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The stability of a composite interface of roughness-induced superhydrophobic surfaces is studied. To have high
contact angle and low contact angle hysteresis, superhydrophobic surfaces should be able to form a composite interface
with air pockets in the valleys between asperities (pillars). However, the composite interface may be unstable and
can be irreversibly transformed into a homogeneous interface. We formulate a stability criterion and analyze the
stability of the composite interface for several typical roughness profiles. To resist destabilizing mechanisms, multiscale
(hierarchical) roughness is required. Such multiscale roughness is found in natural and artificial superhydrophobic
surfaces.

1. Introduction induced nonwetting are still not well understood. In particular,

The wetting of rough surfaces has been investigated since thelt iS not clear why the lotus leaf and other natural hydrophobic
1930s!-3 however, the topic has received special attention in surfz_ices have a multiscale (or_hlerarchlcal) royghness structure;
the pastfew years because of the development of nanotechnolog)that is, nanoscale bumps superimposed over m|prosca|e asperities.
applicationg~8 The surface area-to-volume ratio grows with G20 and Mc(}artWrecently sugge;ted that multiscale roughness
miniaturization and surface forces become dominant, so the ability @ffécts the kinetics of droplet motion and the Laplace pressure
to measure and control surface properties becomes critical. Onedt Which water intrudes between the bumps. In the present study,
of the crucial surface properties for materials in micro/nanoscale We investigate the effect of multiscale roughness upon the stability
applications is nonwetting or hydrophobichy'Itisalsousually ~ ©f the roughness-induced hydrophobic interface.
desirable to reduce wetting in fluid flow applications in order ~ The wetting of a solid by a liquid is characterized by the
for liquid droplets to flow easily along a surface. Some natural contactangle, which is the angle between the sedid and the
surfaces, including leaves of water-repellent plants such as theliquid—air interfaces (Figure 1). The greater the contact angle,
lotus (Nelumba nuciferp legs of insects such as the water strider the more hydrophobic the material. The value of the contact
(Gerris remigi3, and butterfly wings, are known to be very angle is usually greater when the Iqu_qu is added (the so-call_ed
hydrophobic as a result of the roughness of their surfagd. ~ @dvancing contact angle) than when it is removed (the receding
This phenomenon, along with the self-cleaning abilities of very contact angle). The dl'fference betweenthe advanc!ng andreceding
hydrophobic surfaces, is called in the literature the “lotus effiict”. ~ contactangles constitutes contactangle hysteresis. Contactangle
There are a significant number of reports in the literature about Nysteresis is related to energy barriers, which a liquid droplet
the lotus effect and numerous attempts to produce artificial Should overcome during its flow along a solid surface, and thus
biomimetic roughness-induced hydrophobic surfaces have beercharacterizes the resistance to fldhe lower is the adhesion

madel4-22 but many details of the mechanism of roughness- ©Of 2liquid droplet to the solid; the smaller are the energy barriers
and the lower is the value of contact angle hysteresis and the

* Eggil)i 9michggl-nOSOﬂOVSky@nist-QOV- Phone: 1(301) 975-4327. easieritis for the droplet to flow along the surface. Surfaces with
Fax: 1) 975-5334. ; ;
(1) Wenzel. R, NJnd. Eng. Chem1936 28, 988-994. very high contact angles(lSt(Y);)Sand low contact angle hysteresis
(2) Cassie, A.; Baxter, Sirans. Faraday Soc1944 40, 546-551. ' are called SUperhyqupho IC. .
Ad(3) Johr)scg\HR. E.; Dgttrys, R'.:H. Eontict'\fnglg, \'/AVetta,bllltngd Adhleélon Several mechanisms are responsible for the superhydropho-
vances in emistry Series; Fowkes, F. M., ., American emical Society: P A H
Washington, D.C, 1964: Vol. 43, pp 13235, bicity ofnatur_al surfaces_, su_ch aslotus Ieafs_,. First, t_hese surfaces
(4) Marmur, A.Langmuir2003 19, 8343-8348. are coated with wax, which is hydrophobic itself (with a contact
angle of about 103%4%, Second, they have a complicated
geometrical structure with bumps or asperities (in the case of

(5) Patankar, N. ALangmuir2003 19, 1249-1253.
(6) Lafuma, A.; Queg, D. Nat. Mater.2003 2, 457-460.
(7) Queré, D. Rep. Prog. Phys2005 68, 2495-2532.

