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Abstract: A new superhydrophobic surface based on multi-scales nanoparticle was
developed to improve the robustness and reproducibility. The influence of multi-scale
nanoparticles on the wettability and durability of superhydrophobic surface was
investigated in detail. The superhydrophobic surface with optimized composition did
not only show high contact angle of 160~166.3°, but also exhibited good durability to
mechanical, chemical and thermal environment. Furthermore, the superhydrophobic
surface was evaluated for application in anticorrosion, anti-icing and self-cleaning.
This study thus opens up an avenue for the development of robust superhydrophobic

surface based on polymer nanocomposite coating for various potential applications.
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1.Introduction

During the past decades, superhydrophobic surface based on polymer
nanocomposite has received extensive attention due to their low-cost and facile
preparation for application in corrosion protection, drag reduction, self-cleaning,
oil-water separation, anti-icing, etc[1-5]. Generally, to achieve superhydrophobicity,
large surface roughness of polymer nanocomposite was needed and prepared by
enhancing concentration of inorganic particles[3-4]. However, these surfaces
displayed low mechanical durability, such as poor wear resistance, impact resistance,
or adhesion strength. The hydrophobicity of these surfaces was easily reduced under
external forces. At the same time, these surfaces were also easily damaged, forming
cracks, spalling and so on. Therefore, there was a great deal of efforts to enhance the
mechanical durability of superhydrophobic surface via fabricating different types of
particles such as various particles, doping content, multi-scales[6-9]. Among these
methods, introduction of multi-scales particle was the effective method to improve the
mechanical durability of superhydrophobic coatings[9]. For example, an ethanolic
suspension of perfluorosilane modified multi-scale titanium dioxide (TiO2)
nanoparticles were coated on both hard and soft substrates under the assistant of
adhesion agents. The coating displayed a large water contact angle (WCA) of 157.0°
after finger-wipe, knife-scratch and even 40 abrasion cycles with sandpaper[10]. The
3-aminopropyltrimethoxysilane (APTES)-functionalized multi-scale silica
nanoparticles (100nm and 20nm) were coated onto different substrates, forming
superhydrophobic surface with a WCA of greater than 160°[11]. The composite
coating composed of polydimethylsiloxane (PDMS) and multi-scale silicon dioxide
(Si02) nanoparticles were painted on the surface of magnesium alloys, affording a
superhydrophobic and mechanically robust coating, which could maintain its origin
WCA (133~153°) under 50 abrasion cycles with sandpaper[12]. However, it still
presents a contradiction between superhydrophobicity and mechanical durability, in
which the surface with excellent superhydrophobicity still shows poor mechanical
stability. As well-known, fluoroethylene vinyl ether (FEVE) has good heat-durability,
wear-resistance,  outstanding  water-repellency,  strong  adherence  and
anti-ultraviolet[13-15]. From above respects, the coating based on multi-scale
nanoparticles and FEVE maybe simultaneously exhibit excellent superhydrophobicity
and mechanical durability. However, the preparation of superhydrophobic surface

based on FEVE nanocomposite has been rarely studied.



Herein, we employed two different types and sized nanoparticles, 30.0nm SiO:
and 300.0nm TiO2 nanoparticles, and FEVE to construct composite coatings with a
novel micro-nano rough surfaces. Of particular note, the SiO, nanoparticles were
firstly modified with N-octyltriethoxysilane (OTS) to further enhance their
compatibility to FEVE and reduce the surface energy of coating. The resultant
TiO2/SiO2/FEVE ~ nanocomposite  coatings do not only show good
superhydrophobicity, but also possess good thermal and mechanical stability. This
study is expected to introduce an effective approach for preparing durable
superhydrophobic coatings for various practical applications.
2. Experimental
2.1 Materials

Silica (D=30 nm) and TiO> (D=300 nm) were purchased from Beijing deke
daojin technology co. Ltd. Fluoroethylene vinyl ether (FEVE) and curing agent were
purchased from Shanxi Dongfanghong Paint Co., Ltd. Xylene was purchased from
Tianjin guangfu technology development Co., Ltd. Q235 and transparent glass slides
were purchased from the local chemical market. All reagents were used without
further purification.
2.2 Chemical modification of SiO> nanoparticles

The SiO; nanoparticles were modified with N-octyltriethoxysilane (OTS) as
shown in Scheme 1. Firstly, 10 g SiO> nanoparticle was dispersed in 100 mL toluene
to form a homogeneous dispersion. Then, 10 mL OTS was added into the mixture and
stirred continuously at 120°C for 12h. After then, the reaction mixture was cooled to
room temperature and washed with toluene and ethanol for several times. The
hydrophobic SiO> nanoparticles were dryed at 65°C.

