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Abstract

Icing of wind turbine blades will seriously hinder the development of the wind power industry, and the use of bio-
mass resources to solve the icing problem is conducive to promoting the synergistic development of biomass

and wind energy. In this study, ice-phobic coatings with photothermal and anti-corrosion properties were prepared
by surface modification pyrolysis and hydrothermal reaction with rice straw biogas residue as raw material. The
erosion of KOH and the surface modification of MoS, produced a rough structure of the material, and the high-tem-
perature pyrolysis and hydrothermal reaction promoted the dehydrogenation and decarboxylation reactions, which
reduced the number of oxygen-containing functional groups and decreased the surface energy of the material.
The ice-phobic coating has superhydrophobic properties with a contact angle of 158.32°. Due to the small surface
area in contact with water, the coating was able to significantly reduce the icing adhesion strength to 53.23 kPa. The
icing wind tunnel test results showed that the icing area and mass were reduced by 10.54% and 30.08%, respectively,
when the wind speed was 10 m s™' and the temperature was — 10 °C. Photothermal performance tests showed

that the MoS,-loaded material had light absorption properties, and the coating could rapidly warm up to 583 ‘C
under xenon lamp irradiation with photothermal cycle stability. The loading of MoS, acts as a physical barrier, reduc-
ing the contact of corrosive media with the substrate, thus improving the anti-corrosion of the coating. This study
has practical application value and significance for the development of the anti-icing field under complex environ-
mental conditions.

Highlights

1. A biochar-based ice-phobic coating was prepared from rice straw biogas residue.
2. Low O/C ratio promoted superhydrophobicity and low ice adhesion of the coating.
3.The icing wind tunnel test proved the coating has good anti-icing performance.

4.The MoS, loading endowed the material with photothermal and anti-corrosion effects.
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1 Introduction

The current shortage of traditional fossil energy sources
and the increasing environmental pollution and green-
house effect have led to widespread interest in renew-
able and clean energy sources (Hui et al. 2022; Xu et al.
2022). Among the many alternative energy options,
wind energy and biomass energy have seen rapid devel-
opment due to abundant reserves and non-pollution
(Ju et al. 2023b; Kumar et al. 2023). Biomass can be used
to obtain energy through direct combustion, anaerobic
digestion or gasification of biomass, and porous carbon

materials rich in carbon and with high specific surface
area can also be obtained by pyrolysis (Liu et al. 2020;
Xu et al. 2023). The raw materials used in the prepara-
tion of biochar are usually agricultural wastes, which
effectively ensures the resourceful use of these wastes
(Liu et al. 2022). Biochar has the potential to store car-
bon over the long term, reduce greenhouse gas emis-
sions, and can also immobilize hazardous substances
in biochar to reduce the risk of pollution to the envi-
ronment (Wang et al. 2023c). Wind power generation
is a main way to participate in the development and
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utilization of new energy (Li et al. 2023; Tong et al.
2023). The geographical environment and climatic con-
ditions of wind power plants cause the icing of wind tur-
bine blades, endangering the efficient operation of wind
turbines and resulting in reduced operational efficiency
(Guo et al. 2021; Zhang et al. 2023b). Therefore, solving
the blade icing problem through efficient anti-icing and
de-icing technology is crucial to ensure the safe opera-
tion of the power system (Zheng et al. 2023). At present,
anti-icing technology mainly includes mechanical de-
icing, solution de-icing and thermal de-icing, but there
are shortcomings such as high manual work intensity,
short de-icing duration and high energy consumption
(Cheng et al. 2023; Liu et al. 2023a; Yue et al. 2023). The
development of a safe and reliable blade anti-icing tech-
nology is of great significance for improving the power
generation efficiency of wind turbines and extending the
service life of wind turbines (Xue et al. 2023b).

