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Superhydrophobic Nanocomposite Coatings of
Hydrophobic Silica NPs and Poly(methyl methacrylate)
with Notable Self-Cleaning Ability

Rajaram S. Sutar, Sima S. Gaikwad, Sanjay S. Latthe,* Vishnu S. Kodag,
S. B. Deshmukh, L. P. Saptal, S. R. Kulal, and Appasaheb K. Bhosale*

The present paper describes a facile and inexpensive dip coating method for
preparation of hierarchical superhydrophobic nanocomposite coating. The
hydrophobic silica nanoparticles (NPs) are synthesized via sol–gel technique.
The superhydrophobicity of the coating is controlled by adjusting the
concentration of silica NPs in poly (methyl methacrylate) (PMMA). After
optimization, the coating exhibited water contact angle of 165° and sliding
angle of 4°. The surface morphology of the superhydrophobic coatings
revealed hierarchical rough structure formed on the glass substrate, which
enable air trapping. The prepared superhydrophobic coating showed wetting
stability under water jet impact with notable self-cleaning performance. The
mechanical stability of the superhydrophobic coating is studied using
sandpaper abrasion and adhesive tape peeling test. Such highly non-wettable
and self-cleaning coatings have potential in various practical applications.

1. Introduction

Notable anti-wetting and self-cleaning property of lotus leaf in-
spired many researchers to work in the field of superhydropho-
bic coating research. It is well known that the superhydropho-
bic coating is rough at nano/microscale level and composed of
low surface energy hydrophobic material.[1–3] The rough struc-
ture able to trap air pocket underneath of liquid and hydrophobic
material allows mobility of water droplets. The superhydrophobi
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city of the coatings can be evaluated by wa-
ter contact angle (WCA) higher than 150°
with negligible flow resistance, i.e., rolling
angle less than 10°. Such coatings are at-
tracting great interest because of their po-
tential applications in self-cleaning[4–7] anti-
icing,[8] anti-corrosion,[9] and so on.[10–12]

Manoudis et al.[13] have found that the
static WCA of the coating increases rapidly
with concentration of hydrophilic silica NPs
and reached maximum value of 154° while
spraying suspension of hydrophilic silica
NPs and PMMA on glass substrate. Pan
et al.[14] have sprayed a mixture of PMMA
and silica NPs on steel surface and achieved
WCA ̴150° and sliding angle ̴2°. Kavale
et al.[15] have obtained optically transpar-
ent, superhydrophobic uniform coatings by
simple dip coating method using PMMA

in the silica coatings, which enhanced the hydrophobicity and
durability of the coatings. Parale et al.[16] have fabricated su-
perhydrophobic coating on different metal substrates by sol–
gel dip coating method at room temperature. The addition of
PMMA in MTMS sol helped to achieve adherent coatings on
different substrates. Mahadik et al.[17] have fabricated trans-
parent and superhydrophobic silica coating on glass substrates
using spray deposition method followed by surface modifica-
tion with trimethylchlorosilane. Suwan et al.[18] have fabricated
the dip-coated PMMA/SiO2 film, which exhibited WCA of 160°
and transmittance of 95%, while spray-coated film exhibited
WCA 140° and 85% of transparency. These durable and op-
tically transparent superhydrophobic films exhibited an excel-
lent self-cleaning property. Latthe et al.[19] have prepared semi-
transparent and self-cleaning superhydrophobic coatings from
the nanocomposite of silica-PMMA. The concentration of PMMA
affects the mechanical durability as well as the optical trans-
parency of the superhydrophobic coating. Xu et al.[20] have fab-
ricated superhydrophobic coatings on glass substrates via dip-
coating from the suspension of hydrophobically modified hollow
silica NPs – PMMA. After modification of the coatings by chemi-
cal vapor deposition perfluorooctyltrimethoxysilane, the coatings
not only showed excellent superhydrophobicity but also signifi-
cant antireflection property in the visible/near-IR spectral range.
Wang et al.[21] have prepared superhydrophobic PMMA–SiO2
nanocomposite films on glass slide via spin coating. In the in-
vestigation of relation to the dosage of SiO2 NPs dispersion in
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Figure 1. a) Photograph of color-dyed water drops on P3 sample, b) digital photograph of water drop on P3 sample. SEM image of P3 sample at c) low
and d) high magnifications.

PMMA solution, it was found that hydrophilic PMMA film trans-
ferred to superhydrophobic PMMA–SiO2 nanocomposite films
when hydrophobic SiO2 NPs were introduced into the PMMA
solution at a high concentration.
In this study, hydrophobic silica NPs were prepared by sol–gel

technique using methyltrimethoxysilane (MTMS). A suspension
of hydrophobic silica NPs and PMMA was deposited on glass
slides at controlled dipping and withdrawing speed. The coating
showed self-cleaning performance along with WCA of 165° and
the water droplets easily rolled off the coating surface.

