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ABSTRACT

Heat transfer across fluid–solid interfaces in nanoconfinement has received significant attention due to its relevance in nanoscale systems.
In this study, we investigate the Kapitza resistance at the water–graphene interface with the help of classical molecular dynamics simulation
techniques in conjunction with our recently proposed equilibrium molecular dynamics (EMD) method [S. Alosious et al., J. Chem. Phys. 151,
194502 (2019)]. The size effect of the Kapitza resistance on different factors such as the number of graphene layers, the cross-sectional area,
and the width of the water block was studied. The Kapitza resistance decreases slightly with an increase in the number of layers, while the
influence of the cross-sectional area and the width of the water block is negligible. The variation in the Kapitza resistance as a function of the
number of graphene layers is attributed to the large phonon mean free path along the graphene cross-plane. An optimum water–graphene
system, which is independent of size effects, was selected, and the same was used to determine the Kapitza resistance using the predicted
EMD method. The values obtained from both the EMD and the non-equilibrium molecular dynamics (NEMD) methods were compared for
different potentials and water models, and the results are shown to be in good agreement. Our method allows us to compute the Kapitza
resistance using EMD simulations, which obviates the need to create a large temperature gradient required for the NEMD method.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0009001., s

I. INTRODUCTION
In a previous paper, we developed an equilibrium molecular
dynamics (EMD) method to compute the Kapitza resistance/length
at fluid–solid interfaces and applied it to a sample Lennard-Jones
(L-J) system.1 The method was validated for different types of interfaces, density, channel width, and temperature and then compared
with other approaches to compute the Kapitza resistance. The purpose of the present paper is to apply the theory to a more realistic system. A water–graphene system in which water is confined between a
few graphene layers is used in this study.
Graphene has attracted significant attention as a novel twodimensional substance in the last decade due to various captivating physical properties. Some of the remarkable properties of
graphene are the superior thermal conductivity,2,3 the high mechanical strength,4 the high charge mobility,5,6 and optical transparency.7
In particular, the superior thermal conductivity of graphene3 has
triggered increasing efforts in the next-generation of electronic
devices to develop graphene-based nanomaterials8–10 for solving
thermal management problems. Graphene has the potential to
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increase the thermal conductivity of nanofluids or nanocomposites;
however, the interfacial thermal resistance or the Kapitza resistance
between the graphene and the surrounding materials is a critical
issue. To this end, water–graphene interfaces may have significant
applications in nanoscale thermal management systems.
The water structure near a water/solid interface seems to be
substantially different from the structure of water in bulk, and it can
be propagated from the surface into considerable distances toward
the bulk liquid.11 Alexeev et al.12 studied the effect of liquid layering on the Kapitza resistance between water and a few layers of
graphene. They found that the Kapitza resistance is strongly dependent on the water layering adjacent to the graphene wall. They
find it is inversely proportional to the first water density peak,
which is consistent with better acoustic phonon matching between
graphene and water. Ma et al.13 found that interfacial charge decoration on graphene sheets leads to a considerable reduction in
the Kapitza resistance at the water–graphene interface. The reduction in the interfacial thermal resistance is achieved by the increase
in interaction strength caused by the increased Coulombic force
between water and charged graphene sheets. Gonzalez-Valle et al.14
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studied the thermal transport across graphite–water interfaces. They
found that the wetting response of an atomically dense surface can
be described by the minimum of the adsorption energy curve, and
a linear relationship can be obtained between binding energy and
the work of adhesion. Also, the interfacial fluid depletion gives a
sound reason for the correlation between wetting behavior and thermal transport. They have demonstrated the effect of different modeling techniques that affect heat transfer across fluid–solid interfaces. Pham et al.15 examined the effect of pressure on the Kapitza
resistance at gold/water and silicon/water interfaces. The pressure
dependence of interfacial thermal resistance is found to be different
for gold/water (hydrophilic) and silicon/water (hydrophobic) interfaces. Near the gold surface, the depletion length and peak value of
the first water density layer are constant and independent of bulk liquid pressure. However, at the silicon surface, these values are directly
related to bulk water pressure. These results show that the pressure
dependence of the Kapitza resistance strongly depends on the type
of the interface. Cao et al.16 demonstrated that tuning of the Kapitza
resistance at the water–graphene interface is possible by interlayer
functionalization. Oxygen atoms were used for functionalization,
and a reduction of about 50% in the Kapitza resistance is found for
an oxygen ratio of 0.5%. They also found that the Kapitza resistance
decreases with the addition of the number of layers owing to more
overlapping of vibrational density of states at the interface.
Kapitza resistance studies on graphene–water interfaces are
mostly carried out using non-equilibrium molecular dynamics
(NEMD) methods. The NEMD method consists of an initial equilibration of the system at a reference temperature and followed by the
addition and removal of heat from two ends of the system to obtain
a linear temperature gradient across the system. By providing a temperature gradient, a temperature discontinuity will be formed at the
interface due to the Kapitza resistance, and the Kapitza resistance
can be directly calculated using this temperature drop at the interface and the applied heat flux. However, there is a considerably large
value of temperature gradient required for calculating the Kapitza
resistance using the NEMD method. This large temperature gradient might affect other properties that depend on temperature, and
there are chances of inducing a nonlinear response that differs from
the response that is of experimental interest. In addition to that, to
obtain a linear temperature profile and steady-state heat flux, significant additional simulation time is required compared to our EMD
method. In contrast, our EMD method uses correlation functions of
heat flux and temperature difference at the interface in equilibrium
to calculate the Kapitza resistance, eliminating the need for external
driving forces and maintaining the system in steady-state, thereby
saving computational time. The present work describes an EMD
method to calculate the Kapitza resistance at the water–graphene
interface utilizing both the heat flux and the temperature difference
fluctuations at the interface. This method is an extension of our previous work in which we introduced a new approach to calculate the
Kapitza resistance at a fluid–solid interface applied to an L-J system.1 This paper consists of the methodology used to calculate the
Kapitza resistance using our proposed EMD method. Furthermore,
it includes detailed modeling of a water–graphene system and selection of different factors that affect the Kapitza resistance, such as the
number of graphene layers, the thickness of the water channel, and
the cross-sectional area of the graphene sheet. From this information, a suitable system is selected and the Kapitza length is calculated
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for different types of graphene potentials and water models. In what
follows, we present a brief summary of the theory, modeling, and
methodology used to simulate the system, an analysis of the results
achieved, and some final conclusions.
II. THEORY
In this section, we briefly summarize the concept and the final
expressions of the quantities of interest behind our EMD method for
calculating the Kapitza resistance at fluid–solid interfaces. For full
details, the reader is directed to the original paper.1
The Kaptiza resistance Rk , at the water-graphene interface, can
be defined as follows:
Rk ≙

