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Abstract: Superhydrophobicity is the phenomenon of which the water contact angle (WCA) of
droplets on a solid surface is greater than 150◦. In the present paper, we prepare a superhydrophobic
film with a structure similar to the surface of a lotus leaf, which is composed of polydimethylsilox-
ane (PDMS), zinc oxide (ZnO), a molecular sieve (MS) and 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-
hexadecafluorophthalocyanine copper(II) (F16CuPc). The F16CuPc was used as the modifier to reduce
the surface energy of the biomimetic micro-nanostructure. With the introduction of F16CuPc, the
superhydrophobic properties of the surface were enhanced so that the WCA and water roll-off angle
could reach 167.1◦ and 0.5◦, respectively. Scanning electron microscopy, X-ray energy spectrometry,
and X-ray photoelectron spectroscopy analyses verified that the enhanced superhydrophobic proper-
ties of the film were mainly attributed to the modification of F16CuPc. Finally, thermal, mechanical,
and chemical stability studies, as well as the influences of UV and underwater immersion on the
superhydrophobic film were investigated. This developed two-step fabrication method may be
a potential direction for superhydrophobic surface fabrication due to its simple process, excellent
superhydrophobic property, and favorable stability.

Keywords: superhydrophobic surfaces; molecular sieves; polydimethylsiloxane; F16CuPc; water
contact angle

1. Introduction

The superhydrophobic phenomenon in which the water contact angle (WCA) of
droplets on a solid surface is larger than 150◦, is of great significance for practical applica-
tions, such as microfluidics, self-cleaning coatings, oil/water separation, drag reduction,
and antifouling [1–6]. Although a large number of endeavors have been attempted and the
plentiful superhydrophobic materials have been investigated, it is still difficult to meet the
demands for superhydrophobic surface functionality in practical applications due to the
high cost or complicated fabrication process [7–10].

To fabricate superhydrophobic surfaces, both the rough morphology and the hy-
drophobic composition on the surface are indispensable, since the wettability of a surface
is mainly governed by the combination of the surface geometrical structure and the chemi-
cal composition [11–15]. The molecular sieves (MSs), with a carved hexahedron the size
on the micron level [16–18], have been widely investigated as catalysts, gas separation,
and adsorbents. This micro structure is suitable to construct the rough substrate for the
superhydrophobic surface. Therefore, using the MS as the substrate to construct the rough
morphology of the superhydrophobic surfaces may be an interesting attempt [19,20]. Con-
sidering the relatively poor hydrophobicity of the MS, a suitable modifier needs to be
incorporated to reduce the surface energy and to achieve the superhydrophobic property of
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the MS surface. To fabricate the superhydrophobic surface, polydimethylsiloxane (PDMS)
was also selected as the matrix, due to its low surface energy, favorable stability, and
hydrophobic properties. In addition, zinc oxide (ZnO) nanoparticles were employed to
serve as the modifier to increase the roughness of the surface, and finally to achieve the
superhydrophobic substrate. For example, Chakradhar et al. prepared superhydrophobic
coatings based on the ZnO-PDMS nanocomposite using the wet chemical method [21].
The ZnO nanoparticles on the surface were linked to form a hierarchical network with an
average diameter of 100–150 nm. The WCA increased from 108◦ to 155◦ with a roll-off
angle less than 5◦. Wang et al. prepared ZnO-PDMS superhydrophobic coatings by the
electrodeposition-grafting modification method, which had a superhydrophobic property
and produced an excellent photocatalytic performance [22]. However, most methods for
constructing superhydrophobic surfaces include plasma etching, sol–gel method, and self-
assembly techniques, which were tedious, complicated, and high cost [23–27]. Therefore,
it is necessary to develop a simple, economic, and environmentally friendly fabrication
method to obtain the stable superhydrophobic surface.

In this study, the mixed solution of MS, ZnO, and PDMS was spin-coated and a
stacked substrate was constructed. This stacked substrate presented a two-level biomimetic
lotus-leaf structure and exhibited excellent superhydrophobic properties. More impor-
tantly, the 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluorophthalocyanine copper(II)
(F16CuPc) was firstly used as a modifier to improve the performance of the superhydropho-
bic surface based on the stacked substrate. Since the introduction of F16CuPc enhanced the
superhydrophobic property of the stacked substrate, the WCA and the water roll-off angle
(WRA) reached 167.1◦ and 0.5◦, respectively. The optimized WCA and WRA demonstrated
the superiority of the F16CuPc serving as the modifier to improve the superhydrophobic
properties of the stacked substrate. On the other hand, the stability of the biomimetic
superhydrophobic films with the modification of F16CuPc is also investigated. The results
demonstrate that the modified biomimetic superhydrophobic films have excellent physical
and chemical stability. This simple fabrication process can be widely applied in ceramics,
glass, metal, and other surfaces.

