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Transparent hydrophobic and
superhydrophobic coatings fabricated using
polyamide 12-SiO, nanocomposite

G. Prasad,®® R.P.S. Chakradhar,®* Parthasarathi Bera,® A-Anad, Prabu®*
and C. Anandan?®

Optically transparent hydrophobic and superhydrophobic coatings have been prepared using polyamide 12-SiO, nanocomposite
(NC) on glass substrates by the spin-coating method. The coatings have been optimized for their hydrophobicity and transpar-
ency. The transformation from hydrophobic to superhydrophobicity is achieved with increase in roughness (R,) which increases
with SiO, content. These coatings are highly transparent in the entire visible region (400-800 nm). The influence of layer thickness
on water contact angle (WCA) and optical transmittance of the coatings has been studied. Field emission scanning electron micro-
graph (FESEM) shows the presence of SiO, nanoparticles covered with polyamide homogenously on the surface and the particles
are aggregated to form a rough structure. X-ray diffraction (XRD) patterns show that the polyamide losses its crystalline structure
in the composite. The preparation procedure reported here is simple and eco-friendly. The dual nature of the coatings, that is, high
transparency and superhydrophobicity in the entire visible region suggests for its potential usage in self-cleanings, wind screen

and optoelectronic applications. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

The fabrication and study of hydrophobic and superhydrophobic
surfaces/coatings have emerged as one of the most popular re-
search topics in recent times because of its potential applications
in self-cleaning, stain-resistant and ice-repellent properties!'™
The hydrophobicity of any surface is usually qualified with the help
of water contact angle (WCA). WCA greater than 90° is refereed as
hydrophobic, and if it is greater than 150° then the surface is con-
sidered as superhydrophobic in nature. The development of tech-
nology and their applications have extended to new fields such
as energy efficient coatings that are both self-cleaning and trans-
parent for potential applications in solar cells, window treatment
and optical equipment, etc. The application of transparent
superhydrophobic coatings on optical surfaces can improve out-
door performance via a ‘self-cleaning’ effect similar to the Lotus ef-
fect. Among the various coatings and materials developed so far,
the clear transparent hydrophobic and superhydrophobic coatings
are probably the most commercially viable and likely to produce a
big impact on the society. However, developing optically transpar-
ent superhydrophobicity on glass substrates is a challenging task,
because requirement for hydrophobicity typically competes with
transparency. The superhydrophobic property is controlled both
by its chemical nature and surface topography or roughness.'®
The surface features (i.e. surface roughness) associated with hydro-
phobicity are typically light scattering, thereby making such sur-
faces to appear as opaque or translucent. Hence, controlling the
surface roughness to an appropriate value to obtain a transparent
superhydrophobic surface is a vital process to get the desired prop-
erties. The micro- and nano-structures should be precisely tuned so

that transparency and superhydrophobicity have two paradoxical
requirements for the hierarchical structure.

Even though various studies have been attempted to fabricate
transparent superhydrophobic surfaces,”"* a good balance be-
tween transparency and durability remains unsolved. Despite many
theoretical and experimental efforts, inexpensive manufacturing of
superhydrophobic surfaces remains problematic. As a part of our
program on superhydrophobic surfaces,"'*'® we report here a sim-
ple method to prepare transparent polymer-based nanocomposite
(polyamide 12-SiO,) hydrophobic and superhydrophobic coatings.
Polyamides are considered to be one of the most important super-
engineering materials because of their superior mechanical proper-
ties at elevated temperatures and thermal stability, and SiO; is the
most commonly used material for the preparation of
nanocomposites."”! In the present work, the authors are interested
to prepare transparent hydrophobic and superhydrophobic coat-
ings on glass substrates with more emphasis on transparent
superhydrophobic coatings, as developing optically transparent
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superhydrophobicity is challenging. The coatings have been pre-
pared through successive spin coating of hydrophobically modified
silica (HMS) dispersed onto polymer films as the spin coating is a
facile method. The coatings have been characterized using X-ray
diffraction (XRD), field emission scanning electron microscopy
(FESEM), 3D surface profilometry, Fourier transform infrared spec-
troscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). The in-
fluence of layer thickness on WCA and optical transmittance of the
coatings have been studied by UV-Vis spectroscopy.

Experimental details

Polyamide 12 (nylon) and p-cresol were procured from S. D. Fine
Chemicals, and HMS was procured from M/s ABCR GmbH,
Germany. Nylon stock solution was prepared by mixing a 0.2 g of
polyamide 12 with 20 ml of p-cresol, and it was magnetically stirred
for 3 days under ambient condition. Around 1 g of HM silica was dis-
persed in 5ml of p-cresol by ultrasonication for 30min. The
resulting colloidal suspension was mixed with as-prepared 1 wt.%
polyamide 12 solution and magnetically stirred for overnight until
a homogenous mixture was obtained.

