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ABSTRACT: Rice-shaped TiO, nanostructures are fabricated by electro-
spinning for creating a robust superamphiphobic coating on glass substrates.
The as-fabricated TiO, nanostructures (sintered at S00 °C) are super-
hydrophilic in nature which upon silanization turn into superamphiphobic
surface with surface contact angle (SCA) values achieved using water (surface
tension, ¥ = 72.1 mN/m) and hexadecane (surface tension, y = 27.5 mN/m)
being 166° and 138.5° respectively. The contact angle hysteresis for the
droplet of water and hexadecane are measured to be 2 and 12°, respectively.

Thus, we have successfully fabricated superior self-cleaning coatings that

possess exceptional superamphiphobic property by employing a simple, cost-

effective, and scalable technique called electrospinning. Furthermore, the coating showed good mechanical and thermal stability
with strong adherence to glass surface, thus revealing the potential for real applications.
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O ne of the major objectives in surface coating research is
to fabricate self-cleaning surfaces because of their
numerous applications including anti-misting, anti-microbial,
corrosion resistance, oil-repellency, etc.'”” Self-cleaning coat-
ings can be classified into two cate§ories: superhydrophilic®* "
and superhydrophobic coatings.">™** Superhydrophilic surfaces
clean themselves by the sheeting effect of water and also by
breaking down the complex organic substances into carbon
dioxide and water — the photocatalytic effect.”*™** In
superhydrophobic coatings, the air pockets that get trapped
between the substrate with nanostructures and water (Cassie’s
state) facilitate the water to form spherical droplets and enable
the droplets to roll-off easily across the surface taking away the
dirt and other pollutants.” Nature has given us many self-
cleaning superhydrophobic surfaces ranging from lotus/rice
leaves, bird’s feathers, butterfly wings, water strider’s legs, etc,,
and by mimicking their surface morphology, several self-
cleaning superhydrophobic surfaces have been developed in the
recent past.’*”>* Nevertheless, to have an effective self-cleaning
action, the coating should be able to repel organic liquids
besides water. To address this need, researchers have recently
developed a new type of coating that can repel both water and
organic liquids known as superamphiphobic coatings.>>~>’ The
key criteria to achieve the phenomenon of superamphiphobicity
are not yet clearly defined; however, lower surface energy and
surface roughness are the necessary factors for oil/water
repellency.’®*” There are only a few studies on designing
superamphiphobic surfaces, because of its difficulty to fabricate
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rough surfaces, which involve surface over hangs and re-entrant
geometryfm_49

Here we describe a simple and scalable way to fabricate a
superior self-cleaning coating that exhibits exceptional super-
amphiphobic property. We have employed electrospinning
technique to fabricate a coating consisting of porous rice-
shaped TiO, nanostructures, which upon fluorinated silane
treatment turns into superamphiphobic surface. The surface
contact angle achieved using water (y = 72.1 mN/m) and
hexadecane (y = 27.5 mN/m) were 166° + 0.9 and 138.5° + 1,
respectively. The contact angle hysteresis for a droplet of water
and hexadecane were measured to be 2 and 12°, respectively.

The rice-shaped TiO, obtained from electrospun PVAc-TiO,
(PVAc — polyvinly acetate) composite nanofibers was used to
fabricate superamphiphobic coating (Scheme 1). A thick layer
(2 pm) of electrospun PVAc-TiO, composite nanofibers
(average fiber diameter: 125 + 15 nm) were deposited on
the cleaned glass substrate (Figure 1). The coated glass samples
were then sintered at 500 °C for 1 h (in air medium) with a
ramping rate of S °C per min. During the heat treatment
process, the continuous fiber morphology breaks down
resulting in the formation of rice-shaped TiO, nanostructures.
We have already established that the uniquely shaped
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Scheme 1. Fabrication of Superamphiphobic Coating: Process Flow Chart (this
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Figure 1. Schematic diagram of the electrospinning set-up.

