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In recent years, the design of highly liquid-repellent surfaces has received great attention. Here, we report a

facile method of creating a surface that repels both water and oils; using simple spray-coating, a

hierarchically rough ZnO–PDMS composite can be applied to a variety of substrates that serves as a

nanostructured surface for further modification. We applied an overcoating of either a fluoropolymer

(Teflon AF) or perfluorodecyltrichlorosilane to fabricate low energy surfaces that repel water and oil for a

variety of potential uses. The resultant surfaces are superomniphobic, have static contact angles of >140�

for droplets of both liquids, and have low sliding angles for both water and oil droplets: <5� for water and

<20� for oil.
Introduction

Liquid-repellent surfaces have high promise to improve surface
properties for a wide range of applications in diverse elds,
such as self-cleaning fabrics, anti-fouling coatings, water–oil
separation, desalination, and condensation heat exchangers.1–8

Many draw inspiration from the Lotus plant,9 whose micro-
structure provides a self-cleaning mechanism through tiny air
pockets that prevent penetration by water, leading to a Cassie–
Baxter state10 characterized by low contact angle hysteresis
(CAH) and low tilt angle (i.e., roll-off or sliding angle). Synthetic
surfaces that mimic the Lotus leaf11–13 rely on hierarchical
roughness to prevent wetting by water. Due to their low surface
tension, most oils cannot form contact angles greater than 90�

on at surfaces or those with nano- and microstructures with
positive or vertical slopes. Re-entrant structures with over-
hanging slopes are necessary to repel these kinds of liquids.14–16

So-called ‘superomniphobic’ surfaces17,18 repel both water and a
variety of oils and other low surface-tension liquids and are
characterized by high droplet mobility. Superomniphobic
surfaces have been prepared by a number of methods:
e.g., lithographically patterned roughness, low surface energy
coatings, metal oxide nanoparticle coatings, electrodeposition,
and electrospun textured polymers.19–27

A key challenge for omniphobic surfaces is facile and scal-
able fabrication. Many of the methods used to fabricate omni-
phobic surfaces are tedious, multi-step procedures requiring
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specialty equipment and chemicals, and in many cases are
simply too expensive to implement at scale. In the same vein,
silicon wafers are commonly used as the substrate,16,18,21 but
these are not oen relevant to industrial or real-world applica-
tions. There is a need for methods that are compatible with a
wide variety of substrate materials, including glass, metals and
polymers. Of the many ways for making omniphobic surfaces,
spray-coating would have signicant advantages: an aerosol
from a precursor solution containing the necessary chemical
components can coat a surface evenly regardless of its dimen-
sions, geometry, or substrate material. Spray-coating is also
inexpensive and easily scaled-up. Nanoparticle zinc oxide (ZnO)
is a suitable precursor, as it is non-toxic, commercially avail-
able, and intrinsically textured.

Using a polydimethylsiloxane (PDMS) binder, we report a
simple method of fabricating a hierarchically roughened
surface with intrinsic re-entrant structures based on a simple
spray-coating that can be easily modied with a low surface-
energy overcoating (Fig. 1). Qualitative relationships between
the surface chemistry, surface roughness, and wettability for
various ZnO : PDMS mass ratios and surface coatings are pre-
sented. Given the interest in making superomniphobic surfaces
that favor drop-wise condensation over lm-wise condensation
and thus improve the efficiency of condensers, we have exam-
ined quantitatively the wetting behavior of these surfaces with
both water and a common refrigeration lubricant (RL). To that
end, we have characterized the performance of these surfaces by
measuring the static contact angles (SCA) and sliding angles (a)
of water (surface tension ¼ 72.6 mN m�1) and RL-68H (from
Emkarate Corp., surface tension ¼ 27.7 mN m�1).28 RLs are
generally polyol esters miscible with hydrouorocarbon (HFC)
refrigerants that cycle through a refrigerator and keep all
moving parts properly lubricated. The goal of the present work
is to prevent lm formation of RL on refrigeration piping and
condenser surfaces as a rst step towards designing coatings
RSC Adv., 2015, 5, 69243–69250 | 69243
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Fig. 1 Photographs of a water droplet (containing red dye) on spray
coated surfaces of (a) aluminium, (b) silicon wafer, (c) cellulose filter
paper and (d) copper mesh. All surfaces were spray-coated with a 2 : 1
solution of ZnO : PDMS. Scale bars represent 1 mm.
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that could improve the performance of heat transfer
equipment.
Experimental
Materials

