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A B S T R A C T

In regions prone to severe weather, ice accumulation on power transmission lines creates significant challenges, 
including structural damage and power outages. Although various de-icing strategies exist, many are labor- 
intensive, costly, and provide only short-term solutions. This study introduces a novel nanocomposite coating 
composed of surface-modified iron oxide nanoparticles embedded in a silicone-based polymer. This coating 
harnesses thermomagnetic and photothermal properties to convert magnetic and solar energy into heat to 
produce effective de-icing of transmission lines. We evaluated the surface characteristics using contact and 
sliding angle measurements, profilometry, and differential scanning calorimetry, along with freezing delay and 
ice adhesion tests under nonimpact conditions. The 30 wt% nanoparticle coating achieved the highest contact 
angle (116◦), whereas the 20 wt% coating (SFe20) demonstrated superior performance with the lowest sliding 
angle (12◦ ± 0.8◦) and ice nucleation temperature (− 25.1 ◦C). Under simulated sunlight, the SFe20 coating 
melted ice within 210 s, raising the surface temperature from − 5 ◦C to 21 ◦C. Additionally, its thermomagnetic 
response facilitated ice detachment at low temperatures, with surface temperature changes twice that of the 
control samples lacking nanoparticles. These findings demonstrate that the SFe20 coating is a promising, energy- 
efficient alternative to conventional mechanical and thermal de-icing methods in the power industry.

1. Introduction

Icing on power transmission lines poses a critical challenge in colder 
regions, such as Canada, the UK, China, Norway, and the US. This ice 
accumulation can lead to severe damage, including line collapse and 
widespread outages, resulting in extensive maintenance, high repair 
costs, and frequent power interruptions [1–8]. Addressing icing is 
essential for maintaining the reliability and safety of power infrastruc
ture in cold climates. Various strategies exist to mitigate ice accumula
tion on power lines, with mechanical removal being one of the most 
common. This method involves using specialized equipment or manual 
labor to physically clear ice from the lines [9]. However, mechanical ice 
removal is time-consuming and often inefficient, particularly over 
extensive networks. The process provides only temporary results, as ice 
and snow quickly reaccumulate in harsh weather. Additionally, the 

de-icing equipment and infrastructure experience significant wear and 
tear, increasing maintenance costs and reducing their lifespans. There
fore, there is a pressing need for more durable, efficient, and 
cost-effective solutions to address icing challenges in the power industry 
[9–11].

One of the most effective strategies for preventing ice formation on 
power lines uses thermal methods to maintain conductor temperatures 
above freezing, notably through the Joule effect [12]. However, this 
method has significant drawbacks, including high operational costs and 
substantial energy consumption, which make it less feasible in terms of 
sustainability and long-term affordability.

Recently, new anti-icing and de-icing techniques have emerged, 
including superhydrophobic surfaces [13,14], slippery liquid-infused 
porous surfaces (SLIPS) [15,16], photothermal materials [17,18], elec
trothermal materials [19–21], and thermomagnetic materials [22]. 
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Evaluations of passive coatings on conductors and external insulators 
have revealed a notable market gap for products specifically tailored to 
conductors, highlighting the need for innovation in protective solutions. 
For active coating strategies, conventional methods, e.g., ice electrolysis 
or applying pulsed currents to conductive layers, have proven inefficient 
or impractical [22]. Nevertheless, active coatings, particularly ferro
magnetic coatings, show promise by effectively melting wet snow on 
these structures. Photo/electrothermal materials and thermomagnetic 
coatings are common anti-icing solutions because of their low cost and 
long lifespan, although they can be sensitive to sunlight and the existing 
magnetic fields around electrical conductors [23,24].

Among active anti-icing approaches, electrothermal coatings based 
on carbon nanomaterials such as carbon nanotubes (CNTs) and gra
phene foams have attracted considerable attention due to their excep
tionally high electrical conductivity, thermal stability, and three- 
dimensional conductive architectures, enabling rapid and uniform 
Joule heating [20,21]. These coatings can typically raise the surface 
temperature within seconds under low applied voltages, resulting in 
immediate melting of ice and snow [21].

Despite these advantages, the performance of such systems is 
inherently dependent on a direct electrical power supply, which can be 
costly and operationally challenging for large-scale applications such as 
power transmission lines in remote areas. In addition, installation of 
wiring and power-delivery systems on existing infrastructure is complex, 
and the continuous energy demand can lower overall system efficiency. 
Another critical limitation is the high cost of carbon nanomaterials (e.g., 
CNTs, graphene), which can hinder large-scale commercialization and 
limit their economic feasibility for widespread deployment [25].

