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Superhydrophobic surfaces, with water contact angles greater than 150° and slide angles less than 10°, have
attracted a great deal of attention due to their self-cleaning ability and excellent water-repellency. It is
commonly accepted that a superhydrophobic surface loses its superhydrophobicity in contact with
water hotter than 50 °C. Such a phenomenon was recently demonstrated by Liu et al. [J. Mater. Chem.,
2009, 19, 5602], using both natural lotus leaf and artificial leaf-like surfaces. However, our work has
shown that superhydrophobic surfaces maintained their superhydrophobicity, even in water at 80 °C,
provided that the leaf temperature is greater than that of the water droplet. In this paper, we report on
the wettability of water droplets on superhydrophobic thin films, as a function of both their
temperatures. The results have shown that both the water contact and slide angles on the surfaces will

remain unchanged when the temperature of the water droplet is greater than that of the surface. The
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Accepted 30th April 2014 water contact angle, or the slide angle, will decrease or increase, however, wi roplet temperatures
increasingly greater than that of the surfaces. We propose that, in such cases, the loss of

DOI: 10.1039/c4ta00882k superhydrophobicity of the surfaces is caused by evaporation of the hot water molecules and their
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Introduction

Superhydrophobic surfaces, including thin films, coatings and
surface modifications, have attracted a great deal of attention in
academia and industry." Their preparation, characterization
and applications have been extensively reviewed.”* However,
most of these studies used water and substrates at room
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1 Electronic supplementary information (ESI) available: Fig. S1 and S2 are,
respectively, the water contact angle measurement setup and a description of
the method. Fig. S3 contains photographs of poinsettia leaf parts used for the
WCA measurements. Fig. S4 contains SEM photomicrographs of the poinsettia
surface: bare, and contacted with water at 30° and 80 °C. Fig. S5 shows XPS
survey spectra of the superhydrophobic surfaces. Fig. S6 shows the high
resolution C1s XPS spectra of the samples. There is also a video showing fog
formation on the superhydrophobic surface (the transparent superhydrophobic
coating on a truck mirror) on the water droplet leaving at water temperature
higher (16 °C) than the surface temperature (12 °C). See DOI: 10.1039/c4ta00882k
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condensation on the cooler surface.

temperature to evaluate wettability. Typically, a super-
hydrophobic surface implies a surface of water contact angles
greater than 150° and slide angles less than 10°. The wettability
of a solid surface is controlled by both its chemical composition
and its surface roughness.

Several reports exist on the water repelling properties of
superhydrophobic surfaces to water at temperatures greater
than 50°. Xia et al.® reported the fabrication of multi-responsive
surfaces, which can change their wettabilities between super-
hydrophobic and superhydrophilic in response to temperature,
pH, and glucose. These surfaces, even when heated to 55 °C,
possessed high water-contact angles to cold water. He et al.®
studied the superhydrophobicity of surfaces around the dew-
point, using a superhydrophobic surface of poly(dimethylsi-
loxane) (PDMS) post-arrays, prepared using a porous silicon
template. They found that the contact angle of water with all the
surfaces decreases, when the surface temperature, within 20 °C,
decreases to approach the dew-point. The water contact angles
of these surfaces are still greater than 150° when the area
fractions of the solid surface in contact with the liquid are
=0.068.

Liu et al.” recently reported the wettability of several super-
hydrophobic surfaces, including lotus leaves, Teflon, silica—
fluoropolymer composites and sol-gel processes, on silicon
wafers at room temperature, using water at 50-80 °C. They
demonstrated that water contact angles decreased markedly in
hot water. This led to their conclusion that, while the wettability
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of a solid surface is governed by both surface roughness and
surface free energy, the surface energy is more significant than
its roughness in water repellency.

