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ABSTRACT: The Kapitza resistance (RK) between few-layer graphene (FLG) and
water was studied using molecular dynamics simulations. The RK was found to depend
on the number of the layers in the FLG though, surprisingly, not on the water block
thickness. This distinct size dependence is attributed to the large diﬀerence in the
phonon mean free path between the FLG and water. Remarkably, RK is strongly
dependent on the layering of water adjacent to the FLG, exhibiting an inverse
proportionality relationship to the peak density of the ﬁrst water layer, which is
consistent with better acoustic phonon matching between FLG and water. These
ﬁndings suggest novel ways to engineer the thermal transport properties of solid−liquid
interfaces by controlling and regulating the liquid layering at the interface.
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eﬀect. Remarkably, density layering of the water adjacent to the
interface is shown to be the key factor that regulates the Kapitza
resistance.
The simulation domain consists of three blocks of FLG
separated by two blocks of water (Figure 1), with periodic
boundary conditions applied in all directions. Simulations are
performed with the LAMMPS package,16 with a time step of
0.2 fs. Intralayer carbon interactions are modeled with the
optimized Tersoﬀ potential,17 and interlayer carbon interactions are modeled by the pairwise Lennard−Jones (LJ)
potential V(r) = 4ϵ[(σ/r)12 − (σ/r)6] with parameters taken
from ref 18. The graphene−water interactions, essential to this
study, are modeled by LJ potential with parameters from ref 19.
These potentials have been validated on experimental results,
and their uncertainties have been recently quantiﬁed.20 The
cutoﬀ distance in LJ potential is set to 2.5σ. Water has been
modeled by the ﬂexible simple point-charge (SPC) model21
and by the rigid SPC water model.22 Long-range electrostatic
forces are computed with the P3 M method.23 We note that
water and graphene are polar molecules so the eﬀects of
polarization might be relevant. However, a recent study by Ho

he continuous reduction of dimensions in microelectronic
devices has raised serious challenges for their thermal
management.1 Several studies2−5 have indicated that graphene6
is a promising material for improved heat dissipation in
integrated chips due to its high thermal conductivity. Of
particular interest are suspensions of nanoscale graphene ﬂakes
and carbon nanotubes in liquids as they exhibit substantially
larger thermal conductivity than that of pure liquids.7 However,
there is a discrepancy of more than an order of magnitude
between the theoretically predicted and the measured thermal
conductivity of nanoﬂuids.8 This discrepancy is attributed8 to
uncertainties on the value of the interfacial thermal (Kapitza)
resistance.
Two models are widely used to describe the interfacial
thermal resistance: the acoustic (perfectly specular scattering)
and the diﬀusive mismatch (diﬀusive scattering) of phonons.9,10
Both models ignore atomistic details such as the roughness of
the interfaces.10 Molecular dynamics (MD) simulations allow
for an atomistic description of the interfaces, and they have
been broadly used11−15 to study their thermal properties.
In this Letter, we examine the Kapitza resistance between few
layer graphene (FLG) and water by using nonequilibrium
molecular dynamics (NEMD) simulations. We ﬁnd that the
Kapitza resistance depends strongly on the number of graphene
layers, while, in contrast, the water thickness has a negligible
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Figure 1. Schematic graph for the simulation setup. Graphene sheets (in black) have size L × L, and the spacing between them is d. Water block
(red/white molecules) has the size L × L × W. Graphene and water blocks are placed one after another along the Z axis. A Nosé−Hoover
thermostat at high temperature T + δ/2 (light red region) is applied to four graphene layers in the middle. Another Nosé−Hoover thermostat at low
temperature T − δ/2 (light blue region) is applied to the leftmost and rightmost two layers. N nonthermalized layers (black on white background)
are situated between water and heat source or sink. Periodic boundary conditions are applied in all directions.

computational domain (Figure 1), respectively. The Kapitza
resistance RK is computed as

