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ABSTRACT: We studied the in situ transition of the droplets’
wetting state on the heated solid surfaces. The wetting
behaviors of four micro- and nanostructured surfaces with
different chemical components were studied. These parame-
ters included the maximum contact areas (MCA), the
maximum evaporation areas (MEA) and the wetting transition
temperature (Ttrans). The reduction in MEAs has a specific
transition process from wetting (Wenzel state) or partial
wetting (Wenzel-Cassie intermediate state) to nonwetting
(Cassie State) as the surface temperature rises. When the
MEAs drop to zero at a critical temperature (Ttrans), the
droplets rebound from the heated surfaces to complete the wetting transition process. The chemical compounds and the surfaces’
rough structure play an important role in the droplets’ wetting transition behavior. Before FAS-modification, microstructures can
increase the MCAs, MEAs, and Ttrans. However, the microstructures are less effective at increasing the MEAs and Ttrans than
changes to nanostructures. After FAS-modification, both the nano- and microstructures reduce the Ttrans. On the FAS-MNSi
surfaces, the MEAs are always zerothe droplets rebounded at room temperature, and the wetting transition did occur. We
propose two high-temperature mechanisms to explain these transition phenomena.
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1. INTRODUCTION

Heat transfer is of great importance in many industrial
processes such as chemical processing, electronic devices, and
nuclear power plants.1,2 Boiling heat transfer is particularly
important and has been widely applied to industry cooling
systems.3−5 Spray cooling is an emerging and effective cooling
technique that transfers the substantial heat of evaporation by
absorbing large amounts of thermal energy from a hot
surface.6,7 During spray cooling, most heat removal is done
through nucleate boiling, which starts in micro- and nano-
cavities as nucleation sites. From these sites, the liquid reaches
temperatures above their saturation value and forms steam
bubbles to carry the thermal energy from the heated surface to
the surrounding space.8

Recent studies show that the heat transfer efficiency of the
spray cooling process depends largely on the surface roughness
including micropores,9 microchannels,10,11 nanowires,12 and
nanorods.13 Rough structures may accelerate the nucleation
rate and increase the number of nucleation sites. Rough
structures also markedly change the wettability of hot
surfaces.14−17 If the surface wettability changed, the wetting
state between the liquid and heated solid surface would be
changed dramatically.18−20 This would alter the activation of
nucleation sites. However, the explanation above is not

adequate to explain the extremely high heat transfer efficiencies
observed for heated solid surfaces with rough structures. It
needs more in depth study.21

To do this, researchers have studied single droplets
impinging on a hot surface as a model of the cooling behavior
of sprays.22 As the droplet impacts the heated solid surface, heat
is transferred from the solid to the liquid phase. This energy
transfer to the droplet increases its mean temperature, and
liquid vaporizes from the bottom of the droplet. If the heat
transfer rate is large enough during impact, the liquid is
vaporized. The droplet forms a vapor layer between the solid
and the liquid phase, which repels the droplet from the solid
surface. This is the wetting state transition.
Heat transfer is minimized minimum and the evaporation

lifetime of the droplet is maximized in the wetting transition.
This phenomenon is known as the Leidenfrost effect.23−25

Therefore, there is much work focusing on the wetting
transition behavior of the droplets on heated solid surfaces.26,27

The experimental results demonstrate that rough structures and
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chemical components on the heated solid surfaces have a great
influence on the wetting transition temperature.28−31

The wetting transition temperature can be improved by
increasing the surface roughness and decreasing the surface
energy. However, studying the wetting transition temperature
on heated solid surfaces is inadequate to understand the cooling
behavior of sprays. The wetting transition process on the
heated solid surface, especially the effect of chemical
components and different scaled structures on the wetting
transition processes, is much more important for the heat
transfer process of sprays.
Herein, we report a study of the in situ transition processes

