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Abstract

Herein, the transparent omniphobic coating on glass slides was fabricated by using three different colloidal dispersions as
sacrificial templates for a silica sol to make nano-scale surface roughness. These surface structures were further functional-
ized with a long chain fluorinated silane. These coatings showed a stable repellency to both water and low-surface tension
liquids with the maximum contact angle of 156° to water and of about 130° to corn and paraffin oils. The prepared glass
slides presented very high transparency with a light transmittance of about 92-98%. The coated surfaces were stable up to
400 °C and represented a good resistance under corrosive conditions by immersing 24 h in aqueous solutions of H,SO, (pH

2) and KOH (pH 14).
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Introduction

The superhydrophobic surfaces can be fabricated if they
have low surface energy and roughness on nano- and micro-
scale [1-5]. However, the surfaces are wetted by organic lig-
uids such as surfactant-based solutions, alcohols, or alkanes.
The design of surfaces repellent to both high and low-sur-
face tension liquids is of great importance since they have
several applications including in self-cleaning, antiadhe-
sion, stain-free, anti-fogging, seperation of oils and organic
solvents from water, and anti-corrosion surfaces [6—10].
Omniphobic surfaces repel virtually everything including
water, organic solvents, and oils [11-13]. They have sev-
eral applications such as coatings for industrial equipment
or in medical devices [14, 15]. Omniphobic surfaces can
prevent the growth of bacteria and viruses [16—18]. The
design of superhydrophobic surface has been inspired by
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nature especially lotus leaves [19, 20]. The most important
principle in creating such surfaces is the reduction of con-
tact points of liquid droplet with the surface [21, 22]. The
roughness of a surface plays a critical role in obtaining Cas-
sie—Baxter state [23]. In this state, the liquid droplet cannot
touch the surface completely because of the presence of air
bubbles trapped in surface roughness [24, 25]. After mak-
ing surface roughness, the surface energy of surface should
be reduced through functionalization by low surface energy
materials [26].

Up to now, several omniphobic and superomniopho-
bic surfaces with a very complex surface structure were
designed [27-32]. Choi et al. [30] used localized photo-
fluidization of azo polymers to fabricate doubly re-entrant
nanostructures and superomniphobic surfaces. The azopoly-
mer micropillars were reconfigured to a mushroom-like head
with a doubly re-entrant nano-geometry by exposing to cir-
cularly polarized light. Wu et al. [33] designed a bioinspired
of three-dimensional tribrachia-post-arrays with re-entrant
geometry as a superhydrophobic and oleophobic polymer
film or surface. Boban et al. [8] prepared substrate-independ-
ent, smooth, and omniphobic surface coating composed of
fluorinated polyurethane and fluorodecyl polyhedral oligo-
meric silsesquioxane. Solvents with different surface ten-
sions including water, hexadecane, ethanol, and silicone oil
have low contact angle hysteresis (< 15°) on these surfaces,
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allowing liquid droplets to slide off and leaving no residue
[34]. These robust surfaces retain their repellent properties
more effectively than textured or lubricated omniphobic sur-
faces exposed to mechanical abrasion [8]. Zhue et al. [35]
designed the omniphobic surfaces combining excellent liq-
uid repellency and remarkable durability using a bottom-up
microfluidic emulsion templating technique. They intercon-
nected the resulting porous membranes with solid structures
and uniform honeycomb-like micro-cavities containing nar-
row openings. The solid/liquid contact area was precisely
controlled through the membrane pore size. The resulting
omniphobic surfaces were mechanically and chemically
durable. Tuteja et al. [36] fabricated the surfaces with re-
entrant texture to support strongly the metastable compos-
ite solid-liquid—air interfaces. The prepared surfaces could
support a robust composite interface with essentially every
liquid. The making of the surfaces with this topography is
very complex and expensive.