2. Experimental Section
2.1. Materials

The ZnO nanoparticle was purchased from Hengqiu Co., Ltd. (Suzhou, China) and
SYLGARD 184 SILICON ELASTOMER (PDMS and curing agent) was received from Shang-
hai Deji Trading Co., Ltd. (Shanghai, China) (Dow Chemical (China) Investment Co., LTD
(Shanghai, China)). F16CuPc was purchased from Sigma Co., Ltd., (Tokyo, Japan) and the
MS were synthesized by our group (Supplementary Data). Cyclohexane (99.8 wt.%), abso-
lute ethanol (99.5 wt.%), aluminum isopropoxide (97 wt.%), sodium hydroxide (NaOH),
tetramethylammonium hydroxide (TMAOH, 25 wt.%), calcium chloride (CaCl2), and ethy-
lene glycol (EG, 99.5 wt.%) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All materials were used without any further purification.

2.2. Preparation of the Films

Firstly, the mixed solution of MS, ZnO, and cyclohexane was prepared in advance
with the optimal ratio of 1:1:8 and stirred for 2 h with a cleaned magnetic stirrer. PDMS and
curing agent were mixed in the mass ratio of 10:1, and then stirred for 5 min to obtain the
fully mixed PDMS solution. Next, the mixed PDMS solution was degassed in a vacuum
box for 20 min to expel the air bubbles. Subsequently, the degassed PDMS was spun
on a clean glass substrate at 3000 rpm for 30 s, and then annealed for 5 min to obtain a
semi-solidified PDMS film. After that, the mixed solution of MS, ZnO, and PDMS was
spin-coated on the semi-solidified films with a speed of 3000 rpm for 30 s. The sample was
annealed at 100 ◦C for 3 h to remove the cyclohexane solution. At this stage, the stacked
substrate with a structure of PDMS/PDMS:MS:ZnO was obtained. Finally, the stacked
substrate was transferred to a high vacuum chamber and the F16CuPc of 50 nm thickness
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was thermally deposited on the stacked substrate under the base pressure of 1 × 10−4 Pa.
Figure 1 illustrates the schematic diagram of the biomimetic superhydrophobic film.
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Figure 1. Schematic diagram of the biomimetic superhydrophobic film.

2.3. Characterization

The temperature experiment was conducted at room temperature, where the samples
were first annealed at different temperatures and then cooled to room temperature for
the subsequent characterization. The wear tests were performed by applying 500 N and
1000 N weights on 1000 # sandpaper coated on the superhydrophobic films, and then
the sandpaper was pulled with a constant speed of 1cm/s for 10 cm. The tape stripping
experiments were performed by completely laminating the sample surface with the tape
and then peeling it off.

The morphology of the film was captured by the scanning electron microscopy (SEM)
(Hitachi S-4800 and Zeiss Gemini 300). Energy-dispersive X-ray spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS) were used to conduct the elemental analysis
of the films. The WCA was measured by an SL200KS optical contact angle measuring
instrument and the interfacial tension measuring instrument. The WRA was measured by a
Dataphysics OCA20 contact angle measuring instrument. The image of the water droplets
rebound process on the solid surface was captured by the Optronis CP70-2-M/C-1000
high-speed camera.

3. Results and Discussion

The stacked substrate exhibited excellent superhydrophobic properties with a static
WCA of 162.3◦ and a WRA of 3.2◦, which was better than most of the superhydrophobic
surfaces that were composed of ZnO and PDMS [21,28,29]. To further improve the WCA
and the WRA of the substrate, the additional modifier with a low surface energy needed
to be introduced. F16CuPc is widely used in organic electronic devices as the buffer
layer between the active layer and metal electrodes, due to its superior electrical and
optical properties [30–35]. However, the wettability of F16CuPc with low surface energy
is little utilized. To assess the feasibility of using F16CuPc as a modifier to improve the
superhydrophobic properties of the stacked substrate, the WCA and the surface energy of
the pure F16CuPc film deposited on glass were measured, as shown in the supplementary
documents. As shown in Figure S1, the water and EG contact angles were 105.6◦ and 77.9◦,
respectively. The surface energy of the pure F16CuPc film was calculated as 25.97 mN/m,
based on the Owens–Wendt–Kaelble equation as shown in Equations (1) and (2) [36]. The
surface energies were calculated based on the WCA and EG contact angle (EGCA).

1 + cosθ = 2·
(√

γdγd
L +

√
γhγh

L (1)

γ = γd + γh (2)
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where θ denotes the value of the contact angle measured for different droplets, γL, γd
L, and

γh
L denote the surface energy, dispersion force component, and polar force component of

different droplets, respectively. γ, γd, and γh denote the surface energy, dispersion force
component, and polar force component of the measured film, respectively. The roughness
of the pure F16CuPc film deposited on the glass was measured by AFM, since morphology
plays a crucial role in determining the wettability of the film. As shown in Figure S2, the
F16CuPc film exhibited a consecutive morphology with the root-mean-square roughness
(RMS) of 2.05 nm and the maximum peak-to-valley height of 13.46 nm. The consecutive and
smooth morphology, the high WCA, and low surface energy of the F16CuPc demonstrated
that it may be an alternative modifier to further improve the superhydrophobic properties
of the stacked substrate. Therefore, the F16CuPc film with a 50 nm thickness was thermally
deposited on the stacked substrate to enhance the superhydrophobicity of the surface.

