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ABSTRACT: Nearly frictionless water transport makes
carbon nanotubes promising materials for use as conduits in
nanofluidic applications. Here, we conduct molecular
dynamics simulations of water flow within amorphous silica
nanopores coated by a (39,39) single-walled carbon nanotube
(SWCNT). Our atomistic models describe the interaction
between water and pore walls based on two possible scenarios,
translucency and opacity to wetting of a SWCNT. Simulation
results indicate that the SWCNT coating enhances water flow
through silica pores ca. 10 times compared to predictions from
the classical Hagen—Poiseuille relation. By varying the
strength of the water—pore interaction, we study the
relationship between surface wettability and hydrodynamic
slippage. We observe an increase in the slip length for higher
values of water contact angle. Moreover, cases with SWCNT opacity and translucency to wetting display a substantial difference
in the computed slippage, showing that the water contact angle is not the only factor that determines the slip boundary
condition under nanoconfinement. We attribute this disparity to the corrugation of the potential energy landscape at the inner
pore wall. The present study provides a theoretical framework for the use of carbon nanotube-based coatings in designing more
efficient nanofluidic conduits.
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B INTRODUCTION within CNTs are several orders of magnitude higher than those
measured in hydrophilic conduits with a similar diame-
ter.'?' 7% This ultra-low resistance to water flow, alongside
their proven high mechanical strength and chemical stability,
makes CNTs ideal candidates to develop novel mem-
branes'"”**” and to be used as fluid conduits in integrated
nanofluidic devices.” In particular, the low friction of water in
contact with CNTs has been associated with the exceptional
atomic smoothness of their graphitic walls*****” and the weak
interaction between water molecules and CNT walls.'*>*°
Nevertheless, recent reports on the effect of airborne

Recent advances in experimental techniques'™* have made
possible the fabrication of nanofluidic systems capable to
manipulate fluids with unprecedented control and effi-
ciency.s_9 Hence, water transport in nanoconfined geometries
is of great scientific and practical interest because of its
potential application in a wide range of technologies, such as
water desalination,'”"" lab-on-a-chip,12 nanomedicine,”® and
DNA sequencing.'* As a result of the extremely large ratio
between surface area and confined volume, the hydrodynamic
properties of a nanoconfined fluid are strongly influenced by

interfacial phenomena.>™"” Therefore, for hydrophilic nano- contaminants™” and the effect of the underlying substrates™ ~**
channels, fluid flows are generally associated with very large on the wettability of supported graphene (GE) have put in the
viscous resistance.'® In this context, the design of functional spotlight our current understanding of the interaction of water
nanofluidic devices and nanostructured membranes requires with graphitic materials. Indeed, contradictory reports on how
effective strategies to reduce hydrodynamic losses. GE monolayers modify the wettability of coated substrates
Carbon nanotubes (CNTs) are nanostructured carbon

allotropes that have attracted significant attention because of Received: June 3, 2019
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have aroused intense debate, in particular about the influence
of an atomically thin material on the interaction of water with
the underlying substrate. These studies report the influence of
GE coating to be from complete wetting transparency’' to
complete wetting opacity’”*> to the coated substrate. In
particular, Shih et al’**’ suggest that the equilibrium
separation distance between a fluid and the underlying
substrate, induced by the atomically thin wall of a GE coating,
is sufficiently short to allow the direct interaction between
water molecules and substrate atoms. Hence, GE is denoted as
a semi-transparent, that is, translucent coating. Following their
results, it can be inferred that other sufficiently thin coating
materials could reproduce this reported phenomenon of
translucency to wettability. Note that an open-ended single-
walled CNT (SWCNT) is essentially a GE sheet rolled into a
cylinder,'”*° therefore in the present study, we use atomistic
simulations to probe the SWCNT translucency to wettability
and evaluate its effect on the transport properties of water
confined inside cylindrical hydrophilic silica pores.

