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High-Temperature Wetting Transition on Micro- and Nanostructured

Surfaces**
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With the discovery of novel wetting phenomena in nature,
such as the self-cleaning effect of lotus leaves and the
effortless stand and quick waterborne movement of water
striders’ legs, surfaces with special wettability have recently
attracted significant attention and have become increasingly
important in our daily lives.! Moreover, surface wettability at
non-ambient temperature, especially at high temperature
(above 100°C), is of great importance in many industrial
processes, including water transportation and metal process-
ing, among others.”) Recently, several advances have been
made, such as the fabrication of thermally responsive
materials with controllable wettability,”! the repellent char-
acteristics of different superhydrophobic surfaces to hot
water, application of hydrophobic surfaces on heat exchang-
ers at low temperature,”! evaporation-triggered wetting
transition for water droplets on hydrophobic microstruc-
tures,’”! and enhancement of boiling by nanostructured
interfaces.’! The theory and applications of a liquid droplet
bouncing on a hot surface in a solid-liquid heat transfer
system, a very important phenomenon, have also been
reported.®! However, the effect of chemical composition
and surface morphology on the wetting behavior at high
temperature (above 100°C) has not been studied systemati-
cally.

Herein, we report the investigation of the wetting
behavior of surfaces with different chemical compositions
and structures from 20 to 200°C. Four kinds of micro- and
nanostructured surfaces with different wettabilities were
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successfully fabricated. The wetting behavior of a water
droplet was observed to be different on the surfaces, and the
wetting transition (from spreading to bouncing) occurred at a
specific temperature (i.e., the bouncing temperature, 7,) on
hydrophilic, hydrophobic, and superhydrophilic surfaces. Sur-
face wettability was crucial to the wetting-transition behavior,
and surface roughness also affected the bouncing temperature
of a surface (7,). When surfaces with the same chemical
composition got flatter, T}, decreased at the superhydrophilic
surfaces and hydrophobic surfaces, while it increased at the
hydrophilic surfaces. However, the spreading-bouncing tran-
sition did not take place on superhydrophobic surfaces.
Silicon wafers with various structures were fabricated to
investigate wettability at different temperatures. Wafers with
micropillars and nanowire arrays (SINWA) were obtained by
lithography etching and chemical etching, respectively.”) The
samples were coated with fluoroalkylsilane (FAS) to obtain
hydrophobic substrates.'”] Figure 1 shows the top-view scan-
ning electron microscope (SEM) images and the static contact
angle (CA) images of a water droplet before and after
chemical modification with FAS at 25°C. As shown in
Figure 1a,b, the unmodified flat silicon and microstructured
silicon surfaces (MSis) exhibited hydrophilic characteristics,
and the FAS-modified MSis (FAS-MSis) were hydrophobic.
Correspondingly, in Figure 1c,d, the unmodified nanostruc-
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Figure 1. SEM images (top view) of silicon surfaces with hierarchical
structure. The insets show the shape of water droplets on these
surfaces before (top) and after FAS modification (bottom) at 25°C.

a) Flat silicon wafer. CA (54.2+£2.1)°/(106.410.5)° (before/after modi-
fication) b) Silicon wafer with micropillars. The side length D of the
micropillar is 30 um, CA (41.1+£2.5)°/(144.8+0.4)°. c) Silicon wafer
with nanowire arrays (SiINWA). CA 0°/(162.2+0.8)°. d) Silicon wafer
with the composition of nanowire micropillars. D=30 pm, CA 0°/
(166.54+0.7)°.
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tured silicon and micro- and nanostructured silicon surfaces
(MNSis) were superhydrophilic, with contact angles near 0°,
while the FAS-modified MNSis (FAS-MNSis) were super-
hydrophobic (CA >160°), such that the 2 pL. water droplet
could not descend but was stuck to the pinhead instead. The
effect of the micropillar side length D (D =oc represents
surfaces without any microstructure) of the four different
substrates on the water contact angle at 25°C are shown in
Figure S1 in the Supporting Information.

Subsequently, the wetting behavior of the four groups of
surfaces (MSis, FAS-MSis, MNSis, and FAS-MNSis) at
various temperatures was investigated. The schematic dia-
gram of the experimental device is shown in Figure S5 in the
Supporting Information. A heating stage with controllable
temperature was used. The surface temperature and the water
spreading or bouncing were recorded with a precise thermo-
couple and a CCD, respectively. The injector was kept
200 mm higher than the heating stage to preserve the drop
from heat. Only when the stage temperature reached the test
temperature was the injector rotated down, and a 3.5 uL
water droplet was pushed out. After the water droplet left the
needle of the injector, it was rotated again to the high
position. The water droplet was well preserved before coming
into contact with the high-temperature surfaces (see the
Supporting Information for details).