2. Results and Discussion

2.1. Surface Microstructure and Wettability of the Coating

The surface wettability of any solid surface depends on its chem-
ical and morphological structure. As shown in Figure 1a, the dif-
ferent colored water drops kept on P3 sample acquired ball-like
shape with WCA of ∼ 165° (Figure 1b) with merely 1° difference
between right and left WCA, which confirms the homogeneity
of the coating surface. Also, the water drops roll off quickly at
very low SA of 4°. Such highly nonwetting property of the P3
sample might be due to its porous and rough surface morphol-
ogy. From Figure 1c,d), it is clear that the nanocomposite of sil-
ica NPs – PMMA was uniformly deposited on the substrate with
rough and porous morphology. The hydrophobic silica NPs (size
∼40–50 nm) were found aggregated and embedded in PMMA
structure by creating rough structure. Xu et al.[22] have also found
the similar surfacemorphology for the superhydrophobic coating
prepared with nanocomposite of hollow silica NPs and PMMA.
The air pockets get trapped in the rough structure, and hence

when the water drop sits on the P3 sample, it sits on air – solid
composite structure. The air pockets could not allow the water
drop to enter the rough structure with minimum solid contact
area and hence the coating surface show high WCA and low SA.
For less concentrations of silica NPs in nanocomposite structure,
P1 and P2 samples exhibited WCA of 113° and 137°, respectively.
Since the concentration of silica NPs is less, the P1 and P2 sam-
ples fail to achieve desired surface roughness, and hence, the
anticipated air trapping cannot be achieved. Whereas, with in-
creasing silica NPs concentration, P4 sample exhibited superhy-
drophobic state with WCA of 167°. Xu et al.[22] and Wang et al.[23]

have also found the similar trend of increase in WCA with in-
creasing concentrations of silica NPs in PMMA.

2.2. Self-cleaning Property of Coating

Environmental contaminants such as inorganic/organic and var-
ious types of dust particles may degrade or damage the super-
hydrophobicity of the coating. The self-cleaning behavior of su-
perhydrophobic coating is a typical property for their practical ap-
plication. The water drop exhibited spherical shape, low adhesion
with coating, and quickly roll off the coating.While rolling offwa-
ter drops picked away dust particles present on the surface, this is
called as self-cleaning phenomenon.[24] The self-cleaning perfor-
mance of superhydrophobic coatingwas studied in differentways
such as by impactingwater jet[25] and rolling water drop[7] on con-
taminated surface, immersing in muddy water,[26] and pouring
muddy water on it.[5] The muddy water was prepared by adding
5 g soil in 40 mL water. The P3 sample immersed in this muddy
water and ejected slowly frommuddy water. It was observed that,
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Figure 2. Optical photographs of a-b) P3 sample immersed in muddy water, c-d) muddy water droplets roll off P3 sample, e-h) self-cleaning performance
of P3 sample.

the coating remained cleanwithout any impression ofmuddywa-
ter drops as shown in Figure 2a,b. Subsequently, muddy water
was poured on P3 sample kept at inclination angle 10°. In this
experiment, droplets of muddy water were rolled off similar to
normal water drops as depicted in Figure 2c,d. As shown in Fig-
ure 2e–h, a special P3 sample was prepared by coating half of the
substrate with nanocomposite of silica NPs – PMMA and half
part was kept uncoated. As depicted in Figure 2e,g, the different
dust particles such as soil and chalk particles were spread on the
special P3 sample. The water jet was impacted on the coated part
from height of 5 cm, as shown in Figure 2e. The flowing water
jet carried out dust contaminant from the coating and left be-
hind a clean coating surface. On uncoated glass, water drops with
dust particles heavily stuck on it. A water drop was gently placed
with the help of syringe needle on the coated side, as shown in
Figure 2g. The water drops adsorb dust particles from coating
and roll off towards the uncoated part by efficiently cleaning the
coated part. These experiments indicate that the prepared super-
hydrophobic coating was highly stable during self-cleaning tests.

