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The universality of the scaling laws that correlate the hydrodynamic slip length and static contact

angle was investigated by introducing the concept of the wettability transparency of graphene-

coated surfaces. Equilibrium molecular dynamics simulations of droplet wettability for Si(111),

Si(100), and graphene-coated silicon surfaces were performed to determine the conditions required

to obtain similar contact angles between bare and graphene-coated surfaces (wettability transpar-

ency). The hydrodynamic slip length was determined by means of equilibrium calculations for sili-

con and graphene-coated silicon nanochannels. The results indicate that the slip-wettability scaling

laws can be used to describe the slip behavior of the bare silicon nanochannels in general terms;

however, clear departures from a general universal description were observed for hydrophobic con-

ditions. In addition, a significant difference in the hydrodynamic slippage was observed under wett-

ability transparency conditions. Alternatively, the hydrodynamic boundary condition for silicon

and graphene-coated silicon nanochannels was more accurately predicted by observing the density

depletion length, posing this parameter as a better alternative than the contact angle to correlate

with the slip length. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942400]

The solutions obtained for the Navier-Stokes equations

bounded by the no-slip condition represent a fundamental

basis for classical fluid dynamics and also serve as a founda-

tion upon which other fundamental transport phenomena can

be described. While the Navier-Stokes equations are derived

from a physically sound model, the no-slip boundary condi-

tion is an empirical assumption not supported by any physi-

cal principles.1 The early work of Navier,2 first defined the

slip boundary condition as

us ¼ Ls

@u

@z

����
z0

; (1)

where us is the slip velocity, @u=@z is the velocity gradient

evaluated at the solid-liquid interface z0, and Ls is the slip

length (distance required to reach the no-slip condition after

a linear extrapolation of the velocity profile).

The no-slip boundary condition is typically observed in

macroscale flows; however, slip conditions have been

reported, both experimentally3–5 and numerically6–9 for flow

of nanoconfined liquids. A majority of the numerical investi-

gations of nanochannels hydrodynamics have been focused

on the determination of the nature of the boundary condition

as indicated in Eq. (1), but other higher order formulations

have also been reported.9 The shear rate (for shear-driven

flows) or driving force (for force-driven flows), confinement

size, roughness, and wettability of the nanochannels walls

are all among the primary parameters affecting the nature of

the boundary condition (Ls). Different responses of Ls to an

increasing magnitude of the driving mechanism, such as

unbounded growth,10,11 bounded growth,12 and decaying,13

have all been reported. Far from reflecting the physics of the

systems, these different observations have been explained in

terms of the modeling of the solid dynamics and fluid ther-

mostating.14,15 Changes are expected in the fluids properties

as the size of the systems decrease due to the enhancement

of the surface effects and a simple scale analysis indicates

that water can maintain its bulk density down to 1 nm.16 It

has also been numerically demonstrated that water exhibits

bulk flow behavior through carbon nanotubes as small as

1.4 nm in diameter.17 Other investigations also indicate that

Ls tends to remain unaffected in confinement sizes above ten

molecular diameters.18,19 In the current investigation, size

and shear rate affects were eliminated by using equilibrium

calculations of the hydrodynamic slip (compared to non-

equilibrium low-shear rate simulations) in nanochannels

large enough to avoid the size-affected properties.

Previous investigations have indicated that the wettabil-

ity of the nanochannels walls (solid-liquid affinity) can be

correlated with the hydrodynamic slippage. A quasiuniversal

relationship Ls � ð1þ cos hÞ�2
, where h is the contact angle,

was derived by Huang et al.20 Additionally, they found that

Ls scaled with the interfacial liquid structure as Ls � d4,

where d is the liquid density depletion length. Sendner

et al.21 proposed the scaling law, Ls � ð180� � hÞ�2
, sug-

gesting that it was more physically sound than the previous

relationship due to a better interpretation of the limit h!
180� in a wettability model. No noticeable difference was