of droplets wetting state on four kinds of micro- and
nanostructured surfaces with different chemical components
from 23 to 300 °C. The wetting behaviors of liquid droplets on
the heated solid surfaces were observed including the maximum
contact areas (MCA), the maximum evaporation areas (MEA)
and the wetting transition temperature (Ttrans). The reduction
in the MEAs is a specific transition process from wetting
(Wenzel state) or partial wetting (Wenzel−Cassie intermediate
state) to nonwetting (Cassie State) when the surface
temperature rises. When the MEAs drop to zero at a critical
temperature (Ttrans), the droplets rebound from the heated
surfaces to complete the wetting transition. Chemical
compounds and roughness of the surface play important roles
in the droplets’ wetting transition. Before FAS-modification,
microstructures can increase the MCAs the MEAs and Ttrans,
which are more useful to promote the MCAs especially on the
relative high temperatures that are close to Ttrans. However, the
microstructures are less effective at increasing the MEAs and
Ttrans than the nanostructures. After FAS-modification, both
nano- and microstructures will reduce the Ttrans. On the FAS-
MNSi surfaces, the MEAs were always zero. That is, the
droplets rebounded at room temperature, and the wetting
transition did not take place.

2. EXPERIMENTAL SECTION
Instruments and Characterization. A Quanta 250 environ-

mental SEM (FEG, USA) obtained the top view images. Equilibrium
CA measurements were made using an OCA 20 instrument
(DataPhysics, Germany) at 25 °C. Side-view images of the droplets
contacting with the heat surfaces were captured through high-speed
camera (HSCCD, V9.1, PHANTDM, USA).
Fabrication of Silicon Micropillar Arrays. An ordered array of

micropillar structures was fabricated using photolithography. A contact
lithographic mask was obtained from the Institute of Microelectronics
of the Chinese Academy of Sciences (Beijing, China). The mask
aligner/exposure system (Karl Suss MA6, Germany) transferred mask
micropatterns onto silicon wafers. The deep etching process was
completed using an etch system (STS ICP ASE, U.K.).
Fabrication of Silicon Nanowire Arrays. Smooth silicon strips

were soaked in the mixed solution of H2SO4/H2O2 (V[H2SO4(97%)]/
V[H2O2(30%)] = 3:1) for 1 h at 80 °C. They were then rinsed with
deionized water four or five times. The clean silicon strips had been
immersed in a Teflon-lined stainless steel autoclave with etching
solution containing 15 mL of HF, 35 mL of deionized water, and
0.1699 g of AgNO3 for 10 min at 50 °C. After etching, the strips were
dipped into 20% nitric acid for 30 s until the upper white film
disappeared. They were finally rinsed with deionized water four or five
times.
Modification with FAS. Silicon strips with various structures were

put into a sealed container together with a piece of glass covered with
20 μL FAS. The air in the container was then evacuated with a vacuum
pump, and the vacuum was maintained for 12 h.
Wetting Transition Process. A schematic diagram of the

experimental device is shown in the Supporting Information, Figure

S1. A heating stage with controllable temperature was used; the surface
temperature was monitored with a precise thermocouple. The pinhead
of the injector needle was kept 200 mm higher than the heating stage
to protect the drop from heat. Only when the stage temperature
reaches the test temperature was the surface moved down. Then, a
water droplet with 2 mm diameter was generated on a hydrophobic
needle with a syringe driven by a PHD 2000 infusion and withdrawal
pump (Harvard, USA) at 0.05 mL/min. Then water droplets were
released at a height of 3.5 mm to impact the heated surface. After the
water droplet left the injector needle, the heated surfaces were moved
up to the new high position. The temperature of water drops could be
kept at 29 °C before coming into contact with the high-temperature
surfaces (see the Supporting Information, S2) Simultaneously, the
side-view images of the droplet were captured.

3. RESULTS AND DISCUSSION
Silicon substrates with various structures and chemical
compounds were selected to investigate the in situ wetting
transition behavior of a water droplet at different temperatures.
Figure 1 shows the top-view scanning 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, the unmodified smooth silicon
substrate (SSis) exhibited hydrophilic characteristics with a CA
of 19.8 ± 1.6°, The FAS-modified SSis (FAS-SSis) was
hydrophobic (CA 110.0 ± 0.5°). After 150−200 nm and 4.82
μm nanowire arrays (see the Supporting Information, Figure
S4a) were fabricated on the SSis, the unmodified nano-
structured silicon surface (NSis) achieved superhydrophilicity
with a CA near 0°.The corresponding FAS-modified NSis

