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Abstract: In this study, graphene is used as a photothermal material, which is added to the SiO2

superhydrophobic solution treated with fluorine silane, and then sprayed on the copper plate surface
to prepare a new type of photothermal superhydrophobic surface with contact angles up to 160.5◦

and 159.8◦. Under the conditions of natural convection, the effects of photothermal superhydrophobic
surfaces on droplet condensation, freezing, and frost growth are investigated in different environ-
ments. The results show that the photothermal superhydrophobic surface can not only delay the
freezing of surface droplets, prolong the freezing time of droplets, and reduce the thickness of the
frost layer, but also allow for the rapid removal of droplets under near-infrared (NIR) irradiation.
If the droplet is irradiated by an infrared laser emitter while the cooling system is still turned on,
the internal temperature of the droplet will always be higher than the crystallization temperature
under the illumination intensity of 2 W/cm2, and the droplets will not freeze. With the extension of
irradiation time, the droplet will evaporate, and the volume of the droplet will decrease. On the basis
of summarizing and evaluating the study on the anti-icing performance of superhydrophobic surfaces
and the properties of photothermal materials, a new research direction regarding the anti-icing of fan
blade surfaces was established. This kind of surface combines the photothermal capabilities of light
absorption materials with the micro- and nanostructure of the superhydrophobic surface to improve
the anti-icing capability of wind turbine blade surfaces in difficult conditions.

Keywords: superhydrophobic surfaces; de-icing/anti-icing; graphene; photothermal effect

1. Introduction

With the popularization and application of clean new energy advocated by the state,
wind energy has become one of the important directions of new energy development.
However, the icing phenomenon of wind turbine blades restricts the application of wind
energy. Effectively solving the icing problem of wind turbine blades is one of the key
technical problems to improve the conversion and utilization rate of wind energy. At
present, the research on the anti-icing of wind turbine blades mainly involves two major
types [1], active de-icing and passive anti-icing. The active method will increase energy
consumption and ancillary equipment, which will limit its popularization and application,
while the passive method of anti-icing of superhydrophobic materials inspired by the “lotus
leaf effect” [2] has received widespread attention. Superhydrophobic surfaces have the
characteristics of high contact angle and low rolling angle due to their micro-nano structure
and low surface energy, which can effectively reduce the condensation quantity of water
droplets on the surface and the adhesion between the ice layer and the blade surface, thus
making the surface have the ability of anti-icing [3,4]. Zhang [5] developed a silicon-based
hydrophobic coating on a wind turbine blade by a spraying method. Under the condition
of simulating cold rain flow, there was no ice formation on the surface. The contact angle
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of the surface remained in a high value after several frost-melting experiments and wear
resistance tests.

However, based on the research about the anti-icing performance of superhydrophobic
surfaces, it was found that when this surface is applied in low temperatures and high
humidity, the anti-icing performance generally deteriorates, and even disappears [6]. Hence,
it is very important to improve the anti-icing performance of superhydrophobic surfaces
under severe conditions.

Inspired by the photothermal coating of solar collectors, introducing nano photother-
mal materials to the superhydrophobic coating is a new idea that uses the selective absorp-
tion and conversion characteristics of photothermal materials to enhance the ice resistance
of the surface under severe conditions.

Photothermal materials with broadband absorption of sunlight could efficiently con-
vert light energy into heat energy. This materials have been widely used in seawater
desalination [7], oncotherapy [8], sterilization [9], anti-icing [10,11], and other fields. Taking
advantage of the special photothermal conversion performance and the superhydrophobic
characteristic, the surface temperature can be maintained above the freezing point in cold
conditions, so the droplet freezing will be delayed. Even if the droplets are frozen, the
crystals are easy to fall off from the surface for the low adhesion characteristics of the
superhydrophobic surface [10,12]. Zhang [13] prepared a photothermal superhydrophobic
surface with nano silica and carbon nanotubes, which had excellent photothermal con-
version performance. Under laser irradiation, the ice layer can be melted in a short time,
which significantly improves the anti-icing efficiency.

