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Water is known athe most common and complicated liquid on earth. Meanwhile, graphene,
defined as single/few layer graphite, is the first member in-thien2nsional materials family

and has emerged as a magic material. Interactions betvatenand graphene generate many
interesting phenomena and applications. This thesis focuses on applying molecular dynamics
(MD), a powerful computational tool, for investigating the graphsater interactions

associated with various energetic and emrmental applications, ranging frothe wettability

modification, species adsorption, and nanofluidic transport to seawater desalination. A key



component of one domain of applications involves a third component, namely salt ions. This
thesis attempts thahd discovers a fundamentally nevay in which the behavior of ions with

the airwater interfaces should be probed.

In Chapter 1, we introduce the motivation and methods and the overall structure of this thesis.
Chapter 2 focuses on how MD simulations cegtrthe statistical mechanics d¢ing with the
experimental observations. Chapter 3 discusses the simulation results revealing that the
spreading of a droplet on a nanopillared graphene surface is driven by a pinned contact line and
bending liquidsurface ginamics. Chapter 4 probes thedirsctions between a water drop and a
holey graphene membrane, which is prepared by removing carbon atoms in a circular shape and
which can serve as catalyst carriers. Accordingly, chapter 5 studies the effects of various
terminations on wateholey grapheea interactions, showing that water flows faster and more
thoroughly through the membrane with hydrophobic terminations, compared to that with
hydrophilic terminations. In chapter 6, simulations describe the generatiohasfaau water
graphene surface aeluring the wateholey-graphene interactions in presence of an applied
time-varying force on the water drop. In chapter 7, we focus on thev&er interaction at the
waterair interface to fully understand the fluidigrtamics during any seawater désation.

Our research revisits the energetic change while ion approachesawatéerface and shows

that the presence of ion at the interface enhances capiliarg fluctuation. Finally, in chapter 8

we summarize the nrafindings of the thesis and pvide the scope of future research.
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approachebave been utilized: bombardment by ions, by electrons and via O2 plasma treatment.
b, Raman spectra (514 nm excitation) of suspended graphene after different exposure times to
oxygen plasma. (Adapted from Ref 14. Copyright © 2015 Nature Publication Graup)...13

Figure 2.2 Schematic of applying Langevin equation as a stochastic thermostat in MD
simulations. (a) Langevin equation appliediescribe the motion of a Brownian particle (Green
circle) moving along an arbitrary direction (Black arrow) in a medium consisting of smaller
particles (Orange and blue circles). The collisions between Brownian particle and the particles
(constituting tle medium) having velocities in a direction opposite to that of the Brownian
particle (Blue circles) result in slowing down of the Brownian particle. In the Langevin equation,
the resulting friction force is defined to be varying linearly with the magniéitiee local

velocity. At the same time, the collisions between Brownian particle and the particles
(constituting the medium) having velocities in a direction similar to that of the Brownian particle
(Orange circles) result in slowing down of the Brownpanticle. Since the orange and blue
particles are essentially interchangeable, the connection leads to the fluetiisgipation

theorem. (b) In simulations, the system is immersed in a heat bath with infinitely large heat
capacity in order to keep itsmperature constant. The medium particles described in (a) acts as
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inseti the dynamic contact angle progressively decreasesdrtoi.....................ccc..... 27



Fig. 3.2 Schematic illustrating the proposgdeading mechanism on an SH surface
(constituting an array of nanopillars). We propose this mechanism based on the MD
simulations that we report in this study. Unlike the case of theSkbeurface, the spreading
occurs with the TPCL remaining pinnedla¢ edge of the nanopillar. More importantly, the
corresponding |liquid vapor interface O06bend
corresponding local thrgghase contact angle increases fidno di (please see the inset).

This enhanced contact angiecan be larger than 180°, indicating a bending of the liquid
surface even below the horizontal plane of the nanopillars. This bending eventually ensures
the wetting of the adjacent nanopillar and this wetting is characterized by the attainment of a
newthreephase contact angthi, wheredii < di (please see the inset). Therefore, the
spreading occurs not by the motion of the TPCL, but by the bending of thé ligpiat

interface of the TPCL that remains piNNed............ccoooiiiiiioc e 28

Fig. 3.3Spreading of a water nanodrop in a superhydrophobic CB state on graphene
nanopillars supported on bare gold.darepresent the case whéte= Nz, while (d f)

represent the case whéde= N,. (a) MD simulation snapshots (the corresponding time is
indicaied for each snapshot) illustrating the spreading of a water nanodrop contamidg=

4500 molecules. (b) Temporal evolution of the right local contact angle of this droN with

= 4500 molecules. In insets (i), we provide the magnified views tifie right thregphase

contact line at three different time instants (namely, t = 45, 80, 145 ps). The snapshots of the
entire drop corresponding to these time instants are shown in (a). (c) Temporal evolution of the
left local contact angle of this drogtivN = N1 = 4500 molecules. In inset$ i), we provide

the magnified views of the left thrgi@hase contact line at three different time instants (namely, t
=45, 80, 145 ps). (d) MD simulation snapshots (the corresponding time is indicated for each
smapshot) illustrating the spreading of a water nanodrop contaihiny> = 4000 molecules. (e)
Temporal evolution of the right local contact angle of this drop WithN>= 4000 molecules. In
insets (iiii), we provide the magnified views of the righté@phase contact line at three
different time instants (namely, t = 40, 110, 125 ps). The snapshots of the entire drop
corresponding to these time instants are shown in (d). (f) Temporal evolution of the left local
contact angle of this drop with = N> =4000 molecules. In insetd {ii), we provide the

magnified views of the left thrgghase contact line at three different time instants (namely, t =
oI o T o =) WP 35

Fig. 3.4 Temporal evolution of the right local contact angleNferN; = 4500) for three
different starting trajectories (I T2, and &) of a water nanodrop. Here; fEfers to the
trajectory where the water nanogroontacts the nanostructured graphene surface with the
drop center vertically aligned with the middle of the groove surface (or the part of the
surface without nanopillars). Fig. 3.3 is obtained with trajectaryidand T refer to the
trajectories wheg, at the time when the nanodrop contacts the nanostructured surface, the
center of the nanodrop is horizontally shifted to the left by 0.1 nm and 0.2 nm (with respect
to the drop center corresponding to trajectory flespectively. All the contact anglase
provided for the case where the nanodrop spreads in a superhydrophobic CB state on
graphene nanopillars supported on bare gold (the structure is depicted in Fig..3.3)36
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Fig. 3.5 Temporal evolution of the left local contact angle KferN: = 4500) for three

different starting trajectories (JTT2, and &) of a water nanodrop. Here; fEfers to the
trajectory where the wateanodrop contacts the nanostructured graphene surface with the
drop center vertically aligned with the middle of the groove surface (or the part of the
surface without nanopillars). Fig. 3.3 is obtained with trajectaryidand T refer to the
trajectories where, at the time when the nanodrop contacts the nanostructured surface, the
center of the nanodrop is horizontally shifted to the left by 0.1 nm and 0.2 nm (with respect
to the drop center corresponding to trajector) flespectively. All the contaeingles are
provided for the case where the nanodrop spreads in a superhydrophobic CB state on
graphene nanopillars supported on bare gold (the structure is depicted in Fig..3.3)37

Fig. 3.6 Temporal evolution of the right local contact angleNferN> = 4000) for three
different starting trajectories (;TT,, and B) of a water nanodrop. Here; refers to the
trajectory where thevater nanodrop contacts the nanostructured graphene surface with the
drop center vertically aligned with the middle of the groove surface (or the part of the
surface without nanopillars). Fig. 3.3 is obtained with trajectaryidand T refer to the
trajectories where, at the time when the nanodrop contacts the nanostructured surface, the
center of the nanodrop is horizontally shifted to the left by 0.1 nm and 0.2 nm (with respect
to the drop center corresponding to trajector) flespectively. All the @entact angles are
provided for the case where the nanodrop spreads in a superhydrophobic CB state on
graphene nanopillars supported on bare gold (the structure is depicted in Fig..3.3)38

Fig. 3.7 Temporal evolution of the right local contact angleNferN> = 4000) for three

different starting trajectories (;TT,, and B) of a water nanodrop. Here; refers to the

trajectory where the water nanodrop contacts the nanostructured graphene surface with the
drop center vertically aligned with the middle of the groove surface (or the part of the
surface without nanopillars). Fig. 3.3 is obtained with trapgcT:. T> and T refer to the
trajectories where, at the time when the nanodrop contacts the nanostructured surface, the
center of the nanodrop is horizontally shifted to the left by 0.1 nm and 0.2 nm (with respect
to the drop center corresponding toecipry Ti), respectively. All the contact angles are
provided for the case where the nanodrop spreads in a superhydrophobic CB state on
graphene nanopillars supported on bare gold (the structure is depicted in Fig..3.3)39

Fig. 3.8 Spreading of a water nanodrop in a superhydrophobic CB state on graphene
nanopillars supported on a geddpported graphene monolayeii.darepresent thease

whereN = N3, while (d f) represent the case whede= N». (a) MD simulation snapshots (the
corresponding time is indicated for each snapshot) illustrating the spreading of a water nanodrop
containingN = N1= 4500 molecules. (b) Temporal evolutiortieé right local contact angle of

this drop withN = Ni= 4500 molecules. In inset$ i), we provide the magnified views of the

right threephase contact line at three spreading on SH surfaces. Here, we try to understand the
origin of such a bending. D#fent instants (namely, t = 40, 90, 140 ps). The snapshots of the
entire drop corresponding to these time instants are shown in (a). (c) Temporal evolution of the
left local contact angle of this drop with= N1= 4500 molecules. In insets {{i), we provide the
magnified views of the left threghase contact line at three different instants (namely, t = 40, 90,
140 ps). (d) MD simulations snapshots (the corresponding time is indicated for each snapshot)
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illustrating the spreading of a water nanodrop doirig N = N>= 4000 molecules. (e) Temporal
evolution of the right local contact angle of this drop vite N>= 4000 molecules. In insets (i

iii), we provide the magnified views of the right thmglease contact line at three different time
instants (namg, t = 40, 75, 125 ps). The snapshots of the entire drop corresponding to these
time instants are shown in (d). (f) Temporal evolution of the left local contact angle of this drop
with N = N> = 4000 molecules. In inset$ i), we provide the magnifiedigws of the left three
phase contact line at three different time instants (namely, t = 40, 75, 125.pS).............. 43

Fig. 3.9 Temporal evolidn of the (a) right local contact angle (fd= N1= 4500) for three
different starting trajectories (JTT2, and &) of a water nanodrop. Here; fiefers to the
trajectory where the water nanodrop contacts the nanostructured graphene surface with the
drop center vertically aligned with the middle of the groove surface (or the part of the
surface without the nanopillars). Fig. 3.3 is obtained with trajectary.land T refer to

the trajectories where, at the time when the nanodrop contacts the neatnostisurface,

the center of the nanodrop is horizontally shifted to the left (with respect to the drop center
corresponding to trajectoryi)flby 0.1 nm and 0.12 nm fdf =Nz (0.1 nm and 0.15 nm foi

= N), respectively. All the contact angles are pded for the case of where the nanodrop
spreads in a superhydrophobic CB state on graphene nanopillars supported en a gold
supported graphene monolayer (the structure is depicted in Fig..3.8)-.........cceeveee. 44

Fig. 3.10 Temporal evolution of the local contact angle NferN:= 4500) for three

different starting trajectories (;TT,, and &) of a water nanodrop. Here; fiefers to the
trajectory whee the water nanodrop contacts the nanostructured graphene surface with the
drop center vertically aligned with the middle of the groove surface (or the part of the
surface without the nanopillars). Fig. 3.3 is obtained with trajectary-land T refer

the trajectories where, at the time when the nanodrop contacts the nanostructured surface,
the center of the nanodrop is horizontally shifted to the left (with respect to the drop center
corresponding to trajectory))Tby 0.1 nm and 0.12 nm fdf=N; (0.1 nm and 0.15 nm fox

= N>), respectively. All the contact angles are provided for the case of where the nanodrop
spreads in a superhydrophobic CB state on graphene nanopillars supported en a gold
supported graphene monolayer (the structure is depittéidi 3.8)..........ccccceeevievriinnnnce. 45

Fig. 3.11 Temporal evolution of the right local contact angleNfeiN>= 4000) for three
different starting trajetories (T, T2, and &) of a water nanodrop. Here; fiefers to the
trajectory where the water nanodrop contacts the nanostructured graphene surface with the
drop center vertically aligned with the middle of the groove surface (or the part of the
surfacewithout the nanopillars). Fig. 3.3 is obtained with trajectoryT? and Tz refer to

the trajectories where, at the time when the nanodrop contacts the nanostructured surface,
the center of the nanodrop is horizontally shifted to the left (with resptdat tirop center
corresponding to trajectory))ilby 0.1 nm and 0.12 nm fdf= N1 (0.1 nm and 0.15 nm fou

= N>), respectively. All the contact angles are provided for the case of where the nanodrop
spreads in a superhydrophobic CB state on grapheneitarsogupported on a gold

supported graphene monolayer (the structure is depicted in Fig..3.8)-.........ccceeeene. 46

Fig. 3.12Temporal evolution of the right local contact angle {fior No= 4000) for three
different starting trajectories (JTTz, and &) of a water nanodrop. Here; fiefers to the
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trajectory where the water nanodrop contacts the nanostructured graphenevathiftiee

drop center vertically aligned with the middle of the groove surface (or the part of the
surface without the nanopillars). Fig. 3.3 is obtained with trajectary.land T refer to

the trajectories where, at the time when the nanodrop cottteateinostructured surface,

the center of the nanodrop is horizontally shifted to the left (with respect to the drop center
corresponding to trajectory))Tby 0.1 nm and 0.12 nm fdf=N; (0.1 nm and 0.15 nm fou

= Ng), respectively. All the contact ameg are provided for the case of where the nanodrop
spreads in a superhydrophobic CB state on graphene nanopillars supported en a gold
supported graphene monolayer (the structure is depicted in Fig..3.8)-.........cceeereene. 47

Fig. 3.13 lllustration of the forces on liquid madsaiwn in green) in the vicinity of the
threephase contact line. We consider this fluid mass corresponding to a liquid drop
spreading on a ne8H surface. One can clearly witness the symmetry of the underlying
solid with respect to this mass, ensuring thathorizontal component of attraction forces
from the underlying solid cancel each Other..............ccuiiiieiii e 50

Fig. 3.14 lllustration of the forcesdiquid mass (shown in green) in the vicinity of the
threephase contact line. We consider the fluid mass corresponding to a liquid drop pinned
at the edge of the pillars (nanopillars or micropillars). The underlying solid is no longer
symmetric to thisliid mass, enabling the generation of a pinning force (equal to the

di erence of the horizontal components of
solid on two sides of the liquid mass) that balances the driving force for spreading.51

Fig. 4.1 Drop imbibition in a holey graphene structure for lateral i58f@ nm and vertical ISS
(d) of 4 nm. MD simulation snapshots sting drop dynamics at different time instants.....63

Fig. 4.2 Drop imbibition in a holey graphene structure for lateral §58f@ nm and vertical ISS
(d) of 4 nm. Time variation of contact anglés dz, ds, andds identified in Fig.41.................. 64

Fig. 4.3 Drop imbibition in a holey graphene structure for lateral Bs8f@ nm and vertical ISS
(d) of 4 nm. Time variatio of contact radir; andrz identified in Fig.4.1..........ccvvveveeeeennnnd 65

Fig. 4.4 Drop imbibition in a holey graphene structure for lateral il68f6 nm and vertical ISS
(d) of 4 nm. MD simulation snapshots showing drop dynamics at different time instants66

Fig. 4.5 Drop imbiktion in a holey graphene structure for lateral 18 6 nm and vertical ISS
(d) of 4 nm. Time variation of contact anglés d> anddzidentified in Fig.4.4...................... 67

Fig. 4.6 Drop imbibition in a holey graphene structure for lateral I(668f(@ nm and vertical ISS
(d) of 4 nm (see Fig. 4.1 and 4.4 for the definitions ahd d).MD simulation snapshots
showing drop dynamics at different time iNnStantS...........coooooviiiiiceciiiii e 68

Fig. 4.7 Dropmbibition in a holey graphene structure fateral ISS () of 8 nm and vertical ISS
(d) of 4 nm (see Fig. 4.1 and 4.4 for the definitionsl ahd d). Time variation of contact angles
di, d2 anddzidentified iN Fig.4.6.........oeiieiiiiiiii e e e e 69
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Fig. 4.8 Drop imbibition in a holey graphene structure for lateral B8f@ nm and vertical ISS
(d) of 2.5 nm (see Fig. 4.1 and 4.4 for the definitiong afhd d). MD simulation snapshots
showing dr@ dynamics at different time iNStantS...........cccooeeeiiiiiicceeiiiciiee e 70

Fig. 4.9 Drop imbibition in a holey graphene structure for lateral Bs8f@ nm and vdical ISS
(d) of 2.5 nm (see Fig. 4.1 and 4.4 for the definitiong afhd d). Time variation of contact
anglesds, b, dz, anddsidentified IN Fig. 4.8.......cccuuiiiiiiiiiiiiiiiceeeiiiiiiieeeceeeeee e seeeeeeeeeea L

Fig. 4.10 Drop imbibition in a holey graphene structure for lateral is&f @ nm and vertical
ISS @d) of 2.5 nm (see Fig. 4.1 and 4.4 for the definitiond ahd d).Time variation of contact
radii ro andrz identified iN Fig. 4.8 ... e 71

Fig. 4.11 Drop imbibition in a holey graphene structure fordiS&S (i) of 6 nm and vertical
ISS @) of 2.5 nm (see Fig. 4.1 and 4.4. for the definitiong afid d). MD simulation snapshots
showing drop dynamics at different time INStantS...........ccocoeiei i iiceciiiiiii e, 72

Fig. 4.12 Drop imbibition in a holey graphene structure for lateral is&f @ nm and vertical
ISS @d) of 2.5 nm (see Fig. 4.1 and 4.4 for the definitiond ahd d). Time variation of contact
anglesds, b, ds, da, anddsidentified iN Fig. 4.11.. ... 73

Fig. 4.13 Drop imbibition in a holey graphene structure for lateral is&f 6 rm and vertical
ISS @d) of 2.5 nm (see Fig. 4.1 and 4.4 for the definitiond ahd d). Time variation of contact
radiiry, rzandrzidentified in Fig. 4.1 0. ...cooiiiiiiiiieeee e e e 74

Fig. 4.14 Drop imbibition in a holey graphene structure for lateral is&f 8 nm and vertical
ISS @d) of 2.5 nm (see Fig. 4.1 and 4.4 for the definitiond afdd). MD simulation snapshots
showing drop dynamics at differetime iINStantS...........ccceeeiieiiiiiiicceeicc e 75

Fig. 4.15Drop imbibition in a holey graphene structure for lateral I3®{8 nm and vertical
ISS @d) of 2.5 nm (see Fig. 4.1 and 4.4 for the definitiond ahdd). Time variation of contact
anglesd, db, anddzidentified iN Fig. 4. 14 ... 76

Fig. 4.16 Drop imbibition in a holey graphene structure for lateral is&f @ nm and vertical
ISS @d) of 1 nm (see Fig. 4.1 and 4.4 for the defim@fu andd). MD simulation snapshots
showing drop dynamics at different time iNnStantS...........ccooooviiiiiceciiiei e 77

Fig. 4.17 Drop imbibitionina holeyggah ene structure f o |l ater al

;
I SS (d) of 1 nm (see Fig. 4.1 and 4.4 for the

anglyexsd, d asdantified in Fig. 4.16.......ccccceeeiiiiiiiiiiceeee e sevvsreeeeee e ] B

Fig. 4.18 Drop imbibition in a holey graphene structure for lateral Up&f @ nm and vertical
ISS d) of 1 nm (see Fig. 4.1 and 4.4 for the definitions ahdd). Time variationof contact
radiirrandrzidentified iN Fig. 4.16..........ooo i 78

Fig. 4.19Drop imbibition in a holey graphene structure for lateral I§®{6 nm and vertical
ISS d) of 1 nm (see Fig. 4.1 and 4.4 for the definitions ahdd). MD simulation snapshots
showing drop dynamics at different time INStantS...........ccooooviiiiiiceciiiiii e 79

Fig. 4.20 Drop imbibition in a holey graphene structure for lateral is&f 6 nm and vertical
ISS @d) of 1 nm (see Fig. 4.1 and 4.4 for the defimtmft andd). Time variation of contact
anglesth, dz, anddzidentified iN Fig.4.19.......cccoiiiiiiiiiiie e 79



Fig. 4.21 Drop imbibition in a holey graphe structure for lateral IS8)(of 6 nm and vertical
ISS @d) of 1 nm (see Fig. 4.1 and 4.4 for the definitions ahdd). Time variation of the contact
radiusr2 identified IN Fig.4. 10 . ... i 80

Fig. 4.22 Drop imbibition in a holey graphene structure for lateral is&f 8 nm and vertical
ISS @d) of 1 nm (see Fig. 4.1 and 4.4 for the definitions ahdd). MD simulation snapshots
showing drop dynamics at different time iNStantsS...........ccoooeeiiiiiicceeiiccii e 80

Fig. 4.23 Drop imbibition in a holey graphene structure for lateral is&f 8 nmand vertical
ISS @d) of 1 nm (see Fig. 4.1 and 4.4 for the definitions ahdd). Time variation of contact
anglesd, dz, andds identified iIN Fig. 4.22.........cuuiiiiiiiiiiiiiii et mmme e 81

Fig. 4.24 Drop imbibition in a holey graphene structure for lateral is&f 8 nm and vertical
ISS @d) of 1 nm (see Fig. 4.1 and 4.4 for the definitions ahdd). Time variation of contact

radiusr2 Identified IN Fig. 4.22u.....ouv e e 81
Fig. 4.25di U phase space summarizing imbibition behavior of wadéeodrop interacting with a
multilevel holey graphene SITUCTULE.............vviueiiiic i erenr e e e e e aaes 91

Fig. 4.26di U phase space summarizing equilibrium wetting bedrani water nanodrop
interacting with a multilevel holey graphene StruCtUre.............ciiiiii e 91

Fig. 4.27 Variation imync/rw as a function of l&ral ISSU for different values of vertical IS&
during waterholey graphene interactions.............cccooviiiiiieen e 92

Fig. 4.28Drop imbibition in a holey graphene structure for lateral ISS (d) of 8 nm and vertical

ISS (d) of 4 nm (see Fig. 4.1 and 4.4 for the definitions of d and d). The same geometry has been
used as in Fig. 4-8.7. However, here the drop starts from a locabetween the graphene

stacks at levelsiland Lo, while in Fig. 4.64.7, the drop starts from above the graphene stacks at
level Ly (see Fig. 4.1 and 4.4 for the definitions of levelahd Lo). As can be seen from the

figure, very little change in dromafiguration occurs between t = 30 ps and t = 300 ps,

indicating that the drop attains its final configuration rather quickly...................cceeeeennn. 93

Fig. 4.29 Drop imbibition in a holey graphene structure for lateral ISS (d) of 8 nm and vertical
ISS (d) of 2.5 nm (see Fig. 3.1 and 3.2 for the definitions of d and d). The same geometry has
been used as in Fig. 4-8415. However, here the drop starts frarocation between the
graphene stacks at levelsand Lo, while in Fig. 4.144.15, the drop starts from above the
graphene stacks at level (see Fig. 4.1 and 4.4 for the definitions of levelsahd Lo). As can

be seen from the figure, not a siggant amount of change in drop configuration is noted
between t = 20 ps and t = 300 ps, indicating that the drop attains its final configuration rather
0 18 T3 4 PSPPSR 93

Fig. 4.30 Drop imbibition in a holey graphene structure for lateral p&f 6 nm and vertical
ISS @d) of 2.5 nm (see Figl.1 and 4.4or the definitions ofiandd). The same geometry has
been used as in Fig. 4-8415. Howeer, here we consider a much larger drop contaiNirg
5000 molecules, while for all other simulations, we Nse3000 molecules......................... a3

Figure 5.1. Schematic of the nanodrop dynamics in HGA with different functionalizations of the
hole. The stack levels;LL3 are the upper, middle, and lower stacks, with each stack consisting
of three layers of graphene. Figure 5.5 identifies thesesstacivell as the lateral interstack
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separation or 1SS and vertical ISSd) in a twadimensional (2D) representation. (a, b)