In two recent studies, Hong et al*” and Ashraf et al*®
studied the effect of applied electrical voltages and chemical
functionalization on the wettability of substrates coated with
GE. Their results show that the water contact angle (WCA) of
these surfaces can be tuned by applying chemical doping or
imposing electrical voltages. Moreover, they suggest that this
tunability is a consequence of shift in the GE Fermi level,
resulting in an effective modification of the interaction strength
between GE and water. In the present work, we take into
consideration these factors by simulating water flow within a
silica nanopore coated with a coaxial SWCNT, with an
increasing strength of the interaction between CNT atoms and
water molecules. In this study, molecular dynamics (MD)
simulations are carried out to investigate the use of SWCNTs
as wall coating in hydrophilic silica nanopores. A snapshot of
the studied system is presented in Figure 1. In our simulations,
the interactions between water molecules and the pore atoms
are modeled to reproduce two possible scenarios; the wetting
translucency reported by Shih et al.>>** and the tunability of
the wetting reported by Hong et al.’” and Ashraf et al.** We
evaluate the hydrodynamic properties of water confined within
the pore, considering different degrees of wettability. To this
end, we conduct nonequilibrium MD (NEMD) simulations of
Poiseuille-like flow. Our results show that, despite reproducing
the same wettability, a substantial difference in the hydro-
dynamic slippage is found when comparing both scenarios. We
associate this disparity to the different energy landscapes
computed within the coated pore for each scenario. Following
that, we provide quantitative evidence that a SWCNT, coating
the inner surface of a silica nanopore, results in substantial flow
enhancement of nanoconfined water.

B COMPUTATIONAL METHODS

Simulation Details. The MD simulations are carried out
using the parallel MD package FASTTUBE, which has been
extensively used to study liquids confined inside CNTs, GE
layers, and silica channels.*’~** The leap-frog scheme is used
to integrate the equations of motion, with an integration time
step of 2 fs. Temperature control is achieved by employing a
Berendsen heat bath.*® An orthorhombic simulation box is
used, with dimensions chosen to match the ones of the pore.
Periodic boundary condition are enforced in all directions. van
der Waals interactions are truncated at 1 nm. To account for
the electrostatic interactions between silica atoms, in order to
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Figure 1. Snapshot of the studied system. An amorphous silica
nanopore is internally coated by a (39,39) armchair CNT. Water is
confined inside the CNT. The position of the silica atoms, whose
radial distance to the CNT is larger than 1.5 nm, is maintained fixed.
Heat is extracted by coupling the carbon and internal silica atoms to a
Berendsen thermostat.

reduce computational cost, we employ a shifted Coulombic
potential with a cut-off of 1 nm. A smoothed particle mesh
Ewald (SPME) algorithm®” with a real-space cutoff of 1.0 nm
and a mesh spacing of 0.125 nm is employed to compute the
long-range Coulombic electrostatics between water molecules
interacting with each other and for silica atoms interacting with
water molecules.

In our simulations, the rigid SPC/E model™ is employed to
describe water molecules. The carbon—carbon valence forces
within the CNT are described using Morse, harmonic angle,
and torsion potentials.”** The CNT-silica interactions are
described employing a 12-6 Lennard-Jones potential with
parameters from Zhang and Li*° The interactions between
silica atoms are described using the TTAMm potential
developed by Guissani and Guillot.”" In order to maintain
the internal silica substrate active while avoiding the
deformation of the pore, silica atoms interact with each
other by employing the original partial charges of the TTAM
potential (gg; = 2.4e and oy, = —1.2¢), whereas silica atoms