Figure 2 shows the SEM images of the F16CuPc-modified superhydrophobic film.
The two-level structures were observed after the F16CuPc modification. In this micro-
nanostructure, the MS particles served as the primary structure on a micron level, while
ZnO nanoparticles and the F16CuPc served as the secondary structure on a nanometer
level. This biomimetic lotus-leaf surface structure provided sufficient roughness for the
superhydrophobic surface [37,38].
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different magnifying factors, (a) 1 k, (b) 3 k, and (c) 15 k, and (d) the cross-section image of the
F16CuPc-modified biomimetic superhydrophobic film.

To further investigate the distribution of F16CuPc on the stacked substrate, EDS
analyses were conducted. As shown in Figure 3, Al, Zn, and F elements present the
distribution of MS, ZnO, and F16CuPc, respectively. The F element presented a relatively
symmetrical distribution on the stacked substrate surface, and, to a certain extent, gathered
on the surface of MS, which may be attributed to the adsorption of micro-holes on the
surface of MS [39,40]. The subsequent XPS measurement in Figure S3 further verifies
the existence of F16CuPc on the surface of the stacked substrate. This homogeneously
distributed F16CuPc on the surface could further reduce the surface energy and finally
improve the superhydrophobic properties of the stacked substrates.
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(c) Zn, and (d) F elements.

Figure 4a–f show the WCA, EGCA, and the WRA of the stacked substrate and the
F16CuPc-modified biomimetic superhydrophobic film, respectively. It can be clearly ob-
served that the F16CuPc-modified biomimetic superhydrophobic film showed better super-
hydrophobic properties with a large WCA of 167.1◦ and a small WRA of 0.5◦ than that of
the stacked substrate with a WCA of 162.3◦ and a WRA of 3.2◦. Figure 4g shows an image
of a side water jet incident on the surface of the modified substrate. The outgoing angle of
the water jet (30◦) was slightly smaller than the incident angle (35◦), which demonstrated
that the energy loss in the whole water jet reflection process was small. This confirmed the
excellent superhydrophobic properties of the modified surface [39]. The self-cleaning ability
of the F16CuPc-modified biomimetic superhydrophobic film was investigated. As shown in
Figure 4h,i, the dust particles are dispersed on the surface of the glass and the tilted angle
of the superhydrophobic film is 30◦. After the continuously dropping of deionized water
droplets on both surfaces, we found that most of the dust particles and droplets remained
on the glass substrate, while the dust particles on the surface of the superhydrophobic film
could completely fall off with the water droplets. This verified that the superhydrophobic
films have an self-cleaning excellent capability.

Figure 5 represents the image of deionized water droplets rebounding on the surface
of F16CuPc-modified superhydrophobic film at a speed of 0.5 m/s. This resilient process
contains four stages, which are falling, spreading, retraction, and rebound process. The
falling process refers to the process before water droplets contact a solid surface, where
water droplets mainly do free-fall under the action of gravity. The spreading process refers
to the process by which the droplet expands to its maximum diameter from just touching
the solid surface. The retraction process refers to the process from the maximum spreading
state to leaving the solid surface. The rebound process refers to the process by which the
droplet leaves from the solid surface to the highest position, which is the main process by
which the kinetic energy of the droplet is converted into gravitational potential energy, and
some smaller satellite droplets are generated if a strong adhesion exists between the droplet
and the surface. As shown in Figure 5d, the water droplets show a complete rebound
when dropping on the surface of the F16CuPc-modified biomimetic superhydrophobic film,
indicating that there is subtle adhesion between the surface and the water droplets. These
results demonstrate that the F16CuPc-modified biomimetic superhydrophobic film has
excellent dynamic wettability, which can be attributed to the introduction of the F16CuPc
modifier. The introduced F16CuPc film as a modifier resulted in a significant decrease in the
surface energy, and decreased the adhesion force between the surface and water droplets.
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by F16CuPc, (a) the falling process, (b) the spreading process, (c) the retraction process, and (d) the
rebound process.

In addition to the superior superhydrophobic properties, the stability of the superhy-
drophobic film also plays a critical role to realize the practical application. Therefore, the
stabilities of the F16CuPc-modified biomimetic superhydrophobic film were investigated
under different conditions. The changes of the WCA and WRA of the modified film un-
der high-temperature (200 ◦C–400 ◦C) annealing for 1 h are depicted in Figure 6a. It can
clearly be observed that the surface wettability of the sample hardly changed after heating
at 200 ◦C for 1 h, and then slightly decreased with the further increase in the annealing
temperature. Although the WRA increased from 0.5◦ to 7.2◦, an eligible WCA of 159.6◦

