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A R T I C L E  I N F O

Keywords:
Polyurethane coatings
Ice adhesion strength
Photothermal
De-icing
Magnetic Fe3O4

Quasi − liquid layer

A B S T R A C T

Polyurethane (PU) coatings effectively mitigate ice accumulation on surfaces in low-temperature conditions. 
Unlike traditional de-icing methods that can be ineffective, costly, or environmentally harmful, PU photothermal 
coatings offer environmental and economic benefits. They not only improve anti-icing properties and de-icing 
efficiency but also address critical operational and sustainability challenges associated with harsh winter 
environments.

This study aims to develop a simple yet effective strategy for producing PU coatings with enhanced anti-icing 
and de-icing performance by methodically incorporating various forms of iron oxide nanoparticles—including 
Fe3O4 (FPU), silicone oil–coated Fe3O4 (SiFPU), and hydroxyl (OH)-functionalized Fe3O4 (FOHPU)—at con
centrations from 0.5 % to 10 % to investigate their influence on mechanical, photothermal, and icephobic 
behavior.

PU coatings were fabricated and subjected to characterization using SEM, FTIR, UV–Vis spectroscopy, and 
tensile testing. IR thermography was used to evaluate photothermal performance under 1 sun xenon illumina
tion. Icephobic properties was evaluated through push-off tests in a cold room under both with and without 
simulated sunlight. Photothermal de-icing was assessed using simulated sunlight and push-off tests (ice adhesion 
strength) in a cold room, both with and without simulated sunlight. The endurance of the coatings through 
repeated icing/de-icing cycles was assessed.

UV–Vis spectroscopy revealed improved light absorption, with the band gap of Fe3O4 nanoparticles being 
reduced by the silicone oil coating and hydroxyl functionalization (by 2.3 and 2.55 eV, respectively). The results 
indicate that the icephobic performance of PU coatings is considerably improved by using surface-functionalized 
nanoparticles. Also, 10FOHPU demonstrated a marked enhancement in mechanical properties, with a Young’s 
modulus of 140 ± 6.2 MPa and a tensile strength of 6.3 ± 0.2 MPa (compared to 106.1 ± 4.1 MPa and 6.1 ± 0.4 
MPa for unmodified PU). In addition, the presence of a quasi-liquid layer on the FOHPU coatings was verified by 
ATR-FTIR spectroscopy conducted at sub-zero temperatures. Notably, 10SiFPU exhibited the lowest ice adhesion 
(40 ± 8 kPa) after 20 min of light exposure. These results highlight the potential of SiFPU and FOHPU coatings 
for sustainable and efficient anti-/de-icing applications. This optimized performance is facilitated by tailored 
nanoparticle surface chemistry.

1. Introduction

Ice accumulation on outdoor equipment disrupts industrial produc
tion and daily life [1,2]. It can cause mechanical failures, reduced effi
ciency, and safety hazards in critical energy infrastructure, such as wind 
turbines and power lines, as well as in transportation systems, including 
aircraft and presents a major challenge for solar energy systems as well 
[3–8]. Researchers are developing icephobic and anti-icing surfaces and 

studying ice formation to better manage the buildup of ice [5,9,10]. The 
management ice buildup can be categorized as either de-icing or anti- 
icing approaches. Anti-icing techniques prevent ice formation, 
whereas de-icing techniques remove accumulated ice [11]. Icephobic 
materials can reduce ice adhesion strength, decrease ice accretion rates, 
and delay freezing time or temperature [12]. In extreme weather, ice
phobic materials may be less effective, so it is crucial to develop de-icing 
and anti-icing materials [13,14]. De-icing technologies, which use 
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mechanical, thermal, chemical, and ultrasonic guided wave techniques, 
eliminate ice accumulation instead of preventing it [15]. However, these 
techniques often suffer from high energy consumption, low efficacy, 
damage to the infrastructure requiring protection, and significant 
pollution [16,17]. Among them, thermal de-icing approaches remove 
ice by applying controlled heat, efficiently melting and dislodging ice 
from surfaces in targeted settings like aircraft, wind turbines, and 
photovoltaic panels. Compared to chemical agents, these systems 
minimize environmental harm and reduce the likelihood of surface 
damage commonly associated with mechanical methods. Nevertheless, 
their practical use requires a steady energy supply and often involves 
higher upfront installation expenses.[18].

Photothermal materials are gaining popularity because of their sus
tainable and energy-efficient approach to ice accumulation. They 
convert light energy into heat, melting ice directly on surfaces via solar 
energy or other light sources rather than external power sources 
[17–25]. Photothermal materials, particularly transition metal oxides 
like iron oxide (Fe3O4), have shown promise in this area due to their 
capacity to absorb light and convert it into heat. Semiconductors, 
composed of transition metal oxides This process involves electronic 
excitation, where photons promote electrons from the valence band to 
the conduction band, resulting in energy dissipation as thermal radia
tion. The efficacy of this conversion relies on nanoparticle surface 
modifications and their optical bandgap [26,27].

Recently, researchers have developed icephobic surfaces using 
various photothermal materials including black oxides, plasmonic 
nanoparticles, cermets, and carbon compounds [28–31]. These surfaces 
are categorized according to their solar-energy usage and surface- 
modification capabilities. The first group integrates micro/nano
structures (SiC/CNTs–TiN-PTFE films) to achieve superhydrophobic 
[31] or lubricant-infused surfaces [28], but they only partially use 
broad-spectrum solar radiation, particularly in the near-infrared (NIR). 
Therefore, they offer insufficient photothermal effects. The second 
category harnesses nearly the entire solar spectrum through cermets 
[22] or carbon-based materials [32], but these coatings fail to remove 
melted water promptly because of a lack of superhydrophobicity or self- 
lubricating properties, which reduces photothermal efficiency and in
creases the risk of ice reformation [33]. In a recent paper, however, Wu 
et al. [34] grafted polydimethylsiloxane (PDMS) brushes onto a candle 
soot–based structure, combining superhydrophobicity with efficient 
sunlight trapping to produce a self-cleaning surface. However, an often- 
overlooked factor in solar anti-/de-icing systems is the spectral charac
teristic of heat radiation, particularly spectral selectivity. Heat loss 
through thermal re-radiation from the absorber to the environment 
greatly affects the overall efficacy of solar absorbers. Although black
body absorbers exhibit near-perfect absorption/emission across the 
UV–visible–infrared (IR) spectrum (0.3–20 mm), their high IR emissivity 
diminishes their solar–thermal conversion efficacy [33]. Yang et al. 
develop a superhydrophobic photothermal coating using acrylic resin, 
diatomaceous earth, and encapsulated Fe3O4 nanoparticles, tested under 
simulated sunlight irradiation at 1 kW/m2. However, their investigation 
overlooks the functionalization of these particles for optimal photo
thermal performance and challenges with larger ice formations [35].