These limitations have prompted growing interest in alternative 
approaches such as thermomagnetic coatings

Magnetic nanomaterials have emerged as promising candidates for 
use as heat mediators because of their ability to absorb energy from light 
and convert it to heat under specific conditions [26,27]. These materials 
are particularly effective when exposed to external alternating current 
(AC) magnetic fields, making them valuable for anti-icing applications 
where localized heating is necessary [28,29].

Magnetic nanocomposite materials have garnered significant interest 
for their unique physical properties, including electrical conductivity, 
sensitivity to magnetic fields, and excellent light-absorption capabilities 
[30,31]. Magnetic nanoparticles, particularly Fe₃O₄ (magnetite), are 
commonly embedded in a polymeric matrix to create nanocomposites 
that combine magnetic functionality with enhanced mechanical 
strength [32,33]. Iron oxide nanoparticles are known for their excellent 
magnetic properties and their ability to convert magnetic energy into 
thermal energy [23,24]. When embedded in a suitable polymeric matrix, 
these nanoparticles can uniformly absorb magnetic radiation and 
generate heat, effectively melting ice on the conductor’s surface [34].

Several studies have highlighted the potential of iron oxide nano
particles for heat generation in coatings. Yiqing et al. prepared a 
nanocomposite combining Fe₃O₄ nanoparticles and a polyetherimide 
(PEI) substrate. They created a superhydrophobic microstructure on the 
surface of the modified PEI using lithography. The coating’s photo
thermal response could raise its temperature to 100 ◦C, melting frost on 
the surface [35]. Furthermore, Zhang et al [36]. demonstrated the 
feasibility of using magnetic nanoparticles for anti-icing and de-icing 
applications. They designed slippery polyol-infused porous surfaces 
(SPIPSs) using various polyols as the lubricating agents. These SPIPSs 
were produced using amino-modified magnetic Fe₃O₄ nanoparticles and 
amphiphilic copolymer hybrids that were covalently cross-linked. The 
active thermal de-icing capability of these slippery surfaces is derived 
from the inherent photothermal effects of magnetic Fe₃O₄ nanoparticles. 
Xiao et al [37]. used PDMS polymers to produce icephobic surfaces and 
found that nanoparticles embedded in these polymers not only pre
vented ice formation but also made ice removal easier and reduced 
surface adhesion. Cheng et al [38]. used up to 50 wt% of 
amino-functionalized magnetite particles dispersed in a fluorinated 

copolymer modified with epoxy groups. The Fe₃O₄ nanoparticles 
exhibited significant magnetic properties, efficiently converting mag
netic energy to thermal energy under alternating magnetic fields.

Although these pioneering studies are promising, challenges persist, 
including high costs and performance issues under low-light conditions. 
Additionally, most solutions rely on synthesized materials or require 
multiple steps to achieve the final coating structure; moreover most 
studies focus solely on the photothermal responsiveness of Fe₃O₄ nano
particles. To address these challenges and knowledge gaps, here we 
propose a one-step, low-cost, dual-responsive icephobic coating. Despite 
significant progress in developing icephobic coatings, no study, to our 
knowledge, has investigated the thermomagnetic properties of silicone- 
based nanocomposites at low temperatures, particularly in the context 
of in situ heat generation during the ice-melting process.

In this study, hybrid coatings based on a silicone-based polymeric 
coating were developed by incorporating iron oxide nanoparticles 
modified with silicone oil to enhance nanoparticle dispersion and 
improve icephobicity. This coating relies on both magnetic and solar 
energy absorption to achieve effective de-icing properties. The coating’s 
wettability, surface roughness, ice nucleation temperature, and adhe
sion properties under cold conditions were systematically evaluated. 
Furthermore, the thermomagnetic and photothermal effects were 
explored to demonstrate the coating’s potential for practical de-icing 
applications.

2. Materials and methods

Sheets of aluminum 2024-T3 (AA2024T3) were selected as the sub
strate and contained the following composition by weight: 4.1 % Cu, 
1.5 % Mg, 0.7 % Mn, 0.5 % Fe, 0.3 % Zn, 0.15 % Ti, and 0.1 % Ni, with 
the balance being Al. The Sylgard®184 silicone elastomer kit was ob
tained from Dow Corning Corporation. n-hexane (99 %), serving as a 
solvent, was obtained from Thermo Fisher Scientific, and oil-treated 
Fe3O4 nanoparticles were purchased from US-Nano Co.