102

148

and water molecules interact through a set of lower partial
charges (¢ = 1.3eand g, = —0.65¢).°>" Further details of
510,

the employed models are presented in the Supporting
Information.
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Pore Model. Our system consists of water confined inside
an amorphous silica nanopore internally coated by a (39,39)
armchair SWCNT, as shown in Figure 1. The amorphous silica
substrate is obtained from a thermal annealing protocol
described in the Supporting Information. An internal radius of
3.155 nm with a standard deviation of 0.285 nm is computed
for the silica nanopore, whereas the CNT within the pore has a
radius of 2.6209 nm with a standard deviation of 0.065 nm.
The contact distance between the CNT and the surface of the
underlying substrate is 0.405 nm with a standard deviation of
0.0854 nm. Comparing the standard deviation of the contact
distance with the standard deviation of the radii, we infer that
the CNT does not fully inherit the roughness of the underlying
silica, thus, the internal SWCNT coating reduces the
roughness of the pore to approximately a 25% of its original
value for the pristine pore. In our simulations, removal of
viscous heating is achieved by extracting heat through the
walls. To this end, the silica atoms near the inner pore surface
and the carbon atoms of the CNT are coupled to a Berendsen
thermostat, with a coupling constant of 0.005 ps. The positions
of the atoms in the bulk silica are maintained fixed during the
entire simulations.

Pore—Water Interactions. The employed models to
describe the interaction between confined water and the
solid surface reproduce two scenarios that portray similar
wettabilities but differ in the way that water molecules interact
with the coated pore. In the first scenario, CNT is translucent
to the wettability of the underlying silica, as a result of its
atomically thin wall. The interaction between water and the
coated silica pore is therefore modeled as the sum of two
interactions; water—CNT and water—silica. All the cases that
model this scenario will be denominated as “translucency
cases”. In the second scenario, the underlying silica substrate
influences only indirectly the water transport by altering the
strength of the CNT—water interaction and imposing a
physical corrugation along the CNT wall. Thus, the water
behavior within the coated pore in this scenario is exclusively
the result of the interplay between the CNT atoms and the
water molecules. The cases that model this scenario will be
denoted as “opacity cases”.

In both scenarios, the water—CNT interactions are
described using a 12-6 Lennard-Jones potential between O
and C atoms. In the translucency cases, we employ the
parameters of Werder et al,*' that were calibrated to recover a
macroscopic WCA of 86° on graphite. The values of these
parameters are GC_OH20=O.319nm and

€C-0p0 = 0.392 kJ/mol. In the opacity cases, the €C-0Op0

parameter of the Lennard-Jones potential is tuned to account
for an increasing strength of the interaction energy. It should
be noticed that the water molecules do not interact with silica
atoms in the opacity cases.

In the translucency cases, the van der Waals interactions
between silica atoms and the water molecules are described
using a Buckingham potential

T C
ij af
[]ij(rij) S0 eXpl—— | T —¢
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where a4 p,p and C,4 are adjustable interaction parameters.
The parameters are taken from the work of Zambrano et al™?
and the work of Hassanali and Singer.”” The strength of the
interaction energy is systematically increased by modifying the

C,p parameter of the Buckingham potential between Oy, and

Ogio, atoms. The values of the parameters are listed in Table 1.

Table 1. Silica—Water Interaction Parameters

pair Cyp (K] nm®/mol) @y (kJ/mol) Pop (nm)
Osio,—Hu,0™ 0.0 6.8307 X 10° 32.6584
Osi0,~Op,0° tuned 2.7401 x 10° 31.4355
S$i—Op,0°° 0.0240 1.0130 x 10° 25.0

It should be noticed that only the Cq_| parameter is
i0

—On0
tuned for this set of simulations. Therefore, the parameters for
the interactions between Si atoms and H,O molecules, and the
parameters for the interaction between C atoms and H,0
molecules, remain unmodified for all the translucency cases.

B RESULTS AND DISCUSSION

Water Contact Angle. The strength of the interaction
between the coated silica pore and water is characterized by
measuring the WCA of a sessile droplet confined inside the
pore. The WCA is computed by applying a circular fit to the
interfaces of the confined droplets and calculating the tangent
of the fit at the CNT surface. Moreover, different degrees of
wettability in each scenario are reproduced by systematically
modifying the value of the force field parameters. Figure 2
shows the computed WCA for (a) translucent and (b) opacity
cases. As presented in this figure, a linear fit is applied to the
computed WCAs for each scenario. Note that, we employ
these linear fits to estimate the WCA in each subsequent case
studied here. For a detailed description of the WCA
measurements, readers are referred to the Supporting
Information.

