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Surfaces that display contact angles greater than 150° along with a low contact angle hysteresis for low surface ten-

sion liquids such as oils and alcohols are known as superoleophobic surfaces. Such surfaces are of interest for a diverse 

array of applications including self-cleaning, nonfouling, stain-free clothing and spill-resistant protective wear, drag 

reduction, microrobots for aqueous and chemical environments and icephobicity. Recently, significant advances have 

been made in understanding the criteria required to design superoleophobic surfaces. In this article, the authors 

discuss the roles of surface energy and roughness, the critical role of re-entrant texture and the role of hierarchical 

structure in fabricating superoleophobic surfaces. On the basis of this understanding, the authors also discuss two 

design parameters that allow for the systematic design of superoleophobic surfaces. The authors also summarize the 

recent studies on superoleophobic surfaces and emphasize the need for careful and diligent characterization. Finally, 

the authors conclude with the major challenges and opportunities for research on superoleophobic surfaces.
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List of notations

Asphere
*  Robustness factor for a spherical texture

θ
adv

*  Apparent advancing contact angle

θcylinder
*  Apparent contact angle on a cylindrical texture

θsphere
*  Apparent contact angle on a spherical texture

θ
rec

*  Apparent receding contact angle

Acylinder
*  Robustness factor for a cylindrical texture

Dcylinder
*  Spacing ratio for a cylindrical texture

Dsphere
*  Spacing ratio for a spherical texture

A* Robustness factor

D Half the interfeature spacing in the texture

D* Spacing ratio

f
LV

 Fraction of liquid–vapor interfacial area

f
SL

 Fraction of solid–liquid interfacial area

g Acceleration due to gravity

l
cap

 Capillary length

P
breakthrough

 Breakthrough pressure

P
ref

 Reference pressure
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R Radius of the feature in the texture

r Wenzel roughness parameter

γ
LV

 Surface tension

γ
SL

 Solid–liquid interfacial energy

γ
SV

 Solid surface energy

∆θ* Contact angle hysteresis

θ Young’s contact angle

θ* Apparent contact angle

ρ Density of the liquid

ψ Texture angle

ω Roll-off angle

1. Introduction
Surfaces and materials that are extremely repellent to liquids are 

of great interest for numerous military, commercial and specialty 

applications, including self-cleaning,1 nonfouling,2 stain-free cloth-

ing and spill-resistant protective wear,3 drag reduction,4 locomotion 

of microrobots on aqueous and chemical environments5,6 and ice-

phobicity.7 The primary measure of wetting of a liquid on a nontex-

tured (or smooth) surface is the equilibrium contact angle θ. It is 

given by Young’s relation8 as follows:

1. cosθ γ γ
γ

=
SV SL

LV

−

Here, γ refers to the interfacial tension and S, L and V refer to the 

solid, liquid and vapor phases, respectively. The solid–vapor inter-

facial tension (γ
SV

) and the liquid–vapor interfacial tension (γ
LV

) 

are also commonly referred to as the solid surface energy and the 

liquid surface tension, respectively. Nontextured surfaces that dis-

play contact angles θ > 90° with water are considered hydrophobic, 

while nontextured surfaces that display contact angles θ < 90° with 

water are considered hydrophilic.

Relatively recently, a new classi�cation, known as superhydropho-

bic surfaces, has emerged. Superhydrophobic surfaces display con-

tact angles greater than 150° along with low contact angle hysteresis 

for water.9 Here, contact angle hysteresis refers to the difference 

between the advancing and the receding contact angles.10,11 Water 

droplets can easily roll-off from and bounce on such surfaces. Note 

that all superhydrophobic surfaces are textured (or rough), as the 

maximum water contact angle measured thus far on a nontextured 

surface is ≈130°.12,13 Superhydrophobic surfaces are pervasive in 

nature (see Figure 1) with various plant leaves,14–16 legs of the water 

strider,17–19 gecko’s feet,2,20 troughs on the elytra of desert beetles21 

and insect wings,22 displaying extreme water repellency. Inspired 

by natural superhydrophobic surfaces, several researchers have also 

engineered arti�cial (or synthetic) superhydrophobic surfaces.23

In a similar manner, based on their respective contact angles with 

oils, it is possible to classify surfaces as oleophilic (θ < 90°), ole-

ophobic (θ > 90°) or superoleophobic (θ* > 150° and low contact 

angle hysteresis). Here, θ* refers to the apparent contact angle, that is, 

the contact angle on a textured surface. In spite of numerous natural 

superhydrophobic surfaces, there are no known naturally occurring 

superoleophobic surfaces.24 This is because oils possess signi�cantly 

lower surface tension values than water and consequently spread on 

most natural and synthetic surfaces. Previous work25–35 has explained 

how re-entrant surface texture, in conjunction with surface chemistry 

and roughness, can be used to engineer superoleophobic surfaces, 

even with extremely low surface tensions liquids such as various oils 

and alcohols. In this article, the authors discuss the roles of surface 

energy and roughness, the critical role of re-entrant texture and the 

role of hierarchical texture in fabricating superoleophobic surfaces. 

