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ABSTRACT

Experimental and molecular dynamics simulation study were used to clarify the
hydrophilicity of substrate surfaces and hydrophobicity of as-prepared surfaces at
molecular level. First, an easy one-step approach was utilized to construct
superhydrophobic surfaces on different substrates such as steel, aluminum, glass, and
silicon wafer. The superhydrophobicity of as-prepared surfaces were contributed to the
fluorinated compositions and microstructures. A fluorinated surface was constructed as
a model of the as-prepared superhydrophobic surface. Molecular dynamics simulations
were utilized to elucidate the anti-wetting mechanism of as-prepared fluorinated
surfaces on aluminum substrates. Compared with the compact hydrated layer on the
aluminum substrate, the hydrated layer on the fluorinated surface were broader with a
lower intensity, confirming the lower attractive force between surface and water
molecules. The decreased van der Waals interaction with water molecules contributed
to the hydrophobicity of the fluorinated surface. while, in an alkaline solution, the
electrostatic interaction had a negative impact on hydrophobicity of a fluorinated

surface.
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1. Introduction

Highly functional superhydrophobic surfaces widely exist in nature [1, 2]. Inspired by
these fascinating phenomenon, superhydrophobic surfaces, with the water contact angle
higher than 150° and the contact angle hysteresis lower than 5°, have been developed
rapidly [3-5]. Superhydrophobic surfaces possess special interfacial behavior and are
widely applied in various applications, including self-cleaning [6, 7], anti-icing [8],

antifouling [9, 10], anticorrosion [11, 12], and anti-drag [13, 14].

In general, surface heterogeneity and roughness are the major factors responsible for
superhydrophobicity of surfaces [15, 16]. Low-surface-energy materials and
micro/nanostructures are usually combined to obtain superhydrophobic surfaces [17].
Conventionally, there are mainly two ways to achieve superhydrophobic surfaces:
fabrication of a rough surface on a hydrophobic material, or modification of
hydrophobic materials on a rough surface [18]. Until now, numerous methods have
been used to construct superhydrophobic surfaces, including laser ablation [19], sol-gel
methods [20], phase separation [21], and chemical etching [22, 23]. In these traditional
methods, rough surfaces were first obtained, and then low-surface-energy materials
were modified to construct superhydrophobic surfaces. Schlaich et al. [3] prepared
superhydrophobic surfaces by modification fatty acid chloride onto hierarchical
surfaces. Gao et al. [22] obtained superhydrophobic surfaces via etching in H2SO4/H202
solution and followed by modification with low surface energy material. Peng et al. [24]
proposed a two-step process to obtain a superamphiphobic aluminum surface, involving
the construction of micro/nanoscale structure and fluorination treatment. Zhang et al.
[25] fabricated robust superhydrophobic SiO»/ polydimethylsiloxane films by sol-gel
process and subsequent modification of polydimethylsiloxane. All these studies usually
involved two steps and stressed the importance of the combination of hydrophobic
materials and rough surfaces in the construction of superhydrophobic surfaces. If both
hydrophobicity and roughness of surface could be obtained in just one step, the

traditional two-step methods to fabricate superhydrophobic surfaces could be replaced.

Saleema et al. [26] prepared superhydrophobic surfaces by a simple one-step process,
where aluminum substrates were immersed in a mixed solution containing NaOH and

fluoroalkyl-silane. The chemical reaction between NaOH and aluminum contributed to



the rough microporous surface. Simultaneously, the adsorption of fluoroalkyl-silane
molecules onto the newly formed microporous surface led to a low surface energy. The
incorporation of a rough microporous surface and hydrophobic molecules contributed
to the construction of superhydrophobic surfaces. Zhang et al. [27] prepared
superhydrophobic surfaces on aluminum substrates by electrodeposition in manganese
(IT) chloride tetrahydrate and stearic acid ethanol solution. The adsorption of stearic
acid during the formation of hierarchical structures, resulted in the superhydrophobic
surfaces by one-step process. These one-step methods used to fabricate
superhydrophobic surfaces are limited to certain substrates. It is meaningful to develop
a simple method which is also suitable for a wide range of substrates to obtain
superhydrophobic surfaces without specialized equipment. Meanwhile, most of
superhydrophobic surfaces lose their antiwetting properties when they are in strong
acid/alkali solutions [24, 27]. It is also worthwhile to promote their chemical stability

toward solutions with different pH.