was obtained after heating at 400 ◦C for 1 h.
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To reveal the origin of the reduced WRA and WCA with the increase in the annealing
temperature, thermogravimetric analysis (TGA) was conducted for the F16CuPc-modified
biomimetic superhydrophobic film. As shown in Figure 6b, the weight of the samples
loses about 2% when the temperature is in the range of 200 ◦C to 400 ◦C, which mainly
results from the loss of the adsorbed water in the molecular sieve and the decomposition
of the −CH3 group in the PDMS into small-molecule gas [28]. With the further increase
in the temperature, an obvious accelerated process was observed, in which the weight of
the sample rapidly decreased. The weight loss increased to about 15% and 31% when the
temperature reached 500 ◦C and 800 ◦C, due to the decomposition of the organic groups on
the sample film. When the temperature reached 800 ◦C, a sluggish reduction was observed,
indicating that the F16CuPc was almost completely decomposed and PDMS was also
completely decomposed into SiO2. These results demonstrate that the F16CuPc-modified
biomimetic superhydrophobic film still maintains superior superhydrophobicity under
the influence of the high temperature of 400 ◦C, which could meet most of the needs in
practical applications.
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Mechanical robustness is a prerequisite for superhydrophobic films to be widely
commercially applied. Figure 7 shows the changes of the WCA and WRA of the sample
film after the wear test and tape stripping test. It can be observed that the WCA of the
sample decreased from 167.1◦ to 157.3◦ after 30 wear tests under the action of a 500 N
weight, and it shows strong water adhesion after 25 wear tests. Under the action of a
1000 N weight, the superhydrophobic properties of the surface decreased faster, the WCA
decreased from 167.1◦ to 153.3◦, and the sample surface showed strong water adhesion
after 20 wear tests. For the tape stripping test, the WCA of the sample decreased from
167.1◦ to 131.5◦ after 20 tape stripping experiments, and it showed strong water adhesion
after tests were conducted 15 times. The mechanical stability of the stacked substrate
without the modification of F16CuPc was also investigated. As shown in Figure S4, the
surface loses the superhydrophobic property after 20 wear tests with a 1000 N weight or
15 striping experiments. These results demonstrate that the F16CuPc-modified biomimetic
superhydrophobic film has superior mechanical stability, compared to the stacked substrate
without modifications.

The inferior UV stability always hampers the development of a superhydrophobic
film based on the PDMS matrix. Under the irradiation of a UV lamp, the −OSi(CH3)2O−
group on the surface of the PDMS would be transformed to −O4Si(OH)4-n as well as
−OH, −COOH, and −CO groups, and finally enhanced the hydrophilia of surface [41]. To
study the UV stability of the F16CuPc-modified biomimetic superhydrophobic film, the
changes in the sample surface wettability under the long-term irradiation via two different
UV lamps are illustrated in Figure 8a,b. After 24 h of irradiation of 365 nm, the WCA
of the sample surface decreased from 167.1◦ to 160.7◦, while the WRA increased from
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0.5◦ to 4.6◦. The superhydrophobic performance of the surface decreased faster when
the irradiation wavelength reduced to 254 nm, so that the WCA of the sample surface
decreased from 167.1◦ to 157.1◦, and the WRA increased to 10◦ after 24 h irradiation. For
the stacked substrate without modification, the UV stability is summarized in Figure S5.
The WCA reduced from 162.3◦ to 153.6◦ and 140.4◦ under the irradiation of 365 nm and
254 nm, respectively. The F16CuPc-modified substrate exhibited better UV light stability
than the stacked substrate without modification. Figure S6 shows the absorption spectrum
of the pure F16CuPc and proves that F16CuPc has a favorable UV absorption capability,
revealing that the modification of F16CuPc can reduce the penetration of the UV light into
the film. The reduction in the UV penetration finally reduced the crosslinking and cracking
reactions of the PDMS components and enhanced the UV stability of the F16CuPc-modified
biomimetic superhydrophobic film.

Nanomaterials 2022, 12, x FOR PEER REVIEW 8 of 11 
 

 

 
Figure 7. The changes of the WCA and WRA of the F16CuPc-modified film after the wear test with 
(a) 500, (b) 1000 N weight, and (c) tape stripping experiment. 

The inferior UV stability always hampers the development of a superhydrophobic 
film based on the PDMS matrix. Under the irradiation of a UV lamp, the −OSi(CH3)2O− 
group on the surface of the PDMS would be transformed to −O4Si(OH)4-n as well as −OH, 
−COOH, and −CO groups, and finally enhanced the hydrophilia of surface [41]. To study 
the UV stability of the F16CuPc-modified biomimetic superhydrophobic film, the changes 
in the sample surface wettability under the long-term irradiation via two different UV 
lamps are illustrated in Figure 8a,b. After 24 h of irradiation of 365 nm, the WCA of the 
sample surface decreased from 167.1° to 160.7°, while the WRA increased from 0.5° to 4.6°. 
The superhydrophobic performance of the surface decreased faster when the irradiation 
wavelength reduced to 254 nm, so that the WCA of the sample surface decreased from 
167.1° to 157.1°, and the WRA increased to 10° after 24 h irradiation. For the stacked sub-
strate without modification, the UV stability is summarized in Figure S5. The WCA re-
duced from 162.3° to 153.6° and 140.4° under the irradiation of 365 nm and 254 nm, re-
spectively. The F16CuPc-modified substrate exhibited better UV light stability than the 
stacked substrate without modification. Figure S6 shows the absorption spectrum of the 
pure F16CuPc and proves that F16CuPc has a favorable UV absorption capability, revealing 
that the modification of F16CuPc can reduce the penetration of the UV light into the film. 
The reduction in the UV penetration finally reduced the crosslinking and cracking reac-
tions of the PDMS components and enhanced the UV stability of the F16CuPc-modified 
biomimetic superhydrophobic film. 