Anti-icing materials can prevent or retard the forma-
tion of ice on the surface of objects and are of great value
in mitigating the adverse effects of natural icing (Huang
et al. 2022; Ju et al. 2023a; Wu et al. 2022). Therefore,
the selected anti-icing material should have a low solid-
liquid contact area, which can effectively reduce the heat
exchange rate to achieve the anti-icing effect (Shamshiri
et al. 2023; Yang et al. 2022). The superhydrophobic sur-
face can retain air and decrease heat transfer due to its
micro-nano structure, delay ice nucleation and reduce ice
accumulation in the condensation stage, thus effectively
delaying the freezing time (Xiang et al. 2023). Photother-
mal materials have high photothermal conversion effi-
ciency and no chemical pollution, with the advantages of
energy savings and environmental protection in the field
of anti-icing materials gradually attracting attention (Guo
et al. 2020; Xue et al. 2023a). Solar energy, a promising
clean and renewable energy source, holds the potential to
satisfy human energy needs and reduce reliance on fossil
fuels (Hou et al. 2023; Molndr et al. 2022). The utilization
of the photothermal effect exhibited by photothermal
materials represents a novel approach to retarding ice
formation or directly melting ice (Wu et al. 2021). The
combination of photothermal active de-icing and supe-
rhydrophobic passive anti-icing is expected to improve
the de-icing efficiency of the coating. However, the
existing coating is susceptible to mechanical damage
and chemical corrosion under the influence of extreme
weather, resulting in the loss of anti-icing performance
(Zhang et al. 2022). By introducing nanoparticles into the
coating, the researchers can not only provide micro-nano
structures to enhance hydrophobicity but also improve
wear and corrosion resistance, offering new ideas for
the structural control and construction of anti-icing
materials.
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The selection of raw materials for the ice-phobic coat-
ing is based on a combination of inexpensive, super-
hydrophobic and other application requirements, and
polymeric organic materials rich in hydrocarbons and
other low surface energy groups can be chosen (Guan
et al. 2023; Ke et al. 2022; Miao et al. 2023). Biomass raw
materials are usually renewable resources, and compared
with traditional chemical raw materials, the ice-phobic
coating prepared from biomass has lower carbon emis-
sions and environmental impact (Kumar et al. 2023; Liu
et al. 2023c). Lignin, cellulose and hemicellulose in bio-
mass raw materials are mainly composed of carbon skel-
etons connected by carbon—hydrogen bonds, which can
be chemically modified using appropriate methods to
obtain compounds with hydrophobicity so that ice is not
easily adhered to the coating surface (Wang et al. 2023b).
The carbonized biomass raw materials form a rough
structure, which not only helps to improve the fluidity
of liquid and prevent the formation and accumulation of
ice, but also reduces the contact area between the coating
surface and ice, thus enhancing the anti-icing effect (Liu
et al. 2023b). In addition, the composite of biochar with
different particles exhibits special functionalities of the
material, thus increasing the anti-icing potential of the
material. MoS, has a graphite-like layered structure with
high absorption of visible and near-infrared light (Liu
et al. 2021). Due to its layered structure and band-gap
structure, it can absorb light in a wide wavelength range,
and also has a fast photothermal response, which can
convert the absorbed light energy into heat energy in a
short period of time (Jlidi et al. 2021; Wang et al. 2023a).
Moreover, the high chemical stability of MoS, makes it
stable in air and different humidity environments, which
makes Mo$S, have advantages in the anti-icing application
of wind turbine blades. Using the properties of biochar
and MoS,, the preparation of a carbon-based ice-phobic
coating by loading particles can promote the high-value
utilization of biomass resources and assist in the safe
development of wind power industry.

In this study, a superhydrophobic ice-phobic coating
with photothermal and anti-corrosion properties was
prepared from rice straw biogas residue after anaerobic
digestion. The removal of hydrophilic groups and the
loading of MoS, in biochar were achieved by pyrolysis
and hydrothermal methods, which improved the hydro-
phobic properties of the material. The anti-icing perfor-
mance of the coating under low-temperature conditions
was investigated using icing wind tunnel tests. The anti-
icing performance of the coating at low temperatures was
studied using icing wind tunnel tests, which showed that
its excellent superhydrophobicity slowed down the heat
transfer rate and accelerated the roll-off of water droplets
on the coating surface. Meanwhile, the internal rough
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structure of the biochar-based coating enhanced the
absorption of light, contributing to the increase in blade
surface temperature in cold conditions and promoting
the melting of ice. The loading of MoS, reduced the con-
tact between the corrosive medium and the substrate,
solving the problem of wind turbine blade corrosion.
The research realized the clean utilization of biomass
resources and had good prospects for application in
blade anti-icing in cold regions.

