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ABSTRACT: Ice accumulation on cold surfaces is a common and serious phenomenon that exists in numerous industrial fields,
such as power transmission, wind turbines, and aircraft. Despite recent efforts in mitigating ice accumulation on the cold surface, it
remains a challenge to achieve robust anti-icing on the cold surface in terms of nanofluid droplet. Here, we report a rigid
superhydrophobic Cu surface and an elastic polydimethylsiloxane (PDMS) superhydrophobic surface to enhance water-repellency
performance, characterized by a significant reduction in contact time and a decrease in the spreading ratio. As for the rigid
superhydrophobic Cu surface, the underlying mechanism is ascribed to the existence of stable air cushions between the micropillar
array, which reduce the contact area and further suppress the heat conduction. As for the elastic PDMS superhydrophobic surface,
the rapid detachment of the nanofluid droplet relies on superior surface elasticity, which can further suppress the nanofluid droplet
splashing at a high impacting velocity. We believe that this work can provide a new view for the improvement of water-repellency for
a wide range of applications.

1. INTRODUCTION much attention has been paid to develop surfaces with anti-
Ice accumulation on cold surfaces presents a serious hazard in icing properties to reduce ice adhesion.

numerous industrial fields such as power transmission, wind Foremost among these studies to reduce ice adhesion is the
turbines, and aircraft."™ The occurrence of ice accretion on utilization of a superhydrophobic surface because of the ice-
the windward surface of the aircraft not only affects the repellent property and the high nucleation barrier in a limited
aerodynamic performance but also damages the safety of the range.'” " It should be noted that the superhydrophobic
aircraft."”” Therefore, it is of great practical importance to surface is not always effective for anti-icing due to the

develop an effective and reliable method to reduce ice
accumulation. As such, numerous strategies have been
proposed to mitigate ice accumulation on the cold surface.
One research strategy is to remove ice through external stimuli
such as electric,”” thermal,®™'® chemical,'’ and pneu-
matics.'>"® However, this method of alleviating ice accumu-
lation is energy-consuming and inefficient. The other research
strategy is to suppress ice formation by reducing ice
adhesion,"*™'® which is considered as the most effective way
because it does not require any external energy. To this end,

increased substrate-ice interfacial area and enhanced ice
. .. 22
adhesion strength once the ice is formed on the surface.”” It
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Figure 1. (a) Schematic drawing of the fabrication process of the rigid superhydrophobic Cu surface. (b) Schematic drawing of the fabrication

process of the elastic PDMS superhydrophobic surface.

is reported that the superhydrophobic surface with hierarchical
micro/nanostructures can reduce ice adhesion and delay ice
formation by reducing contact area and suppressing heat
conduction from the nanofluid droplet to the cold surface.*~>*
For example, a superhydrophobic surface with a hierarchical
structure shows robust water and ice repellency at low
temperatures (—20 °C) for three months.”® The icephobicity
and superhydrophobicity of the hierarchically structured
surfaces were superior to those of the single-structured
surface.”” The low adhesion was measured on the super-
hydrophobic surface due to the presence of stable air cushion
compared to the smooth surface.”® It is possible that
hierarchically structured surfaces direct the rolling of the
droplet because of their high vapor-to-solid ratios.””*° In
addition to surface structure, surface stiffness is found to be
another key factor that can enhance superhydrophobicity and
reduce ice adhesion under dynamic conditions.*' ~** There is a
broad palette of surfaces in nature and technology that is
characterized by some degree of elasticity, i.e. leaves,
construction materials, textiles>* efc. Extensive work has
been done to prove that contact time reduction and heat
conduction suppression can be achieved on a cold elastic
surface.**°

Nanofluid, an emerging material of heat transfer medium, is
a kind of suspension of nanoparticles such as Al,O5, TiO,, and
CuO in a base fluid.””** Owing to the excellent heat transfer
rate and the enhanced thermal conductivity, nanofluid has
made substantial research progress in thermal applications like
air conditioning, solar panels, and heat exchangers.”’40 For
instance, a water-based Al,O; nanofluid was suggested for
improving the thermal performance of solar thermal collectors
at low temperatures.*’ Unfortunately, most of them which
utilize the nanofluid as the work fluid will lose the enhanced
thermal performance when in a subzero degree condition. The
reason for losing thermal performance is that the nanofluid
would freeze at a subzero temperature. Accordingly, it is still a
great challenge for rigid or elastic superhydrophobic surfaces to
achieve anti-icing/deicing performance in terms of the
nanofluid droplet, which is essential to understand the

feasibility of implementing nanofluids for phase change
enhancement.

Herein, we developed a rigid superhydrophobic Cu surface
and an elastic polydimethylsiloxane (PDMS) superhydropho-
bic surface to reduce the contact time and achieve water-
repellency. The hierarchical micro/nanostructure of the
micropillar array on the rigid superhydrophobic Cu surface
induces stable air cushions underneath the nanofluid droplet.
The air cushions between the nanofluid droplet and the cold
superhydrophobic Cu surface reduce the contact area and
further suppress the heat conduction. In addition, owing to the
superior surface elasticity, the elastic PDMS superhydrophobic
surface motivates the rapid detachment of the nanofluid
droplet. Compared to the rigid superhydrophobic Cu surface,
the introduction of surface elasticity effectively reduces the
contact time and suppresses nanofluid droplet splashing. The
underlying mechanism is explored based on the heat transfer
and the energy conversion during the impacting process.
Moreover, the influence of the nanofluid droplet impact
velocity on the cold rigid and elastic superhydrophobic
surfaces is quantitatively analyzed. Note that all of the
impacting nanofluid droplets on the cold rigid super-
hydrophobic Cu surface or on the cold elastic PDMS
superhydrophobic surface can rebound off the surface without
ice crystal formation, which validates the water-repellency of
the as-fabricated surface in this work.

