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Abstract: Superhydrophobic photothermal surface shows significant potential in the anti/de-icing field. In this work,

we focus on the photothermal anti/de-icing performances of superhydrophobic surfaces with various micropatterns. A

finite element simulation, coupling the wave optics and heat transfer models, is employed to illuminate the enhanced

photothermal efficiency achieved by the reasonable design of surface micro/nano-structures. The effects of

nanoparticle size, volume fraction, and coating thickness on the absorptivity and temperature rise of the photothermal

coatings are discussed in detail. Furthermore, two hierarchical textures, including micropillars and microcones, are

considered to expound the contribution of micro-scale structures on photothermal performances. Numerical results

show that the surface with hierarchical textures has a better absorption efficiency of long waves than the single-scale

surface, and the microcones topology presents the best photothermal efficiency. Moreover, the effects of geometric

micropattern parameters, e.g. characteristic length and aspect ratio, are also discussed in detail. The illumination and

ice melting test demonstrates the efficient anti/de-icing abilities of the superhydrophobic photothermal surfaces

prepared in this study. The temperature rise of the optimal structure in this work can reach 45 °C under the 1 sun

illumination. This work could shed new light on the design optimization of anti/de-icing materials.
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0 Introduction

Freezing on solid surfaces is a common natural
phenomenon, which may cause severe safety and
economic issues in numerous engineering fields,
e.g. aircraft, power transmission lines, cool equip-
ment, wind power generator, etc'"®’. Hence, signif-
icant efforts have been invested in designing active
and passive high-efficient anti/de-icing surfaces. Su-
perhydrophobic surfaces (SHSs) have received sig-
nificant attention thanks to their excellent water re-
pellency and potential icephobic characteristics'” .

Numerous studies have demonstrated that

Article ID: 1005-1120(2023)02-0137-11

SHSs could reduce the liquid-solid contact area and
the contact time, and contribute to high-efficiency
anti-icing for sessile and impinging drops in super-
cooled environments due to the micro/nanoscale
structures of the SHSs""*". In general, the preferen-
tial surface microstructure is regarded as a class of
hierarchical textures, including dual-scale and/or tri-
ple-scale micro/nanostructures. However, the hier-
archical structures can be easily damaged during the
ice detachment process, resulting in the decline of
hydrophobicity. In addition, once nucleation oc-
curs, SHSs would lose their anti-icing ability due to

ice accretion. Hence, fully passive anti-icing has not
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been realized, and the durable anti-icing surfaces
need to be further studied.

Compared with other active anti/de-icing tech-
nologies, e.g. electrothermal technologies, ultrason-
ic technologies, etc., the photothermal technology
uses sunlight without additional power input"”*".
Therefore, superhydrophobic photothermal surfaces
(SPSs) show significant potential in the anti/de-ic-
ing field. The combination of the photothermal ef-
fect and SHS can simultaneously achieve anti-icing
and de-icing abilities'***
the SHSs can absorb the incident light and trans-

. Under light conditions,

form it into heat energy, resulting in the tempera-
ture rise of the photothermal surfaces, which signifi-
cantly enhances the anti-icing effect of the superhy-

[27]

drophobic surface at low temperatures®”. Mean-
while, it is possible to spontaneously melt and de-
tach ice without damaging the microstructures under
the synergistic action of the photothermal effect and
superhydrophobicity.

Inspired by photothermal technology, scholars
have performed numerical and experimental studies
on the photothermal and anti/de-icing performances
of SPSs”*!. Wu et al.”" fabricated hierarchical
polydimethylsiloxane (PDMS)/reduced graphene
oxide film with high solar energy transfer efficiency
and all the frost and glaze could be removed within
300 s under sunlight. Chen et al."*”) produced a dura-
ble cauliflower-like micronano structured SHS,
and the surface exhibits a high absorption rate of
97.3% and a temperature rise of 48.5 °C under 1 sun
illumination for 300 s. Wang et al."*®*" employed a
multiphysics model that couples electromagnetics
and heat transfer to simulate the TiN absorbers us-
ing the COMSOL software to better understand the
light absorption and light-to-heat conversion mecha-

nisms. Wang et al.*”

adopted a finite difference
time domain (FDTD) simulation to illuminate that
Si0, nanospheres in superhydrophobic layers could
enhance the light absorption capacity and guide the
designing of SPSs.

