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Bio-Inspired Superoleophobic Fluorinated Wax Crystalline

Surfaces

Sasha Pechook, Noga Kornblum, and Boaz Pokroy*

A novel, single-step and single-component bio-inspired fabrication method
of hierarchical superoleophobic surfaces is presented. The method consists
in thermal deposition of self-assembling ultra-low-surface-energy fluorinated
wax on diverse surfaces. The thermal deposition results in crystalline, ori-
ented, three-dimensional hierarchical structures with high surface roughness
and re-entrant curvature, which in combination with the low surface energy
of the fluorinated wax results in high contact angles of low-surface-tension
liquids and low contact-angle hysteresis (CAH) values (A6). The values
achieved for A are below 10° even for ethanol, which exhibits a surface
tension as low as 22.4 mN-m™". In addition to their superoleophobic proper-
ties our substrates exhibit extreme superhydrophobic qualities (CAH as low
as 2° and contact angle >170°) with exceptional surface stability over many
months. The proposed fabrication method may be utilized for a variety of
applications where non-wetting of low-surface-tension liquids is required, for
example non-staining surfaces and antifouling. The ease of fabrication and
the variety of substrates that can be modified will undoubtedly widen its use.

wettability (6). The formation and sta-
bility of a superhydrophobic state depend
on several factors, including droplet cur-
vature, Young's contact angle, and local
inhomogeneities.[s>f&12]

The requirement for 6, >90° in order to
achieve 6" >150° is a barrier to the fabri-
cation of superoleophobic surfaces. These
surfaces, however, form an apparent
contact angle of 6* >150° with any liquid,
including low-surface-tension liquids such
as ethylene-glycol (0 =y, = 47.4 mN-m™})
and ethanol (o = ¥, = 22.4 mN-m™}).113]
To form an intrinsic contact angle of 6, =
90° with a low-surface-tension liquid (yy),
the substrate surface energy (y,,) must be
equal to the solid/liquid surface tension
(Ys)-" Whereas a considerable body of
literature is devoted to superhydrophobic
natural and artificial substrates, there

4572  wileyonlinelibrary.com

1. Introduction

Superhydrophobicity has been widely studied and utilized in
numerous applications in recent years. These applications
range from drag reduction!!! through antifouling®? to self
cleaning surfacesP! and anti-icing.! The inspiration for this
effect was found in nature in a variety of insects such as but-
terfly wings and water striders,”! and in various plantsl® of
which the lotus leaf is the best-known example.”! On such sur-
faces, water displays contact angles that exceed 150° and con-
tact angle hysteresis (CAH) lower than 10°. There are two main
contributors to the superhydrophobic phenomenon: the surface
chemistry (i.e., surface energy) and the surface roughness, both
of which have been thoroughly investigated.[®! While Young's
equation”! gives the equilibrium contact angle (6y) on a smooth
surface as a function of the interfacial tensions, the models of
Wenzel (homogeneous surfaces)!'% and Cassie-Baxter (hetero-
geneous surfaces)'!! provide the roughness contribution to the
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are significantly fewer published reports
of superoleophobic (i.e., low-surface-
energy) surfaces.

