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Abstract: A superhydrophobic surface was synthesized by a combination of an epoxy/

polymethylphenylsiloxane matrix and dual-scale morphology of silica (SiO2) nanoparticles. When
the amount of SiO2 reached 30 wt.%, the as-prepared surface showed a high static water contact
angle (WCA) of 154◦ and a low sliding angle (SA) of 5◦, excellent water repellency, and dirt-removal
effects both in air and oil (hexamethylene). Even after exposure to as high as a 12.30 Mrad dose of
gamma-rays, the composite surface still maintained its superior performance.
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1. Introduction

Nuclear energy is an attractive solution for electricity demand due to its high efficiency and is
carbon-neutral [1]. Nevertheless, the disasters that occurred at Fukushima (Japan, 2011) [2], Chernobyl
(Ukraine, 1986) [3], and Three Mile Island (USA, 1979) [4] have aroused considerable concern regarding
their safety. One of the severe environmental consequences of these nuclear accidents is the enormous
fallout of long-lived and highly radioactive substances such as I-137, Cs-137, Xe-133, and so on. For
example, the total amount of radioactivity released from the nuclear fuel into the environment at the
Three Mile Island accident was about 9.25 × 1016 Bq, of which about 60% was Xe-133, and 5.55 × 1011

Bq was I-137 [5], whereas the Chernobyl accident reached 1.7 × 1018 Bq [6], and the I-137 and Cs-137
leakages during the Fukushima accident were about 1.5 × 1017 and 1.21 × 1016 Bq, respectively [7].
These contaminations would be adsorbed and retained on the surface of the wall and equipment for a
very long time [2], and even as secondary pollution carried out with mobile devices like the rescue
robot. Surfaces with superior self-cleaning properties are an effective solution for those challenging
problems. However, as we know, most polymers are susceptible to gamma irradiation. High energy
and high dose radiation usually cause chain-scission and free radical-recombination, which further
leads to cracking as well as the apparent degradation of the mechanical strength of the coatings [8,9].

Superhydrophobic surfaces, inspired by the natural lotus, have gained an intense interest in
recent years [10–12]. Many technologies including lithography [13], electrospinning [14], template [15],
anodic oxidation [16], and electrochemical deposition [17] have been utilized in this field. For instance,
Shieh fabricated a robust air like superhydrophobic surfaces with a combination of e-beam lithography,
dry etching, the hydrogen plasma etching approach, and then hydrophobized with CHF3 plasma [18].
The two-tier air-like structures consisted of nanopillars and nanograss, and over 99.9% of the surface
was composed of air. Therefore, the static water contact angle (WCA) of the surface was close to 180◦,
and the sliding angle (SA) was close to 0◦. A superhydrophobic polydimethylsiloxane/poly (methyl
methacrylate) (PDMS/PMMA) membrane was achieved by using the electrospinning method [19].
However, a big challenge in their application is poor mechanical stability, where most would lose
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function when exposed to oil as the low surface tension of the oil makes it easy to penetrate through
the surfaces [20]. Additionally, the weak or uncrosslinked chemical bonds of low surface energy
substances like alkane, silicone, and fluoride usually lead to poor UV durability as well as low resistance
to corrosive liquids and organic solvents [21]. In contrast, epoxy resins as well as its composites
have been widely employed in severe environments such as marine-varnishes, and chemical and
nuclear plant surfaces due to their excellent adhesion, mechanical properties, and good solvent and
chemical resistance [22–25]. Furthermore, the abundant hydroxyl and epoxy groups also result in high
surface energy.

In consideration of complex and hostile nuclear circumstances, for instance, salted or acid
liquids, solid dust or greasy dirt [26], especially with extreme high energy gamma irradiation,
bisphenol-A epoxy resin (E-51) was selected as the matrix of the surfaces and hydroxyl-terminated
polymethylphenylsiloxane (HT-PMPS) with high hydrophobicity was copolymerized with E-51 resins
to obtain low surface energy. Furthermore, the dual-scale rough silica particles prepared by the sol-gel
method ere applied to construct micro/nano hierarchical morphology. The wettability, self-cleaning
effect, and gamma irradiation stability of the as-prepared surfaces were then further investigated.