While we aimed to represent the real material as close as
possible, our model is still a simplification that considers a
limited number of variables. Thus, in an attempt to maintain
simplicity, we have tuned the strength of the interaction
between silica and water molecules by only modifying the

Ogo,~Oyyo PaTaMEter of the Buckingham potential. We are

aware that another alternative to tune the wettability of the
coated substrate is to modify the interaction parameters of the
Si—H,O interactions, along with the Ogo —H,O interactions.

Nevertheless, the inclusion of more parameters to be tuned
would require an extensive parametric study which is beyond
the scope of the present investigation.

Poiseuille Flow. We investigate the interplay between
wetting and slippage by simulating Poiseuille-like flow of water
in a silica pore coated by a SWCNT. WCAs between 10° and
95° are computed for the translucency and opacity cases. In
particular, for the translucency cases, the tuning parameter
—0y,, Fanges from 0.0 to 0.07 kJ nm®/mol. On the other

Osi0,
hand, the tuning parameter €c—0,,, FaNges from 0.392 to 0.675

kJ/mol for the opacity cases. Note that, the number of water
molecules in each system is chosen to reproduce an internal
pressure of 1 bar (see Supporting Information). Fluid flow is
generated by imposing a constant acceleration field (F,) in the
axial direction to all water molecules confined inside the pore.
The values of F, range from 1.5 X 10" to 6 X 10" m/s?
corresponding to pressure gradients between 1.5 and 6.0 bar/
nm. Each simulation is conducted for 500 ps in order to reach
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Figure 2. Calculated WCAs in the CNT-coated silica pore for (a) the

translucency and (b) opacity cases. The dashed lines represent a
linear fit applied to the computed WCAs.

the steady state and then for another 20 ns to extract data of
the trajectories every 10 ps.

In addition to the cases reproducing translucency and
opacity, we simulate the flow of water inside a pristine
SWCNT to quantify the effect of the CNT corrugation over
water slippage. Such system consists of water confined in a
(39,39) CNT, with the same dimensions to the one employed
as a coating within the silica pore. The atoms of the CNT are
maintained active and coupled to a Berendsen thermostat, with
a coupling constant of 0.005 ps. In order to avoid large
oscillations in the CNT, we employ a second coaxial (44,44)
CNT to restrict the movement of the (39,39) CNT. The
positions of the atoms in the outer CNT are maintained fixed
through all the simulations. Note that, the atoms of the outer
CNT only interact with the atoms of the inner CNT without
direct interaction with the confined water molecules. We
employ the results of the filling simulations of the opacity cases

to calculate the number of water molecules confined inside the
SWCNT. For the SWCNT cases, the values of constant
acceleration F, range from 0.2 X 10" to 1.6 X 10" m/s?
corresponding to pressure gradients between 0.2 and 1.6 bar/
nm.

For each case, the radial velocity profile is computed by
employing a cylindrical binning with a radial bin size of 0.3 nm.
The slip velocity (i), that is, the fluid velocity at the CNT
surface, is estimated for each case from a parabolic fit applied
to the velocity profiles. Thereafter, the slip length (I) is
calculated by applying a linear fit to the slip velocity as a
function of the applied external field as follows*

2my,
PR @)

S
where m represents the slope of the linear fit, 4, is the bulk
viscosity of the fluid (0.729 mPa s>°), p is the overall density of
the fluid (total mass of water in the system divided by the
available volume inside the pore), and R is the CNT radius
corrected to consider the van der Waals size of the carbon
atoms (R = 2.4509 nm). From the I, we compute the flow
enhancement (E), that is, the ratio between the flow of water
inside the pore (Q) and the no-slip Hagen—Poiseuille flow
prediction (Qyp). Here, the E is estimated as™
_Q 4