2 Experimental section

2.1 Materials and chemical reagents

Potassium hydroxide (90%, KOH) was purchased from
Macklin Biochemical Co., Ltd. Ethanol absolute (99.7%)
was provided by Sinopharm Chemical Reagent Co., Ltd.
Thioacetamide (99%) was bought from Tianjin Guangfu
Pine Chemical Research Institute. Urea (99%) was bought
from Tianjin Tianli Chemical Reagent Co., Ltd. Commer-
cial-grade polyvinylidene difluoride (PVDF) was bought
from Harbin Lithium battery factory in China. N-methyl
pyrrolidone (99.5%, NMP) was purchased from Tianjin
Zhiyuan Chemical Reagent Co., Ltd. All the chemicals
were used without any further treatment.

2.2 Preparation of superhydrophobic ice-phobic coating
2.2.1 Preparation of modified rice straw biogas residue
biochar
The rice straw biogas residue was washed with deion-
ized water and then dried in an oven, after which it was
crushed and sieved to obtain the rice straw biogas residue
powder. Subsequently, the biogas powder was carbon-
ized in a tube furnace (OTF-1200X, HF-kejing Material
Technology Co., Ltd.) under a nitrogen atmosphere from
room temperature to the target temperature at a rate of 5
°C min~! with a platform temperature of 500 C and held
for 3 h. The biochar sample was collected after the tube
furnace had cooled to room temperature and noted as
biogas residue biochar (RB).

The prepared RB was mixed with activator KOH in
a mass ratio of 2:1 and then placed in a tube furnace.
The sample was heated to 800 C at a heating rate of
10 °C min~! and kept in a nitrogen atmosphere for 2 h,
and then cooled to room temperature. The biochar was
washed with 1 mol L™! HCI, then washed with anhydrous
ethanol and deionized water several times until it was
neutral, and then dried, thus obtaining the KOH-modi-
fied biogas residue biochar (KRB).

In this study, biochar was prepared by carboniza-
tion and KOH modification. The carbonization process
could remove volatile organic compounds, moisture and
other impurities from biomass to obtain biochar with
high thermal stability and carbon content. Because the
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premise of constructing hydrophobic materials was a cer-
tain rough structure, KOH modification could promote
the formation of microporous and mesoporous struc-
tures and improve the roughness of materials.

2.2.2 Preparation of modified biogas residue biochar/MoS,
The MoS,-loaded biochar was prepared by a one-step
hydrothermal method. 10 mg of biochar was dispersed
in 15 mL of deionized water, and the biochar was fully
dispersed by sonicate for 0.5 h. Then, 25 mL of ethanol,
30 mg of MoO,, 35 mg of ammonium thioacetate and
300 mg of urea were added to the above solution respec-
tively and stirred vigorously for 1 h to make the solution
evenly dispersed. The obtained suspension was trans-
ferred to a 50 mL reaction kettle and reacted at 200 C
for 24 h. After the reaction kettle had cooled naturally to
room temperature, the samples were removed, washed
by centrifugation several times with deionized water and
ethanol and finally dried in a vacuum drying oven at 40 C
for 12 h to obtain KOH-modified biogas residue biochar/
MoS, (KRB/MoS,).

The hydrothermal method was used to prepare KRB/
MoS, materials because some oxygen atoms could be
separated from the biochar in a high-temperature and
high-pressure water environment, thus reducing or
removing oxygen-containing functional groups and
improving the hydrophobicity of the materials.

2.2.3 Coating of preparation

0.7 g of PVDF powder and 9.3 g of NMP were mixed in
a 25 mL beaker and stirred until the PVDF was com-
pletely dissolved, and 7% PVDF was prepared as an adhe-
sive for the coating, which was sealed for subsequent
use. Then, 0.4 g of 7% PVDF solution was mixed with
0.2 g of biochar-based material in a 15 mL beaker, ultra-
sonically treated for 0.5 h, and stirred evenly. The sam-
ple was applied by scraping onto the plate and blade for
subsequent testing. The coating was based on glass fiber
reinforced plastic (FRP) commonly used in wind turbine
blades. In the experiment, the size of flat substrate was
3 c¢m square, and the blades were NACAO0018 airfoil with
a chord length of 100 mm. To avoid experimental errors,
the ice-phobic coating was sprayed onto three flat sub-
strates and blades for the tests.

