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ABSTRACT

Micro-roughness and low-surface-energy anti-icing surfaces attract tremendous interest from researchers due to
superhydrophobicity and low ice affinity. However, the rapid fabrication of superhydrophobic surfaces (SHS)
without developed microstructure via template methods has been the bottleneck for further applications. In this
work, ferroferric oxide (FesOs) loaded with graphene (GP) as magnetic nanoparticles are introduced into the
polypropylene (PP) matrix as a heat vehicle for superhydrophobic anti-icing/de-icing surfaces. Micro-
architectured PP/GP/FesO4 surfaces are fabricated via a combining method of micro-injection molding and
magnetic attraction. An analysis of directed particles migration with magnetic attraction is conducted using a
multi-physical field coupling model. The magnetic attraction boosts micropillars with a height from ~85 to

~150 um and keeps surfaces maintaining water contact angles at a high level (~153¢) and the stable air plastron
for repetitive droplet impacting at an initial velocity of 1 m s—* With full-grown micropillars, light can be
absorbed more efficiently by elongating the optical path for multiple reflections to occur. In comparison with
neat PP surface, the light-to-heat performance of the composite surface shows an increase in temperature from
ambient to 94 <C within 67 s under one sun irradiation at an intensity of 1 kW m—2 and a decrease in ice adhesion

strength from ~30 to ~9 kPa within the same period. The photothermal efficacy of the magnetic particles confers
a prolonged delay in icing on SHS. A practical application of manufacturing of SHS is expected to be possible due
to their excellent passive anti-icing and active de-icing properties for outdoor injection parts.

1. Introduction

conditions. For example, the temperature-adaptive heat regulation of
anti-freeze Upisceramboides beetles depends on light absorption via

Plastic parts for outdoor use can be processed using injection mold-
ing, the most common method of processing plastic parts. Examples
include the housing for lightweight electric vehicles, wipers and trans-
port pipes. Natural icing, however, can affect such parts [1-5].
Routinely, thermal and chemical treatments as well as mechanical de-
icing have been used to resolve icing issues, but they seem relatively
costly and inadequate [6-8]. Natural insects have evolved multifarious
functions for thermoregulation to be insensitive to ice-cold weather

black superhydrophobic microstructured surfaces developed in their
black carapaces to survive under extremely cold weather. As such,
superhydrophobic surfaces (SHS) have received considerable attention
for their application in anti-icing surfaces, that is, passive icephobic
surfaces. This strategy aims at reducing the area where liquids and solids
actually come into contact, leading to an increased contact angle (CA)
and a decreased roll-off angle. Generally, the SHS designed for anti-icing
should possess the abilities to repel water droplets, retard ice formation,
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suppress ice growth, and weaken ice adhesion [9-11]. Actually, the SHS
may lose the water repellency under high hydrostatic pressure, or even
their hierarchical structures are fully wetted by condensation liquids
accompanied by the disappearance of trapped air [12]. Under such a
circumstance, the design principles of anti-icing surfaces have changed
from being static to being based on dynamic changes in the physical
state of ice—substrate interactions so that they achieve enhanced anti-
icing properties [13-16].

Depending on the surface characterized by a topology or chemical
composition that influences ice growth, ice adhesion, and ice melting,
dynamic ice can be directed to grow, propagate, and even melt, which
may provide relief from ice accumulation and assist in the removal of ice
from the surface, namely, the dynamic change in ice on a surface can be
converted to a dynamic anti-icing surface (DAIS) [17-20]. This strategy
not only inherits the advantages of the SHS in preventing ice from
forming, but also integrates active thermal effects for ice removal with
ease through triggering liquid—solid phase transition at icing region. By
integrating the active strategies into the evolution of ice-substrate con-
tact regions, the DAIS lessens the resistance to removal of ice, in contrast
to the traditional method of applying external mechanical, chemical,
and electrical energy. Through the integration of materials with thermal
properties such as electrothermal, near-infrared photothermal, magne-
tothermal, and solar photothermal effects, ice at the ice-substrate
interface can be dynamically and continuously melted [21-25]. It was
reported by Zhao et al. that a multilayered anti-icing/de-icing coating
could be achieved by combining a front-heated electric heating coating
and a top superhydrophobic coating [22]. In the study by Xie et al.,
micro and nano silicon carbide particles were used as photothermal
conversion matters as well as surface superhydrophobic modifiers to
fabricate high-efficiency flexible photothermal icephobic copper mesh
[23]. Yin et al. developed a porous surface infused with liquids like
hydrocarbon or perfluorocarbon oils and combined the surface with
photothermal effect of ferroferric oxide (FesO,) nanoparticles for
delaying the accumulation of ice and removing the ice with ease [24].
According to Cheng et al., an alternating magnetic field combined with a
thermal effect is capable of melting ice using a superhydrophobic
coating containing Fe;O, nanoparticles [21]. Obviously, there were
several attractive features of the dynamic ice melting surfaces described
above. There is, however, a cost associated with these approaches and
residual fluoride-moieties-chemicals problems. Thus, there has been
considerable interest in ice melting technologies that utilize solar irra-
diation energy for the outstanding candidates photothermal trap sur-
faces. Additionally, due to the vulnerability of superhydrophobic
coatings to external stimuli such as mechanical abrading and scraping
when exposed to deteriorating environmental conditions, it offers a
potential opportunity for fabricating polymer composites that are more
durable when utilizing photothermal effects.