To fabricate the nanocomposites, we combined varying proportions 
of nanoparticles (10, 20, and 30 wt% relative to the weight of the resin 
and hardener) with n-hexane. This mixture was sonicated at 100 W for 
10 min to ensure uniform dispersion of the Fe3O4 nanoparticles. The 
solvent–nanoparticle blend was then mixed with Sylgard® 184 resin and 
subjected to sonication at 100 W for 3 min, using an ice bath to maintain 
a low temperature. After sonication, the curing agent was added at a 
standard 1:10 ratio and stirred for 10 min. A vacuum was employed after 
the mixing process to eliminate any trapped air, ensuring a uniform and 
defect-free coating. The resulting mixtures, along with a reference 
mixture without nanoparticles, were applied to clean aluminum sub
strates using a spin coater (Zehntner ZUA2000 universal applicator). In 
order to achieve high thickness coatings, the spin coating speed and 
coating drop rate were 50 rpm during 0.2 mL/s respectively. The coated 
samples were cured in an oven at 120 ◦C for 3 h to obtain fully cured 
coatings. A schematic illustration of the coating fabrication process is 
shown in Fig. 1.

The samples were labeled according to their Fe3O4 nanoparticle 
content, SFex, where SFe refers to the silicon coatings containing Fe3O4 
nanoparticles and x represents the nanoparticle content (i.e., 0, 10, 20, 
and 30 wt%). The mean dry thickness of the coatings was approximately 
300 ± 20 µm, as measured using a DeFelsko PosiTector 200 and an 
Elektrophysik MiniTest70 coating thickness gauge. We examined the 
effect of Fe3O4 nanoparticles in the silicon coatings using an optical 
profilometer (Profilm3D Filmetrics®, USA) with white light interfer
ometry (WLI), allowing surface profiles and roughness measurements 
down to 0.05 μm across a designated area of 250 by 200 μm. Three 
random locations were selected for evaluating each sample.

The surface structure and nanoparticle distribution in the nano
composites were examined using field emission scanning electron mi
croscopy (Leica Microsystems EM VCT500 Cryo-Transfer System) 
combined with energy-dispersive X-ray spectroscopy (EDX, EDAX 
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Octane Ultra 100 mm² SDD with TEAM 3D EDS Analysis System) to 
analyze the elemental composition of the microzones in the coatings.

Differential scanning calorimetry (DSC Q250, TA Instruments, New 
Castle, DE, USA) was used to determine the effect of the nanoparticle 
concentration on ice formation on the silicone-based coatings. We added 
5 mg of water to a DSC pan, which was then coated with a thin layer of 
each sample and sealed with a lid; an empty pan served as the reference. 
The method included cooling from 40 to − 40 ◦C at a rate of 5 ◦C⋅min− 1. 
A Kruss contact angle meter was used, maintaining the cooling chamber 
at − 20 ◦C, to assess the impact of various Fe3O4 nanoparticle levels on 
freezing time delays. The adhesive strength of the ice on the test samples 
was evaluated using a push-off test conducted at − 10 ◦C. A plastic mold 
measuring 1.2 cm in diameter was placed on the samples and filled with 
distilled water. After a 24 h freezing period, the probe moved toward the 
cylindrical column at a rate of 0.05 mm/s and applied a force until the 
frozen cylinder separated from the sample surface the force required to 
remove the ice was measured with a force gauge to assess ice adhesion. 
We evaluated the contact angle (CA) and sliding angle (SA) using a 
Kruss™ DSA 100 goniometer under ambient and subzero conditions. In 
the static CA tests, a 4 µL droplet of distilled water was placed on the 
coated surfaces, and the angle was measured through drop shape anal
ysis using the Young–Laplace approximation method. The results are 
presented as the average (and standard deviation) of five random 
measurements from each sample surface.

To assess the photothermal characteristics of the developed coatings, 
free-standing films were prepared to eliminate the substrate effects on 
heat transfer. Before each evaluation, the samples were placed on a 3 cm 
thick cubic foam to minimize heat dissipation. They were then exposed 
to light from a xenon lamp, simulating natural sunlight at an intensity of 
around 1 kW/m², at room temperature with a wavelength range of 
240–2400 cm⁻¹ . The sample temperature was monitored using an 
Optris PIX infrared camera. To evaluate the de-icing capabilities of the 
coatings that absorbed sunlight energy, the time for ice to melt on the 
surface was recorded as the temperature increased. A 40 µL distilled 
water droplet was placed on the surface of the prepared free-standing 
films and cooled to subzero temperatures (− 10 ◦C) in a cold chamber. 
During this process, the surface temperature was monitored using an IR 
camera, and ice melting was recorded with a high-speed camera at 2000 
fps. Fig. 2 shows the schematic of the photothermal test setup.

The thermomagnetic properties of the samples were assessed at 28 
± 2 ◦C and subzero temperatures (− 10 ± 0.2 ◦C). A custom solenoid 
(height 530 mm, diameter 259 mm) generated the magnetic field. An 
alternating current (AC) with a frequency of 60 Hz was supplied to the 
coil, and the resulting magnetic field was measured with a Tesla meter 
(Model DX-160 Gauss).