nanostructures were the result of microscale phase separation
between the PVAc and the TiO, occurring during the sintering
process (note that if we use PVP, polyvinylpyrrolidone, instead
of PVAg, the result will always be continuous TiO, nanofibers
and not the rice-shaped Ti0,).’>>" Electrospinning is essential
to get the rice-shaped structures as the same evolved from the
smooth electrospun fibers were interconnected and well-
defined in size, shape, and porosity.”* >* The degradation of
the polymer (PVAc) from the PVAc-TiO, composite imparts
high porosity (and hence surface roughness) to the TiO,
nanostructures (BET surface area of ~60 mz/g).51 Images a
and b in Figure 2 show the low- and high-magnification SEM
images of the electrospun-TiO, coated sample, exhibiting a
uniform distribution of porous rice-shaped nanostructures.
Figure 2c shows the TEM image of a single nano-rice structure.
From the image, it could be observed that a single TiO,
nanostructure is made of numerous spherical particles with an
average diameter of 12—15 nm. The TGA analysis (Figure S1
in the Supporting Information) and the EDS spectrum (inset in
Figure 2c) confirmed that after the heat treatment process, the
sample was free from polymer or other organics.*>*® The
lattice-resolved TEM image (d spacing = 0.3S nm, Figure 2d)
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Figure 2. (a, b) SEM images (low and high magnification) of the
TiO,-coated samples (inset: interaction of water droplet (1 L) with
the coated surface. WCA: 166°); (c) TEM image of a single nano-rice
structure (inset: EDS spectrum of the TiO, coated sample); (d) the
lattice-resolved image; (e) XRD of the TiO,-coated sample sintered at
500 °C.

and XRD measurement (Figure 2e) further confirmed that the
coating contained particles of anatase TiO,.
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Interactlon Sequence

Figure 3. (a—d) shows the interaction of water droplet (1uL) with superamphiphobic surface; (e—h) shows the interaction of glycerol droplet (1
uL) with the superamphiphobic surface (SCA: 158.3°).

Table 1. Surface Contact Angle and Roll-off Angle Measurements of Liquids with Different Surface Tension on a
Superamphiphobic Glass Substrate

S. surface tension  surface contact advancing (6,)/ receding (6,) contact angle hysteresis roll-off angle (RA)/sliding
No liquid (mN/m) angle (deg) contact angles (deg% (CAH) (6,—0,) (deg) angle (SA) (deg)

1 water 72.1 166 + 0.9 169/167 2 1+ 1 (RA)

2 glycerol 64 158.3 + 0.7 160/156 4 6 +1 (RA)

3 di-iodomethane 50.9 1557 + 0.8 157/150 7 9 +1 (RA)

4 ethylene glycol 473 1526 + 1.1 155/147 8 9+ 1 (RA)

S vegetable oil 34.5 1473 =1 153/142 11 13 + 1 (SA)

6 hexadecane 274 1385 + 1 147/135 12 15 + 1 (SA)

7 dodecane 25.3 127.6 + 0.7 138/124 14 15 +2 (SA)

The rice-shaped TiO,-coated samples (thickness of the Supporting Information). The CAH achieved for water,
coating: 375 + 10 nm) exhibited superhydrophilic property ethylene glycol and hexadecane were 2, 8, and 12°, respectively.
(water contact angle, WCA approx. equal to 0).*” In order to
reduce the surface energy of the superhydrophilic TiO,
nanostructures, the samples were coated with fluorinated silane
for 3 h using chemical vapor deposition (CVD) process (Figure
S2 in the Supporting Information). The high porosity and
hence the large surface area (and surface roughness) of the
nanostructures ensured sufficient intake of flourosilane upon
silane treatment. After silanization, the coating exhibited
superamphiphobic property with contact angle as high as 166
and 158.3°% respectively, were achieved for 1 uL droplet of
water and glycerol (Figure 3). It must also be noted that the
ricelike structures were actually made of very small spherical
particles of 12—15 nm sizes (see TEM image) and the
innumerable number of such small fluorinated particles prevent
water/oil from wetting the surfaces resulting in super-
amphiphobicity. Because of the extremely low adhesion and
surface energy, it was very tough to deposit water droplet on
the coating. The water droplet (2 yL) immediately started
rolling-oft when it comes in contact with the coated surface.

The surface contact angle (SCA), roll-off angle, and the

Figure 4. Photograph of water (blue; dyed with trypan blue dye),
glycerol (pink; dyed with rhodamine B), and ethylene glycol
(colorless) droplets on the superamphiphobic surface.

advancing (6,)/receding angle (6,) were measured for several To analyze the mechanical stability of the coated samples,
liquids with different surface tension (such as water, glycerol, indentation studies were carried out using a nanoindentation
di-iodomethane, ethylene glycol, vegetable oil, dodecane and setup equipped with a Berkovick tip. The measurements were
hexadecane) by using a “tilting base surface contact angle conducted at five different places of the coated sample and the
measurement set-up” and the contact angle hysteresis (CAH) average hardness & Young’s modulus values of the coating were

was calculated by taking the difference of advancing and measured to be 0.12 GPa and 3.26 GPa, respectively (refer to
receding angles (Table 1, Figure 4, and Figure S3 in the Table S4 in the Supporting Information).
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Figure S. (a) Surface contact angle values made by water, glycerol and ethylene glycol droplets on the superamphiphobic surface after heat treatment
for 2 h at different temperatures; (b) WCA values made by the water droplets on the TiO,-coated surface for different immersion time in hot

aqueous ethanol solution.