Figure 2 shows the typical spreading and bouncing
behavior of water droplets on surfaces with different wett-
abilities at temperatures above 100°C. The droplet did not
wet the surface but instead bounced on the surface at a certain
temperature, which was called the bouncing temperature
(Ty). For the hydrophilic smooth silicon surface (Figure 2a),
the water droplet stood on the surface with a contact angle
smaller than 60° before the surface temperature reached its Ty,

at 183°C and then evaporated quickly. When the surface was
heated to 183°C or above, the water droplet wetted the
surface and then bounced up with a contact time of about
0.16 s. Similarly, 7}, of the hydrophobic surface was 164°C.
The droplet stood on the hydrophobic smooth silicon surface
modified with FAS with a contact angle larger than 100° and
evaporated slowly when the surface temperature was lower
than its T, at 164 °C (Figure 2b), but bounced up slightly with
a longer contact time of about 0.4 s when the temperature
reached or exceeded 164°C. In comparison, the droplet
evaporated and disappeared immediately when the temper-
ature of the superhydrophilic surface was lower than its 7}, at
152°C (Figure 2c¢). In cases when the surface temperature was
higher than 152°C, the droplet on the superhydrophilic
surface bounced so strongly and quickly that the contact
time between the droplet and the surface was less than 0.04 s.
No bouncing occurred on the FAS-modified superhydropho-
bic surface with SINWA (Figure 2d). At lower temperatures
(e.g.,60°C), the droplet pinned on the surface and evaporated
very slowly, but at higher temperature (80°C), below the
boiling point of water, the droplet rolled away after being
dropped on the surface.

At a given temperature, the vaporizing velocity of a
droplet clearly depends on the heat-transfer ability of the
surface. The more heat is transferred through the solid-liquid
interface, the faster the droplet vaporizes. Hence, the wetting
and bouncing processes both indicated that the superhydro-
philic surface had excellent heat-transfer ability. The drop
evaporated very fast below T, and above T\, the bottom part
of the droplet evaporated faster and formed a vapor film to
bounce the droplet up in less than 0.04 s, which was much
faster than on the hydrophilic and hydrophobic surfaces. In
comparison, the droplet stood on the superhydrophobic

surface with a contact angle
larger than 150° and evaporated
very slowly at lower tempera-
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ture and did not wet but rolled
away at 80°C. The small velocity
of vaporization demonstrated
the poor heat-transfer ability of

- the superhydrophobic surface.
Although substrates with
similar structures, such as the
MSis, exhibited similar high-
temperature  spreading and

bouncing and had similar con-
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tact times in the bouncing pro-
cess, Ty, of surfaces with similar
contact angles varied with the
change of surface roughness.
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Figure 3 shows the relationship
between surface roughness and
T, for MSis, MNSis, and FAS-
MSis. With an increase in D
(from 10 pm to infinity), T,

Figure 2. Video snapshots of typical wetting and bouncing behavior of water droplets on high-temper-
ature surfaces. a) Unmaodified flat hydrophilic silicon surface, T,=183°C. b) FAS-modified flat hydro-
phobic silicon surface, T,=164°C. c) Unmodified superhydrophilic SINWA, T,=152°C. d) FAS-modified
superhydrophobic SINWA surface. No bouncing occurred on this surface.
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increased for the hydrophilic
MSis (from 157 to 183°C) while
it decreased for the hydrophobic
FAS-MSis (from 186 to 164°C)
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Figure 3. The bouncing temperature (T,) with different micropillar side
lengths D. D=0 represents the surfaces without any microstructure.
®: Microstructured hydrophilic surfaces (MSis). A: Microstructured
hydrophobic surfaces (FAS-MSis). m: Micro- and nanostructured super-
hydrophilic surfaces (MNSis).

and superhydrophilic MNSis (from 168 to 152°C). T, of the
hydrophilic MSis was higher than the superhydrophilic MNSis
for D >20 um.

The comparisons between the T, of different surfaces
remind us that, although the superhydrophilic MNSis could
enhance heat transfer between solid and water, the droplet
would bounce on them at a lower temperature compared with
the hydrophilic MSis. Furthermore, if the surface temperature
is above T\, a vapor film would be generated. Therefore, for
equipment with strict and high working temperature, the
surface with a higher 7, should be chosen.

