Dynamic Wetting of Nanodroplets on Smooth

and Patterned Graphene-Coated Surface
Shh-Wei Hung Junichiro Shiomi

Department of Mechanical Engineering, The University of Toky®,17Hongo,

Bunkyo, Tokyo 1138656, Japan

AUTHOR INFORMATION

Corresponding Author: shiomi@photon.t.u-tokyo.ac.jp



ABSTRACT

Wettability of graphen&oated surface has gained significant attention due to the
practical applications of graphene. In terms of static contact angle, the wettability of
graphenecoated surfaces baeen widéy investigatedy experiments, simulations,

and theaesin recent years. However, the studies of dynamic wetting on
graphenecoated surfaces are limited. In the present study, molecular dynamics
simulationis performed taunderstandhe dynamic wetting fovaternanalroplet on
graphenecoated surfacesith different underlying substrates, coppend graphite,

from ananoscopi@oint of view. The results show that the spreagingmooth
graphenecoated surfacesan be characterized by the final equililbnivadius of

droplet and inertial time constaithe dynamics of spreadirg water nanodropletin
graphenecoated surface withatternechanostructuresn graphenas alsocarried out
Unlike thesmoothgraphenecoated surfacgdynamic wetting orthe patérned
graphenecoated surfacedepend ontheunderlying substratehe inhibition of wetting
by the surface nanostructures is stronger for a hydrophobic underlying substrate than

thehydrophilicsubstrate



INTRODUCTION

Vast research efforts havwargdged on graphene owing to its unique electronic,
optical, chemicaland mechanical propertiés. The advanced coatintechniqueusing
graphene also beneditfrom its extraordinary propertie®.g. excellent chemical
resistance, impermeability to gases, dnatiterial propertiesndmechanical strength.

The practical application of graphene coatings requires further understanding of how
the singleatomthick sheetaffects the surface properties of the underlying substrate
such as wettingRecently, there dwe been extensive researé€sn quantifying the
wetting behavior of graphermated surfaces in terms of static contact angle. An early
work of Rafieeet al’'f ound the “wetting trthenvetfingr ency”
behavior of underlying sulyrstte, where van der Waals forces dominate the wetting, is
not significantly altered by theaddition of graphene.However the followup
experimental studiegddemonstrate the graphene is not completeut partially
transparent to wettingt%121415 Compuer smulation$"12131% and theoretical
calculation&®1215 also support the partial wetting transparency of graph&hese
researches indicatehe monolayer graphene acts like a barrieducing the
waterunderlyingsubstrate interaction.

The progess in quantifying the static wetting on grapheoated surfackas been

substantial, but the reported study of dynamic wetting on grapteated surface is
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still limited. The dynamic wetting is a multiscale and complex proldsthe classical
hydrodyramic description breaks dm at the moving contact lin@endthe nanscopic
featuresat the molecubr scaleneedsto be considad?® Thus, the dynamic wetting
shows different behaviors at different length scales duddacsize effectA recent
study of @pillary filling in nanochannet$ demonstrateshat the dynamiccontact
angle at the nanoscaldiffers significantly from the static contact angl&Vhile
molecular kinetic theos has been formulated to understand d@ldeanceof contact
line in terms ofkinetics of moleculeghe most direct methotb investigatehe details
of thedynamic is molecular dynamics (MD) simulatipmvhich have beenwidely used
to studydynamic wetting phenomenparticularlyat the nanoscafd The results of
MD simulatiors on flat surfacesre generally in agreement wittie molecular kinetic
theory?~%:3 Although there is dimitation in the diameteof the simulatecdroplet
typically in the order otens of nanometer@anodroplet) MD simulations can trace
the evoldion of the droplespreading from which scaling otontactradiusR can be
directly obtained.When compang with the macroscopic experimentd initial rapid
wetting on flat surfacehat are typically studied with millimeter droplets, they exhibit
some similarities in the scalinglespite the large difference in the length sc&e

evolves with timet, asR~t? for completely wetting surfac&s*® in analogy to the



scaling of an inertimominated coalescené®® and the exponent decreases with
deaeasingwettability for partial wetting surface€3®% The dominant physics that
counteracts capillarity in the initial rapid wetting phase is expected to be mostly inertia
and, fordropletsat the microscale, the time histories Bffor different doplet sizes
coincide with each other by usinthe inertial scaling even for partial wetting
surface.® However, theinertial scaling does not capture the dependence on the
wettability. As forthe nanodropetsin MD simulations no scalingor neither dianeter

nor wettabilityhas been identified.

