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Abstract. Inspired by lotus-effect, superhydrophobicity has attracted considerable interest in various areas such as selfcleaning, antifouling and liquid transportation, and so on. Superhydrophobic surfaces can be prepared mostly by altering
the surface with creating micro/nanoscale structures or with chemically modifying by materials of low surface energy.
In this study, the electrochemically fabricated nanoporous alumina is deposited with poly(dimethylsiloxane) via a one-step
thermal treatment to achieve ultra-water repellent or superhydrophobic surfaces. Nanoporous anodic alumina substrates with
varying pore diameters were used for the poly(dimethylsiloxane) deposition, and their morphological characterization is
carried out using the field emission scanning electron microscope. Energy-dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy inferred the chemical composition, while contact angle measurements using a commercial contact
angle measurement system is exploited to probe the water spreading behaviour on the fabricated substrates. The substrates
also exhibit high repellence behaviour towards ethylene glycol. The superhydrophobic behaviour of the fabricated substrates
is investigated while the substrate is immersed in organic solvents like decane, hexane and toluene. In addition, the super
repellence behaviour of the substrates against the corrosive chemicals such as aqua regia and saturated sodium hydroxide
is investigated and the substrate was found to retain its super repellence behaviour against corrosive solutions. Further, the
self-cleaning properties and antifouling behaviour of the fabricated substrates were also demonstrated.
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1. Introduction
Recently, nature-inspired surface engineering of the materials
to achieve desired wettability, ranging from superhydrophilic
to superhydrophobic characterized in terms of water contact angle, has been a subject of intense research [1,2].
The burgeoning research in this field can be attributed to
the widespread applications of surfaces with tailored wettability in diverse areas, ranging from photonics to biology.
Bio-mimicking of various naturally occurring surfaces to
obtain the surfaces with desired wettability properties are
finding increasing demands of self-cleaning surfaces, digital
microfluidics, surfaces that exhibit drag reduction, anticorrosive coatings, etc. [3–14]. For example, the replication
of naturally occurring lotus leaves create surfaces that are
self-cleaning, low adhesive and superhydrophobic in nature,
whereas biomimicking of rice leaves results in anisotropically wetting surfaces [15]. The biomimicking of animals
also exhibited extreme wettability with other specific properties [16]. For example, surfaces inspired by the butterfly
wing exhibit superhydrophobic, directional adhesive, structural colour and self-cleaning property [17,18]. On the other