observed between the contact angle scaling laws when com-

pared to the numerical calculations of Ls.
21 The slip-

wettability scaling laws were derived from a scaling analysis

performed on a simple wettability model. The contact angle

was found to be linearly correlated with the energy parame-

ter (�) of the Lennard-Jones potential used to describe the

non-bonded solid-liquid interactions. However, it has been

reported that not only the energy parameter but also thea)Electronic mail: bud.peterson@gatech.edu
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length parameter (r) of the non-bonded interaction potential

affect h and Ls as obtained from MD simulations in an oppo-

site manner.11

The universality of the slip-wettability scaling laws can

be evaluated by introducing the wettability transparency of

graphene coated substrates.22 By calculating Ls on two surfa-

ces having the same contact angle, where one is coated with

graphene, the robustness of these quasiuniversal relation-

ships can be assessed. In the current investigation, equilib-

rium molecular dynamics (EMD) simulations were used to

determine the contact angle on two silicon surfaces, Si(111)

and Si(100), and the graphene-coated version of these surfa-

ces wetted by water. The equilibrium theory of Huang and

Szlufarska23 was used to calculate the solid-liquid friction

coefficient and Ls in silicon and graphene-coated silicon

nanochannels. The wettability of different silicon planes was

artificially varied for comparison purposes, but unlike previ-

ous investigations, Ls, was calculated in nanochannels made

of different surfaces with the same contact angle as demon-

strated by experiments.

The contact angle on Si(100), Si(111), and the graphene-

coated version of these surfaces was calculated using EMD

simulations of cylindrical droplet wettability.24 Silicon and

graphene-coated silicon nanochannels, having the same config-

uration as the wettability simulations were used for the Ls cal-

culations. The structure of graphene was stretched no more

than 4% in order to create periodic structures matching the

underlying silicon substrate. The confinement size was 5 nm

for every nanochannel and the area was 5.76� 5.98 nm for

Si(111) and 5.97� 5.97 nm for Si(100), see Fig. S1.25 The

channels size was constrained by fixing the position of the out-

ermost solid atomic layers. LAMMPS26 was used to perform

the simulations and VMD27 for visualization. The SPC/E

model28 was used for modeling the water, the SHAKE29 algo-

rithm was used to enforce the rigidity of the SPC/E model, and

the long-range Coulombic interactions were treated with the

PPPM30 algorithm with an accuracy of 1� 10�6. The non-

bonded carbon-water and silicon-water interactions were mod-

eled with truncated Lennard-Jones potentials by taking into

account only the interactions with oxygen, where rCO ¼
3:19 Å; �CO¼ 0.4736 kJ/mol, and a 15 Å potential cut-off

(h¼ 64.4�);24 rSiO¼ 2.635 Å and �SiO was varied to induce

different wettability conditions. Tersoff31 potential was used

for modeling the Si-Si interactions in a many-body fashion.

The time step for the integration of the equations of motion

was 1 fs for all types of simulations.

The wettability of pristine (hS) and graphene-coated

(hGS) silicon surfaces was theoretically and numerically

investigated in order to determine the macroscopic condi-

tions, substrate contact angle hS, required to observe wett-

ability transparency for graphene-coated silicon. The results

illustrated in Fig. 1 indicate that the theoretical model

reported in Ref. 32 is sufficiently accurate to predict the

wettability of graphene-coated silicon. Two different values

for the equilibrium separation between graphene and silicon

(dGS) were considered, since this parameter is the only

unknown in the theoretical model of wettability.32 Some

authors have reported values of dGS¼ 3.55 Å, a value

obtained through mixing rule approximations of the interac-

tion potentials,33 while recent experiments34,35 and

simulations36 suggest that dGS � 2:0 Å. Hence, dGS¼ 2.0 Å

was adopted for the remaining of this investigation. Such an

equilibrium distance was enforced by defining the non-

bonded Si-C interaction potential parameters as rSiC¼ 2.1 Å

while �SiC was varied in a wide range. The results indicated

no noticeable differences in the Ls calculations.