The interaction between the liquid and the solid surface could help to understand their
special wettability. At present, some researches have been focused on the interactions
between droplets and solid surfaces by molecular dynamics (MD) simulations [28-31].
Zhang et al. studied the wetting process of water molecules on coal surface with varying
coalification [29]. Guo et al. investigated water droplet morphology and mobility on
liquid infused surfaces, which could help to better understand their thermodynamically
stable states [32]. MD simulations could provide significant guidelines to
understanding the wetting behavior. While, these studies were focused on deionized
water, the interactions between the liquids with different pH and solid surfaces are still

poorly understood.

The study aimed at fabricating superhydrophobic surfaces by an easy one-step sol-gel
process which is compatible with various materials such as steel, aluminum, glass, and
silicon wafer substrates. The superhydrophobic surfaces were fabricated by soaking the
substrates into a titanium butoxide and (1H,1H,2H,2H-perfluorodecyl)-triethoxysilane
(PFTEOS) mixed solution. The adsorption of PFTEOS molecules on the newly
assembled titania surfaces led to the successful fabrication of superhydrophobic
surfaces. MD simulations were utilized to investigate the interaction between

HCI/NaOH solution and the solid surface to provide further understanding of surface



wettability.

2. Experimental Details

2.1. Fabrication of superhydrophobic samples

Type 316L stainless steel substrates, aluminum substrates, silicon wafers and glass
substrates were used in this study. 316L stainless steel substrates and aluminum
substrates were polished, washed with deionized water and subsequently dried in a
vacuum. 98% sulfuric acid and 30% hydrogen peroxide were mixed in 7:3 volumetric
ratio to prepare a piranha solution. 316L stainless steel substrates, silicon wafers and
glass substrates were immersed into the fresh piranha solution for 30 minutes at 85 °C
to create hydroxyl groups. Aluminum substrates were activated by UV irradiation to

generate hydroxyl groups.

A sol-gel deposition process was used to deposit superhydrophobic titanium oxide
multilayer coatings on various substrates. Briefly, the substrates were immersed into an
ethanol solution containing 0.1 M titanium butoxide and 0.1 M (1H,1H,2H,2H-
perfluorodecyl)-triethoxysilane (PFTEOS) for a period of time. The samples were
washed by ethanol three times to remove unbound molecules and then hydroxyl groups
were recreated by immersion in deionized water for 2 minutes, subsequently drying in
an air stream. The steps were repeated to prepare multilayers to form titania coatings
modified by PFTEOS. The deposition times and deposition cycles were depended on
the different substrates. After deposition, all the samples were washed by water and

ethanol to remove the unreacted molecules and then dried in an oven at 120 °C.

2.2. Characterization

A field emission scanning electron microscopy (FESEM, TESCAN VEGA3, Czech
Republic) was used to observed surface morphologies of the samples. Coverage% was
the ratio of the area of particles to the area of actual substratum surface, which was
calculated by I/mageJ software. The size distributions of particles were calculated by
Image Pro Plus software. An energy-dispersive spectroscopy (EDS, Oxford, England)
with an accelerating voltage of 10 kV was used to analysis elemental compositions of
as-prepared coatings. Fourier transform infrared spectroscopy (FTIR, Nicolet AVATAR
360, USA) with a resolution of 4 cm™ and a scan number of 8 was used to investigate

functional groups on coatings. X-ray photoelectron spectroscopy (XPS, ESCALAB



250Xi, U.S.A) with Al-k, (1486.6 eV) as radiation resource were further used to study
their chemical compositions. The wettability of samples was evaluated by a contact
angle meter (Dataphysics OCA 15EC, Germany). Contact angles were tested at

different locations per sample by fitting water drops with the Laplace-Young equation.

