
Vol.:(0123456789)1 3

https://doi.org/10.1007/s42114-022-00549-5

ORIGINAL RESEARCH

Efficient photothermal deicing employing superhydrophobic 
plasmonic MXene composites

Jiaying Wang1 · Peihang Li1 · Peng Yu2 · Tim Leydecker1 · Ilker S. Bayer3 · Dusan Losic4 · Arup Neogi1 · 
Zhiming Wang1,5

Received: 26 April 2022 / Revised: 27 July 2022 / Accepted: 18 August 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract
Deicing and anti-icing on the surface, such as train tracks, highways, airports, aircraft, cars, ships, wind turbines, and outdoor 
cables, represent a significant challenge. Many different chemical compounds and coatings were explored and used to address 
these problems, but some limitations remain. The anti-icing ability under low temperature and high humidity conditions, 
the low deicing efficiency, and the complex preparation method, etc., restrict the application and development of deicing 
materials. This paper presents a simple and efficient solution based on new plasmonic photothermal superhydrophobic 
composite coatings. A hybrid MXene@Au-waterborne polyurethane (MXene@Au-WPU) coating is specifically designed 
to realize a significant temperature rise due to the high absorption and rapid heat transfer of the plasmonic MXene@Au in 
the entire coating. To achieve superhydrophobicity, chemically modified  SiO2 nanoparticles were deposited on the surface 
of the MXene@Au-WPU layer to obtain a  fSiO2/MXene@Au-WPU(fluoroalkyl silanes-SiO2/MXene@Au-WPU) superhy-
drophobic photothermal coating featuring a contact angle of 153°. The composite coating was demonstrated to be adequate 
for anti-icing and deicing applications, with an ultra-long anti-icing time of 1053 s under low temperature and high humidity 
conditions (− 20 °C, relative humidity 68%). Compared to previous work, the coating also achieved a super high photothermal 
deicing efficiency of 73.1%. The result presented in the article furthermore demonstrates resistance to corrosive liquids with 
pH ranging from 1 to 13. A combination of the anti-icing, corrosion-resistance, and facile implementation features of this 
multifunctional coating enhances its high potential for implementation in various surface technologies.
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1 Introduction

The design and fabrication of reliable and large-scale 
adaptable non-wetting photothermal coatings with anti-
icing/deicing properties are increasingly becoming central 
in surface science and technology as the ice formation 
and accumulation can cause critical damage to various 
energy transport and conversion systems such as power 
lines [1], aircraft engines [2], and wind turbines [3]. 
Well-established active deicing methods include electric 
heating [4], chemical treatment targeting freezing point 
suppression [5], and mechanical deicing. However, these 
technologies have disadvantages and limitations, such as 
being energy-intensive and low-efficiency [6, 7]. Hence, 
passive anti-icing materials technologies have been devel-
oped rapidly to address some of these limitations [8–11]. 
Passive anti-icing materials aim to either delay or suppress 
the formation of ice droplets and crystals, minimize the 
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adhesion strength of the ice, or ideally be capable of both 
simultaneously. Non-wetting coatings with photothermal 
energy harnessing properties are ideal candidates for pho-
tothermal deicing applications [7, 8, 12–17].

In developing these new passive anti-icing coatings, it 
is also important to improve their photothermal superhy-
drophobic properties through low-cost, easily achievable 
processes such as spray or dip coating. The spray coating 
of superhydrophobic suspensions or inks is increasingly 
chosen as a go-to approach to synthesizing multifunctional 
superhydrophobic coatings [18–21]. A coating can gain 
superhydrophobic properties by the surface-grafting of 
nanostructures containing superhydrophobic functional 
groups. Zhang et al., for instance, sprayed a waterborne 
polyurethane solution and modified  SiO2 nanoparticles 
(NPs) successively to transform metal, silicon wafer, and 
polymer film surfaces into non-wetting nanostructures 
[22]. However, coating obtained through the grafting of 
superhydrophobic chemical moieties on functional nano-
materials should maintain their functionality, such as pho-
tothermal response in order to fabricate multifunctional 
superhydrophobic coatings. For harnessing photothermal 
energy, the functional nanomaterial must display an effi-
cient light-to-heat conversion effect within the coating.