hand, surfaces mimicking mosquito compound eyes exhibit
superhydrophobic, antifogging and antireflection property
[18,19]. The gecko feet-inspired surfaces are reported to
exhibit superhydrophobicity, high and reversible adhesion
along with self-cleaning features [18,20–22]. Of late, researchers are focusing on the Nepenthes pitcher plant-inspired
fabrication of slippery surfaces [23,24].
The desired surface wettability properties on the surface are typically achieved either via chemical modification
or surface roughness tailoring through physical structuring,
or a combination of both. The lotus-leaf-inspired superhydrophobic surfaces are normally fabricated by roughening
the low-surface energy material or by chemically modifying
the surface with low-surface energy materials. The physical
methods to fabricate surfaces with tailored wettability include
plasma treatments, phase separation methods, template methods, spin coating methods, spraying methods, electrohydro
dynamics/electrospinning and ion-deposition method. On
the other hand, chemical methods include sol–gel methods,
solvothermal methods, electrochemical methods, layer-bylayer methods, self-assembly methods, bottom-up approach
of fabrication of hierarchical micro/nanoscale structures.
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In addition, hybrid approaches like vapour deposition techniques and etching methods are used to achieve the desired
surface wettability. A recent review summarizes the progress
in various physical, chemical as well as hybrid methods to
create bioinspired surfaces of superwettability property [18].
By exploiting the possibility to control the parameters such
as pore size, pore depth, pore density and interpore spacing of nanoporous anodic alumina (NAA) by controlling
the fabrication conditions, recently, NAA is emerging as a
favourable candidate for the surfaces with desired wettability. Aside from such applications of surface wettability
tailoring, NAA is finding increased applications in diverse
areas including biosensing, hydrogen evolution, energy storage, optical sensing, nanophotonics, etc. [25–35]. It has been
shown recently that in the commonly adopted electrochemical approach of fabricating NAA, the pore parameters can
be tailored by controlling the fabrication conditions such as
bath type and composition, electrolyte temperature, applied
potential and so on [36–39]. It has been shown recently that
the surface wettability can be tailored from hydrophilic to
hydrophobic by merely altering the pore diameter of NAA
from 15 to 220 nm [40]. The increase in the pore diameter led
to an increase in the contact angles from 38° to 135°. Further,
the water-repelling behaviour of NAA has been demonstrated
by introducing hydrophobic alkyl chains into the porous and
roughed alumina surface via polyethyleneimine and stearic
acid layer modification [41]. Wang et al [42] obtained the
superhydrophobic NAA by first growing Ag nanorods via
galvanic reduction and then modifying the surface with perfluorodecanethiol. The roughness of the NAA-Ag multilayer,
along with the chemical modification, led to the superhydrophobicity of the NAA-Ag multilayer film. Using a
simplified process, including anodization, post etching and
teflon modification, Su et al [19] prepared superhydrophobic
surfaces with a structural pitch of 28 nm to study biofilm
formation. Compared to a nanostructured electropolished
metallic surface, the prepared nanoporous surface displayed
a reduction of more than 99% in the bacterial adhesion. In
another study, Wang et al [18] prepared a superhydrophobic NAA surface by a modified electrodeposition process
using zinc stearate and claimed the superior corrosion resistance compared to pristine NAA. Similarly, Liu et al [20]
prepared hybrid pillar-on-pore hybrid nanostructures using
one-step anodization followed by monolayer hydrophobic
coating to achieve superior superhydrophobic NAA surfaces. Saleema et al [43] used the aqueous solutions of
sodium hydroxide and fluoroaklyl-silane (FAS-17) molecules
to render the surface of aluminium as superhydrophobic
by creating rough micro-nano structures on them. Zhang
et al [21] obtained superhydrophilic and superhydrophobic
NAA fabricated by pyrophosphoric acid anodization and fluorinated self-assembled monolayer modification. Likewise,
Wang et al [22] prepared superhydrophobic NAA by postanodization etching and self-assembled heptadecafluoro1,1,2,2-tetrahydrodecyl-trichlorosilane monolayer coating. In
this study, it was established that the interpore distance plays a
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crucial role in controlling the superhydrophobicity. In almost
all of the above studies, fluorosilane modification has been a
common step performed usually immediately after anodization, as can also be seen in several other studies [16,17,44].
However, the usage of fluorine as a component to achieve low
surface energy makes the surface as a less favourable candidate for many applications, particularly for bio-applications.
Though physical methods have shown promise in fabricating
fluorine-free superhydrophobic surfaces, only a few studies
are reported on the fabrication of non-fluorinated chemically
modified surfaces [45]. Moreover, the current artificially prepared superhydrophobic surfaces can be readily contaminated
and wetted by the liquids of lower surface tension. Organic liquids commonly exhibit higher surface attraction due to their
smaller surface tension in comparison with water, and they
are more easily wetted and spread onto the solid surfaces.
Further, the water repellence behaviour of the substrate when
immersed in organic solvents or oils is a necessity for many
of the practical applications.
Herein, we demonstrate a simple approach for fabricating water repellent nanoporous alumina, wherein the first
step involves the fabrication of nanoporous alumina via
electrochemical anodization technique followed by second
step of coating of poly(dimethylsiloxane), PDMS, onto the
nanoporous alumina surface by evaporating the PDMS solution at high temperature. The role of the nanopore diameter
on the experimentally observed superhydrophobicity is investigated. Further, the behaviour of the substrate towards water
repellence is investigated in air as well as in the oil environment (organic solvents such as hexane, decane and toluene),
and found that the prepared substrates are retaining their
superhydrophobic nature with self-cleaning property in air
and oil. Further, the surfaces are found to show similar
behaviour for ethylene glycol of surface tension 47.3 m Nm−1 .
Moreover, the prepared surfaces exhibit extreme repellence
towards highly corrosive liquids such as aqua regia and saturated sodium hydroxide solution. In addition, the antifouling
behaviour of the surfaces against muddy water is also demonstrated.

2. Experimental
2.1 NAA preparation
NAA substrates possessing highly ordered nanopore arrays
were prepared by two-step electrochemical anodization in
the potentiostatic mode, as explained elsewhere [46,47]. In
brief, aluminium pieces of high purity were pre-treated before
carrying out the anodization. The pre-treatment involves
degreasing in acetone, ultrasonic cleaning, annealing, and
cleaning in NaOH and nitric acid. Electrochemical polishing
was carried out, to provide mirror-finish smoothness to the
substrate surface, at a current density of 200 mA cm−2 in the
mixture of chromic and phosphoric acid (2:8). The electropolished substrates were used for the anodization experiments.
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Figure 1. Scanning electron microscope images of (a) sample 1, (b) sample 2 and (c) sample 3 of NAA prepared at 25, 40 and 150 V,
respectively; scale bars correspond to 500 nm. Insets show the magnified view (inset scale bars = 50 nm).