Nanodrop dynamics for small forcés <€ 0.1 kcal/(mol A)) in HG with (a) hydrophilic
functionalization (HIF) and (b) hydrophabiunctionalization (HOF). The process is dominated

by (i) the retention of water due to arrested dewetting for HG with HIF (see the larger water mass
on graphene stacks in level for HG with HIF) and (ii) reduced flow rate and hence reduced

flux due toHIF-water attraction (see the thinner velocity arrows near the graphene edges for

graphene stacks in levet for the HG With HIF) ... e, 104
Figure 5.5. Fluxvs-force variation for the HGA with HIF and HOF. In the figure, we
demonstrateiN/dtD FY (whereUuir = 1.3 anddior = 1.7) from small force values............. 111

Figure 5.6 Nma/Niota-vs-force variation for the HGA with HIF and HOF. HeMwaxis the
maximum amount of water molecules that leaves the HG, whiRigass the number of water
molecules present in the water NANOAIOP. ........cuiiiiiiiiiii e 112

Figure 5.7 Time variation of the cumulative number of water mole¢uleaving the HGA for

(a) HG with HIF and (b) HG with HOF. In the inset of each of (a) and (b), we zoom the region of
linear slope of th&l-vs-t curve [this region is highlight in (a) and (b)], clearly depicting how

the flux @N/d) is larger for the HG With HOF.............ooiiiiiiiiiiiiieeeeee e 113

Figure 5.8 Time snapshots showing theatyics of water drop through the HG system for (top)
HOF and (bottom) HIF. The time corresponding to these snapshots are identified in the figure.
We consider an applied force B 0.03 kcal/(mol A) for this case...........ccccvevevreeeeenne... 113

Figure 5.9. Time snapshots showing the dynamics of water drop through the HG system for (top)
HOF and (bottom) HIF. The time corresponding to these snapshots areeadentitne figure.
We consider an applied force B 0.0125 kcal/(mol A) for this case..........c..c.ccocurvee.ee. 114

Figure 5.10Variation of the fluxfor different values of the vertical spacing d (see Figure 5.8 for
the definition) for two forcéevels € = 0.03, 0.0125 kcal/(mol A)) and for HG with both HOF
and HIF. AlIl other paramet eur.s..ar.e..s.amel20as t ha

Figure 5.11 (a) Variation of the flux and (b) variatiorN\afa/Niwotal for different values of the
vertical spacing d (see Figure 5.8 the definition) for two forcéevels & = 0.03, 0.0125
kcal/(mol A)) and for HG with both HOF and HIF. All other parameters are same as that in
Fi gur @ s ... 5 B8O 121

Figure 5.12 (a) Variation of the flux and (b) variatiorNafa/Niwtal for different values of the

hole dimension (which is also the horizontal gdgetween thgraphene stacks, see Figure 5.8

for the definition ofli) for two force levelsk = 0.03, 0.0125 kcal/(mol A)) and for HG with both
HOFandHIF. Allot her parameters are s.ame..as...thd@t in F

Figure 5.13 (a) Variation of the flux and (b) variatiorN\afa/Niwtal for different values of the

hole dimension (which is also the horizontal gdetween thgraphene stacks, see Figure 5.8

for the definition ofli) for two force levelsk = 0.03, 0.0125 kcal/(mol A)) and for HG with both
HOFandHIF. Allot her parameters are s.ame..as...L.h28t i n F

Figure 5.8 Variation of the flux for different number of graphene layers constituting each
graphene stack for two force levels=£ 0.03, 0.0125 kcal/(mol A)) and for HG with both HOF
and HIF. All other paramet eltr.s..a.r.e..s.amel2das t ha
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Figure 5.15 Variation dimaNwotal for different number of graphene layers constituting each
graphene stack for two force levels=£ 0.03, 0.0125 kcal/(mol A)) and for HG with both HOF
and HIF. All other paramet eltr.s..a.r.e..s.amel2bas t ha

Figure 5.16 (a) the interlayer distargtis arbitrarily chosen in previous research. (b) the
graphene stacking is most stable without accommodating any water raslged) graphene
stackings reach metastable states when there aflayareor twelayers water in between
OraPNENE SNEELS.... .o n e aaa e 129

Figure 5. 17. Normali zed PMF(0O) curve dasfa gr aph
reaction coordinate, in four different environments: pure water without pressure gradient, ionic
solution without pressure gradient, pure water with pressudéegitaand ionic solution with

(OIS U e =T 1= ] € T 130

Figure 6.1. (&) Schematic of the actual experimentally fabricated hgl@ghene architecture
(Reprinted with permission from ref 98. Copyright © 2014 Nature Publishing Group.). The

yellow arrows in the picture represent the direction of ion transport through the HG (see ref 66).
(axii) Magnified section of this HG system that a#empt to simulate. {&) Schematic

representation of our simulation geometry trying to represent the magnified sectibimia a
two-dimensional setting. (Reprinted with permission from ref 181. Copyright © 2017 PCCP

Owner Societies). The HGischac t er i zed by the di mensions 0 (I
graphene stacks), 0l (horizontal span of the
graphene stacks) [kindly comparé and aiii]. (b-i) Schematic of the generation of wetting

stateghat ensure enhanced watarcessible graphene surface area by the interaction between

water and HG. This enhanced waigraphene surface area is represented by the contact area

(rw,ne) over which water and HG surfaces interact and is compared-{gesith respect to the

contact arear{,c) of water on nonporous graphengg is the contact area achieved when a

water nanodrop spreads on nonporous graphene. Given that the nonporous graphene is
impenetrablerw,c remains unchanged regardless of whetherdrop interacts with the

nonporous surface in the presence or absence of a force as long as the drop does not break down
into smaller parts. For the HG, the edges of the graphene holes are colored in order to represent
the presence of the functional gpsu(either OH or1 H) that saturate the unsaturation at the

holes. For the nonporous graphene, we choose eight layers of graphene as the substrate, which
ensures that it behaves as graphite and there is no chance of any change in the contact area due to
thewetting translucency effect of grapheff8:17617%, ... .o 135

Figure 6.4Snapshots elucidating the dynamics of the water nanodrop interacting with the HGA
for 1 OH functionalization. In both a and b Vi provides the snapshots corresponding to different
times. Below each of these snapshots, the corresponding time is alsd-ootaeoth cases a and
b,d=1 nm,i=6 nm, andi = 4 nm, and we consider that a forcé-cf 0.005 kcal/mol-A is
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Figure 6.5 Snapshots elucidating the dynamics of the water nanodrop interacting with the HGA
for 1 H functionalization. In both a and b M provides the snapshots corresponding to different
times. Below each of these snapshots, the correspotiaiags also noted. For both a andlls;
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2.5 nm,u =6 nm, andi = 4 nm, and we consider that a forcd=cf 0.005 kcal/mol-A is applied
for t =200 ps for the case with HIF and for t = 300 ps for the case with.HQF................ 145

Figure 6.6 Variation of they,Ha/rw,c with time for different values ad andF for 1 H
functionalization of the graphene holes. For a gisela combination, the forces applied for a
time t which ensures maximum value of ifc/rw,c)ransient(for a given t) as well as maximum
(rw,HG/Tw,G)equilibrium. This value of t is summarized below (wihn kcal/mol-A): (th=1nmF=0.003,0H
= 700 ps, (§=1nmF=0.003,H=700 ps, {)d=2.5nmF=0.003,0n= 450 pS, (§=2.5nme=0.003,H= 800 ps,
(t)d=1nmF=0.005,0n= 600 pS, (=1nmF=0.005,H= 600 pS, (=2.5nmF=0.005,0n= 200 PS, (J=2.5nmF=0.005,H
= 300 ps, (§=1nmF=0.006,0H= 350 ps, (Y=1nmF=0.006,H= 350 PS, (=2.5nmF=0.006,0H= 200 psS,
(t)d=2.5nmr=0.006,H= 200 ps. Other dimensions are same as those in Figures 6.4 and 6.5. The
transient wetting is characterized by the transient variation @f/rw,c; in other words, the
duration of the transient wetting processhis period of time for whichy Ha/rw,c varies with
time before attaining eqUIlIDITUML.........uuiiii e 146

Figure 6.7 Variation of they,na/rw,c with time for different values o andF for 1 OH
functionalization of the graphene holes. For a gigela combination, the force is applied for a
time t which ensures maximum value o6 ic/rw,c)transient(for a given t) as well as maximum
(rw,H&/Tw,G)equilibrium. This value of t is summarized below (wkhn kcal/mol-A): (th=1nmF=0.003,0H
= 700 ps, (Y=1nmF=0.003,#=700 PS, (1J=2.5nmF=0.003,0H= 450 PS, (Y=2.5nmF=0.003,H= 800 ps,
(t)d=1nmF=0.005,01= 600 ps, (P=1nmF=0.005.H= 600 pS, (§-2.5nmF=0.005,0n= 200 PS, (=2 5nmF=0.005H

= 300 ps, (§=1nmF=0.006,0H= 350 pS, (Y=1nmF=0.006,H= 350 PS, (Ig=2.5nmF=0.006,0n= 200 pS,
(t)a=2.5nmr=0.006,H= 200 ps. Other dimensions are same as those in Figures 6.4 and 6.5. The
transient wettings characterized by the transient variatiomgfic/rw,c; in other words, the
duration of the transient wetting process is the period of time for whiekirw,c varies with
time before attaining equIilibriUML.............oooiiiiiie e 147

Figure 6.8 Summary of thew(Ha/I'w,c) transient,peafi-€., the maximum value of { Ha/rw,c)transien}
and €w,Ha/rw,G)equiibiumvalues for different combinations of l@,(expressed in kcal/mol-A), and
hole functionalization. For a given B combination, the force is applied for a time t which
ensures maximum value ofyHc/rw,c)ransientpealfor a given t) as well as maximum
(rw,nalrw,c)equilibrium. We provider(,na/rw,c)transient,peal@nly ford = 1 nm since we do not
witness any significant peak in the,Gc/r'w,c)transient peavariation ford = 2.5 nm (see Figure 6.6
6.7). Other dimensions are same as those in Figures 6.4 and.6.5...............ccoeeeeeennnnnn. 148

Figure 6.9Snapshots elucidating the dynamics of the water nanodrop interacting with the HGA
for 1 OH functionalization. In both a and b Vi provides the snapshots corresponding to different
times. Below each of these snapshots, the corresponding time is alsd-ootecth a and kg =

1 nm,t=5.9 nm, andi = 6.2 nm, and we consider that a forcé-ef 0.005 kcal/mol-A is

applied for t = 1000 and 1100 ps for the HG with HIF and HOF, respectively.............. 155

Figure 6.10 Snapshots elucidating the dynamics of the water nanodrop interacting with the HGA
for T H functionalization. In both a and bM provides the snapshots corresponding to different
times Below each of these snapshots, the corresponding time is also noted. For bothce=and b,
2.5 nm,ti=5.9 nm, andi = 6.2 nm, and we consider that a forcé-af 0.005 kcal/(mol-A) is

applied for t =330 and 420 ps for the HG with HIF and HOF, resgdgtiv.............c....cco. 156
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Figure 6.11 Variation of theyna/rw,c with time for different values of d and F (expressed in
kcal/mol-A) (other dimensianare same as those in Figures 6.9 and 6.10)}or
functionalization of the graphene holes. For a gighela combination, the force is applied for a
time t which ensures maximum value of fc/rw,c)ransien(for a given t) as well as maximum
(rw,HG/rw,G)equilibrium This value of t is summarized below (wkhn kcal/mol-A): (th=1nmF=0.005,0H
= 1000 ps, (§-1nmF=0.005,H= 1100 ps, (§-2.5nmr=0.005,0n= 330 PS, (Y=2.5nmr=0.005,H=420 ps,
(t)d=1nmF=0.006,0n= 900 pS, (G=1nmF=0.006,H= 980 PS, )d=2.5nmF=0.006,0n= 220 PS, (§=2.5nmF=0.006,0H
= 380 ps. The transient wetting is characterized by the transient variatiorr@féhey c; in
other words, the duration of the transient wetting process is the period of time for which
rwHal/fw,c vanes with time before attaining equilibrium...............ooooiii 157

Figure 6.12 Variation of thiey,ne/rw,c with time for different values of d and F (ergsed in
kcal/mol-A) (other dimensions are same as those in Figures 6.9 and 6..QHor
functionalization of the graphene holes. For a gigela combination, the force is applied for a
time t which ensures maximum value of c/rw,c)transient (for aigen t) as well as maximum
(rw,na/rw,g)equilibrium. This value of t is summarized below (Wilm kcal/mol-A):
(t)d=1nmF=0.005,0H= 1000 ps, (§-1nmF=0.005,H= 1100 pS, (§-2.5nmF=0.005,0n= 330 pS,
(t)d=2.5nmF=0.005,H=420 pS, (Y=1nmF=0.006,04= 900 PS, (J=1nmF=0.006,H= 980 PS, (1Y=2.5nmF=0.006,0H=
220 ps, (9=2.5nmr=0.006,0H= 380 ps. The transient wetting is characterized by the transient
variation of therw,na/fw,c; in other words, the duration of the transient wetting process is the
period of time for whichiw na/rw,c varies with time before attaining equilibrium................ 158

Figure 6.13Snapshots elucidating the dynamics of a large water nanddre@@ 000, while for
all other simulations we ugé= 3000) interacting with the HGA for H functionalization (or
HOF). Partsiiiv provide the snapshots corresponding to different times. Bedmh of these
snapshots, the corresponding time is also noted. Other parametérs 28enm,li = 6 nm, and
t = 4 nm, and we consider that a forcd=cf 0.005 kcal/mol-A. The force is maintained
throughout the time the SIMulation IS FUN..............uuiiiiii e 159

Figure 6.14 Variation of thiey,ne/rw,c with time for different values df (expressed in
kcal/mol-A) for a large water drop passing throughHii@ matrix (see Figure 6.13 for the
parameters Of the HG MAtriX)u ......iieiiieiiiiie e eeeee e seerne e e e e aeees 160

Figure 6.15 (a top) Scanning electron microscopy images deptbencrossection of the

layered graphene gel (LGG) membranes with interlayer separation of 3.2 nm (left) and 0.5 nm
(right), respectively. (upper left corner) Actual LGG membrane. (bottom) Corresponding SANS
patterns. (b) Schematic showing the mannevhich the LGG membrane may be represented as
paral |l el stacking of graphene nfaroorsohsderéds wi t h
HG architecture), d, and U (the dimensions d
architecture as W. (c) Reduced 1D SANS data showing the existence of different possible

values of the interlayer separation (namely 0.5, 2.2, 3.9, and 7 nm) (Ragaeaeprinted with
permission from ret®, Copyright © 2016 American Association for the Advancenoént

Science). (d) Microscopic image showing the top view of a nanoporous graphene. (Reprinted

with permission from ref®®. Copyright © 2011 American Association for the Advancement of
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Chapter 1. Background and motivation

1.1 Introduction to water/graphene interactions

Graphene, defined as an atomic thin layer ofaa(big.1.1) has beemttractingattention from
the researcbommunityever since itvasdiscovered, isolated, and characterized(04 due to

its unique physical and chemical propetiés

Figure 1.1Simple structure, greabtential. (Left) In graphene, carbon atofgseen dots) are bonded
together through sp2 hybridization (oratiges). (Right) Shiny and flekie graphene paper is formed by
controlledrestacking of graphene sheedslépted from Ref 4Copyright© 2008 American Association
for the Advancement of Science

Because of its ultréhin nature, graphene shows many fascinating phenomena, among which
wetting transparencgffect has roused massive interests and surprises in the wetting community.
Raifeeet al.first reported that the wetting behavior of a monolayer graphene supported on a
hydrophilic solid is different from that of bulk grapHiteRaifeeet al. pointed out that such a
behavior is due to theaft that the wetting property of the monolayer graphene is controlled by
the van der Waals (vdW) interactions dadconditions wher¢he vdWinteractions between the

water and the underlying hydrophibabstratenassively dominates the vdW interactions
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between the water and the monolayer graphene, it is possible that the graphene coating becomes
entirelytransparent to the dropnd tke drop ontact angle is entirely dictated by this underlying
solic®. This observation was extremely important and raised researchers explored all possible
situations making claimsf complete, pdial, and negligible wetting transparency of graphene
(depending on the nature of the underlysudpstratye Accordingly,it is crucial whether the

contact angle is quantified on supported (and the nature of the supporting solid) or unsupported
graphenelt is experimentally confirmed that the presence oftarne contaminason

graphene surface makes the surface appear to be more hydrophobic (contact arage~80°)
compared to contaminafree (contact angle~609raphene. Wetting transparency effect

demands adrger contact angle (weaker vdW interaction) of water on graphene, which makes the
effect of the underlying hydrophilic solid much stronger. The presence of the contaminant and
the resulting hydrophobization (increase in the contact angle), threrpfonotes thiswetting
transparency effetSo, the wetting of graphene itself needs to be investigated with more care,

including the wetting of nanostructured graphene and its dynamics.

Besides pristine graphene, ngmarous graphene is an important member of the graphene
family” 1%, One of the important applications of the nguuous graphene is to serve as a
desalination member to remove ions in aqueous ionic solution or se&Wwat&he nanesized
pores on graphene allow water molecules to penetrate whitimgghydratedons and other
species. Manyactors control the permeation, including the pao@ size ratio, functional groups
at the edges of the pores, and #tacking structure of naqpmrous graphene stacking. However,
the details of the permeation dynamarestill not wellestablishedTherefore, my dissertation
focuses on investigating theetting and permeation dynamicsveéterand nane

porous/nanostetured graphene.



(b)

Na* -

Figure 1.2. Hydrogenated (a) and hydroxylated (b) graphene pores, anddejesidof the
computational system investigated in this work (adapted from R&didyright© 2012American
Chemical Society



1.2 Introduction to molecular dynamics simulations

Experimental observations are critical to discaherfascinating physicaand chemical

properties of graphene. However, it is not easy to specify the fundamental meclthciatms)
these observations by may employing the experimental methotdlder these circumstances,
computational simulationgspecially with the assistee of fast developing of computational
power and capacitgan helpunraveling these mechanisnhs general, two kinds d¥iD

simulaton approaches are relevant hefist is theab initio molecular dynamics (MD)
simulationsthat consideelectronelecton interaction explicitly using a density functional theory
model andsecond is thelassical MD simulations considering elect®edron interaction
implicitly using various forcdield models. The ab initio simulation methods are so
computationdl expensivethat it can only capture a finHgze system (~hundreds of atorfm)
only a small time scale (~pspn the other handhe classical MD simulations are capabie
simulatingmuch larger system (~10 thousands of atdimrsarelatively large time sae (~10
ns).For thewetting problems, the size of simulaticstsould bdarge enough to eliminate the

line tension effect so that the result using a raysbem can match the physical observations in a
micro-system (experimentstl accessible scale). Fhermore, the wetting process usually takes
several nangeconds to complete, which also requires the sitiams to have a capacity to
capture that time scale. Therefaiteg classical force field MD simulation methodtie most

suitableapproacthto invegigate the problemdiscussed ithis dissertation.

In MD simulations, lhe motion othemolecules is govaed by the Newtah second law, in
which the intermzcular force is thenegativegradient of the intemolecuar potential (force
field). At the begnning of a timestep, the system first calculates the acceleration of each atom
from the net force actingn it, and then Verlet integration is applied to evaluate the trajectory of
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theatoms at the end of that time stejsing classical statistical meches principles, the system

can be expressed by a function of the kinetic energy and potential energgl bgirevery atom
Therefore, there ai2 degreesf freedom for kinetic energgnd 3 degrees of freedom for

potential energyor each atommaking itatotal of 6N dimensiongwhere N is the number of

atoms) Accordingly,a microstate of the system canrbpresented by singlepoint in this 6N
dimensional spacalsocalledthephase spacdJnder this settinghe system is brought into a
thermodynantd equilibrium using various ensembles, which contains all possible microstates
(locations of thepointsin the phase space) undaspecific ensemble. For example, if a

microcanonical (NVE) ensemble tioe system, only thselocations ofthe pointsin the phase
spacehatyieldt he t ot al energy of E+ @E (ofiesytencaB i s t
be accepted. In other wadhe microcanonical enseml#asures thahe simulation follovg the

adiabatic boundary condition. In most of the simulaicdhe system tempéuae isusuallykept
constansimilar to what happens in an experimériterefore,for most of the casesanonical

(NVT) or grand canonical ( eRledse atethastekemb | es ar e
applicationof ensembless only importantfor a small sgtem far away from the thermodynamic

I i mi t 2%.(Afked ah @nsemble with constant temperature is decided, statistical methods
popularlyknown aghermostatareemployed to maintain the system temperature. Therdtare,

any clasgal MD sinmulation,there are three key factors to specify and decide: forcesfield

ensemble, and thermostats.

Force fields



As mentioned above, the interfaaular interaction is fundamentally controlled by the input

force field parameters. limis dissetation, wder/graphea interaction is described using a

pairwise potentialhat captures thimtermolecular interactian These interactionan be

decomposed into electrostatics, exchange, and induction contributions. The pairwise potential we
use congts of LenardJanes(LJ) potential and electrostatic fordel potential is welknown as

a good approximation to capture pairwise additive interactions, including the exchange
(repulsion) and induction (attractiomferactionsTheelectrostatic interain is included

separatly by fixing a partial charge to each oxygen and hydrogen atom. However, the force field
usal here does not correctly capture the inductiontribution,which isnot strictly pairwise

additive due its vectdike nature. Such a mgrbody interactiorcamat be describé by a LJ

potential. To solve the problem, we employed a LJ potential that is optimized by fitting the
parameters to match the experimemtaterdrop contact angl®en graphite. There are other
emerging potentialshatconsiderthe induction ontribution selfconsistently by using a Drude
oscillabr model.Here, however, we shall continue with ttiassicaMD simulationdescription
sincewe are only concernedtifie appliedforce field applied caprovidethe correct cotact

angle and its dymaics. Using a more specific model to revisit the problems would give more
accurate result, but it is beyond the context of this thesis. It is worthy to mention that the LJ
interaction excludes the interactibatween hydrogen andyaather type of atoms,dzause the
electron density around hydrogen is so low thiaarely alters the overall exchange and
dispersionnteractionsWhile some research suggests that including hydrogen interaction in LJ

potential improves the accuracyistnot wellaccepted byhe research community.

Ensembles



This thesi:smploys canonical ensemble, which maintains the total number of atoms (N) and
temperature (T) of the system constimtmost of the problemdn ather words, only the
microstates \th the constant tempetate (kinetic energy) can be accepted. The system can be
viewed as a small system connedied sufficienty large thermal reservoir so that the thermal
fluctuations in the small systecan besuppessedt asignificanty fast rae. This will eventually
ensurethe Boltzmann distributignwherethe probability of observing one energy level (P(i9))
proportional toexp¢U/KT). Using such an ensemble, the system is brought to a thermal

equilibrium byminimizing the Boltzman free enegy.

Thermostats

Following thechace of theensemble applieth the system, the simulatiosiould be conducted
in such a manner that temperature of the system remains cohistametver, it is not realistic to
generate a large physical thermal resergaipled with the simul@dn system due to the
limitation of the computational resourc@herdore, in our simulations we employdte Nosé
Hoover thermostatvhich is a deterministic algorithm that directly adds new degrees of freedom
to the system Hamnian, for all the equiibrium simulations The algorithm is designed to
directly remove/addiketic energy (part of the system Hamiltonian) from the system when the
current temperature is above/below the target temperature. It provides more theritg &tabi
the system and gerates negligibly small thermal fluctuatiomsince the system alwaksows
whether energy shall be added or removed. However, thé Noeger thermostat does not

work well in a norequilibrium MD simulation since it controls themperature through

rewriting the Hamiltonianimplying thatany microstatéhatcarries the a@ptable kinetic energy

gets accounted favithout anylossor gain of energy from the image thermal reservoir. Although
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not reported by any other wonkie experenced the flying ice cubeffectwhile using the Nosé
Hoover thermostdor simulaing the moton of water between two graphene sheets, in wihieh
high-frequency motion of watevassuppressed to transfer the corresponding kinetic energy to
low-frequencymation (in particular tle translational motion The observation is unrealistic as it
violatesthe equipartition law that each degree of freedom of a motion has the same energy (1/2
KT per degree). However, the Nostoover thermostat will still accept duinetic energy
distribution as long as the sutatal of the kinetic energy componesitnatches the target total
system kinetic energy. To bypass this issue, we emaglgtochastic thermostatamely the
Langevinthermostatwhichis a random force addetirectly to each atom ithe system as if the
atom isin a Brownian motia insidea thermal reservoir. By applying the Langevin thermostat,
the possible longange carelated motion is suppressedetosure thathe equipartition lavis
satisfied Howeverwater is a complex liqui wherethe intermolecular interactigrget dictated

by theformation of astrong hydrogen bond network (HBN). The HBN creates local ordering of
water, whichgetssuppressewhen the Langevin thermostat is employEderefore, the

themostat needs to beredully chosen in a neequilibrium MD simulation. Details wibe

further discussed in later chagger

After the system reaches its equilibrium or qeegiilibrium, further post analyses are required
to revealthe correspondingnedanisms The analysesethodswill be describedeparatelyn

each chapter separatel



1.3 Thesis Structure

This thesis work investigates the water interaction with the aqueous environment. Various
problems have been studiedpimbe various issuggrtaining to thevata/graphene interactien

Figure1.3 shows the structure tifis dissertation.
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Chapter 2. Basics of Molecular Dynamics Simulations Relevant for

the Present Thes

In this chapter, wantroduce some basic concepts related to Molecular Dynamics (MD)
simulations that are directly connected to the simulations conducted for obtaining the results

provided throughout thidissertation
2.1 Fundamentals of molecular dynanics simulations

Molecular dynamics (MD) simulation is a useful tool to investigate the thermodynamic
properties of physical and chemisgistemsand for shedding light into the controlling
mechanisms behind experimentgolving these different systemiSver since the MD

simulation algorithms became well established and the computational resources became more
powerful, it has beeaxtensively employed fgeroviding information and predictions about
many exciting phenomena.