2. EXPERIMENTAL SECTION

2.1. Materials. AL,O; nanoparticles (diameter of 10—15
nm) were purchased from Shanghai Chaowei Nano Technol-
ogy Co. Ltd., China. Na;PO,-12H,0 was supplied by Shanghai
Macklin Biochemical Co. Ltd., China. NaClO, was obtained
from Shanghai Aladdin Biochemical Technology Co. Ltd.,
China. 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane was pro-
vided from Alfa Aisha Chemical Co. Ltd.,, China. Poly-
dimethylsiloxane (PDMS) prepolymer (Sylgard 184) and
curing agent were purchased from Dow Corning. All of the
chemicals were used as received. Poly(methyl methacrylate)
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(PMMA) was provided from a local store. The copper foils
were purchased from a local market.

2.2. Fabrication of Al,0; Nanofluid. The Al,O,
nanoparticles (diameter of 10—15 nm) of 0.05, 0.10, and
0.15 g were weighed using an electronic balance. The nanofluid
with three different concentrations of 0.5, 1, and 1.5 wt % was
successfully synthesized by dispersing the Al,O; nanoparticles
with different weights in 10 mL of pure water, respectively. In
order to avoid settling, the mixtures were ultrasonically
vibrated for 30 min before use.

2.3. Fabrication of Rigid Superhydrophobic Cu
Surface. We fabricated the rigid superhydrophobic Cu surface
via a combined laser-ablation and wet chemical etching
method (Figure 1a). Copper foils (20 X 20 X 1 mm) were
first polished by using sandpaper sheets of grit size 180, 320,
600, 1000, 1500, and 2000, sequentially. The polished copper
foils were cleaned with ethanol, isopropyl alcohol, and
deionized (DI) water under ultrasonic treatment for 30 min.
Then, an array of square patterns with spacing of 100 um, 125
um, and 150 pm was selectively inscribed on the copper
substrates using a commercial fiber laser-engraving system
(PLS6MW, Universal Laser Systems, Inc., Scottsdale, AZ; 40
W, laser wavelength = 1.06 um, laser beam diameter = 0.001
in) at a laser power of 28 W, speed of 0.1788 m/s, and
frequency of 30 kHz. Excess copper particles were observed on
the samples with 2 M HCI aqueous solution and DI water.
After that, to obtain nanostructures of samples, the copper
surfaces with micropillars array were immersed in a hot alkaline
solution (95 + 5 °C) for 30 min which was composed of
NaClO,, NaOH, Na;P0O,412H,0, and DI water
(3.75:5:10:100 wt %), followed by being washed with DI
water. Furthermore, to render the surfaces superhydropho-
bicity, the samples were immersed in a 1 mM n-hexane
solution of 1H,1H,2H,2H-perfluorooctyl-trichlorosilane for 30
min and then heated at ~150 °C for 1 h. In this work, three
sets of rigid hierarchical micro/nanostructured superhydro-
phobic Cu surfaces with pillar edge-to-edge spacing of 100 ym
(MN100), 125 um (MN125), and 150 pm (MN150) were
successfully fabricated (Figure S1 and Table S1, Supporting
Information). For comparison, the nanostructured (N)
superhydrophobic Cu surface without the existence of the
micropillars array was also prepared by using the chemical
etching technology as mentioned above.

2.4. Fabrication of Elastic PDMS Superhydrophobic
Surface. We constructed the elastic PDMS surface based on
spin-coating technology (Figure 1b). The PDMS prepolymer
and curing agent were first mixed in a weight ratio of 30:1 and
degassed in a vacuum chamber for 1 h. The PDMS solution
was then rotated on a poly(methyl methacrylate) (PMMA)
substrate by spin-coating to get a thin layer. After the thin layer
of PDMS solution was cured at 80 °C for 4 h, the PDMS
elastic surface was successfully fabricated by being carefully
peeled off the PMMA substrate. The length [ and the width w
of the PDMS elastic surface are 16 mm and 8 mm, respectively.
The thickness h of the PDMS elastic surface can be adjusted by
the duration and speed of the spin coating process. Finally, in
order to induce low surface energy of the PDMS elastic
surface, the laser raster-scanning process was employed to
gently ablate the superficial layer of the PDMS elastic surface at
a laser power of 20 W, speed of 2.54 m/s, and frequency of 30
kHz. In this work, two sets of PDMS elastic surfaces with

stiffness k (k= 2%EL) of ~0.65 N/m (h ~ 0.5 mm, denoted as

l3

PM1) and k of ~5.21 N/m (h ~ 1 mm, denoted as PM2) were
fabricated, where E is the elastic modulus (E &~ 0.67 MPa) and

3
I(I= %) is the area moment of inertia.

2.5. Characterization. The morphologies of hierarchical
micro/nanostructured superhydrophobic Cu surfaces and
elastic PDMS superhydrophobic surfaces were observed by
scanning electron microscopy (SEM, FEI Quant 2S0FEG).
The larger 3D structures of the samples were observed by
using a digital microscope (Keyence/VHX-6000, VH-Z100R
wide-range zoom lens). The static contact angles and contact
angle hysteresis were measured with a Rame-Hart goniometer
(model 290-Ul). Droplets of ~10 yL volume were gently
deposited on the samples. The static contact angles were
measured using goniometer optics. The value of contact angle
hysteresis was calculated by measuring the advancing and
receding angles via adding and removing liquid from a droplet
deposited on the surface. The difference between the
advancing angle and the receding angle was defined as the
value of the contact angle hysteresis. To ensure the
repeatability of the results, all experiments were repeated
three times at different locations on each sample.