2. Materials and Methods

2.1. Materials

Epoxy resin (diglycidyl ether of bisphenol A, E-51), with an epoxide number of 0.508 and dynamic
viscosity of 12,000~14000 mPa·s, was purchased from Shanghai Huayi Resin Co. Ltd. (Shanghai, China).
Isophorone diamine, dibutyltindiaurate (DTBDL), and SiO2 (99.5%, metals basis) with an average
particle size of 15 nm were provided by Aladdin Biochemical Reagent Co. Ltd. (Shanghai, China).
Other analytically pure chemicals including alcohol, hexamethylene, tetraethylorthosilicate (TEOS), and
saturated ammonium hydroxide solution (26%–28%) were received from Shanghai Lingfeng Reagent
Co. Ltd. (Shanghai, China). Dow Corning provided hydroxyl-terminated polymethylphenylsiloxane
(HT-PMPS) with a specific gravity of 1.07 and viscosity of 10~30 mPa·s.

2.2. Synthesis of Polymethylphenylsiloxane-Modified Epoxy Resin

Epoxy resin and hydroxyl-terminated polymethylphenylsiloxane were added into a three-necked
flask together with dibutyltindilaurate as the catalyst, and the reaction was carried out at 90 ◦C for 3 h.
The molar ratio of E-51 and HT-PMPS is 6:4. Then, a viscous silicone-modified epoxy resin (EPP) was
obtained, as sketched in Scheme 1.

Scheme 1. Synthesis of the silicone-modified epoxy resin.
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2.3. Preparation of Dual-Scale Silica Particles

The large silica nanoparticles were prepared by following Stöbe methods, and ammonium
hydroxide was used as the catalyst [27]. A total of 3 mL tetraethylorthosilicate (TEOS), 45 mL alcohol,
and 8 mL ammonium hydroxide solution (26%–28%) was added, in succession, in a three-neck flask
and stirred at 50 ◦C for 1 h. Then, small SiO2 (15 nm) particles were added to the solution and stirred
for 3 h. After centrifugation, dual-scale rough silica particles were obtained.

2.4. Fabrication of Superhydrophobic Surface

The as-prepared dual-scale silica particles were first ultrasonically dispersed in 25 mL xylene and
then mixed with silicone-modified epoxy resins and a curing agent of isophorone diamine. After roller
coating with a drawdown bar, the surfaces with a thickness of 25 um were cured at 80 ◦C for 4 h and
120 ◦C for 1 h. The obtained surfaces were denoted as EPPS-x, where x is the mass fraction of SiO2.
The whole process is illustrated in Scheme 2.

Scheme 2. Fabrication of the superhydrophobic surface.

2.5. Characterization

Fourier transform infrared (FTIR) spectroscopy was conducted on a Nicolet 5700 (Thermo,
Waltham, MA, USA) from 4000–400 cm−1. Epoxide equivalent weight (EEW) of the modified resins
was determined according to the GB/T 1677–2008 standards [28]. Transmission electron microscopy
(TEM) was performed with a JEM-1400 TEM (JEOL, Tokyo, Japan). Morphologies of the surfaces
were examined with field emission scanning electron microscopy (FESEM, S4800, Hitachi, Tokyo,
Japan). Dynamic light scattering (DLS) was conducted on a Malvern Zetasizer nano HT system. The
roughness was measured by an atomic force microscope (AFM, DI, Veeco, New York, NY, USA) with a
scanning area of 20 µm × 20 µm and a scanning rate of 0.5003 Hz. The roughness value was an average
measurement with a scanning number of 256. The static water contact angle and sliding angle were
carried out on contact angle meters (JC2000D2 and JC2000D3, Powereach, Shanghai, China) with water
droplets of 5 uL. At least three points were measured at different locations of the samples to provide
the data. The adhesion and hardness of the surfaces were evaluated, refereeing ASTM D3359-09 [29]
and ASTM D3363-00 standards [30], respectively, as displayed in Scheme 3. The tests were conducted
as follows. A lattice pattern was made in the surface, then pressure-sensitive tape was applied over the
lattice and then removed, followed by an assessment of the adhesion of the surface qualitatively on a 0
to 5 scale. A pencil lead, made by Chunghwa, China First Pencil Co. Ltd., with a defined geometry,
was pushed over the surface at an angle of 45◦. The hardness of the pencil lead was increased in steps
until visible defects marked the surface. Water droplets were dropped on the slant (6

◦

) sample with
graphite powder placed evenly to observe the self-cleaning effect of the surfaces [21].
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Scheme 3. (A) Adhesion, and (B) hardness tests of the samples.