In 1756, J. G. Leidenfrost® was the first to note that a liquid
droplet cannot wet a hot surface (e.g., a surface temperature
greater than 220 °C), but bounces off due to the formation of a
thin vapor film under the droplet. Although there were many
studies carried out on water contact angle measurements on
low surface energy or hydrophobic solid surfaces in the past
three decades,’ " most of them concentrated on the effects of
temperature on surface wettability. Results from these reports
indicated that there was extensive disagreement in both sign
and magnitude of the contact angle dependence with
temperature. Neumann® showed that the contact angle of
water on a polyamide surface increased with temperature, but
Phillips and Riddiford" reported that the contact angle of
water on the silicone glass surface remained essentially
constant at temperatures around 70 °C. Sutula et al.** reported
a temperature coefficient of +0.03° per °C for water on a flu-
oropolymer. Padday** suggested coefficients of —0.15° per °C
and +0.55° per °C for advancing and receding contact angles
on paraffin wax, at temperatures of 20-40 °C. Petke and Ray*®
suggested that advancing contact angles of water on a series
of low surface energy polymers were all negative (0.04-0.14°
per °C), while the receding angles could take positive or
negative values (—0.04-0.06° per °C). For Teflon surfaces,
Neumann® observed no variation of the contact angle of water
from room temperature to 60 °C under atmospheric pressure,
although his results demonstrated coefficients of —0.3° per °C
and —0.15° per °C for the butyl chloride, n-heptane and butyl
alcohol systems.

Other studies have also demonstrated constant water
contact angles. These studies include that of Phillips and
Riddiford," which reported a constant water contact angle
from 0-60 °C for Teflon at 1 atmosphere. The results of Ponter
and Boyes™ also indicated that the contact angle of water
remained at 104-105° from 21-100 °C, for smooth PTFE
surfaces. The study by Bemardin et al.” indicated that the
water contact angle was constant, at 90°, from 20-120 °C, on
aluminum surfaces modified by organic molecules. When the
water temperature was greater than 120 °C, the contact angle
decreased linearly. This disagreement found for water
wettability on these low surface energy hydrophobic surfaces,
and water droplet temperatures, suggests that there may
be more than one factor contributing to the wettability
phenomenon.

Both Liu” and Xia® et al recently reported that a super-
hydrophobic surface may lose its ability to repel hot water. From
the point of practical applicability, however, a surface that can
repel hot liquids may have great potential in industrial appli-
cations, such as the high temperature processing of liquid food,
water purification, heat transfer, etc. Is the loss of water repel-
lency of superhydrophobic surfaces an unavoidable conse-
quence of contact with hot water? Here, we explore the
wettability of water from room temperature to 85 °C, on five
kinds of superhydrophobic surfaces, held at different
temperatures.
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Experimental

Water contact angle (WCA) measurements were carried out on a
SL200B Static and Dynamic Optical Contact Angle Goniometer
(Shanghai SOLON Information Technology Co., Ltd.). The
experimental setup can be found in detail in the ESI (Fig. S17).
The instrument was equipped with a constant temperature
sample stage that can be heated to 100 °C. The temperature was
measured by using a sensor in the stage surface or by using an
IR sensor at the sample surface. Five uL droplets of 18 MQ water
were supplied, by a 100 pL syringe, from a 15 L heated water
container. In order to avoid thermal loss of the water droplet on
superhydrophobic surfaces, WCA measurements were carried
out within 5 seconds. The measurements were performed using
a photograph of the shape of the droplet on the surfaces, as
illustrated in Fig. S2 in the ESIL.{ The drop profile, as shown in
Fig. S2,f was automatically fit by a program, using the cyclic
approximation.

The superhydrophobic surfaces used for our measurements
are commercial superhydrophobic and nanocomposite super-
hydrophobic coatings from Wuxi Shunye Technology, SY-
Supercoat-SHPU101  polyurethane, SY-Supercoat-SHOS101
organosilicone, SY-Supercoat-SHTM101 transparent SiO,-based
coatings, and SY-Supercoat-SHTM201 transparent SiO,—fluoro-
carbon resin; poinsettia leaf was also used to represent a natural
superhydrophobic surface. To create the nanocomposite coat-
ings from these products, their slurries were spray-cast onto 6 x
14 cm aluminum substrates, using an airbrush. The substrates
were coated with a single spray application from a distance of
10-20 cm above the substrate and then heat-cured at 100 °C for
1 h. The film thickness was about 40-50 um. The SY-Supercoat-
SHTM101 and SY-Supercoat-SHTM201 solutions were dip
coated, using a glass slide (or Si wafer for XPS measurement) as
a substrate, followed by ethanol sonication. The transparent
film thickness was about 50-100 nm. The coated thin films were
cured at 300 °C and 100 °C, respectively, for 1 h.