2.6. Visualization Experimental Setup of Nanofluid
Droplet Impacting Process. During the experiment, the
ambient temperature is 25 + 1 °C and the relative humidity is
S5 + 5%. The visualization experiment of nanofluid droplet
impact was carried out on a sealed PMMA chamber. To avoid
condensation and frost formation, dry nitrogen was constantly
filled into the sealed PMMA chamber. The relative humidity of
the sealed chamber was recorded with a humidity sensor
(Testo 605i, Thermo-Hygrometer Smart Probe, German). The
relative humidity inside the sealed PMMA chamber was kept at
S + 0.5%. The ambient temperature inside the sealed PMMA
chamber was recorded by using a thermometer (LES06, deLi),
and it was maintained at 25 + 1 °C. Initially, the cold samples
were horizontally placed on the sealed PMMA chamber. For
comparison purposes, the nanofluid droplet impacting dynamic
was also conducted on the cold rigid PDMS superhydrophobic
surface (surface temperature ~ —S °C). The rigid PDMS
surface was simulated by placing a glass slide under a cold
elastic PDMS superhydrophobic surface. The temperature of
the hierarchical micro/nanostructured superhydrophobic Cu
surface, the temperature of the elastic PDMS superhydropho-
bic surface, and the temperature of the rigid PDMS
superhydrophobic surface were acquired by a thermocouple
temperature meter (AS887, Smart Sensor) and were all fixed at
—S °C in the experiment. A nanofluid droplet (nanoparticle
concentration ~1 wt %) with a diameter of ~2.6 mm formed
at the tip of a steel needle from a syringe pump (LSPO1—1A,
LongerPump) impacted the center of the sample due to the
gravitational force. The temperature of the nanofluid droplet
(25 + 1 °C) is constant with ambient temperature in the
sealed PMMA chamber. To vary the impact velocity, the
impact height of the nanofluid droplet was changed by
adjusting the distance between the needle and the sample. The
dynamic process of the droplet impingement was captured at
5000 fps by two high-speed cameras mounted horizontally
(v1212, Phantom) and vertically (Y4—S1, IDT).

The experimental platform of the nanofluid droplet
impacting elastic PDMS superhydrophobic surfaces was the
same as the platform of the nanofluid droplet impacting
hierarchical micro/nanostructured superhydrophobic Cu
surfaces apart from the cooling system. As for the nanofluid
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Figure 2. SEM images of (a) N superhydrophobic Cu surface, (b) MN100 superhydrophobic Cu surface, and (c) MN150 superhydrophobic Cu
surface, respectively. (d) Local DI water contact angle and local nanofluid contact angle on the N, MN100, and MN150 superhydrophobic Cu
surfaces, respectively. SEM images of PDMS elastic surface (e) before laser ablation and (f) after laser ablation. (g) The local DI water contact
angle on the elastic PDMS surface before laser ablation, DI water contact angle after laser ablation, and nanofluid contact angle after ablation,

respectively.

droplet impacting on the hierarchical micro/nanostructured
superhydrophobic Cu surfaces, the hierarchical micro/nano-
structured superhydrophobic Cu surfaces were directly placed
at a cooling stage (Cole-Parmer Standard Benchtop Chilling
Block) and the sample temperature was kept at —S5 °C. As for
the nanofluid droplet impacting on elastic PDMS super-
hydrophobic surfaces, the elastic PDMS superhydrophobic
surfaces which were supported by fixing both ends on the
mountings were hung on the cold side of the semiconductor
cooler (XH-C1206, SINHEA ELECTRON). The temperature
of the elastic PDMS superhydrophobic surfaces was main-
tained at —S °C. The temperature (—30 °C) of the cold side of
the semiconductor cooler was controlled by the DC regulated
power supply. The temperature (—10 °C) of the heat side of
the semiconductor cooler was cooled by the cooling stage
(Cole-Parmer Standard Benchtop Chilling Block).

2.7. Statistical Analysis. The droplet dynamics were
analyzed with Phantom v1212 (Vision Research, USA) and
Image] (National Institutes of Health, USA) software.
Statistical analysis was done by using Origin 8.0 (Origin-Lab
Corporation, USA) software, and all results were reported as
means =+ standard deviation. In all the statistical analyses, the
differences between multiple groups were analyzed using the
one-way analysis of variance (ANOVA), and the values of p <
0.05 were considered as statistically significant.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of the Rigid
and Elastic Superhydrophobic Surface. We fabricated a

rigid superhydrophobic Cu surface via a combined laser-
ablation and wet chemical etching method (Figure 1a), and we
constructed an elastic PDMS surface based on spin-coating
technology (Figure 1b). In this work, three sets of rigid
hierarchical micro/nanostructured superhydrophobic Cu
surfaces with pillar edge-to-edge spacing of 100 um
(MN100), 125 pym (MN125), and 150 pm (MN150) were
successfully fabricated, respectively (Figure S1 and Table S1,
Supporting Information). For comparison, the nanostructured
(N) superhydrophobic Cu surface without the existence of the
micropillar array was also prepared. Meanwhile, two sets of
PDMS elastic surfaces with stiffness k of ~0.65 N/m (h ~ 0.5
mm, denoted as PM1) and k of ~521 N/m (h ~ 1 mm,
denoted as PM2) were fabricated (see Experimental Section in
detail).