Glass slides of 35 mm x 25 mm x 1 mm dimension were used as a
substrate for spin coating. Before spin coating, the slide substrates
were ultrasonicated in alcohol for about 10 min and then sonicated
in distilled water for another 10 min. The cleaned surfaces were
then subjected to spin coating. The mixture of polyamide 12 and
different concentrations of HMS (0.25, 0.75, 2 and 4 wt.%) compos-
ite solution was prepared and spin coated on glass substrates with
spinning speed of 3000 rpm. The coatings were optimized for their
hydrophobicity and transparency on glass substrates. The coatings
were dried at room temperature overnight.

XRD patterns were recorded using Bruker D8 Advance diffrac-
tometer using Cu Ka (A=0.154178 nm) radiation, 40-kV voltage
and 40-pA current. The scanning range was 6 =10 - 80° and the
scanning speed was 0.50° min~ . The surface morphologies of the
coatings were examined using field emission scanning electron mi-
crograph (FESEM) (Carl Zeiss Supra 40 VP). The image analysis of the
coating was carried out using the image analysis software LAS V4.6
attached to LEICA MEIREN image analyzer. The 3D roughness pro-
files were measured using 3D profilometer (Nano Map 500LS from
AEP Technology, USA). The roughness values were measured by
contact mode having a tip radius of 50 nm with a scan area of
200 um x 200 um. The contact force and scanning speed used were
10mg and 200 ums ', respectively. Static WCAs of the coatings
were measured using a contact angle analyzer (Phoenix 300 Plus
from M/s Surface Electro Optics, Korea). Measurements were made
using tangent line-fitting mode. Water sliding angle (SA) was mea-
sured using a home-made instrument. The drop volume for WCA
and SA measurements was 8 pl. Deionized Milli Q water was used
for the measurements. An average of five measurements was taken
for reporting of WCA, and the error in measurements was within
+2°. The optical transmission spectra were measured using UV-Vis
spectrophotometer (Ocean Optics 2000, USA). FTIR studies were
performed on a Shimadzu IRAffinity-1 spectrometer with KBr pel-
lets. XPS of polyamide 12 and polyamide 12-SiO, coatings were re-
corded with a SPECS spectrometer using non-monochromatic AlKa
radiation (1486.6 eV) as an X-ray source operated at 150 W (12 kV,
12.5mA). The binding energies reported here were referenced with
Cls peak at 284.6eV. Survey spectra were obtained with pass
energy of 70eV whereas individual spectra were recorded with
40-eV pass energy with 0.05-eV step increment.

Results and discussion
XRD studies

From Fig. 1, it can be observed that the water droplet retains its
spherical shape on the coated glass. Further, the letters underneath
the coated glass can clearly be seen indicating that the coatings are
of high transparency. The XRD measurements have been used to
investigate the influence of silica nanoparticles on the crystalliza-
tion of polyamide 12. Figure 2 shows the XRD patterns of (a) poly-
amide 12 coating, (b) hydrophobically modified SiO, and coatings
with different concentrations of polyamide 12-SiO; (c) (1:0.25), (d)
(1:0.75), (e) (1:2) and (f) (1:4) coatings, respectively. Several crystal-
line structures have been defined for polyamide 12."® The crystal
structure of polyamide depends on the crystallization conditions.
It has been demonstrated that polyamide 12 shows two strong
characteristic diffraction peaks around 26 =20.3° and 21.0° which
are designated as o' and o phases of polyamide, and the crystal

Figure 1. Photograph of water droplet on the transparent and

superhydrophobic polyamide 12-SiO, (1:4) coating on glass slide.
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Figure 2. XRD patterns of (a) polyamide 12 coating, (b) hydrophobically

modified SiO, (HMS) and different concentrations of polyamide 12:SiO, (c)
(1:0.25), (d) (1:0.75), (e) (1:2) and (f) (1:4) coatings.
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structure is mostly monoclinic and is believed to be a less stable
phase.'” On the contrary, if the samples are crystallized by slow
cooling or by rapid quenching from the melt, then it shows y or
hexagonal phase at room temperature.?” If the polyamide 12 is
crystallized at high temperature and pressure, then it exhibits both
o and y phase at room temperature 2%