Four materials were tested as substrates for the omniphobic
coatings. Silicon wafers (150 mm diameter, 675 mm thick, type
P, h100i) were purchased from Ted Pella, Inc. and cut into 8 �
10 mm pieces. Other substrates examined include stock
aluminium sheet (alloy 6061, 0.06300, McMaster-Carr, 12 � 25
mm), copper wire mesh (wire diameter 50 mm, mesh opening
75 mm, TWP Inc., 8 � 10 mm) and cellulose lter paper (qual-
itative grade, Whatman #1001, 70 mm diameter). Zinc oxide
powder (NanoGard), particle diameter 40–100 nm, was used as
received from Alfa Aesar. Sylgard 182 (Dow Corning), per-
uorodecyltrichlorosilane (Gelest), and hexanes (Fisher Scien-
tic) were used as received. RL-68H (Emkarate), Teon AF 1600
(DuPont) and Fluorinert FC-770 (3M) were used as received.
Solution preparation

First, a stock solution of 0.25 g Sylgard 182 (PDMS)/mL hexanes
was prepared. In a scintillation vial, 0.5 g ZnO was added; this
was the standard amount used in fabricating all samples. The
stock PDMS solution was added to the ZnO at mass ratios of
1 : 2, 1 : 1 and 2 : 1 ZnO : PDMS, i.e., 4 mL, 2 mL and 1 mL
respectively. Hexane was added to these solutions until the nal
volumes were �20 mL. Then, the solutions were manually
agitated to disperse the ZnO and PDMS evenly. This process was
expedited by the use of an ultrasonication bath when necessary.
Higher ratios of ZnO : PDMS (i.e., 3 : 1, 4 : 1) resulted in
dispersions that were insufficiently stable to permit spray
deposition.
69244 | RSC Adv., 2015, 5, 69243–69250
Spray procedure

For spraying procedure, aerosols were produced using a Badger
250 airbrush attached to a compressed air tank. Substrates were
placed on a hot plate set to the lowest heat setting to facilitate
solvent evaporation during spraying. The airbrush outlet is
roughly 0.5 mm in diameter, and the air pressure used for
spraying was 20 psi, corresponding to a ow rate of �10
mL min�1. The airbrush was held 15–20 cm from the substrate
to ensure complete coverage and avoid any pooling of liquid on
the surface. Coated samples were then cured in a Lindberg/Blue
M programmable oven at 70 �C for 24 hours.
Teon coating

Aer samples were removed from oven and cooled, a 5 : 1 v/v
solution of Fluorinert FC-770 to Teon AF was prepared. The
amount necessary per sample is 100 mL FC-770 to 20 mL Teon AF.
Samples were dipped in a petri dish of the Teon solution for
10–20 seconds so that the entire surface was coated. They were
then placed in an oven and cured according to themanufacturer's
instructions: 105 �C for 5 min, ramped over 5 min to 160 �C and
held for 5 min, ramped over 5 min to 330 �C and held for 15 min.
Fluorosilane deposition

Alternatively, a liquid-phase deposition method similar to one
previously reported in the literature29 was used to functionalize
uncoated ZnO–PDMS surfaces with a commercial uorosilane.
Samples were placed in a vial with 20 mL of hexanes, and then
cooled to �10 �C. 50 mL of peruorodecyltrichlorosilane (FDTS)
were then added, and the reaction proceeded for 24 hours at
�10 �C. The samples were then dried and rinsed with ethanol to
remove any unwanted byproducts.