2.3. Molecular dynamics (MD) simulation

All the molecular dynamics simulations were conducted by the Forcite program with
COMPASS force-field [30, 33]. PFTEOS (CF3(CF2);CH2CH2S1(OCH2CH3s)3), with a
long perfluorocarbon chain, usually strongly and stably binds with hydroxylated
surfaces. Therefore, all the alkoxysilane branches in PFTEOS molecules were replaced
by —OH groups through hydrolysis and their structure was simplified into
CF3(CF2)7CH2CH2Si(OH); in this study as previous studies [34, 35]. PFTEOS could be
the surface component of the as-prepared surface, which was used to construct the
simulated fluorinated surface. The anatase TiO2 (101) crystal plane is particularly
chosen to represent the newly formed amorphous TiO; because of its stability compared
with other crystal planes. The simulated fluorinated surface was constructed according
to a previous report [29]. 16 CF3(CF2);CH>CH2Si1(OH); molecules were inserted near
the titania surface with parameters of 27.21 A x 26.43 A, y=110.3°, and an one-layer
graphite sheets were placed on the side of the fluorinated layer along the Z-axis and
their distance was adjusted as close as possible [29]. The graphite sheet and the TiO:
(101) substrate were fixed to avoid transformation. After the system was geometrically
optimized and equilibrated for 500 ps with NVT ensemble at 298 K, the graphite sheets
were moved closer to the fluorinated layer, and the system was optimized again. The
geometry optimization was repeated until the layer surface was smooth. Finally, the
graphite sheet and TiO> (101) substrate were removed, and the system was relaxed by
500 ps dynamics to ensure the stability of the final structure. The optimization of the
fluorinated layer was finished. Aluminum substrate was chosen for comparison since
that it is sensitive to both acid and alkaline solutions. For comparison purpose, the stable
Al (111) surface was particularly used with parameters of 28.63 A x 28.63 A x 7.01 A,

0=P=90°, y=120°. For the simulated solution, a water layer with an area of 28.63 A x



28.63 A (500 H20 molecules) was built close to the Al (111) and fluorinated surfaces.
10 H30"/CI" and 10 Na"/OH ions were added to the water box to simulate acid solution
and alkalic solution. The layered interface simulation model was successfully
constructed with a vacuum layer of 20 A. With geometrical optimization, the interface
model reached a convergence state. After that, a dynamic simulation of the entire
system was carried out for 500 ps with NVT ensemble, the Nosé-Hoover method as
thermal bath, the temperature under 298 K, and 1 fs time step [30]. Results of the last

400 ps were adopted to analyze the properties.

3. Results and discussion

3.1 Synthesis of Titania Coatings

Titania coatings were prepared by repeating adsorption and subsequent hydrolysis of
titanium butoxide and PFTEOS. The formation process of titania particles with grafting
PFTEOS on substrates is depicted in Fig. 1. The process was composed of
chemisorption and hydrolysis. Titanium butoxide and PFTEOS were simultaneously
chemisorbed on hydroxylated surfaces when the hydroxylated surfaces were immersed
in the titanium butoxide and PFTEOS mixed solution. The hydroxyl groups on the
hydroxylated surface would induce the chemisorption of titanium butoxide [36]. The
reaction between silane species in PFTEOS molecules and surface functional groups
on hydroxylated surfaces lead to the formation of a monolayer with long
perfluorocarbon chains [24, 37]. Titania particles with grafting PFTEOS were formed
after hydrolysis of chemisorbed alkoxides and a silane coupling agent. The surfaces
with alkoxide and silane coupling agent were then washed by ethanol to remove
unbound alkoxides and then hydroxyl groups were regenerated by immersion in
deionized water. The chemisorption and hydrolysis steps were repeated to form titania

coatings (Fig. 1).
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Fig. 1. Schematic diagrams illustrating the synthetic route of titania coatings with

PFTEOS on hydroxylated surfaces via sol-gel deposition.