ΔT
,
Jq

(1)

where ΔT = T f − T w is the temperature difference between the
slab of water immediately adjacent to the wall, T f , and the wall
graphene layer, T w , and J q is the heat flux vector component normal to the wall. The average thickness of the slab of water is about
one molecular diameter.
We assume that the time-dependent Kapitza kernel can be
written as an n-term Maxwellian memory function and is given by17
n

Rk (t) ≙ ∑ ki e−μi t ,

(2)

i=1

where ki and μi are the coefficients in the Maxwellian memory
function. The coefficients ki and μi are related by
n

C̃TJq (s) ≙ ∑
i=1

ki
C̃J J (s),
s + μi q q

(3)

where C̃Jq Jq and C̃TJq are the Laplace transforms of the heat flux
autocorrelation and the heat flux-temperature difference crosscorrelation functions, respectively. For the steady-state conditions
(s = 0), the Kapitza resistance, R̃k (0), can be computed by using the
fitting parameters ki and μi and is found to be
n

Rk ≡ R̃k (0) ≙ ∑
i=1

ki
.
μi

(4)

The instantaneous heat flux at a plane J qz (z, t) located at z, with
surface area A, can be computed by the method of planes technique
developed by Todd et al.:18,19
K
Jqz (z, t) ≙ Jqz
(z, t) + Jqz (z, t),
ϕ