For exampleMD simulations areapgdied to study thedst water transport in carbon nanotubes
(CNTSs). In 2001, Hummeet.al. employed MD simulatiasito investigate th@ighly counter
intuitive water occupancy and transport inabon nanotubeC(NT)8. The findings of this study
were soon confirmed by experiments. In 2006, ldbkl. fabricated a CNT membrane, and they
observed an ultrhigh mass transport rate through the CNT memBPafibey also

experimentall reported for the f8t timethelargeslip lengtls associated with the water
transportin CNTs. Subsegently, MD simulations were carried out systematically by Kannam
et.al.and Kerstiret.al.for studying the effects of CNT diameters on siedarge sliplengthg®2%
Their studies attributetheselarge slip lengthto the radial curature of the CNTs. Fthermore,

compared to flat graphene sheet, a curved CNT surface has a smotgh&alpenergy surface,
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which facilitates the fast water transport through the CNiesesimulationshave allowed the
research community to develop tt@nsensus thalhelargeflow rate inside the CNT is due to a
large slip length, which is curvature deywlent. In 2016, the radial curvature dependstipe
length was confirmed experimentally Byeonoraet.al??. In other words, the predictisomade

by MD simulations hee been confirmed experimentally, atiee experimental resuupports

the hypothes madeon the basis of themulations. From this perspective, MD simulations not
only acedas a good back up to experimental observations but also a strong tool to m@pEse
theoretical hypothesis.

Thestudy of nanoflow in thenedimensional confiamentof CNT has been intensively
conducted, and such confinement leads toyriad ofextraordinary phenomena.

When the radius of a CNT is set to be infinitely large, thedimensional CNT becomes a two
dimensional graphene sheketportantly, two grapene sheets that are parallel to each other can
act asaconfinement as wellThisdissertationwill focus on investigating the nanofluidic
behavior in the confined space created by the graphene and itstdersva

An example thats more closely relate this dissertation and has been inspired by by MD
simulations is the problem oking naneporous graphene as a water desalination membrane.
In 2012,Grossmaret.al. employed MD simulations fiwedict that a nanrporous graphene
membrane can serve afileer to remove salt from seawate(Fig.1.2). The nangorous
graphene is able to sustahigh pressure gradient acrasssurfacethereby making it great
candidate materidbr areverse osmosis membra#é®. Also, the nanepores on the graphene
sheetprovide an entrypassage to theater molecules to allow fast water transport anthe
same time serves as a barrier tohltidratedsaltions This eventually allows the prodiom of

clean water by removing sdtbm seawatefTherefore, the funaining of the nangorous
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graphene membrane is due to the size effeatater moleculés about five times smaller than a
fully hydrated sodium or chloride ipand therefore passdsaugh the graphene nanopores,
which in turn blocks the passage of theltated ionsSince tle hydration free energy ohaon

is typically ~100 times larger than the thermal energy of a particle at room tempériturés
unlikely for an ion to reduce its size during the interactions thiitnanopores in a liquid phase.
Therefore, the idea of using naporous graphenas a desalination membrane can be realistic
only if the experimentalistcome up with a metlao precisely control thgore size distribution
In this work®®, the authors alsmvestigated the efttof terminations around the napores.In
2015,Surwade et.allsedan oxygen plasma etching procés®btain nangorous graphee

with uniform size dstribution and proved that a naporous graphene indeed can serve as a
membrandor water desalinatidfl. This time, MD simulations not only pretiédthe potential
applications of existing materials but also peddutthe necessargirectiors to the

experimentalistfor invening new fabricatiorapproaches.
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Figure 2.1 | Porous graphene membranes. a, Schematic and SEM ineegjagiélayer graphene

suspended on a& ndiameter hole. For nanoporous graphene fabrication, several approaches have been
utilized: bombardment by ions, by electraml via O2 plasma treatment. b, Raman spectra (514 nm
excitation) of suspended grapheiter different exposure times to oxygen plas(Aaapted from Ref

14. Copyright© 2015NaturePublication Group

2.2 Thermodynamics

Currently, due to the limit of the accessible computational resources, a typical classical MD
simulation consists of uptl® atoms and with a time scale of nanoseconds to microseconds,
which is obviously far away from the thermodynamic limit€lftoms) and experimenhal

realistic timescalesSo, a system must be examined with care to avoid large dsphetween
simuations and experiments

It is crucial to determine the parameters needed to describe a system. Just like conducting an
experiment, we need to set agdescription of the systemsing thermodynamic measurements.

In general, both extensive and intensive variables can be used, butethey @mpletely

independent of each other. So, we need to know the least set of parameters required to uniquely
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define a system. To understand this concept, we start with the most fundamental
thermodynamics equation with the quakitic assumptions (assas that the mechanical and
chemical forces are constant and only the displaceaneidmic number vary in the process of
applying work to the system):

Q0 "YQ'Ylxe * X0 P
whereQis the system energiyis the system temperature in KleviNis the system entropy,is
the mechanical forceyis the displacement, is the chemidgpotential of a certain species, and
0 is the number of the species.

Since the entropy, displacement, and number of atoms are all extensive quantities, the energy of
the system is proportional to such extensivamgities Therefore, we cawrite:

O_N &6 _ OYu) h c]
where_is a constant. So, it is safe to specify p8After integration, the system energy
becomes

O vyl ‘a8 &
We can once again differentiate the system energy, which leads to theDGidas relatn:

YQ'YeOL 0 mh ¢}
which indicates that the intensive quantiti#sfi are not independent of each other. In other
words, we do noheed to constrain all these three intengjuantities to define a system.
Constraining one or two of them will be sufficient.
As it is mentioned above, three parts contribute to the overall energy of the system: heat,
mechanical work, and chemical wofBbviously, one constraining condition mustdssigned to
each of these three energetic contributions, but at least one extensive cinautitype included

as the intensive quantities are not independent. Typically, tempéerédsieedefault controlling
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parameter as it does not vary in experiment when the system is at equilibrium. If we further
assume that the system does not undergo a chemical reaction and the mass is conserved through
the equilibration, the atom numbéris constrained to a constantiva. Last, for mechanical
work part, we can choose to set the volifras a constant (isothermal process) or the pregsure
as a constant (isotherragbbaric process).
We now consider using purely extensive quantities, sayniorreactive system with emtraints
of E, 0 andV (three extensive quantities). It is a common starting ensemble (a set of microstates
gives the same macroscopic observation) to understand related statistical mechanics concepts.
Classically, the essential quantity associated thitensemble is partition function, which
carries altheinformation needed to describe a system at thermodynamic equilibrium. For NVE
ensemble, the probability to find one microstate (one point in phase space) is same for any other
state carrying theasne energy, i.ethe stats at same energy level. In this wéye system
entropy is maximized:

Y- Q0&- h ¢®
where"Yis thedefinition of entropy in NVE ensembéndm - is the NVE partition function
(density ofstates at energy levE).
Another commonly used ensemble is canonical ensemble (NVT), with an intensive constrain
(temperature) added to the system. prabability to find a state is weighted by the Boltzmann

distribution factor:

n-  ————h &
where- is the energy levely - is the energy degeneracy, i.e., the NVE partition function,
B 'Q s the canonidgartition function.

After some rearrangement, the probabiléypressed in eq.(2.6hecomes
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where'O- - "Y"¥ is the Helmholtz free energy. Obviously, the system is at equilibrium

when the Helmholtz free energy reaches its minimum possible value, which is in line with the
condusion obtained from other derivation.

Let us take a cker look at the NVT partition functiody B Q B Q . When the

system is at thermodynamic limite., system atom numbé* p 1 ), the summation over
exponentialgor alarge number it of states would be highly peakedtatmaximum value
(saddle point integration)nder such conditiong) B 'Q B Q Q ° which
is the energy level that minimizes the Helmholtz free energy. In this way, the system at large
numker limit with NVT ersemble stays at an energy level that minimizes the Helmholtz free
energy, which becomes indistinct from a system described by NVE ensemble. Similarly, in
experiments, there is no constitaon the total system energy, but the systemgnemains
constantt equilibrium.

However, the situation is different in MD simulations. Taking the LAMMPS simulator as an
example, when NVE ensemble is applied to the system, the motion of the atoms is merely
controlled by Newtonian equation. Howevire initial configuation is usually not at
equilibriumandthe energy would increase or decrease arbitrarily. Isithalationtimescale,

the system is not likely to find its equilibrium. Therefore, putting intensive consttaithe
system can faciiate the equilibratin process since it confines the path of the phase point
motion. Furthermore, if the intensive condition is introduced into the system in a way that
reproduces the propertiesathermodynamic limit, the simulation will be able to pide/

insights into tle details of the atomic arrangements only by a small subset of atohi<{L0
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2.3Dynamics

Before investigating the method to control the system temperature, it is important to understand
how simulator propagates the motions ohago
In classical mehanics, the motion dheatoms s governed by the Newtono
. Q. T m s
a al TToo i lEh h 4]
wherel FE i describe the positions of each atom in the systedm is the mass of the atom
i. Clearly, this Newtaian picture to describe the atomic motions is fundamentally truenfon-a
interactive classical system. At the thermodynamic limit (with the atom numberH~the
simulation result would automatically align with the experimental results. However, the
computational cost to explicitly describe a system in thermodynamicidimsignificantly higher
thanafforded byany accessible recourse. Even in some microscopic system (with the atom
number N~18-10°), the simulations could be extremely thm@nsuming
However, there are usually only a few degrees of freednom@ the ttal N degrees direedom
thatattract attentions in the study of the dynamics of problems. For example, to observe the ion
transport through membrandsis reasonable to focumly on the motion of thecenter of mass
of ions, whileignoringother degrees of freedosich aghe strething of water bonds, rotan
of water molecule, and ion solvation dynamics
Underthe assumptions that only a few degrees of freedom is of our intenestsan describe a
system with a small subset of degrees of freedontansider the remaindeegresof freedom

as the effective potenti al fields. Thus, it e

describe to motion of atoms in a macroscogstem.
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To introduce the Langevinds equati oSimpywe star
consideraongli mensi onal case for a particle moving

motion of the particle is governed by

~

a— O oh N
where’O 0 is the total force that the particle experiences at tirfibis force can be
understood as the force that is acted upon the particle by its surrounding liquid medium. Since
the forcesaf uncti on of time, the force itself canno
experiments in a |l arge scale, the force can b
proportional to the velocity of the moving patrticle. If only the friction issidaed, the equation

of motion becomes

T
Y90 T

where, is a positive quantity has the same unit of viscogisywecan see, it is a firgtrder

differential equation, and its solution is

Do 1Q T8 P p

This solution indicates that the velocity of the particle decaygero in the longime limit,

which is not in line with the experimental observations on Brownian motion of particles. Also,

the solution violates the equipartition law at thermal equiliinriwhich suggests that 0

"Q"Wa . Therefore, the pticle shall have finite velocity even at the letigne limit. Obviously,

more termsshould beaddedo the equation to account for the effects of the medium on the

motion of particles. The apmoriate additional terms needed to modify the equation ofomagi

a 0randomdébd force UF(t) to the calculation of
Qn o, Qu

. 0=

oo Yoy L ] @8 QNG
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It is the famous Langevin equation for the Brownian patrticle. In the Langevin language, the total
force on the patrticle camedivided into a systematic part (friction) and a fluctuating part (noise).
The fiction and noise are not totally disconnected, rétiey are strongly correlated through the
fluctuationdissipation theorem. One can thitlatthis correlation iglue to the fact thdioth the
friction and noise are caused by the interaction betweepadrticle and the surrounding liquid
molecules.Inbher words, the surrounding mol ecul es
providing kinetic energy to the particle through the noise term and stopping the particle from
moving too fast so as to ensuthat the equipartition law remains valid. In thig/ywea small set

of molecules described using Langevin equation could be thought as if they are immersed in a
heat bath maintained at a constant temperature, sotiat@copicsimulation can provida
macroscopic picture of atomic motions. Now, the datien of the friction and noise needs to be
further determined.

Several assumptions are required to establish the noise term, or the force induced by thermal
fluctuations. In general, the noise force comes from the frequent collisions between the particl
and its surrounding medium. Then the force can be understdbe esnsequence of the

effective collisions. If the surrounding mediwonsidered to beomogenous and spherically
symmetric, in a longime limit, the average value of the noise fosbeut goto zero. The other
important assumption is that the noisecéoat time t has no correlation with the noise force at

any other time, since the time duration of a collision is much shorter than the time scale of

particle motion. The two assumptions ¢anwritten as
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where B is the strength of the fluctuation force, which remains to be determined. Note that the
Langevin equation is a firgirder linear differential equation, it can besolved analytically

yielding:

ol Q 0T - 8 (2.14)
In order to satisfy the equipartition lawe check) 6 @ After expansion, it is obigus that

any term that involve® U T decays to zero in longgme limit, and the surviving term is

»Q - 8 (2.15)

Inserting the noise term, we can write:
wo O Q 0T — p Q 8 P @
We can clearly see that, in the letigne limit
. O

To meet the equipartition law, we need

.. QY
o O 6(_8 Py
Therefore,
6 -Q"Y8 P w

Till now, we can see that the friction coefficienand the noise strengthare closely related to
mimic the efective interaction between a small set of molecules and their surrounding medium

with constant temperature. Inasimplec pl anati on, the noise term ke

20



the frictiontem pr events the system t o bsdluciaioner heat e d

dissipation theorem.

(b)

—

Friction
<

“Friction” and
“Noise” work
.. togetherto
match the
equipartition law

Figure2.2 Schematic of applying Langevin equation as a stochastic thermostat in MD simulations. (a)
Langevin equation applied to describe the motion of a Brownian particle (Green circle) moving along an
arbitrary diretion (Black arrow) in a medium congigj of smaller particles (Orange and blue circles).
The collisiors between Brownian particle and tparticles (constituting theediun) having velocities in

a direction opposite to that of the Brownigerticle(Blue circles) result in slowing down of the Brownian
particle. In the Langevin equation, the resulting friction force is defined to be varying linearly with the
magnitude of the local velocitit the same timehte collisiors between Brownian particle and the
particles (constituting themediun) having velaities in a direction similar to that of the Brownian particle
(Orangecircles) result in slowing down of the Brownian parti@ce the orange and blue particles are
essentially interchangeable, the coniwecleads to the fluctuatiedissipation theoma. (b) In

simulations, the system is immersed in a heat bath with infiléeggheat capacityn orderto keep its
temperature constant. The medium particles desthib@) acts as the particles in suaat bath, and the
simulation does not explicitldescribe the position and the conjugate momentum of the heat bath
particles, i.e., it does not directly shoupin the system Hamiltonian. Instead, the effects of the collision
force actingonthe Browniarparticle (atoms in simulation) keeps mimickifg tinteractions of atoms

and its surrounding heat bath particles.

MD simulation is a useful tool to investigate the dynapmablems however the results related

to system dynamics is not as accurate agh@nodynamic result. The disparity canrbgarded

due to the assumption made to approximate the Newtonian equation of motion by the Langevin
eqguation of motion. Some simulators, like LAMMP Syé&aptionsto modify the general

Langevin equation by introding rotational degrees of freedom to tgetem. Equivalently, the

random force is replaced by random torque and the atomic mass is replaced by the inertia; as a
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consequence, the rotational energy also follows the equipartitiof hasis importantfor

problems where rotation is importametg.,the relaxation of ion solvation shell structures. Other
detailsrelated tothedifferences in the sizes and masses offiagicles can also be modified
However, these modifications are not deterministic, aacktts no way to verify that any
modification of the general Langevin equation would make the dynamics more accurate at such a
small scale.

In a longtime limit, a simulatiorwhere the atomimotion is described by the Langvein equation
matches the equipiition law, which indicateshatit can seve as a thermostat algthrio control

the system temperature. Simitarthe Langevin thermostat, other methods also try to involve a
small subset of atom motion to reproduce the atomic time evolution in alargehscale.

For example, Berendsen therstat creates a physical model that immerses the atoms in a heat
bath with a constant temperattine

o . Y s
a5 n T P g m

wherer) is the momentum of a particlg,is the position of the particle,”Y 1 is the effective

force under external potential fieltl, is the relaxation constant that controls the acceleration of

an atommovingfrom its current temperature stal® (o itstarget temperaturey, which is also

the temperature of the heat bathrounding the system. One can picture this model as if the
system exchanges its thermal energy with a heat bath at a finite rate. In other words, the system
is weakly coupled with # heat bath to maintain its temperature. Obviously, in atiomg limit,

the system temperature approaches the target temperature closely enough so that ditihe some

amount offluctuation exists.
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Another commonly used thermostat is the NBig®ver tlermostat. It extends the Hamiltonian

of the system by a new degree @ddom. i.e., it writes the heat bath directly into the equation of

motion
Qn . n ..
Qo Y n ?nhc& p
04 NS 0. .
0o & ccnedc

where0 with a unit of enegy.time? i s al s o gd alalr g @isthésBal@mann

constant,Yis the target system temperaturere, the equation of motion for an atom is

controlled by the overall temperature of the system. Simply, it means that the energy added to or
subtracted from a single atamsame for other atoms in the system in a microstate.

Theoretically, any success thermostat can bring the system to equilibrium under NVT

ensemble. One way to check the equilibrium is to remove thermostats and run the simulation
without adding any awstrains (NVE). If the system energy does not change any more, it means
the systeninas already at a state that mininsitee Boltzman free energy, and there is no

difference between ensembles.

However, the dynamics of the system varies with the thernsassatiConsidemater flow as

an example. If the flow temperature is controlledtm®langevin equation, the motion of each

water molecule in the stream has a very weak correlation with its surrounding water molecules
due to the applied random force. Hower, it iswell knownthat water forms a strong hydrogen

bond network and the c@latiors between thenotionsof different water moleculegrevery

strong. In this way, a pressure driven flow controlled by Langevin thermostat has a different flow

rate canpared to that controlled by the Ndsg@over thermostat. Therefore, the choice of
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thermostats can affect the dynamics of the system dramatically, and it has to be carefully chosen

for specific problems.

2.3 Postanalysis

Free energy calculation is the stamportant posanalysis of MD simulations. Considering that

the simulation hasden performed under NVT ensemble, as an example, the Helmholtz free
energy’O- - “Y"¥ contains the information of both internal energy and entropy. Internal
energy can be output directly from the LAMMPS simulator, and the entropy can be obtained by
subtracting the internal energy contribution from the free energy. 8iecentropic contribution

is very hard to obtain, even in simulations, the decomposition of free energy is especially
important to evaluate the individual contributions, such as detemgnif a process is enthalpy

driven or entropy driven.

First, let usntroduce a concept of potential of mean force (PMF) with respect to a reaction
coordinate (a reaction path along the free energy surface). A PMF curve along one reaction
coordinate povides the information of how the system arranges its atoms accordirey to

changes in the reaction coordinate. For example, the calculation of hydration free energy of an
ion can be obtained through scratching the free energy curve connecting thdstatéhe ion

is in bulk (fully hydrated) and the state where the ian isacuum (fully dehydrated);

accordingly, the reaction coordinate can be chosen as the distance between the ion locations for
these two cases (fully hydrated and fully dehydratiedhis dissertationthe Weighted

Histogram Analysis Method (WHAM) is aped to generate the PMF curves.

As it is shown in equatioB.7, the essential information desired from numerical simulations is

the probability distribution at each energy levelabeach of the energetic density of states.
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Since the rare events barelgcur in the simulation timescale, a biased potential is added to each
point along the reaction coordinate to encourage the system to visit the rare event statas within
reasonable timescale. As the additional biased potential, the result is not thdees#y of

states but the best estimation of the real distribution. The weighted funatmmsiseredn a

way so as to minimize the overall statistical errors. Inraimlensurethe best evaluation of the

real curve, the histogram distribution in Batmulation with the biased potential needs to have

sufficient overlap with its neighboring simulations.
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Chapter 3. Drop spreading on a superhydrophobic surface: pinned

contact line and bending liquid surfacelntroduction

3.1 Introduction

Superhydrophobicity is fundamental to the functioniagdsurvival of several plants

and animal$'3® and for developing wateepelling sirfaces for applications such as
self-cleaning®® enhanced fluid flow! environmental remedtion2® thermal
management] energy harnesisg;*° etc. Natural and naturénspired engineered
superhydrophobic (SH) surfackeaveinvariably been characterized by static
equilibrium contactangles with veryittle attentionon the dynamicsof spreadingon such

SH surfacesMost of thespreadig literature, summarizeskcellently in several review
articles*' 44 primarily focuses on partially wetting or fully wetting surfaces revealing a
strongdependencef the dynamiccontactangle(dp) on the velocity (U) of the three
phasecontactline (TPCL) or the correspondinglimensionless capillaryumber(Ca= dU/s,
whered is thedynamicviscosity of the liquid anda is the liquidi vapor surfacetension).
Primarily, two separate theories have known to dictate the interrelapdnstwveerdp and
Ca. The first theory, welknown as the Cax/oinov model* °? describes the spreading
dynamics in terms of viscous dissipation within the liquid dxog the slip length at the
TPCL and proposedp ~ Ca®. The secod theory, on the other hand, relates the spreading
dynamics to the molecular adsorption and desorption processes at thé Ti<Ctheory
relates the dynamic contact angle to parameters such as the distaremnlibe adsorption
sites on the solid surfaand the frequency of random molecular displacements at the

TPCL5¥5" There have also been a large number of studies that have (a) probed different
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facets of these two theoretical mod®is%>8and (b) probed cases where theselais may

no longer be appropriat&®® Despite such extensive research on the spreading dynamics of
liquid drops, very little research has been conducted for elucidating the drop spreading and

the relevantlb versus Ca behavior on SH surfaces. Only very recently, in a couple of

papers, experinmgs were conducted to elucidate how the advancing and receding contact
angles evolve temporally as functions of the capillary number®%€&vhile both these

papers reported the advancing contagles to remain constant and independent of Ca, they
demonstrated the opposite dependence of the receding contact angles on Ca. There are also a
few recent studiethat elucidate issues such as energy change during drop spreading on SH

surfaces? the role of temperaturedecreasem enabling spreading on SH surfaéésic.

Fig. 3.1 Schematic illustrating the spreading process on a standar8hh@unirface the spreading
occurs by the matin of the TPCL with a progressive decrease in the local4binese contact angle.
This pogressive lowering of the local contact angle is illustrated in theinget dynamic contact
angle progressively decreases frdno dj
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Fig. 3.2 Schematic illustrating the proposed spreading mechanism on an SH surface (constituting an
array of nanopillars). We propose this mechanism based on the MD simulations that we report in this
study. Unlike the case of the n@H surfacethe spreading occussith the TPCL remaining pinned

at the edge of the nanopillar. More i mportantly,
down, evidenced by the fact that the corresponding local-fiinase contact angle increases frdgm

to di (please see thaset). This enhanced contact andlean be larger than 180°, indicating a

bending of the liquid surface even below the horizontal plane of the nanopillars. This bending
eventually ensures the wetting of the adjacent nanopillathasavetting is charaerized by the

attainment of a new thrgghase contact angté:, wheredii < di (please see the inset). Therefore, the
spreading occurs not by the motion of the TPCL, but by the bending of the k@pior interface of

the TPCL tlat remains pinned.

