<]
TUDelft

Delft University of Technology

Thermophoretically driven water droplets on graphene and boron nitride surfaces

Rajegowda, Rakesh; Kannam, Sridhar Kumar; Hartkamp, Remco; Sathian, Sarith P.

DOI
10.1088/1361-6528/aab3a3

Publication date
2018

Document Version
Final published version

Published in
Nanotechnology

Citation (APA)

Rajegowda, R., Kannam, S. K., Hartkamp, R., & Sathian, S. P. (2018). Thermophoretically driven water
droplets on graphene and boron nitride surfaces. Nanotechnology, 29(21), Article 215401.
https://doi.org/10.1088/1361-6528/aab3a3

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1088/1361-6528/aab3a3
https://doi.org/10.1088/1361-6528/aab3a3

Green Open Access added to TU Delft Institutional Repository

‘You share, we take care!’ — Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.


https://www.openaccess.nl/en/you-share-we-take-care

Nanotechnology

PAPER Related content

Thermophoretically driven water droplets on e o omie laud

. Rakesh Rajegowda, Sridhar Kumar
graphene and boron nitride surfaces Kannam, Remco Hartkamp et al.

- Influences of ambient temperature,

. . ) . surface fluctuation and charge density on
To cite this article: Rakesh Rajegowda et al 2018 Nanotechnology 29 215401 wettability properties of graphene film

Weidong Wang, Haiyan Zhang, Shuai Li et
al.

- Efficient modelling of droplet dynamics on
complex surfaces
George Karapetsas, Nikolaos T Chamakos

and Athanasios G Papathanasiou

View the article online for updates and enhancements.

Recent citations

- Prediction of fluid slip in cylindrical
nanopores using equilibrium molecular
simulations

Alan Sam et al

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 131.180.112.212 on 03/02/2020 at 13:41


https://doi.org/10.1088/1361-6528/aab3a3
http://iopscience.iop.org/article/10.1088/1361-6528/aa6290
http://iopscience.iop.org/article/10.1088/1361-6528/aa6290
http://iopscience.iop.org/article/10.1088/0957-4484/27/7/075707
http://iopscience.iop.org/article/10.1088/0957-4484/27/7/075707
http://iopscience.iop.org/article/10.1088/0957-4484/27/7/075707
http://iopscience.iop.org/article/10.1088/0953-8984/28/8/085101
http://iopscience.iop.org/article/10.1088/0953-8984/28/8/085101
http://iopscience.iop.org/0957-4484/29/48/485404
http://iopscience.iop.org/0957-4484/29/48/485404
http://iopscience.iop.org/0957-4484/29/48/485404
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvy9w1YhO26WXy7aOpeDfMhfyjolKGEU6G7pgRSff5f0d01JKTvy0MDNrtwLCOpk6k2Hh0KZW2oBRRonDOqb9QEBnyPxvdD90fyY7uJqc-KLMDx19wV4L6GkLM-cCU3E0eIYMx5u6Urwr6ItgYzn74yn3vpd4F-Bv1FbYqmeXyq3MnlWcfyQsPFl1q9nXu2CjCtZPO6emnLh-t1RhJeg11U59Q5cscPDj15E6JHEs9iz24adh1k&sig=Cg0ArKJSzGpRy8y76Q-L&adurl=http://iopscience.org/books

10OP Publishing

Nanotechnology

Nanotechnology 29 (2018) 215401 (11pp)

https://doi.org/10.1088/1361-6528 /aab3a3

Thermophoretically driven water droplets on
graphene and boron nitride surfaces

Rakesh Rajegowda’, Sridhar Kumar Kannam®*, Remco Hartkamp* and

Sarith P Sathian'”

! Department of Applied Mechanics, Indian Institute of Technology Madras, Chennai 600036, India
2 Faculty of Science, Engineering and Technology, Swinburne University of Technology, Melbourne,

Victoria 3122, Australia

3 School of Sciences, RMIT University, Melbourne, Victoria 3001, Australia
“Process and Energy Department, Delft University of Technology, Leeghwaterstraat 39, 2628 CB Dellft,

Netherlands

E-mail: r.rakzz@gmail.com, urssrisri@gmail.com, remcohartkamp@gmail.com and sarith@iitm.ac.in

Received 16 December 2017, revised 19 February 2018
Accepted for publication 2 March 2018
Published 27 March 2018