(5)

K
where Jqz
(z, t) and Jqz (z, t) are the kinetic and the potential contributions of heat flux, respectively.
ϕ

III. METHODOLOGY
The initial configuration of the system with water confined
between a few graphene layers is shown in Fig. 1. This particular
model consists of a water block with a dimension of L × L × W and
ten layers of graphene with a dimension of L × L on both the sides.
The simulation domain was modeled in such a way that the density
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FIG. 1. Schematic diagram of the simulation domain.

at the mid-portion of the water block was maintained at the bulk
density of water at 300 K by adjusting the number of water molecules
inside the confinement. The size of the mid-portion was taken by
avoiding the portion of water with considerable density fluctuation
near both of the graphene layers. In a 4 nm water channel used in
this study, the mid-portion consists of about 1.5 nm. The spacing
between adjacent graphene layers was maintained at d = 3.35 Å.20
Periodic boundary conditions were applied in the x-direction and
y-direction and a fixed condition in the z-direction. The graphene
layers at both ends were kept rigid to maintain a constant volume.
To study the different factors affecting the calculation of the Kapitza
resistance, different parameters in the model were varied, and a final
model was selected based on that. The number of graphene layers
on both sides was changed from 4 to 30. The cross-sectional area of
a single graphene layer was varied by varying the size L × L, from
(2× 2 nm2 ) to (6 × 6 nm2 ). In addition to that, the thickness of the
water block, W, was varied from 2 nm to 8 nm.
The simple point charge (SPC/E)21,22 water model was used to
model the water molecules due to its reliability, accuracy, and relatively low computational cost. Also, a modified TIP3P23,24 water
model was used for comparison purposes due to its reproducibility
of different thermodynamic properties. The water molecules were
kept rigid using the SHAKE25 algorithm, and the long-range electrostatic forces were computed using the particle–particle particle–
mesh (PPPM)26 solver with an accuracy of 1 × 10−5 . It is found that a
higher accuracy of 1 × 10−6 consumes twice as much simulation time
for less than 2% variation in the results. Due to the fixed boundary
condition in the z-direction, an Ewald summation technique proposed by Yeh and Berkowitz27 was followed with the ratio of the
extended volume set as 3.0.
The intralayer carbon interactions were modeled by the
adaptive intermolecular reactive empirical bond-order (AIREBO)30
potential and an optimized Tersoff potential31 for comparison. Also,
the interlayer carbon interactions were modeled by the pairwise
12
6
Lennard-Jones (L-J) potential, ϕij (r) ≙ 4ε[( σr ) − ( σr ) ], using the
29

parameters from Girifalco et al. The carbon–water interactions
were modeled by L-J potentials with parameters taken from the
work of Werder et al.,28 with values of the L-J interaction parameters provided in Table I. The cutoff distance for the L-J potential
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and short-range Coulombic forces was set to 10 Å. All the simulations were performed using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)32 package with a time step of
1.0 fs and visualized with the help of Visual Molecular Dynamics
(VMD).33
For the NEMD simulations, the system was equilibrated under
a canonical (NVT) ensemble for a time period of 2.0 ns after energy
minimization. The system stability was verified by simulating under
microcanonical ensemble conditions (NVE) for 2.0 ns. After that,
a linear temperature gradient along the z-direction was created by
adding and removing heat from both ends of the system, respectively. The heat addition and removal was achieved by maintaining
two different temperatures (250 K and 350 K)12 at two layers of
graphene sheets each on both ends of the system (without considering fixed layers) by implementing a Langevin thermostat.34 This
process was continued for 6.0 ns until obtaining a linear temperature
profile and a steady-state heat flux. Finally, the data were extracted
from 5.0 ns production runs, from which the Kapitza resistance was
calculated using Eq. (1).
For the EMD simulations, energy minimization, equilibration
in the canonical ensemble, and system verification under the microcanonical ensemble were carried out similar to NEMD simulations.
After that, the system was simulated at an equilibrium temperature
of 300 K for 5.0 ns, by applying a Langevin thermostat only for
graphene layers. During this simulation, the heat flux was calculated
using Eq. (5), along with the temperature difference between the wall
and the adjacent water slab. The Kapitza resistance was calculated
using the proposed method described in Sec. II (see our original
paper for details of this method1 ). Finally, the Kapitza length was
TABLE I. The L-J parameters used for modeling the water–graphene system.