Figure 1. SEM images of silicon surfaces with different scaled
structures as well as contact angle illustrations of water droplets on
these surfaces before (top) and after (bottom) FAS modification. (a)
SSis, CA (19.8 ± 1.6)°/(110.0 ± 0.5)° (before/after modification).
(b) Silicon substrate with nanowire arrays, CA 0°/(151.2 ± 0.4)°. (c)
Silicon substrate with micropillars at W/H/D (width/height/spacing
of the micropillars) 10/5/10 μm and CA (13.8 ± 3.1)°/(145.7 ±
0.6)°. The inset shows the smooth surface on the top view of a
micropillar at higher magnification. (d) Silicon substrates with the
composition of nanowire arrays and micropillars. The W/H/D is 10/
5/10 μm and CA 0°/(155.4 ± 0.7)°. The inset shows the nanowire
arrays on the top view of a micropillar at higher magnification.
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(FAS-NSis) showed superhydrophobicity (CA > 150°) (Figure
1b).
When using micropillar arrays with smooth surfaces, the

microstructured silicon surfaces (MSis) were hydrophilic (CA
≈ 13.8°) and superhydrophobic before and after FAS
modification, respectively (Figure 1c). Correspondingly, the
nanostructured MSis (MNSis) could be superhydrophilic
before modification (Figure 1d), whereas the FAS-modified
MNSis (FAS-MNSis) were superhydrophobic (CA >150°; slide
angle <5°) such that the 3 μL water droplet could easily escape.
The width/height of the micropillars selected in Figure 1c, d
was about 10/5 μm. The spacing between the micropillars was
10 μm (more details, see the Supporting Information, Figures
S3−S6).
Subsequently, the in situ wetting transition processes of

water droplets on the surfaces including SSis, NSis, MSis,
MNSis, FAS-SSis, FAS-NSis, FAS-MSis, and FAS-MNSis at

various surface temperatures were investigated. For all runs, the
properties of the droplets before surface impact held constant
as were the droplet diameter and impact velocity.32 By
neglecting the deviation of drop shape from sphere due to
oscillations and the force acting on the drop, the variation of
the droplet impact velocity u0 with the droplet height H can be
calculated using eq 1 as follows33

= −u g H D2 ( )0 0 (1)

After the water droplets delivered from the needle tip were
made to impact on the heated surfaces, the droplet impact
condition can be represented using We and Re in eq 2.
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Figure 2. Series of video snapshots of representative water droplet impacts on the four kinds of unmodified surfaces at various surface temperatures.
(a) SSis, (b) silicon substrate with nanowire arrays, (c) silicon substrate with micropillars (W/H/D 10/5/10 μm), and (d) silicon substrate with a
composition of nanowire arrays and micropillars (W/H/D 10/5/10 μm).
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Where u0 and D0 are the droplet impinging velocity and the
droplet diameter before impingement. ρ, σ and μ are droplet
density, droplet surface tension and droplet viscosity in the
room temperature, respectively. That is to say, ρ = 998 kg/m3,
σ = 72 × 10−3 N/m, and μ = 1.0050 × 10−3 Pa s. Thus, We and
Re are 0.815 and 522.8, respectively.
Figure 2 illustrates a series of video snapshots of

representative water droplet impacts on the four unmodified
surfaces with various microstructures at increasing surface
temperatures (SSis, NSis, MSis, MNSis).

We first studied unmodified hydrophilic SSis surface (Figure
2a) with the surface heated to 180 °C or above. Here, shortly
after the droplet impacted the surface, the upper part of the
droplets ejected upward while the bottom made contact with
the surface and formed lamella. After the lamella expanded, the
upper part of the droplets fell down on the liquid and tiny
droplets were ejected from its periphery. By increasing the
surface temperature to 200 °C, these ejections were much
higher and achieved a narrow neck on the central droplet. This
decreased the contact area between the bottom of the droplet

Figure 3. Variation in the maximum contact (■) and evaporation (□) area of the droplets of unmodified (a) SSis, (b) NSis, (c−e) MSis, and (f−h)
MNSis.
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and the heated surface. Later, the upper half of the droplet
finally detached from the lower half and both halves bounced.
When the surface temperature was 220 °C, the droplet

