


Review Article

[bookmark: _GoBack]Nanomaterials and Superhydrophobic Surfaces: An Overview

Abstract
                 Nanoscience is the field dedicated to the study and application of tiny-sized particles, typically on the scale of nanometers. Materials with structures at the nanoscale often have unique mechanical, electrical, thermal, and optical properties, which are considered Nanomaterials. The special qualities of nanomaterials lead to their use in a wide range of device applications. Numerous nanodevices have been designed for applications in various industries, including biosensing, electronics, chemical sensing, and health care, etc. In the future, nanomaterials will be beneficial for the food, biotechnology, and medical fields. Lotus leaf-inspired superhydrophobic coating has been used in various industrial applications. Among them, the use of superhydrophobic materials for potential application prospects such as oil-water separation has gained growing interest. Oil and organic pollutants in water pose a severe problem for aquatic life and human beings. The oceanic oil spill accidents and the discharge of immense oil levels in the surroundings of most industries worldwide have been serious environmental problems. The separation of the oil-water mixture is one of the most important applications of superhydrophobic coating. There is a need to develop technology for oil-water separation because the spilled oil affects the ecological and environmental system. However, a simple and low-cost strategy for the fabrication of durable superhydrophobic materials remains a major challenge. Recently, superhydrophobic/superoleophilic sponges, metal meshes, membranes, and porous materials have played crucial roles in separating oil from oil-water mixtures. The micro and nanopores of the substrate facilitate to entry of liquid into it, and superhydrophobic/superoleophilic properties of the substrate surface resist water and allow oil to enter the porous substrate. The coated surfaces exhibit superhydrophobicity with a water contact angle of > 1500 and a sliding angle of nearly 00. The thermal stability, pH tolerance, compression tolerance, chemical durability, reusability, emulsion oil-water separation, and muddy water-oil separation was tested by using these superhydrophobic surfaces. The superhydrophobic surfaces have a sustainable, anti-wetting property under cross-sectional cutting, pressing, paper peel test, abrasion resistance test, and different pH environments. The superhydrophobic surface is suitable for practical application on a large scale. 
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Introduction
             Nanoscience and nanotechnology are the fields dedicated to the study and application of tiny-sized particles, typically on the scale of nanometers (one billionth of a meter). They have garnered much attention from scientists and emerged as one of the most significant and fascinating frontier areas of research. Materials with structures at the nanoscale often have unique mechanical, electrical, thermal, and optical properties, which are considered Nanomaterials. The special qualities of nanomaterials lead to their use in a wide range of device applications. Numerous nanodevices have been designed for applications in various industries, including biosensing, electronics, chemical sensing, and health care, etc. In the future, nanomaterials will be beneficial for the food, biotechnology, and medical fields. The concept of nanotechnology was first introduced in 1959 by American physicist Richard Feynman in his lecture. He said," There is Plenty of Room at the Bottom" at a Caltech meeting of the American Physical Society. He proposed that materials at the atomic and molecular scales could be successfully manipulated and controlled for use in nanoscale electronic and mechanical systems [1]. Techniques used to construct nanoscale structures, including top-down methods (lithography, etching) and bottom-up methods (self-assembly, molecular synthesis), are acknowledged as Nanofabrication. The synthesis of nanodevices and their special nanomaterial qualities have significantly advanced the field of research and development due to i] The surface reactivity and photocatalytic activity of a surrounding nanomaterial is increased by the large surface area-to-volume ratio and ii] An increase in optical emission and absorption brought about by the transition of electrons between favorable energy states. Nanoparticles are characterized by a large value of the surface-to-volume ratio, which signifies that a large fraction of the atoms are exposed on the surface and can be involved in surface activities like catalysis. [2] As the size of particles increases, the number of atoms on the surface decreases. Thus, the overall performance of nanomaterials depends on the shape, size, and textural parameters of the particles, along with the stabilizer/support used for the synthesis of nanoparticles [3]. Different types of support materials, such as polymers, organic ligands, mesoporous materials, activated carbon, metal oxides, etc., have been used to stabilize metal nanoparticles. Therefore, there is a wide scope to develop supported metal and metal oxide nanoparticles and their applications in various fields.        
              The superhydrophobic surfaces are highly hydrophobic, i. e. extremely difficult to wet. A superhydrophobic surface has properties of high-water repellency and low contact angle hysteresis. These properties originate from having an immensely small area of the solid surface coming into contact with water. A surface that exhibits a very high-water contact angle greater than 1500 and a very low water drop roll-off angle of less than 100, which is called a superhydrophobic surface. Highly oily wastewater is being generated with the development of modern industries. Superhydrophobicity is an attribute of around 200 plants and insects that nature has generated. Superhydrophobic surfaces are extremely water-repellent when they aren't wet. Numerous flora and insects exist, including rice leaves, lotus leaves, gecko feet, rose petals, strider legs, mosquito eyes, butterfly wings, and many more. Superhydrophobic surfaces have proven to be an economical and environmentally beneficial option. A superhydrophobic surface has a sliding angle of less than 10° and a water contact angle (WCA) greater than 150° [4]. A well-known symbol for superhydrophobicity is the lotus leaf. They are superhydrophobic, which helps them stay clean despite living in a muddy environment. A homogeneous layer of micro-nanostructures and epicuticular wax crystalloids covers the surface of a lotus leaf [5]. 
                    The synthesis of nanotechnology and nanomaterials has led to many breakthroughs in the coatings business. Smart coatings can respond to outside influences and adjust to environmental changes. The upcoming generation of sophisticated coatings, known as “smart coatings,” reacts to environmental changes, including variations in temperature, mechanical induction, pressure, ion exchange, heat, light irradiation, wettability, and aggressive corrosion. Other names for smart coatings include environmentally sensitive coatings, intelligent coatings, and stimuli-responsive coatings [6–9]. The passive properties of smart coatings, such as their anti-inflammatory, anti-corrosion, pH-responsive, self-cleaning, anti-icing, and anti-microbial properties, make them useful. Oil-water separation and self-healing coatings [10–14]. 
                   The enhanced qualities of smart coatings, like their transparency, ductility, scratch resistance, chemical and mechanical capabilities, etc., have created a demand for them. Applications for smart coatings in the textile, medical, construction, transportation, electronics, and many other industries are growing [15]. Smart coatings are classified according to several variables, including applications, functions, responsiveness, material kinds, degrees of complexity, and manufacturing methods for functional constitutions [16–17]. The focus of this field’s research has shifted to meet demands for superhydrophobic coatings that can mend themselves and clean themselves, among other things [18].

