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Abstract
Inspired by the recently reported translucency of monolayer graphene (GE) to wetting, atomistic simulations are employed to evaluate water
ﬂow enhancement induced by GE deposited on the inner surfaces of hydrophilic nanochannels. The ﬂow in the coated channels exhibits a slip
length of approximately 3.0 nm. Moreover, by contrasting the ﬂow rates in channels with coated walls against ﬂow rates in the corresponding
uncoated channels, an “effective” ﬂow enhancement from 3.2 to 3.7 is computed. The probability density function of the water dipole
orientation indicates that the ﬂow enhancement is related to a thinner structured water layer at the solid–liquid interface. This study provides
quantitative evidence that GE employed as coating reduces substantially hydraulic losses in hydrophilic nanoconﬁnement.

Introduction
Fast-growing advances in fabrication techniques are enabling
further miniaturization of microﬂuidic systems. This lengthscale reduction has led to the emergence of a new technological
ﬁeld, i.e., nanoﬂuidics.[1] For water conﬁned inside nanoscale
hydrophilic conduits, recent investigations have reported
extremely low ﬂow rates. This phenomenon has been associated with very large viscous shear forces at solid–liquid interfaces.[2,3] Indeed, giant hydraulic resistances in hydrophilic
nanochannels have been attributed to interfacial molecular
ordering and size-dependent shear viscosity.[3] Hence, drag
reduction is a key technological problem related to the development of efﬁcient nanoscale ﬂuidic devices.
Recent studies have reported ultra-fast motion of nanoconﬁned water in contact with hydrophobic walls, i.e., higher than
expected water ﬂow rates in carbon nanotubes (CNTs) and graphene (GE) nanochannels.[4–6] In fact, experiments and computational studies have provided evidence that these high ﬂow rates
strongly depend on the ultra-low friction at the carbon–water
interface that translates into very large slip lengths.[4,7–9] This
low friction of water in contact with CNT walls and GE sheets
has been related to their atomically smooth graphitic surfaces
and to their weak interaction with water.[8,10] Consequently,
GE layers and CNTs are promissory candidates to be used as
ﬂuid conduits or as ultra-thin wall coatings inside hydrophilic
nanopores to decrease the amount of energy required to transport
ﬂuid across nanodevices and nanostructured membranes.[1,11]
The intrinsic wetting properties of GE surfaces have been a
subject of intense study over the last decade.[7,8,12,13] Indeed,

recent investigations examining the degree to which the underneath substrate affects the water contact angle (WCA) on
supported GE sheets[14–17] have brought water wettability of
GE to intense debate.[13] In fact, those studies reported either
full transparency to wettability,[18] translucency,[14,18–21] or
even total opacity[22,23] for water in contact with GE supported
on different types of substrates. In particular, for monolayer GE
supported on a silica substrate, Raﬁee et al.[18] found wetting
translucency, reporting a WCA of 49°. For graphitic materials,
previous computational studies have already investigated the
effect of the translucency to wettability of GE sheets over the
slippage in coated substrates.[24–26] However, those investigations focused on systems wherein the underlying substrates consisted of crystalline structures coated by perfectly planar GE
layers. Moreover, in their studies, the viscous heat was not
removed through the walls of the system due to the positions
of the atoms in the solid material were kept ﬁxed during their
simulations. It should be noted that maintaining frozen the positions of the wall atoms can result in unphysical behavior of the
interfacial water and might artiﬁcially alter slippage on the solid
surface within the channel.[27] Additionally, surface roughness
is known to affect the slippage at the solid–liquid interface.[9,28]
These factors are considered in the present study and special
care is taken upon them. Here, we employ molecular dynamics
(MD) simulations to investigate whether the use of a GE monolayer as wall coating inside a hydrophilic silica channel may
have a signiﬁcant impact on water ﬂow. Our results provide
quantitative evidence that GE coating in a silica nanochannel
results in substantial drag reduction in water transport which
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can implicate the design and fabrication of efﬁcient integrated
nanoﬂuidic devices.