2.3 Characterizations of prepared materials

The sample was adhered to the sample stage using con-
ductive adhesive and placed in a vacuum chamber for
surface gold spraying. The treated sample stage was fed
through the vacuum chamber into a scanning electron
microscope (SEM, SU8010, Hitachi) for scanning and
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observation. The specific surface area and pore size of
the samples were analyzed by a specific surface area ana-
lyzer (ASAP2020, Micromeritics) after vacuum degas-
sing at 100 °C for 2 h. The specific surface area of the
sample was calculated by the Brunner-Emmet-Teller
(BET) method, and the pore volume and pore diameter
were obtained by the BJH method. Raman spectros-
copy (LabRAM HR800) enabled the study of the defects
and graphitization degree of biochar. The structure and
functional groups of the samples were analyzed by a fou-
rier infrared spectrometer (FTIR, Nicolet is50, Thermo
Fisher), and the scanning wave number ranged from 500
to 4000 cm™!. X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher) was used to analyze
the elemental composition, chemical valence state, and
molecular formula composition of samples. The contact
angle (CA) and sliding angle (SA) were measured by the
CA meter (JCD2000D3M, Shanghai Zhongchen Digital
Technic Apparatus CO., Ltd.) to characterize the wetta-
bility of the material surface. The static CA was measured
by placing a 5 pL deionized water drop on the sample
through a micro sampler, and the SA was measured by
changing the tilt angle of the sample stage using an auto-
matic suspension table. After filling a cube ice cube mold
with a side length of 2.5 cm with water, the mold was cov-
ered with a square flat plate with a side length of 3 cm
coated with different materials, and then was placed in a
refrigerator with a temperature of — 20 C for 12 h. The
dynamometer was placed on the sample surface, and the
frozen ice was pushed horizontally. The maximum shear
force used to push the ice during the test was recorded,
and the icing adhesion strength was calculated by Eq. (1)
(Qi et al. 2023):

T =F/A )

where 7 is the ice adhesion strength (kPa); F is the tested
ice adhesion force (N); A is the contact area between the
ice and the material.

2.4 Icing wind tunnel test

The icing wind tunnel system was used to simulate the
actual environment to investigate the anti-icing perfor-
mance of the biochar-based coating. The blades were
installed into the test section of the wind tunnel system
before the icing test began, and the spray system was con-
nected after the blades had been cooled to the test tem-
perature (Mu et al. 2023). The experimental water was
pressurized to form a uniform water mist and sprayed
out, which was cooled to a supercooled state before com-
ing into contact with the blades and freezing. Through-
out the experiment, a camera captured the icing process
for subsequent observation. Following the experiment,
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the blade was detached from the test section of the wind
tunnel system, and the icing mass was measured using a
balance.

2.5 Photothermal performance

UV-Vis-NIR absorption spectrum was generated through
the transition of valence electrons, and it analyzed the
absorption characteristics of light by molecules or ions
of substances. UV-Vis-NIR spectrophotometer (UV-3600
Plus, Shimadzu) was employed to determine the opti-
cal absorbance of the samples in the spectral range of
200-2500 nm.

To test the photothermal properties of the material, the
test sample was placed under a xenon lamp light source
(BBZM-I), and the temperature change was monitored
in real-time using a thermometer and a thermal infra-
red camera (H21 pro, Hikmicro) to take thermal infrared
photographs of the sample. When the system tempera-
ture dropped to room temperature, the light source was
turned on again to repeat the experiment, and the photo-
thermal stability of the coating was explored by repeating
the above process.

2.6 Anti-corrosion performance

The anti-corrosion performance of the coating was tested
by an electrochemical workstation, and electrochemical
impedance spectroscopy (EIS) was obtained. A three-
electrode test system was used in the test, in which the
working electrode, the counter electrode and the ref-
erence electrode were all 1 cm? coating samples, plati-
num electrodes and saturated calomel electrodes. EIS
was measured by the controlled potential method, and
the frequency range was 107>-10° Hz. The corrosion
medium was 3.5 wt% NaCl solution.

2.7 Wear resistance test

To qualitatively assess the mechanical stability and
resistance of the coating, sandpaper friction tests were
conducted. The coating was placed on the surface of
sandpaper (800 grit) and a 100 g weight was placed on the
top of the sample. The sample was pulled to advance
10 cm on the surface of the sandpaper in one cycle and
after each cycle the sample was removed and the CA was
measured.