Some samples were also pre-treated with oxygen plasma for
1 min at 70 W and immediately submerged in 10 mL of toluene
in a scintillation vial; 50 mL of FDTS were then added and
allowed to react for 1 hour at room temperature.
Characterization

Electron microscope images of Teon-coated samples were taken
using a JEOL 7000F and a Philips XL30 ESEM-FEG scanning
electron microscope. Samples were sputter-coated with Au/Pt for
25 s (a thickness of 7–8 nm) prior to image acquisition. 3D images
and roughness data were acquired using an Alicona Innite Focus
3D microscope, also aer coating to reduce the diffuse scattering
of the white ZnO and to enhance the image quality. The lateral
resolution was 2 mm and the vertical resolution was 100 nm. On
each sample, the data from a projected area of 1.04 � 0.58 mm2

was measured and analyzed with the internal soware provided
by Alicona for surface roughness. It is important to note that the
3D microscope's resolution is much larger than the average
nanoparticle size, thus, the calculations for roughness and
conclusions derived from these calculations pertain to differences
in microstructure only and not in the underlying nanostructure.

A Canon T3i camera with a Sigma 70–300 mm lens and a
Raynox DCR-150macro lens was used to capture photographs of
droplets on various surfaces.
This journal is © The Royal Society of Chemistry 2015
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For contact angle measurements, a KSV CAM200 goniometer
was employed. Water contact angle measurements used a 15 mL
droplet size, whereas oil droplets were 5 mL in volume, the
smallest dispensable quantities from the goniometer's custom
micropipette, respectively. Static contact angle (SCA) was
measured immediately aer droplet deposition. Measurements
are an average based on 10 images of a sample (acquisition rate:
1 image per second), for 3 different samples of each type made.
This was done to ensure consistency in the spraying method
and reproducibility across samples. The sliding angles were
measured on a ThorLabs Goniometer stage by placing the
droplet on the sample and then slowly tilting the stage until the
droplet started moving. The angle was recorded and the
measurement repeated for a minimum of 4 times to determine
sliding angles. The droplet volumes were similar to those
reported above for contact angle measurements.

Results and discussion

Spray-coating is a simple and effective method of coating a
substrate because it is inexpensive, easily scalable, and appli-
cable to a variety of surfaces.30 The versatility of this approach
permits any number of treatments to be applied to a single type
of roughened surface. The spraying procedure employed in
these experiments used a range of ZnO to PDMS ratios in order
to investigate the effects of roughness on the contact angles of
water and the refrigeration lubricant, RL-68H. Nanoparticle
ZnO was to confer roughness to the surface, and PDMS acted as
a polymer binder and hydrophobic contact surface. As a control,
contact angles were also measured on a at silicon wafer
sprayed with PDMS. Since the at PDMS coated wafer is rela-
tively smooth, changes in contact angle of the ZnO modied
surfaces can be attributed purely to changes in roughness.

Our coating process can be applied to a wide variety of
substrates, including at silicon wafer, stock aluminium sheet,
copper mesh, and cellulose lter paper. Silicon wafers are not an
essential substrate, but were examined in detail in order to make
comparisons to prior studies of omniphobic coatings.16,18,21 As
shown in Fig. 1, superhydrophobic behaviour is observed for all
four substrates with the same ZnO nanoparticle/PDMS coating;
videos emphasize the superhydrophobic properties of these
substrates (ESI, Video S1 and S2†).