Transparency is another vital feature of an omniphobic
surface [37, 38]. However, the preparation of transparent
omniphobic films is not easy because the transparency
decreases due to the Mie effect, i.e. the elastically scattered
light by particles with a diameter equal or greater than the
incident light wavelength [39]. Such limitation makes the
fabrication of omniphobic and transparent films on glass
substrates difficult. Hence, the surface roughness should be
accurately controlled. The surface roughness should be large
enough to show the omniphobicity and as low as to maintain
transparency [40]. Also, the surface roughness should be in
the nano-scale comparable to the wavelength of the visible
light [41].

Herein, we aim to design a simple and economy fractal
structure with an omniphobic property on glass slides using
a colloidal deposition. In our approach, a colloidal layer is
masked on glass slides by a silica sol to form an inverse
replica. Then, the surface is functionalized by a fluoro-
alkyl trichlorosilane. The dangling bonds of the fluoroalkyl
chain interact with other chemicals through van der Waals
interactions.

Materials and methods
Materials

Styrene (99.9%, Merck), methyl methacrylate (MMA, 99%,
Merck), butyl acrylate (BA, 98%, Merck), vinyl acetate (VA,
99%, Merck), ammonium persulfate (APS, 98%, Merck),
sodium dodecyl sulfate (SDS, 99%, Merck), hydrochloric
acid (37%, Merck), ethanol (98%, Merck), acetone (97%,
KUMHO P&B, Korea), isopropanol (70%, Mojallali), sulfu-
ric acid (95-98%, Merck), hydrogen peroxide (30%, Merck),
tetraethylorthosilicate (TEOS) (98%,, Sigma-Aldrich),
1H,1H,2H,2H-Perfluorododecyl-trichlorosilane (97%,
Sigma-Aldrich), and commercial Kenon 30 were used as
received. The standard microscopy glass slides were used
as a glass substrate. The deionized water (DI) was used for
the preparation of all solutions.

Colloidal synthesis

Three different colloidal dispersions were prepared by emul-
sion and soap-free emulsion polymerization (Table 1). The
similar procedure was used for all dispersions. Of course,
the surfactants were not used for vinyl acetate (VA) colloidal
dispersion. DI water was heated to 70 °C. The monomers,
initiator, and the surfactants were divided into two parts (A
and B). Then, the water was added to each of these two parts
in two beakers and vigorously stirred for 10 min. After that,
part A was added to the reactor and stirred for 30 min at
70 °C. Part B was injected to the reaction medium through
a dropping funnel in 2.5 h. The polymerization was carried
out for 3 h at 70 °C. The temperature was controlled through
the reaction sliding angle measurements. After cooling to
room temperature, the dispersion was stored in a refrigera-
tor until its use.

Cleaning the glass slides

The glass slides were cleaned by liquid soap, ethanol, ace-
tone, isopropanol, and DI water in sequence in an ultrasonic
bath 10 min for each solvent. After that, they were immersed
in acid piranha solution (1:3 (v/v) of H,0, and H,SO,), fol-
lowed by heating until no bubbles were released and then
rinsed with DI. Then, the clean glass slides were put under
UV lamp (400 W) for 1 h.

Table 1 Different synthetic

. . Colloidal type Monomers Initiator Surfactants Synthesis method
polymers and their preparation
methods VA APS - Soap-free emulsion
S-BA Styrene, butyl acrylate APS SDS, Kenon 30 Emulsion
S-MMA Styrene, methyl meta acrylate APS SDS, Kenon 30 Emulsion

@ Springer



Journal of the Iranian Chemical Society (2022) 19:4589-4599

4591

Formation of colloidal layers on glass slides

The colloidal layers were crystallized by spin coating. 100
pL of 5% wt ethanolic colloidal solution was spin coated on
the glass slide at 300, 600, and 2000 rpm for 12, 2, and 12 s
in sequence. Then, the glass slides dried under an angle of
approximately 45°. All prepared colloidal films were dried
at 60 °C in an electrical oven for 2 h.