Previous studies have primarily focused on either superhydrophobic 
surfaces or photothermal coatings that utilize only a portion of the solar 
spectrum. In contrast, this study investigates the performance of func
tionalized Fe3O4 nanoparticles embedded in polyurethane matrices 
under simulated full-spectrum sunlight using a xenon light source. 
Polyurethane was selected for its mechanical properties and strong 
surface adhesion, making it an ideal matrix for photothermal applica
tions. The innovative approach employed in this research involves the 
incorporation of three types of Fe3O4 nanoparticles (bare, hydroxyl- 
functionalized, and silicone oil–coated) and their influence on the sur
face properties of the coatings and their photothermal performance. 
Notably, the incorporation of hydroxyl-functionalized nanoparticles 
promotes the formation of a quasi-liquid layer within the polymer 

matrix, which contributes to reduced ice adhesion without the need for 
external heating. The overarching goal is to optimize the synergy be
tween passive (surface coating) and active (photothermal) anti-/de- 
icing mechanisms. By evaluating nanoparticle dispersion, photothermal 
response, and mechanical integrity, this research aims to advance the 
development of multifunctional, durable coatings for effective and 
energy-efficient anti-/de-icing in real-world applications.

2. Materials and experimental setup

2.1. Materials

Three types of iron oxide (Fe3O4) nanoparticles were used to 
formulate the polyurethane coatings: OH-functionalized dry powder 
Fe3O4, silicone oil–coated Fe3O4, and bare dry powder Fe3O4, all 
sourced from Us Nano at 99 % purity. The nanoparticles had an average 
size of 20–30 nm and a specific surface area of 40–60 m2/g. SETALUX® 
1909 BA, an acrylic polyol with 5 wt% hydroxyl content and 75 % solid 
content, was provided by Alnex Chemical Company as the base resin. 
Tolonate™ HDB 75B, with an NCO content of 16.5 % ± 0.3 %, served as 
the hardener and was supplied by Vencorex. N-Butyl acetate (99 %) 
from Thermo Fisher Scientific was used as the solvent to adjust the 
viscosity of the coating mixture. The substrates for the coating appli
cation were aluminum sheets (A6061), which were cleaned with 
distilled water followed by three rounds of acetone for thorough surface 
preparation.

2.2. Coating preparation

Polyurethane coatings were prepared by mixing polyols, Fe3O4 
nanoparticles, and a solvent. Ultrasonication at 100 Hz for 20 min 
dispersed the nanoparticles uniformly in the mixture. After homoge
neous dispersion was achieved, a hardener was added. A reference 
mixture without nanoparticles was prepared for comparison. The 
coating mixtures were then applied to pretreated substrates using a spin 
coater. The coated samples were placed in a clean room at room tem
perature for one week to allow the coatings to fully cure. The dry 
thickness of the coatings, measured using a micrometer, was approxi
mately 150 ± 10 μm.

To differentiate the formulations, the samples were labeled based on 
the type of nanoparticles and their coating content. The first part of the 
label indicates the nanoparticle concentration, whereas the second part 
identifies the nanoparticle type, with PU as the matrix (Table 1). For 
example, “FPU” signified coatings with bare Fe3O4 nanoparticles, 
“SiFPU” referred to silicone oil–coated Fe3O4 nanoparticles, and 
“FOHPU” indicated hydroxyl-functionalized Fe3O4 nanoparticles. This 
labeling scheme enabled the clear identification of the study’s specific 
variables.

Table 1 
Composition of the PU coatings containing iron oxide (Fe3O4) nanoparticles 
(Each sample contained 100 g of polyol, 56.1 g of hardener, and 24 g of solvent).

Sample Fe3O4 

(g)
Silicone oil–coated Fe3O4 

(g)
OH-functionalized Fe3O4 

(g)

PU 0 0 0
0.5FPU 0.58 0 0
1FPU 1.18 0 0
5FPU 6.16 0 0
10FPU 13.00 0 0
0.5SiFPU 0 0.58 0
1SiFPU 0 1.18 0
5SiFPU 0 6.16 0
10SiFPU 0 13.00 0
0.5FOHPU 0 0 0.58
1FOHPU 0 0 1.18
5FOHPU 0 0 6.16
10FOHPU 0 0 13.00
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2.3. Characterization

Fourier transform infrared (FTIR) spectra of the polyurethane coat
ings containing Fe3O4 nanoparticles were obtained using a FTIR spec
trometer (PerkinElmer, Spectrum Two, USA) in attenuated total 
reflection (ATR) mode, covering the infrared wavelength range of 
400–4000 cm− 1. Scanning electron microscopy was performed to 
examine the coatings’ morphology (JEOL JSM-6480LV, JEOL USA Inc., 
Peabody, MA, USA). . Before imaging, the samples were sputter-coated 
with a thin platinum layer to enhance surface conductivity.

Ultraviolet–visible (UV–Vis) spectroscopy was performed to inves
tigate the optical absorption properties of the Fe3O4 nanoparticles. The 
analysis involved Fe3O4 nanoparticles dispersed in water, silicone oil–
coated Fe3O4 nanoparticles, and hydroxyl-functionalized Fe3O4 nano
particles. Absorption spectra were recorded for each sample and 
generated Tauc plots to estimate the optical bandgaps. These measure
ments provided insights into the light absorption capabilities of the 
nanoparticles, which are critical for evaluating their potential photo
thermal performance.