On the basis of this understanding, the authors also discuss design 

parameters that allow for the systematic design of superoleophobic 

surfaces. The authors also provide an overview of the recent studies 

on fabrication and characterization of superoleophobic surfaces.

2. Role of surface energy
It is evident from Equation 1 that surfaces with very high surface 

energy (γ
SV

) tend to display lower contact angles, whereas surfaces 

with very low surface energy tend to display higher contact angles. 

Consequently, surfaces with low surface energy are preferred in 

designing superoleophobic surfaces. Due to their low surface energy, 

�uorinated compounds are a logical choice for materials used in 

the creation of nonwetting surfaces.13 A wide variety of �uori-

nated materials including per�uorinated phosphates, per�uorinated 

silanes, �uorinated monomers, polymers and copolymers and other 

�uorinated precursors have been used in designing superhydropho-

bic and superoleophobic surfaces.36 Of all the �uorinated materials, 

FluoroPOSS (�uorinated polyhedral oligomeric silsesquioxanes) 

molecules deserve a special mention because they are among the 

lowest surface energy materials ever produced. For the purposes of 

this article, FluoroPOSS molecules are described as POSS cages 

that are surrounded by �uoroalkyl functional groups with no sur-

rounding hydrocarbon periphery, other than the methylene groups 

immediately adjacent to the silicon atoms. FluoroPOSS can be syn-

thesized in a single-step, base-catalyzed condensation reaction of 

�uoroalkyltrialkoxysilanes.37 For example, synthesis of octameric 

(1H,1H,2H,2H-heptadeca�uorodecyl)
8
Si

8
O

12
 POSS (�uorodecyl 

POSS) was achieved via condensation of (1H,1H,2H,2H-heptade-

ca�uorodecyl)triethoxysilane in an alcoholic solvent, as shown in 

Figure 2. Fluorodecyl POSS has a surface energy of ~10 mN/m.37 

Furthermore, it is a very stable compound, evaporating at ~325°C, 

making it a versatile material for a wide range of applications.

3. Role of roughness
As mentioned before, all superhydrophobic and superoleophobic 

surfaces are textured (or rough). In this section, the authors examine 

how roughness assists the design of extremely repellent surfaces.
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When a droplet of liquid contacts a textured substrate, it can adopt 

one of the following two con�gurations to minimize its overall free 

energy10,11,33,34,38 – the Wenzel39 state or the Cassie-Baxter40 state. In 

the Wenzel state, as shown in Figure 3a, the contacting liquid drop-

let completely permeates the surface protrusions, forming the so-

called “fully-wetted” interface. In this state, the apparent contact 

angles are calculated using the Wenzel relation,39 given as:

2. cosθ θ*
= r cos

Here, r is the surface roughness, de�ned as the ratio of the actual 

surface area to the projected surface area. Since r is always greater 

than unity, roughness ampli�es both the wetting and nonwetting 

behaviors of materials in the Wenzel state. In other words, θ* << 90° 

if θ < 90° and θ* >> 90° if θ > 90°.

However, in the Cassie-Baxter state, as shown in Figure 3b, the 

liquid does not completely wet the surface texture. Instead, pock-

ets of air remain trapped underneath the liquid droplet. The liquid 

penetrates into the surface texture until the local texture angle (ψ) 

becomes equal to the equilibrium contact angle θ (given by Young’s 

relation) for the three-phase contact line.33,34 The apparent contact 

angles in this state are typically calculated using the Cassie-Baxter 

relation,40,41 given as:

3. cosθ θ π θ*

SL LV SL LV
=  cos +  cos =  cosf f f f−

Here, f
SL

 is the area fraction of the solid–liquid interface and f
LV

 is 

the area fraction of the liquid–air interface underneath the liquid 

droplet. In contrast to the Wenzel state, the formation of the Cassie-

Baxter state typically enhances the super repellency even if θ < 90° 

by promoting high apparent contact angles (θ*) and low contact 

angle hysteresis.9,42,43

4. Critical role of re-entrant texture
While the formation of Cassie-Baxter state is desirable in design-

ing superoleophobic surfaces, not all types of textures can lead to 

a Cassie-Baxter state with low surface tension liquids (such as oils, 

alcohols and other organic solvents), which display a Young’s con-

tact angle θ << 90°. To illustrate this qualitatively, consider the two 

types of textures shown in Figures 4a and 4b, both having the same 

Figure 1. (a) A water droplet displaying very high contact angle on 

the surface of a Salvinia Biloba leaf. (b–d) SEM images of the S. Biloba 

leaf surface showing the rough, eggbeater-shaped texture with wax 

crystals superimposed on the long, standing hairs. Reproduced with 

permission from ref. 16. Copyright 2009. (e) A pond skater walking 

on the surface of water. (f) SEM image of the pond skater leg show-

ing the rough texture with oriented hairs. Reproduced with permis-

sion from ref. 19. Copyright 2004. (g) A picture and SEM images of 

springtail skin showing SG superimposed on primary granules. Note 

that the secondary granules have a re-entrant texture, which allows 

the springtail skin to be oleophobic. Reproduced with permission 

from ref. 24. Copyright 2011. SEM, scanning electron microscopy; 

SG, secondary granules.