Because the hydrophobic groups on the surface of nano-SiO2 particles were increased
and the surface energy was reduced after hydrophobic treatment, and considering that
the graphene nanoparticles had photothermal conversion performance, the addition of a
certain amount of graphene nanoparticles could not only increase the layered micro-nano
structure on the surface, but also delay the freezing of surface droplets under NIR light
irradiation. In this study, a simple spraying method was used to combine hydrophobically
treated SiO2 nanoparticles with graphene photothermal nanoparticles to create a super-
hydrophobic surface with excellent photothermal conversion efficiency. The impacts of
the graphene nanoparticles’ addition ratios on surface morphology, wettability, anti-icing
performance, and photothermal conversion properties were investigated, respectively. The
results showed that adding graphene up to a certain proportion did not further increase
the surface hydrophobicity, but it did boost photothermal conversion efficiency. This sur-
face with the appropriate addition proportion of graphene not only had good anti-icing
performance under various conditions, but also had the good photothermal conversion
characteristics that can melt the ice crystals formed on the surface under the irradiation
of near-infrared light. These characteristics makes the application of the surface more
extensive under adverse conditions.

2. Experiment
2.1. Materials

The physical layer with less graphene (layer number 1~5, sheet diameter 10~50 um)
was provided by Suzhou Tanfeng Graphene Technology Co., Ltd. (Suzhou, China). Hy-
drophobic SiO2 nanoparticles (diameter 15 nm, specific surface area 300 ± 50 m2/g) and
Epoxy resin with corresponding curing agent and accelerator (E-51) were provided by
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). 1H,1H,2H,2H-perfluorodecyl
triethoxysilane (PFDTES, C16H19F17O3Si) was purchased from Ark (Fogang) Chemical
Materials Co., Ltd. (Fogang, China). Acetone and anhydrous ethanol were purchased
from Tianjin Damao Chemical Reagent Factory. All reagents were used as is without
further purification.
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2.2. Preparation of Photothermal Superhydrophobic Surfaces on Copper Substrates

Firstly, we used 800#, 1500#, and 2000# sandpaper to polish the surface of purple
copper plates, put them into anhydrous ethanol and acetone solution for ultrasonic cleaning
for 15 min to remove the oil stain on the surface, and dried them in an oven for later use.
Then, 2 g epoxy resin, the corresponding curing agent, and accelerant dissolved in 50 mL
anhydrous ethanol were magnetically stirred for 20 min at room temperature to obtain an
epoxy resin solution; we sprayed the solution onto the surface of the treated purple copper
plate with a spray gun and placed in an oven at 80 ◦C for 10 min to pre-cure.

The modified hydrophobic silica suspension was produced by ultrasonic dispersion
of 50 mg hydrophobic nano-SiO2, 30 µL PFDTES, and 30 mL ethanol for 30 min. The next
steps included adding graphene into the suspension, ultrasonically dispersing it for 45 min
to obtain a hydrophobic dispersion with graphene, spraying the dispersion on the surface
of the pre-cured epoxy resin substrate with a spray gun, and curing in an oven for 3 h to
obtain the photothermal superhydrophobic surface of graphene. The distance between
the spray gun and the substrate during spraying was 40 cm, and the outlet pressure was
0.4 MPa.

2.3. Characterization

The surface morphology was characterized by a scanning electron microscope (SEM,
SU8020, Hitachi, Japan). The water contact angle (WCA) was measured at room temper-
ature by the OCA50 Micro contact angle meter (Dataphysics Co., Ltd., Germany), and
the average value was taken at five positions. The freezing and melting processes of the
droplets were recorded with a CCD camera.