Tensile properties were evaluated at room temperature using a TA. 
XTPlus 100 testing machine (TA.TX Plus100C, Stable Micro System, 
Godalming, UK) equipped with a 100 kg load cell. Rectangular film 
strips measuring 10 × 1.25 cm were prepared for each sample. The 
thickness of each strip was determined using a micrometer accurate to 
0.01 mm. For each formulation, at least five replicate samples were 
prepared and subjected to analysis. The ASTM D 2370 standard testing 
method was used to determine the tensile behavior of freestanding films. 
Each formulation was tested with five samples at a constant crosshead 
speed of 5 mm/min at an ambient temperature of 24 ± 1 ◦C.

2.3.1. Surface roughness
Surface roughness was evaluated using a Profilm3D Filmetrics® 

optical profilometer equipped with white light interferometry (WLI). 
This approach provides precise surface profiling and roughness mea
surements, with a resolution of up to 50 nm. For smooth surfaces, the 
phase-shifting interferometry (PSI) mode was used with an accuracy of 
1 nm on the Angstrom scale. The measurements covered an area of 400 
× 400 μm, with six randomly selected regions analyzed per sample to 
ensure reliability.

2.3.2. Wettability analysis
The relationship between the water contact angle (WCA) and ice 

adhesion strength reveals the complex atomic interactions that influence 
the interaction of water droplets with surfaces. The wettability charac
teristics of the coatings were examined to assess the effects of the 

different Fe3O4 nanoparticles. WCA measurements were performed 
using the sessile drop method on a Krüss™ DSA100 goniometer at a 
controlled room temperature of 25 ± 0.5 ◦C. A 4 µL droplet of distilled 
water was placed on the sample surface, and the measurement was 
recorded using ADVANCE drop shape analysis software. The sliding 
angle (SA) was also evaluated using the same instrument equipped with 
a tilting stage. A 35 µL water droplet was deposited on the sample, which 
was tilted at 60◦/min until the droplet began to slide or roll off up to a 
maximum angle of 60◦. Contact angle hysteresis (CAH) were calculated 
as the difference between the advancing and receding contact angles. 
The SA was recorded 0.5 s before droplet motion began. Both the WCA 
and SA values were calculated using tangent approximation methods, 
with the fitting model mathematically representing the curvature of the 
droplet.

2.3.3. Photothermal properties
To evaluate the photothermal properties of the fabricated samples, 

the coatings were exposed to a xenon lamp emitting approximately 1 
kW/m2 (Fig. 1a). Fig. 1b presents the spectral power distribution of the 
SLS401 light source. The experiment was conducted at room tempera
ture to simulate typical environmental conditions. This light intensity 
mimics sunlight exposure, allowing investigation of the coatings’ ability 
to absorb and convert sunlight into heat. The samples were placed under 
the lamp, and their temperature increase over time was measured using 
an infrared camera to assess the photothermal efficiency of the coatings 
at increasing temperatures relative to the ambient environment. Tem
perature increase reflects the coatings’ effectiveness in converting light 
energy into thermal energy.

2.3.4. Thermography
A thermal camera (Optris Pi450i, Optris, Berlin, Germany) and its 

software (Optris PIX Connect Rel.1.2.1030.0) provided a detailed view 
of surface temperature. The camera, equipped with a 382 × 288 pixel 
uncooled microbolometer and an 18◦ × 14◦ field of view (FOV), was 
positioned about 40 cm from the sample and powered on for at least 30 
min before measurements to ensure thermal equilibrium. The camera’s 
noise equivalent temperature difference (NETD) was 60 mK.

2.4. Icephobic properties

2.4.1. Temperature-controlled ATR-FTIR for surface freezing behavior
ATR-FTIR spectroscopy (Perkin Elmer Spectrum II) was used to 

investigate the coating–water interface at low temperatures and the 
presence of a quasi-liquid layer (QLL). A custom cold-base setup ensured 
precise temperature control (±0.5 ◦C) at the coating–prism interface. To 

Fig. 1. a) Schematic illustrating the xenon light projected onto the surface; b) spectral power distribution of the sls401 light.
Source. The spectrum is displayed on a logarithmic scale to clearly show both the overall shape and the spectral lines
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avoid interference between the absorption bands of the amine groups in 
the coatings and the hydroxyl groups of water, D2O was used instead of 
H2O, as their freezing behaviors are nearly identical. The coating sam
ples were soaked in D2O before collecting continuous FTIR spectra 
during a temperature ramp up from + 25 to − 20 ◦C at a cooling rate of 
0.5 ◦C/min. This approach, using ATR-FTIR spectroscopy with D2O to 
study ice formation and QLL, builds on similar methodologies estab
lished in our group’s previous work, as demonstrated in Koochaki et al. 
[36].

2.4.2. Photothermal de-icing under simulated sunlight
The experimental setup for measuring photothermal de-icing per

formance involved a xenon light source (SLS 401)–simulated solar ra
diation, directing a collimated light beam onto the surfaces (Fig. 2a). 
The illumination spot had a diameter of 3.5 ± 0.2 mm with a maintained 
power density P of ± 0.01 suns (kW⋅m− 2). A mechanical shutter 
controlled the illumination intermittently. A 100 µL droplet of distilled 
water was placed on the coated surface and frozen at –10 ◦C to create an 
ice droplet for evaluating the de-icing capacity of the coatings. After 
freezing, the sample was exposed to simulated sunlight under controlled 
conditions. A high-speed camera recorded the de-icing process to 
monitor ice behavior in real time. Two main parameters were defined 
for this study: (i) starting de-icing time, representing the time from the 
beginning of illumination to the first visible movement or melting at the 
ice–surface interface; and (ii) complete de-icing time, indicating the 
total time required for full melting of the ice droplet. An infrared (IR) 
camera was used to simultaneously monitor the surface temperature.

