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Abstract

This chapter describes the results of developing superhydrophobic coatings 
using porous ZnO nanostructures impregnated metal stearates and their applica-
tions. The porous ZnO nanostructures with a surface area of 9.7 m2/g and pores in 
the range from 200 to 400 nm have been prepared via precipitation cum calcination 
route. The superhydrophobic coatings comprising ZnO/metal stearate film have 
been deposited using a spray coating method. The developed superhydrophobic 
films possess a water contact angle of 161° that can be explained using the Cassie-
Baxter model. The prepared films exhibited excellent floating properties and high 
load-bearing characteristics over a prolonged time. Additionally, the self-cleaning 
properties of the developed superhydrophobic films towards dust removal and self-
cleaning urinary coatings are also demonstrated. This chapter collectively presented 
the novel applications of superhydrophobic coating in the development of biomedi-
cal coatings and applications in water surveillance and underwater robotics.

Keywords: nanomaterials, superhydrophobic, Cassie-Baxter equation,  
functional coatings, nanoscale roughness

1. Introduction

Superhydrophobic surfaces received many research interest from academic to 
industrial sectors due to their intriguing self-cleaning properties [1–4]. The study on 
superhydrophobic surfaces was initiated during early 1907 when Ollivier observed 
a contact angle of ~180° for surfaces modified with soot, lycopodium powder, and 
arsenic trioxide [1]. Later, Coghill and Anderson (in 1923) studied the surface modi-
fication of galena via deposition of stearic acids leading to achieve a water contact 
angle (WCA) of 160° [1]. Until the 1990s, minimal research work has been carried 
out on superhydrophobic surfaces. In contrast, it was reactivated in 1997 when 
Neinhuis and Barthlott discussed the origin of superhydrophobicity via the principle 
of “lotus effect” [5]. Many researchers have focused on superhydrophobic surfaces by 
mimicking nature and fabricating similar structures via artificial methods through 
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surface modification. Besides fundamental understanding of the superhydrophobic 
phenomenon, researchers currently focuses on extending the application of super-
hydrophobic surfaces like self-cleaning coatings, friction reduction coatings on ship 
hulls, corrosion prevention oil–water separation, and antibacterial textiles/bandages 
[6–9]. Generally, roughness plays a vital role in the hydrophobicity of a hydrophobic 
solid. Flat solids display almost 100° to 120° contact angles for water and reach up to 
160° to 175° if they are rough or micro/nanotextured. Such improved superhydro-
phobic behavior is not only due to the solids’ surface chemistry alone [10]. There are 
two distinct processes involved in the enhancement of superhydrophobic properties 
that can be explained based on the (i) Wenzel model and (ii) Cassie-Baxter model 
[11, 12]. The Wenzel model relies on the surface roughness induced high surface area 
of the solid resulting in superhydrophobic nature. The Cassie model revealed that 
the air trapped below the drop could also result in stable superhydrophobic proper-
ties. In both models, an apparent contact angle θ* of a drop on the surface of a rough 
substrate/solid will be formed via reducing the surface energy of a drop to Young’s 
contact angle θ ( determined on a flat surface of the same) [10].

Naturally, the water repellent properties (superhydrophobic surfaces) can be seen 
in many plant surfaces (lotus leaves), and animal furs, so on [13]. For instance, lotus 
leaves are considered as one of the finest examples of superhydrophobic surfaces. The 
WCA of the lotus leaf is about ~162° with a hysteresis of 2°. Barthlott and Neihuis 
study the micro-structure of lotus leaf using a scanning electron microscope (SEM) 
[14]. They demonstrated the presence of two different ranges of roughness present in 
lotus leaf viz. (i) one with 10 μm (rough structure) and (ii) other with 100 nm (fine 
structure). These studies confirmed micro- and nano-textured surfaces on the lotus 
leaf that lead to the origin of their self-cleaning properties [15]. To date, there are dif-
ferent methods used for the creation of superhydrophobic surfaces that can be broadly 
classified as (i) Top-down and (ii) bottom-up methods. Top-down approaches include 
the costly lithographic process, template-assisted fabrication methods, and delicate 
surfaces’ plasma treatment [16–18]. Bottom-up approaches include self-assembled 
layers/films, chemical deposition, and layer-by-layer (LBL) deposition, etc., [19–21]. 
The available methods from the bottom-up approaches are considered cost-effective 
and scalable compared to the top-down methods. More importantly, synergistic 
methods involving both top-down and bottom-up methods are also in practice. Most 
of them rely on solution casting, phase separation, electrospinning/spraying, and 
nanostructure impregnated polymer composite films [22, 23]. The superhydrophobic 
surfaces/coatings possess numerous applications in automobile windows, optical 
windows for electronic devices, eyeglasses, fluidic drag reduction, enhanced water 
supporting force, water corrosion prevention, and humidity proof coatings, anti-
biofouling, self-cleaning textiles, and oil–water separation, etc. [24–27]. Additionally, 
the superhydrophobic materials as electrodes for batteries and fuel cells result in 
their extended shelf-life time as experimentally demonstrated by Lifton et al. [28]. 
Recently, studies demonstrated that the superhydrophobic coatings could also be used 
for applications such as anti-icing, anti-fogging, and anti-frosting sectors.