bounced up directly after it made contact with the surface.
Similarly, if the droplet impacted the superhydrohilic NSis
surface (Figure 2b) at a lower temperature (200 °C), the upper
part of the droplets would eject upward leaving the bottom to
splash on the heated surface. A collapse occurred after the
ejected part of the droplet fell down. When the surface
temperature rose to 260 °C, the upper half of the droplet jetted
to make a wide neck on the central section. It then left the
heated surface upward with a large head and a thick tail. If the
surface temperature increased much higher (280 °C), the
process would rebound. In comparison, the droplet ejection
was not distinct on the heated hydrophilic MSis surface (Figure
2c). When the surface temperature was 260 °C, the droplet
rebounded. The intense jets of the droplets achieved on the
MNSis surfaces.
Shortly after impacting the surface at 220 °C, a fountain

came to the top of the droplet and its bottom splashed on the
heated surface. A few milliseconds later, we noted subsidence
on the lower part of the droplet and an ejection came through
the liquid layer. As the surface temperature increased, the
fountain disappeared from the droplet leaving only the splash
underneath it. Subsequently, a central jet formed (Figure 2d).
According to the results above, this ejection will form much
more easily on the SSis, NSis surfaces than on MSis.
The vapor pressure generally increases abruptly and disrupts

the liquid’s bottom surface. Violent, sometimes explosive,
ejection of droplets (large or tiny) due to the venting of the
vapor bubbles can also occur.23 Therefore, vapor bubble
parameters (number, size and shape) are crucial to under-
standing the wetting transition behaviors of water droplets that
are in turn influenced greatly by rough structures and
wettability.34 The vapor bubbles form much more easily on
rough surfaces with nanowire arrays (NSis and MNSis surface)
than on smooth one because the nanostructures provide more
cavities for bubble nucleation.35 Thus, ejection is seen on the
NSis and MNSis surfaces rather than the MSis surface. Indeed,
the more hydrophilic the surfaces are, the fewer bubble
adhesion forces they exhibit. Thus, many vapor bubbles do not
grow to larger ones before leaving the superhydrophilic
surfaces. This leads to splashing on the NSis and MNSis
surfaces.36,37

Contact between a droplet and the heated surfaces leads to
the formation and growth of many vapor bubbles and
consequently a high rate of heat transfer from the heated
surface. Because of the polydispersity of the venting vapor
bubbles, the evaporation processes changes when performed on
different surfaces. This generally determines the heat-transfer
ability of the heated surface.38 Therefore, the maximum contact
and evaporation area of the droplets were both investigated
(Figure 3). Here the maximum contact area (MCA) is the
maximum area where the droplet liquid spreads out radially
from the impact point until the droplet velocity at vertical
direction reach zero, whereas the maximum evaporation area
(MEA) is the maximum area where the drop liquid is at a
maximum drop spread and the spread velocity at horizontal
direction reach zero.
On the SSis surface, the maximum contact area (MCA) is

∼20 mm2 at relatively low surface temperature (180 °C). This
decreased with rising surface temperature until it was nearly
zero at 220 °C (Figure 3a). The MEA on the SSis surfaces were

always similar to the MCAs before the droplets rebounded
from the heated SSis surfaces. MEA also decreased with surface
temperature increase. This demonstrates that the vented vapor
bubbles could not change the MEAs after the water droplets
contacted the heated SSis surface.
The MEA reduction illustrates a specific transition process

that starts from the wetting (Wenzel state) to nonwetting
(Cassie state). When the MEAs dropped to zero, the surfaces
were nonwetting and the wetting transition process quickly
finished. Comparing to the SSis surfaces, the NSis surfaces had
special wetting phenomena. First, both the MCAs and MEAs
on the NSis surfaces decreased with rising surface temperature.
In contrast, the MEAs were much larger than the MCAs before
the droplets rebounding from the heated surfaces. Second, the
Ttrans, (the temperature at which the MEAs reach zero) is
higher than that on SSis surface. This may be caused by the
nanostructures, which provide more cavities for bubble
nucleation and thus form more vapor bubbles on the NSis
surface. Although the large amount of vented tiny vapor
bubbles would enhance the disturbance of the droplets and
increase the MEAs (versus the SSis surface), it is quite difficult
for the vapor bubbles to coalescence with each other since they
could not stay on the hydrophilic surfaces. Thus, the Ttrans rose
significantly. In fact, the nanostructure, including nanofiber,39

nanoporosity,28 and nanotube40 is the crucial feature in
efficiently increasing the Ttrans by initiating heterogeneous
nucleation of bubbles during short-lived solid−liquid contacts,
which results in disruption of vapor film.
When the SSis surface used microstructures, the behavior of