SG

Tetrodontophora bilanensis

(a) (b)
(g)

400 µm

50 µm 1 µm

Acc.V Spot Magn Det WD
30·0 kV 30 19069x SE 6·9

10 mm 50 µm

4 mm

(c) (d)

(e) (f)

Acc.V Spot Magn Det WD 500 nm
30·0 kV 30 76278x SE 6·8

WD 50 µm
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solid surface energy. While the texture shown in Figure 4a is concave 

(ψ > 90°), the texture shown in Figure 4b is convex (ψ < 90°) fac-

ing upward. In both the cases, any liquid contacting the texture in 

the Cassie-Baxter state locally displays a contact angle equal to the 

Young’s contact angle θ. A robust Cassie-Baxter state results only 

when θ ≥ ψ.26,30,33,34 This is because, if θ < ψ, the net traction on the 

liquid–vapor interface is downward due to the capillary force, which 

promotes imbibition of the liquid into the solid texture, leading to 

a fully wetted Wenzel state. Consequently, low surface tension liq-

uids, which display a Young’s contact angle θ < 90°, cannot lead to a 

robust Cassie-Baxter state on textures with ψ > 90° (Figure 4a), but 

they can lead to a robust Cassie-Baxter state on textures with ψ < 90° 

(Figure 4b). Such convex topographies, with ψ < 90°, are called re-

entrant textures. Cassie-Baxter state on re-entrant texture (such as the 

springtail skin shown in Figure 1g) is necessary in designing supero-

leophobic surfaces. However, it must be noted that re-entrant texture 

that enables the condition ψ ≤ θ for low surface tension liquids, is a 

necessary, but not suf�cient, condition30,33,34 for the formation of such 

a composite interface, as discussed in Section 6.

Recognizing the importance of re-entrant texture, in the  previous 

work,25–27 the authors systematically designed  superoleophobic 

surfaces (also see Section 6) by electrospinning (see Figure 4c–4e) 

and dip coating (see Figure 4f) various surfaces with polymer-�uor-

odecyl POSS blends. These surfaces displayed  superoleophobicity 

with a variety of oils including hexadecane ( θ
adv

*  = 156° and 

∆θ* = 6°). Due to low contact angle hysteresis, droplets of hexade-

cane could bounce on these superoleophobic surfaces (see Figure 

4g).27 In contemporary work, Ahuja et al.28 fabricated silicon 

nanonail structures with re-entrant texture using reactive ion etch-

ing (see Figures 4h and 4i). When these structures were confor-

mally coated with plasma-assisted chemical vapor  deposition using 

C
4
F

8
 as the precursor, they displayed an advancing  contact angle 

θ
adv

*  ≈ 155° with a variety of alcohols (see Figure 4j)  including 

Figure 2. A scheme depicting the synthesis of Fluorodecyl POSS. 

Adapted with permission from Ref. 37. Copyright 2008. POSS, poly-

hedral oligomeric silsesquioxanes.

CF3(CF2)7CH2CH2Si(OEt)3

Rf = −CH2CH2(CF2)7CF3

KOH/H2O
Fluorodecyl POSS
(fluorodecyl8T8)

Ethanol

Rf Rf

Rf

Rf

Rf

Rf

Rf

Rf

O

O

O O

O

O

O

O

O
Si

Si

Si

O
O

Si

Si

Si

Si

O

Si

Figure 3. (a) A liquid droplet in the Wenzel state on a rough surface. 

(b) A liquid droplet in the Cassie-Baxter state on a rough surface. In 

this schematic, note that the texture angle ψ varies from 0° to 180°. 

Re-entrant textures, that is, ψ < 90°, can support a composite (solid–

liquid–air) interface even for liquids which display θ < 90°.

Liquid Liquid

Air

SolidSolid

(b)(a)

2D

R

θ

θ*θ*

Ψ
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methanol (γ
LV

 = 22·1 mN/m), ethanol (γ
LV

 = 21·8 mN/m), 1-pro-

panol (γ
LV

 = 23·7 mN/m), 1-butanol (γ
LV

 = 26·2 mN/m), 1-octanol 

(γ
LV

 = 27·6 mN/m) and 1-decanol (γ
LV

 = 28·5 mN/m).