In thischaptey we investigate at the atomistic scale drop spreading on a SH suri&ce

develop a molecular dynamics (MD) simulation framework to study the spreading of a water
nanodrop on a SH surface consisting of graphene naargpsilipported on axteemely
hydrophilic (bare gold) and a much less hydrophilic (gggported graphene monolayer)

solid. There has been considerable prior research on the use of MD simulations for studying
drop dynamics®® ’® however, very little effort has been devotedjtmntifyingthe drop

behavior on SH surfaces over atomistic lerggthles. The central result of our simulations is

as follows: on a SH surface, the liquid drop does not spread by the motion of the TPCL,;
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rather the TPCL remains pinned and the drop spreads by the bending of thairquid

interface of this pinned TPC(seeFig. 3.2). This bending, which ensures that the drop wets
the adjacent solid surface (here nanopillars), is quantified both from the simulation snapshot
as well as from noting a progressive increase (and not decrease) of the advancing local
contact angl€identified inFig. 3.2) up to a value close to or even greater thar?.IBs is

a most outstanding finding in light of the fact that this is for the first time one witnesses drop
spreading without the actual physical motion of the TR€&le Fig.3.1 andFig. 3.2 for a

pictorial comparison Consequently, the drop spreading (or equivalently the dynamic
contact angles) no longer depends on the capillary number. There have been previous
studies elucidating the role of pinning forces inititeraction of wéer with a nanorough/
nanostructured surfacdé;®however, in this paper we elucidate for the first time the
significance of these pinning forces in triggering the bendidgced spreadg on SH
surfacesMore importantly, we find experimental confirmation of suchlajuid-interface
bending induced drop motion on SH surfaces. In a very recent studwargiuteworkers
experimentallydemonstrated the rolling motion of millimetric watkopson SH surfaesi

they noted that the drops moved by such bending of thigaid interface®® Our

simulations and this recent experimental study allow us to infer that drops on SH surfaces,
regardless of the system dimensions, demonstrate a universal tendency to move (spread or
roll) by the bending of the liquidvaporinterface and nidoy the motion of the TPCL. We
anticipate that this finding will be of immense fundamental interest for a better
understanding of drop dynamics on SH surfaces, thereby enabling a more successful and
efficient design of SH surfaces for Eefhora of appliations ranging from selfleaning and

energy harvesting to rapid cooling and enhanced drag reduction.
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3.2 Molecular dynamicssimulations

Our MD simulation framework closely follows our previous works on drop dynamics on
continuous suppcet and unsuppordegraphene laye¥éand graphene nanopillai%in this
study, we carry out MD simulations of a tdamnensional water nanodrop on (i) grapéen
nanopillars (consisting of 4 graphene layers) supported on bare gold (the corresponding drop
equilibrium contact angle is 140 $)2and (ii) graphene nanopillars (consisting of 3

graphene layers) on a geddipported graphene monolayer (the corresporiliog

equilibrium contact angle is 138 2)3Such a system ensures that the substrates supporting
the nanopillars exhibit distinctly ffierent wettabilitie$ for example bare gold is more
hydrophilic (the water drop contact angle on bare golddstB@nthe goldsupported

graphene monolayer (the water drop contact angle on thesgpfubrted graphene

monolayer is 79.58 Here, we summarize the important details of the different simulation
steps. The Largecale Atomic/Molecular Massively Parallel Simulator (LAMMPS)

software package has been used to carry out the MD simulations.

Furthermore, the Open Visualization Tool (OVIP&} used to render the simulations,
while the pos{processing for quarfyiing the time evolution of the local contact angle is

carried out using MATLAB.

In these simulations, similar to our previous stufffé8a quasi2D simulation geometry is
employed to ensure that the curvaturduced line tension at the TPCL gets eliminated. For
3D nanoscale drops, the line tensidireet leads to a substantial deviation of the observed

contact angled) fromY o u B @angley):&
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whereUis the line tension andis the wetted radius of the contact line. In contrast, by
implementing this quasiD, cylindrical drop configuration, we ensure that the contact line
becomes straight, which in turn eliminates the system® dependence dhe contact

angle>®In our simulations, we employ the SPC/E model (extended simple point charge) to
model the water droff. This model is characterized by tiater molecules interacting with
each other via a 1@ Lennard Jones (LJ) potential as well as Columbic electrostatic-inter
actions. For the LJ interactions, the LJ site has been localized on the oxygen atom (with LJ
paramegrsho = 0.650 kJ mot, too = 0.3166 nm). On the other hand, Columbic

electrostatic interactions are accounted for by considering that the oxygen hydrogen atoms
carry charges @@= -0.8476e andg= 0.4238e, whereis the electronic charge). In our

model, vateii graphene interactienare modeled using thé G LJ potential, with the LJ
parameters being obtained from the work by Werder etfa 5 0.392 kJ mot and(ico =
0.319nm).8% The gold substrate is modeled such that the Au(111) surface is aligned with the
graphene lattice, which is stretched-y5%. Here, the AUO LJ potential of Merabia et al.
(Chuo = 2.469kJI mol™* and@iauo = 0.36 nm) has been used to model the golater

interaction$’® We employ a cutoff radius of 10 A for all the LJ interactions. Finally, we
ensure thathe substrate atonase held iiked at th& lattice positionghroughout the

simulations this approach has been borroweahi similar MD studies of drogetting

ensuring substantiaéduction of theeomputational expense without significantly affecting

the observed contact angles. A more detadescription of the entire simulation procedure

can be obtained from our previous papéfs.
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A key issue here is the choicetbé number of water molecules. For the present study, we
consider two geometridgsfour-layered graphene nandiprs supported on bare gold and
threelayered graphene nanopillars supported on agoipported graphene monolayer. For
both these geometriesimulations are carried out by varying the number of water
molecules. This is done in order to ensure thasouulations yield both the advancing and
receding contact anglesprresponding to the wetting of a given number of pillars.
Following Koishi et al.2” we define the receding and advancing contagtes as the angles
made by the drop containimgj= Nmin andN = Nmaxnumber of water molecules,
respectively. Here, we defildmin as Dllows: for anyN (number of water moleculesych
thatN < Nmin, the water nanodrop at equilibrium fails to wet thesgimonumber of pillars.

On the other handNmaxis defined as follows: for any (number of water molecules) such
thatN > Nmax the wate nanodrop at equilibrium wetsgreatenumber of pillars than the
chosen number or transits from the CB to the Westadk. For the present study, the chosen

number of pillars is 3 for both the nanopillared geometries.

In this study, drop dynamics onmapillared surfaces are analyzed. In order to form the
nanopillars, we first create bulk graphene having the desireerunh layers and then

remove the carbon atoms from the specified locations ensuring that the nanopillars (having
both width and spacingf 13 A) are left behind. This spacing (and width) is cheserh

that it is larger than the molecular size of watdrdmaller than the water drop size (drop
radius is~40 A). Further, this value of the spacing and the width ascertains that all
nanopill ar edgzasgowd | d o thdaivasiaida dégiomfigugtion of a

graphene sheéft.
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There are two key phases for the simulatibtise frst is the drop equilibration (and in the
process carefully study the dynamics of the drop and the temporal evolution of the contact
line and the contact angle) and the second is the data collectibnthBcsteps are

performed in the NVT ensemble whexréime step of 1 fs is used. Furthermore, the
temperature control is ensured using adibwover thermostat? For the drop equilibration
phase, we stally initializing the water molecules in an ordered, tik& configuration far

from the substrate. We subsequently incrésesystem temperature froniKito 300 K in

50 K increments. We held the interdigte temperatures for 50 ps intervals and the 864l

K is held for 200 ps. This procedure ensures a-feethed, equilibrated drop and in the
process provides vital information about the drop dynamics. In the subsequent data
collection phase, we brirthis equilibrated drop to within3 A of the substrat Finally, we
allow the system to evolve forward in time again for 500 ps or 1000 ps, allowing the drop to

spread on the surface.

In order to calculate equilibrium, contact angles, we import the ateosition coordinate

data into MATLAB. These data aseibsequently sorted into 2 A by 2 A square bins in the

Xi z plane, which eventually allows markers to be placed along the edge of the drop thereby
confirming the drop profile. In the next step, we fiicle to these markers using a least
squares regress. We then calculate the tangent to the circle where it intersects with the
horizontal upper surface of the substrate, and the equilibrium contact angle is easily
quantified from this tangent line. Ftre present study, the quantification of the temlpora
variation of the contact angles is equally important. They are quantified (at several time
instants during the spreading) by manual measurement (as shown 813amd3.4-3.7),

since the circle fttng procedure does not yield reliable results is ttase. This manual
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measurement is carried out as follows: Firstly, we draw a horizontal line coinciding with the
top surface of the nanopillar at the edge of which the TPCL of the nanodrop gets pinned.
Subsequently, we draw a tangent to the instantariecaton of the airwater interface of

this pinned TPCL. The instantaneous local angtiefined as the angle made between
these two lines with the angle obtained by traversing from the top of thpilanio

the aiif liquid interface of the drop. Theglres in the insetsf Fig. 3.3 (b, c, e, f) an®.8

(b, c, e, f) illustrate this measurement of the instantaneous local contact angle. Of
course, the experiments described in 88fprescribe an exactly similarethod for

quantifying the timedependentontact angle of the drop.
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Fig. 3.3 Spreading of a water nanodrop in a superhydrophobic CB state on graphene nanopillars
supported on bare gold.i@ represent the case whé&te= N;, while (d f) represent the case where
N = N.. (&) MD simulation snapsfts (the corresponding time is indiedtfor each snapshot) illustrating
the spreading of a water nanodrop contaimingN; = 4500 molecules. (b) Temporal evolution of the
right local contact angle of this drop with= N1 = 4500 molecules. In inset$ (i), we provide the
magnified views ofhe right thregphase contact line at three different time instants (namely, t = 45, 80,
145 ps). The snapshots of the entire drop corresponding to these time instants are shown in (a). (c)
Temporal evolution of theeft local contact angle of this droptivN = N; = 4500 molecules. In insets (i
i), we provide the magnified views of the left thrplase contact line at three different time instants
(namely, t = 45, 80, 145 ps). (d) MD simulation snapshots (thespameing time is indicated for each
snhapshot) lustrating the spreading of a water nanodrop contaiNird\, = 4000 molecules. (e)

Temporal evolution of the right local contact angle of this drop WithN.= 4000 molecules. In insets
(iviii), we provide the magnified views of the right thrphase ontact line at three different time instants
(namely, t = 40, 110, 125 ps). The snapshots of the entire drop corresponding to these time instants are
shown in (d). (f) Temporal evolution of the left local tat angle of this drop witN = N,= 4000
moleaules. In insets (i), we provide the magnified views of the left thrpkase contact line at three
different time instants (namely, t = 40, 110, 125 ps).
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Fig. 3.4 Temporal evolution of the righdcal contact angle (fal = N1 = 4500) for thre different

starting trajectories (i T, and E) of a water nanodrop. Here; fefers to the trajectory where the

water nanodrop contacts the nanostructured graphene surface with the drop center \&digicaty

with the middle of the groove surface (or the part of the surface without nanopillars. Fgy.

obtained with trajectry T1. T2 and T refer to the trajectories where, at the time when the nanodrop
contacts the nanostructured surface, the caiténe nanodrop is horizontally shifted to the left by

0.1 nm and 0.2 nm (with respect to the drop center correspondingactorgj T.), respectively. All

the contact angles are provided for the case where the nanodrop spreads in a superhydrophobic CB
state on graphene nanopillars supported on bare gold (the structure is depicte@.i8).Fig.
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Fig. 3.5 Temporal evolution tthe left local contact angle (fdd = N, = 4500 for threedifferent
starting trajectories (il T, and E) of a water nanawdp. Here, Trefers to the trajectory where the
water nanodrop contacts the nanostructured graphene surface with the dropeartiotdly aligned
with the middle of the groove surface (or the part of the surface without nanopillarsd. Fgy.
obtainal with trajectory T. T, and T refer to the trajectories where, at the time when the nanodrop
contacts the nanostructured sudathe center of the nanodrop is horizontally shifted to the left by
0.1 nm and 0.2 nm (with respect to the drop center cayreipg to trajectory 1), respectively. All

the contact angles are provided for the case where the nanodrop spreads in a sagferbipdCB
state on graphene nanopillars supported on bare gold (the structure is depicte@.i8).Fig.
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Fig. 3.6 Temporalevolution of the right local contact angle (fdr= N> = 4000) for threalifferent
starting trajectories (il T, and E) of a water nanodrop. Here; fefers to the trajectory where the
water nanodrop contacts the nanostructured graphene surface wdtopheenter vertically aligned
with the middle of the groove surface (or the pdrthe surface without nanopillars). Fig3is
obtained with trajectory I T, and T refer to the trajectories where, at the time when the nanodrop
contacts the nanostruced surface, the center of the nanodrop is horizontally shifted to the left by
0.1 nm and 0.2 nm (with respect to the drop center corresponding to trajegtorgspectively. All

the contact angles are provided for the case where the nanodrop spraadgperhydrophobic CB
state on graphene nanopillars supported on bare goldiftiotuse is depicted in Fig.3).
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Fig. 3.7 Temporal evolution of the right local contact angle (for N> = 4000) for thredaifferent

starting trajectories (i T2, ard T3) of a water nanodrop. Here; fEfers to the trajectory where the

water nanodsp contacts the nanostructured graphene surface with the drop center vertically aligned
with the middle of the groove surface (or the part of the surface without nangpHiys3.3is

obtained with trajectory i T, and T refer to the trajectories where, at the time when the nanodrop
contacts the nanostructured surface, the center of the nanodrop is horizontally shifted to the left by
0.1 nm and 0.2 nm (with respect teetdrop center corresponding to trajectory, Tespetively. All

the contact angles are provided for the case where the nanodrop spreads in a superhydrophobic CB
state on graphene nanopillars supported on bare gold (the structure is depicte@.i8).Fig.

3.3 Results

Drop spreading with pinned TPCL and bending of the liquidi vapor interface of the TPCL
Fig. 3.3and3.8 describe the dynamics of spreading of a water nanodrop 8H @urface with
the drop being in the CB state. In F&)3 the nanopillarsnhade of graphene) enforcing the drop
into an SH CB state are on bare goldhieh is a hydrophilic substratia Fig. 3.8 on the other

hand, the nanopillars are on a gsltpbported graphene monolayer, which is a substhnless

hydrophilic substratd=or either of the cases, we study dropspmreagli f or t wo di eren
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of water moleculed\; andNz, which enforce advancing and receding contact angles,
respectively (see Secti@2for the definitions oN: andNy). In the present study, for both the

cases (studied in Fig.3and3.8), N1 = 450 andN. = 4000.

In Fig.3.3(a), we provide the snapshots illustrating drop spreading on graphene nanopillars
supported on bare gold fdF= Ni. The snapshots reveal that the drop spreads to the right and

wets a nanopillar on the right (please see thessrorresponding to t = 45 and 80 ps), while

there is no spreading to the left. In F3g3(b) and (c), we quantify the corresponding temporal
dynamics of the right and the left thrpkase local contact angles, as explicated in the magnified
snapshotsfahe locations of the threghase contact line [see inset$ (i) in both Fig.3.3(b)

and (c)]. These magnified snapshots, shown for t = 45, 80, and 145 ps [the corresponding
snapshots for the entire drop are given in Big(a)], illustrate the methibof obtaining the
instantaneous local contact angldescribed at the end of section 3KMpre importantly, these
snapshots point to a most remarkable spreading behavior. The spreading occurs with the contact
line remaining pinned, but the liqugdirfa@ (or the liquidvapor interface of this pinned TPCL)
bending and contacting the adjacent pillars. The time evolution of these resulting local contact
angles confirms the bending. We witness that the right local contact angle first increases and
attans avalue greater than 18(please see the temporal variation of the right local contact angle

in the period 0 to 50 ps in Fig.3(b) and also inset (i) in Fig.3(b)]. In fact, this enhanced local
contact angle can be even more tharfZ0Bis signasdadé i ni t e 66bendingé66é of
even below the horizontal nanopillar surface, which eventually ensures that the adjacent pillar on

the right gets wetted.

This approach of describing the liquid surfacei(auid interf ace) t o be 6d6bent 60

commasurate with the fact that the local instantaneous contact angle becomes greater than or
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comparable to 180has been borrowed from the experimental study oBfafithere such
bendinginduced drop motion of SH surfaces was first experimentally teghommediately

after the occurrence of this wetting, there is a drastic lowering of the righipthase local

contact angle, as evident from inset (ii) in Bd(b) [also see the temporal variation of the right
local contact angle in the period 50100 s in Fig.3.3(b)]. After this wetting of the adjacent
nanopillar, the newly formed TPCL (please note that this new contact line is formed on account
of the liquidsurfacebendinginduced wetting of the adjacent right nanopillar) gets pinned once
agan. Sulsequently, the right local contact angle increases once again, indicating the bending of
the liquid vapor interface [please see the temporal variation of the right local contact angle in the
period 100 to 150 ps in Fi§.3(b) and inset (iii) in Fig3.3(b)]; however, this extent of bending

or equivalently the increase in the right local contact angle (which may increase to as large a
value as 189 is not large enough to cause the wetting of the next pillar. Accordingly, this right
contact angle fluciatesbetween large and small values, without actually ensuring the bending
induced wetting of the adjacent right nanopillar [please see the temporal variation of the right

local contact angle in the period 150 to 200 ps in Eigb)].

Fig. 3.3(c) depcts the behawr of the left contact line arttie left contact angle. The left contact

line remains pinneds well and there is indeed a bending of the correspondingiligapdr

interface, as evident from the progressive increase in the left locajpihasecontact angle

[please see the time variation of the left local contact angle in the period 20 to 50 ps in Fig.
3.3(c) and inset (i) in Fig3.3(c)]. However, this bending is not large enough (or equivalently the
increase in the left locabatactangle is not large enough) to trigger the wetting of the adjacent
pillars. Therefore, during the entire time the contact line remains pinned and the left local contact

angle fluctuates; but there is no physical spreading to the adjacent pillar.
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In Fig. 3.3(di f), we consider the spreading of a water nanodrop Mathumber of water
molecules with the drop being in the CB state on-gatd-supported graphene nanopillars. The
simulation snapshots illustrating the entire spreading process are shoyyn3i3(@) 1 unlike

the case wittN = N1 [seeFig. 3.3(a)] here the drop spreads to the left and wets a nanopillar on
the left (please see the snapshot corresponding to t = 110 and 125 ps), while there is no spreading
to the right. Therefore, we can infer thia¢ tqualitative behaviors of the left and théhtigontact
angles are reversed as compared to the cade®; [please see Fig.3@i c)]. The left TPCL
remains pinned and the left local contact angle [see€3E(f)] progressively increases (or
equivakntly the liquid vapor interface of the left TRCbends) eventually wetting the adjacent
left nanopillar. On the other hand, the right contact line remains pinned and the right local
contact angle fluctuates with the liquid surface failing to bend suiflgiéo cause the wetting
[see Fig.3.3(e)]. Thekey difference in this case bf= N: is that this bendingnducedspreading

is achieved at a much lesser value of this enhanced local left contact-drdR. (

In Fig. 3.3(@ f) we study the drop dynamidsr a given starting trajectory of the drop. Bys

starting trajectory, we imply the relative location of the drop center with respect to the location
of a nanopillar at the time when the drop contacts the-maltered surface. In Fig3.4-3.7, we

study and compare the time evolution of the righd ¢éeft local contact angles of the drop for
bothN = N1 (case of advancing contact angle) &hd N> (case of receding contact angle) for

two more initial trajectories of the drop (see the caption for dgt&ife witness a pretty similar

temporalevolution of the contact angles.
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Fig. 3.8 Spreading of a water nanodrop in a superhydrophobic CB state on graphene nanopillars
supported on a goldupported graphene monolayeii.{arepresent the case whéde Ny, while (d

f) represent the case whe¥e= N,. (a) MD simulation snapshots (the corresponding time is indicated for
each snapshot) illustrating the spreading of a water nanodrop contsiniNg= 4500 molecules. (b)

Temporal evolution of the right locabntact angle of this drop withh = N;= 4500 molecules. In insets

(iviii), we provide the magnified views of the right thiglease contact line at three spreading on SH
surfaces. Here, we try to understand the origin of such a bending. Different ifiséanédy, t = 40, 90,

140 ps). The snapstsoof the entire drop corresponding to these time instants are shown in (a). (c)
Temporal evolution of the left local contact angle of this drop WithN:= 4500 molecules. In inset$ (i

iii), we provide the magniéid views of the left threphase contadine at three different instants (namely,

t = 40, 90, 140 ps). (d) MD simulations snapshots (the corresponding time is indicated for each snapshot)
illustrating the spreading of a water nanodrop contaiNiag\. = 4000 molecules. (e) Temporal

evolution of the right local contact angle of this drop Witk N>= 4000 molecules. In inset$ ii), we

provide the magnified views of the right thielease contact line at three different time instants (namely, t
=40, B, 125 ps). The snapshots of the entire drop corresponding to these time instants are shown in (d).
(f) Temporal evolution of the left local contact angle of this drop WithN.= 4000 molecules. In insets

(iviii), we provide the magnified views of thefi threephase contact line at three different time instants
(namely, t =40, 75, 125 ps).
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Fig. 3.9 Temporal evolution of the (a) right local contact angle Mer N;= 4500) for thredaifferent

starting trajectories (i T2, and &) of a water nandrop. Here, T refers to the trajectory where the

water nanodrop contacts the nanostructured graphene surface with the drop center vertically aligned
with the middle of the groove surface (or the part of the surface without the nanopillar8)3ksg.
obtained with trajectory T T, and T refer to the trajectories where, at the time when the nanodrop
contacts the nanostructured surface, the center of the nanodrop is horizontally shifted to the left (with
respect to the drop center corresponding todtajg T1) by 0.1 nm and 0.12 nm fédf=N; (0.1 nm

and 0.15 nm foN = N), respectively. All the contact angles are provided for the case of where the
nanodrop spreads in a superhydrophobic CB state on graphene nanopillars supported-on a gold
supported grapene monolayer (the structure is depicted in Bi§).
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Fig. 3.10 Temporal evolution of the local contact angle (foe= Ni= 4500) for thredifferent

starting trajectories (il T2, and E) of a water nanodrop. Here, fiefers to the trajectory whereeth

water nanodrop contacts the nanostructured graphene surface wdtlopheenter vertically aligned

with the middle of the groove surface (or the part of the surface without the nanopillar8)3ksg.
obtained with trajectory I T, and T; refer to tle trajectories where, at the time when the nanodrop
contacts the nanasictured surface, the center of the nanodrop is horizontally shifted to the left (with
respect to the drop center corresponding to trajectgripyt0.1 nm and 0.12 nm féd=N; (0.1 rm

and 0.15 nm foN = N,), respectively. All the contact angles areypded for the case of where the
nanodrop spreads in a superhydrophobic CB state on graphene nanopillars supported-on a gold
supported graphene monolayer (the structure is depictedi.Bj.
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Fig. 3.11 Temporal evolution of the right local contact angle {flor N,= 4000) for threalifferent

starting trajectories (i T, and ) of a water nanodrop. Here; fiefers to the trajectory where the

water nanodrop contacts the nanosuetl graphene surfaeéth the drop center vertically aligned

with the middle of the groove surface (or the part of the surface without the nanopillar8)3ksg.
obtained with trajectory I T, and T refer to the trajectories where, at the time whenrianodrop
contactghe nanostructured surface, the center of the nanodrop is horizontally shifted to the left (with
respect to the drop center corresponding to trajectgripyt0.1 nm and 0.12 nm fédf=N; (0.1 nm

and 0.15 nm foN = N,), respectivelyAll the contact angls are provided for the case of where the
nanodrop spreads in a superhydrophobic CB state on graphene nanopillars supported-on a gold
supported graphene monolayer (the structure is depicted iB.8jg.
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Fig. 3.12 Temporal evolutiorof the right local contact angle (fof= N,= 4000) for threalifferent
starting trajectories (i T», and ) of a water nanodrop. Here; fiefers to the trajectory where the
water nanodrop contacts the nanostructured graphene surface with the deowesitally aligned
with the middle of the groove surface (or the part of the surface without the nanopillar8)3ksg.
obtained with tajectory T. T2 and T refer to the trajectories where, at the time when the nanodrop
contacts the nanostructuredrface, the center of the nanodrop is horizontally shifted to the left (with
respect to the drop center corresponding to trajectgripyf01 nm and 0.12 nm fdd = N; (0.1 nm
and 0.15 nm foN = N,), respectively. All the contact angles are providedtiercase of where the

nanodrop spreads in a superhydrophobic CB state on graphene nanopillars supported-on a gold
supported graphene monolaythe structure is depicted in Fig.9).