3.2 Characterization of As-Prepared Titania Coatings

The as-prepared titania coatings on silicon wafers after a deposition time of 30 minutes
were characterized by EDS, FTIR and XPS analyses (Fig. 2). EDS spectrum shows that
the as-prepared surfaces consist of C, O, F, Ti, and Si elements. Moreover, the atomic
ratio of Ti and O is about 1:2, which is consistent with the atomic ratio of titania,
suggesting successful formation of titania (Inset in Fig. 2a). The IR spectra indicate
obvious peaks from PFTEOS. The peak at 3391 cm™ is attributed to O—H stretching
vibration and the peak located at 702 cm™ is attributed to Ti—O—Ti stretching vibration
[38]. The four peaks at 1232, 1199, 1145 and 1113 cm™ imply the existence of —CF»
and —CF; groups [39, 40]. The peak at 1062 cm™! indicates the formation of Si—O bonds
[39]. XPS examination provides further evidence of the successful formation of titania
particles with grafted fluorine functional groups (Fig. 2¢). The elements Ti, C, O, and
F are also clearly seen in XPS spectra and their quantitative data is shown (Inset in Fig.

2¢).

The high-resolution C /s, Ti 2p, and F Is spectra further confirm the formation of titania
with grafting PFTEOS molecules (Fig. 2 d, e, f). The Ti 2p spectrum is attributed to
three peaks at 459.2 eV, 464.9 eV and 471.8 eV, respectively (Fig. 2d). The peaks are



attributed to TiO2 2ps.2, TiO2 2p;» and their satellite peaks, respectively, which indicate
the successful formation of titania particles. The C 1s spectrum is assigned to four
components, namely CF3 (292.8 eV), CF2 (290.9 eV), C-0O (287.7 ¢V) and C—C/C—H
(284.8 V) [26] (Fig. 2e). The F 1s spectrum reveals exist of —CF; (688.0 eV) and —CF3
(690.1 eV) (Fig. 2f), indicating PFTEOS molecules binding with the titania particles.
The C atomic concentrations of —CF3, —CF» groups from the C 1s spectrum are about
20.75 at% and 42.20 at%, respectively. The ratio of CF2/CFj is about 2, which is smaller
than the theoretical value ~7 acquired from the molecular structure of PFTEOS,
suggesting that the —CF3 function groups comprise the outermost surface. Hydrophobic
properties are attributed to the existence of —CF»/—CF3 groups and —CF3 functional

groups in the outermost surface.
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Fig. 2. EDS (a), FTIR (b), XPS (¢), Ti 2p (d), C Is (e), and F Is (f) spectra detected
from as-prepared titania coatings (Insets are quantitative analysis results from EDS

and XPS, respectively)

Titania coatings on silicon wafers prepared with different deposition times are exhibited
in Fig. 3, suggesting that titania coatings are successfully constructed on silicon wafers.
An increase in particle number and film density with increasing deposition times is
visible (Fig. 3b), highlighting the importance of deposition times. Meanwhile,
aggregates of titania particles are clearly observed, which might be due to
destabilization of titanium butoxide. The titania particles nearby tend to aggregate due
to their high surfactivity at nanoscale [41]. Larger titania particles are formed on these
coatings, indicating that the deposition times directly impact particle sizes (Fig. 3c).

That means the total roughness and thickness of the as-prepared coatings can be



adjusted by changing the deposition times.
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Fig. 3. Characterization of titania coatings on silicon wafers. (a) SEM images after
different deposition times, respectively. (b) Increase in surface coverage after different
deposition times. (c) Increase in mean sizes of particles after different deposition

times.

The wettability of the coatings with different deposition times was quantified by water
contact angle and contact angle hysteresis (Fig. 4). With increasing deposition time, the
contact angle increases and levels off at 165°. Spherical droplets of water are exhibited
on the as-prepared coatings with deposition times of 20 minutes, 25 minutes, and 30
minutes. However, water contact hysteresis is different. The coatings with deposition
times of 25 minutes and 30 minutes show low contact angle hysteresis of 1.6° and 0.5°,

respectively.
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angle hysteresis values are ~1° and ~0.5°, respectively.

The Wenzel and Cassie-Baxter models were unitized to explicate the hydrophobicity of
the as-prepared coatings. The complete liquid-solid contact state is explained by Wenzel
model, in which the droplets impregnate the surface. The hydrophobic titania surfaces
fabricated with deposition times of 10, 15, 20 minutes with high contact angle hysteresis
are in the Wenzel state. The contact angles on titania surfaces are increased with
roughness, which is induced by the increased deposition times. The Wenzel state mainly
occurs with moderate surface roughness, where liquid droplet can impregnate into the

surface.