The effect of modifying the surface energy was investigated by
comparing ZnO : PDMS surfaces on silicon wafers to uorocarbon
over-coated counterparts. By comparing the liquid contact angles,
we can compare the effects of surface roughness to the effects of
changes in surface energy due to the over-coating for substrates of
comparable roughness. For such comparisons, Teon AF and
peruorodecyltrichlorosilane (FDTS) were each deposited from
the liquid-phase onto ZnO/PDMS surfaces. Although FDTS has a
lower critical surface energy (gc) than Teon AF (12 mN m�1 vs.
16mNm�1), it only reacts with surface hydroxyl groups, forming a
siloxane bond. Because the density of surface hydroxyl groups on
the ZnO is limited, there is a trade-off with FDTS between the
density of the total surface coverage vs. a lower gc. To improve the
surface coverage, we plasma-oxidized samples before silanization
tomaximize the number of hydroxyl groups available for bonding.
This journal is © The Royal Society of Chemistry 2015
Examination of the Teon AF and the FDTS surfaces permits
comparison between a non-covalent vs. covalent over-coating
procedures in terms of contact angles and sliding angles.

One might be tempted to incorporate low surface energy
uorochemicals into the initial polymeric binder rather than
apply them as a second overcoat. Such an approach has two
problems: rst, bulk incorporation of a uorocarbon does not
guarantee that the uorocarbon is actually present on the
exposed surface. Second, large loadings of uorochemicals into
the polymeric binder would be necessary and the resulting
composite may be dispersible only in expensive uorinated
solvents.31–33 In addition, excessive use of uorocarbons in
general can be problematic because many uorochemicals are
precursors to peruorooctanoic acid, a known bioaccumulant.34

By separating the spray-coating and top-coating steps, the uo-
rocarbon is inherently on the contact surface and the amount of
uorocarbons necessary to coat the surface is greatly reduced.
Sample characterization

Fig. 2a–f shows SEM images of all ratios of ZnO : PDMS without
a Teon AF coating. As the relative amount of PDMS decreases
compared to ZnO, an increase in texturing, due to increasing
exposure of ZnO nanoparticles, can clearly be seen (e.g., Fig. 2a
vs. Fig. 2b vs. Fig. 2c). At a 2 : 1 ratio of ZnO : PDMS (Fig. 2c and
f), individual nanoparticles protrude from the PDMS lm, and a
hierarchical roughness is observed that can best be described as
micro-scale ZnO/PDMS globules which themselves consist of
nano-scale ZnO papules. These hierarchical structures (Fig. 2c,
f, i and l) produce an intrinsic multi-scale roughness with
characteristic re-entrant structures necessary for omniphobicity
with high contact angles and low roll-off angles.35

The initial aerosol droplets from the airbrush, which are tens
of microns in diameter, deposit on the smooth Si surface. As the
solvent evaporates, the ZnO nanoparticles and uncured PDMS
coalesce. The PDMS then forms crosslinks as it cures and the
nal coating is produced. The emergence of hierarchical
structures in the coating derives from the very different scales of
the initial aerosol droplets (tens of mm) vs. the agglomeration of
the ZnO nanoparticles–polymer composite as solvent evapo-
rates (tens of nm). The spray process results in the formation of
micro-scale re-entrant cavities, as can be seen in Fig. 3a. A close-
up of one of these cavities (Fig. 3b) shows micro-scale globules
with individual ZnO nanoparticles protruding from them,
revealing the hierarchical roughness.

Fig. 2g–l shows the same samples aer they have been coated
with Teon AF, and oven-cured. The same trend is observed as
for the non-over-coated samples: higher relative ratios of ZnO
produce a more textured surface and give a hierarchical struc-
ture. Compared to the samples without Teon coating, more
nano-scale ZnO papules emerge at the surface and increase the
surface roughness (e.g., compare Fig. 2f vs. Fig. 2l). The high
heat treatment necessary to cure the Teon AF alter the topo-
graphical appearance of PDMS, as conrmed by separate heat
treatment of non-uorinated samples.

