allows 18% of the van der Waals energy under copper to be 

transported. Babaei[40] used molecular dynamics simulations 

to investigate the interfacial thermal resistance between 

graphene and paraffin in different states using non-

equilibrium state simulations for parallel and perpendicular 
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configurations of graphene-paraffin, respectively. Peng et al.[41] 

calculated the thermal resistance of the graphene-water 

interface through molecular dynamics simulations and showed 

that the interfacial thermal resistance could be reduced by 40% 

with the addition of a superlattice structure. 

In this paper, the interfacial thermal resistance of graphene 

and different liquids at different temperatures is investigated. 

The graphene-water model, graphene-ethanol model, and 

graphene-ethylene glycol model are established to explore the 

interfacial thermal resistance under different conditions by 

adjusting the temperature and length of the liquid cluster 

during heat transfer. This work could provide new ideas for 

nano-microchannel thermal transport.  

 

2. Calculation method 

All simulations are performed using the Lammps program 

package,[42] employing Tersoff potential functions to describe 

C-C covalent interactions in graphene.[43-45] A simple point 

charge model (q-SPC/Fw)[46] modified by the original 

parameterization is used to describe the interactions within the 

water molecule, a model that is highly accurate for 

thermodynamic and kinetic calculations.[47] The polymer 

consistent force field (PCFF) described the internal 

interactions for ethanol and glycol clusters. The thermal 

transport properties of organic materials are investigated using 

the PCFF force field, and the results obtained were in good 

agreement with the experiments.[48-52] The Lorentz-Berthelot 

mixing principle calculated van der Waals forces using the 

Lennard-Jones (LJ) potential function. 

𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗;𝜎𝑖𝑗 =
𝜎𝑖+𝜎𝑗

2
                          (1) 

where𝜀  represents the Energy constant and𝜎  represents the 

distance constant of the LJ potential function. The truncation 

distance is taken to be 9Å for all LJ potential functions. 

In this paper, non-equilibrium molecular dynamics 

simulation (NEMD) is used.[53] Its simulation model is shown 

in Fig. 1, where a fixed layer is set at both ends, and the heat 

source heat sink is fixed at a temperature respectively to 

establish the temperature difference and form the heat flux. As 

shown in Fig. 2, there will be a temperature dip ΔT between 

the graphene and the liquid, and by counting the heat flow, the 

heat flow density J can be calculated, and the interface thermal 

resistance can be calculated as: 

𝑅 =
𝛥𝑇

𝐽
                                           (2) 

This paper investigates three models, as shown in Fig. 1, the 

graphene-water model, the graphene-ethanol model, and the 

graphene-ethylene glycol model. The initial size of the 

simulation box is 42 Å × 42 Å × 130 Å. Periodic boundary 

conditions are used in all directions,[54] and the time step is set 

to 0.5 fs. The structures are first optimized using energy 

minimization commands. An initial optimization is performed 

to correct any unreasonable structure parts and relieve internal 

stresses. The internal stresses are further relieved at an 

atmospheric pressure using NPT (constant mass, pressure, and 

temperature) system relaxation for 50 ps (100000-time steps). 

This is followed by a further 150 ps (300,000-time steps) 

relaxation at NVE (constant mass, volume, and Energy) using 

a Langevin heat bath to relieve the internal stresses fully. 

Finally, the heat transfer is carried out in the NVE (constant 

mass, volume, and energy) system using a Langevin heat bath 

with heat and cold source for 3000 ps (6,000,000 time steps), 

and the heat flow and temperature distribution are counted to 

calculate the interface thermal resistance. 

 

3. Results and Discussion 

Eleven temperature points between the freezing and boiling 

points of water are used and the thermal resistance of the 

interface between graphene and water at these temperatures is 

calculated based on the heat flow between the cold and heat 

sources. Fig. 3(a) shows that the interfacial thermal resistance 

is lower at temperatures close to the freezing and boiling 

points of the water and higher at intermediate temperature 

points. The calculated interfacial thermal resistance ranges 

 
Fig. 1 The non-equilibrium molecular dynamics simulation heat transfer model used in this paper. 
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Fig. 2 Temperature plunge formed on the surface of the graphene 

in contact with the liquid. 

 

from 2.05 × 10-8 m2K/W to 2.61 × 10-8 m2K/W, which is 

consistent with the reported thermal resistance of graphene-

water: ~2.72 × 10-8 m2K/W from Cao et al.,[55] ~3.21 × 10-8 

m2K/W from Ma et al.[34] and ~2.93 × 10-8 m2K/W from 

Alexeev et al.[56] 

 

In order to elucidate the mechanism of thermal resistance 

change, the phonon density of states (PDOS)[57,58] between 

graphene and liquid was obtained by Fourier transforming the 

velocity autocorrelation function. 