Qp R 3)

where Q is computed as Q = 7R*(w,), where (u,) represents
the average velocity of water in the axial direction. The
computed values of [ for all the cases are presented in Figure 3,
along with the calculated E. Note that the translucency cases
exhibit the lowest E, with values ranging from 10 to 50, which
indicates that the water flow rate is at least 10 times faster than
the one predicted by the no-slip Poiseuille relation. Therefore,
our results suggest that a significant reduction in the
hydrodynamic loss is expected by implementing a SWCNT
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Figure 3. Calculated flow enhancement and slip lengths for all the
studied cases of water flowing inside the CNT coated silica pore and
the cases of water flow inside the SWCNT. The dashed lines
represent a fit to the scaling law I, & (180° — WCA)™2. An increase of
E and [, is observed with the increase of WCAs for all the studied
cases.
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as surface coating in a hydrophilic silica nanopore. With regard
to the relationship between wettability and slippage, we
observe an increase in the I as the WCA increases for all the
scenarios evaluated in this study. Furthermore, we observe that
the scaling law I, ~ (180° — WCA)~? proposed by Huang et
al>® provides a good fit to our results. Nevertheless, the
translucency cases exhibit a [; value substantially lower than the
value in the corresponding opacity cases. This difference
indicates that the mechanism by which water molecules
interacts with the pore has a significant influence on the
interfacial fluid slippage. Moreover, the SWCNT cases exhibit
even larger [, suggesting that the molecular roughness of the
surface plays a key role in the phenomenon of fluid slippage,
which is not taken into account by the scaling laws that
correlate I, and WCA. This breakdown of the scaling laws for
liquids on a coated substrate has previously been reported by
Ramos-Alvarado et al.”” In their work, they compare the
hydrodynamic properties of water in contact with two silicon
substrates that differ in their crystallographic structure, with
and without a monolayer GE as coating. In particular, they
propose that the scaling law I, & 6* (also proposed by Huang et
al>>>®) provides better quantitative predictions of the slip
boundary condition on the studied surfaces. In this scaling law,
0 represents the depletion length, that is, the thickness of the
depletion layer at the water—carbon interface. Following their
results, we compute 0 of water confined inside the pore for
both wetting scenarios as

5=f°°1_&_ﬂw_<f>d,

Pobulk Py bulk (4)

where p represents the density of the solid and p,, the density
of water. The bulk densities (p,,pu and pgp) are computed
directly from our simulations. In Figure 4, the [ is presented as
a function of the computed & for both scenarios. The solid
lines in this figure represent a fit to the scaling law [, ~ &*. For
the translucency case, we observe that the results from our
simulations fit the values obtained using this scaling law. In
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Figure 4. Slip length I as a function of depletion length & for the
translucency and opacity cases. The solid lines represent a fit to the
scaling law I, ~ 5* The dashed line represents a fit to I, ~ &* + g,
where a is a correction term.

contrast, this relationship tends to fail for the opacity scenario.
Nevertheless, a better agreement is found by including a
constant correction term to the scaling law (I, ~ 6* + a, where
a represents the constant correction term), as shown in Figure
4 wherein the dashed line depicts a fit to the corrected scaling
law. Moreover, a substantial difference between the [ values for
both scenarios is still observed, suggesting that the 6 parameter
alone is not sufficient to predict the slip boundary condition.

Energy Landscape. In order to get further insight into the
observed difference in the slippage for the opacity and
translucency cases, we examine the potential energy landscape
for the water molecules inside the coated pore. To this end, we
sample the potential energy resultant of the interaction
between a single water molecule and the pore atoms (using
the correspondent model for each scenario). For the
translucency cases, the mean potential energy is computed
by summing up the interaction energy between the water
molecule and atoms in the CNT and silica walls. However,
only the interaction energy between the water molecule and
SWCNT atoms is taken into account for the opacity cases.
Note that for both cases, the CNT wall exhibits the same
roughening as a result of the presence of the silica pore wall.
The standard deviation of the mean potential energy as a
function of the distance between the water molecule (rc_g,0)

and the carbon atoms in the SWCNT is depicted in Figure S.
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Figure S. Standard deviation of the calculated potential energy
between a single water molecule and the CNT-coated silica pore as a
function of the distance between the CNT and the water molecule
(rceOHZO)' In general, the translucency cases (full lines) present larger

standard deviations than the opaque cases (dashed), indicating larger
surface energy corrugation.