Temperature stability test was conducted on the coated
sample by heating the sample at different temperatures (100,
150, and 200 °C) for 2 h (note that the flash temperature of the
flourosilane is >200 °C). The results indicated that values of
surface contact angles and roll-off angles remained similar after
the heat treatment process (Figure Sa). To study the behavior
of the superamphiphobic coating towards organic solvents, the
coated samples were kept immeresed in a hot aqueous solution
of ethanol (60%) heated at 80 °C for different time intervals (2,
4, 6, and 8 h). It was observed that the water contact angle
(WCA) value remained unchanged for 2 h (WCA: 166°) and
started dropping for longer time intervals (Table 2, Figure Sb).

Table 2. WCA Measurements of the Superamphiphobic
Coated Samples When Kept Immersed in Hot Aqueous
Solution of Ethanol at Different Time Intervals

immersion time in hot aqueous ethanol water contact angle

sample solution (h (WCA) (deg)
1 0 166 + 0.9
2 2 166 + 0.9
3 4 151.8 +£ 0.7
4 6 1323 £ 1
5 8 118.5 + 0.8

We believe that this could be because of the leaching of some of
the physisorbed fluorosilane on TiO, surfaces (during the CVD
process, some fluorosilane could also be loosely bound on the
TiO, surfaces) into the hot ethanol upon prolonged treatment
and hence there is a reduction in the WCA. Super-
amphiphobicity of the coating can be recovered by heating
the TiO, coated sample to 500 °C for 1 h (ramping rate 5 °C
per min) followed by fluorinated silane treatment.

A 90° peel-off test was conducted on the coated sample using
an adhesion tape (3M scotch tape). The tape was peeled-off
from the coated surface (test distance: 50 mm) by applying a
fixed force of 5 # 0.1 N. After the peel-off test, it was observed
that the coating remained stable without forming any cracks/
scratches on the surface (Figures SS and S6 in the Supporting
Information). The samples before and after peel-off test were
imaged by SEM to check whether there was any change in the
morphology of the nanostructures. Images in Figure S6 in the
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Supporting Information confirm that there were no changes
even in micrometer scale regimes.

The coated samples were placed in an environment which
was maintained at Standard Ambient Temperature and
Pressure condition (temperature, 25 + 2 °C; pressure, 0.986
atm., humidity, 40—60%).°® SCA measurements for water,
ethylene glycol and hexadecane were carried out on weekly
basis (Table 3). The results indicated that the coating is

Table 3. SCA Measurements of the Superamphiphobic
Coated Samples When Kept in SATP (Standard Ambient
Temperature and Pressure) Conditions

surface contact surface contact

time surface contact  angle made by angle made by
duration  angle made by  ethylene glycol hexadecane
(in water droplet droplet (SCA) droplet (SCA)
sample  weeks) (SCA) (deg) (deg) (deg)
1 after 2 166 + 0.9 152.6 + 1.1 138 + 0.7
weeks
2 after 4 166 + 0.6 152.6 + 0.7 138 + 1
weeks
3 after 6 166 + 0.7 152.6 + 0.9 138 + 1.1
weeks
4 after 8 166 + 0.5 152.6 £ 0.6 138 + 0.9
weeks

environmentally very stable and retained the superamphiphobic
property (the samples are still under examination and
measurements are still being carried out every week).

To summarize, we have fabricated a robust superamphipho-
bic coatings on the glass substrate from electrospun TiO, rice-
shaped nanostructures. The electrospun PVAc-TiO, composite
nanofibers on sintering resulted in the formation of porous
superhydrophilic rice shaped nanostructures which upon
silanization turn into superamphiphobic surface. The synthe-
sized coatings were characterized using SEM, EDS, XRD, TEM
and TGA. The superamphiphobic property of the coatings was
studied. The results indicated that the porous electrospun
anatase TiO, films were able to exhibit superamphiphobic
property with surface contact angle values achieved for water (y
= 72.1 mN/m) and hexadecane (y = 27.5 mN/m) were 166
and 138.5° respectively. Furthermore, the coating showed
exceptional mechanical and thermal stability with strong
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adherence to the glass substrate thus revealing the potential for
windows and other real time applications.