The actual performance of superhydrophobic photo-
thermal coatings is dependent on the optical properties, 
thermal conductivity, and dispersion state of the fillers. 
An optimized design of nanomaterials and nanostructures 
can facilitate high energy absorption with ideal optical 
properties [23, 24] for enhancing efficient heat genera-
tion [25–28]. MXene(Ti3C2Tx) features a localized sur-
face plasmon (LSPR) enhancement effect and a broad 
absorption band [29–31]. Moreover, because MXenes have 
good electrical conductivity, they can be used in flexible 
electronic devices and soft robots [32, 33]. When used 
as plasmonic metamaterials, MXenes can be employed 
as electromagnetic shielding materials [34–36]. Due to 
its superior optical properties and fast heat transfer capa-
bilities, MXene has been widely used in light absorption 
and light-to-heat conversion devices [29, 31, 37, 38]. To 
further enhance the photothermal performance of MXene, 
researchers have hybridized it with Au or Ag NPs. While 
previous works have demonstrated the hybrid MXene@
Au NPs could synergistically improve light absorption and 
heat generation of the photothermal performance [39–41], 
there are few reports on the use of MXene@Au hybrids 
in superhydrophobic photothermal films. It is due to the 
fact that non-aqueous systems usually used in the prepara-
tion of superhydrophobic films result in the coagulation 
of Au NPs, restricting the photothermal performance of  
this hybrid material.

A new strategy is proposed to develop efficient pho-
tothermal deicing coatings employing superhydrophobic 

plasmonic MXene composites. A two-step spraying process 
was employed to prepare plasmonic photothermal superhy-
drophobic coatings containing MXene@Au hybrids com-
bined with waterborne polyurethane. Modified  SiO2 NPs 
with fluoroalkyl silane (FAS) moieties were deposited on 
the coating’s surface to fabricate  fSiO2/MXene@Au-WPU 
photothermal superhydrophobic coatings. The prepared 
 fSiO2/MXene@Au-WPU composite coating is successfully 
explored and can be applied for anti-icing and deicing over 
an ultra-long anti-icing time under low temperature and high 
humidity. The strategy for preparing multifunctional supe-
rhydrophobic photothermal composite coatings proposed 
in this work is simple, efficient, and easy to operate under 
various conditions with broad practical applications. This 
multifunctional coating can be easily implemented for pho-
tothermal deicing and corrosion-resistant coating for various 
surface protection technologies.

2  Experimental section

The synthesis route of the plasmonic-enhanced superhy-
drophobic MXene composite film is explained in Fig. 1a. 
The diagram of the deicing process of this composite coat-
ing is shown in Fig. 1b. Layered MXene was etched from 
MAX(Ti3AlC2) using a conventional chemical etching pro-
cess [42, 43]. Au NPs were synthesized by the seed-mediated 
growth method [44]. MXene nanosheets were combined with 
Au NPs to create plasmonic hybrid structures of MXene@
Au, using ultrasonic stirring with the help of their electro-
static interaction. MXene@Au powders were then dispersed 
into the WPU matrix.

The  fSiO2 was prepared by chemical grafting of FAS on 
 SiO2 particles following recipes well-established in the lit-
erature [45, 46]. The modified  fSiO2 layer was subsequently 
sprayed on the MXene@Au-WPU film. Figure 1b illustrates 
the ice melting mechanism of the superhydrophobic pho-
tothermal coating. The detailed experimental procedure 
and synthesis process of prepared materials and their char-
acterizations using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray diffraction 
spectroscopy (XRD), energy-dispersive X-ray spectroscopy 
(EDS), and X-ray photoelectron spectroscopy (XPS) meas-
urements are described in the Supporting Information.

3  Results and discussion

The structural properties of the fabricated MXene nanosheets 
and MXene@Au hybrids were investigated using SEM and 
TEM (Fig. 2). Multilayered MXene sheets structures can 
be observed from the cross-section of the SEM images 
(Fig. 2b). The gaps between the MXene layer provide host 
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sites to embed additional nanomaterials or serve as com-
pounding sites [40, 47]. The synthesis of MXene from the 
MAX material is further confirmed by XRD, as shown in 
Fig. S1a [29, 30].