2.4. Experimental Apparatus

Figure 1 depicts a schematic diagram of the experimental setup that mainly consists of
four sub-systems: the environmental control system (ultrasonic humidifier, temperature
and humidity sensor, and experimental cover), refrigeration system (refrigerated hydrazine
and high-precision semiconductor constant temperature table), visualization system (in-
dustrial electron microscope, CCD camera, semiconductor cold table, display, and cold
light source), and data acquisition system (T-type ultra-fine thermocouple, data acquisition
instrument, and computer).
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An environmental control system is used to control the working conditions required
by the experiment. The humidifier (DRS-03A) is made by Dolac, the humidification range
is from 5% to 99%, the accuracy is within 3%, and the maximum humidification rate is up
to 3 kg/h. The temperature and humidity measuring instruments are made by Shandong
Renke Measurement and Control Technology Company, and the temperature measuring
range is −40 ◦C~80 ◦C with the accuracy ±0.2 ◦C, and the humidity range is 0~100%, with
the accuracy ±2% RH. The data are measured every 5 s. The whole experiment is carried
out in a nearly closed experimental hood, which is made of a transparent acrylic sheet. The
refrigeration hydrazine (SLTD1-150S) and the high-precision semiconductor thermostat
(SLTD1-150S) are made by Tianjin Jingyi Industry and Trade Co., LTD. Refrigerating
hydrazine (accuracy of ±0.01 ◦C) adopts a chilled water circulation system to reduce
the surface temperature and the lowest cooling temperature can reach −25 ◦C and the
temperature control accuracy is ±0.01 ◦C. The visualization system includes an industrial
electron microscope, a CCD camera, a semiconductor cooling stage, a display, and a cold
light source. The maximum magnification of the microscope is 60 times. The CCD camera
is connected to the microscope, and the image of the microscope is presented through the
display. At the same time, the CCD camera has the function of taking pictures and videos,
and the image acquisition speed is 30 f/s. The water droplets on the cold surface are titrated
by a micro-adjustable single-channel pipette. A T-type thermocouple (±0.1 ◦C accuracy)
is additionally used to measure the internal temperature of the water droplet. The data
acquisition system (MT500P-8) is made by Shenhua Electronic Technology Company. It is
capable of recording the cold surface temperature during the whole experiment process
and the internal temperature change during the freezing process of water droplets. The
temperature data are captured every 1 s.

2.5. Anti-Icing Experiments

Before each experiment method, the cold plate surface was first cleaned with absolute
ethanol in sequence and then dried naturally. Next, the computer and the cold light source
were turned on, and the height of the CCD camera and the focal length of the microscope
were adjusted so that we could clearly display the captured image in the computer interface.
Before turning on the refrigeration system, we covered the refrigeration table and the coat
surface with a plastic film to avoid water vapor adhering to the surface of the specimen
during the cooling process. The refrigeration system and the environmental control system
were turned on, and the working environment required for the experiment was set. When
the surface temperature of the cold plate reached the pre-set value, the counting function
of the data acquisition instrument and the recording function of the CCD camera was
turned on at the same time to ensure that the data acquisition of images and temperature
was carried out simultaneously. Then, we peeled off the plastic film quickly. After the
experiment was completed and the data were saved, all equipment was turned off, and
the lab bench was organized and cleaned. During the photothermal experiment of frozen
droplets, the droplets were irradiated with 808 nm NIR light, and the temperature change
inside the droplets was measured with a thermocouple. To ensure the accuracy of the
experiments, each set of experiments was repeated three times, and the best results were
taken as part of the paper.

3. Results and Discussion
3.1. Surface Wettability

The surface of only the sprayed modified hydrophobic silica suspension was recorded
as specimen 1, and the photothermal superhydrophobic surfaces of 25 mg, 40 mg, 55 mg,
70 mg, and 100 mg of graphene added to the modified hydrophobic silica suspension
were respectively recorded as specimen 2 to 6. The additional ratio of different contents
of graphene and hydrophobic nano-SiO2 particles affected the surface contact angle. The
contact angle of surface water droplets is shown in Figure 2.
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Figure 2. Contact angles of different superhydrophobic surfaces.