Abstract

®

CrossMark

We investigate thermally driven water droplet transport on graphene and hexagonal boron
nitride (h-BN) surfaces using molecular dynamics simulations. The two surfaces considered here
have different wettabilities with a significant difference in the mode of droplet transport. The
water droplet travels along a straighter path on the #-BN sheet than on graphene. The #-BN
surface produced a higher driving force on the droplet than the graphene surface. The water
droplet is found to move faster on #-BN surface compared to graphene surface. The

instantaneous contact angle was monitored as a measure of droplet deformation during thermal
transport. The characteristics of the droplet motion on both surfaces is determined through the
moment scaling spectrum. The water droplet on 4-BN surface showed the attributes of the super-

diffusive process, whereas it was sub-diffusive on the graphene surface.

Keywords: thermophoresis, water, graphene, boron nitride, nanotransport

(Some figures may appear in colour only in the online journal)

1. Introduction

The field of nanofluidics has seen a dramatic growth in recent
years owing to countless innovative methods and applications.
From water desalination [1] to electronic cooling processes [2],
there is an explosive growth in the fields of material manipulation
and transportation at the nano-scale. Despite technological
advances, it remains challenging to gain molecular-level insight
into fluid and particle transport. Accurate mechanical transport in
nanochannels requires detailed knowledge of slip behavior, and
relatively large forces are needed to cause significant flow rates
[3]. Alternatively, a fluid and particle transport can also be driven
by the forces generated from an electric field, thermal gradient or
chemical potential. Whereas, thermodiffusion is considered to
produce high drifting forces for the mass transportation at a nano-
scale [4] and it allows the micro-scale manipulation of small

5 Author to whom any correspondence should be addressed.

0957-4484/18/215401+-11$33.00

particles and molecules [5-9]. The physics involved in diffusion
driven by a thermal gradient is known as thermophoresis (Soret
effect) [10]. Thermophoresis is a phenomenon where the driving
force is a gradient in the phonon distribution along the direction
of the thermal gradient [11]. Also, thermophoresis is considered
to be the important cause of molecular traps in hydrothermal
vents (rock pores), which eventually led to the origin of life [12].

In previous reports, interaction energy has been discussed
in connection with the thermophoretic mechanism and used to
calculate thermophoretic force [13, 14]. The potential energy
and thermophoretic forces acting on the transported fluid or
solid object varied linearly with the applied thermal gradients
[9, 13, 14]. In general, for a smaller power consumption, a
high driving force is generated during thermophoresis, when
compared to mechanical methods. A thermal gradient as low
as 0.18 Knm ™' is sufficient to overcome the friction and to
trigger the movement of water droplets from one end to the
other end of a carbon nanotube [13]. When water is confined

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. The computation set-up of water—graphene system. The hot and cold zone is represented by the red and blue colors representing the

gradient in temperature (2.5 K nm™").

in a nanochannel, the interaction between water and confining
walls causes the deviation of the confined water properties
from its bulk water values [15, 16]. For example, the viscosity
and phase transition temperature are affected [17]. The dif-
ference in water properties is ascribed to hydrogen bonds
between water molecules, potential energy of interaction and
potentially the curvature of the nano-channels [18]. The flow
properties of water confined in nano-channels are repre-
sentative of flow through aquaporins [19], which play a cri-
tical role in controlling the water content of the cells. Most
prior studies [11, 20-24] on thermophoresis have focused on
one-dimensional motion, for example through a carbon
nanotube. Very recently, there have been efforts to consider
the transport of solids on two-dimensional surfaces employ-
ing thermal forces. Thermophoretic transport of a fullerene
[25], carbon nanotube [25] and graphene nanoflakes [26] over
a graphene sheet was successful, and nano-cargoes were
observed to diffuse against the thermal gradient in a fluctu-
ating path. The natural sliding of graphene nano-flakes over a
long graphene ribbon was observed even at shallow thermal
gradients [26]. The motion of nano-flakes is possible even at
low thermal gradients due to the weak interactions with the
graphene ribbon and similar effects are expected on molyb-
denum disulfide and hexagonal boron nitride (h-BN) surfaces
[27]. Understanding the transport behavior of fluid while
interacting with these materials is important for wide-ranging
applications. For example, in the pumping of fluids into nano-
channels for conducting experiments, the waste heat man-
agement, targeted cooling in nano-electronic systems and
many other applications. While thermophoretic transport of
small solid objects on a surface has received recent attention
[25, 26], no study of thermophoretic transport of fluid on a
surface has yet been conducted to our knowledge.