Nanomaterials
Classification of Nanoparticles
	Nanoparticles can be classified based on various criteria, such as their size, structure, chemical composition, origin, and applications. Detailed classifications of nanoparticles are as follows-Based on Size
1. Ultrafine Nanoparticles: 1-10 nm
2. Fine Nanoparticles: 10-100 nm
I.   Based on Structure
                 The number of dimensions is used to categorize nanomaterials. Siegel states that there are four types of nanostructured materials, viz, one-dimensional (1D), two-dimensional (2D), three-dimensional (3D), and zero-dimensional (0D) nanomaterials.
i) Zero-dimensional nanomaterials: Zero-dimensional nanostructures are the materials in which all the dimensions are within the nanoscale. It consists of core-shell nanoclusters and nanospheres. These nanomaterials are characterized by small volume, high surface-to-volume ratio, edge and quantum constraint effects, and good biocompatibility. Due to the unique structures and properties, the application of 0D nanomaterials in the field of biosensing is expanding rapidly [19].
ii) One-dimensional nanomaterials: In these materials, two dimensions (x, y) are in the nanoscale range, and the third dimension is outside the nanoscale. This produces nanomaterials in the form of needles. It consists of nanowires, nanorods, nanofibers, and nanotubes. The extensive and slender structure of 1D nanomaterials provides a larger surface area for binding and immobilizing biomolecules, enhancing the biosensor's selectivity and resistance to change [20]. The nanomaterials, like nanowires and nanotubes, show large shape anisotropy as a result of elongation along one of the three axes. These materials can be used in magnetic biosensors more easily because of their anisotropy, which raises the magnetic moment and improves responsiveness to external magnetic fields [21].
iii) Two-dimensional nanomaterial: In these materials, one of their dimensions (x) is within the nanoscale, and the other two are outside the range. The 2D nanomaterials have shapes resembling plates. The larger surface area of 2D nanomaterials, such as nanosheets and nanoplates, improves the interactions between target biomolecules and sensing elements, like DNA probes and antibodies. [22] This raises the possibility of interaction with the anticipated molecules, leading to increased sensitivity. The nanosheets have higher rates of electron transfer as they have high mobility for charge carriers. Easy conduction and electron transfer pathways are made possible by 2D nanosheets. [23] Graphene oxide and iron oxide nanosheets are biocompatible and non-toxic, hence do not damage the living cells or tissues, making them of potential coordinates for use in biomedical applications. [24-25]
iv) Three-dimensional nanomaterials: All dimensions of these materials are outside the nanometer range, i.e., above 100 nm. The multiple arrangements of nano-sized crystals in various orientations make up the bulk (3D) nanomaterials. 3D nanomaterials have a large surface area, which makes it easier to functionalize and modify the surface chemistry. There are more binding sites where target molecules can be added. The inner void space allows mass transport through the 3D structure. The 3D morphology improves mechanical stability compared to 1D/2D nanomaterials. Several components can be incorporated to create hybrid nanomaterials.

