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Abstract
MXene-based coatings have emerged as highly efficient materials for anti-icing and deicing applications, offering a com-
bination of photo- and electrothermal properties. These coatings leverage high electrical conductivity, localized surface 
plasmon resonance (LSPR), and thermal stability of MXenes, particularly Ti3C2Tx, to achieve rapid ice melting and delayed 
freezing. Photo- and electrothermal coatings, which utilize solar energy and electric power, respectively, exhibit high effi-
ciency in active deicing. Hybrid designs integrate superhydrophobicity, reducing heat transfer at the ice-coating interface 
and preventing secondary freezing. Functional modifications, such as hybridization with Ag nanowires (AgNWs), carbon 
nanotubes (CNTs), graphene oxide (GO), polydopamine (PDA), and polydimethylsiloxane (PDMS), further enhance con-
ductivity, mechanical stability, and oxidation resistance. In this review, we explore the latest advancements in MXene-based 
anti-icing/deicing strategies, categorizing them into photothermal, electrothermal, and hybrid mechanisms. Despite these 
advancements, challenges remain in the scalability, long-term durability, and oxidation resistance of MXenes under real-world 
conditions. In the conclusion section, this review also highlights potential solutions, including surface modifications, polymer 
encapsulation, and self-healing composites, the importance of AI-driven material design, and self-powered deicing systems.

Keywords  MXene · Anti-icing · Deicing · Superhydrophobic · Photothermal · Electrothermal · Joule heating · Energy-
efficient coatings

1  Introduction

Icing is a natural and inevitable occurrence that, if left unad-
dressed, can significantly impact the performance and safety 
of various structures, including ships [1], power lines [2], 
aircraft [3], wind turbines [4], roads [5], buildings [6], and 
photovoltaic systems [7]. Ice accumulation has led to severe 
disasters, causing substantial economic losses and numerous 
fatalities. For example, a major ice storm in 2008 crippled 
power transmission networks across southern China, lead-
ing to an estimated €5 billion in reconstruction costs [8]. 
Similarly, ice accretion on wind turbines, a key component 
of renewable energy, led to a catastrophic collapse of a wind 

turbine in Wisconsin in 2023, destroying a major asset long 
before its expected lifespan [9]. In aviation, ice accumula-
tion on engines and sensors has been a contributing factor 
in numerous fatal crashes, including those of Air Algérie 
Flight 5017 (2014), Bek Air Flight 2100 (2019), and Aero 
Caribbean Flight 883 (2010), demonstrating the high-stake 
nature of this challenge.

Historically, managing ice has relied on active deicing 
methods such as mechanical removal, thermal heating, and 
chemical spraying [9, 10]. While effective, these approaches 
are often inefficient, energy-intensive, and can cause sig-
nificant environmental harm, making them unsustainable for 
widespread, long-term application. The limitations of these 
traditional methods have driven extensive research into pas-
sive anti-icing strategies, which aim to prevent ice formation 
or facilitate its removal without external energy input. This 
market for ice protection systems is substantial and grow-
ing, estimated to be worth €1.8 million by 2027 [11]. A 
key strategy for passive anti-icing involves materials that 
possess one or more of three characteristics: repelling water 
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droplets, inhibiting ice nucleation, or reducing ice adhesion 
strength [12].

Superhydrophobic surfaces (SHSs) have shown promise 
by creating a thermal barrier that delays freezing of super-
cooled droplets through the Cassie-Baxter model [12]. Given 
that some ice formation is inevitable under persistent sub-
zero conditions, a more pragmatic approach for durable 
anti-icing is to focus on minimizing ice adhesion strength. 
Therefore, rather than aiming to eliminate ice, a more practi-
cal approach is to minimize the ice adhesion strength, ideally 
close to zero [13]. While developing anti-icing materials 
(AIMs) with ultralow ice adhesion is achievable, several 
challenges must be addressed to optimize their performance. 
A realistic solution for all-weather outdoor anti-icing appli-
cations is to ensure that AIMs maintain an ice adhesion 
strength below 100 kPa, rather than striving for the absolute 
lowest possible value. Additionally, incorporating external 
stimuli such as photothermal and electrothermal heating can 
increase the ice removal efficiency, making it possible to 
shed ice quickly (within 5 min) while maintaining safety, 
reliability, and cost-effectiveness.

This review aims to summarize the design strategies in 
MXene-based anti-icing and deicing coatings, which are 
uniquely positioned to address the limitations of conven-
tional passive materials. We will specifically focus on how 
the exceptional photothermal and electrothermal conversion 
characteristics of MXenes are being leveraged for both pas-
sive and active ice mitigation. Beginning with an overview 
of the fundamental photothermal and electrothermal conver-
sion mechanisms of MXenes, this review will systematically 
examine various design strategies for MXene-based coat-
ings and their performance in anti-icing and deicing appli-
cations. This comprehensive analysis will provide a critical 
roadmap for future research in the development of highly 
efficient, durable, and energy-effective anti-icing/deicing 
technologies.

2 � Photothermal and electrothermal 
conversion mechanism of MXene

Photothermal materials, which can efficiently capture and 
convert solar energy into heat, have been the subject of 
extensive research in recent decades in various fields, e.g., 
water desalination, anti-icing/deicing, photocatalysis, pho-
tothermal therapy, and antibacterial applications [14]. For 
optimal performance, these materials must exhibit broad-
band absorption across the solar spectrum and a high solar-
to-thermal energy conversion efficiency [15]. A wide range 
of nanostructured photothermal materials has been explored, 
including semiconductors [16], nanocarbon-based materi-
als [14], MXenes [17], and polymers [18]. When exposed 
to sunlight, these materials absorb photons, initiating 

photoexcitation processes where charge carriers become 
mobilized under a light-induced electric field, ultimately 
leading to heat generation. The exact photothermal conver-
sion mechanism varies depending on the electronic prop-
erties of the material and interaction with electromagnetic 
radiation, which are influenced by factors such as bandgap 
structure and electron dynamics. Broadly, photothermal con-
version can be categorized into three fundamental mecha-
nisms: (1) localized surface plasmon resonance (LSPR), (2) 
electron–hole pair excitation and recombination, and (3) 
delocalized electron interactions, including conjugation and 
hyperconjugation effects [19].

MXenes [20–22] are a class of 2D transition metal car-
bides, nitrides, and carbonitrides with a general formula 
of Mn+1XnTx, where Tx represents the surface functional 
groups, typically -O, -OH, -F, and/or -Cl. In addition to 
their high conductivity, their compact and highly aligned 
nature also endows Ti3C2Tx films with high mechanical 
strength and toughness. The fundamentals of MXene syn-
thesis are explained in Lim et al. [23]. Ti3C2Tx exhibits an 
excellent electro and photothermal conversion performance 
and photo-to-heat conversion efficiency of nearly 100% and 
shows superior electromagnetic wave absorption ability 
[24]. On one aspect, concerning absorption width, MXenes 
exhibit typical semiconductor behavior characterized by a 
narrow bandgap due to their abundant surface functional 
groups. This characteristic results in broad absorption across 
the solar spectrum, providing a clear advantage over conven-
tional wide-bandgap semiconductors. The latter, constrained 
to UV absorption, covers only a small portion of the solar 
spectrum, making MXenes more efficient in terms of pho-
tothermal conversion. On the other hand, the LSPR effect 
of MXenes highlights the responsivity across the UV–vis-
ible–NIR range, further enhancing photothermal conversion 
efficiency [19]. Among MXene family, Ti3C2Tx has been 
commonly explored in various fields such as energy stor-
age [25], sensing [26], electromagnetic interference (EMI) 
shielding [27], and biomedicine [28]; however, the investiga-
tion of its thermal management properties is in its infancy 
[17]. V2CTx and Nb2CTx are gaining attention among the 
MXene family. Nb2CTx was not exploited in the biomedical 
field until 2017 [29]. Maintaining a high light absorption 
ability in the NIR-I and NIR-II (950–1350 nm) windows, 
the photothermal conversion efficiency of Nb2CTx has been 
studied mainly in cancer therapy [30]. V2CTx MXene has 
a photothermal conversion efficiency of 48% [31]. How-
ever, neither of them has been investigated for deicing 
applications.

