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thermodynamically favorable. Generally, surfaces of high sur-
face energy have stronger affinity to water than oil, whereas 
surfaces of low surface energy show stronger affinity to oil 
instead. This is why underwater superoleophobicity occurs on 
high energy surfaces,[7,17] while underoil superhydrophobicity 
occurs on low energy ones.[19,20] Although a lot of surfaces have 
been reported that exhibit either of the above two properties, 
surfaces that possess both properties are extremely rare. To 
our knowledge, only two exceptions have been reported.[14,21] 
However, in both of these cases, the underlying mechanism 
regarding thermodynamic contradiction between the two wet-
ting states remains unclear. More importantly, how to rationally 
create such dual superlyophobic surfaces, i.e., the key design 
principle, is far from known.

Metastable states offer access to novel wetting phenomena. 
Such states have been widely investigated in ambient air 
environment to understand various wetting transition behav-
iors[22–24] as well as to create liquid-repellent surfaces.[25–28] 
Employing metastable states in solid–oil–water systems by 
judiciously designing surface topography and chemical compo-
sition can provide us a way to circumvent the thermodynamic 
contradiction and create surfaces that combine underoil supe-
rhydrophobicity and underwater superoleophobicity, where 
the two wetting states feature Cassie–Baxter-type (henceforth 
Cassie-type) composite interfaces[29]—submerged droplets 
(water or oil) are suspended by a composite interface of solid 
and the other liquid (oil or water)—and at least one or even both 
wetting states are metastable. In this study, we demonstrate the 
above concept with microfabricated post structures because 
well-defined topographies allow such surfaces to be designed in 
a highly rational manner as well as better understanding of the 
phenomena. We consider the surfaces need to meet two design 
criteria (Figure 2a): i) the microstructures must be readily filled 
by water and oil without trapped air layer when submerged in 
one of the two liquids; ii) the submerged microstructures can 
support steady oil–water interfaces when the second liquid is 
introduced, or in other words, the second liquid can be sus-
pended by the texture rather than that it intrudes into the tex-
ture. The first criterion would create a water or oil film trapped 
within the texture and the second one guarantees the trapped 
liquid film not to be displaced by the other suspended liquid. 
Under the above two criteria, Cassie-type composite interfaces 
can be obtained in both water-in-oil and oil-in-water situations, 
and moreover large apparent CAs (i.e., w/o

*θ  and o/w
*θ ) are able 

to be induced, both of which are important for liquid repel-
lency[23]—repelling of the second liquid by the first liquid in 
oil–water systems.

To ensure ready filling of the microstructures by water or 
oil, the liquid should be able to displace air within the tex-
ture effortlessly when submerging the surface. Here, we only 

Studying of surface interaction with water and oil is not only 
of fundamental importance to understand complex multiphase 
fluid phenomena,[1–6] but also enhances our ability to control 
surface wetting properties in oil–water systems, which is cru-
cial for a variety of technical applications including marine 
antifouling,[7,8] oil recovery,[9,10] phase-transfer catalysis,[11,12] 
emulsion separation,[13,14] nanoparticle self-assembly,[15] and 
microfluidics.[16] In a solid–oil–water system, the water contact 
angle (CA) against oil ( w/o

*θ ) and oil CA against water ( o/w
*θ ) in 

principle sum up to 180° as they are supplementary to each 
other. Consequently, a surface that is oleophobic under water 
is generally hydrophilic under oil (Figure 1a), and a surface that 
is hydrophobic under oil is oleophilic under water (Figure 1b). 
Underwater oleophobicity and underoil hydrophobicity have 
thus been understood as contradictory properties. This is espe-
cially true when it comes to underwater superoleophobicity 
( o/w

*θ  larger than 150°) and underoil superhydrophobicity ( w/o
*θ  

larger than 150°), and these two properties are not expected 
to appear on the same surface (Figure 1c). In fact, the former 
property generally demands textured surfaces of high sur-
face energy, which is referred to as the “fish-scale effect”,[7,17] 
whereas the latter requires coatings of low surface energy, sim-
ilar to the well-known “lotus effect” except that air is replaced 
with oil.[18,19] Contrasting the general knowledge, here we show 
that judicious design allows surfaces that are both superhydro-
phobic under oil and superoleophobic under water (i.e., dual 
superlyophobic in oil–water systems). The successful design 
is based on two principal criteria, namely, the liquid filling 
criterion and the steady solid–oil–water composite interface 
criterion, and key parameters turn out to be a well-defined 
intermediate surface chemistry and re-entrant topography.