The -C2H5O group on the surface of PFDTES had a dehydration condensation reaction
with the -OH group on the surface of nano-SiO2, and the silane coupling agent was
grafted onto SiO2 as covalent bonds Si-O-Si. The low surface energy was a key factor in
the construction of super-hydrophobicity. PFDTES contained -CF2 and -CF3 low surface
energy groups, which reduced the surface energy of nano-SiO2, thus making the prepared
suspensions obtain super-hydrophobicity on the surface after spraying. Increasing the
roughness of the surface was another factor in building super-hydrophobicity. The addition
of a certain amount of graphene made the surface have a greater roughness and increased
the contact angle. However, with the increase of graphene nanoparticles, the contact angle
of surface water droplets tended to decrease instead. The increase in graphene addition
increased the folding and agglomeration between graphene particles, which trapped the
droplets in the pore structure, thus increasing the contact area of droplets with the solid
surface; the droplets appeared to transition from the Cassie–Baxter state to the Wenzel
state, and the surface hydrophobicity decreased, thus the contact angle of water droplets
decreased. In this experiment, specimen 2 with a contact angle of 160.5◦ and specimen 3
with a contact angle of 159.8◦ were selected for the following experiments for their higher
contact angle, which were recorded as Sample A and Sample B, respectively.

The microscopic morphologies of the surfaces of Sample A and Sample B were charac-
terized by SEM, as shown in Figure 3. The hydrophobic nano-SiO2 and graphene sprayed
on the surface gathered on the surface of the specimen to form clusters of different sizes,
and the existence of these clusters made the surface have a micro-nano rough structure,
and the cluster phenomenon became more obvious with the increase of the graphene addi-
tion. According to the Cassie–Baxter wetting model, the presence of cavitation between
micro-nano structures reduced the contact area between the droplets and the solid surface,
thus improving the surface hydrophobicity.

Therefore, the modification of low surface energy substances effectively reduced the
surface energy and improved the hydrophobicity of the surface; the addition of graphene
increased the roughness of the surface and further increased the contact angle of the surface.
The synergistic effect of both made the surface with excellent superhydrophobic properties.
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3.2. Frost Suppression Performance Test

The experiment was carried out at the ambient temperature of T∞ = 30 ± 0.5 ◦C with
a relative air humidity of 69 ± 3%. The freezing of condensed droplets and the growth of
frost crystals on the surface of the purple copper plate as well as Sample A and Sample B at
different moments were recorded by the visualization method.

The cold surface temperature of Tw = −6 ◦C is shown in Figure 4. The droplets on the
surface of the purple copper plate grew rapidly. The larger droplets were formed in a short
time, irregularly distributed, and closely connected between droplets without gaps. Finally,
the condensed droplets in the field of vision were all frozen at 215 s. While the growth
rate of condensation droplets on the surface of Sample A and Sample B was significantly
slower than that on the surface of the purple copper plate, the super-hydrophobicity of the
surface caused droplets to grow in a spherical shape. As condensation proceeds, droplets
grew and merged into larger droplets when they came in contact with each other. Due to
the low free energy of the surface, a self-jumping phenomenon of droplets would occur:
some droplets directly jumped to escape from the surface, and some jumped and fell to the
surface again to merge with other droplets and escape from the surface again. The sparse
distribution of condensed droplets on the surface was due to the self-jumping phenomenon,
and the droplets that remained on the surface existed in a supercooled state for a longer
time until the droplets froze. The condensation droplets on the surface of Sample A started
to freeze at 1256 s until they were completely frozen within the field of view at 1434 s, and
the condensation droplets on the surface of Sample B started to freeze at 965 s and were
completely frozen at 1192 s; at this time, a dense layer of frost had grown on the surface of
the purple copper plate. The presence of the edge effect caused the condensed droplets to
be frozen, starting at the edge and gradually freezing toward the center.
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To further explore the influence of cold surface temperature on the frost suppres-
sion performance of photothermal superhydrophobic surfaces, frosting experiments were
conducted at other cold surface temperatures of Tw = −10 ◦C and Tw = −15 ◦C. The experi-
mental phenomenon was similar to that observed when the cold surface temperature was
Tw = −6 ◦C. As the cold surface temperature decreased, the condensation droplet size on
the surface was smaller, and the rate of droplet freezing was accelerated. At Tw = −10 ◦C,
the freezing times of condensation droplets were 134 s, 920 s, and 793 s on the surfaces
of the purple copper plate, Sample A, and Sample B, respectively; at Tw = −15 ◦C, the
freezing times of condensation droplets were 76 s, 532 s, and 376 s on the surfaces of the
purple copper plate, Sample A, and Sample B, respectively. The experiment demonstrated
that the photothermal superhydrophobic surfaces could significantly delay the freezing
time of condensate droplets compared with the copper plate surface.