The magnetic nanocomposites contain dispersed magnetic particles
such as Fe;O,4 nanoparticles with both good mechanical and magnetic
properties. Compared to the dispersion of magnetic particles inside the
polymer blending, the fact that the particles migrate to the skin layer
under the magnetic attraction can enhance the photothermal efficiency
of polymer composites. Our previous work has reported a method for
fabricating thermosetting polymer polydimethylsiloxane surfaces by
embedding Fe;O, nanoparticles into the substrate, and surface ice melts
due to the excellent near-infrared thermal response and the solar irra-
diation of the Fe;O, nanoparticles [26]. As excellent photothermal
fillers, graphene (GP) has excellent electrical and thermal conductivity
[27]. This research study provides evidence that the GP is a major
contributor to superhydrophobicity. By tailoring the height of laminated
structures, GP-laminated micropillars turn surfaces superhydrophobic
[28,29]. What’s more, the GP also plays a critical role in elevating the
durability of microstructured surfaces, because it does reduce the wear
rate and coefficient of friction for the GP-filled nanocomposites [29].
Ultrasound can be used to disperse composite materials, which facili-
tates processing by increasing electrostatic adsorption. Bio-inspired

microstructured surfaces with low surface energy groups can be used
to fabricate SHS [30-32]. In this work, the DAIS can be prepared by
incorporation of the polypropylene (PP) matrix and Fe;O4 nanoparticles
loaded with the GP to obtain PP/GP/Fe;O, composites. The addition of
the GP will, however, cause the increase of the viscosity of PP-based
composite melts, thus hindering the microcavity filling process. The
PP/GP/Fe;0, surface was molded using micro-injection molding assis-
ted by magnetic attraction for the formation of uplifted microarray ar-
chitectures, in which GP/Fe;O, particles acting as moderate
photothermal magnetic fillers. Further, by means of utilizing the COM-
SOL Multiphysics® software to model, visualize, and analyze the particle
trajectories during micro-injection molding of PP/GP/Fe;04 composites
under magnetic attraction, directed migration and aggregation of
magnetic particles were performed. An applied magnetic field causes
dispersed magnetic fillers to migrate towards the skin layer, as indicated
by a combination of experiments and simulations. The photothermal
magnetic fillers are now capable of de-icing due to the reduction of the
heat transfer path. This also improves the photothermal conversion ef-
ficiency, thereby enabling remote and efficient de-icing. Therefore, this
combination strategy of passive anti-icing and active de-icing is ach-
ieved on PP/GP/Fe;0, surfaces with a long service life as well as low
costs.

2. Numerical model

In this work, a numerical simulation of particle distribution and
migration behaviors were conducted in the fabrication of functionalized
PP/GP/Fe;0, composites by magnetic-field-assisted micro-injection
molding. An optimized mesh generation was developed by implement-
ing local mesh refinement for the development of a side diagram of the
mold using a two-dimensional (2D) section (as illustrated in Fig. S1 in
electronic supplementary information (ESI)). A disc-shaped permanent
magnet (N50, Sintered NdFeB) was used to provide the external mag-
netic field. Furthermore, reasonable boundary requirements must be
taken into account in the simulation. The COMSOL’s Creeping Flow
interface was used in this work, which can accurately represent the
dynamics of inelastic and non-Newtonian fluids during micro-injection
molding. For this type of flow, the Carreau viscosity model and the
related parameters were used and are listed in Table S1 in ESI. The
rheological behavior of the PP/GP/Fe;O, melt was characterized using
the Carreau viscosity model. In this model, three main types of forces,
including drag force Fp, magnetophoretic force Fy, and gravity force Fg,
were taken into consideration. The total force Fr acting on each particle
can be obtained through the sum of the three types of forces. The
remaining model parameters are listed in Table S2 in ESI. Based on this
assumption, the entire 2D simulation model was established and shown
in Fig. S2 in ESI. Moreover, a more detailed mathematical description of
the presented model can be found in ESI.

3. Materials and methods
3.1. Materials

This work was performed using commercial PP (grade CJS700,
Sinopec Corp. Guangzhou, China). A melt flow index of 11.0 g/10 min
was characterized for the PP (230 °C, 2.16 kg). The GP was supplied by
Xiamen Knano Graphene Technology Corporation, China, with an
average diameter of ~8 um and thickness of ~2 nm (1~3 layers, non-
monolayer rate of below 20 %). China-based Shanghai Aladdin
Biochemical Technology Co. provided magnetite powders (average di-
ameters ranging from 50 to 300 nm, purity of 97 %) for this work. We
purchased absolute ethyl alcohol from the Guangzhou Chemical Reagent
Factory, China.