The role of nanostructured materials in superhydrophobic coatings is rapidly 
rising mainly due to their exceptional physical/chemical properties [29]. The choice of 
nanostructures over their bulk counterparts for superhydrophobic coatings is due to the 
increased surface area and high roughness on the surfaces. The nanostructured materi-
als are mostly used as fillers in polymers to modify their surface roughness and porosity 
of the polymer surfaces, leading to superhydrophobic properties. Additionally, the 
choice of nanomaterials in superhydrophobic coatings also enhanced their durability 
and focused on biomedical applications such as creating antibacterial textiles, medical 
implants, etc. [29–31]. This chapter discusses the recent trends in the development of 
nanostructured materials based on superhydrophobic coatings and their applications.
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2. Methods

2.1 Preparation of porous ZnO nanostructures

A facile precipitation cum calcination route was used for the preparation 
of porous ZnO nanoparticles [32]. Briefly, appropriate amount of zinc nitrate 
(4 g) was dissolved in distilled water, followed by the addition of polyethylene 
glycol (PEG) (3 g) and hexamine (3 g). The entire precursor solution is sub-
jected to a vigorous stirring process using a magnetic stirrer for 30 minutes at 
a temperature of 60 °C. Following this, the ammonia solution was added to the 
precursor solution until their pH reached 9. After that, the solution is allowed 
to gelation process by placing them in a hot plate at the temperature of 90 °C, 
which results in the formation of a dark brown gel. After 4 hours, the dried 
brownish gel was placed in a silica crucible and calcined at a temperature of 
500 °C for 2 h that finally lead to the formation of white-colored porous ZnO 
nanostructures.

2.2 Synthesis of copper stearate and magnesium stearate

The metal (copper/magnesium stearate powders) were prepared via a precipita-
tion method using metal salts, stearic acid, and ammonia, as reported in our recent 
works [32, 33].

2.3 Fabrication of superhydrophobic films via spray coating process

A spray coating process is used to fabricate the superhydrophobic films compris-
ing ZnO/metal stearate with the various weight ratio of ZnO in our recent study 
[32]. The coating thickness was varied by spraying the solution from different time 
intervals ranging from 30 seconds to 30 minutes.

3. Results and discussion

3.1 Characterization of porous ZnO nanostructures

Figure 1(A) shows the X-ray diffraction (XRD) pattern of ZnO nanostructures 
prepared via the calcination route explained in section 2.1. High intense sharp dif-
fraction peaks are seen in Figure 1(A) matched with the wurtzite structure of ZnO 
((JCPDS No. 89–7102) [34]. The Raman spectrum of the prepared ZnO nanostruc-
tures (given in Figure 1(B)) indicated a sharp band located at 437 cm−1 as a result of 
E2 (high) mode vibrations [35]. Figure 1(C, D) represents the deconvoluted X-ray 
photoelectron spectroscopy of Zn and O states present in the ZnO nanostructures. 
The Zn 2p states (given in Figure 1(C)) showed the presence of two peaks cor-
responding to the Zn 2p3/2 (at 1022 eV) and Zn 2p1/2 (at 1045 eV), respectively. 
A value of 23 eV is obtained for the difference between the peak positions of Zn 
2p3/2, and Zn 2p1/2 states that matched with the reported ones and indicates that Zn 
possesses an oxidation state of +2 in the synthesized ZnO nanostructures [32]. The 
O 1 s spectrum evidences the broad peak centered at 532 eV (given in Figure 1(D)) 
arises from the oxygen content present in the wurtzite ZnO [35]. The field emission 
scanning electron micrographs (FE-SEM) of the as prepared ZnO nanostructures 
(given in Figure 1(E) and (F)) showed the presence of nanoparticles with a high 
amount of pores. The high magnification micrograph (Figure 1(F)) evidences the 
honeycomb-like porous ZnO nanostructures with pore sizes ranging from 200 to 
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400 nm. The Brunauer-Emmet-Teller (BET) analysis using the Barrett–Joyner–
Halenda (BJH) method of the ZnO nanostructures revealed the Type IV isotherm 
with a hysteresis (data not shown) highlighting the presence of mesoporous nature 
[36]. The prepared ZnO nanostructures possess a pore volume and surface area of 
about 0.028 cm3/g, and 9.7 m2/g. The obtained high surface area of the ZnO nano-
structures is due to the role of PEG in the preparation. The guest-host chemistry of 
metal ions with polymer matrix (i.e., Zn2+ ions as a guest in the PEG host matrix) 
results in the formation of mesoporous ZnO nanostructures via decomposition of 
PEG during the calcination process.