the droplets at different surface temperatures was more
complicated (Figure 3c, d). The MCAs and MEAs decreased
with the rising surface temperature, and the MEAs dropped
faster than the MCAs did. That is, on the MSis surfaces, the
MEAs were larger than the MCAs at a relatively low surface
temperature (<240 °C). The MEAs were smaller than the
MCAs at a relatively high surface temperature until the droplets
rebounded from the surface. The results showed that the
microstructures increase the MCAs and the MEAs, and they
increase the MCAs especially at relatively high temperatures
close to Ttrans.
However, the microstructures were less effective on

increasing MEAs than the nanostructures. This may be because
there were fewer vented vapor bubbles on the MSis surfaces
than on NSis surfaces. Furthermore, the size of the micro-
structures played an important role on the droplet transition.
The MCAs, MEAs and Ttrans on the ∼10 μm wide micropillars
were the highest (Figure 3d), whereas those 15 μm wide were
the lowest (Figure 3c).
If the nanowire arrays were constructed on the MSis surface

(i.e., MNSis surface), the MCAs, MEAs and Ttrans trends were
similar to those seen on the MSis surface (Figure 3e-g). The
larger the nanowire array areas, the more the MCAs and MEAs
were improved. However, Ttrans did not increase markedly
except for the Ttrans on the MNSis surface with micropillar
widths of ∼10 μm. Furthermore, the MCAs, MEAs and Ttrans
on the MNSis surface with ∼10 μm micropillars were the
highest (Figure 3f), and the ∼15 μm sample was the lowest
(Figure 3g). Therefore, when the micro/nano-hierarchical
rough structures were induced, the MCAs and MEAs could
be increased even if the surfaces were hot.
The droplet behaviors on the FAS-modified surfaces were

investigated because the surface chemical compound would
markedly influence surface wettability.41 A series of video
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snapshots of representative water droplet impacts on the FAS-
SSis, FAS-NSis, FAS-MSis, and FAS-MNSis at increasing
surface temperatures are shown in Figure 4. Figure 4a shows
images for an experiment using FAS-SSis. The side views in
these images clearly show that shortly after impact, the droplets
tried to move upward, whereas the bottom stuck to the surface
at a relative low temperature. Then the contact area expanded.
This leads to a high rate of heat transfer from the heated surface
and consequently forms vapor bubbles. The vapor pressure
increased abruptly causing venting of the vapor bubbles and
subsequent disruption of the liquid’s bottom surface. If the
surface was heated to 175 °C, the initial pinning area of the
droplet decreased and the droplet height increased. The
evaporation area dropped and there was no obvious disruption
of the liquid’s bottom surface because of the thicker vapor layer.
When the surface temperature was high enough (>185 °C), the
vapor layer is sufficiently thick to prevent the liquid from

touching the surface. The initial pinning area was minimal
(nearly zero), and the droplet rebound from the heated surfaces
was due to expansion of vapor bubbles.
If the droplet impacted the superhydrophobic FAS-NSis

surface (Figure 4b) at a lower temperature (125 °C), the
droplet would move upward a bit, leaving the bottom pinning
with a wide neck on the heated surface. The nanostructures
provided more nucleation sites for vapor bubbles. Thus, the
vapor layer would be thickened, which prevented the droplet
from spreading on the heated surface at low temperatures.
More vapor bubbles were generated on the heated FAS-NSis
surfaces as the surface temperature increased. Thus, the neck
on the bottom of the droplet shrunk, and the droplets did not
spread out at all.
The droplet neck disappeared and the rebounding process

occurred if the surface temperature increased to 150 °C or
more. The droplet behavior was similar to that on the FAS-

Figure 4. Series of video snapshots of representative water droplet impacts on the four FAS-modified surfaces at various surface temperatures. (a)
SSis, (b) silicon substrate with nanowire arrays, (c) silicon substrate with micropillars (W/H/D 10/5/10 μm), (d) silicon substrate with composition
of nanowire arrays and micropillars (W/H/D 10/5/10 μm).
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NSis surface when the microstructures were constructed on
silicon surfaces (Figure 4c). However, during droplet contact
and evaporation, the neck on the bottom of the droplets could
not be seen on the FAS-MSis surfaces. The spaces in the
microstructures could not only trap air, but could also provide
enough room for the growth or coalescence of the vapor
bubbles. This continuous and thin gas layer created the droplet
pinning effect. If the surface temperature was high enough, the
pinning area shrunk to zero, and the droplets rebounded from
the heated surface. If the micro/nano-hierarchical structures
were introduced to the FAS-modified silicon surface, enough
vapor bubbles nucleation sites could be provided by the
nanostructures. Moreover, the air layer trapped in the micro/