In the present study, a water nano-droplet is transported
along graphene and 4#-BN nano-ribbons by applying a thermal
gradient to the substrate. Non-equilibrium molecular dynamics
simulations are employed to determine the effect that a thermal
gradient applied to the substrate has on the transport of a water
droplet. To obtain insight into the movement and deformation
of a droplet, the instantaneous contact angle of the water dro-
plet was monitored during the thermal transport. With this
study, we aim to understand thermophoretic transport of a
water droplet on a two-dimensional surface. We also investi-
gate the direct effect of surface wettability and dynamic contact
angle on water droplet transport under a thermal gradient,
which has not been investigated previously. The present study
contributes to an improved understanding of the nano-droplet
transport on a surface, which is necessary to develop novel

methods of nano-transportation and nano-electronic heat
management systems. In the next section, the simulation details
are discussed. The results obtained by varying magnitude of
the thermal gradient acting on water droplet over the graphene
and h-BN sheets are analyzed and presented in the results
section.

2. Methodology

Graphene and h-BN sheets were simulated independently as
substrates with a single atom thickness to study the transport
of water nano-droplet. Both sheets are 80 nm long and 10 nm
wide and the height of simulation box is 20 nm. Periodic
boundary conditions were applied in all directions. Along the
length, both the edges were kept rigid for 0.5 nm to prevent
drifting and bending of the sheets. The same simulation
conditions are applied to both the systems. The temperature of
the sheet up to a length of 3.5 nm from the fixed ends is
controlled through Nosé-Hoover thermostat to maintain the
hot and cold ends, respectively, while the rest of the sheet is
kept at a constant energy (i.e. microcanonical ensemble). We
have considered 1200 water molecules as a droplet to study
the transport from one end of the sheet to the other. First, the
water droplet is equilibrated for 1.5 ns and its center-of-mass
is constrained at the hot end of the sheet during equilibration.
Further, the sheet is equilibrated until a temperature gradient
develops along the length of the sheet. The water droplet is
unconstrained during the production run to undergo thermo-
phoresis. Then, thermophoresis is investigated for various
thermal gradients from 0.5 to 2.5Knm ' for every
0.5Knm ™' intervals with the maximum temperature at the
hot end being 380 K and a cold end temperature of 200 K.
The center-of-mass position is recorded until the droplet
reaches the cold end. The water—graphene simulation system
is shown in figure 1, with the color of the sheet representing
the gradient in temperature. Figure 2 shows a cropped top and
side view of the water droplet for the water—graphene and
water—h-BN systems. The graphene sheet did not undergo any
deformation when heated. Whereas, the #-BN sheet is found
to undergo thermal expansion when heated [28]. Hence, the
h-BN sheet is allowed to expand along its length during the
equilibration, after which it ends are fixed. The #A-BN sheet at
2.5Knm™ " expanded by 20% of its original length. As the
flexible substrates are used to transport the droplet, it is
important to avoid unwanted deformation modes due to
internal stresses during the transport of the droplet.
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Figure 2. A cropped top (a), (c) and side (b), (d) view of a water droplet on a substrate. The substrate in (a), (b) is graphene and (c), (d) is /-
BN. Oxygen, hydrogen, carbon, boron and nitrogen atoms are represented by red, white, cyan, pink and purple colored spheres, respectively.

The simulations are conducted using the LAMMPS [29]
package. Each simulation is run with a time-step of 1 fs.
Water is modeled with the SPC/E [30] model, with the rigid
molecular structure enforced via the SHAKE algorithm. The
non-bonded interactions (except carbon—carbon) are based on
the CHARMM force field [31] with a cut-off radius of
12A (inner) and 14 A (outer). The shifting functions are used
to ramp the non-bonded interaction energy and force values
smoothly to zero beyond the cut-off. Carbon interactions in
the graphene ribbon are represented by the REBO potential
[32]. The Tersoff potential [33] is used to define the inter-
atomic potential of the 4-BN ribbon. The Lorentz—Berthelot
mixing rule is used to model interactions between the atoms
of different types.