3.2. Preparation of microstructured PP/GP/Fe;O, composite surfaces

An illustration of the mixing of composites and micro-injection
molding processes for PP/GP/Fe;O, surfaces is shown in Fig. 1.
Considering that the good dispersion of GP/Fe;O, magnetic fillers is
required, as a dispersing solvent, the absolute ethyl alcohol is used to
disperse GP/Fe3O, particles. In the solution mixing processes, the GP
and FesO, particles were dispersed in the absolute ethyl alcohol by
mechanical stirring until the absolute ethyl alcohol fully evaporated for
2 h, and then the mixture was put in an oven at 90 °C for 30 min. As can
be seen, the Fe;O, particles (Fig. 1a) are randomly distributed on the GP
sheet (circles with red dots). Thereafter, the magnetic fillers were mixed
with the PP, and the PP/GP/Fe;O, composites were prepared by melt
blending using a lab twin-screw extrusion pelletizing line (HTGD-16,
Guangzhou Hartek Technologies Co., Ltd., China). A water bath was
used to cool and pelletize the extruded strands. Drying of the pellets was
carried out in a vacuum oven at 80 °C for 2 h, and then put into the
hopper of a 40-ton injection-molding machine (ZE400/80 h, Zhafir
Plastics Machinery, China). It is worth mentioning that the total mass
fraction of the GP/Fe;0,4 (5 wt %) and the weight ratio of GP to Fe3O4
(1:1) were selected according to the morphology and light-heat con-
verting efficiency of PP/GP/Fe;O, composites (as illustrated in
Figs. S3-S5 in ESI). An injection Mold equipped with electromagnets and
temperature controls were used to mold rectangular substrates
measuring 40 x 15 x 1 mm?. The localized mold surface was covered
with a flexible wire mesh (#3000 mesh) with a thickness of 70 um as a
template (Fig. 1b). Melt injection was conducted with the electromagnet
activated and the mold temperature of 180 °C. After the melt filling
finished, the mold was closed. It was only after the melt had cooled for 2
min that the magnetic attraction ceased to exist. In this experiment, melt
temperatures of 210 °C and injection rate of 15 mm/s were used. After
cooling down to the ambient temperature, the microstructured PP/GP/
Fe3;O,4 surfaces with magnetic attraction named Surface B were obtained
after demolding. The PP/GP/Fe;0, surfaces without magnetic attraction
named Surface A, and injection-molded neat PP surfaces were fabricated
for comparison. What is worth mentioning is two-level microstructures

a
Twin Screw
Extrusion
i Graphene P
. powder*/
— Vacuum
Drying
Magnetlc — m ﬁ
Stirring {
C epllca

on the template are formed by microgrooves (marked by red arrows) and
conically shaped microcavities (marked by red circles) (Fig. 1b, c).

3.3. Characterization

At a 15 kV accelerating voltage, a field emission scanning electron
microscope (FE-SEM, Hitachi SU8010, Japan) was used to characterize
the surface topographies of GP/Fe;O, particles and PP/GP/Fe;O, sur-
faces. The qualitative analysis of GP/Fe;O, particles on the composite
surfaces was conducted using an energy dispersive spectrometer (EDS).
Prior to SEM observations, an ion sputter process was used to coat the
GP/Fe304 particles and PP/GP/Fe;0,4 surfaces with gold. The parame-
ters of the microstructure were obtained from the SEM micrographs
using ImageJ software. The 3D topographies on the surfaces were
characterized using a laser scanning digital microscope (OLS4100,
Olympus, Japan) and analyzed using OLS4100 software. A physical
property measurement system was used in order to determine the
magnetization curves at 300 K under varying magnetic fields (PPMS-9,
Quantum Design, USA). A contact angle measuring and contour analysis
system (OCA 100, Dataphysics, Germany) was used to measure each
replica’s CA. Each measurement was conducted with a water droplet
with a volume of 4 pL. To obtain the average values for the CA mea-
surements, each specimen was measured five times at different posi-
tions. A digital microscope (Supereyes-B011, Supereyes Ltd., China)
recorded the water droplet freezing process and time. A height of 51 mm
above the replica surfaces acts as initial position, where water droplets
of 7-uL with a diameter of ~ 2.36 mm were released for impact testing. A
velocity of 1 m/s is applied when droplets impact on replicas. In order to
record impact processes, a highspeed CCD camera (TS, Fastec Imaging,
USA) with a frame rate of 500 fps was used, and replicas were illumi-
nated using two cold light sources.

As illustrated in Fig. 2a, a schematic representation of the photo-
thermal experimental setup for absorption of light energy from a solar
lamp is presented. To investigate the effects of photothermal deicing, the
three composite surfaces were exposed to a sunlamp light at ambient
temperature of 25 °C (CEL-S500, Beijing Aulight Co., China). Infrared
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Fig. 1. (a) Schematics of mixing and (b) processes for micro-injection molding of PP/GP/FesO. surfaces; SEM images of (a) PP/GP/FesO4 powders and (c) PP/GP/

FesO4 surfaces.
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Fig. 2. (a) lllustration of photothermal experimental devices for purpose of absorbing sunlight, (b) photothermal deicing test under near-infrared radiometer and (c)

ice adhesion test.

thermal imaging camera (FLIR-E4, Fluke Co., America) was used to
measure the actual temperatures as time elapsed. The distance between
the sunlamp and the specimen was set at 50 cm. The weight ratio of GP/
Fe3;O,4 to PP was set at 5/95 for the preferable dispersion of the magnetic
fillers and microcavity filling rate. The schematics of the photothermal
deicing test for the specimen is illustrated in Fig. 2b. An infrared thermal
imager became the real-time temperature monitor for the three com-
posite surfaces at 25 °C using a near-infrared radiometer (NIR, power of
1 W, 808 nm, YZ808KDX-F34, Dongguan Yizheng Electronic Technol-
ogy Co., Ltd., China) as a photothermal deicing system. A UV-visible and
near-infrared spectrophotometer (UV-3600 Plus, Shimadzu, Japan) was
used to measure the reflection and transmission spectra of Surfaces A
and B at wavelengths ranging from 300 to 800 nm with a sampling in-
terval of 2 nm.