Computational methods
The atomistic simulations in this work are carried out using the
parallel MD package FASTTUBE, which has been used extensively to study liquids conﬁned inside CNTs, GE layers, and
silica channels.[6,9,29] The water molecules are described
using the rigid SPC/E water model.[30] The silica atoms are
described using the TTAMm potential developed by Guissani
and Guillot,[31] which is a modiﬁcation of the classical
TTAM potential developed by Tsuneyuki et al.[32] In this
study, we employ the original set of atomic partial charges in
the TTAM model which correspond to values of:
qSi = +2.4 e and qOSiO2 = −1.2 e. The van der Waals interactions between silica atoms and water molecules are modeled
using a Buckingham potential with parameters taken from
our previous work.[33] The GE–water interactions are described
by a Lennard–Jones potential parametrized by Werder et al.[34]
to reproduce a macroscopic WCA on graphite of 86°. The GE–
silica interactions are described employing a Lennard–Jones
potential with parameters from Zhang and Li,[35] which reproduce the proper substrate-regulated morphology of a supported
GE layer. The carbon–carbon valence forces within the GE
sheet are modeled using Morse, harmonic angle and torsion
potentials.[29] To validate our atomistic models, MD simulations are performed of a cylindrical nanodroplet of water on
a GE-coated substrate. The cylindrical shape of the
nanodroplet allows us to measure directly the experimental
macroscopic WCA of 86°,[18] avoiding the line tension effect
linked to spherical nanodroplets. For more details about the
WCA simulations, employed protocols and atomistic models,
readers are referred to the supporting information.

Results and discussion
To study the ﬂow enhancement induced by GE coating the walls
of a hydrophilic nanochannel, Poiseuille like ﬂow of water is

simulated in an amorphous silica nanoslit channel with and without GE monolayer coating the inner silica surfaces. The nanoslit
consists of two parallel slabs of amorphous silica, representing
the channel walls. A single sheet of GE is deposited on the
inner surface of each silica wall. A snapshot of the system is
shown in Fig. 1(a). The channels have a length (L) of 11.06
nm and a width (w) of 3.50 nm. Channels with three heights
(h) are studied here: 2.4, 3.4, and 4.4 nm. The water density proﬁles are shown in Fig. 1(b), displaying bulk and interfacial densities in good agreement with values reported in previous
works.[36] Furthermore, the computed density proﬁles display
water layering at the solid–liquid interface with the thickness
of approximately 0.85 nm. As depicted in Fig. 1(b), the layering
thickness is the same for all the cases studied here; hence, it does
not depend on the particular height of the channel. Nevertheless,
as conﬁnement increases, the ratio between layering thickness
and the channel height increases altering the effective viscosity
in the system.[37]
Fluid ﬂow is generated by imposing a constant external ﬁeld
that acts parallel to the channel axis and is applied to all water
molecules conﬁned inside the channel. We impose constant
external ﬁeld ranging from 2.331 × 1011 to 9.324 × 1011 m/s2.
These external ﬁelds correspond to pressure gradients ranging
from 2.26 to 9.04 bar/nm. As shown in Fig. 1(c), the volumetric
ﬂow rates (Q) are found to depend linearly on the magnitude of
the applied external ﬁeld. The ﬂow enhancement (ε) is computed as the ratio between the measured water ﬂow rates and
the corresponding theoretical no-slip Poiseuille ﬂow rates
(QHP). The volumetric ﬂow rates for Poiseuille-like ﬂow with
the no-slip boundary condition are calculated using the following equation:
QHP =

h3 wDP h3 wrg
=
12m1 L 12m1

(1)

where ρ corresponds to the overall ﬂuid density in the channel,
g is the applied external ﬁeld, and μ∞ is the viscosity of SPC/E
water in bulk (0.729 mPa s).[38] The channel height (h) is