(8) Nosonovsky, M.; Bhushan, BMicrosyst. Technol2005 11, 535-549.
(9) Adamson, A. VPhysical Chemistry of Surface&/iley: New York, 1990.

(10) Israelachvili, J. Nintermolecular and Surface Forceznd ed.; Academic

Press: London, 1992.

(11) Neinhuis, C.; Barthlott, WAnn. Botanyl997, 79, 667—677.

(12) Wagner, P.; Furstner, R; Barthlott, W.; NeinhuisJCExp. Botany2003
54, 1295-1303.

(13) Gao, X. F.; Jiang, LNature 2004 432, 36.

(14) Yost, G. F.; Michael, J. R.; Eisenmann, E Acta Metall. Mater.1995
45, 299-305.

(15) Shibuichi, S.; Onda, T; Satoh, N.; Tsuijii, K. Phys. Cheml996 100,
19512-19517.

(16) Onda, T.; Shibuichi, S.; Satoh, N.; Tsuijii, Kangmuir1996 12, 2125~
2127.

(17) Feng, L.; Li, S.; Li, Y.; Li,H.; Zhang, L.; Zhai, J.; Song, Y .; Liu, B.; Jiang,

L.; Zhu, D. Adv. Mater. 2002 14, 1857-1860.
(18) Erbil, H. Y.; Demirel, A. L.; Avci, Y.Science2003 299, 1377-1380.

10.1021/1a062301d CCC: $37.00

plant leaves called papillae) on the microscale (for the lotus leaf,
the typical size of papillae is on the order ofdf) covered with
much smaller nanoscale bumps or nanometer-scale strué#ifres.
In a similar manner, water strider legs are covered with a large
number of oriented tiny hairs (microsetae) with fine nano-
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effects dominate over gravity, and the later is hardly responsible
for the transition, whereas the droplet's curvature may be

NN responsible. The above suggests that the stability of a composite
’;’ - - i \\ interface is a key issue in the design of roughness-induced
- = superhydrophobic surfaces. In this article, we formulate a
l\ e d 0, geometrical stability criterion, and then investigate typical 2D
L7 s Vgl B+l % and 3D surfaces with roughness at several scale levels. We show

that multiscale (hierarchical) roughness may enhance the stability

of a composite interface.

2. Stability of a Composite Interface

The spreading of liquid through porous media with periodic
geometry was studied by several authr&however, stability
= of the composite interface has not been studied in detail in the
literature. In this section, a geometrical stability condition for a
composite interface will be formulated on the basis of the free-
solid energy minimization using the Lagrange method of finding a
@ minimum of a function of several variables with constrains. First,
we will formulate the extremum criterion and show that it leads
to the well-known Young equation, and then we will mathemati-
cally derive a stability criterion and discuss its physical meaning.
= e e The liquid—air interface is at equilibrium if the free energy
— of the solid-liquid—air system reaches its minimum. To find
l U | ol local conditional minima of the free surface eneWyy= AsiysL
Solid  “aly + Asaysa + AayLa With the constant volume constrait=

(b) Vo, the Lagrange function is constructed

~ . Liqui(.l. . _'

Bree " ) G [

Figure 1. (a) Contactangle with a smooth surfaég)@nd advancing

(faqy) and recedingfeo contact angles for a droplet moving along L(AsL Asp Aas Vs A) = Ag ys) T AsaVsa t+

a solid surface. (b) Composite interface air pockets between the Aavia AV =V (1)
pillars (asperities) dramatically reduce the selidjuid contact area

and the adhesion of a droplet to the solid. o ]
whereAs|, Asa, andA_» are the areas of the sotidiquid, solid—