2.6. Irradiation

In some harsh nuclear accidents, a radiation dose may increase to 105–106 rad. The surfaces were
irradiated at the Co-60 gamma-ray facility (from Institute of Nuclear Technology Application, ECUST)
with a dose rate of 0.98 × 105, 1.81 × 105, 2.66 × 105, 6.01 × 105, and 1.45 × 106 rad/h, respectively, for
8.5 h under an air environment and room temperature, as shown in Figure 1. The radiation dose rate
was corrected by using the potassium dichromate chemical method [31]. Cr6+ is reduced to Cr3+ under
irradiation, resulting in the change of absorbance. The gamma radiation dose rate can be calculated
according to the change of absorbance. Additionally, the radiation dose rate was calibrated by the
Shanghai Institute of Measurement and Testing Technology. The total radiation doses were 0.83, 1.54,
2.26, 5.11, and 12.30 Mrad, respectively.

Figure 1. Irradiation chamber and specimen geometry.

3. Results and Discussions

3.1. Silicone Modified Epoxy Resin

The FTIR spectra of the bisphenol-A epoxy resin (E-51), hydroxyl-terminated
polymethylphenylsiloxane (HT-PMPS), and modified epoxy resin (EPP) are shown in Figure 2.
The characteristic absorption peaks at 1429 cm−1 and 1265 cm−1 can be attributed to the methyl group
stretching of Si–C6H5 and Si–CH3, respectively. After the reaction of E-51 and HT-PMPS, a new peak
at around 1128 cm−1 appeared, indicating the formation of the Si–O–C bond. However, the overlap of
the Si–O–C characteristic peak with the Si–O–Si peak in the region of 1081–1132 cm−1 made it difficult
to observe, and the peak became broader after the reaction. Furthermore, the epoxide number of EPP
decreased from 0.508 (E-51) to 0.382, also suggesting a partial reaction between two resins.
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Figure 2. Fourier Transform Infrared (FTIR) spectra of (A) epoxy resin (E-51), (B) hydroxyl-terminated
polymethylphenylsiloxane (HT-PMPS), and (C) silicone-modified epoxy resins (EPP).

3.2. Dual-Scale Silica Particles

The average size of the as-prepared large silica particles measured by the DLS was 900 nm, and
the result is shown in Figure 3. The small silica particles (15 nm) were covalently grafted onto the
large ones via the condensation reaction between the hydroxyl groups, giving rise to a dual-scale
hierarchical morphology, as displayed in Figure 4. As abundant air pockets are easily confined by this
kind of dual-scale structure, the water droplet can sit on the layer of air, leading to a superhydrophobic
surface [32]. Furthermore, the dual-scale hierarchical structure of silica particles exhibits high stability
in a hot and humid environment [33].

Figure 3. Size distribution of large silica nanoparticles.

Figure 4. The transmission electron microscopy (TEM) image of the as-prepared composite
silica particles.
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3.3. Static Water Contact Angle of the Surfaces

The static water contact angles (WCA) and sliding angles (SA) of the surfaces are illustrated in
Figure 5. With the enhancement of the silica particle concentration, the static contact angle of the
samples increased, and the sliding angle decreased. The high WCA (154◦) and low SA (5◦) of EPPS-30
demonstrated that the super hydrophobicity was achieved by the combination of the low surface
energy of the silicone-modified epoxy resin and dual-scale hierarchical structure.

Figure 5. Static water contact angle (WCA) and sliding angle (SA) of the surfaces with different content
of silica particles.

3.4. Morphology and Roughness of the Surfaces

The morphologies of the surfaces with different amounts of dual-scale silica particles are presented
in Figure 6, and the roughness characterized by the atomic force microscope (AFM) was listed in
Table 1. All samples possessed a micro/nano hierarchical structure. However, when the content of silica
particles was less than 15 wt.%, the substrate was only partly coated by the particles (Figure 6A1), and
the roughness of the surface (Rq) was only 240 nm, which was much lower than others. In this specific
case, the cavity between the particles was too wide to hold air pockets, so its static water contact angle
was only 101◦. As the content of the particles increased, the substrate was gradually covered by more
and more micro/nano bumps of silica particles. As the roughness of the surface increased, more air
pockets could be trapped in the interstices. When the amount of silica particles reached 30 wt.%, the
WCA of the surface rose to 154◦, and the sliding angle dropped to 5◦, implying its superhydrophobicity.
While further raising the silica content to 35 wt.%, the particles could be easily erased from the surface
for lack of a sufficient resin coating and the performance of the surface declined significantly.

Table 1. The average roughness of the surfaces with different contents of silica particles.