II.  Based on Material
       1] Metal-based NPs
	These nanoparticles include metal and metal oxide nanoparticles with ultrafine particles composed of metals such as gold, silver, or platinum, and titanium dioxide, zinc oxide, or iron oxide with dimensions ranging from 1 to 100 nanometers. Due to their high surface area to volume ratio and unique optical, electronic, and catalytic properties, these nanoparticles find diverse applications in fields like medicine, electronics, and environmental science. In medicine, they are used for targeted drug delivery, imaging, and therapy [26]. In electronics, they enhance the performance of sensors and transistors. Environmental applications include pollution control and remediation [27].  Their multifunctional properties make metal-based nanoparticles a crucial area of research for advancement in technology and addressing various challenges.

    2] Carbon-based NPs
	Carbon-based nanoparticles, including fullerenes, carbon nanotubes, and graphene, are renowned for their exceptional mechanical, electrical, and thermal properties. These nanoparticles are characterized by their nanoscale dimensions and unique structures, and offer high strength, electrical conductivity, and large surface areas. Fullerenes and carbon nanotubes find applications in nanomedicine, electronics, and material science. Graphene, with its single layer of carbon atoms, is pivotal in advanced electronics, energy storage, and sensors. Their versatility and high performance make carbon-based nanoparticles crucial for innovations across various fields, from enhancing materials and devices to developing new technologies for environmental and medical applications. [28-29]

    3] Ceramic NPs
	Ceramic-based nanoparticles, which possess materials like alumina, zirconia, and titania, in various morphologies and forms (amorphous, polycrystalline, dense, hollow, or porous), have been synthesized by successive cooling and heating methods. They are distinguished by their exceptional hardness, thermal stability, and chemical resistance. These nanoparticles, with sizes ranging from 1 to 100 nanometers, leverage their unique properties to enhance a variety of applications. In catalysis, they improve reaction efficiency due to their high surface area and stability. Their insulating properties make them valuable in electronics and semiconductors. In healthcare, they are used for drug delivery and imaging, benefiting from their biocompatibility. Additionally, ceramic nanoparticles play a vital role in environmental applications such as water purification and pollutant removal.  [30-31]

    4] Polymeric NPs
	Typically, organic-based NPs are collectively referred to in the literature as polymer nanoparticles (PNPs). These NPs, crafted from synthetic or natural polymers, offer a range of customizable properties, including biocompatibility, biodegradability, and controlled release capabilities. Most of them have the shape of nanospheres or nano capsules [32]. The PNPs operate with ease because the PNPs are easily functionalized and employed in various fields. 