In Fig. 3.8 we repeat these results for a water nanodrop on grapheoeillars on a much less
hydrophilic surface, namely the gesdipported graphene monolayer. In a recent pagief/,

we have studied draglynamics on an exactly similar system; however, we did not probe the
spreading dynamics in detail. Furthermore, tilme instants corresponding to which we probe
the drop dynamics areftierent from those probed in ré&f7. In Fig. 3.8, qualitatively very
similar results to that of Fig.3are obtained. Firstly, fdd = N1 [see Fig.3.8a) for the
corresponding snapets], we observe an increase in the right local contact angle to a value
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~18( [see insets (i) and (i) in Fi®.8(b) and the time variation of the right local contact angle

in the period 40 to 80 ps in Fig.8(b)]. This lkeads to an equivalent liquglrfacebending

driven spreading of the drop to the adjacent right pillar. Here too, the right contact line remains
pinned and the entire spr-eaduglgéoévieenditmagesft pl
vapor interface fothis pinned contact line. IRig. 3.8(c), we study the temporal behavior of the
corresponding left local contact angle. The left contact line remains pinned and the left local
contact angle increases (or equivalently, the correspondingiligabr inteface bends).

However, this betling (or the increase in the left local contact angle) is not large enough to
ensure the wetting of the adjacent left nanopillar. As a result, the left local contact angle
fluctuates and there is mpreading to the adjacdeft nanopillar. Fig.3.8(di f) illustrate the

casefor N = No. For this case, the behaxs of the left and the righdcal contact angles are

reversed. Here, the left contact line remains pinned with the left local contact angle increasing to
a value asarge as 190and causing a tge enough bending of the corresponding liguabor

interface ensuring a spreading to the adjacent left nanopillar [se2 &Y. However, the right

local contact angle shows a much weaker increasel@@®), so the beding of the liquid surface

is too small to cause any wetting of the adjacent right nanopillar [se8.8ig)]. Similar to Fig.
3.4-3.7,in Fig.3.9-3.12we provide the variation of the left and right contact angleblfoiN,

N2 for two more differentnitial trajectories of the droffor details, kindly efer to the caption of

Fig. 3.93.12.

From Fig.3.3and3.8, we can infer that the spreading on SH surfaces, regardless of the
wettability of the base surface, invariably occurs by the bending afjind surface (or the dir
liquid interface) forming a part of the TPCL that remains pinned. This bending is characterized

by an increase in the local thrphase contact angle to values close t® b8@ven more than
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18C. This phenomenon where the liqwdrface bends and the conttice remains pinned
ensures that the spreading occurs by the transfer of water molecules, which are originally far
away from the pinned thrgghase contact line, to the adjacentswatted nanopillar. This is in
sharp contrado the spreading behavior aon-SH surfaces, where the spreading invariably
implies transfer of molecules at the TPCL to the adjacenwvaited regions [also see FR)1

and 3.2for a pictorial representation of this comparison]. Furthermore, it is worthwhile to note
that in Fig.3.3and3.8, the drop spreads to the right fé= N1, while the drop spreads to the left
for N2. We believe that this is an entirely random proces®dwrcbothN = N;andN = Nz in Fig.
3.3and3.8, we ensure that at the start when the drop first cantaetnanostructured surface,

the drop center is vertically aligned with the middle of the groove surface (or the part of the
surface without the nandlairs). In other words, for neither of these cases, the drop is under any

bias to move either to the tadr to the right.

3.4. Discussions

What causeghe bending?

Our results clearly indicate the central role of bending of the ligajdor interface ofthe pinned
TPCL in causing the spreading on SH surfaces. Here, we try to understand the origineof such

bending.
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Fig. 3.13lllustration of the forces on liquid mass (shown in green) in the vicinity of the-fiitase
contact line. We consider this fluid mass corresponding to a liquid drop spreading o5& hon
surface. One can clearlyitwess the symmetry of the underlyindidavith respect to this mass,
ensuring that the horizontal component of attraction forces from the underlying solid cancel each

other.
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Fig. 3.14lllustration of the forces on liquid mass (shown in green) irvibimity of the threephase

contact line We consider the fluid mass corresponding to a liquid drop pinned at the edge of the
pillars (nanopillars or micropillars). The underlying solid is no longer symmetric to this fluid mass,
enabling the generationaf pi nni ng f or c e (f¢éhghoazbntatcomponbngs ofd i eren
these forces resulting from the asymmetry in the solid on two sides of the liquid mass) that balances
the driving force for spreading.

On any surface, during the spreading the masgsealPCL is under the action of several forces.

In Fig. 3.13 we show these forces for a drop spreading on a standai$bhand nonpillared

surface. The symmetry of the underlying solid with respecteartass at the TPCL [see Fig.

3.13 will imply that the horizontal force (per unit length of the contact line) responsible for the
spreading (namelkfsp,H) can be expressed as (please note-that= ", whered is the

instantaneous drop contact angle amduse the method of Marchand et%fbr expressing

different forces in terms of the surface energies)
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result that as the spreading occuies ,(d(t) goes down) there is a lowering of the spreading

force.

We next study the force balance during the drop spreading $H gurfacewith the TPCL
being pinned on the nanopillegee Fig3.14). In this case, the solid is no longer symmetric with
respect to thenass in the vicinity of the TPCL and the force balance in the horizontal direction

reads (under the pinning conditions):

0Op O On i Onoh oy

T [ QOé+ OEio—

whereFa crH and FacoH are the horizontal components of the vastly unequal (g >>

Fa,co) attractive forces from the graphene layers and gold. As the pinning prevents the contact

line from moving, the drop tries to increase the spreading force by increfgifegn @.2)

clearly shows that increasimfft) will increase the spreading forc&}hich is equivalent to the

bending of the liquid surface. While the spreading force on the contact line, despite such

bending, is still not large enough to overcome the large pirfaneg, this bending (if large

enough) eventually ensures that the liguidlecules away from the TPCL can wet the adjacent
nanopillar, thereby ensuring spreading. There
by the large pinningféect and the@nsequent tendency of the contact line to spread by

overcoming this pinmg dfect.
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3.5 Comparison with the experimental findings

Recent experiments on the rolling of liquid drops on a SH surface (i.e., a surface where the liquid
drop is in a Cassi®axta state supported on pillars) have shown the exact same mechanism
where he drop advances by the ligesdrfacebendinginduced wetting of the adjacent pill&fs.

The apparent contact angle can actually excee® L& like what we witness in our

simulations. Most remarkably, these experiments are carried out with drops of~hdmns on
surfaces having pillars of dimensions0 mm. On the othéhand, our simulations are for drops

of radius of few nanometers oamopillars of dimensionsl nm. Secondly, for our case we

study the problem of drop spreading, while in 8&fthe researchers study theblem ofdrop

rolling. Despite the differences these two issues (i.e., the system dimensions and the nature of
the contact line motion), we find a very similar qualitative behavior that causes the drop motion,
namely the liquiesurfacebending and the consequent augmentation of the local contget an
Therefore, we believe that the present simulation and the exgresrof ref80 confirm that
regardless of the nature of the drop motion (spreading or rolling) and the dimensions of the
system (millimetric or nanometric), drop motion on SH surfaaé#snevitably occur by the
liquid-surfacebendingdriven migration. Aso, these two studies (ré0 and the present

simulation) clearly establish that it is not advisable to describe the spreading on SH surfaces in
terms of the corresponding capillarymber (Caf'® This stems from the fact that Ca depends

on the contact line velocity, which is not relevant in this case. Furthermore, this may be a
possible reason for which one witnessesrCigpendent advancing contact angles in 8éfand

62 and an apparent coadiction between the results of rél. and62 regarding the Ga

dependence of the receding contact angle.
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3.6 Choice of the simulation system

Simulations are carried out here for lege solids like graphene. However, the qualitative facets

of thefindings (e.qg., liquigsurfacebendinginduced spreading) will be true regardless of the

nature of the solid, as long as the solid structure enforces the drops into a stable SH CB state. A
key motivation behind choosing such a layered solid is to ensaté th much easier to control

the heights of the nanopillars by simply changing the number of graphene layers.

The nanopillar and the liquid drop dimensions that we use here are motiyataxbt

simulation studies on layered materi{l&! To the best of our knowledge, there has been no
experimental study with configurations similar to what we propose here in context of the
graphene nanopdted surfaces. The purpose of choosing these configurationsu(jaaly the

pillar spacing and the pillar width) is to ensure that we can employ MD simulations in a
computationally manageable setting for unraveling the unique drop spreading dynantits on S
surfaces over atomistic length and time scales. Obviouslyglaotperiments will involve much
larger length scales of the nanostructured graphene surfE@@ m)>? which stem from the

fact that the current technology (e.g., FIB etching) can produce nanoscale features in 2D
materials only up to such al00 nm) resaltion®® Consequently, much larger water drops>R
100 nm) will be needed to exhilthe corresponding wetting dynamics. The required number of
water molecules for such a drogl(’) will make the MD simulation extremely expensive and

henceunfeasible.
3.7 Conclusions

We have carried out MD simulationsuaravel how a water nanodrop spds on a SH surfate

we witness that the spreading occurs with the TPCL remaining pinned, but thévapod
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interface of the TPCL bending and wetting the adjacent nanopillar. This bending process, which
we justify froma force balance argument, ensuaemost remarkable situation where the
corresponding local contact angle of the drop (i.e., the local angle made by thievigaid

interface with respect to the horizontal nanopillar at which the TPCL is pinned) madexce

18C°. The fact that very recéy such bending induced drop motion veagerimental reported

for the rolling of millimetric drops on SH surfacgse Ref. 80)s even more remarkable.

Therefore, we believe that the combination of our simulationstenexperiments of reB0
establshes a universal picture of drop motion on SH surf@ssvalid over multitude of

length and time scalésthe motion will invariably occur by the bending of the liquid surface and

a progressive increase of the locahtact angle.
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Chapter 4. Interaction between a water drop and holey graphene:
retarded imbibition and generation of novel watei graphene

wetting states

4.1 Introduction

Holey graphene and discontinuous graphene sheets contdiswogtinuities in the form of
nanoscopic holes kia emerged as extremely important femwh nanostructured graphene with
applications in a plethora of disciplin¥s®Holey graphene possesses the same stable chemical
and physical properties as graph&hie addition, its high porosity enforces enlargéfbetive
available surface area. These factors interplay to broaden the scope of emplayfainiiey
graphene as an activated materialipescapacitors and batterfés'® as a substrate for

enhancing oxygen reduction reactidffsas a catalyst for reactions in an aqueous medéug) (

to facilitate watessplitting reactions}®? as an agent to ensure selective carbon capture from post
combustion gase§? etc In addition to these widespread applications, rather recently, such holey
or nanoporous graphene has been extensively applied as membranes for water des#lination,

16,101,104.10%yateif ethanol separatiot?®*%’improved ion migratiori:*®etc,

Understanding how water interacts with such nanoporous or holey graphene is fundamentally
important. The purpose of thitiapteris to employ molecular dynamics (MD) simulations to

probe this fundamental issue by unraveling water nanodrop imbibition msghtwough a

multilevel holey graphene structure in the absence of any external driving pressure gradient. To

the best of our knowledge, all previous studies have considered watgrarathrough
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nanoporous holey graphene in the presence of a finigsyme drivel14 16104108 This pressure

drive helps water overcome the wetting barrier imposed by graphene leyersisg from the

fact that graphene is not hydrophilic. Therefore, our study will probe for the first time this
completely new issue of Alorce water holey graphene interactions (leeffiorth, known as
6060-horced6d6 iIinteract i on; ritywsvervgponthndousinebibitiom@ahdy i ng c
will shed light on how such interactions regulate watdsibition behavior in a holey graphene
structure, which may eventually help controlgjraneinduced water localization. It is

worthwhile to note here that whitherehavebeenmanystudies employing MD simulations for
investigating water wicking/imbibition in nanochannels and nanopgfté¥ to the best of our
knowledgethis is the first study on water wicking in a holey graphene strudtuceder to

ascertain that the influence of line tension effect in a nanoscale aqueous system is eliminated, we
carry out our MD simulations in twdimensional architectut€’®r e pr esent i ntg a 00 s
cross section of a thre#mensional multilayer holey graphene structure. Accordingly, our

geometry (see Figl.1i 4.24and4.26-4.27) manifests as a system consisting of a periodically
arranged, finitdength graphene staghknterspersed with verticahd lateral gaps. Henceforth,

the fluid dynamics of the water nanodrop will be described as a parametric variation of these
lateral and veical interstack separations (ISSs). The composition of each stack can vary in

terms @& the number of graphene kaxg it consists: for the present case, we consider each stack to
consist of three layers of graphene. Finally, in our simulations, the doner the holes

(which appear as lateral separation between graphene stacks D @@o2netry) as well as

inter-stack distances in vertical directions are assigned values observed in actual
experiment$1%8.13n an effort to ensure that our MD results provide realistet a

experimentally realizablpredictions about waténoley graphene interactions.
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The central result of the study is that a water nanodrop wicks through a multilagper hol
graphene structure by selecting a plethora of combined imbibition and wettingigtetesd by

the interplay 6lateral and vertical separation of the stacks of the graphene layers. We witness a
complete absence of imbibition for cases of large \@rt®S. The reason is that the imbibing

water nanodrop does not encounter a large dnattgactive pull from theolwer stack of the
graphene layers and as a result remains localized on top of the uppermost stack. On the contrary,
a lowering of the vertiddSS ensures partial imbibition of the drop from the upper to the lower
stack, althouly the drop invariably failto go beyond this lower stack. A myriad of wetting states
accompaniethis imbibition process. These wetting statas be highly nottrivial, such as
simultaneous wetting of top and bottom surface of a given graphene stack {(svaquivalent to
fiber-like wetting or wettingne di at ed &éd6éencapsul ationbéd of the
wetting of multiple surfaces of vertically and lateyadkeparated graphene stacks, and wetting in
presence of simultaneously pinned and ung@thcontact lines in vertiltg separated graphene
stacks. Furthermore, this combined imbibition and wetting stéftestieely ensure, for certain

lateral and verticdlSSs, a significant enhancement ffeetive wateir graphene contact area. It

is for the first time that such a s#tion, which may significantly improve applications requiring

the presence of larger watgraphene contact areasd, fabrication of grapené EDL-based
supercapacitors:* graphitebased compadteat exchangers® and graphee-nanoflakebased
nanofluid for freezing watét®), has been unraveled in the context of wiateley graphene
interactions. Overall, thel@re, the present study has two key objectives. First, it studies a new
wetting problem, namely the problem of-fawce waterdrop imbibitionin holey graphene.

Second and more important, it leverages imbibitinduced new gigahené water wetting states

for conceiving improvements in realistic applications involving gragheater interactions.
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4.2 Molecular dynamics simulations

4.2.1Summary of simulation procedure

The basic molecular dynamics simulations framework us#usrstudy closely resemblesath

of our previous studies on graphene wetting dynaffitdn this section, we summarize the
esential simulation details. We use Largeale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)®! softwae package to carry out the simulations. On the other hand, OVITO or The
Open Visualization Tool” is employed for rendering the simulated dropiows. Finally, post

processing of data is carried out using MATLAB.

Similar to that in our previous studi#®here we employ a quagD simulatio geometry in

order to ensure that curvatuieduced line tension at the thrphase cotact line of the water
nanodrop is eliminated. Such an approach has been adopted by other studies exploring water
nanodrop behavior using MD simulatiot®:2312 |t is also worthwhile to note that such &D2
model of a water nanodrop (or diogrical water nanodrop) has been routinely used in a large

number of MD studies, elucidating the phenomena driven by wetting interattfoiis$s 118122

We use the extended simple point charge (SP@tiE)el to model the water nanodrgpThe
relevant details of thimteractiongquantifying the SPC/E model used in this study can be found
in our previous report$:2°In this study, simulations are carried out with a fixed size of the
water drop Kl = 3000 and diameter = 6.5 nm). Simulations elucidate how ohistant size

water drop interacts with a multilayer holey graphene structure with varying latenadicdl
inter-stack separations (ISSs). It is again worthwhile to point out here that there has been a
plethora of studies that have used this SPC/Eainodsimulate the dynamics of a cylindrical

water nanodrop58:69:118.123.29
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Wateii graphene (or watécarbon) interactions are captured viai@d.J potential withto =

0.392 kJ mot and(ico = 3.19 A% In our twodimensional simulation system, the multilevel
holey graphene stcture consists of periodically placed graphene stacksfixed lateral and
vertical ISSs. This study provides results on thdamoe drop imbibition in such a holey
graphene structure by varying these lateral and vertical ISSs. Each of the stackghexcep
bottom stack, is seupporting and consists of&yers of graphene. The bottemost stacks are
supported by gold (Au) with Au(111) surface being aligned with the graphene lattice, which is
stretched by-1.5%. Furthermore, A LJ potentials@uio = 2.469 kJ mot andCiauio = 3.6

A)®8 are used to model gdldvater interactions. For the entire simulation, all LJ interactions are
imposed with a cutoff radius of 10 A. Itugorthwhile to note that throughout our simulations,
which areanalogous to those of M&udies on drop dynami€$®we hold the substrate atoms
fixed at their lattice positions; such a step significantly reduces computational expense without

compromising the accuracy of prediction of drop dynamics.

The periodically spaced graphene staakecreated by first creating bulk graphene having the

desired number of layers (herein, 3, since each stack consists of unsupported graphene trilayer) at
different vertical locations. Selection of theséatent vertical locations confirms our desired

vertical ISSs. Subsequently, C atoms from a given lal/bult graphene (at a particular depth)

are removed so as to ensure that we get stacks that are discontinuous laterally. This results in the
606hol e6d creation i n a tholeytgiaphene. Uihe locatioasgrétme ne s h
where we remove thé atoms determine the lateral ISSs. We consider thfiesreht values of

lateral ISSsd = 4 nm, 6 nm, and 8 nm) and thre& elient values of vertical ISS8€ 1 nm, 2.5

nm, and4 nm). Later (plese se thenext subsection), we explain how the selectbd and d is

motivated by recent experiments on holey grapeH&:113t is also worthwhile to note that
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there will be an inherg@runsaturation of carbon valence at the location of tihges of the
graphene hole®:1%Such an unsaturation needs to be saturated by bindirg Buch an issue
at the edges of holey grapteeha not been considered in the presented chaegemodel of

graphene

Simulations are carried out in two distinct phaseshétdirst phasethedropis
equilibratedfar from theholeygraphene structure, and in the second phase, the
combined imbibioni spreading dynamics of the drop in contact withhibkey

graphene structure (and the subsequent data colleiomgstigated. Simulations in
both these phases are performedtmNVT ensemblewherethetemperatures
controlledvia aNoséi Hoove thermostat® in presencef asimulationtimestepof 1 fs.

In the first phase, we equilibrate the drop (see ref. 901&3dor the detailed
procedure).In the secondphase,in which drop dynamics is studied along with data
collection, the equilibrated drop is brought to within ~3 A from the top surface of the holey
graphene structure. The system is then evolved forward in time again for several laindreds
picoseconds, and indlprocess, the dynamics of the drop and relevant data characterizing

drop dynamics are collected.

The drop dynamics, in addition to corresponding MD simulation snapshots (see figures later),
is quantified by corresponding time awtibn of the angles angeeading radii made by the

drop on diferent surfaces of the holey graphene structure. These values are calculated by
tracking the atomic position coordinate data imported to MATLAB. For more details, please

refer to our previousisdies 6869
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4.2.2Motivation for the choice of system geometry

The dimensions for the multilayer holey graphene structure used in our simulations have been
inspired from similar experiments. Lateral ISS is equivalent to the dimensions of the holes.
We used three lateral separation values of 4 nm, 6 nm and 8 nm. These are perfectly
commensurate with the hole dimensionsidi®nm often witnessed in experinte of holey
graphené® On the other hand, we used vertical separatiorisdofth. Such vertical ISS

distances are commensurate with experimental findings that are found to achiestagkter
separation ranging from 0.5 nm to 7 nm by employing techniques such as vatratiom fil

and dry pressing-®6-113
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Fig. 4.1 Drop imbibition in a holey graphene structure for lateral

nm. MD simulation snapshots showing drop dynamicsféereint time instants.
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Fig. 4.2 Drop imbibition in a holey graphene structure for lateral I§®{4 nm and vertical ISSI) of 4
nm. Time variation of contaanglesth, b, o, andds identified inFig.4.1
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Fig. 4.3 Drop imbibition in a holey graphene structure for lateral I§®{4 nm and vertical ISSI) of 4
nm. Time variation of contact radi andr. identified inFig.4.1
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Fig. 4.4 Drop imbibition in a holey graphene structure for lateral I§®f 6 nm and vertical ISSI) of 4
nm. MD simulation snapshots showing ddymamics at different time instants.
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Fig. 4.5 Drop imbibition in a holey graphene structure for lateral I§®{6 nm and vertical ISSIJ of 4
nm. Time variation of contact anglds d> anddzidentified inFig.4.4.
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Level L,

Fig. 4.6 Drop imbibition in a holey graphene structure for lateral I§®{8 nm and vertical ISSI) of 4
nm (see Fig4.1 and4.4 for the definitions ofiand d).MD simulation snapshots showing drop dynamics
at different time instants
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Fig. 4.7 Dropimbibition in a holey graphene structure for lateral I8Sof 8 nm and vertical ISSI) of 4
nm (see Fig4.1 and4.4for the definitions oftland d).Time variation of contact angles, d> andds
identified inFig.4.6
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Fig. 4.8 Dropimbibition in a holey graphene structure for lateral 180 4 nm and vertical ISSI) of
2.5 nm gee Fig4.1 and4.4for the defiritions ofland d).MD simulation snapshots showing drop
dynamics at different time instants.
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Fig. 4.9 Dropimbibition in a holey graphene structure for lateral I8S0f 4 nm and vertical IS of

2.5 nm gee Fig4.1 and4.4for the definitions ofiand d).Time variation of contact angles, d, dz, and
d:identified inFig. 4.8.
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Fig. 4.10 Dropimbibition in a holey graphene structure for lateral I8 4 nm and vertical ISSI) of
2.5 nm gee Fig4.1 and4.4for the definitions ofi andd). Time variation of contact radii andr»
identified inFig. 4.8.
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2.5 nm 6ee Fig4.1 and4.4.for the definitions ofiand d). MD sinulation snapshots showing drop
dynamics at different time instants.
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Fig. 4.12Drop imbibition in a holey graphene structure for lateral [§®{6 nm and vertical ISS) of
2.5 nm gee Fig4.1 and4.4for the definitions ofiand d).Time variaton of contact angled., db, ds, da,
anddsidentified inFig. 4.11.
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Fig. 4.13Drop imbibition in a holey graphene structure for lateral [§®{6 nm and vertical ISS) of
2.5 nm 6ee Fig4.1 and4.4for the definitions ofiand d).Time variaton of contact radir, r andrs
identifiedin Fig. 4.11.
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Fig. 4.14Drop imbibition in a holey graphene structure for lateral I§®{8 nm and vertical ISSI) of
2.5 nm gee Fig4.1 and4.4for the definitions ofiandd). MD simulation snaghots showing drop
dynamics at different time instants
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Fig. 4.15Drop imbibition in a holey graphene structure for lateral I§®{8 nm and vertical ISSI) of
2.5 nm gee Fig4.1 and4.4for the definitions ofiandd). Time variation of contactreglesdi, b, andds
identified inFig. 4.14
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Fig. 4.16Drop imbibition in a holey graphene structure for lateral I§®1{4 nm and vertical ISSI) of
1 nm Gee Fig4.1 and4.4for the definitions ofi andd). MD simulation snaghots showing drop
dynamics at different timmstants.
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Fig. 4.17Drop imbibition in a holey graphene structure for lateral [§®f4 nm and vertical ISSI) of
1 nm Gee Fig4.1 and4.4for the definitions ofiandd). Time variation of contactralesdh, cb, o, andds

identified inFig. 4.16
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Fig. 4.18Drop imbibition in a holey graphene structure for lateral I§®{4 nm and vertical 1SS of
1 nm Gee Fig4.1 and4.4for the definitions ofi andd). Time variation of contact radiiandr,

identified inFig. 4.16.
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Fig. 4.19Drop imbibition in a holey graphene structure for lateral I§®{6 nm and vertical ISS) of
1 nm Gee Fig4.1 and4.4for the definitions ofi andd). MD simulation snapshots showing drop
dynamics adifferent time instants.
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Fig. 4.20Drop imbibition in a holey graphene structure for lateral [§®1{6 nm and vertical ISSI) of
1 nm Gee Fig4.1 and4.4for the definitions ofi andd). Time variation of contact anglef, ds, andd
identified in Fig.4.19.
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Fig. 4.21Drop imbibtion in a holey graphene structure for lateral I8 6 nm and vertical ISSI) of
1 nm Gee Fig4.1 and4.4for the definitions ofi andd). Time variation othe contact radius identified
in Fig.4.19.