Sample EPPS10 EPPS15 EPPS20 EPP25 EPP30

Rq (nm) 240 267 416 480 726
Ra (nm) 188 207 335 505 526

3.5. Self-Cleaning Effect

Graphite powder was used to simulate the removal process of radioactive dust. As water droplets
fell onto the surface, they formed spherical shapes and rolled freely. Then, the rolling motion picked
up and removed the dust very easily [20], as shown in Figure 7A–C.
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Figure 6. Scanning electron micrographs of the surfaces with different contents of silica particles
viewed at 1000×magnification. (A1) 15 wt.%, (B1) 20 wt.%, (C1) 25 wt.%, (D1) 30 wt.%, and 10,000×
magnifications (A2) 15 wt.%, (B2) 20 wt.%, (C2) 25 wt.%, (D2) 30 wt.%.

Figure 7. Self-cleaning test in air and oil. (A) The surface was covered by graphite, (B,C) process of
self-cleaning in air, (D) water droplet was repelled by the surface in oil (hexamethylene), (E,F) the
surface after being contaminated by oil without further water rinse.

Superhydrophobicity as well as the self-cleaning properties of surfaces might be destroyed when
exposed to organic contaminants [34]. Due to the lower surface tension, it is much easier for oil
to penetrate through the surfaces than the water. Usually, the weak bonding between the matrix
and nanoparticles of the superhydrophobic surface results in the loss of water repellency even if
partly contaminated by oil [35]. Epoxy resin, with strong adhesive strength, superior solvent and
chemical resistance, can prevent oil from penetrating the surface effectively. Moreover, the dual-scale
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structure of the silica nanoparticles allows more air pockets to exist between the water droplet and
the solid surface [36]. In the Cassie state, the entrapped air plays an essential role in determining the
superhydrophobicity of rough surfaces [37]. The contact area of the liquid and solid surface reduced
sharply with air infusing into the rough surface [38]. When the as-prepared surface was immersed
in oil, only a tiny amount of oil could penetrate the surface gradually, and the water droplets were
supported by both the oil and the air pockets [39]. Therefore, the water droplets remained their
“globularity” on the surface when immersed in oil (hexamethylene), and their WCA remained about
153◦ after immersion without further water rinse, as presented in Figure 7D–E. This shows that the
surfaces maintain their water repellency and dirt-removal properties both in air and oil.

3.6. Gamma Irradiation Resistance

After as high as a 12.30 Mrad dose of gamma irradiation, the surfaces still exhibited satisfactory
performance of high static WCA (152◦), adhesion (5B), and pencil hardness (6H), as listed in Table 2.
This can be attributed to the high radiation stability of the epoxy resin and the robust dual-scale
structure of the as-prepared surfaces. In general, gamma irradiation causes the weak chemical bonds of
resins to be broken and produce new free radicals [40]. Under low dose irradiation, chain crosslinking
is the dominant reaction [41], which gives the surface a higher mechanical property and better thermal
stability [42]. While further increasing the radiation dose, the performance of the materials deteriorated
drastically because of the rapid chain degradation reaction. Our previous studies suggested that
the gamma resistance of the polymer enhanced with the increase of the crosslink density [25,41].
The compact three-dimension network structure of epoxy resin is conductive to improving radiation
stability. Furthermore, benzene rings of epoxy resin and polymethylphenylsiloxane are very stable
under high irradiation dose and the sp2 carbons of the benzene rings can also absorb the free radicals,
thus slowing down the aging rate of the resins [23]. The adhesion and hardness of the surfaces are
mainly dependent on the matrix itself. Epoxy resins modified with HT-PMPS exhibited superior
gamma-ray stability. Therefore, even after 8.5 h of high dose rate gamma radiation, the surface
remained superhydrophobicity, high adhesion, and hardness.

Table 2. Properties of the superhydrophobic surface after gamma irradiation.

Radiation Dose (Mrad) 0.83 1.54 2.26 5.11 12.30

Static contact angle (◦) 152 ± 0.3 152 ± 0.6 153 ± 0.6 153 ± 0.5 152 ± 0.3
Adhesion 5B 5B 5B 5B 5B
Hardness 6H 6H 6H 6H 6H

4. Conclusions

A superhydrophobic composite surface was prepared with a combination of an
epoxy/polymethylphenylsiloxane matrix and a dual-scale hierarchical morphology of silica
nanoparticles. As the silica nanoparticle content increased from 10 to 30 wt.%, the roughness
(Rq) of the surfaces rose from 240 nm to 726 nm, and the WCA increased from 101◦ to 154◦ accordingly.
The results of the self-cleaning test suggest that the surface maintains water repellency when exposed
to both air and oil (hexamethylene). Furthermore, the surface retains the superior performance of high
WCA (152◦), adhesion (5B), and hardness (6H) even after a 12.30 Mrad dose of gamma irradiation,
indicating its promising application in a hostile nuclear environment.
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