Figure 2. FESEM images of sample 1: (a) low and (b) high magnifications, (c) EDS spectrum, inset shows the FTIR spectrum; sample
2: (d) low and (e) high magnifications, (f) EDS spectrum, inset shows the FTIR spectrum; sample 3: (g) low and (h) high magnifications,
(i) EDS spectrum, inset shows the FTIR spectrum.
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Figure 3. Digital photographs of water (orange coloured) and ethylene glycol (blue coloured) droplets placed on NAA surface without
(a–d and i–l) and with (e–h and m–p) PDMS coating immersed in decane.

Anodization with the optimized experimental conditions, in
sulphuric, oxalic and phosphoric acid electrolytes provided
NAA with pore diameters of ~22, ~45 and ~170 nm, respectively.
2.2 PDMS deposition
PDMS ((C2 H6 OSi)n ) is the most extensively used siliconbased organic polymer. It is optically transparent, and in
general, inert, non-toxic and non-flammable. Sylgard 184 purchased from Dow Corning, USA, was used in the experiments,
which was of analytical grade and used as received. Before
depositing PDMS on the NAA substrates, repeated ultrasonic
cleaning of the NAA substrates using ethanol and deionized
water was carried out. Following the procedure analogous as
in the study by Long et al [45], 2 ml of PDMS liquid was
added into a crucible or Petri dish. The PDMS-loaded container was then placed into the furnace at 350°C for 2 h. The
substrate to PDMS liquid distance was maintained at ~2.5 cm,
and the heating rate was maintained at 10°C min−1 for all the
samples.
In this study, only the fluoride-free PDMS liquid was used
as the starting material, and no noxious solvent was used.
After the heat treatment in the furnace, the PDMS liquid
decomposes and generates soot. This soot gets deposited on

the substrate, which is kept inverted on the container with the
fixed sample to substrate distance. After the experiment, when
the deposition takes place completely, the container is left
with the white powder. The substrate coated with PDMS soot
and also the leftover white powder shows super-repellency
towards water and ethylene glycol.
Three different NAA samples were used for the PDMS
deposition with the details as follows (see figure 1):
Sample 1: NAA with the pore diameter of ~22 nm
Sample 2: NAA with the pore diameter of ~45 nm
Sample 3: NAA with the pore diameter of ~170 nm.
2.3 Characterizations
All the scanning electron microscope images were obtained
from the field emission scanning electron microscope
(FESEM), and the surface composition information was
extracted by energy dispersive spectroscopy (EDS) at the
accelerating voltage of 10 kV (Zeiss EVO 18 analytical
scanning electron microscope). Fourier transform infrared
(FTIR) spectra were recorded by Fourier transform infrared
spectrometer (Jasco FP6300). The liquid contact-angle measurements of the samples were collected by contact-angle
measurement system (Holmarc, India). The static contact
angles presented in the report are the mean values of at least
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Figure 4. Digital photographs of water (orange coloured) and ethylene glycol (blue coloured) droplets placed on NAA surface without
(a–d and i–l) and with (e–h and m–p) PDMS coating immersed in hexane.

five measurements with 5 µl water droplets at different places
on each sample’s surface. The photographs and videos were
recorded using a digital camera (Sony, Japan).

3. Results and discussion
FESEM images (of low (a) and high (b) magnification) of
sample-1 are shown in figure 2. It can be seen that a large
number of spherical particles with a large distribution of sizes
ranging from ~100 nm to ~1 µm are obtained. At the substrate,
the pores can be seen, which are characteristic of NAA prepared at 25 V with a pore size of ~22 nm. As seen in the higher
magnification image (figure 2b), each spherical particle is
composed of structures having nanowrinkles. Some particles
grew into many irregular micro-scale clusters. EDS spectrum
(figure 2c) shows the presence of Al and O due to NAA and
Si, and C due to PDMS, confirming the formation of PDMS
nanoparticles on the NAA surface. The PDMS deposited on
the NAA is characterized by the FTIR spectroscopy, as shown
in the inset of figure 2c. The absorption bands at ~500, 845
and 1092 cm−1 correspond to bending vibration, symmetric
vibration and asymmetric stretching vibration of the Si–O–Si
bond, respectively [45]. The weak peak at ~866 cm−1 and a