Two theoretical models of the wetting state at high
temperature have been proposed to explain the change in T,
(Figure 4). It is understood that a set volume of vapor film has
to be produced by phase transition to bounce a given droplet.
Throughout the bouncing process, the internal temperature of
the water droplets changed little. Therefore, the vaporization
velocity and the vapor film formation could only be influ-
enced by the change of surface conditions (Supporting
Information S6).""" As shown in Figure 4, the volume of
vapor film can be expressed as in Equation (1):

V=Av,—vy)t (1)

where V is the volume of vapor film, A is the wetting area
between solid and liquid, v, is the vaporizing velocity that
changes with surface temperature, v,, is the rewetting velocity
controlled by the contacting solid and liquid, and ¢ is the time
of wetting before bouncing. When the droplet made contact
with the unmodified MSis and the MNSis with high surface
energy, it was in a Wenzel state, in which the liquid completely
fills the grooves of the rough surface.'” According to
Figure 4a and Equation (1), if V and v,, are invariable and ¢
changes little on similar surfaces, then v, must decrease with
the increase in A, and T, would decrease as well. For the
hydrophilic MSis, the wetting area between silicon and water
decreases when D increases (see the Supporting Informa-
tion). Hence, T, exhibits the same change as D. For the
MNSis, A decreases with a decrease in D, so T, decreased
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Figure 4. Two proposed mechanisms of the wetting state at high
temperature. a) Wetting details of the Wenzel state at high temper-
ature. Air bubbles are generated quickly and escape from the hydro-
philic surface easily. b) Wetting details of the Cassie state at high
temperature. Air bubbles are generated slowly and prefer to stick on
the hydrophobic surface for a longer time.

when D increased. Furthermore, nanostructured surfaces
have far larger specific surface areas than microstructured
surfaces, so the value of A for MNSis is much larger than that
of MSis, which makes ¢ for MNSis much shorter than the other
bounced series of surfaces. In contrast, FAS-MSis and FAS-
MNSis exhibited the Cassie state when drops made contact
with them. In the Cassie state, A becomes larger as the surface
gets flatter, because air remains in the micro- and nano-
grooves. For FAS-MSis, the longer D is, the larger A becomes,
and T, decreases accordingly. However, according to the
Cassie equation, if a surface exhibits excellent superhydro-
phobic characteristics with a contact angle near 180°, the
droplet cannot wet the surface but would be separated from
the solid by an almost continuous air film. The Cassie
equation is defined as in Equation (2):

cosOc = fi(cos 0+ 1)—1 (2)

where f, is the area fraction of the solid.'”! If 6. is close to
180°, then f, would be quite tiny as it approaches 0. As a result,
v, would be near 0, too. Thus, the droplet could not bounce on
the superhydrophobic FAS-MNSis but rolled away with a
slight imbalance. More evidence can be seen in Supporting
Information.

In summary, the typical wetting transition on micro- and
nanostructured surfaces with different wettabilities at high
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temperature has been investigated. Experimental results
indicate that both surface wettability and surface roughness
are crucial to the wetting transition behavior. The spreading—
bouncing transition occurred on hydrophilic, hydrophobic,
and superhydrophilic surfaces above 100°C. When the side
length of micropillars on substrates increased from 10 um to
infinity (i.e., no micropillars), 7, decreased for the super-
hydrophilic MNSis and hydrophobic FAS-MSis, while it
increased for the hydrophilic MSis. However, the spread-
ing-bouncing transition could not take place on superhydro-
phobic FAS-MNSis. The two proposed mechanisms of wetting
at high temperature explained the transition phenomena well.
Moreover, the high-temperature wetting transition could be
potentially valuable in water transportation and other indus-
trial applications, such as material choice in liquid-solid
systems working at non-ambient temperature.

Experimental Section

Instruments and characterization: SEM images of the samples were
obtained using a field-emission scanning electron microscope (JSM-
6700F, Japan). Contact angles were measured on an OCA20 instru-
ment (DataPhysics, Germany) at 25°C. Deionized water droplets
(about 2 pL) were dropped carefully onto the surface. The average
contact angle value was obtained by measuring at five different
positions of the same sample.

Fabrication of SINWA: Cut silicon wafers were soaked in H,SO,/
H,0, (H,SO, (97 % )/H,0, (30%)=3:1) for 30 min at 80°C, then
rinsed with deionized water four or five times. Cleaned silicon strips
were put into the etching solution (HF 5.0 molL™"' and AgNO,
0.015 molL ™), sealed at 50°C for 25 min, then immersed in 20 %
nitric acid for 30 s and finally rinsed with deionized water four or five
times.

Modification with FAS: Cleaned silicon strips with microstruc-
tures were put into a sealed container together with a piece of glass
coated with about 0.5mL FAS. Then the container was then
evacuated with a vacuum pump, and the vacuum was maintained
vacuum for 12 h.
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