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Abstract

Materials having fluorocarbon bonds are among the best candidates for the fabrication of
superhydrophobic surfaces. Here, we describe two facile, non-expensive, and industrialized
approaches to produce superhydrophobic Teflon materials having ultra-water repellency,
icephobic, and self-cleaning properties. Direct replication and plasma-treatment approaches
produced Teflon sheets having very different surface patterns, i.e. microstructures and micro-
nanostructures. Neither approach altered the chemical composition of the original Teflon surfaces.
Rice leaf-like microstructures were produced on the replicated surface, whereas lotus leaf-like
hierarchical micro-nanostructures characterized the plasma-treated surface. Water droplets rolled
off the micro-nanostructured surfaces ~10% faster than off the microstructured surfaces. The
micro-nanostructured surface also produced more rebounds for a water droplet during the impact
test. Although both surfaces possessed similar self-cleaning properties, the micro-nanostructured

surface reduced ice adhesion to a greater degree than the microstructured surface. The more
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effective ice repellency of the micro-nanostructured surface was due to its surface morphology
that reduced the interlocking of ice inside the surface asperities. However, the microstructured
surface delayed considerably the onset of freezing of a water droplet due to the larger micro-air

pockets trapped within its surface asperities.

Keywords: Teflon surface, icephobic, self-cleaning, surface morphology, freezing delay, ice

adhesion reduction

1. Introduction

Icing phenomena on outdoor equipment such as transmission cables, aircraft, wind turbines, and
telecommunication towers can lead to their mechanical failure and their becoming safety hazards.
To reduce this damage to vulnerable outdoor infrastructure, attempts have been made to create
anti-icing/icephobic surfaces [1-8]. Icephobic surfaces are normally defined by an ice adhesion
strength of <100 kPa [9]. In reality, two main categories of de-icing and anti-icing techniques exist
and differ in their ice adhesion requirements. The first is composed of active methods where
thermal or mechanical energy is used to de-ice. The second represents passive methods where no
external energy is applied [10]. For the passive removal of ice, a much lower ice adhesion strength

(<20 kPa) is required [9].

Superhydrophobic surfaces having a water contact angle (WCA) >150° and a contact angle
hysteresis (CAH) <10° can be created through a combination of low surface energy materials and
micro- and/or nanostructured surface topography [11]. This combination leads to the trapping of
air pockets in the depressions on the surface and produces a composite air-liquid-solid interface.
This interface increases WCA and decreases CAH to produce a Cassie-Baxter state [12]. Such

non-wetting surfaces are among the best candidates for delaying ice formation and reducing the
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energy needed for de-icing. Superhydrophobic surfaces having various surface roughness—
microstructures, nanostructures, hierarchical structures—demonstrate different icing behaviors
during both ice formation and de-icing [13-21]. These various icing behaviors are due to (a) the
amount of heat transfer through the trapped air in between the surface asperities [13, 15], (b) the
effect of surface roughness on the heterogeneous nucleation rate of ice at the water-solid interface

[13, 19], and (c) the interlocking of created ice within the surface asperities [17, 20, 21].

Over the last decade, multiple approaches have been used to create superhydrophobic surfaces [22-
35]. The direct replication and plasma-treatment methods are compatible with industrial
applications. They do not require complex engineering procedures or a long fabrication time [22,
36, 37]. Moreover, these approaches can fabricate superhydrophobic surfaces on a wide range of
materials [38, 39]. Polytetrafluoroethylene (PTFE) is a polymer that has extremely low surface
energy (18.6 mN/m at 20 °C [40]) making PTFE a promising candidate for fabricating
superhydrophobic surfaces [5, 41-44]. Previous studies have described creating superhydrophobic
surfaces using a PTFE coating generated by sputtering [45-47]. Here, however, we focus on the

fabrication of superhydrophobic PTFE materials, e.g. Teflon sheets, films, composites [48].