The MXene nanosheets were added to WPU, and the 
MXene-WPU coating was formed after spraying. Figure S1b 
showed the absorption spectrums of coatings when the mass 
ratio of MXene in MXene-WPU was optimized to 3%. The 
absorption peak observed at 800 nm can be attributed to the 
LSPR of the plasmonic MXene nanosheets [29–31].

Figure S2a shows the morphologies of the as-prepared 
gold nanoparticles with diameters ranging from 25 to 35 nm. 
Figure 2c–d show that Au NPs were successfully infiltrated 
within the layered MXene, yielding MXene@Au compos-
ite structures. The TEM image in Fig. 2e demonstrates the 
MXene@Au structure, consistent with the SEM charac-
terization showing that the Au NPs are distributed on the 

flake-shaped MXene. High-resolution TEM was performed 
on the hybrid structure (Fig. S2b), and revealed that the 
interplanar distance corresponds to the (111) crystal plane 
of metallic Au [48, 49]. EDS mapping of Ti, C, and Au 
shows the corresponding results in Fig. 2f.

The material compositions were investigated using XRD 
and XPS (Fig. 3). XRD patterns of MXene and MXene@Au 
depicted in Fig. 3a feature peaks at 38.4°, 44.6°, and 64.8°, 
which can be attributed to the crystallographic planes of the 
metallic gold [39]. The hybrid structure was further charac-
terized by XPS, and as can be seen in Fig. 3b, XPS results 
demonstrate the successful hybridization of metallic gold 
onto MXene nanosheets since the peaks of Au 4f and Au 4d 
could be observed. The main elements of MXene, Ti, and 
C were detected in the MXene@Au spectrum. Since there 
are fluorine-containing and oxygen-containing functional 
groups on the MXene layers, the peaks of O and F appear 
in the spectrum [31, 50, 51]. Figure 3c and d show high-
resolution XPS spectra of Ti 2p and C 1 s in MXene@Au 
hybrids. The chemical bond information featured in Fig. S3 
indicates that Ti-C, Ti–O, and Ti(III) accounted for 15.3%, 
13.5%, and 40.3% in the spectrum of Ti 2p, respectively. 
C–C, C-Ti, and C-O bonds account for 64.8%, 16.1%, and 
5.2%, respectively, in the spectrum of C 1 s. These further 
confirmed the  Ti3C2Tx composition in the hybrid structure 
[41, 52, 53]. In Fig. 3e and f, there are diffraction peaks in 
Au 4f and Au 4d core-level XPS spectrum, respectively [54, 
55]. The Au 4f spectrum contains two diffraction peaks; the 
peaks at 83.6 eV and 87.2 eV are related to the binding ener-
gies of Au  4f7/2 and Au  4f5/2, respectively [52]. The peaks at 
334.3 eV and 352.6 eV correspond to Au  4d5/2 and Au  4d3/2, 
respectively [56]. Au exists in a metallic state in the hybrid 
rather than forming chemical bonds with other elements.

SEM, TEM, XRD, and XPS characterizations confirm 
that Au NPs are successfully hybridized with MXene 
nanosheets and form the MXene@Au composite mate-
rial. When the mass ratio of MXene is fixed (3%), the  

Fig. 1  a Schematic diagram of the fabrication of the  fSiO2/MXene@
Au-WPU composite film. b Schematic diagram of the deicing process 
of  fSiO2/MXene@Au-WPU superhydrophobic photothermal coatings