Fig. 4 shows a 3D micrograph with a colored z-gradient of a
Teon AF coated 2 : 1 ZnO : PDMS surface, with an
RSC Adv., 2015, 5, 69243–69250 | 69245
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Fig. 2 SEM images of spray coatings of ZnO : PDMS at ratios of 1 : 2 (a and d), 1 : 1 (b and e) and 2 : 1 (c and f). Note the texturing at both the
micro- and nano-scale. SEM images of spray coatings of ZnO : PDMS with a top-coating of Teflon AF at ratios of 1 : 2 (g and j), 1 : 1 (h and k) and
2 : 1 (i and l).
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accompanying SEM images of the same sample section with a
projected area of 1.04 mm � 0.58 mm and a detailed view from
the center of the section (other 3D micrographs are provided in
ESI Fig. S1a–e†). Peaks and valleys ranging from 30–200 mm are
formed by the spray procedure contributing to the micro-scale
roughness of the surfaces. The SEM images reveal additional
nano-scale roughness that cannot be captured by the Inn-
iteFocus optical microscope. The z-gradient mapping allows for
a qualitative comparison of surface roughness between the
different ZnO : PDMS mass ratios and over-coating procedures.
Table S1† lists the characteristic roughness parameters for all
the samples under study.

We are not limited to at surfaces in our coating process.
The spray deposition can be used to effectively coat complex
textured surfaces. For example, the coating of a copper mesh is
shown in Fig. 5. The ZnO/PDMS coating forms the same hier-
archically roughened structures discussed earlier (i.e. micro-
globules of ZnO and PDMS on Si wafer). Similar structures are
observed using the spray coating process on stock aluminium
and cellulose lter paper as well (Fig. 1).
Contact angle measurements

Table 1 shows the static contact angles of water and RL-68H the
samples without Teon AF coating. The ‘PDMS on at Si’
sample, made by spraying a 25 mg mL�1 solution of PDMS onto
a silicon wafer, acted as a at reference sample with a similar
surface chemistry as the samples with nanoparticles to study
the effect of surface roughness on the contact angles. PDMS is
intrinsically hydrophobic (surface energy ¼ �22 mN m�1),36
69246 | RSC Adv., 2015, 5, 69243–69250
which leads to a SCA for water of 105�. RL-68H completely wets
the surface. As the roughness of the samples increases, so does
the water contact angle. In all cases, the de-wetting of water is
improved by the spray-coating procedure when compared to the
at reference sample. On the 1 : 1 and 2 : 1 ZnO : PDMS, water
contact angles of over >150� are achieved, indicating that the
surfaces are highly hydrophobic, even without a uorinated
over-coating. The droplets are in the non-wetting Cassie–Baxter
state.37

It is interesting to note that a non-zero contact angle for the
refrigeration lubricant is obtained for a 1 : 1 ratio, yet the
surfaces are completely wetted for the 2 : 1 and 1 : 2 ratios. This
can be ascribed to a balance between the low surface energy
from the PDMS (which would favor a lower ratio of ZnO to
PDMS) versus the surface roughness from ZnO (which would
favor a higher ratio). Interestingly, the 1 : 1 ZnO : PDMS
surfaces have a higher micro-scale roughness than either the
2 : 1 or 1 : 2 mixtures (Table S1†). At either extreme, there is
either not enough roughness and re-entrant structure (1 : 2) or
not enough PDMS (2 : 1) to sustain droplet formation. Addi-
tionally, it is known that PDMS swells in the presence of many
hydrocarbons,38 which could explain the RL's affinity for the
surface and the wetting at the low nanoparticle concentration.

Table 2 shows contact angles for Teon-coated and
uorosilane-coated samples. The static contact angles on a
smooth reference sample coated with Teon AF, the contact
angles are 120� for water and 75� for the lubrication oil. At a 1 : 2
ratio of ZnO : PDMS, the contact angles are almost identical to
those of the smooth reference sample (i.e., Teon coated Si
wafer), conrming that roughness is minimal. Water contact
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) 3D microscopic image of a 2 : 1 ZnO : PDMS surface coated
with Teflon taken on an InfiniteFocus 3D microscope; the area scan-
ned was 0.58 mm � 1.04 mm; the scale bar is 200 mm. (b) SEM image
of the same area and (c) insert showing detailed micro- and nano-
structures. Optical image of a (d) water droplet and (e) RL-68H droplet
on the same surface.