Figure 1. (a) Snapshot of the GE-coated silica nanoslit channel. Water is conﬁned between two parallel amorphous silica slabs. In each slab, the inner surface is
coated with a GE sheet. h corresponds to the channel height and is deﬁned as the average distance along the z direction between the two GE sheets. (b) Density
proﬁles for different channel heights and (c) volumetric ﬂow rates measured for different channel heights.
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computed as the average distance between the carbon atoms in
the two GE sheets coating the channel walls, subtracting the
van der Waals size of the atoms (0.34 nm). The increasing ε
values of approximately 6.0 ± 0.1, 7.8 ± 0.2, and 11.3 ± 0.5
are computed for channels with decreasing heights of 4.4,
3.4, and 2.4 nm, i.e., wherein a higher ratio of surface to conﬁned ﬂuid volume is present. Hence, the computed ε values
conﬁrm that GE coatings have a stronger effect on the ﬂow
of water inside channels with higher conﬁnement and indicate
that the implementation of monolayer GE coatings in amorphous silica nanochannels results in a substantial mitigation
of the hydrodynamic resistance and thus in an effective
decrease in the energy required for water transport. In line
with previous studies, our results show that in nanoconﬁned
Poiseuille ﬂow with ﬁnite slip, ﬂow enhancement is directly
related to a reduction in the viscous drag.[3] Moreover, ε values
around 10 for water ﬂow inside a GE-coated silica channel
imply that similar ﬂow rates can be attained imposing a pressure gradient one order of magnitude lower than expected for
a hydrophilic pristine channel.
Figure 2 shows the velocity proﬁles for all the cases studied
here. The velocity proﬁles exhibit a parabolic shape with a signiﬁcant wall slippage, i.e., non-zero ﬂow velocities are computed at the solid–liquid interface, as found in previous studies
of water ﬂow nanoconﬁned between graphitic walls.[4,6,9]
Moreover, we compute the slip length (ls) in the channels studied here, by imposing a parabolic ﬁt to the corresponding velocity proﬁles. These values are listed in Supplementary Table S4.
A constant slip length of approximately 3.0 nm is observed for
all the cases, which indicates that ls is not dependent on the channel height. The computed ls value is considerably lower than the
value for free standing GE (approximately 50 nm[6]), suggesting
a substantial effect of the underlying substrate on the friction
imposed by the coated nanochannel. Moreover, the computed
ls is lower than the one reported by previous works that have
assessed the ﬂow enhancement due to the use of GE as coatings
in nanochannels.[25,26] Such difference stems from the difference
in the surface roughness and hydrophilicity of the studied

underlying substrates (our substrate is more hydrophilic and
has higher surface roughness). We estimated the effective viscosity[37] (μeff ) for each channel studied here based on the
Newton’s law of viscosity:

t = meff

duy
dz

(2)

where duy/dz is computed from a parabolic ﬁt to the velocity proﬁle. Note that values obtained of approximately 0.654, 0.662,
and 0.658 mPa s, presented in Supplementary Table S4, indicate
a constant μeff, with values that are lower than the corresponding
values of μ∞. The difference between μeff and μ∞ suggests that
the GE coating induces a decrease in the shear viscosity of the
ﬂuid.[36]
It should be noticed that in nanoconﬁned geometries, water
is known to slip on both hydrophilic and hydrophobic surfaces.[39] Hence, values of ﬂow enhancement computed by a
direct comparison between the measured ﬂow rates against
the theoretical ﬂow rate calculated with the no-slip boundary
condition could not be a proper criterion to estimate the actual
reduction of the hydrodynamic resistance in a coated nanochannel. Moreover, for nanoﬂuidic applications, it is key to understand, in a realistic scenario, the drag reduction capabilities of
GE coatings. Hence, note that in a nanochannel, drag reduction
achieved by coating the inner walls is not exempt of cost in
terms of changes in the channel geometry. In fact, the presence
of a GE sheet on the channel walls may decrease signiﬁcantly
the cross-section of the nanochannel, an effect that can increase
signiﬁcantly the hydrodynamic resistance, thus, reducing the
ﬂow-enhancing capabilities of GE wall coatings in a realistic
scenario. In order to take these factors into account, we measure
ﬂow rates of water conﬁned inside nanoslit silica channels with
uncoated walls from the atomic trajectories. Subsequently, we
calculate the “effective” ﬂow enhancement as the ratio between
the ﬂow rates measured within the corresponding coated and
pristine silica nanochannels. The pristine silica channels have
heights of 3.0, 4.0, and 5.0 nm. The height is deﬁned as the

Figure 2. Water velocity proﬁles for different applied external ﬁelds within the GE-coated silica channels with heights of (a) 2.2 nm, (b) 3.3 nm, and (c) 4.4 nm.
The black dashed line depicts a parabolic ﬁt to the measured velocity distribution across the channel.
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Figure 3. Normalized velocity and density proﬁles for water ﬂow inside an uncoated silica channel with heights of (a) 3.0 nm, (b) 4.0 nm, and (c) 5.0 nm.