We employed two different facile, low-cost methods to produce self-cleaning and icephobic Teflon
materials through the processes of direct replication and atmospheric pressure plasma. Although
using a plasma technique is a commonly applied method for creating superhydrophobic PTFE
materials, it has always been limited to non-atmospheric low-pressure plasma, e.g. Ar, CF4, N2,
and O plasmas [49, 50]. To the best of our knowledge, neither atmospheric pressure plasma nor
direct replication has yet been used for producing icephobic and self-cleaning PTFE materials.
Through our novel approach, we obtained two very different surface morphologies, i.e.

microstructured rice leaf—like grooves by direct replication and hierarchical micro-nanostructured
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lotus leaf-like pattern by plasma treatment. Despite similar self-cleaning abilities, the structures

differed in their icing behaviors.

2. Materials and methods

2.1. Fabrication of superhydrophobic Teflon surfaces

Superhydrophobic samples were produced using Teflon® (Groupe POLYALTO, QC, Canada)
sheets of 30 mm x 50 mm x 2 mm. We produced the templates for the direct replication using
aluminum alloy 5052 and a wet chemical etching method. The etching was carried out by
submerging the template in a 10 wt.% hydrochloric acid (HCI) solution for 20 min. The etched
templates were then cleaned ultrasonically using a mixture of acetone, ethanol, and distilled water

to remove any residual particles from the surface.

A press machine (Carver Inc., USA) was used for the direct replication of created patterns on the
Teflon surfaces. The machine has two temperature-controllable platens, and the temperature range
varies from ambient temperature to 350 °C. The platen temperatures were set at 280 °C, and the
Teflon sheet was placed on the lower platen to soften. After 5 min, the aluminum template was
placed carefully on the Teflon sheet and the platens were fastened using a hydraulic pump. A
pressure of 170 kPa was applied for 10 min to soften the Teflon sheet and therefore replicate the
aluminum template patterns faithfully. After this step, the platens were opened, and the Teflon

sheet was detached from the template.

An AS400 atmospheric pressure plasma machine (Plasmatreat GmbH, Germany) working in the
pulsed mode was employed to create structures on the Teflon sheets. We used compressed air as

it is an abundant and inexpensive plasma gas. The flow rate was set at 2000 L-ht. The speed of



the movable plasma jet was 2 m-min’t. We fixed the distance between the plasma nozzle and
substrate at 8 mm and set the plasma frequency at 21 kHz. As the system works in a pulsed mode,

the pulsed power-cycle time was set at 100, which represents an equal time of being on and off.

2.2.  Surface characterization and water-repellency properties

We relied on scanning electron microscopy (SEM) (JSM-6480 LV SEM manufactured by JEOL
Japan) to observe the surfaces of the produced surfaces. To enhance imaging quality, the Teflon
surfaces were coated with a thin layer of gold-palladium alloy prior to analysis. To better observe
surface topography, we used a 25° angle view for each measurement. An optical profiler (Profil3D
Filmetrics, USA) measured surface roughness. The line and area roughness values were calculated

based on ASME B46.1 2D and ASME B46.1 3D standards, respectively.

WCA and CAH were determined using a Kruss™ DSA100 goniometer set at 25+ 0.5 °C. A 4-uL
deionized (DI) water droplet was deposited onto the sample surface, and we measured the WCA
using the Young-Laplace approximation. The CAH was defined as the difference between the
advancing and receding contact angles when the water droplet moved on the surface. We measured
WCA at five points on each sample, and we repeated each measurement five times to ensure
accuracy. We report the average value and standard deviation for each sample. To evaluate whether
our approaches altered the chemical composition of the Teflon surfaces, we used a Cary 630
Fourier transform infrared spectroscopy (FTIR) Spectrometer (Agilant, USA) in ATR (attenuated

total reflection) mode to analyze the chemical functions of the produced surfaces.

Water repellency was evaluated through droplet roll-off and impact tests. We assessed the behavior
of water droplets rolling off surfaces that were inclined at 10°. Using a syringe, a water droplet

was placed gently onto the surface. The droplet had no initial velocity.