5. Role of hierarchical structure
Most naturally occurring surfaces that are repellent to liquids pos-

sess a hierarchical structure, that is, more than one-length scale of 

texture (see Figure 1). Hierarchically structured surfaces consist 

of a �ner length scale texture on an underlying coarser length 

scale texture (see Figures 5a–5c). If a hierarchically structured 

surface can support a contacting liquid droplet in the Cassie-

Baxter state, the liquid droplet displays higher apparent contact 

angles compared with surfaces with one scale of texture because 

air is trapped at both the coarser and the �ner length scale. A 

higher fraction of trapped air (f
LV

) leads to higher apparent con-

tact angles θ*, as evident from Equation 3. Furthermore, hierar-

chically structured surfaces that support a contacting droplet in 

the Cassie-Baxter also display lower contact angle hysteresis 

compared with surfaces with a single scale of texture.44–49 This is 

because the lower solid–liquid interfacial area (f
SL

) in hierarchi-

cally structured surfaces (see Figure 5c) leads to lower adhesion 

of the liquid droplet to the solid surface and hence lower contact 

angle hysteresis.10 Consequently, hierarchically structured sur-

faces possessing re-entrant texture, which can support low surface 

tension liquids in the Cassie-Baxter state, are ideal for developing 

superoleophobic surfaces.

With the above understanding, in the recent work,48 the authors 

fabricated hierarchically structured superoleophobic surfaces, with 

Figure 4. (a) Schematic of a concave texture with ψ > 90° showing a 

liquid with θ > 90° in the Cassie-Baxter state. (b) Schematic of a convex 

(re-entrant) texture with ψ < 90° showing a different lower surface 

tension liquid with θ < 90° in the Cassie-Baxter state. (c–e) Re-entrant 

textured electrospun surfaces of polymer-fluorodecyl POSS blends 

showing beads only, beads on strings and fibers only morphologies, 

respectively. The insets show droplets of hexadecane displaying very 

high contact angles on the corresponding surfaces. (f) A lotus leaf sur-

face that is dip-coated with polymer-fluorodecyl POSS blends results in 

a robust omniphobic surface that can support even low surface tension 

liquids in the Cassie-Baxter state. (g) A series of images obtained using 

a high-speed digital video camera illustrate the bouncing of a droplet of 

hexadecane on the micro-hoodoo surface (27). Reproduced with per-

mission from refs. 26 and 27. Copyright 2008. (h) and (i) SEM images 

of the nanonail structures with a pitch of 2 and 0·9 µm, respectively. (j) 

Droplets of water and ethanol displaying very high contact angles on 

the fluorinated nanonail structure. Reproduced with permission from 

ref. 28. Copyright 2008. POSS, polyhedral oligomeric silsesquioxanes.

Water

10 µm 10 µm 20 µm

Methylene

lodide

1 mm

Octane

Methanol 2 mm

t = 0 ms

230 ms 320 ms

100 ms
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y
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re-entrant texture at both the coarser and the �ner length scales. 

The authors fabricated the hierarchically structured surfaces by 

electrospinning microbeads (�ner length scale texture) of 50 

wt.% �uorodecyl POSS + PMMA (poly(methylmethacrylate)) 

blend (γ
SV

 = 10·3 mN/m) onto stainless steel wire meshes (coarser 

length scale texture), as shown in Figures 5d–5f. On these sur-

faces, even extremely low surface tension liquids such as heptane 

(γ
LV

 = 20·1 mN/m) display high contact angles ( θ
adv

* = 155°; see 

Figure 5g) and ultra-low contact angle hysteresis (∆θ* = 4°). The 

ultra-low contact angle hysteresis on the hierarchically structured 

surface is a direct consequence of the reduced solid–liquid contact 

area. Indeed, an inspection of the vicinity of the triple phase contact 

line shows a reduction of the solid–liquid contact area due to the air 

trapped along both the coarser length scale texture (Figure 5h), as 

well as the �ner length scale texture (Figure 5i). The ultra-low con-

tact angle hysteresis of these superomniphobic surfaces allowed ~ 

2 µl droplets of heptane and liquids of higher surface tension than 

heptane to easily roll-off (roll-off angles ω ≤ 2°) and bounce on 

them.

6. Design parameters to systematically 
engineer superoleophobic surfaces

In designing superoleophobic surfaces, the formation of the 

Cassie-Baxter state can be parameterized in terms of two impor-

tant physical characteristics – the magnitude of the observed 

apparent contact angle θ* and the magnitude of the breakthrough 

pressure (P
breakthrough

), that is, the pressure difference across the 

composite interface that can force a transition from the compos-

ite Cassie-Baxter state to the fully wetted Wenzel state. Previous 

work26,27 has discussed a design parameter, the spacing ratio D*, 

which provides a dimensionless measure of the surface porosity. 