RK =

ΔT
J

(1)

where ΔT is the temperature jump and J is the heat ﬂux across
the liquid−solid interface. The temperature jump is computed
by a linear regression of the temperature proﬁle, while the heat
ﬂux is computed as half of the energy injected into/extracted
from the heat source/sink per unit time across unit area (see SI
for details). The NEMD simulations are performed suﬃciently
long (over 5 ns) to ensure a constant heat ﬂux and temperature
proﬁle across the system.
The current simulation setup allows us to calculate RK at two
interfaces (“cold” and “hot”) with diﬀerent temperatures
(Figure 1). We set the temperature of the thermostat as T0 +
δ/2 and T0 − δ/2, where T0 = 300 K is the ambient
temperature. In all simulations with various δ, we ﬁnd that the
“cold” interface has consistently larger RK than the “hot” (see
Figure S1c in SI). This result is in agreement with the previous
experimental and theoretical studies9,27 on solid−liquid
interfaces. We note that this result is in contrast with previous
MD simulations of monatomic liquid−solid interface where a
lower Kapitza resistance was associated with the “cold”
interface.11,15 At the same time the present result is consistent
with a previous study28 of the Kapitza resistance at a silicon−
water interface.

Figure 2. Dependence of Kapitza resistance at graphene−water
interface on the size of the solid and the liquid block. N (bottom axis)
denotes the number of graphene layers, while W (top axis) denotes the
thickness of the water block. Solid lines are drawn to guide the eye.
For variable N, the resistance is computed with W = 30 Å, while N = 4
for variable W.

et al.24 found that polarization of water and graphene has
negligible impact on the dynamical properties of graphene−
water interface. Further simulation details can be found in the
Supporting Information (SI).
NEMD simulations in the NVT ensemble are used to
compute the Kapitza resistance,25 after relaxation of the
structure in the NPT ensemble. Nosé−Hoover thermostats26
are applied to the central and the two ends of the

Figure 3. Water density proﬁle adjacent to the graphene−water interface. Here N = 8 is used for all simulations. ρb is the bulk-like water density far
away from the interface. (a) Diﬀerent water block thickness at ambient condition (P = 1 bar, ϕ = 95°). The same ρb is used for both cases. (b)
Reduced water density for diﬀerent contact angle and pressure. The thickness of the water block is ﬁxed at W = 30 Å for these simulations. For each
parameter set, the reference density ρb is obtained from the bulk water region without density ﬂuctuation, which is about 1 nm away from the
interface.
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Figure 4. Eﬀect of cross-plane pressure and graphene hydrophobicity on the Kapitza resistance RK. Here W = 30 Å and N = 8 are used. Solid lines
are drawn to guide the eye. Contact angle ϕ (a) and pressure P (b) aﬀect the height of the ﬁrst density peak of water, which governs interfacial
resistance RK. Blue diamonds represent resistance (left Y-axis), and green circles represent water density (right Y-axis). Thin arrows show ambient
case (ϕ = 95°, P = 1 bar) on each plot, and thick arrows point to the corresponding axis. The inset in (a) shows the inverse of Kapitza resistance
versus 1 + cos(θ), where θ is the water contact angle.

thickness of the solid and is reduced when the thickness is
smaller than the phonon mean free path due to specular
reﬂection at the surface. Previous MD simulations25,31 suggest
that the phonon mean free path in the c-axis of FLG might be
greater than 40 layers. Recent experimental measurement of
graphite cross-plane thermal conductivity based on a diﬀerential
3ω method reports a long phonon mean free path (∼200 nm)
in the c-axis at room temperature.32 We postulate that the large
phonon mean free path in the solid block is responsible for the
size-dependent Kapitza resistance at the graphene−water
interface.
In contrast, the thickness of the water block has a negligible
eﬀect on RK (Figure 2), even down to a thickness of 1 nm. This
is consistent with the fact that liquids have a much smaller
phonon mean free path. In turn, this suggests that only the
liquid portion next to the interface aﬀects the interfacial thermal
transport. To test this hypothesis, we examine the arrangement
of the water molecules adjacent to the graphene−water
interface. In contrast to their orientation in bulk water, the
water molecules close to the graphene are arranged with their
dipole normal to the interface.33,34 This is indicated by the
density proﬁle of water near the interface (Figure 3a) which
exhibits strong oscillations.35,36 Water molecules form “layers”
of high density in the proximity of the graphene sheet. The
layers are less notable further from the interface, and at a
distance of about 0.8−1.0 nm, the water density converges to
the bulk value (ρb ≈ 1.0 g/cm3). Therefore, water undergoes a
transition from a distinct orientation in the proximity of
graphene to its bulk state away from the interface. We note that
for an ultrathin water block of 1 nm, there is no region with
constant density of bulk water (Figure 3a). Interestingly, the
density layering in the ultrathin water block almost coincides
with that in a 3 nm thick water block. Together with the
observed negligible size eﬀect of the water block on RK, this
indicates that the density layering of the liquid is critical in
determining the interfacial thermal resistance.
To examine how the Kapitza resistance depends on the
properties of the liquid layer adjacent to the graphene, we
employ two diﬀerent approaches to modify the interfacial water

Figure 5. Dependence of normalized interfacial thermal resistance RK/
R0 on the reduced water density peak ρr. Here R0 is the ambient
Kapitza resistance between water and FLG with given number of
layers. Hyperbolic ﬁt is shown as a shaded dashed line. Red arrow
shows the ambient case (ϕ = 95°, P = 1 bar).