Fig. 4.22Drop imbibition in a holey graphene structure for lateral [§$1{8 nm and vertical ISSI) of
1 nm Gee Fig4.1 and4.4for the definitions ofi andd). MD simulation snapshots showing drop
dynamics at different time instants.
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Fig. 4.23Drop imbibition in a holey graphene structure for lateral [§®{8 nm and vertical ISS) of
1 nm Gee Fig4.1 and4.4for the definitions ofi andd). Time variation of contact anglels, ds, andds
identified in Fig.4.22
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Fig. 4.24Drop imbibiton in a holey graphene structure for lateral I8 8 nm and vertical ISSI) of
1 nm 6ee Fig4.1 and4.4for the definitions ofi andd). Time variation of contact radiusidentifiedin
Fig. 4.22.
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4.3 Results

Summary of results

In this study, waeport MD findings of the combined fforce spreadinigmbibition dynamics of
the water nanodrop in holey graphene architecture as a function of vertice) Esfsl (ateral

ISS (i) characterizing the architecture. The entire spectra of imbibition anadspgebehavior of
the drop, governed by i phase space, have been summarized irdR2%.and4.26

respectively. Fig4.1-4.24provide detailed temporal dynamics of the nanodooplifferent
combinations ofi and d, and Figd.25and4.26summarize thee findings in aii i phasespace
representation. Figl.25summarizes the three main types of imbibition events, namely (a) no
imbibition, (b) partial imbibition, and (c) metastabmbibition. On the other hand, Fi§j26
summarizes the five main typessgreading events, which are related, throcmyespondingdi
udependence, to the corresponding imbibition events. These spreading events are (a) wetted
upper surfaces of two latdly separated graphene stacks in level(h) wetted upper surface of
single graphene stack in level,l{c) wetted upper and lower surfaces of\egigraphene stack
in level Ly and wetted upper surface of a graphene stack in ley@) lwetted upper surfaces of
two laterally separated graphene stacks in levalnd wetted pper surface of a graphene stack
in level Ly, and (e) wetted upper surfaces of a single graphene stislein: and wetted upper

surface of a graphene stack in level L
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4.3.1Case 1: combined spreadinigmbibition dynamics for large vertical

inter-stack separation (ISS).

Herein, we consider a vertical ISS of 4 nm, as shown irdFlgd.3. We keep thisertical ISS
constant and vary the lateral separation to values of 4 nm, 6 nm, and 8 nm (4e¢ #ig. We

start with the case of the least latesgparation (4 nm), which also implies the least size of the
holes. In Fig4.1, we provide snapshotfn our MD simulations illustrating water nanodrop
dynamics at different time instants for this case with lateral separation of 4 nm. As the drop
comesin contact with the uppermost levelijlof the graphene stacks, the water molecules are in
much closer pximity to the graphene layers of this upper level of the stack as compared to
graphene layers of the stack at a lower vertical levgl As a consguence, the relative

influence of downward attraction on the water nanodrop from the graphene laypsel &3 Is
negligible, and hence, the water drop localizes entirely in the upper level of the graphene stacks.
Furthermore, given the relatively smiateral separation of these two stacks, the drop spreads
simultaneously on the upper layer of these ttagclss at level L. We describe this simultaneous
spreading behavior by studying time variation of the dynamic contact afhgledd, [see

Fig.4.2). Most remarkably, we find that oscillates vigorously about a contact angi#1(®) that

is much larger than the equilibrium contact angl@X) of a water drop on tlayer unsupported
graphene. On the other hadgoscillates about this equilibrium wad ~9C°). Therefore,
althoughspreading occurs simultaneously on the upper surfaces of the two laterally separated
graphene stacks of level,lthere is a distinct asymmetry in spreading. We can explain this
asymmetry by noting that unequal mass of liqgets distributed on these twaderally separated

graphene stacks. Another way to confirm this asymmetric spreading is to study the time variation
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of the corresponding spreading radiandr. showing distinct asymmetry [see Fiy3]; the fact

that rn < r2 is commensurate witty > d.

While water remains mostly confined on the top surfacéiseolaterally separated graphene
stacks in level L, ensuring virtually no imbibition, there is wetting of the sides of the graphene
layers. In other words, waterdeed percolates thespace between the two laterally separated
graphene stacks; yet, we consider no imbibition, since the water drop does not wick beyond the
upper level of the graphene stack [see&i. The wetting behavior of the percolated pHrthe
water drop can beugntified by noting the time variation of the contact angiasdd., both of
which are hydrophobic. However, unligeandd,, they demonstrate very similar values over the
time period of spreading. This confirms that unlike spreading on the uppeofdiiergraphene
stack in level L, wetting of the sides ohe graphene stack remains similar. To summarize, for
this di icombination (lateral IS§of 4 nm and vertical IS§of 4 nm) while imbibition is absent,
the water nanodrop exhibits a myriad ofttivegy states, wetting multiple surfaces and

demonstrating wid ranges of equilibrium contact angle values.

We next consider the case where this lateral separation is increased to 6 nm. The MD simulation
snapshots for di er 4&4%4lderettoo, water remains cosfihed iwthe i n Fi g
uppermost level Lof the graphene stacks on account of relatively weak attraction from the

graphene layers of the lower level Therefore, for this case too, there is no inception of

imbibition. A key dfference wth respect to the previous case (described in4iig4.3),

however, is that here wetting occurs only on a single stack and not on two adjacent and laterally
separated stacks. This obviously stems from the relatively larger lateral separation (6this) for

case. This equilibration of the drop on a single staolsyise to several interesting wetting

scenarios. In case the drop equilibrates on a continuous stretcHafex-8raphene stack.¢.,
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when there are no holes), it will form an equilibrieontact angle of9(° and the value of its
wetted radius wilberyw. In the present studys < rw, wherersis lateral dimension of a graphene
stack. As a consequence, the drop contact angle is substantially larger than the equilibrium angle
(~90°) and is in the superhydrophobic regime [see the time variatiaraofid; in Fig.4.5. Of
course, retention of éndrop in this superhydrophobic state is ensured by exertion of a large
pinning force on the threghase contact line along the edge of the stack. This large pinning
force, which is possibly similar to that the weltknown Gibbs pinning experienced bguid
menisci in contact with surfaces with sharp edges,(hanoedge of the holey graphene in the
present casefalso ensures that the drop does ndt eper and wet the sides of the graphene
stack;therefore, angle; starts to evolve only when angighas ceased to exist quantifies the
wetting of the sides of the stack by the drop) [see4Fy.Hence, hereirjke in the previous

case, we findhegligible imbibition, although developmentoftw¢ i ng st ates i s di s

We finally study the case of a very large lateral ISS (8 nm) with this vertical ISS (4 nm). The

MD simulated snapshots affdirent times are shown in Figo. Herein, utike the other two

cases, the drop indesthrts to imbibe, i.e., some significant portion of the drop indeed goes
beyond the uppermost graphene layerHowever, this imbibition is highlypnetastableand the

drop fails to reach the lower layes &nd ge$ pinned to one of the lateral grapheraelss of the

upper layer L. Subsequently, the drop spins back and settles on the top of this graphene stack in
layer L1. Here toars < rw, and accordingly, one witnesses large contact angles [see the variation
of di, &z in Fig. 4.7] with the correspondingontact lines remaining pinned along the edges of the
graphene stack. In addition, like in the previous case (sed.Big.5), the drop is eventually

confined entirely on the top surface of the stackvithout wetting the sides of the graphene

stack. Tl is established by noting that similar to the previous case (se¢4#5), o: starts to

85



evolve only when angle has ceased to exist. It is worthwhile to mention here that pinning
witnessed here as well #®se that will be described later occuedo interaction of the water
nanodrop contact line with sharp nanoedges of holey graphene; therefore, like in the previous

case, pinning behavior is possibly similar to welbwn Gibbs pinning30:+3!

To summarize, while we encounter several intriguing dvefting dynamicss a function of
interplay oflateral and vertical separations, we invariably witness that the liquid drop fails to

demonstrate stable imbibition even beyond the graphene stacks at the uppermost level L

4.3.2Case 2: combined spreadingmbibition dynamics for intermediate

vertical inter-stack separation (ISS).

For this case, we study drop imbibition dynamics in the holey graphene structure for a smaller
vertical ISS of 2.5 nm for three separate cases with lateral ISSs of 4 nm, 6 nm, and 8 nm. For the
case of lateral ISS of 4 nm, the behavior is exactly iderttcdlat in the previous case (see Fig.
4.1-4.3). The corresponding MD simulation snapshots for this case are provided4irBFig.
Therefore, for this case too, vertical ISS of the graphenessiaut&krge enough (in comparison to
lateral ISS) to ensuredahwater molecules are in much closer proximity to the graphene layers in
the uppermost level (. compared to the graphene layers in the lower level (L2). Therefore, just
like in the previous e, the drop fails to imbibe and remains localized on theropgst layer

(L1). Furthermore, the lateral ISS being small, the drop equilibrates by spreading on the two
laterally separated stacks. In addition, like in the previous case, the descriptieitirog ve
completed by studying the time evolution of thetaghanglest, o, d;, andd, [see Figd.9] and

the spreading radii andrz [see Fig4.10.
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We next consider the case where the lateral ISS is 6 nm and the vertical ISS 2.5 nm. The MD
simulaion snapshots are revealed in Bigl Unlike in the previos case (seEig. 4.4-4.5), the
graphene layers of the lower leveldre in close enough proximity of the waterdrop, ensuring
that they can exert significant attraction on the water nanodraptriggering imbibition action.

As a consequence, the dromsitaneouslyspreads on the graphene stack on the upper leyel (L
and imbibes towards the lower leveblLDuring this imbibition, a most remarkable situation
arises. There ia greatenumberof water molecules that are closer to the bottom side of the
graphene stk in level Ls compared to the top side graphene stack at the lower lgvel L
Therefore, the drop starts to spread on the former, while imbibing towards the latter. Eventually
the dop hits the graphene stacks at leveahd starts to spread. Therefone end upwith

several mostinterestinget t i ng scenarios: (a) a single dr oj
of the graphene stack at levaldnd the stack at leveb], (b) a single graphene stack is wetted

on both top and bottom, and (c) there is a distinct time lag inthe onset af $preay at di er e
layers [see Fig.13. Here too the description of wetting is completed by noting the time
evolution of the contact gltesdi, o, d;, ds andds [see Figd.17 as well the spreading radtii, r»,

andrs (r1 is the spreading radius on tleptsurface of graphene stack at levglrk is the

spreading radius on the bottom surface of graphene stack at {eaeldLs is thespreading

radius on the top surface of graphene stack at leygsée Fig4.13. Very intriguingly, we

witness supegdrophobic values for contact anglesndds (i.e., the contact angles made by the
drop on the upper surface of the graphstiaek at lower level 4), but much smaller values for

the contact anglas andd,. For the present case, imbibition beyond levdbéing favored,

significant amounof water moves beyond:land distributes between the lower surface of the

stack at level 1 and the upper surface of the stack atThis distribution isinequaland more
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amount of liquid goes towards the upper surface of the stack dblvever, themmallness of the
lateral extent of the graphene layer in stackzatltimately results irthe attainment of a
hydrophobic contact angle;andds) [see Fig4.17 supported by a significantly large pinning
force imparted by the edge of the graphene stack at levEléase note that here imbibition
occurs only up to the graphene stacks alleyand the water drop does not imbibe beyond

level Lo. Therefore, this can be considered to be an example of partial imbibition.

We finally consider the case where the lateral ISS is 8 nm and the vertical ISS is 2.5 nm. The
MD simulation snapshots fonis case are provided in Fig.14 For this cae, the behavior is

very similar to that in the corresponding situation where the vertical separation is 4 nm (see Fig.
4.6-4.7). Therefore, here too the drop starts to imbibe, but fails to reach the éwekkd. In

the process, the drop gets pinneahe of the lateral graphene stacks of the upper lavélhis
pinning, coupled with the finite imbibing velocity of the drop, imparts a spinning action on the

drop that forces the drop to spin back andesett

on the top of this graphene stack at levelRurthermore, the fact thai< ry enforces much
larger values of contact angl@sandd; [see Fig4.15. In addition, like in the previous case (see

Fig. 4.6-4.7), d, appears only after the disappearance.of

To summarize, for this particular vertical ISS, we witness a plethora of imbibition behavior that

involves neimbibition, metastable imbibitionand stable partial imbibition.
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4.3.3Case 3: combined spreadinigmbibition dynamics for small vertical

inter-stack separation (ISS).

We finally consider a much smaller vertical ISS of 1 nm. We first study the case of lateral ISS of
4 nm [the correspondingD snapshots are provided in FgLg. The significantly small vertical
ISS implies that the drop senses the lower leyeltithe start of imbibition, and accordingly, it
simultaneously imbibes and spreads. This spreading oooube two laterally sepated
graphene stacks at the upper leveahd on the graphene stack at levelTherefore, we

witness the following highly interesting wetting scenarios: a single drop wets five different
surfaces, namely the upper and sideaxg$ of each of the twgraphene stacks at level &nd

the upper surface of the graphene stack at levdlike in the previous cases, the time variation
of the contact angles, d, d;andd, [see Figd.17 and the spreading radi andrz [see Fig4.1§
areprovided to complete the description of the imbibition process. Key to note here is that
imbibition is restricted only to layer-land the drop does not move below thiger. Therefore,
this is the case of partial imbibition only and the drop fails tabekhrough the entire thickness

of the holey graphene structure.

We next consider the case where the lateral ISS is 6 nm and the vertical ISS is 1 nm [see Fig.
4.19for MD simulation snapshots]. Here too the proximity of the imbibing water drop to the
graphene stack at leveblensures that imbibition and spreading occur simultaneously. Spreading
occurs on one graphene stack each at leveds\dl Lo. The interesting wattg states witnessed

here are as follows: (a) a single drop wetting foffredent surdces and (b) the drop exhibits
equilibrium anglesd; ~ 9C°) on the graphene stack at level[tee Fig 4.19, but demonstrates
contact anglesi{andd,) that are muclarger on the graphene stack at leve|dee Fig4.2(Q.

Such augmentecbntact angles on the lower stack can be explainedgoyrg that a larger
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volume ofliquid imbibes in the lower level (as compared to the case depicted i Fag.

4.18), leading to the attainment of this large contact angle (on the top surfdbe gfaphene

stack at level b) supported by a large pinning force from the edges of the graphene stack. We
also study the evolution of the spreading raditjsee Fig4.2(Q in order to complete the
description of this combined spreadinmgbibition dyramics. Like in the previous case (see Fig.
4.164.18), here too imbibition is only a partial one since the drop does not imbibe beyond the

graphene layers at leveb.L

Lastly, we cosider the case where the lateral ISS is 8 nm and the vertical ISS ifsgéenfrig.
4.22for corresponding MD simulation snapshots]. In this case, unlike in the previous cases of
lateral ISS of 8 nm (see Fig.6-4.8and4.144.15), the drop can succesdfuimbibe and wet the
graphene layer at levebL Therefore, there is sirftaneous spreading and imbibition, with
spreading occurring on the graphene stacks at levelsd.L.. Of course, the drop exhibits
equilibrium angles<9(°) on the graphene stacklavel L1 butdemonstrates a contact angle that
is much larger on the gohene stack at leveblsee Fig4.23. The reason is same as that for the
case studied in Figt.194.217 imbibition of larger fluid mass, which is supported by the
attainment othis hydrophobic contact angle in presence of a large pinning force imparted by the
edges of the graphene stack at level Here too we study the evolution of the spreading sadiu
r1 [see Fig4.24 in order to complete the description of this combing@ading imbibition
dynamics. Like in the previous cases (see #it6-4.18and4.19-4.21), imbibition here does not

occur beyond level 4, and hence, it is only partial imbibitio

To summarize, for this very small value of vertical ISS, we indeed \gifpesial imbibition
regardless of the value of the lateral graphene ISS, although the associated spreading and wetting

behaviors are indeed dictated by the lateral ISS.
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Fig. 4.26di U phase space summarizing equilibrium wetting behavior of water nanodrop interacting with a
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Fig. 4.27Variation inryne/tw as a function of lateraBISti for different values of vertical 1IS&during
wateil holey graphene interactions.
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Fig. 4.28Drop imbibition in a holey graphene structure for lateral ISS (d) of 8 nm and vertical ISS (d) of
4 nm (see Figd.1 and4.4for the definitions of d and dThe same geometry has been used as img.

4.7. However, here the drop starts from a locabietween the graphene stacks at levelard L, while

in Fig. 4.6-4.7, the drop starts from above the graphene stacks at le(gté Fig4.1 and4.4for the
definitions of levels Land L,). As can be seen from the figure, very little change in doofiguration

occurs between t = 30 ps and t = 300 ps, indicating that the drop attains its final configuration rather
quickly.

Fig. 4.29Drop imbibitionin a holey graphene structure for lateral ISS (d) of 8 nm and vertical ISS (d) of
2.5 nm (see Fig8.1 and3.2 for the definitions of d and). The same geometry has been used as in Fig.
4.144.15 However, here the drop starts from a tarabetween thgraphene stacks at levelsdnd Lo,

while inFig. 4.144.15 the drop starts from above the graphene stacks at le(@td Fig4.1 and4.4for

the definitions of levels 1and L). As can be seen from the figure, not a Bigant amount of change in

drop configuration is noted between t = 20 ps and t = 300 ps, indicating that the drop attains its final
configurationrather quickly.

Fig. 4.30Drop imbibition in a holey graphene structure for lateral I§®{6 nm and vertical IS&]) of

2.5 nm (se Fig.4.1 and4.4for the definitions ofiandd). The same geometry has been used as in Fig.
4.144.15 However, here we consider a much larger drop contaMin000 molecules, while for all
other simulations, we ugé¢= 3000 molecules.
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4.4 Discussiors

4.4.1Phase space fombibition and wetting states

In Fig. 4.25 we summarize throughdai phase space, the key imbibition behaviors witnessed in
our simulatims. For substantially small(the vertical ISS), we witness imbibition of the water
drop (o a part of the water drop) from graphene layer at the upper let@the graphene

layers at the lower level,LOf course, the drop ceases to move beyondrigghene layers abL
Therefore, for this small value df one witnesses partial imbibiticegardless of the value of
lateral separation (see Fig4.16 4-24). Such partial imbibition, albeit with the generation of
completely nortrivial wetting stategdiscussed later), is also witnessed for slightly ladogend
largeru (see Fig4.11-4.13. Increase ird enforces imbibition events tasdppear. This
disappearance can be in the form of no imbibition at all when the drop does not wick beyond the
graplene layers at levelilor in the form of metastable imbibition when a large part of the drop
can only momentarily wick beyond in an unsthle fashion only to be pushed back to the top of
layer Li. The neimbibition events are typically witnessed for smaller valuas(df 6 nm) (see
Fig.4.1-4.3 4.4-4.5and4.8-4.10, while metastable imbibition is observed for largé8 nm)

(see Fig4.6-4.8and4.144.15).

The retarded imbibition behavior summarized in Bi@5is invariably associated with a wide
plethora of wéting behaviors, as summarized in the correspondiingphase space of the
wetting states (see Fig.26). For snall d, where there is always partial imbibition (see Fig.
4.295, graphene stacks at both levelsand L are wetted (see Fig.26). Of cour®, the drop
wets two laterally separated surfaces at leydbt smalli (see Fig4.164.18), but wets only

onesurface at level Lfor largeri (see Fig4.194.21and4.224.24). Interestingly, for the case

94



with largeru, more volume of liquid wicks tthe graphene stack at level, lensuring attainment
of large hydrophobic contact angles on the upper surfate graphene stacks at level L
supported by appropriate pinning force from the edges of the graphene sheets at(kaeel L
Fig.4.194.21ard 4.224.24). For larged, where there is either no imbibition or at best
metastable imbibition, only grapheneciés) at level L is wetted. Here too, two laterally
separated stacks are wetted for smiillsee Fig4.1-4.3and4.8-4.10, while only one stack is
wetted for larget (see Fig4.4-4.5, 4.6-4.7and4.144.15. For the latter case, tendency to
confine the water drop on a single stack enforces attainment of large hydrophobic contact angles
supprted by pinning forces from the edges of the graphene stacks at ieVlleLmost
interesting wetting state is withessed for intermediate valugsuodi (d = 6 nm andi= 2.5

nm). For that case, the watdnmop wicks towards the graphene stacks atl leyehowever, the
drop not only wets the top surfaces of the stacks at levelsd_Lo, but also wets the bottom
surface of the stack at level.LTherebre, we encounter an unprecedented wetting scenario
where a graphene stack consisting of severahgraplayers experiences a fib&e wetting
behavior and, virtually, the entire stack is engulfed. This particularlilewetting ensures
wetting of alarger surface area of graphene, as evident irdE2J. In this figure, we study the
ratio of weted lengths in watégraphene wetting interactions in the presence and absence of
holes in the graphene structure. For the case with no holes, we corsidéinaous stretch of

an unsupported graphene trilayer and the wetted length is denaotedastte other hand, this
wetted length for nanoporous or holey graphene structure is denatgesasVe clearly withess
rw,NnG > 'y for the case ofl = 6 nm andi = 2.5 nm. This finding of attainment of a larger wetting
length compared to that of nquorous graphene (i.ew.nc > rw) establishes the significance of

the present study for realistic applications. Nanoporous graphestegetchas been typically used
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for two broad classes of applications. For the first class of applicatidhgoBosity introduced

by the nanoporous nature of holey graphene is leveraged to create greateessible surface
area, thereby leading to djgations ranging from efficiat capacitive energy storaje®to
enhanced chemical reactiof$1°?In the second class of applications, the porous nature of holey
graphene allows it to be used as a nanoscopic filter, leading to applicatibressn

desalinatiort 16:104.105.13%nq wateirethanol separatiolf® The present study opens up a new
domain of applications of holey graphene. Studying water imbibition dynamics through holey
graphene (please note that this is for the first time that such a studyf@mewater imbibition
through holey graphene has been conducted; all previous studies involved piassuare

transport of water through holey graphene) leads to wetting states where for the first time
holey graphene ensures an enhancement in\aatesible surface area. In other words,
previously, holey graphene was primarily shown to enhancadoassible surface area; herein,
we take it one step forward and show that holey graphene can lead to enhancement of water
accessible surface area. Therefqust as standard holey graphene leads to improvement in all
applications where enhanced ion accessibility is preferred, our study conceives the use of holey
graphene in all applications that will be benefitted by enhanced-aatessible surface area.

Same such applications are carbbased electrical double layer or EDL capacitors (the effect of
EDL, which is formed at watéecarbon interface, will get enhanced by enhancement of available
wateii carbon surface aredy! graphite based compact heat exchangers (enhancediwater
graphene surface area will allow evgreater compaction of heat exchangers without reducing
performance}!®and ensuring a faster freezing of water with much less subcooling in presence

of holey graphene nanoflakes introduced into bulk water (enhanced n@&r graphene
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interaction area ensures water freezing witmegsser subcooling as compared to-hatey

graphene nanoflakes)®

4.4.2Comparison of results of the present study with those of pressugriven

transport across single or few-layer nanoporous graphene

There has been extensive research on pressiven transport oivateracross singleor few

layer nanoporous graphene, unraveling tremendous potential of nanoporous graphene to help in
desalinatiort# 16:104.105.132The present study differs from these welearched problems on two

key accounts. First, we consider the case edpuliedforce-driven imbibition. Second and

more important, holey graphene architeciarslightly different from that of standard

nanoporous singler few-layer graphene typically used in desalination. This architecture, as
evident from recent experimefft8”and mimicked in our simulations, consists of vertically and
laterally separated stacks of mu#iyered naneporous graphene. Such vertical and lateral

spacing is absent in standard singlefew-layer nanoporous membranged fo water

desalination. Clearly, the presence of such finite spacing, coupled with the consideration of no
appliedforce imbibition, makes the role of watgraphene capillary interactions extremely
significant. Such a significant influence of capi§lamteractions is not relevant for standard

water desalination studies where pressirmeen water transport ensues across simldéew

layer nanoporous graphene. Consequently, these studies never report the several new combined
wetting imbibition phenonena tlat we witnessed in our study. To iterate, some of these

capillarity- driven new phenomena include (a) engulfment of a complete graphene stack by the
water drop (leading to a fibdike wetting state and a significant increase in watecessible

graphene arface area), (b) simultaneous wetting of multiple surfacesuitiple graphene
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stacks, and (c) wetting with pinned and unpinned contact lines on vertically separated graphene

layers

4.2.3History and drop-size dependence of nanodrop imbibitioihn spreading

dynamics of holey graphene

In Fig.4.28and4.29 we show the manner in which nanodrop imbibitspreading dynamics
depends on the history (or initial position) of the drop. In the case for both these figures, we
choosdli= 8 nm, but choosé = 4 nm for the case shown in Fig.28andd = 2.5 nm for the case
shown in Fig4.29 Therefore, the case in Fi§.28shows the same geometry as that in #i6-
4.7, while the case in Figl.29shows the same geometry as that in #ij6-4.18 Of course, the
difference is that while in the case shown in Big-4.7 and4.144.15 the drop starts from the
top of the graphene stacks at levglib Fig.4.28and4.29, the drop starts between thephene

stacks at levelsiland L.