Joule heating, known as resistive heating or ohmic heat-
ing, is the process of converting electrical energy into ther-
mal energy within a conductive material. As the current 
flows through the material, the electrons collide with the 
atoms, causing the atoms to vibrate more vigorously. This 
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increased atomic vibration is perceived as heat. The electro-
thermal conversion mechanism of MXene is Joule heating 
[32]. A schematic illustration of the electro and photother-
mal conversion mechanism of MXene is shown in Scheme 1.

3 � Photothermal deicing coatings

Slippery liquid-infused porous surfaces (SLIPS) utilize liq-
uid lubricants such as silicone oil or ionic liquids (ILs) for 
anti-icing/deicing since these materials remain in a fluid 
state at low temperatures, low surface energy, and low ice 
adhesion strength. However, they have low mechanical and 
chemical durability. MXenes have been used to mitigate 
these limitations while increasing electro and photothermal 
efficiency.

The summary of photothermal deicing coatings is pre-
sented in Table 1. A 3D liquid-based porous coating was 
designed by Zhang et al. [34] (Scheme 2) using Mo2CTx 
MXene. At 100 mW cm−2 and the setting temperature 
of − 10 °C, the surface temperature of the coating reached 
5.7  °C in 10  min, whereas that of the coating without 
MXene remained at − 8.2  °C, and the nonporous coat-
ing only reached 0.1 °C. Delayed ice formation of 3186 s 
at − 15 °C was observed, which was 33.2 times longer than 
that of a bare aluminum plate. The extremely low ice adhe-
sion strength of 4.66 kPa was mainly due to the silicone oil 
layer remaining in a liquid state at low temperatures, along 
with the gradual diffusion of silicone oil from the oleogel 
sealer layer into the porous matrix during high-temperature 
curing. This diffusion lowered the interfacial modulus of the 
upper porous coating, playing a crucial role in reducing ice 
adhesion. Additionally, the high photothermal conversion 
efficiency of Mo2CTx, its uniform distribution in the matrix, 
and prolonged residence of the light in the porous structure 
highlight the suitability and durability of this design for 
practical anti-icing/deicing applications.

Inspired by Shell nacre’s “brick-mud”, Song et al. [35] 
designed a SLIPS by creating microstructure pits on an 

aluminum phosphate/Ti3C2Tx-coated Fe plate. This surface 
was then modified chemically with 3-mercaptopropyl tri-
methoxysilane to attach vinyl-terminated polydimethylsilox-
ane via Click reaction. This hydrophilic lubricant-grafted 
textured surface (LGTS) had a water contact angle (WCA) 
of 76.5° and a sliding angle (SA) of 4.28°. Compared with 
the bare Fe surface temperature of 40 °C, it reached a tem-
perature of 55.6 °C in 600 s under 100 mW cm−2 Xenon 
light. Under 100 mW cm−2, an ice droplet slid off the sur-
face when tilted 10° before completely melting, reducing the 
risk of secondary freezing. Delayed icing times of 27 and 
335 s were observed for the bare Fe plate and coated surface, 
respectively, whereas the ice adhesion strength remained at 
approximately 20 kPa after 20 deicing cycles.

Zheng et  al. [43] utilized an ambient-pressure-dried 
(APD) strategy to fabricate a lightweight, robust, and flex-
ible aerogel. The polyurea aerogel was first dip-coated in 
Ti3C2Tx dispersion, followed by spray-coating of GO, and 
finally crosslinking with PMDI. With an increasing power 
density of irradiated Xenon lamp from 50 to 250 mW cm−2, 
a temperature increase from 39 to 116.2 °C in 500 s was 
observed, which also linearly increased with increasing 
MXene content.

Another aerogel composed of Ti3C2Tx and graphene was 
designed by He et al. [42]. First, a graphene aerogel with 
a hierarchical architecture was prepared via unidirectional 
freezing followed by immersion in MXene dispersion and 
infiltration with epoxy resin. The conductivity of the aero-
gel, containing 23.85 wt% MXene, reached 74.08 S m−1. 
Surface temperatures of 50 and 73 °C were measured at 
100 and 200 mW cm−2, respectively. A 3-mm-thick aerogel 
melted an ice droplet in 2 min at 100 mW cm−2. When a 
water droplet was placed on the coating, which was already 
cooled to − 30 °C and then exposed to 100 mW cm−2 solar 
irradiation, no freezing occurred even after 5 min, whereas 
in the absence of MXene and graphene, it froze in 3 min. 
This study utilized the same conductive materials as Zheng 
et al. [43]; however, the design of the latter group with a 

Scheme 1   a Schematic illustra-
tion of electrothermal and 
b photothermal conversion 
mechanism of MXene. Repro-
duced with permission from 
Wiley [33]
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Table 1   The summary of the photothermal deicing coatings

NR Not reported

Category Ref Publication 
year

Composition MXene loading Type of 
composite/
thickness

WCA (°)/
SA (°)

Heat source/
photothermal 
properties

Mechanical properties

Photo-
thermal 
coatings

[36] 2021 Ti3C2Tx/PDDA/
poly(PFEMA)-
co-poly(BMA)

NR LBL 
film/10 µm

120/24 Xenon 
lamp/31 °C at 
100 mW cm−2 
in 10 min at an 
environmental 
temperature 
of −30 °C

NR

[37] 2022 polyurethane-
Ti3C2Tx@SnO2

2.0 wt % 
Ti3C2Tx@
SnO2

Film/400 µm 85/NR Xenon 
lamp/32.7 °C 
at 100 mW 
cm−2

Break 
strength = 46.5 MPa 
elongation at 
break = 459%

[38] 2023 Ti3C2Tx/PDA/
[BHIM]NTf2

0.04 wt% of 
Ti3C2Tx@
PDA in IL

Nanofluid/NR NR Xenon 
lamp/73.9 °C 
at 100 mW 
cm−2

NR

Ti3C2Tx/PEI/
[BHIM]NTf2

0.04 wt% 
Ti3C2Tx@PEI 
in IL

Xenon 
lamp/71.5 °C 
at 100 mW 
cm−2

[39] 2023 Ti3C2Tx-tanic 
acid-TDI/PU

4 wt% Film/NR 105.4/NR Sunlight/73.7 °C 
at 100 mW 
cm−2

elongation at 
break = 412%

[40] 2023 Ti3C2Tx/FCuS/
PDA-IL

Ti3C2Tx/FCuS 
mass fraction 
0.12%

Nanofluid/NR NR NR/80.2 °C 
under 100 mW 
cm−2

NR

Ti3C2Tx/HCuS/
PDA/IL

Ti3C2Tx/HCuS 
mass fraction 
0.12%

Nanofluid/NR NR NR/76.3 °C at 
100 mW cm−2

NR

[41] 2024 Ti3C2Tx/carbon 
aerogel

29.4 wt% Aerogel/NR NR Xenon 
lamp/94.5 °C 
in 50 s at 100 
mW cm−2

NR

[42] 2024 PDA@GO/
Ti3C2Tx/epoxy 
resin

23.85 wt% Aero-
gel/3000 µm

NR Solar irradia-
tion/50 °C at 
100 mW cm−2

NR

[43] 2024 cross-linked 
polyurea/
MXene/GO

2 w% Aerogel/NR NR Xenon 
lamp/116.2 °C 
in 500 s at 250 
mW/cm−2

NR

[35] 2024 Fe@aluminum 
phosphate/
Ti3C2Tx@ 
3-mercaptopro-
pyl trimeth-
oxysilane@
PDMS