Frost thickness was an important index to evaluate the amount of frost on the surface;
thus, the frost thickness on the three surfaces was also measured during the experiments at
different surface temperatures of −6 ◦C, −10 ◦C, and −15 ◦C. The experiments were all
conducted at the ambient temperature of T∞ = 31 ◦C and an ambient humidity of 70% to
ensure the accuracy of the experiments.

Under the three cold surface temperatures, frost always first appeared on the purple
copper plate surface. The frost crystals grew vigorously and densely, and the frosting rate
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was the fastest. The merging phenomenon occurred between the droplets on both surfaces
of Sample A and Sample B. The droplets were spherical in shape, and the contact area with
the solid surface was small. The height of the frozen droplets on the superhydrophobic
surface was higher than that on the surface of the purple copper plate, and the frost
crystals started to grow from the top of the frozen droplets, the cold exchange rate with
the cold surface was slow, and the frost layer grew more slowly. Therefore, at the end of
the experiment, the frost layers on both photothermal superhydrophobic surfaces were
significantly lower than that on the surface of the purple copper plate.

Figure 5 shows the measured frost thickness of the surface of the purple copper plate,
the surface of Sample A, and the surface of Sample B at different cold surface temperatures.
Figure 5a shows the frost thickness of the three surfaces after the experiment was conducted
for 90 min at the cold surface temperature of −6 ◦C. Figure 5b shows the frost thickness
of the three surfaces after the experiment was carried out for 60 min at the cold surface
temperature of −10 ◦C. Figure 5c shows the frost thickness of the three surfaces after 30 min
of the experiment when the cold surface temperature was −15 ◦C.
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When the cold surface temperature was Tw = −6 ◦C, the frost layer thickness on the
purple copper plate, Sample A, and Sample B respectively reached 1.74 mm, 1.56 nm,
and 1.65 nm, after 90 min of the experiment; when the cold surface temperature was
Tw = −10 ◦C, the frost layer thickness on the three surfaces reached 1.82 mm, 1.65 nm, and
1.76 nm, respectively, after 60 min of the experiment; when the cold surface temperature
was Tw = −15 ◦C, the frost thickness of the purple copper plate, Sample A, and Sample B
reached 1.66 mm, 0.97 nm, and 1.45 nm, respectively, after 30 min of the experiment.

The results showed that the prepared photothermal superhydrophobic surface A
had the lowest frost layer height regardless of that cold surface temperature, which could
reduce the number of surface condensation droplets, prolong the freezing time of condensed
droplets, reduce the coverage of frost crystals on the surface, and decrease the thickness of
the frost layer, exhibiting significant frost suppression performance.

The growth of the frost layer was the phase transition process of vapor from the
metastable phase to the stationary phase, i.e., from the vapor phase to the solid phase. In
this process, the crystal nucleus was the crystal growth center, and the generation and
growth process of the crystal nucleus was called the nucleation process. Ignoring the
impact of impurities and wall surfaces, all sites in a homogeneous material system had the
same likelihood of forming new phases, which was known as homogeneous nucleation,
otherwise called heterogeneous nucleation. Considering the influence of the surrounding
environment, the nucleation process in practice was mostly heterogeneous nucleation.

The freezing of droplets on the surface was a heterogeneous nucleation process. The
solid–liquid contact surface provided the nucleation position, related to the volume of
droplets and the surface contact angle. The larger the surface contact angle, the fewer
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nucleation positions. As the contact angle reached 180◦, it restrained the growth of icing
nucleation. Based on the classical nucleation theory, nucleation occurs only when the
nucleation radius is larger than the critical nucleation radius, the droplet freezes, and then
the frozen droplet is frosted. The formation of nucleation is the process of new phase
generation, where the phase change reduces the Gibbs free energy, and the formation of
the solid–liquid interface is needed to overcome a certain free energy barrier, i.e., the Gibbs
free energy difference [14] ∆Gc:

∆Gc =
4
3

πrc
2σLV f (θ) =

16πV1σ3
LV

3∆g2 (1)

f (θ) =

(
2 − 3 cos θ + cos3 θ

)
4

≤ 1 (2)

where ∆Gc is the critical potential barrier, J; rc is the critical radius, m; σLV is the surface
tension between air and liquid phases, N/m; V1 is the volume of a single atom, m3; ∆g is
the Gibbs free energy difference when a single atom changes from aqueous to crystalline, J;
and θ is the contact angle between the water droplet and the solid surface, ◦.