3 Results and discussion

3.1 Characterization analysis

SEM analysis was carried out to gain a comprehensive
understanding of the morphology of the biochar mate-
rial. The surface of the RB was relatively smooth, with
a degree of folded structure present (Fig. 1a). As can be
seen from Fig. 1b, the etching of the material by KOH
resulted in a rougher KRB surface and the formation of
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an irregularly shaped porous structure in the presence of
the activator. The increased surface roughness of mate-
rials provided the basis for the construction of superhy-
drophobic materials. The MoS,-loaded biochar surface
had a large number of lamellar structures (Fig. 1c), which
proved the successful preparation of KRB/MoS, and
offered barrier properties to corrosive media entering the
substrate surface. The element mapping (Additional file 1:
Fig. S1a) indicated three elements dispersed on the KRB/
MoS, surface, with C being the dominant element of the
biochar, and the elements Mo and S originating from the
MoS2 and being uniformly distributed over the biochar.
The High-Resolution Transmission Electron Microscopy
(HRTEM) characterization showed that the biochar com-
posite composed of KRB and Mo§, had been successfully
synthesized. It could be seen from Additional file 1: Fig.
S1b, ¢ that MoS, grew on the biochar surface and had an
obvious layered structure.

To further investigate the specific surface area and pore
size of biochar, nitrogen adsorption and desorption tests
were conducted on the samples. When the relative pres-
sure was less than 0.3, between 0.3 and 0.9, and between
0.9 and 1, it was related to the micropores, mesopores
and macropores of the material, respectively. In Fig. 2a,
the adsorption—desorption curve of RB showed a typi-
cal type III adsorption type, indicating that the material
was macro-porous or non-porous (Yoon et al. 2017).
The adsorption and desorption curves of KRB and KRB/
MoS, showed typical type I adsorption, indicating that
the material had a large specific surface area and pore
volume, a small average pore size and a high proportion
of micropores (Zhang et al. 2023a). Figure 2b shows
the pore size distribution of the different materials, and
it could be seen that the pore volumes of RB tended to
be close to 0, while the pore volume of KRB and KRB/
MoS, increased greatly after KOH modification. And the
pore sizes were concentrated in the <4 nm range, indi-
cating that KOH promoted the pore generation of bio-
char materials. From Table 1, the specific surface area
and pore volume of unmodified biochar were positively

small, while the specific surface area and pore volume of
KRB increased dramatically to 1492.69 m* g~! and 1.08
cm?® g1, with 37.04% of micropores. Although there was
a decrease in the specific surface area and pore volume
of KRB/MoS,, and the formation of MoS, increased
the average pore size to 3.33 nm, the lamellar structure
formed by the MoS, loading was able to increase the
material roughness, further contributing to the formation
of the rough pore structure required for superhydropho-
bic materials.

As shown in Fig. 2¢, the two characteristic peaks of
the Raman spectrum were located at 1349 cm™' and
1588 cm™! respectively, which could be attributed to
the D peak and G peak of the carbon material . The D
peak was related to the sp? structure and indicated the
amorphous structure and defects of the carbon mate-
rial, while the G peak was a characteristic peak of the sp>
structure and reflected the symmetry and crystallinity of
the carbon. The intensity ratio (I/I;) of D peak and G
peak could reflect the ratio of disorder degree to ordered
graphitized carbon, that was, the graphitization degree
of the carbon material. The I/I; values for RB and KRB
were 0.88 and 0.96, respectively, with the increase in the
ratio primarily arising from the augmented defects on the
surface of KRB. Moreover, the I,/I ratio for KRB/MoS,
was 0.99, resulting from the intensified disorder and fur-
ther reduction in the degree of graphitization due to the
MoS, loading.

The chemical structures and functional groups of
RB, KRB and KRB/MoS, were analyzed by FTIR. It was
clear from Fig. 2d that the surface functional groups
changed significantly after the surface modification.
A broad absorption peak near 3460 cm™' was attrib-
uted to the O—H bond stretching vibration absorption
peak. The absorption peak around 2930 cm ™' belonged
to the stretching vibration peak of the —CHj; group
and the low surface energy of C—H could promote the
hydrophobic property of the material (Karkoosh et al.
2023). The stretching vibrational peaks of MoS, were
at 1600 cm™, 1470 cm™! and 980 cm™!, respectively
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Table 1 BET parameters of RB, KRB and KRB/MoS,

Biochar

SBET (mz 971) Vtot (cm3 971) Vmic (cm3 971) VmicNtot (%) Dp (nm)
RB 8.08 0.02 0.001 5.00 -
KRB 1492.69 1.08 0.40 37.04 291
KRB/MoS, 656.61 0.54 0.11 20.37 333

(Fall et al. 2023; Feng et al. 2015). The stretching vibra-
tion of the C—O bond caused the characteristic peak
at 1100 cm™! (Martinez-Gémez et al. 2023). The char-
acteristic peak shown at 605 cm™' was caused by the
stretching of the Mo-S, which further confirmed the
successful synthesis of MoS, (Fall et al. 2023).