Deposition of silica sol on colloidal layer

A solution of TEOS, HCI (0.1 M), and ethanol with weight
ratios of 1:1:1.5 was prepared and refluxed for 1 h at 70 °C.
Then, the TEOS solution was diluted with ethanol (Table 2).
After that, 50 pL of diluted solution was spin coated onto
the colloidal covered substrate (2.5 X 2.5 cm?) at 3000 rpm
for 30 s. The colloidal layers were removed by combustion
at 500 °C by ramping from room temperature to 500 °C for
5 h and then 2 h at 500 °C.

Fluorosilanization

Prior to silanization, the substrates were cleaned in an
acid piranha. Then, fluorosilanization was carried out by
immersion of glass slides in the solution of 0.01 mM of
1H,1H,2H,2H-perfluorododecyl-trichlorosilane in hexane
for 3 h at room temperature. Then, the glass slides were
withdrawn and heated to 70 °C.

Test for corrosive resistance

For the long-term application of coated surfaces, their resist-
ance ability against corrosive liquids is important. For this
purpose, the coated glass slide was immersed in an aqueous
H,SO, (pH=2.0) and KOH (pH = 14.0) solution for several
hours.

Instruments

An ultrasonic bath (40 kHz) was used for samples prepa-
ration. The prepared glass slides were dried with vacuum
drying oven model (VS 1202V5). The spin coater [Modern
Technology Development Institute model (2 M.T.D.1.92)]
was used for colloidal and silica deposition on glass

Table 2 The ratios of TEOS and

. - Colloidal type ~ TEOS: Etha-
ethanol used for spin-coating of nol volume
silica sol-gel solution ratio

VA 1:9
S-BA 1:15
S-MMA 1:20

substrate. For contact angle measurements, a water droplet
(10 pL) was dropped with a sampler carefully onto the glass
surface.The field emission scanning electron microscopy
(FE-SEM) analysis of the samples was taken by MIRA3
TESCAN (Boo-Ali Institute, Mashhad, Iran). The atomic
force microscopy (AFM) images of the samples deposited
on a mica substrate were obtained by Ara Research (model
no. 0101/A, Iran) in a non-contact mode at room tempera-
ture. The transmittance spectra were recorded using a Unico
UV-2100 spectrophotometer. The spectra were recorded in
air within the range of 400-1000 nm. Images were captured
with a camera (Canon SX200, Japan) and then analyzed
using Image J software for acquiring contact angle. The
sliding angle measurements were conducted with a simple
designed device which had a movable plane for tilting glass
substrate until water droplet (10 pL) start to roll off.

Results and discussion
Characterization

Figure la—c shows the particle size distribution (PSD) of
three different of as-prepared colloidal dispersions. As these
figures depicted, the average size of prepared colloidal par-
ticles was estimated to be about 30, 100, and 300 nm for
styrene-methyl methacrylate (S-MMA), S-BA (styrene-butyl
acrylate), and vinyl acetate (VA), respectively. There is an
obvious polydispersity in these colloids.

Figure 2a—c shows the FE-SEM images of prepared col-
loidal layer structures on glass slides. These figures show
different polymers produce unlike patterns on the glass slide.
Using these three colloidal layers as the templates, we con-
structed three different roughness structures on glass surface.
After burning the polymer templates, a fractal-like structure
was appeared as it is illustrated in Fig. 2d—f. These images
show that the porous layer has a roughness in the range of
nanoscales.

To gain a better insight on surface morphology, the AFM
images were also taken (Fig. 3a—c). The 2D and 3D AFM
images show that the surfaces of substrates were coated
homogeneously by silica nanoparticles (NPs) in the range of
nanometer. The images also confirm the production of three
different patterns using different colloidal dispersions. Silica
NPs are decorated on a glass surface based on the patterns
dictated by colloidal dispersion.