At a low temperature of —20 °C, a high-precision semiconductor
microscope thermostat and a high-definition visual imager were used to
monitor the freezing process of surfaces. A miniature stress sensor and a
climate chamber (GDW-100, Wuxi Nanya Sci-Tech Co., Ltd., China)
were jointly used to characterize the ice adhesion to surfaces. Thereinto,
the climate chamber was used to maintain the temperature and relative
humidity at 30 °C and 35 % for samples, respectively. An illustration of
the ice adhesion test is shown in Fig. 2c. The 1 mL deionized water was
stored in a deep freeze into a soft pipe standing on the sample surface for
2 h, turning into an ice cube. Between the surface and the ice cube, a
contact area (S) was calculated at 132 mm?. In order to pull the ice cube,
a motorized translation stage mounted with the miniature stress sensor
was operated at a moving speed of 0.5 mm s—%. The time interval for data
logging was set at 0.2 s, and the adhesion force of the ice was measured
and recorded. The ice adhesion strength on the surface based on the
results of this calculation using a formula zc = Fma/S.

4. Results and discussion
4.1. Morphology of magnetic particles

Fig. 3 shows the X-ray diffraction (XRD) features of the PP, PP/
Fes04, and PP/GP/Fe;sO, nanocomposites. The field-dependent
magnetization curves of the Fe;O, and GP/Fe;0, are also involved in
this figure. A characteristic diffraction pattern for the PP shows five
peaks ranging from 10.0° to 25.0°, available at 14.1°, 16.8°, 18.4°,
21.0°, and 21.8¢, respectively. These are referred to as PP diffraction
peaks (110), (040), (130), (131), and (111) [29]. It also shows that
several diffraction peaks have been observed at 26 values of 30.1°, 35.4°,
43.0°,56.9°, and 62.5° for the corresponding XRD patterns of the Fe;O,
match the (220), (311), (400), (511), and (440) planes, respectively,
of the Fe;O, cubic inverse spinel structure. JCPDS number card: 01-076-
1849 provides data for pure cubic Fe;O, that are in good agreement with
the XRD patterns reported in the literature [33,34]. The Fe3O4 with
excellent crystallinity formed a pure phase, as confirmed by sharp
diffraction peaks. As can be seen from the diffraction pattern for the GP,
the characteristic peaks of GP-2H can be identified at 26.6°, which can
be referred to as the GP peak (002) [35,36]. The addition of the GP to
the PP/Fe;O4 nanocomposite results in a considerable increase of the GP
(002) diffraction peak when compared to the neat PP. These results
show that the Fe;O, is successfully loaded onto the surfaces of GP
nanoparticles. It can also be noticed that the strength of the Fez;O,
diffraction peak decreases.

The ambient-temperature magnetic field curves of the Fe;O, and GP/
Fe;O, were analyzed, and the results are shown in Fig. 2b. Their
magnetization curves were in an S shape without hysteresis, exhibiting
the excellent paramagnetic properties of the Fe;O, and GP/Fe;O4
nanoparticles. In the results, the Fe;O4 has a saturation magnetization
(M) value of 73.3 emu g—1, while the GP/Fe;0O, has an M; value of 32.5
emu g—*. The M; value of the GP/Fe;O, decreases due to the FesO,
nanoparticles loaded with the GP (Fig. 1a). The magnetic properties of
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Fig. 3. (a) Analysis of PP, PP/Fe304, and PP/GP/Fe3O4 nanocomposites based on XRD, and (b) field-dependent hysteresis curves of FesOs and GP/Fe3Oa.

the composites are still maintained despite the lower magnetic compo-
nent of the GP/Fe;0, particles. Consequently, SEM, XRD, and magne-
tization curves prove that the GP/Fe;O, acts as a magnetic filler.

4.2. Particle tracking and distribution

Fig. 4 shows the migration of some magnetic particles closer to the
sample surface along with the magnetic field line. The GP/Fe;0, par-
ticles achieve immigration under the force of the magnetic field. As can
be seen, a considerable migration impact appears. Consequently, sepa-
rate layers are defined due to substantial disparities in regions, such as
skin layers, intermediate layers, and core layers. More magnetic parti-
cles can be found in the skin layer rather than in the intermediate layer
and the core layer. As can be observed in Fig. 4d, e, f, the results evi-
dence that the Fe;O4 nanoparticles tend to disperse on the skin layer.
The different distributions of element Fe (marked as purple dots) indi-
cate that the magnetic nanoparticles get closer to the skin layer after an
exposure to an external magnetic field. In the meanwhile, more tiny
photothermal magnetic nanoparticles aggregate together to form

Skin
Layer

Intermediate
Layer

Core
Layer

Particle Migration Model

aggregation (Fig. 4a). This indicates that the skin layer is densely packed
with aggregated magnetic nanoparticles (marked by red circles in
Fig. 4).