Water droplet impacts were recorded using a high-speed camera (FASTCAM SA1.1 by Photron)
at a framing rate of 5400 fps, and all impact experiments were conducted at a constant temperature
of 22 °C. The DI water droplets had a volume of 20-uL with a diameter of ca. 3.4 mm and were

released with zero initial velocity from 12 cm above the surface.

2.3. Icephobic and self-cleaning properties

Icephobic properties of the produced samples were determined using a homemade push-off
instrument. This test measures the shear stress at which ice is detached from the surface. The
selected approach is particularly useful where small samples or more complicated geometries are
tested. In this test, a thin cylindrical plastic mold, 1-cm in diameter, is placed on the substrate and
then filled with DI water to form an ice cylinder by remaining in a cold chamber at -10 °C for 24
h prior to the testing. The test sample is then placed on the holder and fixed by two screws (Fig.
1). By starting the test using a remote computer-controlled interface, the motor turns the screw at
a fixed rate of 0.05 mm-s™ so that the sample holder is pushed gradually toward the force gage.
The force gage measures the shear force ten times per second until the ice is detached. Therefore,

the adhesion stress can be calculated by knowing the maximum force and the icing area.

Force
Ice Ice
-10 °C Push-off test == _

Teflon surface ﬁ Teflon surface —

Water

Fig. 1. Schema of the push-off test procedure.

The freezing delay time was determined using the cold chamber of the Kruss™ DSA100

goniometer where sample stage temperature can reach -30 °C.



To assess the self-cleaning properties of the produced Teflon surfaces, we applied kaolin powder
having a chemical composition of Al2Si2Os(OH)4 as the artificial contaminant. Equal amounts of
kaolin powder were scattered homogeneously on the pristine, replicated, and plasma-treated
Teflon surfaces using a 60-mesh sieve. Prior to conducting the self-cleaning test, the kaolin powder
was allowed to set onto the surface for 30 min. We then used a water droplet fixed to a syringe
needle tip to sweep the kaolin powder off the Teflon surface at a speed of 16.6 + 0.1 cm-s™. The

images were captured by a high-quality digital camera (PowerShot SX50 HS, Canon).

We also examined the self-cleaning abilities of the produced superhydrophobic Teflon surfaces
through the cleaning of a dried droplet containing a solution of several contaminants. We prepared
a 24-g-L* dirty solution consisting of carbon black, kaolin, and salt in water for use as a
contaminant. The solution was thoroughly mixed for 1 h, and before any sedimentation could
occur, a droplet was placed gently onto each surface using a syringe to release ca. 3-mm-diameter
droplets. The surfaces were then dried under ambient conditions for 3 h to evaporate the water and

then cleaned with water droplets.

3. Results and discussion

3.1. Surface morphology

The surface morphology of the produced surfaces was examined using scanning electron
microscopy. SEM images show the different surface roughness created on the Teflon surfaces by
the direct replication method and plasma treatment. Compared to the pristine Teflon surface
(Error! Reference source not found.a), the replicated Teflon surface (Error! Reference source

not found.b) possesses microstructured patterns set by the aluminum template, whereas the



plasma-treated Teflon surface (Error! Reference source not found.c) obtained very different

patterns of surface structure.
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Fig. 2. SEM images of (a) pristine, (b) microstructured, and (c) micro-nanostructured surfaces.

To better understand the precise nature of the surface roughness, we relied on SEM images at a
higher magnification of the replicated Teflon surface (Error! Reference source not found.a—)
and plasma-treated Teflon surface (Error! Reference source not found.d-f). The rice leaf-like
grooves created on the replicated Teflon surface ranged widely in size, from several micrometers
to tens of micrometers in width. The unidirectional patterns did not lead to anisotropic wettability
properties for the microstructured Teflon surface, although such unidirectional patterns, e.g. rice
leaves, usually show anisotropic rolling behavior [51]. The difference between CAH of the
replicated Teflon surface in parallel and perpendicular groove direction was less than 5% showing
no significant difference in CAH. This is logical as there are enough microstructures in between
two adjacent grooves to establish a Cassie-Baxter wetting regime (See Error! Reference source
not found.b, profilometry results). In contrast, lotus leaf-like patterns were created on the plasma-
treated Teflon surfaces comprised of both micro and nanostructures. The nanostructures are
superimposed on each microstructure in a lotus leaf-like pattern. This hierarchical structure

produces the ultra-water-repellent properties of the plasma-treated Teflon surface.