III.  Based on Origin
1. Natural Nanoparticles: Found in nature (e.g., volcanic ash, sea spray, and fine sand particles).
2. Engineered Nanoparticles: Deliberately synthesized and engineered for specific applications.
3. Incidental Nanoparticles: By-products of industrial processes (e.g., combustion processes, welding fumes).

IV. Based on Applications
1. Biomedical Nanoparticles: Used in drug delivery, imaging, and diagnostics (e.g., liposomes, dendrimers)
2. Catalytic Nanoparticles: Used to accelerate chemical reactions (e.g., platinum nanoparticles in catalytic converters)
3. Electronic Nanoparticles: Used in electronic devices (e.g., quantum dots, nanowires)
4. Energy Nanoparticles: Used in energy storage and conversion (e.g., silicon nanoparticles in batteries, photocatalysts)
5. Environmental Nanoparticles: Used for pollution control and remediation (e.g., nanoparticles for water treatment)

V.  Based on Magnetic Properties 
1. Paramagnetic Nanoparticles: Weakly attracted by magnetic fields (e.g., aluminum oxide nanoparticles)
2. Ferromagnetic Nanoparticles: Strongly attracted by magnetic fields and can be magnetized (e.g., iron oxide nanoparticles)
3. Superparamagnetic Nanoparticles: Exhibit magnetic properties only in the presence of an external magnetic field and do not retain magnetism after the field is removed (e.g., superparamagnetic iron oxide nanoparticles, SPIONs).

VI.  Special Categories
1. Quantum Dots: Semiconductor nanoparticles with quantum mechanical properties, used in displays and imaging.
2. Nanoemulsions: Nanoscale emulsions used in drug delivery and cosmetics
3. Nanocomposites: Composites where one of the phases has one, two, or three dimensions of less than 100 nm.
	Each type of nanoparticle has unique properties and potential applications, making the field of nanotechnology diverse and dynamic.

Superhydrophobic Surface           
             Due to intermolecular interactions, wetting is the capacity of a liquid to stay in contact with a strong surface when they are brought together. The force stability between cohesive and adhesive forces determines the degree of wetness. Three material stages are available for wetting: gas, liquid, and solid. Wet phenomena are common in both technology and the natural world. Wetting phenomena represent a field where engineering, physics, and chemistry come together. The term “surface” refers to a two-dimensional plane that divides two phases macroscopically. However, even in tiny microcosms, a third dimension exists. The thickness of this interfacial layer varies from a few nanometres to interatomic distances [33-35]. In actuality, we will always be addressing the characteristics at the interface between the two phases while addressing all of the surface's physical and chemical characteristics. Generally speaking, modifications to any of the two stages involved can have an impact on an interface's characteristics. Regarding the three states of matter, there are five conceivable interfaces: gas-liquid, gas-solid, liquid-liquid, liquid-solid, and solid-solid. When it comes to two substances adhering or bonding, wetting is essential. Certain related outcomes, such as capillary consequences, are also attributable to wetting and the surface forces that regulate wetting. The surface tension of the droplet and the surface energy of the platform play major roles in the wetting of a droplet on a surface. On a level surface, a droplet can take on the shape of a cap [36-37]. 
[image: ]
Figure 1: The schematic of different wetting states.