In the present work, polyamide 12 [Fig. 2 (a)] shows a sharp peak
at 20 =20.20° along with two broad peaks at 26 =36.59° and 39.50°.
The distinct peak at 260 =20.20° is assigned to the a phase of poly-
amide 12 which is attributed to the (100) crystal planes of o crystal
form. However, the origin of broad peaks at 20 =36.59° and 39.50°
are not known. The diffraction pattern of Fig. 2 (b) indicates a broad
peak at 20 = 21. 342°, which reveals the amorphous nature of the sil-
ica nanoparticles. Music et al.®® also recorded one broadened XRD
peak for amorphous silica centered at the 26 value close to the
present measurement. Nallathambi et al®? observed similar dif-
fraction pattern for silica nanoparticles. When low concentration
(0.25 and 0.75 wt.%) of HMS is introduced into the polyamide 12,
there is not much change in the crystallinity of the composite coat-
ing as the peak at 20.20° remains sharp. However, at higher concen-
trations (2 and 4 wt.%) of HMS, there is a drastic change in their XRD
patterns [Fig. 2 (e, f)] suggesting that the addition of HMS changes
the crystal form of polyamide 12. The diffraction pattern of polyam-
ide 12-SiO, (2 and 4 wt.%) of the coatings exhibits a broad peak at
26 =23.432° on the higher 26 side of polyamide 12 and broadness
of SiO.. Further, the full width at half maximum (FWHM) of this dif-
fraction peak suggests the decrease in the degree of polyamide 12
crystallinity. This result indicates that the incorporation of HMS can
influence crystallization of polyamide 12 and makes the microstruc-
ture of polyamide 12 amorphous.

FESEM studies

FESEM analysis has been performed to get the information on the
size and distribution of the silica particles, extent of surface cover-
age and topography. Figure 3 shows the FESEM image of polyam-
ide 12-SiO, (1:4) superhydrophobic coating. From the micrograph,
it can be observed that the SiO, particles which are in white globu-
lar shape have been dispersed into polyamide matrix uniformly.
The agglomerated particles and the size distribution have been es-
timated using the Leica’s image analysis software LAS V4.6, and the
results are shown in Fig. 4. It can be seen from the figure that the
distribution of agglomerated silica particles is skewed towards
higher agglomerate size, and the size of the agglomerates is found
to be <3.25 um. However, majority (>50%) of the agglomerates are
between 0.8 and 1.6 um. As already discussed, one of the critical
features to get superhydrophobicity is the presence of micro-nano
sized hierarchical structures in the coating. The coating with

Figure 3. FESEM micrograph of polyamide 12-SiO, (1:4) superhydrophobic
coating.
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Figure 4. Distribution of agglomerated size versus agglomeration of silica
particles in polyamide 12-SiO, (1:4) superhydrophobic coating.

aggregated silica particles exhibits topography with micro and
nano scales suitable for entrapping air and thus generates
superhydrophobic surface with high WCA. Spin coating would lead
to close packed HMS because of shear induced ordering and hence
helps to increase surface roughness by aggregation.2>2¢!

AFM studies

Figure 5 shows the 3D roughness images of (a) polyamide 12 coat- F5

ing and different concentrations of polyamide 12:SiO, (c) (1:0.25),
(d) (1:0.75), (e) (1:2) and (f) (1:4) coatings, respectively. The average
roughness (R,) and roughness in Z direction (Rz) values are ob-

tained from these images which are given in Table 1 and compared T1

with contact angle in Fig. 10. The surface roughness studies of the
coatings reveal that polyamide 12-SiO, coatings have higher
roughness than polyamide 12 coating. It is observed that with in-
crease in concentration of HMS, there is a gradual increase in
roughness from 88 nm to 233 nm. In order to achieve the integra-
tion of superhydrophobicity and good transparency with the same
surface, the dimensions of the roughness should be lower than the
wavelength of the visible light.!*”’

XPS studies

Figure 6 shows the XPS survey spectra of (a) pure polyamide 12 F6

and (b) polyamide 12-SiO, coatings, respectively. The survey
spectrum of pure polyamide 12 shows the presence of C, O
and N, whereas Si is observed to be present along with C, O
and N in the polyamide 12-SiO, coating [Fig. 6 (b)]. Presence
of Si peaks in polyamide 12-SiO, coating indicates that SiO,
and nylon coexist on its surface. It is observed that the amount
of N is very less in polyamide 12-SiO, superhydrophobic coating.
This can be because of the presence of SiO, particles on the
surface.