Fig. 3 Cross-sectional SEM of a 2 : 1 ZnO : PDMS spray-coated silicon
wafer. (a) Cavities are formed by the spraying process showing re-
entrant curvature. (b) Close-up of such a cavity.
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angles on the 1 : 1 and 2 : 1 samples are similar to those without
the Teon AF coating. Unlike on the non-uorinated samples,
RL-68H contact angles increase dramatically with increasing
ZnO : PDMS ratios, reaching a SCA > 135� at the 2 : 1 ratio. By
changing the overcoating to FDTS, the contact angles of RL-68H
were increased even more.

Surprisingly, RL-68H displayed higher contact angles than
water on FDTS overcoated samples (Table 2) despite the fact
that the oil has a much lower surface tension. This may be due
to hydroxyl groups present on the surface, which can be a result
of partially hydrolyzed silanes (i.e. silanol (Si–OH) formation).
OH stretches are visible in the broad 3500 band in the IR of this
sample (ESI Fig. S2c†) for surfaces not plasma treated. Polar OH
groups would raise the surface tension of the surface, but are
balanced by the very low surface energy of the FDTS itself. It is
very important to note, however, that polar groups tend to raise
the polar component of surface tension as opposed to the
dispersive (van der Waals) component. Non-polar liquids, such
as oils, tend to interact with the dispersive component, whereas
polar liquids, such as water or milk, interact strongly with polar
groups via hydrogen bonding.39 Recent work has even exploited
this idea by infusing ionic liquids into surfaces that can repel
oils.40 Plasma oxidation before silanization ensures that the
silane reacts fully with the surface (rather than with itself,
This journal is © The Royal Society of Chemistry 2015
leading to partial hydrolysis producing the surface silanol
groups), and no OH stretches are observed in the plasma
oxidized material (ESI Fig. S2c†). As a consequence, plasma
treated samples show an increased density of the uorocarbon
over-coat (conrmed by XPS, see Table S2†) which results in a
surface more hydrophobic and more oleophobic. Since RL-68H
is more sensitive to the surface chemistry than water (compare
Tables 1 and 2), the increase in uorocarbon density has a
higher impact on the oil's contact angles.

Table 3 presents the sliding angles of water and RL-68H
droplets. Water droplets do not slide on surfaces that were
sprayed at ratios of 1 : 2 ZnO : PDMS, with or without a Teon
RSC Adv., 2015, 5, 69243–69250 | 69247
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Table 3 Sliding angles (a) of water and RL-68H on ZnO : PDMS
coatings

ZnO : PDMS ratio Top coat a, H2O (�) a, RL-68H (�)

2 : 1 FDTS, plasma treated 5 17
2 : 1 FDTS 20 Pinned
2 : 1 Teon AF 5 Pinned
2 : 1 None 2 Wetted
1 : 1 Teon AF 5 Pinned
1 : 1 None 3 Pinned
1 : 2 Teon AF Pinned Wetted
1 : 2 None Pinned Wetted

Fig. 5 SEM of a copper mesh spray coated with a 2 : 1 solution of
ZnO : PDMS.
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overcoat. The low roughness and the few extruding nano-
particles on these samples pin the three-phase contact line and
act as barriers to the movement of the droplet.41 At 1 : 1 and 2 : 1
ZnO : PDMS ratios, both uncoated and Teon-coated surfaces
have sliding angles of 5� or less for water droplets. These surfaces
are thus superhydrophobic. FDTS-coated samples, however, have
a sliding angle with water of 20�. This is consistent with only
partial coverage of the surface with FDTS, as noted earlier. When
the 2 : 1 ZnO : PDMS sample is plasma-oxidized prior to silani-
zation with FDTS, however, the water sliding angle achieve again
sliding angles of 5�. RL-68H droplets were pinned (i.e., even
when the surface was tilted by 90�, the droplet was immobile) on
all surfaces except on the plasma-oxidized, silanized sample. Oil
droplets slide off easily at an angle of 17�. RL-68H droplets
moving across this surface leave no oily stains behind, indicating
a highly de-wetted state (Video S3†).