Under the same external conditions, the value of f (θ) depended on the contact angle
and increased as θ increased, while f (θ) was a function of ∆Gc. Both of them were positively
correlated, so an increase in the contact angle increased the droplet nucleation potential
and inhibited droplet freezing, which explained why droplet nucleation was more difficult
on photothermal superhydrophobic surfaces.

3.3. Anti-Icing Performance Test

In order to study the internal freezing characteristics of droplets on different cold
surfaces and the anti-icing performance of superhydrophobic coatings, three droplets with
20 µL volume were respectively dropped by a pipettor on the surfaces of purple copper
plate, Sample A, and Sample B, and the process of droplets freezing was recorded by CCD
camera, using the visualization experiment method. The cold surface temperature was set
to Tw = −10 ◦C.

The freezing of droplets on cold surfaces occurs through three stages: supercooling,
nucleation re-glow, and solidification freezing. As shown in Figure 6, in the supercooling
stage shown in Figure 6a,b, the droplets are presented as transparent spheres, and the
internal temperature decreased continuously. When the liquid internal temperature reached
the crystallization temperature, the latent heat was released to enter the nucleation re-glow
stage Figure 6b, which was a very short time. At this time, the droplet lost permeability and
was existing in the form of an ice–water mixture; the time of this moment of the droplet
was recorded as the droplet start freezing time, and after that, the droplet entered the
solidification freezing stage, as shown in Figure 6b–d. With the droplet in the solidification
freeze stage, the solid–liquid phase line from the bottom of the droplet began to move up
slowly until it was completely frozen, then the top of the droplet grew a papillae structure,
and the moment was recorded as the droplet completely frozen time. The middle part of
the time from the beginning to the complete freezing was called the continuous freezing
time. The droplets on the surface of the purple copper plate started to freeze at 94 s, froze
completely at 114 s, and the continuous freezing time was 20 s; the droplets on the surface
of Sample A started to freeze at 617 s, froze completely at 658 s, and the continuous freezing
time was 41 s; the droplets on the surface of Sample B started to freeze at 501 s, froze
completely at 537 s, and the continuous freezing time was 36 s. The results showed that the
freezing time and continuous freezing time of the superhydrophobic surface were longer
than those of the purple copper plate surface, and the higher the surface contact angle, the
longer the extended droplet freezing time.
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3.4. Photothermal Performance Test

The previous two sections verified that the prepared photothermal superhydrophobic
surface had excellent anti-icing performance, which not only delayed the droplet freezing
time, but also reduced the surface frost thickness and frost coverage. Due to the excel-
lent photothermal conversion properties of graphene, the prepared surface had an active
de-icing performance under certain infrared light. Then, the photothermal conversion
performance of this surfaces was studied.