2.4.3. Ice adhesion strength
The ice adhesion strength of the samples was determined using a 

push-off test. In this test, an ice cylinder was produced over 18 h by 
placing a 1.5 cm diameter cylindrical plastic mold on the surface and 
filling it with deionized water in a cold chamber at –10 ◦C. A digital force 
gauge (FG-3005, Shimpo Instruments, Lynbrook, NY, USA) measured 
the force required to detach the ice cylinders from the coating surface. 
The force gauge tracked the shear force via a remote computer-operated 
interface until the ice broke from the surface. The force meter probe 
applied force until the frozen cylinder detached from the sample surface. 
To ensure consistent and repeatable shear loading, the distance between 
the digital force gauge and the coating surface was fixed at 1  mm 
throughout all tests, minimizing variability in the applied force direction 
and contact geometry. Each formulation was tested with three replicate 
samples, and the results are presented with corresponding standard 

deviations. The adhesion stress was calculated by dividing the maximum 
force by the area under the ice. Furthermore, the same process was 
repeated 14 times to assess the durability of the coatings under repeated 
icing/de-icing cycles.

2.4.4. Ice adhesion strength under simulated sunlight
A push-off test under simulated sunlight evaluated how photo

thermal heating affects ice adhesion strength (Fig. 2b). After 24 h of 
freezing at − 10 ◦C, the cylindrical molds filled with deionized water 
remained stable on the coated surfaces in a cold environment. The xenon 
light source was then activated for 20 min to induce surface heating, as 
detailed in Section 2.3.3. The ice adhesion strength was measured using 
the procedure described in Section 2.4.3, allowing for a direct compar
ison between illuminated and non-illuminated conditions.

3. Results and discussion

3.1. Surface morphology and chemical composition

3.1.1. ATR-FTIR spectroscopy
The FTIR spectra of Fe3O4, hydroxyl-functionalized Fe3O4, and sili

cone oil–coated Fe3O4 nanoparticles for all samples (Fig. 3) show 
characteristic absorption bands linked to magnetite, confirming the 
persistence of the core Fe3O4 structure after surface alteration. A strong 
absorption band near 550 cm− 1 corresponds to the Fe–O stretching vi
bration, whereas a band at 1628 cm− 1 is attributed to Fe–O bending 
modes [37]. The distinct absorption band at 622 cm− 1 corresponds to 
the ν1 vibrational mode of the Fe–O bond, representing a characteristic 
infrared feature of Fe3O4 nanoparticles [38]. The hydroxyl- 
functionalized Fe3O4 (Fe3O4-OH) spectrum shows a broad band at 
3418 cm− 1, attributed to O–H stretching vibrations, and confirms the 
presence of hydroxyl groups on the nanoparticle surface [37]. In 
contrast, the silicone oil–coated Fe3O4 nanoparticles exhibit new peaks, 
notably at 2984 and 2889 cm− 1, corresponding to C–H stretching vi
brations, as well as at 1263, 1092, and 1021 cm− 1, which are attributed 
to Si–O–Si and Si–CH3 stretching vibrations. Additional peaks at 800 and 
622 cm− 1 are associated with Si–C and Si–O vibrations, respectively, 
confirming the presence of a silicone-based coating [39–41]. These 
distinct peaks in Fe3O4-OH and the silicone oil–coated Fe3O4 samples 
indicate the presence of these groups on the surface of the nanoparticles.

3.1.2. SEM analysis
The analysis of the surface characteristics of three coatings—10FPU, 

Fig. 2. Experimental setup of a) photothermal de-icing tests under simulated sunlight; b) ice adhesion strength testing under simulated sunlight.
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10FOHPU, and 10SiFPU—revealed notable differences in nanoparticle 
distribution and surface morphology (Fig. 4). The Fe3O4 nanoparticles in 
these coatings were observed to have an average size of 20–30  nm. The 
10FPU coating, which contains Fe3O4 nanoparticles, showed a uniform 
particle distribution; however, the absence of functional groups limits 
interaction with the polyurethane (PU) binder, resulting in a less 
cohesive surface. In contrast, the 10FOHPU coating, which contains 
hydroxyl-functionalized Fe3O4 nanoparticles, demonstrated improved 
adhesion and distribution. The hydroxyl groups enhance the compati
bility with the PU matrix, leading to a more even dispersion and 
smoother surface finish [42,43]. This functionalization improves inter
action with the binder, reducing agglomeration and enhancing the 
coating’s mechanical properties. The 10SiFPU coating features silicone 
oil–coated Fe3O4 nanoparticles, which significantly alter surface tension 
dynamics and promote greater nanoparticle migration to the surface 
during curing. This occurs because of the differing polarities between 
the silicone oil and PU binder, which reduces the compatibility. 
Consequently, the 10SiFPU coating exhibits a higher density of surface 
particles than the other two coatings, enhancing the surface properties 
and potentially improving the durability and resistance to environ
mental factors.

3.1.3. Wettability behavior
The wettability behavior of the coatings was evaluated through 

WCA, contact angle hysteresis (CAH), and SA measurements; such 

measurements are essential for understanding water molecule in
teractions with the surface (Fig. 5). The polyurethane (PU) coating 
without nanoparticles showed a WCA of 89◦, a CAH of 36◦, and a SA of 
25◦. As the concentration of Fe3O4 nanoparticles (FPU) increased, both 
the CAH and SA values increased, likely because of the greater surface 
roughness of the coating. This roughness leads to greater hysteresis, 
making it more difficult for water droplets to slide off the surface. A high 
CAH indicates a strong pinning of water droplets, which delays removal 
and enhances ice adhesion strength, thus reducing the coating’s anti- 
icing effectiveness. In the case of silicone oil–coated Fe3O4 nano
particles (SiFPU), higher nanoparticle concentrations decreased both 
CAH and SA values, indicating improved droplet mobility and reduced 
water adhesion. Silicone oil lowers the surface tension, facilitating the 
migration of nanoparticles to the surface and increasing WCA. The SA 
reduction was more pronounced at higher concentrations of silicone 
oil–coated nanoparticles, enhancing the anti-icing properties of the 
coating. For hydroxyl-functionalized Fe3O4 (FOHPU) coatings, 
increasing the nanoparticle concentration led to a slight decrease in 
WCA, accompanied by an increase in CAH and SA. However, this in
crease was not as marked as that for the FPU coatings, suggesting that 
hydroxyl groups only slightly improve the surface wettability without 
greatly increasing the surface roughness or hysteresis. This increase in 
hysteresis is attributed to the enhanced surface hydrophilicity at higher 
FOHPU concentrations, which results in a lower receding contact angle, 
as shown in Fig. 5b [44].