The materials in different stages of preparation were
characterized by XPS, as shown in Fig. 3. The full spec-
trum (Fig. 3a) showed that RB and KRB had C and O

elements, while KRB/MoS, had C, O, Mo, and S ele-
ments. From Table 2, the O/C ratio of RB was 0.36, while
the O/C ratio of KRB after modification increased to
0.43, indicating that the etching effect of KOH changed
the original structure of the biochar, exposing more
oxygen-containing groups. The O/C ratio of KRB/MoS,
was 0.23, which was due to a series of decomposition
reactions and aromatization reactions such as dehydro-
genation and decarboxylation of the material during the
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Table 2 XPS parameters of RB, KRB and KRB/MoS,.

C (o) 0/C Mo S
RB 73.29 26.71 0.36 - -
KRB 69.91 30.09 043 - -
KRB/MoS, 7417 17.38 0.23 2.96 549

high-temperature reaction, which reduced the oxygen-
containing groups and thus contributed to the hydropho-
bic properties of the material.

It could be seen from the C 1s spectrum in Fig. 3b
that the proportion of C-C bonds increased continu-
ously after surface modification, while the percentage
of C-0O increased first and then decreased, which was
because the KOH modification exposed the original
oxygen-containing group in RB resulting in the increase
of the C-O percentage to 22.41%. During the hydrother-
mal reaction, the oxygen in biochar participated in the

reaction and was removed, which eventually reduced
the proportion of C—O and increased the proportion of
C-C to 70.54%, thus improving the hydrophobic prop-
erty of KRB/MoS,. From the O 1s spectrum in Fig. 3c, the
change in C-O likewise increased and then decreased
with the percentage of C=0 decreasing continuously
due to the dehydrogenation and decarboxylation of
C=0 during modification and hydrothermal processes
breaking the C=O. In the O 1s spectrum of KRB/MoS,,
a characteristic Mo—O peak of low intensity at 530.22 eV
appeared, indicating that a small amount of Mo had
formed a chemical bond with O. Figure 3d shows the
XPS spectra of Mo 3d. The results showed that there were
distinct double peaks at both 231.78 eV and 228.48 eV,
which were the characteristic Mo*" 3d;,, and Mo** 3d;,
peaks, respectively, confirming the successful loading of
MoS, (Ahmad et al. 2023). There was a very low intensity
peak at the energy level of 235.48 eV, which might be a
trace of Mo®" produced during hydrothermal processes
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and a lower intensity S 2s peak at 225.88 eV (Liang
et al. 2020). The peaks of S 2p,, and S 2p,,, appeared at
161.38 eV and 162.78 eV, respectively, in the S 2p spec-
trum (Fig. 3e) (Lei et al. 2020), which were typical char-
acteristic peaks of S*~, with a weak peak at 169.08 eV
indicating the presence of a small amount of higher
valence sulfur forms (Wang et al. 2019).

3.2 Contact angle and ice adhesion strength test

To confirm the good hydrophobicity of the coating mate-
rial, the CA of the substrate and the binder PVDF were
tested and the results are shown in Fig. 4a. The CA was
minimal for both the uncoated and PVDF coating, meas-
uring just 62.34° and 112.6° respectively. The CA of RB
was 30.03° because there were a large number of oxygen-
containing groups in biomass after carbonization, making
it more hydrophilic. Whereas, the CA of modified KRB was
reduced (CA=19.46°), which might be due to the water
droplets entering the pores after contacting the mate-
rial. The CA of KRB/MoS, coating was 158.32°, and the
SA was 4.17°, which was the result of KOH modification

(@ CA = 62.34° CA=112.61°

&

CA=30.03° CA=19.46°
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and MoS, surface modification improving the roughness
of the material, and the gradual decrease of the oxygen-
containing functional groups such as hydroxyl groups
on the surface during high-temperature pyrolysis and
hydrothermal processes.