3.2 Characterization of copper stearate

The formation of copper stearate via precipitation method was studied using 
Fourier transformed infra-red spectroscopy (FT-IR) and XRD analysis (given in  
Figure 2(A,B)). During the formation of copper stearate from stearic acid using 
copper salts, the carboxyl group’s and hydrogen atom in the stearic acid is replaced 
with the Cu ions. Figure 2(A) compares the FT-IR spectra of copper stearate to that 
of stearic acid. The presence of vibration due to the COO- group in stearic acid is 
noticed via its characteristic peak at 1700 cm−1 and is disappeared/shifted towards 
a lower peak position at 1583 cm−1, respectively [37]. The sharp bands observed at 
3352 (-OH) and 1046 cm−1 (C-O stretching) in the spectrum of stearic acid were 
disappeared in the FT-IR spectrum of copper stearate. Additionally, the FT-IR 
spectrum of copper stearate revealed the presence of characteristic bands at 2847, 
2917, 1441, 720, and 880 cm−1 raised from the CH2, C-H, C-C, CH2 (rocking), and 
CH3 rocking vibrations, respectively [38, 39]. The presence of characteristic dif-
fraction peaks from 5° to 20° in the XRD pattern (given in Figure 2(B)) confirmed 
the formation of copper stearate [32, 38].

3.3 Characterization of ZnO/copper stearate composite films

Figure 2(C) shows the FT-IR spectrum of bare ZnO nanostructures and ZnO/
copper stearate composite films. The presence of vibration bands centered at 518 and 

Figure 1. 
(A) X-ray diffraction pattern, (B) laser Raman spectrum, (C) Zn 2p core-level X-ray photoelectron 
spectrum, and (D) O 1 score-level photoelectron spectrum of porous ZnO nanostructures and scanning electron 
micrographs of porous ZnO nanoparticles with (E) low and (F) high magnification.
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437 cm−1 was raised from the Zn-O vibrations present in ZnO nanostructures [40]. 
The FT-IR spectrum of ZnO/copper stearate film given in Figure 2(C) shows almost 
all the characteristics vibration bands of ZnO nanostructures and copper stearate 
with slight variation in their peak positions, that is due to the interaction between 
the ZnO nanostructures and copper stearate via guest-host chemistry. Figure 2(D) 
shows the XRD pattern of the ZnO/copper stearate coatings. The peaks correspond-
ing to the crystalline ZnO nanostructures were visible in the XRD pattern, whereas 
the peaks due to the copper stearate were diminished/not observed. This is due to 
the low crystallinity of copper stearate compared to ZnO nanostructures’ highly 
crystalline nature. Figure 3(A) depicts the SEM image of spray-coated ZnO/copper 
stearate films. It is quite challenging to distinguish ZnO nanostructures in the spray-
coated films due to the low weight percentage of ZnO to that of copper stearate 
and better dispersibility of ZnO nanostructures in the copper stearate due to the 
ultrasonication process. The size of the pores present in the ZnO/copper stearate 
coatings was found to be in the range from 100 to 300 nm determined using ImageJ 
software [41]. Here, it is noteworthy that micron-sized ZnO in similar coatings 
resulted in irregular surface formation due to the low dispersion index of micron-
sized ZnO. Figure 3(B-D) shows the elemental maps of Zn, O, and Cu components 
present in the ZnO/copper stearate coatings. The Zn map of the spray-coated films 
(shown in Figure 3(B)) indicated the presence of well-dispersed ZnO nanostruc-
tures in the copper stearate matrix. Figure 3(C) presents the oxygen map indicating 
the existence of array-like arrangement due to the chain-like structures of copper 
stearate in addition to the ZnO components of the coating. The mapping of copper 
elements in the spray coated films (given in Figure 3(D)) shows that the copper ele-
ments are randomly distributed in the films. Since the copper elements are attached 