Pair

σ (Å)

ε (kJ/mol)

O–O22
C–O28
C–C29
H-all22,28

3.165
3.190
3.414
0.0

0.6503
0.3920
0.2313
0.0
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calculated using the equation Lk = Rk κ for both the EMD and the
NEMD methods, where κ can be the thermal conductivity of either
water or graphene.1 The Kapitza length toward the graphene side
was calculated throughout this study by using the thermal conductivity of water at 300 K, which corresponds to the additional thickness of graphene required to achieve the same heat transfer in place
of the thermal resistance at the interface (it is also possible to calculate the Kapitza length toward the water direction by using the
thermal conductivity of graphene). The value of thermal conductivity of the SPC/E water model at 300 K, obtained using NEMD
simulation, is κ = 0.82 ± 0.03 W/K m, which is in agreement with
previous results.35–37
IV. RESULTS AND DISCUSSION
Figure 2 is a typical temperature profile obtained from the
NEMD simulations. The temperature jump ΔT at the interface due
to the Kapitza resistance is clearly visible from the figure. The large
temperature difference at the interface leading to a higher Kapitza
length is an indication of poor heat transfer at water–graphene
interfaces. For the NEMD method, Rk was directly calculated using
Eq. (1).
To study the interfacial heat transfer using MD, a model that
is free from size effects and uncertainties is essential. To prepare
a suitable model, different factors affecting the Kapitza resistance
were analyzed. Figure 3 shows the Kapitza length and the Kapitza
resistance as a function of the cross-sectional area of the graphene
layer. The value of the Kapitza length is found to be nearly constant
for the selected cross-sectional areas. The inset in Fig. 3 shows the
density profile near the interface for different cross-sectional areas.
The density at the mid-portion was maintained at the bulk density of
water for all the cases. The density profiles nearly coincide in all the
cases, suggesting that there is no noticeable structural change in the
alignment of water molecules near the interface irrespective of the
cross-sectional area. A cross-sectional area of 4 × 4 nm2 was chosen
for all the cases in this study to balance between computational cost
and uncertainty in the results.
To study the influence of the number of graphene layers
on the Kapitza length/resistance, we have calculated the Kapitza
length/resistance with a different number of graphene sheets on

FIG. 2. Temperature profile obtained from NEMD simulations.
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FIG. 3. The Kapitza length/resistance as a function of the cross-sectional area of
the graphene layer. The inset shows the water density profile for different crosssectional areas.

both sides. Figure 4(a) shows the dependency of the Kapitza length
and the Kapitza resistance for a different number of graphene layers. Two different approaches were considered for this analysis.
The first one was allowing the center of mass of the graphene
layers to move along the z-direction freely (unconstrained), and
the second approach was constraining the wall graphene layers to
their initial center of mass positions (constrained). Note that, in
all cases, individual carbon atoms are free to vibrate in their lattice
structures.
For the constrained approach, both the wall graphene layers
were maintained at their initial positions by fixing the center of
mass of the layers to their initial positions, which ensures a constant channel width. For the unconstrained case, it is found that
the Kapitza length reduces with increasing the number of layers,
and the slope decreases as the number of layers increases. A similar trend was reported by Alexeev et al.,12 where the Kapitza resistance at the water–graphene interface monotonically decreases to
an asymptotic value. However, when the wall graphene layers were
constrained to their original position, it is found that the Kapitza
length only slightly reduces with the addition of more graphene
layers. Figures 4(b) and 4(c) show the density profile near the interface for constrained and unconstrained cases, respectively. For the
unconstrained walls, the water block compresses as the number of
graphene layers increases, leading to a reduction in water channel
width. This compression of the water causes an increase in the first
density peak of water, as seen in Fig. 4(c), which is the reason for the
drastic reduction in the Kapitza length with the addition of graphene
layers. The same effect is visible even if the system is equilibrated in
the NPT ensemble initially by applying periodic boundary conditions in all directions. The increase in the first water density peak
can also be achieved by increasing the system pressure, which again
leads to a reduction in the Kapitza length.12 On the other hand, from
Fig. 4(b), it is clear that when the graphene walls are constrained to
their initial center of mass positions, the density profiles nearly coincide irrespective of the number of graphene layers. This suggests
that the number of graphene layers does not have much influence
on the Kapitza length, and this contradicts the previously reported
results.12 Thus, the correct procedure is to constrain the graphene
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FIG. 4. The Kapitza length/resistance
and corresponding water density profiles
for a different number of graphene layers. (a) The Kapitza length/resistance as
a function of the number of graphene
layers for constrained and unconstrained
walls. (b) The water density profile for a
different number of graphene layers with
walls constrained. (c) The water density
profile for a different number of graphene
layers with walls unconstrained.