For substrates possessing a predominantly cylindrical texture, 

Dcylinder (R + D R* ) /=  while for substrates possessing a predomi-

nantly spherical texture, Dsphere (R + D R]* [ ) /= 2 . Here, R is the 

radius of the cylinder (or sphere) and 2D is the intercylinder (or 

sphere) spacing (see Figure 3a). On the basis of this de�nition of 

the spacing ratio, the Cassie-Baxter relation (Equation 3) may be 

rewritten for surfaces possessing a cylindrical (Equation 4) or a 

spherical (Equation 5) texture as:25,50

Figure 5. (a–c) Schematic of a liquid droplet in the Cassie-Baxter 

state on a coarser textured surface, a finer textured surface and a 

hierarchically textured surface, respectively. (d–f) SEM images of the 

coarser texture, finer texture and the hierarchically textured surface 

fabricated by overlaying the finer texture on the coarser texture. (g) 

Droplets of various low surface tension liquids displaying very high 

contact angles on the hierarchically textured surface. (h and i) SEM 

images showing the vicinity of the contact line along the coarser 

length scale texture and the finer length scale texture, respectively, 

on top of the hierarchically structured surface. The distortions in 

the contact line are evidence of air trapped at both the length 

scales. Reproduced with permission from ref. 48. Copyright 2012. 

Air

(a) (b) (c)

Coarser texture Finer texture

Dodecane

Rapeseed oil Hexadecane

Heptane

Air

(d) (f)

+
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(g)

500µm

500 µm
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4. 
cos [sin ( ) cos ]θ θ π θ θcylinder

*

cylinder

*
= − + + −1

1

D

5.
 

cos cosθ π θsphere

*

sphere

*
= − + + ( )( )





1
1

2 3
1

2

D

Note that the Cassie-Baxter relation may be rewritten recursively 

for hierarchically textured surfaces, that is, surfaces with texture 

on multiple length scales.35 Consequently, hierarchically textured 

surfaces typically possess higher values of D*.

Higher values of D* correspond to a higher fraction of air within 

the composite interface. It is evident from Equations 4 and 5 that θ* 

increases with increasing values of D*. However, for large values of the 

interfeature spacing D, which typically yield very high values for the 

spacing ratio, that is, D* >> 1, it may be expected that the surface can 

no longer support the contacting liquid in the  Cassie-Baxter state and 

allows it to breakthrough. In order to  parameterize the P
breakthrough

 for 

a known surface texture, previous work25,26 discussed the  robustness 

factor A*. The robustness factor A* is the ratio of the P
breakthrough

 to a 

reference pressure Pref LV cap= 2γ / l . Here, lcap LV g= γ ρ/  is the 

capillary length for the liquid, ρ is the �uid density and g is the accel-

eration due to gravity. P
ref

 is close to the minimum possible pressure 

differential across a millimeter sized liquid droplet or a puddle. As 

a consequence, substrates on which the robustness factor A* ≤ 1 for 

a given contacting liquid, cannot support a composite interface. On 

the other hand, values of A* signi�cantly greater than unity imply the 

formation of a robust composite interface that can withstand high 

breakthrough pressures. The robustness factors for surfaces possess-

ing a cylindrical (Equation 6) or a  spherical (Equation 7) texture are 

given as25,50:

6.
 

A
P

P

l

R D D
cylinder

breakthrough

ref

cap

cylinder

*

*( )

( cos )

(
= =

−
−

1

1 θ

ccylinder

* sin )− +1 2 θ

7. A
P

P

l

R D D
sphere

breakthrough

ref

cap

shpere

*

*( )

( cos )

(
= =

−
−2

2 3 1

1π θ

ssphere

* sin )− +1 2 θ

Optimal superoleophobic surfaces are expected to simultane-

ously display high contact angles and high breakthrough pressures 

with the contacting liquid. Thus, they must be designed with both 

D* >> 1 and A* >> 1.

7. Recent studies on hierarchically 
textured superoleophobic surfaces

Currently, there are several hundred published reports on super-

hydrophobic surfaces. In comparison, there are very few reports 

on superoleophobic surfaces. The low surface tension of oils com-

pared with water makes it a challenge to fabricate superoleophobic 

surfaces. In this regard, the two design parameters discussed above 

can be useful to rationally design superoleophobic surfaces.

One of the �rst reports on surfaces displaying very high contact 

angles with oils dates back to the work of Tsujii et al.51 in 1997. 

They developed an anodically oxidized aluminum surface with a 

fractal structure, which was modi�ed with �uorinated low surface 

energy molecules (per�uorodecyl phosphate or per�uorododecyl 

phosphate). The resulting surface displayed a static contact angle 

θ* = 150° with rapeseed oil (see Figure 6a). Furthermore, oil drop-

lets rolled around even if the substrate was only slightly tilted52 

indicating low contact angle hysteresis. In more recent work, Fujii 

et al.53 developed a dual-scale pillared structure of aluminum-nio-

bium alloy by combining oblique angle magnetron sputtering and 

anodic oxidation. Upon modi�cation with per�uorodecyl phos-

phate, the surfaces were superoleophobic with θ* = 156° and 151° 

and ∆θ* = 2° and 6° for rapeseed oil and hexadecane (γ
LV

 = 27·5 

mN/m), respectively (see Figure 6b). The hierarchical structure 

results in a high value for D*, which in turn leads to high appar-

ent contact angles and low contact angle hysteresis. Except for 

the above two reports, rendering surfaces extremely oil  repellant 

by modifying them with �uorinated phosphates has not been 

common.