The high contact angle and low contact angle hysteresis of the superhydrophobic titania
surface fabricated with deposition time of 25, 30 minutes indicate that they are in the
Cassie-Baxter state. Direct contact between water droplets and the solid surface is
prevented by an air layer, leading to the increase of air-liquid interface area. It reveals
that the liquid droplet contacts with the top of asperities and air bubbles are entrapped
in the rough structure, leading to a decrease of solid-liquid interface and increase of air-
liquid interface. This phenomenon mainly occurs with a high surface roughness or
hierarchical structures, where the air layer captured by the structures successfully
blocks the penetration of water into the surface. Consequently, the contact angle
hysteresis of superhydrophobic titania surface is low, indicating that the liquid droplet

easily rolls off upon these surfaces.



The results suggest that the superhydrophobicity of coatings are attributed to the
modification of PFTEOS and their hierarchical structures. The superhydrophobic
behavior correlates well with the SEM. With increase of deposition times, the surface
roughness increases, leading to a more complex hierarchical structure. The complex
hierarchical structure can effectively entrap an air layer to prevent the direct contact
between liquid and solid surface. Coatings with the deposition time of 30 minutes
shows a high water contact angle and a low contact angle hysteresis, indicating the

formation of a stable air layer.

3.3 Titania Coatings on Different Substrates

The sol-gel deposition process can be applied to various substrates. Hydroxyl groups
need to be introduced onto substrate surfaces to enable chemisorption and hydrolysis
process. This can be achieved by different methods depending on the materials.
Hydroxyl groups on some substrates, such as stainless steel [36], silicon wafers and
glass substrates [42], can be generated by a piranha solution. UV irradiation has been
known to generate hydroxyl groups on aluminum substrates by the following reactions:
302 + hv = 203, O3+H20+hv=0,+H20,, and H>O>+thv=2+OH. The enrichment of
hydroxyl groups results in more hydrophilic surfaces, as the static water contact angles
of the surfaces decrease (Fig. 5). The consecutive build-up of titania particles on
stainless steel, glass substrates, and aluminum substrates are visible in SEM images
(Supported Information Fig. S1). Titania particle layers on stainless steel and aluminum
substrates are formed with three deposition cycles, and each cycle is 30 minutes. Titania
particle layers on glass substrate is formed within 30 minutes. It is obvious that a
compact titania layer is formed on aluminum substrates. Meanwhile, similar to the
titania coatings on silicon wafers, titania coatings on stainless steel, glass substrates,
and aluminum substrates show a significantly high contact angle, comparing to the
untreated reference samples (Fig. 5). The introduction of titania coatings changes the
wettability for all the samples and shows a low contact angle hysteresis, indicating the
successful fabrication on various materials. The presented method improves the

simplicity and versatility of accessible substrate materials, shapes and sizes.



Bare Hydrophilic Hydrophobic
substrate surfaces surfaces

A_‘_i

8 .

Fig. 5. Initial wettability of silicon, steel, aluminum and glass bare substrates.

Silicon

Steel

Aluminum

Glass

Hydrophilicity of silicon, steel, aluminum and glass substrates with introduced
hydroxyl groups. Hydrophobicity of silicon, steel, aluminum and glass substrates with
titania coatings with grafted PFTEOS molecules, indicating the substrate-

independency of the coating process.

3.4 Stability of Superhydrophobic Titania Coatings

The superhydrophobic surfaces, as engineering materials, their stability over a wide
pH-range is significant for their practical applications. In general, antiwetting
performance of superhydrophobic surfaces will be weakened when they contact with
acid/ alkaline media [24, 27]. Since both acid and alkaline solutions could react with
aluminum to decrease their contact angles, the antiwetting performance towards acid
and alkaline solutions of the as-prepared superhydrophobic titania surfaces on
aluminum substrates were studied in detail. The superhydrophobic titania surfaces on
aluminum substrates show superior resistance towards HCI solution with pH=1 and
NaOH solution with pH=14. The droplets of HCl solution (pH=1) on the
superhydrophobic aluminum surface can keep a spherelike shape for at least 30 minutes.
And the droplets can quickly and easily roll off from the surfaces without any trace.
However, when the HCI solution (pH=1) is placed on aluminum substrate, it stays on

the surface and induces corrosion. The acid solution almost has no effects on the



superhydrophobic titania surface. The results demonstrate that the surface has a high
stability towards chemical solutions. The contact angles as a function of pH on the
superhydrophobic titania surfaces are shown in Fig. 6a. There is just a slight decrease
in contact angle of the superhydrophobic surfaces when the pH values are varied from
7 to 1, or 7 to 14 and the decrease in contact angle of alkaline solution is obvious than
that of the acid solution. The contact angles remain above 150° for acid and alkaline

solutions on the superhydrophobic titania surfaces.