The nanochannel hydrodynamics simulations were con-

ducted in such a way that similar bulk water properties were

achieved for every case (for more information, see the supple-

mentary material25). Because the wettability of the surfaces

varied, the pressure required to reach the same bulk density

changed as a function of the contact angle.37 Hence, the num-

ber of water molecules within the 5 nm channel varied from

5776 to 5668 to cover the range from hydrophilic to hydropho-

bic wall conditions, respectively. The equilibrium theory pro-

posed by Huang and Szlufarska23 was used to calculate the

friction coefficient k, and then Ls ¼ g=k where g ¼
0:729� 10�3 Pa-s is the shear viscosity of SPC/E water.38

The Ls calculation originates from the viscous law correlating

the shear friction force and the slip velocity through the

friction coefficient k. Huang and Szlufarska23 used linear

response theory and the general Langevin equation to derive a

relationship to accurately predict k from EMD simulations.

Alternatively, the molecular kinetics theory (MKT) of wet-

ting39 poses an opportunity to deepen into the relationship

between wettability and slip, although the MKT was not devel-

oped for confined liquids, it could be useful for future research.

Fig. 2(a) depicts the MD calculations of Ls as a function

of h and the curve fit of the slip-wettability scaling laws. A

non-linear least-squares algorithm was used to perform the

curve fittings, where only a single parameter was determined

for each scaling law. The R2 values were 0.74 and 0.82 for

the scaling laws involving 1þ cosðhÞ and the one involving

180� � h, respectively. Two aspects can be highlighted

regarding the bare silicon nanochannels results: (1) the simu-

lation results seem to follow the trends predicted by both

scaling laws; although, Ls � ð180� � hÞ�2
seems to be a bet-

ter match for both, Si(111) and Si(100), nanochannels; (2) it

is consistently observed that for h > 100� the slip behavior

is different, being the Si(111) surface more prone to

FIG. 1. Wettability of pristine and graphene-coated silicon surfaces. The

MD simulations results (symbols) verify the theoretical predictions (solid

lines) of the wettability of graphene-coated silicon. Two different values for

the equilibrium distance between graphene and silicon (dGS) were used for

validation. The shaded region represents the wettability transparency condi-

tion with a 62:5� deviation from hS ¼ hGS.
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hydrodynamic slippage than the Si(100) surface. When the

wettability transparency condition is examined (both silicon

surfaces have a contact angle of �71� for dGS¼ 2.0 Å, see

Fig. 1), a significant departure from the slip-wettability scal-

ing laws is observed in Fig. 2(a). These results suggest that

the scaling laws that use the contact angle as a quasiuniversal

parameter are not robust.

In addition to the quasiuniversal scaling laws of hydro-

dynamic slip, Huang et al.20 observed the relationship

Ls � d4, which was derived from the observed dependence

of d on the solid-liquid interaction parameter � and the scal-

ing performed on an equilibrium model of slip.40 Fig. 2(b)

illustrates Ls as a function of d, obtained as

d ¼
ð1
0

1� qs zð Þ
qb

s

� ql zð Þ
qb

l

" #
dz; (2)

where qsðzÞ and qlðzÞ are the solid and liquid densities along

the z-direction (height) of the nanochannel, and qb
s and qb

l are

the bulk solid and liquid densities. d represents a measurement

of the water depletion that exists due to the short-range repul-

sion between the solid and liquid atoms, see Fig. S3.25 It is

clearly observed that the scaling law Ls � d4 features a better

prediction of the nature of the boundary condition (R2¼ 0.97),

regardless of the contact angle or the characteristics of the

channel walls. Fig. 2(b) indicates that Ls is different for hydro-

phobic silicon nanochannels (h > 100�) because the depletion

length is more prominent in Si(111) than Si(100) surfaces.32

Additionally, the reason that the graphene-coated slip is

similar to the hydrophobic Si(111) can be explained by recog-

nizing that both surfaces exhibit similar d values. Thus, Fig.

2(b) helps to reconcile the results reported in Fig. 2(a) for the

three different types of nanochannels and remark the strong

correlation between Ls and d.