Figure 2a—c shows the scanning electron microscopy (SEM)
images of N, MN100, and MN150 Cu surfaces, respectively.
After chemical etching treatment, the N, MN100, and MN150
Cu surfaces were all covered with a layer of CuO sheets, giving
the surface a rough nanostructure (Figure 2a). The SEM
images of the MN100 surface and MN150 surface exhibit a
uniform tapered micropillar array with edge-to-edge spacing of
100 and 150 pm, respectively (Figure 2b). As can be seen from
the top-view image in Figure 2¢, the micropillar array of
MN150 has a height larger than 200 um. After a silanization
treatment, the N, MN100, and MN150 Cu surfaces are
superhydrophobic. The static contact angle and contact angle
hysteresis of a DI water droplet or a nanofluid droplet
(nanoparticle concentration ~1 wt %) on the N, MN100, and
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Figure 3. Selected snapshots of (a) a nanofluid droplet and (b) a DI water droplet impacting the cold MN100 superhydrophobic Cu surface (—$

°C) at a velocity of 1.4 m/s.
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Figure 4. Selected snapshots of (a) a nanofluid droplet and (b) a DI water droplet impacting the cold elastic PM1 superhydrophobic surface (—$

°C) at a velocity of 1.4 m/s.

MN150 surfaces is ~160° and ~2°, respectively (Figure 2d).
Moreover, air trapping can be seen at the solid—vapor
interfaces of MN100 and MN150 surfaces. The high static
contact angle and the low contact angle hysteresis of the

samples, as well as the existence of an air-trapping
phenomenon, confirm the Cassie—Baxter wetting state of
MN100 and MN150 surfaces. Besides, SEM images of the
elastic PDMS surfaces before and after laser ablation can be

22007 https://doi.org/10.1021/acsomega.3c10409
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Figure 5. (a) Selected snapshots of a nanofluid droplet impacting the cold N superhydrophobic Cu surface (=5 °C) at a velocity of 1.4 m/s. (b)
Selected snapshots of a nanofluid droplet impacting the cold MN125 superhydrophobic Cu surface (—5 °C) at a velocity of 1.4 m/s. (c) Selected
snapshots of a nanofluid droplet impacting the cold MN150 superhydrophobic Cu surface (—5 °C) at a velocity of 1.4 m/s. (d) Comparison of
spreading ratio D,,,./D, of the nanofluid droplet and the DI water droplet on the cold N, MN100, MN125, and MN150 superhydrophobic Cu
surfaces (—5 °C) at a velocity of 1.4 m/s. (e) Schematic illustration of heat transfer from the nanofluid droplet to the cold Cu superhydrophobic
surface. (f) Contact time of the nanofluid droplet and the DI water droplet on the cold N, MN100, MN125, and MN150 superhydrophobic Cu

surfaces (—5 °C) at a velocity of 1.4 m/s.

seen in Figure 2e,f. The pristine elastic PDMS surface is almost
smooth without rough structures before laser ablation, while
after laser ablation, the elastic PDMS surface is covered with
microparticles. The existence of microparticles endows the
surface with superhydrophobicity. The static contact angle of a
DI water/nanofluid droplet (nanoparticle concentration ~1 wt
%) on the elastic PDMS surface increases from 120° to 160°
after laser ablation (Figure 2g).

3.2. Dynamic Process of the Nanofluid Droplet
Impacting on the Cold Rigid and Elastic Super-
hydrophobic Surfaces. Figure 3 shows the impacting
dynamics of a nanofluid droplet on the cold MN100 Cu
superhydrophobic surface with an impacting velocity of 1.4 m/
s (Figure S2, Supporting Information). The effect of the
nanoparticle concentration of nanofluid droplets on impact
dynamics is shown in Figure S3 and Figure S4 (Section S,
Supporting Information). Upon touching the surface, the
nanofluid droplet spreads to its maximum diameter D, at 4.4
ms in an approaching circle shape (see the top-view image in

Figure 3). Here, D, = D> + D,?, where Dj is the maximum
lateral diameter of the droplet and D, is the maximum vertical
diameter of the droplet. The circle shape of the nanofluid
droplet is surrounded by an edge bump, which is attributed to
a synergy of the surface tension and surface wettability. Then
the nanofluid droplet retracts at 9.6 ms and completely
bounces off of the cold MN100 superhydrophobic surface at

16 ms. After the nanofluid droplet bounces off the cold surface,
there is no residue of tiny droplets left on the surface,
demonstrating the superior superhydrophobicity of the
MN100 surface. The comparison of DI water droplet
impacting dynamics on the cold MN100 Cu superhydrophobic
surface with an impacting velocity of 1.4 m/s is illustrated in
Figure 3b. It can be seen that the DI water droplet exhibits
similar impacting behavior. The DI water droplet reaches its
maximum spreading diameter D,,,, at 3.8 ms, which is earlier
than that of the nanofluid droplet. Besides, the detaching time
of the DI water droplet is ~13.8 ms, which is shorter than that
of the impacting nanofluid droplet on the cold MN100
superhydrophobic surface.