The N1s core level spectra of pure polyamide 12 and polyam-

ide 12-SiO, composite are presented in Fig. 7 (a) and (b) and F7

Si2p core level spectrum of polyamide 12-SiO, composite in
Fig. 7 (c), respectively. N1s core level peak at 399.4 eV is assigned
for nitrogen present in polyamide 12 that agrees well with the
literature.2®! However, less intense peak at 399.2 eV observed in
polyamide 12-SiO, coating [Fig. 7 (b)] is because of lower
concentration of polyamide 12 in the composite. Si2p core level
peak at 103.7eV is attributed to SiO, in polyamide 12-SiO,
coating.l*”!

Relative surface concentrations of N and Si in polyamide 12-SiO,
coating have been estimated by the relation®:
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Figure 5. 3D roughness images of (a) polyamide 12 coating and different concentrations of polyamide 12:SiO, (b) (1:0.25), (c) (1:0.75), (d) (1:2) and (e) (1:4)

coatings.

Table 1. R, and R, values for variable amount silica percentage in PA12:
SiO, coatings

Polyamide12:SiO, R, (nm) R, (nm)
1:0 88 112
1:0.25 92 121
1:0.75 129 162

1:2 173 236

1:4 233 299

Cv _ InosiAsiDs;
Csi  IsionAnDn

M

where G, |, 6, 2 and D are the surface concentration, intensity, pho-
toionization cross section, mean escape depth and analyzer detec-
tion efficiency, respectively. Integrated intensities of N1s and Si2p
peaks have been taken into account to estimate the concentration,
whereas photoionization cross sections and mean escape depths
have been obtained from the literature.**? The surface concen-
tration ratio of N to Si evaluated from XPS is 0.02 in terms of atomic
percentage in polyamide 12-SiO, coating which is in agreement
with the starting batch composition (1:4) in wt.%. This shows that
polyamide 12 forms a very thin coating, probably few tens of nm
thick on the silica surface as a binder.
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Figure 6. Survey spectra of (a) pure polyamide 12 and (b) polyamide
12-Si0, (1:4) transparent superhydrophobic coating.

FTIR studies

Characterization of polyamide-silica nanocomposite coatings has
also been carried out with FTIR and is shown in Fig. 8. The spectrum
exhibits characteristic absorption bands associated with both poly-
amide and silica. The observed peaks at 843 and 1043 cm ™' are at-
tributed to Si—O bending vibration and asymmetric stretching
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Figure 7. N1s core level spectrum of (a) pure polyamide 12, (b) polyamide 12-SiO, (1:4) and (c) Si2p core level spectrum of polyamide 12-SiO, coating.
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Figure 8. FTIR spectrum of polyamide 12-SiO, (1:4) superhydrophobic
coating.

vibration of Si—O—Si bands, respectively, that corresponds to SiO,
in the coating.?® Further, the bands associated with CH, rocking
type bending vibration, N—H bending, C=0 stretching, symmetric
vibrations of C—H, asymmetric vibrations of C—H, C—H stretching
and N—H stretching are found at 716, 1549, 1641, 2851, 2920, 3089
and 3291 cm ™! indicating the presence of polyamide in the nano-
composite coating.**

Wettability studies

Figure 9 shows the images of water droplets on (a) polyamide 12,
(b) polyamide 12-SiO, hydrophobic and (c) polyamide 12-SiO,
(1:4) superhydrophobic coatings on glass substrate. It is observed
that the WCA of polyamide 12 is 66° which indicates hydrophilic na-
ture with SA greater than 90°. On the other hand, with the incorpo-
ration of HMS into polyamide 12 matrix (1:2), the WCA increases to
123° exhibiting hydrophobic nature whereas further increase in
HMS into polyamide 12 matrix (1:4) leads to WCA of 159° with SA

less than 2° exhibiting superhydrophobicity. The correlation of
roughness (R,) and WCA with variable amount of silica content is
shown in Fig. 10.

The increase in WCA with addition of HMS is because of in-
creased roughness and the theoretical explanation on the effect
of surface roughness and wetting behavior has been provided by
Wenzel®® and Cassie and Baxter.*® When a water drop falls on a
superhydrophobic surface either of two possibilities can occur,
the drop may spread on the surface (Wenzel state) or it might sit
on the top of the surface (Cassie state). In the Wenzel state, the ap-
parent WCA (8") on the rough surface can be related to the WCA by
the relation:

Cosf* = r Cos0O (2)

where r is the roughness of the coating defined as the ratio be-
tween the true surface area by the apparent flat surface. Cassiee
and Baxter have correlated the apparent contact angle ©) on a
rough surface to the weighted average of the cosines of the contact
angles on the solid and air surfaces, where (f) is defined as the frac-
tion of the surface on top of the protrusions, (1 —f) the fraction of
air pockets and (6,) the contact angle on the air in the valleys.””
By combining the Cassie-Baxter and Wenzel relationships, a gen-
eral equation can be obtained for the apparent contact angles mea-
sured on a rough surface (6g) which is given below:

CosOg = rf.cos6 + f—1. (3)

As can be easily deduced from Eqn 2, increased surface rough-
ness will lead to much higher contact angles for hydrophobic sur-
faces that have a contact angle > 90° on flat surfaces.