Scheme 1.

2.3 Preparation of TiO2/Si02/FEVE nanocomposite coating

The TiO2/S102/FEVE nanocomposite coating was prepared via a simple spraying
method. Firstly, a certain amount of modified SiO» and TiO; was dispersed in xylene
at room temperature and sonicated for 10.0min to form a uniform dispersion.
Typically, FEVE and curing agent were dispersed in xylene under ultrasonication for
10.0min and the mass ratio of FEVE to the curing agent was 10:1. Then, the modified
dispersion was added into the mixture of FEVE and curing agent to form the paint.
Finally, this paint based on nanoparticles and FEVE was spray-coated on the

substrates and then cured at room temperature for 24h. A series of coatings were



fabricated by varying the proportions of SiO> and TiO; (i.e. 1.5:3 and 2:3).
2.4 Instruments and characterization

The morphology of the obtained samples was observed by Field emission
scanning electron microscopy (SEM, Su-8010) and metallographic microscope
(IM300).

Static WCA and sliding angles (CA) were measured at ambient temperature
using an optical contact angle meter (DSA100, Germany) and the volume of droplets
was 5 and 10.0pL, respectively.

The tape and peel tests were conducted by ASTM D 3359-09 and GB/T
5210-2006, respectively to measure adhesion strength of coating with the substrates.

The impact resistance was performed according to GB/T1732-1993 by falling
weight test. The impact energy (£, J) was further calculated to evaluate the impact
resistance as shown in following.

E=m-g-H

Where, m, g and H are the mass of the impinging ball (1.0Kg), the gravity (9.81
m/s’> ) and the height of the weight fall, respectively. The impact height was
successively increased in 5-cm-steps and 1-cm-step. All impact sites were visually
evaluated by means of an optical stereo microscope at 10.0 magnification. The failure
criterion was the impact energy value (in J) that caused radial cracking in the coating
system.

3. Results and Discussion

The micro-structure and WCA of FEVE coating, TiO2/FEVE composite coating
and TiO2/Si02/FEVE composite coating were characterized and compared as shown
in Fig.1. As shown in Fig.1A, the pristine FEVE coating showed a relatively smooth
surface and lots of cracks. As expected, the pristine FEVE coating displayed a small
WCA of 88.3° indicating a hydrophilicity as shown in inset of Fig.1A. After doping
30wt% TiO; particles (D~300nm) into FEVE matrix, the composite coating still
showed a relatively smooth surface, yet it showed few cracks. These results indicated
that the TiO: particles could improve the film formation of FEVE resin, meanwhile
suppress the formation the cracks. As shown in Fig.1C, the surface roughness of
composite coating obviously increased, which was attributed to the synergistic effect
of 15wt% SiO> (30nm in diameter) and 30wt% TiO> nanoparticles (300nm in
diameter). After introduction of TiO> and modified SiO> nanoparticles, the composite

coatings exhibited an larger WCA than 90.0°, suggesting a hydrophobic nature as



shown in inset of Fig.1B and 1C. When the content of SiO> nanoparticles was further
improved to 20wt%, the surface of composite coating clearly showed porous structure,
leading to a greater surface roughness. The composite coating with 30wt% TiO> and
20wt% SiO> showed the biggest WCA of 166.3° as shown in inset of Fig.1D,
indicating a surperhydrophobicity. On a rough hydrophobic surface, the WCA follows
the Cassie-Baxter equation (1), which is theoretically positively related to the air
fraction (f') in the composite surface.

cos@, = f(cosf,+1)—-1 (1)

Where 6. and 6y are the WCA of water droplets on the rough and smooth surfaces
with the same chemical composition, respectively. fis the fraction of solid-liquid
contact area. The micro-nano surface structure is conducive to produce a higher
surface roughness, so that more air can be captured as shown in Fig.2F. The air layer
can serve as a physical barrier to reduce the contact area of water droplets and the
surface. Together with the low surface energy derived from OTS, the surface can
achieve excellent superhydrophobicity(166.3°).