Figure S7 shows the change of the WCA and WRA of the F16CuPc-modified sample 
soaking under 20 cm water for 10 days. The hydrophobicity of the sample continuously 
decreased with the increasing soaking time. After soaking for 10 days, the WCA of the 
sample surface decreased from 167.1° to 135.2°, and the sample showed strong water ad-
hesion after soaking for 6 days. The influence of water impact at different flow rates (2–10 
m/s) on the surface wettability was also investigated. The superhydrophobicity of the 
sample slightly decreased with the increase in the water column velocity. The WCA and 
WRA of the sample surface remained at 157.6° and 7.2° under the 10 m/s water column 

Figure 7. The changes of the WCA and WRA of the F16CuPc-modified film after the wear test with
(a) 500, (b) 1000 N weight, and (c) tape stripping experiment.

Figure S7 shows the change of the WCA and WRA of the F16CuPc-modified sample
soaking under 20 cm water for 10 days. The hydrophobicity of the sample continuously
decreased with the increasing soaking time. After soaking for 10 days, the WCA of the
sample surface decreased from 167.1◦ to 135.2◦, and the sample showed strong water
adhesion after soaking for 6 days. The influence of water impact at different flow rates
(2–10 m/s) on the surface wettability was also investigated. The superhydrophobicity of
the sample slightly decreased with the increase in the water column velocity. The WCA
and WRA of the sample surface remained at 157.6◦ and 7.2◦ under the 10 m/s water
column for 1 min. The F16CuPc-modified biomimetic superhydrophobic film exhibited
excellent stability due to the dense film formed by F16CuPc, which can play a certain role
in buffering the impact of the water column, thus reducing the deformation of the surface
hierarchical structure.
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Finally, the chemical stability of the surface of the F16CuPc-modified biomimetic
superhydrophobic film was measured. Figure S8 shows the WCAs of the droplets with
different pH values on the surfaces, with or without F16CuPc modification. For the F16CuPc-
modified surface, the contact angle of the neutral droplet (deionized water), the acidic
droplet with pH = 1, and the strongly alkaline droplet with pH = 13 were 167.1◦, 150.3◦, and
162.8◦, respectively, while for the surface without modification, the contact angle reduced
from 162.3◦ for the neutral droplet to 137.2◦ for the acidic droplet and 160.3◦ for the alkaline
droplet, respectively. The results demonstrate that the F16CuPc-modified surface exhibits
superior chemical stability. The stable benzene ring structure in the molecular guaranteed
the stability of the F16CuPc and finally enhanced the stability of the F16CuPc-modified
biomimetic superhydrophobic surface. The F16CuPc acted as a buffer layer and isolated
the active metal oxides in the film when acid droplets fell on the surface, while an isolator
was used to prevent the contact between the ZnO components on the film and the alkaline
droplets. The F16CuPc-modified biomimetic superhydrophobic film has superior chemical
stability, which enables the sample film to be used in harsh conditions.

4. Conclusions

In summary, the F16CuPc was firstly used as the modifier to increase the WCA of the
biomimetic micro-nanostructure, which was composed of PDMS, ZnO, and MS. With the
introduction of F16CuPc, an enhanced superhydrophobic property was observed, where
the WCA and WRA reached 167.1◦ and 0.5◦, respectively. The superhydrophobic sur-
face had a biomimetic micro-nanostructure and kept the water droplets on the surface
in the Cassie state, presenting an excellent self-cleaning capability with a simple fabrica-
tion process. In addition, SEM, EDS, and XPS analyses were carried out and the results
verify that the enhanced superhydrophobic properties of the film are attributed to the
modification of the F16CuPc. Finally, the stability of the F16CuPc-modified biomimetic
superhydrophobic film was investigated through a series of experiments. The thermal
stability, mechanical stability, and chemical stability of the superhydrophobic surface and
the influence of UV radiation, underwater immersion, and water impact on the superhy-
drophobic properties were studied. The results confirm that the sample film had excellent
stability and environmental adaptability. These superior stabilities were mainly ascribed to
the high thermal stability and UV absorption capacity of F16CuPc, which acted as a dense
protective layer to reduce the attenuation of surface superhydrophobic properties. This
biomimetic micro-nanostructure superhydrophobic fabrication process may be a potential
direction for superhydrophobic fabrication, due to its simple fabrication process, excellent
superhydrophobic property, and favorable stability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12060953/s1, the preparation of MS, (Figure S1) the wettability,
(Figure S2) morphology, and (Figure S6) absorption spectra of F16CuPc film. (Figure S3) The XPS
analyses of the F16CuPc-modified biomimetic superhydrophobic film. And (Figures S4 and S5)
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the stability of the stacked substrate without modification. The stability of the F16CuPc-modified
biomimetic superhydrophobic film under (Figure S7) the water impact and soaking as well as (Figure
S8) the chemical corrosion.