In summary, many studies have demonstrated
that SPSs show significant potential in the anti/de-
icing field and focused on the light-to-heat conver-
sion mechanisms of the nanocoatings. As mentioned
above, the hydrophobicity of SHSs usually relies on

hierarchical structures, but the effects of the micro/

nanostructures on the light-to-heat conversion mech-
anisms have not been revealed sufficiently. To ob-
tain deeper insights, we investigate the photother-
mal performances of superhydrophobic surfaces with
various micropatterns and focus on the effects of mi-
crostructures on light absorption and light-to-heat
conversion mechanisms. First, we introduce the nu-
merical and experimental methods in brief. Second,
the photothermal properties of nanocoating are dis-
cussed in detail. Third, we focus on the effects of hi-
erarchical textures on the photothermal anti/de-icing
performances of SHSs and put forward the optimal

design of icephobic SPSs.
1 Theory and Method

1.1 Principles of light absorption and heat

transfer calculation

We employ COMSOIL Multiphysics software
to simulate the coupling of electromagnetics and
heat transfer and investigate the light absorption and
light-to-heat conversion mechanisms**’. The elec-
tromagnetic wave and heat transfer in solid and liq-
uid modules are used to represent the electric field
and thermal field. The electric field is obtained by
solving the time-independent electromagnetic wave
equation

VX(VXE)— kie.E=0 (1)
where E is the electric field; %, the free space wave-
number; e, the space- and wavelength-dependent rel-
ative permittivity of the material. The conversion of

optical energy to thermal energy can be described as
L aT
pCp?_V'(va): Q. (2)

where T is the temperature and 7 the time. p, C,,
and % are the density, the specific heat capacity, and
the thermal conductivity of the considered material,
respectively. The generated heat power Q. can be
obtained from

wey

Q=—"Im(e)|E| (3)

where w is the angular frequency of the incident
light; & the vacuum permittivity and Im (e,) the
imaginary part of the permittivity.

1.2 Preparation of superhydrophobic photo-

thermal coating

The superhydrophobic photothermal coating
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can be fabricated via three steps™. First, TiN
nanoparticles and PDMS in a certain ratio are added
into the ethyl acetate, and the miscible liquids
through ultrasonic agitation form a homogeneous so-
lution. Second, the obtained solution is sprayed uni-
formly onto the substrate using a spray gun. Third,
the samples are dried in a draught drying cabinet at
100 °C for 2 h. TiN nanoparticles are used here be-
cause of their excellent plasmonic properties and
photothermal response at visible and near infrared
(NIR) regions. The introduction of PDMS could
lock the heat transfer near the surface due to its low
thermal conductivity and reduce the surface energy

of the coating, i.e. render the surface hydrophobic.
1.3 Preparation of hierarchical SPSs

In this work, two kinds of microstructures, mi-
cropillars and microcones, are prepared to investi-
gate the photothermal performances on hierarchical
SHSs. We fabricate micropillars on silicon surfaces
using the standard photolithography technology and
etching of inductively coupled plasma (ICP)"*. The
microconed surface is fabricated by the ultrafast laser
ablation*. The hierarchical SPSs are obtained by
spraying the nanocoating on surfaces with micro-

structures and being dried in a drying chamber for 1 h.

1.4 Illumination, delaying icing and melting

ice tests

To investigate their photothermal anti-icing ca-
pability, the surfaces are illuminated with a light
source that simulates sunlight with light intensity
1sun = 0.1 W/cm’. The surface is irradiated with
simulated sunlight for 5 min to test intrinsic light-to-
heat conversion performance under sunlight. The
temperature curves and surface temperature distribu-
tion are recorded before and after illumination by a
thermal imager. The delaying icing test is also per-
formed. The water drops are placed on the prepared
surfaces whose temperature is ranged from 0 °C to
— 20 °C by a cold plate, and the delay time of nucle-
ation and icing time of drops on various surfaces are
recorded to verify the anti-icing performances of the
prepared coatings. Finally, the melting test of pre-
frozen ice on the surfaces is performed. The water
drops are placed on a cold plate and frozen. Then,
the surface is irradiated under the simulated sunlight
with light intensities of 0.5, 0.8, and 1 sun. The