During the derivation the slip-wettability quasiuniversal

relationships, Huang et al.20 and Sendner et al.21 observed the

scaling law 1þ cosðhÞ � � after simplifying a mean-field-

theory-based wettability model. This expression was funda-

mental in the development of the slip-wettability laws and is

in fact correct, as has been previously demonstrated in Ref. 21

and by others;24 however, this assumption is only applicable

for specific situations. The robust wettability model based on

the mean-field theory, reported in Ref. 32, indicates that the

contact angle depends on the � and r parameters of the non-

bonded solid-liquid interaction potential, the interfacial liquid

structure, the planar atomic density of the solid atoms, and the

underlying structure of the wetted surface, i.e., the solid struc-

ture anisotropy also plays a role in nanoscale wettability. This

functional dependence is coupled and no single effect can be

isolated, with the exception of � at some level. Therefore, the

simplification made by Huang et al.20 to obtain 1þ cosðhÞ �
� is valid only when the rest of the aforementioned variables

are lumped into a single constant; hence, the quasiuniversal

prefix of these laws is justified. Additionally, the process fol-

lowed to obtain a given contact angle from MD simulations is

one of calibration. The process consists of fixing one of the

two non-bonded solid-liquid interaction parameters and vary-

ing the other until obtaining an objective contact angle for a

given solid structure. This explains why the wettability of

Si(100) is different than that of Si(111) when using the same

silicon-water interaction potential,32 in addition that both

planes feature different density depletion when wetted, due to

the anisotropy of the silicon crystal.

The hydrodynamic slip phenomenon is one of interfacial

nature. Thus, a better description of Ls can be obtained when

the interfacial liquid structure is considered (d). The density

depletion length, d, indicates that as the equilibrium separation

between the solid and liquid atoms increases, hydrodynamic

slippage is prone to occur due to the reduction of the momen-

tum transfer between solid and liquid particles. For a non-

bonded interaction, the equilibrium distance between a pair of

atoms scales as deq � r. Hence, the interfacial water depletion

is directly affected while the calibration process for the calcu-

lation of the contact angle is merely adjusted. Likewise, the

magnitude of r affects the energy corrugation of the solid-

liquid interaction potential, in combination with the structure

of the wetted solid. For the particular systems under investiga-

tion, Fig. 3 depicts the attractive potential energy field gener-

ated between water and the first layers of solid atoms. It can

be observed how the low atomic planar density Si(100) sur-

face features a rough energy landscape with deep potential

wells where liquid particles can be entrained. This explains

the small values of d, as illustrated in Fig. 2(b) and Fig. S3.25

Alternatively, the Si(111) structure features a smoother energy

landscape, mainly due to the larger planar atomic density and

the closely packed bilayer structure of this silicon plane.

Finally, the closely packed structure of graphene in combina-

tion with a large value of the rCO parameter generates a flat

energy landscape, above which the water molecules are only

FIG. 2. Hydrodynamic slip behavior of silicon and graphene-coated silicon

nanochannels with respect to (a) the contact angle and (b) the depletion

length. The insets are close up views of the points near the x-axis.
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affected by the magnitude of the interaction strength and not

the granularity of the underlying solid substrate. This smooth

energy surface helps to explain the higher values of Ls under

wettability transparency conditions and the small differences

observed for Si(100) and Si(111) graphene-coated channels.

As it is shown in Table S1,25 the silicon-water interaction

strength is always greater for Si(100) than for Si(111) in order

to balance the lower atomic density of the 100 plane for

obtaining similar contact angles.

The wettability transparency of graphene-coated silicon

surfaces was used to demonstrate the lack of generality of

the hydrodynamic slip-wettability scaling laws, and the

robustness of the scaling law that suggests a relationship

between the interfacial liquid structure and the slip length.

Because the atomistic modeling of wettability is a calibration

process, the quasiuniversal relationship between the slip

length and contact angle broke down when the wettability

transparency phenomenon was introduced. In other words,

the actual complexity of the wettability phenomenon invali-

dated the simple approximations used in deriving the slip-

wettability scaling laws. The results obtained indicate that

the liquid density depletion length is a better alternative in

the prediction of the hydrodynamic boundary condition in

nanoconfined liquid flows.