Several studies have shown extremely high water-contact
angles on surfaces with 8, < 90°,8415 owing to the formation of
metastable Cassie states.'® This can also be implemented for
the formation of metastable superoleophobic surfaces. Other
methods for the formation of superoleophobic surfaces have
been suggested, most of which are intricate and combine the
formation of surface roughness and surface treatment with a
low-surface-energy compound, chosen mainly from fluorinated
compounds, known for their low surface energy.'”! Among the
suggested methods are spin-coating of a polymer blended with
fluoroPOSS molecules,'® fabrication of re-entrant curvature
structures produced by SiO, deposition,® a sequential two-
step etching process and surface treatment with perfluorodecyl-
trichlorosilane allowing the formation of 8+ >>90° for the case
of 8, < 90°,18 treatment of anodically oxidized aluminum with
fluorinated compounds,** deposition of perfluoro-n-eicosane
(Cy0F4) as a surface modifier on micro-patterned surfaces,!’!
electrochemical polymerization of fluorinated polymers,?2%
vapor-phase polymerization in the presence of fluorinated
alkyls,?! plasma treatments used for roughening and fluoroe-
lement introduction,??! formation of a rough and robust silica
surface via a chemical vapor deposition procedure over a candle
soot template,?3] formation of hierarchical structures with re-
entrant curvature based on coatings of different micrometer-
scaled mashes'*?Y and many others. Surfaces fabricated by
McCarthy et al.?%l and the novel slippery surfaces suggested
by Aizenberg et al.?*! are fabricated using a different approach
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which is based on the practical definition of oleophobicity; the
ability of the surface to resist droplet pinning. Such a surface
might exhibit relatively low contact angles and a small CAH
causing a droplet of liquid to move easily on such a surface,
which would repel the liquid. Although conceptually very dif-
ferent, these methods as well as the structure-based methods
require several production steps and at least two different
components.

We present a novel single-step method for the fabrication of
hierarchical superhydrophobic and superoleophobic substrates
via thermal evaporation of C,,Fsy-fluorinated wax based on our
previous study with n-paraffin waxes.!”!

2. Results and Discussion

The method we used to fabricate substrates exhibiting supero-
leophobic properties was thermal evaporation of fluorinated
wax. Our choice of this method was based on a previous study
in our lab in which relatively high contact angles were demon-
strated not only for water but also for glycerol (168°) and eth-
ylene glycol (149°). In that study, hierarchical superhydrophobic
surfaces were fabricated via thermal evaporation of n-paraffin
waxes. In the present study, fluorinated wax (CyFso) was
chosen because of the requirement for a low-surface-tension
materiall’7>!%] and the relatively low melting temperature of the
wax (Tm = 188 °C), allowing its thermal evaporation at low tem-
peratures. Perfluorotetracosane layers, =1.0-1.5 um thick, were
thermally evaporated onto various substrates: a (1 0 0) silicon
wafer, a glass slide, a (1 1 1) gold layer supported on Si and
copper discs. After deposition, all samples were maintained at
room temperature and characterized by the use of X-ray dif-
fraction (XRD), confocal microscopy, high-resolution scanning
electron microscopy (HR-SEM), and tensiometry.

2.1. Structure

The XRD measurements presented in Figure 1 revealed the
formation of crystalline layers on all examined substrates. In
addition, similar preferred orientation was observed for the
layers evaporated on Si, glass, and Au substrates. Based on
the Joint Committee on Powder Diffraction Standards card for
CyoF4, (JCPDS #45-1589) and the assumption that perfluoro-
tetracosane exhibits the same rhombohedral structure, we can
state that the preferred orientation is of the (0 0 1) type. For this
orientation, a majority of CF; groups is expected at the sample
surface. The layers evaporated on Cu exhibited a preferred ori-
entation, which is shown by the relatively prominent peak at
26~18° and is attributed to the (1 0 1) planes.

HR-SEM measurements revealed an unexpected structure
of the evaporated layer. The highly oriented platelets, observed
at a magnification of x1000 (Figure 2a), actually form a hier-
archical structure composed of large, high platelets, =3-5 um
long and =1.2-3.0 um high (height was measured by confocal
microscopy, see Figure 3), oriented perpendicularly to the sub-
strate at distances of 3.5-5.5 um from one another, and a three-
dimensional structure of significantly smaller platelets (=300
500 nm long) deposited on top of the large platelets, parallel
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Figure 1. XRD spectrum of thermally deposited C,4Fs, films on copper,
Si, gold, and glass substrates. Diffraction was carried out with Cu Ko

and perpendicularly to the substrate (Figure 2b). Higher mag-
nification imaging (Figure 2c) revealed the combined structure
of additional small platelets deposited perpendicularly on top of
and perpendicular to the second level of platelets. A schematic
illustration is presented in Figure 4a and the corresponding
areas are marked in an HR-SEM image presented in Figure 4b.
The structure exhibits extremely high surface roughness, as