NR Lubrication 
film/NR

76.5/4.28 Xenon 
light/55.6 °C 
in 600 s at 100 
mW cm−2

NR

[34] 2024 PDMS/expand-
able micro-
spheres/oleo-
philic Mo2CTx

(Mo2C:PDMS) 
(1:5)

Oleogel/NR NR/11 Xenon 
lamp/5.7 °C 
in 600 s at 
100 mW cm−2 
at the setting 
temperature of 
−10 °C

Young’s modu-
lus = 3.46 Mpa
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much lower MXene content has led to higher photothermal 
conversion efficiency.

As a solution for pipeline blockage in real-life applica-
tions, Su et al. [38] designed Ti3C2Tx-IL-based nanofluids 
consisting of Ti3C2Tx@polydopamine (PDA) and Ti3C2Tx@
polyetherimine (PEI) with imidazole IL [BHIM]NTf2 due 
to their high thermal stability, efficiency, and low viscos-
ity. When the content of Ti3C2Tx@PDA and Ti3C2Tx@PEI 
reached 0.04% in IL, under 100, 200, and 300 mW cm−2 irra-
diation with a Xenon lamp, the temperatures of Ti3C2Tx@
PEI-IL reached 71.5, 93.6, and 104.7 °C. In contrast, those 
of Ti3C2Tx@PDA-IL showed slightly higher temperatures 
at 73.9, 106.0, and 119.7 °C, respectively, due to the addi-
tional photothermal effect of PDA. Leveraging the LSPR 
effect of MXene and the SPR effect and d–d transition of 
CuS, the same research group designed different nanofluids 
containing Ti3C2Tx/flower-shaped CuS (Ti3C2Tx/FCuS-IL) 
or hollow CuS (Ti3C2Tx/HCuS-IL) [40]. Ti3C2Tx/FCuS and 
Ti3C2Tx/HCuS were modified with PDA to improve the 
dispersion stability in the ILs. In five cycles of irradiation 
of 100 mW cm−2, the nanofluids with Ti3C2Tx/CuS mass 
fraction of 0.12%, Ti3C2Tx/FCuS-IL, and Ti3C2Tx/HCuS-IL 
consistently reached temperatures of 80.2 °C and 76.3 °C, 
respectively, due to the greater photothermal conversion 
properties of FCuS.

A transparent (T% > 77%) self-healing solid omnipho-
bic slippery (SOPS) coating by first layer-by-layer (LBL) 
assembly of negatively-charged Ti3C2Tx and positively 
charged poly(diallyldimethylammonium) (PDDA) via dip-
coating and finally blade-coating of melted poly(PFEMA)-
co-poly(BMA) copolymer was fabricated at the meter scale 
(Fig. 1a) [36]. The 4-layer film with a thickness of 10 µm 

showed optimal photothermal properties increasing to 
31 °C in 10 min under 100 mW cm−2 at an environmental 
temperature of − 30 °C (Fig. 1b). A 5-mm-thick ice block 
melted in 8 min under the same illumination intensity and 
slid off the surface. Notably, the self-cleaning ability of the 
Ti3C2Tx-SOPS coating could be restored through a cyclic 
etching–illumination process. Even after five cycles, the CA 
and SA of glycerol droplets remained virtually unchanged 
(Fig. 1c).

Liu et al. [41] fabricated Ti3C2Tx/carbon aerogel (CA) by 
obtaining CA from watermelon and dipping it in Ti3C2Tx 
dispersion. With an optimized Ti3C2Tx loading of 29.4 wt%, 
the surface temperature of the aerogel reached 94.5 °C in 
50 s at 100 mW cm−2 (Fig. 2a). Evaporation rates of ~ 1.48, 
3, and 4.5 kg m−2 h−1 were achieved under irradiations of 
100, 200, and 300 mW cm−2, respectively, for three cycles. 
Without sunlight, the ice partially melted at room tempera-
ture in 150 s (Fig. 2b), but under sunlight, it fully melted 
in 120 s and was quickly absorbed by the aerogel (Fig. 2c), 
showing the photothermal deicing properties. Moreover, 
Ti3C2Tx/CA absorbed low-viscosity oils and solvents with-
out sunlight, but high-viscosity pump oil (99.45 mm2 s−1 at 
40 °C) remained on the surface of the aerogel until exposed 
to sunlight, which reduced its viscosity and allowed com-
plete absorption within 150 s (Fig. 2d, e). The absorption 
capacities of some organic solvents and oils are shown in 
Fig. 2f.

Cui et al. [39] proceeded with in situ polymerization 
of tannic acid and toluene diisocyanate in the presence of 
Ti3C2Tx (MXene-TT) before integrating it into polyurethane 
(PU) resin (MXene-TT/PU). The film containing 4 wt% 
MXene, had a WCA of 105.4° and thermal conductivity of 

Scheme 2   Preparation of 
Mo2CTx/silicon oil SLIPS. 
Reproduced with permission 
from Elsevier [34]
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0.31 W m−1 k−1. The maximum temperatures recorded were 
57.1, 73.7, and 120.0 °C for MXene-TT/PU during 20 min 
exposure to simulated sunlight at intensities of 50, 100, and 
200 mW cm−2, respectively. In contrast, the temperature 
of pure PU under 100 mW cm−2 irradiation reached only 
38.3 °C, highlighting the superior light absorption capabil-
ity of the MXene-TT/PU nanocomposite. In deicing tests 
at − 20 °C under simulated sunlight, a 50-μL frozen water 
droplet on MXene-TT/PU attained an equilibrium tempera-
ture of 23.6 °C, compared to 1.0 °C for pure PU. Inspired 
by the antireflection phenomenon of moth eyes and cicada 
wings, Cai et al. [37] fabricated a multifunctional and bio-
mimetic Ti3C2Tx@SnO2 hierarchical nanostructure, thus 
enhancing the fire safety, solar deicing, and mechanical 
properties of thermal polyurethane (TPU) nanocompos-
ites. The TPU-Ti3C2Tx@SnO2 composite with 2.0 wt % 
Ti3C2Tx@SnO2 content melted ice pellets in approximately 
40 s at − 20 °C with a surface temperature of 32.7 °C under 
simulated solar irradiation of 100 mW cm−2, which was 
far faster than the 600 s needed for pure TPU, position-
ing the TPU-Ti3C2Tx@SnO2 composites for applications 
in extreme environments such as wind turbine blades and 
aircraft coatings.

4 � Electrothermal deicing coatings

The summary of the electrothermal deicing coatings is pre-
sented in Table 2.