nano-hierarchical structures was thick enough to prevent
droplet pinning. Therefore, the pinning area of the FAS-
MNSis surface dropped markedly, and the droplets bounced
even at room temperature.
We also studied the droplets’ MCAs and MEAs because they

are two critical parameters of heat transfer (Figure 5). On the
FAS-Sis (Figure 5a), FAS-NSis (Figure 5b) and FAS-MSis
(Figure 5c−e) surfaces, the variation of the MCAs and MEAs
were similar. The MCAs and MEAs decreased with rising
surface temperatures. The MEAs were far larger than the MCAs
until the droplet rebounded from the surfaces and the MEAs
dropped to zero. Before rebounding, the droplets partially
wetted the surface (i.e., Wenzel−Cassie intermediate state). At

Figure 5. Variation in the maximum contact (■) and evaporation (□) area of the droplets of FAS-modified (a) SSis, (b) NSis, (c−e) MSis, and (f−
h) MNSis.
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relatively higher temperatures, the disruption of the liquid’s
bottom surface expanded the MEAs because of vapor bubble
venting.
When the gas layer was continuous and thick the MEAs

would drop to zero and the droplets became bound. The
droplets changed to nonwetting (Cassie state). We also found
that rough structures can greatly influence the in site changing
of the droplets. The nano- and microstructures best reduced
the Ttrans when the micropillars are ∼5 μm wide. Although
nanowires could provide more nucleation cites for vapor
bubbles, the vapor bubbles adhered on the tips of the
nanowires, and could not form continuous vapor layers if the
surface temperature was not high enough. The spaces between
the microstructures were more useful at entrapping air to form
a thick air layer. The smaller the micropillars, the easier it was
to form a continuous gas layer. If the micro/nano hierarchical
structures were constructed, the gas layer could be form at very
low temperatures. Thus, on the FAS-MNSis surfaces, we found
that the MCAs are reduced with increasing surface temperature.
The MEAs were always zero. The droplets rebounded at room

temperature and the wetting transition process could not be
investigated (Figure 5g, h).
As known, the impact velocity, i.e., the impact Reynolds and

Weber numbers, has a remarkable influence on the dynamic
behavior of droplet impacting onto heated surfaces. And there
are a number of works focusing on the effect of impact velocity
on the dynamic behavior of droplet impacting (i.e., the
dependence of βmax on We and Re), which are illustrated in
the Supporting Information, S7. However, the dynamic
behavior of droplet impacting onto heated surface may be
affected by surfaces components42 and surface rough-
ness.39,28,40,43,44 However, there are few works that have
systematically considered the inflences of chemical components
and different scaled structures, including microscaled, nano-
scaled, and micronanocomposited structures, on the droplet
behaviors on heated surfaces at the same time.
Therefore, the droplet impact conditions are kept constant,

and the surface character including the surfaces temperature,
chemical compounds, and micro/nano rough structures, which
result in the wetting in site transition process, were investigated

Figure 6. Schematic model of the wetting transition behavior of liquid droplets on the rough surfaces (A−F) without and (a−f) with FAS
modification. (A) Hydrophilic surface at room temperature (Wenzel state). (B, C) Turbulent liquid droplets generated by venting of the vapor
bubbles that are generated at the contact areas between the liquid and surface. (D) Vapor bubbles coalesce to form a vapor mattress that prevents the
droplet and the surface from contacting, and the droplet moves up. (E) Droplet is blocked by the vapor mattress and bounces from the surface. (F)
The scheme of the possible contact state of Wenzel droplet. (a) Hydrophobic surface at room temperature (Cassie state). (b) Vapor bubbles
generate a limit contact area and then pin the contact area. The tiny vapor bubbles cannot coalesce with the air mattress, and the liquid droplets
stand at the rough surface. (c, d) Pinned vapor bubbles grow in site and coalesce with the trapped air layer to form a mixture mattress when the three
contact phase lines moves up. (e) When TPCL move to the top of the rough structures, the pinned vapor bubbles on the top coalesce with the gas
mixture mattress to form a continuous gas layer that prevents contact between the liquid and the surface. The droplet then rebounds from the
surface. (f) Scheme of the possible contact state of Cassie droplet.
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here. We propose a model to focus on understanding the
influence of chemical compounds and micro/nano rough
structures on the wetting transition process (Figure 6).
On the unmodified rough structures, the structures can be