grooves'® Neinhuis and Barthlott suggested that hierarchical  ajr, and liquid-air interfaces andss., ysa, andy.a are the
surfaces are less vulnerable to mechanical damage caused b¥orresponding free energie¥, is the volume, andl is the
nanostructures and therefore maintain their fUnCtionality even Lagrange mu|t|p||e|30 The Corresponding Change linis given
after being damaged. Wagner etashowed that hierarchically by

structured surfaces are more readily able to repel water even if

the surfaces tension is drastically reduced as compared to surfaceg; — —
with only one length scale of roué/hening. This migﬁt be important oL OAsuys F OAsavsn+ OAayLA + A0V + 04V \(/g))
in wetlands or other aquatic habitats where water is often polluted

by decaying plant material and other contamination that reducesNote that the arguments &f are interdependent withA,, =
surface tensio® Herminghaus pointed out that certain self- —0A,, WhereasdA» consists of two terms)Aa = OAaT +
affine profiles with multiscale roughness may result in super- g, 5. The first term dA_ar, is due to a change in the position

hydrophobic surfaces even for hydrophilic materfdldowever, of the triple line (line of contact between solid, liquid, and air),
a theoretical explanation of the predominance of hierarchically and the secondjA_av, is due to a change in the shape of the
structured surfaces in nature remains an important task. liquid—air interface. Furthermore)A ar = 0AsL cOs 0 from

It is believed that in order to be superhydrophobic, a rough geometrical considerations.
surface should be able to maintain a composite interface with Suppose the shape of the liguidir interface is given
air pockets or bubbles trapped in the valleys between the parametrically by vectdf(u, ), whereu andv are parameters

asperities; ®as opposed toahomogeneous seliquid interface. that uniquely characterize any point on a surface and the shape
Inmany cases both the composite interface and the homogeneoughanges slightly

interface may exist for the same surface; however, only the
composite interface provides the required superhydrophobic
properties. Furthermore, the composite interface is much less

stable than the homogeneous interface, and it may be destroye(;‘-he change due to the shape of the ligeadr interface is given
by liquid filling the valleys between asperities and form a by the area of an element of the liquidir interfaceA(u,) du
homogeneousinterface,whgreasthe ppposit.e.transition has NEVEY, times the normal displacement multiplied by thé sum of
bee.n obse.rvea]fhe'mechfanls',ms. of th|stran5|t|(32€t1§ve beenthe principal radii of curvaturé or(1/R; + 1/R;), wheren is the
subject of intensive investigation in recent ye#ts® Among normal vector an&; andR; are the principal radii of curvatufe
the suggested factors that affect the transition are the effects of
the droplet’'s weight and curvature. For small droplets, surface (28) Sharma, R.; Ross, D. $. Chem. Soc., Faraday Trar991, 87, 619
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oAy = f,, JHOTAR+R)Adudy @)
where®
__[(9TF\2(dT\2 _ (9T aT\q2
Al ) = [(au) (5 (5 au)z] ©)
The change in volume is given by
ov= [, [THoT Adudy (6)

Combining egs 46 and settingd)L(6As., or, 6V) = 0 yields

oL= cSASL’coseo - Yia T

S S

which results in three equations that should be satisfied
simultaneously. The first is the Young equation for the contact
anglefo, which should be satisfied at the points of the triple line

Ysa — VSL]

yLA(i + i) + l]ﬁ 57 Adudy + A0V (7)
Rl RZ

Ysa ™7V
Cosgozu

8)

YA

The second equation for the Lagrange multipliérs —ya-
(1/R; + 1/Ry) is satisfied only if the curvature B{ + 1/Ry is a
constant independent ofandv throughout the entire liquidair
interface3! The third equation is just the condition of constant
volumeV = V,.

