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Ultra-high liquid-solid thermal resistance using nanostructured gold surfaces

coated with graphene
Cecilia Herrero,1 Laurent Joly,1, 2 and Samy Merabia1, a)
1)Univ Lyon, Univ Claude Bernard Lyon 1, CNRS, Institut Lumière Matière, F-69622, VILLEURBANNE, France
2)Institut Universitaire de France (IUF), 1 rue Descartes, 75005 Paris, France

(Dated: 6 April 2022)

The search for materials with high thermal resistance has promising applications in thermoelectric devices
and boiling crisis retardation. In this paper, we study the interfacial heat transfer between water and gold,
nanostructuring the gold surface and coating it with graphene. By trapping air (or vacuum in our simulations)
between graphene and the nanopatterned surface, we observe a considerable increase in interfacial resistance
compared to the planar gold situation, which is shown to scale with the effective graphene-gold contact surface
for both monolayer and multilayer graphene. With the massive thermal resistances we predict (up to 200 nm
in terms of Kapitza length), the system proposed here represents a robust alternative to superhydrophobic
Cassie materials. Moreover, since the low thermal conductance is achieved primarily due to geometry (vacuum
trapping), it is straightforward to extend our results to any material with a structure equivalent to that of
the nanopatterned gold wall we considered here.

Modern computers are experiencing increasing levels
of heating due to the quest of high operating frequencies.
The maximal working temperatures are limited by the
boiling crisis occurring when the liquid suddenly vapor-
izes, leading to solid components melting and degrada-
tion. Delaying the boiling crisis may be achieved through
an increase of the solid-liquid interfacial thermal resis-
tance – also named Kapitza resistance R, hence shifting
the temperature at which explosive boiling occurs1–4.

With that regard, there has been a growing interest
in understanding the microscopic parameters that con-
trol R at liquid-solid interfaces. Documented parame-
ters include wetting5,6, roughness7–10 and interfacial vi-
brational coupling11,12. These effects have been exten-
sively characterized either experimentally13–16, through
molecular dynamics (MD) simulations2,6–8,10–12,17–21,
or analytically22,23. Another strategy to tune the
Kapitza resistance relies on the intercalation of a third
body between the solid and the liquid. For instance,
self-assembled monolayers generally enhance interfacial
transport24–26. By contrast, graphene has been shown
to reduce the interfacial conductance between a material
and water by taking advantage of the high cross-plane
thermal resistance of multilayer graphene27–30.

Although much less explored, an alternative path to
achieve high Kapitza resistance is the use of superhy-
drophobic surfaces which, in the case of Cassie (or fakir)
state materials, present a high thermal resistance due
to the air trapping between the liquid and the solid7,10.
Such fakir states are, however, characteristic of very
non-wetting surfaces, which can be obtained by special
chemical treatments1,31,32 or nanostructuration33. Im-
portantly also, stability is a major problem of Cassie
states, which are not very robust under variations of pres-
sure or in the presence of flows in the channel.

a)Electronic mail: Authors to whom correspondance should be ad-
dressed: cecil.herr@gmail.com, samy.merabia@univ-lyon1.fr

In this paper, we propose to use a graphene sheet to
cover the nanostructured surface of a solid (gold in our
case) to trap vacuum at the graphene-solid interface –
with expected equivalent results than air trapping due
to the small probability of having an air molecule con-
tained at the scale of the pores), and exploit their low
thermal conductivity to achieve low interfacial conduc-
tance between water and gold. Such graphene coated
nanopillars present an alternative that can be extended
to a wide range of common materials, and graphene sta-
bility can be improved by adding an increased number of
graphene layers.

Using MD simulations, we assess that the conductance
between nanostructured graphene and gold is propor-
tional to the contact surface fraction between graphene
and gold, with a smaller conductance for thinner nanopil-
lars. Consequently, we report a giant Kapitza length
(ℓK ∼ 200 nm, proportional to the Kapitza resistance)
for the smallest surface fraction, being two orders of
magnitude larger than the one reported for water-planar
gold interface both in simulations17 and experiments5

(ℓK ∼ 6 nm), and one order of magnitude larger than the
largest reported values in previous simulations on carbon
nanotubes and graphite (ℓK ∼ 30 nm and ℓK ∼ 50 nm
respectively)27,34. We also extend our simulations and
description to multi-layer graphene systems, with the ob-
jective of presenting graphite, cheaper and stiffer than
graphene, as a viable alternative to obtain the large ℓK
presented for the most favorable geometries. The giant
thermal resistance we obtain presents promising appli-
cations in delaying the temperature at which the boiling
crisis occurs, and shows an alternative route to efficiently
control thermal dissipation in nanofluidic systems.