Nanofluid droplet impact dynamics is also strongly affected
by the surface stiffness k. Figure 4 exhibits the selective
snapshots of a nanofluid droplet at the velocity of 1.4 m/s
impacting the cold elastic PM1 superhydrophobic surface.
Differing from the dynamic impacting process of the nanofluid
droplet on the cold MN100 superhydrophobic Cu surface, the
impacting nanofluid droplet on the cold elastic PDMS surface
is accompanied by surface elastic deformation. When the
nanofluid droplet spreads on the cold elastic surface at 3.6 ms,
a downward movement of the elastic surface is simultaneously
induced by the elastic surface deformation. Accordingly, before
the nanofluid droplet fully spreads on the cold elastic surface,
an upward movement of the elastic surface is triggered. After
that, the nanofluid droplet bounces off the surface at 12.6 ms
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Figure 6. (a) Simulations of the dynamic process of a nanofluid droplet impacting the cold MN200 superhydrophobic Cu surface (—5 °C) at a
velocity of 1.4 m/s. (b) Simulations of the dynamic process of a nanofluid droplet impacting the cold N superhydrophobic Cu surface (=5 °C) at a
velocity of 1.4 m/s. (c) Simulations of the temperature distribution on the cold MN200 superhydrophobic Cu surface at the moment when the
nanofluid droplet reaches its maximum spreading ratio. (d) Simulations of the temperature distribution on the cold N superhydrophobic Cu surface
at the moment when the nanofluid droplet reaches its maximum spreading ratio.

before fully recoiling. Similarly, a DI water droplet at a velocity
of 1.4 mm/s impacting the cold elastic PM1 superhydrophobic
surface is shown in Figure 4b. The spreading diameter D,,, of
the DI water droplet is smaller than that of the nanofluid
droplet within the same time interval at 3.6 ms, leading to a
shorter contact time of the DI water droplet (~11.2 ms) under
the same experimental conditions.

3.3. Mechanism of the Nanofluid Droplet Impacting
on the Cold Rigid Superhydrophobic Surface. To
elucidate the mechanism of the nanofluid droplet impacting
the cold rigid superhydrophobic Cu surface, we investigate the
influence of micropillar edge-to-edge spacing on the nanofluid
droplet impacting dynamics. Figure Sa—c shows the selected
snapshots of a nanofluid droplet impacting on the cold N
(without micropillar array), MN125, and MN150 surfaces at a
velocity of 1.4 m/s. During the impacting process, the
nanofluid droplet on the cold N and the cold MN Cu surfaces
displays different spreading behaviors, which are quantified by
using the spreading ratio D,,/D, (see the inset image in
Figure Sd). It can be seen that the spreading ratio D,,,./D, of
the impinging nanofluid droplet on the cold N surface (~2.9)
is much larger than the nanofluid droplet on the cold MN
surfaces.

The manifestation of the large spreading ratio D, /D, of
the nanofluid droplet on the cold N surface is due to the lack
of micropillars, which would further prolong the contact time
on the N surface. When a nanofluid droplet impacts the cold
MN surfaces, the air cushions between the micropillar array
reduce the contact area between the nanofluid droplet and the
cold surfaces, resulting in a small spreading ratio D,,/D.
Notably, the smallest spreading ratio D,,,/D, of nanofluid
droplets is ~2.6, which appears on the cold MN150 surface.
For comparison, the spreading ratio D,,/D, of DI water
droplets on the cold N, MN12S, and MN150 surfaces with a
velocity of 1.4 m/s is also displayed in Figure 5d. It can be seen
that the spreading ratio D,,,,/D, of the DI water droplet on the
MN150 surface (with a micropillar array) is significantly

smaller than that of the DI water droplet on the N surface
(without micropillars array). However, the spreading ratio
D,..x/ Dy of the DI water droplet is much smaller than that of
the nanofluid droplet on the same surface, which is due to the
difference in heat transfer between the DI water droplet and
the nanofluid droplet on the cold surface.

For a better understanding of the heat transfer process of the
nanofluid droplet on the cold superhydrophobic Cu surface,
we establish a heat transfer model that links the heat
conduction from the nanofluid droplet to the cold rigid
superhydrophobic Cu surface. As is depicted in Figure Se, by
ignoring the influence of heat conduction from air to the
nanofluid droplet and heat irradiation from the nanofluid
droplet to the cold surface, the value of heat conduction can be
expressed as

AT
Q= k= (1)

where k is the thermal conductivity between the droplet and
the cold micro/nanostructured superhydrophobic Cu surface,
A is the contact area of the droplet on the cold surface, AT is
the temperature difference between the nanofluid droplet and
the cold rigid Cu surface, and ¢ is the thickness of thermal
conduction layer between the nanofluid droplet and the cold
rigid superhydrophobic Cu surface.

Apparently, the value of Q is highly dependent on k and A.
The small contact area A (characterized by D,,,./D,) between
the nanofluid droplet and the cold surface would give rise to a
decreased Q. In terms of the impacting nanofluid droplet on
the cold N surface, it has the largest contact area A. Compared
with the nanofluid droplet on the cold N surface, the impacting
nanofluid droplet on the cold MN surface shows a smaller A.
The decrease in the contact area A results from the air pockets
trapped underneath the nanofluid droplets on the MN
surfaces, which is induced by the micropillar array with large
edge-to-edge spacing. It should be emphasized that, when in a
limited range, the larger the micropillars array edge-to-edge
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Figure 7. (a) Selected snapshots of a nanofluid droplet impacting on the cold elastic PM1 superhydrophobic surface (—5 °C) at a velocity of 1.4
m/s. (b) Selected snapshots of a nanofluid droplet impacting on the cold elastic PM2 superhydrophobic surface (=S °C) at a velocity of 1.4 m/s.
(c) Selected snapshots of a nanofluid droplet impacting on the cold rigid PDMS superhydrophobic surface (—$ °C) at a velocity of 1.4 m/s. (d)
Comparison of spreading ratio D,,,,/Dj of the nanofluid droplet and the DI water droplet on the cold elastic PDMS superhydrophobic surfaces (—5
°C) with various stiffness at a velocity of 1.4 m/s. (e) Contact time of the nanofluid droplet and the DI water droplet on the cold elastic PDMS
superhydrophobic surfaces (—5 °C) with various stiffness at a velocity of 1.4 m/s.