From a thermodynamic point of view, the underwater 
super oleophobic state and the underoil superhydrophobic 
state cannot both be energetically favorable for a given sur-
face. Depending on competitive affinity interactions to the 
surface between oil and water, either water replaces oil 
(Figure 1a) or vice versa (Figure 1b), and only one state might be  
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need to consider the water filling criterion, which is a suf-
ficient condition for oil filling since oil has lower surface ten-
sion and thus generally fills the texture easier than water. For a 
micropost-structured surface, the criterion of water filling can 
be expressed as (see Figure S1, Supporting Information)´:

max[ , arctan( /2 )]w c L Hθ θ ϕ< =  (1)

where θw is the intrinsic water CA on the planar surface, ϕ 
the local geometric angle at the upper corner of posts (90° for 
vertical posts), L the pitch, and H the post height. The above 
equation is obtained by considering the condition that allows 
free liquid entrance into the texture, from either the top or the 
lateral side of the post array. This leads to two critical CAs for 
liquid filling, i.e., ϕ and arctan(L/2H), and the final θc is the 
maximum of them.

To meet the second criterion of supporting the oil–water 
interfaces, the posts need to provide an outward suspension 
force in both water-in-oil and oil-in-water cases: the oil–water 
interfaces would bend toward the solid side (Figure 2a). It 
thus requires the intrinsic water CA in oil θw/o as well as the 
intrinsic oil CA in water θo/w to exceed ϕ:

,w/o o/wθ ϕ θ ϕ> >  (2)

From Equation (2) it is known that 2w/o o/wθ θ ϕ+ > . As θw/o and 
θo/w add up to 180° for ideal surfaces, ϕ has to be less than 90°. 

This suggests that the posts should possess re-entrant (i.e., 
local negative slope) geometric characteristic in principle.

To facilitate the prediction of surface chemistry that 
simultaneously meets Equation (1) and (2), we need to 
be aware of the relationship between θw/o, θo/w, and θw. 
According to Bartell–Osterhof equation,[30] which is derived 
from Young’s equation, the following relationship holds: 

cos cos cos ,w w o o ow w/oγ θ γ θ γ θ= +  denoting γo, γow, and θo as oil 
surface tension, water–oil interfacial tension, and intrinsic oil 
CA, respectively. Using a linear assumption and considering 
the endpoint consistence, van Dijke and Sorbie rewrote it as fol-

lows:[31] cos
1 ( )/

2
cos

1 ( )/

2
,w

o ow w
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o ow wθ γ γ γ θ γ γ γ
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− −
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the validity of which was verified by experimental investiga-
tions.[32] Thus Equation (2) can be expressed as:
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From the above analyses, it is clear that re-entrant structures 
are needed for preparing dual superlyophobic surfaces in oil–
water systems, and moreover the surface chemistry (i.e., θw) 
should satisfy two requirements as defined by Equation (1) and 
(3). We fabricated a series of surfaces of hexagonally arrayed 
posts with re-entrant characteristic by structuring SU8 photo-
resist using photolithography (see Supporting Information). As 
shown in Figure 2b, the posts show an overhang geometry with 
ϕ ≈ 76°, and the upper and lower diameters are Du ≈ 15 and 
Db ≈ 13 μm, respectively. The post height is H ≈ 24 μm, and the 
pitch L is systematically varied in different samples, from 25 μm 
(P1) and 35 μm (P2) to 60 μm (P3). Next, we resolve how to 
match surface chemistry with the microstructures to create dual 
superlyophobic surfaces under water and oil. From Equation 
(1), θc is calculated to be 76° for all the three fabricated samples. 
Thus, the criterion that ensures water and oil filling is:

76wθ < °  (4)

Using hexadecane as a model oil, γw, γo, γow are 72.8, 27.5, 
and 39.0 mN m–1, respectively. Hence from Equation (3) we get 
the requirement for establishing the solid–oil–water composite 
interfaces: 

arccos
cos 0.421

0.579
76

180 arccos
cos 0.421

0.579
76

w/o
w

o/w
w

θ θ

θ θ

= −



 > °

= ° − −



 > °

 (5)

The surface chemistry criterion can be obtained by solving 
Equation (4) and (5) graphically, as shown in Figure 2c. The 
red and blue curves show how θw/o and θo/w vary with θw, 
respectively. Under the above requirements, it is deduced that 
θw needs to be within the range of 56–74°, highlighted by the 
green area in the graph.