wetted at room temperature, and the surface is hydrophilic, i.e.,
the droplet is at a Wenzel state (Figure 6A). When the surfaces
temperature rises, vapor bubbles are generated at the contact
rough area between the liquid and surface. The droplet may
become turbulent because of the vapor bubbles (Figure 6B).
Because the vapor bubbles cannot stay on the hydrophilic
surfaces, many vapor bubbles vent from the surfaces, and the
droplet ejection increases (Figure 6C). If the surface temper-
ature continues to rise, the vapor bubbles generated on the side
of the micropillars can coalesce to a vapor mattress and avoid
part of the contact between the droplet and the surface. The
droplet thus moves up (Figure 6D). The water CA on the
surfaces with micropillars can be estimated by eq 3

θ θ θ= = +
+

⎡
⎣⎢

⎤
⎦⎥r

a H
a b

cos cos 1
4

( )
cosr

w 1 1

1 1
2

(3)

Where r is the roughness of the microstructures. a1, b1, and
H1 are the width, spacing and height of the micropillars,
respectively (see the schematic diagram in Supporting
Information, S8). θr

w and θ are the apparent contact angle at
Wenzel state and the intrinsic contact angle.
With the constant spacing and height of the micropillars, the

roughness (r) of micropillars with width of 5, 10, and 15 μm are
1.44, 1.50 and 1.48, respectively. When MSis surface with ∼10
μm pillars achieved the highest MCAs, MEAs and Ttrans (Figure
3d), these surfaces are the roughest, and their θr

w is the lowest.
However, the MCAs, MEAs, and Ttrans on ∼15 μm wide
micropillars were the lowest (Figure 3c), whereas their θr

w is not
the highest. Therefore, only the wettability of the surfaces could
not give a complete understanding on the influence of chemical
compounds and micro/nano rough structures on the in site
wetting transition process.
As known, after the droplet processes a partial wetting state

(Wenzel−Cassie intermediate), only when the vapor mattress is
thick enough does the droplet block the vapor mattress and
bounce from the surface and the droplet does not wet the
surfaces at all (Cassie state) (Figure 6E). In fact, the contact
states of the droplets on the heated surfaces play an important
role on the wetting transition processes.45 The scheme of the
possible contact state is illustrated in Figure 6F. The liquid−
vapor interface is concave outward on the unmodified rough
surface, and the surface tension acts in the same direction as
gravity for a hydrophilic surface. The local wetting force acting
around each pillar can be calculated by fw = πa1γLV. Therefore,
the global average wetting force, FW, acting on the droplet as a
resistance force of droplet recoil can be calculated using eq 4

π
π γ θ=

+

⎛
⎝⎜

⎞
⎠⎟F

R
a b

a
( )

cosw
base
2

1 1
2 1 LV

(4)

Where ((πRbase
2 )/(a1 + b1)

2) accounts for the number of
pillars in contact with the droplet base area (i.e., πRbase

2 =
MCA), and γLV is the interfacial liquid−vapor surface tension of
water at 100 °C. The high-pressure vapor mattress beneath the
droplet provides the nonwetting force. Only if the vapor
mattress beneath the droplet is high enough, (i.e., Pvap > Plip >
Pamb), the droplets rebound. Therefore, on the superhydrophilic
surfaces, the combination of the larger contact area (MCA) of

the droplets and the lowest (a1/(a1 + b1)
2) of micropillars

(which agree well with the Wenzel state formulation eq 3), is
always accompanied by the highest Ttrans. Besides, the MCA will
increases with the decrease of static contact angle below the
wetting limit temperatures.46