Fig. 2  a–b SEM images of the 
MXene nanosheets. c–d SEM 
images of the MXene@Au 
hybrid nanomaterial. e Low-
resolution TEM image of the 
MXene@Au hybrid nanomate-
rial. f EDS elemental mapping 
images of Ti, C, and Au for the 
MXene@Au hybrid, and the 
scale bar corresponds to 100 nm
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optimal ratio for MXene to Au is 8:1, as shown in Fig. S2c. 
In Fig. 4a, the absorption of MXene@Au-WPU film is 
higher than that of MXene-WPU, which indicates that the 
hybridized MXene@Au nanocomposite has better optical 
properties. The inset picture shows the ultraviolet − visible 
(UV–VIS) spectrometry of MXene and MXene@Au solu-
tion. The NIR absorption peak (~ 800 nm) of the MXene 
nanosheets can be observed, consistent with the previously 
reported plasmonic peak of MXene [29–31]. After hybrid-
izing with Au NPs, the absorption of MXene is enhanced in 
NIR. The absorption peak around 550 nm is due to the LSPR 
of Au NPs [39, 41]. The MXene@Au-WPU layer inherits the 
absorption band of the hybridization nanomaterials in NIR. 
Multiple previous reports are focused on MXene-based pho-
tothermal materials using NIR irradiation light sources [41, 
57–60]. NIR light sources for heating and deicing also have 
important research value in many applications [12, 13, 15, 
16]. Hence, the experimental characterization of the light-
to-heat transfer in the samples was performed at 808 nm 
irradiation.

The MXene-WPU and MXene@Au-WPU composite 
films were exposed to different power densities, as shown in 
Fig. 4b–c. The surface temperature of pure WPU is shown in 
Fig. S4. WPU had a relatively minor contribution to the pho-
tothermal conversion, and the photothermal properties of the 
film are mainly attributed to the added filler, MXene@Au 
hybrid. The surface temperatures of the MXene-WPU and 

the MXene@Au-WPU film increased with the irradiation 
time and reached equilibrium values around 300 s. Under the 
same power density of laser irradiation, the overall tempera-
ture of MXene@Au-WPU was higher than that of MXene-
WPU. The equilibrium temperature of MXene@Au-WPU 
film at 0.5 W  cm−2 was 130.2 °C, while the MXene-WPU 
film approached 110.3 °C.

The differences in the temperature increase of MXene-
WPU and MXene@Au-WPU films under lasers of differ-
ent powers are shown in Fig. 4d. As shown in Fig. 4e. the 
surface equilibrium temperatures of the MXene@Au-WPU 
hybrid the film did not decrease after multiple irradiations 
with different powers, indicating good repeatability and  
no fatigue photothermal effect [51]. Figure 4f shows the 
IR images of MXene-WPU and MXene@Au-WPU coat-
ings as a function of time. The region representing the 
high-temperature diffusion on the hybrid film is larger 
than that of the unhybridized film. Compared to one par-
ticular heat-generating property in the MXene-WPU film, 
the photothermal ability of the MXene@Au-WPU can be 
attributed to the synergistic effect of MXene nanosheets 
and Au NPs [39, 41]. The hydrophilic functional groups 
on the MXene nanosheets facilitate uniform dispersion of 
the MXene@Au hybrid in WPU and thus contribute to the 
homogenous thermal conduction in the entire film [61]. 
The addition of Au NPs also gives the hybrid structure 
higher absorption and photothermal performance [39, 41]. 

Fig. 3  a  XRD patterns for pure MXene nanosheets and the MXene@Au hybrid. b  XPS spectrums of the pure MXene nanosheets and the 
MXene@Au hybrid. c–f High-resolution XPS spectrums of Ti 2p, C 1 s, Au 4f, and Au 4d for the MXene@Au hybrid nanomaterial
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These indicate that the hybrid material has better optical 
performance, heat transfer conductivity, and photothermal 
conversion ability. In depth analysis if the hybrid mate-
rials at the microscopic scale and study of the thermal 
conduction dynamics of the materials will be the focus of 
subsequent work endeavors. Notably, the films’ optical and 
thermal characterizations demonstrate the bright potential 
of the prepared hybrid materials as photothermal coatings.