The above estimation provides a highly useful guideline for 
screening appropriate surface chemistries. We tested two surface 
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Figure 1. Wetting in oil–water systems. a) An oleophobic surface under 
water is generally hydrophilic under oil, and b) a hydrophobic surface under 
oil is oleophilic under water. c) A surface that is both superoleophobic 
under water and superhydrophobic under oil (i.e., dual superlyophobic) 
is not expected from a thermodynamic point of view.
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chemistries with θw located between 56° and 74°, including 
the 3-cyanopropyltrichlorosilane monolayer coating (CPTS) 
(θw = 57°, see Figure S2, Supporting Information for silaniza-
tion details) and native SU8 coating ( 72wθ = °) (see Figure S3, 
Supporting Information for surface elemental analyses). Indeed, 
these surfaces were able to induce dual superlyophobicity under 
water and oil. The wetting properties of CPTS-coated surfaces 
are shown in Figure 3 (wetting properties of SU8 surfaces are 
shown in Figure S4, Supporting Information). We first evaluate 
the robustness of solid–oil–water composite interfaces, which 
characterizes the ability of the composite interface to withstand 
pressure of the suspended liquid. Similar to the case in ambient 
air,[25,33] we quantify it with a robustness factor: RF = Pc/Pref, 
where Pc is the critical pressure for the suspended liquid to break 

through the texture, and Pref is a characteristic reference pres-
sure which is close to the minimum pressure difference across 
the composite interface exerted by droplets on a highly lyophobic 
surface. Thus, RF must be much larger than 1 to ensure steady 
composite interfaces; otherwise the suspended liquid would dis-
rupt the composite interface and drive away the other liquid film 
trapped within the texture. For our hexagonally arrayed posts, Pc 

scales as 
sin( )

3 /2 /4
ow u

2
u
2

D

L D

πγ θ ϕ
π

−
−

, here θ represents θw/o or θo/w. In 

oil–water systems, Pref is expressed as 2γow/lcap (see Figure S5, 
Supporting Information), where /( )cap ow w ol gγ ρ ρ= −  is the 
capillary length in oil–water systems, and ρw, ρo, and g are water 
density, oil density, and gravitational acceleration, respectively. 
Hence we get the robustness factor 
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Figure 2. Design of dual superlyophobic surfaces in oil–water systems. a) Schematic of oil–water interfaces supported by micropost structured sur-
faces. θw/o and θo/w are the intrinsic water-in-oil and oil-in-water CAs, respectively, ϕ the local geometric angle of posts, L the pitch, H the post height, 
and Du and Db the upper and lower diameters of posts, respectively. b) Top and side views of three fabricated surfaces composed of hexagonally arrayed 
microposts with ϕ ≈ 76°, H ≈ 24 μm, Du ≈ 15 μm, and Db ≈ 13 μm. L is about 25 μm for P1, 35 μm for P2, and 60 μm for P3. c) Theoretical search of 
appropriate surface chemistry (i.e., intrinsic water CA θw). Applicable θw is estimated to be within 56–74°.
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Figure 3a shows the relationship between RF and θ for the 
three fabricated structures. Experimentally measured θw/o and 
θo/w of CPTS coating are 88° and 121°, respectively (Figure S6, 
Supporting Information), a little higher than van Dijke and 
Sorbie’s prediction. The sum of the two CAs is accordingly 

larger than 180°, which could be explained by CA hysteresis 
existing widely on real surfaces[34] and in fact adds extra stability 
to solid–oil–water composite interfaces. The robustness factors 
of the CPTS-coated surfaces are much greater than unity for all 
the three samples, as indicated in Figure 3a. Even for the most 
sparsely structured sample P3, the RF is 7.3 for water in oil and 
24.7 for oil in water. Therefore the CPTS-coated samples are 
able to support steady Cassie-type composite interfaces.
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Figure 3. Wetting properties of the prepared surfaces in oil–water systems. a) Relationship between robustness factor and θ (i.e., θw/o and θo/w).  
b) Relationship between apparent CA θ* (i.e., w/o