3. Results and discussions

3.1. Effect of surface wettability

Figure 2 shows a water droplet on surfaces with varying
wettability, where (a) and (b) show the top and side view of a
water droplet on a graphene sheet, whereas (c) and (d) show
the top and side view of a water droplet on an i#-BN sheet.
The wetting observed in the simulation snapshots suggest that
graphene is more hydrophobic than ~-BN, which is consistent
with the work of Li and Zeng [34]. The shape of the droplet
on the graphene sheet is hemispherical, while it is almost flat
on the h-BN surface. The random movement of the water
droplet is greater on the graphene than on the A-BN surface.
The equilibrium MD simulations are performed for 20 ns to
calculate the number density contours (figure 3). The volume
of the simulation box is divided into cubical bins with sides of
0.01 nm. The center-of-mass axis along the z-direction of the
water droplet is used as the reference origin for contour

plotting. The contour plots give an averaged droplet profile
that can be used for measuring contact angles. The contact
angle of a droplet is often calculated from the slope of an
elliptical fit where it intercepts the solid surface (z, = 0).
However, the contact angle for a water—graphene system
reported in previous studies is inconsistent, mainly due to the
different assumptions made about the shape of the droplet
[35-37]. From figure 3 it is evident that the contour profile
has a dense region at the base of the droplet, due to the
formation of a hydration layer, with a thickness of 0.4 nm.
The hydration layer thickness is considered as the critical
distance (z.), below which the data is excluded from curve
fitting and contact angle measurements. The consideration of
z. plays a vital role, as the contact angle is estimated from
extrapolating a fitted curve from z. until the surface of sub-
strate. Consequently, the value of z. and the functional form
of the fit can affect the resulting contact angle.

The elliptical and polynomial functions are used to fit the
isodensity points to identify the best fit of the data as con-
sidered in the previous reports [36, 37]. Figure 4(a) shows an
elliptical (equation (1)) and polynomial (third order) fit of the
isodensity points obtained from the outermost line of
figure 3(a). The radius of the elliptical equation is given by

r(z) =a + by — 7%, (D

where a, b and ¢ are constants, and elliptical radius r is a
function of z. Fitting the data to the water-graphene system
gives the contact angles of 86.1° and 77.5° for an elliptical
and polynomial fit, respectively. The uncertainty in the con-
tact angle determined by the elliptical and polynomial func-
tions are close to 9°. Though the angle obtained from an
elliptical fit matches the water—graphene literature [35] more
accurately, the polynomial fit gives a better extrapolation of
the data points. Henceforth, the polynomial function is used
for fitting the isochoric profiles as per the reasoning of
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Figure 3. The number density contours are based on the number of water molecules in each bin on (a) graphene and (b) 2-BN sheets.
Average number of atoms per cubical bin of side 0.01 nm is represented in labels.
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Figure 4. Fitting of the outer isodensity line, taken from the contour plot in figure 3 for (a) graphene and (b) 4-BN systems. For a graphene
system, both elliptical and third order polynomial fit is done to compare the difference in the estimation of contact angle.

Giovambattista et al [38] that no geometrical assumption is
needed. Also, there are methods to measure contact angle by
considering only the center-of-mass and radius of the droplet
[39] without depending on the droplet profiles. Similarly,
figure 4(b) shows a polynomial fit of the isodensity points
obtained from the outermost line of figure 3(b) for a water—h-
BN system. An average contact angle of 44.5° is measured, in
agreement with previous experimental and simulation reports
[40]. The difference in contact angle with respect to that on
graphene indicates that graphene is considerably more
hydrophobic than #-BN [35, 40]. Thus, the notable difference
in wettability of the two surfaces suggests different dom-
inance in modes of transport on these surfaces.
One-dimensional binning perpendicular to the surface is
done to measure the number of water molecules as a function
of the distance from the sheet. The binning procedure is
similar to that followed for the contours to get the isochoric
lines. Figure 5 shows the number of water molecules dis-
tributed normal to the surface. A dense water layer is found
close to the surface, within a distance of z ~ 0.4 nm for both
systems. Oscillations in the first and second hydration layers
reflect a high degree of spatial ordering of water molecules in
this region. At larger distances from the surface, the number
of water molecules gradually decrease to zero for both of the

401 % Graph‘ene — h-BN —
01 . Hydrogen ]
= 20:";;"% Oxygen 1
10| 4140 |
0

7z (nm)

Figure 5. The variation of the number of water molecules normal to
the surface, through the center of mass of the droplet for graphene
and h-BN sheets. Dotted lines indicate the first and second hydration
layer of the droplet.

systems, which is a typical indication of a random isotropic
distribution of the molecules. The water droplet has spread
more on the A-BN surface.