Fig. 3. SEM images of the microstructured surface at a (a) 1000%, (b) 2000%, and (c) 5000x magnification; SEM images of
the micro-nanostructured surface at (d) 1000x%, (e) 2000x, and (f) 5000x magnification.

We applied a profilometry technique to evaluate the roughness of the pristine, replicated, and
plasma-treated Teflon surfaces. We analyzed a 400 x 400 um? area of each surface (Error!
Reference source not found.). Both 1D roughness (line roughness) and 2D roughness (area

roughness) values are reported for comparison purposes (Table 1).

The root mean square of the replicated Teflon surface was significantly greater than that of the
pristine Teflon surface (5.88x for line roughness and 1.95x for area roughness), whereas the
plasma treatment led to a remarkable reduction in surface roughness (4.35x for line roughness and
9.80x for area roughness). The skewness coefficient (Ssk), which represents the degree of

symmetry of the surface height about the mean plane [52], is lowest for the micro-nanostructured
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plasma-treated surface (Ssk = -0.15). It should be noted that zero skewness represents a fully
symmetrical height distribution, positive skewness represents more peaks than valleys, and
negative skewness indicates more valleys than peaks [53-55]. Consequently, via its decreased
surface roughness, plasma treatment produced not only a smoother surface but also a more uniform
surface where the height distribution was symmetric. This resulted in the occurrence of lotus leaf—
like micro-nanostructures. On the other hand, comparing the kurtosis coefficient (Sku)—describing
the sharpness of the probability density of the profile [55]—of the three manufactured surfaces
revealed that the microstructured surface (Sky > 3) was a jagged surface having a relatively great
number of high peaks and low valleys. The pristine and micro-nanostructured surfaces had a Sky <

3 and possessed a limited number of high peaks and low valleys.

The grooves observed in the SEM images were also evident in the replicated surface of the
profilometry results. These grooves are responsible for the increase in the roughness values of the

replicated surface.
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Fig. 4. 3D surface profiles of the (a) pristine, (b) microstructured, and (c) micro-nanostructured surfaces and (d)
comparison of their 2D surface profiles.

Table 1. Area and line roughness values obtained from profilometry analysis.

Pristine  Microstructured Micro-
surface surface nanostructured
surface
Area roughness (um)
Maximum peak to valley 44.78 59.08 3.54
height
Sy
Arithmetic mean height 3.60 6.68 0.36
(Sa)
Root mean square height 441 8.58 0.45
(Sa)
Skewness 0.47 0.48 -0.15
(Ssk)
Kurtosis 2.57 3.31 2.86
(SkU)
Line roughness (um)
Maximum peak to valley 5.17 26.45 1.35
height
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Arithmetic mean deviation 0.60 3.39 0.13
(Ra)

Root mean square deviation 0.74 4.35 0.17
(Ro)

3.2.  Superhydrophobicity

Pristine Teflon is a hydrophobic material having a WCA and CAH of 108.3° + 1.7° and 44° + 2°,
respectively. Both microstructured replicated and micro-nanostructured plasma-treated Teflon
surfaces had a WCA of >150° and a CAH of <10° representing their superhydrophobic behavior
(Table 2). Although the microstructured surface showed a slightly higher WCA than the micro-
nanostructured surface, the CAH of the microstructured surface was higher; therefore, the roll-off
properties of the micro-nanostructured surfaces was slightly better than that of the replicated

microstructure surfaces (See Section 3.4).

Table 2. Water contact angle (WCA) and contact angle hysteresis (CAH) of pristine, microstructured, and micro-
nanostructured surfaces.