According to Cassie’s theory, there was a solid-gas com-
posite interface between water droplets and the coating.
Assuming that f; was the area fraction of the contact inter-
face between water droplets and solids in the compos-
ite interface, the CA of the coating satisfied the following
Eq. (2) (Bonugli et al. 2012):

cosbs = ficos6 — fo (2)

where 0 is the CA of the surface of KRB/MoS, coating,
and Os is the CA between the liquid and the glass fiber
reinforced plastic substrate.

It could be calculated that the area fraction fs of the solid
interface on the coating surface was 4.83%, and the rest
was air, accounting for 95.17% of the total contact area,
which indicated that the actual contact area between water

CA =158.32°

KRB/MoS; coating

(b)

180
is0{ 1 I
120
90 -
60

30 4

Ice adhesion strength (kPa)

0

|

T
Uncoated PVDF

T T
RB KRB KRB/MoS, coating

Fig.4 a CAand b ice adhesion strength of uncoated, PVDF, RB, KRB and KRB/MoS, coating
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droplets and the coating surface was low, and the coating
could easily make the surface water droplets slide off.

To avoid errors caused by a single measurement, the
ice adhesion strength shown in Fig. 4b was the average
of the three measurements. It could be seen from the
figure that the uncoated substrate had a high adhesion
strength of 156.67 kPa, and the PVDF coating had hydro-
phobic properties, which led to a decrease in adhesion
strength to 143.28 kPa. However, RB and KRB contained
a large number of hydrophilic groups, and the material
pores and ice had a mechanical anchoring effect, which
made the adhesion strength stronger. The ice adhesion
strength of the KRB/MoS, coating was greatly reduced
(53.23 kPa), which was 66.02% lower than that of the
uncoated. It was because the low surface energy KRB/
MoS, coating reduced the contact area with water, which
made it easier to remove ice.

3.3 Icing wind tunnel experiment

In order to verify the anti-icing performance of the coat-
ing under actual conditions, tests were conducted in a
wind tunnel simulating a cold environment to investigate
the effects of different wind speeds (6, 10 m s~!) and tem-
peratures (— 6, — 8, — 10, — 12, — 14 °C) on the anti-icing
effect of the coating. From Fig. 5a, b, it could be seen
that blade icing increased gradually with the decrease in
temperature at the same wind speed. Moreover, under
the same conditions, the icing amount of the KRB/MoS,
coating was significantly smaller than that of uncoated
blades, which proved that the superhydrophobic coating
had anti-icing performance.

The variations of blade icing area and icing mass under
different conditions are shown in Fig. 5c, d. It could be
seen intuitively that the increase in wind speed led to an
increase in icing area and mass at the same temperature,
and the coating could effectively reduce the icing area
and mass in different environments. At a wind speed
of 6 m 57, the icing area and mass could be reduced by
4.48-17.52% and 20.87-43.87%, respectively. At a wind
speed of 10 m s, the icing area and mass of the coating
blade also had a certain protective effect compared with
the uncoated blade. When the temperature was —10 C,
the icing area and mass decreased by 10.54% and 30.08%,
respectively. Figure 5e, f shows the growth of icing area
and mass per minute for the uncoated and KRB/MoS,
coating blades, and it could be seen that the icing area
and mass of the uncoated blade grew roughly at a uni-
form rate. And at 1-3 min, the ice growth of the KRB/
MoS, coating was smoother, which might be due to the
role of the superhydrophobic coating in making the water
droplets roll off quickly. At 3—5 min, the ice growth rate
of the KRB/MoS, coating blade and the uncoated blade
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was the same, because the coating surface was covered
with ice and could not play an anti-icing role.

Figure 6 shows the comparison of uncoated and KRB/
MoS, coating blades after icing at different temperatures.
It was evident that the icing occurred primarily on the
leading edge of the blade, and the coated blade exhib-
ited a thinner icing thickness. The presence of spherical
water droplets at the trailing end of the leading edge of
the KRB/MoS, coating blade further substantiated the
coating’s ability to blow water droplets and even removed
them from the blade due to the influence of wind, thereby
effectively reducing icing.

3.4 Photothermal performance analysis

The light absorption of biochar material in the wave-
length range of 200-2500 nm is shown in Fig. 7a, from
which it could be seen that KRB/MoS, had a significantly
stronger light absorption than RB and KRB. The absorbed
sunlight enabled the optical transition of m-bond between
the molecules of KRB/MoS, material to generate a large
amount of heat, thus providing efficient photothermal
conversion.