Deb et al. [32] used a controlled ultrafast Joule heating 
strategy for surface-limited crosslinking of PDMS over 
a Ti3C2Tx aerogel (JPM) to avoid blocking all the micro/
nanopores (Fig. 3a, b). The electrical conductivity of this 
aerogel was 67 S m−1, which was higher than the oven-cured 

composite (OPM, 36 S m−1) due to lower PDMS content. 
Compared with the OPM (WCA 113.4°), the flexible light-
weight JPM had a markedly higher WCA of 143.6°. By 
applying 1.5, 2.5, 3.5, and 4 V, the temperature of the JPM 
increased to 58, 110, 166, and 213 °C, respectively, in 10 s 
and by switching off the input supply, the temperature rap-
idly dropped to 60% of its saturation value in 2 s due to the 
minimal coating of PMDS over the MXene aerogel. Dur-
ing 50 heating and cooling cycles, the thinly PDMS-coated 
MXene aerogel (100 µm) achieved a similar surface tem-
perature and retained the response rate at an input voltage of 
2.5 V, and presented a stable temperature for 3600 s. When 
2.5 V was applied, a 100-µL supercooled water droplet 
melted in 92 s and slipped off the surface, indicating its high 
hydrophobicity and electrothermal performance (Fig. 3c).

Ag nanowires (NWs) offer numerous electrothermal 
pathways owing to their outstanding thermal and electrical 
conductivity. Integrating AgNWs into MXene nanosheets 
combines two highly conductive materials, addressing the 
limitations of AgNWs, which lack structural support and 
typically require a substrate. Furthermore, this combination 
helps lower the operating voltage of MXene films, which is 
typically higher than that of AgNWs [54].

A highly transparent (T%: 89.3%) film comprising 
PDMS-encapsulated Ti3C2Tx@AgNWs was prepared via 
spin-coating [51]. The temperature of this flexible elec-
tronic with a low resistance (15 Ω sq−1) operated steadily 
during 20 cycles, increasing from 32 to 57 °C in 15 s by 
applying 2 V and melting an ice cube completely in 10 min 
under 5 V. Xia et al. [54] utilized vacuum-assisted filtration 
(VAF) to develop a flexible asymmetric “Mille-Feuille”-
like MXene − MXene@AgNWs-MXene-AgNWs film 
(Scheme 3). The 9.02-µm-thick film exhibited remarkable 
electrical conductivity, with the conductivity on the Ti3C2Tx 

Fig. 1   a Photograph of the Ti3C2Tx-SOPS-coated PET affixable 
film applied on glass. b Photograph (i) and IR thermal images (ii–
iv) of the Ti3C2Tx-SOPS-coated PET film after 100 mW cm.−2 
illumination for different durations at an atmospheric temperature 

of − 30 °C. c CAs (4 µL) and SAs (10 µL) of glycerol droplets on the 
Ti3C2Tx-SOPS-coated glass surface after undergoing different cycles 
of etching-healing treatments. Reproduced with permission from 
Wiley [36]
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Fig. 2   a Performance of Ti3C2Tx/CA under sunlight with different 
sunlight intensities after three cycles. Deicing processes on Ti3C2Tx/
CAs a with and c without sunlight irradiation. Absorption of a vis-

cous oil by Ti3C2Tx/CA d with and e without sunlight irradiation. f 
Absorption capacity of Ti3C2Tx/CA. Reproduced with permission 
from Elsevier [41]
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surface reaching 2217 S cm–1 and that on the AgNWs 
surface reaching 3659 S cm–1. Significantly high equilib-
rium temperatures in a range of low applied voltages were 
achieved at 56.4 °C@0.3 V, 77 °C@0.4 V, 100.6 °C@0.5 V, 
127.7  °C@0.6  V, 154.2  °C@0.7  V, 189.8  °C@0.8  V, 
206.2 °C@0.9 V, and 227.7 °C@1.0 V, respectively, in 
∼35 s indicating a sensitive response. Compared to the 
blending method, this LBL design has demonstrated supe-
rior performance.

In Ti3C2Tx/epoxy thermal heaters, MXene performs as 
a nanoheater, whereas the epoxy resin spreads heat. A 3D 
MXene/epoxy aerogel with excellent Joule heating capabil-
ity was fabricated via VAF of epoxy into unidirectionally 
freeze-dried Ti3C2Tx aerogel [44]. With 10 wt% Ti3C2Tx 
loading, the aerogel exhibited the electrical conductivity of 
2.1 S cm−1 and a temperature increase to 43, 127, and 166 °C 
by applying voltages of 1, 2, and 3 V, respectively, outper-
forming MXene thin film [55]. Electrophoretic deposition 
(EPD) was used to uniformly deposit negatively charged 
Ti3C2Tx on Ni-modified carbon fibers with the main pur-
pose of developing a tri-core–shell epoxy-based carbon fiber 
reinforced polymer (CFRP) composite [50]. The 1-mm-thick 
multifunctional composite with an electrical conductivity 
of 4570 S m−1 exhibited a temperature increase to 36, 45, 
64, 76, and 101 °C in 150 s as the applied voltage increased 
from 0.5 to 0.6, 1, 1.2, and 1.5 V, respectively.

A gradient layered Ti3C2Tx/Fe3O4@CNTs/TEMPO-
oxidized CNF (TOCNF) nanopaper (18 µm) was prepared 
via VAF which exhibited a high electrical conductivity of 
11,111 S m−1 (Scheme 4) [53]. The film containing 95 wt% 
Ti3C2Tx/Fe3O4@CNTs exhibited an electrothermal response 
of 40 °C at 3.0 V and 78 °C at 4.5 V and melted a 1.5 cm3 ice 
cube in 420 s at an applied voltage of 4 V, whereas it took 
1600 s to melt naturally.

Spray coating was used to separately deposit Ti3C2Tx and 
PEDOT/CNT on carbon fibers (CFs) [47]. A similar deic-
ing time of 5 min at a power density of 0.088 W cm−1 was 
observed for Ti3C2Tx@CF (five layers) and PEDOT/CNT@
CF (eight layers) coatings, whereas different resistances of 
245.9 and 3093.9 Ω were observed. Under the same power 
density and duration, the average temperature increase was 
84% greater for the Ti3C2Tx coating and 117% greater for 
PEDOT-CNT coatings. As a result, both nanocoatings 
enabled deicing up to three times faster than fiber-based 
coatings.

A sandwich structure was designed by placing Ti3C2Tx/
waterborne PU (WPU) aerogel between two Co/C-WPU 
and subsequently hot-pressing [49]. With optimized MXene 
content of 21.8 wt% and a thickness of 40 µm, the film pre-
sented a thermal conductivity of 3.29 W m−1 K−1 which 
was 1600% larger than that of pure WPU. When exposed to 
2, 3, and 4 V external voltages, the surface temperature of 
the film reached 41.1, 51.2, and 113.1 °C, respectively, and Ta

bl
e 

2  
(c

on
tin

ue
d)

C
at

eg
or

y
Re

f
Pu

bl
ic

at
io

n 
ye

ar
C

om
po

si
tio

n
M

X
en

e 
lo

ad
in

g
Ty

pe
 o

f c
om

-
po

si
te

/th
ic

k-
ne

ss

W
CA

 (°
)/S

A
 

(°
)

El
ec

tro
th

er
m

al
 

pr
op

er
tie

s
El

ec
tri

ca
l 

co
nd

uc
tiv

ity
/

re
si

st
an

ce

Ic
e 

m
el

tin
g 

tim
e

M
ec

ha
ni

ca
l p

ro
pe

rti
es

[5
2]

20
24

Ti
3C

2T
x/d

en
si

fie
d 

w
oo

d
N

R
Fi

lm
/N

R
N

R
55

, 1
03

, a
nd

 1
62

 a
t 

2 
V,

 4
 V

, a
nd

 6
 V

 
in

 4
0 

s

83
0 

Sm
−

1
Ic

e 
m

el
te

d 
in

 1
20

 s 
at

 −
 15

 °C
 a

t 
6 

V

Te
ns

ile
 

str
en

gt
h =

 42
4.