Pristine surface  Microstructured surface  Micro-nanostructured surface
WCA (9) 108.3+1.7 166.0+1.2 163.2+0.8
CAH () 44 + 2 42+11 23+04

3.3.  Fourier transform infrared spectroscopy (FTIR)

The chemical composition of the prepared superhydrophobic surfaces was assessed by means of
ATR/FTIR spectroscopy. The FTIR spectra of the pristine Teflon surface was found to be identical
to the produced superhydrophobic surfaces (Fig. 5). The two broad large absorption peaks
observed around 1150 and 1200 cm™ can be attributed to the asymmetric and symmetric CF»

stretching vibrations, respectively. The bands at 2349 and 1960 cm™ can be assigned to a
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combination band associated with the CF> backbone and terminal double bonds in the form of
—CF=CF: [50, 56]. No additional peaks were observed in the FTIR spectrum of superhydrophobic
surfaces. This confirms that there were neither hydroxyl bonds due to the reaction of Teflon with
oxygen in the micro-nanostructured plasma-treated surface nor a reaction between the Teflon and
aluminum substrate in the microstructured replicated surface. Thus, as the chemical composition
of the Teflon surfaces was not altered by the treatment processes, the creation of surface roughness

was the sole cause of the superhydrophobicity of the prepared surfaces.
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Fig. 5. FTIR spectra of the (1) pristine, (2) microstructured, and (3) micro-nanostructured surfaces.

3.4. Water repellency properties

Water droplets placed on the superhydrophobic Teflon surfaces rolled rapidly off the surface (Fig.
6). In contrast, the pristine Teflon surface was wetted easily by the water droplet, yet we observed
no movement of the droplet on the surface. The water droplet rolled off the micro-nanostructured
surface more quickly (average velocity of 16.6 + 0.1 cm-s) than the microstructured surface (14.9
+ 0.2 cm-sY), a difference of 10.2%.
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In sum, although microstructures replicated directly onto the Teflon surface led to a higher WCA,
the microstructures also slowed water droplet movement across the surface. This pattern could
also be predicted by the slightly higher CAH of the microstructure surface. The higher velocity of
the water droplet on the plasma-treated Teflon surface can be related to the hierarchical structures,
i.e. the presence of nanostructures superimposed on the microstructures. Although both
microstructured and micro-nanostructured surfaces produced a WCA >150°, Long et al. [57]
showed that the sliding angle of micro-nanostructured surfaces is lower. The sliding angle of the
microstructured surfaces increased considerably more than that of the micro-nanostructured
surfaces due to the stronger adhesion of microstructured surfaces to water [57]. This greater water

repellency of hierarchically structured surfaces has been observed in multiple studies [58-61].
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Fig. 6. Consecutive images of dyed water droplets leaving the (a) pristine, (b) microstructured, and (c) micro-
nanostructured surfaces, demonstrating the water repellency of each surface.

3.5.  Water droplet impact

For outdoor applications, the behavior of superhydrophobic surfaces must be assessed in relation
to impact of raindrops. When a water droplet impacts a superhydrophobic surface, the spherical
shape of the droplet is altered throughout four stages: contact, spreading, retraction or recoiling,

and rebounding [62]. Following the initial contact, the spreading process occurs whereby energy
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is consumed through dissipation of the kinetic energy of the water droplet. The dissipation of
kinetic energy takes place due to the impact, overcoming resistance from viscosity, and converting
kinetic energy into surface energy. Therefore, the behavior of the solid surface is determined by
the amount of energy dissipated, which is mostly defined by the surface properties. The portion of
kinetic energy that is not dissipated during the spreading stage causes retraction and rebounding
[63]. Finally, the water droplet ceases to rebound once all kinetic energy is dissipated from the
droplet throughout the repeating rebounding stages, and the droplet then remains in place and does

not move.

On the pristine Teflon surface, the water droplet rebounded partially off the surface (Fig. 7a). Due
to its hydrophobicity and comparatively high surface adhesion, the water droplet’s initial energy
was dissipated, and it could not rebound fully from the surface. Once the water droplet impacted
and spread fully across the microstructured surface, we observed a wavy interface between the air
and water. This observation differed from that observed for the micro-nanostructured surface. This
difference may be due to the high surface roughness of the microstructured surface relative to the

micro-nanostructured surface [62].