This work was supported in part by the Mexican

Council on Science and Technology (CONACyT) under the

scholarship 312756.

1D. C. Tretheway and C. D. Meinhart, Phys Fluids 14, L9 (2002).
2C. L. Navier, Mem. Acad. Sci. Inst. Fr. 6, 389 (1823).
3D. Lasne, A. Maali, Y. Amarouchene, L. Cognet, B. Lounis, and H.

Kellay, Phys. Rev. Lett. 100, 214502 (2008).
4D. Schaeffel, S. Yordanov, M. Schmelzeisen, T. Yamamoto, M. Kappl, R.

Schmitz, B. Dnweg, H.-J. Butt, and K. Koynov, Phys. Rev. E 87,

051001(R) (2013).
5O. I. Vinogradova, K. Koynov, A. Best, and F. Feuillebois, Phys. Rev.

Lett. 102, 118302 (2009).
6C. Liu and Z. Li, Phys. Rev. E 80, 036302 (2009).
7C. Liu and Z. Li, AIP Adv. 1, 032108 (2011).
8H. Zhang, Z. Zhang, and H. Ye, Microfluid. Nanofluid. 12, 107 (2011).
9H. Zhang, Z. Zhang, Y. Zheng, and H. Ye, Phys. Rev. E 81, 066303

(2010).
10P. A. Thompson and S. M. Troian, Nature 389, 360 (1997).
11R. S. Voronov, D. V. Papavassiliou, and L. L. Lee, J. Chem. Phys. 124,

204701 (2006).
12A. Martini, H. Y. Hsu, N. A. Patankar, and S. Lichter, Phys. Rev. Lett.

100, 206001 (2008).
13A. A. Pahlavan and J. B. Freund, Phys. Rev. E 83, 021602 (2011).
14S. Bernardi, B. D. Todd, and D. J. Searles, J. Chem. Phys. 132, 244706

(2010).
15S. De Luca, B. D. Todd, J. S. Hansen, and P. J. Daivis, J. Chem. Phys.

140, 054502 (2014).
16L. Bocquet and E. Charlaix, Chem. Soc. Rev. 39, 1073 (2010).
17J. A. Thomas and A. J. H. McGaughey, Phys. Rev. Lett. 102, 184502

(2009).
18J. Xu and Y. Li, Int. J. Heat Mass Transfer 50, 2571 (2007).
19J. A. Thomas and A. J. H. McGaughey, Nano Lett. 8, 2788 (2008).
20D. M. Huang, C. Sendner, D. Horinek, R. R. Netz, and L. Bocquet, Phys.

Rev. Lett. 101, 226101 (2008).
21C. Sendner, D. Horinek, L. Bocquet, and R. R. Netz, Langmuir 25, 10768

(2009).
22J. Rafiee, X. Mi, H. Gullapalli, A. V. Thomas, F. Yavari, Y. F. Shi, P. M.

Ajayan, and N. A. Koratkar, Nat. Mater. 11, 217 (2012).
23K. Huang and I. Szlufarska, Phys. Rev. E 89, 032119 (2014).
24B. Ramos-Alvarado, S. Kumar, and G. P. Peterson, J. Chem. Phys. 143,

044703 (2015).
25See supplementary material at http://dx.doi.org/10.1063/1.4942400 for

more information.
26S. Plimpton, J. Comput. Phys. 117, 1 (1995).
27W. Humphrey, A. Dalke, and K. Schulten, J. Mol. Graphics Modell. 14, 33

(1996).
28H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma, J. Phys. Chem. 91,

6269 (1987).
29J.-P. Ryckaert, G. Ciccotti, and H. J. Berendsen, J. Comput. Phys. 23, 327

(1977).
30R. W. Hockney and J. W. Eastwood, Computer Simulation using Particles

(CRC Press, 1989), p. 540.
31J. Tersoff, Phys. Rev. B 38, 9902 (1988).
32B. Ramos-Alvarado, S. Kumar, and G. Peterson, J. Chem. Phys. 144,

014701 (2016).
33M. Shen, P. K. Schelling, and P. Keblinski, Phys. Rev. B 88, 045444 (2013).
34O. Ochedowski, G. Begall, N. Scheuschner, M. El Kharrazi, J. Maultzsch,

and M. Schleberger, Nanotechnology 23, 405708 (2012).
35Y. Xu, K. T. He, S. W. Schmucker, Z. Guo, J. C. Koepke, J. D. Wood, J.