melting test is conducted in a refrigerator, and the
ambient humidity and environment temperature are
20% and 0 °C, respectively. The melting processes

are recorded by a thermal imager and a camera.
2 Results and Discussion

2.1 Photothermal properties of nanocoatings

We focus on the photothermal performances of
nanocoatings with various particle types, sizes, and
volume fractions. The effects of nanoparticle type,
size, volume fraction, and coating thickness on the
absorptivity and temperature rise of the photother-
mal coatings are discussed in detail.

2.1.1 Computational models

Fig.1 shows the geometry and boundary condi-
tions of the photothermal performances of nanocoat-
ings. A plane electromagnetic wave, with a wave-
length range from 300—2 500 nm, vertically illu-
mines the substrate with a photothermal nanocoating
layer, through the air. The perfect-matched layers
(PMLs) are set at the top and bottom of the model to
eliminate the effects of boundary reflection. The peri-
odic boundary condition is imposed on the surround-
ing sides to simulate a nanocoating layer. The particle
diameter 1s d,, the spacing between two neighboring
particles is s,, and the nanocoating thickness ,. The

intensity of the incident light is 1 sun (0.1 W/cm?) ,

0,
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Fig.1 Modeled geometry and boundary conditions
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and the outside temperature is set as T, = 293 K. The 2.1.2 Light absorption and light-to-heat conver-

material parameters, including the optical and the sion
thermal parameters, are shownin Table 1. Figs.2(a, b) illustrate the distribution of elec-
tric field intensity and power dissipation density un-
Table 1 Optical and thermal parameters of the used ma- der different illumination wavelengths. It is ob-
terials served that the wavelength has a great influence on
Density/ Thermal con- Specific heat Refractive the dissipation of light waves inner the coating. The
Material (kgem™) ductivity/  capacity/ dex electric field intensity gradually decreases in the up-
—1 —1 . .
(WelmK) ) (J-(kg-K) 3) per layers of the coatings under high-frequency
Air 1.2 0.024 0.84X 10 1 .
TN 54X 10° 50 0.533% 10 Ref.[45] waves (A = 300 and 500 nm) , i.e. the photother-
PDMS 0.97%10° 0.16 0.796 % 10° 1.4 mal conversion process occurs. The distribution of
Al 2.7X10° 237 0.88X10° 1.67 electric power dissipation density also indicates that
Electric field intensity / Power dissipation density /
(10°V *m") : 1 (10" W+ m*)
1.2
5
1.0
4
0.8
3
0.6
2
0.4
1
0.2
0
300 nm 500 nm 800 nm 1 500 nm 2 500 nm 800 nm - 1500nm
(a) Distribution of electric field intensity when (b) Distribution of power dissipation density when
=300, 500, 800, 1 500, and 2 500 nm 4 =300, 500, 800, and 1 500 nm
1.0} o —s—Reflection 9F
g PN —*— Absorption ? gl
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(f) Temperature rise on the coating surface after
300 s under different wavelength conditions

Fig.2 Optical and light-to-heat conversion properties of the simulated coating model
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the top layer of the TiN nanoparticles actively ab-
sorbs the incident optical power under high-frequen-
cy waves.

Fig. 2 (b) shows the absorption and reflection
spectra of the simulated model. The absorption (A)
can be calculated by A = 1— T— R, where T and R
are the transmission and the reflection, respectively
(here T = 0)""*" It can be seen from Fig.2(c) that
the simulated coating is good at absorbing optical radi-
ation for short-wavelength waves (A > 50% when
A <1000 nm) but holds a terrible absorbing ability
for long-wavelength waves (A > 50% when A >1
000 nm). Besides, the corresponding curve of gener-
ated heat power is consistent with the absorption
curve, as shown in Fig.2(d), indicating that high light
absorption is an essential step for efficient photother-
mal conversion and further be used for anti/de-icing.