7 
M

Pa
 

Yo
un

g’
s m

od
u-

lu
s =

 14
.6

 G
Pa

[5
1]

20
24

PD
M

S@
Ti

3C
2T

x/
A

gN
W

s
N

R
Fi

lm
/N

R
N

R
Fr

om
 3

2 
to

 5
7 

°C
 

in
 1

5 
s b

y 
ap

pl
y-

in
g 

2 
V

15
.1

 Ω
 sq

−
1

Ic
e 

m
el

te
d 

in
 

10
 m

in
 a

t 5
 V

N
R

[5
3]

20
24

Ti
3C

2T
x/F

e 3
O

4@
C

N
Ts

/T
O

C
N

F
Ti

3C
2T

x/
Fe

3O
4@

C
N

Ts
 9

5 
w

t%

N
an

op
a-

pe
r/1

8 
μm

N
R

40
 a

nd
 7

8 
°C

 a
t 

4.
5 

V
 in

 a
 fe

w
 

se
co

nd
s

11
,1

11
 S

 m
−

1
Ic

e 
m

el
te

d 
in

 
42

0 
s a

t 4
 V

N
R

N
R 

N
ot

 re
po

rte
d



	 Advanced Composites and Hybrid Materials           (2025) 8:410   410   Page 10 of 24

an ice cube was melted in 190 s at 4 V. A flexible multilay-
ered MXene/TPU film (MXene6-TPU5, the number refer to 
the number of spray coating times), composed of 28.6 wt% 
MXene and a thickness of 52 μm, was prepared via spray-
coating, and demonstrated a high electrical conductivity of 
1600 S m−1 [45]. Additionally, the film achieved a high in-
plane thermal conductivity of 6.31 W m−1 K−1 while main-
taining a low cross-plane thermal conductivity of 0.42 W 
m−1 K−1. At 2 and 5 V, the temperature of the film reached 
39.6 °C and 113 °C, respectively, within 10 s. An ice cube 
of 3 cm3 melted completely in 540 s at 5 V. Polyimide (PI) 
is well-known for its flexibility, mechanical, and chemical 
durability. We recently published a review on the applica-
tion of MXene/PI composites [20]. A Ti3C2Tx/PI film with 
a “rebar-brick-cement” lamellar structure was fabricated via 
VAF [46]. This film, with a thickness of 256 μm and MXene 
content of 49.1 wt%, had a high electrical conductivity of 
3787.9 S m−1, and the Young’s modulus of ~ 600 MPa. The 
electrothermal characteristics of this film were evaluated as 
a fast response (10 s), during which the temperatures of 38, 
42.5, 65, 75, 93, and 105 °C under low voltages of 1, 1.2, 
1.5, 1.8, 2.3, and 2.5 V, respectively, were obtained. When 
2.3 V was applied, an ice cube that was placed on the film 
melted within 120 s.

Ran et al. [48] created a series of CoC@CNF/Ti3C2Tx 
composite films with a carefully designed LBL assembly of 
CoC/CNF and MXene via VAF. In this study, Co/C nano-
particles, produced by pyrolyzing ZIF-67, were used as the 
magnetic component. The thickness of the film was fixed 
at 50 μm regardless of the number of layers. The five-layer 
film showed an electrical conductivity of 94 S m−1 which 
was higher than that of the film prepared by blending CoC, 
CNF, and Ti3C2Tx (32 S m−1). The temperature of the five-
layer CoC@CNF/Ti3C2Tx film reached 28, 34, 41, 80, and 
138 °C, at the voltage of 5, 6, 7, 8, and 10 V, respectively, 
within 100 s. When 10 V was applied, the ice cube melted 
completely within 240 s.

Zhang et al. [52] developed lightweight, ultrastrong, and 
multifunctional Ti3C2Tx/densified wood (MXene/DW) com-
posite films. After DW was treated with a Cu2+ solution to 
obtain an ion-coordinated wood veneer, it was immersed 
in a Ti3C2Tx aqueous dispersion under vacuum. The film 
showed the electrical conductivity of 830 S m−1 and dem-
onstrated rapid electrothermal conversion, achieving steady-
state temperatures of 55, 103, and 162 °C in 40 s at 2, 4, 
and 6 V, respectively, and returned to room temperature 
within 30 s after the voltage cutoff. At an environmental 
temperature of − 15 °C and under 6 V, the film melted the 
ice in 120 s, demonstrating its efficient deicing capability. 
The long-term stability was maintained under 4 V for 3500 s 
without significant performance degradation. The resistance 
of structural stability under harsh environmental conditions 
was tested in 3 M H2SO4 (Fig. 4a), 3 M NaOH (Fig. 4b), and 
3 M NaCl (Fig. 4c) solutions for 7 days, at high (120 °C) 
(Fig. 4d) and low temperatures (Fig. 4e) (− 15 °C). The film 
showed no shedding of MXene, indicating its strong attach-
ment to the wood. After the abovementioned exposures, the 
electrode provided a constant and stable current for LED 
lighting (Fig. 4f).

5 � Combination of photothermal 
and electrothermal strategies

This section discusses the composition and efficiency of the 
composites with combined electro and photothermal prop-
erties (Table 3). PDMS has been used in several studies to 
introduce the following characteristics. It is hydrophobic, 
highly flexible due to its low Young’s modulus, transpar-
ent, thus enhancing light absorption during photothermal 
conversion, and durable under harsh conditions, which can 
encapsulate active materials to protect them from oxidation. 
These attributes make PDMS one of the most promising can-
didates for applications in flexible functional materials [56].

Fig. 3   FESEM images of the top surfaces of a OPM and, b JPM 
aerogels (inset shows their cross-sectional view). c Ice-to-water tem-
perature conversion curve of the deicing process of a 100-µL and 

500-µL supercooled water droplet at 2.5 V. Reproduced with permis-
sion from Elsevier [32]
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A PDMS-encapsulated, two-layer film composed of a 
CNT upper layer and a Ti3C2Tx bottom layer was fabricated 
via VAF for efficient photothermal and electrothermal con-
version [57]. This dual-driven heating mechanism enables 
effective deicing, melting a 1000-mg ice layer in 223 s under 
a 2.5 V input and in 269 s under 200 mW cm−2 radiation. 
Figure 5a illustrates the photothermal test method. The light 
source can be a Xenon lamp, NIR laser, sunlight, or simu-
lated solar light. An IR thermal camera is used to record the 

temperature. With a low resistance of 11.7 Ω, the 100-µm 
film reached a surface temperature of 89 °C at 2.5 V. Irra-
diation intensities of 100, 200, and 300 mW cm−2 resulted 
in surface temperatures of 61.3 °C, 84.5 °C, and 121.7 °C, 
respectively, stabilizing within 200 s. Additionally, the CNT 
layer enhanced the photothermal properties of the film, as 
shown in Fig. 5b. While ice formed on the film within 827 s, 
water droplets took longer (1425 s) to freeze due to surface 
microstructures and trapped air, which reduced heat transfer.