Fig.1.

At present, the superhydrophobic surface with micro and/or nano coarse
structures are usually easy to be destroyed by mechanical forces, thus losing their
superhydrophobicity. In order to solve this tough problem, we chose FEVE resin with
good film-forming and bonding properties as a binder, which greatly improved the
bonding strength between the coating and substrate. Here, the tape method was firstly
performed to evaluate adhesion of composite coating with metal substrate as shown in
Fig.2A-D. According to ASTM D3359, it ranged from 0B (complete removal of
coating film lattices) to 5B (intact lattices with completely smooth edges)[17]. Visible
detachment of pristine FEVE coating after the tape test was clearly observed as shown
in Fig.2A, indicating a adhesion level of 3B between FEVE coating and metal
substrate based on the descriptive scale. As shown in Fig.2B-D, the intact lattices with
completely smooth edges was observed for the composite coatings, indicating the
highest adhesion level of 5B. The adhesion level of composite coating was obviously
improved from 3B to 5B, indicating a stronger adhesion of composite coating with
substrate comparing to pure FEVE coating. The result was attributed to that the
inorganic particles could improve mechanical strength of FEVE segments. Of

particular, the composite coatings still maintained their superhydrophobicity after tape



test as shown in inset of Fig.2D. The adhesion between coating and substrate was
further detected by peel tests as shown in Fig.2E-H. The adhesion strength between
pristine FEVE and substrate was only about 3.2MPa. After the introduction of TiO:
particles, the adhesion strength was greatly improved to 14.0MPa. Although this value
slightly decreased from 14.0MPa to 8.9MPa when introducing 20wt% SiO>
nanoparticles, the composite coating still possessed large adhesion strength with metal
substrates. As well-known, the adhesion strength between coating and substrate was
mainly attributed to polymer matrix. Generally, the polymer coating with larger
mechanical strength showed adhesion strength. So, the TiO2/FEVE coating showed
larger adhesion strength comparing to pure FEVE coating. However, when the content
of inorganic particles was further increased, these inorganic particles replaced the
FEVE to contact with substrate. At the same time, the mechanical strength was
decreased due to aggregate of inorganic particles. So, it showed a decrease of
adhesion strength after introduction of more SiO> nanoparticles.
Fig.2.

The impact resistance of various coatings was characterized and compared by
falling weight test as shown in Fig.3. After the falling weight test, the damage
morphology of pristine FEVE coating were displayed in Fig.3B(a). It clearly showed
lateral cracking and severe coating detachment at the impact edge, indicating a poor
impact resistance of ~0.98J (corresponding to 10.0cm height). In contrast, these
composite coatings showed plastic deformation and few visible cracks as shown in
Fig.3B-D. In addition, the impact energy of composite coating based on TiO> was
dramatically improved from 0.98] to 8.72J (corresponding to 89 cm height) as shown
in Fig.3A. At the same time, it was found that the impact energy of the composite
coating slight decreased to 6.96] (corresponding to 71.0cm height) after the
incorporation of SiO> nanoparticles. These results were attributed to the reinforcing
effect of TiO2 and SiO;, agreeing well with the results obtained from adhesion tests. A
proper amount of SiO; could work synergistically with TiO; to form a uniform and
effective network structure in the matrix, thus maintaining excellent impact resistance.

Fig.3.
Importantly, the bending experiments were also tested to further verify
aforementioned mechanical stability of the composite coating with 30wt% TiO, and
20wt% SiO2 as shown in Fig.4. The glass rod with a radius (R) of 7.0mm was used as

the bending center and the angle between the bent coating and the horizontal plane



was defined as the bending angles 6 and -0 as shown in Fig.4A. The corresponding
WCA was recorded after bending tests at different angles as shown in Fig.4B-C. The
WCA of composite coating was larger than 160° after bending at different angles.
This result indicated that the composite coating could maintain excellent
superhydrophobicity at different bending increments. In addition, the bending angle
from -90° (maximum downward bending) to 90° (maximum upward bending) was
defined as a bending cycle, and the WCA of composite coating was measured as a
function of the bending cycles. It was found that the composite coating still showed a
large WCA of 156.0° after 30 bending cycles as shown in Fig.4D. As shown in Fig.4E,
no cracks were observed on the surface of composite coating after 30 bending cycles.
These results further demonstrated the presented composite coatings with excellent
bending resistance, flexibility, adhesion ability and mechanical durability.
Fig.4.