On graenecoated surfacesAndrewset al® studied the nanodroplet spreading
using MD simulation.Unlike the partial wettingransparency in static wettingye
dynamic wettingof nanodroplet was found tbe incependent of the underlying
substratesthe contact radiugollowed R~t? regardless of the number of graphene
layers or the wetting property of the underlying substiBite study shed light on the
inertizdominaed dynamic wetting of nanodroplets on ghamecoated surfaces
However,the scaling that incorporates both dependences on diameter and wettability
still unknown and thusve aimto identify such scalingn this work Furthermore, we
investigate the sensitivity of the dynamic waition the sudace structure with the

scope of controlling the wetting phenomena through the geometry of the graphene



layer, following series of works omacroscaledropletswhere large controllabilitypy
surface structusshas been demonstarat®d' Herg the surfacestructure is altered by
forming patterned defectim the graphenewhich can be achieved using the ion beam
technique®>®
SIMULATION DETAILS

MD simulations were performed to study the dynamic wetting of water droplat
solid sufacedown to thenanascale Three sizes of water droplet with initial rad®,=
6.4, 9.0, and 12.8 nm, corresponding tg0RB, 50000, and 10@00 water moleculgs
were considered to study the size effébhe model surfaces includ® graphene,
graphite, monolayegraphene cated coppe(MGC), bilayer graphene coated copper
(BGC), and copper

For dropletat the nanoscaleghe measured contact angle is affected by the line
tension at the threphase liné* To eliminate the line tension effeft the
guasitwo-dimensional 2D) system droplet incylindrical geometrywas implemented
as shown in Fig. 1The periodic boundary conditions were applied in all directions.
The system size ithey direction was set t®.92 nm, leading to an infinitely long
cylindrical droplet. The sstem size irthe x direction was set to 700 nm to ensure

that the droplet does not interact with the periodic imabes.cylindrical geometry is



widely implemented in the studies of dynamic wetting of nanodréistett>° to
achieve sufficiently largedroplet sizes in a hydrodynamic regime, which is
computationdl expensive in spherical geometBesices, thecontactproblens such

as dynamic wettingare essentially2D phenomen® The previous stud! also
demonstrates that even though the evolutiboomtact radius is different for droplets
in the spherical and cylindrical geometries, kbeal processes at the contact line are

indepeneént of the geometry of droplet.

Figure 1. Snapshot of the initial state of dynamic wetting simulatibwaterdroplet

(R=12.8nnm) on monolayer graphene coated copper (MGC) surface.

The Cu(111) surface was chosen and the graphutéacewas represented by six
graphene layers. The separation distance betweenoppergraphene and

graphenegraphenevas 0.326 nrff and 034 nm?* respectivelyThe extended simple



point charge (SPAE) modet’ was applied for water dropletShe Lennardlones(LJ)
potentialwasimplemented fothe van der Waals interaction between water and solid
surfacesThe LJ parameters dtiieinteracton betweeroxygen atom of water molecule
and carbon atom wer&¥0.392 kJ/mol andi=0.319 nnf* while the LJ parameters
were (35.067 kJ/mol and(i=0.272 nm™® for the interaction betweemxygen atom of
water molecule andopper atomThe differencebetween thavater contact angseon
rigid and flexible substratdsas ben shown to be negligibfé,and thusal atoms of
solid surface were kept fixed at their equilibrium positionsto reduce the
computational cost

All simulations were performed with the GROMACS 4%8.dnd visualized with the
software PyMOL>® The simuldéions werecarried outin a canonical ensemble with
integrating time steps of 1.0 fsh& temperature wasept constanat 300 Kusing the
Nose—Hoover thermostat® with a time constant of 0.2 pA cutoff distance of 2.0
nm was usedor the nonbonded van der Waals (vdW) interactidrse electrostatic
interadion was treated using partieleesh Ewald summation metiddwith a
realspace atoff distance of 2.0 nm.

The water droplet was first equilibrated in the system without solid surfaces to

achievethe circular shape. The equilibrated droplet was then plaicadocation with



a certain distance from the solid surface sat they start to interact. The droplet
spread on the solid surface spontaneously due to the iglid interaction.To
measure the contact radius of droplet, a square binning of local number of water
molecules along thg andz directions with a bin size of 0.2 nm sv@erformedThe
liquid-gas interface was defined to be the contour of density = 500%kg/hich
approximately corresponds to the middle value of bulk liquid and gas derdfities
water The atom positions were recordexkrypicosecondo evaluate time Btories of

the contact radius evolution.