3.2. Effect of thermal gradient on nanodroplet

Moving a droplet over a surface requires sufficient driving
force to overcome the surface friction barrier due to adhesion
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Figure 6. The temperature of (a) a graphene sheet along its length and (b) water droplet as it is transported over a graphene sheet at various

thermal gradients.

forces. In a previous study [26], a nanoflake is thermo-
phoretically transported along a graphene sheet, where a
thermal gradient developed a potential energy gradient along
the graphene sheet that helped the nanoflake to overcome the
friction barrier. Interestingly, there are no equivalent studies
concerning the transport of liquid droplets under thermo-
phoresis. We have carried out non-equilibrium MD simula-
tions for five thermal gradients from 0.5 to 2.5 Knm ™' at an
interval of 0.5 Knm ™', on graphene and 4-BN surfaces. The
maximum temperature at the hot end is 380 K and the cold
end temperature is 200 K. The maximum temperature is
raised until 380K, above which the water droplet starts
evaporating. The freezing temperature of the SPC/E water
model is around 215K [41]. Although the cold end of the
surface has a temperature below the freezing temperature of
SPC/E water, the droplet remains in the liquid phase. The
temperature of the water droplet remains close to 230K at
0.5Knm ' and 265K at 2.5 K nm ' even after reaching the
cold end of the graphene sheet. The water droplet temperature
does not reach the lowest substrate temperature over the short
time, during the droplet transport. In reality, the temperature
range of liquid water is limited from 273-373 K. The narrow
temperature window, and possibly larger substrate length
poses a limitation on the attainable thermal gradient. The
usage of ionic liquids could be the possible alternative for
energy and heat transfer applications, as ionic liquids remain
in a liquid state for a wide temperature range, and are non-
flammable and nonvolatile [14].

Figure 6(a) shows the temperature profile along the
length of the graphene sheet, measured in bins of 0.2 nm. The
nonlinear temperature profile indicates a non-Fourier heat
conduction, consistent with the literature [8, 13, 23, 24]. The
hot end temperature of the graphene sheet is thermostated at
380 K (the highest temperature used in our study), which is
above the boiling temperature of water. However, during
every simulation, the water droplet is introduced and equili-
brated 6 nm away from the hot zone of the sheet, where the

graphene sheet temperature is approx 330K for a thermal
gradient of 2.5 Knm ™. Figure 6(b) shows the evolution of
the water droplet temperature as it is transported along the
length of the sheet. For the temperature gradient of
2.5Knm ', the temperature of the water droplet never
reached a value above 320 K during the simulations and the
temperature is reduced to 265 K as droplet is transported to
the colder end of the sheet. Hence, no evaporation occurs. The
change in the temperature gradient of the sheet has a direct
effect on the water droplet, as the droplet temperature get
raised to 320K at 2.5Knm ' and reduced to 286K at
0.5Knm ™' from its equilibration temperature of 300 K dur-
ing the initial stage of the production run.

Figures 7(a) and (b) show the trajectory of the water dro-
plet on the graphene and h-BN surfaces, respectively, for the
case of 2.5Knm™'. As the graphene is less hydrophilic in
comparison to the #-BN sheet, the graphene surface offers low
resistance and provide less adhesion force for the droplet
transport. The trajectories indicate that the water droplet has the
freedom to roam around and crosses the periodic boundary
multiple times on the graphene sheet, whereas steady dis-
placement of the droplet is observed on the 4-BN sheet. Con-
sequently, the droplet travels a larger distance on the graphene
sheet than on A-BN, while the streaming motion is in fact faster
on the A-BN sheet. The evolution of center-of-mass of the
droplet along the length of the graphene and #-BN sheets are
plotted in figures 8(a) and (b), respectively for various thermal
gradients. The data shown are the average of five individual
simulations for various seed values. The droplet reaches the
cold end of the sheet quicker as the temperature gradient is
increased in both the systems. The average time needed for the
water droplet to move from hot end to cold end for both gra-
phene and /#-BN systems are tabulated in table 1. Thus, ~-BN
can be more suitable than graphene to facilitate fast and stable
thermal transport of water nanodroplets. From preliminary tra-
jectory analysis, the random path taken by the droplet on gra-
phene reduces the resultant velocity of droplet along the length
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Figure 8. Position of the center-of-mass of nano-droplet on (a) graphene and (b) 4#-BN sheet as a function of time for the various thermal
gradients. The point a and dashed line (b, ¢ and d) represents the initial/equilibrium state, forward movement, stagnant state and backward

movement of the water droplet, respectively.