 𝐷(𝜔) = ∫
[𝑣(0)×𝑣(𝑡)]

[𝑣(0)×𝑣(0)]

𝜏0
0

𝑒𝑥𝑝( − 2𝜋𝑖𝜔𝑡)𝑑𝑡                 (3) 

where D() is the phonon density of states (PDOS) in 

conducting heat conduction, and v(t) and v(0) are the velocities 

of the particle at each moment and the initial moment, 

respectively. 

As shown in Fig. 4(a), the difference in PDOS for the water 

clusters is not significant. This is because the range of change 

in the interfacial thermal resistance between water-graphene 

with temperature is not large and the intrinsic mechanistic 

changes cannot be well described using phonon density of 

state analysis. Near-wall density analysis[ 5 9 ] is used to 

elucidate the thermal resistance variation pattern. We 

investigated the water mass density and found that it 

comprises three distinct regions. These are the density 

fluctuation layer near the hot end of the graphene, the density 

fluctuation layer near the cold end of the graphene, and the 

intermediate density uniformly distributed layer, as shown in 

Fig. 5(a), respectively. The higher the density of water 

molecules in the near-wall region, the better the phonon 

 
Fig. 3 Trend of thermal resistance of graphene- liquid interface with temperature (a) Graphene-water structure. (b) Graphene-ethanol 

structure. (c) Graphene-ethylene glycol structure. 
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Fig. 4 PDOS diagram of graphene- liquid structure at different temperatures (a) Graphene-water structure. (b) Graphene-ethanol 

structure. (c) Graphene-ethylene glycol structure. 

 

coupling can be produced and the lower the thermal resistance 

of the interface. From Fig. 5(b), it can be seen that the density 

of water clusters in the near-wall region is low in the 

temperature range of 303K to 330K, which makes the phonon 

coupling between water and graphene poorer, resulting in a 

higher thermal resistance at the interface.[60] At temperatures 

of 285 K and 360 K, the density of water clusters in the near-

wall region is higher, making the interaction between water 

and graphene closer, resulting in a lower thermal resistance at 

the interface. To investigate the underlying mechanism of the 

changes of interfacial thermal resistances, we further calculate 

the interfacial binding energy of these systems.  As shown in 

Fig. 6(a), the interfacial energy of the structure is lower at 

temperatures of 303 K to 330 K. This indicates that the binding 

energy of graphene and water clusters is low in this 

temperature range, resulting in a large interfacial thermal 

resistance.  

To explain the pattern of change in more detail, we have 

taken thirteen temperature points between the melting and 

boiling temperatures of ethanol. To check the correctness of 

the results, we counted the temperature gradient of the ethanol 

cluster in the structure and the heat flow density of the cross-

section, and the thermal conductivity of the ethanol cluster 

was calculated from Fourier's heat transfer law. This result 

agrees well with the experimental results.[61]  

The calculated interfacial thermal resistance is shown in 

Fig. 3(b). It can be seen that the thermal resistance is higher 

near the freezing temperature of ethanol. With the increase in 

temperature, the thermal resistance shows a temporary 

decrease. Then, the temperature continues to increase. The 

thermal resistance becomes higher before it reaches a high 

point at 245 K. When the temperature continues to increase, 

the interfacial thermal resistance primarily decreases. To 

illustrate the reason for this phenomenon, we calculated the 

PDOS and interface energy of the system. Fig. 4(b) shows that 

the graphene PDOS and ethanol PDOS overlap more in the 

20-50 THz range, indicating that graphene and ethanol are 

primarily coupled in the middle and high-frequency vibrations. 

Compared to water, ethanol is less vibrated in the low 

frequency, mainly around 40 THz, and is more coupled with 

graphene vibrations, which is also the reason for the lower 

thermal resistance of the ethanol and graphene interface. The 

arrow in Fig. 4(b) shows a higher peak in the PDOS of the 

ethanol cluster at 165 K. This indicates that there is more 

mismatch between the ethanol and graphene phonon 

vibrations at this temperature, making the interface thermal 
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Fig. 5 Near-wall density analysis (a) Density distribution of liquid in the structure. (b) Density near the wall of graphene-water 

structure at different temperatures. (c) Density near the wall of graphene- ethanol structure at different temperatures. (d) Density near 

the wall of graphene- ethylene glycol structure at different temperatures. 

 

resistance higher.[60] As shown in Fig. 5(c) and Fig. 6(b), the 

interfacial binding energy of graphene and ethanol is low and 

the ethanol cluster has a smaller density at the end near the 

graphene at a temperature of 165 K, which results in a lower 

energy transfer efficiency and a higher interfacial thermal 

resistance. At 345 K, the PDOS of ethanol and the PDOS of 

graphene overlap the most, indicating a higher degree of 

vibrational coupling between the ethanol cluster and graphene, 

As shown in Fig. 5(c) and Fig. 6(b), the higher interfacial 

binding energy between graphene and ethanol and higher near-

wall density of ethanol clusters at a temperature of 345 K, 

indicating a stronger interaction between graphene and ethanol. 