The sandpaper abrasion test was carried out to examine the wear resistance of
composite coating with 30wt% TiO2 and 20wt% SiO> as shown in Fig.5. Fig.5A
showed the schematic illustration of the sandpaper abrasion test. The coating was
placed face-down to sandpaper (standard glasspaper, grit no. 240) under a load of
100g and moved for 10cm, followed by rotated by 90° and moved for another 10cm.
We defined this process as one abrasion cycle, ensuring both longitudinal and
transverse friction could be carried out simultaneously during the friction process of
each cycle. As shown in Fig.5B, the WCA and the sliding angle of composite coating
slightly decreased from 166.3° to 158.6° and increased from 1.0° to 14.0° after 50
abrasion cycles, respectively. The result indicated that the superhydrophobicity of
composite coating was reserved under mechanical wear. The water drop on composite
coating before and after 50 abrasion cycles was slight change as shown in inset of
Fig.5B. The surface structure of composite coating before and after friction was also
characterized and compared by the SEM images as shown in Fig.5C and 5D,
respectively. The composite coating before and after friction obviously displayed
similar surface morphology. These results demonstrated the presented composite
coatings with excellent wear resistance. The good wear resistance was attributed to
relatively small surface roughness and the incorporation of micro size particles with
excellent wear resistance.

Fig.5.



The thermal stability of the presented composite coating was investigated by
thermogravimetry instrument at a heating rate of 10°C/min in air. As shown in Fig.6A,
a bit weight loss of composite coating was observed below 300°C, suggesting
excellent thermal stability below 300°C. When the temperature increased over 300°C,
the weight loss of composite coating increased to ca. 40wt%, resulting from the
thermal degradation of FEVE resin. In addition, this result agreed well with the
doping content of SiO> and TiO; particles (totally ca. 50wt%) in FEVE matrix. The
WCA of composite coating as a function of treatment temperature was also
characterized as shown in Fig.6B. The composite coating was heated in a muftle
furnace at 50°C~400°C for 3 hours. It was found that the WCA of composite coating
maintained around 155.0° below 300°C. When the treatment temperature increased
over 350°C, the WCA dramatically decreased to close 0°. This result was attributed to
the decomposition of FEVE. These results demonstrated that the composite coating
had excellent thermal stability from 25°C to 300°C.

Fig.6.

The self-cleaning property of various coatings was characterized and compared
as shown in Fig.7. It was clearly observed that the contaminant particles could be
easily removed from the composite coating with 30wt% TiO2 and 20wt% SiO»
nanoparticles by the rolled water droplets. In this process, the surface of the inclined
coating was completely cleaned as shown in Fig.7A. The good self-cleaning property
of the composite coating was mainly attributed to the superhydrophobic surface,
forming air film. Such air film could effectively reduce the direct contact between the
contaminant and the coating. Thus, when water droplets passed through the surface,
the contaminants were carried away. Fig.7E showed the WCA of the composite
coating as a function of self-cleaning cycles. In the experiment, methyl orange was
used to simulate dust to help visualization. It was found that the dust on the coating
could be completely removed after 50 cycles. In contrast, the contaminant particles
were difficult to be removed from other coatings by the rolled water droplets (in
Fig.7B-D). The result was attributed to the low hydrophobicity of other coatings.
These results strongly indicated that the presented composite coatings with with
30wt% TiOz and 20wt% SiO> had excellent self-cleaning ability.