To calculate the magnetic field produced by a current of 147 A, we 
applied the formula [39,40]

B =
Inµ0

2
|cosα2 − cosα1|, (1) 

where μ0 (the permeability of free space) is 4⋅π × 10− 7 T⋅m/A, I is the 

current, and r is the distance from the upper side of the solenoid (15 cm), 
n is the number of coils per unit length (28 for this study), and α1 and α2 
are the angles to position points 1 and 2 relative to the sample center 
(60◦ and 20◦, respectively). The measured value of the magnetic field 
was 3.5 mT. To focus solely on the coatings’ properties and eliminate 
any substrate effects, we conducted photothermal and thermomagnetic 
evaluations using freestanding films of the coating. An Optris PIX 
infrared camera tracked the surface temperature of the sample during 
the test to evaluate the de-icing process. A cylindrical plastic mold with a 
diameter of 1 cm was placed on the samples and then moved to a cold 
chamber at − 10.0 ◦C ± 0.2 ◦C. The molds were filled with distilled 
water and left in the chamber for 24 h to create a frozen water column. 
The following day, the samples were positioned on the apparatus holder, 
and the temperatures of the ice and surface were monitored using an IR 
camera. The ice detachment process was recorded with a high-speed 
camera at 2000 fps. Fig. 3 shows a schematic of the magnetic-test setup.

3. Results and discussion

3.1. Surface characterization

To assess the wettability of the nanocomposite coatings, we first 
investigated the effect of varying the concentrations of Fe3O4 on the 

Fig. 1. Schematic of the fabrication of hybrid coatings.

Fig. 2. The experimental setup for evaluating photothermal properties of the 
produced coatings.
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surface hydrophobicity. The CA of the SFe0 sample was 108.5◦

(Table 1). Adding 10, 20, and 30 wt% of oil-treated Fe3O4 increased the 
CA to 111.1◦, 114.0◦, and 116.2◦, respectively. This increase in the CA 
may be due to the presence of oil-treated nanoparticles on the surface. 
However, the change was not significant, likely because of the similar 
surface chemistry of silicone oil and silicone resin [40]. In contrast, the 
SA was more affected by the nanoparticle concentration, decreasing 
from 33.2◦ for SFe0 to 12.1◦ for SFe20 and 10.8◦ for SFe30 (Table 1). 
This reduction occurs because of the slippery nature of silicone oil and 
the high concentration of nanoparticles, which affects surface slipperi
ness and eliminates pinning points [41].

Fig. 4 presents FE-SEM images of the hybrid coatings having Fe3O4 
nanoparticle concentrations ranging from 10 wt% to 30 wt%. In 
Fig. 4a1 and a2, clear protuberances appear in the SFe10 and SFe20 
coatings, whereas Fig. 4a3 shows agglomerated microclusters of nano
particles in SFe30. The concentration of 30 wt% nanoparticles signifi
cantly alters the surface structure, leading to dominant nanoparticle 
aggregation. Fig. 4b displays FE-SEM elemental mapping of Fe3O4 

nanocomposites, confirming the abundant presence of iron oxides and 
oxygen at the agglomerated sites, as well as carbon, silicon, oxygen, and 
iron throughout the coating. This agglomeration increased surface 
roughness (Fig. 5 and Table 2), where the mean height values of 
roughness increased with higher nanoparticle concentrations, reflecting 
a transition from smooth to textured surfaces. The SFe0 sample exhibi
ted a relatively smooth structure (Fig. 5a), whereas nanoscale pro
trusions appeared in SFe10 and SFe20 (Fig. 5b, c), with SFe30 showing 
substantial agglomeration, resulting in nonuniform micro- 
nanocomposite roughness. This non uniformity in the SFe30 sample 
may likely affect the functional properties of the coatings, such as ice
phobicity [42].

In the three-dimensional height images from profilometry, the mean 
height values for SFe0, SFe10, SFe20, and SFe30 were 0.010, 0.042, 
0.084, and 0.21 µm, respectively.