Table 1. The average time taken by the water droplet to travel from
the hot to cold end of the sheet.

Temperature gradient (K nm ™) Time (ns)

Water—graphene ~ Water—/#-BN
0.5 42.35 35.43
1.0 21.68 18.35
1.5 14.45 14.17
2.0 12.82 9.41
2.5 10.78 6.56

of the sheet. The water droplet movement on the graphene
surface is not in the straight line and has been observed to move
erratically, whereas the same is not observed on the A-BN
surface (figures 7(a) and (b)). Also, from table 1, the time taken
by the water droplet to travel from the hot to the cold end of the
sheet on the 4-BN surface is less in comparison to graphene.
Thus the #-BN sheet can be considered as a suitable candidate
for targeted droplet transport in heat management applications.
This is further investigated via diffusion analysis.

To confirm that thermophoresis drives the motion of the
water droplet, we have calculated the thermophoretic forces
acting on the droplet. Figures 9(a) and (b) show, respectively,
the center-of-mass velocity (v.,) and the tangential force
acting on the droplet along the length of sheet as a function of

time, at a thermal gradient of 2.5 Knm™' for the water-gra-
phene system. The velocity and driving force value for the
initial 1ns is considered for energetic and thermophoretic
force analysis (see figures 9(a) and (b) inset, respectively).
Though the thermal gradient is imposed only along the length
of the sheet, there is no necessity of having unidirectional
transport as reported for carbon nanotubes [13, 14]. The mean
force due to thermal noise is negligible but it created imbal-
ance, which causes the droplet to oscillate. From the velocity
profile it is evident that the droplet received a very high initial
acceleration due to the applied thermal gradient. The sudden
experience of thermal gradient on the droplet could lead to
instant change of momentum, leading to higher initial accel-
eration. As the hot end temperature is reduced, the initial
velocity of the droplet is also observed to decrease sig-
nificantly for both graphene and #-BN systems. The insets in
figures 9(a) and (b) show that maximum force of 10 pN acts
on the droplet, causing the droplet to reach a velocity of
nearly 40 ms ', after which the driving force and velocity
decrease. The velocity data show no particular trend, in
contrast to the thermophoretic velocity of a droplet in a car-
bon nanotube [13, 14], for which periods of acceleration,
steady flow, and deceleration were identified. Thus, we used
figure 8, the evolution of the center-of-mass with time to
represent the different phases of transport at 0.5 Knm™'. The
static position is represented by point a and the dashed lines
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time along the length of the graphene sheet at 2.5 K nm~'. The velocity and force value for initial 1 ns is considered for energetic and

thermophoretic force analysis.
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Figure 10. (a) The thermophoretic forces and (b) the average velocity of the water droplet for various thermal gradients along the length of
graphene and /-BN sheets. Filled points denote results calculated from the initial 1 ns in the non-equilibrium simulations, error bars denote
the standard error calculated from five individual simulations. Dashed line denotes the linear fit of the calculated results.

labeled b, ¢ and d show the acceleration, steady/neutral and
deceleration phases, respectively.

We have considered only the average initial driving force
acting along the length of the sheet obtained from the pro-
duction run (inset of figure 9(b)) for the calculation of the
thermal driving force [13]. Figure 10(a) shows that the ther-
mophoretic driving force increases nonlinearly with the
imposed thermal gradient. Earlier studies [13, 14] on water—
carbon nanotube systems have reported a linear variation of
the thermophoretic driving force against the applied thermal
gradient. The water droplet was driven in a carbon nanotube
by a thermal gradient varying from 0.18-1.48 Knm '
Similarly, the thermal gradient varying from 0.5-2.5 K nm ™'
is used in the present study. The graphene and A-BN system
generated a thermophoretic force of 1.51 pN and 3.19 pN
forces, respectively at a thermal gradient of 2.5Knm '.
Figure 10(b) shows that the average velocity of the droplet is
in linear relation with the applied thermal gradient which is
consistent with the previous reports [11, 13, 14]. When
the amount of water molecules in the droplet is increased, the
average velocity and thermophoretic force acting on the

droplets are found to be decreased. However, no appreciable
change in the contact angle is observed for the various sizes
of the water droplet considered in our study. Figures 11(a)
and (b) shows the variation of the thermophoretic force and
average velocity of droplet as a function of the droplet size on
graphene surface, respectively. It is observed that the ther-
mophoretic force acting on the droplet and the average
velocity of the droplet decrease linearly with an increase in
the size of water droplet at a thermal gradient of 2.5 K nm™".