average distance between the inner surfaces of the channel
walls. The applied external ﬁeld corresponds to a value of
9.324 × 1011 m/s2, which reproduces a pressure equivalent to
the higher ﬁeld applied in the cases with coated channels.
The velocity and density proﬁles computed for the uncoated
channels are presented in Fig. 3. The velocity proﬁles display
parabolic shapes with near zero velocity at the solid–liquid
interface, therefore indicating that the non-slip boundary condition is a good assumption to model ﬂow inside the uncoated
silica nanochannels. Moreover, the water density proﬁles display bulk behavior across the entire cross-section of the channels, contrasting with the signiﬁcant water layering observed
in the density proﬁle across the corresponding GE-coated channels. Using Eq. (2), we compute an effective viscosity of μeff =
0.72 ± 0.02 mPa s within the uncoated channels, which is in
line with values previously reported for SPC/E water.[38] To
quantify the ﬂow transport efﬁciency, we compute the “effective” ﬂow enhancement (ε*) as the ratio between the ﬂow computed in the coated channels and the ﬂow computed in the bare

silica channels. The computed ε* ranges between 3.2 and 3.7.
These values and the corresponding channel heights for each
case are listed in Supplementary Table S4. From these results,
it can be inferred that as the channel height increases, a decrease
in ε* is observed, similarly to the observed behavior for ε.
Nevertheless, values of ε* higher than 3.2 were computed for
all the cases, indicating that the use of GE monolayers as
wall coating in silica nanoslit channels results in a signiﬁcant
decrease of the required energy to transport water through
hydrophilic nanoconduits.
The behavior of nanoconﬁned polar liquids like water
depends heavily on the properties of the conﬁning surface; in
particular, water molecular orientation and the surface wettability are strongly coupled.[36,37] To gain further insights into the
GE-coating effect on the hydrodynamic behavior of the interfacial water within the channel, the average orientation of the
water dipole vector is computed. For further details about computing the average water orientation, readers are referred to the
supporting information. Figure 4 presents the probability

Figure 4. PDF of water dipole moment at different distances from the wall surface. (a) GE-coated channel. (b) Channel without wall coating.
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density function (PDF) of the angle between the vector normal
to the inner silica surface and the water dipole at different distances from the solid surface. The results presented in Figs. 4(a)
and 4(b) reveal that there is an interfacial region with oriented
water molecules which is thicker for the case without GE coating (pristine silica). Therefore, we ﬁnd an inverse relation
between hydrodynamic slip and the thickness of the interfacial
water layer with strongly oriented molecules. Indeed, it implies
that the presence of a single GE layer deposited on the inner
surface of a silica nanochannel results in signiﬁcant alteration
of the strong water molecular ordering typically associated
with interfacial water in contact with hydrophilic surfaces.[40,41]

Conclusions
Atomistic simulations are carried out to evaluate the water ﬂow
enhancement induced by a wall coating consisting of monolayer GE in silica nanoslit channels. In these coated channels,
a constant slip length of approximately 3.0 nm is observed.
Moreover, ﬂow enhancements ranging from 6.0 to 11.3 are
computed by contrasting the ﬂow rates measured from the
atomic trajectories against the theoretical ﬂow rates calculated
imposing the no-slip boundary condition. Furthermore, when
comparing ﬂow rates computed in the coated channels with
heights of 4.4, 3.4, and 2.4 nm against the ﬂow rates computed
in the corresponding pristine channels, “effective” ﬂow
enhancements ranging from 3.2 to 3.7 are obtained. In order
to provide molecular-level insights into the water ﬂow enhancement induced by the GE coating, we compute the average orientation of the water dipole vector at different locations within
the solid–liquid interface. The PDFs indicate that a decrease in
the thickness of the interfacial region with structured water is
directly related to the ﬂow enhancement measured in the coated
channels. Hence, we infer that the presence of the GE sheet
increases the ﬂuidity of interfacial water as a result of reduced
silicawater-binding energy. Overall, our results suggest that the
use of GE monolayer as wall coating results in a considerable
increase of water ﬂow rates within amorphous silica nanochannels. Hence, the deposition of GE layers on inner hydrophilic
surfaces in nanoconduits may have signiﬁcant implications in
the development of integrated nanoﬂuidic devices.

Supplementary material
The supplementary material for this article can be found at
https://doi.org/10.1557/mrc.2020.53.
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