Figure 2. 
(A) Fourier transform infrared spectrum and (B) X-ray diffraction pattern of copper stearate, (C) FT-IR 
spectrum of porous ZnO and ZnO/copper stearate coatings, (D) X-ray diffraction pattern of ZnO/copper 
stearate coatings.
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to the end of the chain-like structure of copper stearate. More probably, the copper 
ends were attached to the glass substrates due to their hydrophilic nature leaving 
the hydrophobic methyl group on the exterior surfaces. The 2D and 3D topographic 
analysis of the spray coated ZnO/copper stearate films analyzed by atomic force 
micrograph is shown in Figure 3(E, F). These studies demonstrated the existence of 
porous and rough surfaces nature of the spray-coated ZnO/copper stearate films.

3.4 Superhydrophobic properties of ZnO/copper stearate coatings

The water contact angle measurement was carried out for determining the 
superhydrophobic properties of the ZnO/copper stearate coatings with various 
loading ratios of ZnO nanostructures in the copper stearate matrix. The plain glass 
substrates possess a WCA of 27.4°, indicating their hydrophilic surfaces [42]. The 
bare copper stearate coatings (with low surface energy) on glass substrates possess a 
WCA of 152.4°, demonstrating their hydrophobic properties. It is expected that the 
inclusion of porous ZnO nanostructures in the copper stearate matrix might alter 
their roughness and thus improves the hydrophobicity. The effect of porous ZnO 
nanostructures loading ratio on the water repellent properties of the ZnO/copper 
stearate coatings is summarized in Figure 4(A). It displayed that the superhy-
drophobic effect was not obtained in the composite films with a loading ratio of 
ZnO nanostructures until 0.01 g. The ZnO/copper stearate coatings displayed the 
superhydrophobic properties with a WCA of 161° when the ZnO weight percentage 
is increased up to 0.14 g. This can be due to the improvements in the films’ rough-
ness by the inclusion of highly-porous ZnO nanostructures. The mechanism of 
superhydrophobic effect achieved in the spray-coated films can be described via the 
Cassie-Baxter model using the following relation [43]:

 θ∗ = ϕ θ+ ϕ …
s s

cos cos –1  (1)

Here θ*, φs and θ represents the apparent contact angle, substantial fraction in 
contact with liquid, and Young’s contact angle, respectively. The substantial fraction 
of the bare copper stearate coating is about 0.197, and these values decrease with 

Figure 3. 
Field emission scanning electron micrograph of (A) ZnO/copper stearate and (B-D) shows the elemental maps 
of Zn, O, and Cu present in these coatings and (E-F) 2D and 3D Atomic force micrograph of ZnO/copper 
stearate coatings.
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an increase in the loading ratio of porous ZnO. A low substantial fraction of about 
0.094 was reached for the ZnO/copper stearate coatings with a ZnO loading of 
about 0.14 g. The observed decrease in solid fraction values indicated the enhance-
ment in the surface roughness due to porous ZnO nanostructures’ impregnation. A 
similar effect is not observed in films coated using non-porous ZnO or micron-sized 
ZnO powders. This further substantiates porous ZnO nanostructures’ significance 
for modulating the roughness of copper stearate films to obtain superhydrophobic 
properties.