walls to their initial center of mass positions so that the water does
not compress, and the density of the water remains the same even if
more graphene layers are added.
However, even after obtaining a similar density profile, there is
still a slight reduction in the Kapitza length, which results from the
size effects in the value of the Kapitza resistance and also due to the
increase in the number of allowed phonon modes in graphene with
an increase in the thickness. Liang et al.38 reported the size effect
of the Kapitza resistance in solid–solid interfaces. They found that
the Kapitza resistance between a substrate and thin-film depends
on the thickness of the film and the film surface roughness when
the phonon mean free path is larger than the film thickness. From
the acoustic mismatch model theory, the transmission coefficient at
the interface is reduced when the thickness of the film is less than
the phonon mean free path due to the specular reflection at the
surface. Wei et al.39 found that the phonon mean free path of the
multilayer graphene along the cross-plane direction is higher than
the thickness of graphene even after using 48 layers of graphene in
their study. Thus, the slight reduction of the Kapitza length with
the addition of the number of graphene layers can be attributed
to the large phonon mean free path along the graphene crossplane direction. Since the effect of the number of graphene layers
has less influence, the selection of large numbers of graphene layers is not necessary compared to the high computational cost. We
have, thus, selected N = 10 on both sides for all the cases in this
study.
From Fig. 5, we can see that, unlike the wall thickness, the
effect of water channel width when it is larger than 2 nm on the
Kapitza resistance is found to be negligible with the constrained wall
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approach. The density profile in the inset shows that the structure
of the water remains nearly the same for all the channel widths.
Even though the Kapitza resistance is a function of water structure,
the abovementioned results show that the Kapitza resistance is only
affected by the structure of water close to the interface, and the bulk
portion has a negligible effect. In addition to this, the mean free path
of water is very small (≈2.5 Å)40 compared to the lowest channel
width; therefore, the size effect can be neglected.
Based on the abovementioned observations, a suitable water–
graphene model, which is independent of size effects and relatively

FIG. 5. The Kapitza length/resistance as a function of the different water channel widths. The inset shows the water density profile for different water channel
widths.
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FIG. 6. The normalized heat flux autocorrelation function. The inset shows the
fluctuation of the normalized heat flux at the interface as a function of time.

low uncertainties, was selected, and the Kapitza resistance was calculated using the predicted EMD method. The model consists of 10
layers of graphene with a cross-sectional area of 4 × 4 nm2 placed on
both sides of a 4 nm length water block. The reference temperature
is taken as 300 K. Figure 6 shows the normalized auto-correlation
function, CJq Jq , of the heat flux across the water–graphene interface.
The inset shows the fluctuation of the normalized heat flux at the
interface as a function of time for a time interval of 0.4 ps. The
autocorrelation function was calculated using this heat flux data,
averaged over 5.0 ns. The correlation function decays to zero at a
time interval of about 0.2 ps.
Similarly, the normalized heat flux-temperature difference
cross-correlation function, CJq T , is plotted in Fig. 7. The inset shows
the fluctuation of the temperature difference between graphene and
water at the interface as a function of time for a time interval of
0.4 ps. The cross-correlation was calculated using this temperature
difference data, and the heat flux data averaged over 5.0 ns. The heat
flux and temperature difference are anticorrelated initially because
the heat flux flows in the direction opposite to the temperature