§ Mopm

Figure 2. HR-SEM image showing the hierarchical structure of thermally
deposited Cy4Fso on a Cu surface at different magnifications. a) x1000,
b) x 8000, and c) x30 000.
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Figure 3. Confocal image showing the roughness of the wax-coated Si
surface.
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also indicated by the root mean square (RMS) roughness of
0.8-0.9 um measured by confocal microscopy (Figure 3). Fur-
thermore, the parallel and perpendicular crystals of this com-
plex structure form re-entrant curvatures (Figure 4) that are
well suited to the formation of superoleophobic surfaces.'828]

The main benefit of our fabrication method is the forma-
tion of a hierarchical structure during a single evaporation step
with a single component (low-surface-energy fluorinated wax),
compared to the sequential, two-component evaporation pro-
cedure required for the formation of similar structures using
n-paraffin wax.

2.2. Contact-Angle Measurements

To examine the wettability properties of the substrates, we
measured the static contact angles of liquids with different sur-
face tensions (see Table 1) using a constant droplet volume of
7 UL, on the wax layers evaporated onto Si, glass, and Cu. To
estimate the surface ability of Si, glass, and Cu substrates to

3—5um

3.5—5.5pm

Figure 4. a) Schematic illustration of the 3D hierarchical structures. Numbers 1-3 indicated on the illustration match the corresponding features in
(b). b) HR-SEM image of fluorinated hierarchical structure after thermal evaporation of the wax on a Si substrate. ¢) Schematic illustration of a liquid
droplet on top of the re-entrant curvature formed by the hierarchical structure.

4574  wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4572-4576



el
Mot oS
www.MaterialsViews.com

Table 1. Surface tension at 20 °C.

Liquid o[mN m™]
Water 72.2
Glycerol 64.5
Ethylene glycol 47.7
Benzyl chloride 383
Olive oll 35.1
Chlorobenzene 32
Hexadecane 27.5
Cyclohexane 25.2
Ethanol 22.4

Table 2. Contact angle hysteresis (°).

Liquid Substrate

Silicon Copper Glass
Water 2+1 2+1 3+1
Ethylene glycol 5£1 4+1 4+1
Olive oil 5+3 8+3 14+3
Hexadecane 6+3 8+3 15+3
Ethanol 9+3 7%3 1M+£3

repel the tested liquids, we measured the CAH of water, eth-
ylene glycol, olive oil, hexadecane and ethanol on each of the
substrates (Table 2). To examine the surface stability (the Cassie
state), we performed evaporation experiments using high-purity
7 uL water droplets.

The initial measurements were intended to assess the supe-
rhydrophobic properties of the substrates. Measurement of the
static contact angles for water yielded extremely high values
for all examined surfaces (171°-175°), indicative of extreme
hydrophobicity (Figure 5). The evaporation experiments
demonstrated high stability of the Cassie state during droplet
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Figure 5. Contact angle as a function of droplet volume for milli-Q water
on Cy4Fso wax evaporated on a Si substrate. Images are diminishing water
droplets measured with an Attension Theta tensiometer.
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Figure 6. Contact angle as a function of surface tension on Cy,Fso wax
evaporated on Si, Au, and Cu substrates. The tested liquids are listed in
Table 1.

evaporation (which results in a change in the droplet curva-
ture and therefore an increase in the Laplace pressure). Loss of
hydrophobicity occurred only at a droplet volume of =0.24 uL
(Figure 5).