spacing of the MN surfaces is, the smaller A and the smaller Q
is. When the micropillar array spacing is larger than the limited
range, the Laplace pressure inside the microcavities decreases.
Therefore, the impacting nanofluid droplet might penetrate
inside the microvities, resulting in an increase in A% In this
work, the minimum value and the maximum value of heat
conduction Q appear on the cold MN150 Cu surface and on
the cold N Cu surface, respectively. In addition, in terms of a
DI water droplet impacting the cold superhydrophobic Cu
surface, the heat conduction Q between the DI water droplet
and the cold surface is much smaller than that of the nanofluid
droplet. This mainly relies on two factors: first, the heat
conductivity of the DI water droplet (~0.60 W/(m-K)) is
smaller than that of the nanofluid droplet (~0.65 W/(m-
K));**~* second, the DI water droplet owns a smaller contact
area A on the cold surface (Figure Sd). Furthermore, the
contact time of the nanofluid droplet is depicted in Figure Sf.
As shown, the contact time of the nanofluid droplet on the
cold MN surfaces is smaller than that of the nanofluid droplet
on the cold N Cu surface. For example, the contact time of the
nanofluid droplet on the cold N surface is ~18.0 ms, whereas

the contact time of the nanofluid droplet on the MNI12$
surface is ~15.9 ms. Besides, owing to the smaller heat
conduction Q between the DI water droplet and the cold
suprahydrophobic Cu surface, the contact time of the DI water
droplet is shorter than that of the nanofluid droplet under the
same experimental conditions.

As heat conduction plays a vital role in affecting the outcome
of the nanofluid droplet impacting dynamics, we further
demonstrate how the heat transfer rate influences the
impacting dynamics of the nanofluid droplet by using
numerical simulations.””*® We perform numerical simulation
of the nanofluid droplet (diameter = 0.5 mm, nanofluid droplet
temperature = 25 °C) impacting on the cold MN200 and cold
N superhydrophobic surfaces (surface temperature = —5 °C)
at an impacting velocity of 1.4 mm/s by using the Volume-of-
Fluid (VOF) method. The temperature distribution of the cold
surface upon the nanofluid droplet impact is calculated via the
Pressure-Implicit Splitting of Operators (PISO) algorithm.
Figure 6a,b shows the nanofluid spreading period from the
moment that the nanofluid droplet touches the surface to the
moment that the nanofluid droplet reaches the maximum
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spreading ratio. As shown, the simulated nanofluid droplet
spreads to its maximum diameter in an approaching circle
shape and is also surrounded by an edge bump, which is in
accordance with the experimental observation. Meanwhile, the
nanofluid droplet reaches its maximum spreading ratio on the
MN200 surface at 8.5 ms, which is earlier than the nanofluid
droplet on the N surface (~9.5 ms). The maximum spreading
ratio of the nanofluid droplet on the MN200 surface is ~1.8,
and the maximum spreading ratio of the nanofluid droplet on
the N surface is ~2.1.

The differences in impacting dynamics of the nanofluid
droplet on the cold MN200 and N surfaces are further
explained based on the heat transfer rate. Figure 6¢,d exhibits
the temperature distribution on the MN200 and N surfaces
when the nanofluid droplet reaches its maximum spreading
ratio. At the moment when the nanofluid droplet reaches its
maximum spreading ratio, there is a temperature rise both on
the MN 200 surface and N surface due to the heat transfer. A
higher surface temperature is ascribed to a larger heat transfer
rate of the nanofluid droplet to the cold surface. As for the
nanofluid droplet impact on the same surface, the heat transfer
rate of the impacting center and the heat transfer rate of the
rim of the lamella are different. As is depicted in Figure 6c, the
maximum surface temperature of the micropillar at the
impacting center on the MN200 surface is ~21.5 °C, and
the maximum surface temperature of the micropillar at the rim
of the lamella on the MN200 surface is ~12.8 °C. This means
the heat transfer rate at the impacting center is larger than that
at the rim of the lamella. Besides, the average temperature on
the MN200 surface is ~17.2 °C, and the average temperature
on the N surface is ~23.3 °C. Accordingly, the heat transfer
rate of the nanofluid droplet on the N200 surface is larger than
that of the nanofluid droplet on the MN200 surface. With a
larger heat transfer rate, the nanofluid droplet is easier to
spread on the cold surface. Therefore, the spreading ratio of
the nanofluid droplet on the N surface is larger than that of the
nanofluid droplet on the MN200 surface.