On the superhydrophobic surfaces, the small amount of energy dissipation produced the retraction
and rebounding stages. The retraction was observed immediately after the droplet reached its
maximum spread diameter. The droplet bounced off the surfaces without being pinned onto them.
At the beginning of the rebound stage, we observed a Worthington jet [64] (Fig. 7b—c), during
which a droplet breaks up into a core droplet and some satellite droplets (see Videos S1 and S2).
Both microstructured and micro-nanostructured surfaces had contact times of 17-19 ms (the time

that the droplet is in contact with the surface before bouncing off [64]).
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We observed four rebounds on the microstructured surface; the maximum height of the droplet
decreased steadily for each successive rebounding stage. The impacting droplet illustrated eight
complete rebounds on the micro-nanostructured surface. The surface energy of microstructured
and micro-nanostructured surfaces was 10.07 + 1.8 mJ-m (dispersal: 8.15 mJ-m, polar: 1.91
mJ-m2) and 6.08 + 0.9 mJ-m? (dispersal: 4.79 mJ-m?, polar: 1.30 mJ-m?) respectively, as
measured by a contact angle measurement apparatus. Greater energy dissipation was expected for
the microstructured surface due to its higher surface energy. The polar component of the surface
energy was almost equal for both surfaces. Therefore, most of the difference between the
microstructured and micro-nanostructured surfaces in terms of surface energy came from
difference in their dispersal components. Apart from different surface energies of these surfaces,
the different rebounding behaviors were also related to differences in surface roughness.
Microstructured surfaces having deeper valleys allowed the water droplet to penetrate partially
into the microstructures; thus, greater energy dissipation occurred. Hierarchical micro-
nanostructures on a plasma-treated surface, however, ensured minimal contact between the droplet

and the surface.

We confirmed the consistency of the Cassie-Baxter regime by observing droplets rebounding
repeatedly on both superhydrophobic surfaces, and by observing that the water droplet did not

become pinned to the surfaces until there was a complete dissipation of energy.
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Fig. 7. Time-lapse imagery of a water droplet impacting a (a) pristine, (b) microstructured, and (c) micro-nanostructured
surface.

3.6. Icephobicity

The extremely low surface energy of fluorinated polymers has made them an appealing candidate
for water repellent and anti-icing applications. One of the more useful parameters for evaluating
anti-icing properties is ice adhesion strength to the surface. In general, ice adhesion shear strength
is measured via centrifuging an ice-covered sample [3, 46, 65-67] or applying a tensile strength
[2, 67, 68] or push-off test [20, 67, 69-72]. Each approach can estimate the ice adhesion strength
for a given surface [73]. We compared the measured ice adhesion strength and ice adhesion
reduction factor of the superhydrophobic Teflon surfaces (ARF-STS) with those of a pristine
Teflon surface (Fig. 8). ARF-STS is defined as the ratio between ice adhesion strength of the
pristine Teflon surface and that of the produced superhydrophobic Teflon surface. The ice

adhesion strength of the pristine Teflon surface was around 50 kPa, demonstrating its low ice
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adhesion strength compared to that of an uncoated aluminum substrate (the ice adhesion strength

on bare aluminum alloy 6061 is 800-1072 kPa [70, 73] for deep freezer ice).

Whether superhydrophobicity enhances or reduces icephobicity has been a point of contention.
Some studies have shown a reduction of ice adhesion strength on superhydrophobic surfaces [65,
74-76], whereas others have observed an increase [20, 73, 77, 78]. In this study, we observed an
ice adhesion strength of ca. 18 kPa for microstructured surfaces and ca. 9 kPa for micro-
nanostructured surfaces. These values are respectively 2.8% and 5.6x lower than the ice adhesion
strength of the pristine Teflon surface. It can be claimed that the prepared Teflon surfaces having
an ice adhesion strength <20 kPa are considered as appropriate surfaces for the passive removal of
ice [9]. This pattern of ice adhesion strength can be explained by the high water repellency [73] of
the surface and the presence of air pockets trapped among the micro- and nanostructures based on

the Cassie-Baxter model [12, 20].