The temperature distribution inner the coating
layer and the temperature rise on the coating surface
after 300 s are shown in Figs.2(e) and (f), respec-
tively. Similarly, the temperature rise is also consis-
tent with the absorption rate, and the surface tem-
perature can be raised to 53 °C when the wavelength
A = 500 nm. In particular, the temperature increase
of the coating is not only related to the light absorp-
tion but also depends on the thermal properties of
the surrounding medium. Due to the adiabatic prop-
erties of the PDMS medium, the generated heat

power can be locked inner the coating layer, which
is helpful for anti/de-icing.
2.1.3 Effects of nanocoating parameters

In this part, we focus on the effects of nanocoat-
ing parameters on light absorption and light-to-heat
conversion, and the results could guide the design of
photothermal nanocoatings. Fig. 3 shows the absorp-
tion spectra and surface temperature statistics of
nanocoating models with various layer thicknesses d,
(Figs.3(a,b)), nanoparticle volume fractions (Figs.3
(c,d)), and nanoparticle diameters d, (Figs.3(e,f)).

Comparing Fig.3(a) with Fig.3(b) , we find
that although the absorption rate remains nearly con-
stant, the surface temperature increases with the
coating thickness. As mentioned above, the light-to-
heat conversion is not only related to light absorp-
tion but also to the heat transfer characteristics of
the surrounding medium. Due to the low thermal
conductivity of the PDMS medium, the increase in
coating thickness results in the excellent ability of
thermal isolation of the coating.

The proportion of nanoparticles in the coating
significantly affects light absorption and light-to-heat
conversion. In the visible spectrum, with the in-
crease in nanoparticle volume fraction, the surface

temperature rises at first and then tends to a stable
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Influences of nanocoating parameters on light absorption and surface temperature
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value. Fig.3(d) shows that the surface temperature
is almost the same when the volume fraction is 6%
and 30% for wavelength A = 300 and 500 nm.
However, for the long-wavelength band, increasing
the volume fraction of nanoparticles can effectively
improve the absorption rate and light-to-heat conver-
sion (Fig.3(d) when the wavelength A = 800 and 1
500 nm). Furthermore, we investigate the effects of
particle diameter on photothermal performances.
Comparing the three particle sizes used in the nu-
merical simulation (d, = 50, 70, and 100 nm) ,
one can find that the particle size has a slight influ-
ence on light absorption and light-to-heat conver-
sion. The smaller particle size shows slightly better

photothermal performances.

2.2 Photothermal properties of hierarchical

textures

2.2.1 Computational models

We consider two hierarchical structures, 1. e.
micropillars, and microcones, to investigate the ef-
fect of micropatterns on photothermal performanc-
es. Because of the increase in the physical model
size, a two-dimensional model is used to save com-
puting resources. Fig.4 shows the geometric mod-
els and boundary conditions of the two hierarchical
structures. Similar to the boundary conditions in
Fig.1, a plane electromagnetic wave, with a wave-
length range from 300—2 000 nm, vertically illu-
mines the substrate with hierarchical structures and

nanocoating. The PMLs are set at the top and bot-

N2
I+

Towa=T l Incident light
PML PML
Nanocoatings Air
Periodic Periodic
condition condition
5 By
D S2 D S/2
Al substrate Al substrate
PML PML
Tosae=To
(a) Microcone (b) Micropillar

Fig.4 Geometric models and boundary conditions of two hi-

erarchical structures: Microcone and Micropillar

tom of the model to eliminate the effects of bound-
ary reflection. The periodic boundary condition is
imposed on the surrounding sides to simulate mi-
crostructure arrays. The thickness of the nanocoat-
ings is set as 0.5pum, and the length and the
height of the microstructures are D and H, respec-
tively. The intensity of the incident light is 1 sun
(0.1 W/em?) , and the outside temperature is set
as T, = 293 K. The material parameters, includ-
ing optical and thermal parameters, are shown in
Table 1.
2.2.2 Effects of micro-pattern parameters

In this part, we discuss the influence of the geo-
metric parameters of the microstructures on the pho-
tothermal properties. Figs.5(a,b) show the absorp-
tion and reflection spectrograms of the involved two
models, respectively. The addition of hierarchical
structures can promote the light absorption of the
long-wavelength wave. Besides, the microcone
structure presents the best light absorption character-
istics.