The interfacial friction coefficient (\) at the droplet-sur-
face interface is investigated to address the difference in
driving force acting on the water droplet due to graphene and
h-BN surfaces. The interfacial friction coefficient is calculated
by the ratio of tangential force (F) per unit surface area (A)
and slip velocity (vgip) [42], given by

A= F .
Avslip

@)

The average tangential force exerted by the water droplet on
the graphene surface is calculated from the data shown in
figure 9(b). The droplet-surface contact area of water—graphene
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Figure 11. (a) Variation of the thermophoretic force acting on the droplet with droplet size and (b) the average velocity of droplet as a
function of the droplet size on graphene surface, at the thermal gradient of 2.5 K nm™". The dashed lines indicate a linear fit of the data.

Graphene . '
2 h—BN PR

F/A (kN/m?)

Vavg (/)

Figure 12. The tangential force exerted on the graphene and #-BN
sheets per unit area against the average velocity of the water droplet.
Error bars in both x and y directions denote the standard errors
calculated from five individual simulations. Friction coefficient is the
slope of the linear fit, denoted by dashed lines.

and water—h-BN systems are 15.91 and 28.31 nm?, respec-
tively. The average droplet velocity close to the surface is taken
as a slip velocity, which is measured from the simulations for
various thermal gradients. Figure 12 shows the tangential force
per unit area against the average velocity for graphene and &-
BN surfaces. The frictional coefficient is calculated as the slope
of tangential force and the average velocity of the water dro-
plet. As the tangential force is varying linearly with the average
velocity, the frictional velocity is considered to be independent
of the droplet transport. The friction coefficient of water—gra-
phene and water—A-BN surfaces are calculated as 235.4 and
128.7Nsm >, respectively. The friction coefficient of the
water—graphene system is nearly twice as high as the friction
coefficient of the water—h-BN system, this may be the cause of
the time delay in the transport of the water droplet on the
graphene sheet.

The droplet was found to undergo deformation while
moving under the thermal gradient. The advancing and receding
angles are identified based on the direction of the droplet motion.
Figures 13(a)~(d) show snapshots of the droplet in an initial/
equilibrium state, forward movement, stagnant state and back-
ward movement when submitted to a thermal gradient of
0.5 Knm™'. The corresponding simulation time of each condi-
tion is already indicated in figure 8. It was not possible to predict
the dynamic contact angle of the water droplet by taking a time
average or by averaging over various simulations. The dynamic

contact angle is therefore calculated from the respective number
density contour plot. A two-step procedure is followed to cal-
culate the advancing (6) and receding (¢) contact angles. First,
the outer most isochoric contour line is chosen, and isodensity
points are extracted. Second, the isodensity points are fitted with
a third order polynomial to obtain a droplet profile. The advan-
cing and receding contact angles are then measured by drawing
a tangent to the fit. The difference between the two angles
measured represents the contact angle hysteresis (H = 6 — ¢).
Figure 13(e) shows the droplet profile for the initial /equilibrium
and stagnant state of the water droplet. For both the initial/
equilibrium and stagnant states, droplet profiles are observed to
have symmetry along its center-of-mass axis and the value of H
is almost zero. The initial /equilibrium state is defined as the point
of time at which the droplet is at equilibrium and no external
force acts on it. The stagnant state is described as the instance at
which the droplet is under the influence of the thermophoretic
force, but the force is insufficient to overcome the resistance due
to friction. The droplet is observed to have spread more in the
stagnant state than in its initial condition. Similarly, the droplet
profile during the forward and backward movement (figure 13(f))
is observed to have an asymmetrical shape. In the forward
motion, when the droplet gains speed towards the cold end,
the droplet is found to have a very high advancing angle com-
pared to the initial /equilibrium case, resulting in a positive H
value (8.45°). The momentarily backward movement of the
droplet is due to the large oscillation of thermal fluctuations,
although the thermophoretic force drives the droplet forward on
average. The droplet oscillates during the process causing a
negative H value (—12.46°). The instantaneous movement of the
contact line under the influence of a thermal gradient is the reason
for dynamic contact angle. The water droplet transport was
steady and stable in water—#-BN system, thus there was a neg-
ligible oscillation of the droplet during the transport. The contact
angle hysteresis is more pronounced for graphene than for the A-
BN sheet, hence the results are presented only for the water—
graphene system.