The 808 nm NIR light was selected to irradiate the surface of the purple copper plate,
Sample A, and Sample B. The three surfaces were exposed to three different light intensities
of 2 W/cm2, 2.5 W/cm2, and 3 W/cm2 for 300 s. The experiments were conducted at room
temperature with the ambient temperature of T∞ = 18 ◦C and the surface temperature of
Tw = 15 ◦C. With the data acquisition instrument to record the surface temperature changes,
the results are shown in Figure 7. At the moment that the light source was turned on,
regardless of the light intensity of the three surfaces in the NIR light, the temperature of the
surface of the purple copper plate rose slowly, while the photothermal superhydrophobic
surface increased rapidly, which showed extremely strong photo-responsiveness charac-
teristics, and after the temperature rose to a certain value, it tended to stabilize. After the
light source was turned off, the surface temperature dropped rapidly to room tempera-
ture. Under the illumination intensity of 2 W/cm2, the temperatures on the surfaces of
the purple copper plate, Sample A, and Sample B were increased to 27 ◦C, 38.9 ◦C, and
50.3 ◦C, respectively; under the illumination intensity of 2.5 W/cm2, the temperatures
on the surfaces of the purple copper plate, Sample A, and Sample B were increased to
28.7 ◦C, 44.5 ◦C, and 56.9 ◦C, respectively; under the illumination intensity of 3 W/cm2,
the temperatures on the surfaces of the purple copper plate, Sample A, and Sample B were
increased to 33.8 ◦C, 51.4 ◦C, and 68.6 ◦C, respectively. The results showed that the addition
of graphene could increase the temperature rise of the surface under NIR light and that the
amount of addition was related to the temperature rise of the surface; the more the additive
amount, the higher the temperature rose.
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under different illumination intensities.

Graphene had strong light absorption in the visible-near infrared region. The con-
structed superhydrophobic surface could effectively trap light due to the micro-nanostructure,
and the light was trapped in the layered structure and reflected several times until it was
fully absorbed internally to achieve photothermal conversion. Graphene was formed by
the sp2 hybridization of carbon atoms. Each C atom had four valence electrons, three of
which were shared with neighboring C atoms to form σ-electrons, and the other valence
electron formed a delocalized π-electron. The valence band was the region with the highest
energy in the orbitals where the electrons were located, and the conduction band was the
lowest energy part of the empty orbitals, with the valence band having higher energy
than the conduction band. The electrons in the valence band were called σ-electrons and
π-electrons, and the orbitals in the conduction band were called σ*-orbitals and π*-orbitals.
The polyatomic layer structure of graphene with few layers gave it a central asymmetry.
When there was external energy input, electronic transitions such as σ-σ *, σ-π *, π-σ *, and
π-π * will occur. The electrons transferred energy to the surface through electron–phonon
coupling during the leap, which raised the surface temperature [15]. The electromagnetic
wavelength at the π-π* electron transition was 51–1771 nm. When the photothermal surface
was irradiated with 808 nm NIR light, graphene absorbed the wavelength in this band
and transferred the photon energy to π electrons for an interband transition, which caused
lattice vibration during the transition and generated energy to raise the surface temperature.

In terms of internal plasma resonance, when NIR light irradiated the surface of
graphene particles, the incident photon frequency matched the vibration frequency of
graphene electrons, which made graphene have strong absorption of the energy generated
by NIR light and excite the electrons outside the carbon atom on one side to move to the
carbon atom on the other side, which made the electrons on that side pile up and generate
an electric field due to polarization, causing electron vibration. The vibration phenomenon
generated by electrons inside graphene could raise the temperature of the surface.

3.5. Photothermal De-Icing Performance

The results in Section 3.3 show that the prepared photothermal superhydrophobic
surfaces had excellent anti-icing properties. Considering the photothermal conversion
characteristics of these surfaces, the de-icing properties of these surfaces under NIR light
were further investigated. The experiments were conducted at a cold surface temperature
of Tw = −10 ◦C. Three droplets with 20 µL volume were respectively dropped by a pipettor
on the surfaces of purple copper plate, Sample A, and Sample B. About 20 min later, since
at the test beginning, the droplets were completely frozen, the NIR laser emitter was turned
on. The light source was emitted at a distance of 30 cm from the cold surface with an
incidence angle of 45◦. The frozen droplets were irradiated with illumination intensities of
2 W/cm2, 2.5 W/cm2, and 3 W/cm2, respectively, and the whole process of droplet melting
was recorded with a CCD camera.
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Figure 8 shows the frozen droplet on the purple copper plate surface at different test
times under the illumination intensity of 3 W/cm2. There were not any photothermal
particles on the surface of the purple copper plate, so it does not have the ability of
photothermal conversion, and the droplets have almost no change in morphology for 600 s.
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Figure 8. Droplet morphology on the surface of the purple copper plate under the illumination
intensity of 3 W/cm2.