Author Contributions: Conceptualization, B.W. and Y.L.; methodology, Y.L.; validation, Y.X. and X.L.;
investigation, P.Z. and T.H.; resources, B.W.; data curation, T.H.; writing—original draft preparation,
P.Z.; writing—review and editing, P.Z. and B.W.; supervision, W.S. and T.X.; project administration,
B.W.; All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (11974236).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: B. Wei also thanks Anhui Sholon New Material Technology Co., Ltd.
(Chuzhou, China) for financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Darmanin, T.; Guittard, F. Superhydrophobic and superoleophobic properties in nature. Mater. Today 2015, 18, 273–285. [CrossRef]
2. Yong, J.L.; Chen, F.; Yang, Q.; Huo, J.L.; Hou, X. Superoleophobic surfaces. Chem. Soc. Rev. 2017, 46, 4168–4217. [CrossRef]

[PubMed]
3. Lu, Y.; Sathasivam, S.; Song, J.L.; Crick, C.R.; Carmalt, C.J.; Parkin, I.P. Robust self-cleaning surfaces that function when exposed

to either air or oil. Science 2015, 347, 1132–1135. [CrossRef] [PubMed]
4. Kim, P.; Wong, T.S.; Alvarenga, J.; Kreder, M.J.; Adorno-Martinez, W.E.; Aizenberg, J. Liquid-Infused Nanostructured Surfaces

with Extreme Anti-Ice and Anti-Frost Performance. ACS Nano 2012, 6, 6569–6577. [CrossRef] [PubMed]
5. Qiu, R.X.; Li, C.; Tong, W.; Xiong, D.S.; Li, Z.X.; Wu, Z.L. High-speed wire electrical discharge machining to create super-

hydrophobic surfaces for magnesium alloys with high corrosion and wear resistance. Mater. Corros. 2020, 71, 1711–1720.
[CrossRef]

6. Wang, P.; Zhang, D.; Lu, Z. Advantage of Super-hydrophobic Surface as a Barrier against Atmospheric Corrosion Induced by Salt
Deliquescence. Corros. Sci. 2015, 90, 23–32. [CrossRef]

7. Liu, Y.; Bai, Y.; Jin, J.F.; Tian, L.M.; Han, Z.W.; Ren, L.Q. Facile fabrication of biomimetic superhydrophobic surface with
anti-frosting on stainless steel substrate. Appl. Surf. Sci. 2015, 355, 1238–1244. [CrossRef]

8. Liang, Z.H.; Li, W.; Dong, B.H.; Sun, Y.K.; Tang, H.; Zhao, L.; Wang, S.M. Double-function SiO2-DMS coating with antireflection
and superhydrophobic surface. Chem. Phys. Lett. 2019, 716, 211–214. [CrossRef]

9. Wang, Y.H.; Yan, J.M.; Wang, J.G.; Zhang, X.M.; Wei, L.Q.; Du, Y.C.; Yu, B.; Ye, S.F. Superhydrophobic metal organic framework
doped polycarbonate porous monolith for efficient selective removal oil from water. Chemosphere 2020, 260, 127583. [CrossRef]

10. Telecka, A.; Li, T.; Ndoni, S.; Taboryski, R. Nanotextured Si surfaces derived from block-copolymer self-assembly with superhy-
drophobic, superhydrophilic, or superamphiphobic properties. Rsc Adv. 2018, 8, 4204–4213. [CrossRef]

11. Ke, Q.P.; Fu, W.Q.; Jin, H.L.; Zhang, L.; Tang, T.D.; Zhang, J.F. Fabrication of mechanically robust superhydrophobic surfaces
based on silica micro-nanoparticles and polydimethylsiloxane. Surf. Coat. Technol. 2011, 205, 4910–4914. [CrossRef]

12. Darmanin, T.; Guittard, F. Recent advances in the potential applications of bioinspired superhydrophobic materials. J. Mater.
Chem. A 2014, 2, 16319–16359. [CrossRef]

13. Lambley, H.; Schutzius, T.M.; Poulikakos, D. Superhydrophobic surfaces for extreme environmental conditions. Proc. Natl. Acad.
Sci. USA 2020, 117, 27188–27194. [CrossRef]

14. Ren, G.N.; Song, Y.M.; Li, X.M.; Wang, B.; Zhou, Y.L.; Wang, Y.Y.; Ge, B.; Zhu, X.T. A simple way to an ultra-robust superhy-
drophobic fabric with mechanical stability, UV durability, and UV shielding property. J. Colloid Interface Sci. 2018, 522, 57–62.
[CrossRef] [PubMed]

15. Zhu, T.X.; Li, S.H.; Huang, J.Y.; Mihailiasa, M.; Lai, Y.K. Rational design of multi-layered superhydrophobic coating on cotton
fabrics for UV shielding, self-cleaning and oil-water separation. Mater. Des. 2017, 134, 342–351. [CrossRef]

16. Na, K.; Jo, C.; Kim, J.; Cho, K.; Jung, J.; Seo, Y.; Messinger, R.J.; Chmelka, B.F.; Ryoo, R. Directing Zeolite Structures into
Hierarchically Nanoporous Architectures. Science 2011, 333, 328–332. [CrossRef] [PubMed]

17. Ding, L.; Wei, Y.Y.; Li, L.B.; Zhang, T.; Wang, H.H.; Xue, J.; Ding, L.X.; Wang, S.Q.; Caro, J.; Gogotsi, Y. MXene molecular sieving
membranes for highly efficient gas separation. Nat. Commun. 2018, 9, 155. [CrossRef] [PubMed]

18. Carta, M.; Malpass-Evans, R.; Croad, M.; Rogan, Y.; Jansen, J.C.; Bernardo, P.; Bazzarelli, F.; McKeown, N.B. An Efficient Polymer
Molecular Sieve for Membrane Gas Separations. Science 2013, 339, 303–307. [CrossRef] [PubMed]