*θ  or o/w
*θ ) and θ. The hollow symbols in (a) and (b) show the calculated robustness factor and *θ  of the 

surfaces coated by 3-cyanopropyltrichlorosilane (CPTS) (θw = 57°), respectively. The solid symbols in (b) show the experimental θ*. c) Droplet profiles 
on the CPTS-coated surfaces. Upper row: water droplet in oil; lower row: oil droplet in water. Thin oil or water cushion is clearly observed between 
droplets and the surface P3. d) Both water and oil droplets (10 μL) can easily move away from the slightly inclined CPTS-coated P3 in oil–water systems. 
The inclination angles are labeled on the left schematics.
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according to the Cassie model:[29]

f f sθ θ= − −cos cos (1 )*
s  (7)

where θ* represents w/o
*θ  or o/w

*θ , and fs indicates the solid fraction 
occupied by posts, which is 0.33, 0.17, and 0.06 for P1, P2, and 
P3, respectively. Due to its lowest solid fraction, CPTS-coated 
P3 gives the largest theoretical w/o

*θ  and o/w
*θ , both of which are 

well above 150°, and is thus expected to be ideal for achieving 
dual superlyophobicity under water and oil. CA measurement 
results are shown in Figure 3c. All samples show very high 
apparent CAs, which are slightly larger than Cassie’s predic-
tion and vary from 145° to greater than 150°. Especially, the 

w/o
*θ  and o/w

*θ  of CPTS-coated P3 are as high as 164° and 169°, 
respectively; that is, it exhibits remarkable superlyophobicity 
under both water and oil. Moreover, a thin oil or water cushion 
can be clearly observed between the submerged droplets and 
the surface benefiting from the large pitch of P3, confirming 
the Cassie-type wetting states. This fact is highly important as 
it provides the direct and convincing evidence that the oil or 
water thin film trapped within the texture accounts for the dual 
superlyophobicity, whereas in previous reports[14,21] it was not 
clear whether Cassie-type composite interfaces were present for 
both wetting states. Our design criteria ensure the steady trap-
ping of oil or water films between the droplets and the surface, 
which is essential for its remarkable wetting properties. Due to 
the extremely low solid fraction of P3, droplets can be regarded 
as sitting on another liquid film with minimum contact with 
the solid. Hence droplets are highly mobile on the surface, as 
demonstrated in Figure 3d (and Movie S1 and S2, Supporting 
Information), where droplets of 10 μL can easily slide down 
the slightly inclined surfaces (with a slope of 24° for water 
droplet in oil and 18° for oil droplet in water, respectively). 
Note that the driving force for droplet sliding here is much 
less than that in common liquid–air systems due to small den-
sity difference between the two liquids (1.00 and 0.77 g cm–3 
for water and hexadecane, respectively). By considering the 
force balance parallel to the surface, we can obtain that the 
hysteresis force (i.e., lateral adhesion force) is no more than 
9 μN for the water droplet in oil and 7 μN for the oil droplet in 
water, respectively.

The dual superlyophobicity was also confirmed to work not 
only in the hexadecane-water system, but also in various other 
oil–water systems. This was demonstrated with CPTS-coated 
P3 by using petroleum ether, silicone oil, dodecane, and octane 
as model oils (Figure S7, Supporting Information).

We also investigated the effect of different surface chemis-
tries with θw outside the range of 56–74°, i.e., those do not meet 
the criteria of Equation (1) and (2). As shown in Figure 4a, 
when treated with more hydrophilic chemistry, including O2 
and H2 plasma treatment (θw = 6°) and polydopamine coating 
(θw = 48°) (see Figure S3, Supporting Information), the sur-
faces exhibited Cassie-type underwater superoleophobicity 
with o/w

*θ  above 170°. However, these surfaces were not super-
hydrophobic under oil, and they showed w/o