3.2. Anti-icing properties

The anti-icing performance of the hybrid coatings was evaluated by 
measuring their freezing delay and temperature. The temperature at 
which the water droplet began to freeze was recorded. Fig. 6 shows the 
effect of Fe3O4 concentration on the ice nucleation temperature of the 
hybrid coatings. The incorporation of Fe3O4 in the silicone coating 
lowered the ice nucleation temperature. The silicone coating’s ice 
nucleation temperature dropped sharply from − 17.4 ◦C for sample SF0 
to − 25.1 ◦C for sample SF20, whereas sample SFe30 showed only a 1 ◦C 
decrease relative to SFe20. The silicone oil on the surface of the nano
particles enhances the anti-icing properties of silicone coatings by 
interacting with water droplets and reducing the number of ice nucle
ation sites [43]. This interaction delays surface icing, allowing the 
coating to maintain its icephobic qualities at low temperatures. The 
irregular trend and decrease in the ice nucleation temperature from 
SFe20 to SFe30 may be due to nanoparticle clusters and agglomeration, 
as discussed in Section 3.1. These agglomerations can create sites that 
are susceptible to ice formation [44]. Additionally, adding silicone 
oil–treated Fe3O4 to a silicone coating can delay the onset of ice for
mation [45]. The hydrophobic properties of silicone oil–treated Fe3O4 
reduced the likelihood of water droplets adhering to the surface and 
freezing, effectively slowing ice accumulation. Thus, surface modifica
tion of nanoparticles with silicone oil creates conditions that are less 
favorable for ice nucleation and growth. The effect of silicone oil–
treated Fe3O4 is evident in Fig. 6c, which shows that the freezing time 
for sample SFe20 was approximately 3548 s compared to 921 s for SFe0.

Fig. 3. The experimental setup for evaluating the thermomagnetic properties of the prepared coatings.

Table 1 
Wettability parameters of SFe0, SFe10, SFe20, and SFe30.

Sample 
code

Contact angle (◦) Contact angle 
hysteresis (◦)

Sliding angle 
(◦)

SFe0

108.5 

± 0.2

76.3 ± 2.1 33.2 ± 0.5

SFe10

111.1 

± 0.8

44.8 ± 3.0 20.1 ± 1.3

SFe20

114.0 

± 0.7

19.8 ± 1.3 12.1 ± 0.8

SFe30

116.2 

± 0.3

18.1 ± 2.2 10.8 ± 1.2
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3.3. Anti-icing/de-icing performance of the coatings

We using push-off tests to examine the effect of oil-treated iron oxide 
nanoparticles on the ice-adhesion strength of silicone-based coatings. 

We found that incorporating nanoparticles into the polymer signifi
cantly reduced the ice-adhesion strength of the coatings. The average ice 
adhesion strength of the silicone-based coatings decreased from 156 to 
46 kPa with the addition of Fe3O4 nanoparticles (Fig. 7a). The SFe20 

Fig. 4. Field emission scanning electron microscopy (FE-SEM) images of the surface structure of the coatings: (a1) SFe10, (a2) SFe20, (a3) SFe30, and (b) elemental 
distribution maps of SFe20 containing Fe, Si, C, O, and N.

Fig. 5. Topography images of (a) SFe0, (b) SFe10, (c) SFe20, (d) SFe30.
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coatings exhibited relatively lower ice adhesion strength because of 
changes in surface energy and interfacial interactions with ice. Oil 
treatment of Fe3O4 nanoparticles enhanced their hydrophobicity, 
altering the surface energy of the final coating and affecting the inter
action with ice. The modified nanoparticles disrupt the hydrogen 
bonding network at the ice–coating interface, reducing ice adhesion 
strength [46]. Moreover, the presence of oil on the nanoparticles may 
cause slight surface restructuring under environmental conditions, 
further diminishing the ice-bonding capacity [46]. The increase in the 
ice adhesion strength of the SFe30 sample is linked to nanoparticle 
agglomeration, which increased the surface roughness and contact area 

(Section 3.1), enhancing the mechanical interlocking with ice and 
leading to a higher adhesion strength [47]. These findings confirm the 
effectiveness of oil-treated Fe3O4 nanoparticles at optimal concentra
tions for lowering freezing temperatures, delaying ice formation, and 
reducing ice adhesion strength.

The CA and SA of the surfaces were measured over 15 icing/de-icing 
cycles in a push-off test (Figs. 7b and 7c). CAs decreased by approxi
mately 10◦ across all the samples. After 15 cycles, the SAs for SFe20 and 
SFe30 reached 13◦ and 16◦, respectively, whereas the SA was 46◦ for 
SFe0. The low SA of the SFe20 sample indicated the presence of well- 
dispersed nanoparticles, which effectively reduced the ice-adhesion 
strength. Furthermore, the oil-treated nanoparticles on the surface of 
the coating reduced the pinned area of the water droplets and main
tained this effect even after 15 cycles.

3.4. Photothermal characteristics thermal-induced melting behavior of the 
frozen droplet

The photothermal conversion efficiencies of the samples were eval
uated by exposing them to simulated sunlight at 28 ± 2 ◦C. Before 
evaluation, the samples were placed on a 3 cm thick cubic foam to 

Table 2 
The mean roughness values of SFe0, SFe10, SFe20, and 
SFe30.