19. Ma, X.; Wu, X.; Caro, J.; Huang, A. Seeding-free synthesis of high-performance MFI zeolite membranes on superhydrophobic
supports inspired by “like grows like” principle. Microporous Mesoporous Mater. 2019, 288, 109589. [CrossRef]

http://doi.org/10.1016/j.mattod.2015.01.001
http://doi.org/10.1039/C6CS00751A
http://www.ncbi.nlm.nih.gov/pubmed/28462414
http://doi.org/10.1126/science.aaa0946
http://www.ncbi.nlm.nih.gov/pubmed/25745169
http://doi.org/10.1021/nn302310q
http://www.ncbi.nlm.nih.gov/pubmed/22680067
http://doi.org/10.1002/maco.202011807
http://doi.org/10.1016/j.corsci.2014.09.001
http://doi.org/10.1016/j.apsusc.2015.08.027
http://doi.org/10.1016/j.cplett.2018.12.030
http://doi.org/10.1016/j.chemosphere.2020.127583
http://doi.org/10.1039/C8RA00414E
http://doi.org/10.1016/j.surfcoat.2011.04.073
http://doi.org/10.1039/C4TA02071E
http://doi.org/10.1073/pnas.2008775117
http://doi.org/10.1016/j.jcis.2018.03.038
http://www.ncbi.nlm.nih.gov/pubmed/29574269
http://doi.org/10.1016/j.matdes.2017.08.071
http://doi.org/10.1126/science.1204452
http://www.ncbi.nlm.nih.gov/pubmed/21764745
http://doi.org/10.1038/s41467-017-02529-6
http://www.ncbi.nlm.nih.gov/pubmed/29323113
http://doi.org/10.1126/science.1228032
http://www.ncbi.nlm.nih.gov/pubmed/23329042
http://doi.org/10.1016/j.micromeso.2019.109589


Nanomaterials 2022, 12, 953 11 of 11

20. Han, B.; Zhao, L.; Song, Y.; Zhao, Z.; Yang, D.; Liu, R.; Liu, G. A superhydrophobic mesostructured silica as a chiral organometallic
immobilization platform for heterogeneous asymmetric catalysis. Catal. Sci. Technol. 2018, 8, 2920–2927. [CrossRef]

21. Chakradhar, R.P.S.; Kumar, V.D.; Rao, J.L.; Basu, B.J. Fabrication of superhydrophobic surfaces based on ZnO-PDMS nanocompos-
ite coatings and study of its wetting behaviour. Appl. Surf. Sci. 2011, 257, 8569–8575. [CrossRef]

22. Wang, T.L.; Lu, Z.C.; Wang, X.Q.; Zhang, Z.C.; Zhang, Q.; Yan, B.; Wang, Y.Q. A compound of ZnO/PDMS with photocatalytic,
self-cleaning and antibacterial properties prepared via two-step method. Appl. Surf. Sci. 2021, 550, 149286. [CrossRef]

23. Sun, Z.Q.; Liao, T.; Liu, K.S.; Jiang, L.; Kim, J.H.; Dou, S.X. Robust superhydrophobicity of hierarchical ZnO hollow microspheres
fabricated by two-step self-assembly. Nano Res. 2013, 6, 726–735. [CrossRef]

24. Yin, S.H.; Wu, D.X.; Yang, J.; Lei, S.M.; Kuang, T.C.; Zhu, B. Fabrication and surface characterization of biomimic superhydrophobic
copper surface by solution-immersion and self-assembly. Appl. Surf. Sci. 2011, 257, 8481–8485. [CrossRef]

25. Guo, F.; Wen, Q.Y.; Peng, Y.B.; Guo, Z.G. Multifunctional hollow superhydrophobic SiO2 microspheres with robust and self-
cleaning and separation of oil/water emulsions properties. J. Colloid Interface Sci. 2017, 494, 54–63. [CrossRef] [PubMed]

26. Liu, Q.Q.; Feng, R.T.; Hua, J.; Wang, Z.B. A novel superhydrophobic surface based on low-density polyethylene/ethylene-
propylene-diene terpolymer thermoplastic vulcanizate. Polym. Adv. Technol. 2018, 29, 302–309. [CrossRef]

27. Seo, M.S.; Kim, J.H.; Kim, S.S.; Kang, H.; Sohn, B.H. Transferrable superhydrophobic TiO2 nanorods on reduced graphene oxide
films using block copolymer templates. Nanotechnology 2015, 26, 165302. [CrossRef] [PubMed]

28. Yu, J.Z.; Li, L.; Jin, X.; Ding, L.H.; Wang, T.H. Preparation of Organic/Inorganic Membrane by PDMS Low-temperature Pyrolysis.
J. Inorg. Mater. 2014, 29, 137–142. [CrossRef]

29. Yang, C.; Wang, F.J.; Li, W.; Ou, J.F.; Li, C.Q.; Amirfazli, A. Anti-icing properties of superhydrophobic ZnO/PDMS composite
coating. Appl. Phys. A 2016, 122, s00339-015-9525-1. [CrossRef]

30. Lee, H.K.; Shin, Y.C.; Kwon, D.S.; Lee, C.H. Organic light-emitting diodes with F16CuPC as an efficient hole-injection layer.
J. Korean Phys. Soc. 2006, 49, 1037–1041.