B EXPERIMENTAL SECTION

Materials and Methods. Polyvinyl acetate (Sigma Aldrich, M,, =
500 000), N,N-dimethylacetamide (DMAc, 99.8%, GC Grade, Aldrich,
Germany), (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
(Alfa Aesar, 97%), acetic acid (99.7%, LAB-SCAN Analytical Sciences,
Thailand), absolute ethanol (Fisher Scientific, 99.5%), ethylene glycol,
glycerol, di-iodomethane, hexadecane, dodecane (all from Aldrich),
vegetable oil, and de-ionized water were used without any further
purification.

The sol-gel solution for the deposition of TiO, nanostructures on
glass substrate was prepared as follows. About 1.2 g of polyvinyl
acetate was added to 10 mL of N,N-dimethylacetamide (DMAc). This
was followed by the addition of a TiO, sol prepared by mixing 2 mL of
acetic acid and 1 mL of titanium(IV) isopropoxide. The prepared
solution was stirred at room temperature for about 12 h to acquire
sufficient viscosity for electrospinning.

Microscopic slide glass plates (24.4 mm X 762 mm X 1.2 mm)
were thoroughly cleaned by ultra-sonication in de-ionized water,
ethanol, acetone and isopropanol, respectively, for about 15 min each.
To ensure that the glass slides were free from surface contaminants,
they were cleaned with Piranha solution (3:7 by volume of 30% H,0,
and H,S0,) followed by rinsing in de-ionized water. The cleaned glass
plates were dried in an oven at 80 °C.

The solution containing the TiO, precursor was loaded into the
electrospinning machine (NANON, MECC- Japan). The washed and
dried microscopic glass slides were then mounted on a flat collector
wrapped with aluminium foil. The applied voltage was set to 30 kV
and the distance between the needle (27G 1/2) tip and the static
collector was set to 10 cm. The humidity level in the electrospinning
chamber was maintained between 50 and 60%. The PVAc-TiO,
precursor solution was electrospun on the glass substrates for 15
min with a flow rate of about 1 mL h™' to deposit a uniform layer of
PVAc-TiO, composite nanofibers on the glass substrate. The PVAc-
TiO, composite nanofibers upon heat treatment process (500 °C for 1
h for polymer degradation) results in finely distributed porous rice-
shaped TiO, nanostructures.

After the heat treatment (annealing) process, the porous TiO,-
coated glass samples were superhydrophilic in nature. In order to
reduce the surface energy and to induce the superamphiphobic
property into the superhydrophilic structures, the coated samples were
put inside a desiccator along with a glass bottle containing 50 uL of
fluorinated silane for 3 h under vacuum. The samples were then
characterized by spectroscopy, microscopy, thermogravimetry, contact
angle measurements, and durability tests.

Instrumentation. The samples for scanning electron microscopy
(SEM) were gold sputtered and the images were captured using a field
emission SEM instrument (FESEM, JEOL FESEM JSM-6700F)
operated at 5 kV. The energy-dispersive X-ray spectroscopy (EDS)
data were also obtained from the same machine.The thickness of the
film was measured by a surface profiler (Alpha-Step IQ Surface
Profiler). The contact angle measurements (static, advancing, receding,
and roll-off angles) were carried out using a contact angle
measurement setup (VCA optima contact angle equipment from
AST Products) in static/dynamic sessile drop mode at room
temperature. The surface contact angle values reported were the
averages of at least five measurements made on different areas of the
coated sample. Thermogravimetric analysis (TGA, TA Instruments
Q100) was performed to study the degradation behavior of the sol-gel
and formation of oxide. X-ray Diffraction (XRD) pattern was obtained
using general area detector diffraction system (Bruker D8,GADDS-
XRD). TEM images of the sintered rice-shaped nanostructures were
taken by a high-resolution transmission electron microscope (HR-
TEM, JEOL 3010 operated at 300 kV). The sample for the HR-TEM
was prepared by dispersing the sintered TiO, powder (TiO,
nanofibers were deposited on the aluminium foil and after sintering,
the pure TiO, material was scraped-off from the aluminium foil) in
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methanol under sonication and then a drop of this suspension is
allowed to dry on a carbon-coated copper grid. Hardness and modulus
values of the coating were measured by nanoindentation set-up
(Agilent Nanoindenter, G200 equipped with a Berkovich tip).

B ASSOCIATED CONTENT

© Supporting Information

Chemical vapor deposition set-up, TGA analysis, surface
contact angle measurements, nano-indentation results, and
peel-oft test results. This material is available free of charge via
the Internet at http://pubs.acs.org.
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