To provide further information on mechanism and scope of
the surface interactions, we have also examined our surface
interactions with milk, whose surface tension42 (g ¼ 54
Table 2 Static contact angles of water and RL-68H on ZnO : PDMS
coatings with fluorinated overcoatings

ZnO : PDMS ratio Top coat q, H2O (�) q, RL-68H (�)

Flat Si Teon AF 120 � 6 75 � 3
1 : 2 Teon AF 117 � 3 79 � 3
1 : 1 Teon AF 156 � 2 72 � 4
2 : 1 Teon AF 157 � 2 137 � 2
2 : 1 FDTS 126 � 6 146 � 5
2 : 1 FDTS, plasma-treated 144 � 2 148 � 2

Table 1 Static contact angles of water and RL-68H on ZnO : PDMS
coatings

ZnO : PDMS ratio Top coat q, H2O (�) q, RL-68H (�)

PDMS on at Si — 105 � 2 Wetted, �0
1 : 2 — 119 � 11 Wetted, �0
1 : 1 — 155 � 2 60 � 4
2 : 1 — 152 � 6 Wetted, �0
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mN m�1) is intermediate between water and oil. Milk was used
as an example of a more complex uid and a good choice with
which to show omniphobicity. Milk contains fats, proteins, and
sugars, and importantly its morphology is a hydrophobic
colloidal suspension in water. The results of surface contact
angle measurements are shown in ESI Table S3† and are
generally close to those of water.

Previous publications report progress with omniphobic ZnO-
based coatings,29,32,43,44 as given in Table 4. Steele and coworkers
pioneered the fabrication of an omniphobic surface based on a
sprayable solution of nanoparticle ZnO with a peruorinated
methacrylic copolymer (PMC) dispersed in acetone.43 When
comparing contact angle data, they achieved results similar to
ours but no sliding angle data was reported.

In subsequent work, however, Steele and coworkers noted
that their PMC/ZnO solution cured in an uneven coating when
applied to a micro-molded PDMS substrate and sometimes le
hydrophilic regions on the surface.44 This multistep process
required (1) prior fabrication of micro-posts of PDMS, (2) fol-
lowed by uorosilane deposition, (3) modied with dispersion
onto the surface of a surfactant solution containing nano-
particle ZnO, and (4) completed with a nal treatment with
uorosilane deposition. The contact and sliding angle data for
water droplets are similar to our data, but neither oils nor low
surface-tension liquids were tested.

Perry and co-workers synthesized ZnO nanostructures using
a chemical bath deposition on a silicon wafer, which was then
functionalized either with a C4F8 plasma or by treatment with
FDTS.29 They achieved high contact angles and low sliding
angles for water droplets and aqueous ethanol droplets;
aqueous ethanol has signicantly higher surface tensions than
RL-68H and no tests were reported for alkanes, oils or other low
surface-tension liquids.