A superhydrophobic  SiO2 layer was introduced to 
modify the surface of the composite coating to improve 
its hydrophobicity and make it more suitable for deicing 
applications. The  SiO2 NPs were prepared by the Stober 
method. The SEM image of the morphology (Fig. S5a) 
[62] revealed that the  SiO2 nanoparticles were spherical, 
ranging from 150 to 170 nm in diameter. FAS, a chemical 
reagent typically used to improve hydrophobicity, was thor-
oughly mixed and reacted with  SiO2 NPs. FAS-SiO2 NPs 
were obtained after heat-drying. The chemical treatment on 
the surface did not change the morphology of  SiO2 NPs, as 
shown in Fig. 5a. The XPS characterization was performed 
on FAS-SiO2 and  SiO2 (Fig. S5b). Compared with the spec-
trum of  SiO2, the F 1 s peak of FAS-SiO2 was much higher, 
indicating that the fluorinated functional groups in FAS 
were grafted on the  SiO2 NPs [45, 46].

After spraying the FAS-SiO2 solution on the surface of 
the MXene@Au-WPU films, a multifunctional composite 
coating was obtained. In Fig. 5b, the cross-section image 
shows that the FAS-SiO2 layer connected by the NPs clus-
ters was closely attached to the surface of the MXene@
Au-WPU composite coating to form the  fSiO2/MXene@
Au-WPU composite coating. The contact angle (CA) meas-
urement of MXene@Au-WPU,  SiO2/MXene@Au-WPU, and 
 fSiO2/MXene@Au-WPU composite coatings are shown in 
Fig. 5c1, c2, and c3, respectively. Therefore, the MXene@
Au-WPU film was hydrophilic [63], closely related to the 
hydrophilicity of MXene nanosheets and the WPU polymer. 
On the other hand, the  SiO2/MXene@Au-WPU film was 
hydrophobic, while the  fSiO2/MXene@Au-WPU film was 
superhydrophobic [63–66]. A sliding angle (SA) value of 
4.5°, indicating the superhydrophobicity of  fSiO2/MXene@
Au-WPU film, was measured [7, 65]. The composite film 
with  SiO2 NPs featured undulating spherical protrusions, 
similar to the lotus leaf structure in bionics.

It significantly reduces the wettability of water droplets, 
making the film sprayed with  SiO2 coating change from 
hydrophilic to hydrophobic [63, 65]. Additionally, the sur-
face of the modified  SiO2 spheres was grafted with hydro-
phobic functional groups, reducing the surface tension and 

Fig. 4  a  Absorption spectrums of the composite coating. The inset 
is a UV–VIS measurement of the MXene@Au solution (red) and 
the MXene solution (blue). b, c  The photothermal-heating curves 
of the composite coatings at different power (0.1, 0.2, 0.3, 0.4, and 
0.5 W   cm−2). d Temperature increase (ΔT) as functions of the irra-
diated power density for the composite coatings after an irradiation 

time of 300  s. e  Photothermal stability of the MXene@Au-WPU 
composite coating at five optical power densities (0.1, 0.2, 0.3, 0.4, 
and 0.5 W  cm−2) for twenty-five cycles. In each cycle, the stable film 
surface temperature was recorded at 300 s. f IR thermal images of the 
composite coatings at 0.5 W  cm−2
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further enhancing the hydrophobicity of the film, making the 
 fSiO2/MXene@Au-WPU coating possess superhydrophobic 
properties [67, 68]. We optimized the F-SiO2 content on the 
surface of the composite films. Different layers of F-SiO2 
nanoparticles were sprayed on the films, and their absorp-
tion spectra and contact angles were characterized. In every 
layer sprayed, 5 mg of F-SiO2 nanoparticles were sprayed 
on the film surface. From Fig. S6, CA increased when more 
F-SiO2 nanoparticles were sprayed, while the absorption 
decreased. The scattering of incident light by  SiO2 reduced 
the absorption of light. However, when the coverage den-
sity of F-SiO2 particles is increased, the hydrophilic area 
is reduced, and the superhydrophobic area on the surface 
of the composite film is increased. F3 was chosen as the 
optimized formulation since the  fSiO2/Mxene@Au-WPU 
film with three F-SiO2 sprayed layers provided the most 

optimum performance for absorption and superhydropho-
bicity. Unless otherwise specified,  fSiO2/Mxene@Au-WPU 
composite films used in this work were synthesized with  
this formulation.