3.1.4. Surface roughness
Surface roughness was measured using profilometry, with the “Sq” 

parameter quantifying the increase in roughness (Fig. 6). The PU coating 
had a roughness of 28 nm. For the FPU coatings, the roughness increased 
from 40 nm at 0.5FPU to 130 nm at 10FPU, indicating a marked increase 
with higher nanoparticle concentration. SiFPU coatings exhibited even 
greater roughness, increasing from 35 nm at 0.5SiFPU to 170 nm at 
10SiFPU, suggesting that silicone oil–coated nanoparticles enhance 
surface roughness. In contrast, FOHPU coatings showed moderate in
creases, with roughness ranging from 35 nm at 0.5FOHPU to 101 nm at 
10FOHPU (Fig. 7). This trend reflects the effects of nanoparticle con
centration and surface chemistry on roughness. The silicone oil–coated 
nanoparticles (SiFPU) had the highest surface roughness because of the 
surface tension of the silicone oil, which promotes the migration of 
nanoparticles to the coating surface during curing. This accumulation at 
the surface creates a more pronounced roughness than that of the other 
coatings. FPU coatings exhibited a steady increase in roughness with 
nanoparticle concentration, whereas the FOHPU coatings exhibited a 
gradual increase in roughness because of the compatibility of hydroxyl 
groups with the polyurethane matrix, resulting in less pronounced sur
face roughening. These findings highlight the influence of nanoparticle 
type and concentration on surface roughness, with silicone oil–coated 
nanoparticles producing the greatest roughness.

Fig. 3. ATR-FTIR spectra of Fe3O4 (black line), Fe3O4-OH (red line), and silicone 
oil–coated Fe3O4 (blue line) nanoparticles. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 4. SEM images of a) 10FPU, b) 10FOHPU, and c) 10SiFPU surfaces.
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3.2. Mechanical properties

Tensile tests were performed to assess the mechanical properties of 
PU and three modified PU coatings (10FPU, 10SiFPU, and 10FOHPU). 
The elongation at break, Young’s modulus, and tensile strength of the 
coatings are summarized in Table 2. Stress–strain curves (Fig. 8) provide 
data on the response of materials to tensile loading. The baseline PU 
coating had a tensile strength of 6.1 ± 0.4 MPa, elongation at break of 
64 %, and a Young’s modulus of 106.1 ± 4.1 MPa. Adding unaltered 
Fe3O4 (10FPU) greatly reduced tensile strength and elongation at break 
relative to pure PU, decreasing to 4.2 ± 0.3 MPa and 30.8 ± 5.4 %, 
respectively, for 10FPU. Therefore, the unmodified Fe3O4 particles act 
as stress concentrators within the PU matrix, leading to premature 
failure. Among the samples, silicone oil–coated Fe3O4 (10SiFPU) 
exhibited the weakest mechanical properties. Although its elongation at 

break (42.7 % ± 1.5 %) surpassed that of 10FPU (30.0 %), both its 
tensile strength (3.7 ± 0.2 MPa) and Young’s modulus (53 ± 2.7 MPa) 
were significantly lower than those of 10FPU. Its Young’s modulus was 
about 50 % lower and tensile strength 38.3 % lower than that of pure PU, 
likely because the silicone oil layer hindered strong interfacial bonding 
[45].

In contrast, the 10FOHPU composite, having hydroxyl- 
functionalized Fe3O4, showed the best mechanical properties. It ach
ieved a slightly higher tensile strength (6.3 ± 0.2 MPa) than pure PU, a 
5 % increase, yet a marked 32 % increase in Young’s modulus (140 ±
6.2 MPa), representing a substantial increase relative to pure PU. The 
elongation at break for 10FOHPU was 49.4 % ± 5.1 %, which was much 
lower than that of pure PU but higher than that of 10FPU and 10SiFPU. 
The hydroxyl groups on the Fe3O4 surface enhance the performance of 
10FOHPU by promoting strong hydrogen bonding with the urethane 

Fig. 5. Wetting properties of the PU coatings differing in iron oxide (Fe3O4) nanoparticles and concentrations for the various FPU, SiFPU, and FOHPU coatings; (a) 
water contact angle and sliding angles; (b) contact angle hysteresis and advancing and receding.

Fig. 6. Three-dimensional (3D) roughness profiles of the prepared PU coatings varying in their iron oxide (Fe3O4) nanoparticle concentrations and composition.

M. Bakhtiari et al.                                                                                                                                                                                                                              Solar Energy 300 (2025) 113859 

6 



groups in the PU matrix and therefore improving interfacial adhesion. 
This interaction contributes to a stiffer and stronger material, as evi
denced by the increased Young’s modulus and tensile strength. The 
hydroxyl-functionalized Fe3O4 acts as a cross-linking agent [46,47].

3.3. Ultraviolet–visible (UV–Vis) spectroscopy

UV–Vis spectroscopy revealed notable differences in the optical 
bandgaps of the various Fe3O4 nanoparticle samples. The Fe3O4 

nanoparticles dispersed in water had a bandgap of 2.6 eV (Fig. 9a). The 
silicone oil–coated Fe3O4 nanoparticles had a lower bandgap (2.29 eV 
(Fig. 9c), whereas the hydroxyl-functionalized Fe3O4 nanoparticles had 
a bandgap of 2.55 eV (Fig. 9b). The lower band gaps of the coated and 
functionalized nanoparticles indicate improved light absorption relative 
to uncoated nanoparticles. This enhanced absorption is expected to in
crease the photothermal efficiency of the coatings, emphasizing the role 
of surface modification in optimizing the nanoparticles for photothermal 
applications [48].