The photothermal properties of the coating were tested
at room temperature under one solar intensity irradia-
tion, and the changes in the coating surface tempera-
ture during the irradiation are recorded in Fig. 7b. The
surface temperature of the uncoated substrate attained
equilibrium at 30.9 °C under the light irradiation of
300 s. Because of their light absorption properties, the
equilibrium temperatures of RB and KRB were slightly
higher than those of uncoated substrates, which were
35.5 °C and 41.3 °C, respectively. The KRB/MoS, coating
warmed up to 58.3 °C after the irradiation of 250 s, which
was because the micro-nano structure had good surface
roughness, increasing the light illumination area while
refracting the light into the material and reducing the
reflection, further enhancing the warming rate, indicat-
ing that the coating had excellent photothermal conver-
sion performance. The thermal infrared photographs at
equilibrium temperature are shown in Fig. 7c.

The thermal stability of the coating was evaluated by
cyclic heating and cooling test. The sample was irradiated
with a xenon lamp for 7 min, then the xenon lamp was
turned off to cool the material surface to room tempera-
ture, and the temperature change with time was recorded.
From Fig. 7d, it could be seen that the change of the coat-
ing surface temperature with time was basically the same
during each cycle of the heating and cooling test, indicat-
ing that the coating had excellent photo-thermal stability.
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3.5 Corrosion resistance analysis
Electrochemical impedance testing was an effective way
to study the corrosion protection mechanism of mate-
rials. The material-electrolyte interface resistance was
determined by the size of the radius of the arc in the high-
frequency region of the resulting Nyquist diagram. The
larger the radius, the greater the resistance, the greater
the diffusion path of the electrolyte, and the longer the
time required for transfer, which in turn indicated better
corrosion protection of the coating.

The Nyquist diagrams of RB, KRB and KRB/MoS,
coating are shown in Fig. 8. It was clear that RB, KRB
and KRB/MoS, coating all showed circular arcs in the

100 4 (b) —=— KRB/MoS, coating
609 - KkrB
——RB
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60 —_
O
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Fig. 7 a Absorption curve and reflectance curve, b temperature rise and ¢ thermal images of uncoated, RB, KRB and KRB/MoS, photothermal
coating, d temperature changes of KRB/MoS, photothermal coating at repeated heating-cooling cycles
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high-frequency region, indicating that the coating had
different degrees of corrosion protection. Among them,
the RB coating had the smallest arc radius and the fast-
est corrosion rate, while the KRB/MoS, coating had the
largest arc radius and the smallest corrosion rate. This
demonstrated that the corrosion resistance of the coat-
ing was improved by loading MoS,, which could be used
as a physical barrier to reduce the contact between the
corrosive medium and the substrate. The barrier ability of
the coating was significantly increased, thus reducing the
content of the corrosive medium at the coating-substrate
interface.

3.6 Wear resistance test
The wear resistance of the superhydrophobic coating
was the main factor affecting its mechanical durability.
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The variation pattern of CA and SA of the superhy-
drophobic coating with wear distance is illustrated in
Fig. 9. When the wear distance was less than 70 c¢m, the
CA of the coating did not decrease significantly, and the
SA increased to a certain extent. When the wear dis-
tance reached 75 cm, the CA of the coating was about
147.62°, and the SA was 9.17°, which still maintained a
certain hydrophobic property, indicating its excellent
mechanical stability. This was due to the firm combina-
tion of adhesive and matrix and the stable micro-nano
structure of materials.

4 Conclusion

In this study, a superhydrophobic ice-phobic coating
was prepared from rice straw biogas residue. High-
temperature modification of KOH and hydrothermal
loading of MoS, gave the material roughness, while
dehydrogenation and decarboxylation reactions were
generated to enhance the hydrophobic properties of
the material. The presence of a large amount of air
between the KRB/MoS, coating and the water droplets
resulted in low icing adhesion strength. The blade icing
amount increased as the wind speed increased and the
temperature decreased in the wind tunnel test. Under
different conditions, the icing area and mass of the
ice-phobic coating were smaller, demonstrating good
anti-icing performance. KRB/MoS, had high-efficiency
photothermal conversion ability, which could quickly
rise from room temperature to 58.3 ‘C and have pho-
tothermal stability. The load of MoS, formed a barrier
between the substrate and the corrosive medium, which
improved the corrosion resistance of the material. This
study provided a reference for the recycling of biomass
waste and the application of anti-icing on surfaces.
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