Lotus Leaf
             In several Asian nations, lotuses represent polyurethanerity and holiness. The lotus leaf is a well-known example of a superhydrophobic surface. The characteristics of lotus leaves include ultra-low water adhesion, ϴw>150°, and self-cleaning abilities. The value of the leaf surface's surface energy and surface roughness is greatly impacted by the branch-like, nanoscale epicuticular wax crystals on the micropapillae, which ultimately raises the surface's superhydrophobicity. The lotus leaf has a persistent wetting characteristic because of the dense layer of tiny wax tubules created by the high nonacosanediol content in epicuticular wax, which effectively reduces mechanical damage. Water droplets of micron size easily slid off the surface of the lotus leaf, but water droplets that had condensed into vapor stuck to it. The lotus leaf's superhydrophobicity may be momentarily hampered by the water condensation treatment. Environmental factors like humidity and temperature have the potential to seriously harm a leaf's superhydrophobicity. The leaf may be able to maintain stability in a dry environment, but when the temperature falls below 10°C, water condensation causes the CA to rise and the SA to decrease, which temporarily reduces the leaf's superhydrophobicity [38]. 
[image: ]
Figure 2: Lotus Leaf

Taro Leaf
	Taro, a member of the Araceae family, is grown for its delectable corms and is a common delicacy in tropical and subtropical climates worldwide. Taro leaves have excellent water resistance, allowing water droplets to stay in a globular form on their leaves. The anterior face of taro leaves has hierarchical roughness. Colocasia esculenta, as it is scientifically known, is a marshy herbaceous plant that grows across the subtropics and tropics. Taro grows quickly, taking over water bodies and encroaching on surrounding marshy land areas. In addition to lotus leaves, several naturally occurring superhydrophobic surfaces can be found in the kingdom of plants. In the original publication, for instance, the self-cleaning effect was demonstrated using taro leaves. The microstructure of taro leaves is formed by elliptic protrusions with an average diameter of approximately 10 μm. The hierarchical structure of this microstructure is attributed to nanoscale pins, and it bears similarities to lotus leaves [39]. 
[image: ]
Figure 3: Taro leaf

Rice leaf
	The staple food of humans is rice. There is an anisotropic wettability in rice leaves. The water droplets' directional movements are efficiently regulated by the leaf surface. The rice leaf's droplet is nearly spherical and is unable to moisten the surface. This shows that the rice surface has several macro-level lengthwise grooves. Anisotropic wettability, or the ability to effectively control the direction of water drop motions on the leaf surface, is seen in rice leaves [40]. 
[image: ]
Figure 4: Rice leaf

Rose Petals
	Superhydrophobic rose petals have a strong adherence to water droplets, similar to lotus leaves. One of the most common surfaces with high water contact angles is that of rose petals. One can see the micro- and nanostructure. A spherical drop of water that stays stuck on the surface of rose petals is an example of a sticky, superhydrophobic surface. The lotus leaves are smaller than the size of the micro- or nanostructure. From a microscopic perspective, the packed papillae and manifolds on the papillae surface increase surface roughness [41-42]. 
[image: ]
Figure 5: Rose Patels

Butterfly wings
	The butterflies’ wings stay clean even when they fly in damp situations. An example of an insect’s naturally superhydrophobic surface is found on the wings of butterflies. There are several protuberances on the wings that are nanoscale in size. Although the water droplets are firmly stuck in the opposite direction, they roll off radially outward with ease [43]. Those wings have too small scales, which increases the hydrophobicity by giving the scales a somewhat larger contact area when the droplet makes contact with the surface. 
[image: ]
Figure 6: Butterfly wings

Sharkskin
	Fish scale is thought to have the capacity to lessen friction between the fish's body and the water. It is well-known for having an exceptional anti-fouling and drag-reduction ability brought about by its distinct surface shape. Shark skin is made up of a mucous layer, scale flexing, and macrotextures. Jiang's group noticed that a lotus leaf's structure changes when it comes into contact with water as opposed to air. They demonstrated that the water-contacting surface is made up of sizable micropapillae coated with nano-grooves, which resemble the features found on a red rose's surface. Furthermore, it was discovered that these water-contact surfaces were superoleophobic underwater. It is a well-known fact that, even while submerged in water, sharks and fish are shielded from the contamination caused by oil spills [44]. This characteristic, which relates to a solid-liquid (water)-liquid (oil) interface, is known as underwater superoleophobicity.