3.4. Photothermal properties

The photothermal properties of the coatings were assessed by 
measuring the temperature change (ΔT) after irradiation for 20 min. The 
PU coating on an aluminum surface increased 11 ◦C after 20 min 
(Fig. 10). For all nanoparticle types—bare Fe3O4 (FPU), silicone oil–
coated Fe3O4 (SiFPU), and hydroxyl-functionalized Fe3O4 (FOHPU)— 
the temperature increase (ΔT) correlated positively with nanoparticle 
concentration. Incorporating photothermal nanoparticles into the 
coating markedly raised the surface temperature, and at a greater 
nanoparticle content, surface temperatures were also warmer, demon
strating improved photothermal conversion because of the light ab
sorption properties of Fe3O4 nanoparticles. However, the temperature 
increase was not consistent across all nanoparticle types. For SiFPU, the 
ΔT values for the 5 % and 10 % nanoparticle concentrations were nearly 
identical, indicating that increasing the concentration beyond a certain 
level does not significantly enhance the photothermal effect. After the 
initial rapid rise in temperature within the first 10 min of irradiation, the 
rate of temperature increases slowed and plateaued (Fig. 10b–d), likely 
because of heat loss balancing heat input—indicating that the photo
thermal response reached a thermal equilibrium with the surrounding 
environment. This behavior highlights the importance of optimizing 
nanoparticle concentrations for effective photothermal performance, 
with diminishing returns at higher concentrations. Additionally, the 
initial heating rate (dT/dt), calculated as the slope of temperature rise 
during the first 60 s of irradiation, was determined to be 9.01 ◦C/min for 
10FPU, 10.37 ◦C/min for 10SiFPU, and 9.28 ◦C/min for 10FOHPU 
coatings. These values quantitatively demonstrate that SiFPU coatings 
achieve the fastest early-stage photothermal heating, consistent with 
their lower bandgap.

Fig. 11 presents the photothermal performance of polyurethane (PU) 
coatings under two light intensities: 1 sun and 1.5 sun. Bare aluminum 
(Al) exhibited a minimal temperature increase (0.6 ◦C at 1 sun and 
0.7 ◦C at 1.5 sun), reflecting its low photothermal efficacy. In contrast, 
PU coatings exhibited temperature increases with ΔT values of 10 and 
13 ◦C under 1 sun and 1.5 sun, respectively. Adding Fe3O4 nanoparticles 
further enhanced the photothermal response, with 10FPU coatings 
showing ΔT values of 27.7 and 34 ◦C, at 1 and 1.5 sun, respectively. The 
10SiFPU coating outperformed all other samples (ΔT values of 31.9 and 
44.5 ◦C at 1 and 1.5 sun, respectively). This improvement results from 
the silicone oil coating, which promotes nanoparticle migration to the 
surface and reduces the band gap, thereby optimizing the light absorp
tion. Similarly, the 10FOHPU coatings showed considerable photo
thermal enhancement, with ΔT values of 28.9 and 37.1 ◦C. These results 
emphasize the importance of nanoparticle concentration, surface mod
ifications, and light intensity in enhancing the photothermal perfor
mance of the coatings.

3.5. Anti-icing properties

3.5.1. Quasi-liquid layer (QLL) characterization
ATR-FTIR spectroscopy was used as a reliable and effective tech

nique to verify the presence of a quasi-liquid layer (QLL) and study its 
behavior. The evanescent wave of the reflected IR beam was used as a 
sensitive tool to probe functional groups located near the interface be
tween the ATR crystal and the sample [49]. This approach is particularly 

Fig. 7. Surface roughness (Sq) of PU coatings with different iron oxide (Fe3O4) 
nanoparticle concentrations and compositions.

Table 2 
Tensile isotherms of the PU, 10FPU, 10SiFPU, and 10FOHPU coatings.

Sample Tensile strength at break 
(MPa)

Elongation at break 
(%)

Young modulus 
(MPa)

PU 6.1 ± 0.4 64.6 ± 4.3 106.1 ± 4.1
10FPU 4.2 ± 0.3 30.8 ± 5.4 81.2 ± 5.6
10SiFPU 3.7 ± 0.2 42.7 ± 1.5 53 ± 2.7
10FOHPU 6.3 ± 0.2 49.4 ± 5.1 140 ± 6.2

Fig. 8. Stress–strain curves of the PU, 10FPU, 10SiFPU, and 
10FOHPU coatings.

M. Bakhtiari et al.                                                                                                                                                                                                                              Solar Energy 300 (2025) 113859 

7 



suited for analyzing temperature-dependent changes in the OH or OD 
stretching absorbance bands of H2O or D2O, which shift to a lower fre
quency. The FTIR spectra of D2O before and after freezing demonstrate a 
shift of the O–D stretching band from 2467 to 2331 cm− 1 at − 8 ◦C during 
freezing (Fig. 12).

ATR-FTIR spectra of the polyurethane (PU) and 10FOHPU coatings, 
each in contact with heavy water (D2O), were collected across a range of 
temperatures as the samples cooled (Fig. 13). The 10FOHPU/D2O 
coating shows a characteristic peak at 2464 cm− 1 at temperatures above 
0 ◦C (Fig. 13a). This peak corresponds to the O–D stretching vibration in 
liquid D2O, and its position is similar to that observed for bulk D2O. A 
slight difference in the peak position is likely caused by interactions 
between D2O and the 10FOHPU coating. As the temperature decreased 
to − 20 ◦C, no shift of the band to 2451 cm− 1, typically associated with 
solid D2O (ice), was observed. In contrast, the O–D stretching band of 
the unmodified PU coating shifted in position because of the D2O phase 

transition from liquid to solid between 0 and − 20 ◦C (Fig. 13b). This 
spectral change suggests that the D2O absorbed on the surface of the PU 
coating froze at approximately − 14 to − 15 ◦C [36]. The difference in 
freezing temperatures, as indicated by the O–D stretching band shift, 
between the unmodified PU and 10FOHPU, likely results from a more 
substantial QLL on the modified coating. The thicker QLL on the 
10FOHPU surface, along with its interactions with the coating material, 
hindered ice formation, as nucleation and growth of ice crystals at the 
interface were impeded by the QLL, preventing the arrangement of 
water molecules into the highly ordered crystalline structure charac
teristic of ice.