Scheme 3   Schematic of the fabrication procedure of the MXene–MXene@AgNWs-MXene-AgNWs hybrid films. Reproduced with permission 
from ACS [54]
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Li et al. [58] fabricated a superaligned CNT (SA-CNT)/
crosslinked Ti3C2Tx via immersion of high-strength, 
ultrathin, porous SA-CNT films into MXene dispersion and 
further crosslinking with PDMI. The film with Ti3C2Tx con-
tent of 65 wt% and thickness of 9 µm had a significantly high 
Young’s modulus of 13.8 GPa, and optimized electro and 
photothermal properties were achieved. The surface tem-
perature of the film reached 128 °C at 200 mW cm−2 and 31, 
54, 81, and 130 °C at 0.6, 1.2, 1.8, and 2.4 V, respectively. 
A block of ice slid off the film after 60 s of applying 2.4 V.

A PDMS/Ag@Ti3C2Tx PET textile was fabricated by dip-
coating PET textile in a Ag/MXene dispersion, followed by 
soaking in PDMS solution and curing [62]. Ag NPs facilitate 
charge transfer between the MXene sheets and prevent the 
sheets from re-stacking. When 3 V was applied, the tempera-
ture of the film rose to 105.4 °C in 10 s, and it took 742 s 
for an ice cube to melt completely. Under 100 mW cm−2 
irradiation using a Xenon lamp for 10 min, the temperature 
of 73.1 °C was recorded. Another PDMS-encapsulated film 
was prepared by spray-coating a TEMPO-oxidized CNF/
Ti3C2Tx dispersion onto bacterial cellulose (Si-TM/BC) to 
obtain a 2.29-µm film with a low resistance of 5 Ω sq−1 
(Fig. 6a) [59] which showed a temperature increase to 50, 
90, and 130 °C at 2, 3, and 4 V, respectively, in less than 
100 s, and an ice block of 5-mm-thick melted completely in 
4 min at 3 V (Fig. 6b). After 30 cycles, the electrothermal 
performance of the textile could still exceed 100 °C at a 
constant voltage of 3 V. Under irradiation of 100 mW cm−2, 
the surface temperature of the film increased to 90 °C in 
300 s. After applying a constant voltage of 3 V for 600 s, the 
equilibrium temperature of the film reached 96 °C. To test 
the stability of the Si-TM/BC film, it was soaked in aqueous 

solutions with pH = 1 and pH = 7 for 24 h. The water evapo-
ration efficiency of approximately 0.58 g h−1, flame retar-
dancy, and stability in acidic and alkaline media indicate 
promising application in the thermal management of textiles 
under extreme conditions. A comparison of the results of 
this study with those of Zhang and Guo [62] revealed the 
effect of Ag NPs on improved thermal properties.

A combination of Ti3C2Tx and GO as active materials was 
spray-coated on a cellulose film [60]. With MXene content 
of 52 wt% and thickness of 23 µm, the electrical conduc-
tivity of the film reached 15,320 S m−1. The temperatures 
increased rapidly from 22 to 35, 43, 74, 92, and 124 °C at 
light power densities of 25, 50, 100, 150, and 200 mW cm−2, 
respectively. When voltages of 0.5, 1, 1.5, 2, and 2.5 V were 
applied, the surface temperature increased to 32, 48, 62, 88, 
and 113 °C, respectively. When the film was tilted 20°, under 
a voltage of 2.5 V, an ice block was melted and slid away 
in 60 s.

A multifunctional composite film of aramid nanofiber/
cellulose nanofibril-modified Ti3C2Tx/AgNW-modified 
cellulose nanocrystals with high mechanical strength 
and conductivity was developed by Hu et al. [63]. This 
22.88-µm-thick nanopaper exhibited an electrical con-
ductivity of 1139.48 S cm−1 reaching a remarkable tem-
perature of 215.35 °C at a power density of 1.36 W cm−2 
(Fig. 7a, b) and 242.78 °C under 3 V in 5 s (Fig. 7c, d). 
Figure 7e shows that by applying an external voltage, an 
ice block melted completely in 250 s. Ta4C3Tx MXene was 
one of the  MXenes, other than Ti3C2Tx, investigated for 
anti-icing/deicing [61]. The lightweight porous Ta4C3Tx/
graphene aerogel reached a surface temperature of 90.2 °C 

Scheme 4   Step-by-step demonstration of the fabrication of gradient layered Ti3C2Tx/Fe3O4@CNTs/TEMPO-oxidized CNF (TOCNF) nanopa-
per. Reproduced with permission from Springer Nature [53]
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within 1 min under 100 mW cm−2 and to 30.2, 50.4, 72.5, 
and 99.4 °C within a very short time of 0.5 s by apply-
ing voltages of 1, 2, 3, and 4 V, respectively. Upon expo-
sure to sunlight, an ice block placed on top of the aerogel 
melted completely in 120 s, while naturally, it took more 
than 180 s. The authors reported an electrical conductiv-
ity of 0.45 S m−1 for Ta4C3Tx/graphene aerogel sample 
compared with the Ti3C2Tx/graphene aerogel sample 
(0.14 S m−1). The aerogel absorbed various oils 40–70 
times its weight due to hydrogen bonding, π–π interac-
tions, and electrostatic attraction between Ta4C3Tx and 
graphene with contaminant molecules.

6 � Combination of photo/electrothermal 
and superhydrophobic strategies

This strategy combines passive anti-icing via surface super-
hydrophobicity and active deicing via electro/photothermal 
properties (Table 4).

Owing to the combined effect of low-surface-energy 
chemistry and micro/nanoscale hierarchical structures, SHSs 
effectively repel incoming water droplets and reduce interfa-
cial heat transfer under various conditions. Low ice adhesion 
strength is mainly observed on such surfaces. Secondary 
freezing is also inhibited without continuous electrothermal 
heating, depending on water repellency. Heating SHSs can 

Fig. 4   Digital photos of the MXene/DW film in a 3 M H2SO4, b 3 M 
NaOH, c 3 M NaCl, d 125 °C high temperature, e − 15 °C low tem-
perature, f resistance variations of the MXene/DW film in different 

harsh environments over a defined period. Reproduced with permis-
sion from Elsevier [52]
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extend the longevity of the air layer by reducing vapor con-
densation caused by low temperatures during the freezing 
process. Additionally, it accelerates the regeneration of the 
air layer by facilitating droplet coalescence, which promotes 
their removal during the deicing process [70].

Surface modification can be applied to enhance the anti-
oxidant properties of MXenes while preserving their inher-
ent photothermal performance. This process also strength-
ens the bonding force and interfacial compatibility between 
MXene and polymers, ultimately improving the quality 
and durability of MXene-based polymer coatings. The 
MXene–based superhydrophobic surface was obtained via 
spray-coating fluorinated Ti3C2Tx, hydrophobic SiO2 NPs, 
epoxy, and PDMS (MX–SHC), followed by curing on vari-
ous surfaces (Fig. 8a) [70]. The optimized sample containing 
5 wt% fluorinated MXene showed a WCA of 158° and SA of 
4°, which remained constant on various substrates (Fig. 8b) 
and altered MXene content (Fig. 8c). The self-cleaning 
abilities of the coated glass and the uncoated glass were 

compared in Fig. 8d, e, respectively. Under irradiation at 100 
mW cm−2, the surface temperature increased to ~ 75.9 °C 
and ~ 20.1 °C rapidly at background temperatures of 25 °C 
and − 30 °C, respectively, completely melting a frozen drop-
let in 240 s at − 30 °C. A very low ice adhesion strength of 
15 kPa was reported, which was significantly lower than that 
of the bare steel (− 144 kPa). The freezing of 150-µL droplet 
was delayed to 450 s, 256 s, and 122 s at − 10 °C, − 20 °C 
and − 30 °C, respectively, compared with that of pristine 
glass (59 s at − 20 °C), indicating its potential use in harsh 
cold environments.