Considering the frozen droplets on the surface of Sample A and Sample B under
the irradiation of the NIR light source, the droplet morphology changed significantly, as
shown in Figures 9–11. The photothermal effect of graphene increased the temperature
of the surface rapidly, and the droplet melting process first started at the boundary of the
droplet walls. With continuous heat transfer upward, the papillae structure at the top of the
frozen droplet disappeared, and the droplet changed from a solid to an ice–water mixture;
gradually, the nucleus inside the droplet disappeared, and the frozen droplet was reverted
to a transparent liquid droplet. The whole melting process took a very short time that no
more than 160 s while the cooling system operated continuously. Under the illumination
intensities of 2 W/cm2, 2.5 W/cm2, and 3 W/cm2, the complete melting times of frozen
droplets on the surface of Sample A were 160 s, 60 s, and 30 s, respectively, and on the
surface of Sample B were 120 s, 40 s, and 20 s, respectively.
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Figure 9. The melting morphology of frozen droplets on the surface of Sample A and Sample B under
2 W/cm2 illumination intensity.
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Figure 10. The melting morphology of frozen droplets on the surface of Sample A and Sample B
under 2.5 W/cm2 illumination intensity.
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Figure 11. Melting morphology of frozen droplets on the surface of Sample A and Sample B under
3 W/cm2 illumination intensity.

If the test time was extended for 1 h, the droplets on the surface of the two samples
did not freeze for all the time while the refrigeration system always operated. The internal
temperature of the droplets was measured by thermocouples, and it was found that the
internal temperature was always above 0 ◦C, which was higher than the crystallization
temperature of the droplets, as shown in Figure 12. Since the amount of graphene added to
the two kinds of samples was different, the surface with more graphene added had higher
heat transfer ability, which resulted in a higher internal temperature of the droplet. At the
same time, the sizes of the droplets both decreased continuously under the irradiation of
infrared light on the two sample surfaces as shown in Figure 13. While on the Sample B
surface, the droplet volume decreased more because it contained more graphene particles.
The droplet volume decrease may be caused by the evaporation at the boundary of droplet
caused by the heat converted from infrared light through graphene.
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The above results show that the prepared photothermal superhydrophobic surface had
excellent photothermal conversion performance under different illumination intensities
since the graphene particles in the surfaces can transfer the light energy into heat that causes
the surface temperature to rise and the frozen droplets to melt. The stronger the illumination
intensity was, the more heat was transferred, and the droplets melted faster. The more
graphene added, the better photo thermal conversion effect, the faster the frozen droplets
melted, and the more the droplet volume decreased; finally, the droplet even disappeared.

4. Conclusions

A photothermal superhydrophobic surface with a high contact angle was created on a
purple copper plate using a two-step spraying process. By conducting passive anti-icing
and active de-icing experiments on the surface, the following conclusions were obtained.

(a) Fluorine silane was used to enhance the hydrophobic groups on the surface of SiO2
nanoparticles, improving their hydrophobicity. Through the inclusion of graphene
nanoparticles, the hydrophobicity of the surface was further boosted.

(b) The prepared surface had excellent anti-icing performance by delaying surface conden-
sation droplets and prolonging droplet freezing time. It also exhibited a spontaneous
self-jumping phenomenon when condensation droplets condensed on the surface,
which lowered the number of surface condensation droplets and the amount of surface
frost crystal.

(c) The surface displayed great light response sensitivity and quickly rose in temperature
when exposed to NIR light. The de-icing efficiency under NIR irradiation was signifi-
cantly improved, and the active de-icing performance was also excellent when the
frozen droplets were exposed to NIR light. Even after an hour, the droplets on the cold
surface did not freeze, and the droplets’ volume decreased. The photothermal super-
hydrophobic surfaces possessed very excellent anti-icing and de-icing performance
under various severe conditions.

The developed photothermal superhydrophobic surface was solely examined for its
ability to prevent icing and suppress frost in an experimental setting; actual use was not
considered. The next stage will be to spray the prepared suspension onto the wind turbine
blade and assess the anti-icing efficacy of the blade surface under actual conditions.
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