3.5.2. Ice adhesion
Push-off tests were performed to evaluate the ice adhesion strength 

of the three types of coatings (Fig. 14a). Ice adhesion strength varied 
significantly depending on the nanoparticle type and concentration in 

Fig. 9. Absorption spectra of the (a) Fe3O4; (b) Fe3O4-OH; and (c) silicone oil–coated Fe3O4 nanoparticles.

Fig. 10. Photothermal properties of the PU coatings with varying nanoparticle concentrations and compositions; (a) surface temperature increase (ΔT) after 20 min 
of irradiation for PU coatings differing in their concentrations of FPU, FOHPU, and SiFPU; temperature over time for the (b) FPU, (c) FOHPU, and (d) SiFPU coatings.
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the polyurethane coating. For the FPU coatings, higher nanoparticle 
concentrations increased the ice adhesion strength, peaking for 10FPU 
(290 ± 20 kPa) because of the greater surface roughness that enhances 
mechanical bonding with ice. However, this roughness did not signifi
cantly improve the wetting behavior, which is essential for anti-icing 
applications. Therefore, although higher concentrations of FPU nano
particles increase ice adhesion, they do not necessarily enhance the de- 
icing or anti-icing performance. In contrast, SiFPU coatings showed a 
decrease in ice adhesion with an increase in the nanoparticle percentage. 
For 10SiFPU, the strength dropped to 75 ± 14 kPa, which is much lower 
than that of the FPU coatings. The silicone oil coating lowers surface 
tension, weakening the bond between the ice and the surface, which 
improves anti-icing properties. The reduced surface energy of silicone 
oil facilitates easier separation of ice from the surface. For FOHPU 
coatings, the hydroxyl groups on the nanoparticles create a QLL at the 
interface, reducing ice adhesion as described in our previous work [50]. 
These hydroxyl groups strongly interact with nearby water molecules 
through hydrogen bonding, leading to the formation of a disordered 
interfacial structure that is known as a quasi-liquid layer (QLL). This 
hydrated interfacial layer prevents ice from forming strong bonds with 

the solid surface, thereby lowering the mechanical interlocking and 
adhesion forces at the ice/surface interface. As the concentration of 
hydroxyl-functionalized nanoparticles increased, ice adhesion strength 
decreased, reaching a minimum at 10FOHPU (115 ± 12 kPa). Therefore, 
QLL formation greatly enhances the coating’s resistance to ice adhesion, 
making it effective for anti-icing applications. However, for practical 
industrial applications, coatings must retain their icephobic properties 
even after numerous icing/de-icing cycles, not just exhibit low initial ice 
adhesion. To evaluate long-term durability, icephobicity was evaluated 
over 14 repeated icing and de-icing cycles using push-off adhesion 
measurements. The results depicted in Fig. 14b demonstrate that while 
SiF and FOH nanoparticles initially contribute to a decrease in ice 
adhesion strength for the polyurethane coatings, this effect diminishes 
after several icing-deicing cycles, although both remain lower than PU 
and FPU. This indicates that the SiFPU and FOHPU coatings retain their 
anti-icing efficacy even after multiple cycles, due to their low surface 
energy and QLL formation, respectively, which continue to reduce ice 
adhesion strength over time. In the case of 10FPU, the adhesion strength 
increased from 290 ± 20 kPa to 536 ± 15 kPa over the cycles, indicating 
that mechanical interlocking becomes stronger with repeated icing- 
deicing cycles, making it less suitable for durable anti-icing applications.

3.5.3. Photothermal de-icing properties
The coatings’ de-icing performance is shown in Fig. 15b, which de

picts the time required for ice to melt completely under controlled light 
conditions. A clear trend was observed: increasing the concentration of 
Fe3O4 nanoparticles significantly reduced the de-icing time. For the FPU 
coatings, the de-icing time for the 0.5FPU coating was 350 s, which 
dropped to 140 s for the 10FPU coating (Fig. 15a). This suggests that 
higher nanoparticle concentrations facilitate faster de-icing through an 
enhanced photothermal conversion. Similarly, the SiFPU coatings 
showed reduced de-icing times, with 0.5SiFPU starting at 540 s and 
10SiFPU reaching 125 s. This improvement is likely because of the sil
icone oil’s surface tension–reducing properties, which enhance nano
particle dispersion and improve heat transfer, thereby reducing ice 
adhesion. For the FOHPU coatings, the 10FOHPU coating achieved the 
fastest de-icing time of 109 s, significantly faster than the 0.5FOHPU 
coating, which required 343 s. This enhanced performance in FOHPU 
coatings results from hydroxyl-functionalized nanoparticles that pro
mote a QLL, reducing ice adhesion and accelerating de-icing. It is worth 
noting that the unmodified PU coating was unable to melt the ice droplet 
even after 2 h of light irradiation.

3.5.4. Anti-icing properties under simulated sunlight
Ice adhesion tests were performed before and after 20 min of simu

lated sun exposure to assess the anti-icing efficacy of polyurethane (PU) 
and modified PU coatings (Fig. 16). The ice adhesion strength of the 
pure PU coating was initially 271 ± 16 kPa and decreased to 230 ±
9 kPa after illumination. 10FPU, containing unmodified Fe3O4, exhibi
ted greater ice adhesion (290 ± 20 kPa) than pure PU; this can be 
attributed to the increased surface roughness from the Fe3O4 nano
particles, which enhances mechanical interlocking between the ice and 
the coating surface. However, after 20 min of solar exposure, the 10FPU 
ice adhesion decreased to 150 ± 11 kPa, likely because of the photo
thermal effect of the Fe3O4 nanoparticles converting simulated sunlight 
into heat and weakening the ice–surface interface.