XPS was carried out on a PHI 5000 Versa Probe-II, using
monochromatic Al Ko X-rays, at an energy of 1486.6 eV. Survey
spectra were recorded using 0.8 eV steps, at a pass energy of
100 eV, and high resolution spectra were recorded using 0.05 eV
steps at a pass energy of 25 eV.

Results and discussion

1. Surface morphology and composition of the
superhydrophobic surfaces

Fig. 1-5 are SEM photomicrographs of the superhydrophobic
surfaces. Both red and green poinsettia leaves are found to have
similar structures: Fig. 1 shows that they are composed of 5-15
um protrusions with 5-10 um separations, made of vertically
orientated nanoplates, 20-1000 nm in length and 30-50 nm in
thickness. The nanoplates are distributed across the entire leaf
surface, both on the bulges and between, separated by distances
of 30-3000 nm. In addition, the nanoplates are randomly
oriented, intersecting with other nanoplates. In certain loca-
tions on the leaf surface, nanoplates were absent (see Fig. S47).
This may have been caused by inadvertent wear.

This journal is © The Royal Society of Chemistry 2014
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S4800 5.0kV 7.0mm x10.0k SE(M)

Fig. 1 SEM photomicrographs of (a) red-leafed and (b) green-leafed
poinsettia surfaces. Insets are low magnification photographs.

V) I

$4800 3.0kV 7.9mm x10.0k SE(U)

Fig. 2 SEM photomicrograph of OS resin-based superhydrophobic
coating. The inset is a low magnification photograph.

Organosilicone (0OS) and polyurethane (PU) resin-based
superhydrophobic coatings have similar morphologies (see
Fig. 2 and 3, respectively): numerous pores enclosed by micro-

This journal is © The Royal Society of Chemistry 2014

Fig. 3 SEM photomicrograph of PU resin-based superhydrophobic
coating. The inset is a low magnification photograph.

V 9.1mm x150k

Fig. 4 SEM photomicrographs of SiO,-based (SHTM101) transparent
superhydrophobic coating. The inset is a low magnification
photograph.

and nanometer scale microstructures. However, the two trans-
parent superhydrophobic coatings, as shown in Fig. 4 and 5,
contain solely densely packed nanoparticles 20-30 nm in size,
forming a very smooth surface, compared to the PU and OS
resin-based coatings; they have very flat surfaces, with rough-
nesses less than 8 nm, as measured by using a profiler, while the
surface roughness of the PU and OS resin-based coatings can be
as high as 3-10 um.

The SHTM201 SiO,-fluorocarbon resin coating has a higher
porosity than SHTM101 does. Despite this, both samples have
transmittance above 92%, indicating antireflection properties.

XPS survey spectra of all the coatings can be seen in Fig. S6,f
and their surface chemical compositions, estimated by the
relative sensitivities of the XPS peak areas, are shown in Table 1.
C1s high resolution XPS is shown in Fig. S7t (the PU resin-based
nanocomposite coating data are not included because they are
essentially identical to the OS resin-based coating data). Only
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Fig. 5 SEM photomicrographs of SiO,-fluorocarbon resin-based
(SHTM201) transparent superhydrophobic coating. The inset is a low
magnification photograph.

Table 1 Surface chemical composition of different coatings by XPS
(at%)

Samples C o Si F
SHTM101 26.7 39.8 33.5 0
SHTM201 29.2 36.0 30.0 4.6
SHOS101 47.7 6.3 1.4 44.6
SHPU101 46.4 7.8 1.2 44.6

C-C/C-H bonds are present at the TM101 superhydrophobic
coating surface, while both TM201 and OS/PU resin-based
superhydrophobic surfaces also contain -CF;, -CF,, and -C-CF,
bonds.