FIG. 7. The normalized temperature difference-heat flux cross-correlation function.
The inset shows the fluctuation of the temperature difference between graphene
and water at the interface as a function of time.
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difference. The cross-correlation functions decay to zero after a time
span of around 0.2 ps. The Laplace transform of both the correlation functions was calculated using a simple trapezoidal integration
method, and the corresponding data were fitted using Eq. (3). The
fitting parameters μi and ki in Eq. (3) are obtained with a Maxwellian
one term (n = 1) memory function, which has been shown to be
sufficient in previous studies.1,41 Finally, the Kapitza resistance was
calculated using Eq. (4).
The instantaneous temperature difference at the interface was
calculated by measuring the difference in temperature of the wall
graphene layer and a slab of water adjacent to the wall graphene
layer. The selection of water slab thickness Δ, is a crucial factor in
the calculation of the Kapitza resistance. Kannam et al.42 used a one
molecular diameter slab thickness for calculating slip length at the
water–graphene interface. Figure 8 shows the Kapitza length and
the Kapitza resistance as a function of the water slab thickness, and
the inset shows the selected slab thickness Δ and the water density profile. For the case of Kapitza resistance, we found that the
cross-correlation function converges smoothly when Δ is near to the
first peak of the water density, which is about one molecular diameter. From Fig. 8, we can see that the value of the Kapitza length
is inconsistent for smaller values of the Δ due to insufficient water
molecules to compute the properties of the slab and then slowly
decreases as the slab thickness increases. However, for higher slab
thickness, the properties computed will be bulk properties, whereas
the Kapitza resistance is an interfacial property. Thus, by considering these factors, we have chosen an optimum water slab thickness as
Δ = 3.165 Å, which is the distance from the graphene wall to the first
density peak of water. At Δ = 3.165 Å, the cross-correlation function converges smoothly, and the Kapitza length reaches a consistent
value.
Finally, our EMD method is compared with the NEMD method
for different graphene potentials and water models. Figure 9 shows
the comparison of the Kapitza length calculated using our EMD
method and the NEMD method for different cases. The AIREBO
potential consumes about three times more computational time
compared to the Tersoff potential, and a 5.06% difference in results
was observed. Regarding the water models, the SPC/E water model
is widely used due to its reproducibility of different properties of

FIG. 8. The Kapitza length/resistance as a function of water slab thickness. The
inset shows the selected slab thickness, Δ, and the density profile of water.
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FIG. 9. Comparison of the predicted value of the Kapitza length with the NEMD
simulations for different graphene potentials and water models.

TABLE II. The Kapitza resistance values for the water–graphene interface for different
graphene potentials and water models at 300 K.

Model
AIREBO-SPC/E
Tersoff-SPC/E
AIREBO-TIP3P

NEMD
Rk (×10− 8 K m2 /W)

EMD
Rk (×10− 8 K m2 /W)