For the extremum to be a local minimum (rather than the
maximum) ofW, the equilibrium should also satisfy the stability
condition dW > 0. DifferentiatingW = Asiys. + Asaysa +
ALayLa twice and usingdAa = 0AsL cos 6 yields

d°W = d*A | cosb, — v + A, d(cosf) > 0

9)

We ignored the effect of the changing shape of the lietaiot
interface (the term correspondingd®, av) because it is known
that 1R; + 1/R, = const provides the minimum (rather than the
maximum) liquid-air interface area conditi@hand only the
effect of moving the triple line is of interest to us. Using eq 8,
which is satisfied at the equilibrium, and the fact that éos
decreases monotonically within the domain of interest, &

0 < 180, yields

Ysa — VSL]

dAg, df <0 (10)

In other words, for the interface to be stable, for an advancing
liquid (increasingAsi) the value of the contact angle should

Langmuir, Vol. 23, No. 6, 3069

Thus, if & > 6o, the energy decreases and it is energetically
profitable for the liquid to advance, wherea$ ik 0o, the liquid
would retreat. Therefore, the physical meaning of eq 10 is that
for a small advance/retreat of the liquid it should be more
energetically profitable to return to the original position rather
than to continue advancing/retreating.

For a 2D surface, because a change in an@lis équal to the
change in slope of the surface,whether the configuration is stable
depends on the sign of curvature of the surface. The convex
(bumpy) surface leads to a stable interface, whereas a concave
(groovy) surface leads to an unstable interface. The liquid keeps
spreading until both egs 8 and 10 are satisfied at the triple line
and 1R; + 1/R, = const at the liquig-air interface, provided
the volume of the liquid is conserved.

In the next section, we will apply the stability criterion (eq 10)
to typical 2D and 3D surfaces with multiscale roughness.

3. Hierarchical Roughness

In this section, we will consider several surfaces with nanoscale
roughness superimposed over larger microscale pillars, and we
will investigate the effect of concave and convex nanoroughness
upon the stability of a composite interface. We will study the
case of an infinitely large reservoir of liquid on top of the pillars.
In most applications, liquid droplets of finite size are in contact
with a rough surface; however, the size of roughness details is
small compared to the size of the droplets, and for practical
purposes, droplet size can be considered to be infinite.

3.1. Two-Dimensional Roughnes<onsider a 2D structure
with rectangular pillars of height and widtha separated by
distanceb, covered with small semicircular ridges and grooves
of radiusr (Figure 2a). Because the distance between the pillars
is small in comparison with the capillary length and therefore
the effect of gravity is negligible, we can assume that the liguid
airinterface is a horizontal plane and its position is characterized
by the vertical coordinate. The free energy is given by

W=Ag Vst T Asp¥sa T AaVia =

rLy a(sino — o cos6y) 0<z<h (12)
wherea = a cos(f — 2)/r) + 22N is the angle corresponding

to the vertical position of the interfaa N is the number of a
ridge or groove, and is the length of the grooves in the
direction, which is required on the basis of the dimensional
considerations. The dependence is presented in Figure 2b for the
cases of hydrophobid@§ = 150°) and hydrophilic §o = 30°)
materials for both the bumpy and the groovy surface. It is seen
that for the bumpy surface there are many stable equilibrium
states (shown in Figure 2a with dotted lines) separated by energy
barriers, which correspond to every ridge, whereas for the grooved
surface the equilibrium states are unstable. Therefore, the ridges
can pin the triple line and thus lead to a composite interface. In
the case of a hydrophilic surface, each lower position of the

decrease, whereas for a receding liquid the contact angle shoulcduilibrium state corresponds to a lower value/ftherefore,

increase. Note also that for a liqui@ir interface coming to the
solid surface under the anglan advance of the interface results
in the change in energy

dW=dAg (7. — Ysa) T AAAY A =
dAg (75 — Vsa) T dAg 4 COSO

Ysa — VsL

=dAg vl — + cosf| =

LA
dAg v, a(cosO — cosby) (11)

when the liquid advances from one equilibrium state to the next,
the total energy decreases and thus the liquid’s advance is
energetically profitable. When the liquid reaches the bottom of
the valley and completely fills the space between the pillars
forming a homogeneous interface, the total energy decreases
dramatically by the value of