2. The wettabilities of water droplets, at different
temperatures, on surfaces at different temperatures

All measurements of water contact angles, on both red- and
green-leafed poinsettias, both front and back, demonstrated
elevated water repellency with 130-150° contact angles and
2-40° slide angles at room temperature. Fig. 6a shows the
water contact angle of the red-leafed poinsettia, as a function
of water droplet temperature, at 25 and 50 °C surface
temperatures, while Fig. 6b shows the water slide angle of the
red-leafed poinsettia, which varies with water droplet
temperature at 20, 40 and 60 °C surface temperatures.
Although the number of surface temperatures used is limited,
the results indicate that the water repellency, regardless of the
water droplet temperature, is reduced when the poinsettia leaf
surface temperature is lower than that of the water droplet. A
plot of the WCA as a function of water droplet temperature, for
lotus leaf surfaces held at room temperature, showed a similar
trend.” This trend also applies to leaves at elevated tempera-
tures, which resulted in water repellency: a high WCA and
slide angle were maintained until the temperature of the water
droplet exceeded 60 °C. It should be noted that the nano-wax
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Fig. 6 (a) Water contact angle and (b) slide angle, as a function of
water droplet temperature on red-leafed poinsettia at different surface
temperatures. The data appearing as droplet photographs indicate
conditions under which the drops adhered to the surface, obviating
slide angle determination.

surface structures of both the red and blue leaves have been
damaged after hot water droplet contacting (e.g, 80 °C during
test) (see Fig. S4ft).

Fig. 7-10 illustrate the repellency of water droplets as a
function of surface temperature. The data from all three
superhydrophobic surfaces have similar trends: the WCA
remains constant with temperature until that of the surface is
reached, whereupon it decreases with increasing droplet
temperature. The greater the surface temperature, the smaller
the slide angle. That is, the surface remains superhydrophobic
as long as its temperature is higher than that of the droplet. It is
also interesting to note that, in the case of the high transparency
coating surface, there is only a small loss of super-
hydrophobicity (see Fig. 9 and 10).

All things considered, the reaction of a superhydrophobic
surface to hot water can be classified in two ways: (a) water
repellency is maintained when the surface temperature is
higher than that of the hot water, typical of Cassie-Baxter
wetting (see Fig. 11a); (b) water repellency is reduced when the
surface temperature is lower than that of the water droplet,
typical of Wenzel wetting (see Fig. 11b).

This journal is © The Royal Society of Chemistry 2014
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Fig.7 Dependence of (a and b) water contact angle and (c) slide angle
on the temperature of the water droplet for several OS resin-based
coating surface temperatures.

The water contact angle of a droplet on a solid surface is
typically described by Young's equation (1):

cos 0 = (Ysa + Ys)/Vas 1)

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Dependence of (a and b) water contact angle and (c) slide angle
on the temperature of the water droplet for several PU resin-based
coating surface temperatures.

where vg,, 74 and v are, respectively, the solid-air, solid-water
and air-water interfacial surface tensions. A relationship between
the apparent and true water contact angle for the droplets on
porous surfaces has been established by Cassie and Baxter:*®

cos O = f1 cos 8 — f, (2)
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Fig.9 Dependence of (a and b) water contact angle and (c) slide angle
on the temperature of the water droplet for several transparent
superhydrophobic coating (TM101) temperatures. The data appearing
in the inset indicate conditions under which the drops adhered to the
surface, obviating slide angle determination.

where 6, is the apparent contact angle, f; is the area of the solid-
water interface, and f, is the apparent area of the air-water
interface. The equation shows that 6, will be larger than § when
f> is positive, i.e., when an additional air-water interface is
formed. This equation is considered to be the basis for surface
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Fig. 10 Dependence of (a) water contact angle and (b) slide angle on
the temperature of the water droplet for several transparent super-
hydrophobic coating (TM201) temperatures. The data appearing as
droplet photographs indicate conditions under which the drops
adhered to the surface, obviating slide angle determination.

roughness-induced superhydrophobicity. From eqn (1) and (2),
the influence of the droplet temperature on water contact
angles is mainly controlled by vy;s and f,. Considering the fact
that the surface tension decreases with increasing water droplet
temperature:**’

vy =75.714 — 0.1414¢ — 0.25399 x 107°£, (3)

where v is the surface tension of water at temperature ¢ (°C).
According to eqn (3), the surface tension of water at 25 °C
(~72 dyn cm™") drops to 66 dyn cm ™' when the temperature of
water is 60 °C. Obviously, the water contact angle will also
decrease, according to eqn (1). How this affects the contact
angle is unknown because previous experimental studies indi-
cated that there is minimal influence®'**> of the water contact
angle on low energy surfaces, e.g., PTFE. Therefore, the depen-
dence of water droplet temperature on f, (additional water-air
interfaces) may play an important role in the effect of hot water
on the surface wettability of superhydrophobic surfaces.