Following ref 11, we report in this study the averaged RK of
the two interfaces. The value of δ does not aﬀect signiﬁcantly
the averaged RK (see SI), and we set δ = 100 K in our
simulations. We also note that the diﬀerence in RK as computed
with the ﬂexible and the rigid water models is less than 4% and
within the standard deviation of the predictions (see SI).
Hereafter we report results using the ﬂexible SPC water model.
We ﬁrst examine the system size eﬀects on the predictions of
RK. We ﬁnd that RK is independent of the cross-sectional area
(L × L) when L > 4 nm (see SI). Therefore, we use L = 6 nm
and study the dependence of RK on the thickness of the solid
and liquid blocks, separately. With the increase of the number
of graphene layers (N), RK monotonically decreases to an
asymptotic value of 2 × 10−8 K m2/W (Figure 2). A similar size
eﬀect has been reported for the Kapitza resistance at solid−
solid interfaces.13,29,30 Based on the acoustic mismatch model,
Liang et al.29 derived an analytical expression of the energy
transmission coeﬃcient at a solid−solid interface. They showed
that the transmission coeﬃcient depends explicitly on the
C
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Figure 6. Left: vibrational density of states (VDOS) of graphene and water. Graphene VDOS at the interface is collected for the outermost layer of
graphene. Water VDOS at the interface is collected for water molecules within 0.5 nm from the density peak. VDOS in the bulk was collected in the
middle of the corresponding block. Ambient interface: L = 60 Å, W = 30 Å, T = 300 K, δ = 100 K, P = 1 bar, ϕ = 95°; pressured interface: L = 60 Å,
W = 30 Å, T = 300 K, δ = 100 K, P = 5.1 kbar, ϕ = 95°; hydrophobic interface: L = 60 Å, W = 30 Å, T = 300 K, δ = 100 K, P = 1 bar, ϕ = 130°.
Right: overlap in VDOS spectra of graphene and water for diﬀerent interfaces. Clearly the resistance diﬀerence is not attributed to the overlap.

water density peak next to the graphene sheet (Figure 3b). For
compressive pressure of 900 bar the change in ρb and ρmax are,
respectively, ∼ 4% and ∼16%. The resultant water density
proﬁles show striking similarity to those obtained by varying
the graphene hydrophobicity. The ﬁrst water density peak,
located at about 3.2 Å from the graphene is highly pronounced
and followed by several smaller peaks (Figure 3b). Bulk water
density is reached beyond 8−10 Å away from the graphene.
Similar results are observed when we vary simultaneously the
system pressure and the graphene hydrophobicity. These
results imply that the ﬁrst density peak of water adjacent to the
interface is the critical factor that determines the value of the
Kapitza resistance and independent of the method by which it
is induced (Figure 5). We note that the dependence of the
Kapitza resistance to the increased density of the liquid at the
interface was ﬁrst noted by Challis et al.38 in experiments with
liquid helium and various solids. They noted that the phonon
transmission was enhanced due to this compressed layer of
liquid adjacent to the solid.38,39
Moreover, we have performed a number of simulations
(ambient condition, P = 5100 bar, P = 180 bar, ϕ = 0°, ϕ =
130°) with 18 layers of graphene. Figure 5 summarizes the
results of all simulations for the rescaled Kapitza resistance
(RK/R0) where R0 is the Kapitza resistance at ambient
conditions. We observe a consistent decrease of RK/R0 with
ρr. Following the classical theory for the inverse dependence of
the Kapitza resistance on liquid density,9 we ﬁt all of the
simulation data with the following function:

properties. First, we tune the graphene hydrophobicity by
varying ϵ with ﬁxed σ for the LJ potential acting between the
oxygen and carbon atoms. It has been shown19 that there is a
linear dependence between the energy parameter (ϵ) and the
contact angle of a water droplet on a graphene sheet. As shown
in Figure 3b, the peak value of the water density layering is
larger next to the hydrophilic interface, while the water density
away from the interface is independent of its wettability. To
quantify the water density diﬀerence, we deﬁne the reduced
water density peak ρr = ρmax/ρb, where ρmax is the ﬁrst water
density peak close to graphene and ρb is the bulk-like water
density far away from the interface. By computing RK at
diﬀerent water contact angle, we ﬁnd that the graphene
hydrophobicity has signiﬁcant impact on the Kapitza resistance
(Figure 4(a)), consistent with previous studies.11,15,37 We ﬁnd
that RK varies from ∼1.6 × 10−8 K m2/W for a strongly
hydrophilic interface (contact angle is 0°) to ∼5.2 × 10−8 K
m2/W for a strongly hydrophobic interface (contact angle is
130°). Moreover, Shenogina et al.37 found the interfacial
thermal conductance between water/self-assembled monolayers is proportional to the work of adhesion. We observe
the same dependence for graphene−water interface in our
study (see the inset of Figure 4a), suggesting that the functional
dependence of the interfacial thermal conductance on the work
of adhesion is general across diﬀerent types of interfaces. More
importantly, we ﬁnd that the Kapitza resistance correlates well
with the density layering of the water: the higher the water
density peak (ρr), the lower the interfacial thermal resistance.
To verify this correlation, we modify the water density by
applying an external pressure ﬁeld in the direction perpendicular to the interface.25 We ﬁnd that the Kapitza resistance and
density peak of water are both aﬀected by the external pressure,
while the same correlation holds between Kapitza resistance
and water density peak (Figure 4b). Increased compressive
pressure lowers RK, while tensile pressure results in higher RK.
The maximum pressure applied in our simulations is 5100 bar
for the compressive case and 230 bar for the tensile case. In
both cases induced strain of FLG appears to be small, so that
phonon density of states remains practically unchanged.25 The
density of the whole water block increases with increasing
compressive pressure, but a larger change occurs in the ﬁrst

RK
A
=
R0
ρr + B

(2)

Setting A = 1.67 and B = −0.49, the correlation factor for the ﬁt
is 0.975, and the standard deviations of both values ∼5%.
Remarkably, we ﬁnd that all results from our simulations
collapse on this curve that shows the inverse dependence of
Kapitza resistance on the ﬁrst density peak of the liquid. Both
the liquid density and temperature dependencies (see SI)
suggest that the acoustic mismatch model may capture better
the essential process of phonon propagation across the
graphene−water interface.
D
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To better understand the mechanism of the Kapitza
resistance dependence on the water density peak, we have
calculated the vibrational density of states (VDOS) of graphene
and water adjacent to the interface (Figure 6). We observe
insigniﬁcant spectrum change for interfaces with highly
dissimilar RK. Moreover, we have calculated an overlap S of
VDOS of graphene and water (for details, see ref 40):

∫0 PG(f )PW(f )df
∞

∞

∫0 PG(f )df ∫0 PW(f )df

(3)

The yielded overlaps (Figure 6, right) diﬀer in less than 3%,
while the Kapitza resistance undergoes almost 3-fold diﬀerence.
Therefore, we conclude that change in RK does not originate
from the change in VDOS. Combining this result with the
dependence in Figure 5, we can further conclude that the heat
transfer is promoted (or suppressed) at the solid−liquid
interface mainly because of the aggregation of more
(accordingly, less) water molecules at the interface. This
ﬁnding is distinct to the case of solid−solid interface, where the
density change at each side is negligible and the heat transfer is
regulated by the overlap of phonon spectrum.40
In summary, we investigated the thermal transport across
water−graphene interface through NEMD simulations. The
Kapitza resistance depends on the thickness of the FLG,
though, surprisingly, it is independent of the water block
thickness. This dissimilar dependence is attributed to the large
diﬀerences in the phonon mean free path in FLG and water.
On the other hand, the Kapitza resistance is critically aﬀected
by the water layering at the interface and more speciﬁcally by
the value of the ﬁrst density peak of water adjacent to the
interface. By imposing global cross-plane pressure and by
changing graphene hydrophobicity, we were able to change the
water density peak and, it turn, to tune the Kapitza resistance.
The magnitude of the ﬁrst density peak of a liquid adjacent to
the solid may be tuned to control the heat dissipation in microand nanoﬂuidic systems.
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