AW = DbL(ysp+ ya — 7s) = bLy A(1 4 cosb) (13

The opposite transition from a homogeneous to a composite
interface requires high activation enetywand is thus unlikely,
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Figure 2. Two-dimensional pillars with semicircular bumps/grooves.
(a) Schematic of the structure. The bumps may pin the triple line
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Figure 3. Schematic of the spatial distribution of 3D pillars with
semicircular bumps/grooves upon a surface.
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because an advancing LA interface results in a decrease in the contact

angle @ < 6y), making the equilibrium stable. Grooves provide
equilibrium positions that satisfy the Young equation; however, the
equilibrium is unstable because an advancing LA interface results
in an increase in the contact angtex 6o). (b) Energy profiles for
configurations in part a with bumps and grooves for hydrophélic (

= 30°) and hydrophobicy = 150°) materials. Energy (normalized

by Lry_a) is shown as a function of the vertical position of the
interfacez (normalized by the radius of bumps/groovg@sBumps
result in stable equilibria (energy minima), whereas grooves result
in unstable equilibria (energy maxima).

making the transition from composite to homogeneous interface
irreversible. Because the distance between the pitl&ssnuch
greater tham, the energy barriers that separate the equilibrium
states, 2ZrLy a Cc0Os 6y, are relatively small compared W,

and low activation energy is required for the liquid to spread and
propagate from one equilibrium state to the other.

Because the change in angle fdr a 2D surface is equal to

the change in surface slope, based on eq 10, whether therigure4.

configuration is stable depends upon the sign of curvature of the
surface. The convex (bumpy) surface leads to a stable interface
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Three-dimensional pillars consisting of small solid spheres.
(a) Schematics of the structure. (b) Energy (normalizedyya)
as a function of the vertical position of the interfacormalized

whereas the concave (groovy) surface leads to an unstableby the radius of bumps/groove} for 7Re/(2v/3r) = 1.

interface. The liquid keeps spreading until both eqs 8 and 10 are
satisfied at the triple line andR{ + 1/R, = const at the liquiet
air interface, provided the volume of the liquid is conserved.

3.2. Three-Dimensional Pillars with Ridges and Grooves.
Consider now a 3D structure with circular pillars of heiglsind
radiusR separated by distandeand distributed hexagonally
with a density ofy = 2/[v/3(2R + b)? pillars per unit area,
covered with small ridges and grooves of radiu§igure 3a).
As in the preceding section, the free energy per &isagiven
by the circumference of a pillarZR times the number of pillars
nStimesry a(sino — o cosg):

W = 27RySry ,(sina — o cosby) 0<z<h (14)

The similarity between eqs 12 and 14 is noted. Both energy
profiles are different only in their normalization constant, so the

profile in a qualitatively sense as for the case of 3D pillars. In
a similar manner to the case of 2D pillars, the ridges can pin the
triple line.

3.3. Three-Dimensional Surfaceln the previous sections,
we considered 2D nanoscale ridges and grooves superimposed
over 2D and 3D pillars. Real superhydrophobic surfaces, such
as plant leaves, are 3D with 3D nanobumps. For 3D surfaces,
the shape of the liquidair interface may be quite complex, and
thus the stability of the composite interface is difficult to analyze.
To consider a 3D configuration that allows for a planar horizontal
liquid—air interface, we will investigate the surface, composed
of circular pillars of heighh and radiuk separated by distance
b with a density ofy = 2/[v/>3(2R + b)?] pillars per unit area
(following the hexagonal distribution pattern shown in Figure
3), which are formed from layers of small spheres of radius
packed according to the hexagonal pattern (Figure 4a). The

dependence of the free energy upon the position of the interfacepacking density of the spheres is equal to #/82%) spheres per
presented in Figure 2b for the case of 2D pillars has the sameunit area in every horizontal layer. The liquidir interface area
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is now given by the total flat area of the surfaég, minus the surface by nanocasting using poly(dimethylsiloxane), which has
cross-sectional area of spheres under water. The latter is givera contact angle with water of about 0F his value is close to
by the contact angle of wax, which covers lotus leaves (abouit23
The positive and negative replicas have the same roughness factor
N’ sinf o and thus should produce the same contact angle in the case of
2.3 a homogeneous interface; however, the values of the surface
curvature are opposite. The value of the contact angle for the
wherey, is the pillar densityzzR2 is the pillar area, 1/(«2’§r2) is positive replica was found to be 18Qwhich is the same as for
the packing density of the spheres, at(d sin o)? is the cross-
sectional area of an individual sphere under water. The solid

lotus leaf), whereas for the negative replica it was only°110
This result suggests that the high contact angle of the lotus leaf
liquid interface area is equal to the total surface area of the
spheres under water

An = Ao(l - (15)

is due to the composite rather than the homogeneous interface
and that the sign of surface curvature indeed plays a critical role
in the formation of the composite interface.