Lastly, Campos et al. used uoroalkyl-functionalized silica
instead of ZnO nanoparticles in an ETP-600S uoropolymer
matrix to study the effect of the particle mass fraction on
contact angles and sliding angles of water, diiodomethane,
rapeseed oil and hexadecane.32 Hexadecane (similar surface
tension to RL-68H) showed similar contact angles as the oil in
our study, however, the sliding angles were somewhat higher
than that obtained in the present study. The present work
improves upon both the fabrication of omniphobic surfaces as
well as their application to oils.
This journal is © The Royal Society of Chemistry 2015
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Table 4 Literature reports of liquid-repellent nanoparticle and spray coatings

Omniphobic coating Method of deposition Liquids tested
Static contact angles
(SCA)/sliding angles (a)

ZnO nanoparticles and
uorocarbon–methacrylate
copolymer40

Sprayed onto glass slides Water (g ¼ 72.6 mN m�1) SCA > 150� for all liquids;
sliding angles not reportedHydraulic oil (g ¼ n.r.)

Hexadecane (g ¼ 27.5 mN m�1)
ZnO nanoparticles with
quaternary amine surfactant41

Sprayed onto micro-molded PDMS
substrate, then functionalized with
uorosilanes

Water (g ¼ 72.6 mN m�1) SCA > 150�, a < 2�

ZnO nanostructures with
uorosilane29

Nanostructures made via chemical
bath deposition onto silicon wafer

Water (g ¼ 72.6 mN m�1) SCA � 160�

30% aq. ethanol (g ¼ 35 mN m�1) SCA � 145�, a ¼ 10�

Fluoroalkyl-functionalized
silica + 20 wt% added
uorocarbon32

Sprayed onto at wafer Water (g ¼ 72.6 mN m�1) SCA � 165�, a < 5�

Diiodomethane (g ¼ 50.8 mN m�1) SCA � 151�, a < 5�

Rapeseed oil (g ¼ 35.5 mN m�1) SCA � 153�, a �10�

Hexadecane (g ¼ 27.5 mN m�1) SCA � 150�, a � 25�

Current work: ZnO–PDMS + FDTS Sprayed onto at wafer Water (g ¼ 72.6 mN m�1) SCA � 144�, a < 5�

Milk, 1% fat (g ¼ 54 mN m�1) SCA � 148�, a < 5�

RL-68H (g ¼ 27.7 mN m�1) SCA � 148�, a � 17�
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Liquid-repellent behavior of our surfaces is correlated rst
and foremost with surface energy, and then with surface
roughness. This is corroborated by the data on our uorinated
overcoated surfaces: the FDTS-coated samples (which have
lower surface energy) are more omniphobic than their Teon-
coated counterparts (which were on average, rougher, see ESI
Table S1†). Surface energy correlates strongly with the amount
of uorocarbons present on the surface, as evidenced by the XPS
elemental analysis (ESI Table S2†): our most omniphobic
samples also have the highest uorine content. The effect of
surface roughness can be separated from the effects of surface
energy in our non-overcoated ZnO : PDMS surfaces, where the
actual composition of the surface is essentially unchanged and
consists mostly of PDMS (conrmed by the XPS elemental
analysis, ESI Table S2†). As the surface roughness increases
(i.e., from 1 : 2 to 1 : 1 to 2 : 1 ZnO : PDMS), liquid repellency
increases.
Conclusions

In conclusion, we have developed a sprayable ZnO-PDMS
composite that makes surfaces hydrophobic. In addition, an
overcoating of Teon AF or FDTS increases liquid repellency of
the sprayed surfaces and renders them omniphobic. The low
cost (ESI Table S4†), ease of use, and scalability of this proce-
dure make it an attractive option for a variety of surfaces that
would otherwise be difficult to coat. We report static contact
angles of �150� for water and the refrigeration oil RL-68H.
Water droplet mobility is excellent on the superhydrophobic
surfaces with a ratio of ZnO to PDMS of at least 1 : 1. Highest
contact angles with the oil are achieved with a 2 : 1 ZnO : PDMS
mixture. By functionalizing the surface with plasma oxidation
and silanization, oil sliding angles as low as 17� were achieved.
Future work aimed at promoting droplet condensation in
refrigeration condensers, however, will need to focus on fabri-
cating surfaces that repel liquids with even lower surface
tensions.
This journal is © The Royal Society of Chemistry 2015
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