[bookmark: _Hlk197789949]Water Strider Leg
	On the water, water striders can swim freely without getting wet or sinking. A water strider has unrestricted mobility on the water. The six legs of the water strider include a short propidium that is used to catch prey, while the other four legs serve as the primary mechanism for enabling the creature to stand easily and move swiftly on water while displaying non-wetting characteristics [45]. Water-walking arthropods are a robust and largely adapted system from a mechanical point of view, having evolved over 100 million times. Over 1200 different species of water-walking spiders and insects exist, and each one's ability to manipulate polyurethane and regulate the air-water interface is vital to its survival. The free face can be screwed or struck to produce pro polyurethane forces or the free face can be chemically altered. The animal's wetting packets play a crucial role in the capacity to manipulate the free face; for example, insects cannot be maintained atop the interface by face pressure forces in the absence of a water-repellent coating; instead, they must pass through and sink. The essential component of the moistened packets of weeping insects has long been recognized. Initially, it was thought that the face pressure impact brought on by the burial was the origin of this anti-wetting point. There are micro- and nanostructures in the strider’s leg.
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Figure 7: Water Strider Leg

Mosquito Eyes
	The anti-reflective characteristics of mosquito eyes, which are composed of hexagonal facets, were found to be caused by relatively close nanostructures. Moths can effectively couple light into their eyes through the use of corneal nipple arrays on their eye angles. Parabolic-shaped corneal nipples create an artificial coating on the hand that exhibits broadband anti-reflection parcels, which are achieved due to the direct change of the refractive index arising from the shape of the protrusions. In the subsequent step, parabolic nipple arrays were applied to texturize unformed silicon solar cells. The nipple arrays bring about a decrease in reflectivity and an increase in the effectiveness of the shorter wave. The amount of edge and the short-circuit current of the textured solar cells were much higher than those of the solar cells on a smooth substrate [46]. Remarkably, in certain very dusty, wet, and miry conditions, the fly's eyes can continue to work normally and be free of contaminants. The distinct facial moisture of the atmosphere resembles a mist made up of numerous tiny water droplets with diameters of less than 10 µm. 
[image: ]
Figure 8: Mosquito Eyes
Conclusion
              In terms of selectivity, reactivity, and leaching of the metal oxide, it also helped the Cu encapsulated catalyst achieve its catalytic goals. Consequently, this encapsulation maintained the high catalytic originality and selectivity for the oxidation reaction while also significantly improving the catalyst's dependability and controlling the Cu species leaching. Numerous silica, organic, inorganic, and hybrid systems can be used to encapsulate various NPs, including zeolites. For this, carbon materials, zeolites, MOFs, mesoporous silica, and dendrimers are frequently employed. Superhydrophobic surfaces, inspired by natural phenomena such as the lotus leaf effect, have revolutionized various industries through their ability to repel water and resist contamination. These surfaces, engineered using nanotechnology, offer remarkable properties, including self-cleaning, anti-corrosion, anti-icing, and drag reduction. Advancements in nanotechnology have enabled the precise design and fabrication of nanostructures that enhance superhydrophobicity. Superhydrophobic materials that last and work well have been made possible by methods like chemical vapor deposition, electrospinning, and nanocomposite coatings. These innovations have promising applications in fields ranging from biomedical devices and textiles to aerospace and marine industries. Despite their advantages, challenges such as long-term durability, scalability, and environmental concerns regarding nanomaterials remain. Future research must focus on enhancing the mechanical robustness of superhydrophobic surfaces, improving their cost-effectiveness, and ensuring their eco-friendliness.
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