The roughness parameters of Ra (average surface rough-
ness) and Rg (root mean square of roughness) of the pre-
pared surfaces were calculated using AFM data and shown
in Table 3. Table 3 confirms a very thin rough layer of silica
NPs in the range of nanometer was produced on a glass
surface.
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Fig.1 PSD of three colloidal particles a S-MMA, b S-BA and ¢ VA

Figure 4a—c show the transmission spectra of the VA,
S-BA, and S-MMA on glass slides prepared through spin-
coating. The glass slide with VA geometry showed a little
coloration under the light due to Mie effect. Mie scattering
occurs only the size of the scattering particles is comparable
to the wavelength of the light rather than much smaller or
much larger in the fractal structure [6, 42]. As Fig. 4a shows
the transmittance of VA glass slide is less than plain glass
slide for all wavelengths due to the increase in light reflec-
tions. Meanwhile, light reflection strongly reduced for S-BA
and S-MMA (Fig. 4b and c) and the glass slide transparency
is identical. For S-BA structure, the reflection of incident
light vanishes and the light is transmitted completely through
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the glass. In other words, the difference between the air
refractive index and the coated glass decreases. Hence, the
glass slide can show an anti-refractive property. Compared
to the bare glass slide, the S-BA structure can suppress the
reflectance obviously due to the low refractive index. This
is due to the new interference formation between the light
reflected from the different interfaces of air—particle and
particle—substrate. However, the rough structure including
micro and NPs greatly decreased the reflection with respect
to the bare glass. This is as a result of multiple reflections
which occur between the different interfaces of air—NPs,
NPs—micro-particles, and micro-particles—substrate. Hence,
the longer light traveling distances reduce the energy loss
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Fig.2 FE-SEM images of three different colloidal templates of a S-MMA, b S-BA and ¢ VA before combustion. The roughness structure of d

S-MMA, e S-BA and f VA after combustion

and decrease reflection. The transparency of S-MMA coated
glass slide is better than that of VA, but its transparency is a
little less than that of plain glass. The best transparency and
the lowest reflection are due to S-BA structure because of its
more uniform surface compared to the S-MMA with more
agglomeration of SiO, particles. For VA, the porosity size
for the structure is much greater than 100 nm. Hence, the
reflection increases and the anti-refractive property reduced
due to Mie effect.

Wetting property

The wetting property of the prepared glass substrate
was tested by measuring the static contact angle and the

minimum sliding angle for some liquids under different
conditions.

Effect of different roughness topography

The static contact angle and the minimum sliding angle for
10 pL of four liquids including water, paraffin oil, edible
oil, and heptane on three structures of VA, S-BA, and
S-MMA are shown in Fig. 5a and b, respectively, See also
Video S1 for heptane. As these figures show, there is no
an obvious difference between the static contact angle and
the sliding angle in these structures. It means that all struc-
tures follow the Cassi—Baxter state because the air pockets
in the roughness of the surface prevent the infiltration of
the liquid droplet into the rough structure. Subsequently,
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Fig.3 The AFM images of a
S-MMA, b S-BA, and ¢ VA
after colloid combustion on the
glass slide

Table 3 Roughness parameters

Surface structure Ra (nm) Rq (nm) Thickness (nm)
VA 4.97 5.87 24.03
S-BA 3.93 4.72 20.43
S-MMA 2.30 2.95 13.75

the liquid droplet forms a very high contact angle and does
not pin to the surface. While in Wenzel state, the liquid
penetrates the rough structure. Hence, the contact angle
decreases for liquid [25].

@ Springer
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For the next experiments, the glass slide with S-BA
structure was chosen due to its high transparency and anti-
reflective property.