We performed MD simulations, using the LAMMPS
package35, of TIP4P/2005 water36 confined between dif-
ferent solid walls, in order to determine the system con-
figuration that better enhances interface thermal resis-
tance. Carbon-carbon interactions were modelled with
the LCBOP force-field37, carbon-water interactions from
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(a)

(b) (c)

FIG. 1: Front view of the MD system for 1D and 2D structures. The original simulation box is represented in white
dashed lines. (b) Top view of the 1D nanostructure where the surface fraction was varied by changing the lx
parameter. (c) Top view of the 2D nanostructure where the surface fraction was varied by changing lx and ly

parameters.

Ref. 38 and carbon-gold interactions from Ref. 39. The
gold-gold interactions were taken from Ref. 40, and the
gold-water interactions from Ref. 41. The choice of the
carbon-carbon potential is justified by its ability to re-
produce the experimental phonon dispersion curves of
graphene42. The Heinz potential has been chosen for
gold-gold interactions as it gives a good account of gold
elastic moduli and surface energy40. Last, the carbon-
water and gold-water parameters work extremely well
to recover experimental results for interfacial heat trans-
fer for the water-gold interface5, and are also in agree-
ment with previous simulations with different interaction
parameters17 – see the supporting information (SI).

We tested the parameters for a water-planar gold con-
figuration, obtaining good agreement with previous work,
determining a Kapitza length ℓK on the order of 8 nm
(see the SI), and performed different tests by running
MD simulations of a finite graphene sheet, supported
on different gold nano-structures, in order to assess the
stability of the suspended state and to make the pillar
separation as large as possible while limiting graphene
bending. We determined that graphene did not bend
for pillars higher than 3 lattice parameters in the z di-
rection (see the SI). After such stability had been as-
sessed, we imposed periodic boundary conditions for the
graphene sheet in the x − y directions parallel to the
walls. The system configuration, shown in Fig. 1a, con-
sists in water enclosed between a graphene layer over a
nano-structured gold surface at the bottom, and pla-
nar gold at the top. Due to the periodic boundary
conditions, in order to suspend the graphene layer on
the gold wall, we modified the crystallographic struc-
ture of the gold walls, thus corresponding to a modi-
fied FCC crystal with lattice parameters {ax, ay, az} =

{4.216, 4.260, 4.173} Å, with an imposed pillar height of
3az. Note that equivalent results were obtained for the
planar wall with the original and modified FCC lattices,
and when considering taller pillars; see the SI. Two dif-
ferent nano-structures were studied. First, we explored
the effect of 1D structures (Fig. 1b) for two different

box sizes: (Lx, Ly) = (14ax, 14ay) enclosing 5120 water
molecules, and (Lx, Ly) = (28ax, 14ay) enclosing 10240
water molecules. The pillar width lx was varied between
3ax and 20ax in these simulations. Second, we explored
the effect of 2D structures (Fig. 1c), where the system
consisted in 10240 water molecules in a box size of lat-
eral dimensions (Lx, Ly) = (28ax, 28ay). The pillar area
was imposed such as lx = max and ly = may, with m
varied between 6 and 9.

With regard to the simulation details, the Lennard-
Jones interactions were truncated at rcutoff = 12 Å,
and the equations of motion were integrated using the
velocity-Verlet algorithm with a simulation timestep of
1 fs. In all the simulations, we first performed an equi-
libration run of 0.9 ns where we settled the pressure to
1 atm, using the top wall as a piston, so that the distance
between the two innermost solid layers was H ∼ 38 Å,
with a well defined bulk region in the middle of the chan-
nel. During the first 0.3 ns of such equilibration we ap-
plied a Nosé-Hoover thermostat to the fluid atoms while
keeping the carbon atoms frozen during the first 0.2 ns;
next, both fluid and carbon atoms were thermostated at
T = 300 K. The fluid and carbon atoms were not ther-
mostated during the production run, of 0.5 ns. In both
simulation steps we applied a Nosé-Hoover thermostat to
all the wall atoms except the ones in the outermost layers
which were frozen. The top and bottom walls were ther-
malized at T ± dT/2 respectively, with T = 300 K and
dT = {40, 60, 80} K, which corresponded to the linear re-
sponse regime as we verified, by checking that equivalent
results of the thermal transport coefficients were obtained
for the three values of dT . Note that all the simulation
procedure was analogous for the multilayered graphene
simulations. More details on the simulation procedure
can be found in the SI.

The main objective of nanopatterning the gold surface
is to reduce the conductance G = 1/R (i.e. to increase
the resistance R) between water and gold by maintaining
a fakir state between water and the gold walls exploit-
ing the low thermal conductivity of vacuum. With this
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(a) (b)

FIG. 2: Total water-gold (a) conductance G and (b) Kapitza length ℓK scaling with the effective graphene-gold
contact surface area φs,eff . The different symbols correspond to the simulation results and dashed lines connect the

symbols.

regard, we observed a decrease of the water-gold con-
ductance Gw−Au, with the decrease of the graphene-gold
contact surface fraction φs = lxly/(LxLy) by one order
of magnitude of difference between the planar gold sit-
uation and the configuration with the smallest φs, (see
Fig. 2a and the SI). Therein, we propose a simple model
in order to describe these results.