As shown in both Figd.28and4.29 the drop fails to go beyond the graphene stacks at level L
In other words, they fail to go beyond the first layer of the graphene stack that they encounter.
This is similar to theases reported in Fig.6-4.7 and4.144.15 where the water droils to

go beyond the first graphene stack (namely the stack at Igvigldt the drop encounters. Of
course, the change in initial position ensures that the drop shown kh&#47and4.144.15
undergoes initial metastable imbibition, which is migdior the drop shown in Fig..28and

4.29 Furthermore, the absence of metastable imbibition, as shown ¥k Z8@nd4.29 implies

that the drops in these figures attain their firgalibrium state much faster than those shown in

Fig. 4.6-4.7and4.14-4.15 In Fig.4.30 we show nanodrop imbibition for much larger sized
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drops (containing 5000 water molecules compared to 3000 molecules with which the other
simulations have been conded). For this case, we consider 6 nm andd = 2.5 nm. Hence,

the geometry is identical to the case studied in&iyl-4.13 However, unlike in Figd.11-4.13

we find no imbibition beyond the graphene stacks at levahd hence no fibdike wetting is
observed. However, on a cerdook, we find that drop behavior in F§30is very much

similar to that in Fig4.8-4.10(0 = 4 nm,d = 2.5 nm); similar to the drop shown in F§84.1Q

as shown in Fig4.30 the drop fails to go beyond the graple stacks at levekland only sows

a slight bulging in the gap between the two laterally separated graphene stacks and gradual
spreading on topmost graphene layers on the laterally separated stacks at(lmwebplare the
snapshots corresponding to t = 30 ps and 130 pgidB0). It is easy to explain this similarity

in drop behavior shown in Figt.8-4.9and4.3Q For a larger sized dropl & 5000), a larger
lateral separatioi= 6 nm) has a similar e d=dtmasulda s mal

have on a saller drop N = 3000).

4.5 Conclusions

In this study, we investigate for the first time-appliedforce dynamics of a water nanodrop in
contact with a multilevel dley graphene structure, whose architecture is built up by horizontally
and vertically sepated graphene stacks consisting of unsupported graphene trilayers. We
demonstrate remarkable combined imbibitigpreading dynamics dictated by interplay of
lateraland vertical ISSs. The dynamics spans a multitude of imbibition conditions and wetting
staes. In fact, it may even lead to case(s) where \gtaphene contact zone is enhanced

compared to watégraphene contact corresponding to continuous graphene.sBeein that
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existing studies have invariably considered presdtixen transport of watehrough a multi

layer holey graphene structure (conceived as a nanoporous graphene membrane) for water
purification and desalination applications, the presemtyssheds light on a hitherto unprobed
physical situation of ndorce water interaction with holey graphene structure. We anticipate
that our findings will not only shed light on hitherto unknown new Wataey graphene wetting
and imbibition states, bwtill also provide useful insights into newer uses of holey graphene in
significantly enhaaing graphenievater interaction area for applications ranging from energy
storage to heat transf&f' 116 As a part of future research, we plan to extend the understanding
developed through this study to cases where graphene nanoedges undergo oxygen terminations
when these edges come in contact with water nanodrops, elucidatingetbéapplied electric
field to improve water transport through porous graphene (in a mainméar to that achieved

for nanoporous gold®
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Chapter 5. Dynamics of a Water Nanodrop through a Holey
Graphene Matrix: Role of Surface Functionalization, Capillarity,

and Applied Forcing

5.1 Introduction

Nanoporous graphene, where continuous graphene sieetade discontinuous by the
presence of holes createdaccount of missing of certain C bond3has seen exceedingly
growing recent interest in a multitude of applications, ssslupercapacitors and batterié$13°
hydrogen productiok®®®*'wat er des al iatomt'1?*d°h'¥®4 mmotecular y | t r
sieving?wat er T separaian®¥3ion selectiont**1*°*DNA sequencing’® and many

more. Holey graphene (HG) is a particular fahmanostructured graphene where multilayers of
nanoporous graphetayersareorganizedn theform of stack§® 101147150 gndhas been employed
in several of the above applicationsthmb e neytt ed by t he-agessldeence of
graphene surfacareathatthe HG systemo e IHosvever,unlike thecase of a single layer of
nanoporous graphene, a HG systeassiily for having a thickness much larger thasiragle
layernanoporous graphene, has never been utilized for memlikenapplicationssuchas
waterdesalinationseparatiorf waterfromal i g u i dmixtuie,gta Cedtralto these
applications involvig water is the manner, in which the interplapoépplied forcethe

capi | | aangtheenat@weoffusctionalization of the edges of the graphene holes dictates
thew a t e rintekaGionsRecently, the present authors have unveiled several impapects

of the neforce-driven wetting dynamics of a water nanodrop in contact with (a) monolayer and
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multilayers of supported and unsupported,-porous graphene layéfsind(b) surfaces with

graphene nanopillard

In this chapter we employ moledar dynamics (MD) simulations to probe the fodréven
dynamics of a water drop through a HGA. The edges of the holes of the HG are functionalized
with either -H termination (we denote it as hygfwbic functionalization or HOF) otOH
termination (we deote it as hydrophilic functionalization or HIF). This functionalization saturates

the unsaturation created by the removal of the C atoms during the formation of the holes. We study
in detail the dpamics of a water drop through this HGA under differentmitagdes of the applied
forcing (on the water drop). We consider forces varying from 0.005 to 1 kcal/molA. Forces of the
order of 0.1 kcal/molA and larger are often so large that they enforce $adtemed transport

that we fail to single out ant time erval where one can withess a constant-iimiependent flux

(this issue is discussed further later in this section). Therefore, we provide a detailed analysis of
the drop dynamics for forces thate significantly smaller. For such forces, the capilldfgcts

become significant given that we are considering a water drop andsladit af water Moreover

for such forces the dominant influence of capillarity ensures a progressive increaseauxhhfl

an increase in the applied force for HG with botBFHand HIF, while for larger forces the flux
saturates and stops increasing with an increase in the force. On the other hand, large attractions
between water and the HIF ensure (a) arresting aldhetting effects enforcing retention of the
water molecws within the graphene stacks and (b) slowing down of the transport of the water
molecules past the graphene edges (seeSHga,b). As a consequence, the HGA with HOF
demonstrates both augmentid and an augmented volume of the permeated water fet afio

the force values for forces less than 0.1 kcal/molA. Finally, we pinpoint a time interval when the

flux of water coming out of the HG with either HOF or HIF is constant. As already indi¢ated,
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forces larger than or equal to 0.1 kcal/molA, we dbwitness any such time interval where the

flux is constant. Identification of this time interval where the flux is constant for smaller forces,

all ows us to attempt afth®fux forputtsfordceawe wikneskthat d e s c r
capillarityenf or ces a breakdown of the Dar cﬁp,ﬁ/rmreLaw Wi

U=1.3 and 1.7 for HG with HIF and HOF, respectively.
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rophilic
termination)

Hydrophilic functionalization; small force

(b)

termination)

Hydrophobic functionalization; small force

Figure5.1. Schematic of the nanodrdgnamics in HGA with different functionalizations of the hole.

The stacKkevels LiT L3 are the upper, middle, and lower stacks, with each stack consisting of three layers
of grapheneFigure5.5identifies these stacks as well as the lateral interstackatpaor 1SS ) and

vertical ISS () in a twadimensional (2D) represatation. (a, b) Nanodrop dynamics for small fordes (

< 0.1 kcal/(mol A)) in HG with (a) hydrophilic functionalization (HIF) and (b) hydrophobic
functionalization (HOF). The processdominated by (i) the retention of water due to arrested dewetting
for HG with HIF (see the larger water mass on graphene stacks in lefeelHG with HIF) and (ii)

reduced flow rate and hence reduced flux due towhEer attraction (see the thinnetagdty arrows near

the graphene edges for graphene stacks in lever ithe HG with HIF).
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5.2 Materials and Methods

Thewaternanodrop trajectories within the HGA are simulate@-d setup using the Large

scale Atomic/Molecular Massively Parallel Silaor (LAMMPS) software package. The water

ismodeled using P4P/2005 malel, whereas the graphene architecture is constructed by
considering each graphesd ack t o be made up of three graph
and lateral separations between the stacks and appropriate functionalization of the graphene

edges. Apprpriatepostprocessing of the water trajectoriescarried out to obtain the déflent

parameterghatquantifytheprocess.

5.2.1System description

We carefully choose a quadD geometry as described in the previous stifitesliminate the
tremendous |l ine tension effect on th#angobserve
effects, which are critical to probe the nanodrepl&A interactionsAccordingly, the

simulation box is set as 450 A iraxis direction, 20 A in saxis direction and 500 A in-axis
direction. Periodic boundary condition is applied to all dirextidcactstackof the graphene
matrix (three layers graphene with 40 A in length and 20 A in width) represents the graphene
sheets in between two holes, and the diameter of the holes are set as 60 A &8e Fig

vertical interstack separation beter two holey graphene stacks is set as 25 A. The holes
(reflected as the lateral ISSs) are created by removing the C atoms; consequetiiy dutijbs

of the graphene sheets have a zigzag shape ending with hyditdgandtionalization) or

hydroxyl (-OH functionalzation) terminations. The hotBameter and interlayer distance is

selected by following the current experimental result, wtrexdnolediameters mostly appear
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around 5 nnt®! And interlayer distancean be tuned in a range of @5 1m*° Fig. 5.2 provides

a detailed view of the HG matrix.

Simulation model

Simulations have been cied out using the Largscale Atomic/Molecular Massaly Parallel
Simulator (LAMMPS) software package. Wakers beemodeled using the Tip4p/2005
model*2This model allows acemting for the dipolaipole interactions between veat
molecules and the partly charged terminations. Furthermore, in this model, thended
interactiors between distinct species (which are water molecules, C atoms, and the
functionalization groups)ansists of the LennardonegqLJ) 126 potential (wih a cut off
distance of 10 angstroms) and columbic interaction. The parameters are calculated through
LorentzBerthelot mixing rule® and summarized in Tab%1l The carbon atoms in the
graphene arexed at their initial position, as there is no sigrafit impact of graphene flexibility
on the wetting behavior. Finally, in this model we incorporate the CHARMM36 force field
potential file>3nto the LAMMPS for attributingheinner molecular interaction of hydroxyl
terminations, which contains-O and GH bonds, CO-H and GC-O anglesand GC-O-H

dihedral motions. For hydrogen terminasp the CH bond is set as fixed.

Performing simulation

All simulations are performed on a canonical ensemble (NVT) with temperature controlled by a
Nosei Hoover thermostat at 300 K. The time step is 1 fs. The simulations start by equilibrating
water dops significantly away from the HG matrix. This will ensthrat we consider the
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interaction between a wat ewa treanuppurgoeaphenz n d
interactiorn). In Fig. 5.3, we show the equilibration process. 3000 water moleculesHtimber

of water molecules leads to a drop of 6.5 nm diaméransfer from solid phase to liquid phase
by whenthe system temperatuieincreasedrom 1K to 300K in 50K increments. All the
intermediate temperatures are hetthstanfor 50 ps and tharal 300K is keptonstanfor 200

ps to ensuréhat the egilibrium phase has beerchieved.

Post equilibriumaforce (kcalmol-A) is applied to every individual water molecule in the drop
in order to make the drop permeate across the HGA (a reprégestapshot is shown in Fig.
5.4). We use a large simulati box as compared to the water droplet size to etisatthe drop

is notaffected by its neighbors. As a result, only a small area (140 ¥ 2@4 Fig5.4) of the
matrix interacts with wateand we use this area information to convert the applied fima
pressure (for the present dimensiomBereF and pressure are linearly relatég1 kcal/mol A

is equivalent to a pressure of 22 GPa), which helps the results to tally better with the

expeiments.
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Figure5.2 (a) Side view of the holey graphene matrix with hydroxyl terminations. Magnified (b) side and
(c) top view of a representative of holey graphene sheets in between the two holes.

Table5.1 LJ and charge parameteused in the simulations

Elements Wkcal/mol) a(A) q(e)
C(sp2) 0.0859 3.3997 0

Ccon 0.0703 3.55 0.2
Hcon 0 0 0.44
Ocon 0.155 3.07 -0.64
CcH 0.046 2.985 -0.155
HcH 0.0301 2.42 0.115
Hw 0 0 0.5242
Ow 0.16275 3.16435 -1.0484
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Figure 5.3 (a) Side view of 3000 watenolecules at their initial position at Ok. (b)K0(c) 15K. (d)

300K.
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Figure5.4. (a) Perspective view of the water molecules permeating the holey graphene matrix at
300k. (b) Top view of the matrixitin the equivalent pressure calculation zone highlighted.
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Figure5.5. Flux-vs-force variation for the HGA with HIF and HOF-. In the figure, we demonstifsifeit
D FY(whereUyr = 1.3 anddior = 1.7) from small force values.
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Figure5.7 Time variation of the cumulative numbafrwater moleculedl leaving the HGA for (a) HG

with HIF and (b) HG with HOF. In the inset of each of (a) and (b), we zoom the region of linear slope of
theN-vs-t curve [this region is highlighted in (a) and (b)], clearly depicting how the ddixdj) is larger

for the HG with HOF-.

t=8 ps. t=18 ps t=28 ps t=60 ps
(a) (b) (c) (d)

Figure5.8 Time snapshots showing the dynamics of water drop through the HG system for (top) HOF
and (bottom) HIF. The time cosponding to these shapshots are identified in the figure. We consider an
applied force of = 0.03 kcalfmol A) for this case.
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Figure5.9. Time snapshots showing the dynamics of water drop through the HG system for (top) HOF
and (bottom) HIF. The timeorresponding to these snapshots are identified in the figure. We consider an
applied forceof F = 0.0125 kcal/(mol A) for this case.

114



5.3 Results and Discussion

5.3.1Flux and Volume of the Transported Water

Figure55s hows t he p udN/d{ heereNa=nN(t)idgnetaets thé tptal number of water
molecules that have left the HGA at time t) as a function of the applied force for the HG with
both HIF and HOF. We show the results for both the small and large forcete&Mg witness a

sl ightly enh BHGwitktte HOE. ¥iguréd providds ¢he variation of the total

volume of the permeated water as a function of the applied force. Here too we witness a distinct

increase for the case of HOF for most of theé values less than 0.1 kcal/(mol A).

Tobetteranal yze t he pux beh av0.ldkeal/(nhobA), wé studycthe v al ues
time variationof N( whi chprovi des the per aebfdrde(see r at e or
Figure 5.4,b). Given thaN denotes the number ofatermo | ecul es | eavi Ng ¢t he

= 0 immediatelyafterthedropentershe HGA. However,N graduallyincreasesandattainsa

linearslopefor certaintimeinterval(seethema g n iygueesih theinsetof Figure 57 a,b).This
impliesaconstantN/ dt for this time interval, leadingto the caseof a steadypow becausen=,

JAvt K(dN/dt) =jAvt v=constant(hermmirs t he mass pow rate, whicl
dN/dt, v is thevelocity,} isthedensityof water,andAisthee ectivepassage ardar thewaterto

comeoutof theHGA). Thisincreasan Nwith time is soonarrestedand we witnesssaturation

in thevalue of N, signalingthat thereis no further elimination of water from the HGA. Of

course, this saturatioralueis largerfor theHOF indicatingagreatemamountof permeated

volume.
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| dentiycation of the time domain where the po
Darcyds kleaw es cr i-petsusforoe behéviofFiguee55) ux The strong i n

of capillarity | eads to a bpeweisuforeevariaionisDar cy 6

no longer linear; rather—  x "08 (hencesnir® F®%) and —  x "0O8 (henceswor®

FO').Consequently, t hef®perfdsddicedependgnt and i§ exdressec:

a suiE® F%a n dior % F°. As capillarity dominates here, any increase in force increases the

i npuence of the appl ireddowhabhagpens fordacgbr formesrThis as c o
justiyes this nonlinear behawiceoaequodlenttyhe pux w
forcedependent permeabilityr> decanhéempust i yleed by
Signi ycant thewateatrandmoit past the goaphene edgdbdarlF on account of an

enhanced watehydrophilicedge attraction. Figeib.1 provides the schemati€igures 5.8 and

5.9provide the actual MD simulation snapshdtshouldbenotedthatthis steepnonlinear

increaseft he pux with the force fsarestedfortlalgeFtFprpes o f

suchF, t h dfectivelyxbecemes constant and independeft of

Thetotal volumeor thetotalnumberof thepermeatedvatermoleculegs invariably largerfor the

HG with HOF, regardless of the force magnitude (d&gure 56). This occurs sincthe

hydrophilic edges attract the water enforcing a retarded dewetting of water from the wetted
graphene layers IHG with HIF. It is to be noted here th&br a few vduesof forces less than
0.1kcal/ (mol A), we witnessthevalueof N for the HG with HIF to be comparabler slightly
largerthanN for theHG with HOF. Of course, as has been elucidated later Fgpares

5.10 5.14), thistrendwherethetotalvolumeof permeatedvateris largerfor theHG with HOF
persists for other combinations of system paramegegs {lifferent valuesaiand U and

different numbers of graphene layers constituting the graphene stack).
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5.3.2Time-Dependent Water Trajectories throughthe HG Architecture.

Two mutually interconnected processes dictate the transport through the HGA: (a) vertical
forceimbibition (VFI) across the HGA and (b) wetting and dewetting across the gragtiaeke

at diferent levels (b L3, seeFigure 5.8. Below we analyze this transport behavaortwo

difer ent force values and attempt to explain th
volume as a function dheforce(seeFigures 5.5, 5.)dor diff erenttypesof hole

functionalization.

Transport for F = 0.03kcal/(mol A)

Thesimulationsnapshots provided in Fig. Se8icidate the drop dynamibéar the cases of the

HG with HIF andHOF, respectivelytop panel HG with HOF and bottonpanel HG with HIF).

As the drop start® penetrate the HGA, it contacts the graphene stadkeappermost level

(level L1) and starts to spread on the two laterally separated graphene stackpréddsg
dynamicssvery similar fo both the cases of HG with HIF and HG with HOF (B&pire 5.8a
top,bottom) because only a very little fraction of the drop hits the functionalized edges during the
onsetof thespreadingorocessAs apartof thewaterdropspreadstherestof thedrop undergoes

the VFI acrossthe graphenestack.Subsequently, thigenetratingnassof waterhitsthecenterof
thestackontheintermediate level (leveld) and spreads on that stack identically for both the

cases of HG with HF and HGwith HOF (sedrigure 5.8-top,bottom) Postthis spreading, for

HG with both types of functionalization, some water gets retained on this stasieas the rest
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of thewater penetrates further and hits and spreadb@two laterallyseparatedtacksatthe
lowermostlevelor level L3 (seeFigure5.8-top,bottom)In themeantime, the spreading on the

uppermost stacks (at level)lceases and the dewetting starts. For the HG with Hiffpag

attraction between the water and the hydrophilic graphene edges retards the dewetting, thereby
ensuring some water molecules taitcome out of the graphene dtadcompard-igure 5.8o-top

and5.8 b-bottom).Suchretardeddewettingdrivenretentionof watermolecules decreases the

total volume of permeated watler the HG with HIF forF = 0.003 kcal/(mol A) (seEigure

5.6). The watemolecules that have wetted the stackhalowermos level (level Ls) overshoot

the graphene layendeventually leave the HG system. However, thisrshootingenforces the

water molecules to again come into contaith the functionalized graphene edges. The

hydrophilic edge attracts the water moleculgsich opposes the tendenafithewater

moleculego overshootindleavethegraphenetack. As a consequendbe time needed for the

water moleculesoc ome out of the HGA si gwthHiFc@the |l y i ncr e
contrary theHG with HOF doesnotimpartsuchattraction, enforcing a much faster escape of the
water mol ecules. This | us tHIRfoeR=0t00B&kcalfmAa)l | er pu
(seeFigure 55). The reducefpux ensureshepresencef amuchlargerwaterwithin theHG with

HIF (seethesnapshotsorrespondingo t = 28 psin Figure 5.8candt = 60 psin Figure 5.8).

Transport for F = 0.0125kcal/(mol A)

Here,we consider droplynamics for a much smaller forde £ 0.0125 kcal/(mol A)) (seEigure
5.9). The simulations elucidate the drop dynamics for the cagbeldc with HIF andHOF.
Very muchsimilarto the caseof F =0.03 kcal/(mol A), here too we witness for both the ca$es

HG with HIF andHG with HOF (a) spreadingandsubsequent dewetting on graphene stacks in
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level L1, (b) VFI of the remaining water molecules to wet the graphene stdekslat., and Ls,

and(c) escaping from the HGA following the wetting of the graphene stacks in lgvel L

However, thereare two key dierences as compared to the case ©f0.03 kcal/ (mol A). For
example, here the dewetting from the stankevel L: is even more tardedfor the HG with

HIF leadingo the retainment of a much large amount of water in the stacks. This stems from the
fact that the force being lower, the dominaifieets of capillarity is experienced even more
pronouncedly leading to such an augmetmgdtophlic - waterattraction mediated enhanced
retention of wateongraphene stacks in level.LThe second ffierence is the manner in which

the water exits the HGA. Firstly, thew appliedforceimpliesthatthewatermoleculesionot

overshoot thgraphene stack in levekLConsequently, the lowering of the velocity of the

exiting water molecules for the HGA with HIF is witnessed as the water passes by the graphene
edge(of the graphene stacks in leve)) lthat is nearer to the wetted graphenekstaclevel L.

Most importantly, for the HGA with HOF the repulsion of the water molecules from the
hydrophobic edges and the fact that the driving force remains alfoalsthewatermolecules

to coalescendexit theHGA asnearlyasinglemasof wate. Of coursethegrosshehaviorof
augmentedetentionof waterby the HG with HIF (andhence an increased value of permeated
volume of water forthéeiGwi t h HOF) and an aug me nisvatdesspdu x

heretoo.
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Figure5.10. Variation of the fluxfor different values of the vertical spacing d (see Figdor the
definition) for two forcdevels F = 0.03, 0.0125 kcal/(mol A)) andf HG with both HOF and HIF. All
other parameters are same as that in Figute$.9.
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Figure 5.11 (a) Variation of the flux and (b) variation bf,adNiwta fOr different values of the vertical
spacing d (see Figues for the definition) for two forcéevels F = 0.03, 0.0125 kcal/(mol A)) and for
HG with both HOF and HIF. All other parameters are same as that in Fgbiré.
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Figure5.12 (a) Variation of the flux and (b) variation BifnadNiwotai fOr different values of the hole
dimension (whichs also tle horizontal gaji between thgraphene stacks, see Figbi@ for the
definition of ) for two force levelsk = 0.03, 0.0125 kcal/(mol A)) and for HG with both HOF and HIF.
All other parameters are same as that in Figub$.9.
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Figure5.13 (a) Variation of the flux and (b) variation Nf.a/Nwta for different values of the hole
dimension (which is also the horizontal gapetween thgraphene stacks, see Figbi@ for the
definition ofU) for two force levelsk = 0.03, 0.0125 kcalffol A)) and for HG with both HOF and HIF.
All other parameters are same as that in Figutes.9.
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Figure5.14Variation of the flux for different number of graphene layers constituting each graphene stack
for two force levelsF = 0.03, 0.0125 kcgihol A)) and for HG with both HOF and HIF. All other
parameters are same as that in Figbr&ss.9.
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Figure5.15Variation of NmaxdNiwtal fOr different number of graphene layers constituting each graphene
stack for two force leveld=(= 0.03, 0.0125 &al/(mol A)) and for HG with both HOF and HIF. All other
parameters are same as that in Fig6r&ss.9.