*θ  of 48° and 107°, 
respectively, indicating a Wenzel-type wetting state[35]—water 
displaces oil and penetrates into the texture. On the other hand, 
when treated with more hydrophobic chemistry, including 
octadecyltrichlorosilane (ODTS) (θw = 90°) and 1H,1H,2H,2H-

perfluorooctyltrichlorosilane (FOTS) (θw = 110°) (see Figure S2 
and S3, Supporting Information), the surfaces possessed 
Cassie-type underoil superhydrophobicity with w/o

*θ  of 178° 
and 175°, respectively. However, an air plastron layer was sus-
tained when these surfaces were submerged under water due 
to failure of the water filling criterion. Consequently, an oil 
droplet spread completely within the air layer, and simultane-
ously displaced air out of the texture, leading to formation of an 
air bubble aside, as indicated by the arrows in Figure 4a. The 
wetting properties of the surfaces with various surface chemis-
tries are summarized in Table 1.

Figure 4b illustrates the three different wetting modes 
observed above. With a very hydrophilic surface chemistry 

56wθ ≤ °, θw/o is not large enough to support a composite solid–
oil–water interface for water droplet in oil, hindering underoil 
superhydrophobicity. With a very hydrophobic surface chem-
istry θw > 76°, θw is not small enough for water filling and 
elimination of air plastron, and meanwhile, θo/w is too small 
to support a composite interface for oil droplet in water, thus 
causing oil spreading within the air layer. Another possible 
wetting mode theoretically corresponding to 74 76wθ° ≤ ≤ °,  
where water can fill the texture but θo/w is still too small to sup-
port underwater superoleophobicity, is schematically shown in 
Figure S8 (Supporting Information), though not observed in 
this study. Only intermediate surface chemistries that satisfy 
Equation (1) and (2) (56 74wθ° ≤ ≤ °) can guarantee Cassie-type 
wetting states for both water-in-oil and oil-in-water cases, thus 
inducing both underwater superoleophobicity and underoil 
superhydrophobicity. It is worth mentioning that the appli-
cable range of θw is structure-dependent, and could shift toward 
more hydrophilic region with reduced ϕ.

We also analyze the thermodynamic characteristic of the 
wetting states. Theoretical curves regarding Cassie and Wenzel 
state CAs are plotted in Figure 4c. Wenzel CAs were calculated 
with: rcos * cosθ θ= ,[35] where r = 1.36 is the surface rough-
ness of surface P3. The transition from Wenzel state to Cassie 
state occurs at θt = 136°, only above which thermodynamically 
stable Cassie states are obtained. Plasma and polydopamine 
treated surfaces exhibited thermodynamically stable under-
water superoleophobicity, whereas ODTS and FOTS treated 
surfaces exhibited thermodynamically stable underoil super-
hydrophobicity. By contrast, for the CPTS and SU8 coated 
surfaces, both underwater superoleophobicity and underoil 
super hydrophobicity are in the metastable Cassie regime. The 
appearance of metastable state is virtually inevitable since dual 
stable Cassie states would require both θw/o and θo/w to be 
larger than f r fsarccos[( 1)/( )] 90t sθ = − − > °,[23] which defies the 
fact that the two intrinsic CAs are supplementary in principle. 
The meta stable characteristic explains why two thermodynami-
cally contradicting states can appear on the same surface, as at 
least one or both states are not energetically favorable.

Besides appropriate surface chemistry, the re-entrant 
structure is also crucial. For surfaces without re-entrant 
characteristic, such as vertical posts, no surface chemistry 
could simultaneously satisfy Equation (1) and (2) (Figure S9, 
Supporting Information). Vertical posts (or positively sloped 
posts) may support either a Cassie-type water droplet in oil or 
oil droplet in water, but do not support both, especially when 
the robustness of composite interfaces is considered. Indeed, 
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a controlled sample of vertical posts with structural parameters 
similar to P3 does not show dual superlyophobicity in oil–water 
systems (Figure S10, Supporting Information).