Sample code Mean height (µm)

SFe0 0.010 ± 0.001
SFe10 0.042 ± 0.002
SFe20 0.084 ± 0.001
SFe30 0.21 ± 0.010

Fig. 6. Anti-icing properties of coatings; (a) evaluation by differential scanning calorimetry (DSC) of ice nucleation temperatures; (b) optical images of a top-down 
view of DSC aluminum pans during the cooling process; (c) time until ice formation on the surface of the SFe0, SFe10, SFe20, and SFe30 coatings and images of the 
corresponding shapes of the frozen droplets.
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minimize heat dissipation. After 210 s, the temperature of the SFe0 
sample stabilized at approximately 44 ◦C, whereas those of the SFe10, 
SFe20, and SFe30 samples stabilized at 62, 88, and 89 ◦C, respectively 
(Fig. 8a). This result highlights the excellent photothermal conversion 
properties of SFe20 and SFe30. Because SFe20 exhibited a lower ice 
adhesion strength than the other samples and there was no significant 
difference between SFe20 and SFe30, we chose SFe20 to investigate the 
performance over multiple cycles. The SFe20 sample with 20 wt% of 
Fe3O4 nanoparticles, demonstrated excellent recyclability for photo
thermal activity, with almost no decline in reactivity after four cycles 
and negligible reduction in the fifth cycle (Fig. 8b). Each cycle exhibited 

a similar temperature variation, which is crucial for the practical 
application of the coating [48].

We then assessed the effect of nanoparticle concentration on the de- 
icing performance of the samples. The melting of ice droplets on the 
surfaces of the three samples began at the ice-coating interface (Fig. 8c). 
Sunlight radiating from above and at a constant room temperature of 
− 10 ◦C led to increased surface temperatures because of the heat 
generated by the samples. Fig. 8c illustrates that the ice–water boundary 
on the SFe10 sample was nonuniform, likely because of a nonuniform 
dispersal or insufficient quantities of nanoparticles in the coating, and 
the ice melted completely after 420 s. In contrast, the ice tip of the SFe20 

Fig. 7. (a) Ice adhesion strength measurements by push-off tests on the SFe0, SFe10, SFe20, and SFe30 coatings; (b) contact angles and (c) sliding angles of the SFe0, 
SFe10, SFe20, and SFe30 coatings over 15 icing/de-icing cycles.

Fig. 8. (a) Surface temperatures of the SFe0, SFe10, SFe20, and SFe30 coatings under simulated illumination; (b) temperature variation of the SFe20 coating surface 
over repeated heating–cooling cycles; (c) optical and infrared thermal images of the SFe0, SFe10, SFe20, and SFe30 coatings during photothermal de-icing processes; 
(d) Schematic summarizing the photothermal activity of the coatings containing Fe3O4 nanoparticles.
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sample disappeared within 60 s of sunlight exposure, with the ice–water 
boundary forming at the base in 45 s and then moving upward, resulting 
in the complete melting of the ice droplet in 203 s. The melting process 
of SFe30 is similar to that of SFe20. Infrared images during the de-icing 
process indicated that heat generation raised the samples’ surface tem
peratures, with ice droplets melting completely when the temperature 
reached 21 ◦C. Moreover, the uniform distribution of heat on the SFe20 
surface suggests the relatively even distribution of Fe3O4 particles 
throughout the coating [49]. The anti-icing mechanism is illustrated in 
Fig. 8d, where the thermal energy of the water droplet is denoted as Q1, 
and the heat produced by the coating under light exposure is denoted as 
Q2. In cold and dark environments, droplets tend to stick to the coating 
surface, making their removal difficult. During this time, heat (Q1) 
within the droplets diffuses into the colder surroundings, causing them 
to freeze. However, when exposed to light, the Fe3O4 nanoparticles 
generate significant heat (Q2), which is transferred from the coating 
surface into the frozen droplets, facilitating active de-icing [50].

In conclusion, SFe20 and SFe30 exhibited better de-icing 

performances than the SFe10 coating.