3.4. Mechanism of the Nanofluid Droplet Impacting
on the Cold Elastic Superhydrophobic Surface. To better
understand the mechanism of nanofluid droplet impact on the
cold elastic PDMS superhydrophobic surfaces, we analyze the
energy conversion of the nanofluid droplet impacting process.
As is shown in Figure 7a, the impacting nanofluid droplet with
a velocity of 1.4 m/s on the cold elastic PMI1 super-
hydrophobic surface undergoes spreading, recoiling, and
rebounding stages. During the nanofluid droplet spreading
stage, a downward elastic deformation gradually increases on
the cold PDMS elastic surface. The maximum surface
deformation of the cold elastic surface occurs at the moment
that the nanofluid droplet reaches the maximum spreading
diameter D,,, (~3.6 ms). At this stage, the kinetic energy of
the nanofluid droplet is transformed into the surface energy of
the nanofluid droplet and the elastic energy of the cold elastic
surface and is dissipated by the adhesion energy between the
nanofluid droplet and the cold elastic surface. After that, the
nanofluid droplet begins to recoil, accompanied by the upward
movement of the cold elastic surface. The surface deformation
of the cold elastic surface is gradually decreased. During the
recoiling stage, the elastic energy of the surface is converted to
the kinetic energy of the nanofluid droplet. The superior
surface elasticity of the cold PDMS surface shortens the
contact time. After that, the nanofluid droplet rebounds off the
surface at 12.6 ms with no tiny residual droplets left.

When the nanofluid droplet impacts the cold elastic surface
with a higher k of 5.21 N/m at the same velocity (1.4 m/s), the
lessened surface elasticity leads to a small degree of surface
deformation (Figure 7b). Accordingly, the induced elastic
energy of the cold elastic PM2 superhydrophobic surface is
smaller than that of the cold elastic PM1 superhydrophobic
surface. During the nanofluid droplet spreading stage, most
proportion of the nanofluid droplet kinetic energy is
transformed into the surface energy of the nanofluid droplet.
The maximum spreading diameter D, of the nanofluid
droplet is larger compared to the condition when the nanofluid
droplet impacts the cold elastic PM1 superhydrophobic
surface. Meanwhile, the increased spreading diameter of the
nanofluid droplet enhances the heat conduction from the
nanofluid droplet to the cold elastic surface, inducing an
elevated adhesion energy. During the droplet rebounding
period, the decreased elastic energy and the elevated adhesion
energy lead to an increase in the contact time. The nanofluid
droplet completely detaches from the cold elastic PM2
superhydrophobic surface at 13.4 ms.

For comparison purposes, the nanofluid droplet impacting
the cold rigid PDMS superhydrophobic surface is also
investigated. As can be seen from Figure 7c, there is no
surface elastic deformation on the cold surface during the
nanofluid droplet spreading stage. The kinetic energy of the
nanofluid droplet is converted into the surface energy of the
nanofluid droplet and the adhesion energy. The surface energy
of the nanofluid droplet is larger than that of the nanofluid
droplet on the cold elastic surface. Besides, there is a small
droplet residue left on the cold rigid PDMS surface at 15.8 ms.
This might be ascribed to the increased heat conduction and
increased adhesion energy between the nanofluid droplet and
the cold rigid surface, whereas the nanofluid droplet can
completely detach from the cold elastic PM1 and PM2
superhydrophobic surfaces without residual droplet left, which
confirms that the introduction of surface elasticity can
significantly improve the water-repellency of the cold surface.

The nanofluid droplet impact dynamics on the cold elastic
PDMS surface are characterized by the spreading ratio D,,,./D,
and the contact time. As depicted in Figure 7d, the nanofluid
droplet on the cold rigid PDMS superhydrophobic surface
shows the largest spreading ratio D,,,,/D, of (~3.0), which is
comparable with the spreading ratio D,,,./D, of the nanofluid
droplet on the cold N surface (~2.9). With the increase of
surface elasticity, the nanofluid droplet spreading ratio D,,,./D,
decreases from ~2.8 (on the cold elastic PM2 super-
hydrophobic surface) to ~2.7 (on the cold elastic PM1
superhydrophobic surface). Moreover, surface elasticity
governs the contact time reduction, further accelerating the
nanofluid droplet to detach from the cold surface. As can be
seen in Figure 7e, the contact time of the nanofluid droplet on
the cold elastic PM2 superhydrophobic surface is 20% shorter
than that on the cold rigid PDMS superhydrophobic surface.
Compared with the nanofluid droplet on the cold MN125
(contact time ~15.9 ms), the nanofluid droplet on the cold
elastic PM1 superhydrophobic surface possesses the shortest
contact time (~12.6 ms), indicating that the surface elasticity
can effectively shorten the contact time of the nanofluid
droplet. Furthermore, the spreading ratio D,,,,/D, and contact
time of the DI water droplet are also shown in Figure 6e, which
are much smaller than those of the nanofluid droplet on the
cold elastic PDMS superhydrophobic surface under the same
experimental conditions.
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Figure 8. (a) Selected snapshots of a nanofluid droplet impacting on the cold MN100 superhydrophobic Cu surface (—S °C) at a velocity of 1 m/s.
(b) Selected snapshots of a nanofluid droplet impacting on the cold MN100 superhydrophobic Cu surface (—5 °C) at a velocity of 1.7 m/s. (c)
Spreading ratio D,,,,/Dj of the nanofluid droplet on the cold MN100 superhydrophobic Cu surface (—S °C) with the impacting velocity ranging
from 0.7 to 1.4 m/s. (e) Contact time of the nanofluid droplet on the cold MN100 superhydrophobic Cu surface (=5 °C) with the impacting

velocity ranging from 0.7 to 1.4 m/s.