We also observed a positive correlation of CAH with ice adhesion strength as micro-
nanostructured surfaces showed a lower CAH than microstructured surfaces. The correlation
between CAH and ice adhesion strength on rough surfaces of similar chemistry has been observed
previously [79]. The lower adhesion reduction factor (ARF) of microstructured surfaces compared
to micro-nanostructured surfaces can be attributed to the mechanical interlocking of ice with the
micro-scale grooves. This mechanical interlocking increases the contact area between the ice and
the microstructures thereby increasing ice adhesion [77]. The ultra-pristine and uniform surface of
the micro-nanostructured Teflon caused the least contact between the ice and the surface and thus

produced the lowest ice adhesion strength.
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Fig. 8. Ice adhesion strength and adhesion reduction factor (ARF) for pristine, microstructured, and micro-
nanostructured surfaces.

The delay in the onset of freezing, i.e. the initiation of water droplet freezing on the surface, also
provides a good assessment of the icephobic behavior of the superhydrophobic surfaces. A
superhydrophobic surface having a longer freezing delay has a greater anti-icing potential, i.e. less
ice accumulation over time [80]. Surface roughness also affected considerably freezing delay;
interestingly, these results differed from those obtained in the analysis of ice adhesion strength
when freezing delay was assessed for the pristine, replicated, and plasma-treated Teflon surfaces

at freezing temperatures of -10 °C, -15 °C, and -20 °C (Table 3).

The freezing delay for the pristine Teflon surface was less than that for superhydrophobic surfaces
due to the high contact area between the water droplet and the pristine Teflon surface caused by

the lower WCA of the pristine Teflon surface. A large contact area means a high thermal
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conductivity leading to a short freezing delay for the pristine Teflon surface. Among the two
superhydrophobic Teflon surfaces, the microstructured surface delayed freezing the longest. At all
tested temperatures, water droplets placed on the microstructured surface froze markedly later than
droplets on the micro-nanostructured surface. In the freezing process of a droplet on the surface,
the micro-air pockets play the most important role because they act as thermal barriers to delay
droplet freezing [22, 80]. Thermodynamically speaking, the water droplet loses its energy

according to [15, 81]:
6Q = pyCy(ty — ts) = Ah.t

where §Q is the droplet’s reduced energy, p,, is the water density, C, is the water specific heat
capacity, t, is the droplet’s temperature at the initial point, t, is the droplet’s final temperature, Ah
is heat loss of the water droplet over time, and t is time. Considering §Q as a constant value, a
longer freezing time requires Ah to be as small as possible. This can be obtained through the

trapping of a large amount of air that can act as thermal insulation.

Thanks to the profilometry technique, we estimated the volume of trapped air for each surface.
This approach is based on the total volume of the holes and voids within the asperities of each
surface. If v is defined as the ratio between the volume of the trapped air in the produced surface
to that of the pristine surface, Vmicrostructured and Vmicro-nanostructured are 3.93 and 0.11, respectively.
Therefore, the slower freezing process of the microstructured surface can be attributed to ~11x
more trapped air pockets within the microstructured surface than within the micro-nanostructured
surface. It should be noted that the uniform nanostructures on the plasma-treated Teflon surface
trapped even fewer air pockets than did the pristine Teflon surface. Nevertheless, the freezing

delay tests showed that the micro-nanostructured surface delayed the onset of freezing more than
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the pristine surface. Although the superhydrophobic, micro-nanostructured surface had fewer
pockets of trapped air, the minimal contact area between the water droplet and surface delayed the
onset of freezing. The pristine hydrophobic surface having a rather larger water-surface contact
area produced the quickest freezing process. Therefore, micro-air pockets have less influence on
delaying freezing than water-surface contact area when comparing superhydrophobic and
hydrophobic surfaces. In other words, the lower WCA of a hydrophobic surface is more important

for freezing delay than a greater number of trapped air pockets.