31. Ichikawa, M.; Kobayashi, K.; Koyama, T.; Taniguchi, Y. Intense and efficient ultraviolet electroluminescence from organic
light-emitting devices with fluorinated copper phthalocyanine as hole injection layer. Thin Solid Films 2007, 515, 3932–3935.
[CrossRef]

32. Jiang, X.X.; Dai, J.G.; Wang, H.B.; Geng, Y.H.; Yan, D.H. Organic photovoltaic cells using hexadecafluorophthalocyaninatocopper
(F16CuPc) as electron acceptor material. Chem. Phys. Lett. 2007, 446, 329–332. [CrossRef]

33. Park, J.H.; Cho, S.W.; Park, S.H.; Jeong, J.G.; Kim, H.J.; Yi, Y.; Cho, M.H. The effect of copper hexadecafluorophthalocyanine
(F16CuPc) inter-layer on pentacene thin-film transistors. Synth. Met. 2010, 160, 108–112. [CrossRef]

34. Zhang, G.J.; Ma, F.; Wang, L.Z.; Sun, B.; Zhao, J.P.; Liu, F.D. Synthesis, characterization of copper perfluorophthalocyanine
(F16CuPc) and its application in organic thin-film transistors. Mater. Tehnol. 2019, 53, 827–831. [CrossRef]

35. Nath, D.; Dey, P.; Joseph, A.M.; Rakshit, J.K.; Roy, J.N. Photocurrent generation under forward bias with interfacial tunneling of
carrier at pentacene/F16CuPc heterojunction photodetector. J. Alloys Compd. 2020, 815, 152401. [CrossRef]

36. Lian, H.; Pan, M.A.; Han, J.B.; Cheng, X.Z.; Liang, J.E.; Hua, W.Q.; Qu, Y.Q.; Wu, Y.C.; Dong, Q.C.; Wei, B.; et al. A MoSe2
quantum dot modified hole extraction layer enables binary organic solar cells with improved efficiency and stability. J. Mater.
Chem. A 2021, 9, 16500–16509. [CrossRef]

37. Sun, S.J.; Li, H.; Guo, Y.H.; Mi, H.Y.; He, P.; Zheng, G.Q.; Liu, C.T.; Shen, C.Y. Superefficient and robust polymer coating for
bionic manufacturing of superwetting surfaces with “rose petal effect” and “lotus leaf effect”. Prog. Org. Coat. 2021, 151, 106090.
[CrossRef]

38. Li, J.; Zhou, Y.L.; Wang, W.B.; Du, F.; Ren, L.Q. A bio-inspired superhydrophobic surface for fog collection and directional water
transport. J. Alloys Compd. 2020, 819, 152968. [CrossRef]

39. Jarig, J.S.; Lee, J.; Koo, W.T.; Kim, D.H.; Cho, H.J.; Shin, H.; Kim, I.D. Pore-Size-Tuned Graphene Oxide Membrane as a Selective
Molecular Sieving Layer: Toward Ultraselective Chemiresistors. Anal. Chem. 2020, 92, 957–965.

40. Vivo-Vilches, J.F.; Perez-Cadenas, A.F.; Maldonado-Hodar, F.J.; Carrasco-Marin, F.; Siquet, C.; Ribeiro, A.M.; Ferreira, A.F.P.;
Rodrigues, A.E. From Carbon Molecular Sieves to VOCs filters: Carbon gels with tailored porosity for hexane isomers adsorption
and separation. Microporous Mesoporous Mater. 2018, 270, 161–167. [CrossRef]

41. Xue, C.Y.; Zhang, W.; Choo, W.H.S.; Yang, K.L. Simplest Method for Creating Micropatterned Nanostructures on PDMS with UV
Light. Langmuir 2011, 27, 13410–13414. [CrossRef] [PubMed]

http://doi.org/10.1039/C8CY00648B
http://doi.org/10.1016/j.apsusc.2011.05.016
http://doi.org/10.1016/j.apsusc.2021.149286
http://doi.org/10.1007/s12274-013-0350-6
http://doi.org/10.1016/j.apsusc.2011.04.137
http://doi.org/10.1016/j.jcis.2017.01.070
http://www.ncbi.nlm.nih.gov/pubmed/28135628
http://doi.org/10.1002/pat.4115
http://doi.org/10.1088/0957-4484/26/16/165302
http://www.ncbi.nlm.nih.gov/pubmed/25824622
http://doi.org/10.3724/SP.J.1077.2014.13198
http://doi.org/10.1007/s00339-015-9525-1
http://doi.org/10.1016/j.tsf.2006.11.012
http://doi.org/10.1016/j.cplett.2007.08.042
http://doi.org/10.1016/j.synthmet.2009.10.013
http://doi.org/10.17222/mit.2018.260
http://doi.org/10.1016/j.jallcom.2019.152401
http://doi.org/10.1039/D1TA04030H
http://doi.org/10.1016/j.porgcoat.2020.106090
http://doi.org/10.1016/j.jallcom.2019.152968
http://doi.org/10.1016/j.micromeso.2018.05.010
http://doi.org/10.1021/la2029824
http://www.ncbi.nlm.nih.gov/pubmed/21981448

	Introduction 
	Experimental Section 
	Materials 
	Preparation of the Films 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