In a different approach, a plasmonic Ti3C2Tx@Au–WPU 
coating was spray–coated with fluoroalkyl silanes (f–SiO2) 
to achieve superhydrophobicity of 153° and an SA of 4.5° 
[64]. Under the irradiation of 500 mW cm−2, the temperature 
reached 120 °C, and an ice cube of 3-mm-thick completely 
melted in 60 s, whereas in the case of the coating without 
f–SiO2 more than half of the ice was still present. Com-
pared with that of the coating without f–SiO2 (212 s), an 

Fig. 5   a Schematic diagram of the photothermal property test. b Curves of the surface temperature with time at different irradiation intensities. 
Reproduced with permission from Elsevier [57]

Fig. 6   a Fabrication strategy of the Si-TM/BC film. b Melting ice by applying 3 V. Reproduced with permission from ACS [59]
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ultralong anti-icing time of 1053 s at − 20 °C was observed. 
A layered film of Ti3C2Tx/AgNWs (bottom) and N–borox-
ine–PDMS/SiO2 NPs (top) was fabricated on PET via spray-
coating (Fig. 9a) [71]. SEM images (Fig. 9b, c) show the 
morphology of the coating. A WCA of 153° was measured, 
and the authors reported that temperature fluctuations affect 
hydrophobicity, increasing it with increasing temperature 
and decreasing it when cooled (Fig. 9d, e).  This behavior 

is linked to the molecular dynamics of PDMS and SiO2. 
In PDMS, lower temperatures reduce molecular motion, 
aligning methyl side chains and smoothing surfaces, which 
decreases hydrophobicity. Higher temperatures enhance 
molecular activity, improving water repellency. Similarly, 
in SiO2, increased temperatures weaken hydrogen bonds 
between water molecules, enhancing its hydrophobic proper-
ties. To evaluate the electrothermal properties of the coating, 

Fig. 7   a Photothermal heating performance of the nanopaper at dif-
ferent power densities. b Experimental data showing the linear corre-
lation between the equilibrium temperature of the nanopaper and the 
power density. c Joule heating performance of the nanopaper. d Rela-

tionship between the equilibrium temperature of the nanopaper and 
the square of the applied voltage. e Nanopaper folded into a boat used 
for deicing ice blocks. Reproduced with permission from Wiley [63]
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when voltages of 1.5, 3, and 5 V were applied, the tem-
perature increased to 36.3, 54.1, and 60.6 °C, respectively. 
Under the irradiation at 50 and 100 mW cm−2 stabilized 
temperatures of 40 and 56 °C were recorded.

A superhydrophobic fabric was decorated with Ti3C2Tx 
and the in situ growth of polypyrrole was followed by a 
PDMS coating [66]. Within 5 min of applying 4, 6, 8, and 
10 V across the fabric, the surface temperature reached 40.1, 
66.3, 98.9, and 145.2 °C, respectively. When an ice cube 
from 350 µL of water was placed on a 15° tilted fabric at 
room temperature, it started to melt and roll off after 80 s 
of applying 8 V, whereas it barely melted after 380 s in the 
absence of voltage. The WCA of the fabric remained con-
stant at different pH values, ultrasonic treatment for up to 
180 min, irradiation for up to 300 min, and even bending 
after 500 cycles.

In one study [69], a magnetic field was used to intro-
duce a specific structure to the coating. Magnetic Ni@
Ti3C2Tx was spray-coated on an Al foil while it was placed 
on a strong magnet to obtain a self-assembled eyelash-like 
microstructure array before being coated with PDMS as a 
hydrophobic agent/binder and surface protector [69]. The 
surface with multiscale roughness, with a WCA of 154.7° 
and an SA of 3.8°, showed self-cleaning properties even 
when the melted ice washed away dust and other pollutants. 
As the solar energy density increased to 50, 100, and 125 
mW cm−2, the surface temperature reached 52.8, 85, and 
91.5 °C, respectively. Under 100 mW cm−2 a 4-mm-thick 
ice cube melted in 558 s, while the film developed in the 
absence of the magnetic field, took 604 s. For the surface 
fabricated in the presence and absence of a magnetic field, 
the ice formation was delayed to 73 s and 31 s, respectively, 
and ice adhesion strength of 4.7 and 52.7 kPa, respectively, 
were observed. When the film was exposed to high humidity, 
sunlight, and spray test in a Xenon lamp aging weathering 
chamber for 10 days, it showed high durability. After 40 
cycles of particle aberration and acid washing, the WCA 
remained above 150° and the SA below 10°, indicating that 
the microarray structure stayed relatively intact.

Inspired by lotus leaves and human skin, Zhang et al. [65] 
fabricated a rather transparent multifunctional superhydro-
phobic film via LBL spray–coating of AgNWs, ZnO NPs, 
and fluorinated Ti3C2Tx on a polyurethane urea–based self-
healing polymer substrate. The original WCA of 156.5° was 
reported to be constant after 100 sand flow cycles, a scotch 
tape test, 6 h in NaOH solution, and 24 h in HCl solution. 
When exposed to NIR laser at powers of 8, 1.2, and 1.6 W, 
the surface temperature increased to 40, 51.6, and 73.3 °C, 
respectively, in 300 s. The ice adhesion strength of the 
uncoated film (41.6 kPa) significantly decreased to 8.4 kPa 
after the MXene-based coating and icing were applied, 
which was delayed to 210 s. An incompletely melted freez-
ing droplet slid off the surface after 30 s of irradiation at N
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1.6 W, reducing the risk of secondary icing. This durable 
structure is suitable for protecting solar panels from icing 
while maximizing light absorption efficiency.

The melamine sponge (MS) was decorated with lignin 
particles (LPs)@Ti3C2Tx via the impregnation method and 
self-polymerized dopamine (PDA) to obtain MS@PDA/
LPs@MXene [68] which was subsequently modified with a 
fluorine-containing low surface energy material. PDA was 
used to improve the adhesion between MXene and LPs. The 
superhydrophobic sponge (WCA = 153.7°, SA = 3°) showed 

self-cleaning and oil-absorbing properties. Under 100 mW 
cm−2 irradiation the temperature of the pristine MS reached 
26.7 °C, MS@PDA to 53.5 °C, and MS@PDA/LPs@MXene 
to 58.6 °C within 30 s. MS@PDA/LPs@MXene showed 
a temperature increase to 47.5, 62.8, 72.6, and 93.8 °C at 
50, 100, 150, 200 mW cm−2 in 200 s, illustrating the effect 
of MXene. The icing delay of 20-μL water droplet on the 
MS@PDA/LPs@MXene was 650, 298, and 178 s when the 
temperature of the substrates was − 5, − 15, and − 25 °C, 
respectively. The surface remained ice-free at − 17.9 °C and 