Consequently, we observed that the delay in the freezing of a water droplet on microstructured
surfaces was ~2x longer than for micro-nanostructured surfaces and ~4x longer than for pristine

surfaces at all tested temperatures (Table 3).

Table 3. Freezing delay of the pristine, microstructured, and micro-nanostructured surfaces at various temperatures.

Temperature (°C) Freezing delay (s)
Pristine surface Microstructured Micro-nanostructured
surface surface
-10 829 + 97 3753 £ 525 1536 + 168
-15 395 + 36 1632 + 131 698 + 90
-20 160 + 19 338 +13 231+ 28

3.7.  Self-cleaning properties

The self-cleaning property of the produced Teflon surfaces was investigated using kaolin
contaminant. We used a water droplet that was fixed to the syringe needle tip, to sweep the powder
off the Teflon surfaces. On the pristine Teflon surface, the water droplet stuck to the contaminated
kaolin-covered surface upon contact (Fig. 9 a—c). On both the microstructured (Fig. 9 d-f) and
micro-nanostructured (Fig. 9 g—i) surfaces, no trace of the contaminant remained along the water

droplet path following its passage across the surface. This is due to the greater adhesion of kaolin
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particles to the water droplet than to the superhydrophobic Teflon surfaces, benefiting from a low
CAH. Therefore, kaolin particles easily adhere to the water droplet and are removed as the water

droplet sweeps across the superhydrophobic surfaces.

Fig. 9. Self-cleaning properties of the (a-c) pristine, (d-f) microstructured and (g-i) micro-nanostructured surfaces
examined by water droplet sweeping.

On the pristine Teflon surface, the contaminant droplet, once dried, left a completely flat deposit,
whereas on the superhydrophobic Teflon surfaces, the droplet maintained its initial spherical shape
(Fig. 10b, f, and j). To evaluate the self-cleaning performance of the Teflon surfaces, water droplets
were then applied to remove the deposited contaminants (Fig. 10c, g, and k). A single droplet was
sufficient to remove thoroughly the dried contaminant from the superhydrophobic Teflon surfaces
(Fig. 10h and 1) and all traces of the contaminant were removed from the superhydrophobic

surfaces. However, the application of multiple water droplets could not remove the dried
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contaminants from the pristine Teflon surface; the contaminants were fixed onto the surface (Fig.

10d).

Fig. 10. Self-cleaning evaluation of (a—d) pristine, (e-h) microstructured, and (i—l) micro-nanostructured surfaces by
observing of the cleaning of a dried contaminant solution using a water droplet.

4. Conclusion

We assessed the effects of surface roughness on water repellency, water droplet impact, ice
adhesion strength, freezing delay, and self-cleaning properties of the superhydrophobic Teflon
materials. The direct replication method resulted in microstructured rice leaf-like grooves having
high peaks, whereas the atmospheric plasma treatment created hierarchical micro-nanostructured
lotus leaf-like patterns. FTIR analysis showed that the produced superhydrophobic surfaces
maintained spectra typical of Teflon, and thus neither method altered the chemical composition of
the original Teflon surface. Although the microstructured surface had a higher WCA than the
micro-nanostructured surface, the water droplets rolled off the micro-nanostructured surface

slightly faster due to its lower CAH. Moreover, the observed differences in the rebounding
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behavior of water droplets on the surfaces were due to the difference in surface energies as well as
the difference in surface roughness. It also confirmed the consistency of the Cassie-Baxter regime
on superhydrophobic surfaces. There was a significant reduction in ice adhesion strength of the
microstructured and micro-nanostructured surfaces by a factor of 2.8x and 5.6x, respectively. This
confirmed that the microstructured surface, due to a greater contact area and mechanical
interlocking, had higher ice adhesion than the micro-nanostructured surface. On the other hand,
the deep grooves created on the microstructured surface produced a large amount of micro-air
pockets (~4x more than the pristine surface). This resulted in a significant water droplet freezing
delay at all tested temperatures. The fabricated surfaces also showed a self-cleaning capability,

able to self-clean deposits of a wet and dry contaminant.
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