The insets in Fig.5 show the distribution of

electric field intensity when A = 500 nm. The elec-
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Fig.5 Absorption and reflection spectrograms of the in-

volved two models: Microcone and Micropillar
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tromagnetic waves are confined to the gaps of the
microcone structures. Light absorption is mainly re-
lated to light capture and light limitation, when the
electromagnetic wave reaches the inside of the mi-
crostructures. The electromagnetic waves are con-
fined to resonating within the structure and are con-
sumed to generate heat power.

Fig.6(a) shows the influence of the character-
istic size of the micropillars on the light absorption
rate and temperature rise of the substrate for the
wavelength A = 500 nm. Here, we define the di-
mensionless parameter D/, representing the ratio
of microstructure characteristic length to wave-
length. With the increase of the dimensionless pa-
rameter D/A, the absorption and temperature rise
approach a constant value. When the microstructure
characteristic length is on the same order of magni-
tude as wavelength, the light absorption, and tem-
perature can reach the maximum value, which is
significantly meaningful for designing photothermal
surfaces. Fig.6 (b) shows the surface temperature

statics under different aspect ratios of the micro-

1.0 52
0.9f e
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o

.% 0.8F v

g 165

207

< a4
0.6 _a— Absorption dap
05l . . . . 40
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(a) Absorption and temperature rise as a function
of the defined dimensionless parameter D/

380} EEHD=05
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HID=
g 360
g 340
)
L
8
83201
E
w
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Wavelength / nm .
(b) Surface temperature statics under different aspect ratios

of the microcone

Fig.6 Influences of geometrical parameters on light absorp-
tion and light-to-heat conversion with the wavelength
A= 500 nm

cones for the wavelength A = 500 nm, and the sur-
face temperature increases with the aspect ratio of
the microcones. In other words, the rough struc-
tures help to capture and limit electromagnetic
waves and lead to higher absorption. This result
provides a guiding idea for designing efficient photo-

thermal surfaces.
2.3 Experimental results

Based on the simulation results in Section 2.1,
we prepare the photothermal coating and conduct
the illumination test on different substrates and the
ice melting experiment. Detailed experimental pro-
cedures have been introduced in Sections 1.3 and
1.4. The microscopic morphologies of superhydro-
phobic photothermal surfaces prepared in this study
are shown in Fig.7. The apparent contact angle and
the contact angle hysteresis on these substrates are
measured from water drops of 5 pl. using a standard
contact angle goniometer (JC2000CD1, POWE-
REACH) and shown in Table 2.

(a) Nanocoating (b) Micropillars (c) Microcones

Fig.7 SEM images of SPSs prepared in this study

Table 2 Wetting properties of SPSs in this study

Contact angle

Substrate Contact angle/(%) )
hysteresis/ (")
Smooth 150 £+ 3 9+ 0.5
Micropillar 149 + 3 12 £ 3.5
Microcone 158 + 4 7+2
2.3.1 TIllumination test

Three kinds of substrates, including a smooth
aluminum base, a silicon wafer with micropillars,
and an aluminum base with microcones, are selected
to conduct the illumination test. The intensity of the
incident light is 1 sun (0.1 W/cm?). Fig.8 shows the
surface temperature versus time (Fig.8(a)) and the
distribution of surface temperature (Fig.8(b)) of the
three substrates within 5 min at 1 sun incident light

at the room temperature. For the smooth aluminum
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5 min at 1 sun incident light

Fig.8 Photothermal properties of different substrates

substrate without microstructures, the surface tem-
perature can rise to 53 ‘C only relying on the nano-
coatings. For the micropillar structures, the photo-
thermal effect 1s slightly increased, and the surface
temperature can rise to 58 °C. In particular, the sur-
face temperature can reach 64 °‘C (the temperature
increase is about 45 ‘C) on the aluminum base with
microcones. The experimental results show that the
microcone structure has stronger light absorption
and photothermal conversion ability.
2.3.2 Delaying icing test

As described in Section 1.4, we also perform
the delaying icing test to verify the anti-icing perfor-
mances of the prepared surfaces. The delay time of
nucleation Z,, and icing time of drops #,, on vari-
ous surfaces are listed in Table 3. The delay time of
nucleation refers to the duration from cooling to nu-
cleation, and the icing time refers to the duration

during the freezing process.