The relationship between contact angle water and volume of droplets on titania surfaces
on aluminum substrates was investigated. 10-20 pL droplets were placed on the
superhydrophobic titania surfaces. Amazingly, the water contact angles on the
superhydrophobic titania surfaces remain constant at ~165° (Fig. 6b). Spherical water
droplets of 10, 15, and 20 pL show the contact angles of 166.7°, 166.1°, and 164.5°,
respectively. It clearly reveals that the as-prepared surfaces exhibit wonderful
superhydrophobicity regardless of the droplet volume. Although, the resistance towards
HCI1/NaOH solution is weaker. The as-prepared surface still shows contact angles
higher than 150°, indicating good resistance toward HCI solution with pH=1 and NaOH

solution with pH=14 regardless of the droplet volume.
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Fig. 6. Contact angles as functions of pH values (a) and contact angles as functions of
droplet volume (b) on superhydrophobic surfaces on aluminum substrates. The error

limits of contact angle values are ~1°.

3.5 MD simulations for hydrophobic analysis
MD simulations were used to investigate the wettability of the Al (111) and fluorinated
surfaces. The fluorinated surfaces were used to simulate the as-prepared surface since

PFTEOS molecules are the main surface component (Fig. 2). In the equilibrated



configuration of TiO (101) crystal surface and CF3(CF,);CH2CH>Si(OH)3 system in
ethanol solution, it shows that all the alkyl chains in CF3(CF2);CH>CH>S1(OH); remain
in an approximately vertical state and far from the surface (Fig. S2). Therefore, we
speculated the CF3(CF2);CH>CH2Si(OH); molecules were in vertical state and put the
CF5(CF2);CH2CH2Si1(OH)3; molecules to stay vertical and then optimize to construct the

simulated fluorinated surface.

The energy curves for the simulation system between a HCl solution, water, or NaOH
solution and Al (111) or simulated fluorinated surface are stable and no strong
fluctuation occurs after 50 ps simulation, indicating that the system achieves an
equilibrium (Fig. S3). The droplets of HCI solution, water, and NaOH solution are
spread and covered on Al (111) surface, resulting in smooth liquid layers (Fig. S4).
While, the droplets on the simulated fluorinated surface still kept relatively
hemispherical shapes (Fig. S4). The interfacial interactions were further investigated
by different liquid layers on Al (111) and simulated fluorinated surface. Water
molecules formed a compact hydrated layer on Al (111) surface (Fig. 7a). The strongest
peak in the water density curve is located at 3.10 A from the Al (111) surface with a
highest density of 3.97 g/mL and the strongest peak in the H30" relative concentration
is at 2.82 A in a HCl solution system. However, the strongest peak in the water density
curve is located at 2.93 A from Al (111) surface with a highest density of 4.51 g/mL in
water system. It is obvious the peak intensity of water density curve is lower than that
without H30" ions due to replacement of H30™" ions. The results indicate that H30O"
ions prefer to adsorb onto aluminum surface. A similar phenomenon is also occurred on
the Al (111) surface in a NaOH solution system. The results indicate Al (111) surface is
hydrophilic, and hydrogen or hydroxyl ions are prone to adsorb on Al (111) surface than
water molecules. However, the peaks of the first hydrated layer on the simulated
fluorinated surface are broaden with lower intensity, confirming the lower attractive
force between surface and water molecules. The lower interaction with water molecules
usually results in hydrophobicity. Interestingly, the antiwetting performance of the
fluorinated surface seems to be slightly weaken in a NaOH solution, since there are