We start from the continuity condition of the tem-
perature jumps at the water-carbon-gold interfaces, i.e.
∆Tw−Au = ∆Tw−C+∆TC−Au (with ∆TA−B = TB−TA).
Taking into account that the thermal resistance is given
by R = ∆T/jh with the heat flux jh being constant
in the whole channel, it is then a necessary condition
that the water-carbon and carbon-gold interfaces act as
a pair of resistances connected in series, so for the planar
gold wall Rw−Au = Rw−C + RC−Au. We can introduce
the effect of the contact surface fraction by supposing
that it will modify the carbon-gold thermal resistance
as Rw−Au/φs,eff , where φs,eff refers to an effective surface
fraction. Such effective φs,eff accounts for the extension of
the graphene-gold surface of contact over a small distance
rc, related to the effective extension of the carbon-gold
atomic interactions. In this way,

Rw−Au = Rw−C +
RC−Au

φs,eff
, (1)

where φs,eff is given, for a 1D structure,by:

φs,eff =
lx + 2rc

Lx

;

and for a 2D structure, by:

φs,eff =
(lx + 2rc)(ly + 2rc)− 4r2c

LxLy

;

where we subtracted a 4r2c area to not overestimate the
real effect of rc by just considering the rectangle area
given by (lx + 2rc)(ly + 2rc).
We fitted with Eq. (1) the Rw−Au results obtained

from a variety of geometrical configurations (see the SI).
The resulting resistances are Rw−C = 3.84 × 10−10 ±
7.67 × 10−10 K·m2/W, RC−Au = 1.42 × 10−8 ± 9.47 ×
10−10 K·m2/W (in agreement with the measured value
for the planar gold surface) and rc = 5.12 ± 0.54 Å.
Although the error bars in the fitted water-carbon re-
sistance are large, we can assess the quality of the fit
by plotting the measured Gw−Au as a function of the
effective surface fraction φs,eff . The results for all the
1D and 2D structures are plotted in Fig. 2a. One can
see that all the results collapse on the same curve with
rc = 5.12 Å (so rc ∼ 0.4 rcutoff), verifying the Gw−Au

scaling with the effective surface fraction for all the dif-
ferent geometries considered. In Fig. 2a one also observes
a deviation from the linear behavior for the point hav-
ing φs = 1 (φs,eff ∼ 1.2), corresponding to the planar
gold wall case. Our interpretation is the following: the
effective surface fraction φs = 1 leads to maximum ther-
mal conductance as a result of both the relative large
contact surface fraction between gold and water and of
the possible bending of the graphene layers in the ∼ 1-
nm spacing between neighbor pillars. Indeed, bending
modes carry most of the heat in graphene as shown in
Ref. 43. In the planar gold wall system, these bending
modes are frozen, hence the graphene in-plane conductiv-
ity decreases, explaining the decreased interfacial conduc-
tance. Further work should be carried out to understand
the conductance decrease for this geometry with respect
to the nanopatterned surface.
It is interesting to quantify the contribution of the

graphene coated nanopillars in the increase of the ther-
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mal resistance in terms of the Kapitza length ℓK =
λth/G, with λth the thermal conductivity of water at
300 K, taken as λth = 0.8 W/(K·m), see the SI. We
see in Fig. 2b that the Kapitza lengths measured in our
system range from 10 to 200 nm, and Eq. (1) predicts
even a higher ℓK by lowering the effective surface frac-
tion. We would like to highlight the high ℓK values ob-
tained for our supported graphene simulations for the
smallest φs,eff . These values are significantly higher than
the exceptional values obtained for more complex struc-
tures, such as CNT with ℓK ∼ 30 nm for the most con-
fined system34 or ℓK ∼ 50 nm for graphite supported
on planar copper27. Therefore, nanostructured graphene
coated systems are promising to realize interfaces with
ultra high Kapitza resistance.

To go further, the presented results could be extended
by adding graphene layers between water and the gold
nanopillars, with graphite being a cheaper and stiffer ma-
terial than graphene, and for which, based on the results
of Ref. 27 for water-planar copper, one could expect even
higher resistance. With this regard, we performed MD
simulations for different numbers of graphene layers (N
from 1 to 5; a system snapshot of the planar gold geome-
try with N = 5 is represented in Fig. 3a). In Fig. 3b the
water-gold thermal conductance is represented for differ-
ent geometries. One can see in this figure that, for the
higher surface fraction of φs = 1, adding graphene layers
has a large effect on the measured G as compared with
the N = 1 situation, although for N > 2 the impact on
G is very small. However, for the geometries character-
ized by smaller φs, one can observe a minimal impact of
considering multilayered graphene walls.