4.3. Manipulation of the surface microstructure

With the aim of examining the impact of magnetic attraction on the
microstructure of the PP/GP/Fe;O, surfaces, Surfaces A and B were
pictured using SEM and 3D topography as displayed in Fig. 5 a—d. The
microfeatures in the template with the dual-level microstructures were
transferred to PP surfaces via micro-injection molding, while for surface
A papillae have a low profile, the microfeatures are insufficiently
replicated (Fig. 5a). However, the fact that the microscale truncated
cones on Surface B has a high profile indicates a completed replication of
the microfeatures (Fig. 5b). It’s worth mentioning that there are essen-
tially only a few photothermal magnetic fillers are found in the skin
layer of Surface A. Upon exposure to an external magnetic field, more
photothermal magnetic fillers (marked as red circles) form larger clus-
ters on the microstructured surface (the enlarged photos in Fig. 5a, b).

Fig. 4. Cross-sectional SEM photographs of specimens, (a) skin layer, (b) intermediate layer, and (c) core layer and their corresponding partial enlarged images, and
(d—f) are their corresponding EDS images. Purple dots represent Fe. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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The GP/Fe;0,4 photothermal magnetic fillers migrate to the skin layer of
the PP/GP/Fe;O,4 surface in an oriented manner as a result of the
magnetic attraction force. From the corresponding 3D topographies, the
papillae were stunted, and Surface A has a maximum height (S;) of only
~85 pum in terms of their microstructure (Fig. 5c); the microscale trun-
cated cones are developed, and the corresponding S; is up to ~150 um
(Fig. 5d). The composite melt becomes viscous and the processability of
the melt is hampered with the addition of magnetic fillers, that is, the
viscosity of the melt increases, preventing the PP/GP/Fe;O4 melt from
filling microfeatures completely in the templates. In contrast, taller
microscale truncated cones are observed on Surface B. Based on these
findings, it can be concluded that the PP/GP/Fe;0,4 melt will be dragged
into the microfeatures of the template to completely fill them by
applying a magnetic force to the GP/Fe;0, fillers and result in the for-
mation of microscale truncated cones.

4.4. Wetting stability

Fig. 6 shows how the droplets bounce when dropped onto the
specimens. Generally, the droplet was flattened to its maximum extent
initially, then spread, and finally retracted, in the case of a droplet

Wetting

Neat PP Partly

retracting
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impact the SHS planar. In view of what can be seen, the droplet on the
neat PP surface cannot bounces off the surface, instead it fully sticks on
the surface. Compared with this situation, water droplets can partially
bounce off the Surface A. The Surface B exhibits better high-dynamic
hydrophobicity in the process of impacting droplets. It is fortunate
that the droplet bounces spherically above Surface B at a height of 11.2
mm (4.75-fold as large as its diameter). This height of bounce for
droplets is also higher than that on the Surface A. After that, the Surface
B still possesses superhydrophobic property, exhibiting better dynamic
highly hydrophobic stabilities and the droplet slides off the surface after
six bounces. Compared to the traditional active de-icing method with a
complicated and eco-unfriendly process, the droplets with impact ki-
netic energy are easy to remove completely on the Surface B with hi-
erarchical structure brfore icing. The rapid removals of droplet can be
attributed to the stable superhydrophobicity, which is also crucial for
anti-icing properties.

4.5. Photothermal de-icing properties

Several publications have reported that a portion of the SHS could be
heated rapidly under 808 nm NIR irradiation, leading to rapid surface
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Fig. 6. Typical photographs of droplets impacting on neat surface, Surface A, and Surface B.



temperature rises [25,26]. Fig. 7 shows typical IR thermal images of the
composite surfaces and the IR irradiation warming temperature-changes
of the composite surfaces under ambient temperature. For the neat PP
surface, quite small temperature rises from 25 to 27 °C is detected within
the time allotted. The blue area on the PP surface doesn’t change
significantly within 4 s. For the Surfaces A and B, the surface tempera-
ture rise becomes much higher within the same time allotted. A notable
difference between Surface A and Surface B at 0.5 s is that the Surface B
has a significantly higher photothermal area, with a maximum tem-
perature of 43 °C (green area). Their temperatures have climbed
noticeably and surpassed 145 °C after an irradiation only for 3 s. During
the period from 0.5 to 3 s, the Surface B maintains a higher temperature
than the Surface A, indicating that the Surface B has a faster heating rate
within the temperature test threshold. This is attributed to the efficient
light-to-heat conversion characteristics of the GP/Fe;0,, contributing to
the rapid increase of surface temperature. These findings suggest that
magnetic particles can impart extraordinary photothermal de-icing ca-
pabilities to composite surfaces, speeding up the process of ice melting
and so reducing the time frame for melting. However, the photothermal
treatment with a NIR light is energy-intensive and difficult to apply in
practice for composite surfaces. To further explore the differences be-
tween the photothermal properties of the Surfaces A and B, their ability
to absorb energy generated by light with the help of the sunlamp is also
indicated.