Different from previous reports,[14,21] our dual superlyo-
phobic surfaces (including CPTS- or SU8-coated P3) are not 
superamphiphilic (i.e., superhydrophilic and superoleophilic) 
in air. Though both surfaces are superoleophilic in air, they 

show water CA of 72° and 83°, respectively (Figure S4 and S11, 
Supporting Information). This indicates that superamphiphi-
licity is not a prerequisite for dual superlyophobicity under 
water and oil. Moreover, a superamphiphilic surface may not 
lead to dual superlyophobicity under water and oil, as evi-
denced by the plasma-treated P3, which is superamphiphilic 
in air (Figure S12, Supporting Information), but remains 
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Figure 4. Effect of surface chemistry on wetting properties. a) Wetting properties of the structured surface P3 with varying surface chemistries. Plasma: 
treated by O2 and H2 plasma; PDA: polydopamine; ODTS: octadecyltrichlorosilane; FOTS: 1H,1H,2H,2H-perfluorooctyltrichlorosilane. Upper row: 
water droplet in oil; lower row: oil droplet in water. b) Schematic illustrating three wetting modes observed. Another wetting mode theoretically cor-
responding to 74 76wθ° ≤ ≤ ° is shown in Figure S8 (Supporting Information), though not observed in this investigation. c) Wetting states for varying 
surface chemistries. Square symbols: water CA in oil; circle symbols: oil CA in water. Inset shows close-up of the area for samples with CPTS and SU8 
surface chemistries for clarity.
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hydrophilic in oil (Figure 4). The key to achieve dual superlyo-
phobicity under water and oil lies in the two principal criteria 
we proposed.

Our work demonstrates that by the combination of re-
entrant topography and delicately matched surface chemistry 
dual superlyophobic surfaces under water and oil can be 
prepared. We reveal the principal design criteria and iden-
tify the key role of metastable states in this unusual wetting 
phenomenon. Our understanding and design strategy pro-
vide a solid basis for developing dual superlyophobic mate-
rials in oil–water systems, which could bring unique appli-
cations in various fields involving multiphase fluids, such as 
marine antifouling, oil–water separation, and microfluidic 
devices. On the other hand, the unique dual superlyopho-
bicity can be understood as a path-dependent phenomenon, 
where one surface shows two dramatically different wetting 
properties dictated by its history (whether it enters into water 
or oil first). Therefore, our study also emphasizes the impor-
tance of taking into careful consideration their history when 
studying behaviors of various solid–oil–water systems (e.g., 
oil recovery, particle phase transfer, liquid–liquid interface 
assembly, etc.).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
X.T. and V.J. contributed equally to this work. This work was supported 
by the Academy of Finland (Centres of Excellence Programme (2014-
2019) and projects #266820, #256206, and #263560). This work made 

use of the Aalto University Nanomicroscopy Center premises and the 
cleanroom facilities of Micronova Nanofabrication Center.

Received: May 22, 2016
Revised: July 14, 2016

Published online: October 12, 2016

[1] M. C. Leverett, Trans. AIME 1939, 132, 149.
[2] B. P. Binks, P. D. I. Fletcher, B. L. Holt, P. Beaussoubre, K. Wong, 

Phys. Chem. Chem. Phys. 2010, 12, 11954.
[3] T.-S. Wong, S. H. Kang, S. K. Y. Tang, E. J. Smythe, B. D. Hatton, 

A. Grinthal, J. Aizenberg, Nature 2011, 477, 443.
[4] V. Jokinen, R. Kostiainen, T. Sikanen, Adv. Mater. 2012, 24, 6240.
[5] M. Cui, T. Emrick, T. P. Russell, Science 2013, 342, 460.
[6] F. Mugele, B. Bera, A. Cavalli, I. Siretanu, A. Maestro, M. Duits, 

M. Cohen-Stuart, D. van den Ende, I. Stocker, I. Collins, Sci. Rep. 
2015, 5, 10519.

[7] M. Liu, S. Wang, Z. Wei, Y. Song, L. Jiang, Adv. Mater. 2009, 21, 665.
[8] M. Mrksich, G. M. Whitesides, Annu. Rev. Biophys. Biomol. Struct. 

1996, 25, 55.
[9] R. Salathiel, J. Petrol. Technol. 1973, 25, 1.

[10] N. R. Morrow, G. Mason, Curr. Opin. Colloid Interface Sci. 2001, 6, 321.
[11] M. Halpern, Phase-Transfer Catalysis. Ullmann’s Encyclopedia of 

Industrial Chemistry, Wiley-VCH, Weinheim, Germany 2000.
[12] S. Crossley, J. Faria, M. Shen, D. E. Resasco, Science 2010, 327, 68.
[13] A. K. Kota, G. Kwon, W. Choi, J. M. Mabry, A. Tuteja, Nat. Commun. 