The isothermal diffusion coefficient is measured following
an equilibrium MD computation which is simulated for 20 ns at
300 K. The moment scaling spectrum (MSS) method is used to
measure the translational mobility imposed on the fluid by a
thermal gradient [43, 44], where the moments of displacement
w are calculated from the motion of the center-of-mass position
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Figure 13. (a)—(d) The dynamic behavior of the water droplet on the graphene surface. (e), (f) The third order polynomial fit is used for
extrapolating the isodensity points, to represent the droplet profiles of various dynamic states.

Zem Of the water droplet. The moment for a specific frame-shift
An of order v can be defined as

1 N—An
T o ke An) =zl ()

n=1

p(An) =

where n = 1, 2, 3, .., N, with N the total number of trajectory
points. The mean-squared displacement, which is commonly
used to calculate the classical self-diffusion coefficient of
fluids, is a particular case of the MSS of order 2. The moments
are calculated up to 6 orders to quantify the diffusion modes of
the water droplets. The scaling coefficient -y, for any order can
be determined from the slope of the linear least-squares
regression profile of the logarithmic data for the moment of
displacements, as discussed in our previous work [14]. The
MSS is defined as the direct relationship between the scaling
coefficient +, and the order v (figure 14). The slope of the
linear profile (Svss) indicates the type of diffusive motion of
the fluid droplet; with slopes of Syss= 0, 0.5 and 1, repre-
senting no diffusive motion, self-similar diffusion (blue dashed
line) and ballistic motion (red dashed line), respectively. The
region between these diffusive types is represented by various
diffusive regimes. The area below the line of the self-similar
diffusion is the sub-diffusive regime (0 < Syss < 0.5). The
area between the lines of self-similar diffusion and the ballistic
motion is the super-diffusive regime (0.5 < Syss < 1). Thus,
for a long-time scaling, Syss for graphene and 4-BN systems
are found to be 0.36 and 0.57, respectively. The slope, Syss of
the water-graphene system lies in the range of the sub-diffusive
regime. Whereas, the Sysg of the water—h-BN system lies in
the range of the super-diffusive regime, which results in a faster
fluid transport on the A-BN sheet. This result supports the
earlier claims made about the energetic and force analysis. The
water droplet moves to the energetically favorable location on
both surfaces, where the droplet can possess lower potential
energy. These findings give insight into the previously
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Figure 14. The moment scaling spectrum, the black and green dots
indicate the scaling coefficients of the water—graphene and water—h-
BN systems. The black and green dashed line indicates a linear fit
with a slope 0.36 and 0.57 for the graphene and 4-BN systems
respectively. Red and blue dashed lines indicate the ballistic and
self-similar diffusion, respectively.

unexplored mechanism of a thermophoretic droplet transport
on the two-dimensional surfaces.

4. Conclusion

Through molecular dynamics simulations, we have demon-
strated that a water droplet can be transported across a surface
by imposing a thermal gradient along the length of the sub-
strate. A water droplet was thermophoretically transported on
a graphene and A-BN surface. These surfaces have different
wettabilities with a significant effect on the droplet transport.
The droplet on the graphene surface oscillates and takes
longer to reach the other end than on the A-BN surface.
Energetic analysis was performed to calculate the thermo-
phoretic forces. For the thermal gradient of 2.5 Knm ™', the
graphene and A-BN sheets produced an average thermo-
phoretic force of 1.51 and 3.19 pN, respectively, whereas a
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water-carbon nanotube system produced 7.13 pN for the
same thermal gradient [14]. Contact angle hysteresis is
monitored during the droplet transport on the graphene sur-
face, which provided insight into the basics of the contact line
movement and droplet deformation during thermophoresis.
Since the graphene sheet is more hydrophobic than the 2-BN
surface, fewer molecules are in direct contact with the gra-
phene surface. This has led to lower thermophoretic force and
hence the droplet motion is also slower on the graphene
surface. The MSS analysis was performed to determine the
characteristics of the droplet motion. The droplet showed the
attributes of the sub-diffusive process on the graphene sur-
face, while it was super-diffusive on the A-BN surface. This
study gives a comprehensive approach to nano-droplet
transport on a surface, which is necessary to develop novel
methods of nano-transportation and nano-heat management
systems.
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