If decrease a1 and b1 decrease to nanoscale, Fw will increase
sharply. Thus, the MCAs, MEAs and Ttrans rose significantly. If
the nanowire arrays were constructed on the MSis surface (i.e.,
MNSis surface), it was found that the larger the nanowire array
areas, the more the MCAs and MEAs were improved. However,
Ttrans could not increase markedly because the Fw was
dominated by microscaled structure.
On the FAS-modified rough surface at room temperature,

the rough structures cannot be completely wetted by the liquid.
In turn, there is an air mattress trapped between the surface and
the liquidthe droplet is at a Cassie state (Figure 6a). If the
surface is heated, the vapor bubbles can generate at limit
contact area, and then they pin the contact area. The tiny vapor
bubbles cannot coalesce with the air mattress, and the liquid
droplets stand on the surface at a Wenzel−Cassie intermediate
state (Figure 6b). With increasing surface temperature, the
pinned vapor bubbles grow in site, and they will coalesce with
the trapped air layer to form a mixture mattress when the three
contact phase lines (TPCL) moves up (Figure 6c, d). When the
TPCL move to the top of the rough structures, the pinned
vapor bubbles on the top coalesce with the gas mixture mattress
to form a continuous gas layer. The mixture gas mattress
prevents contact between the liquid and the surface, and the
droplet rebounds from the surface (Figure 6e). For a typical
superhydrophobic surface, the curvature of the liquid−vapor
interface is concave inward counteracting wetting, as schemati-
cally shown in Figure 6f. The surface tension acts in the
opposite direction as gravity for a hydrophobic surface. The FW
acting on the droplet will be a nonwetting force for the droplet
rebound. The Ttrans on structured surfaces is much lower than
that on the FAS-SSis.
On the superhydrophobic surfaces with micropillars, the

Ttrans reach the lowest value when the (a1/(a1 + b1)
2) is the

smallest.
Although nanowires could provide more nucleation cites for

vapor bubbles and possess larger Fw, the vapor bubbles adhered
on the tips of the nanowires, and could not form continuous
vapor layers if the surface temperature was not high enough.
The spaces between the microstructures were more useful at

entrapping air to form a thick air layer. The water CA on the
FAS-modified surfaces with micropillars can be estimated by eq
5.

θ θ= + −Acos (1 cos ) 1r
c

1 (5)

where

=
+

A
b a

1
( / 1)1

1 1
2

a1 and b1 are the width and spacing of the micropillars,
respectively. θr

c and θ are the apparent contact angle at Cassie
state and the intrinsic contact angle.
It can be found that the θr

c will reach the largest value when
the a1 is the lowest. Thus, the microstructures best reduced the
Ttrans when the micropillars are ∼5 μm wide.
If the micro/nano hierarchical structures were constructed,

the θr
c will reach 180° and the gas layer could be form at very

low temperatures. Thus, on the FAS-MNSis surfaces, we found
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that the MCAs are reduced with increasing surface temperature
and the MEAs were always zero.

4. CONCLUSION
We studied the wetting behavior of liquid droplets on four
kinds of micro- and nanostructured surfaces with different
chemical components. Parameters of interest include the
MCAs, the MEAs and the Ttrans. Experimental results
demonstrate that both the MCAs and MEAs decreased with
increasing surface temperature. When the MEAs drop to zero at
a critical temperature (Ttrans), the droplets rebound from the
heated surfaces. The chemical compounds and rough surface
structures are crucial to the droplets’ wetting transition
behaviors. When the droplets impact the unmodified surfaces,
microstructures increase the MCAs, MEAs and Ttrans. The
MCAs are especially increased more at high temperatures close
to Ttrans. However, the microstructures are less effective at
increasing MEAs and Ttrans than nanostructures. After FAS-
modification, both the nano and microstructures reduce the
Ttrans. On the FAS-MNSis surfaces, the MEAs were always zero,
i.e., the droplets rebounded at room temperature and the
wetting transition did not take place.
The two proposed mechanisms of wetting at high temper-

ature explain the transition phenomena well. The liquid−vapor
interface is concave outward on the unmodified rough surface
making the surface tension act resistant force during dewetting
process while it is concave inward on the FAS-modified rough
surface making the surface tension act driving force. The high-
pressure vapor cushion beneath the droplet are essential for the
wetting transition behaviors on the surfaces before FAS-
modification, while the trapped air mattress is the most
important factor after FAS-modification. This high-temperature
wetting transition could be potentially valuable in industrial
applications including improving heat transfer efficiency during
spray cooling, the material choice in liquid−solid systems
working at nonambient temperatures, and high duty
lubrication.
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