An FLIR-E4 camera was used to measure the temperature promotion
of composite surfaces under one sun irradiation at a power of 1 kW m—2
as shown in Fig. 8a. The Surfaces A and B have a quicker photothermal
response compared with the neat PP surface. When the simulated light
source is kept on, the Surface A has a temperature rise of 40 °C, and the
Surface B has a temperature rise of 56 °C in 67 s. However, the neat PP
surface only has a temperature rise of 2.3 °C. Based on the as-prepared
surfaces, temperature increase efficiency (AT/At) is calculated by the
following formula:

AT/At = (T, — To) /At @

where the T, is ambient temperature, the T, is an indication of the
surface temperature under one sun illumination, and the At is a measure
of the time necessary for surfaces with photothermal effects to increase
in temperature from the T, to the T.. For comparison, the AT/At value of
the anti-icing material prepared by the Xie research group is 0.38 °C s—*
[37]. Noticeably, a comparison of the Surface B (0.84 °C s—!) with the
Surface A (0.60 °C s—?) reveals that the value of the AT/At for the
Surface B is significantly higher (40 % more than that for the Surface A).
There is a possibility that the magnetic fillers migrate to the skin layer
when a magnetic field is applied externally and form the dual-level
microstructure more completely. It contributes to the absorption effect
of photothermal particles and the antireflection effect of the

Surface A

Surface B

microstructures. It is evidenced that the antireflection effect of the
surface structure promotes the absorption of sunlight by the antireflec-
tive structure surfaces [38]. Thus, the reflection and transmission
spectra of the Surfaces A and B are also involved in Fig. 8b, c. Obviously,
the Surface B shows higher absorption and lower reflectance compared
with the Surface A throughout the whole tested wavelength ranges
(300~800 nm). It is demonstrated that surface reflectance is under-
mined, and the light absorption is enhanced significantly. The main
reason for this is the introduction of the GP/Fe;O, with capabilities of
excellent light absorption. Therefore, the photothermal fillers are more
sensitive to the thermal effects of sun irradiation due to the high
absorbance of the Surface B. The above results show that the Surface B
with full-grown microstructure has excellent photothermal effect that is
beneficial from the shorter heat transfer paths.

Fig. 9 shows the antireflection effect of the composite surfaces.
Noticeably, the nr and nNcomposies represent the refractive index,
respectively. Optical opacity to achieve superhydrophobicity on solid
surfaces requires microstructures with dimensions above the sub-
diffraction limit (> ~100 nm) [39]. According to the equivalent me-
dium theory, the regularly distributed microstructure on the Surface B
can be approximately regarded as a collection of effective medium
layers with a gradient change in refractive index from nNair t0 Ncomposites
[40]. Light incident on a surface is effectively reduced by reducing re-
flections through the gradient-varying refractive index. Apparently, the
Surface B has a higher absorption capacity for light. The surface
refractive index of the Surface A with the semi-developed microstructure
is prone to abrupt changes. For these structured surfaces, since the sol-
id—air interface exhibits a large difference in refractive indexes, signif-
icant scattering is generated, thus reducing the transmission of light.
This indirectly proves that more photothermal particles exist on the skin
layer of the Surface B. The average reflectance of the Surface B is 6.09 %,
which is 1.29 % lower than that of the Surface A (7.38 %). It is
demonstrated that the full-grown dual-level microstructure molded via
micro-injection molding under an external magnetic field efficiently
absorbs incident light with multiple reflections on the part of the indi-
vidual and increases the efficiency of the utilization of solar energy for
heating.

4.6. Anti-icing properties

Fig. 10 shows the wettability of 4 pL water droplets on the neat PP,
Surfaces A, and B, and their typical photographs before and after
freezing during the whole freezing process. The CA of the neat PP surface
is ~93.8° for comparative purposes. As can be seen, the CA increases to
~148.8°, as soon as the appearance of papillae on the Surface A. The CA
increases up to ~151.7° after the stunted papillae turn into microscale
truncated cones on the Surface B. Obviously, there is alignment between
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Fig. 7. (a) IR thermal images and (b) relationships between IR exposure time and temperature of neat PP surface, Surface A, and Surface B.
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Fig. 10. Images of wetting states and formation of freezing-droplets on composite surfaces.



the CAs and the S, of the micropillars. As an interconnected surface
frame containing “air pockets”, the microstructure with a higher aspect
ratio houses high surface tension to continually maintain the Cas- sie—
Baxter state. As the CAs follow the aspect ratio of the microstructure, the
external magnetic field has the effect of eliminating the negative
effects of fillers on filling rates, endowing the surfaces with excellent
superhydrophobic characteristics. Therefore, the freezing process and
the zc are used to distinguish these composite surfaces and the neat PP
surface. Prior to the freezing process, it was initially possible to see all
these droplets as transparent. As they froze, however, they gradually
became opaque. In comparison with the neat PP surface, Surfaces A and
B have a freezing time twice as long. It is likely that this is caused by air
pockets forming in the gaps between microstructures. A significant
reduction in the surface area of the solid—liquid interface is due to the air
pockets, which decelerate the transfer of heat at the interface between
droplet and the sample surface. That is, because a potential barrier (4G)
exists in the process of ice nucleation, it hinders the formation of ice
crystals. With regards to the PP/GP/FesO, composite surface, the 4G can
be estimated by the following formula [41]:

AG = [(22R%/3) - Ag + 2aR%)—1] - (2 — 3cosh + cos’f) )

where the R is the radius of the droplet, the y., is the solid—liquid
interfacial tension, the Ag refers to the differences between ice and liquid
water in terms of Gibb’s energy density, and the @ is the apparent CA.
Generally, droplets with a larger apparent CA have greater solid-liquid
interfacial tension, and these two factors are positively correlated. In
addition, since the 4G is proportional to the (2-3cosé + cos®6) term, a
larger CA is associated with a higher 4G, whereas a smaller CA is
associated with a lower 4G. As a result, the freezing time is extended,
and sample surfaces are more resistant to icing. The frozen time of the
Surface B is 63 s longer than that of the Surface A. It is demonstrated that
such full-grown dual-level microstructure prevents ice from forming
thoroughly because nucleation of water droplets is limited by the high
energy barrier [42].