This journal is © The Royal Society of Chemistry 2014
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Fig. 11 Photographs of water droplets on the superhydrophobic
surfaces when the water droplet temperature is (a) lower than and (b)
higher than that of the surface. Included are schematic representations
(c and d) of the two states, with the red lines in (d) representing water
molecules adsorbed at the water—air interface and nearby the water
droplet surface.

It is well-known that water molecules adsorb onto a solid
surface when the surface temperature is lower than that of the
droplet. These adsorbed water molecules then cause the surface
to lose its superhydrophobicity, and become hydrophilic,
instead.'®?® For our superhydrophobic coating surfaces, the
change experienced by the water droplets on the super-
hydrophobic surfaces, transitioning from Cassie-Baxter to
Wenzel wetting, is illustrated in Fig. 11. The water contact angle
will decrease, while the slide angle will increase as water
droplets adhere to the surface when its temperature falls below
that of the water because there will be water molecules already
adsorbed on the surface. Both air trapped under the water
droplet and around it, and the new hydrophilic surface that
results from water molecule adsorption will then give rise to a
decreased water-air interface (f,). This will lead to a decrease in
the WCA, due to a decrease in f, in eqn (2). The lower the
temperature of the superhydrophobic surfaces, the smaller the
hot water contact angle (or the larger the slide angle) on the
surfaces will be. This is also confirmed by the observation
shown in Fig. 12, which is a series of time-lapse photographs of
the evaporation (<5 s) of a hot water droplet on the relatively low
temperature surface of our transparent superhydrophobic
coating. The faint horizontal line, seen in the 2 s time lapse
photograph for the 60 °C droplet on the RT panel, is the fog of
evaporated water molecules (which can also be seen from our
video in the ESI,T the fog formation following a droplet leaving
the superhydrophobic surface).

However, there is no clear evidence that how the surface
physical chemistry affects the wettability of hot water. We have
provided two very smooth transparent superhydrophobic surfaces
in this work. The TM201 (containing some fluorocarbon) surface
showed a greater superhydrophobicity to hot water than did the
TM101 coating surface, which may be attributed to the lower
surface tension of TM201 compared to TM101. Both the XPS and
SEM results for the essentially identical chemical composition

This journal is © The Royal Society of Chemistry 2014
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Fig. 12 Initial stage (<5 s) time lapse photographs of water droplets on
the transparent coating surface, for several surface and water
temperatures.

|
n 60°C(droplet)//RT(surface)

and surface roughness of the PU and OS resin-based nano-
composite coatings (Fig. 2, 3 and Table 1) make it difficult to
explain their experimental differences in both the WCA and slide
angle as a function of surface and water temperatures. The two
superhydrophobic surfaces show a slight difference in the wetta-
bility to hot water (Fig. 7c and 8c). Based on Fig. 2-10, we can
conclude that there will be a smaller decrease in WCA for a
smoother SH surface (pure nanostructures) with water droplet
temperature. In order to determine the effect of morphology on
surface absorption, we will shortly begin experiments based on
well-defined surface structures.

Conclusions

We have investigated the hot water wettability of super-
hydrophobic surfaces, using poinsettia leaves, and both
commercial resin-based and transparent nanoparticle super-
hydrophobic coatings. We found that there are two situations a
superhydrophobic surface may experience: (a) maintaining Cas-
sie-Baxter wettability by repelling water when the surface
temperature is greater than that of the water and (b) transitioning
to Wenzel wettability when the surface temperature is less than
that of the water. This change of surface superhydrophobicity may
be attributed to water molecule adsorption caused by the cooler
temperature of the solid surface. This ability to change the
superhydrophobicity of a solid surface may be useful in practical
applications, such as in heat transfer in industrial processes.
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