In the present work, the influence of polyamide 12-SiO, coatings
layer thickness on the WCA has also been studied. The WCA slightly
varies with different thickness of coatings. It is observed that the
WOCA values gradually decrease with increase in the thickness. Sin-
gle layer coating has 159° contact angle whereas two layers and
three layers have 155° and 154° contact angles, respectively, and
all the coatings exhibit SAs less than 2° The surface free energy
(vp) of the polyamide 12, polyamide 12-SiO, hydrophobic and poly-
amide 12-SiO, superhydrophobic coatings can be evaluated using
the following equation:
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Figure 9. Water contact angle (WCA) measurements on (a) polyamide 12, (b) polyamide 12-SiO, (1:2) and (c) polyamide 12-SiO, (1:4) coatings on glass
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Figure 10. Variation of WCA and roughness with different wt.% of silica
content.

7(1 + cos0)?

y (4)

w =

where 7y, is the surface tension of water whose value is
7299 mNm™". The surface free energy for polyamide 12 is found
to be 36.11 erg cm™2. For polyamide 12-Si0, hydrophobic coating,
the surface free energy is found to be 6.096 erg cm™2 whereas for
single-layer, two-layer and three-layered superhydrophobic coat-
ings, they are 0.080, 0.160 and 0.187 ergcm ™2, respectively. The
work of adhesion (W) on such surfaces of polyamide 12 and poly-
amide 12-SiO, coatings have also been evaluated using Young-
Dupre’s equation>®3%):

Wy = y,(1 + cosd) (4)

where Wy, is the work of adhesion between solid and liquid surface
and 1y, is the liquid-air interfacial surface tension, which is
7299 mNm™" for water. The work of adhesion for polyamide 12
coating is found to be 102.67 mNm ™', for hydrophobic polyamide
12-5i0, (1:2) coating it is 42.18 mN m ™" and for the polyamide 12-
SiO, (1:4) superhydrophobic coatings with one layer, two layers and
three layers they are 4.878, 6.838 and 7.387 mNm ™', respectively.
As discussed earlier, the average roughness of polyamide 12-SiO,
coatings of single layer is 180 nm. Addition of more layers may re-
sultin a slight decrease in the surface roughness. This is most prob-
ably because of the maximum coverage of surface and
agglomeration of silica particles which has resulted in a slight de-
crease in WCA. The studies on surface free energies and work of ad-
hesion also support the above conclusions.
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Figure 11. Transmittance of bare glass and spin coated polyamide 12-SiO,
(1:2) hydrophobic and superhydrophobic (1:4) coatings on glass substrate.

Transmittance studies

The transmittance spectra of glass, polyamide 12-SiO, hydropho-
bic and different layers of polyamide 12-SiO, superhydrophobic
coatings have been recorded and can be better visualized if the

Tglass

transmission data (T%) are plotted as in Fig. 11, ( Tc > %100, where

Tc is the transmittance of the coated surface and Ty, is the trans-
mittance of untreated glass slide. As in the figure, a good transpar-
ency can be seen in the entire visible region (400-800 nm). In order
to get superhydrophobicity, a rough surface structure is necessary.
However, this type of structure often leads to severe light scattering
because of its large roughness which is comparable to or even
much larger than the visible light wavelength.*” In the present
work, low enough roughness for scattering of visible light to get
good optical transparency has been achieved. From the figure, it
is observed that the coatings have high transmittance of 87.7% at
400nm to 93.7% at 850nm for superhydrophobic coatings,
whereas for hydrophobic coatings it varies from 95 to 97% in the
range 500 to 850 nm. The transmittance at 600 nm is around 91—
93%, suggesting that these coatings can find potential applications.

Conclusions

Highly transparent hydrophobic and superhydrophobic polyamide
12-Si0, nanocomposite coatings have successfully been prepared
by the spin coating method. The average roughness of
superhydrophobic polyamide 12-SiO, coatings is 180 nm; addition
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