In a subzero environment, ice growth does still occur after a certain
amount of freezing time despite lengthy icing delay appears on the
hybrid SHS. An apparatus that we have designed and constructed is used
to test the ice adhesion strength at —20 °C in order to systematically
evaluate the ability to prevent icing. Fig. 11 shows the comparison of the
three surfaces strength of ice adhesion. Among the three surfaces, the
neat PP surface has the highest ice adhesion strength of ~30 kPa. The
microscale truncated cones on the Surfaces A and B reduce the area of
contact between liquids and solids, and thus undermine the force of ice
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Fig. 11. Surface-specific ice adhesion strengths of neat PP surface, Surface A,
and Surface B.

adhesion. Nonetheless, the zc values (~9.8 kPa) of the Surface A are
higher than that (~9.1 kPa) of the Surface B. This may be because the
addition of the fillers increases the viscosity of the composite melts. The
partial filling of microcavities as well as stunted microstructures are also
caused by this process. It is easier for water molecules to diffuse to the
peaks of a supersaturated ambient air rather than to the valleys, a key
component of icephobic behavior is the existence of multi-scale struc-
tures that are more complete. Consequently, the surface structure and
superhydrophobicity contribute to the improvement of anti-icing
properties.

4.7. Mechanisms for particle migration

Fig. 12a shows the migration of magnetic particles with magnetic
attraction which is simulated by the COMSOL Multiphysics® simulation
software. Black particles represent the initial state of magnetic particles,
the arrows represent the motion path of magnetic particles, and the
yellow particles represent the ending state of magnetic particles.
Apparently, the black particles migrate towards the position of yellow
particles. It is worth noticing that magnetic particles with deeper color
arrows are subjected to greater magneto-swimming force. A 2D model
was established on the section surface of the sample using the Magnetic
Fields (No Current), Particle Tracing for Fluid Flow, and Creeping Flow
module interfaces in COMSOL Multiphysics®, and the direction of mag-
netic field intensity is perpendicular to the direction of injection flow. To
visualize the immediate position of particles in the micro-injection
molding, the Time Dependent Solver is employed. The effect of particles
migrating to the composite surface in the presence of an external mag-
netic field can be visualized clearly. Fig. 12b, ¢ shows the schematics of
dispersed states of particles for PP/GP/Fe;O, composite surfaces via
micro-injection molding without and with magnetic attraction, respec-
tively. As a result of migration, the magnetic fillers controlled by the
magnetic attraction may converge towards the skin layer and form the
full-grown microstructure while the magnetic fillers uncontrolled by the
attraction have the similar distribution to that of the PP surface.

To further illustrate the migration of Fe;O, nanoparticles, the
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Fig. 12. (a) Illustrations of particle migration under action of electromagnet
during micro-injection molding simulated by COMSOL Multiphysics® stimula-
tion. Schematics of dispersed states of particles for PP/GP/FesOs composite
surfaces through micro-injection molding (b) without and (c) with magnetic
attraction force.



experiment and simulation relating to particle distribution probability
were analyzed, and the results are shown in Fig. 13. Using the Image-Pro
software, it is possible to estimate and calculate the actual distribution of
particles in each layer by quantifying the number of particles in the areas
of purple dots (Fig. 4d, e, f). Migration and aggregation of magnetic
particles were performed during micro-injection molding, and the tra-
jectories of the travelling particles were visualized and analyzed by
using the COMSOL Multiphysics® software. Thus, the distribution prob-
ability of magnetic particles for the skin layer, intermediate layer, and
core layer was obtained based on the numerical simulation. Within the
scope of an assumption of perfect melt blending, conventionally, the
magnetic particles are distributed uniformly in the PP matrix without
magnetic attraction forces, and the distribution probability for the
particles within each layer is supposed to be ~33.3 %. With magnetic
attraction forces, the distribution probability for the particles reaches
56.7 % and ~51.8 % in the skin layer and reaches 35.3 % and ~38.9 %
in the intermediate layer according to the numerical simulation results
and the statistical data derived from the SEM—EDS analyses, respec-
tively. A strong validation of the simulation-based data was accom-
plished because the simulative results agree with the experimental
results as per the number of particles within each layer. Furthermore,
the shorter heat transfer path is constructed by this facile method. The
PP/GP/Fe;O, composite surfaces absorb the most part of the energy
from the near-infrared light irradiation, except for the reflected light.
The thermal energy is transferred and converted by the composite,
resulting in the temperature rise. The heat transfer behavior occurs with
increasing temperature differences between the composite and the sur-
rounding environment. The thermodynamic response of the composite is
therefore influenced by its ability to absorb the near-infrared light and to
dissipate partial absorbed energy through energy exchange with the
surrounding environment. As a result, the thermodynamic response
behavior of the composite is determined by the equation as follows:
[43-45]