Figure 6. (a) A droplet of rapeseed oil displaying a very high contact 

angle on a fluorinated aluminum surface with a fractal structure. 

Reproduced with permission from ref. 51. Copyright 1997. (b) A 

scheme showing the fabrication of a fluorinated dual-scale pillared 

structure that is superoleophobic for rapeseed oil. Reproduced with 

permission from ref. 53. Copyright 2011.
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On the other hand, modifying a surface with �uorinated silanes 

has been one of the most common choices to imbue a surface 

with low surface energy because of the commercial availabil-

ity of �uorinated silanes, as well as, the ease of the silanization 

 process. Cao et al.29 fabricated porous silicon �lms with a hier-

archical structure by a gold-assisted electroless etching process. 

Upon silanization with per�uorooctyl trichlorosilane, the sur-

faces displayed a static contact angle θ* = 151° with hexade-

cane. Leng et al.3 prepared hierarchically textured cotton textiles 

that are coated �rst with positively charged silica microparticles 

and then with negatively charged silica nanoparticles. The silica 

microparticles were covalently attached to the substrate by an 

in situ Stober reaction, while the silica nanoparticles adsorbed 

on the surface of the silica microparticles via electrostatic inter-

action (see Figure 7a). Upon silanization with per�uorodecyl 

trichlorosilane, the surfaces displayed a static contact angle as 

high as θ* = 152° and a roll off angle as low as ω = 9° with 20-µl 

 hexadecane droplets (see Figure 7b).

Wu et al.54 fabricated alumina nanowire forests by electrochemi-

cally etching aluminum foils to form a multifaceted microstructure 

and subsequently anodizing the activated aluminum to the form the 

nanowires. Upon silanization with per�uorooctadecyl trichlorosi-

lane, the surfaces displayed superoleophobicity with static contact 

angles θ* = 155, 153 and 150°, and roll-off angles ω = 5, 3 and 

12° for rapeseed oil, hexadecane and silicone oil (γ
LV

 = 22 mN/m), 

respectively. The higher roll-off angles for the lower surface ten-

sion silicone oil indicate that the contact angle hysteresis is higher 

for silicone oil when compared with rapeseed oil and hexadecane. 

Wang et al.55 constructed a hierarchical texture consisting of well-

aligned titanium dioxide nanotubes on micropillars of titanium. The 

micropillars of titanium were fabricated by laser micromachining 

and the titanium dioxide nanotubes were fabricated by anodization 

(see Figure 7c). Upon silanization with per�uorooctyl trichlorosi-

lane, the surfaces were superoleophobic with static contact angles 

θ* = 155, 156 and 157° and roll-off angles ω = 7, 6 and 5° for 

hexadecane, colza oil and crude oil, respectively.

Figure 7. (a) A schematic illustrating the procedure for preparing a 

surface with dual scale roughness on a woven cotton textile. (b) An 

SEM image of the cotton textile with dual-scale roughness. The insets 

show droplets of water and hexadecane displaying very high contact 

angles on the corresponding fluorinated surface. Reproduced with 

permission from ref. 3. Copyright 2009. (c) A schematic illustrat-

ing two alternative procedures to construct a hierarchical texture 

consisting of well-aligned titanium dioxide nanotubes on titanium 

with microscale texture. Reproduced with permission from ref. 55. 

Copyright 2010.
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There have also been a few reports on developing extremely oil-

repellant surfaces using polymer composites.56 Steele et al.57 spray-

casted composites of zinc oxide nanoparticles and a per�uoroalkyl 

methacrylic copolymer on to glass slides using mixtures of water 

and acetone. The resulting hierarchically structured surfaces dis-

played a static contact angle θ* = 154° and a contact angle  hysteresis 

∆θ* = 6° for hexadecane.

In other reports, surface modi�cation was achieved by treating the 

surface with a �uorinated precursor or a monomer or a polymer. 

Hsieh et al.58 prepared silica sphere stacks with two-tier roughness 

by using a two-stage spin-coating technique (Figure 8a–8c). When 

the surfaces were further spin-coated with a per�uoroalkyl meth-

acrylic copolymer, they displayed an advancing contact angle θ
adv

*

 

≈ 150° and contact angle hysteresis ∆θ* ≈ 3° for hexadecane. They 

also measured the contact angle hysteresis for a wide variety of 

liquids with γ
LV

 = 23·4 mN/m to γ
LV

 = 72·1 mN/m and concluded 

that the contact angle hysteresis increases with decreasing γ
LV

 

(Figure 8d). Daramanin et al.59 electrochemically deposited spheri-

cal nanoporous �lms of poly(3,4-ethylenedioxypyrrole) on textured 

micropillar surfaces fabricated using photolithography. These sub-

strates displayed an advancing contact angle θ
adv

*  = 153°, a contact 

angle hysteresis ∆θ* = 35° and a roll-off angle ω = 27° with 6-µl 

hexadecane droplets. However, the same surface displayed much 

lower contact angle hysteresis with 6-µl sun�ower oil droplets 

(γ
LV

 = 31 mN/m, θ
adv

*  = 155°, ∆θ* = 4° and ω = 3°) because of the 

higher surface tension of sun�ower oil.