3.5. Magnetic property and magnetothermal effect

To study the thermomagnetic properties of the hybrid coatings, we 
examined the effects of various Fe3O4 concentrations under an applied 
magnetic field at room temperature. The temperature increase corre
lated with the Fe3O4 concentration; for samples containing 10, 20, and 
30 wt% Fe3O4, the temperature increased by approximately 7.5, 9, and 
10 ◦C, respectively, over 1000 s at 147 A and 3.5 mT (Fig. 9a). To clarify 
the role of Fe3O4 nanoparticles in enhancing the thermomagnetic 
behavior, we analyzed the temperature change (ΔT) of samples with and 
without Fe3O4 under a magnetic field. ΔT consistently increased over 
time for all samples, with Fe3O4 nanoparticles significantly enhancing 
the magnetic thermal effect. Specifically, the surface temperatures of the 
samples containing 20 and 30 wt% Fe3O4 were 29 and 30.3 ◦C, 
respectively. The observed ΔT was comparable to that reported by 
Zhang et al [51]. When magnetic coatings are exposed to a 

Fig. 9. (a) Surface temperatures of the SFe0, SFe10, SFe20, and SFe30 coatings exposed to a magnetic field at ambient temperature; (b) infrared thermal images of 
the SFe0, SFe10, SFe20, and SFe30 coatings during a magnetic test at ambient temperature; (c) temperature variations of the ice-covered SFe0, SFe10, SFe20, and 
SFe30 coatings exposed to the magnetic field at − 10 ◦C, (d) temperature variations of the ice-covered SFe0, SFe10, SFe20, and SFe30 coatings exposed to the 
magnetic field at − 10 ◦C; (e) optical images of de-icing process during the magnetic test at − 10 ◦C.
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high-frequency magnetic field, the heat generation in magnetic nano
particles is controlled by Néel relaxation, Brownian relaxation, and 
hysteresis loss mechanisms [52]. Additionally, this heat generation oc
curs in magnetic fields exceeding 1 mT, and increasing the field strength 
and nanoparticle concentration directly affects heating efficacy [52,53]. 
Infrared imagery of the samples over time (Fig. 9b) confirmed that the 
heat generation within the nanocomposite increased the surface tem
perature, which was evenly distributed.

To examine the de-icing capabilities in relation to thermomagnetic 
properties, we formed cylindrical ice forms on the surface using silicone 
molds and subjected them to a magnetic field of 3.5 mT. Fig. 9c, d shows 
the temperature/time diagrams for samples with an ice mold on the 
surface and the area outside the ice placement zone, respectively. When 
the ice began to melt (Fig. 9c), the temperature clearly demonstrated a 
phase transition from solid to liquid, resulting in a nonlinear pattern 
after 5 min of exposure to the magnetic field; a linear behavior was 
observed where the ice was absent (Fig. 9d). Fig. 9e shows an optical 
image of the de-icing process during the magnetic test at − 10 ◦C. When 
the ice detached from the surface, the surface temperature increased 
immediately. The magnetic field influenced the water molecules within 
the ice, inducing oscillations that increased their kinetic energy, raised 
the temperature, and ultimately melted the ice by disrupting hydrogen 
bonds between water molecules [54]. In contrast, when no ice was 
present on the surface, the temperature increased continuously in a 
linear manner, with heat generation causing an increase of approxi
mately 15 ◦C over 20 min for the SFe20 sample, which was approxi
mately 12 ◦C higher than that of the sample without Fe3O4. Although 
this ΔT was comparable with that reported in the literature [51,53], 
transmission lines operating in a higher current range (300–3800 A) and 
power (12–3000 MW) create a stronger magnetic field around the 
coating. Studies on a 400 kV T-Pylon observed that magnetic field in
tensities varied from 13.83 mT at 1 cm from the surface to 6.05 mT at 
10 cm and further decreased to 0.6 mT at 1 m. For context, the typical 
magnetic field strength 1 m above the ground beneath such a pylon 
generally ranges from 5 to 10 µT, with peak values reaching up to 100 µT 
[55–58]. These data suggest that the surface temperatures of the mag
netic coatings could exceed the levels obtained under laboratory 
conditions.

3.6. Mechanistic insight into photothermal and magnetothermal anti-Icing 
with silicone-oil-modified Fe₃O₄ nanoparticles

The enhanced anti-icing performance of the SFe20 coating stems 
from a well-orchestrated interplay between photothermal and magne
tothermal heating effects, both activated by the presence of Fe₃O₄ 
nanoparticles, and amplified through their surface functionalization 
with silicone oil. These effects are synergistically coupled with interfa
cial wetting modifications, enabling effective and energy-efficient ice 
melting under various environmental stimuli (Fig.10).