Fig. 8   a Schematic illustration 
of the preparation process and 
design concept of fluorinated 
MXene–doped superhydropho-
bic coatings (MX–SHCs). b 
WCAs and SAs on MX–SHCs 
prepared on different substrates. 
c Effect of the AD–MXene 
content on surface wettabil-
ity of MX–SHC. Investigation 
of the self-cleaning ability of 
MX–SHC. d Removal of dye 
contaminants on pristine glass 
by dripping water. e Removal 
of dye contaminants on MX–
SHC sample by dripping water. 
Reproduced with permission 
from Elsevier [70]
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RH = 90% under 50 mW cm−2. It took 143 s for MS@PDA/
LPs@MXene under 100 mW cm−2 and 560 s for MS to 
melt an ice droplet, which was attributed to the synergistic 

photothermal effects of PDA and LPs@MXene. The same 
group [72] reported an MS sponge composite with a slight 
difference in fabrication, in which they dipped the sponge in 

Fig. 9   a Schematic illustration of the preparation process and b, c SEM images of Ti3C2Tx/AgNWs/N–boroxine–PDMS/SiO2. d Hydrophobicity 
test results during heating and e cooling processes. Reproduced with permission from ACS [71]
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PVA to enhance the adhesion between MXene and melamine 
before proceeding with the rest of the coating as Wang et al. 
[68] to obtain the MS@PVA-MXene-PDA@LP sponge. 
Its surface temperature reached 42.2, 56, 67.6, and 84 °C 
at 50, 100, 150, and 200 mW cm−2, respectively, in 200 s, 
showing a slight decrease compared to that of MS@PDA/
LPs@MXene. They tested the melting of a 100-µL droplet 
at − 18 °C, which was 440 s under 100 mW cm−2. The anti-
corrosion characteristics of MS@PDA/LPs@MXene were 
tested by coating a NdFeB magnet with this composite, 
which resulted in a corrosion current density approximately 
one order of magnitude lower than that of bare NdFeB in a 
5-g L−1 NaCl solution.

Xue et  al. [67] fabricated a superhydrophobic film 
(40 µm) by curing Ti3C2Tx and PEI mixture and subse-
quently laser etching to create micropillars. With 5 wt% 
MXene loading amount, the film had a WCA of 157° and 
an SA of 7°, an ice adhesion strength of 82 kPa, and an icing 
delay of 127 s at − 20 °C and RH = 30%. Under low-power 
NIR light, the temperature of the film increased from 20 to 
90 °C within 10 s, and to 188 °C within 50 s, and an ice drop-
let melted within 19 s.  Zhao et al. [13] developed a layered 
film via calcination of Ti3C2Tx, PTFE, and nanodiamond 
(MXene@PTFE@ND). With WCA = 160.18°, SA = 1.8°, 
at 100 mW cm−2 the surface temperature of 20 °C reached 
43.4, 54,9, and 109.3 °C in 30, 120, and 360 s, respectively. 
An ice droplet placed over the coating was melted in 76 s 
under 100 mW cm−2 while it took 120 s in the absence of 
MXene (PTFE@ND). The ice adhesion strengths of 56.4 
and 98.3 kPa and freezing times of 403 s and 184 s were 
obtained for MXene@PTFE@ND and PTFE@ND, respec-
tively. The reasons for this can be as follows: (1) greater 
surface roughness and a reduced contact area, (2) lower 
thermal conductivity, and (3) less heat transfer in MXene@
PTFE@ND.

7 � Conclusion and challenges

Icing is an unavoidable phenomenon in nature. Next-genera-
tion coatings are best designed to possess passive anti-icing 
and active deicing properties by (1) lowering ice adhesion 
strength, (2) rapidly melting ice via electro and photothermal 
techniques. The development of multifunctional MXene-
based superhydrophobic surfaces has shown remarkable 
potential in meeting these criteria. This review summarizes 
the design strategies for fabricating MXene-based nano-
composites that leverage their electro and photothermal 
characteristics.

The key findings from this review include the following:

1.	 MXenes are excellent electro/photothermal 2D materials 
because of their localized surface plasmon resonance 

(LSPR) for photothermal conversion, high electrical 
conductivity for Joule heating, and thermal stability.

2.	 Hybridization with different nanomaterials, such as 
AgNWs, graphene, SiO2 NPs, Au NPs, and polymers 
such as PDA, PDMS, PU, and PI, significantly improves 
conductivity, structural stability, superhydrophobicity, 
heat transfer, durability, and oxidation resistance.

3.	 The fabrication methods optimize the coating perfor-
mance. LBL assembly by spray-coating and VAF ena-
bles large-scale production and enhances properties. 
Aerogels are lightweight and flexible, exhibit reduced 
thermal loss, and optimized MXene dispersion for 
enhanced heat transfer. Surface patterning introduces 
micro/nanoroughness for superhydrophobicity and 
self-cleaning. Self-healing polymer matrices improve 
mechanical robustness.

4.	 MXene is a promising material in low-voltage sys-
tems. The primary goal is to use a minimal amount of 
electrical power to generate sufficient heat for deicing. 
For MXene, this is particularly relevant due to its high 
electrical conductivity. Many studies have shown that 
MXene-based coating can melt the ice with a voltage 
of 2.5 V rather than the much higher voltages required 
by traditional systems. This can be easily powered by 
accessible and safe power sources such as batteries, solar 
panels, and standard DC power supplies.

5.	 The outdoor durability of a coating is an important 
parameter for its long-term practical application. To sim-
ulate real-world conditions, MXene-based composites 
were exposed to multi-faceted testing regimens such as 
mechanical abrasion using sand impact test and scotch 
tape test, as well as chemical and environmental stability 
tests like corrosive solutions, extreme heat, and cold.

Despite their remarkable performance, there are chal-
lenges and limitations in designing MXene-based anti-icing 
and deicing coatings. MXene oxidizes in humid and oxy-
gen-rich environments, degrading conductivity and photo-
thermal properties. Fluorination and PDMS encapsulation 
improve stability but may reduce electrical performance. 
Thus, balancing these two important factors is highly impor-
tant. Superhydrophobic coatings work well; however, they 
degrade over time due to mechanical abrasion and environ-
mental exposure. Secondary freezing after the initial melting 
remains challenging, especially in high-humidity environ-
ments. Lowering ice adhesion strength requires low-energy 
materials, which mostly contain fluorine and are considered 
not environmentally friendly. With respect to electric power 
consumption, optimizing MXene conductivity and using 
hybrid solar-electrothermal heating systems could improve 
sustainability. Large-scale and manufacturing costs require 
developing green synthesis methods for MXene production 
and optimizing coating. The synthesis and processing of 
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MXenes are complex and expensive. Designing coatings 
for real-world applications requires optimizing fabrication 
techniques, e.g., spray-coating, dip-coating, and 3D print-
ing. Even though hierarchical porous structures exhibit high 
efficiency, scalability is still challenging.

Harnessing the tools of artificial intelligence (AI) for 
boosting innovation in functional materials design and engi-
neering, as well as discovering new materials for targeted 
applications, is revolutionizing the field of materials science. 
AI-driven approaches, such as machine learning (ML), high-
throughput screening, and computational modeling, enable 
the rapid prediction of material properties, phase stability, 
and performance optimization, significantly reducing experi-
mental costs and time. By leveraging big data analytics and 
autonomous material discovery, AI facilitates the design 
of next-generation MXene-based coatings with enhanced 
anti-icing, deicing, and self-healing properties, accelerat-
ing the transition from laboratory research to real-world 
applications.

Overall, with advances in material synthesis, fabrication, 
and energy-efficient design, MXene-based coatings have the 
potential to revolutionize anti-icing and deicing applications 
in aviation, automotive, renewable energy, and wearable 
electronics.
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