W. Lyding, and N. R. Aluru, Nano Lett. 11, 2735 (2011).
36C. Tayran, Z. Zhu, M. Baldoni, D. Selli, G. Seifert, and D. Tomanek,

Phys. Rev. Lett. 110, 176805 (2013).
37J. L. Barrat and L. Bocquet, Faraday Discuss. 112, 119 (1999).
38M. A. Gonzalez and J. L. F. Abascal, J. Chem. Phys. 132, 096101 (2010).
39E. Bertrand, T. D. Blake, V. Ledauphin, G. Ogonowski, J. De Coninck, D.

Fornasiero, and J. Ralston, Langmuir 23, 3774 (2007).
40L. Bocquet and J. L. Barrat, Phys. Rev. E 49, 3079 (1994).

FIG. 3. Corrugation of the solid-liquid interaction potential for (a) Si(100),

(b) Si(111), and (c) graphene-coated silicon surfaces (only showing the car-

bon atoms). The units are kJ/mol and only the attractive potential is

depicted.

074105-4 Ramos-Alvarado, Kumar, and Peterson Appl. Phys. Lett. 108, 074105 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  143.215.17.175 On: Thu, 22 Sep 2016

02:01:14

http://dx.doi.org/10.1063/1.1432696
http://dx.doi.org/10.1103/PhysRevLett.100.214502
http://dx.doi.org/10.1103/PhysRevE.87.051001
http://dx.doi.org/10.1103/PhysRevLett.102.118302
http://dx.doi.org/10.1103/PhysRevLett.102.118302
http://dx.doi.org/10.1103/PhysRevE.80.036302
http://dx.doi.org/10.1063/1.3621858
http://dx.doi.org/10.1007/s10404-011-0853-y
http://dx.doi.org/10.1103/PhysRevE.81.066303
http://dx.doi.org/10.1038/38686
http://dx.doi.org/10.1063/1.2194019
http://dx.doi.org/10.1103/PhysRevLett.100.206001
http://dx.doi.org/10.1103/PhysRevE.83.021602
http://dx.doi.org/10.1063/1.3450302
http://dx.doi.org/10.1063/1.4862544
http://dx.doi.org/10.1039/B909366B
http://dx.doi.org/10.1103/PhysRevLett.102.184502
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.11.031
http://dx.doi.org/10.1021/nl8013617
http://dx.doi.org/10.1103/PhysRevLett.101.226101
http://dx.doi.org/10.1103/PhysRevLett.101.226101
http://dx.doi.org/10.1021/la901314b
http://dx.doi.org/10.1038/nmat3228
http://dx.doi.org/10.1103/PhysRevE.89.032119
http://dx.doi.org/10.1063/1.4927083
http://dx.doi.org/10.1063/1.4942400
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1021/j100308a038
http://dx.doi.org/10.1016/0021-9991(77)90098-5
http://dx.doi.org/10.1103/PhysRevB.38.9902
http://dx.doi.org/10.1063/1.4938499
http://dx.doi.org/10.1103/PhysRevB.88.045444
http://dx.doi.org/10.1088/0957-4484/23/40/405708
http://dx.doi.org/10.1021/nl201022t
http://dx.doi.org/10.1103/PhysRevLett.110.176805
http://dx.doi.org/10.1039/a809733j
http://dx.doi.org/10.1063/1.3330544
http://dx.doi.org/10.1021/la062920m
http://dx.doi.org/10.1103/PhysRevE.49.3079

