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Abstract: [Objective] Aiming at the problem of ice accretion on wind turbine blades in cold regions, an efficient and
stable photothermal deicing coating was developed to improve deicing efficiency and reduce energy consumption.
[Method] A Nitrogen-doped two-dimensional MXene material (MXene@N) was prepared by the urea pyrolysis method
and then composited with SiO, aerogel to construct a functional coating with a synergistic “photothermal conversion—
thermal control” mechanism. The structure, photothermal performance, and deicing behavior of the coating were
characterized by scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), absorption spectroscopy,
and thermography. The deicing effectiveness under ice layers of different thicknesses and the cyclic stability of the coating
were evaluated. [Result] Nitrogen doping with an atomic fraction of 5.3% was achieved on the MXene surface. The
resulting MXene@N retained a layered structure with an expanded interlayer spacing of 0.98 nm, and its light absorption
rate was increased by 7.41% compared with the undoped MXene. The waterborne polyurethane coating containing 15%
(mass fraction) MXene@N exhibited the optimal photothermal performance, with an average near-infrared absorption
rate of 89.7% and a dynamic equilibrium temperature of 147.6 °C under photothermal heating and heat dissipation. The
deicing times for 2 mm-thick and 4 mm-thick ice layers were 45 s and 90 s, respectively. After 30 cycles of deicing for
the 2 mm-thick ice layer, the deicing time remained below 47.8 s. The coating also showed excellent structural and
performance stability in abrasion tests and acid/alkali immersion tests. [Conclusion| Nitrogen doping effectively enhances
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the photothermal conversion performance of MXene, while SiO, aerogel acts as a thermal insulating and dispersing matrix,
significantly improving the thermal control and durability of the coating. This composite coating has the advantages of
high efficiency, good stability, and strong environmental adaptability, providing a promising solution for deicing of wind
turbine blades.

Keywords: MXene; nitrogen modification; silica aerogel; waterborne polyurethane; composite coating; wind turbine

blade; photothermal deicing
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Figure 1 Schematic diagram showing the structure of photothermal composite coating
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Table 1 Codes and compositions of composite coating samples

BERS w(MXene@N)/ %  m(MXene@N)/ g m (G / g mOKEREAR) /g m(EETK)/ g
M-8 8 0.80 0.01 9.19 b=y
M-10 10 1.00 0.02 8.98 PN
M-15 15 1.50 0.03 8.47 RS
M-20 20 2.00 0.04 7.96 &
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Figure 2 SEM images of MXene material before and after modification with nitrogen
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Figure 3 Distribution maps of Ti and C for MXene material
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Figure 4 Distribution maps of C, N, and Ti for MXene@N material
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Figure 5 SEM images of composite coating surface
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Figure 6 EDS mapping images and elemental distribution of the composite coating
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Figure 7 Near-infrared absorption spectra of different coatings
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Figure 8 Temperature vs. near-infrared irradiation time curves of different coatings
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Figure 9 Melting processes of ice layers with different thicknesses on M-15 composite coating
under near-infrared irradiation
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Figure 10 Thermal distribution images of M-15 composite coating surfaces covered with
ice layers of different thicknesses after 60 seconds of near-infrared irradiation
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Figure 11 Deicing time of M-15 composite coating during icing/deicing cycles
®2 M-15 ESRBHERRELSR

Table 2 Abrasion test results of M-15 composite coating

/g AT/ (N-m2) BB % A HT (1)~ I/ °C A4 i ()P I/ °C
50 800 1.96 146.3 141.5
100 1600 5.82 1463 105.2
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Table 3 Equilibrium temperature of M-15 composite coating before and after immersion in different media

I LT iR/ °C B0 JE P IR °C
50 /L HaSO4 ¥ 146.8 134.3
100 g/L NaOH ¥ 146.5 128.9
EETK 147.3 146.8

P RSy . RIGFRERIR NI S8 o] B CEIR, Bor R P02 6 ik e A 45
e BN, 9 AL SE PR LIS R A PR EESR . IZBLR A TR A BRH AR 5 MXene@N OR8] (1) R 45 AH 21 K
TS B A PR T A FREE, W RIIE IR R R R 2 A A P P BE AR

3 #ig

KT RN H] 4% T B35 4 MXene MXene@N) 5 SiOy SR E & HICRIRE, IERGIAE 1 HAE KL
- F =B BR UK I PERE . EE LRI

1) EBESEERRF MXene JRF Z2REM IR L, @R EIRIEZ 8N K T2, Hse
LT BICRAE MXene KIH LA 53% MR F 38030511505, ARG T M EH SR RE TR A 31 e

2) 4 MXene@N JiE 50 15%00F, Al & FIK PSR AR IR Z R R LA VERE: IR 205K
W 89.7%, WILRIRTHHEZFL) 2.28 °C/ls, “THIIRE 147.6 °C (BRBIIEEIRE 21.90%), FARBIREH
PETH TR . A, ZIREEEE 2 mm 5 4 mm FIUKEE 55 5 F IR B BRIKIERE,
BROKES ()50 HAEIR AR EYE RIUF, 1E 20 IEM ST ORIFRL R MIBR UK RLE, RIS 52 21 B bk B8 103 R 4 25 g ol
R dErrat fse Bt Refae, o BRI TREE M.

3)  SiOy TERAE N IR, AMUSEIL T MXene@N Biki 141510 8 5 2, il Kk £ 1L
SRR A T AR M AR, BRI T IR 2 B AV B R ) A A
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