Both the 10SiFPU (silicone oil–coated Fe3O4) and 10FOHPU (hy
droxyl-functionalized Fe3O4) composites showed markedly lower ice 
adhesion strengths than pure PU, both before and after sun exposure. 
10SiFPU had the lowest initial ice adhesion strength of 75 ± 14 kPa, 
which further decreased to 40 ± 8 kPa after exposure. This superior 
performance results from the low surface energy of the silicone oil 
coating. This low surface energy minimizes the ice–coating interactions 
and facilitates easier ice removal. The 10FOHPU coating had an initial 
value of 115 ± 12 kPa and decreased to 55 ± 10 kPa after exposure. Its 
enhanced icephobicity is attributed to the hydroxyl groups on the 

Fig. 11. Photothermal performance of the various coatings differing in their 
nanoparticle concentrations and compositions under 1 sun and 1.5 sun 
irradiation.

Fig. 12. ATR-FTIR spectra of D2O throughout the cooling process.
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Fig. 13. ATR-FTIR spectra of the a) 10FOHPU/D2O and b) PU/D2O coatings during the cooling process.

Fig. 14. (a) Ice adhesion strength of the polyurethane (PU) coatings containing differing concentrations of Fe3O4 (FPU), hydroxyl-functionalized Fe3O4 (SiFPU), and 
silicone oil–coated Fe3O4 (FOHPU) nanoparticles; (b) ice adhesion strength (kPa) of PU, 10FPU, 10FOHPU, and 10SiFPU coatings over 14 icing/de-icing cycles, 
evaluated using push-off tests to assess durability.

Fig. 15. De-icing performance of different coatings under light irradiation; a) de-icing start times and b) de-icing completion times for coatings containing differing 
concentrations of Fe3O4 (FPU), hydroxyl-functionalized Fe3O4 (SiFPU), and silicone oil–coated Fe3O4 (FOHPU) nanoparticles.
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nanoparticle surface, which promote the formation of a QLL at the ice
–coating interface. The QLL acts as a lubricant to greatly reduce the force 
required to detach the ice. The further reduction in ice adhesion after 
solar exposure for all modified samples illustrates the combined benefits 
of inherent icephobicity (from surface chemistry and/or roughness) and 
photothermal conversion. Thus, these coatings, particularly 10SiFPU 
and 10FOHPU, may be effective in both passive and active anti-icing 
applications.

4. Conclusions

Incorporating iron oxide (Fe3O4) nanoparticles with varying func
tionalization into polyurethane (PU) coatings significantly enhanced 
their photothermal and anti/de-icing performance. Specifically, silicone 
oil–coated (SiFPU) and hydroxyl-functionalized (FOHPU) Fe3O4 nano
particles outperformed both pure PU and bare Fe3O4 (FPU) in multiple 
key areas. This superior performance stems from the tailored surface 
chemistry of the nanoparticles. The silicone oil coating on SiFPU 
reduced the surface energy to produce the lowest ice adhesion values 
(40 ± 8 kPa after simulated sun exposure) and rapid de-icing initiation 
(125 s at 10 % concentration). Hydroxyl functionalization in FOHPU 
created a stable QLL (confirmed by ATR-FTIR), even at − 20 ◦C, pro
ducing remarkably low ice adhesion and rapid de-icing (109 s at 10 % 
concentration). While 10SiFPU initiates de-icing slightly faster than 
10FOHPU, it results in an approximate 38 % decrease in tensile strength. 
In contrast, 10FOHPU maintains and even enhances mechanical per
formance while providing similarly quick de-icing. UV–Vis spectroscopy 
confirmed that both the coating and functionalization improved the 
light absorption properties of the Fe3O4 nanoparticles. Increasing 
nanoparticle concentrations, particularly up to 10 %, consistently 
improved the surface roughness and photothermal conversion; this 
improvement led to more effective heat generation under simulated 
solar irradiation. Crucially, the combined effects of icephobicity 
(because of low surface energy or QLL formation) and photothermal 
heating from the modified nanoparticles yielded a synergistic 
improvement in anti-icing performance. These findings provide a robust 
foundation for developing highly effective, multifunctional coatings for 
passive and active anti-icing/de-icing applications in various environ
ments. Selecting nanoparticle functionalization strategically offers a 
powerful means of tailoring coating properties to meet specific perfor
mance demands. Our future research will concentrate on the 

enhancement of the anti-icing properties of the system by investigating 
additional strategies to mitigate ice adhesion. A promising approach is 
the creation of self-lubricating surfaces, which could complement the 
current photothermal and surface chemistry modifications to improve 
icephobic performance.

Declaration of Generative AI and AI-assisted technologies in the 
writing process

During the preparation of this work, the author(s) utilized large 
language models (LLMs), specifically GPT-4 by OpenAI and QuillBot, to 
enhance grammatical accuracy and improve the overall readability of 
the manuscript. Following the use of these tools, the author(s) reviewed 
and edited the content as needed and take(s) full responsibility for the 
content of the publication.

CRediT authorship contribution statement

Mohammad Bakhtiari: Writing – review & editing, Writing – 
original draft, Visualization, Validation, Software, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. 
Gelareh Momen: Writing – review & editing, Validation, Supervision, 
Resources, Project administration, Methodology, Funding acquisition, 
Conceptualization. Reza Jafari: Writing – review & editing, Validation, 
Supervision, Resources, Project administration, Methodology, Funding 
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

The authors gratefully acknowledge the financial support provided 
by the Natural Sciences and Engineering Research Council of Canada 
(NSERC).This research was supported by NSERC under grant ID DGECR- 
2020-00472.Additional support was provided by the Centre de 
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