RESULTS AND DISCUSSION

The static contact angle of droplet wigr6.4, 9.0, and 12.8 nm on graphemas
calculated to beB9.6+3.5°, 89.9+£3.5°, and 89.9+3.4°, respectively. Diained
contact angle on graphenedsensstent with the previousimulationwith the same
model; the contact angle on graphene isuad 90.”!" The static contact angles of
droplet withR=12.8 nm are 64.5+3.5°, 78.4+2.5°, and 80.2+2.5° on MGC, BGC, and
graphite, respectivelyThe coppeisurface iscompletelywetting, i.e. contact angle is
zero. The values of static contact angles are in good agreement with the pkéDious
study? using the same force field. The contact angle is increased significantly by the

addition of a monolayer graphe. By adding two layers of graphene, the value of
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contact angle approaches that of graphite, whiaficates thatthe effect from
underlying substrate can be shielded by bilayer graphene.

Figure 26) shows how the contact radiu®f droplets with varioudnitial radii
evolves in timeon surface with varouswettabilites The latetime spreading shows a
dependence on droplet sizes that larger droplets spread faster than smaller ones. For
suifaces with different wettabilitiesthe droplets spread faster amre hydrophilic
surfaces. The observation is consistent with the microscale experimental ¥ethits.
previous stugks suggestthat the spreading athe nanoscale operates in the
inertiakdominated regimé&® thus theinertid scalingis adaptedn Figure 2(b) The
characteristic inertia time constapt &/29)'2, wherey is theliquid density and is the
liquid-vaporsurface tensiorgomes from the balance of the inertial pressure inside the
dropet and the capillary pressure associated with theleraprvature® The values
}=1000 kgm?® and =72 mN/m are used in this workThe curves of droplstwith
different sizes on the same surface collapse onto one ddoveever, he curves for
surfaces with differentvettabiliies scatter, which was also observedtlie previous
macroscopiexperimers.® Now, sincethe final equilibrium radiusR;, of droplet is
related to the wettability of surfaceie scalethe radiusby Rr instead ofR;, shown in

Fig. 2(c). Note that e final equilibrium radius cannot be obtained for the copper
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surface, thus the profiled aopper surface are not included in this scaling analysis.
Interestingly, all simulation profiles collaps®to one single curve, which suggests

thatthe appropriatdength scale and time scale to describedyr@amic wettingat the
nanoscalare R and § R/9)Y2 respectively We here call this scal

i nerti al scaling”.
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Figure 2. Time histories of contact radius of droplets with varying sizes on surfaces

with varying wettability (a) dimensional units, (b) inertial scaling, and (c) remtlif

inertial scalingThe numbers in parenthesia (a)denote the static contact angle of

R=12.8 nm droplet.
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In mind of enhancing the controllability of dynamic wettingegossible strategg
to nanostructure the surfad®y restructuringhe coated mmaolayer graphene€lo this
end patternedholeswith varioussizes and shapeseformed to understand the effect
of geometries othe surface narstructuresNote thatintentional introduction of such
defects are now possibli@ experiments usin the ion leam techniqu&* Each
structure was denoted wilR(U xU yandT(U xU ) as shownn Fig. 3, whereRandT
denoterectangulaand triangle andi »andl yarethe length of the hole ithe x andy
directionsintegermultiples 0f0.43 nm and 0.37 nm, resgtively. For exampleR(3, 4)
indicatesthata 129 nm x 1.48 nmrectangulaholeis periodically repeated 20 times in
the x direction and 2 times ithe y direction Two underlying substrate, copper and
graphite, are chosen to study thénfluence of unddying subgrate with different

wettabilities
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(a) (b)

2.96 nm

8y dy

Figure 3. Top view of the patterned grapheoeated copper surface of (a) rectangular

R(3,4) and (b) triangld@(4,4).U »xandu ylenote the pattern sizesthrex andy

directions, respectively.

Figure4 shows thecontact radius profiles of dropletith R = 12.8 nm spreading on

various patterned grapheneated surfaces. The results demonstrate the droplets

spread morelswly on the patternedraphene coated surface than thatfesmooth

graphenecoated surfaceComparison between Fig. 4(a) and Fig. 4(b) indicates that the

extent of this wetting inhibition depends on the underlysupstrate where the

inhibition is stonger for the case of graphi@derlyingsubstratgFig. 4(a)) thanthe

copperunderlying substrat¢Fig. 4(b)). The validity of modified inertial scaling is

examinedto the patterned grapheweated surface in Fig5. For the graphite

underlying substrat casqFig. 5(a)), the profilesof different sizes of droplet are also

analyzed. The results show that the profiles do not collapse as well as in the case of
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smooth grapheneoated surfaces.of the copper underlying substrate céSg. 5(b)),
the profies of patterned graphexeated surfaces do not collapsed clearly differ
from theprofile of smooth grapheneoated surfacdt indicatesthatthe effect of the
underlying substrate are enlted because of the surface nstnactures. The
importance ofother effecs, for examplethe line friction force, maye amplifiedon
the patterned graphemeated surfacesThus, althoughthe modified inertial scaling
works fordropletson the smooth graphemeated surfasg it no longerholdson the