more water molecules in the first hydrated layer.
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The antiwetting performance of the fluorinated surface was further investigated by the

dynamic behavior of molecules on its surface. The dynamic properties of the water

molecules in the first hydrated layer on the simulated fluorinated surface were

expressed by the mean square displacement (MSD) [29]. The diffusion coefficient of

the water molecules in the first hydrated layer can be represented by the slope of MSD

curve. A smaller slope of MSD indicates a weaker diffusion and slower mobility. The

mobility of hydrated water molecules in NaOH solution on the simulated fluorinated

surface is found to be slowest, compared to the water molecules in HCI solution and

neutral solution (Fig. 8). The mobility of the hydrated water molecules in NaOH

solution is limited, indicating that the interaction between water molecules in NaOH

solution and the simulated fluorinated surface is increased.
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Fig. 8 Mean square displacement (MSDs) of hydrated water molecules. The water
molecules for analyses are in the first hydrated layer on the simulated fluorinated

surface.

The interaction between the water molecules and the Al (111) or simulated fluorinated
surfaces was obtained by considering the interaction energy, which was calculated by
the Equation (1):

AE = (Etotal - Esurface - Esolution)/s (1)

In this equation, AE is the interaction energy between the different solutions and the
Al (111) or simulated fluorinated surfaces. Etotal, Esurface, Esolution are the energy of the
total system, surface, and solution, respectively. S is the area of contact surface. A more
favorable interaction occurred with a more negative interaction energy. It is obvious
that the interaction energies of Al surface-solution systems are much higher than that
of fluorinated surface-solution systems, indicating that the solution prefers to adsorb on
Al surface rather than the fluorinated surface. Van der Waals interaction is responsible
for the hydrophilicity of the Al (111) surface. Moreover, the interaction energies of Al
surface- HCI solution system and Al surface-NaOH solution system are a little lower
than that of Al surface-water system (-0.361 and -0.367 versus -0.358 kcal/mol/A?).
While, the interaction energies of fluorinated surface-HCI solution system and
fluorinated surface-NaOH solution system are more negative than that of fluorinated
surface-water system (-0.071 and -0.186 versus -0.070 kcal/mol/A?). The difference in
interaction energies is directly related to the electrostatic interaction. In the alkaline
solution, the electrostatic interaction increases to -0.126 kcal/mol/A2, which is much
more negative than -0.012 kcal/mol/A? in water, which maybe cause by the adsorption

of OH" ions and water molecules. Both electrostatic and van der Waals interactions take



place in the interaction between fluorinated surface-solution systems. Among these, the
electrostatic interaction leads to the slight decrease in hydrophobicity of fluorinated
surface in an alkaline solution. The simulation results agree with the experiment results
(Fig. 6), where the contact angles are slightly decreased towards alkaline solution. This
study clarified the hydrophilicity of Al (111) surface and hydrophobicity of fluorinated
surfaces by studying the behavior of water molecules at the atomic/molecular level for
the first time. It clearly points out that the hydrophobicity of fluorinated surfaces is
obtain by decreasing the van der Waals interaction with water molecules. The slight
decrease in hydrophobicity of fluorinated surfaces in an alkaline solution is due to the

increased electrostatic interaction.
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Fig. 9 Interaction energy between different solution and the Al (111) or simulated

fluorinated surfaces (Unit: kcal/mol/A?).

4. Conclusions

This study has presented an easy and effective one-step process to introduce fluorinated
coatings to a series of materials, including metals, glass, and silicon wafer. The
repellency towards water was increased with the increasing deposition cycles and
deposition time. The hydrophilicity of substrate surfaces and hydrophobicity of as-
prepared fluorinated surfaces were revealed by MD simulations at molecular level. The
MD simulations indicated that substrate surfaces preferred to adsorb hydrogen or
hydroxyl ions rather than water molecules. However, there were much fewer hydrated
water molecules on the as-prepared fluorinated surface, confirming their antiwetting
properties. The electrostatic interaction led to a slight decrease in hydrophobicity of the
fluorinated surface in an alkaline solution. The study would give insights into
fabricating superhydrophobic surfaces on different substrates simply and feasibly by a

one-step process and provide a further understanding of the wettability of fluorinated



superhydrophobic surface.
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