2.3. Mechanical Durability

The mechanical durability of the superhydrophobic coating was
inspected by water jet, adhesive tape, and sandpaper abrasion
test.[9,27] The water jet produced by syringe and impacted on both
uncoated and coated glass substrate. The water jet spreads over
on glass substrate due to its hydrophilic nature. On the contrary,
when the water jet hits on P3 sample, it bounces off the coating
due to high water repellency as shown in Figure 3. The hierarchi-
cal structure entangled with air pockets may not allow jet to enter
in the coating structure.[28] A water jet was kept hitting continu-
ously on one position of coating surface for more than 2 min and
continuous bouncing off of the water jet confirms high mechan-
ical strength of the P3 sample.
The adhesive property of superhydrophobic coatings was ex-

amined by adhesive tape peeling test. An adhesive tape was gen-

tly applied on P3 sample and slowly peeled off from coating to
investigate adhesiveness of coating. The superhydrophobicity of
coating was checked by performing multiple cycles of adhesive
tape peeling test. It was found that WCA value was remained
unchanged after 10 cycles, showing good adhesive strength of
the coating. After 18 cycles, wettability of the coating turned into
sticky superhydrophobicity, where WCA showed 150°; however,
a water drop remains adhered on the coating surface even after
upside down tilting of the sample. After 26 cycles, the WCA de-
creased to 130°, due to loss of the nanocomposite material dur-
ing adhesive tape peel off process. Hence, after 30 cycles, coating
showed hydrophilic nature and WCA was found less than 72°.
The sandpaper abrasion test was used to characterize the me-
chanical durability of superhydrophobic coating. In this work, su-
perhydrophobic coating (P3 sample) was rubbed with sandpaper
(grit no. 400) by putting 100 g weight on it. It was observed that,
after moving for 70 cm on sandpaper, P3 sample showedWCA of
160°, revealing good abrasive strength of the coating.Whereas, af-
ter 170 cm abrasion, the coating surface got damaged and WCA
found decreased to 123°. The coating was completely damaged
after 200 cm and turned to hydrophilic nature with WCA of 55°.

3. Conclusion

In summary, a facile and inexpensive dip coating method was
used for the preparation of superhydrophobic coating, which
showed notable self-cleaning ability. The wettability of the silica
NPs–PMMA nanocomposite coating was controlled by optimiz-
ing the concentration of silicaNPs in PMMA. The as-prepared su-
perhydrophobic coating exhibitedWCAof 165° with sliding angle
∼ 4°. The wettability of the superhydrophobic coating was found
stable for continuous water jet impact. Particularly, this coating
was stable for abrasion with sandpaper for 70 cm distance and 10
cycles of adhesive tape peeling test. This superhydrophobic coat-
ing showed excellent self-cleaning ability in different situations
and hence promising for practical applications.
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Figure 3. Optical image of water jet hitting on P3 sample.

4. Experimental Section

Materials: MTMS was purchased from Sigma-Aldrich, USA.
Methanol, ammonia, and chloroform were bought from Spectrochem
PVT. LTD., India. Micro-glass slides (75 × 25 × 1.35 mm) were obtained
from Blue star, Polar Industrial Corporation, India.

Preparation of Hydrophobic SiO2 NPs: The hydrophobic silica NPs
were prepared by sol–gel method.[29] In typical synthesis, the mixture of
4 mL MTMS, 40 mL methanol, and 8 mL distilled water was stirred for
20 min. Ammonia solution was added dropwise in the mixture and stir-
ring was further continued for 30 min. The gel formed, which was aged
overnight and dried at 80°C for 5 h. Finally, dried gel was grinded well us-
ing mortar and pestle to earn fine silica powder.

Preparation of Superhydrophobic Coating: At first, glass substrates were
cleaned with tap water and laboratory reagent (Molyclean 02 Neutral, from
Molychem, India). Thereafter, cleaned ultrasonically with distilled water
and ethanol for 10 min. A 20 mg ml-1 PMMA was completely dissolved in
chloroform. The nanocomposites were prepared by adding hydrophobic
silica nanoparticles in PMMA solution and stirred magnetically for 6 h.
The cleaned glass substrate was dipped for 5 min and dried at 150°C for
3 h in oven. The coatings were prepared using varying concentrations of
hydrophobic silica NPs in PMMA such as 20, 30, 40, and 50 mg ml-1 and
labeled as P1, P2, P3, and P4 samples, respectively.

Characterizations: Themicrostructure of coating was observed by field
emission scanning electron microscopy (SEM, JEOL, JSM-7610F, Japan).
The WCAs of coatings were measured on contact angle meter (HO-IAD-
CAM-01; Holmarc Opto-Mechatronics Pvt. Ltd., India). For roll-off angle
measurement, coated slide placed on substrate holder of contact angle
meter and holder inclined slowly with adjusting screw. The water jet impact
study was characterized by producing water jet on coating from 15 mL
syringe. The water droplets were dropped on the coating placed at 30°
inclination from height∼ 10 cm. The adhesive tape peeling and sandpaper
abrasion tests were used to check mechanical stability of coating. The self-
cleaning behavior was observed by pouring muddy water on coating and
spreading artificial dust particles.
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