)T _
dt

where the t is the time, the T(t) is the temperature of the composite at
the current moment, the m,, mg, and my are the mass of the PP matrix,
the GP, and the Fe;O; fillers, respectively, and the C,, Cg, and Cy are
their corresponding specific heat capacities. A composite absorbs energy
with the irradiation time and dissipates energy with the temperature
differences accompanied by a heat transfer process, and the AQ
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Fig. 13. Experimental- and simulative-based probability of particle
distribution.
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represents the energy differences between the absorbed energy and the
dissipated energy. At the same temperature, the AQ value increases due
to more energy absorbed by the Surface B. The higher AQ for the Surface
B is resulting from its higher light absorbance ratio. Furthermore, the
magnetic particles loaded with the GP tend to aggregate in skin and
intermediate layers under the external magnetic field. In this way, the
Surface B warms up faster. It is the specific heat capacities of the poly-
mer matrix and the photothermal fillers that determine how the energy
of the composite is transformed, and this energy transformation is
mainly dominated by the high specific heat capacity photothermal fillers
aggregated predominantly in both skin and intermediate layers. Under
the influence of the external magnetic field, magnetic particles with high
specific heat capacity move towards the surface layer of the composite,
resulting in the larger mg and my values in both the skin and interme-
diate layers for the Surface B. Evidently, the heat transfer path for the
Surface B is shorten by the experimentally observed particles migrating
towards the surface layer. Based on the simulative results, the proba-
bility of particle distribution (56.7 %) in the skin layer on the Surface B is
~1.5 times larger than that on the Surface A (33.3 %). This coincides
with the heat transfer behavior of the composite, as mentioned above.

As aresult, the SHS prevent water droplets from freezing when they
contact the Surface B because of the increased height of the microscale
on composite surface, preventing the droplets from freezing dynami-
cally. This also contributes to the delay of the icing process for a pro-
longed period. Frost or ice will melt swiftly with the help of solar
radiation rather than the energy intensive NIR irradiation. Conse-
quently, these composite surfaces manufactured using micro-injection
molding and an external magnetic field, exhibiting the highly effective
anti-icing and de-icing capabilities and a board application prospect in
the field of suitable for anti-icing purposes.

Additionally, the anti-icing performance in this work exhibits great
superiority in the de-icing time and ice adhesion strength, and the
comparison based on previous research studies was made between these
anti-icing materials and those reported [37,46-50]. Table 1 lists the
following:

It appears that a superhydrophobic coating containing Fe;O, nano-
particles could produce a magnetic multilayer hybrid coating with the
capability of a thermal reaction of melting ice for anti-icing/de-icing
[21,22]. Nevertheless, the photothermal superhydrophobic coating is
effective but not enough in active de-icing because of its vulnerability to
external stimuli such as mechanical abrading or scraping, and it may
lose de-icing efficiency under bad environmental conditions. Conse-
quently, improving the durability of the as-prepared polymer compos-
ites with photothermal effect seems essential to be worthy of further

Table 1
Anti-icing/de-icing performance of promoted coating or surfaces.

Year Materials De-lcing Time Ice Adhesion Strength
(kPa)

This work PP/GP/Fe304 67 s (—15 °C) 9.1

2022 P@MNS Surfaces 240s(—15°C) -
[37]

2022 Meleanin 600s(—20°C) —
[46]

2021 ST@CA/CC 945 (—15°C) —
[47]

2021 PPy/attapulgite 402 s (—5 °C) 51.6
[48] (ATP)

2020 HPG-0.3c 500s(—30°C) ~25
[49]

2020 PCP coating 900s(—30°C) —
[50]

2019 SiC/SiO, 300s(—30°C) 26.3
[51]

Notes: There is no information available regarding the power density and test
surface distance from light source, the heat sources in the table are the solar light
under one sun irradiation (The ice melting process under one sun illumination in
this work was recorded and is shown in Movie S1 in ESI).



exploration.
5. Conclusions

This study explored the fabrication of microstructured PP/GP/Fe;O4
composite surfaces with the properties of superhydrophobicity and anti-
icing, possessing a combined method of micro-injection molding and
magnetic attraction. The composite surface consists of the Fe;O4 nano-
particles loaded with the GP as solar-absorbing substances for active de-
icing and the dual-level microstructure as the superhydrophobic struc-
ture for passive anti-icing. Owing to the full-grown microstructure with
a height of up to ~150 um, the PP/GP/ Fe;O,4 surface with the micro-
scale truncated cones retains the Cassie—Baxter state completely. Under
the condition of a low temperature of —20 °C, the freezing time of a
water droplet on its surface is increased by 284 % from 106 to 301 s with
the aid of such the optimum microstructure. Furthermore, the micro-
scale truncated cones can considerably reduce the ice adhesion strength
to ~9 kPa. When the surface is irradiated under a sunlamp, it is evident
that the surface temperature has increased significantly, the tempera-
ture of the surface is increased from 37.0 to 80.1 °C within 67 s because
of the relatively low reflectance spectra and reflectance spectra. More
importantly, the external magnetic field steadily increases the efficiency
of temperature rise by ~40 %. Based on the findings of this work, a
feasible strategy for fabricating magnetic superhydrophobic surfaces
with unprecedented anti-icing and de-icing properties has been devel-
oped for further applications on outdoor facilities exposed to cold en-
vironments through the injection molding.
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