Table 3 ¢,,, and t,, on various surfaces s
Parameter Smooth-Al Nanocoating Micropillar Microcone
Licnay 53 90 95 600
t; 6 51 48 50

g

Here, a smooth aluminum base is employed as
a contrastive surface to compare the delaying icing
effects of the prepared surfaces in this study. As
shown in Table 3, the surface with nanocoating in
this work has an excellent anti-icing performance.
The delay time of nucleation on the nanocoating sur-
face can be delayed to be two times compared with

the smooth aluminum base. Especially, the micro-

coned surface can delay the nucleation time to 600 s.
The icing time of drops on SPSs can be delayed
eight times compared with the smooth aluminum
base.
2.3.3

In addition, the ice melting test is also conduct-

Ice melting test

ed on micropillar substrates under a supercooled en-
vironment. Figs.9(a,b) show the images and corre-
sponding temperature distribution of the ice melting
process. In the ice melting experiment, the ice parti-
cle is priorly frozen by putting a water drop on a clod
substrate at —20 °C. Then the temperature of the
cold plate is kept at —5 ‘C, and an incident light
with an intensity of 0.5, 0.8 and 1 sun illuminates
the substrate. The ambient humidity and the envi-
ronment temperature are kept at 20% and 0 °C, re-

spectively.

0s 40s 80s 120 s 180's

(a) Images of the ice melting process

-10 10 ' 30
Temperature / °C

(b) Distribution of surface temperature during the ice melting process

Fig.9 Ice melting process on a SPSs with micropillar struc-

tures under 1 sun condition

As shown in Fig.9, with the passage of illumi-
nation time, the surface temperature gradually in-
creases accompanied by the ice melting. It takes
180 s for the ice particle to melt, and the surface
temperature can rise to 10 °C. The ice-melting exper-
iment also verified the practicability of the photother-
mal surface prepared in this study.

Since the sunlight intensity in winter is far less
than 1 sun, the effects of light intensity on ice melt-
ing are also investigated. The melting time of the ice
particle under different light intensities is shown in
Fig.10. The melting time increases with the reduc-
tion of the inclined light intensity. The ice particle
can be effectively melted just under a light intensity

of 0.5 sun.
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Fig.10 Melting time under different light intensities

3 Conclusions

We investigate the photothermal anti/de-icing
performances of SHSs with various micropatterns.
The effects of nanoparticle size, volume fraction,
and coating thickness on the absorptivity and temper-
ature rise of the photothermal coatings are discussed
in detail. The increase of nanocoating thickness and
nanoparticle volume fraction can effectively promote
light absorption and light-to-heat conversion. Espe-
cially, for the long-wavelength band, increasing the
volume fraction of nanoparticles can effectively im-
prove the absorption rate and the light-to-heat con-
version. Two hierarchical textures, micropillars and
microcones, are considered to expound the contribu-
tion of micro-scale structures on photothermal per-
formances. The addition of hierarchical structures
can promote the light absorption of the long-wave-
length wave, and the microcone structure presents
the best light absorption characteristics. Moreover,
the effects of geometric micropattern parameters, e.
g. characteristic length and aspect ratio, are also dis-
cussed in detail. It is found that when the microstruc-
ture characteristic length is on the same order with
the wavelength, the light absorption and tempera-
ture can reach the maximum value, which is signifi-
cantly meaningful for designing photothermal surfac-
es. Besides, the increase of surface roughness also
helps to capture and limit electromagnetic waves and
leads to higher absorption. The illumination test
demonstrates the microcone substrates hold on the
best photothermal performances, which is consistent
with the numerical results. The temperature rise of
the microcone substrates in this work can reach 45 °C

under the 1 sun illumination. The experimental re-

sults show the surfaces prepared in this work present
an excellent anti/de-icing performances. We believe
that this work helps to provide feasible strategies for
photothermal SHSs fabrication. Furthermore, based
on this study, there are still a lot of tasks to explore,
e.g. the icemelting efficiency of photothermal SHSs
on different microstructural surfaces and coating sta-
bility. We will continue to do further in-depth studies

in future.
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