Under solar illumination, the Fe₃O₄ nanoparticles embedded in the 
silicone matrix act as efficient photothermal agents by absorbing visible 
and near-infrared light. The absorbed photons are converted into heat 
via non-radiative relaxation pathways, which raise the local surface 
temperature and promote rapid melting of ice at the coating ice inter
face. This photothermal response is enhanced by the uniform distribu
tion of nanoparticles facilitated by silicone oil modification, ensuring 
homogenous heat release across the surface. The heat (Q₂) generated 
offsets the thermal energy (Q₁) loss from the droplet to the environment, 
thus delaying freezing and promoting melting (see Fig. 8d). Notably, the 
SFe20 sample exhibited a surface temperature rise from –5 ◦C to over 
21 ◦C under simulated sunlight (1 kW/m²), melting ice droplets in less 
than 210 s. These results are consistent with the findings of Xue et al. 
and Xiao et al., who reported significant temperature increases in Fe₃O₄- 
based coatings under similar photonic exposure, enabling rapid frost 
removal on polymer substrates [35,59].

Beyond photothermal effects, the nanocomposite system leverages 
magnetothermal heating when exposed to an alternating magnetic field. 
Fe₃O₄ nanoparticles possess superparamagnetic characteristics at the 
nanoscale, which under AC magnetic excitation (3.5 mT), lead to heat 
generation through both Néel and Brownian relaxation processes. Néel 
relaxation arises from internal rotation of the magnetic moments against 
anisotropy barriers, while Brownian relaxation reflects physical rotation 
of the particles within the polymer matrix. Although the chance of 
Brownian relaxation is negligible, both mechanisms dissipate energy as 
heat. In the SFe20 sample, this magnetothermal activation caused a 
surface temperature increase of over 15 ◦C and melting the ice by dis
rupting hydrogen bonds [46,60].

Importantly, the surface modification of Fe₃O₄ with silicone oil 
played a decisive role not only in nanoparticle dispersion but also in 
tuning the interfacial energy landscape. Silicone oil imparts a slippery, 

Fig. 10. Schematic illustration of mechanistic insight into photothermal and magnetothermal anti-Icing with silicone-oil-modified Fe₃O₄ nanoparticles.
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low-energy surface, suppressing ice nucleation by reducing heteroge
neous nucleation sites. This multifunctional role of silicone oil is well 
supported by previous literature [41]. In our system, these modifications 
resulted in a dramatic reduction of sliding angle (SA) from 33◦ (SFe0) to 
12◦ (SFe20) and extended freezing delay time from 921 s to 3548 s.

Unlike purely passive coatings, the dual-responsive SFe20 can acti
vate heating either by natural sunlight or electromagnetic fields typical 
around power lines. Considering the electromagnetic environment of 
high-voltage lines, such coatings can passively harness ambient fields for 
self-heating, thus reducing ice-related risks without external 
intervention.

In summary, the nanocomposite coating achieves a functional syn
ergy between photothermal and magnetothermal mechanisms, opti
mized through nanoscale engineering of surface chemistry. This 
approach overcomes the limitations of conventional coatings that rely 
solely on passive wetting properties or active Joule heating. The SFe20 
system demonstrates that by tailoring both material composition and 
energy transduction pathways, high-performance anti-icing behavior 
can be achieved with operational simplicity, durability, and minimal 
energy input critical factors for sustainable infrastructure protection in 
cold. Fig. 10

4. Conclusion

This study confirms the effectiveness of silicone-based coatings 
infused with Fe3O4 nanoparticles for the de-icing of power transmission 
lines. Nanocomposite coatings use their thermomagnetic and photo
thermal properties to convert magnetic and solar energy into heat, 
thereby facilitating efficient ice melting. The physicochemical proper
ties of the coatings were analyzed using CA and SA measurements, FE- 
SEM, and profilometry. We found that increasing the Fe3O4 concentra
tion enhanced surface hydrophobicity and roughness. The static CA of 
water on the SFe20 sample was 114◦, with a SA of 12◦, demonstrating 
the positive effect of incorporating 20 wt% nanoparticles on the coat
ing’s icephobic properties. Additionally, surface roughness data indi
cated that higher nanoparticle concentrations increased roughness from 
0.01 to 0.2 µm, likely through nanoparticle aggregation. The coatings 
containing 20 wt% Fe3O4 nanoparticles improved icephobic properties, 
significantly reducing ice adhesion from 156 to 46 kPa and extending 
nucleation time from 921 to 3548 s, crucial for maintaining power 
infrastructure integrity in cold climates. Our evaluation of photothermal 
and thermomagnetic properties showed that the SFe20 sample was 
highly sensitive to sunlight, generating heat even under low- 
temperature conditions and increasing the temperature from − 5 to 21 
◦C, which caused ice to melt within 203 s. The thermomagnetic behavior 
of the SFe20 sample also melted the ice mold and raised the surface 
temperature from − 10 to 5 ◦C.

Overall, this innovative coating strategy offers a promising, energy- 
efficient solution for mitigating ice-related failures in the power in
dustry, with the potential to reduce operational costs and enhance sus
tainability in harsh winter environments.
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