Static contact angle measurements obtained with various
liquids are summarized in Figure 6. It can be seen that all sur-
faces maintained high contact angles (>150°) for liquids with
surface tension as low as 27.5 mN m™!, with the supporting
Cu surface remaining superoleophobic even for liquids with
surface tension as low as 22.4 mN m™. There are at least two
possible explanations for this. (1) Copper surfaces exhibited
the highest crystal density (3.5-5.5 um, as seen in Figure 4a),
whereas the mean distance between crystals on glass substrates
varied between 4.5 and 7.5 um. Crystal density is extremely
important for the stability of a Cassie state, especially when
the droplets are small and the surface tensions of the liquids
are low. The effect of crystal density could be observed for low-
surface-tension liquids where the penetration of liquid into
the surface grooves was significant. (2) The wax crystals that
formed on copper substrates exhibited a preferred orientation
of (1 0 1) (Figure 1), i.e., the crystals perpendicular to the sub-
strate were composed mostly of CF, groups while most of the
surface crystals parallel to the substrate (i.e., the second hier-
archical layer) were composed of CF; groups. Penetration of
liquid into the surface grooves resulted in a significant increase
in the contact area of liquid with the second hierarchical level
of crystals. Our experimental results point to the importance
of the low surface energy of the second hierarchical layer for
maintaining extremely low surface tension liquids in the super-
oleophobic state.

The additional CAH measurements recorded in Table 2 show
that these values for water and ethylene glycol on all examined
surfaces were extremely low. For the Si and Cu substrates the
measured CAH for all examined liquids was below 10°, indica-
tive of the surface ability to repel the liquids by causing the drop-
lets to roll off the surface at relatively low tilt angels. The highest
CAH values were seen with glass surfaces; this can be attributed
to the lower crystal density, as discussed in section 2.2.
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We attribute the above results to the high surface roughness,
and the re-entrant curvature, both achieved by the 3D hierar-
chical structure, and the choice of fluorinated wax as the sur-
face material, resulting in a high concentration of CF, and CF;
groups at the sample surface.

3. Conclusions

This report describes a novel, single-step and single-component
method for the fabrication of bio-inspired hierarchical supero-
leophobic surfaces, by means of self-assembly of ultra-low sur-
face energy fluorinated wax during its thermal deposition. The
method can be applied to a vast variety of surfaces. The thermal
deposition results in crystalline, oriented, three-dimensional
hierarchical structures. These structures are characterized by
marked surface roughness and re-entrant curvature which, in
combination with the low surface energy of the fluorinated wax,
results in high contact angles of low-surface-tension liquids and
low CAH values. In addition to their superoleophobic proper-
ties, our substrates present extreme superhydrophobic qualities
(CAH as low as 2° and CA >170°) with exceptional surface sta-
bility lasting over many months.

Because of the ease of its fabrication and the variety of sub-
strates that can be used, the proposed fabrication method can
be utilized for a variety of applications.

4. Experimental Section

Sample Preparation: Samples were prepared by thermal deposition
of fluorinated wax on silicon, glass, gold, and copper substrates using
a Moorfield MiniLab evaporator. The wax, Cy4Fso perfluorotetracosane,
was purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). The
deposition procedure was conducted in a vacuum chamber at 5 x 107°
mbar. Samples were positioned on a holder 7-8 cm or 12-14 cm above
a crucible loaded with 40-50 mg of wax. In the former case hierarchical
structures were formed, however in the latter case only a single
hierarchy was achieved and therefore we only relate to the former case
in this paper. The system was slowly heated from 70 °C to 100 °C, and
evaporation occurred at =100 °C during a 2-min time period. Evaporated
specimens were transferred to room temperature (25 °C).

Characterization: Wax powder and crystalline thin films were
characterized structurally and microstructurally by XRD with a Cu anode
sealed tube (Rigaku, SmartLab, X-Ray Diffractometer). Surface imaging
was performed by HR-SEM (Zeiss Ultra Plus). Micrographs were obtained
at different times after deposition. Roughness and in situ time-dependent
roughness were measured under confocal microscopy (Leica 3D DCM).

To characterize wettability, contact angles were measured with an
Attension Theta optical tensiometer. Wettability was measured with high-
purity water (milli Q), ethylene glycol (99.5%; Merck), glycerol (99.5%;
JT Baker), benzyl chloride (=99%; Merck), chlorobenzene (99%; Sigma
Aldrich), hexadecane (99%; Sigma-Aldrich), ethanol (99%; Frutrom) and
olive oil, each with a droplet volume of 7 uL.

For the droplet evaporation experiments 7 L droplets of high-purity
water were used.
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