In general, the translucency cases exhibit higher standard
deviations than the opacity cases, indicating that the water
interaction with silica increases the corrugation of the potential
energy landscape. This dissimilarity can be better appreciated
by considering the potential landscape near the surface of the
pore. Figure 6a shows the potential energy landscape at a
distance ro_o  of 0319 nm for the opacity case with
H,0

€C_OHZO = 0.45 kJ/mol. Moreover, Figure 6b shows the

potential energy landscape at the same distance for the

translucency case with Cog_o 04 = 0.01 kJ nm®/mol. It
SiOy 31
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Figure 6. Potential energy landscape at a distance TC-0Op0 of 0.319
nm for (a) the opacity case with a €c—0p0 of 0.45 kJ/mol and (b) the
of 0.01 kJ nm®/mol. The 0 axis

represents the circumferential variation and the z axis represents the
axial variation. The black dots represent the position of the carbon
atoms of the CNT.

translucency case with a Cy__ _g
510, ~Omy0

should be noticed that the interaction parameters for both
cases reproduce a WCA of approximately 78°. In the opacity
case, the potential landscape displays hexagonal periodic
features inherited from the crystallographic features of the
CNT, whereas these hexagonal features are not present in the
translucency case. In addition, it can be appreciated that the
opacity case exhibits a much smoother potential than the
translucency case, in line with the difference in the standard
deviations of the potentials shown in Figure S. Hence, in
agreement with previous studies that associate surface
roughness and slippage,””**>****°7%* we link the observed
disparity in the I; values computed for both scenarios to a
significant increase of the corrugation of the energy landscape
induced by the roughness of the underlying silica substrate.
Moreover, the quantitative disagreement between the scaling
laws®”*® and our results for opacity cases suggests that a term
that includes information about the roughness of the
underlying substrate is required to accurately predict the

water slippage on surfaces coated by atomically thin materials
like CNTs, graphene, or hexagonal boron nitride layers.

Bl CONCLUSIONS

In this work, MD and NEMD simulations are performed to
probe the effect of a SWCNT coating on the transport
properties of water confined in a hydrophilic silica nanopore.
To this end, an atomistic model of a cylindrical silica nanopore,
internally coated by a (39,39) SWCNT, is characterized. The
interaction between water molecules and the coated pore is
described based on two possible scenarios: translucency and
opacity to wettability of the SWCNT coating. In the
translucency scenario, water molecules directly interact with
the SWCNT atoms and the atoms in the underlying substrate.
In contrast, in the opacity scenario, water molecules interact
exclusively with the SWCNT atoms while silica and CNT
atoms interact with each other. In both scenarios, the
interactions between water and solid walls are characterized
by measuring the WCA and the potential energy landscape
within the nanopore. Moreover, the effect of wettability on the
interfacial slippage is systematically studied by simulating
Poiseuille-like flow of water, under different strengths of the
water—pore interaction. Our results confirm the dependence of
the slip length on the WCA. Nevertheless, different fluid slip
lengths are found for the two scenarios considered, suggesting
that scaling laws that correlate wetting and slippage cannot
accurately predict the slip boundary condition at the nanoscale
without considering the surface energy corrugation felt by
confined water. This disparity in slippage can be explained by
the different surface energy corrugation induced by the
roughness of the underlying substrate as a result of directly
taking into account the silica—water interaction in the
translucency scenario. Despite this different behaviors of the
evaluated wettability models, our results indicate that a
significant flow enhancement is obtained by employing a
SWCNT as coating in hydrophilic nanopores. This insight can
assist design of efficient nanofluidic devices and further
development of nanomembranes for fast water transport and
molecular sieving.
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