Yang et al.60 fabricated aluminum sheets with a hierarchical 

structure composed of distorted nanoscale �akes on microscale 

(a) (b) (c) (d)

(e)

(g)
(j) (k)Water Rapeseed oil

Hexadecane Decane

Dodecane Rapeseed oil Water
Hexadecane Ethylene glycol

Hexadecane (colored with oil red O)

(f )
(h) (i)

1 mm 1 mm 1 mm

Figure 8. (a–c) SEM images of silica sphere stacks with finer texture, 

coarser texture and hierarchical texture, respectively. (d) A wide variety 

of liquids, including low surface tension liquids, show high apparent 

contact angles on the hierarchically textured surface spin-coated with 

a perfluoroalkyl methacrylic copolymer. Reproduced with permission 

from ref. 58. Copyright 2011. (e and f) SEM images showing the 

nanoscale flakes and the microscale protrusions, respectively, on the 

surface of an aluminum sheet. (g) A variety of oils displaying very high 

contact angles on the corresponding fluorinated surface. Reproduced 

with permission from ref. 60. Copyright 2011. (h and i) SEM images 

of a surface spray coated with copper perfluorooctonoate at a low 

magnification and a high magnification, respectively. (j) A variety of 

oils (from left to right – dodecane, hexadecane, rapeseed oil, ethylene 

glycol and water) displaying very high contact angles on the cor-

responding surface. (k) The substrate floats on a bath of hexadecane, 

indicating that hexadecane does not penetrate the surface texture. 

Reproduced with permission from ref. 61. Copyright 2011.
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protrusions (see Figures 8e and 8f). While the microscale protru-

sions and pores were obtained by etching with hydrochloric acid, 

the nanoscale �akes were obtained by dipping the etched structure 

in boiling water. Upon modifying the surface with per�uoroocta-

noic acid, it displayed static contact angles θ* = 158, 156, 155 and 

152°, contact angle hysteresis ∆θ* = 5, 8, 18 and 45° and roll-off 

angles ω = 5, 7, 15 and 40°, with ~5-µl droplets of rapeseed oil, 

hexadecane, dodecane and decane (γ
LV

 = 23·8 mN/m), respectively, 

as shown in Figure 8g. In subsequent work, Yang et al.61 fabricated 

hierarchical structures with re-entrant texture by spray coating a 

suspension of copper per�uorooctanoate in ethanol (see Figures 8h 

and 8i). The spray-coated surfaces displayed static contact angles 

θ* = 155 and 156°, and roll-off angles ω = 15° and 40°, with ~8-µl 

droplets of rapeseed oil and hexadecane (see Figure 8j). The sur-

face �oats on a bath of hexadecane because the liquid cannot pen-

etrate the surface texture (see Figure 8k).

Practical application of superoleophobic surfaces in stain-free 

clothing, spill-resistant protective wear and drag reduction requires 

good chemical, mechanical and thermal durability. Developing 

durable superoleophobic surfaces has thus far been a challenge. 