Fig.7.
The anti-icing ability of various coatings was also evaluated and compared by

using high-speed camera as shown in Fig.8. It was found that the ice was grown from



bottom to the top after a cooling period. When the water began to freeze, the
transparent center of the condensed water vanished due to the difference in reflectivity
between water and ice. It clearly showed that the froze time and and precooling time
of water droplet on pristine FEVE coating was about 69s and 30s at -25°C,
respectively as shown in Fig.8A. In contrast, the froze time and precooling time of
water droplet on composite coating with 30wt% TiO; and 20wt% SiO2 was prolonged
to 389s and 215s, respectively as shown in Fig.8D. In general, these results were
mainly caused by the following three reasons. Firstly, the composite coating with
30wt% TiO2> and 20wt% SiO: could provide superhydrophobic surface,greatly
reducing the contact area between droplets and the coating surface[18-19]. Secondly,
the large amount of air layer trapped in the superhydrophobic surface acted as a good
insulation layer to prevent the droplets from freezing, thus delaying the time when the
droplets reached the nucleation temperature. Finally, the composite coating showed
small surface roughness, providing good free-energy barrier and delaying the
formation of ice nucleation. These results indicated that the present composite
superhydrophobic coating with 30wt% TiO> and 20wt% SiO> had good anti-icing
ability.
Fig.8.

Superhydrophobic coating was considered to be an effective metal anticorrosion
method due to its excellent water repellency. Here, the anticorrosion of various
coatings were characterized and compared by Tafel polarization curves in the 3.5wt%
NaCl solutiou as shown in Fig.9A. The values of corrosion current densities (Zcorr),
corrosion potentials (Ecorr), polarization resistance (Rp) and corrosion rate (Veorr) were
calculated according the Tafel polarization curves as shown in Table 1. It clearly
showed that the Ecor was shifted towards positive direction with increasing in
hydrophobic performance as shown in Fig.9A. Specifically, the E.or of composite
coating with 30wt% TiO> and 20wt% SiO- covered Fe was shifted positively for about
0.67V comparing with the pristine FEVE coated Fe. This suggested that the
composite coating with 30wt% TiO, and 20wt% SiO> could retard the dissolution of
Fe from seawater due to superhydrophobicity [20]. In addition, the lcor, and Veor
values of coatings covered metal decreased with increasing their hydrophobicity as
shown in Table 1. The Zlcor, and Veor values of composite coating with 30wt% TiO»
and 20wt% SiO; covered Fe both decreased by about two orders of magnitude

comparing with that of pristine FEVE coated Fe. It was well-known that the lower Zcorr



or Veorr showed better anticorrosive performance[21-22]. In other words, the
composite coating with 30wt% TiO, and 20wt% SiO> showed best anticorrosion
comparing to other coatings. Above result was further confirmed by the Nyquist plots
as shown in Fig.9B. All samples displayed a semicircle at high frequency, which
represented the charge transfer resistance (Rc) at the metal/solution interface. A larger
semicircle suggested a higher R value, meaning a longer path of the ion diffusion
from aqueous solution to metal substrate. The R values obviously increased with
increasing in hydrophobicity of coating. Specifically, the R.; of composite coating
with 30wt% TiO; and 20wt% SiO: covered Fe was about 410KQ-cm?, which was 10
times higher than that of the pristine FEVE coating covered Fe. Generally, a larger Rt
value indicated a lower corrosion rate [23]. The result further indicated the good
anticorrosion performance of composite coating with 30wt% TiO2 and 20wt% SiO».
The result was attributed to superhydrophobicity, capturing a lot of air and forming a
stable air film on composite coating. The air layer could effectively prevent the
diffusion of corrosive CI ions from water to substrate. In addition, the FEVE resin
with good barrier to corrosive Cl° ions was also key role for the excellent
anticorrosion.
Fig.9.
Table 1.

4.Conclusions

In summary, a novel superhydrophobic coating based on multi-scale
nanoparticles was developed and prepared by one-step spray-coating. The
superhydrophobic coating with multi-scale structure did not only exhibit good
superhydrophobicity, but also possessed excellent mechanical and thermal stability.
Furthermore, the presented coatings showed good self-cleaning, anti-icing and
anticorrosion performance. This work provides a new approach to improve durability
of superhydrophobic surface, which has great potential in various practical
applications.
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Table 1. Analysis results of Tafel polarisation curves and electrochemical impedance
spectroscopy of various coatings covered metal after immersion in a 3.5wt% NaCl
aqueous solution.

Scheme 1. Schematic illustration of the fabrication processes for modified SiO»
nanoparticles.