Figure 5d is a photograph showing the perfect water drop-
let on the superhydrophobic  fSiO2/MXene@Au-WPU coat-
ing. The water droplet in the photo uses red dye to make it 
look clearer. In addition, the superhydrophobic coating was 
proven to withstand both concentrated acid and alkali solu-
tions, as shown in Fig. 5e and f, where the coatings exhibited 
superhydrophobic properties for solutions with a pH ranging 
from 1 to 13.

A similar thermal radiation heating treatment is applied 
to evaluate the performance of the superhydrophobic  fSiO2/
MXene@Au-WPU composite coating. Figure 5g shows 
the effect of photothermal radiation with increasing power 

Fig. 5  a SEM image of the modified FAS-SiO2 NPs. b SEM image of 
the  fSiO2/MXene@Au-WPU composite film (cross-section). c1–c3 CA 
characterizations of MXene@Au-WPU,  SiO2/MXene@Au-WPU, and 
 fSiO2/MXene@Au-WPU composite coatings. c4  SA characterization 
of  fSiO2/MXene@Au-WPU composite film. d  The photograph shows 
the water droplets formed by the rhodamine B solution on the  fSiO2/
MXene@Au-WPU coating. e Optical images of static water droplets of 

different pH values on the  fSiO2/MXene@Au-WPU coating. f CA and 
SA for solutions with pH from 1 to 13. g  The photothermal-heating 
curves of the  fSiO2/MXene@Au-WPU coating. h Heating curves for five 
lasers on/off cycles at 0.5 W  cm−2. i Photothermal stability of the  fSiO2/
MXene@Au-WPU composite coating for twenty cycles at 0.5 W  cm−2. 
The inset is the optical image of water droplets on the coating after cycles
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density. Similar to the MXene@Au-WPU coating, the tem-
perature difference of the  fSiO2/MA-WPU coating shows a 
positive correlation with the power density of the irradia-
tion. The temperature reached 120 °C when irradiated with 
a power density of 0.5 W  cm−2. Although the absorption 
of  fSiO2/MXene@Au-WPU was slightly lower than that of 
the MXene@Au-WPU film (Fig. S7), the composite coat-
ing still reached high temperature under mild irradiation, 
achieving good light-to-heat conversion efficiency. Due to 
the high optical bandgap of  SiO2 and its transparency, the 
MXene@Au hybrid structure can rapidly absorb the light 
energy and promotes uniform heating of the entire coating. 
Repeated thermal cycles were carried out to characterize 
the photothermal stability of the  fSiO2/MXene@Au-WPU 
composite coating, as shown in Fig. 5h and i. In the five pro-
cesses of irradiating on and off, the temperature curve of the 
coating was similar, with little difference in the maximum 
temperature of light-to-heat conversion after twenty heating 
cycles. It indicates that the  fSiO2/MXene@Au-WPU films 
offer good repeatability and exhibit no fatigue due to the 
photothermal effect. The CA and SA after cycling heating 
are shown in Fig. 5i (inset) and Fig. S8, demonstrating that 
the superhydrophobic properties also remain stable upon 
cycling.

As an actual application of the photothermal superhydro-
phobic coating, the anti-icing and deicing performances of 
the coatings were measured. The coatings were placed on 
a cold platform maintained at − 20 °C. As shown in Fig. 6a 
and Movie S1, the time for the water droplet (20 µL) to 
freeze on the  fSiO2/MXene@Au-WPU coating was five 
times longer than on the MXene@Au-WPU coating (1053 s 
vs. 212 s), due to the narrow air gaps between the water and 
the superhydrophobic coating, slowing down the freezing 
process. The water-droplet could be maintained above the 

freezing temperature for a long time, thereby inhibiting the 
formation of ice [8, 12]. Compared with previous reports 
(Table 1), the superhydrophobic coating we prepared fea-
tured an ultra-long anti-icing time under low temperature 
and high humidity [12–17].

Figure 6b (Movie S2) shows that the superhydrophobic 
 fSiO2/MXene@Au-WPU coating developed a good frost 
resistance, as the anti-frosting time was improved by 1.6 
times compared to the MXene@Au-WPU coating. The 
defrosting performance is shown in Fig. S9 and Movie S3. 
The tiny water droplets on the superhydrophobic fSiO2/
MXene@Au-WPU film surface are not easy to aggregate, 
inhibiting the frost layer formation [69]. As the frost melts, 
the melting area of the frost on the  fSiO2/MXene@Au-
WPU coating is 3.4 times that of the MXene@Au-WPU 
coating.