3.5. Effect of the Nanofluid Droplet Impact Velocity
on the Cold Rigid and Elastic Superhydrophobic
Surfaces. Despite the surface structure and surface stiffness,
the impact velocity is also a key factor that influences the
impacting behavior of the nanofluid droplet. Figure 8 presents
the impacting process of a nanofluid droplet on the cold
MN100 superhydrophobic Cu surface at different impacting
velocities. As shown in Figure 8a, when the impacting velocity
is 1 m/s, the spreading nanofluid droplet is surrounded by an
edge bump. Then the nanofluid droplet detaches from the cold
MNI100 surface with an elongated shape at 14.4 ms. At a
higher impacting velocity of 1.7 m/s (Figure 8b), the nanofluid
droplet spreads and breaks into several tiny droplets from the
edge bump of the spreading circle at 10 ms (see the top view
snapshots in Figure 8b), owing to the elevated kinetic energy
of the nanofluid droplet. The number of tiny breakup
nanofluid droplets is increased with the increase of nanofluid
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droplet impacting velocity. During the nanofluid droplet
rebounding period, these tiny breakup droplets cannot detach
from the surface. As presented in Figure 8¢,d, the spreading
ratio D.,/D, of the nanofluid droplet on the cold rigid
superhydrophobic Cu surfaces shows a rising trend with the
increase of the impacting velocity, leading to an increased
contact time. The nanofluid droplet at an impacting velocity of
1.7 m/s on the cold N superhydrophobic surface exhibits the
largest spreading ratio D,,,,/Dy (~3.2) and the longest contact
time (~20.5 ms).

The impacting nanofluid droplet exhibits a contact time
reduction and a splash delay on the cold elastic PMI1
superhydrophobic surface when compared to the nanofluid
droplet on the cold rigid superhydrophobic Cu surface. As can
be seen in Figure 9a, at a velocity of 1 m/s, the contact time of
the nanofluid droplet is 14.8 ms, which is smaller than that of
the nanofluid droplet on the cold MN100 surface with the
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Figure 9. (a) Selected snapshots of a nanofluid droplet impacting on the cold elastic PM1 superhydrophobic surface (—S °C) at a velocity of 1 m/s.
(b) Selected snapshots of a nanofluid droplet impacting on the cold elastic PM1 superhydrophobic surface (—5 °C) at a velocity of 1.7 m/s. (c)
Spreading ratio D,,,,/Dj of the nanofluid droplet on the cold elastic PM1 and PM2 superhydrophobic surfaces (—5 °C) with the impacting velocity
ranging from 0.7 to 1.4 m/s. (e) Contact time of the nanofluid droplet on the cold elastic PM1 and PM2 superhydrophobic surfaces (—5 °C) with

the impact velocity ranging from 0.7 to 1.4 m/s.

same velocity. Further increasing the nanofluid droplet impact
velocity to 1.7 m/s (Figure 9b) significantly increases the
kinetic energy of the nanofluid droplet. When the nanofluid
droplet impacts on the cold elastic surface, the deformation
degree of the cold elastic surface is significantly increased,
leading to an increased surface elastic energy. The increased
surface elastic energy further accelerates the nanofluid droplet
to rebound off the cold elastic surface. Interestingly, even at the
high impact velocity, the entire nanofluid droplet can bounce
off the cold elastic surface without tiny droplets breaking.
Figure 9¢,d gives the spreading ratio D,,,,/D, and contact time
of the nanofluid droplet on the cold elastic PM1 and PM2
superhydrophobic surfaces with varied impacting velocities. It
can be seen that when the impact velocity rises from 0.7 to 1.7
m/s, the nanofluid droplet on the cold elastic surface shows a
significantly decreased contact time even with an increased
spreading ratio. For example, when on the cold elastic PM1

22013

superhydrophobic surface at a velocity of 1.7 m/s, the
nanofluid droplet shows the shortest contact time of ~9.8
ms, which is much less than that of the nanofluid droplet on
the cold rigid superhydrophobic surfaces. These results validate
that the introduction of surface elasticity can effectively reduce
the contact time and suppress nanofluid droplet splashing at a
high impacting velocity.

4. CONCLUSIONS

In summary, we developed a rigid superhydrophobic Cu
surface and an elastic PDMS superhydrophobic surface to repel
the impacting nanofluid droplet from the cold substrate. The
introduction of a hierarchically micro/nanostructured micro-
pillar array induces superior surface superhydrophobicity. The
trapped air pockets between the micropillar array trigger low
heat conduction between the nanofluid droplet and the cold
surface, further leading to the rapid detachment of the
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nanofluid droplet without ice crystal formation. With a larger
edge-to-edge spacing of micropillars array on the cold rigid
superhydrophobic Cu surface in a limited range, the smaller is
the spreading ratio D,,,,/D, and the smaller is the contact time
of the nanofluid droplet. Meanwhile, benefiting from the
surface elasticity of the cold PDMS elastic surface, the
nanofluid droplet can completely rebound off the cold surface
without tiny droplets left. With a lower surface stiffness (k ~
0.65 N/m), the increased degree of surface elastic deformation
induces an elevated elastic energy and decreased adhesion
energy, which further shortens the contact time. Furthermore,
at a higher impacting velocity, the nanofluid droplet on the
cold elastic surface shows a significantly reduced contact time
and the splash suppression, when compared to the nanofluid
droplet on the cold rigid superhydrophobic Cu surface. We
envision this work could provide potential for a wide range of
applications including anti-icing, deicing, and self-cleaning.
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