strong peak at 1260 cm−1 are due to the Si–C vibration and
symmetric C–H bending from the Si–CH3 group [44]. The
peaks at 806 and 2965 cm−1 are attributed to CH3 rocking in
Si–CH3 and C–H stretching in CH3 , respectively.
Similarly, the morphological characterization of sample 2
is studied using the FESEM and is as shown in figure 2d and
e. The pores with the diameter of ~50 nm are visible on the
substrate, on which nanoparticles of PDMS are deposited, as
clearly seen in figure 2e. The EDS spectrum (figure 2f) confirms the identification of deposited nanoparticles as PDMS
by the presence of peaks corresponding to elemental Al, O,
C and Si. FTIR spectrum (figure 2c, inset) displays the peaks
corresponding to PDMS.
Sample 3 with the higher pore diameter is used for the
PDMS deposition. The morphological characterization carried out using FESEM (figure 2g and h) shows that the
PDMS nanoparticles are deposited throughout the surface.
The PDMS deposition on the surface confirmed by the EDS
spectrum analysis (figure 2i) show the presence of constituent
elements. The FTIR spectrum (figure 2c, inset) demonstrates
the identification of deposits as PDMS nanoparticles.
All the PDMS-deposited NAA samples (samples 1–3)
exhibit superhydrophobicity with excellent super-repellency
towards the water as well as ethylene glycol. NAA samples
used for the PDMS deposition are prepared with 2 h duration
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Figure 5. Digital photographs of water (orange coloured) and ethylene glycol (blue coloured) droplets placed on NAA surface without
(a–d and i–l) and with (e–h and m–p) PDMS coating immersed in toluene.

of anodization, implying that the oxide layer has a thickness of
~4.7 µm. The as-prepared NAA shows a water contact angle
of ~76°. After the PDMS deposition, the surface becomes
superhydrophobic and a water droplet deposited on the surface (orange in colour) quickly rolls off without sticking to the
surface (supplementary video S1). Similarly, ethylene glycol
droplets (blue in colour) also immediately rolled away from
the PDMS-coated NAA substrate, as demonstrated in supplementary video S2.
Water repellent behaviour of the surfaces functioning in the
organic liquids is more difficult to realize than those in the air
[45]. In our case, when immersed into the organic liquids such
as decane, hexane and toluene, the PDMS-coated NAA samples exhibited similar liquid repellency behaviour. As shown
in figure 3, the water (orange in colour) and ethylene glycol
(blue in colour) droplets shape like marbles and stand on the
substrate surface after being immersed in decane. Water drops
sit as beads on the NAA surface, having no PDMS coating
(supplementary video S3). When water droplets dispensed
onto the PDMS-coated NAA surface, the droplets quickly
roll off from the surface (supplementary video S4). Similar
observations are witnessed with the ethylene glycol droplets.
The drops reside on the surface, having no PDMS coating
(supplementary video S5) and roll off swiftly when placed
on the surface with the PDMS coating (supplementary video

S6). The similar behaviour against water and ethylene glycol
droplet is observed on the NAA surfaces without and with
PDMS coating even when the substrate immersed in hexane,
as shown in figure 4 (as well as supplementary videos S7–
S10). It is observed that the substrate retains its repellence
behaviour against water and ethylene glycol while immersed
in toluene, as shown in figure 5 and supplementary videos
S11–S14. The water droplets form spheres at the surface–air
interface, and the droplet then rolls off from the surface. This
simple fabrication strategy can be extended to various other
types of substrates to show superior superhydrophobicity in
the organic solvent environment.
Investigating the durability of PDMS-coated NAA under
severe chemical circumstances plays a significant role in reallife applications. Figure 6 shows that the samples demonstrate
superior repellency towards the extremely strong corrosive
chemicals, namely, aqua regia (supplementary video S15) and
saturated NaOH solutions (supplementary video S16).
The self-cleaning test of the prepared PDMS-coated NAA
samples are presented pictorially in figure 6i–l. The surface
showed dust removal property when water droplets were used
for cleaning. The green coloured artificial dirt (cuprous chloride powder) was smeared on the sample surface as shown in
figure 6i. Water was dropped so as to remove the dirt from
the sample surface. The dirt moved away with the increasing

Bull. Mater. Sci.

(2020) 43:193

Page 7 of 8

193

Figure 6. Digital photographs showing the PDMS-coated NAA repelling aqua regia (a–d) and saturated NaOH (e–h); self-cleaning
(dust-removal) test of PDMS-coated NAA (i–l); muddy water flowing away from the PDMS-coated NAA (m–p).

number of water droplets pouring on the surface, ultimately
complete dirt removal was achieved leaving the surface dry
and clean (supplementary video S17). These tests indicate that
the NAA samples gained the nonwetting and self-cleaning
properties after being coated with PDMS using the method
mentioned. When the muddy water droplets were placed on
the NAA substrates having no PDMS coating showed water
droplets as beads on the surface. The muddy water droplets,
when dropped on the PDMS-coated NAA substrates, roll off
quickly from the sample surface (figure 6m–p), indicating its
antifouling property (supplementary video S18).

of superhydrophobicity even when contaminated by lowsurface tension liquids. Extremely strong corrosive chemicals,
namely, aqua regia and saturated sodium hydroxide solutions
were repelled and rolled off from the PDMS-coated NAA surfaces. The prepared surfaces also displayed antifouling capabilities towards muddy water droplets by effectively repelling
them away. This approach of modifying the surface wettability of the NAA will expand its suitable applicability range in
various technological fields requiring super-repellency.
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