2R Natural and successful artificial superhydrophobic surfaces
Ag = AT [4r2N + (22 + 22021 — 2))] (16) exhibit hierarchical multiscale roughness. Thus, the lotus leaf

24/3r2 has microscale bumps (papillae) with a typical height and radius
of 10—20um; these bumps are covered with hydrophobic paraffin
WherenAOﬂZRz/(Z@rZ) is the number of spheresg#®N is the wax. Upon these bumps much smaller nanobumps are found,

Spheres’ surface area mu|t|p||ed by the number of |aye|'sl and with typlcal submicrometer sizes. Artificial biomimetic super-
(22 + 22(2r — 2)) is the area of the spheres in the layer, which hydrophobic surfaces should also have multiscale roughness.
is only partially under water. Using $im = 1 — cog oo = 1 Tosummarize, biommimetic superhydrophobic surfaces should
— ((r-2)Ir)? = 2zIr — (2r)?, the free energy is now given by  satisfy the following requirements: they should have a hydro-
phobic coating, high roughness factors, providing a high contact

W=A7a T A (Via — ¥sp) = Via(ALa T+ Ag COSO,) angle, and the ability to form a composite interface. To achieve
22 a stable composite interface, a hierarchical roughness structure
_ R 2z (32 2\2 with nanoscale bumps upon microscale asperities and valleys is
= AoVLA(l BN { p (f) [4”N + (f) + required.
oA\ o)) (17 5. Conclusions
(%)( - %)]COS 0} (17) The mechanism of roughness-induced hydrophobicity is
_ complicated and involves effects over various scale ranges. For
The dependence of the free energy, normalizeddpya, upon  most superhydrophobic surfaces, itis important that a composite
the vertical positiorz is presented in Figure 4b for the cases of ' solid—liquid—air interface is formed. A composite interface
hydrophobic ¢o = 105°) and hydrophilic §o = 75°) materials.  dramatically decreases the area of contact between the liquid

. . and solid and therefore decreases the adhesion of a liquid droplet
4. Results and Discussion to the solid surface and contact angle hysteresis. The formation
We studied three different surface profiles with large-scale of a composite interface is also a multiscale phenomenon that
pillars and small-scale roughness superimposed over the pillars.depends upon the relative sizes of the liquid droplet and roughness
Itis observed from Figures 2b and 4b that for both the hydrophobic details. The composite interface is fragile, since transition to a
and hydrophilic materials a convex surface leads to stable homogeneous interface isirreversible. Therefore, the stability of
equilibriawhereas a concave surface leads to unstable equilibriaa composite interface is crucial for superhydrophobisity and
Therefore, convex small-scale roughness can pin the iegiid should be addressed for the successful development of super-
interface even in the case of a hydrophilic material. This may hydrophobic surfaces. We have demonstrated that multiscale
be important for producing reliable superhydrophobic surfaces roughness can help to resist the destabilization, with convex
because the factors destabilizing the liquar interface, such surfaces pinning the interface and thus leading to a stable
as nanodroplet condensati#®#?chemical surface heterogene- equilibrium and preventing the filling of gaps between the pillars
ity,33 and capillary wave3’ are scale-dependent and therefore eveninthe case of a hydrophilic material. The effect of roughness

multiscale roughness is required to control the stability. on wetting is scale-dependent, as are mechanisms that lead to
An experiment suggesting that the sign of curvature is indeed the destabilization of a composite interface. Toresist these scale-
important for hydrophobicity was conducted by Sun étdlhey dependent mechanisms, multiscale roughness is required. Such

produced both a positive and a negative replica of a lotus leaf multiscale roughness was found in natural and successful artificial
superhydrophobic surfaces.
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