5.3.3Effect of the System Parametes.

Effect of Variation of the Vertical Spacing d between the Graphene Stacks on the Drop

Dynamics

We carry out gearate simulations for a smaller vertical spadrfgetweerthegraphenestacks,
seeFigure 5.8 of 10A andcomparetheresults withthosefrom our simulationswith d = 25 A
(seeFigure5.5-5.9). We conduct simulations fowb force levelsk = 0.03, 0.012%cal/(mol

A)) andfor HG with both HOF and HIF.
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We providesimulationsshowing the dynamics for both HOF and HIF For 0.03 kcal/(moR).
Thebasicdropdynamicdor boththeforcelevels as well as both types of furetalization remain

the samdor this case as well. The drop follows the same patieimteractions with the HGA: it

yrst hits amwotoplgyerse(sadks in levehl dedFigure 5.8 or deyn)j ti on c
then netrates and hits the graphetecks at level 4 (seeFigure 5.8f or deyn)jahd on of
ynal ly hits agnaphersstacksitéewellLaNocemgortdntty éor thisvalue ofd

as well, the values of\ldt andNmaxNiwtai are more for the BF than HIF (se€igure5.10. The

most importanissue however s that both these quantities get drastically rediurtedmparison

to thecaseof d = 25 A (seeFigures5.105.1).Si g n i yoover mertitayseparation heeen

the graphene stacksuldimply that the water drop prefers more lateral wettingspreading

than vertical forced imbibition leadingtheses i gni ycant |l y Ndnand | er val ue:

Nma)l Ntotal-

Effect of Variation of the Vertical Spacing d betweer the Hole Dimensiont on the Drop

Dynamics

We carry out simulations for aflerent value of thloledimensiont (seeFigure 5.8 or the

d ey ni tlijnamelylo=#40A. Ourprevioussimulations(Figures 5.55.8) werefor ti= 60 A.
Forthis caseaswell, we considettwo forcelevels(F = 0.03, 0.0125 kcal/(mol A)) and HG with
both HOF and HIFIn simulations we showthe corresponding dynamics for HG with HOF and
HIF for F =0.03 kcal/(mol A). Here too the basic drop dynasnie., the manner, in which the
drop wets the graphene stackshatdiff erentlevels(L 1T L3), remainvery similarto thosefor U=

60 A. The mostimportantissuehereis that the larger lateralproximity between the stacks

(becauseéi is smaller) ensuredat the water shows more enhanced wetting and spreading
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tendencyascomparedo thecaseof li= 60 A (asevidentin thesimulation3, and this is maifested
in smaller values of /dt andNmax/Ntwtal (S€EFigures 5.12,5.13Df coursefor thissystem as well

dN/dt andNmaxNewtal for the HG with the HOF is alwaysorethanthe HG with the HIF.

Effect of Variation of the Number of Graphene Layers inEach Stack on the Drop

Dynamics

The previous simulationg-ijgures 5.5.9) considered each graphene stackdosistof three
graphene layers. Here/e repeatthe simulationsfor the HG system where each grapheiteck
consists of only one graphene layidere too we considéwo different forcesi = 0.03, 0.0125
kcal/(mol A)) as well as HG with both HOF and HIF. Wepde simulationselucidating the

drop dynamicgor the HG with HOF and HIF foF = 0.03 kcal/(mol A)Herealso thedrop
dynamicds verysimilarto thatfor thecasewhere eaclyraphene stack consists of three graphene
layers.Moreimportantly, we do not see any noticeable trend irdtbg- HG interactionghat
mayaffecttheoverallvaluesof dN/dt andNmax/Nwotal. In fact, as revealed Wigures 5.14,5.15

there ishardlyany dfference between the cases with HG stacks of on¢haeegraphene layers
for a given force and given type of functiona
with HOF shows distinctly largeralues of &N/dt andNmax Nwtai s compeed to the case of the

HG with HIF.

5.3.4 Graphene Stacking Stability in an AqueousEnvironment

As we mentioned in this chapter, one of the most importastivations to investigate the

transport properties of graphebasedstockings igts application on seawater desalination.
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Duetogr a p h en e 0 s, graphbneantpossibée sustairehigh pressure gradients.
However, to the best of our knowledge, none of the previous work has carefully examined
whetherthegraphenestadking structue is stable is wateii.e.,Couldthe vertical interlayer
distance of graphene stacking immersed in wagestable at a value that allow water to
penetrate but reject iorfBig. 5.16)? Without getting an answer to this issue, many reports
simply fix or constrain carbon atoms to their initial locatioR&re, we systematically

investigate the stability of graphene stackings under various conditions.

Compared to the model using fixed carbon atoms, we entpédyreiding force fieldto

allow grgphene to defrm, and only the center of mass of graphene sheet is sampled during
the simulations. The potential of mean force (PMF) curve using the interlayer distance as a
reaction coordinate is mapped to reveal the stability of graphene stackinggjurcans

environment.

Fig 5.17 indicates that the two metastable states have very small energy barriers that are
easily to be overcame by the thermal fluctuations, regardless the presence of pressure
gradient or solutest is worthy to extend the dissuasgon the role pressure gredi plays in

the stability. The hydrophobic effect between two graphene sheets is so strong that make water
almost impossible to enter its interlayer spacing, or in the other words, the recombination of two
free-standing graphee sheets in water is inevile. But how would pressure change the game?

As a pressure gradient is added to the system, water molecules are constantly pushed through the
membrane, however, due to the finite maximum flux limit, a graphene stacking wspdohdeto

the exceed water fluby spontaneously wider the interlayer spacing. Would this factor be large
enough to overcome the energy barrier to separate the recombined graphene sheets? The PMF

shows that instead openingthe interlayer spacing, the gsare gradient helps the gheme
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sheets recombine as theessure increase the probability to bring these two sheets close enough
to recombine. Therefore, pristine graphene stacking is not able to form stacking in water with a

interlayer distance largéinan0.33 nm, half of the latte constant along stacking direction.
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Figure5.16 (a) the interlayer distancgis arbitrarily chosein previous research. (b) the graphene
stacking is most stable without accommodating any water moleculdsgfaphenetackings reach
metastable stas when there are offeyer or twelayers water in between graphene sheets.
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Figure5.17. NormalizedPMH Qcurve of graphene stacking using the interlayer distdrasea reaction
coordinate, in four different environments: pure water without pressure gradigatsolution without
pressure gradient, pure water with pressure gradient, and ionic solittiqoressure gradients.

5.4 Conclusiors

In this paper, we uavel that the forcelriven dynamics oawater nanodrop through a HG
matrix, characterized by parameters, such as the nature of functionalizatiheedfies of the
HG and the dimensions ofdatholes and the verticgppacingseparatinghedifferentgraphene
stacksdepend on the intricate interplay of the capilldifgets and thisnpact ofthedriving
force.Fors i g n i Yoweafartes,ityis possible to attempt a Darcy ldike description of the
water transport
the extent of nonlinearity beirguchmore severe in HG with HOF. The H@th the HOF also
demonstrates a larger value of the total permeastervolumeandwe ascribeboththese
enhanceg¢bux andenhanced pereation to the repulsive interactions between the hydrophobic

edges and the water molecules. We also carrarextended parametric analysis of the problem
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and witnesshatthistendencyof theHG with HOF to enhanceéhepux andthe permeated water

volume remainntact.

At theend,it isworthwhiletob r i d@igeuggheconnection of the present study to a more

extensiely studied problem of water transport through graphene oxide (GO) or reduced
graphene oxide ¢°E0O)hdsaemiylamse a&rlemsi.n t he form
membr anes, and the graphenessamnlkagdpsd=pidkes are
(pleaseseeFigureb.1cof ref 155for theschematic)Ontheotherhand, thdateral dimasion ()

of t he gr apbelrundedsmfanénenseters makingl D 1000. Undesuch
circumstanceghelaminate graphene membranasa si gni ycantly | arger t
HG architectur¢hatwe consider here, enforcing the watesletules irsuchl a mi nat e y | ms
undergo a much larger traversal distance insideaminatemembranescomparedo thecase

of HG. Thereforetheexperimentallymotivated**®HG structuree hat we consi der i s
d i erdfrom that of thgraphene laminatmembran@andthereforedeserveso beinvestigatedn

terms of its propertiesiper meat i ng water despite the signiy

investigation of water tresport phenomena in a GO/rGO lamirsitacture.

In addition, we carefully investigate the stability of graphene sheets in aqueous environments,
with or withaut the presence of pressure gradient or solytaeapping the PMF curve using the
interlayer disance as the reaction coordinate. The four PMF (free energy) shows very similar
trend, which the graphite stad@=0.33nm) is the most stable phase andlagyer and tweayer

water states are metastable. Moreover, the system stioredéysthe graphite taite without a

large enough barrier to separate the two metastable states from the stable graphite state. The

reailts suggest that the pristine graphene stackitigany separation other than 0.33rsm
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intrinsically energeticallyunfavorable and get liglinfluence from other factors like the presence

of ions and pressure.
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Chapter6: Wa t e r 1T ¥@pheng Interactions: Route to Highly

Enhanced WaterAccessible Graphene Surface Area

6.1 Introduction

Nanoporous graphene represemparticuar type of structurally defective graphef# 156157
These defects, appearingtiveform of poresor holes,areatype of pointdefect. WWhenmany

lattice atoms are removed from a snzattaon a layer of a graphene, the formation of such holes
(with often unsaturated bonds) is preferred overdtreespondingeconstruction that may
necessitatedndirg or warping othelayer. These holes are characterized by unsaturatibe at
edges, which get saturated by hydrophobic or hydrophilic functionaliZ&fi®here has been
massie interest in understanding the physics, chemistry, and material science of nanoporous
grapheneowing to its extensiveusein a largenumber of applicationsuch as
desalinatiort?24104.138.139.158680 (iglysis’™>®wat er 7T et hiam8P'DNAe par a't
sequencing?®%loxygenreductiont®?1%3selective moleculaand ionsieving 317164167

fabrication of supercapacitd?® and fuel cell$®® and many more. Holeygraphene (HG) is

an interesting variant dfhenanoporougraphenewhereunlike thetypical caseof singleor few

layers of nanoporous graphene, one witnesses a periodically gpaged) a spacing of one to
several nanometerse., much larger than the typical graphene interldygances) graphene
stack,whereeachstackconsistsof a singleor afew layersof nanoporougraphend# 101.14.170

1" HG is arelatively recent discoverthathaskindledtheimaginationof materialscientistsand
chemists ali ke providing most not adcteysibla mec ha
surface area of grapherfuch a capability of HG has been extensively used for applications

such as fabrication of ultracapacitors @ugercapacitor®,®8 100.11417ltrahighrate energy
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storaget*® promotingchemical reactiort8'1’%1"land atomic adosprtioti?improving the

functioning of Liion batteries>"“etc

The signiycant number atrfisticisimvaticng to pyobd theantermctiammp | oy
of water witha single or a few layers of nanoporous graphene have invariably considered a

Abul ko mass of wat earectangutar parallepipédd andmeglettedanyc u b e o
detailed wetting or capillary interactions between water nandporous

grapheng>24104.1380n the other hand, the very structureof HG (seeFigure6.1) necessitats

consideration of a framewotkatappropriately accounterthewa t e r T gwedtipgh e n e
interactions stemming from the apparently unavoideditof the three phase contact line in

di ct at i n gG intéractionsAhereforé,udlike the previousMD simulation studies, in

the present study, we consider the interaction between an appropriately equilibrated water drop

and theHG architecture (or HGA). In a recent stutlifwe have employed MD simulations to

probe thembibition behavior of avaternanodropn anHGAIn theabsencefanyexternally

imposed force on the dro@ur simulation setuponsideredHG dimensions predicted by the
experiment$81981%0yr results in that papéf®i n addi ti on to pinpointing
spreading and wetting states, al sostaie whenet ed t o
the drop wetted multiple surfacetthe HGA, eventuallyensuringa wetting arearatio rw,+c/fw,c

>1 (whererwncistheg r a p h e nweitedaset ferrthe HGA andy,c is the equilibrium
graphenei water wetted a r e anonpbrougraphéné e a wat

substrate).
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MD simulation of
water interaction
with the system
-

Contact zone (rw,ng)

(b-1)

Contact zone
(rw,G)

Figure6.1. (ai) Schematic of the actual experimentally fabricated hgi@phenearchitecture (Reprinted

with permission frontef 98. Copyright© 2014 Nature Publishing Group.). The yellow arrows in the

picture represent the direction of ion transport through the HG (s66)ré&ii) Magnified section of this

HG system that we atigt to simulate. (@ii) Schematic representah of our simulation geometry trying

to represent the magnified section i & a two-dimensional setting. (Reprinted with permission from

ref 181 Copyright© 2017 PCCP Owner Societies). The HGischaractez ed by t he di mensi ¢
separatioo et ween graphene stacks), 0l (horizontal span
between graphene stacks) [kindly compaiieaad aiii]. (b-i) Schematic of the generation of wetting

states thiaensure enhanced watgccessible graphenerface area by the interaction between water and

HG. This enhanced waiggraphene surface area is represented by the contact.asepdver which

water and HG surfaces interact and is compared (§pvith respect to the contact area,€) of water

on nonporous graphen\,c is the contact area achieved when a water nanodrop spreads on honporous
graphene. Given that the nonporous graphene is impenetiablemains unchanged regardless of

whether the tbp interacts with the nonporous surface i pinesence or absence of a force as long as the

drop does not break down into smaller parts. For the HG, the edges of the graphene holes are colored in

order to represent the presence of the functional graighei{ OH or1 H) that saturate the unsaturatio

at the holes. For the nonporous graphene, we choose eight layers of graphene as the substrate, which
ensures that it behaves as graphite and there is no chance of any change in the contact area due to the
wetting translucency effect of graphem@:17617

Il n the present st ahdegture oivaur pyeviosis study dydaccbogtfot he ar

T O Hi.e.(hydrophilicfunctionalizationor HIF) andt H (i.e., hydrophobicfunctionalizationor

135



HOF) terminationof the edgesof thegraphene holes. Of courseyyenuch like the previous

paper, we consider a 2D representation of the system dhekaiter drop is represented as a

cylindrical slab, while théHdGA is represented as a system of periodic graphene stacks with
verticalandlateralseparationdMostimportantly,in this study, we subject the water drop to a

y ni t e F)thatdrives it deep inside the HGA. The current problem is motivastddy a

variantof the problemof force-driven interactionof water withnanoporous graphene

membran& 1041381391818 i t h a yni te cont rthdvefotejtteorigindf capi |
thisf or ce that drives the wthdtierwdtHeGr i ma-eo ot oon i
graphenemembrane interactionsamely the suction pressuret?4138:139.158.16f the present

casethis forceF is appliedfor atimet thatis lessthanthe minimumtime {r0) needed to

drive any amounof water out of the HGAOurresultsdemonstratéhattheinterplayof F andt,

the dimensions ohe HG matrix, and the nature of the surface functionalization lead to hitherto
unknown combinedapilarity and force driven imbibition dynamics of the wadevpin the

HGA leading to the generation of a plethoranofeltransient ad equilibrium vetting

states. These i eweting states, apart from shedding light on the rich physics associated

with the wa t e r wetti® interactions,ares peci al | vy signiycant
enhancedvaterHG (or nanostructuredgraphenein general), namely thegeneration of

extremely enhanced (often more than timzesas compared to a nonporous graphene)
waterigraphene surface areas. Raplatform ®r wgtera p h e n e
y | t r a twaterdesaimatibn; ithisp ap er , ftime wethdveeestsisihesl that the

porous grapheneanbeequallyimportantfor providingahighly stable and highly enhanced

wat er 1 gr ap h e n eousappldth@mreobotharmethadsatte@ptingo enhancehe

w a t graphene contachrea havebeen attempted(seethe Discussionsecton);
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however, given the relativeeasee nsur i ng a highly enhanbyed gr ap
simply adjusting the magnitude and the duration ofdheewith which water ignade to interact

with the HG (posthef abr i cati on of HG), the present stud:
mechanismoé nhanci ng wat e raregThiaipthesbiggest souettyfobttee present

paper in comparison to our previous stdéASuch an enhancement in wat e
area wil|l be benewwdladi Mfprl appdé ! cadasyswse nel wat
graphenebased ultracapacito?$® graphenébasedcompacteat excahngers® graphene

based techniques for water freezimigh minimal subcoolindg!® etc. In fact, toward the end of

the paper, we establish that this area enhaeoemould be equally true for an HG matrix with

dimensions that exactly match the experimental results making our work appealing to the larger

experimental community as well.

6.2 Molecular Dynamics Simulations

Here we discuss t he ulatiensofa wettequlipratedovéter hahogropMD s i m
interacting with the HGA. We consider a 2D representation of the probEemconsequence,

the water drop is a cylindrical erwhile the HG is represented as stacks of graphene layers with

S peci y e dndlateral intestacklseparations (ISSs). The vertical ISSs represent the

vertical distance between the @ifént stacks of graphene, while the lateral ISSs represent the

dimensions of the graphene holes.

We have used the largeale atomic/moleculanasively parallelsimulator(LAMMPS) package
to simulatethe 2D waternanodroprajectoriesFor simulatingthewaterdrop, we use thelP4P

model. The holey grapherechitecture (HGA) is made up of graphene stacks; where each
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individual graphene stack casts of three layers of graphene. The graphene stacks have a
speciyc vertical and | ater al arrangement with
present kits edges. Simulations have been carried out by varying a wide range of parameters,

and we performed the pogtr ocessi ngarniooysndpamuamet ers dictati

interactions. Further details about the geometry, simulation, angnoasissig are provided.

6.2.1System Description

The nanoporous graphene matrix is modeled in g@@netry to eliminate the tremendous line
tension effect existing in any 3D nasoale drop systef¥? 18 Accordingly, the dimensions of

the simulation box areet as 450, 20 and 500 A in the X, Y and Z axis directions respectively.
Each graphene stack consists of 3 layers of graphene assembled along Z axis direction,
representing the graphene sheetsitelietween two neighboring pores. The lateral length ef th
stacks is set as approximately 40 A and 60 A, and the stacks end with a zigzag shape at both ends
in X axis direction. Each carbon atom of stack edge is terminated by a Hydrogen atom or a
Hydroxyl group. The horizontal gap between two stacks in the s&¥eplane stands for the
diameter of the pores, and it is set as 60 A. Two layers of graphene stacks are separated by a
distance of 10 A and 25 A in the vertical direction, following the most suegperimental

result’®184The detailed configurations of thG matrix are shown in Figu@2
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6.2.2Simulation Model

Thesystem consists of 3000 TIP4P water and this water ndehsidered to be an appropriate
approach to include the dipetipole interactions between water atoms and the partial charged
terminationst® The norbonded interaction between two atoms is dbsed by the Lennaidones

(LJ) 126 potential and the dambic interaction. The system temperature is controlled by applying

a NoséHoover thermostat to the water drop and set the carbon atoms fixed. All simulations are
performed using Largsecale AtomidWolecular Massively Parallel Simulator (LAMMPS)
softwarepackage. The force field parameters used in this article are summarized here 1T'able
The water drop is made to move through the holey graphene matrix by employing a finite body
force F to all he water molecules. The force is always applied onlgemegative direction (see

Fig. 6.2for the axes), i.e. in the direction perpendicular to the HG matrix. Of course, the constant
forceF is always present on the water molecules until the time wWieeforce is switched off. At

that point when the force is switched off, none of the water molecules are subjected to this force
anymore. No external force is ever applied to the carbon atoth®ther functional groups
attached to the carbon atoms. Téliso implies that the HG matrix remain fixed in position during

the entire simulation.

For a given set of parameters (i.e., a given st of U , | valuesgdgivan type of functionalization
ard given value of the applied forcing), we have playedidavith different values of the total
t i m# for(whach the force has been applied. In the process, we have identified the corresponding

criticalv a | t;@ne gpitnesses thaost enhanced valud the r,,,; /T, ; ratios(both in terms of

thetemporal maximum as well as the equilibrivmh e n t he f or dcelypicaly,wep pl i ed
find thatt h itc3s slgphtly larger than the time at which the wetting efisanaximum All the

results for a given set of parameters are providethtocae when the force is removedtatdg.
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Obviously, depending on the combination of the parameters (e.g., HG dmensture of hole
functionalizati on, s t t¢ variegg Ashwe prévidet réselts fariffdrente d @

combinations ofthesyse m par amet er s, tcasbvaries or r espondi ng o

Such a simulation set up where force has been employedtteeallater molecules have been
extensively investigated befol&187° There are also examples where liquid motion (or
imbibition) has been studied applying a pressuré®® However, such a seip is applicable

when one considers the imbiloiti of a slab of watéf8° Consideration of a slab of water allows
demacating a welldefined boundary in contact with the water slab. Undeh €ircumstances, a

force can be applied to this boundary that translates into a pressure that drives the water slab. On
the other hand, for a water drop one cannot define suchdeellified boundary. Therefore, as

has been done bRRef. 185 the forcedriven transport of a water drop would necessitate the

employment of a constant force on all the water molecules of the drop.

In this context, it is also important to point out aicat difference between our force model and

that of Ref. 185 Both our model andRef. 185 consider the triangular SPC/E water model.
However,Ref. 185applies force only to the oxygen atom, while we apply force to the oxygen as
well as the hydrogeatoms. Such a step ensures that we eliminate thesiwedi&imbling motion

of the water molecules that occurs when force is applied only to the oxygen atom of the SPC/E

water molecule. This situation is represented in €ig.
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Figure 6.2(a) Sideview of the holey graphene matrix with hydrogen terminations and vertical gap 10 A.
Magnified (b) side and (c) top view of a representative of holey graphene sheets in between the two holes.
(d) Side view of the holey graphene matrix with hydroteminaions and vertical gap 25 A.
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Figure 6.3Comparison of the force model of the earlier wdRkf( 185 shown in (a) with our force model
shown in (b). InRef. 185 the force is applied only to the oxygen atom [sei](avhich would kad to a
possble tumbling motion of the SPC/E water molecule [se#)]@On the other hand, in our model we
employ the force on both the oxygen atom and the two hydrogen atoms {§een&uring that this

tumbling motion has been arrested [as illusticoy comparng (aii) and (bii)].
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Table 6.1L.J and charge parameters used in the simulations

. —

0.163 -1.048
Hw 0 0 0.524
CeH 0.046 2.985 -0.115
Hch 0.030 2.42 0.115
Cisp2) 0.086 3.399 0
Ccon 0.070 3.55 0.2
Hcon 0 0 0.44
OcoH 0.155 3.07 -0.64
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Figure6.4 Snapshots elucidating the dynamics of the water nanodrop interacting with the HG2Hor
functionalization. In both a and bv provides the snapshots corresponding to different times. Below
each of these snapats, the corresponding time is also noted. For both cases acdnd.bym,li = 6 nm,
andl = 4 nm, and we consider that a forcd=6f 0.005 kcal/mol-A is applied for£600 ps.
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Figure6.5 Snapshots elucidating the dynamics of the water nanodienaating with the HGA for H
functionalization. In both a and b v provides the snapshots corresponding to different times. Below
each of these snapshots, the corresponding time is also noted. For both éd=a@dkm,i = 6 nm, and
U =4 nm, and w consider that a force Bf= 0.005 kcal/mol-A is applied for t =R(ps for the case with
HIF and for t = 300 ps for the case with HOF.
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Figure6.6 Variation of thery na/rw,c With time for different values ad andF for T H functionalization of
thegraphene holes. For a givdnF combination, the force is appliedrfa time t which ensures
maximum value ofr{y 1e/rw,c)ransient(for a given t) as well as maximumyio/rw,c)equiibium This value of t
is summarized below (with in kcal/mol-A): (th=1nmpF=0.003,0n= 700 pS, (Y-1nmr=0.003,1=700 ps,
(t)d=2.5nmF=0.003,0n= 450 PS, (IJ=2.5nmr=0.003 4= 800 pS, (-1nmF=0.005,04= 600 PS, (G-1nmF=0.005,4= 600 ps,
(t)d=2.5nmF=0.005,0n= 200 PS, (ig=2.5nmF=0.005,H= 300 PS, (Y-1nmr=0.0060H = 350 PS, (Y-1nmr=0.006,H= 350 ps,
(t)d=2.5nme=0.006,01= 200 pS, (§-2.5nmr=0.006,n= 200 ps. Other dimensions are same as those in Figdres
and6.5. The transient wetting is characterized by the transient variationefrw,c; in other vords, the
duration of the transient wetting process is the period of time for whigtirw ¢ varies with time before
attaining equilibrium.
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