Effect of liquid surface tension

The influence of the liquid surface tension on the wetting
property of S-BA surface was evaluated by measuring
the static contact angle and the minimum sliding angle of
organic solvents with different surface tensions (Fig. 6a and
b). After fluorosilanization and heating at 70 °C, the static
contact angle of 156° was formed with the sliding angle less
than 1°. It was very difficult to deposit water droplets on
the surface because they were immediately rolled off. The
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Fig.4 The optical property of microscopic slides covered with three different roughness structures a VA, b S-BA, ¢ S-MMA

sliding angle increased up to 10° after washing. This is due
to the presence of un-bonded fluoroalkyl silane layers on the
surface which destroyed after washing. These layers have
a very loose bond with the surface. For organic solvents,
the maximum contact angle was about ~ 134° for paraffin
and edible oil with the surface tension of 48 and 32 mN/m,
respectively. For heptane (20.14 mN/m), the contact angle
dramatically decreased to about 50° (Fig. 6a). A droplet of
ethanol completely spread on the glass surface and wet the
surface. Also, we checked ethanol with the surface tension of
(22 mN/m). The values of the contact angles for water, two
oils (paraffin and edible oils), and heptane suggest that S-BA
surface follows Cassie—Baxter wetting state. For ethanol, a

Wenzel wetting state was formed and it completely touched
the surface. It means infiltration of the ethanol into the
microscopic pores occurs. By liquid-infiltration into the
porous structure of the surface, the contact angle reduces to
a lower amount because of the transition from Cassie-Baxter
to Wenzel wetting [16]. The minimum sliding angle is about
10° for water and increases to 15° for two oils. Although
the heptane contact angle was low, it did not wet the glass
surface. It slided off on a glass with a sliding angle of about
11°-15° (Video S1).
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Stability measurements
Effect of thermal treatment and long-term storage

To investigate the thermal resistance of surface, the coated
glass slides were sintered at 100, 300, 500, and 700 °C,
ramped at 2 °C min~! from room temperature to specified
temperature for 2 h and then ramped down to room tempera-
ture. Then, the wetting property of the samples was meas-
ured. As shown in Fig. 7a, the water contact angle did not
change up to 300 °C for water and oil. When temperature
increased from 300 to 700 °C, the water contact angle gradu-
ally decreased. The fluorosilane layer was decomposed by
annealing at temperatures greater than 300 °C. The annealed
coatings again recovered their omphiphobicity by fluorosi-
lanization. This confirms the stability of the rough structure
due to strong covalent bonds between silica structure of the
prepared coating and glass surface. Heating at high tempera-
tures cannot destroy the silica coating layer because Si—O-Si

@ Springer

bonds are very strong. These bonds are broken at tempera-
tures greater than 300 °C. Meanwhile, the organic layer is
much weaker and did not destroy at lower temperatures.

The long-term stability of heptane repellency on horizon-
tally stored substrates is investigated and shown in Fig. 7b.
The sliding angle was measured of about 10°-15° even after
6 months.

Effect of corrosive condition

Figure 8 shows the contact angle for water and paraffin oil
after immersing the S-BA glass slide in H,SO, (1 M) and
KOH (1 M) solutions did not change after 24 h. After this
time, it started to decrease gradually. The coated glass slide
is omphiphobic and is covered with a layer of air pad. The
air layer can prevent the glass slide from wetting by cor-
rosive H,SO, and KOH solutions. However, the air layer
gradually disappeared with increase in immersion time as
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a result of the fluid-air exchange. It caused the glass slides Conclusion
were wetted.

Three different types of colloidal polymer templates were
prepared as sacrificial patterns for creating roughness on
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solutions

glass slide. A silica sol was masked on these soft tem-
plates. Silica NPs were decorated on the glass surface
based on the patterns dictated by colloidal dispersions.
After fluorosilanization the glass slides, they presented
good repellency to both water and low-surface tension
organic solvents. The prepared omniphobic glass slides
had high transparency for visible light and showed good
thermal stability up to 300 °C. The samples showed good
stability under corrosive conditions. Hence, these robust
and highly transparent omniphobic surfaces can be good
candidates for a variety of applications such as self-clean-
ing, anti-icing, antifogging, and stain-free surfaces.

Supplementary Information The online version contains supplemen-
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