1.343 ± 0.028
1.275 ± 0.050
1.316 ± 0.043

1.212 ± 0.080
1.231 ± 0.064
1.459 ± 0.099

water. A 2.01% difference in results was observed when the TIP3P
water model was used. In all three cases, the results obtained from
our EMD method are in excellent agreement with the results of the
NEMD method. The Kapitza resistance values of all the cases are
provided in Table II. A wide range of values of the Kapitza resistance
at the water–graphene interface ranging from 0.8 × 10−8 K m2 /W
to 6.2 × 10−8 K m2 /W are reported in different articles.12–14,43,44
This wide range of values is due to the different factors affecting the
Kapitza resistance, such as the selection of the system, type of the
water model, type of potential, wettability at the interface, number
of layers, temperature, and pressure. Also, one of the significant factors is the density of water inside the channel, especially, the first
density peak. The different MD techniques used to fill water inside a
graphene nanochannel result in variation in density inside the channel, which is a major deciding factor for the value of the Kapitza
resistance.
V. CONCLUSION
In summary, we have studied the Kapitza resistance at a water–
graphene interface using molecular dynamics simulations, in which
the water is confined between a few layers of graphene sheets. NEMD
and EMD simulation techniques were used to compute the Kapitza
resistance. The size effect of the Kapitza resistance on various factors such as the number of graphene layers, cross-sectional area,
and the water channel width was investigated. It is found that the
Kapitza resistance decreases slightly with an addition of graphene
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layers. The dependency of the Kapitza resistance on the number of
graphene layers is due to the large phonon mean free path along
the graphene cross-plane. The results show that the water channel
width and the graphene cross-sectional area have a negligible influence on the Kapitza resistance. In addition to that, the water density
structure close to the interface nearly coincides with different channel widths and cross-sectional areas. From these observations, we
can infer that the structure of water near the interface, especially the
first density peak, plays a significant role in the heat transfer across
the interface.12
The selection of a reliable model is essential for the prediction of the Kapitza resistance using MD techniques to obtain reliable
results. From the abovementioned observation, a suitable model was
selected, which is free from size effects with reasonable uncertainties, and this model was used for further analyses. In a previous
paper, we introduced a new EMD method to calculate the Kapitza
resistance using the heat flux autocorrelation function and the heat
flux-temperature difference cross-correlation function in a system
with L-J particles. We extended this method to a realistic system,
which consists of a block of water confined between a few layers of
graphene sheets. The method was again validated by comparing the
EMD results with NEMD results for different graphene potentials
and water models, and both the results are in excellent agreement.
For the NEMD method, a large temperature gradient of about 5–
17 K/nm (corresponds to the different number of graphene layers)
is required to obtain a steady-state temperature profile and to collect
sufficient statistics. This temperature gradient is achieved by applying a heat flux across the interface by addition and removal of heat
from both ends of the system. The Kapitza resistance is calculated
using this applied heat flux and the resulting temperature-difference
at the interface using Eq. (1). Here, we are assuming that the heat
flux and temperature difference are linearly proportional to each
other for a particular interface. However, there is a possibility of
deviation from this linear dependency for relatively large temperature gradients (hence, large heat fluxes). For interfaces with very
low Kapitza resistance, we are forced to apply a very high value
of heat flux to obtain a noticeable temperature-difference at the
interface. Thus, for such systems with a high value of applied heat
flux, the temperature-difference at the interface may deviate from
the assumed linear form, and this will be reflected in the calculated value of the Kapitza resistance. In addition to this, a higher
temperature-difference at the interface will also affect the value of
the calculated Kapitza resistance since the Kapitza resistance is a
temperature-dependent property.1 This limitation does not influence our EMD method since it evaluates only the linear response
of the system. In addition to that, to obtain a steady-state temperature profile, an additional 6.0 ns time is required for the NEMD
method. Also, the NEMD method we have used in this paper cannot
be feasible for confined fluids under flow conditions because creating such a steady-state linear temperature profile is not possible
for such systems. Similarly, for the case of fluids (with or without
flow) confined in cylindrical nanopores such as carbon nanotubes
(CNTs), creating a linear temperature gradient across the interface
is not possible. This is because if we follow the current NEMD
method of applying two different temperatures to obtain a linear
temperature gradient, we need to longitudinally divide the cylindrical nanopores into two parts and apply two different temperatures
to these two parts. Thus, the adjacent atoms, which are bonded to
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each other along the longitudinal division, will be forced to have
two different temperatures, which is an unrealistic situation. This
limitation restricts the use of the current NEMD method in cylindrical nanopores. Furthermore, under flow conditions (e.g., Poiseuille
flow), the temperature profile may be very weakly quartic and almost
flat, which may lead to an unrealistic Kapitza length of Lk → ∞
if we extrapolate the interfacial temperature back into the wall.
For these reasons, we propose that the EMD method is better for
calculating the Kapitza resistance in the abovementioned scenarios. In future work, we will extend our EMD method for computing the Kapitza resistance in fluids confined in graphene channels and carbon nanotubes under flow conditions, where NEMD
methods are likely to be difficult to use for systems with high
slip.
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