There are very few reports that discuss the durability of superoleo-

phobic surfaces. Zhang et al.62 fabricated glass slides coated with 

nano�laments of methyl trichlorosilane (see Figures 9a–9c). Upon 

activating the nano�laments with oxygen plasma and silanization 

with per�uorodecyl trichlorosilane, the surfaces were transparent 

and superoleophobic (see Figure 9d) for a wide variety of liquid 

droplets (~5 µl) including mineral oil (γ
LV

 = 32 mN/m, θ* = 172°, 

ω =1·2°), toluene (γ
LV

 = 28·4 mN/m, θ* = 168°, ω = 2·5°), p-xylene 

(γ
LV

 = 28·3 mN/m, θ* = 171°, ω = 3·0°), hexadecane (θ* = 174°, 

ω = 2·0°), dodecane (θ* = 167°, ω = 2·3°), cyclohexane (γ
LV

 = 25 

mN/m, θ* = 157°, ω = 5·7°) and decane (θ* = 163°, ω = 5·3°). These 

surfaces were reported to be stable against outdoor conditions, 

ozone, deep UV, immersion in sodium hydroxide and sulfuric acid 

and temperatures up to 200°C for 24 h. While the chemical and 

environmental stability of the surface is good (see Figure 9e), they 

reported that the mechanical stability needs signi�cant improve-

ment. Deng et al.63 developed a candle soot morphology coated 

with a silica shell using chemical vapor deposition of tetraethox-

ysilane catalyzed by ammonia. Upon calcination and silanization 

with per�uorooctyl trichlorosilane, the surfaces were transparent 

and superoleophobic for a wide variety of liquids including peanut 

oil (γ
LV

 = 34·5 mN/m, θ* = 158°, ω = 4°), olive oil (γ
LV

 = 32 mN/m, 

θ* = 157°, ω = 4°), hexadecane (θ* = 156°, ω = 5°) and tetradecane 

(γ
LV

 = 26·5 mN/m, θ* = 154°, ω = 5°). The surfaces were reported 

to be reasonably stable under continuous drop impact, sand abra-

sion and annealing up to 400°C, but they showed damage under 

peel tests. Zhao et al.64 have discussed the theoretical considera-

tions to assess the mechanical robustness of superoleophobic sur-

faces with arrays of micropillars. They indicated that smaller aspect 

ratio micropillars with a larger diameter provide better mechanical 

robustness. However, they also indicated that there is a trade-off 

between the mechanical robustness and the contact angle hyster-

esis. Thus, currently there is considerable research interest in the 

area of durable superoleophobic surfaces.

Considering all the studies on superoleophobic surfaces, the authors 

emphasize three important factors regarding the characterization of 

Figure 9. (a) A schematic depicting the fabrication of superoleopho-

bic surfaces with fluorinated nanofilaments of silanes. (b and c) The 

silane nanofilaments before and after fluorination, respectively. (d) 

Images of the transparent superoleophobic glass surfaces. (e) A jet 

of toluene bouncing off from the superoleophobic surface, indicat-

ing its chemical durability. Reproduced with permission from ref. 62. 

Copyright 2011.
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superoleophobic surfaces that are sometimes neglected in literature. 

First, as mentioned before, superoleophobic surfaces are de�ned as 

surfaces that display contact angles greater than 150° with oils and 

low contact angle hysteresis (∆θ*). The would like to mention that a 

static contact angle (θ*) or an advancing contact angle ( θ
adv

* ) greater 

than 150° for an oil does not describe superoleophobicity adequate-

ly.9 The receding contact angle ( θ
rec

* ) and consequently the contact 

angle hysteresis must be diligently measured, especially if low roll-

off angles are required. Obtaining a low contact angle hysteresis 

(typically ∆θ* < 10°) and consequently low roll-off angles (i.e. the 

minimum angle by which the substrate is tilted for the droplet to roll-

off from the surface) for oils may be as important as the maximum 

achievable contact angle in qualifying a surface as superoleophobic. 

Second, there is some ambiguity regarding which oil is used in char-

acterizing superoleophobicity. In literature, it is sometimes dif�cult 

to compare across different superoleophobic surfaces because many 

different oils ranging in surface tension from heptane (γ
LV

 = 20·1 

mN/m) to rapeseed oil (γ
LV

 = 35·7 mN/m) have been used for contact 

angle measurements. In some reports, the surface tension of the oil is 

not mentioned. In some other reports, claims of superoleophobicity 

are based on liquids such as diiodomethane and glycerol, which are 

not oils. In order to allow easier comparison across literature, it is 

important to diligently measure and report the advancing and reced-

ing contact angles for a variety of oils, especially for those possessing 

a low surface tension (<30 mN/m). Third, the surface energy of the 

coatings is sometimes not reported. To facilitate a better  comparison 

of various coatings and coating methodologies across literature, 

reporting the polar and dispersive components of the surface energy 

can be quite important.

8. Conclusions and future outlook
The development of superoleophobic surfaces is important for 

basic research, as well as, for numerous commercial applications. 

Signi�cant strides have been taken in the past few years in understand-

ing the design of superoleophobic surfaces. In this article, the role of 

surface energy and roughness, critical role of re-entrant texture, role 

of hierarchical structure and design parameters that aid the rational 

design of superoleophobic surfaces are discussed. The spacing ratio, 

D*, provides a dimensionless measure of surface porosity, while the 

robustness factor, A*, is a measure of a surface’s resistance to liquid 

breakthrough. The most favorable nonwetting surface would, there-

fore, possess high values of both D* and A* simultaneously.

As brie�y discussed earlier, the commercial application of 

 superoleophobic surfaces largely relies on their mechanical  durability. 

This aspect has been sparingly addressed in literature and there is an 

unmet need, and thereby a valuable opportunity, to develop mechani-

cally durable superoleophobic surfaces. There have been a few recent 

reports on self-repairing slippery surfaces for oils.65,66 Such surfaces 

may or may not be superoleophobic, but they offer pressure-stable 

oleophobicity with ultra-low contact angle hysteresis. Materials with 

switchable superoleophobic to superoleophilic wettability are also 

gradually emerging.25,67–69 Such surfaces can �nd myriad applica-

tions in the separation of low surface tension liquid mixtures and 

micro�uidics. With increasing number of scientists and engineers 

contributing to the understanding and the design of superoleophobic 

surfaces, the authors predict an exciting future for the innovation and 

commercialization of superoleophobic surfaces.
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