Fig.1 SEM images of the various coatings, (A) pure FEVE, (B) FEVE with 30wt%
TiO2 (300.0nm), (C) FEVE with 30wt% TiO2 (300.0nm) and 15wt% SiO2 (30.0nm),
(D) FEVE with 30wt% TiO2 (300.0nm) and 20wt% SiO» (30.0nm). (E) and (F) are the
schematic diagram of composite coating with TiO2 and TiO2/Si0z, respectively.

Fig.2. Optical photographs of various coatings after (A-D) tape and (E-H) peel test.
(A, E) pure FEVE, (B, F) FEVE with 30wt% TiO2 (300.0nm), (C, G) FEVE with
30wt% TiO2 (300.0nm) and 15wt% SiO> (30.0nm), (D, H) FEVE with 30wt% TiO:
(300.0nm) and 20wt% SiO> (30.0nm).

Fig.3. (A) The impact energy and (B) optical photographs of various coatings after
impact resistance test, (a) pure FEVE, (b) FEVE with 30wt% TiO; (300.0nm), (c)
FEVE with 30wt% TiO2 (300.0nm) and 15wt% SiO: (30.0nm), (d) FEVE with 30wt%
TiO2 (300.0nm) and 20wt% SiO2 (30.0nm). Optical microscope of red part in
composite coating with (C) 30wt% TiO2 (300.0nm) and (D) 30wt% TiO2/20wt% SiO».
Fig.4. (A) Schematic illustration of bending test, (B) the WCA and (C) optical
photographs of composite coating after bending at different angles, (D) the WCA of
composite coatings as function of bending cycles, (E) SEM image of composite
coatings after 30 bending cycles. The insets of (B) and (D) are the digital image of
water droplet on coating.

Fig.5. (A) Schematic illustration of the sandpaper abrasion test, (B) WCA of
composite coating as function of abrasion cycles, The SEM images of composite
coating (C) before and (D) after friction, The insets of (B) are digital image of water
droplets on the corresponding coating and profile images of the WCA of
corresponding coating before and after 50 abrasion cycles.

Fig.6. (A) The TG curve of composite coating, (B) WCA of composite coating as
function of treatment temperatures for 3h.

Fig.7. Optical photograph of the self-cleaning process on various coatings, (A) FEVE
with 30.0wt% TiO2 (300.0nm) and 20.0wt% SiO> (30.0nm), (B) FEVE with 30.0wt%
TiO> (300.0nm) and 15.0wt% SiO> (30.0nm), (C) FEVE with 30.0wt% TiO»



(300.0nm), (D) pure FEVE. (E) WCA of composite coating as function of
self-cleaning cycles. The insets of (E) are the optical photograph of the 50
self-cleaning process on composite coatings.

Fig.8. Optical photograph of water droplet on various coatings at -25.0°C, (A) pure
FEVE, (B) FEVE with 30.0wt% TiO: (300.0nm), (C) FEVE with 30.0wt% TiO:
(300.0nm) and 15.0wt% SiO (30.0nm), (D) FEVE with 30.0wt% TiO> (300.0nm) and
20.0wt% SiO2 (30.0nm).

Fig.9. (A) Tafel polarization curves and (B) Nyquist plots of various coatings covered
metal, (a) pure FEVE, (b) FEVE with 30.0wt% TiO> (300.0nm), (c) FEVE with
30.0wt% TiO> (300.0nm) and 15.0wt% SiO> (30.0nm), (d) FEVE with 30.0wt% TiO:
(300.0nm) and 20.0wt% SiO> (30.0nm).

Table 1.
Contact | Ecorr Leorr Rp Rt Veorr
Sample
angle V) (Alem?) MQcm?) | (KQem?) | (mm/year)
FEVE 88.3 -0.92 | 5.25X10% | 1.42X10° 67.87 16.95X10*

FEVE/TiO» 92.6 -0.61 | 1.02X10% | 4.78X10° 76.06 3.29%X10*

FEVE/TiO>(30)/
) 131.7 -0.38 | 3.20%x10?° | 1.09%10* 179.3 1.03X10*
Si0x(15)
FEVE/TIO>(30)/
) 166.3 -0.25 | 2.61 X107 | 4.1X10° 410 8.44X10°
Si0,(20)
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