2012, 3, 1025.
[14] M. Tao, L. Xue, F. Liu, L. Jiang, Adv. Mater. 2014, 26, 2943.
[15] Y. Lin, H. Skaff, T. Emrick, A. Dinsmore, T. Russell, Science 2003, 

299, 226.
[16] R. L. Hartman, K. F. Jensen, Lab Chip 2009, 9, 2495.
[17] S. Nishimoto, B. Bhushan, RSC Adv. 2013, 3, 671.
[18] W. Barthlott, C. Neinhuis, Planta 1997, 202, 1.
[19] D. Zang, C. Wu, R. Zhu, W. Zhang, X. Yu, Y. Zhang, Chem. Commun. 

2013, 49, 8410.
[20] L. Wen, Y. Tian, L. Jiang, Angew. Chem., Int. Ed. 2015, 54, 3387.
[21] P. Zhang, S. Wang, S. Wang, L. Jiang, Small 2015, 11, 1939.
[22] A. Marmur, Langmuir 2003, 19, 8343.
[23] A. Lafuma, D. Quéré, Nat. Mater. 2003, 2, 457.
[24] M. Nosonovsky, Langmuir 2007, 23, 3157.
[25] A. Tuteja, W. Choi, J. M. Mabry, G. H. McKinley, R. E. Cohen, Proc. 

Natl. Acad. Sci. USA 2008, 105, 18200.
[26] T. L. Liu, C. J. C. Kim, Science 2014, 346, 1096.
[27] H.-J. Butt, I. V. Roisman, M. Brinkmann, P. Papadopoulos, D. Vollmer, 

C. Semprebon, Curr. Opin. Colloid Interface Sci. 2014, 19, 343.
[28] X. Tian, T. Verho, R. H. A. Ras, Science 2016, 352, 142.
[29] A. B. D. Cassie, S. Baxter, Trans. Faraday Soc. 1944, 40, 546.
[30] F. E. Bartell, H. J. Osterhof, Ind. Eng. Chem. 1927, 19, 1277.
[31] M. I. J. van Dijke, K. S. Sorbie, J. Pet. Sci. Eng. 2002, 33, 39.
[32] J. W. Grate, K. J. Dehoff, M. G. Warner, J. W. Pittman, T. W. Wietsma, 

C. Zhang, M. Oostrom, Langmuir 2012, 28, 7182.
[33] A. Tuteja, W. Choi, M. Ma, J. M. Mabry, S. A. Mazzella, G. C. Rutledge, 

G. H. McKinley, R. E. Cohen, Science 2007, 318, 1618.
[34] Y. Chen, C. Helm, J. Israelachvili, J. Phys. Chem. 1991, 95, 10736.
[35] R. N. Wenzel, Ind. Eng. Chem. 1936, 28, 988.

Adv. Mater. 2016, 28, 10652–10658

www.advmat.de
www.MaterialsViews.com

Table 1. Wetting properties of P3 with hydrophilic (plasma and PDA), 
hydrophobic (ODTS and FOTS) and desirable intermediate (CPTS and 
SU8) surface chemistries.

Surface 
chemistry

θw
a)  

[º]
θw/o

a)  
[º]

θo/w
a)  

[º]
w/o
*θ a)  

[º]
o/w
*θ a)  

[º]

Plasma 6 ± 2 46 ± 4 155 ± 3 48 ± 5 174 ± 5

PDA 48 ± 3 71 ± 3 139 ± 4 107 ± 4 170 ± 5

CPTS 57 ± 2 88 ± 4 121 ± 4 164 ± 2 169 ± 2

SU8 72 ± 2 120 ± 4 85 ± 3 169 ± 3 160 ± 4

ODTS 90 ± 3 171 ± 4 3 ± 2 178 ± 2 0 b)

FOTS 110 ± 2 150 ± 3 55 ± 3 175 ± 5 0 b)

a)The θ symbols without * are intrinsic CAs on planar surfaces, and the ones with 
the * are apparent CAs on structured surfaces; b)Oil spreads within air plastron, 
showing an apparent CA of zero.