patterned gragmecoated surfaces.
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Figure 4. Time histories of contact radius of droplets on various patterned

graphenecoated surfaces with (a) graphite and (b) copper as underlying substrates.
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Figure 5. Time histories of contact radius of droplets on variquetierned
graphenecoated surfacesising modified inertial scalingvith (a) graphite and (b)

copper as underlying substrates.
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size of patternfi xand U y as shown in Fig 6. Note that the results of triangular
patterned cases are not shown in Fig. 6 because the effect of triangular pattern on
dynamic wettingis difficult to separatan the x andy directions respectively.The

results reveal thathe effect of surface nanstructureson dynamic wetting is more
obvious onthe graphite underlying substratasethan that onthe copperone The
difference in spreading speed is 18.35% for the graphite underlying substrate case and
it is only 7.77% forthe copper onelt implies that the dynamic wetting can be
manipulatedmore effectively by the design of pattern size for tgeaphite underlying
substrateghan the copper onélso, it is shown thathe spreading speed correlates to

U ywhich is perpendicular tihe spreadinglirection more than tai xwhich is parallel

to the spreadindirection The larger values il ylarger pattern size in thedirection)

induce more resistance for droplet spreading on both underlying sulsstidie
behavior can be attributed to tbhentact linepinning effect ofspreadingThe pinning

effect hasheenshownto be important fothe spreading on the textured surfacdth
micro-structures>> On nanetructured surfaceshe contact angle hystsisshows

the dependence on the area density of defects, indicating that the defects pin the
contact line of drople® It was also shown thahé macroscopiginning behavior is

preserved for namstructures with dimensions down to ~200.%n®n the othehand,
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the contributions ofi xo the dynamic wetting are opposite for these two underlying
substrates, i.e. positive coefficient ftie graphite underlying substratease and
negative coefficient fothe copper ongas shown in Fig6. In order to depicthe
phenomena clearly, the top views of spreading of water adjacent to the swithoe
0.5 nm, are displayedn Fig. 7 for these two underlying substratédsor graphite
underlying substratease thecontact line is pinnedn the boundary of hole iroththe

x andy directions, as showftom t = 500 ps tdb60 ps The pinning effect irthe both
directions can also be observed for copper underlying subsasggom t = 430 ps to
490 ps When water molecules contact the copper surfases20ps) the spreadings
enhanced because coppemsre hydrophilic than graphenior graphite underlying
substrate casdhe larger values in both xand U yform more resistance for droplet
spreading due to the pinning effect. The slower spreading and higher hydiapy
was also observed on the defective graphene suifamecopper underlying substrate
case,the larger values it yslow down the spreadinghile the larger values il x
enhance the spreadirgue to the competition between these two effectsspheading

processes aliasensitive to the pattern sizes in the early regime
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various patterned grapheneated surfaces with (a) graphite and (b) copper as

underlying sibstrates.

20



aRan

K5

HER
B8

4o
S8 !
s s
QRAnENRY
doaR
e

2 &%
R
N

® RERRRRE

BERRY R AR

s o

Aot 2

PERESL ;

PR
AHET

{2 .('
(R His {2 o
s 3 ::::o::: s Rasats
L P PRCML PN
.:i:‘; A:' 4%

IRRBRTRRS N KRR
o (% BRI 4
REAEES REBRAREL LR
(REE BRI
HGERNK ) e

e S

€7
(P45
¥ 04
RORDRIETHR

OO0
/W L
19500 R

Figure 7. Top view of spreading of water molecules adjacefR(#8) patterned

graphenecoated surface with (a) graphite and (b) copper as underlying substrates.

Coated graphene in green, graphite in gray, and copper in yellow.

21



CONCLUSION

MD simulationsareimplemented to study the dynamics wetting of water droplet on

graphenecoated surfacwith different underlying substrates, coppeand graphiteThe

influence from underlying substrate on the both static contact angle and dynamic

spreading can be weakened significantly by the addition of one layer of graphene. The

dimensional analysis demonstmteat the dynamic wetting can be characterized by

the inertial time constant and final equilibrium radius fbe nandroples. For

patterned graphenecoated surfacesthe modified inertial scaling does not hold,

indicating other effectsuch agine friction force, become important duette surface

nancstructures. Unlike the smooth graphemated surfaces, the dynamic wetting

shows strongdependence on the underlying substrate. For the graphite underlying

substrate case, the spreading spaecteasesnd hydrophobicity increases with the

increasing size of hole§.he dependence aarlytime spreading on pattern size is

weakerfor the coppe underlying substrate cadegcause of the competition between

the strongattraction fromcopper surfacand pinning effect The results indicate that

the manipulation of spreading can be achieved by miodifthe nancstructuresof

graphene ohydrophobicunderlying substrate
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