3.5  Floating and load-bearing characteristics of superhydrophobic ZnO/copper 
stearate coatings

Floating and load-bearing characteristics are major applications where super-
hydrophobic coatings for underwater robotics, monitoring water pollution, water 
quality analysis, and surveillance applications can be developed [44–46]. Based on 
the Archimedes principle, it is well known that any object (with density higher than 
water) will sink in water. However, water strider possesses the ability to float in water 
and stride freely on the water surface due to the hierarchical fibrous architecture of 
strider leg exhibiting superhydrophobic effect. The bare glass substrates immediately 
drown after placing in water solution, which can be explained using the Archimedes 
principle [47]. It is expected that superhydrophobic coatings can possess a floating 
nature. The floating characteristics of the spray-coated ZnO/copper stearate coatings 
(laid down) in the water solution is shown in Figure 4(B). The fundamental mecha-
nism of an object’s floating nature will be achieved if the buoyancy force exerted 
by the object is higher than the drown force acts on it. The ZnO/copper stearate 
coatings on glass substrates float on water solution for more than a week without 
any noticeable sinking effects. Here, in addition to the buoyancy force, a curvature 
force acts on the surface of superhydrophobic coatings, acting against the drown 
force that enables them to float over a prolonged time. The superhydrophobic ZnO/

Figure 4. 
(A) Water contact angle, (B) floating characteristics, and (C) load-bearing properties of ZnO/copper stearate 
coatings.
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Figure 5. 
Superhydrophobic applications of ZnO/magnesium stearate (a) dye repellency, (b) urine repellency,  
(c) spreading of graphene oxide (GO) dust on coatings, the (d) self-cleaning ability of ZnO/magnesium 
stearate to remove the GO dust.

copper stearate coatings possess a trapped air film on their exterior surfaces leading 
to an excessive displaced volume of water. The entire phenomenon can be termed as 
super-buoyancy [48]. These studies demonstrated the plastron effect’s vital role in the 
ZnO/copper stearate coatings’ floating properties. The ZnO/copper stearate coatings’ 
load-bearing characteristics are investigated by loading known mass (stapler pins) 
on their top surface during floating, as shown in Figure 4(B). It showed that after 
loading a few stapler pins, there are no signs of sinking for the ZnO/copper stearate 
coatings. The effect of thickness of superhydrophobic ZnO/copper stearate coatings 
via different deposition times (180 to 1800 seconds) on their load-bearing properties 
is provided in Figure 4(C). It showed that ZnO/copper stearate coatings with a high 
thickness (weight of about 0.062 g) remain floating and can bear about 0.3667 g 
(19 stapler pins) without sinking issues. Figure 4(C) illustrated that the ratio of net 
floating weight to the weight of ZnO/copper stearate coating decreases with increas-
ing thickness. This can be explained based on the more inert/dead layers present in 
the coatings with high thickness. On the other hand, the capability of load-bearing 
is superior for thin coatings (deposition at 30 seconds) that can bear 52 pins (~333 
times higher than their net weight). The findings on the floating and load-bearing 
characteristics of the superhydrophobic ZnO/copper stearate coatings can be applied 
for water floating micro-robots and surveillance applications.

3.6  Applications of superhydrophobic coatings towards self-cleaning urinary 
coatings

The superhydrophobic coatings’ self-cleaning properties can be used for devel-
oping water-free urinaries, which doesn’t require any systematic cleaning process 
to mollify unpleasant odor [49, 50]. Since the surface tension of water (71.2 mN/m) 
and urine (70 mN/m) are of similar values, it is expected that a water-repellent 
surface possesses a tendency to repel urine as well [51, 52]. The ZnO/magnesium 
stearate coatings showed excellent dye and urine-repellant properties, as shown 
in Figure 5(a, b). It is observed that the droplets of urine samples roll off over 
the surface of ZnO/magnesium stearate coatings due to their extreme repellent 
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properties [33]. The FT-IR spectrum measured after urine droplet tests on the 
ZnO/magnesium stearate showed the absence of vibration bands due to urine, 
which showed their excellent superhydrophobic effects [33]. Additionally, these 
superhydrophobic films’ self-cleaning properties are also examined using graphene 
oxide as a dust spread on their surfaces. After adding few water droplets on their 
surface, the water droplets cleaned all the dust (graphene oxide) on their surfaces, 
as shown in Figure 5(c, d), and ensures their self-cleaning properties.

4. Conclusions

In conclusion, the significant role of porous nanostructures for developing 
superhydrophobic coatings is demonstrated in this chapter. A cost-effective sono-
chemical approach combined with a spray coating process for the fabrication of 
superhydrophobic coatings is presented. The impact of nanostructures on the coat-
ings’ porosity is explained with the experimental findings like AFM micrograph and 
water contact angle measurements. The exciting applications of superhydrophobic 
coatings like water-floating properties, load-bearing applications, dust removal, 
self-cleaning urinary coatings are illustrated in this chapter.
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