One can understand these results within the proposed
model. Defining the graphene layer closer to the gold wall
C1 and {C2, ..., CN} the successive layers (see Fig. 3a),
Eq. (1) can be extended as:

Rw−Au = Rw−CN
+

N−1∑

i>1

RCi+1−Ci

+RC2−C1
+

RC1−Au

φs,eff
.

(2)

In Fig. 3a, showing the temperature profile of the dif-
ferent components of the system, one can see that, since
R ∝ ∆T , the main resistances that contribute to the
water-gold resistance are RAu−C1

and RC1−C2
, yielding

a simplified Eq. (2):

Rw−Au ≃ RC2−C1
+

RC1−Au

φs,eff
. (3)

This expression allows us to understand the results
presented on Fig. 3b. When φs,eff ≪ 1, then
RC1−Au/φs,eff ≫ RC2−C1

, implying a very small effect
of adding graphene layers as compared to the monolayer
situation. Nevertheless, when φs,eff is on the order of
one, then RC1−Au/φs,eff ∼ RC2−C1

, having a strong im-
pact in the resistance of adding a graphene layer (around

a factor of 2) and, thus, on its inverse G. Still, in these
large φs,eff situations the following temperature jumps
between Ci and Ci+1 for i > 1 in Eq. (2) are still very
small as compared to the gold-C1 and C1-C2 tempera-
ture jumps, and the effect of adding more graphene lay-
ers for N > 2 is very small even for these systems. The
concentration of the temperature jump at the C1-C2 in-
terface may be qualitatively explained by the fact that
already the second layer does not interact with gold and
should see a bulk-like environment. By contrast, the vi-
brational properties of the first layer are strongly affected
by the presence of gold, which results in a mismatch with
the vibrational properties of C2 and a more pronounced
temperature jump. Finally, one can see in Fig. 3a that
the temperature gradient across the carbon monolayers
(apart of the first one C1) is comparable to the tem-
perature gradient across water. This similarity can be
understood in terms of the similar thermal conductivi-
ties of water44,45 and graphite46, both on the order of
λth ∼ 0.7 W/(K·m).

In conclusion, we explored via non-equilibrium molec-
ular dynamics simulations the effect on gold-water inter-
facial heat transfer of nanopatterning the solid wall and
covering it with a graphene sheet. In the case of planar
gold walls, we observed that the Kapitza length increased
by a factor of ∼ 2.5 by adding a graphene layer at the
gold-water interface, in agreement with previous results
obtained for the copper-graphene-water interface27. For
nanopatterned walls, first, we observed that graphene did
not bend around the wall nanopillars for heights larger
than ∼ 12.5 Å, independently of the pillar separation,
thus trapping vacuum (equivalent to air trapping at the
scale of the pores) between the gold and the graphene
layer. We then showed that this vacuum trapping re-
sulted in an increase of the interfacial Kapitza resistance
R. We observed very good agreement of our results with
the model, with a perfect linear dependency of the ther-
mal conductance G = 1/R with the effective surface
fraction. Very high Kapitza lengths were observed for
the smaller surface fraction systems, with a maximum of
ℓK ∼ 200 nm, much higher as compared to previous val-
ues obtained for CNT (ℓK ∼ 30 nm34) or graphite-planar
copper (ℓK ∼ 50 nm27) interfaces; the model predicts
that even larger ℓK can be obtained by reducing further
the surface fraction. These values were recovered for a
multilayer graphene system in a similar geometry, point-
ing to graphite as a viable alternative, cheaper and stiffer
than graphene, and thus improving the system stability.

These results pave the way to the design of nanomate-
rials to control heat dissipation. Particularly, the coated
structure hold some promise for applications where a
high Kapitza resistance is needed. The proposed sys-
tem presents a cheap and robust alternative to super-
hydrophobic surfaces – where the Kapitza resistance is
increased for so-called “Cassie materials” for which air
is trapped below the liquid drop due to the liquid-solid
wetting properties31,32 – extendable to any type of mate-
rial having a structure comparable to the nanopatterned
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(a)
(b)

FIG. 3: (a) MD simulation snapshot of the planar gold wall configuration coated with N = 5 graphene layers. The
temperature profile across the system components is also represented. The temperature points are averaged over
three independent configurations. For reference we plot the theoretical temperature profile of water. (b) Total
water-gold conductance as a function of the surface fraction φs for different number N of graphene layers.

gold wall.

SUPPLEMENTARY MATERIAL

The supplementary material contains details on the
construction of the systems, on the interatomic potentials
and on the thermal transfer measurements.
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