In this case, resulting in a lower interfacial thermal resistance. 

Seven temperature points are taken between the freezing and 

boiling points of ethylene glycol. To verify the correctness of 

the simulation, we partitioned the glycol cluster in the 

structure into 50 boxes to calculate the temperature gradient 

inside the ethanol cluster and combined this with the 

previously calculated heat flow density to calculate the 

thermal conductivity of the ethanol cluster via Fourier's heat 

transfer law. We can find the thermal conductivity of ethylene 

glycol to be 0.243 W/m/K. This agrees well with the 

experimental results.[61] As shown in Fig. 3(c), the interfacial 

thermal resistance is lower near the freezing point of the glycol, 

and the interfacial thermal resistance of the glycol and 

graphene increases and then decreases with increasing 

temperature, which shows the opposite property of ethanol. 

The maximum interfacial thermal resistance is 1.94 × 10-8 

m2K/W at 335 K. The arrows in Fig. 4(c) show more 

prominent peaks in the PDOS of the glycol clusters at 335 K, 

indicating that the lower degree of vibrational coupling of 

glycol to graphene at this temperature results in a higher 

interfacial thermal resistance. As shown in Fig. 5(d) and Fig. 

6(c), the lowest interfacial binding energy between graphene 

and glycol and low near-wall density of glycol clusters at a 

temperature of 335 K, which reflects the lowest interfacial  
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Fig. 6 Trend of interface energy of graphene-liquid structure with temperature (a) Graphene-water structure. (b) Graphene-ethanol 

structure. (c) Graphene-ethylene glycol structure. 

 

energy transfer efficiency at this point and results in a higher 

interfacial thermal resistance. At other temperature points, the 

PDOS of the glycol cluster shows a better match with 

graphene, and the interface energy is also higher, indicating 

that better phonon coupling is produced and high energy 

transfer efficiency, which reduces the interfacial thermal 

resistance. 

As shown in Fig. 6, the interfacial binding energy in the 

graphene-water structure is generally less than in the other two 

structures, which indicates that the energy transport efficiency 

between graphene-water is lower than in the other two 

structures, which results in the interfacial thermal resistance of 

the graphene-water structure being generally greater than the 

other two structures.  

We further explored the effect of graphene width on the 

solid-liquid interfacial thermal resistance (ITR), and from Fig. 

7, we can see that the interfacial thermal resistance of ethanol 

glycol and graphene does not vary much with graphene width, 

but the thermal resistance between water and graphene is 

decreasing as the graphene width increases. This is because 

graphene has a long phonon mean free-range, reported to be 

775 nm for graphene,[62] expanding the graphene width. This 

increases the phonon mean free range of graphene, allowing 

for more excellent thermal conductivity between graphene and 

water. Since the degree of interfacial coupling between ethanol 

glycol and graphene is much better than that of water, 

expanding the graphene width has little effect on the thermal 

resistance. 

 
Fig. 7 Thermal resistance of the interface between three liquids 

and different widths of graphene. 
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Because the simulated model is still tiny compared to the 

experimental model, it is necessary to investigate the effect of 

liquid cluster thickness on the interfacial thermal resistance 

(ITR) and take different liquid thicknesses to study the 

interfacial thermal resistance between the liquid and graphene. 

As shown in Fig. 8, the interfacial thermal resistance between 

water and graphene does not change much with the increase in 

the thickness of the water cluster, while the two organic liquids 

have different degrees of increase in the interfacial thermal 

resistance with the increase in the thickness of the liquid 

cluster. 

 
Fig. 8 Interfacial thermal resistance of three bodies with graphene 

at different thicknesses. 

 

4. Conclusion 

In summary, the thermal transport properties between 

graphene and water, ethanol, and ethylene glycol are 

investigated by a non-equilibrium molecular dynamics 

simulation (NEMD) approach. The results show that in the 

graphene-water model, the thermal resistance increases and 

decreases with increasing temperature decreases with 

increasing graphene width, and does not change significantly 

with increasing water cluster thickness. In the graphene-

ethanol model, the thermal resistance is maximum around the 

freezing point and minimum around the boiling point, and the 

thermal resistance does not change much when the graphene 

width increases but increases simultaneously with the 

thickness of the ethanol cluster. In the graphene-glycol model, 

the thermal resistance increases and then decreases with 

increasing temperature, reaching a maximum at 335 K. The 

thermal resistance does not change much with increasing 

graphene width but increases slightly with expanding the 

thickness of the glycol cluster. As shown in this paper, we 

obtain the thermal transport properties of graphene and these 

three kinds of nanofluid at the interface, which is of great 

significance for efficient heat transfer of the solid-liquid 

interface. 
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