The deicing performance of the coatings was next 
characterized, as shown in Fig. 6c and Movie S4. The ice 
discs (diameter, 2 cm) with a thickness of 3 mm on the 
sample were irradiated. The ice on the  fSiO2/MXene@
Au-WPU coating melted completely in 60 s, while the ice 
on the MXene@Au-WPU melted by 32%. Furthermore, 
the  fSiO2/MXene@Au-WPU coating reached a higher 
temperature under the deicing irradiation than the non-
modified coatings (28.9 °C vs. 20.2 °C). After the light 
penetrates the hydrophobic  fSiO2 layer, the MXene@Au 
hybrids quickly and effectively conduct light-to-heat con-
version and uniformly transfer the heat to the entire film. 
Due to the superhydrophobic properties of the coating, 
the water produced by the ice-melting slips away from the 
surface. The specific heat capacity of air is less than that 
of water, so the dry area on  fSiO2/MXene@Au-WPU coat-
ing dissipates heat faster than the wet area on MXene@
Au-WPU coating during the melting process, which is 

Fig. 6  a–b Photographs of the 
freezing and frosting processes 
on MXene@Au-WPU coating 
and  fSiO2/MXene@Au-WPU 
coating. c Pictures of the 
photothermal deicing process of 
MXene@Au-WPU coating
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more advantageous to deicing. Without the reflection  
of melting water, dry surfaces’ absorption performance 
and photothermal conversion are also better than those of 
wet surfaces. The contact force between the ice and the 
superhydrophobic surface is weak [70, 71], making the 
ice on  fSiO2/Mxene@Au-WPU coatings easily removed. 
The superhydrophobic effect provides a good guarantee for 
the composite films’ photothermal conversion and deicing.

The photothermal deicing efficiency was calculated 
according to the equation [15, 16]:

where C represents the specific heat capacity of ice 
(2100  J   kg−1  °C−1), ρ represents the density of ice 
(0.92 g  cm−3), V is the volume of ice, P is the power of the 
NIR laser, and t is the time of photothermal deicing. ΔT is 
the irradiation area’s temperature difference (48.9 °C) before 
and after the photothermal deicing process. The calculated 
photothermal deicing efficiency of the  fSiO2/MXene@Au-
WPU coating was 73.1%, higher than the previous reports in 
Table 1. Therefore, the  fSiO2/MXene@Au-WPU composite 
presented in this work is a very promising coating material 
for defrosting and deicing applications.

4  Conclusion

In summary, a new strategy for photothermal deicing 
employing superhydrophobic plasmonic MXene composites 
was proposed. The  fSiO2/MXene@Au-WPU prepared by a 
simple spray method achieves high photothermal conversion, 
superhydrophobicity, and acid (base) resistance. Compared 
with previous reports, the superhydrophobic coating we pre-
pared featured an ultra-long anti-icing time in a tough envi-
ronment with low temperature and high humidity (− 20 °C, 
RH 68%). The composite coatings’ high photothermal prop-
erties allow for the rapid melting of ice in the irradiated 
area. The superhydrophobic properties of the coating help 
melt water slide to the edge. Benefit from these advantages, 

� =
C ⋅ � ⋅ V ⋅ ΔT

P ⋅ t

the coating achieved a deicing efficiency of 73.1%, higher 
than the existing reports. The spray coating method we used 
is high throughput, low waste, and can be implemented on 
many substrates, which is attractive for industrial processes. 
We believe that if some good methods for improving dura-
bility are combined with the as-prepared MXene composites, 
aging-resistant and mechanically stable superhydrophobic 
MXene composite coatings will be achieved. Therefore, the 
composite coating we prepared is expected to have important 
applications in the efficient anti-icing of outdoor electronic 
equipment, the anti-corrosion of superhydrophobic special 
coating, and industrial large-scale film making.
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